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Abstract: The main production area of Camellia vietnamensis (C. vietnamensis) is in the low mountain
and hilly areas of southern China. The low survival rate of seedlings caused by drought is one of
the main obstacles restricting the development of the C. vietnamensis industry. An exploration of the
key adaptation mechanism of C. vietnamensis to drought stress is important in order to improve its
drought resistance. We conducted a study on the morphological, physiological, biochemical, and
drought resistance-related genes of five C. vietnamensis cultivars grown in Hainan province under
varying degrees of drought stress. The results indicate that drought stress can lead to a decrease in
the relative water content and photosynthetic capacity of C. vietnamensis leaves. Compared with the
control, the drought damage index, malondialdehyde, relative electrical conductivity, soluble protein,
soluble sugar and proline contents of the five C. vietnamensis cultivars increased with drought-stress
duration and degree. With increasing drought-stress intensity, the activity of antioxidant enzymes
and the content of related metabolites (total polyphenols, total flavonoids, tea saponins) gradually
increased, and the expression levels of phenylpropanoid pathway-related genes (Cv4CL1, CvCAD1,
CvCAD2, CvPOX1, CvPOX2, CvPOX3) were upregulated. Based on the results of the drought
tolerance coefficients, principal component analysis, and hierarchical cluster analysis, we classified
five C. vietnamensis cultivars into drought-tolerant cultivars (‘Haida 1’); moderately drought-tolerant
cultivars (‘Haida 4’ and ‘Wanhai 4’); and drought-sensitive cultivars (‘Wanhai 3’ and ‘Wanhai 1’). The
results of this study provide a theoretical basis for the promotion and cultivation of C. vietnamensis
and the selection of drought-resistant cultivars.

Keywords: Camellia vietnamensis; physiological response; drought stress; gene expression; drought-
resistance breeding

1. Introduction

Drought is a global problem that threatens crop productivity and sustainable agricul-
tural development [1,2]. According to previous reports, with the intensification of global
climate change, the duration and severity of droughts are increasing, leading to an increase
in arid areas, accounting for 40% of the global land area and posing a threat to global water
resources [3–5]. In addition, with the rapid increase in global agricultural water demand,
water scarcity is having a negative impact on the growth and development of crops in
dry regions [6–8]. China is one of the countries with frequent droughts, accounting for
more than half of the total area of the country [9,10]. Drought poses a serious threat to
the production and sustainable development of agriculture and forestry [11,12]. Therefore,
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improving the tolerance of plants to drought stress is crucial for global agricultural and
forestry security.

Many complex signal transduction and adaptation mechanisms have been formed
in the long-term evolution of plants to help them survive under stress [13,14]. Under
drought stress, the water balance in the plant body is broken, resulting in the destruction
of its normal physiological and biochemical processes [15]. As leaves lose water and
relative water content decreases, plants limit water loss and carbon dioxide input by
closing stomata, slowing photosynthesis, and degrading photosynthetic pigments [16,17].
As the duration of exposure to drought increases, the cell membrane structure is severely
damaged, leading to an increase in relative electrical conductivity (REC) [18,19]. During
this process, malondialdehyde (MDA) is considered an important indicator reflecting
the strength of cell membrane lipid peroxidation [9,20]. Moreover, plants can maintain
normal metabolic activity by increasing the accumulation of osmoregulatory substances
and protective proteins, mainly proline (Pro), betaine, soluble sugar (SS), and soluble
protein (SP) [21–23]. Under drought stress, reactive oxygen species (ROS) accumulate
in large quantities, leading to the disruption of the dynamic balance of free radicals in
plants. In response to oxidative stress caused by ROS, plants actively increase the activity
of antioxidant enzymes and nonenzymatic compounds [24–26]. In addition, plants can also
resist drought stress by sensing and transducing stress signals, inducing gene expression,
and synthesizing various specific biological molecules [27,28]. In previous research, it
was found that the phenylpropanoid metabolic pathway plays an important role in plant
drought-resistance defense [29]. Drought tolerance in plants is a complex trait regulated
by multiple factors [30]. Therefore, various evaluation methods for drought-resistant
germplasm screening have been proposed for different plants, such as principal component
analysis (PCA), the membership function method, and hierarchical clustering analysis
(HCA), to facilitate the analysis and interpretation of a large amount of morphological,
physiological, and biochemical data obtained from plants under different biological and
abiotic stress conditions [31–33]. Combining multiple evaluation methods to establish a
comprehensive evaluation method suitable for drought resistance may solve the limitations
of the current methods for identifying plant drought resistance.

C. vietnamensis is an important oil tree species in southern China that has functions such
as preventing cardiovascular and cerebrovascular diseases, inhibiting tumors, lowering
cholesterol, and exerting anti-inflammatory and detoxifying effects and is known as ‘eastern
olive oil’ [9,34]. Because C. vietnamensis is mainly grown in low mountain and hilly areas,
irrigation conditions are limited. Although this tree species has certain drought resistance,
the growth and development of seedlings transplanted to mountainous areas during the
dry season are often severely affected [35]. Without a sufficient water supply, the survival
rate of seedlings will be greatly reduced [36,37]. At the same time, drought can also lead to
a decrease in photosynthesis, oil content, flower buds and fruit setting of C. vietnamensis,
and even lead to the death of drought-sensitive cultivars [37,38]. Therefore, understanding
the differences in drought resistance among the main cultivated cultivars will contribute to
the scientific cultivation and promotion of C. vietnamensis. In this study, we analyzed the
morphological, physiological, biochemical, and related gene expression responses of the
leaves of five main C. vietnamensis cultivars under different drought stresses. The differences
in physiological, biochemical, and related gene expression responses among different C.
vietnamensis cultivars under drought-stress conditions and their possible drought-resistance
mechanisms were elaborated.

2. Materials and Methods
2.1. Plant Materials and Treatment

Five one-year old cultivars were selected, namely ‘Wanhai 1’, ‘Wanhai 3’, ‘Wanhai
4’, ‘Haida 1’, and ‘Haida 4’ [29]. To prevent mixing of seed sources, all seedlings were
provided by the Danzhou C. vietnamensis production and planting demonstration station
(109◦29′45.4′′ E, 19◦29′59.7′′ N). Seedlings that were free from pests and diseases were
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selected, grown well and transplanted into flower pots. The volumetric ratio of the culti-
vation substrate was 3:1 (peat soil/vermiculite), and the weight of each basin of substrate
was relatively consistent. The materials were planted in the germplasm resource nursery of
C. vietnamensis at the agronomy station of Hainan University.

After three months of acclimatization, 300 uniform seedlings without any pests or
diseases were selected from the nursery, with 60 seedlings for each cultivar. The growth of
each C. vietnamensis cultivar seedlings is shown in Table S1. After removing the soil and
washing the roots with tap water, the seedlings were randomly divided into four groups and
cultured in a square plastic basin with 1/2-strength Hoagland nutrient solution for two days.
Then, they were transferred to 1/2-strength Hoagland nutrient solution supplemented with
0 (control: 0 MPa), 100 (mild stress: −0.3 MPa), 200 (moderate stress: −0.6 MPa), and 300
(severe stress: −0.9 MPa) g L−1 PEG-6000 (PEG) [38]. All the experiments were carried out
in a plant growth and culture room, which provided a 16 h light/8 h dark photoperiod per
day. The light intensity was 200–300 µmol m−2 s−1, the temperature was 27 ± 2 ◦C, and
the relative humidity was 75–85%. Ventilation was conducted in the morning and evening,
and nutrient solutions with different concentration gradients of PEG were replaced every
three days. Samples were taken on day 9 after PEG stress treatment, and three seedlings
were randomly selected for replications of each treatment. Mature third to seventh leaves
under the terminal bud were selected for sampling. Some of the fresh leaves were used for
the measurement of indicators while the remaining leaves were stored at −80 ◦C.

2.2. Morphological Parameters

On the 9th day of drought-stress treatment, the degree of damage to five C. vietnamensis
under different stress intensities was recorded. Leaf blade damage was divided into 5 levels,
and the specific description is shown in Table S2. Then, the drought damage index (DI)
was calculated as follows:

DI = (0 × S0 + 1 × S1 + 2 × S2 + 3 × S3 + 4 × S4)× 100/(4 × N) (1)

In the formula, S0, S1, S2, S3 and S4 are the number of plants with scores of 0, 1, 2, 3 and
4, respectively, and N is the total number of plants tested for each variety and treatment.

2.3. Physiological Index
2.3.1. Determination of Membrane Permeability-Relevant Indexes, Osmoregulatory
Substance Contents, and Antioxidant Enzyme Activity

The RWC was determined by the saturated water content method [39]. First, fresh
leaves were quickly cut, and the fresh weight (FW) was measured. Then, the weighed
fresh leaves were put in water for 18 h, dried with paper, and weighed, after which the
saturated FW (SFW) was recorded. The leaves were placed into an oven at 80 ◦C until
they reached a constant weight, which was recorded as the dry weight (DW). RWC was
computed as follows:

RWC (%) = (FW − DW) / (SFW − DW)× 100% (2)

The relative electrical conductivity (REC) was determined by the conductance meter
method [40]. The surface of the fresh leaves was rinsed with water, cut into small pieces
and placed in a test tube. An addition of 10 mL of distilled water was made to the tube,
which was incubated for 3 h with shaking several times, and then the conductivity (R1) was
measured. The samples were put into a thermostatic water bath and incubated at 100 ◦C
for 30 min. The conductivity (R2) was measured after cooling. The REC was calculated
as follows:

REC (%) = R1/R2 × 100% (3)

MDA was determined by the thiobarbituric acid (TBA) method, with some modifi-
cations [41]. A total of 0.5 g of leaves was put into a mortar, and 5 mL of phosphoric acid
buffer solution (pH = 7.8) was added, after which the sample was ground on ice, poured
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into a centrifuge tube, and centrifuged. One milliliter of the supernatant and 2 mL of
TBA containing 0.6% were sealed and boiled in 100 ◦C water for 20 min and then cooled
naturally. The supernatant was collected after centrifugation, and the absorbance was
measured at 600 nm (D600), 532 nm (D532), and 450 nm (D450). The MDA was calculated
using the method of Aghaie et al. [42].

With reference to Shen et al.’s [29] test methods, the SS, SP and Pro contents and
the activities of SOD, POD, and CAT in five C. vietnamensis cultivar leaf samples were
determined with trace test kits from Suzhou Comin Biotechnology (Keming, Suzhou,
China; www.cominbio.com, accessed on 1 December 2022).

2.3.2. Photosynthetic Pigment Content

Photosynthetic pigments (chlorophyll A (Chl A), chlorophyll B (Chl B), carotenoids
(Car), and total chlorophyll (total Chl)) were extracted by the ethanol extraction method.
Fresh leaves were ground until they turned white and filtered to a constant volume. Af-
terward, the absorbance was measured at 665 nm (D665), 649 nm (D649), and 470 nm
(D470). The photosynthetic pigment contents of the leaves were calculated according to the
methods of Wellburn [43].

2.3.3. Total Polyphenol (Pol), Total Flavonoid (Fla) and Tea Saponin (TS) Contents

(1) Preparation of C. vietnamensis leaf extracts

According to a solid/liquid ratio of 1:15, 50% methanol was added, followed by
ultrasonic treatment (water bath at 65 ◦C, power of 100 W, frequency of 40 kHz) for 40 min
and centrifugation. The supernatant was absorbed and stored at room temperature.

(2) Pol content determination

The Pol content was determined by the Folin phenol method, with some modifica-
tions [44]. One milliliter of the extract was added to a volumetric flask, and then 5 mL of
10% Folin phenol was added. The sample was mixed thoroughly with a vortex oscillator.
Then, 4 mL of 20% Na2CO3 solvent was added. Afterward, the sample was set aside for
40 min after mixing, after which the absorbance at 765 nm (D765) was measured. The Pol
content of C. vietnamensis leaves was calculated according to a standard curve.

(3) Fla content determination

The Fla content was determined by the aluminum trichloride method [45]. One
milliliter of the extract was added to a volumetric flask, the volume of which was brought
to 5 mL with 60% ethanol solution. The contents were mixed thoroughly with a vortex
oscillator, and 0.3 mL of 5% NaNO2 solution was added. The sample was set aside for 7 min
after mixing, after which 0.3 mL of 10% AI(NO3)3 solution, 4 mL of 1 mol/L NaOH solution
and 0.4 mL of 30% ethanol solution were added. After mixing, the samples were incubated
for 15 min, and the absorbance value was measured at a wavelength of 510 nm (D510). The
Fla content of C. vietnamensis leaves was calculated according to a standard curve.

(4) TS content determination

The TS content was determined by the vanillin–sulfuric acid color reaction method [46].
Then, 0.5 mL of the extract was added to a volumetric flask, 0.5 mL of 8% vanillin anhydrous
ethanol solution was added, and 4 mL of 77% sulfuric acid solution was added to an ice
water bath. It was shaken well and heated in a 60 ◦C water bath for 15 min. The mixture
was removed from the water bath and cooled with ice water for 10 min. The absorbance
value was measured at a wavelength of 550 nm (D550). The TS content of C. vietnamensis
leaves was calculated according to a standard curve.

2.4. RT-qPCR Analysis

Total RNA was isolated from leaves using an RNA Preparation Pure Plant Kit (Tiangen,
Beijing, China; https://www.tiangen.com, accessed on 1 December 2022). MonScript™
RTIII All-in-One Mix with dsDNase was used to convert total RNAs into cDNAs (Mona,
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Suzhou, China; www.monadbiotech.com, accessed on 1 December 2022). By analyzing the
previously obtained transcriptome data (PRJNA856766), it was found that a large number
of differential genes were enriched in the phenylpropanoid metabolism pathway. On this
pathway, genes with significant differences in expression levels between varieties were
screened [29]. The relative expression of the genes involved in phenylpropane metabolism
(Cv4CL1, CvCAD1, CvCAD2, CvPOX1, CvPOX2, and CvPOX3) in plant leaf samples was
analyzed by RT-qPCR with SYBR green [47]. The PCR amplification system, procedure
and gene-related expression calculation were performed according to the method of Ye
et al. [48]. Using the actin gene (glyceraldehyde-3-phosphate dehydrogenase, GAPDH) as
the internal reference, three technical and biological replicates were performed [48,49]. The
primer design was synthesized using Premier 5.0 software [50], and the primer information
is shown in Table S3.

2.5. Comprehensive Evaluation of Drought Resistance
2.5.1. Drought-Tolerance Coefficients

The drought-tolerance coefficients (DTCs) of 23 drought-related indicators were cal-
culated based on data from different drought-stress groups and control groups using the
following formula:

DTC = (drought data / control data)× 100% (4)

2.5.2. Principal Component Analysis

Using PCA to analyze the DTCs of different drought-stress groups, 23 single physio-
logical indicators were transformed into three comprehensive indicators. The F value is
calculated by the weight of each comprehensive indicator.

The membership function values of each DTC are obtained by the following equation:

Z(ab) = (ab − abmin)/(abmax − abmin) (5)

The calculation formula for each comprehensive indicator is as follows:

Yak = ∑n
b=1 Zab × fbk (6)

The formula for calculating the weight of each comprehensive indicator is:

Gk =
Ok

∑n
k=1 Ok

k = 1, 2, . . . . . . n (7)

The drought resistance of the cultivars is represented by F, and the formula used was
as follows:

F = ∑n
k=1[X(Y ak)× Gk] k = 1, 2, . . . . . . n (8)

In these formulas, abmax and abmin are the maximum and minimum values of the b-
th index of the a-th cultivar; fbk is the score coefficient of the b-th index of the k-th composite
index; and Ok is the contribution of the k-th comprehensive indicator of each cultivar.

2.6. Cluster Analysis

The furthest neighbor was used to objectively classify the F values of five C. vietnamen-
sis cultivars [51]. According to the membership function values obtained from Formula (5),
HCA was conducted on 23 drought-tolerance indexes of different C. vietnamensis cultivars
using TBtools 1.120 software [52].

www.monadbiotech.com
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2.7. Data statistics and Analysis

Excel 2020 and SPSS 20.0 software were used for data sorting, significant difference
analysis and PCA. Duncan’s multiple mean comparison was used to test the differences
among treatments (p < 0.05). GraphPad Prism 5 and Adobe Photoshop 2022 software were
used to plot the figures.

3. Results
3.1. Effects of Drought Stress on the Morphological Characteristics and Membrane Permeability of
Five C. vietnamensis Cultivars

The leaf morphological changes in five C. vietnamensis cultivars under drought stress
are shown in Figure 1. With the increase in concentration and duration of PEG stress, the
damage to the leaves of five C. vietnamensis cultivars gradually increased, from the top
new leaves to the middle and lower old leaves. The different C. vietnamensis cultivars were
damaged differently under PEG stress. Among the five C. vietnamensis cultivars, ‘Haida
1’ and ‘Haida 4’, showed high drought tolerance, since their leaves were less damaged
under drought stress than those of the other cultivars. However, ‘Wanhai 1’ and ‘Wanhai
3’ were sensitive to drought stress, and the damage was observed first under drought
stress. Moreover, the DIs of ‘Wanhai 1’ and ‘Wanhai 3’ were significantly higher than those
of the other cultivars. ‘Haida 1’ had the lowest DI, followed by ‘Haida 4’ and ‘Wanhai
4’ (Figure 1B). Therefore, according to the leaf morphological characteristics and DIs, the
five C. vietnamensis cultivars were initially divided into three groups: ‘Haida 1’ was a
drought-tolerant cultivar, ‘Haida 4’ and ‘Wanhai 4’ were moderately drought-resistant
cultivars, and ‘Wanhai 1’ and ‘Wanhai 3’ were drought-sensitive cultivars.
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Figure 1. Effects of drought stress on leaf morphological characteristics and membrane system of five
C. vietnamensis cultivars after 9 days. (A) Differences in leaf morphological among five C. vietnamensis
cultivars after 9 days of drought stress, (B) drought damage index (DI), (C) leaf relative water content
(RWC), (D) relative electrical conductivity (REC), (E) malondialdehyde (MDA) content. The data are
presented as mean ± standard error, and different lowercase letters indicate significant differences at
the 0.05 level. Scale bar: 10 cm.

The REC and MDA content are the basic indexes to reflect damage to the plant
membrane system under drought stress. The higher the REC content is, the more serious
the damage degree, and vice versa. In our study, the REC of five C. vietnamensis cultivars
showed varying degrees of increase under different drought stresses (Figure 1D). Under
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severe drought stress, the REC of ‘Wanhai 1’ and ‘Haida 4’ increased by 2.27- and 1.71-fold
compared with the control, respectively. Under the same conditions, the REC of ‘Haida 1’,
‘Wanhai 3’, and ‘Wanhai 4’ showed relatively small changes, increasing by 1.09-, 1.10-, and
1.13-fold, respectively. MDA content is an important indicator reflecting the degree of plant
membrane lipid peroxidation. Under three types of drought stress, the MDA content of five
C. vietnamensis cultivars was significantly higher than that of the control plant, indicating
an increase in membrane lipid peroxidation in five C. vietnamensis cultivars (Figure 1E).

3.2. Effects of Drought Stress on the Osmotic Regulation-Substance Content of Five C.
vietnamensis Cultivars

Drought stress can significantly increase the contents of Pro, SP and SS in C. vietnamen-
sis cultivar leaves. Compared with other cultivars, the Pro, SP and SS contents of ‘Haida
1’ remained the highest under different drought stresses (Figure 2). Among the three C.
vietnamensis cultivars ‘Haida 1’, ‘Haida 4’, and ‘Wanhai 4’, the Pro content increased with
increasing stress intensity, and the increase in ‘Haida 1’ was significantly stronger than that
in the other cultivars (Figure 2A). Except for ‘Haida 1’, the SP content of ‘Haida 4’, ‘Wanhai
1’, ‘Wanhai 3’, and ‘Wanhai 4’ first increased and then decreased with increasing drought
intensity (Figure 2B), reaching its maximum value under moderate drought stress, at 19.06,
19.05, 17.37, and 16.36 mg/g, respectively. Compared with ‘Haida 1’ and ‘Haida 4’, the SS
contents of ‘Wanhai 1’, ‘Wanhai 3’, and ‘Wanhai 4’ showed little change (Figure 2C).
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Figure 2. Effects of drought stress on leaf osmotic regulatory-substance content of five C. vietnamensis
cultivars after 9 days. (A) Proline (Pro) content, (B) soluble protein (SP) content, (C) soluble sugar (SS)
content. The data are presented as mean ± standard error, and different lowercase letters indicate
significant differences at the 0.05 level.

3.3. Effects of Drought Stress on the Photosynthetic Pigment Contents of Five C. vietnamensis
Cultivars

Under different drought stresses, the contents of Chl A, Chl B, Car and total Chl of all
C. vietnamensis cultivars were significantly higher than those of the control. Meanwhile,
the variation tendencies in the photosynthetic pigment contents of the five C. vietnamensis
cultivars were similar. With the increase in drought-stress intensity, the contents of Chl
A, Chl B, Car and total Chl showed a trend of first increasing and then decreasing, but
their photosynthetic pigment content showed significant differences (Figure 3). The pho-
tosynthetic pigment content of ‘Haida 1’, ‘Haida 4’ and ‘Wanhai 3’ reached a maximum
under moderate drought stress and then decreased under severe drought stress. The photo-
synthetic pigment content of ‘Wanhai 1’ and ‘Wanhai 4’ reached a maximum under mild
drought stress and decreased under moderate and severe drought stress.
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3.4. Effects of Drought Stress on Antioxidant Enzyme Activities and Secondary Metabolites of Five
C. vietnamensis Cultivars

The enzyme activities of SOD, POD and CAT were affected by the interaction between
cultivar and drought-stress treatment. The antioxidant enzyme activities of ‘Haida 1’ and
‘Haida 4’ showed similar responses to drought stress, with significantly increased SOD,
POD, and CAT enzyme activities compared to the control. The POD and CAT enzyme
activities of ‘Wanhai 3’ and ‘Wanhai 4’ increased with increasing drought-stress intensity.
However, the antioxidant enzyme activity of ‘Wanhai 1’ did not change significantly
under drought stress and increased first and then decreased with increasing drought-stress
intensity (Figure 4A–C).

Under different drought stresses, the contents of TS, Pol, and Fla in the five C. vietna-
mensis cultivars were higher than those in the control (Figure 4D–F). The contents of TS,
Pol, and Fla in ‘Haida 1’ and ‘Haida 4’ increased with increasing drought-stress intensity.
Compared with other cultivars, the TS contents of ‘Wanhai 1’ and ‘Wanhai 3’ showed little
change under drought stress, while the TS content of ‘Wanhai 4’ significantly increased
under severe- drought stress (Figure 4D). The Pol and Fla contents of ‘Wanhai 1’ and
‘Wanhai 3’ increased under mild and moderate drought stress but decreased under severe
drought stress (Figure 4E,F), while the Fla content of ‘Wanhai 4’ continued to increase under
drought stress (Figure 4F).
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Figure 4. Effects of drought stress on leaf antioxidant enzyme activity and secondary metabolite
content of five C. vietnamensis cultivars after 9 days. (A) Superoxide dismutase (SOD) activity,
(B) peroxidase (POD) activity, (C) catalase (CAT) activity, (D) tea saponin (TS) content, (E) total
polyphenol (Pol) content, (F) total flavonoid (Fla) content. The data are presented as mean ± standard
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3.5. Effects of Drought Stress on the Expression of Key Genes in Phenylpropane Metabolism

By analyzing the previous transcriptome data, six key genes related to drought stress
were selected. The relative expression levels of six key genes involved in the phenyl-
propanoid metabolism pathway were compared under different drought-stress treatments
(Figure 5). Except for CvPOX3, the relative expression levels of the other five genes under
drought stress showed similar responses in ‘Haida 1’, ‘Haida 4’, and ‘Wanhai 4’. The relative
expression levels of CvCAD1 and CvPOX1 in ‘Wanhai 1’ and ‘Wanhai 3’ first increased and
then decreased with increasing drought-stress intensity. Compared with the control plant,
all six genes of the five C. vietnamensis cultivars were significantly upregulated (except for
CvCAD2 and CvPOX3 of ‘Wanhai 1’).
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3.6. Comprehensive Evaluation of Drought Resistance of C. vietnamensis

Through HCA, we divided 23 growth, physiological, biochemical, and related gene
parameters under drought stress into three clusters (Figure 6, J1–J3). Under mild and
moderate drought stress (Figure 6A,B), J1 was mainly composed of DI, REC, and MDA,
and similar results were also clustered under severe drought stress (Figure 6C, J3). Under
moderate and severe drought stress (Figure 6B,C), J2 was mainly composed of Chl A, Chl
B, Car, total Chl, CAT, SOD, SS, SP, Cv4CL1, CvCAD1, CvPOX1, CvPOX2, and CvPOX3.
Similar results were also clustered under mild drought stress J3 (Figure 6A). Based on the
data of moderate drought stress, the heatmap divided the five C. vietnamensis cultivars into
three different clusters (Figure 6B, H1–H3). Cluster H1 represents the drought-tolerant
cultivar ‘Haida 1’. Moderately drought-tolerant cultivars, including ‘Haida 4’ and ‘Wanhai
4’, belong to cluster H2. Cluster H3 represents drought-sensitive cultivars, consisting of
‘Wanhai 1’ and ‘Wanhai 3’ (Figure 6). Similarly, HCA analysis was conducted based on
mild (Figure 6A) and severe (Figure 6C) drought-stress data. ‘Haida 1’ still represents the
drought-tolerant cultivar, while ‘Haida 4’, ‘Wanhai 4’, ‘Wanhai 3’, and ‘Wanhai 1’ represent
drought-sensitive cultivars. Based on the above results, we classified five C. vietnamensis
cultivars into drought-tolerant cultivars (‘Haida 1’); moderate drought-tolerant cultivars
(‘Haida 4’ and ‘Wanhai 4’); and drought-sensitive cultivars (‘Wanhai 3’ and ‘Wanhai 1’).
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Figure 6. Hierarchical cluster analysis (HCA) of five C. vietnamensis cultivars after 9 days of drought
stress. (A) HCA heat map of mild drought stress, (B) HCA heat map of moderate drought stress,
(C) HCA heat map of severe drought stress. The 23 drought-resistance indexes were analyzed by
HCA using TBtools software, and the drought-resistance indexes in each row of the heat map were
normalized. RWC: relative water content; DI: drought damage index; SS: soluble sugar content;
SP: soluble protein content; Pro: proline content; REC, relative electrical conductivity; MDA: malon-
dialdehyde content; SOD: superoxide dismutase activity; POD: peroxidase activity. CAT: catalase
activity; Pol: total polyphenol content; Fla: total flavanol content; TS: tea saponin content; Chl
A: chlorophyll A content; Chl B: chlorophyll B content; Car: carotenoid content; total Chl: total
chlorophyll content.

Drought stress led to significant changes in 23 drought-related indicators (Table S4).
There were significant differences in the DTC values in the different physiological indicators
in the same cultivars (p < 0.05), such as an increase in the DTCs (DTC > 1) of DI, SS, SOD,
MDA, Fla, total Chl, and CvPOX2 under drought stress and a decrease in RWC (DTC < 1).
SP, Chl B, Pol, CAT, Cv4CL1, and CvCAD1 had significant differences in DTC between the
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different cultivars (p < 0.05). Therefore, relying solely on DTC with a single indicator for
drought-resistance evaluation may result in misleading results.

Correlation analysis was conducted on 23 drought-related indicators in five C. vietna-
mensis cultivars (Table S5), and the results showed that there was a significant correlation
between the measured indicators. For example, SS showed a highly significantly positive
correlation with SP and CvCAD1 (p < 0.01), SOD showed a highly significantly positive cor-
relation with SS, SP, Cv4CL1, and CvCAD1 (p < 0.05), and DI showed a negative correlation
with SS, SP, SOD, Fla, Car, CvCAD2, and CvPOX1 (p < 0.05). The correlation between each
physiological index is different, which leads to information overlap. Therefore, conducting
PCA on data under different drought stresses can reduce information overlap between
the various physiological indicators. Based on the criteria of cumulative contribution rate
(>85%) and eigenvalues (>1) [51], we selected three principal components. Their cumulative
contribution rates were 92.34%, 91.24%, and 95.50%, respectively (Table S5), indicating
that these three principal components already reflected most of the information from the
original data and can be used to comprehensively evaluate the drought resistance of five C.
vietnamensis cultivars.

As shown in Table 1, 23 indicators were converted into 3 comprehensive indicators.
Under mild drought stress, the contributions of the three comprehensive indicators were
49.827%, 28.035%, and 14.475%, respectively. The eigenvalues were 11.460, 6.448, and 3.329,
respectively. Under moderate stress, the contributions of the three comprehensive indicators
were 59.295%, 17.963%, and 13.983%, respectively. The eigenvalues were 13.638, 4.131,
and 3.216, respectively. Under severe stress, the contributions of the three comprehensive
indicators were 70.313%, 16.322%, and 8.868%, respectively. The eigenvalues were 16.172,
3.754, and 2.040, respectively. PC1 had the greatest contribution to the total genetic rate,
and the greater the loading of the variables, the stronger their contribution to the variation.
Under different drought stresses, PC1 included SS, SOD, Cv4CL1, CvCAD1, CvPOX1, and
CvPOX2 with high positive loading and DI and REC with negative loading. PC2 included
ChlA, ChlB, total Chl, and MDA with high positive loading and Pro and Pol with negative
loading. PC3 included TS, Fla, POD with high positive loading and RWC, Pol, MDA with
negative loading (Table 1).

Table 1. The contribution ratio and eigenvectors of comprehensive indexes of five C. vietnamensis
cultivars under mild, moderate and severe drought stress.

Mild Drought Stress Moderate Drought Stress Severe Drought Stress

Index PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3

Eigenvalues 11.460 6.448 3.329 13.638 4.131 3.216 16.172 3.754 2.040
Contribution ratio/% 49.827 28.035 14.475 59.295 17.963 13.983 70.313 16.322 8.868
Cumulative contribution
ratio/% 49.827 77.862 92.336 59.295 77.258 91.241 70.313 86.634 95.503

Eigenvector RWC 0.626 −0.444 −0.638 0.709 −0.414 −0.531 0.677 −0.662 −0.319
DI −0.707 −0.411 0.008 −0.625 0.253 0.689 −0.867 −0.210 0.228
SS 0.952 * 0.215 0.139 0.943 * 0.159 0.289 0.943 * 0.085 −0.010
SP 0.881 0.365 0.271 0.945 * 0.172 0.279 0.977 * 0.120 0.038
Pro 0.561 −0.758 −0.169 −0.032 −0.461 0.781 0.667 −0.727 0.165
REC −0.740 −0.087 0.603 −0.609 0.710 −0.325 −0.546 0.774 −0.317

MDA −0.404 −0.141 0.801 −0.298 0.908 * −0.282 −0.306 0.821 −0.454
SOD 0.974 * 0.077 0.171 0.908 * 0.326 0.222 0.926 * 0.359 −0.103
POD 0.756 0.640 −0.021 0.585 −0.395 −0.183 0.306 −0.158 0.881
CAT 0.851 0.000 0.425 0.827 0.140 0.543 0.894 0.078 0.039
Pol 0.064 0.797 −0.599 0.727 −0.573 −0.321 0.957 * −0.163 −0.229
Fla 0.791 −0.537 −0.221 0.545 −0.354 0.712 0.948 * −0.030 0.054
TS 0.332 −0.150 0.924 * 0.225 0.879 0.236 0.242 0.720 0.650
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Table 1. Cont.

Mild Drought Stress Moderate Drought Stress Severe Drought Stress

Index PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3

ChlA −0.266 0.953 * 0.082 0.867 0.344 −0.314 0.820 0.513 0.190
ChlB −0.399 0.899 0.124 0.918 * 0.363 −0.133 0.952 * 0.236 0.130
Car −0.191 0.958 * −0.007 0.813 0.009 −0.386 0.967 * −0.010 −0.026

Total Chl −0.270 0.914 * 0.161 0.841 0.326 0.002 0.913 * 0.321 0.222
Cv4CL1 0.963 * 0.084 0.253 0.932 * 0.310 0.056 0.926 * 0.285 −0.231
CvCAD1 0.972 * 0.115 0.145 0.957 * 0.028 0.287 0.981 * 0.156 0.057
CvCAD2 0.374 0.643 −0.399 0.654 −0.487 −0.303 0.850 −0.438 −0.202
CvPOX1 0.983 * 0.155 −0.022 0.943 * 0.007 0.010 0.906 * −0.032 −0.275
CvPOX2 0.961 * 0.105 0.170 0.985 * −0.118 −0.093 0.985 * 0.070 −0.071
CvPOX3 0.798 −0.019 0.037 0.860 0.299 −0.091 0.990 * −0.129 −0.043

Note: RWC: relative water content; DI: drought damage index; SS: soluble sugar content; SP: soluble protein
content; Pro: proline content; REC, relative electrical conductivity; MDA: malondialdehyde content; SOD: su-
peroxide dismutase activity; POD: peroxidase activity; CAT: catalase activity; Pol: total polyphenol content;
Fla: total flavonoid content; TS: tea saponin content; Chl A: chlorophyll A content; Chl B: chlorophyll B content;
Car: carotenoid content; total Chl: total chlorophyll content. * indicates the absolute value of the eigenvectors that
are greater than 0.900 in each PCs.

The weights were calculated based on the contributions of the comprehensive indica-
tors obtained under different drought stresses. The weights of the three comprehensive
indicators under mild, moderate, and severe drought stress were 0.54, 0.30, and 0.16; 0.65,
0.20, and 0.15; and 0.74, 0.17, and 0.09, respectively (Table 2). According to the weight
values of each comprehensive indicator, the importance of each indicator under drought
stress can be determined. The larger the weight value, the greater the importance, and vice
versa. From Table 3, it can be seen that SS, SP, SOD, CAT and TS are the most significant
physiological indicators that affect the drought resistance of C. vietnamensis. The higher the
F value, the stronger the relative drought tolerance of C. vietnamensis under drought stress.
The cultivar with the highest F value was ‘Haida 1’, followed by ‘Haida 4’ and ‘Wanhai 4’,
while ‘Wanhai 3’ and ‘Wanhai 1’ had the lowest F value and were therefore considered the
least drought tolerant (Table 2).

Table 2. Mean ranking values of five C. vietnamensis cultivars under mild, moderate, and severe
drought stress conditions. Values are the mean of at least three independent replicates.

Cultivars

X (Yak) Ranking Value

Numeri-
cal Rank

X (Ya1) X (Ya2) X (Ya3) F Value Mean
F

Value
Mild

Drought
Moderate
Drought

Severe
Drought

Mild
Drought

Moderate
Drought

Severe
Drought

Mild
Drought

Moderate
Drought

Severe
Drought

Mild
Drought

Moderate
Drought

Severe
Drought

Haida
1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00 0.85 1.00 0.95 1

Haida
4 0.38 0.40 0.39 0.44 0.44 0.48 0.37 0.37 0.26 0.39 0.40 0.40 0.40 2

Wanhai
1 0.00 0.00 0.00 0.00 0.00 0.00 0.08 1.00 0.00 0.01 0.15 0.00 0.05 5

Wanhai
3 0.06 0.03 0.12 0.03 0.11 0.15 0.06 0.79 0.02 0.05 0.16 0.11 0.11 4

Wanhai
4 0.10 0.36 0.32 0.28 0.44 0.26 0.00 0.27 0.10 0.14 0.36 0.29 0.26 3

Weights 0.54 0.65 0.74 0.30 0.20 0.17 0.16 0.15 0.09
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Table 3. Principal component comprehensive model under mild, moderate, and severe drought stress.

Stress Intensity Principal Component Synthesis Model

Mild drought
F = −0.008V1 − 0.161V2 + 0.189V3 + 0.207V4 − 0.016V5 − 0.077V6 − 0.012V7 + 0.179V8 + 0.195V9 +
0.172V10 + 0.054V11 + 0.043V12 + 0.114V13 + 0.078V14 + 0.054V15 + 0.084V16 + 0.080V17 + 0.185V18 +

0.181V19 + 0.102V20 + 0.173V21 + 0.180V22 + 0.128V23

Moderate drought
F = −0.005V1 + 0.007V2 + 0.187V3 + 0.188V4 − 0.005V5 − 0.011V6 + 0.067V7 + 0.201V8 + 0.010V9 +
0.189V10 − 0.007V11 + 0.089V12 + 0.185V13 + 0.151V14 + 0.177V15 + 0.086V16 + 0.172V17 + 0.187V18 +

0.169V19 − 0.004V20 + 0.139V21 + 0.118V22 + 0.162V23

Severe drought
F = −0.005V1 + 0.007V2 + 0.187V3 + 0.188V4 − 0.005V5 − 0.011V6 + 0.067V7 + 0.201V8 + 0.010V9 +
0.189V10 − 0.007V11 + 0.089V12 + 0.185V13 + 0.151V14 + 0.177V15 + 0.086V16 + 0.172V17 + 0.187V18 +

0.169V19 − 0.004V20 + 0.139V21 + 0.118V22 + 0.162V23

Note: V1: relative water content; V2: relative water content; V3: soluble sugar content; V4: soluble protein content;
V5: proline content; V6: relative electrical conductivity; V7: malondialdehyde content; V8: superoxide dismutase
activity; V9: peroxidase activity; V10: catalase activity; V11: total polyphenol content; V12: total flavanol content;
V13: tea saponin content; V14: chlorophyll A content; V15: chlorophyll B content; V16: carotenoid content; V17: total
chlorophyll content; V18: Cv4CL1; V19: CvCAD1; V20: CvCAD2; V21: CvPOX1; V22: CvPOX2; V23: CvPOX3.

Cluster analysis was used to classify the F values of five C. vietnamensis cultivars.
Five C. vietnamensis cultivars were grouped into three groups at a Euclidean distance of
five (Figure 7). Only ‘Haida 1’ clustered in the drought-resistant group (Figure 7I). The
moderate drought tolerance group included ‘Haida 4’ and ‘Wanhai 4’ (Figure 7II). ‘Wanhai
3’ and ‘Wanhai 1’ clustered into the drought-sensitive cultivar group (Figure 7III).
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4. Discussion
4.1. Plant Growth and Membrane Lipid Peroxidation

Under drought stress, the growth rate and metabolic activity of plants are severely
restricted, leading to delayed growth, premature leaf senescence, and even death in severe
cases [53,54]. In this study, plants that underwent the drought treatment showed symptoms
such as plant growth restriction, leaf dehydration, and curling death, and the DI of leaves
increased with increasing stress intensity (Figure 1A,B), consistent with previous research on
rice, maize, and Camellia oleifera [18,29,55]. Water is the material basis for plant cell survival
and a prerequisite for plant growth and development [56]. Many studies have shown
that the smaller the decrease in RWC in the plant leaves, the stronger their water holding
capacity, the lower their degree of membrane lipid peroxidation, and the stronger their
tolerance to drought stress [57]. This study showed that with increasing stress intensity, the
RWC of five C. vietnamensis cultivars showed a downward trend, while the REC and MDA
contents significantly increased (Figure 1C–E). Some cultivars perform better under stress
conditions than others and can maintain a relatively stable growth state even under severe
stress conditions [42]. For example, under severe drought stress, ‘Haida 1’ could maintain
low DI and MDA contents, and plant growth was only slightly inhibited. However, in the



Agronomy 2024, 14, 915 14 of 19

sensitive varieties ‘Wanhai 1’ and ‘Wanhai 3’ with high DI and MDA contents, they showed
severe inhibition (Figure 1B,E). The above results indicate that different cultivars have
different physiological responses to drought stress, which is consistent with the results of
Thu et al. [58] and Mahmood et al. [59].

4.2. Physiological Responses and Drought Tolerance

Plants utilize various regulatory mechanisms to adapt to adverse environments, and
osmotic regulation is an important physiological response for plants to adapt to arid
environments [60,61]. Drought stress can increase the SP, SS and Pro contents of Phedimus
aizoon L. and soybeans to improve their drought tolerance [62,63]. In this study, with the
increase in drought-stress intensity, the SP, SS, and Pro contents of highly drought-tolerant
cultivar ‘Haida 1’ significantly increased, while in sensitive cultivar ‘Wanhai 1’, they first
increased and then rapidly decreased (Figure 2). This indicates that there are significant
differences in drought resistance among different cultivars. Among them, the drought-
resistant cultivar ‘Haida 1’ had better osmotic regulation ability than other cultivars.

Drought stress can cause ROS to increase, subjecting plant cells to oxidative stress [64].
The antioxidant enzyme system is the main defense system for plants to clear ROS in
response to stress, and SOD, POD, and CAT enzymes are the main antioxidant enzymes in
plants [65,66]. In this study, with increasing stress intensity, the SOD, POD, and CAT activi-
ties of ‘Haida 1’ and ‘Wanhai 4’ significantly increased, while the activities of ‘Wanhai 1’ first
increased and then decreased (Figure 4A–C). The above results show that C. vietnamensis
cultivars with strong drought resistance can actively increase the activity of antioxidant
enzymes to resist oxidative stress and maintain normal plant growth and development,
while sensitive cultivars are unable to respond to severe oxidative stress.

Under drought stress, the large accumulation of ROS leads to the disruption of the
chlorophyll synthesis pathways, accelerating chlorophyll degradation and thus significantly
inhibiting plant photosynthesis [67,68]. Due to water loss in plants, leaf stomata close, and
chlorophyll content decreases [69]. In the Camellia genus, studies have shown that there
may be a phenomenon of chlorophyll ‘concentration’ in the early stage of stress [54]. This
study also found a similar result; that is, under drought stress, the chlorophyll content of
five C. vietnamensis cultivars showed a trend of first increasing and then decreasing. The
chlorophyll content of ‘Wanhai 1’, ‘Wanhai 3’ and ‘Wanhai 4’ showed significant losses,
while the chlorophyll content of ‘Haida 1’ showed relatively stable changes (Figure 3). The
results showed that cultivars with strong drought resistance can maintain stable changes
in chlorophyll content, thereby achieving higher photosynthetic efficiency and improving
plant drought resistance [56,70].

4.3. Response of Key Genes and Metabolites in the Phenylpropane Pathway to Drought Tolerance

The phenylpropane metabolism is widely involved in the response of plants to stress
by inducing the expression of structural genes, synthesizing specific secondary metabolites,
and directly or indirectly enhancing plant stress resistance [27,47]. Research has shown
that drought stress can induce the expression of phenylpropane pathway-related genes and
the generation of metabolites. For example, under drought stress, 4CLs, CADs, and POXs
are upregulated, inducing the synthesis of terpenoids, polyphenols, and flavonoids [29,71].
This study shows that, under different drought stresses, the expression levels of Cv4CL1,
CvCAD1, CvCAD2, CvPOX1, CvPOX2, and CvPOX3 were significantly higher in drought-
tolerant varieties (‘Haida 1’) than in drought-sensitive varieties (‘Wanhai 3’ and ‘Wanhai 1’)
(Figure 5), consistent with the measured changes in TS, Fla and Pol content (Figure 4D–F).
The above results show that the expression activation levels and metabolites generated
by these genes are closely related to the drought tolerance of the five C. vietnamensis
cultivars. Compared with sensitive cultivars, drought-tolerant cultivars can better output
and transmit stress signals, accelerate the generation of metabolic products related to
drought resistance, and further regulate complex physiological processes.
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4.4. PCA, HCA and Multivariate Statistical Analysis of Drought Tolerance

The drought resistance of plants is a complex comprehensive trait influenced by
multiple factors and cannot be evaluated using a single indicator. Therefore, for the evalua-
tion of plant drought resistance, multiple indicators should be used to comprehensively
evaluate the one-sidedness caused by a single indicator in evaluating a plant variety’s
drought resistance [51,72]. Han et al. [56] and Xiong et al. [33] used PCA to evaluate the
differences in drought resistance between eight Melia azedarach and four oak species
and believed that these differences were mainly due to differences in growth traits and
physiological responses. However, considering that only using the PCA evaluation method
would create a certain degree of overlap for the obtained statistical data and affect the final
evaluation results, we further analyzed and evaluated the drought resistance of five C.
vietnamensis cultivars using the membership function method and HCA method [42,73].
This study calculated the DTC of five C. vietnamensis cultivars under different drought
stresses (Table S4) and used principal component analysis to convert 23 drought-related
indicators into 3 comprehensive indicators (Table 1). Among them, the SS and SOD in
the first comprehensive indicator make the greatest contribution to the total heritability,
while the total Chl, MDA, and TS in the second and third comprehensive indicators also
make a greater contribution to the total heritability (Table 1). Then, the weight method
was used to construct the principal component synthesis model (Table 3), and the F value
was calculated to evaluate the drought resistance of five C. vietnamensis cultivars. Cluster
analysis was conducted based on the F value to classify the five C. vietnamensis cultivars
into three categories. Among them, ‘Haida 1’ (0.95) had the highest F value and was
clustered into a drought-tolerant group. ‘Haida 4’ (0.40) and ‘Wanhai 4’ (0.26) clustered into
a moderate drought-tolerant group, while ‘Wanhai 3’ (0.11) and ‘Wanhai 1’ (0.05) clustered
into a sensitive cultivar group (Table 2). The above results were basically consistent with
the phenotypic changes in C. vietnamensis and HCA results, indicating that the method
could accurately evaluate the drought resistance of different cultivars of C. vietnamensis. In
addition, this study also provides a method for evaluating the drought resistance of crops
such as C. vietnamensis under abiotic stress, providing an indispensable reference basis for
the selection of drought-resistant cultivars of C. vietnamensis and the evaluation of plant
drought resistance.

5. Conclusions

Under different drought stresses, significant changes were found in the morphological
characteristics, physiological and biochemical characteristics, and related gene expression
of five C. vietnamensis cultivars. Mild and moderate drought stress has little effect on the
growth of C. vietnamensis cultivars, while under severe stress, plant growth is significantly
inhibited. Moreover, different cultivars have different response mechanisms to drought
stress. The main differences among the five C. vietnamensis cultivars were the retention
ability, osmotic regulation ability, reactive oxygen species clearance ability, secondary
metabolite accumulation ability, and related gene expression responses of RWC in the
leaves. In addition, five C. vietnamensis cultivars were classified into three categories, com-
prehensively using DTC, HCA, and PCA, based on 23 indicators of growth, physiological,
biochemical, and related gene expression under different drought stresses. The results
are as follows: (1) drought-resistant cultivar: ‘Haida 1’; (2) moderate drought-resistant
cultivars: ‘Haida 4’ and ‘Wanhai 4’; (3) sensitive cultivars: ‘Wanhai 3’ and ‘Wanhai 1’. These
results will be beneficial for the scientific cultivation and promotion of C. vietnamensis in
arid areas.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy14050915/s1, Table S1: Basic situation of seedlings of five
C. vietnamensis cultivars (mean + standard deviation); Table S2: Classification of damage levels of C.
vietnamensis under drought stress; Table S3: Sequence of primers used for expression analysis in this
study. F for the forward primer, R for the reverse primer and length of primers; Table S4: Drought
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tolerance coefficient of leaf physiological indexes of five C. vietnamensis cultivars under drought stress;
Table S5: Correlation coefficient of leaf physiological indexes of five C. vietnamensis cultivars under
drought stress.
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