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Editorial
Physiological and Molecular Biology of Ornamental
Plants—2nd Edition

Tuo Zeng 1* and Caiyun Wang ?*

Guizhou Key Laboratory of Forest Cultivation in Plateau Mountain, School of Life Sciences,

Guizhou Normal University, Guiyang 550025, China

National Key Laboratory for Germplasm Innovation & Utilization of Horticultural Crops,

College of Horticulture & Forestry Sciences, Huazhong Agricultural University, Wuhan 430070, China
*  Correspondence: zengtuo@gnzu.edu.cn (T.Z.); wangcy@mail hzau.edu.cn (C.W.)

1. Introduction

Ornamental plants, celebrated for their rich floral variation, vivid colors, and pleas-
ant fragrances, hold enormous cultural, ecological, and economic value. Their traits are
determined by intricate physiological processes and molecular mechanisms that govern pig-
mentation, secondary metabolism, reproductive success, and stress adaptation. However,
many of these mechanisms remain only partially understood. This Special Issue brings
together 14 contributions that collectively advance our understanding of ornamental plant
biology. These papers cover three thematic areas, floral traits, floral scent and secondary
metabolism, and adaptive responses to environmental stresses, providing a comprehensive
overview of the latest progress in ornamental plant physiology and molecular biology.
Collectively, these studies clarify the regulatory networks involved in floral pigmentation,
secondary metabolite pathways, and stress-responsive processes, while showing how inte-
grative approaches are advancing knowledge of ornamental trait formation and resilience.

2. Floral Traits: Color and Development

Flower color is one of the most visible and economically important traits in
ornamentals [1]. Osmanthus fragrans is a heritage evergreen ornamental widely used in gar-
dens and urban landscapes, valued for its compact crown and intensely fragrant blossoms
across diverse cultivar groups [2]. In O. fragrans, two complementary studies investigated
carotenoid metabolism in detail. One identified a mechanism in which delayed starch
degradation leads to chromoplast structural abnormalities, preventing carotenoid cleavage
and ultimately deepening floral pigmentation (contribution 1). The other focused on the
red-flowered cultivar ‘Yanzhi Hong’ and showed that lycopene accumulation, together with
reduced «-carotene synthesis due to downregulation of LYCE and LYCB genes, accounts
for its distinctive rouge-red petals (contribution 2).

Anthocyanin-based pigmentation represents another dimension of floral coloration.
Transcriptomic profiling of four flower colors in Impatiens uliginosa revealed differential
expression of structural genes such as C4H, FLS, PAL, and ANS, in addition to transcription
factors including MYB and bHLH, indicating that both biosynthetic genes and regulators
shape anthocyanin accumulation patterns (contribution 3). Another study in I. uliginosa
demonstrated that copper stress disrupts pigment biosynthesis pathways, leading to visible
petal color changes (contribution 4).

Floral development, including organ growth and pollen fertility, is fundamental to
reproductive success in ornamentals. Resource allocation plays a central role in floral
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growth and function. Citrus flowers combine ornamental and edible value: their highly fra-
grant blossoms support both landscaping use and traditional culinary applications [3]. In
Citrus maxima, an analysis of C:N:P stoichiometry and non-structural carbohydrates across
floral organs and phenophases revealed stage- and organ-specific partitioning, showing
how coordination between carbon reserves and nutrient demand underpins organ devel-
opment during anthesis (contribution 5). A genome-wide survey of the DIR gene family in
Rosa chinensis identified 33 RcDIRs, including a tandem cluster, with ReDIR12 exhibiting
pollen-specific promoter activity; functional assays confirmed expression in mature pollen
grains, providing evidence for pollen-specific DIR function in roses (contribution 6).
Together, these findings illustrate how pigment biosynthetic pathways, nutrient
metabolism, and reproductive gene networks jointly shape floral coloration, organ de-
velopment, and pollen function in ornamentals. Integrative analyses across these processes
are providing a more coherent view of the molecular and physiological basis of floral traits.

3. Floral Scent and Secondary Metabolites

Floral fragrance is a defining trait of many ornamentals, contributing both to ecologi-
cal interactions and commercial appeal. Orchids, with nearly 30,000 species worldwide,
are especially noted for their diverse floral morphologies and complex fragrance pro-
files [4]. They also provide important model systems for understanding the molecular
basis of floral scent, particularly volatile terpene biosynthesis. In Dendrobium chrysotoxum,
genome-wide identification of terpene synthase (TPS) genes revealed 37 family members,
among which three TPS-b genes encode enzymes that catalyze the production of linalool,
a dominant monoterpene shaping the floral scent profile (contribution 7). Similarly, in
Cymbidium ensifolium, 30 TPS genes were characterized and classified into three subfamilies,
with CeTPS1 and CeTPS18 highly expressed in flowers and localized to chloroplasts, indi-
cating specialized roles in terpenoid metabolism during floral development (contribution
8). Together, these studies demonstrate that orchids have evolved a diverse TPS repertoire,
with distinct subfamilies differentially contributing to the unique fragrance profiles that
underpin their ornamental and ecological value.

Beyond orchids, pyrethrum (Tanacetum cinerariifolium) exemplifies the dual roles of
secondary metabolites in ornamentals. It produces two classes of bioactive compounds
with distinct ecological functions: the volatile (E)-B-farnesene, which mediates plant-insect
interactions, and the non-volatile pyrethrins, which act as natural insecticides [5]. Transcrip-
tomic analysis combined with GC-MS-based metabolite profiling revealed asynchronous
regulation for pyrethrins, where gene expression did not correspond with metabolite ac-
cumulation. In contrast, both the expression of (E)-B-farnesene biosynthetic genes and
the accumulation of the metabolite were concentrated in peduncles. Jasmonate signaling,
particularly through MYC2, emerged as a central hub coordinating these processes (con-
tribution 9). This finding highlights a complex regulatory divergence between volatiles
and non-volatiles within the same plant, providing valuable insights into how ornamental
plants balance ecological interactions with defense-oriented chemistry.

Collectively, recent work indicates that floral fragrance and defensive chemistry are
coordinated through context-dependent partitioning of biosynthetic flux between volatile
and non-volatile branches. Within this architecture, the diversification of terpene syn-
thases structures volatile terpene profiles in orchids, while non-volatile defenses are reg-
ulated in parallel, linking bouquet composition to ecological function and applied aims
in ornamentals.
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4. Adaptive Strategies Under Environmental Stresses

Ornamental plants are frequently exposed to a wide range of abiotic stresses, and
understanding their adaptive strategies is essential for both horticultural practice and basic
research. Among them, Rhododendron, one of the largest woody plant genera, is highly
valued for its remarkable diversity of flower colors and ornamental appeal [6]. It also
serves as a representative system for studying how root-microbe interactions contribute to
stress responses. In Rhododendron delavayi, metabolomic and microbiome analyses revealed
that waterlogging stress triggered the secretion of root metabolites capable of recruiting
beneficial microbes, which persisted into the recovery phase and contributed to stress
alleviation (contribution 10). A complementary study in R. decorum showed that cadmium
exposure not only reshaped rhizosphere microbial communities but also suppressed the
accumulation of key secondary metabolites such as flavonoids, thereby weakening both
chemical defenses and symbiotic stability (contribution 11).

Beyond Rhododendrons, additional contributions broaden the perspective on stress
adaptation in ornamentals. Hydrangea macrophylla represents a unique case where abiotic
stress tolerance directly underpins ornamental quality. Sepal bluing depends on aluminum
accumulation, making this species an important model for linking stress adaptation with
visible floral traits. Transcriptome analyses of contrasting cultivars under Al treatment
identified 43 differentially expressed genes, including 7 associated with Al accumulation.
Among them, HmALS3.1 emerged as a key candidate involved in Al transport (contribu-
tion 12). Cinnamomum camphora is a widely used evergreen ornamental and street tree
throughout subtropical East Asia, prized for its dense, shade-casting crown and fragrant
blossoms [7]. In C. camphora, transcriptomic analyses under cold stress uncovered calcium-
and ethylene-mediated signaling pathways, with ERF transcription factors acting as pivotal
regulators, thereby providing a molecular framework for understanding how woody orna-
mentals perceive and respond to low temperature (contribution 13). At a broader scale, a
field survey in northern Italy documented the emergence of new ornamental plant diseases
under climate change. Beyond reporting new pathogens, this study highlighted the role of
“living-lab” gardens as early warning systems and emphasized integrated management
approaches, ranging from resistant cultivars and climate-aware cultural practices to bio-
logical control and molecular diagnostics, as essential tools to address shifting pathogen
pressures (contribution 14).

Collectively, these studies support a systems-level view of stress adaptation in orna-
mentals, where molecular regulation, secondary metabolism, and plant-microbe interac-
tions operate together to confer resilience. The contributions further delineate practical
measures, including resistant cultivars, climate-adaptive cultivation, biological control, and
molecular diagnostics, for sustaining ornamental plant performance under environmen-
tal change.

5. Conclusions

This Special Issue highlights major advances in ornamental plant physiology and
molecular biology. Studies on floral traits have clarified the metabolic and transcriptional
networks underlying pigmentation and development, while research on floral scent and sec-
ondary metabolism has identified key gene families shaping fragrance and defense. Work
on stress adaptation has revealed the complex physiological adjustments and ecological
interactions that sustain ornamental performance under adverse conditions.

Across these themes, the contributions delineate coordinated regulatory networks that
connect pigment and floral development with the biosynthesis and allocation of volatile
and non-volatile metabolites. They also show how stress-responsive processes, together
with plant-microbe interactions, add an important layer of resilience to ornamental species.
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In doing so, the papers exemplify established integrative approaches that combine gene
family analyses, expression profiling, metabolite measurements, and targeted functional
assays to resolve mechanisms of trait formation and ecological performance.

Looking ahead, priorities include expanding research beyond a narrow set of model
ornamentals to under-represented taxa and traits, such as fragrance complexity, floral
longevity, and architectural features. Strengthening field and multi-environment validation
of molecular findings and advancing comparative and translational studies that connect
mechanism with breeding and cultivation, will be equally important. Continued attention
to robust phenotyping and data standardization will further enhance reproducibility and
cross-study synthesis. Taken together, the fourteen contributions deepen the scientific
foundation of ornamental biology and outline practical directions for innovation in research,
breeding, and sustainable cultivation.

Author Contributions: Writing—Original Draft Preparation, Writing—Review and Editing, T.Z.
and C.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

List of Contributions:

1. Zeng, X.; Tan, Y.; Wen, X.; He, Q.; Wu, H.; Zou, J.; Yang, J.; Cai, X.; Chen, H., Delayed starch
degradation triggers chromoplast structural aberration to inhibit carotenoid cleavage: a novel
mechanism for flower color deepening in Osmanthus fragrans. Horticulturae 2025, 11, 864.

2. Wei, S.; Wu, J.; Yu, P; Tan, Y.; He, Q.; Yang, J.; Cai, X.; Zou, J.; Chen, H.; Zeng, X., Metabolomic
and transcriptomic analysis of unique floral coloration in Osmanthus fragrans cultivars. Horticul-
turae 2024, 10, 801.

3. Zhang, X.; Tan, Y.; Li, X,; Liu, Z.; Li, F; Huang, H.; Huang, M., Analysis of transcriptome and
expression of C4H and FLS genes on four flower colors of Impatiens uliginosa. Horticulturae 2024,
10, 415.

4. Zhu, J.; Li, X.; Huang, H.; Huang, M., Resistances and physiological responses of Impatiens
uliginosa to copper stress. Horticulturae 2024, 10, 751.

5. Liao, J.; Hu, S.; Kong, Y,; Pan, H.; Zhu, M.; Yu, T.; Hu, H.; Zhuang, G.; Gao, S., Variations
in C:N:P stoichiometry and non-structural carbohydrates in different parts of pomelo (Citrus
maxima) flowers at three phenophases. Horticulturae 2025, 11, 1053.

6. Dong, Q.; Yang, Q.; Wang, Z.; Zhao, Y.; Guo, S.; Peng, Y.; Li, Q.; Han, Y., Genome-wide
identification and pollen-specific promoter analysis of the DIR gene family in Rosa chinensis.
Horticulturae 2025, 11, 717.

7. Yang, Y.; Gong, J.; Nong, R.; Liu, Q.; Xia, K.; Qiu, S.; Wang, Z., Terpene synthase (TPS) family
member identification and expression pattern analysis in flowers of Dendrobium chrysotoxum.
Horticulturae 2025, 11, 566.

8. Wang, M,; Liu, B.; Li, ].; Huang, N.; Tian, Y.; Guo, L.; Feng, C.; Ai, Y.; Fu, C., Bioinformatics anal-
ysis and expression features of terpene synthase family in Cymbidium ensifolium. Horticulturae
2024, 10, 1015.

9. Zeng, T; Li, J.; Wang, C.; Li, J., Comparative transcriptomic analysis of pyrethrin and EBF
biosynthesis in Tanacetum cinerariifolium stems and flowers. Horticulturae 2025, 11, 201.

10. Tang, J.; Huang, Q.; Wang, Q.; Shan, F.; Wu, S.; Zhang, X.; Tang, M.; Yi, Y., The comprehensive
root metabolite-rhizomicrobiota response patterns of Rhododendron delavayi to waterlogging
stress and post-waterlogging recovery. Horticulturae 2025, 11, 770.

11.  Tang, M.; Chen, L.; Wang, L.; Yi, Y.; Wang, J.; Wang, C.; Chen, X,; Liu, J.; Yang, Y.; Malik, K,;
Gong, J., Comprehensive analysis of microbiomes and metabolomics reveals the mechanism of
adaptation to cadmium stress in rhizosphere soil of Rhododendron decorum subsp. diaprepes.
Horticulturae 2024, 10, 884.



Horticulturae 2025, 11, 1213

12. Luo, S; Li, Y;; Wan, Y.; Fan, Y,; Liu, C.; Yuan, S., Identification of key candidate genes involved
in aluminum accumulation in the sepals of Hydrangea macrophylla. Horticulturae 2024, 10, 1180.

13.  Bi, B,; Shao, L.; Xu, T.; Du, H.; Li, D., Transcriptomic analysis reveals calcium and ethylene
signaling pathway genes in response to cold stress in Cinnamomum camphora. Horticulturae 2024,
10, 995.

14.  Gullino, M. L,; Bertetti, D.; Pugliese, M.; Garibaldi, A., Emerging ornamental plant diseases and
their management trends in northern Italy. Horticulturae 2025, 11, 955.

References

1. Shen, Y.; Rao, Y.; Ma, M,; Li, Y;; He, Y;; Wang, Z.; Liang, M.; Ning, G. Coordination among flower pigments, scents and pollinators
in ornamental plants. Hortic. Adv. 2024, 2, 6. [CrossRef]

2. Chen, H,; Zeng, X,; Yang, ].; Cai, X.; Shi, Y.; Zheng, R.; Wang, Z; Liu, |.; Yi, X.; Xiao, S. Whole-genome resequencing of Osmanthus
fragrans provides insights into flower color evolution. Hortic. Res. 2021, 8, 98. [CrossRef] [PubMed]

3. Agusti, M.; Reig, C.; Martinez-Fuentes, A.; Mesejo, C. Advances in Citrus flowering: A review. Front. Plant Sci. 2022, 13, 868831.
[CrossRef] [PubMed]

4. Yang, F.; Gao, J.; Li, J.; Wei, Y.; Xie, Q.; Jin, J.; Lu, C.; Zhu, W.; Wong, S.; Zhu, G. The China orchid industry: Past and future
perspectives. Ornam. Plant Res. 2023, 4, e002. [CrossRef]

5. Zeng, T;Li, J; Li,J; Hu, H; Zhu, L,; Liu, K.; Bai, J.; Jiang, Q.; Wang, C. Pyrethrins in Tanacetum cinerariifolium: Biosynthesis,
regulation, and agricultural application. Ornam. Plant Res. 2024, 4, e015. [CrossRef]

6. Nie, S; Ma, H; Shi, T,; Tian, X.; El-Kassaby, Y.A.; Porth, I.; Yang, F.; Mao, J. Progress in phylogenetics, multi-omics and flower
coloration studies in Rhododendron. Ornam. Plant Res. 2024, 4, e003. [CrossRef]

7. Wang, X; Xu, C.; Zheng, Y.; Wu, Y.; Zhang, Y.; Zhang, T.; Xiong, Z.; Yang, H.; Li, J.; Fu, C. Chromosome-level genome assembly

and resequencing of camphor tree (Cinnamomum camphora) provides insight into phylogeny and diversification of terpenoid and
triglyceride biosynthesis of Cinnamomum. Hortic. Res. 2022, 9, uhac216. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



. =4
. horticulturae ﬂw\D\Py

Article

Delayed Starch Degradation Triggers Chromoplast Structural
Aberration to Inhibit Carotenoid Cleavage: A Novel Mechanism
for Flower Color Deepening in Osmanthus fragrans
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These authors contributed equally to this work.

Abstract: The color of flowers in Osmanthus fragrans is regulated by carotenoid metabolism.
The orange-red variety, Dangui, is believed to have evolved from the yellow variety, Jingui,
through a natural bud mutation. This study uses the Jingui cultivar ‘Jinqgiu Gui’ (JQG)
and its bud mutation cultivar ‘Huolian Jindan’ (HL]JD) as materials, combining genome
resequencing, ultrastructural observation, targeted metabolomics, and transcriptomic anal-
ysis to elucidate the molecular and cellular mechanisms underlying flower color variation.
Phylogenetic analysis confirms that HLJD is a natural bud mutation of JQG. Ultrastructural
observations reveal that during petal development, chromoplasts are transformed from
proplastids. In HLJD petals, starch granules degrade more slowly and exhibit abnormal
morphology, resulting in chromoplasts displaying crystalline, tubular, and fibrous com-
posite structures, in contrast to the typical spherical plastoglobuli found in JQG. Targeted
metabolomics identified 34 carotenoids, showing significant increases in the levels of -
carotene, y-carotene, x-carotene, and (3-carotene in HLJD petals compared to JQG, with
these levels continuing to accumulate throughout the flowering process, while the levels of
the cleavage products x-ionone and 3-ionone decrease. Transcriptomic analysis indicates
that carotenoid metabolic pathway genes do not correlate directly with the phenotype;
however, 49 candidate genes significantly associated with pigment accumulation were iden-
tified. Among these, the expression of genes such as glycoside hydrolases (LYG036752, etc.),
sucrose synthase (LYG010191), and glucose-1-phosphate adenylyltransferase (LYG003610)
are downregulated in HL]JD. This study proposes for the first time the pathway of “starch
degradation delay — chromoplast structural abnormalities — carotenoid cleavage inhi-
bition” for deepening flower color, providing a new theoretical model for the metabolic
regulation of carotenoids in non-photosynthetic tissues of plants. This research not only
identifies key target genes (such as glycoside hydrolases) for the color breeding of O. fra-
grans but also establishes a theoretical foundation for the color enhancement of other
ornamental plants.

Keywords: Osmanthus fragrans; floral color; bud mutation; pastid; carotenoid; starch

Horticulturae 2025, 11, 864 https://doi.org/10.3390/horticulturae11070864
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1. Introduction

Osmanthus fragrans, a member of the Oleaceae family and Osmanthus genus, is an
evergreen woody plant renowned as a traditional fragrant flower in China. This species is
not only widely utilized for ornamental purposes in gardens but also possesses significant
fragrance, is edible, and has medicinal values, offering immense potential for the devel-
opment of deep-processing products that contribute importantly to the local economies
in China. Flower color serves as a critical ornamental quality trait of O. fragrans, which
is categorized into four groups based on flowering period and flower color traits: Sijigui,
Yingui, Jingui, and Dangui, with nearly 200 cultivars currently available [1]. Carotenoids
are key compounds influencing the variation in flower color among O. fragrans cultivars
and serve as direct precursors in the synthesis of key aromatic compounds, such as a-
ionone and B-ionone [2-5]. This is essential for enhancing the ornamental and economic
value of O. fragrans. Investigating the carotenoid metabolic mechanisms in O. fragrans
holds significant practical implications for the targeted cultivation of new cultivars with
enhanced ornamental appeal (more vibrant flower colors) and higher economic value
(stronger fragrance). Furthermore, this research enriches the theoretical foundation for
the metabolic regulation of carotenoids in plant flowers, providing a universal model for
flower color improvement and fragrance synthesis in other species.

The production of carotenoids relies on the methylerythritol phosphate (MEP) path-
way, which provides the precursor geranylgeranyl pyrophosphate (GGPP) [6,7]. Phytoene
synthase (PSY) catalyzes the conversion of GGPP into phytoene, which subsequently un-
dergoes dehydrogenation and cyclization, leading to the formation of various carotenoids,
including B-carotene and lutein [7,8]. These carotenoids can be cleaved by carotenoid cleav-
age dioxygenases into colored products, such as B-citraurin and crocin, or transformed
into aromatic compounds like B-ionone [9-11]. Additionally, they may be degraded by
9-cis-epoxycarotenoid dioxygenase (NCED), resulting in the production of abscisic acid
(ABA), which plays an important role in plant stress responses [12,13]. In plants, plas-
tids serve as the sites for carotenoid synthesis and storage, categorized into proplastids,
amyloplasts, chloroplasts, and chromoplasts, with chromoplasts being the primary loca-
tions for carotenoid production and accumulation [7,14]. The structural characteristics of
chromoplasts vary across different species and plant organs, and they can be classified
into types such as plastoglobuli, crystalline, membranous, and tubular [14]. Furthermore,
chromoplasts can arise from the transformation of other plastids, with numerous studies in-
dicating that they can develop from chloroplasts [7,15]. However, instances of amyloplasts
transforming into chromoplasts are significantly less documented in petals.

Despite the conservativeness of carotenoid metabolic pathways in plants, the composi-
tion and content of carotenoids in non-green tissues across different species exhibit notable
diversity [16,17]. Previous studies have indicated that a- and pB-carotene predominantly
accumulate in the petals of most cultivars of O. fragrans, with variations in their content
leading to differences in flower color phenotypes, resulting in the formation of the cultivars
Yingui, Jingui, and Dangui [3,18]. The evolutionary relationships among these three groups
were clarified only after our research group completed whole-genome resequencing of over
100 O. fragrans cultivars, revealing that the flower colors of O. fragrans evolved from light to
dark, with Dangui being the last to form, possibly originating from bud mutation [1,19,20].
The discovery of natural mutants of Dangui supports this conclusion [21]. However, to
date, there have been no reports on the mechanisms underlying the formation of Dangui
mutants. This study presents a typical case of a natural mutation from Jingui to Dangui,
combining phenotypic comparisons with phylogenetic tree construction through genome
resequencing. It demonstrates that ‘Huolian Jindan” (HL]JD) is a bud mutation cultivar
of ‘Jinqiu Gui’ (JQG), thereby providing important natural mutant resources for studying
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the mechanisms of flower color variation in O. fragrans. Subsequently, ultramicroscopic
observations, carotenoid metabolomics, and transcriptomic analyses of petals from JQG
and HLJD at different developmental stages were conducted to explore the mechanisms
of flower color mutation in O. fragrans and to identify key genes regulating floral color
variation, thereby providing a theoretical basis and important genetic resources for the
improvement of flower color quality in O. fragrans and other plants.

2. Materials and Methods
2.1. Plant Materials

The original mother plant (S308) and the bud mutant branch (S309) (Figure 1A) were
collected from the Suzhou Lingering Garden, Jiangsu Province, China. The petals and
leaves of the cultivars ‘Jingiu Gui’ (JQG) (S310) and ‘Huolian JinDan’ (HL]JD) (S314) were
collected during the bud stage (S1), initial flowering stage (S2), and full flowering stage (S3)
(Figure 1B) from the National Osmanthus Germplasm Resource Bank of the Landscaping
Co., Ltd. in Yuhang District, Hangzhou City, Zhejiang Province. After sample collection,
they were immediately frozen in liquid nitrogen and then transferred to a —80 °C freezer

for storage.

Figure 1. Flower and leaf phenotypes of wild-type and bud mutant of O. fragrans (A), as well as JQG
and HLJD cultivars of O. fragrans at different flowering stages (B).
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2.2. Genome Resequencing

High-quality DNA was extracted from healthy leaves using the CTAB method, follow-
ing the manufacturer’s protocol. The quality of the extracted DNA was evaluated using
the Qsep400 system (AutoQ Biosciences, San Diego, CA, USA). Subsequently, libraries for
four samples were prepared with the TruSeq Library Construction Kit and sequenced on
the MGI-SEQ 2000 platform at Frasergen Bioinformatics Co., Ltd. in Wuhan, China. To
investigate genetic variations, clean reads from the resequencing data of these four samples
were processed. The adapter sequences and low-quality reads were filtered out using
Trimmomatic (version 0.36) [22]. BWA (version 0.7.15-r1140) [23] was then employed to
map the clean reads to the “Liuyejingui” reference genome [1]. GATK software (version
4.0.9.0) [24] was subsequently used to detect SNPs, with the following filtering parameters
applied: QD < 2.0, MQ < 40.0, FS > 60.0, SOR > 3.0, MQRankSum < —12.5, and ReadPos-
RankSum < —8.0. Furthermore, a neighbor-joining (NJ]) phylogenetic tree was constructed
using Treebest software (v1.9.2), with a bootstrap value of 1000. The resulting tree was
visualized using iTOL (version 4) [25].

2.3. Observation of Ultrastructure

Flower petals collected at various developmental stages were placed in a 4% glu-
taraldehyde fixative and subsequently washed with 0.1 M phosphate-buffered saline (PBS,
pH 7.4). After this, the samples were treated with a prepared 1% osmium tetroxide solution
in a dark environment at room temperature for 7 h. They then underwent a stepwise
dehydration procedure involving ethanol, followed by infiltration with the embedding
medium. The polymerization of the embedding blocks took place in an oven at 60 °C for
48 h. Ultra-thin sections were created using an ultramicrotome and stained with a saturated
alcoholic solution of 2% uranyl acetate in the dark. Finally, the samples were examined and
photographed utilizing a transmission electron microscope (FEI Tecnai G? F20 S-TWIN).

2.4. Carotenoid Extraction and Determination

A total of 50 mg of dried petal powder was weighed and subsequently extracted twice
using 0.5 mL of a mixed solution comprising hexane, acetone, and ethanol in equal volumes
(1:1:1, v/v/v), containing 0.01% BHT (g/mL). The extracts obtained were combined and
concentrated before being re-dissolved in 100 uL of a methanol and t-butyl methyl ether
(MTBE) mixture (1:1, v/v). This solution was then filtered through a 0.22 pm membrane and
stored in a brown injection vial for LC-MS/MS analysis utilizing a QTRAP6500+ (SCIEX,
Framingham, MA, USA). Chromatographic separation was achieved using a YMC C30
column (3 pm, 100 mm x 2.0 mm i.d.). Mass spectrometry data were collected through Ultra
Performance Liquid Chromatography (UPLC) utilizing an ExionLC""AD in combination
with Tandem Mass Spectrometry (MS/MS) on a QTRAP®6500+. The mobile phase and
analytical detection parameters were modified following the protocols established by Wei
etal. (2024) [3]. Qualitative analysis of the mass spectrometry data was conducted based on
the creation of a standard substance MWDB (MetwareDatabase). For quantitative analysis,
the Multiple Reaction Monitoring (MRM) mode of triple quadrupole mass spectrometry
was employed alongside standard curves.

2.5. Determination of Volatile Components

Frozen petals (1 g) were subjected to grinding into a fine powder with the aid of liquid
nitrogen, which was then transferred into a 40 mL centrifuge tube. Following this, 5 mL
of n-hexane containing the internal standard methyl laurate at a final concentration of
20 ng/puL was introduced to the extraction solution, and the mixture was gently agitated
for 30 min. After this agitation, the extraction solution was decanted into a fresh 50 mL
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centrifuge tube. An extra 5 mL of the extraction solution was added to the residual solid.
Both extraction solutions were subsequently combined and allowed to rest overnight
at —20 °C. The upper layer of the solvent was cautiously removed and concentrated to
2 mL using a nitrogen blow-down concentrator. The obtained solution was dried over an
anhydrous Na;SOy4 column and then subjected to analysis via gas chromatography-mass
spectrometry (GC-MS). The chromatographic separation utilized an HP-5MS capillary
column (30 m x 0.25 mm X 0.25 um, J&W Scientific), with high-purity helium (99.999%)
serving as the carrier gas at a flow rate of 1.2 mL/min. Refer to Zeng et al. (2016) [5] for
the conditions of chromatographic and mass spectrometry analysis. The analysis of target
analytes was performed using Agilent Mass Hunter Qualitative Analysis Navigator B.08.00
software coupled with NIST MS Search 2.3. Quantitative assessments were executed in
accordance with the internal standard method utilizing methyl laurate.

2.6. Transcriptome Sequencing

RNA-seq were performed by Wuhan IGENEBOOK Biotechnology Co., Ltd. (Wuhan,
China) (http:/ /www.igenebook.com accessed on 29 October 2024). Total RNA was isolated
from the petals of O. fragrans utilizing the TRNzol Universal (Tiangen Biotech Co., Ltd.,
Beijing, China), followed by evaluating RNA quality with the Qsep400 system (AutoQ
Biosciences, San Diego, CA, USA). For the preparation of libraries, the Novogene VAHTS
mRNA-seq V8 Library Prep Kit for [llumina was used, and sequencing was performed on
the Illumina Novaseq 6000 platform (Illumina, San Diego, CA, USA). Clean reads were
aligned to the reference genome ‘LiuyeJingui” using Hisat2 (v2.1.0), allowing for up to
two mismatches. RNA-seq raw data have been deposited into the public database of the
National Center of Biotechnology Information (NCBI) BioProject PRINA1279839 (accession
number SAMN49507044- SAMN49507061). Genes identified during this procedure were
compared against public protein databases, such as RefSeq non-redundant proteins (NR).
Transcript levels were quantified, and gene expression was normalized to fragments per
kilobase of transcript per million mapped fragments (FPKM) using Feature-count (v1.6.0).
Differential expression analysis was carried out with edgeR, applying a significance thresh-
old of FDR < 0.05 and |log2FoldChange | > 1. Furthermore, enrichment analyses for Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) were performed
utilizing the Cluster Profiler in the R package (version 4.1.2.), with the groundwork for
enrichment analysis based on hypergeometric distribution and a q value threshold of 0.05.

2.7. Data Analysis

The data analysis was carried out using the Oebiotech Cloud Platform (https://cloud.
oebiotech.com/task/, accessed on 2 March 2025), which facilitated the creation of clustering
heatmaps for metabolites and gene expression. Additionally, it performed PCA analysis,
conducted Venn analysis, investigated co-expression correlations, and carried out variance
analysis. The findings are reported as mean & SD, derived from three biological replicates
for every sample.

3. Results
3.1. Identification of a Bud Mutation Cultivar of O. fragrans

In the Liuyuan Garden of Suzhou, Jiangsu Province, a chimeric O. fragrans tree has
been documented for many years, where bud mutation branches of the orange-red cultivar
(Dan Gui) have emerged from the golden cultivar (Jin Gui). The parent tree has been
preliminarily identified as ‘Jinqiu Gui’ (JQG) based on its phenotype. The bud mutation
branches are primarily characterized by a change in flower color phenotype, exhibiting
orange-red petals on the inside and golden edges on the outside (as shown in Figure 1A).
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This phenotype closely resembles that of ‘Huolian Jindan’ (HLJD), which is preserved in
the National Osmanthus Germplasm Resource Bank of the Landscaping Co., Ltd. in Yuhang
District, Hangzhou City, Zhejiang Province, China. To further confirm the phylogenetic
relationships among JQG (S310), HL]JD (S314), the parent tree from Suzhou Liuyuan Garden
(S308), and the bud mutation branch (5309), DNA was extracted from the leaves of the
four samples for genome resequencing. This data was subsequently utilized to construct a
phylogenetic tree alongside resequencing data from 119 O. fragrans cultivars previously
analyzed by our research group. As illustrated in Figure 2, O. fragrans var. Dangui is
categorized into four distinct branches. The Suzhou Liu Garden bud mutation branch
(S309) and HLJD (S314) cluster closely with the Suzhou Liu Garden parent (5308) and JQG
(5310), as well as with the JQG cultivar sourced from germplasm banks in Wuhan, Hubei
(5432) and Xianning, Hubei (5122). In contrast, these do not share the same branch as
other O. fragrans cultivars of Dangui. This observation supports the conclusion that HL]D
is indeed a bud mutation cultivar of JQG, and that the formation mechanism of HL]D is
distinct from that of other O. fragrans cultivars of Dangui.

222 2888Lzsw
©
REXST T LT TN
02 B8 % PPESS
O ) F oo
o B F N
& A“; I
s %, &R A
o, B s &
) P
Q7 2
s, %, A
o ’
%o C\J
S S o
p N 2
0. e
Sg,.° o
7>, O
77, S A
7, % o2
5. et
S9g5. SA‘\?’
:’06 5150
128
a7 group
S13g =
s411
s446.
5430 —— dan
- s159
b i =323 — jin
s120
5406
113 e—
s iy outgroup
163! 'S404
5204 — siji
520 J
5455 51437
162 — .
a2 S320 yin
87,
46> 'S4 o
420 05
& o S40,
«° S20,
AN M
R £
AR Nqoe
AN 5,
N o 0,
EgN W
& R4
oo 55, >
M ‘1«°qln o S0
&
L o s, G
MK %
& W O %
28 o % >
? > S o 2%
Figd buR®
SSES o PSR-
a~¥3 © Do v @DV % °
PR gE8R2R3IRA) D
960 a0 b

Figure 2. Phylogenetic tree of four samples and 119 O. fragrans cultivars. The red triangles represent
the four samples that underwent genome resequencing this study.

3.2. Ultrastructural Analysis of Plastids in O. fragrans Petals

Further observations of the ultrastructure of plastids in the petals of JGQ and HLJD
at various flowering stages were conducted using transmission electron microscopy (Fig-
ure 3). During the bud stage, both JGQ and HL]JD exhibited plastids containing a significant
number of starch grains. At the initial flowering and full-flowering stages, the large starch
grains within the plastids were observed to disappear. In JGQ, a considerable number of
chromoplasts with plastoglobuli were identified, featuring round white starch grains at the
center of these plastoglobuli. In contrast, HLJD displayed a highly complex internal struc-
ture of chromoplasts, characterized by a small number of irregularly shaped plastoglobuli,
along with crystalline, tubular, and fibrous structures within the same chromoplast. The
remaining starch grains also exhibited irregular shapes. Notably, the rate of starch grain
disappearance in the petals of HLJD during the initial- and full-flowering stages was signif-
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icantly slower than that in JGQ. It is speculated that the chromoplasts in O. fragrans petals
have evolved from amyloplasts, and the normal hydrolysis of starch grains facilitates the
formation of plastoglobuli in chromoplasts.

Figure 3. Observation of the ultrastructure of petal chromoplasts in JQG and HLJD cultivars of
O. fragrans at different flowering stages. S—Starch granules; pg—plastoglobuli structure; T—tubular
structure; C—crystalline structure; F—fibrous structure.

3.3. Quantitative Evaluation of Carotenoids in O. fragrans Petals

The carotenoid composition and content of petals from JQG and HL]D at different
flowering stages were analyzed using UPLC-MS/MS, leading to the identification of
34 carotenoids: 6 types of carotenes, 10 types of xanthophylls, and 18 types of xantho-
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phyll esters (see Supplementary Materials Table S1). Principal component analysis (PCA)
indicated (Figure 4A) that the S1, S2, and S3 stages of HL]D are situated near the first
quadrant and its boundary, whereas JQG’s S1 is located in the third quadrant, S2 in the
second quadrant, and S3 in the fourth quadrant. This suggests significant differences
between HL]JD and JQG, as well as notable variations in the petals of JQG across different
stages. From Figure 4B, it is evident that the relative content of carotene in HLJD during
the three stages accounts for 60-80%, exhibiting an increasing trend as the flowers open.
In JQG, the relative content of xanthophyll is highest during the S1 stage but decreases as
the flowers open, while the carotene content increases. Cluster heatmap analysis reveals
(Figure 4C) that the 34 carotenoids are classified into three branches: Clade I exhibits the
highest content in S3; Clade II shows higher content in S2; and Clade III has the highest
content in S1. Based on the floral color phenotypes of JOG and HL]D at various stages, the
color deepens progressively with flower opening, with HL]D displaying a deeper flower
color than JQG. The contents of S-carotene, a-carotene, and e-carotene correspond to the
observed phenotypic changes.
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Figure 4. Analysis of carotenoid metabolites in petals of O. fragrans JQG and HLJD cultivars at differ-
ent flowering stages. (A) Principal component analysis; (B) Proportion of carotenoid components in
petals; (C) Carotenoid metabolite clustering heat map.
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3.4. Transcriptome Sequencing and DEGs Analysis Between JQG and HLJD Petals of O. fragrans

To investigate the molecular mechanism underlying changes in flower color in O. fra-
grans, petals from the JQG and HLJD cultivars at three flowering stages were employed to
create libraries for high-throughput sequencing. The quality metrics, Q20 and Q30, sur-
passed 95% and 90%, respectively, affirming the sequencing data’s reliability for subsequent
analysis. Results from PCA analysis (Figure 5A) reveal distinct differences among varying
cultivars and flowering stages. A differential gene expression analysis was performed,
using FDR < 0.05 and | log2FoldChange | > 1 as criteria for selecting genes expressed at
different flowering stages. The findings show (Figure 5B) that in the JQG cultivar, there
were 3865 upregulated differentially expressed genes (DEGs) and 4301 downregulated
DEGs in S2 compared to S1; S3 exhibited 5324 upregulated DEGs and 7133 downregu-
lated DEGs; and in the comparison of S3 to S2, there were 2222 upregulated DEGs and
2936 downregulated DEGs. For the HLJD cultivar, relative to S1, S2 revealed 3036 upregu-
lated DEGs and 3770 downregulated DEGs; in S3, there were 3952 upregulated DEGs and
5100 downregulated DEGs; and when comparing S3 with 52, 2337 upregulated DEGs and
2643 downregulated DEGs were identified. When comparing the DEGs between JQG and
HLJD across the same stages, the results indicated 3660 upregulated DEGs and 1799 down-
regulated DEGs in JQG for the S1 stage; 2850 upregulated DEGs and 1875 downregulated
DEGs in S2; and 1117 upregulated DEGs and 750 downregulated DEGs in S3. A Venn
analysis of both upregulated and downregulated DEGs across the three stages between
JQG and HL]D was performed (Figure 5C), yielding 98 and 51 DEGs, respectively.

3.5. Association Analysis Between Metabolome and Transcriptome of the Important Genes in
O. fragrans

The content of various components in the carotenoid metabolic pathway across differ-
ent varieties and periods was visually illustrated (Figure 6A). Throughout all three stages,
the levels of (E/Z)-phytoene and lycopene were consistently greater in JQG compared
to HL]D, displaying an upward trend in content as the flowers opened. Conversely, the
concentrations of e-carotene, y-carotene, a-carotene, a-cryptoxanthin, and p-cryptoxanthin
increased with flower unfolding, with HL]D consistently exhibiting higher levels than JQG
during the entire flowering period. Notably, f-carotene concentrations were significantly
elevated in HLJD compared to JQG during the S1 and S2 stages, whereas JQG surpassed
HLJD in the S3 stage. Additionally, lutein levels were higher in HLJD than in JQG, although
they gradually declined as the flowers progressed in opening. Zeaxanthin levels also
diminished with the opening of flowers; however, during the S1 phase, JQG presented
notably higher levels than HLJD. Considering the content and color characteristics of the
various carotenoid components, it can be inferred that e-carotene, y-carotene, a-carotene,
and B-carotene may play crucial roles in flower color mutations. Furthermore, GC-MS
was utilized to analyze the contents of carotenoid cleavage products, specifically a-ionone
and B-ionone, in the petals (Figure 6A). The findings demonstrated that the levels of these
two critical components related to O. fragrans fragrance were more significant in JQG
petals than in HLJD. A heatmap analysis of the expression levels of carotenoid metabolism
pathway genes derived from transcriptome data (Figure 6B) showed no genes correlated
with changes in carotenoid component levels, suggesting that genes associated with the
carotenoid metabolic pathway are not the primary contributors to variations in flower color.
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Figure 5. Transcriptomic features for petals of O. fragrans JQG and HLJD cultivars at different
flowering stages. (A) Principal component analysis; (B) All DEGs statistics; (C) Venn diagram for up
or down DEGs of JQG vs. HL]D at stage S1, S2, and S3.

A correlation analysis was performed on 98 upregulated and 51 downregulated
differentially expressed genes (DEGs) in relation to e-carotene, y-carotene, a-carotene, and
B-carotene, using a significance threshold of p < 0.05. The results revealed that 68 of these
genes were associated with e-carotene, 82 with «y-carotene, 99 with a-carotene, and 60 with
B-carotene. Additionally, it was found that 49 genes were related to all four carotenoid types
(Figure 6C). To evaluate the relationships between these carotenoid components and the
identified 49 genes, Pearson’s correlation method was utilized, as illustrated in Figure 6D.
Functional annotations for these genes are detailed in Supplementary Table S2, which
contains 14 genes with unknown functions. Within the gene ontology (GO) classifications,
‘hydrolase activity” in the ‘molecular_function” category was predominant, including four
genes: LYG036752 (beta-glucosidase), LYG035009 (beta-glucosidase), LYG007921 (alpha-
glucosidase), and LYG016487 (beta-galactosidase).
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Figure 6. Conjoint analysis of carotenoid metabolome and transcriptome in O. fragrans JQG and
HLJD petals. (A) Content of various components in the carotenoid metabolic pathway; (B) heat map
of carotenoid metabolism pathway genes; (C) Venn map of e-carotene, y-carotene, a-carotene, and
B-carotene related genes; (D) cluster heatmap of the co-expression correlation between carotenoid
components and the 49 related genes. The correlation analysis was conducted using Pearson’s
correlation method (* p < 0.05, ** p < 0.01, *** p < 0.001).
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4. Discussion

This research initially establishes that HL]D represents a natural bud mutation variety
of JQG. This finding provides direct support for the evolutionary model of floral color in
O. fragrans, suggesting a transition from light to dark and reinforcing the proposition that
the Dangui group evolved through bud mutations [1,21]. The distinctive phenotype of
HLJD, characterized by orange-red inner petals and golden outer petals, serves as a valuable
natural mutant for investigating the genetic basis of floral color development in plants. Ex-
amination of plastid structures revealed a significant presence of starch-containing plastids
within the petals of both cultivars during the bud phase, with chromoplast characteristics
being faint. As the plants progressed to the initial- and full-flowering stages, starch granules
gradually diminished, while chromoplast features became more pronounced. However,
notable structural differences in the chromoplasts were observed between the two cultivars:
in JQG, only chromoplasts containing plastoglobuli were present, featuring round starch
granules encased in plastoglobuli, whereas HL]JD exhibited a diverse array of chromoplast
structures, including crystalline, tubular, fibrillar, and membrane forms, along with a lim-
ited presence of plastoglobuli. Concurrently, the rate of starch granule degradation in HLJD
was slower compared to JQG, resulting in irregular forms. This suggests that chromoplasts
in the petals of O. fragrans likely originate from the transformation of amyloplasts, and that
the typical hydrolysis of starch is crucial for the formation of spherical plastoglobuli within
chromoplasts. Previous studies have documented the transformation of amyloplasts into
chromoplasts in the roots, tubers, or fruits of plant species such as cassava, potatoes, citrus,
and kiwifruit, indicating that starch degradation promotes the accumulation of the sugar
precursors necessary for carotenoid synthesis [26-30]. In plant petals, previous studies have
reported that colored plastids predominantly arise from the transformation of chloroplasts
or from the direct differentiation from proplastids [31,32]. This developmental mechanism
encompasses the remodeling of cellular structures, regulation of pigment metabolism, and
precise coordination of gene expression [33]. This study is the first to demonstrate that the
development of colored plastids in plant petals originates from amyloplasts. However, the
underlying mechanisms facilitating this process require further elucidation.

Targeting metabolomics of carotenoids reveals that the concentrations of e-carotene,
y-carotene, a-carotene, and pB-carotene in HL]D petals are significantly higher compared to
those in JQG, and these concentrations further increase as the flowers open. Conversely,
the levels of carotenoid cleavage products, such as a-ionone and B-ionone, are markedly
lower in HLJD than in JQG. This observation implies that the mutant may enhance the
development of dark phenotypes by directing metabolic flow towards pigment production
while simultaneously suppressing the cleavage pathway. Previous research has indicated
that among the three groups of O. fragrans, the Dangui cultivar exhibits elevated levels
of a-carotene and B-carotene [1,18]; however, its fragrance is less pronounced than that
of Jingui and Yingui due to reduced concentrations of a-ionone and S-ionone [4,34]. It
has been demonstrated that low expression or functional impairment of the CCD4 gene
inhibits carotenoid cleavage [1,35,36]. In our previous investigation of the red-flowered
cultivar “Yanzhi Hong’, decreasing expression of LYCE obstructed the synthesis of down-
stream a-carotene, leading to an accumulation of red lycopene [3]. This study, which
integrates metabolomics and transcriptomics analyses, indicates that the genes associated
with carotenoid synthesis and metabolism do not have a direct connection with the floral
color mutation phenotype. This suggests that pigment accumulation may be influenced
by indirect factors, such as substrate availability or conditions within storage microen-
vironments. Furthermore, it is noted that starch granule degradation is slower in HL]D
petals compared to JQG, characterized by irregular forms, with significant crystalline,
tubular, and fibrous structures present within the chromoplasts instead of plastoglobuli.
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It is hypothesized that the irregular degradation of starch hinders the development of
spherical chromoplasts, which facilitates the cleavage of carotenoids into apocarotenoids,
while crystalline, tubular, and fibrous chromoplasts are more advantageous for carotenoid
storage without degradation.

A total of 49 candidate genes were identified through the correlation analysis between
metabolites and transcriptomes. The genes that are highly correlated with carotenoid
accumulation are associated with starch degradation and soluble sugar synthesis, including
four glycoside hydrolase genes (e.g., LYG036752, LYG035009, LYG007921, LYG016487),
one sucrose synthase (LYG010191), and one glucose-1-phosphate adenylyltransferase
(LYGO003610). These genes exhibited significantly lower transcription levels in HL]JD
compared to JQG. Notably, the allelic variation of the Venl gene in maize endosperm
regulates the contents of polar and non-polar carotenoids. The increase in non-polar
carotenoids delays the degradation of the amyloplast membrane, thereby hindering the
interaction between protein bodies and starch granules, which affects the formation of
hard endosperm [37]. This study indirectly supports the association between carotenoids
and starch metabolism; however, direct evidence linking the two remains elusive. Based
on our combined analysis of metabolomics and transcriptomics, we focused on the glyco-
side hydrolase genes involved in starch degradation. Subsequent functional analyses of
these genes will provide evidence for the direct association between carotenoid and starch
metabolism. Integrating these findings, we arrive at the following inference (Figure 7): the
decreased expression of candidate genes, such as glycoside hydrolases, leads to a delay in
the hydrolysis of starch granules. This delay subsequently causes abnormal development
of chromoplast structures (e.g., atypical crystallization, tubular, and fibrous structures).
Such structural abnormalities compel chromoplasts to prioritize storage over the cleavage
of carotenoids. Consequently, compared to chromoplasts including spherical plastoglobuli,
the likelihood of carotenoid cleavage is significantly diminished. Additionally, the cleav-
age pathways, including the synthesis of a-ionone and 3-ionone synthesis, are inhibited,
ultimately resulting in a substantial accumulation of pigments and a deepening of flower

colors.
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Figure 7. A proposed model on floral color formation of O. fragrans.

5. Conclusions

This study, based on the microstructure and multi-omics analysis of natural flower
color mutants of O. fragrans, reveals for the first time a key pathway driven by delayed
starch degradation that deepens flower color: “Delayed starch degradation — Abnor-
mal chromoplast structure — Inhibition of carotenoid cleavage.” The elucidation of this
pathway provides new insights into the metabolic regulation of carotenoids in the non-
photosynthetic tissues of plants. Given the current relative scarcity of research on the
interrelationship between starch metabolism and carotenoid metabolism, along with the
limited available cases for reference, exploring the deeper molecular mechanisms of their
interaction will be an important direction for future research. This study clarifies the
potential core role of glycoside hydrolase genes in this pathway. Subsequent research will
focus on in-depth functional validation of these genes to elucidate their specific roles in
regulating starch degradation and carotenoid homeostasis. The relevant research findings
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are expected to identify key targets for the molecular breeding of flower color in O. fragrans
and other ornamental plants, thereby promoting the breeding of high ornamental varieties.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae11070864/s1, Table S1: Components and contents of
carotenoids in petals of JOG and HLJD at three stages; Figure S1: GC chart of volatile components
detection in JQG and HLJD petals; Table S2: Functional annotation of genes related to e-carotene,
y-carotene, x-carotene, and B-carotene in O. fragrans.
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Abstract: The floral color phenotypes of Osmanthus fragrans cultivars range from light yellow to
orange yellow, with “Yanzhi Hong” being the only reported cultivar with a red color. However, the
underlying reason for this unique floral coloration remains unclear. The study conducted targeted
metabolomics and transcriptomics analyses on the petals of “Yanzhi Hong’ at both initial and peak
flowering stages. Candidate gene expression was validated, and expression levels of the petals of three
cultivars were compared using RT-qPCR. The results revealed the presence of 27 components in the
petals of “Yanzhi Hong’, including 5 carotenoids, 8 xanthophylls, and 14 xanthophyll esters. Notably,
lycopene was detected in abundance for the first time in O. fragrans cultivars. Carotenes accounted for
78.82 £ 3.17% and 91.19 & 1.69% of the total carotenoid content in petals during the initial and peak
flowering stages, respectively, with all carotene contents increasing during the peak flowering period.
[3-carotene, lycopene, and y-carotene were identified as the top three carotene components in petals
during both initial and full flowering stages. The unique blush red color of “Yanzhi Hong’ petals could
be attributed to the low content of x-carotene and the rich accumulation of lycopene. Furthermore, a
total of 1550 differentially expressed genes (DEGs) were identified in petals at the peak flowering
stage relative to the initial flowering stage, with 1003 genes being downregulated and 547 genes being
upregulated during the full flowering stage. There are 926 differentially expressed genes (DEGs)
annotated in the Gene Ontology (GO) database. Among these DEGs, those that were downregulated
and upregulated during the peak flowering period showed significant enrichment in carbohydrate
metabolism and oxidation-reduction processes, respectively. The Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis identified 14 structural genes associated with phenylpropanoid
biosynthesis and 7 structural genes linked to carotenoid biosynthesis. Expression levels of candidate
genes involved in carotenoid biosynthesis were examined in the petals of three cultivars (‘Yanzhi
Hong/’, ‘Liuye Jingui’, and ‘Gecheng Dangui’) at both the initial and peak flowering stages. The results
indicated that the decreased expression of LYG009054 (LYCE) and LYG018651 (LYCB) in “Yanzhi Hong’
resulted in higher lycopene accumulation and lower o-carotene content in the petals. This study
offers valuable insights into the mechanisms underlying the unique flower color phenotype of O.
fragrans, proving a basis for further research on carotenoid metabolism pathways and the breeding of
new cultivars with a variety of flower colors in O. fragrans.
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1. Introduction

Osmanthus fragrans Lour, a traditional Chinese flower renowned for its fragrance,
belongs to the Oleaceae family and Osmanthus genus. Originating in southwest China,
it boasts a cultivation history spanning over 2500 years. Widely grown in the southern
region of the Yellow River Basin in China, it stands out as a superior tree species for
landscaping purposes. Moreover, O. fragrans holds significant economic value in China,
finding application in essential oils, beverages, and various food products. Key production
areas for O. fragrans include Xianning in Hubei, Chengdu in Sichuan, Guilin in Guangxi,
Suzhou in Jiangsu, and Hangzhou in Zhejiang [1]. Cultivars of O. fragrans are classified into
four groups—Semperflorens, Albus, Luteus, and Aurantiacus—based on their flowering
season and color. The Albus group is characterized by pale yellow blooms, the Luteus group
flaunts yellow flowers, and the Aurantiacus group presents orange-yellow blossoms [2,3].
The limited color spectrum of O. fragrans cultivars is due to the absence of hues other
than yellow.

The formation of plant flower color is determined by three major pigments: antho-
cyanins, carotenoids, and betaine [4,5]. Anthocyanins, a type of flavonoid compound,
are synthesized in the cytoplasm through the phenylpropanoid metabolism pathway and
stored in vacuoles, resulting in a broad spectrum of colors ranging yellow, red, or blue.
Carotenoids, lipophilic C40 terpenoids, are synthesized and stored in plastids through
the isoprene metabolic pathway, leading to a color range from yellow to red. Betaine, a
nitrogen-containing compound, is found only in a few plants. In certain plants like chrysan-
themums and roses, anthocyanins and carotenoids can coexist in the same tissue, producing
a variety of flower colors [6,7]. Studies have shown that O. fragrans, while abundant in
flavonoids, primarily contains light yellow compounds such as quercetin, naringenin, and
apigenin, with no anthocyanin components detected [8-10]. The main pigments responsible
for color changes in different O. fragrans cultivars are carotenoids, particularly x-carotene
and f-carotene [10-12]. Consequently, owing to its high concentration of orange-yellow
carotenoids and absence of anthocyanins, O. fragrans flowers display a color transition from
yellow-white to orange-yellow, with limited variation in color cultivars.

“Yanzhi Hong' is a recently registered cultivar of O. fragrans, distinguished as the
sole red cultivar known to date. Its flowers transition from light yellow to pink and
ultimately to blush red during different flowering stages [13,14]. The specific mechanism
behind this color transformation remains unknown. In a study by Chai et al. [14], a
metabolomics analysis on “Yanzhi Hong’ petals identified 304 metabolites including iridoids
and flavonoids, but not anthocyanins. This study focused on the initial and peak flowering
stages to explore the carotenoid composition, gene expression patterns, and mechanisms
underlying the red floral color of “Yanzhi Hong’, aiming to provide insights for breeding
O. fragrans cultivars with diverse flower colors.

2. Materials and Methods
2.1. Plant Materials

Samples of the ‘“Yanzhi Hong’ (YZH) cultivar were collected from Huaan Garden
Nursery Base in Jinhua City, Zhejiang Province (119°38'43" E, 28°58'16" N), specifically
focusing on two developmental stages with distinct flower colors: the initial flowering
stage (S1) and the peak flowering stage (S2) (refer to Figure 1). Two other cultivars, ‘Liuye
Jingui” (LYJG) and ‘Gecheng Dangui” (GCDG), previous studied [15], were used for RT-
qPCR analysis of genes for lycopene cyclase and carotene hydroxylase and were obtained
from the nursery at Huazhong Agricultural University campus (114°21'3" E, 30°28'43" N).
Petals weighing 2 g were collected from each stage, with three biological replicates per
experiment. The samples were immediately frozen in liquid nitrogen and stored at —80 °C.
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A B

Figure 1. Comparison of petal colors between “Yanzhi Hong’ and Albus, Luteus, and Aurantiacus
cultivars. (A) The initial flowering stage of “Yanzhi Hong’ (YZH1); (B) The peak flowering stage of
“Yanzhi Hong’ (YZH?2); (C) The comparison of different cultivars, from left to right, is Albus cultivar,
Luteus cultivar, “Yanzhi Hong’ cultivar and Aurantiacus cultivar.

2.2. Extraction of Carotenoids

Freeze-dried samples were ground into powder at 30 Hz for 1 min. Subsequently,
50 mg of the ground sample was accurately weighed and extracted with a 0.5 mL mixture of
n-hexane/acetone/ethanol (1:1:1, v/v/v) containing 0.01% butylated hydroxytoluene (BHT)
(g/mL). After swirling at room temperature for 20 min, the solutions were centrifuged
at 4 °C at 13,400x g for 5 min to obtain the supernatant. The residue was re-extracted
by repeating the above steps again under the same conditions and the supernatants were
merged. Following the concentration of the extraction solution using evaporation under
vacuum, the samples were redissolved in a 100 pL methanol/methyl tert-butyl ether
(MTBE) mixed solution (1:1, v/v), filtered through a 0.22 pm membrane filter, and stored in
a brown injection bottle for LC-MS/MS analysis (QTRAP6500+, SCIEX, Framingham, MA,
USA, https:/ /sciex.com.cn/ (accessed on 13 March 2024)).

2.3. Detection Conditions of Carotenoids

Sample separation and mass spectrometry data acquisition were carried out using
ultra performance liquid chromatography (UPLC) system and Tandem Mass Spectrom-
etry (MS/MS) with the QTRAP® 6500+ instrument (https:/ /sciex.com.cn/ (accessed
on 13 March 2024)). The separation utilized a C30 chromatographic column (100 mm
x 2.0 mm, 3 um; YMC, Kyoto, Japan). The mobile phase for phase A consisted of
methanol/acetonitrile in a 1:3 volumetric ratio, supplemented with 0.01% BHT and 0.1%
formic acid, while phase B contained MTBE with 0.01% BHT. The gradient elution method
followed these time points: initial 0 min (A /B 100:0), 3 min (100:0), 5 min (30:70), 9 min
(5:95), 10 min (100:0), and final 11 min (100:0). The flow rate was maintained at 0.8 mL/min,
column temperature set at 28 °C, and injection volume fixed at 2 pL. Linear ion trap
(LIT) and triple quadrupole (QQQ) scans were performed on a QTRAP mass spectrometer
(QTRAP® 6500+ LC-MS/MS System) (https:/ /sciex.com.cn/ (accessed on 13 March 2024))
using an APCI Heated Nebulizer in positive ion mode. Instrument control was handled
with Analyst 1.6.3 software (https://sciex.com.cn/ (accessed on 13 March 2024)). The
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APCI source settings included an APCI+ ion source, a source temperature of 350 °C, and a
curtain gas (CUR) pressure of 25.0 psi.

2.4. Qualitative and Quantitative Analysis of Carotenoids

Carotenoids underwent analysis utilizing scheduled multiple reaction monitoring
(MRM), while metabolite quantities were evaluated via data acquisition and analysis with
Analyst 1.6.3 and Multi-quant 3.0.3 software. The results of hierarchical cluster analysis
(HCA) were displayed as heatmaps accompanied by dendrograms, and Pearson correlation
coefficients (PCC) among samples were determined using the cor function in R (v3.5.1)
and visualized in heatmaps. Both HCA and PCC analyses were conducted using the
pheatmap R package (2.7.1.1009). The HCA visualization showcased the normalized signal
intensities of metabolites (normalized by unit variance) using a diverse color spectrum.
Identification of significantly regulated metabolites between groups was based on absolute
Log?2 fold changes (Log2FC). Metabolites were annotated with the KEGG compound
database http:/ /www.kegg.jp/kegg/compound/ (accessed on 13 March 2024) and aligned
with the KEGG Pathway database http:/ /www.kegg.jp/kegg/pathway.html (accessed on
13 March 2024). Pathways containing significantly regulated metabolites were subjected to
metabolite sets enrichment analysis (MSEA), with statistical significance assessed using
p-values obtained from the hypergeometric test.

2.5. Transcriptome Sequencing and Differential Expression Gene Screening

RNA isolation of “Yanzhi Hong’ flower petal specimens was performed with the Trizol
method, followed by Qsep400 system evaluation for quality (AutoQ Biosciences, San Diego,
CA, USA). Utilizing the VAHTS mRNA seq V8 Library Prep Kit from Vazyme (Nanjing,
China), the Illumina sequencing library (Illumina, San Diego, CA, USA) was prepared,
starting with 1 pg of total RNA. Library preparation included polyA RNA selection,
RNA fragmentation, reverse transcription using random hexamers, and sequencing on
the Illumina Novaseq 6000 platform with 150 nt paired-ends. Adapters were removed
and low-quality reads filtered using cutadapt (v1.11). The clean reads were aligned to
the ‘Liuye Jingui’ reference genome [15] using Hisat2 (v2.1.0), allowing for up to two
mismatches. And the raw sequencing data had been uploaded to NCBI (accession number
SAMN42797811-SAMN42797816). Identified genes were compared against public protein
databases like NR (RefSeq non-redundant proteins). Transcript levels were estimated and
gene expression normalized as FPKM (Fragments per kilobase of transcript per million
fragments mapped) with Feature-count (v1.6.0). Differential expression analysis was
carried out with edgeR, applying a threshold of FDR < 0.05 and |log2FoldChange| > 1.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses were performed using the Cluster Profiler in the R package, with enrichment
analysis based on hypergeometric distribution and a q value cutoff of 0.05.

2.6. RT-gPCR Analysis of Genes Related to Carotenoid Synthesis

The Trizol method was utilized to extract total RNA from O. fragrans petals, followed
by cDNA synthesis using the StarScript III All-in-one RT Mix with gDNA Remover kit
(TransGen Biotech, Beijing, China). RT-qPCR was then performed with OfRANI as an
internal reference gene (Supplementary Table S1) using 2x RealStar Fast SYBR qPCR Mix
(GenStar, Beijing, China). The reaction system comprised 5 pL of 2x RealStar Fast SYBR
gPCR Mix, 0.25 pL each of forward and reverse primers, 0.5 uL of cDNA, and water
added to reach a final volume of 10 pL. The reaction procedure included a 4 min pre-
denaturation at 94 °C, followed by denaturation at 94 °C for 10 s, annealing and extension
at 60 °C for 30 s, repeated for a total of 40 cycles. PCR amplification was conducted on the
Gentier 96R instrument (Tianlong, Xi’an, China), and the data were analyzed using the
2-AACt algorithm.
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2.7. Data Analysis

Metabolite clustering heatmap, co-expression correlation, linear regression analysis,
and analysis of variance were conducted using the Omicshare Cloud tool https://www.
omicshare.com/tools/ (accessed on 22 May 2024). The data was shown as mean £ SD,
with three biological replicates for each sample.

3. Results
3.1. Difference in Carotenoids in “Yanzhi Hong’ Petals at the Initial and Peak Flowering Stages

The petal phenotypes of “Yanzhi Hong’ exhibited a noticeable color transition from
the initial to peak flowering periods, as illustrated in Figure 1A,B. Different from the
typical white, yellow, and orange hues of O. fragrans cultivars, “Yanzhi Hong’ displayed a
reddish tone during the peak flowering stage, as depicted in Figure 1C. The UPLC-MS/MS
analysis revealed the presence of 27 carotenoid components in “Yanzhi Hong’, including
five carotenes (such as (E/Z)-phytoene, x-carotene, 3-carotene, y-carotene, and lycopene),
eight xanthophylls (such as zeaxanthin, lutein, -cryptoxanthin, etc.), and 14 xanthophyll
esters (Table 1). Carotenes were the most abundant, making up 78.82% and 91.19% of total
carotenoids during the initial and peak flowering stages, with higher levels of 3-carotene
and lycopene. Xanthophylls accounted for 13.24% and 5.61%, with zeaxanthin and lutein
being the predominant. Xanthophyll esters comprised 7.94% and 3.20% of total carotenoids,
with relatively high levels of 3-cryptoxanthin palmate and rubixanthin palmate (Figure 2).

Table 1. Components and contents of carotenoid in petals of “Yanzhi Hong’ at initial and peak

flowering stages.

YZH1 YZH2
No RT Compound Name Mean Mean
ug/s DW ug/g DW
Carotenes
1 5.00 (E/Z)-phytoene 3.72+0.07b 15.72 £ 042 a
2 5.92 «-carotene 193 £0.15b 340+021a
3 6.28 [-carotene 33.73+133b 95.02 +4.37a
4 7.38 y-carotene 531+0.11b 17.35 £ 0.27 a
5 8.33 lycopene 48.84 £2.59b 6323 £3.31a
9353 +£4.25b 194.72 + 8.58 a
Xanthophylls
6 1.58 violaxanthin 0.12 +0.00 a 0.09 +0.01 b
7 1.93 neoxanthin 021 £0.01a 0.10£0.01b
8 4.04 lutein 348 +0.20a 2.51+0.05b
9 4.51 8'-apo-p-carotenal 0.01 £0.00 b 0.08 £0.01a
10 4.63 zeaxanthin 10.66 £ 0.40 a 577 £0.14b
11 5.08 a-cryptoxanthin 0.41 £0.01 0.42 £ 0.02
12 5.52 -cryptoxanthin 0.80 £ 0.06 b 296 £0.13a
13 5.54 echinenone 0.01 + 0.00 b 0.04 +0.00 a
15.71 £ 0.69 a 11.97 £ 0.36 b
Xanthophyll esters
14 6.46 lutein oleate 0.05 + 0.00 0.05 + 0.00
15 6.87 lutein palmitate 0.36 & 0.03 0.36 & 0.03
16 7.18 zeaxanthin palmitate 1.09 £+ 0.07 a 0.73 £ 0.07 b
17 7.38 zeaxanthin dilaurate 0.04 £ 0.01 0.03 £ 0.01
18 7.48 zeaxanthin-laurate-myristate 0.03 + 0.00 0.02 + 0.00
19 7.63 zeaxanthin dimyristate 0.31£0.01a 0.24 £0.00 b
20 7.96 zeaxanthin dipalmitate 0.43 £0.02a 0.26 +0.03 b
21 7.77 zeaxanthin-oleate-palmitate 0204+ 0.01a 0.144+0.01b
22 6.95 B-cryptoxanthin laurate 0.09 £ 0.02 0.07 £ 0.01
23 7.18 -cryptoxanthin myristate 0.16 + 0.00 a 0.10 £ 0.01 b
24 7.32 B-cryptoxanthin palmitate 3.06 £0.09 a 2.25+0.08b
25 6.54 rubixanthin caprate 0.05 + 0.00 0.04 £ 0.01
26 6.79 rubixanthin laurate 0.64 £0.03 a 0.50 £ 0.01b
27 7.33 rubixanthin palmitate 2924+013a 2.05+0.10b
942 +043a 6.82+0.35b

Different letters represent significant differences (p < 0.05) based on Tukey’s multiple-range test using one-way

ANOVA.
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Figure 2. Proportion of carotenoid components in petals of “Yanzhi Hong’” at the initial and peak
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flowering stages.

Table 1 and Figure 3 illustrate the presence of identical carotenoid components in the
petals of “Yanzhi Hong’ during both the initial and peak flowering stages. However, notable
differences exist in the content of these components between the two stages. Specifically, the
carotene content in the petals is significantly higher at the peak flowering stage compared
to the initial stage. At the peak flowering stage, the levels of (3-carotene, y-carotene, and
(E/Z)-phytoene are 95.02 £ 4.37 ug/g DW, 17.35 £ 0.27 ug/g DW, and 15.72 £ 0.42 ug/g
DW, respectively, representing a threefold increase from the initial flowering stage. The
highest lycopene content of 48.84 + 2.59 ug/g DW is observed at the initial flowering
stage, while during peak flowering, it is 63.23 & 3.31 ug/g DW, ranking second only to
p-carotene. Among xanthophylls, only the levels of B-cryptoxanthin, 8'-apo-f-carotenal,
and echinenone increase during peak flowering, whereas zeaxanthin, lutein, neoxanthin,
and violaxanthin decrease significantly. Additionally, most xanthophyll esters also decrease
during peak flowering. These results suggest that the color transformation in “Yanzhi Hong’
during peak flowering is primarily due to an elevation in carotene content, particularly the
three pigments [3-carotene, lycopene, and y-carotene.
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Figure 3. Carotenoid metabolite clustering heat map at the initial and peak flowering stages in
“Yanzhi Hong’ petals. Color scales in heatmap represent log2(YZH2/YZH1) values.
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3.2. Transcriptome Sequencing and DEGs Analysis of “Yanzhi Hong’ Petals at the Initial and Peak
Flowering Stages

The transcriptome sequencing data of “Yanzhi Hong’ petals was analyzed at the
initial and peak flowering stages, as detailed in Table 2. A total of 39.94 Gb of valid
data was collected, with each sample yielding effective readings ranging from 35,777,926
to 52,210,754. The quality metrics, Q20 and Q30, were found to be high at 96.84% and
97.24%, and 91.53% and 92.34%, respectively, indicating the reliability of the sequencing
data for further analysis. Differential gene expression analysis was conducted using
FDR < 0.05 and | log2FoldChange | > 1 as selection criteria for genes expressed at different
developmental stages. A total of 1550 DEGs were identified, with 1003 downregulated and
547 upregulated at the peak flowering stage (refer to Figure 4).

Table 2. Transcriptome sequencing data statistics in petals of “Yanzhi Hong’ at the initial and peak
flowering stages.

Sample RawReads RawBases  CleanReads CleanBases CleanRatio Q20 Q30 GC

YZH1_1 36,021,782 5.40 35,777,926 5.30 99.32% 96.86% 91.54% 42.72%
YZH1_2 50,681,302 7.60 50,373,046 7.48 99.39% 97.19% 92.17% 42.80%
YZH1_3 42,561,224 6.38 42,258,728 6.28 99.29% 96.95% 91.75% 42.77%
YZH2_1 43,146,876 6.47 42,876,012 6.36 99.37% 97.24% 92.34% 42.53%
YZH2_2 46,010,634 6.90 45,692,536 6.77 99.31% 96.99% 91.81% 42.53%
YZH2_3 52,623,910 7.89 52,210,754 7.75 99.21% 96.84% 91.53% 42.48%

« DOWN:1003 « UP:547

-log10(FDR)

log2(FC}

Figure 4. Volcano map of differential expression genes at the peak vs. initial flowering stage of O.
fragrans ‘“Yanzhi Hong'.

GO enrichment analysis was conducted on 1550 identified DEGs, which were catego-
rized into three groups by GO: biological processes, cellular components, and molecular
functions (see Figure 5). The most notable enrichments in biological processes were ob-
served in oxidation-reduction and carbohydrate metabolism processes, with 111 and
51 DEGs, respectively. Additionally, 85 DEGs related to membrane components showed
significant enrichment in cellular composition. In terms of molecular function, genes as-
sociated with hydrolase activity and iron ion binding exhibited the highest abundances.
Among the DEGs downregulated during the flowering period, significant enrichments
were observed in carbohydrate metabolism, cell membrane composition, and hydrolytic
enzyme activity. Conversely, upregulated DEGs during the flowering period showed
significant enrichment in oxidation-reduction processes.
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Figure 5. Bar chart of DEGs GO enrichment in O. fragrans “Yanzhi Hong’ at the peak vs. initial
flowering stage.

KEGG enrichment analysis revealed that a total of 259 DEGs were annotated in the
KEGG database, with significant enrichment in pathways related to plant pathogen interac-
tions, phenylpropanoid biosynthesis, photosynthesis, and fatty acid biosynthesis (Figure 6).
Downregulated DEGs during the peak flowering period were primarily associated with
photosynthesis and fatty acid synthesis, while upregulated DEGs were linked to MAPK
signaling, indole alkaloids, and terpenoid metabolism. Within the enriched DEGs, 14 struc-
tural genes were identified in phenylpropanoid biosynthesis (Table S2), including key
enzymes such as peroxidase, HCT, CAD, COMT, F5H, 4CL, and PAL. Additionally, seven
DEGs were involved in carotenoid biosynthesis, encompassing NCED, LCYE, VDE, PSY,
CYP707A, and AAO3 (Table S2).
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Figure 6. KEGG enrichment bar chart of DEGs in O. fragrans ‘Yanzhi Hong’ at the peak vs. initial
flowering stage.
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3.3. Association Analysis of Metabolic and Transcriptomic Date of Carotenoid Metabolism
Pathway Genes

We identified 62 genes involved in carotenoid metabolism based on the functional
annotation results from ‘Liuye Jingui” (Table S3). These genes include four phytoene syn-
thase (PSY), four 15-cis-phytoene desaturase (PDS), three 15-cis-zeta-carotene isomerase
(Z-1SO), two prolycopene isomerase (ISO), four beta-carotene isomerase D27 (ISO D27),
one zeta-carotene desaturase (ZDS), and one lycopene epsilon cyclase (LYCE), among
others. The significant accumulation of carotenoid components like (3-carotene, lycopene,
y-carotene, (E/Z)-phytoene, x-carotene, and 3-cryptoxanthin is the main factor driving the
floral color change during peak flowering (Table 1 and Figure 3). Pearson’s method was
employed to assess the correlation between these carotenoid components and metabolic
pathway genes, illustrated in Figure 7. Notably, these components exhibit significant posi-
tive correlations with certain genes such as LYG020464 (PSY), LYG013665 (ISO), LYG024982
(LYCB), LYG026704 (CCD4), LYG003175 (NCED3), and LYG016435 (NCED5), while show-
ing significant negative correlations with genes like LYG030098 (PSY), LYG024873 (PDS),
LYG033898 (Z-1SO), and several others.

Correlation Heatmap

lycopene 0.8
a-carotene 0.6

(E/Z)-phytoene

B-carotene 0

‘Y-carotene -0.2
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Figure 7. Cluster heatmap of co-expression correlation between carotenoid metabolic and metabolism
pathway genes at the initial and peak flowering stages in ‘Yanzhi Hong’ petals. The correlation
analysis was conducted using Pearson’s correlation method (* p < 0.05, ** p < 0.01, *** p < 0.001).

3.4. RT-gPCR Validation of Carotenoid Metabolism Pathway Genes

To ensure the accuracy of transcriptome data, RT-qPCR was conducted on five dif-
ferentially expressed genes (DEGs) involved in carotenoid metabolism pathways. These
genes included LYG030098 (PSY), LYG016435 (NCEDS), LYG003175 (NCED3), LYG012810
(VDE), and LYG009054 (LYCE) (Figure 8A). The expression levels of LYG030098, LYG09054,
and LYG012810 were notably higher during the initial flowering stage compared to the
peak flowering stage. No significant difference was observed in the expression level of
LYG003175 and LYG016435 between the two stages. “Yanzhi Hong” and other common O.
fragrans cultivars displayed variations in carotenoid composition, leading to increased ly-
copene accumulation and decreased x-carotene accumulation in petals. Consequently, two
LYCB genes (LYG018651 and LYG024982), two CHYB genes (LYG024275 and LYG010024),
and one CHYE gene (LYG005369) were also analyzed using RT-qPCR. A strong correlation
with an R? value of 0.89 was observed between the RT-qPCR and FPKM data (Figure 8B),
indicating a high level of reliability in the expression profiles of the 10 genes.
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Figure 8. RT-qPCR analysis of carotenoid metabolism pathway genes in the initial and peak flowering
stages of “Yanzhi Hong’. (A) The expression levels of DEGs. Asterisks indicate the significant
difference between the initial and peak flowering stages revealed by t-test: ** p < 0.01. (B) A linear
fitting analysis was performed on the FPKM and RT-qPCR data.

Previous studies emphasized the abundance of x-carotene and [3-carotene in various
cultivars, particularly in the Luteus and Aurantiacus groups of O. fragrans [11,16]. So, this
research focused on comparing the gene expression levels of LYG009054 (LYCE), LYG005369
(CHYE), LYG018651 (LYCB), LYG024982 (LYCB), LYG024275 (CHYB), and LYG010024 (CHYB)
in the petals of “Yanzhi Hong’, ‘Liuye Jingui’, and ‘Gecheng Dangui” at the initial and
peak flowering stages (Figure 9). The results revealed that LYG009054 (LYCE) expression
was significantly lower in “Yanzhi Hong’ at both flowering stages compared to the other
cultivars, showing higher expression during the initial flowering stage across all three.
LYGO018651 (LYCB) expression was highest in ‘Gecheng Dangui’, followed by ‘Liuye Jingui’,
and lowest in “Yanzhi Hong’, with higher levels at the peak flowering stage in all three.
LYG005369 (CHYE) expression was higher in ‘Liuye Jingui’ compared to “Yanzhi Hong” and
‘Gecheng Dangui’, although there was no significant difference between “Yanzhi Hong’” and
‘Gecheng Dangui’ at the initial flowering stage, but higher in ‘Gecheng Dangui’ at the peak
flowering stage. LYG024982 (LYCB) expression showed minimal differences among the
three cultivars at the peak flowering stage. LYG010024 (CHY B) expression in ‘Liuye Jingui’
and ‘Gecheng Dangui’ was higher than in “Yanzhi Hong’, with no substantial difference
among the three during this period. LYG024257 (CHYB) gene expression was significantly
higher in “Yanzhi Hong’ and ‘Liuye Jingui’ compared to ‘Gecheng Dangui’, although the
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difference between “Yanzhi Hong’ and ‘Liuye Jingui” at the peak flowering stage was not
significant. The decline in expression levels of LYG009054 and LYG018651 could potentially
impact the increased lycopene accumulation and decreased x-carotene content in the petals
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Figure 9. RT-qPCR analysis of lycopene cyclase and carotene hydroxylase genes in the petals of
three O. fragrans cultivars at the initial (51) and peak flowering (S2) stages. Different letters represent
significant differences (p < 0.05) based on Tukey’s test using one-way ANOVA. The blue arrow
represents the gene expression change in the “YZH’ cultivar. The red arrow represents the metabolite
content change in the “YZH’ cultivar.

4. Discussion

This study conducted a comprehensive analysis of carotenoid components in the petals
of “Yanzhi Hong’ during initial and peak flowering stages using targeted metabolomics. A
total of 27 carotenoid components were identified, including 5 carotenes, 8 xanthophylls,
and 14 xanthophyll esters. Particularly noteworthy was the detection of xanthophyll esters,
resulting from the fusion of xanthophylls and fatty acids, in O. fragrans cultivars for the first
time, with zeaxanthin esters being the most prevalent among them. While the carotenoid
components remained consistent between the initial and peak flowering stages, there was
a significant difference in their content. Notably, the content of five carotene components
exhibited a substantial increase at the peak flowering stage compared to the initial flowering
stage. Carotenes constituted the majority of the carotenoids, representing 78.82% in the
initial flowering stage and 91.19% in the peak flowering stage, highlighting their crucial
role in influencing the color of O. fragrans flowers as previously reported [10,11,16,17].
Conversely, most xanthophylls and xanthophyll esters either decreased or remained stable
during the peak flowering period. Given that the petals of “Yanzhi Hong’ transition to
rouge-red at the peak flowering stage, the results suggest that the increase in carotene
content is the primary factor contributing to the floral color change at this stage.

Lycopene is the most abundant component in the petals of “Yanzhi Hong’ at the initial
flowering stage, followed by -carotene and y-carotene. However, at the peak flowering
stage, 3-carotene becomes the most abundant, followed by lycopene and y-carotene. This
indicates that (3-carotene, lycopene, and y-carotene are the top three components in the
petals at both stages. Previous studies [10,11,16,17] have not highlighted the presence of
lycopene in O. fragrans cultivars, making “Yanzhi Hong’ the first cultivar identified to be rich
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in lycopene, a red pigment commonly found in mature red tomato fruits. Previous research
indicates that (3-carotene and x-carotene, orange-yellow pigments, play a significant role
in influencing flower color in O. fragrans cultivars [11]. However, “Yanzhi Hong’ exhibits
relatively low levels of x-carotene in its petals, at 1.62% and 1.60% during the initial and full
flowering stages, respectively. This suggests that the red hue of “Yanzhi Hong' is likely due
to its lower «-carotene content and higher lycopene accumulation in the petals. Despite the
presence of abundant orange-yellow [3-carotene in the petals, the combination of (3-carotene
and lycopene results in the appearance of a rouge-red color.

The cyclization of lycopene, catalyzed by lycopene cyclase, is a crucial step in the
carotenoid biosynthesis pathway [18,19]. This process results in the formation of 3-carotene
from two B rings, and «-carotene from one « ring and one {3 ring. Further conversion
of 3-carotene and a-carotene leads to the production of zeaxanthin and lutein through
the action of carotenoid hydroxylase. In the petals of “Yanzhi Hong/, there is a significant
accumulation of lycopene and 3-carotene, while the levels of «-carotene, which contains
the « ring, are relatively low. This suggests a possible blockage in the synthesis of the
a-carotene branch. Transcriptome analysis revealed the presence of one LYCE, one CHYE,
two LYCB, and two CHYB genes. A comparison of gene expression levels in the petals of
“Yanzhi Hong’, ‘Liuye Jingu’, and ‘Gecheng Dangui” at different flowering stages indicated
that the reduced expression of the LYCE gene (LYG009054) and LYCB gene (LYG018651) in
“Yanzhi Hong’ might be responsible for the accumulation of lycopene and the low content
of a-carotene. Functional validation studies on the LYCE and LYCB genes of O. fragrans
showed that LYCE can convert lycopene into e-carotene with two « rings, while LYCB
can convert lycopene into 3-carotene with two 3 rings [20]. The lower transcription levels
of LYCE and LYCB in the petals of “Yanzhi Hong’ compared to other O. fragrans cultivars
contribute to its unique flower color phenotype. However, further investigation is needed
to understand the mechanism behind the decreased transcription levels of these genes.

The diverse pigment components in plants are crucial for creating a variety of flower
colors. Carotenoids play a significant role in both color formation and the development
of the characteristic aroma in O. fragrans [11,21]. In common cultivars ranging from light
yellow to orange, the levels of x-carotene and (3-carotene determine the intensity of the
flower color. However, due to minimal variation in the main pigment components, the
color appears uniform. Since O. fragrans germplasm resources have limited anthocyanins,
diversifying carotenoid types is suggested as a breeding method to enhance flower color.
Nevertheless, as O. fragrans is well-known for its distinct aroma, x-carotene and (3-carotene
act as direct precursors for key aroma components such as x-ionone and (3-ionone [22,23].
Modifying the carotenoid composition could potentially decrease the production of these
important aroma compounds, resulting in a loss of fragrance. In a study conducted by
Chai et al., an analysis of aroma components in “Yanzhi Hong’ at different developmental
stages revealed a deficiency in essential aroma compounds like linalool, linalool oxides,
a-ionone, 3-ionone, and dihydro-f-ionone [14,24-26]. Consequently, the petals of “Yanzhi
Hong’ lack the typical aroma associated with O. fragrans. To create new O. fragrans cultivars
with vivid flower colors and characteristic scents, investigating the key factors that hinder
anthocyanin synthesis is a crucial area for future research.

Supplementary Materials: The following supporting information can be downloaded at: https://
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Table S3: Gene information of carotenoid metabolism pathway.
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Abstract: Flower color is a major feature of ornamental plants, and the rich flower color of plants
is an important factor in determining their ornamental and economic values, so flower color is an
important research target for gardening and horticulture breeders at home and abroad. Our research
group collected four colors of Impatiens uliginosa (white, pink, red, and deep red) during the collection
of germplasm resources in the field. In this study, we analyzed the transcriptomes of the four flower
colors of I. uliginosa by using RNA-Seq technology. The transcriptomes were screened to identify
candidate genes related to flower color, and the coloring mechanisms of four flower colors were
revealed at the molecular level. The main findings were as follows: (1) The number of the four
different transcripts ranged from 64,723 to 93,522 and contained a total of 100,705 unigenes. (2) The
analysis of differentially expressed genes revealed structural genes including C4H, FLS, PAL, and
ANS and transcription factors including MYB, MYB-related, AP2-EREBP, and bHLH. (3) Among
the four flower colors of I. uliginosa, the C4H1 gene had the highest expression in pink flowers, and
the C4H2 gene had the highest expression in red flowers. This indicated that C4H genes positively
regulated the red flower color of I. uliginosa. However, FLS expression was the highest in white
flowers, and with deepening flower color, FLS gene expression gradually weakened, acting as a
negative regulator. The results of this study could lay the theoretical foundation for investigating the

mechanism of coloration and flower color variation in I. uliginosa.

Keywords: Impatiens uliginosa; flower color; transcriptome analysis; C4H gene; FLS gene

1. Introduction

Flower color is an important ornamental trait of garden plants, which determines the
economic and ornamental value of plants and has important biological significance such
as attracting insect pollinators, reducing stress, and perpetuating the race [1]. The main
coloring pigments of plant flowers and fruits are carotenoids, flavonoids, and betalains [2].
The formation of flower color is the result of a combination of many factors. pH, pigment
type, auxin effect, metal ions, petal epidermal cell structure, and pigment number affect
the coloration and variation mechanism of plant flower color [34].

There are large differences in the coloration mechanism of anemones originating
from different regions and with different flower colors, including pigment types, mineral
elements, and developmental stages. Researchers have isolated kaempferol, quercetin,
geranium pigments, cornflower pigments, delphinium pigments, and their derivatives
from the petals of red Impatiens balsamina [5,6]. Clevenger found that cornflower pigments
were the most widely distributed, followed by mallow pigments, by determining the
anthocyanins of 19 species of Impatiens [7]. Hasan identified nine flavonoids, three of which
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were new, by determining the leaves of the Impatiens bicolor [8]. Tatsuzawa et al. isolated
mallow pigments and their derivatives from purple Impatiens textori Miqs [9]. Isolation of
two new quercetin glycoside compounds from Impatiens balsamina was achieved by Lei
et al. [10]. Mariana found dihydromyricetin, quercetin, kaempferol, and their derivatives
by determining the flavonoids in the petals of Impatiens glandulifera [11].

Genes play an important role in the biosynthesis of anthocyanin glycosides, and
the expression of these genes is closely related to anthocyanin content, thus affecting
the flower color of plants [12]. Cinnamate-4-hydroxylase (C4H) alias trans-cinnamate-4-
monooxygenase is an important enzyme for step 2 in the synthesis of anthocyanin. It can
form a complex with PAL and 4CL and then immobilize it through the N-terminal hydropho-
bic helix region, which plays an important role in the chemical transfer and subcellular
localization of the electron chain [13], catalyzing the conversion of trans-cinnamic acid to
4-coumaric acid, which then efficiently modulates carbon metabolism pathways [14,15].
C4H is a member of the cytochrome P450 oxidase (Cytochrome P450, CYP450) family
and belongs to the CYP73 subfamily [16]. The first P450 enzyme in plants to be clonally
characterized and functionally determined is C4H, which maintains high activity in plant
tissues compared to other P450s [17]. It has been shown that the protein activity of C4H
directly affects the synthesis of flavonoid compounds, lignin, aromatic compounds, etc.,
in plants [18] and is considered to be an important regulatory point. Baek found that the
changes in C4H gene expression during the development of blackberries (Korean black
raspberry) were the same as the changes in flavonoid accumulation [19]. Studies on the
expression pattern of the C4H gene in plants inferred that its expression level is also closely
related to lignin biosynthesis [20].

In addition, the flavonol synthase gene (FLS) has an effect on the accumulation of
anthocyanin glycosides and the synthesis of flavonols as well as the color presentation
of plants [21], and the FLS gene determines the production of plant flavonoids. The FLS
gene dihydroflavonols was catalyzed by FLS to produce flavonols. FLS is a member of
the 2-ketoglutarate-dependent dioxygenase (2-ODD) family of enzymes, to which antho-
cyanidinsynthase (ANS) and flavonol synthase (FLS) in the flavonoid metabolic pathway
belong [22]. Tanaka isolated and cloned the FLS gene from Petunia hybrida and also enabled
its successful expression in yeast [23]. Subsequently, isolation and cloning of FLS genes have
been reported in a large number of plants such as Solanum tuberosum, Arabidopsis thaliana,
Ginkgo biloba, strawberry (Fragaria x ananassa), etc. [24-28]. It has also been explored that
the reaction substrates of the ANS gene and the FLS gene are identical, i.e., there was
competition and the amino acid sequence similarity between the two was high [29], which
further confirms that the FLS gene has an effect on the synthesis of both phytoflavonols
and anthocyanins.

The group collected I. uliginosa, which belongs to the genus Impatiens of the family
Balsaminaceae of the herbaceous plants, mainly distributed in Yunnan, Guizhou, Guangxi,
and other places in China in the early stage of the collection of germplasm resources in the
field [30]. There are four different flower colors of I. uliginosa, deep red, red, pink, and white,
in different habitats or in the same habitat, and the color is bright. The study of the coloring
mechanism of this mutant strain is of great significance to the molecular breeding of flower
color in Impatiens. Currently, the study of flower color in Impatiens is mainly focused on the
determination of flavonoids in petals and the cloning and expression of structural genes in
the synthesis pathway of anthocyanin, while the transcriptional regulation of the molecular
mechanism of flower color presentation in the same species with multiple colors has not yet
been resolved. Therefore, in this study, we mined the transcriptome data of four different
flower colors of I. uliginosa to screen the genes related to the regulation of flower color.

2. Materials and Methods
2.1. Plant Materials

The test material used in this experiment was I. uliginosa, a wild species of Impatiens,
which has four different flower colors: white, pink, red, and deep red. They were collected
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from Aziying, Laoyuhe Wetland Park, Kunming City, Yunnan Province, and Dadieshui,
Shilin Yi Autonomous County, Yunnan Province, respectively. Five plants of each of the
four flower colors of I. uliginosa were selected to be robust and free of pests and diseases,
and the whole flower organ of one flower in the state of full bloom was extracted from each
plant, which was separated from the plant and quickly put into liquid nitrogen. The four
flower colors were mixed separately, labeled, and then stored at —70 °C (Figure 1).

White Deep Red

Figure 1. Blooming period of four different color flowers of I. uliginosa. Bars = 1 cm.

2.2. Transcriptome Sequencing and Analysis
2.2.1. RNA Extraction and Detection

Total RNA was extracted from 1 mg of the combined samples by a grinder using the
OMEGA Quick RNA Isolation Kit according to the instructions. Contaminating genomic
DNA was removed using RNAase-free DNase I. RNA purity was determined using a
spectrophotometer, and RNA integrity was verified using an agarose gel. Library and
RNA-Seq construction were performed by UW Genetics; the constructed libraries were
sequenced using the [llumina sequencing platform after passing quality control.

2.2.2. Second-Generation Sequencing and Assembly

The cDNA library was constructed by Illumina’s NEB Next®Ultra™ RNA Library
Prep to obtain raw data, followed by QC to obtain clean data to assemble a non-redundant
unigene from scratch. In this study, we sequenced four different flower colors and assem-
bled the I. uliginosa flower color transcriptomes named IUDR (deep red), IUR (red), IUP
(pink), and IUW (white), respectively.

2.2.3. Sequence Analysis and Annotation

After the sequencing data were offloaded, it was necessary to assemble the nucleotide
sequences of unigenes of I. uliginosa through quality control, filtering, and assembly steps.
In order to fully obtain the functional annotation of unigene, this study used the compari-
son software BLASTX v2.2.23 (BasicLocal Alignment Search Tool) (E-value <1 x 107°) to
compare the unigene sequences with the open databases, so that they can be functionally
annotated and categorized. The public alignment databases include GO (Gene Ontol-
ogy), KEGG (Kyoto Encyclopedia of Genes and Genomes, http:/ /www.genome.jp/kegg,
accessed on 3 December 2023), Swiss-Prot (A manually annotated and reviewed pro-
tein sequence database, http:/ /www.genome.jp/kegg, accessed on 4 December 2023),
and the Unigene Sequence Search Tool (E-value < 1 x 107°). And the reviewed pro-
tein sequence database (http://www.ebi.ac.uk/uniprot/, accessed on 6 December 2023),
COG/KOG (EuKaryotic Orthologous Group, http://ftp.ncbinih.gov/pub/COG/KOG,
accessed on 7 December 2023), eggNOG (evolutionary genealogy of genes: Non-supervised
Orthologous Groups, http:/ /eggnogdb.embl.de/, accessed on 10 December 2023), Pfam (a
database of conserved Protein families or domains), and NR (NCBI non-redundant proteins,
https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 11 December 2023) databases were
compared (E-value < 1.0 x 10~°) [30].
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2.2.4. Screening and Enrichment Analysis of Differentially Expressed Genes (DEGs)

The assembled sequences were compared with the protein database for Blastx (http:
/ /www.ncbinlm.nih.gov/BLAST/, accessed on 15 December 2023), and based on the com-
parison results, the expression levels of the genes were quantified using the software RSEM
v1.2.12, after which the expression levels of the genes were normalized using the FPKM
method, and the differential genes were screened on the basis of the expression amount.

2.2.5. Related Gene Expression and Analysis

Primers were designed according to the sequences of [uC4H1, [uC4H2, and IuFLS, and
TuActin was used as the internal reference gene (Table S1). The expression differences of
[uC4H1, [uC4H2, and [uFLS were analyzed by qRT-PCR on the bloom samples of four flower
colors of I. uliginosa, and three biological replicates were set for each sample. qRT-PCR
was carried out on a Roche: LightCycler® 480 IT Fluorescent Quantitative PCR Instrument.
The qRT-PCR reaction system (20 pL) included the following: 10 puL of qPCR SYBR Green
Master Mix, 7 uL of double-distilled water, 1 puL each of forward and reverse primers, and
1 pL of template cDNA. The specific program was as follows: predenaturation at 95 °C for
15 s, denaturation at 60 °C for 30 s, and annealing at 72 °C for 1 min, for 40 cycles. The
relative expression of genes was analyzed by using the 2722¢t calculation method. Data
were analyzed with the help of SPSS software 27.0 and plotted by Origin software 64.

3. Results
3.1. RNA Sequencing and Transcriptome De Novo Assembly

In order to understand the molecular mechanism of flower color variation in I. uliginosa,
the transcripts were assembled from scratch using a reference-free genome approach to
construct four high-throughput sequencing libraries of four different flower colors of L.
uliginosa, namely, IUDR (deep red), IUR (red), IUP (pink), and IUW (white). After removing
the articulated subsequence, ambiguous reads, and low-quality reads, the sequencing
depths from the transcriptome data of IUDR, IUR, IUP, and IUW, respectively, ranged
from 6.65 to 6.77 GB with an average depth of 6.5 GB. The Q30 values ranged from 95.94
to 96.09% with an average of 96.00%, and the net number of reads ranged from 44.35 to
45.11 M, with a net reads ratio of 83.02~87.71% (Table 1).

Table 1. Sequencing quality of transcripts of four different colors.

Sample Total Raw Total Clean Total Clean  Clean Reads  Clean Reads GC (%) Clean Reads
Reads (Mb) Reads (Mb) Bases (Gb) Q20 (%) Q30 (%) Ratio (%)
IUDR 52.69 44.62 6.69 98.78 96.09 41.46 84.68
IUP 54.33 45.11 6.77 98.75 96 42.77 83.02
IUR 52.69 44.35 6.65 98.78 96.11 42.2 84.17
TUW 51.04 4477 6.71 98.72 95.94 41.71 87.71

A count of the length and number of transcripts revealed that the number of the four
different transcripts ranged from 64,723 to 93,522, with an average length of around 900 bp
and an N50 of around 1500 bp (Table 2). The total sample of the four different transcrip-
tomes of unigenes contained 100,705 full-length cDNA sequences with 115,842,379 bases,
of which the average length of transcript unigene was 1150 bp (Figure 2), the N50 was
1890 bp, and the highest number of fragments distributed at 300 bp was 22,613, which was
22,613, which accounted for a total unigene percentage of 22.45%. The number of unigenes
larger than 3000 bp accounted for 6.54% (6592 fragments) of the total number (Table 3).
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Table 2. Quality indicators for transcripts of four different colors.

Sample Total Number Total Length Mean Length N50 N70 N90 GC (%)
TUDR 79,277 69,699,393 879 1545 946 336 41.46
IUP 91,109 76,919,883 844 1521 868 318 42.77
ITUR 93,522 80,820,572 864 1530 903 329 422
TUw 64,723 59,663,736 921 1600 982 361 41.71
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Figure 2. Length distribution of All-Unigene.
Table 3. Unigene data summary of four different colors.

Sample Total Number Total Length  Mean Length N50 N70 N90 GC (%)
IUDR 55,003 58,568,930 1064 1689 1135 462 41.44
IUP 67,735 66,343,559 979 1646 1016 390 42.76
IUR 70,685 70,639,298 999 1640 1046 405 422
IUw 48,345 51,364,234 1062 1702 1121 453 41.68

All-Unigene 100,705 115,842,379 1150 1890 1267 495 41.98

3.2. Functional Annotation of Transcriptome Genes of I. uliginosa

The results of sequence match analysis with other species showed that Vitis vinifera
had 10,213 homologous genes, accounting for 14.32% of the total, followed by Sesamum
indicum with 4318 homologous genes, accounting for 6.06% of the total, Coffea canephora
with 3458 homologous genes, accounting for 4.85% of the total, and Solanum tuberosum with
2983 homologous genes, accounting for 4.18% of the total (Figure 3). A total of 100,705 uni-
genes were successfully annotated by searching five public databases based on BLASTx
(E-value < 1 x 107°), among which the NCBI-NR database contained 71,307 unigenes,
Swiss-Prot contained 50,638 unigenes, the KEGG database contained 55,276 unigenes, the
InterPro database contained 59,058 unigenes, and the KOG database contained 32,641 uni-

genes (Figure 4, Table 4).
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14.32%

6.06%
Species
4.85% Vitis vinifera
Sesamum indicum
Coffea canephora
4.18% Solanum tuberosum
other

Figure 3. Percentages of unigenes that align with sequences from top five species in the NR database.

InterPro
3005

SwissProt
140

Figure 4. Annotation from five databases. Note: KEGG: Kyoto Encyclopedia of Genes and Genomes;
COG: Clusters of Orthologous Groups of proteins; NR: NCBI non-redundant protein sequences.

Table 4. Annotation of unigenes searched against NR, Nt, Swiss-Prot, KEGG, KOG, InterPro, and

GO databases.
Values Number Percentage
NR-Annotated 71,307 70.81%
Nt-Annotated 59,001 58.59%
Swissprot-Annotated 50,638 50.28%
KEGG-Annotated 55,276 54.89%
COG-Annotated 32,641 32.41%
Interpro-Annotated 59,058 58.64%
GO-Annotated 29,473 29.27%
Overall 77,877 77.33%
Total 100,705 100%
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3.3. GO (Gene Ontology) and COG (Clusters of Orthologous Group of Proteins) Annotation
Analysis of 1. uliginosa Transcriptome Data

The GO gene pool contained three gene attribute sections: molecular function, biologi-
cal process, and cellular component. The transcriptome of I. uliginosa contains 71,307 GO-
annotated genes, accounting for 70.81% of the whole annotation, and consists of 58 different
annotated gene functional regions. Among them, the biological process section contained
14,490 genes, the metabolic process contained 14,948 genes, and the single-organism pro-
cess contained 9082 genes; the molecular function section contained 13,079 genes and
the catalytic activity process contained 14,757 genes; the cellular component section con-
tained 9905 genes, the cell cellular component contained 9905 genes, the cell part contained
11,934 genes, and the cell contained 12,094 genes. In the three categories of “translation
regulator activity”, “locomotion”, and “cell killing”, the unigenes were annotated to 1, 2,
and 4 in each category (Figure 5).
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Figure 5. Annotation of unigenes searched against GO databases.

15,000

The COG database had the ability to infer unknown gene functions and compare
homologous protein sequences, which accounted for 32.41% of the total annotated genes in
the 1. uliginosa transcriptome COG database, of which a total of 32,641 genes were anno-
tated. The annotated genes were categorized into 25 classes according to their functions.
General function prediction only contained a total of 9925 genes; replication, recombination,
and repair contained 4816 genes; transcription contained 5406 genes. Post-translational
modification, protein turnover, and chaperones contained 4029 genes (Figure 6).



Horticulturae 2024, 10, 415

Translation, ribosomal structure and biogenesis

§

§

Transcription -

Signal transduction mechanisms -

&

8

S y lites biosynthesis, transport and catabolism |

RNA processing and modification

|§
B
o

Replication, recombination and repair -|
Posttranslational modification, protein turnover, chaperones

§

Nucleotid port and boli

5
&

Nuclear structure -

-
-
o

Lipid transport and metabolism - — 1553
Intracellular trafficking, ion, and vesicul cot | [ -~
Se———
ettt | N =
Function unknown | ||| T =

n
3

Extracellular structures -

Energy production and conversion - 1640

Defense mechanisms -
Cytoskeleton
Coenzyme transport and metabolism -

3

EII
8

Chromatin structure and dynamics
Cell wallmembrane/envelope biogenesis -|
Cell motility -
Cell cycle control, cell division, chromosome partitioning -
Carbohydrate transport and metabolism -

v 2
8

¥I
:

Amino acid transport and metabolism

2500 5000 7500 10,000 12,500
Number of Genes

Figure 6. Annotation of unigenes searched against KOG databases.

3.4. Identification and Functional Annotation of Differential Genes (DEGs) in 1. uliginosa

Based on the results of the gene expression levels of each sample, the number of
genes obtained for each different flower color was analyzed using a Venn diagram, and the
results showed that there was a large gap in the expression of genes in the four samples
of different flower colors, with a total of 1402 genes between IUDR and IUP; a total of
1639 genes between IUDR and IUR; and a total of 1842 genes between IUDR and IUW;
a total of 992 genes between IUP and IUR. The number of genes between IUP and IUP
totaled 9929; the number of genes between IUP and IUW totaled 1157; and the number of
genes between IUR and IUW totaled 1087. There were a total of 38,191 genes between the
four samples, namely, IUDR, IUP, IUW, and IUR. Among them, the C4H and FLS genes
were better expressed (Figure 7A).

Differentially expressed genes (DEGs) were detected using the DEseq2 algorithm, and
the results of DEG detection are shown in Figure 7B. Subsequently, gene expression in the
IUDR, IUP, IUW, and IUR samples was compared two-by-two, and the results showed
that downregulated expression of differentially expressed genes (DEGs) predominated
in the comparison of the four different flower colors (Figure 7B). A total of 6197 DEGs
were expressed in IUDR vs. S IUW, of which 6098 were upregulated and 14,650 were
downregulated. A total of 6197 DEGs were expressed in IUDR vs. IUP, of which 15,519
were upregulated and 13,894 were downregulated. A total of 6197 DEGs were expressed in
IUW vs. IUP, of which 6234 were upregulated and 13,790 were downregulated. There were
a total of 6197 DEGs in IUDR vs. IUR, with 14,353 upgrades and 15,166 downgrades; a total
of 6197 DEGs in IUR vs. IUP, of which 5844 were upgraded and 7216 were downgraded;
and a total of 6197 DEGs in IUR vs. IUW, with 6496 upgrades and 16,618 downgrades. In
the IUDR vs. IUP, IUDR vs. IUR, and IUR vs. IUP two-by-two comparisons, there was little
difference between the number of upward and downward adjustments in DEGs, while the
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number of downward adjustments was greater than the number of upward adjustments in
the other three comparisons.
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Figure 7. The expressed genes analysis between petals at four different stages: (A) Venn diagram
shows the expression of genes in IUDR, IUP, and IUR samples. (B) Venn diagram showing the DEGs
between IUDR vs. IUP, IUDR vs. IUR, and IUP vs. IUR. (C) The numbers of up- and downregulated
genes between IUDR vs. IUP, IUDR vs. IUR, and IUP vs. IUR. Volcano plots of transcriptome between
IUDR vs. IUP, IUDR vs. IUR, and IUP vs. IUR. Red dots represent upregulated DEGs. Blue dots
represent downregulated DEGs. Black points represent non-DEGs.

The distribution of DEGs was also demonstrated using a volcano plot. In the IUDR
vs. IUR comparison, the number of DEGs had a statistically significant change in the
expression level in the volcano plot over the other comparisons (Figure 7C).

3.5. Identification and Expression Analysis of Transcription Factors in I. uliginosa

Transcription factors in plants are involved in the regulation of various metabolic
pathways in plants, which enable plants to have a wider range of adaptations, and tran-
scription factors were thought to have a wider regulation in anthocyanin biosynthesis
than structural genes. Therefore, we predicted the unigenes encoding transcription factors
from the transcriptome data of four different flower colors of I. uliginosa, and a total of
3493 unigenes were identified, which could be classified into 59 families (Figure 8), most
of which were from the “MYB” family (429 unigenes), which accounted for 12.47% of the
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total number of unigenes, and the “MYB-unigenes” family (12.47% of the total number
of unigenes). The “MYB-related” family (355 unigenes) accounted for 10.32% of the total,
the “AP2-EREBP” family (227 unigenes) accounted for 6.60% of the total, and the “bHLH"”
family (227 unigenes) accounted for 6.60% of the total. The “bHLH” family (221 unigenes)
accounted for 6.42% of the total. MYB and MYB-related transcription factors are essential
for the plant flavonoid metabolic pathway:.
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Figure 8. Transcription factor family classification of unigenes.

3.6. qRT-PCR Validation of the Candidate Genes

Two candidate genes were selected for qRT-PCR to verify the accuracy of the tran-
scriptome data (Figure 9). There were significant differences in the expression of IuC4H1,
IuC4H2, and IuFLS genes in different flower colors of I. uliginosa. The results showed that
the C4H1 gene was most expressed in pink flowers, slightly more in white flowers than
in deep red flowers, and least in red flowers, with a significant difference in expression
between pink and red. Expression of the C4H2 gene was highest in red flowers, slightly
higher in pink flowers than in deep red flowers, and weaker in white flowers, significantly
different from the other three flower colors. FLS expression was highest in white flowers
and lowest in deep red flowers and was significantly different from the other two flower
colors. As the flower color deepened, the expression of FLS gradually weakened. Thus,
among the four flower colors of I. uliginosa, the C4H1 gene was expressed most frequently
in pink flowers, the C4H2 gene was expressed most frequently in red flowers, and the FLS
was expressed most frequently in white flowers, suggesting that both the C4H and FLS
genes are involved in the formation of I. uliginosa flower color.
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Figure 9. The relative expression of C4H1, C4H2, and FLS genes in four flower colors of I. uliginosa.
Data are shown as the mean =+ standard error of the mean, based on three replicates. Different letters
indicate significant differences at p < 0.05 according to Duncan’s multiple range test.

4. Discussion

The origin and evolution of flowers is a key issue in exploring the origin and evolu-
tion of angiosperm species. Meanwhile, flower color is an epigenetic and evolutionarily
adapted phenotypic trait in ornamental plants, and the quality of flower color determines
the ornamental and economic value of plants. Flowering plants will show a wide range of
flower colors, with multiple colors of the same species and multiple species of the same
color [2,31]. From previous studies, the genus Rhododendron (Ericaceae) has more than
1000 flower colors with unique ornamental value and a model system for flower color
studies. Nie et al. investigated the differences in color-presenting mechanisms of two
rhododendron species, yellow-flowered R. molle and red-flowered R. simsii, through a
multilocus study [32]. For plants of the same genus, differences in key enzymes or gene reg-
ulatory mechanisms for pigment synthesis can also result in differences in flower color [33].
Researchers also explored genetically related genes for flower color and pigmentation by
studying small-flowered chrysanthemums with different flower colors [34]. Studies on the
flower color of homozygous ornamental plants are still scarce.

In this study, four flower colors of I. uliginosa were used as research materials, and tran-
scriptome sequencing was performed to lay the foundation for investigating the molecular
mechanism of flower color synthesis in I. uliginosa. The length and number of transcripts
were counted, and it was found that the number of different transcripts of the four flower
colors of I. uliginosa ranged from 64,723 to 93,522, with an average length of about 900 bp
and an N50 of about 1500 bp. The total sample of the four different transcriptomes of
unigenes contained 100,705 full-length cDNA sequences with 115,842,379 bases, of which
the average length of transcript unigene was 1150 bp, the N50 was 1890 bp, and the highest
number of fragments distributed in the 300 bp was 22,613 fragments, which accounted for
22.45% of the total number of unigenes. The number of unigenes larger than 3000 bp was
6592, accounting for 6.54% of the total number of unigenes.

The C4H gene is a key enzyme gene in the second step of the anthocyanin biosynthesis
pathway [35], and also, the activity of this enzyme can affect the synthesis of compounds
such as lignin and aromatic species, which has an important role in plant secondary
metabolism [36]. In the four flower colors of I. uliginosa at full bloom, C4H1 was expressed
highest in pink and lowest in red, whereas C4H2 was expressed highest in red and lowest
in white, and thus it was hypothesized that the C4H2 gene had a stronger positive effect
than C4H1 on flower color formation in I. uliginosa, in the same way that only one of the
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two copies of osmanthus is highly expressed in petals [37] and may separately fulfill their
respective functions.

Flavonols are one of the major co-pigments that enhance the stability of anthocyanin
glycosides and influence flower color formation. In the metabolic pathway of flavonoid
compounds, flavonols share a presynthesis pathway with anthocyanin glycoside biosynthe-
sis. Flavonol synthase (FLS) catalyzes the conversion of dihydroflavonols to flavonols [38].
The relative expression of the FLS gene in the four flower colors differed more significantly,
and the highest expression was found in white flowers of 1. uliginosa. This inference was
consistent with the results of Ping in his functional validation of the FLS gene in roses,
where they found that transgenic tobacco had increased flavonol content and flower differ-
entiation to white [39]. Suppression of the FLS gene in Chinese bellflower was followed by
substantial red coloration at the bud stage of the transgenic strain and pigment accumu-
lation in the pistil, a phenotype that was evident in the progeny after crosses [40]. It can
be hypothesized that the FLS gene may play an important role in the formation of white
flowers of I. uliginosa.

5. Conclusions

In this study, four flower colors (white, pink, red, and deep red) of I. uliginosa were
used as materials, and transcriptome sequencing was performed on the petals of I. uliginosa
at the full bloom stage to investigate the intrinsic mechanism of four flower colors in I.
uliginosa from the point of view of molecular biology. At present, there are still few studies
on the specific color formation mechanism of the four flower colors of I. uliginosa, and the
previous studies mainly focused on physiological and biochemical experiments, such as
the determination of anthocyanin and pH. This study is the first to perform transcriptome
sequencing of the four flower colors of I. uliginosa, and it can lay a theoretical foundation
for further study on the molecular mechanism of different flower colors of I. uliginosa and
other ornamental plants.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae10040415/s1, Table S1: Sequences of primers related to
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Abstract: The phytoremediation of soil and water that has been significantly contaminated with
metals has potential ecological and economical ramifications, as well as the advantages of high
efficiency, and is an environmentally friendly method of ecological pollution control. This study
aimed to examine the impact of varying concentrations of Copper (Cu?*) (0, 5, 10, 15, 20, and
25 mg-L~!) on the growth, development, physiology, biochemistry, mineral elements, and features of
Cu?* enrichment of Impatiens uliginosa. This plant is endemic to Yunnan Province in China and is a
wetland species. The results showed that the root lengths, stem diameters, plant height, and stem
and leaf biomass of . uliginosa showed a phenomenon of “low promotion and high inhibition,” while
the root biomass showed a trend of gradual decreasing. At the early stage of Cu* stress (day 6), the
activities of peroxidase and catalase and the contents of malondialdehyde (MDA) of I. uliginosa were
directly proportional to the concentration of Cu?*. As the treatment time increased, the activation
of a defense mechanism in vivo enabled I. uliginosa to adapt to the high Cu?* environment, and the
content of MDA gradually decreased. As the concentration of Cu?* increased, its contents in the roots,
stems, and leaves also gradually increased. In particular, when the concentration of Cu?* reached
25 mg-L~1, its contents in the roots of I. uliginosa increased by 39.16-fold compared with that of the
control group (CK). The concentration-dependent influence of the contents of iron (Fe) and zinc (Zn)
in the roots and leaves were observed. Low concentrations of Cu?* promoted iron content in roots
and leaves, and vice versa, while Zn content decreased with the increasing concentration of Cu?*. It
was conclusively shown that I. uliginosa has the potential to remediate low concentrations of Cu?*
pollution in water and is a textbook ornamental plant to remediate bodies of water that are polluted
with Cu?*.

Keywords: Impatiens uliginosa; Cu®* stress; physiological response; enrichment characteristics

1. Introduction

Heavy metal pollution is strongly destructive for the environment and organisms
and is characterized by long-term and potential irreversibility. It can be enriched or
amplified through the food chain, thereby harming animal, plant, and human health [1].
As the industrial and agricultural economy has rapidly expanded, the handling of mineral
resource exploration and smelting waste has unfortunately fallen short of proper standards,
leading to inadequate disposal methods such as careless discharges from factories and
inappropriate sewage irrigation practices in agriculture. A large amount of heavy metals
enters the environment through the activities of humans, which results in a series of
problems of environmental pollution. The frequency of the occurrence of cases of metal
toxicity has been increasing [2—4]. Over the past 20 years, owing to the needs of human
production and life, copper has become one of the three metals with the largest output
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in the world [5], and in the past half century, copper has been the second most widely
discharged metal into the natural environment in the world with a content of 9.39 x 10° t[6].
The control and remediation of Cu?* pollution has become an important topic in today’s
society, and it is an important environmental problem that merits urgent remediation [7].

The research has shown that Cu?* is among the eight crucial trace elements that are
required for optimal plant growth and development, and it is involved in many physiologi-
cal and biochemical processes [8,9]. Cu?* can regulate various physiological and metabolic
processes in plants [10], including photosynthesis and respiration and the metabolism of
glucose, protein, and cell walls. However, excess Cu?* in plants can lead to changes in
DNA, cell membrane integrity, and enzyme activity, thereby affecting the yields of crops
and plants [10-13]. The toxicity of Cu?* is limited to a narrow range of concentrations,
which is typically between 0.19 mg‘L_1 and 6.4 mg-L_1 for most plant species [14]. A
deficiency in Cu®* primarily affects plant reproductive organs and young leaves and leads
to tissue necrosis, leaf yellowing, discoloration, developmental retardation, and the inhi-
bition of root growth. It promotes the production of reactive oxygen species (ROS) and
also affects the development of pollen and plant embryos, viable pollen and seeds, fruit
yield, and nutritional characteristics [15-17]. However, excessive Cu?* inhibits the division
and elongation of cells and the activity of many enzymes, which leads to a decrease in
respiration and photosynthesis. It then inhibits seed germination, seedling growth, and the
accumulation of biomass, which causes disorders of the physiological metabolic networks
and eventually leads to significant toxicity to plants [18-20]. Dianchi Lake is a typical
shallow plateau lake in China. The average concentration of Cu?* in the water in Dianchi
Lake has been found to be 105.32 pg-L~!, which is far higher than the average concentration
of Cu?* in non-polluted natural water (2 pug-L~!) [21]. The selection of plants resistant
to Cu?" is the key to the successful implementation of phytoremediation technology in
controlling and repairing the water area of Dianchi Lake.

Impatiens uliginosa is an annual herb of the Balsaminaceae family. It is widely dis-
tributed in Guangxi and Yunnan Provinces. It grows under wet forests and next to gullies
and streams. Its bright colors, long flowering period, large biomass, developed root system,
and strong adaptability have led to its high value as an ornamental plant that is frequently
grown in gardens. It is also valuable medicinally [22]. I. uliginosa grows luxuriously in
Dianchi Lake where the Cu?* concentration is 50-fold higher than that of non-polluted
natural water [21], which indicates that the plant is somewhat tolerant to copper. Thus, it is
a facultative metal plant, which makes it an ideal candidate for bioremediation. Currently,
relatively little research has been conducted on I. uliginosa. What research has been con-
ducted has focused on the characteristics of seed germination [22,23], the cloning of genes
regulating flower development [24-26], and the determination of metal elements [27,28].
Studies on the physiological and biochemical characteristics of I. uliginosa have been limited
to changes in the seeds, seedlings, and flower color [23,29,30]. Although the influence of
Cu?* on I. uliginosa in the natural environment is a dynamic and long-lasting process, to
our knowledge, research on this topic has not yet been reported. This study examined the
effects of Cu?" stress on the morphology and development of growth, physiological and
biochemical parameters, and the contents of metal ions of I. uliginosa. The characteristics of
Cu?* in response to stress are discussed, and technical advice for the scientific cultivation
of I. uliginosa is provided.

2. Materials and Methods
2.1. Plant Materials and Cu* Treatments

To enhance the simulation of a natural habitat and improve the observation of mor-
phological indicators in the stress experiment, a soil culture was first used, followed by a
hydroponic setup. 1. uliginosa seeds were collected in Laoyuhe Wetland Park, Kunming,
Yunnan Province, China (102°46'7.15" E, 24°49'22.79" N). The heavy metal tested was
CuSO4-5H,0 (Damao Chemical Reagent Factory, Tianjin, China), which was dissolved in
deionized water. The seeds were germinated in distilled water in Petri dishes. Two weeks

51



Horticulturae 2024, 10, 751

later, the seedlings with uniform growth were selected and transplanted into the arboreal
garden of Southwest Forestry University (Kunming, China). After 50 days, the seedlings
with uniform biomass were collected, and the bases of the seedlings were washed with
distilled water. The seedlings were affixed to a foam plastic tray with holes, which were
used for planting cups. They were then placed in a 60 x 40 x 40 cm incubator for sub-
sequent use. After acclimation with one-half Hoagland nutrient solution for two weeks,
the seedlings were subjected to Cu?* stress treatment on September 7, 2019. Five gradi-
ents of Cu?* concentration were established, including 5 mg-L~!, 10 mg-L~!, 15 mg-L~1,
20 mg-L~!, and 25 mg-L~!, and seedlings in one-half Hoagland nutrient solution were
used as the control. Samples were taken at 0d, 6 d, 12 d, 18 d, and 24 d after treatment. The
roots, stems, and leaves were wrapped in tin foil and placed in tanks of liquid nitrogen for
further use.

2.2. Biomass Determination

After the experimental treatment, I. uliginosa was separated into three parts, including
the roots, stems, and leaves. The surface water was removed using filter paper, and the
fresh weight (g) was measured. It was dried in an oven (EYELA, Tokyo, Japan) at 105 °C
for 15 min and then dried at 80 °C until a constant weight was reached. The dry weight (g)
was then obtained.

2.3. Plant Height, Root Length, and Stem Diameter

On days 0, 6, 12, 18, and 24 after the experiment had been started, the dimensions
of . uliginosa, including its elevation, root extension, and stem width, were meticulously
gauged using a Vernier caliper and documented in centimeters. The plant height was
measured as the height from stem base to the plant tip, stem diameter as the width of stem
base, and root length was determined by averaging the longest and shortest root lengths
for an overall representation.

2.4. Determination of Oxidative Stress Indicators and Antioxidant Responses

After Cu?" stress, 0.5 g of fresh leaves of the treated groups were weighed and placed
in a pre-cooled mortar. After 5 mL of sodium phosphate buffer (pH 7.8) (Tianjin Zhiyuan
Chemical Reagent Co. Ltd., Tianjin, China) had been added several times, the leaves were
ground in an ice bath. After the ground homogenate turned white, it was poured into a
10 mL centrifuge tube and centrifuged at 4000 rpm at 4 °C for 20 min. The supernatant
(crude enzyme solution) was added to a test tube and stored at 4 °C for later use, as
described by Dhindsa et al. [31]. The activity of superoxide dismutase (SOD) was deter-
mined using the method of inhibition of photochemical reduction of nitroblue tetrazolium
chloride [32]. The samples were exposed to 4000 Lux for 20 min in the plant incubator
(SANYO, Osaka, Japan), and the absorbance readings were recorded at 560 nm. The ac-
tivity of peroxidase (POD) was analyzed through the guaiacol method, as outlined by
Sakharov et al. [33], with absorbance readings taken at a wavelength of 470 nm. The activity
of the enzyme catalase (CAT) was determined using the procedure outlined by Chaoui
et al. [34], with absorbance readings taken at a wavelength of 240 nm. The measurement of
malondialdehyde (MDA) content was conducted through the thiobarbituric acid method,
as outlined by Tewari et al. [35], with absorbance readings taken at wavelengths of 600 nm,
532 nm, and 450 nm.

2.5. Determination of the Concentration of Metals

To analyze the content of the metals in dried plant parts (roots, stems, leaves), a
0.15 g sample was ground and passed through a 60-mesh sieve. The sample was then
mixed with HNOj3 (Damao Chemical Reagent Factory, Tianjin, China) and HCI (Yanglin
Industrial Development Zone Shandian Pharmaceutical Co. Ltd., Yunnan, China) (3:1)
and put in ETHOS A (Milestone, Santa Clara, CA, USA) for microwave fermentation.
The digestion tank was removed after the heating procedure was completed, and the
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temperature decreased to below 80 °C. The sample was transferred to a polyethylene
tank in a fume hood (ShuangXu Electronics Co. Ltd., Shanghai, China) and placed on a
C-MAG HS 10 digital (IKA, Staufen, Germany) magnetic floating agitator to remove the
acid. The liquid was transferred to a 25 mL volume bottle after it had become transparent.
The concentration of metal ions was determined by flame atomic absorption spectrometer
(Shimadzu Corporation, Kyoto, Japan).

2.6. Transfer Coefficient, Enrichment Coefficient, and the Rate of Distribution of Cu®* in Plants

The bioenrichment factor (BCF) and transport factor (TF) were used to evaluate the
ability of plants to accumulate metals from the soil and transport them from the root to
stem [36].

Bioconcentration factor (BCF) = Cu?* concentration in tissue/Cu?* concentration
in solution

Translocation factor (TF) = Cu?* concentration in tissues/Cu?* concentration in roots

Allocation rate = {C; x W;/) (C; x W;)} x 100%

where i refers to different parts of I. uliginosa (roots, stems, and leaves); C; is the concentra-
tion of Cu?* (mg-kg~!) in the tissues of I. uliginosa, and Wj is the biomass dry weight (kg)
of all the parts of L. uliginosa.

2.7. Statistical Analysis

Each experimental group was repeated three times and analyzed using SPSS 24.0
(IBM, Inc., Armonk, NY, USA). The variability of the samples was expressed as the
mean = standard deviation (SD). Statistical significance was determined at the 0.05 level
using the least significant difference (LSD) test. The graphs and tables were created using
Microsoft Excel 2010 (Redmond, WA, USA) and Adobe Photoshop CS6 (San Jose, CA, USA).

3. Results
3.1. Effects of Cu?* Stress on the Growth and Development of I. uliginosa

As shown in Figure 1, the height and stem diameter of I. uliginosa gradually increased
with the extension of treatment time under different levels of Cu?* stress. However, these
parameters varied under this type of treatment. Compared with the treatment on day 0, the
height of I. uliginosa increased by 64.50% (CK), 81.74%, 82.66%, 63.15%, 49.94%, and 40.33%
after treatment. Under treatment with the same concentrations, the height of I. uliginosa
after treatment at 6 d was as follows: 28.80%, 34.70%, 20.55%, 14.41%, and 14.84%, which
were all higher than the height of CK (8.38%). Compared with the 0 d treatment, the
increase in height of I. uliginosa after 24 d was 62.73% (CK), 59.22%, 55.45%, 51.43%, 57.27%,
and 50.42%. The height increased the most during the 0-6 d period, and the values were
25.45% (CK), 18.45%, 15.45%, 14.29%, 14.55% and 6.84%. The amount of increase decreased
in the following order: CK >5mg-L™! > 10 mg-L™! > 15mg-L~! >20 mg-L ! > 25 mg- L.

Roots are the first natural barriers that enable plants to sense and respond to their
environment. Under stress conditions, the root system will be affected to varying degrees
and can even die and fall off. As shown in Figure 1, the length of I. uliginosa roots gradually
decreased as the concentration of Cu?* increased, and the treatment time was extended.
These changes were significantly different from those of the control group (CK) (p > 0.05).
The length of I. uliginosa roots decreased gradually as the treatment time increased despite
being treated with the same concentration. This decrease was influenced by various
factors, such as the external environment and root damage. However, when subjected
to 5-10 mg-L~! Cu?* stress, the roots grew longer than those of the CK. However, the
difference between them was not significant (p > 0.05). Under 15-25 mg-L’1 Cu?®* stress,
the roots grew slowly owing to the high concentration of Cu®* stress, which indirectly
protected the artificial damage and other factors caused by the overly long roots during
the measurements.
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Figure 1. Effects of different levels of Cu?* stress on the growth indices of I. uliginosa. Note: Values
represent the mean =+ standard error of three replicates. Different lowercase letters indicate significant
differences in values within the same concentration (p < 0.05).
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3.2. Effects of Cu?* Stress on the Biomass of I. uliginosa

Table 1 shows a gradual decrease in the root biomass of I. uliginosa with an increase
in the concentration of Cu?*. Additionally, the root biomass was found to be lower than
that of the control group (CK) at all ranges of concentration. At a concentration of Cu?* of
25 mg-L~!, the root fresh weight reached its lowest point at 9.87 g, which did not reveal
any significant difference when compared with the control group (CK) (p > 0.05). However,
the dry weight differed significantly when compared with the control group (CK) (p < 0.05)
at 0.66 g. With the increase in concentration of Cu?*, the biomass of stems and leaves of
I. uliginosa increased first and then decreased. When the Cu?* concentration was 20 mg-L’l,
the fresh weight of the stems and leaves reached their maximum values of 58.22 g and
13.40 g, respectively. This represents an increase of 89.21% and 52.79% compared with the
control group (CK), although this difference was not statistically significant (p > 0.05).

Table 1. Effects of different levels of Cu?* stress on the biomass of I. uliginosa.

Cu? Fresh Weight (g) Dry Weight (g)
Concentration
(mg-L-1) Root Stem Leaf Root Stem Leaf
0 (CK) 1291 +£191a 30.77 £ 1.33b 8.77 £1.36 a 1.17+0.15a 1.66 +0.16 a 1.05 + 0.06 a
5 11.13 £ 0.38 a 40.90 + 6.93 ab 11.68 =4.45a 0.79 4+ 0.05 ab 2.03 +£0.57 a 1.32 +0.67 a
10 11.20 £5.90 a 45.93 + 10.42 ab 12.87 £ 6.22 a 0.89 4+ 0.37 ab 247 £1.17 a 148 +0.50 a
15 11.93 £ 051 a 39.83 + 4.55 ab 1245+ 434 a 0.94 + 0.15 ab 226 £0.16 a 1.20+0.19a
20 10.32 £ 392 a 58.22 +4.96 a 13.40 £2.31a 0.83 4+ 0.18 ab 3.16 £1.07 a 2.33+0.78a
25 9.87 £2.26a 40.50 + 7.97 ab 11.66 £5.43 a 0.66 =0.12b 248 £0.93 a 148 +0.63 a

Note: Values represent the mean =+ standard error of three replicates. Different lowercase letters within the same
column indicate significant differences (p < 0.05).

3.3. Effects of Cu?* Stress on the Activities of Antioxidant Enzymes and Content of
Malondialdehyde in 1. uliginosa

Oxidative stress was assessed by measuring MDA content in the leaves, which is an
important biomarker of oxidative injury. In the range of low concentrations (0-15 mg-L™1),
the content of MDA of I. uliginosa tended to decrease first and then increased with the
extension of treatment time, and the difference was significant when compared with the
CK (p < 0.05) (Figure 2). In the range of high concentrations (20-25 mg~L’1), the content
of MDA tended to increase first and then decrease with the extension of treatment time,
and the difference was significant compared with the CK (p < 0.05). From 6 to 18 days
post-treatment, the content of MDA gradually increased as the concentration of Cu?*
increased. At a concentration of 25 mg-L_l, the contents of MDA were 31.19, 24.39, and
15.91 umol-L~! FW, respectively, which were significantly different from those of the
control group (p < 0.05). The increases were as follows: 190.41%, 301.15%, and 121.90%.
After 24 d of stress with different concentrations of Cu?*, the content of MDA fluctuated
over a small range. When the concentration reached 25 mg-L~!, the content of MDA was
19.10 umol-L~! FW, which was significantly different from that of Cu?* (15.72 pmol-L~!
FW) (p < 0.05). The increase was 21.50%.

As shown in Figure 2, the activity of SOD from I. uliginosa tended to increase first
and then decrease at different times after Cu®* stress. On the sixth day after treatment, the
activity increased slowly at first and then decreased rapidly with the increase in treatment
concentration. When the concentration reached 25 mg~L’1, the activity of SOD decreased
to its lowest level (258.10 U-g~!-FW-h~!), which was significantly different from that
of the CK (421.66 U-g~1.FW-h~1) (p < 0.05). Within the range of Cu?* concentrations
of 5-20 mg~L’1, the activity first increased and then decreased with the increase in Cu?t
concentration. This difference was significant when compared with that of the CK (p < 0.05).
However, at a concentration of 25 mg-L~!, the activity of SOD increased gradually with
the increase in treatment time.
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Figure 2. Effects of Cu" stress on the activities of antioxidant enzymes and the contents of malondi-
aldehyde (MDA) of I. uliginosa. Note: Values represent the mean =+ standard error of three replicates,
and different lowercase letters indicate significant differences (p < 0.05).

Under different concentrations of Cu®* stress, the activity of POD first increased and
then decreased over time (Figure 2). It increased sharply from 0-12 d and reached its
maximum on 12 d. The activity of POD decreased gradually from 12 to 24 days. Under
the 6 d treatment, the activity gradually increased with increasing concentrations. When
the concentration of Cu?* reached 25 mg-L !, the activity of POD increased by 160.17%
compared with the CK, and this difference was found to be statistically significant (p < 0.05).
After 12-24 d of processing conditions, the POD activity of I. uliginosa exhibited a pattern
of initially rising and then declining as the Cu?* concentration increased. When the
concentration was 15 mg-L ™!, the POD activity of I. uliginosa peaked on the days 12, 18
and 24, compared with that of the CK. The respective increases were 209.62%, 263.11%, and
193.41%, with a statistically significant difference (p < 0.05).

Over time, the CAT activity of I. uliginosa increased rapidly at first and then decreased
and maintained a stable trend (Figure 2). In the treatment time of 0-6 d, the activity
increased rapidly and reached its maximum at 6 d. In the treatment time of 6 d, the
CAT activity increased gradually as the concentration of Cu®* increased and reached its
maximum at 25 mg-L~! (16.81 U-g~!-min~!), which was significantly different from that
of the CK (1.61 U-g~!-min~1) (p < 0.05). From days 12 to 24, the CAT activity gradually
decreased and remained mostly stable. As the concentration of Cu?* increased, the CAT
activity first increased and then decreased.

3.4. Effect of Cu®* Stress on the Mineral Contents in Different Parts of I. uliginosa

As shown in Table 2, the contents of Cu?* in the roots, stems, and leaves of . uliginosa
gradually increased as the degree of Cu®* stress increased, which was significantly different
from that in the CK (p < 0.05). The degree of Cu®* stress significantly increased the contents
of CuZ* in the roots. This increase was found to be 16.50-, 22.63-, 29.42-, 37.51-, and
38.16-fold higher than that of the control group (CK), and the difference was statistically
significant (p < 0.05). The contents of Cu®* in the stems of I. uliginosa increased by 0.91-,
1.94-, 3.36-, 6.26-, and 9.50-fold, respectively. The contents of Cu?* in the leaves increased
by 1.7-, 6.04-, 7.92-, 5.12-, and 4.2- fold, respectively. This study showed that the contents
of iron (Fe) in the roots and leaves first increased and then decreased with the increase in
degree of Cu stress. When the concentration of Cu?* was 10 mg-L~!, the highest contents of
Fe in the roots and leaves were 2076.75 mg-kg ! and 764.97 mg-kg !, respectively. This was
a significant improvement compared with the CK (1634.40 mg'kg_1 and 582.29 mg-kg_l,
respectively) with a difference of 27.06% and 31.37%, respectively (p < 0.05). The content of
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Fe in the stems decreased first and then increased with the increase in degree of Cu?* stress.
When the concentration reached 15 mg~L_1, the content of Fe in stems was at its lowest,
157.55 mg-kg !, which was not significantly different from that of the CK (184.33 mg-kg 1)
(p > 0.05). Under the stress of Cu?*, the contents of Zn in the roots, stems, and leaves of
L. uliginosa generally decreased. Under different degrees of Cu®* stress, the contents of Zn
in different parts of the plant decreased compared with the CK. The changes in the roots
were 28.34%, 22.62%, 49.33%, 26.18%, and 17.21%, stems (18.18%, 2.10%, 35.22%, 51.26%,
and 82.22%), and leaves (67.35%, 16.63%, 30.39%, 44.94%, and —3.05%).

Table 2. Effects of Cu?* stress on the content of metal elements in different parts of . uliginosa.

Cu?* Element
Item Concentration
(mg-L-1) Cu Fe Zn K Ca Mg Na
mg-kg~! mg-kg~! mg-kg~! gkg! gkg! mg-kg~* mg-kg~!
0 (CK) 61.37 = 146e 1634.40 +72.93 ¢ 205.12 + 66.06 a 2.00+0.23a 810+ 1.14a 554.55 + 13.38 a 833.62 +£9.34 ¢
5 1074.31 + 22042 d 1797.06 +41.31 b 146.99 + 26.97 ab 211+028a 6.68 +£0.89b 574.65 +£29.78 a 1189.29 +74.39 a
Root 10 1450.28 4+ 181.44 ¢ 2076.75 + 51.99 a 158.72 4+ 29.72 ab 230+0.18a  6.84+0.34ab 581.58 + 15.30 a 1259.09 £5.19a
15 1867.17 + 365.34 b 1814.89 +74.28 b 103.96 + 14.17b 216 £0.16 a 5.48 £ 0.78 bc 560.34 £ 1.83 a 945.49 +53.20 b
20 2363.90 + 135.02 a 1303.88 + 104.21 d 151.42 +9.79 ab 2.06 £0.05a 5.08 £0.70 ¢ 572.44 +16.87 a 97124 £1.05b
25 2403.22 +£111.52 a 1167.38 +-53.84 e 169.81 +12.19a 218 +0.02a 6.46 £ 0.40 be 55128 £449a 1258.16 +31.19 a
0 (CK) 518+ 1.24e 184.38 + 64.29 b 142.76 + 12.56 a 230 +0.11a 993 £0.38a 611.71 +£19.71a 468.87 £ 41.59 ab
5 9.90 £+ 0.74 de 19412 £ 17.73b 116.80 £+ 3.07 b 236 £0.11a 1041 £ 0.28 a 613.91 + 18.59 a 399.32 + 14.45bc
Shoot 10 1522 +3.17 cd 159.13 £ 9.95b 139.76 £ 9.22 a 225+0.09a 10.57 £ 042 a 619.12 £ 431a 427.61 + 53.85 abc
15 2261 £19¢c 157.55 + 5.46 b 9248 £5.18 ¢ 217 £0.04a 10.50 £0.19 a 628.87 £1.69a 508.01 £ 81.60 a
20 37.59 +5.09b 188.49 +59.92 b 69.58 +3.72d 1.92 £0.07 a 9.90 £ 051 a 617.56 + 13.74 a 369.99 + 22.06 ¢
25 5442 4+1092a 284.56 + 37.75a 2453 +1353e 176 £0.05b 1033 +0.04a 61094 £6.39a 429.62 + 8.13 abc
0 (CK) 15.73 £1.03 ¢ 582.29 + 105.16 b 154.83 £ 61.73 a 1.64 +£0.14b 9.33+£0.24b 591.93 + 10.82 bc 419.22 £17.65a
5 4250 +11.98 ¢ 430.72 £ 38.95 ¢ 50.55 + 15.87 ¢ 1.98 £ 0.02 a 8.88+£047b 578.24 £0.12 ¢ 395.68 + 13.37 ab
Leaf 10 110.68 £ 20.55 b 76497 £ 8.18 a 129.08 + 36.24 ab 1.77 £ 0.08 b 10.02 £ 0.42a 608.11 £ 9.63 ab 385.33 + 39.15 ab
15 14024 £22.71a 544.69 + 51.38 b 107.78 £ 21.95 abc 1.98 £ 0.08 a 10.63 £0.25a 624.74 £ 6.88 a 399.63 + 18.88 ab
20 96.19 + 14.92b 29797 +£47.42d 85.29 £+ 7.76 be 192+0.07a 10.02+0.37a 594.21 + 6.85 bc 359.64 +23.37 b
25 81.72 £15.32b 325.22 +43.20d 159.55 4 28.86 a 1.76 £ 0.05b 1028 £0.22a 598.39 £ 3.19b 410.32 £ 28.43 a

Note: Values represent the mean = standard error of three replicates. Different lowercase letters indicate significant
differences (p < 0.05).

The contents of potassium (K) in the roots and stems of I. uliginosa did not change
significantly compared with that of the CK under Cu?* stress, and the increase was between
5.65% and 15% with no significant difference (p > 0.05). The contents of K in the leaves
tended to increase with the increase in concentration, which resulted in readings of 1.98, 1.77,
1.98,1.92, and 1.76 g-kg !, respectively. Compared with the CK (1.64 g-kg 1), the increase
was in the following order: 20.73%, 7.92%, 20.73%, 17.07%, and 7.32%, and the differences
were significant (p < 0.05). Under the conditions of Cu?* stress, the contents of Ca in the
roots of I. uliginosa decreased with the increase in concentration, and the values were 6.68,
6.84, 5.48, 5.08, and 6.46 g-kg !, respectively. Compared with the CK (8.10 g-kg ™), the
degree of decrease was as follows: 17.53%, 15.56%, 32.35%, 37.28%, and 20.24%, and these
changes were significant (p < 0.05). The content of Ca in the stems and leaves tended to
increase in parallel with the concentration of Cu?* applied. With this increase in Cu?",
the contents of Mg in the roots, stems, and leaves of I. uliginosa barely changed. In the
treatment of 5-20 mg-L.~!, the content of Mg in the roots and stems of I. uliginosa was
higher than that of the CK with an increase of 0.36—4.87%. When the concentration reached
25 mg-L~1, the contents of Mg in the roots and stems were slightly lower than those of the
CK with a decrease of 0.13-0.59%, and there was no significant difference between them
(p > 0.05). At a concentration of 5 mg-L ™!, there was a 2.31% decrease compared with the
control (591.93 mg-kg '), but the difference was not statistically significant (p > 0.05). In
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the treatment of 10-25 mg-L !, the content of Mg in the leaves of I. uliginosa was higher
than that of the CK, and the amount of increase was between 0.39% and 5.54%.

Under varying degrees of Cu®* stress, the contents of Na in the roots of I. uliginosa were
118.29, 1259.09, 945.49, 971.24, and 1258.16 mg-kg’l, respectively, which were significantly
different from that of the CK (833.62 mg-kg~!). The increases were as follows: 42.67%,
51.04%, 13.42%, 16.51%, and 50.93%. The content of Na in the stem increased first and
then decreased. When the concentration reached 20 mg-L~!, the content of Na in the stem
decreased to its lowest value, 369.99 mg~kg*1, which was 21.09% lower than that of the CK
(468.87), and the difference was significant (p < 0.05). Compared with the CK (419.22), the
content of Na in leaves of . uliginosa tended to decrease. However, this difference was not
significant (p > 0.05). The percentage of decrease was between 2.12% and 14.21%.

3.5. Effect of Cu®* Stress on the Enrichment and Transport of Cu?* in I. uliginosa

As shown in Table 3, as the degree of Cu?* stress increased, the enrichment coeffi-
cient of Cu?* in each part of I. uliginosa decreased. The root showed the highest level of
Cu?* enrichment, followed by the leaf and then the stem. This suggests that I. uliginosa
primarily stores Cu?* in its roots and transports less Cu®* to the tissues of its shoots. The
characteristics of enrichment were significantly enhanced with the increase in degree of
Cu?* stress. However, in the Cu?* stress treatment, the enrichment coefficients of the
roots and leaves decreased gradually with the increase in the degree of treatment, and
the difference was significant compared with the CK (p < 0.05). When the plants were
treated with 10-25 mg-L~! of Cu?*, the enrichment coefficient of the stem of I. uliginosa
tended to gradually increase, but it was always lower than 5 mg-L~!. As indicated by the
transport coefficient of Cu?* to I. uliginosa, the ratio of middle leaf to root of I. uliginosa was
higher than that of the stem to root under different concentrations of Cu?*. In addition, it
showed different changes with the increase in concentration. These ratios could reflect the
ability of I. uliginosa to transport Cu?* from the belowground parts to those aboveground.
The results also indicated that under Cu?* stress, I. uliginosa could control the Cu?* in the
belowground parts and effectively transport it to the aboveground parts, thus, reducing
the amount of damage to the belowground parts. Therefore, I. uliginosa can tolerate Cu®*
and has the ability to enrich it.

Table 3. Cu?* concentration and translocation during Cu?* stress in L. uliginosa.

Cu?* Bioconcentration Factor Translocation Factor
Concentration
(mg-L-1) Root Stem Leaf Stem/Root Leaf/Root
5 190.071 + 14.107 a 2.043 +0.145a 9.868 +0.512 a 0.011 + 0.002 cd 0.052 4 0.001 bc
10 155.476 £ 1.871b 1.366 4+ 0.237 a 9.884 + 0.197 a 0.009 4 0.001 d 0.064 4 0.002 ab
15 111.212 £11.424 ¢ 1.581 4+ 0.036 a 9.761 + 1.889 a 0.014 + 0.002 be 0.089 4 0.026 a
20 114.324 +1.121 ¢ 1.764 £0.224 a 4.722 £ 1.033 b 0.015 4+ 0.002 b 0.041 4 0.009 bc
25 93.872 £ 3.040 ¢ 2.015 + 0.474 a 3.356 + 0.838 b 0.025 4 0.000 a 0.030 4 0.001 ¢

The data are Note: Values represent the mean + standard error of three replicates. Different lowercase letters
indicate a significant difference (p < 0.05).

3.6. Effects of Cu* Stress on the Allocation of Cu?* Elements in I. uliginosa

The rate of Cu?* allocation is the percentage of amount of Cu?* that accumulates
in each part of the total plant based on the total amount of Cu®* accumulated by the
plant. As shown in Figure 3, under different degrees of Cu®* treatments, the rates of Cu®*
allocation in the roots, stems, and leaves of I. uliginosa ranged from 86.08% to 90.58%, 2.23
to 5.13%, and 6.03 to 11.40%, respectively. As the amount of Cu?* stress increased, the
rate of allocation of Cu?* in the roots, stems, and leaves of I. uliginosa tended to decrease
compared with the CK. However, there were differences in the rate of distribution of Cu?*
between different concentrations of treatments and parts of I. uliginosa. In the range of
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5-25 mg-L~! Cu?*, the rates of Cu?* that were distributed to the roots of I. uliginosa were
90.58%, 86.09%, 88.50%, 89.62%, and 88.83%, respectively. Compared with the CK (61.41%),
the rate of increase was between 40.19% and 47.50%. With the increase in amount of Cu®*
used to stress the plants, its distribution to the stems of I. uliginosa tended to gradually
increase. When the concentration reached 25 mg-L_l, the rate of distribution of Cu?* to the
stem reached its highest value, which was 5.13%. However, this value was much lower
than that of the CK (13.27%). As the concentration increases, the distribution rate of Cu®*
in leaves initially increases, peaks, and then decreases. The highest allocation rate of Cu?*
to leaves was observed at a concentration of 10 mg-L~! (11.40%), which was significantly
lower than the control group (25.32%).

BERoot OStem B Leaf

100%
95% r
90% r
85%
80%
75%
70%
65%
60%

55% 1 1 1 1 1 J
CK 5 10 15 20 25

Cu?* concentration (mg L")

Cu?* contents (%)

Figure 3. Distribution of Cu®* in different organs of I. uliginosa. The data are the average of
three experiments.

4. Discussion
4.1. Effects of Cu®* Stress on the Morphological Characteristics of I. uliginosa

Following treatment with low concentration (5 mg-L~!), the plant height and stem
diameter of I. uliginosa were greater than those of the control, which showed the phe-
nomenon of “low-level promotion and high-inhibition”, which was consistent with the
findings of other researchers [37-39]. The height and stem diameter of I. uliginosa increased
continuously with the increase in time, and the increase reached its maximum on day 6
before gradually decreasing. There was a gradual decrease in root length with increasing
time and concentration, and the root gradually turned from white to brown. Part of the
root then decayed and fell off. Simultaneously, the germination of fibrous roots and lateral
roots could be stimulated at low concentrations of Cu?*, but a high concentration inhibited
germination. Under the 24 d stress treatment with different concentrations of Cu®*, the
lengths of I. uliginosa roots were between 13.62 and 25.70 cm, and the presence of certain
root lengths, root numbers, lateral roots, and fibrous roots can effectively ensure the normal
nutritional requirements of the I. uliginosa shoots.

Different concentrations of Cu?* stress also had significant differences on the biomass
of I. uliginosa. The results indicated a decrease in both fresh weight and dry weight of the
root system with the rise in Cu?* stress levels. However, the biomass of stems and leaves
was higher than that of the CK and reached its maximum value when the concentration
was 20 mg-L~!. The reason may be that the Cu?* damages the root system and causes
a decrease in plant root biomass under the condition of the different effects of varying
concentrations of Cu?* stress [40,41]. Alternatively, Cu?* is an essential trace element for
plants. Thus, at low concentrations, it can compensate for the demands of I. uliginosa. This
could still result in the absorption of excess Cu?* by the lateral roots as they germinate.
This Cu?* can be transferred to the shoot of the first and second branches and the leaves
for transfer and fixation.
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4.2. Effects of Cu?* Stress on the Physiology and Biochemistry of 1. uliginosa

Heavy metal pollution has a detrimental impact on plants and affects their growth,
development, and physical characteristics. Additionally, it leads to an increase in the
amounts of ROS, such as superoxide anion (0O%), hydroxide (OH), and HyO,, in plants.
The presence of these compounds can lead to the peroxidation of membrane lipids and
the degeneration of biological macromolecules, such as proteins and nucleic acids, thus
damaging the membrane structure and the plant itself [42]. MDA is one of the products of
membrane lipid peroxidation, and the accumulation of MDA reflects the dynamics of free
radical activities in plants to some extent [43]. Many studies have shown that MDA always
accumulates in amounts proportional to the concentration of heavy metals [44—46]. The
content of MDA in the sedge Cyperus malaccensis increased by 185.74% when subjected to
500 mg-L~! of chromium stress [47]. Treatment with high amounts of Cu®* significantly
increased the contents of MDA in the leaves of the grape, and the increase in MDA contents
gradually increased as the time of treatment was extended [48].The results of this study
are consistent with those of Chen [49]. After 6 days of Cu?* stress treatment, the content
of MDA in I. uliginosa increased significantly with the increase in concentration and was
significantly different from the control (CK). At a concentration of 25 mg L™}, the content of
MDA in each group reached its maximum under Cu?* stress. However, when the treatment
time was extended, the content of MDA in the leaves of 1. uliginosa decreased gradually and
tended to be stable, and it recovered to its original level before 24 d after treatment. The
antioxidant system in L.uliginosa is activated when exposed to copper stress. This exposure
led to a disruption in the homeostasis of scavenging reactive oxygen species (ROS), causing
a rapid increase in malondialdehyde (MDA) levels within a short period. However, with
the extension of the treatment time, I. uliginosa entered a period of adaptation to Cu?* stress.
Cu?* activates enzymes in the antioxidant system in I. uliginosa, thus increasing its ability
to scavenge superoxide free radicals in the plant.

To help manage the accumulation of ROS caused by Cu?* stress, plants have formed
a series of perfect defense systems to maintain the balance of an intracellular redox state
during long-term natural evolution [50]. Plants can resist the damage caused by Cu?* stress
through a system composed of protective enzymes that scavenge ROS. POD, SOD, and
CAT can coordinate with each other as the protective enzyme system of plants [51]. SOD
catalyzes O, ™ -to generate HyO, and O,. CAT can degrade H,O, and cooperates with SOD
to minimize the formation of -OH. POD can remove peroxides in cells, which can reduce
the damage of ROS to plant cells to some extent [52]. The previous research has shown
that the activities of POD, SOD, and CAT in grape (Vitis vinifera) roots initially increase
and then decrease in response to varying concentrations of Cu (0.5, 1, 1.5, and 2 mmol
L~!). However, the scavenging mechanism of ROS in plants also varies with different
species. Saleem et al. [53] found that ROS was removed from the plant by increasing the
antioxidant activity, while a further increase in the concentration of Cu?* resulted in a
decrease in antioxidant activity. Contreras et al. [54] reported that the activities of SOD,
POD, and CAT were enhanced under Cu treatment in Antarctic pearlwort (Colobanthus
quitensis). The results of this study demonstrate that in a short period of time (6 days)
under Cu?* stress, the SOD activity of I. uliginosa increased first and then decreased with
the increase in concentration. However, there was no significant difference in the low
concentration (5-15 mg-L~'), while the activities of POD and CAT gradually increased
with the increase in the concentration. This resulted in a significant difference. With the
extension of treatment time, the SOD activity reacted in the following manner. As the
concentration of Cu®* stress increased, the SOD activity of I. uliginosa increased first and
then decreased, but at 18 d after treatment with 25 mg-L~!, the SOD activity increased
more than that of the CK. The reason may be that the change in antioxidant proteins (SOD,
POD, and CAT) was related to the type, concentration, and treatment time with heavy
metals. The POD activity reached its maximum in the whole treatment cycle at 12 days
after treatment, which increased first and then decreased with the increase in concentration.
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It then gradually decreased over time. On the sixth day after treatment, CAT activity first
increased and then decreased with the increase in concentration.

4.3. Effects of Cu>* Stress on the Uptake of Mineral Elements in I. uliginosa

The balance of mineral nutrient elements is the basis for the normal growth and devel-
opment of plants [55]. Simultaneously, the uptake of minerals by plants is fundamentally
affected by various environmental factors, such as salinity, drought, oxygen content, and
heavy metals [56,57]. An appropriate amount of Cu?* can promote the growth of plants, but
excess Cu?* causes a change in the absorption of nutrients and characteristics of transport of
plants, which has have a toxic effect on them [58]. Studies have shown that the absorption
and translocation of mineral elements by plants generally occurs through the interaction
with other mineral elements [59]. Cu?* stress decreased the contents of Zn, N, and K in
leaves and the contents of K, Ca, P, and Mg in roots. The application of Cu?* increases
the contents of Ca and Mg in leaves [38,60]. Zhang et al. found that with the increase in
concentration of copper, the contents of N, P, K, Ca, and Mg in the roots and leaves of sugar
beet (Beta vulgaris subsp. vulgaris Altissima Group) tended to increase [60]. Chen et al. [61]
found that treatment with a low concentration of Cu?* increased the contents of K, Mg, Ca,
and Zn in the stems and leaves of willow (Salix sp.), while a high concentration of Cu?*
reduced the contents of K, Ca, Mg, and Zn in the stems and leaves of weeping willow (Salix
babylonica), and Salix 172 increased the content of Fe. He [62] found that the contents of Na,
K, Mg, and Fe in the roots of cockscomb (Celosia cristata) decreased significantly under Cu?*
stress. The results of this study showed that the contents of K and Mg and the absorption
of Ca, Na, and Zn in the stems, stems and leaves, and roots and leaves were not affected by
Cu?* stress treatment. However, the content of Ca in the roots decreased significantly with
the increase in concentration, while the contents of Ca2* in the leaves increased significantly.
The reason may be that Ca?* channels on the plasma membrane of roots of plants under
Cu?* stress are blocked, which results in a decrease in the net uptake of Ca?* by root tip
cells [63]. In addition, the contents of Ca in the roots are transported to the shoot, which
results in the accumulation of Ca®* in the leaves. The content of Na in the roots increased
significantly, which may be related to the fact that Na, as an osmotic substance in plants,
can regulate their levels of osmotic pressure [64]. With the increase in Cu?* stress, the
permeability of cell membranes gradually increased. Owing to the increase in membrane
peroxidation, the permeability of the cell membrane increased, which led to an increase in
the absorption of metal elements by the cells. The content of Fe was consistent with the
results of Dong [65], and there was no significant change in the stem. The contents of Fe in
the roots and leaves showed a phenomenon of “low promotion and high inhibition” with
the change in concentration, which may be owing to the competition between copper ions
and Fe, which resulted in a lack of Fe, thus affecting the formation of chlorophyll [66].

The Cu?* content in the roots, stems, and leaves of I. uliginosa increased gradually
with the increase in concentration, and the content of Cu?* in the roots increased more
apparently, which may indicate that there is a strong correlation between the content of
Cu?* in the environment and that in plants. The characteristics of Cu?* enrichment of
L. uliginosa were as follows: root > leaf > stem. Excessive Cu?>* would destroy the structure
of the cell membrane and lead to a rapid increase in the content of Cu?* in the plant. This
may be a self-protective mechanism for I. uliginosa to manage Cu?* stress and also indicates
that it is a common phenomenon that the content of heavy metals in plant roots is higher
than that in the shoots, which is related to the effective precipitation or inactivation of
heavy metals by the roots [62]. The transfer coefficient showed that the middle leaf/root
was higher than that of the stem /root, indicating that the stem primarily played a role in
transport and could not store the excess Cu?* content transported from the root. Thus, the
content of excess Cu?* would eventually be transferred upward to the leaves for storage in
addition to meeting the normal nutritional requirements. Under normal conditions, the rate
of distribution of Cu?* from the roots, stems and, leaves of . uliginosa is as follows: 61.41%,
13.27%, and 25.32%. As the concentration of stress increased, the distribution of Cu?* in the
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root takes place in a water rate of up to 86.09-90.58%. This a self-protective mechanism
of I. uliginosa when it has accumulated too much Cu?* in its system for redistribution to
relieve the concentration of Cu?* in its stems and leaves. After that, the content of Cu?* in
the shoots is preferentially transported to the leaves for isolation to protect the stem tissues
and maintain the normal supply of plant nutrients. With the increase in concentration, the
leaf partitioning rate of Cu?* increased first and then decreased. When the concentration
reached 10 mg-L~!, the leaf partitioning reached its highest rate, which was 11.40%. When
the leaf to Cu?* partitioning rate reached saturation, the stem to Cu?* partitioning rate
showed a gradual tendency to increase.

5. Conclusions

In a certain range of concentration (5-15 mg-L~!), the morphology of growth and
physiological and biochemical characteristics of I. uliginosa showed a phenomenon of “low
promotion and high inhibition” to Cu?* stress, which was accompanied by a prolonged
time of Cu?" stress. The activation of antioxidant enzyme systems in the plant could
alleviate the Cu?* stress and gradually adapt to the adversity by producing enzymes,
such as SOD, POD, and CAT. However, beyond a certain range, the effect would be toxic.
I. uliginosa has minimal impact on the absorption of mineral nutrients such as Na, Mg,
Zn, and K. However, there is interference in the absorption of Ca, Fe, and Cu elements,
including the absorption of copper, which increases gradually with the increase in the
concentration of processing. It tends to gradually increase and accumulate excess copper
elements in the plant through the root-leaf-stem sequence. In conclusion, I. uliginosa can
adapt to the environment of Cu?* stress through the redistribution of metal elements in its
tissues and the improvement in antioxidant enzyme activities. It has a certain potential
to repair the low concentration of Cu?* pollution in water. In summary, I. uliginosa is a
textbook alternative ornamental plant that can be used for the remediation of water that is
contaminated with copper.
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Abstract: Carbon (C), nitrogen (N) and phosphorus (P), and non-structural carbohydrates
(NSCs) are basic nutrients and energy sources for flower development. In this study, the
morphological traits, C, N, P, and NSC concentrations, and C:N:P ratios in pistil, stamen,
and petal of C. maxima flower at three phenophases (BBCH54, BBCH59, and BBCH61) were
comparatively analyzed. Morphology diverged markedly among the three phenophases,
whereas relative water contents were stable. C, N, P, and NSC showed larger variations
at three phenophases and parts in C. maxima flower. Maximal C:N, C:P, and N:P occurred
in pistils, pistils, and petals at BBCH61, respectively. C:N:P stoichiometry was the most
responsive to ontogeny, indicating development-specific elemental storage and biomass
partitioning of C. maxima flowers. NSC contents (glucose, fructose, sucrose, starch) differed
significantly among organs and phenophases, and peak NSC appeared in the pistils at
the three phenophases. High correlations between NSCs and C:N:P ratios suggested
coordinated resource allocation. Correlation analysis showed that significant differences
occurred at three phenophases for the accumulation and allocation of C, N, P, and NSCs.
Principal component analysis (PCA) ordinated samples along PC-1 (44.2%) and PC-2
(24.4%), cumulatively explaining 68.6% of variance, corroborating development- and organ-
dependent divergence. These data elucidated the intricate regulatory dynamics of nutrient
contents among the three parts during the flower development of C. maxima, providing a
robust quantitative framework for targeted nutrient management strategies.

Keywords: Citrus maxima flower; phenophases; non-structural carbohydrates; C:N:P
stoichiometry; principal component analysis

1. Introduction

Carbon (C) and nitrogen (N) can provide carbon skeletons, amino- and nucleic-acid
backbones, and phosphorus (P) is required for nucleic acids, ATP, and membrane lipids [1,2].
Their absolute contents and relative proportions respond plastically to genotype, ontogeny,
and environmental conditions (temperature, rainfall, soil nutrients, etc.), which drive

Horticulturae 2025, 11, 1053 https://doi.org/10.3390 /horticulturae11091053
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plant architecture, metabolism, and reproduction. C, N, and P stoichiometry can govern
resource-acquisition strategies, growth rates, and ecosystem productivity [3,4]. During
flower development, they are tightly coupled to dynamic re-allocation of C, N, and P
among floral organs and to the concomitant remobilization of non-structural carbohydrates
(NSCs) [5,6]. Recent investigations in Hibiscus rosa-sinensis, Camellia sinensis, Juglans sigillata,
Michelia maudiae ‘Rubicunda’, and Houpoea officinalis flowers pronounced stage-dependent
shifts in C:N:P ratios. These changes are more tightly correlated with developmental stages
than those of organs [5,7-9]. Moreover, the C:N:P stoichiometric ratios are tightly coupled
to the dynamics of NSC accumulation and partitioning, thereby exerting decisive control
during the floral development [8,9]. These studies implicated nutrients’ stoichiometric
flexibility as an internal clock that synchronizes floral organ expansion, anther dehiscence,
nectar secretion, and post-anthesis senescence [10,11].

NSCs, including fructose, glucose, sucrose, and starch, serve as the primary source of
energy and carbon skeletons for plant metabolism and growth [12,13]. Beyond energetic
roles, NSCs function as osmotic regulators and signaling molecules and modulate gene
expression, hormone crosstalk, and developmental transitions in plants [14,15]. Studies
have demonstrated that flower formation is highly dependent on the metabolism and avail-
ability of NSCs in flowering plants [16,17]. Carbohydrates drive cell division, expansion,
and differentiation; provide C skeletons for the biosynthesis of secondary metabolites; and
create the osmotic gradients necessary for petal expansion [8,12,18]. In Rosa hybrida petals,
glucose and fructose levels rise dramatically during the opening phase, comprising up to
50% of the final dry mass and lowering osmotic potential [19]. Similar patterns of glucose
and fructose content have been observed in various species during flower development,
including Asiatic lily, Michelia maudiae ‘Rubicunda’, and Houpoea officinalis. In these species,
stage-specific fluctuations in hexose levels are closely associated with inflorescence differ-
entiation, pigment deposition, and the accumulation of secondary metabolites [8,9,20]. In
woody perennials, starch reserves act as a buffer to reconcile the asynchronous supply and
demand of carbohydrates. These reserves are remobilized to support flowering when the
current photosynthate is insufficient [21]. Quantitative analysis of pistillate tissues at the
time of pollination indicates that starch and soluble carbohydrates are strong predictors
of subsequent fruit set and seed viability [7]. Collectively, these findings highlighted that
the partitioning, interconversion, and utilization of NSCs must be precisely coordinated to
meet the dynamically changing energy and C requirements throughout the entire process
of flower development.

Flowers are the reproductive epicenters of angiosperms, driving propagation, genetic
diversification, and evolutionary progress [19,22]. Structurally, they are reservoirs of car-
bohydrates, phenolic acids, flavonoids, mineral elements, and pigments, which support
organogenesis, color development, and stress tolerance [19]. Flower ontogeny proceeds
through tightly regulated phases: bud initiation, floral organ differentiation, anthesis,
and senescence. A unified gene-signaling network controls the timing and progression
of these stages [23]. This network integrates endogenous signals, including specifically
phytohormone levels, carbohydrate status, transcription-factor activity, and external envi-
ronmental signals, namely temperature, photoperiod, and water availability, ensuring that
each developmental transition is synchronized with both internal physiology and external
conditions [24,25]. Throughout these developmental stages, significant changes in biomass,
morphometrics, coloration, mineral and NSC allocation, and secondary metabolites have
been documented in Michelia maudiae ‘Rubicunda,” Houpoea officinalis Zingiber mioga, and
Rosa damascena [8,9,19,26]. Understanding their temporal distribution during flower de-
velopment is imperative for defining nutrient-use efficiency and optimizing fertilization
practices [1,25,27]. Thus, a mechanistic understanding of these processes enables growers
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to adjust cultural practices, thereby extending post-harvest longevity and enhancing the
ornamental and commercial quality of these flowers.

Citrus maxima (Burm.) Merr. (C. maxima), commonly referred to as pomelo or “You-zi”
in China, is an evergreen fruit tree that has been cultivated for over 3 000 years. It is now the
world’s most widely planted and economically important horticultural plant [28]. Pomelo
is highly valued for its large, crisp, mildly acidic fruit and long post-harvest life, and is
predominantly grown across subtropical and tropical Asia, which is the largest producer
in terms of both harvested area and production volume [29]. The fruit is a rich source of
sugars, organic acids, vitamin C, flavonoids, carotenoids, coumarins, and dietary fiber.
These components endow the fruit with antioxidant, anti-inflammatory, hypoglycemic, and
hypolipidemic properties [30,31]. Clinical and animal studies have consistently associated
these bioactives with reducing risks of cardiovascular disease, type-2 diabetes, renal calculi,
osteoporosis, and certain cancers [32]. Despite the extensive literature on pomelo fruit,
relatively little attention has been given to pomelo flowers. C. maxima produces globose
flowers arranged in terminal panicles, with annual anthesis occurring from late March to
early April, accompanied by a pronounced floral fragrance [33]. Traditionally in China,
C. maxima flowers are used to make fragrant tea drinks or are incorporated into cakes,
herbal drinks, and casseroles. Recent analyses have revealed that C. maxima flowers contain
substantial concentrations of phenolics, essential oils, vitamins, amino acids, and mineral
elements with potent antioxidant and radical-scavenging activities [34]. Studies on C.
maxima flowers have been extensively conducted within the food science domain, generat-
ing comprehensive datasets on their phytochemical composition, bioactivity, and safety
profiles. These efforts are designed to attract both academic investigators and industry
stakeholders [33]. Recently, an increasing number of researchers have paid attention to the
dynamic changes in C, N, P, and element composition during flower development in Rosa
damascena, Michelia maudiae ‘Rubicunda’, and Houpoea officinalis plants [8,9,19]. However,
detailed analysis of the spatiotemporal dynamics of C, N, P, and NSC partitioning among
the discrete floral organs of C. maxima throughout development remains notably scarce.
Herein, the goals of this study were to illustrate the variations of morphometric traits, C:N:P
stoichiometry, and NSC contents in pistils, stamens, and petals of C. maxima flowers at three
phenophases (BBCH 54, BBCH59, and BBCH61). The present findings may provide critical
insights into the developmental dynamics of C:N:P stoichiometry, together with NSC fluxes,
across the discrete floral organs of C. maxima. This information also offered evidence-based
insights for flowering management protocols, particularly precision fertilization strategies
across the three discrete phenophases.

2. Materials and Methods
2.1. Study Site

The study site is located in Sichuan Agricultural University, District Wenjiang,
Chengdu, China, and it is a flat alluvial plain with elevations ranging from 511.3 to 647.4 m
above sea level. The site has a typical subtropical humid monsoon climate, with an average
monthly temperature of 16.4 °C and a daily temperature range of 13-17 °C. The highest
average temperatures occur in July, at 25.6 °C, while the lowest average temperature is
in January, at 5.5 °C. The annual total precipitation is 985.1 mm, primarily concentrated
in the summer months, accompanied by an average relative humidity of 81-84%. Solar
radiation is moderate, with an annual sunshine duration of 1 104.5 h. The weather data
were obtained from the China Meteorological Administration.
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2.2. Flower Collection and Measurements

Five uniformly cultivated, 10-year-old C. maxima trees were meticulously selected and
tagged for floral sampling. For each individual tree, the onset and cessation of anthesis were
meticulously recorded daily. Observations conducted in 2024 indicated that the flowering
period of C. maxima spans about 40 days, extending from early March to mid-April. The C.
maxima flower consists of a pistil, stamens, and five petals. Development was classified
according to the Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie
(BBCH) scale into three phenophases [35,36], including young bud stage (BBCH 54), first
bloom stage (BBCH 59), and full bloom stage (BBCH 61). Fresh flowers were harvested
from 09:00 to 11:00 h. Twenty flowers per phenophase were collected from each tree (1 = 60
per stage). Ten flowers were randomly subsampled to determine morphometric indices,
fresh mass (FM), dry mass (DM), and relative water content (RWC). After photographic
documentation, each flower was dissected into pistil, stamens, and petals (Figure 1). Three
parts were oven-dried at 65 °C for 24 h to constant mass, reweighed, and pulverized to
pass through a 0.15 mm mesh prior to further analyses.

Figure 1. Morphology changes in three parts in the C. maxima flower at three phenophases. (a) Whole
flower, (b) petals, (c) pistil, (d) stamen. BBCH54, young bud stage. BBCH59, first bloom stage.
BBCHBG61, full bloom stage. Scale bar = 1 cm.

2.3. Determinations of C, N, and P Contents

Approximately 0.5 g of finely ground sample was precisely weighed into polytetraflu-
oroethylene (PTFE, Teflon®, Houston, TX, USA) digestion vessels. Subsequently, 10 mL
concentrated HNOj3 and 2 mL of 30% (v/v) HyO, were added to the vessels. The mixtures
were then subjected to complete microwave-assisted digestion. After cooling to room
temperature, the digest was transferred to a 25 mL volumetric flask and diluted to the
volume with ultrapure (18.2 MQ)-cm) Milli-Q deionized water. C content was quantified
by wet dichromate oxidation (HySO4/K;Crp0y), followed by titration with FeSO4. N
content was determined using the Kjeldahl method. P content was measured using the
molybdenum-antimony colorimetric procedure [5,9]. C, N, and P contents were expressed
as mg per g dry mass (mg/g DM). C:N, N:P, and C:P ratios were calculated on a mass
basis from the corresponding concentrations. Element accumulation (mg/per flower) in
each part of C. maxima flower was calculated as the product of organ-specific elemental
concentration (mg/g DM) and the corresponding dry mass (g). The proportional allocation
of elements among reproductive organs was then expressed as Allocation ratio (%) = [El-
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ement accumulation in pistil, stamen, or petal (mg)/) Element accumulation across all
organs (mg)] x100.

2.4. Determinations of NSC Contents

NSC contents were quantified with the anthrone-H,SO4 colorimetric protocol [8,9].
Approximately 0.2 g of material was extracted three times with 10 mL of 80% (v/v) ethanol.
The suspensions were heated in a boiling-water bath for 30 min and then centrifuged
at 5000x g for 10 min. The pooled supernatants were retained for the quantification of
glucose, fructose, and sucrose. For glucose analysis, 0.1 mL of extract was reacted with
5 mL anthrone (0.2% w/v anthrone in 80% H;SOy) at 90 °C for 15 min, and absorbance
was recorded at 620 nm after cooling to room temperature. For fructose analysis, identical
volumes of extract and anthrone reagent were incubated at 25 °C for 90 min, and absorbance
was recorded at 620 nm. For sucrose analysis, 0.1 mL of extract was hydrolyzed with 0.1 mL
of 7.6 M KOH at 100 °C for 10 min. After cooling, 5 mL of anthrone was added, and
the mixtures were heated at 90 °C for 15 min, and absorbance was then measured at
620 nm. For starch analysis, the extracted residues were suspended in 10 mL of 30%
(v/v) perchloric acid and incubated at 80 °C for 10 min. The slurry was held overnight at
4 °C, then centrifuged at 4000 x g for 10 min at 4 °C. The supernatants were collected and
diluted to 50 mL with ultrapure water. Starch content was determined using the above
anthrone procedure. The contents of glucose, fructose, sucrose, and starch were calculated
from standard curves (Table S1) and expressed as mg g~ dry mass (mg g~! DM). NSC
accumulation (mg/per flower) in each part of C. maxima flower was calculated as the
product of organ-specific NSC concentration (mg g~ DM) and the corresponding dry
mass (g). The proportional allocation of NSCs among reproductive organs was calculated
as follows: Allocation ratio (%) = [NSC accumulation in pistil, stamen, or petal (mg)/) NSC
accumulation across all organs (mg)] x100.

2.5. Statistical Analysis

All data are presented as mean =+ standard deviation (SD). Differences among
phenophases and flower parts were assessed by one-way analysis of variance (ANOVA),
followed by Duncan’s multiple-range test at p < 0.05. Regression and Pearson correla-
tion analyses were executed in SPSS 22.0 (SPSS Inc., Chicago, IL, USA). Additional data
handling was performed in SPSS 22.0 and Microsoft Excel 2021 (Microsoft Corp., Red-
mond, WA, USA). Multivariate exploration of the dataset was conducted by principal
component analysis (PCA) using the averaged values of each measured parameter across
floral phenophases. Statistical significance was accepted at p < 0.05 for all tests. Figures
were generated, and PCA was executed in Origin 2021 (OriginLab Corp., Northampton,
MA, USA).

3. Results
3.1. Variations of Morphological Indicators and Biomass

Morphometric indices and biomass allocation across three parts of C. maxima flower
were monitored at three distinct phenophases, as summarized in Tables 1 and S2. Pistil
length (PL), stamen length (SL), petal length (PL), and petal width (PW) exhibited a pro-
gressive increase up to anthesis (BBCH61), reaching their respective maxima of 22.74 4 0.37
mm, 19.38 £ 0.25 mm, 27.78 £ 0.38 mm, and 11.28 £ 0.97 mm (Table S1). The FM of pistil,
stamen, and petal rose monotonically from BBCH54 to BBCH61, with values ranging from
0.34 £0.02 to 0.71 £ 0.10 g, 0.25 4 0.02 to 0.43 + 0.04 g, and 0.50 + 0.09 to 1.27 + 0.11 g,
respectively (Table 1). The DM followed a similar trend, peaking at 0.19 + 0.02 g, 0.08 +
0.01 g, and 0.19 £ 0.02 g, respectively. The RWC in pistil and stamen declined steadily from
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BBCH54 to BBCH61, reaching 72.04% and 81.31%, respectively. In contrast, petal RWC
peaked at BBCHS59 (86.63%) before a modest decrease at BBCH61.

Table 1. Growth indexes of three parts of C. maxima flower at three phenophases.

Organs BBCH54 BBCHS59 BBCHe61
Fresh mass (g) 0.34 +£0.02b 0.62 +0.04 a 0.71+0.10a
Pistil Dry mass (g) 0.11 £0.01c¢ 0.16 = 0.003 b 0.19 £ 0.02 a

RWC (%) 7437 £138a 7326 +04la 72.04+£182a

Fresh mass (g) 0254+0.02b 043 +0.01a 043 +0.04 a
Stamen Dry mass (g) 0.04 £ 0.03b 0.08 £ 0.03 a 0.08 £ 0.01 a
RWC (%) 8349 £ 1.15a 81.65+127a 81.314+097a

Fresh mass (g) 0.50 +0.09 ¢ 0.83+£0.10b 1274+ 0.11a
Petal Dry mass (g) 0.08 £ 0.02b 0.11+£0.01b 019+ 0.02a
RWC (%) 83.14 £ 0.54b  86.63 £1.05a 85.62+0.99a

Data are expressed as the means + standard deviation (n = 3). Lowercase letters represent significant differences
with a significance level of 0.05.

3.2. Variations in C, N, and P Contents

Figure 2 illustrates that both phenophases and floral parts significantly influence the
C, N, and P contents in C. maxima flowers. In pistils and stamens, C contents ranged
from 378.0 to 533.6 mg g~ ! DM and 417.5 to 448.7 mg g~ ! DM, respectively, with max-
ima recorded at BBCH61 (pistil) and BBCH54 (stamen). In contrast, C contents in the
petals were relatively stable, ranging narrowly from 457.3 to 470.3 mg g~ ! DM, peak-
ing at BBCH59 (Figure 2a). As exhibited in Figure 2b, stamens exhibited the highest N
concentrations (32.5-37.1 mg g~ ! DM), followed by petals (27.1-30.9 mg g~! DM) and
pistils (25.1-29.7 mg g~! DM). The maximal N contents were observed at BBCH57 (sta-
men), BBCH61 (petal), and BBCH61 (pistil), respectively. Figure 2c revealed that P con-
tents are the highest in the stamens (0.889-1.18 mg g~ ! DM), intermediate in the petals
(0.768-0.843 mg g~! DM), and the lowest in pistils (0.731-0.907 mg g~! DM). Across three
floral parts, P contents increased from BBCH54 to BBCH57 and then declined at BBCH61.
Collectively, these findings indicated that C, N, and P contents in C. maxima flowers are
closely associated with both developmental progression and organs.

3.3. Variations in C, N, and P Accumulation and Allocation Proportion

Figure 3 depicts the dynamic patterns of C, N, and P allocation fractions and accumu-
lation within the pistil, stamens, and petals of C. maxima flowers across three phenophases
(BBCH54, BBCH57, and BBCH61). Figure 3a shows that the proportion of C allocated to
the pistil increased progressively from 29.2% (BBCH54) to 37.9% (BBCH61). Conversely,
relative C allocation to stamens declined to 29.6%, while petal C allocation decreased to
32.5% by BBCH61. Figure 3b shows that N allocation in the pistil rose steadily from 28.2%
to 31.9%, and N allocation in the petal increased from 30.4% to 33.2%. In contrast, N
allocation in the stamen dropped significantly, from 41.4% (BBCH54) to 34.9% (BBCH61).
In Figure 3c, P allocation in the pistil exhibits a pronounced increase, from 28.4% (BBCH54)
to 32.8% (BBCH61). P allocation in the stamen declined from 41.7% to 35.2%. P allocation
in the petal displayed a transient decrease at BBCH57 (29.9%) before recovering to 32.0% at
BBCH61. As shown in Figure 3d—f, irrespective of the floral parts, C, N, and P accumulation
in the flower escalated continuously with flower development, showing highly significant
differences among phenophases. C, N, and P contents in whole flowers expanded from
311.8 to 639.4 mg/per flower, 21.5 to 42.2 mg/ per flower, and 0.62 to 1.15 mg/per flower,
respectively, underscoring pronounced stage-dependent nutrient accumulation.
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3.4. Variations in C, N, and P Stoichiometry

Figure 4 demonstrates that both phenophases and floral parts significantly influence
the stoichiometric ratios of C, N, and P in C. maxima flowers. Across the three phenophases,
C:N values ranged from 14.8 to 17.3 in the petals, 12.0 to 12.9 in the stamens, and 15.0 to
18.0 in pistils, with maxima recorded at BBCH54, BBCH61, and BBCH61, respectively (Fig-
ure 4a). Pistils consistently exhibited the highest C:N ratios relative to those of the stamens
and petals. C:P ratios varied markedly among stages and organs: 558.7-608.8 (petals),
489.0-645.7 (pistils), and 377.9-469.8 (stamens). Petals displayed the highest C:P values
at each phenophase (Figure 4b). N:P ratios ranged from 34.1 to 38.3 (petals), 29.1 to
35.9 (pistils), and 31.5 to 36.5 (stamens) across three phenophases (Figure 4c), peaking
at BBCH61 (petals and pistils) and BBCH54 (stamens). Collectively, these findings indi-
cate that the C:N, C:P, and N:P ratios in C. maxima flowers are dynamically regulated by
development stage and organ-specific nutrient demands.
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Figure 4. Variations in C:N (a), C:P (b), and N:P (c) ratios of pistil, stamens, and petals in C. maxima
flower at three phenophases. Data are expressed as the means + standard deviation (1 = 3). Lowercase
letters represent significant differences, with a significance level of 0.05. Lowercase letters represent
significant differences at different stages, and capital letters represent significant differences in the
three parts, with a significance level of 0.05.

3.5. Non-Structural Sugars (NSC) Contents

As depicted in Figure 5, the spatiotemporal distribution of NSCs in the pistil, sta-
mens, and petals of C. maxima flowers exhibited significant divergence across the three
phenophases. In Figure 5a, glucose fluctuated from 163.3 mg g~ (BBCH 61) to 184.6 mg g~
(BBCH 59) in the stamens, 136.9 mg g_1 (BBCH 61) to 214.3 mg g_1 (BBCH 54) in the petals,
and 293.5 mg g~ (BBCH 61) to 375.8 mg g~ (BBCH 59) in the pistil. Figure 5b shows that
fructose content reached maxima of 19.40 mg g~ (stamens, BBCH 59), 29.82 mg g~ ! (petals,
BBCH 54), and 56.30 mg g~ ! (pistil, BBCH 54). Figure 5¢ shows that sucrose contents ranged
from 92.1 mg g~! (BBCH 54) to 139.5 mg g~ ! (BBCH 59) in the stamens, 68.6 mg g~! (BBCH
61) to 114.8 mg g~! (BBCH 59) in the petals, and 116.2 mg g~! (BBCH 54) to 68.9 mg g~!
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(BBCH 61) in the pistil. In Figure 5d, starch contents peaked at 33.2 mg g~ ! (stamens, BBCH
54),30.4 mg g~ ! (pistil, BBCH 61), and 37.2 mg g~ ! (petals, BBCH 59). These patterns indi-
cate a dynamic interplay of NSC partitioning, implying coordinated inter-conversion and
translocation of soluble sugars among floral parts during C. maxima flower development.
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Figure 5. Variations in glucose (a), fructose (b), sucrose (c), and starch (d) contents of pistil, stamens,
and petals in C. maxima flower at three phenophases. Data are expressed as the means + standard
deviation (n = 3). Lowercase letters represent significant differences, with a significance level of 0.05.
Lowercase letters represent significant differences at different stages, and capital letters represent
significant differences in the three parts, with a significance level of 0.05.

3.6. NSC Accumulation and Allocation Proportion

Figure 6 shows the development-dependent re-partitioning of NSCs within C. maxima
flowers across the three phenophases. As shown in Figure 6a, stamens and petals received
22.1-27.5% and 23.1-28.3% of total glucose, respectively, with maxima at BBCH 61 and
BBCH 54. The pistil retained a stable share (about 49%), indicating constitutive allocation.
For fructose, allocation in the stamens rose progressively from 16.3% (BBCH 54) to 22.8%
(BBCH 61), whereas petals exhibited a continuous decline from 29.0% to 14.4%. The pistil
was the predominant sink for fructose partitioning, with a peak allocation of 62.8% at
BBCH 61, which was significantly higher than 54.7% and 55.4% observed at BBCH 54 and
BBCH 59, respectively (Figure 6b). As shown in Figure 6¢, the sucrose allocation ratios of
pistil, stamen, and petal fluctuated from 24.5 to 36.0%, 28.5 to 49.5%, and 25.2 to 37.1%,
respectively, with maxima at BBCH 54, BBCH 61, and BBCH 59. As shown in Figure 6d,
the starch allocation ratios in the pistil, stamen, and petal exhibited minimal change
trends, ranging from 25.8% to 31.0%, 31.1% to 38.8%, and 35.4% to 37.9% respectively, with
maxima appearing at BBCH54/BBCH59, BBCH54, and BBCH59/BBCHS61, respectively.
Total glucose, fructose, and starch increased monotonically from 182.5 to 269.5 mg g~ !
(Figure 6e), 24.8 to 36.0 mg g~ ! (Figure 6f), and 20.6 to 39.6 mg g~ ! (Figure 6g), respectively.
However, the accumulation of sucrose (128.3 mg/g, Figure 6h) in flowers at BBCH59 was
significantly higher than that at BBCH54 and BBCH61.
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Figure 6. Variations in glucose, fructose, sucrose, and starch allocation ratios (a—d) and accumulations
(e-h) of pistil, stamens, and petals in C. maxima flower at three phenophases. Data are expressed as
the means + standard deviation (n = 3). Lowercase letters represent significant differences, with a
significance level of 0.05. Lowercase letters represent significant differences at different stages, and
capital letters represent significant differences in the three parts, with a significance level of 0.05.

3.7. Correlation Analysis

As shown in Figure 7a, correlation analysis showed the associations between C:N:P
stoichiometric ratios and NSC content in the stamens, petals, and pistils of C. maxima flowers
across three phenophases. Specifically, glucose exhibited strong positive correlations with
C contents and C:N ratio (r ~ 0.87), indicating that a high C availability coupled with
nitrogen (N) limitation significantly promotes glucose accumulation. In contrast, N and
P contents, as well as N:P and C:P ratios, showed pronounced negative correlations with
fructose, sucrose, and starch (r = —0.6 to —0.8), suggesting that N and P sufficiency may
inhibit synthesis or accelerate consumption of these NSCs. The negative impact of P is
particularly notable, implying that P may constrain the interconversion between starch and
soluble sugars by modulating phosphorylase activity. Collectively, C:N:P stoichiometry
might act as a critical regulator of sugar metabolism, with a higher C:N ratio potentially
enhancing glucose storage, while relative excesses of N and P may mitigate this process.
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Figure 7. Correlation analysis and PCA of tested parameters in C. maxima flowers at three
phenophases. (a) Correlation analysis of the test parameters. Correlation matrix showing significant
p-values (<0.05; <0.01) of different tested parameters, where their color indicates the correlation
slope (red Pearson’s correlation coefficient = 1.0 and blue one = —1.0). Asterisks indicate significant
differences: * p < 0.05, ** p < 0.01. (b) Distribution plots of PC1 and PC2. (c¢) The histogram from
PC1 to PC10. (d) The proportion of the contribution of the tested parameters to PC1, PC2, and PC3.
The locations of the variables in PC1 and PC2 are indicated by the direction and strength of the
vector lines. The percentage of variation explained by each component is given next to the axis. The
location of the trait in the diagram closest to the intersection of 0 on the X-axis (PC1) and Y-axis (PC2)
shows similarity.

As shown in Figure 7b—d, PCA showed significant temporal dynamics and part-
specific differences in tested indicators in C. maxima flowers across three phenophases.
The PCA biplot delineated that the variables (C, N, P, NSC contents, and C:N:P ratios)
were partitioned into four principal clusters. C content, C:N, C:P, and N:P ratios were
positioned in the upper right quadrant (Figure 7b), signifying their positive correlation
with development stages. Retaining the first three PCs, which collectively explained 82.4%
of total inertia (PC1 = 44.2%, PC2 = 24.4%, PC3 = 13.8%), the ordination resolved discrete
organ-specific chemotypes. Petals were positioned along positive PC1, reflecting a C-
dominant signature enriched in glucose and fructose, coupled with elevated C:N and C:P
ratios. Pistils were positioned in the quadrant defined by positive PC1 and negative PC2,
indicating an intermediate C status and a significant N:P-driven reallocation toward starch
accumulation. In contrast, stamens were projected onto the quadrant defined by negative
PC1 and PC2, indicating a stoichiometric profile characterized by high N and P content,
but low C content. As shown in Table S3, loading trajectories revealed a hierarchical and
three-tier control of sugar—starch partitioning along the C:N:P stoichiometric gradient.
Firstly, high positive loadings for C:N (0.423), C:P (0.391), glucose (0.327), and fructose
(0.362), juxtaposed with negative loadings for N (—0.424) and P (—0.403), indicated a
C surplus that may promote the accumulation of soluble sugars in C. maxima flower.
Second, the coordinated positive loadings of N:P (0.427) and starch (0.331), contrasted with
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negative loadings for glucose (—0.360) and fructose (—0.351), suggested a stoichiometrically
regulated transformation of soluble sugars into starch. Moreover, the antagonism between
carbon (0.464) and N:P (—0.582) promoted overflow-induced starch sequestration under
conditions of extreme stoichiometric imbalance. These findings underscored that C, N, P
contents, C:N:P stoichiometric ratios, and NSCs in the three parts of C. maxima flowers
were highly correlated with phenophases.

4. Discussion

Flower development constitutes an extremely intricate and multifaceted process, en-
compassing a wide range of physiological and biochemical alterations in plants [19,25].
Elucidating the diverse processes that maintain flower development is of paramount im-
portance for enhancing the visual quality and longevity of flowers. C. maxima, a highly
regarded ornamental and economically significant citrus species, exhibited intricate flower
development processes that are intricately linked to its morphological traits and underlying
biochemical dynamics [30,33]. Understanding the complex interrelationships among flower
development, morphological traits, and C, N, and P dynamics is crucial for optimizing
cultivation practices and enhancing the ornamental value of this plant. The present study
documented the variations in morphometric traits, C:N:P stoichiometry, and NSC con-
tents in the pistils, stamens, and petals of C. maxima flowers across three phenophases.
Correlation analysis and PCA revealed significant temporal dynamics and organ-specific
differences in the tested parameters across the three phenophases (Figure 7 and Table S3).
This study provides crucial insights into the developmental dynamics of morphological pa-
rameters and C:N:P stoichiometry, along with NSC fluxes, across the discrete floral organs
of C. maxima. Variations in morphological parameters, C:N:P stoichiometry, and NSC con-
tents of flowers have been reported in Styrax japonicus and other ornamental species during
the process of flower development [8,9,19,37]. These findings not only facilitate a deeper un-
derstanding of the variations in nutritional composition in C. maxima flowers during flower
development but also offer evidence-based insights for flowering management protocols,
particularly precision fertilization strategies across the three discrete phenophases.

C, N, and P, along with their stoichiometric ratios, are pivotal to modulating a wide
array of physiological and biochemical processes and exert a substantial influence on flower
development. These elements serve as crucial indicators of the nutrient status of plants and
their ability to sequester resources, thereby affecting the allocation of resources between
vegetative and reproductive growth [2,9]. The intricate interplay among C, N, and P in
floral tissues is a fundamental aspect of plant reproductive biology [3,4]. Extensive studies
have documented the variability in C, N, and P contents during flower development in
several species, such as Juglans sigillata, Cercis chinensis, and olive [5,7,24]. The transition
from vegetative to reproductive growth is a critical juncture where the balance of these
nutrients is particularly important [9]. An elevated C:N ratio is often indicative of a
transition from vegetative growth, which requires significant N inputs, to reproductive
growth, where C storage becomes the predominant process for flower bud differentiation.
This shift is essential for the successful differentiation of flower buds and the subsequent
development of flowers [7]. Yang et al. (2024) [9] showed that the C:P ratio in different
floral parts of Houpoa officinalis increased progressively with flower development. This
suggests that as flowers progress from bud stages to flowering, the relative availability of P
decreases compared to C, potentially affecting the energy and nutrient balance essential
for reproductive success. The present study demonstrated that the dynamics of C, N,
and P in C. maxima flowers are closely linked to developmental progression and organs
(Figures 2—4). The variation in C, N, and P contents and stoichiometric ratios reflects the
nutrient requirements and dynamic balances between development stages and floral parts,
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as demonstrated by the strong positive correlations with NSC contents (Figure 7a). These
differential C, N, and P contents and allocation patterns observed in the pistils, stamens,
and petals of C. maxima flowers have several direct and interrelated ramifications for flower
development. One potential explanation is the progressive increase in absolute C, N,
and P accumulation in the flower, thereby creating an increasingly larger metabolic sink
(Figure 3d—f). Moreover, the fact that the share of C allocation to the stamen decreases while
the share of C allocated to the pistil increases simultaneously (reaching 37.9% by BBCH61)
suggests that the import of photoassimilates into the floral sinks speeds up, which occurs
at the cost of maintaining the stamen. Another possible explanation is that by BBCH61,
there is a steep decrease in the allocation of N (by 34.9%) and P (by 35.2%) to the stamen,
while the shares of N and P in the pistil increase. This indicates the more energetically
demanding processes of ovule development and seed set. In contrast, the stamens exhibit a
decline in nutrient allocation, which may reflect a reduction in metabolic activity as the
focus shifts to pistil development. The concept of metabolic sinks is particularly relevant
in understanding these allocation patterns. As flowers develop, they become increasingly
demanding metabolic sinks, attracting photoassimilates and nutrients from other parts
of the plant [4,8,9]. Furthermore, the strong positive correlations between C, N, and P
contents and NSC contents (Figure 7a) suggest that these elements play a crucial role in
maintaining the energy balance within floral tissues. This interdependence highlights
the importance of a balanced nutrient supply in supporting the energetic demands of
flower development [22,23]. These findings highlighted that C, N, and P contents and
their stoichiometric ratios are influenced by phenophases and floral parts, emphasizing
the allocation and transport of these nutrients across compartments based on different
physiological needs [38,39]. However, the molecular mechanisms that govern nutrient
uptake, allocation, and transport during flower development in C. maxima still need to
be elucidated.

NSCs serve as energy sources, osmotic regulators, and metabolic precursors, signif-
icantly contributing to flower bud differentiation and development. The deficiency of
NSCs can have detrimental effects on flower development, leading to undersized petals or
complete cessation of development [25,40,41]. In flowering plants, there are considerable
variations in NSC content and type from floral bud development to blooming and senes-
cence, which is accompanied by changes in color, morphological indices, and physiological
and biochemical processes [12,16,19]. For example, in rose petals, the decrease in osmotic
potential is primarily attributed to increased soluble carbohydrate content [42]. Numerous
studies have shown that changes in NSC content are closely related to developmental
stages and organ-specific requirements in flowers. In Houpoa officinalis, the concentrations
of glucose, fructose, starch, and sucrose varied significantly across different floral parts
(stamen, pistil, petal) and developmental stages [9]. Flower development is highly de-
pendent on carbohydrate metabolism, as documented in species such as Rosa damascena,
Dendrobium crumenatum, Borago officinalis, and Centaurea cyanus [19,22,43]. These reports
highlight the role of NSCs in maintaining cellular turgor and facilitating processes such
as petal expansion and scent emission. In our study, we observed gradual increases in
soluble sugar and starch content across the three parts of C. maxima flowers (Figure 5). The
accumulation and proportion patterns of NSCs varied significantly during the develop-
ment process, and the allocation patterns among the three parts also showed significant
differences (Figure 6). These variations may be due to several factors. One potential reason
is that high petal glucose (28.3%, Figure 6e) and sucrose (37.1%, Figure 6g) levels, coupled
with rising starch (35.4-37.9%, Figure 6h), generate the turgor and volatile precursors
required for rapid corolla expansion and scent emission under variable light conditions,
thereby maximizing pollinator encounter rates. Another potential reason is that a sharp
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rise in pistil fructose allocation (62.8%, Figure 6f) and continued starch accumulation in the
pistil (30.4%, Figure 6h) create a buffered sink that sustains early endosperm proliferation
even when current photosynthate is diverted to competing sinks. This may ensure that
reproductive processes are not compromised by transient fluctuations in carbohydrate
availability in C. maxima flowers. During Gladiolus flower development, total soluble
sugars gradually increase, peaking after full bloom [23]. In Centaurea cyanus, glucose and
fructose contents increase with flower development, while sucrose content does not show
significant variability [22]. These changes in NSC contents and/or accumulation during
flower development reflect the complex interplay between nutrient availability, develop-
mental stage, and species-specific requirements. Moreover, highly significant correlations
were observed between NSC variables and C:N:P stoichiometric variables in C. maxima
flowers at three phenophases (Figure 7a). This is likely due to the dynamic balances of NSC
storage, migration, conversion, and availability. These findings reveal a dynamic nutrient
allocation trade-off between reproductive (pistils, stamens) and attractive (petals) parts,
offering a comprehensive understanding of the NSC requirements and allocation patterns
that underpin flower development of C. maxima.

5. Conclusions

In summary, the present work has demonstrated significant variations in C:N:P sto-
ichiometry and NSC contents in C. maxima flowers, which are dependent on both the
developmental stage and the floral parts. Elevated soluble-sugar contents seem to be
essential for coordinating floral development, guaranteeing synchronized growth, differ-
entiation, and development through optimized nutrient reallocation in C. maxima flowers.
Correlation analysis and PCA further confirmed that nutrient stoichiometry and NSCs
are closely associated with developmental stage and floral parts, highlighting the strong
connection among phenophases, organ specificity, and nutrient dynamics. These findings
not only enhance our understanding of nutrient allocation during flower development
but also provide a robust theoretical framework for the estimation of nutrient status in
C. maxima flowers. Given that flower development is controlled by a complex regulatory
network, there are still uncertainties regarding the impacts of phenophases and/or floral
parts on the variable C, N, P content and their ratios, as well as NSC contents in C. maxima
flowers. These uncertainties call for further investigation, which drives morphogenesis,
resource partitioning, and effective nutrient management during flower development in C.
maxima plant via integrating physiological and biochemical analysis.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/horticulturae11091053/s1, Table S1: Standard curves of glucose,
fructose, sucrose, and starch in this study. Table S2: Morphological indexes of three parts of C. maxima
flower at three phenophases. Table S3: The first three principal component load and contribution rate
of percentage of variance (%) in C. maxima flowers.
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Abstract: Dirigent proteins (DIRs) are pivotal regulators of lignin/lignan biosynthesis
and play multifaceted roles in plant development and stress adaptation. Despite their
functional significance, DIR genes remain unexplored in Rosa chinensis, a globally impor-
tant woody ornamental species. This study identified 33 RcDIRs through whole-genome
analysis, including their chromosomal distribution, phylogenetic relationships, collinearity,
protein and gene structure, conserved motifs, and cis-acting element distribution, and
classified them into three phylogenetically independent subgroups (DIR-a, DIR-b/d, and
DIR-e). Notably, the DIR-e subgroup includes an exclusive tandem cluster comprising
RcDIR7-RcDIR12, representing the largest lineage-specific RcDIR expansion in R. chinensis.
Structural characterization revealed that most RcDIRs exhibit a conserved single-exon ar-
chitecture. Promoter cis-element analysis uncovered abundant stress-/hormone-responsive
elements and three pollen-specific motifs (AAATGA, POLLEN1LELAT52, GTGANTGI10),
with RcDIR12 from the DIR-e cluster showing high pollen-specific regulatory potential.
Experimental validation included cloning the RcDIR12 promoter from R. chinensis ‘Old
Blush’, constructing proRcDIR12::GUS vectors, and conducting histochemical GUS assays
with pollen viability /DAPI staining in transgenic Arabidopsis. Histochemical assays demon-
strated GUS activity localization in mature trinucleate pollen grains, marking the first
experimental evidence of pollen-specific DIRs in rose. Our findings not only elucidate the
DIR family’s genomic organization and evolutionary innovations in R. chinensis but also
establish proRcDIR12 as a molecular tool for manipulating pollen development in plants.

Keywords: dirigent (DIR) gene family; Rosa chinensis; cis-regulatory elements; pollen-specific
promoter; tandem gene cluster

1. Introduction

Rosa chinensis, a perennial woody plant of the genus Rosa, family Rosaceae, is known
for its unique ornamental characteristics and significant economic value [1]. The modern R.
chinensis is an interspecific hybrid developed in recent years, combining rich ornamental
traits and agronomic significance, and is widely cultivated as an ornamental plant world-
wide [2]. In plant sexual reproduction, normal pollen development is critical for achieving
successful pollination and fruit set [3], while pollen viability and maturity directly deter-
mine the success rate of R. chinensis hybrid breeding. Studies demonstrate that pollen
viability is a key factor influencing crossbreeding efficiency and fruiting rates in R. chinensis,
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with hybridization success rates significantly improving as pollen viability increases [4,5].
Although the importance of pollen in R. chinensis crossbreeding is widely acknowledged,
research on pollen-specific promoters in this species remains scarce. Transcriptional regula-
tion, a major mechanism of gene expression control, is coordinated by cis-acting elements
(e.g., core promoters and enhancers) and trans-acting factors (e.g., transcription factors and
co-regulators) [6]. In plants, pollen-specific promoters are essential for studying pollen
development. For example, in Triticum aestivum, the pollen-specific promoter of Pollen-
Specific Gene 076 (PSG076) was isolated and shown to drive GUS expression exclusively
in late bicellular pollen to mature pollen stages and pollen tubes in transgenic tobacco,
with no activity detected in other tissues [7]. In Oryza sativa, two late-stage pollen-specific
promoters, pollen late-stage promoter 1 (PLP1) and pollen late-stage promoter 2 (PLP2),
identified via a stable transformation system, activated GUS expression solely during late
pollen development. Their activity and specificity were governed by specific promoter
sequences and enhancer motifs such as "AGAAA’ and ‘CAAT’ [8].

Lignans are primarily found in conifers, while lignin is widely distributed in vascular
plants. Dirigent proteins (DIRs) play a key role in the biosynthesis of lignin and lignans in
plant cell walls, although their specific functions vary among different plants. DIRs were
first identified in Forsythia intermedia, where they stereoselectively direct the coupling of
two pinoresinol radical intermediates to form (+) or (—) pinoresinol, a key precursor for
lignan biosynthesis [9,10]. To date, DIRs have been studied in various plants. For instance,
in Zea mays, ZmDIR11 is upregulated under drought stress, and its silencing or mutation
significantly reduces drought tolerance in maize, indicating its positive regulatory role in
the drought stress response [11]. In Vitis vinifera, VvDIR4 enhances resistance to anthracnose
in both Arabidopsis and grape by activating the SA/JA signaling pathway and promoting
pathogen-induced lignin biosynthesis [12]. In Setaria italica, 38 SiDIR genes have been
identified, with high expression in root tissues and responses to salt, heavy metals, and
osmotic stress, suggesting their involvement in stress resistance and root development [13].
A total of 420 DIR genes have been identified in different rice species (cultivated and wild),
with a significant expansion of members in cultivated rice. Their expression is responsive
to various biotic and abiotic stresses and is enriched in roots, implying their potential role
in environmental adaptation [14].

Studies have shown that dirigent proteins play an irreplaceable role in plant growth
and development, cell structure maintenance, stress resistance enhancement, and secondary
metabolism, especially in the lignin biosynthetic pathway [15]. Pollen walls are mainly
composed of spore proteins and lignin; lignin may enhance the structural stability of
pollen walls through interactions with spore proteins [16,17]. Although the functions
of dirigent proteins have been explored in many studies, research on their promoters
is still relatively scarce. In particular, the functions of DIRs in rose pollen development
have not yet been revealed. In rose, pollen-specific promoters enable the precise genetic
manipulation of male fertility traits without disrupting floral morphology—an essential
feature for maintaining ornamental value. Furthermore, these promoters facilitate the study
of the lineage-specific pollen development mechanisms underlying recurrent sterility in
rose breeding populations. Screening for RcDIRs that are specifically expressed in pollen
may provide important clues for uncovering their potential functions. This study aims to
identify DIR genes in the rose genome and analyze their phylogeny, gene structure, and
cis-acting elements, with the goal of thoroughly elucidating the rose DIR gene family and
focusing on predicting the pollen-specific elements of ReDIR promoters. Based on this, a
key RcDIR, named RcDIR12, was successfully predicted. Using the ancient rose cultivar
‘Old Blush’ as the material, the promoter sequence of ReDIR12 was cloned, and a pBI121-
proRcDIR12::GUS expression vector was constructed. Through the genetic transformation
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of Arabidopsis thaliana, transgenic lines were obtained, and the specific expression sites of
proRcDIR12 were explored. The above studies provide important reference information
for further revealing the function of the ReDIR12 gene in rose pollen development and the
application of the proRcDIR12 promoter.

2. Materials and Methods
2.1. Materials and Reagents

R. chinensis ‘Old Blush’ was grown in a greenhouse at Beijing Forestry University
(Beijing, China, E 116°20/, N 40°0’) under the conditions of 25 °C day/18 °C dark, 12 h
light/12 h dark, and 8000 Ix light intensity. Wild-type A. thaliana (Columbia-0 ecotype) was
grown in a growth chamber at 22 + 2 °C with a photoperiod of 16 h light/8 h dark.

2.2. Identification and Chromosomal Localization of DIR Genes in R. chinensis

Twenty-five A. thaliana DIR sequences were downloaded from The Arabidopsis Infor-
mation Resource (TAIR) website (http:/ /www.arabidopsis.org/, accessed on 19 December
2024). Protein files of R. chinensis were obtained from the R. chinensis genome browser
(https:/ /lipm-browsers.toulouse.inra.fr/pub/RchiOBHm-V2/, accessed on 4 December
2024). The conserved domain of the DIR family protein (PF03018) was retrieved from
the Pfam database (http:/ /pfam-legacy.xfam.org/, accessed on 4 December 2024), and
Hidden Markov Model (HMM) analysis and Protein Basic Local Alignment Search Tool
(BLASTP) screening were performed. Specifically, HMMER search was conducted with
an E-value threshold of 1 x 107° and a similarity threshold of >50%, while BLASTP
was performed with an E-value threshold of 1 x 10~° and an identity threshold of 50%.
Initially, 34 RcDIRs were identified. Combining domain analysis and manual verifica-
tion to remove proteins with incomplete domains, a total of 33 RcDIR gene family mem-
bers were ultimately identified. The physicochemical properties of RcDIRs, including
their number of amino acids, molecular weight, theoretical isoelectric point, instability
index, hydropathy index, and aliphatic index, were calculated using the ExPASy tool
(https:/ /web.expasy.org/protparam/, accessed on 30 December 2024). Additionally,
the subcellular localization of RcDIRs was predicted using the WoLF PSORT website
(https:/ /wolfpsort.hgc.jp/, accessed on 30 December 2024), and the chromosomal locations
of RcDIRs were analyzed and visualized using TBtools-1I (v2.210) software [18-20].

2.3. Phylogenetic Tree Construction and Collinearity Analysis of ReDIRs

The multiple sequence alignment of RcDIR and AtDIR sequences was performed
using MEGA software (v11.0.13) [21]. Based on the alignment results, a phylogenetic tree
of the DIR gene family was constructed using the Maximum Likelihood (ML) method,
with parameters set to perform 1000 bootstrap replicates to assess the reliability of the
tree topology. Subsequently, the phylogenetic tree was refined and annotated using iTOL
(v7) (https:/ /itol.embl.de/, accessed on 11 February 2025) [22]. The collinearity regions
between the A. thaliana and R. chinensis genomes were analyzed and visualized using
TBtools-II (v2.210) software.

2.4. Analysis of Gene Structure, Conserved Domains, Protein Structure, and Promoter Cis-Acting
Elements of ReDIRs

The sequences of RcDIRs were aligned using the Jalview tool (v2.11.4.0) with the
Muscle method [23]. Conserved motifs were analyzed using the MEME online tool (https:
/ /meme-suite.org/, accessed on 20 February 2025), with the number of motifs set to 10
and other parameters kept at the default values [24]. The gene structure features of ReDIR
genes, including exon and intron distribution, were analyzed using the GSDS platform
(v2.0) (http://gsds.cbi.pku.edu.cn/, accessed on 26 December 2024) [25]. The conserved
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motifs and gene structures of RcDIRs were visualized using TBtools-1I (v2.210) software.
We input the complete amino acid sequence of each target RcDIR. We use the default
prediction mode of AlphaFold3 (https://alphafoldserver.com/, accessed on 24 March
2025) [26], which integrates sequence information and multiple sequence alignment (MSA)
data. The accuracy of the structure is assessed using the pLDDT (predicted Local Distance
Difference Test) and pTM (predicted Template Modeling score) provided by AlphaFold3,
specifically determined as follows: very high (pIDDT > 90), confident (90 > plDDT > 70),
low (70 > pLDDT > 50), and very low (pLDDT < 50). A pTM score greater than 0.7 indicates
higher confidence. After prediction, the structures were optimized and visualized using
PyMOL (v2.6.0) software to clearly illustrate the overall structural features and important
functional regions of the proteins [27]. To comprehensively analyze the promoter sequences
of the RcDIR gene family, two different lengths of promoter regions were extracted from
the genomic sequences. First, the nucleotide sequences 2000 bp upstream of each gene
were extracted as promoter regions for the analysis of cis-acting regulatory elements. These
promoter sequences were analyzed for the types, quantities, and functions of cis-acting
elements using the PlantCARE website (https:/ /bioinformatics.psb.ugent.be/webtools/
plantcare/html, accessed on 19 February 2025) [28], and the results were graphically
presented using R (v4.2.1).

To further investigate the regulatory elements associated with pollen-specific expres-
sion, promoter sequences 1200 bp upstream of the transcription start site were extracted
from the genomic sequences of RcDIR gene family members. Based on the genomic annota-
tion information, the orientation (sense or antisense strand) of each promoter sequence was
determined. Subsequently, pollen-specific regulatory elements such as AGAAA and GTGA
were specifically identified within these promoter sequences. The number of pollen-specific
elements and their distribution on the sense and antisense strands were counted for each
promoter sequence, and the results were compiled into a table.

2.5. Promoter Cloning and Expression Vector Construction

Genomic DNA was extracted from young leaves of R. chinensis ‘Old Blush’ using a
plant DNA extraction kit (D6943-01, Omega Bio-Tek, Norcross, GA, USA). Based on the
sequence information of the RcDIR12 gene (RchiOBHmMChr2g0159671) provided by the R.
chinensis genome database (https:/ /lipm-browsers.toulouse.inra.fr/pub/RchiOBHm-V2/,
accessed on 25 February 2025), primers for promoter cloning were designed (proRcDIR12-
U: TGATTACGCCAAGCTTCTGACATATTAGCATTTGCTG; proRcDIR12-L: GACCAC-
CCGGGGATCCCCAATTCAAAACAACATTGTA) to amplify the proRcDIR12 sequence.
The specific promoter sequence was detailed in Table S1. The PCR system was performed
according to the instructions of TOYOBO KOD-Plus (KOD-401, TOYOBO, Osaka, Japan).
The PCR program was as follows: 94 °C for 5 min, 94 °C for 30 s, 56 °C for 30 s, and 72 °C
for 1 min 30s, for 32 cycles, and there was a 72 °C extension for 2 min. The PCR product was
detected by 1% agarose gel electrophoresis, and the target band was recovered and purified
using an Agarose Gel DNA Recovery Kit (DP209-02, Tiangen, Beijing, China) according to
the instructions. The recovered product was ligated with pEASY®-Blunt (CB101-01, Trans-
Gen, Beijing, China), transformed into Trans1-T1 competent cells (CD501-02, TransGen,
Beijing, China), and identified by PCR. The positive recombinant plasmid was sequenced by
SinoGenoMax Company Limited (Beijing, China) and named pEASY-proRcDIR12. Hind III
(R0104, NEB, Ipswich, MA, USA) and BamH I (R0136, NEB, MA, USA) restriction enzymes
were used to digest the recombinant plasmid pEASY-proRcDIR12 and the target vector
pBI121 (stored in our laboratory). The digestion products were recovered and purified
using the Agarose Gel DNA Recovery Kit (DP209-02, Tiangen, Beijing, China). The pro-
moter fragment was ligated with the target vector using T4 DNA ligase (EL0011, Thermo
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Scientific™, Waltham, MA, USA) according to the instructions. The ligation product was
transformed into Trans1-T1 E. coli competent cells, and positive clones were sequenced to
obtain the recombinant expression vector pBI121-proRcDIR12::GUS.

2.6. Agrobacterium-Mediated Stable Genetic Transformation in A. thaliana

The recombinant vector pBI121-proRcDIR12::GUS was introduced into Agrobacterium
tumefaciens AGL0O competent cells (AC1060, Weidibio, Shanghai, China). Positive colonies
were identified by colony PCR, and selected colonies were cultured to an optical density
at 600 nm (ODg) of 0.6 to 0.8. The recombinant Agrobacterium suspension was used to
infect wild-type A. thaliana (Columbia, Col) using the floral dip method [29]. Seeds from
the Ty generation were sown on MS medium containing kanamycin (Kan, 50 mg-L™1).
After germination for 1 week, seedlings were transplanted to soil and grown for 4 weeks.
Leaves were collected and genomic DNA was extracted using the Omega Tissue DNA
Kit (D3396-02, Omega Bio-Tek, GA, USA). RT-PCR was performed to detect the presence
of the transgene using the following primers: U: ATTTCACCCTTCAGATGG, and L:
GTGTAGTTTGGGCTGGTT. The PCR system was conducted according to the instructions
of TB Green® Premix Ex Taq™ II (RR420Q, Takara, Tokyo, Japan). The PCR program was
94 °C for 5 min, 94 °C for 30 s, 51 °C for 30 s, and 72 °C for 1 min, for 28 cycles, and 72 °C
for 2 min. Seeds from positive plants were harvested and propagated to the T3 generation.
Promoter GUS staining analysis was performed on T3 generation seedlings.

2.7. GUS Staining of the Transgenic A. thaliana

The experimental materials included 45-day-old wild-type A. thaliana and transgenic
A. thaliana expressing the pBI121-proRcDIR12::GUS construct at 15, 25, and 45 days old.
The GUS staining solution was prepared according to the instructions provided with
the GUS staining kit (G3060, Solarbio, Beijing, China). The plant materials to be tested
were immersed in the GUS staining solution and incubated at 37 °C in the dark for 24 h.
Subsequently, the samples were decolorized with a gradient ethanol solution for 48 h, and
the expression of GUS in the plants was observed and recorded.

2.8. Pollen Viability Staining (I-KI Method)

Anthers from stage 13 flowers of wild-type and transgenic A. thaliana were placed on
a slide, and one drop of ddH,O was added [30]. The anthers were gently crushed with
forceps to release pollen. One to two drops of I-KI staining solution (SL72602, Coolaber,
Beijing, China) were added to completely submerge the pollen in the staining solution, as
described in the product manual. The staining of pollen was observed under a Leica MZ10
F stereomicroscope (Leica Microsystems GmbH, Wetzlar, Germany). Pollen grains that
appeared blue or black indicated strong viability; pollen grains that appeared brownish-
yellow indicated some viability; and pollen grains that were colorless indicated no viability
or sterility.

2.9. DAPI Staining

This section was conducted according to reference [31]. The DAPI working solution
was prepared by mixing the stock solution (D9542, Sigma-Aldrich, Saint Louis, MO, USA)
with buffer solution at a ratio of 1:1000 to 1:10,000. The DAPI working solution was placed
on a slide, and flowers at stage 13 from both wild-type and transgenic A. thaliana were
directly and evenly dipped into the staining solution. After the pollen grains fell into
the staining solution, a cover slip was placed on top, and the slide was kept in the dark
for 2 min. The development of pollen nuclei was observed using a Leica 2245 inverted
fluorescence microscope (CKX941, Leica Microsystems GmbH, Wetzlar, Germany). DAPI
staining allowed for a clear observation of the two sperm nuclei and one vegetative nucleus

87



Horticulturae 2025, 11, 717

60 Mb 40 Mb 20 Mb 0 Mb

80 Mb

100 Mb

in normally mature pollen grains, thereby determining the developmental stage of the
pollen nuclei.

3. Results
3.1. Identification and Physicochemical Property Analysis of the RcDIR Gene Family

A total of 33 RcDIR genes were identified in this study and were named RcDIRI to
RcDIR33 based on their chromosomal locations (Table 1). The length of amino acids in
RcDIRs varied significantly, ranging from 167 to 413 with an average length of 203.55.
The relative molecular weight (expressed in kD) of RcDIRs ranged from 18.67 to 42.57,
with an average of 22.10 kD. Isoelectric point (pl) analysis showed that the pI values of
RcDIRs ranged from 4.37 to 9.79, with an average of 7.66. Among them, 18 were basic
proteins (pl > 7), and 15 were acidic proteins (pl < 7). The instability index (Instability
Index Analysis, IIA) of RcDIRs ranged from 18.78 to 48.94, with an average value of
32.77. Only 4 RcDIRs (RcDIR1, ReDIR12, ReDIR17, and RcDIR21) were predicted to be
unstable proteins, while the remaining 29 were stable proteins. The grand average of
the hydropathicity (GRAVY) values of 25 RcDIRs were all greater than zero, indicating
hydrophobic properties. Subcellular localization prediction results showed that more than
50% of ReDIRs were likely to be localized in the chloroplasts (Table 1). CDS sequences of
the 33 RcDIRs identified in this study were presented in Table S1.

3.2. Chromosomal Distribution and Gene Cluster Formation of RcDIRs

Chromosomal localization analysis revealed that the 33 RcDIR genes are distributed
across seven chromosomes of R. chinensis (Figure 1). The highest number of RcDIRs, a
total of eight, are found on chromosome 2. Chromosomes 1, 3, and 5 each harbor four
RcDIRs, while chromosome 4 contains two RcDIRs. Additionally, 29 of the RcDIRs (87.9%
of the total) are organized into gene clusters on the chromosomes. Chromosome 1 carries
two gene clusters, and chromosome 6 contains the largest tandem repeat cluster, which
comprises six members (RcDIR7-RcDIR12). Chromosome 4 includes only one gene cluster,
whereas chromosomes 2, 3, 5, and 7 each possess gene clusters with three to five members.
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_ ReDIR1 g&giggé =
(o] (] E
“RcDIR2 —ReDIR5 __ReDIR17 RoDIR2G
RcDIR18 | ‘Re
_RcDIR13
| “ ReDIR14 ReblRas
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— RcDIiR6 ;
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“ReDIR4 [ g
—
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~ 'RcDIR12 =="-RcDIR21
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Figure 1. Chromosomal localization map shows the positions of RcDIRs. The labeled genes are
arranged from top to bottom on the R. chinensis chromosomes, with chromosome numbers indicated
at the top of each chromosome. The colors in the figure represent gene density, with lighter colors
indicating low gene density and darker colors indicating high gene density.
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3.3. Phylogenetic Clustering, Structural Prediction, and Collinearity Analysis of the RcDIR Family

A phylogenetic tree was constructed using DIRs from both A. thaliana and R. chinensis.
The analysis revealed that the 33 RcDIRs and 25 AtDIRs were clustered into three dis-
tinct subgroups: DIR-a, DIR-b/d, and DIR-e (Figure 2A). Different subgroups of dirigent
proteins are known to have unique biological functions. Studies have shown that the
DIR-a subgroup, which includes FiDIR1 from F. intermedia [9] and AtDIR5/AtDIR6 from
A. thaliana [32], plays a key role in lignan biosynthesis through the stereoselective 8-8'
coupling of coniferyl alcohol. The DIR-b/d subgroup is involved in the enantioselective
bimolecular coupling of coniferyl alcohol radicals and enantioselective oxidative coupling
of sesquiterpene phenols such as (+)- or (—)-gossypol [33,34].
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Figure 2. Phylogenetic evolution, protein structure, and collinearity analysis of the DIR family
genes in R. chinensis. (A) Phylogenetic tree of the DIR family genes from R. chinensis and A. thaliana.
Subgroups DIR-a, DIR-b/d, and DIR-e are indicated with green, orange-red, and yellow backgrounds,
respectively. Specific colors are used to distinguish between different species: AtDIRs are marked
with blue pentagons, and RcDIRs are marked with red circles. (B) Three-dimensional structural
models of the ReDIR family members and their DIR domains. Red represents o-helices, green
represents (3-sheets, and gold represents the DIR domain. (C) Collinearity analysis of DIR genes
between R. chinensis and A. thaliana. The gray lines in the background represent collinear pairs in the
genomes of R. chinensis and A. thaliana; red lines represent collinear DIR gene pairs. “Chrl-7” denotes

chromosome numbers.

The DIR-a subgroup comprises seven R. chinensis members and five A. thaliana mem-
bers, with some RcDIRs forming conserved clusters with the key lignin biosynthesis genes
AtDIR5 and AtDIR6 from A. thaliana. The DIR-b/d subgroup is the largest, containing
15 RcDIRs and 14 AtDIRs, accounting for 50.0% of all members. The DIR-e subgroup
includes 11 RcDIRs and six AtDIRs, with a significantly higher proportion of R. chinensis
genes compared to A. thaliana. Subgroups DIR-c, DIR-f, and DIR-g were not detected in
this study, with DIR-c being a subgroup specific to monocots [35].
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It is worth noting that the DIR-e family is divided into two groups, one of which is
RcDIR7-RcDIR12, and these genes are also located in the same gene cluster according to
the chromosomal localization results. Figure 2B shows the secondary structure elements
of the RcDIR7-12 proteins and their spatial distribution. Each protein is composed of a
single polypeptide chain, with a highly conserved core folding pattern. All proteins exhibit
a mixed secondary structure composed of «-helices (red), 3-sheets (green), and random
coils. The DIR domain (gold) is located in the N-terminal to the central region, forming a
continuous gold block.

The collinearity analysis results indicate (Figure 2C) that there are 8 collinear pairs
between the 33 DIRs of R. chinensis and the 25 DIRs of A. thaliana. Among them, ReDIR13
is collinear with AtDIR14, RcDIR17 with AtDIR12, ReDIR20 with AtDIR2, ReDIR24 with
AtDIR19, and RcDIR13 with AtDIRS. Notably, ReDIR29 from R. chinensis shows collinearity
with three different genes in A. thaliana (AtDIR4, AtDIR15, and AtDIR24).

3.4. Conservation of Domains and Gene Structure Analysis of RcDIRs

As shown in Figure 3A, the motif analysis of the RcDIR gene family reveals that
members generally contain four to six motifs, whose distribution patterns are closely
related to the phylogenetic grouping. Based on the topology of the phylogenetic tree,
grouping is performed through the first major bifurcation, dividing the RcDIRs into four
main groups, within which genes exhibit similar motif patterns. For instance, in the first
group, all members except RcDIR19 contain motifs 1 through 5. Motifs 1, 2, and 3 are
found in all four main groups, indicating that these motifs are widely distributed and
highly conserved in RcDIR sequences. Multiple sequence alignments further reveal the
conservation patterns of these motifs: motifs 1, 2, and 3 are universally present in all
members (Figure 3B). However, certain motifs such as motif 8 and motif 9 are only found
in specific groups, that is, the DIR-b/d subgroup; motif 7 is only present in the DIR-a
subgroup; and motifs 6 and 10 are specifically found in the DIR-e subgroup. Additionally,
apart from a few exceptions like ReDIR19 and RcDIR20, which contain two exons and one
intron, the other RcDIRs only include one exon and lack introns, exhibiting a typical DIR
gene structure (Figure 3A) [36].

3.5. Classification and Distribution of Cis-Acting Elements in the Promoters of RcDIRs

In this study, a total of 57 functional elements were identified and categorized into
four major functional modules: light response (28 types), abiotic stress response (13 types),
biotic stress response (9 types), and plant growth and development regulation (7 types)
(Figure 4). The heatmap analysis results (left side of Figure 4) show that within the light
response module, core regulatory elements such as G-Box, Box4, and I-box are widely
distributed among RcDIR family members. Abiotic stress response elements mainly include
Abscisic Acid Response Elements (ABREs), Antioxidant Response Elements (AREs), and
MYB Transcription Factor Binding Sites (MBS I). In contrast, the distribution of elements in
the biotic stress response and plant growth and development modules is relatively sparse,
with no significant clustering observed. The element count statistics (right side of Figure 4)
further confirm this distribution pattern, with the highest proportion of light response
elements found in genes such as ReDIR21, ReDIR13, and ReDIR2, followed by abiotic stress,
and the lowest proportion in biotic stress and growth and development.
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Figure 3. Structural characterization analysis of the RcDIR gene family in R. chinensis. (A) Phyloge-
netic tree, conserved motifs, and exon—intron structure of RcDIRs. Each motif (motif 1 to motif 10)
is represented by a distinct color. A scale bar is shown at the bottom of the figure, and gene names
are labeled on the left side, arranged according to their subgroup affiliations. Yellow bars represent
exons, lines represent introns, and blue bars represent non-coding regions. (B) Amino acid sequence
alignment and conservation analysis of DIR family members in R. chinensis. Each row in the figure
represents the amino acid sequence of a family member, with sequence names listed on the left.
Letters in different colors indicate amino acids of different properties: red for hydrophobic amino
acids, blue for hydrophilic amino acids, green for acidic amino acids, and yellow for basic amino
acids. Multiple conserved motifs (motif 1 to motif 10) are highlighted with colored boxes, which are
highly conserved among different family members.
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Figure 4. Analysis of cis-acting elements in the promoter regions of RcDIR gene family members. The
table on the left side lists the presence of specific cis-acting elements in the promoter regions of each
gene family member, with the shade of color indicating the frequency of occurrence of each element.
The types of elements include abiotic stress (red), biotic stress (green), light responsiveness (cyan),
and plant growth and development elements (purple).
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3.6. Identification of Three Pollen-Specific Elements in the Promoters of the DIR Gene Family in
R. chinensis

A systematic analysis was conducted to explore the distribution characteristics and
potential functional associations of pollen-specific cis-acting elements in the promoter
regions of RcDIR gene family members. Pollen-specificity was defined by the exclusive
ability of these elements to drive expression in pollen tissues with undetectable activity in
all non-pollen tissues. The results revealed the presence of three pollen-specific cis-acting
elements in the promoter regions of the RcDIR gene family: AAATGA, POLLEN1LELAT52,
and GTGANTGI10 [37-39] (Table S2). The distribution of these three elements among the
promoter regions of RcDIR gene family members showed significant variation. Taking the
promoter of ReDIR12 as an example, it was identified to contain one AAATGA element,
six POLLEN1LELATS52 elements, and nine GTGANTGI10 elements. All ReDIR gene family
members contained the POLLEN1LELATS52 element, and all but ReDIR13 and RcDIR14 con-
tained the GTGANTG10 element. However, only a few members contained the AAATGA
element, and they generally included only one of either AAATGA or TCATTT. Notably, the
promoter of ReDIR24 contained the highest number of AAATGA elements, totaling seven;
it also contained the highest number of GTGANTG10 elements, with sixteen. ReDIR6 and
RcDIR17 had the highest number of POLLEN1LELAT52 elements, with 13 each. These dif-
ferences suggest that the composition of pollen-specific cis-acting elements in the promoter
regions of different members may be closely related to their roles in pollen development
and function.

3.7. Specific Expression of proRcDIR12::GUS in Pollen of Transgenic A. thaliana

A recombinant expression vector, pBI121-proRcDIR12::GUS, was constructed
(Figures S1 and S2). A. thaliana was infected using the floral dip method, and T3 transgenic
plants were identified as positive by PCR (Figure S3). GUS histochemical staining results
showed that, compared to wild-type A. thaliana, 45-day-old transgenic plants only stained
at the flower bud site (Figure 5A,B), and only 25-day-old transgenic flower buds displayed
a blue color (Figure 5C,D); other parts did not stain.

Microscopic analysis was carried out to localize the specific staining sites within the
flower buds. Further refined GUS staining experiments on flowers from wild-type and
proRcDIR12::GUS transgenic A. thaliana revealed that the proRcDIR12 promoter drove
GUS expression in the anthers of 45-day-old transgenic plants (Figure 6A,B). Specifically,
immature anthers in the bud did not turn blue (Figure 6C), anthers in semi-open flowers
showed a slight blue color (Figure 6D), anthers in fully open flowers turned dark blue, and
scattered pollen also appeared blue (Figure 6E). Additionally, when the siliques began to
develop, the tips of the young siliques of proRcDIR12::GUS transgenic plants, which are
the location of the original stigma, also turned blue due to pollen adhesion (Figure 6FG).

3.8. Specific Expression of proRcDIR12::GUS in Mature Trinucleate Pollen

To investigate the expression of proRcDIR12::GUS in pollen, pollen viability staining
and DAPI staining were performed on pollen at different developmental stages of trans-
genic A. thaliana. The results showed that most pollen grains of the transgenic A. thaliana
were viable (Figure 7A-C), and pollen at the mononuclear, binuclear, and trinucleate stages
could be distinguished (Figure 7D-F). GUS staining revealed no expression in mononuclear-
and binuclear-stage pollen (Figure 7G,H), while blue coloration was observed in mature
trinucleate pollen (Figure 7I), indicating that the GUS gene is specifically expressed in
trinucleate pollen. In summary, proRcDIR12 can drive the specific expression of GUS in
mature trinucleate pollen.
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Figure 5. Tow-type Arabidopsis GUS staining (Bar = 1 cm). (A) Wild-type plants; (B) 45-day-old
proRcDIR12::GUS transgenic Arabidopsis; (C) 25-day-old proRcDIR12::GUS transgenic Arabidopsis;
(D) 15-day-old proRcDIR12::GUS transgenic Arabidopsis. Arrows in panels (B,C) indicate blue-stained
floral buds.

Figure 6. GUS staining of wild-type and proRcDIR12::GUS transgenic Arabidopsis (Bar = 1 cm).
(A) GUS staining of wild-type Arabidopsis inflorescences; (B) proRcDIR12::GUS transgenic Arabidopsis

inflorescence GUS staining; (C) proRcDIR12::GUS staining of transgenic Arabidopsis bracts; (D) proR-
cDIR12::GUS staining of transgenic Arabidopsis primary-flowering flowers; (E) proRcDIR12:GUS
transgenic Arabidopsis anther GUS staining; (F) proRcDIR12::GUS staining for the initiation of GUS
transgenic Arabidopsis horn fruit development; (G) proRcDIR12::GUS staining with GUS staining of
young Arabidopsis horn fruit with stigma pollen.
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Figure 7. ProRcDIR12::GUS transgenic Arabidopsis pollen staining at three periods. (A—C) Pollen
viability staining at three nuclear stages of proRcDIR12::GUS transgenic Arabidopsis. (A) Primary
nuclear pollen; (B) dinuclear pollen; (C) trinuclear pollen. (D-F) DAPI staining of pollen at three
nuclear stages of proRcDIR12::GUS transgenic Arabidopsis. (D) Primary nuclear pollen; (E) dinuclear
pollen; (F) trinuclear pollen. (G-I) GUS staining of pollen at three nuclear stages of proRcDIR12:GUS
transgenic Arabidopsis. (G) Primary nuclear pollen, (H) dinuclear pollen, (I) trinuclear pollen. Arrows
in panels (A-C,G-I) indicate pollen grains.

4. Discussion

The rose serves as the type plant for the Rosaceae family and holds significant im-
portance for studying post-pollination floral performance and breeding [40]. During rose
breeding, pollen viability, germination rate, and pollen tube growth are critical traits [41],
with post-pollination pollen viability directly determining hybridization success rates [42].
Notably, pollen morphological characteristics not only influence the dispersal and fertiliza-
tion efficiency of plants such as Bougainvillea but also provide key evidence for taxonomic
research [43]. In A. thaliana, normal pollen morphological development, efficient germina-
tion capacity, and rapid directed pollen tube growth are considered key factors influencing
double fertilization success [44—46].

DIRs are widely present in various plants, including ferns, gymnosperms, and an-
giosperms [47]. These proteins play multifaceted roles in plant growth and development,
disease resistance, and stress tolerance. By regulating the synthesis of lignin and lignans,
they enhance the structural stability of plant cell walls, thereby improving plant tolerance to
biotic and abiotic stresses. For instance, overexpression of the GEDIR1 gene in G. hirsutum
not only promotes the biosynthesis of lignans but also enhances resistance to Verticillium
dahliae, thereby preventing the spread of the pathogen [48]. In A. thaliana, the loss of
function of AtDIR10/ESB1 results in the impaired formation of the Casparian strip in the
roots and the abnormal deposition of lignin and suberin [49]. The diversity and importance
of these functions make DIRs significant targets in research on plant stress tolerance and
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growth and development. However, their specific functional networks in roses still need to
be further analyzed.

This study comprehensively presents information on the amino acid length, molecular
weight, isoelectric point, instability index, and hydrophobicity of the 33 RcDIRs. More
than 50% of RcDIRs are predicted to be localized in the chloroplasts, suggesting that
these genes may play important roles in photosynthesis or chloroplast-related metabolic
processes. There is extensive collinearity between the DIR gene families of R. chinensis
and A. thaliana, with highly conserved chromosomal positions and arrangement orders for
some genes, reflecting the core functional constraints of these genes in plant development
or environmental adaptation. The cis-acting element results indicate that each RcDIR gene
contains at least three types of functional elements, with the highest frequency of light
response and abiotic stress response elements. The frequency of biotic stress elements is
relatively lower. Three genes (RcDIR15, ReDIR24, ReDIR31) lack elements related to growth
and development. Notably, ReDIR30 contains the highest number of cis-acting elements,
which may indicate its significant role in regulating various biological processes in plants.

The formation of gene clusters is usually associated with tandem duplication events,
which are considered an important driving force for the expansion of gene families [50,51].
Studies have shown that tandemly duplicated gene clusters tend to form chromatin topo-
logical associating domains, which may facilitate the occurrence of tandem duplication
events by promoting local chromatin interactions [52]. In the RcDIR gene family, the close
arrangement patterns of different gene clusters suggest the key role of tandem duplication
events in family expansion. Similar phenomena have been reported in the DIR gene fami-
lies of Nicotiana tabacum and Solanum lycopersicum [53,54], and this mechanism may be a
conserved evolutionary strategy for the functional divergence and enhanced environmental
adaptability of plant DIR genes. The DIR-e subgroup has evolved stably across different
species [55], and this subgroup includes ESB1, which plays a role in the construction of
the Casparian strip by participating in lignin deposition, although its specific biochemical
function has not been fully elucidated [49]. This study found that the DIR-e subgroup in R.
chinensis contains an independent branch composed of RcDIR7-Rc¢DIR12, and this branch
is the largest tandem gene cluster in R. chinensis, possibly indicating that this branch has
undergone a unique evolutionary process in R. chinensis, thereby acquiring species-specific
functions. This unique evolution may enable it to play a key role in the specific physiologi-
cal processes of R. chinensis, but its specific mechanism in pollen development still needs to
be verified by experiments.

Hybrid breeding is the main breeding method for roses, and pollen sterility directly
affects breeding efficiency and limits the cultivation of new hybrid rose varieties. Ensuring
the maturity and fertility of pollen is one of the foundations for carrying out hybrid
breeding work in roses, and research on the mechanism of pollen maturity in roses lays
a theoretical foundation for this work. The development of anthers and pollen plays an
important role in the biological processes of plant pollination and fruiting. Some genes that
affect the formation of anthers and pollen are not only expressed in the anthers but also
in other parts of the plant, such as the promoter of G. hirsutum casein kinase I (GhCKI),
which is expressed in mature anthers but also in petals and sepals [56]. Some genes
that show anther-specific expression, such as the auxin response factor 17 (ARF17), are
expressed in the inner wall of the anther but not in the pollen, and the A. thaliana arfl7
mutant exhibits defects in the lignification of the inner wall of the anther, leading to anther
dehiscence defects [57]. Researchers have also found some genes, such as the G. hirsutum
GhWRKY22 transcription factor, which are expressed in both mature and young pollen,
but the expression is weaker in young pollen and stronger in mature pollen [58]. This study
analyzed the promoter regions of RcDIRs and found that they contain multiple pollen-
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specific expression elements, including AAATGA, POLLEN1LELATS52, and GTGANTGI10.
Focusing on RcDIR12, a member of the tandem gene cluster RcDIR7-RcDIR12, this study
found that proRcDIR12 is specifically expressed in mature trinucleate pollen and not
expressed in other locations, suggesting that ReDIR12 may play an important role in the
maturation process of plant pollen, providing a new perspective for the study of the
mechanism of pollen maturity in roses. This study primarily focused on ‘Old Blush’ as the
research subject. The conservation of proRcDIR12 activity across different rose varieties
remains to be further validated. Additionally, although the proRcDIR12 sequence contains
stress response elements, suggesting its potential involvement in stress response regulation,
the systematic detection of RcDIR12 expression characteristics and promoter activity under
various stress conditions has not yet been conducted. Further research is needed to explore
its functional conservation across different varieties and stress conditions.
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Abstract: Flower fragrance is a crucial ornamental and economic trait of Dendrobium
chrysotoxum, and the most abundant and diverse aroma-active compounds are terpenes.
Terpene synthase (TPS) is the ultimate enzyme for the biosynthesis of various types of
terpenes, and TPS genes were identified as the key regulators governing the spatiotemporal
release of volatile terpene compounds. Until recently, the TPS gene family in D. chrysotoxum
has remained largely unexplored. Our study characterizes the TPS genes in D. chrysotoxum
and identifies 37 DcTPS gene family members. It helped identify the DcTPS genes, gene
characteristics, the phylogeny relationship, conserved motif location, gene exon/intron
structure, cis-elements in the promoter regions, protein—protein interaction (PPI) network,
tissue specific expression and verification of the expression across different flowering
stages and floral organs. Three highly expressed DcTPS genes were cloned, and their
functions were verified using a transient expressed in tobacco leaves. Further functional
verification showed that the proteins encoded by these genes were enzymes involved in
monoterpene synthesis, and they were all involved in the synthesis of linalool. This study
comprehensively expatiates on the TPS gene family members in D. chrysotoxum for the
first time. These data will help us gain a deeper understanding of both the molecular
mechanisms and the effects of the TPS genes. Furthermore, the discovery that three TPS-b
genes (DcTPS 02, 10, 32) specifically drive linalool-based scent in D. chrysotoxum, will
provide new insights for expanding the TPS-b subfamily in orchids and identifying the
linalool synthases contributing to orchid fragrance.

Keywords: karst plant; flower fragrance; terpenes; TPS genes family; gene expression

1. Introduction

Dendrobium chrysotoxum Lindl. belongs to the Orchidaceae family, and its floral fra-
grance is one of its most important ornamental characteristics. In addition, floral fragrances
also have the function of attracting pollinators [1], defending against natural enemies
and resisting abiotic stress in various ecological habitats [2]. The high volatility organic
compounds (VOCs) promote the aroma in orchids, and the floral components include a
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large number of generally lipophilic plant products with a molecular mass of less than
300, which can be classified into three categories based on their independent origins: ter-
penes, benzenoid aromatics, and fatty acid derivatives [3]. Among them, terpenes are
one of the most diverse VOCs, and their molecular weight is relatively low, e.g., 5-carbon
isoprene, 10-carbon monoterpenes, 15-carbon sesquiterpenes, and 20-carbon diterpenes
constitute the largest proportion of volatile components in flowers [3-5]. To date, more than
80,000 terpenes have been identified from Dendrobium. The volatile floral scent compounds
in Dendrobium flowers are mainly 10-carbon monoterpenes like linalool, 3-ocimene, pinene,
ylangene and limonene [6-9].

In plants, the intricate metabolic pathways of volatile terpenes have been thor-
oughly elucidated and extensively explored. The formation of terpenes occurs through
two primary pathways: the mevalonate pathway (MVA pathway) and the 2C-methyl-D-
erythritol-4-phosphate pathway (MEP pathway) [10]. The MVA pathway occurs in the cy-
toplasm, endoplasmic reticulum and peroxisomes, giving rise to the synthesis of 15-carbon
sesquiterpenoids. The MEP pathway occurs in the plastid and is mainly responsible for
the synthesis of 10-carbon monoterpenes and 20-carbon diterpenoids [11,12]. The 5-carbon
compounds isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) serve
as precursors, and a sequence of enzymes associated with volatile terpene catalyzed reac-
tions have been identified in both pathways [10-13]. Terpene synthases (TPSs) serve as the
final enzymes that transform the substrates farnesyl diphosphate (FPP), farnesyl diphos-
phate (GPP) and all-trans-geranylgeranyl diphosphate (GGPP) into kinds of sesquiterpene,
monoterpenes and diterpene, which are regarded as pivotal in the two pathways [14,15].

Recent studies have verified that TPSs are highly differentiated gene families, and are
present in the genomes of all angiosperms and gymnosperms [16]. The applied bioinformat-
ics techniques are classified into seven TPS subfamilies based on phylogenic analysis: TPS-a
(encodes sesquiterpenes synthase), TPS-b (encodes cyclic monoterpenes and hemiterpenes
synthase), TPS-c (catalyzes copalyl diphospate synthases), TPS-d (gymnosperm-specific),
TPS-e/f (encodes copalyl diphosphate /kaurene synthases), TPS-g (encodes acyclic monoter-
penes) and TPS-h (lycopod-specific) [14]. Despite intriguing differences between the TPS
subfamilies, most full-length TPSs have two identical conserved domains: PF19086 (C-
terminal) and PF01397 (N-terminal), defined in the Pfam (http:/ /pfam.xfam.org/, accessed
on 18 May 2024) database [17,18]. In addition, TPS harbors three conserved motif structures
such as an N-terminal domain containing R(R)X8W, a C-terminal domain containing a
DDxxD and an NSE/DTE motif [15].

The research on various terrestrial plants confirmed that the TPSs are encoded by a spe-
cific gene family involved in the biosynthesis of terpenoids [14,19]. These TPS genes have
been successfully extracted from nutrient-rich tissues, as well as from fruits and flowers.
The genome-wide analyses of TPSs have been identified in Arabidopsis thaliana [20], Solanum
lycopersicum [21], Vitis vinifera [22], Gossypium hirsutum [23], Brachypodium distachyon [24]
and Liriodendron chinense [25] when exploring their defensive functions after herbivore
damage in different organs except flowers. On the other hand, the researchers note that
these genes might be equally important in the biosynthesis of flower fragrance, as they
carry out essential functions in attracting insects and guiding pollinators to determine
the reproductive syndromes of plants [26]. Research has demonstrated that pollinators
often show different preferences for floral traits, such as those related to scent and color,
which might lead to reproductive isolation in some species [27-29]. The most well-studied
TPS enzyme of floral scent biosynthesis is linalool synthase (LIS), which converts geranyl
diphosphate to linalool [30,31]. The initial linalool can be further modified into other
terpene synthase products [32,33].
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Orchids are one of the largest families of flowering plants in the plant kingdom, and
various terpenes are predominant volatile compounds in orchids. Monoterpenes, including
compounds like linalool, pinene, ylangene and limonene, serve as primary contributors to
the floral scent in orchid flowers [31]. To date, only a few TPS genes have been identified;
thus, genome-wide TPS identification is limited in orchids. In recent reports, TPS genes have
been identified in Dendrobium officinale (34 TPSs) [34], Cymbidium faberi (32 TPSs) [35], and
Freesia folwers (31 terpenes) [16]. Some TPS genes have also been functionally validated, for
example, the PbTPS5 and PbTPS10 genes were integral to the biosynthesis of monoterpenes
in Phalaenopsis bellina [36]. In Freesia hybrid flowers, Fh'TPS1 is responsible for catalyzing
the production of linalool. In contrast, Fh'TPS4, Fh'TPS6, and FhTPS7 have the ability to
interact with both GPP and FPP substrates [16].

Until recently, the TPS gene family in D. chrysotoxum has not been well-characterized.
In the current study, all DcTPS family members were identified and characterized from
D. chrysotoxum, using a previous D. chrysotoxum genomic database and a comprehensive
analysis of members was performed. It facilitated the identification of DcTPS genes,
characterization of their gene features, analysis of phylogenetic relationships, determination
of conserved motif locations, examination of gene exon/intron structures, investigation of
cis-elements in promoter regions, construction of protein—protein interaction (PPI) networks,
evaluation of the tissue-specific expression, and verification of expression patterns under
different flowering stages and in various floral organs. Three highly expressed DcTPS genes
were cloned, and their functions were verified by transient expression in tobacco leaves.
On this basis, the DcTPS genes reported in this study are helpful to further understand
the molecular mechanism of monoterpene synthesis. In addition, our results will provide
valuable candidate genes for scent modification in D. chrysotoxum and other orchids.

2. Methods
2.1. Identification of TPS Genes in D. chrysotoxum

To identify the TPS genes, the latest recently released whole-genome annotations of
D. chrysotoxum were downloaded from NCBI (https:/ /ftp.ncbi.nlm.nih.gov/genomes/
all/GCA/019/514/585/GCA_019514585.1_ASM1951458v1/, accessed on 19 May 2024).
The annotated protein databases were scanned using HMMER 3.0 (http:/ /hmmer.org/,
accessed on 19 May 2024) with the Hidden Markov model (HMM) of TPS N-terminal
domain (PF01397) and TPS C-terminal domain (PF19086), which were downloaded from
Pfam (http://pfam.xfam.org/, accessed on 19 May 2024). By obtaining proteins from
the TPS HMM, a high-quality protein set (E-value < 1 x 10~2%) was arranged and used
to construct a D. chrysotoxum-specific TPS HMM by hmmbuild in HMMER 3.0. The D.
chrysotoxum-specific TPS HMM was used to align all protein sequences with an E-value
lower than 1 x 107°. In order to avoid any non-specific sequences outside the TPS cluster,
all A. thaliana TPS proteins were used as queries to explore the D. chrysotoxum database
with default parameters. Using the Pfam database and Conserved Domain Database (CDD,
https:/ /www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi, accessed on 19 May 2024) for
filtering redundant sequences. Only a total full length of TPS domain sequences were
selected as DcTPS protein for subsequent analysis. As a result, a total of 37 highly similar
TPS genes were identified in the D. chrysotoxum genome.

2.2. Characteristics of TPS Genes

To characterize and align the DcTPS sequences, the ProtParam tool (https://www.
expasy.org/, accessed on 19 May 2024) was employed to predict the physicochemical prop-
erties of the DcTPS proteins, including protein length, molecular weight (MW), predicted
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theoretical isoelectric point (pl), instability index, aliphatic index, and grand average of
hydropathicity of the encoded proteins.

2.3. Phylogenetic, Conserved Motifs and Gene Structure Analysis

The ClustalW algorithm was used to select the target protein sequences, Supplemen-
tary Table: Tables S1 and S3 list the gene IDs of the DcTPS (37) and AtTPS (32) members.
In the MEGA-7.0 (https:/ /www.megasoftware.net/, accessed on 20 May 2024) software,
an unrooted phylogenetic tree was constructed using the maximum likelihood statistics
method. The bootstrap-replicates number was set to 1000 repetitions using the Poisson
model. The generated tree was redrawn and annotated by the FigTree v1.4.3 software.
Based on the well-established division in A. thaliana, the D. chrysotoxum TPS members were
further categorized into multiple subcategories.

The MEME program (http:/ /meme-suite.org/tools/meme, accessed on 2 July 2024)
was employed to detect the conserved motifs. All other default parameters were kept at
their standard values, except that the maximum number was established at 20. The intricate
exon-intron architecture of the DcTPS genes was visualized through the Gene Structure
Display Server (GSDS) 2.0 (https://gsds.gao-lab.org/, accessed on 3 July 2024) program,
offering a vivid glimpse into its complex genomic blueprint.

2.4. Cis-Elements in the Promoter Regions Analysis

The 2000 bp upstream regions of the candidate DcTPS genes were utilized for
analyzing cis-elements regulatory elements in their promoters. Plant care software
(http:/ /bioinformatics.psb.ugent.be/webtools/plant-care/html/, accessed on 13 June
2024) was used for searching registry. The Gene Structure Display Server (GSDS) 2.0
(http://gsds.cbi.pku.edu.cn/, accessed on 8 July 2024) was utilized to generate the figure.

2.5. Protein—Protein Interaction (PPI) Network Prediction Analysis

To delve deeper into the relationships among the DcTPS genes, we utilized the intero-
logues of A. thaliana to predict PPI networks. The PPI network diagram was constructed
using the STRING software (Version 11.0), with a confidence score threshold of 0.4.

2.6. GO Classification and Enrichment Analysis

The transcriptome data of D. chrysotoxum were retrieved from the NCBI database
(https:/ /www.ncbi.nlm.nih.gov/datasets/taxonomy/161865/, accessed on 25 July 2024)
and 37 DcTPS genes were screened. Transcript abundance was assessed using the read
per million mapping (FPKM) values per kilobase transcript of the DcTPS genes. All the
genes and transcripts obtained from the transcriptome assembly were compared with gene
ontology (GO) databases to obtain the functional information of DcTPS genes comprehen-
sively and made statistics on annotation in the databases. Six samples (leaves, pseudobulbs,
petals, sepals, labellums and gynandrium) were completed, and a total of 49.77 Gb of Clean
Data was obtained, and the Clean Data of each sample reached 7.15 Gb, and the percentage
of Q30 base was more than 92.09%. Trinity is used to assemble clean data of all samples
from scratch, and the assembly results are optimized and evaluated. The results show that
the number of unigene assembled is 72,621, the number of Transcript is 122,375, and the
average length of N50 is 1326 bp, and Salmon Version 0.14.1 was used to quantify gene
expression, with the default settings. The software Goatools (v0.6.5) was used to conduct
GO enrichment analysis, so as to obtain the main GO functions of the DcTPS genes. The
Fisher exact test was applied, and if the adjusted p-value was less than 0.05, the GO function
was deemed to be significantly enriched.
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2.7. Cultivation of D. chrysotoxum

The plant material selected in this study was D. chrysotoxum, from which the flowers
are both highly scented and beautiful. D. chrysotoxum was bought from Zhejiang Senhe Seed
Co., Ltd. (Hangzhou, Zhejiang Province, China) and was one of the cultivars popularized
for planting in China. The cultivar used in this experiment was obtained from the laboratory
of Professor Shuo Qiu of the Guangxi Institute of Botany (Guilin, Guangxi Province, China),
complying with Chinese legislation. The growth was observed under natural light and
temperatures about 20-25 °C. Fresh flowers of D. chrysotoxum were sampled in different
fluorescence stages (bud stage, first flowering stage, full bloom stage, and declining stage)
and flower parts (leaves, pseudobulbs, petals, sepals, labellums and gynandrium). The
flowering process of Dendrobium can be divided into four stages according to the changes
of flower organ development: bud stage, petals not open; first flowering stage, petals begin
to unfold; full bloom stage, petals fully open; declining stage, the petals become smaller
and gradually fall. All samples with three replicates were immediately frozen in liquid
nitrogen for storage at —80 °C until needed. The selection of different flowering stages and
different flower parts are shown in Figures 1 and 2.

Figure 1. Different flowering stages of D. chrysotoxum: (A) bud stage; (B) first flowering stage; (C) full
bloom stage; (D) declining stage.

gynandrium

labellums

Figure 2. Different flower parts of D. chrysotoxum: (A) plants of D. chrysotoxum; (B) leaves; (C) pseudob-
ulbs; (D) petals, sepals, labellums and gynandrium.
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2.8. RNA Extraction and gRT-PCR Expression Analysis

Total RNA was extracted from each sample using an RNA extraction kit (Huayueyang
Biotechnology (Beijing) Co., Ltd., Beijing, China). Subsequently, 1 pug of total RNA was
reverse-transcribed into cDNA using the Takara cDNA Synthesis Kit (Takara Biotechnol-
ogy (Dalian) Co., Ltd., Dalian, China). Primers for qRT-PCR were designed using Primer
5.0 software (Supplementary Table: Table S10). The qRT-PCR was performed using ACT-1
housekeeping gene as endogenous reference. The PCR was mixed by Roche Lightcy-
cler 480 Real-time PCR System in 10 uL with SYBR Green PCR reactions Master Mix kit
(Vazyme, Nanjing, China), following the manufacturer’s protocol. Each reaction was per-
formed with three replicates. The relative gene expression level was calculated by the
2 ~AACT method, using the Thermal Cycler software (version 7500 Real-Time PCR Systems).

2.9. Transient Expression of DcTPS Genes in Nicotiana benthamiana

The CDS of DcTPS02, DcTPS10 and DcTPS32 were amplified using specific primers
(listed in Supplementary Table S11) and cloned into the pBI121 binary vector. The result-
ing constructs were subsequently introduced into the Agrobacterium strain GV3101 for
further transformation (Supplementary Figures S1 and S2). These Agrobacterium strains
carrying DcTPSs and strains carrying the gene encoding the viral suppressor p19 infil-
trated four-week-old Nicotiana benthamiana youngest leaves [16,37,38]. When the freshly
cultured Agrobacterium reached an optical density (OD600 nm) of 0.6 to 0.8, they were
harvested by centrifugation and re-suspended in an infiltration buffer containing 2-(N-
morpholino) ethanesulfonic acid (10 mM) and magnesium chloride (10 mM). When freshly
grown Agrobacterium cultures reached an OD600 nm of 0.6-0.8, they were centrifuged
and resuspended in 2-(N-morpholino) ethanesulfonic acid (10 mM) and MgCl, (10 mM)
infiltration media. The above substances were incubated for 2 h at 28 °C in a non-shaking
environment. The cultures containing target gene and p19 were mixed in a 1:1 ratio before
infiltration into N. benthamiana leaves. The plants were kept in a growing chamber at 22 °C
with 16 h of light/8 h of darkness for 5 days. After transformation, the infected leaves
were collected and placed in 20 mL SPME vial for GC-MS analysis of volatile compounds.
Leaves infiltrated with empty binary vectors were used as a control. New product peaks
were observed in contrast to controls and were identified by comparing mass spectra with
the NIST 2005 Mass Spectral Library.

2.10. GC-MS Analysis

Ten D. chrysotoxum fresh flowers during the bloom stage were enclosed and sampled
in 40 mL brown headspace sampling bottles with three biological replicates. The manual
solid-phase microextraction (SPME) injector, along with the 50/30 um PDMS/CAR/DVB
fiber (SUPELCO, Inc., Bellefonte, PA, USA), was introduced into the 6890N-5975B Gas
Chromatography-Mass Spectrometry (GC-MS) system (Agilent Technologies, Santa Clara,
California, USA). This process was carried out at a temperature of 250 °C for a duration of
30 min. Fiber heads were placed into brown headspace sampling bottles, and the headspace
was extracted at 40 °C for 30 min to facilitate the extraction process. Following this, the
fiber head was taken out and inserted into the GC-MS injection port. After a 5 min analysis,
the samples were injected for additional examination [39].

The HP5-MS quartz capillary column (30 m x 0.25 mm x 0.25 um) was operated at
a flow rate of 0.8 mL-min~!. High-purity helium (99.999%) was used as the carrier gas,
and the injection mode was set to splitless. The temperature program was set as follows:
40 °C for 3 min, 3 °C min ! up to 73 °C for 3 min, then 220 °C at 5 °C min~—! for 2 min.
The electron ionization (EI) ion source temperature was 230 °C, and the electron energy
was 70 eV. The GC-MS transmission line temperature was 250 °C, and the scanning range
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was 40-450 amu [40]. According to the total ionization chromatography of GC-MS, the
retention time was compared with the National Institute of Standards and Technology
(https:/ /www.nist.gov/, accessed on 7 June 2024) to determine the volatile compounds
detected during the experiment [41]. Xcaliburl.2 software was used to conduct quantitative
analysis according to peak area normalization method, and the phase pair content of each
chemical component was obtained, respectively.

3. Results
3.1. Identification and Characterization of TPS Gene Family in D. chrysotoxum Genome Resources

A total of thirty-seven non-redundant terpene synthase genes (DcTPSs) were identified
from the D. chrysotoxum genome and subjected to subsequent analyses. As shown in Table 1,
the physical and chemical properties of the DcTPS genes were systematically analyzed.
The protein sequence of the DcTPS genes varied in length from 360 (DcTPS31) to 1305
(DcTPS21) amino acid (aa) residues, with a corresponding molecular weight (MW) ranging
from 41.82 to 152.19 kDa. The theoretical isoelectric point (pI) of DcTPSs ranged from
5.19 to0 9.79, with an average pl of 6.12, suggesting that most DcTPS proteins were slightly
acidic. With the exception of six DcTPS proteins (DcTPS18, 36, 37, 11, 8 and 25), all the
other thirty-one DcTPS proteins were considered unstable (Instability index > 40). The
content of aliphatic acids in DcTPS genes was high, and the aliphatic index ranged from
83.17 to 99.83. Because of the low average hydropathy value (<—0.084), most DcTPS were
predicted to be hydrophilic.

Table 1. Physical and chemical characteristics of DcTPS genes.

DcTPS s Name ProteinLength (a.a) Mmiﬁ;&?ﬂgj ight Theoretical pI Instability Index Aliphatic Index Gﬁ;ﬁ‘:(ﬁ;ﬁ;ﬁ%ﬁ; f
DcTPS 1 510 58.84 8.16 40.98 88.14 —0.174
DcTPS 2 427 48.79 5.71 43.00 93.70 —0.085
DcTPS3 1286 150.38 5.99 45.44 92.86 —0.242
DcTPS 4 670 77.97 6.56 45.94 96.06 —0.195
DcTPS 5 530 62.76 6.94 47.18 94.38 —0.206
DcTPS 6 512 60.52 5.58 46.53 96.93 —0.215
DcTPS7 553 64.91 5.55 40.07 97.32 —0.263
DcTPS 8 510 58.45 6.00 39.76 97.18 —0.105
DcTPS9 438 51.35 5.30 45.07 97.72 —0.205
DcTPS 10 598 69.48 5.21 47.26 92.81 —0.236
DcTPS 11 764 88.92 7.07 39.42 93.69 —0.280
DcTPS 12 458 53.88 6.07 44.15 93.89 —0.191
DcTPS 13 606 71.03 6.08 45.46 88.18 —0.314
DcTPS 14 648 75.92 5.48 41.55 93.49 —0.249
DcTPS 15 940 109.39 5.69 40.37 93.46 —0.160
DcTPS 16 627 73.15 5.61 46.33 97.99 —0.134
DcTPS 17 657 76.62 5.23 42.66 97.20 —0.157
DcTPS 18 395 46.25 5.49 36.83 97.44 —0.137
DcTPS 19 619 72.61 6.41 41.03 93.47 —0.262
DcTPS 20 834 97.32 7.12 47.90 86.24 —0.359
DcTPS 21 1305 152.19 8.46 43.40 86.08 —0.349
DcTPS 22 608 71.10 7.88 41.18 85.84 —0.375
DcTPS 23 563 65.79 5.68 49.30 84.01 —0.334
DcTPS 24 842 98.76 5.37 40.22 94.87 —0.113
DcTPS 25 504 58.97 5.29 39.83 93.27 —0.221
DcTPS 26 486 56.69 5.19 42.22 97.08 —0.163
DcTPS 27 550 64.78 5.65 49.26 95.20 —0.216
DcTPS 28 446 52.78 5.54 46.71 94.01 —0.238
DcTPS 29 499 58.93 5.70 44.76 98.48 —0.156
DcTPS 30 923 105.17 6.13 45.04 93.69 —0.084
DcTPS 31 360 41.82 9.79 57.04 83.17 —0.480
DcTPS 32 778 91.89 5.98 44.67 89.29 —0.355
DcTPS 33 598 70.24 591 42.60 91.84 —0.270
DcTPS 34 617 72.14 5.86 51.28 93.42 —0.243
DcTPS 35 539 63.33 5.51 46.90 99.83 —0.194
DcTPS 36 549 64.36 5.69 38.12 92.66 —0.397
DcTPS 37 509 59.57 5.54 39.41 86.07 —0.300

The gene IDs for the DcTPS members are provided in Supplementary Table: Table S1.
All DcTPS proteins possessed two conserved domains characteristic of terpene synthases:
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PF19086 (C-terminal) and PF01397 (N-terminal). A summary of the DcTPS genes, along
with their corresponding HMM profiles, is presented in Supplementary Table: Table S2.

3.2. Phylogenetic Relationship of DcTPS Family

To further explore the evolutionary relationships within the TPS gene families, a total
of 69 TPS proteins were analyzed, including 37 from D. chrysotoxum and 32 from A. thaliana
(Supplementary Table: Table S3). An unrooted phylogenetic tree was constructed using the
MEGA-7.0 software.

All the 69 TPS full-length protein sequences were clearly clustered into five categories
with a bootstrap value of 100%. These categories could be further classified into TPS-a,
TPS-b, TPS-c, TPS-e/f and TPS-g subgroups (Figure 3). Among these, the TPS-c subgroup
contains the least number of DcTPSs (6), while TPS-b has the most numbers of DcTPSs (17),
and the TPS-a subgroup contains DcTPSs (14).
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Figure 3. Phylogenetic analysis of AtTPS and DcTPS proteins. Subgroups are indicated by different
colors. The phylogenetic tree was constructed using the Maximum Likelihood statistical method,
with 1000 bootstrap replications under the Poisson model. The resulting tree was subsequently
visualized and annotated using FigTree v1.4.3 software.

3.3. Conserved Motifs and Gene Structure Analysis

The diversity of DcTPS is crucial for a deeper understanding of the characteristics
and functions of this family in D. chrysotoxum. Evolutionary mechanisms, conserved
motifs, and gene intron/exon distribution were identified within the 37 DcTPS protein
sequences. A total of 10 conserved motifs (referred to as motifs 1-10) were finally identified
by MEME (http://meme-suite.org/tools/meme, accessed on 20 June 2024). The lengths of
the conserved motifs varied between 21 and 41 amino acids, and the detailed features of
these motifs are summarized in Supplementary Table: Table S4. As shown in Figure 4A, all
the DcTPS genes are divided into three subfamilies, TPS-a, TPS-b and TPS-c. In Figure 4B,
motifs from the same subfamily show a similar pattern, further verifying their evolutionary
relationship. The numbers of DcTPSs motifs ranged in length from 5 to 10. The majority
of the members of the TPS-a gene family contained the largest number of motifs, with
10, while DcTPS31 had only 5 motifs. Interestingly, we found that most of the genes
with variation in the number of these motifs were in the TPS-b subfamily, suggesting
the diversity and extension of this subgroup. Thirty-six DcTPSs (except for DcTPS31)
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contained the DDxxD motif (motif 1), and thirty-three DcTPSs (except for DcTPS9, 11, 20,
30) contained the RRX8W motif (motif 9). These findings provided additional evidence to
support specific evolutionary characteristics of the DcTPS gene family. Moreover, the motifs
and arrangement sequences that are distinctive to each DcTPS group may be considered to
have a special function for DcTPS proteins.
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Figure 4. Arrangement of conserved motifs and structural features in DcTPS genes: (A) a phylogenetic
tree was generated using the neighbor-joining method with the MEGA-7.0 software; (B) distribution
of conserved motifs within DcTPS genes. Various motifs (1-10) are indicated by distinct colors;
(C) structures of the 37 DcTPS genes. Exons are depicted as yellow boxes, while introns are shown as
black lines. The green boxes indicate the untranslated regions (UTRs) within gene sequences. The
logo of motif 1 and motif 9 are at the bottom of the image.

The evolutionary investigation through the structural diversity of polygenic families
constituted a crucial component of the study.

For this purpose, a detailed structural analysis of the DcTPS genes was conducted by
creating an exon—intron map (Figure 4C). Variations in the number of introns was observed
among the 37 DcTPS members, ranging from 0 to 3. Of the 37 DcTPS genes, 14 lacked
introns, 15 possessed a single intron, and 8 had between 2 and 3 introns. Additionally,
members within the same subfamily of the phylogenetic tree exhibited similar protein-
conserved motifs and intron counts. For example, the TPS-a subfamily had no introns,
the TPS-b had one-two introns, and the TPS-c gene had two-three introns, respectively.
Notably, conserved motif arrangement of intron—exon was found among most of the
subfamilies but some differences were observed as well. Taken as an example, DcTPS
20/21 exhibits identical exon and intron phase counts but demonstrates variation in intron
length. Such elements could possibly account for the variations in the size and structure of
the DcTPS genes.

3.4. Promoters Cis-Elements Analysis

To gain a deeper understanding of the potential regulatory mechanisms of DcTPS
genes, an investigation of cis-elements was conducted in the promoter region (2000 bp
upstream of the DcTPSs translation initiation site, ATG). The promoter sequences were ana-
lyzed using the online software Plantcare database [42]. In total, we identified 824 cis-acting
regulatory elements and classified them into 16 functions, which are listed in Supplemen-
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tary Table: Table S5. Using TBtools software (Version 2.1), these cis-acting elements and
their locations were generated in Figure 5A. These cis-elements could be divided into three
groups: elements related to plant growth and development (Figure 5B), elements related to
plant phytohormone responsiveness (Figure 5C), and stress responsiveness (Figure 5D).
The plant phytohormone responsiveness category (258/824) contained ABRE, AuxRR-
core and CGTCA-motif, etc., and the ABRE motif (79/258) was an essential element in
the promoter that was related to abscisic acid responsiveness. The stress responsiveness
category (135/824) contained nine cis-acting regulatory elements and just consisted of six
motifs. The MBS motif (35/135) was an essential element in the promoter that was related
to drought-inducibility. Most of the cis-elements were in the plant growth and development
category (420/824), which contained twenty-five cis-acting regulatory elements. Among
them, the Box 4 motifs, G-box motifs and TCT motifs accounted for the largest proportion
(50.48%), which are associated with light response. In addition, the motifs related to light
response accounted for 44.17% (364 /824) of the total motifs. These findings indicated that
the expression pattern of the DcTPS genes may be regulated by the light period.
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Figure 5. Promoter analysis of DcTPS genes: (A) prediction of cis-elements in the promoter regions.
The number at the bottom represents the distance to the translation start codon, ATG; (B) the
proportion of different cis-elements elements in plant growth and development; (C) the proportion of
different cis-elements elements in plant phytohormone responsiveness; (D) the proportion of different
cis-elements elements in and stress responsiveness.

3.5. Protein—Protein Interaction (PPI) Network Analysis

We used A. thaliana orthologue proteins to construct a PPI network using STRING
software to further understand the association of the DcTPS proteins and predict their
relationships. For reliability, only nine DcTPS proteins with the highest combined score
were selected (Table S6). As shown in Figure 6, the DcTPS02 and DcTPS10 proteins are
more closely related to other family members, both of which are members of the TPS-b
subfamily. These interaction networks may provide important clues for understanding
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the function of unknown proteins, indicating the greater importance of these genes in the
PPI network.

\\mrrsnz
2

&)

Figure 6. Protein—protein interaction (PPI) network analysis of the DcTPS.

3.6. GO Classification and Enrichment of DcTPS Genes

To further reveal the functions of the DcTPSs, gene ontology functional classification
analysis was performed (Table S7). According to the classification results (Figure 7A), the
molecular function annotation terms contained the majority of DcTPS genes (35/37), which
were involved in catalytic activity and binding. GO enrichment analysis was carried out to
better understand the preferred functional characteristics of the DcTPS genes, and these
genes were mostly enriched in the terpenoid metabolic process, diterpenoid biosynthetic
process, and diterpenoid metabolic process (Table S8, Figure 7B).
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Figure 7. GO ontology annotations and enrichment analysis of DcTPSs. (A) GO ontology annotations
analysis; (B) GO enrichment analysis. The *** in the figure indicate the statistical significance (adjusted
p-value < 0.001).
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3.7. Different Tissues Expression Analysis of DcTPS Genes

Abundant evidence has confirmed that TPS genes play an important role in plant
growth and development. To understand the physiological function of DcTPS genes better,
an RNA sequencing transcriptome database of different tissues including leaves, pseudob-
ulbs, petals, sepals, labellums and gynandrium was established to study the expression
patterns. A heat map of the hierarchical clustering was generated to show the expression
profiles of the DcTPS genes in different tissues (Figure 8). The expression of four DcTPS
genes (DcTPS05, 09, 30, 36) was not detected in any of the tissues analyzed, which may
be due to differences in spatio-temporal expression patterns. The expression of DcTPSs
revealed a tissue and organ-specific pattern, which showed a relatively high expression
level in floral organs (petals, sepals, labellums and gynandrium), but they had a lower
expression in leaves and pseudobulbs. Specifically, DcTPS02, DcTPS01, DcTPS10, DcTPS32,
DcTPS03 and DcTPS18 were highly detected in floral organs, while DcTPS27, DcTPS20,
DcTPS31 and DcTPS12 exhibited a high level of expression in leaves or pseudobulbs. Over-
all, the expression of TPS genes in flower organs was higher than in other tissues, and the
differential expression of these DcTPS genes that were highly articulated in flower organs
may have an important function in the flower fragrance of D. chrysotoxum, which needs to
be further verified.
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Figure 8. Differential tissue expression patterns of DcTPS genes. On the left is the tree diagram
of sample clustering. The color in the figure represents the expression value of this gene after
standardized treatment in each sample. The change from orange to blue within the round-rectangle
shape indicated high to low expression levels. The change from red to blue within the circle shape
indicated the expression quantity size by area. The numbers in the upper right color represent trends
in gene expression levels. The FPKM expression values are listed in supplementary Table S9 and the
heatmap was generated in TBtools [43].

3.8. Different Fluorescence Stages” Expression Analysis of DcTPS Genes

To further investigate the potential roles of DcTPS in flowers, the real-time reverse
transcription quantitative PCR expression was confirmed to investigate DcTPS gene ex-
pression patterns at four floral developmental stages, and the sequences of primers used in
qRT-PCR were listed in Table S10. Based on the FPKM values of genes highly expressed in
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flower organs, we selected six candidate genes (DcTPS02, DcTPS01, DcTPS10, DcTPS32,
DcTPS03 and DcTPS18). The qRT-PCR results in Figure 9 show that the expression profiles
of the six genes were expressed differently among the four fluorescence stages but that all
these genes were mainly expressed in the full bloom stage. In particular, DcTPS02 had the
highest expression levels during the full bloom stage. Moreover, DcTPS10 and DcTPS32
also had higher gene expression levels, which were similar to the tissue expression patterns
displayed in Figure 8. Combined with the results of PPI (Figure 6), DcTPS02, DcTPS10 and
DcTPS32 may play a crucial role in floral formation and synthesis.
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Figure 9. Analysis of DcTPS genes relative expression in different fluorescence stages. BS, Bud stage;
FFS, First flowering stage; FBS, Full bloom stage; DS, Declining stage. The error bars indicate three
biological replicates. Data are presented as means + SD.

3.9. Functional Identification of DcTPS Genes in Plants

To explore the dominant roles of DcTPS genes in the terpene biological processes,
three full-length CDS sequences of DcTPS02, DcTPS10 and DcTPS32 were cloned into
vector pBI121 (primers used in clone were listed in Table S11) and transiently expressed
in tobacco leaves (Supplementary Figures S1 and S2). The samples of transgenic tobacco
leaves were taken five days after inoculation and the major emitted terpenes were analyzed
by GC-MS and verified using the NIST Mass Spectral Library. As shown in Figure 10, the
release of linalool in DcTPS10 and DcTPS02 was relatively high, reaching 100% and 93.03%,
respectively. DcTPS32 was expressed in D. chrysotoxum at a lower level, and its expression
was found to be correlated with the release of three products: a-pinene (15.27%), 3-pinene
(42.08%) and linalool (42.65%). Therefore, DcTPS02, DcTPS10 and DcTPS32 have been
proven to be enzymes involved in monoterpene synthesis, and all are closely related to the
synthesis of linalool.
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Figure 10. Functional characterization of DcTPSs in tobacco leaves by Agrobacterium-mediated in-
filtration. The X-axis represents the retention time of the peak outflow, and the Y-axis represents
integrated area of the chromatographic peak. Reactions only performed with empty binary vectors
were used as the blank control (these data were listed in Supplementary Table S12). New prod-
uct peaks were observed in contrast to controls and were identified by comparing with the NIST
2005 Mass Spectral Library.

4. Discussion
4.1. Comprehensively Investigated TPS Gene Family in D. chrysotoxum

Dendrobium chrysotoxum is one of the rare orchids in karst areas, with a variety of
epiphytic and terrestrial growth forms [44]. It has a long history of cultivation because of
its unique floral fragrance and beautiful flower shape, which has high ornamental value.
Terpene Synthase (TPS) is a key enzyme and is responsible for producing the immense
diversity of terpene derivatives as well as playing vital roles in floral fragrance and pollina-
tors attraction. In recent years, in an attempt to understand TPS genes, some reports by
different research groups have independently carried out genome-wide identification of
the TPS gene family in A. thaliana (32 members) [20,45], Selaginella moellendorfii (14 mem-
bers) [46], Glycine max (14 members), Dendrobium officinale (34 members) [34], Cymbidium
faberi (32 members) [35] and Freesia (8 members) [16]. Nevertheless, the diversity (across
various dimensions) and characterization of the TPS gene family in D. chrysotoxum remain
inadequately explored in a comprehensive manner. On the basis of a previous study, we
investigated the TPS genes in the D. chrysotoxum genome and a total of 37 TPS genes
(DcTPS1-37) were identified. A comprehensive analysis was conducted on their physico-
chemical properties, covering protein length, molecular weight, theoretical isoelectric point,
instability index, aliphatic index, and grand average of hydropathicity. In order to gain
a deeper understanding of the DcTPS gene family, we carried out analyses focusing on
their phylogenetic classification, conserved motifs, exon—intron organization, cis-elements,
protein—protein interaction (PPI) network, and expression patterns in different tissues and
fluorescence stages. Finally, we screened out the key floral expression DcTPS genes and
identified their functions. This study represents the first thorough analysis of the evolution
of the TPS family in D. chrysotoxum, and the resulting information is undoubtedly valuable
for providing additional evidence to infer the potential functions of key TPS genes in
terpene synthesis.
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4.2. TPS-b Was a Dominant Subfamily in D. chrysotoxum

Phylogenetic analysis of the 69 TPS members (comprising 37 from D. chrysotoxum,
32 A. thaliana) were divided into five subgroups according to their sequence homology and
classification from A. thaliana. In our study, AtTPSs were classified into five subclasses,
while all DcTPSs belong to only three subclasses (TPS-a, TPS-b and TPS-c). Among them,
the TPS-b subclass has 17 DcTPS genes, which was the largest subfamily among the DcTPSs.
Similar findings were also found in D. officinale (16 of the 34 DoTPS genes were TPS-b
genes) [34], Freesia (4/8) [16] and C. faberi (15/32) [35]. However, this was not consistent
with A. thaliana [45], Oryza sativa [7], Sorghum bicolor [14], Solanum lycopersicum [21] and
Liriodendron chinense [47], which have a dominant subfamily TPS-a. These results further
confirmed that orchids contained more TPS genes in TPS-b, and TPS-b was also the most
expanded classification in orchids, with a dominant subfamily [34,48].

The genes in the TPS-b subgroup are mainly responsible for the synthesis of monoter-
penes. Monoterpene volatiles are the main terpenoids in orchids, which are dominant in
the flower scent of orchids. Many studies have confirmed that TPS-b protein with GPP as
substrate in orchids can produce large amounts of monoterpenes. For instance, in Freesia,
FhTPS1 and FhTPS2 had the ability to convert GPP into linalol and «-terpinol [16]. In
Cymbidium faberi, CfTPS18 could convert GPP to 3-myrcene, geraniol, and o-pinene in
Escherichia coli [35]. The DoTPS10 of D. officinale, uniquely converted GPP to linalool in E.
coli BL21 [34].

4.3. TPS-b Subfamily Genes Have Conserved Motifs Encoding Monoterpenes

Thirty-six DcTPSs (except for DcTPS31) contained the DDxxD motif, and thirty-three
DcTPSs (except for DcTPS9, 11, 20, and 30) contained the RRX8W motif. In plants, DDxxD
was an aspartate-rich motif that could interact with divalent metal ions and participate
in positioning the substrate for catalysis [49]. The RRX8W motif was involved in the
production of cyclic monoterpenes and was absent in producing acyclic products [14].
In our present study, all the DcTPSs in the TPS-b contained the conserved RRX8W mo-
tif, which proved to be critical for floral fragrance release due to its association with
encoding monoterpenes.

In general, genes grouped into the same subclasses tend to display comparable evo-
lutionary features and share a consistent motif arrangement structure. Seventeen DcTPS
genes were clustered into the TPS-b subclass, and analysis of the conserved motifs of the D.
chrysotoxum proteins further corroborates the categorization of the DcTPS family. Except
for DcTPS31, at least seven identical conserved motifs have been identified within the
TPS-b subclass. These motifs are likely to be crucial for its functional role. It is important to
highlight that DcTPS10 and DcTPS02 within the TPS-b subclass exhibited a closer relation-
ship with other family members in the PPI network. These findings indicate that the genes
within the TPS-b subfamily warrant additional exploration into their functional roles.

Different elements in promoter areas were found in all 37 DcTPS genes of D. chryso-
toxum, and they belonged to three clusters. Most of the cis-elements were in the plant growth
and development clusters, among which the number of Box 4, G-box and TCT motifs
associated with light-response contained most of this cluster. The results indicated that
the expression patterns of DcTPS may be regulated by light treatment and may respond to
multiple environmental stresses.

GO annotation analysis indicated that the biological process contained most DcTPS
genes, and these genes were mostly enriched in the terpenoid metabolic process. The
function of the TPS genes in controlling terpenoid biosynthesis has been well-documented
in many plant species. The formation of floral scent is a complex process that is associated
with the DcTPS genes. In our study, most of the TPS-b subclass like DcTPS01, DcTPS02,
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DcTPS03, DcTPS10, DcTPS18 and DcTPS32 had high expression levels in the floral organs,
indicating that these genes are closely related to the formation of flower fragrance. The
expression through qRT-PCR analysis of the above genes showed that DcTPS02, DcTPS10
and DcTPS03 had the highest expression levels during the full bloom stage. Functional
identification of DcTPS genes showed that DcTPS10 was associated with the release of
linalool, DcTPS02 was correlated with linalool and a-pinene, and DcTPS32 had a very close
link with x-pinene, 3-pinene and linalool. According to our categorized information, these
three genes were all in the TPS-b subclass, which is annotated as monoterpene synthases.
Therefore, by selecting 37 DcTPS genes, we found that DcTPS02, DcTPS10 and DcTPS32
were closely related to the synthesis of linalool, which may play crucial roles in floral scent
and attracting pollinators in D. chrysotoxum. The study of TPS family genes showed that
these DcTPSs have common features, such as structural similarity, sequence conservation,
etc., which makes the transferred DcTPS exhibit similar functions, and these transgenic
plants showed improved biosynthesis of terpenes. However, the expression differences
among different family members and the internal regulatory mechanisms of different
terpenoids between genes still need to be further explored and analyzed.

This comprehensive study provides a molecular basis for further investigation of
volatile terpenes in D. chrysotoxum flowers. The characterization of key DcTPS genes could
also have genetic potential value for the formation of major terpenes in D. chrysotoxum and
other related species.

5. Conclusions

Monoterpene volatiles are the main components of floral fragrance in orchidaceae
plants, and TPS is the ultimate enzyme in their biosynthesis. The diversity in the TPS gene
family structure specifies their vast range of functions. Until recently, the DcTPS genes’
regulatory system during plant growth and development was poorly understood. In the
current study, DcTPS family members were identified through gene family analysis and a
comprehensive analysis of members was performed, including the location of conserved
motifs, gene structure and promoter cis-acting elements, etc. Gene evolution and selection
analysis elucidated the diversity and extension of the family members. In addition, we
also investigated the expression of DcTPS genes in different tissues and fluorescence stages,
and further selected highly expressed DcTPSs for functional identification in plants. The
discovery of three TPS-b genes specifically driving linalool-based scent in D. chrysotoxum
provides fundamental insights into the family, which can be utilized in future studies
of the TPS-mediated molecular mechanisms underlying plant growth and development.
This study may serve as a valuable reference for the functional exploration and molecular
breeding of novel aromatic species, paving the way for groundbreaking advancements in
this captivating field.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /horticulturae11060566/s1, Table S1. List of the TPSs sequences
in D. chrysotoxum. Table S2. A catalog of DcTPS genes with their HMM profiles. Table S3. TPS genes
used in A. thaliana. Table S4. Conserved motifs of DcTPSs. Table S5. Cis-elements in the promoter
regions of DcTPS genes. Table S6. Protein—protein interaction (PPI) network analysis of DcTPS genes.
Table S7. GO classification analysis of DcTPS genes. Table S8. GO enrichment analysis of DcTPS
genes. Table S9. The FPKM values of DcTPS genes in differential tissues. Table S10. Sequences
of primers used in qRT-PCR. Table S11. Primer sequence for DcTPS genes clone. Table S12. The
release amounts of terpenes were analyzed by GC-MS; Figure S1: pBI121-EGFP plasmid map. Figure
S2: Construction of pBI121-DcTPS vectors. Figure S3: Stability analysis of ACT-1 in cultivars of D.
chrysotoxum in different fluorescence stages and different tissues.
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Abstract: Terpene synthases (TPSs) are crucial for the diversification of terpenes, catalyzing the
formation of a wide variety of terpenoid compounds. However, genome-wide systematic character-
ization of TPS genes in Cymbidium ensifolium has not been reported. Within the genomic database
of C. ensifolium, we found 30 CeTPS genes for this investigation. CeTPS genes were irregularly dis-
tributed throughout the seven chromosomes and primarily expanded through tandem duplications.
The CeTPS proteins were classified into three TPS subfamilies, including 17 TPS-b members, 8 TPS-a
members, and 5 TPS-c members. Conserved motif analysis showed that most CeTPSs contained
DDxxD and RRXgW motifs. Cis-element analysis of CeTPS gene promoters indicated regulation
primarily by plant hormones and stress. Transcriptome analysis revealed that CeTPS1 and CeTPS18
had high expression in C. ensifolium flowers. qRT-PCR results showed that CeTPS1 and CeTPS18 were
predominantly expressed during the flowering stage. Furthermore, CeTPS1 and CeTPS18 proteins
were localized in the chloroplasts. These results lay the theoretical groundwork for future research
on the functions of CeTPSs in terpenoid biosynthesis.

Keywords: terpene synthase; Cymbidium ensifolium; TPS gene family; expression patterns

1. Introduction

Terpenoids constitute the most diverse and structurally complex class of compounds
in plants [1,2]. They are essential to the attraction of pollinators to plants, protection from
pathogens and predators, and exchange of information [3,4]. Moreover, terpenoids are
utilized extensively due to their distinct flavor and scent in various types of industries,
including cosmetics, food, perfume, and pharmaceuticals [5,6]. Terpenoids, composed of
isoprene (C5) units, include monoterpenes (C10), sesquiterpenes (C15), and diterpenes
(C20) [7]. Plants produce C5 isoprenoid precursors through two distinct pathways: the
methylerythritol phosphate (MEP) pathway in the plastid and the mevalonate (MVA) path-
way in the cytoplasm. The isomers dimethylallyl diphosphate (DMAPP) and isopentenyl
diphosphate (IPP) are produced via these two pathways [8]. Under the catalytic action of
various isoprenyl diphosphate synthases (IPSs), different quantities of IPP and DMAPP
synthesize the terpenoid precursors geranyl pyrophosphate (GPP), farnesyl pyrophosphate
(FPP), and geranylgeranyl pyrophosphate (GGPP) (Figure 1) [9]. The structural characteris-
tics of terpene synthases (TPSs) are fundamental to the generation of terpene diversity [10].
TPSs are classified as monoterpene synthases, sesquiterpene synthases, and diterpene
synthases, which synthesize the skeletons of monoterpene, sesquiterpene, and diterpene
compounds using GPP, FPP, and GGPP as precursor substrates [11]. The terpene skeleton
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forms more diverse compounds in the modification of cytochrome P450 monooxygenases,
glycosyltransferase, and acyltransferase [9,12,13].

/ Cytoplasm \

IPP —— FPPS STPS .
MVA pathway ———» FPP ———— Sesquiterpene
y - 5
Acetyl-CoA I GGPPS _ DTPS
DMAPP > G(iPP » Diterpene
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Pyruvate + G3P——»
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Figure 1. Pathways of terpenoid biosynthesis in plants. Two precursor substances of terpenoids

are produced by the cytosolic mevalonate (MVA) and plastid methylerythritol phosphate (MEP)
pathways. G3P: glyceraldehyde 3-phosphate; IPP: isopentenyl diphosphate; DMAPP: dimethylallyl
diphosphate; FPPS: FPP synthase; GGPPS: GGPP synthase; GPPS: GPP synthase; FPP: farnesyl
pyrophosphate; GGPP: geranylgeranyl pyrophosphate; GPP: geranyl pyrophosphate; STPS: sesquiter-
pene synthase; DTPS: diterpene synthase; MTPS: monoterpene synthase.

Most TPS proteins exhibit the RRXgW motif near the N-terminus, as well as the DDxxD
and NSE/DTE motifs near the C-terminus [14]. The TPS gene family can be divided into
seven subfamilies, including angiosperm-specific subfamilies TPS-a, TPS-b, and TPS-g,
the gymnosperm-specific subfamily TPS-d, and subfamilies TPS-c and TPS-e/f, which
are shared by both angiosperms and gymnosperms [15]. The TPS-h subfamily is found
exclusively in the Selaginella moellendorffii [16]. As the largest subfamily, TPS-a encodes
sesquiterpene synthases in both monocot and dicot plant species. The TPS-b subfamily
encodes monoterpene synthases with the RRXgW motif, while the TPS-g subfamily, which
lacks this motif, encodes both monoterpene and sesquiterpene synthases. The “DxDD”
motif, rather than the “DDxxD” sequence, distinguishes the TPS-c subfamily, which encodes
diterpene synthase enzymes [15]. There are several TPS genes found in the genomes of
Arabidopsis thaliana [17], Vitis vinifera [18], Rosaceae [19], Cinnamomum camphora [20], and
Camellia sinensis [21].

Orchidaceae is one of the most diverse families among the angiosperms [22]. Orchid
evolution has been significantly influenced by the interactions between pollinators and
orchids [23]. Terpenoids are one of the main components of floral scent in orchids. Floral
scents enhance horticultural aesthetics and improve fertilization rates by attracting pol-
linators [24,25]. Monoterpenes and sesquiterpenes are the primary volatile compounds
in the floral scents of Phalaenopsis bellina and Cymbidium goeringii [26,27]. Currently, the
genomes of multiple Orchidaceae plants contain the TPS gene families, including Apos-
tasia shenzhenica, P. equestris [28], Dendrobium officinale [29], C. faberi [30], C. goeringii [31],
and D. chrysotoxum [32]. Several TPS genes in Orchidaceae are involved in terpenoid
biosynthesis. For instance, the DoTPS10 protein in D. officinale converts GPP directly to
linalool [29]. Transient overexpression of DoGES1 in Nicotiana benthamiana leaves promotes
the accumulation of geraniol [33]. The CfTPS18 protein in C. faberi can convert GPP into
-myrcene, geraniol, and «-pinene in Escherichia coli [30]. In P. bellina, TPS-b and TPS-e/f
subfamily members are involved in monoterpene biosynthesis in flowers [34].
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C. ensifolium is highly valued for its ornamental qualities, including fragrance, color,
and flower form. Monoterpenes and sesquiterpenes are key components of the floral scent
in C. ensifolium [35]. However, the molecular processes that drive terpenoid production in
C. ensifolium remain unexplored. We identified 30 CeTPS gene family members and named
them according to their chromosomal locations, then analyzed their physicochemical
properties, phylogenetic relationships, gene structures, collinearity, and cis-regulatory
elements. Expression patterns in various organs and flower developmental stages were
examined using transcriptome sequencing data and quantitative real-time PCR (qQRT-PCR)
experiments, identifying genes potentially involved in terpenoid biosynthesis. Subcellular
localization of key TPS proteins was also investigated. Our analysis provides a theoretical
basis for future research on terpene metabolism and regulation in C. ensifolium.

2. Materials and Methods
2.1. Plant Materials

Plant materials for the study were sourced from the greenhouse at the Forest Orchid
Garden, Fujian Agriculture and Forestry University. All the plant materials were cultivated
under natural conditions, with temperatures ranging from 25 °C to 35 °C, humidity levels
between 75% and 90%, and day length averaging 13 to 14 h. Samples of different organs
(leaf, Le; root, Ro; pseudobulb, Ps; flower, Fl) of C. ensifolium were collected. Flowers
from C. ensifolium were collected at three development stages (small bud, S1; large bud, S2;
flowering, S3). Each sample was stored at —80 °C after cryopreserved in liquid nitrogen,
ensuring their molecular integrity for accurate downstream analysis. Three replicates of
each sample were obtained from diverse plant sources.

2.2. Identification and Physicochemical Properties of CeTPS

The NGDC database (https://ngdc.cncb.ac.cn/, accessed on 17 September 2023) pro-
vided the C. ensifolium genome sequencing and annotation data [35], while A. thaliana’s TPS
gene family protein sequences were obtained from TAIR (https:/ /www.arabidopsis.org/,
accessed on 17 September 2023). Using the TBtools 1.132 BlastP program, the AtTPS
protein sequences served as query sequences to extract homologous sequences from
C. ensifolium [36]. We accessed the Pfam database (http://pfam.xfam.org/, accessed on
17 September 2023) to acquire Hidden Markov Models (HMMs) for TPS domains, PF01397
and PF03936, for accurate identification of TPS genes [37]. The Simple HMM Search tool in
TBtools was used to identify protein sequences with two conserved structural domains, en-
suring precise classification and analysis [36]. Duplicate protein sequences were eliminated
after merging the results of the two searches. Candidate sequences were validated using
SMART (http://smart.embl-heidelberg.de, accessed on 17 September 2023) and NCBI
CDD (http:/ /www.ncbi.nlm.nih.gov/cdd/, accessed on 17 September 2023) websites, and
sequences lacking complete structural domains were removed to ensure accurate and
reliable downstream analysis.

The molecular weight (MW), isoelectric point (pl), instability index (II), and grand
average of hydropathicity (GRAVY) of CeTPS proteins were analyzed using the ExXPASy
online platform (https://www.expasy.org/, accessed on 19 September 2023) [38], provid-
ing detailed insights into their physicochemical properties. ProtComp 9.0 (http:/ /linux1
.softberry.com/berry.phtml?topic=protcomppl&group=programs&subgroup=proloc, ac-
cessed on 19 September 2023) was used to predict the subcellular localization of CeTPS
proteins, providing insights into their cellular functions.

2.3. Chromosome Localization and Phylogenetic Analysis

Using the genome annotation data of C. ensifolium, Show Genes on Chromosome
within TBtools was utilized to show the chromosomal positions of the CeTPSs in order
to analyze their genomic distributions [36]. A phylogenetic tree was constructed using
MEGA?7.0 [39], based on TPS protein sequences from C. ensifolium, A. thaliana, Oryza sativa,
A. shenzhenica, and P. equestris, to examine evolutionary relationships among TPS genes.
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ClustalW was utilized for multiple sequence alignment, and 1000 bootstrap repetitions
of the Neighbor-Joining method were used to generate a phylogenetic tree [39]. We em-
ployed Evolview v2 (https://evolgenius.info/, accessed on 22 September 2023) for the
enhancement and visualization of the phylogenetic tree [40].

2.4. Conserved Motifs, Gene Structure, and Synteny Analysis

MEME (http:/ /meme-suite.org/tools/meme, accessed on 26 September 2023) was
used to analyze conserved motifs in CeTPS protein sequences in order to find common se-
quence patterns and functional domains [41]. The analysis was conducted with a maximum
of 20 predicted motifs, with the settings maintained at default. TBtools” Gene Structure
View was used to demonstrate the conserved motifs and structural details of the CeTPSs.
One Step MCScanX in TBtools was used to investigate TPS gene duplications in C. ensi-
folium. To assess evolutionary selection pressures on TPS genes, we utilized TBtools” Simple
Ka/Ks Calculator to calculate the non-synonymous (Ka) and synonymous (Ks) substitution
rates, as well as their ratio. We conducted an analysis of duplication events involving TPS
genes across three distinct species: C. ensifolium, D. chrysotoxum, and C. goeringii. Multiple
Synteny Plot in TBtools was used to visualize the duplication patterns [36].

2.5. Cis-Acting Regulatory Elements Analysis

Promoter sequences 2000 bp upstream of the CeTPS genes were obtained using TBtools
to analyze regulatory elements controlling gene expression [36]. In order to investigate
the regulation mechanisms of CeTPSs, PlantCARE (http:/ /bioinformatics.psb.ugent.be/
webtools/plantcare/html/, accessed on 28 September 2023) was used for predicting the
number and categories of cis-acting elements present in the promoter sequences [42].
Subsequently, the data were subjected to analysis and visualization utilizing Excel 2019
and TBtools [36].

2.6. Expression Patterns and qRT-PCR Analysis

This study initially identified potential CeTPSs involved in terpene biosynthesis using
RNA-seq data from different organs. Samples of different organs (leaf, Le; root, Ro; pseudobulb,
Ps; flower, Fl) of C. ensifolium were used for transcriptome analysis [35]. Calculations were
performed to determine the Fragments per Kilobase per Million mapped reads (FPKM). Subse-
quently, we used the TBtools software to generate a comprehensive heatmap, illustrating the
expression patterns of CeTPSs (FPKM values are in Supplementary Table S1) [36].

Three stages of flower development were examined for CeTPS gene expression pat-
terns using qRT-PCR experiments. Total RNA was extracted from C. ensifolium flowers at
three developmental stages using the Rapure Total RNA Plus Kit (Megan Biotechnology,
Guangzhou, China). cDNA was synthesized using the Hifair® IIT 1st Strand cDNA Syn-
thesis SuperMix kit (gDNA digester plus) from Yeasen Biotechnology (Shanghai, China).
The qRT-PCR primers specific to CeTPSs were synthesized by Shanghai Sangon Biotech
Company (Shanghai, China). Primer sequences used in this experiment are listed in
Supplementary Table S2. qRT-PCR experiments were conducted on an ABI QuantStudio
6 Flex system (Applied Biosystems, Foster City, CA, USA). GAPDH was selected as the
internal reference gene for accurate normalization of gene expression levels in the qRT-PCR
experiments. To guarantee data reliability and robustness, the studies included three biolog-
ical replicates. Using the 2~22CT formula, relative gene expression levels were calculated.
The one-way ANOVA was conducted using SPSS 26.0 to assess gene expression differences
across developmental stages, with results visualized using GraphPad Prism 9.5.

2.7. Subcellular Localization Analysis

We cloned the coding sequences (CDS) of CeTPS1 and CeTPS18 employing PCR
amplification with primers detailed in Supplementary Table S3. These sequences were
efficiently cloned into the pCAMBIA1302-355-GFP vector. The 35S promoter-driven CeTPS-
GFP vectors were successfully transformed into Agrobacterium tumefaciens strain GV3101
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(Weidi Biotechnology, Shanghai, China). Agrobacterium strains carrying the CeTPSs were
used to infect N. benthamiana leaves for transient expression experiments, with an empty
vector as the control. After 48 h, CeTPS1 and CeTPS18 protein subcellular localization was
observed utilizing the LSM880 confocal laser microscope (Carl Zeiss, Jena, Germany).

3. Results
3.1. Identification and Physicochemical Properties of CeTPS

An in-depth analysis of BlastP and HMMER search results was conducted. We identi-
fied 30 CeTPS genes, named CeTPS1 to CeTPS30, based on their respective chromosomal
positions. A thorough analysis was conducted to investigate the physicochemical prop-
erties of the 30 CeTPS genes, with the results summarized in Table 1, providing insights
into their roles and potential applications in C. ensifolium. The lengths of the CeTPS protein
sequences exhibited considerable variation, ranging from a minimum of 194 amino acids
(aa) (CeTPS17) to a maximum of 807 aa (CeTPS19), measuring 477 aa on average. The
substantial variation in protein lengths suggests the potential presence of pseudogenes. The
molecular weights (MW) of CeTPS proteins varied widely, from a minimum of 22.24 kDa
(CeTPS17) to a maximum of 91.98 kDa (CeTPS19). This variation in MW reflects the differ-
ent lengths and compositions of the amino acid sequences in these proteins. The average
theoretical isoelectric point (pI) of CeTPS proteins was 5.76, with all pl values below 7,
indicating their acidic nature. The instability index (II), indicating protein stability, varied
widely among CeTPS proteins, from a stable 29.24 in CeTPS22 to an unstable 61.68 in
CeTPS3. The grand average of hydropathicity (GRAVY) for all CeTPS proteins was below
0, indicating their hydrophilic nature. Furthermore, the chloroplasts and cytoplasm were
the targets of the subcellular localization prediction results, as shown by the ProtComp
9.0 database.

Table 1. Physicochemical properties of the CeTPS proteins.

Name ID AA (aa) Mw (kDa) pI II GRAVY Subcellular Localization
CeTPS1 JL015507 413 48.61 5.97 57.61 —0.500 Chloroplast.
CeTPS2 JL027127 378 44.71 6.04 33.18 —0.273 Chloroplast. Cytoplasm.
CeTPS3 JL025499 218 25.05 5.59 61.68 —0.405 Chloroplast.
CeTPS4 JL026288 552 63.55 5.36 49.99 —0.142 Chloroplast.
CeTPS5 JL028400 549 64.38 5.62 52.65 —0.194 Chloroplast. Cytoplasm.
CeTPS6 JL028504 549 64.60 5.62 50.51 —0.210 Chloroplast. Cytoplasm.
CeTPS7 JL024344 408 47.55 5.28 48.98 —0.106 Chloroplast. Cytoplasm.
CeTPS8 J1L.026235 364 4291 5.99 51.56 —0.126 Chloroplast. Cytoplasm.
CeTPS9 JL028294 424 50.01 6.38 52.50 —0.258 Chloroplast. Cytoplasm.
CeTPS10 JL024700 436 51.15 5.46 46.80 —0.280 Chloroplast. Cytoplasm.
CeTPS11 JL024633 498 58.14 5.46 47.35 —0.231 Chloroplast. Cytoplasm.
CeTPS12 JL008157 329 37.99 6.52 40.16 —0.107 Chloroplast. Cytoplasm.
CeTPS13 JL026427 703 82.25 6.15 38.04 —0.383 Chloroplast.
CeTPS14 JL027333 446 53.01 6.17 37.95 —0.358 Chloroplast.
CeTPS15 JL025789 446 52.80 6.16 37.71 —0.345 Chloroplast.
CeTPS16 JL022471 703 82.20 6.14 41.84 —0.395 Chloroplast.
CeTPS17 J1L.024194 194 22.24 5.36 42.68 —0.185 Chloroplast. Cytoplasm.
CeTPS18 JL012496 602 70.07 5.99 49.94 —0.271 Chloroplast.
CeTPS19 JL004677 807 91.98 5.95 48.28 —0.286 Chloroplast.
CeTPS20 JL027803 535 63.06 5.67 33.24 —0.211 Chloroplast. Cytoplasm.
CeTPS21 JL001410 287 33.47 5.73 32.94 —0.175 Chloroplast. Cytoplasm.
CeTPS22 JL026564 508 59.71 6.22 29.24 —0.233 Chloroplast. Cytoplasm.
CeTPS23 JL027817 529 62.46 5.74 33.84 —0.208 Chloroplast. Cytoplasm.
CeTPS24 JL028318 528 62.47 5.36 39.28 —0.192 Chloroplast. Cytoplasm.
CeTPS25 JL028319 535 63.31 5.60 33.94 —0.227 Chloroplast. Cytoplasm.
CeTPS26 JL027638 485 57.50 5.45 37.85 —0.161 Chloroplast. Cytoplasm.

CeTPS27 JL028133 320 36.79 5.14 31.87 —0.372 Chloroplast.
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Table 1. Cont.

Name ID AA (aa) Mw (kDa) pl II GRAVY Subcellular Localization
CeTPS28 JL027059 535 63.11 5.83 3491 —0.219 Chloroplast. Cytoplasm.
CeTPS29 JL028844 501 59.04 5.46 37.25 —0.153 Chloroplast. Cytoplasm.
CeTPS30 JL028984 528 62.54 5.35 39.80 —0.158 Chloroplast. Cytoplasm.

3.2. Chromosome Localization and Phylogenetic Analysis of CeTPS
Chromosomal mapping revealed an uneven distribution of 28 CeTPS genes across
the seven chromosomes of C. ensifolium, except for CeTPS29 and CeTPS30, which were
not localized on the chromosomes (Figure 2). Chromosomes 8 and 16 in C. ensifolium
showed a significant accumulation of CeTPSs, each containing up to eight genes due to
the presence of two separate gene clusters. In contrast, chromosomes 2 and 12 each hold
only one CeTPS gene. The clustering of most CeTPSs on chromosomes suggests they likely
originated from tandem or segmental duplications. No correlation was found between
the size of the chromosomes and the distribution of the CeTPSs. Based on the CeTPS and
TPS protein sequences from other species, a phylogenetic tree was constructed using the
Neighbor-Joining method (Figure 3). All TPS protein sequences were classified into five
subfamilies: TPS-a, TPS-b, TPS-c, TPS-e/f, and TPS-g. The CeTPS family was categorized
into three subfamilies: TPS-b (17 members), TPS-a (8 members), and TPS-c (5 members)
(Figure 3). TPS proteins from monocot and dicot species established separate subgroups in
the TPS-a subfamily. This observation aligns with the findings of prior investigations [11].
In addition, CeTPS members were extremely similar to the TPS protein of A. shenzhenica
and P. equestris from the Orchidaceae.
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Figure 2. Distribution of the CeTPSs on C. ensifolium chromosomes. The scale shows chromosomal

distances in megabases (MB). The colored triangle icons indicate tandem repeat relationships between

CeTPSs, and triangle icons of the same color CeTPSs have tandem repeats.
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Figure 3. Phylogenetic analysis of TPS protein sequences from five plant species. Members of the
TPS subfamilies from different species are marked with different colors and shapes. Green and cyan
circles represent the TPS proteins from A. thaliana and O. sativa, respectively. Purple, blue, and yellow
triangles represent the TPS proteins from C. ensifolium, A. shenzhenica, and P. equestris, respectively.

3.3. Analysis of CeTPS Conserved Motifs, Gene Structure, and Synteny

Utilizing the web program MEME, we identified 20 conserved motifs within the
CeTPS protein sequences, providing valuable insights into their structural and functional
conservation. The findings demonstrated that CeTPSs had between three and sixteen
motifs (Figure 4B). The most conserved motifs were discovered in CeTPS20, CeTPS23,
CeTPS25, and CeTPS28, whereas CeTPS3 and CeTPS17 only had three motifs. All CeTPS
sequences contained Motif 2. Twenty-three CeTPS protein sequences contained the DDxxD
(Motif 1) and RRXgW (Motif 3) motif, respectively. NSE/DTE motifs (Motif 8) were found
in 18 CeTPS genes (Figure S1). In the TPS-a subfamily, all members except CeTPS12 contain
the RRXgW motif. CeTPS27 of the TPS-b subfamily and all TPS-c subfamily members lack
the conserved RRXgW motif, suggesting functional and structural differences within the
TPS gene family in C. ensifolium. The RRXgW motif is essential for the cyclization process
of monoterpenes [43]. The DDxxD and NSE/DTE motifs are essential for the enzymatic
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cleavage of prenyl diphosphate substrates, playing critical roles in substrate binding and
catalysis in terpene synthase enzymes. These motifs facilitate the coordination of Mg?* or
Mn?* jons at the C-terminus [4,14]. Results showed that members of the same subfamily
had highly similar motif compositions, while distinct subfamilies were characterized by
unique motifs, indicating conserved functions within subfamilies and functional divergence
between them.

A B C @S Motif 11
Ps24 SERSS JEEBNEE 85 @ — H—in - it s
@ Motif 9
<TPS30 SERSIT JERNEET 88— i - Vo 17
CeTPs29 -SERGE {EBIER 8- - He—iH Molif2
@S Motif 18
<TPs2 SERSE 1EENEET 08N i - Motir3
TP -BEBSS EEHES S5 W - —8iH - i 19
[ ] oti
<TPs20 SERSE {EENEE" 08 mE e = Moif |
<TPS2s -SERSE (IR 08-E- HH—in Moif7
@ Motif 13
P25 -EERSE IENEE S0 @ - i = Moiif 6
1 HH—+—3 @ Motif 8
P2 -G SEBNEE -8B ; L —
CeTPS27 — RS W - ¥ LA L] Motif 10
|—'—| @S Motif 20
eTPS2! -GN -H IR — pae
eTPS2? -ERE- EBIEE—E- - - —in — Moif 14
eTPSI — GBS VRS H— S Monf 15
eTPSI7 — 30— —a @ cps
eTPSIS — —EBEE -EENEE" 08-mE- - His1H1 UTR
eTPS3  -g—E—- —3
CeTPS¢ —gG-T0 S 3D —B- IS H—8-18
CeTPSI0 RG-SR0 81— —t—
CeTPS! —gamn-EE-HERT 8- e
CeTPS!? ERERT—B- N -
CeTPSS (- E-4E T - tH-i—8
CeTPS) —EREsm-EE-IERE—8— He-Hi
CeTPSs — gl -EE-ERT— S-S H-HI—8
CeTPS; — gl -EN-ERT - HH——1
CeTPS7  n-E-IERT-S- - ]
CeTPS19 T S - —Hat |
CeTPSI5 g0 -El—E TS EE-EE— e
eTPSI4 —gum-E—EE T -SEE-E e ——Hit
CeTPSI3 ——— gugp -un SEREe— HE-HHE-
CeIPSI6 ———— gRg 00 HEREme— HEHHHH
5II T T T T I’;I 5: T T T T T T |3'
0 200 400 600 800 1,000 0 3,000 6,000 9,000 12,000 15,000 18,000 21,000

Figure 4. Phylogenetic analysis, motif conservation, and gene structure of CeTPS. (A) Phylogenetic
tree of CeTPS proteins. (B) Conserved motifs in CeTPS proteins. (C) Gene structure of CeTPSs.

The CeTPSs displayed variability in exon count, spanning from two to fourteen exons
(Figure 4C). The CeTPS19 gene had the most exons, while CeTPS3 and CeTPS17 had only

two exons. Members of the same subfamily share comparable intron—exon structures.

By analyzing the collinearity of the CeTPSs within C. ensifolium, we identified six pairs
of tandem duplicates and one pair of segmental duplicates (Figures 2 and 5). A Ka/Ks
value of 1 indicates neutral selection, values greater than 1 signify positive selection, and
values less than 1 suggest purifying selection [44]. The segmentally duplicated gene pair
had a Ka/Ks ratio of 0.4476, while the tandem duplicates ranged from 0.5462 to 0.8025
(Table 2) These results, with all Ka/Ks values below 1, suggest that purifying selection
has been applied to the CeTPS gene family, indicating that these genes are conserved
and likely essential for maintaining specific functions in C. ensifolium. To explore the
evolutionary relationships among Orchidaceae’s TPS family, we analyzed the collinearity
of TPSs among C. ensifolium, D. chrysotoxum, and C. goeringii, revealing gene duplication
events. CeTPSs had nine and eight pairs of homologous genes with C. goeringii and
D. chrysotoxum, respectively (Figure 6).
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Figure 5. Collinear relationships of CeTPSs on chromosomes. The red line represents the CeTPSs with
segmental duplications in C. ensifolium.

Table 2. Ka/Ks analysis of CeTPS genes.

Gene Pairs Ka Ks Ka/Ks Duplication Type  Purify Selection
CeTPS5 CeTPS6 0.017950909 0.032074859 0.559656681 Tandem Yes
CeTPS6 CeTPS7 0.029937944 0.054806694 0.546246113 Tandem Yes
CeTPS8 CeTPS9 0.146080662 0.22792656 0.6409111 Tandem Yes

CeTPS17 CeTPS18 0.442114425 0.987765176 0.447590618 Segmental Yes
CeTPS23 CeTPS24 0.0254454 0.037389324 0.68055256 Tandem Yes
CeTPS24 CeTPS25 0.027606516 0.040278134 0.685397089 Tandem Yes
CeTPS25 CeTPS26 0.002618184 0.003262648 0.802472277 Tandem Yes
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Figure 6. Collinearity analysis of TPS genes in three orchid species. The red triangles indicate
the positions of the CeTPSs on chromosomes. The red lines highlight the TPS genes with collinear
relationships between three orchid species.
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3.4. Cis-Elements Analysis of CeTPS

Analysis of promoter sequences 2000 bp upstream of the CeTPSs identified 641 cis-
acting elements, highlighting the complex regulatory mechanisms controlling gene expres-
sion and terpenoid biosynthesis in C. ensifolium. These cis-acting elements were categorized
into three functional groups (Figure 7A,B). There were 135 cis-acting elements related
to plant growth and development which were classified into 10 groups: As-1 element
(33%), AAGAA-motif (21%), MRE (17%), AT-rich element (8%), CCAAT-box (5%), etc.
In the CeTPS gene promoters, 8 categories were created from the identification of 155
cis-acting elements associated with plant stress response, including anaerobic induction
(ARE, 43%), stress response (STRE, 18%), drought response (MBS, 15%), and wounding
response (WUN-motif, 8%), etc. The phytohormone responsiveness category contained the
most cis-acting elements (351/641), primarily responsive to MeJA (MYC, 31%; TGACG-
motif, 13%; CGTCA-motif, 12%), ethylene (ERE, 23%), abscisic acid (ABRE, 5%), and auxin
(TGA-element, 5%) (Figure 7C). Our findings revealed that MeJA serves as the primary
regulator of CeTPS gene expression, corroborating previous research in plants [20,29].
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Figure 7. Promoter analysis of CeTPSs. (A) The count of distinct cis-elements identified in each
CeTPS gene. (B) Total cis-regulatory elements related to plant growth and development, stress
responsiveness, and phytohormone responsiveness. (C) The proportion of cis-elements related to
plant growth and development, stress responsiveness, and phytohormone responsiveness.
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3.5. Expression Patterns and qRT-PCR Analysis of CeTPS

Based on the transcriptome expression data of CeTPSs in various organs, we found that
CeTPSs have tissue-specific expression characteristics (Figure 8A). Specifically, CeTPS14
and CeTPS16 showed comparatively high expression levels in the roots and leaves, while
CeTPS23 and CeTPS28 showed significant expression levels in pseudobulbs. Additionally,
CeTPS1 and CeTPS18 displayed high transcript abundance in flowers. We conducted qRT-
PCR experiments to quantify the abundance of CeTPS1 and CeTPS18 transcripts at different
developmental stages of the flower (Figure 8B). These genes showed the highest expression
levels during blooming. It is hypothesized that these genes contribute to the biosynthesis
of terpenoids in the flowers of C. ensifolium.

A B
——

| | | |
— @D D @ co7rsi4 100 CeTPS1
D D @ co7rsi6 00
D D @G 1755 140 4
oapEs @ecrse 120 1
G CeTPS25 040
b D G C7Ps2i a0
@D @ c.7rs22 '
D G G CeTPSI10 0.00
. I I ] CeTPSI7
—— D @ T @ cerps2
E---- CeTPS24 ]
D (D (D (D cetPS26 s b
E---- CeTPS27 0 - 2 .
D (D D @ cePs30 s1 2 s3
—— 0 D D @ C.7rsi3
D (D D @ Co7rs29
| — D D (D @ c.7prsii 350 a
D (D D @& co7Ps20 T
D (D D @ Co7rss 300
L I I 1 NP
D D D & ce7Ps3
D G (D @ -7rs5
D D D @ C-7rs4
D GEED D G 7755 6
D D (D @ c7Ps9 4
D GED & CeTPS23 24 b
b G & CeTPS28 0 — ? :
D (D D @ cetPsI s1 2 S3

b Gl D CeTPSI8
Le Ro Ps Fl

100

80 /
15

10

Relative expression

250
10

8_

Relative expression

Figure 8. Heatmap and qRT-PCR analysis of CeTPSs expression in C. ensifolium. (A) Expression
patterns of CeTPSs in different organs (FPKM values) (Le: leaf; Ro: root; Ps: pseudobulb; FI: flower).
(B) Expression in flowers at three stages (S1: small bud; S2: large bud; S3: flowering). Bars display
biological replicate mean values + SE; significant statistical differences are shown by unique letters
(p < 0.05, Duncan).

3.6. Subcellular Localization of CeTPS

To further validate the functions of the CeTPS1 and CeTPS18 proteins, we created
expression vectors (355: CeTPS1-GFP and 355: CeTPS18-GFP) and transiently expressed
them in N. benthamiana leaves. This method allowed us to track gene expression and
visualize subcellular localization. Strong GFP fluorescence signals of CeTPS1-GFP and
CeTPS18-GFP were detected in the cytoplasm, while non-overlapping punctate red spots
were observed in the corresponding chlorophyll autofluorescence (Chl) images (Figure 9).
The experimental results demonstrated that both CeTPS1 and CeTPS18 proteins localized
in chloroplasts (Figure 9).

129



Horticulturae 2024, 10, 1015
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Figure 9. CeTPS proteins’ subcellular localization in N. benthamiana leaves (GFP: fluorescence image
of green fluorescent protein; Chl: chlorophyll autofluorescence image; Bright: brightfield image;
Merged: all channels combined).

4. Discussion

Floral scent is crucial for the diverse evolution of orchids and is a key ornamental trait.
Terpenes, which are primary components of orchid floral scents, are synthesized by TPS
genes, whose roles in terpene production have been confirmed in various orchid species.
C. ensifolium, a traditional Chinese orchid, has been cherished for its fresh and elegant
fragrance [35]. However, comprehensive studies on the identification of the TPS gene
family in C. ensifolium remain scarce, limiting our understanding of terpenoid biosynthesis
and its potential applications. Therefore, analyzing and categorizing the TPS genes in
C. ensifolium holds significant importance from a theoretical standpoint.

To accurately identify CeTPS genes, we combined HMMER search and BlastP results,
followed by validation using CDD and SMART to exclude incomplete sequences, ulti-
mately identifying 30 TPS gene family members in C. ensifolium. A comparative analysis
of C. ensifolium TPS family members with other orchid species, including D. chrysotoxum
(48) [32], D. officinale (34) [29], C. faberi (32) [30], and C. goeringii (40) [31], reveals that C. en-
sifolium has a medium-sized TPS gene family. Phylogenetic analysis of CeTPS proteins in
C. ensifolium identified three unique subfamilies: TPS-a, TPS-b, and TPS-c (Figure 3), which
differ from classifications in other Orchidaceae species, suggesting unique evolutionary
adaptations [28-30,34]. Evidence suggests that C. ensifolium has lost TPS-e/f and TPS-g
subfamily members over its evolutionary history. The CeTPS gene family comprised 8
TPS-a, 17 TPS-b, and 5 TPS-c subfamily members. Unlike the proportion of TPS-a sub-
family in A. thaliana (68.75%), C. faberi (43.33%), and D. chrysotoxum (41.17%), C. ensifolium
has only 26.67% of TPS-a subfamily members, and 56.67% of CeTPSs are distributed in
the TPS-b subfamily. TPS genes in plants usually cluster together to generate functional
gene clusters [45]. The TPS functional gene clusters exist in numerous plants, including
A. thaliana [17], Solanum lycopersicum [45], Daucus carota [46], A. shenzhenica, V. planifolia,
D. catenatum, and P. equestris [28]. The TPS gene clusters are highly conserved in plants,
contributing to the stability and diversity of terpene biosynthesis pathways [45]. Chromo-
somal analysis of CeTPSs in C. ensifolium revealed that TPS-a, TPS-c, and TPS-b subfamily
members were clustered on chromosomes Chr(08, Chr09, and Chr16, respectively (Figure 2).
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Gene duplication is crucial for gene family expansion, diversification, and understanding
evolutionary relationships among homologous genes. Gene duplications are classified
into tandem, segmental, and genome-wide types. Tandem duplications place homologous
genes on the same chromosome, while segmental duplications occur when duplicated
genes are located on different chromosomes [47]. Seven duplication events, including six
tandem and one segmental, were identified in the CeTPSs (Figures 2 and 5), with Ka/Ks
ratios ranging from 0.4476 to 0.8025 (Table 2), indicating purifying selection and suggesting
evolutionary conservation. The findings indicate that tandem and segmental duplications
have contributed to expanding the TPS gene family in C. ensifolium, driving genetic diver-
sity and enhancing terpenoid biosynthesis essential for ecological interactions. Through
further collinearity analysis of C. ensifolium, C. goeringii, and D. chrysotoxum, multiple TPS
homologous genes were identified among these three species (Figure 6). The detection
of these homologous genes highlights the evolutionary conservation among these orchid
species and implies potential similarities in gene function or regulatory mechanisms. This
knowledge lays a critical foundation for further exploration of the evolutionary processes
and gene functions of the TPS gene in orchids.

Numerous cis-regulatory elements regulate phytohormone signaling and stress re-
sponses in C. ensifolium, including MeJ A regulation, ERE regulation, anaerobic induction,
drought response, etc. (Figure 7). The findings show that hormones and stress may mod-
ulate CeTPSs expression. Several environmental factors regulate the release of volatile
terpenoids from plants, including light intensity, circadian clock, ambient temperature, and
relative humidity [48]. MeJA generates geraniol by promoting the expression of the D. of-
ficinale TPS gene DoGES1 [33]. Some TPS genes in C. sinensis are suppressed or promoted
in expression after treatments with MeJA and various stressors [21]. Genes responsible
for MeJ A biosynthesis in C. ensifolium are highly expressed in mature flower buds and
fully bloomed flowers [35], implying that the Me]A signaling pathway may influence the
expression of CeTPSs. Various transcription factors regulate the TPS gene in plants, playing
a crucial role in modulating terpenoid biosynthesis by controlling gene expression in re-
sponse to development and the environment. HcMYBs in Hedychium coronarium regulate
HcTPS expression by binding to core MYB-binding sites [49]. Transient expression of the
PbbHLH4 increases the content of monoterpenes in scentless phalaenopsis orchid flowers
by 950-fold [50]. DobHLH4 interacts with DoJAZ1 and binds to the DoTPS10 promoter’s
G-box, upregulating DoTPS10 expression, crucial for MeJA-mediated linalool accumulation
in D. officinale [51]. Various transcription factors are thought to regulate the expression of
CeTPS genes.

CeTPSs exhibit organ-specific expression patterns according to the transcriptome ex-
pression data. This observation suggests that members from different subfamilies may fulfill
distinct roles in various plant organs, contributing to a diversity of biological processes. For
example, CeTPS14 and CeTPS16 are predominantly expressed in roots and leaves, whereas
CeTPS23 and CeTPS28 show significant expression in pseudobulbs (Figure 8A). This pat-
tern indicates that these genes might be involved in stress responses or other physiological
functions related to plant defense mechanisms. Furthermore, the elevated expression of
CeTPS1 and CeTPS18 in flowers suggests their involvement in floral scent biosynthesis
(Figure 8A). These findings provide essential theoretical foundations and valuable insights
for future research on the specific roles of CeTPSs in plant growth, development, and their
underlying molecular mechanisms across different organs. Floral organs primarily emit
volatile organic compounds (VOCs). The release of floral scents follows a distinct pattern
across the stages of flower development. Flowers emit more VOCs when they prepare for
pollination [25]. We examined gene expression patterns in C. ensifolium at various stages of
flower development, revealing key regulatory genes involved in scent production. Then
we identified a peak in CeTPS transcript abundance, specifically during the flowering
period. The present results align with earlier investigations [27]. Gene expression patterns
indicated that CeTPS1 and CeTPS18 exhibited the highest expression levels during flow-
ering (Figure 8B). CeTPS1 and CeTPS18 belong to the TPS-b subfamily. These genes are
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considered essential in the monoterpene biosynthesis pathways of C. ensifolium. These
findings offer essential insights and establish a foundation for future research on floral
scent biosynthesis and molecular breeding in orchids.

5. Conclusions

In this research, we identified 30 CeTPS genes within the C. ensifolium genome and per-
formed an extensive analysis of their physicochemical properties. The CeTPS proteins were
classified into three TPS subfamilies. Genes within the same subfamily shared remarkably
comparable structures and conserved motifs, indicating functional conservation, whereas
different subfamilies had distinct features, demonstrating functional differentiation. The
genome of C. ensifolium contained seven pairs of duplicated genes with purifying selection,
suggesting that the evolution of CeTPSs was conserved. Cis-element analysis of CeTPS gene
promoters indicated regulation primarily by plant hormones and stress. Transcriptome
analysis revealed the CeTPSs demonstrated organ-specific expression patterns. The qRT-
PCR experiments further validated two functional genes that were highly expressed during
flowering and analyzed their subcellular localization. These findings provide valuable
insights and data, laying the groundwork for future research on floral scent biosynthesis
mechanisms and molecular breeding in orchids.
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Abstract: Tanacetum cinerariifolium, a perennial Asteraceae plant, is renowned for its orna-
mental value and natural insecticidal compounds, especially pyrethrins. These compounds,
primarily stored in flower heads, are highly effective as insecticides with low toxicity
to mammals, making them crucial for organic agriculture, along with the sesquiterpene
(E)-B-farnesene (ERF), play critical roles in T. cinerariifolium defense mechanisms. How-
ever, the spatiotemporal patterns of these secondary metabolites in stems and flower
heads, as well as their regulatory mechanisms, remain unclear. This study investigated the
biosynthesis and regulation of pyrethrins and ERF across developmental stages (51-54)
in flowers and stems using GC-MS and transcriptomics. Transcriptome analysis revealed
that the expression of pyrethrin biosynthetic genes was not synchronized with pyrethrin
accumulation. The main pyrethrin biosynthetic genes exhibited coordinated expression
patterns, peaking during early flowering stages (51-5S2), while pyrethrin accumulation
was primarily observed during mid-flower development. In contrast, the biosynthetic
genes of EBF showed synchronized expression with EBF accumulation, with the highest
activity observed in stems and early flowers. WGCNA identified jasmonic acid signaling,
trichome differentiation, and terpene transport pathways as potentially associated with
pyrethrin biosynthesis. Hub genes including MYC2 were identified as playing pivotal roles
in regulating secondary metabolite biosynthesis. These findings provide new insights into
the regulation and biosynthesis of pyrethrins and EBF, offering a foundation for optimizing
bioactive compound production and advancing sustainable pest management strategies.

Keywords: Tanacetum cinerariifolium; pyrethrins; transcriptomics; flower development;
(E)-p-farnesene

1. Introduction

Tanacetum cinerariifolium, commonly known as pyrethrum, is a perennial plant in
the Asteraceae family, valued for its ornamental application and its role as a source of
natural insecticides. The plant is characterized by white ray florets surrounding a dense
center of yellow disc florets and is particularly renowned for the high concentration of
natural pyrethrins in its flower heads. These pyrethrins, comprising pyrethrin I, cinerin I,
jasmolin I, pyrethrin II, cinerin II, and jasmolin II, provide significant economic benefits [1].
Pyrethrins are highly effective insecticides that incapacitate pests quickly, exhibit mini-
mal toxicity to mammals, and are resistant to pest tolerance. Moreover, they are fully
biodegradable, making them environmentally friendly [2,3]. These properties have ensured
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their long-standing use in household and agricultural pest control [4]. Due to their potent
insecticidal properties, pyrethrins have made pyrethrum a globally cultivated plant, not
only for ornamental purposes but also as a key resource for bio-pesticides [5,6]. This makes
pyrethrum an excellent choice for organic farming, home gardening, and agro-industrial
applications.

Recent advancements in plant physiological ecology and secondary metabolite re-
search have expanded interest in T. cinerariifolium, focusing on its primary insecticidal
compounds and other bioactive substances. Pyrethrum flower extracts are recognized for
their potent insecticidal properties and repellent effects against aphids and mosquitoes.
Notably, approximately 70% of the volatile compounds in pyrethrum are composed of
(E)-p-farnesene (EPAF) and germacrene D (GD) [7]. The efficacy of these compounds is
attributed to the synergistic action between the highly volatile EBF and the less volatile
pyrethrins [7,8].

EBF plays a crucial role as a key component of alarm pheromones in many aphid
species, attracting predatory insects, such as ladybugs, in response to predator attacks [9,10].
This pheromone is primarily released from a viscous droplet secreted from the aphid’s
dorsal abdominal tubes during attacks. At high concentrations and purity, ERF can trigger
an alarm response, causing conspecifics to disperse from the feeding site. Moreover, this
signaling compound is likely intercepted by predatory insects, serving as an important
cue in their search for food [9,11]. Pyrethrins and E(F together form the defensive arsenal
of T. cinerariifolium. Notably, pyrethrins predominantly accumulate in the ovary walls of
the flower heads, accounting for over 94% of the plant’s total pyrethrins [12,13]. Both the
flower heads and stems contain high levels of EBF. These compounds exhibit significant
spatiotemporal variations in their accumulation.

While pyrethrins are monoterpenoid derivatives, EBF is classified as a sesquiterpene.
Both compounds are synthesized via the isoprenoid metabolic pathway, which involves a
complex interplay of competition and enhancement. Volatile substances dominated by ERF
can even promote the synthesis of pyrethrins [14,15]. EBF is synthesized from the precursor
molecules isopentenyl pyrophosphate (IPP) and its isomer dimethylallyl pyrophosphate
(DMAPP) through the mevalonate (MVA) pathway. Farnesyl diphosphate synthase (FPS)
catalyzes the formation of farnesyl diphosphate (FPP), which is then converted to EBF
by sesquiterpene synthase (E)-beta-farnesene synthase (EbF) [16]. In T. cinerariifolium,
pyrethrins are primarily biosynthesized in the flower heads through the esterification
of a monoterpenoid acyl moiety (pyrethric or chrysanthemic acid) with an alcohol moi-
ety (pyrethrolone, jasmolone, and cinerolone). The acid component originates from the
methylerythritol-4-phosphate (MEP) pathway within plastids, a key branch of the terpene
biosynthetic network [17], whereas the alcohol component is derived from jasmonates [2].
Initial studies have explored the metabolic roles and biosynthetic pathways of these com-
pounds in pyrethrum. However, detailed information regarding their expression patterns,
regulatory mechanisms, and ecological functions during different growth stages, par-
ticularly during key phases of flower development, remains limited. Systematic omics
approaches are needed to further investigate the biological and ecological significance of
pyrethrin and EBF synthesis and release during these critical stages.

In T. cinerariifolium, the flowering phase is characterized by elongated peduncles
that are typically erect or slightly curved, serving to support the capitulum and facilitate
adaptation to the pollination environment. Flower head development proceeds through
eight distinct stages: S1, a well-developed closed bud; S2, with ray flowers positioned
vertically; S3, where ray flowers become horizontal, and the first row of disc flowers opens;
54, with three rows of disc flowers open; S5, when all disc flowers are open; S6, the early
senescent stage marked by fading disc flower color while ray flowers remain intact; S7,
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the late senescent stage with minimal disc flower coloration and dried ray flowers; and
S8, when ray flowers are shed, thereby enabling wind-driven seed dispersal (Figure S1a).
Notably, during the S2 stage, pyrethrum flowers are rich in volatile secondary metabolites
and contain moderate levels of pyrethrins (further, GC-MS analyses for additional stages
are provided in the Supplementary Information (Figure S1b).

This study employs high-throughput transcriptomics and GC-MS technologies to sys-
tematically analyze the expression and regulation of pyrethrins and EBF during stem and
flower development stages S1 to S4 in T. cinerariifolium. The goal is to elucidate the metabolic
pathways and regulatory networks controlling the biosynthesis and accumulation of these
secondary metabolites during critical developmental stages. This comprehensive analysis
is expected to provide new insights into plant secondary metabolite regulatory mechanisms
and their potential applications in pest management.

2. Results
2.1. The Content of Pyrethrin and EBF in T. cinerariifolium

To characterize the tissue-specific biosynthesis patterns of key defensive metabolites,
we quantified pyrethrins and EBF concentrations across vegetative stems and flowering
developmental stages (51-55) using GC-MS. Details of identified compounds are listed in
Table S1. The total pyrethrin content is lowest in the stem and increases progressively from
S1, peaking during stages S4 and S5. No significant difference in pyrethrin content was
observed between S4 and S5 (Figure 1a; Table S2). For optimal production efficiency and
large-scale mechanical harvesting, pyrethrum is typically collected during stages S4 and
S5 [6]. In contrast, EBF content is highest in the stem, relatively high at S1, and gradually
declines and stabilizes between S3 and S5 (Figure 1b; Table S2). This distribution pattern
indicates that EBF may serve primarily in early floral developmental stages and the stem
for signaling and defensive purposes, complementing the role of pyrethrins, which are
predominantly involved in defense during the flower mature stages.
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Figure 1. Comparison of pyrethrins and ERF levels in T. cinerariifolium. (a) Relative content of
pyrethrins at different flower developmental stages and in stems. (b) Relative content of EBF at
different flower developmental stages and in stems. Error bars represent mean + SD. Different
lower-case letters indicate a significant difference (p < 0.05) from one-way ANOVA followed by a post
hoc Tukey test. The values are normalized based on the stem sample.

2.2. Transcriptome Sequencing, Assembly, and Annotation of T. cinerariifolium

A total of 15 sequencing libraries were constructed from T. cinerariifolium flower stems
and flowering stages (51-54), yielding 101.5 Gb of clean data. Each sample produced more
than 6.09 Gb of clean data, with a Q30 base percentage exceeding 93.63% (Table S3), which
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met the quality standards for subsequent analysis. The clean data from all 15 libraries
were assembled using Trinity v2.6.6 [18], resulting in 100,099 unigenes. The average read
length was 977 bp, with a GC content of 38.67%. Clean reads were aligned to the reference
sequences derived from the Trinity assembly. BUSCO analysis confirmed that the majority
of genes were well represented in the BUSCO library (Figure 2a), demonstrating the high
quality of the sequencing data for downstream analyses.

a BUSCO Assessment Results b Nr . GO
. Complete (C) and single-copy (S) . Complete (C) and duplicated (D)
Fragmented (F) W vissing (M)

1665

900
290
124
%BUSCOs 684
T T T T T
0 20 40 60 80 65 ot 58
Pfam
Quercus suber7.76% Helianthus annuus 5.27%
Cynara cardunculus 4.21%
C '/ Lactuca sativa 3.15% Swiss-Prot
ther species 14.09% . .
47,835 Size of each list
: 40,738 |
239175 35709 | 33950 34,235
0 T T T 1 T :
Nr GO KEGG COG Swiss-Prot Pfam

Number of elements: specific (1) or shared by 2, 3, ... lists

[ 12089 | 14125 || 781 || se04 || 7035 |[]
T T T T T

T
6 5 4 3 2 1(731)

Figure 2. Transcriptome assembly and gene functional annotation. (a) BUSCO assessment results.
(b) The Venn diagram shows the total number of functional annotations in databases. (c) Species
distribution of the BlastX result against the Nr database.

To gain comprehensive functional information, gene annotation was performed using
Blast v2.10 and Diamond v5.10 software against seven major databases: UniProt, KEGG,
GO, Nr, Pfam, COG, and KEGG Pathway. In total, 50,295 unigenes (50.25%) were anno-
tated, with 12.98% of the unigenes annotated across all databases. The number of unigenes
annotated in each database was as follows: Nr (47,835; 47.79%), Pfam (34,235; 34.20%),
Swiss-Prot (33,950; 33.92%), GO (40,738; 40.70%), COG (35,709; 35.67%), and KEGG (20,949;
20.93%) (Figure 2b). Species annotation from the Nr database revealed that the top five an-
notated species were Artemisia annua (65.52%), Quercus suber (7.76%), Helianthus annuus
(5.27%), Cynara cardunculus (4.21%), and Lactuca sativa (3.15%) (Figure 2c).

To evaluate the consistency among samples, Pearson correlation and principal com-
ponent analysis (PCA) were performed. The Pearson correlation results revealed mini-
mal variation within each sample group, indicating a high degree of consistency within
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groups (Figure 3a). The PCA results further showed clear separation between different

sample groups, suggesting distinct clustering patterns, the observed separation between

groups provides strong visual evidence of group differentiation, confirming the consis-

tency of the data for transcriptome analysis (Figure 3b). Differentially expressed genes
(DEGs) were identified using the criteria of p-adj < 0.05 and |log2 FoldChange!| > 1.
Compared to the stem, a total of 13,239 DEGs were detected in S1 (6008 upregulated and
7231 downregulated). Between S1 and S3, 12,160 DEGs were identified (6635 upregulated
and 5525 downregulated), and a similar number of DEGs (12,160) was observed between
S1 and 5S4 (7139 upregulated and 4768 downregulated) (Figure 3c). These findings highlight
marked differences between the stem and the flowering stages, while expression patterns

were more similar between adjacent stages, such as S1 and S2, or S3 and S4 (Figure 3d).
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2.3. Differential Gene Expression in JA Biosynthesis

JA plays a critical role in flower development and serves as a precursor for the synthe-
sis of pyrethrins. An analysis of DEGs involved in JA revealed notable expression patterns
for key genes such as SPLA2 (Secretory Phospholipase A2, 1 DEG), LOX (Lipoxygenase, 8
DEGs), OPR3 (12-Oxophytodienoate Reductase, 8 DEGs), AOS (Allene Oxide Synthase, 1 DEG),
AOC (Allene Oxide Cyclase, 1 DEG), ACX (Acyl-CoA Oxidase, 2 DEGs), and MFP (Multifunc-
tional Protein, 2 DEGs) (Figure 4). These genes are expressed at very low levels in the stem
but are highly expressed during the early flowering stages (S1 and S2). Subsequently, their
expression levels decline, with a particularly pronounced decrease in AOC, a key gene in JA
biosynthesis. qRT-PCR results confirm that the expression of LOX, AOS, and AOC increases
from the stem to the early flower stages (S1 and 52). LOX peaks at S3 and S4, while AOC
and AOS show their highest expression at S1 and S2 before progressively declining through
S3 and S4. These trends indicate that JA biosynthesis is most active during the early to
mid-flower stages, supporting its role in initiating defense and developmental processes.
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Figure 4. DEGs assigned to JAs biosynthesis pathway. The colors in the heatmaps represent the
normalized expression levels of DEGs, expressed as logl0(TPM + 1). RNA-Seq (gray bars) and
qRT-PCR (blue bars) data are shown. FC values are presented for expression level and normalized to
the stem samples. Error bars represent mean + SD. Different lower-case letters indicate a significant
difference (p < 0.05) from one-way ANOVA followed by a post hoc Tukey test.

2.4. Differential Gene Expression in Pyrethrins Biosynthesis

While some pathways in the synthesis of pyrethrins remain unclear, most have been
well elucidated. The DEGs selected for expression analysis have been previously validated
in T. cinerariifolium as key regulators or enzymes involved in the biosynthesis of pyrethrins
and EBF. DEG analysis reveals that the expression of pyrethrin biosynthetic genes is ex-
tremely low in the stem but significantly elevated during the early flowering stages (S1 and
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S2). Their expression is subsequently downregulated during the mid-flowering stages (S3
and S4). qRT-PCR results show that genes such as CDS (Chrysanthemyl Diphosphate Syn-
thase), ADH (Alcohol Dehydrogenase), ALDH (Aldehyde Dehydrogenase) and GLIP (GDSL-like
Lipase) are highly expressed during the early to mid-flowering stages (51 and S2). Notably,
JMH (Jasmonate Hydroxylase) maintains consistently high expression levels throughout
all flowering stages. In contrast, ERF expression is highest in the stem and at the early
flowering stage (S1) (Figure 5).
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Figure 5. The biosynthesis of pyrethrin and gene expression. The color shows the normalized
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blue dotted box indicates rethrolones, a pyrethrin molecule incorporates one of three rethrolones,
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ANOVA followed by a post hoc Tukey test.
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2.5. WGCNA Co-Expression Analysis

To further investigate the biosynthesis of pyrethrins in T. cinerariifolium, a filtering
threshold was applied, selecting genes with an average TPM value greater than 1 and
a coefficient of variation exceeding 0.2. Using the filtered expression matrix containing
28,749 genes, co-expression modules were constructed with a fitting index and optimal
connectivity, using a soft threshold power of 11. A merging threshold of 0.3 yielded
66 modules, whereas a threshold of 0.2 reduced the number to 22 modules (Figure 6a,b).
Among these, the darkolivegreen module (2856 genes), honeydew1 module (1091 genes),
and corall module (3026 genes) were identified as being highly correlated with pyrethrin
biosynthesis (Figure 6c).
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Figure 6. Co-expression modules determined by weighted gene co-expression network analysis.
(a) The cluster dendrogram groups genes into modules based on their co-expression patterns. Each
color below the dendrogram represents a distinct module. (b) Co-expression module expression
spectrum diagram. Modules were identified using the dynamic tree cut method and subsequently
merged based on their similarity. (c) Heatmap of correlations between module eigengenes (rows) and
sample traits (columns). Red denotes a positive correlation, blue indicates a negative correlation, and
the intensity of the color reflects the strength of the correlation. The numbers in each cell indicate the
correlation coefficient and the p-value (in parentheses). Values are presented using scientific notation,
such as “5e-06”, which denotes a value of 5 x 107°.
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To further investigate the association between these three modules and pyrethrin
biosynthesis, KEGG enrichment analysis was performed, and the top 20 pathways were
visualized based on their significance (Figure S2a—c). The major enriched pathways in
the corall, honeydewl, and darkolivegreen modules were largely consistent, including
metabolic pathways (222, 218, and 73 genes, respectively) and biosynthesis of secondary
metabolites (102, 132, and 73 genes, respectively). Additionally, the honeydew1 module
showed specific enrichment in pathways related to monoterpenoid biosynthesis (4 genes)
and plant-pathogen interactions (30 genes), highlighting potential links to plant defense
mechanisms. In contrast, the darkolivegreen module was enriched in plant hormone signal
transduction pathways (31 genes) and «-linolenic acid metabolism pathways (14 genes),
both associated with JA biosynthesis. These results suggest that hormonal regulation,
particularly involving JA, plays a pivotal role in pyrethrin biosynthesis in T. cinerariifolium.

GO enrichment further confirmed these results (Figure S2d—f). In the honeydew1
module, the main enrichments included 104 protein bindings, 4 trichome differentiations,
and 3 ABC-type xenobiotic transporter activities. The synthesis of pyrethrins is highly
related to gland differentiation. During the flowering stage, it is synthesized by the glands
and then transported to the ovary wall outside the glands. The pathways associated with
the activity of these ABC-type transporters may play a significant role in pyrethrin synthesis
and transport. In the darkolivegreen module, the most significant enrichment was observed
in 297 plasma membrane proteins, as well as numerous pathways related to hormones,
including 32 responses to jasmonic acid, 56 responses to abscisic acid, 25 responses to
ethylene, 11 jasmonic acid biosynthetic processes, and 14 jasmonic acid-mediated signaling
pathways. This module also included 34 defense responses to fungus and 118 DNA-
binding transcription factor activities. Additionally, 28 responses to wounding pathways
were identified, indicating that genes involved in these pathways may play a crucial role
in enhancing pyrethrin content in response to damage. In the corall module, the most
significant enrichments were 328 plasma membrane proteins, 35 responses to wounding,
31 defense responses to fungus, and 21 responses to jasmonic acid. These pathways related
to damage response, antifungal activity, and response to MeJA are highly associated with
pyrethrin synthesis.

The enrichment of JA-related pathways across multiple modules further supports
the role of JA as a central regulator in pyrethrin biosynthesis. Given that JA is well
known for its function in plant defense, it is plausible that pyrethrins and JA share a
coordinated regulatory mechanism. The identification of genes involved in ABC-type
transporters, trichome differentiation, and defense responses suggests that both transport
and glandular structures are crucial for efficient pyrethrin accumulation. Moreover, the
observed enrichment in wounding response pathways reinforces the idea that pyrethrin
biosynthesis may be inducible by biotic or abiotic stressors, similar to other secondary
metabolites in plants.

To identify key regulatory genes in these modules, protein—protein interaction (PPI)
networks were constructed using the STRING database, and hub genes were identified
with the Cytohubba plugin in Cytoscape. In the honeydew1 module, hub genes included
AP2, which is involved in transcriptional regulation, TTGI (trichome development), TPS11
(terpene synthesis), PLA2A (lipid hydrolysis), and transcription factors MYB73 and MYB12
(Figure 7a). The darkolivegreen module featured hub genes such as ALDH7B4, ALDH3H]1,
and ALDH10AS8, which are known to play roles in pyrethrin biosynthesis. Additionally,
this module included EIN3 (ethylene-insensitive 3), which interacts with MYC2, MYC3,
and MYC4 to inhibit the expression of jasmonic acid-induced wound response genes and
herbivore defense genes (Figure 7b). In the corall module, hub genes included COI1 (CORO-
NATINE INSENSITIVE 1), MYC2, and JAZ1 (Figure 7c). Among these, the MYC2 gene
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corresponds to the TRINITY_DN73856_c0_g1 gene. Amplification of the MYC2 interaction
network revealed that MYC2 plays a central role in the jasmonic acid pathway, interacting
with multiple JAZ proteins to mediate responses in the JA signaling pathway (Figure 7d).
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Figure 7. Co-expression modules determined by weighted gene co-expression network analysis.
(a—c) The predicted protein—protein interaction network of the honeydew1, darkolivergreen, and
corall modules, constructed based on the Arabidopsis protein database using STRING. (d) Correlation
network of MYC2.

3. Discussion
3.1. Dynamics of Pyrethrin and EBF Biosynthesis in T. cinerariifolium

This study provides a comprehensive analysis of the biosynthesis and regulation of
pyrethrins and ERF in T. cinerariifolium, elucidating their accumulation patterns and the
gene expression profiles. Pyrethrin content increases from S1 to S5, with relatively high
levels observed during the S4-S5, aligning with its critical role in plant defense and repre-
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senting a common harvest time for industrial applications [6]. Conversely, ERF levels are
elevated in the stem and early floral stages, suggesting its function in early defense signal-
ing and ecological interactions, a phenomenon observed in fields where pyrethrum attracts
numerous predatory ladybugs during the S1-5S2 stages [8]. The biosynthetic pathways of
pyrethrins and EBF, both stemming from isoprenoid metabolic precursors but diverging
into monoterpenoid and sesquiterpenoid routes, respectively, exemplify a sophisticated
ecological defense strategy. Pyrethrins, synthesized via the MEP pathway [17], are crucial
for deterring pests in later floral stages. EF, synthesized from the MVA pathway [16], acts
as an alarm pheromone to attract predatory insects during the early flowering stages [8]. In
addition, EBF enhances the pyrethrin’s effectiveness [19]. This establishes a nuanced regu-
latory network that orchestrates pyrethrin biosynthesis and supports the plant’s adaptive
responses to environmental cues.

Endogenous JAs and pyrethrin synthesis-related genes exhibited similar expression
patterns: they were expressed at low levels during the stem elongation stage, increased
during the S1 and S2 stages of flowering, and were downregulated in S3 and S4. This co-
expression pattern, particularly the simultaneous upregulation of JA and pyrethrin-related
genes during early flowering, suggests a coordinated regulation of these pathways. Such
synchronization indicates that other co-expressed genes during these peak periods could
play roles in pyrethrin biosynthesis, providing potential targets for identifying new genes
involved in this synthetic pathway:.

Notably, while our study highlights the coordinated expression of JA and pyrethrin
biosynthesis genes in flower heads, previous studies have reported contrasting findings
regarding the role of MeJA treatment. For example, in leaves, MeJA treatment strongly
induced early-stage pyrethrin biosynthesis genes but downregulated late-stage genes en-
coding enzymes such as GLIP, JMH, and PYS, ultimately slowing pyrethrin production [20].
In flower heads, however, pyrethrin synthesis exhibited a diminished response to MeJA
treatment, with no significant impact on pyrethrin content [21]. These earlier findings
suggest substantial tissue-specific regulatory differences in pyrethrin biosynthesis.

3.2. Insights from Co-Expression Analysis

WGCNA is a robust tool for studying gene interactions and identifying modules
associated with secondary metabolite pathways. It has been widely used to integrate
transcriptomic and metabolomic data, revealing key regulatory mechanisms. For instance,
WGCNA effectively identified genes and pathways associated with high sugar, high acid,
and high anthocyanin traits in Vaccinium duclouxii [22], flavonoids linked to cold tolerance
in chrysanthemum [23], and the effects of forchlorfenuron and thidiazuron on flavonoid
biosynthesis in table grape skins [24].

However, WGCNA has limitations, especially when gene expression and metabolite
synthesis or accumulation are asynchronous. qRT-PCR analysis revealed that genes related
to pyrethrin biosynthesis are highly expressed during the S1-S2 stages of flowering but
exhibit significant lag in pyrethrin accumulation, which becomes substantial only during
the 54-S5 stages. In contrast, ERF shows synchronous patterns of gene expression and
accumulation. This difference can be attributed to the contrasting biosynthetic pathways
and storage characteristics of the two compounds. Pyrethrin biosynthesis involves the
complete MEP pathway and parts of the JA synthesis pathway, making it a complex, multi-
step process influenced by numerous regulatory factors [2,17]. Additionally, pyrethrins are
primarily stored in intercellular spaces or the fruit pericarp tissues, which likely reduces
their phytotoxic effects but also delays their accumulation [25]. This storage mechanism
further contributes to the diminished responsiveness of pyrethrin synthesis in flower heads
to JA signal [20,21]. In contrast, ERF synthesis is a simpler, single-step process catalyzed by
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sesquiterpene synthase, and it is localized in glandular trichomes and head cells, facilitating
faster synthesis and transport [11,26].

The asynchronous nature of pyrethrin gene expression and metabolite accumulation
underscores the limitations of using pyrethrin content as a direct trait for WGCNA analysis.
Therefore, in this study, analyzing the co-expression patterns of known pyrethrin biosyn-
thetic genes represents a more reliable approach for identifying regulatory networks and
candidate genes involved in pyrethrin synthesis.

Through WGCNA, three key modules, honeydew1, darkolivegreen and corall, were
identified as strongly associated with pyrethrin biosynthesis and defense responses. Each
module revealed distinct but interconnected pathways contributing to secondary metabolite
production. The honeydew1 module was enriched in genes related to trichome differen-
tiation, plant-pathogen interactions, and monoterpenoid biosynthesis, underscoring its
relevance to glandular structures where pyrethrins are synthesized. The darkolivegreen
module highlighted pathways involving JA biosynthesis and signaling, while the corall
module included key JA pathway components such as MYC2, JAZ1, and COI1, which
are critical regulators of JA responses. The presence of ABC transporters and plasma
membrane proteins across these modules suggests their roles in metabolite synthesis and
transport. Collectively, these modules provide a comprehensive regulatory map integrating
pyrethrin biosynthesis with broader plant defense mechanisms.

Our analysis also revealed modules associated with trichome differentiation. Lab-
oratory experiments demonstrated that MeJA treatment enhances trichome density in
seedlings, correlating directly with increased pyrethrin content [20]. Similarly, field studies
reported a positive correlation between trichome density and pyrethrin accumulation [27].
Supporting this, experiments on T. cinerariifolium callus and CRISPR-Cas9-edited hairy
roots devoid of glandular trichomes failed to produce pyrethrins, even under induced
differentiation conditions [28]. These observations emphasize that glandular trichomes
are essential for pyrethrin biosynthesis and may represent a critical rate-limiting factor in
its production.

Among the key genes identified, TcTTG1, a WD40-repeat protein, was co-expressed
with pyrethrin biosynthetic genes. TcTTG1 shares homology with TTG1 in A. thaliana and
A. annua, both of which are involved in trichome development [29]. In A. thaliana, TTG1
interacts with the MYB-family gene GL1 and bHLH-family gene GL3, forming a MYB-
bHLH-WD40 ternary complex that governs trichome formation [30,31]. Similarly, A. annua
homolog AaGSW2, a WRKY transcription factor, positively regulates glandular devel-
opment and enhances artemisinin synthesis [32]. Although functional details of TcTTG1
require further validation, its co-expression with pyrethrin biosynthetic genes suggests it
may play a critical role in glandular trichome formation and pyrethrin biosynthesis.

Furthermore, transcription factors such as MYB73, MYC2, and JAZ1 emerged as key
regulatory genes. Studies have shown that MYC2, enriched in MeJA-treated leaf tran-
scriptomes, acts as a central regulator of JA-mediated pathways [20], while MYB73 in
apples regulates vacuolar transport systems to influence malic acid accumulation [33].
Additionally, ABC transporters, identified within these modules, are critical for trans-
porting pyrethrin precursors and products between plastids, cytoplasm, and extracellular
spaces. These transport systems, along with key transcription factors, represent integral
components of the pyrethrin biosynthetic pathway and promising targets for metabolic
engineering to enhance pyrethrin production.

3.3. Implications for Pest Management and Future Directions

The elucidation of pyrethrin and ERF biosynthesis pathways provides valuable in-
sights into how T. cinerariifolium produces and deploys these compounds as defense mech-
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anisms. The distinct roles of pyrethrins in direct insecticidal activity and EBF in predator
attraction and alarm signaling highlight a synergistic defense strategy that can be exploited
in integrated pest management. By enhancing the natural production of these compounds,
either through genetic engineering or optimized cultivation practices, it may be possible
to develop bio-based solutions that reduce reliance on synthetic pesticides, aligning with
global goals for sustainable agriculture.

The co-expression modules identified through WGCNA, particularly the honeydew],
darkolivegreen, and corall modules, point to key regulatory nodes that could be targeted for
metabolic engineering. For example, manipulating MYC2, EIN3, and ABC transporters may
enhance pyrethrin accumulation without compromising plant growth or other metabolic
functions. Moreover, understanding the interplay between the JA pathway and other
hormonal pathways, such as ABA and ethylene provides a framework for designing
strategies that optimize plant resilience under various environmental conditions while
maintaining high secondary metabolite yields.

Future research should focus on the application of these findings to improve the
commercial viability of T. cinerariifolium as a bio-pesticide resource. This includes devel-
oping molecular tools to precisely regulate pyrethrin and EBF biosynthesis during key
growth stages, as well as exploring how environmental factors, such as light, tempera-
ture, and biotic stress, influence these pathways. Additionally, investigating the role of
glandular trichomes and transport mechanisms in pyrethrin localization and secretion
may reveal further targets for enhancing yield and efficiency. Advancing transcriptomic
and metabolomic techniques will allow for a more comprehensive understanding of how
secondary metabolism is dynamically regulated in response to environmental stimuli,
paving the way for innovations in plant science and sustainable agriculture.

4. Materials and Methods
4.1. Plant Materials

The T. cinerariifolium plants, derived from tissue culture (clonal progeny), were cul-
tivated in the greenhouse at Huazhong Agricultural University. Flowers at different
developmental stages (51-54) and flower stalks were collected according to the stages
defined by Ramirez’s study [34], and the flower stalks were collected as described in [8].
At each stage, tissues were randomly sampled from different plants within the same stage
and then pooled to ensure representativeness. A total of 15 samples were collected, includ-
ing 3 stem samples and 3 samples from each flowering stage (51-54). All samples were
replicated in triplicate and immediately transferred to liquid nitrogen for rapid freezing
and further analysis.

4.2. GC-MS Analysis

For the stored samples, 100 mg of the thoroughly ground powder was transferred to
a 2 mL vial containing n-hexane with 8.7 ng/uL methyl laurate as an internal standard
(chromatography grade). The mixture was vortexed for 15 s, centrifuged at 5000 x g for
10 min, and the supernatant was passed through a drying column packed with anhydrous
sodium sulfate. For tissues too small to be ground, n-hexane extraction was performed
directly, and the extracts were transferred to 1.5 mL autosampler vials and stored at —20 °C
until analysis.

The GC/MS analysis was performed using a GC/MS-QP2010 Ultra system (Shimadzu
Corporation, Kyoto, Japan) equipped with an HP-5 MS column. The column temperature
was maintained at 40 °C for 3 min, then ramped at 10 °C/min to 280 °C and held for 2 min.
The ion source and transfer line temperatures were set at 230 °C and 280 °C, respectively.
Electron ionization was conducted at 70 eV, with a mass scan range of 45 to 450 m/z and
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a scanning rate of 5 scans per second. Data analysis was carried out using Shimadzu
GC solutions software v4.20, with qualitative and quantitative assessments based on the
NIST2011 and the PESTEI3 pesticide databases. Each sample was analyzed in triplicate
with chrysanthemum flower head extract (Sigma-Aldrich, Saint Louis, MO, USA) used as
the standard reference material.

4.3. Total RNA Extraction, cDNA Library Construction and Sequencing

Total RNA was extracted from the samples using the phenol/chloroform method.
RNA concentration and integrity were assessed using the NanoDrop 2000 spectropho-
tometer (Thermo Scientific, Waltham, MA, USA) and the Agilent Bioanalyzer 2100 System
(Agilent Technologies, Santa Clara, CA, USA). The NEBNext® Ultra™ RNA Library Prep
Kit for Illumina® (NEB, Ipswich, MA, USA) was used to generate sequencing libraries.
The PCR products were purified and the library quality was assessed using the Agilent
Bioanalyzer 2100 system. Sequencing was performed by a commercial sequencing company
(MGI, Wuhan, China). The raw sequences described in this article were submitted and
released to The National Genomics Data Center (NGDC, https:/ /ngdc.cncb.ac.cn) under
BioProject PRJCA033633 (accessed on 13 December 2024).

4.4. Transcript Splicing, Annotation, and Quality Assessment

Raw reads were processed for quality control using Fastp v0.20.1 software with default
parameters to remove low-quality values, adapter sequences, and poly-N sequences [35].
Reads with low-quality values, adapter sequences, and poly-N sequences were filtered out.
Clean reads were then assembled using Trinity v2.6.6 [18]. The longest transcript from the
assembly was designated as the unigene for subsequent analyses. The assembly’s accuracy
and completeness were assessed using N50 and BUSCO v3.0.2 metrics [36].

The TransDecoder v5.5.0 software was used to predict the reading frames of unigenes
and translate the coding sequences (https://github.com/TransDecoder/TransDecoder,
accessed on 13 December 2024, parameter: -m 50). Transcription factors were identi-
fied using the PlantTFdb (http:/ /planttfdb.gao-lab.org/, accessed on 13 December 2024)
database [37]. Alignment was performed using Diamond v(0.9.24 (parameters: -max-target-
seqs 1, -evalue 1 x 10°) [38], aligning unigenes to the NCBI non-redundant (Nr) database
(https:/ /ftp.ncbi.nlm.nih.gov/blast/db/, accessed on 13 December 2024), COG database
(http:/ /www.ncbi.nlm.nih.gov/COG, accessed on 13 December 2024), Swiss-Prot database
(http:/ /www.expasy.ch/sprot), KEGG database (http:/ /www.genome.jp/kegg, accessed
on 13 December 2024), and Gene Ontology (GO) database (http:/ /www.geneontology.org/,
accessed on 13 December 2024). Based on the alignment results against the Nr database, the
species distribution of the aligned sequences was statistically analyzed and plotted. The
Venn diagram was generated using Evenn (http:/ /www.ehbio.com/test/venn/, accessed
on 13 December 2024) [39].

The reads were aligned back to the assembled transcripts using Bowtie2 v2.3.4 (pa-
rameters: mismatch 0) software [40]. The alignment results were analyzed using RSEM
v1.3.1 [41], to obtain the read count of each sample mapped to the unigenes, which were
then normalized to TPM values. For quality assessment, Pearson correlation coefficients
and PCA were performed using R v3.6.1 programming language to evaluate the correlation
and reproducibility among samples.

4.5. Screening and Enrichment Analysis of Differential Genes

Differential gene expression analysis between samples was performed using the
R package DESeq2 v1.10 [42], with a threshold set at |log2FoldChangel > 1 and an
adjusted p-value (Padj) < 0.05. The DEGs (differentially expressed genes) were subjected to
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K-means hierarchical clustering. The R package ClusterProfiler facilitated GO and KEGG
enrichment analysis of these genes [43].

4.6. WGNCA Analysis

Co-expression network analysis was performed using the R package WGCNA v1.703
in R v3.6.3 to assess modules of genes with high correlation [44]. Transcripts with an average
expression below 1 were excluded. Modules linked to phenotypic traits were pinpointed in
the network by converting the adjacency matrix into a topological overlap matrix using
WGCNA. Modules were clustered based on similar expression patterns. The obtained
modules were subjected to KEGG and GO enrichment analysis using KOBAS v3.0 [45].
Protein—protein interaction networks were retrieved from the STRING v11.5 database
(http:/ /string-db.org/). Hub genes were selected using the CytoHubba plugin [46], and
visualization analysis was performed using Cytoscape v3.8.2 [47].

4.7. Transcriptome qRT-PCR Validation

To validate the accuracy of RNA-Seq data, pyrethrins synthesis-related genes were
selected for qRT-PCR. The RNA samples were reverse transcribed using a reverse transcrip-
tion kit (Toyobo, Osaka, Japan). Specific primers were designed (Table 54), and qRT-PCR
was performed using the SYBR preMix Ex Taq Kit (Takara, Kusatsu, Japan) and the Roche
LightCycler® 96 System (Roche, Basel, Switzerland) with the local transcriptome library
validated using Tbtools v1.075 [48]. The qRT-PCR reaction system, with a total volume
of 20 uL, included 10 pL of SYBR mixture, 0.4 uL of the upstream primer, 0.4 uL of the
downstream primer, and 0.5 ng of the template. The amplification program consisted of
pre-denaturation at 94 °C for 30 s, followed by 40 cycles of denaturation at 94 °C for 5 s, an-
nealing at 60 °C for 15 s, and extension at 72 °C for 10 s. The relative expression levels were
calculated using the 2—AACT method with the GADPH gene as the reference gene [49].
Each sample was analyzed by qRT-PCR with three independent biological replicates and
two technical replicates.

5. Conclusions

This study provides novel insights into the dynamic biosynthesis and regulation of
pyrethrins and ERF in T. cinerariifolium, highlighting the complexity of their spatiotempo-
ral expression and functional roles in plant defense. The observed asynchrony between
pyrethrin gene expression and metabolite accumulation underscores the intricate regula-
tion of monoterpenoid pathways, while the synchronization of EBF biosynthesis points
to its distinct ecological functions during early flower development. By identifying key
pathways such as JA signaling, trichome differentiation, and terpene transport as poten-
tially associated with pyrethrin biosynthesis, and pinpointing hub genes like MYC2, this
study lays the groundwork for future research into metabolic engineering and targeted
breeding strategies. Furthermore, the results emphasize the significance of integrating tran-
scriptomic data with functional studies to unravel the regulation of secondary metabolite
pathways. These findings not only advance our understanding of T. cinerariifolium biology
but also offer practical applications in optimizing bio-pesticide production for sustainable
agriculture.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae11020201/s1, Figure S1: Developmental stages of
T. cinerariifolium flowers and GC-MS analysis of key metabolites in S2. Figure S2: WGCNA modules
gene functional enrichment analysis. Table S1: The mass spectrograms of T. cinerariifolium S2 flowers.
Table S2: GCMS Analysis of Pyrethrins and ERF in Different Samples. Table S3: Summary of Illumina
HiSeq sequencing data, Table S4: Primers used in experiment.
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Abstract: Waterlogging is a critical abiotic stressor that significantly impacts plant growth.
Plants under waterlogging stress release metabolic signals that recruit rhizosphere mi-
croorganisms and enhance stress resistance. However, the mechanisms through which
the non-adaptive species R. delavayi responds to waterlogging stress via the synergistic
interaction between root metabolites and rhizosphere microbiota remain poorly elucidated.
Here, we employed pot experiments to characterize the responses of the root metabolite—
microbiota complex in R. delavayi during waterlogging stress and subsequent recovery.
Our results revealed that waterlogging altered the root morphology, the root metabolite
profile, rhizosphere microbial diversity and network complexity, and these effects persisted
during recovery. A significant correlation between root metabolites and the rhizosphere
microbial community structure during waterlogging stress and recovery. Importantly, some
differentially accumulated metabolites had significant effects on the assembly of rhizo-
sphere microbes. Most of the core microbes in the rhizosphere microbial community under
waterlogging and post-waterlogging recovery treatment were likely beneficial bacteria.
Based on these findings, we propose a model for how root metabolites and rhizosphere
microbes interact to help R. delavayi cope with waterlogging and recover. Based on these
findings, we propose a possible response pattern of root metabolites and rhizosphere mi-
crobiota complex in R. delavayi under waterlogging stress and recovery. This work provides
new insights into the synergistic mechanisms enhancing plant waterlogging tolerance
and highlights the potential of harnessing rhizosphere microbiota to improve resilience in
rhododendrons.

Keywords: rhododendron; waterlogging stress; root-rhizomicrobiota complex; beneficial
bacteria; multi-omics

1. Introduction

Due to the marked increase in heavy precipitation and recurrent precipitation events,
the response mechanisms of plants to waterlogging stress have become a key research focus.

Horticulturae 2025, 11, 770 https://doi.org/10.3390/horticulturae11070770
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Rhododendrons, both evergreen and deciduous woody plants, have high horticultural
value and are cultivated worldwide [1]. In the northwest of Guizhou Province, the Baili
Azalea Nature Reserve (BANR) contains approximately 40 species of Rhododendron and
serves as an important rhododendron germplasm bank. Rhododendron delavayi (R. delavayi)
is a crucial member of the BANR [2]. With global climate change, the frequency and
intensity of waterlogging events in August in Guizhou have increased significantly [2].
Unfortunately, waterlogging hinders rhododendron growth and development and can
be fatal. However, research on their response patterns to waterlogging stress and post-
waterlogging recovery remains limited.

The rhizosphere—the soil region within 2 mm of the root system—is a hotspot for
microbial activity [3]. Rhizosphere microbiotas are highly sensitive to environmental fluctu-
ations, particularly changes in soil moisture [4]. Growing evidence underscores their critical
role in plant health and adaptation to waterlogging stress [5,6]. For instance, waterlog-
ging alters spring wheat root microbiota, depleting beneficial bacteria [7], while enriching
Geobacter in soybeans [8] and Pseudomonas in sugar beets [6]. Hypoxia during waterlogging
imposed severe impacts on both plants and their microbiota, favoring anaerobic taxa (e.g.,
Firmicutes, Fusobacteria) [9]. Although the effects of waterlogging on rhizosphere com-
munities have been documented [10], post-waterlogging recovery—particularly whether
microbiota could restore functional communities to support plant resilience—remains
poorly understood [11]. Waterlogging stress modulates rhizosphere microbiota assembly
through root-mediated metabolites, altering plant-microbe interactions. Waterlogging-
induced shifts in root metabolites, including mucilage composition, phytohormone fluxes
such as strigolactones [12], and anaerobic byproducts (ethanol, aldehydes) [13,14], drive
microbial community restructuring [15,16]. Following waterlogging, recovering plants
face multiple challenges, including the detoxification of phytotoxins accumulated during
inundation, nutrient deficiencies, and increased susceptibility to biotic stress [17,18]. To
overcome these challenges, recovering plants rely on root metabolites to recruit specific
rhizosphere microbial communities that aid in stress mitigation and recovery [9,15]. Con-
sequently, understanding the responses of the root metabolite-rhizosphere microbiota
complex to waterlogging stress and subsequent recovery is essential for elucidating the
mechanisms by which waterlogging impacts rhododendrons.

In this study, a pot water control experiment was conducted to investigate the effects
of waterlogging and post-waterlogging recovery on 3-year—old R. delavayi seedlings. The
responses of root metabolites and rhizosphere microbial communities to waterlogging
stress and recovery were analyzed using 16S rRNA gene sequencing (targeting the V4
region) and ultrahigh-performance liquid chromatography-mass spectrometry (UPLC-
MS/MS). The objectives of this study were to (i) elucidate the responses of rhizosphere
microbiotas and root metabolites in rhododendrons to waterlogging stress; (ii) assess
whether rhizosphere microbiotas and root metabolites return to their pre-waterlogging
state during the recovery phase; and (iii) explore how Rhododendron root metabolites unite
specific rhizosphere microorganisms to enhance resistance to waterlogging stress. Insights
into the roles of microorganisms and root metabolites under waterlogging stress may
provide a valuable reference for understanding the mechanisms underlying the effects of
waterlogging on rhododendrons from the perspective of plant-microbe interactions.

2. Result

2.1. Generating Metabolites and Rhizosphere Microbiotas for R. delavayi Root During
Waterlogging and Recovery

To survey the metabolic and microbial characteristics of R. delavayi roots during water-
logging and recovery, we collected the root tissues and rhizosphere soil of 21 three-year-old
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R. delavayi seedlings (Figure 1a). The seedlings of R. delavayi were exposed to waterlogging
stress for 0, 10, 20, or 30 days (W0, W10, W20, W30). In the post-waterlogging recovery
treatments, waterlogging was performed for 10, 20, or 30 days, followed by an equal
recovery period of 10, 20, or 30 days, designated as WR10, WR20, and WR30, respectively.
In addition, we performed 16s rRNA sequencing on microbes in the rhizosphere soils
(Figure 1b). We used UPLC-MS/MS to determine the contents of metabolites in each root
sample (Figure 1c). Through the experimental design, we identified 693 metabolites in the
root system of R. delavayi and classified a total of 6808 operational taxonomic units (OTUs)
from its rhizosphere microbial community, covering 81 phyla and 687 genera.

2.2. Effects of Waterlogging Stress and Restoration on R. delavayi Seedling Roots

Waterlogging stress significantly reduced fresh root weight (Supplementary Figure S1).
This decline persisted during recovery, exacerbated by prolonged prior stress durations.
Adventitious roots emerged following 20 days of waterlogging but diminished during
recovery beyond 20 days. By WR30, all adventitious roots were absent, with the remaining
roots exhibiting darkening and necrosis alongside a pronounced reduction in root biomass.
These results demonstrated persistent and irreversible root damage in R. delavayi under
extended waterlogging stress and recovery.

2.3. Changes in Root Metabolites During Waterlogging Stress and Recovery Period

Root metabolomic profiling of R. delavayi via UPLC-MS/MS identified 693 metabo-
lites (Supplementary Figure S2), predominantly lipids (17.5%), phenolic acids (17.0%),
flavonoids (14.9%), and others (50.6%). Principal component analysis (PCA) revealed
a marked divergence between waterlogging and recovery root metabolite profiles
(Supplementary Figure S3A). Bray—Curtis dissimilarity was greatest between W0 and W30,
exceeding all other group comparisons except W0 vs. WR30 (Supplementary Figure S3B).
Both extended waterlogging (30 days) and prolonged recovery (30 days) induced signifi-
cantly stronger root metabolite changes than shorter durations (10/20 days), demonstrating
time-effect metabolic changes.

Using orthogonal partial least squares discriminant analysis (OPLS-DA), a total of
470 differentially accumulated metabolites (DAMs) were identified across waterlogging—
recovery phases (Supplementary Figure S4A). Venn analysis showed that less than
30% of the DAMs reversed their changes within the recovery period after experiencing
waterlogging (Supplementary Figure S4B). Temporal profiling via Short Time series Expres-
sion Miner (STEM) revealed five significant expression patterns encompassing 97 DAMs
(Supplementary Figure S4C), which were predominantly enriched in flavonoid biosynthe-
sis, purine metabolism, linoleic acid metabolism, and alpha-linolenic acid metabolism. A
total of 22 flavonoid metabolites were identified in the metabolome of R. delavayi roots
under waterlogging stress and recovery, including 13 DAMs (Supplementary Figure S4D).
Most of these differential flavonoid metabolites exhibited significant upregulation during
the waterlogging stress period, such as Quercetin, Hesperetin, and Phloretin.

Through a comprehensive literature review of metabolites, we identified 48 out
of the 97 DAMs that played a critical role in plant resistance to adverse conditions
(Supplementary Table S2). Overall, the functions of these 48 DAMs were categorized
into four main groups: (1) scavenging reactive oxygen species (ROS) and maintaining redox
balance (e.g., L-Proline, a—Linolenic Acid, Quercetin), (2) antioxidation (e.g., Protocate-
chualdehyde, Phloretin, Dihydrokaempferol), (3) antifungal, antibacterial, and antiviral
effects (e.g., Hesperetin, 9,10,13-Trihydroxy—-11-Octadecenoic Acid), and (4) regulation of
root growth (e.g., Isorhamnetin, Quercetin-3—O-sophoroside). These results suggested
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that the root metabolism of R. delavayi actively participated in both waterlogging stress

and recovery.
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Focused on the following three questions:

1. The influence of rhizosphere microbiota and root metabolites on Rhododendron under waterlogging stress
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after waterlogging recovery

ii1. The effects of Rhododendron root metabolites attracting specific rhizosphere microbiota on its resistance
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Figure 1. Overview of the experimental design. (a) 21 samples were retrieved for normal (CK),

waterlogging (W), and recovery (WR) on 3-year-old the R. delavayi seedlings. The root of R. delavayi

seedling was collected and divided into two parts. (b) The root part was used to analyze the

root metabolites by UPLC-MS/MS. (c) The rhizosphere soil was used to analyze the microbiota

by sequencing.
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2.4. Effects of Waterlogging and Post—Waterlogging Recovery on Rhizosphere Microbial Diversity
and Community Structure

Utilizing sequencing of the V4 region of the 16S rRNA gene and subsequent anal-
ysis, a total of 6808 OTUs were classified in the rhizosphere microbiotas of R. delavayi
under waterlogging stress and restoration. Only 17% (998/6068) constituted the consis-
tently presenting microbiotas across all treatments (Supplementary Figure S5A). Water-
logging induced pronounced community turnover, retaining merely 40.5% of W0 OTUs
(1265/3124) during stress and 40.5% (1267) post-recovery. Likelihood ratio testing identified
363 and 376 differentially abundant OTUs during waterlogging and recovery, respectively
(Supplementary Table S3). These results revealed substantial rhizosphere microbiome
restructuring in R. delavayi under waterlogging-recovery cycles. Notably, during waterlog-
ging and the subsequent recovery period, a large number of OTUs in the rhizosphere exhibit
decreased or increased abundance. Then, x-diversity analyses revealed a time-dependent
shift in the microbial community of the R. delavayi rhizosphere under waterlogging—
recovery cycles. The recovery phases (WR10, WR30) exhibited elevated Shannon diversity
(p < 0.05) compared to WO, while waterlogging duration differentially impacted richness:
PD whole tree and Chaol indices peaked at W20 before declining at W30 (Supplementary
Table S4). Non—-Metric Multidimensional Scaling (NMDS) ordination of Bray—Curtis dis-
tances demonstrated a marked divergence between waterlogged and recovery communities
(PERMANOVA R? = 0.32, p = 0.001) (Supplementary Figure S5B). Unweighted UniFrac
distances showed maximal structural shifts between the W0-W30 (waterlogging climax)
and W20-WR20 (recovery transition) groups (Supplementary Figure S5C).

The 6808 OTUs were mostly divided into 81 Phyla (Supplementary Table S5). The
highest relative abundances at the phylum level were for Proteobacteria (44.38~73.29%),
followed by Cyanobacteria (11.29~31.50%) and Actinobacteriota (3.29~8.31%). Following
the waterlogging and post-waterlogging recovery of the rhizosphere microbiota, there
was a notable reduction in the relative abundances of Proteobacteria, while Cyanobacteria
and Actinobacteriota exhibited marked increases. Interestingly, there was a substantial
number of unidentified_bacteria (2.23~5.68%), and their abundance shows a significant
increase following waterlogging and subsequent recovery. Moreover, to evaluate variations
in the rhizosphere microbiota during waterlogging and post-waterlogging recovery, we
evaluated differentially abundant genera in the waterlogging and recovery groups. A total
of 687 genera were annotated in the R. delavayi rhizosphere microbiota, of which 187 genera
were affected by waterlogging stress and restoration (Supplementary Figure S5D). Most
genera (115) were significantly affected by waterlogging stress. Thirty-three genera only
significantly changed during the post-waterlogging recovery period but experienced no
significant changes during waterlogging. All of the results suggested that waterlogging
and subsequent recovery exert substantial influence on rhizosphere microbiotas.

2.5. Effects of Waterlogging and Post—Waterlogging Recovery on Rhizosphere Microbial
Co—Occurrence Network Complexity and Core Microbes

To evaluate the influence of waterlogging and the subsequent recovery period on the
complexity of rhizosphere microbial co-occurrence networks, six distinct networks were
constructed. We calculated various network topological parameters, including the total
number of nodes, number of links, network diameter, relative modularity (RM), average
clustering coefficient (average CC), and average degree. Analysis of network topological
parameters indicated that the rhizosphere microbial co-occurrence networks manifested
divergent trends in response to differing waterlogging durations and recovery periods
(Figure 2a, Table 1). Prolonged waterlogging progressively increased the complexity and
density of the overall structure of the co-occurrence network (nodes, links, average degree,
and diameter increased from W10 to W30), with elevated modularity (RM increased) and
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reduced clustering (average CC reduced), indicating a transition toward compartmental-
ized communities. Intriguingly, the network structure within post-waterlogging recovery
exhibited phase-dependent variation. During a shorter post-waterlogging recovery period
(10 days), the network structure underwent simplification and loss (nodes, links, and
average degree reduced, but diameter increased), concurrent with the decline in compart-
mentalization (RM and average CC reduced). Conversely, with prolonged waterlogging
and subsequent restoration (20 or 30 days), the structure of the co-occurrence network
increased again in complexity and density, with a higher degree of compartmentalization.
Furthermore, we evaluated the robustness (resistance to node loss), cohesion, and nega-
tive co-occurrence ratio of rhizosphere microbial co-occurrence networks to examine how
different durations of waterlogging and subsequent recovery periods affected network
interaction and stability (Figure 2b). The robustness of waterlogging groups increased
with stress duration, whereas recovery phases exhibited temporal heterogeneity. The 10 d
and 30 d recovery groups showed reduced robustness compared to their corresponding
waterlogging groups, while the 20 d recovery group displayed higher robustness than its
waterlogging counterpart. In addition, we assessed the cohesion to measure the microbial
interactions [19]. By analyzing the positive cohesion and negative cohesion, we found
that the microbial interactions in the 10 d and 30 d waterlogging groups were higher
than in their corresponding post-waterlogging recovery groups. Interestingly, the 20 d
group exhibited the opposite trend. Notably, although robustness and cohesion exhibited
fluctuations, these variations did not reach statistical significance. Under disturbances, the
presence of negative interactions enhanced network stability [20]. Although the negative
co-occurrence ratio was higher in the 10 d waterlogging group, it remained notably low
across all networks following both waterlogging and recovery periods (ratio < 2.0%). The
effects of waterlogging and subsequent recovery on microbial interactions and network
stability were limited.

Table 1. Topological properties of rhizosphere bacterial networks.

Network Nodes Links Average Degree Diameter Average CC RM

W10 327 1253 7.66 6.91 0.82 1.74
W20 334 1390 8.85 12.86 0.80 1.74
W30 449 4417 19.67 16.57 0.76 3.49
WR10 283 865 6.11 9.88 0.73 1.18
WR20 486 4758 19.58 14.61 0.71 3.11
WR30 475 5976 25.16 17.51 0.75 4.04

Node: the total number of nodes; Links: the total number of links; Diameter: network diameter; Average CC:
average clustering coefficient; RM: relative modularity.

Native core microbiomes associated with the plant rhizoplane hold the key to har-
nessing the full potential of soil microbiomes for supporting plant growth [21]. Here, two
methods were used to jointly define the core microbes. Firstly, by calculating the within-
module connectivity (Zi) and among-module connectivity (Pi), network hub microbiotas
were obtained. The W10 network contained one module hub microbiotas, while W20,
W30, WR10, and WR20 harbored one, seven, one, and three hub microbiota, respectively
(Figure 2c). Secondly, to identify specialist microbiotas associated with each treatment, we
selected OTUs with specificity and occupancy greater than or equal to 0.7 in the specificity—
occupancy (SPEC-OCCU) plots. Here, a total of 49 specialist OTUs were found (Figure 2d,
Supplementary Table S6). A total of 59 core microbes were found using the two methods, of
which only Rubrobacter fulfilled the criteria for hub microbiotas and specialist microbiotas.
(Figure 2e).
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Figure 2. Rhizosphere microbial correlation networks and core microbiotas with different waterlog-

ging and recovery periods. (a) Visualization of constructed networks in 6 different waterlogging
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2.6. Co-Occurrence Between Root Metabolites and Rhizosphere Microbial Communities and
Microbial Assembly Processes Under Waterlogging and Post-Waterlogging Recovery

Plants selectively recruit specific rhizosphere microbial communities through
root metabolites, thereby establishing plant-rhizosphere microbial complexes that
synergistically enhance plant resistance to stressors [22,23]. Root metabolites were
significantly correlated with the composition of the rhizosphere microbial community
under waterlogging and post-waterlogging recovery, based on a Mantel test (p = 0.021).
We propose that root metabolites during waterlogging and recovery correlate with
dynamic shifts in the rhizosphere microbiota. Hence, we investigated the potential
driving role of metabolites in the microbial community assembly process under these
conditions. By calculating the 3—nearest taxon index (BNTI) between sample pairs,
we found that deterministic and stochastic assembly processes were observed across
all the rhizosphere bacterial communities of waterlogging and post-waterlogging
recovery (W10, W30, WR10 of BNTI > 2, W20, WR20, WR30 of | BNTII < 2) (Figure 3a).
Furthermore, dispersal limitation (RCbray > 0.95) was found to be dominant among
the stochastic processes, and deterministic processes were dominated by homogeneous
selection. Finally, correlation analyses integrated BNTI with 48 DAMs identified
through OPLS-DA, STEM clustering, and literature validation. A total of 16 metabolites
(including L-valine, L—citrulline, N-glycyl-L-leucine, etc.) demonstrated significant
associations with microbial community assembly processes (Figure 3b). To explore
the root metabolite-rhizomicrobiota response patterns under waterlogging stress and
post-waterlogging recovery, cross—domain network pipeline analysis was conducted
between 48 different metabolites screened above and the rhizosphere microbiota of
the network. It was found that 24 metabolites were significantly correlated with
57 microorganisms (Figure 3c). Quercetin-3—O-sophoroside, L-Citrulline, L-Valine,
N-Glycyl-L-leucine, Guanine, and L-Glycyl-L-phenylalanine exhibited significant
co—occurrences with a greater number of rhizosphere microbiotas, most of which
were positive.
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Figure 3. Correlation analysis of root metabolites with rhizosphere microbial community and
microbial assembly processes under waterlogging and post-waterlogging recovery. (a) Contributions
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of deterministic and stochastic processes to the aggregation of rhizosphere microbial communities
were analyzed by PNTI, and each community assembly process was defined by the percentage of
site pairs. (b) Scatter plots illustrating the correlation between BNTI and the relative abundance of
the 16 root differential metabolites. Adjusted R2 and p values from linear regressions are shown.
(c) Correlation network of metabolite production and microbial community of R. delavayi root under
waterlogging and post-waterlogging recovery. (The bar chart illustrated the variation of expression
for corresponding metabolites). From left to right, each bar represented the following groups: CK,
W10, WR10, W20, WR20, W30, and WR30).

3. Discussion

3.1. Effects of Waterlogging and Post—Waterlogging Recovery on Root Metabolites and
Rhizosphere Microbes

Global climate change has increased waterlogging frequency over six decades,
with partial /complete inundation damaging most terrestrial plants. While plant ac-
climation to waterlogging is well studied, post-stress recovery mechanisms remain
underexplored [24]. Although rhizosphere microbiome involvement in waterlogging
resistance is established [9], its role during recovery remains unclear. Prolonged
waterlogging caused progressive root damage in R. delavayi, with incomplete restora-
tion observed post-recovery. Root metabolite alterations intensified with treatment
duration, peaking at 30 days of waterlogging/recovery. Consistent with reported
waterlogging-induced microbial shifts [6], our data revealed persistent community
restructuring during recovery. Rhizosphere microbial diversity and phylogenetic com-
plexity increased during waterlogging and persisted through recovery. These findings
provide further evidence of continuous waterlogging—hypoxia impacts during plant
recovery [25,26], emphasizing the critical need to investigate post-stress microbial and
metabolic dynamics for enhancing plant resilience.

Waterlogging and subsequent recovery exert substantial influence on the rhizo-
sphere microbiota across taxonomic ranks. Previous studies of rhizosphere microorgan-
isms in sugar beet and maize found that Proteobacteria and Firmicutes were significantly
enriched under waterlogging treatment [6,27]. However, another research on spring
wheat (Triticum aestivum) showed that the proportion of Actinobacteria and Proteobac-
teria decreased [7]. We also found a notable reduction in Proteobacteria abundance in
the rhizosphere of R. delavayi. At the same time, Cyanobacteria and Actinobacteriota
exhibited a marked increase. We think that this large variation may be related to dif-
ferences in the soil in which plants grow. Soil type could also significantly influence
microbial community structure [8]. Compared with the neutral soil of sugar beet and
maize, the planting soil of R. delavayi has higher acidity (pH 4.8 &+ 0.3). Some studies
have suggested that waterlogging is less harmful to neutral soils than acidic soils, at
least on the level of microbial functions [8]. The variability in rhizosphere microbial
responses, attributed to the dissimilarities of soil and plants, suggests that the current
research on the interaction between plants and rhizosphere microorganisms for resist-
ing stress is still profoundly inadequate. Moreover, there was a substantial number of
unidentified bacteria in the rhizosphere of R. delavayi, and their abundance shows a
significant increase following waterlogging and subsequent recovery. These indicated
that there are still many unknown bacteria in the rhizosphere microbes of R. delavayi
that we need to isolate and study, which may bring us more challenges. Many studies
have reported that host plants recruit rhizosphere beneficial bacteria to promote plant
growth under various stresses, such as waterlogging, high salt, etc. [28,29]. Through
database comparison and identification, 44 potentially rhizosphere-beneficial bacteria
were identified from the 187 genera of rhizosphere microbiota affected by waterlogging
stress and subsequent recovery (Supplementary Table S7) [30]. Nearly all potentially
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rhizosphere-beneficial bacteria demonstrated varying degrees of enrichment under
distinct waterlogging and recovery periods.

3.2. Effects of Waterlogging and Post—Waterlogging Recovery on Core Microbes

Core microbes constitute an essential and interrelated group within the rhizosphere
microbiome community, where changes in their presence and abundance can induce signif-
icant variations in microbiome structure and function [31,32]. A total of 59 core microbes
were found using two methods, in which only Rubrobacter fulfilled the criteria for hub
microbiotas and specialist microbiotas. (Figure 2e). Rubrobacter was present during the
plant developmental processes and played a crucial role in promoting plant growth and
nutrient cycling [33,34]. Interestingly, we found that the hub microbiotas were almost all
potentially beneficial to plant growth or nutrient cycling. The genus Bacillus has long been
recognized for its beneficial interactions with plants, enhancing growth, nutrient uptake,
and stress resistance [35]. The genera Anaerolinea and Ohtaekwangia played a significant
role in soil carbon and nitrogen cycles and promoted plant growth [36-38]. The genus Sph-
ingomonas produced highly beneficial phytohormones and improved plant growth under
stress conditions [39]. Massilia genera had rock phosphate solubilizing ability, improved
plant phosphorus nutrition status, and driven plant growth [40,41]. Azospirillum genera
was a nitrogen-fixing bacterium, which promoted plant growth and increased plant toler-
ance to water stress [42,43]. Some specialist microbiotas have also been shown to promote
plant growth or nutrient cycling. The genus Arthrobacter is a nitrogen-fixing bacterium,
which promotes plant growth. Sphingobacterium, Rubrobacter, and Lactobacillus are plant
growth-promoting rhizobacteria [44]. In addition, we found that many of the specialist
microbiotas were anaerobic bacteria or facultative anaerobes, which can adapt to anoxic
conditions. Examples include the genera Corynebacterium, Sphingobacterium, Prevotella,
Parasutterella, Lactobacillus, Ruminococcus, and Desulfovirga [45-49]. The results indicated
that the core microbes in the rhizosphere microbial community under waterlogging and
post-waterlogging recovery treatment may exhibit two key characteristics: (i) they are
important for promoting plant growth and nutrition cycling; (ii) they are adapted to anoxic
conditions. Nevertheless, the way in which the core potentially rhizosphere beneficial
bacteria we discovered establish a defense mechanism against waterlogging damage in
association with R. delavayi is still unclear. In the future, to address these issues, we can
use synthetic communities to explore the extent to which they contribute to R. delavayi
resistance to waterlogging stress [50,51].

3.3. Root Metabolites Assembled Rhizosphere Microbial Community to Resist Stress for Plant

Current research indicates that root metabolites are correlated with rhizosphere mi-
crobiota succession and might be particularly influential under stress conditions [52,53].
Plant roots under stress release metabolic signals to recruit rhizosphere microorganisms,
which promote plant growth and contribute to stress resistance [29,54]. In our studies, the
differentially accumulated metabolites were significantly correlated with the composition
and assembly process of R. delavayi rhizosphere microbial communities under waterlog-
ging and post-waterlogging recovery. Meanwhile, based on the existing literature on
root metabolite function and rhizosphere beneficial bacteria, we found several interesting
co—occurrences between metabolites and rhizosphere microbiota. L-Homoserine exhibited
a significant positive co-occurrence with the beneficial bacterium Sphingomonas sp., which
synthesizes highly advantageous plant hormones under adverse conditions, thereby pro-
moting plant growth. The plant growth—promoting bacterium Bryobacter sp. correlated
with Nicotinic acid, 9,10,13-Trihydroxy-11-Octadecenoic Acid, 2'-Deoxyguanosine, L—
Leucyl-L-phenylalanine and L-Tyrosine. Nocardia sp. secreted Indoleacetic acid (IAA) and
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siderophores to promote plant growth, which correlated with L-Glycyl-L-phenylalanine.
Lactobacillus sp. and Stenotrophomonas acidaminiphila demonstrated the ability to fix nitrogen,
increase phosphorus, and increase potassium. Isorhamnetin was likely to concentrate
Lactobacillus sp. and Stenotrophomonas acidaminiphila together to regulate the growth of both
primary and lateral roots. Additionally, Quercetin-3—-O-sophoroside, which similarly regu-
lated the growth of both primary and lateral roots, enhanced the abundance of the plant
growth—promoting bacterium Flavisolibacter sp. [30]. Hence, we suggested that enriching
these metabolites may play a significant role in rhizosphere microbial community assembly
and plant resistance to stress.

3.4. The Response Patterns of Root Metabolite—Rhizomicrobiota in R. delavayi Under Waterlogging
Stress and Post-Waterlogging Recovery

This study described the responses of root metabolites and rhizosphere microorgan-
isms to waterlogging stress and post-waterlogging recovery. By combining our results,
we attempt to describe the possible response patterns of root metabolites and rhizosphere
microbiota complexes in R. delavayi under waterlogging stress and recovery (Figure 4).
Three response patterns were identified: (1) The effects of waterlogging stress on R.
delavayi persisted throughout the corresponding recovery period, as evidenced by the
root morphology and the composition of root metabolites and rhizosphere microorganisms.
(2) When R. delavayi was subjected to waterlogging stress, the abundances of numerous
root metabolites and rhizosphere microorganisms changed significantly. Some metabolites
associated with both biotic and abiotic stress responses were enriched. The enrichment of
these metabolites may be a common response of R. delavayi to waterlogging stresses. There
are many potentially beneficial bacteria in the rhizosphere microbiota of R. delavayi, which
may contribute to waterlogging stress resistance. However, the enrichment degree of poten-
tially beneficial bacteria differed across different waterlogging and recovery periods. Core
microbes play a pivotal role in organizing the assembly and function of plant-associated
microbial communities [31]. Notably, most of the core microbiotas of R. delavayi responding
to waterlogging stress were potentially beneficial bacteria. (3) The waterlogged R. delavayi
assembled specific rhizosphere microbiotas by means of root metabolites resistant to the
biological or abiotic stresses of host plants, within which some beneficial bacteria in the
rhizosphere were recruited.

Nonetheless, to propose more detailed mechanisms underlying rhizosphere responses
to waterlogging stress in the future, it is important to recognize that the patterns identified
in this study require further experimental validation and a more comprehensive explanation
of several key aspects. First, the enrichment of synergistic beneficial microbiota by specific
root metabolites needs to be experimentally confirmed. Future studies should also focus
on elucidating the succession dynamics of these metabolites and microorganisms during
the post-waterlogging recovery phase. Finally, to deepen our understanding of the roles
of root metabolites and rhizosphere microorganisms in the waterlogging resistance of R.
delavayi, further investigations should incorporate more detailed time-series analyses.
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Figure 4. The response patterns of root metabolites and rhizosphere microbiota complex in R. delavayi
under waterlogging stress and post-waterlogging recovery.

4. Materials and Methods
4.1. Plant Material and Pot Water Control Treatment

Three-year-old R. delavayi seedlings were selected for the pot waterlogging experiment,
which included two treatments: waterlogging and recovery. These seedlings were cultured
in plastic flowerpots (cylinders of diameter 8 cm and height 15 cm) with wild, healthy
rhododendron soil from the Baili Rhododendron area. The soil pH was 4.8 + 0.3, character-
istic of acidic conditions. The culture conditions in a greenhouse were a photoperiod of
16 h/8 h, a temperature of 22 °C, a light intensity of 400 pmol m~2s~!, and a relative
humidity of 60-70%. The plastic flowerpots were placed in trays (length x width x height,
55 cm x 30 cm x 4.5 cm); after that, the R. delavayi seedlings were continuously watered
until the water level in the trays reached 4 cm. In the waterlogging treatment groups,
daily irrigation maintained a waterlogging depth of 4 cm, with stress durations of 0 (WO0),
10 (W10), 20 (W20), and 30 (W30) days. After the waterlogging stress period, water in the
trays was removed, and the seedlings were allowed to recover for durations corresponding
to their respective waterlogging times: 10 days of waterlogging followed by 10 days of
recovery (WR10), 20 days of waterlogging followed by 20 days of recovery (WR20), and
30 days of waterlogging followed by 30 days of recovery (WR30). The soil was normally ir-
rigated in the later part of the restoration process. Three biological replicates were included
for each treatment.
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4.2. Analysis of Root Metabolites by UPLC-MS/MS

Using a mixer mill (MM 400, Retsch, Haan, Germany), the freeze-dried root sample
was crushed with a zirconia bead for 1.5 min at 30 Hz. The 100 mg powder sample was
then weighed and dissolved in 1.2 mL of 70% methanol solution, followed by vortexing for
30 s every 30 min for 6 times in total. Subsequently, the samples were placed overnight at
a temperature of 4 °C. Before UPLC-MS/MS analysis, the sample extracts were filtered
(SCAA-104, 0.22 pm pore size, ANPEL, Shanghai, China) after centrifugation at a speed
of 12,000x g rpm for a duration of 10 min. The sample extracts were analyzed using a
UPLC-ESI-MS/MS system (UPLC, SHIMADZU Nexera X2, Shimadzu, Japan; MS, Applied
Biosystems 4500 Q TRAP, Foster City, CA, USA). The UPLC conditions were as follows:
Column, Agilent SB-C18 (1.8 um, 2.1 mm x 100 mm). Mobile Phase, solvent A: pure
water with 0.1% formic acid; solvent B: acetonitrile with 0.1% formic acid. Sample Mea-
surements: The starting conditions were 95% A and 5% B. A linear gradient to 5% A and
95% B was applied over 9 min, and 5% A and 95% B were kept for 1 min. Subsequently,
95% A and 5.0% B were adjusted within 1.10 min and kept for 2.9 min. Flow velocity:
0.35 mL per minute. Column Oven, 40 °C. Injection Volume, 4 pL. The effluent was alterna-
tively connected to an ESI-triple quadrupole-linear ion trap (QTRAP)-MS. The ESI source
was operated in turbo spray mode with the following parameters: source temperature
550 °C, ion spray voltage £5500 V (positive/negative modes), gas flows (GS1 50 psi, G52
60 psi, curtain gas 25 psi), and high collision—-activated dissociation. System calibration used
10 umol/L (QQQ mode) and 100 pmol /L (LIT mode) polypropylene glycol solutions. MRM
acquisitions employed nitrogen collision gas at medium pressure. Qualitative analysis of
the secondary mass spectrometry data was performed using a self-built database, MWDB
(v2.0), and the quantitative analysis of the metabolites was performed using the multiple
reaction monitoring mode. After operation in positive— and negative-ion modes, the raw
data were controlled and processed by Analyst 1.6.3 software (AB Sciex, Framingham,
MA, USA) [55]. Chromatographic peak areas (Area) reflect the relative abundance of corre-
sponding metabolites. To enable cross-sample comparison of metabolite abundance while
ensuring accurate annotation and quantification, we implemented retention time—based
alignment and chromatographic peak shape validation across all detected features.

4.3. Microbial DNA Extraction and 16S rRNA Gene V4 Region Sequencing

5 g root samples were first vortexed with 5 mL of phosphate-buffered saline (PBS)
solution (pH 7.2) and then centrifuged (5 min at 3000 g) to collect all the sediment from
the root surfaces, which was treated as the rhizosphere microbial samples. Total genome
DNA from the samples was extracted using the MOBIO PowerSoil ® DNA Isolation Kit
(12888-50, Carlsbad, CA, USA). A sample was extracted three times and mixed before being
dissolved in 60 uL TE buffer. Then we quantified the DNA ND1000 and stored it at =80 °C.
The V4 region of the 165 rRNA gene was amplified using the 20~30 ng DNA from each
sample and then sequenced using the Illumina NovaSeq platform. The PCR primers were
515F' ~“GTGCCAGCMGCCGCGGTAA,” and 806R'~GGACTACHVGGGTWTCTAAT'. PCR
reactions were carried out with 15 pL of Phusion® High-Fidelity PCR Master Mix (New
England Biolabs), 2 uM of forward and reverse primers, and about 10 ng template DNA.
Sequencing libraries were generated using the TruSeq® DNA PCR-Free Sample Preparation
Kit (Illumina, San Diego, CA, USA) following the manufacturer’s recommendations, and
index codes were added.

4.4. Sequencing Data Analysis

Quality filtering on the raw tags was performed to obtain the high—quality clean tags
according to QIIME. Quality filtering parameters included maximum expected errors per
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read (2.0), removing low—quality regions (<19), and removing the chimeric sequences.
Using the VSERCH algorithm to detect chimera sequences, the Effective Tags were finally
obtained. Tags with >97% similarity were assigned to the same OTUs using the UP-
ARSE method. In total, 1,386,614 high—quality 16S rRNA V4 amplicons for 21 rhizosphere
samples were obtained and analyzed (Supplementary Table S1). Then, using the Silva
Database based on the USEARCH algorithm, OTUs were annotated with taxonomic infor-
mation [56]. OTU abundance information was normalized using a standard of sequence
number corresponding to the sample with the least sequences.

4.5. Network Construction and Characterization

The OTUs were screened for significant clusters using STEM. OTUs that could not be
annotated to a genus or had an abundance of less than 10 were excluded [57]. A total of
634 OTUs were screened. Based on OTU abundance, a microbial co—occurrence network
was established using Pearson co—occurrence coefficients (r) exceeding 0.7 or falling below
—0.7, in conjunction with false discovery rate-adjusted p-values of less than 0.05 [58]. The
co-occurrence networks were visualized with the interactive R package v4.2.2 ggCluster-
Net [59]. To estimate the complexity of networks, we calculated the characterization of
the networks by R package igraph, including total number of nodes, number of links,
network diameter, relative modularity (RM), average clustering coefficient (Average CC),
and average degree [60]. Robustness is defined as the proportion of the remaining species
in this network after random removal, in which 50% of the nodes were randomly removed.
Cohesion can be used as an indicator to measure microbial interactions [44]. The robust-
ness, cohesion, and negative co-occurrence ratio were calculated and visualized by the R
package ggClusterNet. In this study, two different methods were used to jointly define core
microbes. First, potential specialist microbiotas were identified by SPEC-OCCU plots [61].
Second, according to within-module connectivity (Zi) and among-module connectivity
(Pi), hub microbiotas were identified [32]. Cytoscape 3.7.0 was utilized to visualize and
clarify the network of root metabolites and microbiotas, which was established based on
Spearman’s co—occurrence coefficients (r > 0.7 or r < —0.7, p < 0.05).

4.6. Analysis of the Microbial Community Assembly Processes and the Effect of Root Metabolites
on Community Assembly

By calculating the BNTI among samples, the phylogenetic pattern of the rhizosphere
microbial community is assessed by employing the null model approach [62]. Sample pairs
with | BNTI| > 2 were considered to result from a deterministic process, while | ANTI|
<2 indicated that the selective pressure was relatively weak, suggesting that community
assembly may be under the control of a stochastic process [63]. The values obtained from
the BNTI analysis reflected the driving force of the relevant factors. For the computation of
RCbray, the number of simulated communities with a Bray—Curtis dissimilarity exceeding
the observed value was aggregated with half of the number of simulated communities
with dissimilarity equal to the observed value, and the sum was subsequently divided
by the total number of simulations (999). By combining the results of BNTI and RCbray,
the relative contributions of deterministic and stochastic processes to overall community
assembly within each sample were determined. All analyses of microbial community
assembly processes and the effect of root metabolites on community assembly were carried
out within the R “stats”, “minpack.lm”, “Hmisc”, and “picante” packages [52].

4.7. Statistical Analyses

DAMs were identified using OPLS-DA in the R package MetaboAnalystR (VIP > 1,
llogyFold change | > 1) [64], with permutation testing (200 iterations) to validate model
robustness. Enriched metabolic pathways were derived via metabolite set enrichment

167



Horticulturae 2025, 11, 770

analysis using hypergeometric tests (p < 0.05). Root metabolite structures were visualized
by PCA of Bray—Curtis distances (vegan package). For rhizosphere microbiota, «— and
f—diversity indices were computed in QIIME and visualized in R. Community structure
differences were assessed via Non—-Metric Multidimensional Scaling (NMDS; Bray—Curtis)
and permutational multivariate analysis of variance (PERMANOVA) by the vegan pack-
age. Taxonomic differentials between groups were evaluated using likelihood ratio tests
(p < 0.05). The co—occurrence between microbial community and root metabolites was
tested via Mantel tests (vegan; Bray—Curtis vs. Euclidean matrices, 999 permutations).
Analyses were conducted in R version v4.2.2 with vegan v2.6-6.

5. Conclusions

This study provides an analysis of root metabolites and rhizosphere microbiota in
the rhizosphere soil of R. delavayi under waterlogging stress and post-waterlogging re-
covery. Our findings revealed significant alterations in the root metabolites, rhizosphere
microbiota, and microbial co—occurrence network during waterlogging stress, with these
changes persisting throughout the recovery period. Moreover, we found that the root
metabolites are closely related to the composition and assembly process of rhizosphere mi-
croorganisms. Notably, certain root metabolites were found to enrich potentially beneficial
rhizosphere microbiota, which collectively played a role in mitigating waterlogging stress.
For example, the addition of L-homoserine and the beneficial bacteria Sphingomonas sp.
may synthesize highly advantageous plant hormones to promote plant growth and resist
waterlogging stress. However, further detailed time-series studies are needed to better
understand the dynamic interactions between root metabolites, rhizosphere microbiota,
and the duration of waterlogging stress and recovery. Such studies would provide critical
insights into the intricate relationships between the root metabolome and rhizosphere
microbiome. This knowledge is essential for developing future strategies that integrate
“metabolites + rhizosphere microbiota” to enhance the waterlogging resistance of R. delavayi.
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Abstract: The toxicity of cadmium (Cd) not only affects the growth and development of plants
but also has an impact on human health. In this study, high-throughput sequencing and LC-MS
were conducted to analyze the effect of CdCl, treatment on the microbial community and soil
metabolomics of rhizosphere soil in Rhododendron decorum subsp. diaprepes. The results showed that
CdCl, treatment reduced the quality of the rhizosphere soil by significantly decreasing the soil organic
carbon (SOC) content, urease, and invertase activities, increasing the percentage of the exchangeable
Cd fraction. CdCl, treatment did not significantly change the Chaol and Shannon indices of bacterial
and fungal communities in the rhizosphere soil. R. decorum was more likely to recruit Cd-resistant
bacteria (e.g., Proteobacteria, Chloroflexi) and increase the abundance of Cd-resistant fungi (e.g.,
Basidiomycota, Rozellomycota). Moreover, CdCl, treatment decreased the content of secondary
metabolites associated with plants’ resistance to Cd. Rhizosphere soil urease, invertase activities,
alkaline phosphatase (ALP), SOC, total potassium (TK), Cd, and nitrate nitrogen (NN) were the
main drivers of the composition of rhizosphere bacterial and fungal communities. CdCl, treatment
weakened the relationships among bacterial/fungi, differential metabolites, and physicochemical
properties in rhizosphere soil.

Keywords: cadmium; soil metal contamination; soil microbial community; rhizosphere; soil metabolome

1. Introduction

Soil contamination caused by cadmium (Cd) is a serious problem worldwide, rep-
resenting a broadly distributed contaminant in the soil ecosystem [1]. It not only causes
nutritional imbalances and deficiencies in plants growing in contaminated soil but also
passes through those same plants into the food chain, posing a threat to environmental and
food security [2,3].
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Microorganisms are essential for the soil ecosystem to maintain biodiversity, control
nutrient cycling, and regulate soil fertility [4]. Cd has been reported to inhibit soil micro-
bial diversity and plant growth even at low doses [5-7]. According to Jin et al. (2023),
the composition of the rhizosphere’s microbial community was significantly negatively
affected by Cd [8]. Since the adaptation of microbes to the soil environment influences the
accumulation of metals in plant species in contaminated environments, the characteristics
of the microbial community structure have been used as markers of soil quality [9,10].
Rhizosphere microorganisms show different responses to Cd-contaminated soil. For exam-
ple, Actinobacteria tolerate high Cd concentrations found in heavy-metal-contaminated
soil [11,12]. In addition, rhizosphere microorganisms stimulate plant growth and enhance
resistance to heavy metals through releasing amino acids and plant hormones [13]. In
heavy-metal-contaminated soils, the metabolic capacity of microbial communities has been
constantly altered to adapt to different environments [14]. Rhizosphere soil metabolites
reflect changes in the soil microbial community, as changes experienced at the organism
and enzyme levels will manifest as a modified metabolite profile. In addition, under
stress, plants play a driving role in regulating the distribution of micro-organisms to ensure
metabolite activity [15]. Therefore, rhizosphere soil metabolite communication is a key
mechanism of plant-microbe interactions [16].

Rhododendron decorum subsp. diaprepes belongs to the Ericaceae and is a variety of
Rhododendron decorum. R. decorum has certain ornamental and ecological restoration value.
R. decorum is mainly distributed in Yunnan, Guizhou, and Sichuan, China, and usually
grows in shrubland or forests at an altitude of 10004000 m. More and more researchers
have been paying attention to the growth of rhododendrons under alkaline soil conditions,
and they select alkali-resistant species to adapt to the growth of an alkaline soil environment.
Research has reported that R. decorum can survive in heavy-metal-contaminated soil [17,18].
Furthermore, a study showed that Cd stress altered the composition of endophytic mi-
crobial communities in R. decorum leaves [19]. However, there is limited information on
rhizosphere soil microbial communities, metabolites, and physicochemical properties, as
well as responses to Cd stress in R. decorum.

Therefore, this study aimed to (1) explore the effects of different CdCl, treatments
on rhizosphere soil physicochemical properties in alkaline soil, (2) evaluate the effects
of different CdCl, treatments on the composition of rhizosphere bacterial and fungal
communities in alkaline soil and rhizosphere soil metabolomic characteristics in alkaline
soil, (3) determine the key factors affecting the changes in the rhizosphere microbial
communities under CdCl, treatment, and (4) investigate the relationships among the
rhizosphere bacterial /fungal community, differential metabolites, and physicochemical
properties of rhizosphere soil under CdCl, treatment.

2. Materials and Methods
2.1. Experiments on Plant Growth and Cd Addition

The seeds of Rhododendron decorum subsp. diaprepes were provided by associate pro-
fessor Jie Liu from the Key Laboratory of Plant Physiology and Development Regulation,
School of Life Sciences, Guizhou Normal University. Seeds with full and evenly sized
particles were selected and disinfected by soaking in a 10% NaClO solution for 10 min,
followed by rinsing 5 times with sterile water. Then, the seeds were disinfected again with
75% ethanol for 30 s and rinsed another 5 times with sterile water. Later, the seeds were
soaked in 600 mg/L gibberellin (GA3) for 24 h and evenly dispersed in a 90 mm culture
dish containing sterile water filter paper with sufficient absorption. The seeds were allowed
to germinate in an incubator at a constant temperature of 22 + 2 °C, with 50% relative
humidity, a light cycle of 16 h/8 h (light/dark), and light intensity of 2500 Ix. After growing
3 leaves, the seedlings were transplanted into pinnacle peat soil/perlite = (3:1 ratio) and
allowed to grow for one and a half years in a culture chamber under the same growth
parameters as mentioned above.
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The 1.5-year-old robust seedlings with consistent growth status were selected and
transplanted to flower pots (top diameter: 92 mm, bottom diameter: 81 mm, height: 80 mm),
with 50 g of soil for Cd stress experiments (the soil was obtained from Fengxiang Mountain
of Guizhou Normal University, pH 8.05 & 0.04). There were five biological replicates for
each treatment. For CdCl, treatment, 1.5-year-old robust seedlings were treated with 50 mL
of distilled water and CdCl, once every five days. The soil samples were air-dried and
sieved to a 2 mm size. The three treatments were as follows: (1) CK (soil + R. decorum);
(2) 2.5 mM CdCl, (1690 mg kg~! Cd?* contaminated soil + R. decorum); and (3) 5 mM
CdCl, (3370 mg kg~! Cd?* contaminated soil + R. decorum). After 6 Cd treatments, the
treatments were stopped, and the seedlings were allowed to grow for another two weeks.
After the experiment, the loose soil on the surface of the roots was gently removed, and
the soil firmly attached to the roots was collected as rhizosphere soil. After gently shaking
away the loosely attached soil, the soil attached to the root system (0-0.5 cm from the root)
was carefully brushed to remove the mixed roots in the rhizosphere soil. The rhizosphere
soil samples were collected and divided into two parts. A portion of the rhizosphere soil
was stored at —80 °C to analyze soil enzyme activities. Another portion was air-dried
to measure nutrient contents, pH, and chemical forms of Cd. The separation for roots
and rhizosphere soil was carried out as described in our previously published paper [20].
Briefly, the excised roots were placed in a 50 mL sterile centrifuge tube, and 35 mL of
sterile phosphate buffer (PBS: 3 mM NaH,POy, 7 mM Na,HPOy, 130 mM NaCl, pH 7.4)
was added. Then, the sterile centrifuge tubes were shaken for 3 min and centrifuged at
3000x g for 5 min to obtain the rhizosphere soil. After the supernatant was discarded, the
rhizosphere soil was placed in a new 2 mL sterile centrifuge tube and stored at —80 °C
until we extracted DNA.

2.2. Analysis of Rhizosphere Soil’s Physical Physicochemical Properties

The rhizosphere soil’s available phosphorus (AP) was extracted with 0.5 M NaHCO3
and measured using the molybdenum blue method at 710 nm. The rhizosphere soil’s
total phosphorus (TP) was extracted HCI and then with 0.5 M NaHCOs. After mixing,
the extracts were mineralized with a triple acid mixture of HNO3;-HClO4-H;SOy (10:1:4,
v/v) and determined at 660 nm using a spectrophotometer (made by Shimadzu Co., Ltd.,
Kyoto, Japan). The rhizosphere soil’s total nitrogen (TN) was determined using the Kjeldahl
method. Soil ammonium nitrogen (AN) and nitrate nitrogen (NN) were extracted with
1 M KCl and measured by a continuous-flow analyzer (Skalar san++, Skalar, Breda, The
Netherlands). Soil organic carbon (SOC) was determined by the dichromate oxidation
method. Available potassium (AK) was extracted with 1 M NH4OAc and determined
by inductively coupled plasma mass spectrometry (ICP-MS) (SHIMADZU, Kyoto, Japan,
2030). The rhizosphere soil’s total potassium (TK) was digested with HF-HCIO4, and TK in
the digest was determined by ICP-MS. A pH meter (Mettler Toledo Delta 320, Greifensee,
Switzerland) was used to measure the rhizosphere soil’s pH (soil/ distilled water = 1:2.5). A
5 g rhizosphere soil was used to analyze the activity of invertase, and alkaline phosphatase
was measured using 3,5-dinitrosalicylic acid colorimetry and disodium phenyl phosphate
was measured using the colorimetric method [21]. The urease activity was measured with
5 g of rhizosphere soil, 1 mL of toluene, 10 mL of 10% urea solution, and 20 mL of citrate
buffer (pH 6.7) added to a 50 mL volumetric flask, which was then incubated at 37 °C
for 24 h. The reaction mixture was filtered, and 1 mL of the filtered solution was reacted
with 3 mL of 0.9% NaClO solution and 4 mL of sodium phenol solution. After 20 min, the
mixture was measured with an ultraviolet spectrophotometer (made by Shimadzu Co.,
Ltd.) at 578 nm. Catalase activity was determined with 2 g of rhizosphere soil, 40 mL of
water, and 5 mL of 0.3% H;O,, which were thoroughly mixed for 20 min at 150 rpm. The
mixture was added to 5 mL of 1.5 mol/L H,SO4 and then filtered. Finally, the filtrate was
titrated with 0.1 mol/L KMnOy. The activity of catalase was analyzed in soil according to
the method of Hackenberger et al. (2018) [22]. Total Cd was extracted with a triple acid
mixture of HF-HNO3:HCIO; (5:5:1, v/v) and determined by ICP-MS. The Cd fractions were
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determined according to the method of He et al. (2018) [23]. Five fractions were determined
as follows: extractable with 1 M MgCl, (pH 7) (exchangeable, Ex-Cd), extractable with 1 M
NaOAc (pH 5) (carbonate-bound, CB-Cd), extractable with 0.04 M NH,OH-HCl in 25%
(v/v%) CH3COOH solution (Fe-Mn oxide-bound, OX-Cd), extractable with 0.02 M HNOj3
in 30% H,O; (organic matter-bound, OM-Cd), and HNO3;-HF-HCIO, digested (residual,
Res-Cd). The extracted Cd solutions were filtered into 25 mL tubes, diluted with distilled
water to volume, and stored at 4 °C. The extracted Cd concentrations were determined by
ICP-MS. The validation of ICP-MS measurement results was carried out using working
calibration solutions of all investigated Cd ions. These solutions were prepared using
appropriate stepwise dilutions of 100 mg L~ certified standard stock solutions. The ICP-
MS instrument (SHIMADZU, Kyoto, Japan, 2030) was regulated to measure the samples
and the correlation coefficient; the RSE and BEC were 1.00, 3.03% and 0.003, respectively.
The recovery percentages between the four steps used to obtain Cd fractions and total Cd
(BCR /total) are shown in Table S1. Blanks and standard soil material (GBW07564) from the
Chinese Academy of Geological Science were used for quality control.

2.3. DNA Extraction, Amplicon Sequencing, and Bioinformatics Analysis

The total genomic DNA was extracted from 350 mg of rhizosphere soil using the
TGuide S96 Magnetic Soil/Stool DNA Kit (Tiangen Biotech (Beijing) Co., Ltd., Beijing,
China), according to the manufacturer’s instructions. A NanoDrop 2000 UV-Vis spectropho-
tometer (Thermo Scientific, Wilmington, NC, USA) was used to measure the concentration
and purity of the extracted DNA, and electrophoresis on a 1.8% agarose gel was used to eval-
uate the quality and amount of the material. The V3V4 region of the 165 rRNA and the ITS1
region of the rRNA gene was used with 338F (5'-ACTCCTACGGGAGGCAGCA-3') and
806R (5-GGACTACHVGGGTWTCTAAT-3') primers and ITS1F (5-CTTGGTCATTTAGAG
GAAGTAA-3') and ITS2 (5'-GCTGCGTTCTTCATCGATGC-3') primers, respectively. The
PCR was carried out in a reaction volume of 10 pL: 4 ng of DNA template, 0.3 pL of forward
primer (10 uM), 0.3 uL of reverse primer (10 uM), 5 uL of KOD FX Neo Bulffer, 2 pL of ANTP
(2 mM each), and 0.2 uL. of KOD EX Neo. The remaining volume was adjusted to 20 uL
with ddH,O. The amplified products were quantified using the Qsep-400 (BiOptic, Inc.,
New Taipei City, Taiwan) and purified with the Omega DNA purification kit (Omega Inc.,
Norcross, GA, USA). Utilizing an Illumina novaseq6000 (Beijing Biomarker Technologies
Co., Ltd., Beijing, China), the amplicon library underwent paired-end sequencing (2 x 250).
The raw data processing followed the method described by Jin et al. [8].

2.4. Rhizosphere Soil Metabolomics and Data Analysis

A 50 mg sample was added to 1000 pL of extraction solution containing the inner
target. The extraction solution was prepared with methanol, acetonitrile, and water at
a ratio of 2:2:1 and an internal standard concentration of 20 mg/L. The solution was
thoroughly mixed for 30 s by swirling and vortexing, followed by the addition of steel
balls, a 45 Hz grinding machine for 10 min, and ultrasonication for 10 min (ice-water bath).
After being stored at —20 °C for an hour, the sample was centrifuged for 15 min at 12,000
rpm and 4 °C. Then, 500 uL of supernatant was carefully removed, transferred to an EP
tube, and dried in a vacuum concentrator. The dried metabolites were then redissolved by
adding 160 uL of extraction solution (acetonitrile-to-water volume ratio = 1:1), vortexing
for 30 s, and ice-water bath sonication for 10 min. The samples were centrifuged at 12,000
rpm for 15 min at 4 °C. Then, we carefully removed 120 pL of supernatant into a 2 mL
injection vial; 10 pL of each sample was taken and mixed into the QC sample for automated
testing. The chromatographic column used for LC-MS analysis was the Acquire UPLC HSS
T3 (1.8 um, 2.1 x 100 mm), (mobile phase A: 0.1% aqueous formic acid solution; mobile
phase B: 0.1% formic acid acetonitrile). ESI ion source parameters and raw data were
obtained using the method of Jin et al. [8]. Metabolite data analysis was performed on the
BMKCloud platform (www.biocloud.net).
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2.5. Statistical Analysis

Statistical analyses of the rhizosphere soil’s physicochemical properties were per-
formed using the SPSS software (v27.0.1). The significant differences in the rhizosphere
soil’s physicochemical properties were determined using Duncan’s test in a one-way analy-
sis of variance (ANOVA). Statistical significance was defined as the 95% confidence level,
and the data results are expressed as the mean =+ standard deviation (mean + SD) and were
plotted using GraphPad Prism software version 8 (GraphPad Software Inc.; San Diego, CA,
USA). The numbers of up- and down-regulated differential metabolites in the rhizosphere
soil were analyzed by Origin (2021). Based on the Bray—Curtis dissimilarity, PCoA analysis
was performed using the R “vegan” package (v3.1.1). The Chaol and Shannon indices,
the relative abundance of rhizosphere bacterial and fungal communities at the phylum
and genus levels, and a random forest classification were analyzed using R (v3.1.1). We
applied linear discriminant analysis (LDA) of effect size (LEfSe) to identify the differential
abundance of rhizosphere bacteria and fungi, with a threshold set to LDA > 3.0, p < 0.05.
Principal component (PCA) analysis and heat map analysis of rhizosphere soil metabolites
were carried out in R (v3.1.1). The rhizosphere soil’s differential metabolite abundance
score map clustering and supervised orthogonal partial least squares analysis (OPLS-DA)
were performed using the BMKCloud platform (www.biocloud.net). The co-occurrence
network analysis was conducted using the “igraph” package in R and illustrated using
Gephi software (v0.9.2). Redundancy analysis (RDA) was conducted using R (v3.1.1) to
determine the impact of environmental factors on the composition of rhizosphere bacterial
and fungal communities.

3. Results
3.1. The Physicochemical Properties of Rhizosphere Soil at Different CACl, Concentrations

Compared with CK, 2.5 and 5 mM CdCl, had significant toxic effects on R. decorum and
inhibited the growth of R. decorum (Figure 1). After one month of treatment with different
concentrations of CdCl, (CK, 2.5 mM, and 5 mM), there was a noticeable difference in
the physicochemical properties of the rhizosphere soil in R. decorum. The concentration
of CdCl, had a significant impact on the total Cd content of the rhizosphere soil. The
maximum value was reached under 5 mM treatment (Figure 2A). The Cd content of
the different chemical forms was the highest in EX-Cd (12.8-39.5%), followed by CB-Cd
(25.4-36.6%), OX-Cd (29.6-30.4%), OM-Cd (2.4-16.0%), and Res-Cd (0.5-4.3%) (Figure 2G).
The results indicated that the chemical forms of EX-Cd and CB-Cd were dominant in the
rhizosphere soil. Under the CK, 2.5 mM and 5 mM CdCl, treatments, EX-Cd occupied
12.8%, 39.8%, and 39.5%; CB-Cd occupied 36.6%, 25.4%, and 29.6%; OX-Cd occupied 30.4%,
31.5%, and 29.6%; OM-Cd occupied 16.0%, 2.8%, and 2.4%; and Res-Cd occupied 4.3%,
0.5%, and 0.5%, respectively.

Compared with the CK, the addition of CdCl, did not significantly alter the catalase
activity and the contents of TN, AN, NN, TP, and AK in the rhizosphere soil of R. decorum,
but the TK content was significantly altered by CdCl, treatment (Figure 3). Compared
with CK, the CdCl, treatments significantly decreased the SOC content and the urease
and invertase activities in rhizosphere soil (Figure 3). The AP content only significantly
increased under the 2.5 mM treatment compared to CK (Figure 3E). Compared with CK,
the 2.5 mM CdCl, treatment did not significantly change the ALP activity and pH, but they
were decreased by the 5 mM CdCl, treatment (Figure 3J).
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Figure 1. The growth of R. decorum seedings under CK, 2.5 and 5 mM CdCl, treatments, respectively.
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Figure 2. The effects of the different concentrations of CdCl, on the physicochemical properties of R.
decorum rhizosphere soil. (A) Cd content; (B) EX-Cd: exchangeable Cd; (C) OB-Cd: carbonate-bound
Cd; (D) OX-Cd: Fe-Mn oxide-bound Cd; (E) OM-Cd: organic matter-bound Cd; (F) Res-Cd: residual
Cd in rhizosphere soil; (G) percentage diagram of Cd forms in rhizosphere soil. (H) pH of rhizosphere
soil. The data were expressed as the mean =+ standard deviation (mean + SD); the different letters
indicate significantly differences (p < 0.05 by Duncan’s test).
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Figure 3. The effects of the different concentrations of CdCl, on rhizosphere soil properties of R.
decorum. (A) TN: soil’s total N, (B) AN: ammonium N, (C) NN: nitrate N, (D) TP: soil’s total P, (E) AP:
plant-available P, (F) TK: soil’s total potassium, (G) AK: ammonium potassium, (H) SOC: soil’s organic

carbon, (I) catalase, (J) alkaline phosphatase, (K) urease, and (L) invertase enzymatic activities in

rhizosphere soils of R. decorum under control and CdCl, addition treatments. The different letters

indicate significantly differences (p < 0.05 by Duncan’s test).

3.2. Effects of CdCl, on Diversity and Composition of Rhizosphere Soil Bacterial and

Fungal Communities

Our results suggested that the Chaol and Shannon indices of bacterial and fungal
communities in the rhizosphere soil showed no significant difference among all groups
(Figure 4A,B,D,E). Furthermore, principal coordinates analysis (PCoA) revealed that the
rhizosphere’s bacterial and fungal community composition showed differences at different
soil Cd content. Moreover, the first and second principal coordinates accounted for 48.9%
and 53.9% of the total variation in the rhizosphere bacterial and fungal communities under
different treatments, respectively (Figure 4C,F).

The most abundant phyla in the bacterial community of the rhizosphere soil, across
all three treatments, were Proteobacteria, Acidobacteriota, and Actinobacteriota, which
accounted for over 70% of the total sequences (Figure 5A). We observed that the increase
in CdCl, concentration could significantly affect the relative abundance of Proteobacteria
(45.4%, 45.9%, 45.5%), Acidobacteriota (12.1%, 11.8%, 13.0%), Myxococcota (9.5%, 9.9%,
8.8%), Bacteroidota (7.9%, 9.4%, 7.7%), and Chloroflexi (3.8%, 5.3%, 4.0%) in rhizosphere
soil (Figure 5A). The relative abundance of the genera SWB02, Haliangium, Bauldia, and
Acidibacter was the highest under the 2.5 mM CdCl, treatment (Figure 5B). The relative
abundance of genera Pseudolabrys and Streptomyces was the highest at 5 mM CdCl, treat-
ment (Figure 5B). As shown by the cladogram, the bacterial genera Terrimonas, Actinospica,
Dokdonella, Pseudolabrys, and Streptomyces were significantly more abundant in rhizosphere

178



Horticulturae 2024, 10, 884

soil with CdCl, treatment (Figure S1A). In addition, the random forest analysis showed
that the bacteria Chloroflexi, Bacteroidota, and Chytridiomycota were the key phyla in the
CK vs 2.5 mM group, whereas Firmicutes, Fibrobacterota, and Chytridiomycota were the
key phyla in the CK vs. 5 mM group (Figure S2).
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Figure 4. Bacterial and fungal diversity of rhizosphere soil in R. decorum under the different concen-
trations of CdCl,. The « diversity of bacterial community showed by the (A) Chaol index and (B)
Shannon index. The « diversity of fungal community showed by the (D) Chaol index and (E) Shan-
non index. Principal coordinates analysis (PCoA) of the (C) bacterial and (F) fungal communities.
The different letters indicate significantly differences (p < 0.05 by Duncan’s test).
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Figure 5. Effects of CdCl, on the rhizosphere’s microbial community. Relative abundance of (A) bac-
terial and (C) fungal community composition components at the phylum level. Relative abundance
of (B) bacterial and (D) fungal community composition components at the genus level.

The most abundant phyla in the fungal community of rhizosphere soil, across all three
treatments were Basidiomycota, Ascomycota, unclassified_Fungi, and Chytridiomycota,

which accounted for over 95% of the total sequences (Figure 5C). CdCl, treatment increased

the relative abundance of Basidiomycota and Rozellomycota, while it decreased the relative
abundance of Ascomycota, Chytridiomycota, Mortierellomycota, and Glomeromycota in
rhizosphere soil. Compared with CK, the 2.5 mM CdCl, treatment decreased the relative
abundance of Clitopilus, Byssochlamys, and Serendipita in rhizosphere soil, but the 5 mM
CdCl, treatment increased the relative abundance of Clitopilus (Figure 5D). As shown by
the cladogram, the fungal genera unclassified_Agaricomycetes, Simplicillium, Leptodontidium,

Phialemonium, and Penicillium were significantly enriched in rhizosphere soil under Cd

stress (Figure S1B).
For RDA, the rhizosphere soil’s physicochemical characteristics and the enzyme ac-
tivities were selected. Our results showed that the three rhizosphere soil samples could

be distinguished from one another (Figure 6), implying that the CdCl, treatment altered

the rhizosphere soil’s environment. At the phylum level, the first and second coordinate
axes of the RDA explained 35.8% and 22.2% of the total variance in the rhizosphere bac-
terial and fungal communities, respectively. Rhizosphere soil urease, invertase, and ALP
enzymes, along with SOC, TK, Cd, and NN were the main factors in the composition of
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the rhizosphere bacterial and fungal communities. Most of the phyla, including Chytrid-
iomycota, Verrucomicrobiota, Ascomycota, and Actinobacteriota, had positive correlations
with invertase, urease, and catalase enzymes, as well as SOC and pH, while they had
negative correlations with Cd, NN, and AP. Myxococcota, Chloroflexi, and Bacteroidota
were positively correlated with ALP, TP, AK, TK, AN, and NN, while Myxococcota were
negatively correlated with NN and Cd. Basidiomycota, Proteobacteria, and Rozellomycota
were positively correlated with NN, Cd, AP, and AN, while they were negatively correlated
with pH, SOC, catalase, invertase, and urease.
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Figure 6. The results of redundancy analysis (RDA) showed the correlation between soil physico-
chemical properties and enzyme activities and bacteria (top 8) and fungi (top 5) at the phylum level,
respectively, in rhizosphere soils of R. decorum under different CdCl, treatment concentrations.

3.3. Measurement of Metabolites in Rhizosphere Soil Treated with CACl,

To determine the response of rhizosphere soil’s metabolic profiles to the different
CdCl, treatments, we used LC-MS to identify the main metabolites in rhizosphere soil.
PCA demonstrated that the different CdCl, treatment concentrations significantly altered
the rhizosphere soil’s metabolic profiles in R. decorum, where PC1 and PC2 explained 49.6%
and 17.9% of the total variance, respectively (Figure 7A). We also used the supervised
discriminant analysis OPLS-DA model to evaluate the effect of CdCl, stress on rhizosphere
soil metabolic profiles, and the results showed a significant separation between CK and
2.5 mM (R2Y =1, Q2Y = 1.0) (Figure S3A), as well as between CK and 5 mM (R2Y =1, Q2Y
= 1.0) (Figure S3B). Compared with CK, the 2.5 mM CdCl, up-regulated 418 differential
metabolites (DMs) and down-regulated 699 DMs, while the 5 mM CdCl, up-regulated
441 DMs and down-regulated 791 DMs (Figure 7B and Figure S5A,B).

Compared with CK, the DMs up-regulated by the 2.5 mM CdCl, treatment were
mainly enriched in the “Aminobenzoate degradation pathway”, while down-regulated DMs
were mainly enriched in the “Cutin, suberine”, “wax biosynthesis” and “Tryptophan
metabolism pathway” (Figure S3B). Compared with CK, the DMs up-regulated by the
5 mM CdCl, treatment were mainly enriched in the “ Aminobenzoate degradation path-
way”, while down-regulated DMs were mainly enriched in the “Purine metabolism” and
“Tryptophan metabolism” pathways (Figure S3D). Compared with CK, the 2.5 mM CdCl,
treatment increased the content of taurine, but 2.5 mM and 5 mM CdCl, treatment decreased
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Figure 7. Metabolite profiles in rhizosphere soil under different CdCl, treatments. (A) Principal
component analysis of soil metabolites in different treatment groups. (B) The numbers of up- and
down-regulated differential metabolites (DMs) in comparative groups of CK vs. 2.5 mM, and CK vs.
5mM.

3.4. Correlations among Microbial Communities, Physicochemical Properties, and Metabolites in
Rhizosphere Soil

In the rhizosphere’s microbial networks, angelicin, dopaxanthin, epsilon-Caprolactam,
dihydroxyflavone, nicotinamide D-ribonucleotide, and L-1-pyrroline-3-hydroxy-5-carboxylate
were identified as key differential metabolites that were highly connected to other nodes
in CK vs. 2.5 mM CdCl, treatment (Figure 8A,C), while scolymoside, farnesylcysteine, tri-
ethanolamine, L-threonine emerged in CK vs. 5 mM CdCl, (Figure 8B,D). Moreover, invertase,
urease, and ALP activity, along with CB-Cd, AP, OX-Cd, TK, OM-Cd, Res-Cd, pH, EX-Cd,
and SOC were the key rhizosphere soil properties to connect other nodes in CK vs. 2.5 mM
CdCl, treatment (Figure 8A,C), while urease and invertase activity, EX-Cd, pH, CB-Cd,
OM-Cd, Cd, and TK were identified in CK vs. 5 mM CdCl, treatment (Figure 8B,D).
Additionally, bacterial species hubs affiliated with Actinobacteriota, Chloroflexi, and Bac-
teroidota were identified in CK vs. 2.5 mM CdCl, treatment (Figure 8A), while bacterial
hubs at the phylum level affiliated with Firmicutes, Actinobacteriota, and Planctomycetota
were identified in CK vs. 5 mM CdCl, treatment (Figure 8B). Meanwhile, the fungal phy-
lum Chytridiomycota was identified as the keystone taxon in samples for CK vs. 2.5 mM
CdCl, treatment and CK vs. 5 mM CdCl, treatment (Figure 8C,D). The fungal phylum
Basidiomycota was the keystone taxon for CK vs. 5 mM CdCl, treatment (Figure 8D).

As shown in Table 1, in the rhizosphere bacterial and fungal networks, CdCl, treat-
ments decreased the numbers of total edges, negative edges, connectance, average degree,
and diameter, indicating that CdCl, treatments decreased the complexity of the networks.
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Figure 8. Bacterial and fungal co-occurrence network analysis. Co-occurrence networks were
constructed using the rhizosphere soil differential metabolites (top 20), physicochemical properties,
and bacteria (top 15 phyla) under (A) CK vs. 2.5 mM treatment and (B) CK vs. 5 mM treatment.
Co-occurrence networks were constructed using the rhizosphere soil differential metabolites (top 20),
physicochemical properties, and fungi (top 10 phyla) under (C) CK vs. 2.5 mM treatment and (D) CK
vs. 5 mM treatment. The size of the nodes is proportional to the abundance of these variables. The
yellow and red edges represent positive Pearson correlations, while the pink and blue edges represent
negative ones. The top 20 metabolites were selected based on their VIP values.

Table 1. Topological features of the co-occurrence networks depicting the interactions between
rhizosphere bacterial/fungal taxa, rhizosphere soil physicochemical properties, and metabolites
under different Cd stress. Bac: bacteria, Fun: fungi.

Total Positive Negative Connectance Average Average Pathway Diameter Clustering
Edges Edges Edges Degree Length Coefficient
CKvs. 2.5 mM 630 339 291 0.49 24.7 1.31 4.79 0.87
Bac CKvs. 5 mM 569 377 192 0.45 223 1.33 4.20 0.90
CKvs. 2.5 mM 558 305 253 0.54 243 0.96 2.88 0.90
Fun oK vs. 5 mM 533 350 183 049 22.7 115 2.87 0.89

4. Discussion

Microorganisms are recognized as perturbation sensors, being much more sensitive
to environmental stress than macro-organisms [24,25]. They make crucial contributions
to environmental adaptation, but there has been little research on the response of the
rhizosphere environment and metabolites to Cd stress, especially the bacterial and fungal
communities associated with rhizosphere soil. In this study, the prime objective was to
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explore the effects of Cd stress on the composition of rhizosphere microbial communities
and rhizosphere soil metabolites in R. decorum.

Cd leads to a change in rhizosphere soil’s plant environment, which in turn affects
plant growth. Boampong reported that Cd treatment (1000 mg kg~ !) decreased the dry
shoot weight by 39%, 45.8%, and 49.3% in Acacia saligna, Eucalyptus rostrate, and Conocarpus
erectu, respectively [26]. A study reported that a 500 uM Cd nutrient solution clearly
inhibited the physiological and biochemical process in K. paniculata, caused membrane lipid
peroxidation and severe membrane damages, and increased MDA and H,O; contents [27].
Previous studies have reported that CdCl, treatment resulted in significant enrichment of
Cd?* in the soil [8,28]. In this study, 2.5 and 5 mM CdCl, treatments had significant toxic
effects on R. decorum and inhibited the growth of R. decorum (Figure 1), suggesting that
CdCl, treatment might inhibit the physiological, biochemical, and molecular process in R.
decorum. In addition, the biological toxicity of heavy metals in soil is not only determined
by their total content but is also closely related to their chemical forms [29]. Soil pH
significantly affects the availability of heavy metals in soil [30]. Under alkaline conditions,
Cd is present as CdAHCO?* or CdCOj3, which is conducive to the adsorption of heavy metal
ions in soil and reduces the availability of Cd in soil [31]. Jin et al. (2023) reported that CdCl,
decreased the pH in A. inebrians rhizosphere soil [8], which was consistent with our results.
The decrease in pH results in more H* to exchange with the Cd absorbed by soil colloids,
increasing the Cd?* content in the root-soil system, thereby increasing Cd’s mobility [32].
A decrease in soil pH will increase the transformation of Cd from a stable form (e.g.,
carbonates, Fe, and Mn oxide-bound forms) to an effective bioavailable (e.g., exchangeable
form) form [33]. In addition, the possible risks of Cd transfer from rhizosphere soil to plants
can be divided into three categories: high-risk, including EX-Cd (exchangeable fraction)
and CB-Cd (carbonate-bound fraction); medium-risk, including OX-Cd (Fe/Mn oxides-
bound fraction) and OM-Cd (organics fraction); and low-risk, including Res-Cd (residual
fraction) [34]. In this study, CdCl, increased the percentage of the exchangeable Cd fraction
but decreased the percentages of the organic matter-bound and residual fractions in the
rhizosphere soil, indicating that CdCl, increased the effective bioavailability in R. decorum
rhizosphere soil. These results are consistent with the findings of Dong et al. (2016) on
rice under Cd stress [35]. In addition, the recovery percentages of Cd were 94% and 105%
under 2.5 and 5 mM CdCI2 treatments, respectively. The results are in accordance with the
specification, and the test results are reliable. However, in the CK treatment, the recovery
percentage of Cd was 197%, which might be due to contamination of the container used
during the operation, and the error could be reduced by increasing the number of replicates
of experiments.

Soil enzyme activities are very sensitive to heavy metal pollution and are involved
in functions related to soil C, N, and P cycling [36]. In rhizosphere soil, CdCl, treatment
significantly decreased the SOC content, urease, and invertase activity. SOC plays an
important role in providing carbon sources, promoting soil fertility and contributing to
microorganism energy [37]. Therefore, the reduction in SOC affected soil quality. A study
reported that Cd pollution reduces the distribution of carbon in roots and leads to a decrease
in root exudation, resulting in a decrease in soil organic carbon content [38]. Moreover,
the increases in Basidiomycota abundance under Cd stress were associated with increased
lignin degradation, releasing SOC [39]. Xiao et al. (2023) reported that SOC loss is caused
by increasing the abundance of Basidiomycota that promotes carbon degradation [40],
which is consistent with our findings. Soil invertase and urease are key enzymes in the
soil-plant C and N cycles [41,42]. Previous studies have shown that heavy metals decrease
the activities and community composition of soil microorganisms, thereby affecting the
synthesis of soil enzymes when the soil is contaminated by heavy metals [43]. In addition,
the decrease in enzyme activity may be due to the interaction of heavy metals with enzyme-
substrate complexes, denaturing the enzyme proteins or interacting with the protein active
moiety [44].
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As a hazardous heavy metals, Cd seriously jeopardizes the community and activity of
soil microorganisms [45]. In addition, the effects of different Cd fractions on microorgan-
isms vary significantly [46]. The variety and quantity of sensitive bacteria are adversely
affected in heavy-metal-contaminated soils, whereas bacteria that are resistant to the metals
are able to adapt and proliferate, increasing their abundance [14,47,48]. Microbial diver-
sity is a crucial indicator for assessing the functioning of ecosystem [49]. In this study,
Cd pollution had a negative impact on fungal and bacterial diversity (according to the
Shannon and Chaol indices) (Figure 4). The PCoA results indicated that CdCl, changed
the composition of rhizosphere microbial communities (Figure 4). Microorganisms possess
robust metabolic and physiological adaptations to changing environmental conditions,
enabling microbial communities to withstand adverse environments [50]. Studies have
shown that the structure of the microbial community is extremely sensitive to changes in
the toxicity of heavy metals in the soil [16,51]. In this study, CdCl, increased the relative
abundance of Proteobacteria and Chloroflexi, which might be a way for bacteria to resist
Cd in R. decorum rhizosphere soil. Hou et al. (2018) reported that Proteobacteria were sig-
nificantly enriched in Sedum alfredii rhizosphere soil under high Cd stress [52]. It has been
reported that Proteobacteria are the dominant bacterial phylum in areas with severe heavy
metal contamination [53-55]. Proteobacteria are important for the carbon and nitrogen
cycles [55]. The present findings are consistent with those of Zhao et al. (2019), who discov-
ered that the relative abundance of Proteobacteria in the microbial communities of soil with
long-term heavy metal pollution, was inversely linked with soil AK [14]. Previous studies
have demonstrated that Chloroflexi is the dominant phylum in heavy-metal-contaminated
soils. This is due to the fact that bacteria belonging to this phylum are tolerant and resis-
tant to heavy metal stress [56-58]. Meanwhile, members of Chloroflexi are oligotrophic
bacteria that prefer to live in nutrient-poor soil habitats [59-62]. Therefore, Chloroflexi
could survive and thrive better than other bacteria in heavy-metal-contaminated areas
characterized by low soil nutrient levels [63]. For fungal communities, with the increase
in CdCl, concentration, the relative abundance of Basidiomycota and Rozellomycota in-
creased in the rhizosphere soil. Basidiomycota play a key role in preventing the migration
of Cd from the soil to the plants [64]. Basidiomycota are filamentous fungi that have been
used to remove heavy metals [65]. In addition, Rozellomycota exhibits a high degree of
tolerance to heavy metals [66]. Rozellomycota is able to directly obtain nutrients from the
organic matter in the environment through phagocytosis [67]. Rhizosphere soil urease,
invertase activities, ALP, SOC, TK, Cd, and NN were the main drivers of the composition
of bacterial and fungal communities. In addition, the nutrients (TN, AN, NN, TP, AP, and
TK) had a positive correlation with Myxococcota and Bacteroidota and Chloroflexi but had
a negative correlation with Acidobacteriota and Actinobacteriota. This may be attributed
to the observation that rhizosphere soil nutrients could influence microbial abundance [68].
The report suggests that competition among microorganisms for nutrients may result in a
decreased abundance of some microorganisms [69].

Plant and rhizosphere soil microbes respond to environmental stress by regulating
their metabolic processes [43]. In this study, Cd exposure reduced the content of secondary
metabolites (SMs) in rhizosphere soil, such as hydroxyspirilloxanthin, 8(R)-HPETE, far-
nesylcysteine, trioxilin A3, and lividamine. The accumulation of SMs is thought to be
how plants adapt and protect against environmental stress. The accumulation of SMs is
considered to be a way for plants to adapt and protect themselves against heavy metal
stress [70]. One study has shown a reduction in SMs with increasing stress time or intensity
in rhizosphere soil [71]. Under this situation, plants expend all of their energy to sustain life
instead of synthesizing SMs [72]. Additionally, rhizosphere metabolism may shape specific
rhizosphere microbial communities through changes in the rhizosphere soil’s physicochem-
ical properties [73-75]. In addition to changes in rhizosphere soil’s microbial communities,
physicochemical properties, and metabolites, R. decorum-mediated co-occurrence networks
among these variables were clearly influenced by Cd stress. In this study, CdCl, treatment
decreased the number of total edges, negative edges, connectance, average degree, and
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diameter of bacterial and fungal co-occurrence networks, indicating that Cd decreased the
complexity of the co-occurrence networks (Figure 8). It has been reported that rhizosphere
microbial communities with simple networks exhibit less resistance to abiotic stress than
those with complex ones [76,77]. Reduced network complexity leads to reduced ecological
community stability and impaired ecosystem functioning [78,79]. Different microbial taxa
may complement one another through metabolites under Cd stress, thereby improving
their tolerance to adverse environmental conditions. Farnesylcysteine is one of the key
rhizosphere soil metabolites nodes in bacterial and fungal networks belonging to SMs.
Plants exposed to Cd stress exhibit higher levels of SMs, which help them against Cd
stress [43]. As the key bacterial node, Actinobacteriota is beneficial to plant growth [80].
Meanwhile, the fungal phylum Chytridiomycota contributes to nutrient cycling and the
flow of energy [81].

5. Conclusions

In this study, we found that CdCl, treatment significantly increased the total Cd con-
tent and the percentage of exchangeable Cd fraction in rhizosphere soil, while it decreased
the SOC content and the urease and invertase activities, reducing the quality of the rhizo-
sphere soil. CdCl, treatment did not significantly change the Chaol and Shannon indices of
the rhizosphere bacterial and fungal communities. R. decorum was more likely to recruit ben-
eficial bacteria (Proteobacteria and Chloroflexi) to resist Cd stress and increased the relative
abundance of Cd-resistant fungi (Basidiomycota and Rozellomycota) in rhizosphere soil.
Rhizosphere soil urease and invertase activities, ALP, SOC, TK, Cd, and NN, were the main
drivers of the composition of the bacterial and fungal communities. The random forest
analysis showed that the bacterial Firmicutes and the fungal Chytridiomycota contributed
the most. Moreover, CdCl, treatment decreased the contents of SMs in rhizosphere soil,
such as hydroxyspirilloxanthin, farnesylcysteinen, and lividamine. Furthermore, CdCl,
treatment decreased the complexity of the co-occurrence network of rhizosphere soil’s
differential metabolites, physicochemical properties, and bacteria/fungi. This study could
enhance the understanding of the rhizosphere’s microbiological mechanisms of R. decorum’s
adaptation to Cd stress.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390 /horticulturae10080884 /s1, Figure S1: Analysis of LDA effect size (LEfSe)
of soil bacteria in three treatment groups; LDA > 3.0, and the classification label is genus. Branch
diagram of (A) bacterial and (B) fungal species evolution under different CdCl, concentrations,
and histogram of LDA value distribution for different species. Figure S2: A random forest was
used to analyze characteristic species with significant effects on phylum level bacteria in (A) CK
vs. 2.5 mM and (B) CK vs. 5 mM, and fungi in (C) CK vs 2.5 mM and (D) CK vs. 5 mM. Figure
S3: OPLS-DA score map showing the separation of metabolites in rhizosphere soil treated with
Cd in comparison groups of (A) CK vs. 2.5 mM, and (C) CK vs 5 mM. A differential metabolite
abundance score map revealed the differential metabolite pathways in the (B) CK vs. 2.5 mM and
(D) CK vs. 5 mM CdCl, comparative treatment groups. Figure S4. Effects of CdCI2 on rhizosphere
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and the 2.5 mM treatment and (B) between CK and the 5 mM treatment. Figure S5: The volcano
map shows differences in metabolites for (A) CK vs. 2.5 mM and (B) CK vs. 5 mM. All identified
metabolite data were plotted in a log, (FC) versus-logg (p-value) relationship. Table S1: Sequential
extraction fractions of Cd.
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Abstract: Hydrangea macrophylla (H. macrophylla), a species in the genus Hydrangea in the family
Hydrangeaceae, is widely valued for its ornamental qualities in both domestic and international
markets. Notably, H. macrophylla is known for its ability to accumulate aluminum (Al). Moreover,
aluminum ions (AI3*) participate in sepal bluing. However, the underlying mechanisms of Al
accumulation in the sepals remain unclear. In this study, we utilized transcriptome data from two
cultivars to identify genes associated with Al accumulation. In total, 154 differentially expressed
isoforms between the CK and Tr groups in the sepals of both cultivars were screened. Through gene
enrichment analysis and similarity identification in the CDS (coding sequence) region, 43 differentially
expressed genes were identified, including 30 upregulated and 13 downregulated genes, in the sepals
of the Al treatment group. Further analysis revealed that seven of these upregulated genes are related
to Al accumulation in sepals. Among the seven, the gene HmALS3.1 was identified as a potential key
player in Al transport within the sepals of H. macrophylla. This study lays the groundwork for further
exploration into the mechanisms by which HmALS3.1 regulates Al accumulation in H. macrophylla.

Keywords: Hydrangea macrophylla; sepal; Al accumulation; HmALS3

1. Introduction

Al is not an essential element for plant growth and development, and it is toxic to
most plants, causing stunted growth, weak stalks, leaf chlorosis, and in severe cases, leaf
desiccation and plant death [1]. However, moderate amounts of Al have been shown to be
beneficial to the growth and development of certain plants [2,3]. For instance, moderate Al
levels can promote root system development [4], enhance the absorption of trace elements,
and improve photosynthesis in plants [1,5-7]. Some plants can accumulate high levels
of AI** in their aboveground tissues without exhibiting toxic symptoms; these species
are commonly referred to as Al-accumulating plants. Al-accumulating plants are specifi-
cally defined as those containing more than 1000 mg/kg dry weight of Al in their stems
and leaves [8], including species like H. macrophylla, Fagopyrum esculentum, and Camellia
sinensis [9,10].

H. macrophylla accumulates significant levels of AI** in its aboveground tissues [11].
Leaves and sepals are the primary organs for Al accumulation in these tissues. Al content
in leaves can reach up to 5 mg per g of dry weight over several months [11]. Al content in
red sepals ranges from 0 to 10 ug/g fresh weight, while in blue sepals, it exceeds 40 nug/g
fresh weight [12,13]. In H. macrophylla, appropriate Al concentrations promote the growth
and development of roots, stems, and leaves, as well as the absorption of essential nutrients,
including nitrogen (N), potassium (K), phosphorus (P), calcium (Ca), and magnesium
(Mg) [14]. Moreover, Al alters flower color from pink to blue, thereby enhancing their
ornamental value [1,15]. A13* is critical for the blue pigmentation of sepals [13,16,17]. Given
that H. macrophylla is an Al-accumulating plant, it likely possesses a specialized mechanism
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for Al accumulation. As a result, the mechanisms of Al absorption and transport in H.
macrophylla have become prominent research topics.

Organic acids can form complexes with AI** to mitigate its toxicity in H. macrophylla.
In the rhizosphere, AI>* forms complexes with oxalic acid secreted by the root system,
which partially prevents A" from entering root cells. Conversely, in the xylem and
leaves, AI** is absorbed and transported by forming complexes with citric acid [18-20].
Additionally, several genes related to Al accumulation have been identified. Some ABC
transporter genes, including the multidrug and toxic compound extrusion (MATE) gene
and the NRAMP aluminum transporter, are highly expressed in the roots and leaves of H.
macrophylla under Al stress [21,22]. These transporters mediate the transport of organic
acids, participate in the absorption, transport, and storage of Al**, and play a crucial
role in signaling, thereby enhancing plant resistance to Al stress [21,22]. Moreover, two
aquaporin genes, H. macrophylla vacuolar Al transporter (HmVALT) and H. macrophylla
plasma membrane Al transporter 1 (HmPALT1), have been associated with Al transport.
HmPALT1 is responsible for transporting AI** from outside the cell into the cytoplasm,
while HmVALT transports AI%* to the vacuole [23]. However, the precise mechanisms of
AIR* absorption, transport, and storage in H. macrophylla remain unclear.

In this study, transcriptome data from the sepals of the CK group (plants without Al
treatment) and the Tr group (plants with Al treatment) in two cultivars were analyzed. The
identification of key candidate genes involved in Al accumulation in sepals was examined.
These results lay the foundation for elucidating the Al accumulation mechanism in H.
macrophylla and provide a significant theoretical reference for studying the mechanism of
Al accumulation in Al-accumulating plants.

2. Materials and Methods
2.1. Plant Materials

Two cultivars of H. macrophylla, ‘Bailmer’ (Endless Summer ") and ‘Duro’, were used
in this study and were cultivated in a greenhouse at the Institute of Vegetables and Flowers,
Chinese Academy of Agricultural Sciences. Following flower bud formation, the plants
of both cultivars were subjected to a low temperature (2 °C~6 °C) for approximately six
weeks. Subsequently, the plants were returned to the greenhouse for flowering.

Half of the plants from each cultivar (Tr group) were grown in a mixed substrate (peat:
perlite = 7:3, v/v). A 400 mL solution of aluminum sulfate (Aly(SO4)3 - 18H,O dissolved
in water) was applied to the substrate at the concentration of 6 g/L every seven to ten
days, starting from the flower bud formation stage until flowering. While the remaining
half, without Al treatment, cultivated in the same mixed substrate served as the control
(CK group). Under Al sulfate treatment, the sepal color changed from pink to blue in
‘Bailmer’, while in ‘Duro’, it changed only slightly and did not turn blue [16]. Sepals at
three different developmental stages (S1, S2, S3) from the Tr and CK groups of ‘Bailmer’
and ‘Duro’ (Figure 1) [16] were sampled on April 28, 2020 and May 19, 2020, respectively,
and used in each experiment.

S2

‘Bailmer’

Figure 1. Sepals at three different developmental stages. S1, Stage 1; S2, Stage 2; S3, Stage 3. Reprinted
with permission from Ref. [16]. 2022, Suxia Yuan.
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2.2. Al Content Measurement

Initially, all samples were dried to a constant weight. Each 0.2-0.4 g sample was
digested and soaked in 5 mL of nitric acid (>99.8%) overnight. The treated samples were
placed in a constant temperature drying oven for 2 h at 80 °C, 2 h at 120 °C, and 4 h
at 160 °C, followed by cooling to room temperature. The cooled solution was heated
to evaporate the acid, after which the digestive solution was transferred into a 25 mL
volumetric flask. The inner tank and cap were rinsed three times with a small amount of
1% nitric acid solution. The rinsed solution was combined in the volumetric flask, diluted
to the mark with 1% nitric acid, and thoroughly mixed to determine the Al content. The
Al content was determined using inductively coupled plasma mass spectrometry (ICP-
MS) following the methods for the determination of multiple elements in food (National
Food Safety Standards, GB 5009.268-2016, China) [24]. The samples were characterized by
element-specific mass numbers (mass-to-charge ratio, 1/z). The detection wavelength was
set at 396.152 nm.

2.3. Transcriptome Sequencing, Annotation

In prior research, a full-length transcriptome database was constructed using the
PacBio Sequel II platform, incorporating the flowers, pedicels, buds, leaves, stems, and
roots of ‘Bailmer” [25]. The database contained 72,848 high-quality isoforms, of which 67,941
were annotated using the NCBI Non-Redundant (Nr) database (http://www.ncbi.nlm.
nih.gov, accessed on 2 December 2020), Swiss-Prot protein database (http://www.expasy.
ch/sprot, accessed on 4 December 2020), Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (http://www.genome.jp/kegg, accessed on 7 December 2020), and
COG/KOG database (http://www.ncbinlm.nih.gov/COG, accessed on 9 December 2020),
with an E-value threshold of 1le-5. These PacBio Iso-Seq data served as the reference
transcriptome for H. macrophylla. cDNA libraries from 36 samples, including three biological
replicates, were constructed from sepals at the S1, S2, and S3 stages of CK and Tr groups
in ‘Bailmer” and ‘Duro’ (Figure 1). These 36 cDNA libraries were sequenced using the
Ilumina HiSeq"" 4000 [16]. Between 89.45% and 92.36% of the high-quality clean reads
from ‘Bailmer’, and 83.06% to 85.97% from ‘Duro’, were mapped to the isoforms from the
reference transcriptome. Gene abundances were calculated and normalized to reads per
kilobase per million mapped reads (RPKM). The mapped isoforms were annotated using
the NR, Swiss-Prot, KEGG, and COG/KOG databases, as previously described.

2.4. Analysis of Differentially Expressed Genes (DEIs)

Differentially expressed genes (DEIs) between the CK and Tr groups were identified.
The threshold values for screening DEIs were a false discovery rate (FDR) <0.05 and |log2
(foldchange) | > 1. DEIs were annotated using the NR, KEGG, COG, and GO databases, as
described for isoform annotation.

2.5. Quantitative Real-Time Fluorescent PCR (qRT-PCR) Analysis

The RNA isolation kit is a quick RNA isolation kit (Hua Yue Yang, Beijing, China).
First-strand cDNA was synthesized using HiScript III RT SuperMix for qPCR (+gDNA
wiper) according to the manufacturer’s instructions. Primer pairs for qRT-PCR were
designed using Primer Premier v5.0 software (Premier Biosoft Int., Palo Alto, CA, USA)
(Table S1). The specificity and efficiency of the primers were confirmed using 1.5% agarose
gel electrophoresis. All reactions were conducted in 96-well plates using the CFX96 Real-
Time System (Bio-Rad, Hercules, CA, USA). qRT-PCR analyses were conducted using Taq
Pro Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China). Each PCR reaction (20
uL) contained 5 pL of cDNA (100-200 ng/uL), 0.4 puL of each forward and reverse primer
(10 pmol/uL), 10 uL of 2 x Taq Pro Universal SYBR qPCR Master Mix, and 4.2 uL of
ddH,O. Amplification reactions were performed under the following conditions: 95 °C
for 30 s, followed by 40 cycles of 95 °C for 10 s and 60 °C for 30 s. A melting curve was
generated for each PCR to examine the amplification specificity of primers and the presence
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of reaction contaminants. The melting curve was gained by heating the amplification
products under the following conditions: 65-95 °C with a temperature increment of 0.5 °C
every 5 s. The HmActin gene was used as the internal control for normalization. The primer
sequences were HmActin-F (5'-GCCTGCCATGTATGTTGCCATC-3') and HmActin-R (5'-
CGGAATCCAGCACAATACCAGTTG-3') [26]. The relative expression levels of the target
genes were calculated using the 2~22¢T method [27] relative to the internal control.

2.6. Protein Interaction Analysis

Protein interactions were predicted using the online software STRING (functional
protein association networks; https://string-db.org/, accessed on 24 March 2024).

2.7. Data Analysis

Data are expressed as means & standard deviations (SDs) of three replicates. Data
analysis was conducted using Microsoft Office Excel 2010 and IBM SPSS Statistics 24.0. Bar
graphs were generated using Origin 9.0.

3. Results
3.1. Al Contents in the Sepals

The Al content in sepals from the Tr groups was higher than that in sepals from the CK
groups at all three stages (51, 52, and S3) in both ‘Bailmer” and ‘Duro’. Under Al treatment,
sepals accumulated a substantial amount of Al, particularly at S1. The Al content in sepals
was 2260.67 pg/g dry weight (DW) for ‘Bailmer” and 1204.67 pug/g DW for ‘Duro’, which
were approximately 2.90 and 5.47 times higher than that of the CK group (779.67 and
220.33 pg/g DW), respectively (Figure 2).
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Figure 2. Al content in sepals at three different developmental stages (S1, S2, S3) in ‘Bailmer” and
‘Duro’. B and D represent ‘Bailmer” and ‘Duro’, respectively. Different lowercase letters indicate
significant differences between two treatments at p < 0.05 according to Duncan’s multiple range test.

3.2. Analysis of Illumina Transcriptome Data

In our previous study, 72,848 high-quality, full-length isoforms were obtained through
full-length transcriptome sequencing. Of these, 71,617 isoforms were expressed in the
[llumina-sequenced samples, and a total of 67,932 isoforms were annotated in at least one
database. Of these, 44,208 (65.08%), 66,896 (98.47%), 32,980 (48.54%), and 55,845 (82.21%)
isoforms were annotated according to the KOG, NR, KEGG, and Swiss-Prot databases,
respectively. Across the four databases, 27,077 isoforms were annotated in all of them
(Figure 3).
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Figure 3. Venn diagram of NR, KOG, KEGG, and Swiss-Prot function annotations.

3.3. Identification of Key Candidate Genes Mediating Aluminum Accumulation in Sepals

Differentially expressed isoforms (DEIs) between the CK group and the Tr group were
identified at each of the three stages (51-S3) in every cultivar (Figure 4). Considering
all three developmental stages (S1-5S3) of sepals, a total of 6575 DEIs were obtained in
‘Bailmer’, of which 2972 isoforms were upregulated and 3603 were downregulated. In
total, 788 DEIs were identified in ‘Duro’, of which 426 were upregulated and 362 were
downregulated. Among these DEIs, 84 upregulated isoforms and 70 downregulated
isoforms were identified in both cultivars (Figures 5 and S1).
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Figure 4. The number of differentially expressed isoforms in the comparison of treatment versus
control and three different stages (51, S2, and S3). B and D represent ‘Bailmer” and ‘Duro’, respectively.

According to GO annotation, the 154 DElIs (84 upregulated isoforms and 70 downregu-
lated isoforms) were classified into three categories: biological process, cellular component,
and molecular function (Figure 6). Among these, 55 upregulated isoforms and 39 downreg-
ulated isoforms were significantly enriched (p < 0.05). Isoforms with over 99% similarity
in the CDS region were identified as the same gene, resulting in 30 upregulated genes
and 13 downregulated genes (Table S2). Of these, seven upregulated and two downregu-
lated genes were related to stress resistance, thirteen upregulated and six downregulated
genes were involved in metabolism, six upregulated and two downregulated genes were
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Figure 5. Venn diagram of DEIs between two cultivars. (A) Upregulated expression genes under
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3.4. Expression Verification of Key Candidate Genes Using gRT-PCR

The relative expression of 43 differentially expressed genes (30 upregulated and 13 down-
regulated) was verified using qRT-PCR. Seven genes, including HmDDS (Dammarenediol
II synthase-like), HmDHK (1,2-dihydroxy-3-keto-5-methylthiopentene dioxygenase 1), HmALS3.1
(protein Aluminum sensitive 3), HnABAH4 (Abscisic acid 8'-hydroxylase), HnMSMO1-1 (Methyl-
sterol monooxygenase 1-1), HmPAPS (Purple acid phosphatase 8-like), and HmSULTR3;1 (Sulfate
transporter 3.1-like), were upregulated across all three stages of sepals in both cultivars under
Al treatment (Figure 7). Additionally, the specificity and efficiency of PCR amplification
were confirmed. PCR amplifications for each primer pair showed a single and desired
amplicon of the expected size on a 1.5% agarose gel (Figure 8A), and a single peak in melt
curves (Figure 8B). This pattern was consistent with the Al content in the sepals and the
gene expression profile based on transcriptome data for the two cultivars (Figures 2 and 5).
These seven genes were identified as being related to Al accumulation in sepals.
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Figure 7. Expression of seven genes between two treatments in ‘Bailmer’ (A) and ‘Duro’ (B). Different

lowercase letters indicate significant differences between two treatments at p < 0.05 according to

Duncan’s multiple range test.

According to gene functions (Table S2), HmDDS and HmMSMO1-1 are associated with
organic substance biosynthesis; HmDHK, HmABAH4, and HmPAPS are primarily involved
in macromolecule metabolism and transition metal ion binding; and HmALS3.1 and
HmSULTR3;1 are transporters responsible for metal ion and sulfate transport, respectively.
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Figure 8. Specificity of qRT-PCR amplification for HmAction and seven candidate genes. (A) Am-
plification of a specific PCR product for each gene through agarose gel. (B) Melting curves for
each gene.

3.5. Protein Interaction Analysis

Among the seven genes, only the HmALS3.1 gene was found to have an interaction
network with several proteins (Figure 9). HmALS3.1, as the central protein, was closely
linked to the ATP-binding cassette (ABC) transporter protein family. The only experimen-
tally verified interaction with the HmALS3.1 protein is ABCI17, which belongs to the ABC
transporter superfamily. Among the predicted interactions, ABCB27, ABCI17, and LPR2
are identified as neighborhood proteins to HmALS3.1. Through automated and unsu-
pervised text mining, nine proteins (ABCB27, ABCI1, ABCI17, ALMT1, Q9LJC4_ARATH,
DTX42, MRS2-10, STOP1, and STOP2) were frequently mentioned and were the first shell
of interactors with HmALS3.1.
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Figure 9. Protein interaction network diagram of HmALS3.1. The blue line indicates interactions known
from curated databases; the pink line indicates experimentally determined interactions; the green line
represents text mining-based interactions; and the black line denotes co-expression interactions.

4. Discussion

H. macrophylla is famous for its sepal color changes under different cultivation con-
ditions. The sepal color is pink-red when the plant is grown in neutral to alkaline soils
and blue when grown in acidic soils. The main reason for sepals bluing is that AI** is
absorbed by roots in acidic soil and transported to sepals to participate in the formation of
blue complex [28,29]. In fact, not every cultivar with a pink-red sepal color has blue sepals
in acidic soils with AI** because the bluing capability of the sepal color was positively
correlated with the proportion of delphinidin-3-glucoside among all the anthocyanins in
sepals [16,30]. In this experiment, two cultivars with different sepal color bluing capa-
bilities were utilized. The sepal color of ‘Bailmer” varied significantly from pink to blue
under Al treatment, whereas ‘Duro” exhibited slightly and did not turn blue from pink [16].
However, both cultivars had higher Al content in sepals under Al treatment. Consequently,
we analyzed the transcriptome data from the two cultivars to elucidate how H. macrophylla
responded to AL

To identify genes associated with Al accumulation, transcriptome data from two culti-
vars of H. macrophylla were used to screen 43 differentially expressed genes. Additionally,
seven genes associated with Al accumulation were identified using the gRT-PCR technique:
HmDDS, HmDHK, HmALS3.1, HnuABAH4, HnMSMO1-1, HmPAPS, and HmSULTR3;1
(Figure 7). In the research, we failed to obtain hydroponically cultivated flowering plants,
so all the plants were grown in the mixed substrate containing peat and perlite (7:3, by
volume). The lower AI** level in peat might affect gene expression. The seven genes
screened exhibited significant differences in the expression level at all three developmental
stages between the CK and Tr groups in both cultivars.

Except for HmALS3.1, the other six genes have not been reported in the literature as
being associated with Al stress. In the experiments, AI%* in the form of Al;(SO4)3 was
applied to the substrate; thus, the addition of sulfate ions may have significantly increased
the expression of HmSULTR3,1 [31].

Aluminum sensitive 3 (ALS3) encodes a half-size ABC protein, which belongs to the
large family of ATP-binding cassette (ABC) proteins [32]. Studies have shown that the
ALS3 gene functions in Al resistance across various plant species. In Arabidopsis thaliana,
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the expression of AtALS3 was regulated by Al signal in roots and shoots [32,33]. Homologs
of ALS3 genes required for Al resistance have also been identified in Rhododendron yunna-
nense [34], soybean [35], and buckwheat [36]. The potential role of this protein is to transfer
AI%* from sensitive root tissues to less sensitive shoots, thereby reducing Al toxicity [32,37].
Plant roots can also tolerate Al** internally by sequestering it into vacuoles [38,39].

Simulations using the Arabidopsis database (Figure 9) revealed that some proteins
interacting with HmALS3.1 are also involved in plant Al resistance. Among them, two
organic acid transporters were mentioned, ALMT1 and DTX42. Aluminum-activated
malate transporter 1 (ALMT1) was identified as an Al-activated malate efflux transporter,
secreting malate to chelate AI** in the rhizosphere, thus preventing Al from sensitive root
cells [40—42]. The expression of ALMT1 plays an important role in improving Al resistance
in wheat [43], Arabidopsis [44], and apple [45]. Although DTX42 belonging to the MATE
efflux family has not yet been verified as related to Al response, such as DTX30 from the
same family, it indirectly modulates citrate exudation to promote Al tolerance by modulat-
ing auxin levels in root [46]. The HmALS3.1 gene was also closely associated with the other
ATP-binding cassette (ABC) transporter proteins. The ABC transporter family is divided
into eight subfamilies based on the evolutionary relationships of conserved regions, with
ABCB transporter proteins being the second-largest subfamily [47]. ABCB transporter
proteins mediate the transport of heavy metal ions, including cadmium, lead, and Al, and
enhance plant tolerance to heavy metals [32,48]. Among them, ABCB27 (ALS1) may play a
role in Al intracellular movement [32,49]. Additionally, some ABCI transporter proteins
also respond to Al stress. In soybeans, GsABCI1 transgenic plants exhibited resistance to
Al treatment through ion translocation or alterations in root components [50]. The ABCI17
(sensitive to aluminum rhizotoxicity 1 (STAR1)) can interact with STAR2 to form a complex
as a bacterial-type ABC transporter, which transports UDP-Glc and is required for Al toler-
ance in rice [39]. HmABCI17 from H. macrophylla has been shown to enhance Al tolerance
in yeast [51]. Q9LJC4_ARATH also belongs to the ABC transporter family, but it has not
been verified as being related to the Al response yet. Research has shown that the tran-
scription factor (TF) sensitive to proton rhizotoxicityl (STOP1) regulates ALS3, AtALMT1,
and AtMATE expression under Al stress [52,53]. Additionally, the STOP1-independent NO
signaling pathway and STOP1-dependent regulation in the phosphoinositide (PI) signaling
pathway are involved in the regulation of PGIP1 expression under Al stress [54]. To some
extent, STOP2 can substitute for STOP1 in activating the transcription of genes regulated
by STOP1, including ALS3 and AtMATE [55,56]. In Arabidopsis, ALS3 and STAR1 form
the ATP-binding cassette (ABC) transporter complex located in the vacuolar membrane.
ALS3/STARI1 promotes the degradation of the Al resistance transcription factor STOP1
to regulate ALMT1 expression [57]. Two metal transporters are also mentioned in the
protein interaction network, magnesium transporter 1 (MRS2-10) and low phosphate root 2
(LPR2). MRS2-10 has shown the activity to transport Al in Arabidopsis [58]. These proteins
mentioned by the protein network may become the key points in the future study on Al
accumulation in H. macrophylla.

Additionally, other Al resistance genes have been identified in various plants, includ-
ing those from the MATE family first described in sorghum [59]. Subsequently, ViMATE19
and VrMATE30 were found to play a potential role in Al tolerance in mung beans [60].
In soybeans, the GmMATE13 and GmMATE75 genes enhanced Al tolerance in the plant
through citrate secretion [61]. Moreover, the nbatural resistance-associated macrophage
protein 1 (Nratl) gene may be a useful tool for enhancing Al tolerance in rice and Ara-
bidopsis [62]. A knockout mutation in the Nratl gene resulted in decreased Al uptake and
increased binding of AI** to the cell wall [63]. In H. macrophylla, two aquaporin genes,
HmVALT and HmPALT1, were found to be associated with Al transport.

In our study, HmALS3.1 was identified as being closely related to Al accumulation
in sepals of H. macrophylla, while the functions of the remaining six genes require further
investigation. At present, the specific functions and regulatory mechanisms of HmALS3.1
participating in Al accumulation are being studied in our laboratory.
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5. Conclusions

This study first reports the identification of HmALS3.1 as a key gene related to Al accu-
mulation in the sepals of H. macrophylla. By analyzing the transcriptome data from the CK
group and the Al treatment group of the two cultivars of H. macrophylla, 43 differentially ex-
pressed genes (30 upregulated and 13 downregulated under the Al treatment) in sepals were
identified. Further research indicated that seven genes upregulated across all three stages
under Al treatment in both cultivars, including HnDDS, HmDHK, HmALS3.1, HnABAH4,
HmMSMO1-1, HnPAPS, and HmSUSTR3;1. Among the seven, the gene HmALS3.1 was
identified as a potential key player in Al transport within the sepals of H. macrophylla.
This study lays the groundwork for further exploration into the mechanisms by which
HmALS3.1 regulates Al accumulation in H. macrophylia.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/horticulturae10111180/s1: Figure S1: Heat maps of expression of
84 upregulated and 70 downregulated isoforms based on transcriptome data; Table S1: Primers used
for gRT-PCR in this study; and Table S2: Annotation of 96 DEISs related to aluminum accumulation in
sepals of hydrangea.

Author Contributions: Conceptualization, S.Y.; methodology, S.Y.; validation, Y.F,; formal analy-
sis, Y.L.; investigation, Y.L.; resources, Y.L. and Y.W.; data curation, S.L.; writing—original draft
preparation, S.L.; writing—review and editing, S.Y.; visualization, S.L.; supervision, C.L.; project
administration, S.Y.; funding acquisition, C.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Central Public-interest Scientific Institution Basal Research
Fund (grant number: IVF-BRF2022017 and IVF-BRF2023009), the Science and Technology Innovation
Program of the Chinese Academy of Agricultural Sciences (grant number: CAAS-ASTIP-2022-
IVFCAAS and CAAS-ASTIP-2023-IVFCAAS), the National Flower Improvement Center, and the
Key Laboratory of Biology and Genetic Improvement of Flower Crops (North China), Ministry of
Agriculture and Rural Affairs, China.

Data Availability Statement: The RNA-Seq data generated in this study are available at the SRA
Archive (https://submit.ncbinlm.nih.gov/subs/sra/, accessed on 10 May 2020), with accession
number PRJINA1125644.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Ma, J.F. Role of organic acids in detoxification of aluminum in higher plants. Plant Cell Physiol. 2000, 41, 383-390. [CrossRef]
[PubMed]

2. Mortvedst, ].J.; Asher, C.J. Beneficial Elements, Functional Nutrients, and Possible New Essential Elements. Micronutr. Agric. 1991,
4,703-723.

3.  Famoso, A.N.; Clark, R.T.; Shaff, J.E.; Craft, E.; McCouch, S.R.; Kochian, L.V. Development of a Novel Aluminum Tolerance
Phenotyping Platform Used for Comparisons of Cereal Aluminum Tolerance and Investigations into Rice Aluminum Tolerance
Mechanisms. Plant Physiol. 2010, 153, 1678-1691. [CrossRef]

4. Xu, Q.S;; Wang, Y;; Ding, Z.T.; Song, L.B.; Li, Y.S.; Ma, D.X.; Wang, Y.; Shen, ].Z.; Jia, S.S.; Sun, HW.,; et al. Aluminum induced
metabolic responses in two tea cultivars. Plant Physiol. Biochem. 2016, 101, 162-172. [CrossRef] [PubMed]

5. Bojorquez-Quintal, E.; Escalante-Magana, C.; Echevarria-Machado, I.; Martinez-Estévez, M. Aluminum, a Friend or Foe of Higher
Plants in Acid Soils. Front. Plant Sci. 2017, 8, 1767. [CrossRef]

6. Muhammad, N.; Zvobgo, G.; Zhang, G.P. A review: The beneficial effects and possible mechanisms of aluminum on plant growth
in acidic soil. J. Integr. Agric. 2019, 18, 1518-1528. [CrossRef]

7. Chauhan, D.K; Yadav, V.; Vaculik, M.; Gassmann, W.; Pike, S.; Arif, N.; Singh, V.P.; Deshmukh, R.; Sahi, S.; Tripathi, D.K.
Aluminum toxicity and aluminum stress-induced physiological tolerance responses in higher plants. Crit. Rev. Biotechnol. 2021,
41,715-730. [CrossRef]

8. Schmitt, M.; Watanabe, T.; Jansen, S. The effects of aluminium on plant growth in a temperate and deciduous aluminium
accumulating species. AoB Plants 2016, 8, plw065. [CrossRef] [PubMed]

9. Jansen, S.; Broadley, M.R.; Robbrecht, E.; Smets, E. Aluminum hyperaccumulation in angiosperms: A review of its phylogenetic

significance. Bot. Rev. 2002, 68, 235-269. [CrossRef]

201



Horticulturae 2024, 10, 1180

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Sun, L.; Zhang, M; Liu, X.; Mao, Q.; Shi, C.; Kochian, L.V.; Liao, H. Aluminium is essential for root growth and development of
tea plants (Camellia sinensis). J. Integr. Plant Biol. 2020, 62, 984-997. [CrossRef]

Ma, J.F; Hiradate, S.; Nomoto, K.; Iwashita, T.; Matsumoto, H. Internal detoxification mechanism of Al in hydrangea—
Identification of Al form in the leaves. Plant Physiol. 1997, 113, 1033-1039. [CrossRef] [PubMed]

Chen, H.; Wang, X.; Xu, L.E. Identification and Bioinformatics Analysis of ABC Transporter Gene Family in Hydrangea under
Aluminum Stress. Mol. Plant Breed. 2022, 13, 1-15. [CrossRef]

Ito, D.; Shinkai, Y.; Kato, Y.; Kondo, T.; Yoshida, K. Chemical Studies on Different Color Development in Blue- and Red-Colored
Sepal Cells of. Biosci. Biotechnol. Biochem. 2009, 73, 1054-1059. [CrossRef] [PubMed]

Osaki, M.; Watanabe, T.; Tadano, T. Beneficial effect of aluminum on growth of plants adapted to low pH soils. Soil Sci. Plant Nutr.
1997, 43, 551-563. [CrossRef]

Peng, J.; Dong, X.; Xue, C.; Liu, Z.; Cao, E. Exploring the Molecular Mechanism of Blue Flower Color Formation in Hydrangea
macrophylla cv. “Forever Summer”. Front. Plant Sci. 2021, 12, 585665. [CrossRef]

Yuan, S.X,; Qi, H.; Yang, S.N.; Chu, Z.Y.; Zhang, G.T.; Liu, C. Role of delphinidin-3-glucoside in the sepal blue color change
among Hydrangea macrophylla cultivars. Sci. Hortic. 2023, 313, 111902. [CrossRef]

Liang, C.Y.; Rengasamy, K.P.; Huang, L.M.; Hsu, C.C.; Jeng, M.F,; Chen, W.H.; Chen, H.H. Assessment of violet-blue color
formation in Phalaenopsis orchids. BMC Plant Biol. 2020, 20, 212. [CrossRef]

Naumann, A.; Horst, W.J. Effect of aluminium supply on aluminium uptake, translocation and blueing of Hydrangea macrophylla
(Thunb.) Ser. cultivars in a peatclay substrate. J. Hortic. Sci. Biotechnol. 2003, 78, 463-469. [CrossRef]

Hotta, H.; Wang, Q.; Fukuda, M.; Aizawa, S.; Umemura, T.; Sekizawa, K.; Tsunoda, K.I. Identification of aluminum species in an
aluminum-accumulating plant, hydrangea (Hydrangea macrophylla), by electrospray ionization mass spectrometry. Anal. Sci. 2008,
24,795-798. [CrossRef]

Dong, B.; Meng, D.; Song, Z.; Cao, H.; Du, T; Qi, M.; Wang, S.; Xue, J.; Yang, Q.; Fu, Y. CeNFYB3-CcMATE35 and LncRNA
CcLTCS-CcCS modules jointly regulate the efflux and synthesis of citrate to enhance aluminium tolerance in pigeon pea. Plant
Biotechnol. ]. 2024, 22, 181-199. [CrossRef]

Wilkens, S. Structure and mechanism of ABC transporters. F1000Prime Rep. 2015, 7, 14. [CrossRef] [PubMed]

Aryal, B.; Laurent, C.; Geisler, M. Learning from each other: ABC transporter regulation by protein phosphorylation in plant
and mammalian systems. Biochem. Soc. Trans. 2015, 43, 966-974, Erratum in Biochem. Soc. Trans. 2016, 44, 663—673. [CrossRef]
[PubMed]

Negishi, T.; Oshima, K.; Hattori, M.; Kanai, M.; Mano, S.; Nishimura, M.; Yoshida, K. Tonoplast- and plasma membrane-localized
aquaporin-family transporters in blue hydrangea sepals of aluminum hyperaccumulating plant. PLoS ONE 2012, 7, e43189.
[CrossRef] [PubMed]

GB 5009.268-2016; National Food Safety Standard. Determination of Multi-elements in Food. General Administration of Quality
Supervision, Inspection and Quarantine of the People’s Republic of China: Beijing, China, 2016. (In Chinese)

Qi, H.; Zhang, G.T.; Chu, Z.Y,; Liu, C.; Yuan, S.X. Identification of Seven Key Structural Genes in the Anthocyanin Biosynthesis
Pathway in Sepals of Hydrangea macrophylla. Curr. Issues Mol. Biol. 2022, 44, 4167-4180. [CrossRef]

Zhang, G.T.; Yuan, S.X.; Qi, H.; Chu, Z.Y,; Liu, C. Identification of Reliable Reference Genes for the Expression of Hydrangea
macrophylla ‘Bailmer” and ‘Duro’ Sepal Color. Horticulturae 2022, 8, 835. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2-8ACT method.
Methods 2001, 25, 402-408. [CrossRef]

Rahmati, R.; Hamid, R.; Ghorbanzadeh, Z.; Jacob, F.; Azadi, P.; Zeinalabedini, M.; Karimi Farsad, L.; Kazemi, M.; Ebrahimi, M.A.;
Shahinnia, F; et al. Comparative Transcriptome Analysis Unveils the Molecular Mechanism Underlying Sepal Colour Changes
under Acidic pH Substratum in Hydrangea macrophylla. Int. . Mol. Sci. 2022, 23, 15428. [CrossRef]

Ito, T.; Oyama, K.I.; Yoshida, K. Direct Observation of Hydrangea Blue-Complex Composed of 3-O-Glucosyldelphinidin, AP
and 5-O-Acylquinic Acid by ESI-Mass Spectrometry. Molecules 2018, 23, 1424. [CrossRef]

Yoshida, K.; Ito, D.; Miki, N.; Kondo, T. Single-cell analysis clarifies mosaic color development in purple hydrangea sepal. New
Phytol. 2021, 229, 3549-3557. [CrossRef]

Zhang, H.].; Hao, X.Y.; Zhang, J.].; Wang, L.; Wang, Y.C.; Li, N.N.; Guo, L.N.; Ren, H.Z; Zeng, ].M. Genome-wide identification of
SULTR genes in tea plant and analysis of their expression in response to sulfur and selenium. Protoplasma 2022, 259, 127-140.
[CrossRef]

Larsen, P.B.; Cancel, J.; Rounds, M.; Ochoa, V. Arabidopsis ALS1 encodes a root tip and stele localized half type ABC transporter
required for root growth in an aluminum toxic environment. Planta 2007, 225, 1447-1458. [CrossRef] [PubMed]

Sadhukhan, A.; Agrahari, R.K.; Wu, L.J.; Watanabe, T.; Nakano, Y.; Panda, S.K.; Koyama, H.; Kobayashi, Y. Expression genome-
wide association study identifies that phosphatidylinositol-derived signalling regulates ALUMINIUM SENSITIVE3 expression
under aluminium stress in the shoots of Arabidopsis thaliana. Plant Sci. 2021, 302, 110711. [CrossRef] [PubMed]

Xu, Y.X;; Lei, Y.S.; Huang, S.X.; Zhang, J.; Wan, Z.Y.; Zhu, X.T; Jin, S.H. Combined de novo transcriptomic and physiological
analyses reveal RyALS3-mediated aluminum tolerance in Rhododendron yunnanense Franch. Front. Plant Sci. 2022, 13, 951003.
[CrossRef]

Agrahari, R.K; Kobayashi, Y.; Borgohain, P.; Panda, S.K.; Koyama, H. Aluminum-Specific Upregulation of GmALS3 in the Shoots
of Soybeans: A Potential Biomarker for Managing Soybean Production in Acidic Soil Regions. Agronomy 2020, 10, 1228. [CrossRef]

202



Horticulturae 2024, 10, 1180

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Reyna-Llorens, I.; Corrales, I.; Poschenrieder, C.; Barcelo, J.; Cruz-Ortega, R. Both aluminum and ABA induce the expression of
an ABC-like transporter gene (FeALS3) in the Al-tolerant species. Environ. Exp. Bot. 2015, 111, 74-82. [CrossRef]

Larsen, P.B.; Tai, C.Y.; Kochian, L.V.; Howell, S.H. Arabidopsis mutants with increased sensitivity to aluminum. Plant Physiol.
1996, 110, 743-751. [CrossRef]

Huang, C.E; Yamaji, N.; Ma, J.E. Knockout of a Bacterial-Type ATP-Binding Cassette Transporter Gene, A{STARI, Results in
Increased Aluminum Sensitivity in Arabidopsis. Plant Physiol. 2010, 153, 1669-1677. [CrossRef]

Huang, C.E,; Yamaji, N.; Mitani, N.; Yano, M.; Nagamura, Y.; Ma, ].F. A Bacterial-Type ABC Transporter Is Involved in Aluminum
Tolerance in Rice. Plant Cell 2009, 21, 655-667. [CrossRef]

Kochian, L.V,; Pifieros, M. A ; Liu, ].P.; Magalhaes, ].V. Plant Adaptation to Acid Soils: The Molecular Basis for Crop Aluminum
Resistance. Annu. Rev. Plant Biol. 2015, 66, 571-598. [CrossRef]

Ma, ].E; Chen, Z.C.; Shen, R.F. Molecular mechanisms of Al tolerance in gramineous plants. Plant Soil 2014, 381, 1-12. [CrossRef]
Peng, F.C.; Yuan, M.; Zhou, L.; Zheng, B.Q.; Wang, Y. Identification and Analysis of Aluminum-Activated Malate Transporter
Gene Family Reveals Functional Diversification in Orchidaceae and the Expression Patterns of Dendrobium catenatum Aluminum-
Activated Malate Transporters. Int. . Mol. Sci. 2024, 25, 9662. [CrossRef] [PubMed]

Ligaba, A.; Dreyer, I.; Margaryan, A.; Schneider, D.J.; Kochian, L.; Pifieros, M. Functional, structural and phylogenetic analysis of
domains underlying the Al sensitivity of the aluminum-activated malate/anion transporter, TaALMT1. Plant ]. 2013, 76, 766-780.
[CrossRef]

Wang, ].Q.; Yu, X.F; Ding, Z.].; Zhang, X.K.; Luo, Y.P; Xu, XM.; Xie, Y.; Li, X.X,; Yuan, T.; Zheng, S.J.; et al. Structural basis of
ALMT1-mediated aluminum resistance in Arabidopsis. Cell Res. 2022, 32, 89-98. [CrossRef]

Lu, J; Liu, X;; Ma, Q.J.; Kang, H.; Liu, Y.J.; Hao, Y.J.; You, C.X. Molecular cloning and functional characterization of the
Aluminum-activated malate transporter gene. Sci. Hortic. 2019, 244, 208-217. [CrossRef]

Upadhyay, N.; Kar, D.; Datta, S. A multidrug and toxic compound extrusion (MATE) transporter modulates auxin levels in root
to regulate root development and promotes aluminium tolerance. Plant Cell Environ. 2020, 43, 745-759. [CrossRef]

Lee, M.; Choi, Y.; Burla, B.; Kim, Y.Y,; Jeon, B.; Maeshima, M.; Yoo, ].Y.; Martinoia, E.; Lee, Y. The ABC transporter AtABCB14 is a
malate importer and modulates stomatal response to CO,. Nat. Cell Biol. 2008, 10, 1217-1223. [CrossRef]

Devi, R.; Goyal, P; Verma, B.; Hussain, S.; Chowdhary, F,; Arora, P.; Gupta, S. A transcriptome-wide identification of ATP-binding
cassette (ABC) transporters revealed participation of ABCB subfamily in abiotic stress management of Glycyrrhiza glabra L. BMC
Genomics 2024, 25, 315. [CrossRef]

Fang, C.; Wu, J.; Liang, W. Systematic Investigation of Aluminum Stress-Related Genes and Their Critical Roles in Plants. Int. |.
Mol. Sci. 2024, 25,9045. [CrossRef]

Wen, K; Pan, H.T; Li, X.A.; Huang, R.; Ma, Q.B.; Nian, H. Identification of an ATP-Binding Cassette Transporter Implicated in
Aluminum Tolerance in Wild Soybean (Glycine soja). Int. |. Mol. Sci. 2021, 22, 13264. [CrossRef]

Chen, S.S.; Qi, X.Y,; Feng, J.; Chen, H.].; Qin, Z.Y.; Wang, H.D.; Deng, Y.M. Biochemistry and transcriptome analyses reveal key
genes and pathways involved in high-aluminum stress response and tolerance in hydrangea sepals. Plant Physiol. Biochem. 2022,
185, 268-278. [CrossRef]

Sawaki, K.; Sawaki, Y.; Zhao, C.R.; Kobayashi, Y.; Koyama, H. Specific transcriptomic response in the shoots of Arabidopsis thaliana
after exposure to Al rhizotoxicity: - Potential gene expression biomarkers for evaluating Al toxicity in soils. Plant Soil 2016, 409,
131-142. [CrossRef]

Sawaki, Y.; Iuchi, S.; Kobayashi, Y.; Kobayashi, Y.; Ikka, T.; Sakurai, N.; Fujita, M.; Shinozaki, K.; Shibata, D.; Kobayashi, M.;
et al. STOP1 Regulates Multiple Genes That Protect Arabidopsis from Proton and Aluminum Toxicities. Plant Physiol. 2009, 150,
281-294. [CrossRef] [PubMed]

Agrahari, R.K.; Enomoto, T.; Ito, H.; Nakano, Y.; Yanase, E.; Watanabe, T.; Sadhukhan, A.; Tuchi, S.; Kobayashi, M.; Panda, S.K.;
et al. Expression GWAS of PGIP1 Identifies STOP1-Dependent and STOP1-Independent Regulation of PGIP1 in Aluminum Stress
Signaling in Arabidopsis. Front. Plant Sci. 2021, 12, 774687. [CrossRef] [PubMed]

Kobayashi, Y.; Ohyama, Y.; Kobayashi, Y.; Ito, H.; Iuchi, S.; Fujita, M.; Zhao, C.R.; Tanveer, T.; Ganesan, M.; Kobayashi, M.; et al.
STOP2 Activates Transcription of Several Genes for Al- and Low pH-Tolerance that Are Regulated by STOP1 in. Mol. Plant 2014,
7,311-322. [CrossRef]

Sadhukhan, A.; Kobayashi, Y.; Iuchi, S.; Koyama, H. Synergistic and antagonistic pleiotropy of STOP1 in stress tolerance. Trends
Plant Sci. 2021, 26, 1014-1022. [CrossRef]

Fan, N.; Li, X.B.; Xie, W.X.; Wei, X.; Fang, Q.; Xu, ].Y.; Huang, C.F. Modulation of external and internal aluminum resistance by
ALS3-dependent STAR1-mediated promotion of STOP1 degradation. New Phytol. 2024, 244, 511-527. [CrossRef]

Ishijima, S.; Manabe, Y.; Shinkawa, Y.; Hotta, A.; Tokumasu, A.; Ida, M.; Sagami, I. The homologous Arabidopsis
MRS2/MGT/CorA-type Mg channels, AtMRS2-10 and AtMRS2-1 exhibit different aluminum transport activity. Biochim. Biophys.
Acta BBA-Biomembr. 2018, 1860, 2184-2191. [CrossRef]

Magalhaes, ].V.; Liu, J.; Guimaraes, C.T.; Lana, U.G.P,; Alves, VM.C.; Wang, Y.H.; Schaffert, R.E.; Hoekenga, O.A.; Pifieros, M.A.;
Shaff, J.E.; et al. A gene in the multidrug and toxic compound extrusion (MATE) family confers aluminum tolerance in sorghum.
Nat. Genet. 2007, 39, 1156-1161. [CrossRef]

203



Horticulturae 2024, 10, 1180

60. Singh, D.; Tripathi, A.; Mitra, R.; Bhati, J.; Rani, V.; Taunk, J.; Singh, D.; Yadav, RK.; Siddiqui, M.H.; Pal, M. Genome-wide
identification of MATE and ALMT genes and their expression profiling in mungbean (Vigna radiata L.) under aluminium stress.
Ecotoxicol. Environ. Saf. 2024, 280, 116558. [CrossRef]

61. Gao, PX;Han, RR.; Xu, H.; Wei, YM.; Yu, Y.X. Identification of MATE Family and Characterization of GmMATE1 and GmMATE75
in Soybean’s Response to Stress. Int. . Mol. Sci. 2024, 25, 3711. [CrossRef]

62. Li,J.Y; Liu, J.P; Dong, D.K;; Jia, X.M.; McCouch, S.R.; Kochian, L.V. Natural variation underlies alterations in Nramp aluminum
transporter (NRAT1) expression and function that play a key role in rice aluminum tolerance. Proc. Natl. Acad. Sci. USA 2014, 111,
6503-6508. [CrossRef]

63. Ofoe, R.; Thomas, R.H.; Asiedu, S.K.; Wang-Pruski, G.; Fofana, B.; Abbey, L. Aluminum in plant: Benefits, toxicity and tolerance
mechanisms. Front. Plant Sci. 2023, 13, 1085998. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

204



horticulturae !
+ o

Article

Transcriptomic Analysis Reveals Calcium and Ethylene
Signaling Pathway Genes in Response to Cold Stress in
Cinnamomum camphora

Bo Bi >3, Lingmei Shao !, Tong Xu !, Hao Du '3 and Dangqing Li **

Department of Horticulture, College of Agriculture and Biotechnology, Zhejiang University,
Hangzhou 310058, China; 0621973@zju.edu.cn (B.B.)

Crop Station, Agriculture and Rural Bureau of Qingtian County, Lishui 323900, China
ZJU-Hangzhou Global Scientific and Technological Innovation Centre, Hangzhou 311200, China
Department of Landscape Architecture, School of Civil Engineering and Architecture,

Zhejiang Sci-Tech University, Hangzhou 310018, China

*  Correspondence: dangingli@zju.edu.cn

Abstract: Cinnamomum camphora is one of the most dominant broad-leaved evergreen trees in tropical
and subtropical regions. Understanding its response to cold stress is crucial for enhancing its
resilience to climate changes and expanding the cultivation range. Cold stress response is a vital
strategy for plants to withstand cold stress, typically involving transcriptional changes across various
pathways. In this study, RNA-Sequencing (RNA-Seq) was conducted on the leaves of C. camphora
subjected to different cold stress treatments (0 h, 2 h, and 12 h). Transcriptome analyses revealed that
short-term cold stress treatment rapidly induced the upregulation of genes associated with calcium
and ethylene signaling pathways, including GLR2.7, CaM, CPK7, and ERF1/3/4/5/7. Subsequently,
12 h cold response treatment further activated genes related to the cold response, jasmonic acid
signaling pathways, and the negative regulation of cellular biosynthetic processes, such as CBF2 and
CBF4. Notably, ERFs emerged as the most differentially expressed transcription factors in this study.
A total of 133 ERF family members from C. camphora were identified through phylogenetic analysis,
and these ERFs were classified into 12 clusters. Many of these ERFs are likely to play pivotal roles
in the cold response of C. camphora, especially ERF1/3/4/5/7. These findings offer novel insights into
the mechanisms underlying the cold response and present valuable candidates for further research,
advancing our understanding of plant responses to cold stress.

Keywords: Cinnamomum camphora; cold stress; calcium signaling; ethylene; ERF family; transcriptomics

1. Introduction

Low temperatures are a major environmental stress that restricts plant growth, de-
velopment, and geographical distribution, further impacting flowering and yield in the
subsequent growing season [1-3]. In tropical and subtropical regions, 0-15 °C chilling
temperatures are the primary cold stress. Upon exposure to chilling temperatures, plants
can develop enhanced freezing tolerance through a process known as cold acclimation [4].
To withstand chilling stress, plants have evolved various regulatory mechanisms, including
multiple signal transduction pathways [5,6], hormone homeostasis [7], osmoprotectants [8],
and reactive oxygen species (ROS) scavenging [9]. In recent years, research on the cold
stress response process of evergreen woody plants has garnered increasing attention due
to their significant economic, ornamental, and ecological value, as well as the impact of
severe climate abnormal changes.

The regulatory mechanisms underlying the cold stress response in model plants have
been extensively investigated. Numerous studies have demonstrated that the perception
and transduction of cold signals are two pivotal steps in the plant cold response [10]. Low
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temperatures may alter the structure of the plasma membrane, leading to cytoskeletal
rearrangement, a process involving the perception of ion channels, transport proteins,
and membrane-localized protein kinases [11]. In plant cells, calcium signaling acts as a
secondary messenger and is an early signaling molecule in the cold response [12]. Under
cold stress conditions, calcium enters the cells through calcium channels and is detected
using calcium sensors, which then triggers the expression of downstream genes [13].
Various calcium sensors have been identified in plants, such as CALMODULIN (CaM),
CALMODULIN-LIKE (CML), CALCINEURIN B-LIKE PROTEIN (CBL), CALCIUM DE-
PENDENT PROTEIN KINASE (CPK), and CALCIUM DEPENDENT PROTEIN KINASE
(CDPK) [14]. Furthermore, secondary signal transduction is mediated by the calcium
binding protein calmodulin. For example, CALMODULIN-BINDING TRANSCRIPTION
ACTIVATOR (CAMTA) is a calcium-loaded CaM-dependent transcription factor [15]. Cold-
induced calcium signaling also promotes the production of ROS and the Mitogen-activated
protein kinase (MAPK) cascade [16,17]. Ultimately, these pathways further regulate the
downstream cold response cascade involving ICE-CBF-COR.

Phytohormones also play significant signaling roles in regulating the cold response.
Increasing evidence has shown that ethylene is integral to the plant cold response, with cold
stress affecting ethylene biosynthesis and signal transduction [18]. For instance, exposure to
4 °C can promote ethylene release in grape (Vitis vinifera) seedlings, and ethylene positively
modulates the cold response in apples (Malus domestica) [19,20]. ETHYLENE RESPON-
SIVE FACTOR (ERF) family members are crucial in mediating plant cold acclimation [21].
ERF102 and ERF103 are indispensable for cold acclimation in Arabidopsis thaliana [22]. The
ERF family members contain an APETALA2/ERF (AP2/ERF) domain [23]. This family is
further divided into two major subfamilies: the ERF subfamily and the DEHYDRATION
RESPONSE ELEMENT/DEHYDRATION-RESPONSIVE ELEMENT BINDING PROTEIN
(CBE/DREB) subfamily. The role of CBF/DREB in the cold response is well-established.
Simultaneously, ERFs are likely key hubs in the ethylene-mediated cold response. ERFs
rely on ethylene signal-mediated cold response pathways to regulate plant freezing toler-
ance [20]. They can initiate the expression of downstream CBF and COLD-REGULATED
(COR) genes, thereby influencing plant freezing tolerance [24]. In summary, ethylene plays
a crucial regulatory role in the cold response, yet the underlying molecular mechanisms
remain unclear.

Cinnamomum camphora is a broad-leaved evergreen tree belonging to the Lauraceae
family, renowned as a prominent component in tropical and subtropical urban landscapes
and valued for its significant economic and ornamental contributions [25]. The Lauraceae
family includes approximately 45 genera and around 2500 to 3000 species. In contrast
to the widespread distribution of C. camphora, most Lauraceae species are confined to
tropical regions [25,26]. Li et al. (2023) [26] identified the genes responsible for cold
acclimation in C. camphora through comparative genomic analysis between C. camphora
and its close relative C. kanehrae, revealing the factors contributing to its dominance in
subtropical urban landscapes. Studying the cold response mechanisms of C. camphora
offers valuable theoretical insights and potential candidate genes to enhance the environ-
mental adaptability of plants within the Lauraceae family. In this study, RNA-Sequencing
(RNA-Seq) was conducted on C. camphora leaves subjected to different cold stress treat-
ments. Transcriptome analysis revealed differentially expressed genes (DEGs) related to
the cold response under both 2 h and 12 h cold stress responses. Our findings elucidate key
pathways and genes involved in the cold response of C. camphora, providing a substantial
number of candidate genes for genetic improvement to enhance cold resilience and expand
the cultivation range of Lauraceae plants.

2. Materials and Methods
2.1. Plant Materials and Cold Stress Treatments

Branches with leaves were harvested from three 30-year-old C. camphora trees located
in Hangzhou (30° N, 120° E), Zhejiang Province, China. Branches with leaves at 25 °C
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were subjected to different cold stress treatments (0 h, 2 h, and 12 h) in a chamber and
were divided into three groups: CK (plants with no treatment), CA2 (2-h treatment at 4 °C),
and CA12 (12-h treatment at 4 °C). After different cold stress treatments in branches of C.
camphora, we randomly selected three mature C. camphora leaves from each of the branches
as a biological replicate. Three biological replicates were collected, rapidly frozen in liquid
nitrogen, and subsequently stored at —80 °C until further analysis.

2.2. RNA Extraction

The total RNA from C. camphora leaves was extracted using the RNAprep Pure
Plant Plus Kit (DP441, Tiangen, Beijing, China). The RNA concentration and purity were
quantified using a Nanodrop ND-1000 spectrophotometer (Isogen Life Science, Utrecht,
The Netherlands). The quality and integrity of the RNA were evaluated using 1% agarose
gel electrophoresis.

2.3. Transcriptome Analysis

RNA-Seq was conducted on C. camphora leaves subjected to various cold stress treat-
ments (0 h, 2 h, and 12 h). Three biological replicates for each treatment were used to con-
struct cDNA libraries following the [llumina standard operating procedure. Then, RNA-seq
was performed on the Illumina X-ten platform with 150-bp paired-end reads to obtain raw
data. We downloaded RNA-seq data from the NCBI BioProject database under the acces-
sion number PRINA1000241 (https://www.ncbi.nlm.nih.gov/bioproject/PRINA1000241,
accessed on 4 July 2024), which was uploaded by our team during the publication of the
C. camphora genome. Genome assembly and gene annotations were downloaded from
figshare (https://doi.org/10.6084/m9.figshare.20647452.v1, accessed on 4 July 2024). RNA-
seq reads were filtered with FASTP (v.0.12.4) [27], mapped to genome assemblies using
HiSAT2 (v.2.2.0) [28], and analyzed for transcripts per kilobase of exon model per million
mapped reads (TPM) with StringTie (v.2.1.4) [29]. Transcription factors were identified
using PlantTFDB v5.0 (https://planttfdb.gao-lab.org/, accessed on 10 July 2024).

DEGs were identified using RStudio with the DESeq2 R package. Genes with |log?2
(fold change) | > 1 and Padj < 0.01 were classified as DEGs. The accuracy of the RNA-Seq
was validated by quantitative real-time PCR (qRT-PCR). Gene ontology (GO) enrichment
analysis and weighted gene co-expression network analysis (WGCNA) were conducted
using RStudio, employing the topGO and WGCNA R packages, respectively.

2.4. Identification of ERF Proteins in C. camphora

To identify ERF proteins in C. camphora, HMM Search and BLAST screening were
conducted using TBtools v2.110 [30]. Specifically, the domain of the ERF family, the
AP2/ERF domain (PF00847), was downloaded as an hmm file from the Pfam database
(http:/ /pfam.xfam.org/, accessed on 10 July 2024). This was used as a seed for identifying
ERF proteins against all protein sequences of C. camphora using the Simple HMM Search
function in TBtools v2.110 (E-value threshold 0.05). BLAST screening (E-value threshold
1 x 10~°) was conducted to identify ERF proteins in C. camphora based on ERF protein
sequences from Arabidopsis (derived from the TAIR database). The sequences obtained from
both methods were analyzed using the CDD search tool from the NCBI website
(https:/ /www.ncbinlm.nih.gov/Structure/cdd/wrpsb.cgi, accessed on 12 July 2024), and
the results were visualized with TBtools v2.110. Ultimately, only those sequences featuring
a single AP2 domain were selected to identify all ERF proteins in C. camphora [31].

2.5. Phylogenetic Analysis

To clarify the evolutionary relationship of ERF proteins in C. camphora, a phylo-
genetic tree was constructed that includes all ERF proteins from both Arabidopsis and
C. camphora. According to the study by Nakano et al. (2006) [31], the ERF protein sequences
of Arabidopsis were downloaded from the TAIR database (http://www.arabidopsis.org/,
accessed on 12 July 2024). Subsequently, multiple sequence alignment of ERF proteins
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from Arabidopsis and C. camphora was performed using MAFFT v7.467 with default param-
eters [32]. FastTree v2.1.12 was used to construct maximum-likelihood phylogenetic trees
employing the JTT+CAT model [33]. MEGA 7.0 was utilized for visualizing and enhancing
the phylogenetic trees [34].

2.6. Reverse Transcription and gRT-PCR Analysis

RNA (1 nug) was reverse transcribed into cDNA using the PrimeScript™ RT Reagent Kit
with gDNA Eraser (TaKaRa, Kyoto, Japan). The cDNA was diluted 20-fold with deionized
water and utilized as the template for qRT-PCR, following the protocol established by
Wang et al. (2020) [35].

The primers used for qRT-PCR, listed in Table S1, were designed using the Primer-
BLAST tool from NCBI (https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi,
accessed on 20 July 2024), with a product length ranging from 200 to 300 bp, an annealing
temperature of approximately 60 °C, and a GC content of 40% to 60%. UBC22 was used as a
reference gene for normalizing gene expression levels [36]. qRT-PCR was conducted on the
CFX Connect™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) using the
TB Green® Premix Ex Taq enzyme (TaKaRa, Kyoto, Japan). The reaction system consisted
of 4 uL of 20-fold diluted cDNA, 5 uL. of TB Green, and 0.5 pl. 10 umol/L each of forward
and reverse primers. The reaction program was as follows: 95 °C for 2 min; then 95 °C for
55,55 °C for 30 s, repeated for 39 cycles; followed by a melting curve analysis of 95 °C for
55,65 °Cfor5s,and 95 °C for 5 s. The temperature increments used between 65 °C and
95 °C were set at 0.5 °C per 5 s to check the specificity of the reaction. Finally, relative gene
expression levels for each sample were evaluated using the 2~ 24t method [37].

2.7. Statistical Analyses

Statistical analyses were carried out utilizing SPSS 23 (IBM Corporation, Armonk, NY,
USA). One-way ANOVA and Duncan’s multiple range test were employed to compare
differences among various samples, with the significance threshold set at 0.05 (denoted by
different letters). All data comprised a minimum of three biological replicates.

3. Results
3.1. Functional Enrichment Analysis of DEGs between Different Cold Stress Treatments

Mature leaves of C. camphora that underwent different cold stress treatments were
randomly selected for phenotype observation. The results showed that there were no
significant phenotype changes in mature leaves of C. camphora after different cold stress
treatments, although water-soaked lesions increased with prolonged exposure to cold
stress (Figure S1).

Furthermore, we obtained a total of 83.13 Gb raw data, and the average mapping rate
was over 90% as calculated by HiSAT2 (v.2.2.0) [28]. RNA-Seq analysis revealed a total
of 34,918 genes expressed in at least one sample [with TPM > 2]. Furthermore, a total of
1377 DEGs were identified across the different cold stress treatments, as illustrated in
Figure S2. To investigate the key pathways and genes involved in the cold response of
C. camphora under different cold stress treatments, GO enrichment analysis was conducted
on DEGs comparing the different treatments, including CK vs. CA2, CA2 vs. CA12, and
CA12 vs. CK (Figure 1). The results indicated that DEGs following 2 h cold stress treatment
(CK vs. CA2) were predominantly enriched in the biological processes of “calcium ion
transport”, “calcium ion transmembrane transport”, “ethylene-activated signaling path-
way”, and “cellular response to hypoxia”. Compared to the 2 h cold stress treatment, after
12 h cold stress treatment DEGs (CA2 vs. CA12) were primarily involved in the biological
processes of “regulation of signal transduction”, “response to cold”, and “regulation of the
jasmonic acid-mediated signaling pathway”. The DEGs in the comparison between CK and
CA12 were mainly enriched in the biological processes of “response to cold”, “negative
regulation of cellular biosynthetic”, and “cellular response to oxygen levels”.

208



Horticulturae 2024, 10, 995

biological process involv-e’d in symbiotic interaction + regulation of signaEmduc(ion + response I@
+ calcium ion transport + regulation of signaling negative regulation of DNA—!em;.plaled transcription
plant-type hypersensitive response + regulation of cell communication negative regulation of | ,NA biosynthetic
programmed cell death induced by symbiont + response to cold negative lation of nucleic acid-te \/ ipti
biological process involved in interaction with symbiont seedling development negative regulation of biosynthetic
+ calcium ion transmembrane transport regulation of seed germination g negative ion of i ~
+ ethylene-activated signaling pathway o regulation of seedling development 5 negative regulation of RNA metabolic (;
+ response to salicylic acid g seed germination g negative regulation of cellular biosynthetic :‘
+ response to chitin ~ alcohol metabolic process negative regulation of nucleobase-containing compound metabolic. E
cell death S RNA modification g negative regulation of nitrogen compound metabolic o
+ cellular response to hypoxia + regulation of jasmonic acid mediated signaling pathway cellular response to decreased oxygen levels
+ cellular response to decreased oxygen levels secondary metabolite biosynthetic process cellular response to oxygen levels
+ cellular response to oxygen levels response to nutrient levels response to decreased oxygen levels
immune response + jasmonic acid mediated signaling pathway response to oxygen levels
+ cellular response to ethylene stimulus + cellular response to jasmonic acid stimulus cellular response to hypoxia
0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08
GeneRatio GeneRatio GeneRatio
Genecounts @ -1 *log10(qvalue) m Genecounts @ -1*log10(qvalue) _ Genecounts @ -1 *log10(qvalue) H
3940414243 3 4 5 4 5 6

Figure 1. Enriched gene ontology (GO) terms of differentially expressed genes under different cold
stress treatments in Cinnamomum camphora. The figure shows the top 15 results of biological processes
of GO enrichment analysis between different treatments. The red signs highlight the biological
processes that may be related to the C. camphora cold response. CK, plants without any treatment;
CA2, 2-h treatment under 4 °C cold stress; CA12, 12-h treatment under 4 °C cold stress.

3.2. WGCNA—Revealed Key Pathways and Gene Responses to Cold

To identify key stage-specific modules, module-stage association analyses were con-
ducted using all 1448 DEGs through WGCNA. In total, six distinct co-expression modules
were identified (Figure 2A). Notably, MEblack and MEmidnightblue were highly corre-
lated with the CA2 stage (correlation coefficients of 0.86 and 0.78, respectively, p < 0.01).
Moreover, MEblue and MEgreenyellow showed a significant positive correlation with
the CA12 stage (correlation coefficients of 0.95 and 0.73, respectively, p < 0.05). Based on
the correlation between modules and stages, MEblack, MEmidnightblue, MEblue, and
MEgreenyellow were identified as key modules related to the cold response.
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Figure 2. Weighted gene co-expression network analysis of Cinnamomum camphora under different
cold stress treatments. (A) Module-stage relationships. CK, plants without any treatment; CA2, 2-h
treatment under 4 °C cold stress; CA12, 12-h treatment under 4 °C cold stress. (B) Enriched gene
ontology terms of differentially expressed genes in four key modules (MEblack, MEmidnightblue,
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MEDblue, and MEgreenyellow). The red signs highlight the biological processes that may be related to
the C. camphora cold response. (C) Gene expression patterns of four key modules. The expression
values were Z-scaled log, (TPM+1).

GO enrichment analysis was conducted on all DEGs within these four key cold
response-related modules (Figure 2B). The results indicated that the DEGs within cold
response-related modules were predominantly enriched in the biological processes of “cal-
cium ion transport”, “calcium ion transmembrane transport”, “ethylene-activated signaling
pathway”, and “cellular response to ethylene stimulus”. This is consistent with the findings
for DEGs following 2 h cold stress treatment (CK vs. CA2). Additionally, there were
218, 321, 310, and 139 genes in MEblack, MEmidnightblue, MEblue, and MEgreenyellow,
respectively (Figure 2C). The gene expression patterns of MEblack and MEmidnightblue
exhibited two distinct trends: one where DEGs were significantly upregulated during
the CA2 stage and then downregulated back to CK stage levels during the CA12 stage;
and another where DEGs were significantly downregulated during the CA2 stage and
subsequently restored during the CA12 stage. The gene expression patterns of MEblue
were characterized by two main trends: most DEGs showed a significant upregulation
with the cold response, while a smaller portion displayed a significant downregulation.
For MEgreenyellow, the gene expression pattern predominantly showed a significant
upregulation with the cold response.

3.3. Impact of Cold Stress Treatment on Calcium Signaling-Related Gene Expression

The results of GO enrichment analyses and WGCNA consistently highlighted that
transcriptional changes during cold stress in C. camphora were predominantly associated
with the calcium and ethylene signaling pathways. Consequently, we initially visualized
the stage-specific expression patterns of DEGs involved in the calcium signaling pathway
(Figure 3A). The results indicated that genes encoding proteins associated with calcium
ion transport were significantly upregulated at both the CA2 and CA12 stages, such as
CYCLIC NUCLEOTIDE GATED CHANNEL (CNGC) and GLUTAMATE RECEPTOR (GLR)
(Figure 3B). Genes encoding calcium-sensing proteins, including CaM and CML, were
predominantly upregulated at the CA2 stage. Additionally, genes encoding calcium-
binding sensory proteins, such as CPK, were significantly upregulated at both the CA2
and CA12 stages. Furthermore, the calcium sensor target gene CIPK was predominantly
upregulated at the CA12 stage.

In addition to genes directly involved in calcium signaling, those associated with
MAPK pathways were also markedly upregulated during cold stress treatment, such
as MAPK/ERK KINASE KINASE (MAPKKK) and MITOGEN-ACTIVATED PROTEIN KI-
NASE (MPK) (Figure 3B). Similarly, cold-responsive genes such as CBF were significantly
upregulated at both the CA2 and CA12 stages, with a notable increase at the CA12 stage.

To further validate the expression levels of genes related to the calcium signaling
pathway, qRT-PCR analyses were conducted (Figure 3C). The qRT-PCR results were in
concordance with the RNA-Seq. Overall, calcium signaling pathway genes were rapidly
upregulated at the CA2 stage, whereas cold response and MAPK pathway genes exhibited
delayed upregulation compared to the calcium signaling pathway genes. These results
suggest that the calcium signaling pathway may play a crucial role in the early cold
response of C. camphora leaves.
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Figure 3. Expression patterns of differentially expressed genes (DEGs) involved in the calcium
signaling pathway. (A) Calcium signaling-driven plant response to cold stress. The genes show-
ing evidently different expression patterns are highlighted. (B) Heatmap of DEGs in the calcium
signaling pathway of Cinnamomum camphora under different treatments. CK, plants without any
treatment; CA2, 2-h treatment under 4 °C cold stress; CA12, 12-h treatment under 4 °C cold stress.
The expression values were Z-scaled log, (TPM+1). (C) Quantitative real-time PCR expression levels
of genes involved in the calcium signaling pathway. Error bars represent & SE of three biological
replicates. Different letters indicate significant differences at p < 0.05, following statistical analysis by
one-way ANOVA. Gene names are listed in Table S4.

3.4. Alterations in Gene Expression Related to Ethylene Biosynthesis and Signaling Pathways

Under cold stress treatment, significant changes were observed in genes associated
with the ethylene biosynthesis and signaling pathways (Figure 4A). Specifically, the key
regulatory gene in ethylene biosynthesis, ACC SYNTHASE (ACS), was markedly upreg-
ulated at both the CA2 and CA12 stages, with a particularly pronounced increase at
the CA2 stage (Figure 4B). ERF family genes, which play a positive regulatory role in
the ethylene signaling pathway, exhibit a variety of expression patterns (Figure 4B). The
36 differentially expressed ERF family genes can be broadly categorized into four expres-
sion patterns. The first pattern demonstrates a decrease in expression following cold stress
treatment, with downregulation observed at the CA2 or CA12 stages. The second pat-
tern reveals consistently high expression levels at both the CA2 and CA12 stages. The
third pattern is characterized by a significant upregulation after 2 h cold stress treatment
(CA2 stage). The fourth pattern exhibits substantial upregulation following a prolonged
cold stress treatment (CA12 stage).
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Figure 4. Expression patterns of differentially expressed genes (DEGs) involved in the ethy-
lene biosynthesis and signaling pathway. (A) Diagram of the ethylene-mediated cold stress re-
sponse in plants; (B) Heatmap of DEGs in the ethylene biosynthesis and signaling pathway of
Cinnamomum camphora under different treatments. The expression values were Z-scaled log, (TPM+1).
CK, plants without any treatment; CA2, 2-h treatment under 4 °C cold stress; CA12, 12-h treatment
under 4 °C cold stress. CBF_S, C-REPEAT BINDING FACTOR subfamily; ERF_S, ERF DOMAIN
PROTEIN subfamily. Gene names are listed in Table S4.

3.5. Phylogenetic Characterization of ERF Gene Family Members in C. camphora

To investigate the impact of cold stress treatment on the expression levels of tran-
scription factors, the number of differentially expressed transcription factors in the four
cold response-related modules was calculated (Figure 5A). Among these, the ERF, MYB
DOMAIN PROTEIN (MYB), and WRKY DNA-BINDING PROTEIN (WRKY) transcription
factor families exhibited the highest differential expression ratios in C. camphora.

Given that the ERF family is a large gene family of transcription factors and part of the
AP2/ERF superfamily [38], the proteins of the ERF family are characterized by containing
a single AP2/ERF domain. A total of 133 ERF genes from C. camphora were identified
using Simple HMM Search and BLAST, with ERF proteins from Arabidopsis. Phylogenetic
analysis was conducted to identify ERF genes in C. camphora (Figure 5B). The phylogenetic
tree includes 133 of the AtERF protein sequences and 133 of the CcERF protein sequences,
categorized into 12 main clusters. These 12 clusters were named according to the results by
Nakano et al. (2006) [31] as I to X, VI-like (VI-L), and Xb-like (Xb-L). Clusters A-1 to A-6
belong to the CBF/DREB subfamily, while clusters B-1 to B-6 belong to the ERF subfamily.
Additional detailed information on the CcERF proteins is available in Table S3.
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Figure 5. Differentially expressed transcription factor families and phylogenetic analysis of ERF
proteins. (A) Transcription factor family analysis of differentially expressed genes (DEGs) in
four key modules (MEblack, MEmidnightblue, MEblue, and MEgreenyellow). We have marked the
transcription factor family with the highest ratio, ERF, using red signs. (B) The phylogenetic analysis
of ERF family proteins in Arabidopsis thaliana and Cinnamomum camphora. (C) Quantitative real-time
PCR expression levels of ERF subfamily genes. Different letters indicate significant differences at
p < 0.05, following statistic analysis by one-way ANOVA. Gene names are listed in Table S4.

qRT-PCR was performed on nine ERF subfamily members, and the results were consis-
tent with the RNA-Seq data (Figure 5C). All nine ERF subfamily genes were markedly up-
regulated following 2 h cold stress treatment. Moreover, considering the phylogenetic anal-
ysis and the annotation of DEGs identified as ERF (Figure 4B), it was found that the upreg-
ulation of ERF subfamily genes occurred earlier than that of CBF/DREB subfamily genes.

4. Discussion

C. camphora is a widely distributed evergreen broadleaf tree, valued for its signifi-
cant ornamental and economic value. In addition to C. camphora, many other species in
the Lauraceae family possess considerable practical value. However, their limited cold
tolerance restricts these species primarily to tropical regions, thereby constraining the
development and utilization of Lauraceae family resources. The extensive distribution of
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C. camphora may be attributed to its unique cold response mechanisms. Under cold stress,
plants transmit cold signals via various regulatory pathways, initiating the expression
of downstream genes that subsequently regulate multiple transcriptional and metabolic
processes, ultimately enhancing freezing tolerance. This study aims to explore the key
regulatory pathways and genes involved in the cold stress response of C. camphora by
conducting RNA-Seq on leaves subjected to different cold stress treatments.

Through GO enrichment analysis and WGCNA, we identified four key modules
related to the cold response. Notably, genes in the MEblack and MEmidnightblue modules
were predominantly upregulated after 2 h of 4 °C treatment, while genes in the MEblue
and MEgreenyellow modules showed upregulation after 12 h of 4 °C treatment (Figure 2).
Further analysis revealed that the calcium and ethylene signaling pathways are the earliest
activated in the C. camphora cold response (Figure 2). Conversely, transcriptional changes in
the salicylic acid, jasmonic acid, and ICE-CBF-COR cascades become prominent after 12 h
cold stress treatment (Figure 6). Consistent with our findings, signaling pathways involved
in the perception and transmission of cold stress signals, such as the calcium signaling
pathway, have been identified in the early gene expression profiles of many plants [38,39].
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Figure 6. Key pathways and genes associated with the cold response process of Cinnamomum camphora
following cold stress treatment. Gene names are listed in Table S4.

Under cold stress, calcium rapidly influxes into plant cells, triggering molecular
mechanisms that enable plants to adapt to the environment [40]. Exogenous calcium
can enhance the cold resistance of maize (Zea mays) and tea (Camellia sinensis) [41,42].
Calcium channels and sensors have been widely studied in the cold stress response. In
rice (Oryza sativa), transcriptional activation and phosphorylation of OsCNGC9 confer
enhanced chilling tolerance [43]. Cold acclimation elevates the expression of tomato
(Solanum lycopersicum) GLR3.3 and GLR3.5, subsequently enhancing chilling tolerance [44].
In C. camphora, the calcium channel genes CNGC and GLR were rapidly upregulated after
2 h of 4 °C treatment (Figure 3), suggesting that these genes may play a positive regulatory
role in the cold response of C. camphora.

Additionally, various calcium sensors in C. camphora also respond promptly to cold
stress, with significant upregulation of CaM, CML, CPK, and RGA (Figure 3). Among these,
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CaM is one of the most essential calcium sensors. CaM plays a crucial role in positively
regulating cold resistance in tea plants [45]. In rice, OsCPK24 is upregulated in response to
cold and positively regulates chilling tolerance [46]. Moreover, the CaM4/PATL1 complex,
CML42, and CIPK13 positively regulate the expression of downstream CBF genes [47-49].
In C. camphora, the upregulation of genes in the MAPK pathway and the CBF-COR module
occurs later than that of calcium channel and sensor genes, possibly because the calcium
signaling pathway is more upstream in the cold response process. Based on these findings,
we speculate that calcium channels and sensor proteins in C. camphora may enhance freezing
tolerance by modulating downstream CBF genes.

Ethylene also plays a crucial role in plant stress resistance. Cold stress significantly
induces the expression of the apple ethylene synthesis gene MdACS1, which positively
modulates the apple’s responses to cold stress [20]. Similarly, a 4 °C treatment significantly
induces the expression of the Gossypium hirsutum ACS gene [50]. In apple and grape
seedlings, exposure to 4 °C rapidly triggers ethylene release, whereas blocking ethylene
signaling reduces the sensitivity of grape seedlings to cold stress [19,20]. Cold storage also
induces the expression of the LeACS2 gene and promotes ethylene synthesis in tomato
fruit [51]. Conversely, ethylene negatively regulates cold tolerance in Medicago truncatula
and Arabidopsis [52,53]. In this study, 2 h of 4 °C treatment rapidly induced the expression
of the C. camphora ACS1 gene (Figure 4), suggesting that ethylene may positively regulate
the response of C. camphora to cold stress.

ERF family members in the ethylene signaling pathway have been identified as a
key regulator in plant responses to cold stress [21]. A 4 °C treatment rapidly induces the
expression of MAERF1B, which encodes an ethylene signal activator, in apple seedlings.
Citrus ERF1, RsERF40, BpERF13, and MAdERF1B have been demonstrated to enhance
cold tolerance [20,54-56]. Moreover, ERF102, ERF103, and ERF105 are essential for cold
acclimation responses in Arabidopsis [22,57]. In grapes, the expression of VaERF057 and
VaERF092 is inhibited by the ethylene biosynthesis inhibitor, thereby diminishing their roles
in cold tolerance [19,58]. In this study, ERF family genes showed significant differential
expression following cold treatment, especially ERF1/3/4/5/7 (Figure 4). Phylogenetic
analysis indicated that most ERF subfamily genes were rapidly upregulated after 2 h of
4 °C exposure, whereas CBF/DREB subfamily genes were mainly upregulated after 12 h
of 4 °C exposure. In tomato, TERF2/LeERF?2 is a transcription factor that acts upstream
of CBF, mediating cold tolerance by feedback-regulating ethylene biosynthesis genes [24].
Therefore, we hypothesize that ERFs such as ERF1/3/4/5/7 in C. camphora may similarly
function upstream of CBF genes, responding rapidly to cold stimuli and regulating the
expression of downstream CBF genes, ultimately enhancing cold tolerance. The diverse
roles of ERF subfamily members in cold stress responses merit further investigation.

5. Conclusions

In this study, transcriptome analysis revealed that genes involved in calcium signaling,
ethylene biosynthesis and signaling, and cold response pathways were upregulated follow-
ing cold stress treatment. The 2 h cold stress treatment rapidly activated gene expression
related to calcium signaling and ethylene biosynthesis and signaling pathways. In contrast,
the 12 h cold stress treatment further activated processes related to the cold response,
jasmonic acid signaling pathways, and the negative regulation of cellular biosynthetic
processes. Additionally, this study preliminarily identified 133 ERF family members in
C. camphora, which were divided into 12 clusters. qRT-PCR results indicated that many ERFs
likely play a crucial role in the cold response of C. camphora leaves, especially ERF1/3/4/5/7.
This study suggested that the response of C. camphora to cold stress is closely related to
the calcium and ethylene signaling pathways, providing a wealth of candidate genes for
further research on the cold response in C. camphora.

215



Horticulturae 2024, 10, 995

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/horticulturae10090995/s1, Table S1: Primers used in qRT-PCR;
Table S2: Gene Ontology (GO) enrichment analysis of RNA-Seq data in the cold response of
Cinnamomum camphora; Table S3: Details of the ERF family members in Cinnamomum camphora;
Table S4: Gene name; Figure S1: Phenotype observation of the leaves of Cinnamomum camphora under
different cold stress treatments; Figure S2: Numbers of up- and down-regulated DEGs in compar-
isons between different cold stress treatments of Cinnamomum camphora; Figure S3: The raw figure of
phylogenetic analysis of ERF family proteins in Arabidopsis thaliana and Cinnamomum camphora.

Author Contributions: Conceptualization: B.B. and D.L.; writing—original draft preparation,
B.B.; investigation, D.L., B.B., L.S. and T.X.; form analysis and visualization, B.B., L.S. and T.X;
writing—review and editing, H.D. and D.L.; funding acquisition, D.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the China Postdoctoral Science Foundation (No. 2021M692790)
and the Zhejiang Sci-Tech University Start-up Fund (No. 24052162-Y).

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials, further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Ding, Y,; Yang, S. Surviving and thriving: How plants perceive and respond to temperature stress. Dev. Cell 2022, 57, 947-958.
[CrossRef] [PubMed]

2. Hasanuzzaman, M.; Nahar, K.; Hossain, M.S.; Mahmud, J.A.; Rahman, A.; Inafuku, M.; Oku, H.; Fujita, M. Coordinated Actions
of Glyoxalase and Antioxidant Defense Systems in Conferring Abiotic Stress Tolerance in Plants. Int. ]. Mol. Sci. 2017, 18, 200.
[CrossRef] [PubMed]

3. Sedaghathoor, S.; Baladeh, M.K.; Piri, S. A study on chilling hardiness of three persimmon genotypes by electrolyte leakage
parameter. Technol. Hortic. 2023, 3, 10. [CrossRef]

4. Liu, C.T.; Wang, W.; Mao, B.G.; Chu, C.C. Cold stress tolerance in rice: Physiological changes, molecular mechanism, and future
prospects. Yi Chuan = Hered. 2018, 40, 171-185. [CrossRef]

5. Guo, X,; Liu, D.; Chong, K. Cold signaling in plants: Insights into mechanisms and regulation. J. Integr. Plant Biol. 2018,
60, 745-756. [CrossRef]

6. Liu, Q.; Ding, Y;; Shi, Y;; Ma, L.; Wang, Y.; Song, C.; Wilkins, K.A.; Davies, ].M.; Knight, H.; Knight, M.R; et al. The calcium
transporter ANNEXIN1 mediates cold-induced calcium signaling and freezing tolerance in plants. EMBO J. 2021, 40, e104559.
[CrossRef]

7. Shao, L; Xu, T.; Wang, X.; Zhang, R.; Wang, X.; Ren, Z.; Zhang, J.; Xia, Y.; Li, D. Integrative Comparative Assessment of Cold
Acclimation in Evergreen and Deciduous Iris Species. Antioxidants 2022, 11, 977. [CrossRef]

8.  Wingler, A; Tijero, V.; Miiller, M.; Yuan, B.; Munné-Bosch, S. Interactions between sucrose and jasmonate signalling in the
response to cold stress. BMC Plant Biol. 2020, 20, 176. [CrossRef]

9. You,].; Chan, Z. ROS Regulation During Abiotic Stress Responses in Crop Plants. Front. Plant Sci. 2015, 6, 1092. [CrossRef]

10. Nykiel, M.; Gietler, M.; Fidler, ]J.; Prabucka, B.; Labudda, M. Abiotic Stress Signaling and Responses in Plants. Plants 2023,
12, 3405. [CrossRef]

11. Sangwan, V,; Orvar, B.L,; Beyerly, J.; Hirt, H.; Dhindsa, R.S. Opposite changes in membrane fluidity mimic cold and heat stress
activation of distinct plant MAP kinase pathways. Plant J. Cell Mol. Biol. 2002, 31, 629-638. [CrossRef] [PubMed]

12.  Yang, T.; Poovaiah, B.W. Calcium/calmodulin-mediated signal network in plants. Trends Plant Sci. 2003, 8, 505-512. [CrossRef]
[PubMed]

13.  Sanders, D.; Pelloux, J.; Brownlee, C.; Harper, ].F. Calcium at the crossroads of signaling. Plant Cell 2002, 14, S401-5417. [CrossRef]
[PubMed]

14. Kim, M.C,; Chung, W.S.; Yun, D.J.; Cho, M.]. Calcium and calmodulin-mediated regulation of gene expression in plants. Mol.
Plant 2009, 2, 13-21. [CrossRef]

15. Liu, J.; Lenzoni, G.; Knight, M.R. Design Principle for Decoding Calcium Signals to Generate Specific Gene Expression Via
Transcription. Plant Physiol. 2020, 182, 1743-1761. [CrossRef] [PubMed]

16. Yuan, P; Yang, T.; Poovaiah, B.W. Calcium Signaling-Mediated Plant Response to Cold Stress. Int. ]. Mol. Sci. 2018, 19, 3896.
[CrossRef]

17. Ly, X,; Li, H,; Chen, X,; Xiang, X.; Guo, Z.; Yu, J.; Zhou, Y. The role of calcium-dependent protein kinase in hydrogen peroxide,
nitric oxide and ABA-dependent cold acclimation. J. Exp. Bot. 2018, 69, 4127-4139. [CrossRef]

18. Huang, J.; Zhao, X.; Buirger, M.; Chory, J.; Wang, X. The role of ethylene in plant temperature stress response. Trends Plant Sci.

2023, 28, 808-824. [CrossRef]

216



Horticulturae 2024, 10, 995

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Sun, X.; Zhao, T.; Gan, S.; Ren, X.; Fang, L.; Karungo, S.K.; Wang, Y; Chen, L.; Li, S.; Xin, H. Ethylene positively regulates cold
tolerance in grapevine by modulating the expression of ETHYLENE RESPONSE FACTOR 057. Sci. Rep. 2016, 6, 24066. [CrossRef]
Wang, Y.; Jiang, H.; Mao, Z.; Liu, W,; Jiang, S.; Xu, H.; Su, M; Zhang, J.; Wang, N.; Zhang, Z.; et al. Ethylene increases the cold
tolerance of apple via the MdERF1B-MdCIbHLH1 regulatory module. Plant J. Cell Mol. Biol. 2021, 106, 379-393. [CrossRef]
Ritonga, EN.; Ngatia, ].N.; Wang, Y.; Khoso, M.A.; Farooq, U.; Chen, S. AP2/ERF, an important cold stress-related transcription
factor family in plants: A review. Physiol. Mol. Biol. Plants Int. ]. Funct. Plant Biol. 2021, 27, 1953-1968. [CrossRef] [PubMed]
Iligen, S.; Zintl, S.; Zuther, E.; Hincha, D.K.; Schmdilling, T. Characterisation of the ERF102 to ERF105 genes of Arabidopsis
thaliana and their role in the response to cold stress. Plant Mol. Biol. 2020, 103, 303-320. [CrossRef] [PubMed]

Sakuma, Y.; Liu, Q.; Dubouzet, ].G.; Abe, H.; Shinozaki, K.; Yamaguchi-Shinozaki, K. DNA-binding specificity of the ERF/AP2
domain of Arabidopsis DREBs, transcription factors involved in dehydration- and cold-inducible gene expression. Biochem.
Biophys. Res. Commun. 2002, 290, 998-1009. [CrossRef] [PubMed]

Zhang, Z.; Huang, R. Enhanced tolerance to freezing in tobacco and tomato overexpressing transcription factor TERF2/LeERF?2 is
modulated by ethylene biosynthesis. Plant Mol. Biol. 2010, 73, 241-249. [CrossRef] [PubMed]

Li, H.; Liu, B.; Davis, C.C.; Yang, Y. Plastome phylogenomics, systematics, and divergence time estimation of the Beilschmiedia
group (Lauraceae). Mol. Phylogenet. Evol. 2020, 151, 106901. [CrossRef]

Li, D.Q.; Lin, H.Y.; Wang, X.Y.; Bi, B.; Gao, Y.; Shao, L.M.; Zhang, R.L.; Liang, Y.W.; Xia, Y.P; Zhao, Y.P; et al. Genome and
whole-genome resequencing of elucidate its dominance in subtropical urban landscapes. BMC Biol. 2023, 21, 192. [CrossRef]
Chen, S.F,; Zhou, Y.Q.; Chen, Y.R.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, 884-890.
[CrossRef]

Kim, D.; Paggi, ]. M.; Park, C.; Bennett, C.; Salzberg, S.L. Graph-based genome alignment and genotyping with HISAT2 and
HISAT-genotype. Nat. Biotechnol. 2019, 37, 907-915. [CrossRef]

Kovaka, S.; Zimin, A.V.; Pertea, G.M.; Razaghi, R.; Salzberg, S.L.; Pertea, M. Transcriptome assembly from long-read RNA-seq
alignments with StringTie2. Genome Biol. 2019, 20, 278. [CrossRef]

Chen, C.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.; Xia, R. TBtools: An Integrative Toolkit Developed for Interactive
Analyses of Big Biological Data. Mol. Plant 2020, 13, 1194-1202. [CrossRef]

Nakano, T.; Suzuki, K.; Fujimura, T.; Shinshi, H. Genome-wide analysis of the ERF gene family in Arabidopsis and rice. Plant
Physiol. 2006, 140, 411-432. [CrossRef] [PubMed]

Katoh, K,; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in performance and usability.
Mol. Biol. Evol. 2013, 30, 772-780. [CrossRef] [PubMed]

Price, M.N.; Dehal, P.S.; Arkin, A.P. FastTree: Computing large minimum evolution trees with profiles instead of a distance matrix.
Mol. Biol. Evol. 2009, 26, 1641-1650. [CrossRef] [PubMed]

Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing
Platforms. Mol. Biol. Evol. 2018, 35, 1547-1549. [CrossRef] [PubMed]

Wang, X.; Li, D.; Zhang, D.; Shi, X.; Wu, Y,; Qi, Z; Ding, H.; Zhu, K,; Xia, Y.; Zhang, J. Improving crucial details and selecting the
optimal model for evaluating the chilling requirement of Paeonia lactiflora Pall. at low latitudes during four winters. Sci. Hortic.
2020, 265, 109175. [CrossRef]

Johnson, N.; Rodriguez Diaz, D.; Ganapathy, S.; Bass, ].S.; Kutchan, T.M.; Khan, A.L.; Flavier, A.B. Evaluation of reference genes
for qRT-PCR studies in the colchicine producing Gloriosa superba L. Plant Biotechnol. Rep. 2023, 17, 561-571. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402-408. [CrossRef]

Li, W.; Fu, Y,; Lv, W.; Zhao, S.; Feng, H.; Shao, L.; Li, C.; Yang, ]. Characterization of the early gene expression profile in Populus
ussuriensis under cold stress using PacBio SMRT sequencing integrated with RNA-seq reads. Tree Physiol. 2022, 42, 646—663.
[CrossRef]

Wang, ].; Yang, Y.; Liu, X.; Huang, J.; Wang, Q.; Gu, J.; Lu, Y. Transcriptome profiling of the cold response and signaling pathways
in Lilium lancifolium. BMC Genom. 2014, 15, 203. [CrossRef]

Ren, H.; Zhang, Y.; Zhong, M.; Hussian, J.; Tang, Y.; Liu, S.; Qi, G. Calcium signaling-mediated transcriptional reprogramming
during abiotic stress response in plants. Theor. Appl. Genet. 2023, 136, 210. [CrossRef]

Zhang, Q.; Liu, Y;; Yu, Q.; Ma, Y.; Gu, W.; Yang, D. Physiological changes associated with enhanced cold resistance during maize
(Zea mays) germination and seedling growth in response to exogenous calcium. Crop Pasture Sci. 2020, 71, 529-538. [CrossRef]
Chen, S.;; Wang, L.; Kang, R.; Liu, C; Xing, L.; Wu, S.; Wang, Z.; Wu, C.; Zhou, Q.; Zhao, R.J.H. Exogenous Calcium Alleviates the
Photosynthetic Inhibition and Oxidative Damage of the Tea Plant under Cold Stress. Horticulturae 2024, 10, 666. [CrossRef]
Wang, J.; Ren, Y,; Liu, X,; Luo, S.; Zhang, X.; Liu, X.; Lin, Q.; Zhu, S.; Wan, H.; Yang, Y.; et al. Transcriptional activation and
phosphorylation of OsCNGC9 confer enhanced chilling tolerance in rice. Mol. Plant 2021, 14, 315-329. [CrossRef] [PubMed]

Li, H,; Jiang, X.; Lv, X.; Ahammed, G.]J.; Guo, Z.; Qi, Z.; Yu, J.; Zhou, Y. Tomato GLR3.3 and GLR3.5 mediate cold acclimation-
induced chilling tolerance by regulating apoplastic H(2) O(2) production and redox homeostasis. Plant Cell Environ. 2019,
42,3326-3339. [CrossRef] [PubMed]

Ye, K.; Shen, W.; Zhao, Y. External application of brassinolide enhances cold resistance of tea plants (Camellia sinensis L.) by
integrating calcium signals. Planta 2023, 258, 114. [CrossRef]

217



Horticulturae 2024, 10, 995

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Liu, Y;; Xu, C; Zhu, Y.; Zhang, L.; Chen, T.; Zhou, E; Chen, H.; Lin, Y. The calcium-dependent kinase OsCPK24 functions in cold
stress responses in rice. J. Integr. Plant Biol. 2018, 60, 173-188. [CrossRef] [PubMed]

Sun, Q.; Huang, R.; Zhu, H; Sun, Y.; Guo, Z. A novel Medicago truncatula calmodulin-like protein (MtCML42) regulates cold
tolerance and flowering time. Plant J. Cell Mol. Biol. 2021, 108, 1069-1082. [CrossRef]

Chu, M;; Li, J.; Zhang, J.; Shen, S.; Li, C.; Gao, Y.; Zhang, S. AtCaM4 interacts with a Secl4-like protein, PATLI, to regulate freezing
tolerance in Arabidopsis in a CBF-independent manner. J. Exp. Bot. 2018, 69, 5241-5253. [CrossRef]

Ma, X,; Gai, W.X,; Li, Y,; Yu, Y.N.; Ali, M.; Gong, Z.H. The CBL-interacting protein kinase CaCIPK13 positively regulates defence
mechanisms against cold stress in pepper. J. Exp. Bot. 2022, 73, 1655-1667. [CrossRef]

Li, J.; Zou, X.; Chen, G.; Meng, Y.; Ma, Q.; Chen, Q.; Wang, Z.; Li, F. Potential Roles of 1-Aminocyclopropane-1-carboxylic Acid
Synthase Genes in the Response of Gossypium Species to Abiotic Stress by Genome-Wide Identification and Expression Analysis.
Plants 2022, 11, 1524. [CrossRef]

Zhao, R.; Xie, H.; Lv, S.; Zheng, Y.; Yu, M.; Shen, L.; Sheng, ]. LeMAPK4 participated in cold-induced ethylene production in
tomato fruit. J. Sci. Food Agric. 2013, 93, 1003-1009. [CrossRef] [PubMed]

Zhao, M,; Liu, W,; Xia, X.; Wang, T.; Zhang, W.H. Cold acclimation-induced freezing tolerance of Medicago truncatula seedlings
is negatively regulated by ethylene. Physiol. Plant. 2014, 152, 115-129. [CrossRef] [PubMed]

Shi, Y,; Tian, S.; Hou, L.; Huang, X.; Zhang, X.; Guo, H.; Yang, S. Ethylene signaling negatively regulates freezing tolerance by
repressing expression of CBF and type-A ARR genes in Arabidopsis. Plant Cell 2012, 24, 2578-2595. [CrossRef]

Ma, Y.; Zhang, L.; Zhang, ].; Chen, J.; Wu, T,; Zhu, S.; Yan, S.; Zhao, X.; Zhong, G. Expressing a Citrus ortholog of Arabidopsis
ERF1 enhanced cold-tolerance in tobacco. Sci. Hortic. 2014, 174, 65-76. [CrossRef]

Li, C;; Mao, B.; Wang, K.; Xu, L.; Fan, L.; Wang, Y.; Li, Y.; Ma, Y.; Wang, L.; Liu, L. RsERF40 contributes to cold stress tolerance and
cell expansion of taproot in radish (Raphanus sativus L.). Hortic. Res. 2023, 10, uhad013. [CrossRef]

Lv, K,; Li, J.; Zhao, K.; Chen, S.; Nie, J.; Zhang, W.; Liu, G.; Wei, H. Overexpression of an AP2/ERF family gene, BpERF13, in birch
enhances cold tolerance through upregulating CBF genes and mitigating reactive oxygen species. Plant Sci. Int. |. Exp. Plant Biol.
2020, 292, 110375. [CrossRef] [PubMed]

Bolt, S.; Zuther, E.; Zintl, S.; Hincha, D.K.; Schmdilling, T. ERF105 is a transcription factor gene of Arabidopsis thaliana required
for freezing tolerance and cold acclimation. Plant Cell Environ. 2017, 40, 108-120. [CrossRef]

Sun, X.; Zhang, L.; Wong, D.C.].; Wang, Y.; Zhu, Z.; Xu, G.; Wang, Q.; Li, S.; Liang, Z.; Xin, H. The ethylene response factor
VaERF092 from Amur grape regulates the transcription factor VaWRKY33, improving cold tolerance. Plant . Cell Mol. Biol. 2019,
99, 988-1002. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

218



. =4
. horticulturae ﬂw\D\Py

Review

Emerging Ornamental Plant Diseases and Their Management
Trends in Northern Italy

Maria Lodovica Gullino !, Domenico Bertetti 2, Massimo Pugliese >* and Angelo Garibaldi 2

Department of Civil, Chemical and Environmental Engineering, University of Genoa, Via Balbi, 5,

16126 Genova, Italy; marialodovica.gullino@unito.it

Interdepartmental Centre for Innovation in the Agri-Environmental Field Agroinnova, University of Turin,
Largo Paolo Braccini, 2, 10095 Grugliasco, Italy; domenico.bertetti@unito.it (D.B.);
angelo.garibaldi@unito.it (A.G.)

*  Correspondence: massimo.pugliese@unito.it

Abstract: The ornamental plant sector is characterized by the production of a large variety of
genera, species and cultivars that are much more numerous than those of other agricultural
production sectors. Many countries throughout the world are involved in an intensive
exchange of potted plants, cut flowers and propagation material. This intense trade
exchange favors the introduction of the causal agents of new diseases on farms, in parks,
along tree-lined avenues and in city gardens. Global warming can favor plant pathogens
that thrive under high temperatures. Moreover, the interaction between the ongoing
increase in temperature and in the CO, concentration has caused a significant increase in the
disease severity of many pathosystems. The numerous reports of new plant pathogens on
ornamental plants in Italy in recent years fall into this context. In plant pathology research,
living labs incorporate the complexities and variability of natural conditions, and they
can thus be used to conduct experiments and test hypotheses. A private garden, located
in the hamlet of Bariola (Piedmont, Biella province, northern Italy), has become an ideal
living lab that is used to monitor the evolution of the phytosanitary situation of ornamental
plants. The results obtained in this living lab are reported hereafter. Moreover, new trends
in disease prevention and management, such as the adoption of appropriate prevention
practices, water and fertilization management and use of environmentally friendly methods
to reduce pesticide use as part of an integrated pest management approach, are also
examined.

Keywords: climate changes; emerging diseases; environmental factors; living lab; parks
and gardens

1. Introduction

The ornamental plant sector is characterized by the production of a large variety of
genera, species and cultivars that are much more numerous than those of other agricultural
production sectors. This is in part due to the growing demand for the novelty of increasingly
competent and demanding buyers, as evidenced by the numerous floral events that are
frequently held in a large variety of locations. Although these requests are often influenced
by trends and fads, hybridizers, growers and nurserymen are obliged to constantly search
for “novelties” for the market. The introduction of new species and cultivars mainly
depends on the importation of plants and propagative material from abroad, which may be
produced in geographically distant locations with very different climatic conditions. Some
parasites, imported together with the new hosts, may find environmental conditions that
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are more favorable for their development in the new cultivation sites, or imported plants
may encounter parasites that are already present in the new country to which they had not
previously been exposed.

The ornamental plant industry is dynamic, and trends within this industry can change
rapidly. The global demand for ornamental plants is generally increasing, and it is driven
by the urbanization phenomenon and a growing interest in home and garden esthetics. The
online sales of ornamental plants are increasing, and consumers are being provided with
more and easier access to a wider variety of plants. In 2022, European Union countries,
including Italy, imported 4.5 billion potted plants and 1.58 billion fresh cut flowers, all
of which came from non-European countries, such as Kenya, Colombia and Ethiopia [1].
This facilitates the entry of new pathogens introduced with imported plants, and the rising
volume of imports increases the risk of diseases.

Italian floriculture products have reached a value of more than EUR 1.2 billion, and
Italy is in second place in Europe for their production after The Netherlands [2]. However, it
is difficult to find public funding for research in the ornamental sector, although it is needed
to improve its competitiveness. This research may involve, for example, the selection of
widespread native species that grow spontaneously in Italian areas and have esthetic
characteristics that could enrich the production of plants, flowers and cut fronds. Some
examples of this kind of research are those studies that have been conducted on genera
known for their rusticity, such as Euphorbia and Verbascum, which are suitable for low-
maintenance gardens. The selection of genotypes of already cultivated species also helps to
improve their production and/or to expand it, as in the case of hellebore, eucalyptus and
viburnum. Research also provides a valid contribution through susceptibility trials, which
have been carried out on several cultivars and hybrids of flowering plants against some of
the most dangerous plant pathogens that can threaten such crops: Fusarium oxysporum f.
sp. chrysanthemi on African daisy (Dimorphotheca sp.) and Gerbera jamesonii, Colletotrichum
acutatum and Erysiphe azaleae on azalea [3] are some examples.

New plant pathogens, the causal agents of emerging diseases, can also appear on
ornamental herbaceous, shrubby and arboreal species grown in public and private greenery,
of which Italy is particularly rich. Indeed, there are numerous historic gardens, tree-lined
avenues and city gardens, that is, from large parks to the greenery of a neighborhood, for
which the recent pandemic caused by COVID-19 increased the need for citizens to feel
healthy. The management of this large green heritage is further complicated in Italy and
in many other European countries by the stringent limitations on the use of pesticides,
which are prohibited or minimized in sensitive areas, such as public parks, sports grounds,
hospitals and schools.

This article focuses on the emerging fungal and bacterial pathogens detected in north-
ern Italy over the past twenty years, whose appearance is often linked to ongoing climate
changes. Furthermore, it highlights the importance of so-called “living labs” as early
warning systems for monitoring the evolving phytosanitary landscape and for testing
appropriate sustainable control strategies. The activities carried out in one such lab are
summarized.

2. Factors That Affect the Emergence of New Diseases

The ornamental plant market is extremely lively, and many countries throughout the
world are involved in an intensive exchange of potted plants, cut flowers and propagation
material. The production of ornamental plants requires large investments, in part due to
the costs of labor and the heating of greenhouses and tunnels, especially in countries with
cold climates. Unrooted cuttings are often produced in third-world countries, where the
production costs are significantly lower and the weather conditions are more favorable.
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The propagative material is transferred from these countries to the traditional hubs for
ornamental production (such as The Netherlands and Denmark, in Europe), and it even-
tually reaches consumers all over the world. However, this movement of plant material
has facilitated the spread of a variety of plant pathogens, including Phytophthora spp. such
as P. ramorum and the fearsome formae speciales of Fusarium oxysporum [4,5]. Moreover,
this intense trade exchange favors the introduction of the causal agents of new diseases
and/or brings newly imported hosts into contact with plant pathogens already present in a
territory. A highly significant aspect derives from theories developed regarding invasive
alien plants [6]. Similarly, there is a risk that certain ornamental species, when introduced
into new production contexts, may become naturalized and invasive, facing limited control
from local natural enemies—including fungal pathogens. Examples include butterfly bush
(Buddleja davidii) [7] and Japanese spirea (Spiraea japonica) [8].

Some pathogens find temperatures in the new cultivation sites that are more favorable
for their propagation, and this in turn can lead to more severe attacks. Among the various
environmental factors, temperature plays a significant role in the onset of disease. Global
warming, on the one hand, can favor plant pathogens that thrive in high temperatures, as
well as the survival of pathogens in the winter periods; on the other hand, it can weaken
plants, especially the mesophilic species, thereby making them more susceptible to infection.
Temperature variations can alter the development cycles of both plants and pathogens
and can favor the development of some diseases at certain times of the year in which they
normally would not appear. The climate changes recorded in recent years have caused more
frequent and intense extreme weather events (prolonged heat waves, intense droughts, late
frosts, torrential rains) than in the past, and these events can cause stress (thermal, water
and light imbalances) that weakens the plants and makes them more vulnerable to diseases.
Rises in temperatures can also determine an increase in the number of generations per year
of dangerous insects, such as bark beetles. The occurrence of intense storms can promote,
even indirectly, the proliferation of insects that are normally present [9]. An example of
this is the “Vaia storm”: the numerous trunks that fell onto the ground represented a very
abundant source of nourishment for the bark beetle (Ips typographus), whose proliferation
compromises thousands of spruce trees.

The increase in the concentration of atmospheric carbon dioxide (CO5), as a result
of the increase in human activities, has led to an increase in atmospheric temperatures.
The impact of climate change on plant health can be studied through three different but
complementary approaches: monitoring the evolution of the phytopathological situation
in specific geographic areas; using models to hypothesize future scenarios; using special
research climate cells (phytotrons) that are able to modify the main environmental parame-
ters, including the temperature and the CO, concentration [10]. For example, experimental
tests carried out in a controlled atmosphere have shown that the interaction between the
increase in temperature and in the CO; concentration has caused a significant increase
in the severity of many pathosystems, such as Pelargonium—Puccinia pelargonii [11]. A
variation in just one of the studied climatic parameters can cause more variable effects.
The same studies underlined that the host-parasite—environmental parameter interaction
is very complex and variable, and it can also have consequences on the adopted control
methods [12,13].

3. New or Re-Emerging Diseases, with Special Focus on the
Mediterranean Area

The increase in temperature caused by climate change will continue to determine
certain consequences in northern European countries, especially in the wintertime, and
will lead to the expansion of areas that are climatically suitable for a large variety of
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crops. However, in southern European countries, the consequences will instead mainly
concern the summer period, and they will lead to increased water shortages and to extreme
events, such as heatwaves, storms and droughts [14]. Climatic data recorded in Italy in
the last few decades have outlined a dangerous trend. The significant increase in summer
temperatures, the reduction in rainfall, especially in flat and hilly areas, the early mild
spring temperatures, which induce plants to develop leaves and flowers earlier, and the
increased damage caused by late frosts are all causing particularly negative consequences
on agricultural crops [15]. Ornamental plants grown on farms, and in nurseries, gardens
and parks, can suffer from similar consequences.

4. Italy as a Hot Spot for the Appearance of New Diseases

The numerous reports on the presence of new plant pathogens on ornamental plants
in recent years fall into this context [3]. Among these, special attention has been paid to
pathogens that are favored by high temperatures, such as Fusarium oxysporum (Table 1),
whose optimal temperature, which is between 25 and 30 °C, depends on its specific form.

Table 1. First reports of Fusarium oxysporum on ornamental plants in northern Italy in the last 20
years. The formae speciales are listed.

Host Forma Specialis Region Year

Gerbera jamesonii Chrysanthemi Liguria 2004
Osteospermuim spp. Chrysanthemi Liguria 2004
Lewisia cotyledon Unidentified Piedmont 2005
Cereus peruvianus monstruosus Opuntiarum Liguria 2011
Crassula ovata Crassulae * Liguria 2011
Papaver nudicaule Papaveris * Liguria 2012
Echeveria agavoides Echeveriae * Liguria 2013
Cereus marginatus var. cristata Opuntiarum Liguria 2014
Echeveria tolimanensis Echeveriae * Liguria 2015
Euphorbia mammillaris var. variegata Opuntiarum Liguria 2015
Astrophytum myriostigma Opuntiarum Liguria 2016
Cereus peruvianus florida Opuntiarum Liguria 2016
Lavandula x allardii Lavandulae * Liguria 2016
Mammillaria zeilmanniana Opuntiarum Liguria 2016
Rudbeckia fulgida Chrysanthemi Piedmont 2017
Sulcorebutia heliosa Opuntiarum Liguria 2019
Mammillaria painteri Opuntiarum Liguria 2020
Sulcorebutia rauschii Opuntiarum Liguria 2020

* New forma specialis.
P

The most favorable conditions for the causal agents of powdery mildew (Table 2) are

warm and humid weather and temperatures ranging from 18 to 25 °C.

Table 2. The powdery mildews reported on ornamental plants for the first time in northern Italy in
the last 20 years. The pathogen proliferation observed in the Bariola garden aligns with the increase in
the average temperatures registered by the weather station of Oropa and Tollegno (Figures 1 and 2).

Detected in the

Host Pathogen Region Bariola Garden Year
Akebia quinata Oidium sp. Piedmont Yes 2004
Aquilegia flabellata Erysiphe aquilegiae Piedmont Yes 2004
Lonicera caprifolium Oidium subgenus Pseudoidium Piedmont Yes 2004
Photinia X fraserii Podosphaera leucotricha Piedmont 2005
Potentilla fruticosa Podosphaera aphanis var. aphanis Piedmont Yes 2005
Veronica spicata Golovinomyces orontii Piedmont Yes 2006
Coreopsis lanceolata Podosphaera fusca Piedmont Yes 2007
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Table 2. Cont.

. Detected in the
Host Pathogen Region Bariola Garden Year

Lamium galeobdolon Golovinomyces orontii Piedmont Yes 2007
Petunia x hybrida Golovinomyces orontii Piedmont Yes 2007
Argyranthemum frutescens Golovinomyces cichoracearum Liguria 2008
Calendula officinalis Podosphaera xanthii Piedmont Yes 2008
Hedera helix Erysiphe heraclei Liguria 2008
Rudbeckia fulgida Golovinomyces cichoracearum Piedmont 2008
Cleome hassleriana Erysiphe cruciferarum Piedmont 2009
Cornus florida Erysiphe pulchra Piedmont Yes 2009
Gerbera jamesonii Golovinomyces cichoracearum Piedmont 2010
Phlox drummondii Podosphaera sp. Piedmont Yes 2011
Verbascum blattaria Golovinomyces cichoracearum Piedmont 2011
Aster novi-belgii Golovinomyces cichoracearum Piedmont Yes 2012
Campanula rapunculoides Golovinomyces orontii Piedmont Yes 2012
Euphorbia aggregata Podosphaera sp. Liguria 2012
Euphorbia inermis Podosphaera sp. Liguria 2012
Euphorbia perdorfiana Podosphaera sp. Liguria 2012
Euphorbia susannae Podosphaera sp. Liguria 2012
Oenothera biennis Erysiphe sp. Piedmont Yes 2012
Phlox paniculata Golovinomyces magnicellulatus Piedmont Yes 2016
Thymus x citriodorus “ Aureus” Golovinomyces biocellatus Liguria 2016
Verbascum nigrum “ Album” Golovinomyces cichoracearum Piedmont Yes 2016
Campanula glomerata Golovinomyces orontii Piedmont 2018
Echinacea purpurea Golovinomyces cichoracearum Piedmont Yes 2018
Abelmoschus manihot Golovinomyces orontii Piedmont 2019
Lavandula stoechas “Blueberry Ruffles” Golovinomyces neosalviae Liguria 2020
Salvia nemorosa Golovinomyces biocellatus Piedmont Yes 2021
Dianthus caryophyllus Erysiphe buhrii Liguria 2022
Phlox maculata Golovinomyces magnicellulatus Piedmont Yes 2022
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Figure 1. Trend of the average temperatures registered in the summer months (1 June-31 August)
and in the autumn months (1 September—30 November), in the last 40 years by the weather station of
Oropa (Biella province, northern Italy). The temperature rise is related to the numerous powdery
mildews detected in the Bariola garden listed in Table 2.
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Weather station of Tollegno
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Figure 2. Trend of the average temperatures registered in the summer months (1 June-31 August)
and in the autumn months (1 September—30 November), in the last 40 years by the weather station of
Tollegno (Biella province, northern Italy). The temperature rise is related to the numerous powdery
mildews detected in the Bariola garden listed in Table 2.

Among the emerging foliar plant pathogens, Alternaria spp. has been detected in
recent years on numerous ornamental species [16], many of which are listed in Table 3.

Table 3. Leaf plant fungal pathogens reported on several ornamental plants for the first time in Italy
in the Bariola living lab in the last 20 years.

Host Pathogen Year
Hydrangea macrophylla Phoma exigua 2006
Clematis x jackmanii Phoma sp. 2007
Hydrangea macrophylla Alternaria alternata 2007
Hydrangea anomala Alternaria compacta 2008
Cornus florida Botrytis cinerea 2009
Platycodon grandiflorum Botrytis cinerea 2009
Fuchsia x hybrida Phoma multirostrata 2010
Rudbeckia fulgida Phoma sp. 2010
Aquilegia flabellata Phoma aquilegiicola 2011
Lupinus polyphyllus Pleiochaeta setosa 2012
Saponaria officinalis Alternaria nobilis 2013
Verbascum nigrum Phoma novae-verbascicola 2013
Verbascum blattaria Phoma novae-verbascicola 2014
Campanula glomerata Alternaria sp. 2015
Campanula medium Stagonosporopsis trachelii 2015
Rudbeckia fulgida Alternaria sp. 2015
Salvia oxyphora Botrytis cinerea 2015
Anemone japonica Botrytis cinerea 2016
Campanula medium Alternaria alternata 2016
Liquidambar styraciflua Colletotrichum kahawae 2016
Salvia greggii Boeremia exigua var. linicola 2016
Salvia leucantha Colletotrichum fioriniae 2016
Campanula trachelium Stagonosporopsis trachelii 2017
Ceratostigma willmottianum Alternaria alternata 2019
Abelmoschus manihot Alternaria alternata 2020
Coreopsis lanceolata Colletotrichum fuscum 2020
Mahonia aquifolium Colletotrichum fioriniae 2020
Phlox maculata Alternaria alternata 2020
Aquilegia flabellata Plectosphaerella cucumerina 2021
Campanula rapunculoides Stagonosporopsis trachelii 2022
Hydrangea paniculata Alternaria alternata 2023
Rhododendron arboreum Botrytis cinerea 2024
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The appearance of insect pests and plant pathogens on new tree hosts can lead to
a reduction in growth, decay and even the death of the trees, which in turn affects the
esthetics of the landscape and the human health of the citizens and/or can have negative
economic impacts on forest plants grown in the parks and gardens of urban areas [17]. A
significant example is that of Geosmithia morbida (with the walnut twig vector Pityophthorus
juglandis), the causal agent of the thousand cankers disease, which can spread on Juglans
nigra, on Juglans spp. and also on Pterocarya fraxinifolia, with the latter host being grown in
several urban and historical parks [18]. Temperature increases and water stress phenomena
also favor the spread of plant pathogens that are already present in Italian areas, such as
Anthostoma decipiens, which causes the decline and death of hornbeam (Carpinus betulus).
This pathogen has been constantly detected on hornbeam together with Endothiella sp., and
it has been proved that both of these fungi are potential pathogens for other forest species
diffused in gardens and parks [19].

Some endophytic fungi that are usually considered “non-pathogenic” can cause dis-
eases on plants subjected to certain stress conditions, such as the occurrence of prolonged
periods of drought. An example is that of Tubakia dryina, which, in conditions of excessive
heat and drought, becomes parasitic and causes leaf spots, early leaf drop and crown
decline on some ornamental broadleaf trees, such as oaks (Quercus spp.), horse chestnut
(Aesculus spp.) and beech (Fagus sylvatica) [20,21].

5. The Bariola Garden

In plant pathology research, a living lab is a real-world environment (e.g., a farm,
orchard or natural ecosystem) that is used to conduct experiments and test hypotheses.
Unlike controlled laboratory settings, living labs incorporate the complexities and vari-
ability of natural conditions, thereby offering more realistic data and insights into disease
dynamics and management strategies. This approach bridges the gap between laboratory
findings and practical applications, and it allows researchers to evaluate the effectiveness
of interventions under realistic field conditions.

Numerous herbaceous, shrubby and arboreal ornamental plants, both native and from
all over the world, are currently being grown in a private garden located in the hamlet of
Bariola, in the municipality of Campiglia Cervo (Piedmont, Biella province, northern Italy,
45.65236894890476, 8.006370027342234), at 850 m above sea level, on a surface of about
2.5 ha. This garden has been enriched each year with new species and cultivars, and, over
the past 25 years, it has become an ideal living lab that is used to monitor the evolution of
the phytosanitary situation of ornamental plants. The observations that have been carried
out have made it possible to:

— investigate the impact of climate change on the prevalence and severity of plant
diseases;

— compare the disease resistance of different varieties/cultivars under natural infection
pressure conditions, considering such factors as the weather and soil conditions;

— evaluate the efficacy of new disease control methods (a novel fungicide, biocontrol
agent or cultural practice) in reducing disease incidence and severity in a real-world
agricultural setting.

This has led to the achievement of more reliable data than those that can be obtained
in controlled lab experiments.

Numerous causal agents of powdery mildew, which has never been detected in a
geographical area affected by their presence until a few decades ago (Table 2), are among
the plant pathogens that have been reported on this site. Their appearance, in a Piedmont
location known for its rainy climates and cool summers, on hosts that have been grown in
the Bariola garden for many years (for example, on Akebia quinata, Cornus florida, Lonicera
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caprifolium and Potentilla fruticosa), supports the hypothesis that climate changes can favor
the spread of these plant pathogens [12]. It is interesting to note that the appearance of the
numerous powdery mildews reported on this site (Table 2) occurred during a period in
which there was a gradual increase in the average temperatures in the summer months
(1 June-31 August) and in the autumn months (1 September-30 November), as recorded
by the nearby weather stations of Oropa (45°37/36.39” N 7°58'52.47" E) and Tollegno
(45°35'27" N 8°02'51" E) (see Figures 1 and 2).

Some of the fungal pathogens reported on this site, such as Erysiphe pulchra on Cornus
florida, were later also detected on floricultural farms, and they successively appeared
on the “Daybreak”, “Rainbow” and “Rubra” cultivars grown in nurseries in the same
area. Among the numerous plant pathogens reported for the first time on ornamental
hosts at this site (Tables 2-5), bacterial pathogens were also identified (Table 6), including
Pseudomonas syringae pv. viburnii, the causal agent of bacterial blight in Viburnum sargentii.
A subsequent survey also assessed the susceptibility of various Viburnum species and
cultivars to the disease. Therefore, the Bariola garden can be considered one of the so-called
“sentinel gardens and nurseries” that play a fundamental role in intercepting parasites
(fungi, bacteria, insects, nematodes, etc.) that could appear on new hosts grown in such
locations [22]. An example of these locations is the sentinel gardens created in China,
which have allowed the presence of some dangerous parasites on important ornamental
species to be reported in a timely manner [23-25]. In this context, the International Plant
Sentinel Network (IPSN) brings together gardens, arboreta, the National Plant Protection
Organisations (NPPOs), and plant pathologists who collaborate to form a network capable
of timely detecting new and emerging plant pathogens. The IPSN was the first to detect,
on a global scale, the presence of Hymenoscyphus fraxineus on hosts other than ash trees:
Phillyrea latifolia, P. angustifolia and Chionanthus virginicus [26].

Table 4. Soil-borne plant pathogens reported on ornamental plants for the first time in Italy in the
Bariola living lab in the last 20 years.

Host Pathogen Year
Heuchera sanguinea Rhizoctonia solani 2007
Lupinus polyphyllus Verticillium dahliae 2007
Aquilegia flabellata Rhizoctonia solani 2009

Digitalis purpurea Rhizoctonia solani 2009
Rudbeckia hirta Verticillium dahliae 2012
Phlox paniculata Verticillium dahliae 2014
Campanula trachelium Rhizoctonia solani 2015
Lychnis coronaria Rhizoctonia solani 2015
Campanula carpatica Rhizoctonia solani 2018
Echinacea purpurea Rhizoctonia solani 2019
Coreopsis lanceolata Phytopythium oedochilum 2022
Anemone japonica Globisporangium sylvaticum 2023

Table 5. Obligate plant pathogens reported on ornamental plants for the first time in Italy in the
Bariola living lab in the last 20 years.

Host Pathogen Year
Fuchsia x hybrida Pucciniastrum circaeae 2012
Digitalis purpurea Peronospora digitalidis 2013

Impatiens walleriana Plasmopara obducens 2013
Oenothera biennis Peronospora arthurii 2018

226



Horticulturae 2025, 11, 955

Table 6. Bacterial plant pathogens reported on ornamental plants for the first time in Italy in the
Bariola living lab in the last 20 years.

Host Pathogen Year

Phlox paniculata Pseudomonas cichorii 2005
Viburnum sargentii Pseudomonas syringae pv. viburnii 2005
Coreopsis lanceolata Pseudomonas cichorii 2009
Verbena hybrida Erwinia sp. 2011

6. New Trends in Disease Prevention and Management

Sustainable production practices of ornamental plants, including reducing pesticide
use, conserving water and using eco-friendly packaging, have been emphasized more and
more in recent years. Such trends have led to a profound change in disease management
practices, even for intensive production systems. The use of healthy plant material and
the adoption of appropriate prevention practices (good ventilation, reduction in relative
humidity) in production systems, coupled with the use of tolerant or resistant varieties,
when available, reduces the need for using pesticides, to which the resort has become very
limited during the last few decades. All this takes on significant importance for protected
crops, where closed environments create more favorable conditions for fungal and bacterial
infections.

The transition from the use of chemical products to an integrated pest and disease
pest management approach has been determined for many reasons: the risk of developing
resistance to fungicides, phytotoxicity damage, high costs, detrimental effects for both the
workers and for the environment [27,28]. Furthermore, there is a growing request from
consumers for ornamental plants with no chemical residues and that are grown while
respecting pollinating insects.

All these reasons explain the increasing recourse to the biological control of ornamen-
tals crops in greenhouses that has been observed in Europe and in North America [29]. As
far as biocontrol agents are concerned, Lecomte et al. listed 26 biological control products
used for the control of Fusarium wilt and stated that a great deal of research is needed to
learn how to best integrate biocontrol measures with other control methods [30]. Some
microorganisms that are effective against plant pathogens have been registered in Italy for
ornamental plants: Ampelomyces quisqualis and Bacillus amyloliquefaciens (powdery mildew
agents), Pythium oligandrum (Botrytis, Pythium, Rhizoctonia, Fusarium, Phytophthora, Sclero-
tinia and Verticillium genera), Trichoderma asperellum (Sclerotinia), Trichoderma asperellum TV1
(root rot causal agents), Coniothyrium minitans (Sclerotinia). Encouraging results have been
obtained in experimental trials from microorganisms that have antagonistic activity, such
as a Trichoderma strain isolated from compost, which was able to control both Phytophthora
nicotianae on Skimmia japonica and P. cinnamomi on azalea [31,32].

The increasing demand for environmentally responsible pest management methods
requires the search for “alternative” control methods. The fungicide activity carried out
by some salts, such as sodium and potassium bicarbonates, is of interest for this purpose.
Some phosphites (currently registered in Italy as fungicides) and phosphates perform like
resistance inducers, especially the latter against powdery mildew agents. Interesting results
have been obtained for some calcium-based products, which have been found to make the
plant cell wall stronger [33,34].

Prevention plays an essential role in parks and gardens, where respect for the ecologi-
cal needs of species cannot be ignored, and which, for new parks, should already start at
the project phase. Respect for ecological needs is the essential premise for the growth of
vigorous plants that are less susceptible to disease. The essential starting point to prevent
plant diseases is the use of healthy plants and propagative material of certain origin. In
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addition, landscapers should be aware of the main phytopathological problems and, if
possible, orient their choices toward resistant or, at least, tolerant cultivars. In this regard,
the numerous experimental tests that have specifically been conducted to evaluate the
sensitivity of plants against the most important parasites have provided precise indications
on how to detect resistant or tolerant cultivars. For example, a monitoring campaign carried
out in the Burcina park (Biella province, northern Italy) established that most of the approx-
imately 50 tested rhododendron cultivars were resistant or tolerant to Pycnostysanus azaleae,
the causal agent of rhododendron bud rot. Similarly, interesting results have emerged for
downy mildew on Coleus (Solenostemon scutellarioides) cultivars [35].

However, the cultural practices that can be implemented to modify environmental
factors in parks and gardens are somewhat limited. Respect for the correct planting distance
and the exploitation of the direction of the prevailing winds both help to reduce the moisture
on the leaves of shrubs and hedges that are prone to fungal and bacterial pathogens. Water
management, using drip irrigation systems and fertilization management, helps prevent
the development of diseases. Moreover, if any new phytopathological problems appear,
it is essential to eliminate the sources of infection as soon as possible. In this context,
there is a growing need to train landscape architects, green technicians and specialized
gardeners, who will have to be constantly updated in order to be able to recognize new
plant pathogens. These professional figures will have to be trained through training courses,
seminars, meetings and specialized reviews. Collaboration with laboratories specialized
in diagnostic services can provide a fundamental contribution to improving plant disease
protection, through traditional and molecular diagnostic methods.

Finally, certain actions (meetings, debates, and posters) undertaken to educate people
and empower them with scientific knowledge are also very useful. Such actions allow
the public to contribute constructively to the work of green technicians. In this context, a
significant and innovative example of collaboration between the managers of public green
areas and citizens is that of the so-called “Citizen science”, whereby citizens can contribute,
on a voluntary basis, to the collection of scientific data, using smartphones and dedicated
apps, to monitor the health of public parks and report any emerging problems. Scientific
observations involving nature lovers, made during “phytopathological walks” in home
gardens and green areas near homes during the pandemic period, produced surprising
results [36].

Thus, it is reasonable to expect that the ornamental sector will continue to be enriched,
more than other sectors, with new plant pathogens. This should encourage collaboration
between specialized technicians, research institutions, growers, plant lovers and users of
greenery to help update a constantly evolving phytopathological framework, which could,
in particular, be used to identify the most significant dangerous emergencies.

This is a complex challenge. However, the results from scientific research can provide
innovative, rapid and specific solutions to defend one of the most important Italian agricul-
tural production sectors as well as the Italian tree heritage in parks, public gardens and the
gardens of historic mansions, of which there are many throughout Italy. In this context,
molecular diagnostic methods—which have become increasingly sophisticated and precise
in recent years [37]—can make a decisive contribution. These methods are continually
evolving to become faster, more accurate and more cost-effective. Additionally, experimen-
tal trials carried out in controlled environment facilities (phytotrons) can simulate critical
situations and provide valuable insights into the effects of ongoing climate change. Finally,
the development of mathematical models enables the prediction of phytopathological
trends in specific geographic areas, including urban environments [38].
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