
mdpi.com/journal/genes

Special Issue Reprint

Phylogenetics, Genetics,  
and Breeding  
of Medicinal Plants

Edited by 
Wajid Zaman and Hakim Manghwar



Phylogenetics, Genetics, and Breeding
of Medicinal Plants





Phylogenetics, Genetics, and Breeding
of Medicinal Plants

Editors

Wajid Zaman
Hakim Manghwar

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Editors

Wajid Zaman

Life Sciences

Yeungnam University

Gyeongsan

Republic of Korea

Hakim Manghwar

Scientific Research Center of

Xixia Agricultural Park

Chinese Academy of Sciences

Nanchang

China

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Genes (ISSN 2073-4425) (available at: https://www.mdpi.com/journal/genes/special issues/

407QG96M2Z).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-0464-1 (Hbk)

ISBN 978-3-7258-0463-4 (PDF)

doi.org/10.3390/books978-3-7258-0463-4

© 2024 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.

https://www.mdpi.com/journal/genes/special_issues/407QG96M2Z
https://www.mdpi.com/journal/genes/special_issues/407QG96M2Z
https://doi.org/10.3390/books978-3-7258-0463-4


Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Sei Kinoshita, Kengo Sakurai, Kosuke Hamazaki, Takahiro Tsusaka, Miki Sakurai,
Terue Kurosawa, et al.
Assessing the Potential for Genome-Assisted Breeding in Red Perilla Using Quantitative Trait
Locus Analysis and Genomic Prediction
Reprinted from: Genes 2023, 14, 2137, doi:10.3390/genes14122137 . . . . . . . . . . . . . . . . . . 1

Hilde Nybom, Chengjiang Ruan and Kimmo Rumpunen
The Systematics, Reproductive Biology, Biochemistry, and Breeding of Sea Buckthorn—A
Review
Reprinted from: Genes 2023, 14, 2120, doi:10.3390/genes14122120 . . . . . . . . . . . . . . . . . . 14

Muniba Kousar and Joonho Park
Comparative Analysis of the Chloroplast Genome of Sicyos angulatus with Other Seven Species
of Cucurbitaceae Family
Reprinted from: Genes 2023, 14, 1776, doi:10.3390/genes14091776 . . . . . . . . . . . . . . . . . . 48

Pasquale Tripodi
Application of High-Resolution Melting and DNA Barcoding for Discrimination and Taxonomy
Definition of Rocket Salad (Diplotaxis spp.) Species
Reprinted from: Genes 2023, 14, 1594, doi:10.3390/genes14081594 . . . . . . . . . . . . . . . . . . 60

Dan Ioan Avasiloaiei, Mariana Calara, Petre Marian Brezeanu, Otilia Cristina Murariu and
Creola Brezeanu
On the Future Perspectives of Some Medicinal Plants within Lamiaceae Botanic Family
Regarding Their Comprehensive Properties and Resistance against Biotic and Abiotic Stresses
Reprinted from: Genes 2023, 14, 955, doi:10.3390/genes14050955 . . . . . . . . . . . . . . . . . . . 75

Zhihua Wu, Zhen Wang, Yaojian Xie, Guo Liu, Xiuhua Shang and Ni Zhan
Transcriptome and Metabolome Profiling Provide Insights into Flavonoid Synthesis in Acanthus
ilicifolius Linn
Reprinted from: Genes 2023, 14, 752, doi:10.3390/genes14030752 . . . . . . . . . . . . . . . . . . . 99

Nur Azreen Saidon, Alina Wagiran, Abdul Fatah A. Samad, Faezah Mohd Salleh,
Farhan Mohamed, Jaeyres Jani and Alona C Linatoc
DNA Barcoding, Phylogenetic Analysis and Secondary Structure Predictions of Nepenthes
ampullaria, Nepenthes gracilis and Nepenthes rafflesiana
Reprinted from: Genes 2023, 14, 697, doi:10.3390/genes14030697 . . . . . . . . . . . . . . . . . . . 121

Chenju Yang, Ni Zhang, Shaoxiong Wu, Chunyan Jiang, Lian Xie, Feng Yang and
Zhengwen Yu
A Comparative Analysis of the Chloroplast Genomes of Three Lonicera Medicinal Plants
Reprinted from: Genes 2023, 14, 548, doi:10.3390/genes14030548 . . . . . . . . . . . . . . . . . . . 135
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Assessing the Potential for Genome-Assisted Breeding in Red
Perilla Using Quantitative Trait Locus Analysis and
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* Correspondence: hiroiwata@g.ecc.u-tokyo.ac.jp

Abstract: Red perilla is an important medicinal plant used in Kampo medicine. The development of
elite varieties of this species is urgently required. Medicinal compounds are generally considered
target traits in medicinal plant breeding; however, selection based on compound phenotypes (i.e.,
conventional selection) is expensive and time consuming. Here, we propose genomic selection
(GS) and marker-assisted selection (MAS), which use marker information for selection, as suitable
selection methods for medicinal plants, and we evaluate the effectiveness of these methods in perilla
breeding. Three breeding populations generated from crosses between one red and three green
perilla genotypes were used to elucidate the genetic mechanisms underlying the production of major
medicinal compounds using quantitative trait locus analysis and evaluating the accuracy of genomic
prediction (GP). We found that GP had a sufficiently high accuracy for all traits, confirming that GS is
an effective method for perilla breeding. Moreover, the three populations showed varying degrees
of segregation, suggesting that using these populations in breeding may simultaneously enhance
multiple target traits. This study contributes to research on the genetic mechanisms of the major
medicinal compounds of red perilla, as well as the breeding efficiency of this medicinal plant.

Keywords: breeding; genomic selection; medicinal plants; quantitative trait locus analysis; red perilla

1. Introduction

Perilla frutescens (perilla), an annual herb belonging to the Labiatae family native to
China, is widely cultivated in China, Japan, Korea, and other Asian countries [1]. Perilla
has long been used as an ingredient in food and traditional (Kampo) medicine. Perilla
can be categorized into two types based on morphological differences in its leaves: red
perilla (‘aka-jiso’), which has dark red or purple leaves and stems due to the presence of
anthocyanin, and green perilla (‘ao-jiso’), which only contains a small amount of antho-
cyanin and has green leaves [2,3]. Red perilla is used as an ingredient in Kampo medicines,
often to ease the stomach, cold, and anxiety, and is blended into several formulations,
such as Hangekobokuto and Kososan. The main medicinal compounds in perilla are
perillaldehyde (PA), rosmarinic acid (RA), and anthocyanins (ANT) [4]. PA is an odorant
with antidepressant, anticancer, and antibacterial properties, whereas RA is a phenol with
anti-inflammatory and antioxidant properties and is more abundant in green perilla, and
ANT is a red pigment with antioxidant properties [2,3,5]. Owing to its benefits, red perilla
has recently attracted attention as an ingredient in Kampo medicine, both in Asian countries
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and globally [6]. Therefore, the development of varieties with stable medicinal compounds
is necessary to meet the increasing demand for red perilla. Although extensive research
has been conducted on the bioactivity, metabolic pathways, and efficacy of red perilla
medicinal compounds, no studies have investigated the enhancement of these medicinal
compounds via selective breeding.

The quality of perilla plants used in Kampo medicine is determined by the concentra-
tions of the major medicinal compounds: PA, RA, and ANT. Therefore, these compounds
are considered the target traits for breeding red perilla as a medicinal plant. Conventional
phenotype-selection-based breeding is not an efficient breeding method for medicinal
plants because it requires extensive quantification of medicinal compounds in every in-
dividual of each generation, which is both expensive and time-consuming. Compound
analysis involves plant sampling, drying, sample grinding, reagent preparation, compound
extraction, quantification using ultra-high-performance liquid chromatography (UPLC),
and data organization. These elaborate protocols take up to 1 month for even experienced
individuals, therefore halting other experiments. In addition, there are economic costs in-
volved in field management and labor. Genomic selection (GS) [7], an alternative approach
in which genomic prediction (GP), is used to predict the phenotype from genome-wide
marker information, which is suitable for improving medicinal traits. In GS, once a GP
model is built, phenotypes can be predicted based solely on genomic information with-
out the need to quantify medicinal compounds for every generation. If a target trait is
controlled by a small number of quantitative trait loci (QTLs), marker-assisted selection
(MAS), a selection method using markers that are strongly linked to the QTLs that con-
trol the target trait, can also be used for selection using only the genotypes of the linked
markers. Genomic information can be obtained during the early growth stages of a plant,
eliminating the need for field cultivation and accelerating the breeding cycle. With the
development of next-generation sequencing (NGS) technology, obtaining genomic infor-
mation has become easier and more economical. Therefore, GS and MAS are better suited
than phenotypic selection for breeding red perilla since they minimize field cultivation and
compound quantification.

GS was first proposed by Meuwissen et al. in 2001 and has since been successfully
implemented in dairy cattle breeding [7,8]. In plant breeding, GS has been applied in major
crops such as maize and rice, as well as other plants [9–11]. Most previous studies using
GS have focused on yield or weight as target traits; however, some studies have focused
on nutrients and other active ingredients, such as vitamin E in sweet corn, carotenoids in
maize, or various metabolites in oats [12–14]. GS, focusing on active ingredients, is a crucial
method in plant breeding. However, no studies have investigated GS in medicinal plants
using medicinal compounds as target traits. Furthermore, in breeding to improve medicinal
compounds, it is essential to target multiple compounds simultaneously. However, few
such studies have been conducted. When several traits are improved simultaneously, it is
important to consider both the correlation among the traits and the correlation between
medicinal compounds and other important agronomic traits, such as yield and flowering.
Therefore, it is insufficient to focus only on the phenotypic correlations among these traits.
Genetic architecture and correlations estimated by genetic relationship matrices should
also be utilized to assess whether each trait could be improved independently.

As few elite cultivars of red perilla exist for medicinal use, it is difficult to improve
multiple medicinal compounds using only one population generated through a single
cross combination. In this study, we used three populations generated by crossing red and
green perilla to simultaneously enhance multiple medicinal compounds. When multiple
populations with different genetic backgrounds are used, genetic correlations among
traits, heritability, and accuracy of GPs are likely to differ among populations. Therefore,
it is necessary to evaluate the extent of variation in these values across populations and
whether the results differ from those obtained when predictions are made using all three
populations together.
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The present study had two main objectives: to evaluate the possibility of improving
major medicinal compounds and other agronomic traits simultaneously in red perilla
through genomic breeding and to identify the genetic characteristics of each population
arising from differences in the effects of alleles derived from different parents and different
levels of segregation in consequent generations. To achieve these objectives, we determined
the genetic correlations among the traits mentioned above and conducted QTL and GP
analyses using three populations with different genetic backgrounds. Based on the results
of these analyses, the genetic architecture of each trait and the potential for breeding using
GS and MAS are discussed. The results of this study provide valuable insights into the
genetic mechanisms underlying the production of the major medicinal compounds of red
perilla and will contribute substantially to red perilla breeding.

2. Materials and Methods
2.1. Plant Materials

The plant materials used in this study were the breeding populations of the F3 and F4
generations of two-way crosses between red and green perilla. The breeding population
for each generation consisted of three populations. The cross-parents of these populations
were ‘SekihoS8’, st27, st40, and st44. ‘SekihoS8’ is a representative variety of red perilla
(P. frutescens var. crispa f. purpurea) owned by TSUMURA & CO. (Ami, Ibaraki, Japan), while
st27, st40, and st44 were green perilla varieties (P. frutescens Britton var. crispa Decne) owned
by the National Agricultural and Food Research Organization. The cross combinations were
‘SekihoS8’ × st27 (S827), ‘SekihoS8’ × st40 (S840), and ‘SekihoS8’ × st44 (S844), hereafter
referred to as S827, S840, and S844, respectively. The plants were grown in the Ibaraki field,
TSUMURA & CO, in 2021 and 2022.

The selection and breeding schemes used to derive the breeding populations are
shown in Figure 1. The breeding scheme was advanced through repeated self-pollination
after an initial cross with the parents mentioned above. In the F2 generation, 200 lines were
grown from each of the three crosses. From these, 100 lines from each population were
selected for self-pollination, and three seeds per line were collected and cultivated for the
F3 generation. To maintain the genetic diversity of the population, in the F3 generation,
50 lines were selected from those grown in the field, and 50 lines were selected from those
not grown in the field for each population. Three individuals were cultivated in the next
generation, F4, from the seeds collected from each line.

Genes 2023, 14, x FOR PEER REVIEW  3  of  14 
 

 

whether the results differ from those obtained when predictions are made using all three 

populations together. 

The present study had two main objectives: to evaluate the possibility of improving 

major medicinal  compounds  and other  agronomic  traits  simultaneously  in  red perilla 

through genomic breeding and to identify the genetic characteristics of each population 

arising from differences in the effects of alleles derived from different parents and differ-

ent levels of segregation in consequent generations. To achieve these objectives, we deter-

mined the genetic correlations among the traits mentioned above and conducted QTL and 

GP analyses using  three populations with different genetic backgrounds. Based on  the 

results of these analyses, the genetic architecture of each trait and the potential for breed-

ing using GS and MAS are discussed. The results of this study provide valuable insights 

into  the  genetic mechanisms  underlying  the  production  of  the major medicinal  com-

pounds of red perilla and will contribute substantially to red perilla breeding. 

2. Materials and Methods 

2.1. Plant Materials 

The plant materials used in this study were the breeding populations of the F3 and F4 

generations of two-way crosses between red and green perilla. The breeding population 

for each generation consisted of three populations. The cross-parents of these populations 

were ‘SekihoS8′, st27, st40, and st44. ‘SekihoS8′ is a representative variety of red perilla (P. 

frutescens var. crispa f. purpurea) owned by TSUMURA & CO. (Ami, Ibaraki, Japan), while 

st27,  st40,  and  st44 were  green perilla  varieties  (P.  frutescens Britton  var.  crispa Decne) 

owned by the National Agricultural and Food Research Organization. The cross combi-

nations were ‘SekihoS8′ × st27 (S827), ‘SekihoS8′ × st40 (S840), and ‘SekihoS8′ × st44 (S844), 

hereafter referred to as S827, S840, and S844, respectively. The plants were grown in the 

Ibaraki field, TSUMURA & CO, in 2021 and 2022. 

The  selection  and breeding  schemes used  to derive  the breeding populations  are 

shown in Figure 1. The breeding scheme was advanced through repeated self-pollination 

after an initial cross with the parents mentioned above. In the F2 generation, 200 lines were 

grown from each of the three crosses. From these, 100 lines from each population were 

selected for self-pollination, and three seeds per line were collected and cultivated for the 

F3 generation. To maintain the genetic diversity of the population, in the F3 generation, 50 

lines were selected from those grown in the field, and 50 lines were selected from those 

not grown in the field for each population. Three individuals were cultivated in the next 

generation, F4, from the seeds collected from each line. 

 

Figure 1. Selection and breeding scheme for the breeding populations used as plant parent materials 

in this study. 

2.2. Phenotype Data 

In  the  F3 population, perillaldehyde  (PA),  rosmarinic  acid  (RA),  and  anthocyanin 

(ANT)  content  were measured  in  plants  grown  in  the  experimental  field.  In  the  F4 

Figure 1. Selection and breeding scheme for the breeding populations used as plant parent materials
in this study.

2.2. Phenotype Data

In the F3 population, perillaldehyde (PA), rosmarinic acid (RA), and anthocyanin
(ANT) content were measured in plants grown in the experimental field. In the F4 popula-
tion, PA, RA, yield, and flowering date were measured for plants grown in the experimen-
tal field.

PA and RA were quantified as described previously [15,16]. Briefly, to determine
PA content, 0.1 g of each plant was weighed, placed in 25 mL of methanol, shaken, and
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centrifuged. The supernatant was separated and analyzed using UPLC at a wavelength of
234 nm using a UV detector. To determine the RA content, 0.05 g of each plant was weighed,
placed in a 25 mL methanol/water (3:1) solution, shaken, and centrifuged, after which the
supernatant was separated and analyzed by UPLC at a wavelength of 330 nm using a UV
detector. The ANT content was measured thrice on 14 July, 29 July, and 12 August 2021.
For each measurement, the ANT content was measured using three fully expanded leaves
per plant with an anthocyanin content meter, and the average was recorded. The yield was
measured thrice on 19 July, 29 July, and 8 August 2022, and all three measurements were
added for subsequent analysis. For each yield measurement, the plants were harvested at a
height of 45 cm using a machine, and the weight of the harvested plants was measured.
The survey on flowering dates was conducted from 31 August 2022 to 30 September 2022.
The number of days from 25 April, the date of sowing in the cell trays, to the flowering
date was used for data analysis.

The phenotypic data for the four cross-parents collected in 2022 are shown in Table S1.
SekihoS8 has a red leaf color, which maintains the content of ANT, whereas st27, st40, and
st44 are superior in PA, RA, and YI to SekihoS8.

2.3. Genotype Data

Genomic DNA was extracted from all the individuals in the F3 and F4 generations,
as well as from the four parental lines, ‘SekihoS8’, st27, st40, and st44. Double-digest
restriction-associated DNA sequencing [17] was performed using a DNBSeq-G400RS (MGI
Tech Co., Ltd. Shenzhen, China) to examine the genome-wide single nucleotide polymor-
phisms (SNPs). The 100 paired-end reads obtained were mapped to the reference sequence
Hoko-3 (P. frutescens cv.), as published by Tamura et al. [18] using Bowtie2 [19]. Variant
calling (max-missing 0.9) was conducted, and low-quality SNPs were filtered out using the
VCFtools version 0.1.16 [20], after which 2282 SNPs were identified. SNPs with minor allele
frequencies (MAF < 0.025) were excluded, and missing data were included using Beagle
version 5.1 [21], after which they were filtered again using MAF < 0.025. Finally, 2063 SNPs
were identified. These SNPs were filtered with MAF < 0.01 for both each population
and the total three populations. In the F3 generation, 1964 SNPs remained in the entire
population, including 727, 1432, and 579 each in S827, S840, and S844, respectively. In the
F4 generation, 1964 SNPs remained in the entire population, including 862, 1432, and 579
in S827, S840, and S844, respectively. For further analysis, the score for SNPs of the same
genotype as ‘SekihoS8’ was set to 0, 1 for heterozygous SNPs, and 2 for homozygous SNPs
in the other parent.

2.4. Linkage Map Construction and QTL Analysis

The perilla used in this study was an allotetraploid (2n = 4x = 40) species with a
genome size of about 1.24 Gb [18]. The F3 generation was used to create a linkage map, and
the 1964 SNPs described in the previous subsection were used as marker genotypes. The
order of the markers was the same as that described in Section 2.3. Based on the expected
ratio of 3:2:3 for the marker classes at each locus, the Maximum Likelihood Method was
used to estimate the recombination rates between markers for each population. Markers
with recombination rates greater than 0.499 were excluded and the remaining markers were
transformed into map distances using the Kosambi function [22]. Subsequently, to obtain a
common linkage map among the populations, smoothing was performed among the three
populations using the ‘loess’ function in the ‘stats’ package version 4.1.2 in R. A common
linkage map is shown in Figure S1.

Based on the common linkage map described above, QTL analysis was performed for
each population using the ‘cim’ function in the ‘qtl’ package version 1.60 in R [23]. The
window size was set to 10 cM, and the covariate markers were set to five. Logarithm of
odds (LOD) scores were determined using 10,000 permutations. The targeted traits in the
QTL analysis were PA, RA, and ANT in the F3 generation and PA, RA, yield, and flowering
date in the F4 generation.

4



Genes 2023, 14, 2137

2.5. Genomic Heritability and GP Model

Genomic heritability was estimated for all the traits described in Section 2.2, and single-
and multi-trait GP models were constructed for each generation. GPs were generated for
each population and the three combined populations.

To evaluate the GP accuracy, a 10-fold cross validation was performed and repeated
10 times. For each cross validation, the Pearson correlation between the observed and
predicted values was calculated, and the average of these correlations was used as the
prediction accuracy.

2.5.1. Single Trait GP Model

The GBLUP [24] and BayesB [7] models were used for single-trait GP. The GBLUP
model can be expressed as:

y = Xβ + Zu + ε, (1)

where n is the number of individuals, g is the number of genotypes, y is an n × 1 vector
representing phenotypic values of a target trait, Xβ is an n × 1 vector corresponding to fixed
effects, Zu is an n × 1 vector corresponding the term of random effects. In the prediction
model for each population, Xβ represents an intercept, whereas in the model for all three
populations, X represents an n × 3 design matrix, β is a 3 × 1 vector, and Xβ is a term
correcting for the average effect of each population. The random effect u is a g × 1 vector
corresponding to the genotypic values that follow a multivariate normal distribution.

u ~ MVN(0, Gσ2
u), (2)

where G is a g × g additive genomic relationship matrix, and σ2
u is a genetic variance.

In this study, the additive genomic relationship matrix G was computed based on the
marker genotype data using the ‘calcGRM’ function in the ‘RAINBOWR’ package version
0.1.29 in R [25]. The additive relationship matrix G was computed as a linear kernel of
the marker genotype scaled by the allele frequency divided by the normalization con-
stant, as described previously [26]. ε is an n × 1 error vector that follows a multivariate
normal distribution;

ε ~ MVN(0, Inσ
2

e), (3)

where In is an n × n identity matrix, and σ2
e is an error variance. We estimated the genetic

variance σ2
u and the error variance σ2

e using the ‘EMM.cpp’ function in the ‘RAINBOWR’
package version 0.1.29 in R [24]. Based on the estimated genetic and error variances, the
genomic heritability for each trait was calculated as h2 = σ2

u/(σ2
u + σ2

e).
The BayesB model can be written as:

y = Xβ + Wa + ε, (4)

where m is the number of markers, W is an n × m matrix of the marker genotype, and a
is an m × 1 vector representing marker effects. The model was implemented using the
‘BGLR’ function in the ‘BGLR’ package version 1.1.0 in R [27].

2.5.2. Multi Trait GP Model

GBLUP [28] and BayesCπ [29] models were used for multi-trait GP. The GBLUP model
is similar to Equation (1), but with the vector of phenotypic values y extended to an nt × 1
vector through the vertical alignment of the phenotypic values of ‘t’ traits. Additionally,
the random effect u now follows a multivariate normal distribution u ~ MVN(0, K ⊗ G),
where K is a t × t genetic variance–covariance matrix between the t traits, and G is the
g × g additive genetic matrix. The non-diagonal elements of K represent covariances
between traits. The error ε follows a multivariate normal distribution ε ~ MVN(0, R ⊗ In),
where R is the t × t residual variance–covariance matrix of the traits, and In is the n × n
identity matrix. Here, A ⊗ B represents the Kronecker product between the two matrices,
A and B. The BayesCπ model is similar to Equation (4). The model was also extended to
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multi-trait GP by considering the covariances between the different ‘t’ traits at each marker.
Furthermore, in BayesB for the single-trait model, the prior distribution of each marker
effect is a scaled-t distribution, whereas, in the BayesCπ for the multi-trait model, a t × 1
vector of each marker effect for t traits follows a normal prior distribution. The multi-trait
GP models were implemented using the ‘Multitrait’ function in the ‘BGLR’ package version
1.1.0 in R [27].

3. Results
3.1. QTL Analysis

We performed QTL analysis in each population and each generation. In the F3 genera-
tion, the three target traits (PA, RA, and ANT) were investigated. In the F4 generation, PA,
RA, yield, and flowering date were investigated. Following composite interval mapping,
136 QTLs in the F3 generation and 268 QTLs in the F4 generation were detected above
the threshold LOD score. The number of QTLs consistent across multiple populations
or two generations was 48, 0, 2, 2, and 11 for PA, RA (Figure S2), ANT (Figure S3), yield
(Figure S4), and flowering date (Figure S5), respectively. Among these QTLs, two each
for ANT and yield were detected at identical locations. These two QTLs may represent a
single pleiotropic QTL. As shown in Figure 2a, when the genotype at the detected QTL was
homozygous for ‘SekihoS8’ (red perilla), the phenotypic value of ANT content was also
higher. In S844, no QTLs were detected, and all individuals were homozygous for ‘SekihoS8’
at the corresponding markers. However, when the genotype at the QTLs detected for yield
was homozygous for ‘SekihoS8’, the phenotypic value of yield was lower than that of the
other genotypes (Figure 2b).
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Figure 2. Genotypes at the detected quantitative trait loci (QTLs) identical to anthocyanin and yield.
Genotype scores 0, 1, and 2 represent homozygous for ‘SekihoS8’, heterozygous, and homozygous
for the other cross parents, respectively. Blue: S827; Red: S840; Green: S844. (a) The genotypes at the
detected QTL on chr8 for anthocyanin (1st measurement); (b) genotypes at the detected QTL on chr8
for yield.

Eleven QTLs for flowering date were detected across multiple populations, of which
1 QTL was common to S827 and S844, and 10 QTLs were common to S840 and S844.
We found that when the genotype at the detected QTLs was homozygous for ‘SekihoS8’,
the plant showed early flowering (Figure S6).

Among the QTLs detected in PA, 16 were common to S827 and S844 on chr5. Twenty-
eight QTLs were detected in S840 on chr5 and chr7, which were common to the F3 and
F4 generations and were at different positions from the QTLs detected in the other two
populations (Figure 3). For QTLs commonly detected in S827 and S844, plants with
genotypes homozygous for ‘SekihoS8’ had lower PA content (Figure S7a). In contrast, for
QTLs detected only in S840, plants with genotypes homozygous for ‘SekihoS8’ had high
PA contents, whereas those with genotypes homozygous for ‘st40’ had a PA content close
to zero (Figure S7b).
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Figure 3. Quantitative trait loci detected for perillaldehyde in S827 (blue), S840 (red), and S844
(green): (a) QTLs detected in the F3 population; (b) QTLs detected in the F4 population. Dashed
lines represent the logarithm of odds (LOD) threshold estimated by 10,000 permutations for each
population.

3.2. Genomic Heritability

The genomic heritability of all the traits mentioned in Section 2.2, estimated using
each population and the three populations combined, is shown in Tables 1 and 2. Genomic
heritability varied substantially among traits and populations. Among all traits, RA had
the lowest genomic heritability, with values ranging from 0.151 to 0.484. In contrast, PA,
ANT, yield, and flowering date showed considerably higher genomic heritability. Among
the three populations, the genomic heritability estimated using S844 was consistently the
lowest for almost all traits except yield. When genomic heritability was estimated using the
three populations combined, it was always greater than the average genomic heritability
estimated using each population singularly. For the flowering date, the genomic heritability
estimated using the three populations combined was 0.879, which was the highest among
all estimates made using each population.

Table 1. Estimated genomic heritability in F3 generation using each population and three populations
combined.

Population PA RA ANT

Day 1 Day 2 Day 3

S827 0.626 0.227 0.718 0.707 0.721

S840 0.505 0.484 0.803 0.726 0.760

S844 0.190 0.186 0.114 0.241 0.355

All 0.548 0.401 0.661 0.644 0.639

PA, perillaldehyde; RA, rosmarinic acid; ANT, day n; nth measurement of anthocyanins.
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Table 2. Estimated genomic heritability in F4 generation using each population and three populations
combined.

Population PA RA YI FD

S827 0.766 0.394 0.634 0.869

S840 0.796 0.389 0.605 0.848

S844 0.449 0.151 0.715 0.691

All 0.735 0.350 0.702 0.879
PA, perillaldehyde; RA, rosmarinic acid; YI, yield; FD, flowering date.

3.3. Genetic Correlation

The multi-trait GBLUP model was used to estimate the genetic correlations among
all traits. As shown in Figure 4, variations were observed in the positivity, negativity, and
magnitude of genetic correlations among different generations and populations. However,
for ANT, a strong positive correlation was observed across the three measurements in all
populations. For genetic correlations estimated using three populations combined, two
prime medicinal compounds, PA and RA, showed weak negative correlations with ANT
(−0.2 to −0.12), while PA and yield showed a moderate positive correlation. The genetic
correlation between these two traits became more negative from the F3 to the F4 generation,
except in S840. When genetic correlations were estimated for each population, S840 had
the lowest absolute values for almost all traits.
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(a) Genetic correlations using the F3 population; (b) genetic correlations using the F4 population. PA:
perillaldehyde, RA: rosmarinic acid, ANT_Day n: nth measurement of anthocyanin, YI: yield, FD:
flowering date.

3.4. Accuracy of Genomic Prediction

GP models were constructed for each F3 and F4 generation using each population and
the three populations combined. The prediction accuracy of the two single-trait models
(GBLUP and Bayes B) is shown in Figure 5. Traits and populations with low genomic
heritability tended to have a lower GP accuracy. When the models were constructed using
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each population, regardless of the GP model, S844 had the lowest accuracy for almost
all traits, while S827 and S840 had the highest accuracy for yield and flowering dates
and PA, RA, and ANT, respectively. The models constructed using the three populations
combined showed improved accuracy compared with the models constructed using each
population for PA and flowering date. When comparing the accuracies of the GBLUP and
BayesB models, the BayesB model had better prediction accuracies for most traits, with
values ranging from 0.0466% to 41.7%, higher than those of GBLUP. However, the GBLUP
model was superior for some traits and populations, particularly RA, with a 0.0547–4.25%
higher accuracy than the BayesB model. Furthermore, the same GP model showed higher
prediction accuracy using the F4 population than when using the F3 population. When the
multi-trait models (GBLUP and BayesCπ) were used, the prediction accuracies obtained
were similar to those obtained using the single-trait model (Figure S8).
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4. Discussion

In this study, we conducted QTL and GP analyses for the major medicinal compounds
and other agronomic traits of P. frutescens to reveal the genetic mechanisms underlying these
traits and to evaluate the efficiency of GS and MAS. Genetic correlations, heritability, and
GP accuracy revealed that each population had varying characteristics; however, reasonable
values were obtained when the three populations were used together. The results of the
QTL analysis for each trait showed that traits such as PA, ANT, and flowering date had
significant QTLs with high LOD scores; however, no significant QTLs were detected for
RA. One possible reason for this could be that no significant differences in RA content
among the four cross-parents were observed, as shown in Table S1, and all parents already
had genes that had a large effect on RA. These results revealed the genetic characteristics
of each trait. Examination of the association between marker genotypes at the QTL and
phenotypes of ANT revealed that plants with the ‘SekihoS8’ homozygous genotype had
a significantly higher ANT content. ‘SekihoS8’ is a red perilla variety, which has been
reported to accumulate more ANT in the leaves [2,3]. In contrast, the green perilla line,
another cross-parent, has been reported to accumulate minimal amounts of ANT in its
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leaves. Therefore, the detected QTLs were considered to be important gene loci associated
with the ANT metabolic pathway. Zhang et al. performed a genome-wide association
study for ANT and detected a strong signal on chr8, which was assumed to be the MYB
transcription factor regulating ANT biosynthesis in vegetative plant tissues [30]. The two
QTLs for ANT detected in our study were also located on chr8 and had extremely high
LOD scores, consistent with those reported by Zhang et al. [30]. QTLs for yield were
identical to those for ANT, but yield tended to be lower when the genotype at these QTLs
was homozygous for the ‘SekihoS8’ allele. The QTLs for ANT had a contradictory effect on
yield; however, simultaneous enhancement of both traits during breeding was not difficult,
as the yield was also substantially affected by other markers. Therefore, individuals with
high ANT content can be selected by MAS using these markers, and an improvement
in yield can be achieved by combining the effects of other markers with GS. For PA, the
QTLs detected in S840 differed from those detected in S827 and S844. When the marker
genotypes of the QTLs detected only in S840 were homozygous for st40, PA content was
nearly zero. PA is an essential oil that produces a strong odor. During cultivation, st40
differed considerably from st27 and st44. These results suggest that plant PA production
is controlled by QTLs located on chr5 and chr7 of S840. Furthermore, among the perilla
plants that produce PA, QTLs that determine the amount of accumulated PA may be
located at different positions on chr5, which were detected in S827 and S844. Among the
detected QTLs, 1 QTL was common to both S827 and S844, and 10 QTLs were common
to both S840 and S844. Kang et al. performed QTL analysis on traits related to flowering
time and detected six QTLs that were identified as perilla orthologs regulating flowering
time [31]. However, the linkage groups in their study did not converge to 20 (the number
of chromosomes in perilla). Therefore, we cannot confirm whether this is consistent with
our study.

According to the genomic heritability and GP estimation, all traits except RA had
considerably high genomic heritability, indicating that improvement through GS would be
effective for these traits. Even for RA, which had the lowest genomic heritability among
all traits, the genomic heritability was approximately 0.4 in S827 and S840. Since we
evaluated the genomic heritability of each trait based only on additive genetic effects,
selection accuracy could be further improved by considering non-additive genetic effects,
such as dominance and epistatic effects, in the GP model, even for traits with low genomic
heritability, such as RA [32].

Regarding the comparison of the prediction accuracy between different GP models,
the BayesB and GBLUP models differed depending on the traits. This is because the fitness
of either model depends on whether each trait is controlled by a small number of QTLs
with large effects or by an accumulation of polygenes with small effects. For most traits, the
Bayes B model was more accurate than the GBLUP model; however, for RA, the GBLUP
model was 4.2% more accurate than the Bayes B model. This indicates that RA is regulated
by numerous genes. In contrast, PA, ANT, and flowering date were significantly affected
by only a few genes. Such differences in the genetic mechanisms of the traits were also
evident in the QTL analysis.

The accuracy of genomic selection depends not only on genomic heritability but
also on factors such as the strength of linkage disequilibrium (LD), number of QTLs,
and population size [33]. For traits with low heritability, marker density may affect the
accuracy of GP, with some studies showing that the accuracy improved when LD between
adjacent markers was >0.2 [34]. Considering the relationship between marker density
and GP prediction accuracy, of the three populations, S840 showed the highest prediction
accuracy for most traits, probably because 1432 SNPs were used for prediction. This was
approximately 2.5 times higher than that of the 579 SNPs used in S844, which had the lowest
prediction accuracy among the three populations. Therefore, increasing the population size
or number of markers may further improve the prediction accuracy for S844 and traits such
as RA.
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Furthermore, evaluation of the multi-trait GP model showed that the prediction
accuracy was similar to that of the single-trait GP model. One of the reasons for this
may be that the genetic correlation among the traits estimated in Section 3.3 was not
strong. Another notable result was that the genetic correlations among the traits differed
for each population. During breeding, the absence of strong negative correlations between
target traits is highly desirable. However, the results revealed that some populations
showed slightly negative genetic correlations for some traits. These negative genetic
correlations can be reduced by simultaneously using multiple populations with different
genetic backgrounds during breeding.

Finally, we examined the possibility of the genomic breeding of red perilla as a
medicinal plant and discussed the different genetic mechanisms underlying the regulation
of medicinal and other agronomic traits. Therefore, it is important to use various GP models
and selection methods suitable for the genetic characteristics of each trait. For traits such
as PA and ANT, where significant QTLs have been detected, selection can be performed
using MAS. Even for traits such as RA, where no highly effective QTL is present in a
breeding population to be used, selection can be made based on GP. Even for traits that are
controlled by a QTL with a large effect, further improvement can be expected by using GS
to accumulate genes with a small effect. Because the populations used in this study had
only four cross parents and because of the strong linkage disequilibrium at the chromosome
level in the F3 and F4 populations, the number of markers and population size on a small
scale was sufficient for prediction accuracy. To breed medicinal plants, it is more realistic to
create relatively small breeding populations for the application of MAS and GS. However,
if one wants to make the GP model more general and more accurate for application
to other populations, the model should be built using a large number of populations
containing more genetic diversity [35]. Moreover, the results of this study indicate that the
simultaneous use of multiple populations with different characteristics, such as different
genetic correlations among target traits and different QTL positions, for breeding can result
in multiple trait improvements when the size of each population is sufficient to build
the prediction model. However, there are limitations in applying the GP models used in
this study to multiple populations with varying genetic backgrounds in a general case.
In the GP models using the three populations combined in this study, the effect of each
population was included in the model as differences in the population mean (intercept),
which may not be sufficient to account for differences in genetic background between
populations. A possible way to model the genetic background between populations is to
use a GP model that assumes that different populations have different genetic variances for
the same QTL [36,37].

5. Conclusions

In this study, based on the results of the QTL analysis and the prediction accuracy
of GP, the use of GS and MAS instead of conventional phenotypic selection proved to be
effective in red perilla breeding. Because each trait has a different genetic mechanism,
MAS should be used for traits in which large QTLs are detected, whereas GS should be
used for traits controlled by polygenes. In addition, using multiple populations with
different genetic backgrounds for breeding at the same time may lead to the simultaneous
improvement of multiple traits. However, further research is required for its generalization.
Our research contributes to the study of the genetic mechanisms underlying the production
of medicinal compounds in perilla, as well as to the acceleration of medicinal plant breeding
using MAS and GS.

Supplementary Materials: The following supporting information can be downloaded from https:
//www.mdpi.com/article/10.3390/genes14122137/s1: Table S1: Phenotype data of four cross-
parents collected in 2022. Figure S1. Common genetic maps constructed using 20 chromosomes
defined from three populations. Figure S2: QTLs detected for rosmarinic acid in S827, S840, and
S844. Figure S3: QTLs detected for anthocyanins in S827, S840, and S844. Figure S4: QTLs detected
for yield in S827, S840, and S844. Figure S5: QTLs detected for flowering dates in S827, S840, and
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S844. Figure S6: Genotypes of QTL detected on chr19 for flowering date. Figure S7: Genotypes of
QTLs detected for perillaldehyde. Figure S8: Prediction accuracy of multi-trait GP by the GBLUP and
BayesCπ models using each population and the three populations combined.
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Abstract: Both the fruit flesh and seeds of sea buckthorn have multiple uses for medicinal and culinary
purposes, including the valuable market for supplementary health foods. Bioactive compounds, such
as essential amino acids, vitamins B, C, and E, carotenoids, polyphenols, ursolic acid, unsaturated fatty
acids, and other active substances, are now being analyzed in detail for their medicinal properties.
Domestication with commercial orchards and processing plants is undertaken in many countries, but
there is a large need for improved plant material with high yield, tolerance to environmental stress,
diseases, and pests, suitability for efficient harvesting methods, and high contents of compounds
that have medicinal and/or culinary values. Applied breeding is based mainly on directed crosses
between different subspecies of Hippophae rhamnoides. DNA markers have been applied to analyses
of systematics and population genetics as well as for the discrimination of cultivars, but very few
DNA markers have as yet been developed for use in selection and breeding. Several key genes in
important metabolic pathways have, however, been identified, and four genomes have recently been
sequenced.

Keywords: Hippophae; chemical contents; cultivar development; DNA markers; genetics; medicinal
plant; systematics

1. Introduction

The genus Hippophae L. belongs to the small plant family Elaeagnaceae. The deciduous
shrubs or small trees, usually 2–5 m high (occasionally over 10 m), are wind-pollinated
and dioecious (male and female flowers are produced on separate plants). The yellow
to orange or sometimes reddish to red fruits contain one seed each, and these seeds are
often dispersed by birds and other frugivorous animals. The most well-known species,
Hippophae rhamnoides, commonly known as sea buckthorn, is widely distributed over China,
the Indian Himalayas, Central Asia, and Russia, as well as large parts of Europe (Figure 1).
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Figure 1. Geographic distribution of Hippophae L. (reprinted with permission from [1]), 2018, Jia
and Bartish.

Both the fruit flesh and the seeds of sea buckthorn have multiple uses for medicinal
and culinary purposes, including the valuable market for supplementary health foods [2].
The sea buckthorn industry has been thriving in Russia ever since the bioactive compounds
started to become appreciated. By contrast, industrial use is somewhat more recent in
China, despite several centuries of traditional use in Chinese medicine. Domestication
with commercial orchards and/or processing plants is now undertaken for both culinary
and medicinal products in, e.g., Mongolia, Nepal, Tajikistan, India, Iran, Belarus, Ukraine,
Turkey, Greece, Romania, Germany, Finland, Sweden, and the Baltic countries, as well as in
some other parts of Europe. Sea buckthorn has also been introduced to other countries like
Canada, the USA, Bolivia, Chile, South Korea, and Japan.

The sea buckthorn is a typical pioneer plant and prefers open habitats with sandy or
rocky free-draining soils, high insolation, and restricted competition from other species.
Plants are spread efficiently via seeds and root suckers. Sea buckthorn plants have root
nodules that contain nitrogen-fixating bacteria (the actinomycete Frankia), allowing them to
thrive in nutritionally deficient soils. Due to its high tolerance to extreme conditions (both
very low and very high temperatures, drought, salinity, and poor soils), sea buckthorn is
often grown as protection against wind, for prevention of sand drift, for conservation of
soil and water, and to adjust microclimate conditions, especially in China but also in India,
Russia, Canada, and Bolivia [3].

In December 2020, the total sea buckthorn acreage, including both wild and cultivated
plants, was estimated to amount to approximately 2.33 million ha in the world (http://
www.isahome.net/news.php?id=586, accessed on 12 September 2023). Of these, about
2.07 million ha were found in China (0.77 million ha wild and 1.35 million ha planted),
16,300 ha in India, 15,000 ha in Romania, 20,000 ha in Mongolia, ~6000 ha in Russia, and
5700 ha in Pakistan.

The increasing interest in sea buckthorn is mainly centered around its properties as
a medicinal and culinary plant. In addition to their long-time use in traditional Chinese
medicine for, e.g., calming coughs, aiding digestion, improving blood circulation and
alleviating pain, recent pharmacological studies have shown that crude extracts or com-
pounds have anti-inflammatory, antioxidant, hepatoprotective, anticancer, hypoglycemic,
hypolipidemic, neuroprotective, and antibacterial properties (review in [3,4]).
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Hundreds of bioactive compounds, such as essential amino acids, vitamins B, C, and E,
carotenoids, polyphenols, ursolic acid, unsaturated fatty acids, and other active substances,
have been recorded in sea buckthorn, many of which are now being analyzed in detail for
their medicinal properties [5,6]). Commercial products promoted as remedies for various
illnesses, including cosmetics for sensitive skin treatment, are usually based on dried fruits,
fruit pulp oils, and/or seed oils. These products are often manufactured as, e.g., fruit
powders, oil capsules, or vitamin C tablets.

In some countries, especially in Europe and North America, sea buckthorn is highly
appreciated for its tasty fruits that are used in the food industry to manufacture various
culinary products like juice, wine, liquor, syrup, cakes and pies, curd, jam, candy, and
ice cream [3]. The taste is tart and quite unique, often requiring considerable amounts of
sweetening to produce a balanced flavor. A need for inherently sweeter fruits has therefore
been addressed in some plant breeding programs.

2. Taxonomy

The genus Hippophae contains several diploid (2n = 24) taxa, but until now, only the
most widespread and variable species, H. rhamnoides, has been domesticated. Nevertheless,
other species, all of which are restricted to cold-temperate areas on the Qinghai–Tibet
plateau and adjacent areas in Central Asia, are being investigated for valuable traits to be
exploited in the future.

Despite the relatively small number of taxa, systematic treatment of the genus Hip-
pophae has been quite controversial, and several treatises have been published [7]. Rousi [8]
recognized three species: H. rhamnoides, Hippophae salicifolia D. Don, and Hippophae tibetana
Schlecht., and up to nine subspecies of H. rhamnoides. Subsequently, several additional
species and at least one subspecies have been described and published: Hippophae goniocarpa
YS Lian, XL Chen and K Sun ex Swenson and Bartish; Hippophae gyantsensis (Rousi) YS
Lian; Hippophae litangensis YS Lian and XL Chen ex Swenson and Bartish; H. neurocarpa SW
Liu and TN He; and Hippophae neurocarpa subsp. stellatopilosa YS Lian, XL Chen and K Sun
ex Swenson and Bartish.

In 2000, the first molecular marker-based treatise of the entire genus Hippophae (15 taxa)
was presented using Random Amplified Polymorphic DNA (RAPD) markers [9]. Other
RAPD-based studies have focused on a subset of the taxa, e.g., H. rhamnoides subsp. sinensis
and H. rhamnoides subsp. mongolica [10] and H. rhamnoides subsp. sinensis and other Chinese
taxa [11]. Subsequent investigations have been undertaken using, e.g., chloroplast DNA
(cpDNA) and morphological characters [12] as well as Internal Transcribed Spacer (ITS)
sequences [13]. Other molecular methods like Simple Sequence Repeats (SSR) markers [14]
have been applied to investigate relationships among the different taxa of Hippophae, while
Amplified Fragment Length Polymorphism (AFLP), Selective Amplification of Microsatel-
lite Polymorphic Loci (SAMPL) [15], and DNA barcode markers (ITS, matK, rbcL, and
rpoC1) [16] have been applied to H. rhamnoides subsp. turkestanica, H. salicifolia, and H.
tibetana in northern India and the Himalayas.

Two sections, sect. Gyantsenses (H. gyantsensis, H. tibetana, and H. neurocarpa) and
sect. Hippophae (H. salicifolia and H. rhamnoides), have been recognized based on whether
the carpodermis is fused with the seed coat or not. A recent analysis based on multiple
chloroplast and nuclear gene fragments has instead shown that H. gyantsensis, H. neurocarpa,
and H. salicifolia form one clade, whereas H. tibetana forms a second clade together with
H. rhamnoides [1]. In addition, three species appear to be hybridogenic: H. gyantsensis has
probably derived through gene flow between H. rhamnoides subsp. yunnanensis and H.
neurocarpa, whereas H. goniocarpa derives through gene flow between H. rhamnoides subsp.
sinensis and H. neurocarpa, and H. litangensis through gene flow between H. rhamnoides
subsp. sinensis and H. neurocarpa subsp. stellatopilosa [12,17,18].

The most variable and economically important species, H. rhamnoides, is generally
divided into five subspecies in Asia: subsp. caucasica Rousi, subsp. mongolica Rousi, subsp.
turkestanica Rousi, subsp. sinensis Rousi, and subsp. yunnanensis Rousi, and three in Europe:
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subsp. rhamnoides L., subsp. fluviatilis (Soest) Rousi, and subsp. carpatica Rousi. Most
populations are found mainly on seashores and river deltas or on valley slopes up to 5000 m
above sea level, i.e., in habitats typical of early successional species. The first taxon to be
cultivated was subsp. mongolica, which has been utilized for almost a century in Siberia,
but subspecies sinensis, turkestanica, rhamnoides, carpatica, and caucasica have also been used
in cultivation and plant breeding.

Since the phytochemical contents differ considerably among the subspecies of H.
rhamnoides, efforts have been made to develop taxon-specific molecular markers that can
detect adulteration and contamination in commercial fruits and derived products. A high-
resolution melting assay based on a DNA barcoding region of ITS2 in the ribosomal DNA
(rDNA) could discriminate among all seven Hippophae species [19]. Single Nucleotide
Polymorhism (SNP) markers from the 45S rDNA region were later used to distinguish
subsp. mongolica and subsp. sinensis and apparently produce reliable results even with very
low DNA concentrations [20].

3. Population Genetics

Information on genetic diversity is very helpful when collecting and utilizing plant
material for gene banks and plant breeding. Lately, DNA-based markers have been used
to assess the amount and partitioning of genetic variability in numerous plant species.
Considering the life history traits of H. rhamnoides, which is a perennial (wild plants
generally live for 30–60 years), obligately outcrossing, wind-pollinated, early successional
species with seed dispersal through birds, relatively high genetic variation is expected
within populations, together with low differentiation between populations [21].

A RAPD-based study carried out on 10 populations of H. rhamnoides in Northern
Europe showed that within-population genetic variation, estimated as expected heterozy-
gosity HE, was on average 0.16 [22]. This value is slightly lower than the mean value of
0.22 reported in a metastudy with 60 RAPD-based studies of different species [21]. Analy-
ses of the impact of various life history traits showed that breeding system and successional
status are highly important; outcrossing species had the highest within-population diversity
(0.27 on average), while early successional species instead had the lowest (0.17 on average).

Analysis of Molecular Variation (AMOVA) allows the partitioning of genetic variation
between and within populations. For sea buckthorn, only 15% of the variation occurred
between populations, which is considerably lower than the mean value of 34% in 116 stud-
ies [21]. This parameter is affected by the breeding system (lowest values for outcrossing
species), successional status (highest values for early and medium-early species), life form
(lowest values for long-lived perennials), and seed dispersal (lowest values for species with
animal-ingested seeds). Apart from the early successional status of H. rhamnoides, the other
life history traits are in keeping with low genetic differentiation between populations.

In another RAPD-based study, 13 populations of H. rhamnoides subsp. sinensis were
found to have rather low average within-population diversity = 0.17, as well as restricted
population differentiation = 18 [23]. In yet another study, Inter Simple Sequence Repeat
(ISSR) markers were applied to 11 sea buckthorn populations in Northeastern and North-
western China [24]. Within-population diversity was in keeping with the other studies,
ranging from 0.16 to 0.21, but population differentiation was only 7%. A second ISSR
study on 15 Chinese populations yielded an average within-population diversity of 0.20
for 7 populations of subsp. yunnanensis, 0.22 for 7 populations of subsp. sinensis, and
0.14 for the single population of subsp. gyantsensis [25]. Overall differentiation among
all 15 populations was 14.5%, and a cluster analysis showed that the subsp. gyantsensis
population differed considerably from the others in accordance with a proposed species
status as H. gyantsensis.

SSR markers were applied to distinguish between H. rhamnoides subsp. sinensis and H.
rhamnoides subsp. yunnanensis and to estimate the genetic diversity within each taxon [26].
The 32 investigated populations could be grouped according to taxonomic status, with
indications of some inter-subspecies hybridization in the zone of partly overlapping distri-
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bution. Populations of subsp. sinensis were more variable, with observed heterozygosity
(Ho = 0.40) compared to subsp. yunnanensis (Ho = 0.20), whereas population differentiation
was 26% and 37%, respectively, in these two subspecies. Both within-population diversity
estimates are somewhat low compared to an average Ho = 0.58 in 80 SSR-based studies,
whereas between-population estimates were more similar to the average of 24–26% in
51 studies [21].

Most studies have failed to find an association between genetic and geographic dis-
tances in sea buckthorn [12,23,25]. Within-population variation appears to be especially
high in species and subspecies that occur close to the center of origin in Central Asia, e.g.,
H. tibetana, and in the possibly hybridogenous species H. goniocarpa [9]. By contrast, small
and isolated populations (e.g., growing at high altitudes) often appear to be more homoge-
nous [27,28]. For a more comprehensive review of population genetics and phylogeography
in Hippophae, see Bartish et al. [7].

4. Sex Determination

In sea buckthorn, sex is genetically determined through an X/Y system and hetero-
morphic sex chromosomes [29], with the Y-chromosome being slightly longer than the
X-chromosome. In commercial sea buckthorn orchards, the majority of plants are female,
but with the addition of about 10% male plants to ensure adequate pollination. Plant
breeding is therefore mainly directed towards the development of high-quality female
plants. Male seedlings are often discarded as soon as their gender can be ascertained, but
morphology-based gender determination cannot be undertaken until the plants flower for
the first time, which usually takes 3–5 years. A method for early discrimination between
male and female seedlings would save much time and space in plant breeding programs as
well as in seedling-based plantations.

Genes related to sex have been identified in several dioecious plants, but in, e.g.,
papaya (Carica papaya L.), factors such as the environment, hormones, and genetic and
epigenetic background can apparently also affect sex expression [30]. Nevertheless, molec-
ular markers have been developed and are now being successfully used for early sex
determination in papaya and other crops.

Attempts have also been made to develop gender-specific DNA markers in sea buck-
thorn, but these have usually not been sufficiently consistent when screened in a more
diverse germplasm. The first attempt was based on RAPD analysis of offspring derived
from experimental crosses in H. rhamnoides subsp. rhamnoides [31]. A male-specific DNA
marker was found using Bulked Segregant Analysis (BSA), but when applied to individual
plants, this marker worked only for the progeny obtained in one of the two tested crosses.
Several RAPD-based studies have also been carried out on H. rhamnoides subsp. turkestanica
in northern India. One male-specific marker was found but validated in only five plants of
each sex [32]. In another study, two female-specific markers were found and subsequently
converted into Sequence-Characterized Amplified Region (SCAR) markers [33]. These
were validated in a larger material but derived from only one population. A female-specific
RAPD-based marker was developed for subsp. sinensis and validated in more diverse
material [34].

An ISSR-derived male-specific band was converted into a SCAR marker and validated
in subsp. turkestanica plants from three geographically isolated valleys in the Ladakh
region of India [35]. In a broader approach, RAPD, ISSR, SSR, and MADS box gene-
specific markers were applied, with one of the RAPD primers producing two male-specific
fragments [36]. These could, however, discriminate between males and females in only
one of the populations when screened on material obtained from both the Ladakh region
(Jammu and Kashmir) as well as Lahaul and Spiti, and Kannaur (Himachal Pradesh).

In the last two decades, transcriptomic analyses have revealed important information
about gene action in many plant species. This approach has also recently been employed
in sea buckthorn to search for gender-specific genes. Thus, 21 floral regulatory genes,
homologous to previously established sequences in model plant species, proved to be
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differentially expressed across the developmental stages of male and female flowers in
samples of H. rhamnoides [37]. Two possibly promising genes were identified: HrCRY2
(cryptochrome receptor gene) was significantly over-expressed in female flowers, whereas
HrCO (circadian pathway gene) was significantly over-expressed in male flowers. Further
research is still needed to determine the role of these genes in the development of male and
female flowers.

The observed difficulties in developing robust gender-specific markers may be con-
nected to the low differentiation between the male and female genomes in Hippophae.
A survey of 25 wild populations of H. rhamnoides subsp. turkestanica in northern India
showed that 2–4% of the plants were polygamomonoecious (PGM) with male, female, and
hermaphrodite flowers, suggesting that the transition from hermaphrodites (the original
state for angiosperms) to dioecy (the derived state) happened recently in this genus [38].
Moreover, the male and female genomes appear to be very similar overall. A Repre-
sentational Difference Analysis (RDA) of DNA sequences was applied to the search for
gender-specific differences between male and female genomes. Some of the obtained
polymorphisms looked promising initially, but none of them held up when screened on
plants from more distant populations [38].

An AFLP analysis conducted on five populations of subsp. turkestanica was more
successful and produced 4 female-specific and 2 male-specific fragments that were cloned
and sequenced and subsequently used for developing SCAR primers [38]. The genomic
region around each SCAR was explored through genome walking, and new primers were
designed and then tested on 50 male and 50 female plants. Most of the tested regions were
not informative when applied to a more diverse plant material, but with one exception:
primers for the locus HRML (H. rhamnoides male locus) produced a 329 bp fragment in all
male plants tested in 25 populations. This has been sequenced and further characterized,
and it is now available as a 7 kb region named HRMSSR in NCBI Genbank accession
KX444194 [38].

While most of the research has been carried out on H. rhamnoides, a similar sex determi-
nation system is probably also present in the other species. A RAPD-based female-specific
marker was thus found in H. goniocarpa [39]. In a more recent study, 80 H. tibetana samples
were sampled from four sites with 10 male and 10 female plants in each site and screened
for male-specific markers using a comparative analysis of Restriction-Associated DNA
Sequencing (RAD-seq) data [40]. A Genome-Wide Association Study (GWAS) indicated
that several SNPs on Chromosome 2 are related to male sex determination. Much additional
work is, however, needed to determine the location of sequences that can be used for the
development of sex-specific markers.

It should also be mentioned that the occurrence of facultative apomixis, i.e., seed
set without pollination, has been reported in H. rhamnoides based on some seed setting in
bagged inflorescenses (16% fruit set as compared to 68% fruit set in unbagged inflorescenses)
and on cytological evidence of both apospory and adventive (nucellar) embryony in embryo
sacs and in fruits obtained after bagging, respectively [41]. The studied plant material was
collected in northern India and presumably belongs to subsp. turkestanica. In a follow-up
study on five wild sea buckthorn populations in India, only a 3% fruit set was recorded in
the bagged inflorescenses, compared to a 60% fruit set in the unbagged inflorescenses [42].
This strong reduction in fruit set after bagging is not typical of apomicts in general, and the
extent to which apomixis plays a role in the genus requires more research. The effects of
apomixis on the genetic variability of seedling offspring after natural pollination or after
the undertaking of experimental crosses have also not yet been reported to our knowledge.

5. DNA-Based Identification of Cultivars

Sea buckthorn cultivars vary widely in, e.g., fruit size, color and shape, but are still
often difficult to identify properly based on only morphological traits (Figure 2). Accessions
of the same cultivar can also vary to an unexpected extent when grown under different
conditions that affect, e.g., fruit quality and levels of resistance. Methods are therefore
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needed for the unambiguous identification of germplasm (wild material, lines, or elite
cultivars). Presently, this can be achieved through the application of various types of
DNA markers. Since dioecious reproduction results in obligate outcrossing, all seedlings
have unique genotypes even when obtained from the same seed parent. Moreover, sea
buckthorn cultivars and advanced selections are propagated vegetatively and are therefore
expected to consist of a single genotype that can be identified and distinguished from all
other cultivars and selections with DNA fingerprinting.

Genes 2023, 14, x FOR PEER REVIEW  7  of  36 
 

 

natural pollination or after the undertaking of experimental crosses have also not yet been 

reported to our knowledge. 

5. DNA‐Based Identification of Cultivars 

Sea buckthorn cultivars vary widely in, e.g., fruit size, color and shape, but are still 

often difficult to identify properly based on only morphological traits (Figure 2). Acces-

sions of the same cultivar can also vary to an unexpected extent when grown under dif-

ferent conditions that affect, e.g., fruit quality and levels of resistance. Methods are there-

fore needed for the unambiguous identification of germplasm (wild material, lines, or elite 

cultivars). Presently, this can be achieved through the application of various types of DNA 

markers. Since dioecious reproduction results in obligate outcrossing, all seedlings have 

unique genotypes even when obtained from the same seed parent. Moreover, sea buck-

thorn cultivars and advanced selections are propagated vegetatively and are therefore ex-

pected to consist of a single genotype that can be  identified and distinguished from all 

other cultivars and selections with DNA fingerprinting. 

 

Figure 2. Variation among sea buckthorn (Hippophae rhamnoides) genotypes. 

Almost any type of molecular marker method that produces a sufficient number of 

data points, like RAPD, ISSR, and AFLP, will usually allow discrimination between dif-

ferent plant accessions [3]. For the setting up of joint international databases, SSR markers 

and SNP data are, however, usually preferred since results from different laboratories can 

be entered and compared as long as the same set of SSR primers or the same SNP arrays 

are used. Such databases are now developed to an increasing extent in many crops and 

are used as a basis for defining cultivar-specific profiles like the SNP-based Malus UNiQue 

genotype  (MUNQ)  codes  in  apple  [43]  and  the  SSR-based Cherry UNiQue  genotype 

(CHUNQ) codes in cherry [44]. So far, joint international databases have not yet been de-

veloped for sea buckthorn, making it difficult to evaluate data across different studies. 

The first major screening of cultivated sea buckthorn germplasm was performed on 

55 accessions in a Swedish gene bank using RAPD [45]. Approximately 20 accessions de-

rived from crosses between subsp. mongolica and subsp. rhamnoides, 15 belonged to subsp. 

mongolica, 10 belonged to subsp. rhamnoides, and the remainder represented either subsp. 

Figure 2. Variation among sea buckthorn (Hippophae rhamnoides) genotypes.

Almost any type of molecular marker method that produces a sufficient number of
data points, like RAPD, ISSR, and AFLP, will usually allow discrimination between different
plant accessions [3]. For the setting up of joint international databases, SSR markers and
SNP data are, however, usually preferred since results from different laboratories can be
entered and compared as long as the same set of SSR primers or the same SNP arrays are
used. Such databases are now developed to an increasing extent in many crops and are used
as a basis for defining cultivar-specific profiles like the SNP-based Malus UNiQue genotype
(MUNQ) codes in apple [43] and the SSR-based Cherry UNiQue genotype (CHUNQ) codes
in cherry [44]. So far, joint international databases have not yet been developed for sea
buckthorn, making it difficult to evaluate data across different studies.

The first major screening of cultivated sea buckthorn germplasm was performed on
55 accessions in a Swedish gene bank using RAPD [45]. Approximately 20 accessions
derived from crosses between subsp. mongolica and subsp. rhamnoides, 15 belonged to
subsp. mongolica, 10 belonged to subsp. rhamnoides, and the remainder represented either
subsp. fluviatilis, subsp. carpatica, subsp. caucasica, or other crosses. Cluster and Prin-
cipal Coordinate (PCO) analyses showed considerable grouping in accordance with the
taxonomic and geographic origination.

Efficient discrimination among genotypes and grouping according to origin has been
reported in other RAPD-based studies on the different subspecies of H. rhamnoides with
wild as well as cultivated material [10,46–48]. Similar results have also been obtained when
using other types of multilocus markers, like ISSR [49] and AFLP [50].

For the development of more robust databases, SSR loci are often preferred. The first
report in sea buckthorn described primers for nine genomic SSR (gSSR) loci [51], and was
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soon followed by primers using expressed sequence tags (estSSR) [52]. Numerous analyses
have since then been undertaken in different sets of sea buckthorn material using SSR loci
that generally seem to be transferable across all taxa in the genus Hippophae [14,53–58].

Regardless of the marker system used, the grouping of the accessions has in general
reflected the taxonomic classification into different subspecies as well as the geographic
origin of the accessions themselves or the breeding program where they were developed.
Information has been obtained about the origin of named cultivars, either as selections from
local wild populations or as crosses in breeding programs. Moreover, the application of
DNA markers to germplasm collections has frequently proved useful in detecting labeling
problems like the presence of more than one name for the same cultivar or different cultivars
sharing the same name.

6. Sea Buckthorn Breeding around the World

Sea buckthorn fruits are still harvested from wild or naturalized stands in many
countries in Asia and Europe, but the increasing interest in this crop has boosted the
establishment of commercial orchards. Since most orchards are managed as low-input
and/or organically, i.e., without fungicides or pesticides, a healthy plant material is re-
quired. Low-cost orchards are sometimes planted with seedlings, but the utilization of
genetically superior and vegetatively propagated cultivars holds more potential in the long
run (Table 1). Consequently, a development in the derivation of suitable plant material
can be seen, from (1) selection among wild plants or their offspring, to (2) selection among
offspring after open pollination of superior genotypes, and to (3) selection among offspring
derived from crosses between selected parents.

Table 1. Female sea buckthorn cultivars of special interest in cultivation history and/or in plant breeding.

Cultivar Interesting Trait(s) Origin Reference

Afina Very vigorous, large fruits, long pedicels Russia, subsp. mongolica [59]
Altaiskaya Thornless, sweet taste Russia, subsp. mongolica [59]

Askola Dark orange fruit, high vitamin C and
E contents Germany, subsp. rhamnoides [60]

Aurelia High yield, large fruits, long pedicels Russia, subsp. mongolica, offspring of
‘Avgustina’ [59]

Avgustina
(Avgustinka)

Thornless, large fruits, long pedicels,
early ripening Russia, subsp. mongolica [59,61]

Azhurnaya
(Agurnaya) Thornless, large fruits, long pedicels Russia, subsp. mongolica [59,61]

Baikal Tolerant to sea buckthorn fly, sweet taste Russia [62]
Botanicheskaya

Ljubitelskaya (Sunny)
High yield, large yellow fruits, low acidity,
medium tolerant to sea buckthorn fruit fly

Russia, subsp. mongolica × subsp.
rhamnoides [62]

Chaoyang Vigorous, late ripening, long and
drooping branches

China, subsp. mongolica × subsp.
sinensis

Chechek Thornless, compact stature, long period of
maturity, high in carotenoids Russia, subsp. mongolica [59]

Chengse Late ripening Russia, subsp. mongolica [61]
Chuyskaya (Star of

Altai)
Thornless, compact stature, high yield, sweet
taste, suitable for handpicking, early ripening Russia, subsp. mongolica [59,61]

Dalate Thornless, balanced acidity/sweetness China, subsp. mongolica × subsp.
sinensis [63]

Dar Katuni Small fruits Russia, subsp. mongolica [59,61]
Desert maslichnyi

(Maslichnaya) Small reddish fruits, tolerant to wilt Russia, subsp. mongolica [59,62]

Dorana Smallish stature, suitable for hand picking Germany, subsp. rhamnoides [60]

Druzhina Compact, few branches, suitable for machine
harvesting, large fruits with hard pericarps

Russia, subsp. mongolica, induced
irradiation mutant [64,65]

Eir High yield, orange color, non-rancid Sweden, subsp. mongolica × subsp.
rhamnoides (BHi727102) [9]
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Table 1. Cont.

Cultivar Interesting Trait(s) Origin Reference

Elizaveta High yield, large fruits, long pedicels,
susceptible to Fusarium wilt

Russia, subsp. mongolica, induced
chem. mutant of ‘Panteleevskaya’ [59,61]

Essel
High yield, large fruits, long pedicels,

tolerant to Fusarium wilt, suited for
fresh eating

Russia, subsp. mongolica [59]

Etna High yield, red fruits, very early ripening Russia, offspring from open
pollination of ‘Inya’ [59]

Eva High sucrose content, suited for a cold
climate with short summers, disease resistant

Latvia, subsp. rhamnoides × subsp.
mongolica

Ezhonghuang Almost thornless, high acidity China, subsp. mongolica × subsp.
sinensis [63]

Ezhongxian Thornless, balanced acidity/sweetness China, subsp. mongolica × subsp.
sinensis [63]

Fenja Large fruits, red-orange color, low acidity,
little flavor, easy harvest

Sweden, subsp. mongolica × subsp.
rhamnoides (BHi72588) [9]

Frugana Vigorous, high yield, early ripening Germany, subsp. rhamnoides [60]

Gaoyou 1 Vigorous, high yield, high seed oil content China, subsp. mongolica × subsp.
sinensis

Habego (Orange
Energy) Vigorous, high yield Germany, subsp. rhamnoides × subsp.

mongolica

Harvest Moon Early ripening, few thorns, winter-hardy,
large fruits with long pedicels Canada, subsp. mongolica [66]

Hergo Vigorous, high yield, late-ripening, suitable
for machine harvesting, small fruits Germany, subsp. rhamnoides [67]

Hongji 1 Almost thornless, red rounded fruits China, subsp. mongolica × subsp.
sinensis [68]

Hongxia Ornamental, densely set orange fruits, fruits
stay on branches for several months China, subsp. sinensis [69]

Hongyun Tolerant to both low and high temperatures
and to draught Russia, subsp. mongolica [61]

Hualin 1 Tolerant to both low and high temperatures
and to draught

China, subsp. mongolica × subsp.
sinensis [63]

Hunjin High yield, few thorns, large fruits,
long pedicels

China, offspring from subsp.
mongolica [70,71]

Idun Oblong orange fruits, non-rancid Sweden, subsp. mongolica × subsp.
rhamnoides (BHi727115)

Inya Arching branches, large red fruits with high
carotenoid content, short juvenile period

Russia, subsp. mongolica, induced
chem. mutant of ‘Panteleevskaya’ [59]

Ivushcka
Late ripening, red fruits with high carotenoid

contents, can be harvested by shaking
the bush

Russia, subsp. mongolica, induced
irradiation mutant [64,65]

Julia Vigorous, high yield, orange fruits Sweden, subsp. mongolica × subsp.
rhamnoides [9]

Kapriz (Caprice) High sugar content Russia, subsp. mongolica [65]

Klavdia (Klavdija) High yield, long pedicels, suitable for
hand-picking, sweet taste

Russia, subsp. mongolica, offspring of
‘Chuyskaya’ [59]

Krasnoplodnaya Large fruits, high carotenoid content,
sensitive to wilt Russia [72]

Krasny Fakel
Late ripening, red fruits high carotenoid

content, can be harvested by shaking
the bush

Russia, subsp. mongolica, induced
irradiation mutant [64,65]

Leikora Vigorous but with restricted root suckering,
winter-hardy Germany, subsp. rhamnoides [60]

Lotta
High yield, winter-hardy, long pedicels,

suited for hand-picking, low acidity,
non-rancid

Sweden, subsp. mongolica × subsp.
rhamnoides (Bhi 31415hona)

Lvivyanka High yield, large fruits Ukraine, crosses with subsp.
mongolica [73]
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Table 1. Cont.

Cultivar Interesting Trait(s) Origin Reference

Mariya Low pull-out force (=fruits are
easily detached) Russia [72]

Mary (Marija Bruvele) Mild taste, high oil content, relatively
tolerant to mycotic wilt and bud bacteriosis

Latvia, open pollination of
‘Botanicheskaya Ljubitelskaya’ [54]

Medova Osin Drought tolerance, winter hardiness, disease
resistance Ukraine, subsp. carpatica [73]

Mendeleevskaya Tolerant to wilt Russia [62]

Mengzhonghong Rounded fruits, balanced sweetness/acidity China, subsp. mongolica × subsp.
sinensis [63]

Mengzhonghuang Almost thornless, rounded fruits, balanced
sweetness/acidity

China, subsp. mongolica × subsp.
sinensis [63]

Mukshanska High yield, large fruits Russia, offspring from open
pollination of ‘Inya’ [73]

Nivelena High yield Russia [72]
Novost Altaya Small fruits, tolerant to Fusarium wilt Russia, subsp. mongolica [59,61]

Ognistaya Late ripening, red fruits high in carotenoids,
can be harvested by shaking the bush

Russia, subsp. mongolica, induced
irradiation mutant [64,65]

Ognivo Thornless, large, and red fruits, long pedicels,
late ripening Russia, subsp. mongolica [59]

Oranzhevaya
(Orangenaya) High yield, few thorns, small fruits Russia, subsp. mongolica [59,61,74]

Osinnia krasunia High yield, large fruits Ukraine, crosses with subsp.
mongolica [73]

Panteleevskaya Large fruits Russia, subsp. mongolica [59]
Plamennaya High yield, large fruits Belarus [61,72]

Podaruk Sadu High yield Russia [72]

Podrugha High sugar content Russia, subsp. mongolica, induced
irradiation mutant [64,65]

Qiuyang Drought tolerant China, open pollination of subsp.
mongolica ‘Wulangmu’ [75]

Raisa Disease resistant, high acidity Finland, subsp. rhamnoides × subsp.
caucasica [76,77]

Rapsodiia High yield, large fruits Ukraine, crosses with subsp.
mongolica [73]

Sibirsky Rumyanets Red fruits high in carotenoids, very
earrly-ly ripening Russia [65]

Sirola Earrly-ly ripening Germany, subsp. rhamnoides × subsp.
mongolica

Syurpriz Baltiki
(Sjurpriz Pribaltiki)

Tolerant to wilt, medium tolerant to sea
buckthorn fruit fly Russia [62]

Skibes siev Latvia, from wild-growing subsp.
rhamnoides [54]

Sol
High yield, vigorous, round fruits, rich
flavourflavor, suitable for harvesting by

cutting off branches

Sweden, subsp. mongolica × subsp.
rhamnoides (BHi10726) [9]

Sudaruschka High yield, large fruit, high
carotenoid content

Russia, subsp. mongolica, induced
chem. mutant of ‘Panteleevskaya’ [59]

Tatjana Reddish fruits, high oil content, relatively
tolerant to mycotic wilt and bud bacteriosis

Latvia, open pollination of
‘Botanicheskaya Ljubitelskaya’ [54]

Terhi Winter hardy, high in vitamin C, tolerant to
stem canker Finland, subsp. rhamnoides [76,77]

Torun
High yield, large and non-rancid fruits,

suitable for harvesting by cutting
off branches

Sweden, subsp. mongolica × subsp.
rhamnoides (BHi727137)

Trofimovskaya High yield, susceptible to sea buckthorn fly Russia, subsp. mongolica × subsp.
rhamnoides [62,72]

Tytti Winter hardy, moderate vigor, high in
vitamin C, tolerant to stem canker Finland, subsp. rhamnoides [76,77]
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Table 1. Cont.

Cultivar Interesting Trait(s) Origin Reference

Vitaminnaya Vigorous thornless bush, small fruits Russia, subsp. mongolica [59,61]

Wanhuang High yield, late ripening yellow fruits that
stay on the branches for several months

China, subsp. mongolica × subsp.
sinensis

Wanxia High yield, late ripening orange-red fruits
that stay on the branches for several months

China, subsp. mongolica × subsp.
sinensis

Wucifeng High yield, few thorns, large fruits,
long pedicels

China, offspring from subsp.
mongolica [70,71]

Wulanshalin High yield, few thorns, large fruits,
long pedicels

China, offspring from subsp.
mongolica [70,71]

Yolochka Tolerant to wilt Russia [62]

Zarnitsa Russia, subsp. mongolica, induced
irradiation mutant [64]

Zhemchuzhnitsa High yield, sweet and aromatic fruits, suited
for fresh consumption

Russia, subsp. mongolica, linebreeding
of ‘Chuyskaya’ [59]

Zhongji 3 Few thorns, yellow rounded fruits China, subsp. mongolica × subsp.
sinensis [78]

Zhongji 4 Few thorns, early ripening, yellow
rounded fruits

China, subsp. mongolica × subsp.
sinensis

Zlata High yield, thornless, large fruits,
late-ripening Russia, subsp. mongolica [59]

Zolotoi Kaskad High sugar content Russia, subsp. mongolica, induced
irradiation mutant [64,65]

Zolotoi klyuchik Tolerant to wilt, medium tolerant to sea
buckthorn fruit fly Russia [62]

Conventional breeding programs for improving adaptability, tolerance, yield, and
quality of sea buckthorn have been undertaken since the early 1900s, and more than
150 cultivars have been developed for culinary and/or medicinal use [79]. Breeding was
initiated in Russia in the 1930s and in China in 1985 [61,80] using H. rhamnoides subsp.
mongolica from the Altai mountains, and subsp. sinensis in Northern China, respectively.
Cultivars based on subsp. sinensis are usually adapted to harsh environments, grow
fast, and have a very high vitamin C content, but their major drawbacks are very thorny
branches, low fruit yield, small fruits, and high acidity. By contrast, cultivars based on
subsp. mongolica often have fewer thorns, a high fruit yield (5–12 kg/plant), large fruits
(30–120 g/100 fruits), high oil content, and less acidity. Unfortunately, these cultivars are
less well adapted to high summer temperatures and drought and are more susceptible to
fungal diseases and pests. The third major subspecies to be used in plant breeding is subsp.
rhamnoides, which in many respects takes an intermediate position compared to subsp.
sinensis and subsp. mongolica. Russia (over 70 cultivars) and China (over 60 cultivars) are
still the leading countries in sea buckthorn improvement, and many cultivars from these
countries are planted around the world.

In Russia, selection and breeding have been carried out in different locations, from the
maritime climate in Leningrad to a more continental climate in Moscow, where selection
and breeding were initiated in 1952 [81]. The domestication, however, started further east,
in Barnaul in the Altai region of Siberia. Three cultivars (‘Dar Katuni’, ‘Novost Altaya’,
and ‘Zolotoy Pochatok’) derived by selection in wild stands from Katun (Gomy Alta) were
released in the 1960s by the Lisavenko Research Institute of Horticulture for Siberia [61].
Accessions were also collected and evaluated from a wider geographic area, and additional
cultivars were released, like ‘Maslichnaya’, ‘Vitaminnaya’, ‘Oranzhevaya’, and ‘Chuyskaya’.
Later, well-known cultivars were also developed at other locations in Russia, from crosses
between different accessions of subsp. mongolica as well as from crosses between subsp.
mongolica and subsp. rhamnoides like, e.g., ‘Botanicheskaya Ljubitelskaya’ (Figure 3) and
‘Trofimovskaya’ developed in Moscow. Some breeding has also taken place in Mongolia,
resulting in, e.g., ‘Ulaangom’ and ‘Chandman’.
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Figure 3. ‘Botanicheskaya Ljubitelskaya’, Russian cultivar (Hippophae rhamnoides subsp. rhamnoides ×
subsp. mongolica).

In China, breeding and selection were initially based on the indigenus subsp. sinen-
sis (Figure 4). Five cultivars, including ‘Hongxia’ and ‘Wucixiong’ (male), were ob-
tained through the selection of open-pollinated offspring from local stands [69]. An-
other 15 cultivars, including ‘Wulanshalin’, ‘Hunjin’, and ‘Wucifeng’ that have no or few
thorns, large fruits and long fruit stalks, and yields of 10,000–20,000 kg/ha, were selected
among offspring from introduced sea buckthorn accessions from Mongolia and Russia
(subsp. mongolica) [70,71]. The hardy and highly drought-resistant cultivar ‘Qiuyang’
was selected among seedlings derived from open-pollination of the subsp. mongolica
cultivar ‘Wulangmu’ [75]. This step in the domestication process was then followed by
making controlled crosses between subsp. sinensis and subsp. mongolica to improve adapt-
ability, yield, and quality [80]. About 20 cultivars, like ‘Hualin 1′, ‘Mengzhonghuang’,
‘Mengzhonghong’ (Figure 5), ‘Dalate’, ‘Ezhonghuang’, ‘Ezhongxian’, ‘Chengse’, ‘Hongyun’,
‘Hongji 1′, ‘Zhongji 3′, and ‘Zhongji 4′, have now been released based on these crosses [63].
Some other new cultivars, such as ‘Gaoyou 1′, ‘Chaoyang’, ‘Wanxia’, and ‘Wanhuang’, have
also been released recently in China.

Many other Asian countries have now initiated their own programs for developing
sea buckthorn as a crop plant. Harvesting has initially been conducted in native stands
of, e.g., subsp. turkestanica (India) or subsp. caucasica (Iran and Turkey), but these are in
general unsuited for large-scale commercial plantations due to thorniness, small fruit size,
and low fruit yield. In India, evaluation and selection are presently undertaken in locally
grown offspring obtained from the seeds of Russian subsp. mongolica cultivars [82], and a
similar development is also seen in other Asian countries.

In Ukraine, plant breeding has resulted in cultivars like ‘Lvivyanka’, ‘Osinnia krasu-
nia’, ‘Mukshanska’, ‘Rapsodiia’, and ‘Medova osin’ [73]. The first four of these cultivars are
based on crosses involving subsp. mongolica and produce larger fruits and higher yields
compared to the fifth, which is derived from subsp. carpatica and instead is characterized by
high winter hardiness, drought tolerance, and disease resistance. Some cultivars have also
been developed in neighboring Belarus, including the productive ‘Plamennaya’ with fruits
of 80 g/100 fruits [61]. Commercial production is also undertaken in, e.g., Romania and,
recently, Greece, but is mostly based on Russian cultivars derived from subsp. mongolica.
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In Berlin, in Germany, cultivars like ‘Askola’, ‘Dorana’, ‘Frugana’, ‘Hergo’, and
‘Leikora’ were released from 1979 onwards, based on selection in wild stands of subsp.
rhamnoides [60]. Increased focus on oil content prompted a second step in the breeding
program, with renewed selection activities in subsp. rhamnoides as well as the undertaking
of crosses with subsp. mongolica from the Altai region, resulting in ‘Sirola’ and ‘Habego’
(‘Orange Energy’).

Domestication of sea buckthorn in the Nordic and Baltic countries (mainly Sweden,
Finland, Estonia, and Latvia) was influenced by both Germany and Russia. Some of the
German cultivars were not sufficiently cold-hardy to ensure survival in Finland and the
Baltic countries [67] and ripened too late. In Finland, ‘Terhi’ and ‘Tytti’ were obtained from

26



Genes 2023, 14, 2120

native stands of subsp. rhamnoides [76], while ’Raisa’ was derived from a cross between
subsp. rhamnoides and subsp. caucasica (Figure 6). Nowadays, breeding relies mainly on
crosses using subsp. rhamnoides or subsp. fluviatilis as one parent and subsp. mongolica as
the other parent. Production of juice is a major goal, and the hybrid cultivars have larger
fruits, reduced acidity, perceived sweeter juice, superior juicing capacity (80–90% compared
to 50–60% in subsp. rhamnoides), and significantly fewer troublesome stellate hairs on the
fruits. Hybrid cultivars developed in Sweden, where a breeding program started in 1986,
are, e.g., ‘Julia’, ‘Lotta’, ‘Sol’ (Figure 7), ‘Idun’, ‘Eir’, ‘Fenja’, and ‘Torun’, and in Latvia, e.g.,
‘Mary’ (‘Marija Bruvele’) and ‘Tatjana’ [54].
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In Canada, a breeding program was initiated in 1995, resulting in, e.g., ‘Harvest Moon’
derived from open pollination of a subsp. mongolica seedling obtained from Siberia. This
early-maturing, relatively thornless, and winter-hardy cultivar has large reddish-orange
fruits with long pedicels, which facilitate hand harvesting and is well suited for growing in
the Canadian Prairies and northern Great Plains of the USA [66].

In the future, transgenesis and genome editing with Clustered Regularly Interspaced
Short Palindromic Repeats-associated Protein 9 (CRISPR/Cas9) may become useful for
improving commercially important traits in sea buckthorn. Still, the notion of using gene
transfer or gene editing methods may prove unacceptable for a crop destined for the
health food market. Since only a few protocols are available for regeneration [83] and
transformation of sea buckthorn [84], a lack of efficient regeneration protocols could also
hamper the application of these methods.

7. Plant Breeding Goals

In order to maximize the economic, ecological, and social benefits of sea buckthorn
cultivation, breeding goals have focused on (1) enhancing the yield of fruits and seeds,
(2) improving the contents and quality of oils and bioactive components, and (3) increasing
the tolerance to extreme temperatures (both high and low), drought, waterlogging, diseases,
and pests.

7.1. Plant Architecture and Yield

The small and inconspicuous flowers are borne in tight clusters on 2-year-old branches.
It takes approximately 100–120 days from fertilization to ripe fruits. Yield is influenced
by several factors like plant growth, habit and shape, internode length, fruit size, and
pedicel length; phenological events like flowering period and time of fruit maturity; and
physiological traits such as disease resistance and tolerance to stress.

The ideotype for sea buckthorn plant shape depends on the harvesting method, which
usually consists of hand-picking in the field, direct juicing in the field, cutting off whole
branches, which are then frozen and threshed, or machine harvesting in the field [85]. For
hand-picking and juicing in the field, a rather short plant with as few thorns as possible is
desirable. Thorniness does not matter that much if whole branches are cut off, but longer
fruit stalks (5–10 mm) allow easier detachment of fruits. Plant size and ripening time can
also be important depending on the type of branch cutting applied (e.g., total cut, lower
cut, vertical split, and horizontal split [86]). The machine harvesting of sea buckthorns is
conducted on a restricted scale, usually with either vacuum or vibrations; both types of
harvesters work better on cultivars with long fruit stalks, and the latter type also requires
branches that bend easily without breaking.

Late-ripening plants are generally expected to have higher yields than early-ripening
plants since their period of active growth and development is longer. Very-late-ripening
plants are, however, vulnerable to early periods of freezing before full ripening. In high-
latitude regions, late-ripening individuals may also fail to form sufficient flower primordia
for the following year [87].

The fruit of sea buckthorn is not really a berry and is better described as a ”pseudo-
drupe” [41]. Fruit size and shape are commercially important traits that are determined by
several processes, including cell division and cell expansion. Interspecific variation in these
processes has been demonstrated for three species of Hippophae [88], but this information is
not yet immediately applicable in applied plant breeding.

Generally, cultivars derived from subsp. mongolica have the largest fruits, like the Siberian
‘Elizaveta’, ‘Agurnaya’, and ‘Avgustina’, which are reported to produce 100–120 g/100 fruits
when grown in Russia [61]. In a study of 78 accessions in Northern China, cultivars
of subsp. sinensis had much smaller fruits (average of 11 g/100 fruits) compared to
subsp. mongolica (average of 48 g/100 fruits), while hybrids took an intermediate po-
sition (average of 31 g/100 fruits) [58]. Cultivars based on subsp. caucasica also tend to
produce small fruits, as reported for 10 accessions in Eastern Anatolia, where weight ranged
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from 14 to 24 g/100 fruits [89]. One subsp. carpatica cultivar in Ukraine had larger fruits,
37 g/100 fruits, while four hybrid cultivars (subsp. mongolica × subsp. carpatica) varied
from 63 to 71 g/100 fruits, i.e., similar to pure subsp. mongolica (68 g/100 g) [73].

7.2. Resistance against Abiotic Dress

Cold tolerance: Plants of H. rhamnoides have been reported to tolerate temperatures
between −43 ◦C and +40 ◦C but grow best when the average temperature in the hottest
month ranges from 15 to 25 ◦C [90]. There is considerable variation in cold hardiness
between plants from different geographic origins. Both subsp. mongolica and subsp. sinensis
are adapted to a continental climate and can tolerate very cold winters. In a cool maritime
or semi-maritime climate with fluctuating winter temperatures, as in Northern Europe,
imported cultivars of subsp. mongolica suffer considerably more winter injury compared
to native plants of subsp. rhamnoides. Several inter-subspecies hybrids originally bred in
Russia (especially Moscow) instead have satisfactory cold hardiness when grown in, e.g.,
Finland, Sweden, Estonia, and Latvia [54,91], and similar crosses are now undertaken in
these countries. H. tibetana, which grows in alpine plateau regions, can tolerate very low
temperatures during the growing season but has not yet been used in breeding programs.

Variation in cold hardiness among genotypes of various origins is, to a large extent,
affected by their biochemical content. Cold acclimation increases the concentrations of
sugars and dehydrins, resulting in elevated freezing tolerance. Levels of dehydrin mRNA
as well as sugar components (especially sucrose) appear to correlate with the cold hardiness
of the leaves [87]. Further analyses of the biochemistry of cold hardiness may result in the
identification of key genes and the development of DNA markers for application in plant
breeding. Large phenotyping projects are, however, needed to supply information about
allelic variation in these genes. Thus, data on carefully evaluated parameters involved in
cold hardiness must be collected for a large set of genotypes.

Drought tolerance: Although sea buckthorn plants can endure lengthy periods of
drought better than many other woody shrubs, flowering and fruit set are adversely affected
by inadequate soil moisture, particularly during early spring. Irrigation may therefore be
required for orchards in areas with low precipitation. Since this can be difficult and costly
to implement, naturally high levels of drought tolerance would be beneficial for cultivars
grown in dry areas.

There is, as of yet, little information on genetic variation in parameters involved in
water uptake and use. Research on drought stress has shown that leaf water potential,
photosynthetic rate, and stomatal conductance decrease in genotypes of both subsp. sinen-
sis and subsp. mongolica, whereas the content of polyphenols such as flavone, flavonol,
isoflavone, and flavanone decreases only in subsp. mongolica [92]. By contrast, flavone
and abscisic acid (ABA) contents were significantly higher in subsp. sinensis. In a tran-
scriptomics analysis, numerous Differentially Expressed Genes (DEGs) were identified
under drought stress in the two genotypes [92]. These DEGs were associated mainly with
carotenoid biosynthesis, flavonoid biosynthesis, photosynthesis, and plant hormone signal
transduction. Six hub DEGs, which play a role in the ABA-dependent signaling path-
way, were identified. The mutual regulation of ABA and flavonoid signaling apparently
contributes to the difference in drought resistance between the two analyzed samples.
Any kind of stress is known to activate plant-specific transcription factor TCP genes. In
sea buckthorn, HrTCP20 was significantly up-regulated under drought stress, suggesting
that this TCP has a role in drought tolerance, possibly by affecting the biosynthesis of the
important plant hormone jasmonic acid [93].

7.3. Resistance against Fungal Diseases

Fungal diseases have become increasingly problematic in sea buckthorn, causing
serious damage in both wild stands and commercial orchards all over the world [94].
Unfortunately, there is a lack of in-depth pathological studies with bioassays to quantify
the symptoms caused by unambiguously identified fungi. Commonly observed symptoms
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in the field after natural infection are various cankers and lesions on the stems of trunks
and main branches, wilting leaves and buds, followed by necrosis of both shoots and roots,
and eventual death of the entire plant. In addition, several fungi have been reported to
affect leaves and/or fruits, but these symptoms are seldom quite as serious as the three
diseases described below.

Wilt: Drying up of sea buckthorn plants, also known as wilt, is a serious worldwide
problem. Soil-borne fungi belonging to the genera Fusarium (several species) and Verticillium
(Verticillium dahliae and Verticillium albo-atrum) have been identified in connection with wilt
in Europe, including Russia, as well as in India and Canada. Early symptoms vary between
orchards in different countries and are possibly associated with the origin of the planted
material but also with environmental factors like drought and excessive soil moisture. Thus,
Russian cultivars, presumably derived from subsp. mongolica, were reported to be more
sensitive to Verticillium in Germany in comparison with other cultivars [67]. Cultivars with
above-average tolerance to wilt in a field trial with 42 cultivars and advanced selections in
Belarus include ‘Desert maslichnyi’, ‘Yolochka’, ‘Mendeleevskaya’, ‘Syurpriz Baltiki’, and
‘Zolotoi klyuchik’ [62].

Stem canker: Several fungi, e.g., Hymenopleella hippophaeicola, Cytospora spp., and
Stigmina spp., have been reported to cause stem canker and leaf spot on sea buckthorn
around the world. The symptoms can lead to the death of entire shoots and may eventually
kill the whole plant. In Finland, Russian cultivars derived from subsp. mongolica appear to
be especially susceptible to damage by Stigmina, whereas wild stands of subsp. rhamnoides
remain healthy [95]. Tolerance to Stigmina seems to depend on the ability to withstand frost
damage in spite of the fluctuating temperatures during autumn typical of a coastal climate.

Dried shrink disease: The concept of Dried Shrink Disease (DSD) was introduced to
denote a common infection pattern caused by various fungi in China but has also been
reported in, e.g., Sweden and Russia [3]. DSD has been a major factor in limiting the
success of sea buckthorn plantings in China for several decades. Leaves of infected plants
become increasingly chlorotic at the beginning of summer, and branches bend down, wilt,
and eventually dry up. Fruits of infected plants do not develop properly, and many drop
well before maturation. Possibly, wilt and stem canker, as described above, are part of
the DSD concept, but other symptoms also occur. In addition to Fusarium acuminatum,
Fusarium oxysporum, Fusarium camptoceras, Stigmina, and Verticillium, fungi that have been
reported in connection with DSD include Phomopsis (=Diaporthe), Phellinus hippophaeicola,
and Dothidea hippophaes (=Plowrightia hippophaes) [3,96]. Hymenopleella and Diaporthe were
the most frequently found species in symptomatic samples in Germany [97].

7.4. Resistance against Insects

Numerous insects have been reported to infest sea buckthorn orchards around the
world [3]. In China, the most dangerous pest is Holcocerus hippophaecolus, found in planta-
tions in, e.g., the Liaoning province and Inner Mongolia, where more than 0.8 million ha
have been damaged. As of yet, there is no information on cultivar-dependent variation in
susceptibility to this pest. Outside of China, the sea buckthorn fruit fly (Rhagoletis batava) is
potentially the single biggest threat to commercial production. Infestations can decimate
fruit yield and ultimately lead to total loss of the harvest (Figure 8). This fly probably
originates from Siberia and has gradually spread west from Siberia into Eastern Europe
and south towards Mongolia and China. Severe damage has been reported in commercial
orchards in the Baltic countries, Scandinavia, Poland, Romania, and Germany, with yearly
yield losses. In China, the extent of fly damage is currently less prevalent, possibly because
this insect has not yet adapted to the climate.

Susceptibility to the sea buckthorn fruit fly has been reported to vary among cultivars,
with ‘Baikal’ being highly resistant [62]. Early-ripening cultivars may be more susceptible
since their fruits are at a suitable stage for egg-laying. Fruit size, color, and shape may also
play a role since female flies of this genus are known to evaluate these traits carefully before
laying their eggs. Thus, the majority of relatively resistant varieties appear to have small,
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reddish, and late-ripening fruit [98]. Proper studies of the inheritance for this trait have,
however, not yet been presented.
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Molecular mechanisms involved in insect resistance are not yet well documented, but
brassinosteroid (BR) appears to be involved in the stress tolerance of many plant species.
In sea buckthorn, BR content was much higher in fruits infected by the sea buckthorn
fruit fly compared to uninfected fruits [99]. Moreover, since damage was lower in fruit
treated with BR, this compound may enhance resistance in sea buckthorn. Several BR
biosynthesis-related HrCYPs genes were identified in a transcriptome analysis. The most
up-regulated gene in infected sea buckthorn fruits was HrCYP90B1, which may act as a
positive regulator in resistance to the sea buckthorn fruit fly.

7.5. Chemical Contents

An increasing part of the sea buckthorn cultivation is aimed at producing raw materials
for the health food, medicinal, and cosmetic industries. Research has therefore focused on
medicinal properties in mainly fruits, with special emphasis on vitamins, phenols, lipids,
phytosterols, carotenoids, tocopherols, and triterpenoids. Sea buckthorn is indeed rich in
many bioactive phytochemicals, but the contents of the fruit pulp, seeds, and leaves vary
considerably. This variation can be attributed to species, ripening time, cultivar, harvest
date, influence of year, as well as their interactions, as noted for, e.g., content of acids,
sugars and sugar alcohols [100], carotenoids [101], tocopherols [102]), and total phenolic
compounds [103]. Also, location [104], orchard management, and sample treatment can
influence the reported results, and therefore published data are not easily compared. Future
analyses of chemical compounds in fruits should be conducted on samples where the
maturity stage is more precisely defined using, e.g., pheophytin as a maturity marker [101].

Ideally, phenotyping data are obtained from samples of replicated plants in formal
multi-year field trials, but most sea buckthorn studies are instead based on a limited number
of samples without true biological replicates, and only a few studies have focused on the
comparison of several species and subspecies. Furthermore, a lack of cheap and efficient
biochemical analytical methods has historically restricted the study of phytochemical
variation, but several advanced Liquid Chromatography–Mass Spectrometry (LC-MS) and
High-Performance Liquid Chromatography–Mass Spectrometry (HPLC-MS) methods are
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now commonly used to provide reliable data. Fast and efficient rapid proton Nuclear
Magnetic Resonance spectroscopy (1H NMR) analysis has been used for the metabolic
profiling and discrimination of wild sea buckthorn fruits grown at different locations in
Finland (subsp. rhamnoides) and China (subsp. sinensis) [104]. The two subspecies and
different growth sites could be distinguished, and variation within subsp. rhamnoides was
shown to be associated mainly with the higher temperature, solar radiation, and humidity,
as well as the lower precipitation in southern Finland, yielding higher levels of O-ethyl
β-d-glucopyranoside and d-glucose and lower levels of malic, quinic, and ascorbic acids.
Significant metabolic differences in genetically identical fruits were observed between
latitudes 60◦ and 67◦ north in Finland. High altitudes (>2000 m) were correlated with
higher levels of malic and ascorbic acids in subsp. sinensis.

Using NMR, effects of location were also studied on samples of subsp. rhamnoides
cultivars grown in northern and southern Finland as well as in Canada, showing that the
metabolic profile of the northernmost fruits was distinctly different from those grown in
southern Finland or Canada, thus demonstrating considerable plasticity in the acclima-
tization to growth environments [105]. In another study, NMR metabolomics and multi-
variate data analysis were used to study variation in seven species and seven subspecies
of Hippophae (90 accessions), with metabolites being quantified with quantitative NMR
(qNMR) [106]. Different species were clearly discriminated against by their content of
organic acids, L-quebrachitol, and carbohydrates.

NMR non-targeted metabolomics have also been applied to the leaves of sea buckthorn.
In a study of two cultivars (subsp. rhamnoides) grown in the south and north of Finland
during two consecutive growth seasons, the highest variance in the metabolic profile was
linked to the growth stage, with the second highest variance attributed to location [107]. The
north–south comparison identified fatty acids and sugars as discriminatory metabolites.

An NMR-based approach was used on sea buckthorn juice to reveal metabolic changes
during fermentation with different strains of Lactiplantibacillus plantarum [108]. In total,
46 metabolites were identified from the fresh and fermented juice, including various sugars,
amino acids, organic acids, ketones, nucleosides, and one alkaloid. Thus, NMR-based
metabolomics could be a useful approach for simultaneous metabolic profiling, species
and subspecies differentiation, and quality assessment of sea buckthorn, as well as for
discriminating the effects of the geographical origin of sea buckthorn fruits and leaves.

Sugars and sugar alcohols: Fructose, glucose, and ethyl glucose are usually the most
abundant sugars in sea buckthorn fruits, and L-quebrachitol is the most abundant sugar
alcohol, with methyl-myo-inositol and myo-inositol being present in smaller amounts.
Interestingly, changes in sugar content during maturation seem to differ between species.
Levels of fructose and glucose in subsp. sinensis fruit juice increased during ripening,
whereas corresponding contents in samples of subsp. rhamnoides decreased [100].

Fruits were collected from nine natural stands of subsp. sinensis in China during
three years, and the influence of latitude and altitude on sugars and sugar alcohols was
investigated [109]. Although samples were collected at optimal maturity, the contents of
fructose, glucose, and L-quebrachitol in the fruit juice varied widely: 0.01–7.17, 0.05–7.85,
and 0.21–1.09 g/100 mL, respectively. The contents of fructose, glucose, and total sugar
correlated positively with the growth latitude but negatively with the altitude. The contents
of L-quebrachitol correlated strongly and positively with latitude.

In a study of inositols and methylinositols in the juice of three subspecies, wild Chinese
fruits (subsp. sinensis) contained higher levels of L-quebrachitol (average 615 mg/100 mL
juice) and methyl-myo-inositol (average 58 mg/100 mL juice) than the Finnish (subsp.
rhamnoides, 276 and 11 mg/100 mL juice, respectively) and Russian (subsp. mongolica, 228
and 16 mg/100 mL juice, respectively) fruits [110]. The content of myo-inositol was higher
in the Chinese and the Russian fruits than in the Finnish (26 and 20 mg/100 mL juice
vs. 8 mg/100 mL juice). In the Chinese fruits, the contents of methyl-myo-inositol and
L-quebrachitol increased, whereas that of myo-inositol decreased from late September to
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late November. The content of L-quebrachitol in the Chinese fruits correlated negatively
with the air temperature and the number of frost-free days.

In another study, sugars, ethyl β-d-glucopyranose, and methylinositol were ana-
lyzed in fruit juice from three subspecies (subsp. sinensis, rhamnoides, and mongolica)
collected in China, Finland, and Russia during four years [100]. Origin and harvesting
date had a significant impact on the content of sugars. During the harvesting period,
sugar content developed differently in fruits of the different subspecies. Fructose (subsp.
sinensis 1.5–11.7 g/100 mL, subsp. rhamnoides 0.1–0.6 g/100 mL, and subsp. mongolica
0.9–4.3 g/100 mL) and glucose (subsp. sinensis 1.6–12.5 g/100 mL, subsp. rhamnoides
0.8–2.9 g/100 mL, and subsp. mongolica 4.3–7.2 g/100 mL) were the main sugars in all
three subspecies. Ethyl glucose was present in the sugar fraction of subsp. rhamnoides
(0.1–1.9 g/100 mL) but was found only in trace amounts in the other two subspecies. In
subsp. rhamnoides, the level of ethyl glucose increased during the harvesting period and
was accompanied by a decrease in glucose content. Methylinositol was present in higher
levels in subsp. sinensis (0.3–1.6 g/100 mL) than in the other two subspecies (0.1–0.5 and
0.2–0.3 g/100 mL for subsp. rhamnoides and subsp. mongolica, respectively). The total
amount of sugars was highest in subsp. sinensis and lowest in subsp. rhamnoides.

Organic acids and vitamin C: Sea buckthorn is a rich source of organic acids, mainly
malic, quinic, and ascorbic acids. Maturity has a significant influence on the content of
ascorbic acid, with an average reduction of 25% from early to late maturity reported for,
e.g., hybrid cultivars derived from subsp. mongolica [111] as well as for wild-growing subsp.
rhamnoides [112]. The time of sampling is therefore crucial to obtaining comparable data.
Ascorbic acid seems to be especially high in the fruits of H. salicifolia, but also H. rhamnoides
subsp. sinensis and subsp. yunnanensis have a high content [113].

Wild fruits of subsp. sinensis are reported to contain 5−10 times more vitamin C in
the juice fraction than fruits of subsp. rhamnoides and subsp. mongolica [112]. In subsp.
sinensis, the content of organic acids in fruits has been shown to vary among genotypes and
sites [109]. Malic acid (1.55–8.84 g/100 mL juice) and ascorbic acid (0.25–1.66 g/100 mL)
thus increased as the altitude increased and as the latitude decreased, while the content of
quinic acid (0.07–2.94 g/100 mL) correlated strongly and positively with the latitude.

In another study, organic acids were analyzed in the fruit juice of three subspecies
over four years [100]. Similarly, as for sugars, growth location and harvesting date had a
significant impact on the content of acids. The content of malic acid decreased from initial
ripening to full ripening and thereafter increased slightly. Malic acid content varied in all
three subspecies (subsp. sinensis 1.9–9.2 g/100 mL, subsp. rhamnoides 2.3–4.7 g/100 mL, and
subsp. mongolica 0.8–2.7 g/100 mL), as did quinic acid (subsp. sinensis (0.7–7.5 g/100 mL,
subsp. rhamnoides 0.7–4.3 g/100 mL, and subsp. mongolica 1.3–2.6 g/100 mL).

Tocopherols, tocotrienols, and vitamin E: Both tocopherols and tocotrienols have
vitamin E activity, with α-tocopherol being the most important in the fruit flesh (pulp) of
sea buckthorn. In seed oil, the content of vitamin E reported for different sea buckthorn
species (H. goniocarpa, H. gyantsensis, H. neurocarpa, H. rhamnoides, H. salicifolia, and H.
tibetana) and subspecies was in the range of 98–273 mg per 100 g of oil, with the highest
amount for H. neurocarpa subsp. stellatopilosa and the lowest for H. tibetana [113]. In the
same plant material, vitamin E content in pulp oil ranged from 54 to 181 mg per 100 g of oil,
with the highest amount for H. goniocarpa subsp. goniocarpa and the lowest for H. neurocarpa
subsp. stellatopilosa [113].

Seeds of subsp. sinensis contained fewer tocopherols and tocotrienols (average 130 mg/kg)
compared with seeds of subsp. rhamnoides (average 290 mg/kg) and mongolica (average
250 mg/kg) in a large study with both wild and cultivated material [112]. By contrast,
the fruit flesh of subsp. sinensis berries had 2−3 times higher contents of tocopherols and
tocotrienols compared to the other two subspecies (120 mg/kg vs. 40 mg/kg in subsp.
rhamnoides and 50 mg/kg in subsp. mongolica). Overall, the fresh whole fruits of subsp.
sinensis were clearly the best source of total tocopherols and tocotrienols. In the same study,
it was shown that the total content of tocopherols and tocotrienols in fruit flesh reached its
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maximal level around early to mid-September, whereas the content in seeds continued to
increase until the end of November.

In a study of four cultivars over three years, ’Ljubitelskaya’ (synonym ‘Botanicheskaya
Ljubitelskaya’), derived from a cross between subsp. mongolica and subsp. rhamnoides,
generally had a higher content of most tocopherols and tocotrienols in the fruit flesh than
the other cultivars studied [102]. The total amounts of tocopherols plus tocotrienols were
two-fold higher compared with ‘Eir’. The most extreme difference between the cultivars
was noted for δ-tocopherol, with the highest amounts in ’Ljubitelskaya’ and only trace
amounts in ‘Eir’. Levels of α-tocopherol were higher early in the ripening period, while at
later dates, δ-tocopherol levels increased.

Carotenoids and vitamin A: In the fruit flesh of sea buckthorn, β-carotene, γ-carotene,
and lycopene are the most important carotenes, while zeaxanthin, lutein, and β-cryptoxanthin
are the most important xanthophylls. Vitamin A activity stems mainly from the content
of β-carotene. In H. rhamnoides, β-carotene constitutes approximately 15–55% of the total
carotenoids, with a range of 100–500 and 20–100 mg/100 g in pulp and seed oil, respec-
tively [114].

The fruit pulp of four cultivars was analyzed for carotenoid contents during ripening in
three consecutive years [101]. The different carotenoids generally increased in concentration
during ripening and comprised from 120 to 1425 µg/g dw (dry weight) of total carotenoids
(1.5–18.5 mg/100 g of pulp fresh weight) depending on cultivar, harvest time, and year.
The analyses showed that the effect of cultivar was considerably larger than the effect of
year and harvest time.

Lipids and fatty acids: Sea buckthorn fruits are rich in oils, both in pulp and seeds.
The oil content is generally lower in the pulp compared to the seeds when based on
pulp fresh weight, but larger when based on dry weight. In a study of 78 accessions,
oil content proved to be higher in pulp (3.5–38.6% dw) than in seeds (3.9–12.8% dw),
especially in subsp. mongolica accessions [58]. The lowest total oil content in H. rhamnoides
has been reported for subsp. sinensis (2–3%, whole fruit fresh weight), whereas subsp.
turkestanica and subsp. mongolica have the highest (4–14% and 2–10%, respectively) [114]. In
H. goniocarpa, H. gyantsensis, H. rhamnoides (including all subspecies except subsp. caucasica,
for which data are missing), H. salicifolia, and H. tibetana, pulp oil content ranges between
1.6 and 7.8% (fresh weight), but is considerably higher in H. neurocarpa, 10.6–19.8% [113].
Seed oil content ranges between 5.5 and 13.0% in H. goniocarpa, H. gyantsensis, H. rhamnoides,
and H. salicifolia but is higher in H. neurocarpa and H. tibetana (8.6–16.2% and 15.3–19.6%,
respectively).

The fatty acid profile differs between pulp oil and seed oil, but the major fatty acids
are apparently the same in the commonly cultivated subspecies, i.e., subsp. caucasica, subsp.
mongolica, subsp. rhamnoides, and subsp. sinensis. The content of monounsaturated fatty
acids is over 50% in the pulp oil of subsp. mongolica, subsp. rhamnoides, and subsp. sinensis
(51–59%), but lower for subsp. caucasica (27–43%) [58,89]. The content of polyunsaturated
fatty acids is 10–20% in subsp. mongolica, subsp. rhamnoides, and subsp. sinensis, but
higher for subsp. caucasica (28–43%) [89]. Total content of polyunsaturated fatty acids is
much higher in seed oil (55–78%) compared to in pulp oil (27–59%), but variation among
subspecies of H. rhamnoides seems to be as large as or larger than the variation among
species when many accessions are investigated [58].

The development of cultivars with high total oil content and high content of the
rare palmitoleic acid, which can increase basal and insulin-stimulated glucose uptake
and reduce de novo fatty acid synthesis and activity of lipogenic enzymes, should be
possible using the genetic variation within and among species and subspecies. Recently, the
main enzymes involved in pulp oil accumulation in sea buckthorn were identified [6,115].
A Real-Time Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)
analysis of 15 genes involved in fatty acid and triacylglycerol (TAG) biosynthesis in two sea
buckthorn genotypes helped to understand the mechanism of high C16:1n7 accumulation
in fruit pulp [116]. A thorough understanding of the lipid synthesis pathway and its
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mechanisms for regulation is important and could in the future facilitate breeding of sea
buckthorn cultivars with high oil contents and a specific composition of fatty acids using
gene editing tools.

Phenolic compounds: Phenolic compounds are a very large group of phytochemicals
present in all parts of the sea buckthorn plant, with the major phenols being flavonols
(quercetin, isorhamnetin, and kaempferol derivatives), polymeric procyanidins, flavan-3-
ols, and phenolic acids. In a study of cultivars derived from subsp. mongolica grown in
Poland, leaves had the highest content of flavonols (921.7 mg/100 g dw) and branches the
lowest (41.3 mg/100 g dw), with skin, flesh, seeds, and endocarp in between [117] (Table 2).
Leaves also had the highest content of phenolic acids, albeit still low. The highest content
of flavan-3-ols and polymeric procyanidins was found in branches and seeds, followed by
leaves. The procyanidins in sea buckthorn are of the B-type [118]. Among flavonols, leaves
are especially rich in quercetin derivatives. Quercetin derivatives were also high in skin
and fruit flesh, followed by isorhamnetin derivatives and kaempferol derivatives [117].

Table 2. Average content of phenols (mg/100 g dw) in different parts of sea buckthorn fruits, branches,
and leaves of 7 cultivars derived from H. rhamnoides subsp. mongolica. Table compiled from data
in Tkacz et al. [117]). SD = standard deviation, DP = degree of procyanidin polymerization, and
nd = not detected.

Phenolic Group Skin SD Flesh SD Endocarp SD Seeds SD Branches SD Leaves SD

Qercetin derivatives 397.1 235.4 186.6 65.7 58.1 10.3 65.7 13.2 38.1 48.7 729.1 188.2
Isorhamnetin derivatives 308.0 208.0 114.1 62.8 72.7 18.7 112.8 24.0 3.3 3.1 173.4 36.6
Kaempferol derivatives 16.1 6.0 9.6 6.7 7.1 5.9 1.2 0.2 nd nd 19.3 9.1

Total flavonols 721.2 310.2 137.9 179.8 41.3 921.7
Phenolic acids 3.1 1.2 2.4 0.8 nd nd nd nd nd nd 5.4 1.4
Flavan-3-ols 65.7 17.3 53.3 8.5 137.0 43.4 41.6 9.2 2001.3 413.6 124.7 36.8

Polymeric procyanidins 503.4 83.2 141.3 35.4 424.9 111.8 1266.8 203.2 7276.0 1574.5 974.5 533.0
DP 4.5 0.8 4.4 1.1 3.3 0.8 8.0 2.1 2.4 0.1 2.6 0.4

Total phenolics 1293.3 434.7 507.2 127.5 699.8 93.5 1488.2 241.1 9318.7 1909.5 2026.4 759.4

Flavonol glycosides were identified and quantified in the fruits of plants grown in
Finland and Canada but derived from wild-growing subsp. sinensis in China and cultivated
subsp. mongolica [119]. Twenty-six flavonol glycosides were found, with isorhamnetin
and quercetin as the major aglycones. The contents of flavonol glycosides ranged from
23 to 250 mg/100 g of fresh fruits and were significantly higher in subsp. sinensis than in
subsp. mongolica. Among the subsp. mongolica cultivars, the fruits of ‘Oranzhevaya’ had the
lowest (23 mg/100 g) content, and those of ‘Prevoshodnaya’ had the highest (80 mg/100 g)
flavonol glycosides. Also, samples grown in Kittilä (northern Finland) had higher levels of
most flavonol glycosides than samples grown in Turku (southern Finland) and Québec. For
subsp. sinensis, the contents of most compounds increased as the altitude of the growth site
increased and as the latitude decreased. Fruits from stands originally collected in Sichuan
had remarkably high contents and unique profiles of flavonol glycosides.

Differences were found between subsp. rhamnoides and subsp. mongolica accessions,
as well as for procyanidins [118]. Furthermore, samples of subsp. rhamnoides grown in
northern Finland were characterized by a high amount of total procyanidins, typically
2–3 times higher than found in samples grown in Southern Finland. In subsp. sinensis,
altitude did not correlate with the PA (proanthocyanidins) composition [118].

The flavonol profile of sea buckthorn fruits has turned out to be useful in separating
species, and a fingerprint method based on 12 flavonoids identified from HPLC chro-
matograms has been developed [120]. Potentially, this method could also be used for
quality assurance of sea buckthorn fruits and extracts.

In a recent study of two subsp. mongolica accessions with similar flavonoid profiles,
chalcone synthase (CHS) and flavanone-3-hydroxylase (F3H) were the main enzymes
responsible for the difference in flavonoid synthesis and accumulation in sea buckthorn
fruits [6], which is in agreement with previous studies [121]. A deeper understanding of the
flavonoid synthesis pathway could help breeders develop strategies for future breeding.
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The content of different phenolic compounds is strongly influenced by developmental
stage, as shown for both leaves [122] and fruits [6]. A proper sampling strategy must
therefore be applied to obtain reliable and comparable data.

Sterols: Phytosterols can lower serum cholesterol levels in humans and therefore
constitute an important group of bioactive compounds in plants. In a study of pulp oil in
eight subsp. mongolica cultivars, 14 phytosterols were identified and quantified, the major
compounds being β-sitosterol, 24-methylenecykloartanol, and squalene [123]. Although β-
sitosterol was always the major sterol, the total amount and profile differed widely among
cultivars (Table 3). In another study, sterols were analyzed in seeds, pulp/peel fractions,
and whole fruit samples derived from two major subspecies (subsp. sinensis and subsp.
rhamnoides) from Finland and China [124]. Total sterol contents in the seeds, the fresh
pulp/peel, and the whole fruits were 1200–1800, 240–400, and 340–520 mg/kg, respectively.
The corresponding values in the extracted oils were 12–23, 10–29, and 13–33 g/kg. β-
sitosterol constituted 57–76 and 61–83%, respectively, of the seed and pulp/peel sterols. The
sterol content and composition showed little variation between subspecies and collection
sites. Different harvesting dates showed significant effects on the levels of some sterols,
both in the seeds and in the pulp/peel. The content of sterols can depend on the extraction
method, and supercritical carbon dioxide has proven to be an efficient and reliable method
for exhaustive extraction of sterols [125].

Table 3. Composition and content of phytosterols in different sea buckthorn cultivars (µg/100 mL
of pulp oil). Numbers followed by the same lower-case letter constitute statistically homogeneous
groups (Duncan test, p ≤ 0.05), and nd = not detected. Modified from Teleszko et al. [123].

Phytosterol Aromatnaja Avgustinka Botaniczeskaja Botaniczeskaja
Ljubitelskaja Luczistaja Moskwiczanka Podarok Sadu Porożrachnaja

Squalene 1638 c 1205 e 2714 a 1872 b 885 g 1110 ef 1516 d 1026 f
Kampesterol 167 b 139 c 201 a 95 e 82 e 44 f 118 d 127 cd
Stigmasterol nd 68 a nd nd nd 24 b nd nd
β-sitosterol 6145 a 4942 b 3801 f 4022 e 2049 g 2036 g 4216 d 4409 c
Sitostanol 217 b 172 c 217 b 110 e 97 f 96 f 254 a 150 d

∆5-avenasterol 274 b 251 c 377 a 197 d 198 d 114 e 249 c 243 c
α-amyrin 314 a 110 f 302 a 130 e 166 d 112 f 203 c 228 b

Cycloartenol 441 b 399 c 462 a 439 b 299 e 293 e 474 a 360 d
∆7-avenasterol 156 c 152 cd 154 c 138 e 147 d 80 f 186 b 194 a

28-methylobtusifoliol 249 a 130 d 251 a 145 c 152 b 70 f 89 e 153 b
24-methylene-
cycloartanol 1554 f 4048 a 2711 c 2521 d 1994 e 1454 g 3131 b 2661 c

Erythrodiol 818 a 680 b 590 c 367 f 338 g 284 h 444 d 407 e
Citrostadienol 663 a 327 d 417 c 309 e 244 g 212 h 444 b 269 f
Friedelan-3-ol 737 a 583 c 606 b 398 d 257 f 232 g 260 f 320 e

Total 13,378 13,212 12,810 10,749 6914 6168 11,592 10,553

Triterpenoids: The pharmaceutical potential makes triterpenoids a relevant target for
future breeding efforts. Recently, a detailed account of triterpenoids in the skin, flesh, endo-
carp, seed, leaves, and branches of cultivars derived from subsp. mongolica was given [117]
(Table 4). The 11 identified triterpenoids were divided into two groups according to the
amount detected: (1) betulin, betulinic acid, corosolic acid, maslinic acid, pomolic acid,
oleanolic acid, and ursolic acid, all of which were present in significant amounts, and
(2) α-boswellic acid, erythrodiol (only in branches and leaves), tormentic acid, and uvaol,
all found in amounts below 1 mg/100 g dw [117]. In fruit fractions (skins, flesh, endocarp,
and seed), pomolic acid dominated and constituted 62% of total triterpenoids in the fruit
flesh. The highest content of maslinic acid was also found in the fruit flesh, constituting 16%
of total triterpenoids. The highest content of corosolic acid and betulinic acid was found in
branches. Skins had the highest amounts of oleanolic acid, ursolic acid, and betulin. Leaves
had similar levels of ursolic acid as skins; in leaves, it constituted 42% of total triterpenoids.
Large differences were also found among cultivars; thus, ‘Botanicheskaya Ljubitelskaya’
had the highest amounts of triterpenoids in skins and seeds, whereas ‘Golden Rain’ and
‘Tatiana’ had the highest triterpenoid levels in branches and the lowest in seeds. Thus,
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breeding strategies should consider both genotype and utilized plant parts in order to
optimize the contents.

Table 4. Average content of major triterpenoids (mg/100 g dw) in different parts of sea buckthorn
berries, branches, and leaves of 7 cultivars derived from H. rhamnoides ssp. mongolica. Table compiled
from data in Tkacz et al. [117]. SD = standard deviation.

Triterpenoids Skin SD Flesh SD Endocarp SD Seeds SD Branches SD Leaves SD

Maslinic acid 5.15 2.08 11.06 1.89 4.50 1.01 3.22 0.47 2.43 0.58 0.51 0.12
Pomolic acid 21.45 11.7 43.08 3.06 17.81 3.64 15.19 2.79 8.95 3.13 1.98 0.47

Corosolic acid 8.99 1.71 9.70 1.27 5.21 0.79 6.68 0.43 10.93 0.97 3.39 0.34
Betulinic acid 0.66 0.43 0.87 0.31 0.29 0.12 1.77 1.21 1.93 0.28 0.56 0.21
Oleanolic acid 4.73 3.59 2.65 2.93 1.41 0.97 1.85 1.22 3.70 0.33 0.63 0.08

Ursolic acid 6.45 1.53 0.46 0.09 1.31 1.35 0.39 0.06 4.28 1.00 6.24 2.70
Betulin 13.27 2.90 0.74 0.22 0.31 0.09 0.28 0.10 0.59 0.21 1.17 0.24
Total 62.26 12.76 69.61 4.97 31.3 4.55 30.21 4.15 33.75 4.34 14.72 2.41

Sensory aspects: In many countries, sea buckthorn juice is the main or only product
derived from commercial plantations. Naturally, the amount and balance of chemical
compounds that affect sensory components are crucial for cultivars grown mainly for their
culinary properties. Astringency, sourness, and bitterness were negatively correlated with
pleasantness and favored only by a few members of a sensory panel in Finland testing
sea buckthorn juice, whereas sweetness showed a strong positive correlation with pleas-
antness [126]. In that study, genotypes obtained from crosses between subsp. rhamnoides
and subsp. mongolica gave the most acceptable juice, possibly due to a lower total acidity.
In another Finnish study, the total content of sugars and the sugar/acid ratio correlated
positively with sweetness and negatively with sourness and astringency in the juice of six
cultivars derived from subsp. mongolica and one cultivar from subsp. rhamnoides [127]. Total
acidity and titratable acidity instead correlated positively with sourness and astringency
and negatively with sweetness.

The slightly astringent and bitter taste of sea buckthorn fruits has also been shown to corre-
late with the contents of flavonols, proanthocyanidins, and ethyl b-D-glucopyranoside [128,129].
However, the low average degree of procyanidin polymerization (number of flavan-3-ol
units in polymers) ranging from 2.4 (for branches), followed by 2.6 (leaves), 4.4 (fruit
flesh), to 8.0 (for seeds), and the presence of preferably dimeric and oligomeric flavan-3-ols
indicate a potentially low intensity of astringency in food applications [117].

Besides these non-volatile compounds, odor-active volatiles have a crucial influence
on the sensory quality of sea buckthorn fruits [130]. Fatty acid oxidation during the late
ripening stages results in unattractive fragrances and off-flavors in many cultivars, but
breeding and selection can help reduce rancidity, as shown in several of the recently
developed cultivars in Sweden.

Fruit color: Sea buckthorn fruit color is an important commercial trait and varies across
species from bright yellow, over orange and red, to brown in mature fruits. Integrative
analyses of the transcriptome and targeted metabolome, including carotenoids, flavonoids,
and chlorophylls, were recently performed for five accessions: subsp. sinensis ‘FengN-
ing’ (yellow), subsp. mongolica ‘XiangYang’ (orange), and two accessions of red-colored
and yellow-colored hybrid offspring, as well as a brown H. neurocarpa subsp. neurocarpa
fruit [131]. A total of 209 flavonoids and 41 carotenoids were identified, but a high content
of chlorophyll was found only in the brown fruits. It was shown that the quantities and
relative proportions of the flavonoids, carotenoids, and chlorophyll led to the different
colors of the sea buckthorn fruits, and key genes related to the carotenoids and chlorophyll
metabolism were identified. The high content of chlorophyll in the brown fruit was closely
related to the downregulated expression of key genes in the chlorophyll degradation path-
way. In yellow fruits, carotenes dominated, while lycopene contributed significantly to the
color in orange and red fruits. Future breeding efforts could therefore target key enzymes
affecting the synthesis and accumulation of carotenoids and chlorophylls.
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8. Breeding of Male Plants

Male sea buckthorn plants are not given as much attention from breeders as the fe-
males since their only role is usually to provide prolific amounts of pollen. Male plants are
therefore selected mainly for plant vigor, persistence, and the timing of pollen dispersal,
which should overlap with the flowering time of the female plants. Insufficient cold har-
diness has, however, been reported as a major problem with continental male cultivars,
making them unsuitable for production in Finland and the Baltic countries [67]. Another
potential goal is to produce plants for commercial pollen-based medicinal products [132].
Since sea buckthorn is a dioecious wind-pollinated species, the inheritance of fruit charac-
teristics from male plants can only be evaluated from the performance of their offspring
following controlled crosses.

Two thornless male cultivars with winter-hardy flower buds were selected at the
Lisavenko Research Institute in Russia [59]. ’Aley’ is very vigorous and is mainly rec-
ommended for commercial plantations, whereas the compact ’Gnom’ is suitable both for
commercial plantings and home gardens. In China, ‘Wucixiong’ was selected from wild
stands of subsp. sinensis, whereas the almost thornless ‘Mengzhongxiong’ derives from
subsp. mongolica × subsp. sinensis.

’Pollmix’ is the common name for a group of four different genotypes selected from
wild stands of subsp. rhamnoides in Germany [60], while ‘Tarmo’ was selected from wild
stands of subsp. rhamnoides in Finland, and ‘Edgars’ and ‘Skibes vir’ in Latvia. Later on,
‘Lord’ was selected in Latvia from a cross between a subsp. mongolica × subsp. rhamnoides
hybrid and local subsp. rhamnoides. In Sweden, ‘Romeo’ was selected from a subsp. mon-
golica × subsp. rhamnoides population, and ‘Svenne’ was selected from an open-pollinated
local subsp. rhamnoides selection grown in a breeding collection (Figure 9). More recently,
‘Balsgård Hubert’ was released, a vigorous male selected from an open-pollinated local
selection of a hybrid between subsp. mongolica and subsp. rhamnoides.
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Although sea buckthorn is a predominantly dioecious plant, hermaphrodite flowers
sometimes develop on normal male plants [64]. Thus, a future breeding goal could be to
develop truly hermaphrodite plants, which could potentially exclude the need for male
pollinator plants.

9. Breeding Methods
9.1. Conventional Breeding Methods

Sea buckthorn breeding started with the mass selection of superior plants in wild
populations. Mass selection is still used to ensure locally adapted plant material for use in
breeding programs. However, hybridization has increasingly replaced mass selection as a
breeding method.

For hybridization, flowers need to be isolated 2–3 days prior to the beginning of
flowering, preferably using bags of dense fabric to cover branches on female plants. A few
days later, branches with open male flowers are placed together with the isolated female
flowers, and bags are shaken the following day to ensure good pollination. A different
approach consists of removing the bags (which requires very calm weather with absolutely
no wind) and carefully dusting the female flowers with previously collected pollen. The
female flower can receive pollen for about a week, depending on the temperature. The
bags must, however, be removed when the stigma is no longer receptive to allow proper
ovary development, which is dependent on light [133].

Sea buckthorn pollen can be collected from forced twigs being cut 2–3 days before
flowering. The pollen grains can be stored cool and dry for later use, but little information
is available on the possibility of long-term storage of pollen and its viability. Germination
of pollen grains is reported to occur in 3–4 h and fertilization takes 5–10 days, depending
on temperature [134].

Another approach is to grow female and male plants in pots and place them together
in a greenhouse chamber for hybridization. It is important to shake the male plants daily to
ensure proper pollen dispersal and pollination.

As soon as the fruits have ripened, seeds can be collected, stored dry, or immediately sawn
since they have a short-term physiological dormancy [135]. However, cold stratification for
15–90 days reduces dormancy and improves germination of H. rhamnoides. Optionally, soaking
seeds in water for 7 days could replace stratification [136]. Seeds can maintain germinability
for more than two years when stored at low humidity, even at room temperature [135].

Sea buckthorn seedlings enter the adult stage after 3–5 years and can then be eval-
uated for fruit characteristics and yield potential. Selected seedlings are propagated for
comparative field trials. Sea buckthorn is easily propagated by hardwood and softwood
cuttings [137], but it can also be micro-propagated [138]. Following propagation, plants
usually start to yield after 3-4 years and should be evaluated for 3 years at least in observa-
tion trials before superior selections are propagated for large-scale yield trials in different
locations. The time taken from initial cross to release of cultivars is thus at least 15 years.

9.2. Treatment with Mutagenics

Induced mutagenesis with a sub-lethal dose of ionizing irradiation or with chemicals
can increase the genetic variability of sea buckthorn and shorten the time required for
developing a new variety [139]. Using irradiation, several cultivars have been developed in
Russia, e.g., ‘Druzhina’, ‘Podrugha’, ‘Zolotoy Kaskad’, ‘Ivushcka’, ‘Ognistaya’, ‘Zarnitsa’,
and ‘Krasny Fakel’. Some of these are reported to have large aromatic fruits, a high yield,
a high content of vitamins and other biologically active substances, long pedicels, and a
low number of thorns [64]. ‘Elizaveta’, ‘Inya’, and ‘Sudaruschka’ were instead derived
as chemically induced mutants of ‘Panteleevskaya’ and are presently being marketed for
qualities like high yield, high carotenoid contents, and a short juvenile period.

Polyploid sea buckthorn plants (2n = 24) can be found in wild populations but have
also been developed using colchicine [140]. Although polyploidization frequently results
in abnormal and weak plants, it could also contribute to novel and useful variation.
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9.3. Molecular Marker-Assisted Breeding

Although considerable initial progress can be attained from choosing parents with
above-average performance in desirable traits, DNA marker-based selection can be a
valuable tool, especially for traits that are difficult to evaluate in the field. DNA markers
are now being used to screen putative parents in many fruit and berry crops for traits like
disease resistance and fruit texture components. The cost-effectiveness of screening the
resulting seedlings depends on the percentage of seedlings that can be discarded at an early
stage, which in turn depends on the number and efficiency of the DNA markers scored, as
shown for apples [141].

In sea buckthorn, very few molecular markers have been developed as of yet, apart
from those used for sex determination. Some attempts for disease resistance have been
made. Using a disease index for resistance/susceptibility to DSD, four ISSR markers [142]
and eleven Sequence-Related Amplified Polymorphism (SRAP) markers were shown to be
associated with the number of disease symptoms in the investigated plant material [143].
These multilocus marker methods do, however, not lend themselves well to large-scale
screenings. Also, the identity of the fungi causing DSD varies considerably between
locations as well as the type of germplasm. For the identification of causative genes and
the development of single-locus DNA-based markers, large amounts of phenotypic data
must first be collected, preferably based on carefully conducted inoculation experiments
with properly identified fungal strains. In the case of sea buckthorn, this will first require
considerable research into the plant pathology of the species.

The detection of key genes for important traits in other crops has been attempted
via different avenues. Traditionally, major genes and Quantitative Trait Loci (QTL) are
identified based on a molecular-marker mapping population with offspring that segregate
for the trait of interest. So far, really dense (marker-rich) genetic maps have, however, not
been published for sea buckthorn. Another, more recent, and perhaps more promising
approach is to conduct a GWAS, which exploits the linkage disequilibrium present among
individuals from natural populations or germplasm collections. These are usually more
diverse than segregating progenies and can be used to map QTL with high resolution.
GWAS is facilitated in many crops by the recent development of high-density SNP arrays
with uniform coverage of the whole genome. Genes can, however, also be located using
the increasingly affordable methods for whole-genome re-sequencing (see below).

The identification of important genes and the development of molecular markers for
use in genetic research and plant breeding are facilitated by the existence of a chromosome-
level genome assembly obtained via in-depth sequencing. This has been lacking for the
entire family Elaeagnaceae, but no less than four genomes were published in 2022, three of
which were developed for Hippophae [140,144,145].

The first of these was H. rhamnoides subsp. mongolica cultivar ‘Sunny’, with a total
genome length of 849.04 Mb [144]. The quality and completeness of this assembly were
ascertained, and high synteny between the physical map and the genetic map was also
demonstrated. A total of almost 31,000 genes were predicted with an average length of
4900 bp and an average coding-sequence length of 1307 bp. Two sequential whole-genome
duplication events were proposed, the first occurring about 36–41 million years ago (Mya)
and the second 24–27 Mya. These events have prompted an expansion of genes related to
ascorbate and aldarate metabolism, lipid biosynthesis, and fatty acid elongation. Several
key genes contributing to the high contents of polyunsaturated fatty acids and ascorbic acid
were identified via transcriptome sequencing. A subsequent population genomic analysis
based on whole-genome sequencing of 55 H. rhamnoides accessions (wild and cultivated
subsp. mongolica and wild subsp. sinensis) yielded a large number of SNPs that were used
for analysis of genetic relatedness. A search for candidate genomic regions under positive
selection indicated that selective sweeps have contributed to the richness of fatty acids and
ascorbic acid in the fruits of domesticated subsp. mongolica plants [144]. Numerous genes
for economically important traits were identified in the analyzed accessions, which will
hopefully soon result in easy-to-use molecular tools for marker-assisted plant breeding.
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The second genome assembly was undertaken with a sample of H. rhamnoides subsp.
sinensis [145]. The obtained genome was 730.46 Mb, and many genes of importance for, e.g.,
vitamin C synthesis were identified. The sequenced genome was shown to share a high
number of conserved symbiotic root nodulation genes with other species (e.g., Lotus and
Medicago) that also have rhizobia-induced symbiosis.

The third genome assembly was developed for a different species in the Hippophae
genus, namely H. tibetana, which is an extreme high-altitude plant growing at 3000–5200 m
above sea level on the Qinghai–Tibet Plateau [40]. This genome had undergone two duplica-
tions, just like the genomes assembled for H. rhamnoides [144,145], but was somewhat larger,
1452.75 Mb, than the other two. An adaptation to the more extreme and variable conditions
at high altitudes (cold, drought, extremely low supplies of nitrogen, low carbon dioxide
concentration, and high UV-B ultraviolet light stress) is indicated by the high number of
genes related to adaptation to high ultraviolet and low temperature in H. tibetana, as well
as more copies of nitrogen-fixing genes.

In many crops, the development of molecular markers has been hampered by a lack
of high-quality phenotyping data. In addition to exact and informative measurements,
the potential to assess a genotype–environment interaction by measuring the same trait
over several years—and preferably on replicated plants of the same genotype growing in
different orchards—would be very valuable. In apple, large field collections have recently
been implemented for this purpose, such as the international REFPOP project with the
same apple genotype being planted at six different locations [146]. A similar approach
in sea buckthorn could be very useful, but except for the joint Russian–Chinese project
“Transcriptional regulation mechanisms of tissue-specific expression of key genes involved
in lipid biosynthesis in sea buckthorn” (2023–2025), large international co-operative projects
have been few for this crop.

10. Summary and Outlook

DNA markers have been applied to quantify the amount of genetic variation between
and within taxa and populations, as well as for discrimination among sea buckthorn
accessions in germplasm collections. Modern analytical techniques have demonstrated
that there is genetic variation in the biochemical compounds among different species,
subspecies, and genotypes, but also an environmental impact from differences in harvesting
time, storage conditions, and processing methods. Research involving transcriptomics,
metabolomics, and proteomics has become very valuable for the identification of chemical
pathways and the enzymes that are responsible for crucial steps.

Until now, there have been few studies on the inheritance of yield, chemical contents,
resistance traits, or the identification of markers for desirable genes. Technical develop-
ments are, however, moving fast; large-scale genotyping-by-sequencing, together with
improved data analyses such as GWAS and Genomics-Assisted Prediction (GAP), will
most likely soon improve our understanding of the intricate networks that regulate eco-
nomically important traits in sea buckthorn. Such information, together with the recently
published reports on the sea buckthorn genome and improved phenotypic data, if these can
be acquired, will be crucial in developing large DNA-based assays with carefully selected
markers for key genes to be used in applied breeding programs. The need for high-quality
phenotypic data must, however, be addressed, e.g., by large co-operative multi-site projects.
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Abstract: Sicyos angulatus (SA) is an annual plant from the Cucurbitaceae family that is native to the
eastern part of North America. This study aims to assemble and annotate the chloroplast genome of
S. angulatus, and then compare it with plastomes of the other species representing the Cucurbitaceae
family. The chloroplast genome size of S. angulatus is 154,986 bp, including a pair of inverted repeats
(IR) of 26,276 bp, and small single-copy region (SSC) of 18,079 bp and large single-copy region (LSC)
of 84,355 bp. Compared to other Cucurbitaceae species, the chloroplast genome of S. angulatus is
almost 4222 bp smaller than the plastome Gynostemma pentaphyllum. All other seven species have an
identical set of tRNA (37), except Citrullus laevigata, which contains 36 tRNA. The IRa/LSC junction in
all eight species is located upstream of rpl2 and downstream of trnH gene. Moreover, variation in the
size of the gene and the presence of pseudogene ycf1 has been seen because of the IR contraction and
expansion. The highest number of tandem repeats was seen in G. pentaphyllum, and then Corynocarpus
leavigata. The sequence divergence analysis and topology of the phylogenetic tree indicate that
S. angulatus is more similar to genus Citrullus as compared to genus Gynostemma. These findings
contribute to developing the genomic marker for the purpose of future genetic studies.

Keywords: Sicyos angulatus; comparative chloroplast genome analysis; Cucurbitaceae family;
phylogenetic relationship

1. Introduction

Sicyos Angulatus (SA), commonly called Bur Cucumber, is an annual vine plant in
the gourd family, Cucurbitaceae, that is native to the eastern part of North America. The
Cucurbitaceae family consists of approximately 965 species and around 95 genera [1].
S. angulatus is also known as invasive plant and was introduced to South Korea as a parent
stock for cucumber cultivation in the 1980s [2,3]. Indeed, reports of the Sicyos angulatus
have been found in India and other countries in Asia [4]. It is adapted to wet habitats,
river floodplains, and colonizes opened habitats, like fencerows, roadsides, and woodland
borders. It is found in various eastern parts of the Rocky Mountains, Canada, Mexico, and
eastern Asia [5,6]. The genus Sicyos contains almost 40 species, and it belongs to the most
diversified genera in the Cucurbitaceae family [7]. The features of chloroplast genomes (cp)
of some Cucurbitaceae species have been investigated [8]. Moreover, one study revealed the
potential therapeutic effect of Sicyos Angulatus in acute liver disorder and an atherosclerosis
mouse model [9,10]. SA extracts also show an inhibitory effect of flavone glycosides on
hepatic lipid accumulation [11]. In the latest study, the anti-obesity effect of S. angulatus in
HFD-induced (High-Fat diet) obese mice by inhibiting the accumulation of fat has been
reported [12]. These findings emphasize Sicyos angulatus’s multifaceted nature, including
its ecological adaptation, agricultural significance, and medicinal potential. Future studies
of this plant species and its associated molecular features, such as the chloroplast genome,
can reveal important details about its evolutionary background, genetic diversity, and
potential uses in a variety of fields, including plant breeding programs and research on
medications.
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The chloroplast (cp) arose from an endosymbiotic relationship between photosynthetic
bacteria and a non-photosynthetic host [13]. Moreover, molecular studies show that it
still contains the remnants of the eubacterial genomes, but during evolution, most of their
genes transferred to the nucleus [14,15]. The chloroplast genome has been used widely for
multiples purposes, such as source of molecular markers, barcode identification, phyloge-
netic analysis, and providing a wealth of other valuable feature that make it an interesting
and highly desirable object of study in molecular research. The chloroplast genome has a
remarkable variety of characteristics that contribute to its importance, including its highly
conserved nature, compact size, ease of extraction, relatively low mutation rates, abundant
presence within plant cells, and its capacity to encode crucial genes involved in photosyn-
thesis and other crucial cellular process. These numerous characteristics further increase
the value and appeal of the chloroplast genome as a flexible tool in different scientific
studies [16–18]. The chloroplast is a photosynthetic organelle that plays a vital role in the
synthesis of starch, amino acids, and fatty acids [19,20]. In general, the chloroplast genome
size usually ranges from 120 to 160 kb; it exhibits a highly conserved circular quadripartite
structure, which includes four major regions: a large single copy (LSC), small single copy
(SSC), and two inverted repeat regions (IR) [21,22]. Moreover, the structural characteristics
of plastome are highly common among land plants. Additionally, their usage as significant
models for evolutionary studies is made possible by uniparental inheritance, low rates of
substitution, and their small size as compared to that of the nuclear genome.

The number of sequenced chloroplast genomes has soared in correlation with the
advancements made in second-generation high-throughput sequencing technology [23].
Based on chloroplast genomic information, phylogenetic relationships for many plant
species as well as the reclassification of different plant taxa have been inferred [24]. There-
fore, the exploration of the Sicyos cp genome may provide a new breakthrough to solve the
issues of the genus’ evolution and its phylogenetic relationship with other taxa. By com-
paring cp genomes of different Sicyos species and related taxa, researchers can find genetic
variants, sequence similarities, and structural rearrangement that can reveal important
information about their evolutionary history.

In this research, the complete chloroplast genome of Sicyos angulatus and the other
seven species of Cucurbitaceae family was chosen as a research target. The aims of this
study are (I) to characterize the structure of the newly sequenced chloroplast genome of
S. angulatus, (II) to perform the comparative analysis of the cp genomes of S. angulatus
and selected representatives of Cucurbitaceae family, and (III) to reconstruct phylogenetic
relationships within the Cucurbitaceae family based on plastome sequences for selected
species. These data will be helpful to develop a genomic marker for the purpose of future
genetic studies.

2. Materials and Methods
Gene Annotation, Sequence Alignment, and Repeat Prediction

The complete chloroplast sequences of eight species were obtained from GenBank for
comparative analysis with the following accession numbers: S. angulatus (NC_062884.1),
Corynocarpus laevigata (NC_014807.1), Gynostemma pentaphyllum (NC_029484.1), Gynos-
temma pentagynum (NC_036136.1), Gynostemma longipes (NC_036140.1), Citrullus naudinianus
(NC_058581.1), and Sicyos edulis (MT and Citrullus ecirrhosus (NC_058582.1).

Geneious prime software (Geneious Prime v.2023.2.1) was used to annotate the chloro-
plast genome, and the manual evaluation of annotation results was conducted. OGDRAW
software version number 1.3.1 was used to plot the circular DNA map [25]. Pairwise
sequence alignment was performed with online comparison tool mVISTA [26] using the
annotation of S. angulatus as reference with the Shuffle-LAGAN mode and a 70% cut-off
identity [27]. Tandem repeats were analyzed by using Tandem Repeat Finder version 4.09
with the following parameters, 2 for alignment parameters match, 7 for mismatch, and 7 for
indels [28]. The comparison of the LSC/IRB/SSC/IRA boundaries among eight species
was performed by using an online tool IRSCOPE (https://irscope.shinyapps.io/irapp/
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accessed on 1 August 2023) [29]. Microsatellites (SSRs) analysis was performed using
Krait software (Krait V1.3.3, Microsatellite identification and Primer Design; https://krait.
biosv.com/en/latest/ accessed on 3 August 2023) with the following parameters: 10 for
mono-nucleotide, 5 for di-nucleotide, 4 for tri-nucleotide, 3 for tetra-nucleotide, 3 for penta-
nucleotide, and 3 for hexa-nucleotide repeats, and the motif standardization level was set to
level 3 [30]. To investigate the phylogenetic relationship, CDs sequence of 25 species were
extracted from whole cp genome and aligned with MAFFT v.7.450 [31]. The phylogenetic
tree was constructed using the Neighbor-Joining method and the Tamura–Nei genetic
distance model with geneious software; Begonia versicolor was selected as an outgroup. For
the clade support, a 100 bootstrap value was used.

3. Results
3.1. General Characteristics of the Sicyos angulatus Chloroplast Genome

S. angulatus has a complete CP genome with a length of 154,986 bp and displays a
quadripartite circular structure. It consists of a pair of IR regions, each 26,276 bp in length,
separated by an LSC region and an SSC region with lengths of 84,355 bp and 18,079 bp,
respectively. The complete genome contains a total of 129 genes, including 84 protein-
coding gene (PCGs), 37 tRNA, and 8 rRNA genes. The LSC region contains 83 genes,
while the SSC region consists of 14 genes. Additionally, 17 genes are duplicated in the IRs
(Figure 1). The protein-coding gene accounts for 51.24% (79,419 bp) of the total genome,
whereas the remaining regions are composed of rRNA, tRNA, and intron and intergenic
spaces.
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In addition, we observed 22 intron-containing genes, out of which 19 genes contained
one intron (11 protein-coding genes and 8 tRNA genes) and 2 genes contained two introns
(pafl and clpP1). The total GC content of cpDNA was 37.2%, but we observed distinct
differences between the three regions of cp genome when this feature was considered. The
highest GC content exhibited in the IR regions (42.8%) were followed by the LSC and SSC
regions (35.1% and 31.0%, respectively).

3.2. Comparative Analysis with Other Chloroplast Genomes from the Cucurbitaceae Family

The S. angulatus chloroplast genome was compared to seven other species of the
Cucurbitaceae family.

3.2.1. Genome Size and Gene Content

The complete chloroplast genome of S. angulatus is compared to other seven species of
the Cucurbitaceae family.

The complete Cucurbitaceae CP genome has highly conserved structures, regarding
its gene content. Each chloroplast genome encodes almost 133 genes, except C. laevigata
and S. angulatus which possess 128 and 129 genes, respectively. However, the chloroplast
genome of S. edulis encodes a low total gene content, approximately 123 genes. Moreover,
they have 37 tRNA (except C. laevigata), 8 rRNA, and two genes with double introns. A
total of 19 genes in G. longipes, G. pentaphyllum, C. naudinianus, and S. angulatus, 20 genes in
C. leavigata, C. ecirrhosus, and 21 genes in G. pentagynum contain single introns, However,
two genes contain double introns (clpP and ycf3).

The CP genome size of G. pentaphyllum is the largest among the eight studied genomes
(159,208 bp), and it is 4222 bp longer than the plastomes of S. angulatus (Table 1).

Table 1. Summary of the chloroplast genome features of eight species representing the Cucur-
bitaceae family.

Features S. angulatus S. edulis G.
pentagynum G. longipes G.

pentaphyllum
C.

laevigata
C.

ecirrhosus
C.

naudinianus

Genomic Size (bp) 154,986 154,558 157,791 157,601 159,208 159,202 157,009 156,926
LSC region (bp) 84,355 84,577 86,610 86,780 88,487 88,862 86,823 86,728
SSC region (bp) 18,079 20,504 18,869 18,647 18,385 18,992 17,890 17,908
IR region (bp) 26,276 24,758 26,156 26,087 25,982 25,674 26,148 26,145
Coding size 79,419 69,423 80,385 80,478 58,548 77,355 81,240 80,010
Total genes 129 123 133 133 132 128 133 133

No. of PCGs 84 79 87 87 79 83 89 88
tRNA (genes) 37 36 37 37 37 36 37 37
rRNA (genes) 8 8 8 8 8 8 8 8
GC content % 37.2 37.2 37.0 37.0 36.9 36.6 37.2 37.1

LSC (GC content) 35.1 35.0 34.8 34.8 34.6 34.2 35.0 34.9
SSC (GC content) 31.0 31.8 30.6 30.6 31.1 30.6 31.5 31.4
IR (GC content) 42.8 43.2 42.8 42.8 42.8 42.8 42.8 42.8
Single introns 19 19 21 19 19 20 20 19

Double introns 3 2 2 2 2 2 2 2
Duplicated genes 18 17 17 17 19 19 19 19

Only C. leavigata lacks trnfM-CAU gene, although it has one trnl-CAU, andone addi-
tional trnM-CAU gene. All rRNAs (rrn4.5, rrn5, rrn16, and rrn23) are in the IR region. In
addition to this, in C. leavigata and G. pentaphyllum, some of duplicated genes have not
same sequence, consisting of a total of 21 and 15 duplicated genes, respectively.

All the species share seventy-four protein coding genes, except for five protein coding
genes, as shown in Table 2. Genes without any mark are single-copy genes. The ndhA is
a single-copy gene, but it is duplicated in C. ecirrhosus. Moreover, there are differences
in the annotation as well, like in S. angluatus, ycf3 and ycf4 are annotated as pafl and pafll,
respectively.
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Table 2. List of 74 protein coding genes shared among eight species of Cucurbitaceae family.

accD atpA atpB atpE atpH atpI ccsA
cemA clpP matK ndhA (3) ndhB (1) ndhC ndhE
ndhF ndhG ndhH ndhI ndhJ ndhK petA
petB petD petG petL petN psaA psaC
psaC psaI psaJ psbA psbB psbC psbD
psbE psbD psbH psbI psbJ psbK psbL
psbM psbN (2) psbT psbZ rbcL rpl2 (1) rpl14
rpl16 rpl20 rpl22 rpl23 (1) rpl32 rpl33 rpl36
rpoA rpoB rpoc1 rpoc2 rps2 rpsu3 rpsu4

rps7 (1) rps8 rps11 rps12 (4) rps14 rps15 rps16
rps18 rps19 ycf3 (5) ycf4 (5)

(1) duplicated genes in all species; (2) pbf1 in S. angulatus genome, but annotated as psbN in other species; (3) single
copy in most species but duplicated in C. ecirrhosus genome; (4) not duplicated in S. angulatus genome; (5) in
S. angulatus genome, ycf3 is annotated as pafl and ycf4 is annotated as pafll.

3.2.2. Sequence Divergence, Tandem Repeats, and SSR Analysis

The many complete CP genome permitted us to evaluate the sequence variation
among species. The divergence of the sequence in the CP genome among the eight species
was plotted with a cut-off of 70% identity by using mVISTA. The genome of S. angulatus
was set as the reference genome.

Figure 2 shows that most of the divergence was seen in both the LSC and SSC regions.
The IR region and protein-coding genes are more conservative compared to the non-coding
region, while some portions of coding region also contain fair observable divergences
among atpF, rpoC2, rpoC1, clpP, ndhA, petB, and psbM. In comparison to genus Gynostemma,
S. angulatus is more closely linked to Sicyos edulis, and Citrullus genus, according to the
sequence divergence analysis.
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Tandem repeats among the eight species are present along the intergenic spaces and
coding sequence region. The repeat sequence in G. pentaphyllum and C. laevigata is the
most frequent in the intergenic spaces 74 and 60, respectively, while the repeat sequence
of C. ecirrhosus (13) is less frequent in the intergenic space (Table 3). However, among the
repeats with a range of 25–45, C. laevigata has the highest number of repeats, and S. edulis
shows second lowest number of repeats, followed by C. ecirrhosus (Figure 3A). The overall
distribution of these genes throughout the intergenic space and coding sequence region is
illustrated in Figure 3B in the form of a percentage.

Table 3. Tandem repeats distribution among eight species of Cucurbitaceae family.

Intergenic Space Coding Sequence

S. angulatus 22 7
C. levigate 60 9
G. pentaphyllum 74 7
G. pentagynum 24 8
G. longupes 21 9
C. naudinaus 25 6
C. ecirrhosus 13 9
S. edulis 16 7
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SSR analysis revealed that among eight species, mononucleotide repeats were the most
abundant, followed by the di-, tri-, tetra, penta-, and hexanucleotide repeats (Figure 4A).
The highest percentage count of mononucleotide repeats was observed in C. laevigata
(72.8%), followed by S. edulis (80.0%), and lowest percent count of mononucleotide repeats
was in G. pentagynum (46.6%). In mononucleotide repeats, A was found to be abundant
in C. laevigata (93 counts), followed by S. edulis (60 counts) and S. angulatus (49 counts)
(Figure 4B). In di-nucleotide repeats, AT in tri-nucleotide AAT, in tetra-nucleotide AAAT,
in penta-nucleotide AGGGG, and in hexanucleotide AAATGG is most abundant among
eight species of the Cucurbitaceae family. Moreover, the SSRs length distribution for mono-
nucleotide repeats is highest in S. edulis (78.2%), followed by S. angulatus (76.8%), C. laevigata
(73.4%), C. naudinianus (71.2%), C. ecirrhosus (61.4%), G. longipes (46.5), G. pentagynum
(42.9%), and G. pentaphyllum (39.7%) (Figure 4C).
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3.2.3. Contraction and Expansion of IRs

The comparison of the genes adjacent to the IR/SSC and IR/LSC boundaries of the
analyzed plastomes shows a slight variation, as represented in Figure 5. In this study, the
46 bp and 19 bp of rps19 genes span the LSC/IRb regions of C. laevigata and G. pentagynum,
respectively, while the other species rps19 has shares 2 bp with the LSC/IRb region, but in
S. edulis species, rps19 is completely located in the LSC region. Notable differences were
observed on the junction of IRb/SSC (JSB). At this junction, ycf1 was absent in C. laevigata,
while the remaining six species contain ycf1ψ (pseudogene). Additionally, the ndhF gene
was located at the IRb/SSC junction in G. pentagynum and G. longipes, C. ecirhosus, and
S. angulatus, wherein 12 bp was located in the IRb region in G. pentagynum and G. longipes,
while 7 and 6 bp were found in the IRb region in C. ecirhosus and S. angulatus, respectively.
It is noteworthy to mention ycf1, which spans the SSC/IRa junction in all eight species.
Moreover, on the JSB junction, the ycf1 gene spans IRb/SSC border, except in G. pentaphyllym,
wherein ycf1 is entirely located in the IRb region. On the other hand, ycf1 is absent in S. edulis
species. psbA and trnH genes are located entirely in the LSC region.
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3.2.4. Phylogenetic Analysis

To determine the phylogenetic relationship between S. angulatus and other species of
Cucurbitaceae family, the Tamura–Nei method was used based on the plastome of all the
species by using the CDs sequence from the complete cp genome sequence. All 25 species
developed two branches with dedicated support using bootstrap values of 100% (Figure 6).
The phylogenetic tree indicates that Sicyos angulatus is clustered with Sicyos edulis. In
addition, Sicyos genus is close to the Trichosanthes genus. Also, the Sicyos genus is closely
related to Citrullus ecirrhosus and Citrullus naudinianus (Citrullus genus). However, it can be
seen that the Sicyos genus is more closer to Gynostemma longipes, Gynostemma pentagynym,
Gynostemma pentaphyllum (Gynostemm genus), as well as Corvynocarpus laevigata from the
Cucurbitaceae family.
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4. Discussion

The chloroplast genome of Sicyos angulatus (SA) was assembled and annotated in this
study, and these efforts shed light on the genetic makeup of this species and its relationship
with other species in the Cucurbitaceae family [32]. We have obtained deeper knowledge
of their genomic characteristics and evolutionary dynamics by contrasting the chloroplast
genomes of SA with those of other species in the family. Moreover, this study offers
a thorough grasp of the genomic size, gene content, and structural organization of the
chloroplast genomes of the Sicyos and other genera belonging to the same family.

The selected eight species were chosen to represent various genera within the Cucur-
bitaceae family and span a variety of taxonomic diversities. Because these species exhibit
interesting ecological traits and phenotype diversity, they are useful for comparative analy-
sis. It was observed that the G. pentaphyllum and C. laevigata chloroplast genome sizes were
larger than that of S. angulatus. C. ecirrhosus has the largest coding size. However, G. penta-
phyllum and S. edulis have the smallest coding size among the selected species. The notable
causes of this fluctuation in the chloroplast genome size are intergenic region variance, the
shrinkage and expansion of inverted repeats regions, and the loss of genes/introns, which
are consistent with earlier reports [33]. This size discrepancy reflects possible changes in
the structural and functional components of chloroplast genomes and points to genetic
diversity within the family. For an understanding of the evolutionary trends and adaptive
tactics within the Cucurbitaceae family, it is essential to comprehend these variances.

The location of the boundaries between the four chloroplast sections is another crucial
aspect of the chloroplast genome that is valuable for evolutionary investigation. Ana-
lyzing their contraction and expansion can provide an insight into how some taxa have
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evolved [34]. All eight species have similar placements of the IRa/LSC junction between
the upstream and downstream regions of rpls2 and trnH genes, suggesting that the family’s
genomic organization is conserved. IR contraction or expansion affects the genes which are
placed in a close vicinity to the LSC/IR/SSC borders.

This study of eight complete chloroplast genomes (for S. angulatus and seven other
representatives of the family Cucurbitaceae) gave us the chance to compare the sequence
variance among the eight species. For visualizing the divergence in the CP genome se-
quence, we used the mVISTA tool. Similar to prior research, this study also found that
noncoding areas were more diverged than the coding regions are [35,36]. The overall
results demonstrated that S. angulatus is more like genus Citrullus than it is like the genus
Gynostemma. This finding points to a more recent common ancestor or shared genetic
inheritance between S. angulatus and Citrullus genera, indicating a closer evolutionary link
between these two species.

Plant cp genomes frequently contain SSRs, which are frequently employed as molec-
ular markers for polymorphism studies [37]. In this study, SSRs’ length distribution for
the mono-nucleotide type showed significantly similar repeats in S. angulatus and S. edulis.
However, the SSR count distribution and each standard motif in the mononucleotide were
abundant in C. laevigata among eight species of the Cucurbitaceae family. Overall, a higher
number of mononucleotides repeats as compared to those of di-hexa SSRs were observed
in this study, which is consistent with one other study [38].

Previous studies have shown that the variation in size of the chloroplast genome can
be due to the expansion and contraction of its region, mainly the IRs [39]. The nucleotide
sequence was seen to be highly conserved in the IR regions, which can provide a powerful
means to correct unavoidable mutations [40]. In addition, ycf1 lies on the IRa/SSC junction.
The ndhF genes in C. laevigata, G. pentaphyllum, and C. naudinianus is completely on the SSC
region, while 12 bp in G. pentaphyllum and G. longipes, 7 bp in C. ecirrhosus, and 6 bp in S.
angulatus of ndhF overlap in the IRb region. No variation was seen at the JSA junction. Ycf1
is located at the JSA junction. trnH is completely in the LSC region. In addition, ycf1 is
completely lacking in sicyos edulis. This finding is consistent with previous research that
indicated ycf1 is not onlylacking in grasses but also in cranberries [41].

Phylogenetic analysis demonstrated SA’s evolutionary relationship with the other
examined species. Our phylogenetic tree indicated a very clear internal relationship be-
tween Sicyos angulatus and Sicyos edulis, which is similar to that in previous research [32].
Moreover, the tree suggests that the Sicyos genus is closely related to the Citrullus species:
Citrullus ecirrhosus and Citrullus naudinianus. The phylogenetic differences observed in
the tree are likely related to both physiological features and differences in the analyzed
chloroplast genome. This study’s limitations in terms of its scope and emphasis may
account for the lack of a thorough examination of the connections between the results of the
phylogenetic analysis and other cp genome diversities. Instead of in-depth discussion about
the link with other cp genome diversities, the primary goal may have been to investigate
the cp genomes of chosen species and discover the phylogenetic relationships within the
Cucurbitaceae family.

In conclusion, insights into the evolutionary relationships within the Cucurbitaceae
family were gained through the assembly and annotation of the Sicyos angulatus chloroplast
genome, as well as comparative research. Our knowledge of the genetic diversity and
evolution of this plant family is influenced by the structural changes, gene makeup, and
sequence divergence that have been found. The cp genome for S. angulatus may become
resource to develop genomic markers, which can further help with future genetic research
and support breeding initiatives, conservation efforts, and phylogenetic analyses of the
family Cucurbitaceae.
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Application of High-Resolution Melting and DNA Barcoding
for Discrimination and Taxonomy Definition of Rocket Salad
(Diplotaxis spp.) Species
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84098 Pontecagnano Faiano, Italy; pasquale.tripodi@crea.gov.it; Tel.: +39-089-386-217

Abstract: Nuclear and cytoplasmic DNA barcoding regions are useful for plant identification, breed-
ing, and phylogenesis. In this study, the genetic diversity of 17 Diplotaxis species, was investigated
with 5 barcode markers. The allelic variation was based on the sequences of chloroplast DNA mark-
ers including the spacer between trnL and trnF and tRNA-Phe gene (trnL-F), the rubisco (rbcl), the
maturase K (matk), as well as the internal transcribed spacer (ITS) region of the nuclear ribosomal
DNA. A highly polymorphic marker (HRM500) derived from a comparison of cytoplasmic genome
sequences in Brassicaceae, was also included. Subsequently, a real-time PCR method coupled with
HRM analysis was implemented to better resolve taxonomic relationships and identify assays suit-
able for species identification. Integration of the five barcode regions revealed a grouping of the
species according to the common chromosomal set number. Clusters including species with n = 11
(D. duveryrieriana or cretacea, D. tenuifolia, D. simplex and D. acris), n = 8 (D. ibicensis, D. brevisiliqua and
D. ilorcitana), and n = 9 (D. brachycarpa, D. virgata, D. assurgens, and D. berthautii) chromosomes were
identified. Both phylogenetic analysis and the genetic structure of the collection identified D. siifolia
as the most distant species. Previous studies emphasized this species’ extremely high glucosinolate
content, particularly for glucobrassicin. High-resolution melting analysis showed specific curve
patterns useful for the discrimination of the species, thus determining ITS1 as the best barcode
for fingerprinting. Findings demonstrate that the approach used in this study is effective for taxa
investigations and genetic diversity studies.

Keywords: Diplotaxis spp.; plastid markers; nuclear markers; DNA sequencing; structure analysis;
high resolution melting; phylogenesis

1. Introduction

The genus Diplotaxis DC. is a member of the large Brassicaceae family, which includes
over 4000 species with a relevant diversity in terms of plant architecture, leaf morphology,
and content of nutraceutical compounds [1,2]. The genus includes over 30 species that
originated from two main areas, including the Mediterranean basin, with a high level
of endemic diversity in the northwest part of Africa and the Iberian Peninsula [3], and
the western and southern Asian countries (mostly Turkey, Pakistan, and India) [3,4]. All
species are diploid with different gametic chromosome numbers (7, 8, 9, 10, 11, and
13), except D. muralis (L.) DC, which is the only tetraploid (n = 21) derived from the
hybridization of D. tenuifolia (L.) DC (n = 11) and D. viminea (L.) DC (n = 10) [5]. Since
antiquity, Diplotaxis species have been widely used as a food and non-food commodity,
such as oil, deodorant, cosmetic, and for medicinal purposes due to their inflammatory
and depurative effects. Among them, D. tenuifolia (L.) DC, known as wild or perennial
rocket, is the most relevant for alimentary uses and it is consumed worldwide as a leafy
vegetable in mixing ready-to-use salads. Although the other species are not recognized for
economic importance, they are reported to encompass a discrete level of diversity for the
content of glucosinolates [6]. So far, the relationship within the taxa has been investigated
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through different approaches, including morphological assessments [7,8], biochemical
studies [9,10], random DNA marker assays such as inter simple sequence repeat (ISSR) [4],
and random amplification of polymorphic DNA (RAPD) [11]. These studies demonstrated
the existence of two major clusters that partially distribute the accessions according to
chromosome number.

A first branch classifies accessions with n = 11 (D. tenuifolia, D. cretacea, and D. simplex),
n = 10 (D. viminea), and the derived allopolyploid (D. muralis), while a second branch
classifies the remaining accessions according to a diverse degree of relationship. Chloroplast
and nuclear DNA markers showed a division of the genus into the Brassica rapa/oleoracea
and Brassica nigra lineages [12,13]. The close relationship makes these species compatible for
hybridization, thus suitable for the genetic improvement of cultivated brassicas. Although
in the Brassicaceae family, the systematics of Diplotaxis spp. in relation to close taxa have
been clearly determined, inconsistencies still occur for species relationships internal to the
genus. These are probably due to the typology of markers so far used as well as the method
used for polymorphism detection based on gel-electrophoresis techniques. Therefore,
the phylogeny is still not well-defined and no further advances for a better definition of
taxonomic relationships through genetic investigation have been reported over the past
15 years.

Amplification of highly conserved sequences in plants represents a powerful strategy
for fingerprinting and taxonomy objectives [14]. DNA barcoding is a flexible and highly
accurate tool for species authentication. Barcode regions mostly involve the chloroplast
genome that is uniparentally inherited from the maternal side, which has a very low rate
of mutation and is unaffected by hybridization events [15]. The most promising markers
designed on the chloroplast genome include the maturase K gene matK [16], the non-
coding trnL-F intergenic spacer, and the Rubisco ribulose biphosphate carboxylase large
chain rbcl gene [17]. Furthermore, the internal transcribed spacer ITS of nuclear ribosomal
DNA (18S-26S) is a widely employed region for taxonomic research [18]. These genes
are accepted by the community as the universal standards for species identification and
molecular systematics [19,20], being extensively applied in the plant kingdom thanks to
the easiness of amplification and sequencing [21]. Sequencing of barcode regions ensures
the identification of single nucleotide polymorphisms (SNPs) that underlie the molecular
signature of species taxa [22].

Implementing high-resolution melting (HRM) methods based on quantitative poly-
merase chain reaction (qPCR) coupled with melting curve analysis provides a fast and
highly sensitive approach to genotyping [23]. HRM relies on the detection of mutations
in the target sequence of amplicons based on dissociation curves generated during DNA
denaturation [24]. Several studies combine HRM technology with DNA barcodes for plant
authentication with high accuracy [25–28]. Therefore, HRM offers a valid method to be
applied for the detection of genetic diversity in crops toward species identification and
phylogenesis aims.

Here is reported the investigation of genetic variability and phylogenetic relationships
of the Diplotaxis genus at the intraspecific level, analyzing both chloroplast and nuclear bar-
code DNA regions. Hence, it provides an effective and rapid method to identify Diplotaxis
species and detect polymorphisms through combined sequencing and HRM approaches.
This study represents a first attempt to investigate Diplotaxis species complementing bar-
code marker sequencing and quantitative PCR high-resolution melting.

2. Materials and Methods
2.1. Plant Material

The plant material consisted of 17 Diplotaxis species retrieved from different European
genebanks (Figure 1) including the Leibniz-Institut für Pflanzengenetik und Kulturpflanzen-
forschung, IPK (Gatersleben, Germany), the Royal Botanical Garden Kew (Richmond,
United Kingdom), the Universidad Politécnica de Madrid UPM (Madrid, Spain), and the
Universidad de Castilla—La Mancha UCLM (Ciudad Real, Spain).

61



Genes 2023, 14, 1594

Genes 2023, 14, x FOR PEER REVIEW 3 of 15 
 

 

Kulturpflanzenforschung, IPK (Gatersleben, Germany), the Royal Botanical Garden Kew 
(Richmond, United Kingdom), the Universidad Politécnica de Madrid UPM (Madrid, 
Spain), and the Universidad de Castilla—La Mancha UCLM (Ciudad Real, Spain).  

Seeds were sown in pots under climate-grown chamber conditions at the Research 
Centre for Vegetable and Ornamental Crops (Italy). After 30 days from germination, 100 
mg of fresh leaves were collected, followed by nucleic acid isolation using the DNeasy 
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was measured using the Qubit 3 Fluorometer (Thermofisher, Waltham, MA, USA). A vol-
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Figure 1. Plant material. (a) Diplotaxis acris (acc. 554488); (b) Diplotaxis assurgens (Delile) Thell. (acc. 
S17021002); (c) Diplotaxis berthautii Braun-Blanq. and Maire (acc. S17021001); (d) Diplotaxis brachy-
carpa (acc. S17021009); (e) Diplotaxis brevisiliqua (Coss.) Mart.-Laborde (acc. S17021010); (f) Diplotaxis 
duveyrieriana Coss. (cretacea) (acc. S17021008); (g) Diplotaxis eruicoides (L.) DC. (acc. DIPLO2); (h) 
Diplotaxis harra (acc. 338167); (i) Diplotaxis ibicensis (Pau) Gómez-Campo (acc. S17021006); (j) Diplo-
taxis ilorcitana (acc. S17021007); (k) Diplotaxis muralis (L.) DC. (acc. DIPLO 5); (l) Diplotaxis siifolia 
Kunze (acc. S17021003); (m) Diplotaxis simplex (Viv.) Spreng. (acc. S17021004); (n) Diplotaxis tenuifolia 
(L.) DC. (acc. DIPLO 12); (o) Diplotaxis tenuisiliqua (acc. DIPLO 10); (p) Diplotaxis viminea (L.) DC. 
(acc. S17021005); (q) Diplotaxis virgata (Cav.) DC (acc. CM 0025909). The Royal Botanical Garden 
Kew (Richmond, United Kingdom) provided (a) and (h). The Universidad Politécnica de Madrid 
UPM (Madrid, Spain) provided (b–f,i,j,l,m,p). The Leibniz-Institut für Pflanzengenetik und 
Kulturpflanzenforschung, IPK (Gatersleben, Germany) provided (g,k,n,o). The Universidad de 
Castilla—La Mancha UCLM (Ciudad Real, Spain) provided (q). All images are on the same size 
scale.  

Figure 1. Plant material. (a) Diplotaxis acris (acc. 554488); (b) Diplotaxis assurgens (Delile) Thell. (acc.
S17021002); (c) Diplotaxis berthautii Braun-Blanq. and Maire (acc. S17021001); (d) Diplotaxis brachycarpa
(acc. S17021009); (e) Diplotaxis brevisiliqua (Coss.) Mart.-Laborde (acc. S17021010); (f) Diplotaxis
duveyrieriana Coss. (cretacea) (acc. S17021008); (g) Diplotaxis eruicoides (L.) DC. (acc. DIPLO2);
(h) Diplotaxis harra (acc. 338167); (i) Diplotaxis ibicensis (Pau) Gómez-Campo (acc. S17021006);
(j) Diplotaxis ilorcitana (acc. S17021007); (k) Diplotaxis muralis (L.) DC. (acc. DIPLO 5); (l) Diplotaxis
siifolia Kunze (acc. S17021003); (m) Diplotaxis simplex (Viv.) Spreng. (acc. S17021004); (n) Diplotaxis
tenuifolia (L.) DC. (acc. DIPLO 12); (o) Diplotaxis tenuisiliqua (acc. DIPLO 10); (p) Diplotaxis viminea
(L.) DC. (acc. S17021005); (q) Diplotaxis virgata (Cav.) DC (acc. CM 0025909). The Royal Botan-
ical Garden Kew (Richmond, United Kingdom) provided (a,h). The Universidad Politécnica de
Madrid UPM (Madrid, Spain) provided (b–f,i,j,l,m,p). The Leibniz-Institut für Pflanzengenetik
und Kulturpflanzenforschung, IPK (Gatersleben, Germany) provided (g,k,n,o). The Universidad de
Castilla—La Mancha UCLM (Ciudad Real, Spain) provided (q). All images are on the same size scale.

Seeds were sown in pots under climate-grown chamber conditions at the Research
Centre for Vegetable and Ornamental Crops (Italy). After 30 days from germination,
100 mg of fresh leaves were collected, followed by nucleic acid isolation using the DNeasy
plant mini kit (Qiagen, Hilden, Germany). The DNA purity was estimated by absorbance
at 280 and 260 nm, respectively, using a UV-Vis Nanodrop (Thermo Scientific, Wilmington,
DE, USA), and the integrity by electrophoresis on a 1.0% agarose gel. Concentration was
measured using the Qubit 3 Fluorometer (Thermofisher, Waltham, MA, USA). A volume of
10 µL of extracted DNA, as well as the standards, were diluted in 190 µL of buffer prepared
using 1 ul of dsDNA BR Reagent 200 × and 199 µL of dsDNA BR buffer furnished with a
Qubit® dsDNA BR assay kit (Thermofisher, Waltham, MA, USA). DNA was diluted at a
working concentration (15 ng/µL) and then stored at −20 ◦C prior to analysis.

2.2. DNA Barcode Primer Design

Specific regions for DNA barcoding were designed on Diplotaxis tenuifolia sequences
deposited in the nucleotide database at the NCBI (National Center for Biotechnology
Information), including the 556 bp nucleotide sequence of the internal transcribed spacer
1, (ITS1) 5.8S nuclear ribosomal RNA gene (Genbank: EF601913.1), and 3 chloroplast
sequences as following: (i) The 357 bp nucleotide sequence of the intergenic spacer trnL-
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trnF and tRNA-Phe(trnF) gene (Genbank: DQ984109.1), (ii) The 583 bp nucleotide sequence
of the partial rbcL (ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit) gene
for RuBisCo (Genbank: HE963454.1), (iii) The 708 bp nucleotide sequence of the partial
matK gene for maturase K (Genbank: HE967405.1). Primers were designed using Primer
3.0 (https://primer3.ut.ee/), ensuring product sizes ranging from 100 to 267 base pairs. In
addition, the HRM500 designed on cpDNA polymorphic sites of brassica was included [29].
Marker details are in Table 1.

Table 1. Molecular markers for DNA barcoding used in the present study.

Marker Name Foward Primer (5′–3′) Reverse Primer (3′–5′) Amplicon Size

ITS1 TTAGGCCGTGCGTATAGCTT TTGCGTTCAAAGACTCGATG 249 bp
trnL-F AGAAATTCCCGGTCCAAAAC GGCCGTTACCGAAGTATCATT 107 bp
rbcL CGGAGTTCCACCTGAAGAAG TTGTAACGGTCAAGGCTGGT 105 bp
matK TACGCCGCTTCTGATGAATA TCTTTAGCCAACGACCCAAT 267 bp

HRM500 GATTCGAACCGTAGACCTGCTC CCTTAAGGTGTAGCAAGTTTCA 115 bp

2.3. Amplification and Sequencing

For each barcode marker, DNA amplification was performed in 15 µL reactions con-
taining 30 ng of template DNA, 2.0 pmol of each forward and reverse primer, 0.2 mM of
each dNTP, and 1.0 U of high-fidelity PFU Taq DNA polymerase (Promega, Madison, WI,
USA). A C-1000 TouchTM thermal cycler (Bio-Rad, Hercules, CA, USA) was used for nucleic
acid amplification. The PCR cycle was performed as follows: one cycle at 95 ◦C for 1 min;
35 cycles at 95 ◦C for 30 s, 58 ◦C for 45 s, and 72 ◦C for 1 min; one cycle of final extension of
72 ◦C for 3 min; and soak at 12 ◦C. Amplification products were visualized on 1% agarose
(Lonza, USA) gels in buffer TBE (EDTA 2 mM, Tris base 89 mM, Boric acid 89 mM) and
molecular size was assessed with 1 Kb Plus DNA ladder (Life TechnologiesTM, Carlsbad,
CA, USA). The visualization of PCR products was performed by staining agarose gel with
SYBR® safe (Life TechnologiesTM), and the fluorescence was viewed using Gel DocTM
XR (Biorad). Amplicons were then purified with ExoSAP-ITTM (Thermofisher, Waltham,
MA, USA). The sequencing reaction was prepared with a Big Dye Terminator v3.1 Cycle
sequencing kit (Thermofisher, Foster City, CA, USA). The sequencing cycle consisted of a
cycle of denaturation (96 ◦C, 1 min) and 25 cycles of amplification (96 ◦C, 10 s; 50 ◦C, 5 s;
60 ◦C, 2 min). Sequencing reactions were then purified using the X-Terminator Purification
Kit. The SeqStudio™ Genetic Analyzer (Thermofisher, Waltham, MA, USA) was used
for Sanger sequencing. SeqScape® v2.0 (Thermofisher, Waltham, MA, USA) was used for
base calling.

2.4. High-Resolution Melting Analysis

Real-time PCR was performed in 10 µL of total reaction volume containing
37.5 nanograms of genomic DNA (2.5 µL with conc of 15 ng/µL), 1× Precision Melt
Supermix (Bio-Rad, Inc., Hercules, CA, USA) (5 µL of 2× Supermix), and 0.4 µL of unla-
beled forward and reverse primers (final concentration 200 nM). For each sample, analysis
was performed in triplicate, and a negative control was included. The assay was performed
on a CFX 96 RealTime PCR System (Bio-Rad, Inc., Hercules, CA, USA) using the following
protocol: 95 ◦C for 2 min by 40 cycles at 95 ◦C for 15 s and 58 ◦C for 30 s. The melting
curve was obtained with an initial step at 95 ◦C for 30 s (heteroduplex formation) and 64 ◦C
for 3 min, then rising of temperature from 65 ◦C to 95 ◦C with increments of 0.2 ◦C/cycle
every 10 s. Fluorescence data were analyzed with the Precision Melt Analysis™ Software
(Bio-Rad, Inc., Hercules, CA, USA).

The generated melting profiles allowed the discrimination of genotypes by assign-
ment to specific clusters according to the different temperatures of melting. A percent of
confidence to estimate that a given sample was properly assigned with the cluster was
calculated. Values above 95% were considered as the threshold for properly assigned
samples to specific clusters.

63



Genes 2023, 14, 1594

2.5. Phylogenetic Tree Data Analysis

Single sequences were trimmed for low quality and manually edited using Chromas
Lite. The sequences were aligned with the CLUSTAL W program implemented in MEGA
X using the default settings [30]. Aligned sequences were trimmed to the same size
by removing any sequence gaps and unaligned ends. All trimmed sequences are in
Supplementary Table S1. A phylogenetic tree was drawn with the Kimura two-model
implemented in the neighbor-joining method. A total of 10,000 bootstraps were considered.
Sequences were then concatenated, re-aligned, and trimmed to obtain a concatenated tree
following the method and model above described. Pairwise genetic distances (p-distance
model) between all generated sequences were calculated between the 17 Diplotaxis species.
For HRM profiles, melting curves were transformed into binary data prior to analyses.
Analyses were conducted in MEGA X software.

2.6. Genetic Diversity and Population Structure

Analysis of genetic structure was performed with the Bayesian clustering method
implemented in STRUCTURE v.2.4 [31]. The admixture model and MCMC (Markov chain
Monte Carlo) method for allele frequency calculation and detection of the best number
of population (K) were used. Runs were performed using 50,000 MCMC iterations and
50,000 burn-in cycles, with the number of K ranging between 1 and 15, with 5 independent
runs. The optimal numbers of subpopulations were determined according to Evanno’s
test implemented in Structure Harvester [32]. A membership coefficient (qi) ≥ 0.50 was
considered to infer individuals to a specific subpopulation. Accessions with values lower
than 0.5 at each assigned K were considered as admixed. Principal component analysis
was conducted in R by the function prcomp (package stats), and the biplot was drawn using
the ggplot2 R package [33].

3. Results
3.1. Sequence Comparisons

A total of 85 sequences were produced (Supplementary Table S1). Sequence length
and nucleotide percentage for the five considered barcode regions are reported in Table 2.
HRM500 was the longest sequence, consisting of 322 aligned sites and 26 variant sites.
Sequence length ranged from 309 (D. viminea) to 316 (D. tenuisiliqua) nucleotides. The
nucleotide composition of HRM500 was A/T rich (34.27% A, 15.38% C, 14.44% G, 35.88%
T). ITS1 consisted of 274 aligned sites and a larger number of polymorphic sites (163).
Sequence length ranged from 214 (D. acris, D. ilorcitana, and D. simplex) to 264 (D. siifolia)
nucleotides with a balanced A/T-G/C composition (30.37% A, 23.82% C, 24.84% G, 20.84%
T). Of the 241 bp of total aligned nucleotides for matk, 46 were polymorphic. A minimum
sequence length was observed in D. acris and D. virgata (233 bp), while the maximum
length was in D. muralis (239 bp). The nucleotide makeup of the matk region was A/T rich,
with 32.71% A, 12.71% C, 16.19% G, and 38.35% T. Both rbcl and trnL-F were the smallest
analyzed regions with a total of 73 bp and 80 bp of aligned sequence, respectively.

The former showed a slightly higher G/C average content (20.32% A, 27.19% C, 25.02%
G, 27.47% T), whereas the latter a higher A/T (30.51% A, 20.60% C, 15.53% G, 32.76% T). A
total of 9 polymorphic sites were observed for rbcl, while trnL-F exhibited a high variant rate
being 97.5%. After trimming, 304 nucleotides were retained for HRM500, 200 nucleotides
for ITS1, and 231 nucleotides for matk, whereas for rbcl and trnL-F, a total of 65 and
60 nucleotides were kept, respectively. By merging, realigning, and trimming all sequences
of the 5 barcode regions, a total of 857 nucleotides were obtained and used for the consensus
concatenated phylogenetic tree (Figure 2). In total, 158 base substitution characters were
obtained. The concatenated sequence was A/T rich, comprising on average 31.39% A,
31.97 T, 17.96 C, and 18.67 G.
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Table 2. Nucleotide components of five nuclear and chloroplast regions for the 17 Diplotaxis species.
For each marker, the total length of the aligned sequence is indicated in brackets.

HRM500 (322) ITS1 (274) matk (241) rbcl (73) trnL-F (80)

Seq # A C G T Seq A C G T Seq A C G T Seq A C G T Seq A C G T

D. ac * 312 106 49 45 112 214 63 52 56 43 233 75 28 39 91 67 13 18 17 19 76 23 15 12 26
D. as 312 109 48 45 110 215 64 51 54 46 235 77 28 40 90 67 13 18 17 19 76 24 14 12 26
D. be 313 108 48 45 112 216 66 52 53 45 234 75 30 39 90 67 13 19 17 18 71 24 22 10 15
D. br 315 110 47 44 114 217 68 52 52 45 235 78 29 37 91 67 13 18 17 19 67 23 13 11 20
D. bv 313 106 48 45 114 216 62 53 57 44 234 76 31 37 90 69 14 18 17 20 80 23 18 12 27
D. du 313 105 49 47 112 217 66 52 55 44 235 76 30 38 91 68 14 19 17 18 76 23 15 12 26
D. er 313 108 48 45 112 218 68 51 53 46 234 76 29 38 91 68 14 18 17 19 78 23 17 12 26
D. ha 313 108 48 45 112 217 70 50 52 45 235 77 29 38 91 68 14 18 17 19 78 23 17 12 26
D. ib 313 108 48 45 112 214 67 52 52 43 236 77 31 38 90 70 14 20 17 19 78 24 16 12 26
D. il 314 108 48 45 113 213 63 51 56 43 236 77 31 38 90 68 14 18 17 19 79 23 17 12 27

D. mu 310 109 48 44 109 215 64 51 56 44 239 78 31 38 92 69 15 19 17 18 79 24 16 12 27
D. si 314 110 48 44 112 264 79 68 51 66 235 76 29 39 91 68 14 18 17 19 78 25 14 13 26
D. sm 314 104 49 47 114 214 63 51 56 44 235 76 31 38 90 68 14 19 17 18 76 23 15 12 26
D. te 312 104 49 47 112 216 65 51 56 44 236 77 29 40 90 68 14 19 17 18 77 24 15 12 26
D. tn 316 108 49 44 115 216 64 51 54 47 236 82 29 37 88 68 14 19 17 18 76 25 13 12 26
D. vi 309 109 47 43 110 217 66 52 55 44 236 77 31 39 89 68 14 18 17 19 78 24 16 12 26
D. vr 315 110 48 46 111 215 67 48 52 48 233 77 32 35 89 67 13 18 17 19 79 23 16 14 26

* Acronyms for the 17 assayed Diplotaxis species: D. ac, D. acris; D. as, D. assurgens; D. be, D. berthautii; D. br, D.
brachycarpa; D. bv, D. brevisiliqua; D. du, D. duveyrieriana; D. er, D. eruicoides; D. ha, D. harra; D. ib, D. ibicensis; D. il,
D. ilorcitana; D. mu, D. muralis; D. si, D. siifolia; D. sm, D. simplex; D. te, D. tenuifolia; D. tn, D. tenuisiliqua; D. vi,
D. viminea; D. vr, D. virgata. # Seq = sequence length

The overall pairwise genetic distance was 0.034 among all Diplotaxis species, with
values between accessions ranging from 0.006 (D. tenuifolia-D. duveyrieriana;) to 0.103
(D. siifolia- D. berthautii) Table 3. The highest values were observed between D. siifolia and
the rest of the species (average p-distance = 0.087), whereas D. ilorcitana showed the lowest
values (average p-distance = 0.024).

Table 3. Estimates of pairwise genetic distance (below the diagonal) and standard error estimate(s)
(above the diagonal) within 17 Diplotaxis species. Species acronyms are reported in Table 2.

D. ac D. as D. be D. br D. bv D. du D. er D. ha D. ib D. il D. mu D. si D. sm D. te D. tn D. vi D. vr

D. ac 0.005 0.007 0.005 0.005 0.004 0.005 0.005 0.004 0.003 0.004 0.009 0.004 0.004 0.005 0.004 0.006
D. as 0.025 0.006 0.004 0.006 0.006 0.005 0.006 0.005 0.005 0.006 0.009 0.006 0.006 0.006 0.006 0.005
D. be 0.049 0.032 0.007 0.008 0.007 0.007 0.008 0.007 0.007 0.008 0.010 0.008 0.008 0.008 0.008 0.007
D. br 0.026 0.018 0.042 0.006 0.006 0.005 0.006 0.006 0.005 0.006 0.009 0.006 0.006 0.006 0.006 0.005
D. bv 0.022 0.033 0.058 0.034 0.006 0.006 0.006 0.005 0.004 0.006 0.009 0.006 0.006 0.007 0.006 0.006
D. du 0.014 0.029 0.049 0.030 0.030 0.005 0.006 0.005 0.004 0.005 0.010 0.003 0.003 0.006 0.005 0.006
D. er 0.021 0.020 0.045 0.020 0.029 0.026 0.006 0.005 0.005 0.005 0.009 0.005 0.006 0.006 0.005 0.005
D. ha 0.026 0.035 0.059 0.035 0.032 0.029 0.032 0.005 0.005 0.006 0.010 0.006 0.006 0.006 0.005 0.006
D. ib 0.013 0.026 0.049 0.027 0.022 0.019 0.025 0.026 0.003 0.004 0.009 0.005 0.005 0.006 0.003 0.006
D. il 0.011 0.021 0.046 0.022 0.014 0.015 0.020 0.025 0.009 0.004 0.009 0.004 0.004 0.006 0.004 0.006

D. mu 0.014 0.027 0.052 0.028 0.028 0.019 0.023 0.030 0.018 0.013 0.010 0.004 0.004 0.005 0.003 0.006
D. si 0.083 0.080 0.103 0.083 0.084 0.088 0.084 0.091 0.078 0.078 0.085 0.010 0.010 0.010 0.009 0.010

D. sm 0.014 0.029 0.052 0.030 0.030 0.008 0.026 0.030 0.020 0.015 0.015 0.086 0.003 0.006 0.004 0.006
D. te 0.016 0.032 0.054 0.033 0.033 0.006 0.028 0.033 0.022 0.018 0.016 0.091 0.008 0.005 0.005 0.006
D. tn 0.026 0.029 0.052 0.030 0.039 0.030 0.030 0.036 0.032 0.027 0.026 0.092 0.028 0.026 0.006 0.006
D. vi 0.014 0.027 0.052 0.028 0.028 0.019 0.023 0.026 0.011 0.013 0.007 0.084 0.016 0.019 0.028 0.006
D. vr 0.030 0.020 0.045 0.022 0.035 0.035 0.025 0.036 0.032 0.027 0.028 0.087 0.033 0.035 0.032 0.028

3.2. High-Resolution Melting Profiles

Polymorphisms among the 17 Diplotaxis species were detected based on the pattern
derived from the normalized melt curve and derived difference curves (Figure 3). In total,
26 HRM profiles were revealed by the 5 barcode markers used, ranging from 2 (rbcl) to 9
(ITS1). HRM500 (Figure 3a) showed 5 melting curves: 2 grouping 10 and 4 Diplotaxis species,
respectively, whereas 3 were specific for D. siifolia, D. brachycarpa, and D. simplex. A higher
number of melting curves was shown by ITS1 (Figure 3b), which clearly discriminated
7 out of the 17 studied species including D. brachycarpa, D. berthautii, D. eruicoides, D. siifolia,
D. assurgens, D. virgata, and D. tenuisiliqua. Matk (Figure 3c) evidenced 5 distinct melting
curves that grouped from 2 to 7 species, except for D. harra, which showed a singular
pattern. Rbcl (Figure 3d) instead showed two different melting profiles, distinguishing
D. duveyrieriana, D. simplex, D. tenuifolia, and D. tenuisiliqua from the rest. Finally, trnL-F
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(Figure 3e) showed 5 melting curves with a major group, including 13 species and 4 profiles
discriminating D. tenuisiliqua, D. eruicoides, D. brachycarpa, and D. assurgens.
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Figure 2. DNA sequence alignment analysis of concatenated ITS1, trnL-F, rbcl, matk, and HRM500
sequences for the Diplotaxis species considered in the present study. For acronyms, see Table 2 caption.
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Overall, among the five barcode regions, ITS1 was especially noteworthy for the
identification of Diplotaxis species, whereas the other markers showed less specific melting
curves for the considered species. In all instances, D. ibicensis, D. ilorcitana, and D. virgata
showed the same curve patterns, whereas D. tenuifolia and D. duveyrieriana showed the
same melting profile for all markers except ITS1. Singular patterns were instead found for
D. brachycarpa using HRM500, ITS1, and trnL-F.

3.3. Phylogenetic Analysis

Phylogenetic trees using separate matrices are shown in Figure 4.
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Figure 4. Phylogenetic analysis obtained from the five barcode sequences. The phylogenetic tree was
inferred with 10,000 bootstraps using the neighbor-joining method. The evolutionary distances were
computed using the Kimura 2-parameter model. Numbers above branches indicate the percentage of
replicate trees, in which the associated taxa clustered together in the bootstrap test.

Although different relationships were resolved in each tree, clustering of D. tenuifolia,
D. duveyrieriana, and D. simplex was observed in all instances. D. muralis clustered close to
D. viminea with matk and rbcl, while HRM500, ITS1, and trnL-F grouped D. muralis with
D. brevisiliqua, D. acris, and D. eruicoides, respectively. D. brevisiliqua clustered close to
D. ilorcitana with matk, rbcl, and trnL-F, and close to D. harra with ITS1. Overall, ITS1,
rbcl, and trnL-F divided the accessions into main groups, whereas HRM500 and matk high-
lighted a higher number of specific subgroups. For a better resolution of the diversity, the
individual sequences of the 17 accessions for the 5 markers were combined. The consensus
tree (Figure 5a) separated D. siifolia from the rest and clustered the remaining accessions in
2 main groups including 11 and 5 accessions, respectively, defining furthermore several
subclusters. The cluster of D. tenuifolia, D. duveyrieriana, and D. simplex was confirmed,
whereas close relationships were found between D. muralis and D. viminea as well as
D. brevisiliqua, D. ilorcitana, and D. ibicensis. A second group comprised the accessions
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D. eruicoides, D. brachicarpa, D. virgata, D. assurgens, and D. berthautii, with the latter
two species showing a high level of similarity. The phylogenetic tree drawn using high-
resolution melting analysis (Figure 5b) mostly confirmed the two main clusters observed
by sequence alignments with few differences related to D. virgata, which was positioned
separately in the larger group, and D. siifolia, which clustered within the second group,
although tended to be as an outgroup accession. The high degree of similarity between
D. ibicensis/D ilorcitana, D. muralis/D. viminea, D. tenuifolia/D. duveyrieriana was confirmed.
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Figure 5. Phylogenetic analysis on combined polymorphisms from the five barcode regions. The phy-
logenetic tree was inferred by using the neighbor-joining method and the Kimura 2-parameter model.
Bootstrap trees inferred from 10,000 replicates are shown: (a) Phylogenetic tree on concatenated
barcode sequences; (b) Phylogenetic tree considering polymorphisms from HRM profiles. Numbers
above branches indicate the percentage of replicate trees, in which the associated taxa clustered
together in the bootstrap test. Phylogenetic analyses were conducted in MEGA X. In brackets are
indicated the haploid chromosome numbers for each Diplotaxis species.

3.4. Population Structure

Polymorphisms were based on STRUCTURE analysis (Figure 6a), and the collection
was divided into K = 2 as the likely number of subpopulations according to Evanno’s test
(Figure 6b). The main group comprised 16 accessions, of which 8 (D. ibicensis,
D. duveyrieriana, D. simplex, D. tenuifolia, D. acris, D. muralis, D ilorcitana, and D. viminea)
had a high coefficient of membership (qi ≥ 0.9). D. berthautii and D. siifolia clustered in
the second subpopulation with a coefficient of membership (qi) of 0.73 and 0.97, respec-
tively. The principal component analysis grouped the accessions in both positive and
negative axis of the first (PC1) and second (PC2) components. Accessions were mostly
separated along the first component with 2 main groups comprising 11 and 5 genotypes po-
sitioned in the negative and positive axis of PC1, respectively. Different clusters with tightly
close accessions were identified. The biggest ones included four (cluster A: D. tenuifolia,
D. duveyrieriana, D. simplex, and D. harra) and five species (cluster B: D. viminea, D. acris,
D. ibicensis, D. muralis, and D. ilorcitana), respectively. Two additional clusters, each com-
prising two species, were defined (cluster C: D. tenuisiliqua and D. eruicoides; cluster D:
D. virgata and D. brachycarpa). D. berthautii and D. siifolia were confirmed to be highly
diverse from the rest, being both located in the extreme parts of both PC1 and PC2.
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Figure 6. Population structure of 17 Diplotaxis spp. accessions based on 5 barcode regions.
(a) STRUCTURE analysis considering K = 2 clusters. For each genotype, horizontal bars repre-
sent the allele frequency for each subpopulation (indicated in abscissis). (b) Evaluation of the best
number of subpopulations within the Bayesian clustering analysis using Evanno’s method: on
the right is the plot generated by STRUCTURE HARVESTER for the detection of the most likely
number of clusters, the highest value was at K = 2, indicating that the 17 accessions likely form 2
sub-populations; on the left is the plot of mean likelihood L(K) and variance for 5 independent runs
for each value of K for K = 1–15. (c) Loading plot in the first two components, showing the diversity
of the collection.

4. Discussion

Molecular markers have innumerable uses being effectively employed to investigate
the diversity in plant species, determine their phylogenetic relationships, or serve as selec-
tion markers in plant breeding [34]. Among these, marker assays targeting barcode regions
offer a promising tool for species identification given the possibility to select standard
loci to analyze taxonomically different specimens, thus producing comparable data [15].
The barcodes used in this study have been demonstrated to be powerful for species dis-
crimination in diverse organisms including plants [28,35], mammals [36], fungi [37], and
bacteria [38]. Furthermore, the application of HRM analysis coupled with DNA barcode
has shown its potential for crop species identification [39,40].

Based on morphological characteristics, Prantl [41] and Schulz [42] placed the Diplotaxis
species assayed in the present study into three subsections: Anocarpum, including
D. tenuifolia, D. simplex, D. viminea, and D. muralis; Rynchocarpum, including D. vir-
gata, and D. erucoides; and Catocarpum, including D. harra, D. tenuifolia, and D. cretacea.
Gomez-Campo and Martínez-Laborde [43] subdivided Rhyncocarpum into three subclades:
(i) Rhynchocarpum, including D. assurgens, D. berthautii, D. brachycarpa, D. siifolia,
D. tenuisiliqua, and D. virgata; (ii) Heterocarpum, including D. brevisiliqua, D. ibicensis,
and D. ilorcitana; and (iii) Heteropetalum, containing D. eruicoides. Based on plastid DNA
variation, Warwick et al. [12] placed these taxa into two different lineages of the subtribe
Brassicinae (Brassicaceae family): the Rapa/Oleoracea combined seven species in three
groups including D. eruicoides (Group A), D. tenuifolia, D. duveryrieriana, D. simplex, and
D. harra (Group B), and D. viminea and D. muralis (Group C); the Nigra lineage included
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seven species in three subgroups: D. brevisiliqua and D. ibicensis (Group D), D. brachycarpa
(Group E), and D. tenuisiliqua, D. virgata, D. siifolia, and D. berthautii (Group F).

This study showed a grouping of species according to the common chromosomal
set number in agreement with previous investigations based on cytological [5], cross
compatibility [44], morphological [43], and molecular [4,11] approaches. The species
with 11 chromosomes (n = 11) (D. duveryrieriana or cretacea, D. tenuifolia, D. simplex, and
D. acris) constituted a group of closely related taxa that clustered in the same group with
D. viminea (n = 10) and the amphidiploid D. muralis (n = 21), derived by the cross of
D. viminea × D. tenuifolia. The close relationship of D. muralis with D. viminea rather
than D. tenuifolia confirmed previous studies. The former line has been demonstrated
to be the female parent of the amphidiploid from the peptide structure of the Rubisco
enzyme and analysis with chloroplast markers [11,12,45]. The significant degree of resem-
blance between D. tenuifolia and D. duveryriana corroborated earlier findings reporting
these two species belonging to a single cluster, with D. simplex joining a part [4]. Fur-
thermore, analysis with ISSR highlighted a high level of similarity between D. viminea
and D. muralis compared to the other species with n = 11 chromosomes [4]. From the
biochemical point of view, this homogeneous complex has been reported to have a low total
glucosinolate content and profiles of main glucosinolate compounds not dominated by any
specific components [9]. The other group that includes the 3 species with 8 chromosomes
(D. ibicensis, D. brevisiliqua, and D. ilorcitana) has confirmed previous investigations us-
ing RAPD markers [11], which placed D. brevisiliqua and D. ilorcitana in the same sub-
cluster, whereas D. ibicensis was on another branch. These accessions were singled out
by D’Antuono et al. [9] for their medium-high overall glucosinolate content, which was
particularly high in sinigrin (allyl-glucosinolate). Beyond these two groupings, past in-
vestigations did not adequately resolve the remaining species under investigation. Four
species with nine chromosomes, including D. brachycarpa, D. virgata, D. assurgens, and
D. berthautii, were found in a primary cluster with D. eruicoides, whereas D. tenuisiliqua
was on a different branch. D. virgata and D. brachycarpa were instead separated from
D. assurgens, which was combined with D. tenuisiliqua in a study using RAPD markers [11].
Additionally, D. eruicoides was clustered on a separate branch in disaccord with the lineage-
based classification [12], which grouped this species with taxa having 11 chromosomes.
Considering biochemical profiles, D. berthautii, D. tenuisiliqua, and D. virgata were char-
acterized by a high content of sinigrin, with D. virgata being also rich in gluconapin [9].
Based on sequence variation, D. siifolia was the most distant species from the rest, being po-
sitioned on a separated branch. This trend was confirmed by population structure analysis.
However, the high-resolution melting-based dendrogram partially agreed with both the
Rhynchocarpum classification proposed by Gomez-Campo and Martínez-Laborde [8] as
well as the findings of Eschmann-Grupe and collaborators [11], which included this species
in a cluster with D. tenuisiliqua and D. assurgens. D’Antuono et al. [9] indeed highlighted the
very high glucosinolate content of D. siifolia in particular for the glucobrassicin compound.
In agreement with the metabolic profile and considering the leaf morphology diversity
compared to the other Diplotaxis species, barcode DNA fingerprinting supports the high
diversity of D. siifolia compared to the rest.

Both DNA barcode and HRM analysis highlighted the similar relationships between
species with the same chromosomal number, thus providing insight into the possibility of
successful interspecific crosses. Beyond taxonomical investigation, HRM provides a reliable
and cost-effective method for rapid identification of Diplotaxis species. The discrimination
is crucial when the constituent species are in processed form and/or in mixed packages
where alien product detection is difficult. Barcoding through HRM enables the detection
of adulterants in admixed samples at very low concentrations, since it relies on sensitive
melting curve changes through the release of a saturated intercalating dye from DNA
duplex denaturation following the raising of the temperature [46]. In the present study,
ITS1 revealed a greater rate of percent variation compared to the other barcode regions,
thus allowing for distinguishing a higher number of species. These results agree with the
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larger discrimination power at the low taxonomic level of the nuclear internal transcribed
region compared to the plastid regions [15,47]. Raising of availability of genomic resources
will benefit the discovery of novel SNP across the genome, boosting the development of
suitable HRM markers for genetic fingerprinting.

5. Conclusions

This study represents the first attempt to investigate Diplotaxis species with newly
developed barcode markers which combine DNA sequencing and high-resolution melting
analysis. The phylogenetic relationships among the 17 assayed species confirmed pre-
vious inferences from morphological, biochemical, and molecular data, thus indicating
the reliability of the marker tested. Results better resolved the evolutionary distance of
D. siifolia within the Diplotaxis gene pool. ITS1 has been found as the barcoding sequence
with the highest discriminatory power for species identification. The DNA barcode and
HRM confirm the effectiveness of the strategy utilized in this work for identifying species
and examining genetic relationships.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/genes14081594/s1, Table S1: Raw sequences after trimming for
the 17 Diplotaxis species with 5 universal barcode markers.
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Abstract: Lamiaceae is one of the largest botanical families, encompassing over 6000 species that
include a variety of aromatic and medicinal spices. The current study is focused on three plants
within this botanical family: basil (Ocimum basilicum L.), thyme (Thymus vulgaris L.), and summer
savory (Satureja hortensis L.). These three species contain primary and secondary metabolites
such as phenolic and flavonoid compounds, fatty acids, antioxidants, and essential oils and have
traditionally been used for flavoring, food preservation, and medicinal purposes. The goal of this
study is to provide an overview of the nutraceutical, therapeutic, antioxidant, and antibacterial
key features of these three aromatics to explore new breeding challenges and opportunities for
varietal development. In this context, a literature search has been performed to describe the
phytochemical profile of both primary and secondary metabolites and their pharmacological
uses, as well as to further explore accession availability in the medicine industry and also to
emphasize their bioactive roles in plant ecology and biotic and abiotic stress adaptability. The
aim of this review is to explore future perspectives on the development of new, highly valuable
basil, summer savory, and thyme cultivars. The findings of the current review emphasize the
importance of identifying the key compounds and genes involved in stress resistance that can
also provide valuable insights for further improvement of these important medicinal plants.

Keywords: aromatics; nutrient content; essential oils; salinity stress; drought stress; breeding prospects

1. Introduction

The economic importance of medicinal and aromatic plants within the context of
agro-alimentary, pharmaceutical, natural cosmetics, and perfume development uses
is of paramount significance. In addition to providing food flavoring and pleasing
aromas, their secondary metabolites and antioxidants provide additional nutritional
value and make them an invaluable part of the human diet, alongside cereals, fruits,
and vegetables [1,2].

The Lamiaceae botanical family encompasses around 236 genera and over
6000 species of herbs and shrubs that have a global distribution. Within this fam-
ily, basil (O. basilicum L.), thyme (T. vulgaris L.), and summer savory (S. hortensis L.)
are species of particular importance, both for their specialized metabolites, such as
essential oils and various non-volatile constituents with multiple applications in the
food industry, cosmetics, and medicine, and their amazing adaptability to a whole
range of biotic and abiotic stress factors. They are highly valued for their nutritional,
medicinal, and industrial properties, providing flavor and fragrance to food, promoting
health and well-being in traditional medicine due to the anti-inflammatory, antiseptic,
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and analgesic properties of their essential oils, and serving as valuable ingredients in
various industries (perfumes, cosmetics, and cleaning agents) [1,2].

With regards to the main abiotic stress factors, the climate change evidence from
the past decade indicates that salinity and drought will likely be the highest causes
of significant concern. Salinity has emerged as a major environmental factor that has
impacted over 20% of cultivated land worldwide, with the affected regions continuing
to expand every year [3,4]. In fact, there is a significant risk that salinization may
affect more than 50% of arable land by the mid-21st century [5], posing a serious
challenge to global food security. Salinity can have a negative impact on Lamiaceae
aromatic plants, affecting their growth, yield, and quality. High levels of salt in the
soil decrease water availability and impose osmotic stress conditions on plants, leading
to reduced photosynthesis and yield limitation [3]. In response to such conditions,
the uptake and transport of the major essential ions (such as Ca, K, Mg, and nitrate)
is transiently decreasing, and as a consequence, it impacts the amount and quality
of secondary metabolites, such as essential oils. There is a significant increase in the
reactive oxygen species (ROS) production under osmotic stress conditions that can
exceed the scavenging ability of the plants. The accumulation of ROS has harmful
cellular effects, such as DNA damage, membrane lipid peroxidation, and enzymatic
activity impairment.

Drought stress is another significant environmental concern, representing a serious
threat to agriculture worldwide by reducing the yield and quality for principal cash
crops. It may have a negative impact on Lamiaceae aromatic plants as well affecting
their growth, yield, and quality. However, most of these plants possess the ability to
respond to drought stress at morphological, anatomical, physiological, biochemical,
and molecular levels with a series of adjustments, allowing the plant to avoid the stress
or to increase its tolerance [6,7].

2. Methods

Plenty of scientific literature discusses the benefits of these three aromatic species,
and there is an abundance of data regarding their adaptation to key stressors and
breeding perspectives. As a result, we searched SCOPUS and the Google Academic
database for topics relating to “O. basilicum”, “T. vulgaris”, and “S. hortensis” and
performed an extensive keyword search for “(Aromatic plant species name) composition
and properties” and ”(Aromatic plant species name) (a) biotic stress resistance.” Our
search generated around 350 documents published over a period of 35 years (1989–
2022). The returned results highlighted a multitude of studies from countries with a
long-standing traditional cultivation of these plants, especially from the Middle and
Far East, focusing on a variety of complex topics.

This review aims to present the progress that has been made in studying the
resistance potential of these three species on a series of stressors and to emphasize the
need to focus on breeding and developing new cultivars with higher resistance capacity.

3. Discussion
3.1. Aromatic Plant Composition and Accessions Availability

A synthetic characterization of the main biocomponents of the three species studied,
including the volatile oils, is presented in Table 1.
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Table 1. Main biocomponent profile of some Lamiaceae family aromatic plants presented by original
research papers.

Aromatic Plant
Species

Chemical
Composition

Fresh Leaves References

Volatile Oil

O. basilicum L.

Dry matter (909.1 g kg−1), cude ash (89.84 g kg−1), crude protein
(208.8 g kg−1), ether extract (11.21 g kg−1), crude fiber (45.91 g kg−1),

NFI (sugars readily hydrolyzed) (553.3 g kg−1), Mg (79.8 µg g−1),
Ca (1278 µg g−1), K (2135 µg g−1), Na (218.5 µg g−1), Fe (26.31 µg g−1),

Cu (1.95 µg g−1), Mn (8.56 µg g−1) and Zn (45.14 µg g−1)
Alkaloids, tannins, flavonoids, cholesterol, terpernoids, glycosides,

cardiac glycosides, phenols, carbohydrates, and phlobatannins

[8,9]

(~6.20 mg/g)
Linalool (56.7–60.6%), epi-α-cadinol (8.6–11.4%), α-bergamotene

(7.4–9.2%) and γ-cadinene (3.2–5.4%, germacrene D (1.13.3%), camphor
(1.13.1%)

[10,11]

T. vulgaris L.

Oxygen terpene derivatives (1,8-cineole, linalool, followed by camphor,
endo-borneol, α-terpineol and linalyl acetate), terpene hydrocarbons

(α-pinene, camphene and β–pinene, trans-caryophylle, four flavonoids
(two flavanones and two flavones)—sakuranetin,

6,7-dimethylcarthamidin, respectively 5-desmethylsinensetin and
-hydroxy-3,7,8,2′,4′-pentamethoxy-flavone

[12]

(12 mL/kg ≤)
Thymol (~47.59%), γ-Terpinene (~30.90%), para-Cymene (~8.41%),

Carene<δ-2-> (~3.76%), Caryophyllene (2.68%), α-Thujene, α-Pinene,
β-Pinene, β-Myrcene, α-Phellandrene, D-Limonene, β-Phellandrene,

Terpineol, Terpinen-4-ol, Cyclohexene,
1-methyl-4-(5-methyl-1-methylene-4-hexenyl)

[13]

S. hortensis L.

Moisture (72%), protein (4.2%), fat (1.65%), sugar (4.45%),
fibre (8.60%), ash (2.11%)

Minerals: K (1.68–3.38 mg·kg−1 DM),P (0.31–0.72 mg·kg−1 DM),
Ca (1.08–2.84 mg·kg−1 DM), Mg (0.25–0.61 mg·kg−1 DM),

Fe (242–726 mg·kg−1 DM), and Na (0.007–0.013 mg·kg−1 DM)

[14,15]
[16]

(≥ 5%)
Carvacrol (11–67%, Thymol (0.3–28.2%), γ-terpinene (15.30–39%),

p-cymene (3.5–19.6%), α-phellandrene, α- and β-pinene, Sabinene,
terpineol, α-thujene

[15,17],
[18–22]

3.2. O. basilicum L. Row Plant and Essential Oil Composition and Accession Availability

Ocimum is one of the largest genera in the Lamiaceae family, which consists of
65 species native to Africa, South America, and Asia [23]. Among the species, sweet
basil (O. basilicum Linn.), which originated from the warm tropical climates of India, Africa,
and southern Asia, is probably the most important crop, being cultivated as a culinary
herb worldwide under various ecological circumstances [24]. Both the raw plant and
essential oil of basil have marked culinary, pharmaceutical, and cosmetic purposes [23]. It
is used frequently in traditional medicine, having antispasmodic, stomachic, carminative,
anti-ulcerogenic, anti-inflammatory, anti-carcinogenic, analgesic, stimulant radioprotective,
and febrifuge properties [25]. Basil’s leafy components exhibit antimicrobial properties
and antioxidant activity [26,27] that can be used for alleviating pain and otitis [28]. The
essential oil extracted from European genotype basil is recognized for its superior aroma,
primarily comprising linalool and methyl chavicol.

Due to their vast diversity, various plant species and cultivars exhibit unique levels of
resistance and ability to withstand physiological functions and produce yields in varying
environmental conditions and stressful situations.

Furthermore, at the European level, based on the EURSICO National Inventory Report
Taxonomy (ipk-gatersleben.de), a total number of 834 O. basilicum L. accessions are available
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for multiplication and future breeding perspectives (Figure 1). The countries that have
uploaded the largest number of accessions are Germany (268 acc.), Croatia (119), the Czech
Republic (64), and Romania (38).
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Figure 1. O. basilicum L. accession availability at the European level (https://eurisco.ipk-gatersleben.de/
apex/eurisco_ws/r/eurisco/taxon-search-results?p26_genus=OCIMUM&p26_species=BASILICUM,
accessed on 14 February 2023).

3.3. T. vulgaris L. Composition and Accession Availability

The Thymus genera of the Lamiaceae family is highly significant due to its large number
of species [29]. Thyme (T. vulgaris L.), commonly known as garden thyme or common
thyme, appears in many different areas worldwide, including the drier Mediterranean
regions [30], and is the most commercially cultivated species in the genus Thymus [31]
due to the dietary trends in the recent decades [32]. It has several aromatic and medicinal
properties. The leaves can be used either fresh or dried as a flavoring component in
various culinary preparations, containing a high ratio of minerals (K, Ca, Mg, Fe, Mn, and
Se), antioxidants (flavonoids, phenolic compounds such as pigenin, naringenin, luteolin,
thymonin, lutein, and zeaxanthin), and vitamins (A, B6, B9, C, E, and K) [7,33,34]. In
addition, the essential oil of common thyme is extracted by the distillation of the fresh
leaves and flowering tops, and it contains 20–54% thymol, which is a monoterpene known
as the main active ingredient with a wide range of pharmacological properties [7,35,36].
It has demonstrated anti-pathogenic and antioxidant effects, being intensively utilized in
various industries, particularly in medication, agriculture, and food production.

At the European level, the total number of T. vulgaris L. accessions is 202, with Spain
(77), Albania (51), Poland (15), and Ukraine (14) having uploaded the highest numbers of
accessions to the EURISCO database (Figure 2).

3.4. S. hortensis L. Composition and Accession Availability

Summer savory (S. hortensis L.) is an annual herbaceous plant that is among the
principal Satureja species grown in southern Europe, as well as central and southwestern
Asia [37]. It contains numerous vitamins, including B-complex vitamins, vitamin A, vi-
tamin C, niacin, thiamine, and pyridoxine, as well as carvacrol, terpinene, cymene, and
caryophyllene, which make it an excellent choice for medicinal purposes [19,38]. The aerial
parts of the Satureja species, such as S. hortensis, contain essential oil that is widely used
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in the medicine, food, and health industries for therapeutic purposes. Scientific studies
have highlighted several pharmacological properties of Satureja, such as antispasmodic,
antioxidant, antimicrobial, antidiarrheal, and sedative properties [37,39–41]. Its beneficial
effects on hypertension have also been discussed [42].
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cessed on 14 February 2023 ).

The savory essential oil contains two major compounds, thyme and carvacrol, that
have antiseptic, antifungal, and antibacterial properties [3]. The concentration and com-
position of secondary metabolites in savory oils, such as y-terpinene, p-cymene, carvacrol
methyl ether, and caryophyllene, play significant ecological roles as they possess insectici-
dal, antifungal, and antibacterial properties [43–45].

At the European level, the total number of S. hortensis L. accessions is 269, with
Bulgaria (56), Romania (54), Germany (38), and Hungary (32) being the countries with the
highest number of accessions uploaded to the EURISCO database (Figure 3).

3.5. Aromatic Plant Biological Activities and Stress Resistance

Various elements, such as genetic and ecological factors, have a notable impact on
the chemical components of medicinal plants and their physiological and morphological
characteristics [46]. Diverse environmental circumstances can be the primary cause of
variability in morphological characteristics, which may induce alterations in the pheno-
type in the short term and in its genotype in the long term [47]. The presence of abiotic
environmental stressors, such as salinity and drought, can inhibit the plant growth and
development [48,49].

Essential oils perform a crucial function in plant defense by serving as antiviral,
antibacterial, antimycotic, and insecticidal agents and deterring herbivores [50]. Due to
these properties, diverse plant essential oils may serve as remedial or auxiliary agents
in the pharmaceutical sector [51] and function as fragrances, seasonings, and natural
preservatives in the food industry [52]. Finally, these oils may also serve as eco-friendly
and biodegradable substances for protecting plants in agriculture [53].
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3.6. O. basilicum L.—Biological Activities and Stress Resistance

Basil is regarded as a functional food plant due to its abundant secondary metabolites
and antioxidant traits that are believed to enable oxidative stress disease prevention. The
constituents of basil’s essential oil (EO) are known to differ significantly based on the
genetic factors (cultivar, origin, season, chemotype, and phonological stage), environmental
factors (climatic conditions, agricultural practices, and postharvest processes), and the
combined effects of these factors [4,54]. Oxygenated monoterpenes and phenylpropanoids
are the primary chemical compounds present in the Ocimum genus, while linalool, eugenol,
methyl chavicol, methyl cinnamate, methyl eugenol, and geraniol are some of the signifi-
cant constituents identified in various O. basilicum cultivars and chemotypes [55]. These
constituents act as potent antioxidants by scavenging free radicals and functioning as
electron donors, making them effective in safeguarding the plants against pathogens and
predators. At the cellular level, they can also protect cells from the adverse effects of ROS
arising from different abiotic stressors [56].

Plants that have a high concentration of antioxidants can resist damage caused by
ROS. These antioxidants can also function as protective substances [57,58]. The existence
of phenolic compounds relies on various factors, such as the type of soil, plant species,
genetics, growth stage, and location [59]. The primary phenolic compounds responsible for
the antioxidant effects in basil are caffeic acid (CA) and rosmarinic acid (RA), which is an
ester of CA. These compounds are mostly produced in roots and leaves [60]. CA is an active
participant in plant physiology and stress tolerance mechanisms [56]. RA has been utilized
as an anti-inflammatory, anti-proliferative, and chemoprotective agent [61]. The synthesis
of RA in plants occurs through the phenylpropanoid and tyrosine-derived pathways.
Phenylalanine ammonia-lyase (PAL) is the principal enzyme in the phenylpropanoid
pathway, catalyzing the transformation of l-phenylalanine to trans-cinnamic acid and
ammonia. Research has confirmed that PAL plays a role in RA biosynthesis [62]. An
increase in PAL activity induced by stress could be the starting point for the cells to adapt
to drought conditions [63]. Phosphorus (P) is an essential element to produce secondary
metabolites in plants, and its availability can affect the amount and composition of phenolic
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compounds. A competition exists between the production of phenolic compounds and the
required proteins for growth.

Regarding the response of O. basilicum L. to different stressors, Table 2 presents the
main anatomical, physiological, and molecular changes, as well as some contributing
factors that could occur.

Table 2. O. basilicum L. response to different stressors.

Type of Stress Anatomical, Physiological, and
Molecular Changes Contributing Factors References

Abiotic

Salinity

Higher Na+ concentrations
Increased MDA accumulation [64]

Enhanced proline content [4]

Photosynthetic pigments decrease Chlorophyllase enzyme activity
enhancement [65]

Induces essential oil production Higher oil gland density [4,65,66]

Drought

Plant growth process is inhibited Constrained cell elongation and
differentiation [67,68]

Disruption of main metabolic processes

Chlorophyll reduction [69]

Photosynthesis inhibation [69]

Cell division suppresion [69]

Protein complexes imbalance
Chlorophyll a and b depletion [70,71]

Chlorophyllase activity enhancement

Photosynthesis inhibition
Stomatal blockage [72]

RubisCO enzyme activity cut [73]

Cell osmotic adjustment
Proline accumulation [69]

CO2 assimilation [74]

Biotic

Twospotted
spider mite
(Tetranychus
urticae Koch)

Small chlorotic spots Lower concentrations of nitrogen,
phosphorous, and protein [75]

Cell physiology disruption Photosynthesis reduction and
phytotoxic compounds injection [75,76]

Plasma membrane potential change Cytosolic free Ca2+ changes [75]

Oxidative damage
Increase in cellular concentration

of reactive oxygen species and,
subsequently, of H2O2

[75]

Salinity stress has various negative impacts on plants, including reduced growth and
water content [77]. Additionally, salinity stress results in reduced soil moisture content
and limited water absorption from the soil, leading to osmotic stress in plants [66]. How-
ever, the osmotic potential significantly improves. Moreover, in many plants, salt stress
increases the levels of cell free radicals to a point where it can damage the membrane,
further intensifying the effects of the stress. The sensitivity of plants to salt stress can be
measured by malondialdehyde (MDA), which is a widely used parameter for estimating
lipid peroxidation in plant tissue that increases under oxidative stress. At the cellular level,
osmotic stress modifies the properties and composition of the membrane lipids. MDA
accumulation increased in the severity of NaCl stress in the leaves of summer savory
(S. hortensis L.) and O. basilicum L. The MDA content serves as an indicator of oxidative
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stress resulting from membrane lipid peroxidation, and it can be reduced by lowering lipid
peroxidation and increasing the activity of antioxidant enzymes in salt-affected plants [64].

The composition and amount of essential oils can be influenced by environmental
factors, including salinity stress, which can have a negative impact on plant growth and
osmotic balance [78]. Under salinity stress, proline plays a crucial role in osmotic ad-
justment, helping to maintain the osmotic balance of the plant and enhance its tolerance
to salt stress [79]. Proline also acts as an ROS scavenger, protein stabilizer, and osmo-
protectant [80]. The accumulation of proline during drought stress has been shown to be
related to improved plant performance, probably due to its antioxidant properties and its
ability to stabilize macromolecules [81,82].

Regarding the drought stress, the accumulation of secondary metabolites is a defensive
mechanism employed by plants to cope with stress by altering their cellular metabolism to
overcome various challenges [83].

The concentration of leaf chlorophyll (Ch) is a crucial physiological characteristic that
directly impacts a plant’s photosynthetic ability. Both chlorophyll-a and chlorophyll-b
levels in sweet basil plants decreased when they were deprived of water. The amount
of chlorophyll in leaves, which is an indicator of plant vigor, is influenced by a variety
of environmental factors. The reduction in chlorophyll content due to the water scarcity
could be linked to the generation of ROS in cells [84], which have negative effects on plants
in stressful situations. The plant water status is an indicator of their response to water
scarcity, with higher relative water contents indicating a healthy plant condition [85]. In
experiments involving various water supplies, the accurate evaluation of the plant water
status is crucial. The water content of plants can be expressed per unit of fresh or dry weight
(or, less commonly, per unit of leaf area) [86]. Particularly, the leaf relative water content
(RWC) is utilized as a dependable measure of a plant’s susceptibility to dehydration [87].
To reduce water loss through the leaves, the transpiration rate can be adjusted, and the leaf
area can be limited. Typically, plants restrict water loss through their foliage by closing
stomata, which reduces the rate of transpiration from the leaves. Nevertheless, under
conditions of water scarcity, the root water uptake may be more critical in mitigating the
damage caused by drought stress than controlling water loss through the leaves [88].

Employing plant growth regulators (PGRs) represents a viable means of enhancing
plant resilience to stress, alongside other techniques such as selective breeding and genetic
modification. There are numerous compounds that can alleviate drought-related stress in
plants [89]. Salicylic acid, or 2-hydroxybenzoic acid, is a phenolic compound with hormone-
like properties that can disrupt plant growth regulation, particularly when confronted with
diverse stresses [90]. Additionally, it may trigger various physiological and biochemical
functions in plants.

Moreover, salicylic acid (SA) has the ability to hinder catalase (CAT) function, which
could result in the accumulation of hydrogen peroxide (H2O2). This, in turn, may stimulate
the operation of ROS-detoxifying enzymes and the production of antioxidant metabo-
lites [91].

The ability of plants to adapt to environmental pressures, such as drought or salinity,
requires temporary and long-lasting reductions in transpiration water flow. This physiolog-
ical reaction is influenced by both inherent and induced genetic factors [92]. Stomata are of
paramount importance in transpiration management, regulating plant water loss through
density on the leaf surface and the mechanism of closure in response to environmental
stimuli.

On the biotic nature stressors, mites prevent harm to the epidermis, thus reducing
the chances of the leaf surface detecting the attack and postponing the plant’s reaction.
This pressure results in a modification of the plasma membrane potential and consequent
alterations in the concentration of free cytosolic Ca2+, which set off a signal that initiates a
series of reactions [93]. One of the primary effects of biotic stress encountered by the plant
is a rise in the cellular levels of ROS, which are then transformed into H2O2.
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3.7. T. vulgaris L.—Biological Activities and Stress Resistance

T. vulgaris L. displays antimicrobial, anti-inflammatory, antioxidant, and immunomod-
ulatory properties, being effective against a variety of ailments related to the respiratory,
cardiovascular, and nervous systems, among others [94,95]. These effects are ascribed
to phenolic acids, other phenols, and particularly the plant’s essential oil. The essential
oil is composed mainly of thymol, carvacrol, geraniol, α-terpineol, 4-thujanol, linalool,
1,8-cineole, myrcene, γ-terpinene, and p-cymene. The key components’ abundance varies
greatly depending on the plant chemotype, with the thymol chemotype being the most
widespread [96,97]. This versatile plant finds widespread use in the food and pharma-
ceutical industries [51,52]. It is also a promising agent for crop protection and storage
preservation [52]. From an economic perspective, the plant’s biomass yield and essential
oil quality are crucial, and various factors can affect them, including crop nutrition, manure
application, water stress, seasonal variations, or processing [98,99].

When using the DPPH free radical scavenging method, T. vulgaris demonstrated
a robust antioxidant activity of approximately 85% [100–102]. A similar outcome was
observed regarding the antioxidant activity of the thyme methanol extract [103].

The disk diffusion method revealed that the extract exhibited very strong inhibition
(20 mm inhibition zone) against various bacteria, including Bacillus subtilis, Staphylococcus
aureus, Pseudomonas aeruginosa, and Candida albicans [104]. However, its inhibitory activity
against Candida tropicalis was found to be moderate [13].

The antimicrobial activity of essential oils (EOs) is dependent on their chemical con-
stituents. The antimicrobial activity of the analyzed EO is likely associated with the presence
of phenolic compounds (thymol) and terpene hydrocarbons (γ-terpinene) [105,106]. It is
believed that p-Cymene, the third major component, has synergistic effects with thymol
and γ-terpinene [107], which may contribute to the observed antimicrobial activity. Fur-
thermore, several studies have indicated that EOs exhibit stronger antimicrobial activity
than their major constituents or mixtures [108,109], suggesting that minor components may
have synergistic effects and emphasizing the importance of all components in relation to
the biological activity of EOs [13].

The T. vulgaris essential oil demonstrated potent antimicrobial and antibiofilm effects,
with MIC values ranging from 0.0625% to 2% v/v [110]. It also exhibited lower minimum
inhibitory concentration values compared with the antibiotics tested on eradicating Candida
genus biofilm [111]. When utilized in the vapor phase, it could serve as a viable alternative
to antimicrobials in the food industry due to the lower concentration of EO required
compared with the liquid phase contact effect [112].

The thyme essential oil contains elevated levels of TPC along with strong radical
scavenging ability against DPPH, ABTS, and linoleic acid radicals, in addition to iron
chelating capabilities. This positive correlation highlights the antioxidant potential of TEO
to combat various oxidation systems and prevent oxidative damage [113].

At a concentration of 0.1 mg/mL, thyme oil and a CNC-based formulation of thyme
white oil demonstrated complete larvicidal activity against Aedes albopictus [114].

The composition of bioactive secondary metabolites synthesized by medicinal plants
varies widely depending on the species, having a profound impact on their relationship
with endophytic microorganisms [115]. Bacillus spp. connected with T. vulgaris, such as
Bacillus sonorensis (EGY05), Bacillus tequilensis (EGY21), and Bacillus mojavensis (EGY25),
generated plant-growth-stimulating substances such as auxin, fixed nitrogen, soluble
phosphate and iron, and lytic enzymes such as chitinase, cellulase, protease, and lipase.
These bacteria may provide novel tactics to alleviate salt stress [116].

Phenolic substances and their corresponding enzymes (PAL and PPO) could poten-
tially serve as protective factors against drought stress [6] that impacts the water status of
leaves, pigments, and stomatal conductance, leading to the inhibition of photosynthesis [6].
The PPOs, in particular, play a role in various processes such as the Mehler reaction, the
photoreduction of molecular oxygen by PSI, the regulation of oxygen levels in plastids,
and the generation of the phenylpropanoid pathway [117]. The decrease in chlorophyll-a,
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chlorophyll-b, and total chlorophyll concentrations on thyme plants experiencing water
stress may be viewed as an important regulatory measure to prevent excessive light ab-
sorption and to restrict the over-reduction of the photosynthetic electron transport chain,
thereby limiting the generation of ROS [118]. ROS have been shown to be produced by
both biotic and abiotic stresses [119], and these molecules are responsible for most of the
oxidative damage to biological structures, including DNA, RNA, amino acids, proteins,
and lipids [120].

Hydrogen peroxide (H2O2) is one of the most stable ROS which is produced in plant
cells during different physiological processes, including photosynthesis, photorespiration,
and, to a relatively lesser extent, respiration; it plays an important role as a signaling
molecule under stressful conditions [121].

Malondialdehyde (MDA) is also widely known as a biochemical marker to increase
the activity of ROS and the oxidative stress in plant tissues under adverse conditions. It
is considered the most final product of lipid peroxidation and an important indicator of
the oxidative damage that could occur in the cellular membrane under different stress
conditions [7].

In plants, mutations on the epigenetic regulator histone deacetylase-6 (HDA-6) appear
to improve survival in drought conditions [122]. This response is associated with the
expression of genes involved in acetic acid biosynthesis. Therefore, in conditions of water
stress, there would be a relationship between HAD-6 and the regulation of genes involved
in acetic acid synthesis [123].

Preserving the integrity of cellular membranes during stressful circumstances is
deemed a crucial aspect of any salinity adaptation mechanisms. The percentage of elec-
trolyte leakage (ELP) indicates the level of injury to cell membranes. The application
of salicylic acid (SA) amplified the ion leakage in thyme seedlings exposed to salt stress
at greater concentrations, indicating that SA concentrations play a crucial role in
saline environments.

The potential of ascorbic acid in mitigating and modifying the effects of salt stress
on plants is well known. As a rule, its concentration is higher in leaves compared with
other plant parts and is 5–10 times higher than that of glutathione [124]. In addition, the
ascorbic acid’s antioxidant role has been confirmed [125]. Therefore, plants require high
endogenous levels of ascorbic acid to regulate various processes of plant metabolism in
addition to countering oxidative stress. Endogenous levels of ascorbic acid can be elevated
by exogenously administering ascorbic acid via the rooting medium, as a foliar spray or
as seed priming. It plays a significant role in photosynthesis, specifically by regulating
the redox state of photosynthetic electron carriers through the Mehler peroxidase reaction
with ascorbate peroxidase and acting as a co-factor for violaxanthin deep oxidase, which
is involved in xanthophyll cycle-mediated photoprotection [126]. As a result, in plants
treated with ascorbic acid, high levels of pigments can work synergistically with the
ascorbic acid to provide an efficient barrier against oxidation under salinity stress. Ascorbic
acid can mitigate the detrimental effects of salinity by increasing the auxin and gibberellin
content while reducing abscisic acid levels [127], which may help protect the photosynthetic
apparatus and subsequently increase photosynthetic pigments.

During stressful periods, the accumulation of compatible osmolytes, such as proline,
can serve as an appropriate marker for heavy metal contamination. In addition, proline
may exhibit antioxidative properties that safeguard the cells from the detrimental effects of
ROSs induced by Cd contamination due to a conducive environment for Cd sequestration
and phytochelatin synthesis [128].

The main anatomical, physiological, and molecular changes of T. vulgaris related to
different stressors are presented in Table 3.
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Table 3. T. vulgaris L. response to different stressors.

Type of Stress Anatomical, Physiological, and
Molecular Changes Contributing Factors References

Abiotic

Salinity
Nutritional imbalance in plant tissues Electrolyte leakage increase [103]

Reduction of the photosynthetic capacity CO2 assimilation reduction [129]

Drought

Mitigate cell division, elongation,
and differentiation

Decreases cell turgor [7,130]

Minimizes enzyme activities [7,130]

Decreases energy supply [7,130]

Photosynthetic processes reduction Lower level of relative water content
(RWC) [131,132]

Affects the level of endogenous
phytohormones

Alters relations between ABA,
ethylene, GA3, cytokinins, and

auxins
[7,133–135]

Reduces concentration of chlorophyll
a and b and total chlorophyll Increases ROS production [7,135–137]

Carotenoids concentration reduction Enhancement of ABA hormone [7,133]

H2O2 and lipid
peroxidation enhancement MDA concentration increase [7]

Adjustment of osmotic potential Increased soluble sugars, proline,
and free amino acid concentrations [7]

Considerable synthesis of total soluble
phenols and phenylalanine

ammonia-lyase (PAL)

Enhanced specific activity of PPO
(polyphenol oxidase) [7]

Plant gene expression adjustment Increased HDA-6 levels [138–140]

Secondary metabolites boost Phe, Trp, and Asn amino acids [141]

Cd
contamination

(seeds)

Phytochelatin synthesis Osmolytes (proline) accumulation [142]

ROS production enhancement Increase in MDA content [142]

Biotic Aphis serpylli
Koch

Cell physiology disruption

Carvacrol, Geraniol,
and Thymol monoterpenes

mitigate attack
[143,144]

Linalol enhances attack [143,144]

3.8. S. hortensis L.—Biological Activities and Stress Resistance

The EO extracted from summer savory contains a significant amount of carvacrol,
which plays a crucial role in various biological activities, such as antimicrobial, antioxi-
dant, antidiabetic, antihyperlipidemic, antispasmodic, antinociceptive, anti-inflammatory,
antiproliferative, sedative, and reproduction stimulatory effects [145]. The EO content in
different species of this genus is more than 5%, the major oil constituents being carvacrol,
thymol, γ-terpinene, and borneol [146]. The chemical composition of the plant extracts is in-
fluenced by several factors, including the plant part used, harvest time, extraction method,
plant cultivar or genotype, geographical location, storage, and climatic conditions [39].

Regarding its antimicrobial properties, summer savory volatile oils exhibit actions
on cell membranes, causing interference, destabilization, and consequent effects on the
phospholipid bilayer and enzyme activity [39]. The inhibitory effect of volatile oil against
bacteria and fungi can be attributed to the higher content of biologically active compounds
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from the monoterpenes group, particularly terpinene, thymol, and carvacrol, where thy-
mol has significant inhibitory activity against S. aureus, carvacrol and p-cymene against
Escherichia coli, and γ-terpinene against C. albicans and S. aureus [17]. Thymol and carvacrol
have increased activity against bacterial strains, while γ-terpinene and p-cymene are active
against fungal strains [21,147]. The volatile oil extracted from S. hortensis L. has a broad
antimicrobial spectrum, exhibiting inhibitory effects against 25 bacterial, eight fungal,
and one yeast species [20]. Its activity against E. coli, Salmonella typhimurium, S. aureus,
Listeria monocytogenes, and Pseudomonas putida isolated strains was also demonstrated [19].
The volatile oil has a higher concentration of antimicrobial compounds compared with the
extracts [20,148].

The antioxidant activity of summer savory essential oil (SHEO) could be ascribed
to the abundant content of carvacrol, γ-terpinene, p-cymene, and thymol compounds,
which are known for their antioxidant properties [149,150]. Meanwhile, the components
of extracts from S. hortensis (rosmarinic acid, caffeic acid, naringenin, quercetin, apigenin,
kaempferol, luteolin, chlorogenic acid, rutin, and apigenin-glycoside) are also recognized
for their antioxidant potential [151,152]. Due to their antioxidant activity, natural extracts
derived from S. hortensis are being considered for use in the meat industry, with water leaf
extract found to increase the shelf life of ground beef [153]. They can also be utilized as
an antioxidant in mayonnaise formulations [154]. The presence of monoterpenes, such as
carvacrol, cymene, and thymol, in the essential oil of S. hortensis suggests its potential for
antimicrobial activities against food, plant, and human pathogens [155]. The antimicrobial
mechanism involves damage to the integrity of the cell membrane, leading to the leakage
of ions and other cell components and eventual death. At the same time, the antimicrobial
properties of individual components of the essential oil are being evaluated [15].

The potential use of S. hortensis essential oil (SHEO) as a natural herbicide against
two widely spread weeds, Amaranthus retroflexus and Chenopodium album, was also as-
sessed [156]. The aerial parts of the plant were used during the fruit stage by hydro-
distillation, and it was found to be rich in carvacrol and γ-terpinene (determined by GC-MS
to be 55.66% and 31.98%, respectively). The essential oil was formulated as a nanoemulsion
with a concentration of 5 mL/L, with an observed herbicidal activity both in laboratory
conditions (at a nanoemulsion concentration of 1 mL/L) and in greenhouse conditions (at a
nanoemulsion concentration of 4 mL/L).

There is a lack of data on the potential applications of S. hortensis essential oil in cancer
treatment, although several other Satureja species have exhibited anticancer properties. For
example, S. intermedia essential oil has shown potential against oesophageal squamous cell
carcinoma and human bladder carcinoma cell lines, while S. spicigera has shown promise
against Rectosigmoid adenocarcinoma cells, human epithelial colorectal adenocarcinoma
cells, mouse embryo fibroblast cells, and ductal carcinoma cells. S. sahendica essential oil
has demonstrated anticancer properties against breast cancer cells, fibroblast-like kidney
cells, colon adenocarcinoma cells, and choriocarcinoma cells, while S. montana essential
oil has shown potential against colon adenocarcinoma cells. These findings have been
reported in various studies [17,155].

Some of the most important anatomical, physiological, and molecular changes of
S. hortensis L. related to different stressors are presented in Table 4.
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Table 4. S. hortensis L. response to different stressors.

Type of Stress Anatomical, Physiological and
Molecular Changes Contributing Factors References

Abiotic

Salinity

Growth decrese

High osmotic proficiency [49,66]

Salt ions toxicity [66]

Cytokinin cutoff [66]

Enhanced inhibitor production [66]

Decreasing water and nutrient uptake [49]

Higher Na+ concentrations

Lipid peroxidation increase [157]

Enhanced membrane damage [157]

Electrolyte leakage [158]

Increased MDA accumulation [158]

TPC, TSC, proline, and essential
oil enhancement [49]

Chlorophyll content Free oxygen radicals
exposure/peroxidation [49,159]

Decreased transpiration rate Gas exchange mittigation [159]

Imbalance in plant tissues
Reduced Ca and K [49]

Increased Cl and Na concentration [49]

Drought Mitigate cell division, elongation,
and differentiation

Decreases cell turgor [160]

Decreased relative water content (RWC)

Minimizes enzyme activities [160]

Decreases energy supply [160]

Reduced the plant height and the number
of subsidiary branches [43]

Intensified malondialdehyde (MDA),
H2O2, and proline contents [43]

Improved total chlorophyll, chlorophyll a
and b, and carotenoid contents [43]

Biotic Botrytis
cinerea Pers.

Necrosis and narrowing tissues

Endopolygalacturonase
content enhancement [161–163]

Pectin degradation

During stress periods, terpene emissions and related attracting mechanisms can in-
directly contribute to plant defense mechanisms [164]. Furthermore, certain volatile com-
pounds may act as airborne signals that can either directly or indirectly trigger systemic
resistance and defense responses in neighboring plants [165,166].

Methyl jasmonate (MJ) treatment has been found to up-regulate genes involved in
Jasmonate biosynthesis, secondary metabolism, and cell wall formation, as well as genes
that encode stress-protective and defense proteins. Conversely, genes that are involved
in photosynthesis, such as ribulose bisphosphate carboxylase/oxygenase, chlorophyll
a/b-binding protein, and light-harvesting complex II, are down-regulated [167].
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Gibberellin may have a potential role in aiding plants to adapt to stress [168,169].
Thus, the external application of it may reduce the negative impacts of salinity, while
also enhancing growth under saline conditions, as evidenced by increased nutrient up-
take, dry weights, plant height, leaf area, and yield, mitigating NaCl-induced growth
inhibition [170,171]. Specifically, gibberellin application increased transpiration rate, rela-
tive water content, chlorophyll b, total chlorophyll, and xanthophyll content under salinity
stress conditions for savory plants. The external application of gibberellin may enhance
plant growth by elevating endogenous gibberellin levels [168]. Overall, gibberellin plays a
crucial role in boosting plant growth, pigment synthesis, and photosynthesis rate under
salt stress conditions [169].

In plants, the contents of hydrogen peroxide (H2O2) and malondialdehyde (MDA)
reduced when inoculated with bacteria under well-watered and water stress conditions
due to a significant increase in the expression of antioxidant enzymes, leading to a decline
in MDA levels and electrolyte leakage [172]. Within plant cells, certain compounds such as
lipid-soluble antioxidants (e.g., α-tocopherol and carotenoids), water-soluble reductants
(e.g., glutathione and ascorbate), and antioxidant enzymes can provide protection against
the harmful effects of ROS [173]. Moreover, the accumulation of certain osmolytes (e.g.,
proline) in plant cells can aid in scavenging free radicals and safeguarding enzymes [174].

3.9. Basil, Thyme, and Summer Savory Morphological Response to Different Biotic and
Abiotic Stressors

All the three Lamiaceae herbs have developed several morphological adaptations that
enable them to cope with biotic and abiotic stresses, such as leathery leaves, pubescence,
and deep root systems.

Leathery leaves, one of the main adaptations, are characterized by a thick cuticle and
more sclerenchyma tissue than other types of leaves, with a pronounced retaining water
role, reducing water loss through transpiration, while conferring resistance to drought
stress [175]. This adaptation allows these herbs to survive in arid conditions by maintaining
hydration. Leathery leaves also help the plants to cope with high temperatures, which can
cause dehydration and damage to the plant tissues. Moreover, the amount of epicuticular
wax, a waxy substance found on the surface of leaves, was positively correlated with
drought tolerance in these herbs [175]. The ability to tolerate water stress is linked to
minor modifications in cellular biochemistry due to the buildup of compatible solutes and
particular proteins that can be swiftly triggered by osmotic stress [176]. Water scarcity
impacts plant development at diverse degrees, from the cell to the tissue level [177].

The presence of pubescence on the surface of these herbs’ leaves represents another
significant mechanism of resistance (antixenosis) [175]. These tiny hairs act as a physical
barrier against herbivores, such as insects and grazing animals, and reduce water loss
through transpiration. They also help the plants to reflect some of the sunlight and reduce
the amount of energy absorbed by the leaves, which protects them from photoinhibition or
damage caused by excessive sunlight [175]. The phenylpropenes, along with terpenoids, are
the primary components of essential oils that are released from the glandular trichomes of
various Lamiaceae species [178]. In the particular case of basil, it predominantly synthesizes
and stores eugenol and methyl chavicol in its glandular trichomes [179].

In addition, the three herbs have developed deep root systems, which enable them to
access water and nutrients from deeper layers of soil and provide stability to the plant by
anchoring it firmly in the ground. The deep roots allow the plants to survive in nutrient-
poor soil and to withstand periods of drought stress by accessing water that is not available
to shallower rooted plants [175]. Deep roots also provide stability to the plant by anchoring
it firmly in the ground, protecting it from wind and water erosion. The root length and
surface area of basil, thyme, and summer savory are positively correlated with their ability
to cope with drought stress. In addition, a high root-to-shoot ratio, which is an adaptation
that allows them to absorb water more efficiently and store it in their roots for future use,
was observed [175].
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3.10. Breeding Perspectives Regarding the Adaptability to the Main Abiotic Stressors

Genetic predisposition represents a fundamental requirement for enhancing the quality
and yield of essential oils, with variety selection and plant breeding as additional factors.
Induced polyploidization is one of the plant breeding techniques that can affect a plant’s
genome, phenotype, physiology, and metabolome, enabling us to develop novel genotypes
with better morphological, physiological, and biochemical properties.

Abiotic stressors such as drought, salinity, and extreme temperatures pose major
challenges for herb cultivation. To address these challenges, research needs to focus on
developing new cultivars of basil, thyme, and summer savory that are more resilient to
abiotic stressors. One approach has been to identify genetic markers and traits associated
with stress tolerance and breed for improved adaptability to stressful conditions. Studies
have identified candidate genes and quantitative trait loci (QTLs) associated with drought
tolerance in basil, thyme, and summer savory and used these genetic markers to develop
new cultivars with improved drought resistance.

Another promising approach has been to explore the use of plant growth-promoting
rhizobacteria (PGPR) and other beneficial microorganisms to enhance the stress tolerance
of these herbs. Recent studies have shown that the application of PGPR can improve the
growth, yield, and quality of basil, thyme, and summer savory under stressful conditions
and enhance their resistance to pests and diseases.

In addition to phenotypic screening, molecular and biochemical approaches have been
used to elucidate the mechanisms of stress tolerance in basil, thyme, and summer savory, as
well as the identification of the key compounds involved. Numerous investigations have
highlighted the significance of aquaporins in the plant stress response. TaTIP2;2 functions
as an inhibitor of drought and salinity stress, its reaction not being reliant on ABA [180]. The
transcriptomic and metabolomic responses of thyme plants to heat stress were investigated,
and several candidate genes and metabolites associated with thermotolerance, including
heat shock proteins, proline, and flavonoids, were identified [181]. Similarly, the volatile
compounds and antioxidant activity of summer savory leaves under drought stress were
analyzed, and the conclusions were that some volatile terpenes, such as γ-terpinene and
carvacrol, were positively correlated with drought tolerance and antioxidant capacity [43].

To identify the compounds important for stress resistance in basil, thyme, and summer
savory, several approaches have been used, such as metabolomics, transcriptomics, and
proteomics. Analyses of basil leaves’ metabolites exposed to a water deficit found that the
accumulation of phenolic acids and flavonoids was associated with drought tolerance [182].
Additionally, when the proteome of summer savory leaves under drought stress was
investigated, it was found that the up-regulated proteins were related to photosynthesis,
antioxidant defense, and stress response [183].

Regarding the germplasm availability, summer savory genotypes were evaluated
for their tolerance to cold stress, and a promising candidate (“Mutika”) was identified,
exhibiting better root volume, aerial part and total fresh weights, stem height, and flower
number under low-temperature conditions [184].

3.11. Breeding Perspectives Regarding the Adaptability to the Main Biotic Stressors

Pests (aphids, thrips, spider mites, and whiteflies) are major biotic stressors that can
affect basil, thyme, and summer savory crops. They feed on plant sap, causing stunted
growth, leaf curling, and discoloration, together with a reduction in herb yield quantity
and quality. Moreover, these pests can transmit viral diseases, such as tomato spotted
wilt virus (TSWV), which can cause severe damage to the crops [185]. Breeding for pest-
resistant cultivars using genetic markers could be a promising solution to reduce the use of
insecticides and mitigate the effects of insect pests on the crops.

Diseases, such as fungal and bacterial infections, are also significant biotic stressors
that can affect basil, thyme, and savory crops. The most common fungal diseases in these
herbs include powdery mildew, downy mildew, and gray mold, which can cause leaf
wilting, yellowing, and necrosis. Triggering defense genes against specific pathogens is
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influenced by distinct environmental factors. This indicates the involvement of intricate
signaling pathways that empower plants to identify and safeguard against various stressors,
including pathogenic threats [186,187]. Therefore, there is a need for breeding programs
that focus on developing disease-resistant varieties of these crops. However, due to the
limitations of traditional breeding, such as time-consuming and limited genetic diversity,
new breeding technologies, such as genome editing, could provide an efficient and more
precise method to introduce disease resistance into these crops [188].

Herbivores, such as deer, rabbits, and rodents, can also cause significant damage to basil,
thyme, and savory crops. These herbivores can reduce crop yield by feeding on the plants and
transmit plant diseases through their saliva [183]. Developing herbivore-resistant varieties of
these crops can help reduce the impact of herbivores on crop production.

Weed competition is another important biotic stress that can affect the growth and
yield of basil, thyme, and savory crops. Weeds compete with the herbs for nutrients, water,
and sunlight, leading to reduced yield and quality of the crops. Furthermore, weeds can
also act as hosts for pests and diseases, increasing their population and spread in the
crop field. However, the excessive use of herbicides can have negative impacts on the
environment and human health. Therefore, breeding for herbicide-resistant cultivars could
be an important strategy in future breeding perspectives.

In terms of germplasm availability, when Ocimum accessions were screened for re-
sistance to downy mildew caused by Peronospora belbahrii, the conclusion was that some
genotypes, such as “Spice”, exhibited significantly lower disease severity and higher yield
than others [189].

By overexpressing a gene encoding a chalcone synthase in basil plants, an increased
resistance to Fusarium wilt caused by F. oxysporum, as well as higher levels of glyphosate-
resistant basil and thyme flavonoids and phenolic acids were observed [190].

MYB and MYC proteins play a critical role in plants’ ability to cope with unfavorable
environmental conditions. AtMYB30 functions as an activator of the hypersensitive cell
death program upon pathogenic attack [191], while AtMYB33 and AtMYB101 are associated
with ABA-mediated reactions to environmental cues [192]. AtMYB96 regulates water
scarcity and disease resistance by acting through the ABA signaling pathway [193], and
AtMYB15 is involved in enhancing cold stress tolerance [194].

Breeding for biotic stress resistance in basil, thyme, and savory crops is essential
to ensure their sustainable cultivation and production. In recent years, there have been
significant advancements in molecular breeding techniques, such as marker-assisted se-
lection (MAS) and genomic selection (GS), which can accelerate the breeding process and
improve the efficiency of selecting stress-tolerant traits [195]. Moreover, the identification
of stress-responsive genes and pathways in these herbs can provide valuable targets for
genetic engineering and biotechnological approaches to enhance their resistance to biotic
stressors [192]. The breeding of basil with resistance to F. oxysporum has shown promising
results [196].

Molecular markers and genetic engineering techniques can be used to accelerate
the breeding process and identify genes responsible for biotic stress resistance in basil,
thyme, and savory. Several resistance genes from basil (Pb1A and Pb1A′), which are
responsible for resistance to downy mildew, a common fungal disease, were successfully
transferred by researchers [197]. Similarly, genetic engineering can be used to develop
herbicide-resistant cultivars.

4. Conclusions

Selecting and breeding basil, thyme, and summer savory genotypes with enhanced tol-
erance to biotic and abiotic stresses is crucial for their sustainable and profitable cultivation.
Phenotypic screening, molecular and biochemical approaches, and genetic engineering
or exogenous application of bioactive compounds are effective strategies for identifying
and enhancing stress tolerance in these herbs. Identification of key compounds and genes
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involved in stress resistance can also provide valuable insights for further improvement of
these important crops.

The research suggests that there is a significant potential for breeding and genetic
improvement, as well as the use of microbial-based strategies, to enhance the adaptability
of basil, thyme, and summer savory to abiotic stressors. These efforts could have important
implications for the sustainability and productivity of herb cultivation in a changing climate
and could help to ensure a reliable supply of these valuable herbs for food, medicinal, and
other applications.
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Chemical composition, antimicrobial, antioxidant and antitumor activity of Thymus serpyllum L., Thymus algeriensis Boiss. and
Reut and Thymus vulgaris L. Essential Oils. Ind. Crops Prod. 2014, 52, 183–190. [CrossRef]

37. Gontaru, L.; Plander, S.; Simándi, B. Investigation of Satureja hortensis L. as a possible source of natural antioxidants. Hung. J. Ind.
Chem. 2008, 1-2, 36. [CrossRef]

38. Jadczak, D. Effect of sowing date on the quantity and quality of the yield of summer savory (Satureja hortensis L.) grown for a
bunch harvest. Herba Pol. 2007, 53, 22–27.

39. Hadian, J.; Ebrahimi, S.N.; Salehi, P. Variability of morphological and phytochemical characteristics among Satureja hortensis L.
Accessions of Iran. Ind. Crops Prod. 2010, 32, 62–69. [CrossRef]

40. Hajhashemi, V.; Zolfaghari, B.; Yousefi, A. Antinociceptive and Anti-Inflammatory Activities of Satureja hortensis Seed Essential
Oil, Hydroalcoholic and Polyphenolic Extracts in Animal Models. Med. Princ. Pract. 2011, 21, 178–182. [CrossRef]
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Abstract: Acanthus ilicifolius is an important medicinal plant in mangrove forests, which is rich in sec-
ondary metabolites with various biological activities. In this study, we used transcriptomic analysis to
obtain differentially expressed genes in the flavonoid metabolic pathway and metabolomic methods
to detect changes in the types and content in the flavonoid metabolic synthesis pathway. The results
showed that DEGs were identified in the mature roots vs. leaves comparison (9001 up-regulated
and 8910 down-regulated), mature roots vs. stems comparison (5861 up-regulated and 7374 down-
regulated), and mature stems vs. leaves comparison (10,837 up-regulated and 11,903 down-regulated).
Furthermore, two AiCHS genes and four AiCHI genes were up-regulated in the mature roots vs.
stems of mature A. ilicifolius, and were down-regulated in mature stems vs. leaves, which were
highly expressed in the A. ilicifolius stems. A total of 215 differential metabolites were found in
the roots vs. leaves of mature A. ilicifolius, 173 differential metabolites in the roots vs. stems, and
228 differential metabolites in the stems vs. leaves. The metabolomic results showed that some
flavonoids in A. ilicifolius stems were higher than in the roots. A total of 18 flavonoid differen-
tial metabolites were detected in the roots, stems, and leaves of mature A. ilicifolius. In mature
leaves, quercetin-3-O-glucoside-7-O-rhamnoside, gossypitrin, isoquercitrin, quercetin 3,7-bis-O-β-
D-glucoside, and isorhamnetin 3-O-β-(2′′-O-acetyl-β-D-glucuronide) were found in a high content,
while in mature roots, di-O-methylquercetin and isorhamnetin were the major compounds. The
combined analysis of the metabolome and transcriptome revealed that DEGs and differential metabo-
lites were related to flavonoid biosynthesis. This study provides a theoretical basis for analyzing
the molecular mechanism of flavonoid synthesis in A. ilicifolius and provides a reference for further
research and exploitation of its medicinal value.

Keywords: transcriptomics; metabolome profiling; flavonoid metabolism; Acanthus ilicifolius;
medicinal value

1. Introduction

A. ilicifolius Linn, a member of the family Acanthaceae, is a shrub or small tree that
can reach up to two meters in height, with sturdy stalks. It grows in mangroves and tidal
areas in tropical and subtropical regions [1,2]. Its unique growth environment results in
a diverse array of structurally specific secondary metabolites, which exhibit a variety of
biological activities and have potential medicinal value. The leaves, roots, and whole plant
of A. ilicifolius are used in traditional medicine in India and China. It is considered an
important medicinal plant in mangroves.

The properties of A. ilicifolius in traditional Chinese medicine are described as cold and
mild in nature [3]. It is considered effective for clearing heat and detoxifying, eliminating
swelling and dispersing knots, and relieving cough and asthma [4]. In China, India,
and Southeast Asian countries such as Thailand, A. ilicifolius is used to treat conditions
including neuralgia, rheumatism, snakebite, and paralysis [5]. In Thai folk medicine,
the Acanthus genus is commonly used as a laxative, anti-inflammatory treatment for
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rheumatoid arthritis, antipyretic, anti-abscess, and anti-ulcer agent. Its leaves are used
to treat rheumatism, snakebite, paralysis, and asthma. It is often used in combination
with pepper as a tonic [6]. Pharmacological studies have shown that A. ilicifolius has
hepatoprotective, antioxidant, antitumor, antibacterial, and antiviral effects [5,7,8]. Its
chemical composition is mainly benzoxazin and benzoxazolinone alkaloids [9]. Further
studies have revealed that it contains various types of compounds, such as flavonoids,
triterpenoids, lignans, phenylethanoid glycosides, and sterols [5]. A. ilicifolius contains a
large number of biologically active flavonoids, and the total flavonoid content can reach
3.82% [10]. In our study, the total flavonoid content of A. ilicifolius roots and stems reached
4.07 mass % (Figure S1).

Flavonoids are a diverse class of polyphenolic compounds [11] exhibiting a wide
range of molecular structures and biological activities. They are derived from the metabolic
pathway of phenylpropanoid and can be classified into seven major groups: flavonoids,
flavonols, flavanones, anthocyanins, flavanols, isoflavones, and proanthocyanidins [12].
The basic backbone of flavonoids is a C6-C3-C6 diphenylpropane structure consisting of
two benzene rings (A and B rings) interconnected with three carbon atoms in the center [11].
Flavonoids have been shown to possess various pharmacological effects and biological
activities, such as anti-bacterial, anti-inflammatory, anti-oxidant, anti-aging, detoxifying,
anti-cancer, and cardio- and cerebrovascular protective effects [13–16].

The biosynthesis of flavonoids is a crucial area of research in the secondary metabolism
of plants [17]. The flavonoid metabolic pathway is a complex and multifactor-regulated
network [18,19]. The phenylalanine metabolic pathway represents an important metabolic
pathway [18,20], and a large number of secondary metabolites are produced from pheny-
lalanine or tyrosine, including flavonoids and isoflavonoids, monolignans, various phenolic
acids and stilbenes [20]. The biosynthesis of plant flavonoids is predominantly governed
by the concerted action of structural and regulatory genes. Structural genes encode key
enzymes that catalyze the flavonoid biosynthesis pathway, such as phenylalanine deami-
nase, cinnamic acid-4-hydroxylase, and 4-coumarate coenzyme-A-ligase. The activity of
these structural enzymes and their gene expression levels directly impact the flavonoid
content in the biosynthetic pathway. However, flavonoids are evolutionarily conserved
in plants, and studying their metabolic pathways and regulatory mechanisms in different
plant species is of significant biological importance [19].

The current study of the biosynthesis and accumulation of secondary metabolites
has made substantial progress. Still, little is known about the effects of developmental
and environmental factors on the synthesis and accumulation of secondary metabolites
in medicinal plants [21]. In this study, we utilized transcriptomics and metabolomics
approaches to analyze differential gene and metabolite expression in the roots, stems,
and leaves of A. ilicifolius at various developmental stages. We aimed to identify key
genes closely associated with flavonoid biosynthesis, elucidate the molecular mechanisms
underlying flavonoid synthesis in A. ilicifolius, and analyze the metabolite types and
accumulation patterns. The ultimate goal was to provide a reference for further research
and exploitation of the medicinal value of A. ilicifolius’ s flavonoid products.

2. Materials and Methods
2.1. Plant Material

A. ilicifolius plants were collected from the shore of the Dangjiang River in Beihai,
Guangxi (21.595◦ N, 109.081◦ E), and identified by the experts from the Beihai Mangrove
Breeding Base. Their young roots, stems, and leaves (mRY, mSY, and mLY) and old/mature
roots, stems, and leaves (mRO, mSO, and mLO) were sampled in April 2020, treated with
liquid nitrogen, and then stored at −80 ◦C for total RNA extraction. To ensure the samples’
consistency, A. ilicifolius plants were collected from the same locations, dried, and used for
chemical composition analysis. Three biological replicates were set up for each sample. In
this paper, mRY, mSY, and mLY represent the young roots, young stems, and young leaves,
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respectively, and mOR, mOS, and mOL, represent the mature roots, mature stems, and
mature leaves, respectively.

2.2. Transcription Experimental Methods

The total RNA was isolated from the young and mature tissues of roots, stems, and
leaves with three biological replicates using FastPure Cell/Tissue Total RNA Isolation Kit
(Vazyme, Nanjing, China). The RNA concentration was detected by Nanodrop. Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) was employed for detecting
RIN (RNA Integrity Number) and 28S/18S values. Then, RNA integrity and quality were
measured using 1% agarose electrophoresis.

Eukaryotic mRNA was enriched with magnetic beads with Oligo (dT), and the mRNA
was randomly interrupted by adding Fragmentation Buffer; the first cDNA strand was
synthesized with six-base random hexamers using mRNA as a template, and the second
cDNA strand was synthesized by adding buffer, dNTPs, RNase H, and DNA polymerase I.
The purified double-stranded cDNA was then end-repaired, A-tailed, and connected to
sequencing junctions, followed by fragment size selection with AMPure XP beads; finally,
the cDNA library was enriched by PCR. Sequencing was performed with the Illumina
novaseq 6000 platform (Illumina, San Diego, CA, USA).

Before data analysis, the quality of raw reads was checked using FastQC (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/, accessed on 10 November 2022).
The impure reads were filtered, whereas the high-quality ones were acquired using Trinity
by adopting default parameters, which were later utilized for constructing the distinct
consensus sequences [22].

The filtered reads were first localized to the genome. The localized reads on the
genome matched transcripts and the specified A. ilicifolius genome (unpublished data,
Genome submission: SUB12869169) were used as a reference for sequence alignment and
subsequent analysis in this project.

FPKM (fragments per kilobase of transcript per million fragments mapped) values [23]
were estimated to measure gene expression by Cufflinks [24]. DESeq2 [25] was used
to identify differentially expressed genes (DEGs). During differentially expressed gene
detection, Fold Change ≥ 1.5 and p value < 0. 01 were used as screening criteria during the
expressed gene detection [26].

Subsequently, the obtained genes were mapped against NR (Non-redundant protein
sequence database in GenBank) [27], Swiss-Prot (Protein Sequence Database) [28], and
COG (Cluster of Orthologous Groups of proteins) [29], KOG (Clusters of orthologous
groups for eukaryotic complete genomes) [30] and KEGG (Kyoto Encyclopedia of Genes
and Genomes) databases were used for sequence comparison [31].

2.3. Metabolome Analysis Methods

The samples were freeze-dried in a freeze-dryer (Scientz-100F, Ningbo Xinzhi Freeze
Drying Equipment Co., Ningbo, China), and each sample was accurately weighed to 0.1
g after grinding and was dissolved in 0.6 mL of 70% methanol extract. The dissolved
samples were refrigerated at 4 ◦C overnight, during which the samples were vortexed
six times to improve the extraction rate. After centrifugation of the liquid (10,000× g,
10 min), the supernatant was aspirated, and the samples were filtered through a mi-
croporous membrane (0.22 µm pore size) and stored in a feed bottle for UPLC-MS/MS
analysis [32,33]. Three biological replicate samples and four mixed samples for quality
control were set up for widely targeted metabolome analysis.

2.4. UPLC Conditions

The data acquisition instrumentation system consisted mainly of Ultra Performance
Liquid Chromatography (UPLC) (Shim-pack UFLC SHIMADZU CBM30A, https://www.
shimadzu.com.cn/, accessed on 13 November 2022) and tandem mass spectrometry
(Tandem mass spectrometry, MS/MS) (Applied Biosystems 4500 QTRAP, https://www.
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shimadzu.com.cn/, accessed on 25 November 2022). Tandem mass spectrometry (MS/MS)
(Applied Biosystems 4500 QTRAP, http://www.appliedbiosystems.com.cn/, accessed on
14 December 2022).

Liquid chromatography was performed using a Waters ACQUITY UPLC HSS T3 C18
(Waters, Milford, MA, USA) 1.8 µm, 2.1 mm× 100 mm column. The mobile phase consisted
of ultra-pure water for phase A (with 0.04% acetic acid added) and acetonitrile for phase
B (with 0.04% acetic acid added). The elution gradient involved a B-phase ratio of 5% at
0.00 min, which increased linearly to 95% within 10.00 min and was maintained at 95% for
1 min. From 11.00 to 11.10 min, the B-phase ratio decreased to 5% and equilibrated with
5% until 14 min. The flow rate was 0.35 mL/min, and the column temperature was set to
40 ◦C. The injection volume was 4 µL.

The mass spectrometry conditions used in this study involved electrospray ionization
(ESI) at 550 ◦C, mass spectrometry at 5500 V, curtain gas (CUR) at 30 psi, collision-activated
dissociation (CAD), and a mass spectrometer at 5000 V. A high parameter was set for each
analysis. In the triple quadrupole (QQQ) mass spectrometer, each ion pair was scanned
and detected using optimized declustering potential (DP) and collision energy (CE) values,
as previously described by Chen et al. [34].

Specific fragment ions were compared to the reference for identifying secondary
metabolites and additional amino acids [35]. Metabolites that shared close fragment ions
were deemed to be identical compounds. Statistical analysis of secondary metabolite
data was performed using Analyst 1.6.1 software (AB SCIEX, Framingham, MA, USA).
Variable importance in projection (VIP) values were determined through partial least
squares discriminant analysis. The differentially changed metabolites (DCMs) were selected
based on the thresholds of VIP ≥ 1 and absolute Log2FC (fold change) ≥ 1. Identified
metabolites were annotated using the KEGG Compound database (http://www.kegg.jp/
kegg/compound/, accessed on 15 January 2023), and annotated metabolites were mapped
to the KEGG Pathway database (http://www.kegg.jp/kegg/pathway.html, accessed on
21 January 2023). Pathways with significantly regulated metabolites were mapped into
MSEA (metabolite sets enrichment analysis), and their significance was determined by the
hypergeometric test’s p-values.

2.5. qRT-PCR

Real-time quantitative reverse transcription PCR (qRT-PCR) was performed using
the TUREscript first Stand cDNA SYNTHESIS Kit instructions (Edelweiss). The nine
genes were validated by qRT-PCR using a thermal cycler (Analytikjena-qTOWER2.2, Jena,
Germany). The 20 µL reverse transcription reaction system contained RNA (2 µL), 5 × RT
reaction mixture (4 µL), Rondam primer/oligodT (50 pM, 0.8 µL), TUREscript H- RTase/RI
mixture (200 U/Ml, 0.8 µL), and RNase-free ddH2O (12.4 µL). Reverse transcription reaction
conditions: 42 ◦C for 40 min, 65 ◦C for 10 min, after the reaction, cDNA was obtained and
stored at −80 ◦C. The 10 µL qPCR reaction system contained 2 × SYBR Green Supermix
(1 × 0.5 µL), forward primer (10 µM, 0.5 µL), and reverse primer (10 µM, 0.5 µL), cDNA
(N/A, 1 µL), and ddH2O (3 µL). The thermal profile was comprised of two segments: 30 s
at 95 ◦C; 5 s denaturation at 95 ◦C, and 30 s annealing at 60 ◦C for a total of 40 cycles. Every
assay was repeated thrice. Primer Express 2.0 Software (PE Applied Biosystems, Foster City,
CA, USA) was applied in the primer design with default parameters. Supplementary Table S1
displayed the sequences of all the primers. Excel software (Microsoft Office, Redmond, WA,
USA) and 2−∆∆Ct [36] were used for data analysis, with the Actin gene as the reference.

3. Results
3.1. Transcriptomic Analysis and Differentially Expressed Genes

To explore genes related to flavonoid metabolism in A. ilicifolius, transcriptomic analy-
sis was conducted on young and mature roots, stems, and leaves. Before transcriptome
sequencing data were ready for subsequent analysis, quality control of raw data was re-
quired to obtain high quality data, also called clean reads. The overall clean read counts in
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each sample ranged from 20,006,083 to 29,156,661, producing a total of 123.5 Gb of clean
data. The sequence reads were aligned to the reference genome of A. ilicifolius, with more
than 84.65% of reads mapped successfully. The high-quality transcriptomic results were
supported by a GC concentration of 47% and a Q30 score of over 93.39% (Table S2).

The high sensitivity of transcriptomic data enabled the detection of the gene expression
levels. In this study, protein-coding genes with expression levels represented as FPKM
values were sequenced and found to span six orders of magnitude, ranging from 0.01 to
10,000 (Figure S2). Pearson’s Correlation Coefficient R (PCC) was used to assess biological
repeat correlation and to screen for reliable differentially expressed genes. The r2 in this
study was close to 1, indicating a strong correlation of duplicate samples, which facilitated
the follow-up analysis (Figure 1).
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Figure 1. Heatmap of the expression correlation between two samples. Young roots, young stems,
and young leaves are represented by mRY, mSY, and mLY, respectively, and mature roots, mature
stems, and mature leaves are represented by mOR, mOS, and mOL, respectively. The numbers after
the sample names indicate the plant numbers from different biological replicates.

This study focused on flavonoids, a class of secondary metabolites. Flavonoid ac-
cumulation was higher in the roots, stems, and leaves of mature A. ilicifolius, prompting
an analysis of the DEGs in these organs. In mature A. ilicifolius, a total of 9001 DEGs
were up-regulated and 8910 DEGs were down-regulated in the mature roots vs. leaves
comparison (Figure 2a). Similarly, 5861 DEGs were up-regulated and 7374 DEGs were
down-regulated in the mature roots vs. stems comparison (Figure 2b), and 10,837 DEGs
were up-regulated and 11,903 DEGs were down-regulated in the mature stems vs. leaves
comparison (Figure 2c).
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Figure 2. Volcano plots of the differential gene expression: (a) mRO vs. mLO; (b) mRO vs. mSO;
(c) mSO vs. mLO. mOR, mOS, and mOL represent mature roots, mature stems, and mature leaves,
respectively.

DEGs in mature roots vs. leaves, roots vs. stems, and stems vs. leaves of A. ilici-
folius were mainly enriched in metabolic processes, single-organism process, cell, cell part
membrane, organelle, binding, and catalytic activity (Figure 3). KEGG enrichment further
indicated that the DEGs of mature roots vs. leaves and roots vs. stems of A. ilicifolius were
mainly enriched in the plant–pathogen interaction and plant hormone signal transduction
(Figure 4a,b). KEGG enrichment further indicated that DEGs of mature stems vs. leaves
were mainly enriched in carbon metabolism and the biosynthesis of amino acids (Figure 4c).
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Figure 3. Statistical graph of GO annotation classification of differentially expressed genes. (a) mRO
vs. mLO; (b) mRO vs. mSO; (c) mSO vs. mLO. mOR, mOS, and mOL represent mature roots, mature
stems, and mature leaves, respectively.
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stems, and mature leaves, respectively.

3.2. Flavonoid Biosynthesis Differential Genes

In mature A. ilicifolius, four DEGs related to flavonoid biosynthesis were identified
in the roots vs. leaves comparison, with two up-regulated and two down-regulated
DEGs (Figure 5a). The up-regulated DEGs were two AiC4H genes (Ail10G007150 and
Ail34G006900), which encode cinnamate 4-hydroxylase. The down-regulated DEGs were
AiLAR (Ail29G011710), which encodes leucoanthocyantin reducase, and AiCHI1 (Ail07G00902),
which encodes chalcone isomerase. In the roots vs. stems comparison, seven flavonoid
biosynthesis-related DEGs were identified, with six being up-regulated and one down-
regulated (Figure 5b). The up-regulated DEGs were two AiCHS genes (Ail32G006860 and
Ail08G007320), which encode chalcone synthase, and four AiCHI genes (Ail36G002000,
Ail10G010430, Ail34G010000, and Ail12G001980), which encode chalcone isomerase. The
down-regulated DEG was AiLAR (Ail29G011710). In the stems vs. leaves comparison,
eight flavonoid biosynthesis-related DEGs were identified, with two being up-regulated
and six down-regulated (Figure 5c). The up-regulated DEGs were AiCFI2 (Ail36G002000),
which encodes chalcone flavanone isomerase, and AiANR (Ail41G004950), which encodes
anthocyanidin reductase. The down-regulated DEGs were four AiCHI genes (Ail07G009020,
Ail10G010430, Ail34G010000, and Ail31G008660), which encode chalcone isomerase, and
two AiCHS genes (Ail0G005110 and Ail06G020390), which also encode chalcone synthase.
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Figure 5. Differentially expressed genes related to flavonoid synthesis in A. ilicifolius parts. (a) mRO
vs. mLO; (b) mRO vs. mSO, (c) mSO vs. mOR, mOS, and mOL represent mature roots, mature
stems, and mature leaves, respectively. Each part has three biological replicates with the number
following the sample name. The differential expression values of genes in the heatmap are treated
with log2. Different A. ilicifolius genes and their related genes within the brackets are showed on the
vertical axis.

The AiLAR gene encoding leucoanthocyanidin reductase was highly expressed in
the mature roots of A. ilicifolius (Figure 6). AiLAR has been shown to reduce colorless
anthocyanins and anthocyanins to flavanols, mainly catechin and epicatechin, and ulti-
mately produce proanthocyanins through the processes of translocation, oxidation, and
polymerization [37]. In contrast, AiCHI genes encoding chalcone isomerase were found to
be highly expressed in the mature leaves and stems of A. ilicifolius. CHI catalyzes the spe-
cific cyclization of naringenin chalcone into naringenin, which is a common intermediate
of several flavonoid subclasses, including flavonoids, flavanols, flavonols, anthocyanins,
proanthocyanidins, terephthalic acid, and isoflavones [38].

3.3. qRT-PCR

The nine DEGs were randomly selected, and transcriptional data showed that the gene
expression was greater in the mature roots compared with the mature stems and lowest
in mature leaves. These were further screened for qRT-PCR analysis, and the results were
consistent with the transcriptome results (Figure 7).

109



Genes 2023, 14, 752

Genes 2023, 14, x FOR PEER REVIEW 11 of 23 
 

 

 
(c) 

Figure 5. Differentially expressed genes related to flavonoid synthesis in A. ilicifolius parts. (a) mRO vs. 

mLO; (b) mRO vs. mSO, (c) mSO vs. mOR, mOS, and mOL represent mature roots, mature stems, and 

mature leaves, respectively. Each part has three biological replicates with the number following the sam-

ple name. The differential expression values of genes in the heatmap are treated with log2. Different A. 

ilicifolius genes and their related genes within the brackets are showed on the vertical axis. 

The AiLAR gene encoding leucoanthocyanidin reductase was highly expressed in the 

mature roots of A. ilicifolius (Figure 6). AiLAR has been shown to reduce colorless antho-

cyanins and anthocyanins to flavanols, mainly catechin and epicatechin, and ultimately 

produce proanthocyanins through the processes of translocation, oxidation, and polymer-

ization [37]. In contrast, AiCHI genes encoding chalcone isomerase were found to be 

highly expressed in the mature leaves and stems of A. ilicifolius. CHI catalyzes the specific 

cyclization of naringenin chalcone into naringenin, which is a common intermediate of 

several flavonoid subclasses, including flavonoids, flavanols, flavonols, anthocyanins, 

proanthocyanidins, terephthalic acid, and isoflavones [38]. 

 

Figure 6. Expression heatmap of flavonoid synthesis-related differentially expressed genes in A.
ilicifolius mature tissues. mOR, mOS, and mOL represent mature roots, mature stems, and mature
leaves, respectively. The differential expression of genes in the heatmap are treated with log2.

Genes 2023, 14, x FOR PEER REVIEW 12 of 23 
 

 

Figure 6. Expression heatmap of flavonoid synthesis-related differentially expressed genes in A. 

ilicifolius mature tissues. mOR, mOS, and mOL represent mature roots, mature stems, and mature 

leaves, respectively. The differential expression of genes in the heatmap are treated with log2. 

3.3. qRT-PCR 

The nine DEGs were randomly selected, and transcriptional data showed that the 

gene expression was greater in the mature roots compared with the mature stems and 

lowest in mature leaves. These were further screened for qRT-PCR analysis, and the re-

sults were consistent with the transcriptome results (Figure 7). 

 

Figure 7. Expression levels of the candidate genes. The diagram distinguishes the nine genes with 

different colors. mOR, mOS, and mOL represent mature roots, mature stems, and mature leaves, 

respectively. 

3.4. Metabolome Analysis and Differential Metabolites 

PCA analysis classified overall variation as PC1 and PC2, contributing 35.43% and 

22.11%, respectively (Figure 8a). The correlations between samples with the same organ 

were high, indicating a good repeatability of samples, as well as stability and reliability of 

the experimental data. The results of the hierarchical clustering of metabolite profiles of 

different samples showed that the same parts from the same stage were basically clustered 

into one subclass, while the root, stem, and leaf samples were clustered into three major 

classes, respectively (Figure 8b). The results of the metabolome analysis revealed that the 

metabolites in the young and mature parts were different. 

Figure 7. Expression levels of the candidate genes. The diagram distinguishes the nine genes with
different colors. mOR, mOS, and mOL represent mature roots, mature stems, and mature leaves,
respectively.

3.4. Metabolome Analysis and Differential Metabolites

PCA analysis classified overall variation as PC1 and PC2, contributing 35.43% and
22.11%, respectively (Figure 8a). The correlations between samples with the same organ
were high, indicating a good repeatability of samples, as well as stability and reliability of
the experimental data. The results of the hierarchical clustering of metabolite profiles of
different samples showed that the same parts from the same stage were basically clustered
into one subclass, while the root, stem, and leaf samples were clustered into three major
classes, respectively (Figure 8b). The results of the metabolome analysis revealed that the
metabolites in the young and mature parts were different.
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Figure 8. Analysis of A. ilicifolius metabolome samples. (a) Principal component analysis (PCA) of
the young and mature root, stem, and leaf samples. The ordinate represents the clustering of samples,
and the abscissa represents the clustering of metabolites. (b) The overall clustering map of samples
is based on metabolite profiles. The horizontal coordinate indicates the sample name (hierarchical
clustering result), and the vertical coordinate indicates all metabolites (hierarchical clustering result).
mRY, mSY, and mLY represent young roots, young stems, and young leaves, respectively, and mOR,
mOS, and mOL represent mature roots, mature stems, and mature leaves, respectively.

Figure 9a shows four mixed samples represent the quality, which were prepared from
a mixture of sample extracts and used to analyze the reproducibility of the samples under
the same processing method. In Figure 9b, the number after the sample name represents
the different biological replicate number of samples.
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A total of 407 metabolites were detected based on the UPLC-MS/MS detection plat-
form and the local metabolic database (Biomarker Technologies, Beijing, China) (Table S3).
Our results indicate there were 377, 316, and 373 metabolites in total that were detected
for mature leaf, root, and stem (Figure 9a) Of the 215 differential metabolites in the roots
vs. leaves of mature A. ilicifolius, (Figure 9b) 68 were flavonoids (Table S4). There were
173 differential metabolites in the roots vs. stems of mature A. ilicifolius. Among them,
there were 59 flavonoids (Table S5). There were 228 differential metabolites in the stems vs.
leaves of mature A. ilicifolius. Among them were 59 flavonoids (Table S6). Furthermore,
the KEGG pathway enrichment analysis showed that the significantly enriched pathways
were a biosynthesis of the secondary metabolism, flavonoid biosynthesis, and flavone and
flavonol biosynthesis in the roots and leaves (Figure 10a); flavonoid biosynthesis in the
roots and stems (Figure 10b); and flavone and flavonol biosynthesis in the stems and leaves
of mature A. ilicifolius (Figure 10c).
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(c) mSO vs. mLO. The horizontal coordinate indicates the rich factor of each pathway, the vertical
coordinate is the pathway name, and the dot color is the p value; the redder it is, the more significant
the enrichment. The size of the dots represents the number of differential metabolites enriched.

A total of 18 differential flavonoid metabolites were detected in the mature leaves vs.
roots of A. ilicifolius (Figure 11). In mature leaves, quercetin-3-O-glucoside-7-O-rhamnoside,
gossypitrin, isoquercitrin (quercetin 3-O-β-D-glucoside), quercetin 3,7-bis-O-β-D-glucoside,
and isorhamnetin 3-O-β-(2′′-O-acetyl-β-D-glucuronide) were found in high amounts, while
in mature roots, di-O-methylquercetin and isorhamnetin were the major compounds
(Table 1).
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Table 1. Differential metabolites associated with flavonoid synthesis within the roots and leaves of
mature A. ilicifolius.

Index Formula Compounds VIP Log2FC Type

GQ512006 C27H30O16 Quercetin-3-O-glucoside-7-O-rhamnoside 1.24 16.60 up
mws1329 C21H20O12 Gossypitrin 1.17 1.24 up
pmb3894 C17H14O7 Di-O-methylquercetin 1.15 −1.59 down

pmp000580 C21H20O12 Isoquercitrin(Quercetin 3-O-β-D-glucoside) 1.24 19.40 up
pmp000596 C27H30O17 Quercetin 3,7-bis-O-β-D-glucoside 1.15 3.12 up
mws0066 C16H12O7 Isorhamnetin 1.21 −1.87 down

pmn001645 C24H22O14 Isorhamnetin 3-O-β-(2′′-O-acetyl-β-D-glucuronide) 1.23 10.50 up

In the mature stems and roots of A. ilicifolius, quercetin-3-O-glucoside-7-O-rhamnoside,
isoquercitrin (quercetin 3-O-β-D-glucoside), and quercetin 3,7-bis-O-β-D-glucoside were
present in high amounts in mature stems, while quercetin 3-O-rhanosylgalactoside and
bioquercetin were found in high amounts in mature roots (Table 2).

Table 2. Differential metabolites associated with flavonoid synthesis within the roots and stems of
mature A. ilicifolius.

Index Formula Compounds VIP Log2FC Type

GQ512006 C27H30O16 Quercetin-3-O-glucoside-7-O-rhamnoside 1.32 12.80 up
Li512117 C27H30O16 Quercetin 3-O-rhanosylgalactoside 1.19 −1.01 down

pmn001583 C27H30O16 Bioquercetin 1.20 −1.20 down
pmp000580 C21H20O12 Isoquercitrin(Quercetin 3-O-β-D-glucoside) 1.32 14.20 up
pmp000596 C27H30O17 Quercetin 3,7-bis-O-β-D-glucoside 1.28 4.81 up

In the mature stems and leaves of A. ilicifolius, quercetin-3-O-glucoside-7-O-rhamnoside,
isoquercitrin (quercetin 3-O-β-D-glucoside), and isorhamnetin 3-O-β-(2′′-O-acetyl-β-D-
glucuronide) were present in high amounts in mature leaves, while quercitrin, di-O-
methylquercetin, quercetin 3,7-bis-O-β-D-glucoside, and isorhamnetin were the major
compounds in mature stems (Table 3).

Table 3. Differential metabolites associated with flavonoid synthesis within stems and leaves of
mature A. ilicifolius.

Index Formula Compounds VIP Log2FC Type

GQ512006 C27H30O16 Quercetin-3-O-glucoside-7-O-rhamnoside 1.16 3.84 up
mws0045 C21H20O11 Quercitrin 1.07 −1.85 down
pmb3894 C17H14O7 Di-O-methylquercetin 1.11 −2.21 down

pmp000580 C21H20O12 Isoquercitrin(Quercetin 3-O-β-D-glucoside) 1.16 5.22 up
pmp000596 C27H30O17 Quercetin 3,7-bis-O-β-D-glucoside 1.08 −1.69 down
mws0066 C16H12O7 Isorhamnetin 1.14 −1.09 down

pmn001645 C24H22O14 Isorhamnetin 3-O-β-(2′′-O-acetyl-β-D-glucuronide) 1.17 10.5 up

3.5. Combined Analysis of Transcriptome and Metabolome Analysis

The combined analysis of the metabolome and transcriptome revealed that DEGs
and differential metabolites occurred in the roots and leaves of mature A. ilicifolius, and
were found to be enriched in 48 metabolic pathways (Figure 12a) in the roots and stems of
mature A. ilicifolius. In the stems and leaves of mature A. ilicifolius, 38 metabolic pathways
(Figure 12b) and 61 metabolic pathways were enriched (Figure 12c). The differential metabo-
lites and DEGs were associated with the flavonoid, flavone, and flavonol biosynthesis.
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4. Discussion
4.1. Transcriptomic Analysis of Key Genes in the Flavonoid Synthesis Pathway in A. ilicifolius

Higher plants share a common core flavonoid pathway, while distinct species fre-
quently create specialized branches to adapt to varying environmental situations [39].
Flavonoid anabolism begins with the metabolic pathway of phenylpropanoids. Pheny-
lalanine deaminase catalyzes the conversion of phenylalanine to cinnamic acid, which is
then hydroxylated to coumaric acid by cinnamic acid-4-hydroxylase [11]. Coumaric acid is
converted to coumaroyl-CoA by 4-coumarate coenzyme A ligase. Chalcone synthase then
catalyzes the condensation of coumaroyl-CoA and malonyl-CoA to produce chalcone, a
precursor of various flavonoids. Subsequently, chalcone enters various branching pathways
to produce different flavonoid classes via a series of enzymatic reactions [40]. In the present
study, in A. ilicifolius mature roots vs. leaves, two AiC4H up-regulated genes, which played
an important role in flavonoid synthesis, belong to the upstream genes.

The flavonoid synthesis pathway is broadly divided into two phases [41,42]. The
pre-synthesis stage includes chalcone synthase (CHS), chalcone isomerase (CHI), and
flavanone 3-hydroxylase (F3H), which are common genes involved in all downstream
flavonoid biosynthesis pathways [43]. In this study, we found that two AiCHS genes and
four AiCHI genes were up-regulated in mature roots vs. stems of mature A. ilicifolius, and
down-regulated in stems vs. leaves, and these genes were highly expressed in A. ilicifolius
stems. While CHS plays an important role in the first stage of flavonoid biosynthesis,
where it catalyzes the stepwise condensation of 4-coumaryl-CoA and malonyl-CoA into
naringenin chalcone [43].

Plant flavonoids perform various biological functions, such as protecting against UV
radiation, protecting plants from pathogens and herbivores, regulating auxin transport,
and signaling between microorganisms and plants, and are important pigments for flowers,
fruits, seeds, and leaves [43–45]. The metabolomic results of this study showed that some
flavonoids in A. ilicifolius stems were higher than those in roots and leaves, indicating that
they played an important role in the synthesis of A. ilicifolius flavonoids.

Naringenin is a widely distributed flavonoid intermediate that serves as a precur-
sor for various flavonoid subclasses, including anthocyanins, proanthocyanidins, tereph-
thalic acid, and isoflavones [38]. Naringin flavanones are hydroxylated by flavanone
3-hydroxylase (F3H) to form dihydrosanninol [46], which is further hydroxylated by
flavanone 3′-hydroxylase (F3′H) and flavanone 3′5′-hydroxylase (F3′5′H), to produce
dihydroquercetin and dihydromyricetin. Dihydromyricetin, dihydroquercetin, and di-
hydromyricetin are dihydroflavonol compounds, representing new branch points in the
flavonoid synthesis pathway. Dihydroflavonols are able to catalyze the formation of
flavonols under the action of flavonol synthase (FLS) [47]. Alternatively, dihydroflavonols
can be reduced to colorless anthocyanins by dihydroflavonol reductase (DFR) and NADPH [48].
Further oxidation by anthocyanin synthase (ANS) and modifications by various glycosyla-
tion modifying enzymes results in the formation of different types of anthocyanins [49].
Transcriptomic data from this study revealed that the AiLAR gene encoded leucoantho-
cyantin reductase was down-regulated in mature roots vs. leaves, and in mature roots vs.
stems of mature A. ilicifolius, and the AiANR gene was up-regulated in mature roots vs.
stems, indicating its potential role in flavonoid synthesis in A. ilicifolius.

Colorless anthocyanin reductase (LAR) and anthocyanin reductase (ANR) are capable
of reducing colorless anthocyanins and anthocyanins to flavanolic substances, such as
catechins and epicatechins, which can then be translocated, oxidized, and polymerized to
form proanthocyanidins [37].

4.2. Metabolomic Analysis of Flavonoid Content in A. ilicifolius

A. ilicifolius contains many biologically active flavonoids, and the total flavonoid
extraction can reach 3.82% [10]. Studies have shown that apigenin [5], apigenin-7-O-β-D-
glucuronide [50], apigenin-7-O-β-D-glucuronide methyl ester, quercetin, quercetin-3-O-β-
D-glucopyranoside [51,52], mucoxanthin, acanthin, lignan-7-O-β-D-glucuronide, 7-O-α-L-
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glucopyranoside [51,52], mucoxanthin-rhamnopyranoside-(1→6)-O-β-D-glucopyranoside [50,53],
and other flavonoids.

In our study, 68 differential flavonoids were detected in the roots vs. leaves of mature
A. ilicifolius, 59 differential flavonoids in the roots vs. stems of mature A. ilicifolius, and
59 differential flavonoids in the stems vs. leaves of mature A. ilicifolius. Flavonoids vary
greatly in content and type in different species [54]. The content of flavonoid substances
also varies in different tissues or developmental stages [55]. The study results show that
18 differential flavonoid metabolites were detected in the roots, stems, and leaves of
mature A. ilicifolius, and the active ingredients of many traditional Chinese medicines were
flavonoid substances [56].

We also found that quercetin-3-O-glucoside-7-O-rhamnoside, gossypitrin, isoquercitrin
(Quercetin 3-O-β-D glucoside), quercetin 3,7-bis-O-β-D-glucoside, and isorhamnetin 3-
O-β-(2′′-O-acetyl-β-D-glucuronide) were high in mature A. ilicifolius leaves, and di-O-
methylquercetin and isorhamnetin were high in mature A. ilicifolius roots. The natural sub-
stance quercetin could inhibit the proliferation of human nasopharyngeal carcinoma cells
(CNE1), causing them to undergo natural apoptosis [57]. The isorhamnetin in the extract
had antioxidant, antiplatelet, and anticoagulant effects and could be used for the prevention
and treatment of cardiovascular diseases [58]. In mature A. ilicifolius leaves, quercetin-3-O-
glucoside-7-O-rhamnoside, isoquercitrin (Quercetin 3-O-β-D-glucoside), and isorhamnetin
3-O-β-(2′′-O-acetyl-β-D-glucuronide) were high, and quercitrin, di-O-methylquercetin,
quercetin 3,7-bis-O-β-D-glucoside, and isorhamnetin were high in the stems. Sorhamnetin-
3-O-rutinoside can induce apoptosis in chronic granulomatous leukemia cells K562 by
activating the activity of apoptotic factors such as caspase-8 and caspase-3 [59].

These results suggest that different parts of the plant may have unique flavonoid
profiles, which could have implications for their potential medicinal or commercial applica-
tions. In addition, the metabolomic analysis revealed that some flavonoids were found in
specific tissues/parts.

Currently, limited research has been conducted on the mechanism underlying flavonoid
biosynthesis in A. ilicifolius. In our study, gene upregulation and the accumulation of
metabolites (as shown in Figure 12) were not associated with several biological processes.
These indicate that the biosynthesis of flavonoids is a complex process that may involve
feedback loops or other regulatory mechanisms. Additionally, it is possible that many fac-
tors can influence gene expression and metabolic pathways. For example, some metabolites
may be produced in response to environmental stimuli rather than as a result of the gene
expression [60]. Therefore, it is important to use multiple approaches to study biological
processes, including for analyzing both the gene expression and metabolite levels [61].

In the present study, differentially expressed genes were identified through transcrip-
tome analysis, and their impact on various substances in the metabolic pathway was
assessed. In addition, metabolite types and content changes within the synthetic pathway
were detected using metabolomic methods. These findings are crucial for comprehensively
analyzing the mechanism underlying flavonoid biosynthesis in the medicinal A. ilicifolius.
The findings of this study provide valuable insights into the biosynthesis and diversity
of flavonoids in A. ilicifolius, which could have implications for the development of new
medicinal or commercial products.

5. Conclusions

Our study focused on A. ilicifolius, a significant medicinal plant in mangrove forests
with valuable biological activities. We employed transcriptomic and metabolomic methods
to explore changes in the flavonoid synthesis pathway, which revealed significant findings.
The transcriptomic analysis identified differentially expressed genes (DEGs) with more
DEGs down-regulated than up-regulated. Two AiCHS genes and four AiCHI genes were
up-regulated in the mature roots vs. stems of A. ilicifolius, which were highly expressed in
the stems. Metabolomic analysis also revealed that differential metabolites were related to
flavonoid biosynthesis. Our study identified the key genes closely associated with flavonoid
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biosynthesis, elucidated the molecular mechanisms underlying flavonoid synthesis in
A. ilicifolius, and analyzed the metabolite types and accumulation patterns, and will provide
a reference for further research and for exploitation of the medicinal value of A. ilicifolius’s
flavonoid products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes14030752/s1. Figure S1: Total flavonoid content of roots,
stems, and leaves of A. ilicifolius. Figure S2: Comparison of FPKM density distribution of each sample.
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Abstract: Nepentheceae, the most prominent carnivorous family in the Caryophyllales order, com-
prises the Nepenthes genus, which has modified leaf trap characteristics. Although most Nepenthes
species have unique morphologies, their vegetative stages are identical, making identification based
on morphology difficult. DNA barcoding is seen as a potential tool for plant identification, with
small DNA segments amplified for species identification. In this study, three barcode loci; ribulose-
bisphosphate carboxylase (rbcL), intergenic spacer 1 (ITS1) and intergenic spacer 2 (ITS2) and the
usefulness of the ITS1 and ITS2 secondary structure for the molecular identification of Nepenthes
species were investigated. An analysis of barcodes was conducted using BLASTn, pairwise genetic
distance and diversity, followed by secondary structure prediction. The findings reveal that PCR and
sequencing were both 100% successful. The present study showed the successful amplification of
all targeted DNA barcodes at different sizes. Among the three barcodes, rbcL was the least efficient
as a DNA barcode compared to ITS1 and ITS2. The ITS1 nucleotide analysis revealed that the ITS1
barcode had more variations compared to ITS2. The mean genetic distance (K2P) between them was
higher for interspecies compared to intraspecies. The results showed that the DNA barcoding gap
existed among Nepenthes species, and differences in the secondary structure distinguish the Nepenthes.
The secondary structure generated in this study was found to successfully discriminate between the
Nepenthes species, leading to enhanced resolutions.

Keywords: DNA barcode; Nepenthes; rbcL; ITS1; ITS2; phylogenetic; barcoding gap; secondary
structure predictions

1. Introduction

Among the pitcher plants, the Nepentheceae family is the largest, with 120 species that
produce specialized cup-shaped pitchers that attract small insects and kill them through
digestive enzymes [1]. In Malaysia, there are eleven species of Nepenthes known to exist,
including Nepenthes gracillis, Nepenthes ampullaria and Nepenthes rafflesiana [2,3]. According
to previous reports, taxonomic classification of Nepenthes has been based on morphological
characteristics such as shape, color, size and ornamentation [1,2,4–7]. Although this is
common for Nepenthes, it frequently causes confusion because of characters that can be
hard to find [8]. For example, taxonomic confusion in Nepenthes has been reported when
N. pilosa was confused with N. chaniana, N. talangensis with N. bongso, and N. lamii with
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N. vieillardii [3,7]. Human interest in Nepenthes extends beyond these plants’ decorative
nature to their therapeutic benefits, in addition to their uniqueness and beauty. The
Nepenthes plant has traditionally been employed in traditional medicine to control the
menstrual cycle, facilitate childbirth, reduce asthma, cure eye inflammation, and treat
stomach ulcers, jaundice, high blood pressure, indigestion, and dysentery, and has been
used as an astringent [4,9–11]. The “Jakun” community believes that the decoction of
N. ampullaria can ease asthma attacks, while the stem can treat malaria [12,13]. Other
pitcher plants have also been used in traditional delicacies [14]. Due to their purported
health benefits, various studies have revealed the therapeutic value of plants employed in
traditional herbal therapy.

Since their development, DNA barcodes have been viewed as the most promising
approach to resolving this taxonomic issue [15]. Previous simulation studies for Nepenthes
species using NCBI GenBank collection data showed that a single locus ITS or one cou-
pled with plastid regions (matK) exhibited the best species discrimination with distinct
barcoding gaps [16]. According to the previous literature, trnL and ITS DNA barcodes can
be used to distinguish between the Nepenthes species based on their geographical origin
area [17]. Meanwhile, other studies concluded that RNA secondary structure prediction is
an advanced tool for species discrimination [18], and the integration of secondary structure
information in species identification can significantly improve its accuracy for other plant
species [18–20]. However, there are not many reports on how ITS1 and ITS2 secondary
structure predictions can be used together to differentiate between species. In our study, we
aimed to investigate the efficacy of rbcL, ITS2 and ITS1 DNA barcodes in combination with
ITS1 and ITS2 secondary structure predictions in distinguishing between three Nepenthes
species.

2. Materials and Methods
2.1. Sample Collection

The three Nepenthes species used in this study (N. ampullaria, N. gracilis and N. rafflesiana)
were collected from a sampling trip in Gunung Janing, Kampung Peta, Endau-Rompin
National Park, Johor, Malaysia (GPS location; 2.529908870220549, 103.41185691378324),
and identified by Assoc Prof. Dr Alona Cuevas Linatoc. The geographical location from
which the three Nepenthes samples were collected is presented in Figure 1. The collected
Nepenthes species were wrapped with aluminum foil and kept in an ice box prior to extraction
at the laboratory. The plant samples were cut and kept at −80 ◦C prior to extraction
with designated labels of NA, NR and NG for N. ampullaria, N. rafflesiana and N. gracilis,
respectively.

2.2. Genomic DNA Extraction and PCR Amplification

For genomic DNA extraction, frozen plant samples were first thawed before proceed-
ing with the extraction using the commercial kit NucleoSpin Plant II (Macherey-Nagel,
Duren, Germany), following the manufacturer’s instructions. Approximately 100 mg of
the plant sample was ground with liquid nitrogen to produce a fine powder using mortar
and pestle. The plant samples were subjected to isolation steps as detailed in the protocol.
Then the genomic DNA (gDNA) obtained was quantified using a Nanodrop machine
(Eppendorf, Hamburg, Germany) and checked using 1% (w/v) agarose gel electrophoresis.
The integrity and quality of the gDNA obtained was verified with a Gel Documentation
System (BioRad). Then, the good quality gDNAwas used as a DNA template for PCR
amplification. The PCRs for rbcL, ITS1 and ITS2 were conducted separately in 25 µL of the
total reaction volume containing 12.5 µL of 2X PrimeSTAR® Max DNA Polymerase, 10 ng
of gDNA for N. gracilis, N. ampullaria and N. rafflesiana, 0.625 µM of each primer set and
topped up with sterile nano-pure water. The PCR was conducted using the Mastercycler®

nexus gradient (Eppendorf AG, Hamburg, Germany) through three different PCR profiles
according to the DNA barcodes (Table 1). The PCR products were visualized on 2% (w/v)
agarose gel electrophoresis in 1X TAE buffer and later sent for sequencing using Sanger
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sequencing at Apical Scientific Sdn. Bhd. Sequencing was performed for both the forward
and reverse directions using the same primers as those used in PCR. The details of the
primers are shown in Table 2.
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Figure 1. The geographical location (a) of the Nepenthes collected from Bukit Janing, Kam-
pung Peta, Endau-Rompin National Park, Johor, Malaysia (GPS location; 2.529908870220549,
103.41185691378324). Nepenthes species collected: (b) Nepenthes ampullaria, (c) Nepenthes gracilis
and (d) Nepenthes rafflesiana.

Table 1. Polymerase Chain Reaction (PCR) profiles used in this study.

Steps No. of
Cycles

rbcL 1 ITS1 2 ITS2 3

Temperature
(◦C) Duration (s) Temperature

(◦C) Duration (s) Temperature
(◦C) Duration (s)

Denaturation
35

98 10 98 10 98 10
Annealing 53 15 55 15 55 10
Elongation 72 20 72 40 72 30

Hold 1 4 ∞ 4 ∞ 4 ∞
1 ribulose-bisphosphate carboxylase (rbcL). 2 intergenic spacer 1 (ITS1).3 intergenic spacer 2 (ITS2)

Table 2. List of primers used in this study.

Region Primer Name Primer Sequence (5′ to 3′) Primer Length (bp) Reference

rbcL
Rbcla_fwd ATGTCACCACAAACAGAGACTAAAGC 26

[21]Rbclb_rvs GTAAAATCAAGTCCACCRCG 20

ITS1
ITS1_fwd GGAAGGAGAAGTCGTAACAAGG 22

[21]ITS1_rvs AGATATCCGTTGCCGAGAGT 20

ITS2
ITS2_fwd GGGGCGGATATTGGCCTCCCCTTG 24

[22]ITS2_rvs GACGCTTCTCCAGACTACAAT 21

2.3. Bioinformatics Analysis and Phylogenetic Tree

The forward and reverse sequences of the amplicon obtained from rbcL, ITS1 and
ITS2 primers were edited using BioEdit software. Each generated consensus sequence of
the forward and reverse sequences was submitted to the Basic Local Alignment Search
Tool (BLAST) of the National Centre for Biotechnology Information (NCBI) for a homology
search (https://blast.ncbi.nlm.nih.gov/Blast.cgi; accessed on 24 December 2022). The
GenBank accession number for the generated barcode sequences were obtained after
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the sequences were submitted to GenBank via BankIt for rbcL, (https://submit.ncbi.nlm.
nih.gov/about/bankit/; accessed on 24 December 2022) and the submission portal of
NCBI for ITS1 and ITS2 (https://submit.ncbi.nlm.nih.gov/about/genbank/; accessed on
24 December 2022).

The BLASTn results were selected by determining the sequences with the maximum
similarity score and lowest E value. The generated sequence of each barcode in the present
study and its similarity was recorded as a percentage. Multiple sequence alignment was
performed using Jalview v2.11.1.0 with all the obtained sequences. The phylogenetic analy-
sis was performed following the neighbor-joining (NJ) tree and minimum evolution method
with the 1000 “Boostrap phylogeny” test method using MEGAX software. The DNA best-fit
substitution model for each dataset (Table 3) was determined prior to the NJ tree construc-
tion using MEGAX [23]. An outlier, Dionaea muscipula (accession number: AB072558.1),
was selected in the NJ analysis to verify the identification of the three Nepenthes under
study. Sequence divergences were calculated using the Kimura-2-parameter (K2P) distance
model [24]. The calculation of the sequence divergences was implemented in MEGAX [23].
From the sequence divergence data, the extent of DNA barcoding gap/overlap was then
explored as is typical for barcoding studies [25].

Table 3. DNA best-fit substitution model depicted from MEGAX software for the three DNA barcodes.

Barcode Genes DNA Best-Fit Substitution Model

rbcL Kimura-2-parameter
ITS1 Tamura-3-parameter
ITS2 Kimura-2-parameter + γ distribution

2.4. Secondary Structure Predictions

The DNA barcodes of the three Nepenthes were generated using a Bio-Rad DNA
barcode generator (http://biorad-ads.com/DNABarcodeWeb/; accessed on 28 November
2022). To complement the tree-based methods, RNA secondary structure predictions were
performed using the nucleotide sequences from ITS1 and ITS2 primers for the identification
of the best potential barcodes using the rRNA database RNAfold WebServer v2.4.18 (http://
rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold.cgi; accessed on 28 November 2022).
The results of RNA secondary prediction enhanced the resolution of the DNA barcodes.

3. Results
3.1. Amplification, Sequencing, Multiple Sequence Alignment and Species Identification

The DNA barcode primers, rbcL, ITS1 and ITS2, produced amplicons of 599 bp,
300–400 bp and 300–500 bp, respectively. In analyzing the sequences, rbcL was found to
exhibit the most extensive sequence length (502–509 bp), followed by ITS1 (219–327 bp)
and ITS2 (241–250 bp). All the sequences were submitted to GenBank, and the accession
numbers were obtained. The top BLASTn score for the species identification of all three
Nepenthes species is presented in Table 4. Using the BLASTn tool, the three Nepenthes species
were identified as different Nepenthes species at different barcode regions of rbcL, ITS1 and
ITS2. In the BLAST search, rbcL and ITS2 genes identified all three Nepenthes species as
N. mirabilis and N. gracilis, respectively. However, the barcode did not discriminate between
the three Nepenthes species. Meanwhile, the ITS1 barcode identified the specimen NGits1
as N. ventricosa, while the specimens NAits1 and NRits1 were identified as Nepenthes x
intermedia.
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Table 4. Molecular identification of Nepenthes species using rbcL, ITS1 and ITS2 barcode genes.

Barcode Genes Sample ID Scientific
Name

Accession
Number E Value Query

Coverage (%)
Percent

Identity (%)

rbcL

NArbcL N. mirabilis NC_041271.1 0.0 100 100

NGrbcL N. mirabilis NC_041271.1 0.0 100 100

NRrbcL N. mirabilis NC_041271.1 0.0 100 100

ITS1

NAits1 Nepenthes x
intermedia HM204899.1 1e-103 100 98.64

NGits1 N. ventricosa AB675910.1 2e-168 100 100

NRits1 Nepenthes x
intermedia HM204899.1 2e-116 100 100

ITS2

NAits2 N. gracilis AB675882.1 4e-104 100 95.85

NGits2 N. gracilis AB675882.1 2e-122 100 99.20

NRits2 N. gracilis AB675882.1 5e-113 100 99.14

Multiple sequence alignment (MSA) of the DNA barcode sequences (Figure 2) was
used to determine that rbcL had the largest alignment, followed by ITS1 and ITS2 (Figure 2a).
The alignment obtained for rbcL showed the highest similarities (100%) among the three
Nepenthes species, whereas ITS2 showed a slight difference in N. ampullaria, (NAits2) with a
ten-nucleotide difference between N. gracillis (NGits2) and N. rafflesiana (NRits2) (Figure 2c)
at nucleotides 15, 31, 77, 80, 85, 98, 110, 115, 149 and 154. In contrast, ITS1 showed the
highest difference between the three Nepenthes species (Figure 2b) based on the length and
nucleotide composition of each sequence. Indisputably, among the three ITS1 sequences,
NGits1 showed the highest variation followed by NAits1 and NRits1. Variation between
NAits1 and NRits1 were based on the difference in sequence length, as NRits1 is fourteen
nucleotides longer than NAits1 with a two-base difference at nucleotides 44 and 73. This
corresponds with the ATGC percentage of the sequences showing that rbcL had the lowest
GC content (44.6–45%), followed by ITS2 (63.1–66.5%) and ITS1 (66.1 to 68.5%) (Table 5).
Nucleotide composition analysis also allowed us to conclude that sequences amplified
using the rbcL barcode have the least variability since the AT and GC percentages were
almost the same. Meanwhile, both ITS1 and ITS2 sequences show variations in AT and GC
content, indicating more variability.

Table 5. The average AT and GC percentage nucleotide composition of N. gracilis, N. ampullaria and
N. rafflesiana based on rbcL, ITS2 and ITS1 DNA barcodes.

DNA Barcode Species AT (bp) GC (bp) Total (bp) AT (%) GC (%)

rbcL
N. gracilis 280 229 509 55 45

N. ampullaria 278 224 502 55.4 44.6
N. rafflesiana 278 224 502 55.4 44.6

ITS2
N. gracilis 85 114 250 34.0 66.0

N. ampullaria 89 152 241 36.9 63.1
N. rafflesiana 78 155 233 33.5 66.5

ITS1
N. gracilis 111 216 327 33.9 66.1

N. ampullaria 69 150 219 31.5 68.5
N. rafflesiana 76 157 233 32.6 67.4
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Figure 2. Multiple sequence alignment of rbcL (a), ITS1 (b) and ITS2 (c) barcodes.

All the sequences generated from the amplification of rbcL, ITS1 and ITS2 barcodes
were successfully deposited into the GenBank database. The accession number for each
barcode is as follows: rbcL: OP534746 (N. ampullaria), OP534747 (N. rafflesiana), OP534748
(N. gracilis); ITS1: OQ123732 (N. ampullaria), OQ123724 (N. rafflesiana), OQ123725 (N. gra-
cilis); and ITS2: OQ123720 (N. ampullaria), OQ123721 (N. rafflesiana), OQ123722 (N. gracilis).

3.2. Phylogenetic Studies, Intraspecific Variation, Interspecific Divergence and DNA Barcoding Gap

Phylogenetic analysis using an NJ tree in the respective DNA best-fit substitution
model, as shown in Table 3 with bootstrap-1000 of the three Nepenthes species, showed
a high similarity in the BLAST search to the available sequences in the NCBI database
(Figure 3). Although there was no significant variation between the generated barcode
sequences from the three Nepenthes species when observed through multiple sequence
alignment, phylogenetic analysis revealed further differences between the three Nepenthes
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under study (NA, NR and NG), especially when ITS1 and ITS2 were considered. The
NJ tree of rbcL showed that the three species studied were in the same clade as the other
species, N. mirabilis and N. alata (Figure 3a), with the same node scores of 26% for N. gracilis,
N. ampullaria and N. rafflesiana, respectively. Meanwhile, NJ analysis of ITS1 sequences
showed that the three species studied could be classified into different clades; NAits1 is in
a clade with NRits1 with a node score of 78%, while NG was classified into an individual
clade (Figure 3b). Further phylogenetic characterization using ITS2 revealed that NRits2
and NGits2 are related to N. rafflesiana (accession number: HM204904.1) since they were
grouped into the same clade with node scores of 73% and 77%, respectively (Figure 3c).
The NAits2 appeared individually at a clade near NRits2, NGits2 and a clade of another
N. ampullaria species.
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Figure 3. Neighbor joining tree of rbcL (a), ITS1 (b) and ITS2 (c) barcode primers depicting the
phylogenetic analysis among N. ampullaria, N. gracilis, and N. rafflesiana (indicated in the red boxes).

Previous reports on the intraspecific and interspecific divergence among species are
useful for assessing the potential of DNA barcodes [25–27]. Based on the neighbor-joining
(NJ) tree of K2P distances, taxa or groups were organized to calculate the intraspecific
variations and interspecific divergences among them. The Nepenthes species under study
showed unique clades and within-species sequence divergence between 0 and 4% in rbcL, 0
and 5.9% in ITS2, and 0 and 26.9% in ITS1, whereas divergence between species ranged from
0 to 1% in rbcL, 1 to 8% in ITS2, and 1.5 to 44% in ITS1 (Figure 4a–c). The results indicate
that the interspecific divergence was distinctly higher for the interspecific divergence
distance for ITS2 and ITS1, and that, consequently, a clear DNA barcode gap was present
(Figure 4b,c). In addition, the results obtained with ABGD analysis are consistent with the
results obtained with MEGAX, evidencing DNA barcode gaps.
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Figure 4. Barcode gap analysis of N. gracilis, N. ampullaria, and N. rafflesiana generated by Automatic
Barcode Discovery Gap Discovery (https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html, ac-
cessed on 23 January 2023) [25] for (a) rbcL, (b) ITS2 and (c) ITS1. Distributions of K2P distances and
between each pair of specimens for the histogram of distance.
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3.3. DNA Barcodes, ITS1 and ITS2 Secondary Structure Predictions

Figures 5 and 6 show the DNA barcodes and ITS1 and ITS2 secondary structure
predictions based on minimum free energy (MFE). The highest MFE for NAits1, NGits1
and NRits1 was observed at 100–105 bp (Figure 5a), 120–125 bp (Figure 5b) and 115–120 bp
(Figure 5c), respectively. Meanwhile, the highest MFE for both NAits2 and NRits2 was
observed at 45–50 bp (Figure 6a,c), while NGits2 recorded the highest MFE at 120–125 bp
(Figure 6b). DNA barcode sequences derived from ITS1 showed variations among the
three Nepenthes species (Figure 5d–f). NGits1 exhibited the highest barcode length (328 bp),
followed by NRits1 (233 bp) and NAits1 (220 bp).

Similarly, ITS1 secondary structure predictions show further variation between the
three Nepenthes species. The predicted ITS1 secondary structures of the three Nepenthes
showed that each structure had a central ring with different helical orientations (Figure 4g–i).
Generally, the secondary structures of NAits1 and NRits1 showed a tighter configuration
and pattern similarity despite having a different number of loops on the central ring and
along the helices. NGits1, on the other hand, exhibited a more complex structure compared
to NAits1 and NRits1, with a bigger central ring, different helix orientations and lengths,
varied loop numbers and variation in angles from the spiral. The loop number, position,
size and angle from the centroid were distinguishable in all three Nepenthes species.

Genes 2023, 14, x FOR PEER REVIEW 10 of 15 
 

 

compared to NAits1 and NRits1, with a bigger central ring, different helix orientations 

and lengths, varied loop numbers and variation in angles from the spiral. The loop num-

ber, position, size and angle from the centroid were distinguishable in all three Nepenthes 

species. 

The predicted ITS2 secondary structure provides additional information on the dif-

ferences between the three Nepenthes species by representing three slightly different 

structures with a central ring with different helical orientations (Figure 5g–i). In general, 

the predicted ITS2 secondary structures had a more uniform pattern compared to the pre-

dicted ITS1 secondary structures. All three predicted ITS2 secondary structures shared the 

same central and backbone pattern, but the loop number, position size and angle from the 

centroid were still distinguishable in all three Nepenthes species. Consequently, in ITS1′s 

secondary structure, NAits1 showed the most obvious pattern difference, with a larger 

central ring compared to NRits1 and NGits1. Based on the results, both ITS1 and ITS2 

secondary structure predictions provide deeper insights into the differences between the 

three Nepenthes species, allowing each species to be identified as unique species and 

guiding comparative sequence analysis. In addition, the prediction of secondary struc-

tures can further assist in the design of species-specific RNA molecules. 

 

   

   

   
N. ampullaria N. gracilis N. rafflesiana 

 

Figure 5. The variations observed in the predicted minimum free energy (MFE) (a–c), DNA barcodes 

(d–f), and secondary structures of the ITS1 region for the three Nepenthes species (g-i). 

 

(c) (b) (a) 

(d) (e) (f) 

(g) (h) (i) 

Figure 5. The variations observed in the predicted minimum free energy (MFE) (a–c), DNA barcodes
(d–f), and secondary structures of the ITS1 region for the three Nepenthes species (g–i).
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Figure 6. The variations observed in the predicted minimum free energy (MFE) (a–c), DNA barcodes
(d–f), and secondary structures of the ITS2 region for the three Nepenthes species (g–i).

The predicted ITS2 secondary structure provides additional information on the dif-
ferences between the three Nepenthes species by representing three slightly different
structures with a central ring with different helical orientations (Figure 5g–i). In general,
the predicted ITS2 secondary structures had a more uniform pattern compared to the
predicted ITS1 secondary structures. All three predicted ITS2 secondary structures shared
the same central and backbone pattern, but the loop number, position size and angle from
the centroid were still distinguishable in all three Nepenthes species. Consequently, in
ITS1′s secondary structure, NAits1 showed the most obvious pattern difference, with a
larger central ring compared to NRits1 and NGits1. Based on the results, both ITS1 and
ITS2 secondary structure predictions provide deeper insights into the differences between
the three Nepenthes species, allowing each species to be identified as unique species and
guiding comparative sequence analysis. In addition, the prediction of secondary structures
can further assist in the design of species-specific RNA molecules.

4. Discussion

DNA barcoding is used in many plant biodiversity studies to identify species [28,29],
discover new taxa, conserve species and enable studies of plant ecology by constructing
phylogenetic trees [30]. In this study, ITS1 and ITS2 showed a greater ability for species
discrimination than rbcL, especially with regard to secondary structure predictions. Given
the universality of the rbcL gene, it has been proposed as a universal barcode fragment due
to its ease of amplification and comparison [31]. It is widely used for phylogenetic analysis
of families and subclasses in various seed plant groups [32]. However, the limitation of
the rbcL barcode is its inability to discriminate between organisms up to the species level.
Although Nepenthes does not belong to the seed plant group, the present study showed
that rbcL could not classify the three Nepenthes up to the species level, indicating a poor
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ability to distinguish between species. This was also supported by nucleotide analysis and
NJ, which only reached the genus level. This finding is consistent with earlier research
showing that diversity in the rbcL sequence is scarce at the species level [26,33–35] and
reduces its ability to be used to discriminate between species. The high universality and
low resolution of rbcL indicates its inefficiency as a DNA barcode, which is also suggested
for other plant species, such as Acacia [36].

The ITS region is one of the most commonly used barcodes in genus- and species-level
phylogenetic analyses in eukaryotes [37,38]. A previous study had shown the application of
DNA barcodes for three Nepenthes species (N. ampullaria, N. rafflesiana and N. gracilis), which
enabled them to differentiate between them based on their geographical area of origin.
The phylogenetic analysis was based on trnL and ITS barcodes but lacked information on
the effectiveness of the two DNA barcodes in distinguishing the Nepenthes spp. from each
other [17]. Additionally, a previous study reported that the trnL intron does not represent
the best choice for characterizing plant species and for phylogenetic studies among closely
related species [39]. The present study involved plant samples from very closely related
species; thus, we made use of rbcL, ITS1 and ITS2 to evaluate the species variation. Our
findings indicate that the Nepenthes species were grouped at different clades when using
ITS1 (Figure 3b), with N. gracilis appearing individually in one clade while N. ampullaria
and N. rafflesiana were grouped into another clade. These results show that ITS1 can be
used to discriminate between the three Nepenthes species but did not effectively identify
the plant samples up to the species level. In contrast, the ITS2 phylogenetic tree revealed
that these three species were closely clustered together with the sequences of N. ampullaria,
N. rafflesiana and N. gracilis chosen from the BLASTn search, although they did not appear
in the same clade (Figure 3c).

Overall, NJ analysis showed that the phylogenetic tree method poorly distinguished
between the Nepenthes species compared to distance-based analysis. A previous study
showed that barcode gaps act as typical barcode data characterized by having differences
between intraspecific diversity and interspecific diversity [25]. However, this was not
a general feature in all groups. In this study, the histogram and ranked pairwise (K2P)
distance analyzed using ABGD programs showed that the “barcoding gap” between levels
of intraspecific variation and interspecific divergence did exist for the analysis of rbcL, ITS2
and ITS1 (Figure 4a–c). Compared to the ITS1 barcoding gap, ITS2 has a wider barcoding
gap number. In the present study, phylogenetic analysis did not ambiguously identify the
species, but the predicted ITS1 and ITS2 secondary structures revealed the uniqueness of
the generated DNA barcode sequences. According to a previous study, the features of the
ITS2 region are conserved, which in turn provides molecular and morphological features
that could be used to improve the resolution of species identification [40]. The usefulness
of ITS2 sequences and the ITS2 secondary structure as genetic markers has been reported
for several medicinal plant species [20,41,42]. Regarding the ITS2 secondary structure,
the conservative standard structural model contained the feature of a “loop” with four
“helices.” Among the four “helices,” helix I and helix IV had the most variations, helix
II and helix III were more conserved, helix II was shorter with a pyrimidine–pyrimidine
mismatch “bridge,” while helix III was the longest with many branches [30,43,44].

In our study, prediction of secondary structures in all the Nepenthes species under
study revealed diverse secondary structures with distinguishable loop numbers, positions
and elevations from the centroid. This information can be applied to design species-specific
primers for identifying genotypes. Prediction of secondary structure differentiation in-
dicated variation among RNA molecules in all species when using either ITS1 or ITS2.
The alignment of the primary nucleic acid sequences could be optimized and modified
using the secondary ITS2 information, contributing to the accuracy and robustness of the
phylogeny [45]. Previous research had shown that genetic structure uniqueness at the con-
served nuclear region could be useful for developing species-specific primers, as reported
in a previous study [18]. Meanwhile, little information was available on the function and
secondary structure of ITS1, leaving a gap in the knowledge on whether ITS1 secondary
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structure prediction could enhance species identification. Consequently, the region of ITS1
may play an important role in 18SrRNA maturation [43]. A few reports suggest DNA
barcodes can be used to efficiently discriminate between Nepenthes species [16,17,46]. How-
ever, until now, no study has reported ITS1 and ITS2 secondary structure predictions in
relation to species discrimination in Nepenthes. Our study revealed significant variations in
both ITS1 and ITS2 secondary structure predictions that enhanced species discrimination
between the three Nepenthes species under study.

5. Conclusions

This study describes the efficiency of DNA barcode genes from rbcL, ITS1 and ITS2
in differentiating between three Nepenthes along with secondary structure predictions. Al-
though the rbcL gene in the chloroplast–plastid region might be easily amplified, it has a
poor species identification and discrimination ability. On the other hand, the incorporation
of secondary structures in the nuclear ribosomal genes of ITS1 and ITS2 may serve as a trust-
worthy tool in species identification and designing species-specific primers. The findings
of this investigation provide clarity on the scientific foundations for species identification,
genetic preservation and the secure use of this significant species of medicinal plant. The
employment of DNA barcode technologies for species delimitation in commercially and
medicinally important plant species may be possible.
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Abstract: Both Lonicerae japonicae flos and Lonicerae similis flos are important components in tra‑
ditional Chinese medicine (TCM) with precious medicinal value. However, the absence of studies
on their chloroplast genomes and chromatography has considerably hindered the study of their evo‑
lutionary and phylogenetic relationships. In this study, the complete chloroplast (cp) genomes of
Lonicera acuminataWall. and Lonicera similis Hemsl. were sequenced using the Illumina sequencing
platform and compared with that of Lonicera japonica Thunb., which has been previously reported.
Furthermore, the chromatographic fingerprints of the three plantswere constructed usingHPLC and
the content of qualitymarker (Q‑Marker)was calculated. The annotation results showed that the two
chloroplast genomes were typical quadripartite structures with lengths of 155,330 bp (L. acuminata)
and 155,207 bp (L. similis). A total of 126 different genes were annotated, containing 82 protein‑
coding genes, 36 tRNA genes, and 8 rRNA genes. The expansion and contraction of the inverted
repeat (IR) regions suggested that the boundary regions of IR/SC were comparatively conserved in
the three species, and six regions (trnH‑GUG‑psbA, rps2‑rpoC2, rbcL‑psaI, trnN‑GUU‑ndhF, rps15‑
ycf1, and infA) with nucleotide diversity values (Pi) of variable sites higher than 1% were identi‑
fied. Phylogenetic relation indicated that L. similis had a closer genetic relationship with L. japon‑
ica than L. acuminata. Additionally, the chromatographic fingerprints showed that the characteristic
peaks of the threemedicinal plants were similar, includingNeochlorogenic acid, Chlorogenic acid, 4‑
Dicaffeoylquinic acid, Sweroside, Secoxyloganin, Luteoloside, Isochlorogenic acid A, Isochlorogenic
acid B, and Isochlorogenic acid C. The content of chlorogenic acid and total phenolic acid in L. acumi‑
nata (7.4633 ± 0.4461%, 14.8953 ± 0.0728%) and L. similis (14.1055 ± 0.2566%, 21.9782 ± 0.1331%)
was much higher than that of L. japonica (3.9729 ± 0.0928%, 6.0964 ± 0.1228%), respectively. This
study provides appropriate information for species identification, phylogeny, quality assessment,
and rational use of three medicinal plants of the genus Lonicera.

Keywords: traditional Chinese medicine (TCM); complete chloroplast genome; phylogenetic;
chromatographic fingerprint; quality marker (Q‑Marker)

1. Introduction
Lonicerae japonicae flos, a traditional Chinese medicine (TCM), has been extensively

used for several thousand years in China [1–4]. In the 2020 edition of the Pharmacopoeia of
the People’s Republic of China (Chinese Pharmacopeia), Lonicerae japonicae flos is defined
as the dried flower buds or initial flowers of L. japonica Thunb., which belongs to Capri‑
foliaceae [5]. As a famous TCM, Lonicerae japonicae flos has antiviral, anti‑inflammatory,
and antibacterial activity, and pharmacological studies have shown it is effective in the
treatment of inflammation and infectious diseases [3,6–9]. Significantly, Lianhua Qing‑
wen Capsule/Granule, Jinhua Qinggan Granule, and Shuanghuanglian Oral Liquid, three
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patented Chinese medicines containing Lonicerae japonicae flos, are recommended as the
effective “Chinese Solution” to combat COVID‑19 [10–16]. Recently, Lonicerae japonicae
flos has been widely cultivated in Shandong and Henan provinces in China [17], though it
is still far from meeting the market demand [7].

Lonicerae similis flos and Lonicerae japonicae flos belong to the same family. In the
2010 edition of the Standard of Traditional Chinese Medicine in Sichuan Province, Lonicerae
similis flos consists of the dried flower buds or initial flowers of L. acuminata Wall. or L.
similisHemsl. [18–20]. Lonicerae similis flos is mainly distributed in Sichuan Province and
widely used on account of the abundance of resources [20]. Similarly, Lonicerae similis
flos is effective in clearing heat, removing toxins, and dispelling wind and heat [17].

Although Lonicerae japonicae flos and Lonicerae similis flos were divided into two
herbs according to their origins, they still have close proximity in plant species, appear‑
ances, and functions, together with traditional applications and great homogeneity in light
of their medicinal uses [2,3,17,20]. Meanwhile, they also contain an array of identical chem‑
ical components, including Neochlorogenic acid, Chlorogenic acid, Isochlorogenic acid A,
Isochlorogenic acid B, Isochlorogenic acidC, etc. [17,20,21]. Moreover, it is commonly adul‑
terated with Lonicerae similis flos, motivated by economic interests on the basis of higher
prices of Lonicerae japonicae flos [22]. Therefore, the close relationship of Lonicerae japon‑
icae flos and Lonicerae similis flos in terms ofmorphology, chemical composition, potency,
and therapeutic properties is controversial, especially concerning their quality standards
and interchangeability.

It is difficult to distinguish Lonicerae japonicae flos and Lonicerae similis flos based
on the similarity of their morphology, thus causing a mixture of the two species, which to
some extent affects the safety and efficacy of themedicines base on Lonicerae japonicae flos.
However, previous studies have mainly focused on morphology, chemical composition,
and pharmacological activity; morphological studies are still the main means of species
identification, thus causing inaccurate interspecific identification of the species within the
genus [2,3,17,20,23,24]. The structure of the plant cp genome is a typical quadripartite struc‑
ture, including two copies of IR regions which are segregated by a large single‑copy (LSC)
region and a small single‑copy (SSC) region [25–27]. The sizes of the cp genomes of differ‑
ent species vary depending on IR contraction or expansion [28,29]. As next‑generation se‑
quencing technologies are progressing rapidly, the cost of obtaining genomes is now lower
and faster than traditional Sanger sequencing techniques [30]. As a result, cp genome‑scale
data are increasingly being used to infer phylogenetic relationships at elevated levels of
taxonomy, and great progress has been made even in lower taxonomic groups [31]. The
cp genome has haploid genetics, conservative structuring, a comparatively small genome,
and a sluggish burst rate of mutations, which makes it an ideally suited model for the
molecular identification of species, for studies of genetic diversity, and for revealing phy‑
logenetic relationships [32–34]. Furthermore, chromatographic fingerprint and Q‑Marker
content have become important indicators for the identification and quality evaluation of
TCM [5,35,36], which will greatly increase the accuracy of interspecific identification and
provide a reliable basis for the identification and quality evaluation of the herbs in question.

In the present study, we aimed to obtain the cp DNA sequences of L. acuminata and
L. similis by using high‑throughput Illumina pair‑end sequencing data, and compared
the two cp genomes with previously reported studies, gene number, type, and repeat se‑
quences of Lonicerae japonicae flos. Moreover, phylogenetic analysis was performed by
usingwhole cp genomes of 25 plants. Finally, the chromatographic fingerprints of the three
plantswere constructed and the content of qualitymarker (Q‑Marker)was calculated using
HPLC. This study provides a valuable resource for species identification, quality evalua‑
tion, and genetic improvement of the genus Lonicera.
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2. Results
2.1. Cp Genome Organizations

We used high‑throughput Illumina paired‑end sequencing data to acquire cp DNA
sequences of L. acuminata and L. similis, and the annotated, complete chloroplast genomes
of the two species were then deposited in GenBank under accession numbers MZ901373
and MZ241297, respectively. Three complete cp genome sequences, including the two
Lonicera species sequenced in this study and the L. japonica accession from GenBank, were
combined for integrated analysis. The genomes ranged in size from 155,207 (L. similis) to
155,330 bp (L. acuminata) (Figure 1). The genomes of these species have a typical quadripar‑
tite structure, with two IRs (23,760–23,777) separated by the LSC (88,859–89,149) and SSC
(18,659–18,672) regions. The GC content of the L. japonica, L. similis, and L. acuminata cp
genomes is 38.58%, 38.59%, and 38.55%, respectively (Table 1); these three species showed
similar GC levels (~39%). Lonicera cp genomes displayed analogous gene content and or‑
der, containing 126 genes, 82 protein‑coding genes, 36 tRNA genes, and 8 rRNA genes.
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Figure 1. Gene maps of the three Lonicera chloroplast genomes. (A) L. similis; (B) L. acuminata;
(C) L. japonica. Small single copy (SSC), large single copy (LSC), and inverted repeats (IRA, IRB)
are indicated. The black of the inner circle indicates GC content, and dark gray indicates AT content.

Table 1. Summary of complete cp genomes of three Lonicera species.

Species Genome
Size(bp)

LSC Region
(bp)

IR Region
(bp)

SSC
Region
(bp)

Number
of

Genes
PCGs tRNAs rRNAs

GC
Content
(%)

Accession
Number in
Genbank

L. japonica 155,079 88,859 23,774 18,672 126 82 36 8 38.58 NC_026839
L. similis 155,207 88,994 23,777 18,659 126 82 36 8 38.59 MZ241297

L. acuminata 155,330 89,149 23,760 18,661 126 82 36 8 38.55 MZ901373
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2.2. Repeat and Simple Sequence Repeat (SSR) Analyses
A comparative analysis of the repeats in the three Lonicera cp genomes suggested that

the three types of repeats (tandem, forward, and palindromic repeats) were similar in num‑
ber and distribution (Figure 2a). L. japonica presented the highest frequency of tandem re‑
peats (72) and forward repeats (37), while L. acuminata had the lowest with (53) and (33),
respectively. Palindromic repeats did not differ much between L. japonica (12), L. similis
(14), and L. acuminata (13). The tandem repeats in the three Lonicera cp genomes ranged
from 10 to 30 bp in length (Figure 2b), while the forward and palindromic repeats were
mostly between 36 and 65 bp in length (Figure 2c,d).
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Figure 2. Repeat sequences analysis of three cp genomes. (a) Repeat types in three cp genomes;
(b) tandem repeats in three cp genomes; (c) forward repeats in three cp genomes; (d) palindromic
repeats in three cp genomes. In (a), different colors show different repeat types; in (b–d), different
colors show different lengths. The ordinate represents the number of repeats; the abscissa represents
three cp genomes.

The cp genome is uniparentally inherited and SSRs share a high level of variation
within the same species [27]. As such, they are used as molecular markers in developmen‑
tal research and also help to identify species [37]. MISA detected 155 SSRs in L. japonica,
comprising 109 mono‑, 32 di‑, 2 tri‑, 9 tetra‑, and 3 hexanucleotide repeats. Here, a grand
total of 155 SSRs were detected in the L. similis cp genome; among these SSRs, there were
109, 32, 2, 8, and 4 for mono‑, di‑, tri‑, tetra‑, and hexa‑nucleotide repeats, respectively.
No pentanucleotide repeats were discovered. A total of 155 SSRs, comprising 112 mono‑,
31 di‑, 4 tri‑, and 8 tetra‑nucleotide repeats were observed in the L. acuminata cp genome,
while no penta‑ and hexa‑nucleotide repeats were found (Figure 3).
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Figure 3. SSR analysis of three cp genomes. The ordinate represents the number of SSRs; the abscissa
represents three cp genomes.

SSRs of the three cp genomes were composed of mono‑ and di‑ repeat motifs. In the
L. japonica and L. similis cp genomes, there are the same number of mono‑ repeats and
di‑ repeats: 109 and 32, respectively. In the L. acuminata cp genome, the mono‑ repeats
and di‑ repeats number 112 and 31, respectively. However, the number of three or more
oligonucleotide repeats is comparatively low.

2.3. IR Expansion and Contraction
It is reported that the chloroplast genome of angiosperms is conserved in structure

and size [37]; the differences in IRsmay reflect phylogenetic history [38]. Here, we selected
three species of the family Caprifoliaceae and compared the sizes and junctions of their
LSC, SSC, and IR regions. Although the lengths of the IR regions, ranging from 23,760 bp
to 23,777 bp, varied little among the three species, some differences in the IR expansions
and contractions were observed. As shown in Figure 4, the rpl2 gene of all three species
was located in the LSC region, the rpl23 gene was located at the LSC/IRb border expanded
121 bp into the IRb region, and the ndhF gene of the three species extended 8 bp into the IRb
region. For the SSC/IRa boundaries in L. japonica, L. similis, and L. acuminata, the distances
were 220 bp, 208 bp, and 208 bp from the ycf1 gene to the boundary, respectively (Figure 4).
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Figure 4. Comparative analyses of the boundary regions (LSC, SSC, and IR) among three chloro‑
plast genomes of Lonicera. Gene names are indicated in boxes, and their lengths in junction sites are
displayed above the boxes.

2.4. Sequence Divergence Analysis
The three complete cp genomes were compared with mVISTA using L. japonica as a

reference. As shown in Figure 5, high sequence conservation across the three Lonicera cp
genomes was observed, especially in gene regions. Variant loci in intergenic regions were
distinguished higher than those in the gene regions. Most of the highly variable regions
were in the conserved non‑coding sequences (CNS) region, included rps16‑trnQ, ycf1‑trnN,
psaA‑ycf3, rbcL‑accD, psaJ‑clpP, and petB‑petD, etc. In order to clarify the variation in the
higher regions, the nucleotide diversity values (Pi) were calculated using the DnaSP v.6.10
software (Figure 6). The variation in intergenic regions ranged from 0 to 2.23%, with an
average of 0.36%, which was twofold higher than that in the CDS regions (0.16% on av‑
erage). Five divergent loci in intergenic regions (trnH‑GUG‑psbA, rps2‑rpoC2, rbcL‑psaI,
trnN‑GUU‑ndhF, and rps15‑ycf1) and one in the CDS regions (infA) had a Pi exceeding 1%.
These six divergence hotspot regions should be applied to the development of molecular
markers for phylogenetic and phylogeographic analyses, as well as plant identification of
Lonicera species.
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Figure 5. Sequence alignment of three chloroplast genomes in the Caprifoliaceae family performed
with mVISTA using annotation of L. japonica as reference. The top arrow shows transcription direc‑
tion; genome regions are color coded as exon, Untranslated Region (UTR), mRNA, and conserved
non‑coding sequences (CNS). The x‑axis represents the coordinates in the cp genomewhile the y‑axis
represents percentage identity within 50–100%.

140



Genes 2023, 14, 548Genes 2023, 14, x FOR PEER REVIEW 8 of 16 
 

 

 

Figure 6. The nucleotide variability (Pi) values were compared among L. acuminata, L. similis, and L. 

japonica. (A) CDS region; (B) Intergenic spacer region. 

 

Figure 6. The nucleotide variability (Pi) values were compared among L. acuminata, L. similis, and L.
japonica. (A) CDS region; (B) Intergenic spacer region.

141



Genes 2023, 14, 548

2.5. Phylogenetic Analysis
To further analyze the relationships between L. acuminata, L. similis, and L. japonica,

22 chloroplast genome sequences of the family Caprifoliaceae and one outgroup (Antirhea
chinensis) were selected and downloaded from GenBank to construct phylogenetic trees
with L. acuminata and L. similis, adopting the maximum‑likelihood (ML) method. The ML
tree based on the GTR + G + I optimal model was constructed through IQ‑tree (Version
2.04) with 1000 bootstrap replicates [39]. In our study, the selected species only came from
six genera of the family Caprifoliaceae. Figure 7 clearly displays that all species generated
six major clades, which correspond to the six selected genera. All Lonicera were clustered
together in one monophyletic group, between L. acuminata, L. similis, and L. japonica of the
genus Lonicera and family Caprifoliaceae. L. japonicawas clustered together with L. confusa
and L. similis, which implicates that L. similis may have a closer genetic relationship with
L. japonica than L. acuminata.
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Figure 7. Maximum‑likelihood tree based on the complete chloroplast genome sequences of
25 species. GenBank accession numbers are described in the figure. Shown next to the nodes are
bootstrap support values based on 1000 replicates.

2.6. Plant Morphology
It can be seen in Table 2 that the main medicinal parts (flower buds and flowers) of

Lonicerae japonicae flos andLonicerae similis flos have a fresh scent and a light and slightly
bitter taste, but they differ moremarkedly in color, length, and upper swollen parts. In our
study, L. japonicawas yellow‑white in color, L. similiswas yellow‑brown, and L. acuminata
was yellow‑green. For the medicinal parts of the three plants (flower buds and flowers),
L. similis was the longest but shortest in upper diameter, L. acuminata was the longest in
upper diameter, and L. japonicawas in the middle.

142



Genes 2023, 14, 548

Table 2. The comparison of Botanical traits of Lonicerae japonicae flos and Lonicerae similis flos.

Botanical
Traits L. japonica L. similis L. acuminata

Color and
glandular
hairs

Surface yellow‑white or
green‑white, densely pubescent

Surface yellow‑green,
green‑brown or yellow‑brown,
covered with long, short coarse

or glandular hairs, some
glabrous

Surface yellow‑green,
brown‑yellow, pale‑purple to
purplish‑brown, glabrous or

sparse

Shape
Rod‑shaped, slightly curved,
2–3 cm long, upper diameter
about 3 mm, lower 1.5 mm

Slender rod‑shaped, slightly
curved, 3–6 cm long, slightly
inflated above, upper diameter
1.8–2 mm, lower 1.2–1.5 mm

Short rod‑shaped, 1–2 cm long,
distally expanded, upper
diameter 1.5–3.5 mm, lower

0.6–1.5 mm

Smell and taste Fresh scent, light and slightly
bitter taste

Fresh scent, light and slightly
bitter taste

Fresh scent, light and slightly
bitter taste

Flower buds and
flowers
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2.7. HPLC Fingerprints and the Content of Main Q-Marker 
In terms of chemical composition, HPLC fingerprints of the three species were ob-

tained by high performance liquid chromatography (HPLC) analysis at 240 nm with ref-

erence to the Chinese Pharmacopoeia [5] and superimposed on the control (Figure 8). From 

the fingerprints, we can clearly see that the main active ingredients of Lonicerae similis 

flos and Lonicerae japonicae flos are basically the same, including Neochlorogenic acid, 

Chlorogenic acid, 4-Dicaffeoylquinic acid, Sweroside, Secoxyloganin, Luteoloside, Iso-

chlorogenic acid A, Isochlorogenic acid B, Isochlorogenic acid C, etc., but the content of 

main Q-Marker differs (Table 3). The evaluation standards for L. japonica in the Chinese 

Pharmacopoeia [5] require it to contain not less than 1.5% chlorogenic acid, not less than 

3.8% total phenolic acid, and not less than 0.050% Luteoloside. Here, the content of 

chlorogenic acid and total phenolic acid in L. acuminata (7.4633 ± 0.4461%, 14.8953 ± 

0.0728%) and L. similis (14.1055 ± 0.2566%, 21.9782 ± 0.1331%) was much higher than that 

of L. japonica (3.9729 ± 0.0928%, 6.0964 ± 0.1228%), respectively. The content of Luteolo-

side  in L. similis (0.0291 ± 0.0044%) was lower than that specified in the pharmacopoeia, 

but it is noteworthy that the content of chlorogenic acid, its main purgative and detoxi-

fying component, was higher than that of all other species at 14.8953 ± 0.0728%.  

Table 3. The content of main Q-Marker in Lonicerae japonicae flos and Lonicerae similis flos (%). 

Species NA CA 4-DA SW LS IA-B IA-A IA-C TPC 

L. 

japonica 

0.0773 ± 

0.007 

3.9729 ± 

0.0928 

0.0584 ± 

0.0041 

0.1835 ± 

0.0086 

0.0549 ± 

0.0001 

0.0227 ± 

0.0004 

1.7260 ± 

0.0161 

0.3975 ± 

0.0461 

6.0964 ± 

0.1228 

L. similis 
0.3098 ± 

0.0013 

14.8953 ± 

0.0728 

0.2749 ± 

0.0515 

0.0729 ± 

0.0062 

0.0291 ± 

0.0044 

0.0603 ± 

0.0014 

5.4567 ± 

0.0278 

1.6262 ± 

0.0882 

21.9782 ± 

0.1331 

L. 

acuminata 

0.2462 ± 

0.0400 

7.4631 ± 

0.4461 

0.1519 ± 

0.0507 

0.0852 ± 

0.0011 

0.2248 ± 

0.0256 

0.0613 ± 

0.0024 

5.4267 ± 

0.3922 

1.2156 ± 

0.2027 

14.1055 ± 

0.2566 

Neochlorogenic acid (NA), Chlorogenic acid (CA), 4-Dicaffeoylquinic Acid (4-DA), Sweroside 

(SW), Luteoloside (LS), Isochlorogenic acid B (IA-B), Isochlorogenic acid A (IA-A), Isochlorogenic 

acid C (IA-C), Total phenolic acid (TPC). 
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Si Chuan Food and Drug
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2.7. HPLC Fingerprints and the Content of Main Q‑Marker
In terms of chemical composition, HPLC fingerprints of the three species were ob‑

tained by high performance liquid chromatography (HPLC) analysis at 240 nm with ref‑
erence to the Chinese Pharmacopoeia [5] and superimposed on the control (Figure 8). From
the fingerprints, we can clearly see that themain active ingredients of Lonicerae similis flos
andLonicerae japonicae flos are basically the same, includingNeochlorogenic acid, Chloro‑
genic acid, 4‑Dicaffeoylquinic acid, Sweroside, Secoxyloganin, Luteoloside, Isochlorogenic
acid A, Isochlorogenic acid B, Isochlorogenic acid C, etc., but the content ofmain Q‑Marker
differs (Table 3). The evaluation standards for L. japonica in the Chinese Pharmacopoeia [5]
require it to contain not less than 1.5% chlorogenic acid, not less than 3.8% total pheno‑
lic acid, and not less than 0.050% Luteoloside. Here, the content of chlorogenic acid and
total phenolic acid in L. acuminata (7.4633 ± 0.4461%, 14.8953 ± 0.0728%) and L. similis
(14.1055 ± 0.2566%, 21.9782 ± 0.1331%) was much higher than that of L. japonica
(3.9729± 0.0928%, 6.0964± 0.1228%), respectively. The content of Luteoloside in L. similis
(0.0291 ± 0.0044%) was lower than that specified in the pharmacopoeia, but it is notewor‑
thy that the content of chlorogenic acid, its main purgative and detoxifying component,
was higher than that of all other species at 14.8953 ± 0.0728%.
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Figure 8. HPLC fingerprints of mixed control and sample. L. similis (A), L. acuminata (B), L. japon‑
ica (C), mixed control (D). Neochlorogenic acid (1), Chlorogenic acid (2), 4‑Dicaffeoylquinic Acid (3),
Caffeic acid (4), Sweroside (5), Secoxyloganin (6), Luteoloside (7), Isochlorogenic acid B (8), Isochloro‑
genic acid A (9), Isochlorogenic acid C (10).

Table 3. The content of main Q‑Marker in Lonicerae japonicae flos and Lonicerae similis flos (%).

Species NA CA 4‑DA SW LS IA‑B IA‑A IA‑C TPC

L. japonica 0.0773 ±
0.007

3.9729 ±
0.0928

0.0584 ±
0.0041

0.1835 ±
0.0086

0.0549 ±
0.0001

0.0227 ±
0.0004

1.7260 ±
0.0161

0.3975 ±
0.0461

6.0964 ±
0.1228

L. similis 0.3098 ±
0.0013

14.8953±
0.0728

0.2749 ±
0.0515

0.0729 ±
0.0062

0.0291 ±
0.0044

0.0603 ±
0.0014

5.4567 ±
0.0278

1.6262 ±
0.0882

21.9782 ±
0.1331

L. acuminata 0.2462 ±
0.0400

7.4631 ±
0.4461

0.1519 ±
0.0507

0.0852 ±
0.0011

0.2248 ±
0.0256

0.0613 ±
0.0024

5.4267 ±
0.3922

1.2156 ±
0.2027

14.1055 ±
0.2566

Neochlorogenic acid (NA), Chlorogenic acid (CA), 4‑Dicaffeoylquinic Acid (4‑DA), Sweroside (SW), Luteoloside
(LS), Isochlorogenic acid B (IA‑B), Isochlorogenic acid A (IA‑A), Isochlorogenic acid C (IA‑C), Total phenolic
acid (TPC).

3. Materials and Methods
3.1. Plant Material and DNA Extraction

L. similis was collected in the town of Dangwu, Huaxi District, Guiyang City
(26◦23′34.49″ N, 106◦35′56.89″ E, 1158 m above sea level), Guizhou Province, China, and L.
acuminata was harvested from the village of Hekou, the town of Muxi, Muchuan County,
Sichuan Province, China (28◦51′7.40″ N, 103◦50′55.46″ E, 1114 m altitude) by Chenju Yang.
According to the macroscopic morphological characteristics of the specimen, the species
was determined [40]. Total genomic DNA of two species was extracted using an E.Z.N.A®

plant DNA kit (FEIYANG, Guangzhou, China). For each sample a combined total of 1000
ng of DNA served as input to the DNA sample preparation. The DNA library was estab‑
lished utilizing the TruseqTMRNA Sample Prep Kit. Whole DNAwas utilized to generate
libraries of an average insert size of 400 bp. An Illumina platformwas used to sequence the
library preparation and obtained approximately 3 GB of 150 bp paired‑end reads, which
were saved in fastq format.
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3.2. Assembly and Annotation
FastQC was used to examine the acquired raw data for analysis of quality, including

single base content quality, base content mapping, GC content distributions, and qual‑
ity of sequence bases. After removal of the adapter sequences, program GetOrganelle
was used to assemble the filtered reads [41] using L. japonica (GenBank accession number:
NC_026839) for the original genome reference, and the genome of the assembled chloro‑
plast was annotated by the GeSeq online package [42]. Finally, the accurate, annotated,
complete chloroplast genomes of two Lonicera species were deposited to GenBank with
accession numbers MZ241297 and MZ901373. Here, the document we use was further
annotated based on the accession number.

3.3. Characterization of Repeat Sequences and SSRs
Repeat sequences, comprising the forward and palindromic, were identified by RE‑

Puter [43] with a Hamming distance set at 3 bp and a minimum repeat size set at 30 bp.
Tandem repeats were analyzed using the Tandem Repeats Finder with default parame‑
ters [44]. SSRs were detected using MISA with the following thresholds [45]: eight repeat
units for mono SSRs, four repeat units for di‑ and trinucleotide repeat SSRs, and three
repeat units for tetra‑, penta‑, and hexanucleotide repeat SSRs.

3.4. Comparative Genome Analysis and Sequence Variation
The program mVISTA in the Shuffle‑LAGAN mode was applied to compare the cp

genomes of Lonicerae japonicae flos (L. japonica) and Lonicerae similis flos (L. acuminata
and L. similis) [46]. The variable character for coding and non‑coding region with an
aligned length of more than 200 bp was obtained based on the method of Zhang et al. [47].
The nucleotide variabilitywas calculatedwithDnaSP 6.10 [48]. The online software IRSCOPE
(https://irscope.shinyapps.io/irapp/, accessed on 31October 2022)was adopted to carry out
boundary analysis on the IR regions of the three species [49].

3.5. Phylogenetic Analysis
The chloroplast genome sequences of 22 Caprifoliaceae family and one outgroup (A.

chinensis) were downloaded from GenBank to build phylogenetic trees by maximum‑
likelihood (ML) with L. acuminata and L. similis. The ML tree was constructed using IQ‑
tree (Version 2.04, Trifinopoulos J., Vienna ，Austria) based on the GTR + G + I optimal
model with 1000 bootstrap replicates [39,50].

3.6. HPLC Analyses
The sample solutions were obtained according to the method described in Chinese

Pharmacopoeia Commission (2020) [5]. HPLC analyses were carried out through an Agilent
1260 Infinity II series system (Agilent Technologies, Santa Clara, CA, USA) consisting of
a G1311B pump, a G4212B DAD detector, and a G1329B autosampler. J&KCHEMICA
C18 column (250 × 4.6 mm, 5 µm) was adopted for the analyses. The mobile phase con‑
sisted of A (acetonitrile), B (0.1% phosphoric acid solution), and C (methanol). The gradi‑
ent mode was as follows: 0~10 min, 6~10% A; 10~25 min, 10~14% A; 25~35 min, 14~24% A;
35~40 min, 24~27% A; 40~45 min, 27~35% A; 45~50 min, 35~46% A; 50~55 min, 46~51% A;
55~57 min, 51~6% A; 57~70 min, 90% B; C 4% for all times. The flow rate was 1.0 mL/min.
The detection wavelength was set at 240, 326, and 350 nm. The column temperature was
set at 30 ◦C and sample volume was set at 5 µL.

4. Discussion
In this study, we conducted a comprehensive comparative analysis of Lonicerae sim‑

ilis flos and Lonicerae japonicae flos. The cp genomes of the three species ranged in length
from 155,079 (L. japonica) to 155,330 bp (L. acuminata); they had a typical quadripartite struc‑
ture, usually consisting of an LSC, an SSC, and two IR regions, which is consistent with
highly conserved features of the cp genome of most angiosperms [25]. Compared with
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previous studies [33,51,52], chloroplast genomes of Lonicera plants differ little in terms of
genome organization, number of genes, and types. In a comparative analysis of repeat
sequences in the cp genomes, L. japonica (a total of 121 repeats, 72 tandem, 37 forward,
12 palindromic repeats) and L. similis (a total of 115 repeats, 66 tandem, 35 forward, 14 palin‑
dromic repeats) repeats were similar, while L. acuminata (a total of 99 repeats, 53 tandem,
33 forward, 13 palindromic repeats) had shorter fragment repeats. The three cp genomes
had similar repeat unit lengths, with tandem repeats ranging from 10 to 30 bp and for‑
ward and palindromic repeats ranging from 36 to 65 bp. The cp genome is uniparentally
inherited and SSRs have a high level of variation within the same species [27]. As such,
they are used as the molecular indicators in developmental studies and also help to iden‑
tify species [37]. SSRs are commonly used as genetic markers in community genetics and
evolutionary studies [31]. The most enriched were mononucleotide repeats, next to din‑
ucleotide repeats. As a whole, tetranucleotide repeats were slightly more abundant than
trinucleotide and hexanucleotide repeats, and in all three cp genomes pentanucleotide re‑
peats were rare. The three species shared similar IR expansion and contraction, and in
sequence alignments had higher variance genes in the CNS region, including rps16‑trnQ,
ycf1‑trnN, psaA‑ycf3, rbcL‑accD, psaJ‑clpP, and petB‑petD, etc. The nucleotide diversity
values (Pi) showed that six regions (trnH‑GUG‑psbA, rps2‑rpoC2, rbcL‑psaI, trnN‑GUU‑
ndhF, rps15‑ycf1, and infA) had a Pi exceeding 1%, and these six divergence hotspot re‑
gions should be useful for developingmolecularmarkers. In the phylogenetic tree, L. japon‑
icamay bemore closely related to L. similis than L. acuminata. Our evolutionary tree formed
three main branches, which was consistent with previous research [33]. At the same time,
plants in the same growing environment may be more closely related.

Despite their different origins, they have close proximity of plant species, appear‑
ances, and functions, together with traditional applications [5,19]. Studies have shown
that chromatographic fingerprint analysis provides a more rational method for the identi‑
fication and quality assessment of traditional Chinese herbal medicines [35,36], which can
effectively identify the authenticity, merit, and demerit of traditional Chinese medicines
and can increase the accuracy of species identification. In this study, we used high perfor‑
mance liquid chromatography (HPLC) to obtain HPLC fingerprints of three species and
calculated their contentswith reference to theChinese Pharmacopoeia [5]. HPLCfingerprints
showed that Lonicerae similis flos and Lonicerae japonicae flos shared the same character‑
istic peaks, except for Lonicerae similis flos where Caffeic acid was not detected (peak
4), but the contents of quality marker (Q‑Marker) were different. The content of Luteolo‑
side (0.0291 ± 0.0044%) in L. similis was lower than that specified in the pharmacopoeia
for Lonicerae japonicae flos, but it is noteworthy that the content of chlorogenic acid and
total phenolic acid in L. acuminata (7.4633 ± 0.4461%, 14.8953 ± 0.0728%) and L. similis
(14.1055 ± 0.2566%, 21.9782 ± 0.1331%) was much higher than that of L. japonica
(3.9729 ± 0.0928%, 6.0964 ± 0.1228%), respectively. Chlorogenic acid is known as “plant
gold”, which has hypotensive effects, antioxidant, and antibacterial activities [53–57]. It is
may be one of the potential active ingredients of Lonicerae japonicae flos in the treatment
of COVID‑19 [58]. With such high chlorogenic acid content, L. similis may be selected as
a better genetic line for superior breeding and a better source species for chlorogenic acid.
These results also provide a basis for future in‑depth studies on the synthesis mechanisms
of high chlorogenic acid in L. similis.

5. Conclusions
In this study, the cp genomes of Lonicerae similis flos (L. acuminata and L. similis)

were sequenced and annotated through high‑throughput sequencing technology. We com‑
pared the cp genomes of these three species, and bioinformatics analysis revealed that the
structure and gene content of the cp genomes of these three Lonicerae were highly similar
and conserved, suggesting a close relationship between them. We identified 155 SSR loci
that could potentially be used as molecular markers to study the diversity of the genus
Lonicera. Six different mutation hot spots (trnH‑GUG‑psbA, rps2‑rpoC2, rbcL‑psaI, trnN‑
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GUU‑ndhF, rps15‑ycf1, and infA) with high nucleotide variability (Pi) could be considered
as potential DNA barcodes of Lonicera species. In our ML tree, all Lonicera were clustered
together in one monophyletic group and were closely related to the Triosteum plants. The
HPLCfingerprints of Lonicerae japonicae flos and Lonicerae similis flos increased the accu‑
racy of species identification. The content of Q‑Marker showed great variation; the content
of chlorogenic acid and phenolic acids (chlorogenic acid, isochlorogenic acid A, isochloro‑
genic acid C) in Lonicerae similis flos is much higher than that in Lonicerae japonicae flos.
It is noteworthy that the content of chlorogenic acid was as high as 14.8953 ± 0.0728% in
L. similis, which can be considered as a raw material for this compound. Therefore, it is
important to explore the molecular mechanism of high chlorogenic acid in L. similis.

This study of the cp genomes of three Lonicera provides valuable information for
the species, enriches cp genomic data of Lonicera, and gives genetic resources for further
species identification and phylogenetic studies of the genus. Moreover, chromatographic
fingerprint analysis is an effective supplementary method to identify three TCMs, and the
differences in content of Q‑marker will provide a reference for the quality evaluation and
rational use of Chinese herbal medicines of the genus Lonicera. In future research, we will
perfect the data related to the quality standard of Lonicerae similis flos to provide reference
for bringing it into the pharmacology of the People’s Republic of China.
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Abstract: The immortelle (Helichrysum italicum (Roth) G. Don) is a typical perennial plant of natural
vegetation in the Mediterranean region, and due to secondary metabolites with several biological
properties (anti-inflammatory, antioxidant, antimicrobial, and anti-proliferative), it has become an
important species for essential oil production, especially in the cosmetic industry. To increase the
production of highly priced essential oils, it has been moved to cultivated fields. However, due to
the lack of highly characterized planting material, there is a great need for genotype identification,
and to provide a link with chemical profiles and geographic origin as a basis for the identification
of local superior genotypes. The aims of the study were to characterize the ITS (ribosomal internal
transcribed spacer) regions, ITS1 and ITS2, in samples from the East Adriatic region to determine
the possibility of using these regions for plant genetic resources identification. Genetic variation was
observed when comparing the ITS sequence variants of samples from the North-East Adriatic and
the South-East Adriatic. Some rare and unique ITS sequence variants can be helpful for identifying
specific populations from different geographical regions.

Keywords: Helichrysum; barcodes; internal transcribed spacers; traceability; planting material

1. Introduction

The immortelle (Helichrysum italicum (Roth) G. Don (basionym = Gnaphalium italicum
Roth)) (abbreviated as HI), known also by the synonyms ‘everlasting’ and ‘curry plant’,
is a typical perennial plant of natural vegetation in the Mediterranean region, where it is
traditionally used in folk medicine for healing respiratory, digestive, and skin inflammatory
conditions [1–4]. Due to the strong anti-inflammatory, antioxidant, antimicrobial, and
antiproliferative activities of the plant extracts and essential oil, the latter has especially
become a valuable and highly prized ingredient in the perfume and cosmetic industries [4,5].
The importance of the phytochemical composition and the bioactive properties of essential
oil is reflected in numerous recently performed analyses [6–12]. The recognized importance
of the immortelle plant has led to the establishment of commercial plantations in Croatia,
Slovenia, Bosnia and Herzegovina, Montenegro, and Serbia. The planting materials for
these plantations usually originate from wild plants collected in natural growing sites,
which are further vegetatively or generatively (via seeds) propagated in local nurseries. The
overexploitation of wild populations in continental Dalmatia, and in the islands Pag and
Krk (HRV) have already caused negative consequences for the natural growing sites [13].
Reduced genetic diversity, as was observed with Tanacetum cinerariifolium (Trevir.) Sch.
Bip., another commercially interesting aromatic species, will be even more evident in
the future [14].

In addition, the complex taxonomy of Helichrysum species, HI subspecies (four sub-
species were proposed by Herrando-Moraira et al. [3]: H. italicum subsp. italicum (ab-
breviated as HII), H. italicum subsp. microphyllum (Willd.) Nyman (abbreviated as HIM),
H. italicum subsp. siculum (Jord. and Fourr.) Galbany, L. Sáez and Benedí (abbreviated
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as HIS), and H. italicum subsp. tyrrhenicum (Bacch., Brullo, and Giusso) Herrando, J. M.
Blanco, L. Sáez, and Galbany (abbreviated as HIT)) and the lack of taxonomic classification
knowledge can lead to the propagation of incorrect plant material. The planting material of
HI available in the market usually lacks the exact taxonomic classification, or is mislabeled
and is sometimes offered as other species rather than HI, which is the most appreciated for
essential oil production (personal observations). In such cases, the products from HI do not
meet the industry requirements. The problems related to authenticity and traceability can
cause economic losses in agricultural production, since the quality and biological properties
of the plants are strongly influenced by genotype [15]. The latter supports the need to
develop an effective traceability system that will allow for differentiation among planting
material, the identification of local genotypes (for the protection of local products’ typicality
and geographical origin), and the development of new cultivars with supreme quality
properties, as well as the prevention of possible adulterations or the contamination of
original plants with other herbs [16].

Analyses on a DNA level have become essential in identifying plant genetic resources,
reference planting material, and studying genetic diversity. However, the lack of genomic
data aggravates the development of reliable DNA markers. Recently, microsatellite markers
were developed for HII, which showed the potential for discriminating samples from
distinct geographical locations [17]. However, due to the complex taxonomic classification
of Helichrysum species and HI subspecies, there is still a need for the development of
new additional markers for species confirmation, as well as for controlling the origin and
traceability of the plant material.

DNA barcodes, derived either from chloroplast or nuclear genomes, have been fre-
quently used for species identification and phylogenetic analysis in the last decade. Among
nuclear regions, internal transcribed spacers (ITS1 and ITS2) of the ribosomal RNA gene
cluster (18S-5.8S-26S) were the most commonly analyzed regions across the plants [18]. The
comparison of seven candidate DNA markers (psbA-trnH, matK, rbcL, rpoC1, ycf5, ITS1, and
ITS2) from medicinal plant species revealed that the second internal transcribed spacer
(ITS2) of nuclear ribosomal DNA represents the most suitable region for DNA barcod-
ing applications. Its high discrimination ability (92.7%) was demonstrated in more than
6600 plant samples belonging to 4800 species from 753 distinct genera [19].

To increase the power of discrimination of closely related samples, ETS (external
transcribed spacer) was used in combination with ITS regions in some studies with plant
material belonging to the tribe Gnaphalieae (Asteraceae) [20], and species from the HAP
(Helichrysum-Anaphalis-Pseudognaphalium) clade [21,22] and Helichrysum species [21,23–25].

It was observed that the ITS and ETS trees reflected a greater congruence with phylogenetic
relationships as inferred based on morphological characters, compared to chloroplast mark-
ers [21], despite drawbacks such as intraindividual/interspecific variation and the possibility of
novel recombinant types generation after species crossing (reviewed by Smissen et al. [26] and
Nie et al. [20]).

Dominant markers are promising tools for studying genetic diversity, because of
the simultaneous amplification of a larger number of DNA loci without prior sequence
knowledge for primer development, in contrast to codominant markers. Recently, AFLP
markers were used to study the genetic diversity of HI samples from 18 populations
sampled along the eastern Adriatic region [14]. Based on low, though significant, genetic
differentiation among the populations, extensive gene flow between populations was
hypothesized. AFLP markers were also used to study differentiation between HII and HIM
samples from different locations in the Mediterranean basin. The geographic structure
was observed in analyzed samples, but AFLP markers did not separate the HII and HIM
samples [27]. The main drawback of the dominant markers is the difficult and time-
consuming scoring of genetic profiles, which limits their use for identification purposes.

The sequences of different DNA barcode regions are publicly available and could serve as
a reference for the taxonomic classification and the origin identification of a defined genotype.
Therefore, the aim of our study was to analyze the ITS regions of HI from the East Adriatic
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coast, to obtain information about the genetic variability of these ITS regions, and to determine
their capability for the differentiation of samples from distinct geographical regions.

Previously mentioned studies of Galbany-Casals et al. [27] and Herrando-Moraira
et al. [25], who analyzed species from the Helichrysum pendulum complex, and other species
from Helichrysum sect. Stoechadina with ETS and rpl32-trnL cpDNA, also including samples
of HII from Bosnia and Herzegovina, and Croatia, but these studies were not focused on
the East Adriatic region.

The last aim of the study was to test the possibility of discriminating HII from the East
Adriatic region from other closely related species and subspecies. To test this hypothesis, a
phylogenetic analysis with additional ITS sequences from the NCBI Nucleotide database,
i.e., two additional HI subspecies (HIS, HIT), Helichrysum serotinum subsp. serotinum
(abbreviated as HSS) and Helichrysum serotinum subsp. picardii (Boiss. and Reut.) Galbany,
L. Sáez and Benedí (abbreviated as HSP), and Helichrysum litoreum Guss. (abbreviated as
HL) as other representatives of H. sect. Stoechadina, and selected Helichrysum species from
Helichrysum sect. Helichrysum and Helichrysum sect. Virginea, was performed.

2. Materials and Methods

In total, 51 samples of HII were included in the analysis. Plants from natural habitats
were sampled in Croatia and Montenegro. Two plants grown in city flower beds were
sampled in Izola, Slovenia (hereby indicated as ornamental plants). In addition, four plants
grown from the purchased seeds (labeled as certified seed) with a certificate that they
belong to HI, were also included in the analysis (Table 1).

Table 1. List of sampling locations and number of HII samples from each collection, including
samples from certified seeds (HL).

Sampling Location Country Origin Number of
Samples

Bibići Croatia Natural habitat 2
Cavtat Croatia Natural habitat 10

Cres island Croatia Natural habitat 1
Črišnjeva Croatia Natural habitat 1

Kamenjak peninsula (north,
middle, and south parts) Croatia Natural habitat 11

Kraljevica Croatia Natural habitat 1
Plomin Croatia Natural habitat 5

Pelješac peninsula Croatia Natural habitat 6
Border crossing point Sitnica Montenegro Natural habitat 2

Kruševica Montenegro Natural habitat 2
Luštica peninsula Montenegro Natural habitat 1

Sutorman Montenegro Natural habitat 7
Izola Slovenia Ornamental 2

Certified seeds Slovenia Certified seeds 4

Morphological evaluation and distinct genetic profiles of these plants confirmed that
they belong to HL (avowed substitute for Helichrysum angustifolium (Lam.) DC [28]) [17].
HL, compared to HI, is a very robust plant with longer leaves and many more capitula,
and it is usually less glandular than HI on the abaxial sides of the leaves and on the
phyllaries [1,28]. The amplified regions of plants from certified seeds of HL were compared
with the obtained sequences from HII samples to identify potential polymorphisms among
two different species.

Shoot tips with leaves were collected in the field and immediately preserved in a
saturated NaCl-CTAB solution [29], or dried in a silica gel until DNA extraction. DNA was
extracted with the protocol described by Japelaghi et al. [30], with the only difference being
that phenol:chloroform:isoamyl alcohol was used instead of chloroform:isoamyl alcohol.
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The DNA was stored in the laboratory of the Faculty of Mathematics, Natural Sciences and
Information Technologies, University of Primorska.

ITS1, 5.8S, and ITS2 regions were simultaneously amplified using the primers ITS1 and
ITS4 [31]. The PCR reaction in a final volume of 50 µL contained 1× PCR buffer, 50 ng of
DNA, 1.5 mM concentration of MgCl2, 0.8 mM of each dNTP, 0.5 µM of each primer, and
1.25 U of Taq DNA polymerase (Promega, Mannheim, Germany). The PCR protocol was as
follows: a 5 min denaturation step at 94 ◦C, followed by 13 cycles of 35 s at 93 ◦C, 55 s at
53 ◦C, and 45 s at 72 ◦C. In the next 13 cycles, the denaturation and annealing steps remained
the same, while the elongation step was prolonged to 59 s per cycle; in the last 9 cycles, the
annealing step was 118 s. The amplification ended with the last elongation step at 72 ◦C
for 10 min.

In order to confirm different variants of the ITS sequences in the same samples,
observed as double peaks in the electropherograms, the PCR products were cloned into
the pGEM®-T Vector (Promega, Madison, WI, USA) with the following procedure: the
PCR products were excised from 1.7% agarose gel and cleaned with a Silica Bead DNA Gel
Extraction Kit (Thermo Fisher Scientific, Waltham, MA, USA). pGEM®-T Vector ligation
reactions were performed in a final volume of 5.5 µL containing 2 µL of purified PCR
product, 2.5 µL of 2× Rapid Ligation Buffer, 0.5 µL of pGEM®-T, and 0.5 µL of ligase, and
were incubated at 4 ◦C overnight.

The ligation mixture (3 µL) was introduced into competent Escherichia coli XL-10 Gold
cells (Agilent Technologies, La Jolla, CA, USA) (100 µL), incubated for 20 min on ice, and
transformed using the heat shock method at 42 ◦C for 1 min in a water bath and for 5 min
on ice. A total of 900 µL of liquid SOC media (without antibiotic) was then added to the
cells, followed by incubation for 45 min at 37 ◦C to generate the antibiotic resistance. Two
different aliquots of transformation (20 µL and 70 µL) were plated onto LB agar plates
containing the antibiotic, and incubated at 37 ◦C for one day. An LB agar medium (1 L)
was made using a standard procedure, using 35 g of LB Agar High Salt2 L1706 (Duchefa,
Haarlem, Neatherlands), 10 g of Daishin agar D1004 (Duchefa), 0.2 mM of IPTG (Duchefa),
40 µg ml-1 of X-GAL (Duchefa), and 150 mg l-1 of antibiotic carbenicillin (Duchefa).

For colony PCR, 10 white colonies from each LB agar plate (with the exception of
sample 6) were picked with fine pipette tips, dissolved in 80 µL of TdE buffer, and heated
at 96 ◦C for 8 min. The DNA was amplified via PCR reaction in a final volume of 20 µL
containing 5 µL of DNA (dissolved in TdE buffer in the previous step), 2 µL of 10× PCR
Buffer with (NH4)2SO4, 2 mM concentration of MgCl2, 0.8 mM of each dNTP, 0.5 µM of
primer SP6, 0.5 µM of primer T7, and 0.5 U of Taq DNA polymerase (EP0401) (Thermo
Fisher Scientific, Vilnius, Lithuania). After an initial denaturation of 3 min at 94 ◦C, the
amplification protocol was 34 cycles 30 s at 94 ◦C, 30 s at 55 ◦C, and 1 min at 72 ◦C. The
amplification was concluded with an elongation step at 72 ◦C for 8 min.

Amplified DNA (5 µL) was analyzed on a 1.5% agarose gel containing Midori Green
(NIPPON Genetics, Düren, Germany). The rest of the reaction mixture of all successfully
amplified samples was purified and used for sequencing analysis.

PCR products were cleaned with Exonuclease I (Thermo Fisher Scientific, Vilnius,
Lithuania) and FastAP Thermosensitive Alkaline Phosphatase (Thermo Fisher Scientific).
A DNA sequencing reaction was performed in a final volume of 7 µL, and it contained
5 µL of PCR product, 2 U of Exonuclease I, 0.5 U of FastAP Thermosensitive Alkaline
Phosphatase, and 1.4 µL of 1× PCR buffer (Promega). The reaction was incubated for
45 min at 37 ◦C and ended at 80 ◦C for 15 min. The fragments were sequenced from both
directions using BigDye Terminator v3.1 (Thermo Fisher Scientific) sequencing chemistry.
The sequencing reaction was cleaned using the EDTA and ethanol precipitation methods,
and analyzed on a 3130 Genetic Analyser (Thermo Fisher Scientific, Applied Biosystems,
Tokyo, Japan).

Bases were called using KB Basecaller, implemented in Sequencing analysis software
v5.1 (Applied Biosystems). The program CodonCode Aligner 6.02 (CodonCode Corpo-
ration, Dedham, MA, USA) was used to align the forward and reverse sequences. The
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resulting consensus sequences for each individual were aligned using ClustalW, imple-
mented in the MEGA package 7.0 [32,33].

Dnasp v.6.12.03 [34] was used to determine the number of sequence variants and the
number of variable sites (singleton variable sites and parsimony informative sites).

A barcoding gap analysis with all our sequences (HII and HL) was performed with
Kimura 2-parameter (K2P) genetic distances using the barcodingR [35] package.

A network with ITS1-5.8S-ITS2 sequence variants was created with the TCS method [36],
implemented in the PopArt software [37]. An input Nexus file was prepared with MEGA
package 7.0. HII sequences (accession numbers from KJ159118.1 to KJ159126.1) were in-
cluded in the construction of the network as well. For the network analysis, sampling
locations were grouped into the North-East Adriatic and the South-East Adriatic. Se-
quence variants of plants from certified seeds and from ornamental plants were considered
separately. The distribution of sequence variants across geographical locations was pre-
sented with a map, generated with R version 4.2.1, and R packages maps (3.4.0) and
mapplots (1.5.1). Newly identified sequence variants of HII have been deposited in the
NCBI Nucleotide database (accession numbers from OP874600 to OP874610), whereas
sequence variants identified only at HL were assigned to GenBank accession numbers from
OQ330863 to OQ330867.

Phylogenetic analysis was performed with ITS sequence variants (concatenated ITS1
and ITS2 regions; 5.8S rDNA sequence was excluded from the analysis) of HII obtained
in this study, and with additional sequences of selected species/subspecies belonging to
H. sect. Stoechadina (Helichrysum crassifolium D. Don (abbreviated as HC), Helichrysum
heldreichi Boiss. (abbreviated as HH), HIS, HIT, Helichrysum massanellanum Herrando, J.
M. Blanco, L. Sáez and Galbany (abbreviated as HM), HSS and HSP, Helichrysum stoechas
(L.) Moench (abbreviated as HSt)), H. sect. Helichrysum (Helichrysum thianschanicum Regel
(abbreviated as HT) and Helichrysum orientale (L.) Vaill. (abbreviated as HO)), and H. sect.
Virginea (Helichrysum sibthorpii Rouy (abbreviated as HSi)), which were downloaded from
the NCBI Nucleotide database. Species from H. sect. Helichrysum and H. sect. Virginea
were included as a control for our study, since they formed different phylogenetic clades in
previous studies [21,24]. Among the existing HI subspecies with ITS sequences available
in the NCBI Nucleotide database, HII, HIT, and HIS were included in the analysis. Most
of the sequences belonged to HII from Corsica (FR). However, in view of the revised
classification of the HI subspecies [3] and after additional verification of the origin of the
sequenced samples deposited in the NCBI database, some taxonomic annotations were
updated, considering the latest taxonomic classification. Sample HM244710.1 originated
from Corsica (source: GenBank); thus, its previous classification, HIM, was corrected to
HIT, since the subsp. microphyllum is restricted to Crete (GR) only [3]. In addition, the
sequence AY445196.1 originally annotated to HI and collected in Sicily (IT) [23] represents
HIS. The new classification assumes that HIS is endemic to Sicily [3]. Another sample,
AY445195.1, collected on Massanella massif (Majorcan mountain) [23], previously classified
as HIM, was assigned to a newly described species, HM [3].

The best available model of DNA substitution for the data was identified with
the Akaike Information Criterion (AIC), as implemented in MrModeltest2 v2.4 [38]. A
HKY model with the gamma distribution (G) shape parameter 0.1770 was identified as
the most appropriate model. Phylogenetic analysis using the Bayesian inference (BI)
and Maximum Likelihood (ML) was performed with MrBayes v3.2.7a [39] and PhyML
v3.3 [40], respectively. Four Monte Carlo Markov chains were run simultaneously for
5 × 106 generations, with the resulting trees sampled every 500 generations. Bayesian
posterior probabilities (BPP) were used to assess the branch support of the BI tree. Trace
files were imported in TRACER v1.7.1 to examine the trace plots and effective sample
size (ESS) estimates [41]. The following flags were used for the phyml analysis: -d ‘nt’
-b 1000 -m HKY85 -t 1.7025 -a 0.1770 –leave_duplicates. Branch support in the ML tree
was estimated using 1000 bootstrap replicates. The resulting trees were compared using
a Shimodaira–Hasegawa (SH) test [42] implemented in PAUP v4.0a168 [43], based on
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likelihood scores. The following command was used: Lscore all/nst = 6 rmatrix = esti-
mate basefreq = estimate rates = gamma shape = estimate pinvar = estimate Shtest = yes
bootreps = 1000. Trees were rooted with species Helichrysum litorale Bolus (KT865507).

3. Results and Discussion

Immortelle is a relatively new plant in agricultural cultivation, enabling the production
of highly prized essential oil and the development of products with high added value in
the cosmetic industry. According to our own experience, there is confusion regarding the
correct naming and labeling of seedlings in the market. The main reasons for this are the
abundance of different Helichrysum species and HI subspecies present in the Mediterranean
region, the complex taxonomical classification, the presence of hybrids, and the transfer of
planting material between countries.

In this study, 51 HII samples, including 49 samples from their natural growing sites in
the North-East Adriatic and the South-East Adriatic regions, and two ornamental samples
from city flower beds, were used for the amplification of the ITS1-5.8S-ITS2 regions to
determine whether the geographical origins of the samples can be identified based on
polymorphisms of the ITS sequences. The geographical region may have an influence on
the development of unique populations with special genetic backgrounds, which can be
reflected in the quality of immortelle products. From this point of view, it is important to
obtain information about genetic resources for the successful introduction of plants in the
agriculture ecosystem. In addition, four samples obtained from purchased seeds with a
certificate that they belong to HI, but later determined as HL [17], were also included to
test the ability of ITS loci to detect not true-to-type plant material. HL is present in the East
Adriatic region, and it grows together with HI in certain areas, leading to the development
of intermediate specimens [1].

An examination of the electropherograms revealed the presence of up to two dou-
ble peaks at 27 samples. After the reamplification of PCR products with a DNA cloning
technique, up to four different sequence variants were identified in one sample. In to-
tal, 93 sequences (considering all sequence variants per sample) were obtained in the
analyzed samples.

An intra-individual variation of ITS sequences was commonly observed [44]. In
addition, intraindividual variation was observed for the ETS marker [25], which is a part of
the same transcriptional unit.

After the multiple sequence alignment, 25 bp were removed from the beginning of the
ITS1 region, since the first few bases were not called with adequate quality scores in a few
samples. However, the entire ITS2 region was sequenced in all samples. In total, 18 ITS
sequence variants with 12 polymorphic sites were identified (Supplementary Table S1). In
ITS1, three singleton variable sites and five parsimony informative sites were observed,
whereas in the ITS2 region, there were two singleton variable sites and one parsimony
informative site. One sample from certified seed showed a mutation in the 5.8S gene, and
an insertion of 2 bp was observed in one sample from Kamenjak in the ITS2 region. The
distribution of the ITS1-5.8S-ITS2 sequence variants across sampling geographical regions
is shown in Figure 1.

A TCS network analysis was performed to identify relationships among the ITS1-5.8S-
ITS2 sequence variants (Figure 2). Sequence variant S10 with the insertion was considered
as S2, since PopArt masked gaps.

The most frequently represented sequence variant S1 was observed in all geographical
regions, as well as in plants from certified seeds (previously classified as HL) and in
ornamental plants. Fifteen sequences were derived from S1 (including sequences from
Corsica’s samples) with one mutational step. Sequence variant S2 was observed in samples
from the North-East and South-East Adriatic regions only. Sequence S3 was observed in
samples from the East Adriatic region and Corsica, whereas sequences S4 and S5 were
identified only in the South-East Adriatic region. Twelve sequence variants were observed
only once in different samples (seven sequence variants were identified only once in the
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samples from the South-East Adriatic, and two sequence variants were observed only
once in the samples from the North-East Adriatic, respectively). Five unique sequence
variants (S14–S18) were observed in samples from certified seeds (HL), whereas sequences
S19–S25 were identified in Corsica only.
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identified at single samples were marked with similar color shades, based on their origins (S6 to S13 
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S25 GenBank sequences from Corsica plants). 

A TCS network analysis was performed to identify relationships among the ITS1-
5.8S-ITS2 sequence variants (Figure 2). Sequence variant S10 with the insertion was con-
sidered as S2, since PopArt masked gaps. 

 
Figure 2. HII TCS network with ITS1-5.8S-ITS2 sequence variants. Sequences with labels from S1 to 
S5 indicate the most frequently observed sequence variants (S1, S2, S3, S4, and S5 were identified in 
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Figure 1. Distribution of identified ITS1-5.8S-ITS2 sequence variants across the North-East and South-
East Adriatic regions. Sequences from Corsica were obtained from the NCBI Nucleotide database.
The radii of pie charts indicate the number of samples per location (from 1 to 10), whereas the sizes
of the slices present the relative abundances of sequence variants. The most frequently observed
sequence variants, labeled 1 to 5, were marked with distinct colors, whereas sequences identified at
single samples were marked with similar color shades, based on their origins (S6 to S13 North-East
and South-East Adriatic region, S14 to S18 certified seeds (identified as HL) and S19 to S25 GenBank
sequences from Corsica plants).
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Bayesian phylogenetic (BP) and maximum likelihood (ML) analyses were performed
in order to infer the relationship of HII ITS sequence variants from distinct geographical
locations, and the relationship to other selected closely related species from the Helichrysum
genus. The SH test did not reveal a significant difference between the BP and ML tree (the
ML tree is presented in Figure 3).
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Figure 3. Maximum likelihood tree with the ITS sequences. H. litorale species was used as a root.
Sequence variants S1 to S5 of HII (marked with an asterix) were found in two or more samples from
different locations (sequences with GenBank accession numbers represent a reference sequence),
whereas the other ITS sequence variants were found in separate samples.
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Based on ML phylogenetic analysis, HT and HO (belonging to H. sect. Helichrysum)
were separated from HSi (belonging to H. sect. Virginea), whereas all HI subspecies, as well
as H. serotinum subspecies, H. stoechas subspecies, HH, HL, HM, and HC were placed in the
same clade, with subclades and leaves being presented as multifurcations. All previously
mentioned taxa (except HT, HO, and HSi) belong to a monophyletic H. sect. Stoechadina,
which generally has a western-central Mediterranean distribution [21,24].

The discrimination of species from the H. sect. Stoechadina was not observed since
HII ITS sequences were in groups with different Helichrysum species, and the same ITS
sequences were identified in different taxonomic units (HC (AY445190.1), HIS (AY445196.1),
HSt subsp. stoechas (AY445193.1), HM (AY445195.1), HL (FJ11424.1 and FJ211482.1), and
sequence S1 (including HL from certified seeds (Table S1)), which was found in samples
from all locations). Sequences of HSt subsp. barrelieri (AY445192.1) and HSS (AY445198.1)
were duplicates of the sequence S2, characteristic for the North and South Adriatic.

A low resolution of the nrDNA phylogenies, based on ITS or ETS alone, was reported
for the Mediterranean-Asiatic Helichrysum group [24]. In addition, morphologically distinct
taxa from close geographic origins were grouped together. This could be a consequence of
historical and contemporary hybridizations [1,21,25]. Galbany-Casals et al. [27] indicated
that specimens from some localities appear to be intermediate between HII and either HIM
or HIS. The same authors performed a comparison of the chloroplast psbA-trnH sequence
barcode of 81 samples of different subspecies of HI (subsp. italicum, subsp. microphyllum,
and subsp. siculum) and other members of sect. Stoechadina (species HL, HSP, and HSS),
and showed that some chloroplast haplotypes were shared across species (e.g., haplotype
G was identified at HII, HIM, HL, and HSS). The same was observed in the group of the
New Zealand endemic species of Gnaphalieae, where the chloroplast psbA-trnH marker
was used, and the obtained haplotypes did not correspond with the taxonomic units [26].

In addition, AFLP markers and ITS sequences, together with the morphological data,
supported the existence of hybrids between HO and HSt [45].

However, since the region-specific ITS sequence variants were observed in our study,
the results were in agreement with Galbany-Casals et al. [24], as they also observed a
correlation of nrDNA markers with geographic distribution. Additionally, Herrando-
Moraira et al. [25] observed that in the case of ETS, most of the variation (83.9%) could be
attributed to the differences between populations, which supported the presence of the
phylogeographical structure for this marker. Region-specific ITS sequence variants could
be supported with the recently published study of Ninčević et al. [14], which showed a
clustering of HI populations with AFLP markers into two distinct clusters, i.e., (1) popula-
tions from the north (Kvarner Bay, HRV) and (2) populations from the central and southern
parts of Dalmatia (HRV).

With the ITS sequence polymorphisms, we were not able to discriminate the HI
subspecies. The latter could be explained with the hypothesis of Galbany-Casals et al. [27],
where due to the widespread distribution of HI, it is probably not possible to define discrete
populations because of gradual clinal variation.

Despite the low discrimination resolution observed among the analyzed sequences,
distinct ITS1-5.8S-ITS2 sequence variants were observed in two plants obtained from
certified seeds (HL). However, two plants shared a sequence variant that was identical to
the most common sequence variant (S1), and the same was noticed for the ITS reference
sequences of HL from the NCBI Nucleotide database. A barcoding gap analysis with our
sequences (HII and HL) with Kimura 2-parameter (K2P) genetic distances revealed no
gap between intraspecies and interspecies genetic distances. One of the reasons for this
could be the different number of sequence variants compared (HII: 86 vs. HL: 7) in this
study. Therefore, an additional analysis of the plant material is needed to confirm that the
obtained distinct sequence variants are characteristic of HL. It can be mentioned that HL
and HI can be better differentiated using microsatellites, as a comparison of their DNA
profiles revealed 8 unique alleles and 14 unique allelic combinations at multiple loci in the
HL sample [17].
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4. Conclusions

The study demonstrated that the same ITS sequences are shared by different HI
individuals from different geographic regions, and even by different species of H. sect.
Stoechadina, making this marker not useful as a barcode for the differentiation of Helichrysum
species. However, some rare, localized, and uncommon sequence variants can be helpful
to identify specific populations or geographic variants. In addition, new ITS1-5.8S-ITS2 re-
gions of 11 HII and 5 sequence variants of HL from the East Adriatic region have been
deposited in the NCBI Nucleotide database. In the future, it is expected that an increased
number of accessible sequences in the NCBI Nucleotide database and the new markers
developed for HI will contribute to a better resolution of the species and subspecies of this
important aromatic plant.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/genes14020480/s1, Table S1. List of identified mutations in the observed
sequence variants.
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5. Andreani, S.; Uehara, A.; Blagojević, P.; Radulović, N.; Muselli, A.; Baldovini, N. Key Odorants of Industrially-Produced

Helichrysum Italicum Subsp. Italicum Essential Oil. Ind. Crops Prod. 2019, 132, 275–282. [CrossRef]
6. Leonardi, M.; Ambryszewska, K.E.; Melai, B.; Flamini, G.; Cioni, P.L.; Parri, F.; Pistelli, L. Essential-Oil Composition of Helichrysum

Italicum (Roth) G.Don Ssp. Italicum from Elba Island (Tuscany, Italy). Chem. Biodivers. 2013, 10, 343–355. [CrossRef] [PubMed]
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Abstract: Chrysanthemum morifolium Ramat. ‘Huaihuang’ is a traditional Chinese medicinal plant.
However, a black spot disease caused by Alternaria sp., a typical necrotrophic fungus, has a serious
damaging influence on the field growth, yield, and quality of the plant. ‘Huaiju 2#’ being bred from
‘Huaihuang’, shows resistance to Alternaria sp. bHLH transcription factor has been widely studied
because of their functions in growth development, signal transduction, and abiotic stress. However,
the function of bHLH in biotic stress has rarely been studied. To characterize the resistance genes, the
CmbHLH family was surveyed in ‘Huaiju 2#’. On the basis of the transcriptome database of ‘Huaiju
2#’ after Alternaria sp. inoculation, with the aid of the Chrysanthemum genome database, 71 CmbHLH
genes were identified and divided into 17 subfamilies. Most (64.8%) of the CmbHLH proteins were
rich in negatively charged amino acids. CmbHLH proteins are generally hydrophilic proteins with a
high aliphatic amino acid content. Among the 71 CmbHLH proteins, five CmbHLHs were significantly
upregulated by Alternaria sp. infection, and the expression of CmbHLH18 was the most significant.
Furthermore, heterologous overexpression of CmbHLH18 could improve the resistance of Arabidopsis
thaliana to necrotrophic fungus Alternaria brassicicola by enhancing callose deposition, preventing
spores from entering leaves, reducing ROS accumulation, increasing the activities of antioxidant
enzymes and defense enzymes, and promoting their gene expression levels. These results indicate
that the five CmbHLHs, especially CmbHLH18, may be considered candidate genes for resistance to
necrotrophic fungus. These findings not only increase our understanding of the role CmbHLHs play
in biotic stress but also provide a basis by using CmbHLHs to breed a new variety of Chrysanthemum
with high resistance to necrotrophic fungus.

Keywords: Chrysanthemum morifolium Ramat.; bHLH transcription factor; CmbHLHs; resistance;
necrotrophic fungus

1. Introduction

Chrysanthemum morifolium Ramat., a perennial herb with a wide variety of flower
types, has been widely used in cut flowers, potting, and garden greening [1]. C. morifolium
‘Huaijuhua’ produced mainly in Jiaozuo city of Henan province, China, is one of the
Four Famous Huai Herbals; it has been cultivated for more than three thousand years in
China. Its annual planting area is approximately 800 hm2 with an output value of one
hundred and ninety million Yuan [2]. ‘Huaijuhua’ is rich in three kinds of medicinal active
ingredients, namely luteoloside, chlorogenic acids, and 3, 5-dicaffeoyl-quinic acid [3]. As a
traditional medicinal Chinese Chrysanthemum, besides its medicinal value, it can also be
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used as ornamental and drinking tea [3]. However, ‘Huaijuhua’ is subjected to year-round
propagation through cuttings and division propagation, so it is susceptible to a variety
of pathogens during the growth stage. Our previous investigation showed that a black
spot disease caused by Alternaria sp., a typical necrotrophic fungus, has a serious negative
impact on the field growth, yield, and quality of ‘Huaijuhua’ [4]. The incidence of black spot
was 30% to 80%, even up to 100% in the field planting of ‘Huaijuhua’ [5]. After six years of
selection and cultivation, a new resistant cultivar ‘Huaiju 2#’ has been bred. This makes it
possible to characterize potential resistance genes from ‘Huaiju 2#’.

Recently, bHLH (basic helix-loop-helix) transcription factors (TFs) have been widely
studied because of their functions in signal transduction, biosynthesis, response to various
stresses, and growth regulation of plants [6]. bHLH TFs are named for having a highly con-
served bHLH domain. The bHLH domain of this family contains about 50–60 amino acid
residues with the N-terminal basic region (b) and the C-terminal helix-loop-helix (HLH) [6].
The HLH region can contribute to the formation of homodimers or heterodimers between
proteins [7,8]. Leu-23 and Leu-52 are necessary for the formation of dimer complexes of
these identified members of the bHLH family [9,10].

Since bHLH proteins were first found in maize [11], they have been successively
identified in other plants, including Arabidopsis, rice, poplar, potato, cabbage, and so on [12].
However, the bHLH family in Chrysanthemum is still unknown.

Studies have shown that bHLH regulates multiple physiological progresses of plants.
It is widely involved in all kinds of signal transduction mediated by plant hormones, such
as gibberellic acid (GA), abscisic acid (ABA), and brassinosteroids [10,13,14]. bHLH has also
been involved in response to a variety of abiotic stresses, including drought, cold, and salt
stress, as well as regulation of iron homeostasis [15–18]. bHLHs are also related to biological
processes, including the biosynthesis of anthocyanins, flavonoids, and ethylene [19,20].
They also take part in the growth regulation of plants, including cell elongation, the growth
of fruit and flowers, the development of root hairs and stomata, and senescence of the
leaf [21–25]. However, the functions of bHLH in biotic stress are still rarely studied, with a
few exceptions in some model plants and crops. For example, heterologous overexpression
of TabHLH060 significantly enhanced Arabidopsis sensitivity to the biotrophic pathogen
Pst. DC3000 [26]. The defense of Phytophthora nicotiana of tobacco was associated with 28
NbbHLHs [27], and overexpression of GhbHLH171 activated the synthesis and signaling
pathway of JA and improved the resistance of cotton to the necrotrophic pathogen V.
dahlia [28].

According to the transcriptome database (Accession number: PRJNA448499) of
‘Huaiju 2#’ after Alternaria sp. inoculation, using the Chrysanthemum genome database (http:
//www.amwayabrc.com/zh-cn/index.html, accessed on 22 January 2022), CmbHLHs
were identified in this study. Their phylogenetic relationships were analyzed. Candidate
CmbHLHs of resistance to Alternaria sp. were confirmed. Furthermore, based on the ex-
pression patterns of the CmbHLHs under inoculation with Alternaria sp., this study also
focused on the role of CmbHLH18 in enhancing the resistance of Arabidopsis to the typical
necrotrophic fungus, Alternaria brassicicola, through heterologous overexpression. This will
provide a basis for a deeper understanding of the functions of bHLHs in Chrysanthemum.

2. Materials and Methods
2.1. Plant Materials and Pathogenic Strains

Following the culture method of Zhao et al. [3], both Chrysanthemum morifolium ‘Huaiju
2#’ (Appreciation of Traditional Chinese Medicine in Henan Province: 2016002) and Ara-
bidopsis thaliana (Columbia, Col-0) used in this study were grown in 13 cm diameter pots
containing a peat-vermiculite (v/v = 1:1) mixture in the controlled greenhouse at 20–25 ◦C,
40–60% relative humidity and under a LD cycle (14 h light/10 h dark), 60 mE·s−1 m−2

light intensity.
Alternaria sp. (Strain: HQJH10092301; GenBank accession number: KF688111) and

A. brassicicola (Strain: BCHB13101606; GenBank accession number: OP295488) were used
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as pathogenic strains to inoculate the plants. The plants and fungi are maintained for
research purposes at the Engineering Technology Research Center of Nursing and Uti-
lization of Genuine Chinese Crude Drugs in Henan Province, Henan Normal University,
Xinxiang, China.

2.2. Screening and Physicochemical Properties Analysis of the CmbHLH TF Family

Sequences annotated as the bHLH in the ‘Huaiju 2#’ transcriptome database (Acces-
sion number: PRJNA448499) were aligned to the Chrysanthemum genome database using
BLAST on the http://www.amwayabrc.com/zh-cn/index.html (accessed on 22 January
2022). The retrieved candidate genes were checked through the CD-HIT website server
(http://weizhongli-lab.org/cd-hit/, accessed on 9 November 2021) to delete redundant se-
quences [29]. NCBI CDD (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi,
accessed on 10 November 2021) and SMART (http://smart.embl-heidelberg, accessed on
11 November 2021) were used to remove sequences without conserved bHLH domains,
incomplete CDS sequences were also removed, and sequences with typical bHLH domains
were selected as putative bHLH TF family members [30,31].

Based on the identified amino acid sequence of the CmbHLH protein, the ExPASY
online program (https://www.expasy.org/, accessed on 15 November 2021) was used to
predict the physicochemical properties of the CmbHLH TFs [32].

2.3. Multiple Sequence Alignment, Phylogenetic, and Conserved Motifs Analysis of CmbHLH
Family Proteins

To analyze the phylogenetic relationship of CmbHLH proteins, the conserved motifs
of the CmbHLH proteins were searched and analyzed using the MEME online tool (http:
//meme.nbcr.net/meme/tools/meme, accessed on 15 March 2022) (search criteria: motif
length was set to 10–100, the maximum number of retrieved motifs was set to 40, and the
default parameters were used for the rest) [33].

Using the NJ method, a neighbor-joining phylogenetic tree was constructed based on
the alignment of the identified CmbHLHs with AtbHLHs from Arabidopsis using MEGA
7.0 with 1000 bootstraps (the others with default parameters) [34]. Protein sequences of 156
AtbHLH family members were downloaded from TAIR (https://www.Arabidopsis.org/
index.jsp, accessed on 12 November 2021) [35]. A phylogenetic tree was drawn using iTOL
(http://itol.embl.de/, accessed on 9 November 2021) to group the CmbHLH proteins [36].

2.4. Excavation of Candidate CmbHLHs Resistant to Necrotrophic Fungi and Their
Cis-Element Analysis

Based on the selection criteria for differential genes [37], the upregulated expression
of CmbHLHs in response to Alternaria sp. innoculation were taken as potential candidate
CmbHLHs resistant to necrotrophic fungi. Putative promoter sequences (2000 bp upstream
of ATG) of the candidate genes were retrieved from the Chrysanthemum genome database
(http://www.amwayabrc.com/zh-cn/index.html, accessed on 9 May 2021) (Table S1).
cis-acting elements in the promoter sequences were predicted using the online software
PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on
10 May 2021) [38]. The results were visualized and mapped using TBtools software
v0.6673 [39].

2.5. Isolation and Arabidopsis Transformation of CmbHLH18

The total RNAs of ‘Huaiju 2#’ leaves were extracted using an RNAiso Plus kit (TaKaRa,
Beijing, China) and purified using an ND-ONE-W spectrophotometer (Thermo, Waltham,
MA, USA) according to the manufacturer’s protocol. Reverse transcription into cDNA was
performed using a HiScript II 1st Strand cDNA Synthesis Kit (Vazyme, Nanjing, China) in
a 20 µL reaction. cDNA was synthesized using specific primers (Table S6) with 500 ng of
total RNA as the template.

The cDNA was used as a template and primer pair (CmbHLH18-F and CmbHLH18-R)
(Table S6) were designed to amplify the coding area of CmbHLH18. The PCR program was
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conducted as follows: 5 min at 94 ◦C; 35 cycles of 94 ◦C for 30 s, 56 ◦C for 30 s and 72 ◦C for
60 s; 10 min at 72 ◦C.

The coding DNA sequence of CmbHLH18 (GenBank accession number: OP 313866)
was constructed into the Super1300-35S vector [3]. The recombinant vector was intro-
duced into Agrobacterium strains and transformed into Arabidopsis plants to produce plants
overexpressing CmbHLH18 using the floral dip method [40]. After three generations of
Hygromycin B resistance screening, a small amount of Arabidopsis leaf genomic DNA
was extracted for PCR amplification using the cetyltrimethylammonium bromide (CTAB)
method, and a PCR reaction system (50 µL) was prepared consisting of 100 ng of template
DNA, 2 µL of primer super1300-F, 2 µL of primer CmbHLH18-V-R, 25 µL of 2× Pfu Mas-
terMix (Dye) (Vazyme Biotech, Nanjing, China), and 19 µL of ddH2O. The PCR reaction
program consisted of the following steps: 94 ◦C for 5 min, 35 cycles of 94 ◦C for 30 s, 56 ◦C
for 30 s, 72 ◦C for 60 s, and finally, 72 ◦C for 10 min. Electrophoresis using 1% agarose was
performed to separate the PCR products, and a gel imaging system was used to detect
and identify transgenic Arabidopsis plants. This was also identified by RT-qPCR with the
primer pair of CmbHLH18-At-F and CmbHLH18-At-R (Table S6), following Section 2.9 in
this part.

2.6. Inoculation of Necrotrophic Fungi and Sampling

According to the method of Zhao et al. [3], Alternaria sp. and A. brassicicola were
activated. When plants of ‘Huaiju 2#’ grew to 8–10 leaves, the middle and upper leaves
were punctured with a needle (approximately 0.41 mm diameter) and inoculated with
spores of Alternaria sp. [3]. When Arabidopsis plants grew to 4 weeks, the spore solution
of A. brassicicola was sprayed on leaves until droplet runoff occurred [41]. The two spores
were suspended and diluted to a concentration of 107 spores per milliliter in sterile distilled
water (SDW) using the hemocytometer technique. After inoculation, plants were kept in a
dark incubation chamber for 48 h at 25 ◦C with 100 % relative humidity (RH). Then, the
plants were grown in the greenhouse with 40–60% RH, 20–25 ◦C, 60 mE·s−1 m−2 light
intensity, and 14 h light/10 h dark light cycle for ‘Huaiju 2#’ [3], 10 h light/14 h dark light
cycle for Arabidopsis.

Leaves of ‘Huaiju 2#’ were collected as samples at 0 d (before inoculation) and 1, 3, and
5 days post inoculation (dpi) with Alternaria sp. for expression profile analysis of candidate
CmbHLHs. Leaves of the transgenic and WT Arabidopsis lines were collected at 0 d (before
inoculation) and 1 dpi, 3 dpi, and 5 dpi with A. brassicicola for gene expression analysis and
activity determination of antioxidant enzymes and defense enzymes.

2.7. Morphology and Disease Severity Index (DSI) after Inoculation with A. brassicicola in
CmbHLH18 Transgenic Arabidopsis Lines

We divided the infected leaves into five grades following the method of Xu [42]: grade
0 (lesion size ≤ 5%), grade 1 (5% < lesion size ≤ 25%), grade 2 (25% < lesion size ≤ 50%),
grade 3 (50% < lesion size ≤ 75%) and grade 4 (lesion size > 75%). At 5 dpi, 15 plants from
each line were randomly selected, and the number of leaves of each grade was counted.
The DSI was calculated with the following formula.

DSI = ∑(Grade of disease × Number of diseased leaves of this grade)
150

× 100%

2.8. Histochemical Staining and Microscopic Analysis after Inoculation with A. brassicicola in
Arabidopsis and CmbHLH18 Transgenic Arabidopsis Lines

Evans Blue [43] was used to observe necrotic cells at 0, 5 dpi and fungal growth at 3,
5 dpi. Aniline blue staining [44] was used to observe callose deposition at 0 and 0.5 dpi. At
0 and 0.5 dpi, nitro blue tetrazolium (NBT) and diaminobenzidine (DAB) staining were
used to detect the superoxide anion (O2

−) and hydrogen peroxide (H2O2) of the leaves,
respectively [45].
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2.9. Determination of Enzyme Activity and Gene Expression Analysis of Arabidopsis Lines

Following the literature, we quantified the activities of antioxidant enzymes, including
superoxide dismutase (SOD) and catalase (CAT), and defense enzymes, including pheny-
lalanine ammonia lyase (PAL), peroxidase (POD), chitinase (CHT) and β-1,3-glucanase
(GLU) in leaves of transgenic and WT Arabidopsis plants were measured following Liu
et al. [46].

The method of obtaining cDNA is the same as 2.5; cDNA was used as a sample for
the RT-qPCR of genes. RT-qPCR was done using an AceQ RT-qPCR SYBR Green Master
Mix (Vazyme, Nanjing, China). CiUBI (Cse2.0_LG8) was used as an internal reference for
the expression level of CmbHLH18 in various tissues of Chrysanthemum. AtActin (823805)
was selected as an internal reference for the expression level of genes post-inoculation in
Arabidopsis. Specific primers were designed using primer 5.0 software [3] (Table S6). The
expression levels in RT-qPCR were calculated using the 2−44CT method [47].

2.10. Statistical Analysis

A one-way ANOVA and Student’s t-test were performed using SPSS 18.0 software
(IBM, Armonk, NY, USA). One-way ANOVA tests were performed to test the DSI of the
Arabidopsis lines after inoculation of A. brassicicola. Student’s t-tests were used to test the
gene expression level analysis and activities of antioxidant and defense enzymes after
Alternaria sp. inoculation.

3. Results
3.1. Identification of the CmbHLH Transcription Factor Family
3.1.1. Hydrophilicity and High Aliphatic Amino Acid Content in 71 CmbHLH TFs
Identified in Chrysanthemum

Our sequence analysis identified 71 proteins with a typical bHLH domain (Figure S1)
and designated as CmbHLH1, 2, 3 . . . 71, and their physical and chemical properties
are summarized in Table 1. For these 71 CmbHLH proteins, the predicted polypeptide
sequence lengths ranged from 158 to 937; the predicted molecular weights ranged from
17.67–103.49 kDa, and their theoretical isoelectric points (pIs) ranged between 4.75–9.2.
Among them, the pIs of 15 proteins were greater than 7.5, while the pIs of 46 proteins
were lower than 6.5. Most (64.8%) of these CmbHLH proteins were rich in negatively
charged amino acids. The results of the protein hydropathicity analysis showed that the
grand average of hydropathicity (GRAVY) of all 71 sequences was lower than 0, which
indicated that the bHLH proteins in Chrysanthemum are generally hydrophilic proteins. The
greater II (the instability index) value, the more unstable the protein. Therefore, most of
the CmbHLH proteins were apparently unstable; the least stable of them was CmbHLH3
(CHR00034167-RA). Furthermore, these CmbHLHs had relatively high aliphatic amino
acid (AI) contents, with CmbHLH22 (CHR00078227-RA) containing the highest number of
AIs. Taken together, these analyses showed that Chrysanthemum harbors a wide array of
bHLH TFs with hydrophilicity and high aliphatic amino acid content.

Table 1. Physiochemical properties of the CmbHLH TF family.

Name ID aa MW (×104) pI II AI GRAVY

CmbHLH1 CHR00023546-RA 272 3.062 7.79 49.89 81.36 −0.436
CmbHLH2 CHR00043772-RA 307 3.483 6.41 52.99 73.65 −0.578
CmbHLH3 CHR00034167-RA 328 3.700 4.8 62.02 74.85 −0.588
CmbHLH4 CHR00082406-RA 244 2.729 5.99 28.9 80.7 −0.441
CmbHLH5 CHR00073020-RA 417 4.630 5.59 59.66 54.68 −0.792
CmbHLH6 CHR00087928-RA 411 4.581 6.82 57.63 61.39 −0.763
CmbHLH7 CHR00079719-RA 468 5.246 6.35 45.31 75.79 −0.551
CmbHLH8 CHR00010518-RA 480 5.293 6.09 47.99 58.06 -0.739
CmbHLH9 CHR00002838-RA 398 4.480 8.64 60.66 76.68 −0.589
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Table 1. Cont.

Name ID aa MW (×104) pI II AI GRAVY

CmbHLH10 CHR00029628-RA 609 6.830 4.92 47.81 87.87 −0.329
CmbHLH11 CHR00053551-RA 361 4.081 6.08 61.37 54.88 −0.923
CmbHLH12 CHR00027604-RA 278 3.093 8.41 29.44 80.22 −0.53
CmbHLH13 CHR00020071-RA 410 4.558 9.29 47.53 76.56 −0.437
CmbHLH14 CHR00001268-RA 306 3.452 5.73 61.53 78.73 −0.423
CmbHLH15 CHR00066657-RA 453 5.049 6.33 32.95 63.07 −0.728
CmbHLH16 CHR00085490-RA 937 10.349 5.36 51.72 70.52 −0.551
CmbHLH17 CHR00014650-RA 350 3.838 6.19 50.86 61.57 −0.693
CmbHLH18 CHR00061827-RA 280 3.096 5.07 52.56 74.18 −0.44
CmbHLH19 CHR00004349-RA 427 4.836 5.51 51.06 77.07 −0.594
CmbHLH20 CHR00030629-RA 291 3.261 9.08 60.77 56.98 −0.832
CmbHLH21 CHR00050993-RA 310 3.481 6.76 46.73 84.00 −0.414
CmbHLH22 CHR00078227-RA 201 2.288 6.3 48.15 109.6 −0.098
CmbHLH23 CHR00016706-RA 534 6.031 5.9 38.2 80.24 −0.398
CmbHLH24 CHR00089135-RA 376 4.183 4.87 52.25 66.68 −0.716
CmbHLH25 CHR00058509-RA 262 2.931 6.62 46.86 59.12 −0.844
CmbHLH26 CHR00075848-RA 169 1.871 8.3 54.21 76.21 −0.576
CmbHLH27 CHR00021504-RA 294 3.272 7.01 48.12 66.33 −0.805
CmbHLH28 CHR00085488-RA 567 6.347 5.99 59.9 85.31 −0.386
CmbHLH29 CHR00066393-RA 592 6.578 6.42 41.98 79.34 −0.503
CmbHLH30 CHR00049557-RA 191 2.134 6.2 45.33 90.79 −0.458
CmbHLH31 CHR00020620-RA 501 5.364 5.56 58.67 57.84 −0.734
CmbHLH32 CHR00040132-RA 399 4.398 5.3 55.48 59.65 −0.624
CmbHLH33 CHR00025933-RA 251 2.872 8.31 43.43 67.17 −0.74
CmbHLH34 CHR00067596-RA 319 3.529 6.32 39.39 87.12 −0.37
CmbHLH35 CHR00085567-RA 249 2.785 7.65 37.57 90.44 −0.363
CmbHLH36 CHR00032751-RA 326 3.705 6.47 51.81 80.77 −0.557
CmbHLH37 CHR00051320-RA 200 2.273 6 58.68 83.3 −0.385
CmbHLH38 CHR00052362-RA 277 3.206 6.51 48.97 86.86 −0.588
CmbHLH39 CHR00032387-RA 309 3.414 6.26 62 54.56 −0.984
CmbHLH40 CHR00068388-RA 211 2.379 4.75 55.92 42.99 −1.068
CmbHLH41 CHR00062368-RA 280 3.096 5.07 52.56 74.18 −0.44
CmbHLH42 CHR00005466-RA 319 3.574 6.77 46.83 78.84 −0.399
CmbHLH43 CHR00028154-RA 215 2.422 6.46 49.22 86.56 −0.66
CmbHLH44 CHR00041708-RA 322 3.517 5.84 44.78 58.73 −0.793
CmbHLH45 CHR00076371-RA 310 3.501 7.29 43.91 70.81 −0.701
CmbHLH46 CHR00027603-RA 368 4.127 6.07 29.5 78.59 −0.551
CmbHLH47 CHR00053214-RA 318 3.554 6.98 55.24 84.37 −0.614
CmbHLH48 CHR00031690-RA 572 6.428 5.22 43.38 83.50 −0.306
CmbHLH49 CHR00022486-RA 354 3.957 5.81 61.58 79.35 −0.638
CmbHLH50 CHR00077133-RA 398 4.381 6.1 58.84 71.28 −0.572
CmbHLH51 CHR00002812-RA 323 3.562 6.33 49.77 67.28 −0.541
CmbHLH52 CHR00091912-RA 360 3.774 5.98 48.34 64.28 −0.498
CmbHLH53 CHR00040106-RA 445 4.818 5.44 61.72 56.36 −0.612
CmbHLH54 CHR00053312-RA 240 2.746 7.01 35.36 71.88 −0.659
CmbHLH55 CHR00073646-RA 293 3.244 6.26 35.57 65.87 −0.744
CmbHLH56 CHR00078290-RA 391 4.097 5.98 50.74 69.44 −0.423
CmbHLH57 CHR00063973-RA 238 2.673 8.49 51.21 92.69 −0.329
CmbHLH58 CHR00023344-RA 255 2.752 5.28 56.8 69.65 −0.636
CmbHLH59 CHR00015822-RA 172 1.906 4.89 44.96 80.41 −0.412
CmbHLH60 CHR00050362-RA 517 5.822 9.16 49.15 56.44 −0.992
CmbHLH61 CHR00025279-RA 268 2.892 5.77 60.24 54.55 −0.83
CmbHLH62 CHR00061024-RA 418 4.680 5.69 51.93 85.50 −0.364
CmbHLH63 CHR00086566-RA 158 1.767 5.86 55.74 78.92 −0.717
CmbHLH64 CHR00076271-RA 240 2.699 9.2 33.72 85.21 −0.556
CmbHLH65 CHR00065282-RA 185 2.105 8.52 37.98 90.11 −0.437
CmbHLH66 CHR00005538-RA 317 3.586 8.59 59.45 85.52 −0.466
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Table 1. Cont.

Name ID aa MW (×104) pI II AI GRAVY

CmbHLH67 CHR00079802-RA 392 4.363 7.15 57.19 62.45 −0.627
CmbHLH68 CHR00060897-RA 244 2.806 5.07 61.31 85.08 −0.498
CmbHLH69 CHR00064856-RA 229 2.593 5.31 57.55 70.83 −0.717
CmbHLH70 CHR00031761-RA 327 3.679 8.15 51.81 64.71 −0.779
CmbHLH71 CHR00029899-RA 311 3.510 8.28 61.74 77.78 −0.446

Note: ID were obtained from Chrysanthemum genome database (http://www.amwayabrc.com/index.html,
accessed on 9 May 2021). aa, protein length, MW (molecular weight; kDa), PI (theoretical isoelectric point), II
(the instability index), AI (aliphatic index), and GRAVY (grand average of hydropathicity) were obtained from
ExPASY (http://web.expasy.org/protparam/, accessed on 15 November 2021).

3.1.2. Phylogenetic Differences between Groups of bHLHs from Chrysanthemum and Arabidopsis

Phylogenetic analysis of the DNA-binding domain of the 71 CmbHLHs as well as
156 bHLHs from Arabidopsis suggested that there were 17 groups, none of which belonged
to clade Ib, Va, VIIa (1), VII(a+b), VIIIc, XIV, and XV in Chrysanthemum (Figure 1, Table S2).
Five bHLHs were unique to Chrysanthemum, resulting in their classification as “Orphans”.
These results showed that the CmbHLH TF family probably expanded and contracted
during the evolutionary process in Chrysanthemum. Motif analysis of the CmbHLH proteins
showed that 40 putative motifs among the 71 CmbHLH proteins were identified (Figure S2).
Members of the same subfamily of CmbHLH had similar conservative motifs and numbers,
and their location distribution was relatively conservative. This may help to analyze the
phylogenetic relationship between bHLH TFs.

3.1.3. Domains of CmbHLHs Identified by Variation-Conserved Residues

To better understand the function of the 71 CmbHLH TFs identified in Chrysanthemum,
their domains and DNA-binding capacities were analyzed. There were 24 amino acid
residues that were highly conserved in >50% of the candidate proteins (Figure 2), and the
R13, L23, L42, and L52 residues were conserved in >80% of the proteins (Table S3). The
results of the domain analysis suggested that these conserved sites were likely involved
in bHLH function. Further analysis showed that the basic regions of CmbHLHs were
composed of 10–13 amino acids and contained a typical H5-E9-R13 sequence motif (His5-
Glu9-Arg13) for binding DNA, which is necessary for bHLH to function as a transcription
factor [48]. In particular, E9 and R13 residues have a function in the recognition and binding
of E-box motifs in the promoter regions of target genes.

3.2. Excavation of Candidate CmbHLHs’ Resistance to Necrotrophic Fungus Alternaria

Five CmbHLHs were highly upregulated in the transcriptome (Accession number:
PRJNA448499) when plants were inoculated with Alternaria sp. and were potentially
involved in the resistance to necrotrophic fungi. The five candidate genes were named
CmbHLH16, CmbHLH18, CmbHLH28, CmbHLH30, and CmbHLH60 (Table S4). CmbHLH16,
CmbHLH28, and CmbHLH30 belong to the IVd subfamily, CmbHLH18 belongs to the IVa
subfamily, and CmbHLH60 belongs to the IX subfamily. They contain a total of 15 motifs
(Figure S2).

3.2.1. Analysis of Promoters of the Five Candidate CmbHLHs

To comprehend the transcriptional regulating function of the 71 CmbHLH TFs identi-
fied in Chrysanthemum, taken the five UP CmbHLHs as representative, sequence analysis
identified 2000 bp fragments upstream of these five genes with their respective sequences in
the Chrysanthemum genome database (http://www.amwayabrc.com/index.html, accessed
on 9 May 2021). Then, a promoter analysis was conducted to identify the potential function
of cis-acting elements within these regions (Figure S3; Table 2) and found that three major
types of cis-elements were present in the promoters of the UP CmbHLHs. The first type is
responsive to plant hormones and includes ABRE, AuxRR, CGTCA/TGACG, P-box, and
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TCA elements, which are sensitive to ABA, IAA, JA, GA, and SA, respectively. The second
type is responsive to defense and stress, including TC-rich repeats (defense and stress
responsiveness, which are only in the promoter of CmbHLH18), MBS (drought stress), LTR
(low-temperature stress), and ARE (anaerobic stress) elements. The third type participates
in plant growth and development, such as that of the GCN4_Motif in endosperm expression.
Our finding of hormone-responsive and defense-responsive promoter elements suggested
that the CmbHLHs may have been upregulated specifically through these elements during
Alternaria sp. infection and prompted us to investigate whether these elements could be
related to an enhanced disease resistance phenotype.

Orphan

VIIa(2)
Orphan VIIIa VII(a+b) Va XV III(a+c)

XIII
VIIa(1)

XIV

IVd

IIIb

II

VIIIc

VIIIb

X

IV(b+c)

Ib

Vb

IVaIa

III(e+d+f)

XI

IX

XII

Figure 1. Phylogenetic relationship of the bHLH TF family among Arabidopsis and Chrysanthemum.
Different colored arcs are used to distinguish different groups or subgroups. The hollow star and red
solid star represent Arabidopsis and Chrysanthemum, respectively.
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Figure 2. Sequence logos of the CmbHLH domains. The height of the amino acids at each site
indicates the conservatism of the corresponding amino acids. Capitalized letters below the sequence
logos indicate that more than 50% of amino acids are consistent in the conserved domain of all
CmbHLH proteins.

Table 2. Classification of cis-elements in the promoter sequences of the five UP CmbHLHs.

Items Name of
cis-Element Sequence Position from

Translation Start Site Function

Hormone
response

ABRE ACGTG/CACGTG
/GACACGTGGC +477 Cis-acting element involved in the

ABA responsiveness

CGTCA-motif CGTCA −1760 Cis-acting element involved in the
MeJA-responsiveness

P-box CCTTTTG +1172 GA-responsive element

TCA-element CCATCTTTTT −905 Cis-acting element involved in SA
responsiveness

TGACG-motif TGACG +1760 Cis-acting element involved in the
MeJA-responsiveness

AuxRR-core TGTCTCAATAAG −287 Cis-acting element involved in
auxin responsiveness

Defense and
stress
response

TC-rich repeats GTTTTCTTAC −515 Cis-acting element involved in
defense and stress responsiveness

ARE AAACCA −1728 − 1711 − 1162
+338

Cis-acting element essential for the
anaerobic induction

LTR CCGAAA +1616 + 1963 Cis-acting element involved in
low-temperature responsiveness

MBS CAACTG −1234 MYB binding site involved in
drought-inducibility

Growth and
development GCN4-motif TGAGTCA +1694 Cis-regulatory element involved in

endosperm expression

3.2.2. Expression Analysis of the Five up CmbHLHs in Response to Necrotrophic
Fungus Alternaria

In order to better understand whether and how these promoter elements may con-
tribute to transcriptional regulation of these five UP CmbHLHs to mediate a disease-resistant
phenotype, we next inoculated Chrysanthemum with Alternaria sp. Then, their expression
levels were examined (Figure 3). The results showed that these CmbHLHs were signifi-
cantly induced by inoculation with Alternaria sp. compared with Mock. More specifically,
CmbHLH18 expression peaked at 1 dpi and was 9.12 times higher than that of the Mock,
whereas the expression of CmbHLH16, CmbHLH30, CmbHLH28, and CmbHLH60 reached
their highest levels at 3 dpi (reaching 6.72-, 6.58-, 5.61-, and 3.93-fold, respectively, that of
the Mock).
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Figure 3. Expression level analysis of the five UP CmbHLHs after Alternaria sp. inoculation. Asterisks 
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Mock using the t-test (n = 3; *, p < 0.05; **, p < 0.01). 
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upregulated by Alternaria sp. (the necrotrophic fungus) infection. Therefore, CmbHLH18 
is mostly expected to become a candidate gene resistance against the necrotrophic fungus 
Alternaria in plants. 
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In order to further verify the function of CmbHLH18 resistance against the necrot-
rophic fungus in plants, we isolated CmbHLH18 (GenBank accession number: OP 313866) 
and transformed it into Arabidopsis (Col). Transgenic plants were identified using PCR 
and RT-qPCR (Figure 4a,b). Transgenic plants show PCR products of 516 bp, while normal 
plants contain the amplified region with 0 bp in size (Figure 4a). There were no significant 
differences in morphology between the WT and transgenic plants before A. brassicicola 
inoculation. However, at 5 dpi, DSI was significantly higher in the WT than in transgenic 
plants (Figure 4c,d). This is reflected in cell activities being higher in transgenic plants 
than the WT (Figure 5a, Table S5).  

Figure 3. Expression level analysis of the five UP CmbHLHs after Alternaria sp. inoculation. Asterisks
represent statistically significant differences for each time interval between Alternaria sp. versus Mock
using the t-test (n = 3; *, p < 0.05; **, p < 0.01).

These results indicated that these five UP CmbHLHs might play a positive regulatory
role in response to Alternaria sp. In particular, the expression of CmbHLH18 was strongly
upregulated by Alternaria sp. (the necrotrophic fungus) infection. Therefore, CmbHLH18 is
mostly expected to become a candidate gene resistance against the necrotrophic fungus
Alternaria in plants.

3.2.3. CmbHLH18 Enhances Resistance against Necrotrophic Fungus Alternaria in Arabidopsis

In order to further verify the function of CmbHLH18 resistance against the necrotrophic
fungus in plants, we isolated CmbHLH18 (GenBank accession number: OP 313866) and
transformed it into Arabidopsis (Col). Transgenic plants were identified using PCR and
RT-qPCR (Figure 4a,b). Transgenic plants show PCR products of 516 bp, while normal
plants contain the amplified region with 0 bp in size (Figure 4a). There were no significant
differences in morphology between the WT and transgenic plants before A. brassicicola
inoculation. However, at 5 dpi, DSI was significantly higher in the WT than in transgenic
plants (Figure 4c,d). This is reflected in cell activities being higher in transgenic plants than
the WT (Figure 5a, Table S5).
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significant differences at p < 0.05 by one-way ANOVA. 

Figure 4. Identification of CmbHLH18-transformed Arabidopsis plants and morphology and DSI statis-
tics. (a,b) PCR and RT-qPCR detection of CmbHLH18 in transformed Arabidopsis. M: DNA DL2000
Marker; (c) Morphologic change of CmbHLH18 transformed Arabidopsis lines after A. brassicicola
inoculation (Bar = 1 cm); (d) DSI of different Arabidopsis lines at 5 dpi. The different letters signified
significant differences at p < 0.05 by one-way ANOVA.

The speed of spore growth of inoculated leaves at 3 dpi and 5 dpi was significantly
slower in transgenic plants than in WT plants (Figure 5b). The leaves of transgenic plants
showed more callose deposition compared with WT plants at 0.5 dpi with A. brassicicola
(Figure 5c).

To further analyze the effect of CmbHLH18 on ROS accumulation in transformed
Arabidopsis leaves after A. brassicicola inoculation, NBT staining and DAB staining were
conducted. Transgenic plants of Arabidopsis after A. brassicicola inoculation exhibited a
lower accumulation of ROS than the wild type plants at 0.5 dpi (Figure 6), as indicated by
the NBT staining and DAB staining.
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Figure 5. Effect of CmbHLH18 on the cell activity of leaves, growth of fungi, and callose deposition 
of leaves in Arabidopsis after inoculation with A. brassicicola. (a) Microscopic visualization of necrotic 
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deposition in leaves (Bar = 100 μm). 

The speed of spore growth of inoculated leaves at 3 dpi and 5 dpi was significantly 
slower in transgenic plants than in WT plants (Figure 5b). The leaves of transgenic plants 

Figure 5. Effect of CmbHLH18 on the cell activity of leaves, growth of fungi, and callose deposition of
leaves in Arabidopsis after inoculation with A. brassicicola. (a) Microscopic visualization of necrotic
cells in leaves (Bar = 1 cm); (b) observation of fungi growth (Bar = 50 µm); (c) Detection of callose
deposition in leaves (Bar = 100 µm).
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Figure 6. Effect of CmbHLH18 on ROS accumulation in leaves in Arabidopsis after inoculation with
A. brassicicola. (a) Accumulation of O2

− (NBT staining) (Bar = 1cm); (b) Accumulation of H2O2 (DAB
staining) (Bar = 100 µm).

The profiling of gene expression and activities of enzymes involved in ROS scavenging
and plant defense suggested that after inoculation, there was a significant increase in ROS
scavenging and defense abilities in transgenic plants (Figures 7 and 8). This indicated that
CmbHLH18 enhanced resistance to A. brassicicola by increasing the ability of ROS scavenging
and the activity of defense enzymes in Arabidopsis.
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Figure 7. Effect of CmbHLH18 on the expression level of antioxidant and defense enzyme genes
in Arabidopsis after inoculation with A. brassicicola. (a,b) Expression levels of antioxidant enzyme
genes; (c–f) Expression levels of defense enzyme genes. Asterisks represent statistically significant
differences between different lines by t-test (n = 3; *, p < 0.05; **, p < 0.01).
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Figure 8. Effect of CmbHLH18 on the activities of antioxidant and defense enzymes in Arabidopsis after
inoculation with A. brassicicola. (a,b) Activities of antioxidant enzymes; (c–f) Activities of defense
enzymes. Asterisks represent statistically significant differences between different lines by t-test
(n = 3; *, p < 0.05; **, p < 0.01).

4. Discussion

The bHLH TF family exists widely in plants and animals and is one of the largest
transcription factor families in plants [26,27]. This study reports the gene family for the
first findings in Chrysanthemum. Our sequence analysis of genes identified 71 bHLHs
of 17 subfamilies in Chrysanthemum, which is significantly smaller than that reported in
Arabidopsis (162 bHLH TFs into 21 subfamilies, [7]), white poplar (202 bHLH TFs into
25 subfamilies, [17]), and rice (167 bHLH TFs into 22 subfamilies, [49]). Therefore, gene
duplications occur more in some species than in others, such as Chrysanthemum, sacred
lotus [50], and watermelon [51].

In general, genes with the same or similar structures are clustered in the same sub-
family and may have a similar function [52]. For example, TT8 of the bHLH IIIf subfamily
in Arabidopsis and TaPpb1 of the bHLH IIIf subfamilies in Triticum aestivum L. can both
regulate anthocyanin synthesis [19,53]. AtbHLH3 of the bHLH IIId subfamily in Arabidopsis
and GmbHLH3 of the bHLH IIId subfamily in Glycine max (Linn.) Merr. can both regulate
jasmonate-induced leaf senescence [54,55]. Therefore, cluster and comparative analysis of
the phylogenetic tree classification results between CmbHLH proteins and the bHLH of
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other species with known functions can be helpful to predict the functions of some genes
in Chrysanthemum (Figure 1). In other cases, there are some differences in function, even
if these genes are clustered into the same subfamily. For example, NFL of the bHLH IIIb
subfamily in Arabidopsis can promote flowering, but OsbHLH61 of the bHLH IIIb subfamily
in Oryza sativa L. can increase resistance to the brown planthopper [56,57]. The GL3 of
the bHLH IIIf subfamily in Arabidopsis can promote root epidermal development, which
differs from the function of TaPpb1 in the same subfamily [19,58]. AtbHLH18 (belonging to
IVa) achieved iron homeostasis by promoting JA-induced degradation of the Ferritin (FIT)
protein and inhibiting iron absorption in Arabidopsis [59]. There may be a great difference
in function between CmbHLH18 and AtbHLH18 in function.

The Weblogo diagram obtained by multi-sequence alignment of the CmbHLH domain
shows that the bHLH domain is conserved in all CmbHLHs, which is similar to the
Arabidopsis bHLH domain (Figure 2). In the CmbHLH domain, two amino acid residues,
Leu-23 and Leu-52, are relatively conservative, accounting for 83% and 92%, respectively.
The two residues are necessary for the formation of a homologous or heterodimer [9].
This indicates that, on the one hand, CmbHLH proteins probably form homodimers by
itself, and on the other hand, CmbHLH proteins probably also interact with other TFs,
such as R2R3-MYB, to form heterodimers [9]. Understanding its domains will deepen our
understanding of the function.

bHLH TF family has a variety of biological functions [26–28]. However, there are
still many unknowns about the function of bHLH TFs in biotic stress. The comparison
of the cis-acting elements on the promoters of the five CmbHLHs showed that there are
cis-elements involving plant hormone responsiveness, stress responsiveness, and plant
growth and development. SA plays a crucial role in plant defense and is generally involved
in the activation of defense responses against biotrophic and hemi-biotrophic pathogens,
as well as the establishment of systemic acquired resistance [60]. By contrast, JA is usually
associated with a defense against necrotrophic pathogens and herbivorous insects [61].
Interestingly, the TC-rich repeats were unique to the promoter of CmbHLH18, which was
located at 515 bp upstream of ATG and was involved in defense and stress responsiveness
(Figure S3; Table 2). This may be related to the fact that CmbHLH18 can significantly
respond to the necrotrophic fungus Alternaria sp. infection in Chrysanthemum. Surprisingly,
CmbHLH18 may also enhance the resistance of Arabidopsis to A. brassicicola (Figure 4c),
which is another typical necrotrophic fungus of Alternaria.

Callose is generally believed to positively regulate the stress response of plants [62–65].
Under abiotic and biotic stress, plants often trigger the accumulation of callose [64]. Callose
deposition in the cell wall, plasmodesmata, and sieve pores controls the cell wall perme-
ability, prevents further penetration of the pathogen into the tissue, and reduces the loss
of cellular water and solute to maintain the internal stabilities of cells [66]. In this study,
leaves of CmbHLH18-transformed Arabidopsis had more callose than WT after A. brassicicola
inoculation, indicating that CmbHLH18 could enhance the defense of Arabidopsis against
A. brassicicola by inducing callose deposition.

When plants are subjected to stress (including biotic and abiotic stress), a large amount
of ROS (O2

−, H2O2, etc.) is generated in the cells. If ROS is not cleared in time, it damages
plant tissues. CmbHLH18-transformed Arabidopsis plants reduce the content of O2

− and
H2O2 in response to fungal attacks. This is consistent with Yao et al. [67], who showed
that overexpression of FtbHLH2 reduced the amount of ROS and increased the endurance
of cold stress in Arabidopsis. In this study, the heterologous overexpression of CmbHLH18
enhanced resistance to A. brassicicola in Arabidopsis by decreasing the content of O2

− and
H2O2 (Figure 6).

Plants can scavenge ROS and be protected from oxidative stress damage through an
antioxidant protecting system involving SOD and CAT [68]. Heterologous overexpression
of VvbHLH1 in Arabidopsis [69] and NtbHLH123 in tobacco [16] both improved the antiox-
idant enzyme system and increased the antioxidant capacity of transgenic plants. Our
results showed a similar pattern, suggesting that CmbHLH18 could decrease the amount
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of ROS, reduce plant damage, and enhance resistance to A. brassicicola by activating the
expression of antioxidant genes and increasing the activities of antioxidant enzymes.

Plants can resist pathogen invasion through lignification. PAL and POD are key
enzymes in the lignin synthesis pathway [70]. CHT and GLU are pathogenesis-related
(PR) enzymes that can destroy fungal cell walls and prevent the invasion of pathogenic
fungus [71]. Studies have shown that the expression levels of PAL, POD, CHT, and GLU
are significantly increased by Magnaporthe grisea in rice [72]. In this study, after inocula-
tion with A. brassicicola, the activities of PAL, POD, CHT, and GLU in transgenic leaves
were significantly higher than those in WT leaves (Figure 8), and the corresponding gene
expression levels in transgenic leaves were also higher than those in WT leaves (Figure 7).

5. Conclusions

We first identified 71 CmbHLHs genes of 17 subfamilies, and the genes in ‘Huaiju 2#’
are generally hydrophilic proteins and high aliphatic amino acid content. Additionally,
combining the results of RT-qPCR analysis after Alternaria sp. inoculation, we found
that CmbHLH16, 18, 28, 30, and 60 may be involved in resistance to biotic necrotrophic
fungus. They all have hormone-responsive elements that are associated with enhanced
disease resistance in their cis-acting elements, and CmbHLH18 may be a gene resistant to
necrotrophic fungus in Chrysanthemum.

Heterologous overexpression of CmbHLH18 can enhance the resistance to necrotrophic
fungus in Arabidopsis by a series of physiological and genetic activities, inducing callose
deposition and increasing the activities and gene expression levels of antioxidant and
defense enzymes.

The identification of CmbHLHs in this study will help to further identify candidate
genes for resistance to necrotrophic fungus, elucidate the molecular mechanism of resistance
to necrotrophic fungus in Chrysanthemum, and use CmbHLHs to breed a new variety of
Chrysanthemum with high resistance to necrotrophic fungus.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes14020275/s1, Figure S1: Multiple sequence alignment
of CmbHLH family proteins. The four-color modules at the top of the figure are represented,
respectively: red represents the N-terminal basic region of bHLH, yellow, and green represent two
amphiphilic regions, and blue represents a variable length loop. Process the data into pictures
using Clustal W. Figure S2: Motif composition of the CmbHLH TF family. (a) Phylogenetic tree
of CmbHLHs; (b) conserved motifs of the CmbHLHs; (c) sequence composition of each motif in
CmbHLHs. Figure S3: Visualization of cis-elements in the promoter sequences of CmbHLHs. Different
colors represent different cis-acting elements in the promoter sequences of CmbHLHs. Table S1:
Promoter sequences of candidate resistant genes to necrotrophic fungus. Table S2: Number of
bHLH TF in each subfamily of Chrysanthemum and Arabidopsis. Table S3: Proportion of conserved
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Abstract: Ophiorrhiza baviensis Drake, a flowering medical plant in the Rubiaceae, exists uncertainly
within the Ophiorrhiza genus’ evolutionary relationships. For the first time, the whole chloroplast (cp)
genome of an O. baviensis Drake species was sequenced and annotated. Our findings demonstrate that
the complete cp genome of O. baviensis is 154,770 bp in size, encoding a total of 128 genes, including
87 protein-coding genes, 8 rRNAs, and 33 tRNAs. A total of 59 SSRs were screened in the studied cp
genome, along with six highly variable loci, which can be applied to generate significant molecular
markers for the Ophiorrhiza genus. The comparative analysis of the O. baviensis cp genome with
two published others of the Ophiorrhiza genus revealed a high similarity; however, there were some
notable gene rearrangements in the O. densa plastome. The maximum likelihood phylogenetic trees
were constructed based on the concatenation of the rps16 gene and the trnL-trnF intergenic spacer
sequence, indicating a close relationship between the studied O. baviensis and other Ophiorrhiza. This
study will provide a theoretical molecular basis for identifying O. baviensis Drake, as well as species
of the Ophiorrhiza genus, and contribute to shedding light on the chloroplast genome evolution
of Rubiaceae.

Keywords: Ophiorrhiza baviensis; chloroplast genome; comparative analysis; phylogeny

1. Introduction

The chloroplast (cp) is an essential organelle in photosynthetic plant and microbial
cells that produces energy to feed the cell through photosynthesis [1]. Each chloroplast
contains its own ribosomes and a separate genome from the cell’s nuclear genome, ranging
in size from 20 to 160 kilobase pairs (kp). The cp genome is uniparentally inherited with a
quadripartite structure consisting of one large single-copy (LSC) region, one small single-
copy (SSC) region, and two inverted repeat regions (IRs) of the same length [2]. As a
result of the small size of the cp genome, which contains only around 100 to 120 protein
coding genes, chloroplasts are often the first target for sequencing in evolutionary analysis,
barcoding, and meta-barcoding [2]. In the NCBI Genbank database at present, there are
more than 1000 cp genomes of plant species. However, this number is very small compared
to the existing plant diversity on the planet, which raises the need to collect and store
sequences of uncharacterized species.

For medicinal plants such as Ophiorrhiza baviensis, the potential for exploitation and
the need for systematic classification are even more essential. O. baviensis is a species of
flowering plant in the Rubiaceae family, first described scientifically by Drake in 1895,
and re-identified by Wu et al. [3]. Information on the ecology and genomic characteristics
of this species is extremely limited, with only four sequences of O. baviensis—the gene
junctions trnL-trnF (#MH626989.1), rps16 (#MH626923.1), the external transcribed spacer
(ETS) (#MH626743.1), and ITS (#MH626804.1)—available on the Genbank database of the
National Center for Biotechnology Information (USA) (NCBI). Each sequence is less than
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1000 base pairs (bp) in size, only two of which belong to the chloroplast genome. Thus,
there is a need to study the entire chloroplast genome of O. baviensis species for taxonomy
and diversity assessment, as well as chloroplast genome characterization, conservation,
and future research. With an estimated chloroplast genome size of 154 kb, the potential for
exploiting genomic information on the O. baviensis chloroplast genome is very large.

Recently, PacBio sequencing technology has been applied to sequence cp genomes,
and there have been studies demonstrating the superior ability of PacBio in de novo
assembly with 99% accuracy; moreover, as the repeatability increases, this can exceed
99.9% [4]. PacBio sequencing is also a great technology in resolving gaps in rRNA, i.e.,
internal transcribed spacer (ITS) regions and the surrounding regions to obtain accurate
molecular biology information for species identification. For the first time, we report a
new complete chloroplast genome of O. Baviensis Drake from Vietnam and compare it
with previously published Ophiorrhiza complete chloroplast genome data to evaluate the
genome organization, phylogenetic relationships, and conserved genetic resources.

2. Materials and Methods
2.1. Sample Collection and Chloroplast Genome Sequencing

O. baviensis samples were collected in Ba Vi National Park, Hanoi, Vietnam in August
2022 (code number: Xacan 01), 1217.6 m, 21◦3′32” N; 105◦4′58” E (Figure 1). The voucher
specimens were placed in the herbarium of the Institute of Ecology and Biological Resources
(HN), Hanoi, Vietnam. Fresh leaves with the same code number were used to extract
genomic DNA.
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2.2. DNA Extraction and Chloroplast Genome Sequencing

We treated samples prior to extraction with the Chloroplast Isolation Kit (ab234623-
Abcam, Cambridge, UK) for cp enrichment to increase the cpDNA concentration. The
total DNA was extracted by the GeneAll®Exgene™ Plant SV mini kit using the enriched
samples (including both genomic DNA and cp DNA). The extracted DNA integrity was
evaluated by electrophoresis on a 0.8% agarose gel for 45 minutes at 120 V, and the DNA
concentration was measured by Nanodrop 2000 (Thermo, Waltham, MA, USA) and Qubit
2.0 devices to ensure quality for library preparation and sequencing on the Pacbio system
according to the manufacturer’s instructions.
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The total DNA was fragmented and the DNA damage from fragmentation, as well as
the 5′/3′ ends, underwent repair using the SMRTbell Damage Repair Kit SPv3 (#100-992-
200, Pacific Biosciences, Menlo Park, CA, USA) before being attached to PacBio adapters.
Products without adapters are rejected by the Exo III and Exo VII enzymes. The SMRTbell
library was cleaned with Ampure PB beads (Beckman Coulter, Brea, CA, USA) and checked
for length and concentration using the Bioanalyzer 2100. Subsequently, it was cleaned
and sized using BluePippin (SageScience, Beverly, MA, USA) with a gel concentration of
0.75% to filter out library DNA fragments above 20 kb in length. The library was lastly
checked for size and fragmentation with the Bioanalyzer 2100 before loading to the SMRT
Cell (#101-008-000, PacBio).

The prepared library was loaded on one chip and sequenced on a PacBio SEQUEL
system at the National Key Laboratory for Gene Technology, Institution of Biotechnology
(Hanoi, Vietnam). SMRTbell library was attached with polymerase and purified using
the Sequel Binding Internal Ctrl Kit 2.0 (#101-400-900, PacBio) and the SMRTbell Clean
Up Column v2 Kit-Dif (101-184-100, PacBio) according to the procedure generated by the
Sample Setup software included in the SMRTLink portal version 5.1.

2.3. Genome Assembly and Annotation

Total DNA was sequenced using the PacBio platform. Sequences derived from the
cp genome were identified through the pbmm2 program using the cp genome of the
reference Ophiorrhiza species (accession number: NC_057496.1) obtained from the Genbank
database [5]. Then, the Hierarchical Genome Assembly Process version 4 (HGAP4) software
was used to assemble the cp genome [6]. Protein-coding genes and RNA were annotated
by the GeSeq webtool [7], while tRNAscan-SE software version 2.0 was applied to verify
the tRNA genes [8]. The OrganellarGenomeDRAW (OGDRAW) web-tool was selected to
generate the circular gene map [9]. Repeat elements were identified using two approaches.
The web-based MISA finder was used for detecting microsatellites in nucleotide sequences,
with the following parameters: 10 repeats for mono-, 5 for di-, 4 for tri-, and 3 for tetra-,
penta-, and hexa-nucleotide SSRs [10]. Size comparison of the SSRs among the SSRs of
each type was used to count polymorphic SSRs. The size and pattern of repeats in the cp
genome were identified using the REPuter with the following set of parameters: minimum
repeat size 20 bp, hamming distance 3 kb, and 90% or more sequence similarity [11].

2.4. Genome Comparison and Phylogenetic Identification

For cp genome comparison, we collected available cp genomes of Ophiorrhiza species
(O. pumila—NC_057496.1 and O. densa—NC_058252.1) from the GenBank database (https:
//www.ncbi.nlm.nih.gov/genbank/, accessed on 15 November 2022). The overall genome
structure, gene content, genome size, and number of repeats across the genomes were
compared. The entire cp genome sequences of the Ophiorrhiza species were aligned through
MAFFT software with default parameters and visualized in the mVISTA webtool with
the LAGAN mode [12]. We used the annotated cp genome of the project as the reference
genome in the mVISTA diagram. Subsequently, Irscope was used to visualize and compare
the contiguous region between the large and small single-copy, along with the inverted re-
peat regions of the genomes. We also examined codon usage bias and sequence divergence
via computational nucleotide diversity (Pi) analysis among cp genomes in DnaSP software
version 6.12.03 [13]. For the sequence divergence analysis, we applied a window size of
600 bp with a step size of 200 bp.

A concatenation of the rps16 gene and trnL-trnF intergenic spacer sequences from
the Ophiorrhiza species and two Xanthophytum species of the Rubiaceae family from the
Genbank database was used to identify the phylogenetic relationships of the studied
O. Baviensis Drake. The nucleotide sequences were aligned with MAFFT software with
default parameters [14] before the maximum likelihood (GTR+CAT model) phylogenetic
tree was constructed using FastTree [15] with a 1000 bootstrap and visualized by FigTree
software version 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/, accessed on 1 July 2021).
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3. Results
3.1. Chloroplast Genome Assembly and Annotation

Using the PacBio SEQUEL I system, 28,402,467,862 bp of raw sequence data were
generated with a mean read length of 1938 bp, an N50 contig size of 2412 bp, and approxi-
mately 9% of the raw reads belonging to the O. baviensis cp genome with 158 × coverage.
The resequencing assembly resulted in a circular cp genome size of 154,770 bp (Figure 2),
and the percentage of GC content was 37.6%. As reported in most angiosperm cp genomes,
the assembled O. baviensis Drake plastome demonstrated the typical quadripartite structure
consisting of four regions, LSC (84,626 bp), SSC (18,574 bp), and a pair of inverted repeats
(IRs 25,685 bp).
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In addition, the annotation results from GeSeq and tRNAscan-SE revealed that the O.
baviensis Drake cp genome possessed a total of 128 genes, of which there were 87 protein-
coding genes, 33 tRNA genes, and 8 rRNA genes (16S, 23S, 5S, and 4.5S) (Table 1). The
annotated gene models were assigned into three major groups based on their functions.
Regarding the photosynthesis-related gene category, there were 44 genes encoding the sub-
units of ATP synthase, cytochrome complex, photosystem I and II, and putative NADPH
dehydrogenase, along with the large subunit of Rubisco related to the photosynthetic
electron transport chain. The other 76 genes were functionally characterized in the tran-
scription and translation processes. The majority were tRNA genes, and the others were
rRNA genes and genes encoding DNA-dependent RNA polymerase, the subunits of the
ribosome, and ribosome proteins. The remaining nine genes were classified in the category
of other genes, consisting of five genes with reported functions in RNA processing (matK),
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c-type cytochrome synthesis (ccsA), fatty acid synthesis (accD), carbon metabolism (cemA),
and proteolysis (clpP). In addition, four genes encoding the conserved reading frames (ycf1,
ycf2, and ycf3) were also annotated in the cp genome.

Table 1. Summary of the chloroplast genome of O. baviensis Drake species.

Genome Features O. baviensis Drake

Genome size (bp) 154,770 bp
LSC size (bp) 84,826
SSC size (bp) 18,574
IR size (bp) 25,685

GC content (%) 37.6
No. of genes 128
No. of PCGs 87
No. of tRNA 33
No. of rRNA 8

Otherwise, each IR region of the O. baviensis cp genome was annotated to comprise
18 genes (all 4 rRNA genes, 7 tRNA genes, 1 NADH-dehydrogenase protein-coding gene, 4
ribosomal protein-coding genes, and 2 other genes). There were 17 cp genes that harbored
introns, among which 15 genes (atpF, rpl2 (×2), rpl16, ndhA, ndhB (×2), rpoC1, rps12, rps16,
trnA-UGC (×2), trnG-GCC, and trnI-GAU (×2)) contained a single intron, while two genes
(ycf3, clpP) had double introns (Table 2).

Table 2. Gene composition of O. baviensis Drake chloroplast genome.

Category of Genes Group of Genes Name of Genes

Photosynthesis

Subunits of ATP synthase atpA, atpB, atpE, atpFa, atpH, atpI

Subunits of NADH-dehydrogenase ndhAa, ndhB (×2)a, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH,
ndhI, ndhJ, ndhK

Subunits of cytochrome b/f complex petL, petB, petG, petA, petD, petN
Subunits of photosystem I psaJ, psaC, psaA, psaI, psaB

Subunits of photosystem II psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbJ, psbK, psbL,
psbM, psbN, psbT, psbZ

Subunit of rubisco rbcL

Transcription and
translation

Large subunit of ribosome rpl14, rpl16a, rpl2 (×2)a, rpl20, rpl22, rpl23 (×2), rpl32,
rpl33, rpl36

DNA-dependent RNA polymerase rpoB, rpoA, rpoC1a, rpoC2

Small subunit of ribosomal proteins rps11, rps12(×2)a, rps14, rps15, rps16a, rps18, rps19 (×2),
rps2, rps3, rps4, rps7 (×2), rps8

rRNA genes rrn23S (×2), rrn16S (×2), rrn5S (×2), rrn4.5S (×2)

tRNA genes

trnA-UGC (×2)a, trnC-GCA, trnD-GUC, trnE-UUC,
trnF-GAA, trnG-GCCa, trnH-GUG, trnI-GAU (×2)a,

trnL-CAA (×2), trnL-UAG, trnN-GUU (×2), trnP-UGG,
trnQ-UUG, trnR-ACG (×2), trnR-UCU, trnS-GCU,

trnS-GGA, trnS-UGA, trnT-GGU, trnT-UGU, trnV-GAC
(×2), trnW-CCA, trnY-GUA

Translational initiation factor infA

Other genes

Subunit of acetyl-CoA-carboxylase
(fatty acid synthesis) accD

c-type cytochrome synthesis gene ccsA
Envelope membrane protein (carbon

metabolism) cemA

Protease clpPb
Maturase (RNA processing) matK

Conserved open reading frames ycf1, ycf2 (×2), ycf3b

Genes marked with the sign are the gene with a single (a) or double (b) introns and duplicated genes (×2).
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3.2. Repeat Sequences and Codon Analysis

A total of 59 simple sequence repeats (SSRs) were investigated in the O. baviensis Drake
chloroplast genome via the MISA web-tool. Almost all of the screened repeats were mono
repeats (composed of A/T and C) with the size ranging from 10 to 16 bp (Figure 3A). Two
di-, five tri-, seven tetra-, and three penta-nucleotide SSRs were found in the O. baviensis
Drake plastid. A total of 53 SSRs were classified as simple based SSRs and the six remaining
SSRs presented in a compound formation. The majority of SSR types were discovered in
the LSC, while the IR regions included the smallest number of SSRs (Figure 3B).
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IR regions.

The cp genome of O. baviensis Drake was annotated to possess 49 long repeats includ-
ing 9 palindromic repeats, along with 12 forward and 22 reverse repeats. There was only
one complement repeat (Figure 4). The unit size of the detected repeats ranged from 20 to
58 bp, while a majority of the repeat size (67%) was shorter than 30 bp.
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The codon usage frequency of 64 protein-coding genes was evaluated for three cp
genomes: O. baviensis Drake and two other available Ophiorrhiza species. The total number
of codons found in the coding regions was 51,517, while the A- and U-ending were found
more frequently than the G/C-ending (Table 3). Leucine was the most prevalent among the
20 amino acids with a percentage of 10.46% (5068 codons), followed by serine with 9.95%
(4817 codons). Meanwhile, the rarest was tryptophan with a total of 681 codons accounting
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for approximately 1.4%. A total of 30 codons exhibited the codon usage bias (RSCU < 1),
while 32 codons were observed to be more frequent than the expected usage at equilibrium
(RSCU > 1) (Table 3). The usage frequency for the start codons AUG and UGG (methionine
and tryptophan) exhibited no bias (RSCU = 1).

Table 3. Relative synonymous codon usage (RSCU) for protein-coding genes in O. baviensis.

Codon AA Frequency RCSU Codon AA Frequency RCSU Codon AA Frequency RCSU

UAA * 1259 1.22 AUC I 1205 0.80 CGG R 420 0.75
UAG * 825 0.80 AUA I 1471 0.98 AGA R 1093 1.94
UGA * 1004 0.98 AAA K 2050 1.35 AGG R 627 1.12
GCU A 446 1.23 AAG K 982 0.65 UCU S 1113 1.39
GCC A 351 0.97 UUA L 1040 1.23 UCC S 982 1.22
GCA A 401 1.11 UUG L 1095 1.30 UCA S 824 1.03
GCG A 250 0.69 CUU L 1063 1.26 UCG S 622 0.77
UGU C 679 1.20 CUC L 653 0.77 AGU S 747 0.93
UGC C 449 0.80 CUA L 737 0.87 AGC S 529 0.66
GAU D 1012 1.42 CUG L 480 0.57 ACU T 668 1.13
GAC D 413 0.58 AUG M 856 1.00 ACC T 651 1.10
GAA E 1337 1.43 AAU N 1779 1.38 ACA T 647 1.09
GAG E 537 0.57 AAC N 800 0.62 ACG T 406 0.68
UUU F 2212 1.20 CCU P 611 1.03 GUU V 784 1.38
UUC F 1481 0.80 CCC P 618 1.04 GUC V 411 0.72
GGU G 540 0.96 CCA P 726 1.23 GUA V 682 1.20
GGC G 383 0.68 CCG P 414 0.70 GUG V 402 0.71
GGA G 747 1.33 CAA Q 987 1.40 UGG W 681 1.00
GGG G 577 1.03 CAG Q 420 0.60 UAU Y 1345 1.36
CAU H 880 1.36 CGU R 376 0.67 UAC Y 637 0.64
CAC H 414 0.64 CGC R 280 0.50
AUU I 1830 1.22 CGA R 576 1.02

* Stop codon.

3.3. Chloroplast Genome Comparison

To characterize genomic divergence, the percentage of sequence identity was evaluated
for three Ophiorrhiza species with the functional annotation of O. baviensis Drake as a
reference. The comparison using the mVISTA program revealed that the gene organization
among the three species was highly similar and there were several regions of sequence
variation (Figure 5). The results exhibited a higher frequency of divergence in the LSC and
SSC regions than in the IR regions. Moreover, the coding regions of the three cp genomes
were observed to be more conserved, whereas a majority of the detected variations were
screened in the conserved non-coding sequences (CNS). Among the protein-coding gene
sequences, the highly disparate genes consisted of matK, rpoC2, rpoB, clpP, rpl16, ndhF, ndhA,
and ycf1.

The sliding window analysis indicated that the average polymorphism information
(Pi) values of the LSC (Pi = 0.005635) and SSC (Pi = 0.007472) regions were greater than that
of the IR (Pi = 0.001285) regions, which showed that most of the variations were located in
the LSC and SSC regions (Figure 6). Of the three Ophiorrhiza species, the average value of
nucleotide diversity (Pi) was 0.00441.

3.4. IR Contraction and Expansion in the Chloroplast Genome

The IR/LSC and IR/SSC boundaries of three Ophiorrhiza cp genomes were compared
using the IRscope program. Overall, the results indicated that the region size, gene organi-
zation, and gene content showed a high similarity among the cp genome of O. baviensis and
O. pumila (Figure 7). On the other hand, the O. densa cp genome showed several variants
with the two abovementioned Ophiorrhiza species. The size of IR regions ranged from
25,684 bp (O. baviensis Drake) to 26,066 bp (O. pumila), and the size of IR of O. densa was
25,701 bp. The rpl22 gene was located within the LSC region with a 102 bp overlap with
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the IRb for O. baviensis and O. pumila, while O. densa showed a 347 bp overlap of the rps3
gene in this boundary. Apart from O. densa, the ndhF gene was detected on the boundary of
the SSC and IRb region. The border across IRa and SSC was found in the ycf1 gene with
1438, 1316, and 730 bp tail sections of the gene placed in the IRa of O. densa, O. pumila, and
O. baviensis, respectively (Figure 7). The IRa and LSC boundary showed the presence of the
trnH gene in the forward strand of all three species and the rpl22 gene in the reverse strand
of O. baviensis and O. densa. The results of the IR analysis indicated extensive contraction
and expansion of the IR regions in the three species.
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3.5. Phylogenetic Inference

The number of available sequences of O. baviensis on the Genbank databases, especially
belonging to the cp genome, is limited (only the rps16 gene and the trnL-trnF intergenic
spacer). Therefore, we extracted these sequences from the assembled cp genome and used
them to access the phylogenetic relationship of the studied O. baviensis at the species level.
Figure 8 shows the phylogenetic resolution based on the concatenated sequence between
the rps6 gene and the trnL-trnF intergenic spacer with a high bootstrap value of 92%
between the studied O. baviensis Drake and the reference O. baviensis voucher Averyanov &
al. VH940 (AAU) (Accession number: MH626923.1). With a bootstrap value of 100%, all
eight Ophiorrhiza species were grouped separately from the two Xanthophytum species as an
outgroup. In the case of barcoding among the Rubiaceae family, the combined rps16-trnL-F
intergenic spacer sequences provided a high capacity for phylogenetic resolution.
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4. Discussion

Rubiaceae is a family of flowering plants containing 620 genera with approximately
13,500 species over the world, which makes it the fourth-largest angiosperm family. Over
300 cp genomes in the Rubiaceae family have been published in the Genbank database until
now, only three of which belong to Ophiorrhiza. The genus Ophiorrhiza consists of about
200–300 species mainly distributed in humid tropical forests from East India to the Western
Pacific, and from South China to Northern Australia [16,17]. Bioactive compounds from this
family, such as quinine, emetine, caffeine, and camptothecin are of major pharmaceutical
importance; thus, many species in the genus Ophiorrhiza are of interest [18]. In the present
study, we sequenced and annotated the entire cp genome of a Vietnamese medicinal plant.

Angiosperm cp genomes have a highly conserved gene order and gene content with
127–134 genes found across the chloroplast genomes. The analyzed O. baviensis cp genomes
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demonstrated the typical quadripartite structure and showed the expected size range
(~154 kb) for Ophiorrhiza species and the conserved gene contents. Our gene annotation
results were similar to the genetic properties of angiosperm chloroplast genomes. The
number of genes present in the cp genome from O. baviensis was 128, of which, 17 genes
included one or two introns. In addition, the deletions of the petB and petD introns were
observed in the studied O. baviensis cp genome, which also occurred in O. pumila species.
Introns play an important role in gene expression regulation. Recent research has revealed
gene or intron loss in chloroplast genomes [19–21], among which petB and petD intron loss
was reported in many angiosperms [22].

In addition to two copies of IR regions, 49 small repeats were found to be located
within coding and non-coding regions of the O. baviensis plastome. The cp genome in-
cludes numerous dispersed repeats, which are supposed to be biomarkers of mutational
hotspots [23,24]. The repeat number is similar to the data of other species belonging to
the Rubiaceae family [25,26]. Repeats are closely related to angiosperm plastome recon-
struction and can be assumed as recognition signals of recombination because of their
potential to generate secondary structures. In this study, the similar number of repeats
in comparison with previous estimates might not demonstrate inter- and intra-specific
plastome recombination. In higher plants, SSRs are identified as crucial molecular markers
for the investigations of population variation due to their distinct uniparental inheritance,
and they are commonly used to evaluate genetic diversity and population structure in
evolutionary studies [27–29]. In total, 59 SSRs were screened in the O. baviensis cp genomes
with strong A/T bias. These repeats play a significant role for generating genetic markers
in O. baviensis species, which may be applied to assess the variation at the intraspecific level
in phylogenetic and ecological studies.

Comparative analyses on O. baviensis and two available Ophiorrhiza cp genomes were
implemented to explore the plastome structure in the taxa. The cp genome size of the three
Ophiorrhiza ranged from 154,079 bp (O. densa) to 154,770 bp (O. baviensis), the figure for
O. pumila was 154,385 bp. Gene organization and codon usage patterns exhibited high
conservation, which could be applicable for further population genetics and phylogenetic
studies. Moreover, the three Ophiorrhiza cp genomes were less variable in their coding
regions than in their noncoding regions, which is consistent with the common pattern
in most angiosperms [30] (Figure 5). Codon usage preference is closely related to gene
expression and can affect the level of mRNA and proteins in the genome [31–33]. The
most prevalent amino acid in the Ophiorrhiza was leucine (Leu), which has also been
commonly detected in the other angiosperms. The high similarity in codon usage may
indicate that these Ophiorrhiza species underwent similar environmental pressure through
their evolutionary processes. The Ophiorrhiza cp genomes indicated that the RSCU values
of most codons ending in A/U were greater than 1, which may be caused by a bias toward
a high A/T ratio in composition. Additionally, we investigated that the partial sequences
of the ycf1 gene along with five intergenic spacers (IGSs), including petA-psbJ, trnH-GUG-
psbA, trnS-GCU-trnR-UCU, psbM-trnD-GUC, and ndhC-trnM-CAU, had relatively high
nucleotide diversity values (Pi > 0.015). These divergence regions could be studied to
provide molecular markers for DNA barcoding and phylogenetic research in Ophiorrhiza.

While the three plastomes showed an approximate similarity in genome size, the
size of the structural regions exhibited significant differences in a detailed comparison of
junction sites (Figure 7). The regions of the cp genome frequently undergo length variations
during the evolution of terrestrial plants, which leads to the emergence of many boundary
features [34]. The expansion and contraction of the boundaries between IRs and the single-
copy (SC) regions are the primary causes of the size change in cp genomes and influence
the evolution rate of cp genomes [35,36]. Our finding revealed that the boundary-gene set
of the Ophiorrhiza species included rpl22, rps19, ndhF, ycf1, and trnH. Several notable gene
rearrangements were observed in the O. densa plastome; these were the presence of the rps3
gene at the JLB instead of the rpl22 gene, the expansion of the rpl2 gene to the JLA, and the
absence of the rps19 gene in the IR regions. Expansion and contraction, as well as variation,
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at the junction of the SC–IR regions were characterized, suggesting that gene organization
in the IR regions can report the distance between species to some extent.

The majority of taxonomic levels of plant phylogenetic connections have been demon-
strated using complete chloroplast genomes and protein-coding genes [37,38]. The current
study provides the phylogeny of the Ophiorrhiza genus based on the combined rps16-
trnL-F intergenic spacer sequences. The previous study of Razafimandimbison and Rydin
demonstrated that O. baviensis had been resolved as a sister relationship with O. japonica
and O. hayatana [39]. In terms of species classification, the phylogenetic tree based on
the concatenation of the rps16 gene and the trnL-F intergenic spacer indicated the close
relationship between the studied plant and the O. baviensis voucher Averyanov & al. VH940
(AAU) with a high bootstrap value of 92%. This approach showed effectiveness in the
classification of the lower taxonomic levels among the Rubiaceae family. Further, the
combination of these barcodes can lead to better species classification compared to the
results from a single gene [39]. This study will help to clarify the evolutionary position
of O. baviensis in the Ophiorrhiza genus, as well as offering applicable cp genome data for
further research into the genesis and diversification of the Rubiaceae family. Overall, our
phylogenetic investigation of the O. baviensis cp genome was successful in discovering the
intrageneric connections within the Ophiorrhiza genus.

5. Conclusions

In this study, the first complete chloroplast genome of an O. baviensis Drake species
from Vietnam was characterized and compared with two other published Ophiorrhiza
plastomes. The assembly resulted in a whole cp genome of 154,770 bp in size. According
to the comparative result, the structure and gene content of three Ophiorrhiza cp genomes
exhibited a high similarity, and the SC-IR junction analysis revealed the expansion and
contraction of IR regions. Additionally, the phylogenetic tree indicated close relationships
between our novel cp genome sequence and other Ophiorrhiza species. This study provides
the potential to employ cp genomes for enhancing species classification and genetic source
conservation during further study of the Rubiaceae family.
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Abstract: Fritillaria cirrhosa D. Don (known as Chuan-Bei-Mu in Chinese) can synthesize isosteroidal
alkaloids (ISA) with excellent medicinal value, and its bulb has become an indispensable ingredient in
many patented drugs. Members of the cytochrome P450 (CYP450) gene superfamily have been shown
to play essential roles in regulating steroidal alkaloids biosynthesis. However, little information
is available on the P450s in F. cirrhosa. Here, we performed full-length transcriptome analysis and
discovered 48 CYP450 genes belonging to 10 clans, 25 families, and 46 subfamilies. By combining
phylogenetic trees, gene expression, and key F. cirrhosa ISA content analysis, we presumably identify
seven FcCYP candidate genes, which may be hydroxylases active at the C-22, C-23, or C-26 positions
in the late stages of ISA biosynthesis. The transcript expression levels of seven FcCYP candidate genes
were positively correlated with the accumulation of three major alkaloids in bulbs of different ages.
These data suggest that the candidate genes are most likely to be associated with ISA biosynthesis.
Finally, the subcellular localization prediction of FcCYPs and transient expression analysis within
Nicotiana benthamiana showed that the FcCYPs were mainly localized in the chloroplast. This study
presents a systematic analysis of the CYP450 gene family in F. cirrhosa and provides a foundation for
further functional characterization of the CYPs involved in ISA biosynthesis.

Keywords: Fritillaria cirrhosa D. Don; cytochrome P450; isosteroidal alkaloid; full-length transcriptome

1. Introduction

F. cirrhosa D. Don, a member of the Liliaceae family, is a well-known medicinal plant in
China. The bulb of this plant, named “Chuan-Bei-Mu” in Chinese, was first introduced in
Divine Farmer’s Materia Medica (Shennong Bencao Jing) [1]. It is used as a medicine and
healthcare material in many traditional Chinese medicine (TCM) prescriptions [2]. It has
been used to treat chronic respiratory disorders such as asthma, cough, lung cancer, and
tuberculosis [3]. Modern pharmacological studies have indicated that the bulb of F. cirrhosa
contained a variety of bioactive isosteroidal alkaloids (ISA) such as imperialine, verticinone,
verticine, delavine, peimisine, etc., which are mainly responsible for the anti-asthmatic,
antioxidant, antitumor or anti-inflammatory action ascribed to them [4–7]. Imperialine
is a vital ingredient of these F. cirrhosa ISA and is frequently utilized as a pharmacopoeia
reference standard for the quality assessment of “Chuan-Bei-Mu” due to its significant
pharmacological properties [8].

Currently, only extremely low quantities of F. cirrhosa isosteroidal alkaloids (FISA),
between 0.02% and 0.03% of dry weight bio-mass, can be recovered from “Chuan-Bei-
Mu.” [9]. The Fritillaria plants belong to a critically endangered species and are recognized
as a Class II protected species in China’s ‘Wild Official Species under Protection of the State
according to Wild Medicine Material Protection Rules’ (http://www.cites.org.cn/, accessed

Genes 2023, 14, 219. https://doi.org/10.3390/genes14010219 https://www.mdpi.com/journal/genes195



Genes 2023, 14, 219

on 7 August 2021). Accordingly, further investigation of its pharmaceutical utility is limited
by supply shortage [10]. A more promising approach for obtaining structurally complex
natural products is the combination of genetic and metabolic engineering [11–14]. Because
of the impact of the environment, Fritillaria is represented in China by various cultivars
and variations, each of which has distinct qualities [15]. A multi-species metabolomics
investigation revealed that F. cirrhosa contains abundant steroidal alkaloids, such as imperi-
aline, suggesting that F. cirrhosa D. Don might be considered a suitable plant material for
research on FISA biosynthesis [14].

FISAs exhibit a distinctive steroidal architecture with five or six carbocyclic or het-
erocyclic rings on the C27 steroidal carbon skeleton [1]. FISAs are nitrogen-containing
specialized metabolites used as chemophenetic markers in Fritillaria (liliaceae) [16]. In the
first step, isosteroidal backbones are produced by the cytosolic mevalonic acid (MVA) and
methylerythritol phosphate (MEP) pathways. ISA is then produced via initial cyclization of
the central intermediate cycloartenol to cholesterol, followed by hydroxylation, oxidation,
and transamination [14]. The majority of the research has been devoted to the cloning and
control of functional genes upstream of the terpenoid biosynthesis pathway, including the
3-hydroxy-3-methylglutaryl coenzyme A reductase gene (HMGR), farnesyl diphosphate
synthase (FPS), squalene synthase (SS), and cycloartenol synthase (CAS) [15]. Secondary
metabolic pathways following cycloartenol generation are rarely studied, particularly the
downstream CYP450 genes responsible for C-22, C-23, and C-26 hydroxylation in the
steroidal alkaloid biosynthesis pathway.

Here, we used various bioinformatic tools to identify and analyze CYP450 superfam-
ily genes from the full-length transcriptome of F. cirrhosa, including gene nomenclature,
evolution, structure, and expression patterns. More importantly, we identified candidate
CYPs potentially involved in ISA biosynthesis using co-expression analyses and previous
reports that were validated by quantitative polymerase chain reaction (qPCR) analyses.
Last, the subcellular localization of candidate FcCYP450s were predicted using online tool,
two of which were analyzed in N. benthamiana leaves. Our study on CYPs genes in F.
cirrhosa provides essential information for further exploration into their physiological and
biochemical functions, as well as their application in improving ISA content in Fritillaria
plants.

2. Materials and Methods
2.1. Plant Materials, RNA Extraction, and Sequencing

The plants of F. cirrhosa D. Don were harvested inside the wild in July 2020 at Kangding
city, northwestern China (placed at 30◦3′44.9” N, 101◦58′3.81” E, altitude 4300 m). The
specimen (No. F-200725–1) was deposited at the Engineering Research Center of the
Sichuan-Tibet Traditional Medicinal Plant, Chengdu, China. We certify that the research
program complies with all applicable institutional, national, and international guidelines
and legislation, and that we have authorization to collect F. cirrhosa. After collection, the
bulbs were rinsed with cold distilled water, sterilized for in vivo culture, frozen in liquid
nitrogen, and kept at −80 ◦C until they were needed again.

An RNA Kit (Vazyme, Nanjing, China) was used to extract the total RNA from the
bulbs, and it was then processed in accordance with the manufacturer’s instructions. The
purity and concentration of the RNA were determined using a Nanodrop microspectropho-
tometer (Thermo Scientific, Waltham, DE, USA) and an Agilent 2100 bioanalyzer (Agilent
Technologies, Santa Clara, USA). PacBio Iso-Seq library construction followed the offi-
cial protocol described by Pacific Biosciences (Menlo Park, CA, USA). The PCR products
were size selected using BluePippin™ Size Selection System (Sage Science, Beverly, MA,
USA), and fragments with 0.5–6 kb were retained. A large-scale PCR was performed to
construct the next SMRTbell library. Finally, the PacBio RS II platform was used by Berry
Biotechnology Co. (Beijing, China) to complete the sequencing of the four SMRT cells.
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2.2. Bioinformatics Analysis

For comprehensive functional annotation, the full-length transcripts were compared
against public protein databases, including the NCBI nonredundant protein (Nr) database
(http://www.ncbi.nlm.nih.gov, accessed on 5 July 2022), Swiss-Prot protein database
(https://web.expasy.org/docs/swiss-prot_guideline.html, accessed on 5 July 2022), Kyoto
Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/kegg/kegg2.html,
accessed on 10 July 2022), the COG/KOG database (http://www.ncbi.nlm.nih.gov/COG,
accessed on 10 July 2022), and TrEMBL using BLASTx with a cut-off E-value of ≤10–5
(https://blast.ncbi.nlm.nih.gov/; version 2.2.23, accessed on 18 July 2022). Gene Ontology
(GO) annotation was analyzed by Blast2GO software (https://www.blast2go.com/; version
4.4, accessed on 18 July 2022) and GO function categories were performed using WEGO
software (http://wego.genomics.org.cn/; version 1.0, accessed on 22 July 2022).

2.3. Identification, Sequence Analyses and Phylogenetic of FcCYPs

The predicted CYPs were first searched for using keywords against the aforementioned
annotations. The National Center for Biotechnology Information (NCBI)’s BLASTx tool
was used to manually examine each potential CYPs sequence. After filtering out repeated
results, the coding sequences of the resultant subjects were retrieved. ORF Finder (https:
//www.ncbi.nlm.nih.gov/orffinder/, accessed on 27 July 2022) was used to identify the
open reading frame (ORF) sequences of CYPs. The nucleotide sequences of the ORF were
translated into amino acid sequences using the ExPASY translation tool (https://web.
expasy.org/translate/, accessed on 2 August 2022). The theoretical isoelectric point and
molecular weight of each identified CYPs protein were predicted using the “Compute
pI/MW” tool in the ExPASy server (https://web.expasy.org/protparam/, accessed on
2 August 2022). The protein subcellular localization of CYPs was predicted using WoLF
PSORT (https://www.genscript.com/wolf-psort.html, accessed on 8 August 2022). The
names of the CYPs proteins were assigned by Prof. David Nelson [17]. The sequences
were divided into A-type, which included only the CYP71 clan, and non-A-type, which
included all other clans based on CYP family membership. The CYPs proteins identified
here were selected as query sequences to do the BLASTp (https://blast.ncbi.nlm.nih.gov/;
version 2.2.23, accessed on 8 August 2022) searches against all available sequences in the
Nr database. The full-length sequences of FcCYPs were used to create a phylogenetic tree
with other known plant CYPs sequences in public databases using the neighbor-joining
(NJ) method with MEGA 11 software at 1000 bootstrap replicates and default settings
(Substitution type: Amino acid; Model/Method: Jones-Taylor-Thornton (JTT) model; Rates
among Sites: Uniform Rates; Gaps/Missing Data Treatment: Complete deletion).

2.4. RNA Extraction and qRT-PCR Analysis

Total RNA was isolated from the bulbs as described above. We examined transcript
expression patterns across different tissues (bulb, stem, and leaf). Gene expression levels
were determined by qRT-PCR using ChamQ SYBR qPCR Master Mix (Vazyme) on a Bio-
Rad CFX96 system (Bio-Rad, Hercules, CA, USA).18S ribosomal RNA was selected as the
reference gene. All the primers used are listed in Table S1. The relative expression was
calculated using the 2−∆∆Ct method. The experiment was performed with three biological
and technical replicates.

2.5. Determination of Alkaloids by HPLC-ELSD

The working standard solutions for the calibration curves were created by diluting the
stock solutions of imperialine (420 g/mL), peimine (413 g/mL), and peiminine (406 g/mL)
with methanol. The samples were prepared for alkaloid analysis, as described by Ma [18].
The HPLC-ELSD conditions were used to determine the alkaloids, and a liquid chro-
matograph (Agilent 1260 Infinity, Waldbronn, Germany) equipped with an Alltech 3300
evaporative light-scattering detector was used. The chromatographic separations were
carried out a WondaSil C18-WR column (250 mm × 4.6 mm, 5 µm; Agilent) at a column
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temperature of 30 ◦C. The column was eluted with a mixture of methanol (mobile phase
A) and 0.02% diethylamine (mobile phase B) at a flow rate of 1.0 mL/min. The following
elution conditions were used: 0–10 min, 60% A to 75% A; 10–25 min, 75% A to 82% A;
and 25–45 min, 82% A to 90% A. The ELSD’s drift tube temperature was set to 60 ◦C, and
nitrogen was used as the carrier gas at a flow rate of 1.2 L/min, gain value of 2, and injection
volume of 20 µL. The calibration curves for each compound were used to determine the
concentration based on an external standard method.

2.6. Subcellular Localization Analysis

We chose the CYP90A1 and CYP90B27 genes and used PCR-amplifying the ORFs for
these genes without a stop codon while using specific primers with corresponding enzyme
sites (Table S2) to assess representative CYP450 subcellular localization. The isolated PCR
products were then subjected to sequence validation by Sangon Biotech (Shanghai, China),
after which they were inserted into the pCAMBIA1300-35S-YFP vector upstream of the
enhanced yellow fluorescent protein (YFP) in order to produce p35S::CYP450-YFP vectors.
These recombinant plasmids were transformed into N. benthamiana along with the OsRac3-
mCherry plasmid using an Agrobacterium tumefaciens-mediated transient transformation
system. The plasma membrane localization marker was the fusion protein OsRac3-mCherry
as previously described [19]. The cultured A. tumefaciens cells (OD600 = 0.4) were infiltrated
into the leaves of N. benthamiana, which were grown in a greenhouse for 4 weeks at 23 ◦C
under a 16 h light/8 h dark cycle. The same process using the empty vector pCAMBIA1300-
35S-YFP was used as the control. Leaves expressing the resultant YFP fusion proteins were
visualized 48 h after infiltration using a Nikon Eclipse Ni-U microscope (Nikon, Tokyo,
Japan).

3. Results
3.1. SMRT Sequencing, Similarity Analysis, and Functional Annotation

The sequencing platform PACBIO RS II was used to carry out single-molecule real-time
(SMRT) sequencing. A total of 71.35 Gb raw reads were generated and 47,579,643 subreads
were obtained after filtering, among which 907,484 reads of inserts (ROIs) were successfully
extracted with mean lengths of 1772 bp and 48 passes. In total, 55,751 full-length consensus
isoforms, including 55,101 polished high-quality (HQ) and 650 low-quality (LQ) transcripts,
were produced.

To obtain a comprehensive annotation of the F. cirrhosa transcriptome, a set of 55,101
polished high-quality isoforms was annotated by searching five databases (GO, KOG, Nr,
KEGG, and Swiss-Prot). In total, 23,388 isoforms were annotated. Moreover, the specific
details of the overall functional annotation are described in Table S3. In addition, the 70
unannotated isoforms may represent novel F. cirrhosa genes.

The gene functions of the identified isoforms were classified using GO enrichment
analysis according to their molecular function, cellular component, and biological process
terms (Table S4). Among them, biological processes (30,678 genes) comprised the majority
of the GO terms. A significant portion of the isoforms were assigned to GO categories
such as cellular processes, metabolic processes, and catalytic activities, which are crucial
processes in plants and are involved in metabolite biosynthesis. According to the KOG
classification, 14,083 isoforms were identified (Figure S1). The largest group was the cluster
for general function prediction (2420).

3.2. Identification and Analyses of FcCYPs Sequences

A total of 189 sequences encoding putative CYPs were selected from the F. cirrhosa
full-length transcriptome by keyword searching and bioinformatics methods, of which 44
lacked the complete signature motifs of P450, and only the longest translation form was
retained to present each gene. Eventually, a total of 48 FcCYP genes were chosen for the
following analyses (Table 1). According to P450 nomenclature, all 48 FcCYP genes were
classified into 25 families and 46 subfamilies. They can be divided into two types: A-type
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(9 families) with 23 genes and non-A type (16 families) with 25 genes. The largest family
among them is the CYP71 family, which has 23 members. In contrast, the CYP51, CYP711,
CYP95, CYP63, CYP40, and CYP710 families each have just one gene. The deduced FcCYP
protein sequences ranged in length from 195 amino acids (CYP728B29) to 689 amino acids
(CYP97A10), corresponding to a molecular mass of 21.69 to 76.98 kDa for the proteins.

Table 1. List of 48 CYP450s of F. cirrhosa identified in this study.

No Gene ID Clan Family Subfamily
Amino
Acid

Residues
MW (kDa) pI Subcellular

Localization

1 27614 71 701 CYP701A6 429 49,317.84 5.73 cytoplasmic
2 25847 71 71 CYP71A1 495 56,263.57 6.78 chloroplast
3 25128 71 71 CYP71A1 496 56,013.99 8.22 chloroplast
4 25333 71 71 CYP71A2 511 56,277.12 6.89 chloroplast
5 24267 71 71 CYP71A25 503 57,395.89 7.69 chloroplast
6 25022 71 71 CYP71A4 498 56,964.15 7.72 vacular membrane
7 19214 71 71 CYP71A9 490 55,311.46 8.42 chloroplast
8 23625 71 71 CYP71D381 495 55,669.95 9.04 chloroplast
9 23436 71 71 CYP71D55 510 58,297.56 9.08 chloroplast

10 27190 71 71 CYP71D8 498 56,365.75 6.48 chloroplast
11 24560 71 73 CYP73A1 505 58,138.45 8.52 plasma membrane
12 22595 71 73 CYP73A100 518 58,650.4 8.6 plasma membrane
13 23153 71 73 CYP73A16 504 57,796.28 9.24 plasma membrane
14 22888 71 75 CYP75B137 503 55,336.92 6.88 chloroplast
15 23199 71 81 CYP81E8 507 56,385.25 7.15 chloroplast
16 24881 71 81 CYP81E8 509 57,543.15 9.06 chloroplast
17 25104 71 81 CYP81F3 494 55,327.71 6.19 chloroplast
18 23883 71 81 CYP81Q32 513 57,720.7 7.26 chloroplast
19 21801 71 84 CYP84A1 515 57,470.57 6.44 chloroplast
20 22019 71 93 CYP93A3 502 56,432.31 5.96 chloroplast
21 25162 71 89 CYP89A2 507 57,250.83 8.82 chloroplast
22 23387 71 89 CYP89A9 498 56,047.58 8.41 chloroplast
23 23217 71 98 CYP98A2 510 57,981.92 8.61 chloroplast
24 14155 72 72 CYP72A14 522 59,146.97 9.19 chloroplast
25 18891 72 72 CYP72A15 516 59,380.97 8.72 cytoplasmic
26 23630 72 72 CYP72A219 518 59,496.39 9.47 chloroplast
27 24173 72 72 CYP72A616 522 59,004.81 9.37 chloroplast
28 25879 72 734 CYP734A6 515 58,157.25 9.44 chloroplast
29 20540 85 707 CYP707A1 468 52,762.44 9.15 chloroplast
30 24431 85 707 CYP707A2 470 53,332.54 8.96 chloroplast
31 23919 85 85 CYP85A1 468 53,353.24 8.65 chloroplast
32 23991 85 90 CYP90A1 510 57,539.32 8.7 cytoplasmic
33 25638 85 90 CYP90B27 483 54,036.79 8.93 chloroplast
34 22207 85 90 CYP90D2 482 54,659.17 8.11 chloroplast
35 24036 86 704 CYP704C1 507 58,078.96 8.42 chloroplast
36 24455 71 77 CYP77A4 509 57,610.25 8.77 chloroplast
37 22541 86 94 CYP94A1 508 57,163.09 9.09 chloroplast
38 27487 86 94 CYP94N1 499 55,985.22 8.47 chloroplast
39 26422 86 94 CYP94B1 489 54,906.75 8.32 chloroplast
40 26493 86 94 CYP94C1 495 55,621.93 6.43 chloroplast
41 23522 86 96 CYP96A15 499 56,957.64 9.08 chloroplast
42 15644 86 97 CYP97A3 614 68,383.46 5.86 chloroplast
43 4877 95 95 CYP95 853 94,883.01 11.48 nucleus
44 26361 710 710 CYP710A11 495 56,010.29 7.19 plasma membrane
45 20822 711 711 CYP711A1 526 58,970.43 9.31 plasma membrane
46 32983 40 40 CYP40 369 40,848.45 5.49 cytoskeleton
47 18441 51 51 CYP51 488 55,580.08 8.13 chloroplast
48 10385 63 63 CYP63 689 76,552.99 10.67 nucleus
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To explore the evolutionary relationship between FcCYPs, an unrooted NJ tree with
48 full-length FcCYP sequences was built (Figure 1). According to phylogenetic analysis,
FcCYPs were classified into 10 clans, including six single-family clans (CYP95, CYP710,
CYP711, CYP40, CYP51, and CYP63) and four multi-family clans (CYP71, CYP86, CYP85,
and CYP72, in descending order, by number). Genes from the same clan were grouped
together to form a single clade. For example, 86 clans, comprising eight CYP450s belonging
to five families, were clustered into one clade. The CYP71 clan is regarded a special cluster
with the most members.
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3.3. Identification of Candidates CYPs Involved in ISA Biosynthesis

Four pathways, namely the mevalonate, phytosterol, cholesterol, and core ISA path-
ways, are involved in ISA biosynthesis [14,15]. We specifically evaluated CYP450s involved
in the synthesis of FISA. To date, 47 CYP450s have been found to play a role in sterol biosyn-
thesis [20–22]. The CYP51G1, CYP94N, and CYP94A subfamilies are the primary CYP450
gene families involved in steroid diversification, with the CYP90 family being the largest
multifunctional C-22/23 hydroxylation family involved in steroid biosynthesis [23–25]. To
identify the most relevant CYP450 unigenes involved in FISA biosynthesis, we performed
BLASTp searches that compared FcCYP450s to 51 CYP450s from other plant species known
to be involved in steroid metabolism. This analysis showed that CYP90B (contig 25638)
exhibited 73.72% sequence identity with Veratrum californicum CYP90B27v1, which is a
steroid C-22 hydroxylase involved in verazine production [26]. BLASTp analysis also
indicated that contig22207 exhibited 63.03% identity with Oryza sativa CYP90D2, which
catalyzes the C-23 hydroxylation of brassinosteroid [27].

To further investigate the functional roles and evolutionary relationships of these
FcCYPs, NJ phylogenetic trees were constructed using 48 CYPs and plants known to be
involved in steroid metabolism (Figure 2). Phylogenetic analyses revealed that FcCYP94A-
22541 and FcCYP94N-27487 belong to the CYP94 family and are most closely related to
V. californicum CYP94N1v2, which encodes the C-26 hydroxylation/oxidation enzyme
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involved in cyclopamine production [26]. Four contigs (CYP72A-18891, CYP72A-23630,
CYP72A-24173, and CYP72A-14155) clustered in the CYP72A group and were most closely
related to Solanum lycopersicum GAMEs [28], Trigonella foenumgraecum CYP72A613, and Paris
polyphylla CYP72A616 [21], which are involved in steroidal glycoalkaloid and diosgenin
biosynthesis.
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Figure 2. Phylogenetic tree of previously characterized sterol biosynthesis CYP450s and those F.
cirrhosa CYP450s isolated in this study (in red). The known biochemical activities of P450s are
indicated on the right.
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3.4. Analysis of Candidate CYPs Gene Expression and Key FISA Accumulation in Bulbs of
Different Ages

As the CYP90, CYP72, and CYP94 family genes are involved in steroid metabolism, we
examined their expression in relation to alkaloid accumulation in bulbs of various ages. We
found that all the selected genes were transcribed more in bulbs from 3 year-old F. cirrhosa
plants than in bulbs from 1 year-old plants (Figure 3). To verify whether the accumulation
of FISA at various ages in F. cirrhosa was consistent with the expression levels of these genes,
we used HPLC-ELSD to examine the contents of three major FISA (imperialine, peimine,
and peininine) in the bulbs of F. cirrhosa from the two different age groups (Figure 4 and
Table S5). We found that the accumulation of the three FISA in bulbs cultivated for 3 years
was significantly higher than that in bulbs cultivated for 1 year, similar to the trend of the
relative expression levels of the candidate CYPs genes. This result suggests that FcCYP
proteins are correlated with the FISA biosynthesis.
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3.5. Assessment of the Subcellular Localization of Two CYP450 Fusion Proteins

Most plant CYP450s target the endoplasmic reticulum (ER) and are occasionally
associated with plastids, plasma membranes, and other organelles [29,30]. We used an
online tool WoLF PSORT to predict the subcellular localization of 48 FcCYP proteins. Most
FcCYP proteins were located in membrane-bound chloroplasts (36), some in the plasma
membrane (5), and a few in the cytoplasm (3), nucleus (2), cytoskeleton (1), and vacuolar
membrane (1) (Table 1).

To determine the subcellular localization of F. cirrhosa CYP450 proteins, we transiently
expressed CYP90A1-YFP and CYP90B27-YFP fusion proteins in N. benthamiana epidermal
cells. OsRac3, a plasma membrane localization marker [19], was also co-transformed
with FcCYP fusion proteins. As shown in Figure 5, the fluorescence of CYP90A1-YFP
and CYP90B27-YFP partially overlapped with that of OsRac3-mCherry. Meanwhile, the
fluorescence of both seemed to be in the chloroplast, some other plastids, and cytoplasm,
which was consistent with the Wolfpsort predictions. These results suggest that FcCYP
proteins function by targeting different organelles in the cytoplasm.
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Figure 5. Subcellular localization of CYP90A1 and CYP90B27 in N. benthamiana leaves. Transiently
expressing p35S::CYP90A1-YFP or p35S::CYP90B27-YFP fusion protein in the leaves of N. benthamiana
by A. tumefaciens. Transient expression of p35S::YFP was used as the control. Subcellular localizations
of the fused proteins were analyzed by fluorescence microscopy at 48 h after infiltration. The
OsRac3-mCherry fusion protein is a plasma membrane marker. Scale bars = 50 µm.

4. Discussion

F. cirrhosa is a well-known medicinal herb containing imperialine (a steroidal alkaloid),
health products, and landscape, and its bulb is a pharmaceutical and breeding organ. Previ-
ous studies on F. cirrhosa have mainly focused on cultivation, breeding, phytochemistry, and
pharmacology [31]. Because of its highly heterogeneous, low-abundance repeat-derived
DNA and large genomes, assembling the genome of F. cirrhosa is difficult, time-consuming,
and expensive [32]. As a result, little information on the genetic characteristics has been
obtained. Although RNA-Seq can be used to explore and analyze differentially expressed
genes, the sequences are frequently incomplete. As a result, PacBio Iso-Seq is a more
effective and cost-effective method for directly producing a comprehensive transcriptome
with precise genetic structural characteristics for F. cirrhosa.

In comparison to previous gene discovery studies in F. cirrhosa using cDNA cloning
or Illumina sequencing [11,13,14], we generated a comprehensive transcriptome dataset.
Our Iso-Seq data generated a total of 55,101 deredundant high-quality isoforms, and the
full-length transcripts could be directly used for future gene discovery research without
additional PCR amplification. Using a combination of SMRT analyses, phylogenetic trees,
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and gene expression level analyses, we recharacterized the crucial genes encoding CYPs
involved in FISA synthesis.

Steroidal alkaloids (SA) are the most common active ingredients in the Liliaceae
family, and their biosynthetic pathways of SA have been investigated in many plants,
such as Paris [24], Veratrum [26], and Fritillaria species [15]. The CYP51 clan member
genes, which descended from a sterol-metabolizing CYP51 ancestor, are thought to be
the most ancient CYP450s in the SA biosynthetic pathway. In the present analysis, we
identified only one CYP51 clan member (CYP51G1). In V. californicum Jervine-type SA
synthesis, three specific cytochromes P450 (CYP90B27, CYP94N1, and CYP90G1) exhibit
hydroxylation/oxidation activity at the C-22 and C-26 positions. In F. cirrhosa, peimisine is
a Jervine-type SA, and BLAST and phylogenetic tree analysis showed that FcCYP90B-25638
obtained in this study shares high identity with VcCYP90B27 [26]. CYP90B subfamily
members can encode cytochrome P450s that participate in the C-22 hydroxylation of
cholesterol [24,26]. In the CYP86 clan, FcCYP94A-22541 and FcCYP94N-27487 are highly
similar to VcCYP94N1v2, which encodes steroid C-26 hydroxylase/oxidase. Imperialine is
classified as a cevanine-type alkaloid with a ring scaffold typical of cholesterol, and includes
a series of hydroxylation/oxidation reactions at C-22 and C-26. Therefore, FcCYP90B-25638,
FcCYP94A-22541, and FcCYP94N-27487 were identified as candidate CYPs involved in
FISAs biosynthesis.

We then performed a co-expression analysis of key FISAs with gene expression levels
in bulbs of F. cirrhosa of different ages. We measured the contents of key FISAs in F. cirrhosa
of various ages, including imperialine, peimine, and peininine. We predicted candidate
CYPs that are highly relevant to FISAs. We conducted qRT-PCR to analyze the gene
expression levels and found that all the CYPs genes were expressed at higher levels in
bulbs in the late growth stage than in the early stage, in line with steroid alkaloid content,
which is also in accordance with the levels of alkaloids in the growth stages of F. taipaiensis
and F. cirrhosa [33,34]. This finding suggests that the selected CYPs may be involved in
the formation of hydroxylation/oxidase of FISAs. The prediction and analysis of the
subcellular localization of FcCYP proteins showed that FcCYP proteins can function in the
chloroplast, plasma membrane, endoplasmic reticulum, nucleus, and some plastids. They
play key roles in the biosynthetic pathways of SA in different organelles. However, the
functions and mechanisms of these conversions remain unclear. We plan to verify these
conjectures in Saccharomyces cerevisiae heterologous expression in a follow-up study.

5. Conclusions

In this study, we identified 48 putative CYP450s with complete cytochrome P450
domains in the full-length transcriptome of F. cirrhosa. According to the classification
criteria, 48 CYP450s were classified into 10 clans consisting of 25 families and 46 subfamilies.
Following that, we conducted phylogenetic analysis to characterize 20 CYP450s identified
as being involved in FISAs biosynthesis. The qRT-PCR and HPLC-ELSD results showed
that all of the predicted candidate CYP450s genes expressed similarly with key FISAs
concentrations in bulbs of different growth ages. Finally, the subcellular localizations of
the two CYP450 candidates were investigated. Together, this study provides thorough
understanding of the CYP450 gene families in F. cirrhosa and will help in figuring out how
the CYP450 family functions in this and related species. Further research is required to
confirm the role of the selected candidate CYP450s genes in FISA biosynthesis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes14010219/s1, Figure S1: KOG function classification of
consensus sequence; Table S1: Sequences of the primers used in this study; Table S2: Details of
overall functional annotation; Table S3: GO annotation of the full-length deredundant high-quality
transcripts; Table S4: A list of 47 previously reported plant CYP450s involved in steroid biosynthesis;
Table S5: Method validation results and content of 3 components in F. cirrhosa.
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Abstract: GRAS family proteins are one of the most abundant transcription factors in plants; they play
crucial roles in plant development, metabolism, and biotic- and abiotic-stress responses. The GRAS
family has been identified and functionally characterized in some plant species. However, this family
in ginger (Zingiber officinale Roscoe), a medicinal crop and non-prescription drug, remains unknown
to date. In the present study, 66 GRAS genes were identified by searching the complete genome
sequence of ginger. The GRAS family is divided into nine subfamilies based on the phylogenetic
analyses. The GRAS genes are distributed unevenly across 11 chromosomes. By analyzing the gene
structure and motif distribution of GRAS members in ginger, we found that the GRAS genes have
more than one cis-acting element. Chromosomal location and duplication analysis indicated that
whole-genome duplication, tandem duplication, and segmental duplication may be responsible for
the expansion of the GRAS family in ginger. The expression levels of GRAS family genes are different
in ginger roots and stems, indicating that these genes may have an impact on ginger development. In
addition, the GRAS genes in ginger showed extensive expression patterns under different abiotic
stresses, suggesting that they may play important roles in the stress response. Our study provides
a comprehensive analysis of GRAS members in ginger for the first time, which will help to better
explore the function of GRAS genes in the regulation of tissue development and response to stress
in ginger.

Keywords: ginger; GRAS family; gene expression; phylogenetic analyses

1. Introduction

Transcription factors (TFs) are extraordinary proteins that participate in regulating
plant growth, development, signal transduction, and resistance to biotic and abiotic and
stresses [1]. TFs modulate the expression of target genes by combining with their cis-acting
regulatory elements [2,3]. The identification and analysis of TFs are fundamental in func-
tional genomic research. Since the first transcription factor was discovered in maize [4],
more than 3000 TFs have been demonstrated to be involved in various physiological pro-
cesses and regulatory networks in plants [2]. Among them, some important transcription
factors, including AP2/EREBP, WRKY, bZIP, MADS, MBS, ARF, HB, SBP, and others, have
been well studied [5–8].

The GRAS gene family is an important plant-specific transcription factor that is named
after the three earliest identified members: GAI (gibberellic acid insensitive), RGA (repres-
sor of GAI), and SCR (scarecrow) [9,10]. These proteins were first found in bacteria and
were transferred into plants via the mechanism of lateral gene transfer [11]. In general,
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GRAS proteins contain 400 to 700 amino acid (aa) residues, which are mainly located in the
nucleus [12]. The C-terminal region of GRAS genes is very conserved and forms the GRAS
domain. The GRAS domain has five motifs: VHIID motif, PFYRE motif, Leucine heptad
repeat II (LHR II), Leucine heptad repeat I (LHR I), and the SAW motif [13]. According
to related studies, the GRAS gene family has been identified in a variety of plants so far,
including poplar, Arabidopsis, rice, plum, and pine [14–17]. There are 35 and 61 members
of the GRAS gene family in the model plant Arabidopsis and rice genomes, respectively.
These GRAS proteins can be divided into at least eight subfamilies: SCR, LAS, DELLA,
PAT1, SHR, HAM, SCL3, and LISCL [18,19]. Based on the accumulation of data on the
GRAS family, more than 13 clades were identified in plants [20–22]. The evolutionary
history of the GRAS family in plants has been studied extensively so far, including the
model species, Arabidopsis [19] and tobacco [23], as well as the common crops rice [23],
maize [24], sweet potato [25], cotton [5], sativa [19], castor [26], poplar [27], cabbage [24],
and grape [28].

The members of GRAS family play important roles in diverse processes such as plant
growth and development, and tolerance to biotic or abiotic stresses [29–34]. Each subfamily
of GRAS has unique functions, whereas the proteins from the same subfamily have similar
functions. Genes of the DELLA subfamily have been shown to be blockers of the gibberellin
(GA) signaling pathway, e.g., GAI, RGA, and RGL [32]. GAI and RGA act as negative
regulators of GA signaling and control various plant developmental processes, including
seed development and vegetative reproductive-phase transition in Arabidopsis [35]. It
has been reported that members of the SCR and SHR subfamilies can form the SCR/SHR
complex, which is involved in regulating the radial growth of root [36]. The subfamily
LAS genes are always in the hub of the gene regulatory network and can downregulate
GA content [37]. When AtLAS was knocked out in Arabidopsis, lateral roots could not
be formed [31]. The apical meristem organization and growth of Capsicum annuum were
regulated by members of the subfamily HAM. The PAT1 subfamily plays important roles in
activating the ROS scavenging system, which could improve tolerance to salinity, drought,
and cold [38,39]. SCL proteins display unexpected tolerance to diverse environmental
stresses; for example, SCL14 is involved in promoting the resistance of Arabidopsis through
activating stress-inducible promoters [40]. The drought and salt resistance were enhanced
by the overexpression of the PeSCL7 gene in Arabidopsis [41]. Moreover, when the ZmSCL7
gene was overexpressed in tobacco, plant resistance to salt was significantly improved.

Ginger (Zingiber officinale Roscoe) is an herbaceous perennial plant that belongs to
the family Zingiberaceae. Ginger is one of the most widely cultivated crops in numerous
countries, including China, India, and Nigeria. The global ginger production in 2019 was
up to 4.08 million tons according to data from the FAO. The rhizome of ginger is a popular
spice and traditional Eastern medicine [42,43]. The bioactive components of ginger have
shown therapeutic properties as an agent for treating rheumatoid arthritis, asthma, and
other ailments [44,45]. A number of TFs have been reported to be crucial in regulating the
rhizome development and abiotic stress. For example, AUX/IAA and MADS box protein
respond to rhizome initiation and development [46]. The ZoAP2/ERF family genes play a
crucial role in tolerance to cold, drought, and salt [47]. However, the function of the GRAS
family in ginger remains unknown. Based on the published whole genome of ginger [48],
this study identified and analyzed the ginger GRAS family genes by using bioinformatic
methods. The present systematic research provided some insights that could be used in
elucidating the function of ginger GRAS.

2. Materials and Methods
2.1. Genome-Wide Identification of GRAS Genes in Ginger

The full genome sequence and annotation data of Arabidopsis thaliana and rice were
obtained from the Phytozome 13. The ginger genome was sequenced by our group and
was published in Horticulture Research [48]. Moreover, all the Arabidopsis and rice GRAS
genes were obtained from Plant TFDB, based on previous reports. In order to identify
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out all the possible GRAS genes in ginger, the BLASTP search against all the protein
sequences of ginger was performed using all the GRAS sequences of both Arabidopsis and
rice as inquires. GRAS sequences of ginger were extended by combining gene annotation
information and BLASTP search. To confirm the accuracy of predicted ginger proteins, we
used the NCBI website to evaluate whether the candidates contain no GRAS structural
domains or less than half the length of a typical GRAS structural domain (350 aa) [49].
Those candidates lacking a typical conserved GRAS domain were treated as non-redundant
GRAS member and excluded. The ExPASy software (https://web.expasy.org/protparam/,
accessed on 16 December 2022) was used to analyze the composition, chemical, and
physical characterization of ginger GRAS proteins [50]. WoLF PSORT (http://wolfpsort.org,
accessed on 16 December 2022) was used to predicate the subcellular localization of the
identified GRAS proteins.

2.2. Phylogenetic Analysis of the GRAS Genes

The phylogenetic analysis was conducted based on all of the GRAS protein sequences
of ginger, A. thaliana and rice. The Clustal X software was used to align the GRAS sequences
through the default parameters. To investigate the relationships of GRAS members, the
phylogenetic analysis was performed using the maximum likelihood (ML) method in
MEGA 11 (https://www.megasoftware.net/, accessed on 21 May 2022), with 1000 boot-
strap replications [51]. Subsequently, these GRAS sequences were classified into different
subfamilies on the basis of the obtained phylogenetic tree. At last, the phylogenetic tree
was edited and visualized.

2.3. Chromosomal Location and Gene Duplication

The chromosome positions of 66 GRAS genes were obtained from ginger transcrip-
tome of the research group. Duplicate gene pairs were generated by BLAST program
through aligning the paralogs of ginger GRAS. The multiple collinear scanning tool kits
(MCScanX) was used to analyze the gene duplications and collinearity relationships of
GRAS genes [52]. If both coverage and similarity of aligned genes are greater than 75%,
potential gene duplication events will be hypothesized to occurred among these genes.
Tandem duplications were defined as duplicated genes with less than one intervening
on a single chromosome. If not, they were treated as segmental repeats in the present
study. We used TBtools software to draw the physical map of GRAS genes and display the
distribution of GRAS genes on different ginger chromosomes.

2.4. Gene Structure and Conserved Motif Analysis of GRAS Genes in Ginger

In order to determine the features in the ginger GRAS sequences, multiple sequence
alignment of 66 GRAS proteins was obtained by using Jalview software v2.10.5 with default
parameters and realigned using Clustal. The conserved motif domains of ginger GRAS
proteins were examined by using the MEME suite tool (http://meme.nbcr.-net/meme/
intro.html, accessed on 23 May 2022) from the website [53]. The exon–intron structure of
ginger GRAS was analyzed by using the TBtools based on the gff3 file of ginger genome.
The patterns of gene structure and conversed motif were visualized by TBtools.

2.5. Expression Analysis of Ginger GRAS Genes

The transcriptome data was used to reveal the expression patterns of GRAS genes in
different tissues. Young leaves of ginger after salt, heat and cold treatments were collected
for RNA-seq. Total RNA was extracted by using the TRIzol kit (Invitrogen, Carlsbad, CA,
USA) an mRNA purification kit (Promega, Beijing, China) was used to purify mRNA from
total RNA, according to the manufacturers’ protocols. For each sample, an amount of 20 µg
RNA was enriched by using oligo (dT) magnetic beads. Then, these RNAs were digested
into short fragments. The first- and second-strand cDNA were synthesized and purified
at the BGI (Shenzhen, China). The purified fragments were linked to the sequencing
adaptors. The RNA-seq was carried out on an Illumina Hiseq 2000 sequencing system.
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Differentially expressed genes were identified by a rigorous algorithm. The significance of
gene expression difference was judged by a criteria of the absolute value of log2 ratio > 1
and p < 0.001 based on the Z. officinale genome sequence.

QRT-PCR was used to detect the expression of selected GRAS genes in response to
abiotic-stress. The qRT-PCR primers were designed by using Primer Primer 5 software
(http://frodo.wi.mit.edu/, accessed on 23 May 2022) (Supplementary Materials Table S1).
The TUB2 gene is always used as an internal reference gene; it was found to be expressed
in most of the tissues with stable expression levels. The TUB2 gene was used as an
internal control in this study. The PCR program was was performed as follows: an initial
denaturation of 95 ◦C for 30 s, a second denaturation of 95 ◦C for 10 s 40 cycles, and 60 ◦C
for 30 s. Each reaction was carried out with three biological replicates. The 2−44CT method
was used to calculated the relative expression level of each GRAS gene [54].

2.6. cis-Elements and Target miRNAs Analysis of Ginger GRAS

For each ZoGRAS gene, 2 kb (kilo-base) DNA sequences in upstream regions were
extracted from the ginger genome. The cis-regulatory elements were searched and analyzed
in this 2 kb region by using the online server of PlantCARE (http://bioinformatics.psb.
ugent.be/webtools/plantcare/html/, accessed on 23 May 2022) and TBtools v1.0971 [52].
The web-based psRNA Target Server (http://zhaolab.org/psRNATarget, accessed on 27
December 2022) was used to determine the potential miRNAs that targeting the ZoGRAS
genes with default parameters.

3. Results
3.1. Identification and Physicochemical Properties of GRAS Genes in Ginger

In total, 66 GRAS proteins in ginger were identified by a combination of methods
(Supplementary Materials Table S2). The complete GRAS domain (PF03514) were found in
all of the ginger GRAS proteins. The physical and chemical characteristics of ginger GRAS
proteins were analyzed by using ExPasy. Among the 66 GRAS proteins, ZoGRAS#34 is the
smallest, with 381 aa; the largest is ZoGRAS#13, with 3159 aa. The molecular weight of the
ginger GRAS proteins ranged from 14.66 kDa (ZoGRAS#34) to 117.37 kDa (ZoGRAS#13).
The pI ranged from 4.81 (ZoGRAS#34) to 9.65 (ZoGRAS#37). The numerical range of
molecular weight and PI agree with that of other species, indicating the conservation of
GRASs in different species. Subcellular localization analysis showed that a total of 30
GRAS proteins were located in the nuclear region, 16 in the cytoplasm, 1 in the intercellular
filaments, and 19 in the chloroplasts (Supplementary Materials Table S3).

3.2. Multiple Sequence Alignment, Phylogeny, and Classification of GRAS Genes

In order to detect the relationships among GRAS family proteins, the GRAS domains
of 70 rice, 48 Arabidopsis and 66 ginger GRASs were collected. The aligned GRAS data
were used to construct the phylogeny using the Maximum Likelihood method in MEGA
(Figure 1 and Supplementary Materials Table S2). According to the relationship with known
rice and Arabidopsis homologs, and the clustering patterns here, ginger GRAS proteins
were classified into nine subfamilies: SCL3, DELLA, HAM, LISCL, SHR, PAT1, LAS, SCR,
and DLT. SHR and PAT1 were the most abundant subfamilies with 12 and 13 GRAS genes,
respectively. The other subfamilies, namely SCL, DELLA, HAM, LISCL, LAS, SCR, and
DLT, had 4, 6, 11, 7, 2, 9, and 2 GRAS genes, respectively.

3.3. Chromosome Distribution of Ginger GRAS Genes

According to the physical location of genes in the ginger genome, the chromosomal
positions of the GRAS gene were depicted (Figure 2). Our results showed that the 66 GRAS
genes distributed unevenly on the 11 ginger chromosomes. Most of the ZoGRAS located in
the areas with high gene density. It is worth noting that Chr04 contained the most GRAS
genes (9 genes). Both Chr03 and Chr01 have 8 GRAS gene members. Some chromosomes
(e.g., Chr06, Chr07 and Chr06) have less than 5 GRAS genes.
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3.4. Gene Structure and Motif Analysis of Ginger GRAS

Exon/intron gene structure plays an important role in gene family evolution. GRAS
intron and exon structure were obtained by comparing the genomic DNA sequences
(Figure 3). The positioin and number of exons and introns of all GRAS genes were analyzed.
Our analysis showed that 77.3% of the GRAS genes had no intron. Nine ZoGRAS members
contain one or more introns. GRAS13 contains 15 introns. Three introns were found in
ZoGRAS49, ZoGRAS55, and ZoGRAS15.
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There are 10 conserved motifs (Motif 1–10) in ginger GRAS proteins. The number
of motifs vary among ginger GRAS proteins. The conserved motifs of all GRAS proteins
were mainly found in the C-terminus, and the types and positions of conserved motifs
contained in the same subfamily of proteins were very similar (Figure 4). For example, the
DELLA subfamily proteins all contain conserved motifs, and the SCR subfamily proteins all
contain conserved motifs. In ginger, Motif-1, Motif-2, and Motif-7 were identified in most
of the GRAS proteins. ZoGRAS#34 contains 3 conserved motifs: Motif 3, Motif 5, and Motif
8. ZoGRAS#39 and ZoGRAS#38 contain 4 motifs: Motif 1, Motif 2, Motif 7, and Motif 9.
ZoGRAS#60 contains 5 motifs: Motif 2, Motif 3, Motif 6, Motif 8, and Motif 9. ZoGRAS#36
contains 5 motifs: Motif 1, Motif 2, Motif 7, Motif 8, and Motif 9. The number of conserved
motifs on the rest of GRAS proteins in ginger ranged from 6 to 10. Based on the analysis of
the structure and conserved motifs of GRAS proteins in different subclades, it is clear that
members within the same subclade are relatively conserved. Thus, the functions of genes
in the same subclade may be similar.
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3.5. GRAS Promoter cis-Acting Elements and Target miRNA Analysis

In order to further study the regulation mechanism of ginger GRAS genes under
abiotic stress, the upstream 2 kb sequences of 66 GRAS genes were captured from ginger
genome to analyze the cis-acting elements. The results show that there are approximately
30 cis-acting elements that can function efficiently, and cis-acting elements that can be
efficiently expressed, as well as elements with well-defined functions, were analyzed
and explained. Hormone response elements, including ABRE (abscisic acid responsive),
P-box, GARE-motif and TATC-box (gibberellin responsive), TCA-element and SARE (sal-
icylic acid responsive), TGACG-motif and CGTCA-motif (MeJA-responsive), TGA-box
(auxin-responsive), and Unnamed_1 (phytochrome) (Figure 5), were identified. Abiotic-
stress-response elements include TC-rich repeats (defense and stress responses), GC-motif
(hypoxia-specific induction), MBS (drought inducibility), WUN-motif (wound responsive
element), DRE, and LTR (dehydration, low temperature, and salt-stress responsiveness).
Response elements to light include the TCT-motif, ACE, GT1-motif, G-Box, Sp1, 3-AF1
binding site, AAAC-motif, 4cl-CMA1b, MRE, Box 4, ATCT-motif, ATC-motif, CAG-motif,
TCCC-motif, LAMP-element, GATA-motif, ACE, I-box, AE-box, ACA-motif, AT1-motif,
BoxII, chs-CMA1a, chs-Unit 1 m1, C-box, chs-CMA2a, Gap-motif, GA-motif, L-box, Pc-
CMA2c, sbp-CMA1c, and TCT-motif. Other response elements include the CCAAT-box,
Unnamed__1, AT-rich element, Box-III, HD-Zip 3 (protein binding site), NON-box (meris-
tem expression) and CAT-box, TATA-box, motif I (root specificity), CAAT-box and A-box
(promoter and enhancer), AT-rich sequence (ecitator), MBST (flavonoid biosynthesis gene
regulation), MSA-like (cell cycle), GCN4_motif (endosperm expression), ARE (anaero-
bic induction), O2-site (zein metabolic regulation), HD-Zip 1 (differentiation of palisade
mesophyll cells), circadian (circadian rhythm adjust) and RY-element (seed-specific regula-
tion). A WUN-motif associated with wound reactivity was found in both ZoGRAS#19 and
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ZoGRAS#11. The RY element, a seed-specific element, is found only in ZoGRAS#49 and
ZoGRAS#3. Motif I is a root-specific regulated cis-element found in ZoGRAS#53. MBST is
a flavonoid biosynthesis gene-regulated cis-element found in ZoGRAS#42, ZoGRAS#58,
ZoGRAS#26, and ZoGRAS#20. MSA, which is associated with the cell cycle, is found in
ZoGRAS#25, ZoGRAS#48, ZoGRAS#47, ZoGRAS#46, ZoGRAS#66, and ZoGRAS#65. Pre-
sumptive target gene prediction analyses showed that 19 target miRNAs for 11 ZoGRAS
genes were predicted (Supplementary Materials: Table S4).
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3.6. GO Annotation of GRAS Protein Sequences

To understand the functions of GRAS proteins in different biological processes in
ginger, a GO annotation analysis of ZoGRAS genes were performed. The results suggest
that GRAS proteins may be involved in many biological, cellular, and molecular processes.
Most GRAS proteins have the function of protein-binding and transcriptional regulation.
The major GRAS proteins are involved in the regulation of RNA biosynthesis processes,
nucleic acid template transcription, and template transcription. There are some genes
involved in hormonal regulation, such as gibberellin regulation. Some genes were also
found to be involved in regulating plant organs development and abiotic stresses response.
The results showed that 50 of the 66 GRAS proteins have organic cyclic compound binding,
specific binding, and transcriptional regulatory activities. The biological process analysis
of GRAS genes showed that GRAS genes function in biometabolic, abiotic, and biotic-stress
response (Figure 6).
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3.7. Synteny and Evolutionary Analysis of GRAS Genes

In all organisms, gene replication happens frequently, causing functional changes of
new genes from previous genes. In a previous study, tandem duplication event was defined
as more than one gene family member arising within a 200 kb intergenic region. In contrast,
segmental duplication is common in plants. Because the process of polyploidization
make these plants retain many large blocks of duplicated chromosomes. In general, the
copy number increase of gene family in plants was contributed by tandem and segmental
duplications. Many ginger GRAS genes exist on different chromosomes in ginger, indicating
that the GRAS gene family is highly conserved (Figure 7). In this study, two GRAS genes
resulted from one tandem duplication event (ZoGRAS#18/ZoGRAS#20) were found in
ginger chromosome (Chr04). In total, 50 ginger GRAS genes associated with 25 segmental
duplication events were detected, which indicate that segmental duplication might drive
the evolution of ginger GRAS family. The segmental events were assessed to have occurred
4.66 million years ago (Ma).
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To explore the relationships of the ginger GRAS family with other plants, two com-
parative collinear maps of ginger related to Arabidopsis and barley were constructed
(Figure 8). Homology of ginger GRAS genes were found in both Arabidopsis and barley. In
total, 6 GRAS genes of ginger displayed syntenic relationships with those in Arabidopsis.
However, no syntenic gene pairs between barley and ginger were found.

3.8. Expression Patterns of Ginger GRAS Genes in Response to Abiotic Stress

In order to study the potential functions of the GRAS genes under various non-
biological stresses, RNA-seq data under heat, cold, and salt treatments were used to detect
their expression levels. In total, 66 GRAS genes were found differentially expressed in at
least one stress treatment. The expression of 12 randomly selected genes were also detected
by using qRT-PCR under cold- and heat-stress treatments. All the 12 selected genes are
significantly induced by stress at one or more time points (Figure 9). In general, genetic
response was slowe under cold conditions. The gene expression level increased gradually
under low-temperature conditions and peaked at 12 h or 24 h (Figure 10).
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3.9. GRAS Gene Expression Profile of Ginger in Different Tissues

In order to explore the potential functions of the ginger GRAS genes in different
developmental stages of ginger organs, RNA-seq data were used to examine their expres-
sion patterns (Figure 11). A total of 39 of the 66 GRAS genes were found expressed in all
samples (FPKM > 0), and 27 GRAS genes exhibited constitutive expression (FPKM > 1
in all samples). Some genes showed preferential expression in the tissues detected. For
example, one gene in the meristem of stems (ZoGRAS#45), two genes in leaves (ZoGRAS#9),
a couple of genes in mature florescences (ZoGRAS#9 and ZoGRAS#45), and three genes in
the roots (ZoGRAS#44, ZoGRAS#9, and ZoGRAS#45) exhibited highest expression level.
The expression level of some genes showed a obvious trend in different development
stages of ginger organs. Such as, the expression level of ZoGRAS#9 gradually decreased,
whereas, the expression level of ZoGRAS#19 showed a increasing trend (Figure 11). The
transcriptional abundance of GRAS genes varied in different organs, suggesting that GRAS
genes exhibit diverse functions during the growth and development of ginger.
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4. Discussion

Transcription factors play important roles in plant growth and development, response
to adversity stress, and various aspects of plant life activities. Previous studies have also
shown that the expression of GRAS family members in different organs e.g., roots, stems,
leaves, flowers, and fruits varies during plant growth and development, thus indicating that
the GRAS gene family is involved in all stages of plant growth and development [29–34].
Moreover, the GRAS gene family plays a key regulatory role in response to environmental
stresses [3,20,26,28]. Nevertheless, the GRAS genes in ginger have not been reported to
date. In this study, we searched GRAS genes in the ginger genome and identified 66 GRAS
family genes, which is more than the number of GRAS genes in Arabidopsis (48) and
tomato (53), but less than the number of GRAS genes in rice (70) [55]. Previous studies have
suggested that GRAS proteins may expand after the divergence of higher and lower plants,
and their numbers vary widely in different plants [3,24]. Comparative analyses have shown
that amplification of the GRAS gene family is associated with whole-genome duplications,
tandem duplications, and segmental duplications [12]. Tandem repeats were detected
in Arabidopsis, tomato, rice, and poplar [22,27]. In ginger, a whole-genome duplication
event occurred during the evolutionary history [48]. In this study, chromosome mapping
showed that ZoGRAS genes are distributed on all the 11 chromosomes of ginger, whereas
the number of ZoGRAS ranges from 4 to 9. A total of 1 tandem duplication event and 25
segmental duplication events in connection with 52 GRAS genes were determined. Thus,
expansion of the ZoGRAS family in ginger might be the result of whole-genome duplication,
segmental duplication, and tandem duplications.

In this study, the GRAS genes of Arabidopsis, rice, and ginger were divided into
nine clades. The relationship between ginger and Arabidopsis thaliana suggests the origin
and diversity of GRAS. The results indicate that the ZoGRAS genes originated and differ-
entiated in the ancestor of monocotyledons (ginger) and dicotyledons (A. thaliana). The
PAT1 subfamily contains the largest number of ginger GRAS genes (15). The genes of the
PAT1 subfamily play an important role in plant phytochrome and defense signaling path-
ways [10,56]. SHR and SCR subfamilies are involved in maintaining root apical meristem
and regulating the root morphology in Arabidopsis [57]. Therefore, 19 ZoGRAS genes
(12 homologous to AtSHR and 7 homologous to AtSCR) may have similar functions. The
HAM subfamily, consisting of four ZoGRAS proteins, could be involved in shoot meristem
formation [32]. In ginger, six ZoGRAS genes were identified as DELLA subfamily members.
Studies have shown that the DELLA subfamily plays a negative regulatory role in the GA
pathway and could lead to the dwarfing of plant growth [58]. The phylogenetic analysis
of the GRAS gene family provides a theoretical basis for further study of the functional
genome of ginger.

Introns play a very important role in plants’ evolution and undergo loss and gain dur-
ing the evolutionary history [59]. The GRAS gene has been identified in 67% of individual
exon-less genes in Arabidopsis [27], 84% in poplar [60], and 77.4% in tomato [49]. The pro-
portion of intron-less GRAS genes in ginger was higher (~77.3%) than in Populus (54.7%),
rice (55%), and Arabidopsis (67.6%), but lower than in Plum (82.2%) [24,61,62]. Intron-less
genes have also been identified in other large gene families, e.g., the small auxin-up RNA
(Saur) gene family and the DEAD box RNA helicase F-box TF family [63,64]. Plant GRAS
genes were hypothesized to originate from prokaryotic genes through a mechanism of
horizontal gene transfer and duplicate during evolution, which could explain the scenery
of abundant GRAS genes without introns [27,65]. Intron-less genes may be able to respond
quickly to stress and regulate growth and developmental processes in plants [66–68]. Thus,
many ZoGRAS members tend to respond rapidly to environmental changes. We analyzed
10 different conserved motifs in the ZoGRAS family and found that members in the same
group usually have a similar motif composition and transcriptional regulators, whereas the
motif compositions and distributions in the N-terminus vary remarkably among different
ZoGRAS subgroups. In evolutionary processes, mutations of non-conservative amino acids
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cause motifs’ variation, which contributes to the distinct and diverse gene functions of
GRAS genes.

GRAS proteins exhibit multiple functions and play important roles in plant growth
and a variety of physiological processes, including GA signal transduction and hormone
metabolism regulation in response to biotic and abiotic stresses [13,69]. The DELLA protein
plays a negative role in the endogenous plant hormone gibberellin, leading to the reduced
sensitivity of plants to gibberellin, resulting in a range of phenomena such as dwarfism
during growth [70]. In addition, the study of the PATl family revealed the response of the
plant PATl family to light [10]. Both PAT1 and SCL13 were found to act in the light signaling
pathway of Arabidopsis and control the basic plant hairs through photoreceptor transduc-
tion signals [56]. Tissue-specific expression patterns indicated that most of the ZoGRAS
genes were expressed in all tested tissues. In the GO enrichment analysis, the genotype
ends are subject to functional diversity, resulting in the majority of ginger GRAS proteins
playing important roles in many different biological processes. Based on the analysis of the
promoted region, we found growth-related, abiotic-responsive, and hormone-responsive
cis-elements in the promoted region. These results suggest that ginger GRAS transcription
factors play important roles in hormone signaling pathways. The comparison of GRAS
homologs in different species, including expression patterns and protein sequences, has
enhanced our understanding of the role of these GRAS genes in ginger.

Transcriptional regulators belonging to the consent subcluster share a recent common
evolutionary origin and have molecularly functionally related conserved motifs. Highly
homologous genes between ginger and rice and Arabidopsis were used to predict gene
function in ginger. No studies have been conducted to analyze the expression pattern of
ginger GRAS family genes under abiotic stress. In this study, we analyzed the expression
patterns of ginger GRAS family genes in different tissues, different development stages, and
different abiotic stress treatment with transcriptome and real-time qPCR. In Arabidopsis,
a GRAS family transcription factor called SCARECROW-LIKE28 (SCL28) plays a critical
role in determining cell size [71]. We found that ZoGRAS#66 and ZoGRAS#65 in ginger
are closely related to AtSCL28, thus indicating that these two genes may be involved in
regulating cell size, which is associated with the expansion of the ginger rhizome. AtSCL15,
a member of the HAM subfamily, is involved in salt- and cold-stress responses [72]. In
particular, three genes of the HAM subfamily in ginger, namely ZoGRAS#13–15, were also
found to be significantly differently expressed in cold- and salt-stress treatment. Previous
studies have shown that AtSCL14 genes of the LISCL subfamily in A. thaliana can enhance
stress resistance through upregulating the expression of stress-response genes [66]. Simi-
larly, four genes (ZoGRAS#23–25,27) of the LISCL subfamily were significantly upregulated
under cold stress. A member of the PAT1 subfamily AtSCL13 showed strong tolerance to
drought-, cold-, and salt-stress treatments [66,73]. In this study, six ZoGRAS genes of the
PAT1 subfamily were found to be differently expressed. Among them, ZoGRAS#42 and
ZoGRAS#48 were significantly upregulated under heat treatment. ZoGRAS#48, ZoGRAS#52,
and ZoGRAS#53 increased significantly after cold and salt treatments. In general, functions
of ZoGRAS genes overlap in tissue development and response to various stresses; this
finding is in agreement with previous studies, as reviewed by Waseem et al. [3]. These
results lay a foundation for further study of stress response and additional functions of
ZoGRAS gene family members.

5. Conclusions

In this study, a comprehensive analysis of the GRAS family genes in ginger was per-
formed, and a total of 66 full-length GRAS genes were identified. Based on the phylogenetic
tree and the distribution of conserved motifs, the GRAS family was divided into 10 sub-
families with highly similar gene structures and motif compositions in the same subfamily
or subgroup. The phylogenetic comparison and collinear analysis of different plant GRAS
genes provided important clues for the evolutionary characteristics of ginger GRAS genes.
The GRAS gene plays an important role in the growth and development of ginger. The phy-
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logeny and gene expression analysis and abiotic stress treatment during the development
of ginger rhizome will provide a reference for the functional analysis of the GRAS gene.
Taken together, these results provide a valuable resource for a better understanding of the
biological role of the GRAS gene in ginger. In the future, various advanced approaches, e.g.,
yeast hybrids, co-immunoprecipitation, and yeast pull-down assay, are needed to uncover
the mechanism of GRAS TFs in ginger development and stress.
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Subcellular localization of GRAS gene in Z. officinale Roscoe; Table S4: miRNA targets of GRAS genes
in Z. officinale Roscoe.
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Abstract: Drought stress is a significant abiotic factor influencing maize growth and development.
Understanding the molecular mechanism of drought tolerance is critical to develop the drought
tolerant genotype. The identification of the stress responsive gene is the first step to developing a
drought tolerant genotype. The aim of the current research was to pinpoint the genes that are essential
for conserved samples in maize drought tolerance. In the current study, inbred lines of maize, 478
and H21, a drought-tolerant and susceptible line, were cultivated in the field and various treatments
were applied. The circumstances during the vegetative stage (severe drought, moderate drought
and well-watered environments) and RNA sequencing were used to look into their origins. In 478,
68%, 48% and 32% of drought-responsive genes (DRGs) were found, with 63% of DRGs in moderate
drought and severe drought conditions in H21, respectively. Gene ontology (GO) keywords were
explicitly enriched in the DRGs of H21, which were considerably over-represented in the two lines.
According to the results of the GSEA, “phenylpropanoid biosynthesis” was exclusively enriched in
H21, but “starch and sucrose metabolism” and “plant hormone signal transduction” were enhanced
in both of the two lines. Further investigation found that the various expression patterns of genes
linked to the trehalose biosynthesis pathway, reactive oxygen scavenging, and transcription factors,
may have a role in maize’s ability to withstand drought. Our findings illuminate the molecular
ways that respond to lack and offer gene resources for maize drought resistance. Similarly, SNP and
correlation analysis gave us noticeable results that urged us to do the same kind of analysis on other
crops. Additionally, we isolated particular transcription factors that could control the expression
of genes associated to photosynthesis and leaf senescence. According to our findings, a key factor
in tolerance is the equilibrium between the induction of leaf senescence and the preservation of
photosynthesis under drought.

Keywords: GO analysis; maize; GSEA; SNP; PCR; drought tolerant

1. Introduction

Maize (Zeal mays L.) is a significant cereal crop. Maize production around the world
is adversely impacted by drought stress. The breeding of drought-tolerant genotypes
is a practical way of addresing the water shortage problem. This calls for a thorough
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understanding of the sub-atomic elements involved in the reactions caused by drought
pressure in maize, as well as genomic means such as genomic determination, hereditary
designing, and genomic alteration for drought tolerant improvement. Plants’ response to
stress can be categorized into four stages: alert stage, aggregation stage, support stage, and
fatigue stage. The sub-atomic reactions to the drought pressure of plants include more
administrative and useful assets [1].

The transcription factor (TFs) is a significant controller protein that can unequivocally
direct initiation and the restraint of target qualities. Then, plants reduce water loss as a
result of partially closing stomata, effectively taking up water from underground by root
foundation, and regulating metabolic cycles to correspond with existing carbon reserve.
With the increment of drought, osmolytes, such as proline and solvent sugars, would
aggregate to keep up with the cell turgor pressure. Moreover, various antioxidants, for
example, superoxide dismutase (SOD, catalyze), reduce the toxic effect activity in reactive
oxygen species (ROS) [2].

The stacking bearing connections inside the receiver wall organization, for example,
caused specific revision under the activity of the cell wall’s changing proteins, and the
guideline of the phenylpropanoid pathway prompted a high collection of lignins in the cell
wall. Quality delivery network policies play an essential role in plant drought reactions.
Various transcriptions are responsible in various crops. In two wheat genotypes, different
responses to drought stress were found bases on transcription analysis. [3].

The results showed that in wheat the auxin and abscisic acid (ABA) receptor related
to ROS and the biosynthesis of the cell wall was up regulated, while ethylene receptors
were down regulated. In maize, the moderate response to drought were linked to DNA
and cell cycle. It was shown that qualities engaged with metabolic pathways and the
biosynthesis of optional digestion showed a reaction to lack, and the statement of a few
qualities connected with ABA signal transduction were prompted under drought [4]. The
plant roots detect changes in water and soil oxygen content. It was shown that exceptional
drought-responsive components were associated with various parts of the root zone in
maize. The qualities connected with ROS and carbon digestion, and qualities linked to layer
carrier, were essentially improved in drought-responsive qualities of 0–3 mm root peak,
with 3–7 mm upon root chimp, separately. Comparable outcomes were likewise acquired in
another research study utilizing two deep-rooted maize lines. Cell reinforcement chemical
qualities were demonstrated to assume the essential parts in drought tolerance in the
root transcriptomes analysis of essential root under drought stress, conducted by RNA
sequencing, and the results demonstrated the expression of genes under low water stress.
A few members from the MAPKKK family enhanced drought tolerance in leaf and maize
stems, recommending the significance of the MAPKKK family under drought stress [5].

Plant drought resilience is generally assessed by variances in aggregates and physiolog-
ical and bio-chemical reactions. Drought plants can keep up with constant morphological
features throughout delayed times of drought pressure by maintaining water-holding
capability. According to one perspective, drought-resistant lines have some development
to do to increase their capacity to keep moisture content in their root system. The entire
root development of maize may be made to conduct less research on the soil profile and
extend into more soil by reducing the number of particular cortical cells in maize, while
simultaneously improving their size. This allows maize to uptake greater water from the
soil. The thickness of the leaves may be reduced, and the opening of the stomata in the
plants can be regulated to increase the plant’s resistance to drought [6].

Furthermore, during conditions of drought, plants are able to maintain the homeostasis
of their cells via the process of osmoregulation, which is orchestrated by soluble sugars.
This helps to decrease the amount of water that is likely to be present in the cells. Water
stress also mandates the peroxide-rummaging catalyst structure to eradicate the quantity
of responsive oxygen species incited by drought. This is necessary since ROS may cause
damage to the cell film structures, which can ultimately lead to cell death. The activity of
the cell reinforcement (nonenzymatic and enzymatic) framework addresses an important
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file for evaluating maize’s resistance to drought. Biochemical and physiological alterations
between deep-rooted lines and transgenic lines have allowed for the identification of
drought-tolerant lines. Despite this, an exclusive explanation for maize’s drought resistance
could not be provided by these advances, since different types had different genetic basis [7].

It is realistic that the drought reaction of plants includes a chain of reactions. In this
approach, it is planned that reading the article would help agricultural plants become
more resilient to drought by providing a realistic illustration of these features. To date
a couple of droughts, and tolerant features, for example, H21 and 478 in maize, were
distinguished by conventional sequencing strategies and practically depicted. Many key
qualities were suggested in drought-tolerant maize; however, an overall significant stretch
was expected to explain the elements of these drought reaction qualities. RNA-seq is an
incredible technique for the enormous scope ID of drought-responsive attributes with
minimal expense, high throughput, and high responsiveness. It can work with mining
crucial drought-tolerant qualities in plants, e.g., maize [8].

For instance, research findings have demonstrated that the overexpression of cell wall
oxidative metabolism characteristics makes it possible for maize recombinant inculcated
lines to procure water stress flexibility under water shortages; the attributes associated with
cell wall reformation are involved with water stress chemical reactions in a drought resistant
corn line; and the compositions of proteins and carbohydrates are associated with water
stress support. Through the process of lighting seeds from an intrinsic maize line, we were
able to create a deficit resistant line for this study. To investigate the components of drought
opposition of H21, we have analyzed physiological, bio-chemical, and transcriptomic
changes between H21 and 478 lines. Our outcomes would feature the drought-tolerant
marks of H21 and add to the distinguishing resilient and useful investigations of novel
drought resilience qualities in maize [9].

2. Materials and Methods
2.1. Plant Material and Experimental Design

Seeds of maize inbred lines, drought-tolerant (478) and drought-sensitive (H21) were
given by College of Agronomy, Gansu Agricultural University, Lanzhou, China. Seeds
were sown in pots holding standard preserving soil. The pots were kept in a climate that
was sustained at a temperature of 25 ± 5 degrees Celsius, with a relative humidity of
65 ± 5 percent, and a light/dark cycle of 16/8 h. All the plants were adequately sprinkled
to keep the moistness level persistent till 10 days after emergence; after that, drought
treatments began. Treatments included two different degrees of drought conditions (no
stress and stress), as well as three different levels of BR (0, 25, and 50 mL). To simulate
the effects of drought, an application of fifty milliliters of 20 percent PEG 6000 every
3 days was made, whereas the control area received applications of pure water. For the
transcriptome study, plants were chosen after they had reached one of four fully formed
leaf stages. Samples were then kept at −80 degrees Celsius in liquid nitrogen for 7 days.
The experiment was laid out in a completely randomized design (CRD), and there were
three separate replications of the experiment.

2.2. RNA Extraction, Construction of Library, and Sequencing

Pure and simple RNA was detached using Trizol reagent (Thermo Fisher, Carlsbad,
CA, USA, 15596018). Total RNA quantity and quality was determined using the Bioanalyzer
2100 and RNA 6000 Nano LabChip Kit (Agilent, Santa Clara, CA, USA, 5067-1511) and RNA
assays from the first order with a RIN greater than 7, 0 was used in building sequencing
libraries. After removal of the whole RNA, the mRNA residual in the purified RNA
(5 µg) was cleaned by two cycles of filtration with Dynabeads Oligo (dT) (Thermo Fisher,
Carlsbad, CA, USA). Once filtered, the mRNA was cleaved into shorter fractions using
higher temperature divalent cations (using the NEB Magnesium RNA Fragmentation
Module, cat. e6150, Ipswich, MA, USA) for 5–7 min at 94 ◦C. The cut RNA fragments
were then reverse disassembled to generate cDNA using the Super ScriptTM II reverse
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transcriptase enzyme (Invitrogen, cat. 1896649, Carlsbad, CA, USA). The cDNA was then
used to combine the second desert DNA named U with DNA polymerase I from E. coli
(NEB, cat.m0209, USA) and RNase H (NEB, cat.m0297, USA) and dUTP solution (Thermo
Fisher, Carlsbad, CA, USA, USA, ref. R0133). The crude ends of each thread receive an
A-base coating, which prepares the fibers for tightening into the taped connectors.

Each particular connector was constructed with a T-base shade so that it could ligate
to the A-followed segmented DNA and complete the connection. AM Pure XP dabs were
used for the purpose of carrying out size verification after twofold document connections
had been affixed to the various components. Following the power labile UD Genzyme
(NEB, cat.m0280, USA) treatment of the U-named second-deserted DNAs, the ligated things
were escalated with PCR using the following conditions: starting denaturation at 95 ◦C
for 3 min; 8 examples of denaturation at 98 ◦C for 15 s, treating at 60 ◦C for 15 s, and
increase at 72 ◦C for 30 s; and a short time later last extension at The expansion sizes of the
cDNA libraries that came before this one varied, on average, from 300 to 50 base pairs in
length. We finished the 2 × 150 bp matched end sequencing (PE150) utilizing an Illumina
NovaseqTM 6000 after the shipper advised that we do so (LC-Bio Technology Co., Ltd.,
Hangzhou, China).

2.3. Sequence and Filtering of Clean Reads

A cDNA library was created by design and sequenced utilizing pooled RNA from
experiments conducted using the Illumina Novaseq TM 6000 succession stage. We used the
Illumina paired-end RNA-seq method to sequence the transcriptome; readings generated
from the sequencing equipment comprise raw read out with devices or low-quality bases,
which have an impact on the subsequent assembly and analysis (Martin, 2011). As a result,
readings were further filtered using Cutadapt to provide high-quality clean reads. The
following were the criteria: eliminating reads that contain adapters, poly A and poly, more
than 5% of unknown nucleotides (N), low-quality reads that contain more than 20% of
low-quality (Q-value 20) bases, and reads that contain adapters. Then, FastQC was used to
assess the sequence’s quality. It was noted that the data’s Q20, Q30, and GC-content had
not been tainted. Following that, readings with clean endings totaling Gigabase Pairs were
produced [7]. The NCBI Gene Expression Omnibus (GEO) databases or the NCBI Short
Read Archive (SRA) databases have received the raw sequencing data along with accession
numbers. These two archives each have an accession number.

3. Methods
3.1. Differently Expressed Genes (DEGs)

Differentially expressed genes refer to the up-regulated genes and down-regulated
genes between samples or after different treatments of the same sample. The genes are
usually screened in terms of fold difference and significant level. The consistency fold
FC ≥ 2 or FC ≥ 0.5 (that is, the absolute value of log 2 FC ≥ 1) and q value < 0.05
(|log 2 fc| ≥ 1 & q < 0.05) as the standard (multi-group comparison without differential
fold, the genes with q < 0.05 were screened for genes with statistical differences among
multiple groups), and the genes screened out were considered to be differentially expressed
genes, and the significant column in the result file was displayed as “yes”. You can also
change the above two conditional thresholds for screening differentially expressed genes to
obtain differentially expressed genes that align with your experimental design (using the
multi-column screening function of excel).

The input data for the differential expression analysis of genes (transcripts) is the reads
count data of genes (transcripts). The p-value calculation model based on the negative
binomial distribution is used to calculate the p-value. Repeat (comparison between samples)
using Edger for analysis; multi-group comparison using edgeR for analysis; using BH to
correct p value to obtain q value (FDR value, p.adj value); the fold difference is the average
expression level of the experimental group The value was divided by the mean expression
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level of the control group [10]. The raw sequencing data were produced on the Illumina
HiSeq 2000 (Illumina, San Diego, CA, USA).

3.2. GSEA Analysis

Enrichment analysis based on a hypergeometric test generally needs to use the in-
formation of differentially expressed genes, that is, a change threshold needs to be set to
determine which genes are significantly different and which genes are not very different
(general or common thresholds may not be applicable to all systems). Traditional enrich-
ment analysis may yield few or no results when single gene changes are weak. Gene Set
Enrichment Analysis (GSEA) may more thoroughly describe the protective mechanism
of a system component and efficiently compensate for standard enrichment analysis’s
inability to properly mine the information from minor genes, which can interact with
traditional enrichment analysis. Replenish. Due to the different principles of formal en-
richment analysis, the results of GSEA analysis are different from those of conventional
enrichment analysis [11].

3.3. GO Analysis

Gene Ontology (GO) is an internationally consistent gene function cataloging system
that runs vigorously reorganized standard vocabularies to systematically define the proper-
ties of genes and gene products in organisms. GO has three ontologies, which represent
the molecular function (mf), cellular component (cc), and biological process (bp) of genes,
respectively. The elementary component of GO is Word (entry, node, entry), and each
term relates to a characteristic. Biological process: A biological process accomplished by
various molecular activities, such as cell cycle, cell cycle arrest, cell cycle checkpoint, and
positive execution of the execution phase of apoptosis. Processes such as positive regulation
of the execution phase of apoptosis. Cell components: the location of the cell structure
where the gene product performs its function, such as cytoplasm, nucleus, lysosome, and
other structures. Molecular function: the activity of gene products at the molecular level,
such as protein binding, ubiquitin-protein transferase activity, G protein-coupled receptor
activity, etc. [12].

3.4. SNP Analysis

The full name of SNP is Single Nucleotide Polymorphisms, which refers to the genetic
markers formed by the variation of a single nucleotide on the genome, with a large number
and rich polymorphisms. Variations of single nucleotides in the genome include substi-
tutions, transversions, deletions, and insertions. The diversity of single nucleotide base
morphology can be divided into substitution (transition, CT, GA on its complementary
strand) and transversion (transversion, CA, GT, CG, AT). SNPs with substitutional variants
account for about 2/3, and the occurrence probability of other variants is similar. SNPs
seem most commonly on CG sequences, most of which are C-to-T conversions, because C
in CG is often methylated and becomes thymine after spontaneous deamination. A SNP is
a single nucleotide variant with a frequency greater than 1% [13].

Depending on where the SNP is placed in the gene, it may be classified as either
being in the non-coding area of the gene, the spacer portion of the gene (which is the
portion between genes), or the coding section of the gene. These classifications can be
found in the table below. Single nucleotide polymorphisms (SNPs) not in the coding
regions of genes may still affect gene splicing, transcription factor binding, messenger RNA
degradation, or RNA sequences in non-coding parts. The expression of a gene affected by
this single nucleotide polymorphism (SNP) is called an expression of a single nucleotide
polymorphism (ESNP). It can occur either upstream or downstream of the gene. The
number of SNPs (coding SNPs, cSNPs) located in the coding region of genes is relatively
small as, inside exons, the modification rate is only 1/5 of that of adjacent sequences.
However, it is of great significance in studying hereditary diseases, so the study of cSNP is
more concerned [14].
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From the perception of the impact on the genetic traits of organisms, cSNP can be
divided into two types: one is synonymous cSNP (synonymous cSNP), that is, the change
of the coding sequence caused by the SNP does not affect the amino acid sequence of
the protein it translates. The mutated base has the same meaning as the unmutated base.
The other is non-synonymous cSNP (non-synonymous cSNP), which means that the base
sequence can change the line of the protein translated based on it, thus affecting the protein
function. Such changes are frequently the direct cause of changes in biological traits. About
half of the cSNPs are non-synonymous cSNPs. InDel (insertion-deletion) refers to the
insertion and deletion of small fragments in the sample relative to the reference genome,
which may contain one or more bases. Based on the transcriptome level, SNP loci in coding
regions were analyzed. According to the Hisat2 alignment results of each sample and the
reference genome, each sample’s possible SNP and INDEL information was obtained by
mpileup processing with Samtools software and then annotated with ANNOVAR [15].

3.5. Correlations Analysis

The association analysis of the gene expression information of the samples can better
judge the clustering situation between the samples. The greater the correlation coefficient
between the samples, the better the clustering of the samples. The Pearson correlation coef-
ficient between samples and PCA (Principal Component Analysis) allows the repeatability
between samples to be understood, which helps to exclude outlier samples. The abscissa
and ordinate in the Pearson correlation coefficient graph are for each piece. The depth of
color indicates the size of the correlation coefficient of the two samples. The closer to red
(the coefficient is closer to 1) the higher the correlation; the closer to white the lower the
correlation. Some sample types (such as clinical samples, animal models, tissue fluids, cell
pools with low knockdown efficiency, etc.) may cause the correlation of samples within a
group to be lower than those between groups due to heterogeneity [16].

3.6. QPCR Analysis

The Rotor-Gene 3000 detection equipment (Corbett Research, Singapore) was used
to conduct the PCR experiments. One-Step PrimeScriptTM RT-PCR Kit (Perfect Real
Time) was used (Takara, Shiga, Japan). The following ingredients were used in each
set of reactions: 10 L of 2 One Step RT-PCR Buffer III, 0.4 L of each of the following:
MCMVf (10 M), MCMVr (10 M), 0.8 L of probe (10 M), 0.4 L of EX TaqTM (Takara) HS
(5 U/L), 0.4 L of PrimeScriptTM RT Enzyme Mix II, 1.0 L of total RNA or 1.0 L of The follow-
ing amplification responses were carried out: forty cycles of 95 ◦C for 5 s, followed by 60 ◦C
for 20 s. Six distinct reactions, including a water control, were used to assess the specificity
of this TaqMan test. Under optimal reaction circumstances, the TaqMan probe was only
able to identify strong fluorescent signals after reactions involving samples, whereas the
indications after four more samples and the water control were superposed to the baseline.
By contrasting the signals at various levels, these samples may be distinguished from the
four other corn samples. Agarose gel electrophoresis was used to further evaluate the PCR
results. While the four other assays did not show the unexpected weak band above the
67-bp band, the assessment with the taster did show the probable band of 67 bp.

3.7. Statistical Analysis

Statistical significances between drought treatment and control were tested using
the—Newman–Keuls method at p < 0.05 by IBM® SPSS®, 22 and data was generated by
Sigma Plot 12.5.

231



Genes 2023, 14, 31

4. Results

The results obtained after detailed analysis are as follows.

4.1. Differently Expressed Genes (DEGs)

Using the sequence map (SAM) files that were generated by Tophat2, aligned reads of
the genes were computed in order to determine the genes that have differentially expressed
proteins. Then, using the R program “DESeq2, differential gene expression analysis were
carried out comparing the two sets of samples. Gene with |log 2 (fold changes)| > 1 and
false discovery rate (FDR) < 0.02 were recognized as differentially expressed. To detect the
DRGs, four comparison groups, i.e., LMC_LMD (Lv28 under moderate drought control vs.
Lv28 under moderate drought), LSC_LSD (Lv28 under severe drought control vs. Lv28
under severe drought), HMC_HMD (H21 under moderate drought control vs. 478 under
moderate drought), and HSC_HSD (H21 under severe drought control vs. 478 under severe
drought) were included Figure 1. To identify genes responding to drought in the two lines,
differential expression analysis was performed by comparing the gene expression profiles
between different drought conditions.

Figure 1. Visual representation of genes expression density of maize, showing a sharp peak at
high density.

In total, 100% and 51% of genes showed drought response under MD and SD in 478,
respectively, among which 28% and 26% were up-regulated under MD and SD, while 16%
and 12% were down-regulated, respectively, Figure 2. In the drought tolerant line H21,
68% and 3 3% genes showed response to drought stress under MD and SD, respectively,
among which 62% and 59% genes were up-regulated, while 16% and 15% genes were
down-regulated, respectively.
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Figure 2. Different samples are analyzed simultaneously and are presented in the form of violin.

4.2. GO Analysis

The significance of GO enhancement analysis showed that GO terms were improved in
the DRGs of the samples, as shown in Figure 3, with 15 in the metaphysics of “natural cycle”,
nine in the cosmology of “sub-atomic capability”, and seven in the philosophy of “cell
part”. There were many GO terms enhanced in the samples, including eight organic cycle
terms, which were primarily about pressure reaction (e.g., “reaction to boost”, “reaction
to stretch”, “reaction to abiotic improvement”, “reaction to biotic upgrade”, “reaction to
endogenous improvement”, and “reaction to outside boost”). Be that as it may, these
pressure reaction-related GO terms (with the exception of “reaction to boost”) were missing
in H21 under MD. Likewise, “metabolic sugar cycle” and “extracellular district” were
over-addressed in every one of the four DRG sets (LMD, LSD, HMD, and HSD), showing
that two lines had a piece of comparative drought tolerant components.

Figure 3. Different samples portraying GO analysis and each sample is mentioned as individual gene.
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Oddly, many GO terms were particularly advanced in the DRGs of the drought tolerant
line H21, including six natural interaction terms (e.g., “lipid metabolic interaction”, “cell
cycle”, and “formative cycle”), six atomic capability terms (e.g., “record factor action”,
“record controller movement”, “kinase action”, and “transferase action”), and one cell part
terms (“cytoskeleton”).

These outcomes showed that the support of root improvement, the dependability of
cytoskeleton, and the propulsion of different administrative frameworks under drought
might add to the drought resilience of H21. The Kyoto reference book of qualities and
genomes (KEGG) improvement examination showed a sum of 10 metabolic pathways were
addressed in the two lines (Figure 4).

Figure 4. GO analysis different peaks are shown clearly in the figure with different sample sizes.

“Plant chemical sign transduction” and “starch and sucrose digestion” were com-
pletely advanced in both of the two lines, yet the importance levels in H21 were generally
higher than those in 478. Similarly, the pathway of “phenylpropanoid biosynthesis” was
just fundamentally enhanced in H21 under MD and SD. These outcomes showed that these
three metabolic pathways could assume an essential part in drought tolerant of H21.

4.3. GSEA Method

GSEA analysis is based on the expression information of all genes, sorts the genes with
Signal2Noise as the standard (the default is in descending order), and analyzes whether
a specific gene set (such as all genes in a pathway or all genes in a GO Term) is more
ranked among all genes. Anterior or posterior (whether there is a statistically significant
and consistent difference between two biological states or two groups, the calculation of
Signal2Noise is generally the experimental group relative to the control group, so forward
and following refer to, respectively (Figure 5).
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Figure 5. GSEA analysis top 30 samples of GSEA enrichment analysis are shown in the form of a
horizontal bar graph.

Whether the gene set is highly expressed in the experimental group or the control
group, score the pathway or term where the gene set is located, and the score is called
the ES (enrichment score) value. The permutation test was performed based on the gene
set, and the significant p value was calculated. Finally, the standardized ES value (NES
value) was corrected by various tests to obtain the FDR value. Gene sets with |NES| > 1,
Nymphal < 0.05, and FDR.qval < 0.25 are generally considered meaningful (when there
are fewer samples per group, the replacement type is gene sets, and a stricter FDR cutoff
can be used, such as 0.05). GSEA analysis was performed only on gene sets of size 15–500,
as neither too large nor too small (the number of genes contained in the gene set) were of
analytical significance (Figure 6).

Figure 6. GSEA analysis top 30 samples of GSEA enrichment analysis are shown in the form of a
horizontal bar graph.
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Using the developmental time series data, finding genes that may be coregulated
and/or engaged in the same biological processes is possible. Because of this, we divided
the expressed genes into 30 co-expression modules, each containing genes with a similar
pattern of expression (Figure 6). Based on the MapMan annotation of 16,657 expressed
genes, overrepresented functional categories in each module were found. The 30 modules
were split into the first, second H21, and third 478 phases based on the time of peak
expression (Figure 6). The first stage, which involved significant physiological changes,
occurred when seeds emerged from dormancy. The genes, which are connected to RNA
processing and cell vesicle movement, were strongly expressed in dry seeds. The gene
expression peaked at H21, but following 478 it rapidly decreased. The genes known as
H21 are involved in RNA binding, protein synthesis and degradation, stress, the hormones
ethylene and abscisic acid (ABA), and abundant storage proteins during late embryogenesis.
Further, 478 has excess functions linked to stress, mitochondrial electron transport, and
lipid breakdown.

4.4. SNP

The maize genome has a variety of SNPs. Each chromosome has an average of
525 SNPs, ranging from 327 on chromosome 10 to 926 on chromosome 1. (Figure 7). This
SNPs distribution throughout the genome matched earlier studies in maize that used
the same kind of marker. High-density marker genotyping, one of the primary molecular
marker systems, enables the simultaneous analysis of markers that are extensively dispersed
across the genome. SNP markers offer more comprehensive genome coverage than other
markers, including RFLP, AFLP, and SSR. The degree of the marker’s polymorphism, which
is reflected in the genetic variety among the genotypes being studied, determines how
informative the marker is (Table 1).

Figure 7. SNP analysis results INDEL analysis are shown in the form of a bar graph.
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Table 1. Results of SNP analysis.

Sample SNV SNV (Gene Region) INDEL INDEL (Gene Region)

Con_478L0R1_1 317,447 109,631 22,372 3621

Con_478L0R1_2 335,578 112,446 23,550 3638

Con_478L0R1_3 330,907 111,822 23,177 3711

Con_478L1R2_1 351,518 117,124 25,118 3987

Con_478L1R2_2 349,311 116,003 24,412 3906

Con_478L1R2_3 346,695 116,230 24,528 3875

Con_478L2R3_1 311,727 109,236 21,552 3560

Con_478L2R3_2 308,668 111,474 22,214 3766

Con_478L2R3_3 310,894 114,079 22,806 3908

Control478_1 259,539 100,510 18,424 3318

Control478_2 249,938 95,025 17,361 3226

Control478_3 299,808 104,763 20,935 3316

ControlH21_1 284,771 105,851 20,496 3518

ControlH21_2 347,813 109,906 24,376 3841

ControlH21_3 312,458 106,749 22,326 3805

H21L0R1_1 344,214 111,197 23,577 3847

H21L0R1_2 343,231 111,465 23,266 3817

H21L0R1_3 367,762 110,892 24,537 3990

H21L1R2_1 314,609 104,783 21,679 3643

H21L1R2_2 314,381 106,501 22,467 3746

H21L1R2_3 335,042 109,192 23,055 3781

H21L2R3_1 300,528 107,825 21,661 3775

H21L2R3_2 387,144 117,458 26,906 4221

H21L2R3_3 353,192 113,905 24,772 4048

Figure 1 shows that the 5252 SNPs employed throughout the genomes of 293 inbred
lines were highly informative. PIC varied from 0.092 to 0.375, with a mean of 0.297,
whereas MAF ranged from 0.051 to 0.5, with a mean of 0.284. When analyzing the genetic
characteristics of Chinese maize germplasm using SNP marker data, comparable PIC range
values were discovered. In their examination of CIMMYT’s tropical and temperate maize
inbred lines, PIC scores between 0.25 and 0.5 show multiallelic (Figure 8).

Due to the bi-allelic nature of SNPs, where the supreme PIC value is 0.375, higher
quartile PIC values, as those discovered in our study, can be regarded as being very
informative. According to these standards, 65.6% of the markers used in this investigation
were extremely informative (Figure 9). The average value of MAF is used to measure
the level of genetic difference in the population. Generally speaking, higher MAF are
recommended to increase the average allelic differentiation. A genetic distance matrix was
created between all pairings of inbred line based on the 5252 polymorphic SNPs (Table 1).

The genetic distance matrix-based cluster analysis produced four unique clusters, as
illustrated in Figure 2. Separating the dendrogram clusters allowed for the closest match be-
tween the number of lines grouped and the total number of lines of the formerly recognized
heterotic groupings. The statistically substantial cophenetic correlation coefficient (r = 0.953;
p = 0.0001; 10.000) permutations showed that the cluster analysis suited the underlying
genetic distance matrix rather well. According to analysis, a precise dendrogram is essential
for breeders to organize their genetic material. Results showed positive cophenetic values
when inferences regarding genetic diversity using microsatellites (Figure 10).
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Figure 8. SNP analysis results INDEL analysis are shown in the form of a bar graph.
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Figure 10. SNP analysis results SNV analysis are revealed in the form of a bar graph.

In assumption, 10 (3.4 percent) of the corn inbred lines examined in this study were
categorized differently from the prior heterotic group categorization. This demonstrates
the significance of combining traditional breeding with molecular breeding for a genetic
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diversity study that is more precise (Table 1). The categorizing of the contradictions in
marker-based genotypes may be inaccurate owing to pedigree information mistakes or
genetic drift during the inbreeding process. (Figure 11).

Figure 11. SNP analysis results SNV analysis are shown in the form of a bar graph.

4.5. Correlations Analysis

It was found that each plant had a respectable amount of root, with the genotype H21
having the greatest number by around 30%. The specific number of productions measured
capacity roots was 1.10 with genotype H21 having the most significant number of 5%
production estimated roots. The most elevated new root yield was kept in H21 while most
elevated dry root yield was kept in 478. Recorded dry matter constituent went from 23.57%
in 478 to 59.45% in H21. Dry root yield was intensely and primarily connected with the
number of production potential roots, the number of roots per plant, the number of roots
harvested, the weight of the roots, and the number of new roots produced.

New root yield was fundamentally related to roots per plant, production roots and
collect list. Protein content was deeply corresponded with gather file and dry matter
substance, and adversely associated with a number of productions measured roots, roots
per plant, and dry matter substance. The general commitment of the different qualities to
the genotype execution was made sense of by guideline part examination, Figure 12.

Figure 12. Correlation cluster of maize Spearman correlation of different samples that showed a
comparative analysis.

In view of the PC1 coefficients, four factors were significantly dedicated to variety.
PC2 made sense of 20.50% of the absolute type, with a significant commitment from the
collect list, dry matter substance, and protein content. PC3 made logic of 14.03% of the
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absolute variety with a significant commitment from production roots, collecting wet and
dry matter substance. A careful analysis of the changes that took place in the preliminary
spots north of CIAT and Quilichao over the course of two years revealed that genotype
was particularly crucial for the number of roots produced per plant, the weight of the roots,
the number of new roots produced, the number of dry roots produced, the protein content,
and the dry matter content of the properties that were evaluated (Figure 12).

The joined examination of the difference in the two areas of CIAT preliminary locales
is introduced in Figure 12. There were very major variances in the direct effects of the
genotype on root per plant, new root production, dry root produce, and dry matter content.
Connection among genotype and area was critical for just dry matter substance. After
the adjustments were made to the production and the protein content, every one of the
qualities showed a decent coefficient of assurance (R2) of 0.99 across the three conditions.
There was a profoundly critical area impact for every one of the characteristics.

5. Discussion

The current study has resulted in the development of a maize freak, H21 by 478,
that is resistant to drought. In comparison to its wild type 478, it showed a higher level
of drought resistance when it was subjected to drought conditions. Between H21 and
478, there continued to be significant differences in the analytical files (Figure 1). The
relative water content of the leaf, often known as RWC, is a metric that is commonly used
to identify the drought resistance of several agricultural crops, including corn. Under
drought conditions, H21 showed a higher RWC in its leaves than 478 did; for example, it
had a higher ability to maintain high moisture content. The amino acid proline and the
sugar that is easily dissolved both play important roles in the osmotic guideline, which
is connected with drought tolerance (Figure 2). When exposed to drought, the leaves
of the H21 variety contain much more proline and soluble carbohydrates than those of
the 478 variety. When maize is subjected to drought stress during the transformation
from somatic to reproductive development, the plant shows a considerable reduction
in grain output. In order to create drought-resistant varieties, it is essential to have a
comprehensive understanding of the biochemical and gene regulatory networks involved
in corn’s tolerance to drought conditions during these various stages of development. This
will allow for the development of cultivars that are more resistant to drought. Even with
recent advances in molecular biology tools, the complex adaptive mechanisms that underlie
water deficiency stress resistance from cellular proliferation to vegetative plant growth
continue to be an enigma [17].

A better productivity of the antioxidative safeguard framework might safeguard
photosynthetic colors, proteins, and genetic material from abundant ROS loss. Feline action
is conversely relative to MDA content under serious drought tolerance. The examiner of
CAT action and MDA content demonstrated that H21 experienced a smaller amount of ROS
harm than 478 under drought. Light dispersion in plant shade can be improved in the field
by diminishing H21 content (Figure 3). Then again, nitrogen and energy saved by a fading
H21 combination would upgrade the particular reactions to drought. In this manner, low
H21 content in the leaves of H21 may be a piece of its drought variation methodology [18].
More significant, the levels of RWC, osmolyte collection, cell reinforcement exercises,
photosynthetic effectiveness, and a lower degree of MDA added to the drought tolerance
of H21 than 478 (Figure 4).

Evaluating the transcriptome state and mining genes associated to drought tolerance in
maize may both be accomplished successfully with the use of genome-wide gene expression
profiling, performed by RNA-Seq [5]. Numerous genes that are sensitive to drought or that
exhibit genotypically varied expression across the two lines with divergent resistance to dry
conditions were found in our investigation [11]. The opposite transcriptional regulatory
predisposition that reacted to water stress in maize and the diversified gene function
enhancement between drought resistant and susceptible lines providing a picture of the
regulatory network in maize’s transcriptome that was linked to water stress. This was
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shown by the fact that there was a noteworthy variance among the two types of lines.
The overrepresentation of transcriptional regulators is common in most cases, particularly
sensitive genes and genotypically differently expressed genes, in the tolerant line revealed
a varied mechanism for maize drought tolerance [6].

Solvent sugars such as sucrose, galactose, maltotriose, and oligosaccharides, are the
types of sugars that accept dynamic fractions in osmotic adjustment when there is a
drought. In drought-tolerant wheat, the expanded delivery of dissoluble sugar blend-
related qualities made sense of its drought tolerance. In the current research, the solvent
sugar content in H21 was greater than that in 478 under the influence and drought disorders
(Figure 5). Obviously, H21 has an effective drought transformation system mostly founded
on the osmoregulation of dissolvable sugar [5]. In the present research, the discharge
of photosynthesis-related qualities in H21 was practically unaffected, hence H21 could
compose solvent sugar all the more effectively under drought conditions. In order to
identify important regulatory genes and gene co-expression pathways that are involved
in the maize plant’s response to environmental stress, we used RNA-seq based technique
to undertake a thorough relative transcriptome study of drought-resistant lines from the
somatic to propagative development stages. In order to support the RNA-seq data, we also
measured photosynthetic parameters. In addition, a functional validation study using qRT-
PCR provided evidence for the differential expression of the genes that were discovered.
Our insights not only improve our knowledge of the processes that enable maize to survive
the effects of drought stress, but they also provide a genetic resource that is both efficient
and cost-effective for the genetic improvement of corn (Figure 6).

At the level of the transcriptome, H21 guided the activity of a specific component of
the sugar solution. Glucose has the potential to form trehalose through a 1,1-glycosidic
bond, so mitigating the damage produced by high contents of trehalose-6-phosphate
under conditions of prolonged drought. In the current study, phosphatase’s behavior was
restrained in 478, while their expression displayed a sharp fluctuation under drought (log 2
overlay changes from 3.46 to 7.63), indicating that the increased substance of solvent sugars
in H21 probably will not be expected to the improved trehalose combination (Figure 7).
Additionally, both 478 and H21’s -amylase outputs were activated by dryness, indicating
that the leaves’ starch could be broken down into maltose [19].

Using two breeding lines of corn that had varied levels of tolerance to droughts,
researchers used RNA-Seq technology to investigate an amount of DNA that were suscepti-
ble to drought, as well as proteins that showed differential expression across variants [2].
Between the resistant and susceptible lines, researchers discovered significant differences
in the regulatory patterns and operational abundance of these proteins. The fact that
drought resistance and resilience were both enhanced by the overrepresentation of certain
transcription factors in the tolerant line [18] demonstrates how important these variables
are. Our findings subsidize to an improved considerate of the molecular processes involved
in drought response and to the identification of candidate genes for future research in the
quest to improve maize’s resistance to drought [14].

In summary, H21 was able to accumulate more solvent sugars in leaves and keep
up with the consistence of photosynthesis during dry conditions, which resulted in it
being more drought resistant than 478. The contribution of characteristics associated
to the biosynthesis of cell walls to the preservation of water in H21. The incorporation
of a synchronized multienzyme complex in the process of polysaccharide production
provided regions of stability for the combination of a cell wall (Figure 8). The increased
supply of glycosyltransferase contributed to the drought-induced cytokinin deficiency in
Arabidopsis thaliana freaks. The investigation of GO development revealed that in H21 a
number of DEGs were associated with cell wall connection. This was notably the case with
the development family, which was induced by a variety of abiotic stressors and ABA. It
was observed that increasing stomatal expression levels decreased their thickness (Figure 9).

Moreover, expansions could decrease water misfortune by ceasing cell wall move-
ment and hardening cell structures [15]. There was a strong correlation between drought
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resistance in maize and both the lignin concentration and the middle outcome of the phenyl-
propanoid mix route (Figure 11). The accumulation of caffeic abrasive and p-coumaric
abrasive in the xylem sap influenced the growth of maize leaves during periods of drought
by having an effect on lignin production. The abrasive effects of p-coumaric acid might
rapidly lignify tissues when placed under strain and further enhance adaptability when
exposed to drought. In the most recent study, KEGG and GO enhancement studies revealed
that lignin-related metabolic reactions, such as the phenylpropanoid blend route, were
improved in H21 under drought conditions. This was shown to be the case in the plant. The
most likely scenario is that the phenylpropanoid production pathway and its components,
including caffeic corrosive and p-coumaric corrosive, were accountable for reaction of H21
to drought (Figure 12).

Plants’ ability to withstand drought is a complicated process with varied responses.
At the molecular scale, as well as the cellular scale, a wide array of proteins are engaged in
the process of adapting to and responding to drought. The genes that code for functional
proteins and the genes that regulate those proteins may be used to classify these genetic
traits [9]. There are many different types of structural proteins, some of which include
transporters, detoxifying enzymes, osmolyte biosynthesis enzymes, late embryogenesis
abundant (LEA) proteins, and others [15]. In order to regulate transcription factors, a
regulatory network configuration that incorporates stress detection, cell signaling, and
functional gene regulation has been designed [16].

A major objective of the study was to demonstrate that classifying maize lines using
high-density molecular marker data is a precise approach that does not require extensive
field-combining ability studies [8]. The current study’s findings are consistent with past
genetic diversity studies that have found SNPs to be a valuable tool for inbred grouping
lines into genetically related groups and for guiding hybrid crossings between members
of various groups to provide superior yield performance. SNPs are also helpful for geno-
typing and integrating new inbred lines in a new cluster analysis, which can help to breed
by swiftly detecting the genetic link of new inbred lines. Trace endogenous substances
come in many forms as plant hormones. The loss in plant growth under drought-stress
circumstances may exist due to an altered hormonal balance. Ultra-trace levels of plant
hormones might play a crucial role in plant development, growth, and fast response to
abiotic and biotic stressors. The Brassinosteroid C-6 Oxidase, which catalyzes the last steps
of brassinosteroid production, is encoded by the Brassinosteroid-deficient dwarf1 gene. It is
also interestingly linked to documented height loci in maize. Plants that overexpress ABA,
which is necessary for drought resistance, show improved drought tolerance. However,
ABA 8′-hydroxylase hydroxylates ABA to 8′-hydroxy- abscisate and NADP+, depleting
ABA to lower ABA levels and resulting in phenotypes ABA-deficient.

Comparing the categorization of maize lines conducted earlier using pedigree and
breeding data to the classification achieved using SNPs, revealed good accuracy. Although
the majority of the genotypes in this research fell into one of the four heterotic categories that
the company’s breeding program had previously developed, there were be seen, demon-
strating the large amount of genetic diversity present in maize germplasm [9]. Furthermore,
the genotyping information derived from this work may be used to further hybrid predic-
tion models, allowing for more precise identification of hybrids, and increasing breeding
effectiveness [12].

6. Conclusions

We can state with confidence that the results of our in-depth comparative study
of the gene enrichment analysis of two distinct maize hybrids to drought stress at the
478-development stage are presented here. Genetically, in comparison to the sensitive
line 478, the drought-resistant line H21 had a greater number of enzymes, lower levels
of oxidative stress, and improved cell water holding capacity. Overall, the genome our
RNA-seq data identified many differentially expressed genes as being asserted in response
to drought, with several of these genes being particularly disclosed in H21. We found
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that the expression of genes related to earlier identified pathways involved in the drought
stress response, such as those involved in the manufacture of secondary metabolites, TF
regulation, detoxification, and stress resistance, increased in response to drought stress.
Our results provide a foundation for future research utilizing targeted cloning and aid in
our thoughtful investigation of the mechanisms governing maize’s drought resilience.
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Abstract: Rhizoctonia solani is a species complex composed of many genetically diverse anastomosis
groups (AG) and their subgroups. It causes economically important diseases of soybean worldwide.
However, the global genetic diversity and distribution of R. solani AG associated with soybean are
unknown to date. In this study, the global genetic diversity and distribution of AG associated with
soybean were investigated based on rDNA-ITS sequences deposited in GenBank and published
literature. The most prevalent AG, was AG-1 (40%), followed by AG-2 (19.13%), AG-4 (11.30%),
AG-7 (10.43%), AG-11 (8.70%), AG-3 (5.22%) and AG-5 (3.48%). Most of the AG were reported
from the USA and Brazil. Sequence analysis of internal transcribed spacers of ribosomal DNA
separated AG associated with soybean into two distinct clades. Clade I corresponded to distinct
subclades containing AG-2, AG-3, AG-5, AG-7 and AG-11. Clade II corresponded to subclades of AG-
1 subgroups. Furthermore, AG and/or AG subgroups were in close proximity without corresponding
to their geographical origin. Moreover, AG or AG subgroups within clade or subclades shared
higher percentages of sequence similarities. The principal coordinate analysis also supported the
phylogenetic and genetic diversity analyses. In conclusion, AG-1, AG-2, and AG-4 were the most
prevalent AG in soybean. The clade or subclades corresponded to AG or AG subgroups and did
not correspond to the AG’s geographical origin. The information on global genetic diversity and
distribution will be helpful if novel management measures are to be developed against soybean
diseases caused by R. solani.

Keywords: soybean; R. solani; anastomosis groups; distribution; genetic diversity; phylogeny
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1. Introduction

Soybean (Glycine max L.) is one of the world’s most significant oilseed crops, account-
ing for 25% of all edible oil production [1]. About 176.6 million tons of soybeans are
produced over 75.5 million hectares of fertile land each year [2,3]. R solani Kuhn [teleo-
morph, Thanatephorus cucumeris (Frank) Donk] is a serious threat to soybean production
worldwide. The fungus causes blights (foliar and web), pre-and post-emerging damping-
off, root and hypocotyl rot diseases of soybean [4,5]. These diseases caused massive yield
losses in soybeans all over the world. For example, in Brazil and the United States, only
foliar blight has resulted in 30 to 69% yield losses [6–9]. Moreover, these diseases are
difficult to control because of soil born nature of R. solani and the broad host range [4].
Fungicides have been widely used to manage these diseases [10,11]. However, fungicides
have caused severe environmental and health concerns. The most cost-effective and en-
vironmentally sustainable option to manage R. solani is breeding resistant cultivars [12].
However, understanding the genetic diversity of R. solani is critical if novel management
measures, such as developing Rhizoctonia -resistant cultivars, are to be developed. R. solani
exhibits tremendous genetic diversity and is classified into different anastomosis groups
(AG). To date, 14 anastomosis groups (AG 1 to 13 and AG-BI) have been identified based
on the fusion of hyphae, morphology, virulence (pathogenicity), physiology, and DNA
homology [13,14]. Some of the AG have been further divided into subgroups based on
anastomosis frequency, physiological and morphological features, pathogenic, bimolecular,
biochemical, genetic, and DNA homology characteristics [15,16].For example, AG-1 has
been divided into six subgroups: IA, IB, IC, ID, IE, and IF [17]. Similarly, AG-4 has been
divided into three subgroups: HGI, HGII, and HGIII [18], and AG-2 has been divided into
nine subgroups such as 1, 2, t, Nt, 2IIIB, 2IV, 2LP, 3 and 4 [18]. AG-2, AG-4, AG-5, AG-3,
AG-7, and AG-11 are causing damping-off and root, and hypocotyls rot, whereas AG-1 is
responsible for the foliar and web blight of soybean [5,19–22].

To evaluate genetic diversity and to characterize AG of R. solani, numerous molecular
markers were used, which included inter-simple sequence repeats (ISSR) [23], simple
sequence repeats (SSR) [24,25], single nucleotide polymorphisms (SNPs) [26], amplified
fragment length polymorphism (AFLP) [27], restriction fragment length polymorphisms
(RFLP) [28], randomly amplified polymorphic DNA (RAPD) markers [29], electrophoretic
karyotype [30], DNA-DNA hybridization [31] and sequence analysis of rDNA ITS1-5.8
S-ITS2region [32–34]. Among these molecular markers, sequence analysis of rDNA ITS1-
5.8 S-ITS2 region, because of their presence of multiple copies of tandem repeats within
the genome of all fungi, has proven to be a more powerful tool for genetic diversity and
phylogenetic studies of AG and AG subgroups of R. solani [15,18,34–37]. Moreover, it
validates the grouping of AG on the basis of classical hyphal anastomosis reactions [38,39].
Furthermore, the rDNA ITS1-5.8S-ITS2 region sequences evolve quickly and are bordered
by highly conserved nucleotide sequences [40]. They are found between the 18S and 5.8S
rRNA genes (ITS1) and the 5.8S and 28S rRNA genes (ITS2) [38,41].

Information on the genetic diversity and distribution of R. solani AG associated with
soybean of a particular country is available [1,42–44]. However, there was no attempt to
investigate the global genetic diversity and distribution of R. solani AG associated with
soybean. Considering the genetic diversity and different diseases causing abilities of
R. solani AG on soybean mentioned above, the current study was aimed (1) To determine
most frequently reported and dominant AG associated with soybean; (2) To explore the
genetic diversity of AG based on rDNA ITS1-5.8S-ITS2 sequence analysis; (3) To determine
the relationship between geographical origin and genetic diversity of AG.

2. Materials and Methods
2.1. Data Collection

Soybean (G. max L.) infected by R. solani was targeted in this study. Relevant literature
was searched in Google Scholar (http://scholar.google.com; accessed on 11 November
2021), Web of Science (http://apps.webofknowledge.com; accessed on 12 November 2021),
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China National Knowledge Infrastructure (CNKI) (https://www.cnki.net; accessed on
12 November 2021), Scholarly, Academic Information Navigator (CiNii) (http://ci.nii.ac.
jp/en; accessed on 13 November 2021), PubMed (https://pubmed.ncbi.nlm.nih.gov/;
accessed on 14 November 2021), and Scopus (https://www.elsevier.com/en-gb/solutions/
scopus; accessed on 15 November 2021) using the main keywords “soybean-R. solani,
” and the “soybean-anastomosis groups (AG)” solely and in combination. The search
for literature was limited from January 2001 to October 2021. To be included in this
study, the literature had to meet the following criteria: (i) Only articles published in peer-
reviewed journals were chosen; (ii) Articles mentioning the accession numbers of AG and
the sequencing data of AG was publicly available in GenBank; (iii) Articles mentioning the
geographical origin, isolates and AG that could cause symptoms on soybean; (iv) Articles
mentioning about pathogen isolation from the soil (e.g., rhizosphere soil, topsoil), root,
and shoot of the symptomatic soybean plants. The articles from the databases mentioned
above were imported into the EndNote X9 software to acquire information of AG, isolate,
geographical origin, and isolation sources. The information on AG, isolates, geographical
origin, isolation sources were compiled as shown in Table S1. The primary isolation sources
included diseased roots, shoots of soybean crop, and soil (e.g., rhizosphere soil, topsoil)
surrounding symptomatic soybean. To create a dataset of all publicly available sequences
from the rDNA ITS1-5.8S-ITS2 region associated with R. solani AG, we queried National
Center for Biotechnology Information (NCBI) GenBank(https://www.ncbi.nlm.nih.gov/
genbank; accessed on 12 November 2021) and downloaded all of the sequences for the
following studies.

2.2. Characterization of the Distribution and Frequency of Anastomosis Groups Assoiated
with Soybean

The frequency of AG with known sequences in GenBank from the published literature
was calculated using the formula with modification for this study; relative frequency
(F) = 100 × (n/N), in which n = the number of each AG/AG subgroup reported in the
published literature and N = the total number of all AG/AG subgroup reported in the
published literature [19,45]. AG showed higher frequency was considered most frequently
reported or highly distributed AG or AG subgroup.

2.3. Sequences Alignments

The nucleotide sequences of the rDNA ITS1-5.8S-ITS2 region, representing AG were
edited and assembled using BioEdit v. 7.2.5 with manual adjustment [46]. The sequences
were aligned using the Clustal W algorithm in the Molecular Evolutionary Genetics Anal-
ysis (MEGA v. 7.0.26) software, and obvious errors were adjusted manually [47]. The
resultant alignments were imported into BioEdit v. 7.2.5 and adjusted manually by visual
examination [46]. A sequence of Atheliarolfsii FSR-052 (GenBank Accession No. AY684917)
(anamorph, Sclerotiumrolfsii ) was used as the outgroup [38,39,41–48].

2.4. Phylogenetic Analysis

Before conducting phylogenetic analysis, best-fit substitution model selection of the
aligned sequences was carried out using the jModelTest v. 2.1.6 package program [49]
with model selection strictly based on the Akaike Information Criterion (AIC) estimateand
Bayesian Information Criterion (BIC) [50,51]. The Tamura-Nei [52] model was suggested
by jModelTest v. 2.1.6. The best-fit substitution model for the phylogenetic trees was
mentioned in Table S2. Phylogenetic trees on the multiple alignments were constructed
using MEGA v. 7.0.26. The phylogenetic trees were built using Maximum Likelihood
(ML) [53], Neighbor-Joining (NJ) [54] and Maximum-parsimony (MP) [55]. Rates among
sites were selected as G (γ distributed) for both ML and NJ. The partial deletion for ML and
NJ was set as gap/missing data treatment with a 95% site coverage cut-off, and Nearest-
neighbor interchange (NNI) was selected for the heuristic method. The MP analysis
was obtained using the Close-Neighbor-Interchange algorithm [55]. Bootstrapping of
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1000 random samples from various sequence alignments was used to test each phylogenetic
tree’s robustness. Gaps and missing data were removed from all positions. Only nodes with
bootstrap values of 70% or higher were shown in the phylogenetic trees. Phylogenetic trees
were visualized using the Interactive Tree of Life (iTOLv. 6(http://itol.embl.de/; accessed
on 16 November 2021) [56] and Fig Tree v. 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/;
accessed on 17 November 2021) and edited in Adobe Illustrator® CS5 v. 15.0.0 (San Jose,
CA, USA).

2.5. Principal Coordinate Analysis (PCoA) and Sequence Similarities

Pairwise percentages of sequence similarities of all the isolates within AG and AG
subgroups and among the AG and AG subgroups were calculated with the MatGAT v. 2.0
program [57]. Principal coordinate analyses (PCoA) were conducted on pairwise sequences
similarity matrix to investigate clustering of AG and AG subgroups using paleontological
statistics software package for education and data analysis (PAST v. 4.03) with Gower
similarity index [58].

3. Results
3.1. Distribution of Anastomosis Groups

Nine anastomosis groups (AG) such as AG-1, AG-2, AG-3, AG-4, AG-5, AG-6, AG-7,
AG-9 and AG-11, were associated with soybean. According to the geographical distribution,
most AG were reported from the United States and Brazil while only a few AG were
reported from Japan, India, Canada and Taiwan (Figure 1). Among the AG, AG-1 was the
most prevalent and frequently reported AG with a relative frequency of 40%, followed
by AG-2 (19.13%), AG-4 (11.30%), AG-7 (10.43%), AG-11 (8.70%), AG-3 (5.22%), AG-5
(3.48%) and AG-6 and AG-9 each with a frequency of 0.87% (Table 1). Similarly, among the
AG subgroups associated with soybean, AG-1-IA was frequently reported AG (33.91%),
followed by AG-2-2IIIB (12.17%) and each of AG-4-HGII and AG-4-HGIII with a frequency
of 4.35%. On soybeans, all of these AG were pathogenic (Table 1). AG-1 caused severe foliar
and web blight of soybean, while the rest of the AG were reported to cause damping-off,
root, and hypocotyl rot of soybean (Table 1).
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Table 1. Frequency of R. solani AG associated with soybean across the geographical origins.

AG AG Subgroups
Geographical Origin

USA Brazil Canada Taiwan India Japan Total
aF

AG-1

AG-1-IA 1 36 2 39 33.91

40.00

AG-1-IB 1 2 3 2.61
AG-1-IC 1 1 0.87
AG-1-IF 1 1 0.87

1 1 1 0.87
AG-1-ID 1 1 0.87

AG-2

AG-2-1 3 3 2.61

19.13
AG-2-2 1 1 2 1.74
AG-2-3 3 3 2.61

AG-2-2IIIB 12 2 14 12.17
AG-3 6 6 5.22 5.22

AG-4

AG-4 1 1 0.87

11.30
AG-4-HGI 2 2 1.74
AG-4-HGII 5 5 4.35
AG-4-HGIII 5 5 4.35

AG-5 2 2 4 3.48 3.48
AG-6 1 1 0.87 0.87
AG-7 10 2 12 10.43 10.43
AG-9 1 1 0.87 0.87

AG-11 10 10 8.70 8.70
Total 62 39 2 2 3 7

aF (Relative frequency) = 100 × (n /N ), in which n = the number of each AG/AG subgroup and N = the total
number of all AG/AG subgroups.

3.2. Genetic Diversity of Anastomosis Groups

Initially, 115 R. solani AG associated with soybean were collected from published
literature in this study (Table 1). Only 102 AG with known isolate names, pathogenicity
and geographic origins were used to explore genetic diversity and phylogeny (Figures 2–4).
Using NJ, ML and MP methods, sequence analysis clustered AG into two major clades
(Figures 2–4). The 102 AG clustered into two distinct clades, with clade I including 62 AG
and clade II including 40 AG (Figures 2–4). The 62 AG in clade I further clustered into
five distinct subclades (Ia, Ib, Ic, Id, and Ie), with sufficient bootstrap support for each
subclade (Figures 2–4). Clade Ia included isolates of AG-11 (subclade Ia-1) and isolates of
AG-5 (subclade Ia-2), clade Ib included isolates of AG-2, clade Ic included isolates of AG-3,
clade Id included isolates of AG-4, and clade Ie included isolates of AG-7. Subclades Ia-1
(isolates of AG-11) and Ia-2 (AG-5) within Ia were closely spaced subclades in the tree. Even
the subgroups of AG within these subclades clustered separately. For example, subclade
clade Ib was further subdivided into three subclades (Ib-1, Ib-2, and Ib-3). Ib-1 included
isolates of AG-2-1, Ib-2 included AG-2-2 and Ib-3 included isolates of AG-2-2IIIB. Similarly,
clade Id was further subdivided into four subclades, i.e., subclade Id-1 (containing isolates
of AG-4-HGI), subclade Id-2 (isolates of AG-4-HGII), subclade Id-3 (AG-4-HGIII), and
subclade Id-4 (AG-4-4). The 40 AG in clade II also clustered into two distinct subclades (IIa
and IIb). Subclade IIa only included isolates of AG-1-IC and AG-1-IB, while subclade IIb
included 38 isolates of AG-1-IA (Figures 2–4).
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Figure 2. Genetic relatedness among the AG from soybean. Neighbor-Joining (NJ) analysis was
used to build the trees. The accession numbers are followed by isolate, geographical origin and AG.
Different colors show clades and/or subclades associated with AG. Thousands of replications were
used to bootstrap tree branches. Numbers at nodes indicate bootstrap values, and only those ≥70 are
shown. The outgroup, Athelia rolfsii FSR-052 (GenBank Accession No. AY684917), was used to root
the tree. Scale bar indicates a genetic distance of 0.05 for horizontal branch length.
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Figure 3. Genetic relatedness among the AG from soybean. Maximum likelihood (ML) analysis was
used to build the trees. The accession numbers are followed by isolate, geographical origin and AG.
Different colors show clades and/or subclades associated with AG. Thousands of replications were
used to bootstrap tree branches. Numbers at nodes indicate bootstrap values, and only those ≥70 are
shown. The outgroup, Athelia rolfsii FSR-052 (GenBank Accession No. AY684917), was used to root
the tree. Scale bar indicates a genetic distance of 0.2 for horizontal branch length.
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Figure 4. Genetic relatedness among the AG from soybean. Maximum parsimony (MP) analysis was
used to build the trees. The accession numbers are followed by isolate, geographical origin and AG.
Different colors show clades and/or subclades associated with AG. 1000 replications were used to
bootstrap tree branches. Numbers at nodes indicate bootstrap values, and only those ≥70 are shown.
The outgroup, Athelia rolfsii FSR-052 (GenBank Accession No. AY684917), was used to root the tree.
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3.3. Relationship between Genetic Diversity of Anastomosis Groups and Their Geographic Origin

Besides, closely related AG or AG subgroups associated with soybean were clus-
tered together regardless of the geographical origin from where they had been identified
(Figures 2–4). For example, isolates of AG-1-IA in subclade IIb from Brazil, Japan, and the
USA clustered together (Figures 2–4). Similarly, isolates of AG-5 from the USA and Japan,
in subclade Ia-2, clustered together. Moreover, isolates of AG-2-2 from the USA and Brazil
in the subclade Ib-2 clustered together (Figures 2–4). In conclusion, closely related AG
associated with soybean were clustered together regardless of the geographical origin from
where they had been identified.

3.4. Genetic Relatedness among and within Clades and Subclades Representing Anast
Mosis Groups

ML, MP and NJ phylogenetic trees showed that AG or AG subgroups were clustered
together regardless of the geographical origin. Therefore the percentage of sequence
similarities within and among clades and subclades of 108 AG without their corresponding
geographical origin, was established by direct pairwise comparisons (Table 2). Within the
proposed subclades, all the AG-11 and AG-5 closely related isolates within subclade Ia
had the widest range of sequence similarities of 77 to 99.4%, followed by AG-7 closely
related isolates within subclade Ie which had sequence similarities of 82.1 to 100%, AG-4
closely related isolates within subclade Id which had sequence similarities of 87.4 to 100%
and AG-1 closely related isolates within subclades IIa-1 and IIa-2 which had sequence
similarities of 87.5 to 100% (Table 2). All the AG-5 closely related isolates within subclade
Ia-2, AG-2 closely related isolates within subclade Ib, and AG-3 closely related isolates
within subclade Ic had the sequence similarity greater than 90%. The sequence similarity
of AG-11 (subclade Ia-1), AG-5 (subclade Ia-2), AG-2 (subclade Ib), AG-3 (subclade Ic),
AG-4 (subclade Id), and AG-7 (subclade Ie) of clade I were higher than isolates of AG-1 of
clade II. There were also variations in the percentage of sequence similarities of AG and/or
AG subgroups between the subclades. For example, the sequence similarity between
subclade Ib-1 (isolates of AG-2-1) and subclade Ib-2 (isolates of AG-2-2) and between
subclade Ib-1 (isolates of AG-2-1) and subclade Ib-3 (isolates of AG-2-2IIIB) were 83.7–86%
and 81.5–85.4%, respectively. In contrast, the sequence similarity between subclade Ib-2
(isolates of AG-2-2) and subclade Ib-3 (isolates of AG-2-2IIIB) was 92 to 99%. This suggests
a closer genetic relatedness between the isolates of AG-2-2 and AG-2-2IIIB than between
the isolates of AG-2-1. The AG-4 (Subclade Id) isolates were further sub-clustered into four
subgroups (1, HG-I, -II, and -III). The sequence similarity within AG-4 (Subclade Id) as
a whole rangesfrom 81.7% to 100%; it is considerably lower than within the subgroups:
99.4, 99.6–100, 87.4–99, and 87.2% for HG-I, -II, -III, and 1 respectively. Furthermore, the
percentage of sequence similarity was higher than 87.2% within an AG subgroup (IA, IB, IC,
HG-1, HG-II, HG-III, 2-1, 2-2, 2-IIIB), 81.7 to 100% for different subgroups within an AG, and
69.5 to 92.5% among different AG. The above-mentioned phylogenetic trees were further
explained and supported by PCoA. PCoA grouped AG into two major clades (Figure 5).
Clade I included the isolates of AG-3, 4, 5, 7, and 11, and clade II included isolates of
AG-1. Within the clades, subgroups of AG formed a separate cluster. For example, isolates
of AG-1-IB and AG-1-IC (subclade IIa) formed distinct clusters than isolates of AG-1-1A
(subclade IIb). Similarly, isolates within subclade Id such as AG-4-HGI, AG-4-HGII, and
AG-4-HGIII formed separate clusters (Figure 5).
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4. Discussion

R. solani is a soil borne pathogen that affects soybean worldwide and has a significant
economic impact in all soybean growing countries [1,7,11,19,21,59–61]. All AG associated
with soybean reported in this study belonged to R. solani. The frequency of AG varied
substantially geographically. Most of the AG were reported from the diseased soybean
plants in the USA and Brazil. More AG discoveries associated with soybean in the USA may
imply an expansion of the host range and genetic diversity of R. solani [4]. Furthermore, AG
associated with soybean might have been studied more intensively in the USA than other
countries because of their greater relative importance as plant pathogen of soybean. In the
USA, foliar blight caused by AG-1 and, hypocotyl and root rot caused by AG-2-2IIIB, AG-4,
AG-5, AG-3, AG-7, and AG-11 caused as high as 45% soybean yield losses [4,21,61–63]. In
this study, the reports of a few AG from Japan, Canada, Taiwan, Japan, and India were
probably due to a lack of sampling or isolation methods. In Brazil, foliar blight, damping-
off, and root rot caused by AG-1 and AG-2 resulted in an estimated 31 to 60% soybean yield
loss [8,32,64]. In Canada, root rot ranked fourth among 22 diseases causing severe losses
in soybean [65,66]. In India, foliar blight caused by AG-1 caused an average yield loss of
40% to 50% [1,43,67,68]. Besides, AG-2 and AG-5 have been reported to cause hypocotyl
rot of soybean in Japan [44]. AG-7 is responsible for the damping-off of soybean seedlings
in Taiwan [42]. In recent years, the frequency of legumes in crop rotations has increased,
and also the intensive cultivation of soybean might be another reason for increasing the
frequency of R. solani AG [4,5,21,42,61–63].

Besides, our study also revealed the most frequently reported AG from soybean. AG-1
was the most frequently reported AG from soybean, followed by AG-2, AG-4, AG-11,
AG-7, AG-3, and AG-5. Frequently reported AG doesn’t indicate whether it is highly
pathogenic or not pathogenic on soybean. For example, AG-1-1A is highly pathogenic
on soybean in Brazil; however, AG-2-2IIIB, AG-4, and AG-5 are highly pathogenic on
soybean in the USA [5,19–22]. Hence, AG diversity, frequency, and distribution could be
influenced by the dynamics of the host-pathogen relationship, genetic flexibility, and degree
of adaptation [69]. Furthermore, crop rotation, soil types, soybean cultivars, cropping
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patterns, and climatic conditions of the particular region may encourage the presence
of specific AG over others [70]. In addition, root-associated microbial communities also
influence AG distribution [32].

The most reliable approach for phylogenetic analysis and genetic diversity of AG
and AG subgroups of R. solani is the molecular characterization utilizing the sequences
of the rDNA ITS1-5.8S-ITS2 region [5,37,38]. We were able to make conclusions about the
phylogenetic relationships among AG and AG subgroups using the sequences of the rDNA
ITS1-5.8S-ITS2 region from the NCBI GenBank. In this study, phylogenetic analysis based
on MP, NJ and ML showed AG forms two distinct clades. Clade I included isolates of AG-2,
AG-3, AG-4, AG-5, AG-7, and AG-11, whereas clade II included isolates of AG-1. Each AG
forms a distinct subclade within the clades except AG-5 and AG-11, which form a distinct
subclade (Ia).This suggests that isolates of AG-5 and AG-11 may be more closely related to
each other. Previous studies have shown that even isolates of AG-5 of soybean clustered
with the isolates of AG-11 of other legumes such as lupins [37]. Besides, our study showed
that even AG subgroups form distinct subclades. For example, isolates of AG-1C and IB
form a sister subclade with isolates of AG-1A within clade IIa (AG-1 isolates). Sequence
analysis in previous studies revealed that AG-1-B was genetically distinct from AG-1 IA
and IB [69]. Likewise, within the sub clade Ib (AG-2 isolates), isolates of AG-2-1 form a
sister subclade with isolates of AG-2-2 and AG-2-IIIB. Previous studies considered AG-2 a
polyphyletic with subgroups consistently forming different clades or subclades [71].

AG-2 is a highly heterogeneous AG with substantial genetic diversity and is further
divided into nine subgroups such as 1, 2, t, Nt, 2IIIB, 2IV, 2LP, 3, 4 that cause rots and
damping-off disease in soybean [37]. Moreover, within subclade Id (AG-4 isolates), few
AG-4-HGIII isolates form a sister clade with isolates of AG-4-HGII and AG-4-HGI. Besides,
most of the isolates of AG-4-HGII and AG-4-I were clustered together. This indicated
that subgroups HGI and HGII were found to be more closely related than subgroup
HGIII [15,17,32]. Furthermore, our study also revealed that AG did not have preferences
for geographical origin. Most clades or subclades with high bootstrap support indices
include AG and AG subgroups from USA, Brazil, and other countries. In a previous study,
the authors of the reference [34] analyzed sequences of AG from Europe, North America,
Australia and Asia associated with legumes, cereals and vegetables and found that AG did
not have a preference for a geographic origin; however, some AG were found to be host-
specific [72]. The authors of the reference [73–78] showed that isolates of AG from different
countries are categorized under the same AG or AG subgroups. Furthermore, the pairwise
distance matrix based on sequence similarities revealed that the isolates of AG within the
clades and subclades shared high sequence similarities. In contrast, isolates of AG from
different clades and subclades showed less similarity. Furthermore, the sequence similarity
was higher than 87.2% within an AG subgroup, 81.7 to 100% for different subgroups within
an AG, and 69.5 to 92.5% among different AG. These results are consistent with previous
studies that assessed the sequence similarities of ITS sequences [15]. They found that
sequence similarity was above 96% for the same AG subgroup, 66–100% for different
subgroups within an AG, and 55–96% for AG. In addition, PCoA revealed that AG and/or
AG subgroups form a separate group from each other. Previous reports showed that
the sequence homology in the ITS regions was higher for isolates of the same subgroup
than isolates of different subgroups within an AG and isolates of different AG [38]. Our
study revealed that the rDNA-ITS sequences were clustered consistently according to their
known AG and not according to geographical origin. Cluster analyses based on rDNA-ITS
on sequences of R. solani AG and AG subgroups associated with a soybean of a specific
geographical origin have already been reported [1,7,19,21,61].

5. Conclusions, Limitations and Future Directions

In conclusion, this study provides the first documentation regarding the global genetic
diversity and distribution of R. solani AG associated with soybean. AG-1, AG-2, and AG-4
were the most prevalent and widely documented AG in soybean. AG-1 was responsible for
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foliar and web blight of soybean, whereas the remaining AG were causing damping-off,
root and hypocotyl rot. Across geographical origin, most of the AG were reported from
the USA, followed by Brazil. Phylogenetic and genetic diversity analysis revealed that
AG and/or AG subgroups formed distinct clades and subclades without corresponding
to geographical origin. Pairwise percentages of sequence similarities within AG and
subgroups and principal coordinate analysis also support the phylogenetic and genetic
diversity analysis. The rDNA ITS1-5.8S-ITS2 region has been successfully sequenced and
phylogenetically analyzed to reliably separate R. solani isolates into several groups and
subgroups that correspond to the various AG [5,15,17,18,35]. However, sequence analysis
of the rDNA ITS1-5.8S-ITS2 region is not without its attendant limitations. Though the
differences in the rDNA ITS1-5.8S-ITS2region are sufficiently large to differentiate the AG
reliably, they could not differentiate isolates of the same AG [75]. Furthermore, researchers
do not verify or validate sequences deposited in databases and repositories; depositing
an incorrectly named AG is almost inevitable. Complete information about isolate name,
host, or geographical origin may not be included. Besides, the rDNA ITS1-5.8S-ITS2
region would not always be ideal because of high mutation rates. Furthermore, R. solani
is multinucleate; therefore, there is the possibility of numerous nucleotide variations in
this region even in the single strain of R. solani [76–78]. Hence, the genetic diversity and
phylogeny of AG must be augmented with additional sequences such as large-subunit
rRNA (LSU) region, ß-tubulin, the largest (RPB1) and the second-largest (RPB2) subunits of
RNA polymerase, translation elongation factor (tef-1α), the mini-chromosome maintenance
protein (mcm7), calmodulin (CaM), and topoisomerase I (top1) gene. Furthermore, studies
involving genomic, transcriptomic, proteomic and mitogenomic analysis may provide
insights into the phylogeny and genetic diversity of R. solani AG.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/genes13122417/s1, Table S1. GenBank accession numbers of DNA sequences from the
rDNA ITS1-5.8S-ITS2 region of R. solani AG were used to determine AG’s phylogenetic relationships
and genetic diversity associated with soybean, Table S2. The best models used for ML and NJ analysis
in this study.
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Abstract: Taro (Colocasia esculenta L. Schott, Araceae), an ancient root and tuber crop, is highly
polygenic, polyphyletic, and polygeographic in nature, which leads to its rapid genetic erosion.
To prevent the perceived loss of taro diversity, species discrimination and genetic conservation of
promising taro genotypes need special attention. Reports on genetic discrimination of taro at its
center of origin are still untapped. We performed DNA barcoding of twenty promising genotypes
of taro indigenous to the northeastern hill region of India, deploying two chloroplast-plastid genes,
matK and rbcL, and the ribosomal nuclear gene ITS2. The secondary structure of ITS2 was determined
and molecular phylogeny was performed to assess genetic discrimination among the taro genotypes.
The matK and rbcL genes were highly efficient (>90%) in amplification and sequencing. However, the
ITS2 barcode region achieved significant discrimination among the tested taro genotypes. All the taro
genotypes displayed most similar sequences at the conserved matK and rbcL loci. However, distinct
sequence lengths were observed in the ITS2 barcode region, revealing accurate discriminations among
the genotypes. Multiple barcode markers are unrelated to one another and change independently,
providing different estimations of heritable traits and genetic lineages; thus, they are advantageous
over a single locus in genetic discrimination studies. A dynamic programming algorithm that used
base-pairing interactions within a single nucleic acid polymer or between two polymers transformed
the secondary structures into the symbol code data to predict seven different minimum free energy
secondary structures. Our analysis strengthens the potential of the ITS2 gene as a potent DNA
barcode candidate in the prediction of a valuable secondary structure that would help in genetic
discrimination between the genotypes while augmenting future breeding strategies in taro.

Keywords: Araceae; DNA barcoding; genetic discrimination; ITS2 secondary structure; molecular
phylogeny; taro

1. Introduction

Taro (Colocasia esculenta L. Schott), which belongs to the Araceae family, is one of
the ancient tuber crops and the most widespread food crop cultivated in the tropical to
temperate world [1]. In ancient civilizations, the paddy crop was considered as weed in a
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flooded taro field. Today, paddy has become the staple food crop in the developed world.
However, taro is still considered an orphan crop and a crop for the resource-poor [2]. Taro
corms are one of the cheapest sources of carbohydrates, protein, minerals, and vitamins
and are used in treatment of fungal infections, pulmonary congestion, tuberculosis, and
ulcers [3]. Taro is believed to have originated in Indian subcontinent, and the north eastern
hill (NEH) region of India, Indo-Myanmar in particular, is considered as the secondary
place of origin of taro [4]. It was further dispersed to East and Southeast Asia, the Pacific
Islands, Africa, and tropical America [5]. Taro is highly polymorphic, polygenetic, and
polygeographic in nature. The phylogeographic and phylogenetic evolution of taro is still
unclear [6], which makes this potential tuber crop underutilized.

The wild taro populations were widespread worldwide before its cultivation started,
thus showing huge genetic diversities across geographical regions [7]. The NEH region
of India is a treasure trove for taro diversities with immense genetic potential for biotic
and abiotic stress tolerance. There is a scope for introgression of this untapped gene pool
for the genetic improvement of taro. The rich taro diversities in the NEH region of India
need special attention for the conservation of the gene pool and the prevention of perceived
genetic erosion [8]. Proper identification, characterization of promising landraces, and
understanding of their genetic background facilitate rapid genetic improvement in taro [9].
Several marker-assisted studies have elucidated the genetic diversity in taro; however, it is
difficult to distinguish the progenitor and descendants of taro’s wild relatives due to their
polygenic nature [10].

Phenotypic indicators have resolved the morphological variability with baseline infor-
mation on diversity. However, morphological indicators could not confer genetic variations
due to spontaneous vegetative mutagenesis [11]. Molecular characterization using simple
sequence repeat (SSRs) has been used to study the genetic diversity of taro worldwide [6]
and understand its genetic bottleneck and secondary domestication. Genetic characteriza-
tion of the taro gene pool at the chloroplast DNA (cpDNA) using restricted fragment length
polymorphism (RFLP) was attempted in wild and cultivated genotypes, which formed a
monophyletic group without distinct clade structures [12]. Previous attempts could not
establish a phylogenetic relationship between the wild and cultivated taro gene pool [1].

Recent advancements in molecular and omics tools have helped overcome the lim-
itations of morphological discriminations [13]. DNA barcoding is an advanced, robust,
and efficient tool that enables species identification and delimitation [14]. DNA barcoding
involves two important steps, including building the barcode library from known taxa
and assigning the barcode sequence against the library for species identification following
phylogenetic relationships [15]. DNA barcoding and molecular phylogeny efficiently dis-
criminate among closely related species [16]. On the other hand, RNA secondary structures
predicted from the nuclear ITS2 sequences could validate the phylogenetic relationships
derived from the short DNA sequences. RNA molecules are the basic building blocks
that fold into secondary and tertiary structures with diverse functional properties. RNA
structural motifs can unveil the genetic understanding of how RNA structures regulate
functional elements [17]. RNA secondary structure predictions can help in understanding
the RNA molecules that govern gene function and regulation. RNA secondary structure
based on the minimum free energy (MFE) algorithm has higher accuracy in establish-
ing relationships among the RNA families [18], eliminating pseudogene footprints and
minimizing sequencing error in DNA barcoding [19].

A DNA barcode deploys a short gene sequence from a conserved coding and non-
coding region used as a marker for species discrimination [20]. Chloroplast genome
regions are highly conserved regions due to the complex uniparental inherent repetition
mechanisms and are often used for phylogenetic studies [21]. The chloroplast-plastid gene
matK encodes the maturase K enzyme [22], whereas the rbcL gene encodes the ribose-1,5-
bisphosphate carboxylase oxidase enzyme [23]. Although there are some mixed responses
in terms of amplification and sequence success rate, the matK gene is one of the most
informative loci for establishing phylogenetic relationships [24]. The rbcL gene is the first
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single-copy gene sequenced in plants contains no intron [25]. As one of the most conserved
genes in the chloroplast region, rbcL is widely used to establish phylogenetic relationships
among the species showing too little variation at the species level [25]. However, ITS2, the
internal transcribed spacer region of the nuclear-ribosomal region is often considered as a
candidate barcode gene due to its efficient amplification ability, universal characteristics,
and significant variability [26]. Combining barcode loci efficiently elucidates intra-specific
variability. CBOL (2009) [20] suggests that a combination of multi-loci barcode regions
(matK+ITS) apparently discriminates the species more efficiently than a single-locus region
(matK+rbcL). However, the distinct variation in the ITS region supersedes the ambiguity
that arises among the variation in the chloroplast region [27]. Characterization studies
of the intra-specific variations in taro advanced breeding lines indigenous to its centre of
origin, the northeastern hill region of India, using multiple barcode regions are particularly
scarce [3,28,29].

The present study aimed to investigate genetic discrimination using the conserved
matK, rbcL, and ITS2 barcode genes among the twenty advanced breeding gene pools of
taro developed from the landraces indigenous to the NEH region of India. In addition, we
assessed the efficacy of the nuclear-plastid and nuclear region barcode markers for species
delimitation among the taro genotypes. The molecular phylogeny based on the DNA
barcode sequences confirms the inter-relationship among the advanced breeding lines at
the conserved region. The present study also focused on MFE-based RNA secondary struc-
ture predictions concerning the ITS2 nuclear gene for further validation of the molecular
phylogeny by grouping the genotypes into various clades. The DNA barcode-anchored
species delimitation would be useful for a close understanding of the genotypes, helping to
augment future breeding strategies in taro.

2. Materials and Methods
2.1. Plant Materials and Experimental Site

Twenty diverse taro genotypes (Supplementary Table S1) were collected from the north-
eastern hill (NEH) regions of India and from the Indian Council of Agricultural Research
(ICAR)-Central Tuber Crops Research Institute (CTCRI), Regional Centre, Bhubaneswar, In-
dia. The genotypes were maintained at the Langol hill research farm of the ICAR-Research
Complex for the Northeastern Hill Region (ICAR RC NEHR), Manipur Centre, Imphal,
India. The experimental site is located at 24◦ 50′ N latitude, 93◦ 55′ E longitude, and at
an altitude of 860 m above mean sea level. The taro genotypes were grown following the
package of practices recommended by the ICAR-CTCRI, Regional Centre, Bhubaneswar,
India. The climatic condition of the study site is tropical with an average temperature of
22–30 ◦C, rainfall of 1540 mm, and a relative humidity of 85–90% during the crop growth
period from April to October 2019. This study was conducted under the twinning program
of the Department of Biotechnology (DBT), Ministry of Science and Technology, Govt.
of India, in collaboration with the ICAR-CTCRI, Thiruvananthapuram, India, with prior
approval from the competent authorities which ensure compliance with ethical regulations.

2.2. Plant Sample Preparation and Total Genomic DNA Isolation

The central newly emerged leaf samples from the twenty taro genotypes were collected
in sterile Eppendorf tubes and snap-frozen in liquid nitrogen for genomic DNA (gDNA)
extraction. The collected leaf tissue was homogenized by using Tissue Lyser LT (QIAGEN,
Hilden, Germany) and processed for total gDNA isolation in a QIAcube automated nucleic
acid extractor (QIAGEN, Hilden, Germany) using a DNeasy Plant Mini Kit (QIAGEN,
New Delhi, India) and following the manufacturer’s protocol. The quantification of the
isolated gDNA was carried out by using a QIA expert, single-channel UV–Vis nano reader
(QIAGEN, Hilden, Germany) and electrophoresed on a 0.8% agarose gel (Tarson, Mumbai,
India). To enable PCR, the final concentration of the gDNA was adjusted to 50 ng µL−1 by
dilution from a total gDNA concentration of 40-120 ng µL−1.
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2.3. PCR Amplification and Purification

PCR amplification was carried out with the matK, rbcL, and ITS DNA barcode primers
as recommended by the Consortium for the Barcode of Life–Plant Group [20]. The matK,
rbcL, and ITS2 primers were synthesized by M/S Bioserve Biotechnologies (Hyderabad,
India) Pvt. Ltd., Hyderabad, India. The primer details are given in Table 1. Each primer set
was optimized by gradient PCR to obtain the annealing temperature. The PCR reaction was
carried out in a volume of 25 µL consisting of 50 ng template DNA (1 µL), 12.5 µL 2 × Taq
PCR master mix (QIAGEN, New Delhi, India), and 10 pM primers. The amplification
was achieved under the following conditions: an initial denaturation at 95 ◦C for 5 min,
followed by 40 cycles of denaturation at 95 ◦C for 1 min, annealing at 55 ◦C for 1 min,
extension at 72 ◦C for 1 min, and a final extension at 72 ◦C for 10 min in a SimpliAmpTM

thermal cycler (Applied Biosystems Life Technologies®, Waltham, MA, USA). For the
detection of amplicons, PCR products were resolved on a 1.5% agarose gel, and pictures
were taken on the E-box gel documentation imaging system (Vilber Lourmat, France).
The PCR products were purified using a QIA quick PCR purification kit (QIAGEN, New
Delhi, India) by following the manufacturer’s instructions. The quality of the purified
PCR products was further processed for DNA sequencing at M/S Bioserve Biotechnologies
(India) Pvt. Ltd., Hyderabad, India.

Table 1. Details of the barcode primers used for PCR amplification of the taro genotypes.

Region Primers Sequences (5′ to 3′) Amplicon Size Amplification Success Rate

matK matK XF
matK 5R

TAATTTACGATCAATTCATTC
GTTCTAGCACAAGAAAGTCG 1000 bp 90–95%

rbcL rbcLa F
rbcLa R

ATGTCACCACAAACAGAGACTAAAGC
GTAAAATCAAGTCCACCRCG 600 bp 90%

ITS2 ITS2 S2F
ITS2 S3R

ATGCGATA CTTGGTGTGAATTATAGAAT
GACGCTTCTCCAGACTACAAT 300–400 bp 80–85%

2.4. DNA Sequencing

The sequencing of the purified PCR products was performed at M/S Bioserve Biotech-
nologies (India) Pvt. Ltd., Hyderabad, India, using Sanger sequencing (ABI Genetic An-
alyzer 3730, 48 capillaries, 50 cm, Thermo Fisher, Waltham, MA, USA). The obtained
sequences were viewed and analyzed in FinchTV v1.4.0 (Geospiza, Denver, CO, USA).

2.5. Bioinformatics Analysis

The reads from forward and reverse sequences from all the PCR products amplified
with matK, rbcL, and ITS primers were trimmed using SnapGene v5.3 (https://www.
snapgene.com; accessed on 1 October 2022). The manual editing of barcode gaps was
done in pairwise alignment view using BLAST, and by following nucleotide blast with
the maximum similarity score and lowest E value, species identification was performed.
The muscle algorithm method was carried out using ClustalW v10.1.8 (https://www.
genome.jp/tools-bin/clustalw; accessed on 1 October 2022) to obtain multiple sequence
alignment (MSA) using MEGA11 software (Molecular Evolutionary Genetic Analysis; https:
//www.megasoftware.net; accessed on 1 October 2022) [30]. By considering the transitional
and transversional nucleotide substitution, the phylogenetic study was executed using
the neighbor-joining tree (NJT) and minimum evolution method (MEM) with 1000 as the
“Bootstrap phylogeny” value and the “kimura–2–parameter” substitution model (d–transitions)
in MEGA11 software [31].

2.6. RNA Secondary Structure Predictions

The nucleotide sequences obtained from ITS2 primers were used to predict the RNA
secondary structure from the rRNA database of RNAfold Web Server v2.4.18 (http://rna.
tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi; accessed on 1 October 2022) [32].
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3. Results
3.1. PCR Amplification, Sequencing, and Multiple Sequence Alignment

The PCR amplification rate was higher (>90%) for the matK and rbcL genes as com-
pared to the ITS2 genes (>80%) [Table 1]. The matK, rbcL, and ITS2 sequences of the twenty
taro genotypes were queried against the NCBI database (https://www.ncbi.nlm.nih.gov;
accessed on 1 October 2022) to find the regions of similarity, and the blast-edited sequences
were processed further for analysis. The consensus lengths of matK (222–514 bp), rbcL
(250–270 bp), and ITS2 (313–315 bp) sequences after trimming varied among the taro
genotypes. The distribution of mean nucleotide base frequencies of candidate nucleotide se-
quences at different coding positions (matK, rbcL, and ITS2) in taro genotypes are presented
in Table 2. Sequence analysis of the matK, rbcL, and ITS2 loci identified the twenty tested taro
genotypes as Colocasia esculenta with 99.04 (ITS2)–100% (matK and rbcL) homology among
all the taro genotypes (Table 3). The ITS2 gene exhibited wide dispersal sequence similarity,
as revealed by the sequence alignments, whereas matK and rbcL exhibited homologous
sequences among the tested taro genotypes.

Table 2. The nucleotide base frequencies of candidate nucleotide sequences at different coding
positions in taro plants.

Sequences Base Contents (%)

A T G C AT GC

matK 30.75 37.56 12.56 19.13 68.31 31.69

rbcL 25.80 33.41 20.28 20.51 59.20 40.80

ITS2 19.52 11.44 34.78 34.26 30.96 69.04

Table 3. BLASTn search results for matK, rbcL, and ITS2 gene sequences of twenty taro (Colocasia escu-
lenta) genotypes.

Voucher
Name

matK and rbcL ITS2
SpeciesPercent

Identity E Value Accession
No. (matK)

Accession
No. (rbcL)

Percent
Identity E Value Accession

No. (ITS2)

RCMC-1 100% 0.0 LT995105.1 MH270468.1 99.05% 3 × 10−156 MK961250.1 C. esculenta

RCMC-2 100% 0.0 LT995105.1 MH270468.1 99.05% 3 × 10−156 MK961250.1 C. esculenta

RCMC-5 100% 0.0 LT995105.1 MH270468.1 99.37% 7 × 10−158 MK961250.1 C. esculenta

RCMC-6 100% 0.0 LT995105.1 MH270468.1 99.37% 7 × 10−158 MK961250.1 C. esculenta

RCMC-10 100% 0.0 LT995105.1 MH270468.1 99.36% 2 × 10−157 MK961250.1 C. esculenta

DP-25 100% 0.0 LT995105.1 MH270468.1 100.00% 1 × 10−160 MK961250.1 C. esculenta

Duradim 100% 0.0 LT995105.1 MH270468.1 99.04% 1 × 10−155 MK961250.1 C. esculenta

Jhankri 100% 0.0 LT995105.1 MH270468.1 99.36% 2 × 10−157 MK961250.1 C. esculenta

MK 100% 0.0 LT995105.1 MH270468.1 99.36% 2 × 10−157 MK961250.1 C. esculenta

Topi 100% 0.0 LT995105.1 MH270468.1 99.68% 5 × 10−159 MK961250.1 C. esculenta

Satasankha 100% 0.0 LT995105.1 MH270468.1 99.68% 5 × 10−159 MK961250.1 C. esculenta

TSL 100% 0.0 LT995105.1 MH270468.1 99.05% 3 × 10−156 MK961250.1 C. esculenta

P Chandel 100% 0.0 LT995105.1 MH270468.1 99.05% 3 × 10−156 MK961250.1 C. esculenta

R5JH10 100% 0.0 LT995105.1 MH270468.1 99.68% 5 × 10−159 MK961250.1 C. esculenta

R5MK 100% 0.0 LT995105.1 MH270468.1 99.04% 1 × 10−155 MK961250.1 C. esculenta

R1B9 100% 0.0 LT995105.1 MH270468.1 99.05% 3 × 10−156 MK961250.1 C. esculenta
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Table 3. Cont.

Voucher
Name

matK and rbcL ITS2
SpeciesPercent

Identity E Value Accession
No. (matK)

Accession
No. (rbcL)

Percent
Identity E Value Accession

No. (ITS2)

PCT1 100% 0.0 LT995105.1 MH270468.1 99.05% 3 × 10−156 MK961250.1 C. esculenta

BBSL 100% 0.0 LT995105.1 MH270468.1 99.68% 5 × 10−159 MK961250.1 C. esculenta

TOPI-1kR 100% 0.0 LT995105.1 MH270468.1 99.68% 5 × 10−159 MK961250.1 C. esculenta

BBSR 100% 0.0 LT995105.1 MH270468.1 100.00% 1 × 10−160 MK961250.1 C. esculenta

The rate of different transitional substitutions and transversional substitutions showed
significant variations among the different conserved barcode regions, which indicated
the differences among the taro genotypes (Table 4). ITS2 showed higher transitional
substitution (point mutations) values among the nucleotides across the regions compared
to rbcL and matK. However, matK exhibited higher transversional substitution values
followed by rbcL and ITS2 (Table 4).

Table 4. Maximum likelihood estimates of the substitution matrix of matK, rbcL, and ITS2 sequences.
Rates of different transitional substitutions are in bold, and those of transversional substitutions are
shown in italics.

matK

m
at

K

From/To A T G C

A - 12.3839 5.8154 4.9319

T 10.2083 - 5.8096 4.9368

G 10.2083 12.3715 - 4.9368

C 10.1981 12.3839 5.8154 -

rbcL

rb
cL

From/To A T G C

A - 9.6984 7.2905 7.2164

T 9.1319 - 7.2832 7.2236

G 9.1319 9.6887 - 7.2236

C 9.1227 9.6984 7.2905 -

ITS2

IT
S2

From/To A T G C

A - 0.5673 1.7239 18.0123

T 1.0720 - 45.5929 1.7201

G 1.0720 15.0027 - 1.7201

C 11.2258 0.5673 1.7239 -

3.2. Phylogenetic Studies, Replacement Rate Matrices, and DNA Barcoding

The unrooted maximum likelihood tree (MLT) [Figures 1–3] depicts the phylogenetic
relationship with the branch lengths representing evolutionary distances or the bootstrap
values in a K2P model. The unrooted MLT derived from matK sequences grouped the
twenty taro genotypes into two major clades. Clade I comprises 14 genotypes, and clade II
includes 6 genotypes (Figure 1). The rbcL sequences showed 100% homogeny among the
tested genotypes, and as such could not establish significant discrimination in the present
study (Figure 2). However, the ribosomal-nucleus ITS2 gene sequences categorized the
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taro genotypes into five distinct clades. Clades I, II, and III each comprise five genotypes,
whereas clades IV and V include two and three genotypes, respectively (Figure 3).
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3.3. ITS2 Secondary Structure Predictions

A dynamic programming algorithm transformed the secondary structures into the
symbol code data to predict the minimum free energy secondary structure. The ITS2 loci
displayed seven different e-loop motif features, which contained a ring-pin that was a
typical feature of the secondary structure model of taro (Figure 4). Structures I, III, V, and
VI represented a centroid ring with 3-6 hair-pin motifs and 2-6 bulge loops. However,
structures II, IV, and VII displayed a centroid bulge with multi-branched loops (Figure 4).
As per the ITS2 secondary structures, the taro genotypes were grouped into seven different
clades. Clade I comprises six genotypes (RCMC-1, RCMC-2, DP-25, TSL, BBSR, Satasankha),
Clade II includes five genotypes (RCMC-5, Duradim, Jhankri, Topi 1kR, BBSL), and Clade
III involves five genotypes (RCMC-6, P. Chandel, R5MK, R1B9, PCT1). However, the
RCMC-10, Topi, MK, and R5JH10 genotypes exhibited unique secondary structures each.
R5JH10 exhibited a similar structure to that of Clade I with the omission of the helix at the
centroid ring (Figure 4). The ITS2 secondary structures are the unique genetic structures at
the conserved nuclear region which could be useful in discriminating the taro landraces at
the genotypic level by understanding the RNA molecules.
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4. Discussion

Tropical root crops and the products they generate are crucial components for a sus-
tainable agricultural system as well as key components of human and animal nutrition.
The domestication of numerous perennial herbaceous species in the Colacasia genus calls
for the use of various evolutionary biology approaches that can effectively identify and
authenticate the species. Additionally, a comparison of the physiological, biochemical, and
chromosomal (heritable) traits of several taro species found discrepancies in the categoriza-
tion made within the genus, indicating the need for more trustworthy methods involving
different genetic DNA markers with broad binomial nomenclature specificity.

4.1. DNA Barcoding Using rbcL, matK, and ITS2 Genes

The adoption of multi-loci techniques [33] including both nuclear and chloroplast
DNA barcodes has greatly improved accuracy of species identification, especially for closely
related species, despite the absence of one universal barcode that can be utilized to identify
relevant plant species [21]. The molecular identification of the Colacasia species was made
possible by the nucleotide sequences of plastid genes, the inter-gene region (rbcL, and
matK), and the nuclear region (ITS2). However, the ITS2 sequences have a distinct way of
differentiating the taro cultivars and do so more efficiently.

We used DNA barcoding analysis employing the extremely diverse ITS2 barcoding
regions to confirm the accuracy of species identification for the indicated taro specimens
placed in regional NCBI banks. Even though there is extensive species coverage of all the
DNA barcodes in the NCBI gene bank archive for many species of plants, such as Colocasia
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esculenta, ITS2 enables more precise species categorization using sequence similarity (>99%).
In order to better comprehend the features of the taxonomic variations of taro farmed in
Brazil, a phylogenetic study was carried out, and the variability of taro was investigated
by [29] using chloroplast genome sequences, such as rbcL and pbsA-trnH. In [34], the
genetic diversity of taro was assessed using two chloroplast DNA barcoding markers,
rbcL and pbsA-trnH, and the authors found an enhanced perception of genetic evaluation
and of their characteristics. DNA barcoding analysis employing the extremely variable
chloroplast trnL and nuclear ITS2 DNA barcoding regions has been used to confirm the
correctness of species identification for indicated Eurasian Vicia species [35]. However, [36]
acknowledge that after a comparison of several variations in the number of species detected
from phylogenetic groupings„ the genetic diversity index using the rbcL marker was unable
to resolve the identification of yam (Dioscorea spp.) well, exposing the ineffectiveness of this
marker in differentiating the genetic variability of yam.

Using the results of the BLAST analysis of the DNA sequences, the twenty studied
genotypes were grouped into the same species with notably high correlation values, and
have been identified with >99% identity (Tables 1 and 2). Furthermore, we have demon-
strated that diversity studies in the taro can rely on the nuclear ITS2 region. Although minor
differences were found for a few clades that resulted from the rbcL and matK phylogenetic
trees, we confirmed the topology of the genotypes and the related reference records were
found to be consistent (Figures 1 and 2). Although rbcL and matK are not the best identifiers
for species discrimination, the relatively conserved nuclear ITS2 region was considered the
finest marker because it allows for a more ideal interspecific alignment.

4.2. ITS2 Marker and RNA Secondary Structure

In order to provide insight into emerging RNA control frameworks, digitally generated
RNA structures should reflect the native RNA folded state of a species. Because it limits
sequencing inaccuracy and removes pseudogene imprints, RNA secondary initial design
is an effective approach for species characterization [37], RNA structure is constantly
found to be more conserved than the DNA sequences obtained. To the standard approach
of sequence-based alignment, the homologous RNA secondary structures can operate
to function equally on the binding of the base pair, and cleaving or catalyzing may be
considered to yield unique nucleotides. Hence, base-pair interactions resulting in secondary
or tertiary RNA structures are necessary for ITS2 to function [38]. The accuracy of the
results in identifying species under common clades or groups can be considerably increased
if the common structures of these homologous sequences are measured during RNA folding
and alignment. On the other hand, determining a set of RNA molecules’ similar structures
can be used to anticipate the essential components of their function [39].

In particular, the ITS2 preserved structure has recently received a lot of attention
and application [18]. ITS2-derived RNA folding and sequence-structure alignment have
increasingly utilized ITS2 sequences and their established secondary structures as tem-
plates. Our discovered RNA secondary structure was compared to all the genotypes, which
revealed a “ring-pin” model structure as the general core throughout all taro genotypes,
providing a superior differentiation method than other markers, such as rbcL and matK.
Therefore, the ITS2 marker is found to be an excellent alternative identifying method for
integrated analysis of RNA structures and their function in evolutionary attention. Notably,
the ITS2 DNA barcoding marker will be taken forward for frequent use in phylogenetic
techniques that will grow exponentially and it will become a sequence-directed genetic
information contributor. The identification of these RNA secondary patterns increases the
utility of the ITS2 secondary structure in taro as a taxonomic DNA marker. Breeders of taro
may select from a variety of parents for greater diversity or a hybrid for taro crop devel-
opment [3]. Since the ITS2 marker is revealed to be effective and it can be recommended
as the stand-alone marker of choice for DNA barcoding of Colocasia accessions, especially
for accurate identification, discrimination, and estimation of the genetic diversity of this
important tuber crop.
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5. Conclusions

This study described the efficiency of DNA barcode genes in chloroplast-plastid (matK
and rbcL) and ribosomal-nuclear (ITS2) regions in discriminating twenty promising taro
lines at the genotypic level. Although matK and rbcL markers exhibited higher amplification
and sequencing rates, ITS2 emerged as an ideal marker for DNA barcoding, phylogenetic
relationship determination, and secondary structure predictions in our study. The results of
this study successfully delimit the ITS2 boundary among the taro genotypes and the associ-
ated evolutionary information. The divergent ITS2 sequence alignments have been used for
establishing the phylogenetic relationship and secondary structure predictions. The ITS2
loci-based maximum likelihood tree grouped the twenty taro genotypes into five major
groups; however, ITS2 secondary structure predictions categorized the twenty genotypes
into seven different clades. The close relationship of the taro genotypes indicated that they
homogenously originated from the same geographical region. This study is the first report
on genetic discrimination of taro genotypes from the center of origin of taro, the northeast-
ern hill region of India, in particular. This study also provides insight into the scope of the
development of species-specific markers for the discrimination of closely related taxa by
deploying multiple barcode genes. Understanding the RNA molecules would be useful for
the selection of parents in trait-specific breeding strategies for taro improvement.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/genes13122294/s1: Table S1. List of twenty taro genotypes used
in the study.
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Abstract: Hypoestes forskaolii is one of the most important species of the family Acanthaceae, known
for its high economic and medicinal importance. It is well distributed in the Arab region as well
as on the African continent. Previous studies on ethnomedicine have reported that H. forskaolii has
an anti-parasitic effect as well as antimalarial and anthelmintic activities. Previous studies mainly
focused on the ethnomedicinal properties, hence, there is no information on the genomic architec-
ture and phylogenetic positions of the species within the tribe Justiceae. The tribe Justicieae is the
most taxonomically difficult taxon in Acanthoideae due to its unresolved infratribal classification.
Therefore, by sequencing the complete chloroplast genome (cp genome) of H. forskaolii, we explored
the evolutionary patterns of the cp genome and reconstructed the phylogeny of Justiceae. The cp
genome is quadripartite and circular in structure and has a length of 151,142 bp. There are 130 genes
(86 coding for protein, 36 coding for tRNA and 8 coding for rRNA) present in the plastome. Anal-
yses of long repeats showed only three types of repeats: forward, palindromic and reverse were
present in the genome. Microsatellites analysis revealed 134 microsatellites in the cp genome with
mononucleotides having the highest frequency. Comparative analyses within Justiceae showed that
genomes structure and gene contents were highly conserved but there is a slight distinction in the
location of the genes in the inverted repeat and single copy junctions. Additionally, it was discovered
that the cp genome includes variable hotspots that can be utilized as DNA barcodes and tools for
determining evolutionary relationships in the Justiceae. These regions include: atpH-atpI, trnK-rps16,
atpB-rbcL, trnT-trnL, psbI-trnS, matK, trnH-psbA, and ndhD. The Bayesian inference phylogenetic tree
showed that H. forskaolii is a sister to the Dicliptra clade and belongs to Diclipterinae. The result also
confirms the polyphyly of Justicia and inclusion of Diclipterinae within justicioid. This research has
revealed the phylogenetic position of H. forskaolii and also reported the resources that can be used for
evolutionary and phylogenetic studies of the species and the Justicieae.

Keywords: chloroplast genome; Hypoestes forskaolii; justiceae; phylogenomics

1. Introduction

Hypoestes forskaolii (Vahl) R.Br is a herbaceous plant and one of the most important
Acanthaceaous species mainly distributed in some part of Africa and the Arab region [1].
The plant has been used in folk medicine in the treatment of various diseases like cancer,
gonorrhea, heart and chest diseases [2,3]. The species is also reported to have several biolog-
ical properties which includes antifungal, atrypanosomal, antileishmanial, antiplasmodial
and cytotoxic properties [2,4]. A leaf decoction from the plant is used by Herdsmen to kill
insect and parasite on sheep [5,6]. Fresh leaves of H. forskaolii are used to heal wounds and
are also reported to have insecticidal activity [7]. Despite the traditional medicinal value of
the plant, its complete chloroplast genome (cp genome) has not been sequenced, thus the
genome evolution remains unexplored.
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The tribe Justiceae is the largest tribe in Acanthaoideae (Acanthaceae) with ca.
2000 species distributed worldwide and exhibit a great diversity in morphological features.
The tribe is considered the most taxonomically difficult taxon in Acanthoideae due to
its unresolved tribal classification. The taxonomic problems in the tribe began after the
infrafamilial classification of Acanthaceae by Lindau (in 1895). In his work, he classified
Justicia L. and its assumed sister species in a tribe that is characterized by the presence of
two stamens and two or three aperturate pollen. The problem of this classification is that
he included species that don’t have this character in Justiceae and placed other species
with two stamen in other tribes. Since then, several studies [8–12] have been conducted to
address the infratribal classification. Their work was based on morphological data, but they
did not analyze their data phylogenetically. However, their work contributed immensely to
providing knowledge of infrafamilial and infratribal relationships within the Acanthaceae.
The major setback of the Bremekamp infrafamilial classification is that he did not account
for the generic composition of his tribes [11]. McDade and her colleagues (in 2000) were
the first students of Acanthaceae who employed phylogenetic analysis using the nrITS and
the trnL-F region from 55 species to resolve the Justiceae tribal classification. Their results
recognized four lineages and these lineages are characterized by tricolporate hexapseu-
docolpate pollen and also provided a base for evaluating the phylogenetic relationship
of the Justicieae species. Since then, ref. [13] worked on Isoglossinae, refs. [14–16] worked
on the Tetmerium lineage. The recent study that tries to evaluate the tribal classification
of Justiceae, particularly the justicoid lineages is [17]. In their study, they used six DNA
regions from 178 samples of Justiceae and concluded that Justicia is paraphyletic and called
for further investigation to address the infratribal classification of the tribe.

Understanding the evolutionary links among plant species at various taxonomic
hierarchies can be achieved with the help of genetic data. This is due to the presence of
various protein-coding and transfer RNA genes that play a crucial role in the cells of plants.
The major role of the chloroplast organelle in a plant is the conversion of carbon dioxide and
water into simple sugars [18]. The chloroplast genome (cp genome) is the most informative
and conserved genome in angiosperms compared with nuclear and mitochondria. The cp
genome contains sufficient information for inferring phylogenetic relationships, studies of
taxa diversification and comparative analyses [19]. The cp genome of land plants usually
have a circular and a quandripartite structure which include a single copy region (70–80 kb),
small single copy region (15–28 kb) and a pair of inverted repeat (18–30 kb) [20]. The length
of the cp genome of angiosperms ranges from 140 kb to 180 kb and they contain about
132 unique genes (ca. 86 coding for protein, 4 coding for ribosomal ribonucleic acid
and 32 coding for transfer ribonucleic acid) [21]. Despite the conserved nature of the cp
genome, there is some degree of variation in gene content and genome structure as well
as mutations [22]. This causes the sequences of different species to diverge, which may
be utilized to analyse the phylogenetic relationships of various taxonomic groups [23].
Only the chloroplast genomes of six taxa of the Justiceae have been sequenced, despite the
significance of the cp genomes in contemporary systematics.

Here, we have reported and characterized the cp genome of H. forskaolii using the
Illumina Hiseq 2500 system. We have combined the newly sequenced H. forskaolii with
the 12 cp genomes of Justiceae sampled from the public Genbank database to explore the
evolutionary circumstance of Justiceae. We have also analyzed the structure of the cp
genome with other Justiceae to identify regions to be used for the species authentication
and genetic diversity studies of the species including population genetics studies. We have
reconstructed the phylogenetic relationship of the species using the plastome sequences
to infer its phylogenetic positions and attempt to resolve the infratribal classification
of Justiceae.

2. Materials and Methods

A typical specimen of H. forskaolii was collected from Batagarawa town, Katsina,
Katsina State, Nigeria. The leaves from the specimen were collected and stored in a zip lock

275



Genes 2022, 13, 2259

bag containing silica gel and the specimen was taken to Herbarium Center for Biodiversity
and Conservation, Umaru Musa Yaradua University for identication. The specimen was
authenticated by the Curator and was given accession number UMH0145. The dried
leaf material was used to extract the DNA using a Qiagen genomic DNA extraction kit,
following the manufacturer’s instructions.

2.1. Library Construction, Sequencing and Assembly

For the DNA sample preparations, 1.0 µg of DNA was used as input material. Follow-
ing the manufacturer’s instructions, the NEBNext DNA Library Prep Kit was used to create
the sequencing libraries, followed by addition of indices to the sample. The genomic DNA
was sheared at random into segments of 350 bp, which were then prepared for further PCR
enrichment and sequencing. The resulting PCR products were subject to purification (using
the AMPure XP system), then the resultant libraries were measured using real-time PCR
and evaluated for size distribution using an Agilent 2100 Bio analyzer. After pooling, the
qualified libraries based on projected data volume and effective concentration, were fed
onto Illumina sequencers. Using PRINSEQlite v0.20.4 [24], clean reads sequences (5.2 GB)
were obtained from the raw data through filtering, which were then subjected to assembly
using NOVOPlasty 4.2. [25] using kmer (K-mer = 39) and the cp genome of Justicia flava
(NC 044862.1) was used as the seed and reference.

2.2. Gene Annotation

The online tool GeSeq [26] was used to annotate all the genes present in the cp genome
of H. forskaolii using the plastome sequence of Justicia flava as reference. The sequin program
was used to correct the errors in the genes that were not successfully annotated in the
Geseq by adjusting the position of the codons. The cp genome architecture was drawn in
OGDRAW (Organellar Genome DRAW) [26].

2.3. Codon Usage Analysis

The software MEGA version 6 [27] was used to calculate the relative synonymous
codon usage values (RSCU), codon usage and base composition.

2.4. Repeat Analysis

MicroSAtellite (MISA) (http://webblast.ipk-gatersleben.de/misa/index.php accessed
on 24 November 2022) was used to identify Simple Sequence Repeats (SSRs) in the
H. forskaolii cp genome [28]. For mononucleotides, dinucleotides, trinucleotides, and
tetra, penta, and hexa nucleotides SSR motifs eight, five, four, and three repetitions units
were used, respectively. The online software REPuter [29] was used to identify the types of
long repeats present in the cp genome.

2.5. Genome Comparison

Using the annotation of H. forskaolii as a reference in the Shuffle-LAGAN mode [30], the
cp genomes of seven species of Justiceae were compared using the tool mVISTA [31]. The
online software IR scope (https://irscope.shinyapps.io/irapp/ accessed on 1 November
2022) was used to compare the border regions of the cp genome.

2.6. Characterization of Substitution Rate

To identify the genes that are under selection pressure, DNAsp version 6 [32] was used
to examine synonymous (dS) and nonsynonymous (dN) substitution rate and dN/dS ratio.

2.7. Sequence Divergence

To determine sequence divergence and identify the variable regions in the cp genome,
sliding window analysis was used to evaluate the diversity of nucleotide in the cp genome
using DnaSP version 6 with the following parameters: 600 bp for window length and
200 bp for step size.
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2.8. Phylogenetic Analysis

The cp genome of seventeen Acanthoideae species as well as four species, Erythranthe
lutea (Phrymaceae), Scrophularia dentata (Scrophulariaceae), Lysionotus pauciflorus (Gesneri-
aceae) and Tanaecium tetragonolobum (Bignoniaceae) were downloaded from Genbank. The
Acanthoideae species are the in group while the other four were used as the out group.
Using MAFFT version 7 [33], the newly sequenced cp genome of H. forskaolii was aligned
with the downloaded cp genomes. Using MrBayes version 3.2.6, a Bayesian inference
strategy was used to reconstruct the phylogenetic tree [34]. The appropriate model was
chosen using jModelTest version 3.7 [35].

3. Results and Discussion
3.1. Characteristics of H. forskaolii Chloroplast Genome

Previous findings revealed that the cp genome of flowering plants is extremely well-
preserved in both the gene content and structural organization; however, expansion and
contraction in the inverted repeat and single copy junctions are among the evolutionary
events leading to variations in the cp genomes [36,37]. The cp genome of H. forskaolii is
quadripartite and circular in structure and has a total length of 151,142 bp. The cp genome
consists of a pair of inverted repeats (IRb and IRa) 25,477 bp, Small Single Copy (SSC)
17,012 and Large Single Copy 83,176 bp (Figure 1). A total of 72,852 bp make up the
genome’s non-coding region which is comprised of introns and intergenic spacers, and
the 78,290 bp code for protein genes. The GC percentage of the LSC and SSC regions was
36.0% and 32.3%, respectively, whereas the GC content of the inverted repeats IRa and
IRb was 43.4% and 43.3%, respectively (Table 1). It is discovered that the IRs have a larger
proportion of GC than SSC and LSC regions.

Table 1. Nucleotide composition in the H. forskaolii cp genome.

Region T(U) (%) C (%) A (%) G (%) Total (bp)

cp genome 31.2 19.4 30.8 18.7 151,142
LSC 32.4 18.5 31.16 17.5 83,176
SSC 34.0 16.8 34.0 15.2 17,012
IRA 28.4 22.5 28.3 20.9 25,477
IRB 28.2 20.8 28.4 22.5 25,477

1st Positiom 31.2 19.4 30.1 19.0 50,381
2nd Position 31.0 19.4 31.3 18.3 50,381
3rd Position 31.0 19.2 30.9 18.6 50,381

The annotation of H. forskaolii cp genome revealed a total of 130 genes (86 protein-
coding genes, 36 tRNAs genes and 8 rRNAs genes), 96 genes are present in the LSC
(82 protein coding genes and 21 tRNA genes) and SSC (14 protein coding genes and
1 tRNA) while the remaining 17 genes (7 tRNAs, 4 rRNAs and 7 protein-coding genes) are
repeated in the IRa and IRb regions (Table 2 and Figure 1). Almost all the protein-coding
genes in the cp genome have ATG as their start codon and few of them have alternative
start codon, GTG, ACG and ATC; this has been reported to occur in the cp genome of
angiosperms [38–40].

Some of the coding genes present in the cp genome of H. forskaolii have introns. Introns
are reported to occur in some of the protein-coding and tRNAs genes of flowering plants cp
genomes [38,39]. Out of the 130 coding genes, 16 are characterized with one or two introns
(Table 3). Among the 16 genes, six are tRNAs and 11 are protein coding genes. Ten of the
intron-containing genes are located in the LSC, one gene in the SSC while the remaining
five are in the inverted repeat region. ATP dependent protease subunit p gene (clpP) and
one of the Photosysem I gene (ycf3) possessed two introns while the remaining 14 genes
have only one intron. The tRNA, trnK-UUU is the gene with longest intron which is due to
the inclusion of matK in the gene.
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Figure 1. The structure of the H. forskaolii cp genome. Genes inside the circles are transcribed
clockwise, while those outside the circles are transcribed counterclockwise. The colorful bar displays
genes that are known to be functioning. The inner circle’s dark grey and light grey colors, respectively,
designate the GC and AT contents.

The frequency of a codon that encodes for a specific amino acid was compared using
codon usage analysis [41]. A codon is a sequence of trinucleotides that encodes for specific
amino acids that are used in protein synthesis [42]. Because of bias in mutation, codon
use is a factor influencing the development of the chloroplast genome [43] and it differs
between species [44]. The nucleotide sequence of the protein-coding genes (78,290 bp) was
used to calculate the frequency of the codons present in the cp genome. The relatively
synonymous codon usage (RSCU) of the genes in the cp genome is shown in (Table 4,
Figure 2). The codon usage analysis revealed that 26,095 codons encode for the genes in the
cp genome. All the 20 known amino acids are encoded by 61 codons (Figure 2). Codons
coding for the amino acid leucine are more prevalent in the cp genome while codons that
code for Cysteine are the less common (Table 4). The Cytosine (C) and Guanine (G) endings
are more prevalent than the Thymine (T) and Adenine (A) endings; the cp genomes of
other angiosperms have Thymine and Adenine endings occurring more frequently [45–47].
The result of the analysis (Table 4) revealed that codon usage bias is low in the cp genome
of H. forskaolii. The RSCU values for 31 codons were less than 1, and are characterized
with G/C endings, whereas the RSCU values for 30 codons were greater than 1, with A/T
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endings. Methionine and Tryptophan are the only two amino acids without codon bias
with RSCU values of 1.

Table 2. Genes present in the chloroplast genome of H. forskaolii.

Category Grpup of Genes Name of Genes

RNA genes

ribosomal RNA genes (rRNA) rrn5, rrn4.5, rrn16, rrn23

Transfer RNA genes (tRNA)

trnL-UAG., trnK-UUU +, trnS-GCU, trnQ-UUG,
trnV-UAC +, trnR UCU, trnD-GUC, trnE-UUC,
trnC-GCA, trnM-CAU, trnY-GUA, trnT-GGU,
trnG-GCC, trnfM-CAU, trnS-UGA, trnT-UGU,
trnL-UAA +, trnF-GAA, trnW-CCA, trnP-UGG,

trnP-GGG, trnL-CAA a, trnV-GAC a, trnI-GAU +,a,
trnA-UGC +,a, trnR-ACG a, trnN-GUU a, trnH-GUG,

trnG-UCC, trnS-GGA

Ribosomal proteins Small subunit of ribosome rps19, rps8, rps14, rps7 a, rps2, rps11, rps2, rps14,
rps18, rps16 +, rps15, rps12 a

Transcription
Large subunit of ribosome rpl33, rpl16, rpl20, rpl32, rpl23 a, rpl22, rpl14,

rpl36, rpl2 +,a

DNA dependent RNA polymerase rpoC2, rpoB rpoA, rpoC1 +,

Protein genes
Other genes

Photosystem I psaI, psaB, psaj, psaA, psaC, ycf3 ++

Photosystem II psbZ, psbK, psbF, psbD, psbL, psbN, psbH, psbT, psbJ,
psbB, psbE, psbM, psbC, psbI, psbA

Subunit of cytochrome petL, petB, petN, petG, petA, petD

Subunit of synthase atpH, atpF, atpE, atpB +, atpA, atpI

Chloroplast envelope membrabe protien cemA

NADH dehydrogenase ndhK, ndhH, ndhI, ndhD, ndhB +,a ndhG, ndhF, ndhE,
ndhC, ndhJ, ndhA+

Large subunit of rubisco rbcL

Subunit acetyl-coA carboxylase accD

ATP dependent protease subunit P clpP ++

Maturase matK

C-type cytochrome systhesis ccsA

Translational initiation factor infA

Component of TIC complex ycf1 a

Hypothetical proteins ycf2 a,ycf4, ycf15 a

a Duplicated genes, + Gene with one intron and ++ Gene with two introns.
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the program REPuter; from the results it was discovered that tandem repeats and three 
types of long repeats (forward, reverse and palindromic) were present in the plastome H. 
forskaolii (Figure 3). In total, there are 88 repeats in the cp genome of H. forskaolii (19 
palindromic repeats, 27 forward repeats, 4 reverse repeats and 38 tandem repeats). Most 
of the palindromic and forward repeats sizes are between 20–29 bp, followed 10–19 bp. 
The length of repeated sequences in H. forskaolii cp genome ranges from 10 to 44 bp, are 
analogous to the lengths in other angiosperm cp genomes [48–50]. 
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Table 3. Genes with introns in the H. forskaolii chloroplast genome and length of introns and exons.

Gene Location Exon I (bp) Intron I (bp) Exon II (bp) Intron II (bp) Exon III (bp)

trnK-UUU LSC 36 2453 36
rps16 LSC 224 912 35

trnS-CGA LSC 31 661 59
atpF LSC 470 649 140

rpoC1 LSC 1635 784 433
ycf3 LSC 152 710 228 683 127

trnL-UAA LSC 36 513 49
trnV-UAC LSC 36 584 37

clpP LSC 226 631 299 749 69
petB LSC 5 687 653
rpl2 IR 435 658 397

ndhB IR 755 679 776
rps12 IR 25 542 231

trnI-GAU IR 41 939 34
trnA-UGC IR 37 820 34

ndhA SSC 538 989 552

Table 4. Codon usage of the H. forskaolii chloroplast genome.

Codon Amino Acid RSCU tRNA Codon Amino Acid RSCU tRNA

UUC Phe 0.67 trnF-GAA UAU Tyr 1.61 trnY-GUA
UUU Phe 1.33 UAC Tyr 0.39
CUG Leu 0.42 CAG Gln 0.47
UUA Leu 1.84 trnL-UAA UAA Stop 1.55
CUA Leu 0.83 CAA Gln 1.53 trnQ-UUG
CUU Leu 1.27 trnL-UAG CAU His 1.54 trnH-GUG
CUC Leu 0.4 CAC His 0.46
UUG Leu 1.24 trnL-CAA UAG Stop 0.93
AUG Met 1 trnM-CAU AAG Lys 0.51
AUU Ile 1.5 trnI-GAU AAU Asn 1.54 trnN-GUU
GUC Val 0.49 GAC Asp 0.36
AUA Ile 0.89 trnI-CAU AAA Lys 1.49 trnK-UUU
AUC Ile 0.61 AAC Asn 0.46
GUU Val 1.5 trnV-GAC GAU Asp 1.64 trnD-GUC
UCU Ser 1.68 trnS-GGA UGU Cys 1.46 trnC-GCA
GUA Val 1.45 GAA Glu 1.47 trnE-UUC
GUG Val 0.56 trnV-UAC GAG Glu 0.53
UCA Ser 1.21 UGA Stop 0.52
UCC Ser 0.92 UGC Cys 0.54
CCA Pro 1.1 CGA Arg 1.41
UCG Ser 0.67 trnS-UGA UGG Trp 1 trnW-CCA
CCU Pro 1.51 trnP-UGG CGU Arg 1.2 trnR-ACG
CCC Pro 0.78 CGC Arg 0.41 trnR-UCU
GCA Ala 1.14 GGA Gly 1.58
CCG Pro 0.61 CGG Arg 0.55
ACU Thr 1.61 AGA Arg 1.78
ACC Thr 0.73 AGG Arg 0.65
GCC Ala 0.67 GGC Gly 0.37
ACG Thr 0.47 trnT-UGU AGC Ser 0.3
GCU Ala 1.75 trnA-UGC GGU Gly 1.27
ACA Thr 1.19 trnT-GGU AGU Ser 1.22 trnS-GCU
GCG Ala 0.44 GGG Gly 0.78 trnG-UCC
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3.2. Repeat Analyses
3.2.1. Long Repeats

Long repeats sequences present in the cp genome of H. forskaolii were identified
using the program REPuter; from the results it was discovered that tandem repeats and
three types of long repeats (forward, reverse and palindromic) were present in the plastome
H. forskaolii (Figure 3). In total, there are 88 repeats in the cp genome of H. forskaolii
(19 palindromic repeats, 27 forward repeats, 4 reverse repeats and 38 tandem repeats). Most
of the palindromic and forward repeats sizes are between 20–29 bp, followed 10–19 bp.
The length of repeated sequences in H. forskaolii cp genome ranges from 10 to 44 bp, are
analogous to the lengths in other angiosperm cp genomes [48–50].
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Figure 3. Types of tandem and long repeat distribution and their frequency in the chloroplast
genomes of H. forskaolii.

We compared the frequency of repeats among seven Justiceae cp genomes, and the
result indicated that only three species, namely, D. acuminata, P. japonica and R. pectinata
contained complement, forward, reverse and palindromic repeats (Figure 4D). C. nutans
and P. haikangense have the highest frequency of forward repeats (37) while R. pectinata has
the lowest (12). D. acuminata and J. procumbes have the same number of reverse repeats, five
each. R. pectinata has the highest number of reverse repeats (9) while H. forskaolii has the
lowest (4). Complement repeats are found to be the less numerous type of repeat across the
genome with D. acuminata, P. japonica and R. pectinata having one, two and five, respectively.

3.2.2. Simple Sequence Repeats (SSRs)

Simple sequence repeats (SSRs) are short repeats of sequences usually 1–6 bp that
are very useful at evaluating genetic variation among species. These SSRs are present
in cp genomes of angionsperms and are uniparently inherited. They are therefore em-
ployed as molecular markers in developmental research such as genetic heterogeneity
investigations, and they also aid in the identification of species [51–53]. This study dis-
covered 136 microsatellites in the cp genome of H. forskaolii (Table 5). Mononucleotides
are the most frequent SSRs in the cp genome, constituting about 78.67%, of which major-
ity are polythymine (41.91%) and polyadenine (30.14%); this is consistent with previous
studies [53]. Among the dinucleotide only AT/AT is found in the genome. Reflecting series
complementary, only two trinucleotide AAT/ATT and ATC/ATG, five tetra AAAC/GTTT,
AAAG/CTTT, AAAT/ATTT, AATC/ATTG, AATT/AATT were present in the cp genome.
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Penta nucleotide and hexa nucleotide were not discovered in the cp genome (Figure 4A).
The LSC region harbored most of the microsatellites, followed by SSC (Figure 4B).
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(D): Number of different repeats in chloroplast genomes of seven species of Justiceae.

The frequency of SSRs among the cp genomes of seven species of Justiceae was
analyzed (Figure 4C); the results revealed that mononucleotides repeats are the most
frequent across all the cp genomes. D. acuminata and H. forskaolii are the species with the
highest frequency of mononucleotide; 108 and 107, respectively. Pentanucleotides were not
present in the cp genomes of H. forskaolii, D. nutans and D. acuminata while hexanucleotide
was only present in P. japonica.

3.3. Comparative Analysis of Justiceae Species Cp Genome

To evaluate the level of genome divergence in Justiceae, the newly sequenced cp
genome H. forskaolii was compared with six Justiceae species cp genomes downloaded
from the GenBank. The cp genomes were aligned using mVISTA with the annotation
of H. forskaolii as a reference. The result of the anaysis revealed that the compared cp
genomes are well-preserved in terms of genome structure and gene content; however,
there was some level of variation. The protein-coding regions were found to be more
conserved than the introns and intergenic spacers. In terms of the four regions, the IRa
and IRb were more conserved than the SSC and LSC (Figure 5). This has been reported
to occur in certain taxa cp genomes in earlier studies [54,55]. The most divergent non-
coding regions among the seven cp genomes are trnH-psbA, trnK-rps16, rps16-trnQ-UUG,
trnE-UUC-psbD, atpH-atpI, trnT-trnL, ndhC-trnV, accD-psaI, petA-psbJ, atpB-rbcL, rps12 and
trnL-rpl32. A slight sequence variation was observed in the following genes psbM, matK,
ycf1, trnA-UGC, ndhH, and rrn16. These regions can be used as a source of potential barcode
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for identification/authentication of Justiceae species as well as resources for inferring
phylogenetic relationships of the Acanthoideae.

Table 5. Microsatellite in the chloroplast genome of H. forskaolii.

cpSSR ID Repeat Motif Length (bp) No. of Repeats SSR Start Position

1 (A) 8 8 23

4087; 8109; 9324; 14,945; 15,707; 18,082;
22,395; 41,631; 64,140; 80,149; 95,787;

110,230; 111,185; 112,039; 112,263; 114,062;
114,556; 118,479; 125,329; 136,542; 151,007;

151,074

2 (A) 9 9 9 7444; 11,725; 26,746; 43,488; 43,722; 66,819;
73,976; 88,658; 151,041

3 (A) 10 10 5 7650; 12,601; 14,734; 27,880; 132,799
4 (A) 12 12 1 15,729
5 (A) 13 13 1 7927
6 (A) 16 16 1 127,320
7 (A) 17 17 1 13,063
8 (C) 11 11 1 4477
9 (C) 12 12 1 131,580
10 (G) 8 8 2 4422; 57,979
11 (G) 9 9 1 5964
12 (G) 10 10 1 116,259
13 (G) 11 11 1 74,737
14 (G) 12 12 1 102,700
15 (G) 16 16 1 66,828

16 (T) 8 8 27

7431; 8012; 25,690; 30,519; 32,669; 35,551;
42,497; 45,300; 50,150; 59,760; 72,331;
74,672; 75,843; 81,161; 82,593; 82,893;

83,210; 83,277; 97,742; 109,264; 111,758;
112,374; 113,566; 123,714; 123,762; 123,859;

138,497

17 (T) 9 9 14
16,042; 17,941; 28,559; 31,561; 42,560;

65,592; 77,186; 83,242; 109,326; 115,581;
123,423; 123,827; 123,846; 145,625

18 (T) 10 10 9 11,804; 12,514; 30,933; 53,860; 68,645;
70,546; 101,483; 123,976; 125,541

19 (T) 11 11 3 59,201;123,498; 123,792;
20 (T) 12 12 2 54,320; 124,361
21 (T) 13 13 1 9522
22 (T) 16 16 1 106,956
23 (AT) 5 5 2 20,342; 46,477
24 AT (7) 7 2 7285; 13,415
25 AT (9) 9 1 75,422
26 (TA) 5 5 3 19,311; 45,521; 45,967
27 TA (6) 6 3 30,631; 45,576; 82,952
28 (ATA) 4 4 2 64,698; 149,097
29 (TTC) 4 4 1 34,430
30 (AAT) 4 4 1 63,219
31 (TTA) 4 4 1 81,350
32 (TAT) 4 4 1 85,183
33 (TGA) 4 4 1 90,439
34 (TCT) 5 5 1 124,766
35 (ATC) 4 4 1 143,840
36 (ATAA) 3 3 1 45,662
37 (TAAA) 3 3 1 66,210
38 (AAAC) 3 3 1 67,218
39 (AAAT) 3 3 1 74,480
40 (AATA) 3 3 1 113,175
41 (AATC) 3 3 1 118,310
42 (AATT) 3 3 1 122,706
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seven cp genomes ranged from 149,627 bp (R. pectinata) to 152,849 bp (P. haikangense). 
Three species J. flava, P. japonica and D. acuminata have their JLB within the gene rps19 
with 102 bp overlapping into the IR. The JLB was bordered by rps19 (LSC) and rpl2 in C. 
nutans due to the contraction of the IR. In contrast, due to the IR expansion, the JLB of the 
R. pectinata was located within the rpl22 while P. haikangense was between the rpl22 (LSC) 
and rps19 (IR). The JSB was found within ndhF with 2170–2184 bp overlapping into the IR 
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Figure 5. Variable regions in the cp genome of seven Justiceae species. The top arrow represents the
direction of transcription; the colors blue and pink denote protein coding and conserved non-coding
sequence, respectively; light green denotes tRNAs and rRNAs. The cp genome coordinates are shown
by the x-axis, and the percentage identity ranges from 50% to 100% on the y-axis.

The structure and size of the chloroplast genome is often retained by angiosperms [53];
however, due to evolutionary processes, including genome contraction and expansion,
there can be subtle variations in the size and location of the boundaries of inverted repeats
and single copy regions [56,57]. We compared the JLB, JSB, JSA and JLA boundaries of the
seven cp genomes of Justiceae and the results (Figure 6) showed some degree of similarity
and variation among the compared cp genomes. The length of the seven cp genomes
ranged from 149,627 bp (R. pectinata) to 152,849 bp (P. haikangense). Three species J. flava,
P. japonica and D. acuminata have their JLB within the gene rps19 with 102 bp overlapping
into the IR. The JLB was bordered by rps19 (LSC) and rpl2 in C. nutans due to the contraction
of the IR. In contrast, due to the IR expansion, the JLB of the R. pectinata was located within
the rpl22 while P. haikangense was between the rpl22 (LSC) and rps19 (IR). The JSB was
found within ndhF with 2170–2184 bp overlapping into the IR except for the C. nutans. The
trnH is located at the junction of the LSC/IRa border of all the compared cp genomes with
the exception of H. forskaolii, which might be due to an expansion which leads to the loss of
rps19. The cp genome of C. nutans varied with the other cp genomes by having the ndhF
gene located in the SSC region. The ycf1 pseudogene extended through the SSC and IRa
with about 4300 bp in the SSC and 812 bp in the IRa in all the compared genomes except
for C. nutans. The JSA and JSB had the most conserved borders among the compared cp
genomes. The cp genome of R. pectinata was unique by having rps3 in LSC/IRb border.
The cp genome of R. pectinata had the smallest LSC region 81,979 bp while P. haikangese had

284



Genes 2022, 13, 2259

the longest 83,878 bp. H. forskaolii was the only species that lost the rps19, which is located
LSC/IR border.
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3.4. Divergence of Protein Coding Genes Sequence

To determine the genes that were undergoing selective pressure in the cp genome of
H. forskaolii, DNAsp was used to calculate the dN/dS ratio, nonsynonymous (dN) and
synonymous (dS) rates. The results showed that the dN/dS ratio was less than one in
almost all of the paired genes except atpF and clpP (Figure 7), indicating that most of the
genes were under negative selection with the exception of clpP and atpF. The synonymous
(dS) values rangee from 0.0053 to 0.1628 in all the protein-coding genes (Figure 7). Twenty-
nine genes, including ycf15, ycf3, rps18, rps14, rpl36, rpl32, psbM, psbN, psbJ, psaI, petG, ndhJ,
ndhC, infA and atpH showed no nonsynonymous changes occurring in the plastome of H.
forskaolii; comparable findings were reported for other cp genomes [58–60].

3.5. Identification of Sequence Divergence

Variable regions of the chloroplast genome are very useful in infering phylogenetic
relationships and identification of species at the lowest taxonomic rank. These regions also
play a vital role in providing information that helps in detecting differences between species
and revealing the changes in the population structure [61,62]. The plastome sequence of
H. forskaolii was found to be similar with that of related Justiceae species. The calculated
pi values ranged from 0 to 0.79 (Figure 8), which shows slightly variation among the
chloroplast genome and are relatively conserved. This pattern of variation was reported
to occur in the plastomes of angiosperm [40]. Comparing the sequence divergence in
the single copy regions and the inverted repeat region, the single copy region showed
a higher variability than the invterted repeat. Highly variable protein-coding genes in
the plastomes include psbM, ndhH and ycf1. Similarly, two intergenic spacers, trnE-UUC-
psbD and rps16-trnQ-UUG were found to be highly variable. These results agree with the
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mVISTA divergence analysis and show that the regions could be used in the identification
and authentication of Justiceae species.
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3.6. Phylogenetic Analysis

The cp genome has been well utilized in inferring phylogenetic relationship due to
its conserved nature and the presence of informative sites [63–65]. Various taxonomic
complexes at different taxonomic levels have been resolved using phylogenetic trees recon-
structed from cp genomes [66,67]. To reconstruct the phylogeny of Justiceae and infer the
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phylogenetic position of H. forskaolii, the cp genome sequences of 21 taxa were downloaded
from Genbank. MAFFT version 7 was used to align the cp genome genome of H. forskaolii
and all the downloaded cp genomes. Bayesian inference was used in reconstructing the
phylogenetic tree. The results in (Figure 9), show the lineage of justiciod is strongly sup-
ported (1.0 PP) with all the twelve species belonging to the tribe Justiceae clustering in
one clade (monophyletic). This is congruent with previous studies using molecular, nrITS
and some of the chloroplast genes [0,17]. Withing the clade, there are six major sub clades,
all with strongly supported posterior probability [PP] = 1.00. H. forskaolii forms a sister
relationship with a sub clade containing Peristrophe and Dicleptera (Diclipterinae) with a
strong support. A similar tree was reported by [17] and this confirmed that the species is a
member of the Diclipterinae subtribe as reported by Bremekamp in his ealier classification.
The core Diclipterianae (Dicliptera, Hypoestes and Peristrophe) is strongly supported in this
study and members of this genera are reported to be united by some of the inflorescence
part [68]. The sister relationship between Peristrophe and Dicleptera needs to be revisited by
looking at their phylogenetic positions, though [69,70] suggested that the two taxa should
be treated as different genera due to their differences in capsule dehiscence. The New
World Justicia species forms a sister relationship with Diclipterinae with strong support.
The phylogenetic tree clearly showed that Justicia is paraphyletic, as reported previously
by [0,17], and there is a need to combine the phylogenetic approach with a morphological
study to resolve this complexity.
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4. Conclusions

In this study, we have sequenced and reported on the cp genome of H. forskaolii to
provide a valuable plastome genomic resources for the species. The plastomes have a
typical gymonosperm cp genome structure they are comparable to another p genome of
Acanthaceae. Simple sequence repeats used for evolutionary studies within the species
were identified. The genome comparative analyses of seven Justiceae species revealed
variable hotspot that could be used to develop a DNA barcode for the identification of the
species. These hotspots will also be useful in phylogenetic relationship studies of the family
Acanthaceae. The study has also revealed that only a few genes are under positive selection.
The findings of the study have reported and confirmed the tribal position of major genera
within Justiceae and has called for a further phylogenetic approach and morphological
study to resolve the taxonomic complexities of the polyphyletic Justicia and the Justiceae.
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Abstract: Bupleurum falcatum L. is frequently used in traditional herbal medicine in Asia. Saikos-
aponins (SSs) are the main bioactive ingredients of B. falcatum, but the biosynthetic pathway of SSs is
unclear, and the biosynthesis of species-specific phytometabolites is little known. Here we resolved
the transcriptome profiles of B. falcatum to identify candidate genes that might be involved in the
biosynthesis of SSs. By isoform sequencing (Iso-Seq) analyses of the whole plant, a total of 26.98 Gb
of nucleotides were obtained and 124,188 unigenes were identified, and 81,594 unigenes were suc-
cessfully annotated. A total of 1033 unigenes of 20 families related to the mevalonate (MVA) pathway
and methylerythritol phosphate (MEP) pathway of the SS biosynthetic pathway were identified. The
WGCNA (weighted gene co-expression network analysis) of these unigenes revealed that only the
co-expression module of MEmagenta, which contained 343 unigenes, was highly correlated with the
biosynthesis of SSs. Comparing differentially expressed gene analysis and the WGCNA indicated
that 130 out of 343 genes of the MEmagenta module exhibited differential expression levels, and
genes with the most “hubness” within this module were predicted. Manipulation of these genes
might improve the biosynthesis of SSs.

Keywords: Bupleurum falcatum; transcriptome; saikosaponin biosynthetic pathway; WGCNA; gene
expression

1. Introduction

Radix Bupleuri (Chai Hu in Chinese) is the dried roots of the genus Bupleurum, Api-
aceae family, which has been widely used in oriental traditional medicine for more than
2000 years, due to its remarkable therapeutic effect on fever, inflammation, influenza, hep-
atitis, malaria, and menopausal syndrome [1]. The principal bioactive constituents of Radix
Bupleuri are its pentacyclic triterpenoid saponins, commonly known as saikosaponins (SSs),
which are comprised of oleanane-type and ursane-type glycosides. Over 130 SSs have
been isolated to date; according to their diverse skeleton structure, SSs are divided into
14 types [2]. SSs possess diverse pharmacological effects, especially SSa and SSd, which
have immunomodulatory, anti-inflammatory, anticancer, antiviral, antibacterial, sedative,
analgesic, and other pharmacological effects. Potent antioxidant, hepatoprotective, and
cytotoxic effects were also reported [3,4].

Different genotypic varieties of Bupleurum plants differ significantly in the content and
proportion of SSs [5,6], which are regulated by interior factors, e.g., growth stage, root struc-
ture, and environmental conditions, such as drought, light deficiency, and fertility [7–13].
SSs are mainly in the pericycle and primary phloem in young roots, while in mature roots,
they were mainly concentrated in the secondary phloem and vascular cambium [14]. There-
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fore, combining cultivation techniques and manipulating gene expressions with regard to
the biosynthesis of SSs could be a more operative approach to improving the SSs yield.

SSs are synthesized via the isoprenoid pathway, initially, IPP (isopentenyl pyrophos-
phate) and DMAPP (dimethylallyl diphosphate) are synthesized via the MVA (mevalonate)
pathway and MEP (methylerythritol phosphate) pathway, respectively. Then the GPP (ger-
anyl diphosphate) and DMAPP transform into farnesyl pyrophosphate (FPP), which then
transforms into 2,3-oxidosqualene via two consecutive enzyme reactions. The β-amyrin
synthase (β-AS) is responsible for cyclizing 2,3-oxidosqualene to generate β-amyrin. Fi-
nally, cytochrome P450s (CYPs) catalyze a series of hydroxylation/oxidation reactions
and UDP-glycosyltransferases (UGTs) catalyze glycosylation reactions, so as to generate
various saikosaponin monomers [15–17]. Several genes encoding SS biosynthesis enzymes
were cloned and identified in B. kaoi (Bk), B. chinense (Bc), and B. falcatum (Bf), such as
BcSE1, BfSS1, CYP716Y1, and BkβAS [18–21]. Nevertheless, the biosynthesis of SSs varies
among species, and the underlying molecular regulatory mechanisms are still elusive. In
the present study, weighted gene co-expression network analysis (WGCNA) was used to
analyze the transcriptome and its relation with SSs content, so as to unearth the regulation
networks of the SS biosynthesis route of B. falcatum.

2. Materials and Methods
2.1. Sampling of B. falcatum

A B. falcatum variety was obtained from a medicinal plant farm (altitude 600 m) in
Rongxian in October 2013, which was authenticated by Professor Jianhe Wei (Institute
of Medicinal Plant Development, Peking Union Medical College & Chinese Academy of
Medical Sciences). The voucher specimen of this genotype (No. 0320130122) was stored
in the herbarium of the School of Life Science and Engineering, Southwest University of
Science & Technology, Mianyang, China.

Bf seeds were put on humid filter paper before germination. Sprouts were grown in
modified Hoagland’s nutrient media. The growth conditions were 24 ± 1 ◦C, a light/dark
cycle of 12/12 h, and 55–65% relative humidity. The 5- and 15-day-old sprouts were subject
to isoform sequencing (Iso-Seq), transcriptome scrutiny, and SSa/SSd quantifications. S1
was the whole fresh roots of 5-day-old seedlings; S2 was a 5 mm portion of the 15-day-old
seedling root tips without the differentiation region; S3 was a 15-day-old seedling root with
removed root tips as previously described (Supplementary Figure S1) [22].

2.2. Saikosaponin Extraction and HPLC (High-Performance Liquid Chromatography)

Samples S1–S3 with triplicates of each were freeze-dried for 72 h. The Waters HPLC
system (Waters 1525 Binary HPLC Pump, Milford, MA, USA)) and an ASB-vensil C18
column (4.6 mm × 250 mm, 5 µm) were used to determine the SSa and SSd content.
Their reference standards were purchased from the National Institutes for Food and Drug
Control, Beijing, China. The determination methods and conditions previously described
were utilized [23].

2.3. PacBio Iso-Seq Library Construction and Transcriptome Analyses

The root and leaf of the B. falcatum seedling were blended and subject to Iso-Seq se-
quencing library creation. The Iso-Seq analysis was performed as previously described [24];
the full-length transcript sequencing was conducted on the PacBio Sequel system (Pacific
Biosciences, San Diego, CA, USA) following the isoform sequencing protocol, and the
Clontech SMARTer PCR cDNA Synthesis Kit and BluePippin Size Selection System were
utilized as described by the manufacturer PacBio (PN 100-092-800-03, San Diego, CA, USA).

The transcriptome sequencing of S1, S2, and S3 was performed on the HiSeq 2500 plat-
form (Illumina, San Diego, CA, USA). Three replications were included in this study [25].
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2.4. PacBio Sequencing Read Processing

The raw sequencing data were processed on the PacBio Sequel platform and SM-
RTLink5.1 software was utilized to divide the subread BAM files into non-CCS (circular
consensus sequence) and CCS subreads. CCSs were then split into FL (full-length) and
non-FL (nFL) reads after identifying the poly (A) tail signal and 5′/3′ adaptors by pbclas-
sify.py script. The FL transcripts were clustered by the ICE (iterative clustering for error
correction) algorithm and then treated by arrow polishing. The additional nucleotide errors
in consensus reads were proofread using the clean RNA-seq data through the software
LoRDEC [26]. Finally, CD-HIT removed any redundancy in the corrected shared reads to
obtain the final transcripts [27].

2.5. Functional Annotation of Genes

The full-length transcripts were detected via the ANGEL pipeline to obtain the protein-
coding sequences (CDSs), amino acid sequences, and untranslated region sequences (UTR).
Gene function was annotated by blasting CDSs against databases including NCBI nonre-
dundant protein (Nr), Protein family (Pfam), euKaryotic Orthologous Groups (KOG), and
Swiss-Prot, with the threshold E ≤ 10−10. A BLAST search was also performed against the
Nucleotide sequence database (Nt) with the cutoff E-value 1 × 10−10 [28–31]. In addition,
the KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway and GO (Gene Ontology)
functional enrichment analyses were implemented in the GOseq R package (3.6.2) and
KOBAS software, respectively [32].

2.6. TF Prediction and lncRNA, SSR Analysis

CDSs of isoforms were aligned and assigned to different families based on transcrip-
tion factors (TFs) prediction using iTAK predictive software [33]. The software PLEK
and CNCI were adopted to assess the protein-coding potential of transcripts and distin-
guish protein-coding and non-coding sequences [34,35]. The CPC method uses biological
sequence characteristics to determine the protein-coding likeliness of transcripts by compar-
ing them with protein databases. Finally, an hmmscan homology search was performed via
Pfam-scan databases to determine the LncRNA (long non-coding RNA). Simple sequence
repeats (SSRs) were identified by MISA (http://pgrc.ipkgatersleben.de/misa/misa.html,
accessed on 29 May 2020.), a method that identifies and localizes typical SSRs and composite
ones intruded by bases.

2.7. Quantification of Gene Expression and Differentially Expressed Genes (DEGs) Analysis

The Bowtie2 program in RSEM removed superfluous sequences to acquire ultimate
high-quality transcripts, which were the reference transcriptome. Then the levels of gene
expression for each sample were estimated [36]. The clean reads were mapped to the
reference transcriptome to obtain read counts compared to each gene in each sample. RSEM
provides a method using the Bowtie2 program to calculate gene expression abundances via
FPKM (fragments per kilobase per million mapped reads).

The gene readcounts were further analyzed in DESeq2 [37] to identify statistically
significant DEGs among three root tissues. Additionally, p-values were fine-tuned with the
Benjamini and Hochberg approach to control the FDR (false discovery rate) [36]. Genes
with an adjusted p-value < 0.05 were designated as DEGs. Finally, the mean FPKM values
of genes were changed to log2 ones for visualization with the heatmap package of R 3.6.2.

2.8. Selecting Candidate Genes of Saikosaponin Biosynthesis

Gene families related to saikosaponin synthesis pathways were selected to form
Iso-Seq and transcriptome data, including AACT (acetyl-CoA acetyltransferase), HMGS
(hydroxymethylglutaryl-CoA synthase), HMGR (3-hydroxy-3-methylglutaryl-coenzyme
A reductase), MK (mevalonate kinase), PMK (phosphomevalonate kinase), MVD (meval-
onate pyrophosphate decarboxylase), DXS (1-deoxy-D-xylulose-5-phosphate synthase),
DXR (1-deoxy-D-xylulose 5-phosphate reductoisomerase), CMS (2-C-methyl-D-erythritol
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4-phosphate cytidylyltransferase), CMK (4-diphosphocytidyl-2-C-methyl-D-erythritol ki-
nase), HDS (4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase), MCS (2-C-methyl-D-
erythritol 2,4-cyclodiphosphate synthase), GPS (geranylgeranyl pyrophosphate synthase),
FPS (farnesyl diphosphate synthase), IDS (4-hydroxy-3-methylbut-2-enyl diphosphate
reductase), IDI (isopentenyl-diphosphate Delta-isomerase), SS (squalene synthase), SE
(squalene epoxidase), β-AS, CYP, and UGT. Herein a total of 1033 unigenes were selected
in this work (Supplementary Table S1).

2.9. WGCNA

The 1033 candidate genes involved in the SS biosynthesis pathway were the input of
R package WGCN, and a weighted co-expression network was built to reveal potential
saponin biosynthesis modules of B. falcatum. The key parameters were set as follows:
soft threshold power, 12; min module size, 20; merge cut height, 0.25. The ME (module
eigengene, the first principal component of a module) value was computed for each module,
so as to assess the relationship with SSs. The genes in the module which significantly related
to saikosaponin content were analyzed in the DESeq package of R, and candidate genes
with Padj < 0.05 and log2 (fold change) > 2 selected by DESeq were defined as DEGs. The
hub genes of the putative saikosaponin synthesis network were assigned based on the edge
number and kME values [38]. The top score hub genes were computed and sorted with the
MCC method implemented in the Cytoscape plugin cytoHbba [39]

2.10. Validation by qRT-PCR

From the hub genes, key enzyme genes that regulate the metabolic flux of MEP and
MVA pathways, such as AACT, HMGR, and DXS, and β-AS, CYP, and UGT genes involved
in the biosynthesis of SSs were selected. In qRT-PCR, gene-specific primers were used to
validate the expression of 10 metabolic genes (Supplementary Table S2). The cDNA of
S1, S2, and S3 were the same as those used for sequencing. The qRT-PCR reaction was
conducted with a Green qPCR SuperMix kit (Transgen Biotech, Beijing, China) and CFX96
Real-time PCR system (Bio-Rad, Hercules, CA, USA), and the relative expression values
were computed with the 2−∆∆Ct method for each gene, all reactions were carried out in
biological triplicate [40,41].

3. Results
3.1. Saikosaponin a (SSa) and Saikosaponins d (SSd) Content

SSa and SSd were detected with HPLC in each region of the root tissue of B. falcatum.
The result showed that no peaks of SSa and SSd were identified in the S1 and S2 samples,
while they were significantly accumulated in S3 (Table 1). Based on this, the genes following
the identical or opposite expression trend among the three samples are worth paying more
attention to.

Table 1. Contents of SSa and SSd in the young root of Bf.

Sample Ssa Content (µg/g) Ssd Content (µg/g)

S1 0 0
S2 0 0
S3 444.56 312.29

3.2. Transcriptome Profile Analysis of B. falcatum

With the aim of profiling the whole picture of transcriptional dynamics during the
young root development stage, and identifying genes participating in the SS biosynthesis
of B. falcatum, the FL transcriptome was obtained by SMRT sequencing of the PacBio Sequel
platform. We filtered the raw sequencing data to remove the adaptor and offline sequences
less than 50 bp, and finally obtained 10,722,671 subreads based on 26.98G. The filtered
subreads were 2517 bp in mean length. Through conditional screening, 485,498 CCSs were
obtained (full passes, 1; quality, 0.80). In total, 438,691 FL non-chimeric reads (Flnc), with
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complete 5′ primers, 3′ primers, and poly-A tails, were acquired; the mean length of the
Flnc was 3098 bp.

PacBio, the representative third-generation sequencing technology, possesses long
read length superiority but is associated with the disadvantage of a higher single base
error rate. Illumina data was therefore employed to correct it to decrease the error
rate. After correction, 222,393 consensuses, 4061 N50, and 1962 N90 were obtained.
Similar and redundant sequences were deleted with the software CD-HIT, resulting in
222,393 nonredundant transcripts.

The Bowtie2 program in RESM software was applied to align clean reads with uni-
genes. About 70.04% of clean reads were mapped to the B. falcatum reference transcriptome,
with approximately 32 million clean reads mapped uniquely to the reference transcriptome
assembly for each sample. In total, 124,188 unigenes were assembled.

3.3. Functional Annotation of Genes

In the functional annotation of unigenes, the databases Nr, Nt, Pfam, KOG, Swiss-Prot,
GO, and KEGG were utilized. The Venn diagram demonstrated that 54,131 genes were
concurrently annotated in all these databases (Supplementary Figure S2A). In total, 121,417
genes were annotated in ≥ 1 database, and 119,845 (96.5%) genes were interpreted by
the NR database. Based on the sequence homology alignment, 107,815 (86.81%) unigenes
were identified against Daucus carota; 1011 (0.81%) sequences showed momentous hits for
Vitis vinifera.

A total of 118,312 genes (95.26%) genes were annotated by the KEGG database, and
it revealed that 5915 (4.76%) genes were clustered in the signal transduction, 4564 in the
signal transduction pathway, and 3885 (3.13%) in transport and catabolism (Supplementary
Figure S2B). A total of 81,594 (65.70%) genes were assigned with GO terms, and the KOG
database explained 78,450 (63.17%) genes (Supplementary Figure S2C,D).

3.4. Ts Prediction and SSR: LncRNA Analysis

A total of 7256 unigenes were classified into 69 TF families identified from the tran-
scriptome of B. falcatum by iTAK software. Among them, the top ten TF families were SNF2,
PHD, SET, C3H, WRKY, Jumonji, C2H2, bHLH, B3-ARF, and AP2/ERF-ERF. Moreover,
524 transcripts were predicted as other TFs. Six types of SSR, including dinucleotide,
tetranucleotide, hexanucleotide, single nucleotide, pentanucleotide, and trinucleotide re-
peat sequences, were identified using MISA 1.0 software. LncRNAs are RNA molecules
of longer than 200 bp without protein products. In addition, based on 222,393 PacBio
Iso-Seq isoforms, CNCI, PLEK, CPC, and Pfam-scan, four tools were used to predict
LncRNA, and the predicted number of lncRNAs were 26,648, 17,502, 5875, and 32,894,
respectively. The length of lncRNAs was between 200 and 1000 bp, lower than that of
mRNAs (1500–3000 bp).

3.5. Comparative Analysis of DEGs

To investigate transcript changes in B. falcatum between young root development
stages, DEGs were filtered with |log2FoldChange| > 0 & Padj < 0.05. The DEGs num-
bers of three comparisons (“S1 vs. S2”, “S2 vs. S3”, and “S1 vs. S3”) are shown in
Figure 1A,B. Compared to undifferentiated root regions S1 and S2, 15,193 down-regulated
and 10,004 up-regulated genes were identified in the taproot differentiation regions of
15-day-old sample S3, respectively. Only 34 or 91 genes were down- or up-regulated in
comparison to “S1 vs. S2”. Additionally, in total, 25,197 DEGs genes were identified in S3 in
comparison to S1 and S2, and DEGs were annotated in the KEGG pathway (Figure 1C,D).
Numerous DEGs involved in specialized metabolism were identified, such as those in-
volved in sesquiterpenoid/triterpenoid production, diterpenoid synthesis, and steroid
biosynthesis, among others.
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Figure 1. Differentially expressed genes in the seeding root of B. falcatum among three samples.
(A,B) Venn diagram of all down-regulated genes and all up-regulated ones from the transcriptome. S1,
the whole fresh roots of 5-day-old seedlings; S2, a 5 mm portion of root tips without the differentiation
region of 15-day-old sprout; S3, differentiated root tissue of 15-day-old seedlings. (C,D) Pathway
enrichment analysis of DEGs identified in ”S1 vs. S3” (C), and “S2 vs. S3” (D), based on the KEGG
database.

3.6. Gene Co-Expression Network Construction

By pairwise correlation analysis with gene expressions, WGCNA was employed to
identify the candidate genes that were highly associated with SSs content in the B. falcatum.
Ten gene modules of the co-expression network, labeled black, blue, brown, green, magenta,
pink, purple, red, turquoise, and yellow, were identified. In each module, the number of
target genes was between 25 and 343. At the p-value < 0.05 level, the correlation coefficients
value among SSs content, different root region, and modules eigengenes revealed that the
MEmengta module (343 unigenes) was positively significantly associated with SSa, SSd,
and root region tissues (R = 0.95, 0.95, 0.87) (Figure 2).
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Figure 2. WGCNA. Hierarchical gene clustering was used to sort out the clustering tree of the
co-expression network module according to the 1-tom matrix. Each module used a dissimilar color.
(A) The hierarchical dendrogram displays co-expression modules revealed by WGCNA. One gene is
represented by one leaf. Ten modules were found and assigned with different colors based on the
calculation of eigengenes. (B) Correlation between traits (bottom) and modules (left), with numbers
in left brackets showing the gene number of the module. Blue and red represent negative and positive
correlations, respectively, and coefficient values are shown. The darker the color, the higher the
correlation coefficient. The p-values are in brackets.

3.7. DEGs in MEmagenta Module Involved in the Saikosaponin Biosynthesis

To find genes participating in the differential metabolism of saikosaponins in the
MEmagenta module, the expression levels and forms of all transcripts were analyzed in
terms of the FPKM transcriptome data. A stringent threshold |log2 Fold change| >1
and Padj < 0.05 screened out DEGs. In total, 130 unigenes closely related to saikosaponin
biosynthesis showed significantly different expressions in different root tissue of B. falcatum
(Supplementary Table S3). Among these DEGs, fifteen genes were divided into MVA
pathways, including five AACT genes, one HMGS gene, six HMGR genes, and three PMK
genes. For the MEP pathway, five gene families were identified, including DXS (6 unigenes),
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DXR (3 unigenes), CMK (2 unigenes), HDS (7 unigenes), and IDS (1 unigenes). Additionally,
we did not detect DEG in the gene families of MK, MVD, CMS, and MCS. These DEGs,
including SS (1 unigenes), SE (1 unigene), β-AS (4), P450s (68), and UGT (23), may convert
oleanane-type SSs (Figures 3 and 4).
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Figure 3. Differential expression of candidate genes of saikosaponin biosynthesis route among S1,
S2, and S3. HMG-CoA: 3-hydroxy-3-methy-lglutaryl-COA; MVA-P: 5-phosphoevalonate; MVA-
PP: 5-pyrophosphoevalonate; DXP: 1-deoxyxylulose 5-phosphateuvate; CDP-ME: methylerythritol
cytidyl diphosphate; CDP-ME-2P: 4-diphosphocytidyl-2-C-methyl-D-erythritol; MEcDP: 2-C-methyl-
D-erythritol-2,4-cyclodiphosphate; HMBPP: 4-hydroxy-3-methyl-butenyl-1-diphosphate.
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3.8. Hub Gene Selection for the MEmagenta Module

Hub genes correlated with differential SSa and SSd levels in root tissues were identified
based on the importance of genes in the MEmatenga module. The top 20 genes with the
highest MCC values might connect more closely with other genes and play vital roles in
the co-expression network (Supplementary Table S4). As shown in Figure 5, the hub gene
included AACT (1 unigene), DXR (1 unigene), DXS (1 unigene), HMGR (3 unigenes), HDS
(1 unigene), CMK (1 unigene), UGT (3 unigenes), P450 (7 unigenes), and β-AS (2 unigenes).
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Figure 5. Hub genes of putative triterpenoid biosynthesis pathway. The MCC (maximal clique
centrality) algorithm identified hub genes in PPI networks. The red node represents the high MCC
score gene, and the yellow represents the low score gene.

3.9. qRT-PCR

qRT-PCR was conducted to confirm the transcriptome data and validate the hub genes
expression level. The following genes were tested with triplicates, i.e., BfAACT21654, BfH-
MGR35352, BfDXS34808, BfHDS30580, BfBAS49741, BfBAS50159, BfCYP18605, BfCYP58609,
BfUGT8329 and BfUGT7414. The qRT-PCR showed that all genes had a higher transcript
level in mature root tissue when compared with other parts of the root meristem. Therefore,
SSs highly produced in mature root tissue may be caused by these highly expressed genes.
These results agreed with transcriptome data (Figure 6).
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Figure 6. qRT-PCR verification of key genes of saikosaponin biosynthetic pathway. (A–J) The
relative expression patterns of BfAACT21654, BfHMGR35352, BfDXS34808, BfHDS30580, BfBAS49741,
BfBAS50159, BfCYP18605, BfCYP58609, BfUGT8329 and BfUGT7414. The bar represents the standard
error (SE). Data are presented as mean ± SE. Different letters represent different levels of significant
difference.
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4. Discussion

In the present study, we first reported the overall status of the full-length transcriptome
profile of B. falcatum and identified 1033 unigenes of 20 families involving SSs synthesis path-
ways from Iso-Seq and transcriptome data. The WGCNA analysis of those 1033 unigenes
revealed that only the co-expression module of MEmagenta, which contained 343 unigenes,
was highly correlated with SSa and SSd. Additionally, 130 out of 343 genes of the MEma-
genta module exhibited differential expression levels. We also identified 20 hub genes with
the highest correlation in this module. Furthermore, real-time quantitative results also
confirmed that these hub genes increased significantly in mature root tissue (S3).

MEP/MVA pathways participate in the biosynthesis of triterpenoid backbones in
planta [42]. AACT catalyzes the formation of acetoacetyl-CoA via transferring an acetyl
group from one acetyl-CoA to another, the first step of the MVA route; it plays a fundamen-
tal role in triterpenoid biosynthesis. For instance, overexpression of GL-AACT promoted
the buildup of triterpenoids in Ganoderma lucidum [43]. As the first rate-limiting enzyme of
the MVA route, HMGR regulates the terpenoid metabolism; for instance, Lee et al. [44] ma-
nipulated the HMGR gene by constructing biotin carboxyl carrier protein for co-expression
in Nicotiana benthamiana, which increased the yield of sesquiterpenoids and triterpenoids.
DXS is a limiting enzyme catalyzing the initial step of the MEP route in plant isoprenoid
biosynthesis, just like HMGR in the MVA pathway [45]. In addition, reestablishing natural
product pathways based on the plant as a chassis, deregulating crucial enzymes in the
MVA or MEP pathway, and increasing the production of natural active substances are
currently common approaches to increase the abundance of target metabolites, such as
the production of taxadiene 5α-hydroxytaxadiene engineered by MEP pathway, which
achieved 56.6 µg/g and 1.3 µg/g, respectively [46]. The enhanced production of artemisinic
acid via the engineered MVA route attained an almost 500-fold yield [47]. In our study, five
AACT genes, six HMGR genes, and six DXS genes were identified. Among them, three
AACT genes, three HMGR genes, and five DXS genes showed significantly up-regulated
expression in S3, with the exception of two AACT genes, three HMGR, and one DXS gene,
which showed a conversely expressional tendency. Therefore, manipulating these genes
with the same expression trend as SSs content in the root of B. falcatum could improve the
availability of the precursor (2,3-oxidosqualene) for biosynthesizing triterpenes, especially
hub genes, such as BfAACT21654, BfDXS34808, and BfHMGR35352 (Figure 6A–C).

The C5 unit IPP generated by MEP/MVA routes can be transformed into the isomer
DMAPP via IDI [48]. However, we failed to identify the expression disparity of the IDI
gene. IPP/DMAPP are transformed into FPP and GPP via FPS and GPS, respectively. The
BfGPS27614 transcript expression decreased in S3 of B. falcatum, whereas the expression
of the FPS gene BfFPS10325 increased. A previous study revealed that when BfSS1 was
knocked down in transgenic Bf, the transcript buildup increased in downstream genes,
e.g., SE and cycloartenol synthase. In this study, BfSS63704 was down-regulated in S3,
while BfSE55875 was up-regulated, which showed a similar result to the study by Kim et al.
(2011) [21].

β-AS is a member of the OSC (oxidosqualene cyclase) family, which acts in the initial
step of the biosynthesis of SSs, and the resultant β-amyrin is the backbone of various SS
monomers [49]. β-AS was an important branch point between specialized and primary
metabolism and could regulate the metabolic accumulation of triterpenoid saponins. There
is a positive correlation between β-AS activity and triterpene saponin content in plants.
The down-regulation of β-AS gene expression by RNA interference in Panax ginseng hairy
roots led to reduced β-amyrin and oleanane-type ginsenoside [50]. In Medicago truncatula,
β-AS ectopic expression led to an increased yield of triterpene saponins [51]. Similarly, in
our study, four β-AS genes were identified by WGCNA to be closely related to SSa and SSd.
All these β-AS genes were highly expressed in S3, especially BfBAS49741 and BfBAS50159
(Figure 6E,F).

The cyclic backbone synthesized by β-AS is subject to site-specific oxidation via CYPs
to yield diversified sapogenins, e.g., hydroxylation, carboxylation, and esterification [52,53].
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CYP families of land plants were categorized into 11 clans, and the CYP71, CYP51 CYP72,
and CYP85 clans are responsible for the biosynthesis of triterpenoids [54]. In addition,
the CYP72A family forms the CYP72 clan, and the CYP716 family from the CYP85 clan is
primarily involved in pentacyclic triterpenoid oleanolic acid-derived saponin biosynthe-
sis [55,56]. For example, the CYP716Y1 of Bf was responsible for the C-16α hydroxylation
of oleanane triterpenes [18]. In the present study, we identified 68 CYP DEGs that are
members of 19 subfamilies of 6 CYP clans (Supplementary Table S5). Among these genes,
three CYP716Y1 genes belonging to the CYP85 clan and nine unigenes belonging to the
CYP72 clan showed significant up-regulation in S3. Furthermore, based on the hub gene
analysis and RT-PCR results (Figures 5 and 6G,H), it was further confirmed that BfCYP20695
and BfCYP58609 may be critical in the biosynthesis of pentacyclic triterpenoid oleanolic
acid-derived saponins.

Triterpenoids are further diversified via the scaffold modification of triterpenoids;
UGTs catalyze the glycosylation of hydroxylated β-amyrin at C3 [15,57]. In transgenic
P. quinquefolius hairy roots, Pq3-O-UGT1 overexpression increased the level of protopanaxa-
diol group ginsenosides [58]. In this study, we identified 22 UGT genes, among these
18 unigenes were significantly up-regulated in S3, especially the hub gene BfUGT8329,
while four genes exhibited a significant opposite trend. In this study, we identified 23 UGT
genes, in addition to 5 genes that showed a down-regulation trend in S3, 18 other single
genes showed significant up-regulation, especially the hub gene BfUGT8329.

5. Conclusions

In conclusion, the present study for the first time reports the full-length transcriptome
profile of B. falcatum, and we performed a WGCNA and screened 129 DEGs involved in the
SS biosynthetic pathway. Based on the up-regulated genes in S3 and identified hub genes,
we constructed a hypothetical scheme of the SS biosynthesis pathway (Supplementary
Figure S3). Finding the key enzyme genes of the biosynthesis route of the Bupleurum
genus offers the option for acquiring appreciated triterpene saponins by synthetic biology.
Consequently, it is reasonable to identify, clone, and functionally analyze the key enzymes
of B. falcatum to promote biological research and commercial application of SSs. Moreover,
all recognized key enzymes could be useful for diverse breeding studies of B. falcatum and
other relevant species.
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Abstract: Understanding the striking diversity of the angiosperms is a paramount issue in biology
and of interest to biologists. The Millettiod legumes is one of the most hyper-diverse groups of the
legume family, containing many economically important medicine, furniture and craft species. In
the present study, we explore how the interplay of past climate change, ecological opportunities and
functional traits’ evolution may have triggered diversification of the Millettiod legumes. Using a
comprehensive species-level phylogeny from three plastid markers, we estimate divergence times,
infer habit shifts, test the phylogenetic and temporal diversification heterogeneity, and reconstruct
ancestral biogeographical ranges. We found that three dramatic accumulations of the Millettiod
legumes occurred during the Miocene. The rapid diversification of the Millettiod legumes in the
Miocene was driven by ecological opportunities created by the emergence of new niches and range
expansion. Additionally, habit shifts and the switch between biomes might have facilitated the
rapid diversification of the Millettiod legumes. The Millettiod legumes provide an excellent case
for supporting the idea that the interplay of functional traits, biomes, and climatic and geographic
factors drives evolutionary success.

Keywords: diversity; the Millettiod legumes; phylogeny; ecological opportunities; Miocene

1. Introduction

Angiosperms are the most prominent life form across global ecosystems, and exhibit
a spectacular range of morphological and ecological diversity on the Earth [1]. However,
the species diversity across the Tree of Life of the angiosperms is uneven. Understanding
the striking diversity of the angiosperms is a paramount issue in biology and of interest
to biologists [1–3]. Previous studies found that the rapid radiations of many angiosperm
groups was driven by both biological (intrinsic) and environmental (extrinsic) factors [4–7];
however, the effects of functional traits, the biome, and climatic and geographic factors on
plant diversification are largely unknown.

The Millettiod legumes is one of the most hyper-diverse groups in the legume family.
This clade is composed of five tribes (Millettieae, Abreae, Phaseoleae, Desmodieae and
Psoraleeae), including more than 2600 described species with a global distribution [8,9].
The Millettiod legumes contain many economically important species, which contribute
enormously to the word’s economy through food and vegetables, pharmaceuticals and
medicines, furniture and crafts, chemicals and fertilizers, as well as horticulture [9]. The
main dietary legumes include pigeon pea (Cajanus cajan Millsp.), soybean (Glycine max Merr.),
cowpea (Vigna unguiculata Walp.), and bean (Phaseolus). Vetches (Vicia amoena Fisch.) and
tropical kudzu (Pueraria phaseoloides Benth.) were important pastures used for forage. Species
such as Desmodium, Macoptilium and Centrosema are used for the purpose of improving tropical
pasture systems [10]. Showy-flowered species of Mucuna and Strongylodon are very popular
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in tropical gardens. Species of Erythrina are important woody tree legumes in forestry.
Multipurpose shrubs, such as Butea and Millettia, are regional favorites as ornaments and
for shade [9].

The Millettiod legumes show great diversity in their morphological and habit charac-
teristics from ephemeral herbs and herbaceous climbers to shrubs, woody lianas and trees.
The terminal taxa of the Millettiod legumes grow in various habitats such as succulent,
grass, rainforest and temperate, which are in accordance with major zonobiomes [9,11].
The crown age of the Millettiod legumes is 44.1 Ma to 53 Ma. Global climate and tectomic
changes since the Eocene may have triggered the diversification of many angiosperm
lineages [12–16]. Moreover, the diversification of Psoraleeae is assumed to be a result of
global climate change during the Pleistocene [17]. The evolution of phaseoloid legumes
may be due to habit shifts and dispersal events along with the global climate changes since
the Oligocene [18]. However, it remains puzzling and unexplored how the evolution of
habits fostered diversification in the Millettiod legumes and how ecological forces have
been regulating cladogenesis in different geographical areas.

A well-resolved phylogeny of Millettiod legumes is paramount for understanding the
aspects of the temporal and biogeographical patterns of diversification. Some previous
molecular phylogenetic studies have made progress in the delimitation of the Millettiod
legumes based on nuclear ribosomal ITS or a few plastid loci [18–22]. These researches
generated a well-resolved phylogenetic framework of the Millettiod legumes at tribal
levels [3,23]. However, less than 40% of the generic diversity of the Millettiod legumes
was sampled in previous studies. Therefore, a well-resolved phylogeny with dense taxon
sampling at species level is needed to understand the evolutionary dynamics of the Millet-
tiod legumes. Oyebanji et al. proved that plastome is an effective marker for resolving the
evolutionary relationships of the Millettiod legumes [23]. In the past decades, plastome
data of the Millettiod legumes increased rapidly along with previous studies [19–22,24–27].
The data accumulation of the Millettiod legumes provides an opportunity to reconstruct
the phylogeny of this clade with comprehensive taxon sampling.

In the present study, we first reconstruct a species-level phylogeny for the phaseoloid
legumes using three plastid loci with a more extensive generic sampling than in any
previous studies. Based on the improved phylogenetic framework, we then explore how
the interplay of past climate change, geographical expansion and habit shifts may have
triggered diversification of the Millettiod legumes.

2. Material and Methods
2.1. Taxon and Nuclear Marker Sampling

Three plastid regions (rbcL, matK and trnL-F) were selected as DNA markers for the
phylogenetic analyses of the Millettiod legumes. The combination of these three plastid
regions has been proved to have high-efficiency in resolving intergeneric and interspecific
relationships. To obtain dense sampling of the Millettiod legumes, all available nucleotide
sequences of these three markers from GenBank were collected firstly. Then, sequences
were filtered following the principles: (1) For each taxon, the same species and DNA
sample across three plastid markers were kept in priority, but some composite accessions
were necessary to represent genera. (2) When multiple sequences were available for each
marker, the longest sequence was retained. (3) In the scenario of multiple sequences with
the same length, one sequence was randomly selected. (4) In a genus, when one marker
occurred in species different with other markers, the species with faster evolved marker
were kept following the order: trnL-F, rbcL, matK. All the works above were completed by
using a series of R scripts written by our group. Most of the DNA sequences have been
used in previously published studies [19–22,24–27]. Species names and GenBank accession
numbers are listed in Table S1.
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2.2. Alignment and Phylogeny

For the two DNA coding genes (rbcL and matK), sequences were aligned directly in the
program MUSCLE with the default settings [28]. Then the aligned matrix was manually
adjusted using BioEdit version 5.0.9 (Hall, T.A., California, USA) [29]. For the plastid
region trnL-F, sequences were aligned using a two-step strategy. First, sequences were
divided into clusters according to taxonomic unit and aligned in the program MUSCLE
under default high accuracy parameters with subsequently manual adjustment. Then,
the matrix of each cluster was aligned using the profile–profile alignment algorithm in
MUSCLE and final adjustments were made to the alignments using the refinement algo-
rithm in MUSCLE. Alignment of each plastid region was manually trimmed for quality
and maximum coverage. The final aligned matrix contains 429 OTUs.

To check the conflicts among three plastid regions, the initial phylogenetic analysis for
each marker was carried out using maximum likelihood (ML) method implemented in the
program RAxML version 7.6.6 (Stamatakis, A., Lausanne, Switzerland) [30]. After checking
for significant conflict among different nodes (bootstrap support value exceeding 70%), all
data from different markers were combined for further analyses. We used the ML method
to construct the phylogeny of the Millettiod legumes based on the combined data. The ML
analysis was performed using RAxML with the following options: three data partitions
(rbcL, matK and trnL-F), GTR + I + G nucleotide substitution model, and gaps treated as
missing data. A standard bootstrap analysis with 1000 bootstrap iterations was used to
estimate the branch support. The program was run on the CIPRES network [31].

2.3. Molecular Dating

To date the branching events within the Millettiod legumes, a Bayesian MCMC ap-
proach as implemented in BEAST version 1.8.0 (Drummond, A.J., Auckland, Zealand) was
used based on the combined dataset of 429 terminals [32]. We selected 7 calibration points
from the result of Lavin et al. [33]. These calibration points could be confidently assigned
to clades and nodes represented in our dataset (Table S2). A normal distribution was used
for all 7 calibration points. The standard deviation was set to contain the lower and higher
boundaries of the 95% highest posterior density values. MCMC searches were run for
500,000,000 generations, sampled every 5000 generations. Tracer v1.5 was used to monitor
appropriate burn-in and the adequate effective sample sizes of the posterior distribution
(>200). The maximum clade credibility tree was computed by TreeAnnotator v1.7.5 in
BEAST software package [34]. BEAST analyses were performed in the CIPRES Web Portal
3.1 (Miller, M.A., California, USA) [31].

2.4. Trait Evolution Analyses

To clarify the trait evolutionary history of the Millettiod legumes, the habit and biome
information were collected (Table S2). The habit information of the Millettiod legumes was
collected from International Legume Database & Information Service (ILDIS). Two habit
states were coded, herbaceous (including herbs and herbaceous climbing vines) vs. woody
(including trees, woody climbers and shrubs) (Table S1). According to the geographic
distributions and the biome patterns of Lewis et al. [9], five biome types were coded:
(1) succulent (S), including semi-arid, non-fire-adapted, succulent-rich and grass-poor,
dry tropical forest, thicket and bushland biome; (2) grass (G), comprising a fire-adapted,
succulent-poor and grass-rich, seasonally dry tropical forest, woodland and savanna biome;
(3) rainforest (R), comprising the equatorial tropics (wet forests) worldwide; (4) temperate
north (TN), comprising the Mediterranean, warm and cold temperate regions of the North
Hemisphere; and (5) temperate south (TS), comprising the area except for the first three
biomes (Table S1). The parsimony method implemented in Mesquite v2.74 was used
to reconstruct the trait evolution of the Millettiod legumes [35]. The maximum clade
credibility tree obtained from the Bayesian analysis was used as input tree.
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2.5. Diversification Analyses

To visualize the temporal dynamics of the diversification rates in the Millettiod
legumes, we constructed the semilogarithmic lineage-through-time (LTT) plots using the
R package APE v2.5-1 [36]. In total, 1000 dated phylogenies obtained from the Bayesian
analyses were randomly selected and used to generate semilogarithmic LTT plots. To verify
the rapid shifts in diversification rates at any specified time, the RC statistic was performed
using the R package GEIGER v1.3-1 [37]. We used 11 models including pureBirth, bd,
DDX, DDL, SPVAR, EXVAR, BOTHVAR, yule2rate, yule3rate, yule4rate and yule5rate
to assess the significant rate changes. A diversification rate shift was confirmed by the
criterion that more or fewer descendants than expected under the constant rate model
happen in lineages.

2.6. Biogeographical Analyses

In order to infer the possible ancestral ranges of the Millettiod legumes, a Bayes-DIVA
analysis [38] was conducted using the software package RASP [39]. Bayes-DIVA method is
a popular method with the advantages of minimizing the phylogenetic uncertainties and
generating credibility support values for alternative phylogenetic relationships [38,39]. We
used 1000 trees from the BEAST output as a “trees file”. The maximum clade credibility tree
was used as a final representative tree. With the aim of predicating the ancestral areas of
nodes deeper down into the tree, biogeographical analyses were run on continental spatial
scale at species level. According to Lewies et al. [9] and the ILDIS database, nine geographic
regions were coded: A, Africa; B, Asia; C, Australia; D, Indian Ocean area, including islands
in the Indian Ocean region and Madagascar; E, Pacific, including islands in the Pacific; F,
North America; H, Central America; I, Europe; K, South America (Table S1). The “maxareas”
was constrained to 3 when constructing the ancestral areas of the Millettiod legumes.

3. Results
3.1. Phylogeny of the Millettiod Legumes

The aligned matrix of the combined three-marker dataset consists of 4728 characters
with 2290 variable and 1690 parsimony-informative sites. The tree generated by the
maximum likelihood (ML) analysis (Figure S1) was highly consistent with those retrieved
from the Bayesian inference (BI) analysis (Figure S2), except for some weakly supported
nodes (BS < 70%). The Millettiod legumes are strongly supported as monophyletic (BS 100%,
PP 1.0). Within the Millettiod legumes, five major clades were identified: Basal millettioid
(BS 94%, PP 1.0), Clitoriinae (BS 59%, PP 0.87), Disynstemon + (Abreae + (Diocleinae
+ core Millettieae)) (BS 81%, PP 1.0), Platycyamus + Dewevrea (BS 91%, PP 1.0), and the
phaseoloid clade (BS 98%, PP 1.0). Within the phaseoloid clade, Desmodieae, Cajaninae
and Phaseolinae are monophyletic with high support. Psoraleeae is monophyletic and
nested in Glycininae.

3.2. Divergence-Time Estimates of the Millettiod Legumes

Based on our analyses, the Millettiod legumes diversified at 45.1 Ma (42.3–47.3 Ma,
HPD) (Figures 1 and S3). The second lineage separated from the remaining Millettiod
legumes at 44.5 Ma (40.1–45.6 Ma, HPD). The tribe Abreae split with its sister lineage at
34.3 Ma (32.2–38.2 Ma, HPD). The divergence time between core Millettieae and Diocleinae
was estimated to be 27.3 Ma (26.4–35.4 Ma, HPD). The steam age of the phaseoloid clade
was 37.3 Ma (36.1–41.4 Ma, HPD), and the crow age was 31.1 Ma (28.8–33.5 Ma, HPD).
Desmodieae diverged from its close relatives at 24.8 Ma (23.7–30.0 Ma, HPD). Psoraleeae
separated from Glycine at 11.8 Ma (8.8–14.4 Ma, HPD).
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Figure 1. Combined chronogram and the summary of biogeographic analysis of the Millettiod
legumes. Dating analysis was performed using BEAST software. The topology corresponds to the
majority rule consensus tree of the Bayesian stationary sample. Large pie charts show the relative
probabilities of alternative ancestral distributions obtained by statistical dispersal–vicariance analysis
(white > red > blue > yellow); areas (frequencies < 0.1) are collectively given with black color.
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3.3. Trait Evolution

Results of the ancestral habit state reconstruction of the Millettiod legumes are shown
in Figure 2. The ancestral state of the Millettiod legumes was woody. Multiple transitions
between woody and herbaceous occurred during the evolutionary history of the Millettiod
legumes. Our results showed that switching frequency from woody to herbaceous was
higher than that from herbaceous. The switching frequency from woody to herbaceous was
52, whereas the switching frequency from herbaceous to woody was 25. In our examining
transitions analyses among biomes, the common ancestor of the Millettiod legumes was
most likely distributed in a grass biome (Figure 3). The ancestor of core Millettieae similarly
may have occupied a grass biome with subsequent shifts into the other biome types. The
ancestor of the phaseoloid clade was also distributed in a grass biome. Multiple shifts
between biome types in different clades were detected since the Miocene.
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3.4. Reconstruction of Historical Biogeography

The results of biogeographic reconstruction are summarized in Figures 1 and S4. The
most recent common ancestor (MRCA) of the Millettiod legumes was equivocal, either
in Africa (p = 0.44), Asia (p = 0.39) or the other regions (p = 0.17). Multiple colonization
events occurred independently during the evolutionary history of the Millettiod legumes.
The MRCA of core Millettieae was Africa (p = 0.88), and dispersed from Africa to Asia,
North America, Central America and South America multiple times. The MRCA of the
phaseoloid legumes occurred in Asia (p = 0.84), with a number of movements into Africa,
Australia and Central America. Among all of the nine geographic regions, Africa and
Asia harbored higher frequency of lineage emigration (185 and 204 times, respectively)
than immigration (73 and 90 times, respectively). Conversely, the frequency of lineage
emigration in Australia, the Indian Ocean area and Pacific harbor was lower with the
numbers being 17, 10 and 17.5, respectively, whereas the frequencies of lineage immigration
were 81, 87 and 69, respectively.

3.5. Diversification Rates

Our results of the semilogarithmic lineage-through-time (LTT) showed that the Mil-
lettiod legumes experienced a high diversification rate in the Miocene (Figure 4). When
testing the significant rate changes based on 11 models, the AIC values of seven constant
rate models, including pureBirth, bd, DDX, DDL, SPVAR, EXVAR and BOTHVAR, were
found to be higher than the other four and were excluded (Table 1). Among the variable
rate models, the AIC value of yule5rate was the lowest and was selected as the best fit
model for the diversification rate analyses of the Millettiod legumes. Three rapid increases
in diversification rate were found in the Millettiod legumes: the first was at 17.78 Ma with
a rate change from 0.07 to 0.13 (sp Myr−1); the second was at 11.57 Ma, with a rate change
from 0.13 to 0.29 (sp Myr−1); the third was at 8.46 Ma, with a rate change from 0.10 to 0.19
(sp Myr−1).

Table 1. Results of diversification rate model-fitting test with parameters estimated under each model.
“R” indicates the speciation rate, “St” indicates where the speciation rate shifts.

Model AIC Likelihood R1 R2 R3 R4 R5 St1 St2 St3 St4

pureBirth −1910.211 956.1055 0.16607 - - - - - - - -
bd −1928.547 966.2735 0.10794 - - - - - - - -

DDX −1930.799 967.3994 0.05211 - - - - - - - -
DDL −1908.208 956.1041 0.16608 - - - - - - - -

SPVAR −1926.028 966.0142 0.24839 - - - - - - - -
EXVAR −1926.544 966.2718 0.23662 - - - - - - - -

BOTHVAR −1924.329 966.1644 0.24951 - - - - - - - -
yule2rate −1929.337 967.6686 0.16650 0.10857 - - - 0.04 - - -
yule3rate −1932.285 971.1423 0.07166 0.14114 0.19292 - - 17.78 7.12 - -
yule4rate −1931.881 972.9404 0.09826 0.28943 0.09592 0.19 - 11.57 10.68 8.46 -
yule5rate −1932.951 975.4753 0.07166 0.13342 0.28943 0.09592 0.19 17.78 11.57 10.68 8.46
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4. Discussion

Reliable molecular dating is an essential precondition for revealing the diversification
patterns of plant lineages. Phylogenetic analyses of the combined three-region DNA
dataset generated a well-supported evolutionary framework of the Millettiod legumes
(Figures 1, S1 and S2). The relationships among the main lineages of the Millettiod legumes
were in accordance with previous studies [3,18,21–23]. Based on our time estimates, the
crown age of the Millettiod legumes was 45.1 Ma (42.3–47.3 Ma, HPD; Figures 1 and S3),
which corresponded to previous studies [1,33]. The crown age of the phaseoloid legumes
was 31.1 Ma (28.8–33.5 Ma, HPD), which was consistent with the estimations of many
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previous studies [18,26,33]. Our result showed the crown age of Psoraleeae was 5.6 Ma
(4.29–8.4 Ma, HPD), which was in accordance with the result of Egan and Crandall [17]. All
these results indicated that the divergence times of the Millettiod legumes in the present
study were credible.

Our biogeographic reconstruction and dating analyses indicated the Millettiod legumes
occurred in Africa (p = 0.44) or Asia (p = 0.39) in the early Eocene. The LTT plot indicated
that a dramatic burst of diversification of the Millettiod legumes occurred during the
Miocene (c. 18–8 Ma; Figure 4). Three dramatic accumulations of the Millettiod legumes
were detected at 17.8 Ma, 11.6 Ma and 8.5 Ma (Table 1). In accordance with the diversifica-
tion patterns, high frequent migrations of the Millettiod legumes did not occur until the
Miocene after its origin with the exception of some dispersal events into Central America
and South America (clade Clitoriinae). Multiple colonization events seem to have occurred
within a 10-million-year time window (c. 18–8 Ma, Figure 1). The ancestor of the Diocleinae
experienced dispersal events into Central America, South America and the Pacific. There
were at least three dispersal events into Central America and South America for the core
Millettieae, and two such movements into the Indian Ocean area (Figures 1 and S4). Addi-
tionally, the Phaseoloids clade experienced multiple dispersal events from Africa to Central
America. In the Miocene, the Qinghai–Tibetan Plateau experienced multiple stages of uplift
with a rapid uplift at 10–7 Ma [40–44]. The African plate collided with the Eurasian at
ca. 18–17 Ma [45]. In the southern hemisphere, the thrust of the South American plate
against the Pacific plate led to the rise of the Andes mountains [46]. These geological events
fragmented the ecosystems and subsequently opened many new niches [47,48], and forced
the rapid diversification of many plant lineages [16,49–53]. Thus, our finding suggests that
the rapid diversification of the Millettiod legumes in the Miocene was driven by ecological
opportunities created by the emergence of new niches and range expansion.

In the Miocene, the global climate tended to be cooler, drier and more seasonal [54–56].
Both Asia and America experienced an arid period of marked aridity due to orogenetic
changes [57–60]. The African plate also experienced an analogous arid period of aridity
due to the closure of the Tethys Sea [45,61]. Our trait evolution analyses showed that a
larger number of lineages in the 10-million-year time window (c. 18–8 Ma) were herba-
ceous and inhabited a grass biome. The grass biome generally has a unimodal rainfall
pattern, which comprises a fire-adapted, succulent-poor and grass-rich, seasonally dry
tropical forest, woodland and savanna [9,11]. The extensive aridity could have promoted
the diversification of some groups inhabiting dry regions, such as Bursera [62] and the
Potentilla [63]. Herbs could have produced higher per-year mutation rates on the basis of
a shorter generation time, consequentially contributing to the adaptation of herbaceous
lineages to dry climates [64–66]. Additionally, multiple shifts from the grass biome to other
biomes, especially the rainforest biome, were found in the Miocene. The interdigitation of
the grass and the rainforest biome favors a “refuge” interpretation of allopatric divergence,
which was caused by the contraction and expansion of dry-adapted and wet vegetation [67].
Taxa adapted to different biomes are always pioneer species, which can take advantage
most effectively of post-disturbance conditions [9]. Thus, the expansion of arid lands due
to orogenetic and climatic changes increased the arid niche space, and the switch between
biomes might have facilitated the rapid diversification of the Millettiod legumes during the
Miocene.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes13122220/s1, Figure S1. Phylogenetic relationships of the
phaseoloid legumes using maximum-likelihood (ML) method; Figure S2. Phylogenetic relationships
of the phaseoloid legumes using Bayesian inference (BI) method; Figure S3. Chronogram for the
Millettiod legumes obtained under a Bayesian relaxed clock; Figure S4. Biogeographic analysis
of the Millettiod legumes by Statistical Dispersal-Vicariance Analysis (S-DIVA).; Table S1. Taxa,
GenBank accession numbers, Life form code and Biome code for samples included in this study;
Table S2. Calibrations used in this study. Node number followed Lavin et al., 2005.
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Abstract: Anisodus tanguticus Maxim. (Solanaceae), a traditional endangered Tibetan herb, is endemic
to the Qinghai–Tibet Plateau. Here, we report the de novo assembled chloroplast (cp) genome
sequences of A. tanguticus (155,765 bp). The cp contains a pair of inverted repeated (IRa and IRb)
regions of 25,881 bp that are separated by a large single copy (LSC) region (86,516 bp) and a small
single copy SSC (17,487 bp) region. A total of 132 functional genes were annotated in the cp genome,
including 87 protein-coding genes, 37 tRNA genes, and 8 rRNA genes. Moreover, 199 simple
sequence repeats (SSR) and 65 repeat structures were detected. Comparative plastome analyses
revealed a conserved gene order and high similarity of protein-coding sequences. The A. tanguticus cp
genome exhibits contraction and expansion, which differs from Przewalskia tangutica and other related
Solanaceae species. We identified 30 highly polymorphic regions, mostly belonging to intergenic
spacer regions (IGS), which may be suitable for the development of robust and cost-effective markers
for inferring the phylogeny of the genus Anisodus and family Solanaceae. Analysis of the Ka/Ks ratios
of the Hyoscyameae tribe revealed significant positive selection exerted on the cemA, rpoC2, and
clpP genes, which suggests that protein metabolism may be an important strategy for A. tanguticus
and other species in Hyoscyameae in adapting to the adverse environment on the Qinghai–Tibetan
Plateau. Phylogenetic analysis revealed that A. tanguticus clustered closer with Hyoscyamus niger than
P. tangutica. Our results provide reliable genetic information for future exploration of the taxonomy
and phylogenetic evolution of the Hyoscyameae tribe and related species.

Keywords: Anisodus tanguticus Maxim.; chloroplast genome; comparative analysis; positive selection;
phylogenetic relationship; hyoscyameae tribe

1. Introduction

Chloroplasts (cp) in plant cells are photosynthetic organelles that play a critical role in
the production of essential energy and metabolites [1]. Cps contain a 120–160 kb genome
with typical conserved quadripartite regions, including an LSC region, an SSC region, two
identical copies of IR regions, and approximately 110–130 encoded genes distributed in a
circular genome [2,3]. As most plant species exhibit maternal inheritance in their cps, the
cp genome has undergone less recombination and evolution [3–5]. Therefore, cp sequences
are considered a vital resource of molecular genetic markers to analyze the profiling of gene
distribution and their molecular phylogenetic relationships [6]. Furthermore, because of the
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high level of expression, the absence of post-transcriptional gene silencing and site-specific
transformation [7], cps are useful in the agriculture and pharmaceutical industries. In
recent decades, rapid advances in next-generation sequencing technologies along with
reduced costs have enabled a better understanding of the phylogenetic status and the cp
transformation technique in traditional herbs using cp genome information. A. tanguticus
is a rare and endangered Solanaceae species found on the Qinghai–Tibetan Plateau in
grasslands or meadows (2200–4200 m) [8]. According to traditional Tibetan medicine, this
species includes an abundance of hyoscyamine, atropine, and total alkaloids [9–11] and is
widely used for the treatment of asthma, epilepsy, and inflammation [12,13]. Despite the
development of a domesticated plant [11], the main medicinal resource of A. tanguticus
still relies on wild plant exploration and collection, which has led to the species becom-
ing endangered [14]. Furthermore, as populations are self-incompatible and interspecific
hybridization occurs [15], the population structure and genetic diversity of A. tanguticus
in the Qinghai–Tibetan region should be evaluated. DNA barcoding is thought to be
an effective approach for medicinal component identification and quality control of pro-
duced goods in addition to protecting consumers [16,17]. Previous phylogenetic studies
of Solanaceae plants have been based mostly on a few cp genes or ITS sequences [18,19].
There is currently limited cp genome information of A. tanguticus. Here, we assembled
and de novo sequenced the whole cp genome of A. tanguticus with Illumina sequencing
platforms. Additionally, cp genome annotation and structure analysis were performed
and several oligonucleotide repeats, SSR, and substitutions were identified as mutation
hotspots for future DNA barcoding. Further insights on A. tanguticus plastome evolution
and its phylogenetic relationships have been revealed through comparative studies with
reported cp genomes of Solanaceae species.

2. Materials and Methods
2.1. DNA Extraction

Fresh young leaves of A. tanguticus were collected from Haibei station
(37.48◦ N, 101.2◦ E; Alt. 3200 m), in Qinghai province. According to the manufacturer’s in-
structions, a DNeasy Plant MiniKit (QIAGEN, Düsseldorf, Germany) was utilized to isolate
DNA from the fresh young leaves. Spectrophotometry and electrophoresis on a 1% (w/v)
agarose gel were used to evaluate the purity of the DNA. DNA of sufficient integrity and
purity DNA was used for library construction and sequencing with an IlluminaHiseq2500
(San Diego, CA, USA).

2.2. Plastome Assembly and Annotation

Trimmomatic V0.36 was used to remove adapters and poor-quality reads from the
raw reads [20]. Furthermore, clean reads were then mapped to the database, which
was constructed from all cp genome sequences reported in the NCBI based on cover-
age depth and similarity. The mapped reads were then assembled into contigs [21] us-
ing SOAPdenovo2. The reads were filtered with careful error correction and different
k-mers (55, 87, and 121) [22]. The scaffold of the cp genome was constructed with SS-
PACE [23] and GapCloser was used to fill the gaps [21]. PCR amplification and Sanger
sequencing were used to validate the assembly by verifying the four boundaries between
single copy (SC) and inverted repeat (IR) regions of the assembled sequences. Dual
Organellar GenoMe Annotator (DOGMA, http://dogma.ccbb.utexas.edu/, accessed on
15 March 2021), CPGAVAS, and manual corrections were used to annotate the full cp
genomes [24,25]. The software tRNAscan-SE was used for the prediction of tRNA genes.
Circular cp genome map was drawn by Organellar Genome DRAW (OGDRAW) V1.2 [26].
The correct and complete cp genome was deposited in the National Center for Biotech-
nology Information (NCBI) under accession number MW246825 (A. tanguticus). Web-
based REPuter (https://bibiserv.cebitec.uni-bielefeld.de/reputer/ accessed on 15 March
2021) was used for the analysis of repeat sequences, including forward, palindrome, re-
verse, and complement repeats. Sequence identity was set to >90% with a minimum
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repeat size of 30 base pairs. Micro Satellite Identification Tool (MISA) [27] was used
to identify simple sequence repeats (SSRs), with minimum repeats of mono-, di-, tri-,
tetra-, penta-, and hexa-nucleotides set to 10, 5, 4, 3, and 3, respectively. Using the tool
CodonW1.4.2 (http://downloads.fyxm.net/CodonW-76666.html accessed on 15 March
2021), only 53 protein-coding genes with lengths more than 300 bp were chosen for analysis
of synonymous codon usage. The relative synonymous codon usage (RSCU) and overall
codon usage were both analyzed.

2.3. Comparative Analysis of cp Genomes

The plastome of A. tanguticus was compared with the cp genomes of Prewalskia
tangutica, Scopolia parviflora, H. niger, Datura stramonium, and Nicotiana sylvestris in
Solanaceae using Mauve software to identify evolutionary events such as gene loss, du-
plication, and rearrangement [28]. As a reference, the annotation of N. sylvestris was
selected.

2.4. Molecular Evolution Analysis

The protein-coding genes of A. tanguticus were evaluated for synonymous (Ks) and
non-synonymous (Ka) substitution rates in comparison with the six closely related
Solanaceae species (P. tangutica, S. parviflora, H. niger, D. stramonium, and N. tabacum).
Between the compared species, the corresponding functional protein-coding gene was
separately aligned using MAFFT [29]. The Ka/Ks value was then determined using the NG
method of computation, created by Nei and Gojobori and implemented in KaKs calculator
2.0 [30], with the settings genetic code Table S1 (bacterial and plant plastid code). In the
results, some genes had Ka/Ks values of “NA”, which meant they were not relevant. When
Ks = 0, this indicates no substitutions in the alignment, or 100% match. Concatenated
sequences of 67 common protein-coding genes among the studied species were used in
a phylogenetic analysis based on the complete cp genomes. The two sets of sequences
were aligned by MAFFT [29], and the alignments were then adjusted by the Gblocks
program [31]. Phylogenetic trees were created by the RAxMLversion 8.0 program using
the GTRGAMMA model by the maximum likelihood (ML) approach [32]. Each branch’s
bootstrap analysis was calculated using 1000 replications.

3. Results and Discussion
3.1. Chloroplast Genome Features of A. tanguticus

The cp genome of A. tanguticus is 155,765 nucleotides and has a quadripartite ar-
chitecture. The genome consists of a pair of IRs (25,881 bp), a large single copy (LSC)
region (86,516 bp), and a small single copy (SSC) region (17,487 bp) (Figure 1). These
results are similar to other species of Solanaceae (Table 1). The cp genome’s total GC
content was 37.63% and the GC content of the IR regions was 42.87%, which is higher
than those of the LSC region (35.65%) and SSC region (31.93%). Similar results have
also been observed in other species [32,33], which may be due to the four rRNAs and
tRNAs [34,35]. The A. tanguticus plastome has 132 unique genes, including 87 protein-
coding genes and 37 tRNA and eight rRNA genes. The cp genome contained 131 genes
altogether, including 21 functional gene duplications in IR areas (Table 1). The plastome
of A. tanguticus (87) has more protein-coding genes than P. tangutica (85) and H. niger
(80) (Table 1). Among these, eight protein-coding genes (atpF, ndhA, ndhB, petD, rpoC1,
rpl16, rpl2, and rps16) and six tRNAs had one intron, while three genes (ycf3, rps12, and
clp2) contained two introns (Table 2). Nineteen genes, including four ribosomal (rrn4.5,
rrn5, rrn16, and rrn23), seven trn (trn-UGC, trnI-CAU, trnI-GAU, trnL-CAA, trnN-GUU,
trnR-ACG, and trnV-GAC), ndhB, rps7, rps12, rpl2, rpl23, ycf1, ycf2, and ycf15 had two
repeats in the A. tanguticus plastome (Table 2). The largest intron (2502 bp) was found in
the trnK-UUU gene, and it contained matK. These results are consistent with the mustard
family (Brassicaceae) cp genome [35].
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Figure 1. Gene map of the A. tanguticus chloroplast genome. (Genes shown outside the outer circle are
transcribed clockwise and those insides are transcribed counterclockwise. The colored bars indicated
different functional groups).

Table 1. Comparison analyses of A. tanguticus with six close species.

Genome
Feature A. tanguticus P. tangutica S. parviflora H. niger D. stramonium N. tabacum S. tuberosum

Genome Size
(bp) 155,765 155,569 156,193 155,720 155,871 155, 943 155,298

LSC (bp) 86,516 86,707 86,364 86,105 86,301 86, 686 85,749
SSC (bp) 17,487 18,288 25,905 17,863 18,366 18, 573 18,373
IR (bp) 25,881 25,287 25,876 25,876 25,602 25,342 25,595

GC content (%) 37.63 37.6 37.6 37.6 37.9 37.9 37.9
Total number

of genes 132 138 131 118 134 156 130

Protein-coding
gene 87 85 86 80 88 111 81

tRNA 37 44 37 30 38 37 37
rRNA 8 8 8 4 8 8 8
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Table 2. List of genes in the cp genome of A. tanguticus.

Category for Genes Groups of Genes Name of Genes

Photosynthesis Subunits of photosystem I psaA, psaB, psaC, psaI, psaJ
Subunits of photosystem II psbA, psbB, psbC, psbD, psbE, psbF, psbH

psbI, psbJ, psbK, psbL, psbM, psbN, psbT, psbZ
Subunits of cytochrome b/f complex petA, petB, petD *, petG, petL, petN

Large subunit of Rubisco rbcL
Subunits of ATP synthase atpA, atpB, atpE, atpF *, atpH, atpI

Subunits of NADH-dehydrogenase ndhA *, ndhB a*, ndhC, ndhD, ndhE, ndhF,
ndhG, ndhHndhI, ndhJ, ndhK

Self-replication Ribosomal RNA genes rrn16 a, rrn23 a, rrn5 a, rrn4.5 a

Transfer RNA genes

trnA-UGC *a, trnC-GCA, trnD-GUC, trnE-UUC *a,
trnF-GAA, trnfM-CAU, trnG-GCC, trnG-UCC *,

trnH-GUG, trnI-CAU a, trnI-GAU a*, trnK-UUU *,
trnL-CAA a, trnL-UAG, trnL-UAA *, trnM-CAU,

trnN-GUU a, trnP-UGG, trnQ-UUG, trnR-ACG a,
trnR-UCU, trnS-GCU, trnS-GGA, trnS-UGA,

trnY-GUA, trnT-GGU, trnT-UGU, trnV-GAC a,
trnV-UAC *, trnW-CCA

Small subunit of ribosome rps2, rps3, rps4, rps7 a, rps8, rps11, rps12 a**,
rps14, rps15, rps16, rps18, rps19

Large subunit of ribosome rpl2 a*, rpl14, rpl16 *, rpl20, rpl22, rpl23 a, rpl32,
rpl33, rpl36

DNA-dependent RNA polymerase rpoA, rpoB, rpoC1 *, rpoC2
Other genes Maturase matK

Envelope membrane protein cemA
Subunit of acetyl-CoA accD

C-type cytochrome synthesis gene ccsA
Protease clpP **

Genes of unknown function Conserved Open reading frames ycf1 a, ycf2 a, ycf3 **, ycf4, ycf15 a

Note: * means the gene contained one intron; ** means the gene contained two introns; a indicates the number of
the repeat unit is 2.

3.2. Codon Usage Analysis

RSCU frequency plays an important role in reflecting mutation bias during evolu-
tion [36]. RSCU values > 1 show the use of a codon more frequently than expected and
vice versa [37]. The A. tanguticus plastome has a total of 80,910 bp of protein-coding genes,
which encodes 26,970 codons. Among these, 2867 (6%) encoded leucine, which is the
most abundant amino acid, whereas only 483 (1.0%) encoded tyrosine, which is the least
prevalent amino acid in the A. tanguticus cp genome. According to the codon-anticodon
recognition patterns, 29 tRNAs had codons that matched all 20 amino acids (Figure 2, Sup-
plementary Materials, Table S1). AT content at the first, second, and third codon positions
covered 54.3%, 61.9%, and 67.8%, respectively. This phenomenon was also higher in other
plants [38,39]. There were 31 codons that exhibited clearly biased usage (RSCU > 1). Except
for two codons (UUG for Leu and AUG for Met), all biased codon usage bases were A/U
at the third position. Similarly, the codon for Trp did not exhibit biased usage (RSCU = 1)
(Figure 2, Supplementary Materials, Table S1). This result is consistent with the N. officinale
cp genome [35]. However, unlike these species, ATG showed the highest RSCU (1.9936)
value of all codons in the A. tanguticus cp genome. The significant evolutionary character
of the genome is evident in the codon usage bias [37,38]. Our results suggest that the A.
tanguticus cp genome has experienced a different evolution process.

325



Genes 2022, 13, 2125

Figure 2. Codon content of 20 amino acids and the stop codon of 81 coding genes of the A. tanguticus.

3.3. Repeat Sequence and SSR Analysis

Repeat sequences are a constant feature of illegitimate recombination and slipped-
strand mispairing, and they can be utilized in plant phylogenetic studies [39,40]. The A.
tanguticus cp genome contains 39 repeats, of which 18 are direct repeat sequences, 18 are
palindromic sequences, and three are reverse repeat sequences. There were no comple-
mentary repeat sequences (Figure 3A). Analyses of oligonucleotide repeats revealed that
all sequences were ≥30 bp, and direct and palindromic repeats covered 46% of the total
dispersed repeat sequences in the cp genome. Interestingly, there was one palindromic
sequence of 25,881 bp (Figure 3A). The number of forward and palindromic sequences was
close among the different types of repeats, although they still differed among the six species
(Figure 3B). Further analysis of repeat length among the four species of Hyoscyameae tribe
revealed that the length of 40–49 bp in forward and palindromic sequences was greater
than the other two species (Figure 3C,D), and the length of 50–59 bp may have played an
important role in H. niger cp genome rearrangement (Figure 3C,D). However, the length
of 30–40 bp for forward and palindromic sequences did not differ significantly among
six species. Surprisingly, the number of reverse sequences with lengths of 30–39 bp was
substantially greater in the cp genomes of A. tanguticus and P. tangutica, and there were no
reverse sequences in the cp genomes of H. niger and D. stramonium (Figure 3E). Previous
research has discovered long repetitions of >30 bp, which may contribute to cp genome
rearrangement and increase population genetic diversity [41,42]. Our findings revealed
that forward and palindromic sequences with lengths of 40–49 bp may play an essential
role in the Hyoscyameae tribe, while reverse sequences with lengths of 30–39 bp are more
abundant in A. tanguticus and P. tangutica than in the Hyoscyameae tribe. This may suggest
that the reverse sequences of A. tanguticus and P. tangutica may play a more important
role in cp genome rearrangement to adapt to the alpine environment on the Qinghai–Tibet
Plateau. SSRs were 1–6 bp in the cp genome and were widely dispersed in intergenic,
intron, or coding regions. SSRs had a high mutation rate and diverse copy number, which
confers their important value in phylogenetic and population analyses [43,44]. Using MISA,
199 SSRs were identified in the A. tanguticus plastome (Supplementary Materials, Table S2).
Among these, there were 120 mononucleotide, eight dinucleotide, 72 trinucleotide, seven
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tetranucleotide, and one pentanucleotide repeats. In addition, 60.3% mononucleotide
repeats were A/T, which is consistent with results from Physalis species [45]. There were
61 trinucleotide SSRs in the A. tangutica cp genome, which is similar to four species of
Hyoscyameae (Figure 3F) and more than that observed in four Physalis species [45]. Interest-
ingly, dinucleotide SSRs were considerably lower than that of P. tangutica, S. parviflora, and
H. niger, which contained 43, 43, and 42 dinucleotide SSRs, respectively. Although there
was one pentanucleotide repeat in A. tanguticus, S. parviflora, and H. niger, there were three
such repeats in the P. tangutica cp genome (Figure 3F). Therefore, these SSR differences may
be helpful for phylogenetic and evolutionary studies. Furthermore, the LSC regions had
63.3% SSR markers, which was considerably greater than that of the SSC and IR regions.
Similarly, nearly all SSRs in the A. tanguticus cp genome were comprised of A/T, which
added 62.3% to the genome’s base composition.

Figure 3. Repeat sequences and SSR analysis of A. tanguticus and related species of Solanaceae.
(A) Profiling of repeat sequences of A. tanguticus; (B) number of four types of repeat of A. tanguticus
and five related species; (C) comparison of a forward repeat of A. tanguticus and five related species;
(D) comparison of a palindromic repeat of A. tanguticus and five related species; (E) comparison of
a reverse repeat of A. tanguticus and five related species; (F) SSR number of A. tanguticus and three
related species.

3.4. IR Contraction and Expansion

The expansion and contraction of the IR boundaries were supposed to be an evolu-
tionary trait of plastomes, and contraction and expansion at the IR region borders were
believed to explain plastome differences [46,47]. To characterize the variation at the IR
boundary, we selected the nine phylogenetically related Solanaceae species (P. peruviana,
Iochroma ellipticum, Capsicum frutescens, Solanum lycopersicum, D. stramonium, N. sylvestris,
H. niger, S. parviflora, and P. tangutica). Genomic structure and gene order are conserved
in these species, especially in the Hyoscyamus group (Figure 4). The IRa/SSC border for
the A. tanguticus cp genome was found in the 3’ region of the whole ycf1 gene. This is
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similar to H. niger, P. tangutica, and the other species except for S. parviflora. Similarly,
except for S. parviflora and N. sylvestris, A. tanguticus and the other seven species contained
the ycf1 pseudogene in the IRb region. This suggests that the ycf1 pseudogene in the IRb
was lost in the evolution of the two species. In the cp genomes of A. tanguticus and the
Solanaceae species mentioned above, the rps19 gene is located within the LSC/IRb border,
except P. tangutica, where rps19 exists only in the LSC region. In some species, the 3′ region
truncated rps19 pseudogene is in the IRa/LSC border [48]. Similarly, rps19 only appeared
in A. tanguticus and S. parviflora in the IRa region. Our results indicate that the rps19 gene
duplication is lost in the IRa/LSC border in the cp genomes of eight Solanaceae species
(Figure 4). In the P. tangutica cp genome, there was also no rpl22 gene in the LSC region and
rpl2 expanded to the IRb/LSC border (Figure 4). Similarly, the rpl2 gene is duplicated in
A. tanguticus and five other species, while one duplication is lost in P. tangutica, H. niger, I.
ellipticum, and P. peruviana. In general, our results showed that the IR boundary expansion
and contraction differed from the Solanaceae species.

Figure 4. Comparison of the border position of LSC, SSC, and LR regions among A. tanguticus and
nine species’ chloroplast genomes in Solanaceae. Genes are represented by boxes above (negative
strand) and below (positive strand) the proportionate line. The size of each gene and their relative
position at the junctions are shown in base pairs (bp).

3.5. Comparative Chloroplast Genome Analysis

The whole cp genome of A. tanguticus was compared with five other species (P.
tangutica, H. niger, S. parviflora, N. tabacum, and D. stramonium) using the Mauve pro-
gram [28]. All cp genomes appeared as locally collinear blocks (Figure 5). The coding
proteins and the tRNA and rRNA collinearly blocks are relatively conserved in structures
and regions. However, gene loss occurred in the six species, such as 150,000–155,000, in
which the P. tangutica and H. niger cp genomes lost two genes compared with the other four
species. In addition, there was no gene rearrangement in Solanaceae genomes (Figure 5);
this result is consistent with the other species [48,49]. The CD regions in the cp genomes of
these six species were analyzed with MAFFT software and VCFtools was used to calculate
the nucleotide variability (π) of each gene (Figure 6, Supplementary Materials, Table S3).
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The mean Pi value was 0.006936 among the six species. Similarly, IR regions showed less
variability than that of the LSC and SSC regions. Among 113 genes, 26 genes showed no
change in the six species, whereas 30 mutation hotspot regions were discovered (Pi > 0.01).
These highly divergent proteins included matK, clpP, rps16, rps12, and ycf1, which had
the highest Pi value (0.04246) (Figure 6, Supplementary Materials, Table S3). These regions
might be going through rapid nucleotide substitution at the species level, suggesting the
possible use of molecular markers for phylogenetic studies and plant identification.

Figure 5. Sequence alignment of four chloroplast genomes in Solanaceae with A. tanguticus by Mauve
software. Within each of the alignments, local collinear blocks are presented by blocks of the same
color connected by lines. Annotations of rRNA, protein-coding, and tRNA genes are shown in red,
white, and green boxes, respectively.

3.6. Synonymous (Ks) and Non-Synonymous (Ka) Substitution Rate Analysis

Synonymous (Ks) and non-synonymous (Ka) were parameters for assessing the rate
of gene divergence in a molecular evolution study [30]. To characterize the molecular
evolution pattern, we calculated the Ka/Ks ratios of the A. tanguticus cp genome and the
results were compared with those of five closely related species (P. tangutica, H. niger, S.
parviflora, D. stramonium, and N. tabacum) (Figure 7; Supplementary Materials, Table S4).
Of the 86 protein-coding genes, most had Ka/Ks values < 1. The average ratio was
0.24–0.32 for the five comparison groups. This shows that these species were mostly the
outcome of vigorous purifying selection. In the Hyoscyameae tribe, cemA, rpoC2, and
clpP exhibited positive selection in S. parviflora and P. tangutica. In a previous study, the
clpP gene showed positive selection in various plant lineages, such as Oenothera [50], and
cemA and rpoC2 also appeared to have undergone adaptation evolution in Gossypium
and Populus, respectively [51,52]. Our results are consistent with these observations. In a
recent study, clpP was shown to degrade misfolded proteins and protected cps from abiotic
and biotic stress [53]; loss of this protein may lead to inappropriate structural changes in
cps [54]. cemA proteins play an important role in protein sorting signals [55] and rpoC2 is
an important subunit of PEP, which is required for transcription of photosynthesis genes
and is involved in cp biogenesis [56]. In Nicotiana, positive selection acting on the ATP
synthase and NAD(P)H dehydrogenase encoding genes was believed to be an adaptation
to novel ecological conditions [57]. Here, our results indicate that protein metabolism may
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be an important adaptation strategy for A. tanguticus and other species in Hyoscyameae.
As an endemic species on the Qinghai–Tibetan Plateau, A. tanguticus is often exposed to
low temperatures, high UV-B radiation, and other abiotic stresses. Degrading misfolded
proteins and a sorting signal system may help maintain plasmid function. Therefore, our
results suggest that these genes are also important for Hyoscyameae tribe species evolution
and adaptation to adverse environments.

Figure 6. Comparison of nucleotide variability (Pi) among A. tanguticus and related species.

Figure 7. The Ka/Ks ratios of protein-coding genes of A. tanguticus and related species.

3.7. Phylogenetic Analysis of the A. tanguticus cp Genome

The tribe Hyoscyameae is distributed throughout Eurasia and is considered as a
monophyly in Solanaceae [18,19]. However, its genera relationship within this tribe remains
unclear. Cp genomes provide whole phylogenetic information, which is suitable for
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establishing phylogenetic relationships in plants. Whole cp genomes and protein-coding
genes of 21 species were utilized to create an ML phylogenetic tree to understand the
phylogenetic position of A. tanguticus and to further elucidate the evolutionary relationship
in the Solanaceae (Supplementary Materials, Table S5). Most nodes were strongly supported
by 100% bootstrap value (Figure 8A). Moreover, A. tanguticus was clustered with three
species (P. tangutica, H. niger, and S. parviflora) with 100% bootstrap support. The three
Hyoscyameae tribe species were clustered together more closely. D. stramonium, N. sylvestris,
and other species were clustered outside this branch with 100% bootstrap support. These
findings are consistent with previous studies [18,19,57,58]. In a Hyoscyameae tribe study, A.
tanguticus grouped with H. niger when several chloroplast markers were combined [18,19].
Our results are consistent with this observation. However, when whole genome data are
used, P. tangutica and S. parviflora exhibited a closer relationship in the Hyoscyameae tribe
(Figure 8B). This may be due to a data information shortage, such as in Physochlaina. Since
A. tanguticus is an endemic species that grows on the Qinghai–Tibetan Plateau, sequencing,
and characterization of additional cp genomes of Hyoscyameae tribe species may provide
further insight on the phylogenetic relationships and evolution among these species.

Figure 8. Cont.
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Figure 8. The phylogenetic tree base on 20 cp chloroplast species was constructed with ML methods.
Bootstrap values were shown at the nodes. ((A). ML tree of coding genes; (B). ML tree of whole cp
genomes).

4. Conclusions

High throughput sequencing was used to obtain the whole cp genome of A. tanguticus.
The cp genome is 152,714 bp and encodes 126 functional genes. Analysis of repeat sequences
revealed that forward and palindromic repeats of 40–49 bp were more common in the
Hyoscyameae tribe, and 30–39 bp reverse repeats may play a more significant role in A.
tanguticus and P. tangutica cp genome rearrangement and in adapting to extreme conditions
on the Qinghai–Tibetan Plateau. The A. tanguticus cp genome contained a total of 199
SSRs and can be utilized for the development of molecular markers for phylogenetic
and population studies. The genome structure and gene organization were similar to
three previously reported species in the Hyoscyameae tribe, while gene contraction and
expansion were clearly different in the A. tanguticus cp genome. Evolutionary analysis
indicated that clpP, cemA, and ropC2 showed positive selection, which suggests that protein
metabolism may be an important adaptation strategy for A. tanguticus and other species
in Hyoscyameae on the Qinghai–Tibetan Plateau. Phylogenetic analysis indicated that
A. tanguticus has a closer relationship with P. tangutica. These results provide significant
information for forthcoming studies on phylogenetic and evolutionary adaptation in A.
tanguticus and its related species.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/genes13112125/s1, Table S1: The codon usage and codon-anticodon
recognition pattern for the A. tanguticus cp genome; Table S2a: Comparison of repeat sequences
on A. tanguticus and five related species; Table S2b: Distribution of SSRs in the A. tanguticus cp
genome; Table S3: Comparison of nucleotide variability (Pi) among A. tanguticus and related species;
Table S4: The Ka/Ks ratios of protein-coding genes of A. tanguticus and related species; Table S5 The
chloroplast genome of plant species for construction phylogenetic tree.
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Abstract: The in vitro culture technique can be used for micropropagation of medicinal plants as well
as for creating genotypes with an improved profile of phytochemical compounds. For this purpose,
somaclonal variability may be used for the induction of genetic diversity among regenerants. The
paper presents a protocol for obtaining Scutellaria baicalensis regenerants by indirect organogenesis
and the assessment of their genetic variability with the use of start codon-targeted markers. The
most intense process of indirect shoot organogenesis was observed on Murashige and Skoog medium
supplemented with kinetin and 6-Benzylaminopurine (0.5 mg × dm−3 each)—7.4 shoot per explant
on average. The callogenesis process occurred on the medium supplemented with TDZ, while the
medium supplemented with GA3 allowed for direct shoot organogenesis and was used for the
micropropagation of regenerants. In the analysis of plantlets obtained by indirect organogenesis,
11 ScoT markers generated a total of 130 amplicons, 45 of which were polymorphic. This analysis
showed genetic diversity of regenerants in relation to the donor plant as well as within them, with
mean similarity among the analyzed genotypes at the level of 0.90. This study confirms that the use
of in vitro cultures allows for the possibility to generate genetic variability in Scutellaria baicalensis,
which can be effectively revealed with the use of the SCoT marker.

Keywords: indirect organogenesis; genetic diversity; medicinal plant; molecular marker; plant tissue
culture; somaclonal variation

1. Introduction

Scutellaria baicalensis Georgi. (common name—Baikal skullcap) is a widespread medic-
inal plant of the family Lamiaceae. It belongs to the genus Scutellaria, subfamily Scutellar-
ioideae. The species is diploid (2n = 18) and belongs to entomophilous cross-pollinated
plants [1,2]. Baikal skullcap is one of the 50 essential herbs of traditional Chinese medicine
that have been used since ancient times to treat inflammation, high blood pressure, bacterial
and viral infections, and to improve the overall health of the body. S. baicalensis contains
many active substances, the main source of which is the root and, to a lesser extent, the
aerial parts of the plant [3]. Baicalin, baicalein, vogonoside and vogonin are the most
popular flavonoids, and their content in S. baicalensis root is as high as 20%, of which
approximately 12–17% constitute baicalin and 3–4% constitute vogonoside [4]. In addition
to flavonoids, S. baicalensis contains volatile oils, which are mainly responsible for the scent
and sweet taste, and additionally exhibit antibacterial activity against Gram-positive and
Gram-negative bacteria [5]. S. baicalensis also contains over 100 diterpenoids, mainly in
the aerial part, which exhibit antibacterial and antiviral activity [6]. An important aspect
in the cultivation of Baikal skullcap is the appropriate selection of conditions that have a
significant impact on the content of active ingredients in the plant. In vitro cultures are an
alternative to conventional methods of vegetative reproduction. Culturing plant material
in vitro can induce or reveal variation between cells, tissues and organs, thereby creating
variability within cultures or between regenerated plants (somaclonal variation). Some
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or all of the somaclons may differ phenotypically and genetically from the donor plants
from which the culture was derived. Variability of this type, which usually occurs sponta-
neously and is largely uncontrolled, may be the result of genetic and epigenetic changes
occurring in cells in vivo as well as during in vitro culture [7]. In vitro culture alone or in
combination with mutagenesis induced by physicochemical and biological factors can be
used to produce plants with increased genetic variability and mutants as a potential source
of new commercial varieties. For this reason, plants regenerated from tissue, organ, callus,
or protoplast cultures and through somatic embryogenesis may show variability at the
phenotypic and genotypic level [8]. This type of variability can be studied using molecular
markers. In 2009, Collard and Mackill [9] developed a new alternative and repeatable
technique based on start codon-targeted (SCoT) markers. These markers are based on
DNA and target the conserved ATG translation start codons. The SCoT system has been
successfully used to assess genetic diversity or identify varieties and map quantitative trait
loci in different species, generating high polymorphism and repeatability of the results.

The main aim of the study was: (i) to obtain regenerants of S. baicalensis through
indirect organogenesis; and (ii) the assessment of genetic variation in plants regener-
ated in vitro using SCoT markers. The study also optimized the procedure for obtaining
S. baicalensis regenerants and their multiplication in vitro, which will enable access to ready
protocols for efficient propagation of the analyzed species.

2. Materials and Methods

In order to assess the possibility of inducing genetic variation during in vitro culture
of the tested species, a two-step procedure for obtaining regenerants was applied.

2.1. Procedure for Obtaining Regenerants
2.1.1. Callus Induction and Shoot Regeneration

At this stage, through the use of nutrient supplementation with different types and
concentrations of plant growth regulators (PGRs), it was determined which ones had the
greatest effect on the process of indirect shoot organogenesis, i.e., callus tissue forma-
tion and shoot regeneration. The regenerated shoots could potentially show variation
at the DNA level due to the genetic instability of the callus tissue. These shoots were
obtained in such a way that the mature S. baicalensis plants grown at the Experimental Farm
of the Department of Vegetable and Medicinal Plants of the University of Life Sciences
in Lublin (51◦14′53′ ′ N, 2◦34′13′ ′ E) were used as a source material for the experiment,
i.e., donor plants (DP—Figure 2). Directly after harvest, the explants were transported
to the in vitro culture laboratory at the Institute of Plant Genetics, Breeding and Biotech-
nology, University of Life Sciences in Lublin. Healthy shoots with 10–12 nodes were
harvested from field-grown plants and washed under tap water for an hour. Shoots were
subsequently rinsed for 15 min in distilled water with a drop of Tween-20 on a stirrer.
Shoots were sterilized with 75% ethanol for 1 min and 1% sodium hypochlorite for 5 min.
Shoots were then washed three times (5 min each) in sterile distilled water and cut into
fragments to obtain nodal explants (Figure 1). Explants were transferred to jars containing
approximately 15 mL Murashige and Skoog (MS) [10] medium with different types and
concentrations of plant growth regulators (PGRs). The type and concentration of PGs used
are listed in Table 1. The medium composition was as follows: Murashige and Skoog basal
medium supplemented with sucrose (30.0 g dm−3), thiamine (0.4 g × dm−3), pyridoxine
(0.5 mg × dm−3), nicotinic acid (0.5 mg × dm−3), inositol (100 dm−3), PGRs and agar-agar
(8.0 g × dm−3). (Sigma-Aldrich—St. Louis, MO, USA). For the experiment, the pH of the
medium was adjusted to 5.8 with 1 M NaOH and 1 M HCl before autoclaving at 121 ◦C for
20 min. After initiation, the explants were cultured under 40 µmol m−2 s−1 light provided by
cool white fluorescent tubes with a 16-h photoperiod and a temperature of 21 ◦C ± 2 ◦C. The
experiment was carried out in triplicate. One replicate consisted of three jars of five explants
each. Observations of the number of propagated shoots, their average length, average number
of nodes and callus formation were carried out after 42 days of the culture.
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Table 1. Phytohormones used in the media, their combinations and the observed effect on the
regeneration process of S. baicaliensis.

Medium
Number

Plant Growth Regulator Concentration and
Combination (mg × dm−3) Mean Number of

Shoot per Explant
Mean Shoot
Length (cm)

Mean Number of
Nodes per Shoot Calli Formation

KIN BAP TDZ GA3 2iP

1. 0.5 0.5 - - - 7.4 a * (I) 1.7 b 3.0 b +++

2. - - 0.5 - - - - - +++

3. - - - 0.5 - 2.1 b (D) 6.3 a 4.4 a -

4. - - - - 0.5 6.0 ab (I) 5.5 a 3.5 ab −/+

5. - - - 0.5 0.5 4.8 ab (I) 4.8 a 3.2 ab +

*—means in columns followed by the same letter do not differ significantly at 5% level of probability, D—direct
organogenesis, I—indirect organogenesis, +++ very high degree of callus tissue formation, ++ high degree
of callus tissue formation, + low degree of callus tissue formation, - no callus tissue formation; KIN-kinetin;
BAP-6-Benzylaminopurine; TDZ-thidiazuron; GA3-gibberellic acid; 2iP-2-isopentenyladenine.

2.1.2. Shoot Multiplication of Regenerants

The hypothesis concerning the genetic diversity of regenerants obtained in the first
stage was verified in the second stage by conducting direct shoot organogenesis, and the ob-
tained plants were intended for DNA analysis. To this end, 10 randomly selected shoots re-
generated on MS medium supplemented with 0.5 mg × dm−3 BAP (6-Benzylaminopurine)
and kinetin 0.5 mg × dm−3 were cut into nodal fragments and used as secondary explants.
Three nodal explants were collected from the selected regenerant for individual multipli-
cation. Explants were placed on an MS medium supplemented with GA3. The number
of propagated shoots, their average length, the average number of nodes and root system
development stage were assessed after 6 weeks of the culture. After this time, the plants
were ready for the process of acclimatization.

2.2. Acclimatization

In vitro-rooted plantlets were removed from the jar. Their roots were washed with
running tap water to remove the medium. Regenerants were inserted into plastic vessels
filled with soil and perlite in a 2:1 ratio and kept in a growth chamber at 23–25 ◦C and 16-h
photoperiod for 20 days. During this time, the high relative humidity in the vessel was
gradually reduced by removing the cover. The plants were subsequently transferred to a
greenhouse for further acclimatization.

2.3. Molecular Assays
2.3.1. DNA Extraction

Genomic DNA was isolated from a fragment of a shoot with leaves of the mother plant
and regenerated plants after the multiplication process was completed (Section 2.2). DNA
was extracted following the CTAB method described by Doyle and Doyle [11]. The DNA
concentration was determined using a Nanodrop spectrophotometer (Thermo Scientific).
All test samples were diluted to a final concentration of 25 ng µL−1.

2.3.2. SCoT Analysis

To perform the genetic analysis of S. baicalensis, the PCR was optimized for the SCoT
markers tested. The optimization involved determining the optimal magnesium ion con-
centration, which affects polymerase performance. Thus, primers that initiated stable
amplification of clearly separated bands could be selected. Eleven 18-base primers selected
from 20 arbitrary primers were used for PCR amplification. DNA amplification of SCoT
markers was carried out in a final volume of 10 µL containing 0.5 U of Taq DNA Polymerase
(Fermentas), 0.8 µL of oligonucleotide primer (0.8 µM), 1 µM dNTPs, 1 × PCR buffer with
1.5 mM MgCl2, and 25 ng of genomic DNA as a template. Amplification was performed in
a gradient thermal cycler (Biometra GmbH) with the following reaction conditions: initial
predenaturation at 94 ◦C for 3 min, followed by 35 denaturation cycles at 94 ◦C for 1 min,
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annealing at 50 ◦C for 1 min, and extension at 72 ◦C for 2 min. The final extension was
carried out for 5 min at 72 ◦C with the holding temperature of 4 ◦C. To verify reproducibility,
the primers were tested twice on the same sample.

PCR products were electrophoresced in 1.5% agarose gels stained with ethidium bro-
mide at constant voltage (3 V cm−1) until bromophenol blue/loading dye migrated to the
other end of the gel. The gel was visualized in a UV transilluminator and photographed
using a GeneSnap ver. 7.09 (SynGene) gel documentation system. NZYDNA Ladder III
(NZYTech) was used to establish the molecular weight of the products. Among obtained
SCoT products, only reproducible and clear fragments were scored from the photographs.
Bands detected in analyzed genotypes and scored as present (1) or absent (0) were con-
sidered polymorphic profiles, while specific bands were restricted to a specific individual.
Indistinct or weak bands were excluded from the analysis.

2.4. Statistical Analysis

Statistical analysis of the results of shoot multiplication of regenerants was carried out
using ANOVA, and the significance of differences between mean values was calculated
using Duncan’s multiple range tests performed at p < 0.05. The similarity coefficient
between the studied genotypes in the SCoT analysis was assessed according to the Dice
formula [12]. A cluster analysis was conducted using the UPGMA (unweighted pair-group
method with arithmetic mean) distance method implemented in the PAST software [13].

3. Results and Discussion
3.1. Callus Induction and Shoot Regeneration

Phytohormones applied at the regeneration stage caused different directions of culture
development (Table 1, Figure 1).

The process of direct shoot organogenesis was observed—medium 3, indirect shoot
organogenesis (intensive callus formation with intensive shoot production, as well as the
formation of a small amount of callus with simultaneous shoot formation)—medium 1
and 5, moreover formation of only callus tissue—medium 2. Since the prerequisite for
obtaining genetic differentiation among regenerants is their formation via callus tissue, it
should be pointed out that its formation was most intense on the medium containing KIN
+ BAP (0.5 mg × dm−3 each) and the medium with TDZ (0.5 mg × dm−3) addition. In
contrast, small amounts of callus were observed on media with a combination of GA3 + 2iP
(0.5 mg × dm−3 each) and with 2iP only (0.5 mg × dm−3). With respect to the medium
containing TDZ (0.5 mg × dm−3), intensive formation of callus tissue was observed, on
which subsequently a large number of shoot buds formed; unfortunately, they were not
capable of regenerating shoots. Despite the statement of Guo et al. [14] that TDZ induced
shoot regeneration in many plant species of the genus Scutellaria, (Table 1), such an effect
was not recorded. Similarly, in a study of Ozdemir et al. [15], TDZ effectively stimulated
the formation of callus tissue on various types of explants derived from seedlings of this
species. However, on some of them, although shoot buds were clearly visible on the
explants, they did not show any shoot regeneration. In a study by Stojakowska et al. [16],
nodal explants on TDZ-containing media produced caulogeniccalli, and those obtained
at a concentration of 0.5 µM TDZ developed numerous shoot buds, but only a few were
capable of regenerating shoots. In contrast, Zhang et al. [17] reported that calli induced
by 0.3 mg × dm−3 TDZ produced shoots directly, while those obtained with a higher
TDZ concentration required a change of medium composition to initiate the process. In
turn, Gharari et al. [18] indicated that by increasing TDZ concentrations (0.5 mg × dm−3),
the response rate of explants for shoot induction increased. Therefore, in connection
with the aim of the research, it is necessary to indicate that potential genetic variability
should be sought among the regenerants obtained on medium containing the combination
of KIN + BAP (0.5 mg × dm−3 each). Nevertheless, it should be noted that, as shown
by other authors, the process of indirect shoot organogenesis can be carried out using
various combinations of phytohormones. According to Gharari et al. [19], stem explants of
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S. araxensis allowed efficient shoot organogenesis through the callus stage, and obtaining
up to 18 new shoots per explant on medium containing 0.5 mg × dm−3 BAP in addition to
0.5 mg × dm−3 IBA. Hwang et al. [20] reported that callus induction in S. baicalensis occurred
in the presence of 1-Naphthaleneacetic acid (NAA) 1 mg× dm−3 plus BAP mg× dm−3, while
Trivedi et al. [21] showed that relatively high concentrations of TDZ (4 mg× dm−3) stimulated
this process, and subsequently NAA 1 mg× dm−3 was sufficient for shoot regeneration. In
contrast, according to a study by Ozdemir et al. [22], in S. orientalis subsp. bicolor, there was the
possibility of callus regeneration in the presence of BAP alone or in combination with NAA.
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Figure 1.In vitro regeneration of Scutellaria baicalensis on Murashige and Skoog (MS) media. 1a—
primary explants used to establish the culture; 1b—Donor plants in in vivo condition; 1c—Indirect 
organogenesis from nodal explants MS medium supplemented with KIN + BAP (0.5 mg × dm-3 
each); 1d—Cultures on the media according to Table 1 after 42 days. 1e—Plantlet on the media ac-
cording to Table 1 after 42 days. 1f—Plantlet acclimatization in pot containing soil and perlite in a 
2:1 ratio. 
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Figure 1. In vitro regeneration of Scutellaria baicalensis on Murashige and Skoog (MS) media. (1a)—
primary explants used to establish the culture; (1b)—Donor plants in in vivo condition; (1c)—Indirect
organogenesis from nodal explants MS medium supplemented with KIN + BAP (0.5 mg × dm-3 each);
(1d)—Cultures on the media according to Table 1 after 42 days. (1e)—Plantlet on the media according
to Table 1 after 42 days. (1f)—Plantlet acclimatization in pot containing soil and perlite in a 2:1 ratio.

Considering the number of shoots produced by the explant, the medium containing
KIN + BAP (0.5 mg× dm−3 each) proved to be most optimal, and an average of 7.4 new shoots
were obtained on this substrate. Slightly lower values, although statistically not significantly
different from the above, were recorded on medium enriched with 2iP (0.5 mg × dm−3)—
6.0 shoots per explant, and the medium with GA3 and 2iP (0.5 mg× dm−3 each)—4.8 shoots
per explant. In contrast, only 2.1 shoots per explant were obtained on substrate with GA3.
The latter is generally known for its effect in the direction of shoot elongation [19], and only
caused the development of two axillary buds present on the explant, with the length of the
resulting shoots being greater compared to those obtained on the other media. Stem elongation
in the presence of GA3 also resulted in the development of an average of one internode more
on the shoot compared to the other PGRs applied. Nevertheless, when using the regenerant
cultures obtained at this stage for further multiplication using nodal explants, the highest culture
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efficiency can be obtained using KIN + BAP medium (7.4 × 3.0 = 22.2 nodal segments) and
2iP (6.0× 3.5 = 21 nodal segments). This stage of culture could be summarized by the statement
that the PGRs used in the medium induced a differential response of the explants (same
genotype), resulting in the possibility of genetic variability occurrence among regenerants,
particularly those obtained on medium 1.

3.2. Shoot Multiplication of Regenerants

Due to the fact that the process of direct regeneration from axillary buds was observed
on the medium with GA3 addition, it was applied in the second stage of culture, which
required limiting the possibility of variability, and as reported by Ngezahayo and Liu [23],
axillary bud proliferation was the most frequently used, and also considered the most
suitable to guarantee the genetic stability of the regenerated plants. Since a genetically
diverse group of genotypes is likely to be evaluated at this stage, it should be assumed that
they would show a slightly different morphogenetic response to the applied medium (the
same for all genotypes). The data in Table 2 and Figure 2 clearly show the differentiation
of the regenerants at the phenotypic level expressed by the coefficient of variation, whose
value was the highest for the mean shoot number, while slightly lower for the other two
traits—mean shoot length and mean number of nodes per shoot. This especially reflected
the variability in the number of shoots, which ranged from 2.0 to 9.4. Variability regarding
this trait was also observed in other species of the genus. The average number of shoots
in S. alpina and S. altissima was 5.4 and 2.0, respectively, and was obtained on a medium
with identical PGR composition [24]. The observed differences could be due to the fact
that the studied species reacted differently to the applied media. On the other hand, the
identical number of shoots (an average of 4.5) obtained on MS medium supplemented
with meta-Topolin + NAA for both S. barbata and S. racemosa, in this case indicated a
similar response of each species [25]. The interactions between genotype, a type and PGR
concentration in the assessment of morphogenetic capacity, were described previously by
Dyduch-Siemińska [26]. Comparing the mean value of shoot length and mean number
of nodes per shoot of the analyzed regenerants in relation to the donor plant cultured
on the same medium (Table 1—medium 3), genotypes R5 and R9 could be considered
the most distinct characterized by advantageous morphogenetic potential, while R7 was
particularly unfavorable. Regenerants after this stage of culture were fully prepared for
the acclimatization process and after its completion (Figure 1f), they were planted at the
Experimental Farm of the Department of Vegetable and Medicinal Plants to evaluate their
phytochemical properties.

Table 2. Evaluation of the morphogenetic capacity of regenerants derived from medium number 1
regenerated on medium number 3.

Plant Number Mean Number of Shoot Mean Shoot Length Mean Number of Nodes per Shoot Root System Development Stage 1

R1 3.4 bc * 4.1 d 5.7 de 1

R2 4.6 b 6.0 c 8.4 c 3

R3 2.0 c 7.8 bc 7.0 cd 1

R4 3.4 bc 7.7 bc 6.7 cd 3

R5 2.0 c 13.3 a 16.5 a 2

R6 7.4 a 2.8 e 4.6 e 2

R7 9.4 a 3.2 de 4.0 e 3

R8 8.6 a 5.0 cd 5.4 de 2

R9 2.4 bc 8.7 b 10.5 b 3

R10 3.6 bc 8.4 b 6.9 cd 2

Mean 4.6 6.7 7.5 -

Coefficient of variation (%) 56.8 44.8 45.2 -

*—means in columns followed by the same letter do not differ significantly at 5% level of probability, 1—Root system
development stage: 1—only a few short roots, 2—a few roots up to 2 cm long, 3—several roots longer than 2 cm.
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3.3. Molecular Assays

Since DNA methylation, amplification, activation of transposable elements, polyploidy,
changes in chromosome number or DNA sequence can be affected by in vitro culture
conditions and consequently lead to genetic changes in regenerated plants [27,28], it is
necessary to monitor the occurrence of somaclonal variations during in vitro propagation
and assess the genetic constitution and variability of the plants regenerated in vitro. The
genetic diversity was successfully detected in the genus Scutellaria and mainly concerned
the assessment of the genetic diversity of the study’s wild and cultivated populations
using RAPD markers [29–31], ISSR markers [32,33], and SSR (simple sequence repeat)
markers [34]. The use of the aforementioned markers to assess the variability of Baikal
skullcap genotypes obtained using a tissue culture has been reported sporadically in the
literature, but SCoT-type markers were used for the first time in this study.

Eleven SCoT primers were analyzed in this study, and their sequences are listed in
Table 3. The visualized amplification products after electrophoresis are shown in the images
(Figure 3). All primers produced a total of 130 polymorphic bands, averaging more than
11 bands per primer. The percentage of polymorphism obtained ranged from 20 to 45%,
averaging 34.86% for the eleven primers mentioned above. Previous studies in medicinal
plants [35,36] used RAPD and ISSR markers and indicated the presence of somaclonal
variation in callus tissue, as well as between the regenerants obtained from it [37]. Specific
products generated by eight primers (SCoT 4, SCoT 14, SCoT 19, SCoT 24, SCoT 25, SCoT
35, SCoT 46 and SCoT 50) were also detected. A total of 11 products were obtained, with
an average of 0.73 bands for all primers amplifying these products. All analyzed primers
generated monomorphic products. Primer SCoT 46 produced the highest number of bands
of this type, and SCoT 35 produced the lowest. The size of the obtained products ranged
between 310 and 9800 bp.

Based on the polymorphism identified using the SCoT technique, the genetic similarity
between the studied genotypes was determined according to Dice’s formula after Nei and
Li [12]. Table 4 shows the values of genetic similarity between the genotypes. The similarity
of individual regenerants to the donor plant ranged from 0.82 to 0.86. Regenerates R3 and
R8 showed the highest similarity to the donor plant (0.86), while R7 showed the lowest,
at the level of 0.82. The highest similarity was found for regenerant R3 and R4, as well as
R8 and R9, amounting to 0.96. A similarity below 0.9 was observed between regenerant
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R1 and R2; R2–R8; R2–R9. The mean similarity among the analyzed genotypes was 0.90,
which indicated rather minor changes within the studied group of regenerants. The level of
polymorphism in the range of 10–15% indicates low genetic variability for the SSR, RAPD
and ISSR markers [35,36,38]. Etminan et al. [39] and Shahlaei et al. [40] reported that the
verification of the results with SCoT markers could lead to different conclusions due to the
higher informativeness of this marker compared to other marker systems. The variability
observed in our study was due to the use of more sensitive markers, such as SCoT-type
markers. Therefore, the utilization of this marker system in the identification of genetic
variation in regenerants grown in in vitro cultures allows the detection of more subtle
changes at the DNA level. The results are also visualized in the form of a dendrogram
(Figure 4). It was observed that the studied genotypes could be assigned to two groups,
which consisted of one single genotype (DP) and a cluster consisting of the remaining
10 regenerants. The presented method of grouping the studied genotypes clearly indicates
the distinctiveness of DP in comparison to all in vitro regenerated plants. This confirms the
existence of genetic variation within the analyzed genotypes, resulting from the process of
indirect organogenesis used to obtain them. The reasons for this differentiation may result
from in vitro culture conditions affecting different regions of the genome, including the
types and level of PGRs use, which can stimulate rapid and disordered cell proliferation or
the accumulation of somatic mutation during the tissue culture period [41–43].

Table 3. Assessment of the number and type of products generated with the primers used in the study.

Primer Primer Sequence 5′-3′

Number of Products

%
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ly
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Si
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ge
(b

p)

To
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M
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ic

SCoT 4 CAACAATGGCTACCACCT 10 2 1 7 20.00 600–6000

SCoT 9 CAACAATGGCTACCAGCA 9 4 0 5 44.44 1200–5800

SCoT 14 ACGACATGGCGACCACGC 13 3 2 8 23.08 420–3200

SCoT 19 ACCATGGCTACCACCGGC 15 5 2 8 33.33 310–9300

SCoT 24 CACCATGGCTACCACCAT 11 5 1 5 45.45 520–9000

SCoT 25 ACCATGGCTACCACCGGG 10 3 1 6 30.00 370–6000

SCoT 31 CCATGGCTACCACCGCCT 12 5 0 7 41.67 470–8000

SCoT 35 CATGGCTACCACCGGCCC 8 3 1 4 37.50 380–9800

SCoT 36 GCAACAATGGCTACCACC 13 5 0 8 38.46 480–5500

SCoT 46 ACAATGGCTACCACTGAG 15 4 1 10 26.67 500–8200

SCoT 50 ACAATGGCTACCACTGGG 14 6 2 6 42.86 380–5000

Mean per primer 11.82 4.09 1.00 6.73 34.86 -

Total 130 45 11 74 - 310–9800
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Table 4. Matrix of genetic similarity between the studied genotypes obtained on the basis of
SCoT markers.

R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 DP

R1 1.00 0.86 0.94 0.94 0.92 0.90 0.90 0.92 0.92 0.92 0.85

R2 1.00 0.90 0.90 0.93 0.93 0.92 0.89 0.89 0.90 0.83

R3 1.00 0.96 0.93 0.91 0.94 0.95 0.93 0.93 0.86

R4 1.00 0.92 0.92 0.91 0.93 0.92 0.90 0.84

R5 1.00 0.92 0.92 0.92 0.92 0.92 0.83

R6 1.00 0.94 0.91 0.91 0.90 0.83

R7 1.00 0.95 0.93 0.93 0.82

R8 1.00 0.96 0.94 0.86

R9 1.00 0.95 0.84

R10 1.00 0.83

DP 1.00
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4. Conclusions

In the literature, a number of works can be found indicating the possibility of regen-
erating shoots from nodal segments in various Scutellaria species, however, none of them
analyzed the impact of regeneration through the callus stage (indirect organogenesis) on
the variability within the obtained regenerants, and this has been presented in this study
both at the phenotypic level and in detail at the genotypic level. The authenticated protocol
presented in this work enables the micropropagation of S. baicalensis. The application of a
protocol using indirect organogenesis generates somaclonal variation among the regener-
ants. The effective revealing of this variability at the DNA level was possible thanks to the
precise SCoT marker system, which was presented for the first time for the studied species.
This provides a basis for further biochemical studies of the obtained regenerants aimed at
isolating genotypes with higher secondary metabolite content of S. baicalensis.
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Abstract: Dendrobium catenatum (Dendrobium officinale) is a valuable genuine herb. The source of this
species is difficult to be identified by traditional methods including morphology, spectroscopy, and
chromatography. We used the restriction site-associated DNA sequencing (RAD-seq) approach to
perform the high-throughput sequencing of 24 D. catenatum provenances. In this study, 371.18 Gb
clean data were obtained, and 655,057 high-quality SNPs were selected after their filtration. We
used phylogenetic tree, genetic structure, and principal component analyses to examine the genetic
diversities and genetic relationships of the 109 accessions. We found that D. catenatum could be
divided into two groups, and each group was closely related to the distribution of the sampling sites.
At the population level, the average nucleotide diversity (π) of the D. catenatum population mutation
parameters was 0.1584 and the expected heterozygosity (HE) was 0.1575. The GXLPTP07 accessions
showed the highest genetic diversity in terms of the private allele number, observed heterozygosity,
and nucleotide diversity. The Mantel test showed a significant positive correlation between the
genetic and geographic distances among the overall distribution. A genetic information database
of D. catenatum was established, which confirmed that RAD-seq technology has the potential to be
applied in the identification of medicinal Dendrobium of different origins.

Keywords: Dendrobium catenatum; genetic diversity; provenance identification; genuine regional
drugs; RAD-seq; SNP

1. Introduction

The genus Dendrobium Swartz (1799) is one of the largest genera in Orchidaceae [1],
and it consists of approximately 1450 species [2]. Dendrobium is highly valued for its
medicinal, ornamental, scientific and economics uses, but its medicinal value has attracted
the most attention. There are nearly 80 species of Dendrobium in China. Many Dendrobium
species have been extensively used in Traditional Chinese Medicine (TCM), including
D. catenatum Lindl (D. officinale Kimura and Migo) and D. huoshanense C.Z. Tang and S.J.
Cheng [3,4]. Many studies have shown that Dendrobium polysaccharide has antitumor
effects [5], immune enhancement [6,7], antioxidation [8,9], anti-inflammatory [10,11], and
hypoglycemic effects [12,13]. There is also research showing that Dendrobium can improve
learning and memory [14]. The medicinal Dendrobium industry has developed rapidly in
recent years, and some growers have carried out cross-breeding for medicinal Dendrobium
in pursuit of increasing their yield and profits, which has caused confusion in the market
regarding the Dendrobium varieties. There are great differences in the pharmaceutical
components between Dendrobium species [15], which affect the efficacy or curative effect
of them. A large number of medicinal Dendrobium products on the market have lost their
active ingredients, and variable quality and effective identification methods are lacking.
Traditional morphological identification, microscopic identification, and the physical and
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chemical identification methods can only be used for the interspecies identification of
medicinal Dendrobium [16–18]. Obviously, it is difficult for conventional techniques to
identify the provenance of medicinal Dendrobium as they are similar in their morphological
and anatomical characteristics and even in their chemical components. One of the most
important factors for the modernization of Chinese medicines is the quality of the traditional
Chinese medicines, and the key support for it is the study of its genuineness [19]. A variety
of genuine medicinal materials had been confirmed that the effective components of
different producing areas are very different [20–22]. D. catenatum is a geo-authentic Chinese
medicinal material, and so its identification of provenance is very important.

For identification purposes, researchers have established a full-sequence database
that is based on the rDNA ITS region of the Dendrobium variety “Fengdou” [23]. The
phylogenetic tree constructed from matK and rbcL data could distinguish five types of
medicinal Dendrobium [24]. For the purpose of the swift and precise identification of thirteen
wild and cultivated Dendrobium species belonging to two sections Formosae and Chrysotoxae,
the researchers designed the rDNA ITS region sequence analysis [25]. In recent years, the
molecular identification of Dendrobium plants has also been studied. Inter-simple sequence
repeats (ISSR) molecular fingerprinting markers had been employed to authenticate eight
populations of D. officinale using 10 primers [26]. Two genuine population had been
authenticated based on the SNPs of the rDNA ITS region [27]. However, microsatellite
studies have typically used a low number of markers (<25), which increases the danger of
underestimating the genetic structure due to a lack of polymorphic markers [28]. When one
is using a low number of genetic markers, larger sample sizes are required to accurately
estimate the allele frequencies and diversity [29], which might be difficult to achieve,
especially for Dendrobium as it is an endangered species that has been severely damaged.
The SNPs produce more precise estimates of the population-level diversity, and they use a
higher power to identify the groups in clusters than the methods of using microsatellites
do [30]. To evaluate and quantify the potential marker-specific biases, researchers have
compared the microsatellite variation with genome-wide SNPs. They concluded that a few
thousand random SNPs are sufficient to accurately estimate the genome-wide diversity
and to distinguish between the populations with different levels of genetic variation [31].

Currently, with the development of high-throughput sequencing technology, SNPs are
increasingly used in species identification and population genetic research [32]. Compared
with traditional molecular markers, the SNPs that are obtained by high-throughput se-
quencing can provide a large amount of accurate and reliable information for a genetic and
evolutionary analysis [33]. Reduced representation genome sequencing has been widely
used in the field of population research in areas such as population genetic analysis [34],
marker development [35], genetic map construction and whole-genome association analy-
sis [36,37]. These methods, which consist of restriction site-associated DNA sequencing
(RAD-seq), have been successfully applied to the study of the population structure, genetic
distance, and genetic diversity of many species [38–41]. Currently, high-quality D. catena-
tum genome data have been obtained and published [42]. Therefore, the RAD-seq of this
species of medicinal Dendrobium can provide a large number of reliable SNPs to distinguish
the provenances of them.

To protect the wild population of D. catenatum and meet the increasing market demand,
the following protective measures are recommended: (a) in situ conservation; (b) building
an ex situ conservation base; (c) establishing a provenance database to strictly control the
use of wild populations while ensuring the reliability and detectability of their provenance.
For the creation of management and conservation strategies, information on the genetic
diversity and population structure are crucial. To better understand the genetic diversity,
genetic organization, and divergence of the wild populations of D. catenatum, we produced
and analyzed the SNPs for these populations using RAD-seq. Accurately identifying
the provenances of D. catenatum based on RAD-seq will help growers to choose high-
quality provenances for artificial cultivation and propagation. This research not only
has important significance for the evolution, molecular breeding and biogeography of
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Dendrobium, but it also provides important enlightenment for the identification methods of
other medicinal plants.

2. Materials and Methods
2.1. Sample Collection and DNA Extraction

The plant materials that were sequenced in this study were collected from the National
Orchid Conservation & Research Center of Shenzhen, and the specimens were deposited in
the National Orchid Conservation Center herbarium (NOCC) (Table 1). All of the plant
materials were collected with the permission of this institution, and all of the samples
were identified by Prof. Zhong-Jian Liu. We complied with the IUCN Policy Statement
on Research Involving Species at Risk of Extinction and the Convention on the Trade in
Endangered Species of Wild Fauna. Detailed information about localities and samples are
given in Table 1 and Figure 1. Specifically, we collected 109 samples were from 24 wild
populations of D. catenatum, and 10 samples were from 2 wild populations of D. huoshanense.
We selected 3–5 individuals from each population and sampled their leaves. The leaves
were dried in sealed plastic bags that were filled with silica gel until the DNA extraction
was performed.

Table 1. In this study, the population locations and voucher information of D. catenatum and D. huoshanense.

Sample Name Location Specimen Code Population Code Individual Number

D. catenatum Guangze, Fujian Province Z.J. Liu 10572 FJGZTP01 5
Liancheng, Fujian Province Z.J. Liu 10583 FJLCTP02 4
Pingjiang, Hunan Province Z.J. Liu 10580 HNPJTP04 5

Yiyang, Hunan Province Z.J. Liu 10582 HNYYTP05 5
Yuanling, Hunan Province Z.J. Liu 10578 HNYLTP06 5
Xinning, Hunan Province Z.J. Liu 9506 HNXNTP36 3
Lipu, Guangxi Province Z.J. Liu 10574 GXLPTP07 5

Gongcheng, Guangxi Province Z.J. Liu 9497 GXGCTP09 4
Xing’an, Guangxi Province Z.J. Liu 9518 GXXATP10 5

Lishui, Zhengjiang Province Z.J. Liu 9520 ZJLSTP12 5
Wuyi, Zhengjiang Province Z.J. Liu 9511 ZJWYTP32 5

Quzhou, Zhengjiang Province Z.J. Liu 9510 ZJQZTP13 5
Yanshan, Jiangxi Province Z.J. Liu 10576 JXQSTP14 5
Xiushui, Jiangxi Province Z.J. Liu 10573 JXXSTP15 4

Huichang, Jiangxi Province Z.J. Liu 10581 JXHCTP16 5
Xingguo, Jiangxi Province Z.J. Liu 9517 JXXGTP17 4

Nanxiong, Guangdong Province Z.J. Liu 10584 GDNXTP19 5
Heyuan, Guangdong Province Z.J. Liu 10585 GDHYTP20 4

Shaoguan, Guangdong Province Z.J. Liu 9504 GDSGTP22 5
Qujing, Yunnan Province Z.J. Liu 10579 YNQJTP24 4

Wangzishan, Yunnan Province Z.J. Liu 7462 WZSTP34 4
Xianning, Hubei Province Z.J. Liu 9514 HBXNTP25 5
Sandu, Guizhou Province Z.J. Liu 11147 GZSDTP29 4

Dushan, Guizhou Province Z.J. Liu 11148 GZDSTP30 4
D. huoshanense Huangshan, Anhui Province Z.J. Liu 9508 AHHSHS26 5

Longhushan, Jiangxi Province Z.J. Liu 9500 JXLHSHS28 5

The total genomic DNA was extracted using a Plant Genomic DNA kit (Tiangen,
Beijing, China) according to the manufacturer’s protocol. For all of the samples, the DNA
was quantified using a Qubit spectrophotometer (Invitrogen, Carlsbad, CA, USA).

2.2. RAD Library Development and Sequencing

The RAD sequencing libraries were generated using the VAHTS Universal DNA Li-
brary Prep Kit for Illumina (Vazyme Biotech Co., Ltd., Nanjing, China, ND604) following
the manufacturer’s recommendations. In brief, the RAD-seq reduced representation li-
braries were prepared following the digestion procedure using the Hae III (New England
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Biolabs, Ipswich, MA, USA) enzyme, which was followed by a barcode ligation, a DNA
purification and a selective DNA amplification and a size selection. Pair-end sequencing
with a read length of 150 bp was performed to produce approximately 3 Gb of raw data for
each sample using the Illumina HiSeq 4000 platform (Illumina, San Diego, CA, USA) at
Novogene (Beijing, China).
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2.3. SNP Calling

The raw Illumina paired-end reads were filtered using a personally designed program
“filter-G 30.0-adapter 1-poly_A 1-Q 20,0.5-mean 25-insert $ insertSize-Q20 90” to discard the
reads with adapter sequences, poly_A tails, a poor base quality (Q < 20), and those that were
less than 25 bp in length. The cleaned reads were aligned to the D. catenatum genome (NCBI
accession number NC_037361.1) using BWA (version 0.7.12) [43] default parameters, and
they were sorted using Samtools (version 1.9), and following this, they were de-duplicated
using the Picard tool [44]. In order to reduce the impact of mapping bias, we further excluded
the sites with extraordinarily high or extremely low coverage. The RealignerTargetCreator
and IndelRealigner modules from GATK (version 3.8) [45] were used to improve the local
alignments around the indels. The resulting alignment files were subjected to genotyping
using the GATK UnifiedGenotyper at each reference locus. Finally, hard filtering was applied
to the raw variant set using GATK recommended parameters, “QD < 2.0 || MQ < 40.0 ||
FS > 60.0 || SOR > 3.0 || MQRankSum < −12.5 || ReadPosRankSum < −8.0”. We further
filtered the dataset using VCFtools (version 0.1.13) [46] to ensure that we had high-quality
SNPs, removing the SNPs with a missing rate > 20% and minor allele frequencies < 0.02.

2.4. Phylogenetic Tree Construction

The maximum likelihood (ML) analysis was performed using IQtree (version 2.0.3) [47]
with 1000 bootstrap [48] replicates, and the settings were as described. The results were
graphically visualized and edited in FigTree (version 1.4.2).

2.5. Population Structure Analyses

Genetic structure was investigated by a PCA. A PCA was conducted using GATK,
and the program Admixture [49] was used to infer the genotype structure. A population
number (K) ranging from 2 to 8 was assumed, and the CV scores were used to determine
the best-fit K value.
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2.6. Genetic Diversity and Differentiation

A variety of genetic diversity indices were calculated using the Stacks’ populations
program, including the private allele number (AP), nucleotide diversity (π), heterozygosity
(HO and HE), and inbreeding coefficient (FIS) [50]. Sliding windows that were 10 kb in
size were used to calculate Tajima’s D by VCFtools (version 0.1.13) [46]. To analyze the
pairwise population differentiation between the wild germplasms, the FST values were also
computed using the PopGenome package in R [51]. The pairwise geographic distances
from longitude and latitude were identified using the R package geosphere. We used the
Mantel test for the associations between the FST and geographic distance. PopLDdecay
(version 3.31) was used to calculate the linkage disequilibrium between the SNP pairs
within a 500 kb window [52]. The linkage disequilibrium decay was measured the distance
at which the Pearson’s correlation efficient (r2) dropped to half of the maximum.

3. Results
3.1. Sequence Data Quality

For the 109 sequenced samples, 403.61 Gb of raw data with an average of 3.70 Gb
per individual were generated, ranging from 1.74 to 5.29 Gb. After filtering the sequence
data, a total of 371.18 Gb of clean data (1.61 Gb to 4.89 Gb for each individual, with
an average of 3.37 Gb) was maintained, presenting an average effective rate of 91.97%
(Supplementary Figure S1). In short, the sequencing data were of high quality and could
be used for a subsequent analysis. Finally, 655,057 high-quality SNPs were selected after
the filtration was performed. Nearly half of the SNPs in the population level exhibited base
transitions, and the total transition-to-transversion (ts/tv) ratio was 1.36.

3.2. Genetic Diversity

When we were analyzing the variant positions for all of the polymorphic loci at the
germplasm level, the observed heterozygosity (HO), expected heterozygosity (HE), nucleotide
diversity (π) and Wright’s F-statistic (FIS) of the wild D. catenatum were 0.0992, 0.1575, 0.1584,
and 0.3836, respectively (Table 1). The number of private alleles (AP) in the populations ranged
from 1934 (FJLCTP02) to 9655 (GZDSTP30). The observed heterozygosity at the population
level ranged from 0.0724 (GXXATP10) to 0.1516 (GZDSTP30); the expected heterozygosity for
each population ranged from 0.0833 (FJLCTP02) to 0.1312 (GXLPTP07); the nucleotide diver-
sity for each population ranged from 0.0961 (GDSGTP22) to 0.1484 (GXLPTP07); the inbreeding
coefficient in each population ranged from −0.0434 (GZDSTP30) to 0.1135 (GXLPTP07).

Tajima’s D value was a locus-based indicator of the intraspecific polymorphism.
Tajima’s D values were positive and statistically different from zero for all of the pop-
ulations (Table 2). It is therefore possible to reject the null hypothesis of neutral evolution.
In addition, many intermediate-frequency alleles were found in the populations, which
may be a consequence of the bottleneck effects, the population structures, or the selection
for balancing.

3.3. Phylogenetic Tree

In the maximum likelihood (ML) phylogenetic tree that was derived from our finalized
RAD-seq matrix, D. huoshanense was the outgroup (Figure 2). There were high bootstrap
values on most of the branches of the phylogenetic tree, which indicated a strong reliability
of the tree. All of the samples were separated into two clades based on the ML tree (Group I
and Group II). Group I mainly contained D. catenatum from the Yungui Plateau and the
western part of the Nanling Mountains, while Group II mainly contained populations
from the Yandangshan Mountains, Wuyishan Mountains, and the eastern part of the
Nanling Mountains.
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Table 2. The statistical values of genetic diversity within the populations from variants and all of the
positions data. (AP, private allele number; HO, observed heterozygosity; HE, expected heterozygosity;
π, nucleotide diversity; FIS, inbreeding coefficient of an individual relative to the subpopulation.)

Taxon Population AP HO HE π FIS Tajima’s D

D. catenatum 0.0992 0.1575 0.1584 0.3836
FJGZTP01 3254 0.0786 0.0969 0.1165 0.0725 0.6534
FJLCTP02 1934 0.0729 0.0833 0.099 0.0496 0.3964
HNPJTP04 2871 0.0895 0.1131 0.1297 0.0824 0.4221
HNYYTP05 4263 0.0818 0.1082 0.1223 0.084 0.4411
HNYLTP06 4689 0.0976 0.1196 0.1371 0.081 0.5556
GXLPTP07 5512 0.0952 0.1312 0.1484 0.1135 0.4684
GXGCTP09 2679 0.0965 0.1041 0.1355 0.066 0.7907
GXXATP10 2940 0.0724 0.0891 0.1074 0.0628 0.8556
ZJLSTP12 2355 0.0994 0.1182 0.1341 0.0737 0.3298
ZJQZTP13 3084 0.1123 0.1105 0.1245 0.0256 0.3962
JXQSTP14 3844 0.123 0.1115 0.1243 0.0053 0.3384
JXXSTP15 2552 0.0783 0.107 0.1257 0.0922 0.3767
JXHCTP16 3417 0.0778 0.1037 0.1188 0.0866 0.3404
JXXGTP17 4215 0.0919 0.096 0.1134 0.039 0.5287

GDNXTP19 3515 0.0848 0.1022 0.1154 0.0659 0.3163
GDHYTP20 5221 0.1019 0.1155 0.133 0.0638 0.2443
GDSGTP22 3845 0.1078 0.0862 0.0961 −0.0208 0.4748
YNQJTP24 3933 0.1144 0.1153 0.1343 0.039 0.4327
HBXNTP25 2757 0.0979 0.1057 0.1185 0.0426 0.5005
GZSDTP29 4461 0.0975 0.1147 0.1326 0.0696 0.4221
GZDSTP30 9655 0.1516 0.1121 0.1288 −0.0434 0.4646
ZJWYTP32 2932 0.0885 0.106 0.1191 0.0664 0.2539
WZSTP34 4820 0.125 0.1165 0.1342 0.0208 0.4762

HNXNTP36 2967 0.1034 0.0994 0.1218 0.0332 0.4315

In the Group I, the YNQJTP24 accessions were the sister group to the WZSTP34 ac-
cessions, which both had 100% bootstrap values. The samples from Guizhou Dushan
(GZDSTP30), Guangxi Xing’an (GXXATP10) and Hunan Yiyang (HNYYTP06) are clus-
tered into a branch. The samples from the provenances GZSDTP29, GXGCTP09, and
GXLCTP07 were divided into two branches. In the Group II, for most of the provenances
of D. catenatum, the individuals of the same provenance are clustered together with high
support values, with the exception of the individuals of three populations from Zhejiang
Wuyi (ZJWYTP32), Zhejiang Lishui (ZJLSTP12), and Zhejiang Quzhou (ZJQZTP13). The
samples from Zhejiang were gathered into a large branch, and the sister branch was com-
posed of FJGZTP01, FJLCTP02, and JXQSTP14. The populations from Hubei Xinning
(HBXNTP25), Jiangxi Xiushui (JXXSTP15), Hunan Pingjiang (HNPJTP04), and Hunan
Yiyang (HNYYTP05) are clustered into a large branch, and the other three provenances
being independently clustered into a small branch, with the exception of JXXSTP15. The
samples from Guangdong Shaoguan (GDXGTP22) and Guangdong Heyuan (GDHYTP20)
are clustered into a branch. At the same time, the distribution of the D. catenatum samples
in the phylogenetic tree are closely related to their geographical locations. The base of the
phylogenetic tree is represented by the population that can be located in the west.

The geographical distribution of the Dendrobium samples from the west to the east is
roughly consistent with their distribution from the base to the top of the phylogenetic tree.
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Figure 2. ML phylogenetic tree of the D. catenatum accessions and model-based clustering with K
from 2. Numbers near the nodes are bootstrap percentages.

3.4. Population Structure

Based on the ML tree (Figure 2), we calculated the population structure with K values
that range from two to eight (Figure 3). In the clustering analysis using the Admixture
software, K = 2 was the most likely genetic cluster number, because its cross-validation
error (CV) was the lowest. However, the CV values were very close when K = 3 and K = 4.
According to the principal component analysis (Figure 4), when the K value equaled two,
109 materials were not clearly assigned to the two groups, which was inconsistent with the
results of the phylogenetic tree analysis. Due to the differences in the population structure
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and phylogenetic tree results, it was necessary to analyze the population structure under
different K values.
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Figure 3. Genetic structure of cultivated 109 D. catenatum for K = 2–8 based on the Admixture software
(K = 2 with cross validation error is 0.18580, while K = 3 with ross validation error is 0.19141).
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When K = 2, the Group I and Group II accessions could be separated. When K = 3, the
Yunnan populations in Group I were distinguished, which was inconsistent with K = 4. In
conjunction with the phylogenetic tree and structure analysis, these results clearly classified
D. catenatum into two groups.

3.5. Genetic Relationships

A principal component analysis (PCA) was performed with 109 individuals. Accord-
ing to the first component, the accessions were divided into two groups: Group I and
Group II. Overall, GXXATP10 was clustered separately, and other D. catenatum accessions
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could be divided into two groups. Among them, the distribution of Group II was more
concentrated (Figure 4).

The linkage disequilibrium (LD) decay, which was measured by the physical distance,
at which the pairwise correlation coefficient dropped to half of its maximum value, occurred
at 48.2 kb in Group I (r2 = 0.277) and 13.6 kb in Group II (r2 = 0.242) (Figure 5), respectively.
Group II had the higher linkage disequilibrium decay rate.
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Figure 5. Linkage disequilibrium decay patterns of different D. catenatum group.

3.6. Genetic Differentiation

The pairwise FST values between the wild populations of D. catenatum varied from
0.0533 (HNYLTP06 with GXGCTP09) to 0.4755 (FJLCTP02 with GZDSTP30), with 110 of
the 276 population pairs having FST values that are greater than 0.25 (Figure 6). It became
clear that, GXXATP10 had the highest genetic differentiation from the other 24 populations
which was consistent with the PCA results (Figure 4). GXLPTP07 was in the western part
of the Nanling Mountains, and it obtained the lowest mean pairwise FST value, 0.1504;
low values represent the genetic flow between the populations and show a greater genetic
difference between the accessions within a population than it does between the populations.
The pairwise genetic distance between the locations FST was highly correlated with the
geographic distance (Figure 7); the level of significance was p < 0.05.
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Figure 6. Genetic distance (FST) for D. catenatum. The samples from Group I were in red font, and the
samples from Group II were in blue font.
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4. Discussion

Genomic data provide a novel perspective for studying the genetic diversity and
method of identification of medicinal Dendrobium species. In the past, scholars have been
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authenticated eight wild populations of D. officinale by ISSR [26]. Because of the low number
of microsatellite markers, marker ascertainment bias, and there being a high variance in the
microsatellite-derived estimates, the genetic differentiation among the populations (FST)
estimates of microsatellites were significantly larger than those from the SNPs [31]. The
simple PCR methods are simple and quite effective and cheap. However, their weakness
is obvious at the same time. Firstly, these data are not reproducible enough, and it is
difficult to share and reference them, and they can only be analyzed and used in the
same experimental project. Secondly, these markers cannot be mapped to the genome for
further analysis and applications. The data that are obtained by RAD not only have the
advantages of being convenient and highly reproducible, but also, they can be accurately
located in the genome position for more applications. For example, the candidate genes
with known functions can be identified by annotating the outlier loci through the selection
elimination analysis [53,54]. At the same time, the SNPs that are obtained by RAD-seq can
provide more accurate and reliable information for a genetic and evolutionary analysis.
Researchers utilized anadromous pike (Esox lucius) to assess the microsatellite and RAD-seq
results of a study of population differentiation and genetic structure, and they discovered
that the full RAD-seq dataset can provide the most accurate detection of the finer-scaled
genetic structuring [55]. The nuclear microsatellites and the RAD-seq data for a threatened
freshwater fish species were compared by other researchers. The results showed that RAD-
seq more clearly and consistently identified the hierarchical phylogenetic structure [56].

In this research, a whole-genome restriction enzyme digestion of 109 accessions
from 24 provenances was performed to obtain accurate variation information. Except
for GXGCTP09, the clean data size of each sample in the other 23 populations was at least
2 times the D. catenatum genome size (1.11 Gb), and some individual populations reached
4 times this (Supplementary Figure S1). The average sequencing volume of each sample
was 3.37 Gb. The amount of sequencing data was sufficient to meet the requirements of the
subsequent analysis, thus ensuring the accuracy of population genetic analysis. In terms
of the result of the RAD-seq, we detected 655,057 SNPs, which exceeded the number of
genetic variations that were detected by amplified fragment length polymorphism (AFLP)
and the random amplified polymorphic DNA (RAPD) markers [57,58]. These data not only
can be used in this experimental analysis, but they are also convenient for researchers for
other studies.

The number of transitions was predicted to be much larger than the number of
transversions due to the biased mutational processes within the plant genomes. This nu-
cleotide mutation pattern is also observed in other plants, such as peanuts [59], maize [60],
Amorphophallus paeoniifolius [39], Arabidopsis, and apricots [61,62]. Consistent with this
prediction, the ts/tv ratio of the D. catenatum populations was 1.36, indicating that there
was a strong transition bias. This value was higher than the result (1.34) that was reported
by Zhang et al. [42], and lower than that for D. huoshanense (1.47) [63].

Based on the ML tree, the principal component analysis, the genetic structure analysis,
and the population differentiation analysis divided the 24 wild populations of D. catenatum
into two groups. The two groups where the provenances of the wild D. catenatum are
arranged from the west to the east are very consistent with the geographical distribution
of the samples. In another study, Ding et al. used RAPD to study eight wild D. catenatum
populations [58]. Among them, Shaowu and Shunchang in Fujian were clustered into a small
branch, which was the sister branch of Jiangxi Nanfeng, and Tian’e in Guangxi and Guangnan
in Yunnan were clustered into a small group. Our results in this study are consistent with
the previous findings. In a systematic geographical study of D. catenatum and four related
taxa, the regional evolution of D. catenatum was divided into six populations [64]. They
were the South Yungui Plateau, the East Yungui Plateau, Nanling Mountain, Wuyishan
Mountain, Dabieshan Mountain, and Yandang Mountain. In this study, Group I contained
the Yungui Plateau and the western part of the Nanling Mountains, while Group II contained
the Yandangshan Mountains, Wuyishan Mountains, and the eastern part of the Nanling
Mountains. This is largely consistent with the division that had been made previously.
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Genetic diversity forms during the evolution of a species, and it often plays a key role
in the gradual evolution and long-term survival of the species in a changeable environment.
The average nucleotide diversity (π) of the D. catenatum population mutation parameters
was 0.1584 at the population level (Table 2). D. catenatum had a smaller mean nucleotide
variation than other crops did such as A. paeoniifolius (π = 0.3592) [39]. At the population
level, the expected heterozygosity (HE) was 0.1575, which was very close to the previous
results (0.1477) [57]. Overall, the observed heterozygosity and the expected heterozygosity
were relatively low.

Among all of the wild populations, GXLPTP07 had the most significant private allele
number (AP) of 5221, and this indicated the presence of substantial genetic variation, which
could guide genetic improvement in the future. The genetic diversity indices (HE, AP,
and π) of the GXLPTP07 accessions were higher than those of the accessions in the other
ecological groups (Table 2). We speculate that the GXLPTP07 was closer to the origin center
of Group I in terms of genetic distance. In the principal component analysis, GXXATP10
was clustered separately. Combined with the analysis of genetic diversity, GXXATP10
had the highest Tajima’s D values, indicating that the population underwent a balanced
selection or a sudden contraction. The results of the HO, HE, and inbreeding coefficient
(FIS) show that HO < HE, FIS > 0, which may have resulted from the heterozygote loss
and inbreeding, and the selection pressure is high (Figure 3, Table 2). Based on PC1, we
speculate that GXXATP10 was a descendant that was formed by the intersection of the East
Yungui Plateau population and the western part of the Nanling Mountains population in
the past, or a nonnative species that had been introduced from another place.

The Mantel test discovered a significant positive relationship between the genetic and
geographical distances in the total distribution (r = 0.47, p < 2.2 × 10−16), suggesting that
isolation by distance plays an important role in genome-wide variation. Combined with
the results of FST, the phylogenetic tree and the Linkage disequilibrium analysis speculated
that the Group I population is closer to the origin center in terms of its genetic distance,
which supports that it originated in the Nanling Mountains and the Yungui Plateau before
migrating eastward [64].

In the wild, Dendrobium species are either epiphytic or lithophytic. Based on this
habit, there is no need to compete for the niche of most terrestrial plants. However, people
over-excavate and conduct commercial trade for profit, thus causing serious damage to
the wild resources [65]. This leads to a decline in the genetic differentiation among the
Dendrobium species [66].

5. Conclusions

In this study, a genetic information database of D. catenatum was established, which
confirmed that RAD-seq technology has the potential to be applied in the identification of
medicinal Dendrobium of different origins. The level of genetic diversity in the population of
wild D. catenatum was relatively low. The 24 wild populations were divided into two groups,
and the Group I population is closer to the origin center in terms of its genetic distance. The
isolation by distance plays an important role in genome-wide variation. This study provides
information for the development of identification technology for medicinal Dendrobium
species in order to provide a new perspective for the research of genuine regional drugs.
Genetic diversity research provides a theoretical basis for the protection of Dendrobium, and
it also lays a solid foundation for the breeding of fine Dendrobium provenances. Overall,
our study provides abundant genomic resources for wild Dendrobium species and makes
important contributions to its genetic improvement and molecular breeding.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes13112093/s1, Figure S1: Average clean data size per sample
in 24 populations.
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Abstract: In the present study, novel genomic-SSR (g-SSR) markers generated in our laboratory were
used to characterize Tinospora cordifolia and related species. The g-SSR marker was also compared
with EST-SSR and SCoT markers used earlier in our laboratory to assess the genetic diversity of
T. cordifolia. A total of 26 accessions of T. cordifolia and 1 accession each of Tinospora rumphii and
Tinospora sinensis were characterized using 65 novel g-SSR markers. A total of 125 alleles were
detected with 49 polymorphic g-SSR markers. The number of alleles per locus varied from 1–4 with a
mean value of 2.55 alleles per locus. Mean PIC, gene diversity, and heterozygosity were estimated
to be 0.33, 0.41, and 0.65, respectively. The two species, namely T. rumphii and T. sinensis, showed
cross-species transferability of g-SSRs developed in T. cordifolia. The success rate of cross-species
transferability in T. rumphii was 95.3% and 93.8% in T. sinensis, proving the usefulness of this marker
in genetic diversity studies of related species. The Tinospora accessions were also used for molecular
characterization using SCoT and EST-SSR markers and compared for genetic diversity and cross-
species transferability. The PIC, gene diversity, heterozygosity, and principal coordinate analysis
showed that g-SSR is the better maker for a genetic diversity study of T. cordifolia. Additionally, high
cross-species transferability of g-SSRs was found (95.3% and 93.8%) compared to EST-SSRs (68.8%
and 67.7%) in T. rumphii and T. sinensis, respectively.

Keywords: Tinospora cordifolia; genetic diversity; g-SSR; EST-SSR; SCoT markers; principal coordinate
analysis (PCoA); cross-species transferability

1. Introduction

Genetic diversity plays an important role in the stability of a species because it pro-
vides the required adaptation to the existing biotic and abiotic environmental conditions
and enables change in the genetic composition to cope with the changes in the environ-
ment. There are various methods for evaluating genetic diversity in organisms including
phenotypic, isozyme, biochemical, and molecular markers [1–3]. With the development
of molecular biology, molecular markers have attained a special position. They are more
authentic, less time-consuming, and allow the detailed analysis and evaluation of genetic
diversity in plants. Among molecular markers, microsatellite markers are more reliable
for a genetic diversity study because these markers are evenly distributed in the whole
genome with tandem repeats of short nucleotides (1–6 bp) [4,5]. The SSRs are located
in both the coding and non-coding regions of the genome and contribute a high level of
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polymorphism. They are multi-allelic, highly reproducible, and co-dominant in nature [6,7].
Hence, SSRs are highly advantageous, easy to assay, and have different applications like
the construction of linkage maps, diversity assessment, and marker-assisted selection [8].
Start codon targeted markers (SCoT) are gene-targeted markers located in the translational
start codon. This technique designs single primers from short, conserved regions flanking
the ATG start codon. They are better markers than RAPD and ISSR and have gained
importance in the study of genetic diversity analysis [9]. EST-SSR (expressed sequence tags
microsatellite markers) has high intraspecific polymorphism, a co-dominant nature, and
high reproducibility. They originate from genomic coding regions and directly reflect the
diversity present in the genes. EST SSRs have been used to evaluate the genetic diversity of
coconut [10] and Dendrobium officinale [11] and to construct core germplasm collection in
olives [12].

Tinospora cordifolia (Willd.) Miers. is a diploid (2n = 22), large, glabrous, deciduous,
climbing shrub that belongs to the family Menispermaceae. T. cordifolia usually requires
fast-growing species like Jatropha, Moringa, and Neem (Azadirachta indica) for support
to grow. T. cordifolia growing with Neem is known by the name “Neem Giloy”, and as
it has many of the chemical properties of Neem and Giloe, it shows better therapeutic
applications [13]. After the COVID-19 pandemic, many reports have shown the importance
of Giloe in overcoming drug-induced liver injuries [14,15]. T. Cordifolia is well-known plant
of deciduous and dry forests, dispersed in the tropical regions and above sea level from
Kumaon to Assam, extending through West Bengal, Bihar, Deccan, Konkan, Karnataka,
and Kerala. It is also found in Bangladesh, Sri Lanka, and China [16–19].

Due to the presence of enormous medicinal properties, this plant has been over-
exploited by pharmaceutical companies and folk people for traditional remedies which led
to the necessity of exploring more genetic information about this plant which would be
useful in conservation. The literature survey shows that very little molecular characteriza-
tion work has been performed so far on T. cordifolia. There are only a few reports available
regarding the genetic diversity and phylogenetic study of T. Cordifolia using isozyme [20],
ITS and cpDNA markers [21,22], SCoT markers [23], RAPD and ISSR markers [24–27],
and SSR markers [28,29]. SSRs markers are excellent for linkage analysis, agronomic trait
selection, and varietal identification. The present study has been done on the molecular
characterization of T. Cordifolia using novel genomic SSR (g-SSR) markers developed in
our laboratory [28] and is reported for the first time for the molecular characterization
of T. cordifolia. Here, we are also reporting a comparison of the newly developed g-SSR
with the EST-SSR markers developed in our laboratory [30] and SCoT markers [23] in
deciphering the genetic diversity and population structure present in genus Tinospora along
with cross-species transferability.

2. Materials and Methods
2.1. Plant Material and Genomic DNA Extraction

A total of 28 accessions which includes T. cordifolia (26 accessions), T. rumphii (one
accession), and T. sinensis (one accession) cultivated and maintained at Issapur farms of
ICAR-NBPGR, New Delhi, India, were selected (Table 1). Young leaves of these accessions
were collected for genomic DNA extraction by using the modified CTAB method [31]. To
remove phenolic compounds, 2% polyvinyl pyrrolidone (PVP) was added to the DNA
extraction buffer. The quality of the DNA was checked on 0.8% agarose gel, and the
quantity of DNA was estimated by a NanoDrop™ 1000 spectrophotometer (Thermo Fisher,
Waltham, MA, USA). After quantification, the working concentration of each accession was
made to 10 ng/µL and stored at 4 ◦C.
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Table 1. Details of Tinospora accessions used in genetic diversity study.

S. No. IC Number Status Source District State

1 IC-281970 Wild Disturbed wild Outer Delhi Delhi
2 IC-281966 Wild Disturbed wild Central Delhi Delhi
3 IC-281965 Wild Disturbed wild Central Delhi Delhi
4 IC-281969 Wild Disturbed wild West Delhi Delhi
5 IC-281952 Wild Disturbed wild Central Delhi Delhi
6 IC-281973 Wild Disturbed wild West Delhi Delhi
7 IC-417323 Wild Natural wild Balrampur Uttar Pradesh
8 IC-471321 Wild Disturbed wild Balrampur Uttar Pradesh
9 IC-281955 Wild Natural wild Central Delhi Delhi
10 IC-417328 Wild Natural wild Faizabad Uttar Pradesh
11 IC-281960 Wild Disturbed wild Outer Delhi Delhi
12 IC-281963 Wild Disturbed wild Central Delhi Delhi
13 IC-417327 Wild Natural wild Basti Uttar Pradesh
14 IC-281967 Wild Disturbed wild West Delhi Delhi
15 IC-281954 Wild Disturbed wild Central Delhi Delhi
16 IC-281962 Wild Disturbed wild North Delhi Delhi
17 IC-281961 Wild Disturbed wild North Delhi Delhi
18 IC-281972 Wild Disturbed wild Outer Delhi Delhi
19 IC-281968 Wild Disturbed wild West Delhi Delhi
20 IC-281959 Wild Disturbed wild West Delhi Delhi
21 IC-281958 Wild Disturbed wild North Delhi Delhi
22 IC-281957 Wild Disturbed wild Central Delhi Delhi
23 IC-281971 Wild Disturbed wild Outer Delhi Delhi
24 IC-281953 Wild Garden Central Delhi Delhi
25 KCOP/41 Wild Garden Sirsa Haryana
26 KCOP/18 Wild Disturbed wild Mahendragarh Haryana
27 KCB/38 a Wild Disturbed wild North Cachar Hills Assam
28 KC/NS/GD-42/14 b Wild Disturbed wild East Siang Arunachal Pradesh

IC-Indigenous collections, a-Tinospora rumphii, b-Tinospora sinensis.

2.2. g-SSR PCR Amplification

Sixty-five g-SSR markers were used for the genetic diversity analysis of twenty-eight
Tinospora accessions. All markers were generated by the “SSR enrichment method” in our
laboratory [23] and primers were synthesized from Macrogen Inc. Out of 65 g-SSR primers,
only 49 primer pairs were able to show good scorable bands on gel (Table S1). PCR reaction
was performed in the total volume of 10 µL containing 3 µL genomic DNA (10 ng/µL),
1 µL of 10X buffer, 0.8 µL of 25 mM MgCl2, 0.3 µL of 10 mM dNTPs, 0.2 µL of each primer
(10 nmol), 0.2 µL of Taq DNA polymerase enzyme (Fermentas, Life Sciences, City, Waltham,
MS, USA), and 4.3 µL distilled water. PCR amplification was performed in a thermocycler
using the following PCR cycle: initial denaturation at 94 ◦C for 4 min followed by 36 cycles
of denaturation at 94 ◦C for the 30 s, annealing temperature (Ta ◦C) (Table S1) for 45 s,
extension at 72 ◦C for 1 min, and final extension at 72 ◦C for 10 min. All amplified products
were mixed with gel-loading dye (bromophenol blue, xylene cyanol, and sucrose) and then
analyzed on 4% Metaphor agarose (Lonza, Basel, Switzerland) gel for 4 h at a constant
supply of 120 V. Gel pictures were recorded using a Gel Documentation System (α Imager®,
South San Francisco, CA, USA).

2.3. EST-SSR Amplification

A total of 96 EST-SSRs were used for the genetic diversity analysis of two additional
Tinospora accessions (KCOP/41 and KCOP/18), one accession of T. rumphii (KCB/38), and
one accession of T. sinensis (KC/NS/GD-42/14). The PCR amplification conditions were
the same as Singh et al., 2016 [30]. All amplified products were mixed with gel-loading
dye (bromophenol blue, xylene cyanol, and sucrose) and then analyzed on 4% Metaphor
agarose (Lonza, Bend, OR, USA) gel for 4 h at a constant supply of 120 V. Gel pictures were
recorded using a Gel Documentation System (α Imager®, USA).
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2.4. SCoT Marker Amplification

Nineteen SCoT markers were used for the genetic diversity analysis of five additional
T. cordifolia accession (IC-281970, IC-471321, IC-281968, KCOP/41, KCOP/18), one accession
of T. rumphii (KCB/38), and one accession of T. sinensis (KC/NS/GD-42/14). The PCR
amplification conditions were the same as Paliwal et al., 2013 [23]. All amplified products
were mixed with gel-loading dye (bromophenol blue, xylene cyanol, and sucrose) and then
analyzed on 1% agarose (Lonza, USA) gel for 4 h at a constant supply of 80 V. Gel pictures
were recorded using a Gel Documentation System (α Imager®, USA).

2.5. Data Analysis

PCR products were scored visually on all 28 accessions of Tinospora. The band size
of the amplified products was determined by comparison with size markers using a
50 bp DNA ladder (Fermentas, Life Sciences, USA). The genetic diversity assessment was
done based on parameters like the number of alleles per locus, the major allele frequency,
heterozygosity, gene diversity, and the polymorphic Information Content (PIC) for each
locus using Power Marker V3.25 [32]. Genetic distances among all Tinospora accessions
were calculated using Power Marker V3.25, and a Phylogenetic tree was constructed using a
distance matrix in Power Marker and visualized using Figtree v 1.4.3 [33]. Populations were
defined according to the states mentioned in Table 1. Delhi, Uttar Pradesh, and Haryana
were considered three different populations, whereas Assam and Arunachal Pradesh were
considered the fourth population (NE-North east). The model-based program STRUCTURE
2.3.4 [34] was used to infer the number of populations. The membership of each genotype
was run for a range of genetic clusters from the value of K = 1 to K = 10. Each run was
implemented over a burn-in period of 100,000 and 100,000 Monte Carlo Markov Chain
replicates, the number of iterations being three for each population. Each K was then
plotted to find the maximum peak of ∆K [35]. The online available “Structure harvester”
program (http://taylor0.biology.ucla.edu (accessed on 15 July 2022)) was used to determine
the final number of populations. The genetic relationship among Tinospora accessions was
also analyzed by Principal Coordinate Analysis (PCoA) and Analysis of Molecular Variance
(AMOVA) using GenAlEx V6.5 [36].

The genetic diversity of g-SSR markers was also compared with EST-SSR markers and
SCoT markers for all 28 accessions. Hence, data scored across 28 accessions of Tinospora
using 49 polymorphic g-SSRs, 80 polymorphic EST-SSRs [30], and 19 SCoT [23] markers
were compared using different genetic parameters, i.e., the number of alleles per locus,
heterozygosity, major allele frequency, polymorphic Information Content (PIC), and gene
diversity for each locus using Power Marker 3.5 [32]. The genetic relatedness among 28
Tinospora accessions was also determined by the model-based program STRUCTURE and
principal coordinate analysis (PCoA) generated by GenAlEx V6.5 [34] with 49 g-SSR, 80
EST-SSR, and 19 SCoT markers. Cross-transferability ability of g-SSRs and EST-SSRs was
also compared in T. rumphii and T. sinensis.

3. Results
3.1. Diversity Assessment in Tinospora Species Using g-SSR

Sixty-five g-SSR markers were used to characterize twenty-eight accessions of Tinospora
(26 accessions of T. cordifolia, 1 accession of T. rumphii, and 1 accession of T. sinensis). All
65 g-SSR markers were amplified by 26 T. cordifolia accessions, whereas, in the case of T.
rumphii, 62 markers and 61 markers for T. sinensis were amplified. This shows that the
cross-species transferability success rate was 95.3% in T. rumphii and 93.8% in T. sinensis.
Out of these 65 markers used in the present study, 16 were monomorphic, whereas 49
g-SSR markers showed polymorphism. Only 49 polymorphic markers were used for the
further study, which amplified a total of 125 alleles. The number of alleles per locus varied
from 1 to 4 with a mean value of 2.55 alleles per locus. The maximum number of alleles
(4) was amplified with primers TcgSSR15 and TcgSSR17, whereas 24 primers amplified
3 alleles and 22 primers amplified 2 alleles (Table S2). The PIC values ranged from 0.03
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(TcgSSR-30 and TcgSSR-38) to 0.54 (TcgSSR-17) with a mean value of 0.33 (Table S2). The
variability at each g-SSR locus was estimated in terms of major allele frequency which
ranges from 0.46 (TcgSSR-17) to 1.00 (TcgSSR-43) with a mean value of 0.65 (Table S2). The
heterozygosity varied from 0.04 to 1.00 with a mean value of 0.65. The gene diversity
value for 49 polymorphic markers varied from 0.04 to 0.62 with a mean value of 0.41.
TcgSSR-30 and TcgSSR-38 showed the minimum value (0.04), while TcgSSR17 (0.62) showed
the maximum value of gene diversity (Table S2).

3.2. Genetic Relatedness Analysis

Cluster analysis based on 49 g-SSR markers grouped 28 Tinospora accessions into 3
major clusters (Figure 1a). In cluster 1, nineteen accessions were grouped, in cluster 2
two accessions were grouped, and in cluster 3 seven accessions were grouped. In cluster
1, twelve from Delhi, three from Uttar Pradesh, two from Haryana, and one accession
each from Assam (T. rumphii) and Arunachal Pradesh (T. sinensis) were present. T. sinensis
and T. rumphii showed more similarity with two accessions of T. cordifolia (KCPO/18 and
KCOP/41) from Haryana state. The accessions used in the present study were collected
from three states (Delhi, Haryana, and Uttar Pradesh); however, location-specific grouping
was not observed. The two species T. rumphii (KCB/38) and T. sinensis (KC/NS/GD-42/14)
in cluster 1 showed that these two species share more similarities to each other than T.
cordifolia. Phylogenetic analysis with EST-SSR markers (Figure 1b) showed three clusters.
In clusters 1, 2, and 3, ten, fifteen, and three accessions were grouped, respectively. Seven
accessions from Delhi and three accessions from Uttar Pradesh were present in cluster 1. Ten
accessions from Delhi, two accessions from Haryana, one accession from Uttar Pradesh, one
accession from Assam, and one accession from Arunachal Pradesh were present in cluster
2. Three accessions from Delhi were present in cluster 3. Cluster analysis with EST-SSR
markers revealed that accessions KCOP/41 (Haryana), KCOP/18 (Haryana), KCB/38 (T.
rumphii), KC/NS/GD-42/14 (T. sinensis), and IC-281970 from Delhi got grouped r (Cluster
2). Phylogenetic analysis with SCoT markers showed one cluster and two ungrouped
accessions. Eighteen accessions from Delhi, four accessions from Uttar Pradesh, two
accessions from Haryana, and one accession each from Assam and Arunachal Pradesh
were present in cluster 1. The ungrouped accessions (IC-281958 and IC-281953) were from
Delhi. With SCoT markers, (Figure 1c) the accessions KCOP/41 (Haryana), KCOP/18
(Haryana), KCB/38 (T. rumphii), KC/NS/GD-42/14 (T. sinensis), and IC-281970 (Delhi)
grouped (Cluster 1). The comparison of the phylogenetic tree with all three-marker systems
showed that Tinospora accessions KCOP/41 (Haryana), KCOP/18 (Haryana), KCB/38 (T.
rumphii), S/GD-42/14 (T. sinensis), and IC-281970 share more similarity.
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Figure 1. Genetic relationships study among 28 Tinospora accessions based on (a) g-SSR, (b) EST-SSR,
and (c) SCoT markers.

3.3. Population Structure Analysis

Delta k was at the maximum at K = 2, and this was considered as the number of
populations for 28 Tinospora accessions with g-SSR markers. In the structure analysis,
different populations were categorized as pure or admixed. For categorization purposes,
accessions with a score higher than 0.80 were considered pure, and those with a score
lower than 0.80 as admixed (Figure 2a). Here, in population 1, there were 23 accessions
categorized as pure, while in population 2 there were four accessions of which two were
from other species T. rumphii (KCB/38) and T. sinensis (KC/NS/GD-42/14) along with
two accessions of T. cordifolia (KCOP/41 and KCOP/18) from Haryana state. All these
were pure except one T. cordifolia accession IC-281970 which was admixed (The numbers
in the bar plot correspond to the serial no. of accessions given in Table 1). Delta k was
the maximum at K = 3 for EST-SSR markers (Figure 2b). Population 1 had 23 accessions,
population 2 had 2 accessions, and population 3 had 3 accessions. Population 1 had 21
pure and 2 admixed accessions. The two admixed were T. cordifolia accession IC-281968
from Delhi and IC-471321 accession from Uttar Pradesh. In population 2, T. cordifolia
accession IC-281970 was pure and T. sinensis (KC/NS/GD-42/14) was considered admixed.
In population 3, there were three accessions, KCOP/41, KCOP/18, and KCB/38 (T. rumphii),
and all were considered pure. The population structure with SCoT markers revealed three
populations (Figure 2c). Population 1 with five accessions showed accession KCB/38 (T.
rumphii) and KC/NS/GD-42/14 (T. sinensis) were considered pure and accession KCOP/41,
KCOP/18, and IC-281970 were in the admixed category. Population 2 had ten accessions
with eight pure and two admixed. Population 3 had 13 accessions with 11 pure and 2
admixed. With EST-SSR markers, the T. sinensis and T. rumphii were separated into two
different populations which were not observed with the g-SSR and SCoT markers.
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3.4. Principal Coordinate and AMOVA Analysis

The principal coordinate analysis (PCoA) was performed with twenty-eight accessions
considering the states as populations with all three marker systems. With g-SSR markers,
axis-1 explained 16.97%, axis-2 explained 10.95%, and axis-3 explained 9.44% variation with
the total percentage variation contributed by the first three axes being 37.37% (Table S4).
This shows that a large diversity exists in the Tinospora species. The grouping pattern in
the PCoA plot showed that T. rumphii (KCB/38) from Assam and T. sinensis (KC/NS/GD-
42/14) from Arunachal Pradesh (NE (red), Figure 3a) were distinct from the other accessions
of T. cordifolia and were more similar to each other. Among T. cordifolia accessions, KCOP/41
and KCOP/18 from Haryana (blue) and IC-281970 from Delhi were distinct, whereas other
accessions showed more genetic relatedness to each other. The principal coordinate analysis
(PCoA) performed with EST-SSR markers showed that axis-1 explained 26.84%, axis-2
explained 15.51%, and axis-3 explained 8.79% variation with the total percentage variation
contributed by the first three axes being 51.13%, showing moderate genetic diversity among
the accessions (Table S4). The distribution pattern in the PCoA plot showed T. rumphii
(KCB/38) from Assam and T. sinensis (KC/NS/GD-42/14) from Arunachal Pradesh (NE
(red) Figure 3b) being distinct and more similar to each other. Two T. cordifolia accessions
KCOP/41 and KCOP/18 from Haryana (blue) were also found to be distinct. This result
was similar to the PCoA plot pattern obtained by g-SSR markers, but unlike the pattern
obtained in cluster analysis where all the above-mentioned accessions were grouped
(Figure 1b). Principal coordinate analysis (PCoA) with SCoT markers axis 1 explained
26.65%, axis 2 explained 15.09%, and axis 3 explained 10.88% variation with total percentage
variation contributed by the first three axes being 52.62% (Table S4), showing moderate
genetic diversity among the accessions. The PCoA plot (Figure 3c) showed T. rumphii
(KCB/38) from Assam and T. sinensis (KC/NS/GD-42/14) from Arunachal Pradesh (NE
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(red), Figure 3c) being mixed with other Tinospora accessions. Here, intermixing among the
individual accessions was observed.
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EST-SSR (c) SCoT markers.

AMOVA study was performed to estimate population differentiation among all
Tinospora accessions. g-SSR data showed that 7% variations were present among the
population, no variation among individuals, and 93% variations within the individuals
(Figure 4a). Whereas, EST-SSR markers showed a 10% variation among the population, no
variation among individuals, and 90% variation within individuals (Figure 4b). With SCoT
markers there was a 4% variation among the population, 20% variation among individuals,
and 76% variation within individuals (Figure 4c). AMOVA analysis indicates that EST-SSR
markers are better markers to differentiate the Tinospora populations followed by the g-SSR
marker system.
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3.5. Comparison of g-SSR, EST-SSR and SCoT Markers in Genetic Diversity Study

A comparison of 49 g-SSR, 80 EST-SSR, and 19 SCoT markers used for molecular
characterization of 28 Tinospora accessions were made based on genetic diversity parameters,
PCoA, AMOVA, and cross-species transferability level. The average number of bands
produced per primer was compared, and it was found that in the case of g-SSRs, the
average number of bands produced per primer was 2.55 while it was 2.30 and 6.0 for
EST-SSRs and SCoT markers, respectively. The average major allele frequency estimated for
g-SSRs, EST-SSRs, and SCoT were 0.65, 0.70, and 0.83, respectively (Tables S4 and S5 and
Figure 5a). The heterozygosity varied from 0.04 to 1.00 with a mean value of 0.65 for g-SSRs
and it ranged from 0.04 to 1.00 with a mean value of 0.55 for EST-SSR markers (Tables S2–S4
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and Figure 5a). The gene diversity varied from 0.04 to 0.62 with a mean value of 0.41 for
g-SSRs, it varied from 0.04 to 0.59 with a mean value of 0.37 for EST-SSR markers, while
in SCoT markers it varied from 0.04 to 0.39 with a mean value of 0.24 (Tables S2–S4 and
Figure 5a). The PIC values ranged from 0.04 to 0.54 with a mean value of 0.33 for g-SSRs, it
ranged from 0.04 to 0.52 with a mean value of 0.30 for EST-SSR markers, while it varied
from 0.04 to 0.30 with a mean value of 0.20 for SCoT markers (Tables S2–S4 and Figure 5a).
Similarly, average per cent polymorphism was 75.4% in g-SSRs, while EST-SSRs and SCoT
markers showed 83.3% and 84% average per cent polymorphic, respectively (Figure 5b).
The cross-transferability success rate was found to be 95.3% in T. rumphii and 93.8% in T.
sinensis with g-SSRs, while with EST-SSRs it was slightly lower, that is, 68.8% in T. rumphii
and 67.7% in T. sinensis (Figure 6). PCoA analysis by g-SSR and EST-SSR presents T. rumphii
and T. sinensis in separate coordinates with more similarity with each other, while the SCoT
marker shows these species in the same coordinates but with more similarity with the
accessions of Delhi and UP (Figure 3). AMOVA analysis shows that g-SSR gave a maximum
variance of 93% within individuals, and SCoT markers gave a minimum variance of 76%
within individuals. Among the population, the maximum variance was shown by EST-SSR
markers, i.e., 10%, and the minimum by SCoT markers, i.e., 4%. There is no variance among
individuals shown by g-SSR and EST-SSR. In contrast, SCoT markers show a 20% variance
among individuals (Figure 4). The principal coordinate analysis based on 49 g-SSR data
showed that the total percentage of variation explained by the first three axes was 37.4%,
whereas analysis based on 80 EST-SSRs data explained 51.1% of the total, and, for analysis
based on 19 SCoT markers, the total percentage variation explained by first three axes was
52.6% (Table S5 and Figure 5b).
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by using g-SSR and EST-SSR markers.

4. Discussion

T. cordifolia is a plant of immense therapeutic value; therefore, it needs to be conserved.
It is necessary to know about the total genetic diversity present in T. cordifolia from all
over the country for its proper management and conservation. As there are very few
reports available on the genetic diversity study of T. cordifolia, the present study attempts
to characterize T. cordifolia using g-SSR markers. Twenty-six accessions of T. cordifolia, 1
accession of T. rumphii, and 1 accession of T. sinensis were characterized with 49 g-SSR
markers. In our study, the number of alleles per locus varied from 1 to 4 with a mean value
of 2.55 alleles per locus with g-SSR markers. In the case of Paris polyphylla [37], a medicinal
plant, the number of alleles per locus ranged from 2 to 5. Similarly, average allele numbers
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have been reported in jute 2.2 [38], groundnut 2.5 [39], and sunflower 2.67 [40] using SSR
markers, which is very similar to our report. According to Botstein et al. [41], the PIC value
represents diversity within accessions and the degree of polymorphism at each locus. The
Polymorphic Information Content (PIC) in Tinospora varied from 0.03 to 0.53 with a mean
value of 0.33, which is less than the mean PIC observed in other medicinal plants. Cheng
et al. [42] observed a PIC value greater than 0.7 in Paeonia lactiflora, a PIC value of 0.76 was
observed in Astragalus mongholicus [43], and a value of more than 0.7 was seen in Smilax
brasiliensis [44]. However, there are reports that showed low PIC values such as in the case
of Groundnut (0.25) [39] and Moringa (0.15) [45]. The gene diversity varied from 0.04 to 0.62
with a mean value of 0.41. This value is more significant than the gene diversity reported
in Moringa (0.18) [45], but higher gene diversity has been reported in the common bean
(0.6) [46]. Heterozygosity ranged from 0.04 to 1.0 with a mean value of 0.66. A similar
heterozygosity value was reported in Astragalus mongholicus ranging from 0.36 to 1.0 [47].

The principal coordinate analysis (PCoA) showed that the total percentage variation
contributed by the first three axes was 37.40%, which shows a high diversity among the
accessions. In the common bean Phaseolus vulgaris, the PCoA also showed a separation
of 53% along coordinate 1 and 13% along coordinate 2 [46]. In the grass pea, the first
two principal components explained 43.42% and 29.17% of the molecular variance, respec-
tively [43]. Population Structure analysis also showed differentiation among T. cordifolia, T.
sinensis, and T. rumphii study based on g-SSR markers. Similar studies were also reported
in medicinal plants like Andrographis paniculate [48]. The genomic SSR markers developed
in T. cordifolia were found transferable in the species Tinospora rumphii and Tinospora sinensis.
Similarly, a study has been done on Camellia oleifera where SSRs markers showed a 90.4%
transferability rate in Camellia chekangoleosa and 78.8% in Camellia japonica [49]. In another
study on a tea plant (Camellia sinensis), a 100% SSR transferability rate was reported in
cultivated Camellia assamica and Camellia assamica subsp. Lasiocalyx [50]. In peppermint
(Mentha piperita), an 87% transferability rate of Mentha arvensis and 37% in Mentha citrate [51]
were reported, and the soybean (Glycine max) showed a success rate of up to 85% in Glycine
clandestine [52]. These studies show that there were different transferability rates based on
the related species.

To compare g-SSR with EST-SSR markers which were earlier studied with 24 accessions,
four new accessions were added using 80 EST-SSR markers. The revised analysis showed
that the number of alleles generated was 2.30 alleles per locus. The cross-transferability
success rate was 68.8% in T. rumphii and 67.7% in T. sinensis, which was lower than the
transferability reported by the g-SSR makers (95.3% and 93.8%). Three populations (K = 3)
were obtained with EST-SSR markers, and a similar population number was reported
in Monochasma savatieri with EST-SSR markers [53]. The principal coordinate analysis
(PCoA) with EST-SSR markers gave a total percentage variation contributed by the first
three axes of 51.13%, showing good diversity among the accessions. The same type of
percent variation has also been reported in the medicinal plant Monochasma savatieri using
EST-SSR markers [53]. An AMOVA-based study in Tinospora by EST-SSRs showed 90%
variation within individuals, which is higher than the medicinal plant Panax vietnamensis
(63.17%) using EST-SSR markers [54]. It is observed that EST-SSR markers have been able to
differentiate the Tinospora populations at a moderate level in comparison to g-SSR markers.
This may be due to the generation of EST-SSR markers from more conserved and expressed
gene sequences compared to genomic sequences which are present in the whole genome
and have less or no selection pressure than expressed regions.

For comparison with g-SSR and SCoT markers, seven accessions were added using
19 ScoT markers. ScoT markers showed high polymorphism (84%) with a high average
number of alleles per primer (6.0) reported. A study of the Hedera helix also showed high
polymorphism (95.78%) with a low allele number (1.34) [55]. The PIC value with SCoT was
0.20, similar to that found in the Hedera helix [55]. The population structure analysis showed
that SCoT markers could not differentiate the two species of Tinospora from T. cordifolia
accessions from Delhi, UP states. Similar studies with SCoT markers showed pure and
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admixture individuals in medicinal plants like Dendrobium and Crepidium with three (K = 3)
and two (K = 2) populations, respectively [56,57]. AMOVA analysis showed a 4% variation
among the population which was observed at 34% in Clerodendrum serratum [58]. When
gene diversity parameters were compared with g-SSR, EST-SSR, and SCoT markers on 28
Tinospora accessions, it was found that the major allele frequency is the lowest with g-SSRs
(0.65) and the maximum in SCoT markers (0.83). The number of alleles per locus found was
the maximum (6.0) with SCoT followed by g-SSRs (2.55), while it was the minimum with
EST-SSR (2.30). The other parameters like heterozygosity (mean value of 0.65 for g-SSR
and 0.55 for EST-SSR), gene diversity (mean value of 0.41 for g-SSR, 0.37 for EST-SSR, and
0.24 for SCoT), and PIC value (mean value of 0.35 for g-SSR, 0.30 for EST-SSR, and 0.20 for
SCoT) showed that g-SSR markers were highly polymorphic compared to EST-SSRs and
SCoT markers. In a similar type of study, high PIC was reported with EST-SSR (0.70) in
comparison to g-SSR (0.63) in sugarcane [59], which is contradictory to our findings.

5. Conclusions

The genetic diversity assessment among T. cordifolia accessions with novel g-SSR
markers revealed high genetic variation among accessions, and its comparison with EST-
SSR and SCoT markers-based PIC, gene diversity, heterozygosity, and principal coordinate
analysis supported the same conclusion when these parameters were compared among
three markers systems (g-SSR, EST-SSR, and SCoT). In addition, the two species of genus
Tinospora used in the present study, namely T. rumphii and T. sinensis, showed higher cross-
species transferability of g-SSRs compared to EST-SSRs, which shows the usefulness of
g-SSR markers in the genetic diversity study of T. cordifolia and related species. Thus, g-SSR
markers developed in our laboratory were found to be highly polymorphic and powerful
tools for genetic diversity analyses of the Tinospora germplasms.
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allele frequency, Allele number, Gene diversity, Heterozygosity and PIC generated by 80 EST-SSR in 28
Tinospora accessions. Table S4: Major allele frequency, Allele number, Gene diversity, Heterozygosity
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Abstract: Dendrobium catenatum is a classical and precious dual-use plant for both medicine and
food in China. It was first recorded in Shen Nong’s Herbal Classic, and has the traditional functions
of nourishing yin, antipyresis, tonifying the stomach, and promoting fluid production. The stem is
its medicinal part and is rich in active polysaccharide glucomannan. As an excellent dietary fiber,
glucomannan has been experimentally confirmed to be involved in anti-cancer, enhancing immunity,
lowering blood sugar and blood lipids, etc. Here, the status quo of the D. catenatum industry, the
structure, bioactivities, biosynthesis pathway and key genes of glucomannan are systematically
described to provide a crucial foundation and theoretical basis for understanding the value of
D. catenatum and the potential application of glucomannan in crop biofortification.

Keywords: Dendrobium catenatum; glucomannan; biosynthetic pathway; structure; bioactivity; dietary
fiber; hidden hunger; biofortification

1. Introduction

Dendrobium catenatum (also named D. officinale) is a rare and precious Traditional
Chinese Medicinal (TCM) plant, and it was first recorded in the earliest works of Chinese
Medicine, Shen Nong’s Herbal Classic, written in the Eastern Han Dynasty nearly 2300 years
ago. The main medicinal part of D. catenatum is the stem, which has the effects of nourishing
yin, antipyresis, tonifying the stomach, and promoting fluid [1]. Wild D. catenatum is on the
verge of extinction, and it was listed as a third-class protected species in the Regulations
on the Protection and Management of Wild Medicinal Resources issued by the State Council
of China in 1987 and as an endangered plant by the China Plant Red Data Book in 1992.
Subsequently, D. catenatum was listed as critically endangered on the International Union
for Conservation of Nature (IUCN) Red list (Critically Endangered A4c ver 3.1), and as a
second-class national protected endangered plant on the List of Rare and Endangered Plants of
the People’s Republic of China in 2009 [2]. In the 2010 edition of the Pharmacopoeia of the People’s
Republic of China, D. catenatum (D. officinale) was separated from the “Dendrobium” item to
form a single item. In 2018, D. catenatum was listed as the top one of the new “Zhe-Ba-Wei”
Chinese Medicinal Materials by Zhejiang province. In 2019, D. catenatum was included
in the catalogue of pilot work of food and drug material management by the National
Health Commission of the People’s Republic of China, which indicates that D. catenatum
is officially recognized as an edible material. In 2021, as a second-level protected plant,
D. catenatum was further included in the new version of the List of National Key Protected
Wild Plants jointly issued by the National Forestry and Grassland Administration and the
Ministry of Agriculture and Rural Affairs of the People’s Republic of China.

As a traditional dual-purpose plant for both food and medicine, D. catenatum research
and industry have experienced three developmental stages (I~III). (I) The initiation stage.

Genes 2022, 13, 1957. https://doi.org/10.3390/genes13111957 https://www.mdpi.com/journal/genes377



Genes 2022, 13, 1957

Since the 1970s, preliminary studies on the improvement of both seedling propagation
and artificial cultivation technologies have been carried out. D. catenatum raw materials
were obtained from wild resources by unrecoverable over-exploitation. (II) The blooming
stage. In the beginning of the 2000s, with breakthroughs in key technologies for seed
production, tissue culture, and planting substrates of D. catenatum, the artificial-sheltered
cultivation mode (Figure 1A) with high yield was dramatically developed, resulting in a
sharp rise of a ten-billion-level industry [3]. (III) The plateau stage. From the 2020s onward,
simulated wild cultivation mode with D. catenatum directly planted on the rock and trunk
(Figure 1B,C) is popular due to its high TCM quality, contributing to breaking through
the bottleneck and further transformation and upgradation of the D. catenatum industry.
Therefore, D. catenatum has progressed from its natural wild state (endangered) to facility
cultivation (high-yield), then to imitation wild cultivation (high-quality), leading to species
conservation and industrial rise with combined ecological and economic benefits.

Modern studies have shown that the main active components of D. catenatum are
polysaccharides, alkaloids, phenols, terpenes, and flavonoids [4]. Among them, polysac-
charide is closely related to its pharmacological activity and is an important index for the
evaluation of D. catenatum’s quality. The main active polysaccharide in D. catenatum stem
is glucomannan, which has antioxidant and mild immunostimulatory activity to protect
macrophages from hydrogen peroxide (H2O2)-induced oxidative damage [5]. Glucoman-
nan, as an excellent soluble dietary fiber, has the virtues of regulating the intestines and
stomach, improving immunity, lowering blood sugar and blood fat, fighting cancer, and
losing weight [6,7]. In addition, mannose as the main glucomannan component has been
identified to inhibit cancer cell growth by interfering with cellular glucose metabolism [8].
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Figure 1. Epiphytic cultivation model of D. catenatum. (A). Facility-aided cultivation; (B) Rock-
dependent eco-cultivation; (C) Trunk-dependent eco-cultivation; (D) Stereo cultivation.

Hidden hunger refers to malnutrition due to nutritional imbalance in the human
body, even having taken in enough energy. More than two billion people worldwide
have suffered from hidden hunger, which is highly correlated with the status that three
staple cereals (rice, maize, and wheat) provide 60% of the world’s food intake [9]. Recently,
rediscovery and utilization of a nutrient-rich variety of “forgotten crops” in Asia offers a
viable and promising approach to eliminate hidden hunger [10]. Glucomannan belongs
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to soluble hemicellulose and is an excellent source of soluble dietary fiber as the seventh
essential nutrient in the human body. Therefore, incorporating D. catenatum as a rich source
of glucomannan into the daily diet contributes to promoting nutritional diversification and
alleviating hidden hunger.

2. Feature and Structure of Glucomannan

Unlike other soluble fibers, glucomannan is characterized by high viscosity [11]. As a
hemicellulose polysaccharide, glucomannan is ubiquitous in the plant cell wall. Moreover,
glucomannan exists as energy storage substance in Araceae, Liliaceae, and Iridaceae and
Orchidaceae [12]. It was reported that glucomannan contributes to plant tolerance to the
lack of water as a compatible solute and the succulence in Aloe vera [13]. Storage glucoman-
nans in distinct species display different structures. The mannose:glucose (Man:Glc)ratio
is 1.6:1.0 in glucomannan from Amorphophallus konjac and 3.0:1.0 in glucomannan from
Orchis mascula [14,15]. The Man:Glc ratios of three glucomannans (ASP-4N, ASP-6N and
ASP-8N) in Aloe leaves are 19.13:1, 8.97:1, and 2.96:1, respectively [16]. In addition, gluco-
mannan can also be obtained from microorganisms, such as the cell walls of bacteria, yeast,
or fungus [17,18]. Natural glucomannan is composed of D-glucose and D-mannose linked
by a β-1,4-glucopyranoside bond to form polymer heteropolysaccharides in a certain molar
ratio [19]. Moreover, the C3 position of D-mannose on the main chain can be linked to
polysaccharides in the form of β-1,3-glycosidic bond or β-1,6-glycosidic bond [20].

Glucomannan is the main polysaccharide active component in D. catenatum (Figure 2,
Table 1), and its derivatives also contain other monosaccharides, such as galacturonic
acid, glucuronic acid, and galactose [21]. The contents of mannose and glucose in total
polysaccharides from D. catenatum are 120.60 mg·g−1 and 71.23 mg·g−1, respectively [22].
Several glucomannans from D. catenatum have been reported to exhibit different Man:Glc
molar ratios [5,23,24], and contain abundant O-acetyl groups [25–27]. Acetylation can
increase the activity and health benefits of glucomannan [28].
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Table 1. Polysaccharides isolated from D. catenatum: monosaccharide compositions, molecular
weights, structure unit/backbone chain, and bioactivities.

Name Molecular Weights
(Mw, kDa) Monosaccharide Compositions Bioactivities References

DOP2 4699 Man:Glc = 7.64:1.00 Unknown [23]
DOP3 5480 Man:Glc = 4.50:1.00 Unknown [23]
DOP4 5408 Man:Glc = 3.57:1.00 Unknown [23]

DOP-1-A1 130 Man:Glc = 40.2:8.4 Unknown [25]
SDOP 1660 Man:Glc = 4.9:1.0 Unknown [26]

DOPW-1 389.98 Man:Glc = 10.75:1.00 Unknown [29]
DOPW-2 374.11 Man:Glc = 8.82:1.00 Unknown [29]
DOP-1 389.98 Man:Glc = 5.18:1.00 Immunomodulatory activity [27]
DOP-2 374.11 Man:Glc = 4.78:1.00 Immunomodulatory activity [27]

DOP-W3-b 15.43 Man:Glc = 4.5:1.0 Immunomodulatory activity [31]
DOP-I-1 730 Man:Glc = 5.8:1.0 Immunomodulatory activity [32]

DOPa 810 Man:Glc = 5.6:1.0 Immunomodulatory activity [32]
DOPb 670 Man:Glc = 5.9:1.0 Immunomodulatory activity [32]

DOPA-1 394 Man:Glc = 5.8:1.0 Immunomodulatory activity [5]
DOPA-2 362 Man:Glc = 4.5:1.0 Immunomodulatory activity [5]

DWDOP1 1341 Man: Glc = 6.79:1.00 Unknown [33]
FWDOP1 1415 Man: Glc = 7.46:1.00 Anti-tumor activity [33]
DOPA-1 229 Man:Glc:Gal = 1.00:0.42:0.27 Anti-tumor activity [34]

DOP1-DES 298 Man:Glc = 2.2:1.0 Unknown [35]
DOP2-DES 30 Man:Glc = 3.7:1.0 Unknown [35]

LDOP-1 91.8 Man:Gal:Glc:Gal:Ara = 2.0:1.7:1.3:1.6:0.7 Anti-inflammatory activity [30]
DLP-1 1380 Man:Glc = 71.69:22.89 Immunomodulatory activity
DCP 221 Man:Glc:Gal = 69.5:30.2:0.3 Immunomodulatory activity [36]

DOP/DOPA/DWDOP/FWDOP/LDOP, Dendrobium officinale polysaccharide; SDOP, single Dendrobium officinale
polysaccharide; DOPW, water-soluble Dendrobium officinale polysaccharide fraction; DCP, D. catenatum polysaccha-
rides; Man:Glc, mannose:glucose.

3. Applications of Glucomannan
3.1. Medical Applications

D. catenatum has multiple traditional functions and has been developed into various
medicines, such as Mailuoning injection (Jinling Pharmaceutical Co., Nanjing, China),
Tongsaimai tablet (Jiangsu Kangyuan Sunshine Pharmaceutical Co., Nanjing, China), and
Dendrobium nightlight pill (Tong Ren Tang, Beijing, China). Modern medicine has shown
that D. catenatum polysaccharides have diverse bioactivities, including immunomodulatory,
anti-tumor, gastro-protective, hypoglycemic, anti-inflammatory, hepatoprotective, and va-
sodilating effects [37]. In this review, major emphasis will be placed on the gastrointestinal
protection, immunomodulatory, anti-cancer, hypoglycemic, and hypolipidemic functions
of D. catenatum glucomannan (Figure 3).
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IL-1β, Interleukin-1β; TNF, tumor necrosis factor; PI3K/AKT, phosphatidylinositol 3 kinase/protein
kinase B; CXCR4, chemokine receptor4; CCR7, CC chemokine receptor 7 CC chemokine receptor 7;
AMPK, adenosine monophosphate-activated protein kinase; ULK-1, UNC-51 like autophagy activat-
ing kinase 1; LC3, light chain 3; SCFAs, short-chain fatty acids; GPRs, g-protein-coupled receptors;
MAPK, mitogen-activated protein kinase; PP, Peyer’s patche; MLN, mesenteric lymph node; MNNG,
1-methyl-2-nitro-1-nitroguanidine; GS, glycogen synthase; GP, glycogen phosphorylase; GSK-3β,
glycogen synthase kinase 3β; PK, pyruvate kinase; HK, hexokinase; PEPCK, phosphoenolpyruvate
carboxykinase; G6Pase, glucose-6-phosphatase; GLP-1, glucagon-like peptide-1.

3.1.1. Intestinal Health Improvement

It has been reported that glucomannan can modulate mouse cecal and fecal micro-
biota with favorable prebiotic effects [38]. The unique properties of glucomannan hy-
drolysate make it valuable as a prebiotic in a wide range of food, feed, and pharmaceutical
products [39]. Prebiotics promote specific changes in the gastrointestinal microbiota [40],
promote the growth of probiotics such as Lactobacillus and Bifidobacterium, inhibit the
proliferation of harmful bacteria, reduce inflammation, improve the integrity of the in-
testinal mucosa, promote nutrient absorption [41], and control the blood glucose level of
patients with type 2 diabetes [42]. Glucomannan selectively stimulates the production
of beneficial gut microflora such as probiotics and benefits the treatment of functional
gastrointestinal disorders related to abdominal pain in mice [43–45]. The combined lax-
ative of glucomannan-probiotic promotes defecation in constipated rats [46]. Mannose-
oligosaccharides, the oxidative degradation product of glucomannan, are potential prebi-
otics, which can affect the growth and species abundance of fecal microbiota and regulate
the balance of intestinal flora [47,48]. For instance, D. catenatum polysaccharide DOP can
restore the diversity of intestinal flora and regulate the abundance of intestinal flora by
inhibiting the overexpression of pro-inflammatory cytokines (TNF-α, IL-6, and IL-1β),
restoring the level of short-chain fatty acids (SCFAs), activating G-protein-coupled re-
ceptors (GPRs), and regulating the intestinal flora to alleviate the symptoms of colitis in
mice [49].

Glucomannan also plays a direct role in protecting the intestinal epithelium. D. catenatum
polysaccharide DOP is not easily digested and absorbed in the human body but is de-
graded into SCFAs by the gut microbiota in the large intestine, therefore improving intestinal
health [22,50]. In addition, D. catenatum glucomannan can reduce intestinal epithelial injury
and regulate intestinal mucosal immunity by keeping a balanced ratio of pro- and anti-
inflammatory cytokines and regulating the expressions of toll-like receptors (i.e., TLR-2, TLR-4,
TLR-6, and TLR-9) important for recognizing pathogen-associated molecular patterns derived
from various microbes in mice [51].

3.1.2. Immunomodulatory Activity

Glucomannan, one of the natural bioactive ingredients, can be used as an ideal im-
munomodulatory agent. Glucomannan can reduce brain inflammation, improve hippocam-
pal neuron damage, maintain hippocampal cognitive function, and play an anti-epileptic
role in epileptic rats [52]. D. catenatum polysaccharide DOPW3-B can improve the intestinal
mucosal immune activity by increasing at Peyer’s patches the levels of interferon-γ (IFN-γ)
and interleukin-4 (IL-4), two key effector cytokines for the differentiation of T helper types 1
and 2 with a positive effect on mesenteric lymph nodes [31,53]. Glucomannan can increase
the expression of several cytokines that are important for immune homeostasis (e.g., TNF-α,
IL-β and IL-10) [54]. Meanwhile, glucomannan plays a pivotal role in regulating the activa-
tion and proliferation of macrophages [55], and promoting phagocytosis [29]. Finally, the
pretreatment of D. officinale with organic solvents enhances the immunostimulatory activity
of polysaccharides and affects the mannose/glucose ratio of polysaccharides, which plays
an important role in immunostimulation [56].
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3.1.3. Anti-Cancer Activity

In a zebrafish xenograft model, D. catenatum polysaccharide DopW-1 inhibits the pro-
liferation of HT-29 cells by the apoptosis pathway and has an anti-tumor effect on colorectal
cancer [57]. It is known that hyper-activation of the phosphatidylinositol 3 kinase/protein
kinase B (PI3K/AKT) signaling pathway in human cancers can promote the proliferation
and survival of tumor cells [58]. Glucomannan can block the PI3K/AKT pathway, thereby
promoting the apoptotic rate and reducing the proliferation ability of tumor cells [59].
In parallel, glucomannan can also inhibit the expression of major chemokine receptors,
chemokine receptor 4 (CXCR4) and CC chemokine receptor 7 (CCR7), found in a wide
range of tumor cells, thus reducing the dissemination ability of tumor cells [60]. In addi-
tion to directly interfering with tumor cells, glucomannan also acts in an indirect manner.
The D. catenatum polysaccharide DOPa-3 significantly inhibits the formation and growth
of colon tumors and alleviates colon injuries [61]. In rats, DOPA-4 effectively inhibits
precancerous lesions of gastric cancer induced by 150µg/mL MNNG [62]. D. catenatum
polysaccharides can reduce oxidative stress level, inhibit stress-induced activation of adeno-
sine monophosphate-activated protein kinase (AMPK)/UNC-51 like autophagy activating
kinase 1 (ULK1) pathway and the expression of light chain 3 (LC3) I and LC3 II proteins,
reduce Beclin1 expression, and then reduce hypoxia/reoxygenation induced astrocyte
autophagy, reduce human astrocyte apoptosis, and promote astrocyte survival [63].

3.1.4. Hypoglycemic Activity

Glucomannan is suitable as a dietary fiber supplement for the treatment of being
overweight, hyperlipidemia, and diabetes. D. catenatum glucomannan DOP can alleviate
hyperglycemia in high fat diet (HFD)/streptozocin (STZ)-induced diabetic mice through
promoting the synthesis of liver glycogen and inhibiting the degradation of liver glyco-
gen [64].

DOP treatment can reduce the level of bile acid in diabetic rats, reduce the binding
of bile acid to the nuclear receptor FXR or the membrane receptor TGR5, increase the
level of glucagon-like peptide-1 (GLP-1), and improve glucose and lipid metabolism and
insulin sensitivity [65]. DOP promotes glycogen synthesis by regulating the expression of
glycogen synthase kinase 3β (GSK-3β) and glycogen synthase (GS) in the liver or glucose
transporter 4 (GLUT4) in muscle. Glucose levels are reduced by regulating the activity
of glucose metabolism enzymes in the liver, including pyruvate kinase (PK), hexokinase
(HK), and phosphoenolpyruvate carboxykinase (PEPCK) [66]. On the other hand, DOP
can delay diabetic cataract by decreasing the level of serum malondialdehyde (MDA),
increasing the activity of superoxide dismutase (SOD) and enhancing its antioxidant ca-
pacity [49]. Glucomannan AABP-2B, isolated and purified from Anemarrhena asphodeloides,
demonstrates its hypoglycemic effect by inhibiting α-glucosidase activity and activating
irS-1/PI3K/Akt signaling pathway in insulin-resistant cells [67]. Effects of glucomannan
on insulin sensitivity contribute to weight loss, and taking as little as 4 g of glucomannan
per day can promote weight loss [68].

3.2. Daily Application
3.2.1. Cosmetics

D. catenatum extracts are used as cosmetic raw materials to effectively solve the skin
problems caused by yin deficiency and fire hyperactivity due to their rich polysaccharides,
flavonoids, and other nutrients that are absorbed through the skin and have good moisturizing,
anti-aging, and anti-wrinkle effects [69]. The aqueous extract of D. catenatum can resist drying
damage to epidermal cells, increase cell vitality, and improve skin moisture content [70].
D. catenatum polysaccharide DSP has strong antioxidant activity, can scavenge DPPH free
radicals, and has a better inhibitory effect on lipid peroxidation and oxidative damage of red
blood cells [71,72]. Macromolecular polysaccharide as the main moisturizing component in
D. catenatum is a kind of polyhydroxyl polymer, whose polar groups can form hydrogen bonds
with water molecules to bind water. Meanwhile, polysaccharide can form a uniform film on
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the skin surface to prevent water loss [73]. Dendrobium huoshanense polysaccharide has certain
hygroscopic and moisturizing properties with a higher moisture retention rate than glycerin,
is non-irritating to skin, and serves as a natural moisturizing agent [74]. So far, many related
skin care products are popular in the market, such as moistening and skin brightening masks
with D. catenatum (SENYU, Jinhua, China), Dendrobium emulsion (MISS QUEEN, Ningbo,
China), and D. catenatum skin corset firming lotion (BOTANIERA, Hangzhou, China).

3.2.2. Food and Functional Food

Glucomannan has wide application prospects in the food industry and can be used as a
food additive, meal substitute food, and health care products, such as Tiepifengdou capsules,
oral liquid, decoction pieces, yogurt [75], teabags [76,77], beverages, and noodles [78],
and has been applied to a number of patents [79]. Due to its large molecular weight
and strong water binding ability, glucomannan has excellent hydrophilicity, gelation,
emulsification, film formation, thickening, and other unique functional properties [80]. With
alkali treatment, the acetyl group in glucomannan is removed to promote the formation of
intramolecular and intermolecular hydrogen bonds and get a gel with excellent stability [81].
Glucomannan is a licensed food additive, which is used as a stabilizing, thickening, and
gellating agent [82]. For example, in yogurt and other drinks, glucomannan can be used as
a thickening agent to increase flavor and nutrition [82]. In sausages, hams, and other meat
products, glucomannan can replace fat, reduce fat content, increase viscosity, and water
retention, to improve the texture and flavor of meat [83]. In starch products, the addition
of glucomannan affects the paste characteristics, rheological properties, and texture of the
starch system [84]. In addition, glucomannan can be used for food preservation, such as
glucomannan film, which has good stability and food applicability and can be used for
fruit and vegetable coating preservation and flavor microcapsule production [85].

4. Glucomannan Biosynthesis Pathway in Plant

In the biosynthesis pathway of glucomannan (Figure 4), the photosynthates of leaves
are transported to the D. catenatum stem in the form of sucrose, which is then decomposed
into glucose (Glc), UDP glucose (UDP-Glc), and fructose (Fru) under the action of sucrose
synthase (SUS) and invertase (INV), and then, under the action of hexokinase (HXK)
and fructokinase (FRK), Glc-6-P is further catalyzed by phosphoglucomutase (PGM) to
produce glucose-1-phosphate (Glc-1-P). At the same time, Fru-6-P is catalyzed by phosphate
mannose isomerase (PMI) to produce mannose-6-phosphate (Man-6-P), which is converted
to mannose-1-phosphate (Man-1-P) by phosphomannomutase (PMM). GDP mannose
pyrophosphorylase (GMP) catalyzes the production of GDP mannose (GDP-Man). Glc-
1-P is converted to GDP-glucose (GDP-Glc) by GDP-Glc pyrophosphorylase (GGP) and
Glc-1-P is also converted to ADP-glucose (ADP-Glc) by ADP-Glc pyrophosphorylase
(AGP). Subsequently, GDP-Man, GDP-Glu, or ADP-Glu are each transported into the
Golgi apparatus by specific transporters, and they are used as substrates of cellulose-like
synthases A/D (CSLA/D) to synthesize glucomannan. Additionally, GDP-Man is also
used for the synthesis of vitamin C/ascorbic acid (AsA) [86]. Glucomannan synthesized
in the Golgi matrix might have two roles. On the one hand, it is localized in the cell
wall through vesicle transport and functions as a structural polysaccharide [87]. On the
other hand, glucomannan also acts as a storage polysaccharide in some plants, such as
D. catenatum, Konjac, and A. vera. In Konjac, glucomannan was discovered to accumulate in
the egg-shaped idioblast within the parenchyma [12].
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Figure 4. Putative glucomannan biosynthetic pathway in D. catenatum (modified from [41,44,45,88]
Glc, glucose; Fru, fructose; Fru-6-P, fructose-6-phosphate; Glc-1-P, glucosophosphate-1-P; Glc-6-
P, glucosophosphate-6-P; Man, mannose; Man-6-P, mannose-6-phosphate; Man-1-P, mannose-1-
phosphate; AsA, ascorbic acid; SUT, sucrose transporter; STP, sugar transporter proteins; SuS, sucrose
synthase; INV, invertase; FRK, fructokinase; HXK, hexokinase; PGI, phosphoglucose isomerase; UGP,
UDP-Glc pyrophosphorylase; AGP, ADP-Glc pyrophosphorylase; GGP, GDP-Glc pyrophosphorylase;
PGM, phosphoglucomutase; GPT, glucose-6-phosphate transporter; BT1, brittle-1 protein, an ADP-
Glc transporter; PMI, phosphate mannose isomerase; PMM, phosphomannomutase; GMP, GDP-
mannose pyrophosphorylase; GMT, GDP-mannose transporter; CSLA, cellulose-like synthase A;
CSLD, cellulose-like synthase D.

5. Research Progresses of Key Glucomannan Biosynthetic Genes in Plant

The pathway of glucomannan synthesis involves some specific key enzymes: phos-
phate mannose isomerase (PMI), phosphomannomutase (PMM), GDP-mannose pyrophos-
phorylase (GMP), and cellulose-like synthase A/D (CSLA/D). PMI, PMM, and GMP can
provide precursors for the synthesis of GDP-Man, which serves as not only the glycosyl
donor and metabolic intermediate widely existing in various organisms but also the sub-
strate of the biosynthesis of glucomannan and ascorbic acid (AsA) [86]. In D. catenatum,
the expression levels of DcPMI, DcPMM, DcGMP2, and DcCSLA4/8/13 in the stem are
significantly higher than those in other tissues (Figure 5), indicating their important roles
for glucomannan accumulation in the D. catenatum stem.
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Figure 5. Expression profile of glucomannan pathway genes in tissues and organs of D. catenatum.
The raw RNA-seq reads of different tissues and organs in D. catenatum are derived from the NCBI
database (www.ncbi.nlm.nih.gov, accessed on 16 September 2022), including the leaf (SRR4431601),
the root (SRR5722140), the green root tip (SRR4431599), the white part of the root (SRR4431598), the
stem (SRR4431600), the flower bud (SRR4431603), the sepal (SRR4431597), the labellum (SRR4431602),
the pollinia (SRR5722145), and the gynostemium (SRR4431596). A heatmap has been generated via
TBtools software [89]. The color scale represents log2 of FPKM expression values; green and red
indicate a low and high level of gene expression, respectively.

5.1. Phosphate Mannose Isomerase (PMI): Fru-6-P↔Man-6-P

Phosphate mannose isomerase (PMI) catalyzes the reversible conversion between
Fru-6-P to Man-6-P in eukaryotes and prokaryotes and is a key enzyme during GDP-Man
production [90], required for the first step of the mannose/L-galactose pathway during
AsA biosynthesis in plants [91]. In Arabidopsis, there are two PMI1 isozymes, but PMI1,
rather than PMI2, is involved in AsA biosynthesis. PMI1 has constitutive expression in both
vegetative and reproductive organs under normal growth conditions, whereas PMI2 has
no expression in any organs under light. Continuous light can induce PMI1 expression and
an increased AsA level in leaves, whereas long-term darkness can induce PMI2 expression
and decrease the AsA level. The diurnal expression pattern of PMI1 is in parallel with the
total PMI activity and the AsA content in leaves. Moreover, knockdown of PMI1 results in
a substantial decrease in the total AsA content of leaves, whereas knockout of PMI2 does
not affect the total AsA levels in leaves [92]. In addition, AsA plays an essential role in
scavenging reactive oxygen species (ROS) produced during cell metabolism and stress, and
increase in the AsA level contributes to an improvement in abiotic stress tolerance [93].
Overexpression of BcPMI2 from non-heading Chinese cabbage (Brassica campestris ssp.
chinensis Makino) improves AsA content and tolerance to oxidative and salt stress under
NaCl or H2O2 treatment, although transgenic tobacco has lower contents of AsA and
soluble sugar than WT under normal conditions [94].
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To date, PMI-like genes are mainly used in the mannose selection-based plant trans-
formation system (plant PMI/Man system), which is non-antibiotic and environmentally
friendly [95]. Most plant cells are sensitive to mannose and fail to utilize mannose as a
sole carbon source because mannose can be taken up and phosphorylated to Man-6-P by
endogenous hexokinase, but Man-6-P is not further utilized in the absence of enough PMI
activity, subsequently leading to the accumulation of Man-6-P, inhibition of phosphoglucose
isomerase, glycolysis blocking, and cell growth arrest [96]. However, plant cells with high
PMI activity through genetic modification can metabolize Man-6-P and enter into glycolysis
for ATP production and normal growth [97]. As a new safe positive selectable marker gene,
PMI has been successfully used in the genetic selection of many plants, such as rice, maize,
wheat, sorghum, sugarcane, onion, tomato, potato, cassava, grape, apple, cucumber, sugar
beet, papaya, Arabidopsis, cabbage, and so on [98–100]. The Escherichia coli PMI (EcPMI)
gene was first used in the plant PMI/Man system, which is the most popular one [101]. In
2009, the first genetically modified maize MIR604 via the EcPMI/Man selection system was
approved for food and feed use, import, and processing in the European Union (European
Food Safety Authority, 2009). Saccharomyces cerevisiae PMI (ScPMI) can also be used as a
selectable marker in rice transformation [98]. However, non-plant type PMIs can still raise
public safety concerns, and plant type PMIs may offer a superior alternative [102]. Hu
et al. first proved that plant PMI genes from Chlorella variabilis and Oryza sativa can also be
used as selectable markers to obtain transgenic plants exhibiting an accumulation of PMI
transcripts and enhancement of PMI activity [100]. Through the selection system based on
the green microalga Chlorococcum sp. PMI (ChlPMI), a polycistronic gene cluster containing
crtB, HpBHY, CrBKT, and SlLCYB is transformed into tomato, resulting in the production
of high astaxanthin content [103].

5.2. Phosphomannomutase (PMM): Man-6-P↔Man-1-P

Phosphomannomutase (PMM) catalyzes the interconversion between Man-6-P and
Man-1-P and provides precursors for the synthesis of GDP-Man. GDP-Man is not only
used for the synthesis of glucomannan but is also an indispensable intermediate in the
AsA biosynthesis pathway. The PMM enzyme isolated from the cinnamon seed has the
activity of converting D-glucose produced by photosynthesis or glycolysis into a mannose
component of plant storage polysaccharide [104]. At present, there is much research on
the catalytic role of PMM in the AsA synthesis pathway. In tobacco, decreased expression
of PMM via the VIGS technique resulted in a reduction of AsA content in leaves, while
overexpression of PMM increases AsA content in leaves [105]. Transgenic tobacco plants
overexpressing the acerola (Malpighia glabra) PMM gene show around a 2-fold increase in
AsA content compared with WT, which correlates with the level of PMM transcripts and
the corresponding enzymatic activities [106]. Overexpression of rice PMM in transgenic
rice increased AsA content in seeds by 25–50% [107]. Overexpressing D. catenatum PMM
gene in Arabidopsis, resulting in a significant increase in the contents of both AsA and
polysaccharide [108].

5.3. GDP-Mannose Pyrophosphorylase (GMP): Man-1-P↔ GDP-Man

GDP-mannose pyrophosphorylase (GMP) (also named Vitamin C Defective1, VTC1)
catalyzes the conversion of Man-1-P and GTP to GDP-Man and pyrophosphate. GMP plays
an important role in maintaining the AsA level and redox balance in plants. Compared
with WT, the Arabidopsis vtc1-1 mutant accumulated only 25% of leaf AsA content, but had
no effect on the AsA redox state [109]. Arabidopsis KONJAC1 (KJC1) and KJC2 interact
with VTC1 to stimulate GMP activity to affect the accumulation of AsA and glucomannan,
and VTC1 mutants cause severe dwarfism [110]. The acerola plant has very high AsA
levels, consistent with that of the M. glabra MgGMP gene promoter, which has higher
activity than 35S and Arabidopsis GMP promoters. Transgenic tobacco plants containing
the MgGMP gene and its original promoter, which displayed about 2-fold increased levels
of AsA [111]. Transgenic tomatoes overexpressing a yeast-derived GMP exhibit up to a
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31 and 17-fold increase in GMP activity in leaves and green fruit, respectively. The AsA
levels increase by up to 70% in leaves, 50% in green fruit, and 35% in red fruit, especially in
photosynthesizing organs [112]. The overexpression of tomato SlGMP3 increases total AsA
levels and tolerance to oxidative stress in tomatoes and high or low temperature stress in
tobacco, whereas knockdown of SlGMP3 in tomatoes leads to substantially decreased AsA
content and a defective phenotype with lesions and senescence due to failing to instantly
detoxify ROS [113,114]. Overexpression of tomato GMP in potatoes can improve the content
of AsA and dehydroascorbate (DHA) under low temperature stress and enhance the cold
tolerance of potatoes [115]. Transgenic tobacco expressing Pogonatherum paniceum GMP
has a high germination rate and high AsA content under drought and salt stress, and has
strong salt tolerance and drought resistance [116]. Overexpression of D. catenatum GMP in
Arabidopsis results in increased mannose content in water-soluble polysaccharides and
enhances salt stress tolerance [117], consistent with salt hypersensitivity in the Arabidopsis
vtc-1 mutant [118].

In addition, the GMPase activity level can regulate the sensitivity of Arabidopsis to
ammonium [119]. The vtc1-1 mutant exhibits stunted root growth with an elevated of
NH4

+ efflux at the elongation zone and inhibition of cell elongation in the presence of
NH4

+ [120], but this NH4
+-hypersensitive phenotype in mutant is independent of AsA-

deficiency. In fact, the GMP gene disruption can also cause N-glycosylation disorder
of proteins associated with the destruction of hormone homeostasis and the increase of
nitric oxide content under high NH4

+ conditions, consequently leading to conditional
sensitivity to ammonium ions [121]. However, impaired GDP-mannose biosynthesis and
defective N-glycosylation are required for but are not the primary causes of conditional
NH4

+ sensitivity in vtc1-1, whereas pH alterations in the presence of NH4
+ associated with

lost N for assimilation and alkalinization of the cytosol account for the drastic root growth
defect in WT and vtc1-1 [122].

5.4. Cellulose-like Synthase A/D (CSLA/D): GDP-Man + UDP/GDP-Glu→ Glucomannan

The cellulose synthase gene superfamily consists of the CesA family and 10 Csl
families: CslA~CslH, CslJ, and CslM [123,124]. The 30 Arabidopsis CSL proteins is clustered
into six families: CslA, CslB, CslC, CslD, CslE, and CslG [125], and the 33 rice CSL proteins
are also divided into six families: CslA, CslC, CslD, CslE, CslF, and CslH [126], but only
the CslA, CslC, CslD, and CslE families are shared by both. CSL proteins are usually
located in the Golgi apparatus, which mediates the synthesis of hemicellulose and then
transports it to the cell wall [127]. The CSLA/D families are mainly responsible for the
skeleton synthesis of mannan and glucomannan [128,129]. So far, nine CSLA and six CSLD
genes have been identified in Arabidopsis, while 10 CSLA and four CSLD genes have
been identified in rice [130,131], and 13 CSLA [132] and eight CSLD members have been
identified in D. catenatum [21].

Heterologous expression assays showed CSLA proteins from a variety of species
catalyze the biosynthesis of the β-1,4-mannan or glucomannan backbone in vitro, such
as CtManS in guar (Cyamopsis tetragonoloba) [133], AtCSLA2/7/9 in Arabidopsis [128],
OsCSLA1 in rice [134], PtCslA1 in Populus trichocarpa [135], AkCSLA3 in A. konjac [136],
and TfManS in fenugreek (Trigonella foenum-graecum) [137]. In Arabidopsis, the csla9 mutant
exhibits significantly decreased glucomannan, and the csla2 csla3 csla9 triple mutant is
absent of detectable glucomannan in inflorescence stems, although these mutants have
no alteration in stem development or strength [138]. The clsa7 mutant is embryo lethal
due to defective embryogenesis with evidently delayed development, abnormal cell pat-
terning, and an arrested globular stage, associated with reduced nuclei proliferation and
failed cellularization in the endosperm [139]. Overexpression of AtCSLA2, AtCSLA7, and
AtCSLA9 leads to elevated glucomannan content in stems; AtCSLA9 overexpression can
rescue the embryo lethality of csla7, indicating their functional redundancy [138]. Therefore,
AtCSLA2, AtCSLA3, and AtCSLA9 are necessary for glucomannan synthesis in the stem,
while AtCSLA7 is necessary for glucomannan synthesis in the embryo [138]. Heterologous
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expression of the O-fucosyltransferase family member AtMSR1 can enhance the gluco-
mannan synthesis capability of AtCSLA2 and AkCSLA3, possibly via affecting enzymatic
activity by protein glycosylation [140,141]. The mannosyl level in stem glucomannans is
decreased by around 40% in Arabidopsis msr1 single mutant and by more than 50% in
msr1 msr2 double mutant [142]. Transcription factors ANAC041, bZIP1, and MYB46 can
directly bind the promoter of AtCLSA9 and regulate its expression [143]. Furthermore,
overexpression of MYB46 leads to a significant increase in mannan content. In D. catenatum,
overexpression of DoCSLA6 in Arabidopsis promotes mannan biosynthesis [144].

CSLD family members are required for the growth of stem and root, tip growth of root
hair and pollen tube, and female gametophyte development and fertility. In Arabidopsis,
the csld2 and csld3 mutants exhibit root hair bursts [145–148]; the csld5 mutant has reduced
stem growth [149]; the csld1 and csld4 mutants are defective in male transmission and
pollen tube production; the csld2 csld5, csld3, and csld5 and csld2, csld3, and csld5 mutants
display dwarfism and severely reduced viability [129]; and csld2 and csld3 show synergid
cell degeneration during megagametogenesis and reduced pollen tube penetration during
fertilization [150]. In rice, the oscsld4 (nd1) mutant is dwarfed and its culm possesses a
decreased content of xylan and cellulose but an increased amount of homogalacturonan,
whereas disruption of the Arabidopsis AtCSLD5 gene results in decreased xylan and ho-
mogalacturonan synthase activities in Arabidopsis [151]. It seems that CSLD proteins are
not only limited in (gluco)mannan biosynthesis. At first, researchers tended to believe that
CSLD proteins have major functions in mannan synthesis because microsomes isolated from
tobacco (Nicotiana benthamiana) leaves heterologously expressing AtCSLD5 or co-expressing
AtCSLD2/3 have elevated mannan synthase activity, specifically using GDP-Man as an
activated nucleotide-sugar donor [152]. However, genetic rescue assays with CSLD-CESA
chimeric proteins and in vitro biochemical reconstitution suggested that CSLD3 prefers
to function as a UDP-Glu-dependent β-1,4-glucan synthase and forms a protein complex
displaying a similar ultrastructural feature to the CESA6-forming complex [153,154]. Over-
expression of cotton GhCSLD3 in Arabidopsis enhances primary cell wall synthesis and
restores the defects of the atceas6 mutant, including significantly reduced cellulose content,
a defected cell wall, and a lower dry mass, indicating that GhCSLD3 and AtCESA6 may
play a similar role in cellulose or cellulose-like polysaccharide synthesis [155]. Furthermore,
the CSLD family is the most similar of the CSL gene families to the CESA family at the
amino acid level [125] and, together with the CSLF family (accounting for mixed-linkage
glucan synthesis), displays the closest relationship with the CESA family at the phylogeny
level [156]. Therefore, the CSLD family might function as both a (gluco)mannan synthase
and a β-1,4-glucan synthase.

6. Summary and Perspective

Food production concerns a new hot topic from meeting the need of “eating fully” to
“eating healthily” [7,157]. In modern life, dietary structure and habits have changed, and
the source of staple food is mostly limited to several starch crops, including rice, wheat,
maize, and potatoes, leading to nutrition imbalance and hidden hunger [158]. Furthermore,
severe malnutrition will hinder human growth and development, accompanied by mental
disorders and diseases [159]. More than 7% of chronic diseases in contemporary society
are caused by hidden hunger. The FAO proposed Zero Hunger as the 2nd Sustainable
Development Goal to eliminate all forms of hunger by 2030, and biodiversity for food and
agriculture is indispensable to achieve the Zero Hunger program [160]. Dietary diversity
and a higher intake of dietary fiber can reduce the risk of chronic diseases such as diabetes,
obesity, and cardiovascular disease. Intriguingly, D. catenatum as a traditional dual-purpose
plant for both food and medicine in China, is able to supple glucomannan as an excellent
dietary fiber and has great potential to fight hidden hunger.

The efficiency of D. catenatum is largely dependent on the active polysaccharide gluco-
mannan, which has multiple medicinal effects such as anti-tumor, lowering blood lipids,
and preventing diabetes. To date, most of the studies on the glucomannan biosynthetic
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pathway have focused on its role as a cell wall structural component. PMI, PMM, and GMP
sequentially catalyze the production of GDP-mannose, thus providing precursors for the
synthesis of glucomannan, and CSLA/D is required for the synthesis of the glucomannan
skeleton. However, little is known about the subcellular localization, transportation, and
regulation of storage glucomannan, which may be clarified by the comprehensive appli-
cation of newly developed technologies including immunolocalization, high throughput
omics, and gene editing, consequently contributing to creating a glucomannan biofortified
crop through synthetic biology (Figure 6). For instance, a stack of four identified com-
mitted genes, including manC and manB from Escherichia coli BL21(DE3), manA and pgi
from Bacillus subtilis, are introduced into food-grade B. subtilis to obtain mannan [161].
Four anthocyanin synthetic genes, sZmPSY1, sPaCrtI, sCrBKT, and sHpBHY, are introduced
into rice endosperm to produce astaxanthin-rich rice with high antioxidant activity [162].
Therefore, it is promising that glucomannan biofortified crops in the future will contribute
to reducing hidden hunger and chronic diseases and promoting human health.
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Abstract: Morinda officinalis How is well-known as a valuable medicinal plant found in some regions
of Vietnam. This species is mainly used for treating male impotence, irregular menstruation, and
rheumatoid arthritis. This study aimed to identify the species of and genetic diversity in three
M. officinalis populations: one each in Quang Binh (QB), Thua Thien Hue (TTH), and Quang Nam
(QN). In this study, four DNA barcoding markers (ITS1, ITS2, matK, and rbcL) were used to identify
the species and 22 microsatellite markers were applied for population structure and diversity analyses.
The results showed that the sequences of gene regions studied in M. officinalis had a high similarity
(>95%) to the ITS1, ITS2, matK, and rbcL sequences of M. officinalis on BLAST. Of the four DNA
barcoding markers used, ITS1 and ITS2 showed higher efficiency in DNA amplification of M. officinalis.
From this study, 27 GenBank codes were published on BLAST. The results also revealed high levels
of genetic diversity in populations. The average observed and expected heterozygosity values were
HO = 0.513 and HE = 0.612, respectively. The average FST value was 0.206. Analysis of molecular
variance (AMOVA) showed 70% variation within populations and 30% among populations. The
population structure of M. officinalis inferred in STRUCTURE revealed that the optimum number
of genetic groups for the admixture model was K = 2. These findings provided vital background
information for future studies in the conservation of M. officinalis in both ex situ and in situ plans.

Keywords: conservation; genetic variability; M. officinalis; population structure

1. Introduction

Morinda officinalis is a perennial vine mainly distributed in tropical and subtropical
regions [1]. In Vietnam, M. officinalis is found in the wild in provinces such as Cao Bang,
Lao Cai, Ha Giang, Quang Binh, Thua Thien Hue, and Quang Tri [2–4].

M. officinalis contains various bioactive components and has been used for decades as
a tonic and an antirheumatic medicinal herb in some Asian countries [2,5,6]. The root of
M. officinalis has long been used as a tonic or nutrient supplement for alleviating diseases such
as depression, Alzheimer’s disease, impotence, osteoporosis, and rheumatoid arthritis [6].

In Vietnam, due to the rapid increase in the demand for medicinal herbs, this plant
has been over-exploited, leading to the depletion of raw materials. Additionally, because
M. officinalis has slow growth and poor regeneration, its natural population has significantly
shrunk and become endangered [2,4]. With the natural population reduced by at least
50%, this species has recently been classified as an endangered precious medicinal plant
species [7]. Therefore, it is necessary to study the genetic diversity and structure of the
natural population in order to conserve it effectively.

Nowadays, phylogenetic studies are necessary to conserve rare medicinal plants. In ad-
dition to representing the relationships among species in the tree of life, phylogenetic studies
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provide a framework for interdisciplinary investigations in taxonomy, evolutionary biol-
ogy, biogeography, ecology, and conservation [8]. More recently, phylogenetic approaches
based on molecular data have also proven to be an indispensable tool for genome com-
parisons. These approaches are used to identify genes and regulatory elements, interpret
modern and ancient individual genomes, and reconstruct ancestral genomes [9], providing
conservationists with background information to make conservation policies efficiently.

DNA barcoding is a universally used and reliable method of identifying plant species
and has become a major focus in the fields of biodiversity and conservation. This molecular
technique is not influenced by external factors or development stage, and DNA can be
easily isolated from all tissues, providing an important basis for species identification at
the genetic level [10]. Recently, rbcL and matK plastid coding genes were recommended as
barcodes for plant species and have become the most used markers in flowering plants,
as the rbcL region is highly suitable for amplification and sequencing [10,11]. Meanwhile,
the nuclear ITS region includes both the ITS1 and ITS2 regions, with relatively strong
discrimination power, that serve as complementary barcodes to matK and rbcL in plants.
The four markers (ITS1, ITS2, MatK, and rbcL) used in this study have also proven effective
in identifying medicinal species [12–14].

Currently, molecular markers help detect variations or polymorphisms that exist
among individuals in the population for specific regions of DNA [15]. Among commonly
used molecular markers such as AFLP (amplified fragment length polymorphism), RAPD
(random amplified polymorphic), SSR (simple sequence repeat), and ISSR (inter simple
sequence repeat), simple sequence repeat (SSR) markers are useful tools for research in
plant genetics, breeding, and identification of individuals and species due to the allelic
sequence diversity. SSRs are widely spread in the genome and have high codominant
inheritance, polymorphism, and multiallelic variation [16–19].

Studies on molecular markers have been carried out on M. officinalis [5,20]. Liao et al. in
particular developed an SSR marker dataset to serve in further research related to this plant.

The SSR marker has the advantage of using only a tiny amount of DNA. In addition,
this method involves a more straightforward, faster, and more cost-effective technique than
other methods.

In this study, before evaluating the genetic diversity and population structure of
M. officinalis by using SSR markers, we used DNA barcoding to identify this species in three
different provinces in central Vietnam (Quang Binh, Thua Thien Hue, and Quang Nam).
The current study aimed to pave the way for protecting wild M. officinalis populations.

2. Materials and Methods
2.1. Plant Materials

The leaves of 37 M. officinalis trees were randomly collected from 3 populations in
the central provinces of Quang Binh, Thua Thien Hue, and Quang Nam in Vietnam. In
the field, the samples were placed in plastic bags containing silica gel. Next, the samples
were transferred to the Genetic Laboratory of the Biology Department at Hue University of
Education and stored at −20 ◦C until DNA extraction. Sampling locations were recorded
using a global positioning system (GPS) (Figure 1, Table S1).

2.2. DNA Extraction

Genomic DNA was extracted from 100 mg of young leaf samples using a Plant Ge-
nomic DNA Extraction Kit (Bioteke Corporation, Beijing, China) according to the manufac-
turer’s protocol. The quality of the extracted DNA was further estimated via 0.8% agarose
gel electrophoresis. Safe dye (Phu Sa Biochem, Can Tho, Vietnam) was applied for DNA gel
stain. Gel imaging was performed using a UV gel imaging system (Major Science, Saratoga,
CA, USA). The isolated DNA was then stored at −20 ◦C until further analysis.
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Figure 1. Map showing collection sites of three populations of M. officinalis in central Vietnam.

2.3. DNA Barcoding Amplification and Sequencing

A polymerase chain reaction (PCR) was performed using standard universal plant
DNA barcoding primers (Table 1), with 25 µL of the reaction mixture containing 2.0 µL
of template DNA (50 ng), 12.5 µL of 2X Taq Master Mix, 0.5 µL of each primer (10 pmol)
(Table 2), and 9.5 µL of deionized water. PCR amplification was carried out with an Aeris™
PCR Aeris Thermal Cycler (21 Changi South Street 1, Singapore). The PCR conditions
followed those laid out in the previous publication [8].

Table 1. The universal primers for DNA barcoding used in this study.

Locus Primer Name Sequences (5′–3′) Reference

ITS1
5a fwd CCTTATCATTTAGAGCAAGGAG

[12]

4 rev TCCTCCGCTTATTGATATGC

ITS2
S2F ATGCGATACTTGGTGTGAAT
S3R GACGCTTCTCCAGACTACAAT

rbcL
1f ATGTCACCACAAACAGAAAC

724r TCGCATGTACCTGCAGTAGC

matK
390F CGATCTATTCATTCAATATTTC

1326R TCTAGCACACGAAAGTCGAAGT
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Table 2. Efficiency of PCR amplification of four potential barcodes in three populations of M. officinalis.

Population
Codes

Number of
Amplified
Samples

PCR
Efficiency of

ITS1 (%)

PCR
Efficiency of

ITS2 (%)

PCR
Efficiency of

MatK (%)

PCR
Efficiency of

rbcL (%)

QB 3 100.0 100.0 0.0 33.3
TTH 3 100.0 100.0 100.0 66.5
QN 3 100.0 100.0 33.3 66.5

Total 9 100 100 44.44 55.56

To check the presence or absence of bands, amplified PCR products were electrophoresed
using 0.8% agarose gel (1 × TAE buffer and 5 µL/mL safe dye). Gel imaging was carried
out using a UV gel imaging system (Major Science, Saratoga, CA, USA). Band size of
amplified products was determined using a Thermo Scientific GeneRuler 100 bp DNA
Ladder (Thermo Fisher Scientific, Waltham, MA, USA).

The PCR products were sent to First Base Laboratories Sdn. Bhd (Taman Serdang
Perdana, Seri Kembangan, Selangor, Malaysia) for purification and sequencing service,
using the same primers as those used for the PCR.

2.4. Microsatellite Amplification

In all, 37 genomic DNA samples were used in this study. A polymerase chain reaction
(PCR) was performed in 25 µL of reaction mixture that contained 2.0 µL of template DNA,
12.5 µL of 2X Taq Master Mix, 0.5 µL of each primer, and 9.5 µL of deionized water.

Liao et al. [20] have described the 22 microsatellite loci used to generate data for the
current study (Table S2).

PCR amplification was carried out with an Aeris™ PCR Aeris Thermal Cycler as fol-
lows: Initial denaturation was carried out at 95 ◦C for 3 min. This was followed by 35 cycles
of 45 s each at 94 ◦C for denaturation, 45 s of alignment at the annealing temperature
(50–52 ◦C) for each primer pair, and 45 s of alignment at 72 ◦C for extension. Finally, 10 min
of alignment at 72 ◦C for the final cycle completed the extension of any remaining products.
The samples were kept at 4 ◦C until they were analyzed.

The amplification products were separated on 8% polyacrylamide gels in 1 × TAE
buffer using the Mini Vertical Gel Electrophoresis Apparatus (Major Science, Saratoga, CA,
USA) and visualized with safe dye (Phu Sa company). A UV gel imaging system (Major
Science, Saratoga, CA, USA) was used to verify the presence of amplified fragments.

2.5. Data Analysis
2.5.1. DNA Barcoding

To obtain the sequence of each region (ITS1, ITS2, matK, and rbcL), the forward and reverse
sequences were aligned using BioEdit version 7.2.5 software [21]. In searching for the similarities
between those sequences and the sequences deposited in the GenBank database, the sequences
of this study were analyzed using the BLAST (Basic Local Alignment Search Tool) program at
http://www.ncbi.nlm.nih.gov/BLAST (accessed on 20 June 2022) [22] (Table S3).

The alignment was then exported to Molecular Evolutionary Genetics Analysis (MEGA-X)
software for phylogenetic analysis [23]. The maximum likelihood trees were constructed
for ITS1, ITS2, matK, and rbcL data separately using the Kimura 2-parameter model [24]
with 1000 bootstrap replicates for node supports.

2.5.2. Genetic Diversity

Size of bands was detected by GelAnalyzer 19.1 software (www.gelanalyzer.com
(accessed on 4 January 2022), by Istvan Lazar Jr. and Istvan Lazar Sr).

To determine the level of genetic variation within a population, the following genetic
diversity parameters were calculated: mean number of alleles per locus (A), number of
unique alleles, the effective number of alleles (Ne), average observed heterozygosity (Ho),
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average expected heterozygosity (He), and fixation index (FIS). All calculations were
performed in GenAIEx v.6.5 [25].

A genetic distance matrix of pairwise FST values was also used to perform a hierar-
chical analysis of molecular variance (AMOVA) in GenAIEx v.6.5 [25]. Significance levels
were determined using 999 permutations. AMOVA was used to estimate and partition the
total variances at two hierarchy levels: within populations and among populations.

Principal coordinate analysis (PCoA) based on the codominant genotypic distance for
37 studied samples of 3 populations of M. officinalis was carried out in GenAIEx [25].

To determine the optimal value of the genetic clusters (K), a Bayesian analysis of the
population structure was performed with STRUCTURE v.2.3.4 (https://web.stanford.edu/
group/pritchardlab/structure.html (accessed on 28 July 2022) [26]. Once the admixture
model was set with a correlated allele frequency and ancestry models, 10 separate runs of
the number of clusters (K) in the dataset were performed from 1 to 10 for each K value at
500,000 Markov Chain Monte Carlo (MCMC) repetitions and a 100,000 burn-in period. The
optimal value of K was detected using Structure Harvester [27] based on the ∆K value by
Evanno et al. [28].

3. Results
3.1. DNA Barcoding

For this study’s DNA barcoding amplification process, we selected three samples
per population, using four different primers to identify species. The results showed that
ITS1 and ITS2 markers gave fragments of molecular weight as expected and bands of PCR
products were clear for further research in all samples of the three populations, whereas
some samples that used matK and rbcL markers for amplification had negative results and
therefore their sequences were not determined.

A total of 27 assembled sequences were obtained and deposited in the GenBank: nine
assembled sequences of ITS1 amplicon, nine assembled sequences of ITS2 amplicon, four
assembled sequences of matK amplicon, and five assembled sequences of rbcL amplicon.
The BLAST tool was used to identify the plant for each sequence, and the closest species
in the GenBank was obtained. The results showed that all markers used and plants
deposited in this study belonged to the genus Morinda. Gynochthodes officinalis (synonym of
M. officinalis) was the most closely related species, with a higher extent than other species
of the Morinda genus.

In our study, ITS1 and ITS2 were the most effective in terms of the amplification
process (100%) (Table 2).

In the case of ITS1 region sequences (~179 bp), through use of the ITS1 pair of primers
(ITS 5a forward and 4 reverse) and the BLAST tool for identification, the closest species
was found to be M. officinalis, at 98.88% similarity (Table 3). The phylogenetic tree for those
sequences was constructed with the closest species (Figure 2). In the case of the ITS2 region
sequences (~235 bp), through use of the ITS2 pair of primers (ITS S2F and ITS S3R), the
closest species was found to be Gynochthodes officinalis (synonym of M. officinalis), at 100%
similarity (Table 4). The phylogenetic tree for those sequences was constructed with the
closest species (Figure 3).
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Table 3. M. officinalis plants in this study and the percentage of similarity to the closest species in the
GenBank as per ITS1 gene sequence.

No. Species Description Scientific
Name

Aligned ITS1 Gene
Sequence (bp)

Coverage
(%) E

Similarity
(%)

Accession
Numbers

1 H01-ITS1-M.officinalis M. officinalis 179 (86bp–264bp) 100 100 ON819584.1 *

2 H03-ITS1-M. officinalis M. officinalis 179 (92bp–270bp) 100 100 ON819588.1 *

3 Morinda officinalis M. officinalis 179 (93bp–271bp) 100 98.88 AB715224.1
4 Morinda officinalis h15 M. officinalis 179 (11bp–189bp) 100 98.88 FJ915618.1
5 Morinda officinalis h4 M. officinalis 179 (11bp–189bp) 100 98.32 FJ915607.1
6 Morinda officinalis voucher M. officinalis 179 (19bp–197bp) 100 97.21 JF977048.1
7 Gynochthodes officinalis M. officinalis 179 (73bp–251bp) 100 97.21 MH714873.1
8 QB01-ITS1-M. officinalis M. officinalis 179 (85bp–263bp) 100 97.21 ON819596.1 *

9 QN03-ITS1-M. officinalis M. officinalis 179 (83bp–261bp) 100 97.21 ON819592.1*

10 QN02-ITS1-M. officinalis M. officinalis 179 (83bp–261bp) 100 97.21 ON819591.1 *

11 QB03-ITS1-M. officinalis M. officinalis 179 (86bp–264bp) 100 96.65 ON819598.1 *

12 QB02-ITS1-M. officinalis M. officinalis 179 (85bp–263bp) 100 96.65 ON819597.1 *

13 H02-ITS1-M. officinalis M. officinalis 179 (83bp–261bp) 100 95.53 ON819586.1 *

14 Gynochthodes officinalis M. officinalis 179 (73bp–251pb) 100 97.21 MH714872.1

Note: “*” is the sample in this study.

Figure 2. Phylogenetic tree by the maximum likelihood of similarity between M. officinalis and the
closest species as per ITS1 region sequences. The samples of our study are marked by black squares
next to their names.
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Table 4. M. officinalis plants in this study and the percentage of similarity to the closest species in the
GenBank as per ITS2 gene sequences.

No. Species Description Scientific
Name

Aligned ITS2 Gene
Sequence (bp)

Coverage
(%) E Similarity (%) Accession

Numbers

1 H01-ITS2-M.officinalis M. officinalis 235 (108bp–342bp) 100 100 ON819585.1 *

2 Gynochthodes officinalis M. officinalis 235 (53bp–287bp) 100 100 MG730033.1
3 Gynochthodes officinalis B7 M. officinalis 235 (102bp–336bp) 100 100 MF375766.1
4 Gynochthodes officinalis B5 M. officinalis 235 (102bp–336bp) 100 100 MF375765.1
5 Gynochthodes officinalis B3 M. officinalis 235 (105bp–339bp) 100 100 MF375764.1
6 QB01-ITS2-M.officinalis M. officinalis 235 (108bp–342bp) 100 99.15 ON819599.1 *

7 QN02-ITS2-M.officinalis M. officinalis 235 (106bp–340bp) 100 99.15 ON819594.1 *

8 QB03-ITS2-M.officinalis M. officinalis 235 (108bp–342bp) 100 99.15 ON819601.1 *

9 QB02-ITS2-M.officinalis M. officinalis 235 (108bp–342bp) 100 99.15 ON819600.1 *

10 QN01-ITS2-M.officinalis G. officinalis 235 (110bp–344bp) 100 100 ON819593.1 *

11 QN03-ITS2-M.officinalis M. officinalis 235 (106bp–340bp) 100 99.15 ON819595.1 *

12 H03_ITS2-M.officinalis M. officinalis 235 (75bp–309bp) 100 99.15 ON819589.1 *

13 H02-ITS2-M.officinalis M. officinalis 235 (71bp–305bp) 100 99.15 ON819587.1 *

Note: “*” is the sample in this study.

Figure 3. Phylogenetic tree by the maximum likelihood of similarity between M. officinalis and the
closest species as per ITS2 region sequences. The samples of our study are marked by black squares
next to their names.

In the case of the matK region sequences (ranging from 861 bp to 899 bp), through
use of the matK pair of primers (390F and 1326R), the closest species was found to be
M. officinalis, at 99.89% similarity (Table 5), followed by Gynochthodes parvifolia, at 99.78%
similarity. The phylogenetic tree for these sequences was constructed with the closest
species (Figure 4).

403



Genes 2022, 13, 1938

Table 5. M. officinalis plants in this study and the percentage of similarity with the closest species in
the GenBank as per matK gene sequences.

No. Species Description Scientific
Name Aligned Sequence (bp) Coverage

(%) E Similarity (%) Accession
Numbers

1 Gynochthodes officinalis
_H01_matK M. officinalis 899 100 100 ON926564.1 *

2 Morinda officinalis M. officinalis 897 99.00 99.89 KR869730.1

3 Gynochthodes
officinalis_QN02_matK M. officinalis 897 99.00 99.89 ON926566.1 *

4 Gynochthodes parvifolia G. parvifolia 897 99.00 99.78 NC_054151.1

5 Gynochthodes
cochinchinensis M. officinalis 897 99.00 99.78 NC_053818.1

6 Gynochthodes
officinalis_QN03_matK M. officinalis 897 99.00 99.67 ON926567.1 *

7 Morinda officinalis isolate
h7_matK M. officinalis 864 96.00 99.88 GQ130298.1 *

8 Morinda officinalis h2
_matK M. officinalis 864 96.00 99.88 GQ130293.1

9 Morinda officinalis h1
_matK M. officinalis 864 96.00 99.88 GQ130292.1

10 Morinda officinalis
h6_matK M. officinalis 864 96.00 99.77 GQ130297.1

11 Morinda officinalis h5 M. officinalis 864 96.00 99.77 GQ130296.1

12 Gynochthodes
officinalis_QN01_matK M. officinalis 861 95.00 99.77 ON926565.1 *

Note: “*” is the sample in this study.

Figure 4. Phylogenetic tree by maximum likelihood of similarity between M. officinalis and the closest
species as per matK region sequences. The samples of our study are marked by black squares next to
their names.

In use of the rbcL gene, the BLAST result on NCBI showed that the nucleotide sequences
obtained were highly similar to those of species of Morinda officinalis (accession numbers
KR869730.1, NC_053818.1, and GQ436556.1), G. parvifolia (accession number NC_054151.1),
and Morinda sp. SH-2010 (accession numbers AB586541.1 and AB586543.1), with similarity
ranging from 99.31% to 100% (Table 6). The phylogenetic tree for those sequences was
constructed with the closest species (Figure 5).

404



Genes 2022, 13, 1938

Table 6. M. officinalis plants in this study and percentage of similarity with the closest species in the
GenBank base as per rbcL gene sequences.

No. Species Description Scientific
Name Aligned Sequence (bp) Coverage

(%) E Similarity (%) Accession
Numbers

1 Gynochthodes
officinalis_H01_rbcL M. officinalis 738 100.00 100 ON926568.1 *

2 Gynochthodes
officinalis_QB02_rbcL M. officinalis 738 99.00 99.73 ON926572.1 *

3 Morinda officinalis M. officinalis 737 99.00 99.46 KR869730.1

4 Gynochthodes
cochinchinensis M. officinalis 737 99.00 99.46 NC_053818.1

5 Gynochthodes parvifolia G. parvifolia 737 99.00 99.32 NC_054151.1

6 Gynochthodes
officinalis_H02_rbcL M. officinalis 713 96.00 100.00 ON926569.1 *

7 Morinda sp. Morinda sp. 737 97.00 99.31 AB586541.1
8 Morinda sp. Morinda sp. 721 97.00 99.31 AB586543.1
9 Morinda officinalis M. officinalis 703 95.00 99.86 GQ436556.1

10 Gynochthodes
officinalis_QN03_rbcL M. officinalis 670 90.00 99.85 ON926571.1 *

11 Gynochthodes
officinalis_QN01_ rbcL M. officinalis 670 90.00 99.55 ON926570.1 *

Note: “*” is the sample in this study.

Figure 5. Phylogenetic tree by maximum likelihood of similarity between M. officinalis and the closest
species as per rbcL region sequences. The samples of our study are marked by black squares next to
their names.

3.2. Nucleotide Components

In terms of the occurrence of each type of nucleotide in the ITS1 and ITS2 gene region,
cysteine (C) accounted for the highest proportion, ranging from 35.3% to 38.9%, followed
by guanidine (G), which ranged from 31.1% to 34.0%. Timin (uracil) was observed with the
lowest percentage (ranging from 10.0% to 14.5%) (Table 7). For matK and rbcL, however,
the percentage of Timin (uracil) was higher than that of the remaining nucleotides (ranging
from 28.1% to 36.9%) (Table 8).
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Table 7. Nucleotide components of the ITS1 and ITS2 gene regions of nine M. officinalis samples.

Sam.

Compute Nucleotide Composition (%)

ITS1 ITS2

T(U) C A G C + G Total T(U) C A G C + G Total

H01 12.3 35.8 21.2 30.7 66.5 179 14.5 35.7 15.7 34.0 69.7 235
H02 11.2 36.9 20.1 31.8 68.7 179 14.0 36.2 16.2 33.6 69.8 235
H03 12.3 35.8 21.2 30.7 66.5 179 14.0 36.2 16.2 33.6 69.8 235

QN01 10.0 38.9 20.0 31.1 70 180 14.5 35.7 15.7 34.0 69.3 235
QN02 11.7 35.8 20.7 31.8 66.8 179 14.9 35.3 16.2 33.6 68.9 235
QN03 12.3 36.3 20.1 31.3 67.6 179 14.9 35.3 16.2 33.6 68.9 235
QB1 11.7 36.3 20.7 31.3 67.6 179 14.0 36.2 16.2 33.6 69.8 235
QB2 12.3 36.3 20.1 31.3 67.6 179 14.0 36.2 16.2 33.6 69.8 235
QB3 12.3 36.3 20.1 31.3 67.6 179 14.0 36.2 16.2 33.6 69.8 235
Avg. 11.8 36.5 20.5 31.3 68.0 179.1 14.3 35.9 16.1 33.7 69.6 235

Table 8. Nucleotide components of the matk and rbcL gene regions of four M. officinalis samples.

Sam.

Compute Nucleotide Composition (%)

matK rbcL

T(U) C A G C + G Total T(U) C A G C + G Total

H01 36.5 17.8 28.8 16.9 34.7 899 28.6 20.3 28.3 22.8 43.1 738
H02 - - - - - - 28.1 20.6 28.6 22.7 43.3 713

QN01 36.9 18.2 27.8 17.1 35.3 861 28.5 20.7 27.5 23.3 44.0 670
QN02 36.5 17.8 28.7 17.1 34.9 897 - - - - - -
QN03 36.5 18.1 28.4 17.1 35.2 897 28.8 20.7 27.5 23.0 43.7 670
QB2 - - - - - - 28.5 20.5 28.2 22.8 43.3 737
Avg. 36.6 18.0 28.4 17.0 35 888.5 28.5 20.6 28.0 22.9 43.5 705.6

The (G + C) percentage was the highest, with an average of 69.6% in the ITS2 gene
region (Tables 7 and 8).

3.3. Genetic Diversity and Population Structure

A total of 140 different alleles were detected from 22 microsatellite markers in M. officinalis
in the three surveyed populations, with sizes ranging from 106 bp to 328 bp.

In this study, of all 22 loci, the locus MO05 showed the highest number of alleles in
all populations (Na = 9), while the locus MO90 showed the lowest number of alleles, with
Na = 2.333. The FIS values of the loci ranged between −0.287 and 0.965, with an average of
0.216. Half of the loci (MO02, MO04, MO05, MO12, MO26, MO30, M039, MO41, MO60,
MO63, and MO96) showed positive FIS values (Table 9). The FIT values of the loci ranged
between –0.086 and 0.978.

All the loci showed positive FST values ranging between 0.127 and 0.554, with an
average of 0.262. This result indicated a relatively high genetic differentiation at the locus
level in all populations (Table 9).

Table 10 presents the genetic diversity of M. officinalis populations. The allele numbers
(Na) ranged from 2 to 8 in the QB population, from 3 to 12 in the TTH population, and from
0 to 10 in the QN population. Specifically, the TTH population had the highest number of
alleles, with an average of 6.455, whereas the population with the lowest number of alleles
(3.955) was the QB population (Table 10). The average percentage of polymorphic loci was
98.48%, of which two populations, QB and TTH, reached the absolute value (100%).
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Table 9. Genetic diversity characteristics of 22 microsatellite loci of M. officinalis.

Locus Na Ne Ho He FIS FIT FST Nm

MO02 4.667 3.494 0.893 0.698 −0.279 −0.086 0.151 1.405

MO04 4.333 2.902 0.652 0.633 −0.030 0.222 0.244 0.774

MO05 9.000 4.280 0.796 0.733 −0.086 0.109 0.179 1.144

MO12 5.667 3.820 0.815 0.727 −0.121 0.021 0.127 1.718

MO19 7.667 5.277 0.619 0.782 0.209 0.322 0.144 1.491

MO26 6.000 4.061 0.889 0.739 −0.204 −0.015 0.157 1.343

MO30 7.333 5.525 0.963 0.783 −0.230 −0.044 0.152 1.400

MO38 4.000 2.628 0.144 0.574 0.749 0.828 0.318 0.537

MO39 4.000 3.421 0.785 0.669 −0.174 0.071 0.209 0.948

MO41 3.000 2.184 0.689 0.539 −0.278 0.174 0.354 0.457

MO43 2.667 2.142 0.019 0.531 0.965 0.978 0.370 0.425

MO47 3.333 2.091 0.304 0.466 0.349 0.586 0.364 0.437

MO53 3.333 1.892 0.167 0.393 0.576 0.698 0.287 0.621

MO57 7.667 4.660 0.456 0.747 0.391 0.488 0.160 1.311

MO60 5.667 3.501 0.381 0.704 0.458 0.556 0.180 1.139

MO61 5.333 2.863 0.337 0.579 0.418 0.556 0.237 0.805

MO63 4.000 2.333 0.726 0.564 −0.287 0.053 0.265 0.695

MO88 5.000 2.917 0.433 0.652 0.336 0.461 0.189 1.074

MO89 5.333 2.540 0.144 0.425 0.660 0.818 0.463 0.290

MO90 2.333 1.764 0.085 0.396 0.785 0.892 0.498 0.252

MO94 3.333 1.834 0.093 0.405 0.771 0.898 0.554 0.202

MO96 4.667 4.076 0.907 0.736 −0.233 −0.038 0.159 1.327

Mean ± SE 0.216 ±
0.090

0.389 ±
0.077

0.262 ±
0.027

0.900 ±
0.098

Table 10. Genetic diversity estimates of three populations of M. officinalis.

Pop. N Na Np Ne P% Ho He FST

QB 9 3.955 1.818 2.567 100.00 0.556 0.554 0.085

TTH 18 6.455 4.364 3.786 100.00 0.394 0.683 0.451

QN 10 4.364 2.318 3.221 95.45 0.591 0.601 0.076

Mean ± SE 4.924 ± 0.296 3.191 ± 0.197 98.48 ± 1.52 0.513 ± 0.047 0.612 ±0.023 0.206 ±0.067

The highest total number of private alleles (Np = 4.364) was observed in the TTH
population, followed by the QN population (Np = 2.318) and the QB population (Np = 1.818).
Similarly, of the three populations, the effective allele numbers of the TTH population were
the highest at 3.786, compared to 3.221 and 2.567 for the QN and QB populations, respectively.

Observed heterozygosity (Ho) and expected heterozygosity (He) averaged 0.513 and
0.612, respectively. The QN population had the highest expected heterozygosity (0.591) of
the three populations, whereas the value of the observed heterozygosity of that population
was 0.601. The fixation index (FST) was positive for all populations (FST = 0.206).

407



Genes 2022, 13, 1938

The results of the AMOVA pointed to higher levels of variation within populations
(70%) than between populations (30%) (Table 11), indicating a relatively low genetic diver-
gence among the three studied populations (TTH, QB, QN). However, within populations,
individuals were found to have high genetic differentiation.

Table 11. Analysis of molecular variance (AMOVA) for different groups of M. officinalis How.

Source df SS MS Est. Var. %

Among populations 2 158.697 79.348 3.089 30%
Within populations 71 512.222 7.214 7.214 70%

Total 73 670.919 10.303 100%
Stat Value P(rand >= data)
Fst 0.300 0.001

An admixture model was performed to determine the group population of the 37
individuals of M. officinalis based on Bayesian analysis using the STRUCTURE program.
The population structure of M. officinalis inferred in STRUCTURE revealed that the optimum
number of genetic groups for the admixture model was K = 2, with a delta K value of
74.084117. After a PCA analysis, the three populations were classified into two distinct
clusters. K = 2, thus, can be considered to be the most suitable number of clusters for the
structure of the populations in this study (Figures 6 and 7). The QB and QN populations
were in one cluster (green cluster), whereas the TTH population was in the remaining
cluster (red cluster) (Figure 7).

Figure 6. Principal coordinate analysis (PCoA) based on codominant genotypic distance for 37 studied
samples of three populations of M. officinalis ( TTH: TTH population; QN: QN population; QB: QB
population).
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Figure 7. Delta K distribution graph and bar plot of the admixture assignment for three M. officinalis
populations to clusters (K = 2; highest ∆K value = 74.084117) based on Bayesian analysis.

4. Discussion

DNA barcoding is a novel approach for identifying and classifying species based on
the nucleotide diversity of conserved sequences. Recently, many studies have indicated
that DNA markers ITS1, ITS2, matK, and rbcL are highly effective in identifying medicinal
plants at species and genus levels. Therefore, this study was conducted to investigate the
efficiency of those markers in barcoding M. officinalis plant species for the first time to
identify the best marker for this valuable plant.

In previous studies, the matK gene and (ITS) region genetic markers have been proven
highly efficient in distinguishing plant species and therefore identified as potential candidates
for barcoding plants [29]. This study demonstrated that the ITS1 and ITS2 regions of M. officinalis
were amplified more effectively compared to the other two markers (matK and rbcL).

Sequence analysis using the above four primers showed that the samples studied in
this experiment belonged to the genus Morinda and the most closely related species was
Gynochthodes officinalis (synonym of M. officinalis). In the present study, the ITS2 marker showed
the highest efficiency in terms of amplification and species identification. The higher capacity
of ITS2 in terms of phylogenetic reconstruction has been proven in previous studies [12,13,29].

The origin and ecology of a species are often expressed through its genetic diver-
sity [30]. Many previous studies have proven a positive correlation between population
genetic diversity, population size, and geographic distribution range [30,31]. Species with
broad distribution and a large population size generally maintain high genetic diversity in
comparison to species with narrow distribution and small population size.

Heterozygosity can reflect the genetic variation in natural populations and is consid-
ered a measure of genetic diversity. The higher the heterozygosity in a population is, the
more the genetic variability in it is. M. officinalis had high genetic diversity (Ho = 0.513 and
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He = 0.612) in this study compared to in Luo’s publication for the same species (Ho = 0.3436
and He = 0.2881) [5].

FST is considered one of the measures of genetic variation in populations. An FST value
of higher than 0.15 can indicate significant differentiation in a population [32]. Therefore,
remarkable diversity was observed in the three populations in this study (Table 10). The
FST value ranged from 0.076 (QN population) to 0.451 (TTH population), with an av-
erage FST value of 0.206. This result was higher than that in the study of P. vietnamensis
(FST = 0.13) [19] and lower than those in the studies of Cinnamomum balansae (FST = 0.601) [26]
and Pulsatilla patens (L.) (FST = 0.22) [33] and (FST = 0.13) using microsatellite markers.

The results of the AMOVA also revealed that 30% of the total variation was found
among subpopulations, while the rest (70%) was within subpopulations. These results
indicated a relatively low genetic differentiation among the three populations and a high
genetic divergence within those populations. Genetic variation among populations was
highly influenced by gene flow, selection, genetic drift, and other factors.

A Bayesian analysis in STRUCTURE showed two different groups of genetically
mixed individuals of M. officinalis. Even though the populations were separated by large
geographical distances, the majority of individuals from the QB and QN populations shared
the same ancestral origin.

5. Conclusions

The study proved the ITS1 region and the ITS2 region as reliable markers in the bar-
coding of M. officinalis. In addition, the results confirmed that M. officinalis had low genetic
differentiation among the three studied populations and high genetic divergence within
those three populations. The three populations of M. officinalis were divided into genetic
groups on the basis of the codominant genotypic distance. Our study of M. officinalis in
terms of genetic diversity and population structure is intended to make a large contribution
to the conservation of this species.
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Abstract: The quantitative real-time PCR (qRT-PCR) is an efficient and sensitive method for deter-
mining gene expression levels, but the accuracy of the results substantially depends on the stability
of the reference gene (RG). Therefore, choosing an appropriate reference gene is a critical step in
normalizing qRT-PCR data. Prunella vulgaris L. is a traditional Chinese medicine herb widely used in
China. Its main medicinal part is the fruiting spike which is termed Spica Prunellae. However, thus
far, few studies have been conducted on the mechanism of Spica Prunellae development. Meanwhile,
no reliable RGs have been reported in P. vulgaris. The expression levels of 14 candidate RGs were
analyzed in this study in various organs and at different stages of Spica Prunellae development.
Four statistical algorithms (Delta Ct, BestKeeper, NormFinder, and geNorm) were utilized to identify
the RGs’ stability, and an integrated stability rating was generated via the RefFinder website online.
The final ranking results revealed that eIF-2 was the most stable RG, whereas VAB2 was the least
suitable as an RG. Furthermore, eIF-2 + Histon3.3 was identified as the best RG combination in
different periods and the total samples. Finally, the expressions of the PvTAT and Pv4CL2 genes
related to the regulation of rosmarinic acid synthesis in different organs were used to verify the
stable and unstable RGs. The stable RGs in P. vulgaris were originally identified and verified in this
work. This achievement provides strong support for obtaining a reliable qPCR analysis and lays the
foundation for in-depth research on the developmental mechanism of Spica Prunellae.

Keywords: Prunella vulgaris L.; reference gene; data normalization; RT-qPCR; Spica Prunellae;
medicinal herb

1. Introduction

Gene expression refers to the amount of mRNA expression of a particular gene in a
tissue or cell at a specific time. At present, the analysis methods of plant gene expression
include Southern hybridization, Northern hybridization, in situ hybridization, traditional
PCR, and qRT-PCR [1]. Among them, the qRT-PCR completes an expression analysis by
detecting real-time fluorescent signal changes during the entire PCR reaction, and it has
received a lot of attention in molecular biology research because of its excellent accuracy,
sensitivity, specificity, and cost-effectiveness [2,3]. However, a number of variables, such as
RNA integrity, purity, quality, reverse transcription efficiency, primer performance, nor-
malization, and a host of other elements, might affect how accurate the data on expression
are [4,5]. In order to control variables and ensure the accuracy of results, selecting one
or more stable RGs is crucial, especially for samples with large fluctuations of expression
levels [6]. Using inappropriate RGs to normalize the expression of additional genes in an
RT-qPCR analysis may lead to misunderstandings about the expression level of the target
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gene [2,7,8]. Housekeeping genes are essential to maintain the fundamental biological
processes of cells and can be expressed stably in cells, so they are often used as internal
RGs [1,9]. The expression levels of ideal RGs in plants will not change significantly with
the changes in external conditions, samples, and treatment methods [10]. However, re-
search has demonstrated that the expression of RGs is not always steady under certain
experimental conditions [11]. That is, given specific experimental circumstances, the stable
expression of any housekeeping gene is only consistent in a restricted range of cells [11].
Thus, choosing the appropriate RGs is crucial when using a qPCR to evaluate the gene
expression level of plants under particular circumstances.

The expression of the internal RG is relatively constant across tissues and cells, so
it is often used as a reference when detecting the change in gene expression levels [12].
Its role is to correct for the experimental errors that exist in the amount and process of
sample loading, so as to ensure the accuracy of the experimental results [13]. Theoretically,
RGs are genes that are constantly expressed in all types of tissues and cells under all
experimental conditions. However, studies have demonstrated that the expression level of
conventionally employed RGs is variable based on different experimental conditions and
materials [11]. As a result, RGs tend to vary amongst different materials [6]. Housekeeping
genes are essential for the maintenance of basic cellular activities and are often involved
in processes such as cytoskeleton building, vesicle transport, glycolysis, protein synthesis,
and protein degradation [14]. Traditionally, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), β-actin (ACT), 18S ribosomal RNA (18S rRNA), 28S ribosomal RNA (28S rRNA),
ubiquitin (UBQ), cyclophilin (CYP), tubulin β (TUB), elongation factor 1-α (EF1A), protein
phosphatase 2A regulatory subunit (PP2A), and tubulin α (TUA) are genes that play a
housekeeping role in cells and are often used as RGs for the standardization of qPCR
data [15,16]. Previous studies on screening endogenous genes have focused on model
plants, major food crops, and some cash crops. Nevertheless, as the therapeutic potential
of medicinal plants is becoming more widely recognized, it is essential to investigate
their molecular mechanisms and identify the suitable RGs under various experimental
settings. In this process, many new genes have also been determined as appropriate RGs.
Currently, some medicinal plants have performed the study of internal RG selection and
validation, including Angelica sinensis [17], Desmodium styracifolium Merr [18], Rubus [19],
Schima superba [1], and Isatis indigotica fortune [20].

An expression stability analysis of each candidate gene is the focus of internal RG
screening. Currently, there are five major statistical algorithms for identifying the optimal
RGs which can be stably expressed in specific conditions: geNorm [21], NormFinder [22],
BestKeeper [23], ∆Ct method [24], and RefFinder [25]. The geNorm algorithm computes
the M value of the stability of each RG to select the most stable endogenous gene, and the
smaller the M value, the more stable the RG is, and vice versa. geNorm also calculates the
pairwise variation V value of the RGs and determines the optimal number of endogenous
genes depending on the value of Vn/Vn+1. The optimal number of endogenous genes is n
when Vn/Vn+1 is <0.15, which is the default value for V. There should be n + 1 endogenous
genes if Vn/Vn+1 > 0.15. The NormFinder algorithm will filter the most appropriate RGs
according to the stability value, and the most appropriate RG will be the one with the
smallest stability value. The NormFinder program can evaluate the most stable endogenous
genes not only within groups but also between groups. The BestKeeper software was used
to calculate each gene’s correlation coefficient (r), standard deviation (SD), and coefficient of
variation (CV). The internal RG is more stable when r is higher, while SD and CV are lower,
and vice versa. Furthermore, the internal RG exhibits unstable expression when SD > 1.
This procedure can evaluate the stability of the RGs and the degrees of expressiveness of
different target genes. The ∆Ct method is performed to make a two-by-two comparison
by calculating the SD of each pair of candidate internal RGs and the mean SD value of
each gene to finally identify the more stable internal RGs. RefFinder is a web tool for the
comprehensive ranking of candidate gene stability based on the geNorm, NormFinder,
BestKeeper, and Delta Ct algorithms. Each evaluation software has its merits, and the
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results will be more accurate when used together. Their help identified the optimal RGs for
many species, such as D. styracifolium [18], Punica granatum L. [26], and Oryza sativa L. [27].

Flower bud differentiation is the process by which the growing point of a plant stem
changes from meristematic leaves and axillary buds to inflorescences or flowers. Flower bud
differentiation is an important stage that determines the development of Spica Prunellae,
and it is a complex process that arises in response to the integration of signals from the
external environment and internal factors [28]. The Spica Prunellae develops once a year,
usually starting from the end of April and ending in the beginning of June, with a total
differentiation period of nearly 40 days.

P. vulgaris is a low-growing perennial herbaceous plant widely distributed across
northeastern Asia, such as in China, Japan, and Korea. Among them, Henan, Anhui,
Jiangsu, Hunan, and other provinces are the main producing areas in China [29]. P. vulgaris
has a wide range of medicinal values, and the whole plant can be used as medicine. The
principal medicinal part of the plant is the dried mature spike, which has been in use for
thousands of years in China. Different organs (root, stem, leaf, and spike) of P. vulgaris are
sold at different prices in the market, among which the spike has the highest medicinal
value and economic benefits. Recent reports on P. vulgaris have mostly concentrated on
its pharmacological properties and clinical applications. Modern pharmacological and
biological studies showed that P. vulgaris. exhibits numerous functions, including an-
tibacterial, anticancer [30], anti-inflammatory [31], antiviral [32], immune-enhancing [33],
antioxidant [34], antiproliferative [35], antihyperlipidemic [36], and free radical scaveng-
ing activities [37]. However, the molecular mechanism of its flower spike development
is still unclear. With the development of molecular biology, the research to reveal the
molecular mechanism of Spica Prunellae development has become increasingly intense.
At the same time, different materials typically contain various stable genes that may be
expressed at different expression levels at different periods of growth and development.
Therefore, screening appropriate internal RGs in different development periods and organs
in P. vulgaris is highly important. However, so far, there are no reports on this aspect
of endogenous gene screening in P. vulgaris. In total, 14 commonly used candidate RGs:
Actin (ACT7, ACT12, ACT1), 18S rRNA, Translation initiation factor (eIF-3, eIF4A-III, eIF-2),
Histone (His3.3), α-tubulin (TUA6), Cyclophilin (CYP38), Protein phosphatase 2Asubunit
(PP2A-2, PP2A-3, PP2A- 4), and Homeodomain transcription factor (VAB2) were selected
for this study based on the analysis of our previous transcriptome datasets in P. vulgaris.
The expression levels of candidate RGs in different organs (root, stem, leaf, and spike) of
P. vulgaris and the Spica Prunellae at different developmental stages (heading stage, early
flowering stage, full-flowering stage, and ripening stage) were detected by the qPCR tech-
nique (Figure 1). Four alternative statistical algorithms—Delta CT, geNorm, NormFinder,
and BestKeeper—were employed to evaluate the stability of the fourteen genes’ expression
levels. The online software RefFinder was also used to carry out a thorough ranking of
these RGs’ stability under each unique experimental scenario. The expression of PvTAT
and Pv4CL2, genes regulating the synthesis of rosmarinic acid in P. vulgaris, were studied
throughout several organs to further verify the reliability of the screened RGs. These
findings will hopefully provide an important reference for further investigation into the
molecular mechanism of Spica Prunellae development.
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Figure 1. Intact plants and four distinct developmental stages of Spica Prunellae. P1: bolting stage;
P2: early flowering stage; P3: complete flowering stage; P4: mature stage.

2. Materials and Methods
2.1. Plant Materials

P. vulgaris seeds obtained from Shangluo Tasly Pharmaceutical Co., Ltd., Shaanxi
Province, were selected for this study. Plants were cultivated in the artificial climate
chamber of Zhejiang Sci-Tech University (120◦35′ E; 30◦31′ N), Zhejiang, China. The
cultivation conditions were programmed for a 16 h day (25 ◦C) and 8 h night (20 ◦C) cycle
with 60% relative humidity. According to the established phenological period of P. vulgaris,
Spica Prunellae at different growth stages (bolting stage, early flowering stage, complete
flowering stage, and mature stage) and different organs (root, stem, leaf, and spike) of
P. vulgaris in the complete flowering stage were collected [38]. The gathered samples were
washed with distilled water, dried with absorbent papers quickly, liquid nitrogen-snap
frozen, then kept at −80 ◦C for subsequent use. Three biological replicates were adopted in
the stability analysis for each sample and time point, and five biological replicates were
applied to the validation.

2.2. Total RNA Extraction and cDNA Synthesis

Total RNAs were extracted from samples using the RNAprep Pure Plant Plus Kit
DP441 (Tiangen Biotech, Beijing, China) according to the manufacturer’s protocol and then
treated with DNase I (Tiangen Biotech) to eliminate contaminating DNA. The concentration
and purity of RNA were measured using a NanoDrop™ 2000 spectrophotometer (Thermo,
Waltham, MA, USA), and the integrity of the RNA was confirmed by 1.5% (w/v) agarose gel
electrophoresis. For the purpose of the cDNA synthesis, only RNA samples with content
greater than 150 ng/µL, an A260/A280 ratio ranging from 1.8 to 2.2, and an A260/A230
ratio greater than 1.8 were required. The reverse transcription kits TaKaRa RR036A (TaKaRa
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Bio Inc., Dalian, China) were utilized to create the first-strand cDNA from 1 µg of RNA for
20 µL of reaction with oligo dT primers. To perform the qPCR, the acquired cDNA was
subsequently diluted using RNase Free ddH2O.

2.3. Selection and Validation of Candidate RGs and the Design of qPCR Primers

In total, 25 candidate RGs were selected after a review of the research literature
on plant RGs. The transcriptome sequences of P. vulgaris were retrieved from GenBank
(accession number: SRR7873856). To ensure the accuracy and reliability of the screened
RGs, the CDS sequence of Arabidopsis was obtained from GenBank and used as the
query sequence in BlASTn to locate the homologous sequence from P. vulgaris. Finally, 14
candidate RG sequences (ACT7, ACT12, ACT1, 18S rRNA, eIF-3, eIF4A-III, eIF-2, His3.3,
TUA6, CYP38, PP2A-2, PP2A-3, PP2A-4, and VAB2) with the highest homology, the e-
values all less than 1 × 10−5, and the alignment rates ranged from 78.01% to 95.58%
were acquired. The quantitative primers of the candidate RGs were designed by Primer-
BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/, accessed on 27 November
2021) with a manual inspection. The parameters were as follows: primer length 18–25 bp,
amplification product size 150–200 bp, GC content 45–65%, melting temperature 58–60 ◦C,
no hairpin structure, homodimer, and heterodimer (Table 1). The designed primers were
synthesized by Youkang Biotechnology Co., Ltd. (Hangzhou, Zhejiang, China). A melting
curve analysis was used to evaluate the specificity of each primer pair (Figure S2), and the
size of each amplicon was determined by electrophoresis on a 1.5% agarose gel (Figure S1).
A ten-fold dilution of cDNA was used to assess the primer efficiency, and the amplification
efficiency (E) and correlation coefficient (R2) of the primers were then computed using the
established standard curve (Figure S3). The slope of the curve was used to determine the E
of the primers based on the theoretical formula E = [10(−1/slope) − 1] × 100% [39,40].

Table 1. Description of the fourteen candidate reference genes.

Gene Ab-
breviation Gene ID Gene Name

Arabidopsis
Homolog

Locus

Primer Sequences (5′–3′)
(Forward/Reverse) Tm (◦C) Length

(bp) Efficiency R2

ACT7 SRR7873856.1.862141 Actin AT5G09810
GTTACGAGCTTCCCGATGGA 59.54

193 105.56% 0.9989GATCCACCACTGAGCACGAT 59.82

ACT12 SRR7873856.1.883268 Actin AT3G46520
ACGGGTATCGTGCTTGACTC 59.83

182 108.36% 0.9957GAACAATTTCCGCTCGGCAG 60.18

ACT1 SRR7873856.1.2050798 Actin AT2G37620
GTCGGGACTGTGTGACTGAC 60.23

193 107.67% 0.9983CCCGGAAGAGCACCTAACTC 59.82

18S rRNA SRR7873856.1.1835427 18S ribosomal RNA AT3G41768
GACGGAGGTAGGGTTCGATT 58.89

197 108.49% 0.9933CACCAGACTTGCCTCCAATG 58.83

eIF-3 SRR7873856.1.968612 Translation initiation
factor AT4G20980

GGCTCTTGAGTCGCTCCAAT 60.11
195 107.04% 0.9993GCGAATCGTCGGTGTTCAAG 59.91

eIF4A-III SRR7873856.1.1836036 Translation initiation
factor AT3G19760

CCACCTTTTGCCTCCAACAC 59.61
191 106.06% 0.9971GGTACCGGGAAAACCTCCAT 59.38

eIF-2 SRR7873856.1.18172 Translation initiation
factor AT1G76720

TTTTGGGAGAGCGGACACAA 59.82
196 102.96% 0.9927AGCTGCCTTGGAGACTGAAA 59.23

His3.3 SRR7873856.1.2135040 Histone AT4G40030
CACAAGGTAGGCCTCTGCTG 60.39

193 105.94% 0.9945AAGAAGCCCACAGATACCGC 60.11

TUA6 SRR7873856.1.1877380 α-tubulin AT4G14960
TCCACCCACTCCCTTCTTGA 60.10

193 105.31% 0.9960TTCATCCACGTTCAGGCTCC 60.04

CYP38 SRR7873856.1.1584051 Cyclophilin AT3G01480
CGCTCGAGAGGGTCGATAAC 60.04

188 102.00% 0.9921GCCTGCTACCACTTGACTGA 59.68

PP2A-2 SRR7873856.1.2107443 Protein phosphatase
2Asubunit AT1G10430

TTTAGATCAGAGGTGCGCGG 60.18
185 106.41% 0.9945AAATTGCTCTCGCGCCTGAT 60.75

PP2A-3 SRR7873856.1.2002889 Protein phosphatase
2A subunit AT2G42500

CCAGCACCTCGAGGGAGATA 60.47
182 103.48% 0.9971TTCCGACTGCACTGGTTGAA 59.82

PP2A-4 SRR7873856.1.256172 Protein phosphatase
2A subunit AT3G58500

GTGGCTTTGAAAGTGCGCTA 59.41
184 100.20% 0.9936TGATTCAACCAAGGCGGTCA 59.89

VAB2 SRR7873856.1.1180932
Homeodomain

transcription factor AT3G05020
CTCGGAATTGTCGTCAGGCT 60.11

197 98.37% 0.9943ATCGTTGGCCGTTCAGGAAA 60.25
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2.4. Quantitative Real-Time PCR (qRT-PCR) Analyses

The qPCR reactions were carried out using TB Green Premix Ex Taq II (TaKaRa Bio
Inc., Dalian, China) in 96-well plates with an ABI 7500 Real-Time PCR System (Applied
Biosystems, Waltham, MA, USA). Each PCR reaction mixture (final volume of 20 µL)
consisted of TB Green Premix Ex Taq II (5 µL), each forward, and reverse primers with a
concentration of 10 µM (0.4 µL), RNase-free dH2O (2.6 µL), ROX II (0.1 µL), and 1.5 µL of
the cDNA template (diluted ten times with RNase-free ddH2O). All of the RGs in every
run were kept in NTC (no template control). All experiments were maintained in three
technical replicates and three to five biological replicates. The PCR amplification cycles’
conditions: 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for 5 s, and 58 ◦C for 30 s. A
melt curve analysis was performed at 95 ◦C for 15 s, 60 ◦C for 1 min, and 95 ◦C for 15 s at
the end of the PCR run. Ct values were recorded and taken for further analyses.

2.5. Analysis of Expression Stability of Candidate RGs

Utilizing Microsoft Excel 2019, a descriptive statistical analysis was carried out to
assess the expression stability of potential RGs. Four different software programs (Delta Ct,
NormFinder, geNorm, and BestKeeper) based on the experimental design and manufac-
turers’ instructions were used to ascertain the expression stability of 14 candidate RGs in
various organs and experimental periods.

The raw Ct values obtained by qRT-PCR were transformed into relative expression
levels for each RG using the formula 2−∆CT [41] (∆CT = each corresponding Ct value—the
lowest Ct value for that gene in different samples), which was subsequently employed
for an additional analysis in geNorm and NormFinder. These values were imported
into geNorm to calculate the variable M that gauges the consistency of gene expression.
The M values were inversely correlated with the stability of the genes, meaning that the
expression of this RG in the identified genes was the most stable when the M value was the
lowest [21]. geNorm can also determine the paired variation V value of the normalization
factor using the geometric mean from expression levels of the most stable RGs, and the
value of Vn/Vn+1 can be used to calculate the optimal number of internal RGs (with a
cut-off value of Vn+1 < 0.15) [42].

NormFinder is a mathematical model describing the expressed stable values of RGs
by computing the variance, both within-group variance and between-group [22]. Moreover,
the stability value (SV) determines the ideal gene or set of genes for standardization.

The analysis of the Delta Ct and BestKeeper software employed raw Ct data. The
Delta Ct has the ability to determine the standard deviations (SD) value of the Ct value
of each selected RG. Lower RG stability is associated with greater SD values [41]. The
BestKeeper software algorithm utilizes the coefficient of variance (CV), and the SD of the
Ct value. The value of the correlation coefficient between the candidate gene determines
the stability of the RGs [23]. Genes with higher stability typically have lower SD (lower
than 1) and CV values.

In addition to these four algorithms, RefFinder (an online tool) was also used to
generate an overall comprehensive ranking of RGs. The geometric mean was calculated for
the final overall ranking of the genes by the RefFinder algorithm, which combined ranks
from the Delta Ct, geNorm, NormFinder, and BestKeeper.

2.6. RGs Validation

To further confirm the dependability of the selected RGs, the expression patterns of
PvTAT and Pv4CL2, genes involved in the controlling of the synthesis of rosmarinic acid in
P. vulgaris, were analyzed throughout different organs. The relative expression levels of the
target genes PvTAT and Pv4CL2 were computed according to the formula 2−∆∆Ct [43].
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2.7. Data Analysis

Delta Ct, geNorm, NormFinder, and BestKeeper were used for the data analysis.
Figures were created utilizing GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA,
USA). Microsoft Excel 2019 and SPSS 21.0 software were used for the statistical analysis.

3. Results
3.1. Selection of RGs and Analysis of Primer Amplification Specificity and Efficiency

Based on the previous studies, 14 genes were identified as potential RGs by mining
the transcriptome data of P. vulgaris (GenBank accession: SRR7873856). The details of gene
symbols, gene IDs, gene names, Arabidopsis homologous gene numbers, primer sequences,
annealing temperature (◦C), amplification length (bp), PCR efficiency (E), and correlation
coefficient (R2) for the 14 candidate genes were shown in Table 1. Specific qPCR primers
were created on the basis of the sequences of transcriptome data, and the specificity of the
primers was evaluated by both the gel electrophoresis and melting curves. The results
showed that all the internal RG primers were single bands in an agarose gel electrophoresis
analysis, and the amplification products were consistent with the expected fragment size
and without any dimers or non-specific amplification appearing (Figure S1). The identical
outcomes for all of the primer sets with single amplification peaks were confirmed by a qRT-
PCR melting curve analysis (Figure S2). The amplification efficiency of 14 pairs of primers
varied between 98.37% and 108.49%, and all the correlation coefficients (R2) values were
above 0.99 (Figure S3). Briefly, the outcomes suggested that the primers of these 14 genes
were thoughtfully created with reasonable specificity and showed excellent amplification
ability, suggesting that these primers were suitable for subsequent experiments.

3.2. Expression Profiles of Candidate RGs

To evaluate the expression stability of 14 candidate internal RGs under different
conditions, the mean cycle threshold values (Cps) were used to determine their transcript
abundances, ranging from 5.81 to 36.74. The Cp value was inversely proportional to the
transcription level of the gene. In other words, the expression abundance increased as the
Cp value decreased. According to Figure 2, the mean Cp values of 14 RGs ranged from 7 to
35, with the bulk falling between 21 and 24. Across all samples, the lowest and highest Ct
values appeared in 18S rRNA and ACT1 with 5.81–10.77 and 32.58–36.74, indicating that
they were the most highly and lowly expressed genes, respectively. Among the 14 genes,
His3.3 (21.62–22.90) was expressed in high abundance with the small range of variation,
while the expression levels of VAB2 (19.53–25.90) were the most variable (Supplementary
Table S1). Overall, the expression profiles of the endogenous genes were displayed through
Ct values combined with the box plot, allowing us to have a glimpse of the gene stability.
Our initial findings demonstrated that the expression levels of His3.3, eIF-2, eIF4A-3, PP2A-
2, ACT7, and eIF-3 were relatively stable and showed high expression levels, while the
expression of 18S rRNA and VAB2 varied greatly.

3.3. Expression Stability Estimation of Candidate RGs by Five Bioinformatic Programs

For further proof that the RGs were stable, Spica Prunellae at different developmental
stages (bolting stage, early flowering stage, full flowering stage, maturity stage) and various
organs (leaf, stem, root, spike) at the full flowering stage were collected as samples.

All the samples were tested to assess the stability of the potential RGs by four al-
gorithms: BestKeeper, geNorm, NormFinder, and Delta Ct. Finally, the RefFinder tool
(https://blooge.cn/RefFinder/, accessed on 3 March 2022) was utilized to comprehensively
rank the expression stability of all potential RGs to screen out the most suitable ones for
subsequent research.
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Figure 2. Expression levels of 14 candidate reference genes in all P. vulgaris samples. The box chart
indicates the interquartile range. The outer box shows the 25th to 75th percentile, and the inner
box indicates the average. Lines across the boxes depict the medians and whiskers represent the
maximum and minimum values. The dots represent the outlier.

3.3.1. geNorm Analysis

The average expression stability measurement (M) value and paired variation (V)
value calculated by the geNorm software algorithm were used to rank the gene expression
stability and determine the optimal number of RGs for accurate normalization. The M
value was negatively correlated with gene stability. The gene expression stability of the
RGs increased with decreasing M value. Meanwhile, if the M value of a gene was greater
than 1.5, it indicated that it was not suitable as an RG [21,44]. The results revealed that
all the candidate internal RGs had different stability levels under different conditions
(Figure 3). The M value of eIF-2 was the lowest, whereas the M value of ACT1 was the
highest, indicating that eIF-2 was the gene with the highest level of stability across all
samples, while the ACT1 was the least stable one. The optimal internal RG in the different
periods was also eIF-2, while the most erratic gene was eIF-3. Notably, the steadiest RG was
TUA6 in an organ subset, while ACT1 seemed to be less stable than other candidate RGs.

In the qRT-PCR, an RG may lead to biased results, while combining internal RGs can
yield more precise and trustworthy gene expression data [1]. geNorm uses the relationship
between the V and the cutoff value of 0.153336 to determine whether additional RGs need
to be added to the RG set [17]. Ideally, the Vn/Vn+1 value should be less than 0.153336,
i.e., the introduction of a new gene will not significantly affect the normalization [42].
Otherwise, n + 1 RGs need to be introduced. As shown in Figure 4, V2/V3 values were
below 0.153336 for different organs, and different periods as well as all samples combined,
demonstrating that adding a third internal RG had no discernible impact on the calibration
of the qPCR data. Therefore, the optimal RG set was eIF-2 + His3.3 for both total samples
and different periods, while the most suitable set of internal RGs was TUA6 + PP2A-3 in an
organ subset.
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Figure 3. Gene expression stability and ranking of fourteen reference genes based on geNorm. The
expression stability value (M) for each gene was obtained and graphed. The lower the M value, the
more stable the expression. The most stable genes are on the right and the least stable genes are on the
left. (a) Total samples: all root, stem, leaf, and spike samples of P. vulgaris; (b) different organs: root,
stem, leaf, and spike samples during the full flowering stage; (c) different periods: Spica Prunellae
from four stages: bolting stage, early flowering stage, full flowering stage, maturity stage.

3.3.2. NormFinder Analysis

The average pairwise variance of a gene in comparison to other RGs was calculated
by the NormFinder to directly assess the stability of RGs [22]. Similar to geNorm, the
NormFinder analysis also uses the 2−∆Ct (∆CT = each corresponding Ct value—the lowest
Ct value for that gene) method [9]. In general, the lower the stability value (SV), the
higher the expression stability of the corresponding gene. It can be seen from Figure 5
that the highest-ranked gene was not completely consistent under different experimental
conditions. eIF-2 and eIF4A-3 were the most stable genes in all samples and different
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periods, respectively. Among the different organs, TUA6 had the lowest stability value of
0.349. The results indicated that TUA6 had the best stability among the 14 internal RGs in
organs’ subsets, while ACT1 (1.367) showed the highest variability. This agrees with the
conclusions of the geNorm analysis. Interestingly, the worst-performing gene across all
samples and different periods was eIF-3.
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3.3.3. BestKeeper Analysis

The BestKeeper software assesses the stability of internal RGs by directly calculating
their coefficient of variation (CV), standard deviation (SD), and correlation coefficient (r) on
the basis of each gene’s raw Ct value. It is worth noting that the most stable RG must have
the highest r value, the lowest SD, and CV values [23]. It indicates that the expression of the
RG is unstable and cannot be used for normalization when SD > 1 [23]. As shown in Table 2,
the number of genes satisfying SD < 1 varied under different experimental conditions.
Only His3.3, eIF-2, and eIF4A-3 showed SD < 1 in organs’ subsets, which complied with
the demands of internal RGs. Unfortunately, this was inconsistent with the findings of the
geNorm and NormFinder analyses. His3.3 (1.50 ± 0.33) and eIF-2 (1.60 ± 0.34) were the
highest-ranked among all samples and different periods, respectively. Interestingly, the
BestKeeper analysis showed that the expression of 18S rRNA was the least stable under
different conditions and could not be used for normalization.

3.3.4. Delta Ct Analysis

A Delta Ct analysis was used to calculate the mean standard deviation (SD) of each
gene to determine the stability of the internal RGs. Higher genetic stability is associated
with smaller SD [41]. With average SD values of just 0.374, eIF-2 was the gene with the
highest level of stability in organs’ subsets. The most stable RG was His3.3 in both the total
samples and the different periods, while the least stable gene was VAB2.
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Table 2. Stability analysis of 14 candidate reference genes based on BestKeeper software.

Rank
Total Samples Different Organs Different Periods

Gene CV ± SD r p-Value Gene CV ± SD r p-Value Gene CV ± SD r p-Value

1 His3.3 1.50 ± 0.33 0.644 0.005 His3.3 1.42 ± 0.32 0.672 0.033 eIF-2 1.60 ± 0.34 0.910 0.001
2 eIF-2 1.76 ± 0.38 0.926 0.001 eIF-2 1.79 ± 0.39 0.937 0.001 His3.3 1.93 ± 0.43 0.799 0.010
3 eIF4A-3 2.85 ± 0.66 0.663 0.004 eIF4A-3 3.05 ± 0.71 0.573 0.083 PP2A-2 1.95 ± 0.45 0.208 0.593
4 PP2A-2 3.30 ± 0.77 0.489 0.046 CYP38 4.34 ± 1.18 0.861 0.001 eIF4A-3 2.23 ± 0.51 0.836 0.005
5 ACT1 3.32 ± 1.15 0.321 0.210 eIF-3 4.41 ± 1.08 0.306 0.389 ACT7 2.56 ± 0.59 0.513 0.810
6 eIF-3 3.77 ± 0.91 0.028 0.914 ACT1 4.46 ± 1.54 0.208 0.565 ACT1 2.88 ± 1.01 0.950 0.001
7 ACT7 3.97 ± 0.91 0.527 0.030 PP2A-2 4.52 ± 1.07 0.810 0.004 ACT12 3.24 ± 0.71 0.108 0.780
8 CYP38 4.66 ± 1.28 0.699 0.002 PP2A-3 4.62 ± 1.06 0.934 0.001 eIF-3 3.48 ± 0.83 0.534 0.055
9 ACT12 4.71 ± 1.02 0.454 0.068 ACT7 4.71 ± 1.07 0.864 0.001 PP2A-3 4.52 ± 1.12 0.924 0.001

10 PP2A-3 4.93 ± 1.17 0.907 0.001 TUA6 4.99 ± 1.02 0.808 0.005 TUA6 4.59 ± 0.94 0.889 0.001
11 TUA6 4.94 ± 1.01 0.837 0.001 ACT12 5.79 ± 1.25 0.745 0.013 CYP38 5.08 ± 1.44 0.709 0.032
12 PP2A-4 6.51 ± 1.49 0.998 0.001 PP2A-4 7.43 ± 1.67 0.992 0.001 PP2A-4 6.81 ± 1.62 0.995 0.001
13 VAB2 7.43 ± 1.68 0.995 0.001 VAB2 8.99 ± 1.99 0.995 0.001 VAB2 7.01 ± 1.67 0.999 0.001
14 18S rRNA 19.52 ± 1.54 0.895 0.001 18S rRNA 15.67 ± 1.27 0.944 0.001 18S rRNA 24.88 ± 2.04 0.931 0.001

3.3.5. RefFinder Analysis

An online analysis tool called RefFinder determined the geometric mean of each
RG depending on the results of four statistical methods, Delta Ct, geNorm, NormFinder,
and BestKeeper, to comprehensively rank the 14 candidate internal RGs. The smaller the
geometric mean, the more consistent the expression of genes. The research found that
eIF-2 had the lowest indices in total data and different periods and was the most stable RG
(Table 3), while VAB2 and 18S rRNA were the least stable genes under these two conditions,
respectively. In contrast, TUA6 performed the best, and ACT1 the worst, in different organs.
The differences in results between different software are understandable and acceptable
due to the different assessment methods. Overall, in descending order, the stability of these
14 candidate RGs was: eIF-2, His3.3, PP2A-2, TUA6, eIF4A-3, ACT7, ACT12, PP2A-3, PP2A-4,
CYP38, eIF-3, 18S rRNA, ACT1, and VAB2.

Table 3. Comprehensive evaluation of expression stability of fourteen candidate reference genes in
P. vulgaris using the RefFinder algorithm.

Group Rank
Delta Ct BestKeeper NormFinder geNorm RefFinder

Gene Gene Gene Gene Gene SV

Total samples

1 His3.3 His3.3 eIF-2 eIF-2 eIF-2 1.190
2 eIF-2 eIF-2 TUA6 His3.3 His3.3 1.570
3 eIF4A-3 eIF4A-3 His3.3 TUA6 PP2A-2 3.940
4 PP2A-2 PP2A-2 eIF4A-3 PP2A-2 TUA6 3.980
5 ACT7 ACT1 PP2A-2 eIF4A-3 eIF4A-3 4.530
6 TUA6 eIF-3 ACT7 ACT7 ACT7 5.180
7 ACT12 ACT7 ACT12 ACT12 ACT12 6.650
8 eIF-3 CYP38 PP2A-3 PP2A-3 PP2A-3 8.460
9 ACT1 ACT12 CYP38 PP2A-4 PP2A-4 9.930
10 PP2A-3 PP2A-3 PP2A-4 CYP38 CYP38 9.970
11 CYP38 TUA6 18S rRNA 18S rRNA eIF-3 10.920
12 18S rRNA PP2A-4 VAB2 VAB2 18S rRNA 11.470
13 PP2A-4 VAB2 ACT1 eIF-3 ACT1 12.310
14 VAB2 18S rRNA eIF-3 ACT1 VAB2 12.470
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Table 3. Cont.

Group Rank
Delta Ct BestKeeper NormFinder geNorm RefFinder

Gene Gene Gene Gene Gene SV

Different organs

1 eIF-2 His3.3 TUA6 TUA6 TUA6 1.410
2 His3.3 eIF-2 PP2A-3 PP2A-3 PP2A-2 3.220
3 PP2A-2 eIF4A-3 eIF-2 PP2A-2 eIF-2 3.310
4 eIF4A-3 CYP38 ACT7 eIF-2 PP2A-3 3.440
5 ACT7 eIF-3 His3.3 ACT7 His3.3 3.810
6 ACT12 ACT1 PP2A-2 ACT12 ACT7 4.860
7 eIF-3 PP2A-2 ACT12 His3.3 ACT12 5.960
8 TUA6 PP2A-3 18S rRNA 18S rRNA eIF4A-3 7.000
9 ACT1 ACT7 CYP38 CYP38 18S rRNA 8.920
10 PP2A-3 TUA6 eIF4A-3 eIF4A-3 CYP38 9.240
11 CYP38 ACT12 PP2A-4 PP2A-4 eIF-3 10.610
12 PP2A-4 PP2A-4 eIF-3 eIF-3 PP2A-4 11.720
13 VAB2 VAB2 VAB2 VAB2 VAB2 13.240
14 18S rRNA 18S rRNA ACT1 ACT1 ACT1 13.470

Different periods

1 His3.3 eIF-2 eIF4A-3 eIF-2 eIF-2 1.190
2 eIF-2 His3.3 eIF-2 His3.3 His3.3 1.860
3 eIF4A-3 PP2A-2 His3.3 eIF4A-3 eIF4A-3 2.450
4 TUA6 eIF4A-3 TUA6 TUA6 PP2A-2 4.560
5 PP2A-2 ACT7 ACT1 ACT1 TUA6 5.470
6 ACT7 ACT1 PP2A-2 PP2A-2 ACT1 6.510
7 eIF-3 ACT12 PP2A-3 PP2A-3 ACT7 7.580
8 ACT12 eIF-3 PP2A-4 PP2A-4 ACT12 7.750
9 PP2A-3 PP2A-3 VAB2 VAB2 PP2A-3 8.150
10 CYP38 TUA6 ACT12 ACT12 PP2A-4 9.360
11 18S rRNA CYP38 CYP38 ACT7 VAB2 10.370
12 ACT1 PP2A-4 ACT7 CYP38 CYP38 11.490
13 PP2A-4 VAB2 18S rRNA 18S rRNA eIF-3 11.770
14 VAB2 18S rRNA eIF-3 eIF-3 18S rRNA 13.240

3.4. RGs’ Validation

The previous study reported that the specific pattern of expression of PvTAT and
Pv4CL2, genes involved in the control of rosmarinic acid production in P. vulgaris, was
significantly distinct in different organs [45,46]. To confirm the accuracy of the identified
internal RGs, the expression profiles of PvTAT and Pv4CL2 in different organs of P. vulgaris
were standardized by the two most reliable candidate RGs (eIF-2 and His3.3 alone or in
combination) and the most unstable internal RGs (VAB2) from the above analysis. As
shown in Figure 6, the expression levels of PvTAT and Pv4CL2 normalized with eIF-2,
His3.3, and the combination of eIF-2+His3.3 showed perfect consistency in different organs.
PvTAT was expressed at the highest level in roots (p < 0.05), then came the leaves, stems,
and spikes. Pv4CL2 had the highest significant expression in the roots (p < 0.05) and
decreased from stems to leaves to spikes. In contrast, the expression level of PvTAT and
Pv4CL2 normalized with the worst internal reference gene VAB2 and showed significant
fluctuations. The relative expression level of PvTAT and Pv4CL2 in the donor stems
was significantly overestimated (p < 0.05), while the relative expression level in roots
was obviously underestimated with incompatible expression patterns. In summary, the
combination of eIF-2 and His3.3 should be the optimum RG set for the normalization of the
qRT-PCR in diverse organs.
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4. Discussion

In recent years, studying specific gene expression and regulatory mechanisms in
various species has become an emerging hotspot [47]. The qPCR is a broadly accepted
technique for gene expression analysis in molecular biology [48]. Due to the advantages
of high sensitivity, high throughput, good reproducibility, and high specificity, the RT-
qPCR technique has now become an important tool for gene expression studies in many
laboratories [49]. Nevertheless, the accuracy of quantitative experimental results may be
significantly impacted by variables somewhat like primer specificity, sample variation, and
RNA quality [5]. During a gene expression analysis, internal RGs are often used to nor-
malize the data to minimize or rectify errors generated during the quantification of target
RGs. Consequently, to obtain accurate quantitative results, the selecting of appropriate
internal RGs in a variety of experimental circumstances for a specific species is critical [7].
Internal RGs are genes that can be expressed as relatively stable in an organism under a
particular condition. Commonly used RGs such as ACT, UBQ, 18S rRNA, and TUA are
usually genes that contribute to the preservation of cell structure or basic biochemical
metabolic activities of the organism, and the expression stability of these genes is less
affected by environmental factors. The ideal housekeeping genes must maintain relatively
constant expression levels under different physiological conditions. Unfortunately, gene
expression stability is influenced by many factors and varies in various organs or tissues, or
at various growth and development phases. In other words, screening for stably expressed
RGs under specific experimental conditions is crucial for analyzing qPCR results. P. vul-
garis is a traditional Chinese medicine that was discovered and used as a medicinal herb
thousands of years ago and has a high medicinal value. The medicinal part of P. vulgaris is
mainly the dried and mature flower spike, which mainly contains rosmarinic acid, caffeic
acid, ursolic acid, and other effective substances [29]. Nowadays, the research hotspots of
P. vulgaris mainly focus on pharmacology and clinical application, and it is found to have
therapeutic effects on various diseases including cancer [50,51]. Regrettably, the limited
production of the active medicinal ingredients of P. vulgaris cannot meet the increasing
market demand. Therefore, it is significant to exploit the genetic resources related to the
biosynthesis of secondary metabolites and elucidate the molecular mechanism of Spica
Prunellae development. Unfortunately, because of the absence of genetic information, the
study on the molecular mechanism of P. vulgaris has been progressing slowly. Additionally,
research on suitable RGs of P. vulgaris has also not been reported comprehensively.
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In this research, 14 frequently employed candidate RGs (18S rRNA, ACT1, ACT7,
ACT12, eIF-3, eIF4A-3, eIF-2, His3.3, TUA6, CYP38, PP2A-2 PP2A-3, PP2A-4, and VAB2)
were screened based on P. vulgaris transcriptome data (GenBank accession: SRR7873856).
Considering the differences in gene expression levels of the internal RGs in different organs
and different developmental stages of the fruiting spike, it is necessary to combine more
statistical tools to further analyze the expression stability of these candidate RGs under
various circumstances. The different screening principles and focus of bioinformatics
programs may lead to differences in the analysis results [52]. To get around the drawbacks
of utilizing just a single analysis program, this study combined four commonly used Excel-
based statistical algorithms, namely Delta Ct, geNorm, BestKeeper, and NormFinder, to
assess the stability of internal RGs to improve the reliability of experimental data. Finally,
the online software RefFinder was then used to rank each candidate internal RG in terms
of the comprehensive index. It has been previously reported that in some cases, BestKeeper
has a larger difference in results compared to other algorithms. For example, among
all the samples of D. styracifolium, SF3B ranked first in the BestKeeper algorithm, while
ranking low in other software [18]. In I. indigotica, BestKeeper ranked ACT as a medium,
while geNorm and NormFinder methods ranked it as the most stable gene [20]. The same
phenomenon also occurred in our study. TUA6 ranked 11th in the BestKeeper analysis
results of all samples, while it ranked 6th in Delta Ct, 2nd in NormFinder, 3rd in geNorm,
and 4th in RefFinder. The geNorm analysis showed that among 14 genes in different organs
of P. vulgaris, TUA6 was the most suitable as RGs. This was consistent with NormFinder, but
not the results of Delta Ct and BestKeeper. eIF-2 and His3.3 had lower SD and CV values and
showed better stability in Delta Ct and BestKeeper analyses, respectively. Variations in the
rankings of these algorithms among other species have also been reported [1,6,9,14,19,20],
which may be because of the various underlying principles of the algorithms and the
different screening focus used by the four analytical software, resulting in inconsistent
results obtained even under the same conditions.

Some prior research has indicated that using a combination of RGs is preferable to
using a single RG. RefFinder, an online tool integrating four algorithms, was used to
comprehensively evaluate the candidate RGs. In addition, considering that the use of a
single RG for normalization could produce inaccurate quantitative results, geNorm was
used to calculate the V value to determine the optimal RG combination. It is noteworthy
that the ideal V value must be less than the cutoff value of 0.153336 [17]. As shown in
Figure 3, the pairwise variation values V2/V3 in different organs, different developmental
periods, and all samples were smaller than the cutoff value. The results indicated that
under these conditions, gene expression normalization can be accomplished without using
the third internal RG. It was shown that the optimal combination of RGs in different organs
was TUA6 and PP2A-2 among the 14 candidate RGs, while the optimal combination in
different developmental periods and all samples was eIF-2 and His3.3. All the results
indicated the need to select the appropriate RGs according to the specific experimental
conditions. Notably, the stability of eIF-2 and His3.3 genes was significantly better than
that of other RGs under different conditions, while ACT1 and VAB2 were almost always
ranked at the bottom of the stability list. So far, many prior studies have selected eIF-2
and His3.3 as internal RGs for standardization, such as Nitraria tangutorum [9] and Ipomoea
batatas L. [53], etc.

As RGs, candidate genes with consistent expression levels, including UBQ, ACT,
18S rRNA, and GAPDH, are commonly utilized in many studies [1,19,20]. However, the
expression levels of these RGs vary among species and instances. RGs should be selected
based on specific experiments. Even if a gene was shown to be expressed in a stable manner
in numerous closely related species, it is crucial to confirm and validate the stability of the
RG before applying it to gene expression normalization.

PvTAT is a key enzyme gene in the tyrosine branch of the rosmarinic acid metabolic
pathway [45], which is intimately associated with the regulation of rosmarinic acid biosyn-
thesis in P. vulgaris. Pv4CL2 is one of the key enzymes involved in the phenylpropanoid
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pathway and also in the accumulation of rosmarinic acid [46]. The highest transcript
abundances of PvTAT were found in roots and leaves, while the relatively lower transcript
level was found in the stems. Furthermore, PvTAT showed the lowest expression levels in
spikes [45]. The transcription of Pv4CL2 was highest in roots and lower in stems, leaves,
and spikes [46]. To confirm the accuracy of the experimental results even further, the
expression patterns of the target genes PvTAT and Pv4CL2 in different organs were detected
and identified utilizing the two most stable genes, eIF-2 and His3.3, and an unstable gene,
VAB2, as RGs. The results showed that the expression patterns were almost identical, when
eIF-2, His3.3, and eIF-2 + His3.3 were used to calibrate the expression of the target genes.
However, when VAB2 was used for normalization, its normalized expression patterns were
incompatible with eIF-2 + His3.3 (Figure 6). These data again demonstrate that a reliable
RG is a prerequisite for the correct normalization of target gene expression levels. Using
inappropriate internal RGs can lead to the misestimation of target gene expression levels,
resulting in the misinterpretation of experimental results. In conclusion, it is evident from
this study that eIF-2 + His3.3 had the best stability in different developmental periods of
spikes and total data, and they also had good stability in different organs, which has been
verified. Therefore, these two RGs can be used as the optimal RG combinations of P. vulgaris
for subsequent experimental studies.

5. Conclusions

The goal of this work was to identify the most suitable RGs for the qRT-PCR of mRNAs
in different organs (root, stem, leaf, and spike) and Spica Prunellae developmental stages
(bolting stage, early flowering stage, full flowering stage, and mature stage). Five popular
algorithms (Delta Ct, geNorm, NormFinder, BestKeeper, and RefFinfer) were used to assess
the expression stability of 14 typical candidate RGs in P. vulgaris. The results showed that
the optimal RG and RG sets were eIF-2 and eIF-2 + His3.3 in both different developmental
stages and all samples, while TUA6 and TUA6 + PP2A-2 were the most suitable RG and RG
combinations in different organs. Therefore, in an RT-qPCR examination of this plant, they
can be employed as RGs to normalize data depending on your demands. Furthermore,
VAB2, ACT1, and 18S rRNA showed low expression stability under different experimental
conditions. The results of this study can help to accurately quantify the expression levels
of target genes in P. vulgaris and provide guidance for obtaining reliable qPCR results
subsequently, and also establish the groundwork for future research on the developmental
mechanism of P. vulgaris flower spikes in the future.
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Abstract: Sida cordifolia is a medicinal shrub that is conventionally used in the Indian system of
medicine;however, the genes contributing to its medicinal properties have been minimally explored,
thus limiting its application. High-throughputsequencing and Liquid Chromatography with tandem
mass spectrometry(LC-MS/MS) technologies were applied to unravel the medicinally important
bioactive compounds. As a result, transcriptomic sequencing generated more than 12 GB of clean
data, and 187,215 transcripts were obtained by de novoassembly. These transcripts were broadly
classified into 20 classes, based on the gene ontology classification, and 6551 unigenes were annotated
using Kyoto Encyclopedia of Genes and Genomes (KEGG) database with more than 142 unigenes
involved in the biosynthesis of secondary metabolites. LC-MS/MS analysis of three tissues of
Sida cordifolia revealed that acacetin and procyanidin are some important metabolites identified
thatcontribute to its medicinal value. Several key enzymes witha crucial role in phenylpropanoid
and flavonoid biosynthetic pathways were identified, especially phenylalanine ammonia lyase,
which might be an important rate-limiting enzyme. Real-Time Quantitative Reverse Transcription
Polymerase chain reaction (qRT-PCR) analysis revealed enzymes, such as Phenylalanine ammonia
lyase (PAL), Cinnamyl alcohol dehydrogenase 1 (CAD), Cinnamoyl-CoA reductase 1 (CF1) and Trans
cinnamate 4-monooxygenase(TCM), which were predominantly expressed in root compared to leaf
and stem tissue. The study provides a speculative insight for the screening of active metabolites and
metabolic engineering in Sida cordifolia.

Keywords: gene expression; medicinal plants; acacetin; transcriptomics; biosynthesis; flavonoids

1. Introduction

Plants have been used as an immortal source of medicine forages. Globally, herbal
medicines have played an important role in human health to treat chronic and acute condi-
tions without any toxic effect. They are usually used as therapeutics to health conditions
including diabetes mellitus, wounds, cancer, heart diseases, tuberculosis, hypertension, etc.
These herbs are used in medicinal fields, as they are rich in bioactive phytocompounds,
such as flavonoids, alkaloids, terpenoids, polyphenols, and tannins possessing various
pharmacological properties [1]. A traditional sub shrub, Sida cordifolia, belonging to the
family Malvaceae, is widely spread across countries like India, Brazil, and Africa and is
extensively used in the ayurvedic system of medicine. It has laid the foundation to perform
the transcriptomic approach to elucidate the various biosynthetic pathways responsible for
its medicinal properties [2]. Some important constituents isolated from various extracts
of Sida cordifolia are 1, 2, 3, 9-Terta hydropyrrolo[21-b]-quinazolin-3-yl-amine, ephedrine,
vasicine, pseudo-ephedrine, vasicinone, hypaphorine, vasicinol, stigmasterol, and sterculic
acid [3–7]. Pharmacological properties exhibited by different extracts of Sida cordifolia are
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antimicrobial, anti-inflammatory, analgesic, anti-ulcer, nephroprotective, anti-diabetic, hep-
atoprotective, anticancer, and central nervous system depressant activity [8]. The inevitable
identification of genes responsible for the production of various secondary metabolites
by S.cordifolia is achieved using the next-generation sequencing technology to unravel the
novel transcripts from medicinal plants with respect to secondary metabolite biosynthe-
sis and gene expression analysis [9]. The technology is employed to generate functional
data for non-model plants and EST sequences for the annotation of genes and analysis of
targeted discovery. The de novo sequencing prompts large volumes of information that
can be used to identify various molecular markers, novel gene identification, or discovery
and polymorphism [10–13]. Transcriptomics is the study of collection of all the transcripts
available in the specific tissue andhas been used to study the structure and function of
the gene at the molecular levels.The study of small molecular weight metabolites that
exist in all cells to maintain their growth and function is referred to as metabolomics. The
metabolite profiling reflects the overall biochemical and physiological conditions of the
plant for the survival in that particular environment [14]. LC-MS analysis is preferable for
evaluating large groups of secondary metabolites like phenolic compounds, flavonoids,
and alkaloids [14]. Though the plant has been extensively used in herbal formulations,
the biosynthetic pathways responsible for the synthesis of secondary metabolites that
possess the pharmacological properties have yet to be unveiled. Thus, in this study, we
aimed to annotate the transcripts, identify the putative transcripts that are involved in
the major biosynthetic pathways attributing to the medicinal properties of the plant using
transcriptomics, and analyze the different metabolites present in them by metabolomics.

2. Materials and Methods
2.1. Sample Collection and RNA Extraction

Root, stem, and leaf tissues were collected from a healthy plant near Potheri in Tamil
Nadu, and identification was taxonomically done in SRMIST, IIISM. The RNA was extracted
using TRizol®Reagent followed by phase-separation using Chloroform. After centrifuga-
tion at 12,000 rpm for 15 min at 4 ◦C. To the aqueous phase, 0.7 volume of isopropanol was
added and centrifuged at 12,000 rpm for 10 min at 4 ◦C, followed by ethanol, which was
to the pellet obtained from the previous step. Then, nuclease-free water was addedto the
air-dried pellet. To remove the DNA contamination, the RNA was treated with DNase. A
further purification of the total RNA was done using Qiagen RNeasy®MinElute clean-up
kit. The integrity of RNA was analyzed using the Agilent Bioanalyzer with RIN value range
of 7.4 to 9.2, a Thermo Scientific Nanodrop Lite spectrophotometer was used to check the
quality of RNA, and the samples were visualized in the agarose gel electrophoresis [15,16].

2.2. RNA Library Preparation and Illumina Sequencing

Purified RNA was used for cDNA preparation. The poly A tail present in the mRNA
was refined from the total RNA using magnetic beads attached to poly-T oligo, and a
fragmentation buffer was used for fragmenting the mRNAs into smaller fragments. The first
strand synthesis of these shorter fragments was carried out using Invitrogen’s Superscript II
reverse transcriptase, and for the second strand synthesis, RNase H and DNA polymerase I
were used. Single addition of dATP was done to the fragmented cDNA and then connected
with adapters followed by a further selection of templates for PCR amplification. NextSeq
500 was used for sequencing, and the raw data in the FastQ format were obtained (Illumina
Inc., San Diego, CA, USA) [15,16].
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2.3. Assembly of Transcripts

The raw data obtained from sequencing were subjected to quality control and reads
with (Phred score ≥ 30), were removed by the software FastQCv.0.11.9, and the adapter
sequences were trimmed by Cutadapt software. TRINITY v2.14.0 de novo assembler was
used for the re-construction of transcriptome data with three software modules: the Inch-
worm module assembles the transcripts by k-mer; the Chrysalis module clusters the contigs,
thereby constructing a de Bruijn graph for the contigs; and the Butterfly module analyzes
the contigs based on the graphs created and lists the isoforms. CD-HIT v4.8.1 program was
used to reduce the sequence redundancy and increase the analysis performance [17,18].

2.4. Gene Ontology Classification and Functional Annotation

The de novo assembled transcripts of Sida cordifolia were collated against different
databases including protein non-redundant database (nr) from NCBI with the BLASTX tool,
and an E-value not greater than 1E-05 was considered as a significant match. Further Omics
Box tools were used for gene ontology (GO) classification and annotation with enzyme
codes (EC). The pathway mapping was done by KEGG Automated Annotation Server for
retrieving the pathway maps of Kyoto Encyclopedia of Genes and Genomes (KEGG) [19].

2.5. SSR Identification

The microsatellites were identified using the Krait software, which offers an ultrafast
and user-friendly graphic interface for investigating genome-wide microsatellites. The
software also identifies VNTRS from a large genome size, locates the SSRs in the gene
coding region, and statistically analyzes and plots the graphs [20]. Simple sequence repeats
are short repeat DNA sequences with 1–6 bp in length, which have high polymorphism
and can be used as a tool in genetic mapping, population genetics, and phylogenetic
analysis [21].

2.6. Transcript Quantification

The SALMON quantification tool was used to quantify the transcript abundance from
the sequenced data andcombines the dual-phase parallel interface algorithm. The tool
quantifies the transcripts based on the GC content, quasi mapping was conducted for
accuracy, and fast mapping of genes was conducted to study the expression levels [22].

2.7. Reverse Transcription PCR Validation

The validation assembled transcriptome data of Sida cordifolia from the root tissue by
reverse transcription PCR was carried out. The full-length transcripts were found using
the BLAST tool to find the complete transcript to design the primers. Then, the PRIMER
BLAST tool from NCBI was used to design the primers, and in silico PCR was conducted,
where Actin was considered as a housekeeping gene. The gene expression analysis was
normalized using reverse transcription PCR, and gradient PCR was conductedto optimize
the annealing temperatures from 52 ◦C to 60 ◦C. PCR amplification was carried out by the
following parameters: 95 ◦C for 5 min, 95 ◦C for 30 s, 57–59 ◦C for 30 s, 72 ◦C for 30 s, and
72 ◦C for 5 min for 40 cycles.

2.8. Validation of Gene Expression Analysis

S.cordifolia transcriptome data were validated by quantitative real-time PCR with
QuantStudio 5 (Thermo Scientific, Wilmington, DE, USA) PCR machine and the Quanti-
NovaSYBRGreen PCR (Qiagen Inc., GmbH, Germany) kit. Actin was used as an internal
reference, and a negative control reaction was set up in all experiments where it was used.
The relative gene expression levels were analyzed and calculated using the2-∆∆Ct method,
which represents the cycle threshold of the target gene with the housekeeping gene Actin.
qRT-PCR analysis was carried out with three replicates [23].
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2.9. Extraction of Metabolites from Sida cordifolia

The leaf, root, and stem tissues of Sida cordifolia were collected, dried using a mi-
crowave oven, and pulverized using an electric blender. Then, 10 g of powdered plant
tissues were transferred to a Schott bottle, and 100 mL of 99.9% methanol was added to it
and macerated for three days. The solvent was evaporated using a rotary evaporator. The
samples were centrifuged at 3000 rpm, and the supernatant was transferred into a fresh
tube and stored at room temperature until further analysis.

2.10. LC-MS/MS Analysis

The secondary metabolites were analyzed using Shimadzu LC-MS/MS-8040 (QQQ)
(liquid chromatography–mass spectrometry, Triple Quadrupole, North America) with a
scan range of 50–1000 m/z in both positive and negative modes. Mobile phase A: 5 mM
ammonium formateand 0.1% formic acid in water; phase B: 5 mM ammonium formateand
0.1% formic acid in methanol with a flow rate 0.6 ml/min an isocratic A—20% and B—80%
were used. The column Union was used at a temperature 40 ◦C with a flow rate of
500 µL/min. The data acquisition was done by the software LabSolutions™ LCMS, and
the compounds were identified from free-source online tools, such as METLIN, PUBCHEM,
and KEGG databases, along with some previously published articles.

3. Results
3.1. RNA Sequencing Analysis of Raw and Processed Data

The root transcriptome of Sida cordifolia was obtained with 59,484,771 raw reads.
From the raw reads, adapter sequences were trimmed to reduce the redundancy, and
59,484,597 clean reads were obtained further with a GC content of 40.52%. The raw reads
were submitted to NCBI Sequence Read Achieve (SRA) and an accession number PR-
JNA841821 was obtained. Overall, 187,215 transcripts were assembled using a de novo
assembler TRINITY.The average length of bases was 1035.19, and the median contig length
was 717. The contig N50 value was found to be 1622 (Table 1).

Table 1. Summary of Illumina paired-end sequencing and de novo assembly of Sida cordifolia.

Particulars Numbers

Number of raw reads 59,484,771
Number of clean reads 59,484,597

No.of bases (after processing) 50,962,206
Mean Phred score 30
Total transcripts 187,215

Total length (bases) 193,803,049
Average length (bases) 1035.19
Median Contig length 717

GC content (%) 40.53
Contig N50 (Transcripts) 1622

3.2. Functional Annotation of Unigenes

A similarity search using BLASTX was conductedagainst the nr database from NCBI;
with a total of 187,215 unigenes assembled, a total of 54,375 unigenes were non-annotated
and 132,840 unigenes were annotated (Figure 1). Due to inadequate information of the Sida
cordifolia genome, some annotated genes were classified into predicted, uncharacterized,
or hypothetical proteins.The results from BLASTX were transferred to OMICS BOX to
annotate further. The similarity search of assembled transcripts showed high similarity with
Gossypium hirsutum, Gossypium raimondii, Gossypium arboretum, Duriozibethinus, Theobroma
cacao, Herrania umbratica, and Quercus suber and the least similarity with Stipa magnifica and
Stipa borysthenica (Supplementary Figure S1).
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Figure 1. Unigene length distribution of S.cordifolia root transcriptome.

3.3. Functional Classification of Unigenes

Using the OMICS BOX software, the assembled unigenes were annotated onto GO
classification into three different categories viz. molecular function, cellular process, and
biological process.The unigenes were categorized into 60 subcategories. In the cellular
component, 9467 unigenes were classified into 20 classes. This category includes intra-
cellular anatomical structure with high unigenes in the organelle, cytoplasm, and mem-
brane and the leastunigenes in the nucleoplasm, supramolecular complex, and external
encapsulating structure. In the molecular function, a total of 19,593 unigenes were clas-
sified into 20 different classes with high unigenes in organic cyclic compound binding,
heterocyclic compound binding, and ion binding and low unigenesin isomerase activity,
protein-containing complex binding, and carbohydrate binding. In the biological process,
25,315 unigenes were grouped into 20 classes with the maximum number of unigenes in
organic substance metabolic process, cellular metabolic process, and primary metabolic
process and the minimum number in signal transduction, response to chemicals, and
vesicle-mediated transport (Supplementary Figure S2).

3.4. Biological Pathway Analysis

In total, 6551 unigenes were annotated using the KEGG database and assigned to
150 pathway maps. A total of 6409 unigenes were found to be annotated in metabolic path-
ways onto different categories, which include nucleotide metabolism (2539 unigenes), carbo-
hydrate metabolism (347 unigenes), metabolism of co-factors and vitamins (1333 unigenes),
energy metabolism (823 unigenes), biosynthesis of antibiotics (413 unigenes), xenobiotics
biodegradation and metabolism (135 unigenes), lipid metabolism (267 unigenes), and
amino acid metabolism (477 unigenes) (Supplementary Figure S3). Further, 142 unigenes
were classified into biosynthesis of secondary metabolites, which was further subdivided
into different categories: sesquiterpenoid and triterpenoid biosynthesis (57 unigenes), ter-
penoid backbone biosynthesis (22 unigenes), ubiquinone and other terpenoid-quinone
biosynthesis (26 unigenes), phenylpropanoid biosynthesis (11 unigenes), isoquinoline
alkaloid biosynthesis (8 unigenes), and flavonoid biosynthesis (6 unigenes) (Figure 2).
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Figure 2. KEGG pathway analysis based on secondary metabolite biosynthesis in root transcriptome
of Sida cordifolia.

3.5. Untargeted Metabolic Profiling of Sida cordifolia

Transcriptomic analysis of metabolic pathways and the validation of key metabolites
require further confirmation by the identification of metabolites. The metabolomic analysis
of samples was completed by the untargeted metabolomic method. There were a total of
298 different metabolites in leaf, stem, and root tissues of S.cordifolia in both the positive
and negative mode. Flavonoids were the major group of secondary metabolites found in
the metabolome analysis of S.cordifolia where Naringin, Cinnamic acid, Cinnamaldehyde,
Caffeic acid, Kaempferol derivatives, and Quercetin were predominantly present in root,
stem, and leaf tissues. Some tissue-specific metabolites, such as Rosmarinic acid, Caffeic
acid and its derivatives, Kaempferol derivatives, Rutin, Quercitrin, and Gallic acid were
identified in root tissue. Apigenin, Gallagic acid, Quercetin and its derivates, Caffeic
acid and its derivatives, and Kaempferol and its derivatives were found in leaf tissue. In
stem tissue, Ferulic acid, Gallic acid, Quinic acid derivative, and Malic acid were found
(Table 2). In some metabolic pathways, such as, flavonoid biosynthesis, isoflavonoid
biosynthesis, flavones and flavonol biosynthesis, phenylalanine, tyrosine and tryptophan
biosynthesis, and ubiquonone biosynthesis, intermediate metabolites could be identified in
the mass spectra. The results revealed that the transcriptomic and metabolic analysis of the
transcripts that catalyzes the enzymes is consistent with their metabolites that belong to
the pathway.
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3.6. KEGG Enrichment Analysis of Transcripts Involved in Various Secondary Metabolite
Biosynthesis
3.6.1. TranscriptsInvolvedin Phenylpropanoid Biosynthesis Pathway

The compounds derived from this pathway are initiated by the amino acid pheny-
lalanine which serves as a precursor. Precursor phenylalanine, which is converted into
Cinnamoyl-CoA, p-Coumaryl-CoA, p-Coumarylquinic acid, Caffeoylquinic acid, Caffeoyl-
CoA, Feruloyl-CoA and Sinapoyl-CA. Eleven genes were intricate in the biosynthesis
pathway. The root transcriptome analysis revealed the presence of the genes Phenylalanine
ammonia lyase (EC: 4.3.1.24, EC: 4.3.1.25), 4-Coumarate CoA ligase (EC: 6.2.1.12), trans-
cinnamate 4-monooxygenase (EC: 1.14.14.91), Cinnamoyl-CoA reductase 1 (EC: 1.2.1.44),
and Cinnamyl alcohol dehydrogenase (EC: 1.1.1.195) (Supplementary Figure S4).

3.6.2. Transcripts Involved in Flavonoid Biosynthesis Pathway

The precursor for flavonoid biosynthesis is phenylalanine. The pathway is elucidated
by the conversion of phenylalanine to p-Coumaryl-CoA, and the rate-limiting enzyme is
Chalcone synthase. The genes identified from the transcriptome data are trans-cinnamate
4-monooxygenase (EC: 1.14.14.91), Chalcone-flavonone isomerase (EC: 5.5.1.6), and narin-
genin, 2-oxoglutarate 3-dioxygenase (EC: 1.14.11.9) (Supplementary Figure S5).

3.7. SSR Identification

A total of 187,215 transcripts were analyzed, and 36197 perfect SSRs were identified
with a total length of 626,976 bp, and the average length of SSRs was 17.33. Relative abun-
dance and density were found to be 186.77 and 3235.12, respectively. The most abundant re-
peat motifswere mono nucleotide (12,898;35.6%), followed by tri-nucleotide (12,732;35.2%),
di-nucleotide (6868;19%), tetra-nucleotide (2526;6.98%), penta-nucleotide (653;1.8%), and
hexa-nucleotide (520;1.44%). SSRs with 5tandem repeats were most common in Sida cordifo-
lia, followed by 12 repeats and 7tandem repeats. Among mono-nucleotide repeat motifs,
Awashighly abundant (35%).In tri-nucleotide repeats, the highest frequency was observed
in AAG (11.51%) followed by AAT (4.36%) (Supplementary Figure S6)

3.8. Gene Expression Analysis of Sida cordifolia

The qRT-PCR analysis was done to validate the transcriptome date and the expression
analysis of the selected genes. The selected transcripts included Phenylalanine ammonia
lyase (EC: 4.3.1.24, 4.3.1.25), Trans-cinnamate4-monooxygenase (EC: 1.14.14.91), Chalcone-
flavonone isomerase (EC: 5.5.1.6), and Cinnamyl alcohol dehydrogenase 1(EC: 1.1.1.219)
(Table 3). The primer sequences used for the analysis are depicted in the Supplementary
Table S1. The analysis revealed varied expression patterns of the selected genes, where
all the genes were upregulated in the root tissue rather than the stem and leaf. Actin was
used as a housekeeping gene. The results obtained showed significant agreement with the
transcriptome data (Figure 3).

Figure 3. Validation of gene expression of phenylpropanoid and flavonoid biosynthesis genes by
real-time PCR from Sida cordifolia.
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Table 3. Major genes involved in phenylpropanoid and flavonoid biosynthesis pathways identified
from Sida cordifolia root transcriptome.

Gene Name EC Number Unigene ID Unigene Length TPM Value No. of Unigenes

Phenylalanine
Ammonia Lyase

(PAL)

4.3.1.24
4.3.1.25

TRINITY_DN21246_c0_g1_i1
TRINITY_DN21246_c0_g1_i2
TRINITY_DN21246_c2_g2_i2
TRINITY_DN21246_c2_g2_i3
TRINITY_DN22573_c0_g1_i1
TRINITY_DN22573_c0_g1_i2
TRINITY_DN21246_c0_g1_i1
TRINITY_DN21246_c0_g1_i2
TRINITY_DN21246_c2_g2_i2
TRINITY_DN21246_c2_g2_i3
TRINITY_DN22573_c0_g1_i1
TRINITY_DN22573_c0_g1_i2

358
313

2069
364

1135
983
358
313

2069
364

1135
983

518.921
288.181
170.628
123.988
57.6983
213.701
518.921
288.181
170.628
123.988
57.6983
213.701

12

Trans cinnamate
4-monooxygenase 1.14.14.91 TRINITY_DN19528_c1_g1_i1

TRINITY_DN19528_c1_g1_i7
2073
271

682.03
8.5076 2

Cinnamoyl-CoA
reductase 1 1.2.1.44 TRINITY_DN16088_c0_g1_i9 3601 1.132281 1

Cinnamyl alcohol
dehydrogenase 1 1.1.1.195

TRINITY_DN18521_c0_g1_i1
TRINITY_DN18521_c0_g1_i2
TRINITY_DN18521_c0_g1_i3
TRINITY_DN18521_c0_g2_i1
TRINITY_DN18521_c0_g1_i8

TRINITY_DN18521_c0_g1_i10

1921
1837
1450
1379
1724
2145

17.6824
32.1333
52.8276
4.49343
37.4843
44.9757

6

4-coumarate–CoA
ligase 2 6.2.1.12 TRINITY_DN19412_c1_g1_i1 2201 16.54958 1

4. Discussion
4.1. De Novo Assembly, Functional Classification, and Annotation

RNA sequencing is a high-throughput sequencing method thathas been an integral
part of metabolome research in non-model species with relatively high rapidity. This se-
quencing technology is effective to study the annotation and to elucidate various transcripts
responsible for the biosynthetic pathways, gene expression analysis, and distribution of
secondary metabolites in different tissues [52].The Illumina sequencing of the root tissue
of Sida cordifolia revealed 59,484,771 reads, which were further processed to remove the
adapter and redundant sequences. The de novo assembler TRINITY was used to assemble
the transcripts, and a total of 187,215 numbers of transcripts were identified.

Functional annotation and classification comprise a vital step thatprovides us with the
homology alignment. Gene ontology classification was done to annotate the transcripts into
three major categories such as cellular function, molecular function, and biological process.
In our study, out of 187,215 unigenes, a total of 54,375 unigenes were non-annotated, and
132,840 unigenes were annotated against different databases. Sida cordifolia showed high
similarity with the genus Gossypium and the least similarity with Stipa genus. These results
can be because of the scarcity of reference genomic resources for Sida genus.

4.2. KEGG Pathway Analysis and Identification of Candidate Genes Involved in Secondary
Metabolite Biosynthesis

Biological pathway analysis against the KEGG database was conductedto identify
the various pathways involved in the transcriptome data with a total of 150 pathway
maps, out of which a higher number of transcripts were annotated into metabolism path-
way than the secondary metabolite biosynthesis pathway maps. The phenylpropanoid
biosynthesis pathway is the key biosynthetic pathway responsible for the production of
various secondary metabolites. The pathway is initiated by catalyzing phenylalanine to
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cinnamate and ammonia by the enzyme Phenylalanine ammonialyase (PAL). PAL is the
key regulatory enzyme involved in the pathway that is found ubiquitously in plants [53].
The enzyme serves as a precursor for the flavonoid and lignin biosynthetic pathways [54].
A total of 12 transcripts were identified that are responsible for synthesis of PAL gene.
Trans-cinnamic acid is also a precursor for the flavonoid and biosynthetic pathways. The
increased activity of the enzyme PAL in turn increases the production of phenylpropanoid
products, which vary with different stress stimuli, developmental stage, and tissue and
cell differentiation. The enzyme is delineated to be stimulated by infection, radiations,
drastic change in temperature, or drought stress [55–58]. Cinnamoyl-CoA reductase 1
involved in the monolignol pathway engenders the conversion of p-coumaroyl-, feuloyl-,
and sinapoyl-CoA to p-coumaraldehyde, coniferaldehyde, and sinapaldehyde [59,60].

Flavonoids are naturally occurring secondary metabolites that are rich in antioxidant,
antibacterial, anti-inflammatory, antifungal, and antidiabetic activity and act as an anti-
cancer agent. On the basis of a number of hydroxyl groups, flavonoids are grouped into
flavones, flavonols, flavones, anthocyanidins, and isolflavones. Flavonoids are synthe-
sized from the phenylpropanoid biosynthesis pathway with the key enzymes involved
in them. The enzymes that are involved in the first step of flavonoids biosynthesis
are 4-Coumaroyl-CoA ligase, 4-Coumarate-3-Hydroxylase, and Phenylalanine ammo-
nialyase. The genes involved in flavonoid biosynthesis pathway are flavone synthase,
Dihydroflavonol-4-Reductase, Chalcone synthase, and Chalcone isomerase [61], wherethe
enzyme 4-coumarate-CoA ligase catalyzes the activation of 4-coumarate, which occurs in
multiple isoenzymes forms and exhibits substrate affinity with the metabolic function. It has
a pivotal role in the biosynthesis of secondary metabolites from general phenylpropanoid
metabolism. Other secondary metabolite biosynthesis pathways identified are ubiquinone,
triterpenoid, sesquiterpenoid and isoquinoline alkaloid biosynthesis pathways.

A flavonoid—quercetin—and its derivatives are extensively used due to their bioactive
effects as they possess many pharmacological properties such as anti-arthritic, cardiovascu-
lar, anticancer, anti-Alzheimer’s, antimicrobial, and wound-healing effects[62–64]. Studies
suggest that flavonoids are found to be potential inhibitors of coronaviruses against the
SARS-CoV-2 infection by binding to the targets that promotes the replication and entry of
viruses [65,66]. The KEGG pathway analysis revealed that the flavonoids and its derivatives
are derived from the phenylpropanoid biosynthesis pathway from L-tyrosine with interme-
diate metabolites, such as Naringenin and Kaempferol. Phenolic compounds function by
reducing the reactive oxygen species and stabbing the lipid peroxidation, thus acting as a
potent antioxidant agent. They also play a vital role in prevention and treatment of chronic
illnesses like neurodegenerative disorders. The integrated LC-MS/MS and transcriptomic
analysis revealed that acacetin and procyanidin metabolites were some important sec-
ondary metabolites that could be responsible for the pharmacological properties exhibited
by the plant, which is used to treat various inflammations and bronchodilator activity and
has a cardiovascular protecting nature.

4.3. Simple Sequence Repeats Analysis

Molecular markers reveal the genetic relationship between the species as they are
unaffected by the environment and have easy detection and high heritability [67,68]. These
markers are widely used in plant improvement and genetic conservation [69]. A total of
36,197 SSRs were identified with highest number of mononucleotide motifs compared to
di-, tri-, tetra-, penta-, and hexa-nucleotide motifs. SSRs with five tandem repeats were
most common in Sida cordifolia with highly abundant A (35%) mono-nucleotide repeats
and in tri-nucleotide repeats, and the highest frequency was observed in AAG (11.51%)
followed by AAT (4.36%). The SSRs were discovered to help plant genetics for molecular
reproduction as well as identification of candidate molecular markers for understanding
the genetic variations in the Sida family.
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5. Conclusions

To expedite molecular level studies in Sida cordifolia and the characterization of the root
transcriptome to identify the unitranscripts responsible for the biosynthesis of secondary
metabolites, since the root tissue of the plant contributesto several medicinal properties of
the plant. The result suggests that flavonoids are the major secondary metabolites that are
responsible for the medicinal properties exhibited by the plant. The assembled transcripts
were validated using reverse transcription PCR method, and the expression levels of the
key genes from the phenylpropanoid and flavonoid pathways wereobtainedusing qRT-
PCR. The secondary metabolites identified from the metabolomic studies lead the way
for understanding the molecular mechanism of pharmacological properties exhibited by
S.cordifolia. This is the first study that integrates the molecular basis and metabolomics of
this plant.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes13101909/s1, Figure S1: Top hit species distribution of
Sida cordifolia. Figure S2: Gene ontology classification ofSida cordifolia. Figure S3: KEGG pathway
analysis based on the metabolism pathways in Sida cordifolia. Figure S4: KEGG pathway analysis of
phenylpropanoid biosynthesis. Figure S5: KEGG pathway analysis of flavonoid biosynthesis. Figure
S6: SSR identification from root transcriptome ofSida cordifolia. Table S1: List of genes selected to
validate gene expression and their primer sequences.
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Abstract: Cnidium officinale is a valuable medicinal plant cultivated in Asia for its rhizomes. This
study reports the in vitro regeneration of Cnidium officinale plants and the induction of rhizomes from
microshoots. The rhizomatous buds of Cnidium officinale induced multiple shoots on Murashige and
Skoog (MS) medium supplemented with 0.5 mg L−1 BA, which led to the regeneration of plants
within four weeks of culture. After four weeks of culture, the plants were assessed for fresh weight,
the number of leaves, the number of roots, and the length of roots to compare the performance of the
different clones. The clones with good growth characteristics were selected with the aid of a flow
cytometric analysis of 2C nuclear DNA content. The plants bearing high DNA values showed better
growth characteristics. Various factors, namely, sucrose concentration (30, 50, 70, and 90 g L−1), ABA
(0, 0.5, 1.0, and 2.0 mg L−1), the synergistic effects of BA (1.0 mg L−1) + NAA (0.5 mg L−1) and BA
(1.0 mg L−1) + NAA (0.5 mg L−1) + ABA (1.0 mg L−1) with or without activated charcoal (1 g L−1),
and light and dark incubation were tested on rhizome formation from microshoots. The results of the
above experiments suggest that MS medium supplemented with 50 g L−1 sucrose, 1.0 mg L−1 ABA,
and 1 g L−1 AC is good for the induction of rhizomes from the shoots of Cnidium officinale. Plantlets
with rhizomes were successfully transferred to pots, and they showed 100% survival.

Keywords: flow cytometry; medicinal plant; multiple shoots; plant regeneration; rhizomes

1. Introduction

Cnidium officinale Makino is an important herbaceous medicinal plant that belongs to
the Apiaceae family. It is widely cultivated in China, Japan, and Korea for its rhizomes.
Dried rhizomes are used in Chinese, Japanese, and Korean medicine as a tonic to improve
blood circulation, overcome the problems of inflammation, and treat women’s menstrual
problems [1]. The rhizomes of Cnidium officinale have been reported to possess several
bioactive compounds, including polysaccharides [2–4] and volatile alkylphthalide deriva-
tives [5,6]. Rhizome extracts and isolated compounds have been reported to exhibit various
pharmacological activities, including antiangiogenic [7], anticancer [8–10], antidiabetic [11],
anti-inflammatory [12,13], immunomodulatory [2], analgesic [14], and antimicrobial [15,16]
effects. Yang et al. [17] demonstrated that the ethanolic rhizome extracts of Cnidium officinale
are usable in the treatment of ischemic injury and, thus, that rhizomes could be used as
recovery medicine after plastic surgery, for the disturbance of peripheral blood circulation,
and for overcoming postmenopausal problems. Kim [18] and Cha [19] showed the positive
effects of Cnidium officinale extracts on the repression of melanogenesis and in decreasing
hyperpigmentation, as well as its use as a cosmetic ingredient.
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Cnidium officinale does not set seeds; therefore, the multiplication of this plant only
occurs through the division of rhizomes, and there is a high risk of virus dissemination
affecting yield and quality during cultivation [1]. Therefore, in vitro propagation meth-
ods have been developed for this species using shoot tip culture and the induction of
somatic embryogenesis using inflorescence and flowers [1,20,21]. However, plant regen-
eration efficacy is low and inconsistent. Further, Cnidium officinale is a rhizomatous plant,
and the in vitro induction of rhizomes from regenerated shoots is desirable. In vitro rhi-
zome induction has been reported in many bulbous plants, such as Kaempferia galanga,
Kaempfria rotunda [22], Curcuma longa [23], and Bambosa bambos var. gigantea [24]. The
in vitro production of rhizomes has commercial potential for the large-scale generation of
pathogen-free seed material for propagation and utilization by the pharmaceutical industry.
Further, in vitro rhizome production is also useful for storage, transport, and germplasm
preservation. Therefore, in the present study, an efficient plant regeneration protocol was
developed in Cnidium officinale using rhizome bud explants. The regenerated plants/clones
were assessed for their DNA content using the flow cytometric method. Additionally, the
DNA content of the regenerated clones was correlated with growth characteristics. In
addition, a reliable method for in vitro rhizome induction from regenerated shoots was
established.

2. Materials and Methods
2.1. Preparation of Plant Material and Induction of Microshoots from Rhizome Buds

The rhizomes of Cnidium officinale Makino growing in the greenhouse of Chungbuk
National University, Korea, were used in the experiment. For the establishment of the
in vitro culture of Cnidium officinale, buds (~1.5 cm long) collected from the rhizome were
washed in running tap water for 1 h, and the bacteria and fungi were primarily removed by
immersing them in a sterilizer containing 1000 ppm Physan 20 (Maril, Tustin, CA, USA) for
20 s. Subsequently, surface sterilization was conducted for 20 s with 70% ethanol and for
10 min in a solution with added Tween 20, surfactant (ThermoFisher, Seoul, Korea), and 2%
NaOCl. The explants were thoroughly washed five to six times with sterile double-distilled
water, and they were cultured on Murashige and Skoog [25] medium with 0.5 mg L−1

benzyl adenine (BA), 30 g L−1 sucrose, and 2.4 g L−1 Gelrite (Duchefa Biochimie, Haarlem,
the Netherlands). The cultures were incubated at 25 ± 1 ◦C under a 16 h photoperiod
under the white fluorescent light of 35 µ m−2 s−1. Subculture was conducted at four week
intervals. The cultured explants developed shoots, simultaneously developing roots at the
base of the shoots. Plantlets were maintained in MS medium with 0.5 mg L−1 BA through
repeated subculturing. We compared the regeneration rate of ten different clones, which
were available in our germplasm collection, and calculated the shoot proliferation rate in
subsequent subcultures for up to three cycles.

2.2. Flow Cytometry

Flow cytometry was performed to determine the amount of 2C DNA in the in vitro-
grown Cnidium officinale plants. Briefly, a fresh staining solution was prepared on the
day of analysis by mixing the staining buffer with PI solution and RNase solution. Leaf
discs (0.5 cm2) were prepared from the leaves of Cnidium officinale and Nicotiana tabacum cv.
xanthi (internal standard) plants and placed in a Petri dish containing 200 µL of extraction
buffer. Nuclei were isolated from the leaf discs using a CyStain PI Absolute P Kit (Partec,
Görlitz, Germany), according to the manufacturer’s instructions. The solution was filtered
through a 50 µm nylon mesh. Then, 800 µL of staining solution was added to the filtered
solution in order to label the DNA with a fluorescent dye. The samples were incubated in
the staining solution on a stationary surface in the dark for 20 min and then analyzed using
CytoFLEX (Beckman Coulter Inc., Fullerton, CA, USA). At least 5000 nuclei were analyzed
per sample.
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2.3. Assessment of in Vitro Growth of Regenerated Plants

Ten plants regenerated in vitro from each clone of Cnidium officinale were selected, and
they were re-cultured on regeneration medium (MS + 0.5 mg L−1 benzyl adenine, 30 g L−1

sucrose, and 2.4 g L−1 Gelrite) and maintained four weeks. After four weeks of culture, the
plants were assessed for their plant height, their fresh weight, the number of leaves, and the
number and length of roots. Subsequently, the plants were re-cultured for another passage
of a four-week cycle, and the number of plantlets in each cycle and the shoot proliferation
rate (shoot proliferation rate = the total number of shoots after subculture vs. the total
number of shoots before subculture) were estimated.

2.4. In Vitro Induction of Rhizome

The microshoots (2 cm in length) obtained after the four passages of re-culturing
were harvested and transferred to MS media supplemented with 30, 50, 70, and 90 g L−1

sucrose, or 0, 0.5, 1.0, and 2.0 mg L−1 abscisic acid (ABA) and 50 g L−1 sucrose for rhizome
induction. Similarly, the effect of 0.5 mg L−1 naphthalene acetic acid (NAA) in combination
with 1.0 mg L−1 BA alone, or in combination with 1.0 mg L−1 ABA with or without 1 g L−1

activated charcoal (AC) was also tested on the rhizome induction. In these treatments, the
medium was supplied with 50 g L−1 sucrose. Depending on the experiment, the cultures
were either kept in continuous dark conditions or in 12 h light (35 µmol m−2 s−1) and 8 h
dark conditions at 25 ± 1 ◦C temperature. The cultures were maintained for up to eight
weeks, and data were collected.

2.5. Acclimatization

One day before acclimatization, the lid of the culture vessel was opened by ~20% for
adaptation to the ex vitro conditions. Then, the plants with rhizomes regenerated in vitro
were harvested from the vessel, carefully washed with distilled water, and planted in
wet Growfoam (Horticubes, Smithers-Oasis, Kent, OH, USA). The plants in Growfoam
were placed in a plastic container (25 × 25 × 3 cm), and the water was changed every
week. The plants were fertilized with 1.0 g L−1 Hyponex solution once per month. The
transplanted plants showed 100% survival. After 3 months of growing ex vitro, the plants
were transplanted and cultivated in plastic pots (diameter 10 cm) filled with an artificial
soil mixture (peat moss 1:1 perlite and vermiculite 1). The potted plants were fertilized
with 1.0 g·L−1 Hyponex solution (N20:P20:K20) once per month.

2.6. Statistical Analysis

A one-way analysis of variance (ANOVA) was performed to determine significant
differences between the results of shoot/plant regeneration, flow cytometric data, the
assessment of growth characteristics, and the in vitro rhizome induction experiments. The
statistical significance of the differences between the mean values was then assessed using
Duncan’s multiple range test at p < 0.05. All statistical analyses were performed using SAS
9.4 software (SAS Institute Inc., Cary, NC, USA).

3. Results
3.1. Establishment of Culture

The Cnidium officinale rhizome buds (Figure 1a) were cultured on MS medium, with
0.5 mg L−1 BA involved in swelling one week after inoculation, and produced multiple
shoots in subsequent weeks (Figure 1b). The roots simultaneously formed at the basal
shoots on the same medium, and plantlets with well-developed shoots and roots were
obtained after 4 weeks of incubation (Figure 1c). The shoot proliferation rate varied from
1.5 to 3.4 times across the different clones. Among the ten clones used (clone nos. 1, 2, 5, 6,
8, 11, 14, 15, 22, and 25), clones 5 and 6 performed well and regenerated 16–18 shoots per
explant after the third cycle (Figure 2).
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Figure 2. The number of plants regenerated from different clones of Cnidium officinale on MS medium
with 5 mg·L−1 benzyl adenine (BA) and 30 g·L−1 sucrose over three 4-week passages of subculture.

3.2. Flow Cytometric Analysis of DNA Content in Different Clones of Cnidium officinale and
Selection of Superior Clones with the Highest Regeneration Potential

According to the chromosome count database (CCDB, http://ccdb.tau.ac.il/ (ac-
cessed on 19 September 2022) [26], the chromosome number of Cnidium officinale popula-
tions/clones (germplasm) is highly variable, and the chromosome numbers of 2n = 22, 33,
44 have been reported for this species. The chromosome count of the available Cnidium
officinale germplasm/clones was not known; therefore, we carried out a flow cytometric
analysis of the 2C DNA content of the different clones used in the current experiment and
selected the superior clones for further regeneration experiments and utilization. The flow
cytometric analysis data of the Cnidium officinale clones used in the current experiment
are presented in Figure 3 and Table 1. The DNA values varied across the different clones,
ranging from 7.68 to 8.60 pg/2C (Table 1). Based on such data, the clones were classified
into clones with a high DNA content (HD, clones 5 and 6), clones with a moderate DNA
content (MD, clones 1, 2, 14, and 22), clones with a low DNA content (LD, clones 8, 11, 15,
and 26). The clones with HD, MD, and LD were compared based on their regeneration
potential on MS medium with 0.5 mg L−1 BA by using rhizome bud cultures. The clones
with a higher DNA content (clones 5 and 6) showed the highest regeneration potential in
terms of the regeneration rate (Figure 2).
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clones with low DNA content (LD) (d).

Table 1. DNA content of ten in vitro-grown clones of Cnidium officinale.

Group Clone Median CV DNA Content z

(pg/2C)

HD y 5 2,988,019.06 5.9% 8.60 ± 0.15a x

HD 6 2,961,047.90 6.0% 8.52 ± 0.20ab
MD 1 2,816,142.06 5.8% 8.10 ± 0.10abc
MD 2 2,869,026.08 5.8% 8.26 ± 0.41abc
MD 14 2,779,891.16 6.0% 8.00 ± 0.24abc
MD 22 2,683,071.82 6.8% 7.72 ± 0.28bc
LD 8 2,634,563.66 6.8% 7.58 ± 0.23c
LD 11 2,602,247.30 6.3% 7.49 ± 0.20c
LD 15 2,638,274.26 6.7% 7.59 ± 0.38c
LD 26 2,636,395.84 6.1% 7.68 ± 0.18c

z Internal standard for calculating DNA content is Nicotiana tabacum cv. xanthi (10.07 pg/2C). y HD: high DNA
content, MD: moderate DNA content, LD: low DNA content. x Different letters indicate significantly different
values at p < 0.05 according to Duncan’s multiple range test (n = 5).

3.3. Comparison of Growth Characteristics of Different Clones

The microshoots of several clones with known 2C DNA values were subcultured on
MS medium with 0.5 mg L−1 BA and maintained for four weeks in culture to assess their
growth characteristics and performance during in vitro propagation; the data are presented
in Table 2. In terms of overall growth performance, i.e., fresh weight, the number of leaves,
and the number of roots, the clones with higher DNA values performed well, and clone
5 was the best performer. A correlation analysis of the several clones with different DNA
amounts with growth characteristics revealed that there was a positive correlation between
the clones with the highest DNA content and propagation rate, the number of leaves, and
the number of roots (Figure 4).
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Table 2. Growth characteristics of ten in vitro-grown clones of Cnidium officinale.

Clone Plant Height
(mm)

Fresh Weight
(mg/Plantlet)

No. of Leaves
(ea/Plantlet)

No. of Roots
(ea/Plantlet)

Root Length
(mm)

1 24.5 ± 0.9bc z 168.0 ± 12.1ab 2.4 ± 0.3 3.6 ± 0.4bc 11.1 ± 1.3a
2 18.9 ± 0.7ef 160.0 ± 18.5ab 2.2 ± 0.2 2.4 ± 0.3c 4.6 ± 0.3d
5 21.4 ± 1.2cde 230.0 ± 23.3a 2.6 ± 0.5 8.3 ± 0.3a 6.4 ± 0.9cd
6 22.1 ± 1.0bcde 198.0 ± 18.6ab 2.8 ± 0.2 8.3 ± 1.0a 10.3 ± 0.6ab
8 19.9 ± 0.9def 206.0 ± 14.6a 2.1 ± 0.2 2.3 ± 0.6c 5.9 ± 1.7cd

11 17.6 ± 0.8f 202.0 ± 13.4a 2.4 ± 0.2 3.1 ± 0.9bc 6.3 ± 0.5cd
14 25.3 ± 1.6ab 204.0 ± 23.4a 2.2 ± 0.3 3.3 ± 0.5bc 7.2 ± 1.3cd
15 20.8 ± 1.2def 210.0 ± 29.4a 2.3 ± 0.2 3.6 ± 0.5bc 8.0 ± 0.7bc
22 27.9 ± 1.2a 208.0 ± 15.3a 2.4 ± 0.3 2.4 ± 0.3c 8.2 ± 1.0abc
26 22.4 ± 1.3bcd 134.0 ± 15.1b 2.0 ± 0.1 5.3 ± 0.8b 7.9 ± 1.2bc

z Different letters indicate significantly different values at p < 0.05 according to Duncan’s multiple range test
(n = 5).
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Figure 4. Correlation between DNA content and growth characteristics of ten clones of Cnidium
officinale: HD, cones with high DNA content; MD, clones with moderate DNA content; and LD, clones
with low DNA content.

3.4. In Vitro Induction of Rhizome

The results obtained for rhizome formation on media with different concentrations
of sucrose and ABA, as well as for the light and dark incubation of the cultures, are
presented in Figure 5. After two weeks of incubation, rhizome induction was evident at

455



Genes 2022, 13, 1815

the base of the cultured shoots. Initially, the swelling of the shoot bases was observed,
followed by the appearance of small rhizomes at the base within four weeks of incubation.
Subsequently, the rhizomes were involved in the shoots’ growth, and roots simultaneously
developed in the nodal regions of the rhizomes. Rhizome induction from the shoots was
influenced by the levels of sucrose in the medium. The medium supplemented with
30 g L−1 to 50 g L−1 sucrose favored rhizome development (Figure 5). However, with a
further increase in the concentration of sucrose from 50 g L−1 onwards (70 and 90 g L−1),
there was a marked decrease in the percentage of rhizome formation and the rooting
rate. Rhizomes formed on the medium in the presence of ABA, and the 0.5 mg L−1 and
1.0 mg L−1 ABA treatments were better in terms of the percentage of rhizome formation,
the number of rhizomes forming shoots, and the rooting rate. A comparison of the light
and dark treatments revealed that light incubation is stimulatory in inducing rhizomes
from the shoots (Figure 5).
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In another set of experiments, we compared the effect of ABA (1.0 mg L−1) and
the interaction of BA (1.0 mg L−1) + NAA (0.5 mg L−1) and BA (1.0 mg L−1) + NAA
(0.5 mg L−1) + ABA (1.0 mg L−1) on rhizome induction for the in vitro-cultured shoots.
At the same time, we also tested the effect of the light and dark treatments, along with
hormonal combinations, with and without the addition of activated charcoal (1 g L−1),
and the results are presented in Figure 6. Among these different treatments, the cultures
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that received light treatment performed better than those that received dark treatment,
and again, the ABA treatment was far better than the BA + NAA and BA + NAA + ABA
treatments. The results of the above experiments suggest that MS medium supplemented
with 50 g L−1 sucrose, 1.0 mg L−1 ABA, and 1 g L−1 AC is good for the induction of
rhizomes from the shoots of Cnidium officinale (Figure 7a,b).
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3.5. Acclimatization

The in vitro-grown plants of Cnidium officinale after rhizome formation and rooting
were acclimatized by planting them on Growfoam (Figure 7c), and the acclimatization rate
of Cnidium officinale was 100%. After 6 months, the plants were transferred to plastic pots
containing vermiculite, and, again, the survival rate was 100% (Figure 7d).

4. Discussion

Cnidium officinale is an important medicinal herb that is utilized in the traditional
medicinal systems of China, Japan, and Korea. This plant is propagated by splitting
rhizomes since it does not set seeds in nature; however, this method of propagation is
responsible for the transmission of viral particles, which results in a loss of the yield and
the quality of the rhizomes harvested. In the current study, we developed a successful plant
regeneration method by using rhizome buds and by employing an MS medium containing
0.5 mg·L−1 BA. Multiple shoots regenerated from the rhizome buds and were involved in
rooting within four weeks of culture. This simple method was useful in regenerating plants,
resulting in several clones of Cnidium officinale, which were maintained in a germplasm
repository. The shoot propagation rate varied from 1.5 to 3.4 times across the different
clones. Among the ten clones used (clone nos. 1, 2, 5, 6, 8, 11, 14, 15, 22, and 25), clones 5
and 6 performed well and regenerated 16–18 shoots per explant after the third cycle. Lee
et al. [1] reported induction somatic embryogenesis in Cnidium officinale from immature
flower cultures on MS medium supplemented with 1.0 mg L−1 2,4-D and 0.1 mg L−1 BAP.
The embryos that developed were converted into plantlets on MS medium containing
0.1 mg L−1 BAP and 3.0 mg L−1 BAP GA3. Similarly, Adil et al. [27] described recurrent
somatic embryogenesis in Cnidium officinale on MS medium containing 1.5 mg L−1 2,4-D
and 0.5 mg L−1 BAP. The above results suggest that the induction of both organogenesis
and somatic embryogenesis is feasible for the micropropagation of Cnidium officinale.

The flow cytometric estimation of nuclear DNA content is a useful tool in the as-
sessment of medicinal plants regenerated in vitro [28]. In the current study, the clones
containing a high amount of DNA, i.e., clones 5 and 6, showed better growth characteristics
in terms of fresh weight, the number of leaves, and the number of roots; they were also
better performers in terms of the propagation rate. DNA content variations and associated
divergence in biological characteristics have also been reported in the natural populations
and field-grown plants of Erianthus arundinaceus [29] and Rauvolfia sepentina [30].

The induction of rhizomes during in vitro propagation is an ideal system that helps
in the early establishment of plants in fields. An in vitro-induced rhizome produces both
shoots and roots on germination, giving rise to a complete plantlet and, thus, acting as a
seed for the large-scale propagation of rhizomatous plants [24]. Plant growth regulators,
sucrose, and light and dark conditions are known to affect the in vitro induction of rhizomes
in many rhizomatous plants, including Curcuma longa [23], Bambusa bambos var. gigantea [24],
Kaempferia galanga, and K. rotunda [22].

The results of the present experiments revealed that the supplementation of medium
with a suitable sucrose concentration (50 g L−1) is suitable for rhizome induction in
Cnidium officinale. Similar to the current results, 50 g L−1 has been found to be suit-
able for the induction of rhizomes from the in vitro-raised shoots of Bambosa bambos var.
gigantea [24]. Sucrose acts as a carbon source and as an osmotic agent, and since storage
organs are abundant in carbohydrates, the appropriate concentration of sucrose is essential
for the induction and growth of rhizomes in vitro [31,32]. The supplementation of ABA (0.5
and 1.0 mg L−1) favored the induction and development of rhizomes from the microshoots
of Cnidium officinale; however, an increased concentration of ABA (2.0 mg L−1) was not ben-
eficial for the induction and growth of rhizomes. Similar to the current observations, Yang
et al. [33] reported the promotive effect of ABA on rhizome induction in Nelumbo nucifera.
In the current study, light favored rhizome induction from microshoots, whereas the neg-
ative effect of the dark treatment was evident. The effect of light on rhizome formation
observed in the present study is comparable to that observed in the study conducted by
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Sakamura et al. [34], where the requirement of continuous light during rhizome formation
in Zingiber officinale was reported. The influence of the combined effect of BA, NAA, and
ABA did not favor the formation of rhizomes from the microshoots of Cnidium officinale. In
contrast to the current results, BA and NAA have been shown to influence the process of
in vitro rhizome formation in Cymbidium goeringii [35].

The plantlets with well-developed rhizomes and roots showed 100% survival upon
transplantation to Growfoam and subsequently to vermiculite. The protocol for the in vitro
induction of multiple shoots and subsequent rhizome formation in Cnidium officinale can be
utilized by commercial growers for the production of disease-free clones on a large scale.
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Abstract: (1) Background: Curcuma caesia Roxb. is a high valued crop which is extensively used in
pharmaceuticals, flavour and fragrances. C. caesia is recognised as an endangered species due to its
extensive collection from the wild through human intervention. Therefore, to prevent the species
from extinction, it is very necessary to conserve and cultivate this plant species for the sustainable
availability of the raw material. (2) Methods: In the present plant breeding programme, a multi-year
study was performed for the identification of superior genotypes which will help in conservation. To
fulfil this objective, a total of 135 accessions of C. caesia were collected from different regions of India
and were set up for experimental selection trial for three years (2016–2018). After proper evaluation
of the genotypes based on six agronomical traits, five high-yielding genotypes were identified which
underwent multilocation trial for two years (2019 and 2020). The stability analysis using the Eberhart–
Russell method, AMMI and GGE biplot were used to study the consistency of the genotypes in varied
environments compared with the check variety. (3) Results: Analysis of variance indicated significant
genotype and environment interaction for the yield traits, i.e., dry rhizome recovery, rhizome yield and
essential oil yield. The coefficient of variation (CV) was highest for tillers per plant (21.76) and lowest for
the plant height (4.93). All the results clearly demonstrated Jor Lab KH-2 as the highest yielding and
stable genotype in varied environments compared with the check variety and other selected genotypes.
(4) Conclusions: This genotype was then submitted to ICAR-NBPGR, New Delhi, for germplasm
registration and received its confirmation vide registration number INGR 21159. This genotype will
greatly benefit the breeders and will also help in the conservation of this endangered species. This is the
first report on the identification and registration of a high-yielding variety of C. caesia.

Keywords: Curcuma caesia; AMMI; GGE; high essential oil; MLT; regression

1. Introduction

Curcuma caesia Roxb. commonly known as kala haldi, is named after the ginger family
and is the largest family of the order Zingiberales [1]. There are around 1300 species in
it, grouped into 53 genera [2]. The genus Curcuma is classified under the Zingiberaceae
family which consists of more than 80 species, some of which have been used in traditional
systems of medicine (Ayurveda, Siddha, Unani) for a long time [3], one of which is C. caesia.
It is widely distributed in Thailand, Malaysia, Nepal, China, Bangladesh and India. It is
native to central and northeast India [4]. It is endangered to Asia’s south-eastern region and
rarely found in the Himalayan foothills, Sikkim’s North Hill Forest, and the East Godavari
Pappi Hills [5–7].

The rhizome of the perennial herb C. caesia is bluish-black in colour, hence it is called
as black turmeric [7]. The plant has 42 chromosomes and is a diploid species [4,8]. It is
usually erect and grows between 0.5 and 1.0 m in height with a short stem. The plant bears
pale yellow-coloured, long, tubular flowers, with reddish borders, which are smaller than
bracts. It is identified by the presence of a large underground-ovoid bluish-black rhizome.
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Black turmeric produces a cluster of 10–20 leaves, which are characterised by the presence
of a deep violet streak running throughout the leaf lamina. The rhizome is usually 2–6 cm
in diameter and has a camphoraceous odour [8]. The rhizome is highly important because
of its medicinal properties [9]. The ethnobotanical uses include application of C. caesia leaf
paste to a scorpion or snake bite, and also the dried powder is mixed with Andrographis
paniculata and applied to insect and snake bites [10]. Dried leaves and rhizomes are used
to treat toothache, wounds, fertility, impotency, vomiting, piles, leprosy, cancer, and aller-
gies [11]. The fresh rhizomes are utilised in leprosy, cancer, epilepsy, vomiting, menstrual
disorder, anthelminthic aphrodisiac, and gonorrhoeal discharge [12]. The rhizome of C.
caesia is mashed into a paste to be used in rheumatic arthritis [13]; also, it is applied for
rapid healing after cuts and injuries to control bleeding [14]. The C. caesia rhizome is also
used to treat tonsillitis [15]. C. caesia roots are powdered and taken orally with water during
gastric disorder [16]. The rhizome is used as a tonic for brain and heart disease and is also
effective against asthma, bronchitis, piles, leukoderma [17], allergic eruptions, epileptic
seizures, enlargement of the spleen, tuberculous glands of the neck and tumours [18]. The
plasters made from the leaves of the crop are used to treat adenitis, lymphangitis, and
furunculosis [8].

The rhizome’s essential oil contains a number of biological benefits [6,19]. It possesses
many medicinal properties such as resistance to fungal infection [20], anti-asthmatic activity,
acts as relaxant for smooth muscle [21], antioxidant activity [19,22], broncho dilating activ-
ity [5], locomotors depressant, CNS depressant and anxiolytic activity [23], anti-bacterial,
anthelmintic activity [24], and anti-ulcer activity [25]. The strong odour of the rhizome is
due to the presence of the essential oil which is rich in eucalyptol, camphor, and starch,
etc. [7]. It contains flavour and fragrances due to the presence of bioactive secondary
metabolites which also correlates with the medicinal uses and many important useful phar-
maceutical products [26]. The essential oil of C. caesia rhizomes contains 30 components,
out of which curcumene, bornyl acetate, borneol, elemene, 1, 8-cineole, ar-curcumene,
(Z)-ocimene, ar-turmerone and camphor represents the major components constituting
97.48% of the essential oil [27]. Other major components are linalool followed by ocimene,
1- ar-curcumene, zingiberol, 1, 8-cineole and borneol [13]. Eucalyptol (28.55%), camphor
(21.73%) and epicurzerenone (19.62%) identified as major components in the rhizome
essential oil of C. caesia [19]. The bioactive components from the rhizomes are responsi-
ble for anti-coagulant, hypoglycaemia, wound healing, anti-inflammatory, anti-oxidative
properties, and also exhibits the free radical scavenging property [1,28,29].

Due to widespread habitat destruction caused by human activities, including over
utilization of black turmeric for traditional medicine, industrialisation, and urbanisation,
C. caesia is currently regarded as being vulnerable [6,30]. Therefore, the need of the hour
is to identify or develop high-yielding essential oil and rhizome varieties to maintain the
sustainable cultivation of these high-value medicinal plant species. The phenotyping of
germplasm could be used for the development of new varieties, to enhance the quality
parameters in terms of yield, to match genotypes to locations, to help choose the best
offspring and parents for breeding and to select more suitable genotypes. The measurement
of quantitative or qualitative values for biochemical, physiological, morphological and
performance-related aspects is referred to as “plant phenotyping”. These play a vital
role in determining quality, growth, and stress resistance traits by serving as observable
intermediaries between the environment and gene(s) expression [31]. Plant breeding
through selection trial (ST) and multilocation trial (MLT) is the most widely accepted
programme for the development or identification of superior variety. Multilocation trial is
the most essential criteria of the varietal development which determines the ability of the
genotype to perform consistently in different environments, confirming its stability. Because
of environmental influences or interactions between the genotype and the environment,
the selection in some contexts necessitates the presence of effective selection features [32].
The primary attribute that significantly responds to the two sources of variation is the
yield [33]. The Eberhart–Russell method and AMMI model are the most widely accepted
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analysis for confirmation of stability [34,35]. Additionally, nowadays, GGE biplot analysis
is also used by the breeder for the evaluation of stability by ranking the environments and
genotypes, making it superior to AMMI biplot analysis [36]. A genotype is considered
to be superior if it consistently maintains its high-yielding characteristic across different
environments [35,37]. Therefore, the identification of this superior variety will help in the
conservation of this species for future prospects and will expand the possibilities for the
commercial production of camphor, which is the major component in this crop, and offer
the pharmaceutical, flavour and fragrances industries new sources of raw materials. The
identified strain Jor Lab KH-2 of C. caesia was found to possess high rhizome yield with an
average of 124 cm plant height, 49 cm leaf length, 26% dry rhizome recovery, 0.80% essential
oil in fresh rhizome weight basis and 26.18 tones/ha rhizome yield. The essential oil of this
species has very high commercial values and contains antimicrobial, anti-inflammatory
activities and much less genotoxicity [7]. This is the first report on the identification and
registration of the superior germplasm of C. caesia confirmed through stability analysis
which showed consistent and satisfactory agronomical performance.

2. Materials and Methods
2.1. Germplasm Collection

The collection of C. caesia germplasm was carried out in six different states of India,
namely, Assam, Arunachal Pradesh, Mizoram, Nagaland, Manipur, and Madhya Pradesh,
which led to the accretion of 135 accessions. The accessions were identified by breeder Dr
Mohan Lal of the division of Agrotechnology and Rural Development, CSIR-NEIST, Jorhat,
India. The germplasm was also submitted to the repository of ICAR-NBPGR, New Delhi,
and an Indigenous collection (IC) number was obtained. The herbarium for each genotype
was prepared and added to the institute’s departmental herbarium.

2.2. Setup of Experimental Trial

The collected accessions were planted in the experimental field with GPS coordinates:
longitude 94◦9′25.4628′′ E, latitude 26◦44′15.6948′′ N and elevation 94 m over the average
sea level. The germplasm was planted in randomised complete block design (RCBD) with
spacing of 60 × 60 cm between plant to plant and row to row respectively. The plot size of
the field was measured 4 m × 4 m length area. The NPK concentration available in the soil
were Nitrogen (269 Kg/ha), P (49 Kg/ha), K (91 Kg/ha). The texture of the experimental
soil was sandy loam, pH 5.2. The rhizomes were planted in the month of March 2016 and
was harvested after every nine months for the three consecutive years for which the data
were recorded.

2.3. Evaluation of Selection and Multilocation Trial

The three years (2016, 2017 and 2018) selection trial was performed on the agronomical
traits, including number of tillers/plants (TPP), plant height (PH), length of leaf (LL), fresh
rhizome yield (FRY), dry rhizome recovery (DRR) and essential oil yield (EO). These six
agronomical traits were studied, out of which FRY, DRR and EO are the yield parameters
preferred in crop improvement programme. Rhizome and essential oil are the most essential
part of the crop due to the presence of bioactive components utilised in the aroma, food and
pharmaceutical industries. The data were recorded using ten randomly picked plants of
each genotype from each replication. Five high essential oil yielding strains were identified
after a three-year selection trial which also yielded high rhizome. The multilocation
trial of the selected strains along with one check variety were then conducted at five
different locations in northeast India, i.e., Jorhat (Assam), Shillong (Meghalaya), Pasighat
(Arunachal Pradesh), Imphal (Manipur) and Lakhamijan (Assam), during the years 2019
and 2020. The check variety under consideration was one of the high rhizome yielding local
genotype of Pasighat, Arunachal Pradesh, India, mostly used for commercial cultivation.
The environments E1, E2, E3, E4, E5 and E6, E7, E8, E9, E10 depict the locations of Jorhat,
Lakhamijan, Imphal, Pasighat and Shillong for the first year and second year, respectively.
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The trial continued for two more years for the agronomical and quality traits that were
considered for the selection trial evaluation.

2.4. Isolation and GC-MS Analysis of the Essential Oil

The isolation of essential oil was performed according to the protocol suggested by [38]
and modified by [19]. The Clevenger apparatus was used, in which 300 g of fresh rhizome
was boiled in 3000 mL of distilled water for 6 h. The isolated essential oil was then collected
in a glass vial and excess moisture content was removed by treatment with anhydrous
sodium sulphate. The essential oil percentage (v/w) of the isolated essential oils was
estimated using the following formula:

Essential oil (FWB) =
volume o f essential oil isolated (mL)

weight o f rhizome used (g)
× 100

The TRACE ultra-gas chromatograph equipped with mass spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) was used for the GC-MS analysis of the rhizome
essential oil. The analysis through GC-MS was as per protocol modified by [19].

2.5. Statistical Analysis

Both the pooled and individual analysis of variance (ANOVA) was calculated for the
multilocation trial data of the five selected genotypes along with the check variety based
on two-year evaluation. The stability models such as Eberhart–Russell, AMMI (additive
multiplicative mean interaction model) and GGE (genotype + genotype × environment)
was measured to identify the better-performing stable genotypes. A total of ten environ-
ments (E1, E2, E3, E4, E5, E6, E7, E8, E9, E10) were studied to check the consistency of the
genotype performance by metan R package developed by [39].

3. Results
3.1. Agronomical Data for MLT of the Five Identified Lines along with the Check

A total of 135 accessions were evaluated for three consecutive years which led to
the identification of the five most high-yielding lines for rhizome and essential oil yield.
The agronomical data were recorded for each year with five replications. The selected
lines were compared with one of the local genotype of NE India denoted by the check
variety. The evaluation of the multilocation trial in five different regions of northeast India
for two years revealed a mean of 130.28 cm for plant height, tillers per plant (5.36), leaf
length (46.41 cm), dry rhizome recovery (20.42%), fresh rhizome yield (19.85 tones/ha)
and essential oil (0.61%). The coefficient of variation (CV) was highest for tillers per plant
(21.76) followed by essential oil percentage (21.05), while the lowest CV was observed in
the plant height (4.93). The maximum plant height (cm) was observed in the check variety
(133.48) and minimum in KH-2 (125.68). Similarly, the range for tillers per plant varied
from KH-120 (4.84) to KH-71 (5.78); leaf length (cm) from check (43.67) to KH-2 (48.58); dry
rhizome recovery (%) from KH-58 (18.74) to KH-2 (25.92); fresh rhizome yield (tones/ha)
from KH-100 (18.06) to KH-2 (26.23); and essential oil percentage from the check (0.42) to
KH-2 (0.80). The highest and lowest environmental performances for the studied traits
were depicted in Table 1.

The maximum environmental performances for the traits of plant height, fresh rhizome
yield and essential oil yield were revealed in environment E9, while the best performance
of dry rhizome recovery was exhibited in environment E4.
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Table 1. Mean and range for all the studied traits of six high-yielding genotypes of C. caesia in MLT.

Traits Mean SE SD CV MinENV MaxENV MinGEN MaxGEN

PH 130.28 0.37 6.41 4.93 E6 (128.17) E9 (133.53) KH-2 (125.68) Check (133.48)
TPP 5.36 0.07 1.17 21.76 E9 (5.13) E3 (5.73) KH-120 (4.84) KH-71 (5.78)
LL 46.41 0.23 3.9 8.41 E5 (45.52) E6 (48.78) Check (43.67) KH-2 (48.58)

DRR 20.42 0.19 3.32 16.29 E6 (19.13) E4 (21.8) KH-58 (18.74) KH-2 (25.92)
FRY 19.85 0.19 3.36 16.98 E3 (19.23) E9 (20.52) KH-100 (18.06) KH-2 (26.23)
EO 0.61 0.01 0.13 21.05 E7 (0.57) E9 (0.66) Check (0.42) KH-2 (0.8)

PH: plant height; TPP: tillers per plant; LL: leaf length; DRR: dry rhizome recovery; FRY: fresh rhizome yield; EO:
essential oil yield, SE: standard error; SD: standard deviation; CV: coefficient of variation; ENV: environment;
GEN: genotype.

3.2. ANOVA of the Agronomical Traits for Six High-Yielding Accessions

The analysis of variance was performed for the MLT of six high-yielding accessions
based on joint regression. This analysis clearly indicates that there were significant differ-
ences in the genotypes in terms of all the studied traits at p > 0.05%. Further, the genotype by
environment interaction was exhibited by tillers per plant, dry rhizome recovery, rhizome
yield and essential oil yield (Table 2).

Table 2. ANOVA based on joint regression for the agronomical traits of six high-yielding genotypes
of C. caesia in MLT.

Source DF PH TPP LL DRR FRY EO

Total 59 68.87 2.12 35.28 39.30 46.89 0.08
GEN 5 342.63 *** 5.31 *** 157.91 *** 370.12 *** 495.60 *** 0.78 ***

ENV + (GEN × ENV) 54 43.52 1.82 23.93 8.66 5.34 0.01
ENV (linear) 1 776.14 9.16 242.96 150.14 54.60 0.20

GEN × ENV (linear) 5 45.50 4.87 ** 37.88 16.68 ** 8.74 * 0.01 *
Pooled deviation 48 28.05 1.35 17.91 4.88 3.97 0.01

Check 8 6.80 1.97 24.34 * 8.42 5.42 * 0.02 ***
KH-100 8 36.73 1.26 19.23 5.70 2.95 0.01 ***
KH-120 8 18.86 1.44 20.80 1.83 6.70 * 0.00

KH-2 8 22.61 1.65 9.46 1.04 1.92 0.00
KH-58 8 15.19 1.04 22.52 * 5.02 1.30 0.00 *
KH-71 8 68.11 0.75 11.12 7.27 5.51 * 0.00

Pooled error 200 35.51 1.14 10.72 4.29 2.63 0.00
Total 59 68.87 2.12 35.28 39.30 46.89 0.08

PH: plant height; TPP: tillers per plant; LL: leaf length; DRR: dry rhizome recovery; FRY: fresh rhizome yield; EO:
essential oil yield, ENV: environment; GEN: genotype; DF: degree of freedom; *** significant at 0.5%; ** significant
at 1%; * significant at 5%.

The analysis also indicated high significant variation in the check variety and KH-100
at p > 0.05% for the essential oil yield. Similarly, for rhizome yield, significant difference
was revealed in the genotypes KH-120, KH-71 and the check variety. The traits like leaf
length and plant height showed no significant environmental influence on the genotypes.

3.3. Stability Analysis through Joint Regression Method

The regression analysis was proposed by Eberhart and Russell, therefore, the model
was named after them. In order to observe how the genotypes react differently to various
environmental situations, stability parameters such as regression coefficient and deviation
from regression were applied. The five identified lines and one control were subject to a
stability analysis utilising the Eberhart–Russell (ER) model, which explains a genotype
to be stable if it acquires high mean value (b0), a regression coefficient (bi) equal to one
and a regression from deviation (s2di) equal to zero. The stability analysis was conducted
for three yield traits, i.e., dry rhizome recovery, fresh rhizome yield and essential oil yield,
since a significant genotype and environment interaction was observed in these traits.
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The maximum DRR was expressed by genotype KH-2 followed by the check variety, but
presence of significant regression coefficient in the check variety led to its rejection. The
genotype KH-2 showed highest mean value (25.92%), bi = 1.01 and s2di = −0.65 showing
the values almost similar to that of stable line. Again, for FRY, the highest mean value was
expressed in KH-2 followed by the check variety. The genotype KH-2 has a mean value of
26.33 tons/ha, bi = 0.76 and s2di = −0.14, compared with the check variety demonstrating
mean value 18.92 tons/ha, bi = 0.12 and s2di = 0.56 (Table 3).

Table 3. Mean and stability parameters for the yield traits of six high-yielding genotypes of C. caesia.

GEN
DRR FRY EO

b0 bi s2di b0 bi s2di b0 bi s2di

KH-2 25.92 1.01 −0.65 26.33 0.76 −0.14 0.80 1.11 0.00
KH-58 18.74 0.10 * 0.15 18.83 2.56 *** −0.27 0.57 0.20 *** 0.00 *
KH-71 19.56 1.49 0.60 18.25 0.85 0.57 * 0.67 1.22 0.00
KH-100 19.10 0.61 0.28 18.06 0.01 0.06 0.59 1.20 0.00 ***
KH-120 19.34 0.45 −0.49 18.79 1.71 0.81 * 0.62 1.54 * 0.00
Check 19.88 2.35 *** 0.83 18.92 0.12 0.56 * 0.42 0.72 0.00 ***

DRR: dry rhizome recovery%; FRY: fresh rhizome yield; EO: essential oil yield; GEN: genotype; *** significant at
0.5%; * significant at 5%; b0: mean; bi: regression coefficient; s2di: regression from deviation.

The significant deviation from regression in the check variety makes it unsuitable for
selection. The highest mean for essential oil yield was observed in KH-2 followed by KH-71
and KH-120 but the regression coefficient of KH-2 was nearer to the standard value of one
compared with the other high-yielding genotypes. All these traits confirmed that KH-2
was the most suitable genotype to be considered as the superior line which can perform
better in a wide range of environments. The nominal yield plots were also constructed for
all the yield traits which clearly indicated that KH-2 was the winning genotype in the entire
studied environment, with the highest yield in all the environments (Figure 1).
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Figure 1. Nominal yield plot for the yield traits (A) DRR (B) FRY (C) EO yield.

3.4. AMMI ANOVA for the Agronomical Traits for Six High-Yielding Accessions

One of the most widely used AMMI model analyses was also performed to confirm
the stability of the identified KH-2 genotype. AMMI ANOVA showed highly significant
value for PH, LL, DRR, FRY and EO, indicating wide variation in the studied environment.
This makes it necessary to study the consistency of the genotypes because environment
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can influence the phenotypic nature of the genotype. The genotypes also showed wide
variation for all the traits, which was also predicted by the joint regression ANOVA. The
environmental influence was observed in all the traits except plant height. The principal
component analysis was divided into five principal components: PC1, PC2, PC3, PC4 and
PC5. The first principal component correlates strongly with plant height, followed by LL,
DRR, FRY, TPP and EO. Similarly, the second principal component corresponds with LL,
followed by DRR, FRY, TPP and EO. Furthermore, the third principal component correlates
with the traits FRY and EO (Table 4).

Table 4. AMMI analysis table for different agronomical traits of six high-yielding genotypes of C.
caesia in the MLT.

Source DF PH TPP LL DRR FRY EO

ENV 9 86.24 ** 1.02 27.00 *** 16.68 *** 6.07 * 0.02 ***
REP(ENV) 40 28.90 1.38 8.28 3.33 2.52 0.00
GEN 5 342.63 *** 5.31 *** 157.91 *** 370.12 *** 495.60 *** 0.78 ***
GEN:ENV 45 34.98 1.98 ** 23.31 *** 7.06 ** 5.20 *** 0.01 ***
PC1 13 80.09 ** 3.34 *** 33.48 *** 13.10 *** 7.05 *** 0.02 ***
PC2 11 21.57 2.47 * 29.51 *** 8.79 * 5.47 * 0.00 *
PC3 9 17.33 1.04 19.86 3.40 5.12 * 0.00 *
PC4 7 16.96 0.98 11.01 1.68 3.42 0.00
PC5 5 4.18 0.50 6.70 1.67 2.46 0.00
Residuals 200 35.51 1.14 10.72 4.29 2.63 0.00
Total 344 40.40 1.44 16.30 10.54 10.55 0.02

PH: plant height; TPP: tillers per plant; LL: leaf length; DRR: dry rhizome recovery; FRY: fry rhizome yield;
EO: essential oil yield, ENV: environment; GEN: genotype; DF: degree of freedom; PC: principal component;
*** significant at 0.5%; ** significant at 1%; * significant at 5%.

3.5. Stability Analysis through AMMI Model and GGE Biplot

AMMI biplot 1 and 2 were constructed for the yield traits (DRR, FRY and EO) which
indicated KH-2 as the most stable genotype. AMMI1 biplot distinctly indicted KH-2 as the
high dry rhizome recovery and stable genotype compared with the other five genotypes
(Figure 2A).
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variety of C. caesia germplasm for eleven environments.

AMMI 2 biplot indicated KH-100, KH-58, KH-71 and the check variety as the high-
yielding genotypes (Figure 2B). The genotype KH-100 was the most favourable genotype
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for the environments E1 and E6, while the genotype KH-58 showed better performance in
E5, E8 and E10. The best suited genotype for the environments E7 and E9 is KH-71 while
the check variety is most favoured in the E2, E3 and E4 environments. Similar results were
predicted in GGE plot with KH-2 as the most consistent genotype, followed by KH-71,
KH-100, KH-120, KH-58 and the check variety (Figure 3).
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Figure 3. The genotype ranking through GGE plots for dry rhizome yield based on ideal genotype
for eleven environments.

The ideal environment is the centre of the set of concentric lines that functions as a
measure to gauge the separation between an environment and the ideal environment. It
can be observed that E9 and E7 are the nearest to the ideal environment and therefore can
be said to be the most desirable environments. E3 and E5 are the most undesirable studied
environments (Figure 3). The trait FRY showed KH-100 as the most stable genotype but
with low yield as compared to the other varieties. The genotype KH-2 is the high-yielding
genotype for FRY with consistent performance as revealed in the biplot of AMMI1 for FRY
(Figure 4A). The genotype KH-71, KH-58, KH-120 and the check variety are the highest
yielders for fresh rhizome. The most favourable environments for the check variety are E3
and E4; and environments E6, E8 and E9 for the genotype KH-71. Similarly, the genotypes
KH-58 and KH-120 were favourable for the environments E1, E2, E5, E7 and E10 (Figure 4B).

The ideal genotype identified for the trait FRY in the GGE biplot was KH-2. The
other genotypes closest to the ideal genotypes were KH-58 and KH-100. The ranking of
ideal environments for the trait FRY was E2 followed by E1, E9, E10. The least desirable
environments were E3 and E8 (Figure 5).

Additionally, the AMMI1 biplot for trait EO yield revealed KH-71 and KH-2 as the
stable and high essential oil yielding genotypes. However, KH-71 is more stable compared
to KH-2 and KH-2 was high-yielding than KH-71. So, both the genotypes can be considered
for EO yield (Figure 6A). In the AMMI2 biplot, it can be observed that genotype KH-71,
KH-58, KH-100 and the check variety are high essential oil yielding genotypes in different
environments (Figure 6B).

The most ideal genotype identified was KH-71, followed by KH-2, KH-120, KH-100
and the check variety, as depicted in the GGE biplot of EO. Environments E4, E2, E1
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are the most favourable environments observed according to the GGE biplot of ranking
environments for the trait EO (Figure 7).

All the analysis clearly depicts that genotype KH-2 is the most ideal genotype in terms of
DRR, FRY and EO yield, maintaining its consistency in a wide range of environments. After
the confirmation of the stability and high yield, this identified genotype, named as Jor Lab
KH-2, was registered with ICAR-NBPGR, New Delhi, vide registration number INGR 21159.
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4. Discussion

The expression of superior traits with uniform result is highly desirable. However,
the trait expression may differ due to various factors including environment, genotype,
and the combined effect of genotype and environment [40–42]. This necessitates the need
for the study of genotype–environment (G × E) interaction to evaluate the performance
and stability for the identification of elite genotypes. Significant genotype–environment
interaction was observed for the traits such as tillers per plant, dry rhizome recovery,
rhizome yield and essential oil yield, therefore, the study of stability is essential for which a
multivariate stability approach, which was used in the study. So far, no previous study has
been reported in C. caesia for the identification of a stable genotype with superior desirable
traits. Therefore, the results obtained in the present study were compared with the other
species of Curcuma. The total curcuminoid content in 15 turmeric genotypes for three years
was studied representing the major turmeric cultivating regions of India. The stability
analysis was performed through the AMMI model, revealing IISR Prathiba and BSR 2 as
stable genotypes for bisdemethoxycurcumin content. The genotypes SLP 389/1, Acc. 849
and CO 2 were found to be stable for demethoxycurcumin, while BSR 2, CO 2, IISR Prathiba
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and Duggirala Red were the genotypes reported to be stable for curcumin content [43].
The findings of the present study reported that genotype by environment interaction was
exhibited by tillers per plant, dry rhizome recovery, rhizome yield and essential oil yield
for the studied genotypes. A study was conducted on eleven cultivars of turmeric for fresh
yield, curcumin yield, curing percentage, and dry yield at five different environments. For
fresh yield, a large proportion of variation was attributed to environments (70.8%). For
the traits such as curcumin content, curing percentage and dry yield, the variation due to
genotype effect accounted for 17.7%, 31.2%, and 15.7%, respectively. The results from G × E
interaction using the Eberhart and Russel model reported variation of 42.9% in curcumin
content due to environment. For fresh yield with above average yield per plant across all
environments, the genotype Mega Turmeric was found as most stable, while, for dry yield
across all the environments, the genotypes IISR Prathiba, Mega Turmeric and IISR Kedaram
were the ones found to be stable [38,44]. The genotypes by season interactions reported that
25 turmeric genotypes were found to be suitable for selection based on agro-morphological
differences. GEIs contributed 34.88% variation in the rhizome yield, variation for weight
per plant was 7.04%, 10.97% for rhizome width, the variation for petiole length was 11.95%,
47.25% variation was observed for lamina length and 25.44% variation was observed for
lamina width [45]. Evaluation by GGE biplot of seven turmeric genotypes from Nepal
was performed to identify traits helpful in turmeric selection. A total of 71.91% variation
was observed from the two principal components (PC1 and PC2), among which 39.08%
and 32.83% variation was exhibited by PC1 and PC2, respectively [46]. Another study in
Curcuma angustifolia was carried out to identify a high-yielding stable genotype. The GGE
biplot results exhibited the adaptation pattern of genotypes at various environments and
the discrimination ability of the environments as well. The results revealed the genotype
IGDMT-10-1(G5) as the most stable, and the most suitable environment for all the genotypes
was revealed as E5 [47]. In a similar line, the present study revealed the environment E9 and
E7 as the most desirable environments. In the environment E9, the traits of fresh rhizome
yield, essential oil yield and plant height were found to be best performing, whereas in
the environment E4, the dry rhizome recovery was found to be the highest performing
trait. Another study was conducted on 17 ginger genotypes from Nigeria to identify stable
genotypes and the best environment based on GGE biplot. The results from the GGE biplot
model revealed UG2-9-01 as the most stable genotype with better yield for the traits of
number of rhizome fingers per plant and rhizome length, while for the best environment,
the Ikom environment was revealed as the best discriminating environment [48]. It was
also reported that genotype by environment interactions was significant in some yield and
growth traits of ginger [49]. The stability analysis for seventeen turmeric genotypes at two
locations for two years using the Eberhart and Russel model revealed all the traits studied
except oleoresin content and curcumin content to be highly significant for the mean square
due to environment and linear. Similarly, all the traits studied except oleoresin content and
curcumin content were found to be highly significant for the G × E interactions. Based on
the results, stable genotypes with superior yield performance and stable genotypes with
high curcumin yield under both favourable and unfavourable conditions were found [50]. A
study on the three genotypes of Curcuma zanthorrhiza and twenty genotypes of C. aeruginosa
at three different locations of Indonesia was carried out to evaluate their stability for total
phenolic and antioxidant activity. The AMMI and GGE analysis revealed that G1, G6, G13,
and G16 were the genotypes identified to be stable for phenolic antioxidant production.
Among the identified stable genotypes, three C. zanthorrhiza genotypes were found to have
higher total phenolic content and antioxidant activity compared to all the genotypes of
C. aeruginosa in all the studied environments. Moreover, from the biplot analysis, 67.1%
and 32.9% variation were found to be exerted by both the principal components (PC1 and
PC2), respectively, for total phenolic content, while for the antioxidant activity parameters
variation of 89.1% and 10.9% was found to be exerted by PC1 and PC2, respectively [51].
The GGE analysis in the present study confirmed the genotype Jor Lab KH-2 as the most
stable genotype with superior yielding traits. A previous report [52,53] revealed that G × E
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interaction was found to be significant for the trait rhizome yield in turmeric. Another
study on seventeen germplasm of turmeric was carried out to study their stability in
three environments using the Eberhart and Russell model. The result of ANOVA revealed
significant variation for the trait of rhizome yield and all the other thirteen traits studied in
all the germplasm in all of the three environments, which accounted for the genetic variation
among the studied germplasm. The G × E interaction was found to exhibit significant
variation on the traits such as rhizome yield, rhizome thickness, rhizome fresh weight,
rhizome dry weight and length of rhizome. CIMCH14130, CIMCH14208 and CIMCH14107
were the three identified stable genotypes with mean values, bi < 1 and s2di 0 [54]. Similar
results were obtained in our study for the genotype KH-2 with bi = 0.76 and s2di = −0.14
while the check variety had bi = 0.12 and s2di = 0.56 (Table 4). The result signifies the check
variety significantly deviated from regression which highlights that the check variety was
not selectable, and the genotype Jor Lab KH-2 was stable with high-yielding traits.

5. Conclusions

High crop productivity with consistent performance is the major goal and demand
of breeders, researchers and growers. A multi-year study for three years was performed
for 135 germplasms of C. caesia which led to the selection of five high rhizome yielding
lines. These lines were evaluated in a multi-location trial and analysed using various
multivariate analyses, such as Eberhart–Russell, AMMI and GGE biplot. The stability test
was performed only on yield parameters because the yield parameters are the major goal of
the breeder for the improvement of the crop. These analyses helped in the detection of the
stable and superior genotype for fresh rhizome yield/plant and essential oil content. This
genotype was named as Jor Lab KH-2 and was registered with ICAR-NBPGR, New Delhi.
This selected genotype could be utilised for C. caesia varietal development programme
and could be recommended for commercial cultivation. This superior genotype will
also aid in conservation of this rare and endangered species which could be utilised
for future prospects. This new variety will expand the possibilities for the commercial
production of camphor which is the major component in the rhizome essential oil, and
offer the pharmaceutical, flavour and fragrances industries new sources of raw materials
which are cost-effective. This is the first report on the identification and registration of a
superior variety of C. caesia confirmed through stability analysis showing consistent and
satisfactory performance.

Author Contributions: Conceptualisation, M.L.; methodology, M.L.; software, S.M.; validation, M.L.,
S.M. and T.B.; formal analysis, M.P. and T.G.; investigation, S.M. and T.B.; resources, S.K.C. and H.L.;
data curation, T.B. and M.P.; writing—original draft preparation, S.M., T.B. and T.G.; writing—review
and editing, M.L. and S.M.; supervision, M.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by NMPB, New Delhi, grant number R&D/AS/01/16-17.

Institutional Review Board Statement: Not Applicable.

Informed Consent Statement: Not Applicable.

Acknowledgments: The authors are thankful to the Director, CSIR-North East Institute of Science
and Technology, Jorhat, Assam for providing necessary field and lab facilities to conduct the study.

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

References
1. Borah, A.; Kumar, D.; Paw, M.; Begum, T.; Lal, M. A review on ethnobotany and promising pharmacological aspects of an

endangered medicinal plant, Curcuma caesia Roxb. Turk. J. Bot. 2020, 44, 205–213. [CrossRef]
2. Kress, W.J.; Prince, L.M.; Williams, K.J. The phylogeny and a new classification of the gingers (Zingiberaceae): Evidence from

molecular data. Am. J. Bot. 2002, 89, 1682–1696. [CrossRef] [PubMed]
3. Sahu, R.; Saxena, J. A brief review on medicinal value of Curcuma caesia. Int. J. Pharm. Life Sci. 2013, 4, 2664–2666.

472



Genes 2022, 13, 1807

4. Sahu, B.; Kenwat, R.; Chandrakar, S. Medicinal value of Curcuma cassia Roxb: An overview. UK. J. Pharm. Biosci. 2016, 4, 69–74.
[CrossRef]

5. Mahanta, B.P.; Sut, D.; Lal, M.; Haldar, S. Hydrodistillation alters the compositional originality in black turmeric (Curcuma caesia
Roxb.) essential oil. J. Essent. Oil Res. 2021, 33, 240–246. [CrossRef]

6. Paliwal, P.; Pancholi, S.S.; Patel, R.K. Pharmacognostic parameters for evaluation of the rhizomes of Curcuma caesia. J. Adv. Pharm.
Technol. Res. 2011, 2, 56–61. [CrossRef] [PubMed]

7. Paw, M.; Munda, S.; Borah, A.; Pandey, S.K.; Lal, M. Estimation of variability, genetic divergence, correlation studies of Curcuma
caesia Roxb. J. Appl. Res. Med. Aromat. Plants 2020, 17, 100251. [CrossRef]

8. Available online: https://justagriculture.in/files/magazine/2021/october/002%20Black%20Turmeric.pdf (accessed on
15 September 2022).

9. Donipati, P.; Sreeramulu, S.H. Preliminary phytochemical screening of Curcuma caesia. Int. J. Curr. Microbiol. App. Sci. 2015, 4, 30–34.
10. Tag, H.; Das, A.K.; Loyi, H. Anti-inflammatory plant used by Khamti tribes of Lohit District in Arunachal Pradesh. Nat. Prod. Rad.

2007, 4, 340–343.
11. Israr, F.; Hassan, F.; Naqvi, B.S.; Azhar, I.; Jabeen, S.; Hssan, S.M.F. Studies on antibacterial activity of some traditional medicinal

plants used in folk medicine Pak. J. Pharm. Sci. 2012, 25, 669–674.
12. Sasikumar, B. Genetic resource of Curcuma: Diversity, characterization and utilization. Plant Genet. Res. 2005, 3, 230–251.

[CrossRef]
13. Rastogi, R.P.; Mehrotra, B.N. Compendium of Indian Medicinal Plants; CSIR: New Delhi, India, 1990; Volume 1, pp. 118–122.
14. Trivedi, P.C. Ethnomedicinal Plant of India; Aviskar Publisher: Jaipur, India, 2003; Volume 30, p. 46.
15. Mia, M.K.; Kadir, M.F.; Hossan, S.; Rahmatullah, M. Medicinal plants of the Garo tribe inhabiting the Madhupur forest region of

Bangladesh. Am. Eurasian J. Sustain. Agric. 2009, 3, 165–171.
16. Idrisi, M.S.; Bordola, H.K.; Singh, R. Indigenous knowledge and medicinal use of plants by local communities in Rangit Valley,

South Sikkim, India. NeBIO 2010, 1, 34–45.
17. Syamkumar, S.; Sasikumar, B. Molecular marker based genetic diversity analysis of Curcuma species from India. Sci. Hortic. 2007,

112, 235–241. [CrossRef]
18. Ravindran, P.N.; Nirmal Babu, K.; Sivaraman, K. Turmeric: The Genus Curcuma, 1st ed.; CRC Press: Boca Raton, FL, USA, 2007; p. 504.
19. Paw, M.; Gogoi, R.; Sarma, N.; Pandey, S.K.; Borah, A.; Begum, T.; Lal, M. Study of anti-oxidant, anti-inflammatory, genotoxicity,

and antimicrobial activities and analysis of different constituents found in rhizome essential oil of Curcuma caesia Roxb., collected
from North East India. Curr. Pharm. Biotechnol. 2020, 21, 403–413. [CrossRef]

20. Banerjee, A.; Nigam, S.S. Antifungal activity of the essential oil of Curcuma caesia Roxb. Indian J. Med. Res. 1976, 64, 1318–1321.
21. Arulmozhi, D.K.; Sridhar, N.; Veeranjaneyulu, A.; Arora, S.K. Preliminary mechanistic studies on the smooth muscle relaxant

effect of hydroalcoholic extract of Curcuma caesia. J. Herb. Pharmacother. 2006, 6, 117–124. [CrossRef] [PubMed]
22. Mangla, M.; Shuaib, M.; Jain, J.; Kashyap, M. In-vitro evaluation of antioxidant activity of Curcuma caesia Roxb. Int. J. Pharm. Sci.

Res. 2010, 1, 98–102.
23. Karmakar, I.; Saha, P.; Sarkar, N.; Bhattacharya, S.; Haldar, P.K. Neuropharmacological assessment of Curcuma caesia Roxb.

rhizome in experimental animal models. Orient. Pharm. Exp. Med. 2011, 11, 251–255. [CrossRef]
24. Rajamma, A.G.; Bai, V.; Nambisan, B. Antioxidant and antibacterial activities of oleoresins isolated from nine Curcuma species.

Phytopharma 2012, 2, 312–317.
25. Das, S.; Bordoloi, P.K.; Phukan, D.; Singh, S. Study of the anti-ulcerogenic activity of the ethanolic extracts of rhizome of Curcuma

caesia against gastric ulcers in experimental animals. Asian J. Pharm. Clin. Res. 2012, 5, 200–203.
26. Sarangthem, K.; Haokip, M.J. Bioactive components in Curcuma caesia Roxb. growing in Manipur. Bioscan 2010, 5, 113–115.
27. Pandey, A.K.; Chowdhary, A.R. Volatile constituent of rhizome oil of Curcuma caesia Roxb. from central India. Flavour Frag. J.

2003, 18, 463. [CrossRef]
28. Song, E.K.; Cho, H.; Kim, J.S.; Kim, N.Y.; An, N.H.; Kim, J.A. Diarylheptanoids with free radical scavenging and hepatoprotective

activity in vitro from Curcuma longa. Planta Med. 2001, 67, 876–877. [CrossRef] [PubMed]
29. Jayaprakasha, G.K.; Rao, L.J.; Sakariah, K.K. Antioxidant activities of curcumin, demethoxycurcumin and bisdemethoxy. Food

Chem. 2006, 98, 720–724. [CrossRef]
30. Borah, A.; Paw, M.; Gogoi, R.; Loying, R.; Sarma, N.; Munda, S.; Pandey, S.K.; Lal, M. Chemical composition, antioxidant,

anti-inflammatory, antimicrobial and in-vitro cytotoxic efficacy of essential of Curcuma caesia Roxb. leaves: An endangered
medicinal plant of North East India. Ind. Crop. Prod. 2019, 129, 448–454. [CrossRef]

31. Bian, L.; Zhang, H.; Ge, Y.; Cepl, J.; Stejskal, J.; El-Kassaby, Y.A. Closing the gap between phenotyping and genotyping: Review of
advanced, image-based phenotyping technologies in forestry. Ann. For. Sci. 2022, 79, 22. [CrossRef]

32. Anshori, M.F.; Purwoko, B.S.; Dewi, I.S.; Ardie, S.W.; Suwarno, W.B. Cluster heatmap for detection of good tolerance trait
on doubled-haploid rice lines under hydroponic salinity screening. In Proceedings of the IOP Conference Series: Earth and
Environmental Science, Makassar, Indonesia, 23–25 September 2019.

33. Fadli, M.; Farid, M.; Yassi, A.; Nasaruddin, N.; Anshori, M.F.; Nur, A.; Suratman, S. Evaluation of the advanced yield trial on
tropical wheat (Triticum aestivum) mutant lines using selection index and multivariate analysis. Biodiversitas 2022, 23, 540–547.
[CrossRef]

473



Genes 2022, 13, 1807

34. Singh, C.M.; Mishra, S.B.; Pandey, A.; Arya, M. Eberhart-Russell’ and AMMI approaches of genotype by environment interaction
(GEI) for yield and yield component traits in Vigna radiata L. Wilczek. Int. J. Environ. Agric. Biotechnol. 2014, 7, 277–292. [CrossRef]

35. Munda, S.; Sarma, N.; Lal, M. G × E interaction of 72 accessions with three year evaluation of Cymbopogon winterianus Jowitt. using
regression coefficient and Additive Main effects and Multiplicative Interaction model (AMMI). Ind. Crops Prod. 2020, 146, 112169.
[CrossRef]

36. Yan, W.; Kang, M.S.; Ma, B.; Woods, S.; Cornelius, P.L. GGE biplot vs. AMMI analysis of genotype-by-environment data. Crop. Sci.
2007, 47, 643–653. [CrossRef]

37. Lal, M.; Munda, S.; Dutta, S.; Pandey, S.K. Identification of a novel germplasm (Jor Lab L-9) of lemon grass (Cymbopogon khasianus)
rich in methyl eugenol. Crop. Breed. App. Biotechnol. 2020, 20, e320720315. [CrossRef]

38. Clevenger, J.F. Apparatus for the determination of volatile oil. J. Pharm. Sci. 1928, 17, 345–349. [CrossRef]
39. Olivoto, T.; Lucio, A.D.C.; da Silva, J.A.G.; Marchioro, V.S.; de Souza, V.Q.; Jost, E. Mean performance and stability in multi-

environment trials I: Combining features of AMMI and BLUP techniques. Agron. J. 2019, 111, 1–12. [CrossRef]
40. Ayaz, A.; Huang, H.; Zheng, M.; Zaman, W.; Li, D.; Saqib, S.; Zhao, H.; Lü, S. Molecular Cloning and Functional Analysis of

GmLACS2-3 Reveals Its Involvement in Cutin and Suberin Biosynthesis along with Abiotic Stress Tolerance. Int. J. Mol. Sci. 2021,
22, 9175. [CrossRef] [PubMed]

41. Naeem, M.; Muqarab, R.; Waseem, M. The Solanum melongena COP1 delays fruit ripening and influences ethylene signaling in
tomato. J. Plant Physiol. 2019, 240, 152997. [CrossRef]
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Abstract: Jatropha is a small woody perennial biofuel-producing shrub. Stress-associated proteins
(SAPs) are novel stress regulatory zinc-finger proteins and are mainly associated with tolerance
against various environmental abiotic stresses in Jatropha. In the present study, the JcSAP gene family
were analyzed comprehensively in Jatropha curcas and 11 JcSAP genes were identified. Phylogenetic
analysis classified the JcSAP genes into four groups based on sequence similarity, similar gene
structure features, conserved A20 and/or AN1 domains, and their responsive motifs. Moreover,
the divergence analysis further evaluated the evolutionary aspects of the JcSAP genes with the
predicted time of divergence from 9.1 to 40 MYA. Furthermore, a diverse range of cis-elements
including light-responsive elements, hormone-responsive elements, and stress-responsive elements
were detected in the promoter region of JcSAP genes while the miRNA target sites predicted the
regulation of JcSAP genes via a candid miRNA mediated post-transcriptional regulatory network. In
addition, the expression profiles of JcSAP genes in different tissues under stress treatment indicated
that many JcSAP genes play functional developmental roles in different tissues, and exhibit significant
differential expression under stress treatment. These results collectively laid a foundation for the
functional diversification of JcSAP genes.

Keywords: abiotic stress; divergence; expression profile; jatropha; phylogeny; SAP genes

1. Introduction

Plant growth and productivity is severely affected by various biotic and abiotic
stresses because of their sessile nature. These environmental stresses down- or upreg-
ulate a large pool of genes. To eliminate or reduce the harsh environmental effect, plants
have evolved complex internal molecular mechanisms to modulate stress-responsive or reg-
ulatory genes [1,2]. Regulatory genes code for sensors that perceive stress signals, kinases
that transmit the signals, and transcription factors that are down- or upregulated as a result
of perceived stress. Thus, defence mechanisms start with the perception of stress, followed
by signal transduction, synthesis of transcription factors, and finally down- or upregulation
of genes that produce protective proteins and metabolites [2]. Hitherto, a large number of
genes have been characterized that play an important role during different stresses and
are involved at different levels of regulation, such as perception, signalling, transcription,
and production of protective biomolecules [3–7]. The characterisation of genes belonging
to the signal transduction and transcription factor categories is of great importance because
of their effect on a wide range of stress-related genes. Zinc finger proteins are associated
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with this category and are considered the important proteins that contribute to protection
against environmental stress [8–11].

Stress-associated proteins (SAP) are the newly identified stress regulatory zinc-finger
proteins in plants with the A20 domain at N-terminal and AN1 domain at C-terminal, and
are mainly associated with tolerance against various environmental abiotic stresses [1,12–15].
SAP genes in plants were first identified in Oryza sativa, and OsSAP1 was declared to be
largely involved in abscisic acid, healing wounds, heavy metals, salt, drought, and cold [9].
Similarly, other OsSAP genes have also been expressed under several environmental stresses,
indicating their role in stress-response [5]. Recently, the response of SAP genes has been
identified in several plant species and has been studied against various environmental
stresses. The evidence from the previous literature has shown the presence of the SAP gene
family in many species, like 18 SAP gene members in rice [5], 14 in Arabidopsis [5], 17 in
barley [13], 27 in soybean [12], 37 in cotton [16], 13 in tomato [2], 12 in cucumber [17], 21 in
eggplant [1], and 9 in almond [18]. However, the identification of SAP genes in Jatropha
genome is not systematically deliberated.

Jatropha (Jatropha curcas L.) is a small woody perennial shrub that belongs to the
subfamily Crotonoideae of Euphorbiaceae. Jatropha is a biofuel-producing non-food crop
mostly grown in subtropical as well as tropical regions, with 40 to 50% of oil content in its
seeds. Particularly important is the fact that Jatropha can grow on degraded soils, making
it an attractive crop for biodiesel feedstock as it can be widely planted on marginal land
considered inappropriate for food crops [19]. In addition, Jatropha is adaptable to grow
in a wide range of agro-climatic conditions and possesses several properties like easy
propagation, short gestation period, rapid growth, high oil content, low seed cost, and
tolerance to salt and drought, making it suitable for biodiesel production [19–21]. With
the increasing costs, gradual depletion of fossil energy resources, and having a strong
potential for biofuel production, Jatropha is recently attracting the widespread attention of
researchers. The identification of the SAP gene family in Jatropha might encompass a novel
understanding of the flow and appearance of the mechanism of stress regulatory genes.
In the current study, we identified the SAP gene family genome-wide in Jatropha and
comprehensively analysed their phylogeny, domain, motif, gene structure, chromosome
location, gene duplication, cis-acting elements, miRNA target sites, and the expression
analysis in various tissues against stress, which laid a foundation for further studies on the
biological function of SAP genes in Jatropha.

2. Materials and Methods
2.1. Identification, Sequence Alignment, and Phylogenetic Analysis of SAP Genes in
Jatropha Curcas

To identify SAP genes in Jatropha, Pfam server (http://pfam.xfam.org/) (accessed on 31
August 2022) was searched for the A20 domain (PF01754) and AN1 domain (PF01428), and
then the HMMER (https://www.ebi.ac.uk/Tools/hmmer/search/hmmsearch) (accessed
on 31 August 2022) Hidden Markov model was used as a probe to screen all the can-
didate proteins. To ensure the reliability of the sequences and to remove redundant se-
quences, the search results of all candidate SAP protein sequences were further searched
for the presence of A20/AN1 domains using the Pfam database (http://pfam.janelia.org/)
(accessed on 31 August 2022), MOTIF search (https://www.genome.jp/tools/motif/)
(accessed on 31 August 2022), NCBI conserved domain database (http://www.ncbi.nlm.nih.
gov/Structure/cdd/wrpsb.cgi) (accessed on 31 August 2022), SMART database
(http://smart.embl-heidelberg.de/) (accessed on 31 August 2022), and Inter ProScan pro-
gram (http://www.ebi.ac.uk/Tools/pfa/ iprscan5/) (accessed on 31 August 2022). The
protein sequences of the SAP gene family of rice and Arabidopsis (Supplementary Table S1)
were retrieved from the previously published report [5]. Multiple sequence alignments of
all the sequences of Jatropha, Arabidopsis, and rice were performed using Muscle. Subse-
quently, to create a phylogenetic tree, the alignments were imported to MEGA7 software
(https://www.megasoftware.net/home) (accessed on 1 September 2022) using the neighbor-
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joining (NJ) method with a bootstrap option of 1000 replications. The phylogenetic tree was
further visualized and edited via MEGA7 software (https://www.megasoftware.net/home)
(accessed on 1 September 2022) [22–26].

2.2. JcSAP Protein Physicochemical Characteristics

To find the physicochemical properties of JcSAP genes, the NCBI database (https://www.
ncbi.nlm.nih.gov/) (accessed on 1 September 2022) was searched to find the amino acid (bp),
CDS (bp) and location on Chromosome. The ProtParam tool of ExPASy server (http://web.
expasy.org/protparam) (accessed on 1 September 2022) was searched to predict the isoelectric
points (pI), molecular weight (MW), grand average of hydropathicity (GRAVY), and Formula
of each SAP gene in Jatropha curcas. Softberry server for plant protein location (http://www.
softberry.com/berry.phtml?topic=protcomppl&group=programs&subgroup=proloc) (accessed
on 1 September 2022) was employed to predict the subcellular localization each SAP protein in
Jatropha curcas [22].

2.3. Gene Duplication Events, Homology and Synteny Analysis of JcSAP Genes

For Gene conservation, duplication events, homology, and Synteny analysis, a com-
parative Synteny analysis was performed by using circoletto Tool (https://www.tools.bat.
infspire.org/circoletto/) (accessed on 2 September 2022) to visualize genome conserva-
tion. Protein sequences of Arabidopsis SAP genes were used against the identified JcSAP
sequences and were finally exhibited by circus by running the Circoletto tool [27].

2.4. Conserved Domains, Motifs, and Gene Structure Organization of JcSAP Genes

The identified JcSAP protein sequences were subjected to NCBI CDD online software
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) (accessed on 2 September 2022)
for domain analysis, and the obtained results were visualized via the TBtools software
(https://github.com/CJ-Chen/TBtools) (accessed on 2 September 2022). Similarly, to
analyze the JcSAP proteins for the conserved motifs, the protein sequences of JcSAP were
submitted to MEME suite software 5.4.1 (https://meme-suite.org/meme/tools/meme)
(accessed on 2 September 2022). Consistently, to display the gene structure organization
of JcSAP genes, the gene structure display server (http://gsds.gao-lab.org/) (accessed
on 2 September 2022) was used by submitting the CDS and genomic sequences of JcSAP
genes [22,24].

2.5. Divergence Analysis

For divergence analysis of JcSAP genes, the server Ka/Ks calculation tool (http://
services.cbu.uib.no/tools/kaks) (accessed on 2 September 2022) was used and the non-
synonymous substitution per nonsynonymous site (Ka) and synonymous substitution per
synonymous site (Ks) was determined by inputting the DNA sequences of JcSAP genes
using default parameters. The divergence time was calculated by the given formula [24,28].

Time o f divergence (T) =
Synonymous substitution rate (dS or Ks)

2 × Divergence rate (6.56 × 10−9)
× TMY (10−6)

2.6. Protein Structure Analysis of JcSAP Genes

To identify the structural composition of 11 JcSAP genes, an online tool for the predic-
tion of secondary structure SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/secpredsopma.pl)
(accessed on 2 September 2022) were used. The tertiary structure of JcSAP proteins were
visualized via uniprot (https://www.uniprot.org) (accessed on 2 September 2022) to further
support the secondary structure of JcSAP proteins [29].

2.7. Cis-Elements Analysis and Predicted miRNA Target Sites

To analyse the cis-regulatory element, the upstream region of 1500 bp of each genomic
sequence of the JcSAP genes was submitted to PlantCARE server (https://bioinformatics.
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psb.ugent.be/webtools/plantcare/html/) (accessed on 5 September 2022) and was searched
for the presence of cis-regulatory elements. The results were then visualized using TBtools
software (https://github.com/CJ-Chen/TBtools) (accessed on 6 September 2022) [24].

For the prediction miRNA target sites for JcSAP genes, the published miRNAs of
Jatropha curcas were downloaded from the plant miRNA encyclopaedia (https://pmiren.
com/download) (accessed on 6 September 2022) and were then subjected to the psRNATar-
get database (https://www.zhaolab.org/psRNATarget/analysis?function=3) (accessed on
6 September 2022) along with the CDS of JcSAP genes to predict the miRNA target sites
and interaction with JcSAP genes. Finally, the results were visualized using Cytoscape
software (Cytoscape Consortium, San Francisco, CA, USA) (http://apps.cytoscape.org/
apps/stringapp) (accessed on 7 September 2022) [24,30].

2.8. Gene Expression Profiling of JcSAP Genes

For JcSAP gene expression patterns in different plant tissues under abiotic stress, the
raw expression data of leaf and root tissues subjected to drought stress was retrieved from
the public database of NCBI (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE61109) (accessed on 11 September 2022) under the GEO accession number GSE61109.
The expression profiles of all JcSAP genes were exhibited as reads per kilobase per million
(RPKM) values and illustrated via heat map using TBtools [30,31].

3. Results
3.1. Identification and Phylogenetic Analysis of JcSAP Genes

To gain insight into the identification and evolution of JcSAP genes, the Hidden
Markov model profiles of the A20 domain and AN1 domain were used as a probe to screen
all the candidate proteins and were then used with the protein sequences of Arabidopsis
thaliana and Oryza sativa to construct a phylogenetic tree (see materials and methods).
Results demonstrated that A. thaliana, having a genome size of 135 mb and 2n chromosome
number of 10, had a total of 14 SAP genes following both the A20 and AN1 domain. Oryza
sativa, having a genome size of 372 mb and 2n chromosome number of 24, had a total
of 18 SAP genes in which 12 members were following both the A20 and AN1 domain,
5 members were following only the AN1 domain, while 1 member was following only the
A20 domain. Jatropha curcas, having a genome size of 416 mb and 2n chromosome number
of 22, had a total of 11 SAP genes in which 8 members were following both the A20 and
AN1 domain, 3 members were following only the AN1 domain, while there were no single
gene members following the A20 domain only (Figure 1B, Table S1). To further investigate
the classification and the evolutionary characteristics of the JcSAP proteins, an unrooted
phylogenetic tree was constructed based on the SAP protein sequences of Arabidopsis
thaliana, Oryza sativa, and Jatropha (Figure 1A). All available 34 sequences, including
14 AtSAP, 18 OsSAP, and 11 JcSAP, were mainly clustered into four groups. Group A
contained four JcSAP members (JcSAP810a, JcSAP810b, JcSAP111314, and JcSAP12), clus-
tered to AtSAP8, AtSAP10, AtSAP11, AtSAP13, and AtSAP14. Group B consisted of three
JcSAP members (JcSAP179, JcSAP3, JcSAP46), clustered to AtSAP1, AtSA3, AtSAP4, At-
SAP6, AtSAP7, and AtSAP9. Group C consisted of three JcSAP members (JcSAP2a, JcSAP2b,
and JcSAP2c), clustered to AtSAP2. Group D included only one JcSAP member (JcSAP5)
clustered to AtSAP5. These results of the comparative phylogenetic relationship predicted
that the SAP members clustered together or with other species may share similar biological
functions against stresses.
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and rice. (A) Phylogenetic tree of 14 arabidopsis, 18 rice, and 11 Jatropha SAP members, (B) Iden-
tified SAP members of Arabisopsis, rice, and Jatropha with followed domains, genome size, and
chromosome numbers.

3.2. Physicochemical Characteristics of JcSAP Genes

To further get into the physicochemical characteristic of the total 11 identified SAP genes
in Jatropha in a comprehensive manner (Figure 1), the physicochemical parameters of JsSAP
genes including gene code, location on chromosome, amino acids and CDS length, molecular
weight (MW/kDa), isoelectric point (PI), GRAVY, Formula, and Predicted subcellular local-
ization were investigated insilico and exhibited in Tables 1 and S1. Results demonstrated
that the amino acid length JcSAP genes were varied from 133 (JcSAP2a) to 288 (JcSAP111314).
CDS was ranged from 402 (JcSAP2a) to (867) (JcSAP111314). Molecular weight (MW/kDa)
JcSAP genes varied from 14686.65 kDA (JcSAP2a) to 31998.28 (JcSAP111314), while the
isoelectric point (PI) ranged from 8 PI (JcSAP179) to 9.4 PI (JcSAP5). Moreover, the predicted
subcellular localization revealed that all JcSAP genes are cytoplasmic expect JcSAP111314
and JcSAP12, which appeared to be extracellular. The presence of each JcSAP gene member
on a specific chromosome was not predicted in silico, however the GRAVY and formula
were given in Table 1. These results provide information about the basic known parameters
of the JcSAP genes.

Table 1. Physicochemical characteristics of JcSAP genes.

Gene Name Gene ID (Uniprot) Chr AA CDS MW/kDa PI GRAVY Formula
Predicted

Subcellular
Localization

JcSAP179 A0A067JZZ9_JATCU Un 178 537 18834.23 8 −0.453 C809H1279N231O261S13 Cytoplasmic
JcSAP2a A0A067KTX6_JATCU Un 133 402 14686.65 9.1 −0.612 C630H990N188O194S12 Cytoplasmic
JcSAP2b A0A067JE11_JATCU Un 171 516 18507.08 8.5 −0.442 C785H1266N236O249S16 Cytoplasmic
JcSAP2c A0A067L4U9_JATCU Un 170 513 18087.44 8.8 −0.304 C761H1233N229O251S15 Cytoplasmic
JcSAP3 A0A067KRF9_JATCU Un 170 513 18661.18 8.8 −0.492 C793H1276N236O254S15 Cytoplasmic
JcSAP46 A0A067L6B6_JATCU Un 159 480 17559.01 8.6 −0.521 C754H1197N225O231S14 Cytoplasmic
JcSAP5 A0A067L4Q5_JATCU Un 185 558 20311.78 9.4 −0.665 C849H1395N271O283S12 Cytoplasmic

JcSAP810a A0A067JER8_JATCU Un 135 408 14879.04 9.3 −0.49 C643H1038N186O199S10 Cytoplasmic
JcSAP810b A0A067JQU7_JATCU Un 204 615 22711.95 9.3 −0.775 C972H1602N282O314S14 Cytoplasmic

JcSAP111314 A0A067K2L3_JATCU Un 288 867 31998.28 8.6 −0.665 C1367H2182N416O426S23 Extracellular
JcSAP12 A0A067LAI2_JATCU Un 197 594 21773.79 9 −0.639 C924H1487N285O288S18 Extracellular
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3.3. Synteny Analysis of JcSAP Genes

To further support the identification and homologous relationship among SAP genes,
Synteny analysis of all the identified SAP genes of Jatropha and Arabidopsis was subjected
to the circoletto tool to make a map of comparative synteny circos (see materials and
methods). The Synteny map illustrated the relationship among the SAP genes of Jatropha
and Arabidopsis species regarding their function, expression, duplication events, and
evolution (Figure 2). The sequences were placed clockwise around a circle, starting at
12 o’clock, and the ideograms were placed in order to maximally untangle the ribbons;
the queries and database entries were intertwined. Ribbon colors of the map diagram
represent the alignment length, visualizing the sequence similarity and identity level, i.e.,
blue ≤ 0.25, green ≤ 0.50, orange ≤ 0.75, red > 0.75, providing an essential first glimpse at
sequence relationships. The obtained results revealed that Arabidopsis AtSAP1, AtSAP7,
and AtSAP9 showed Synteny with JcSAP179 of Jatropha. Similarly, AtSAP2 showed Synteny
with JcSAP2a, JcSAP2b, and JcSAP2c. AtSAP3 showed Synteny with JcSAP3. AtSAP4 and
AtSAP6 showed Synteny with JcSAP46. AtSAP5 showed Synteny with JcSAP5. AtSAP10
showed Synteny with JcSAP810a, JcSAP810b. AtSAP11, AtSAP13, and AtSAP14 showed
Synteny with JcSAP111314. AtSAP12 showed Synteny with JcSAP12. Moreover, based on
the color intensity, the inward and outward tangling of ribbons showed conservation and
duplication events, respectively, suggesting that SAP genes were conserved in Jatropha
during evolution.
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3.4. Determination of Non-Synonymous (Ka) and Synonymous (Ks) Substitution Rate

The divergence analysis was performed to gain insight into the evolutionary aspects
of JcSAP genes by determining the non-synonymous substitution per non-synonymous site
(Ka) and synonymous substitution per synonymous site (Ks) for each pair of paralogous
JcSAP genes according to the phylogenetic tree (Figure S1) generated by Ka/Ks calculation
server, in order to indicate the evolutionary discretion among JcSAP genes (Table 2). Results
with a Ka/Ks value of <1 each pair of paralogous genes indicated the purifying selection
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pressure during the evolution. The divergence time for each pair of JcSAP genes ranged
from 9.1 to 40 million years ago (MYA) (Table 3).

Table 2. Secondary Structure of 11 JcSAP proteins.

H (%) T (%) E (%) RC (%)

JcSAP11/13/14 22.22 1.04 11.11 65.62
JcSAP12 13.2 2.54 13.71 70.56

JcSAP1/7/9 21.35 2.81 11.8 64.04
JcSAP3 27.65 3.53 11.76 57.06

JcSAP2b 25.15 4.68 10.53 59.65
JcSAP4/6 30.19 4.4 12.58 52.83
JcSAP2a 26.32 4.51 13.53 55.64
JcSAP5 37.84 2.7 10.27 49.19

JcSAP8/10a 14.07 3.7 13.33 68.89
JcSAP2c 28.82 4.12 11.76 55.29

JcSAP8/10b 21.08 2.94 13.24 62.75

Table 3. Non-synonymous (Ka) and synonymous (Ks) substitution rate and divergence time of
JcSAP genes.

Paralogous Genes Ka Ks Ka/Ks T (MYA)

JcSAP111314 JcSAP12 0.2614 0.5275 0.495545 40.2
JcSAP810b JcSAP810a 0.04609 0.11945 0.385851 9.1

JcSAP2b JcSAP2c 0.12225 0.33925 0.360354 25.8
JcSAP4/6 JcSAP3 0.1221 0.4072 0.299853 31.0
JcSAP5 JcSAP179 0.26015 0.46745 0.55653 35.6

3.5. Gene Structure, Domain and Motif Analysis of JcSAP Genes

To further explore the critical fundamental function of the identified JcSAP genes,
the JcSAP were further investigated for conserved domains, gene structure organization,
and motifs. Eight JcSAP genes like JcSAP179, JcSAP2a, JcSAP2b, JcSAP2c, JcSAP3, JcSAP46,
JcSAP5, and JcSAP810b followed both the A20 domain at the N terminal and AN1 domain
at C terminal, except JcSAP111314, JcSAP12, and JcSAP810a, which followed only the
AN1 domain and had no A20 domain (Figure 3A). Similarly, the motif analysis revealed
that all the JcSAP genes followed five conserved motifs corresponding to the A20 and
AN1 domains (Figure 4A). The logos of the five identified motifs are present in Figure 4B.
The demonstration of the gene structure organization further revealed the coding region
(CDS) distribution (Figure 3B), indicating that JcSAP179, JcSAP2a, JcSAP5, JcSAP810a, and
JcSAP810b have one exon, 2 JcSAP3, JcSAP46, JcSAP111314, and JcSAP12 have two exons,
while JcSAP2b and JcSAP2c have three exons. All these results collectively further support
the conserved domain, motif, and structure and thus suggested to share similar biological
functions in response to environmental abiotic stresses.

3.6. Protein Structure Analysis of JcSAP Genes

To delve further into the structure of the JcSAP genes, the secondary and tertiary
structures of the JcSAP proteins were visualized (Table 2, Figure 5). The secondary structure
of the JcSAP proteins explored the way these proteins fold and coil. The secondary structure
of the JcSAP proteins consisted of four main elements including the α-helix (H%), β-turn
(T%), extended chain (E%), and random coil (RC%). In the secondary structure of JcSAP
proteins, the random coil (RC%) had the highest value ranging from 49.19% (JcSAP5)
to 68.89% (JcSAP8/10a), followed by the α-helix (H%) ranging from 13.2% (JcSAP12)
to 37.84% (JcSAP5), again followed by the extended chain (E%) ranging from 10.27%
(JcSAP5) to 13.71% (JcSAP12), and β-turn (T%) ranging from 1.04% (JcSAP11/13/14) to
4.68% (JcSAP2b). Similarly, the tertiary structures of the JcSAP proteins visualized via
uniprot (https://www.uniprot.org) (accessed on 2 September 2022) further supported the
secondary structure of JcSAP proteins.
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Figure 5. Illustration of the predicted tertiary structure of 11 JcSAP proteins. The protein structures
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high degree of structural homology in most gene members.

3.7. Promoter Region Analysis and Prediction of miRNA Target Sites of JcSAP Genes

The promoter region analysis of the JcSAP genes resulted in the presence of a diverse
range of cis-elements. The cis-elements identified during the promoter analysis of JcSAP
genes were classified into three major groups/categories including light-responsive ele-
ments, hormone-responsive elements, and stress-responsive elements. The results revealed
that there were 20 light responsive elements naming GT1-motif, chs-CMA1a, chs-CMA2a,
AE-box, G-Box, Sp1, Box 4, MRE, I-box, GTGGC-motif, GATA-motif, TCT-motif, ATC-
motif, TCT-motif, TCCC-motif, LAMP-element, 3-AF1 binding site, ACE, AT1-motif, GA-
motif, 10 hormone responsive elements naming GARE-motif, TCA-element, TGACG-motif,
CGTCA-motif, ABRE, TATC-box, TGA-element, P-box, AuxRR-core, AuxRE, and 12 Stress
Responsive Elements naming TC-rich repeats, MBS, LTR, ARE, GCN4_motif, RY-element,
HD-Zip 1, O2-site, WUN-motif, CAT-box, NON-box, CAT-box (Figure 6A). Moreover, the
mean values of light-responsive elements ranged from 1.20 (JcSAP810b) to 3.50 (JcSAP2a),
the mean values of hormone responsive elements ranged from 1.13 (JcSAP111314) to 4.00
(JcSAP2b), and the mean values of stress responsive elements ranged from 1.00 (JcSAP2a) to
2.33 (JcSAP810a and JcSAP2c) (Figure 6B).

Similarly, to predict the miRNA target sites of the JcSAP genes, the coding sequences
of the identified JcSAP genes were used against the miRNAs of Jatropha (see material and
methods). The results revealed that only three miRNAs (Jcu-miR393, Jcu-miR1628, and
Jcu-miR2111) showed interaction with only four JcSAP genes (JcSAP2a, JcSAP2b, JcSAP810a,
and JcSAP12) (Figure 6C). Moreover, miRNA Jcu-miR393 showed interaction with two JcSAP
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genes, JcSAP2a and JcSAP2b, miRNA Jcu-miR1628 showed interaction with JcSAP12, while
miRNA Jcu-miR2111 showed interaction with JcSAP810a. The Excel spreadsheet containing
targeting sites predicted miRNAs ID, and the alignment with JcSAP gens are given in the
Supplementary Table S2.
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target sites of JcSAP genes.

3.8. Gene Expression Profiling of JcSAP Genes

To investigate the possible function of JcSAP genes during environmental abiotic
stress in Jatropha, the expression data were analysed from leaf and root tissues of Jatropha
plants subjected to drought stress [32] (Figure 7A). The heat map showed the expression
level of 11 JcSAP genes in different tissues of leaf and root during drought stress and after
recovery (Figure 7B). The results further revealed that JcSAP179, JcSAP3, and JcSAP2b were
highly expressed in leaf and in root, followed by JcSAP111314, JcSAP810a, and JcSAP810b
as compared with the other JcSAP genes. Contrarily, JcSAP2a, JcSAP5, JcSAP2c were highly
expressed in roots only. These results provide the possible involvement of JcSAP genes in
abiotic stress tolerance in Jatropha.
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stress, (B) The expression levels the JcSAP genes at different intervals of leaf and root with their
respective controls.

4. Discussion

Stress-associated proteins (SAP) are novel stress regulatory zinc-finger proteins and are
strongly associated with tolerance against various abiotic stresses [1,12–15]. SAP gene fam-
ily has previously identified and comprehensively studied in many plant species including
Oryza sativa [5], Arabidopsis thaliana [5], Hordeum vulgare [13], Glycine max [12], Gossypium
hirsutum [16], Solanum lycopersicum [2], Cucumis sativus [17], Solanum melongena [1], and
Prunus dulcis [18], etc. However, there is no systematic study of SAP genes in the most
important biofuel-producing shrub, Jatropha. In present study, 11 SAP genes were iden-
tified genome-wide in Jetropha and the phylogenetic divided the JcSAP genes into four
groups (Figure 1); Synteny analysis showed that Jatropha SAP genes had a high homol-
ogy with the Arabidopsis SAP genes (Figure 2). These results are highly in consistence
with the previously reported results of [1,2], suggesting very little variation in SAP gene
family members.

To obtain further insight into the similar features and biological functions of JcSAP genes,
a search for the conserved domain, motif, and structure was conducted (Figures 3 and 4),
resulting in the presence of A20 or AN1 domains and their respective motifs, thus suggesting
that they share a similar biological function in response to stresses. Zinc-finger A20 or AN1
domains are highly conserved in all plant species and these results are in agreement with
the previous reports [15,33]. Moreover, the domain organization revealed some domain-
wise grouping, illustrating the presence of solely the AN1 domain in three JcSAP genes,
with the others having both the A20 and AN1 domains (Figure 3). Except for Arabidopsis
and tomato, similar reports were also exhibited in some other plant species like Amborella
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trichopoda, soybean, rice, and eggplant [1]. Such results may be due to the existence of a
homology structure beyond the domain sequences [2]. These cases may also indicate the
ancient origin of the specific AN1 domain with respect to its characteristics as compared with
the A20 domain, or may also be due to the loss of one domain during evolution, as such cases
occur in prologue genes (Table 2) and were also in line with the previous report on Brassica
napus [14]. Moreover, the presence of corresponding motifs of the A20 and AN1 domain and
the diversity of exon in the gene structure organization further strengthen the understanding
of the evolutionary mechanisms in the JcSAP gene members [34,35]. In the present study,
no intron has been found in JcSAP genes (Figure 3B), and this intron-free characteristic of
SAP genes is usually found in other plant species like eggplant, rice, and apple [1,5,12,36].
It may be attributed to the fact that intron-free gene families can reduce posttranscriptional
processing and rapidly adjust transcript expression [37].

The differential expression pattern of JcSAP genes in leaf and root tissues against
drought stress revealed a potential role of these genes in stress response (Figure 7). Various
studies have declared the role of SAP genes in different biotic and abiotic stresses [12,13].
Previous studies indicated that SAP genes play a great role in mediating abiotic stresses
including cold, salt, and drought [1,2]. Our results are also in line with the previous
studies on other species [12,36]. Altogether, the present study provides a baseline for
understanding the molecular role of JcSAP genes and for further study of these genes
against different abiotic stresses.

5. Conclusions

In conclusion, a total 11 SAP genes were identified during this study of Jatropha
and were divided into four groups based on the phylogenetic analysis and amino acid
sequence similarity; they may share similar biological functions against stresses. The
physicochemical properties of JcSAP genes uncovered the basic gene parameters like amino
acids and CDS length, molecular weight (MW/kDa), isoelectric point (PI), GRAVY, and
molecular formula, and further revealed that most of the JcSAP genes are cytoplasmic,
however, no detailed information was found regarding the chromosomal localization of
JcSAP genes. The Synteny analysis showed that most of the JcSAP proteins were highly
homologous to the Arabidopsis SAP proteins, indicating that SAP genes are conserved in
Jatropha during evolution. Further domains and motifs analysis revealed that the A20 and
AN1 domains are conserved in JcSAP genes and their similar gene structure features may be
due to the duplication events during evolution. The divergence analysis further provided
insight into the evolutionary aspects of JcSAP genes revealing the time of divergence from
9.1 to 40 MYA. The promoter region analysis of JcSAP genes resulted in a diverse range of
cis-elements including light-responsive elements, hormone-responsive elements, and stress-
responsive elements. The predicted miRNA target sites revealed that JcSAP genes may be
regulated by a complicated miRNA mediated posttranscriptional regulatory network. In
addition, the expression profiles of JcSAP genes in different tissues and stress treatments
indicated that many JcSAP genes play functional developmental roles in different tissues,
and exhibit significant differential expression under different stress treatments. All these
results collectively suggested that JcSAP genes share similar biological functions in response
to stresses and provide valuable clues for further investigation of JcSAP genes’ function
and diversity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/genes13101766/s1, Figure S1: Phylogenetic tree for Ka/Ks paralogous
genes; Table S1: Basic gene information; Table S2: miRNA target sites.
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Abstract: Commercial interest in the culinary herb, Eryngium foetidum L., has increased worldwide
due to its typical pungency, similar to coriander or cilantro, with immense pharmaceutical com-
ponents. The molecular delimitation and taxonomic classification of this lesser-known medicinal
plant are restricted to conventional phenotyping and DNA-based marker evaluation, which hinders
accurate identification, genetic conservation, and safe utilization. This study focused on species
discrimination using DNA sequencing with chloroplast–plastid genes (matK, Kim matK, and rbcL) and
the nuclear ITS2 gene in two Eryngium genotypes collected from the east coast region of India. The
results revealed that matK discriminated between two genotypes, however, Kim matK, rbcL, and ITS2
identified these genotypes as E. foetidum. The ribosomal nuclear ITS2 region exhibited significant
inter- and intra-specific divergence, depicted in the DNA barcodes and the secondary structures
derived based on the minimum free energy. Although the efficiency of matK genes is better in species
discrimination, ITS2 demonstrated polyphyletic phylogeny, and could be used as a reliable marker
for genetic divergence studies understanding the mechanisms of RNA molecules. The results of this
study provide insights into the scientific basis of species identification, genetic conservation, and safe
utilization of this important medicinal plant species.

Keywords: DNA barcoding; ITS2 secondary structure; medicinal herbs; species discrimination;
spiny coriander

1. Introduction

Spiny coriander (Eryngium spp.), one of the largest taxonomically complex genera in
the order, Apiales, and family, Apiaceae, is a perennial herb used as food and medicine in
the world’s tropics. The taxonomical evolution of the genus, Eryngium, is coupled with
rapid radiation, hybridization, and long–distance dispersal. Eryngium comprises about
250 species with a cosmopolitan distribution worldwide, and South America is believed
to be the center of diversity [1]. Eryngium foetidum L. is known as spiny or false coriander
or culantro, and is used as a culinary herb and traditional medicine in Latin America and
South-East Asia, having a similar taste and odor to coriander or cilantro. E. foetidum is
widely cultivated in South-East Asia, tropical Africa, the Pacific Islands, and the southern
tropics of Europe [2]. This perennial herb, E. foetidum, hailed from tropical America and
the Caribbean Islands, and was further dispersed to South-East Asian countries in the
18th century [3]. E. foetidum is cultivated widely in the eastern and northeastern states,
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including the east coast and the Andaman and Nicobar Islands of India [4]. Despite its
wide adaptability, the domestication and evolution of Eryngium are still debatable.

The leaves and pseudo stems of E. foetidum have multiple pharmaceutical uses, such as
anti-diabetic [5], anti-inflammatory [6], anti-cancerous [4], and anti-clastogenic [7] proper-
ties. The phytochemical constituent eryngial in Eryngium leaves, the reason for the typical
pungency, is also used for treating skin disease, arthritis, parasites, and other physiological
diseases [4,8]. A mixture of the shoot and root portion is used as a folk medicine world-
wide, such as an appetizer, antitussive, treating diarrhea and gastrointestinal disorders,
hypoglycemic, and anti-venom agent [8]. Apart from treating several ailments, Eryngium is
a potent spice for food garnishing and a flavoring agent in the coastal region of India. A
recent study depicted that the component, 10-undecenal, is the reason for a strong aroma
similar to the seasonal coriander in the Eryngium spp. collected from the east coast of
India [9]. This perennial lesser-known herb possesses high chemo diversity importance for
the pharmaceutical and aroma industries.

The use of traditional herbal medicine is increasing day by day. The correct nomen-
clature and accurate species identification need the utmost attention for the safe use and
commercialization of medicinally important plants. Eryngium is a hemicryptophyte peren-
nial herb with spiny leaf margins, light blue inflorescence, and a tap root system [9].
Reports on molecular characterization for species discrimination in Eryngium are scanty.
The subgenera and species of Eryngium have been categorized based on their morphological
features, such as leaf margin, color, odor, and chemical constituents [9,10]. A few reports are
available on the infrageneric relationship using chloroplast DNA (trnQ–trnK) and nuclear
internal transcribed spacer (ITS) sequencing [11]. Considering morphological variability,
species discrimination in closely related genera is quite difficult. Molecular characteriza-
tion using random DNA markers showed a compressive genetic variability among the
genotypes. However, DNA barcoding is an advanced tool to investigate variations at the
most conserved region to specify accurate species delimitation [12].

DNA barcoding is a robust emerging technique that confirms species boundaries
from a small plant tissue using a short DNA section from a specific gene or genes [13],
recommended by the Consortium for the Barcode of Life (CBOL) plant group [14]. The gene
region includes a chloroplast–plastid region (matK, rbcL, ycf, psbA–trnH, etc.) and a nuclear
ITS region with less intraspecific barcode gaps [15]. Maturase K (matK (XF/5R)) and Kim
matK (3F_KIM/1R_KIM), the plant plastidial gene in the chloroplast region that splices
group II introns in the conserved domain X of the reverse transcriptase domain can be used
as a universal DNA barcode primer for plants [16]. The chloroplast DNA sequence, ribulose–
bisphosphate carboxylase (rbcL), is one of the universal barcode genes used in species
discrimination studies due to high amplification and low mutation rate [17]. Ycf1 is the
second largest gene in the plastid genome, encodes about 1800 amino acids, and is a reliable
candidate for DNA barcoding [18]. The psbA–trnH gene is a non-coding fragment between
psbA and trnH in the chloroplast genome, which delimitates faster evolution than matK and
slower than ITS. The ITS region is a DNA spacer, localized between the small and large
subunits of ribosomal RNA (rRNA) in the chromosomal or corresponding polycistronic
transcript region, most commonly used for species discrimination studies [19]. The CBOL–
Plant working group, suggested a combination of plastid (matk/Kim matK/rbcL) and nuclear
region (ITS) as the efficient barcode tool to investigate plant species discrimination [20].

RNA secondary structure predictions at the conserved ITS rRNA region is a key
ribosomal structure that predicts the function of rRNAs and tRNAs [21]. Computationally-
predicted RNA structures represent the native RNA folding status of an organism, shedding
light on novel RNA regulatory mechanisms [22]. RNA secondary structure prediction is
an advanced tool for species discrimination, as it restricts sequencing error and eliminates
pseudogene footprints [23].

The present study aimed to discriminate two important Eryngium genotypes grown in
two vulnerable coastal agroclimatic regions of India using matK, Kim matK, rbcL, and ITS
DNA barcode genes. We have also evaluated the potential of different barcode primers at

490



Genes 2022, 13, 1678

chloroplast–plastid and nuclear regions discriminating the Eryngium spp. The phylogenetic
relationship among these two Eryngium genotypes was established concerning the barcode
regions. To elucidate the variation among the two contrast genotypes, ITS2 secondary
structure prediction was performed to validate the signature barcodes. The result of this
study provides insights into the scientific scope for species identification in this lesser-
known crop, using DNA barcoding as a robust tool for understanding genetic relationship
studies for future crop improvement strategies.

2. Materials and Methods
2.1. Plant Materials

The two most popularly grown Eryngium genotypes were collected from the east
and southeastern coastal plain zone of Odisha, Delanga, India (voucher specimen: Eryn-
gium_CHB, and biological reference number: IC 0629514), and from the ICAR–Central
Island Agricultural Research Institute (CIARI), the Island region of Car Nicobar, Port Blair,
India (voucher number: Eryngium_AND), and maintained at the Central Horticultural
Experiment Station (CHES), ICAR–Indian Institute of Horticultural Research (ICAR–IIHR),
Bhubaneswar, India, and were used as the source materials for the present study. The
study area is located at a latitude of 20◦15′ N, a longitude of 85◦52′ E, and an altitude of
35 m above mean sea level. The geographical location of the center of the collection of the
two Eryngium samples is presented in Figure 1.
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Figure 1. The geographical location (a) of the Eryngium genotypes collected from Delanga (20◦03′ N,
85◦76′ E, and 0 masl), Odisha, India (b), and Port Blair (11◦62′ N, 92◦72′ E, and 16 masl), Andaman
and Nicobar Island, India (c) (source: http://earth.google.com/web, assessed on 4 September 2022).

2.2. Plant Sample Preparation

The first fully opened juvenile leaf samples were collected from the two Eryngium
genotypes grown under a naturally ventilated poly house. The herbarium for the voucher
specimen numbers, Eryngium_CHB and Eryngium_AND, was prepared following the
standard procedures and submitted to the repository of ICAR–IIHR–CHES. A set of fresh
leaf samples from the respective genotypes were used for DNA barcoding and RNA
secondary structure prediction studies.

2.3. Total Genomic DNA Isolation

Total genomic DNA (gDNA) was isolated from the fresh leaf tissues of the two Eryn-
gium genotypes using a plant gDNA extraction kit (GSure® Plant Mini Kit with WLN
Buffer, GCC Biotech Pvt Ltd., Kolkata, India) following the manufacturer’s instructions.
The gDNAs were quantified using a nanodrop (Eppendorf, Hamburg, Germany) and
checked on 0.8% agarose gel electrophoresis (Tarson, Kolkata, India). The gDNA concen-
tration was adjusted to 50 ng µL−1, and was used for PCR amplification with the DNA
barcode primers, matK, Kim matK, rbcL, and ITS, as recommended by the Consortium of
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Barcode of Life–Plant Group [14]. The details of the barcode primers are presented in
Table 1.

Table 1. List of the barcoding primers used for PCR amplification of Eryngium spp.

Sl. No. Region Primer Name Sequences (5′ to 3′) Amplicon Size

1 matK
matK XF TAATTTACGATCAATTCATTC

1500 bp
matK 5R GTTCTAGCACAAGAAAGTCG

2 Kim matK
3F_Kim matK CGTACAGTACTTTTGTGTTTACGAG

1500–1580 bp
1R_Kim matK ACCCAGTCCATCTGGAAATCTTGGTTC

3 rbcL
rbcLa F ATGTCACCACAAACAGAGACTAAAGC

600–800 bp
rbcLa R GTAAAATCAAGTCCACCRCG

4 ITS2
ITS2 S2F ATGCGATA CTTGGTGTGAATTATAGAAT

400–800 bp
ITS2 S3R GACGCTTCTCCAGACTACAAT

2.4. PCR Amplification

The DNA barcode primers, matK, Kim matK, rbcL, and ITS, were synthesized at M/S
Bioserve Biotechnologies India Pvt. Ltd., Hyderabad, India. PCR amplification for each
primer was performed in a volume of 25 µL, containing 50 ng of gDNA (1 µL) as a template,
12.5 µL 2 × PCR master mix (GCC Biotech Pvt Ltd., Kolkata, India), primers (10 pM,
1 µL each of forward and reverse primers), and 9.5 µL Milli–Q water following Ayaz et al.
(2020) [24] with partial modification. The PCR amplifications were carried out in a thermal
cycler (Eppendorf, Hamburg, Germany). The PCR conditions follow a denaturation of
5 min at 95 ◦C, 40 cycles of 1 min at 95 ◦C, 1 min at 55 ◦C of annealing, 1 min at 72 ◦C,
and a final extension of 10 min at 72 ◦C. Purification of the PCR products was performed
using a PCR purification kit (GCC Biotech Pvt. Ltd., Kolkata, India) by following the
manufacturer’s instructions. The purified PCR products were visualized in 1.5% agarose
TAE gels in an E–Box gel documentation system (Vilber, Eberhardzell, Germany). Good-
quality PCR products (50 ng) were considered for further sequencing.

2.5. DNA Sequencing

The purified PCR products were sequenced at M/S Bioserve Biotechnologies India Pvt.
Ltd., Hyderabad, India, using Sanger sequencing (ABI Genetic Analyzer 3730, 48 capillaries,
50 cm, Thermo Fisher, Waltham, MA, USA), and viewed in FinchTV v1.4.0 (Geospiza,
Denver, CO, USA).

2.6. Bioinformatics Analysis

The forward and the reverse sequences obtained from all the PCR products ampli-
fied with matK, Kim matK, rbcL, and ITS primers were trimmed using SnapGene v 5.3
(https://www.snapgene.com; accessed on 4 September 2022). The contig of the forward
and the reverse sequences was submitted in the Basic Local Alignment Search Tool (BLAST)
of the National Centre for Biotechnology Information (NCBI) for homology search. The
barcode gaps were manually edited in pairwise alignment view using BLAST, and species
identification was performed following nucleotide blast with the maximum similarity
score and lowest E value. The gene bank accession number was obtained using the bar-
code sequences in the bankIt submission portal of NCBI (https://submit.ncbi.nlm.nih.
gov/subs/genbank; accessed on 21 July 2022). Multiple sequence alignment was per-
formed using ClustalW v10.1.8 (https://www.genome.jp/tools-bin/clustalw; accessed
on 4 September 2022) [25] with all obtained sequences in “muscle algorithm” using the
neighbor-joining cluster method in MEGA11 software (Molecular Evolutionary Genetic
Analysis; https://www.megasoftware.net; accessed on 4 September 2022). The phyloge-
netic analysis was performed following the neighbor-joining tree and minimum evolu-
tion method with the 1000 “Bootstrap phylogeny” test method and “kimura–2–parameter”
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substitution model (d–transitions) in MEGA software, considering the transitional and
transversional nucleotide substitution [26].

2.7. DNA Barcoding and ITS2 Secondary Structure Predictions

DNA barcodes of the two Eryngium genotypes were generated using the Bio-Rad DNA
barcode generator (http://biorad-ads.com/DNABarcodeWeb; accessed on 4 September 2022),
considering the aligned DNA nucleotide sequences of ITS2 primers. Similarly, the RNA
secondary structure predictions were performed using the nucleotide sequences from ITS2
primers using the rRNA database of RNAfold WebServer v2.4.18 (http://rna.tbi.univie.ac.
at/cgi-bin/RNAWebSuite/RNAfold.cgi; accessed on 4 September 2022) [27].

3. Results
3.1. Amplification, Sequencing, Multiple Sequence Alignment, and Species Identification

The DNA barcode primers, matK, Kim matK, rbcL, and ITS, produced amplicons of
1500 bp, 1500–1580 bp, 600–800 bp, and 400–800 bp, respectively. The success rate of
PCR amplification was higher (>90%) in matK, Kim matK, and rbcL, whereas ITS2 showed
lower reaction efficiency (80%). The standardization of template DNA concentration and
specific primer at different ITS regions are required to validate the amplification success rate.
Analyzing the sequences, matK exhibited the largest sequence length (534–823 bp), followed
by Kim matK (763–780 bp), rbcL (476–493 bp), and ITS (300–357 bp). All the sequences
were submitted to GenBank, and the accession numbers were obtained. The details of
voucher specimens, species, and accession numbers are presented in Table 2. Using the
BLASTn tool, both species were identified as E. foetidum at different barcode regions of
Kim matK, rbcL, and ITS2. However, the matK gene successfully discriminates the species
among the two genotypes. The specimen, Eryngium_AND, was showing similarities with
E. vaseyi, whereas Eryngium_CHB was identical with E. foetidum, with 99% similarity at the
conserved matK region.

Table 2. Molecular identification of Eryngium sp. using matK, Kim matK, rbcL, and ITS2 barcode genes.

Barcode
Genes

Voucher
Specimen

Scientific
Name

Accession
Number E Value Query

Coverage
Percent
Identity

matK Eryngium_AND E. vaseyi OP086070 0.0 100% 99.76%
Eryngium_CHB E. foetidum OP086071 0.0 100% 99.81%

Kim matK Eryngium_AND E. foetidum OP086074 0.0 98% 99.74%
Eryngium_CHB E. foetidum OP086075 0.0 100% 99.87%

rbcL Eryngium_AND E. foetidum OP086072 0.0 100% 100%
Eryngium_CHB E. foetidum OP086073 0.0 100% 100%

ITS2 Eryngium_AND E. foetidum ON797393 2 × 10−153 100% 100%
Eryngium_CHB E. foetidum ON797394 2 × 10−153 100% 100%

Figure 2 depicts the multiple sequence alignments obtained from all sequences at each
chloroplast–plastid and nuclear region. Among the tested barcode primers, matK resulted
in the largest alignments (583 bp), followed by Kim matK (780 bp), rbcL (493 bp), and ITS
(357 bp). Alignments obtained from ITS showed the highest similarities (100%) among the
two genotypes, whereas matK discriminated two genotypes as E. vaseyi (Eryngium_AND;
ON797393) with 99.76% identity and E. foetidum (Eryngium_CHB; ON797394) with 99.81%
identity (Figure 2).
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3.2. Phylogenetic Studies

Phylogenetic analysis using a maximum likelihood tree (MLT) in a K2P model with
bootstrap-1000 of Eryngium species showed a high similarity in the BLAST search to the
available sequences in the NCBI database (Figure 3). Phylogenetic analysis revealed that
Eryngium_AND_matK (823 bp) had >99.76% similarity with E. vaseyi (OP086070), which
belongs to the class of Magnoliopsida. Other closest relatives of this species include E. armatum
(OL689984.1), E. yuccifolium (MK520075.1), with 99.88% and 99.60% similarity, respectively, as
per the BLAST search results. Similarly, the specimen, Eryngium_CHB_matK (534 bp), showed
the closest similarity, >99.81% to E. foetidum, as its closest phylogenetic relative. The other
closest matches are E. baldwinii OSBAR (MH551983.1), E. ebracteatum BioBot01719 (JQ586532.1),
E. cuneifolium voucher FLAS: Judd 5564 (KY607232.1), with an average similarity of 99% in
all exceeding species. The voucher specimens, Eryngium_CHB_Kim matK (780 bp), Eryn-
gium_AND_Kim matK (763 bp), Eryngium_AND_rbcL (493 bp), Eryngium_CHB_rbcL (476 bp),
Eryngium_AND_CHB (357 bp), and Eryngium_AND_ITS (300 bp), belong to E. foetidum, with
the closest similarity of 99.74%, 99.87%, 100.00%, 100.00%, 100.00%, and 100.00%, respectively,
belong to the class of Magnoliopsida and the family of Apiaceae. The other closest relatives
of Eryngium_CHB_Kim matK are Sanicula canadensis isolate AD3HK81 maturase K (matK)
gene (MF350053). Eryngium_AND_rbcL showed similarity with Sanicula graveolens voucher
HU WAP 14409 (KX371924), having a similarity of 98.58%. Eryngium_CHB_ITS shows the
highest similarity (98.88%) with E. balansae ITS1, 5.8S ribosomal RNA gene (EU070608). The
phylogenetic analysis indicates that the plant genotypes collected from two locations showed
species variation with different percentage indexes (Figure 3).
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3.3. DNA Barcoding and ITS2 Secondary Structure Predictions

Figure 4 represents the DNA barcodes and ITS2 secondary structure predictions based
on the minimum free energy (MFE). The highest MFE for Eryngium_AND (ON797393) was
observed at 145–150 bp (Figure 4a; Table 3), which was recorded highest at 275–280 bp in
Eryngium_CHB (ON797394) [Figure 4b]. The partition function and centroids followed a
similar pattern as the MFE in both genotypes.
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DNA barcodes derived from the ITS2 sequences showed variations among the two
tested genotypes (Figure 4c,d). Eryngium_CHB (ON797394) exhibited comparatively higher
barcode length (356 bp) compared to Eryngium_AND (ON797393) [299 bp]. Similarly, ITS2
secondary structure predictions discriminate both the tested genotypes representing a
central ring with different helical orientations (Figure 4e,f). The loop number, position,
size, and angle from the centroid are distinguishable in both genotypes. Eryngium_CHB
(ON797394) represented a more complex structure than Eryngium_AND (ON797393),
with varied loop numbers and angles from the spiral. The unique genetic structure at
the conserved nuclear region would also be useful to develop species-specific primers to
identify the lesser-known species at a shorter pace. The secondary structure predictions
guide comparative sequence analysis and design of species–specific RNA molecules.
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Table 3. Sequence characteristics, and the intraspecific and interspecific genetic divergence of candi-
date barcodes.

Voucher Specimen Eryngium_AND Eryngium_CHB

Markers matK Kim matK rbcL ITS2 matK Kim matK rbcL ITS2

Sequence length 823 763 493 300 534 780 476 357

Alignment length 823 763 492 300 533 773 419 357

Maximum score 1509 1399 909 555 979 1424 774 660

GC content (%) 37.18 36.70 43.00 62.33 35.96 36.28 43.28 63.31

CDS region 2 1 1 – 2 1 1 –

Amino acid 274 254 164 – 177 260 159 –

4. Discussion

Perennial Eryngium is an important food and medicinal herb gaining significant
industrial and economical values in pharmaceutical industries. The medicinal use of
traditional herbal plants needs accurate identification for their safe use in alimenting hu-
man diseases [28]. DNA barcoding, at the chloroplast–plastid and nuclear regions or in a
combination of both regions, is a newer tool receiving increasing attention over the conven-
tional phenotyping-based taxonomy. Molecular signatures at the conserved barcode region
provide insights into the genetic importance and possible scope for crop improvement.

Our study aimed at species discrimination in the lesser-known Eryngium genotypes
collected from two different coastal microclimatic zones of India by deploying DNA barcode
genes. This study is the first report to identify Eryngium in this region using chloroplast–
plastid and nuclear regions. A few reports [29,30] suggest the plastid barcode gene signifi-
cantly creates variation at the species level. However, reports on species discrimination in
Eryngium at both the plastid and nuclear region is scanty. Our study revealed significant
variations at the plastid and nuclear regions with 99–100% similarities. Discrimination
efficiency was higher in matK than Kim matK, rbcL, and Nuclear ITS2. Of the barcode genes
tested, only matK could perform species delimitation (Figure 3; Table 2), which could be
further used for large-scale species discrimination studies. The results of the study would
be helpful for a reference database for accurate species identification in Eryngium.

DNA barcoding technology is an advanced method of identifying plant species with
conservational and consumer marketable value [31]. The abundant relatives of the plant
species fulfil the demand for applied herbal medicines obtained from medical plant geno-
types. Likewise, amplified demand for medicinal products may lead to the over-harvesting
and extinction of the non-threatened biological species. Therefore, identifying the plant
samples is urgently needed for the conservation and prevention of perceived biodiver-
sity loss. Thus, appropriate and prominent measures could provide a reliable genetic
method for systematically identifying medicinal plant valuables for species preservation
and genetic improvement.

Generating the importance of DNA barcoding onto the well-defined gene from genetic
regions in a medicinal plant sample and its appearance of species in a specific manner
are being studied in this research. To increase the prominence selection in monitoring,
the discrimination based on DNA-based identity is found authentic for any medicinal
plant specifically related to drug delivery. Specific universal DNA markers/primers for
plants recommends genes from the chloroplast region, such as Kim matK maturase K (matK)
gene; maturase K (matK) gene; ribulose 1,5-bisphosphate carboxylase/oxygenase large
subunit (rbcL) gene marker, belonging to the enzyme (RuBisCo); and internal transcribed
spacer (ITS) primer are selected as a core marker for the barcoding of DNA for medicinal
plants [32]. However, this marker does not show 100% discrimination of the plant species,
but matK is recommended as the marginal selection of the variation found in our collected
Eryngium species. Ayaz et al. [24] performed genetic diversity studies in the Lamiaceae
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family using rps 14 genes following molecular phylogeny. DNA-based markers exhibited
significant variation among the species; however, barcode markers recommended by CBOL
confirm the discriminations at conserved barcode regions.

The main goal of DNA barcoding is to assemble the reference library at a shorter
pace, which includes DNA extraction, amplification, and sequencing. We have investigated
the discrimination efficiency of four barcode regions (matK, Kim matK, rbcL, and ITS) to
observe species discrimination, which varied between 80–90%. matK resulted in a higher
sequence length to discriminate the voucher specimen into two different species, E. vaseyi
and E. foetidum. We have estimated the amplicon universality and the success rate of
amplification of various chloroplast–plastid (<90%) and nuclear genes (80%) in the rare
taxa, Eryngium. Previous reports showed a low amplification rate of 60% in matK for species
discrimination in other medicinal plants [12]. Molecular phylogeny analyzes the genetic
heredity based on the DNA sequences to understand the evolutionary interrelationship,
deriving the genetic diversity among the species. Molecular phylogenetics following the
maximum likelihood tree depicts the molecular systematics of taxonomy evolution from
different geo-coordinating regions [33]. Figure 3 distinguishes the molecular phylogeny
based on the maximum likelihood neighbor-joining tree using the minimum evolution
method with the bootstrap-phylogeny-1000 method and d-transitions substitution model.
Various genetic divergence studies emphasize the phylogenetic exploration of medicinally
important plants of the Lamiaceae family [24,28]. Among the conserved barcode genes,
ITS2-anchored evolution, structure, and function establish a better understanding of the
species through sequence, structure, and phylogeny based on the nucleotide sequences
and independent DNA evolutionary models [34]. In our study, ITS2-based phylogeny
distinguished the species into a different clade with 100% similarities (Figure 3).

According to the diversity-based discrimination on a species-specific level, the major
explanation is that barcodes are improved candidates for divergence in a reliable conserved
DNA sequence [35]. The specific approach in the level of discrimination and universality
for medicinal plants is found to be more precise with the ribosomal RNA maturase K (matK)
marker, which is considered a core DNA barcode spacer which would be exclusive in
identifying the plant genotypes at the species level. Moreover, the mitochondrial genome
arrangement of plants is genetically altered quickly, evading the existence of universal
markers amplifying the coding genes (CDS region). Researchers [36,37] investigated the
improved discrimination efficiency of different plant species using the combination of
rbcL and matK, and rbcL and ITS2 markers for more suitable variation. Supporting the
intensified possibility of the matK DNA barcode marker, genetic data infested the quality of
divergence [38].

The RNA secondary structure determines the understanding between the structural
and functional relationship in designing the therapeutics and diagnostics of the target
RNA. Minimum free-energy-anchored RNA secondary structure prediction indicated that
site-specific mutagenesis occurred due to tertiary protein interaction. The ribosomal RNA
structure has the advantage of understanding RNA chemistry compared to the nuclease
mapping [39]. In our study, both genotypes represented diverse secondary structures,
with distinguishable loop numbers, positions, and elevation from the centroid. The unique
nuclear segments can be further used to develop species-specific markers for identifying the
genotypes. ITS2 could not show different variations at the species level, but could predict
the differential secondary structure, indicating variations among the RNA molecules in
both genotypes. The study would encourage RNA molecule studies for genetic evolution
analysis of plant taxa.

In general, molecular approaches appear to be an ideal advancement suited to catego-
rizing indistinguishable plant species. In supplementing the DNA sequencing database to
the gene bank, reliably identified species exist for the barcode reference for the chosen plant
genotypes for the possible implication of informatics in future medicinal analysis. The
DNA database can target a broad range of conservational and ethnobiological traditional
potentiality of this underutilized medicinal crop. For the participatory improvement of the
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crop, the medicinal germplasm is systematically maintained in a sequence database for
future quality yield with the genetic variation. The suitable application of the traditional
products concerning genetic complexity and identified plant samples can address a good
companion integrated with conserving this medicinal plant.

5. Conclusions

The DNA barcoding results at the chloroplast–plastid and nuclear region discriminate
the two Eryngium species. The plastid gene, matK, could be a potent barcode gene to dis-
criminate between two genotypes, which may be further used for a large-scale divergence
study. However, the ribosomal nuclear ITS2 region could be a reliable nuclear region to dis-
tinguish inter- and intra–specific divergence, DNA barcoding, predictions of the secondary
structure, and understanding and re-designing RNA molecules. The results of this study
provide insights into the scientific basis of species identification, genetic conservation, and
safe utilization of this important medicinal plant species. The DNA barcode tools could be
used for species delimitation in medicinally and commercially important plants, and could
also be helpful in the detection of adulteration in food and pharmaceutical industries. The
results also encourage understanding genetic relationships for future crop improvement
strategies for food, nutrition, and therapeutics.
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Abstract: Orchardgrass (Dactylis glomerata L.) is a species in the Gramineae family that is highly
important economically and valued for its role in ecology. However, the phylogeny and taxonomy
of D. glomerata are still controversial based on current morphological and molecular evidence. The
study of chloroplast (cp) genomes has developed into a powerful tool to develop molecular markers
for related species and reveal the relationships between plant evolution and phylogenetics. In
this study, we conducted comparative genomic analyses and phylogenetic inferences on 14 cp
genomes of D. glomerata originating from the Mediterranean and Eurasia. The genome size ranged
from 134,375 bp to 134,993 bp and exhibited synteny of gene organization and order. A total of
129–131 genes were identified, including 85–87 protein coding genes, 38 tRNA genes and 8 rRNA
genes. The cp sequences were highly conserved, and key sequence variations were detected at the
junctions of inverted repeats (IRs)/small single–copy (SSC) regions. Moreover, nine highly variable
regions were identified among the subspecies based on a sequence divergence analysis. A total
of 285 RNA editing sites were detected that were relevant to 52 genes, where rpoB exhibited the
most abundant RNA editing sites. The phylogenetic analysis revealed that all Dactylis subspecies
clustered into a monophyletic group and most branches provided a high support bootstrap. The
main divergence time of D. glomerata was dated to the Miocene era, and this could have been due to
changes in the climate. These findings will provide useful insights for further studies on phylogeny,
the identification of subspecies and the development of hypotheses for the evolutionary history of
the genus Dactylis and of the Gramineae family.

Keywords: chloroplast genome; comparative genomics; sequence divergence; RNA editing sites;
phylogeny; divergence time; ploidy

1. Introduction

Orchardgrass (Dactylis glomerata L.) is a member of the Gramineous family [1]. The
genus contains one species and numerous subspecies that have different ploidy levels [2].
Orchardgrass is native to Eurasia and northern Africa, although it has been introduced
to nearly every continent and utilized as excellent cool–season forage for the livestock
industry that requires forage [3]. In China, orchardgrass has already become an elite
forage crop for mixed pasture construction and rocky desertification improvement in
southwestern regions. It is highly valued economically and has a strong potential for
utilization, in addition to its substantial ecological importance [4]. Based on ploidy, there
are primarily three categories of the genus Dactylis: diploid (2n = 2x = 14), tetraploid
(2n = 2x = 28) and hexaploid (2n = 2x = 42) [5]. Tetraploid populations are widely used
in forage production, while hexaploid populations are rarely reported [6]. For a long
time, taxonomists focused on the evolutionary relationship between orchardgrass diploids
and tetraploids. Nevertheless, the absence of taxonomically diagnostic characters, and
the high morphological similarity among the species, has made it difficult to classify the
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genus [7]. Although previous research has attempted to classify the Dactylis genus at the
cytological and genetic levels, a unified standard for the taxonomy of the subspecies is
still lacking. Dactylis classification has been repeatedly revised based on herbaria and field
studies [8], cytology and genetics [9]. Molecular genetic analysis of partial DNA sequencing
recently [2,5] changed clustering from three (a diploid and two tetraploid groups) to two
(comprising, respectively, 17 diploids and six tetraploids). In one sense, although these
studies have greatly improved the understanding of the taxonomy and phylogeny of the
Dactylis genus, controversy about the phylogenetic status and interspecific phylogenetic
relationship of the Dactylis genus remains.

The chloroplast (cp) is a key organelle with substantial functions in photosynthesis,
carbon fixation, translation, and transcription [10,11]. Typically, a cp has a highly conserved
genome sequence that contains 100–130 genes with a range of sizes from 120–170 kb in
most land plants [12,13]. A cp genome usually has a covalently closed circular molecular
structure that contains two inverted repeats (IRs) separated by a large single–copy (LSC)
region and a small single–copy (SSC) region [14]. Compared with nuclear genomes, cp
genomes are characterized by a highly conserved genome structure, a moderate substitution
rate and uniparental inheritance, which have been widely used for plant phylogeny, and to
identify species, estimate divergence and generate genetic markers [15,16]. In recent years,
rapid advances in next–generation sequencing (NGS) technologies have enabled many
studies with high–quality genomes with raw reads—such genome sequencing generates
genome sequences much more rapidly and economically than using traditional Sanger
sequencing [17,18]. Therefore, we have witnessed a greatly increased number of complete
plant cp genomes in recent years. To date, more than 6500 complete cp genome sequences
have become available in the National Center for Biotechnology Information (NCBI) since
the first cp genome, that of tobacco (Nicotiana tabacum), was sequenced in 1986 [19].

However, there have been few studies on the comparative analysis of cp genomes
in the Dactylis genus to date. In this study, we sequenced and assembled complete cp
genomes of 14 subspecies of D. glomerata using next–generation sequencing. Subsequently,
we analyzed the structural characteristics of the genome and identified the variant regions
and RNA editing sites in the cp genomes. In addition, the divergence date was estimated,
and phylogenetic relationships were reconstructed to assess the taxonomic positions of
Dactylis species. This study aims to provide a reference for the taxonomy, phylogeny, and
population genetics of D. glomerata. The research should facilitate the exploration and
utilization of forage resources.

2. Materials and Methods
2.1. Plant Material and DNA Extraction

Fresh leaves of 14 subspecies of D. glomerata were collected from the Sichuan Agri-
cultural University experimental greenhouse (30◦42′ N, 103◦51′ E; Chengdu, China). The
lighting was set to 14 h/10 h (day/night) with a temperature of 22 ◦C/15 ◦C (day/night)
(Table S1). The total genomic DNA was extracted from 100 mg of fresh leaves using a Plant
Genomic DNA Kit (Tiangen, Beijing, China).

2.2. Chloroplast Genome Sequencing, Assembly and Annotation

The fragmented DNA was prepared for libraries using a VAHTS Universal DNA
Library Prep Kit for Illumina V3 (Jisi Huiyuan Biotechnologies Co., Ltd., Nanjing, China);
the sequencing read length was PE150. The libraries that passed quality inspection were
sequenced on an Illumina Nova Seq 6000 Platform (San Diego, CA, USA). The raw reads
were filtered with a threshold of average quality <Q5 and a number of N > 5 using the fastp
tool (version 0.20.0, https://github.com/OpenGene/fastp, accessed on 1 April 2022) [20].
The cp genomes of 14 Dactylis subspecies were assembled using the SPAdes pipeline
(v3.10.1) [21]. To annotate the cp genome coding sequences (CDS), rRNA and tRNA were
acquired using prodigal v2.6.3 (http://www.github.com/hyattpd/Prodigal, accessed on 1
April 2022) [22], hmmer v3.1b2 (http://www.hummer.org/, accessed on 1 April 2022) [23]

502



Genes 2022, 13, 1621

and ARAGORN v1.2.38 (http://130.235.244.92/ARAGORN accessed on 1 April 2022) [24].
In addition, cp genomic data were extracted from NCBI using BLAST v2.6 (http://blast.ncbi.
nlm.nih.gov/Blast.cqi, accessed on 1 April 2022) to align the assembled sequences [25]. The
annotation results were then manually checked, and incorrect annotations were removed,
along with redundant annotations. The boundaries of multiple exons were determined.
Finally, circle maps of all the cp genomes were drawn using the program OGDRAW
v1.1 [26].

2.3. Genome Comparison

To compare the structure of the cp genomes of all the D. glomerata subspecies, the
borders between the IR and SC regions were analyzed. The program mVISTA was used to
compare the cp genomes of 14 Dactylis subspecies, with the annotation of D. aschersoniana
used as the reference [27]. Mauve (v2.3.1) software was used to analyze the homology and
collinearity to align the genome [28].

2.4. Repeat Element Analysis and RNA Editing Identification

MISA (Microsatellite Identification Tool, v1.0) software was used to analyze the cpSSR
using parameters 1–8 (single base repeat 8 times or more) [29]. The software Vmatch
combined with a perl script was used to identify repeat sequences [30]. The parameters
were as follows: minimum length = 30 bp, Hamming distance = 3, and the four identification
forms were forward, palindromic, reverse, and complement. The editing sites of genes
among the 14 subspecies of D. glomerata were predicted using PREP–CP with a cutoff value
of 0.8 (http://prep.unl.edu/cgi-bin/cp-input.pl, accessed on 1 April 2022) [31].

2.5. Phylogenetic Analysis and the Estimation of Divergence Time

The cp genome sequences were used to construct a phylogenetic tree. The interspecies
sequences were aligned by MAFFT software (v7.427–auto mode), and trimAl (v1.4. rev
15) was used to trim the well–aligned data [32]. Using RAxML software (v8.2.10) [33],
a GTAGAMMA model with bootstrap analysis executed with 1000 replicates was used
to construct the maximum likelihood evolutionary tree. Based on the phylogenetic tree
obtained, mcmctree software in the paml (v4.9) package was used to construct the phyloge-
netic tree of divergence time, and the fossil time of species was searched from the timetree
website (http://www.timetree.org/, accessed on 1 April 2022) [34]. Time calibration was
based on fossil records of Oryza sativa, with a confidence range of 42–52 Mya. Trapa and
Corynocarpus served as outgroups.

3. Results
3.1. Features of the Cp Genomes of the 14 Subspecies of D. glomerata

All the cp genomes of D. glomerata subspecies contained a typical quadripartite struc-
ture, comprising two IR (IRA and IRB) regions separated by a long single copy (LSC) and
a small single copy (SSC) region. The length of the cp genomes of 14 subspecies of D.
glomerata ranged from 134,375 bp (D. glomerata subsp. lobata) to 134,993 bp (D. glomerata
subsp. lusitanica) (Figure 1). The lengths of LSC, SSC and IRs ranged from 79,753 to
79,773 bp, 12,246 to 12,276 bp and from 21,236 to 21,479 bp, respectively. The size of the
LSC, SSC and IRs, as well as those of the whole cp genomes, were shorter than those of
others in the two cp genomes of the subspecies D. glomerata subsp. lobata and D. glomerata
subsp. hispanica.1 (Table S2). The total GC content was 38–38.44%, while the average GC
contents of the LSC, SSC and IR regions were 36.32%, 32.86% and 43.94%, respectively
(Table S2). Moreover, a total of 129 genes were identified in the D. glomerata subspecies,
excluding 131 genes identified in D. glomerata subsp. hispanica.1. The number of genes
encoding the rRNA and tRNA was highly conserved, with eight genes encoding rRNA,
and 38 genes encoding tRNA. The cp genomes of D. glomerata contained 83 protein–coding
genes, while 85 protein–coding genes were identified in the cp genomes of D. glomerata
subsp. hispanica.1 (Table S2). Eight tRNA genes (trnH–GUG, trnI–CAU, trnL–CAA, trnV–
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GAC, trnI–GAU, trnA–UGC, trnR–ACG and trnN–GUU), four rRNA (rrn4.5, rrn5, rrn16
and rrn23), and seven protein–coding genes (rps19, rpl2, rpl23, ndhB, rps7, rps12 and rps15)
were duplicated in the IRs, excluding D glomerata subsp. hispanica.1 (Figure 1). A putative
gene of unknown function, ycf15, was present only in IRs in D. glomerata subsp. hispanica.1
among 14 subspecies of D. glomerata (Table S3). Interestingly, we found that a unique gene,
infA, was distributed in all Dactylis subspecies. A total of 21 intron–containing genes were
found in the cp genomes of all the subspecies, including 13 protein–coding genes and eight
tRNA genes (Table S4). Twelve protein–coding genes and eight tRNA genes contained one
intron, and two genes (ycf3 and rps12) contained two introns. Slight differences were found
in the sizes of introns between different types of D. glomerata subspecies, as shown in Table
S4. In all the cp genomes of D. glomerata subspecies, the trnK–UUU intron, including matK,
contained the longest introns (2497–2523 bp).
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Figure 1. Representative cp genome of Dactylis subspecies. Genes drawn inside and outside of the
circle are transcribed in clockwise and counter–clockwise directions, respectively. The colored bar
indicates chloroplast gene groups. The dark gray bar graphs inner circle shows the GC content, and
the light gray bar graphs show the AT content.

3.2. Comparative Genome Analysis

Fourteen cp genomes of the D. glomerata subspecies had highly similar sequences
(Figure 2). The IR regions were more conserved than the SC regions. Among these cp
genomes, the sequences in coding regions were almost identical or nearly identical. On
the other hand, sequences in the noncoding regions were highly variable relative to the
sequences in coding regions. The highly divergent regions were found in the intergenic
spacers and introns, including regions of rps19–psbA, psbM–petN, trnG–UCC–trnT–GGU,
psaA–ycf3, rbcL–psal, psbE–petL, rps12–trnV–GAC, trnV–GAC–rps12 and rpl2–rpl23. These
highly divergent regions have the potential to be used for discrimination or phylogeny
investigations of the 14 subspecies. Furthermore, we checked the possible rearrangement
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events, which indicated that the genome structures and gene sequences were basically
identical, and no gene rearrangement had occurred (Figure S1).
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Figure 2. Sequence identity plot for cp genomes of Dactylis subspecies with D.g subsp. aschersoniana,
as reference visualized by mVISTA. The gray arrows indicate the orientations of genes, the red
blocks represent the intergenic region, the purple blocks represent exons, the blue blocks represent
untranslated regions (UTRs), and the Y–axis represents the percent identity within 50–100%.

3.3. IR Contraction and Expansion

The contraction and expansion of the chloroplast IR regions appear to have a substan-
tial role in the process of plant evolution, which is regarded as the main reason for the
variation in genome size and gene quantity in different plants. Among the 14 subspecies
of D. glomerata, D. glomerata subsp. lusitanica showed the longest cp genome (134,993 bp),
with an IR of 21,472 bp, while the shortest cp genome sizes (134,375–134,376 bp) and IRs
(21,236 bp) were detected in two subspecies, D. glomerata subsp. lobata and D. glomerata
subsp. hispanica.1 (Figure 3). We compared the IR/SC junctions of the 14 subspecies of D.
glomerata and found that the IR/SSC junctions varied slightly. The location of ndhF was
109–110 downstream of the IRb–SSC junction.
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Figure 3. Comparison of the boundaries of LSC, SSC, and IR regions within cp genomes of
14 D. glomerata subspecies. Genes are denoted by bars, the gaps between the genes and the boundaries
are indicated by the base lengths (bp). Extensions of the genes are indicated above the bars.

The SSC–IRa junction was located within the coding region of ndhH, and the partial
sequence of ndhH was 1012 bp within the SSC region, while only 987 bp of ndhH was found
within the SSC region in the subspecies D. glomerata subsp. lobata and D. glomerata subsp.
hispanica.1. The sequence length of ndhH, which was located in IRa, was 170 bp, except
in D. glomerata subsp. lobata and D. glomerata subsp. hispanica.1. Correspondingly, rps15
was located 332 bp upstream of the IRa/SSC junction in D. glomerata subsp. lobata and D.
glomerata subsp. hispanica.1, which had a 25 bp difference from the other 12 subspecies.

3.4. Characterization of SSRs and Repeat Sequences

Six categories of SSRs were detected in the cp genomes of 14 subspecies of D. glom-
erata (Figure 4). The number of cpSSRs varied in all the subspecies and ranged from 181
(D. glomerata subsp. ibizensis) to 185 (D. glomerata subsp. judaica). Most of the SSRs were
mononucleotide SSRs, which comprised 66.65% of the total SSRs, followed by trinucleotide
(22.97%) and tetranucleotide repeats (6.60%) (Figure 4B). Moreover, the number of tetranu-
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cleotide repeats was higher than the number of pentanucleotide and dinucleotide repeats.
Pentanucleotide repeats were found in the cp genomes of 12 subspecies of D. glomerata
except for D. glomerata subsp. hispanica.2 and D. glomerata subsp. ibizensis. Notably, the
hexanucleotide repeats were exceedingly rare across the cp genomes of these subspecies,
and only one was identified in the cp genome of D. glomerata subsp. santai (Figure 4A).
Most of the SSRs were distributed in the LSC regions, followed by the IR and SSC regions
(Figure 4C). In contrast to the exon and intron regions, most of the SSRs were detected
in the intergenic regions (Figure 4D). Moreover, most of the SSRs were comprised of the
repeat type A/T, rather than the repeat type G/C (Table S5).
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(A) Number of different SSR types detected in cp genomes of D. glomerata subspecies; (B) The
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Interspersed repeated sequences are a type of repeat that differ from tandem repeats,
which are distributed in a decentralized manner in the genome. Typically, interspersed
repeats are classified into four types: forward, palindromic, reverse and complement
repeats. In this study, we merely found palindromic repeats and forward repeats, which
were similar to the number of interspersed repeats in all the subspecies (Figure 5A,B). The
number of interspersed repeats varied from 38 to 44 in all the subspecies. D. glomerata
subsp. ibizensis had the highest number of interspersed repeats, including 24 forward and
20 palindromic repeats. Although there were significant differences between the forward
repeats (30–273 bp) and palindromic repeats (30–21,479 bp) in length, the size of most of
the interspersed repeats was between 30–35 bp (Figure 5C,D).
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3.5. RNA Editing

We identified 285 RNA editing sites associated with 52 genes in the 14 cp genomes
of D. glomerata subspecies (Table S6). Twelve types of RNA editing events were detected,
including C to T, A to C, A to T, T to C, T to A, C to G, G to C, G to T, T to G, A to G,
G to A, and C to A editing. In addition, all the editing events occurred in the region of
proteincoding genes. In terms of the number of RNA editing sites of these genes, rpoB
exhibited the most abundant RNA editing (15 sites), followed by rpoC1 and matk (14 sites).
ndhF had a value of 13. However, nine genes (psbH, psbK, psbZ, rpl16, rpl22, rps8, ndhG,
ndhI, and atpH) had only one RNA editing site. The RNA editing of six genes (atpA–1148,
ndhF–62, ndhK–128, petB–611, rps8–3, and rpoA–527) occurred in the cp genomes of all
the subspecies. Although most of the editing events caused changes in the amino acids,
there were 116 sites that did not alter any amino acids, including stop codons, among
the subspecies. A total of 130 sites were edited in the third codon position, 79 sites were
in the second codon position, and 74 sites were in the first codon position. Many of the
editing events increased the hydrophobicity of amino acids, including conversions from
hydrophilic amino acids to hydrophobic amino acids (57), from hydrophilic amino acids to
hydrophilic amino acids (83), hydrophobic amino acids to hydrophilic amino acids (20),
and hydrophobic amino acids to hydrophobic amino acids (107). Among the 169 edited
amino acid sites, the largest proportion of changes was from Ser to Leu (13 sites), followed
by Ser to Pro (8 sites), and Pro to Leu (5 sites). RNA editing in D. glomerata subsp. glomerata
and D. glomerata subsp. himalayensis was completely consistent and contained 71 RNA
editing sites that were involved in 27 genes. On the other hand, RNA editing of D. glomerata
subsp. ibizensis and D. glomerata subsp. hispanica.1 was different in many cases from those
of the other subspecies, and 77 to 78 editing sites were identified in 34 genes of these
two subspecies.

3.6. Phylogenetic Analyses

The clade composed of four Triticum species was the sister clade to the D. glomerata
species and had BS of 100% (Figure 6). The Dactylis species was strongly supported as a
monophyletic group (bootstrap support (BS) = 100%). These 14 subspecies of D. glomerata
were divided into three groups. Group I contained three subspecies, group II contained
11 materials of 10 subspecies, and group III contained one subspecies. Although a few nodes
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still had lower BS values, most of the nodes of the ML tree had high BS values (> 80%). In
Group II, it was clear that four D. glomerata subspecies—the diploid subspecies aschersoniana,
the tetraploid subspecies glomerata, the tetraploid subspecies woronowii, and the diploid
subspecies judaica–were the sister lineages of the diploid subspecies himalayensis and
demonstrated higher BS (100%). The diploid subspecies aschersoniana showed the closest
relationship with the tetraploid subspecies glomerata followed by the diploid subspecies
judaica and the tetraploid subspecies woronowii. The diploid subspecies judaica was closely
related to the tetraploid subspecies woronowii. The tetraploid subspecies marina showed
a closer relationship with the evolutionary branches composed of the diploid subspecies
lusitanica and ibizensis. The tetraploid subspecies lobata and hispanica.1 are sister species,
with BS of 100%.
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3.7. Divergence Time

Serial divergence times from the crop plants to D. glomerata were estimated at 53.0985
to 29.5353 Mya (Figure 7). The divergence of the four Triticum species (T. aestivum, T. macha,
T. timopheevii, and T. monococcum subsp. monococcum) lagged far behind that of Dactylis
glomerata, which shared a common ancestor at 28.5353 Mya. Our study revealed climate
change might have been a driver for the divergence of D. glomerata. Based on our results,
D. glomerata originated in the early Oligocene era (28.5383 Mya) and gradually began
to diversify after the mid–Miocene era (15.3985–7.4043 Mya). The divergence times of
the tetraploid subspecies marina and the diploid subspecies santi, lusitanica and ibizensis
(15.3985 to 13.2162 Mya), all of which originated from the west of the Mediterranean, were
much earlier than those of the other remaining subspecies. Moreover, the divergence event
of the diploid subspecies himalayensis, the diploid subspecies aschersoniana, the diploid
subspecies judaica, and the tetraploid subspecies glomerata and woronowii occurred in
11.7017 Mya.
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4. Discussion
4.1. The Features of Dactylis glomerata Subspecies Cp Genomes

In this study, we assembled and compared the characteristics of the cp genomes
of 14 subspecies of D. glomerata, with sizes within the range of angiosperms [35]. In
agreement with many higher plants, the cp genomes of all the D. glomerata subspecies
were highly conserved and displayed a typical quadripartite molecular structure [36,37].
Upon comparing the cp genomes from 14 subspecies of D. glomerata, we found that the
genome structures were relatively conserved, with no rearrangement occurring in gene
organization, but there were some very significant differences in terms of size among the
cp genomes of the analyzed D. glomerata subspecies. The overall genome, LSC, SSC, and IR
regions of the D. glomerata subsp. hispanica.1 and the D. glomerata subsp. lobata were shorter
than those of the others, which might have been caused by the contraction and expansion
of the IR and SSC boundary regions [37,38]. As such, the existing differences may provide
insights into the unique differences defining Gramineae species and subspecies [39,40].
Though there were some differences in cp, the genome size among the 14 subspecies, the
total GC content and the number of genes were similar, partially reflecting the conservation
of the cp genome in angiosperms. In terms of the GC content of the cp genomes of the
14 subspecies of D. glomerata, there was higher GC content in the IR regions than in the
LSC and SSC regions, and this could be the result of there being four rRNA genes in the
IRs [41]. A high GC content has always been conducive to the stability of the genome
structure, making mutation difficult [42]. Thus, the IR was the most conserved region in
the cp genome of the 14 subspecies of D. glomerata.

The cp genomes of most angiosperms contain 74 protein–coding genes in their cp
genomes; however, five other genes were found among certain species, with variation also
being observed in the D. glomerata subspecies [43]. Interestingly, a translation initiation
factor, infA, has been independently lost multiple times during the evolution of different
land plants. However, it appears in all the subspecies in this study [43]. Thus, we deduced
that the presence of infA is an ancestral condition in these subspecies. In addition, a gene
with a high frequency of absence from the 14 D. glomerata subspecies was ycf15. The
function of ycf15 has been a concern in previous studies–its potential as a protein–coding
gene in the cp genome of angiosperms has been questioned due to its high frequency as a
pseudogene [44–46]. It is estimated that the ycf15 gene has completely disappeared from

510



Genes 2022, 13, 1621

about 29 terrestrial plant lineages [47–54]. However, comparative analysis revealed that
this gene was found in the D. glomerata subsp. hispanica.1 but that it was not present in
other listed Dactylis subspecies. Based on these findings, parallel losses of particular genes
have occurred over the course of Dactylis evolution. In this study, this finding increased
our interest in studying the function and evolution of ycf15 in angiosperms in more detail.
Thus, the ycf15 loss event may provide useful information for a more in–depth study of the
evolutionary history of Dactylis or of Gramineae species.

4.2. Divergence of Active Regions

In order to explain the level of genome divergence, sequence identity among cp
DNAs was detected. Though there was a high degree of similarity at the cp genomic scale,
highly divergent regions were found, which included nine non–coding regions (rps19–psbA,
psbM–petN, trnG–UCC–trnT–GGU, psaA–ycf3, rbcL–psal, psbE–petL, rps12–trnV–GAC, trnV–
GAC–rps12 and rpl2–rpl23), which may be highly useful for further studies of phylogenetic
relationships, the identification of species, and population genetics. In general, the cp
genomes of the 14 subspecies of D. glomerata showed lower divergence levels in their
coding regions and in IRs than in their non–coding regions and SSC regions, and the IR
regions were the most conserved. The higher GC content in IRs might partially explain the
divergence of the conserved nature of the IR and SC regions [42].

IR is an important indicator for measuring the structural stability of cp genomes.
Generally, a high number of rearrangements are detected in cp genomes lacking an IR, and
these rearrangement events have also been reported in various terrestrial plant lineages [55].
However, the comparative analysis indicated that no rearrangement events took place
in the cp genomes of the 14 subspecies of D. glomerata with IRs. The presence of an
IR could prevent the occurrence of rearrangement events, resulting in a lower species
rearrangement rate, which might account for the absence of rearrangement events detected
in the 14 subspecies of D. glomerata [56]. In addition, large and complex repeat sequences
in cp genomes are associated with genome rearrangement and stabilization; they provide
important information for understanding the evolutionary history of plant species [57–59].
In this study, about 38 to 44 repeats in the cp genomes of the 14 subspecies of D. glomerata
were detected, a relatively small number [60]. The size of the repeats was studied in the cp
genomes that were sequenced and compared–we found that most of the repeats ranged
in size from 30 to 35 bp. Although almost all the repeats were not large repeats (>100 bp),
the repeats in Dactylis were more abundant than those in other angiosperm cp genomes,
ranging between 7 and 13 [61–63]. Given the correlation between repeat sequences and
rearrangements, high rearrangement rates are likely to be observed in cp genomes with
a high frequency of large repeat sequences (>100 bp) [64]. However, no rearrangement
events were found to have occurred in our 14 subspecies of D. glomerata, which might be
due to a lack of large repeat sequences. It is, therefore, not surprising that rearrangement
events were not observed in the 14 D. glomerata subspecies, which explains the relatively
higher degree of stability and conservation among the different Dactylis subspecies.

4.3. IR Contraction and Expansion

Although the IR is the most conserved region in the cp genome, the border contraction
and expansion of IRs are regarded as common evolutionary events in plants [65]. Overall,
there was a close association between the IR length and genome size. For instance, the
D. glomerata subsp. lusitanica possessed the largest cp genome (134,993 bp) and had a
relatively long IR (21,472 bp), whereas the D. glomerata subsp. lobata and D. glomerata
subsp. hispanica.1 had the smallest cp genomes (134,375–134,376 bp) and the shortest
IRs (21,236 bp). Analysis of the contraction and expansion of IRs from 14 subspecies of
D. glomerata revealed that the gene distribution at the boundary of the four regions of the
cp genome followed a similar rule. However, relatively independent characteristics were
observed in the microstructure, such as the locations of ndhH, ndhF and rps15. In Gramineae,
ndhH exists near both ends of the SSC region and can extend to the IRs, and it plays an
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important role in the stability of the IR/SSC junction [66]. As a typical cp genome structure,
ndhH extends into the IRs in Dactylis, which may represent an ancestral symplesiomorphy in
Gramineae [67]. Longer extension of ndhH into IRa unique to the monophyletic D glomerata
subsp. lobata and subsp. hispanica.1 cluster among other subspecies indicates that the
genome size variation of the 14 subspecies of D. glomerata was mainly due to border shifts
and variation in IRs [68]. Thus, we speculated that ndhH might play an important role in
the cp evolution within Dactylis. These variations broaden our knowledge of the evolution
and genomic structure of the cp genome of Dactylis.

4.4. Characterization of SSRs

SSRs are considered the results of slipped strand mispairing during DNA replication,
which is usually observed in plant cp genomes [69]. The SSRs of plant cp genomes have
been widely used for molecular markers for studying species genetic variations due to a
high polymorphism rate at the species level [70]. In total, six types of SSRs were identified,
and similar numbers of SSRs were detected in the 14 subspecies of D. glomerata. These
cpSSRs appeared more frequently in the LSC region than in the SSC and IR regions, con-
sistent with results of other Gramineae species [71]. Among the repeat units that were
identified, the mononucleotide repeat (A/T) unit was the most abundant repeat unit, of
which A or T repeats accounted for the majority. Our results support the concept that the
SSRs in cp genomes are typically composed of short polyadenine (polyA) or polythymine
(polyT) repeats and rarely contain tandem guanine (G) or cytosine (C) repeats [72]. Among
these SSRs, hexanucleotide repeats showed different distribution patterns. Hexanucleotide
repeats were the most common types in all the Oryza species and in certain Phalaris arun-
dinacea [60,73], while hexanucleotide repeats were species–specific in the present study.
An assessment of the SSR categories indicated that hexanucleotide repeats only existed
in D. glomerata subsp. santai. Since the chloroplast is highly conserved in an–giosperms,
cpSSRs can be transferred between species and genera [66]. So, the SSRs identified in the cp
genome of Dactylis could be used as useful molecular markers to identify these D. glomerata
subspecies and related species in future studies.

4.5. RNA Editing

As a crucial post–transcriptional RNA modification process, RNA editing appears
in almost all land plants [74]. In the cp genomes of 14 subspecies of D. glomerata, most
of the RNA editing events predicted were of C to T. In these 14 subspecies, the amino
acid transformation from serine to leucine was the most common type. The dominance
of hydrophilic serine to hydrophobic leucine substitution among non–synonymous RNA
editing suggests the evolutionary conservation of RNA editing [75]. The RNA editing
sites are often detected in the first or second base of codons, causing the conversion of
hydrophilic amino acids to hydrophobic amino acids [76,77]. This transformation increases
the hydrophobicity of proteins and enhances their stability [78]. In our present study,
approximately 57 of the amino acid changes were from hydrophilicity to hydrophobicity,
and the increase in amino acid hydrophobicity might facilitate the formation of core residues
in proteins [79]. Thus, the structure formed by hydrophobic mutations in the protein kernel
is more stable than that formed by hydrophilic mutations, which may ultimately affect the
secondary structure and function of proteins and expand their genetic information [75,80].

However, abundant RNA editing sites were identified in the third codon among
D. glomerata subspecies, which were consistent with some Gramineae plants [81,82]. The
chloroplast RNA editing of D. glomerata subsp. ibizensis and D. glomerata subsp. hispanica.1
varied more than those of the other D. glomerata subspecies, which may be due to changes
in the environmental adaptability or species specificity during long–term evolution. Thus,
some specific RNA editing sites were also identified in some of the subspecies, which
provided useful information for the origin and evolution of the Dactylis genus based on
in–sights from chloroplast RNA editing. To our knowledge, this is the first study to report
RNA editing among D. glomerata subspecies, elaborating the evolution of 14 subspecies of
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D. glomerata with a focus on RNA editing, and laying the foundation for further studies of
RNA editing mechanisms in D. glomerata and other types of plants.

4.6. Phylogeny Analysis and Divergence Time

Although the phylogenetic relationships among Dactylis taxa have already been exten-
sively studied using morphological, cytological, isozyme, phenolic flavonoid, and molecu-
lar techniques, the classification of the Dactylis genus remains controversial [2,9,83–85]. In
the present study, the phylogenetic tree, based on the cp genome, contains subspecies with
different ploidy levels, and the high bootstrap support shows the capacity of complete cp
genomes to enhance the phylogenetic resolutions during the evolution of Dactylis, which
might represent useful information on the origin and evolution of Dactylis [86,87]. Dactylis
is strongly supported as a monophyletic group and as the sister group of clades consisting
of four species of Triticeae. We estimated that Dactylis and four Triticeae species diverged at
28.5353 Mya, which reinforces previous findings using genomics data (17.5–29.6 Mya) [82].
Diversification events in the lineages of Dactylis are primarily predicted to have gradually
begun after the mid–Miocene era (15.3985–7.4043 Mya) [88]. It is suggested that there were
huge climate changes in the climate after the mid–Miocene era, with the late–Miocene era
being colder than the early Oligocene era [88]. This global cooling led to the contraction
of tropical forests to lower latitudes, resulting in many open habitats, which presented
opportunities for Gramineae plants [89]. As a type of cool grass, the adaptive radiation
and diversity of D. glomerata subspecies were probably driven by climate change [82,90].
The tetraploid subspecies marina and the diploid subspecies santai, lusitanica and ibizensis
from the western Mediterranean were the species observed during the early successive
divergence of Dactylis, suggesting that the western Mediterranean might have been a
diverse phylogenetic center in the past.

This study showed that most phylogenetic clades underwent adaptive radiation of
the diploid subspecies followed by the tetraploid species. Obviously, most diploids have
a much earlier origin than tetraploids, which is also supported by previous conclusions
from studies on flavonoid variability [83,84,87]. Notably, the tetraploid subspecies marina
clustered with the diploid subspecies lusitanica and ibizensis, indicating that one of these
diploid subspecies, or their common ancestor, could be a parental species of tetraploid
subspecies. The morphology of these subspecies also supports this hypothesis since the
tetraploid subspecies marina possesses characteristic papillose epidermal cells that are very
similar to those found in the diploid subspecies ibizensis, indicating that they might be
derived from a common ancestor [8]. It has previously been suggested that the tetraploid
subspecies glomerata may have evolved from the hybridization of aschersoniana (2n = 14)
and woronowii (2n = 48) [83]. We found that it formed a clade with the diploid subspecies
aschersoniana in the cp genome tree, supporting this diploid subspecies as one of its parents.
Moreover, our results revealed that the tetraploid subspecies woronowii and the diploid
subspecies judaica were clustered into a clade, indicating a close relationship between
the two. Based on morphological studies, mainly of phenotypic characteristics, Stebbins
and Zohary considered the tetraploid subspecies woronowii to be more similar to the xe-
romorphic diploid subspecies judaica, which has somewhat adapted to a dry summer
climate and is considered to be of more recent origin [83]. Thus, these two subspecies may
originate from a recent common diploid ancestor. In the present study, the diploid sub-
species himalayensis forms a well–supported clade with the diploid subspecies aschersoniana,
tetraploid subspecies glomerata and woronowii, and the diploid subspecies judaica, indicating
that the five subspecies are closely related. In addition, the tetraploid subspecies woronowii
is closely associated with the ancient Eurasian temperate forest flora (including the diploid
subspecies himalayensis and aschersoniana) [83]. As Stebbins and Zohary note, the diploid
subspecies aschersoniana and the tetraploid subspecies woronowii have similar flavonoid
components, whereas the diploid subspecies himalayensis and aschersoniana have more
primitive compounds than the tetraploid subspecies woronowii [84]. Obviously, the diploid
subspecies himalayensis and aschersoniana originated earlier than the tetraploid subspecies
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woronowii. In this study, the diploid subspecies himalayensis was found to share a common
ancestor with four other subspecies with different ploidy levels at 11.7017 Mya. The diploid
subspecies himalayensis revealed similar phylogenetic positions when tetraploids were
included, suggesting that the diploid subspecies himalayensis, or its ancestral lineage, may
have been a parent of these subspecies. Phylogenomic analysis of the cp genomes will help
to uncover the mysteries and controversies surrounding the phylogeny of Dactylis species.
However, the sequencing data of the Dactylis subspecies used in this study were limited.
Therefore, we recommend the inclusion of cp genome sequences of other subspecies of
D. glomerata in future studies to help elucidate the evolution from Dactylis.

5. Conclusions

This is the first report of the whole cp genome of D. glomerata subspecies. The 14 sub-
species of D. glomerata showed synteny of gene order and contained similar IR boundary
regions in their cp genomes. Moreover, we also obtained important genetic information,
including SSRs, repeat sequences, divergent hotspot regions, RNA editing sites, and di-
vergence times associated with the relationships between the D. glomerata species and
other Gramineae. Our results may supply insights to resolve taxonomic discrepancies and
phylogenetic relationships within the D. glomerata species, accelerating the identification
and utilization of forage resources.
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