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(a) (b) 

(c) (d) 

Figure 2. Clusters formatted according to the dominant compounds identified, in varieties violetto,
latifolia, minimum and lettuce, cultivated in the greenhouse conditions. (a) Dominant compounds
in var. violetto (1st and 3rd harvest) and var. latifolia (1st harvest); (b) Dominant compounds in
var. latifolia (2nd harvest) and var. minimum (1st and 2nd harvest); (c) Dominant compounds in var.
violetto (2nd harvest); (d) Dominant compounds in var. lettuce (1st, 2nd and 3rd harvest).

Cultivation conditions in the field defined the dominant constituents for the formation of four
clusters in the dendrogram (Figure 3). The similarities observed between harvests and varieties
characterized the clusters as: Cluster 1 consisting of samples OCP11, OCP12, OCP13, OCS15,
and OCS17 with linalool, eugenol, and trans-α-bergamontene as major components. Cluster 2 consists
of OCP14 and OCS16 with linalool and eugenol as major components. Cluster 3 consists of OCM18,
OCM19, and OCM20, with methyl chavicol and linalool as major components. Finally, cluster 4 is
“simplicifolious” and consists of samples OCC21, OCC22, and OCC23, with methyl-chavicol as the
dominant component (Figure 4).
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Figure 3. Bidimensional dendrogram representing the similarity in the main components of the
essential oils, between 13 harvests of 4 basil varieties growing in the field conditions.

(a) (b) 

(c) (d) 

Figure 4. Clusters formatted according to the dominant compounds identified in varieties latifolia,
minimum, lettuce and cinnamon, cultivated in the field conditions. (a) Dominant compounds in var.
latifolia (1st, 2nd and 3rd harvest) and var. minimum (1st and 3rd harvest); (b) Dominant compounds
in var. latifolia (4th harvest) and var. minimum (2nd harvest); (c) Dominant compounds in var. lettuce
(1st , 2nd, and 3rd harvest); (d) Dominant compounds in var. cinnamon (1st, 2nd and 3rd harvest).
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Considering that in both field and greenhouse the conditions were same for all of the varieties,
the observed variations can be attributed to the ability of each variety to react to the stressing factor of
harvesting. The grouping obtained for the examined basil varieties in greenhouse and field conditions,
provides significant data about the effect of harvesting and cultivation site in the chemical composition
of basil essential oils. A comparison of Cluster 1 between field and greenhouse conditions reveals
that in var. latifolia, between harvests, shifts are observed in the chemotype by alterations in the
biosynthesis of essential oils’ components. These results are in compliance with the study of Božović
et al. (2017), in EOs obtained from Calamintha nepeta (L.) Savi subsp. glandulosa, indicating that the
main compounds were stable, but the ratio between them varied greatly according to the growth
stage [26]. Especially in var. lettuce it is obvious that apart from the harvest factor, the cultivation site
also affects the chemical profile of the obtained EO. Observation of cluster 3 from field cultivation
and cluster 4 from greenhouse cultivation reveals a different chemical profile in the EOs obtained
for the same variety. As such, these results imply that the cultivation site should also be considered
as factor affecting the composition of EOs, apart from the number of harvests. The variations of the
chemical profile of the five basil varieties are in accordance with the results of Verma et al. (2013)
where different Ocimum populations belonging to the “basilicum” group are distributed to different
clusters [27]. The alteration in the chemical profile of the essential oils obtained from Foeniculum vulgare
Miller between harvests was also indicated by Garzoli et al. (2017). Researchers showed that while
o-cymene and a-phellandrene were dominating compounds in the first two harvests, EO from the last
harvest was characterized by a high content of methyl-chavichol (estragole) [28]. Cluster analysis has
been proved as a useful tool in the attempt of an evaluation of chemotypes among essential oil bearing
plants. However, in O. basilicum’s case, the numerous synonymous names, varieties, and inerspecific
hybridization along with the several factors that affecting essential oils’ composition make this process
extremely difficult [29].

The obtained data can serve as a guide for cultivation conditions and the harvesting of basil
varieties in this geographical region in order to obtain maximum essential oil yield along with certain
metabolites or mixtures of them in the composition of the essential oil. Comparing to the literature
data about basil chemical composition, current results are in accordance about the yield of essential oil
produced. Additionally, they are very promising concerning the composition of them to important
constituents like linalool, eugenol, and methyl chavicol. Environmental conditions, like temperature,
humidity, and soil conditions, in the island of Kefalonia affect the chemical profile of the cultivated basil
varieties and favor the production of bioactive compounds like linalool [30]. Practically, this implies
that essential oils from aromatic plants cultivated in the climatic conditions of Kefalonia have the
quality characteristics needed for commercial exploitation.

3. Materials and Methods

3.1. Cultivation Conditions and Plant Material

Certified Ocimum basilicum L. (basil) seeds, belonging to varieties lettuce, cinnamon, minimum,
latifolia, and violetto, were purchased from the local market. Basil seeds of the five varieties were sown
into sowing boxes filled with universal soil for sowing seeds in an environmentally controlled growth
chamber. Environmental conditions were: photoperiod 12/12, air temperature 18/24 ◦C, and air
relative humidity 50/70% (day/night). When the plants formed true leaves were transplanted into
small plastic pots. When they reached 12–15 cm height, they were transplanted to their final position
either into plastic 20 L pots in the greenhouse or directly to the land in the experimental field. For each
variety 20 plants were planted in each cultivation site. For the field conditions, basil transplants
were planted into rows with 0.50 m in-row and 1.00 m between row spacing, covering a total area
of 15 m2. Plants were irrigated every second day with an irrigation tape providing 5–7 L of water,
in both field and greenhouse conditions. During the growing period, no pests or diseases were
observed apart from the inability of var. cinnamon to grow in the greenhouse conditions and that
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var. violetto failed to grow in the field conditions, thus only the results from one cultivation site are
given. Harvesting of the plants was performed almost two months after transplantation, prior to
flowering stage [17]. The field cultivation conducted in the experimental field of the Department of
Food Technology (Technological Educational Institute of Ionian Islands) in the island of Kefalonia
(Figure 5). Plant material was hand harvested by removing the apical portion of the herbage 20 cm
above ground and leaving 1–2 internodes in order to promote rejuvenation from the sleeping buds.
For each variety and cultivation site, 2–3 harvests were performed depending on the variety and its
ability to regenerate stems and flowers. Practically, this includes a period of 30–40 days between
each cutting. In every collection, plant material was collected the same time of the day in order to
eliminate day variations to the yield of essential oil, transferred to the laboratory and fresh weight was
measured, and the essential oil yield to fresh weight was calculated. In total, 23 samples were collected
extracted and analysed, namely 10 essential oils obtained from 4 four different varieties cultivated
in the greenhouse, and 13 essential oils obtained from four varieties cultivated in the field (Table 1).
The plant materials have been deposited in the herbarium of the Department of Food Technology
(Technological Educational Institute of Ionian Islands) under the number 737.

Figure 5. Diagrammatic presentation of the cultivation of basil seeds belonging to five varieties in field
and greenhouse, along with the relevant obtained essential oils (EOs).

3.2. Essential Oil Distillation

The collected plant material from the five varieties was separately subjected to hydro distillation
in a modified Clevenger-type apparatus according to the Hellenic Pharmacopoeia [31]. Each plant
material sample (about 2.0 kg) was extracted for 3 h. The essential oil content (% v/w) was estimated
on a fresh weight basis. The oil samples were dehydrated over anhydrous Na2SO4. The obtained
essential oils were of yellowish colour and a pleasant odor, and were deposited in vials at −20 ◦C prior
to further chemical analyses.

3.3. GC Analysis

Quantification was performed using gas-chromatography coupled with flame ionization detection
(GC-FID). Analyses were carried out on a Perkin Elmer Clarus 500 gas chromatograph with FID,
fitted with a fused silica Rtx-5 MS capillary column (30 m × 0.25 mm (i.d.), film thickness: 0.25 μm).
The column temperature was programmed from 60 ◦C to 250 ◦C at a rate of 3 ◦C/min. The injector
and detector temperatures were programmed at 230 ◦C and 280 ◦C, respectively. 0.5 μL of each sample
were diluted in 500 μL GC grade n-pentane and 2 μL of the obtained solution was further injected in
the GC apparatus. Identification of constituents was achieved by calculating the arithmetic indices
relative to linear alkanes from C9–C23 and comparing with data from GC-MS identifications.

3.4. GC-MS Analysis

GC-MS analyses were performed on a Hewlett-Packard 5973-6890 system operating in EI mode
(70 eV) equipped with a split/splitless injector (220 ◦C), a split ratio 1/10, using a fused silica HP-5 MS
capillary column (30 m × 0.25 mm (i.d.), film thickness: 0.25 μm). The temperature program for HP-5
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MS column was from 60 ◦C (5 min) to 280 ◦C at a rate of 4 ◦C/min. Helium was used as a carrier gas at
a flow rate of 1.0 mL/min. Injection volume for all samples, diluted as previously described, was 2 μL.

3.5. Identification of Components

Retention indices for all compounds were determined according to the Van der Dool approach [32]
with reference to a homologous series of normal n-alkanes from C9 to C23. The identification of the
components was based on a comparison of their mass spectra with those of Wiley and NBS Libraries
and those described by Adams (2007), as well as by comparison of their retention indices with literature
data [33]. Component relative percentages were calculated based on GC-FID peak areas without using
correction factors.

3.6. Statistical Analysis

Data obtained from the chemical analysis of the essential oils from all varieties were analyzed by
Multivariate analysis method using Statistica software version 7.0 Statsoft Company. Cluster analyses
were performed based on the similarity between harvests from all varieties and their constituent
distribution. These analyses were performed on complete data sets. The unweighted pair-group
average linkage clustering method based on Pearson distances was used to measure the similarities
between each measured unit.

Author Contributions: Y.S. and H.S. conceived and design the experiments of the selection of the varieties,
cultivation and evaluation experimental results, respectively. In addition, H.S. supervised the chemical analyses.
E.S. performed the cultivation of the basil varieties in the greenhouse and field, the harvesting and the extractions
of all essentials oils. T.M. and A.D performed the chemical analyses of the obtained EOs. P.R. performed the
statistical analysis of the results. G.T analyzed the data obtained from the chemical analysis, collection of results
andwriting of the article.
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Abstract: To elucidate the chemical compositions of the aerial parts of Chrysanthemum coronarium L.,
the ethanol extracts of Ch. coronarium L. were firstly isolated by the MCI-gel resin column.
The caffeoylquinic acid-rich fractions were further purified by various chromatographic columns
including silica gel, Sephadex LH-20, and semi-preparative HPLC to yield the compounds.
The purified compounds were characterized by 1H-Nuclear Magnetic Resonance (1H-NMR),
13C-NMR, and high resolution electrospray ionisation mass spectral (HR-ESI-MS) spectroscopy.
Seven caffeoylquinic acid (CQA) compounds were isolated from this plant. Their structures were
clarified by spectrometric methods and identified as 3-O-caffeoylquinic acid (1), 5-O-caffeoylquinic
acid (2), 4-O-caffeoylquinic acid (3), 3,4-di-O-caffeoylquinic acid (4), 1,5-di-O-caffeoylquinic acid (5),
3,5-di-O-caffeoylquinic acid (6), and 4,5-di-O-caffeoylquinic acid (7). Caffeoylquinic acids were
the major constituents present in the aerial parts of Ch. coronarium L. All of the isolates except for
compounds 2 and 6 were reported for the first time from this species. Moreover, compounds 3–5,
and 7 were identified from the Chrysanthemum genus for the first time.

Keywords: Chrysanthemum coronarium L.; aerial parts; caffeoylquinic acids

1. Introduction

Chrysanthemum coronarium L., commonly known as “Tonghao”, is used as an edible vegetable and
medicinal plant, and belongs to the genus of Chrysanthemum (Compositae) [1]. Many previous studies
have reported the isolation, identification, and the biological activities of the plant. The results have
shown that flavonoids [2], phenolic acids [3], sesquiterpene lactone [4], monoterpene [5], diterpene [6],
glycosyldiglycerides [7], alkaloid [8], phytosterol [9], heterocyclic compounds [8], polyacetylenes [9],
and essential oils [10,11] were the major chemical constituents present in the plant. Ch. coronarium L.
has shown a variety of biological activities including the elimination of phlegm, plant allelopathy,
nematicidal activity, cytotoxic activity, antioxidant and free radical scavenging, insect antifeedant,
hepatic protection, and antimicrobial properties [1]. Flavonoids and phenolic acids are responsible for
the plant allelopathy and antioxidant and free radical scavenging activities [3]; polyacetylenes and
essential oil are responsible for the insect antifeedant [12] and antimicrobial activities [10]; and terpene,
in particular sesquiterpene lactone, is responsible for the cytotoxic [13] and antimicrobial activities [6].

Flavonoids and polyphenols are the characteristic constituents of Ch. coronarium L., which are
also the main bioactive constituents of the Compositae family [2,3]. Caffeoylquinic acids (CQAs)
are cinnamate conjugates, which are biosynthesized through the phenylpropanoid pathway.
These phenolic compounds are generally involved in plant disease-resistance responses to biotic
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or abiotic stress [14]. Preliminary studies on the chemical constituents of the aerial parts of
Ch. coronarium L. indicated that the caffeoylquinic acids were the major components in the plant,
however, only three CQA compounds were elucidated until now; 3,5-di-O-caffeoyl-4-succinylquinic
acid, chlorogenic acid, and 3,5-di-O-caffeoylquinic acid [3].

Herein, the isolation and structure elucidation of caffeoylquinic acids (CQAs) from the aerial parts
of Ch. coronarium was achieved.

2. Results

Caffeoylquinic acid derivatives showed typical UV spectra peaks at 327, 298 (sh), and 246 nm [15].
The HPLC profile of the ethanolic extract (TH) and of its five purified fractions (THA to THE) indicated
that THA−THC were caffeoylquinic acid derivative-rich fractions (Figure 1). Many components in the
THB fraction overlapped with the THA and THC fractions based on the HPLC profile. Thus, the THA
and THC fractions were further isolated to yield the pure compounds.

 
Figure 1. HPLC chromatogram of ethanol extract (TH) and MCI fractions (THA–THE) of Ch. coronarium L.

The structures of the isolated caffeoylquinic acid derivatives were elucidated by HR-ESI-MS
analysis, 1D-NMR data (Tables 1 and 2), and comparison of these data with the literature.
Compounds 1–7 (Figure 2) were identified as 3-O-caffeoylquinic acid (1) [16], 5-O-caffeoylquinic
acid (2) [17], 4-O-caffeoylquinic acid (3) [16], 3,4-di-O-caffeoylquinic acid (4) [18,19], 1,5-di-O-
caffeoylquinic acid (5) [20], 3,5-di-O-caffeoylquinic acid (6) [21], and 4,5-di-O-caffeoylquinic
acid (7) [18,19]. Among them, compounds 1, 3–5, and 7 were isolated from this species for the first
time. Moreover, compounds 3–5, and 7 were reported from the genus Chrysanthemum for the first time.
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7 R2=R3=caffeoyl, R1=R4=H  

Figure 2. The chemical structures of the compounds 1–7 isolated from Ch. coronarium L.
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Table 2. 13C-NMR Data for Compounds 2, 5–6 (100 MHz, MeOH-d4).

No.
Compounds

2 5 6

1 74.7 80.9 73.3
2 36.8 35.7 34.6
3 69.9 69.4 71.1
4 72.1 72.8 69.2
5 70.5 71.6 70.6
6 37.4 36.9 36.2
7 175.6 174.8 175.9
1′ 126.4 127.8/127.8 126.5/126.4
2′ 113.8 115.3/115.3 114.2/113.9
3′ 145.3 147.6/147.4 145.3/145.3
4′ 148.1 149.7/149.7 148.1/148.0
5′ 115.1 116.5/116.5 115.1/115.1
6′ 121.6 123.1/123.1 121.6/121.6
7′ 145.7 147.4/146.9 145.9/145.6
8′ 113.8 115.2/115.1 113.7/113.7
9′ 167.3 168.7/168.0 167.4/167.0

3. Discussion

Compounds 1−3 were obtained as white power. The HR-ESI-MS yielded a quasi-molecular ion
peak [M-H]− at m/z 353.08. The UV spectrum showed λmax at 328, 298 (shoulder), and 246 nm,
which suggested that compounds 1−3 were single caffeoyl substituted quinic acid derivatives.
The 1H-NMR spectrum (400 MHz, MeOH-d4) of compounds 1–3 showed caffeoyl signals at δ 7.56, 7.58,
7.63 (1H, d, J = 15.9 Hz, H-7′), 6.27, 6.30, 6.37 (1H, d, J = 15.9, H-8′), 7.04, 7.05, 7.06 (1H, H-2′), 6.94, 6.95,
6.97 (1H, H-6′), 6.78, 6.78, 6.78 (1H, H-5′), and quinic acid signals at [1: δ 5.36 (1H, brd, J = 2.9, H-3),
3.65 (1H, dd, J = 8.5, 2.8, H-4), 4.14 (1H, ddd, J = 8.5, 8.5, 3.6, H-5), 1.93–2.22 (4H, m, H-2, H-6); 2: δ 4.18
(1H, brd, J = 2.9, H-3), 3.75 (1H, dd, J = 8.0, 2.3, H-4), 5.35 (1H, ddd, J = 8.0, 8.0, 3.5, H-5), 2.04–2.25 (4H,
m, H-2, H-6); 3: δ 4.29 (1H, brs, H-3), 4.80 (1H, dd, J = 9.0, 2.3, H-4), 4.27 (1H, ddd, J = 9.0, 9.0, 4.5, H-5),
1.98–2.23 (4H, m, H-2, H-6)]. The substituted position of caffeoyl can be determined by the analysis
of the chemical shift and coupling constants of the oxygenated methine protons of the quinic acid
core. Once the oxygenated methine of quinic acid was acylated by caffeoyl, the proton signal will shift
downfield. The coupling constant of the downfield shifted proton was then applied to the acylation
position. Generally, the H-3 signal has a small coupling constant and shows a brd or brs type peak,
the H-4 signal showed a dd type peak with coupling constants at 8.0–9.0 Hz and 2.0–3.0 Hz, while the
H-5 signal showed a ddd type peak with coupling constants at 8.0–9.0 Hz, 8.0–9.0 Hz, and 3.0–5.0 Hz.
Based on these rules, the structures of compounds 1–3 were determined as depicted.

Compounds 4–7 were obtained as white powder. The ESI-MS yielded a quasi-molecular ion
peak [M-H]− at m/z 515.11, and the UV spectrum showed λmax at 327, 298 (shoulder), and 245 nm,
suggesting that compounds 4–7 were double caffeoyl substituted quinic acid derivatives. The 1H-NMR
spectrum showed similar signal patterns to compounds 1–3, but one more caffeoyl signal was observed.
The 1H-NMR spectrum of compounds 4–7 showed two sets of caffeoyl signals [7.49–7.60 (each 1H, d,
J = 15.9 Hz, H-7′ and H-7′′), 6.97–7.05 (each 1H, H-2′ and H-2′′), 6.85–6.96 (each 1H, H-6′ and H-6′′),
6.71–6.78 (each 1H, H-5′ and H-5′′), 6.17–6.33 (each 1H, d, J = 15.9 Hz, H-8′ and H-8′′)], and quinic
acid signals (see Table 1). Similar to compounds 1–3, the acylation positions were determined by the
chemical shift and coupling constants of the oxygenated methine protons of quinic acid. As only the
H-5 signal of compound 5 was observed with a downfield shift, another substituted position was
tentatively assigned to C-1 of quinic acid.

The chemical compositions of the plant are characterized by flavonoids and phenolic acids [22],
which showed typical UV spectra based on the HPLC-DAD. In the current study, seven CQAs including
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three mono-CQAs and four di-CQAs were isolated and identified. Previously, two phenolic acids
as plant growth inhibitors were isolated from Ch. coronarium L. and identified as isoferulic acid and
methyl parahydroxybenzoats [12]. Ferulic acid methyl ester was also detected in Ch. coronarium L.,
which showed low-density lipoprotein (LDL) oxidation inhibited activity [8]. Only three quinic acid
derivatives, namely, chlorogenic acid (5-O-caffeoylquinic acid, 2), 3,5-di-O-caffeoylquinic acid (6),
and 3,5-di-O-caffeoyl-4-succinylquinic acid were detected by the HPLC method [3]. This is the first
report of the isolation of CQAs except for compounds 2 and 6, while compounds 3–5, and 7 were
identified from the Chrysanthemum genus for the first time. Additionally, the di-CQAs are the major
phenolic acid constituents present in this plant.

4. Materials and Methods

4.1. Plant Material

The aerial parts of Ch. coronarium L. were purchased from a local market, Nanchang City,
Jiangxi Province, China, and identified by Prof. Shuying Fan (College of Agronomy, Jiangxi Agricultural
University, Nanchang, China). A voucher specimen (TH-2015041) has been deposited in the Department
of Horticulture, College of Agronomy, Jiangxi Agricultural University (Nanchang, Jiangxi, China).

4.2. Equipment and Reagents

1H and 13C-NMR were detected on a Varian 400 MHz spectrometer in CD3OD with
Tetramethylsilane (TMS) as the internal standard. HR-ESI-MS data were obtained on a 6538 Ultra
High Definition (UHD) Accurate-Mass Q-TOF LC/MS system (Agilent, Santa Clara, CA, USA).
High performance liquid chromatography (HPLC) was performed on a Hitachi Elite Chromaster
system including a 5110 pump, 5210 autosampler, 5310 column oven, a 5430 diode array detector,
and operated by EZChrom Elite software. Luna C18 (2) column (5 μm, 4.6 × 250 mm) for analysis and
Luna C18 (2) column (10 μm, 10 × 250 mm) for HPLC preparation were purchased from Phenomenex
Inc (Torrance, CA, USA). The HPLC grade solvents were purchased from Sigma (Sigma, St. Louis, MO,
USA). All analytical solvents were purchased from Tansoole (Shanghai, China). Silica gel (250 mesh;
Qingdao Haiyang Chemical Co., LTD, Qingdao, China) was used as normal phase, whereas YMC Pack
ODS-A (50 μm; YMC) was used as reversed phase column material. MCI gel CHP20P (75–150 μm;
Mitsubishi Chemical Corp, Tsukuba, Japan) and Sephadex LH-20 (GE Healthcare, Uppsala, Sweden)
were also used for column chromatography.

4.3. Extraction and Chromatography

The fresh aerial parts of Ch. coronarium L. (20 kg) were dried in air, yielding a crude dry
material which amounted to about 2.2 kg. The dried material (2.0 kg) was ground and extracted
using an ultrasonic-assisted method with 95% ethanol (3 × 50 L) at 45 ◦C for 2 h. The dried ethanol
extract (TH, 118.5 g) was subjected to MCI gel column chromatography (4.0 × 25 cm), eluted with water,
10% methanol, 30% methanol, 50% methanol, 70% methanol, and 90% methanol, respectively (each, 2.0 L).
Lastly, the MCI gel column was washed with acetone. Six fractions were yielded (THA–THF).

4.4. Purification of the Caffeoylquinic Acid Derivatives

The THA fraction (13.2 g) was subjected to ODS C18 column chromatography (3.0 × 25 cm) eluting
with 5% methanol, 15% methanol, 25% methanol, 35% methanol, and 50% methanol (each 1.0 L),
respectively. Five fractions (THA-1–THA-5) were obtained after being pooled according to their
HPLC profiles.

Fraction THA-3 (3.3 g) was further subjected to Sephadex LH-20 (2.0 × 100 cm) elution with
MeOH to furnish fractions THA-3A–3D. Fraction THA-3C was purified by semi-preparative HPLC
(10 μm, 10 × 250 mm), eluting with MeOH-H2O (0–23 min: 18:82 to 45:55; v/v, 3 mL/min) and yielding
compounds 1 (12.5 mg), 2 (26.8 mg), and 3 (14.5 mg).
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The THC fraction (6.57 g) was subjected to silica gel chromatography (4.0 × 26 cm) using
CHCl3-MeOH (100:1 to 2:1, v/v) for elution to yield six fractions THC-1–6 according to their TLC
profiles. THC-6 (1.2 g) was further subjected to Sephadex LH-20 (2.0 × 100 cm) elution with MeOH to
furnish fractions THC-6A–6G. THC-6D was purified by semi-preparative HPLC (10 μm, 10 × 250 mm),
eluting with an isocratic elution of MeOH-H2O (34:66; v/v, 3 mL/min) yielding compounds 4 (8.5 mg)
and 6 (9.8 mg). THC-6F was purified by semi-preparative HPLC (10 μm, 10 × 250 mm), eluting with
an isocratic elution of MeOH-H2O(35:65; v/v, 3 mL/min) yielding compounds 5 (13.5 mg) and
7 (14.6 mg) (Figure 3).

Ch. coronarium L (2.0 kg)

Extracted  with 95% EtOH

EtOH extract (118.5 g)

MCI gel column

THA                                 THB                                THC              THD          THE            THF
C18 MPLC column chromatography

THA1       THA2         THA3       THA4           THA5    THC1     THC2     THC3     THC4       THC5        THC6

Sephadex LH-20

THA-3A  THA-3B   THA-3C   THA-3D

Semi-preparative HPLC                 Semi-preparative HPLC                                   Semi-preparative HPLC

Compds. 1,2,3                                                                            Compds. 4,6           Compds. 5,7

Sephadex LH-20

THC6A  THC6B   THC6C   THC6D   THC6E   THC6F THC6G

Silica gel column chromatography

 
Figure 3. The procedure for the extraction and isolation of compounds from Ch. coronarium L.

5. Conclusions

Caffeoylquinic acids (CQAs) were the major phenolic constituents present in the aerial parts of
Ch. coronarium L. Seven CQAs including three mono-CQAs and four di-CQAs were isolated from this
plant. They were 3-O-caffeoylquinic acid (1), 5-O-caffeoylquinic acid (2), 4-O-caffeoylquinic acid (3),
3,4-di-O-caffeoylquinic acid (4), 1,5-di-O-caffeoylquinic acid (5), 3,5-di-O-caffeoylquinic acid (6),
and 4,5-di-O-caffeoylquinic acid (7), respectively. All of the isolates except for 2 and 6 were isolated
from this species for the first time. Moreover, compounds 3–5, and 7 were identified from the
Chrysanthemum genus for the first time.
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Abstract: Liriope and Ophiopogon species have a long history of use as traditional medicines across East
Asia. They have also become widely used around the world for ornamental and landscaping purposes.
The morphological similarities between Liriope and Ophiopogon taxa have made the taxonomy of
the two genera problematic and caused confusion about the identification of individual specimens.
Molecular approaches could be a useful tool for the discrimination of these two genera in combination
with traditional methods. Seventy-five Liriope and Ophiopogon samples from the UK National Plant
Collections of Ophiopogon and Liriope were analyzed. The 5′ end of the DNA barcode region of the
gene for the large subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (rbcLa) was used
for the discrimination of the two genera. A single nucleotide polymorphism (SNP) between the
two genera allowed the development of discriminatory tests for genus-level identification based on
specific PCR and high-resolution melt curve (HRM) assays. The study highlights the advantage of
incorporating DNA barcoding methods into plant identification protocols and provides simple assays
that could be used for the quality assurance of commercially traded plants and herbal drugs.

Keywords: Ophiopogon; Liriope; rbcL; DNA barcoding; high-resolution melt curve (HRM) analysis

1. Introduction

Plants belonging to the genera Liriope Lour. and Ophiopogon Ker Gawl. are collectively
known by the English common name liriopogon [1–3]. The collective name itself indicates the
close relationship and morphological similarities between the two genera and the potential for
misidentification. Liriopogon are widely cultivated as ornamentals and ground cover plants for
garden landscaping due to their hardiness, and pest and disease resistance. However, mishandling,
mislabelling, and mismanagement of nursery practices can lead to sexual propagation of cultivars,
hybridisation, plant substitution, and finally degradation of the morphological/phenotypic identity of
the cultivars [4].

Tubers of a few species of both Liriope and Ophiopogon are used in traditional medicines
across East and South Asia for the treatment of respiratory ailments, diabetes, thirst, and as an
aphrodisiac [5]. In the Chinese and Korean traditions, substitution of Liriope for Ophiopogon is
permissible, although the Chinese Pharmacopoeia considers them to be separate remedies [6].
In contrast, the Japanese Pharmacopoeia stipulates that the traditional medicine “Bakumondo” must
be derived from O. japonicus tubers, i.e., material derived from Liriope is not a legal substitute. The close
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similarity in the morphological characteristics of their leaves and tubers makes it difficult to distinguish
between members of the two genera in both the horticultural and phytopharmaceutical industries [4].
Methods for discrimination of samples from the two genera are therefore important for quality
assurance in these commercial sectors.

Authentication of plant material used for herbal medicines typically relies on chemical analysis.
Liriopogons are characterised by their content of steroidal saponins and homoisoflavonoids [6–8].
TLC methods are straightforward and suitable for multiple samples. A TLC assay to distinguish the two
genera has been developed, but is limited by low sensitivity and resolution [9]. More precise analysis of
the saponin and flavonoid components has been achieved by HPLC-UV [10] and HPLC-UV-ELSD [8],
but these require a long run time for each individual sample. Recent comparison of the two genera by
LC-MS/MS also showed that differences in the profiles of steroidal saponins and homoisoflavonoids
could be used to discriminate between Ophiopogon and Liriope [6].

DNA-based tests have emerged as a powerful system for authentication of medical plants and
commercial herbal products [11–13]. Many of these target “DNA barcode” regions of the plant genome.
DNA barcoding is a technique for identifying biological specimens using short DNA sequences
from either the nuclear or organelle genome, termed DNA barcodes. In plants, the major DNA
barcode candidates are the plastid matK, rbcL, and trnH-psbA loci and the nuclear ribosomal ITS region
(nrITS) [14–17]. DNA tests have been developed to distinguish Liriope from Ophiopogon, including the
use of SCAR [18] and EST-SSR [19] markers. A barcoding approach targeting a SNP in the 3′ region of
the rbcL region was developed by Ito et al. (2015) [20]. Digestion with the restriction enzyme HincIII
cut amplicons from Liriope into two fragments, but left Ophiopogon amplicons intact. This is an effective
assay, but the digestion and gel electrophoresis steps are time-consuming and limit the throughput of
the assay.

The current study proposes a new strategy for the identification of Ophiopogon and Liriope
species by designing specific real-time PCR and high-resolution melt curve (HRM) assays targeting
genus-specific single nucleotide polymorphisms (SNPs) in the rbcL barcode region. These techniques
are ideally suited for the design of quick, reliable, robust, and affordable identification assays that
could be incorporated into industrial quality control procedures for herbal medicines [13].

This project arose from a collaboration to verify the identity of accessions in the UK National
Collections of Ophiopogon and Liriope by DNA barcoding [21]. However, to date, there are few
examples of DNA techniques being applied to the classification of cultivated ornamental plants.
An identification test based on DNA barcoding would be much faster than the traditional botanical
methods of identification, which require growing the target plants to the flowering stage, in parallel
with control plants. This new affordable method could also be useful for nurseries and plant collections
and the wider horticultural community of professional and amateur gardeners.

2. Results

2.1. DNA Barcoding of the rbcLa Region of Liriope and Ophiopogon Accessions

The plastid rbcLa barcode region of 75 National Collection Ophiopogon and Liriope specimens was
analysed (Table S1). Genomic DNA was extracted from all the samples and amplified by conventional
PCR using rbcLa generic primers. The expected fragment of about 700 bp was clearly visualised in all
of the Ophiopogon and Liriope samples (Figure 1).

In order to confirm the genus and the species, the rbcLa amplicons were sequenced from the
rbcLa primer. A multiple sequence alignment was generated, combining sequences from the GenBank
database with the newly generated sequences (Figure S1). The alignment showed very little sequence
variation between species of the same genus, with just three single nucleotide polymorphic (SNP)
positions observed. One was found to vary between the two genera, with the guanine predominantly
present in the Ophiopogon samples substituted by an adenine in the Liriope samples (Figure 2).
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Figure 1. Agarose gel electrophoresis of PCRs using rbcL generic primers. Gel lanes: L. Easy Ladder I
(Bioline) 1. Ophiopogon Sample 678; 2. Ophiopogon Sample 679; 3. Ophiopogon Sample 680; 4. Ophiopogon
Sample 682; 5. Liriope Sample 626; 6. Liriope Sample 627; 7. Liriope Sample 631; 8. Liriope Sample 632;
9. Negative (no template) control.

Figure 2. Fragment of a multiple alignment of the rbcL region from a selection of Liriope and Ophiopogon
samples, highlighting a number of atypical samples. Liriope Samples 624, 625, and 626 match the
consensus Liriope sequence. Ophiopogon Samples 678, 679, and 680 match the Ophiopogon consensus.
Liriope Samples 628, 667, and 677 and Ophiopogon Samples 693, 695, 709, and 711 are atypical in the SNP
position highlighted by the black arrow.

Only four Ophiopogon samples (693, 695, 709, and 711) and three Liriope samples (628, 667, and 677)
did not fit this SNP pattern, having instead an adenosine and a guanine, respectively (Figure 2).
One explanation is that these accessions had been misidentified. Three of the atypical Ophiopogon
accessions had been classified as the same species, O. japonicus, but the three atypical Liriope accessions
were originally classified as different species: L. graminifolia, L muscari, and L spicata. Morphological
analysis of these specimens was not able to resolve this, since the vegetative aerial parts share common
morphological characters (Figure S2).

In order to resolve the anomaly, the identity of these specimens was determined by DNA
barcoding of the nrITS region (data not shown). The nrITS sequences of all seven specimens confirmed
the genus assignment indicated by the rbcLa SNP, i.e., the plants did appear to have been mislabelled
or misidentified. The consistent genus-specificity of the SNP confirmed by these results presented an
opportunity to discriminate the Ophiopogon and Liriope genera by designing specific PCR primers to
target this SNP.

2.2. The rbcL Feature Provides a Target for Simple Genus Discriminatory Tests

In a study conducted by Ito et al. (2015) [21] it was reported that the two genera showed
a single nucleotide variation in the rbcLb region and they designed a restriction-enzyme-based
assay to target their SNP in order to discriminate the two genera. Their SNP is about 120 bp
downstream from the one reported here. In order to develop a new and more robust assay for
discriminating the two genera, two sets of genus-specific primers were designed to incorporate both
SNPs. Thus, the Ophiopogon-specific forward primer was designed to end with the guanine base,
while the reverse primer was designed to end with a cytosine corresponding to the guanine in the plus
strand. Conversely, the Liriope-specific forward primer was designed to end with the adenosine base,
while the reverse primer was designed to end with an adenosine corresponding to the thymidine in
the plus strand (Figure 3).
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Figure 3. Graphical representation of the location of genus-specific primers. The figure shows a multiple
alignment with 4 Liriope and 4 Ophiopogon rbcLa consensus sequences joined to the rbcLb sequences
published by Ito et al. (2012) using three rbcL sequences from the database that bridge the rbcLa and
rbcLb regions. The black arrow indicates where the forward and reverse primers were designed.
The black boxes indicate the two SNPs incorporated into the 3′ position of the primer sequences.

Conventional PCR was performed with samples from the target and non-target genera in order to
confirm the specificity of the primers (Figure 4). The annealing temperature of the PCR was optimised
for each specific primer pair such that a prominent amplicon was produced with the correct template,
but no product was visible with a template from the opposite genus. For example, in Figure 4a,
DNA from the confirmed Ophiopogon Samples 678 and 679 (Lane 1 and 2) produce clear bands with
the Ophiopogon-specific primers, but no bands are seen in these lanes in Figure 4b.

 

Figure 4. Agarose gel electrophoresis of PCR using rbcL_Ophiopogon and rbcL_Liriope specific
primers. (a) rbcL_Ophiopogon specific primers. (b) rbcL_Liriope specific primers. Gel lines:
1. Ophiopogon Sample 678; 2. Ophiopogon Sample 679; 3. Ophiopogon Sample 693; 4. Ophiopogon
Sample 695; 5. Ophiopogon Sample 709; 6. Ophiopogon Sample 711; 7. Liriope Sample 624; 8. Liriope
Sample 628; 9. Liriope Sample 677; 10. Negative (no template) control; L. Easy Ladder I (Bioline).

The assay was then used to test those samples that showed a different nucleotide base compared
to their original classification. The Ophiopogon-specific primers clearly showed that Samples 693,
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695, 709, and 711 did not belong to the genera to which they had been first allocated (Figure 4a),
and the Liriope-specific primers confirmed that these samples belonged to the Liriope genus. In the
same way, the specific assays confirmed that Samples 628 and 677 belong in the Ophiopogon genus and
not in the Liriope genus to which they were originally assigned (Figure 4b).

To confirm the accuracy of the initial sampling of these specimens, a repeat collection of samples
was carried out and the repeat DNA extractions were tested with the specific PCR assay. The results
again confirmed that Samples 693, 695, and 709 belong to the Liriope genus and 628, 667, and 677 to
Ophiopogon (Figure S3a,b). Our new discriminatory test, using genus-specific primers, permits us to
identify Ophiogon and Liriope samples with an easy and economic system by conventional PCR.

The specific primers targeted two genus-specific SNPs within a short region of the rbcL barcode
sequence and were designed so that they were also suitable for use in real-time PCR analysis. The speed,
simplicity, and sensitivity of real-time PCR assay are ideally suited to industrial quality control
tests [13]. Real-time PCR was performed using the genus-specific primers after optimising the
thermocycling programs and primer concentrations. The amplification plots for the Liriope-specific
primers showed a marked difference in Ct value (around 12 cycles) between Liriope and Ophiopogon
samples (Figure 5a). The Ophiopogon-specific primers were less efficient, but careful optimisation of the
annealing temperature allowed a difference in Ct values between the two genera of around 10 cycles
to be achieved. (Figure 5b).

 

Figure 5. Real-time PCR amplification using Ophiopogon-specific, Liriope-specific and generic
high-resolution melt curve (HRM) primers. (a) Amplification plot of Liriope-specific and HRM primers.
(b) Amplification plot with Ophiopogon-specific and HRM primers. The black arrows indicate the
primer/template combinations: HRM_primers: Ophiopogon and Liriope templates with the generic
primers; Liriope samples: Liriope templates with specific primers; Ophiopogon samples: Ophiopogon
templates with specific primers.
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In order to normalise the Ct values to allow for differences in the amount of DNA template,
the HRM primers described in the next section were tested for their suitability as generic/universal
primers. Real-time PCR with the HRM_primers did not show any significant variation in the Ct values
obtained from samples from the two genera. The Ct value obtained with the generic primers was
subtracted from the specific primer Ct to obtain a ΔCt value for comparison between different DNA
samples. In order to identify an unknown sample as Liriope or Ophiopogon, the ΔCt value for a reference
sample was subtracted from the unknown to produce a ΔΔCt value. It is expected that the ΔΔCt

value from the correct specific primers will be ≤2.0, whilst that for an incorrect genus would be >7.0.
A ΔΔCt > 7.0 is arbitrarily chosen as the threshold because it represents the equivalent of detection of
the correct template at a dilution of one molecule in one thousand. The results in Table 1 clearly show
that the ΔΔCt values correspond to the genus identity of each sample.

Table 1. Results of real-time PCR assay using Ophiopogon- and Liriope-specific primers.
The Ct value obtained for each specific primer pair was normalised by subtracting the
Ct value obtained for the same sample with the generic (HRM) primers, giving the
ΔCt (genus-specific − generic) value. The ΔCt (genus-specific − generic) value for a reference
standard was then subtracted from the ΔCt genus-specific value for each sample, giving
the ΔΔCt [(genus-specific − generic)sample − (genus-specific − generic)standard] value. The reference
standard for Liriope was chosen as Sample 624 and for Ophiopogon was Sample 678.

Sample Number
ΔCt

Liriope-Specific
ΔCt

Ophiopogon-Specific
ΔΔCt

Liriope-Specific
ΔΔCt

Ophiopogon-Specific

624 12.41 23.53 0 8.61
626 13.28 24.21 0.87 9.29
628 25.51 13.00 13.10 −1.92
633 12.28 23.64 −0.13 8.72
634 11.67 22.91 −0.74 7.99
667 24.74 15.17 12.33 0.25
677 24.46 13.87 12.05 −1.05
678 24.34 14.92 11.92 0
679 25.89 15.45 13.48 0.53
693 13.76 25.68 1.35 10.76
695 14.43 25.62 2.02 10.70
709 13.03 24.33 0.62 9.41
711 12.56 22.55 0.15 7.63

Thus, for example, each known or suspected Liriope sample produces a ΔΔCt value close to
zero with the Liriope primers, whilst the Ophipogon primers produces a corresponding ΔΔCt value
above seven.

2.3. Identification of Liriope and Ophiopogon Samples by Using the HRM System

The rbcLa SNP also provides a useful target for developing a single tube assay to discriminate
between the two genera using HRM analysis. This technology can discriminate between sequences
containing a difference of a single base if it has a significant effect on the melting temperature.
HRM primers were designed to the conserved regions of the rbcL sequence on either side of the
SNP (Figure 6).

After the optimisation of the PCR conditions by conventional PCR (Figure S4), the HRM curves
produced from Liriope and Ophiopogon samples were compared. The results revealed that there
was a difference in Tm of 2 ◦C, allowing the two genera to be easily distinguished from each other.
A difference plot of the melting curves showed two distinct variants that corresponded to samples
from the two genera (Figure S5).

The reliability of the assay was assessed by a blind experiment in which the identities of ten
samples were unknown to the operator. Alignment of the melting curves allowed the two variants
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to be easily discriminated. In Variant 1, four unknown samples were matched with the Ophiopogon
controls, whilst 6 unknown samples in Variant 2 matched the Liriope controls (Figure 7). These ten
samples included the seven misidentified samples.

Figure 6. Schematic representation of the location of the HRM primers. The black arrow indicate the
position of the SNP.

 
Figure 7. HRM assay of reference standards and test samples. The melting curve plot showed two
distinct variants: Variant 1, Liriope standards; Variant 2, Ophiopogon standards. Test samples were
assigned to the Liriope or Ophiopogon genus according to which variant curve they matched.

This assay confirmed the correct genus of these samples, supporting the results of the
genus-specific real-time PCR assay.

3. Discussion

Sequencing of the rbcLa barcode region of 75 samples of Ophiopogon and Liriope from the UK
National Plant Collections of these two genera provided a large dataset for analysis. Multiple alignment
of the sequences revealed that the region is very highly conserved, with only three SNPs observed,
one of which distinguishes the genus Liriope from the genus Ophipogon. This reflects the findings of [22]
who reported the high degree of conservation of the rbcLb, though they observed five genus-specific
SNPS in this downstream section of the gene. The rbcLb region has been noted as being more variable
than the rbcLa region in a number of plant groups [23]. Ito et al. (2015) [20] targeted one of these
genus-specific rbcLb SNPs using a restriction-enzyme-digestion-based approach for the identification

215



Plants 2017, 6, 53

of the two genera. This SNP was around 100 bases downstream of ours in the rbcLb region, so proved
ideal for the design of pairs of specific real-time PCR primers.

Our analysis of the sequence data indicated that our rbcLa SNP might not be entirely genus-specific
because three Liriope and four Ophiopogon samples had the “wrong” base at this position. There are a
number of possible biological explanations for this including homoplasy and hybridisation, but human
errors of identification or labelling appeared more likely. Sequencing of the nrITS barcode region of
these specimens showed that the genus identification agreed with the rbcL SNP, indicating that they
had been misidentified (data not shown). This confirmed that the SNP was entirely genus-specific
across the collection.

In order to develop rapid, reliable Ophiopogon and Liriope identification tests, the SNP identified
in our study and that targeted by Ito et al. (2015) [20] allowed the design of genus-specific primers
for a simple PCR-based test. The primers were designed to incorporate the variable base at the
3′ end of the primer for conventional and real-time PCR. This strategy has been used in the design
of a number of PCR tests for the authentication of herbal medicines [13,15]. The specificity of the
primers was confirmed by conventional PCR; bands were only seen with template DNA from the
corresponding genus.

The genus-specific primers were also designed for use in real-time PCR. The Liriope-specific
primers could distinguish DNA from the two genera by a difference in Ct value of 12 cycles,
when normalised with the HRM generic primers. The Ophiopogon primers showed a similarly large
difference in Ct values after the annealing temperature of the PCR was optimised for specificity. It is
noticeable that the Ct values obtained with the specific primer pairs were considerably higher than the
Ct obtained with the generic HRM primers. This is the result of a number of factors. The design of the
specific primers is constrained by the position of the polymorphic base at the 3′ end. The only flexibility
in design is variation of the total length of the primer. In addition, the optimisation of specificity
often requires that the annealing temperature of the PCR is higher than optimal for amplification
efficiency. Nevertheless, the results indicate that the design constraints and sub-optimal conditions do
not affect the ability of the assay to identify Ophiopogon and Liriope samples in a quick and consistent
way. The value of the assay was highlighted when it was used to rapidly confirm the genus of the
misidentified accessions after resampling.

Under optimal conditions, HRM assays can discriminate between sequences containing a
difference of a single base and can rapidly and accurately identify species from a diverse range
and quality of materials [13]. In our study, the HRM assay also proved to be a simple and reliable
method for the identification of the two genera. The results grouped the samples into two distinct
variants due to base-pair mismatching between the two species causing a Tm shift of 2 ◦C. For testing
the accuracy of this assay, a blind experiment was performed using a range of samples including some
of the misidentified sample. The results showed a clear discrimination of the two variants. The results
confirmed the re-classification of those samples into the correct genus, supporting the results with the
specific primers.

All together these results proved the specificity and reliability of both techniques in the
identification of Ophiopogon and Liriope samples. The PCR assays are limited by the requirement
to design-specific primers for each known target plant and likely adulterant. The HRM assay has the
ability to detect unknown contaminants provided they share the same genetic sequences and could
be used to analyse admixtures in a single tube. However, genus-specific PCR primers and HRM are
both powerful assays for a rapid genus-level screen without having to go through the entire DNA
barcoding process for the identification of Ophiopogon and Liriope species. These two assays could be
good tools for the discrimination of genus, species, or cultivars based on individual SNPs.
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4. Materials and Methods

4.1. Plant Material and Total DNA Extraction

Fresh leaves were collected from 75 different species of Ophiopogon and Liriope at Brooksby
Melton College (Melton Mowbray, Leicestershire, UK) from the UK National Plant Collections for
Ophiopogon and Liriope. Details of the genus, species, and accession number are in Table S1. Samples
were stored at −80 ◦C. DNA was extracted from 100 mg of frozen material, previously ground to a
fine powder in liquid nitrogen with mortar and pestle, using DNeasy Plant Mini Kit (Qiagen Inc.,
Germantown, MD, USA) following the manufacturers’ guidelines.

4.2. PCR Protocols

PCRs were carried out using different primers as detailed in Table 2.

Table 2. List of primers with relative Ta and predict band size.

Primers Sequences
Annealing

Temperature
(Conventional PCR)

Annealing
Temperature

(Real-Time PCR)
Amplicon Size (bp)

rbcLFw ATGTCACCACAAACAGAGACTAAAGC
52 ◦C

N/A
700rbcLRv GTAAAATCAAGTCCACCRCG

rbcL_Liriope_Fw ATCCAAGTTGAAAGAGATAAATTA
61 ◦C

61 ◦C
180rbcL_Liriope_Rv AACGCATAAAAGGTTGTGAGTTA

rbcL_Ophiopogon_Fw ATCCAAGTTGAAAGAGATAAATTG
62.5 ◦C

64.5 ◦C
180rbcL_Ophiopogon_Rv AACGCATAAAAGGTTGTGAGTTC

HRM_rbcL_Fw CGCCTCATGGCATCCAAGT
61 ◦C

61 ◦C
80HRM_rbcL_Rv AATAGGGGACGACCATACTTG

PCR reaction mixes contained 1X MyTaq Red Mix (Bioline), 0.2 μM of each forward and reverse
primer, and 1 μL of gDNA as template. A G-Storm GS1 Thermal Cycler (G-Storm Ltd., Somerton, UK)
was used with the following program:

• rbcLa PCR: initial denaturation step of 5 min at 95 ◦C followed by 35 cycles consisting of 30 s at
95 ◦C, 20 s at 52 ◦C, and 50 s at 72 ◦C, with a final extension period of 5 min at 72 ◦C.

• Ophiopogon-specific rbcL PCR: initial denaturation step of 5 min at 95 ◦C followed by 40 cycles consisting
of 30 s at 95 ◦C, 30 s at 62.5 ◦C, and 45 s at 72 ◦C, with a final extension period of 5 min at 72 ◦C.

• Liriope-specific rbcL PCR: initial denaturation step of 5 min at 95 ◦C followed by 35 cycles consisting
of 30 s at 95 ◦C, 30 s at 61 ◦C, and 30 s at 72 ◦C, with a final extension period of 5 min at 72 ◦C.

• HRM (generic) rbcL PCR: initial denaturation step of 5 min at 95 ◦C followed by 35 cycles consisting of
30 s at 95 ◦C, 30 s at 60 ◦C, and 30 s at 72 ◦C, with a final extension period of 5 min at 72 ◦C.

PCR products were run on 2% (w/v) agarose, 1X TBE gels with 1 μL SYBR® Safe DNA Gel Stain
(Invitrogen, Paisley, UK) at 100 V for 30 min and analysed in a Gel Doc™ EZ Gel Documentation
System (BioRad, Oxford, UK).

4.3. DNA Sequence Analysis

Published Liriope and Ophiopogon rbcL DNA sequences were obtained from the National Center
for Biotechnology Information (NCBI) GenBank database (http://www.ncbi.nlm.nih.gov/). A multi
alignment was generated using CLC Main Workbench 7.5.1 software (Qiagen, Germantown, MD, USA).

4.4. Real-Time PCR Analysis

Each real-time PCR reaction contained 1 μL of gDNA, 1X Sensifast SYBR green Hi-Rox mix
(Bioline), 0.1 μM of each forward and reverse primer in a total volume of 10 mL made up with sterile
distilled water. A StepOnePlus™ Real-Time PCR thermocycler machine (Applied Biosystem) was used.
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Amplification conditions were as follows: 95 ◦C for 2 min followed by 40 cycles of 5 s at 95 ◦C and 30 s
at the primer specific Ta (Table 1). The melting curve was obtained by melting the amplified template
from 65 to 95 ◦C increasing the temperature by 0.5 ◦C per cycle. No-template controls were included.
Three technical replicates were used for each sample. Internal StepOne software (Applied Biosystems)
was used for the analysis of the results [24].

4.5. High-Resolution Melt Curve Analysis (HRM) Methods

HRM primers were designed to match the conserved sequences of the rbcL gene on either side
of the genus-specific SNP (Figure 7). Each HRM real-time PCR reaction contained 1 μL of gDNA,
1X MeltDoctor™ HRM Master Mix (Applied Biosystem), 0.1 μM of each HRM_rbcL_forward and
reverse primer (Table 1) in a total volume of 10 μL made up with sterile distilled water. A StepOnePlus™
Real-Time PCR thermocycler machine (Applied Biosystem) was used. Amplification conditions were
as follows: 95 ◦C for 10 min followed by 40 cycles of 15 s at 95 ◦C and 30 s at 60 ◦C. The fluorescent data
for PCR amplification was recorded during the extension step. The final melting curve was obtained
by melting the amplified template 65 to 95 ◦C increasing the temperature by 0.3 ◦C per cycle with a
15 s hold time for each acquisition step. No-template controls were included. Three technical replicates
were used for each sample.

HRM software (Applied Biosystem) has been used to analyse the results. For each sample,
a melting curve plot, a melting peak plot and difference plot was generated [25].

Supplementary Materials: The following are available online at www.mdpi.com/2223-7747/6/4/53/s1.
Figure S1: Multiple alignment of the rbcLa region of all of the Liriope and Ophiopogon samples tested,
Figure S2: Agarose gel electrophoresis of PCR products of a re-sampled specimens using Ophiopogon- and
Liriope-specific primers, Figure S3: Agarose gel electrophoresis of PCR products using HRM primers.
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