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Editorial

Morphology, Palynology and Phytochemicals of Medicinal
Plants
Wajid Zaman

Department of Life Sciences, Yeungnam University, Gyeongsan 38541, Republic of Korea; wajidzaman@yu.ac.kr

The study of plant morphology and palynology not only enhances our understanding
of plant biology, but also provides insights into the evolutionary adaptations and ecological
dynamics that contribute to the medicinal properties of plants [1]. This Special Issue
focuses on filling the gaps in existing research on medicinal plants by investigating new
phytochemicals, changes in morphology and palynology across various plant families, and
utilizing both traditional and sophisticated techniques for plant identification and analysis.

In both traditional and contemporary medicine, phytochemicals, which are the nat-
urally occurring molecules that are produced by plants, play a key role [2,3]. The phy-
tochemical study of a variety of medicinal plants is investigated in depth in this Special
Issue, which aims to identify the molecules that are responsible for the beneficial effects
that these plants have on human health. The great potential of plants as sources of new
medications and therapies is highlighted by the wide variety of phytochemicals [4]. These
phytochemicals range from anti-inflammatory compounds to antioxidant mediators [5].

Additionally, the relevance of integrative techniques in botanical research is high-
lighted in this Special Issue. Researchers can acquire a more comprehensive understanding
of medicinal plants if they combine studies of plant morphology, palynology, and phyto-
chemicals. It is essential to have this all-encompassing approach to investigate the entire
potential of these plants, not only as possible sources of novel medications, but also as
essential components in sustainable agriculture, environmental conservation, and world
health [6,7]. Furthermore, the studies that are provided in this Special Issue highlight the
significance of biodiversity for the research that is conducted in various medical fields.
There are a variety of phytochemicals that are found in each plant species, and these phy-
tochemicals have the potential to provide answers to some of the most important health
problems that exist today. When viewed in this way, this Special Issue serves as a rallying
cry for the preservation of plant diversity, bringing to our attention the intricate linkages
that exist between the health of our planet and the well-being of the people who live on it.

When it comes to the multidisciplinary approach to the study of medicinal plants,
this Special Issue represents a significant step forward. By doing so, it provides significant
insights into the intricate relationship that exists between the chemical and physical prop-
erties of these plants, as well as the possible health advantages that they may bring. Not
only does it demonstrate the significance of conducting an extensive study to unravel the
mysteries that plants conceal, but it also shows the way for future discoveries that have the
potential to completely transform the area of horticulture. This Special Issue is a goldmine
of knowledge, inspiration, and hope for the future of health and healing, and it is a treasure
trove for all those who are interested in the field, including practitioners, enthusiasts, and
scientists.

Conflicts of Interest: The author declares no conflicts of interest.

List of Contributions: This Special Issue features 15 research articles and one review article, offering
a comprehensive exploration of the structural, genetic, and chemical diversity of medicinal plants.
These contributions delve into various aspects, such as the effects of light on plant metabolism, de-
tailed morphological and anatomical studies, and the phytochemical composition affecting medicinal
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properties. The Guest Editors would like to thank every author for sharing their knowledge, and for
providing engaging research findings in this Special Issue. Additionally, they express gratitude to
Horticulturae for its invaluable assistance in making this Special Issue a reality.
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Article

Physiological, Transcriptomic and Metabolomic Response of
Basil (O. basilicum Linn. var. pilosum (Willd.) Benth.) to Red
and Blue Light
Qingfei Wu 1,†, Rigui Ye 2,†, Jingmian Duan 1, Duo Lin 1, Yuru Jia 1, Fengfeng Dang 1,* and Tiantian Han 1,3,*

1 China Shaanxi Key Laboratory of Chinese Jujube, Yan’an University, Yan’an 716000, China;
feiqw1234@163.com (Q.W.); 0727mianmian@163.com (J.D.); jiayuruyydx@163.com (Y.J.)

2 Medical Innovation Center for Nationalities, Inner Mongolia Medical University, Huhhot 010110, China;
20220006@immu.edu.cn

3 State Key Laboratory of Plant Genomics, National Centre for Plant Gene Research (Beijing), Institute of
Genetics and Developmental Biology, Chinese Academy of Sciences, Beijing 100101, China

* Correspondence: fdang@yau.edu.cn (F.D.); hantsthos@genetics.ac.cn (T.H.)
† These authors contributed equally to this work.

Abstract: Basil (Ocimum basilicum Linn. var. pilosum (Willd.) Benth.) is an aromatic plant with
high nutritional and economic value, and the synthesis and regulation of its active ingredients
have been studied in prior research. However, the mechanisms by which red and blue light—the
most effective absorption spectra for photosynthesis—regulate the growth and metabolism of basil
remain elusive. This study investigated the changes in phenotype, transcriptome, and metabolome
in basil under red and blue light. The photosynthetic efficiency and biomass of basil under blue
light (B) treatment were higher than those under white light (W), while red light (R) decreased
photosynthesis and biomass. Metabolomic analysis showed that 491 significantly differentially
accumulated metabolites were identified between the W and B groups, while 630 differentially
accumulated metabolites were identified between the W and R groups. The DAMs were mainly
enriched in pathways such as biosynthesis of secondary metabolites, monoterpenoid biosynthesis,
limonene and pinene degradation, etc. In addition, transcriptomic analysis revealed that 34,760
and 29,802 differentially expressed genes were detected in the W vs. B pair and the W vs. R pair,
respectively, while differentially expressed genes were divided into different unique subclasses,
suggesting that they respond to light quality in specific ways. Overall, this work will not only enrich
knowledge of the molecular mechanisms of light spectra’s regulation of plant metabolism, but also
provide a theoretical basis and guidance for the molecular improvement and quality cultivation
of basil.

Keywords: basil; light spectra; metabolome; transcriptome; monochromatic

1. Introduction

Light is one of the indispensable environmental factors affecting plants’ growth and
development. It not only provides energy for photosynthesis, but also regulates multiple
responses, including germination, seedling photomorphogenesis, circadian rhythms, pho-
totropism, and flowering time [1,2]. In general, the light environment is divided into three
main components: light photoperiod, light spectra, and light intensity. Specifically, light
spectra play vital roles in many aspects, such as photosynthesis, chloroplast development,
and plant morphogenesis, whose regulated processes are much more complicated than
those caused by light photoperiod or intensity [3,4]. In higher plants, a series of photore-
ceptors can accurately perceive ambient light signals and regulate various developmental
processes. Generally, photoreceptors in plants can be divided into five main categories: phy-
tochromes (PHYA-E), which sense red/far-red lights (600–750 nm); phototropins (PHOT1
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and PHOT2); F-box-containing flavin-binding proteins (e.g., ZEITLUPE, FKF1/LKP2);
cryptochromes (CRY1-3), which sense blue/UV-A lights (320–500 nm); and UVR8, which
senses UV-B light (280–320 nm) [5–9]. These photoreceptors play unique and/or redundant
roles in regulating a wide variety of developmental processes and metabolic pathways.

As some of the most abundant photosynthetic pigments, chlorophyll a absorbs light
in the wavelength between 400 nm and 662 nm, and chlorophyll b absorbs light in the
wavelength between about 453 nm and 642 nm. Therefore, the red (600–700 nm) and
blue (400–500 nm) light spectra are often considered to be the most effectively utilized
wavelengths for driving photosynthesis [10]. It is interesting to note that plants grown
solely under red light exhibit a lower photosynthetic rate than plants grown under white
light, resulting from the fact that red light reduces stomatal density, stomatal conductance,
and rubisco protein content [11]. In particular, red light induces substantial impairments
in plant growth, such as causing reductions in chlorophyll content and leaf area, and
provoking excessive stem elongation, which may eventually lead to the reduction in plant
biomass [12–14]. Blue light is responsible for regulating chloroplast development, stomatal
opening, and chlorophyll formation. Blue-light-grown plants contain higher amounts of Chl
a/b, cytochrome (Cyt) F, and rubisco than plants grown under white light [15]. Moreover,
blue light greatly affects the architecture of shoots, resulting in dense, compact plants, as
well as increasing vegetative growth [16]. In addition to physiological and morphological
effects, red and blue light have great effects on plants’ metabolism, including primary
metabolism and secondary metabolism. For example, it has been reported that red light
inhibits the translocation of photosynthate from leaves, causing leaves to accumulate
far greater starch and soluble sugar contents [17–19]. Greater anthocyanin content was
accumulated in strawberries under red light [20]. In soybeans, red light can also promote the
biosynthesis of lignin to improve cell wall firmness [21]. Blue light promoted glucosinolate
accumulation in pak choi by increasing the precursor amino acid profiles [22], as well as
promoting chlorogenic acid synthesis in strawberries [23]. Pepper plants produced greater
amounts of epidermal flavonoids when exposed to enhanced blue light [24]. Thus, the
effects of different light spectra on plants are distinctly different.

Ocimum basilicum (Basil) belongs to the Lamiaceae family, possessing important medici-
nal and culinary values, and has been widely grown in many warm and temperate coun-
tries [25]. Previous studies have suggested that basil has many potential pharmacological
effects, such as antioxidant, antipyretic, antidiabetic, anticancer, and anti-stress effects,
among others [26]. Biologically active ingredients such as essential oils, polysaccharides,
flavonoids, and phenols are abundant in basil, contributing to its beneficial health proper-
ties [27]. Many basil species, especially sweet basil, are also good resources for the food
industry. For example, basil’s leaves can be used as a flavoring agent for food, and its
extracts can be used in the manufacture of other foods [25]. Over the past few years, there
has been intense research on different aspects of the herb, including its medicinal properties,
chemical constituents, and organic cultivation. In contrast, the physiological response of
basil to environmental changes has been poorly studied. Several studies have revealed that
light spectra have significant effects on the growth and metabolic changes of basil. For ex-
ample, postharvest irradiation with UV-B can promote the accumulation of flavonoids and
phenolic acids in sweet basil’s leaves, while also improving its pharmaceutical quality [28].
Though UV-C is filtered by the atmosphere and does not reach the Earth’s surface/plants,
UV-C has been shown to be effective in increasing the production of phenolic compounds
and cellular antioxidant potential in callus cultures of purple basil [29]. Nadeem et al.
(2019) also found that different light-emitting diodes (LEDs), especially those on the red
and blue monochromatic spectra, stimulated the accumulation of biologically active in-
gredients in callus cultures of basil [30]. In addition, an RB ratio (red/blue LED lights) of
three was optimal for indoor sweet basil cultivation, bringing about better performances
in growth, resource use efficiency, and yield and quality formation [31]. A recent study
showed that blue light did not induce the accumulation of antioxidants in green and purple
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basil cultivars at harvest [32]. However, the detailed molecular mechanisms by which red
and blue light regulate the growth and quality of basil remain largely unknown.

Basil has many varieties with different leaf shapes and aromas, presenting distinct
chemical profiles. China has abundant resources of basil, and O. basilicum Linn. var. pilosum
(Willd.) Benth. is a variety that is widely distributed throughout China, used as a leafy
vegetable and for prescriptions in folk medicine [33]. The effects of red and blue light on its
growth and metabolism are still poorly understood. In this study, we explored the changes
in phenotype, metabolome, and transcriptome in basil (O. basilicum Linn. var. pilosum
(Willd.) Benth.) under continuous monochromatic red and blue light. These results should
contribute to a better understanding of how light spectra affect the metabolic products of
basil, as well as providing a theoretical basis for future cultivation management.

2. Materials and Methods
2.1. Plant Materials and Light Treatment

Basil (O. basilicum Linn. var. pilosum (Willd.) Benth.) seeds were obtained from the
Zhejiang Academy of Agricultural Science (Hangzhou, China). The seeds were sown in
plastic flower pots with nutrient soil and cultivated under a 12 h/12 h light photoperiod
at 30 ◦C (day)/24 ◦C (night) in a greenhouse. After germination, the seedlings were
watered with half-strength Hoagland nutrient solution every five days. For light treatment,
the plants were divided into three groups after being sown in the soil and placed under
monochromatic red (R, 661 nm), blue (B, 449 nm), and white (W, peaks at 445 and 560 nm)
LED light. The photon flux density of light in each group was set to 300 µmol photons
m−2 s−1. After being cultivated for five weeks, leaves from each treatment sample were
collected and stored for further analysis. In total, 40 seedlings in each group and three
replicates were set.

2.2. Analysis of Photosynthetic Parameters and Chlorophyll Fluorescence

Photosynthetic parameters and chlorophyll fluorescence were measured according
to the manufacturer’s instructions. Briefly, photosynthetic parameters, including net
photosynthetic rate (Pn), intercellular CO2 concentration (Ci), stomatal conductance (Gs),
and transpiration (Tr), were measured using a portable photosynthesis system (LI-6400,
LI-COR Lincoln, NE, USA). The white light intensity was set to 1000 µmol photons m−2 s−1

inside the leaf chamber for all measurements. Chlorophyll fluorescence was measured
using a portable fluorometer (PAM 2500; Walz, Effeltrich, Germany). Before determining
Fv/Fm, the plants were exposed to darkness for 30 min.

2.3. Determination of Photosynthetic Pigment and Antioxidant Activity of Leaf Extracts

The photosynthetic pigment contents of leaves were determined using commercial
kits (Shanghai Zhen Ke Biological Technology Co., Ltd., Shanghai, China). To measure
antioxidant activity, 1 g of leaves was taken under different light quality conditions, and
20 mL of ethanol was added for ultrasonic extraction. Then, the antioxidant activities of the
leaf extracts, including DPPH, ABTS, and hydroxyl-scavenging activities, were determined
using the corresponding kits (Shanghai Enzyme-linked Biotechnology, Shanghai, China)
according to the manufacturer’s instructions. The measurement was repeated three times
and averaged.

2.4. RNA Extraction and Illumina Sequencing

Total RNA from frozen samples was extracted using the RNAprep Pure Plant Plus Kit
(Tiangen, China), following the manufacturer’s instructions. Then, contaminated genomic
DNA in the extracted RNA was removed using DNase I (Takara, Dalian, China). RNA
purity and quality were analyzed using a NanoPhotometer spectrophotometer (IMPLEN,
Westlake Village, CA, USA) and an Agilent 2100 bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA). Samples with RIN (RNA integrity number) values ≥ 8.0 were used for
sequencing library construction. The sequencing libraries were prepared with an NEB
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Next Ultra RNA Library Prep Kit (NEB, MA, USA). In total, 9 libraries were prepared with
different light spectra treatments, and 150 bp paired-end reads were sequenced using an
Illumina HiSeq 4000 platform (Illumina, San Diego, CA, USA).

2.5. Transcriptomic Analysis

To retrieve clean reads from the raw data, the FastQC tool (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) (accessed on 13 November 2021) was used to remove
reads containing adapters, poly-N, and low-quality reads. Transcriptome assembly was
carried out using Trinity (v2.11.0) by employing the paired-end method, and Corset
(https://code.google.com/p/corset-project/) (accessed on 22 November 2021) was used
to realign the relevant transcripts into unigenes. Then, the assembled unigenes were
functionally annotated with various databases, such as Nr (NCBI non- redundant protein
sequences), Swiss-Prot (A manually annotated and reviewed protein sequence database),
Trembl (a variety of new documentation files and the creation of TrEMBL), KEGG (Kyoto
Encyclopedia of Genes and Genomes), GO (Gene Ontology), KOG/COG (COG: Clusters
of Orthologous Groups of proteins; KOG: Karyotic Ortholog Groups), and Pfam (Protein
Family). Using RSEM (RNA-Seq via Expectation Maximization) to estimate the gene ex-
pression levels, and calculating the FPKM (fragments per kilobase of transcript per million
mapped reads) of each gene based on the gene length. DEG (differentially expressed gene)
analysis was performed using the DESeq R package (DESeq2 v1.22.1), with an adjusted
p-value of <0.05. The DEGs were then subjected to enrichment analysis of GO functions
and KEGG pathways, as described in our previous study [34].

2.6. Extraction and Detection of Metabolites

The sample leaves were ground into powder in liquid nitrogen. We transferred 1 g of
powder to a 20 mL headspace vial (Agilent, Santa Clara, CA, USA) with saturated NaCl
solution, and we used crimp-top caps with TFE-silicone headspace septa (Agilent) to seal
the vial. For SPME (solid-phase micro-extraction) analysis, we heated the vial at 60 ◦C for
5 min, and then we exposed a 120 µm DVB/CWR/PDMS fiber (Agilent) to the headspace
of the sample at 100 ◦C for 15 min. Then, the GC apparatus (Model 8890; Agilent) was
used to desorb VOCs from the fiber coating at 250 ◦C for 5 min in splitless mode. The
identification and quantification of VOCs was performed by using an Agilent Model 8890
GC and a 7000 D mass spectrometer (Agilent) equipped with a 30 m × 0.25 mm × 0.25 µm
DB-5MS (5% phenyl-polymethylsiloxane) capillary column. The operational parameters
were set as described in a previous study [35].

2.7. Metabolomic Analysis

Metabolomic analysis was conducted according to a previously described method [36].
In brief, to study metabolite-variety-specific accumulation, the statistics function prcomp
within R (www.r-project.org) (accessed on 25 November 2021) was used to perform unsu-
pervised principal component analysis (PCA). The OPLS-DA model was produced using
the R package MetaboAnalystR, which was used to analyze all of the comparison groups
and to screen differential metabolites. Differentially accumulated metabolites (DAMs)
between the compared samples were filtered with the criteria of absolute log2FC (fold
change) ≥1 and VIP ≥ 1. Pathway annotation and enrichment analysis of DAMs were
carried out based on the Kyoto Encyclopedia of Gene and Genomes (KEGG) database
(http://www.genome.jp/kegg) (accessed on 29 November 2021).

2.8. Integrative Analysis of Metabolomic and Transcriptomic Datasets

Association analysis between the metabolomic and transcriptomic datasets was per-
formed as previously described in [37]. The R package was used to normalize the data
before establishing the relationships between the DEGs and DAMs. Correlation, two-way
orthogonal partial least squares (O2PLS), PCA, KEGG pathway enrichment, and other
analyses were conducted.
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3. Results
3.1. Plant Morphology and Growth Characteristics

To determine the effects of different light quality on basil growth, phenotypes of basil
planted under red light (R), blue light (B), and white light (W) for five weeks were analyzed.
Compared with the W group, the B group showed increased biomass, with greater plant
height (about 1.12 times that of the W group) and leaf area, while the R group showed the
smallest plant height and leaves. In terms of branching between stems, compared to W,
the levels of branching under R were increased, while they decreased under B (Figure 1A).
Interestingly, there was no significant difference in root length between the W and B groups,
while the root length of the R group decreased significantly (Figure 1B). Consistent with
the phenotype, the leaf and stem fresh weight were the highest in the B group (Figure 1C).
The chlorophyll contents and carotenoid contents were both significantly higher in the B
group but lower in the R group (Figure 1D).

Figure 1. Phenotypes of basil under blue and red light: (A) Shoot phenotype of the W, B, and R groups.
(B) Root phenotype of the W, B, and R groups. (C) Fresh weight of leaves and stems. (D) Pigment
content of plant leaves. W, white light; B, blue light; R, red light. Scale bar: 1 cm. The data are shown
as the mean ± SD (n = 3), and different letters indicate significant differences between the data at
p < 0.05.

As shown in Figure 2, compared to the W group, the photosynthetic parameters—
including the net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2
concentration (Ci), and transpiration rate (Tr)—were much higher in the B group. In
contrast, the red group showed lower photosynthetic capacity, except for a higher Ci value
than that of the W group. Chlorophyll fluorescence analysis revealed that the maximum
photochemical efficiency of photosystem II (Fv/Fm) was reduced to 0.64 in the R group,
while the values for the B and W groups remained around 0.8. Meanwhile, compared to
the W group, the actual photochemical efficiencies (ΦPSII and ΦPSI) were significantly
increased and reduced in the B and R groups, respectively (Figure S1).
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Figure 2. Measurement of photosynthetic parameters: (A) Pn, the net photosynthetic rate; (B) Gs,
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3.2. Antioxidant Activity Analysis of Leaf Extracts

The antioxidant activity of the basil leaf extracts is shown in Figure 3. The DPPH
radical scavenging activity under the blue light treatment was 1.25 times that under white
light, while that under the red light treatment was only 0.3 times that under white light.
Similarly, the ABTS radical scavenging activity under blue light treatment was 1.15 times
that under white light, while that under the red light treatment was 0.75 times that under
white light. There were no differences in hydroxyl radical scavenging activity under the
three light treatments. Therefore, compared with white light, blue and red light were found
to affect antioxidant activity, mainly by changing the activity of DPPH and ABTS.
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3.3. Metabolite Profiling of the Leaves via GC-MS

Basil is an aromatic plant containing many volatile organic compounds (VOCs) with
important nutritional and medicinal values. To better understand the metabolic changes
under different light qualities, VOCs of leaves from different samples were detected using
GC-MS technology. A total of 1129 metabolites were identified in all samples, including
28 acids, 95 alcohols, 71 aldehydes, 27 amines, 75 aromatics, 174 esters, 1 ether, 4 halo-
genated hydrocarbons, 157 heterocyclic compounds, 90 hydrocarbons, 96 ketones, 10 nitro-
gen compounds, 29 phenols, 13 sulfur compounds, 251 terpenoids, and 8 others (Figure 4A,
Table S1). The correlation analysis revealed that Pearson’s correlation coefficients of all
biological replicates were greater than or equal to 0.99 (Figure 4B), and biological repli-
cates were clustered together in the heatmap (Figure 4C), suggesting that there was good
homogeneity between the biological replicates, and that the data were reliable. The metabo-
lites were divided into different clusters with specific expression trends in each group
(Figure 4C), and principal component analysis (PCA) showed that the three groups were
obviously distinguished from one another (Figure 4D). Hence, the above results indicate
that different light qualities caused distinct metabolite profiles in basil.
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3.4. Pathway Enrichment Analysis of Differentially Accumulated Metabolites (DAMs)

As a multivariate statistical analysis method, orthogonal partial least squares dis-
criminant analysis (OPLS-DA) can maximize group differentiation, which is helpful for
finding differentially expressed metabolites. As shown in Figure 5, pairwise comparisons
were obtained based on the OPLS-DA model, and distinct metabolic differentiations were
observed between three groups. Q2 is an important parameter for evaluating the model
in OPLS-DA. The differences between W and R (R2X = 0.758, R2Y = 0.982, Q2 = 0.964),
W and B (R2X = 0.738, R2Y = 0.975, Q2 = 0.957), and B and R (R2X = 0.702, R2Y = 0.993,
Q2 = 0.979) are shown in Figure S2. All Q2 values in the three comparison groups were
greater than 0.9, demonstrating that these models were meaningful. Then, the variable
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importance in projection (VIP) values of the OPLS-DA model and the fold change (FC)
were combined to further screen the DAMs. An identification criterion of FC ≥ 2 or ≤0.5
together with VIP ≥ 1.0 was used to screen DAMs between the comparison groups. The
screening results are shown in Supplementary Table S2. There were 491 DAMs between the
W and B groups (322 downregulated, 169 upregulated), 630 DAMs between the W and R
groups (288 downregulated, 342 upregulated), and 285 DAMs between the R and B groups
(227 downregulated, 58 upregulated). The DAMs were divided into seven subgroups with
different numbers using k-means cluster analysis (Figure S3). Thus, it can be concluded
that the DAMs responded to specific light quality in unique ways.
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Figure 5. The score plots of orthogonal projections to latent structures discriminant analysis (OPLS-
DA) pairwise comparisons of differentially accumulated metabolites (DAMs): (A) Comparison
groups of W vs. B. (B) Comparison groups of W vs. R. (C) Comparison groups of B vs. R.

Furthermore, the DAMs from each comparison group were annotated using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Most noteworthy, the
DAMs were predominantly enriched in some overlapped KEGG pathways in the W vs.
B, W vs. B, and B vs. R comparison groups, including the biosynthesis of secondary
metabolites, monoterpenoid biosynthesis, phenylalanine metabolism, plant hormone signal
transduction, limonene and pinene degradation, etc. (Figure 6).
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3.5. Annotation of Transcripts and Differentially Expressed Genes (DEGs)

To investigate the global transcriptomic profile related to light quality responses in basil
leaves, RNA-Seq analysis was carried out. A total of nine cDNA libraries were constructed
from the W, B, and R groups. The cDNA sequencing generated 4.39–6.52 million raw reads
and 4.24–6.32 million clean reads for each library. Approximately 97.97% of Q20, 94.18%
of Q30, and 49.69% of GC contents were obtained for each library after filtering, which
indicated that the RNA-Seq data were of high quality. Subsequently, 202,967 unigenes
were produced by de novo transcriptome assembly, with a mean length of 1104 bp, an N50
length of 1623 bp, and an N90 length of 500 bp. Functional annotation analysis revealed
that unigenes could be successfully annotated in at least one of the seven databases,
including the COG, GO, KEGG, Swiss-Prot, NR, NT, and Pfam databases. Moreover,
species distribution analysis showed that 42.19% of the unigenes were homologous with
the sequence of Sesamum indicum, and 22.03%, 13.22%, and 2.91% of the unigenes were
homologous with the sequences of Handroanthus impetiginosus, Erythranthe guttata, and Olea
europaea var. sylvestris, respectively. FPKM values were used to estimate the gene expression
levels. Pearson’s correlation coefficients and PCA analysis showed high reproducibility
among the biological replicates (Figure S4), suggesting that these sequencing data were
reliable for differential gene expression.

3.6. Dynamic Transcriptome Analysis in Response to Light Spectra

With the stand of |log2(fold change)| > 1 and FDR (false discovery rate) < 0.05,
differentially expressed genes (DEGs) between the three comparison groups (W vs. R, W vs.
B, and R vs. B) were screened. The results showed that 29,802 DEGs were detected in the W
vs. R group, including 9690 downregulated DEGs and 20,112 upregulated DEGs. The W vs.
B group showed the highest level of DEGs, at 34,760, of which 23,725 were upregulated and
11,035 were downregulated. For the R vs. B group, there were 16,417 DEGs, comprising
9189 upregulated and 7228 downregulated genes. Interestingly, 2898 common DEGs were
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detected in all three comparison groups, while the most specific DEGs (6952) were found in
the W vs. B group (Figure 7).
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In order to study the expression patterns of genes under different light spectra, the
FPKMs of all different genes were normalized using the R language, and then k-means
cluster analysis was performed. The expression patterns of genes in the W vs. B, W vs. R,
and B vs. R groups could be divided into five subclasses (Figure S5, Table S3). In subclass 1
and subclass 4, the gene expression was highest under blue light and lowest under white
light. In contrast, the gene expression was lowest under blue light and highest under white
light in subclass 3. In subclass 2, a total of 3716 genes were expressed most highly under
white light, followed by blue and red light. The 7530 genes in subclass 5 showed the highest
expression under red light and the lowest under white light. In summary, the expression of
DEGs was induced by different light spectra in specific ways.

3.7. GO and KEGG Pathway Enrichment Analysis of DEGs

The DEGs were enriched in three GO categories: biological process, cellular compo-
nent, and molecular function. In the W vs. B group, the top 50 most significantly enriched
GO terms were as displayed in Figure S6A, among which the DEGs annotated in the biolog-
ical process category mainly include the aminoglycan biosynthetic process, carbon fixation,
cellular response to alkaline pH, cellular response to light intensity, and another 30 GO
terms; the DEGs in the cellular component category contained photosystem, photosystem
I, photosystem II, and plastoglobule; and the DEGs in the molecular function category
involved adenosyl homocysteinase activity, chlorophyll binding, gibberellin binding, his-
tone acetyltransferase activity, etc. The top 50 most significantly enriched GO terms in the
W vs. R group are shown in Figure S6B; 28 biological process terms were most enriched,
including mucilage extrusion from seed coats, negative regulation of anion channel activity,
negative regulation of anion-channel activity by blue light, and negative regulation of
anion transport; the DEGs in the cellular component category included amyloplast, DNA
packaging complex, nucleosome, and another four terms; the DEGs in the molecular func-
tion category consisted of 15 terms, including 3−oxo−arachidoyl−CoA synthase activity,
3−oxo−cerotoyl−CoA synthase activity, adenosyl homocysteinase activity, trialkyl sulfo-
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nium hydrolase activity, etc. In the B vs. R group, 31 biological process terms, 11 cellular
component terms, and 8 molecular function terms were enriched in the top 50 GO terms
(Figure S6).

KEGG pathway enrichment analysis was performed to uncover the specific metabolic
pathways that the DEGs participated in. In the W vs. B pair, the top 20 enriched pathways
were mainly involved in carbon fixation in photosynthetic organisms, carbon metabolism,
plant hormone signal transduction, MAPK signaling pathway–plant, terpenoid backbone
biosynthesis, fatty acid elongation, etc. (Figure 8A). Pathways such as circadian rhythm–
plant, aminoacyl-tRNA biosynthesis, selenocompound metabolism, isoflavonoid biosyn-
thesis, and ubiquitin-mediated proteolysis were significantly enriched in the W vs. R group
(Figure 8B). The top 20 enriched pathways in the B vs. R group are displayed in Figure 8C,
including biosynthesis of secondary metabolites, metabolic pathways, plant–pathogen
interaction, alpha-linolenic acid metabolism, and 16 other pathways.
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3.8. Association Analysis of DAMs and DEGs

Based on Pearson’s correlation coefficients (PCCs) between the DEGs and DAMs,
nine quadrant diagrams were constructed to reveal the variations in metabolites and their
corresponding genes. The DEGs and DAMs in quadrants 3 and 7 had positive correlations,
while the DEGs and DAMs in quadrants 1 and 9 had negative correlations (Figure 9).
Additionally, the DEGs and DAMs were annotated to the KEGG pathway database to
determine their common biological pathways. These significantly changed pathways
in all of the comparison groups mainly included metabolic pathways, biosynthesis of
secondary metabolites, phenylalanine metabolism, limonene and pinene degradation, and
monoterpenoid biosynthesis (Figure S7). Interestingly, compared with the W vs. B group,
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more common pathways were enriched in the W vs. R group (Figure S7), suggesting that
red light affects more pathways at the transcriptional and metabolic levels.
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ations in the W vs. B (A), W vs. R (B), and B vs. R (C) groups. The black dashed line in-
dicates the difference threshold. Outside the threshold line, there are significant differences in
genes/metabolites, while inside the threshold line the genes/metabolites are unchanged. Each dot
represents a gene/metabolite. Black dots represent invariant genes/metabolites, green dots repre-
sent differentially accumulated metabolites with unchanged genes, red dots represent differentially
expressed genes with unchanged metabolites, and blue dots represent both differentially expressed
genes and differentially accumulated metabolites.

In addition, an O2PLS model was generated to determine the relationships between the
DEGs and DAMs, which could be used to screen important variables from one set of data
that influence the other. In the gene loading, 7 genes localized to chloroplasts were among
the top 10 DEGs (Figure 10A), including carbonic anhydrase (Cluster-9688.94804), hydroxy-
3-methylbut-2-enyl diphosphate reductase (Cluster-9688.72219), phosphoglycolate phos-
phatase 1A (Cluster-9688.101671), sugar partition-affecting protein (Cluster-9688.46987),
WAT1-related protein (Cluster-9688.69111), PsbQ (Cluster-9688.96670) and plastid tran-
scriptionally active 16 (Cluster-9688.82754), suggesting their importance in regulating
metabolites. The top 10 DAMs displayed in Figure 10B, such as (2-bromoethyl)-oxirane
(XMW0397), undecanoic acid (KMW0592), 1-dodecanol (KMW0629) and E-1-methoxy-4-
hexene (XMW0279), were most closely associated with the DEGs.
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4. Discussion
4.1. Changes in the Physiology and Antioxidant Capacity of Leaf Extracts

As an important environmental factor, light quality plays irreplaceable roles in the
growth and development of plants. Uncovering the mechanisms of plants in response to
light quality is beneficial for developing crop improvement strategies. Red and blue light
are generally considered to be the most efficient wavelengths to drive photosynthesis [10].
We found that the photosynthetic rate of basil increased significantly under blue light and
decreased under red light compared to white light (Figure 2). At the same time, the stomatal
conductance (Gs) under blue light was the largest, followed by white light and red light,
indicating that the change in photosynthesis may be caused by stomatal opening, which
is consistent with the findings of previous studies [38–40]. In addition, as one of the most
important pigments in plants, chlorophyll is essential for capturing light for photosynthesis,
which plays key roles in the interaction with light during the whole growth cycle of the
plant. Many studies have revealed that light quality affects photosynthesis by changing the
content and composition of chlorophyll. In some plants, including Cattleya loddigesii and
Triticum aestivum, the chlorophyll content was highest under red light compared to other
light [41].However, blue light was more effective than red light in promoting chlorophyll
accumulation in lettuce, Anoectochilus roxburghii, and Toona sinensis [41,42]. Herein, we also
found that blue light stimulated chlorophyll accumulation in basil more significantly than
the other two types of light, which may further facilitate the light harvesting capacity to
improve photosynthesis.

Light spectra affect plants’ morphogenesis. For example, blue light significantly
inhibited apples’ plant growth and leaf extension, while red light treatment promoted
apples’ plant growth and root development [43]. In tomatoes, compared to white light,
early photomorphogenesis was strongly promoted by red light and inhibited by blue
light [44]. Conversely, it was found that blue light could promote plant growth and leaf
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extension better than red light in some species, such as Petunia, Chrysanthemum, and
Cucumber [45–47], and similar phenotypes were found in our study, suggesting that red and
blue light have unique effects on different plants. Plant hormones mediate various aspects
of plants’ growth and development, and some hormonal pathways are often influenced by
light to regulate the developmental changes [48–50]. We found that 688, 783, and 465 genes
involved in plant hormone signal transduction were differentially expressed in the W vs. R,
W vs. B, and B vs. R groups, respectively (Figure 10). The altered expression patterns of
plants’ hormone signals may give rise to morphological changes in basil under different
light quality conditions.

In addition to physiological and morphological changes, light spectra can also affect
the synthesis of metabolites in herbs, thus modifying their biological activities. Blue LED
irradiation increased the DPPH scavenging capacity of baby leaf lettuce and improved
its antioxidant properties [51], and callus cultures of Rhodiola imbricata grown under blue
light also displayed the highest antioxidant activity compared to other light conditions [52].
Consistently, in this study, antioxidant capacities—especially DPPH and ABTS scaveng-
ing activities—were significantly promoted by blue light and inhibited by red light. As
the most abundant pigments in nature, chlorophylls and carotenoids are very potent nat-
ural antioxidants, which may be used for a range of health benefits in humans [53,54].
Sgherri et al. (2011) found that chlorophylls contributed about 40% to the bulk of the fast
lipophilic antioxidants in basil extracts, whereas carotenoids could be ascribable to the slow
antioxidant activity [55]. Since more chlorophylls and carotenoids were accumulated under
blue light, and fewer under red light (Figure 1D), it can be inferred that the antioxidant
activity of basil may be associated with these pigments’ contents.

4.2. Involvement of Key Metabolites in Response to Light Spectra

Due to its unique and pleasant aroma, volatile organic compounds (VOCs) of basils
grown under different light spectra qualities were identified using GC-MS/MS analysis. A
total of 1129 metabolites belonging to 16 classes were identified in all samples (Table S1),
among which the terpenoids contained a maximum of 251 species and accounted for about
22%. To the best of our knowledge, previous studies have not identified so many VOCs in
basil (O. basilicum Linn. var. pilosum (Willd.) Benth.) [33,56], and this study will therefore
facilitate our understanding of the chemical components of basil. Furthermore, DAMs
were screened to uncover the effects of light spectra on metabolites. All of the DAMs in
the three comparison groups were mainly enriched in many of the same KEGG pathways,
such as biosynthesis of secondary metabolites, monoterpenoid biosynthesis, phenylalanine
metabolism, plant hormone signal transduction, limonene and pinene degradation, etc.
(Figure 5), suggesting that both red and blue light have significant effects on these pathways.
The k-means cluster analysis showed that all of the DAMs could be classified into seven
subclasses with different numbers (Figure S3, Table S4). In subclasses 1, 2, and 7, the
contents of 373 metabolites were highest under white light. In subclasses 4, 5, and 6,
the contents of 378 metabolites were highest under red light. Interestingly, the highest
accumulation of 35 metabolites in subclass 3 was observed under blue light. Taken together,
it can be seen that metabolites respond to different light qualities in specific ways.

The top 10 most significant DAMs in each comparison group are listed in Figure 10.
Among them, a total of seven significantly upregulated common metabolites were found
in both the W vs. R and W vs. B groups, including debrisoquine, butanoic acid, 4-
hexenyl ester, propanoic acid, 2-methyl-,phenylmethyl ester, (Z)-, (1aR,7R,7aR,7bS)-(+)-
1a,2,3,5,6,7,7a,7b-Octahydro-1,1,7,7a-tetramethyl-1H-cyclopropa [a] naphthalen -3-one,
ethyl tridecanoate, and 1H-pyrrolo [2,3-b]pyridine, 2-(1-methylethyl)-, 7-(2-hydroxypropan-
2-yl)-1,4a-dimethyldecahydronaphthalen-1-ol, which indicated that both red and blue light
significantly promoted the accumulation of these metabolites. Similarly, 2-octanone, 3-
octanone, and 5-hexenal,4-methylene- were three common metabolites among the top ten
most significantly downregulated in both the W vs. R and W vs. B groups, suggesting that
the accumulation of these metabolites was seriously inhibited under both red and blue
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light. In terms of the R vs. B group, the top 10 most upregulated metabolites included cyclo-
hexanecarboxylic acid, methyl ester, oleic acid, 2,6-piperidinedione, 3-ethyl-,2-hexenal, (E)-,
and another 6 metabolites; it is worth noting that cyclohexanecarboxylic acid, methyl ester,
oleic acid, and 3-octanol were among the top 10 most downregulated metabolites in the W
vs. R group, indicating that these three key metabolites accumulated significantly under
white and blue light but not under red light. The top 10 most downregulated metabolites in
the R vs. B group consisted of iso-3-thujyl acetate, ketone, methyl 2,4,5-trimethylpyrrol-3-yl,
fenchyl acetate, furfuryl pentanoate, pyrazine, 2,3-dimethyl-5-(1-methylpropyl)-, and an-
other 5 metabolites; among them, 10-undecenal, (2E,4Z)-2,4-decadienal, and 3-cyclohexene-
1-ethanol, beta.,4-dimethyl- were also included in the top 10 most upregulated metabolites
in the W vs. R group, revealing that the accumulation of these three key metabolites was
significantly strengthened by red light. Overall, these key metabolites could be used as the
characteristic metabolites to distinguish the response of basil to blue, red, and white light.

4.3. Key Genes Associated with the Light Response in Basil

The phenotypic alterations induced by light are always accompanied by changes in
gene expression; transcriptional regulation has emerged as an important regulation mode
in organisms. In our transcriptomic data, DEGs with different quantities between the three
comparison groups were identified, which were further enriched in many KEGG pathways
(Figure 9). Transcription factors are central regulators of transcriptional reprogramming,
and many transcription factors, such as HY5 and PIFs, have been proven to participate in
light responses [57–59]. We found that a total of 2133 TFs were differentially expressed in the
W vs. B group (Table S5), which included 586 downregulated genes and 1547 upregulated
genes. In the W vs. R group, 1771 TFs were differentially expressed, including AP2/ERF
(98), WRKY (76), bHLH (83), C3H (83), SNF2 (65), GRAS (65), C2H2 (62), and others.
It was worth noting that the DEGs with the greatest influence on DAMs were screened
using an O2PLS model. Interestingly, the top 10 DEGs closely associated with DAMs
were screened (Figure 10), including 7 chloroplast localization genes, such as carbonic
anhydrase (Cluster-9688.94804) and plastid transcriptionally active 16 (Cluster-9688.82754).
Collectively, all of these DEGs could be associated with light signal pathways, and their
specific regulatory mechanisms await further investigation through genetic modification
combined with molecular biology experiments in future studies.

5. Conclusions

In this study, the response mechanisms of basil (O. basilicum Linn. var. pilosum
(Willd.) Benth.) to blue and red light were revealed through physiological changes and
multi-omics analysis. The physiological results demonstrated that blue and red light have
different effects on photomorphogenesis by changing plants’ height, leaf size, and branch
number. Metabolomic and transcriptomic analyses showed that the DAMs and DEGs were
annotated to common biological pathways such as metabolic pathways, biosynthesis of
secondary metabolites, phenylalanine metabolism, limonene and pinene degradation, and
monoterpenoid biosynthesis. These results contribute to understanding the mechanisms of
plants’ response to light spectra, which may also be useful in the cultivation of crops.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae9111172/s1, Figure S1: Measurement of chlorophyll
fluorescence parameters: (A) Maximum photochemical efficiency of PSII, Fv/Fm. (B) The actual
photochemical efficiency of PSII, ΦPSII. (C) The actual photochemical efficiency of PSI, ΦPSI. The
data are shown as the mean ± SD (n = 3), and different letters indicate significant differences between
the data at p < 0.05. Figure S2: Evaluation parameters of the OLPS-DA model: (A) Comparison
groups of W vs. B. (B) Comparison groups of W vs. R. (C) Comparison groups of B vs. R. Figure S3:
K-means cluster analysis of DEGs. Figure S4: Statistical analysis of transcriptome data: (A) Pearson’s
correlation analysis between samples. (B) Principal component analysis (PCA) score plot. Figure S5:
K-means cluster analysis of DEGs. Figure S6: GO enrichment analysis of all DEGs: (A) Comparison
groups of W vs. B. (B) Comparison groups of W vs. R. (C) Comparison groups of B vs. R. Figure S7:
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Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway classification of DAMs and DEGs in
the comparison groups: (A) Comparison groups of W vs. B. (B) Comparison groups of W vs. R. (C)
Comparison groups of B vs. R. Table S1: All metabolites identified in the samples. Table S2: DAMs
in each comparison group. Table S3: DEGs in all k-means clusters. Table S4: DAMs in all k-means
clusters. Table S5: Differentially expressed transcription factors.
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Abstract: Davallia mariesii T. Moore ex Baker, a member of the section Trogostolon (Copel.) M. Kato and
Tsutsumi (Davalliaceae M.R. Schomb.), is a lithophytic or epiphytic herb that grows on rocks and tree
trunks in montane forests. This study analyzed the morphological, anatomical, micromorphological,
and palynological characteristics of D. mariesii using a digital slide scanner and a field-emission
scanning electron microscope and presented an expanded and updated description. A circumendo-
dermal band was observed in the anatomical structure of the stipe, making D. mariesii the second
species in the family Davalliaceae with such a band. The frond anatomical studies revealed that
the epidermal cells of the indusium were thicker than those of the epidermis on both sides and
that hypostomatic fronds with stomata chambers were present. Diacytic, anisocytic, and tetracytic
stomatal complexes were observed on abaxial surfaces. The indusia covered numerous sporangia.
Leptosporangium consisted of an apical cap, a basal cap, an annulus, and a stalk. The spore had an
ellipsoidal outline, a monolete aperture, and verrucae with colliculate ornamentation. The obtained
results provide systematic data for the phylogeny of Davalliaceae and establish a basis for future
taxonomic delimitation of other taxa.

Keywords: circumendodermal band; Davalliaceae; Davallia mariesii; SEM; spore; stomata

1. Introduction

Davallia Sm. (Davalliaceae) is a genus of lithophytic or epiphytic ferns that are widely
distributed from the Atlantic Ocean through Africa and southern and eastern Asia to
Malaysia, Australia, and the Pacific Islands [1–5].

Morphology-based classifications traditionally divide the Davalliaceae family into
from four to ten genera, containing approximately 49–130 species. These classifications
are based on the organization of scales, hairs, frond texture, sori, and indusia character-
istics [1,5,6]. However, a recent molecular phylogeny of the family using five combined
DNA sequence datasets from plastid genes or intergenic spacers has indicated that the
Davalliaceae family is divided into seven clades; therefore, phylogeny-based classifications
have proposed the classification of Davalliaceae into a single genus, Davallia, with seven
sections and approximately 65 species [6].

Davallia has a creeping rhizome covered with peltate scales, and its stems are densely
and permanently covered with scales. These scales are often cordate or have peltate bases
with serrated margins. Its fronds are monomorphic or dimorphic, with reduced or more
dissected fertile blades and various venation segments, such as from bi-pinnate to four-
pinnate pinnatifid. Their blades are deltoid- or pentagonal-shaped, leathery, or occasionally
thickly herbaceous. The stipe has articulate to short phyllopodia that are terete or slightly
winged. The fronds have various indusium, kidney-, or pouch-shaped structures that
attach to the edge or side of the base of the sorus. The indusia are extrorse and elongated
toward the margins [1,2,5,7].

22



Horticulturae 2023, 9, 939

On the Korean Peninsula, Davallia comprises only one species, D. mariesii T. Moore ex
Baker [7]. Furthermore, this species is closely related to D. griffithiana Hook. [≡ Humata
griffithiana (Hook.) C.Chr.] in the East Himalayas in Japan and Indochina [8]

The rhizomes of D. mariesii are commonly used in Asia (called “Gusuibu” by China
and Taiwan with Drynaria fortunei (Kunze) J.Sm. (Polydiaceae)) as an indigenous herbal
medicine, in combination with other herbs for various effects such as liver and kidney
strengthening, musculoskeletal pain relief, rheumatoid arthritis progression control, anti-
aging diets, and osteogenic activities [9,10]. Moreover, phenolic, flavonoid, and terpenoid
components of D. mariesii, including gentistic acid, davallin, and dryocrassol, have been
identified [11,12]. In addition, D. mariesii is grown as an ornamental plant and its associated
microflora removes indoor air pollutants [13].

Anatomical characteristics of the stipe (petiole), such as the number and shape of
vascular bundles, distribution of sclerenchyma, and presence of grooves, are helpful for
fern systematics [14–16]. Frond (leaf) epidermal characteristics, including epidermal cell
shape, stomatal size, stomatal type, and stomatal density, are widely used for the taxo-
nomic analysis of many fern groups using scanning electron microscopy (SEM) [8,17–21].
In addition, spore morphology, such as shape and ornamentation, has been used in the
taxonomy and classification of many fern species when exploring the relationships among
closely related species [22–26]. Studies on frond anatomy [27,28], scale morphology [29],
and spore morphology, including ornamentation [30], have focused on the Davalliaceae
family. However, an integrative study comprising the stipe anatomy, frond anatomy,
micromorphology, and palynological structure of D. mariesii has yet to be described
in detail.

This study aimed to provide a detailed description of the anatomical, micromorpho-
logical, and palynological characteristics of the Korean D. mariesii. Moreover, we updated
the morphology described in the Flora of Korea, and the taxonomic significance of the
findings is discussed while considering previous studies on Davallia.

2. Materials and Methods
2.1. Study Species and Materials

Fertile frond samples of Davallia mariesii were collected during the mature period
from five natural populations in South Korea (in Gui-myeon, Wanju-gun, Jeollabuk-
do, 35◦39′03.5′′ N 127◦07′05.7′′ E, alt. 182 m, YSG_KIOM-2021-304; in Mt. Palbong-
san, Hongcheon, Gangwon-do, 37◦41′45.7′′ N 127◦41′58.4′′ E, alt. 247 m, SJH_ KIOM-
2021-435; in Seongsu-myeon, Imsil-gun, Jeollabuk-do, 35◦38′06.7′′ N 127◦25′16.8′′ E, alt.
580 m, SJH_KIOM-2021-476; in Mt. Geumsung-san, Naju, Jeollanam-do, 35◦02′35.3′′ N
126◦42′24.4′′ E, alt. 245 m, SJH_KIOM-2021-549; in Haman, Gyeongsangnam-do, 35◦15′59.8′′ N
128◦25′35.1′′ E, alt. 59 m, SJH_KIOM-2021-584).

Voucher specimens were stored at the Korean Herbarium of Standard Herbal Re-
sources at the Herbal Medicine Resources Research Center (Index Herbariorum acronym:
KIOM). Additional samples were collected from living plants and preserved as liquid
specimens in a formalin-acetic acid-alcohol (FAA) solution [31]. Micromorphological,
anatomical, and palynological investigations were performed using materials preserved in
the FAA solution.

2.2. Morphological Analyses

Field photographs were taken using a digital camera (NIKON D850; NIKON, Tokyo,
Japan). The measurements and optical observations of 20 individuals from each of the
five collection sites (vouchers) were recorded for a total of 100 individuals. The sizes of
the morphological structures were measured using a digital Vernier caliper (CD-15CP;
Mitutoyo, Kawasaki, Japan). Fertile fronds (leaves) with sporangia were observed using a
stereomicroscope (Olympus SZX16; Olympus, Tokyo, Japan).
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2.3. Anatomical Analyses

Transverse sections of the stipe (petiole) and pinnule (subleaflet) were dehydrated in
a tertiary butyl alcohol (TBA) series and embedded in paraffin using an automatic tissue
processor (Leica EG1150H; Leica Microsystems, Wetzlar, Germany). The tissue blocks were
sectioned using a manual rotary microtome (HistoCore MULTICUT; Leica Biosystems,
Nussloch, Germany), and 5–8 µm sections were placed on glass slides. Sections were
double-stained with Fast-Green FCF and safranin O solutions in an automatic slide stainer.
Permanent slides were scanned using a digital slide scanner (3DHistech Pannoramic Desk
II DW; 3DHistech Kft., Budapest, Hungary) and images were observed and captured using
CaseViewer software (version 2.4.0; 3DHistech Kft., Budapest, Hungary).

2.4. Micromorphological and Palynological Analyses

For the observations using a field-emission scanning electron microscope (FE-SEM),
fertile pinnae (leaflets) with sporangia and spores were dehydrated using an ethanol
series (70, 90, 95, and 100%) at room temperature for one hour per ethanol concentration.
The dehydrated material was immersed in liquid CO2 for critical-point drying (CPD)
(SPI-13200JE-AB; SPI Supplies, West Chester, PA, USA), and subsequently mounted on
aluminum stubs using a double-sided adhesive conductive carbon disk (05073-BA; SPI
Supplies, West Chester, USA). All samples were gold-coated using an ion-sputtering device
(208HR; Cressington Scientific Instruments Ltd., Watford, UK) and observed using a low-
voltage FE-SEM (JSM-7600F; JEOL, Tokyo, Japan) at an accelerating voltage of 5–10 kV and
a working distance of 5–10 mm.

Epidermal cell terminology was based on Wilkinson [32], and spore terminology was
based on Wang et al. [30]. Stipe (petiole) and frond (leaf) anatomical terminologies followed
those of Sen et al. [33] and Hernández-Hernández et al. [34], respectively.

3. Results
3.1. Morphological Characteristics

Herbs: perennial, usually epipetric (lithophyte) or rarely epiphytic, 9.4–34.0 cm tall.
Rhizomes: long creeping, dark brown, 6.1–58 cm × 3.2–9.8 mm, densely scaly; scales
persistent, black, dark to light brown or grayish orange, above a considerably broader
base, evenly narrowed toward the apex, lanceolate, linear, or sickle-shaped ultimate lobes,
peltate, 1.6–9.7 × 0.1–0.8 mm, margins denticulate. Fronds: monomorphic, alternate
or opposite, symmetrical or asymmetrical, straight or bent, distantly spaced, petiolate;
primary stipe grayish orange or yellowish green, 3.6–15.7 cm × 0.3–2.1 mm, adaxially
grooved, sparse fugacious scales; blade rhomboid, triangular or triangular–ovate in outline,
4.5–22.8 × 5.2–26.3 cm, usually 4-pinnate, adaxial surface green or yellowish green, abaxial
surface yellowish green, apex obtuse, acute or acuminate, glabrous; rachis winged; pri-
mary pinnae alternate or opposite, 5–17 pairs, triangular–ovate, petiolulate, basal pair
largest, overlapping or not each pinna; primary upper and middle pinna ovate, oblong
or elliptic, 1.0–5.2× 0.5–2.4 cm; primary basal pinna asymmetry, lanceolate, oblong or ovate,
2.5–13.0 × 1.5–7.5 cm; ultimate segments oblanceolate, narrowly oblong or linear,
1.5–6.0 × 0.5–3.0 mm. Veins: forked, branched, and did not reach the margins. Sori:
separate, terminal on veins, usually single on a segment at the forking point of veins, dis-
coid, lateral opening; indusium linear, oblong, or elliptic pouch-shaped, 0.9–2.0 × 0.4–1.0 mm,
membranous. Spores: ellipsoidal with monolete apertures (Figure 1; Table 1).
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Figure 1. Photographs of the Davallia mariesii T. Moore ex Baker in Korea. (A) Habit, lithophyte. 
(B) Adaxial side of a fertile frond. (C) Abaxial side of a fertile frond. (D) Rhizomes, under wet con-
ditions. (E) Rhizomes, under dry conditions. (F) Abaxial side of a fertile pinna with sori. 

Table 1. Morphological characters of Davallia mariesii T. Moore ex Baker based on our study and 
Flora of Korea [7]. 
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Rhizome 6.1–58 cm × 3.2–9.8 mm 3–5 mm in diam. 
Scale 1.6–9.7 × 0.1–0.8 mm 5–8 mm long 
Frond 8.1–38.5 cm long 15–35 cm long 
Stipe 3.6–15.7 cm × 0.3–2.1 mm 5–15 cm long 
Blade 4.5–22.8 × 5.2–26.3 cm 10–20 × 8–15 cm 
Pinnae 5–17 pairs 6–12 pairs 
Primary upper and middle 
pinna 1.0–5.2 × 0.5–2.4 cm - 

Primary basal pinna 2.5–13.0 × 1.5–7.5 cm - 
Ultimate segments 1.5–6.0 × 0.5–3.0 mm 1–2 mm wide 
Indusium 0.9–2.0 × 0.4–1.0 mm - 

3.2. Anatomical Characteristics 
3.2.1. Stipe 

The outline was circular, with a wing in the transverse section of the stipe. The size 
of the stipe (length of the ventral axis (VA) × length of the dorsiventral axis (DVA)) was 
468.5–(559.2)–718.0 × 501.2–(585.6)–627.1 µm (Table 2). A thin cuticle layer covered the ep-
idermis and consisted of uniseriate, oval, or rectangular cells (Figure 2A). The thickness of 
the abaxial side of the epidermal cell in the cross-section was 7.5–(10.5)–18.0 µm, and that 
of the adaxial side was 11.6–(15.2)–21.3 µm. The angular collenchyma tissue, located im-
mediately under the epidermis, was composed of regular cells. The parenchyma cells of 
the cortex consisted of from four to seven oval, squashed oval, or almost rectangular layers 
and were isometrically arranged (Figure 2A). The stipe vascular bundle was open arc-

Figure 1. Photographs of the Davallia mariesii T. Moore ex Baker in Korea. (A) Habit, lithophyte.
(B) Adaxial side of a fertile frond. (C) Abaxial side of a fertile frond. (D) Rhizomes, under wet
conditions. (E) Rhizomes, under dry conditions. (F) Abaxial side of a fertile pinna with sori.

Table 1. Morphological characters of Davallia mariesii T. Moore ex Baker based on our study and Flora
of Korea [7].

Our Study Flora of Korea

Plants 9.4–34.0 cm tall -
Rhizome 6.1–58 cm × 3.2–9.8 mm 3–5 mm in diam.
Scale 1.6–9.7 × 0.1–0.8 mm 5–8 mm long
Frond 8.1–38.5 cm long 15–35 cm long
Stipe 3.6–15.7 cm × 0.3–2.1 mm 5–15 cm long
Blade 4.5–22.8 × 5.2–26.3 cm 10–20 × 8–15 cm
Pinnae 5–17 pairs 6–12 pairs
Primary upper and middle pinna 1.0–5.2 × 0.5–2.4 cm -
Primary basal pinna 2.5–13.0 × 1.5–7.5 cm -
Ultimate segments 1.5–6.0 × 0.5–3.0 mm 1–2 mm wide
Indusium 0.9–2.0 × 0.4–1.0 mm -

3.2. Anatomical Characteristics
3.2.1. Stipe

The outline was circular, with a wing in the transverse section of the stipe. The size
of the stipe (length of the ventral axis (VA) × length of the dorsiventral axis (DVA)) was
468.5–(559.2)–718.0 × 501.2–(585.6)–627.1 µm (Table 2). A thin cuticle layer covered the
epidermis and consisted of uniseriate, oval, or rectangular cells (Figure 2A). The thickness
of the abaxial side of the epidermal cell in the cross-section was 7.5–(10.5)–18.0 µm, and
that of the adaxial side was 11.6–(15.2)–21.3 µm. The angular collenchyma tissue, located
immediately under the epidermis, was composed of regular cells. The parenchyma cells
of the cortex consisted of from four to seven oval, squashed oval, or almost rectangular
layers and were isometrically arranged (Figure 2A). The stipe vascular bundle was open
arc-shaped and its size (width of the main vascular bundle (WMV) × length of the main
vascular bundle (LMV)) was 171.5–(213.5)–274.6 × 114.1–(133.5)–156.3 µm. The stipe vascu-
lar bundle was covered with a thick layer of the circumendodermal band (CB) (Figure 2B).
The CB consisted of the continuity of the isodiametric cells formed by the band (ring) and
was 6.9–(9.8)–11.7 µm thick (Table 2). The CB consisted of slightly square-shaped cells.
Safranin histochemical tests for cell wall thickening in the CB were positive for red, which
represented one-quarter to one-half of the cell forming U-shaped thickening (Figure 2B).
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No individual had CB cell walls with thickened total occlusion of the cell lumina. The
endodermis was 2.0–(3.7)–5.4 µm thick. The stipe surface was glabrous. No crystals were
observed in any of the stipe cells.

Table 2. Anatomical characters of stipe and pinnule of Davallia mariesii.

Davallia mariesii

Stipe
Outline of stipe circular with wing
Length of ventral axis (VA) (µm) 468.5–(559.2)–718.0
Length of dorsiventral axis (DVA) (µm) 501.2–(585.6)–627.1
Epidermal thickness-abaxial surface (µm) 7.5–(10.5)–18.0
Epidermal thickness-adaxial surface (µm) 11.6–(15.2)–21.3
Arrangement of cortex isometric
Outline of stipe vascular bundle open arc
Width of main vascular bundle (WMV) (µm) 171.5–(213.5)–274.6
Length of main vascular bundle (LMV) (µm) 114.1–(133.5)–156.3
Circumendodermal band type continuous ring
Circumendodermal band proportion 1/4 to 1/2
Circumendodermal band thickness (µm) 6.9–(9.8)–11.7
Endodermis thickness (µm) 2.0–(3.7)–5.4
Blade (of ultimate segment)
Epidermal thickness-abaxial surface (µm) 7.1–(13.1)–19.7
Epidermal thickness-adaxial surface (µm) 11.8–(15.1)–23.0
Indusium epidermal thickness (µm) 15.0–(21.3)–25.1
Mesophyll thickness (non-indusium area) (µm) 61.2–(99.4)–149.6
Diameter of vascular bundle (µm) 25.2–(44.3)–70.6
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The adaxial and abaxial epidermises of the fronds were characterized by one layer of 

cells covered by a cuticle (Figure 2C). The epidermal thicknesses of abaxial and adaxial 
were similar [abaxial, 7.1–(13.1)–19.7 µm; adaxial, 11.8–(15.1)–23.0 µm]. The mesophyll 
contained 3–6 layers of mainly arm-cells that were 61.2–(99.4)–149.6 µm thick and slightly 
differentiated into palisade and spongy parenchyma (Figure 2C, Table 2). The upper mes-
ophyll in the indusium was arranged more compactly. The epidermal cells of the indu-
sium were thicker than those of the adaxial and abaxial epidermis [15.0–(21.3)–25.1 µm]. 
Stomata were found only in the abaxial epidermis (hypostomatic fronds), with a stomatal 

Figure 2. Micrographs of transverse section of the stipe and fertile frond in the Davallia mariesii.
(A,B) Stipe. (C) Fertile frond. (D) Blade of fertile frond. (E) Sporangium with spore. AB, Abaxial side;
AD, Adaxial side; CB, circumendodermal band; DVA, length of dorsiventral axis; EN, endodermis; ID,
Indusium; LMV, length of main vascular bundle; PH, phloem; SC, stomata chamber; SG, Sporangium;
SP, spore; ST, stomata; VA, length of ventral axis; VB, vascular bundle; WMV, width of main vascular
bundle; XY, xylem.

26



Horticulturae 2023, 9, 939

3.2.2. Ultimate Segment (of Pinnule)

The adaxial and abaxial epidermises of the fronds were characterized by one layer of
cells covered by a cuticle (Figure 2C). The epidermal thicknesses of abaxial and adaxial were
similar [abaxial, 7.1–(13.1)–19.7 µm; adaxial, 11.8–(15.1)–23.0 µm]. The mesophyll contained
3–6 layers of mainly arm-cells that were 61.2–(99.4)–149.6 µm thick and slightly differen-
tiated into palisade and spongy parenchyma (Figure 2C, Table 2). The upper mesophyll
in the indusium was arranged more compactly. The epidermal cells of the indusium were
thicker than those of the adaxial and abaxial epidermis [15.0–(21.3)–25.1 µm]. Stomata were
found only in the abaxial epidermis (hypostomatic fronds), with a stomatal chamber (air
space) (Figure 2D). The diameter of vascular bundles was 25.2–(44.3)–70.6 µm (Figure 2D,
Table 2). All parts of the adaxial and abaxial epidermis of the fronds were glabrous. No
crystals were observed in any of the epidermal cells.

3.3. Micromorphological Characteristics
3.3.1. Pinnule

Epidermal cell patterns were described separately for adaxial (AD) and abaxial (AB).
Frond epidermal cells on both surfaces were arranged elongately and had striated, convex
periclinal walls; however, their anticlinal walls differed (Figure 3, Table 3). AD had straight
and slightly undulating anticlinal walls (Figure 3A,B), whereas AB had undulating sinuate
walls (Figure 3C,D). Hypostomatic fronds were observed and three types of stomatal com-
plexes were recognized: diacytic, anisocytic, and tetracytic (Figure 3C,D). The stomata were
35.6–(46.3)–51.4µm long, 25.9–(31.4)–36.6µm wide, and had an area of 912.5–(1178.5)–1410.9 µm2,
respectively (Table 3). The stomatal ledges were lip-shaped.

Table 3. Micromorphological characters of frond epidermal cells of Davallia mariesii.

Adaxial Side Abaxial Side

Epidermal cell arrangement Elongated elongated
Anticlinal cell wall straight, slightly undulate undulate to sinuate
Periclinal cell wall striate, convex striate, convex
Stomata type Absent diacytic, anisocytic, tetracytic
Stomata length (µm) Absent 35.6–(46.3)–51.4
Stomata width (µm) Absent 25.9–(31.4)–36.6
Stomata area (µm2) Absent 912.5–(1178.5)–1410.9
Stomatal ledge Absent lip-shaped
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Each pinnule had many separate sori in fertile fronds, which were generally elon-

gated (Figure 3E). The indusium covered numerous sporangia. The epidermal cells of the 
outer indusium were isodiametrically arranged, straight and elongated in the anticlinal 
wall, and striated and convex in the periclinal wall (Figure 3F). The leptosporangium con-
sisted of an apical cap, a basal cap, an annulus, and a short stalk (Figure 3G,H). The annu-
lus was arranged longitudinally and consisted of 12–16 thickened cells. 

Figure 3. Stereo (SM), light (LM), and scanning electron (SEM) micrographs of the mature sporophyte
in the Davallia mariesii. (A,B) Adaxial side of a fertile frond. (C,D) Abaxial side of a fertile frond
with stomata. (E,F) Sorus with indusium. (G,H) Sporangium with spore. (A–D,F,H) SEM. (E) SM.
(G) LM. AB, Abaxial side; ANI, Anisocytic, DIA, Diacytic; ID, Indusium; SG, Sporangium; ST, stomata;
TET, Tetracytic.

3.3.2. Sorus

Each pinnule had many separate sori in fertile fronds, which were generally elongated
(Figure 3E). The indusium covered numerous sporangia. The epidermal cells of the outer
indusium were isodiametrically arranged, straight and elongated in the anticlinal wall, and
striated and convex in the periclinal wall (Figure 3F). The leptosporangium consisted of
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an apical cap, a basal cap, an annulus, and a short stalk (Figure 3G,H). The annulus was
arranged longitudinally and consisted of 12–16 thickened cells.

3.4. Palynological Characteristics

The spores were free and their sizes were 34.3–(38.8)–42.2 µm in polar axes, and
39.3–(50.8)–55.0 µm in equatorial axes. The exine was measured to be 2.3–(3.4)–5.1 µm
thick (Table 4). The outline of the spore was transversely elliptical–reniform to ellipsoidal,
bilaterally symmetrical, aniso-polar, and rounded–elliptical in polar view. The aperture was
a monolete, which was a single linear mark designating the dividing axis of the proximal
face (Figure 4). The ornamentation was a verrucae–colliculate type; the verrucae were
numerous, slightly convex, densely packed, rounded, 2–(3.2)–5 µm diameter with radiating
from laesura, forming a polygonal reticulate pattern (Figure 4D,E).

Table 4. Palynological characters of spore of Davallia mariesii.

Davallia mariesii

Polar axes (µm) 34.3–(38.8)–42.2
Equatorial axes (µm) 39.3–(50.8)–55.0
Shape ellipsoidal
Exine thickness (µm) 2.3–(3.4)–5.1
Aperture monolete
Exine ornamentation verrucate colliculate
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Figure 4. Light (LM) and scanning electron (SEM) micrographs of the verrucae-colliculate spore in
the Davallia mariesii. (A) Equatorial side with transversely ellipsoidal shape (LM). (B) Proximal side
with rounded–elliptical shape (LM). (C) Distal side with transversely elliptical–reniform shape (LM).
(D) Equatorial side with rounded verrucae (LM). (E) Equatorial–distal side forming a polygonal
reticulate pattern (SEM).

4. Discussion

This study is the first to comprehensively report the characteristics of the medicinal and
economically important squirrel’s foot fern, D. mariesii, and provide valuable information re-
garding its morphological, anatomical, micromorphological, and palynological characteristics.
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Morphological characteristics such as the size of fronds and the shape and color of
rhizome scales are taxonomically significant for identifying and delimiting species in the
genus Davallia [5,35]. D. mariesii was closely related to D. griffithiana (=D. tyermannii (T.
Moore) Baker), systematically [8,30,36]. D. mariesii was distinguished by its tri-pinnate or
quadri-pinnate fronds (vs. bi-pinnate or tri-pinnate in D. griffithiana), ultimate segments
5–27 × 2–6 mm (vs. 2–5 × 2–3 mm), and pouch-shaped, oblong, longer than wide indusia
(vs. semicircular, approximately as wide as long) [35]. Although the present results largely
correspond with those reported for the Flora of Korea [7], several differences were found,
and additional quantitative data were determined (Table 1). Characteristics such as plant
height, rhizome length, scale width, stipes, primary pinna size, ultimate segments, and
indusia were updated.

Stipe anatomical characteristics such as vascular bundle shape, number of vascular
bundles, the presence or absence of the CB, and adaxial grooves are reflected in the promis-
ing results of taxonomic and systematic studies [15,37,38]. In particular, the stipe vascular
bundles, which are conserved and stable, are valuable for taxonomy [37,38]. Our results
indicated that the openly arc-shaped main vascular bundles of the studied species were
similar to those of D. hymenophylloides (Blume) Kuhn (≡Davallodes hymenophylloides (Blume)
M. Kato and Tsutsumi) [38].

In 89 species from 28 families of ferns, the second innermost layer of primary tissue
next to the innermost endodermis, formed from thick-walled, tannin-rich cells, is present
in the stipes, known as the CB [34]. To date, in Davalliaceae, a continuous CB with the total
proportion of the cell lumen has only been observed in D. canariensis (L.) Sm. [15,16]. Our
study reports an additional Davalliaceae species associated with CB. The degree of CB cell
wall thickening in each species ranged from 25% to 100% of the cell lumina. Moreover,
interspecific variations have been reported in 10 studied species of the genera Elaphoglossum
and Polypodium [34]. In this study, total occlusion of the cell lumina of the CB in D. mariesii
was not observed, in contrast to D. canariensis. Thus, the degree of cell wall thickening in
the CB may be helpful for identification at the species level in the genus Davallia. However,
further studies are required to evaluate the taxonomic significance of these findings.

CBs have been referred to as protective bands [39] and sclerenchymatic rings [15,40,41].
However, previous histochemical tests and developmental investigations revealed that
CB cells were negative for lignin and positive for the cytoplasm and nuclei, indicating
that CB cells were not lignified sclerenchyma [34,42]. Several studies have shown that
CB cells contain numerous tannins [33]. Although this study showed positive results for
safranin, more precise histochemical tests and chemical analyses are required to determine
its specific molecular composition, including cellulose, tannins, lignin, and suberin.

In D. mariesii, CB may have two possible functions: a protective function similar to that
in the endodermis [43] and a biomechanical function [34]. In particular, to resist bending
and twisting stresses, the central tissues must be elastic, such as living parenchyma, and
not rigid, such as lignified sclerenchyma [34,44]. The CB of D. mariesii, which is an epipetric
(lithophyte) species with mid- to large-sized pinnate fronds [4.5–22.8 × 5.2–26.3 cm] and
stipes [3.6–15.7 cm × 0.3–2.1 mm], probably experiences higher bending shear forces than
other ferns with smaller ones.

Recent micromorphological studies have suggested that the characteristics of the frond
epidermis are key features for the classification of Davalliaceae at the genus or species
levels [8,17–21]. In particular, the frond (the ultimate segment of the pinnule) micromorpho–
anatomical results revealed that the epidermal cell thickness and arrangement of the abaxial
and adaxial walls were similar; however, those of the anticlinal walls were different. Most
fern leaves have similar anticlinal walls on both epidermal surfaces [8,26,45]. Additional
expanded frond cell data are required to evaluate their taxonomic importance in Davallia
using the phylogenetic target-sampling strategies. The stomatal characteristics observed in
this study disagreed with those from a previous survey. Sen [46] described that Japanese
D. mariesii (voucher no. 0035-38 in Naturalis Biodiversity Center, The Netherlands) has
polocytic, copolocytic, anomocytic, and staurocutic stomata of 31.5–36 × 22.5–31.5 µm;
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however, our results revealed that those of Korean D. mariesii have diacytic, anisocytic, and
tetracytic stomata with larger size (35.6–51.4 × 25.9–36.6 µm). Understanding the degree
of variation in stomatal characteristics of this species requires frond micromorphological
studies based on geographical, ecological, and developmental differences.

Palynological data have been extensively used to determine the systematic relation-
ships between fern groups [22–26]. In this study, the spore morphology of D. mariesii was
consistent with previous data from the genus Davallia [45,47–50]. The D. mariesii spore
size includes the size variations in the Davallia clade, as described by Wang et al. [30]. All
Davallia species have verrucate–colliculate ornamentation patterns [30], including macro-
fossils [51] such as D. mariesii. The verrucate–colliculate ornamentation type appears
to be the most common in the genus and may represent a plesiomorphic state in the
genus Davallia. Thus, spore characteristics, especially surface ornamentation in this genus,
may be stable and helpful for taxonomy, systematics, paleobotany, and palynology at the
generic level.

This study contributes to the knowledge of the anatomical, micromorphological, and
palynological diversity of Davalliaceae plants. Nevertheless, further studies are necessary
to evaluate species-level variations in the stipe, frond, and spore morphology in this
family based on taxonomic and phylogenetic contexts using an expanded and targeted
sampling strategy.

5. Conclusions

The present study provides valuable information regarding the morphology, anatomy,
micromorphology, and palynology of the medicinally and economically important fern,
Davallia mariesii, which is distributed in Korea. In particular, the morphological description
of the species has expanded based on a large amount of living materials. This is the first
comprehensive study of the stipe and frond anatomy, and the frond and spore micromor-
phology of D. mariesii in Korea. Our investigations aim to contribute to the comprehensive
understanding of the taxonomy, systematics, paleobotany, and palynology of the genus
Davallia, including the family Davalliaceae. However, additional molecular frameworks are
required to address the challenges of the relationships and taxonomy of this genus. Further
studies involving a broader range of Davallia taxa and extensive sampling would enhance
our understanding of the taxonomic and systematic implications associated with the stipe,
frond, and spore microanatomy.
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Abstract: Ebenus pinnata is not known as a traditional medicinal plant, but modern research has
revealed its richness in components of medicinal value. Yet, the species remains understudied.
Here, we assess the climate effect on its morphology, pollen grains size, chromosome numbers,
pollen fertility, and antioxidant and antibacterial activities. Plant material was collected from the
humid, sub-humid, and semi-arid areas of Northeastern Algeria. Data treatment by principal
component analysis and/or cluster analysis and ANOVA post hoc tests revealed three significantly
discriminated ecotypes correlated with the climate stage. Significant differences were detected for
whole plant morphology, pollen size, and antioxidant activity. No differences were revealed for
chromosome numbers, pollen fertility, and antibacterial activity. The studied material showed a
chromosome number of 2n = 14, high pollen fertility (94.04 ± 2.64–95.01 ± 2.02%), small pollen
grains (polar axis: 17.95 ± 1.10–19.47 ± 1.27 µm; equatorial axis: 12.80 ± 1.18–13.03 ± 0.99 µm), high
antioxidant activity (TPC: 50.79 ± 0.51–56.89 ± 0.46 mg/g; DPPH: 71.18 ± 2.24–95.67 ± 2.02 mg/g;
RP: 11.09 ± 1.24–25.88 ± 0.26 mg/g), and efficient antibacterial activity (Inhibition area diameter:
9.25 ± 1.06–12.00 ± 1.41 mm). The climate seems to exert a significant impact on multiple aspects
of the plant’s biology. It would be interesting to assess the genetic basis of this phenomenon in
E. pinnata and other species.

Keywords: Ebenus pinnata; morphology; pollen; Taxonomy; meiosis; chromosomes; antioxidants;
antibacterial activity; climate

1. Introduction

The genus Ebenus comprises twenty species, fourteen of which are endemic to Turkey [1,2].
The six other species outside Turkey are E. cretica L. in Crete; E. sibthorpii DC. In Southeastern
Greece and the Aegean Sea Islands; E. stellata Boiss. In Iran, Oman, Afghanistan, Pakistan,
and India; E. lagopus Boiss. in Southern Iran; E. armitagei Schweinf. and Taubertin in Libya
and Egypt; E. pinnata Ait. in Libya, Tunisia, Algeria, and Morocco [3–5].

Morphologically, the genus Ebenus distinguishes itself from other genera of the tribe
Hedysareae mainly by its corolla, which is shorter than the calyx teeth, and its one-lomented
pod enclosed within the calyx tube [3,6,7]. It constitutes a monophyletic group within
the Hedysaroid clade [7], with its ancestral area of origin inferred in the Mediterranean
Region [8] and its main center of diversity located in Turkey [9].

Pollen grains in Ebenus species are radially symmetrical, isopolar, tricolpate, prolate,
and rarely perprolate; they have an intine of 0.5 µm and an exine of 1 µm, with reticulate
ornamentations and more or less narrow lumina; they have a polar diameter of 24–40 µm
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and an equatorial diameter of 12.4–20 µm, with elliptical outlines on an equatorial view
and circular to subcircular outlines on a polar view [10–12].

All Ebenus species so far investigated show a chromosome number of 2n = 2x = 14
[10,13–16]. The karyotypes are symmetric and include a pair of satellite chromosomes with
chromosome lengths of 1.93–4.22 µm [10,14].

Ebenus plants are used in traditional folk medicine to treat various health disorders in
Turkey [17,18]. Ebenus haussknechtii Bornm. ex Hub.-Mor. is used to prevent skin problems,
hypertension, and stomach diseases [17]. The analysis of its chemical composition identified
various natural compounds (including two flavonoid glycosides and a methylinositol)
with very significant antimicrobial activity [17]. As to E. hirsuta Jaub. and Spach., it is
used to treat kidney disorders [18,19]. Its aerial parts contain mainly hyperoside, rutin,
hesperidin, tannic acid, and p-coumaric acid [20]. Its extracts display strong antigenotoxic
effects and significant activity against bacteria and fungi [20]. Similarly, E. laguroides Boiss.
and E. macrophylla Jaub. and Spach. have proven to be with significant antioxidant and
antibacterial activities due to various chemical compounds, especially rutin, the dominant
component in Ebenus species [21]. Analyses of roots and aerial parts extracts of E. boissieri
Barbey have revealed immunomodulatory and antitumor activity inducing apoptosis
in breast cancer cells [22], caspase-mediated apoptosis on the cervical cancer cell line
Hela [23], and cytotoxic and apoptotic effects on the human lung cancer cell line A549 [24].
In addition to its osteoprotective role, E. cretica is very rich in flavonoids and isoflavones,
such as formononetin, maesopsin glucoside (aurone), and other compounds [25]. E. cretica
administration exerts a significant beneficial effect on bone density loss in ovariectomized
rats [26]. Mitrocotsa et al. [27] report a long list of important components isolated from
E. cretica and E. sibthorpii DC, including D-pinitol, quercetin, isorhamnetin glycosides, and,
especially, rutin-7,4′-di-O-methyl ether, 8,4′-dimethoxy-7-hydroxy-isoflavone, and ionyl
glycosides icaricide B1 and B2. Phytochemical tests of E. stellata extracts, known for their
anticonvulsant and microbial activities, have revealed the presence of coumarins, alkaloids,
cardiac glycosides, flavonoids, quinone, saponins, steroids, terpenoids, and tannins [28,29].
More information about the medicinal properties and antimicrobial activities of Ebenus
plants can be found in Zemouri et al. [30] and references therein.

Ebenus pinnata is a spontaneous, uncultivated, and self-pollinated herbaceous species
(pers. obs.), restricted to the northern parts of Morocco, Algeria, Tunisia, and Lybia [5].
The plant, as green fodder, is as palatable to livestock as other legumes (pers. obs.). No
other traditional use is mentioned for it in literature. No specific data are found in the
literature on its morphological and palynological variability. Two cytotypes have been
mentioned for E. pinnata: one with 2n = 14 from Morocco and Algeria [13,15,16] and
the second with 2n = 18 from Morocco [31]. A study of the chemical composition of
E. pinnata plants from Tunisia has detected the presence of several secondary metabolites,
including ombuoside, kaempferol 3-O-rutinoside, rutin, and catechin, which proved to be
with significant antioxidant activity [32,33], conferring thus a potential medicinal value
to the plant.

Despite its wide distribution all over the northern part of North Africa and its potential
medicinal value, E. pinnata remains insufficiently investigated from both taxonomic and
phytochemical points of view. In the present study, we compare three Algerian E. pinnata
populations from different climate stages (humid, sub-humid, and semi-arid) using multi-
variate whole plant morphology, pollen grains size and shape, pollen fertility, karyology,
antioxidant, and antibacterial activities. The aim is to highlight the climate impact on those
aspects of plant biology. The results are statistically evaluated and discussed.

2. Materials and Methods

The taxonomic analysis, including morphometrics, multivariate analyses, cytogenet-
ics, and pollen study, were achieved in the Laboratory of Ecology and Environment of
University of Bejaia (Department and County of Bejaia, Northeastern Algeria). Antioxidant
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and antibacterial activities were assessed in the Laboratory of Microbial Ecology of the
same university.

2.1. Plant Material

The whole plant morphology was studied on plants harvested from populations
located in three different climate stages (humid, sub-humid, and semi-arid) [34]. The plants
were kept fresh using plastic bags and moistened paper until study in the laboratory. More
details are given in Table 1. Altogether, 126 plants were sampled: 44 specimens from the
humid stage, 55 from the sub-humid, and 27 from the semi-arid.

Table 1. Characteristics, sampling dates, sample sizes and codes of the populations used in multivari-
ate morphological study. H: Humid; SH: Sub-humid SA: Semi-arid.

Climate stage Humid Sub-humid Semi-arid

Locality name Kherrata Semaoun Boudjelil

Population Code H SH SA

GPS Localization 36◦ 31′33.3′′ N
5◦ 16′49.73′′

36◦ 37′27.16′′ N
4◦ 49′7.20′′ E

36◦ 22′11′′ N
4◦ 26′48.30′′ E

Altitude/
Exposure 612 m/East 195 m/West 270 m/East

Soil Red clay Brown clay White ground

Plant formation Road bank Garrigue, Grassland Grassland, Sparse garrigue

Rainfall 1 (mm) 800–1000 600–800 600–800

Number of plants 44 55 27

Sampling date/
Plant codes

08/06/2015/H01-H20
03/06/2015/H21-H35

15/07/2015/H236-H44

20/05/2015/SH01-SH15
09/06/2015/SH16-SH25
09/06/2015/SH26- SH34
20/05/2015/SH35-SH47
28/06/2016 SH48-SH55

13/05/2015/SA01-SA13
07/06/2015/SA14-SA27

1 Mebarki [34].

In addition to fresh plants reserved for multivariate morphological analysis, inflores-
cences were collected from at least five plants at different stages of development: young
floral buds for meiosis analysis, flowers just before anthesis for pollen fertility assessment,
and pollen grains measurements. The material was in situ fixed in 10 mL tubes containing
absolute ethanol–glacial acetic acid-chloroform (6:3:1) [35].

The plant material destined for chemical extractions was collected on March 2023 from
the same populations as for morphology. A total of 400 to 500 g of fresh leaves and young
stems (at the beginning of young inflorescences occurrence) were harvested from each
climate stage. The plant material was spread on paper sheets for ten days under sun-free
conditions. The sun-free dried plant material was then powdered and stored in sealed glass
containers for further use [36].

2.2. Whole Plant Morphology Analysis

Forty-four quantitative morphological characters (Table 2, characters 1–44) were mea-
sured on the 126 fresh plants harvested from the three climate stages (see above and
Table 1). Measurements were performed using a tape measure for stem height, a sliding
caliper for stem diameter, and a ruler for the dimensions of internodes, leaves, inflores-
cences, etc. Graph paper was used to measure small features, such as hairs, flower parts,
pods, and seeds, under a binocular magnifier. To minimize errors because of character
misappreciation, the same researcher (T. Zemouri) performed all the morphometric scor-
ings. Qualitative traits of color and hairiness are uniform, so they were not included
in the analysis.
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Table 2. Morphological characters used in the morphological multivariate study.

No Coding Character Name Type 1 Unit

1 DBP Diameter at the base of the plant C cm

2 LLS Length of the longest stem C cm

3 NS Number of stems D Stems

4 DLS Diameter of the longest stem C mm

5 LIN Length of the third internode C cm

6 NI Number of inflorescences (racemes) D Raceme

7 LS1 Length of stipules C mm

8 WS Width of stipules C mm

9 LL Length of the leaf (3rd node) C cm

10 WL Width of the leaf (3rd node) C cm

11 LP Length of the petiole C cm

12 NPL Number of pairs of leaflets (3rd node) D Pairs

13 LNLP Lowest number of leaflets pairs D Pairs

14 HNLP Highest number of leaflets pairs D Pairs

15 LLB Length of the leaflet blade C cm

16 WLB Width of the leaflet blade C mm

17 LIP Length of the inflorescence
peduncle (3rd node) C cm

18 HI Height of the inflorescence C cm

19 DI Diameter of the inflorescence C cm

20 LNF Lowest number of flowers D Flower

21 HNF Highest number of flowers D Flower

22 LFB Length of the flower bract C mm

23 WFB Width of the flower bract C mm

24 LC1 Length of the flower calyx C mm

25 LC2 Length of the corolla C mm

26 TLW Total length of the wing C mm

27 WWB Width of the wing blade C mm

28 WBW Width at the base of the wing C mm

29 WMW Width at the middle of the wing C mm

30 TWK Total width of the keel C mm

31 LWPK Length of the widest part of the keel C mm

32 TLK Total length of the keel C mm

33 TLS Total length of the standard C mm

34 LSB Length of the standard blade C mm

35 WSB Width of the standard blade C mm

36 LSP Length of the standard ‘petiolule’ C mm

37 LCM Length of the calyx at maturity C mm

38 LCT Length of the calyx tube at maturity C mm
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Table 2. Cont.

No Coding Character Name Type 1 Unit

39 LHCT Length of hairs at the base
of the calyx teeth C mm

40 LPM Length of the pod at maturity C mm

41 WPM Width of the pod at maturity C mm

42 LS2 Length of the seed C mm

43 WS Width of the seed C mm

44 LR Length of the radicle C mm

Extra variables (Not included in multivariate analyses)

45 P Polar diameter of pollen grains C µm

46 E Equatorial diameter of pollen grains C µm

47 P/E Rate of P and E diameters of pollen grains C

48 PxE Product of P * E. C µm2

49 PF Pollen fertility rate C %
1 C: Continuous, D: Discrete.

2.3. Reagents Required for Pollen and Meiosis Study
2.3.1. Fixative Solution

Absolute ethanol (SIGMA-ALDRICH, 24103-2.5L-R, St. Louis, MO 63103 USA); Glacial
acetic acid (BIOCHEM Chemopharma, 101132500, Europe Office, ZA Cosne-Sur-Loire,
France); Chloroform (Carlo Erba, 438601, Val-De-Reuil, France).

2.3.2. Lactopropionic Orcein Preparation

Orcein (BIOCHEM Chemopharma, 520280905, Europe Office: ZA Cosne-Sur-Loire,
France); Lactic acid (80%) (PANREAC, 131034, E-08110 Montcada i Reixac (Barcelona)
Spain); Propionic acid (BIOCHEM chemopharma, 116150500, Montreal, QC, Canada).

2.3.3. Cotton Blue Preparation

Anilin blue (SCHARLAU, AZ 01000025, SCHALAB S.L., Barcelona, Spain); Glycerin
(BIOCHEM Chemopharma, 201061000, Montreal, Quebec H2Y DA4); Lactic acid (85%):
PANREAC, 131034, E-08110 Montcada i Reixac (Barcelona), Spain); Phenol cristals (SIGMA-
ALDRICH, 242322, St. Louis, MO, USA).

2.4. Pollen Grains Size and Shape

In situ fixed flowers just before anthesis (see above) were used to recover anthers
on a microscope slide containing a drop of lactopropionic orcein prepared according to
Dyer [37]. The anthers were dissected under a stereomicroscope to recover pollen grains.
After eliminating anther debris, a cover glass was carefully applied over the stain drop.
After 10 min, pollen grains are well stained. The observations were performed under an
Optika B-353A (Optika, SN 373686, Ponteranica, BG, Italy) light microscope. Pollen grains
were photographed at 40×magnification. Five flowers from different racemes were used
for each population. Altogether, 235 pollen grains (humid: 116; sub-humid: 78; semi-arid:
41) were measured for their polar (P) and equatorial (E) axes; the rate P/E and the product
PxE were calculated. Pollen grains shapes and number of colpi were scored.

2.5. Meiosis Analysis

In situ fixed young floral buds were used (see above). In a drop of lactopropionic
orcein [37] on a slide, after 5–6 min in a water bath (Memmert, L210.0187, Schwabach,
FRG, Germany) at 60 ◦C, floral buds were dissected to recover the young anthers. Un-
der a cover glass, the anthers were squashed with the thumb to eject the pollen mother
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cells. The observations were made under an Optika B-353A light microscope to search
for under-division mother cells. The best metaphases, I and II, were photographed at
100x magnification.

2.6. Pollen Fertility Assessment

In situ fixed flowers (see above), just before anthesis, were used. In a small drop of
distilled water on a slide, the anthers of a flower were recovered by dissecting and pressing
them with needles to obtain the maximum of pollen grains. After drying the drop of water
with slight heating on a hotplate, a small drop of cotton blue [35] was added to the dried
spot. Pollen grains stain after 10 min at room temperature. The observations were made
under a coverslip at 40×magnification on an Optika B-353A light microscope. A total of
10 to 30 flowers from different plants were used. A total of 700 to 900 pollen grains per
flower were screened. Well-stained grains with uniform outlines were considered fertile,
whereas the light-stained ones, with irregular outlines and relatively small sizes, were
counted sterile. Pollen fertility rate (TF) is expressed as

TF (%) =
Number of fertile grains

Total number of fertile and sterile grains
× 100 (1)

2.7. Determination of Antioxidant Activity
2.7.1. Chemical Reagents

All chemicals were of analytical reagent grade. Folin–Ciocalteu reagent (catalog num-
ber 106060250), trichloroacetic acid ≥ 99.0% purity (catalog number 120130500), sodium
carbonate anhydrous (catalog number 319060500) were from Biochem, Chemopharma
(Montreal, QC, Canada. Potassium ferricyanide≥ 99.5% purity (catalog number 316050250)
was from Biochem (Chemopharma, GA, USA). Gallic acid (catalog number 91215-100MG);
2-2-diphenyl-1-picrylhydrazyl (catalog number 669237-1G) were from Sigma–Aldrich
GmbH (St. Louis, MO, USA). Ferric chloride 97 % (catalog number 236489-100G), ethanol
absolute (catalog number 1070172511-2,5L), and dimethyl sulfoxide (catalog number
472301-500ML) were from Sigma–Aldrich GmbH (Sternheim, Germany).

2.7.2. Plant Extract Preparation

The dried and finely powdered plant material from each of the three climate stages
(5 g for each assay) was extracted with 100 mL of absolute ethanol for 6 h or continued
until the extract gave no coloration, using a Soxhlet apparatus (Behr Labor-Technik GmbH,
Düsseldorf, Nordrhein-Westfalen, Germany). At the end of the extraction, the liquid extract
was filtered and evaporated in a vacuum at 40 ◦C to complete dryness, using a Büchi
rotavapor R-200 (BÜCHI Labortechnik Flawil, Switzerland) [36]. The extraction yield was
calculated using the following equation:

Extract yield (%) =
Mass of extract (g)

Mass of dry leaves sample (g)
× 100

2.7.3. Total Phenolic Content

The total phenolic content of plant extracts was measured by the Folin–Ciocalteu
reagent GAEent assay, using the method described by Singleton et al. [38] with a few
modifications. A diluted solution of each extract (200 µL) was mixed with 750 µL of
Folin–Ciocalteu reagent (previously diluted with water 1:10 v/v). This mixture was main-
tained at ambient temperature for 5 min, after which 400 µL of sodium carbonate solution
(75 g/L in water) was added. The mixture was left to stand for 1 hr at room temperature.
The absorption was measured, in triplicate, at 765 nm against water blank, using ultraviolet-
visible (UV-Vis) spectrophotometer (Shimadzu, China). The total phenolic contents of the
extracts were calculated using the calibration curve of gallic acid standard. Results were
given in mg of gallic acid equivalent (GAE)/g of dry extract.

39



Horticulturae 2023, 9, 879

2.7.4. DPPH Free Radical Scavenging Assay

Free radical scavenging activity was determined using the 2, 2-diphenyl-1-picrylhydrazyl
free radical (DPPH) method [39] with some modifications. A total of 25 µL from each extract
were added to 975 µL of 100 µM methanolic solution of DPPH. The mixture was shaken
and left in the dark at room temperature. After 30 min, the absorbance was recorded,
in triplicate, at 512 nm, using an ultraviolet-visible (UV-Vis) spectrophotometer), and
compared to the absorbance of blank sample containing 25 µL of methanol and the same
amount of DPPH solution. A standard calibration curve was obtained using different
gallic acid concentrations. Antioxidant activity was expressed as mg gallic acid equivalent
(GAE)/g of dry extract.

2.7.5. Reducing Power Assay

The method was based on [40] procedures with modifications. A total of 0.125 mL
of each extracted sample was mixed with 2.5 mL phosphate buffer (0.2 M, pH 6.6) and
2.5 mL of potassium ferricyanide [K3Fe (CN)6] (1%). The mix was incubated in water bath
at 50 ◦C for 10 min, followed by addition of 2.5 mL of trichloroacetic acid (10%) and then
centrifuged at 1500 rpm for 10 min. Finally, 2.5 mL of the upper layer solution was mixed
with distilled water (2.5 mL) and FeCl3 (0.5 mL, 0.1%). The absorbance was recorded, in
triplicate, at 700 nm. Reducing power assay was expressed as mg gallic acid equivalent
(GAE)/g of dry extract.

2.8. Screening of the Antibacterial Activity
2.8.1. Bacterial Strains

The antibacterial activity test of E. pinnata extracts included six foodborne pathogen
bacteria provided by Pasteur Institute (Algiers, Algeria) and identified with the ATCC num-
ber (American Type Culture Collection). The Gram-negative bacteria: Escherichia coli ATCC
25922, Pseudomonas aeruginosa ATCC 27853, Vibrio cholerae ATCC 14035, Salmonella typhi
ATCC 14028, and the Gram-positive bacteria: Staphylococcus aureus ATCC 25923 and
Methicillin-resistant S. aureus ATCC 43300 (MRSA) were studied. All strains were grown in
nutrient agar (NA) and incubated at 37 ◦C for 18–24 h until the stationary growth phase
was reached [41].

2.8.2. Antibacterial Test

The antibacterial activity was conducted using agar well-diffusion method in accor-
dance with the National Committee for Clinical Laboratory Standards [41]. Inoculum
containing 106 colony-forming units per milliliter (CFU/mL) of each bacterial culture to be
tested were evenly spread on the surface of Mueller Hinton agar plates using sterile swabs.
Subsequently, wells of 6 mm diameter were punched into the agar medium and filled with
40 µL (5 mg/mL) of plant extract dissolved in dimethyl sulfoxide (DMSO) and allowed to
diffuse at room temperature for 2 h. The plates were then incubated in the upright position
at 37 ◦C for 24 h. A well containing the same volume of DMSO served as a negative control.
After incubation, the diameters (mm) of the growth inhibition zones were measured. All
tests were repeated in triplicate.

2.9. Statistical Evaluation

Whole plant morphology and pollen size data were treated using principal compo-
nents analysis (PCA) and/or cluster analysis. Before performing cluster analysis, variable
values were standardized by centering (Xi = xi −mean). Mean values were compared using
Tukey’s honest significant difference test for unequal-size samples (unequal N HSD test),
Fisher’s least significant difference (LSD), or the Student’s t-test for paired (dependent)
samples. Homogeneity of variances was checked using Levene’s test. Statistical analyses
and homogeneity tests were performed using Statistica 8.0 programs [42].
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3. Results
3.1. Whole Plant Morphology

All the studied populations showed a hemicryptophyte habit (aerial parts dying after
fructification and sprouting up from the base the next season) except in rare cases where
some plant stems tend to be evergreen, especially in humid spots. All the plants appear
the same for their qualitative traits: Greenish–brownish hairy stems with long upright
white hairs; glaucous leaves, thickly hairy leaflets on both sides, appressed hairs; purple
corolla parts.

The analysis of the quantitative characters (Table 2, characters 1–44; see Supplementary
Materials S1 for the raw data matrix) by PCA yielded the scatterplot in Figure 1A (Planes
1–2), where the three studied groups are perfectly separated. On planes 1–3, 1–4, and 1–5
of the PCA (Appendix B), the semi-arid population was confirmed to be a separate group
from the other two merged groups (humid and sub-humid). The cumulated explained
variance for the five axes is 68.67%. The characters explaining the separation of the groups
in Figure 1A are given in Table 3 and Appendix A.

Table 3. Morphological comparison of Ebenus pinnata plants from different climate stages. Values
are expressed as Mean ± SD (See Appendix A for more details). Explanatory R values of PC1 and
PC2 of Figure 1 are shown in bold. Mean values with different capital letters are statistically different
(Unequal N HSD Test, α = 0.05), with A < B < C. Lowercase letters a and b compare the polar (P)
against the equatorial (E) axis of pollen grains (t-Test for dependent samples, α < 0.001); with a < b.
See abbreviation full names at the foot of the table 1.

No Trait
Code R1 R2 Humid Sub-Humid Semi-Arid

1 DBP 0.49 −0.24 0.73 ± 0.19 B 0.73 ± 0.33 B 0.55 ± 0.25 A

2 LLS 0.80 0.10 68.22 ± 18.38 B 89.28 ± 28.93 C 44.41 ± 19.79 A

3 NS 0.23 −0.60 9.55 ± 6.52 B 4.65 ± 2.47 A 3.11 ± 2.41 A

4 DLS 0.47 −0.41 4.19 ± 1.12 B 3.75 ± 1.01 AB 3.16 ± 1.11 A

5 LIN 0.67 0.16 5.27 ± 1.04 B 6.53 ± 1.57 C 4.36 ± 1.58 A

6 NI 0.52 −0.39 57.57 ± 28.25 B 47.89 ± 32.23 B 17.89 ± 23.80 A

7 LS1 0.66 0.17 10.98 ± 1.67 A 13.60 ± 2.74 B 10.10 ± 2.71 A

8 WS 0.56 −0.13 4.22 ± 0.75 B 4.41 ± 0.74 B 3.64 ± 1.00 A

9 LL 0.77 −0.05 10.01 ± 2.06 B 10.85 ± 2.60 B 6.91 ± 1.93 A

10 WL 0.67 −0.06 5.19 ± 0.80 B 5.55 ± 0.88 B 4.64 ± 0.66 A

11 LP 0.73 0.03 4.56 ± 1.21 B 5.23 ± 1.61 B 2.96 ± 0.98 A

12 NPL 0.43 −0.07 4.73 ± 0.50 B 4.78 ± 0.50 B 4.11 ± 0.97 A

13 LNLP −0.18 −0.29 2.80 ± 0.55 B 2.45 ± 0.50 A 2.81 ± 0.68 B

14 HNLP 0.43 −0.23 4.98 ± 0.15 B 4.91 ± 0.35 B 4.52 ± 0.89 A

15 LLB 0.70 0.03 2.45 ± 0.33 B 2.66 ± 0.35 C 2.15 ± 0.36 A

16 WLB 0.22 −0.63 7.77 ± 1.51 B 6.14 ± 1.21 A 6.18 ± 1.46 A

17 LIP 0.56 −0.31 22.00 ± 3.17 B 21.29 ± 3.56 B 18.20 ± 3.94 A

18 HI 0.43 −0.49 5.21 ± 1.41 B 4.40 ± 0.75 A 3.88 ± 1.61 A

19 DI 0.33 −0.16 2.44 ± 0.31 A 2.40 ± 0.25 A 2.30 ± 0.31 A

20 LNF 0.24 0.24 11.84 ± 8.05 A 16.64 ± 7.17 B 13.56 ± 9.89 AB

21 HNF 0.66 −0.41 56.43 ± 11.83 C 49.44 ± 9.47 B 33.93 ± 17.42 A

22 LFB 0.08 0.29 8.15 ± 0.62 A 8.60 ± 0.89 B 8.46 ± 1.04 AB
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Table 3. Cont.

No Trait
Code R1 R2 Humid Sub-Humid Semi-Arid

23 WFB 0.06 −0.12 3.29 ± 0.32 A 3.25 ± 0.18 A 3.19 ± 0.43 A

24 LC1 −0.05 0.25 12.72 ± 0.94 A 13.21 ± 0.90 B 13.38 ± 1.06 B

25 LC2 0.13 −0.25 8.21 ± 0.44 A 8.05 ± 0.24 A 7.98 ± 0.70 A

26 TLW 0.40 0.87 1.79 ± 0.08 A 3.54 ± 0.13 C 2.40 ± 0.07 B

27 WWB 0.45 0.85 1.37 ± 0.09 A 2.45 ± 0.07 C 1.67 ± 0.05 B

28 WBW −0.67 0.23 1.10 ± 0.10 A 1.14 ± 0.06 A 1.38 ± 0.04 B

29 WMW −0.02 0.89 0.43 ± 0.05 A 0.89 ± 0.07 C 0.83 ± 0.07 B

30 TWK −0.86 −0.34 4.21 ± 0.23 B 3.62 ± 0.10 A 4.99 ± 0.09 C

31 LWPK −0.86 −0.25 3.47 ± 0.26 B 3.12 ± 0.08 A 4.14 ± 0.08 C

32 TLK −0.81 −0.29 6.36 ± 0.36 B 5.94 ± 0.11 A 6.99 ± 0.08 C

33 TLS −0.89 −0.02 6.65 ± 0.45 B 6.30 ± 0.23 A 8.04 ± 0.08 C

34 LSB −0.86 −0.29 5.13 ± 0.47 B 4.49 ± 0.12 A 6.06 ± 0.05 C

35 WSB −0.87 −0.39 4.67 ± 0.36 B 3.36 ± 0.16 A 6.04 ± 0.10 C

36 LSP −0.31 0.38 1.72 ± 0.47 A 1.81 ± 0.16 A 2.02 ± 0.10 B

37 LCM −0.42 0.67 13.19 ± 0.48 A 14.50 ± 0.89 B 15.26 ± 0.18 C

38 LCT 0.04 0.81 2.80 ± 0.14 A 3.29 ± 0.12 C 3.19 ± 0.12 B

39 LHCT −0.15 0.22 3.27 ± 0.05 A 3.28 ± 0.07 A 3.29 ± 0.03 A

40 LPM −0.85 0.14 5.09 ± 0.09 A 5.08 ± 0.11 A 5.99 ± 0.10 B

41 WPM −0.71 0.40 3.04 ± 0.10 A 3.15 ± 0.13 B 3.46 ± 0.07 C

42 LS2 −0.87 −0.06 2.35 ± 0.07 B 2.19 ± 0.10 A 3.00 ± 0.08 C

43 WS −0.85 0.06 2.05 ± 0.05 A 2.02 ± 0.05 A 2.34 ± 0.05 B

44 LR −0.77 −0.34 2.14 ± 0.05 B 2.02 ± 0.07 A 2.25 ± 0.05 C

45 P NA NA 17.95 ± 1.10 Ab 19.47 ± 1.27 Bb 18.43 ± 1.08 Ab

46 E NA NA 12.80 ± 1.18 Aa 13.03 ± 0.99 Aa 12.84 ± 1.37 Aa

47 P/E NA NA 1.41 ± 0.10 A 1.50 ± 0.11 B 1.45 ± 0.15 AB

48 PxE NA NA 230.56 ± 31.60 A 254.31 ± 30.81 B 237.16 ± 32.74 A

49 PF NA NA 94.04 ± 2.64 A 95.01 ± 2.02 A 94.97 ± 2.11 A
1 SD: Standard deviation; PC1 and PC2: Principal Components (axes) 1 and 2; R1 and R2: Pearson’s coefficient of
correlation with PC1 and PC2, respectively; NA: Not attributed. See Table 2 for trait code full names and measure
units; Unequal HSD test: Honest significant difference for unequal size samples.

Table 3 details the morphological comparison of the three groups. There are significant
differences for all morphological characters except DI (diameter of inflorescence), WFB
(Width of the flower bract), LC2 (Length of the corolla), and LHCT (Length of hairs at the
base of the calyx teeth). The morphological comparison of the three groups is better sum-
marized by the cluster analysis in Figure 1B, where the “semi-arid” population shows up
as a remote group in relation to the closer but different “humid” and “sub-humid” groups.
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Figure 1. Multivariate analysis of morphological characters of three Ebenus pinnata ecotypes. (A):
Principal Components Analysis based on 44 quantitative traits measured on 126 fresh plants (see
Tables 1–3 for more details). (B). Cluster Analysis of centered mean values of the 44 quantitative traits
using the unweighted pair group method with arithmetic mean (UPGMA).

3.2. Pollen Grains Size

The results on pollen grains size are summarized in Table 3 (Characters 45–48).
There are significant differences between groups for the polar axis (P), P/E, and PxE,
but none were revealed for the equatorial axis (E). On the PCA scatterplot of Figure 2A
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(see Supplementary Materials S2 for raw data), the three groups appear to be merged in
relation to Axis 1, explained by E and P/E. However, in relation to Axis 2, explained by
P, it is clear that the “sub-humid” group has most of the highest values of P. Most of the
lowest values of P are in the “humid” group, and those of the “semi-arid” group are mostly
in the middle position between the two other groups. The dendrogram of Figure 2B shows
that the “sub-humid” group is far distant from the other two groups. This topology is
incongruent with that based on whole plant morphology (Figure 1B), where the “semi-arid”
was the remote group. The cluster of the three groups of E. pinnata studied here appears as
an outgroup of the other Ebenus species (Figure 2B).
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Figure 2. Multivariate analysis of pollen size. (A). Principal Components Analysis based on three
pollen grains traits (polar axis P, equatorial axis E and their rate P/E) measured for the three
Ebenus pinnata ecotypes. Axis 1 is explained by E and P/E with respectively R = 0.98 and
R = −0.78; Axis 2 is explained by P with R = 0.94. (B). Cluster Analysis based on the centered
mean values of three pollen traits (P, E and P/E).
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In addition to this statistical evaluation, our observations showed that the pollen
grains of the studied material are prolate (P = c. 1.5 × E), isopolaric, radially symmetrical,
tricolpate with a circular outline on the polar view, and they have an elliptical outline on
the equatorial view and reticulate ornamentations on their surface (Figure 3G–I) for all the
studied material.
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Figure 3. Haploid phase chromosomes and pollen grains in Ebenus pinnata. (A–C): Metaphase I of the
“humid”, “sub-humid”, and “semi-arid” groups respectively (7 bivalents); (D–F): Metaphase II in the
three groups respectively (7 chromosomes); (G): Cotton blue-stained fertile pollen grain (on the right)
and sterile pollen grain (on the left); (H): Polar view of a lactopropionic orcein stained pollen grain
showing three symmetrical colpi and reticulate ornamentations; (I): Lactopropionic orcein stained
pollen grain with its pollen tube and nucleus (arrow). The scale bar corresponds to 10 µm.

3.3. Chromosome Numbers, Meiotic Abnormalities and Pollen Fertility

For all three groups, seven bivalents in metaphase I and seven chromosomes in
metaphase II were repeatedly counted (Figure 3A–F), which clearly confirms a chromosome
number of 2n = 2x = 14, with a base number of x = 7. In metaphase I, there are often five
bivalents with circular pairing and two with linear pairing. No multivalents were observed,
and chromosome segregation at anaphase–telophase I was regular since metaphase II was
always with n = 7.

Meiosis abnormalities were often absent, and cytomixis was observed only in very
few cases. Pollen fertility rates were high for all the assessed flowers of the three groups
(Table 3 and Supplementary Materials S3). Pollen fertility rates were 89.64–98.71% in the
“humid” group, 89.01–98.07% in the “sub-humid” and 91.97–97.85% in the “semi-arid” (see
Supplementary Materials S3 for pollen fertility raw data). No significant differences were
detected among groups for pollen fertility (Table 3, line 49).
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3.4. Antioxidant Activity

The antioxidant capacities of the studied extracts were evaluated by two in vitro
methods: the free DPPH radical scavenging test and the reducing power assay. The results
are shown in Table 4.

Table 4. Comparison of antioxidant and antibacterial activities of three samples of Ebenus pinnata
ethanolic extracts from different climate stages. For each parameter, values are expressed as Min–Max
(upper line) and Mean ± SD (lower line). All tests were repeated in triplicate. Different capital
letters indicate significant differences between mean values according to the Fisher’s least significant
difference (LSD) test (α = 0.01 for antioxidant parameters, and α = 0.05 for antibacterial activity,
with C > B > A).

Parameters/Strains Sample 1
(Humid)

Sample 2
(Sub–Humid)

Sample 3
(Semi–Arid)

A
nt

io
xi

de
nt

ac
ti

vi
ty

1 TPC (mg GAE/g EXT)
50.32–51.33
50.79 ± 0.51

A

50.93–53.02
52.04 ± 1.05

A

56.49–57.40
56.89 ± 0.46

B

DPPH (mg GAE/g EXT)
68.62–72.74
71.18 ± 2.24

A

82.93–88.56
86.39 ± 3.02

B

93.53–97.54
95.67 ± 2.02

C

RP (mg GAE/g EXT)
10.27–12.52
11.09 ± 1.24

A

16.45–17.94
17.21 ± 0.75

B

25.64–26.16
25.88 ± 0.26

C

A
nt

io
xi

da
nt

ac
ti

vi
ty

2

Escherichia coli
10–13

11.50 ± 2.12
A

11–13
12.00 ± 1.41

A

10–13
11.50 ± 2.12

A

Staphylococcus aureus
10–10.4

10.20 ± 0.28
A

8.5–10
9.50 ± 0.87

A

9–12
10.50 ± 1.50

A

Pseudomonas aeruginosa
8.8–11

9.90 ± 1.56
A

11.5–12
11.75 ± 0.35

A

8.5–10
9.25 ± 1.06

A

Methicillin-resistant
S.aureus (MRSA)

9–10.4
9.80 ± 0.72

A

9–10
9.60 ± 0.53

A

10–11
10.33 ± 0.58

A

Vibrio cholerae
9–10

9.50 ± 0.71
A

8–11.2
9.60 ± 2.26

A

9–14.5
11.75 ± 3.89

A

Salmonella typhi
9.6–11

10.53 ± 0.81
A

8.9–13
11.30 ± 2.14

A

10.3–13
11.77 ± 1.36

A
1 TPC: Total polyphenol content; DPPH: radical scavenging activity; RP: Reducing power assay. 2 Expressed as
the diameter (mm) of the inhibition area.

In our results, E. pinnata extract from the semi-arid area (sample 3) had statistically
(p < 0.05) the highest value of total phenolic content (56.89 ± 0.46 mg GAE/g dry extract),
followed by samples one and two, with similar concentrations. Sample three also expressed
the best scavenging activity (95.67 ± 2.02 mg GAE/g dry extract) and reducing power
(25.88 ± 0.26 mg GAE/g dry extract), followed by the sub-humid sample and then the
humid one. On cluster analysis (Figure 4), the “semi-arid’ sample behaved as a remote
group in relation to the closer “humid” and “sub-humid” ones.
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3.5. Antibacterial Activity

The antibacterial activity results, displayed in Table 4, revealed that all studied ex-
tracts were potentially effective in inhibiting microbial growth. Although statistical anal-
ysis showed no significant difference between the three extracts, the semi-arid sample
seems more active against the four microorganisms tested, namely Staphylococcus aureus,
Methicillin-resistant S. aureus, Vibrio cholera, and Salmonella typhi with inhibition diameters
(ID) of 10.50 ± 1.50, 10.33 ± 0.58, 11.75 ± 3.89, and 11.77 ± 1.36 mm, respectively. On the
other hand, the sub-humid sample tends to be more efficient against Escherichia coli and
Pseudomonas aeruginosa, with an ID of 12.00 ± 1.41 and 11.75 ± 0.35 mm, respectively. The
cluster analysis dendrogram based on the data in Table 4 is shown in Figure 4, in which the
semi-arid sample appears as a far distant group from the two other closer groups.

4. Discussion

Morphologically, the three ecotypes proved to be well-discriminated (Figure 1). They
are significantly different for most characters, including those of the reproductive system
(Table 3, Appendix A). The differences are slight but significant. The “semi-arid” ecotype
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behaved as a remote group in relation to the other close “humid” and “sub-humid” groups.
Is this morphological divergence due to phenotypic plasticity alone? Or is it underpinned
by a genetic divergence, too, due to differential adaption to ecological niches? The latter
hypothesis seems supported by pollen data (see below) and preliminary karyological and
molecular results. A thorough molecular genetic analysis is required to clarify the question.

Based on pollen data, the three groups discriminated well, too (Table 3, Appendix A).
The “sub-humid” group showed larger pollen size than the two close “humid” and “semi-
arid” groups. This situation is well rendered by the cluster analysis in Figure 2B. When
compared to other E. species, using literature data, the three groups constituted a separate
cluster within which distances between groups are of the same range as those separating
other accepted Ebenus species (Figure 2B). This observation supports the hypothesis that the
phenotypic differences between the three groups have a genetic basis. Moreover, the pollen
grain size (as expressed by PxE) of the three groups is highly correlated (R = 0.89, p = 0.30)
with the total haploid chromosome length (THCL) of the three groups (unpublished data).
PxE/THCL (µm2/µm) values are, in increasing order, 229.76/23.82 (humid), 236.64/26.98
(semi-arid), and 253.69/28.33. This is not the case in other Ebenus species since their pollen
grain sizes are not correlated (R = 0.22, p = 0.72) with their haploid total chromosome
lengths (Appendix C). Pollen size is not always positively correlated to genome size across
taxa [43]. A pollen grain is not just plant cells with their nuclei, cytoplasm, membranes, and
walls. It is, above all, the exine whose structure and thickness reflect evolutionary history
and selective adaptation to various aspects of the environment. The variability of the exine
structure and thickness seems to be at the origin of the lack of a positive correlation between
pollen and genome size across taxa.

The chromosome number for all three ecotypes (Figure 4) is 2n = 2x = 14 (x = 7), the
same as already reported from Morocco [13] and Algeria [15,16]. Preliminary results of an
underway karyomorphological study show significant differences in chromosome lengths
of material from the three climate stages involved here. On the karyogram reported by
Gadoum and Hamma [15], there are two pairs of chromosomes with two pairs of large
satellites. The four extra chromosomes of the 2n = 18 reported for a Moroccan population
by Parra et al. [31] may correspond to those four large satellites mistaken for chromosomes.

According to Siddiqui and Alrumman [44] and the references therein, cytomixis is
a phenomenon induced by both genetic and environmental factors; it occurs in mutants,
hybrids, aneuploids, and stressed plants (heat, cold, drought, parasites, and pollution),
leading to reduced pollen fertility. In our case, very scarce cytomixis and associated abnor-
malities were encountered while screening meiosis preparations, which is in accordance
with the high pollen fertility rates assessed (89.01–98.71%) (Table 3 and Appendix A).
From this perspective, it can be drawn that the local E. pinnata populations are in perfect
equilibrium with their environment, without any aberrations occurring due to mutation,
aneuploidy, or hybridization between diverging genotypes.

In the present study, the antioxidant and antimicrobial activities of Ebenus pinnata
ethanol extracts revealed an interesting potential that could be used as an alternative
medicinal source. Reports concerning E. pinnata phytochemicals and biological activities
are very scarce. In the study by Abreu et al. [33], the measurement of the antioxidant
activity of methanol extract from E. pinnata aerial parts collected from Tunisia has revealed
an interesting potential. The authors linked this activity specifically to the presence of
four phenolic compounds: ombuoside, kaempferol-3-O-rutinoside, rutin, and catechin,
as evoked in the introduction. In another study from Algeria in relation to antioxidant
parameters of methanol extracts of nine species, Nouioua and Gaamoune [45] have reported
that E. pinnata extracts show a relatively high DPPH radical scavenging activity (IC50 of
12.25 ± 2.80 µg/mL) compared to eight other taxa from Eastern Algeria. They have also
reported that this plant contains 8.57 ± 0.16 mg GAE/g dry extract of TPC. The latter
performances are very low compared with those obtained in the present study (Table 4).

The antioxidant potency of the semi-arid extract sample was found to be stronger
when compared with the two other samples (humid and sub-humid) for both assays.
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From these results, it is assumed that its high level of phenolics might have contributed
to the observed antioxidant abilities. The present findings are in agreement with other
studies reporting a high correlation between total phenolics and antioxidant activity [46].
However, the absence of statistically significant differences in the total phenolic content
values of humid and sub-humid samples, combined with relatively high differences in
DPPH and RP values between these samples, could be explained by the presence of other
non-phenolic compounds, in particular carotenoids and terpenoids, which contribute to the
antioxidant properties of the extracts. In addition, due to differences in the environmental
growing conditions of these plants, the types of components and their proportions can
vary considerably, resulting in a variation in the contribution of individual and synergistic
activities and, consequently, a variation in biological properties [47].

In light of the antimicrobial results, it was observed that all extracts showed compara-
ble power at the analyzed concentration. The main causes of the small differences observed
in these results were the various bio-contents of the analyzed samples that were harvested
from different bioclimatic stages (humid, sub-humid, and semi-arid). However, sometimes,
the same species could have different bioactive values since many factors may be responsi-
ble for these changes, such as harvesting period, water availability, environmental factors
(climate and altitude), and technological factors [48,49]. Indeed, Kabtni et al. [50] have
investigated the influence of climate variation on the phenolic composition and antioxidant
activity of Medicago minima populations selected from different provenances in Tunisia.
They have concluded that the highest phenolic contents are observed in populations from
the semi-arid area with a BSK climate and an altitude higher than 550 m, which agrees
with the findings of this study. The accumulation of a higher level of phenolic compounds
and the expression of the best antioxidant activity for E. pinnata grown under a semi-arid
climate characterized by high temperature and low precipitation can be related to hydric
and thermal stresses [51,52].

5. Conclusions

The three plant groups from the humid, sub-humid, and semi-arid climate stages
are similar regarding stem and leaf color and hairiness as well as flower color. How-
ever, morphometrics revealed slight but significant differences for most quantitative
morphological traits, with the semi-arid being far different from the two other closer
humid and sub-humid groups. Pollen fertility rates were high for all the studied ma-
terial (94.04 ± 2.64–95.01 ± 2.02%). All groups showed prolate, isopolaric, and tricol-
pate pollen grains with reticulate ornamentations. Their polar and equatorial axes were
17.95 ± 1.10–19.47 ± 1.27 µm and 12.80 ± 1.18–13.03 ± 0.99 µm, respectively, with the biggest
pollen grains found in the sub-humid group. TPC, DFFH, and RP values (mg GAE/g EXT)
were 50.79 ± 0.51–56.89 ± 0.46, 71.18 ± 2.24–95.67 ± 2.02, and 11.09 ± 1.24–25.88 ± 0.26,
with the highest values found in the semi-arid group. The extracts showed activity
against all the six bacterial strains tested; the diameters of activity zones ranged from
9.25 ± 1.06 mm (semi-arid extract vs. Pseudomonas aeruginosa) to 12.00 ± 1.41 mm (sub-
humid extract vs. Escherichia coli). The same chromosome number of 2n = 2x = 14 was
repeatedly counted. Pollen grain size seems positively correlated to karyotype length
(genome size). In sum, the climate seems to exert a significant impact on the biology
of the plant.

Experimental cultures and molecular analysis are required to check the genetic basis
hypothesis of the phenotypic heterogeneity of the groups. It would be interesting to apply
the present study to other species.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae9080879/s1, Supplementary Materials S1: Whole plant
morphology raw data; Supplementary Materials S2: Pollen grains size raw data; Supplementary
Materials S3: Pollen fertility rates raw data.
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Abstract: Barleria albostellata C.B. Clarke (grey barleria, Acanthaceae) is an indigenous shrub to
South Africa and has been relatively understudied. This shrub is a valuable medicinal plant with a
wide spectrum of antibacterial and anti-inflammatory activities. Detailed studies on the floral and
pollen morphology on B. albostellata are rare. This study was conducted to observe the morphology
of the flower and pollen grains using stereomicroscopy and scanning electron microscopy (SEM).
Morphological observations showed numerous non-glandular trichomes on the bracteoles and
bracts of B. albostellata. Three types of trichomes were identified on these structures: I—unicellular,
II—multangulate-dendritic branched non-glandular trichomes, and III—capitate glandular trichomes.
A taxonomical description of the floral structures using stereo and SEM micrographs is provided.
SEM micrographs revealed the pollen grains as globose tricolporate with a rough honeycomb exine,
and small granules inside the lumina. The diameter of the pollen grains was 77.53± 5.63 µm, whereas
the aperture of these grains was 14.31 ± 0.59 µm. This study provides insight into the floral biology
of B. albostellata, and the results presented here will add to the body of knowledge and encourage
further research on this species.

Keywords: capitate glandular trichomes microscopy; morphology; non-glandular trichomes; pollen
grains; trichomes

1. Introduction

Flower receptiveness plays an important role in pollination variability, reproductive
success, and plant productivity [1,2]. These active traits include timing of the anther
opening and pollen appearance, anther and stigma position, and flower receptiveness
and morphology [3,4]. Pollination involves the transferal of pollen from the anther to the
stigma of the flower [2,5], and the rate of success is highly dependent on pollen viability
(the capability of pollen to induce seed set efficiently) [6,7]. Furthermore, the reproductive
success of a plant may depend on its ability to attract flower visitors. These visitors that aid
in pollination may exert selection on specific floral traits that are attractive to them [7–9].
The genus Barleria has approximately 300 species of shrubs and herbs that are distributed in
the subtropical and tropical regions of the world [10–13]. Members of this genus originated
from the Far East of Japan, through southern Asia, Arabia, India, Africa, Madagascar to
as far west of Central America and Mexico [12,14]. Several species of Barleria are known
for their floral diversity. Additionally, there are specialized structures on their surface for
the synthesis, storage, and/or secretion of secondary metabolites with the ultimate goal of
anti-herbivory tactics and protection against water loss [15,16]. These structures are known
as trichomes and occur on the plant surface as hairs or external glands. Trichomes may be
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family or species-specific and may vary in their chemical composition [15]. Plant secretory
structures can also be used as taxonomic characters, assisting in the identification of plant
families [15].

Barleria albostellata, an evergreen shrub, thrives in semi-shade to full-sun woodland
areas of South Africa, and under suitable conditions, grows up to 1.5 m in height (Figure 1).
However, in colder regions, they can become deciduous to semi-deciduous [17]. In South
Africa, B. albostellata, generally known as ‘grey barleria’ or in Afrikaans the ‘Bosviooltjie’,
belongs to the family Acanthaceae [17]; and is widely distributed from Limpopo, Gauteng,
and Mpumalanga to KwaZulu-Natal [17]. The genus name Barleria was derived from a
French botanist and Dominican monk, Jacques Barrelier [17]. This shrub flourishes from
September to May, with beautiful white flowers appearing sporadically (Figure 1). Flowers
appear from a dense compound inflorescence and are surrounded by four leafy-bracts [18].
The blooming flowers are white in color and have a tinge of purple on the bracts. In contrast
to the flowers, the leaves are grey-green and have an abundance of velvety hairs. This plant
develops fairly quickly and reaches maturity in about three years [17]. Barleria albostellata
contains medicinal properties which were verified by Amoo et al. [19]. It was found that
several extracts from this plant exhibited excellent anti-inflammatory properties and a
broad-spectrum of antibacterial activity. This plant has a relatively high flavonoid content,
with an added effect from tannin and iridoid compounds [20]. Although B. albostellata
has no recorded practice in traditional medicine, many species of Barleria have been used
in traditional medicine and were confirmed to contain various compounds possessing
biological effects such as analgesic, anti-inflammatory, antileukemic, antihyperglycemic,
antitumor, anti-amoebic, antibiotic, and virucidal activities [21–26].
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Figure 1. Barleria albostellata found along a pathway at the University of KwaZulu-Natal, Westville
Campus. (A,B) White, tubular flowers emerge sporadically in spring and summer.

Acanthaceae is regarded as a eurypalynous family [27], with significant diversity in
the pollen shape, size, exine structure, apertures, and ornamentation [28–32]. Plants in this
family demonstrate a thriving diversity of ecological and morphological characteristics.
These include a large range of pollinator relationships and floral morphologies [33–35].
Members of Barleria are easily recognized for their globose, tricolporate pollen with roughly
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reticulate (also referred to as the honeycomb-patterned) and inter-apertural exine [18,36,37].
Characterizing the morphology of pollen grains is useful in plant systematics and this
can further add to the body of knowledge within the genus and family. Little is known
on the floral and pollen morphology of B. albostellata, however a substantial amount of
work has been done in other species within the family Acanthaceae [38–40] and in other
species of Barleria. Previous studies have found that members of this genus are pollinated
by moths [41,42], or attract various species of butterflies [17]. Additionally, it was noted
that the flowers of B. albostellata were also pollinated by insects and butterflies [43]. On
a regular basis, carpenter bees were also observed to visit the flowers of B. albostellata.
Plants within this genus produce copious amounts of nectar which attract bumble bees [17].
Several morphological features of the B. albostelata flower and pollen grains have been
largely unexplored. Secretory structures documented within Barleria include non-glandular
and glandular peltate and capitate trichomes. Therefore, the present study aimed to
describe the floral morphology and pollen of B. albostellata using stereo and scanning
electron microscopy.

2. Materials and Methods
2.1. Plant Materials

Flowers of B. albostellata were collected from the University of KwaZulu-Natal, School
of Life Sciences, Westville Campus (29◦49′51.6′′ S, 30◦55′30′′ E), Durban, South Africa. A
voucher specimen (Accession no. 7973000) was deposited in the Ward Herbarium of the
University of KwaZulu-Natal, Life Sciences, Westville Campus. Five replicates of flowers
were analyzed using microscopy techniques.

2.2. Stereomicroscopy

Fresh flowers were examined using the Nikon AZ100 stereomicroscope (Nikon Cor-
poration, Yokohama, Japan) equipped with a Nikon Fiber Illuminator and photographed
using the NIS-Elements Software (NIS-elements D 3.00).

2.3. Scanning Electron Microscopy (SEM)

The micromorphology of chemically-fixed flowers of B. albostellata was examined
in detail. The initial step of preparation involved dissecting the different parts of the
flower: petal, stigma, style, anther, and filament and thereafter primary fixating the sections
(±10 mm2) in 2.5% glutaraldehyde for 18–24 h. After primary fixation, samples were
rinsed for 5 min each (thrice) with 0.1 M sodium phosphate buffer (pH 7.2) and then post-
fixed in 0.5% osmium tetroxide for 3 h at room temperature. The samples were washed
thrice (for 5 min each) with sodium phosphate buffer and dehydrated gradually with
increasing concentrations of ethanol (30%, 50%, 75%, 100%) twice, for 5 min each, followed
by exposure to 100% ethanol for two sessions, each of 10 min. Dehydrated samples were
critically point-dried using the Quorum K850 Critical Point Dryer (Quorum Technologies
Ltd., Laughton, East Sussex, UK) with a vertical chamber. Samples were mounted onto
aluminum stubs using double-sided adhesive carbon tape and sputter coated with a layer
of gold using the Quorum 150 RES (Quorum Technologies Ltd.), a combined system for
carbon and sputter coating. The samples were then viewed and photographed using the
LEO 1450 SEM at a working distance (WD) of 12–15 mm. Images were captured using
the SmartSEM image software (Zeiss, Jena, Germany). (protocol was adapted from the
microscopy and microanalysis unit, University of KwaZulu-Natal, Westville). With respect
to the stigma of the flower, pollen grains were dusted from the stigma onto aluminum stubs
using double-sided adhesive carbon tape and sputter coated with a layer of gold using the
Quorum 150 RES (Quorum Technologies Ltd.), a combined system for carbon and sputter
coating. Images of pollen grains were captured using the SmartSEM image software (Zeiss,
Jena, Germany). Diameters of pollen grains were determined using ImageJ software Java
1.53e (Fiji, http://fiji.sc/Fiji, accessed on 10 June 2021) [44]
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3. Results and Discussion
3.1. Analysis of Floral Structures via Stereomicroscopy

Bracteoles of B. albostellata vary from narrowly ovate to ovate, with glabrous or hairy
surfaces and margins that are spiny, with scanty teeth (Figure 2A–D). Long white hairs
(unicellular non-glandular trichomes) are prominent on the surface and margins of the
floral bracts, (Figure 2A,B) upper, and lower bracteoles (Figure 2C,D), and a posterior lobe
with sharp, curved apiculus (Figure 3A). Certain species of Barleria have characteristic non-
glandular trichomes which are unicellular [45]. Non-glandular trichomes are recognized
exclusively for their physical protection in plants against biotic and abiotic stresses [46,47],
and to deter herbivores from feeding and ovipositing insects [48–50].
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(C) upper bracteole abaxial surface; (D) lower bracteole abaxial surface. Abbreviations: UT = unicellular
non-glandular trichome.
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Figure 3. Stereomicrographs of the bracts and petals of B. albostellata. (A) Posticous calyx lobes of
bracts, outer surface; (B) petals of the flower; (C) stamen, stigma, and style; (D) slit along the lower
corolla lobe. Abbreviations: UT = unicellular non-glandular trichome; T = trichome; SM = stigma;
ST = style; A = anther; F = filament; Pt = petal.

Bracts are highly modified, chartaceous, foliaceous, with reticulate venation being
prominent; margins are entire, serrate, or irregularly dentate. The inflorescence is a com-
pound, terminal synflorescence, capitate or strobilate with units of solitary flowers. Flowers
of B. albostellata (2–4 flowers) are bisexual with a nectariferous disc, zygomorphic, and in
cymes (a wide, flat-topped, distinct flower cluster in which the central flowers are opened
first) [51,52]. Flowering is an important phenological event, which impacts the reproduc-
tive success of a species [53]. The flowers are enclosed by four leafy, hairy, purple-tinged
bracts. Purple-tinged bracts are assumed to contain some sort of nectar (Figure 2A–D). The
delimitation of the genus ‘Barleria’ and specifically the taxonomic description of the leaves
and flowers of B. albostellata have been only described by Balkwill and Balkwill [18].

The corolla (petals, 1 + 4) is irregular, thin, tubular, and gamopetalous (Figure 3B).
The scent of the flowers of B. albostellata is produced nocturnally, with the strongest smell
produced by mature, unopened buds, than with the open flowers. The floral visitors
observed to interact with the flowers of B. albostellata were butterflies and bees. Similar
observations were reported by Balkwill et al. [54] in flowers of B. greenii. Generally, flowers
of Barleria are pollinated by butterflies, and they were described as large, white, and tubular,
comprising deep nectaries/nectariferous discs, which function as nectar guides [55,56].
Bumblebees were observed to frequently visit B. greenii and remove nectar from outside of
the flower, by creating a narrow slit at the base of the corolla tube [54]). Several trichome-
derived compounds are used as attractants for species-specific pollination [57]. Trichomes
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are also involved in specialized mechanisms of insect capture for pollination [58]. The
fertile stamens (anther + filament), inserted on the corolla, are usually present in pairs
(Figure 3C) and are not didynamous. Filaments are long and may appear as twisted, can
cross over each other, and are usually hairy at the base (Figure 3C). Anthers are basifixed
and longitudinally dehisce, whilst the style is terete. The stigma is filiform and is found
beyond the level of the dehisced anthers, while the style arches upward and is terete
(Figure 3C). Similar morphological characteristics were observed in flowers of B. greenii [54]
and in B. saxatilis [59]. They suggested that the position of the stigma above the anthers
promotes autonomous self-pollination. The slit along the lower corolla lobe revealed
the growing stamen with hairy trichomes attached to the lower region of the filament
(Figure 3D), a characteristic of species within Barleria [60].

3.2. Floral Structures Observed via Scanning Electron Microscopy

Floral bracts were heavily pubescent with non-glandular and glandular trichomes
(Figure 4A,B). Unicellular non-glandular trichomes were highly dense, long, pointed, and
located on the serrated edges of the floral bracts or occurring along the mid-region. Similar
observations were reported for B. aristata floral bracts [61]. Perhaps the edges of the floral
bracts might have responded to insect damage, therefore increasing the trichome density.
There were only a few glandular capitate trichomes scattered all over the floral bracts, while
the multangulate-dendritic branched (MDB) non-glandular trichomes were predominant
(Figure 4A,B). In certain cases, the MDB non-glandular trichomes were found to ‘arch over’
the glandular trichomes. Due to its proximity, the MDB non-glandular trichomes may
provide some sort of physical protection to these glandular tichomes. The adaxial and
abaxial surfaces of a petal contained several grooves and appeared as coarse and pitted
(Figure 4C,D), with epidermal cells in an irregular shape. With high magnification, parallel
striations can be seen on a section of the surface of the stigma (Figure 5B). The cap of the
anther is curved and round (protection of pollen), with a slit in the middle (Figure 5C).
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Figure 4. Scanning electron micrographs of the floral morphology of B. albostellata. (A) Floral
bract; (B) glandular and non-glandular trichomes, on the floral bracts; (C) adaxial surface of a
petal; (D) abaxial surface of a petal. Abbreviations: UT = unicellular non-glandular trichome;
MDB = multangulate-dendritic branched non-glandular trichome; GCT = glandular capitate trichome.
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Figure 5. Scanning electron micrographs of the floral morphology of B. albostellata. (A) Low
magnification image of a dissected section of the style and stigma; (B) high magnification image of a
section of the stigma; (C) anther; (D) filament. Abbreviations: SM = stigma; ST = style.

3.3. Pollen Morphology

Pollen micromorphological features have contributed beneficial phylogenetic informa-
tion in the accurate identification of species within Acanthaceae [13,39]. Scanning electron
micrographs of pollen grains had an open reticulate tectum and appeared as globose tri-
colporate in equatorial view, honeycombed-shaped, with intense, coarse reticulation of
the inter-apertural exine (Figure 6A); these characteristics are specific to pollen found in
species of Barleria [11,18,36,37,60,62,63]. Pollen grains in B. albostellata had a diameter of
77.53 ± 5.63 µm (Figure 6).

This parameter varied from 60.5± 0.3 µm in B. parviflora to 81.5± 1 µm in B. orbicularis.
Similar pollen grain sizes were found in B. albostellata, and almost the same diameters
(74.9 ± 0.7 µm) were documented for B. ventricosa and B. proxima (79.1 ± 1 µm), respec-
tively [13]. Before pollination at maturity, pollen grains are located inside the cap of the
anther for protection (Figure 6B–D). Tiny granules are observed inside lumina of the pollen
grain (Figure 6A). This was also noted in B. parviflora, B. ventricosa [13], B. prionitis, and
B. hochstetteri [64]. The aperture of pollen grains in B. albostellata appeared circular in shape
(Figure 6E,F), which was also noted in B. bispinosa [13]. The aperture width of pollen grains
in B. albostellata was 14.31 ± 0.59 µm. The width varied from 9 µm in B. acanthoides and
B. aculeata, 13 µm in B. tetracantha, 16 µm in B. ventricosa and B. bispinosa, to 23 µm in
B. prionitis [13]. Pollen grains in various families are recognized by distinct morphological
features represented in their exine [65]. Similar pollen grains characteristics to that of
B. albostellata were found in B. grootbergensis [66] and B. durairajii [63]. Studies highlight that
pollen viability is significantly reduced with increasing air humidity and temperature [67].
Barleria albostellata thrives in subtropical and tropical conditions, well-drained soils, and can
grow under relatively cold conditions [43]. Pollen grains in Barleria are characteristic to the
family Acanthaceae, however their reticulate ornamentation displays close resemblances
with those found in their associated genera such as Lepidagathis, Crabbea, and Ruellia [68].
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Figure 6. Scanning electron micrographs of the pollen micromorphology of B. albostellata. (A) Single
pollen grain, equatorial view; (B–E) pollen grains found within the anther; (F) aperture of pollen
grain. Abbreviations: AP = aperture; G = granules; L = lumina.

The morphology of the flower and pollen grains using various microscopic techniques
showed numerous non-glandular trichomes on the bracteoles and bracts of B. albostellata.
Three types of trichomes were identified on these structures and were found in other species
of Barleria [54,59–61]. MDB non-glandular trichomes may provide some sort of physical
protection to the glandular capitate tichomes. The pollen micromorphological features
found are characteristic to species of Barleria [11,18,36,37,54,62,63].
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4. Conclusions

The combination of stereo- and scanning electron microscopy facilitated the identi-
fication of the floral and pollen morphology of B. albostellata. Knowledge on the floral
biology and pollen morphology of B. albostellata obtained by microscopy techniques has
been very incomplete so far. Floral structures identified were compared to previously
reported information in other species of Barleria. Pollen grains of B. albostellata are complex,
intricate, and display reticulate sculpturing. Thus, the results presented in this study
contribute significantly to our growing understanding of the floral and pollen biology of
B. albostellata. In this regard, this study is novel, and results reported here will also assist
taxonomists in identifying B. albostellata using SEM micrographs of their distinct pollen
structures. Additional ultrastructural studies on the floral structures should be conducted
to further examine the internal features of the cells and organelles. Further studies may
also focus on evaluating the micromorphology of the seeds and roots of B. albostellata.
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Abstract: Cymbidium is an economically important genus in the orchid family (Orchidaceae) that
has a pronounced medicinal and ornamental value. Medicinally, the plant is employed as a tonic
to treat weakness in chronic diseases, dizziness, eye problems, burns, and wounds, etc. Cymbid-
iums are highly prized for their graceful flowers and sweet fragrance and are among the top ten
most popular cut flowers. They are one of the most important commercial orchid groups and
account for 3% of cut flowers in floriculture. Some orchid species in this genus are particularly
threatened by excessive harvesting, so conservation measures are needed. Several enthusiastic or-
ganizations (e.g., The Cymbidiums Society of America, The Cymbidiums Club in Australia, The
Golden Gate Cymbidiums Society, Alameda, CA, etc.) are dedicated to propagating, conserving,
promoting, appreciating, and disseminating information about these beautiful and charming orchids.
Through organogenesis (direct and indirect) and somatic embryogenesis, extensive propagation
techniques for Cymbidiums have been developed to create protocols for synthetic seed production
leading to large-scale propagation and long-term ex situ and in vitro conservation. This review
highlights the medicinal uses, flower trade, conservation, and massive propagation techniques of
Cymbidium orchids.

Keywords: Orchidaceae; traditional uses; health protection; conservation; micropropagation;
horticulture

1. Introduction

The genus Cymbidium, also known as Boat Orchids, includes 75–80 species. As
flowering plants in the Orchidaceae family, they are evergreens that bloom in winter and
spring. They grow as epiphytes, terrestrial or lithophytes [1] in tropical and subtropical
regions such as northeast India, eastern Asia and northern Australia.

Figure 1 shows multiple species of the genus Cymbidium that are predominantly
epiphytic, but some species are also lithophytic and terrestrial or rarely leafless, sapro-
phytic herbs, usually with pseudobulbs. Among orchids, Cymbidiums rank first, and in
floricultural crops they account for 2.7% of the total cut flower production [2]. This genus
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has had medical applications for many years, particularly in the eastern part of Asia. Thus
it serves as an important medicinal plant in the pharmaceutical industry [3].
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Figure 1. Some natural and hybrid cymbidium orchids: (A) C. giganteum; (B) C. iridioides D. Don.
(the iris-like cymbidium); (C) C. insigne ‘Alba’; (D) Cymbidium ‘Maluka Baby Pink’; (E) C. lowianum,
(the Low’s boat orchid, (F) C. tracyanum L. Castle; (G) C. aloifolium (L.) Sw. (the aloe-leafed cymbid-
ium/boat orchid); (H) C. bicolor (L.) Sw. (the two-colored cymbidium); (I) Cymbidium ‘Foxfire Mini
Pharaoh Malcome’; (J) C. tigrinum C.S.P. Parish ex Hook. (the tiger-striped Cymbidium) [Photo plate
prepared from Mohammad Musharof Hossain’s unpublished photographs].

In the next sections, we describe these properties separately, evaluating the plant’s
medicinal use, its part in the flower trade, its preservation, and mass propagation tech-
niques. We introduce this genus as a medicinal, economic and ornamental plant.

2. Medicinal Value of Cymbidiums

Orchids have a long history of traditional medicinal use. Some orchids have been
utilized by Indians since the Vedic period (2000 BCE–600 BCE) for their healing and
aphrodisiac properties [3]; the Chinese and Japanese also have an ancient cultural history
with orchids. In legend, they advocated the medicinal fuction of some orchid species in the
28th century BCE [4].

Several Cymbidium species, namely C. canaliculatum R. Br, C. madidum Lindley,
C. eburneum Lindl., C. aloifolium (L.) Sw., C. devonianium Lindl. ex Paxton, C. iridioides
D. Don, C. giganteum Wall. Ex Lindl. and C. sinense Willd., are used as medicinal plants in
the traditional medicine of many Asian countries [5]. So far, different compounds such as
phenols, alkaloids, phenanthrenes, stilbenoid derivatives, and steroids have been extracted
and identified from the Orchidaceae, and the molecular structures have been elucidated by
various spectroscopic methods [3].

Of the various Cymbidium species, only a few have been critically studied for their
ethnomedicinal, glycosidic, and other pharmaceutical properties. The C. aloifolium plant, for
example, is said to have emetic and laxative properties. It yields salep, a nutritious drink en-
riched with starchy polysaccharides, which is consumed in traditional drinks and desserts.
The root powder can relieve paralysis symptoms, and boiled-down aerial roots are used to
bandage broken bones. The extract of the leaves is applied to treat fevers and boils. It is also
used as an emetic, tonic, laxative; it can treat burns, wounds, and earaches. Crushed plant

65



Horticulturae 2023, 9, 690

extracts with ginger are administered to treat eye weakness, dizziness, chronic diseases,
and paralysis. It has two substituted bibenzyls, a phenanthraquinone (cymbinodin-A) and
a dihy-drophenanthrene [3]. A decoction from the rhizome of C. ensifolium is used to treat
gonorrhea, and a flower extract is used for eye inflammation [6]. The extract of leaves of
Cymbidium (C. giganteum) has unique blood-clotting properties [7]. The pseudobulbs of
C. longifolium are employed as a sedative, while an aqueous solution of dried and powdered
pseudobulbs produces emesis when taken orally on an empty stomach [8]. The roots of
C. faberi Rolfe. have been used in China for decades as an important herbal folk medicine
to loosen phlegm and relieve cough, etc. [9]. The available literature demonstrates that
phenanthrene compounds isolated from various orchids have shown various promising
biological and antioxidant activities [10].

Recent reports state that extracts of Cymbidium roots have a high antimicrobial activ-
ity against Staphylococcus aureus, and the stem extracts contain phenolic compounds that
exhibit a high antioxidant activity and cell cytotoxicity [11]. In another study, ephemer-
anthoquinone B, two phenanthrenes, and a phenanthrene glucoside were isolated from
the roots of Cymbidiums along with six known phenanthrenes 5–10 [12]. The extracts
from C. kanran Makino are enriched in flavone C-glycosides, including vicenin-2, vicenin-3,
shaftoside, vitexin, and isovitexin [13]. The compound of 7-(4-hydroxybenzyl)-8-methoxy-
9,10-dihydrophenane-threne-2,5-diol (HMD) was synthesized, together with five stud-
ied compounds [coelonin, 5,7-dimethoxy-phenanthrene-2,6-diol (DD), shancidin, 1-(4-
hydroxybenzyl)-5,7-dimethoxy-phenanthrene-2,6-diol (HDP), and 2-methoxy-9,10-dihydro-
phenanthrene-4,5-diol (MDD)], from the roots of C. faberi, as reported by Lv et al. [14].
Except for HDP, other compounds dose-dependently suppressed the production of NO,
tumour necrosis factor-alpha (TNF-α), and interleukin-6 (IL -6) in lipopolysaccharide (LPS)-
induced primary mouse peritoneal macrophages. Gigantol, a bibenzyl compound, has been
isolated from C. goeringii, C. aloifolium and some other orchids and has shown anticancer ac-
tivity [15]. It is a potent inhibitor of TNF-α, IL-6 and IL-1 and affects the mRNA expression
levels of these cytokines in a dose-dependent manner. The qualitative analysis of various
organic extracts of C. aloifolium revealed eight different photochemical compounds, namely
n-hexadecanoic acid, 9,12-octadecadienoic acid (Z,Z), 9,12,15-octadecatrienoic acid, (Z,Z,Z),
octadecanoic acid, phytol, 2-butyn, 2-cyclopenten-1-one, and 1,4-benzenedicarboxylic
acid [16]. Most of the identified compounds are biologically significant. In addition to the
medicinal uses of Cymbidiums, endophytic fungi from orchid plants have been reported to
secrete secondary metabolites containing bioactive antimicrobial siderophores [17].

3. Floristic Significance of Cymbidiums

Cymbidiums are a highly valued flower-growing plant. Because of their long-lasting
inflorescences and large, attractive flowers, Cymbidiums are among the top ten commercial
orchids. Among the 75–80 species, not counting the natural hybrids, are C. floribundum
Lindl. (Golden-Edged Orchid), C. devonianum Lindl. ex Paxt, C. elegans Lindl. (Elegant
Cymbidium), C. eburneum (Ivory-Edged Cymbidium), C. mastersii Griff. & Lindl, (Master
Cymbidium), C. erythraeum Lindl., C. iridioides (Iris-Like Cymbidium), C. lowianum (Rchb.f.)
Rchb.f. (Low’s Boat Orchid) and C. tracyanum Rolfe. (Tracy’s Cymbidium), C. dayanum (L.)
Sw. (Day’s Cymbidium or Phoenix Orchid), C. suave Sw. (Snake Orchid or Grassy Boat-
Lipped Orchid), are the most beautiful, popular, and floristically important Cymbidium
species. The greatest commercial use of this genus is associated with the splendor of
its flowers and the splendor of its flowers and inflorescences. In floriculture worldwide,
Cymbidiums hybrids are divided into three groups: miniature hybrids (e.g., Cymbidiums
Autumn Emerald ‘Royale’), large-flowered hybrids (e.g., Cymbidiums ‘Kirby Lesh’) and
another commercial group called ‘pending Cymbidiums’. Some Cymbidiums hybrids
form clusters of up to 30 extravagant, multicolored flowers, including white, green, cream,
mauve, and yellow [18]. The Tropical Cymbidiums Orchid is a well-known ‘winter flower’
with a flowering period of about two months, showing about 15 exquisitely beautiful and
magnificent epiphytic flowers on the first inflorescence [19]. Undoubtedly, the commercial
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planting of this plant and the use of hybrid cultivars, despite having the advantages of a
breeding cultivar, will lead to the elimination of native species and the reduction of genetic
diversity and gene pool.

4. Reproductive Biology in Cymbidiums

Cymbidiums take 4–7 years to flower, but they are capable of triggering early flowering.
This was demonstrated by Kostenyuk et al. [20] and suggests that the concerted action
of phytohormone, as well as nutrient concentration and putative promoters/suppressors,
determine the timing of the transition of the Cymbidium orchid from the vegetative to
the reproductive stage [20]. The application of 6-benzylaminopurine, restricted nitrogen
supplies with phosphorus enrichment, and root removal early induced the transition
of a Cymbidium shoot from the vegetative to the reproductive stage for 90 days [20].
Furthermore, according to preview reports, the increase in leaf starch content during
vegetative growth and soluble sugar in pseudobulbs and roots during the reproductive
growth of Cymbidiums is critical for increasing the growth of the plant and thus promoting
flowering [11]. Plants cultured at a high light intensity of photosynthetic photon flux density
(PPFD) exhibited a lower time to flowering induction and development, alsoincreasing the
number of inflorescences and flowers, in comparison with plants cultured at a low light
intensity (PPFD) [11]. Moreover, shading treatments can significantly increase different
inflorescence traits, such as quality, height, ratio, and spacing. The study by Zhou et al. [21]
showed that inflorescence height, inflorescence ratio, and petal spacing of Cymbidium spp.
increased significantly by 7.892 cm, 13.125 cm, and 0.484 cm, respectively, after shading [21].

The flowering of adult plants was influenced by several factors, such as fertilizer,
light duration and quality, temperature, and plant growth regulators (PGRs), which affect
flower induction, development, and flower characteristics. Flower diameter as well as
the inflorescence length increased in response to increasing nitrogen and potassium fer-
tilization during the adult vegetative stage in Cymbidiums grown at low light intensity
and artificially induced inflorescence, while flower quality decreased in those grown at
high light intensity [22]. Barman et al. [23] maintain that water-soluble fertilizers sig-
nificantly affected the growth and reproductive stages of Cymbidiums. Their results
showed that a maximum number of shoots (4.54), length of spikes (54.59 cm) and number
of flowers per spike (10.19) were obtained when water-soluble fertilizer (N19P19K19 at
1 g/L concentration) was sprayed fortnightly. Day/night temperatures of 30/25 ◦C and
25/20 ◦C are best for vegetative shoot growth and flower bud formation in Cymbidiums,
and intermediate flowers form most frequently in the just-growing young pseudobulbs
and in the 1 to 2-year-old pseudobulbs [24]. Shoot growth rates and inflorescence numbers
were lower at lower temperatures, such as 20/15 ◦C.

The molecular mechanisms underlying the regulation of the reproductive stage have
been extensively studied in the long-day plant models such as Arabidopsis and the short-
day plant such as Rice, and many processes of gene regulation during development,
especially the reproductive biology of flowering, have been elucidated [25]. However, in
orchids such as Cymbidiums, the understanding of the molecular mechanisms control-
ling flowering is just emerging [26]. Many genes are involved in the transition from the
vegetative to the reproductive stage, so inducing these genes may be the best method
for inducing the reproductive stage and flowering. In this sequence, researchers discov-
ered some miRNAs, for example, the differential expression of two miRNAs, miR160 and
miR396, targeting ARFs and the growth-regulatory factor (GRF), respectively [27]. Thus,
genetic engineering is another approach to manipulate the switch from the vegetative to
the reproductive stage of Cymbidiums.

The knowledge of reproductive biology is also limited in Cymbidiums. Four types of
pollination are known: autonomous self-pollination, reward-based pollination, generalized
food deception, and Batesian mimicry of the food source [28].

To date, autonomous self-pollination has been described in C. macrorhizon, C. nippon-
icum, and C. nagifolium Masam, all of which lack a rostellum that acts as a physical barrier
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between the anthers and the stigma [29]. In Cym. mandidum, pollination occurs by reward.
The flowers are pollinated by the stingless bee Trigona kockingsi Cockerell., which collects
viscous substance on the labellar surface [30]. The substance is probably used as nest-
building material. A similar method is also thought to occur in C. lowianum, in which the
labellar surface has proteinaceous papillae that may function as food hairs [31]. In some
species, including C. lancifolium [32], C. goeringii Reichenbach Ill. [33], and C. kanran [33], a
general feeding illusion has been observed. The nectarless flowers attract pollinating bees
by visual and olfactory stimuli. Finally, a Batesian imitation of the food source occurs in
C. insigne. The plant depends exclusively on the bumblebee (Bombus eximius Smith.), which
also pollinates the nectar-producing flowers of Rhododendron ciliicalyx [34].

Pollination experiments were conducted on C. macrorhizon, C. aberrans, and C. lanci-
folium to study the breeding system. It was found that some rewarding myco-heterotrophic
plants depend (at least in part) on an insect-mediated pollination system, and some myco-
heterotrophic plants can attract pollinators without attractive materials [29].

5. Seed Biology of Cymbidiums

Orchid seeds are very small, extremely light, and produced in large numbers with
the length range of from 0.05 to 6.0 mm, the range of longest and shortest known seeds
in the family being 120 times. Known 1000-seed weights range from 310 µg to 24 mg (a
78-fold difference). The number of known seeds ranges from 20–50 to 4 million per fruit.
The Testa are usually transparent, with outer cell walls that may be smooth or reticulate
(Figure 2A). Embryos consist of 100–400 disorganized parenchymatous cells and seeds
have no endosperm. The volume of the embryo is much smaller compared to the size
of the seed. Orchid seeds are balloon-like with large internal air spaces and difficult to
moisten so they can float in the air and on water for long periods of time, a characteristic
that facilitates dispersal over long distances [35]. Orchid seeds can also be transported in
and on terrestrial animals and birds (in fur, feathers or hair, mud on feet, and perhaps after
ingestion) [2].
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Figure 2. Embryo morphogenesis and seedling development in C. aloifolium: (A) seed with transpar-
ent and reticulate testa and small embryo, (B) embryos swell by uptake of nutrients and water, (C) cell
number increases by repeated anticlinal and periclinal cell divisions, producing a parenchymatous
cell mass called spherulite, (D,E) spherulites accumulated dense chloroplasts and formed a compact
structure with bipolar character, (F) spherulites developed into protocorm, (G) germinated seeds,
(H) young seedlings, (I) in vitro seedlings acclimatized in the outside environment. [Bar = 1 mm].
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Cymbidiums produce large capsules that carry thousands to millions of long and
fuzzy seeds with pointed ends [2,36].

The germination of orchid seeds under in vitro conditions depends mainly on their
viability, which is determined by the pollination and fertilization process and the culture
media used for germination. Direct and indirect methods are applicated for testing seed
viability [6]. In the direct methods, the germinated orchid seeds on artificial media are
counted [37], while in the indirect method, the metabolic activity of embryos is examined
using chemicals such as fluorescein diacetate (FDA) ortetrazolium salts. To determine seed
quality, germination tests are most commonly adopted to assess seed viability in plant
production [38].

The seeds of orchids are orthodox, meaning they must be air dried to extend their
longevity. The shelf life of the seeds can be extended by reducing the water content,
temperature, and oxygen level in the storage room. Reducing the water content by up to
5 percent and then storing the seeds at a freezing temperature (−20 ◦C) is used in seed
banks of orchids [39,40]. Orchid seeds stored at a low humidity and low temperature
can survive for decades. On the other hand, they are resistant to sterilizing agents such
as sulfuric acid or hypochlorite, which are used in the sterilization of seeds for in vitro
germination [41].

Seed banks are recognized as the most efficient way to store large quantities of living
plants in one location [42]. Orchid seed banks have the potential to make an invaluable
contribution to orchid conservation [36]. According to studies, storing orchid seeds under
cold conditions was the best conventional method to prolong seed viability.

6. Propagation of Cymbidiums
6.1. Conventional Methods

Cymbidiums can be propagated by dividing the plant into parts, by taking cuttings
from the mother plant, or by taking dorsal or pseudobulbs and placing them in clay pots
or plastic bags with potting substrate. The most used substrates are small bricks/chunks
of charcoal, moist sphagnum moss, coconut moss, or coconut peat. Interestingly, the
conventional propagation methods are slow and laborious, and the propagation rate is
very low [43], with only a few plants produced per year, making this method impractical
for large-scale propagation to provide clonal plantlets or plants for commercial purposes.

6.2. Clonal Propagation of Cymbidiums

In vitro methods of propagation are reliable, feasible and reproducible for the large-
scale production of seedlings obtained by in vitro seed germination methods, or plantlets
for clonal propagation of Cymbidiums using micropropagation. However, while seeds
are most used for conservation or breeding, actual large-scale propagation of floricul-
tural orchid varieties is realized preferentially by micropropagation due the clonal origin
and industrialization of cultivation that aims at the scale-up and intensification of the
cultivation [44].

6.3. Asymbiotic Seed Germination in Cymbidiums

Although symbiotic germination is an important tool for the conservation and restora-
tion of natural species, asymbiotic in vitro germination is the primary method for seedling
production and the genetic improvement of commercial orchids, including many Cymbid-
ium spp. and their hybrids. The success of seed germination by in vitro culture is influenced
by several factors, including seed maturity and age [45], type of nutrient solution [46,47],
type of carbohydrate additives [48], organic additives [49], and PGRs [43].

In nature, only 2–5% of Cymbidium seeds germinate because they require symbiosis
with a mycorrhizal fungus and germinate only after infection with a mycorrhizal fun-
gus [50]. Almost all Cymbidiums must form a mycorrhizal and symbiotic relationship with
a partner corresponding to a particular fungus during their growth and development [48].
The nutrients stored by the cells for seed germination are very low, making germination
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very difficult [51]. Under certain conditions, different strains can significantly promote the
germination of Cymbidiums. Further studies may be needed to verify the differences of
this symbiosis under different ecological conditions [52].

Induced seed germination can be asymbiotic under in vitro conditions in a special
culture medium or using symbiotic methods, which combines seed germination with the
presence of a symbiont fungus [53]. Seed germination and propagation by symbiotic ap-
proaches are the preferred options for Cymbidiums’ reintroduction into native habitats [52].

On the other hand, in vitro cultivation methods or asymbiotic orchid germination
provides an interesting platform for the large-scale propagation of orchids without the req-
uisite of fungal symbiosis. These methods facilitate the seeding and cultivation of seedlings
on a different culture medium formulation, basically containing nutrients, carbohydrate
sources, and agar, cultivated under aseptically controlled conditions [53].

The asymbiotic seed germination of orchids is a multipurpose technique that results
in the production of high-quality seedlings and can be used for conservation, propagation,
restoration, and breeding aiming at developing new hybrid cultivars [54,55]. In vitro ger-
mination and seedling development is the one of the most common methods also used for
orchid propagation, mainly because it is technically less complicated than clonal propaga-
tion and allows for obtaining a large number of seedlings in a single culture medium, which
contains only nutrients and a soluble carbohydrate source such as sucrose. Still, the clonal
propagation by shoot propagation or protocorm-like bodies (PLBs) depends on a knowl-
edge of the types, concentrations, and balance of phyto-regulators in the culture media used
for each stage of plantlet induction, regeneration, proliferation and rooting/elongation [56].
As can be seen, there are opportunities for improvement in the successful propagation of
Cymbidiums. These include selection of the optimal sterilant, improved seed recovery after
sterilization, and selection of the optimal culture medium [57].

6.4. Ex Vitro Seed Germination

Seed propagation and seedling development is essential for the continuation of any
plant population and Cymbidiums in particular. Due to the tiny seeds and undeveloped
embryos, it has long been virtually impossible to observe the germination of Cymbidiums
in vivo, which has been an obstacle to understanding seedling site requirements and fluc-
tuations in Cymbidiums populations [58]. Because Cymbidium seeds lack an endosperm,
they contain either low levels of food reserves or forms that are unlikely to be metabolized
by Cymbidium embryos [58]. In nature, orchid seeds rely on Cymbidium mycorrhizal fungi
to provide the necessary nutrients for germination, a process referred to as symbiotic seed
germination [59]. Symbiosis, in its broadest sense, means the coexistence of two dissimilar
organisms. A wide range of associations can be understood under this definition. The
term germination mycobiont is used in this context to mean that a fungus participates in
the mycorrhiza of orchid seedlings and supports seedling development. Seedlings and
established plants may subsequently be attacked by other mycobionts and endophytes not
involved in mycorrhiza. The function and effects of these endophytes in the adult stage on
orchid physiology are often unclear [58].

The symbiotic view of germination can be summarized in six points: orchid roots are
generally infected with a characteristic fungus that is not considered harmful; different
orchid genera may have different strains or species of this fungus; seeds sown in pure
culture on different growing media, especially soils containing starch or other insoluble
organic matter, do not germinate unless the fungus is present; germination is apparently
induced by some strains of fungus and not by others; a certain equilibrium between fungus
and host must be maintained; although it is known that the germination of orchid seeds
can be achieved by using sugar in the culture medium, germination under these conditions
is abnormal and not common in nature [60,61].

A protocorm led to form shoots and roots at the beginning of germination in seeds
without an endosperm [41]. Symbiotic germination, especially in vitro, is becoming increas-
ingly popular because in many studies it promotes higher germination rates [62,63].
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A study on the dependence of Cymbidiums on fungi during seed germination and
seedling development provides a means of understanding the role of fungi in the devel-
opmental process [64]. Symbiotic seed germination is widely regarded as an effective tool
for Cymbidium conservation and could be a cost-effective method to maintain the genetic
diversity of reintroduced Cymbidium populations [65].

One of the major challenges is to obtain compatible fungi for symbiotic seed germi-
nation [26]. Nevertheless, the presence of compatible symbiotic fungi in Cymbidiums
seedlings leads to greater adaptation to the environment, resulting in higher survival and
faster growth than with asymbiotic seedlings [66].

To be recognized as an orchid mycobiont, it is generally necessary for the fungus to
colonize orchid tissues with the formation of mycorrhizal features such as peloton formation
(certain cells form cyclically dense hyphae), i.e., intracellular hyphae coils, and the absence
of cortical tissue necrosis [58,67]. Many studies have been conducted to obtain compatible
fungi for the germination of symbiotic seeds. On this subject, researchers reported that
symbiotic seedlings with many strains show a higher stability than asymbiotic seedlings.
For instance, Mahendran et al. [28] noted that mycorrhizal fungi significantly increases the
number of roots and shoots [28]. Dong et al. [68] reported that the average increase in fresh
weight of Cymbidium seedlings inoculated with strains CF1, CF3, and CF12 was 130.26%,
345.65%, and 153.34%, respectively, while the increase in the control was only 88.40%. The
differences among the three treatments and the control are statistically significant. Liu
et al. [69] investigated the effects of inoculated mycorrhizal fungi and non-mycorrhizal
beneficial microorganisms on the plant characteristics, nutrient uptake, and root-associated
fungal community composition of Cymbidium Hybrids Hort. They reported that all
inoculants significantly increased the total dry weight of Cymbidiums. The mycorrhizal
fungus positively affected the P, K, Ca, and Mg content in the shoots and the Zn content in
the roots, suggesting that both mycorrhizal fungi and endophytic fungi have the potential
to create a favorable symbiosis in orchid roots and stimulate growth [70]. Chand et al. [56]
evaluated twelve isolated instances of the plant growth-promoting activity on C. aloifolium
protocorms (84 days old). All of them showed growth-promoting activity [56].

As noted above, obtaining compatible fungi is a crucial step for symbiotic seed germi-
nation because mycorrhizal fungi have the ability to induce seed germination with varying
efficiency and low specificity [71]. To this end, in situ/ex situ seed-baiting techniques
have been proposed as an effective method to obtain efficient symbiotic seed germination-
promoting fungi [72].

Ex-situ seed-baiting techniques developed in recent years are effective methods to
study the compatible mycorrhizal fungi of Cymbidiums. Sheng et al. [73] noted that
after 58 days of cultivation, seeds inoculated with a fungal strain showed a high germi-
nation rate, while seeds without the fungus did not germinate. Germination and proto-
corm production were higher in the dark (0/24 h light/dark) than under light conditions
(12/12 h light/dark), while subsequent protocorm development was better under light [73].

After germination, the orchid seedling undergoes a long or short non-photosynthetic
phase in which it is completely dependent on organic carbon from a mycobiont, so a
suitable organic carbon source for the mycobiont is another important requirement.

6.5. Seedling Development

Cymbidiums produce dust-like seeds of microscopic structure The cellular organiza-
tion of the seeds is simple and consists of an undifferentiated mass of embryonic cells and a
rudimentary endosperm covered by a transparent seed coat [74]. According to Arditti and
Ghani [2], Cymbidium embryos are relatively small and simple, generally oval or spherical,
and sometimes composed of only a few cells, usually without an endosperm (Figure 2A).

Regarding seed maturation, immature seeds from 3- to 5-month-old capsules could be
successfully germinated on a culture medium. Immature seeds from 4- and 3-month-old
capsules showed the highest and lowest germination rate [45]. In another study in relation
to planting times, younger seeds germinated slowly in early planting but grew rapidly and
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formed more rhizomes in later planting. In contrast, older seeds germinated rapidly in
early culture but formed fewer rhizomes the later planting [75].

In vitro germination in an artificial culture medium is one of the best solutions for
increased germination rates and rapid seedling development. During seed germination,
four to five different developmental stages are observed in Cymbidiums, and this is also
more or less common in other Orchidaceae. Orchid seeds undergo a typical metamorpho-
genetic process during germination. Stage 1: In this stage, viable embryos swell only by
the uptake of nutrients and water (Figure 2B); Stage 2: The number of cells increases by
repeated anticlinal and periclinal cell divisions, resulting in the formation of irregularly
shaped parenchymatous cell masses that emerge when the seed coat breaks open; this
stage is called the globular stage (Figure 2C); Stage 3: The parenchymatous cell mass is
enriched with dense chloroplasts and exhibits a bipolar character; the compact structures
are referred to as spherulites; some rhizoids emerge from the posterior/basal part of the
spherulites, while an appendage appears from the anterior/upper part (Figure 2D); Stage
4: In this stage, the spherulite enlarges and a protuberance appears at the anterior part,
demarcating the meristematic zone for the development of a leaf primordium; this stage is
called the protocorm stage, and is thought to be the effective germination of orchid seeds
(Figure 2E); Stage 5: This is the final stage of germination, where roots emerge from the
posterior part of the protocorm and gradually develop into young seedlings (Figure 2F).
Protocorm development is considered a characteristic feature of post-seminal develop-
ment in orchids, and the shape of protocorms is taxon-specific. They may be oval, round,
disc-shaped, elongated, branched, spindle-shaped, or thorn-shaped. In Cymbidiums, the
early protocorm is usually round, radially symmetrical, green, and gradually assumes an
oval shape.

6.6. Culture Media

In terms of culture media, there are a variety of formulas that have different ef-
fects on seed germination [76]. Mohanty et al. [77] noted that the percentage of seed
germination varied with the composition of the culture media and was highest in a full-
strength MS basal medium; the number of secondary protocorms that developed from seed-
derived protocorms increased with the addition of 5.0 µM 6-benzilaminopurine (6-BAP) and
2.5 µM α-naphthaleneacetic acid (NAA) [77]. Dep and Pongener [78] reported that imma-
ture embryos were successfully germinated 9 months after pollination on an MS medium
(sucrose 2% (w/v) + NAA and benzyladenine (BA) (3 and 6 µM in combination, respec-
tively) within 7 weeks of culture, recording 90% germination [78].

Mahendran et al. [28] cultured immature seeds of C. bicolor Lindl. on four basal media,
namely Murashige and Skoog (MS), Knudson C (KC), Knudson C modified Morel (KCM),
and Lindemann orchid (LO). The results were significantly higher and lower on the LO
medium (96.6%) and KC (62.7%) media after 8 weeks, respectively [28].

Gogoi et al. [70] cultured C. eburneum Lindl. asymbiotically in different basal media,
namely MS, Mitra, B5 and Nitsch. It was found that the medium MS, nourished with
15 µM each of BAP and NAA in combination, increased the number and length of shoots
and the number and length of roots in the seedlings [70].

It is believed that nutrient requirements for orchid seed germination are species specific
and that the nitrogen source plays an important role in orchid seed germination, which
may explain the superior germination of seeds on a Murashige & Skoog medium [79]. It
has been reported that nitrogen in the medium MS strongly influences cell growth and
differentiation, and that ammonium nitrate in the medium MS is the most suitable source
for seed germination and plantlet development. Other reduced nitrogen forms such as
pyridoxine, thiamine and nicotinic acid as vitamins are also absent in KC and VW media
but present in MS media [80].

The addition of different types and concentration of organic substances to in vitro
culture should stimulate seed germination. These organic additives are natural sources
of amino acids, vitamins, minerals, organic acids, sugars, proteins, and natural growth
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regulators that help in orchid propagation by stimulating development and morphogenesis
in the asymbiotic seed culture [81].

For example, the additional presence of riboflavin, biotin and folic acid in a Mitra
medium may have further promoted seed germination. Mitra medium has high concentra-
tion of phosphate ions that affects the seed germination of asymbiotic orchids [82]. Dutra
et al. [82] also showed that nitrogen does not play an important role in the seed germination
of asymbiotic orchids compared to other nutrients, especially those in a Mitra medium [82].
Hajong et al. [83] reported that the low response of orchid seeds to nitrogen in the B5
and Nitsch media could be due to the inhibitory effect of nitrogen in the form of ammo-
nium sulfate on seedling growth in B5 media or vitamin mixtures present in both B5 and
Nitsch media.

With respect to PGRs, the modification of free PGR culture media by the addition of
specific PGRs and other components such as activated charcoal, as well as changes in culture
conditions, have been reported to improve the germination percentage and subsequent
protocorm development in many Cymbidium genotypes [84]. For the development of
efficient germination and micropropagation protocols, the conventional tissue culture
media must be modified by adding specific PGRs and various complex additives (peptone,
yeast extract, banana pulp, etc.), and plant production must be automated by adjusting
the bioreactor system and culture conditions. Recently, orchids have become the focus
of new research areas, including genetic engineering, functional genomics, proteomics,
and metabolomics, all of which require standardized micropropagation techniques. The
successful application of new approaches will contribute to the further improvement of
orchids and orchid products [85].

7. Clonal Propagation of Cymbidiums

The clonal propagation of Cymbidiums can be practically realized by division of
rhizomes or pseudobulbs, but this conventional technique generates 2–4 plants per year
and is applied for amateur cultivation. This technique not practicable in the large-scale
production of cut and pot flowers. The actual and realistic technique used in large-scale
floriculture is micropropagation by shoot proliferation or by the induction, proliferation
and regeneration of protocorm-like bodies, also called IPR-PLBs [86].

7.1. Micropropagation of Cymbidiums

Cymbidiums were the first orchid to be micropropagated by tissue culture. The first
success of clonal propagation of Cymbidium sp. was reported by Morel [87] through the
culture of shoot tips, which led to the in vitro production of millions of plantlets from
tiny plant parts [87,88]. The first detailed protocol for in vitro propagation of Cymbid-
iums, which began with meristem culture, was published by Wimber [89]. The use of
explants from plants grown outdoors is generally associated with the problem of a high
contamination rate. Different types of explants can be used to start micropropagation,
e.g., shoot tips [5,90], leaf segments [30,91], thin cross-sections of PLB [91,92], shoot seg-
ments [3], whole proto-buds [3], PLB segments [93], flower buds [94], leaf bases of axenic
seedlings [95]; rhizome segments [94,95]; complete seedlings [96], transverse thin cell layers
(tTCL) cut from stem internodes and nodes from the base of the shoot apex [92], and root
tips [97]. Nevertheless, for each species or hybrid, a particular explant has been shown to
be suitable for efficient micropropagation.

Plantlet propagation in orchids can be accomplished by direct shoot bud formation
(direct organogenesis), formation of shoot buds via callus formation (indirect organogen-
esis), formation of secondary proto-buds or PLBs without an intervening callus phase
(direct embryogenesis), and formation of PLBs via callus (indirect embryogenesis) [98–100].
Proto-buds (secondary embryogenesis) can be regenerated from the outer tissues of proto-
corms [99]. This is an independent pathway in which they develop without an intervening
callus phase. The cells of young protocorms are highly meristematic in nature and can be
used to rejuvenate and enhance plant regeneration in Cymbidiums [38].
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The type of morphogenetic differentiation (organogenesis or embryogenesis, directly
or indirectly) depends on a number of plant endogenous and exogenous factors, such
as type and origin of explants, the culture media, culture media consistency, cultivation
conditions, PGRs, complex additives, and even culture duration [3].

The use of liquid or gelled culture media influences the morphogenic formation. As
an example, the new formation of PLBs (also called secondary protocorms) from seed-
originated protocorms was observed in C. aloifolium and C. giganteum in either a liquid or
gelled agar medium [96]. Although the liquid medium was more efficient for propagation
of PLBs, this method failed to develop plantlets unless transferred to a gelled agar medium.
The non-uniformity and hyperhydricity of the PLBs were also observed [3]. Hyperhydricity
(development of physiologically abnormal tissues), high contamination rate, and produc-
tion of etiolated plantlets are the common disadvantages of in vitro propagation using the
liquid media system [93]. In general, hyperhydric tissues are unable to regenerate physio-
logically true plantlets. The failure of hyperhydric tissues to regenerate in a liquid medium
could be related to tropisms or perturbations in polarity [92]. There is much evidence that
the reduction of the agar concentration or the absence of agar in the culture medium leads
to vitrification during tissue growth. However, a number of studies suggest that not all
plant species exhibit vitrification when cultured in a liquid medium. Although regeneration
of plantlets could be achieved in both a liquid and semisolid culture medium, a liquid
medium generally proved to be better for propagation and growth of newly developed
plantlets because the cultures are maintained under constant agitation.

PLBs were induced from protocorm sections, pseudostem segments, and even com-
plete seedlings of C. aloifolium and C. giganteum on a semisolid PM agar medium supple-
mented with BAP and NAA. The frequency of PLB regeneration was strongly influenced
by the concentrations and combinations of the two PGRs. Although histological and cyto-
logical analyses suggest that a PLB is indeed equivalent to a somatic embryo, this claim has
never been made in the Orchidaceae [91,98].

7.2. Propagation by Artificial Seeds

Nowadays, the encapsulation technique to produce artificial seeds has become an
important part of micropropagation [101]. Artificial seeds are artificially encapsulated vege-
tative parts that can be sown as seeds and transformed into a plant under in vitro or in vivo
conditions. These parts include somatic embryos (usually), cell aggregates, shoot buds,
auxiliary buds or other micropropagules [102]. Another study on in vitro germination and
propagation of C. aloifolium (L.) Sw. was conducted by Pradhan et al. [101] using artificial
seeds prepared in vitro by encapsulating PLBs with 4% sodium alginate and 0.2 mol·L−1

calcium chloride solution. This study showed that artificial seeds are a good alternative for
in vitro mass propagation and the short-term preservation of C. aloifolium [101]. Artificial
seeds are also an excellent way to store orchid material at room temperature, under refrig-
eration, or even in cryopreservation for weeks, months, or even years while maintaining
the clonal stability of the material [103]. Table 1 summarizes the research on some orchids
with emphasis on Cymbidiums.

Table 1. Summary of research on some orchids with emphasis on Cymbidiums.

Researchers Year Subject Results

Deb and Pongener
[104] 2002

Studies on the in vitro regenerative
competence of aerial roots of two

horticulturally important
Cymbidium species

Of the three basal media tested, MS medium
supported optimum regeneration and culture

proliferation in both the species. In C. aloifolium ~12,
shoot buds developed on medium nourished with
sucrose 3% and benzyl adenine (BA) 3 µM but in

C. iridioides optimum regeneration was achieved when
medium supplemented with sucrose 3%, coconut

water (CW) 15%, casein hydrolysate (CH) 100 mg/L
and ~20 shoot buds formed per subculture
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Table 1. Cont.

Researchers Year Subject Results

Hossain et al. [105] 2009

Cost-effective protocol for in vitro
mass propagation of C. aloifolium

(L.) Sw.–a medicinally
important orchid

Mitra medium supplemented with 2.0 g/L activated
charcoal (AC) showed 100% seed germination and

effective for induction of significantly large-size
protocorms (1.64 mm in dia.)

Hossain et al. [106] 2010 Seed germination and tissue culture
of C. giganteum Wall. ex Lindl

The effects of peptone, AC and two-plant growth
regulators [6-benzylaminopurine (BAP) and

2,4-Dichlorophenoxyacetic acid (2,4-D)] were also
studied. Both M and PM supplemented with 2.0 g/L

peptone or 1.0 mg/L BAP resulted in ∼100%
seed germination.

Deb and Pongener [78] 2011

Asymbiotic seed germination and
in vitro seedling development of

C. aloifolium (L.) Sw.: a
multipurpose orchid

Immature embryos of 9 months after pollination were
successfully germinated on MS medium containing
sucrose (2%) (w/v) and α-naphthalene acetic acid

(NAA) and BA (3 and 6 µM, respectively, in
combination) within 45 days of culture where 90%
germination was recorded. The germinated seeds

formed PLBs on the optimum germination medium
within two passages.

Nahar et al. [107] 2012

Effect of different light and two
polysaccharides on the proliferation

of protocorm-like bodies of
Cymbidiums cultured in vitro

The highest protocorm-like bodies (PLBs) formation,
shoot formation rate (90%) and root formation rate

(50%) were found among explants cultured on
medium supplemented with 0.1 mg/L Chitosan H
under green light. After 11 weeks of culture, fresh

weight of PLBs was higher (241.3 mg) at HA9
(1 mg/L) treatment with green light. The average

number of PLBs (5.7) was higher under green light at
HA9 treatment. PLBs under white light showed the

highest number of shoot (1.2) at Chitosan H treatment.

Parmar and Pant [108] 2016
In vitro seed germination and

seedling development of the orchid
Coelogyne stricta (D. Don) Schltr

MS medium supplemented with 1 mg/L BAP and
1 mg/L NAA was found to be the best condition for

the development. The germination started after 7
weeks of culture and complete seedlings were

obtained after 23 weeks of culture on the medium
supplemented with 1 mg/L BAP and 1 mg/L NAA
suggesting the usefulness of both hormones in root

induction. In the hormone, free MS medium
germination started after 5 weeks, but root initials
were not developed even after 32 weeks of culture.

Pradhan et al. [109] 2016

Efficient plant regeneration of
C. aloifolium (L.) Sw., a threatened
orchid of Nepal through artificial

seed technology

Full strength of MS medium without plant growth
regulators was found to be the most favourable
condition for efficient plantlet regeneration of

C. aloifolium (9.83 shoot and 2.66 roots per culture).

Bhowmik and Rahman
[84] 2017

Effect of different basal media and
PGRs on in vitro seed germination

and seedling development of
medicinally important orchid

C. aloifolium (L.)

Medium supplemented with hormones favored
optimum condition for the germination (approx. 95%)
of seeds followed by full strength and half strength on

KC, MS, PM and VW media. MS medium
supplemented with 0.5 mg/L BAP and 0.5 mg/L

NAA showed comparatively better response within
6 weeks of culture than other conditions of MS

medium as well as KC, PM and VW media.

Philip Robinson et al.
[110] 2017

In vitro seed germination of
C. aloifolium (L.) Sw., a potential
medicinal orchid from Eastern

Ghats of Tamil Nadu, India

The highest seed germination of 90% was observed
KC basal media after30th days whereas germination
percentages were 40% and 30% on 1/2 MS and VW

media respectively.
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Table 1. Cont.

Researchers Year Subject Results

Paul et al. [111] 2019 In vitro mass propagation of
C. aloifolium (L.) Sw

Developing an efficient protocol for rapid propagation
of C. aloifolium starting with in vitro asymbiotic seed

germination, leading to protocorm induction followed
by plantlet development and successful ex

vitro acclimation.

8. Conclusions

Cymbidium orchids are the most important floricultural plants in the world. They are
a potential source of special metabolites used in alternative and conventional medicine. The
large number of species and their origin from different habitats allowed the development
of varieties that flower in different parts of the world. However, in some tropical regions,
the production of flowering plants continues to be concentrated in the autumn/winter
because they require low temperatures for flowering. Breeding programs could use new
genotypes to obtain hybrids that bridge this period and allow production of commercial
plants at other times of the year. Propagation by seed is reliable and simple and can be done
under in vitro and ex vitro conditions. However, the large-scale production of seedlings in
industrial floriculture requires the development of efficient micropropagation protocols
applied to a significant number of important cultivars on the market, producing millions
of plants each year to match the number of seedlings commercially distributed in all of
the world.
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Abstract: ‘Giant Green’ is one of the Syzygium samarangense cultivars planted throughout Malaysia
because it has great potential for benefitting human health. However, its variation in chemical com-
pounds, especially in the leaves at different maturity stages, cannot be systematically discriminated.
Hence, Fourier transform infrared spectroscopy (FTIR) and gas chromatography–mass spectrometry
(GCMS) coupled with chemometric tools were applied to discriminate between the different stages
of leaves, namely, young, mature, and old leaves. The chemical variability among the samples was
evaluated by using principal component analysis (PCA) and hierarchical clustering analysis (HCA)
techniques. For discrimination, partial least squares discrimination analysis (PLS-DA) was applied,
and then partial least squares (PLS) was used to determine the correlation between biological activities
(antioxidant and alpha-glucosidase inhibitory assay) and maturity stages of ‘Giant Green’ leaves. As
a result, the PCA, HCA, and PLS-DA of the FTIR and GC-MS data showed the separation between
clusters for the different maturity stages of the leaves. Additionally, the PLS result demonstrated that
the young leaves showed a strong correlation between metabolite quantities and biological activities.
The findings of this study revealed that FTIR and GC-MS coupled with chemometric analyses can be
used as a rapid method for the discrimination of bioactive structural functions in relation to their
biological activity.

Keywords: Giant Green cultivar; antioxidant; alpha-glucosidase inhibition; FTIR; GC-MS; PLS; HCA;
PLS-DA; PLS

1. Introduction

Syzygium samarangense, commonly known as wax apple, jambu air, water apple, or bell
fruit, is a nonclimacteric tropical fruit plant that has been cultivated in Malaysia and other
neighboring countries such as Thailand, the Philippines, Vietnam, and Taiwan [1]. The
three major S. samarangense cultivars are Giant Green, Masam Manis Pink, and Jambu Madu
Red [2]. Traditionally, it is a medicinal plant: various parts are used to treat some health
problems such as edema, cracked tongue, asthma, diarrhea, bronchitis, fever, ulcer, sore
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throat, and to reduce blood pressure [3,4]. Additionally, the Giant Green cultivar contains
an abundance of valuable phytochemicals such as phenolic acids, flavonoids, anthocyanins,
and carotenes [5], which show antioxidant, antibacterial, antidiabetic, anticancer, and
anti-inflammatory activities [6–8].

Metabolomics is the comprehensive analysis of a metabolite profile, either as a tar-
geted or global application in drug discovery, phytomedicine, toxicology, and disease
development [9]. Various spectroscopy and chromatography techniques are applied to
detect and characterize the presence of metabolites in experimental samples [10]. Two ana-
lytical techniques for this task are Fourier transform infrared spectroscopy (FTIR) and gas
chromatography–mass spectrometry (GC-MS). FTIR is an important technique used to iden-
tify the type of functional groups present in a compound. It also is a useful spectroscopic
tool for profiling and fingerprinting molecular structures because it is non-destructive, sim-
ple to use, quick, and accurate [11]. The common absorption range used in plant studies is
the mid-infrared (mid-IR) range. In the mid-IR range, infrared radiation is passed through
a sample with a range of absorbance from 4000 cm−1 to 400 cm−1 [12]. Not all of the
infrared radiation is absorbed by the sample: some of it passes through the sample and is
transmitted to a detector. The resulting spectrum represents the molecular absorption and
transmission, creating a molecular fingerprint of the sample. GC-MS is the most commonly
used instrument for the separation and identification of compounds, especially in the drug
discovery, pharmacology, and food industry fields [13]. The advantages of GC-MS are its
low viscosity, higher sensitivity, rapid mass transfer velocity, and high resistance, so it has
been widely used in chemical fingerprinting [14].

However, the abundance of metabolites present in plants poses challenges: analyzing
them precisely without using a comprehensive method is difficult. Therefore, for several
decades, many researchers have applied chemometric analyses coupled with spectroscopy
and chromatography techniques to analyze the metabolites present in medicinal plants.
Unsupervised multivariate analysis (MVDA) including principal component analysis
(PCA); hierarchical clustering analysis (HCA); and supervised MVDA, including partial
least squares discrimination analysis (PLS-DA) and partial least squares (PLS), are required
to handle the huge dataset of the whole spectra recorded from plant samples. For example,
Wijayanti et al. [15] successfully classified and discriminated the Curcuma xanthorrhiza
from different regions using PCA and PLS-DA tools. Basyirah et al. [16] used PCA and
HCA to classify and discriminate Heterotrigona itama propolis using different extraction
methods (maceration, sonication, and Soxhlet). Additionally, PLS correlated the antioxidant
activity and chemical contents of five varieties of Pegaga (Centella) extract [17]. From these
studies, it can be concluded that chemometric analysis coupled with spectroscopy or
chromatography techniques is a reliable tool that can be used in the metabolomics field.

Judging from the literature, it can be concluded that the metabolites in plants can
be identified using spectroscopy and chromatography techniques. Additionally, the dis-
crimination between experimental samples and the relationship between metabolites and
biological activity can also be determined using multivariate data analysis (MVDA). Hence,
this work aimed to discriminate the leaves of Syzygium samarangense cv. Giant Green at
different stages of maturity and to correlate these maturity stages with their antioxidant
and alpha-glucosidase inhibitory activities using FTIR- and GCMS-based metabolomics
coupled with chemometrics. The findings help with identifying the most promising stages
of Giant Green leaves to be used in pharmaceuticals.

2. Materials and Methods
2.1. Collection and Preparation of Plant Materials

The Giant Green cultivar of wax apple leaves, namely, young (YL), mature (ML), and
old (OL) leaves, at three maturity stages were collected several times from an orchard
located at Kampung Olak Lempit, Banting, Selangor, Malaysia (1028◦ N, 1110◦20′ E), at
an elevation of about 45 m above sea level. Five biological replicates of each sample were
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used in this study. The leaves were selected carefully based on the below picture (Figure 1)
physical examination reported by our previous study [18].
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Figure 1. Different types of Giant Green leaves were used in this study. (A,A1)—adaxial and
abaxial surfaces of the young leaf (YL), (B,B1)—adaxial and abaxial surfaces of the mature leaf (ML),
and (C,C1)—adaxial and abaxial surfaces of the old leaf (OL).

2.2. Extraction Procedure

The fresh samples (5 g) were crushed using a mortar and pestle. The samples were
soaked in methanol (25 mL) and kept for three days. Then, the extracts were heated in a
water bath (70 ◦C for 15 min), followed by being centrifuged (1789× g for 15 min). The
supernatants were collected and put under a fumehood until methanol was removed. The
extracts were completely dried by being freeze-dried (24 h) and were stored at 4 ◦C before
being used.

2.3. Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR)
2.3.1. Sample Analysis using ATR-FTIR Machine

The diamond crystal stand was cleaned with ethanol and non-abrasive tissue. The
small quantities of extracts were located on the surface stand and screwed in tightly
before being analyzed by using a Shimadzu Prestige-21 Spectrophotometer (Shimadzu
Brand, Kyoto, Japan) equipped with an air-cooled Deutrated Triglycin Sulphate (DTGS)
detector (Shimadzu Brand, Kyoto, Japan) and scanned with a Golden Gate Single Reflection
Diamond ATR accessory with an incident angle of 45◦ (Shimadzu Brand, Kyoto, Japan). The
IR spectra of the extracts were measured with absorbance at 4000–400 cm−1 using 4 cm−1

and 16 scans of resolution. For each sample, three repetition measurements were collected.

2.3.2. Data Pre-Processing

The spectra were normalized and smoothed to reduce the error during data analysis.
The data were saved in .txt format and then copied to Microsoft Excel.
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2.4. Gas Chromatography-Mass Spectrometry (GC-MS)
2.4.1. Sample Preparation

The stock solution was prepared by diluting 2.5 mg of extract with 100% methanol
(1 mL). For phytochemical screening, 200 µL of each leaf sample with a similar maturity
stage was transferred out from the stock solution and put into the same vial for producing
the final concentration of 500 µg/mL. However, for multivariate data analysis, individual
samples (30 samples) were prepared by diluting 200 µL stock solution with 1 mL of 100%
methanol. The solutions were vortexed for one minute and ready for analysis by using a
GC-MS Agilent (19091S-433UI system) machine (Agilent Brand, Santa Clara, CA, USA).

2.4.2. GC-MS Condition

The condition system of GC-MS and Oven temperature parameters were used as
below (Table 1).

Table 1. Condition system of GC-MS and Oven temperature parameter.

Item Description

Column type HP5MS (30 m × 250 µm)
Film thickness 0.25 µm
Carrier gas Helium
Flow rate and pressure 1.0 mL/min; 9.3825 Psi
Volume of injection 1.0 µL
Temperature of detector 250 ◦C
Temperature of injector 250 ◦C
Temperature of oven 80 ◦C
Temperature of transfer line 150 ◦C
Mode Splitless
Mass scan mode 50–55 m/z
Oven temperature parameter
Item Rate (◦C/min) Value (◦C) Hold Time (min) Run Time (min)
Initial - 80 4 4
Ramp 1 7 105 1 9
Ramp 2 7 180 1 20
Ramp 3 5 235 1 32
Ramp 4 5 275 2 42

2.4.3. Data Pre-Processing

Each of the GC-MS spectra that contain the peak with a percentage of probability
score of 80% and above was accepted as a particular compound and used in this analysis.
For chemometric analysis purposes, the data of the percentage relative area (RA) of the
compound detected in the spectrum was used. RA (%) was calculated based on the formula
below [19].

Percentage of relative area = (area of particular compound/total area of all compound detected) × 100

2.5. Chemometric Analysis

FTIR and GC-MS spectra were subjected to four chemometric tools which are Principal
Component Analysis (PCA), Hierarchical Cluster Analysis (HCA), Partial Least Squares
Discriminant Analysis (PLS-DA), and Partial Least Squares (PLS). All of the data were ana-
lyzed using XLSTAT Pro 2014 software (Addinsoft, Paris, France), add-in Microsoft Excel.

2.5.1. Principal Component Analysis (PCA)

PCA is unsupervised multivariate data analysis (MVDA) which is used to find a
relationship between two or more groups of ‘Giant Green’ leaves regarding the most
variation of those variables. In the PCA technique, the new variables formed and are equal
to the number of original variables. The new variables are known as principal components
(PCs) and the values of new variables are known as principal component score (PCS). These

84



Horticulturae 2023, 9, 609

variables are not correlated with each other. The first new variable, PC1, explains the most
information among the samples. Then, PC2 carries the residual information, and so on [20].

2.5.2. Hierarchical Cluster Analysis (HCA)

Hierarchical Cluster Analysis (HCA) is a technique combination of the same character-
istic among the samples into one group or cluster. The technique of Ward’s method and
Euclidean distance was used for grouping ‘Giant Green’ leaves at different maturity stages
into certain classes (clusters).

2.5.3. Partial Least Squares Discriminant Analysis (PLS-DA)

PLS-DA is a supervised method for classifying each sample into predefined classes.
PLS-DA is complementary to PCA analysis whereas the separations between the groups of
samples have been well improved. In this analysis, the dummy Y-axis (maturity stages) was
responsible for separating ‘Giant Green’ leaves into different clusters in the score plot. The
variables such as wavenumber or peak area (x-axis) that contributed to the discrimination
among samples were identified from the loading plot. The global goodness of fit and
quality model was confirmed by the cumulative Q2, R2Y, and R2X values. The accuracy and
preciseness of the model were detected by using the confusion matrix. The confusion matrix
represented the classifying of the observation (in percentage). The value closest to 100%
shows a well-classified observation [15]. Besides, the variable importance to projections
(VIP) was used to validate the variable contributed to discriminating of samples. A VIP
value greater than 0.85 is known as a strong variable. The highest VIP value indicated the
most relevant variable that influences the separation between the samples [21].

2.5.4. Partial Least Squares (PLS)

PLS is a supervised multivariate data analysis and is used when complex data with a
lot of explanatory variables are involved [22]. Two variables, the dependent variable (Y)
and explanatory variable (X) are used. In this study, PLS was applied to find a correlation
between the FTIR fingerprint (for spectroscopy) and metabolite (for chromatography), (X)
contribution in biological activities (antioxidant and alpha-glucosidase), (Y). The cumula-
tive value of Q2 is >0.5 and R2 is close to 1, indicating a good model [23]. The variable (X)
responsible in biological activity was identified by the variable importance in the projection
(VIP). Only a VIP value greater than 0.85 indicated that a strong impact on the model
was chosen.

3. Results
3.1. ATR-FTIR Fingerprint and Chemometric Analysis
3.1.1. Assignment and Comparison of ATR-FTIR Spectra

Similar patterns of IR spectra were shown in old, mature and young leaves (Figure 2).
It was observed that the broad peak at 3300 cm−1 was assigned to intermolecular hydrogen
bond (O-H) of alcohol, phenol, or carboxylic acid groups [24]. Two strong signals of
C=O stretching and C-N stretching were present at 1610 cm−1 [25] and C-O stretching at
1040 cm−1 [26]. The C-O stretching and C-C stretching was detected at 1440 cm−1 [27],
C-N stretching at 1340 cm−1 [21] and C-O stretching or O-H bending at 1204 cm−1 [27].
Besides, there was methylene (CH2) stretching presence at 2928 cm−1 and 2857 cm−1 [24],
C=O stretching at 1710 cm−1 and [26,27], and C-H out-of-plane bending at 924 cm−1 [24].
Two peaks of aromatic group presence at 824 cm−1 and 765 cm−1 attributed to C-H out-
of-plane bending [24]. The peak at around 586 cm−1 was assigned to the vibration of O-H
out-of-plane bending [28]. The assignment of each peak is summarized in Table 2.
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Figure 2. FTIR Spectra of ‘Giant Green’ cultivar of S. samarangense leaves at three maturity stages
(a) Young leaves (b) Mature leaves (c) Old leaves.

Table 2. List of assignments of FTIR for ‘Giant Green’ cultivar of S. samarangense leaves at three
maturity stages.

Frequency Range (cm−1) Assignment of FTIR Specific Frequency (cm−1)
Leaves

YL ML OL

3500–3200 O-H stretching 3300 P P P
2942–2904 C-H stretching asymmetric 2928, 2933 P P P
2863–2846 C-H stretching symmetric 2857 P P P
1715–1710 C=O stretching 1710, 1715 P P P
1700–1600 C=O stretching and C-N stretching (amide I) 1610, 1642 P P P
1580–1510 N-H bending and C-N stretching (amide II) 1535 A A A
1450–1380 C-O stretching and C-C stretching 1440, 1443 P P P
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Table 2. Cont.

Frequency Range (cm−1) Assignment of FTIR Specific Frequency (cm−1)
Leaves

YL ML OL

1365–1343 C-N stretching 1340, 1345 P P P
1270–1150 C-O stretching or O-H bending 1204, 1217 P P P
1052–1035 C-O stretching 1040, 1045 P P P

925–910 C-H out-of-plane bending (alkene) 925 P P P
826–824 C-H out-of-plane bending of the aromatic ring (meta) 824 P P P
773–743 C-H out-of-plane bending of the aromatic ring (para) 765, 773 P P P
590–586 O-H out-of-plane bending of alcohol 590 P P P

P = present, A = absent, YL = young leaves, ML = mature leaves, and OL = old leaves.

3.1.2. Chemometric Analysis
Principal Component Analysis (PCA)

PCA was performed in this study for unsupervised classification of leaves of the ‘Giant
Green’ cultivar of S. samarangense at different maturity stages. Based on the score plot
(Figure 3A), the total variance accounting for the first two principal components in the
leaves extract was 96.64% (PC1: 50.57%; PC2: 46.07%) (Figure 3B). The model showed a
separation between the maturity stages of leaf samples. The interpretation of the score plot
within the loading plot gave a clear picture of the factor influencing the clustering of leaf
extracts. The loading plots with a score ≥0.75 were accepted as a strong factor. Table 3
shows the variables that contributed to leaf variation along PC1 and PC2. The loading plots
of leaf extracts revealed that wavenumbers at 3300, 2928, 1710, 1610, 1440, 1340, 1204, 1040,
924, 824, 765, and 590 cm−1 contributed to variation in PC1.
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Figure 3. PCA-Derived of FTIR spectra representing ‘Giant Green’ cultivar of S. samarangense leaves
at three maturity stages (A) Score Plot (B) Loading Plot of PC1 and PC2.

Table 3. Summary of strong loading variables (≥0.75) on the varimax rotation of principal component
(PCs) analysis for the ‘Giant Green’ cultivar of S. samarangense leaves.

Variable Name of Metabolite PCs

3 Cyclotetradecane PC1
8 2,6,11,15-Tetramethylhexadecane PC2
9 1-Iodododecane PC2

10 9-Methyl-1-undecene PC1
11 2-Butyl-1-decene PC1
12 (E)-9-Eicosene PC1
14 Phthalic acid, butyl hept-4-yl ester PC2
21 Phosphonofluoridic acid, methyl-, nonyl ester PC2
23 Diethylene glycol dibenzoate PC1
25 Decanol PC1
27 Hexadecanol PC1
29 Octadecanol PC1
32 6,10,14-Trimethyl-2-pentadecanone PC2
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Hierarchical Cluster Analysis (HCA)

The similarities and differences among the three maturity stages of ‘Giant Green’
leaves were evaluated with HCA analysis (Figure 4). Three clusters of leaf samples were
suggested. Cluster one contained all old leaf replicates and one replicate from the mature
leaf sample. Then, cluster two contained the rest of the mature leaf replicates and cluster
three contained all young leaf replicates. The sample formed with the same cluster tended
to have a high similarity parameter.
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Figure 4. Dendrogram from Hierarchical Cluster Analysis (HCA) of ‘Giant Green’ cultivar of S.
samarangense leaves at three maturity stages.

Partial Least Square–Discriminant Analysis (PLS-DA)

PLS-DA belongs to the supervised pattern recognition method. It was complementary
to PCA analysis. It also had abilities to improve the separation between the groups of
samples. As seen in Figure 5A,B, the separation of the three maturity stages of leaf samples
was improved. This PLS-DA model had an overall Q2 cumulative of 0.444, R2Y cumulative
of 0.608, and R2X cumulative of 0.972. The model had a Q2 cumulative value of <0.5,
indicating no global goodness of fit. This suggested that the quality of the fit varies a
lot depending on the maturity stage of the leaves. Besides, the efficiency of PLS-DA in
classifying and discriminating the samples can be accessed through the confusion matrix.
The confusion matrix result showed that all of the leaf extracts have been classified with
93.33% of correction. Besides, the variable importance to projections (VIP) was used to
validate the variable contributed to the discriminating of samples. Most of the peaks have
VIP values greater than 0.85 except 1204 and 1040 cm−1 which contributed the highest in
discrimination between young, mature, and old leaves. The overall VIP values are shown
in Table 4.
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Figure 5. The PC1 and PC2 of FTIR results of the ‘Giant Green’ cultivar of S. samarangense leaves at
three maturity stages of (A) PLS-DA score plot (B) PLS-DA bi-plot (X = FTIR wavenumber; Y = leaf
maturity stages) (C) PLS bi-plot.

Table 4. Summary of strong variable importance to projections (VIP) scores (≥0.85) correspond to
the partial-least square-discrimination analysis (PLS-DA) and partial-least square analysis (PLS) of
‘Giant Green’ cultivar of S. samarangense leaves at three maturity stages.

Variables (cm−1) Assignment of FTIR (PLS-DA) VIP Score

2857 C-H stretching symmetric 1.11

2928 C-H stretching asymmetric 1.10

1709 C=O stretching 1.02

924 C-H out-of-plane bending (alkene) 1.00

3300 O-H stretching 0.98

1439 C-O stretching and C-C stretching 0.96

824 C-H out-of-plane bending of the aromatic ring (meta) 0.96

1609 C=O stretching and C-N stretching (amide I) 0.94

764 C-H out-of-plane bending of the aromatic ring (para) 0.90

590 O-H out-of-plane bending of alcohol 0.89

1339 C-N stretching 0.85

Variables (cm−1) Assignment of FTIR (PLS) VIP Score PCs

2857 C-H stretching symmetric 1.0 PC1

2928 C-H stretching asymmetric 0.89 PC1

3300 O-H stretching 0.87 PC1
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Partial Least Square (PLS)

PLS was established to investigate the relationship between bioactivities of antioxi-
dants and alpha-glucosidase (Y variable) with FTIR fingerprint (x variable). The details
about the antioxidant and alpha-glucosidase inhibitory activities of ‘Giant Green’ leaves
at three maturity stages were reported in our previous study [18]. As seen in the bi-plot
(Figure 5C), most young leaf samples were located at the upper right-hand quadrant on
the t1 axis. This revealed that the young leaves possessed the strongest bioactivities as
compared to mature and old leaves. This analysis showed a good PLS prediction model
with the cumulative values of Q2 at 0.591, R2Y at 0.724, and R2X at 0.972. The peaks related
to this relationship were evaluated based on the loading plot (w*c). The influencer peaks
were 2857, 2928, and 3300 cm−1 which were detected to have the highest w*c [1] values.
This result also aligned with data from VIP coefficients where the peak at 2857 cm−1 had
the highest VIP value than other peaks. The overall VIP values are shown in Table 4.

3.2. Gas Chromatography-Mass Spectrometry (GC-MS) and Chemometric Analysis
3.2.1. Assignment and Comparison of GC-MS Spectra

Based on the chromatogram shown in Figure 6a–c, the total number of metabolites
identified in leaf extracts was 37. The quantities of metabolites that were found in each of
the samples were not the same, whereby in young leaves it was 25 (Figure 6a), in mature
leaves it was 29 (Figure 6b) and in old leaves it was 27 (Figure 6c). Six major metabolites
were detected in all of the maturity stages of leaf samples which were aligned in similar
retention times. These major metabolites were cyclotetradecane; octadecanol; 5(2,4-di-tert-
butylphenoxy)-5-oxopentanoic acid; methoxyl; hexadecanol; and demethoxymatteucinol.
Moreover, some metabolites were detected only in one or two leaf samples, while some of
them were also present in all the samples but differed in peak intensities. For example, the
metabolites of methyl (9Z,15Z)-9,15-octadecadienoate and stearic acid, butyl ester were only
detected in young leaves but 2,6,11,15-tetramethylhexadecane, 1-iodododecane and phytol
were detected in mature and old leaves. The detailed information on these metabolites is
tabulated in Table 5.
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Figure 6. GC-MS chromatogram of major volatile metabolites present in ‘Giant Green’ cultivar of
S. samarangense leaves at three maturity stages (a) young leaves (b) mature leave (c) old leaves;
(1): cyclotetradecane; (2): 5(2,4-di-tert-butylphenoxy)-5-oxopentanoic acid; (3): hexadecanol; (4): oc-
tadecanol; (5): methoxyl; and (6): demethoxymatteucinol.

Table 5. List of metabolites present in the ‘Giant Green’ cultivar of S. samarangense leaves at three
maturity stages with a percentage of probability score of 80% and above.

Group Variable Name of Metabolite RT (Min) Molecular
Formula

Relative Area (%)

YL ML OL

Alkane 1 Decane 4.57 C10H22 0.94 ± 0.16 a 0.73 ± 0.25 a 0.39 ± 0.53 a

2 2,3-Dimethyloctane 12.73 C10H22 0.09 ± 0.21 a 0.09 ± 0.20 a 0.10 ± 0.22 a

3 Cyclotetradecane 14.1 C14H28 5.79 ± 0.82 a 4.78 ± 0.54 a 4.57 ± 1.21 a

4 Tetradecane 14.26 C14H30 0.40 ± 0.07 a 0.26 ± 0.15 ab 0.14 ± 0.91 b

5 3,5-Dimethylundecane 16.97 C13H28 0.09 ± 0.13 a 0.05 ± 0.11 a 0.24 ± 0.31 a

6 4,6-Dimethyldodecane 16.15 C14H30 ND 0.06 ± 0.14 a ND
7 6-Ethyl-2-methyldecane 17.99 C13H28 0.06 ± 0.14 a ND ND
8 2,6,11,15-Tetramethylhexadecane 19.86 C20H42 ND 0.12 ± 0.27 a 0.22 ± 0.34 a

9 1-Iodododecane 20.66 C12H25I ND 0.05 ± 0.12 a 0.05 ± 0.11 a

Alkene 10 9-Methyl-1-undecene 11.52 C12H24 0.91 ± 0.16 a 0.78 ± 0.08 a 0.64 ± 0.30 a

11 2-Butyl-1-decene 13.11 C14H28 0.74 ± 0.10 a 0.61 ± 0.08 a 0.51 ± 0.29 a

12 (E)-9-Eicosene 25.09 C20H40 0.90 ± 0.17 a 0.79 ± 0.09 a 0.66 ± 0.38 a

Ether 13 Decyl octyl ether 11.83 C18H38O 0.12 ± 0.28 a 0.10 ± 0.22 a 0.20 ± 0.27 a

Ester 14 Phthalic acid, butyl hept-4-yl ester 24.54 C19H28O4 ND 0.03 ± 0.07 a 0.04 ± 0.08 a

15 Methyl benzoate 6.92 C8H8O2 2.00 ± 0.22 a 1.76 ± 0.49 a 1.65 ± 0.15 a

16 Bis(2-ethylhexyl) carbonate 10.9 C17H34O3 0.37 ± 0.71 a ND 0.07 ± 0.10 b

17 5(2,4-Di-tert-butylphenoxy)-5-oxopentanoic acid 16.44 C19H28O4 10.43 ± 1.20 a 8.86 ± 1.17 a 8.89 ± 1.92 a

18 Methyl palmitate 23.85 C17H34O2 2.00 ± 1.04 a 0.49 ± 0.30 b 0.50 ± 0.46 b

19 Methylox 24.20 C18H28O3 8.80 ± 1.23 a 7.40 ± 0.62 a 7.95 ± 0.73 a

20 Methyl (9Z,15Z)-9,15-octadecadienoate 26.92 C19H36O2 0.07 ± 0.16 a ND ND
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Table 5. Cont.

Group Variable Name of Metabolite RT (Min) Molecular
Formula

Relative Area (%)

YL ML OL

21 Phosphonofluoridic acid, methyl-, nonyl ester 27.03 C12H26FO2P ND ND 0.04 ± 0.08 a

22 Stearic acid, butyl ester 31.95 C22H44O2 0.21 ± 0.46 a ND ND
23 Diethylene glycol dibenzoate 33.44 C18H18O5 2.38 ± 0.53 a 2.23 ± 0.33 a 1.84 ± 1.07 a

24 4-Methylhexanol 12.02 C7H16O 0.09 ± 0.13 a 0.04 ± 0.10 a ND
Alcohol 25 Decanol 9.36 C10H22O 1.35 ± 0.23 a 1.13 ± 0.08 a 0.99 ± 0.56 a

26 Dodecanol 14.12 C12H26O 7.55 ± 6.68 a 10.16 ± 6.84 b 4.83 ± 5.08 c

27 Hexadecanol 17.86 C16H34O 6.07 ± 0.89 a 5.04 ± 0.54 a 4.92 ± 1.09 a

28 Intermedeol 19.04 C15H26O ND 0.33 ± 0.32 a 0.11 ± 0.24 a

29 Octadecanol 21.37 C18H38O 3.06 ± 0.48 a 2.61 ± 0.28 a 2.47 ± 0.69 a

30 Phytol 27.25 C20H40O ND 0.15 ± 0.33 a 0.05 ± 0.12 b

Ketone 31 2-(1,1-Dimethylethyl)-cyclobutanone 18.1 C8H14O ND ND 0.04 ± 0.10 a

32 6,10,14-Trimethyl-2-pentadecanone 22.35 C18H36O ND 0.13 ± 0.18 a 0.23 ± 0.34 a

33 7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-
2,8-dione 23.77 C17H24O3 1.32 ± 0.30 a 0.96 ± 0.21 ab 0.69 ± 0.47 b

34 Pinostrobin chalcone 32.1 C16H14O4 ND 0.54 ± 0.53 a 0.28 ± 0.38 a

35 Pinocembrin 33.94 C17H16O4 0.72 ± 0.72 a 1.66 ± 0.98 b 0.78 ± 0.67 a

36 Demethoxymatteucinol 35.02 C17H16O4 0.03 ± 0.07 a ND ND
Amine 37 5-Aminotetrazole 9.58 CH3N5 1.30 ± 2.90 a ND 0.51 ± 1.14 b

ND = not detected. YL = young leaves; ML = mature leaves; OL = old leaves. Values are the means ± standard
deviation for five biological replicates of experiments (n = 5). Data from the same horizontal row with different
superscript letters refer to a significant difference (p < 0.05).

3.2.2. Chemometric Analysis
Principal Component Analysis (PCA)

The PCA analysis was established to give better information about the similarities and
differences between the three maturity stages of leaves of ‘Giant Green’ in the context of
their metabolites. It can be seen from Figure 7A, the score plot of leaf samples revealed that
the total variance of the first two principal components was 43.50% with values of PC1 at
27.79% and PC2 at 15.71%. The model showed no separation between the maturity stages
of leaf samples. The loading line plot (Figure 7B) of leaf samples identified the metabolites
contributing to the variation in PC1 that were 3, 10, 11, 12, 23, 25, 27, and 29. Meanwhile,
the metabolites 8, 9, 14, 21, and 32 contributed to PC2. The details about the metabolites are
explained in Table 6.
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Figure 7. PCA-Derived of the GC-MS result representing the ‘Giant Green’ cultivar of S. samarangense
leaves at three maturity stages (A) Score Plot (B) Loading Plot of PC1 and PC2.
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Table 6. Summary of strong loading variables (≥0.75) on the varimax rotation of principal component
(PCs) analysis for the ‘Giant Green’ cultivar of S. samarangense leaves.

Variable Name of Metabolite PCs

3 Cyclotetradecane PC1
8 2,6,11,15-Tetramethylhexadecane PC2
9 1-Iodododecane PC2
10 9-Methyl-1-undecene PC1
11 2-Butyl-1-decene PC1
12 (E)-9-Eicosene PC1
14 Phthalic acid, butyl hept-4-yl ester PC2
21 Phosphonofluoridic acid, methyl-, nonyl ester PC2
23 Diethylene glycol dibenzoate PC1
25 Decanol PC1
27 Hexadecanol PC1
29 Octadecanol PC1
32 6,10,14-Trimethyl-2-pentadecanone PC2

Hierarchical Cluster Analysis (HCA)

The cluster analysis of ‘Giant Green’ leaves was illustrated clearly in the HCA dendro-
gram. Based on GC-MS data, the samples were grouped into three groups. The result of
HCA revealed that all of the leaf samples in similar maturity stages formed a heterogeneous
cluster (Figure 8). Cluster one represented three replicates from old leaves and young leaves
and two replicates from mature leaves. Cluster two represented two replicates from mature
and young leaves and one replicate from old leaves. Cluster three represented one replicate
from mature and old leaves.
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Figure 8. Dendrogram from Hierarchical Cluster Analysis (HCA) corresponded to GC-MS data for
the ‘Giant Green’ cultivar of S. samarangense leaves at three maturity stages.

Partial Least Square-Discriminant Analysis (PLS-DA)

PLS-DA analysis was done to improve the separation between leaf samples obtained
from PCA results. Pattern recognition of PLS-DA from leaves extract was carried out and is
shown in Figure 9A,B. The results revealed that the separation between the maturity stages
of leaf samples had improved. The model had a Q2 cumulative of 0.875, R2Y cumulative of
1.000, and R2X cumulative of 0.959. This model was indicated as a good model because it
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had a Q2 cumulative value greater than 0.5. The result of the confusion matrix also showed
that young, mature, and old leaves were discriminated efficiently with a 100% correctly
produced overall classification rate with no misclassified sample. Based on the results of
the variable importance to projections (VIP), 24 metabolites were identified that influenced
the separation of young, mature, and old leaf samples. These metabolites were 18, 33, 4, 3,
27, 1, 19, 11, 29, 17, 15, 10, 34, 25, 32, 24, 12, 16, 20, 22, 36, 7, 8, and 28. The overall result is
summarized in Table 7.
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Figure 9. The PC1 and PC2 of GC-MS results of the ‘Giant Green’ cultivar of S. samarangense leaves at
three maturity stages of (A) PLS-DA score plot (B) PLS-DA bi-plot (X = metabolites; Y = leaf maturity
stages) (C) PLS bi-plot.

Table 7. Summary of strong variable importance to projections (VIP) scores (≥0.85) correspond to the
partial-least square-discrimination analysis (PLS-DA) of the ‘Giant Green’ cultivar of S. samarangense
leaves at three maturity stages.

Variable Name of Metabolite VIP Score

18 Methyl palmitate 1.87
33 7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione 1.58
4 Tetradecane 1.51
3 Cyclotetradecane 1.39
27 Hexadecanol 1.38
1 Decane 1.33
19 Methylox 1.22
11 2-Butyl-1-decene 1.21
29 Octadecanol 1.21
17 5(2,4-Di-tert-butylphenoxy)-5-oxopentanoic acid 1.20
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Table 7. Cont.

Variable Name of Metabolite VIP Score

15 Methyl benzoate 1.14
10 9-Methyl-1-undecene 1.09
34 Pinostrobin chalcone 1.07
25 Decanol 1.05
32 6,10,14-Trimethyl-2-pentadecanone 1.04
24 4-Methylhexanol 1.00
12 (E)-9-Eicosene 0.96
16 Bis(2-ethylhexyl) carbonate 0.95
20 Dodecanol 0.94
22 Stearic acid, butyl ester 0.94
36 Demethoxymatteucinol 0.94
7 6-Ethyl-2-methyldecane 0.94
8 2,6,11,15-Tetramethylhexadecane 0.89
28 Intermedeol 0.86

Partial Least Square (PLS)

Variation of metabolites between the leaves of ‘Giant Green’ at different maturity
stages and their correlation with bioactivities (antioxidant and alpha-glucosidase inhibitory
activities) was evaluated using PLS analysis. The details about these bioactivities were
reported in our previous study [18]. As seen in the biplot (Figure 9C), the young leaves
were located at the upper right-hand quadrant on the t1 axis which is influencing a strong
relationship with antioxidant and alpha-glucosidase activities compared to mature and old
leaves samples. Besides, it also revealed that this PLS model was good. It had the values
of Q2 cumulative at 0.903, R2Y cumulative at 1.000, and R2X cumulative at 0.980. The
metabolites’ correlations with bioactivities in leaf samples were deduced from the loading
plot; 17 metabolites were identified that contributed to this relationship. These metabolites
were 18, 4, 1, 3, 33, 27, 11, 15, 29, 10, 36, 19, 17, 25, 12, 7, and 24. The variable importance to
projections (VIP) was further examined to validate the significance variable. This result also
aligned with data from VIP coefficients where the metabolite (18) (rt: 23.85) had the highest
VIP value than other peaks which indicates it is the highest influencer to antioxidant and
alpha-glucosidase activities. The details about the metabolites are summarized in Table 8.

Table 8. Summary of strong loading variables that correspond to the partial-least square analysis
(PLS) of the ‘Giant Green’ cultivar of S. samarangense leaves at three maturity stages.

Variable Name of Metabolite VIP Score PCs

18 Methyl palmitate 1.89 PC1
4 Tetradecane 1.65 PC1
1 Decane 1.50 PC1
3 Cyclotetradecane 1.40 PC1
33 7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione 1.39 PC1
27 Hexadecanol 1.38 PC1
11 2-Butyl-1-decene 1.27 PC1
15 Benzoic acid, methyl ester 1.24 PC1
29 Octadecanol 1.23 PC1
10 9-Methyl-1-undecene 1.20 PC1
36 Demethoxymatteucinol 1.16 PC1
19 Methylox 1.14 PC1
17 5(2,4-Di-tert-butylphenoxy)-5-oxopentanoic acid 1.09 PC1
25 Decanol 1.07 PC1
12 (E)-9-Eicosene 1.04 PC1
7 6-Ethyl-2-methyldecane 0.99 PC1
24 4-Methylhexanol 0.85 PC1

4. Discussion

In the present study, the fingerprints of old, mature, and young leaves were found to
be similar but slightly different in peak intensity and this might be due to the presence of
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the same type or quantity of metabolites. The similarities between the absorbance peaks
also are related to the insignificance among leaf stages in antioxidant and antibacterial
activities reported in our previous study. The peak at 1710 cm−1 which is assigned to the
C=O in the phenolic group is believed to have contributed to these bioactivities. Besides,
this is in agreement with the finding by Easmin et al. [24], where they found that FTIR
spectra for ethanol and water extracts of Phaleria macrocarpa fruit look similar because
of the similarity in their chemical composition. Besides, the variation of peak detected
between the leaf samples also might be related to different levels of enzyme activities
for each maturity stage [21]. In addition, Kharbach et al. [29] reported that the resulting
compound fingerprint is mostly related to plant maturity, variation of season, and location
of geographic. However, the comparison among spectra only cannot provide the final
conclusion about the specific fingerprint that contributed to variations between ‘Giant
Green’ leaves at three maturity stages. So, the data of FTIR was further analyzed and
subjected to chemometric analysis.

Principal Component Analysis (PCA) is unsupervised multivariate data analysis
(MVDA) that is used to reduce the dimensional large dataset and at the same time has
preserved important information. The most important information from the dataset is
explained in PC1 and the second most important information is explained in PC2. The
score plot was used to differentiate among the samples and the loading plot was used to
determine the variable contributed to the samples cluster. In the present study, the PCA
was established to find the relationship between ‘Giant Green’ leaves at three maturity
stages and identify the functional group that contributed to the sample separation. The
PCA result showed that the young leaves were clearly separated from mature and old
leaves. But one biological replicate from mature leaves (ML1) is located near the old leaf
samples. This might be why some metabolites in ML1 are also present in old leaf samples
or their quantity is almost similar. Some of the previous studies also found no defined
cluster between Ficus deltodeia syconia varieties [30], cabbage cultivar [31], and Ipomoea
aquatica [32] because of the identicalness of their chemical contents. Besides, Eugenia uniflora
leaves showed a clear distance of cluster between the different fruit color biotypes due to
their distinctive volatile compounds [33].

Unsupervised Hierarchical Cluster Analysis (HCA) is complementary to PCA analysis.
HCA was applied to determine the similarities and dissimilarities between the individual
experimental samples. The sample with similar in investigated variable matched in the
same cluster but the sample showed the highest dissimilarity was arranged in other clusters.
The position of the cluster in the dendrogram also takes into account the far position among
clusters that shows the highest dissimilarity between the individual samples [34]. The
results obtained from this study demonstrate that the leaf extracts at three maturity stages
were arranged in three different clusters and might be influenced by metabolite biosynthesis.
Lee et al. [35] reported that metabolite presence varies at the young, mature, and old stages
of S. samarangense cv. pink leaves. The HCA model also revealed that most leaf extracts
present in the same maturity stages formed a homogeneous cluster. It was expected that
the samples with the same maturity stage was similar because they consisted of metabolites
of the same quality and quantity. However, one of the mature leaves (ML1) deviated
away from other mature leaf samples, but arranged in cluster 1 belonging to old leaf
samples, indicating that the metabolite can also develop differences among leaves at the
same maturity stage. This phenomenon also might be affected by environmental factors,
cultivar practices, plant ages, and soil factors of wax apple cultivar. The environmental
factors such as temperature, light intensities, and climatic change influence the changes of
metabolites in plants [36].

Partial Least Square-Discriminant Analysis (PLS-DA) is a supervised multivariate
data analysis (MVDA) tool that is gaining more interest, especially in the analysis of
metabolomics data. PLS-DA has the capability to improve the classification of experimental
data that cannot be achieved by using PCA. Unlike PCA, PLS-DA is focused on class
reductive in achieving the separation between the samples. In this study, PLS-DA is
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performed to discriminate the ‘Giant Green’ leaves at three maturity stages based on their
FTIR dataset. In good accord with PCA and HCA analysis, one of the samples from the
mature leaf stage that is ML1 cannot clearly be separated from the samples of the old
leaf stage might be due to the similarities of metabolites in both samples. However, the
other samples from young, mature, and old leaves were well improved in their separation
than in PCA. The prediction ability of this PLS-DA model in the classification of the leaf
samples with different maturity stages has been validated by the achievement of a 93.33%
score in the confusion matrix. The maximum data among class (maturity stage) were
collected in PLS-DA analysis, making the variable that discriminates in this model may
be unlike those with PCA. Most of the discriminative variables detected in FTIR spectra
contributed to the classification of young, mature, and old leaves according to variable
importance to projection (VIP) coefficients. The highest VIP score represented the stronger
variable attributed to the clustering of the sample. The peaks at 2857, 2928, 1709, and
924 cm−1 were mostly related to describing the differences between the maturity stages
of leaf samples. The previous literature reported that the asymmetrical (2970 cm−1) and
symmetrical (2856 cm−1) of the methylene group (CH2) and C=H bond (980 cm−1) in
the FTIR spectrum were commonly related to flavonoid structure [37]. Then, the peak
around 1718 cm−1 could be attributed to the presence of the ester compound [26]. This
finding revealed that the flavonoid and ester compounds could be the largest influencer
in separating between maturity stages in leaf samples. So, it can be concluded that the
variation of metabolites could be attributed to discrimination between three maturity stages
of ‘Giant Green’ leaves. In good accordance with the previous study, as reported by Lee
et al. [35], the chemical compounds such as terpene and terpenoid of wax apple leave
cv. pink changes during the maturation stages. Other than that, Gouvinhas et al. [38]
reported that the oil from three stages of olive fruit was successfully discriminated by
using supervised MVDA. They found that the changes in biochemicals happened with the
ripening stages of the olive fruit. Considering the discrimination explained in the PLS-DA
model, it is proven that the ‘Giant Green’ leaves were well-classified according to their
maturity stages than using PCA.

Partial Least Square (PLS) belongs to supervised MVDA where the Y-axis represented
a dependent variable and X-axis represented an independent variable in the PLS model.
PLS is used to find the correlation between the two variables that are generated from the
dataset of spectroscopic or chromatographic analysis and bioactivity. The validation and
prediction of the goodness of the model are evaluated based on R2Y (variance explained
in predictor variable), R2X (variance explained in response variable), and Q2Y (variance
predictive of the goodness of fit according to cross-validation). A cross-validated corre-
lation coefficient (Q2) value higher than 0.5 indicates a good PLS model. In the current
study, the relationship between FTIR spectra absorbance (wavenumber) with biological
activities such as antioxidant (DPPH, NO, and ABTS) and alpha-glucosidase inhibitory
activity were investigated. However, the information accessed from FTIR was limited
because it just provided a clue about the class of metabolite but the specific metabolite
that is responsible for activeness in biological activities is still unknown. The relationship
between biological activity (Y-axis) and wavenumber (X-axis) of leaf samples at three
maturity stages was illustrated in the bi-plot. Bi-plot was the combination of a score plot
and a loading plot. Based on the present results, the bi-plot of leaf extracts revealed that
the Y-variables (DPPH, NO, ABTS, and alpha-glucosidase) were located near the sample
of the young leaf stage. It revealed that young leaf samples were highly correlated with
biological activities. The strongest peaks were obtained at 2857, 2928, and 3300 cm−1 which
possessed the highest value in the loading plot and VIP score and may be responsible
for antioxidant and alpha-glucosidase inhibitory activities of young leaves. The peak at
2857 cm−1 and 2928 cm−1 may be due to methylene stretching of asymmetrical and sym-
metrical vibration in methoxyl derivative and aldehyde group, and at 3300 cm−1 may be
assigned to intermolecular hydrogen bond in alcohol, phenol or carboxylic acid. These
peaks showed that the possibility of primary metabolites such as carbohydrates, proteins,
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lipids, and polysaccharides, and secondary metabolites such as phenolic acids, flavonoid,
terpenes, and terpenoids were present in the leaf sample. In good accordance with a
previous study as reported by Christou et al. [39] where they found that the most important
peaks in the FTIR spectrum were at the 4000–2500 cm−1 which indicates the presence of
carbohydrate, protein, lipid, and polysaccharide groups. Saidan et al. [40] also revealed
that the sharp peak in the range of 1760–1600 cm−1 may be characterized by the presence
of flavonoid and terpenoid groups. In addition, the leaves of S. samarangense have been re-
ported with an abundance of valuable metabolites such as quercetin, ellagic acid, myricetin,
lupeol, sitosterol, triterpenes, betulin, p-cymene α-pinene, β-pinene and limonene [41].
These metabolites have been proven to have a significant effect on bioactivities such as
antioxidant and alpha-glucosidase inhibitory activities [41–43].

Gas chromatography (GC) is the most intensive instrument used for separation of
compounds in a mixture [44]. It becomes the crucial tool in identification of compounds
especially in drug discovery or pharmacology and food industry fields. In this study,
37 compounds were detected in three maturity stages of ‘Giant Green’ leaf extracts. How-
ever, only six major compounds were identified and present at the same retention time in all
of the leaf extracts. The variation of metabolites in the samples may influent their potency
in biological activities. Thus, the strongest antioxidant, antibacterial and alpha-glucosidase
activities of ‘Giant Green’ leaves in our previous study [18] could be related to the greater
number of metabolites present in each of the leaf extracts. Some of the metabolites from
classes of phenolic, triterpenes, ester, alkane, and carbohydrate have been given more
attention by researchers because these metabolites can exhibit various pharmacological
activities [45–47]. Previous literature had reported that alkane-based compounds such
as tetradecane, hexadecane [48], and nonadecane [49] showed antibacterial and antifun-
gal effects. The presence of metabolites such as methyl benzoate; methyl (9Z,15Z)-9,15-
octadecadienoate [50,51], diethylene glycol dibenzoate [52] and 9-Eicosene [53] also have
potent antibacterial activity. Other than that, Saleh et al. [46] reported that the metabolites
based on fatty acid, organic acid, phenolic acid, carbohydrate, alkane, and sterol may
possess alpha-glucosidase inhibitory activity. Fatty acids such as palmitic acid and stearic
acid were known to exhibit potent alpha-glucosidase inhibitory activity [54,55] as well
as possess strong antioxidant and antibacterial, antitumor, anticholesteremic, immunos-
timulant properties and anti-inflammatory activities [56,57]. Another metabolite that had
the strongest alpha-glucosidase inhibitory activity is phytol [54,58]. Phytol is an acyclic
diterpene alcohol and is commonly produced through the degradation process of the
plant cell wall [54]. The same metabolite also was reported by other researchers to inhibit
the strongest antimicrobial, antioxidant, antinociceptive, and anticancer activities [59,60].
However, the other metabolites found in this analysis might not yet be described in detail
by previous literature. Hence, this study revealed that GC-MS is an efficient tool to profile
the untargeted peak of the ‘Giant Green’ cultivar of wax apple leaf samples. However, the
huge dataset which was obtained from hundreds of peaks of GC-MS analysis provided a
barrier to providing a significant conclusion in terms of specific metabolites that contribute
to discrimination between ‘Giant Green’ leaves at three different maturity stages. Thus, a
more manageable size of GC-MS data was obtained by chemometric analysis that applied
multivariate data analysis (MVDA).

PCA is performed to reduce the dataset aiming at the structuring of data and clustering
of experimental samples. PCA detected the similarities between the samples and classified
them into similar clusters. In this study, the ‘Giant Green’ cultivar of S. samarangense
leaves did not provide good separation between their maturity stages. The grouping
in PCA is based on the strength of variables in the loading plot on PC1 and PC2 axis.
Similarly, our findings agreed with the work of Steingass et al. [21]. In their study, one of
the green-ripe pineapple fruit did not match with other samples with the same maturity
stage and the authors ascribed the variation due to the development of metabolites among
the individual fruits that were different even at the same maturity stages. However, our
result contradicted a previous study as reported by Maamoun et al. [61] in which there
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was clear discrimination between two stages of the ripening stage of Luffa egyptiaca Mill
fruit. They noted that young fruit exhibits a negative score along PC1 and old mature
fruit exhibits a positive score along PC2. Zhang et al. [62] also found a good separation
between the three stages of tobacco leaves. The rosette and vigorous growth stages are
located along PC1 whereas the mature leaves are located along PC2. The accumulation of
certain compounds such as nicotine, sucrose, D-glucose, L-proline, D-fructose, quinic acid,
glyceric acid, L-threonic acid, inositol, and DL-malic acid at various quantities in tobacco
growth stages were indicated may contribute to this separation. Hence, it can be concluded
that the variation and quantity of metabolites in each of the experimental samples played a
significant role in the discrimination between them.

Complex chemical reactions occur at each of the maturity stages of plants suitable for
their growth and cell development process. So, this process automatically changes the com-
position of metabolite in the plant. Hierarchical cluster analysis (HCA) is an unsupervised
MVDA used to identify the natural grouping between the plant samples characterized
by the values of a set of measured properties [63]. The similarity and dissimilarity of the
entire set of samples are displayed in the HCA dendrogram. The results revealed that
‘Giant Green’ leaves were discriminated into three clusters, similar to the results in the
PCA. However, each of the clusters did not represent the different maturity stages of leaf
samples as expected. It showed that the data as accessed from GC-MS analysis was not able
to well-discriminate between ‘Giant Green’ leaves at three maturity stages. Many factors
could be influencing this result such as the similarities of metabolites in each of the samples,
location of sampling, and biological replication of samples [30,64,65]. Despite this fact, all
of the samples and their biological replicates were collected at a similar location, which has
been attributed to the slight differences between metabolites as compared to those samples
collected from other locations.

Partial Least Square-Discriminant Analysis (PLS-DA) is further adapted from the un-
supervised classification of PCA. The supervised PLS-DA model was applied to investigate
the metabolites that contributed to discrimination between ‘Giant Green’ leaves at three
maturity stages. Its results were not in accordance with previous PCA and HCA results
where all stages of leaves improved their separation from each other. The validation of the
model was also proven with 100% of the confusion matrix result. The metabolites involved
in this separation were confirmed with variable importance in the projection (VIP) values.
The twenty-four metabolites were identified that consisted of VIP values greater than 0.85
in leaf extracts. From the results, it showed that the variation of metabolites from the groups
of alcohol, ester, alkene, alkane, and ketone were involved in the discrimination of leaves
(young, mature, and old leaf stages) samples. However, the understanding of factors that
influence the discrimination among samples was very complex. Some researchers revealed
that the factors of climate, soil, temperature, maturity stage, irrigation, and fertilizer vary
the composition of metabolites in plants [31,36,66]. According to Yunusa [30], two possible
factors responsible for the separation between the samples are the particular metabolite
presence in all samples but different in concentration, and undetected particular metabolites
in certain samples. All of these factors also affected the results of PLS-DA analysis. In
addition, it was also expected that the PLS-DA model showed better performance in the
classification of ‘Giant Green’ leaves at three maturity stages than PCA since PLS-DA was
most effective in discriminating the samples based on their similarities and dissimilarities
of metabolite profile.

Partial least square (PLS) is applied to find the correlation between the biological
activities (antioxidant and alpha-glucosidase) and metabolites in three maturity stages
of ‘Giant Green’ leaves. From the PLS bi-plot, the young leaves were located near the
bioactivities. This finding confirmed the biological activity results, which showed that
the sample from young leaf stages had the highest activity compared to samples from
other stages. Based on the VIP score, the metabolites contributing the highest to these
activities in leaf extract along PC1 were fatty acid (methyl palmitate, 18) and alkane-based
compound (tetradecane, 4; decane, 1; cyclotetradecane, 3). This result was consistent with
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previous literature showing that the metabolites from fatty acid and alkane derivatives
possessed antioxidant and alpha-glucosidase activities [46,54,67]. Anh et al. [68] found that
the methyl palmitate presence in Clausena indica fruit possesses potent antioxidant and
antidiabetic activities. Another study as reported by Murugesu et al. [54], revealed that
methyl palmitate and pentadecanoic acid presence in Clinacanthus nutans Lindau leaves
inhibited the stronger alpha-glucosidase inhibitory activity. The alkanes, fatty acid, methyl
ester, and aromatics chain in the essential oil of Daphne mucronata Royle leaves and stems
showed good antioxidant and antibacterial activities [69]. Considering the relationship as
described in the PLS model, it was proven that the metabolites and biological activities
in the ‘Giant Green’ leaves were well-correlated. Then, young leaves also showed the
strongest relationship with antioxidant and alpha-glucosidase inhibitory activities than
mature and old leaves.

5. Conclusions

The ATR-FTIR and GC-MS-based metabolomics approach have well-determined the
metabolite variation between the three maturity stages of the ‘Giant Green’ cultivar of
S. samarangense leaves. Unsupervised and supervised MVDA were successfully discrim-
inated between the leaf samples and visualized the specific metabolites correlated to
the biological activities (antioxidant and alpha-glucosidase). Thus, this work concludes
that spectroscopy and chromatography fingerprinting coupled with chemometrics can be
applied to select the best maturity of ‘Giant Green’ leaves for further use in the pharmaco-
logical field.
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Abstract: This study analyzed growth patterns, biological compounds, antioxidant properties, gin-
senoside contents, metabolites, and the annual net production of ‘Yunpoong’ and ‘K-1’ to find the
optimal harvesting time of ginseng sprouts. One-year-old ginseng seedlings were cultivated in a
container-type vertical farm under a temperature of 20 ◦C, a humidity of 60%, and average light inten-
sity of 46.4 µmol m−2 s−1 (16 h photoperiod). Growth patterns at 2, 3, 4, and 5 weeks after transplant-
ing (WAT) differed between cultivars. Regarding biological compounds and antioxidant properties,
‘Yunpoong’ took 5 WAT (43.59%; 2,2-diphenyl-1-picryl-hydrazine-hydrate radical scavenging activity,
1.47 OD593nm; ferric reducing antioxidant power assay, 78.01%; 2,2′-azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid) radical scavenging activity), and ‘K-1’ took 4 WAT (0.98 Re mg g−1; total flavonoid
contents, 35.93%; DPPH) to show a high content. Two cultivars showed the highest total ginsenoside
contents at 5 WAT. Most of the analyzed metabolites had a higher content in ‘Yunpoong’ than in ‘K-1’.
In both cultivars, it was confirmed that the longer the growth period (3 − > 5 WAT), the lower the
yield and the annual ginsenoside net production. Therefore, ‘Yunpoong’ and ‘K-1’ cultivars should
be grown as ginseng sprouts in the vertical farms for approximately 3 WAT and 4 WAT, respectively.

Keywords: antioxidant properties; biological compounds; ginsenoside contents; Panax ginseng;
plant factory

1. Introduction

Ginseng (Panax ginseng C.A. Meyer, National Institute of Horticultural and Herbal
Science, Wanju-gun, Republic of Korea), a perennial plant belonging to the family Araliaceae
and genus Panax, is an important medicinal crop cultivated in Asian countries, such as
the Republic of Korea and China. The area of ginseng grown in the Republic of Korea
was 14,729 hectares, with a production of 20,772 tons in 2021 [1]. The shape and growth
features of ginseng differ depending on the cultivar [2]. The ginseng cultivars have various
morphological and physiological properties [3], seed yield, ginsenoside content, and pest
resistance [4,5]. ‘Yunpoong’ is a Jakyung species with a short plant length, multiple purple
stems, one red fruit, and stipule-shaped leaves [6]. Their body of the root is cylindrical,
with a medium length and large thickness, and has a high yield of fresh ginseng quality.
Another Jakyung species, ‘K-1’, mostly has one dark-purple-colored stem with red fruits
and long, triple-tipped oval leaves [7]. The structure of the K-1 root, a developed tap root
with 2–3 lateral and numerous fine roots, is cylindrical, suitable for red ginseng production,
and has stronger disease resistance.
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Ginsenosides are saponins and constitute the main components in ginseng with
various physiological and pharmacological properties, such as anticancer [8], anti-stress [9],
neuroprotective [10], and anti-diabetic [11]. The saponin content in ginseng differs based
on the harvest time of ginseng leaves during general cultivation [12]. It can vary depending
on the cultivar [3], age [13], planting location [14], and growth stage [15]. Ginseng leaves
contain small amounts of ginsenoside-F1, ginsenoside-F2, and ginsenoside-F3 that are not
found in the roots [15].

The ginseng leaves possess excellent physiological properties [16]. One-year-old
ginseng leaves had higher ginsenoside content than roots [17,18]. A vertical farm is a multi-
tier indoor plant production system that precisely controls all growth factors, including
light, temperature, humidity, CO2 concentration, water, and nutrients, to produce high
volumes of plants [19]. By controlling the environment, such as light, temperature, and
humidity, in vertical farms, it is possible to produce high-value-added crops year-round [20].
In particular, vertical farms are emerging as a new method for cultivating medicinal
plants for medicines and functional foods, providing customized environmental conditions
suitable for high yield and high-quality plants [21]. For example, ginseng grown in vertical
farms has a shorter growth period [22] and higher saponin content than field-grown
ginseng [23]. Vertical farms can increase the yield [24,25] of various crops and enable
year-round production [19]. Additionally, ginseng sprouts have a short growing period
and can be grown in a vertical farm where it is not affected by seasonal variations [26].

Many studies are being conducted on the comparison of ginseng varieties. Ahn et al. [3]
examined the variation in ginsenoside content among different parts of ginseng roots based
on the ginseng variety. The growth characteristics were compared to the ‘Gopoong’,
‘Chunpoong’, and ‘Yunpoong’ ginseng varieties [6]. However, there has yet to be a study on
the changes in growth patterns and ginsenoside content for each ginseng variety. Therefore,
this study was conducted to determine the optimal harvest time of the ‘Yunpoong’ and
‘K-1’ ginseng varieties grown in a vertical farm. Additionally, we compared the metabolite
content and differences between ‘Yunpoong’ and ‘K-1’ through metabolite analysis.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

One-year-old ginseng seedlings (‘Yunpoong’ and ‘K-1’) were provided to the National
Institute of Horticultural and Herbal Science, and approximately 7–10 cm ginseng seedlings
were used as experimental material. Ginseng seedlings were immersed in 100 ppm of
gibberellin aqueous solution (IAP, JahngRyu Industries Co., Ltd., Cheongju, Republic of
Korea) for 30 min and then transplanted into a plastic tray (51.5 × 36 × 8.5 cm, L ×W × H)
filled with an artificial ginseng soil mix (Myeongpum-Insamsangto, Shinsung Mineral Co.,
Ltd., Goesan, Republic of Korea). For each cultivar, 42 ginseng sprouts for 3 repetitions
were planted in a plastic container and cultivated in a smart farm cube (Dream PF Corp.,
Sacheon, Republic of Korea). Overhead sprays were performed with tap water 3–4 times
weekly. The growth environment was maintained at 20 ± 3 ◦C, 60 ± 10% relative humidity,
46.4 ± 0.3 µmol m−2 s−1 photosynthetic photon flux density (PPFD; Red and Blue LEDs),
and 16 h photoperiod for 5 weeks after transplanting (WAT).

2.2. Growth Characteristics

The growth characteristics of ginseng sprouts were measured at 2, 3, 4, and 5 WAT
by dividing the shoot and root, such as shoot and root fresh and dry weights—this is the
method of Nguyen et al. [27]. The fresh weight of shoots and roots was measured with an
electronic scale (PAG214C, Ohaus Corp., Parsippany, NJ, USA). Then, the samples were
dried in an oven (WOF-155, Daihan Scientific, Seoul, Republic of Korea) at 70 ◦C for 3 days,
and the dried weight was measured. The top/root ratio was divided as the fresh weight
ratio of the top (shoot) to the root. The total yield was expressed by totaling the shoot and
root fresh weights.
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2.3. Analysis
2.3.1. Biological Compounds and Antioxidant Properties

Ginseng sprouts from 42 plants for 3 repetitions were harvested at 3, 4, and 5 WAT
and prepared as follows. Dry powder samples (1 g) were extracted in 20 mL of 50% ethanol
using a flask shaker (SH-800, SH Scientific Co., Ltd., Sejong, Republic of Korea) at about
25 ◦C for 12 h. The extract was centrifuged for 5 min, then the supernatant of 5 mL was
filtered through a 0.45 µm membrane filter, and the supernatant was used for analysis [28].

For total phenolic contents, a slightly modified Folin–Denis method [29] was used.
The ginseng extract (0.5 mL) was added to a 2 mL microcentrifuge tube, and 0.5 mL of
25% Na2CO3 solution was added. The mixture was allowed to stand for 3 min, whereafter
0.25 mL of 2N Folin–Ciocalteu reagent (Sigma-Aldrich Co., Ltd., St. Louis, MO, USA) was
added. The mixture was left for 1 h at 30 ◦C for color development to occur and then
centrifuged for 1 min. The absorbance of the sample was measured at 750 nm using a
spectrophotometer (UV-1800 240 V, Shimadzu Corp., Kyoto, Japan). A standard calibration
curve to estimate the total phenol content was drawn using gallic acid. Results are expressed
in milligrams of gallic acid equivalents per gram on a dry weight basis (mg GAE g−1 DW).

For total flavonoid contents, the method of Kim et al. [29] was used. Briefly, 0.5 mL
of the ginseng extract was placed in a 2 mL microcentrifuge tube containing 1.0 mL of
diethylene glycol (Sigma-Aldrich Co., Ltd., St. Louis, MO, USA), followed by the addition
of 0.01 mL of 1N NaOH. The mixture was placed in a constant temperature water bath
at 37 ◦C for 1 h. Absorbance was measured at 420 nm using the spectrophotometer. A
standard calibration curve was obtained to calculate the total flavonoid content. The
contents were expressed as the average of three experiments.

For DPPH (2,2-diphenyl-1-picryl-hydrazine-hydrate; Sigma-Aldrich Co., Ltd., St. Louis,
MO, USA) radical scavenging activity, the method of Cho et al. [30] was used. DPPH solu-
tion (0.8 mL; 1.5 × 10–4 M) and the ginseng extract (0.2 mL) were dispensed into a 2 mL
microcentrifuge tube, incubated in the dark for 30 min, and the absorbance value was
measured at 525 nm using the spectrophotometer. The extraction solvent was used as the
negative control. The radical scavenging activity was determined as follows:

Radical scavenging activity (%) = [1 − (absorbance value of experimental
group/absorbance value of negative control group)] × 100

(1)

For FRAP (ferric reducing antioxidant power assay) determination, the method of
Lee et al. [31] was used. The FRAP solution was prepared by mixing 300 mM of acetate
buffer (pH 3.6), 10 mM of TPTZ in 40 mM of HCl, and 20 mM of FeCl3 in a ratio of
10:1:1. The prepared solution was preliminarily incubated at 37 ◦C for 15 min. Thereafter,
0.05 mL of diluted ginseng extract samples and 0.95 mL of the FRAP solution were mixed
and incubated at 37 ◦C for 15 min. The reaction sample was measured at 593 nm using
the spectrophotometer.

For ABTS [2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid); Sigma-Aldrich Co.,
Ltd., St. Louis, MO, USA] radical scavenging activity, the method of Cho et al. [30] was
used. The ABTS (7 mM) solution and potassium persulphate (2.45 mM) were mixed in a 1:1
ratio and incubated in a dark room for 12–16 h to form ABTS cations. This ABTS+ solution
was diluted with methanol to an absorbance value of 0.7 ± 0.02 at 732 nm to prepare the
ABTS+ solution used in the experiment. After adding 0.9 mL of ATBS+ solution and 0.1 mL
of ginseng extract to a 2 mL microcentrifuge tube and incubating for 3 min, the absorbance
value was measured at 732 nm using the spectrophotometer. The extraction solvent was
used as the negative control. The radical scavenging activity was determined by the same
formula as for DPPH calculation.

2.3.2. Ginsenoside Analysis

For the analysis of pre-treated ginsenosides, ginseng sprouts from 42 plants for 3 rep-
etitions were harvested at 3, 4, and 5 WAT and prepared as follows. The preprocessing
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involved drying the sprouts at 70 ◦C for 72 h, grinding them with a mixer, and storing them
at 4 ◦C. The dried powder samples (5 g) were extracted with 70% HPLC (high-performance
liquid chromatography) methanol (20 mL) in a constant temperature bath (70 ◦C) for 1 h.
After centrifugation at 3000 rpm for 10 min using a centrifuge (1730R, GYROZEN Co., Ltd.,
Gimpo, Republic of Korea), the supernatant was filtered through a 0.45 µm membrane
filter. This process was repeated twice, and a total of 40 mL of ginseng sprout extract was
obtained. The extraction samples were concentrated under reduced pressure at 60 ◦C,
and the resulting extract was dissolved in 2 mL of HPLC water, filtered through a 0.45µm
membrane filter, and used for HPLC analysis [32].

The quantification of ginsenosides in ginseng extract samples was carried out using
HPLC analysis (HPLC Agilent 1260 series Co., Forest Hill, VIC, Australia) with a diode
array detector, as described by Lee et al. [33] with a slight modification. Ginsenoside
standards (Rg1, Re, Ro, Rf, F5, F3, Rg2, Rh1, Rb1, Rc, F1, Rb2, Rb3, Rd, Rd2, F2, Rg3, PPT,
compound K, Rh2, and PPD) were purchased from KOC Biotech (Daejeon, Republic of
Korea). HPLC-grade organic solvents used for analysis were purchased from J.T. Baker
(Philipsburg, NJ, USA). Other reagents used were purchased at special grade or HPLC
grades. The sample (20 µL) and the 50% ethanol were injected onto an analytical reversed-
phase C18 column (TSK-ODS100Z, 4.6 × 250 nm, 5 µm; Tosoh Corp., Tokyo, Japan). The
mobile phase was water (elution A) and acetonitrile (elution B), and the following gradient
program was used: 0–10 min, 19% B; 15 min, 20% B; 30 min, 23% B; 42 min, 30% B; 75 min,
35% B; 80 min, 60% B; and 100 min, 90% B. The column was reconditioned with 100% B for
3 min. Other HPLC conditions were as follows: detection, 203 nm; flow rate, 1.0 mL/min;
column temperature, 25 ◦C.

2.4. Analysis of Metabolites
2.4.1. Quantification Methods and Gas Chromatography–Mass Spectrometry (GC/MS)
Conditions for Primary Metabolite

Extracts of sprouted ginseng (‘Yunpoong’ and ‘K-1’) were analyzed using GC/MS
(Figure S1 and Table S1). The dry sample (25 mg) was homogenized with 80% methanol
(800 uL) using a blender to extract metabolites. After centrifuging the extract for 10 min,
10 uL of the supernatant was dried using a speed vac (Labconco Co., Kansas, MO, USA).
The dried residues were dissolved in 70 µL of hydroxymethoxy amine and incubated
for 90 min at 37 ◦C. After, samples were then derivatized by adding 70 µL of N,O-bis
(trimethylsilyl) trifluoroacetamide for 30 min at 70 ◦C. Then, the reaction product was
centrifuged for 10 min, and the supernatant of 1 mL was used in GC/MS analysis. The
derivatized metabolites were analyzed using a GC-2010 Plus (Shimadzu Corp., Kyoto,
Japan) equipped with a DB-5MS column (30 m × 0.25 mm, 0.25 µm film thickness; Agilent
Technologies, Santa Clara, CA, USA). The injector temperature was set at 200 ◦C, and
helium was used as the carrier gas at a flow rate of 1 mL per min. The oven temperature
program was set as holding at 70 ◦C for 2 min, increasing from 210 ◦C at 10 ◦C min,
and holding at 320 ◦C for 7 min. The effluent was detected using a GCMS-TQ 8030 MS
(Shimadzu Corp., Kyoto, Japan) system during 0.03 s with electron ionization at 15 eV.
The ion source and interface temperatures were 200 and 280 ◦C, respectively. The primary
metabolite analysis was performed for 5 repetitions.

2.4.2. Quantification Methods and Ultra-Performance Liquid Chromatography/Time-of-
Flight Mass Spectrometry (UPLC/Q-TOF-MS) Conditions for Secondary Metabolites

Extracts of sprouted ginseng (‘Yunpoong’ and ‘K-1’) were analyzed using UPLC/Q-
TOF-MS (Figure S2 and Table S2). The dry sample (50 mg) was homogenized with 80%
methanol (800 uL) using a blender to extract the metabolites. Following centrifugation, the
supernatants were analyzed using UPLC-Q-TOF MS (Waters Corp., Milford, MA, USA).
The metabolites were separated using an Acquity BEH C18 column (2.1 mm × 100 mm,
1.7 µm; Waters, Milford, MA, USA) equilibrated with water containing 0.1% formic acid
(A) and acetonitrile containing 0.1% formic acid (B). The eluted metabolites were detected
using Q-TOF MS with negative electrospray ionization mode. The desolation temperature
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and flow rates were 400 ◦C and 900 L h−1, respectively, and the source temperature was
100 ◦C. The sampling cone and capillary voltages were 20 V and 2.5 kV, respectively.
Leucine-enkephalin (554.2615 Da) was used as the lock mass with an infusion flow rate
of 0.35 mL per min. MS data were obtained with a scan range of 50 to 1500 m z−1. The
secondary metabolite analysis was performed for 5 repetitions.

2.4.3. Metabolite Data Processing

The spectra of substance peaks on GC/MS chromatograms were identified using
the NIST 11 and Wiley 9 mass spectral libraries and retention indices, and calculated
using n-alkanes. The skeptical peaks on UPLC/Q-TOF-MS chromatograms were evaluated
using the Chemspider, Metlin (metlin.scripps.edu; accessed on 8 August 2022), human
metabolome (www.hmdb.ca; accessed on 8 August 2022), and EZmass databases and
authentic standards. The peaks were identified using the UNIFI software (version 1.9.2,
Waters, Milford, MA, USA) connected to various online databases, version 3.9.

2.5. Statistical Analysis

The growth characteristics, biological compounds, antioxidant properties, and gin-
senoside content were measured. Ginseng sprouts of 42 plants for 3 repetitions were
harvested according to the WAT. Data were analyzed using the SAS 9.4 program (SAS
Institute Inc., Cary, NC, USA) with variance analysis. Duncan’s multiple range test was
used to verify the significant differences (p < 0.05) in all treatments. All graphs were created
using SigmaPlot 8.0 (Systat Software Inc., San Jose, CA, USA).

Multivariate statistical analysis was carried out using SIMCA-P+ v.16.0.2 (Umetrics,
Umea, Sweden) and all variables were automatically transformed and scaled to unit
variance. PCA, PLS-DA, VIP, permutation test, and p-value were used to visualize the
graphs. Statistical differences between the experimental data were analyzed using one-way
analysis of variance (ANOVA) with Duncan’s test using SPSS 27.0 (SPSS Inc., Chicago,
IL, USA). Boxplots and heatmaps of metabolite were calculated and created using the
R software.

3. Results and Discussion
3.1. Growth Characteristics

Two ginseng cultivars (‘Yunpoong’ and ‘K-1’) showed different growth characteristic
patterns at 2, 3, 4, and 5 weeks after transplanting (WAT) (Table 1). The shoot fresh weight of
‘Yunpoong’ showed the greatest value (1.0442 g) at 3 WAT, while ‘K-1’ showed the greatest
value (0.8077 g) at 4 WAT. Overall, the shoot fresh weight was greater in ‘Yunpoong’ than in
‘K-1’. The shoot dry weight showed a similar pattern to the shoot fresh weight. In the shoot
dry weight, ‘Yunpoong’ showed the greatest value in the 3 WAT (0.1678 g) and ‘K-1’ in
the 4 WAT (0.1271 g). The root fresh weights of ‘Yunpoong’ and ‘K-1’ showed the greatest
values (0.7924 g, and 0.5502 g, respectively) at 3 WAT. Overall, the root fresh weight of
‘Yunpoong’ was greater than that of ‘K-1’. Unlike the root fresh weight, the root dry weight
showed a greater value in ‘Yunpoong’ at 3 WAT and ‘K-1’ at 5 WAT. The root dry weight of
‘K-1’ showed a similar trend to that of the root fresh weight of ‘K-1’. Overall, the values of
root dry weight were greater for ‘Yunpoong’ than for ‘K-1’.

Table 1 presents the top/root ratio of ‘Yunpoong’ and ‘K-1’ at 2, 3, 4, and 5 WAT. A
significantly higher (p < 0.05) top/root ratio was observed in ‘K-1’ than in ‘Yunpoong’
at 3 WAT. The top/root ratios of ‘Yunpoong’ and ‘K-1’ were the greatest at 4 WAT at
1.4058 and 1.5843, respectively. Similar to shoot fresh weight, there was a significantly
difference regarding total yield between cultivars. The greatest total yield was 1.8367 g for
‘Yunpoong’ and 1.3315 g for ‘K-1’ at 4 WAT. Overall, the total yield value was greater in
‘Yunpoong’ than in ‘K-1’.
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Table 1. Growth patterns of ‘Yunpoong’ and ‘K-1’ at 3, 4, and 5 weeks after transplanting.

Cultivar WAT
Shoot (g) Root (g)

Top/Root Ratio Total Yield
Fresh Weight Dry Weight Fresh Weight Dry Weight

Yunpoong

2 0.70 ± 0.03 b 0.09 ± 0.00 b 0.71 ± 0.03 a 0.10 ± 0.00 c 0.99 ± 0.04 b 1.42 ± 0.05 b
3 1.04 ± 0.04 a 0.17 ± 0.01 a 0.79 ± 0.04 a 0.13 ± 0.01 ab 1.34 ± 0.08 a 1.84 ± 0.07 a
4 1.01 ± 0.07 a 0.16 ± 0.01 a 0.72 ± 0.05 a 0.10 ± 0.01 bc 1.41 ± 0.06 a 1.73 ± 0.11 a
5 0.95 ± 0.05 a 0.17 ± 0.01 a 0.74 ± 0.04 a 0.14 ± 0.01 a 1.29 ± 0.04 a 1.70 ± 0.09 a

K-1

2 0.40 ± 0.02 c 0.04 ± 0.00 c 0.42 ± 0.02 b 0.05 ± 0.00 b 0.96 ± 0.03 b 0.83 ± 0.03 c
3 0.55 ± 0.03 b 0.08 ± 0.01 b 0.55 ± 0.05 a 0.07 ± 0.01 a 1.03 ± 0.06 b 1.10 ± 0.07 b
4 0.81 ± 0.04 a 0.13 ± 0.01 a 0.52 ± 0.04 a 0.08 ± 0.01 a 1.58 ± 0.09 a 1.33 ± 0.07 a
5 0.74 ± 0.03 a 0.12 ± 0.01 a 0.53 ± 0.04 a 0.08 ± 0.01 a 1.43 ± 0.08 a 1.26 ± 0.06 a

WAT means the weeks after transplanting. Different letters within columns indicate significant differences
(p < 0.05), based on Duncan’s test.

The growth characteristic results at 3 WAT for ‘Yunpoong’ and 4 WAT for ‘K-1’ are
similar to previous studies. In previous studies, Jang et al. [34] reported that the shoot dry
weight increased up to 4 WAT and then decreased. Developing the seedling and mature
ginseng canopies takes approximately 4 weeks [35]. The root dry weight decreased for the
first 2 WAT and then gradually increased [34]. In our study, ‘K-1’ showed the same trend,
but ‘Yunpoong’ decreased at 4 WAT. These inconsistent results may be due to the different
environmental conditions and cultivars.

Well-grown plants have more shoot biomass than root biomass, which increases the
top/root ratio [36]. The total yield was generally identical to the shoot fresh weight because
the change in shoot fresh weight over time was much more significant than that of the
root fresh weight. The total yield showed the same trend as the shoot fresh weight [37],
consistent with our results. In two ginseng cultivars used in a previous study (‘Chenpoong’
and ‘Geumpoong’), ‘Chenpoong’ had higher significant differences than ‘Geumpoong’ in
the fresh and dry weight by cultivar and growth period [38]. Our results also showed that
the growth characteristics of ginseng were affected by cultivar and growth period.

3.2. Biological Compounds and Antioxidant Properties
3.2.1. Biological Compounds (Total Phenolic and Flavonoid Contents)

The total phenolic and flavonoid contents differed between the two ginseng cultivars
(‘Yunpoong’ and ‘K-1’) at 2, 3, 4, and 5 WAT (Table 2). The total phenolic contents of the
shoot showed a higher range in ‘Yunpoong’ than in ‘K-1’. The total phenolic contents in
the roots of ‘Yunpoong’ gradually increased and showed the highest content at 5 WAT
(2.10 GAE mg g−1); however, ‘K-1’ showed the highest content at 3 WAT (1.60 GAE mg g−1).
During 3–5 WAT, the total phenolic contents of the ‘K-1’ roots did not change significantly.
Overall, the total flavonoid contents were higher in ‘Yunpoong’ than ‘K-1’ in both the
shoots and roots. For ‘Yunpoong’ at 3 WAT (1.17 RE mg g−1), the total flavonoid contents
of the shoots had a higher content than at other WATs, while no significant differences
occurred at 4 (1.08 RE mg g−1) and 5 WAT (1.06 RE mg g−1). ‘K-1’ showed the highest total
flavonoid contents of the shoot at 4 WAT (0.98 RE mg g−1). The total flavonoid contents in
the roots of ‘Yunpoong’ and ‘K-1’ showed the highest values of 0.26 RE mg g−1 at 4 and
5 WAT and 0.24 RE mg g−1 at 5 WAT, respectively, showing a similar trend to the total
flavonoid contents of the shoot.

Phytochemicals such as phenolic acids and flavonoids are widely present in various
plants and are known as representative antioxidants derived from natural products [39,40].
Kim et al. [29] reported that the total phenolic and flavonoid contents of the shoot of
ginseng sprouts were higher than those of the root; our results were similar to those of
previous studies. The potential antioxidant activity was positively correlated with total
phenolic and flavonoid contents [29,33,41,42]. However, our study showed different results
depending on the growth period and cultivars. When comparing the total phenolic and
flavonoid contents of the three cultivars in broccoli sprouts, the total phenolic contents
differed significantly among the three cultivars. However, the total flavonoid contents did
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not differ significantly among the three cultivars [43]. Our results suggested that ginseng’s
phenolic and flavonoid contents differed depending on the cultivars and periods.

Table 2. Biological compounds of ‘Yunpoong’ and ‘K-1’ at 3, 4, and 5 weeks after transplanting.

Cultivar WAT
Total Phenolic Contents (GAE mg g−1) Total Flavonoid Contents (RE mg g−1)

Shoot Root Shoot Root

Yunpoong
3 2.72 ± 0.04 b 1.43 ± 0.02 b 1.17 ± 0.01 a 0.25 ± 0.00 a
4 3.19 ± 0.02 a 1.86 ± 0.04 a 1.08 ± 0.01 b 0.26 ± 0.01 b
5 3.06 ± 0.04 a 2.10 ± 0.09 a 1.06 ± 0.01 b 0.26 ± 0.00 b

K-1
3 2.57 ± 0.01 a 1.60 ± 0.02 a 0.90 ± 0.01 b 0.18 ± 0.00 b
4 2.46 ± 0.01 b 1.49 ± 0.04 a 0.98 ± 0.02 a 0.21 ± 0.00 a
5 2.32 ± 0.02 c 1.51 ± 0.01 a 0.79 ± 0.01 c 0.24 ± 0.00 c

WAT means the weeks after transplanting. Different letters within columns indicate significant differences
(p < 0.05), based on Duncan’s test.

3.2.2. Antioxidant Properties (DPPH, FRAP, and ABTS)

The DPPH of the shoot increased from 3 WAT (33.59%) to 5 WAT (43.59%) for ‘Yun-
poong’ (Table 3), while that of ‘K-1’ was the highest at 4 WAT (35.93%). During the 3–5 WAT,
DPPH of the shoots exhibited higher activity in ‘Yunpoong’ than ‘K-1’. DPPH of the roots
increased from 3 WAT to 5 WAT in both cultivars, and ‘Yunpoong’ showed 12.21% and ‘K-1’
14.26% at 5 WAT.

Table 3. Antioxidant properties of ‘Yunpoong’ and ‘K-1’ at 3, 4, and 5 weeks after transplanting.

Cultivar WAT

DPPH Radical Scavenging
Activity (%)

Ferric Reducing/Antioxidant
Power (OD593nm)

ABTS Radical Scavenging
Activity (%)

Shoot Root Shoot Root Shoot Root

Yunpoong
3 33.59 ± 0.22 c 10.01 ± 0.38 b 1.30 ± 0.01 c 0.34 ± 0.00 b 75.22 ± 0.32 b 25.02 ± 0.72 c
4 37.70 ± 0.53 b 11.43 ± 0.11 ab 1.40 ± 0.01 b 0.41 ± 0.01 a 73.95 ± 0.56 c 35.02 ± 0.47 b
5 43.59 ± 0.05 a 12.21 ± 0.23 a 1.47 ± 0.02 a 0.40 ± 0.01 a 78.01 ± 0.42 a 39.17 ± 1.00 a

K-1
3 32.73 ± 0.31 b 11.16 ± 0.23 c 1.12 ± 0.01 b 0.42 ± 0.00 c 71.03 ± 0.30 a 36.13 ± 0.28 b
4 35.93 ± 0.76 a 12.99 ± 0.16 b 1.25 ± 0.01 a 0.48 ± 0.00 b 61.35 ± 0.40 b 35.44 ± 0.35 b
5 33.35 ± 0.29 ab 14.26 ± 0.42 a 1.26 ± 0.01 a 0.53 ± 0.00 a 62.09 ± 0.10 b 39.74 ± 0.61 a

WAT means the weeks after transplanting. Different letters within columns indicate significant differences
(p < 0.05), based on Duncan’s test.

The FRAP of the shoot content was higher in ‘Yunpoong’ than ‘K-1’, but the FRAP
of the root content was higher in ‘K-1’ than in ‘Yunpoong’. FRAP of the shoots increased
from 3 to 5 WAT for ‘Yunpoong’ (1.30 and 1.47 OD593nm, respectively) and ‘K-1’ (1.12 and
1.26 OD593nm, respectively). FRAP of the roots showed a higher content (0.51 OD593nm) at
4 WAT in ‘Yunpoong’ than in ‘K-1’. FRAP of the roots increased from 3 to 5 WAT in ‘K-1’
(0.42 and 0.53 OD593nm, respectively).

The ABTS of the shoots and roots in ‘K-1’ was higher than in ‘Yunpoong’ during the
WAT. The ABTS of the shoots was the highest at 5 WAT and 3 WAT for ‘Yunpoong’ (78.01%)
and ‘K-1’ (62.09%), respectively. The highest root activity for ‘Yunpoong’ (39.17%) and ‘K-1’
(39.74%) was observed at 5 WAT.

Antioxidant properties are used to determine the antioxidant capacity of fruits [44] and
vegetables [45]. DPPH is a method to confirm the activity of scavenging anion radicals [46].
It is a relatively stable free radical with a deep purple color and is reduced by sulfur-
containing amino acids and L-ascorbic acid to confirm antioxidant power. FRAP is a
method that uses the fact that Fe3+ can donate a hydrogen ion, and the radical is stabilized
and reduced to Fe2+ [47]. ABTS is a method for confirming the activity of scavenging
cation radicals. It reacts with hydroxyl, peroxyl, alkoxyl, and inorganic radicals to form
stable cation radicals, enabling the measurement of the anti-oxidation of hydrophilic and
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hydrophobic substances [48]. Kang et al. [49] concluded that DPPH radical scavenging
activity is an indicator of antioxidant activity for the total phenolic contents; the higher
the reducing power, the higher the activity. Our results showed no correlation between
biological compounds and antioxidant properties. In grains and fruits, the correlation
between total phenol content and antioxidant activity is high. However, it has been
reported that there is little correlation between total phenol content and antioxidant activity
in medicinal plants and fruits containing a large number of anthocyanins [50]. Judging from
the report that phenolic compounds contained in ginseng have structural characteristics
that make it difficult to access the DPPH radical center, the types and contents of phenolic
compounds differed [51]. Presumably, this is because trace components other than phenolic
compounds have a combined effect. There was no significant difference in the DPPH, FRAP,
and ABTS contents between the shoots and roots [47]. Our results showed that the shoot
(leaves) had higher antioxidant properties than the roots in all WAT.

3.3. Ginsenoside

The ginsenoside contents showed significant differences between the ginseng cultivars
(‘Yunpoong’ and ‘K-1’) at 3, 4, and 5 WAT (Tables 4 and 5). Regarding the protopanaxatriol-
type (PPT-type) compounds of the shoot, the contents of ‘Yunpoong’ and ‘K-1’ showed an
increase in Rg1 and Re. The ginsenoside Rh1 was not detected in ‘Yunpoong’ at 4 WAT. The
total PPT-type content of the shoot was 25.26 and 34.28 mg g−1 for ‘Yunpoong’ and ‘K-1’,
respectively, showing approximately 1.36 times higher content in ‘K-1’ at 5 WAT. Among the
protopanaxadiol (PPD-type) compounds in the shoot, Rb2, Rb3, and F2 tended to increase
over time. The compound K (C.K) was not detected in ‘Yunpoong’ at 3 WAT, and C.K and
ginsenoside Rd2 did not differ significantly between ‘Yunpoong’ and ‘K-1’ at 3–5 WAT. The
total PPD-type of the shoot was approximately 1.45 times higher for ‘K-1’ (69.44 mg g−1)
than for ‘Yunpoong’ (47.75 mg g−1). Oleanane types (OA-type) in the ‘Yunpoong’ shoots
decreased from 3 WAT (0.38 mg g−1) to 5 WAT (0.24 mg g−1). OA-type in the ‘K-1’ shoots
increased from 3 WAT (0.32 mg g−1) to 5 WAT (0.49 mg g−1). The total ginsenoside contents
of the shoots were 47.75 mg g−1 and 69.44 mg g−1 for ‘Yunpoong’ and ‘K-1’, respectively,
at 5 WAT. The major ginsenoside derivatives of the shoots (at concentrations > 9 mg g−1)
were Re and Rd in ‘Yunpoong’ and ‘K-1’at 3–5 WAT. The individual ginsenoside content
distributions of the ‘Yunpoong’ shoots at 5 WAT were PPT-type (25.26 mg g−1) >PPD-type
(22.25 mg g−1) >OA-type (0.24 mg g−1), while those of ‘K-1’ were PPD-type (34.68 mg g−1)
> PPT-type (34.28 mg g−1) > OA-type (0.49 mg g−1).

The ginsenoside contents of the roots of the two ginseng cultivars (‘Yunpoong’ and
‘K-1’) were not significantly affected by WAT. PPT-type compounds of the ‘Yunpoong’
roots contained ginsenoside Re (3, 4, and 5 WAT; 1.09, 1.08, and 1.52 mg g−1, respectively),
F5 (5 WAT; 4.45 mg g−1) and F3 (3 WAT; 2.75 mg g−1) and the remaining components
were detected at low levels (<2.0 mg g−1). Ginsenoside Re was detected in the ‘K-1’ roots
at 3, 4, and 5 WAT (3.78, 4.32, and 3.33 mg g−1, respectively), and the remaining PPT-
type compounds were detected at low levels. The PPD-type of the ‘Yunpoong’ roots
was higher at 5 WAT (10.61 mg g−1) than at 3 WAT (6.47 mg g−1), while ‘K-1’ showed
a high value at 3 WAT (9.89 mg g−1). The OA-type of the roots was higher at 3 WAT
(0.92 and 1.48 mg g−1, respectively) than at 5 WAT (0.39 and 0.58 mg g−1, respectively)
for ‘Yunpoong’ and ‘K-1’. Total ginsenoside contents of the ‘Yunpoong’ roots increased
from 3 WAT (18.51 mg g−1) to 5 WAT (25.52 mg g−1), while that of the ‘K-1’ roots declined
from 3 WAT (16.89 mg g−1) to 5 WAT (15.29 mg g−1). The individual ginsenoside content
distributions of the ‘Yunpoong’ roots at 5 WAT were in the following order: PPT-type
(13.44 mg g−1) > PPD-type (10.61 mg g−1) > OA-type (1.48 mg g−1), while ‘K-1’ showed
as the following order: PPD-type (9.41 mg g−1) > PPT-type (5.30 mg g−1) > OA-type
(0.58 mg g−1).
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Ginsenosides are generally classified into two groups based on their chemical struc-
ture: the four-cyclic structure dammarane type and the five-cyclic structure OA-type. In
addition, dammarane-type ginsenosides are divided into two groups, PPD-type and PPT-
type [52]. Ginseng leaves had a 6–8 times higher total ginsenoside content than the roots [18].
Kim et al. [29] and Hwang et al. [53] reported on the growth in a vertical farm; total ginseno-
side contents of the shoots (61.31–110 and 101.73 mg g−1) were higher than that of the roots
(25.81–34.19 and 37.39 mg g−1). Our results showed that the total ginsenoside contents in
‘Yunpoong’ and ‘K-1’ were higher in the shoots (40.80–47.75 mg g−1 and 52.19–69.44 mg g−1,
respectively) than in the roots (18.51–25.52 mg g−1 and 15.29–16.89 mg g−1, respectively).
The major ginsenoside compounds in ginseng sprout leaves were ginsenoside Re and
Rd [37,54,55]. In our study, the Rd and Re contents were higher in ‘K-1’ than in ‘Yunpoong’
(Rd, 11.17–12.50 mg g−1 and 13.46–18.62 mg g−1, respectively; Re, 12.62–15.31 mg g−1 and
14.87–19.67 mg g−1, respectively). Choi et al. [12] reported that the total ginsenoside con-
tents were 97.29, 66.42, 67.61, and 36.24 mg g−1 at 5, 7, 9, and 15 weeks, showing a gradually
decreasing content.

3.4. Metabolites

The primary metabolites measured at 7 WAT differed for the two ginseng cultivars
(‘Yunpoong’ and ‘K-1’) (Figure 1). The identification of ‘Yunpoong’ and ‘K-1’ metabolites
at 7 WAT using GC/MS was visualized using a partial least-squares discriminant analysis
(PLS-DA) score plot (Figure S3). The goodness of fit (R2X = 0.721; R2Y = 0.993), predictability
(Q2 = 0.974), p-value (0.001), and cross-validation determined using the permutation test
(n = 5) indicated that the PLS-DA model was statistically acceptable. In the PLS-DA score
plot, ‘Yunpoong’ and ‘K-1’ were separated by t1 and t2. The VIP and p-values of individual
metabolites were analyzed to find primary metabolites that contributed to the difference
between ginseng cultivars (Figure S1 and Table S1). In total, 18 metabolites were detected:
7 amino acids, 1 inorganic acid, 4 organic acids, and 6 sugars were detected; their VIP was
VIP ≥ 0.86 and their p-values were p < 0.05. The primary metabolomic differences between
‘Yunpoong’ and ‘K-1’ are shown using boxplots and a heatmap (Figure 1). It showed that the
content of primary metabolites differed between ginseng cultivars. ‘Yunpoong’ had a higher
metabolite content than ‘K-1’, except for malic acid (an organic acid) and maltose (a sugar).
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At week 7, the secondary metabolite patterns differed between the two ginseng culti-
vars (‘Yunpoong’ and ‘K-1’), as detected using UPLC/Q-TOF-MS (Figure 2). The UPLC/Q-
TOF-MS result was visualized using a PLS-DA to discriminate between the two ginseng
cultivars (‘Yunpoong’ and ‘K-1’) (Figure S4). The goodness of fit (R2X = 0.736; R2Y = 0.999),
predictability (Q2 = 0.995), p-value (6.19 × 10−4), and cross-validation determined using
the permutation test (n = 5) indicated that the PLS-DA model was statistically acceptable.
In the PLS-DA score plot, ‘Yunpoong’ and ‘K-1’ were separated by t1 and t2. The VIP
and p-values of individual metabolites were analyzed to find secondary metabolites that
contributed to the difference between ginseng cultivars (Figure S2 and Table S2). In total,
32 metabolites were detected. The boxplots and heatmap showed differences in secondary
metabolites between ‘Yunpoong’ and ‘K-1’ cultivars (Figure 2). It shows that the content of
secondary metabolites is different for each cultivar of ginseng and that ‘Yunpoong’ had
higher contents of all secondary metabolites than ‘K-1’.
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Eom et al. [40] reported that ginseng metabolites are related to properties such as
anti-aging, anti-diabetic, anti-cancer, and anti-inflammatory. Previously, 21 and 34 metabo-
lites detected using GC/MS were identified and reported in Asian and Western ginseng,
respectively [56]. However, in our results, only 18 metabolites were detected through
GC/MS.

3.5. Annual Net Production

Since year-round production is possible in plant factories, it is necessary to compare net
production with actual production for efficiency. The annual net production of ‘Yunpoong’
showed a higher total yield and ginsenoside production per year than ‘K-1’ (Table 6).
Through analyzing the growth of ginseng and the net production of ginsenosides at 3, 4,
and 5 WAT, it was confirmed that the annual net production and the content of ginsenosides
decreased as the cultivation period increased for both cultivars.

Table 6. Annual net production of ‘Yunpoong’ and ‘K-1’ at 3, 4, and 5 weeks after transplanting.

Cultivar WAT
Annual Net Production

Yield (g m2 Year) Ginsenoside (mg m2 Year)

Yunpoong
3 1.72 ± 0.06 a 102.12 ± 1.01 a
4 1.22 ± 0.08 b 80.28 ± 0.22 b
5 0.96 ± 0.05 c 69.99 ± 0.64 c

K-1
3 1.03 ± 0.06 a 71.26 ± 0.16 a
4 0.94 ± 0.05 a 71.02 ± 0.68 a
5 0.71 ± 0.03 b 60.18 ± 0.12 b

Significance
Cultivar (C) <0.0001 <0.0001
Week (W) <0.0001 <0.0001

C ×W 0.0005 <0.0001
WAT means the weeks after transplanting. Different letters within columns indicate significant differences
(p < 0.05), based on Duncan’s test.

Stable production of medicinal crops can be obtained in vertical farms [25]. Park et al. [57]
showed that the yield of ginseng grown in vertical farms was higher than in open fields.
In this analysis of the efficiency for the net production in plant factories, the efficient
cultivation period may be 3 and 4 WAT for ‘Yunpoong’ and ‘K-1’, respectively.

4. Conclusions

Ginseng sprouts are widely used as a medicinal crop. According to ginseng cultivars,
growth and quality (for example, ginsenosides) differ. This study compared two ginseng
cultivars grown in a plant factory. Growth characteristics showed higher values for growth
parameters at 3 and 4 WAT in ‘Yunpoong’ and ‘K-1’, respectively. Moreover, the ‘Yunpoong’
cultivar yield was higher than that of the ‘K-1’ cultivar. Biological compounds and antioxi-
dant properties were the highest at 5 and 4 WAT in ‘Yunpoong’ and ‘K-1’, respectively. The
highest ginsenoside content was detected at 5 WAT in both ‘Yunpoong’ and ‘K-1’ cultivars.
‘Yunpoong’ had a higher content than ‘K-1’ for most primary and secondary metabolites.
Yunpoong at 3 WAT and K-1 at 3 and 4 WAT showed the highest yield and ginsenoside
content in the annual net production. In conclusion, the cultivar and harvesting period
might be important factors for the production, yield, and quality of ginseng. Moreover, it is
essential to determine a vertical farm’s annual net production efficiency for the optimum
cultivation time.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae9050583/s1, Figure S1: Standard chromatograms
analyzed using GC/MS; Figure S2: Standard chromatogram analyzed using UPLC/Q-TOF-MS;
Figure S3: Partial least-squares discriminant analysis and Permutation in ‘Yunpoong’ and ‘K-1’
of primary metabolites; Figure S4: Partial least-squares discriminant analysis and Permutation
in ‘Yunpoong’ and ‘K-1’ of secondary metabolites. Table S1: Identification of significant primary
metabolites contributing to the separation among sample groups; Table S2: Identification of major
secondary metabolites contributing to the separation among sample groups.
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Abstract: Brassica rapa L. ssp. pekinensis (Lour.) Hanelt (kimchi cabbage) is a major vegetable culti-
vated in Korea, and its hairy roots (HRs) are rich in glucosinolates and phenolic compounds. This
study aimed to induce HRs from cotyledon explants via the transformation of the Agroacterium rhizogenes
strain R1000 and examine the glucosinolate and phenolic compounds present in the HRs of two kimchi
cabbage (green and red) cultivars after exposure to 16 h light/8 h dark conditions (photosynthetic pho-
ton flux density of 54.6 µmol m−2 s−1) and continuous dark conditions. The highest HR production
was achieved in the green kimchi cabbage grown under dark conditions (0.37 ± 0.01 DW g/30 mL).
The highest glucosinolate and phenolic contents were neoglucobrassicin and catechin hydrate, which
were highest in the green kimchi HRs grown under dark (GKHD) conditions (5268.29 ± 292.84 µg/g
DW) and green HRs grown under light (GKHL) conditions (203.49 ± 4.70 µg/g DW), respectively.
A heat map showed that the red kimchi HRs grown under dark conditions (RKHD) and the GKHL
condition accumulated the highest glucosinolate and phenolic contents. Principal component (PCA)
and partial least-squares discriminant (PLS-DA) analyses of the 13 identified metabolites showed a
clear separation. According to a variable importance in projection (VIP) analysis, quercetin was the
most important metabolite, leading to a clear separation. The most suitable conditions for enhancing
the glucosinolate and phenolic contents were the GKHD and GKHL conditions, respectively, whereas
both compounds were enhanced in the RKHD condition. HRs cultures cultivated under light and
dark conditions are a promising method to enhance the production of specific health-promoting
bioactive metabolites, which might be helpful in the pharmaceutical and nutraceutical industries.

Keywords: Agrobacterium rhizogenes; Brassica rapa L. ssp. pekinensis; hairy root; glucosinolate;
phenolic compounds

1. Introduction

Brassica rapa L. ssp. pekinensis (Lour.) Hanelt, otherwise called Kimchi cabbage, belongs
to the Brassicaceae family, and it is the main ingredient of traditional Korean foods. It
is prepared through a series of fermentation processes [1]. In kimchi cabbage, several
phenolic compounds with antioxidant activity and flavonoids have been identified [2,3].
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In addition, it contains aliphatic glucosinolates, aromatic glucosinolates, and relatively
high amounts of indolic glucosinolates, a precursor to indole-3-carbinol, which chemically
prevents cancer [4,5].

Different varieties of kimchi cabbage have been produced through introgression
breeding techniques. Among these, Xie et al. [6] introduced the red phenotypic kimchi
cabbage variety crossed with the red Brassica juncea using the embryo rescue procedure.
In another study, reddish purple and red kimchi cabbage were obtained via interspecific
crossing between red and kimchi cabbage [7]. The color of red kimchi cabbage is reddish
purple, and it has an abundant anthocyanin content. Due to its attractive color and high
antioxidant properties, it is popularly used in salads [7].

Glucosinolates (GSLs) are secondary metabolites (SMs) containing nitrogen and sulfur
that play vital roles in human health and plant defense mechanisms [8]. To date, more
than 200 GSLs have been detected in plants, mainly in the Brassica family [9]. GSLs are
derivatives of amino acids—phenylalanine, alanine, methionine, isoleucine, tryptophan,
tyrosine, and valine—and are separated into three major groups corresponding to their
amino acid precursors, namely aliphatic, aromatic, and indolic GSLs [9,10].

Phenolic compounds are SMs composed of aromatic rings containing one or more
hydroxyl groups, and they are very common in plants [11]. They can be classified into
flavonoids (anthocyanidins, flavanones, flavan-3-ols, flavonols, flavones, isoflavones, and
others) and non-flavonoids (hydroxycinnamates, stilbenes, phenolic acids, and others)
based on their arrangement and number of carbon atoms [12]. In addition, phenolic
compounds play a vital role in human health, with anti-inflammatory, antibacterial, and
antioxidant actions [13–15].

Agrobacterium rhizogenes infects higher plants and is responsible for the growth of hairy
root (HR) disease, mainly in dicotyledonous plants and a few monocotyledonous plants [16].
HR cultures have been developed from several plant species through A. rhizogenes trans-
formation to enhance SM production [17–19]. The phenotypic pattern of HRs is defined
by genetic stability, a lack of geotropism, hormone-independent growth, lateral branching,
and the ability to produce specific SMs. The main benefit of HRs is that they often show a
better biosynthetic capacity for SM production than their parent plants [20].

Light is a major factor in the growth and production of SMs in HR cultures [21]. Several
studies have shown that light affects the biosynthesis of SMs in HR cultures [22–24]. In this
respect, the purpose of this study was to develop HRs of green and red Kimchi cabbage
using an A. rhizogenes-mediated HR transformation and analyze their glucosinolates and
phenolic compounds after exposure to light and dark conditions. These results will provide
basic information for further bio-engineering research to increase the glucosinolates and
phenylpropanoid contents in the HRs of kimchi cabbage varieties.

2. Materials and Methods
2.1. Seed Sterilization and Germination

Seeds of green (cv. CR carotene) and red (cv. Ppalgang 3) Kimchi cabbage were
purchased from the Kwonnong Seed Company (Cheongju, Republic of Korea). The seeds
were surface-sterilized with 70% (v/v) ethanol for 30 s and then soaked with a 4% (v/v)
NaClO solution containing one drop of a Tween 20 solution for 10 min. The seeds were
then washed 5–6 times with sterilized distilled water. The sterilized seeds were taken to a
clean bench and dried with sterilized tissue paper. Seven seeds were placed on a Petri dish
containing solidified hormone-free 1/2 Murashige and Skoog Basal Medium (MS) (Kisan
Bio, Seoul, Republic of Korea) [25] containing 0.8% (w/v) plant agar. The Petri dishes were
kept in a growth chamber under 16 h light/8 h dark photoperiod cycles at 25 ◦C until
seedlings were established. The seedlings were then moved into solidified hormone-free
1/2 MS medium after two to three weeks.
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2.2. Growth of A. rhizogenes

Wild-type A. rhizogenes strain R1000 bacterial cells were cultured in a flask containing 30 mL
of Luria–Bertani (LB) liquid medium (Ambrothia, Daejeon, Republic of Korea) and incubated
in a continuous rotary shaker (Hanbaek scientific Co., HB-201SF, Republic of Korea) at 28 ◦C
for 20 h at 200 rpm in dark conditions. The bacterial cell suspension was centrifuged (Mega
21R, Hanil, Incheon, Republic of Korea) at 3000× g for 10 min at 4 ◦C to collect the cells
and resuspended with 1

2 MS liquid medium to maintain a final cell density of OD600 = 1.0
for plant inoculation.

2.3. Establishment of HR Cultures

From the 10-day-old kimchi cabbage cultivar seedlings, the cotyledons were excised
and cut into tiny pieces (about 0.5 × 0.5 cm) with a sterile blade. The sliced explants were
co-cultured with the bacterial suspension for 10–15 min. After drying with sterile tissue
paper, the co-cultured explants were placed in Petri dishes containing hormone-free 1/2 MS
medium with 0.8% (w/v) agar and were incubated for two days at 25 ◦C in the dark. The
explants were removed after 2 days of co-cultivation, washed 5–6 times in sterile distilled
water, and then moved to a hormone-free 1/2 MS medium containing 500 mg/L cefotaxime
(GoldBio, St. Louis, MO, USA) for HR induction [26]. From the wounded site, several HRs
emerged within 3–4 weeks, and the HRs were excised, transferred to the hormone-free 1/2

MS medium containing 500 mg/L cefotaxime, and incubated at 25 ◦C in dark conditions.
This procedure was repeated 3–4 times.

2.4. HR Culture under Light and Dark Conditions

Approximately 4 g of HRs of both green and red kimchi cabbage were transferred
to 30 mL of the hormone-free 1

2 MS liquid medium and incubated on a shaker (Hanbaek
scientific Co., HB-201SLI, Republic of Korea) at 110 rpm for 2 weeks at 25 ◦C. Each type of
HR was cultured in six flasks; three flasks were placed under 16 h light/8 h dark conditions
(photosynthetic photon flux density of 54.6 µmol m−2 s−1), and the other three flasks were
placed under continuous dark conditions [27]. After 2 weeks, HRs were harvested and
dried using a freeze dryer (HyperCool HC3055, Hanil Scientific Inc., Gimpo, Republic of
Korea) for at least 3 days to measure the dry weight (DW) of the HRs and to analyze the
secondary metabolites.

2.5. Extraction and Analysis of Glucosinolate Compounds

Glucosinolates were extracted and analyzed as described by Sathasivam et al. [10,28],
with slight modifications. Approximately 100 mg of freeze-dried green and red kimchi was
dissolved with 4.5 mL of 70% methanol (v/v), thoroughly mixed by vortexing (KMC-1300 V,
Vision Scientific Co., Ltd., Daejeon-Si, Republic of Korea), incubated at 70 ◦C for 5 min,
and centrifuged at 14,000 rpm for 10 min at 4 ◦C. A diethylaminoethanol Sephadex A-25
column (GE Healthcare, Uppsala, Sweden) was used to separate and filter the upper layer,
and the column was washed with 3 mL of autoclaved distilled water. For the desulfation
of the eluted mixture, 75 µL of purified arylsulfatase was added, and it was kept at room
temperature overnight. After the overnight incubation, the mixture was eluted with 0.5 mL
of ultrapure water, filtered, and sterilized using a 0.22 µm PTFE syringe filter (Sterlitech
Corp., Kent, WA, USA) before being injected for high-performance liquid chromatography
(HPLC) analysis. The HPLC model, column conditions, operating conditions, and gradient
program are shown in Table S1. The glucosinolate content was analyzed, measured, and
quantified according to the method described by Sathasivam et al. [28].

2.6. Extraction and Analysis of Phenolic Compounds

Phenolic compounds were extracted and analyzed following the protocol described
by Sathasivam et al. [10,28]. To 100 mg of freeze-dried green and red kimchi samples, 3 mL
of an 80% MeOH (v/v) solution was added. The samples were then vortexed for 1 min and
immediately sonicated at 37 ◦C for 1 h. At 4 ◦C, the mixture was centrifuged for 15 min at
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10,000 rpm. The resulting supernatants were filtered through a 0.45 µm PTFE syringe filter
(Millipore, Bedford, MA, USA) before being injected for HPLC analysis. The HPLC model,
column conditions, operating conditions, and gradient program are shown in Table S1. The
phenolic content was measured and quantified with reference to a corresponding standard
calibration curve [28].

2.7. Statistical Analysis

The statistical analysis of the data was performed using SPSS version 26.0 (IBM Corp.,
Armonk, NY, USA). The data were calculated as the means ± standard deviations of three
replicates, and Duncan’s multiple range test (DMRT) was used to determine whether
there was a significant difference (p < 0.05) among the means. PCA, PLS-DA, a heat map
analysis, a Pearson correlation analysis, and a VIP analysis of 13 metabolites identified in
the GKHL, GKHD, RKHL, and RKHD conditions were performed using MetaboAnalyst
5.0. Autoscaling was carried out as a preprocessing approach for the data set.

3. Results
3.1. Growth Patterns of Kimchi Cabbage HRs under Light and Dark Conditions

The growth of the green kimchi cabbage HRs grown under light (GKHL) conditions,
green kimchi cabbage HRs grown under dark (GKHD) conditions, red kimchi cabbage HRs
grown under light (RKHL) conditions, and red kimchi cabbage HRs grown under dark
(RKHD) conditions ranged from 0.37 to 0.27 g/30 mL (Figure 1). The highest HR growth
was obtained in the GKHD condition (0.37 ± 0.01 DW g/30 mL), followed by the RKHD
condition (0.33 ± 0.01 g/30 mL), whereas the GKHL condition (0.31 ± 0.02 DW g/30 mL)
and the RKHL condition (0.27 ± 0.01 g/30 mL) showed the lowest growth patterns. The
growth was reduced by 1.12-, 1.19-, and 1.37-fold by the RKHD condition, GKHL condition,
and RKHL condition, respectively, when compared to the GKHD condition. These findings
suggest that HRs grown under dark conditions are more suitable for the growth of green
and red kimchi cabbage compared to light conditions.
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Figure 1. Growth of green and red kimchi cabbage HRs grown under light and dark conditions.
Samples were harvested after 10 days of HR growth. For light and dark conditions, HRs were
placed under 16 h light/8 h dark conditions and continuous dark conditions, respectively. Significant
differences exist between mean values with distinct letters (p < 0.05, ANOVA and DMRT). GL—
green kimchi cabbage grown under light conditions; GD—green kimchi cabbage grown under dark
conditions; RL—red kimchi cabbage grown under light conditions; RD—red kimchi cabbage grown
under dark conditions.
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3.2. Glucosinolate Accumulation in Response to Light and Dark Conditions

The glucosinolate accumulation in green and red kimchi cabbage HRs was ana-
lyzed using HPLC. Five glucosinolate compounds, i.e., glucobrassicin, glucoerucin, 4-
methoxyglucobrassicin, gluconasturtiin, and neoglucobrassicin, were detected in the GKHL,
GKHD, RKHL, and RKHD conditions (Figure 2). Their contents were significantly different
under light and dark conditions. In the GKHL, GKHD, RKHL, and RKHD conditions,
neoglucobrassicin comprised the largest portion of the quantified glucosinolate content.
Neoglucobrassicin was more highly accumulated in the GKHD condition than in the other
kimchi cabbage HRs grown under light and dark conditions. Similarly, the GKHD condi-
tion also enhanced gluconasturtiin production. The glucobrassicin content of the kimchi
cabbage HRs was more affected by the light and dark conditions when compared to the
other four glucosinolate compounds. Compared with the RKHD condition, the amount
of glucobrassicin was 2.72-, 2.61-, and 2.16-fold lower in GKHL, RKHL, and GKHD con-
ditions, respectively. In addition, the levels of glucoerucin and 4-methoxyglucobrassicin
were also highest in the RKHD condition. The glucoerucin contents were 1.27-, 1.22-,
and 1.27-fold lower in the GKHL, GKHD, and RKHL conditions, respectively, than in the
RKHD condition. Moreover, the level of 4-methoxyglucobrassicin was highest in the RKHD
condition, which was 1.19-, 1.14-, and 1.09-fold higher compared to the GKHL, RKHL, and
GKHD conditions, respectively. The total glucosinolate contents ranged from 6884.55 to
8864.58 µg/DW in response to different HRs of kimchi cabbages grown under light and
dark conditions. In particular, the total glucosinolate content of the RKHD condition was
the highest, which was 1.29-fold higher than that of the RKHL condition. The total amounts
of glucosinolate in the GKHL and GKHD conditions were 1.29- and 1.06-fold lower than in
the RKHD condition, respectively. This overall result showed that dark conditions enhance
glucosinolate accumulation in the HRs of kimchi cabbage.

3.3. Phenolic Accumulation in Response to Light and Dark Conditions

The phenolic accumulation in green and red kimchi cabbage HRs was analyzed using
HPLC. Seven different phenolic compounds, i.e., caffeic acid, catechin hydrate, chlorogenic
acid, p-coumaric acid, epicatechin, quercetin, trans-cinnamic acid, and 4-hydroxybenzoic
acid, were detected in the GKHL, GKHD, RKHL, and RKHD conditions (Figure 3). All
phenolic compounds showed differential accumulation in the GKHL, GKHD, RKHL, and
RKHD conditions. The total phenolic contents ranged from 250.53 to 289.22 µg/g DW in
response to different HRs of kimchi cabbages grown under light and dark conditions. The
total phenolic contents in the GKHL, RKHL, and RKHD conditions did not show any signif-
icant differences, whereas they were slightly decreased in the GKHD condition. The total
phenolic content in the GKHD condition was 1.15-, 1.14-, and 1.13-fold lower than those of
the GKHL, RKHD, and RKHL conditions, respectively. In particular, catechin hydrate com-
prised the largest portion of the quantified phenolic content in the GKHL, GKHD, RKHL,
and RKHD conditions. Among the two HRs grown under different conditions, most of the
individual phenolic compounds, such as trans-cinnamic acid, caffeic acid, catechin hydrate,
chlorogenic acid, and p-coumaric acid, were highest in the GKHL condition. The quercetin
contents were significantly higher in the RKHL and RKHD conditions compared to those
of the GKHL and GKHD conditions. In contrast, the 4-hydroxybenzoic acid contents were
significantly higher in the GKHL and GKHD conditions than in the RKHL and RKHD con-
ditions. Interestingly, the trans-cinnamic acid content was significantly higher in the GKHL
condition, whereas it was not detected in the RKHD condition. The trans-cinnamic acid
contents were 1.93- and 2.32-fold lower in the GKHD and RKHL conditions, respectively,
than in green kimchi cabbage HRs grown under light conditions. This result shows that
most of the individual and total phenolic contents were highest in the GKHL condition.
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Figure 2. Effect of light and dark conditions on glucosinolate compound (µg/g DW of the HR
cultures) accumulation in HR cultures of green and red kimchi cabbage. Samples were harvested
after 10 days of HR growth. Significant differences exist between mean values with distinct letters
(p < 0.05, ANOVA and DMRT). GL—green kimchi cabbage grown under light conditions; GD—green
kimchi cabbage grown under dark conditions; RL—red kimchi cabbage grown under light conditions;
RD—red kimchi cabbage grown under dark conditions.

3.4. Metabolic Profiling of Identified Metabolites in Response to Light and Dark Conditions

In total, five individual glucosinolate compounds and eight phenolic compounds were
identified and quantified in samples from the GKHL, GKHD, RKHL, and RKHD conditions
using HPLC. A heat map showed that most of the individual glucosinolate and phenolic
compounds were significantly higher in the RKHD and the GKHL conditions, respectively
(Figure 4). The heat map was divided into two major clusters, namely cluster 1 and cluster
2, but they were further subdivided into subclusters 1-1, 1-2, 2-1, and 2-2. Clusters 1-1,
2-1, and 2-2 were further subgrouped into two subclusters, namely 1-1a and 1-1b, 2-1a
and 2-1b, and 2-2a and 2-2b, respectively. Cluster 1 contained the metabolites abundantly
present in the GKHL condition, whereas cluster 2 was separated based on the lowest
metabolites present in the GKHL condition. Cluster 1-1 was further separated into two
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clusters, namely 1-1a and 1-1b. Cluster 1-1a was separated based on the highest amounts of
phenolic compounds present in the HRs exposed to the light conditions (GKHL and RKHL
conditions), whereas cluster 1-1b formed a group based on the phenolic compounds rich
in specific cultivars (GKHL and GKHD conditions). In addition, most of the metabolites
identified in the GKHL, GKHD, RKHL, and RKHD conditions were separated into distinct
groups (e.g., caffeic acid was significantly abundant in the GKHL, RKHL, and RKHD
conditions (cluster 1-2)). Cluster 2-1 was also separated into a distinct group. Cluster
2-1a formed a cluster based on the abundant metabolites present in specific cultivars
(GKHL and GKHD conditions), whereas 2-1b was separated based on the metabolites
that were abundant in specific conditions (RKHD and GKHD conditions). Cluster 2-2
was separated based on the metabolites that were significantly abundant in the RKHD
conditions. This cluster was divided into two subgroups, namely 2-2a and 2-2b. Subgroups
2-2a and 2-2b formed a group based on the metabolites that were significantly abundant in
different cultivars grown under different conditions (RKHD and GKHD dark conditions).
Regarding the glucosinolates, the metabolites present in the HRs of two cultivars grown
under light and dark conditions were grouped in clusters 2-1b and 2-2a (gluconasturtiin,
neoglucobrassicin, 4-methoxyglucobrassicin, glucoerucin, and glucobrassicin), whereas the
phenolic compounds and metabolites from the HRs of two cultivars grown under light and
dark conditions were separated into three groups (Figure 4). Cluster 1 consisted of catechin
hydrate, p-coumaric acid, chlorogenic acid, caffeic acid, and trans-cinnamic acid. In group
2-la, 4-hydroxybenzoic acid formed a separate cluster, whereas in group 2-2b, epicatechin
and quercetin were clustered. Significantly higher (p ≤ 0.05) levels of glucosinolate and
phenolic compounds in the GKHL, GKHD, RKHL, and RKHD conditions are shown in
Figure S1, which demonstrates that unique metabolite signature characteristics were found
in the GKHL, GKHD, RKHL, and RKHD conditions.

According to the PCA findings, PC1 and PC2 showed 47.5% and 23.6% of the variance,
respectively (Figure 5). The PCA showed a clear separation among the different HRs
grown under light and dark conditions. This clear separation among the different cultivars
grown under light and dark conditions might be due to 4-methoxyglucobrassicin, glu-
coerucin, glucobrassicin, epicatechin, and quercetin, and their associated eigenvector values
were −0.32494, −0.29928, −0.29511, −0.26775, and −0.25909, respectively. Those of trans-
cinnamic acid, p-coumaric acid, catechin hydrate, chlorogenic acid, and 4-hydroxybenzoic
acid were 0.34956, 0.34201, 0.27291, 0.25167, and 0.19125, respectively (Figure 5A). In ad-
dition, a PLS-DA was performed to maximize the separation between different kimchi
cabbage HRs grown under light and dark conditions. The PLS-DA model showed a clear
separation between the different HRs grown under light and dark conditions, which were
24.9% (PC1) and 39.5% (PC2). The PLS-DA also showed a clear separation between the HRs
grown under light and dark conditions. This supports the PCA results. This clear separa-
tion might be due to trans-cinnamic acid, 4-hydroxybenzoic acid, neoglucobrassicin, glu-
conasturtiin, and chlorogenic acid, and their associated eigenvector values were −0.49375,
−0.34139, −0.3139, −0.30284, and −0.26393, respectively. Those of quercetin, glucobras-
sicin, glucoerucin, epicatechin, and 4-methoxyglucobrassicin were 0.46467, 0.27146, 0.21669,
0.21551, and 0.12372, respectively (Figure 5B). In addition, quercetin, 4-hydroxybenzoic
acid, and neoglucobrassicin were the most significant metabolites in the prediction, accord-
ing to the VIP analysis, which led to a clearer separation between the green and red kimchi
cabbage than the different conditions (Figure 6). The green and red kimchi cabbage HRs
grown under dark conditions showed a clear separation in both the PCA and PLS-DA com-
pared to the GKHL and RKHL conditions. This might have been because the glucosinolate
contents were significantly higher in the HRs grown under dark conditions than under
light conditions. However, the GKHL and RKHL conditions showed a slightly closer group
than the GKHD and RKHD conditions. This was because the total glucosinolate and total
phenolic contents were similar in both cultivars grown under light conditions. From these
results, for the enhancement of the glucosinolate and phenolic contents in the HRs of both
kimchi cabbage cultivars, the dark and light conditions were the most suitable, respectively.
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This supports the heat map results, which showed that most of the individual glucosinolate
and phenolic compounds were highest in kimchi cabbage HRs grown under dark and light
conditions, respectively.
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Figure 3. Effect of light and dark treatments on the phenolic compound (µg/g DW of the HR cultures)
accumulation in HR cultures of green and red kimchi cabbage. Samples were harvested after 10 days
of HR growth. Significant differences exist between mean values with distinct letters (p < 0.05,
ANOVA and DMRT). n.d.—not detected. GL—green kimchi cabbage grown under light conditions;
GD—green kimchi cabbage grown under dark conditions; RL—red kimchi cabbage grown under
light conditions; RD—red kimchi cabbage grown under dark conditions.
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red indicates an increase in metabolite concentration.
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Figure 6. The main components separating the HRs of green and red kimchi cabbage after exposure
to light and dark conditions, based on the VIP scores obtained using the PLS-DA model.

A correlation matrix analysis of 13 metabolites identified after exposing green and
red HRs to light and dark conditions (Figure 7) was clustered into two main groups that
consisted of both individual glucosinolates and phenolic compounds based on positive
correlations. The most significant metabolite, according to VIP analysis, was quercetin,
which showed positive correlations with epicatechin (r = 0.55481, p = 0.061166), glu-
coerucin (r = 0.51565, p = 0.086173), glucobrassicin (r = 0.57067, p = 0.052656), and 4-
methoxyglucobrassicin (r = 0.49907, p = 0.098581), whereas it showed negative correla-
tions with most of the individual glucosinolate and phenolic compounds, namely chloro-
genic acid, gluconasturtiin, neoglucobrassicin, caffeic acid, catechin hydrate, p-coumaric
acid, 4-hydroxybenzoic acid, and trans-cinnamic acid. Among the identified individual
glucosinolate compounds, neoglucobrassicin showed the highest content and showed
strong positive correlations with gluconasturtiin, epicatechin, glucoerucin, glucobrassicin,
4-methoxyglucobrassicin, and 4-hydroxybenzoic acid, whereas catechin hydrate showed
the highest content when compared to the other individual phenolic compounds and
showed positive correlations with caffeic acid (r = 0.57526, p = 0.050358), p-coumaric acid
(r = 0.80613, p = 0.0015418), chlorogenic acid (r = 0.65078, p = 0.021916), and trans-cinnamic
acid (r = 0.70098, p = 0.011095). However, catechin hydrate showed a negative correlation
with several compounds, namely gluconasturtiin, neoglucobrassicin, epicatechin, quercetin,
glucoerucin, glucobrassicin, 4-methoxyglucobrassicin, and 4-hydroxybenzoic acid.
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Figure 7. Correlation matrix showing the relationships between the metabolites found in the HRs of
green and red kimchi cabbage grown under light and dark conditions. The intensity of the blue or
red color, as shown on the color scale, denotes the correlation coefficient value for each colored box,
which indicates Pearson’s correlation coefficient for a pair of metabolites.

4. Discussion

HRs can grow vigorously on a medium without adding hormones to produce a
significant amount of valuable SMs [29,30]. In this study, dark conditions enhanced the DW
of HRs in both green and red kimchi cabbage. A similar result was obtained in a previous
study in which the HRs of green and purple Ocimum basilicum were grown under light and
dark conditions; the results showed that the highest growth rate was achieved under dark
conditions [31]. Therefore, to enhance HR growth in plant species, dark conditions are the
most appropriate.

Previously, several studies reported that HRs accumulate significant phenolic and
flavonoid contents [32–34]. For instance, HR cultures of Dracocephalum moldavica and Mo-
mordica charantia showed higher accumulations of total flavonoid and phenolic contents
than non-transformed roots [33,34]. Similarly, an HR culture of Beta vulgaris accumulated
20-fold higher levels of phenolic compounds than a control culture [35]. A previous study
demonstrated that higher glucosinolate concentrations were achieved in the roots than in
the shoots at an identical developmental stage in cabbage and radish [36]. In transgenic
HRs, 4-hydroxyglucobrassicin, gluconasturtiin, 4-methoxyglucobrassicin, glucobrassicin,
and neoglucobrassicin were highly present in watercress [37]. A similar result was ob-
tained in this study; these compounds were also rich in the HRs of green and red kimchi
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cabbage. Kim et al. [38] reported that Fagopyrum tataricum transgenic HRs produced higher
levels of phenolic compounds, such as caffeic acid, chlorogenic acid, catechin, gallic acid,
ferulic acid, quercetin, and rutin. In another study, the chlorogenic acid, protocatechuic
acid, and ferulic acid contents were higher in the transgenic HRs of tomatoes [39]. In
addition, the glucosinolates and phenolic compounds such as 4-methoxyglucobrassicin,
4-hydroxyglucobrassicin, glucoallysin, glucobrassicanapin, glucobrassicin, gluconapin,
gluconasturtiin, neoglucobrassicin, progoitrin, sinigrin, catechin, ferulic acid, cinnamic
acid, chlorogenic acid, p-hydroxybenzoic acid, p-coumaric acid, quercetin, and rutin were
high in the transgenic HRs of Brassica rapa spp. rapa [32]. In this study, we identified most
of the glucosinolate and phenolic compounds in the green and red kimchi cabbage HRs.
Therefore, most of the HRs shared common glucosinolates and phenolic compounds.

Light plays a vital role in the growth, biosynthesis, and production of SMs, such
as anthocyanins, flavonoids, and terpenoids [40–45]. The stimulatory effects of light
on SM production have been reported in several plants, such as Artimisia annua [46],
O. basilicum [31], Perilla frutiescnens [47], Peteroselinum hortense, and Rudbeckia hirata [48]. In
contrast, light also has an inhibitory effect on SM accumulation, such as for shikonin and
nicotine [49]. In this study, most of the individual glucosinolate and phenolic metabolites
were significantly higher in the dark and light conditions, respectively. The accumulation
of rosmarinic acid content varied in O. basilicum HRs when cultured under light and dark
conditions [31]. In a previous study, the amino acid level of B. juncea increased when grown
under dark conditions [50]. In contrast, higher anthocyanin accumulation was achieved in
Tartary buckwheat T10 sprouts grown under light conditions compared to those grown
under dark conditions [50]. In another study, the accumulation of compounds varied based
on light or dark conditions. For example, free amino acids and γ-aminobutyric acid were
enhanced in B. juncea seedlings when they were grown under light and dark conditions,
respectively [51]. These studies have shown that a specific condition might be efficient for
the induction of specific compounds in a particular species.

Different cultivars (Tartary buckwheat Hokkai T8 and T10) grown under similar
conditions showed differential phenolic content accumulation [52]. This is consistent with
our study results because we observed that the green and red kimchi cultivars showed
varied production and accumulation of glucosinolate and phenolic contents in the HRs
of kimchi cabbage. In addition, neoglucobrassicin, followed by 4-methoxyglucobrassicin
and glucobrassicin, comprised the highest portion of the glucosinolates in the HRs of
green and red kimchi. A similar result was obtained in green and red kale HRs, where the
highest to lowest glucosinolate contents occurred in the following order: neoglucobrassicin,
4-methoxyglucobrassicin, and glucobrassicin [53]. In addition, the HRs of broccoli cultured
in MS medium showed the highest accumulation of neoglucobrassicin content [54]. In this
study, the neoglucobrassicin, 4-methoxyglucobrassicin, and glucobrassicin contents were
significantly higher in green kimchi HRs, red kimchi HRs, and red kimchi HRs, respectively.
In contrast to this study, in the HRs of green kale, the neoglucobrassicin accumulation
was lowest, whereas the 4-methoxyglucobrassicin and glucobrassicin accumulation were
significantly higher when cultured using MS medium [55]. Therefore, most HRs consist of
common glucosinolates. However, the levels might differ based on the species.

5. Conclusions

HR cultures are an important alternative strategy for the mass production of valuable
health-promoting SMs, such as glucosinolates and phenolic compounds, in kimchi cabbage.
The HR growth in the GKHD condition showed the highest DW compared to that of the
light conditions. HRs produced more glucosinolates in the GKHD condition, whereas
the highest phenolic compound content was achieved in the RKHL condition. These
findings shed light on the underlying mechanisms of the abiotic elicitors that enhance
glucosinolate and phenolic compounds in kimchi cabbage HRs and can potentially be
used as “biological factories” for the large-scale production of bioactive substances, such
as glucosinolates and phenolic compounds. However, the antioxidant activity of HRs

130



Horticulturae 2023, 9, 466

is currently under examination. In the future, further studies will be required to fully
comprehend the influences of various light intensities and light quality on glucosinolate and
phenylpropanoid pathway gene expression and the accumulation of associated compounds
in the HR cultures of different kimchi cabbage cultivars.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/horticulturae9040466/s1, Figure S1: Individual metabolites that
are significantly (p ≤ 0.05) higher in hairy roots of green and red kimchi cabbage grown under light
and dark conditions; Table S1: HPLC conditions for phytochemical analysis of metabolites.
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Abstract: Syzygium samarangense cv. ‘Giant Green’ is an underutilised fruit that can be found in
Malaysia and other Asian countries. Since this fruit is not fully commercialised, the information about
its potential health benefits is limited. Thus, this study was carried out to determine the polyphenolic
contents (total phenolic and total flavonoid) and biological activities (antioxidant, alpha-glucosidase
and antibacterial assay) of ‘Giant Green’ leaves and fruits at different maturity stages. The young,
mature and old leaves, and unripe, half-ripened and ripened fruits were analysed. The results
showed that the young leaves increased the TPC and TFC by 35% and 41%, over the old leaves.
Similarly, TPC and TFC contents were 37% and 54% higher in unripe fruits compared to the ripened
fruits. In addition, young leaves exhibited the strongest scavenging activity towards DPPH, NO and
ABTS radicals with IC50 values increasing 1.6-fold, 1.7-fold and 2.3-fold, respectively, over the old
leaves. However, in fruit samples, only unripe fruits were able to inhibit more than 50% of radicals.
A comparable trend was observed in alpha-glucosidase inhibitory assay whereas young leaves and
unripe fruits recorded 81% and 99% increases in IC50 values, respectively, from young leaves to old
leaves and unripe fruits to ripened fruits. Identically, young leaves also showed a significant effect in
antibacterial assay with an inhibition zone increase of 19%, 36%, 32%, and 31% in S. aureus, E. faecalis,
S. typhimurium and E. coli, respectively, over the old leaves. However, only unripe fruits were most
effective against all tested bacteria while half-ripened fruits were only effective against E. faecalis with
a 1.1-fold increase in the inhibition zone compared to unripe fruits. Ripened fruits were resistant to all
of the bacteria. These results suggest that the young leaves and unripe fruits of ‘Giant Green’ cultivar
of S. samarangense could be a potential candidate for the management of some diseases coming from
harmful free radicals or bacterial infection.

Keywords: Syzygium samarangense; ‘Giant Green’ cultivar; phenolic; flavonoid; antioxidant; alpha-
glucosidase inhibitory; antibacterial

1. Introduction

Plant parts such as leaf, flower, fruit, root and stem barks have been used for thousands
of years as a traditional medicine which is important in health promotion and wellness.
The various plant parts can be used as effective therapeutic agents in reducing the de-
velopment of certain chronic diseases such as cardiovascular, diabetes, cancer, arthritis,
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atherosclerosis, rejuvenation of aged skin and diseases associated with cerebral aging [1,2].
Eleven (11) percent of the 252 basic and essential drugs originated from plant parts while
the rest come from synthetic drugs derived from natural precursors [3]. Human bodies
are always exposed to harmful reactive oxygen species (ROS) such as superoxide anion,
hydrogen peroxide (H2O2), peroxyl (ROO) radicals, peroxynitrite anion (ONOO) and
reactive hydroxyl (OH) radicals which are formed by pollution, smoking or pesticides
used in crops [4]. ROS is an essential part of our body at the normal rate in aerobic
metabolism and is involved in host defence. Nevertheless, the excess production of ROS
is positively correlated to various chronic diseases such as inflammation, diabetes mel-
litus, cancer, atherosclerosis and hypertension [5,6]. Plant parts are an ultimate source
of phenols, flavonoids, tannin and volatile compounds that act as bioactive compounds,
natural antioxidants against ROS, reduce oxidative stress and protect humans from chronic
diseases [7].

The wax apple (Syzygium samarangense) is a non-climacteric tropical fruit that belongs
to the genus of Syzygium in the Myrtaceae family [8]. The wax apple fruit is also known
as jambu air, water apple, wax jambu, bell fruit, makopa, samarang rose apple and java
apple [9]. The fruit tree is usually cultivated and grown in Malaysia, Thailand, Taiwan,
the Philippines, Vietnam, Laos, China, India, Bangladesh and Indonesia [10]. The fruits are
bell or pear-shaped, usually red or light red, pink, green, greenish-white or cream coloured.
They are crispy and have an aromatic flavour with a subtle sweet taste. The ‘Jambu Madu
Red’ and ‘Masam Manis Pink’ are popular cultivars in Malaysia and other Southeast Asian
Countries [11,12]. Furthermore, the ‘Giant Green’ cultivar of wax apple is more aromatic but
less popular and underutilised among the cultivars. The cultivar has a spreading canopy
with a 3 m canopy width. The density of light green leaves in the canopy of this cultivar is
lower than the other two cultivars. The cultivar produces 8 to 10 creamy white flowers in a
cluster at the branch tips or in the axils of leaves or any points on the trunk. The flowers
bloom within 1 month after bud development and the fruits can be harvested around
50 days after anthesis [8]. The fruit production of this cultivar is non-seasonal and can be
harvested three times per year in tropical areas. The fruit length of ‘Giant Green’ is around
6.3 cm and the diameter is around 5.2 cm [11]. The cultivar has the largest fruit weight (90 g)
and produces more seeds than the other two cultivars. The fruit has a rough surface and
almost all the fruit is edible. The ‘Giant Green’ fruits are eaten after ripening, with salt or
cooked as a sauce. The leaves of the wax apple contain flavanones, ellagitannins, flavonol
glycosides, triterpenoids, anthocyanidins, proanthocyanidins, chalcones and terpenoids [6].
The fruits of the wax apple are a rich source of phenols, flavonoids and several antioxidant
compounds and as a result, have potential benefits for human health and are used in
traditional medicine.

The plant parts contain valuable chemical content that was believed to benefit human
health. In folk medicine, wax apple root is used as a medicine to treat oedema, reduce the
itching of the skin and release menstrual cycle pain [8]. The bark and stem of the wax apple
have antifungal properties which have been used in wound treatment [6]. The leaves have
traditionally been used to treat a cracked tongue, asthma, bronchitis, fever, for bathing
purposes, itches and waist pain [13]. The fruit is used to cure mouth ulcers, as a stimulant
to increase the urine level, to improve blood circulation in the pelvis and uterus, for
treatment of fever, sore throat and to reduce blood pressure. The flower is used to relieve
fever and halt diarrhoea [8]. The phenolic and flavonoid contents of wax apple fruits
perform antioxidant, antibacterial, antidiabetic and positive cytotoxic activity against the
SW-480 human colon cancer cell line [14,15]. The flavonoids, tannins, alkaloids, terpenoids
and essential oils of wax apple leaves are also active in anti-inflammatory, spasmolytic,
antioxidant, antidiabetic, anticancer and analgesic activities [16,17].

The ‘Giant Green’ cultivar is underutilised and is not fully commercialised among
the three cultivars of wax apple fruits in Malaysia. Previous studies have shown an-
tioxidant and antibacterial activities of this cultivar as well as the presence of valuable
phytochemicals such as phenolic, flavonoid, carotenoid and vitamin C in their leaf, fruit
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and bark [18,19]. However, studies evaluating the biological activity and the changes of
its phytochemical in leaves and fruits of ‘Giant Green’ at different maturity stages have
not been reported in the literature. In addition, the leaves and fruits undergo various
morpho-physiological, biochemical and biological changes during maturation and ripen-
ing. Hence, the proper maturity stage is crucial for the harvesting of leaves and fruits of
the ‘Giant Green’ cultivar to obtain maximum benefit from them for pharmaceutical uses.
Keeping this in consideration, the present study was designed to determine the effects
of maturity level on polyphenolic content and biological activities such as antioxidants,
alpha-glucosidase inhibitory and antibacterial activities of ‘Giant Green’ leaves and fruits
(i.e., young leaf, mature leaf, old leaf, unripe fruit, half-ripened fruit and ripened fruit).
This study proposes that the maturity level of leaves and fruits of the ‘Giant Green’ cultivar
can regulate the accumulation of polyphenolic contents, antioxidant activity, α-glucosidase
inhibitory activity and antibacterial activity.

2. Materials and Methods
2.1. Collection and Preparation of Plant Materials

The leaves and fruits of the ‘Giant Green’ cultivar of wax apple were collected several
times from the experimental trees of wax apple from an orchard located at Kampung Olek
Lempit, Banting, Selangor, Malaysia (1◦28 N, 111◦20 E), at an elevation of about 45 m above
sea level in a hot and humid tropical climate. The type of soil in the orchard was peat and
the mean pH was around 4.6 [18]. Three maturity stages of leaves were examined, namely
young (YL), mature (ML) and old (OL) leaves whereas for fruits the stages were unripe
(UF), half-ripened (HF) and ripened (RF) fruit which were collected and analysed. Five
biological replicates of each sample were used in this study. The leaves and fruits were
selected based on the physical examination reported by the previous studies. The leaves
were collected based on the method reported by Lee et al. [20] (Figure 1). The old leaves
were dark green in colour, with a very hard surface. The position of the leaves was lower on
the branch, showing the first sign of epiphylly or senescence, with a length of 18–18.5 cm
and a diameter of 8.0–8.5 cm. The mature leaves were green in colour, had a hard surface,
had a fully developed structure and had a position in the middle of the branch, with a
length of 16–16.5 cm and a diameter of 6.0–6.5 cm. The young leaves were light green in
colour, had a short growth phase, a soft surface, were fully sized but still lacking in their
structure, the position on the branch was higher than the previous stage and the length was
11–11.5 cm and the diameter 3.5–4.0 cm.

The maturity of fruits was selected based on their physical parameters such as colour,
texture and size [21] (Figure 1). The ripened fruit was reddish-green in skin colour, greenish-
white in pulp, more soft and juicy in texture, had a length of 6.0–7.5 cm and a diameter
of 5.5–6.0 cm. The half-ripened fruit was pale green in skin colour, was less soft and juicy
in texture, had a length of 5.0–5.5 cm and a diameter 4.5–5.0 cm. Unripe fruit was green
in skin colour, was more tough and not juicy in texture, had a length of 3.5–4.0 cm and a
diameter of 3.5–4.0 cm.

2.2. Extraction Procedure

The sample was wiped with wet tissue and crushed using a mortar and pestle.
The crushed sample (5 g) was soaked in methanol (25 mL) and allowed to stand for
three days. Then, it was heated in a water bath at 70 ◦C for 15 min, followed by being
centrifuged at 4000 rpm for 15 min. The supernatant was collected and put in the fumehood
to remove all of the methanol solvent. Then, the sample was further lyophilised with the
freeze-dried method (24 h). The extract was kept in an air-tight container and stored at 4 ◦C
until analysis.
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2.3. Percentage of Extraction Yield

The percentage of extraction yield of ‘Giant Green’ leaves and fruit extracts was
calculated according to Zin et al. [22] using the formula below:

Percentage o f extraction yield =
Weight o f extracts (g)

Weight o f raw sample (g)
× 100 (1)

2.4. Determination of Total Phenolic Assay

The total phenolic content (TPC) assay was measured according to Zin et al. [22].
Approximately 1 mg of standard (gallic acid) and 5 mg of plant crude extracts were
dissolved in 1 mL of dimethylsulfoxide (DMSO) which gave 1 mg/mL and 5 mg/mL,
respectively, of stock solutions. Then, the standard stock solution was diluted with DMSO
by a serial dilution method to produce the final concentrations of 200, 180, 160, 120, 100,
80 and 60 µg/mL. The plant sample was evaluated at a final concentration of 1 mg/mL.
So, 60 µL of stock solution from the plant sample was transferred out from the microtube
and DMSO was made up to 100 µL. Next, 200 µL of Folin–Ciocalteau was added into
standard and plant sample plates, then, the mixture was vortexed vigorously. The reaction
was terminated by adding 800 µL of sodium carbonate (7.5%). Then, the mixture was
vortexed again and incubated for two hours in the dark at room temperature for blue
colour development. The absorbance of the mixture was read at 765 nm using a microplate
reader. TPC value of the plant extract was calculated by using the formula below and
expressed as milligrams of gallic acid equivalents per gram dry weight (mg GAE/g DW).

C =
cV
m

(2)

where C is total phenolic content, c is the concentration of gallic acid (µg/mL) obtained
from the calibration curve, V is the final volume of plant extract and m is the weight of
dried extract.
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2.5. Determination of Total Flavonoid Assay

The total flavonoid content (TFC) was quantified using a calorimetric assay according
to Cunha et al. [23] with some modifications. Quercetin was used as a standard for the
calibration curve. Briefly, 0.5 mg of quercetin was dissolved in 1 mL of dimethyl sulfoxide
(DMSO) to complete the concentration of stock solution to 1 mg/mL. Exactly 5 mg of plant
sample was weighted and diluted in 1 mg/mL of DMSO. The stock solution (quercetin)
was prepared by serial dilutions to final concentrations of 100, 50, 25, 12.50, 6.25, 3.125, 1.563
and 0.781 µg/mL. Then, 140 µL of plant extract (5 mg/mL) was pipetted out into a 96-well
plate. Standard quercetin solution and plant extract were separately mixed with 150 µL
of aluminium chloride (10%) and 150 µL of potassium acetate (1 M). After mixing, 700 µL
was made up with distilled water and the solution was let to stand at room temperature for
30 min in a dark condition. The absorbance was measured at 415 nm wavelength using
a microplate reader. The TFC value of the plant samples was obtained from the linear
regression equation of quercetin and calculated using the equation below. The results were
expressed as milligrams of quercetin equivalents per gram dry weight (mg QE/g DW).

C =
cV
m

(3)

where C is total flavonoid content, c is the concentration of quercetin (µg/mL) obtained
from the calibration curve, V is the final volume of plant extract and m is the weight of the
dried extract.

2.6. Antioxidant Assay
2.6.1. DPPH Radical Scavenging Assay

The antioxidant capacity using 1,1-phenyl-2-picrylhydrazyl (DPPH) radical was deter-
mined using the method reported by Zin et al. [22]. Exactly 25 µL of extract with different
concentrations (0–250 µg/mL) was added to a 96-well plate and then, mixed with 200 µL
of methanolic solution of DPPH (0.1 mM). The control was prepared by substitution of
crude extract with DMSO (25 µL) plus DPPH solution (200 µL). The plate was wrapped
with aluminium foil and incubated for 30 min in the dark at room temperature. After that,
the mixture was measured at 517 nm wavelength using a microplate reader. Quercetin
was used as a positive control. For negative control, the equivalent of DMSO without
extract was prepared in a similar manner. The percentage inhibition of DPPH radical was
calculated as below.

Percentage inhibition (%) =
Abs. C− Abs. S

Abs. C
× 100 (4)

where
Abs. C = Absorbance of control
Abs. S = Absorbance of sample in the presence of extract or positive control

2.6.2. Nitric Oxide (NO) Radical Scavenging Assay

Nitric oxide radical scavenging assay was obtained from the reaction of sodium ni-
troprusside and measured by Griess reagent [24]. Sodium nitroprusside solution (10 mM)
was prepared by diluting 0.3 g of sodium nitroprusside into 100 mL of phosphate buffer
saline. A volume of 20 µL of extract, as well as a positive control (quercetin) with various
concentrations (0–250 µg/mL), was added with 80 µL of sodium nitroprusside solution
in a 96-well plate. Then, the plate was incubated under light for 150 min at room tem-
perature. After that, 100 µL of Griess reagent was added to the plate. The Griess reagent
was prepared freshly before being used by mixing 1% sulphanilamide solution and 0.1%
naphthyl ethylenediamine ethylene diamine dihydrochloride solution in a similar volume.
The sulphanilamide solution was prepared by dilution of 0.5 µg of sulphanilamide in 50 µL
of 20% glacial acetic acid, and naphthyl ethylene diamine dihydrochloride solution was
prepared by dilution of 0.05 µg of naphthyl ethylene diamine dihydrochloride in 50 µL of
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distilled water. Then, the plate was kept for 10 min before absorbance of the solution was
taken using a microplate reader at 540 nm. The equivalent of DMSO without extract was
prepared in the same manner and is known as negative control. The IC50 values of extract
and positive control were determined. The percentage of inhibition nitrite scavenging was
measured using a formula as described in the DPPH assay.

2.6.3. ABTS Radical Scavenging Activities

The ability of the extract to scavenge 2,2,-azinobis-(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS+) was measured as described by Shalaby and Shanab [25] with small mod-
ifications. ABTS salt (0.0768 g) and potassium persulfate (0.0132 g) were dissolved in
distilled water (20 mL) to form monocation radical ABTS (ABTS+). ABTS+ is very sensitive
to light. Then, the tube containing the ABTS+ solution was wrapped with aluminium foil
and allowed to stand in a dark condition for 16 h at room temperature before being used.
Then, the solution was further diluted with methanol to an absorbance of 0.700 ± 0.02.
Methanolic ABTS+ solution (189 µL) was mixed with 21 µL of various concentrations of
all of the extracts and positive control, quercetin (0–250 µg/mL). A similar manner was
used to prepare the negative control without extract but substitute with an equal volume
of DMSO. Thereafter, the mixture was measured at an absorbance of 734 nm wavelength.
ABTS+ radical inhibition was estimated using the equation as described in the DPPH assay.

2.6.4. Reducing Power

The reducing power assay was carried out according to the method of Mayur et al. [26]
with slight modifications. Aliquots (20 µL) of plant extract with different concentrations
(0–250 µg/mL) was mixed with 30 µL of 0.1 M phosphate buffer (pH 6.6) and 30 µL of
potassium ferracyanide (1%, w/v in distilled water). The solution was incubated at 50 ◦C
for 20 min. Then, the reaction of the mixture was stopped by the addition of 30 µL of 10%
trichloroacetic acid. The solution was mixed well. Next, 20 µL of ferric chloride (0.1%
w/v) and 70 µL of distilled water were added. The capacity-reducing power of extract was
compared to the quercetin as a positive control. The absorbance was recorded at 700 nm by
using a microplate reader. The higher absorbance value indicates a higher reducing power
of the extract.

2.7. Alpha-Glucosidase Inhibitory Assay

The alpha-glucosidase inhibitory assay was carried out using the method by Misbah
et al. [27]. In this assay, the enzyme solution contained 0.2 unit/mL of α-glucosidase enzyme
(Bacillus stearothermophilus, Sigma Aldrich Brand, Gillingham, UK) and 0.1 M phosphate
buffer (pH 7); and the substrate solution consisted of $-Nitrophenyl-α-D-glucopyranoside
(0.5 mM) and a similar phosphate buffer was used. For the stock solution, 5 mg of plant
extract was dissolved in 1 mL of 98% DMSO. Then, the working solution was prepared by
dissolving stock solution with 10% DMSO at certain concentrations (0–45 µg/mL). A total
of 10 µL of the extract had been put into a 96-well plate and added with 25 µL of enzyme
solution. The mixture was incubated at 37 ◦C. After 10 min, 25 µL of substrate solution
was added and incubated again for 30 min at 37 ◦C. To terminate the reaction, 100 µL of
0.2 M sodium carbonate was added to the mixture. The absorbance was measured at a
410 nm wavelength. The solution was used as a control in the absence of plant extract,
while, without enzyme and substrate it was used as a blank. The percentage inhibition was
calculated as in the formula below and the IC50 value was determined.

Percentage inhibition (%) =
(Abs. C− Abs. CB)− (Abs. S− Abs. SB)

1!Abs.C− Abs.CB
× 100 (5)

where,
Abs. C = Absorbance of control (10% DMSO + enzyme + substrate)
Abs. CB = Absorbance of control blank (10% DMSO without enzyme and substrate)
Abs. S = Absorbance of sample (sample solution + enzyme + substrate)

139



Horticulturae 2023, 9, 326

Abs. SB = Absorbance of sample blank (sample solution without enzyme and substrate)

2.8. Antibacterial Assay

The antibacterial activity was evaluated by using agar well diffusion according to
the methods of Shanmugam et al. [28]. Two Gram-positive bacteria, (Staphylococcus aureus
(ATCC 33591) and Enterococcus faecalis (ATCC 29212)) and two Gram-negative bacteria
(Escherichia coli (ATCC 35218) and Salmonella Typhimurium (ATCC 14028)), were obtained
from the Microbiology Laboratory, Universiti Sultan Zainal Abidin, Besut Campus, Besut,
Terengganu. The isolated colony of bacteria was selected with a sterile wire loop and
grew in nutrient agar at 37 ◦C for 24 h. The pure colony was picked and transferred into
a Muller–Hilton Broth (MHB) and was incubated at 37 ◦C until it reached the turbidity
of 0.5 McFarland standards (1.5 × 108 CFU/mL). MHA medium was inoculated with
100 µL volume of standardised inoculums of bacterial strains (0.5 McFarland). The bacterial
suspension was spread over MHA using a sterile cotton bud and then allowed to stand
for a minute to dry the medium. Five of the wells with a 6 mm diameter were made
by using a sterile cork borer on the plate. A total of 10 mg of extracts were dissolved in
1 mL DMSO as a stock solution. Using a micropipette, 100, 80, 40 and 20 µL of extracts
were added to the respective wells. A total of 100 µL of DMSO was used as a negative
control. For a comparative study of antibacterial properties of the wax apple plant, eight
commercial standard antibiotics (Gentamycin, Tetracycline, Vancomycin, Amoxycillin,
Cephazolin, Neomycin, Metronidazole and Cefaclor) were also analysed. All of the plates
were incubated in an upright position at 37 ◦C for 24 h. The diameter of zone inhibition
(mm) was measured. Every experiment was conducted in triplicate.

2.9. Statistical Analysis

Statistical analysis was performed on the data using XLSTAT software version 2014.
The significant difference between the parameters studied was analysed by using one-way
ANOVA followed by post hoc Tukey’s Honestly Significant Difference (HSD) test. Values
were expressed as mean ± standard deviation (SD). The confidence levels of all analyses
were performed at 95% with p < 0.05 representing a significant difference.

3. Results
3.1. Percentage of Extraction Yields

The percentage of extraction yields of leaves and fruits of the ‘Giant Green’ cultivar
of wax apple are shown in Table 1. The results showed that the leaves and fruit extracts
yield varied from 3.57 to 4.46% in descending order of old leaves > young leaves > mature
leaves. The maturity stages of the leaf did not produce a significant effect on extract
yield; however, fruit maturity stages yielded significant effects on the percentage of extract
yield. The highest percentage of extraction yield of fruit extracts was recorded in ripened
fruit with a value of 4.87%. The lowest percentage of extract yield, 2.98%, was found in
half-ripened fruits (Table 1).

3.2. Total Phenolic Content (TPC)

The total phenolic content (TPC) of the ‘Giant Green’ cultivar of wax apple leaves
and fruits was determined to see the effects of maturity stages on the accumulation of
phenols in plant parts. The TPC values were calculated using the gallic acid standard curve
(Figure 2A). The results indicated that total phenolic content decreased significantly with
the advancement of leaf and fruit maturity. The young leaves had the highest TPC followed
by mature leaves with a value of 66.56 mg GAE/g DW and 50.37 mg GAE/g DW. The old
leaves contained the lowest amount of phenolic content 43.16 mg GAE/g DW. The TPC
value of fruit extracts ranged from 34.08 to 54.11 mg GAE/g DW (Table 1). The unripe fruit
had a 1.59-fold TPC compared to the ripened fruits.
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Table 1. Percentage yield, total phenolic content (TPC) and total flavonoid content (TFC) of leaves
and fruit extracts of the ‘Giant Green’ cultivar of Syzygium samarangense at three maturity stages.

Samples Percentage of
Extraction Yield (%) TPC (mg GAE/g DW) TFC (mg QE/g DW)

Leaves

Young 3.87 ± 0.03 A 66.56 ± 0.86 A 17.25 ± 0.44 A

Mature 3.57 ± 0.03 A 50.37 ± 1.05 B 11.75 ± 0.36 B

Old 4.46 ± 0.05 A 43.16 ± 0.83 C 10.20 ± 0.29 C

Fruit

Unripe 3.13 ± 0.02 a 54.11 ± 0.42 a 2.34 ± 0.06 a

Half-ripen 2.97 ± 0.01 a 39.97 ± 0.31 b 1.65 ± 0.06 b

Ripen 4.87 ± 0.02 b 34.08 ± 0.44 c 1.07 ± 0.04 c

Values are expressed as the means ± standard deviation. The different superscript letter refers to significant
difference (p < 0.05) by comparing the three maturity stage of leaves and fruit samples.
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content (TPC) (A) and total flavonoid content (TFC) (B).

3.3. Total Flavonoid Content

This result showed that the amount of flavonoid for ‘Giant Green’ leaves and fruits
have a significant effect among three maturity stages (Figure 2B). TFC values of leaf extracts
ranged from 10.20 to 17.25 mg QE/g DW with descending order of young leaves > mature
leaves > old leaves. The TFC value depicted a 1.7-fold decrease from young leaves to old
leaves. For fruit extracts, the flavonoid contents ranged from 1.07 to 2.34 mg QE/g DW
(Table 1) in descending order of unripe fruit > half-ripened fruit > ripened fruit. Unripe
fruits have flavonoid content two times higher than ripened fruits.

3.4. Antioxidant Assays
3.4.1. DPPH Free Radical Scavenging Activity

Figure 3a illustrates the abilities of ‘Giant Green’ leaves to scavenge the DPPH radical.
The result showed that young leaves exhibited the strongest antioxidant activity, and the
weakest was in the old leaves extract. The IC50 values of leaf extracts ranged from 13.66 to
21.79 µg/mL (Table 2). Young leaves had 1.6-fold lower IC50 values compared to old leaf
extract and 1.2-fold lower than mature leaf extract. Meanwhile, the percentage inhibitions
of DPPH radicals in fruit extracts are shown in Figure 4a. The unripe fruit showed the
strongest antioxidant activity followed by half-ripened while the least one was ripened
fruit extract. Between the samples, only unripe fruit showed the ability to scavenge DPPH
radicals at more than 50% with IC50: 13.79 µg/mL (Table 2).
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Table 2. IC50 values of antioxidant assays (DPPH, ABTS and NO) for leaves and fruit extracts of
‘Giant Green’ cultivar of Syzygium samarangense at three maturity stages.

Sample
IC50 Value (µg/mL)

DPPH NO ABTS

Quercetin 10.20 ± 0.26 Aa 11.23 ± 0.55 Aa 4.10 ± 0.10 Aa

Leaves

Young 13.66 ± 0.19 B 51.57 ± 1.71 B 6.31 ± 0.06 B

Mature 16.57 ± 0.19 C 69.29 ± 1.03 C 8.87 ± 0.31 C

Old 21.79 ± 0.35 D 88.13 ± 0.83 D 14.62 ± 0.43 D

Fruit

Unripe 13.79 ± 0.22 b 87.80 ± 3.50 b 46.77 ± 0.67 b

Half-ripened ND ND 237.33 ± 1.61 c

Ripened ND ND ND
ND = Not detected. Values are expressed as means ± standard deviation. The different superscript letter refers
to significant difference (p < 0.05) by comparing the three maturity stages of leaves and fruit samples. DPPH:
2,2-diphenyl-1-picrylhydrazyl; ABTS: 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid; NO: nitric oxide.
Capital letter denotes leaves and small letter fruits.
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3.4.2. Nitric Oxide (NO) Radical Scavenging Activity

The capabilities of ‘Giant Green’ leaf extracts to inhibit the nitric oxide radical is
shown in Figure 3b. The results revealed that young leaves had greater NO scavenging
capacity followed by mature and old leaves. The IC50 values of NO radicals depicted a 41%
increase from young leaves to old leaves (Table 2). For the ‘Giant Green’ fruit, unripe fruit
exhibited the strongest scavenging activity towards NO radicals followed by half-ripened
and ripened fruit extracts (Figure 4b). The result indicates that only unripe fruit extract had
a significant effect to inhibit NO radicals with an IC50 value of 87.80 µg/mL (Table 2).

3.4.3. ABTS Radical Scavenging Activity

The percentage inhibition of the ABTS radical scavenging assay of ‘Giant Green’ leaves
is shown in Figure 3c. The results revealed that young leaves had the strongest ability
to inhibit ABTS radicals followed by mature leaves and the weakest one was old leaves.
The IC50 values of leaf extracts ranged from 6.31 to 14.62 µg/mL (Table 2). IC50 values
recorded a 2.3-fold increase in old leaves compared to young leaves. The abilities of ‘Giant
Green’ fruit extracts in the scavenging of ABTS are shown in Figure 4c in descending order
as follows: unripe fruit > half- ripened > ripened fruit. IC50 values of fruit extracts depicted
an 80% increase from unripe fruit to half-ripened fruit but were not detected in ripened
fruit (Table 2).

3.4.4. Reducing Power Activity

The absorbance results of reducing power for ‘Giant Green’ leaves are shown in
Figure 3d. The reducing power of leaf extracts was in a concentration-dependent manner.
The reducing power of quercetin, young, mature and old leaves was recorded with values
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of 0.99 ± 0.03, 1.07 ± 0.02, 1.03 ± 0.03 and 1.01 ± 0.04, respectively, at a concentration of
250 µg/mL. The young leaves showed higher reducing power followed by mature and old
leaves. Furthermore, as seen in Figure 4d, the unripe fruits had a better capability to donate
electrons and reduce the ferricyanide complex, while the half-ripened fruits’ capability was
moderate and the weakest was ripe fruits. The reducing power of all fruit samples also
increases with an increase in concentration. The maximum values (at a concentration of
250 µg/mL) of reducing power of unripe, half-ripened and ripened fruits were 0.94 ± 0.01,
0.67 ± 0.02 and 0.17 ± 0.02, respectively. This result indicates that the reducing power in
fruit extracts had an 82% decline from unripe fruit to ripened fruits.

3.4.5. Correlation Analysis

Correlation of TPC, TFC and antioxidant assays between leaves and fruits of ‘Giant Green’ at
different maturity stages.

The TP content (Table 3) showed significant positive strong correlations between young
leaves with half-ripened fruits, whereas mature leaves with old leaves and ripened fruits
and half-ripened fruits with ripened fruits showed significant negative strong correlations.
No correlations were detected between young leaves and mature leaves; mature leaves
with half-ripened fruits; old leaves with unripe fruits and half-ripened fruits; unripe fruits
with half-ripened and ripened fruits and half-ripened with ripened fruits.

Table 3. The correlation coefficients (R value) among leaves and fruits of the ‘Giant Green’ cultivar of
S. samarangense in TPC, TFC and antioxidant assays (DPPH, NO and ABTS).

Sample
Correlation Coefficient of TPC

YL ML OL UF HF RF

YL 1.00

ML 0.16 1.00

OL −0.25 −0.65 1.00

UF −0.46 −0.37 −0.14 1.00

HF 0.64 0.15 −0.22 0.17 1.00

RF −0.51 −0.78 0.43 0.28 −0.70 1.00

Sample
Correlation coefficient of TFC

YL ML OL UF HF RF

YL 1.00

ML 0.80 1.00

OL 0.46 0.46 1.00

UF 0.51 0.21 −0.29 1.00

HF −0.30 −0.40 0.00 0.33 1.00

RF 0.09 0.50 −0.33 0.34 0.05 1.00

Sample
Correlation coefficient of DPPH Assay

YL ML OL UF HF RF

YL 1.00

ML 0.92 1.00

OL 0.92 1.00 1.00

UF −1.00 −0.92 −0.91 1.00

HF 0.09 −0.31 −0.32 −0.10 1.00

RF −0.96 −0.78 −0.77 0.97 −0.36 1.00
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Table 3. Cont.

Sample
Correlation coefficient of NO Assay

YL ML OL UF HF RF

YL 1.00

ML −0.35 1.00

OL 0.94 −0.64 1.00

UF 0.73 −0.90 0.92 1.00

HF −0.69 0.92 −0.89 −1.00 1.00

RF 0.96 −0.60 1.00 0.89 −0.87 1.00

Sample
Correlation coefficient of ABTS Assay

YL ML OL UF HF RF

YL 1.00

ML 0.49 1.00

OL 0.80 0.91 1.00

UF −0.98 −0.67 −0.92 1.00

HF −0.69 −0.97 −0.99 0.83 1.00

RF 0.48 1.00 0.91 −0.66 −0.97 1.00
Significant at p < 0.05; The value >0.9 a strong correlation, >0.8 a fair strong correlation and >0.6 a moderately
strong correlation at p value 0.05. YL: young leaves; ML: mature leaves; OL: old leaves; UF: unripe fruits: HF:
half-ripened fruits; RF: ripened fruits; TPC: total phenolic content; TFC: total flavonoid content; DPPH:2,2-
diphenyl-1-picrylhydrazyl; ABTS: 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid; NO: nitric oxide.

In the case of TF content (Table 3), only the mature leaves showed significant, positive
and very strong correlations with young leaves. Most of the samples showed a moderate
and weak correlation with each other. However, no correlation was observed between
young leaves and ripened fruits, old leaves with half-ripened fruits and half-ripened fruits
with ripened fruits.

Furthermore, in the DPPH assay (Table 3), a significant perfect positive correlation
was shown between mature leaves and old leaves, while young leaves with unripe fruits
showed a significant perfect negative correlation. Very strong correlations were found
between young leaves and mature leaves; old leaves and ripened fruits; mature leaves
with unripe fruits; old leaves with unripe fruits; and unripe fruits with ripened fruits.
No correlation was shown between young leaves and half-ripened fruits and unripe fruit
with half-ripened fruits.

For NO assay (Table 3), there was a significant perfect positive correlation between old
leaves and ripened fruits, while a significant perfect negative correlation with unripe fruits
and half-ripened fruits was found. In addition, young leaves with old leaves and ripened
fruits; mature leaves with unripe fruits and half-ripened fruits; old leaves with unripe fruits
and half-ripened fruits; unripe fruits with ripened fruits and lastly, half-ripened fruits with
ripened fruits showed very strong correlations.

Moreover, in the ABTS assay (Table 3), only mature leaves with ripened fruits recorded
a significant perfect positive correlation. Young leaves with mature leaves and ripened
fruits showed a significant positive and weak correlation, while mature leaves with unripe
fruits and unripe fruits with ripened fruits showed a significant negative and moderate
correlation. However, the rest of the samples correlated very strongly with each other.
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Correlation between TPC, TFC and Antioxidant Assays.
The correlations of TPC and TFC with antioxidant assays are as shown in Table 4.

There were strong correlations between TPC and antioxidant assays which are ABTS,
NO and DPPH in leaves but a moderate correlation in fruit extracts. However, both leaf
and fruits extracts were shown to have a strong correlation between TFC and all of the
antioxidant assays.

Table 4. The correlation coefficients (R value) of TPC and TFC with antioxidant assay (IC50 value) in
the ‘Giant Green’ cultivar of S. samarangense.

Variables
Leaves Fruits

TPC TFC TPC TFC

DPPH 0.92 0.85 0.58 0.84
ABTS 0.96 0.91 0.68 0.98
NO 0.90 0.83 0.64 0.92

Significant at p < 0.05; TPC: total phenolic content; TFC: total flavonoid content; DPPH:2,2-diphenyl-1-
picrylhydrazyl; ABTS:2,2′-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid; NO: nitric oxide.

3.5. Alpha-Glucosidase Inhibitory Assay

The percentage of α-glucosidase inhibition of the ‘Giant Green’ leaves and fruit extracts
were plotted as a function of concentration in comparison with standard, quercetin are
shown in Figure 5. The results reveal that all of the extracts inhibited α-glucosidase enzyme
in vitro. Based on Table 5, young leaves (IC50: 0.80 µg/mL) exhibited good α-glucosidase
enzyme compared to quercetin (IC50: 1.54 µg/mL). Mature leaves and old leaf extracts
showed appreciable inhibitory activity. The ranking of α-glucosidase inhibition based on
the IC50 values are as follows: young leaves > mature leaves > old leaves. The IC50 values
of young leaves depicted a 3.0-fold decrease compared to mature leaves and continuously
decreased to 1.8-fold in old leaves as compared with mature leaves. Furthermore, out of
the three types of fruit extracts, only unripe fruit and half-ripened fruit extracts showed
percentages of more than 50% of alpha-glucosidase inhibitory activity (Figure 5). Unripe
fruit exhibited a significant effect of α-glucosidase inhibitory activity followed by half-
ripened fruit and ripened fruit. The IC50 value dramatically increased to 93% from unripe
fruit to half-ripened fruit and continued to increase until it was not detected in ripened
fruit (Table 5).

Table 5. IC50 values of alpha-glucosidase inhibitory activity for leaves and fruit extracts of the ‘Giant
Green’ cultivar of Syzygium samarangense at three maturity stages.

Sample Alpha-Glucosidase (IC50 Value, µg/mL)

Quercetin 1.54 ± 0.75 ABa

Leaves

Young 0.80 ± 0.44 A

Mature 2.39 ± 0.06 B

Old 4.26 ± 0.37 C

Fruit

Unripe 1.98 ± 0.02 a

Half-ripened 28.14 ± 0.34 b

Ripened 133.06 ± 3.54 c

ND = Not detected. Values are expressed as means ± standard deviation. The different superscript letter refers to
significant difference (p < 0.05) by comparing the three maturity stages of leaves and fruit samples. Capital letter
denotes leaves and small letter for fruits.
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Figure 5. Alpha-glucosidase inhibitory assay of ‘Giant Green’ cultivar of Syzygium samarangense
leaves and fruits at three different maturity stages.

Correlation Analysis

Correlation of alpha-glucosidase inhibitory assay between leaves and fruits of ‘Giant Green’ at
different maturity stages.

In the present study, a significant perfect negative correlation was observed between
young leaves and mature leaves, then mature leaves with half-ripened fruits (Table 6).
Moreover, young leaves with old leaves; unripe fruits and half-ripened fruits; old leaves
with half-ripened fruits; and unripe fruits with half-ripened fruits showed a significant
positive and very strong correlation, while a significant negative and very strong correlation
was recorded between mature leaves, old leaves and unripe fruits; and old leaves with
ripened fruits. However, no correlation was found between unripe fruits and ripened fruits.

Table 6. The correlation coefficients (R value) among leaves and fruits of the ‘Giant Green’ cultivar of
S. samarangense in TPC, TFC and alpha-glucosidase inhibitory assay.

Sample
Correlation Coefficient of α-Glucosidase Inhibitory Assay

YL ML OL UF HF RF

YL 1.00

ML −1.00 1.00

OL 0.83 −0.84 1.00

UF 0.86 −0.85 0.43 1.00

HF 0.99 −1.00 0.88 0.80 1.00

RF −0.52 0.54 −0.91 −0.02 −0.61 1.00
Significant at p < 0.05; YL: young leaves; ML: mature leaves; OL: old leaves; UF: unripe fruits: HF: half-ripened
fruits; RF: ripened fruits.

Correlation between TPC, TFC and Alpha-Glucosidase Inhibitory Activity
Statistical analysis showed that the leaf extracts have a significant strong correlation

between the IC50 value of alpha-glucosidase activity and phenolic content with r = 0.938
but is moderate in fruit extracts with r = 0.577. A strong and positive correlation was
also observed between alpha-glucosidase inhibitory activity (IC50 value) and flavonoid
content in leaves and fruit extracts with r = 0.930 and r = 0.850, respectively. The results
demonstrated that some phenolic and flavonoid compounds were responsible for the
activeness of this activity.
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3.6. Antibacterial Assay
3.6.1. Standard Drug Susceptibility/Resistance Testing

Eight standard drugs were investigated to evaluate their capacity for antibacterial
activity against two Gram-positive bacteria (Staphylococcus aureus and Enterococcus faecalis)
and two Gram-negative bacteria (Salmonella typhimurium and Escherichia coli). The drugs
used in this assay were Gentamycin (CN), Tetracycline (TE), Vancomycin (VA), Amoxy-
cillin/Clavulanic acid 2:1 (AMC), Cephazolin (KZ), Neomycin (N), Metronidazole (MTZ)
and Cefaclor (CEC). The results of susceptibility testing are tabulated in Table 7. The
data revealed that the overall susceptibility rates in Gentamycin, Tetracycline, Amoxicillin
and Neomycin were the highest (100%) against the tested bacteria. Vancomycin was able
to inhibit the growth of Gram-negative bacteria (S. typhimurium and E. coli) only with a
susceptibility rate of 50%. Meanwhile, Cephazolin had susceptibility rates of 75% against E.
faecalis and Cefaclor depicted 50% of susceptibility rates toward Gram-positive bacteria (S.
aureus and E. faecalis).

Table 7. The susceptibility test of standard drug against two Gram-positive and two Gram-negative
of bacteria.

Bacterial
Strains

Zone of Inhibition (mm)

CN (10 µg) TE (30 µg) VA (5 µg) AMC (30 µg) KZ (30 µg) N (30 µg) MTZ (5 µg) CEC (30 µg)

S. aureus 17.05 ± 0.09 a 7.07 ± 0.06 f 13.07 ± 0.12 c 9.10 ± 0.10 e 15.07 ± 0.06 b 10.10 ± 0.10 d NA NA

E. faecalis 20.10 ± 0.10 b 11.03 ± 0.06 d 11.07 ± 0.12 d 30.07 ± 0.12 a NA 17.08 ± 0.08 c NA NA

S. typhimurium 23.13 ± 0.15 b 20.10 ± 0.10 e NA 25.10 ± 0.10 a 22.20 ± 0.17 c 21.10 ± 0.10 d NA 23.08 ± 0.08 b

E. coli 21.08 ± 0.07 a 18.17 ± 0.15 c NA 15.17 ± 0.15 f 17.12 ± 0.10 d 19.13 ± 0.12 b NA 16.10 ± 0.10 e

NA = not active. Values are the means ± standard deviation for three replicates of experiments (n = 3). Data from
same horizontal row with different superscript letter refers to a significant difference (p < 0.05). CN: Gentamycin;
TE: Tetracycline; VA: Vancomycin; AMC: Amoxycillin/Clavulanic acid 2:1; KZ: Cephazolin; N: Neomycin; MTZ:
Metronidazole and CEC: Cefaclor.

3.6.2. Plant Extract Susceptibility/Resistance Testing

The pattern inhibition of Gram-positive (S. aureus and E. faecalis) and Gram-negative
bacteria (E. coli and S. typhimurium) toward ‘Giant Green’ leaves and fruits is shown in
Figure 6. As seen, the inhibition activity of extracts increases with the increasing concen-
tration. The data depicted that the antibacterial activity against all of the tested bacteria
was in a concentration-dose dependent manner. Among the leaf extracts, the young leaves
exhibited the maximum inhibition zones in all tested bacteria followed by mature leaves
and the minimum inhibition was in old leaves (Table 8). Furthermore, compared to data
from the standard drug susceptibility test (Table 7), the young leaf extract displayed very
strong activity against all of the bacteria compared to the tested standard drugs. This study
suggests that the young leaves have greater potential to be used as medicine in combating
certain bacteria. The effectiveness of ‘Giant Green’ fruits at three maturity stages is recorded
in Table 9. The best results are represented by unripe fruit extract which is active against all
Gram-positive and Gram-negative bacteria. Half-ripened fruit was only inhibited by one
bacterium which is E. faecalis. However, the ripened fruit was resistant to all of the tested
bacteria. The results indicate that the unripe fruit possessed more powerful antibacterial
activity than other mature fruits.
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Table 8. The antibacterial activity of the ‘Giant Green’ cultivar of Syzygium samarangense leaves at
three maturity stages.

Leaves Samples Concentration
(µg/mL)

Zone of Inhibition (mm)

S. aureus E. faecalis S. typhimurium E. coli

Young 1000 20.47 ± 0.81 a 24.13 ± 0.81 a 25.40 ± 0.69 a 24.33 ± 0.58 a

800 18.47 ± 0.50 ab 19.47 ± 0.81 b 23.07 ± 1.01 ab 22.00 ± 1.00 ab

400 13.80 ± 0.72 de 16.13 ± 0.81 cd 19.40 ± 1.22 c 18.67 ± 0.58 cde

200 10.13 ± 0.81 g 13.80 ± 0.35 def 15.40 ± 0.69 def 17.00 ± 1.00 def

Mature 1000 18.33 ± 0.58 ab 19.03 ± 0.45 bc 20.00 ± 0.50 bc 21.13 ± 0.81 bc

800 16.33 ± 0.58 bc 16.37 ± 1.42 cd 18.00 ± 0.50 cd 19.13 ± 0.81 bcd

400 13.33 ± 0.58 def 14.70 ± 1.25 de 15.00 ± 0.50 def 16.13 ± 1.03 ef

200 8.33 ± 6.43 fg 13.70 ± 1.25 def 10.67 ± 1.61 g 15.13 ± 1.03 fg

Old 1000 16.67 ± 0.58 bc 15.33 ± 0.58 de 17.33 ± 0.58 cde 16.77 ± 0.68 def

800 15.33 ± 0.58 cd 12.67 ± 1.15 efg 14.67 ± 0.58 ef 15.43 ± 1.25 f

400 12.33 ± 0.58 efg 11.67 ± 1.15 fg 12.33 ± 1.53 fg 12.43 ± 1.50 gh

200 11.00 ± 1.00 g 10.67 ± 1.15 g 10.67 ± 2.08 g 11.77 ± 1.08 h

Values are expressed as the means± standard deviation. Data from the same vertical row with different superscript
letters refers to significant difference (p < 0.05) by comparing among the three maturity stages of leaf samples.

149



Horticulturae 2023, 9, 326

Table 9. The antibacterial result of the ‘Giant Green’ cultivar of Syzygium samarangense fruits at
three maturity stages.

Fruit Sample Concentration
(µg/mL)

Zone of Inhibition (mm)

S. aureus E. faecalis S. typhimurium E. coli

Unripe 1000 13.17 ± 0.29 a 14.17 ± 0.29 ab 15.33 ± 0.58 a 14.33 ± 0.58 a

800 11.83 ± 0.76 ab 13.17 ± 0.29 bc 13.67 ± 0.58 b 13.33 ± 0.58 a

400 10.83 ± 0.76 bc 12.50 ± 0.50 bc 12.67 ± 0.58 bc 11.67 ± 0.58 b

200 9.83 ± 0.76 c 11.50 ± 0.50 c 11.67 ± 0.58 c 10.33 ± 0.58 b

Half-ripened 1000 NA 15.33 ± 0.58 a NA NA

800 NA 13.33 ± 0.58 b NA NA

400 NA 9.67 ± 0.58 d NA NA

200 NA 8.33 ± 1.15 d NA NA

Ripened 1000 NA NA NA NA

800 NA NA NA NA

400 NA NA NA NA

200 NA NA NA NA

NA = Not active. Values are expressed as the means ± standard deviation. Data from the same vertical row with
different superscript letters refers to significant difference (p < 0.05) by comparing the three maturity stages of
fruit samples.

4. Discussion

Our results indicate that the percentage of extraction yield of leaves and fruits of
wax apple extracts varied with the maturity level. The extract yield increased with the
maturity stages with the highest percentage of extract yields being recorded in old leaves
and ripened fruits of wax apple. The solvent of extraction, pH, temperature, polarity,
time of extraction, method of extraction and quantities of sample used can influence
the values of the percentage of extraction yield [29]. Singh et al. [30] reported that the
morphology of the sample matrix also influences the yield of extraction. The accumulation
of extractable compounds depends on the inheritance of the plant, plant developmental
stages and responsibilities at different environments. The extracts percentage yield is
also affected by the growing condition, light supplied and their genetic variation which
modifies the composition of components in plants through their biosynthesis [31]. The
highest yield of extracts in old leaves and ripened fruits may be due to increased synthesis
and accumulation of phytochemicals at late maturity. The phenolic, flavonoid, steroid,
tannin and terpenoid are the phytochemicals that are present in the methanolic extract of
leaves and fruits of wax apples [32,33].

Generally, the total phenolic content of all of the ‘Giant Green’ extracts was in the
range of 30–70 mg GAE/g DW. Our results showed that the young leaves and unripe
fruit contained the highest phenolic contents compared to mature and old leaves, and
half-ripened and ripened fruits. The differences in phenolic between the plant parts may
be due to the changes in the type and quantities of polyphenolic compounds during its
growth process. Yoshioka et al. [34] revealed that phenolic compounds act as stimulants or
inhibitors of enzymes and catalyse as well as control the activities of polyphenol oxidase
in plants during the development and ripening stages. In addition, the distribution of
phenolic compounds among the plant parts has also often been associated with defence
against pathogens or herbivores [35] and function in controlling the biotic and abiotic stress
in plants [36]. Similar results were previously reported by Lee et al. [20] with the young
leaves of pink cultivar of wax apple containing the higher phenolics such as β-elemene,
γ-terpinene and β-caryophyllene compared to the mature and old leaves. Other researchers
also found that the unripe fruits of Sonneratia caseolaris [37], Nypha fruticans Wurmb [38],
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Pyracantha [39], Psidium guajava [40] and Malpighia emarginata DC [41] displayed a high
phenolic content compared to ripe fruits.

The results obtained from this study demonstrate that the flavonoid contents of leaves
and fruits of ‘Giant Green’ decreased with the maturity process. The young leaves and
unripe fruits recorded the highest flavonoid contents among the other stages. Similar
results were reported by Kingne et al. [42] with the young avocado leaves and mango leaves
exhibiting the highest flavonoid content compared to mature ones. Young aronia leaves
also contained more flavonoid content than the old leaves with a value of 163.7 mg CE/g
dry weight and 103.6 mg CE/g dry weight, respectively [43]. On other hand, some studies
reported that the flavonoid content of blueberry [44], mangrove apple [39] and papaya [45]
increased in the early stages and decreased at the late stages during fruit ripening. The
differences in total flavonoid content obtained between the samples in this study and those
reported in the previous literature can be influenced by the cultivar and variety, sunlight,
growing condition and age of the plants [46].

The present study shows that the young leaves and unripe fruit exhibited the strongest
DPPH, NO and ABTS radical scavenging activity as well as the highest reducing power.
This may be attributed to higher phenolic and flavonoid compounds in extracts of young
leaves and unripe fruits. The plants consisting of more phenolic compounds are believed
to contribute to higher antioxidant activity [37]. This finding correlates with previous
researchers who reported that the young leaves of Persea americana and Mangifera indica [42],
Syzygium polyanthum [47], Blepharocalyx salicifolius [48] and Aronia melanocarpa [43] exhibited
the strongest DPPH activity compared to the old and mature leaf extract. In the same
way, Bakar et al. [37] demonstrated that the unripe fruits of Sonneratica caseolaris had good
scavenging of DPPH and ABTS radical activity for both 80% methanol and aqueous extracts
compared to ripe fruit. Taghizadeh et al. [49] revealed that the type of solvent used for
the extraction process influences antioxidant activity. Hence, the choice of a suitable polar
solvent such as methanol, ethanol or water was crucial to attract the polar compounds such
as phenolic and flavonoid in the plant sample. Methanol was reported to be the best solvent
to maximise the recovery of the polar compound in the plant extract [36]. This reason
may be why the highest phenolic and flavonoid contents were recorded in young leaves
and unripe fruit. Furthermore, the electron-donating nature of the substituent groups
like -OH, -Cl and -CH3 in plant compounds are able to inhibit the generation of nitrite
and peroxy nitrite anions increasing antioxidant activity [50]. In addition, another factor
influencing the variation of radical scavenging activity in the extracts might be influenced
by pre- and post-harvest factors [51]. The pre-harvest factors such as the conditions of the
environment and agronomic practices could be responsible for the changes in antioxidant
levels in the plant parts [52]. The conditions of the environment such as hot or cold
temperatures, dry or wet soil, period exposed to sunlight and climatic change cause a
decrease or increase in valuable phytochemicals that possess antioxidant value. Zheng and
Wang [53] reported that the temperature significantly influenced the antioxidant activity in
citrus fruit. Furthermore, the agronomic conditions such as type and quantity of fertilizer,
the effectiveness of the irrigation system, maturity stages of the plant and date of sowing
influence the antioxidant activity [51]. Previous research by Rajan and Bhat [54] found
that the potency of antioxidants in kundang fruit (Bouea macrophlia Griffith) is affected
by maturity stages in which the unripe kundang fruits possess the strongest antioxidant
activity compared to ripe fruit. Furthermore, another factor is the postharvest storage
condition [51]. The aspects of time, temperature and light intensities are very crucial to
maintain the quality of antioxidant compounds in the plant. Some phenolic compounds
such as flavonoid, phenolic acid, anthocyanin and ascorbic acid are sensitive or insensitive
to storage temperature, thereby affecting the antioxidant activity [55].

Our study indicates that phenolic and flavonoid compounds in the leaves and fruit of
the ‘Giant Green’ cultivar of S. samarangense were correlated to antiradicals. These findings
indicate that phenolic and flavonoid are major compounds contributing to antioxidant
activity, especially in the scavenging of harmful radicals generated from oxidative stress.

151



Horticulturae 2023, 9, 326

Ng et al. [56] found a correlation between TPC and TFC with DPPH and ABTS radical
scavenging activity of selected medicinal plants. Furthermore, Majumder et al. [57] also
revealed a good correlation between TPC and TFC with in vitro and in vivo antioxidant
activities, which indicates that phenolic compounds possess strong antioxidant capacities
in S. samarangense leaves. Zielinski et al. [58] stated that the chemical structure of the
phenolic compound may influence the variation of antioxidant capacity. The compound
with the highest ability to delocalise the lone electron around the aromatic ring possesses
stronger antioxidant activity. However, a decrease in hydroxy and methoxy substituents
and the increase in the electron-withdrawing group in the aromatic ring reduces the
radical scavenging activity. Another factor contributing to the relationship of phenolic
and flavonoid with antioxidant activity was the ability of these compounds to inhibit the
oxidant enzyme such as nitric oxide synthase (NOS), xanthine oxidase (XO) and NADPH
oxidase (NOX). Research reported by Nakao et al. [59] found that hesperetin can inhibit the
production of XO, which decreases the formation of free radicals. Furthermore, phenolic
compounds that directly react with reactive oxygen species (ROS) or reactive nitrogen
species (RNS) also enhance antioxidant capacity. These compounds can act as a safeguard
to control the accumulation of ROS and RNS in the body. In addition, the synergism among
the phenolic compound or with other groups also influences the efficiency of antioxidant
activity [60]. For example, the interaction of phenolic compounds with ascorbic acid and
vitamin E [61], flavonoids with protein [62] and phenolic with phenolic such as naringenin
with hesperidin [63] significantly increases the antioxidant capacity.

One of the properties of the wax apple plant is to have antidiabetic properties. This
was proven in our study when the ‘Giant Green’ cultivar of S. samarangense showed a
significant effect in alpha-glucosidase inhibitory activity, especially in young leaves and
unripe fruit extracts. Phenolic and flavonoid compounds have been reported to have a
major effect on alpha-glucosidase inhibitory activity [64]. Nurnaeimah et al. [65] reported
that the high α-glucosidase inhibitory activities represent a potential antidiabetic agent.
The highest quantity of phenolic and flavonoid compounds in young leaves and unripe fruit
extracts could be the cause of why both extracts showed the strongest alpha-glucosidase
inhibitory activity than other maturity stages. Some of the literature reported that the
antidiabetic activity in S. samarangense plant parts was positively correlated with phenolic
contents [64–67]. Hu et al. [68] also found that resorcinol derivatives in the S. samarangense
leaves could inhibit the strongest alpha-glucosidase activity. Fatanah et al. [69] indicated
that the youngest plants need more phenolic compounds that are believed to function
in defending against ultraviolet radiation and aggression by pathogens compared to old
plants. This might be one of the reasons why an active defensive mechanism by secondary
metabolites in young plants exhibited significant antidiabetic activity more than in old
plants. Furthermore, the hypoglycaemic effect in plant extracts also increases the efficiency
of alpha-glucosidase inhibitory activity. Phenolic and flavonoid compounds have been
identified to possess a hypoglycaemic effect in reducing blood glucose levels [70].

From this analysis, it is clear that the phenolic and flavonoid content of leaves and
fruits of the ‘Giant Green’ cultivar of S. samarangense were correlated with alpha-glucosidase
inhibitory activity. The inhibition capacity of alpha-glucosidase is closely related to the
chemical structures of phenolic and flavonoid compounds such as the position and quantity
of the hydrogen group attached to the aromatic ring, the methyl group substituent and the
complexity of the structure [71]. The more OH group attached at the aromatic ring, the more
effective the compound to inhibit alpha-glucosidase activity [72]. Then, the flavonoid
compound with glucose moiety at the C-3 position and the methyl group at the position
C-7 are more effective toward α-glucosidase inhibitory activity [73]. The addition of
hydrophobic and bulky substituents such as methyl substituent in compounds decreases
the activity of alpha-glucosidase. The synergistic effect also exhibits the greatest inhibitory
activity of alpha-glucosidase [74]. The combination of phenolic compounds with other
compounds such as glyceolin and luteolin significantly improved the alpha-glucosidase
inhibitory activity [75].
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The study found that young leaves and unripe fruit of the ‘Giant Green’ cultivar of
S. samarangense possess the strongest antibacterial activity of the maturity stages. Both
of the extracts also were considered the most promising for their activity against both
Gram-negative bacteria, E. coli and S. typhimurium where it is more difficult to find the
compounds that have the capability to penetrate the double membrane surrounding the
bacterial cell wall [76]. Small hydrophilic molecules which are lipophilic macromolecules
have properties to pass through the outer membrane of Gram-negative bacteria [77]. This
study revealed that young leaves and unripe fruits consist of valuable chemical compounds
that have the strongest ability to penetrate both the inner and outer membrane. These
compounds might be accumulated in the plasma membrane resulting in the loss of cellular
constituents, changes in cellular structure and function and disturbed metabolism [78].
Other than that, it is also capable of inhibiting the synthesis of the bacterial cell wall, causing
the depletion of energy, mutation, cell damage and lastly leading to death [79,80]. Chemical
compounds such as flavonoid, triterpenes, sterol, tannin, terpenoid and alkaloid were
believed to significantly contribute to antibacterial activity [81,82]. Research by Khandaker
et al. [19] showed that phenolic and flavonoid content in wax apple leaves, bark and fruit
extracts are able to inhibit the growth of four bacteria, Bacillus cereus, S. aureus, E. coli
and Pseudomonas aeruginosa. Moreover, the synergistic effect of the different chemical
constituents, even present in small quantities, also influences the effectiveness of the extract
to inhibit the growth of certain bacteria [83]. Future studies of young leaves and unripe
fruit should explore the lead compound that gives greater potency in antibacterial activity,
especially against Gram-negative bacteria.

5. Conclusions

This study has shown that young leaves and unripe fruit of ‘Green Giant’ cultivar
of Syzygium samarangense had the highest total phenolic content, total flavonoid content
and had strongest antioxidant, alpha-glucosidase inhibitory and antibacterial activities
compared to other maturity stages. It can be concluded that young leaves and unripe fruits
of the ‘Giant Green’ cultivar are good sources of natural antioxidants that can be used to
scavenge harmful free radicals. Furthermore, they can also be used in food preservatives
or the pharmaceutical industry. However, further study needs to be conducted for the
identification of bioactive compounds that serve as effective antioxidant, antidiabetic and
antibacterial agents in these samples.
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Abstract: Moringa oleifera is a relatively well-studied ethnobotanical species, but information is limited
regarding its stem anatomy and the production potential of phytochemicals from bark tissue. Know-
ing that variation exists in the production of chemical defenses by plants with growing conditions
and with developmental stages, M. oleifera was grown under controlled conditions to characterize
stem tissues and to determine if stem bark contained the correct phytochemical compounds to be of
value in medicinal treatments. We used microscopy to characterize the stem anatomy of M. oleifera
and analyzed stem bark extracts using FTIR and GC to identify 4-(α-L-rhamnosyloxy)-benzyl isothio-
cyanate (moringin) and benzylamine (moringine) in tissue. We found the stems to be in transition
between juvenile and mature stages of development at 4 months old under the growth conditions
used. In 7-month-old stems, we found the presence of moringin in all bark samples and did not find
any moringine. These results indicate that M. oleifera bark of 7-month-old trees grown in greenhouse
conditions may be valuable for drug development.

Keywords: Moringa; stem anatomy; bark chemistry; moringin; moringine; controlled environment

1. Introduction

Moringa species (otherwise known as miracle trees or drumstick trees) are tropical
deciduous dicotyledonous trees that are distributed throughout Africa and Asia [1,2].
All parts of the plant are edible and nutritious, and they are the source of many useful
compounds, making them an important famine food and source of medicinal and cleaning
compounds for impoverished nations [3–5].

The leaves, seeds, and roots of M. oleifera are well-studied [1,6]. The leaves of M. oleifera
are pale-green bipinnate or tripinnate and feathery with opposite ovate leaflets [1,6]. The
leaves are known to have a broad array of essential nutrients in relatively large concentra-
tions and are, therefore, a common food additive [3]. The seeds of M. oleifera are typically
brown, roughly almond-shaped, and measure to be roughly 1.9 × 1.1 cm. The seeds are
produced in large pods (the ‘drumsticks’) that can grow up to 50 cm in length. The seeds
and pods, like the leaves, are high in nutritional quality [4]. Older roots have a vascular
cambium that consists of 6–8 layers; these layers produce roundish vessel elements sur-
rounded by xylem parenchyma cells [7]. The 3–4 layered phellogen forms rectangular or
square-shaped cells, and the walls of the phellum cells are suberized. Additionally, the
phelloderm is large and consists of thin-walled parenchymatous cells containing scattered
groups of fibers [7]. The roots contribute to Moringa’s common classification as a tuber
vegetable, as the roots are the most commonly eaten part of the plant [7]. Furthermore, the
root bark is often harvested for various pharmaceutical and ethnobotanical uses [1,5,7].

The stem and bark of M. oleifera are poorly understood in relation to the other parts
of the plant. To date, there has only been one anatomical analysis of mature M. oleifera
stems [7]. There is, therefore, a gap in the literature regarding the average size and area
of stem and cell tissue types across the tree’s stages of growth and a further deficit of
anatomical diagrams of stem sections. Each plant tissue type of M. oleifera has unique
anatomical and phytochemical attributes, resulting in unique uses.
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Originally native to the sub-Himalayan Mountains of northern India, M. oleifera has
been cultivated for various uses in tropical and subtropical regions around the world [1].
Some uses of M. oleifera include biofuel production, water purification, lubrication, leather
tanning, and food preparation [1,5,8]. Additionally, this species is a valuable source of
phytochemicals, which assist in multiple biological activities, including oxidative DNA
damage protection, promoting anti-inflammatory responses, anti-hepatoprotective pro-
cesses, ulcer recovery, antibiotic immune system responses, antiperoxidative processes, and
antiproliferative processes (among others) [1,5,9].

Among the many phytochemicals typically possessed by M. oleifera are moringine
(appears chemically identical to benzylamine) and moringin (4-(α-L-rhamnosyloxy)-benzyl
isothiocyanate) [5]. Moringine is an alkaloid chemical, and its presence in M. oleifera is the
first record of a plant-produced benzylamine [10]. Moringine is considered to be a toxic
compound [11], with little research elucidating the extent of its toxicity in humans. It has
been used in experiments and was found to act as a potassium channel blocker, causing
reduced feeding in mice [12] and resulting in a decrease in plasma-free fatty acids and water
intake in rats [10]. Alternatively, moringin is a sugar derivative that has recently been shown
to act medicinally against several pathologies. M. oleifera bark extracts containing moringin
were found to effectively treat rats with aggressive breast and colorectal carcinoma [13].
Al-Asmari et al. [13] found that M. oleifera extracts caused a decrease in cancer cell survival
and motility and an increase in malignant cell apoptosis. Moringin has also specifically
been shown as promising in the treatment and prevention of ischemic stroke [14], as well
as for increasing apoptosis in neuroblastoma and hepatocarcinoma cells, and as a treatment
for multiple sclerosis-induced neuropathic pain [15–17].

Paikra et al. [18] reported that only the leaves of M. oleifera have been found to contain
moringin, while seeds and roots were found to contain moringine. To date, we could not
find any specific literature describing the phytochemistry of bark that included both testing
for moringin (potentially beneficial) and moringine (potentially harmful).

In natural environments, quantities of secondary metabolites such as moringin and
moringine vary with environmental conditions; changes in solar radiation, temperature,
nutrient availability, water availability, and biotic competition may all influence chem-
istry [5,19,20]. In optimal environments, plants tend to invest more energy into growth and
reproduction than into protective anti-herbivory measures (such as toxic secondary metabo-
lites) [5,19]. Trees growing in optimal environments may produce fewer toxic compounds,
such as moringine, as there is little need for anti-herbivory measures. No information
currently exists on how levels of moringin or moringine in M. oleifera may be altered by
the environment.

To add to the current literature, we sought to depict the distribution and size of various
tissue types within M. oleifera stems grown in a greenhouse under specific environmental
conditions (Objective 1). We also sought to evaluate the efficacy of the bark as a source
of secondary plant compounds when grown under controlled conditions, considering
specifically the presence of moringin and moringine (Objective 2).

2. Methods
2.1. Growing Conditions

All M. oleifera trees used for this study were grown at the I.K. Barber Enhanced Forestry
Lab (EFL), University of Northern British Columbia (UNBC). For the M. oleifera trees used
in anatomical analyses, germination methods were derived from Moringa Farms [21]. Seeds
of Indian origin were imbibed in a zip-lock bag (left slightly unsealed to allow for airflow)
filled with water for 24 h. After the imbibing period, the seeds were removed from the
water, dried on paper towel, and placed in a closed paper bag left in a cupboard above a
stove to provide a dark warm germination environment. After 14 days, most of the seeds
had germinated, and the seeds were planted 2 cm deep into soil. The soil mixture consisted
of 107 L peat, 20 L perlite, 20 L vermiculite, 1/3 c coir soil enhancer, 1/3 c dolomitic lime,
1/3 c MicroMax nutrients, and 2/3 L slow-release nutrients (14-14-14). The trees were
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watered to saturation approximately twice weekly with plain water for the first month and
with water containing 14-14-14 fertilizer at every watering thereafter, as signs of nutrient
deficiency, including chlorosis, were noticed after 1 month of growth. During watering,
the trees were monitored for signs of diseases to ensure none were present. The trees were
grown in a growth chamber at 30 ◦C during the day (0600 to 2200 h) under LED grow lights
and cooled to 28 ◦C between 2200 h and 0600 h with the lights turned off. After 4 months
of growth, the trees were cut down and immediately underwent anatomical analysis.

The methods used for growing the trees utilized in chemical analyses were developed
by Morgan et al. [8]. Seeds were planted 2.54 cm deep into a soil mixture prepared by mixing
20 L coir, 20 L coarse sand, and 20 L peat with 60 g of slow-release nutrients (14–14–14); there
was also an addition of 3 tablespoons of dolomite to the soil prior to planting. High-pressure
sodium (HPS) supplemental lighting was supplied to the trees each day between 0600 to
2200 h. The trees were kept at 24 ◦C within the housing greenhouse bay and maintained at
a relative humidity ranging from 20 to 40%. During the night (2200–0600 h), the lights were
turned off and the bay was cooled to 18 ◦C. The trees were watered approximately three
times per week to the point of saturation. These procedures were followed for 7 months, at
which point the trees were cut down and frozen until the bark could be peeled from the
stems. The bark was then kept frozen until the time of phytochemical analysis.

2.2. Anatomical Analysis

Cross-sections were obtained from five freshly harvested 4-month-old M. oleifera plants
by hand using a razor blade. The cross-sections were stained with toluidine blue (TBO)
and then photographed and examined using a DS-Ri2 Eclipse FN1 Nikon light microscope
under 40× magnification. The cross-section images were analyzed using NIS-Elements
Basic Research (v.5.10.01 64-bit) software. Tangential width measurements (at the widest
point, from the outside of the cell wall on one side to the other) were recorded for dilated
phloem rays, vessel elements, and xylem rays. Radial width measurements were recorded
for the periderm, true phloem tissue, and vascular cambium (at the widest point, from
the outside of the cell wall on one side to the other). Lastly, small, localized pockets of
sclerenchyma tissue within the cortex were measured by tracing the perimeter of the cell
walls; the imaging software then algorithmically calculated the estimated area within the
tracing. Raw data measurements were collected and loaded into Microsoft Excel.

2.3. Chemical Analysis

The extraction methods used were derived from Oluduro et al. [22]. The bark was
removed from 19 frozen samples of 7-month-old Moringa. Once the bark had been removed,
it was ground using liquid nitrogen and an IKA A11 basic analytical mill. The mill
was cleaned between samples to avoid cross-contamination. Once the bark was ground,
ethanolic extracts were prepared for each of the 19 samples. A total of 5 g (±0.10 g) of plant
tissue (with an average moisture content of 39.7 % (SE = 1.39 %, CV = 0.111) were mixed
with 100 mL of 90% ethanol. The solutions were then left at room temperature and shaken
for 30 min a day at 120 rpm for 3 days and then left undisturbed at room temperature for
an additional 2 days. Once the extraction time had fully elapsed, the suspension solutions
underwent gravity filtration through #1 Whatman paper until clear (at least two filtrations
were necessary). The extractions were then rotovapped at room temperature to remove
some of the excess ethanol and water. The concentrated extracts were then filtered through
0.45 µm microfilters via syringe. The finished extracts were then stored in air-tight 2 mL
vials at 4 ◦C.

Extracts were analyzed using Fourier-transform infrared spectroscopy (FTIR) on
a Bruker ALPHA II with a platinum ATR module to detect if moringin or moringine
were present. Determining the presence of the two compounds consisted of comparisons
to FTIR of standard-grade moringin (molecular weight = 311.35 g/mol) and moringine
(molecular weight = 107.15 g/mol). The moringin standard was >98.0% pure, obtained
from ChemFaces (CAS No. 73255-40-0, Catalog No. CFN89445), and the moringine
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standard, in the form of benzylamine >99.0% pure, was obtained from Sigma-Aldrich (CAS
No. 100-46-9, Catalog No. 13180). Once the qualitative phytochemical presence of the
two compounds of interest were determined, the extracts were quantitatively analyzed
using gas chromatography (GC) on an Agilent 6890GC at Northern Analytical Laboratory
Services (NALS) at the University of Northern British Columbia’s Prince George campus.
The 19 samples were run with a ValcoBond VB5, 30 m × 0.25 mm × 0.25 µm film thickness
column, with a constant flow rate of 1.7 mL/min using helium carrier gas at a 20:1 split
ratio, with an oven programmed at 120 ◦C for 1 min, ramped 10 ◦C/min to 250 ◦C then
ramped 25 ◦C/min to 300 ◦C and then held for 4 min at 300 ◦C.

2.4. Data Analysis

Descriptive statistics were calculated for the anatomical measurements across the
4-month-old trees using Microsoft Excel 2020 and IBM SPSS version 26 statistical analytics
software. When possible, all 5 samples were used in the calculation; unfortunately, in some
of the samples, the phloem rays were interconnected and/or the sclerenchyma tissues ran
the circumference of the stem and were not possible to measure.

A distribution report was produced to summarize the presence–absence data resulting
from the FTIR analysis; sample peaks were matched to the standard outputs and to the
output of pure ethanol to determine if either moringine or moringin were present in the
ethanolic extracts. Using GC, compound determinations were based on retention times
with standards. The peaks of the moringin standard were integrated over the whole range
of peaks to acquire concentration data; standard concentration data were plotted against
area to determine correlation and for inaccuracy correction (R2 = 0.992).

Since this was discovery-based research and not a true experiment, we did not make
any statistical comparisons aside from obtaining average measurements of anatomy and
chemical concentrations.

3. Results
3.1. Moringa Stem Anatomy

At the time of harvest (4 months old), the trees were transitioning from the juvenile
stage to maturity; Nielsen [23] reported that it can take up to 8 months for the tree to fully
mature. This juvenile–mature transition was evident by the presence of sclerenchyma
tissues, which were visible as separate regions of tissue above and beside thick pockets
of phloem (indicating some immaturity), combined with relatively thick xylem tissues
connected in a complete circle within the circumference of the stem (indicating a level of
maturity) (Figures 1 and 2). The transitioning trees had an average of 83 xylem rays/stem,
with the number of rays ranging from 32 to 104 (SD = 29.04 rays, CV = 0.3490). Each of
the tissue and cell types measured in the transitioning stems can be observed in Figures 1
and 2. In addition to the diameters, the sclerenchyma tissue pockets had an average area
of 296,648 µm2 but ranged from 23,051 µm2 to 889,283 µm2 (SD = 192,290.0, CV = 834.2).
The radial phloem and tangential dilated phloem ray measurements had the greatest
range (SD = 237.29 µm and 112.83 µm). Individual comparisons between tissue and cell
measurements can be observed in Figures 3 and 4. These measurements highlight the
consistency across individuals in periderm and vascular cambial radial diameters and the
variability in the radial diameter of phloem tissue (Figure 3). Figure 4 illustrates that the
vessel elements are relatively consistent in tangential diameter across individuals but show
a range of sizes within any given individual. Figure 4 also shows the relative consistency
in xylem ray tangential diameters across and within samples.
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Figure 1. An example of a quarter-transverse section of a Moringa oleifera stem, stained with TBO, 
transitioning from the juvenile developmental phase to maturity observed under 40× magnification 
depicting prominent tissue and cell types and their measurements (measured at the widest point, 
from the outside of the cell wall on one side to the other). 

Figure 1. An example of a quarter-transverse section of a Moringa oleifera stem, stained with TBO,
transitioning from the juvenile developmental phase to maturity observed under 40× magnification
depicting prominent tissue and cell types and their measurements (measured at the widest point,
from the outside of the cell wall on one side to the other).
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phase to maturity observed under 40× magnification depicting measured prominent tissue and cell
types (1 = vascular cambium, 2 = periderm, 3 = pith, 4 = true phloem, 5 = xylem ray, 6 = sclerenchyma,
7 = vessel element).
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side to the other) between tree samples (blue = true phloem, orange = periderm, grey = vascular
cambium).
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the –OH group in the ethanol matching with the –OH in the moringin between 2800 cm−1 
and between 3400 cm−1. The FTIR outputs further demonstrated the lack of moringine in 
all 19 samples; the lack of matching peaks can be observed in Figure 6. 

Figure 4. A comparison of the distributions of tangentially-measured tissues and cells diameters in 5
stems of 4-month-old Moringa oleifera (measured at the widest point, from the outside of the cell wall
on one side to the other) between tree samples (cyan = dilated phloem ray, yellow = vessel element,
purple = xylem ray).
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3.2. Chemical Findings

The FTIR analyses indicated that all 19 samples of stem bark from 7-month-old Moringa
were nearly identical in their qualitative chemical composition. The FTIR indicated the
presence of moringin in all 19 samples, indicated by the matching peaks in the samples and
the standard (Figure 5). The peaks of interest can be observed at between 850–1500 cm−1

and at 1920 cm−1 (Figure 5); the remaining matching peaks are a result of the –OH group
in the ethanol matching with the –OH in the moringin between 2800 cm−1 and between
3400 cm−1. The FTIR outputs further demonstrated the lack of moringine in all 19 samples;
the lack of matching peaks can be observed in Figure 6.
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Figure 5. FTIR output, measuring percent transmittance over a range of wavelengths (cm−1), com-
paring a representative ethanolic bark extract of Moringa oleifera (black) to standard-grade moringin
(cyan). The many commonalities in peaks between the representative extract and the standard suggest
that there is moringin present in the extracts.

The GC analyses conducted were able to quantify the amount of moringin present
in the ethanolic extracts and confirm the lack of moringine (Figure 7). In ranges of peaks
of interest, the chromatograms were well resolved; the moringin standard produced a
cluster of peaks between 15.2 and 15.4 min. The chromatograms showed that the samples
contained multiple compounds, which was expected, and is typical of plant material. A
large peak was evident for the solvent (ethanol), and smaller peaks were detected at various
points, including at the appropriate retention time for moringin (aligned with the standard).
The moringine standard produced a large, narrow peak at 2.145 min, indicating its volatility.
Samples did not show peaks corresponding to the moringine standard (Figure 7). The GC
indicated that there was an average moringin concentration of 80.39 ug/mL in the extracts
(SE = 2.06 ug/mL) with a range in concentrations between 8.29 ug/mL and 151.16 ug/mL
(Table 1).
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Table 1. Concentrations of moringine and moringin calculated using gas chromatography (forced
zero) and the peak area for each of the 19 bark samples tested of Moringa oleifera.

Sample ID Benzylamine
Area Moringin Area Benzylamine

(ug/mL)
Moringin Conc

(ug/mL)

Y18 0.000 6.814 0.000 46.693

Y18-2 0.000 7.946 0.000 54.450

Y63 0.000 16.786 0.000 115.031

Y56 0.000 18.340 0.000 125.679

Y61 0.000 6.901 0.000 47.290

Y41 0.000 7.242 0.000 49.625

Y29 0.000 14.365 0.000 98.440

Y49 0.000 17.167 0.000 117.641

Y24 0.000 5.274 0.000 36.143

Y30 0.000 6.051 0.000 41.465

Y48 0.000 17.477 0.000 119.764

Y38 0.000 10.742 0.000 73.610

Y04 0.000 16.662 0.000 114.180

Y13 0.000 7.377 0.000 50.550

Y07 0.000 22.058 0.000 151.162

Y65 0.000 16.447 0.000 112.710

Y70 0.000 10.085 0.000 69.113

Y52 0.000 13.946 0.000 95.567

Y15 0.000 1.210 0.000 8.292

4. Discussion

We sought to depict the distribution and size of various tissue types within M. oleifera
stems grown in a greenhouse under specific environmental conditions (Objective 1). In
a study by Vyas [7], a brief overview of Moringa oliefera’s stem anatomy was previously
documented. They described young stems as having 16–18 vascular bundles, a large
parenchymous pith, and a pericycle composed of alternate groups of parenchyma cells and
fibers; these groups eventually form a circular band in mature stems [7]. Vyas [7] further
describes mature stems’ vascular cambia (VC) that produce large amounts of secondary
xylem, which consists of uniseriate xylem rays, roundish vessel elements, and lignified
thick-walled fibers; the VC also produces small amounts of secondary phloem. We add
to this description by providing measurements for a variety of tissue and cell types in
juvenile–mature transitional tissues of Moringa oliefera. This growth stage highlights the
development of the ring of secondary tissues, including sclerenchyma. Interestingly, the
radial diameter of the true phloem showed much more variability between individuals than
did other tissue types. Phloem is the main transport tissue for photosynthates, metabolites,
and other compounds and generally displays a high level of plasticity in response to
environmental factors [20]. Given that these trees were all grown in the same, highly
controlled environment, it is unlikely that atmospheric conditions were the reason for
this variability. Seeds were also all from the same source, although they could have
been derived from different parent trees. Since our plants did suffer from a nutrient
deficiency at one point during their growth period, it is possible that the severity of this
stress was different among individuals and, therefore, created a difference in phloem
development [20], contributing to the variability shown among phloem tissues between
our samples (Figure 3). The higher degree of consistency in the other tissue and cell sizes
between individuals indicates that tissues other than phloem were relatively unaffected by
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the period of mineral deficiency (Figures 3 and 4). Our description of the stem anatomy of
juvenile–mature transitioning M. oleifera grown under controlled conditions (Objective 1)
adds to the currently available literature describing the anatomy of this species.

We qualitatively and quantitatively confirmed that 100% of the samples contained
moringin using FTIR and GC, indicating that moringin is consistently produced in Moringa
oleifera bark in trees grown under controlled greenhouse conditions. Thus far, moringin
has largely been extracted from the seeds of Moringa for medicinal use [14,24,25]. The
bark extracts we produced contained an average of 0.08 mg/mL and up to 0.15 mg/mL of
moringin, but the samples consisted of an average of 39.7% water; therefore, the concen-
tration of moringin in solution was diluted. Further refinement of the extraction process
from bark could likely yield concentrations that are useful in medicine, for example, for the
treatment of spinal cord injury and ischemic stroke [14,25]. Moringin was administered
to rats at 3.5 mg/mL daily, producing neuroprotective properties and reducing oxidative
stress and inflammation [14].

The double confirmation (through both FTIR and GC) that none of the bark sam-
ples contained moringine indicates that a greenhouse environment did not encourage the
production of the potentially toxic compound [5,10–12]. In outdoor conditions, there are
greater temperature, moisture, and nutrient fluctuations than under greenhouse conditions.
Growing under optimal conditions and not being exposed to the dangers of herbivory,
plants are less likely to produce defensive or stress-related secondary metabolites. Further-
more, plant chemical defenses vary greatly with age, and there is a particular reduction in
chemical defenses during the transitional phase between being a juvenile and maturity [26].
Given that it can take up to 8 months for M. oleifera to mature [23], our research supports
that growing M. oleifera in stable greenhouses for 4–7 months yields plants that do not
have a risk of containing moringine. This is an important conclusion for those looking to
produce Moringa plants for the treatment of pathologies.

We sought to evaluate the efficacy of the bark as a source of secondary plant com-
pounds when grown under controlled conditions, considering specifically the presence
of moringin and moringine (Objective 2). This research suggests that by producing fast-
growing M. oleifera in optimal greenhouse conditions, trees can produce bark within
4–7 months, from which the extract is of good quality for use in medicinal treatments.
This production can be conducted anywhere in the world, as illustrated by our location in
northern Canada, and is not limited to tropical growing conditions, as would be the case in
outdoor cultivation.

5. Conclusions

M. oleifera trees at 4–7 months of age contain transitional juvenile–mature anatomy.
These tissues show the development of secondary tissues and relatively large and variable
amounts of phloem, possibly reflective of the nutrient regime. M. oleifera grown under
optimal growing conditions produced no moringine, but they maintained the production
of moringin, likely due to the constantly available resources and lack of competition and
herbivory, thus making phytotoxins superfluous. Future improvements could be made
to this research through the use of another standard for GC to possibly produce a cleaner
peak and through the analysis of a more concentrated extract. Overall outcomes of this
study contribute to the effort to understand this ‘miracle tree’ in its entirety and to elucidate
bark as an alternative to seed use for the production of moringin. Future studies could add
to our findings by narrowing the growing conditions of M. oleifera to maximize moringin
yields, optimizing the extraction process from bark, and using trees of different ages to
determine if and when moringine is produced under alternative conditions. Furthermore,
comparing trees grown in outdoor conditions to controlled conditions in a true experiment
would add to current knowledge.
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Abstract: Ferula turcica and Ferula latialata are two novel endemic species discovered in the Konya and
Kırşehir provinces of the central Anatolian region of Türkiye. These two new species are described
by morphological, ecological, carpological, and phytochemical characteristics and phylogenetic
analysis. F. turcica and F. latialata are morphologically distinct from F. szowitsiana by their habit, the
stalk of the terminal umbella, and the mericarp size, as well as by the profile of their secondary
metabolite markers and phylogenetic placement. The phylogenetic analyses of sequences of the
internal transcribed spacer in ribosomal DNA belonging to both new taxa were conducted to reveal
the evolutionary relationships of the new species. Their relationships with the other related species
and proposed conservation status were reviewed. The morphological, molecular, and phytochemical
evidence supported the hypothesis that Ferula turcica and Ferula latialata are two new distinct species.

Keywords: Ferula; new species; Turkey; Apiaceae; morphology; anatomy; chemotaxonomy; molecular;
phylogeny

1. Introduction

The Apiaceae family is one of the largest families among Angiosperm plants [1,2]. Fer-
ula L. is the largest genus in the Apiaceae family, with approximately 213 species [3]. Ferula
species are widespread in the temperate regions of the Euro-Asian continent, surrounded
by the Canary Islands in the West, North Africa in the South, China and India in the East,
and Central Europe in the North.

Ferula plants have been used for medicinal and culinary purposes since ancient
times [4,5]. Pedanius Dioscorides described the medicinal properties of several Ferula resins,
including asafoetida (Ferula assa-foetida L.), galbanum (F. gummosa Boiss.), sagapenum (F. per-
sica Willd.), and African ammoniacum (F. marmarica Asch. and Taub.), in his De Materia
Medica two thousand years ago [6]. Ibn-i Sina (Avicenna) described the application of the
oleo-gum-resin from Ferula foetida in the treatment of cancerous tumors in the Canon of
Medicine [7]. The resins of Ferula species have been used in the food and health industries
as a spice, nutraceutical, and cosmeceutical in India, Iran, and Afghanistan [8,9]. Antimi-
crobial and anti-inflammatory activities of the essential oil and extracts of the aerial parts of
F. szowitsiana have been reported [10,11]. The roots of F. persica have been used to alleviate
the symptoms of diabetes in Iran and Jordan [12].

Many taxonomic studies have been conducted on the genus Ferula. Boissier classified
the genus Ferula species grown in the Irano-Turanian region into three sections based on
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the shape of their petals and the number of their vittae: Peucedanoides Boiss. Scrodosma
Bunge and Euferula Boiss. [13].

Korovin established the most comprehensive infrageneric classification by defining
the Ferula genus into six subgenera and eight divisions [14]. Conversely, in the study con-
ducted by Safina and Pimenov, Ferula species were examined in terms of their carpological
characters, and they emphasized that the species of the Ferula subgenus did not form a ho-
mogeneous group [15]. A molecular study conducted by Pimenov et al. on 90 Ferula species
yielded quite different results in comparison with Korovin’s taxonomical classification [16].

According to Flora of Turkey and the East Aegean Islands, 18 Ferula species were listed
by Peşmen in Türkiye [17]. Afterward, Sağıroğlu and Duman found four new species as a
result of their revised study on Ferula species growing in Türkiye [18–21]. Subsequently,
F. divaricata Pimenov and Kljuykov and F. pisidica Akalın and Miski were discovered in
2013 and 2020, respectively [22,23]. Followed by the addition of these novel species, the
total number of Ferula species growing in Türkiye has reached 24.

Although based on its morphological affinity, the genus Ferula was accepted as a
member of the tribe Peucedaneae, its classification was updated and transferred to the
tribe Scandiceae based on the phylogenetic hypothesis [24]. The intrageneric phylogenetic
relationships of Ferula are ongoing [25–28]. The sequences of the internal transcribed
spacers (ITS 1, 5.8S rRNA, ITS 2) were one of the markers used in these studies. According
to Panahi et al., the Ferula species distributed in the southwestern part of the Iran-Turanian
floristic region generate a monophyletic clade and additional polytomic F. narthex. These
lineages correspond to subgenus Narthex (Falc.), section Merwia (B. Fedtsch.) Korovin. Their
results suggested that the interspecific boundaries in this section are unclear. Especially the
ITS sequences of some species showed that they are identical to each other and are very
close species in terms of their morphological features or were determined as synonyms. For
instance, the ITS sequences of F. gummosa are identical to those of F. badrakema, F. linczevskii,
F. undulata, and F. myrioloba.

Additionally, because of the disagreement between hypothetical phylogenetic trees
based on the chloroplast DNA and ITS dataset, Panahi et al. concluded that there was
reticulate evolution in section Merwia. They commented that this reticulate evolution re-
sulted from hybridization and introgression, especially among Irano-Turanian species [26].
Therefore, the studies of the determination of putative new species based on the molecular
data in the Ferula genus (especially in subgenus Narthex, section Merwia) are critical in
revealing not only morphological but also phylogenetic evidence of the species and their
infra-generic evolutionary relationships.

Specimens of the genus Ferula were collected by M. Miski and H. O. Tuncay from the
shores of Tuz Lake (Konya Province) and Seyfe Lake (Kırşehir Province). Identification of
the collected samples was attempted using the diagnostic key found in Flora of Turkey,
as a result, the identified specimens were morphologically close to species F. szowitsiana
DC. Thus, a detailed study was conducted, and it attempted to identify the collected
species using the diagnostic keys in Flora of the U.S.S.R. and Flora Iranica [29,30]. Similarly,
the collected specimens were found to be closely related to F. szowitsiana and F. persica
species; however, they showed some differences from these two known species. Hence,
more detailed comparative morphological, anatomical, chemical, and molecular studies
were carried out to compare these potential new species with those of F. szowitsiana and
F. persica species.

2. Results
2.1. Taxonomic Treatment

Ferula turcica: Akalın, Miski, and Tuncay sp. nov. (Figures 1 and 2).

170



Horticulturae 2023, 9, 144

Figure 1. (A,B) General view of Ferula turcica. (C) Sheath.

Figure 2. (A) General view of Ferula turcica fruit. (B) Cross-section of mericarp of F. turcica. (C,D) Basal
leaf of F. turcica. (E) General view of F. turcica umbella. (F) Petals with setulose-puberulent hair.
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Type: TÜRKİYE. B4 Konya: Tuz Lake, Yavşan salt pan, 910 m, 16 June 2015, M. Miski
(Holotype: ISTE 116464).

Diagnosis: Caule crasso et striato, usque 100 cm; foliis basalia 5–6 pinnata, triangularia-
ovata, 30–35 × 25–30 cm, dense pubescentia, segmentis ultimis pinnatisectis. Vaginae non
in-flatae, 2 × 4–6 cm. Panicula laxa. Umbellis centralibus pedunculata 0.7–4 cm, umbellae
lateralis raro solitaria vel 2–4 pedicellis longis, umbellis centralis (9-) 15–18 radiis 3–5 cm.
Mericarpia elliptica, 5–7 mm × 9–11 mm, dorso dorsali leviter prominente et filiformi, alis
lateralibus 1.2–1.9 mm latis, vittae dorsales 13–24, per valleculae 4–7 commissurales 11–14.

Description: Perennial herbs, erect, green, up to 100 cm tall, stem thick and striate. The
root has a 1–3 cm width with a thick woody taproot system. A fibrous collar, which are old
petioles, remains on the base of the stem. Leaves green, basal leaves 5–6 pinnate, triangular-
ovate in outline, 30–35 × 25–30 cm, densely pubescent, ultimate segments pinnatisect, lobes
1–2.5 × 0.7–1 mm oblong, obtuse to acute. Sheats not inflated, 2 × 4–6 cm.

Inflorescence lax panicle, central umbels composed of fertile flowers, lateral umbels com-
posed of sterile flowers. Central (terminal) umbella with peduncled 0.7–4 cm, lateral umbella
rarely single or 2–4 on long pedicels, central umbella (9-) 15–18 rays 3–5 cm, umbellules (6-)
8–12 (−17) flowered; petals setulose-puberulent, pedicel at fruiting 0.5–1.4 mm long; sepals
caducous in fruiting time.

Mericarps elliptic, 6.5 mm (5–7) width, 9.5 mm (9–11) length, dorsal ridges slightly
protruding and filiform, lateral wings 1.5 mm (1.2–1.9) wide, dorsal vittae 13–24, 4–7 per
vallecula, commissural 11–14 (Table 1).

Table 1. Comparison of the diagnostic characters of Ferula turcica, F. latialata, F. szowitsiana, and
F. persica.

Character F. turcica F. latialata F. szowitsiana F. persica

Stem 70–100 cm 80–110 cm 50–70 cm 70–100 cm

Ultimate segment of the leaf Regular deeplobed
1–2.5 × 0.7–1 mm

Regular lobed
1–2 (−2.5) × 0.5–0.7 mm

Regular lobed
1–2 mm Regular deeplobed

Hair Densely puberulent Puberulent Setulose-puberulent Pubescent
Ray numbers and length (9-) 15–18 rays (3–5 cm) 13–15 (−18) (3–5 cm) 7–11 rays (2–5 cm) 17–22 rays
Umbellules numbers 8–12 (−17) 8–10 (−14) 8–12 15
Pedicel at fruiting 0.6–1.2 (−1.5) cm 0.5–1 (−1.2) cm 0.3–0.5 cm -

Central umbella Peduncled 0.7–4 cm Peduncled 0.5–1.5 (−3) cm Shortly peduncled or
sessile Sessile

Shape of fruit Elliptic Elliptic to oblong Elliptic to orbicular Ovoid
Lateral wings 1.2–1.9 mm 2.5–3.9 mm 2–4 mm -
Dorsal vittae 4–7 per vallecula 3–5 per vallecula (2-) 4–6 per vallecula 5–7 per vallecula
Commisural vittae 11–14 6–10 8–12 16–18
Width of fruit average
(min-max) 6 mm (5–7 mm) 11 mm (9–12.5 mm) 10–13 mm 6 mm

Length of fruit average
(min-max) 9.5 mm (9–11 mm) 15.5 mm (13.5–18 mm) 12–20 mm 11 mm

Ratio of length to width of fruit 1.6 1.4 1.4 1.8

Etymology: F. turcica is named after the country of Türkiye.
Phenology: Flowering time is from May to June, and fruiting is from June to July.
Ferula latialata: Akalın, Miski, and Tuncay sp. nov. (Figures 3 and 4).
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Figure 3. (A,C) General view of Ferula latialata. (B) Sheath.

Figure 4. (A,B) General view of Ferula latialata umbella. (C) Basal leaf of F. latialata. (D,E) General view
of F. latialata fruits. (F) Cross-section of mericarp of F. latialata. (G) Petals with setulose-puberulent hair.
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Type: Türkiye. B5 Kırşehir: Seyfe Lake, near Yazıkınık village, 1110 m, 2 August 2021,
H. O. Tuncay (Holotype: ISTE 117495).

Diagnosis: Caule crasso et striato, usque 110 cm; foliis basalia 6–7 pinnata, triangularia-
ovata, 30–35 × 25–30 cm, pubescentia, segmentis ultimis pinnatisectis. Vaginae non inflatae,
2 × 4–6 cm. Panicula laxa. Umbellis centralibus pedunculata 0.5–1.5 (−2.5) cm, umbellae lat-
eralis 1–3 (−4) pedicellis longis, umbellis centralis 13–15 (−18) radiis, 3—5 cm. Mericarpia
elliptica vel oblonga, 13.5–18 mm × 9–12.5 mm, dorso dorsali leviter prominente et filiformi,
alis lateralibus 2.5–3.9 mm latis, vittae dorsales per valleculae 3–5 commissurales 6–10.

Description: Perennial herbs, erect, green, up to 110 cm tall, stem thick and striate.
Root 1–3 cm width with thick woody tap root system. A fibrous collar, which are old
petioles, remains on the base of the stem. Leaves green, basal leaves 6–7 pinnate, triangular-
ovate in outline, 30–35 × 25–30 cm, pubescent, ultimate segments pinnatisect, lobes 1–2
(−2.5) × 0.5–0.7 mm oblong, obtuse. Sheats not inflated, 2 × 4–6 cm.

Inflorescence lax panicle, central umbels composed of fertile flowers, lateral umbels
composed of sterile flowers. Central (terminal) umbella with peduncled 0.5–1.5 (−2.5) cm,
lateral umbella 1–3 (−4) on long pedicels, central umbella 13–15 (−18) rays 3–5 cm, umbel-
lules 8–10 (−14) flowered; petals setulose-puberulent, pedicel at fruiting 0.5–1 mm long;
sepals caducous in fruiting time.

Mericarps elliptic to oblong, 11 mm (9–12.5) width, 15.5 mm (13.5–18) length, dorsal
ridges slightly protruding and filiform, lateral wings 3 mm (2.5–3.9) wide, dorsal vittae
3–5 per vallecula, commissural 6–10 (Table 1).

Etymology: The epithet name latialata from Latin, meaning wide, refers to the wide
lateral wing in the fruit of Ferula latialata.

Phenology: Flowering time is from May to June, and fruiting is from June to July.
Distribution and ecology: The distribution of Ferula turcica (Konya) and F. latialata

(Kırşehir) in Türkiye is shown in Figure 5. These two new species are distributed close to
each other, and both are known from a single locality. Different localities have not yet been
identified in field studies in similar habitats. F. turcica grows in halophytic soils near Tuz
(salt) Lake, the second largest lake and an important source of salt in Türkiye, at an altitude
of about 900 m, and its natural habitat is undisturbed. F. turcica grows together with Ferula
halophila Peşmen, and they share the same habitat. The vegetation in the zone closest to
the lake, which is covered with thick salt layers, consists of Limonium lilacinum (Boiss. and
Balansa) Wagenitz, Salicornia europaea L., and Halocnemum strobilaceum Moris communities.
The other new species, F. latialata, grows among the sunflower and wheat fields near Seyfe
Lake, close to halophytic soils at an altitude of about 1100 m, and in relatively less saline
soils than F. turcica. Species such as Halocnemum strobilaceum Moris, Bassia Pilosa (Fisch. and
C.A. Mey.) Freitag and G. Kadereit, and Camphorosma monspeliaca L., are found in areas
under the influence of the salty water of Seyfe Lake and salt marshes.

Figure 5. Distribution of Ferula turcica (Konya) and F. latialata (Kırşehir).

Conservation status: Ferula turcica, a halophyte, grows in rare habitats. Salt is extracted
from Tuz Lake, where it grows, but the salt mine poses no threat to F. turcica. For this species,
whose natural habitat is intact, its narrow distribution area and the rare soil structure in
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which it grows may be limiting factors. The other new species, F. latialata, is more threatened
than F. turcica because it grows in agricultural areas. The number of individuals observed
in the population was low. The abandonment of agricultural areas may reduce the pressure
on this species and increase the number of individuals in the population. Plant breeding
studies have been started for F. latialata, which has high environmental pressure and a
very limited number of individuals. In the present records, F. turcica and F. latialata are
endemic taxon to central Anatolia and are known from only one locality; therefore, they
are considered as “Endangered (criterion B1)”. They could also be categorized Critically
Endangered (criterion B2) due to their known area of occupancy of less than 2 km2 and
their population size estimated to be fewer than 250 mature individuals (Criterion C). It
is suggested that the species of F. turcica and F. latialata should be considered Critically
Endangered (CR) according to the IUCN threat criteria [31].

2.2. Phenetic Analysis

Principal coordinate analysis (PCoA) based on morphological, anatomical, and chem-
ical data was performed on Ferula turcica, F. latialata, and related species (Figure 6). The
21 morphological and chemical characters used for the analysis are given in Table S1.
Coordinate two clearly separates F. turcica, F. latialata, and F. szowitsiana from F. drudeana
and F. persica, which are located on the positive side of the axis. Moreover, coordinate one
separates F. turcica and F. latialata from allied species F. szowitsiana, which are located on the
negative side of the axis.

Figure 6. Principal coordinate analysis performed on 21 morphological, anatomical, and chemical
characters of Ferula turcica, F. latialata, and related species.

2.3. Phylogenetic Evaluations

The phylogenetic hypothesis is presented in Figure 7. This tree is in agreement with
those of Panahi et al. and Piwczyński et al. [26,27]. The genus Ferula is not monophyletic
because of Leutea. The represented species of Leutea is nested in the Ferula ingroup in all the
analyses, compatible with the results of Piwczyński et al. [27] and Panahi et al. [25,26]. The
intra-generic classification in Ferula is not strongly supported in either subgenus nor are the
sectional taxonomic levels by phylogenetic analysis. As discussed by Panahi, the species
in nearly all the clades are located as polytomic terminals, maybe because of conspecific
or nuclear-mediated introgression. Subgenus Narthex has numerous polytomic clades,
which were determined as sections. The sampling is especially focused on subgenus
Narthex section Merwia according to Panahi et al. [26]. Section Merwia does not generate
a monophyletic clade. This section includes a clade (clade A) and two polytomic species,
F. kuhistanica and F. narthex. Clade A is supported by medium posterior probability, whereas
it is not supported by the bootstrap values (PP = 0.87). Clade A is divided into clades B and
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C. Clade B is strongly supported by posterior probability, whereas it is not supported by
the bootstrap values (PP = 0.93). This clade comprises numerous polytomic lineages. One
of them, clade D, includes both of the new species, F. turcica and F. latialata. This clade is
supported by strong posterior probability and moderate bootstrap values (PP = 0.99, BS-
ML = 63, BS-MP = 80). F. szowitsiana, which was collected from the same locality (Tuzgölü,
Yavşan salt pan) as F. turcica and is one of the accessions belonging to F. drudeana, are nested
in clade D as polytomic lineages.

Figure 7. Bayesian estimate of the phylogeny of the genus Ferula focused on subgenus Narthex
based on the ITS sequence dataset. The two new species described herein, F. turcica and F. latialata,
and related species, F. szowitsiana and F. drudeana, are indicated by bold letters. The supporting
posterior probability and bootstrap values (the first obtained from maximum likelihood analysis; the
second obtained from maximum parsimony analysis) are presented above the branches. Alphabetical
designations for some clades are addressed in the main text.
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2.4. Chemotaxonomic Characteristics

The monograph of E. Korovin [14] lists 15 Ferula species in section Merwia, and the
phytochemical investigations performed on some of these species indicated that their common
secondary metabolites are sesquiterpene coumarins and sulfur-containing compounds [32–37].
Therefore, all Ferula species belonging to section Merwia in Türkiye have been classified as
F. szowitsiana. However, preliminary phytochemical studies of F. szowitsiana collected from
three locations in central Anatolia, i.e., the Kırşehir, Konya, and Sivas provinces, indicated
that their phytochemical profiles are completely different. The major sesquiterpene coumarins
isolated from the roots of F. szowitsiana were galbanic acid (a), methyl galbanate (b), and
szowitsiacoumarin B (c) (Figure 8), rearranged monocyclic sesquiterpene coumarin ethers and
bicyclic drimane type sesquiterpene coumarin ethers [38,39]. In contrast, the major sesquiterpene
coumarins of the root extract of Ferula turcica collected from the shores of Tuz Lake were
identified as kellerin (d), gummosin (e), persicasulphide A (f), and persicasulphide C (g), bicyclic
drimane type sesquiterpene coumarin ethers and sulfur-containing compounds (Figure 8).
Whereas colladonin (h), badrakemin (i), badrakemin acetate (j), and conferol (k), bicyclic
drimane type sesquiterpene coumarin ethers, were found as the major compounds of Ferula
latialata (Figure 8). Umbelliprenin (l), the biogenetic precursor of sesquiterpene coumarins of
Ferula species, is also present in all three Ferula species (Figure 8). The HPLC chromatogram
profiles (Figure S1) of the dichloromethane extracts of F. latialata (Kırşehir), F. turcica (Tuz
Lake), and F. szowitsiana (Sivas) clearly showed that F. latialata and F. turcica should be different
species individually.

Figure 8. Secondary metabolites of Ferula latialata, F. turcica, and F. szowitsiana.
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3. Discussion

Ferula szowitsiana is a species that is widely spread geographically, starting from
Afghanistan, Turkmenistan, and Uzbekistan to Iran, Transcaucasus, and Türkiye. F. persica,
which is quite close to F. szowitsiana, also spread in similar regions but not as widely as
F. szowitsiana. The two new species, F. turcica and F. latialata, are morphologically close
to F. szowitsiana and F. persica, which are members of subgenus Narthex section Merwia in
Irano-Turanian groups. It was stated that the most prominent feature of subgenus Narthex
is that the differentiation among the species of this subgenus is not clear [26]. When the
two new species were compared to F. szowitsiana and F. persica, both new species were
taller, had a greater number of rays, and had pedunculated central umbella. Compared
to F. latialata and F. turcica, as the epithet name suggests, F. latialata has a wide lateral fruit
wing and larger schizocarp fruit. In contrast, F. turcica has more dorsal and commissural
vittae. Both new species grow in halophilous areas. It is thought that this habitat change
may be one of the reasons for the differentiation from F. szowitsiana. The two new species,
taxonomically supported by evident individual morphological, chemical, and molecular
data, are considered not to be hybrids or variations of F. szowitsiana or F. persica.

The type specimen of Ferula drudeana was collected by Siehe (Siehe 408) [17]. Then, it
was rediscovered by Sağıroğlu and Duman at the same location as the type specimen [40].
Sağıroğlu collected the specimens (Sağıroğlu 2525, GenBank barcode no: KU165687) from
Kayseri. Another F. drudeana accession in GenBank (barcode no: KJ660775) was collected
by Siehe (Siehe 163, in W). This population is nested in Section Peucedanoides (Figure 7,
indicated by bold letters). F. turcica clearly differs from F. drudeana by puberulent petals (not
glabrous), 4–7 vallecular vittae (not 2–3), and 1.2–1.9-mm wide lateral wings (not less than
0.5 mm). The other new species, F. latialata, has 2.5–3.9-mm wide lateral wings (not less
than 0.5 mm) and setulose-puberulent petals (not glabrous). These distinct and significant
morphological differences, supported by flower and fruit morphological characteristics,
display that F. drudeana is different from both of the new species. Actually, F. drudeana is a
remarkable species in the genus Ferula with its monocarpic form, thick stem, and glabrous
petals. However, solving the polyphyly problem of F. drudeana needs more sampling and
more morphological and phylogenetic studies. In clade D, the other species, F. szowitsiana
(GenBank barcode no: FN432917), was collected from Tuzgölü, Yavşan salt pan. It is the
type locality of F. turcica, as well. Additionally, more specimens from the Yavşan salt pan
were collected by Davis (D.16670) and determined as F. szowitsiana [17]. On the other hand,
F. szowitsiana was determined as a polyphyletic species (Figure 7, clade B), not only herein
but also by Piwczyński et al. [27] and Panahi et al. [26]. It is clear that the Tuz gölü Yavşan
populations identified as F. szowitsiana are genetically and morphologically different from
the other collections of F. szowitsiana (Figure 7, clade B, Table 1). According to both our
morphological and phylogenetic results, the new species could not be recognized, and
therefore, these populations were misidentified as F. szowitsiana. As a result, the FN432917
specimen should be F. turcica, as well.

One of the major secondary metabolites from the root extracts of Ferula turcica species
collected from the shores of Tuz Lake was previously isolated as the major secondary
metabolite of F. persica [41,42]. However, the botanical features and phytochemical profile
of F. turcica do not match those of F. persica. Moreover, the secondary metabolite profiles of
F. latialata and F. turcica were not similar to those of F. szowitsiana and F. persica.

According to the data obtained, it is hypothesized that Ferula persica is at one end of
the distribution of F. szowitsiana, and the two new species, F. latialata and F. turcica, are at
the other end as a result of speciation. Aside from the observation of the morphological
differences during the fieldwork, the chemical and molecular evidence supported the
hypothesis that F. turcica and F. latialata are two new distinct species from F. szowitsiana
and F. persica.
Identification key to Ferula turcica, F. latialata, and related species:
1. Leaf ultimate segment, linear-setaceous, dorsal vittae 2–3 per vallecula, petals glabrous
.................................................................................................................................................drudeana
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1. Leaf ultimate segment, not linear-setaceous, dorsal vittae 3–7 per vallecula, petals
setulose-puberulent............................................................................................................................2
2. Stem 50–70 cm, rays 7–11 per umbel...........................................................................szowitsiana
2. Stem 70–110 cm, rays 11–22 per umbel......................................................................................3
3. Central umbella subsessile, mericarps ovoid, commissural vittae 16–18......................persica
3. Central umbella peduncled, mericarps elliptic or elliptic to oblong, commissural
vittae 6–14...........................................................................................................................................4
4. Leaves densely puberulent, 15–18 rays, mericarps elliptic, lateral wings 1–2 mm
...................................................................................................................................................turcica
4. Leaves puberulent, 13–15 rays, mericarps elliptic to oblong, lateral wings 2.5–4 mm
.................................................................................................................................................latialata

4. Materials and Methods

The study was based on fieldwork, literature surveys, herbaria materials, and chem-
ical and molecular studies. The new species materials were compared to the herbaria
materials (Appendix A) of Ferula in Herbarium of Istanbul University Faculty of Pharmacy
(ISTE), Royal Botanic Garden Edinburgh (E), Royal Botanic Gardens Kew (K), Moscow
University Herbarium (MW), Natural History Museum Vienna (W), and Conservatoire
et Jardin botaniques de la Ville de Genève (G). The voucher specimens were deposited in
ISTE (F. turcica ISTE 116464, F. latialata ISTE 117495, F. szowitsiana ISTE116468).

Field studies were conducted by M. Miski and H.O. Tuncay in 2014, 2015, and 2021.
F. turcica specimens were collected by M. Miski on 16 June 2015 from Konya. F. latialata
specimens were collected from Kırşehir by M. Miski on 10 June 2014 and by H.O. Tuncay
on 2 August 2021. Populations were observed during fieldwork, and a protection status
was recommended according to IUCN threat criteria.

For fruit anatomy, the fruits were first submerged in a warm water–alcohol mixture
(70% ethanol), and then all of the mericarps were cut by hand in the middle part with a
razor. At least 40 mature fruits of F. turcica and F. latialata were analyzed. Samples were
examined in Sartur reagent (a compound reagent of Sudan III, lactic acid, aniline, iodine,
potassium iodide, water, and alcohol) [43]. Photographs were taken with an iPhone X. Mea-
surements of the mericarps were made using ImageJ. The fruit morphology and anatomy
were described using the terms of Botanical Latin [44] and Kızılarslan and Akalın [45].
The principal coordinate analysis, supported by the Gower similarity index, based on
21 morphological, anatomical, and chemical characters, was calculated and plotted with
PAleontological STatistics (PAST) version 4.11 [46].

DNA extraction, amplification, sequencing, and phylogenetic analysis:
The total genomic DNAs were isolated from dried leaves of F. turcica and F. latialata

using a GeneAll Plant SV Mini Kit (Seoul, Republic of Korea) following the protocol of the
manufacturer. The complete ITS region in each genomic DNA was PCR-amplified using
primers ITS4 and ITS5 [47]. Sequencing was performed by Atlas Biotechnologies (Ankara,
Türkiye). The relevant marker sequences of all of the other taxa used for phylogenetic
analysis were obtained from GenBank. Their NCBI barcode numbers are displayed in
Figure 7. The outgroups were chosen according to Downie et al. and Panahi et al. [25,48].
ITS sequences (a total of two sequences) were obtained from the type population belonging
to each of the two new species.

Representative species of the main lineages of the genus Ferula subgenus Narthex
were selected according to the method of Panahi et al. and Piwczyński et al. [26,27] to
determine the phylogenetic position of both new species. The aligned data matrix compris-
ing 73 species × 618 alleles, was prepared using the MAFFT v. 7 online multi-alignment
program [49] and analyzed with MrBayes v. 3.2.7a [50] with 20 million generations and
a burn-in of 10% for the Bayes inference. The evolutionary substitution model was de-
termined as TIM2+G using JModeltest 2.1.7 [51,52]. The ESS was checked using Tracer
v. 1.7 [53]. The same dataset was analyzed using raxmlGUI v. 4.0b08 [54,55], with 500 runs
and 1000 bootstrap replicates for the maximum likelihood approach. Additionally, the
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maximum parsimony tree was calculated using MEGA11 based on the same dataset with
1000 bootstrap replications [56]. The phylogenetic trees were displayed and manipulated
by FigTree v. 1.4.3 and TreeGraph 2 [57]. The posterior probability and bootstrap values
(>50) were added to the branches of the Bayes tree in Figure 7.

Chemical Extraction:
Plant materials were extracted by maceration and continuous Soxhlet procedures, re-

spectively. Dichloromethane (Merck, Darmstadt, Germany) was used during the extraction,
and the solvent was evaporated by a rotary evaporator with low pressure and tempera-
ture. Once the dichloromethane extract was dissolved with acetone (Merck, Darmstadt,
Germany) and allowed to rest at room temperature, it was kept at 4 ◦C until sedimenta-
tion of the hydrocarbons occurred. The sediment of the hydrocarbons was filtered by a
Nuche Erlenmayer flask under a vacuum. The extract was then dried again using a rotary
evaporator (Buchi, Flawil, Switzerland) with low temperature and pressure [58,59].

Analytical High-Performance Liquid Chromatography (HPLC):
Analytical HPLC analyses were performed using a Shimadzu 10A model apparatus

(Shimadzu Analytical and Measuring Instruments, Kyoto, Japan). The system comprised a
pump (LC-10AD), a diode-array detector (DAD) (SPD-M10A), and an autosampler (SIL-
10AD). During the process, Shimadzu LC Solutions software was used to control the system
and conduct post-run analyses of the data. Millipore (Billerica, MA, USA) was used to
obtain Milli-Q ultrapure water. Water (ultrapure):acetonitrile (60:40 >> 0:100) solvents were
used as the mobile phases with gradient elution, and a Luna C18 (Phenomenex, CA, USA)
column was used as a stationary phase. The flow rate was 0.5 mL/min, the temperature
was 30 ◦C, and the injection volume of the samples was 10 µL. The time of the analysis
was arranged for 40 min, and the mobile phase was planned as follows: 0–5 min, 40% A
and 60% B; 5–30 min, 0% A, 100% B; 30–40 min, 0% A, 100% B; 40–41 min, 40% A, 60% B. A
wavelength of 259 nm was used during the analyses. The method was revised according to
the extract to obtain quite a separation [60].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae9020144/s1, Table S1: morphological, anatomical, and
chemical characters used for principal coordinate analysis; Figure S1: comparison of (A) Ferula
latialata, (B) F. turcica, and (C) F. szowitsiana HPLC chromatograms.
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Appendix A

Additional herbarium specimens examined morphologically:
Ferula szowitsiana: ISTE 109444, ISTE 109420, ISTE 73511, ISTE 19932, ISTE 15377, ISTE 105388,

ISTE 12865, ISTE 21102, ISTE 62970; E00428291, E00428292, E00392437, E00175642, E00175641,
E00175640, E00433774, E00433776, E00467554, E00467555, E00467556, E00467557, E00467558,
E00467559, E00467560, E00467560, E00467562, E00467563, E00467564, E00467565, E00467566,
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E00467567, E00467568, E00467569, E00467570, E00467571, E00467572, E00467573, E00467574,
E00467575, E00279094; K001097219, K001097218, K000568185; MW0744692, MW0744691.

Ferula persica: E00205681, E00467654, E00467655, E00467656, E00360731; K001097211;
MW0744674, MW0744675, MW0744676, MW0744677, MW0744678, MW0744679, MW0700492,
MW0700493, MW0754156.

Ferula persica var. latisecta: W1961-0001614.
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Abstract: Paeonia obovata and Paeonia oreogeton belong to the monotypic family Paeoniaceae. Both are
popular as ornamental plants. P. obovata and P. oreogeton have been introduced into Novosibirsk Oblast
(Western Siberia) from Primorye (Far East). The aim of the study was to assess their adaptability as
well as the effect of seasonal developmental stages on the accumulation of secondary metabolites and
reserve substances in the leaves and rhizomes under the conditions of Akademgorodok (Novosibirsk,
Russia). According to long-term data (15 years), P. obovata and P. oreogeton complete the entire growth
cycle here, including flowering and fruiting. Both species exhibited abundant flowering, but in the
first 3 years, P. oreogeton did not bloom; yet under the microclimatic conditions specifically selected
for this species (a more shaded area), it started to bloom and fruit yearly. A biochemical analysis
(by spectrometric method) of P. obovata and P. oreogeton grown in Akademgorodok showed that
the leaves accumulate higher concentrations of flavonols (P. obovata: 1.77%), tannins (P. oreogeton:
16.42%), ascorbic acid (P. oreogeton: 155.2 mg/100 g), and sugars (P. obovata: 20.85%) as compared
to the roots. Peony rhizomes contain higher concentrations of protopectins (P. oreogeton: 13.03%),
saponins (P. obovata: 21.06%), and starch (P. obovata: 30.20%) than the leaves do. These data can help
to increase the levels of these natural compounds in these species. Further investigation into the
dynamics of accumulation of biologically active substances in the organs of peonies will help to
identify introduced plant species having high biochemical potential for the pharmaceutical industry.

Keywords: Paeonia; weather conditions; ascorbic acid; flavonol; tannin; catechin; pectin; protopectin;
saponin; sugar; starch

1. Introduction

The monotypic family Paeoniaceae F. Rudolphi includes only one genus Paeonia L.,
which is a relic of ancient mesophilic arcto-tertiary flora, which includes 33 species growing
in Europe, in the Mediterranean, and in East and Southeast Asia [1,2]. Peonies are highly
popular in floriculture worldwide; they are both beautifully flowering and decorative folia-
ceous plants owing to powerful shoots up to 1 m in height with dense foliage. Wild and cul-
tivated peony species are also attractive as medicinal and food plants because they contain
biologically active substances: e.g., carbohydrates, terpenoids, steroids, phenol-carboxylic
acids, phenol glycosides, flavonoids, tannins, and vitamins [3–6]. Data on pharmacolog-
ical properties of representatives of the genus Paeonia have revealed their antioxidant,
anti-inflammatory, antitumor, antibacterial, antiviral, cardiovascular, and neuroprotective
effects [7–10]. Peonies are used in conventional medicine in many countries. For example,
in Chinese conventional medicine, dried root bark of P. suffruticosa Andrews is popular
as a febricide; it is used for blood cooling and promoting blood circulation to eliminate
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stasis [11]. Roots of P. lactiflora Pall. are officially included in the Japanese Pharmacopoeia
(JP17), Korean Pharmacopoeia X (KPX), European Pharmacopoeia (EP10.2), and British
Pharmacopoeia (BP 2020). P. anomala L. is used in Russian conventional medicine [12]. Its
alcohol tincture (Tinctura paeoniae) is used as a typical medicinal formulation and has a seda-
tive effect; it is indicated for neurasthenia, insomnia, and dysautonomia. For preparation
of a peony tincture and peony extract, pharmaceutical manufacturers use grass (shoots),
rhizomes, and roots [13,14].

Paeonia anomala grows in steppe zones of the Caucasus and in Southern and Central
Europe, China, and Siberia (Figure 1). This is a deciduous herbaceous plant with triternate
leaves that are deeply incised and pinnately dissected into lanceolate and linear lobes.
Flowers have different colors: purple, dark red, and reddish-pink. The ovary and fruits
are covered with felted hairs, rarely almost naked. The fruits are ovoid or oval in shape.
Mature fruits are straight or patulous [15,16]. Harvesting of P. anomala raw materials in
nature causes great damage to coenopopulations because harvesters excessively dig up the
largest rhizomes of mature generative plants. Many medicinal species of this genus have
not been studied properly except for a few species (P. anomala, P. emodi Royle, P. lactiflora,
P. ostii T. Hong & J.X. Zhang, and P. suffruticosa) widely used in folk medicine [4,10,17,18].
Phytochemical and pharmacological research on other Paeonia species may open up new
medicinal resources.
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plantings affected by wintering. In P. obovata, the roots are used most often for crude 
medicinal formulations in traditional Chinese medicine. It is used as a tincture for the 
treatment of dyspepsia and menopausal disorders. In addition, the roots of this plant are 
employed as a substitute for medicinal P. lactiflora in China for the treatment of chest 
pain, abdominal pain, eye redness, dysmenorrhea, amenorrhea, blood vomiting, car-
buncles, and bruising and serve as antiplatelet, sedative, astringent, and antispasmodic 
therapeutics [13,22]. The profile of monoterpene compounds, of their glycosides (deriva-

Figure 1. Peonies: (A) P. oreogeton; (B) P. obovata; (C) P. anomala. Photo by Olga V. Kalendar.

According to the latest taxonomic studies [19,20], P. oreogeton S. Moore is a form of
P. obovata Maxim.: a species native to the Far East, China, Korea, and Japan (Figure 1). This
is a herbaceous plant having biternate or triternate leaves with smooth-edged wide lobes.
Flowers of P. obovata have different colors: red, pink, purple, and pinkish-violet. P. oreogeton
has yellow or cream-colored flowers and biternate leaves with smooth-edged wide lobes;
it grows in the Far East of Russia and occurs in China, on the Korean Peninsula, and in
Japan [21]. The most important advantages of these peonies are their durability in culture
and high winter hardiness even in USDA (United States Department of Agriculture) zones
2 and 3. Accordingly, they are economically profitable crops that do not require constant
or frequent renewal of flower beds or purchases of plants to restore plantings affected by
wintering. In P. obovata, the roots are used most often for crude medicinal formulations in
traditional Chinese medicine. It is used as a tincture for the treatment of dyspepsia and
menopausal disorders. In addition, the roots of this plant are employed as a substitute
for medicinal P. lactiflora in China for the treatment of chest pain, abdominal pain, eye
redness, dysmenorrhea, amenorrhea, blood vomiting, carbuncles, and bruising and serve
as antiplatelet, sedative, astringent, and antispasmodic therapeutics [13,22]. The profile of
monoterpene compounds, of their glycosides (derivatives of paeoniflorin), and of tannins
in the roots of P. obovata has been sufficiently studied. Seven proanthocyanidins have been
found in the roots of this species [23,24]. Flowers contain anthocyanins: pelargonidin 3-
glucoside, cyanidin 3,5- diglucoside, peonidin 3-glucoside, and peonidin 3,5-Di-O-β-D-
glucopyranoside [25]. Seventy-seven percent of the total content of volatile compounds
in P. obovata flowers is represented by two monoterpene alcohols. Two sesquiterpenes
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are also present in its flowers [26]. A relatively recent study by Bae et al. [27] showed
that a methanolic extract of P. obovata has an antiulcerogenic activity. The other species,
P. oreogeton, has been studied insufficiently.

In this regard, the aim of this study was to analyze seasonal development of P. oreogeton
and P. obovata and their levels of biologically active and reserve substances under ex situ
conditions and to determine the optimal time for harvesting of raw material in the form of
leaves and rhizomes.

2. Materials and Methods
2.1. Plant Material

The study was conducted in the Central Siberian Botanical Garden, the Siberian Branch
of the Russian Academy of Sciences (CSBG SB RAS, Novosibirsk, Russia); N 54.819308,
E 83.102064. We transferred P. oreogeton and P. obovata (growing in the monsoon climate
of the Russian Far East) to the CSBG SB RAS (Western Siberia) and analyzed P. anomala
brought from natural Siberian habitats. P. oreogeton was brought from Primorye, Khasansky
district (De Livron Island) N 42.694390, E 131.365044, and P. obovata was brought from
Primorye, Khasansky district (environs of Slavyanka village); N 42.911206, E 131.338515.
The plants were identified by an expert from the CSBG SB RAS (Novosibirsk, Russia).
Voucher specimens were deposited in the Plant Material Storage Room in the Laboratory
of Introduction of Ornamental Plants (CSBG SB RAS).

The plants were grown on experimental plots of the Laboratory of Introduction of
Ornamental Plants (CSBG SB RAS); this territory has an irrigation system. Soils in these
plots are gray forest soils with a bulk of density in the 0-20 cm layer: 0.8-1.18 g/cm3. The
content of humus in the 0-20 cm layer is 2-4%, and at a depth of 50-60 cm, no more than
0.8%. The total natural reserves of nutrients are low, and therefore organic and mineral
fertilizers were applied. Winter sheltering of the plants was not carried out. Mycological
analysis and identification of peony lesions caused by Cronartium flaccidum (Alb. et Schw.)
Wint. were performed by Dr. I.G. Vorobieva. The identification of pathogens and measures
to combat them are implemented by the Plant protection group in the CSBG SB RAS.

For the analysis of biologically active substances of P. oreogeton and P. obovata, the
leaves and rhizomes were collected at the beginning of the growing season (May 2017)
and rhizomes at its end (17 August 2017) from Collections of Living Plants Indoors and
Outdoors (unique scientific unit No. 440534 of CSBG SB RAS) in a garden plot located
at a forest-steppe site with gray forest soil and mean yearly temperature/precipitation of
1.8 ◦C/448 mm. For biochemical analysis, samples of the raw material from above-ground
and underground organs were taken from mature generative plants: ontogenetic state g2.
The raw material was dried and ground to obtain a representative sample for the analysis.

2.2. Seasonal Development Analysis

Rhythms of growth and development of peonies were studied by the phenological ob-
servation technique developed earlier [28,29]. For convenience, start dates of the main plant
phenophases are presented in phenospectra. Qualitative traits of ontogenetic states were
described according to a scale of ontogeny periodization [30,31]. P. anomala (a representative
of local flora) served as a control for comparative analyses of biological characteristics.

2.3. Extract Preparation

Approximately 0.5 g (accurately weighed) of the raw material ground to a particle
size of ~3 mm was placed into a 100 mL flask and exhaustively extracted with 70% ethanol.
Extraction completeness was verified by means of a reaction with a 5% sodium hydroxide
solution (until discoloration). After that, the volume of the filtered extract was measured.

Moisture was quantified via drying of a sample to constant weight at 105 ◦C in a
thermostat. Biochemical parameters were calculated for absolutely dry weight of the raw
material. All chemical analyses were performed on two biological replicates and three
technical replicates [32].
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2.4. Determination of Flavonol Contents

This procedure was performed by a spectrophotometric method based on the com-
plexation reaction between flavonols and aluminum chloride [33]. An extract (0.1 mL) was
placed into two 5 mL test tubes, 0.2 mL of a 2% ethanol solution of aluminum chloride was
added into one test tube, 1–2 drops of 30% acetic acid were added into the other one, and
the solution was brought to the nominal volume with 96% ethanol. The solutions were
mixed, and after 40 min, optical density of the solution containing aluminum chloride was
measured on an SF-56 spectrophotometer (Lomo, St. Petersburg, Russia) at a wavelength
of 415 nm in a cuvette with a 1-cm light path, using a solution of acetic acid as a control.
The amount of flavonols in each sample was determined by means of a calibration curve
built based on rutine (Chemapol, Mumbai, MH, India).

2.5. Quantification of Catechins

The content of catechins was determined spectrophotometrically by the method based
on the ability of catechins to produce a crimson color in a solution of vanillin in concentrated
hydrochloric acid [34,35]. A 0.8 mL aliquot of an extract was placed into two test tubes.
Next, 4 mL of a 1% solution of vanillin in concentrated hydrochloric acid was poured
into one of them, and the volumes were adjusted to 5 mL in both tubes with concentrated
hydrochloric acid. A tube without vanillin served as a control. In the presence of catechins,
the sample became pink, raspberry, or orange-red. After 5 min, the intensity of colors was
measured using the SF-56 spectrophotometer (Lomo, St. Petersburg, Russia) at 504 nm in a
cuvette with a light path of 1 cm. The standard curve was constructed with (±)-catechin
(Sigma, St. Louis, MO, USA).

2.6. Quantification of Tannins

This assay of tannins (hydrolyzable tannins) was performed by the method proposed
by L.M. Fedoseeva [36]. An extract (10 mL) was placed into a 100 mL volumetric flask, and
10 mL of a 2% aqueous solution of ammonium molybdate was introduced. The content
was brought to the nominal volume with purified water and incubated for 15 min. The
intensity of the resulting color was measured using the SF-56 spectrophotometer (Lomo,
St. Petersburg, Russia) at 420 nm in a cuvette having a 1-cm light path. A government
standard sample of tannin (Sigma, St. Louis, MO, USA) served as a standard.

2.7. Quantification of Saponins

The concentration of saponins was determined by the gravimetric method. Approxi-
mately 2 g of the air-dry material was extracted with chloroform in a Soxhlet apparatus
until complete discoloration to remove lipids and resins, which hamper saponin analysis.
The samples were dried and extracted in a water bath at 70 ◦C for 30 min successively with
50%, 60%, and 96% ethanol. The combined extract was evaporated to 5 mL, and sevenfold
volume of acetone was added. After 18 h, the formed precipitate was filtered off, dried at
70 ◦C, and weighed, and the percentage of saponins was calculated [37]. Qualitative assays
(reactions) for detecting saponins were as follows: 1) foaming equal in volume and stability
is achieved after shaking of the extract with an acidic or alkaline solution; 2) acetone added
to the extract induces the formation of a white flocculent precipitate, which indicates the
presence of triterpene saponins in samples.

2.8. Quantification of Ascorbic Acid

This procedure was performed by titration based on its reducing properties [32]. A
raw-material sample (2–5 g), thoroughly ground up in a mortar to a homogeneous mass,
was extracted with 20 mL of a 1% hydrochloric acid solution. After that, the extract was
poured into a 100 mL volumetric flask and brought to the nominal volume with a 1% oxalic
acid solution, which improves the stability of ascorbic acid in the extract. The extract was
incubated for 5 min, then filtered and titrated until staining clear pink with the Tillmans
reagent. For preparation of a 0.001N dye solution, 60 mg of 2,6-dichlorophenolindophenol
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was dissolved in 200 mL of warm distilled water; 4–5 drops of 0.01N sodium hydroxide
were added; after 10 min of vigorous shaking, the solution was passed through a dense
filter into a dry flask. A mixture of 1% hydrochloric acid and 1% oxalic acid at a ratio of 1:5
was used as a control.

2.9. Quantification of Pectins and Protopectins

Pectin substances (protopectins and pectins) were quantitated by the carbazole-free
method based on specific yellowish-orange staining of uronic acids in the presence of
thymol in a sulfuric acid solution [32,38]. A 0.5–1.0 g ground-up sample of the air-dry
material was extracted thrice with hot 80–82% ethanol (40, 30, and 25 mL) in a boiling
water bath under reflux for 20–30 min (to extract free carbohydrates, which hamper pectin
analysis) and passed through a paper filter into a flask. The filtered sample was dried at
50 ◦C until the smell of alcohol disappeared.

2.9.1. Extraction of Water-Soluble Pectin (Extract I)

Fifty milliliters of distilled water heated to 45 ◦C was added to the dried residue of the
raw material; extraction in the water bath was performed at 45 ◦C for 1 h. The liquid was
filtered into a 100 mL volumetric flask; after cooling, the volume was brought to the mark
with water.

2.9.2. Extraction of Protopectin (Extract II)

Fifty milliliters of 0.3N hydrochloric acid was poured into an extraction flask contain-
ing the residual raw material; the solution was heated for 30 min in a boiling water bath
under reflux. Then, the solution was filtered into a 200 mL volumetric flask, and the extract
was washed with 50 mL of hot water. The filter and the precipitate were placed into the
same extraction flask filled with 50 mL of a 1% ammonium citrate solution, which was then
kept in the boiling water bath for 30 min. After that, the solution was filtered into a flask
containing the filtrate of the hydrochloric acid extract and washed with hot water. After
cooling, the volume was brought to the mark with water.

2.9.3. The Reaction with Thymol

Concentrated sulfuric acid cooled to 4 ◦C was added dropwise with cooling to 0.5 mL
of cooled extracts I and II and thoroughly shaken; the test tubes were heated for 6 min
in the boiling water bath and cooled; 0.1 mL of a 0.2% alcohol solution of thymol was
added, and the solution was thoroughly mixed. After the reaction with thymol, optical
density of the colored solutions was measured using the Agilent 8453 spectrophotometer
at 480 nm in a cuvette with a 1-cm light path. The control was 96% ethanol. Pectins and
protopectins were quantified with the help of a calibration curve plotted using galacturonic
acid standards (Merck, Rahway, NJ, USA).

2.10. Quantification of Carotenoids

The concentration of carotenoids was determined in an acetone–ethanol extract [32,39].
A 0.1 g air-dried sample was ground in a mortar to a homogeneous mass during successive
addition of 0.1 g of calcium carbonate (to neutralize organic acids because carotenoids are
unstable in an acidic environment), 1 mL of dimethylformamide (for pigment stability),
and 2 g of anhydrous sodium sulfate. Carotenoids were extracted first with acetone (20 mL:
one time, and 5 mL: two times), and then the extraction was continued with 96% ethanol
(5 mL: three times) to extract lycopene. Next, exhaustive extraction was continued with
acetone until discoloration. The volume of the combined extract was measured. The
carotenoid content was measured at 662 nm (for chlorophyll a), 644 nm (for chlorophyll b),
and 440.5 nm (for carotenoids) using the SF-56 spectrophotometer (Lomo, St. Petersburg,
Russia) in a cuvette with a 1-cm light path. The control was 96% ethanol. The concentration
of carotenoids (mg/dm3) was computed using the formula:
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Ccar = 4.695 × D440.5 − 0.268 × (5.134 × D662 − 20.436 × D644),

where D is optical density of the extract, and Ccar is the concentration of carotenoids,
mg/dm3.

The concentration of carotenoids (mg/100 g) was found by means of the formula:

X = Ccar × V × V2 × 100/(M × V1 × 1000),

where Ccar is the concentration of carotenoids, mg/dm3; V is the volume of the initial
extract, mL; V1 is the volume of the initial extract used for dilution, mL; V2 is the volume
of the diluted extract, mL; and M is absolute dry weight of the raw material, g.

2.11. Quantification of Sugar and Starch

For sugar quantification, the method proposed by A.S. Shvetsova and E.Kh. Lukya-
nenko was employed. It involves the reduction of potassium ferricyanide with reducing
sugars to ferrocyanide in an alkaline medium. The latter causes stable blue staining with
iron sulfate in the presence of gelatin [32]. An extract (0.1 mL) and an alkaline solution of
potassium ferricyanide (2 mL; 1.65 g of ferricyanide and 10 g of sodium carbonate dissolved
in 1 L of water) and distilled water (2 mL) were poured into 50 mL measuring tubes up
to the 10 mL mark. The tubes were shaken and heated in a boiling water bath for 15 min.
After that, the tubes were cooled, and 4 mL of a ferrous sulfate solution was poured into
each measuring tube. To prepare the assay solution, 1 g of ferrous sulfate was dissolved
in 10 mL of concentrated sulfuric acid in a 1 L flask, and water was added to bring the
volume to the mark. A working solution of ferrous sulfate was prepared on the day of
use via mixing of a 10% gelatin solution with the ferrous sulfate solution at a ratio of 1:20.
The solution was then stirred, and the volume in the test tube was adjusted to the mark
of 50 mL with distilled water. After vigorous stirring, optical density of the solution was
measured using the SF-56 spectrophotometer (Lomo, St. Petersburg, Russia) at 690 nm
(glucose absorption maximum) in a cuvette with a 1-cm light path. The sugar concentration
was calculated by means of a calibration curve plotted for glucose (Reachem, Russia). A
blank sample was used as a control.

For starch quantification, the extract was hydrolyzed with a 1% hydrochloric acid so-
lution for 6 h [40]. After neutralization of the extract, the content of sugars was determined
by the above method, and the previously determined content of sugars was subtracted.
Given that 1 g of glucose corresponds to 0.89996 g of starch, the resulting difference (in %)
was multiplied by 0.89996 to determine the starch concentration in an analyzed sample.

3. Results
3.1. Seasonal Development of Paeonia in the Continental Climate

P. oreogeton and P. obovata grow naturally in Primorye with its monsoon climate. In
our experiments, P. oreogeton, P. obovata, and P. anomala, which are representative of local
flora, were grown ex situ under the conditions of the continental climate (Western Siberia).
According to long-term data (15 years), P. obovata and P. oreogeton complete the entire
growth cycle here, including flowering and fruiting. Both species exhibited abundant
flowering, but in the first 3 years, P. oreogeton did not bloom; yet under the microclimatic
conditions specifically selected for this species (a more shaded area), it started to bloom
and fruit yearly.

Table S1 presents a comparison of the main climatic characteristics of the two climate
types. Figures 2–4 illustrate phenophases of P. oreogeton, P. obovata, and P. anomala (control)
under the conditions of the forest-steppe zone of Western Siberia during three growing
seasons. During the observation period from 2007 to 2018, the 2012 growing season in
Akademgorodok (Novosibirsk) was abnormally dry (Table S2), and the 2013 season was
abnormally humid (Table S3).
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The examination of seasonal development and amplitude of adaptations showed that
the above-ground shoots of peonies were damaged by high temperatures during moisture
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humidity and low temperatures caused fungal diseases under abnormally humid weather
conditions in 2013 (Figure 5B).
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3.2. Contents of Biologically Active and Reserve Substances in the Leaves and Roots of Paeonia

The year 2017 was chosen as a model one to study the content of biologically active
and reserve substances because this year did not show strong deviations of mean monthly
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hydrothermal characteristics. We measured the contents of phenolic compounds (flavonols,
catechins, and tannins) and of ascorbic acid, pectin substances, saponins, and carotenoids in
the leaves and rhizomes of two peony species—P. obovata and P. oreogeton—at the beginning
of the growing season (Table 1). The content of flavonols that was found in the peony
leaves at the beginning of the growing season was not very high. In the leaves of P. obovata,
the content of flavonols reached 1.77%, which slightly exceeded that in the leaves of
P. oreogeton. Flavonols were not found in rhizomes of the analyzed peonies. Carotenoids
and flavonols were detectable only in peony leaves. Their level in the leaves of P. obovata
(89.2 mg/100 g) was three-fold higher than that in P. oreogeton (29.1 mg/100 g). The level of
tannins was sixfold higher in the leaves of P. oreogeton (16.42%) than in its rhizomes (2.56%).
Concentrations of tannins were comparable between leaves and roots of P. obovata. The
content of catechins was higher in the leaves of P. oreogeton (68.3 mg/100 g) and P. obovata
(84.4 mg/100 g) as compared to the rhizomes. The content of ascorbic acid was fivefold
higher in the peony leaves than in the peony rhizomes. The highest content of saponins
was found in the leaves of P. obovata (21.06%), while their content in the rhizomes was lower.
Levels of pectins in the peony leaves and rhizomes were not very high. Their content in
P. oreogeton was higher in the leaves (1.89%), whereas in P. obovata, it was higher in the
rhizomes (2.02%). The concentration of protopectins significantly exceeded that of pectins.
In the underground organs of peonies, the level of protopectins was higher than that in the
leaves. Protopectins mostly accumulated in the rhizomes of P. oreogeton (13.03%).

Table 1. The contents of biologically active and reserve substances in peonies at the beginning of the
growing season in Western Siberia.

Substances
P. oreogeton P. obovata

Rhizomes Leaves Rhizomes Leaves

Moisture (% dry weight) 66.86 80.39 78.17 74.63
Flavonols (% dry weight) no 1.17 ± 0.04 b no 1.77 ± 0.05 a

Catechins
(g (100 g dry weight)−1) 28.1 ± 0.48 d 68.3 ± 1.17 b 44.0 ± 0.76 c 84.4 ± 1.45 a

Tannins (% dry weight) 2.56 ± 0.02 d 16.42 ± 0.14 a 11.59 ± 0.10 c 12.81 ± 0.11 b

Ascorbic acid
(g (100 g dry weight)−1) 30.5 ± 1.22 b 155.2 ± 6.21 a 31.5 ± 1.26 b 151.8 ± 6.07 a

Pectins (% dry weight) 1.15 ± 0.01 b 1.89 ± 0.06 a 2.02 ± 0.10 a 0.86 ± 0.01 c

Protopectins (% dry weight) 13.03 ± 0.26 a 5.99 ± 0.01 c 7.02 ± 0.09 b 3.96 ± 0.02 d

Saponins (% dry weight) 13.37 ± 0.51 b 11.25 ± 0.43 c 21.06 ± 0.80 a 12.94 ± 0.49 b

Carotenoids
(g (100 g dry weight)−1) no 29.1 ± 0.29 b no 89.2 ± 0.87 a

Sugar (% dry weight) 5.97 ± 0.21 c 17.44 ± 0.61 b 17.22 ± 0.60 b 20.85 ± 0.73 a

Starch (% dry weight) 25.31 ± 0.94 a - 10.51 ± 0.39 b -

Note: mean values and standard deviation (n = 3) are presented; no, not found; “-”, not tested; means with
different superscript letters (a, b, c, or d) in the same row are significantly different (p ≤ 0.05) according to Tukey’s
honestly significant difference (HSD) test.

We determined contents of reserve substances (starch and sugars) in the leaves and
rhizomes of Far Eastern peonies at the beginning of the growing season (Table 1). The
content of sugars in P. oreogeton (17.44%) and P. obovata (20.85%) was higher in the leaves.
The rhizomes of the Far Eastern peony P. oreogeton accumulated up to 25.31% of starch.

In addition, we studied the content of biologically active compounds and reserve
substances (starch and sugars) in the rhizomes of Far Eastern peonies at the end of the
growing season in Western Siberia (Figures 6 and 7). At the beginning of the growing
season, protopectins accumulated mainly in the rhizomes of P. oreogeton (13.03%). The
contents of protopectins in the rhizomes of P. obovata were similar when we compared
the beginning (7.02%) and the end (7.62%) of the growing season (Figure 6). Contents
of saponins (17.9%), catechins (44.3 mg/100 g), and sugars (7.36%) in the rhizomes of
P. oreogeton were higher at the end of the growing season, whereas in P. obovata (21.06%,
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44.0 mg/100 g, and 17.22%, respectively), this parameter was higher at the beginning of
the growing season. At the end of the growing season, the content of saponins in P. obovata
rhizomes dropped fivefold (to 4.49%). In P. oreogeton and P. obovata, ascorbic acid (45.6 and
50.9 mg/100 g, respectively) and starch (27.13% and 30.2%, respectively) accumulated by
the end of the growing season (Figures 6 and 7). At the beginning of the growing season,
the content of pectins was low and reached 1.15% in P. oreogeton and 2.02% in P. obovata; by
the end of the growing season, this parameter decreased.
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4. Discussion

The synthesis and accumulation of biologically active and reserve substances in medic-
inal plants are dynamic processes that change during plant ontogenesis and depend on
numerous environmental factors [41–45]. Results of research by other authors [46,47] show
that the concentration of biologically active substances (which in natural habitats perform
an adaptive function) diminishes in some medicinal plants growing in areas strongly af-
fected by agriculture. The accumulation of biologically active and reserve substances is
influenced by hydrothermal conditions of growing seasons.

An analysis of phenophases by means of long-term phenological observation of
representatives of the genus Paeonia grown in the forest-steppe zone of Western Siberia
revealed that P. obovata, P. oreogeton, and P. anomala start to grow between the second decade
of April and the first decade of May [48].

Under the abnormally dry weather conditions in 2012, since the first days of the second
decade of April, all three species exhibited abundant growth due to early onset of the spring
and a warm first decade of April: the mean 10-day temperature was 4.9 ◦C, and an excess
of the mean monthly temperature was 4.1 ◦C (Table S2). Budding and flowering stages
were registered at similar time points, but abundant flowering of P. obovata and P. anomala
lasted longer as compared to P. oreogeton, which is more mesophilic (Figure 2).

It should be noted that in Primorye [49], the duration of flowering of P. oreogeton
varies from 15 to 23 days, whereas ex situ flowering of this plant is slightly longer (by
5–6 days). At low humidity, in our study, the fruiting stage in all three species was found
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to be shifted by one decade, whereas in P. anomala, it terminated 8 days earlier. In 2012 and
subsequent years, the time point of the end of the growing season for P. anomala was easily
distinguished because in natural habitats, this plant prepares for the wintering period
earlier as compared to P. obovata and P. oreogeton, whose growing seasons are longer on the
Primorye territory.

A gradual temperature increase in early April in abnormally humid 2013 stimulated
the mean annual growth of the Far Eastern species, but the decreased temperatures in the
first and second decades of May shifted the budding and flowering stages by 10–13 days
(Table S3, Figure 3). The duration of flowering lengthened by 2–6 days. Fruit ripening was
longer, and fungal diseases afflicted the leaves of all species in the period from the second
decade of July to the third decade of August owing to a large amount of precipitation and a
cool period at the end of the summer (Figure 5b). This fact and weather conditions did not
allow to harvest valuable plant raw materials.

We noticed that the growing season of 2017 (model weather conditions) is character-
ized by smooth temperatures and uniform precipitation levels, which were favorable for
preservation of assimilating leaves on the shoots of Far Eastern peonies. Just as in coastal
spring conditions, cool and humid weather induced earlier longer flowering of P. oreogeton.
The local species P. anomala completed its growth at the time point optimal for preparation
for wintering and differentiation of underground renewal buds. In 2017, hydrothermal
conditions in the second decade of May and at the end of the second decade of August
were favorable for harvesting of valuable plant materials (Figure 4).

Under drier weather conditions in 2012, the flowering stage of P. oreogeton, which
exhibits greater mesophilicity, began early (3rd decade of May) and lasted 2–3 days less
(6 days) than in abnormally humid 2013 (2nd decade of June, 8 days). Cool wet weather was
similar to that during the coastal spring in 2017 (model weather conditions) and stimulated
earlier (3rd decade of May) prolonged flowering (10 days) of P. oreogeton.

The coastal species P. obovata successfully adapted to the continental climate of Western
Siberia, and its flowering stages turned out to be similar to those of the local species
P. anomala. Under abnormally dry weather conditions in 2012, flowering began in the 3rd
decade of May and lasted for 10 days. Abnormally humid weather conditions in 2013
caused flowering to start at the mean annual time point of flowering (2nd decade of June),
which lasted for 13 days. In 2017 (model weather conditions), the flowering stage began
on June 1 and lasted for 10 days. In Primorye, the period from the beginning of growth to
flowering is 35–48 days for P. obovata [49], and during its introduction into Western Siberia
(CSBG SB RAS), this period reached 28–40 days due to a more intense heat gain at the
beginning of the growing season; this phenomenon is typical of the south of Siberia.

When species are grown as sources of biologically active substances, it is not rec-
ommended to harvest raw material of above-ground vegetative mass of peonies during
excessively humid periods (as in 2013 for example) because leaves are affected by rust,
spotting, and fungal spores, which can get into medicines and dietary supplements during
industrial processing. It is better to harvest the above-ground part of these plants during
the growing seasons that do not show substantial deviations in terms of hydrothermal
parameters (as in 2017 for example).

The above analysis of concentrations of reserve substances and biologically active
compounds indicates that there are differences in levels of biologically active and reserve
substances between the two introduced species of peonies (P. oreogeton and P. obovata)
grown under the conditions of the CSBG SB RAS. This can be attributed to a difference
in adaptation mechanisms among the specimens collected in nature. Individual plants
respond differently to the change of environmental conditions from the monsoon Far East-
ern climate to the continental Siberian climate. Multifunctional adaptation of vegetative
organs of peonies proceeds at morphological, anatomical, physiological, and biochemical
levels; this adaptation improves active life of cultivars under specific growth conditions
and facilitates selection of promising cultivars and species from various regions of Rus-
sia and abroad [4,6,50–56]. For example, the total content of flavonoids in the leaves
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and stems of P. lactiflora grown in the Botanical Garden of the Mongolian Academy of
Sciences (Ulaanbaatar) decreases linearly during its growth, and the highest content is
observed at the flowering stage [51]. Nonetheless, the differences in the accumulation of
substances may be an invariable species trait fixed at the genetic level. To test the latter
hypothesis, it is necessary to analyze accumulation of substances in plants collected under
natural conditions.

Levels of some substances in the Far Eastern species P. oreogeton and P. obovata grown
in Akademgorodok (Novosibirsk) are less than those in the Siberian species P. anomala
(our data) and P. hybrida and the Siberian-Far Eastern species P. lactiflora [56]. The content
of some substances in the leaves and rhizomes of the above species has been reported
previously [56]. For example, the content of flavonols is higher in the leaves of P. hy-
brida (1.96%) and P. anomala (1.95%), the content of catechins is higher in the rhizomes
of P. lactiflora (1287.8 mg/100 g), the content of ascorbic acid is higher in the leaves of
P. anomala (1205.69 mg/100 g), and the content of protopectins is greater in the rhizomes of
P. anomala (15.9%), whereas the content of reserve substances, namely, sugars, is higher in
the rhizomes of P. lactiflora (22.06%), and the content of starch is greater in the rhizomes
of P. anomala (31.2%). On the other hand, the concentration of tannins is higher in the
leaves of P. oreogeton (16.42%), the concentration of saponins is greater in the rhizomes of
P. oreogeton (21.06%), and the concentration of pectins is higher in rhizomes of P. obovata
(2.02%). Higher contents of tannins, saponins, and pectins are most likely due to adaptation
of the Far Eastern peony species to the Siberian conditions. It should be noted that the
Siberian and Far Eastern species grown in Akademgorodok exhibited higher levels of
some substances. Thus, species that are not used as medicinal plants in Russia can replace
the official medicinal species P. anomala. Levels of some substances, such as catechins,
sugars, tannins, saponins, and pectins, is lower in P. anomala than in some Siberian and Far
Eastern species.

5. Conclusions

The study leads to the conclusion that introduced species P. obovata and P. oreogeton
are promising for further research under the conditions of Akademgorodok (Novosibirsk).
In this environment, P. obovata and P. oreogeton start to grow between the second decade of
April and the first decade of May, go through the entire growth cycle, including flowering
and fruiting, but P. oreogeton requires appropriate microclimatic conditions (a more shaded
area). To prevent fungal spores from getting into medicines and dietary supplements
during industrial processing, peony aerial shoots as a medicinal raw material should not
be harvested during periods of excessive humidity.

A biochemical analysis of P. obovata and P. oreogeton grown in Akademgorodok
showed that the leaves accumulate higher concentrations of flavonols (P. obovata: 1.77%,
and P. oreogeton: 1.17%), tannins (P. oreogeton: 16.42%, P. obovata: 12.81%), ascorbic acid
(P. oreogeton: 155.2 mg/100 g, P. obovata: 151.8 mg/100 g), and sugars (P. oreogeton: 17.44%,
P. obovata: 20.85%) than the roots do. Peony rhizomes contain higher concentrations of
protopectins (P. oreogeton: 13.03%, P. obovata: 7%), saponins (P. oreogeton: 17.90%, P. obovata:
21.06%), and starch (P. oreogeton: 27.13%, P. obovata: 30.20%) than the leaves do. We believe
that species of the genus Paeonia grown in the CSBG SB RAS are a promising plant material.
Further investigation into the dynamics of accumulation of biologically active substances in
the organs of peonies will help to identify introduced plant species having high biochemical
potential for the pharmaceutical industry.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae9010102/s1, Table S1: The main climatic characteristics
of the growing seasons in Novosibirsk and Vladivostok; Table S2: Main climatic characteristics of
the 2012 growing season (Novosibirsk); Table S3: Main climatic characteristics of the 2013 growing
season (Novosibirsk).
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Abstract: Creating high-quality and salt-tolerant plant germplasm is an effective strategy to improve
the utilization of saline-alkali land. Salt-induced callus mutation was used to create dandelion
germplasm and mutant dandelion calluses were obtained under NaCl concentrations of 0.8%, 1%,
and 1.2% with the identification of random amplified polymorphic DNA (RAPD) markers. A
new dandelion line, “Binpu 2”, selected from the progenies of dandelion tissue culture plantlets
that originated from callus treated under 0.8% NaCl, was evaluated in light of its morphological
characteristics, bioactive components, and antitumor functions. Results showed that the plant shape
of “Binpu 2”was nearly upright; its cichoric acid content was 6.7 mg/g, which was 39.6% and 36.7%
higher than its mother plant and local dandelion cultivar, respectively; its leaf water extracts of
0.2 g/mL had a significant inhibitory effect on cell polarity disruption-induced cell migration without
affecting drosophila normal growth, revealed by the strong inhibitory effect on tumor cell migration,
the increased level of MMP1 and β-Integrin, and the reduced E-cadherin expression. Our results
suggested that “Binpu 2” originated from salt-induced mutant performed better than its mother plant
and processed strong antitumor function, which was suitable for amplified cultivation in saline-alkali
land for food and medicinal industrial development.

Keywords: cell migration; dandelion breeding; functional verification; salt-induced mutant; tissue
culture

1. Introduction

Soil salinization has become the main factor restricting agricultural development
in China [1]. Cultivating salt-tolerant crops have represented the most fundamental and
effective method of utilizing saline–alkali land and improving economic profit [2,3]. Studies
have shown that plants growing under saline stress could accumulate more nutrients and
active substances, and had better nutritional, medicinal, and other economic benefits [4].

Dandelion (Taraxacum mongolicum Hand.-Mazz.), a traditional herb plant used for
medication, rubber, cosmetic, feed additives, as well as vegetables in recent years [2,5],
could tolerate saline stress up to 1.5% of NaCl [6], which was suitable for cultivation in
saline-alkali land. However, poor commercial characters of dandelion in saline-alkali land
struggled to satisfy the demands of industrial production. Hence, it was urgent to develop
dandelion varieties with good comprehensive performance. At present, most dandelion
varieties were bred by natural selection, mainly because dandelion is a self-pollinating plant
of with capitulum, leading to the hard application of common hybridization breeding [6].
Furthermore, related molecular breeding in dandelions has been hardly reported, mainly
due to the complex genotype and little genome sequence information [7]. Thus, we adopted
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a new breeding strategy through salt-induced callus mutation to breed a high-quality
dandelion variety suitable for cultivation in saline–alkali land.

Because of the medicinal use of dandelion, besides the biomass yield, a good cultivar
with highly bioactive compounds and function was also vital. Thus, we evaluated antitumor
function at the same time. Cancer is a worldwide fatal disease that seriously threatens
human health. More than 90% of cancer patients died from tumor migration, instead of
primary tumor overgrowth [8]. Dandelions have traditionally been employed in Chinese,
Native American and Arabian traditional medicine for the purpose of treating diseases,
including multiple types of cancers [9,10]. The anti-cancer efficacy of dandelion extracts
has been previously reported, while their effects on tumor cell migration in vivo were
largely unknown.

Natural malignant tumours can occur in Drosophila melanogaster (D. melanogaster).
Tumours can be experimentally induced in larvae and adult flies by knocking down fly
tumour suppressor genes. D. melanogaster has an important role in chemical genetics,
helping to identify the pathways that are affected by pharmaceuticals, facilitating the
design of more efficient derivatives and serving as a platform for semi-automated screens
for new anticancer drugs [11,12]. Therefore, with less genome redundancy and powerful
genetic tools, D. melanogaster was selected as the elegant system to test tumor metastasis.

The current study firstly adopted the method of salt-induced callus mutation combined
with functional tests for dandelion breeding. Details of the breeding process were of great
significance to enrich modern breeding practices and agriculture developments in saline-
alkali land.

2. Materials and Methods
2.1. Dandelion Materials

A wild dandelion resource “Daye” (Taraxacum mongolicum Hand.-Mazz.) was selected
as the mother plant due to high biomass yield. This resource was further bred into sister
lines “Binpu 1” [13,14] and “Binpu 2” [15] by the Institute of Coastal Agriculture, Hebei
Academy of Agriculture and Forestry Sciences, China. “Binpu 1” was noted for its high
yield and “Binpu 2” was noted for its strong functions. Their varietal characteristics could
be found from above mentioned references. This study mainly focused on the breeding
process of “Binpu 2”. The mother plant “Daye” was indoor cultured for 30 days at 25 ◦C
with 16 h of illumination at 2500 lux. Then, the healthy and young leaves were taken as
explants for producing callus. Related dandelion materials were shown in Figure S1.

2.2. Production of Dandelion Tissue Culture Plantlet
2.2.1. Induction of Callus with Saline Treatment

Fresh sterilized leaves [6] were cut into 300 approximate pieces of about 1 cm2 and
then inoculated with solid MS medium [6] containing 0.5 mg/L of 6-BA and 0.04 mg/L
of 2,4-D for 45 days in sterile tissue culture room. Once selected, the callus with the best
growth, in order to obtain sufficient experimental materials of callus, was sub-cultured by
solid MS medium for 5 times with 21 days for each time. Then, obtained calluses were cut
into small pieces of about 0.25 cm2 and treated by solid MS medium containing 85 mM,
136 mM, 170 mM, 205 mM, 256 mM, and 307 mM NaCl, respectively, for 28 days. Each
NaCl treatment of solid MS medium contained 30 calluses. Subsequently, one of the best
growing callus in each NaCl treatment was picked out into a NaCl-free solid MS medium
individually for continuously culturing over 21 days, and then continued to be treated by
NaCl treatment of solid MS media for 21 days. Above shift-NaCl process was repeated two
times. Lastly, the calluses were transferred to NaCl-free solid MS medium for amplified
cultivation over 2 months. Above all works were done in tissue culture room with 24 h of
fluorescence illumination at 3000 lux and 25 ◦C.
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2.2.2. Identification of Salt-Treated Callus

The calluses obtained above were identified by random amplified polymorphic DNA
(RAPD) markers. Details of primers, via screening and identification techniques, can be
seen from our previous research [14]. DNA extraction was processed by the DNA-secure
plant genome DNA extraction kit (Tiangen Biotech Co., Ltd., Beijing, China). In total
41 random primers (Table S1) were used for RAPD identification. The polymerase chain
reaction (PCR) amplification procedure involved pre-denaturation for 5 min at 94 ◦C,
followed by 40 cycles of denaturation for 1 min at 94 ◦C, annealing for 1 min at 38 ◦C,
extension for 2 min at 72 ◦C, and amplification for 10 min at 72 ◦C.

2.2.3. Regeneration of Dandelion Tissue Culture Plantlet

The calluses obtained above were placed on a solid MS medium containing 0.2 mg/L
of 6-BA and 0.01 mg/L of NAA due to the occurrences of massive adventitious buds and
then transferred to a 1/2 solid MS medium with free plant hormone for the continuous
culturing process which was carried out 2 times with 21 days of each time. Then, calluses
were transferred to a 1/2 solid MS medium containing 0.3 mg/L of NAA for culturing over
21 days. All above processes were finished in a tissue culture room with 24 h of fluorescence
illumination at 3000 lux and 25 ◦C. The resulting tissue seedlings were acclimatized for
35 days to improve the survive rate for the field transplant. Firstly, the seedlings were
gradually contacted in an external environment for 3 weeks, and the room was kept
ventilated with a temperature at 23 ◦C, and a relative humidity of 80%. Then, these
seedlings were transferred to flowerpots containing vermiculite-nutrient soil-perlite at a
ratio of 1:4:3, and were continuously cultured for 2 weeks in field shelter and sprayed with a
1/4 liquid MS medium each day over two weeks. Finally, these tissue culture plantlets were
transplanted to the outdoor field and their seeds were harvested separately for amplified
field cultivation.

2.3. Determination of Candidate Dandelion Lines

The seeds from dandelion tissue culture seedlings were grown in a seedling tray in
greenhouse and then transplanted to an observation nursery in saline-alkali land (Figure S1)
when the seedlings grew to three leaves. The soil salt content within 20 cm depth in the
observation nursery was checked by AZ 8373 TDS/salinity meter (AZ Instrument Corp.,
Taiwan, China) [2] and averaged value was around 0.3%. These dandelions plants were
cultured for 6 weeks, and various characteristics (such as plant shape, leaf shape, and
leaf color, as well as chicoric acid, caffeic acid, and the total flavonoids contents) were
repeatedly investigated during the cultivation period. Seeds from these dandelion plants
were harvested and propagated separately over 3 generations and finally the plants with
stable characteristics were picked out as candidate dandelion lines according to the trait
investigation. We finally obtained 6 such dandelion lines as marked by Y1–Y6, which
meant these selected lines were originated from the calluses that under NaCl treatment of
85 mM (Y1), 136 mM (Y2), 170 mM (Y3), 205 mM (Y4), 256 mM (Y5), and 307 mM NaCl
(Y6), respectively.

Of these characteristics, for determination of compounds contents, 0.5 g of dry dande-
lion powder was mixed with 25 mL of 50% methanol and ultrasonically extracted for 30 min
at 60 ◦C. Then, the extract was filtered by 0.45 µm membrane for contents check. Contents
of chicory acid, caffeic acid and chlorogenic acid were determined by Agilent1200 high
performance liquid chromatography (Agilent Technologies Inc., Santa Clara, CA, USA),
as described in [5,16]; the total flavonoids were detected by UV-2450 spectrophotometer
(Shimadzu Co., Ltd., Kyoto, Japan), as described in [17].

2.4. Anti-Tumor Cell Migration Evaluation
2.4.1. Preparation of Dandelion Extracts

The above obtained dandelion lines, including their mother plant “Daye”, which was
cultivated in the field, were harvested at the same time and dried in oven at 60 ◦C for 2 days.
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Then, 100 g of dry powder was taken to be extracted with 1000 mL of double-distilled water
(ddH2O) at 60 ◦C for 3 h. The extract that formed was vacuum filtered with a 0.45 µm
filter. Then, the extract was frozen at −80 ◦C and freeze-dried using a lyophilizer, and
reconstituted in ddH2O to obtain a final stock concentration of 0.5 g/mL. The extract was
added directly to regular food from a 0.5 g/mL aqueous stock to a final concentration of
0.05, 0.1, 0.2, and 0.4 g/mL. For the control food, we used water alone.

2.4.2. Fly Strains

The flies were kept on a cornmeal and agar medium at 25 ◦C with a 12 h light-dark
cycle incubator [18]. Drosophila strains used w1118 (#3605) which was obtained from the
Bloomington Drosophila stock center. UAS-scrib-IR (#27424) was obtained from Vienna
Drosophila RNAi center [18]. ptc-GAL4 was previously described [19]. For cell migration
test, crosses were raised at 25 ◦C for 2 days, and then shifted to 29 ◦C for an additional
3 days, The third-instar larvae were dissected.

2.4.3. Immunostaining

Larval discs were dissected and then fixed in 4% formaldehyde for 40 min. After
several washes with 0.3% (v/v) PBST, the discs were stained with primary antibodies at
4 ◦C overnight and then secondary antibodies at room temperature for 2 h. The following
antibodies were used: mouse anti-MMP1 (1:200, Developmental Studies Hybridoma Bank,
DSHB (Iowa City, IA, USA), Cat. #3A6B4-c), mouse anti-β integrin (1:100, DSHB, Cat.
#CF.6G11-c), rat anti-DE cadherin (1:100, DSHB, Cat. #DCAD2-c), goat anti-mouse cyanine-
3 (1:1000, Life Technologies (Carlsbad, CA, USA), Cat. #A10521), goat anti-rat cyanine3
(1:1000, Life Technologies, Cat. #A10522). Vectashield mounting media (Vector Laboratories,
Cat. #H-1500) was used for mounting.

2.5. Data Analysis

The Data were presented as bar graphs or mean value ± standard divisions. The
figures were created using the Origin 8.0 software (OriginLab Corporation, Northampton,
MA, USA). For statistical significance, one-way ANOVA, along with Bonferroni’s multiple-
comparison test and Duncan’s multiple range test, was applied for the drosophila test and
dandelion filed evaluation. A p value less than 0.05 was considered significant; ns was not
significant, p ≥ 0.05; * was significant, p < 0.05; ** meant p < 0.01; *** meant p < 0.001.

3. Results and Discussion
3.1. Identification of Salt-Induced Calluses

RAPD identification showed that 3 (S358, OPA-19 and OPC-05) out of 41 random
primers amplified different bands from that of the control corresponding to NaCl con-
centrations of 205 mM, 170 mM, and 136 mM, respectively (Figure 1), indicating that
high-NaCl-concentration exceeding 136 mM could induce DNA variation, which may
cause some different extend of trails variations from their mother plant, such as plant
shape, leaf shape, and plant size, etc. [6]. However, dandelions in natural conditions also
have chance to produce some morphological variations, and parts of reasons were ascribed
to apomixis [6]. No matter what treatment method is used, for dandelion breeders, it
is the premise to make trait variation between offspring and mother parent, and then
continue to carry out excellent trait screening work for an ideal dandelion line. Our method
of NaCl-induced calluses mutation provided the probability for subsequent dandelion
breeding works.
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Figure 1. RAPD identification results. Band M was marker, number 1 to 8 were at NaCl concentrations
of 0 mM, 0 mM, 85 mM, 136 mM, 170 mM, 205 mM, 256 mM and 307 mM, respectively.

3.2. Morphological Evaluation

As the method described for the determination of dandelion lines in the section of
materials and method, we obtained 6 candidate dandelion lines and recorded 11 mor-
phological parameters for them. Results showed that these dandelion lines showed some
differences in aspects of plant shape, leaf pubescence, leaf vein color, leaf size, etc. (Table 1).
Especially, we found two dandelion materials originated from that of NaCl concentrations
of 136 mM (Y2) and 170 mM (Y3) were obviously advantaged than other materials in the
characteristics of plant shape and whole plant size. Dandelions from Y2 appeared obviously
upright growth, while Y3 showed larger size for whole plant than other materials. In addi-
tion, among the 11 morphological parameters, the purple at the base of leaf vein was stably
inherited and not affected by the environment according to our long-term observations and
these materials involved Y2 and Y5.

Table 1. Morphological evaluation of dandelion progenies.

Index Y1 * Y2 Y3 Y4 Y5 Y6 CK

Plant shape <45◦ 75–90◦ 45–75◦ <30◦ <45◦ <30◦ <45◦

Leaf pubescence no yes no no no only front side no
Leaf margin color green light purple green green green green green

Phyllopodium color purple purple purple purple light purple purple purple
Leaf margin toothed yes light cleft yes yes yes yes yes

Leaf vein green purple at lower green green purple at lower green green
Distance of top leaf

lobe to 2nd lobe larger smaller middle larger larger larger larger

Leaf crack depth deep deep deep deep deep deep deep

Leaf flatness intimate
smooth

intimate
smooth

intimate
smooth

intimate
smooth

intimate
smooth

intimate
smooth

intimate
smooth

Leaf length (cm) 23.9 ± 1.4 22.9 ± 1.4 28.1 ± 1.7 23.3 ± 1.4 22.2 ± 1.3 23.6 ± 1.4 23.2 ± 1.4
Leaf width (cm) 4.7 ± 0.3 5.3 ± 0.3 6.1 ± 0.4 4.8 ± 0.3 4.5 ± 0.3 4.8 ± 0.3 4.7 ± 0.3

* Y1–Y6 were progenies of dandelion tissue culture plantlets originated from calluses treated at 85 mM, 136 mM,
170 mM, 205 mM, 256 mM and 307 mM NaCl, respectively; CK was female parent “Daye”; Data of leaf length or
width was shown as mean ± standard deviations (n = 6).

The plant shape was an important index in directly determining mechanized harvests
in the future. The plant shape was divided into three criteria, namely flat growth (angle
< 30◦), half-upright growth (30◦ < angle < 75◦), and upright growth (angle > 75◦), based
on the angle between the new leaf and ground. As plant shape of most dandelions was
flat or had intimately half-upright growth, leading to that their harvest of fresh leaf was
mainly relied on artificial way. Therefore, the relatively upright growth was vital trait
for considering the mechanized operation in the future, which could greatly decrease the
harvest cost comparing to the manual harvesting. The plant shape of dandelion lines from
Y2 and Y3 were divided into upright and half-upright growth, which were named as “Binpu
2” and “Binpu 1” later. In addition, the large plant size of Y3 indicated a potentially high
yield. Hence, dandelion materials from Y2 and Y3 were the focus for dandelion breeding.
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3.3. Yield and Bioactive Compounds Contents

Dandelions are rich in phenolic acids and flavonoids, which have strong antioxidant
and antitumor effects [20]. We further compared leaf yields and the contents of compounds
from the two lines (Y2 and Y3). Overall, dandelions of Y3 showed the highest yield and Y2
had the highest compounds content (Table 2). Y2 demonstrated high contents in caffeic
acid, chlorogenic acid, and cichoric acid. Of these, the cichoric acid content was 39.6%,
36.7% and 48.9% higher than its mother plant, local dandelion cultivar, and the criterion
that stipulated by “the People’s Republic of China Pharmacopoeia 2020”, respectively.
Although the total flavonoids content in Y2 were lower than in other resources, considering
the relatively high fresh leaf yield, it was still considered to be a satisfied resource for high
contents of bioactive compounds.

Table 2. Yield and bioactive compounds contents.

Name 1 Total Flavonoids
(mg/g)

Caffeic Acid
(mg/g)

Chlorogenic Acid
(mg/g)

Cichoric Acid
(mg/g)

Fresh Leaf Yield
(t/ha)

CK 4.51 ± 0.25 c 0.07 ± 0.005 c 0.28 ± 0.02 c 4.8 ± 0.27 b 13.2 ± 1.14 ab

Y2 3.01 ± 0.17 d 0.32 ± 0.02 a 0.81 ± 0.06 a 6.7 ± 0.38 a 14.2 ± 1.23 a

Y3 6.61 ± 0.37 b 0.06 ± 0.004 c 0.49 ± 0.04 b 3.8 ± 0.22 c 14.9 ± 1.29 a

Anguo 8.72 ± 0.48 a 0.1 ± 0.007 b 0.26 ± 0.02 c 4.9 ± 0.28 b 11.6 ± 1.01 b

1 CK, Y2 and Y3 were referred to Table 1; ‘Anguo’ was the local dandelion cultivar; Fresh leaf yield has been
converted by actual measured value × loss factor (0.85); Data were expressed as mean ± standard deviations
(n = 4), within columns, means followed by the different letters of a, b, c etc. showed significant difference
according to Duncan (D) significant difference analysis (p = 0.05).

The dandelion is used as traditional herbal medicine, and generally high contents of
bioactive compounds are an important consideration for dandelion quality or function
evaluation. Hence, based on the above results, we continued comparing the ability of
anti-tumor cell migration among these dandelion lines at the same time.

3.4. Tumor Cell Migration Evaluation
3.4.1. Inhibitory Dose of Dandelion Extract on Tumor Cell Migration

The mobilized UAS/GAL4 expression system was used to generate a cell migration
model in Drosophila with third-instar larval wing epithelia. RNA interference (RNAi)
mediated the knockdown of the cell polarity gene scribble (scrib) triggered by massive
cell migration phenotype (Figure 2d,e) [21,22]. The green fluorescent proteins (GFPs),
labeled as migrating cells, were detached from the anterior-posterior (A/P) compartment
boundary and moved toward the posterior part of the wing imaginal discs (Figure 2e,e’).
After quantifying this phenotype, strong increased levels in the migrating cell number,
the median, or the max distance were found (Figure 2f–h). Then, we tested the inhibitory
effect of different concentrations of dandelion extract (Figure 2b,c) on ptc > scrib-IR in the
Drosophila cell migrating model. The results only showed the extracts at the concentration
of 0.2 g/mL obviously inhibited scrib-depleted induced cell invasion without affecting the
fly normal growth (Figure 2f–h).
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> scrib-IR larvae. A loss of scrib could induce strong epithelial-mesenchymal transition 
(EMT) phenotypes, as revealed by the up-regulated expression of matrix metalloprotease1 
(MMP1) (Figure 3a) and β-integrin (Figure S2), and a reduction in E-cadherin (a cell ad-
hesion molecule) levels (Figure S2) [21,23,24]. By combining the statistical results of mi-
grating cell number and migrating distances, the increased cell migration of ptc > scrib-IR 
was mildly suppressed by CK (mother plant) and largely inhibited by Y2 (Figure 3g–i). 
The up-regulated MMP1 expression was obviously suppressed by Y1, Y2, Y4, or CK, but 

Figure 2. Dandelion extract inhibited cell polarity disruption-induced cell migration. Light graphs
showing whole plant (a) or dry powder (b) of mother plant (CK). (c) Schematic view of larva feeding
and the wing discs location. (d,e) Fluorescent images of 3rd instar larval wing discs. Compared with
ptc-GAL4 UAS-GFP control (d), knockdown of scrib along the A/P boundary triggered massive
cell migration in the wing pouch, which marked by green fluorescent protein (GFP) (e). Statistical
analysis of the migrating cell number (f), median migrating distance (g) and max migrating distance
(h) in indicated groups (n = 20 for each genotype). The columns from left to right were (1) ptc >
GFP/+, (2) ptc > GFP/UAS-scrib-IR, (3)–(6) ptc > GFP/UAS-scrib-IR larve treated with dandelion
dry powder aqueous extracts at a concentration of 0.05, 0.1, 0.2 or 0.4 g/mL, respectively. Error bars
indicates standard deviations. One-way ANOVA with Bonferroni multiple comparison test was used
to compute p-values, *** p < 0.001, ** p < 0.01; ns, no significant difference. Scale bar: 40 µm (d,e),
20 µm (d’,e’).

3.4.2. Evaluation of Different Dandelions on Tumor Cell Migration

Based on above results, a 0.2 g/mL extract of different dandelion lines were fed to ptc >
scrib-IR larvae. A loss of scrib could induce strong epithelial-mesenchymal transition (EMT)
phenotypes, as revealed by the up-regulated expression of matrix metalloprotease1 (MMP1)
(Figure 3a) and β-integrin (Figure S2), and a reduction in E-cadherin (a cell adhesion
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molecule) levels (Figure S2) [21,23,24]. By combining the statistical results of migrating
cell number and migrating distances, the increased cell migration of ptc > scrib-IR was
mildly suppressed by CK (mother plant) and largely inhibited by Y2 (Figure 3g–i). The
up-regulated MMP1 expression was obviously suppressed by Y1, Y2, Y4, or CK, but not
by Y3 (Figure 3a–f). In addition, the up-regulation of β-integrin and the reduction in
E-cadherin activity were only inhibited by Y2, whereas the other tests had no effects on the
β-integrin and E-cadherin alterations induced by a loss of scrib (Figure S2). Collectively,
these results proved that dandelion materials from Y2 had a strong inhibitory effect on
cell migration, the increased level of MMP1 and β-integrin, and the reduced expression of
E-cadherin.
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Figure 3. Dandelion extracts impede cell migration and MMP1 up-regulation. (a–f) Fluorescence
micrographs of third instar larval wing discs were shown, anterior was to the left and dorsal up. The
endogenous MMP1 expression was marked by anti-MMP1 antibody (red). Column bar graph of the
migrating cell number (g), median migrating distance (h) and max migrating distance (i) as shown
in (a–f) (n = 20 for each genotype), error bars indicate standard deviation. One-way ANOVA with
Bonferroni multiple comparison test was used to compute p-values, *** p < 0.001, * p < 0.05; ns, no
significant difference. Scale bar: 20 µm (a–f). CK: mother plant; Y1–Y4, represented the dandelion
progenies originated from calluses that treated under NaCl concentration of 85 mM, 136 mM, 170 mM
and 205 mM, respectively.
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4. Conclusions

We created a series of dandelion progeny materials based on salt-induced callus
mutation and tissue culture techniques. Combined with the results of morphological
evaluation, a comparison of the main bioactive compounds, as well as an anti-tumor
function evaluation of lines of Y2 and Y3, showed satisfied performance in functionality
and yield. Of these, Y2 exhibited the highest phenolic acids content and strong ability of
anti-tumor cell migration; thus we named Y2 as “Binpu 2”. Its plant shape was upright, the
fresh leaf yield was 14.2 t/ha, and the cichoric acid content was 6.7 mg/g. “Binpu 2” was
suitable for mechanized harvesting and could be widely used for production in the field of
food and medicine.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae8121167/s1, Figure S1: Progenies of dandelion
tissue culture plantlets grown on saline-alkali land; Figure S2: Dandelion extract suppresses β-
integrin accumulation and reduced E-cadherin level induced by loss of scrib; Table S1: PCR primers
information.
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Abstract: Paeonia lactiflora Pall. is widely used in medicine, garden applications, and as a potted
ornamental. Cultivated varieties of paeonifloras suitable for cut flowers are urgently needed. In
this study, the pollen morphology of P. lactiflora was studied and the characters of different varieties
were compared, so as to provide reference for selecting suitable parents for new hybrid varieties.
We examined the pollen morphology of 15 herbaceous peony varieties using scanning electron
microscopy and analyzed the external pollen morphology and genetic relationship of the varieties.
The pollen grains of the studied varieties were spheroidal or subspheroidal, bilaterally symmetrical
monads, circular in polar view, and circular or elliptical in equatorial view. The exine of the pollen
grains was observed as being relatively smooth under the light microscope, with the area around
the equatorial axis having more lumina under the scanning electron microscope. The pollen grain
exine sculpture was either reticular or pit type. The pollen apertures were tricolporate, arranged
longitudinally, and equally spaced. The pollen grains were of two sizes: medium and small. The
differences between the varieties were mainly reflected in the exine sculpture of the pollen. The closer
the genetic relationship between the 15 peony varieties, the more subtle the differences in the exine
sculpture. In the same cluster group, the morphological characteristics of herbaceous peony pollen
were correlated with the shapes of flower and scale buds and the texture of the petals. However, the
study identified no direct correlation with the cultivar type and flower color.

Keywords: Paeonia lactiflora Pall; pollen; exine sculpture; phylogenetic relationships

1. Introduction

Pollen carries a large amount of genetic information, and the structure of pollen grains
is determined by species genes. Individual pollen grains are not easily affected by the envi-
ronment and have relatively stable characteristics [1–6]. Understanding the morphological
characteristics of pollen is important for discussing the origin, evolution, classification, and
kinship of seed plants [7,8]. Some researchers have used a scanning electron microscope
(SEM) to observe the pollen morphological characteristics of ornamental plants and explain
the relationship between their species or varieties [9,10]. Studies on the pollen morphology
of Paeonia lactiflora or Paeonia species have also been reported [11,12].

Paeonia lactiflora Pall. is a species of herbaceous flowering plant in the family Paeo-
niaceae. It is widely used in medicine, garden applications, and as a potted ornamental.
However, some characters (such as flower type, color, size, pedicel length, and upright
stem) of the existing varieties are not in line with the application standards of fresh cut
flowers, which restricts the production and sale of such flowers. Breeding suitable peony
varieties is important for the production of fresh cut flowers. In this study, 15 varieties of
peony were selected for submicroscopic morphology analysis. We used SEM to observe
morphological characteristics of pollen from these 15 varieties. We then analyzed the rela-
tionship between the tested varieties based on the external morphological characteristics of
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the plant and exine sculpture of the pollen. The aim of the study was to provide a reference
for the selection of parents of new cut flower varieties in hybrid breeding.

2. Materials and Methods
2.1. Test Materials and Sampling

The test was conducted at the Horticulture Experimental Station of Shandong Agri-
cultural University, the Experimental Center of the College of Horticulture Science and
Engineering of Shandong Agricultural University, and the College of Life Science of Shan-
dong Agricultural University. The test materials comprised 15 varieties of herbaceous
peony. The sampled peony varieties are shown in Figure 1 and detailed in Table 1. During
late April to early May 2020, plant material was collected between 10:00 and 11:00 a.m. on
clear days. Complete anthers with mature, but not cracked, powder were collected with
tweezers and placed into a penicillin bottle filled with glutaraldehyde fixing solution. Five
milliliters of the solution was then slowly drawn using a 10 mL syringe, and then pumped
back in slowly. This process was repeated two or three times to ensure full contact between
the solution and the anthers, and the anthers were then allowed to sink in the fixative. The
bottles were then refrigerated at 0–4 ◦C until use.
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Table 1. Main morphological characteristics of the varieties of Paeonia lactiflora in the test. 

Pollen 
Code Cultivar Type Bulbil Shape Bud Shape Flower Color Petal Texture 

1 Pavilion type Brush-shaped 
Inclined sharp-pointed 

peach-shaped White Papery 

2 Crown type Projectile-shaped Sharp-pointed peach-
shaped 

White Papery 

3 Rose type Bamboo-shaped Inclined sharp-pointed 
peach-shaped 

Pink Leathery 

Figure 1. External morphology of Paeonia lactiflora flowers: (1), Xueyuanhonghua; (2), Yangfeichuyu;
(3), Fenchijinyu; (4), Gaoganhong; (5), Bingshan; (6), Xuefeng; (7), Tianshanhongxing; (8), Qingtianlan;
(9), Guifeichacui; (10), Dafugui; (11), Hongfeng; (12), Chifen; (13), Hongxiuqiu; (14), Dongjingnvlang;
(15), Hongfushi.

2.2. Electron Microscope

The pollen was dehydrated stepwise with alcohol and then evenly glued onto a
circular metal platform with conductive double-sided tape using tweezers. The pollen was
gold-coated in an IB-5 ion sputtering apparatus. The coated samples were scanned from
different angles to observe the individual, local, and group sculpture of pollen grains and
photographed using a JSM-6610LV scanning electron microscope. Twenty pollen grains
from each species were selected for measurements and observations of sculpture type,
polar axis length, equatorial axis length, lumina diameter, and ridge width. The values
were averaged and the minimum–maximum range was recorded [13]. The submicroscopic
morphology of the pollen grains was described according to Punt et al. [7].
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Table 1. Main morphological characteristics of the varieties of Paeonia lactiflora in the test.

Pollen
Code Cultivar Type Bulbil Shape Bud Shape Flower Color Petal Texture

1 Pavilion type Brush-shaped Inclined sharp-pointed
peach-shaped White Papery

2 Crown type Projectile-shaped Sharp-pointed peach-shaped White Papery

3 Rose type Bamboo-shaped Inclined sharp-pointed
peach-shaped Pink Leathery

4 Colorful-ball type Projectile-shaped Sharp-pointed peach-shaped Red Waxy
5 Crown type Bamboo-shaped Sharp-pointed peach-shaped White Papery
6 Crown type Bamboo-shaped Sharp-pointed peach-shaped White Papery
7 Rose type Bamboo-shaped Sharp-pointed peach-shaped White Waxy
8 Rose type Brush-shaped Sharp-pointed peach-shaped Soft red Papery
9 Crown type Bamboo-shaped Sharp-pointed peach-shaped Pink Papery
10 Rose type Bamboo-shaped Sharp-pointed peach-shaped Red Waxy
11 Colorful-ball type Bamboo-shaped Sharp-pointed peach-shaped Red Papery
12 Rose type Brush-shaped Sharp-pointed peach-shaped Pink Papery
13 Crown type Bamboo-shaped Sharp-pointed peach-shaped Red Waxy
14 Rose type Bamboo-shaped Sharp-pointed peach-shaped Pink Leathery
15 Colorful-ball type Brush-shaped Sharp-pointed peach-shaped Burgundy Waxy

1, Xueyuanhonghua; 2, Yangfeichuyu; 3, Fenchijinyu; 4, Gaoganhong; 5, Bingshan; 6, Xuefeng; 7, Tianshanhongx-
ing; 8, Qingtianlan; 9, Guifeichacui; 10, Dafugui; 11, Hongfeng; 12, Chifen; 13, Hongxiuqiu; 14, Dongjingnvlang;
15, Hongfushi.

2.3. Data Analysis

Based on the data of six indexes (pollen polar axis length, equatorial axis length, ratio
of polar axis length to equatorial axis length, perforation diameter, number of perforations
per unit area, and ridge width), systematic cluster analysis in IBM SPSS Statistics 19.0
software was used to develop a dendrogram [14].

3. Results and Analysis
3.1. External Pollen Forms

According to Erdtman’s NPC classification system [8], the pollen of the tested peony
varieties was classified as N3P4C5. The pollen grains were of monad type, spheroidal or
subspheroidal (P/E ranging from 0.91 to 1.03), and symmetrical, except for a few pollen
grains with an irregular shape (Table 2 and Figure 1). The size of normally developed
grains in the same cultivar was ambiguous, but their size among different varieties was
pronounced. The pollen in all tested varieties was circular in polar view and circular or ellip-
tical in equatorial view (Table 2). The varieties with elliptical pollen in equatorial view were:
Xueyuanhonghua, Yangfeichuyu, Fenchijinyu, Gaoganhong, Bingshan, Tianshanhongxing,
Qingtianlan, Guifeichacui, Dafugui, Dongjingnvlang, and Hongfushi. The varieties with
circular pollen in equatorial view were Xuefeng, Hongfeng, Chifen, and Hongxiuqiu.

Table 2. Pollen grain characteristics of Paeonia lactiflora varieties.

Pollen
Code

Length of
Polar Axis

(µm)

Length of
Equatorial
Axis (µm)

P/E
Perforation
Number per

100 µm2

Lumina
Diameter

(µm)

Ridge
Width
(µm)

D/W Shape of Two
Poles

Type of
Exine

Sculpture

1 23
(18.5–26.4)

25.3
(21.2–28.4) 0.91 140 0.60 0.41 1.46 circular and

elliptical reticular

2 24.14
(21.6–26)

26.3
(21.6–29.4) 0.92 145 0.60 0.51 1.18 circular and

elliptical pit

3 24.3
(22–27.2)

26.4
(23.8–28.6) 0.92 85 0.82 0.59 1.39 circular and

elliptical reticular

4 26.7
(22.4–29.6)

26.9
(21.6–30.2) 0.99 102 0.55 0.58 0.95 circular and

elliptical pit
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Table 2. Cont.

Pollen
Code

Length of
Polar Axis

(µm)

Length of
Equatorial
Axis (µm)

P/E
Perforation
Number per

100 µm2

Lumina
Diameter

(µm)

Ridge
Width
(µm)

D/W Shape of Two
Poles

Type of
Exine

Sculpture

5 27.2
(23–31.5)

27.8
(24.8–30.2) 0.98 140 0.57 0.49 1.20 circular and

elliptical pit

6 24.3
(20–28.2)

25.4
(23.6–26.8) 0.96 170 0.44 0.51 0.86 circular pit

7 27
(21.6–31.2)

26.3
(21.6–29.2) 1.03 70 0.57 0.69 0.83 circular and

elliptical pit

8 25
(32.1–22.2)

25.6
(20.6–28.5) 0.98 130 0.56 0.50 1.12 circular and

elliptical pit

9 25.4
(20.8–29.6)

25.7
(19–30.8) 0.99 125 0.48 0.48 0.86 circular and

elliptical pit

10 28.3
(24.4–31.6)

27.8
(22.6–31.4) 1.02 100 0.50 0.61 0.82 circular and

elliptical small pit

11 22.62
(17.8–26)

23.9
(14.8–28.4) 0.95 145 0.35 0.36 0.97 circular pit

12 25.7
(20.8–28.87)

26.6
(22–28.4) 0.97 125 0.55 0.45 1.22 circular pit

13 25.2
(21.8–27.8)

25.3
(20.4–27.6) 1.00 125 0.48 0.57 0.84 circular small pit

14 22.4
(17.8–25.8)

24.3
(17.6–29.6) 0.92 160 0.37 0.42 0.88 circular and

elliptical small pit

15 24.7
(19–29.2)

26.2
(23–29) 0.94 160 0.49 0.41 1.2 circular and

elliptical pit

1, Xueyuanhonghua; 2, Yangfeichuyu; 3, Fenchijinyu; 4, Gaoganhong; 5, Bingshan; 6, Xuefeng; 7, Tianshanhongx-
ing; 8, Qingtianlan; 9, Guifeichacui; 10, Dafugui; 11, Hongfeng; 12, Chifen; 13, Hongxiuqiu; 14, Dongjingnvlang;
15, Hongfushi.

3.2. Surface Ornamentation Characteristics of Pollen

The exine of the pollen grains of the 15 peony varieties was smooth at light microscope,
and with a clearly defined lumina near the equatorial axis at SEM. From the equatorial axis
to the poles, the diameter of the lumina gradually decreased, and the shape of the lumina
openings was roughly circular or subcircular. According to the quantitative index of peony
pollen morphology established by Yuan and Wang [15], the ratio of lumina diameter to ridge
width was used as a reference index for the pollen exine sculpture. The exine sculpture
can be divided into three types: reticular, pit, and small pit. The reticular exine type was
present in Xueyuanhonghua and Fenchijinyu, the small pit type was found in Dafugui,
Hongxiuqiu, and Dongjingnvlang, and the pit sculpture was present in Yangfeichuyu,
Gaoganhong, Bingshan, Xuefeng, Tianshanhongxing, Qingtianlan, Guifeichacui, Hongfeng,
Chifen, and Hongfushi (Table 2 and Figure 2).

3.3. Apertures of the Pollen Grains

The pollen apertures of the 15 herbaceous peony varieties were tricolporate, arranged
longitudinally, and equally spaced. The trenches demonstrated slight and gradual narrow-
ing toward the poles along the polar axis. The width of the pores and colpi varied slightly
between the varieties. The pore membrane had protrusions in Gaoganhong, Bingshan, and
Xuefeng and was without protrusions in Xueyuanhonghua, Yangfeichuyu, Fenchijinyu,
Tianshanhongxing, Qingtianlan, Guifeichacui, Dafugui, Hongfeng, Chifen, Hongxiuqiu,
Dongjingnvlang, and Hongfushi (Figure 2).

212



Horticulturae 2022, 8, 1161

Horticulturae 2022, 8, x FOR PEER REVIEW 5 of 9 
 

 

exine sculpture can be divided into three types: reticular, pit, and small pit. The reticular 
exine type was present in Xueyuanhonghua and Fenchijinyu, the small pit type was found 
in Dafugui, Hongxiuqiu, and Dongjingnvlang, and the pit sculpture was present in 
Yangfeichuyu, Gaoganhong, Bingshan, Xuefeng, Tianshanhongxing, Qingtianlan, 
Guifeichacui, Hongfeng, Chifen, and Hongfushi (Table 2 and Figure 2). 

 

 

Figure 2. Pollen morphological characteristics of Paeonia lactiflora varieties: 1-1, 1-2, 1-3: Xueyu-
anhonghua; 2-1, 2-2, 2-3: Yangfeichuyu; 3-1, 3-2, 3-3: Fenchijinyu; 4-1, 4-2, 4-3: Gaoganhong; 5-1, 5-
2, 5-3: Bingshan; 6-1, 6-2, 6-3: Xuefeng; 7-1, 7-2, 7-3: Tianshanhongxing; 8-1, 8-2, 8-3: Qingtianlan; 9-
1, 9-2, 9-3: Guifeichacui; 10-1, 10-2, 10-3: Dafugui; 11-1, 11-2, 11-3: Hongfeng; 12-1, 12-2, 12-3: Chifen; 
13-1, 13-2, 13-3: Hongxiuqiu; 14-1, 14-2, 14-3: Dongjingnvlang; 15-1, 15-2, 15-3: Hongfushi. 

3.3. Apertures of the Pollen Grains 
The pollen apertures of the 15 herbaceous peony varieties were tricolporate, arranged 

longitudinally, and equally spaced. The trenches demonstrated slight and gradual nar-
rowing toward the poles along the polar axis. The width of the pores and colpi varied 
slightly between the varieties. The pore membrane had protrusions in Gaoganhong, 
Bingshan, and Xuefeng and was without protrusions in Xueyuanhonghua, Yangfeichuyu, 

Figure 2. Pollen morphological characteristics of Paeonia lactiflora varieties: 1-1, 1-2, 1-3: Xueyuan-
honghua; 2-1, 2-2, 2-3: Yangfeichuyu; 3-1, 3-2, 3-3: Fenchijinyu; 4-1, 4-2, 4-3: Gaoganhong; 5-1, 5-2,
5-3: Bingshan; 6-1, 6-2, 6-3: Xuefeng; 7-1, 7-2, 7-3: Tianshanhongxing; 8-1, 8-2, 8-3: Qingtianlan; 9-1,
9-2, 9-3: Guifeichacui; 10-1, 10-2, 10-3: Dafugui; 11-1, 11-2, 11-3: Hongfeng; 12-1, 12-2, 12-3: Chifen;
13-1, 13-2, 13-3: Hongxiuqiu; 14-1, 14-2, 14-3: Dongjingnvlang; 15-1, 15-2, 15-3: Hongfushi.

3.4. Pollen Grain Size

The pollen grains of the 15 peony varieties were divided into two size categories:
medium (25–50 µm) and small (10–25 µm) (Table 2).

Seven varieties had a polar axis between 10 and 25 µm: Xueyuanhonghua, Yangfe-
ichuyu, Fenchijinyu, Xuefeng, Hongfeng, Dongjingnvlang, and Hongfushi. Among them,
the pollen grains of Hongfeng were the smallest (22.62 µm × 23.9 µm).

Eight varieties had a polar axis between 25 and 50 µm: Gaoganhong, Bingshan,
Tianshanhongxing, Qingtianlan, Guifeichacui, Dafugui, Chifen, and Hongxiuqiu, with
Dafugui having the largest pollen grains (28.3 µm × 27.8 µm).

3.5. Cluster Analysis

The systematic cluster analysis diagram of pollen morphology directly reflects the
similarity of various units in the pollen exine sculpture (Figure 3). The closer the kinship, the
earlier the aggregation. According to this, the species with close kinship can be determined,
and the tested varieties can be divided into three groups.
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Figure 3. Clustering diagram of 15 varieties of Paeonia lactiflora.

The pollen morphology of the three varieties in Group I was nearly identical, and the
length of polar axis values were mostly 26–28.5 µm. All of the pollen grain indexes of the
two varieties in Group II were consistent, except for pore density, which varied slightly
between the two varieties. Group III includes 10 varieties characterized by the lumina type
of pollen pit, circular or subcircular pollen shape in polar view, and P/E values ranging
from 0.9 to 1. The ridge width was 0.36 µm in Hongfeng and 0.45–0.55 µm in the other
nine varieties.

4. Discussion
4.1. Similarities and Differences in Pollen Submicroscopic Morphological Characteristics among
Herbaceous Peony Varieties

The pollen outer wall sculpture varies with species [16,17]. The SEM revealed both
similarities and differences in the pollen grains among the 15 herbaceous peony varieties
that we examined. The differences were mainly reflected in the external morphology,
exine sculpture, apertures, and pollen grain size. In terms of the external morphology, the
pollen grains were circular in the polar view, and circular to elliptical in the equatorial
view. The equatorial view can be used as a basis for analyzing the relationships among the
15 varieties.

In this study, the pollen grain exine was relatively smooth under the light microscope,
and the lumina near the equatorial axis was clear under the SEM. From the equator to the
poles, the diameter of the lumina gradually decreased. The lumina shape was roughly
circular or elliptical. The morphological differences in the pollen grains were mainly
reflected in the number of perforations per unit area, lumina diameter, ridge width, shape
in polar view, and sculpture type. The number of perforations per unit area varied with
cultivar. There were three basic types of sculpture: reticular, pit, and small pit. The lumina
diameters and ridge widths of individual grains of the same pollen were not equal, and the
size difference varied with cultivar. There were some differences between the results of
this study and those of Xi [18]. The exine sculpture, shape, and size of the pollen grains
among different individuals of the same species are not affected by planting location,
showing strong conservation [19]. Different test materials may lead to the differences in
the above conclusions.

The pollen grains in the studied varieties were tricolporate, arranged longitudinally,
and equally spaced. The trenches gradually and slightly narrowed toward the poles along
the polar axis. The spindle-shaped colpium was situated near the poles. The width of
the colpi varied slightly among cultivar varieties. The pore membrane was either with or
without protrusions. The varieties with protrusions included Gaoganhong, Bingshan, and
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Xuefeng, while the other 12 varieties had no protrusions in the pore membrane. The size
of the pollen grains varied by cultivar and were separated into medium (25–50 µm) and
small (10–25 µm) sizes. The microstructure of the exine sculpture of the pollen grains was
consistent among individuals of the same cultivar, but varied among different varieties.
The results of this experiment are consistent with those reported by Jin et al. [20].

4.2. Kinship

Cross breeding is an important way to breed new cut flower varieties and is one of
the most widely used and effective methods for breeding [21]. Therefore, understanding
the morphological relationship between varieties can help to predict the values for target
phenotypes when cross-breeding new varieties. According to the pollen morphological
characteristics and cluster analysis diagram, the closer the genetic relationship between
varieties, the more subtle the differences in pollen morphological characteristics and exine
sculpture. This is consistent with the results of Hao and Ma [12]. The cluster dendrogram
based on pollen morphology resolved the three varieties of Gaoganhong, Tianshanhongx-
ing, and Dafugui in the same cluster group (Cluster I) and are therefore closely related.
Their petals are waxy in texture, their scales and buds are bamboo shoot-shaped, and their
flower buds are pointed peach-shaped. The varieties Xueyuanhonghua and Fenchijinyu
belong to the same cluster group (Cluster II) and have the closest relationship. Their petals
have a papery texture, the scales and buds are brush-shaped, and the flower buds are
crooked peach-shaped. The remaining 10 varieties (Cluster III) were closely related on
the basis of pollen morphology. They are characterized by pointed peach-shaped flower
buds. The petals of four varieties, Xuefeng, Hongfeng, Dongjingnvlang, and Hongfushi,
are leathery in texture, and their scales and buds are in the shape of bamboo shoots. The
petals of the remaining six varieties are papery in texture, and the scales and buds are
projectile-shaped. This indicated that the pollen morphological characteristics in Clusters I
and II were consistent with the texture of the petals, the shape of the scale buds, and the
shape of the flower buds. The morphological characteristics of pollen in Cluster III were
consistent with the shape of the flower buds, but not with the texture of the petals or the
shape of the scale buds.

5. Conclusions

The aim of this study was to provide a basis for the selection of parents of new cut
flower varieties in hybrid breeding. The 15 tested peony varieties were clustered into
three groups. The pollen morphological characteristics correlated to a certain degree with
petal texture and the shape of the scales and flower buds. There was no direct correlation
between the morphological characteristics of the pollen and the cultivation type or flower
color. These phenotypes may be controlled by multiple genotypes or are the results of
long-term natural and artificial selection, which warrants further study. In this study, we
studied the pollen morphology of P. lactiflora and compared the characteristics of different
varieties. Future research will examine the molecular biology, plant morphology, and
plant physiology of the tested varieties to provide a reference for the breeding of Paeonia
cut flowers.
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Abstract: Acacias are widely distributed in tropical and subtropical regions of the world and have
both economic as well as medicinal value. The estimation of genome size is very important as
it changes due to the change in noncoding DNA sequence as well as genome duplication among
organisms for their evolutionary aspects. Three potential species of the genus Acacia including Acacia
etbaica, Acacia johnwoodii and Acacia origena, which are threatened and nearly endemic to Saudi Arabia,
were collected. The present study was carried out to determine the genome size (2C DNA contents),
total phenolic content (TPC), total flavonoid (TFC) and some bioactive compounds in these species
for their comparison. The genome size ranged from 1.91 pg (A. etbaica) to 2.45 pg/2C (A. origena)
among the Acacia species, which correspond to genome sizes 1843.15–2364.25 Mbp, respectively. The
variation was observed in genome size within Acacia species as nuclei were extracted using different
extraction buffers except for GB and MB01 buffers. The FTIR analysis revealed the presence of various
functional groups in compounds that might be responsible for different types of phytochemicals in
these Acacia species. Total flavonoid content (TFC) ranged from 0.647 (A. origena) to 1.084 mg QE/g
DW (A. etbaica), whereas the total phenolic f content (TPC) ranged between 15.322 (A. origena) to
28.849 (A. johnwoodii) mg/g DW of GAE. HPLC analysis revealed the presence of quercetin 3-β-D-
glucoside and luteolin 7-rutinoside in the leaves of all three Acacia species in considerable amounts,
and these might have good health-promoting effects. This is our first study on genome size (2C
DNA content) using flow cytometry and phytochemical profiling on these Acacias. Thus, estimated
genome size and phytochemical study of these species could help to understand the biosynthesis of
secondary metabolites under various genes and the evolutionary relationships among them.

Keywords: bioactive compounds; C value; flavonoid; FTIR; medicinal plants; phenolics; propidium
iodide

1. Introduction

Acacia species (approx. 1380 species) are distributed in tropical and subtropical parts
of the world, including large areas of the Arabian Peninsula, deserts of Africa and the
Middle East, and two-thirds are native to Australia [1–4]. Acacia, also known as Acacias
(family: Fabaceae; subfamily: Mimosoideae), is considered an important shrub and tree.
Different species of Acacia are found in Western, Northern and Eastern parts of Saudi Arabia
and grow in various types of soils [5,6]. Some species of Acacia, viz., Acacia johnwoodii
Boulos, Acacia origena Hunde and Acacia etbaica Schweinf, have been reported from Saudi
Arabia. According to Al-Mefarrej [7], A. origena and A. etbaica are found in the Al-Baha and
Aseer regions of Saudi Arabia. Acacias have various uses as these are potential sources
of firewood, forage, timber, gum, fiber, tannins, folk food, and medicine; moreover, these
species are used as useful for soil, environmental protection and water conservation.
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Genome size is an invariable feature of an individual and is generally invariable within
a species. The amount of nuclear DNA, a set of simple multiples of its basic quantity, is
named ‘C-values’. The amount of DNA in the unreplicated gametic nucleus of an organism
is known as the 1C value (holoploid genome size) [8], which is termed genome size.
Genome size (nuclear DNA content) varies approx. 2400-fold in angiosperms as a result
of changes in the amount of genome duplication and noncoding DNA sequences [9]. In
seed plants genome size varied from 0.13 to 254.8 pg [10,11]. Comparative studies have
suggested that large genome size is maladaptive through its constraints on plant physiology
in plants [12,13]. At present, duplications of whole-genome have clearly had a main effect
on genome size in plants.

The use of flow cytometry (FCM) in the determination of DNA ploidy level, cell
cycle analysis and assessment of nuclear DNA content have arisen as its most widespread
applications [11,14]. Flow cytometry has been commonly used at the population level
to identify alterations in nuclear DNA contents, i.e., cytotype and intraspecific variation,
which is often one of the results of hybridization, as reported in Sorbus and Viola [15] [16,17].
Undoubtedly, this method is simple, low cost and has become a complementary means
to infer output data from population genetics (i.e., allelic frequencies). There are various
protocols available in the literature for the extraction of nuclei for genome size estimation
as developed by researchers [18–22].

A large group of plant polyphenols known as flavonoids is found in different plant
species. Flavonoids have a wide range of health-promoting properties due to their antioxi-
dant nature. Natural flavonoids and phenolic compounds have been used to cure various
human diseases [23]. These flavonoids act as shielding compounds to protect the plant
against damage from high levels of solar radiation, particularly ultraviolet (UV) radiation.
The flavonoid quercetin is a major constituent in plants which is found in abundance in its
glycoside form [24]. Quercetin compounds have various biological and pharmacological
activities, including anti-inflammatory, antiviral, antibacterial and anticarcinogenic [25–27].
Flavonoid glycosides participate in the prevention of cancer, atherosclerosis, and chronic
inflammation in humans by deacceleration of oxidative degradation and treatment of
amyotrophic lateral sclerosis [23,28]. The flavonoid rutin has multiple pharmacological
activities and protects plants against pathogens or ultraviolet radiation and also used to
inhibit the side effects of some diseases such as hypercholesteremia diabetes, and cancer
treatments [29,30]. Among the various secondary metabolites, phenolics compounds have
several beneficial effects to humans particularly in the cure of diseases such as neurodegen-
erative disorders, cancer and cardiovascular [31–34].

Based on many applications of secondary metabolites in humans, as reported in the
literature, our main objective is to study the phytochemical profiling of the leaves of Acacia
species, including A. johnwoodii, A. etbaica and A. origena, since a comparative phytochemical
study has not been reported till date. The estimation of genome size (2C DNA content) of
these Acacia species is important as they have a narrow geographical range, low density
and small population size and grow under extreme environmental conditions. Therefore,
in the present study, different extraction buffers were used for the extraction of nuclei from
cotyledons of germinated seeds of Acacias for genome size estimation and a comparative
study was performed among them.

2. Materials and Methods
2.1. Seeds Collection

The seeds of Acacia species were collected in the month of June 2021 from Abha
province of Saudi Arabia. The seeds were identified by a taxonomist, and voucher specimen
for Acacia johnwoodii (21635), Acacia origena (23066) and Acacia etbaica (23811) was deposited
at the Department of Botany and Microbiology, College of Science, King Saud University,
Riyadh, Saudi Arabia. After collection, the seeds were stored at room temperature, and
further, they were air-dried to a minimum moisture content before storage. The collection
of Acacia species and their information are given in (Table 1).
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Table 1. Acacia species status, collection place, seed size and leaf size (plant grown in a pot in
a growth chamber).

Acacia Species Accession
Number

Species Status in
Saudi Arabia

Collection
Place

Seed Diameter (cm)
(Mean ± SD)

Seed Length (cm)
(Mean ± SD)

Leaf Length
(cm)

Acacia johnwoodii
(Boulos) Ragup.,
Seigler, Ebinger

& Maslin

KSUSB95 Threatened Dhi Ain
(Abha) 0.62 ± 0.012 a 1.1 ± 0.100 a 4.7 ± 0.55 a

Acacia etbaica
(Schweinf.)

Kyal. & Boatwr
KSUSB99 Near endemic Wadi Khaytan

(Abha) 0.43 ± 0.007 c 0.518 ± 0.01 c 2.47 ± 0.34 b

Acacia origena
(Hunde) Kyal.

& Boatwr
KSUSB92 Near endemic Dhi Ain (Abha) 0.52 ± 0.025 b 0.630 ± 0.01 b 1.53 ± 0.152 c

a,b,c indicates significant difference according to Duncan’s test (p < 0.05).

2.2. Pot Experiment

The Acacias seeds were sterilized with minor modifications, as followed by Al-
Qurainy et al. [35]. The collected mature seeds were washed with tap water for 30 min,
followed by doubled distilled water to remove microbes and dust. The washed seeds were
treated with 50% bleach for 10 min for surface cleaning, and thereafter, they were washed
with distilled water 3–4 times. The sterilized seeds were sowed in the pot containing
soil consisting of peat moss and pearlite (3:1). The seedlings of all Acacias were raised in
a growth chamber adjusted the conditions as 16-h/8-h, 25 ± 1 ◦C Day/night cycle. The
cotyledons (20 days after sowing) were harvested for the genome size estimation. The
young leaves were harvested from 3 months old plants for phytochemical profiling and
bioactive compound estimation.

2.3. Buffer Preparation for Nuclei Extraction

Galbraith’s buffer [18] (45 mM MgCl2; 30 mM sodium citrate; 20 mM MOPS; 0.1%
(v/v) Triton X-100; pH 7.0)

LB01 buffer [21] (15 mM Tris; 2 mM Na2EDTA; 0.5 mM spermine.4HCl; 80 mM KCl;
20 mM NaCl; 15 mM β-mercaptoethanol; 0.1% (v/v) Triton X-100; pH 7.5)

MB01 [22] (20 mM MOPS; 25 mM Na2EDTA; 0.7 mM spermine.4HCl; 80 mM KCl;
20 mM NaCl; 1% (w/v) PVP; 0.5% (v/v) β-mercaptoethanol; 0.2% (v/v) Triton X-100; pH 7.4

Tris-MgCl2 buffer [19] (200 mM Tris; 4 mM MgCl2.6H2O; 0.5%(v/v) Triton X-100; pH 7.5)

2.4. Nuclei Extraction and Staining

The nuclei were extracted using the protocol as developed by authors [18–21] with
slight modification in PVP (2%, w/v) and β-mercaptoethanol (0.6%, v/v) concentrations in
nuclei isolation buffer. For each species, three replicates were taken for nuclei extraction
as well as analysis. All necessary equipment used in the nuclei extraction was cleaned
thoroughly. The whole nuclei extraction process was performed on ice. The cotyledon was
used from the germinated seeds of all Acacias for the extraction of nuclei. The harvested
cotyledons were washed with distilled water three times to remove soil, bacteria and fungi.
Before extraction of the nuclei, the cotyledons were kept in doubled distilled water to get
fully turgid cells for easy chopping and releasing of nuclei in the buffer. The young and
fresh cotyledons of germinated seeds (25 mg for each) were chopped with a sharp razor
blade into 0.4–0.5 mm size in cold nuclei isolation buffer (500 µL buffer). The released
nuclei in the extraction buffer were passed through a double nylon mesh (pore size, 20 µm,
purchased from Macrokun (Shijiazhuang, China). The final volume of filtered nuclei
suspension was made to 750 µL. The nuclei suspension was stained with 50 µg/mL of
PI dye (Propidium iodide) and incubated at 4 ◦C for 10 min. The same process was used

219



Horticulturae 2022, 8, 994

for the extraction of nuclei from the standard plant (Solanum lycopersicum) with the same
extraction buffer. Relative 2C nuclear DNA content (genome size) of each Acacia was
estimated by comparing them with plant DNA standards (Solanum lycopersicum) provided
by Dr. Jaroslav Dolezel.

2.5. Flow Cytometric Analysis

Nuclear DNA content (2C DNA content) in all Acacia species was calculated according
to Doležel et al. [21]. A minimum of 5000 propidium iodide-stained nuclei was estimated
using a flow cytometer FACS Muse cell analyzer (Sigma, St. Louis, MO, USA). A minimum
flow rate (0.12 µL/s) of the capillary was set to ensure the accuracy of the results. Solanum
lycopersicum (2C = 1.96 pg) was kindly provided by Dr. Jaroslav Dolezel, Laboratory of
Molecular Cytogenetics and Cytometry, Institute of Experimental Botany, Czech Republic,
for the estimation of the genome size of Acacia species. The histograms generated in the
Muse cell analyzer were computerized, and further analysis was performed for genome
size estimation. The sample 2C DNA content was calculated according to the formula:

2C DNA content (Acacias) =
Fluorescence mean intensity of Acacias

Fluorescence mean intensity of standard
× 2C DNA content of standard

The number of base pairs per haploid genome was calculated based on the equivalent
of 1 pg DNA = 965 megabase pairs [36].

2.6. Extraction of Phytochemicals

Plant samples (leaves harvested from 3-month-old plants grown in pots) were washed
properly and dried in the shade at room temperature (25 ◦C). The fine, coarse powder was
made from dried leaves. 5 g of leaf powder was used for the extraction of phytochemicals
in 100 mL methanol. The mixture was kept in a rotatory shaker for 12 hrs, and thereafter,
it was filtered through Whatman filter paper No. 1. The filtrate was concentrated and
dried under reduced pressure at 40 ◦C using a rotary vacuum evaporator. The concentrated
samples (extract) were dissolved in methanol for analysis and kept at 4 ◦C until used.

2.6.1. Determination of Total Phenolic Contents (TPCs)

The total phenolic content in the methanolic leaf extract of A. etbaica, A. johnwoodii and
A. origena was measured using Folin–Ciocalteu reagent using the method developed by
Ainsworth [37]. The reaction was set up in a final volume of 2 mL (50 µL of leaf extract,
50 µL of Folin–Ciocalteu reagent and 1.9 mL of deionized water) and kept for 8 min. The
above mixture was neutralized with 20% Na2CO3 solution and incubated for 30 min. The
standard curve of gallic acid (1 mg/mL, dissolved in the methanol stock solution) was
prepared for the estimation of TPCs in the samples. After adding all the reagents to the
reaction tube and incubation, the samples were read at 765 nm wavelength as the color
developed in the reaction mixture using a UV-visible spectrophotometer (SHIMADZU,
UV-1800, Tokyo, Japan). The total phenolic content was estimated from the linear equation
of a standard curve prepared with gallic acid (y = 0.0017x − 0.0289 with R2 = 0.9807). The
calculated TPCs were expressed as mg/g gallic acid equivalent (GAE) of dry weight sample.

2.6.2. Determination of the Total Flavonoid Content (TFCs)

Estimation of the total flavonoid content in the leaf of A. etbaica, A. johnwoodii and
A. origena was performed using the protocol developed by Ordonez [38]. In 2 mL of Ep-
pendorf tube, 0.2 mL of 2% AlCl3 and 0.2 mL of plant extract were added and incubated
at room temperature for 1 h. After incubation, deionized water (0.4 mL) was added to
the above mixture. The absorbance was taken at 420 nm using a UV-visible spectropho-
tometer (SHIMADZU, UV-1800, Kyoto, Japan). A calibration curve was prepared using
the quercetin reference standard compound. Total flavonoid content was calculated as
quercetin (mg/g DW) using the following equation (Y = 0.031x + 0.137 with R2 = 0.9893),
as generated from calibration curve.
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2.6.3. Estimation of Bioactive Compounds, Quercetin and Rutin in Methanolic Leaf Extract
of Acacias Using HPLC

The quantification of flavonoid compounds was conducted using HPLC analysis with
a UV-Vis diode array detector (DAD). The methanolic extract of the samples was analyzed
using a Waters system (Agilent Technologies 1290 Infinity system, Santa Clara, CA, USA)
coupled to a diode array detector with a 200–400 nm detection range and mobile phase
for HPLC, as followed by Al-Qurainy et al. [35] with minor modification. The separation
was performed in a ZOBRAX RX-C18 column (4.6 × 150 mm) in which the mobile phases
were pumped at a flow rate of 0.800 mL/min (quercetin 3-β-D-glucoside) and 1 mL/min
(luteolin 7-rutinoside) with a run time of 5 min and injection volume of 1 µL. The flavonoid
standard solutions (quercetin-3-β-D-glucoside and luteolin 7-rutinoside) and samples were
injected into the system using an auto-injector. Various mobile phases were checked at
different flow rates with the same column temperatures in order to find a suitable separation
method for the standards. Finally, the mobile phase (methanol and acetonitrile) was set up
in the ratio of (65:35) for better separation of quercetin-3-β-D-glucoside, and for luteolin
7-rutinoside separation, methanol and 0.6% acetic acid (v/v) in HPLC grade water in
the ratio of (65:35) was used. Both flavonoids (quercetin-3-β-D-glucoside and luteolin
7-rutinoside) were estimated at a wavelength (λ) = 274 nm. The standard compound,
quercetin-3-β-D-glucoside and luteolin 7-rutinoside, were purchased from (Sigma–Aldrich,
St. Louis, MO, USA) for estimation in samples by comparing their retention times (quercetin-
3-β-D-glucoside, 1.54 min, and luteolin 7-rutinoside, 1.34 min) and absorbance spectra.
Calibration curves were constructed with standard solutions (quercetin-3-β-D-glucoside) of
0.1, 0.2, 0.3 and 0.4 µg/µL and content in the samples were calculated with linear-squares
y = 1244x + 23.5 using Microsoft Office Excel software with correlation values of ≥0.9956.
Similarly, luteolin 7-rutinoside was calculated using the linear regression equations obtained
from standard curve: Y = 5260X-2, (R2 = 0.9965, Y: peak area, X: rutin content). All samples
were examined in triplicate to ensure the accuracy of the results.

2.7. Functional Groups Characterization by FTIR

Fourier transform infrared spectrophotometer (FTIR) is the most powerful technique
for the identification of the nature of chemical bonds (functional groups) present in com-
pounds. All the Acacias extracts were analyzed in triplicates for the reproducibility of the
results. The wavelength of light absorbed by the functional group present in the compound
can be seen in the spectrum. The scanning was achieved at wavelength 400–4000 cm−1,
and results were shown in the % transmission analysis. The functional groups of the
compounds were separated according to peak ratio (peak values in IR radiation region).

2.8. Statistical Analysis

The statistical analysis was carried out in SPSS software by one-way analysis of
variance (ANOVA) followed by Duncan’s test for the estimation of genome size and
phytochemicals. The fluorescence histograms were resolved into G0/G1 (2C), S and G2/M
(4C) cell-cycle compartments. The mean fluorescence intensity of G0/G1 was used for the
calculation of the 2C DNA content of Acacia species. Different letters were used on bars
which represent the significant difference at p ≤ 0.05.

3. Results

The morphometric traits, including seed length and diameter, were measured among
three species of Acacias. Both traits of seed were found to be highest in A.johnwoodii than
the other two species, A. etbaica and A. origena (Table 1). Seed shape was also varied among
them, as given in Figure 1. The seeds were sowed in the pot in the growth chamber to
get the cotyledon for genome size estimation. The morphology and size of leaves varied
among the Acacia species (data taken in pot experiment) (Figure 1). The largest variation
in leaf length was observed in A. johnwoodii, followed by A. etbaica and A. origena, under
normal conditions. The cotyledons of germinated seeds (20 days after sowing) were used
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for the estimation of genome size. The excised cotyledons from germinated seeds were
washed with double distilled water before chopping them into the extraction buffer. The
extracted and stained nuclei (propidium iodide) were scanned with a Muse cell analyzer.
The cell cycle phase (G0/G1) was found to be highest in nuclei extracted using the MBO1
buffer in all Acacias, followed by GB, Tris-MgCl2 and LB01, respectively (Figures 2–4). The
sharp peak of the histogram that corresponds to the G0/G1 phase (2C level) of the cell
cycle was detected in all species (Figures 2–4), and the mean intensity of this phase was
used for the calculation of genome size (2C DNA content). The peaks corresponding to the
G2 + M (M = mitosis) phase (4C level) were also detected in all species.
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ences were found in the genome size of A. etbaica and A. johnwoodii with Tris-MgCl2 and 
LB01 buffers.  

Figure 1. Acacia species; morphology of seeds measured in centimeters (cm), plant grown in a pot
and leaf morphology (leaf length) measured in centimeters (cm) (a): A. johnwoodii; (b): A. etbaica;
(c): A. origena.
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Figure 2. Flow cytometry (FCM) histograms of propidium iodide (PI) fluorescence intensity of nu-
clei prepared from cotyledon of Acacia etbaica using different extraction buffers. (a) Galbraith’s 
buffer; (b) MB01 Buffer; (c) Tris-MgCl2 buffer; (d) LB01 buffer. 
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prepared from cotyledon of Acacia etbaica using different extraction buffers. (a) Galbraith’s buffer;
(b) MB01 Buffer; (c) Tris-MgCl2 buffer; (d) LB01 buffer.
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Figure 3. Flow cytometry (FCM) histograms of propidium iodide (PI) fluorescence intensity of nuclei
prepared from cotyledon of Acacia johnwoodii using different extraction buffers. (a) Galbraith’s buffer;
(b) MB01 Buffer; (c) Tris-MgCl2 buffer; (d) LB01 buffer.
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clei prepared from cotyledon of Acacia origena using different extraction buffers. (a) Galbraith’s 
buffer; (b) MB01 Buffer; (c) Tris-MgCl2 buffer; (d) LB01 buffer. 

Table 2. Genome size (2C DNA content) of Acacia species as nuclei isolated with different nuclei 
extraction buffers with slight modification (0.6% β-mercaptoethanol and 2% PVP). 
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MB01 Buffer  
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LB01 Buffer  
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Acacia etbaica 
(Schweinf.) Kyal. & 

Boatwr 
1.91 ± 0.00 c 1.91 ± 0.02 c 2.21 ± 0.02 a 2.11 ± 0.02 b 

Acacia johnwoodii 
(Boulos) Ragup., 
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Kyal. & Boatwr 2.09 ± 0.00 a 2.09 ± 0.01 a 2.10 ± 0.18 a 2.45 ± 0.05 b 
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DW) and A. origena (15.32 ± 0.94 mg GAE/g DW), respectively (Figure 5a). In contrast to 

Figure 4. Flow cytometry (FCM) histograms of propidium iodide (PI) fluorescence intensity of nuclei
prepared from cotyledon of Acacia origena using different extraction buffers. (a) Galbraith’s buffer;
(b) MB01 Buffer; (c) Tris-MgCl2 buffer; (d) LB01 buffer.
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The data represented in the table is the mean of three replicates ±SD. The significant
differences between the Acacia species are shown by different letters in the table. Duncan’s
test at p < 0.05 was used for the analysis.

The genome size (2C DNA content) was compared among and within Acacia species
in different extraction buffers. The estimated genome size using different extraction buffers
ranged from 1.91 to 2.21 pg (A. etbaica), 2.07–2.19 pg (A. johnwoodii) and 2.09–2.45 pg
(A. origena), respectively (Table 2). Among the three species of Acacia, the highest genome
size was found to be 2.45 pg/2C in A. origena with LB01 buffer, whereas the lowest was
1.91 pg/2C in A. etbaica with GB and MB buffers, respectively. Genome size remained the
same within species in MB and GB buffer in all three Acacia species. However, it varied
among species. No significant difference was found in genome size within A. origena, when
nuclei were extracted with buffers (GB, MB and Tris buffers). All three species showed
variation in genome size with Tris-MgCl2 and LB01 buffers. Significant differences were
found in the genome size of A. etbaica and A. johnwoodii with Tris-MgCl2 and LB01 buffers.

Table 2. Genome size (2C DNA content) of Acacia species as nuclei isolated with different nuclei
extraction buffers with slight modification (0.6% β-mercaptoethanol and 2% PVP).

Plant Species Extraction Buffers

GB Buffer
(Mean ± SD)

MB01 Buffer
(Mean ± SD)

Tris MgCl2 Buffer
(Mean ± SD)

LB01 Buffer
(Mean ± SD)

Acacia etbaica
(Schweinf.)

Kyal. & Boatwr
1.91 ± 0.00 c 1.91 ± 0.02 c 2.21 ± 0.02 a 2.11 ± 0.02 b

Acacia johnwoodii
(Boulos) Ragup.,

Seigler,
Ebinger & Maslin

2.19 ± 0.04 a 2.19 ± 0.00 a 2.07 ± 0.07 b 2.12 ± 0.00 ab

Acacia origena
(Hunde)

Kyal. & Boatwr
2.09 ± 0.00 a 2.09 ± 0.01 a 2.10 ± 0.18 a 2.45 ± 0.05 b

a,b,c indicates significant difference according to Duncan’s test (p < 0.05).

3.1. Determination of Total Flavonoids (TFCs), Total Phenols (TPCs), and Bioactive Compounds

Total flavonoids and phenols were measured using the UV-visible spectrophotometer
following the methods used by Ordonez [38]; Ainsworth [37]. The total flavonoids and
phenols were calculated using the quercetin and gallic acid (GA) standard compounds
curve as generated by plotting the absorbance of different concentrations of quercetin and
gallic acid. The TPC content was varied in Acacia species, and highest was to be detected in
A. johnwoodii (28.84 ± 1.79 mg GAE/g DW), followed by A. etbaica (19.49 ± 1.87 mg GAE/g
DW) and A. origena (15.32 ± 0.94 mg GAE/g DW), respectively (Figure 5a). In contrast
to TPC, the TFCs content was found to be highest in A. etbaica (1.084 ± 0.30 mg QE /g
DW), followed by A. johnwoodii and A. origena (Figure 5b). The bioactive compounds
quercetin 3-β-D-glucoside (QBDG) and luteolin 7-rutinoside were detected in HPLC in
considerable amounts in all Acacia species (Figures 6 and 7). The quercetin 3-β-D-glucoside
(QBDG), which is a flavonoid glycoside, was observed to be highest in A. johnwoodii
(1.53 ± 0.04 mg/g DW) than the other two species of Acacia which had a low concentration
of this compound (Figure 8a). The content of quercetin 3-β-D-glucoside content varied
non-significantly between A. etbaica and A. origena. In contrast to quercetin 3-β-D-glucoside,
the content of luteolin 7-rutinoside was detected in the highest concentration in A. origena
(0.399 ± 0.01 mg/g DW), followed by A. johnwoodii (0.252 0.02 mg/g DW) and A. etbaica
(0.202 ± 0.01 mg/g DW), respectively. However, a significant difference was observed in
the content of luteolin 7-rutinoside among the species of Acacia (Figure 8b).
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Figure 7. HPLC chromatogram of bioactive compound (Luteolin 7-rutinoside) extracted from young
leaves of Acacia species; (a) Standard compound, Luteolin 7-rutinoside; (b) A. johnwoodii; (c) A. origena;
(d) A. etbaica.
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3.2. Fourier Transform Infrared Spectrometer (FTIR) Spectrum Analysis

Fourier Transform Infrared Spectrometer (FTIR) spectrum analysis was used to illus-
trate the functional group of bio-compounds based on the peak value in the infrared region
(Figure 9) and assigned their functional groups (https://www.sigmaaldrich.com/SA/en/t
echnical-documents/technical-article/analytical-chemistry/photometry-and-reflectomet
ry/ir-spectrum-table, accessed on 5 July 2022). The more intense band occurring at
3363.62 cm−1, 2943.79 cm−1, 2834.06 cm−1, 1642.96 cm−1, 1642.96 cm−1, 1451.85 cm−1,
1028.52 cm−1 and 794.26 cm−1 corresponding to different functional groups for related
compounds in A. origena (Table 3).

In A. etbaica, the intense band was observed at 3375.47 cm−1, 2947.10 cm−1, 2076.89 cm−1,
1637.10 cm−1, 1398.89 cm−1, 1022.61 cm−1 and 794.46 cm−1 corresponding to various
functional groups present on different compounds (Table 4). Similarly, the peak value
detected for the functional group for compounds present in A. johnwoodii at 3368.71 cm−1,
2944.93 cm−1, 2833.19 cm−1, 1648.33 cm−1, 1452.43 cm−1 and 793.82 cm−1, respectively
(Table 5).
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Figure 9. Fourier Transform Infrared Spectroscopy (FTIR) analysis for the methanolic extract of Acacia
species: (a) A. johnwoodii; (b) A. etbaica; (c) A. origena.

Table 3. Fourier Transform Infrared Spectrometer (FTIR) spectrum analysis for the methanolic extract
of A. origena.

Frequency (cm−1) Intensity Assignments Compound Group

794.26 Medium C=C bending Alkene

1028.52 Strong C-F stretching Fluro compound

1451.85 Medium C-H bending Alkane

1642.96
medium
medium
medium

C-N stretching
C=C stretching
C=C stretching

Imine/oxime
Alkene

Conjugated alkene

2834.06 Strong, broad
Weak, broad

O-H stretching
O-H stretching

Carboxylic acid
Alcohol

2943.79

Strong, broad
Weak, broad
Strong, broad

Medium

O-H stretching
O-H stretching
N-H stretching
C-H stretching

Carboxylic acid
Alcohol

Amine salt
Alkane

3363.62 Strong, broad O-H stretching Alcohol
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Table 4. Fourier Transform Infrared Spectrometer (FTIR) spectrum analysis for the methanolic extract
of A. etbaica.

Frequency (cm−1) Intensity Assignments Compound Group

794.46 Medium C=C bending Alkene

1022.61 Strong C-F stretching Fluro compound

1398.89 Strong S=O stretching sulfonyl chloride

1637.10 Medium
Medium

C=C stretching
C=C stretching

cyclic alkene
Alkane

2076.89 Strong N=C=S stretching Isothiocyanate

2947.10
Weak, broad

Medium
Strong, broad

O-H stretching
C-H stretching
N-H stretching

Alcohol
Alkane

Amine salt

3375.47 Medium N-H stretching aliphatic primary amine

Table 5. Fourier Transform Infrared Spectrometer (FTIR) spectrum analysis for the methanolic extract
of A. johnwoodii.

Frequency (cm−1) Intensity Assignments Compound Group

793.82 Medium C=C bending Alkene

1113.21
Strong

medium
Strong

C-F stretching
C-N stretching
C-O stretching

Fluro compound
amine

aliphatic ether

1452.43 Medium C=H bending Alkane

1648.33
medium
medium
medium

C-N stretching
C=C stretching
C=C stretching

Imine/oxime
Alkene

Conjugated alkene

2833.19 Strong, broad
Weak, broad

O-H stretching
O-H stretching

Carboxylic acid
Alcohol

2944.93

Strong, broad
Weak, broad
Strong, broad

Medium

O-H stretching
O-H stretching
N-H stretching
C-H stretching

Carboxylic acid
Alcohol

Amine salt
Alkane

3368.71 Strong, broad O-H stretching Alcohol

4. Discussion

Acacias grow in dry, hot environments due to the presence of their xeromorphic
structure. The high-water holding capacity of leaves and well-developed root system
enable Acacias to adapt to their dry, hot environment. To analyze the plant based on such
abiotic stress tolerant character, genome size and phytochemical study are necessary. Plant
genome size influences stress tolerances in plants via plasticity [39]. The genome size has
an impact on various parameters of the plant, such as drought tolerance, various nutritional
growth, and herbivore defense traits [40,41]. Information about the genome size of any
plant is very important as it has a strong correlation to many traits of the plants and their
evolutionary aspects. In the present study, the seeds of all three species were collected from
the same geographical region, time and same environmental conditions for genome size
estimation and phytochemical study. The plants were grown in a growth chamber under
optimum conditions. The morphological traits of Acacia species, including seed shape, size
and leaf morphology, were different from each other (Figure 1). However, seed color was
almost similar among the three species. The largest variation in leaf size was observed
in A. johnwoodii than the other two Acacia species. Overall, the morphological traits were
observed to be superior in A. johnwoodi than A. origena and A. etbaica. Similarly, the genome
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size of A. johnwoodii (2.19 pg/2C DNA content) was higher than A. etbaica (1.91 pg/2C
DNA content) and A. origena (2.09 pg/2C DNA content) in the same extraction buffer.
Variations in seed mass have been more closely associated with variations in genome size
than with divergences in other ecological and morphological variables [42]. The strong
relationship between DNA content, cell division rate and cell size could lead to predictable
morphological differences in plants, including a negative relationship with leaf mass per
unit area [43].

Identification of Acacia species according to phenotypic (morphological) characters
is very difficult as sometimes these markers overlap with each other. Plant genomes pro-
vide knowledge on biosynthetic pathways engaged in the synthesis of phytoconstituents.
Plant phenotypic expression [42,44], cell size, mitotic cell cycle and their constituent or-
ganelles [45] have been correlated to the genome size. The estimated genome size herein in
Acacia species could be used for their identification based on observed variation among
them. The genome size estimated with two buffers, namely MB01 and GB, was found
to be the same within Acacia species and could be used for the identification of these
species. In some study, genome size was stable within an individual and usually within
a species [46,47]; however, there are notable exceptions where variation have been observed
within species [48].

4.1. Genome Size (2C DNA Content) Variation within and among Acacias

For the first time, the genome size (2C DNA content) was estimated in Acacias,
including A. johnwoodii, A. etbaica and A. origena, which are important species found in the
Kingdom of Saudi Arabia. All three species had shown genome size variation within and
among when nuclei extracted with LB01 and Tris MgCl2 buffer. According to extraction
buffers (MB01 and GB), the genome size within Acacia species was found to be the same;
however, it varied among the species (Table 2). The result obtained in the current study
for genome size (2C DNA content) was supported by the work of other researchers who
worked on various plant species of the same genus and their populations [22,49–51].
Ouarda et al. [52] found genome size variation in Acacia tortilis from 2.95–3.03 pg/2C in
Tunisian, and those originating from Zimbabwe had consistent genome sizes (2C nuclear
DNA = 1.39–1.40 pg).

Various reasons might be possible for genome size variation in studied Acacias, includ-
ing biotic and abiotic factors prevailing in the natural habitat. Secondly, all three Acacias
are different species that belong to the same genus, so this might be the reason for the
variation in genome size. The genome size diversity in plant species is partly related to
variations in chromosome number [53], and polyploidy is recognized as one of the main
reasons for genome size variation [54]. Knight et al. [13] provided a literature review that
covers several factors that have been linked to DNA content variation in plants, such as
species diversity, latitude, altitude, precipitation temperature, generation time, seed mass,
various leaf anatomical traits and growth rate. Some studies have found relationships
between abiotic field conditions and genome size in plant species [45,55]. In another study,
it was observed that climate seasonality and biotic interactions are potential forces shaping
the evolution of genome size [56]. The ecological factors could also be important in shaping
the evolutionary dynamics of genome size [57] and the origins of secondary compounds
through gene duplication events [58].

Extraction buffer has an important role in genome size determination as different
extraction buffers have different chemical compositions, which could help in the extraction
of nuclei from different plant species in different levels of quantity and quality. The purpose
of using different extraction buffers in the present study is to measure the accurate genome
size of Acacias, as one nucleus extraction buffer cannot use for all plant species. In our study,
genome size varied within and among Acacia species significantly and non-significantly in
some buffers (Table 2), whereas it remained the same in some buffers. Different extraction
buffers may give variation in the yield and quality of extracted nuclei, which results in
variation in genome size (2C DNA content), as reported by Sadhu et al. [22].
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The isolation of nuclei in pure form is very important for genome size estimation as the
presence of various secondary metabolites and chlorophyll in the plant cell decreases the
purity of nuclei suspension and further affects fluorochrome fluorescence. Such compounds
exacerbate the problem of nuclei extraction and thus, affecting sample quality and causing
problems in DNA staining [59,60]. According to Noirot et al. [59], caffeine and chlorogenic
acids present in Coffea spp. hinder the PI’s intercalation to the DNA. Similarly, Lycium
species contain numerous cytosolic compounds, such as flavonoids and phenolic acids [61],
which can interfere with the fluorescent staining of nuclear DNA [60,62]. Therefore, sam-
ple selection is very important for the extraction of pure nuclei. We used cotyledons of
germinated seeds of Acacias for the extraction of pure nuclei, which had a low quantity of
secondary metabolites and chlorophyll content as compared to the leaf sample. Extraction
of nuclei from cotyledons was found to be pure as compared to leaf. Initially, we used the
same buffer composition as reported in the literature for the extraction of nuclei; however,
we could not get the sharp peak in FCM and hence were unable to estimate accurate genome
size (data not shown). Therefore, we modified the buffer composition by adding the PVP
(2% w/v) and 0.6% β-mercaptoethanol (v/v), which reduced the compounds’ interaction
with nuclei released from the cell and improved the purity of nuclei as indicated by sharp
peaks in all Acacias (Figures 2–4). The compound β-mercaptoethanol is a reducing agent
and checks the activity of phenolic compounds in the presence of another competitor, such
as PVP, and breaks the hydrophobic interactions [63]. In another study, Sadhu et al. [22]
used 1% of PVP in different extraction buffers, which yielded good-quality nuclei from
plants of different genera of the same family from both root and shoot tissues. In earlier
reports, it has been reported that PVP reduced the effect of polyphenols by changing their
conformational structure, maintaining the cell compounds in a reduced state and making
hydrogen bonds [63–65]. Thus, our result revealed that the two extraction buffers viz., GB
and MB01, could be used for the extraction of nuclei for estimation of genome size as no
variation in genome size within Acacia species has been observed as compared to other
extraction buffers used in this study.

4.2. Phytochemicals Profiling in Acacias

Phytochemicals are secondary metabolites that defend the plant and are used as
medicine to cure various human diseases. Phytochemical profiling was performed using
the methanolic extract of young leaves of Acacia species for comparative study based on
TFCs, TPCs and bioactive compound contents. The present study was conducted in the
growth chamber for phytochemicals comparison among three Acacia species (A. johnwoodii,
A. etbaica and A. origena). The leaves were harvested from 3-month-old plants for the
extraction of phytochemicals in methanol. Fourier-transform infrared spectroscopy (FTIR)
results showed the presence of different functional groups present on compounds in all
Acacia species. The functional group detected on compounds were almost similar except
for some unique functional groups, as aliphatic ether was detected in A. johnwoodii whereas
isothiocyanate, cyclic alkene and sulphonyl chloride were detected in A. etbaica. However,
functional groups, including Imine/oximes and conjugated alkenes, were not detected in
A. johnwoodii, whereas these were detected in the other two species of Acacia. The obtained
results show that FTIR spectroscopy is a rapid, reliable method for the comparative study
of Acacias. This is one type of analytical method of fingerprinting for the identification and
differentiation of plant species. Such type of fingerprinting method has been used for the
identification of various plant species such as Lycium, some moss species, birch species and
Rhodobryum roseum Limpr. and its adulterants [66–69].

Total flavonoids (TFCs) and phenolic contents (TPCs) were measured by colorimetric
spectrophotometry, and they varied among the Acacia species significantly. Among the three
species of Acacias, the TPCs were observed to be highest in A. johnwoodii (28.84 ± 1.79 mg
GAE/g DW) than the other two species of Acacia (A. etbaica and A. origena) significantly.
However, in contrast to TPCs, the TFCs were found to be highest in A. etbaica. This large vari-
ation in phenolic and flavonoid contents among Acacias might be responsible for different
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levels of medicinal properties. Many species of Acacia have shown medicinal properties and
have been used in different countries. Several species of Acacia have important resources
of bioactive compounds such as phenolics, flavonoids, alkaloids, saponins, terpenoids,
polysaccharides and tannins [70] which are responsible for several pharmacological effects,
including hypoglycemic, antibacterial, anti-inflammatory, anti-platelet aggregation, anti-
cancer, anti-atherosclerotic, anti-hypertensive and analgesic properties [71]. The present
result was supported by other researchers who observed variation in secondary metabolites
(TFCs and TPCs) in different plant species belonging to the same genus, including Iris
species and Monochoria species [72,73].

A high-performance liquid chromatographic method was used for the quantitative
determination of luteolin 7-rutinoside and quercetin 3-β-D-glucoside, which are important
flavonoids in plants. These bioactive compounds were extracted in 100% methanol from
the young leaf of A. johnwoodii, A. origena, and A. etbaica, as methanol is a good solvent for
the extraction of secondary metabolites. Different types of flavonoids are found in plants
as quercetin-3-rutinoside, rutoside, sophorin and luteolin 7-rutinoside [74,75], and they
have different pharmacological activities. The flavonoids, quercitrin and quercetin 3-β-D-
glucoside (QBDG) act as a chemical chaperone for the A4V SOD1 ALS-causing mutant [76].
The concentration of both compounds, including quercetin 3-β-D-glucoside and luteolin
7-rutinoside, varied among the Acacia species. This variability of bioactive compound
content has differentiated the Acacia species from each other as the highest concentration
of quercetin 3-β-D-glucoside was found in A. johnwoodii and Luteolin 7-rutinoside in
A. origena. The compound luteolin glycoside is found in different plant species, such as
artichokes [77] and possesses a varied range of biological activities participating in the
prevention and treatment of various diseases. Luteolin plays a vital role in shielding plants
against ultraviolet radiation [26,78].

Based on the phytochemical study, TFCs, TPCs, luteolin 7-rutinoside and quercetin
3-β-D-glucoside, all three species of Acacia showed variation in a controlled environment,
and these might have different pharmacological activities. The reason behind this variability
of phytochemicals in these Acacia species might be due to the genotype variation (different
species of the same genus) since no stress was imposed on the plant at any stage. However,
the biosynthesis of such compounds, including phenolics, depends on the plant stage [79],
growing conditions, species exclusiveness, vegetation period (altitude, climatic factors
and soil properties) [80–83], and seasonal variation [84]. The variation in the content of
flavonoids and phenolics has been observed in different species of Acacias and in their
different parts [85,86]. Such compounds (flavonoids) could be used in other plant species
effectively to analyze the evolutionary relationships of different plant families and for
their authentication.

5. Conclusions

Estimation of genome size is very important in plant species as it makes whole genome
sequencing easy, which will support carrying out a more comprehensive study of the
evolution and origin. The results of the present study on genome size and phytochemical
study on different species of Acacias are the first time that could be used further for
molecular biology research. Our study shows that genome size (2C DNA content) varied
among the species of Acacias. Among different nuclei extraction buffers, MB01 and GB
proved to be the best buffers for extraction of nuclei for estimation of genomes size and
could be used for other Acacia species as genome size within Acacia species remained the
same. FTIR spectra of leaf extract revealed the presence or absence of diverse functional
groups on a compound, and some are unique to Acacia species. The leaves of Acacias
species showed the presence of quercetin 3-β-D-glucoside and luteolin 7-ritinoside, which
are good antioxidant flavonoids. Further, the research could be performed in natural
habitats for the screening and estimation of phytochemicals during different seasons as
well as under abiotic stress conditions. More detailed studies of the phytochemical profile
and extraction of individual phenolic compounds need to be carried out in the future.
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Abstract: The Vitaceae genus Causonis is found in tropical to temperate climates from Asia to Australia,
including the Pacific Islands. Rafinesque established the genus in 1930; however, Süssenguth classified
it under Cayratia as a sect. Discypharia in 1953. The genus was resurrected in 2013 using morphological
and genetic evidence. We herein provided insight into the diversity of trichomes’ micromorphology
of selected species of this recently reinstated genus for taxonomical implication. Simple trichomes,
representing non-glandular and unbranched trichomes, are only found in Causonis. Trichomes vary
from straight, curved, hooked, appressed, pilose, to villous in different parts like branchlets, abaxial
leaf surface, and adaxial leaf surface in different species. They also vary in the same plant from the
young stage to the mature stage. Most species are pubescent when young, but a few species become
nearly glabrous when they are mature. Significant variations can be observed in trichomes’ length
between the species. Principal component analysis (PCA), based on the micromorphological traits,
was carried out for the species delimitation. In Mesquite, ancestral character state reconstruction
was used to examine evolutionary trends for trichomes on three different surfaces. The glabrous to
sparsely pubescent state found on the branchlets and both leaf surfaces were found to be the ancestral
state and, on the branchlets and both leaf surfaces, the villous hairs state was the derived state in the
genus. The identification of Causonis species is greatly aided by trichomes morphology. Therefore,
similar studies should be conducted on other Vitaceae genera to reveal the variety of trichomes found
in the family.

Keywords: character evolution; hairs; identification; morphology; stereomicroscopy

1. Introduction

Vitaceae is a widely known family of commercial significance owing to grapes,
wines, and raisins [1]. In addition, the family also has some plants with ornamental
values like Cissus verticillata (L.) Nicolson & C.E. Jarvis, Parthenocissus quinquefolia (L.)
Planch., and P. tricuspidata (Siebold & Zuccarini) Planch. [2]. It consists of 16 genera and
ca. 950 species [3]. A wide range of research is being carried out in the family from a
general morphological description of new taxa (species or genus) and already described
taxa or re-circumscription of taxa to different molecular level works such as phylogenetics,
character evolution, and biogeography. A large number of molecular works performed
on the family include phylogenetic analysis using selected chloroplast and/or nuclear
markers [4–11]. With the advent of new technologies, the paradigm in the Vitaceae research
has been slowly shifting from phylogenetic study to phylogenomic study to reveal long-
standing phylogenetic questions like resolving the non-monophyly of taxa because of gene
duplication or loss, hybridization, introgression, or incomplete lineage sorting [11–13].

Causonis Raf. is a recently segregated genus of Vitaceae. Wen et al. [14] resurrected
the genus Causonis from the genus Cayratia Juss. (hereafter Cayratia s.l.) based on both
molecular phylogeny and morphological evidence. Morphologically, Causonis do not have
ventral infolds covered with a distinct membrane in seeds, while Cayratia s.s. have ventral
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infolds covered with a distinct membrane. Rafinesque created the genus in 1830 [15],
although Gagnepain [16] considered them to be Cayratia species. Suessenguth [17] and
Latiff [18] classified them as members of the Cayratia sect. of Discypharia Suess. Later, sect.
Discypharia was treated as subg. Discypharia (Suess.) C.L.Li of Cayratia by Li [19], who was
then followed by Chen, et al. [20]. Subg. Discypharia has a non-articulate inflorescence axis,
without bracts on the inflorescence axis and ventral infolds without a distinct membrane
covering, versus the articulate inflorescence axis, with bracts on the inflorescence axis and
ventral infolds covered with a distinct membrane in subg. Cayratia.

Two species of subg. Discypharia, Cayratia oligocarpa (H. Lév. & Vaniot) Gagnep.
and C. albifolia C.L.Li, were transferred to a new genus Pseudocayratia J.Wen, L.M.Lu &
Z.D.Chen [21] based on the morphology in particular seed characters. Three Australian
species were moved to Causonis by Jackes [22], namely, C. clematidea (F.Muell.) Jackes,
C. eurynema (B.L.Burtt) Jackes, and C. maritima (Jackes) Jackes, based on endosperm shape
in the seeds’ cross section. The molecular phylogeny of any species requires morphological
support for its distinct taxa confirmation. The identification of the genus and species of the
Vitaceae has been facilitated by the use of seeds [3,10,23–25]. Gerrath et al. [26] revealed
interesting findings regarding tendrils and the position of inflorescences in the Vitaceae.
Trichomes, a vegetative character, are very useful and are often used in the keys for the
identification of species within the genus [20,21,27]. Nonetheless, it has been poorly studied
in detail in any particular genus of the family, except genus Vitis L. by Ma et al. [2,28].

Vitaceae is one of the families with problems in the identification of its taxa because of
huge variations in its vegetative characters like leaves’ architecture, tendrils’ furcation, vein-
lets’ number, veinlets’ position, and sometimes trichomes [11,20,27]. These morphological
characters vary from the young stage to the mature stage in the same plant. Taxa having
reproductive parts as diagnostic characters are often difficult to identify in the absence
of flowers or seeds. The vegetative parts like branchlets and leaves are generally easily
accessible irrespective of the season or stage of growth. The identification of plants can
be greatly aided by the diagnosis of plants based on these two morphological characters
in the absence of floral parts or seeds, though it is not applicable every time. Trichomes
can thus be incredibly helpful in identifying taxa within the Vitaceae. In addition, some
Causonis species, such as C. japonica and C. trifolia, are highly medicinal and used to treat a
variety of maladies [11]. As a result, they can be suggested for horticulture. Therefore, with
an aim to unveil trichomes’ diversity in different species of this horticulturally important
Causonis, we herein (1) study different types of trichomes on stems, abaxial, and adaxial leaf
surfaces for taxonomic implication in Causonis; (2) investigate quantitative features of tri-
chomes on stems, abaxial, and adaxial leaf surfaces in the genus; and (3) trace evolutionary
trends of trichomes on stems, abaxial, and adaxial leaf surfaces in the genus.

2. Materials and Methods
2.1. Taxon Sampling and Identification

In this study, 14 specimens representing 12 taxa of Causonis were studied. All of the
specimens sampled were recently collected from different distribution regions of the genus,
except C. ciliifera (Merr.) G.Parmar & L.M.Lu and C. tenuifolia (Wight & Arn.) G.Parmar &
L.M.Lu, which were observed from the deposited specimens at the National Herbarium
(PE), Institute of Botany, Chinese Academy of Sciences, Beijing. The plants were identified
following Chen, et al. [20] and Jackes [27]. One additional specimen each of C. trifolia (L.)
Mabb. & J.Wen and C. timoriensis var. mekongensis (C.Y.Wu ex W.T.Wang) G.Parmar &
L.M.Lu were included in this study to show the variation in trichomes within the species.
The voucher information of all studied samples is included in Table 1.

2.2. Microscopic Investigation

Trichomes’ diversity was examined from all of the specimens at PE. All specimens
were examined for variations in trichome morphology on branchlets, abaxial leaf surfaces,
and adaxial leaf surfaces using a stereomicroscope with a Leica DVM6 camera. Images of
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trichomes on different parts were taken using a scale. The terminology used for describing
trichomes follows Chen et al. [20] and Jackes [27].

Table 1. Voucher information of samples used in this study.

Taxon Voucher No. Locality

Causonis ciliifera (Merr.) G.Parmar & L.M.Lu PE00686401 (PE) China, Hainan, Jianfengling
Causonis clematidea (F.Muell.) Jackes PE01966347 (PE) Australia, Queensland, Cattle creek road

Causonis corniculata (Benth.) J.Wen & L.M.Lu CPG09774 (PE) China, Taiwan, Nantou
Causonis daliensis (C.L.Li) G.Parmar & L.M.Lu VN2014116 (PE) Vietnam, Lam Dong, Bidoup-Nui Ba

Causonis fugongensis (C.L.Li) G.Parmar & L.M.Lu CPG33017 (PE) China, Yunnan, Ruili
Causonis japonica (Thunb.) Raf. var. japonica CPG11331 (PE) China, Yunnan, Hekou

Causonis japonica var. pseudotrifolia
(W.T.Wang) G.Parmar & J.Wen CPG20403 (PE) China, Sichuan, Guangyuan

Causonis maritima (Jackes) Jackes AU020 (PE) Australia, Queensland, Cairns
Causonis mollis (Wall. ex M.A.Lawson)

G.Parmar & J.Wen LA41 (PE) Laos, Champasak, Pakse

Causonis tenuifolia (Wight & Arn.) G.Parmar & L.M.Lu. CPG38698 (PE) India, Kerala, Mannarkad
Causonis timoriensis var. mekongensis

(C.Y.Wu ex W.T.Wang) G.Parmar & L.M.Lu CPG32937 (PE) China, Yunnan, Yingjiang

Causonis timoriensis var. mekongensis
(C.Y.Wu ex W.T.Wang) C.L.Li CPG18926 (PE) China, Yunnan, Ruili

Causonis trifolia (L.) Mabb. & J.Wen LA17 (PE) Laos, Luang Namtha, Muang Sing
Causonis trifolia (L.) Mabb. & J.Wen CPG23885 (PE) Vietnam, Ninh Thuan, Ca Na

2.3. Quantitative Study

Trichomes’ lengths were measured for mature branchlets, abaxial leaf surfaces, and
adaxial leaf surfaces, including the shortest and longest trichomes on the surface, for each
species, if present. On each of the three parts of each species, six distinct trichomes were
measured including the shortest and longest trichomes, and the standard deviations were
calculated. Species lacking trichomes on specific parts were marked as absent. Trichomes’
length of C. trifolia (accession number LA17) and C. timoriensis var. mekongensis (accession
number CPG32937) were only recorded for the respective taxa because other species were
also represented by only one accession in this study. Accessions of C. ciliifera and C. tenuifolia
were studied for the types of trichomes from old collections, but they could not be studied
for trichomes’ length because of the limited accessibility of those samples.

2.4. Ancestral Character State Reconstruction

For the reconstruction of ancestral character states, trichome morphological character-
istics based on the position on three different plant parts, such as trichomes on branchlets,
trichomes on abaxial leaf surface, and trichomes on adaxial leaf surface, were chosen. The
evolution of characters was reconstructed in Mesquite 3.61 using the chloroplast dataset.
The “Trace Character History” and the Markov k-state one-parameter (Mk1) evolution-
ary model were employed in a maximum likelihood (ML) approach for character state
reconstruction [29].

3. Results
3.1. Microscopic Investigation

The study performed on 14 different specimens of Causonis revealed two distinct
types of trichomes: normal hairs and villous hairs. Pilose hairs, appressed hairs, hooked
hairs, and curved hairs were also observed, but were very rare in occurrence (Figure 1).
Specimens were found to be almost glabrous on the branchlets in C. maritima, C. corniculata
(Benth.) J.Wen & L.M.Lu, C. tenuifolia, C. japonica (Thunb.) Raf. var. japonica, and C. japonica
var. pseudotrifolia (W.T.Wang) G.Parmar & J.Wen. Causonis timoriensis var. mekongensis was
found to be sparsely pubescent with simple hairs. Puberulent hairs were only found on
the branchlets in C. daliensis (C.L.Li) G.Parmar & L.M.Lu. Villous hairs on the branchlets
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were observed in C. mollis (Wall. ex M.A.Lawson) G.Parmar & J.Wen, C. fugongensis (C.L.Li)
G.Parmar & L.M.Lu, and C. ciliifera. The morphologies of the trichome on branchlets are
shown in Figure 2A,B.
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Figure 1. Trichomes’ diversity on the midvein in leaves of Causonis. (A) Abaxial leaf surface of
C. timoriensis var. mekongensis with straight hairs (CPG32937). (B) Abaxial leaf surface of C. fugongensis
with curved hairs. (C) Adaxial leaf surface of C. trifolia with hooked hairs (CPG23885). (D) Adaxial
leaf surface of C. fugongensis with appressed hairs. (E) Abaxial leaf surface of C. timoriensis var.
mekongensis with pilose hairs (CPG18926). (F) Abaxial leaf surface of C. mollis with villous hairs.
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Figure 2. (A) Morphological variations of trichomes in Causonis. A, C. clematidea. B, C. timoriensis
var. mekongensis, CPG32937. C, C. trifolia, LA17. D, C. maritima. E, C. fugongensis. Trichomes’
morphologies on branchlets, abaxial, and adaxial surfaces of leaves are shown from left to right,
respectively. (B) Morphological variations of trichomes in Causonis. A, C. japonica var. japonica. B,
C. japonica var. pseudotrifolia. C, C. corniculata. D, C. daliensis. E, C. mollis. Trichomes’ morphologies
on branchlets, abaxial, and adaxial surfaces of leaves are shown from left to right, respectively.
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The abaxial leaf surface had villous hairs in C. mollis, C. fugongensis, and C. ciliifera,
while C. corniculata and C. maritima were glabrous on the abaxial leaf surface. The abaxial
leaf surface was glabrous to sparsely pubescent in C. japonica var. japonica, C. japonica var.
pseudotrifolia, and C. tenuifolia, but pubescent with straight hairs in C. clematidea, C. daliensis,
and C. timoriensis var. mekongensis. Pilose hairs were also observed in C. timoriensis var.
mekongensis and sparsely pubescent to densely pubescent with straight hairs in C. trifolia on
the abaxial leaf surface, while C. fugongensis also had curved hairs on the abaxial leaf surface.
The trichomes’ morphologies on the abaxial leaf surfaces are shown in Figures 1 and 2A,B.

Villous hairs on the adaxial leaf surface were observed in C. mollis and C. ciliifera,
sometimes confined only to the midvein. Glabrous to sparsely pubescent with simple hairs
were observed in C. clematidea, C. japonica var. japonica, and C. japonica var. pseudotrifolia
on the adaxial leaf surface, but pubescent with simple hairs were observed in C. daliensis,
C. trifolia, and C. timoriensis var. mekongensis. Appressed hairs were found in C. fugongensis
on the adaxial surface and hooked hairs on the midvein of adaxial surface in C. maritima. The
morphological variation in trichomes used for the diagnosis of species, including trichome
morphology on the adaxial leaf surface, is presented in Table 2 (Figures 1 and 2A,B).

Table 2. Morphology of trichomes on branchlets and leaves.

Taxon Trichomes on Branchlets Trichomes on Abaxial
Leaf Surface

Trichomes on Adaxial
Leaf Surface

C. ciliifera villous villous villous
C. clematidea pubescent when young pubescent sparsely pubescent

C. corniculata glabrous or sometimes sparsely
pubescent usually glabrous usually glabrous

C. daliensis puberulent pubescent pubescent
C. fugongensis villous villous/curved hairs appressed hairs

C. japonica var. japonica glabrous or pilose glabrous to sparsely
pubescent

glabrous to sparsely
pubescent

C. japonica var. pseudotrifolia almost glabrous glabrous to sparsely
pubescent

glabrous to sparsely
pubescent

C. maritima usually glabrous usually glabrous hooked hairs
C. mollis villous villous villous

C. tenuifolia usually glabrous usually glabrous usually glabrous
C. timoriensis var. mekongensis sparsely pubescent or pilose pilose or with simple hairs pubescent

C. trifolia sparsely pubescent pubescent pubescent

3.2. Quantitative Study

The length of trichomes on branchlets, as well as the abaxial and adaxial leaf surfaces,
wwas measured in different Causonis species. Causonis corniculata was found to have
the shortest trichomes (52.716 ± 28.73 µm) on branchlets, while C. mollis has the longest
trichomes (794.5 ± 54.32 µm), followed by C. trifolia (516.3 ± 466.432 µm). The observed
C. maritima from Australia did not have any trichomes on the branchlets. On the abaxial
leaf surface of C. corniculata and C. maritima, there were no trichomes. Causonis daliensis
possessed the shortest trichomes (171.5 ± 114.414 µm) on the abaxial leaf surface. The
longest trichomes on the abaxial leaf surface were observed in C. mollis (533 ± 318.379 µm),
followed by C. trifolia (467.9 ± 325.638 µm). On the adaxial leaf surface, the shortest
trichomes were observed in C. daliensis (57.316 ± 78.233 µm) and the longest in C. trifolia
(491 ± 421.59 µm), while trichomes were absent in C. corniculata. The trichomes’ length of
different species is presented in Table 3. In addition, categorical features of trichomes on
branchlets and leaves are presented in Table 4.

3.3. Principle Component Analysis (PCA)

Quantitative characters were employed for the PCA, and it was discovered that the
first PCA variance was 89.275, while the total of the three PCA variances was 100. The
eigenvalue, nevertheless, ranged from 0.3124 to 8.3719. (Table 5 and Figure 3). Based on
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trichomes on branchlets, abaxial leaf surfaces, and adaxial leaf surfaces, we investigated
species variation. Six taxa representing five species (C. daliensis, C. fugongensis, C. mollis,
C. japonica var. japonica, C. japonica var. pseudotrifolia, and C. timoriensis var. mekongensis)
occurred in PC1, whereas PC2 was represented by four species (C. clematidea, C. corniculata,
C. maritima, and C. trifolia).

Table 3. Quantitative features of trichomes on branchlets and leaves.

Taxon

Trichomes’
Length on
Branchlets

Min–Max (µm)

Trichomes’
Length on

Branchlets (µm)

Trichomes’ Length on
Abaxial Leaf Surface

Min–Max (µm)

Trichomes’
Length on

Abaxial Leaf
Surface (µm)

Trichomes Length on
Adaxial Leaf Surface

Min–Max (µm)

Trichomes’
Length on

Adaxial Leaf
Surface (µm)

C. clematidea 99.9–455.6 258.5 ± 164.93 99.9–499.9 268.1 ± 155.419 74.1–447.62 253.3 ± 148.996
C. corniculata 24.9–99.9 52.716 ± 28.73 Absent Absent Absent Absent

C. daliensis 33.3–250 130 ± 82.235 53.9–307.7 171.5 ± 114.414 46.5–110.5 57.316 ± 78.233
C. fugongensis 66.7–766.7 360.1 ± 292.73 109.1–454.6 261.9 ± 127.304 87.5–212.5 123.1 ± 52.052
C. japonica var.

japonica 66.7–177.8 123.3 ± 42.832 142.9–342.9 245.5 ± 97.376 54.6–254.6 141.66 ± 54.422

C. japonica var.
pseudotrifolia 33.3–211.1 115.1 ± 67.466 73.7–368.4 212.9 ± 128.562 43.8–225 115.5 ± 72.78

C. maritima Absent Absent Absent Absent 83.3–266.7 167.23 ± 77.322
C. mollis 499.9–1034.5 794.5 ± 54.32 100–850 533 ± 318.379 94.1–599.9 216 ± 3.011

C. timoriensis
var. mekongensis 49.9–233.3 131.9 ± 77.918 62.5–475 234.8 ± 164.124 80–280 171.1 ± 76.1

C. trifolia 54.6–1090.9 516.3 ± 466.432 90–870 467.9 ± 325.638 60–1020 491 ± 421.59

Table 4. Categorical features of trichomes on branchlets and leaves.

Taxon Trichomes’ Length on
Branchlets

Trichomes’ Length on
Abaxial Leaf Surface

Trichomes’ Length on
Adaxial Leaf Surface

C. clematidea 3 3 3
C. corniculata 1 0 0

C. daliensis 2 3 1
C. fugongensis 2 3 2

C. japonica var. japonica 2 3 2
C. japonica var. pseudotrifolia 2 3 2

C. maritima 0 0 2
C. mollis 6 5 4

C. timoriensis var. mekongensis 2 3 2
C. trifolia 6 5 6

Table 5. PCA of selected species of Causonis.

PC Eigenvalue % Variance

1 8.37199 89.275
2 0.6934 7.3941
3 0.312386 3.3311

3.4. Ancestral Character State Reconstruction

Using well-resolved chloroplast phylogeny, three morphological character states of
trichomes based on their location in the Causonis were investigated for state evolution.
According to our findings, the trichomes on branchlets in the genus were “glabrous to
sparsely pubescent” in their ancestral state and “villous” in their derived state (Figure 4A).
Trichomes on the abaxial leaf surface were “glabrous to sparsely pubescent” in their ances-
tral state, whereas “villous” was a derived state in the genus (See Figure 4B). Trichomes on
the adaxial leaf surface were “glabrous to sparsely pubescent” in their ancestral state, and
they were “villous” in their derived state in Causonis (Figure 4C).
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Figure 4. Character optimization of trichomes using the maximum likelihood approach based on the
Mk1 model implemented in Mesquite. (A) Trichomes on branchlets. (B) Trichomes on abaxial leaf
surface. (C) Trichomes on adaxial leaf surface. Pie charts show each character’s ML support at its
ancestral nodes.

4. Discussion

The morphology of vegetative parts, such as branchlets and leaves, is found to be
highly helpful in identifying Vitaceae taxa [20,21,27,28]. In particular, trichomes on branch-
lets and leaves are highly helpful for identifying the species of Causonis [23,27]. Using field
observations and a genus-wide screening of hundreds of herbarium specimens, branchlets
were observed to be sparsely pubescent in the young/immature stage, but glabrous in
the mature stage in the same plant. Sometimes, densely pubescent hairs were observed
in the seedling stage or young stage in some taxa like C. clematidea and C. japonica var.
japonica, with the morphology rarely observed in the mature stage. All of the hairs observed
in the genus were simple. Glandular or ribbon-like trichomes as revealed in genus Vitis
by Ma, et al. [28] were not found in Causonis. Causonis’ non-glandular trichomes appear
to be sufficient for performing its defensive and protective functions against a variety
of stresses, such as serving as a mechanical barrier against low humidity, intense light
and high temperatures, and insects’ behaviors during oviposition and feeding [30]. Only
C. mollis, C. ciliifera, and C. fugongensis were found to have villous hairs on their branchlets.
The only species with corniculate petals are C. ciliifera and C. corniculata, but the branchlets
and leaves of C. ciliifera are villous, while those of C. corniculata are nearly glabrous.

It is very challenging to identify Causonis species based solely on trichomes; additional
characters such as petals, seeds, stipules, tendrils, or veins, besides trichomes, are needed
for the identification. For example, C. trifolia and C. maritima can be easily distinguished
based on trichome morphology, but an additional tendrils’ morphology is needed for
their confirmation. Leaves of C. trifolia are pubescent on both surfaces, while C. maritima
typically have hooked hairs limited to the midvein on the adaxial surface and have a
glabrous abaxial surface [27,31]. However, C. trifolia occasionally exhibits hooked hairs
on the adaxial surface. Similarly, the abaxial leaf surface has villous hairs that limit the
number of species to three: C. ciliifera, C. mollis, and C. fugongensis, for easy identification
in the genus. Causonis ciliifera can be easily differentiated from the other two as having
corniculate petals, considering an additional character. The appressed hairs on the adaxial
leaf surface or the prominently raised veins on the abaxial leaf surface are characteristics
that help identify C. fugongensis. On the abaxial leaf surface of C. fugongensis, villous hairs
or curved hairs have been observed. Causonis mollis requires the aid of seed characters like
ventral infolds shape or endosperm shape in the cross section of seed for its identification.
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Causonis corniculata can be differentiated from C. ciliifera, the only another species with
corniculate petals in the genus, as lacking villous hairs on branchlets and leaves, as the former
generally has glabrous branchlets and leaves. Causonis tenuifolia and C. corniculata are both
almost glabrous, but the former lacks corniculate petals, and the petals’ morphology here is
another additional character that helps in identifying both species. Causonis timoriensis var.
mekongensis can be distinguished from other trifoliolate species like C. trifolia, C. maritima,
and C. japonica var. pseudotrifolia by its pilose hairs on the abaxial leaf surface [20]. Without
taking into account the morphological variation in trichomes, no other characters are
sufficient to distinguish those species. As a result, trichomes’ morphology plays a very
useful role in species identification in the genus.

High variations were observed in the length of trichomes between the species. How-
ever, the length of trichomes in a species revealed a certain degree of uniformity. For
example, C. corniculata, which lacks trichomes on the abaxial and adaxial leaf surfaces, has
the shortest trichomes on branchlets, and C. mollis and C. trifolia both share the longest
trichomes on all of the studied three surfaces between them. Therefore, the length of
trichomes revealed a certain degree of inference in the genus.

This study showed that the glabrous to slightly pubescent trichomes are the ancestral
state and the villous hairs are the derived state in the genus Causonis, regardless of the
position of the trichomes in the genus, such as branchlets or leaves (abaxial and adaxial). It
is possible that the villous hairs on branchlets and the abaxial surface of leaves have evolved
at least twice, while they have evolved once on the adaxial leaf surface in the genus. This
suggests that branchlets that are glabrous, sparsely pubescent, pubescent, or puberulent
with normal hairs and sometimes pilose are the ancestral state of the genus. Glabrous,
sparsely pubescent, or pubescent with normal hairs and sometimes pilose, hooked, curved,
or appressed hairs on the leaflets’ surface (abaxial and adaxial) are also the ancestral state
of the genus.

5. Conclusions

The current study is the first comprehensive examination of the micromorphology
of the trichomes in Causonis. Twelve taxa were studied for the morphology of trichomes
on branchlets and abaxial and adaxial surfaces of leaves using a stereomicroscope. The
genus was found to be represented by only simple trichomes that are non-glandular and
unbranched. Different types of trichomes such as straight, curved, hooked, appressed, and
villous are found in branchlets and leaves in the Causonis. High variations are noticed in
the trichomes’ length between the species. Based on the characteristics of the micromorpho-
logical trichomes, PCA is used to determine the species boundary of the taxa. Besides, we
examined the character state evolution of trichomes on leaf surfaces, including the abaxial
and adaxial leaf surfaces based on the chloroplast dataset using the maximum likelihood
approach in Mesquite. Glabrous to sparsely pubescent hairs, irrespective of the position in
plants, are the ancestral state and villous hairs are the derived state in the genus. Trichomes’
morphology is found to be very useful in the identification of Causonis species. To uncover
the whole trichome diversity within the family, a similar study should be conducted on
additional genera of the Vitaceae.
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