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Abstract: Plants of the Clematis genus are attractive ornamental plants due to their various flower
colors and patterns, and they play an important role as ground cover plants in landscaping. However,
the application of Clematis plants in landscaping in arid and semi-arid areas is limited. This study
used five common wild Clematis species in Gansu Province as experimental materials, including
Clematis tangutica, Clematis glauca, Clematis intricata, Clematis nannophylla, and Clematis fruticosa. By
simulating different intensities of drought stress with polyethylene glycol (PEG), the germination
behavior of seeds and the physiological and biochemical responses of seedlings of these five species
to drought stress were observed. The results showed that 15% PEG stress significantly inhibited the
seed germination of the five species, which was also the drought threshold for seed germination
of C. fruticosa. C. tangutica exhibited the strongest tolerance to drought stress in seed germination.
Seedlings of the five Clematis plants showed different levels of tolerance to drought stress, mainly
demonstrating higher tolerance to 10% and 20% concentrations of PEG stress, while a 30% concen-
tration of PEG stress caused varying degrees of damage to the seedlings of the five Clematis species.
PCA analysis indicated that seedlings of C. intricata and C. glauca had higher scores under drought
stress. These findings can provide a theoretical basis for the selection of urban landscaping plant
species in arid and semi-arid regions of northwest China.

Keywords: Clematis; drought stress; seed germination; seedling growth

1. Introduction

As urban areas expand globally, urban water resources are facing immense pressure
due to population concentration, urbanization, and climate change [1]. The Sixth Assess-
ment Report of the Intergovernmental Panel on Climate Change (IPCC) reveals that global
warming caused by human activities has exceeded pre-industrial levels by 1.0 °C, and
it is projected to reach 1.5 °C in 20302052 [2]. Research has also indicated that by 2030,
climate change will significantly alter the global pattern and distribution of water supply,
leading to an increase in the frequency of extreme events such as floods and droughts [3-6].
Meanwhile, the intensification of climate change has further increased the frequency and
severity of urban drought, placing immense pressure on urban water supply [7], especially
in arid and semi-arid regions [8,9]. Therefore, addressing the challenges of urban drought
is an important component of achieving the Sustainable Development Goals (SDGs) [7].

Urban greenery is a crucial factor in creating comfort in urban areas [10,11]. Ground-
covering plants serve as important basic materials and components of urban greening
construction, and their application in urban green spaces is becoming increasingly promi-
nent. However, plants in cities in the northwest region of China still frequently face water
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shortages. Therefore, it is crucial to focus on reducing water consumption in the construc-
tion and maintenance of green spaces and implementing water-saving practices in urban
garden development, as these are urgent research areas and issues that need to be addressed
in water-scarce urban environments. The selection and application of drought-tolerant
plants are important technical means for water-saving garden construction. Although a
large number of drought-tolerant ground-covering plants have been used in urban green-
ing, the variety of ground-covering plants applied in arid and semi-arid regions in China is
still relatively limited.

There are approximately 155 species of the Clematis genus distributed in China, ac-
counting for 44% of the Clematis genus plants worldwide [12-15]. Clematis spp. are widely
utilized in urban landscaping and ornamental horticulture in Poland, Britain, and other Eu-
ropean countries due to their attractive flowers, distinctive fruits, and prolonged flowering
period [16,17]. Despite this, research on Clematis spp. in China has predominantly centered
on their medicinal properties [18]. Investigation into their ornamental characteristics is
limited to species like Clematis vitalba [19], Clematis crassifolia, and Clematis cadmia [20],
found in the southern regions of China. There remains a significant gap in the research on
wild Clematis spp., particularly those species growing in arid and semi-arid environments,
within the realms of urban landscaping and drought resilience. Clematis tangutica, Clematis
glauca, Clematis intricata, Clematis nannophylla, and Clematis fruticosa are widely distributed
in the arid and semi-arid regions of northwest China. Among them, C. tangutica, C. glauca,
and C. intricata are classified under Clematis sect. Meclatis [21], whereas C. nannophylla
and C. fruticosa belong to Clematis sect. Fruticella [22]. C. intricata has been used in the
landscaping of certain cities in the northwest China, while C. fruticosa has been somewhat
utilized as an important plant for water and soil conservation and landscaping in the arid
and semi-arid regions of China [23].

Drought is one of the most common abiotic stress factors that adversely affect plant
development and growth [24]. Seeds serve as the primary reproductive organs in most
higher plants, playing a vital role in the renewal, sustainability, expansion, and regeneration
of plant populations. Seed germination, a significant physiological characteristic, influ-
ences plant adaptation and survival [25]. Numerous studies have indicated that drought
stress hinders seed germination [26-29], prompting the use of germination as a useful
criterion for assessing water stress tolerance [30]. In addition, drought stress also affects
the morphological and physiological biochemical indicators of seedlings [31,32]. Studies
have demonstrated a reduction in photosynthesis when plant seedlings face water defi-
ciency [33-35]. During this process, compatible solutes, such as proline, soluble sugars,
and soluble proteins, help to maintain plant water balance under mild drought stress by
reducing membrane permeability [36,37]. As drought stress intensifies, photosynthesis
inhibition, reduced light absorption, and the excess generation of reactive oxygen species
(ROS) lead to lipid peroxidation [38] and decreased photosynthetic pigment content, and
ultimately accelerate plant death [39-42]. Plants have evolved efficient antioxidant de-
fense mechanisms [43], including the important roles of superoxide dismutase (SOD) and
peroxidase (POD) in scavenging excessive ROS, maintaining ROS homeostasis [44], and
bolstering stress tolerance, including drought stress [38,39]. The responses of five Clematis
plant species in arid and semi-arid regions of northwest China to drought stress during
seed germination and seedling growth, as well as the most drought-tolerant species, re-
main unclear. Polyethylene glycol (PEG) can effectively simulate water stress to induce
the uniform osmotic stress characteristic of dry soil [45], making it a common choice for
inducing drought stress in higher plants [46,47]. Additionally, in vitro screening methods
present a potentially cost-effective way to efficiently screen numerous germplasms in a
short time [48]. Therefore, this study aims to simulate different intensities of drought
environments using PEG stress, to investigate the effects of drought on seed germination
and physiological-biochemical indicators of five common Clematis plants in northwest
China, to determine the drought tolerance thresholds of these five Clematis species in
seed germination and seedling growth, to evaluate their drought tolerance by comparing
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their performances under different drought stresses, and to identify the Clematis species
with the highest tolerance to drought stress, providing a theoretical basis for developing
drought-tolerant native wild plants for water-deficient cities in northwest China.

2. Materials and Methods
2.1. Experimental Materials and Experimental Site

The seed collection was conducted during the peak fruiting season from locations in
their natural distribution in Gansu province, China. At least five individuals were sampled
for each species. C. tangutica, C. glauca, and C. fruticosa individuals were collected from
Diebu County in Gannan Tibetan Autonomous Prefecture (103°09'58" E, 37°06'49” N).
These individuals grew at altitudes ranging from 2028 m to 2429 m, with an average annual
temperature of 7.87 °C and an annual rainfall of 163.3 mm. C. intricata individuals were
collected from Minqin County, Wuwei (103°04'48” E, 38°37'12" N) at an altitude of 1800 m,
an average annual temperature of 9.34 °C, and an annual rainfall of 58.6 mm. C. nannophylla
individuals were collected from Yongdeng County, Lanzhou (103°32'45" E, 36°15'09” N), at
an altitude of 1739 m, an average annual temperature of 6.18 °C, and an annual rainfall of
121.5 mm. Seeds were randomly obtained from the fruits and stored in labeled paper bags
at 4 °C after natural drying until the start of the experiment. This study was conducted in
The Tree Seedling Culture Laboratory, College of Forestry, Gansu Agricultural University.

2.2. Pretreatment and Drought Stress Experiment of Seed Germination

Four drought stress treatments were prepared using osmotic solutions of PEG 6000
at concentrations of 0%, 5%, 10%, and 15%, corresponding to water potentials of 0 MPa,
—0.05 MPa, —0.15 MPa, and —0.30 MPa, as calculated by Michel and Kaufmann [49].
Distilled water (0%) was used as the control. The response of seed germination to drought
stress was assessed using the BP method [50] in a dark environment at 25 °C. The seeds
of the five species underwent sterilization with 10% NaClO for 30 min, followed by five
rinses with distilled water and a final 24 h soaking period. Seeds that were plump and of
the same size were evenly distributed in 90 mm diameter Petri dishes, with two layers of
filter paper covering them. The filter papers were moistened with either 5 mL of distilled
water or the PEG treatment solutions. Each Petri dish contained 30 seeds and was sealed
with Parafilm to minimize evaporation. This process was repeated three times for each
treatment. Every three days, the seeds were transferred to fresh PEG solutions or distilled
water placed on new Petri dishes with new sterilized filter paper. Prior to each use, both
the Petri dishes and filter paper were sterilized.

2.3. Estimation of Gemination Parameters

The germination process was monitored by recording the number of seeds that
sprouted every 24 h until no additional germination was observed within a three-day
period. Germination was considered to have occurred when a radicle with a length of over
1 mm emerged from the seed.

The germination parameters included germination percentage (TG) [51], germination
potential (GP) [51], germination index (GI) [51], vigor index (VI) [52], and germination
drought tolerance index (GDTI) [53]. These parameters were calculated according to the
following formulas:

Total nmuber of normally germinated seeds
TG (%) = 1 1
G (%) Number of seed tested X 100 @

Number of seeds tested x100 (2)
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Gi is the number of germinated seeds on day i. Ni is the number of days after the
beginning of the experiment.

VI = GI x radicle length 4)

TG under PEG stress
GDTI = TG under control ®)

where Gl is the germination index and TG is the germination percentage.

2.4. Pot Experiment for Drought Stress of Plant Growth

Seeds of the five species were sterilized and sown evenly in plastic culture pots with
diameters, bottom diameters, and heights of 30 cm, 20 cm, and 25 cm, respectively. Each pot
was filled with 12 kg of a mixed soil medium (vermiculite:peat soil:garden soil = 1:1:3). The
soil medium had a pH of 7.8 and consisted of 5.6 g/kg of available nitrogen (N), 43 mg/kg
of available phosphorus (P), and 135 mg/kg of available potassium (K). The cultivation
was conducted in the Tree Seedling Culture Laboratory at the College of Forestry, Gansu
Agricultural University. Seedling growth was kept for 4 months after sowing.

For each species, 120 healthy seedlings of the same height were selected and trans-
planted into 1/2 Hoagland’s solution for adaptable cultivation for 2 days. The plants
were then treated with PEG 6000 at concentrations of 0% (control), 10% (—0.15 MPa,
low-concentration drought stress), 20% (—0.51 MPa, moderated concentration drought
stress), and 30% (—1.09 MPa, high-concentration drought stress), which were dissolved in
Hoagland'’s solution. Each treatment for each species had 3 replicates. After conducting
preliminary experiments, the leaves of the seedlings were harvested following 24 h of
drought stress to determine biochemical trait parameters.

2.5. Estimation Biochemical Parameters of Seedling Response to Drought Stress
2.5.1. Measurement of Photosynthetic Pigments Content

The chlorophyll extraction procedure followed the method described by Lichtench-
taler [54], with a minor modification. Fresh leaf tissue was soaked in 10 mL of 80% acetone
for 24 h until the leaves became colorless. The optical density of the extracts was measured
using a spectrophotometer (P9, MAPADA Instruments, Shanghai, China) at wavelengths
of 470 nm, 646 nm, and 663 nm. The contents of chlorophyll a (Chl a), chlorophyll b (Chl
b), and carotene (Car) were determined using the equations provided by Wellburn [55].
Additionally, the total chlorophyll content (Chl a + b) and the ratio of chlorophyll a to
chlorophyll b (Chl a/b) were calculated.

2.5.2. Measurement of Lipid Peroxidation

Lipid peroxidation was measured by measuring the concentration of malondialde-
hyde (MDA) using the method outlined by Dhindsa et al. [56]. Fresh leaves weighing
approximately 0.2 g were extracted with 5 mL of 1% trichloroacetic acid (TCA) and then
centrifuged at 10,000 x g for 10 min. Then, 2 mL of the supernatant was mixed with 2 mL
of 0.6% thiobarbituric acid (TBA) in 10% TCA. The mixture was incubated in a water bath
at 95 °C for 30 min, immediately cooled in an ice bath, and subsequently centrifuged at
10,000x g for 10 min at 4 °C. The absorbance of the resulting supernatant was measured at
450, 532, and 600 nm.

2.5.3. Measurement of Proline

The proline content was determined following the protocols established by Bates
et al. [57], with slight modifications. A leaf sample of approximately 0.5 g was boiled in 3%
sulfosalicylic acid (CyHgOgS-2H,0), and then filtered after cooling. The collected filtrate
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of 2.0 mL was mixed with 2.0 mL of glacial acetic acid and 2.0 mL of acidic ninhydrin.
The reaction mixture was incubated at 100 °C for 1 h and subsequently cooled to room
temperature. For extraction, 4.0 mL of toluene was added to the reaction mixture, and
the absorbance was measured at 520 nm using a spectrophotometer (Model P9, MAPADA
Instruments, Shanghai, China).

2.5.4. Measurement of Soluble Sugar Content

Soluble sugars were extracted using the method developed by Yemm and Willis [58]
with modifications. Approximately 0.2 g leaf samples were extracted in 10 mL of distilled
water and incubated in a boiled water bath for 30 min. The resulting extract was then
filtered and brought to a final volume of 25 mL using distilled water. Then, 2 mL of the
extract was combined with 0.5 mL of anthrone ethyl acetate and 5 mL of sulfuric acid
solution, and incubated at 95 °C for 1 min. The absorbance of the samples was measured
at 630 nm, and the sugar content (ug/g FW) was determined by referring to a glucose
calibration curve.

2.5.5. Measurement of Soluble Protein Content

The soluble protein content was measured spectrophotometrically using the methods
described by Wang [59], with modifications. Fresh leaf samples weighing 0.2 g were
homogenized with 0.05 M phosphate buffer (pH 7.8) and then centrifuged for 20 min at
12,000 g. The resulting supernatant was used to assess enzyme activity as a soluble protein
solution. Soluble protein content was determined using the Bradford test [60]. Afterward,
0.1 mL of this mixture was transferred to tubes and mixed with 0.9 mL of distilled water
and 5 mL of G-250. The absorbance at 595 nm was measured.

2.5.6. Antioxidant Enzyme Assays

Fresh leaves weighing 0.2 g were homogenized using a pre-cooled mortar and pestle
with 0.05 M phosphate buffer (pH 7.8), then subsequently centrifuged at 12,000 g for
20 min at 4 °C. The resulting supernatant was utilized for the enzyme activity assay.

Superoxide dismutase (SOD, EC 1.15.1.1) activity was assessed using the nitroblue
tetrazolium (NBT) test [56] with slight modifications. To perform the test, 0.1 mL of enzyme
extract was combined with 1.5 mL of 50 mM phosphate buffer (pH 7.8), 0.3 mL of 130 mM
methionine (Met), 0.3 mL of 750 uM NBT, 0.3 mL of 100 uM Ethylenediaminetetraacetic
acid disodium salt (EDTA-Na2), 0.3 mL of 20 uM riboflavin, and 0.5 mL of distilled water
in a tube. The assay mixture was then incubated for 20 min under fluorescent illumination
of 4000 1x, and the optical density at 560 nm was measured.

Peroxidase (POD, EC 1.11.1.7) activity was determined using the method described by
Maehly [61], which measures the increase in absorbance at 470 nm. The reaction mixture
for POD activity measurement consisted of 2.9 mL of 0.05 M phosphate buffer (pH 7.8),
1.0 mL of 2% HO,, 1.0 mL of 0.05 M guaiacol, and 0.1 mL of the enzyme solution. The
enzyme solution was boiled for 5 min and used as the control. After adding the enzyme
solution to the reaction mixture, it was immediately incubated in a water bath at 37 °C for
15 min and then transferred to an ice bath immediately. To stop the reaction, 2.0 mL of 20%
trichloroacetic acid was added.

2.6. Statistical Analysis

The experimental data were recorded and summarized in Microsoft Excel 2016. The
results were analyzed using analysis of variance (ANOVA) with SPSS 19.0 (IBM Corpora-
tion, Armonk, NY, USA), followed by multiple mean comparison using Tukey’s HSD test
(p < 0.05). When the variance was not homogeneous, we used the Games-Howell’s test for
multiple mean comparisons. Means were considered statistically significant at p < 0.05.
The means and standard errors (SEs) of each treatment were calculated.

A correlation analysis between variables under different PEG stress was performed
using Spearman correlation coefficients. Principal component analysis (PCA) was used to
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analyze the relationship between drought stress and the biochemical characteristics of the
leaves. The graphics were completed by OriginPro 2022 software.

3. Results

This study investigated the responses of seeds and seedlings from five species of
Clematis to drought stress. Specifically, it examined indicators related to seed germination,
as well as the physiological and biochemical responses of the leaves.

3.1. Seed Germination

The influences of PEG stress on TG, GP, GI, and VI of the five species of Clematis are
shown in Table 1. Species, PEG concentration, and species x PEG concentration interactions
had significant effects on all germinative parameters (p < 0.05). A 5% concentration of
PEG stress promoted the TG of C. intricata and C. nannophylla to a certain extent (p > 0.05),
and significantly promoted the TG of C. fruticosa. When the PEG concentration exceeded
10%, a significant decrease in TG was observed, except for in C. tangutica. The most
significant inhibitory effect on TG was observed at a PEG concentration of 15%, resulting in
decreases of 34.88%, 20.45%, 83.79%, 96.43%, and 100% in C. tangutica, C. glauca, C. intricata,
C. nannophylla, and C. fruticosa, respectively, compared to the control (0%).

Table 1. The germination percentage (TG), germination potential (GP), germination index (GI), and
vigor index (VI) of the five Clematis species exposed to different concentrations (0%, 5%, 10%, and
15%) of PEG stress. Mean =+ standard error (SE) values are provided. Different uppercase letters
indicate significant difference among species with the same PEG treatment, and different lowercase
letters indicate significant difference among treatments for the same species according to Tukey’s HSD
test or Games-Howell’s test (p < 0.05). *** indicates a significant difference at p < 0.001. - - indicates

no data.
PEG Germination Germination Germination
Species (S) Concentration (P) P((e;c(gnt/a)ge Potential (GP, %) Index (GI) Vigor Index (VD)
0% 9555 +2.22 Aa  33.33 +3.33 ABCa 4.85 +0.13 Ab 73.08 4 22.37 ABb
C. taneutica 5% 93.33 + 1.93 Aa 20.00 & 1.92 Bb 5.62 + 0.20 Aa 249.07 + 39.35 Aa
- tang 10% 96.67 + 1.93 Aa 2222 +1.11 Ab 5.54 4 0.18 Aab 192.77 +20.32 Aa
15% 62.22 +2.22 Bb 18.89 & 1.11 Ab 4.09 4 0.10 Ac 66.64 4 14.49 Ab
0% 97.78 +2.22 Aa 27.78 + 1.11 ABa 3.65 + 0.05 Ba 83.90 + 15.33 Aa
C. olauca 5% 91.11 + 1.11 Aab 26.67 +1.92 Aa 3.21 + 0.05 Bb 96.91 + 12.58 Ba
& 10% 83.33 & 5.09 ABbc 20.00 £ 0.00 Ab 2.84 + 0.16 Babc 21.90 4 3.19 BCb
15% 77.78 + 1.11 Ac 11.11 + 1.11 Cc 2.25 + 0.02 Bc 3.32 4+ 0.39 Bb
0% 82.22 + 1.11 Aa 17.78 4+ 1.11 Ca 1.71 4 0.01 Cab 72.99 + 6.18 ABa
C intri 5% 85.55 + 6.19 Aa 15.56 + 1.11 BCa 1.69 4 0.11 Cab 84.18 4+ 16.23 Ba
- intricata 10% 66.67 + 3.33 ABb 16.67 %+ 0.00 Ba 1.29 & 0.08 Cbc 60.35 + 14.33 BCa
15% 13.33 + 0.00 Cc 3.33 + 0.00 Cb 0.23 + 0.00 CcD 1.92 4 0.07 Bb
0% 93.33 £+ 5.09 Aa 17.78 + 4.00 BCa 1.03 % 0.05 Db 20.48 + 0.87 BCa
C. nanmonhmlia 5% 96.67 & 1.93 Aa 13.33 + 0.00 Ca 1.45 4+ 0.02 Ca 13.55 + 3.30 Babed
: piy 10% 75.56 + 1.11 ABb 13.33 + 0.00 Ca 0.78 + 0.01 CDbc 1.12 4 0.04 Cbc
15% 3.33 + 0.00 Dc 3.33 + 0.00 Cb 0.06 + 0.00 Dd 0.16 + 0.03 Bd
0% 91.56 + 1.67 Ab 10.00 + 0.00 Ca 0.87 + 0.08 Da 14.22 4+ 2.48 Cab
C. fruticosa 5% 98.34 + 1.67 Aa 1222 + 1.11 Ca 0.78 + 0.13 Da 9.51 + 0.84 Ba
' 10% 73.34 + 3.34 Bc 8.89 + 1.11 Da 0.52 +0.12 Db 0.74 +0.13 Cb
15% 0+0Dd -- -- --

Species (S)
PEG (P)
SxP

*%%

*%%

*3%%

%%

*%%

ks

X434

*3%%

%%
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Furthermore, PEG stress exerted different effects on the GP of the five species. Below
a PEG concentration of 10%, C. tangutica and C. glauca exhibited a GP above 20%, while
C. intricata, C. nannophylla, and C. fruticosa displayed a GP below 18% at any PEG concen-
tration. PEG stress significantly decreased the GP of C. tangutica, a 10% PEG concentration
significantly decreased the GP of C. glauca, and a 15% PEG concentration significantly
decreased the GP of all five Clematis species.

Drought stress generally decreased the GI and VI of the five species of Clematis.
However, exposure to 5% and 10% concentrations of PEG instead significantly promoted
the GI and VI of C. tangutica. Moreover, when exposed to a 15% PEG concentration,
C. tangutica exhibited significantly higher GP, GI, and VI compared to the other four species
of Clematis.

The GDTI of the five Clematis species under 5% PEG concentration stress were found
to be consistently above 0.93, and there were no significant differences observed among the
species (p > 0.05) (Figure 1). However, the GDTI of C. fruticosa was significantly reduced
under 10% PEG stress. At a concentration of 15% PEG, C. glauca maintained the highest
GDTIL, followed by C. tangutica, C. intricata, and C. nannophylla. C. fruticosa exhibited no
seed germination, resulting in a GDTI of 0.

B 5%
B 102
I 152

—_
SN
]

-
~
1

—
(]
|

S
=]
]

0.6

Drought tolerance index (GDTI)

C. tangutica  C. glauca  C. intricata C. nannophylla C. fruticosa

Species

Figure 1. The germination drought tolerance index (GDTI) of the five Clematis species exposed
to different concentrations (5%, 10%, and 15%) of PEG stress. Different uppercase letters indicate
the significant difference among species in the same PEG treatment, and different lowercase letters
indicate the significant difference among treatments for the same species according to Tukey’s HSD
test or Games-Howell’s test (p < 0.05). Bars and error lines represent means =+ SE (n = 3).

3.2. Photosynthetic Pigment Content

The results showed that the changes in the content of photosynthetic pigments (in-
cluding Chl a, Chl b, Chl a + b, and Car) in the five species of Clematis under different
concentrations of PEG stress were consistent. Chl a exhibited the highest content, followed
by chl b, while the Car content was the lowest (Figure 2A-D). In terms of photosynthetic
pigment concentration, C. intricata displayed higher levels compared to the other four
Clematis species under 0%, 10%, and 20% PEG stress. However, under 30% PEG stress,
C. intricata exhibited the lowest photosynthetic pigment content. The five species exhib-
ited two distinct patterns of changes in photosynthetic pigment content under different
PEG stress concentrations. The first pattern was observed in C. tangutica, C. glauca, and
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Chla (mg/g FW)

Chlash (mg/g FW)

s =

C. fruticosa. These species experienced decreases in photosynthetic pigment content when
subjected to 20% and 30% PEG stress compared to the control (0%), with C. tangutica and
C. fruticosa showing significant decreases under 20% PEG stress. However, C. glauca did not
exhibit any significant changes in photosynthetic pigment content under any PEG stress.
The second pattern, on the other hand, was observed in C. intricata and C. nannophylla
(Figure 2A-D). These species demonstrated reductions in photosynthetic pigment content
under 10% and 30% PEG stress compared to the control (0%), while their photosynthetic
pigment content increased under 20% PEG stress. The trend of the Chl a/b ratio in the
five Clematis species also exhibited two types: one was observed in C. tangutica, C. glauca,
and C. fruticosa, while the other was evident in C. intricata and C. nannophylla. C. intricata
displayed the lowest Chl a/b under the control treatment and 10% and 20% PEG stress,
and no significant differences in this ratio were observed among the five species under 30%
PEG stress (Figure 2E).

B =
o “1(B) — 1. (0)

0 A% . 0%
a

Chib (mg/g FW)
.

Car (mg/g FW)

=

C tamgutica . glanca  C. intricata C. nannophyllaC. fruticosa C. tangutica  C. glawca  C. intricata C. nannophyllaC. fruticosa C. tangutica  C. glanca  C. intricata C. nannophyllaC. fruticosa

Species

C. tangutica €. glowca

Species

" nannophyllaC. fruticosa

Species Species

p—
0% E=
1o
B 10% (E) 0
B 20% ] gre
- 505 ¥1an ance Jered xa I 30%
. 30% 2 A @ A 5
3

Figure 2. The chlorophyll a (Chl a) (A), chlorophyll b (Chl b) (B), carotene (Car) (C), chlorophyll a + b
(Chla + b) (D), and Chl a/b (E) of the five Clematis species exposed to different concentrations (0%,
10%, 20%, and 30%) of PEG stress. Different uppercase letters indicate significant differences among
species in the same PEG treatment, and different lowercase letters indicate significant differences
among treatments for the same species according to Tukey’s HSD test or Games-Howell’s test
(p < 0.05). Bars and error lines represent means + SE (n = 3).

3.3. Membrane Lipid Peroxidation (MDA)

Figure 3 shows the MDA content of the five species of Clematis under different concen-
trations of drought stress. The results indicated that drought stress significantly induced
MDA accumulation in all five species of Clematis. Specifically, there was a significant
increase in MDA content for C. intricata and C. nannophylla when exposed to PEG concen-
trations above 10%, and for C. glauca when exposed to PEG concentrations above 20%.
Similarly, C. tangutica exhibited a significant increase in MDA content when subjected to a
30% PEG concentration. Compared to the control, the MDA content increased by 88.49%
for C. tangutica, 151.05% for C. glauca, 436.94% for C. intricata, 38.30% for C. nannophylla,
and 210.30% for C. fruticosa, respectively.
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Figure 3. The membrane lipid peroxidation (MDA) content of the five Clematis species exposed to
different concentrations (0%, 10%, 20%, and 30%) of PEG stress. Different uppercase letters indicate
significant differences among species with the same PEG treatment, and different lowercase letters
indicate significant differences among treatments for the same species according to Tukey’s HSD test
or Games-Howell’s test (p < 0.05). Bars and error lines represent means + SE (n = 3).

3.4. Osmoregulatory Substances
3.4.1. Proline

Drought stress significantly induced the proline content of the five species of Clematis.
The highest proline production was observed at 10% PEG stress (except for C. glauca),
with proportions of 447.23%, 350.22%, 247.04%, and 475.20% of the control for C. tangutica,
C. intricata, C. nannophylla, and C. fruticosa, respectively. Although the proline content grad-
ually decreased under 20% and 30% PEG stress, it remained higher than the control. Among
the five species, C. intricata showed the highest proline content under any concentration of
PEG stress (Figure 4A).

% 1 0%
(B) = zo-’»'.

Soluble sugar (mg/g)
P P
Soluble protein (mg/g)

C. tangutica  C. glanca  C. intricota C. nannophylla C. fruticosa C. tangutica C. glauca  C. intricata C. nannophyila C. fruticesa C.tangutica C. glawca . intricata C. nannophylla C. fruticesa

Species

Species Species

Figure 4. The proline (A), soluble sugar (B), and soluble protein (C) content of the five Clematis species
exposed to different concentrations (0%, 10%, 20%, and 30%) of PEG stress. Different uppercase
letters indicate significant differences among species with the same PEG treatment, and different
lowercase letters indicate significant differences among treatments for the same species according
to Tukey’s HSD test or Games-Howell’s test (p < 0.05). Bars and error lines represent means + SE
(n=3).
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3.4.2. Soluble Sugar

Drought stress significantly increased the content of soluble sugars in all five Clematis
species. Notably, the application of 20% PEG stress resulted in the most substantial ac-
cumulation of soluble sugars (except for C. glauca): 20% PEG stress induced the highest
accumulation of soluble sugars, with increases of 157.60%, 210.36%, 173.22%, and 200.93%
compared to the control for C. tangutica, C. intricata, C. nannophylla, and C. fruticosa, respec-
tively. Under drought stress, C. intricata still exhibited the highest soluble sugar content
among the five species (Figure 4B).

3.4.3. Soluble Protein

Drought stress resulted in an increase in the soluble protein content across all five
species of Clematis. However, this difference was found to be significant under 20% PEG
stress in C. tangutica, C. glauca, and C. nannophylla. The induced soluble protein content
at this concentration was 113.09%, 122.65%, and 112.07% of the respective controls. The
soluble protein content of C. intricata significantly increased under 30% PEG stress, and the
content was 110.37% of the control (Figure 4C).

3.5. Antioxidant Enzyme Activity

We also measured the variations in SOD and POD activities in the leaves of the five
species of Clematis under drought stress. Figure 5 showed that the SOD and POD activities
in all five species displayed an initial increase followed by a subsequent decrease under
different concentrations of PEG stress. Specifically, exposure to 10% PEG stress led to the
highest SOD and POD activities in C. tangutica and C. intricata, while the maximum values
for C. glauca, C. nannophylla, and C. fruticosa were observed at a stress concentration of 20%
PEG (except for POD activity in C. nannophylla). Furthermore, the application of 30% PEG
stress resulted in a decline in SOD and POD activities across all five Clematis species, with
significant reductions observed in C. tangutica, C. intricata, and C. nannophylla compared to
the control.

0% 0%

B 10% B 10%
200 - (B) As I 20
Aa o I 30%

1
2 &
3 3

min™)

=, 400

SOD (U/mg)

300 4

POD (Ug

200

100 4

C. tangutica  C. glauca  C. intricata C. nannophylla C. fruticosa

C. tangutica  C. glauca

Species Species

Figure 5. The activities of superoxide dismutase (A) and peroxidase (B) of the five Clematis species
exposed to different concentrations (0%, 10%, 20%, and 30%) of PEG stress. Different uppercase
letters indicate significant differences among species with the same PEG treatment, and different
lowercase letters indicate significant differences among treatments for the same species according
to Tukey’s HSD test or Games-Howell’s test (p < 0.05). Bars and error lines represent means + SE
(n=3).

3.6. Correlation Analysis of Biochemical Parameters

Spearman correlation analysis (Figure 6) revealed a relationship among the leaf bio-
chemical parameters of the five Clematis species. A highly significant positive correlation
was observed among the contents of leaf photosynthetic pigments. The photosynthetic
pigment contents exhibited a highly significant correlation with POD activity, a positive
correlation with proline, and a negative correlation with MDA content. Additionally,
MDA content exhibited significant positive correlations with proline, soluble sugar, and
soluble protein.
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Figure 6. Correlation analysis among leaf biochemical parameters of the five Clematis species. Red

and blue represent positive and negative correlations, respectively. *, **, and *** indicate significance
at the 0.05, 0.01, and 0.001 probability levels, respectively.

3.7. Principal Component Analysis of Drought Stress on Biochemical Parameters

After investigating the effects of different PEG concentrations on the leaf biochemical
parameters of five Clematis species, we used the data to perform a PCA analysis in order
to compare the drought stress to these specific biochemical attributes. The data was
standardized, and the applicability of factor analysis was assessed by conducting the
Kaiser-Meyer-Olkin (KMO) test and the Bartlett test of sphericity (Table 2). The KMO
test yielded a value of 0.601, indicating a significant correlation among the parameters, as
confirmed in Section 3.5 (Figure 6). The Bartlett test of sphericity yielded a value of 377.283,
with a significance (Sig) value of 0.000. This suggested the rejection of the null hypothesis,
indicating that the parameters were correlated. Both test results demonstrated that the data
were suitable for PCA.

Table 2. Kaiser-Meyer—Olkin and Bartlett’s test of sphericity.

Kaiser-Meyer-Olkin Measure Bartlett’s Test of Sphericity
of Sampling Adequacy Approx. Chi-Square df Sig.
0.601 377.283 45 0.000

The PCA loading plot for the data described in Figures 2-5 is presented in Figure 7.
Principal component analysis revealed (Figure 7, Table 3) that the first three principal
components accounted for 37.7%, 19.8%, and 14.0% of the total variance, respectively. The
first principal component (PC1) exhibited a strong positive correlation with Chl a + b and
Chl b. The second principal component (PC2) demonstrated a strong positive correlation
with MDA and soluble sugar, as well as a moderate positive correlation with proline. The
third principal component (PC3) displayed a moderate positive correlation with SOD and
POD while exhibiting a moderate negative correlation with soluble protein.
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Figure 7. The loading plot of principal component analysis (PCA) of leaf biochemical parameters
from the five Clematis species.

Table 3. The component matrix and loading value based on principal component analysis (PCA).

Trait Principal Component Matrix Loading Value in PCA coordinate
i PC1 PC2 PC3 PC1 PC2 PC3
Chla+b 0.898166 —0.29269  —0.10972 0.462879 —0.20774  —0.09285
Chlb 0.84265 —0.25805  —0.08406 0.434269 —0.18316  —0.07113
Chla 0.756713 0.052037 —0.13174 0.38998 0.036935 —0.11148
Car 0.706306 —0.29639  —0.17745 0.364002 —0.21038  —0.15017
POD 0.704028 0.06238 0.598842 0.362829 0.044277 0.506769
MDA —0.1996 0.799024 —0.0162 —0.10287  0.567137 —0.01371
Soluble sugar 0.463494 0.784394 0.131438 0.238867 0.556752 0.111229
Proline 0.546876 0.54841 0.302547 0.281838 0.389254 0.25603
Soluble protein 0.03891 0.34796 —0.66086 0.020053 0.246978 —0.55925
SOD —0.3549 —0.25036  0.651161 —0.1829 —0.1777 0.551044
Eigenvalue 3.76 1.98 1.4
% of Variance 37.65 19.85 13.96

Based on the calculations of principal component scores and integrated scores (Table 4),
the highest total score was achieved by C. intricata under 20% PEG stress, followed by
C. intricata under 10% PEG stress. Conversely, the lowest total scores were observed in
C. nannophylla under 10% and 30% PEG stress conditions, respectively.

Table 4. The scores and ranking of the five species of Clematis under different drought stress treatment
based on principal component analysis (PCA).

PEG Con- Scores of Scores of Scores of Total

Species centration PC1 PC2 PC3 Scores Ranking

0% 0.82233 —1.59249 0.06814 0.003033 11

C. tanoutica 10% 2.132707 —0.58158 1.617117 0.913358 3
-t 20% —0.33127 0.409037 0.760033 0.062595 10
30% —0.70153 —0.33696 —0.5928 —0.4138 13

0% —1.11258 —1.05352 —1.4059 —0.82433 17

C. olauca 10% 0.663363 0.50142 0.06143 0.357869 7
-8 20% 0.592513 1.18162 0.695933 0.554809 5

30% 0.28381 0.615393 0.171397 0.252942 8
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Table 4. Cont.

Species PEG Con- Scores of Scores of Scores of Total Ranking
centration PC1 PC2 PC3 Scores
0% 3.27888 —1.89698 —0.20546 0.829306 4
. 10% 2.32559 1.024493 1.266317 1.25579 2
C. intricata 20% 3524363  0.876787 059474  1.584044 1
30% —1.46396 3.74688 —0.2289 0.160569 9
0% —1.86384 —1.63484 0.74267 —0.92255 18
C. nannophylla 10% —3.59216 —0.40989 1.556307 —1.21653 19
20% —0.79952 —1.55056 0.88603 —0.48508 14
30% —2.95242 —1.43539 0.349647 —1.34771 20
0% —0.42474 —0.9187 —2.33459 —0.66827 16
C. fruticosa 10% 1.865667 0.104093 —2.24638 0.409426 6
20% —1.16183 1.889727 0.351997 —0.01319 12
30% —1.08537 1.06146 —2.10772 —0.49228 15

4. Discussion

The effective selection of drought-tolerant ornamental germplasms is considered to be
very important in the breeding programs of urban drought-tolerant species. In view of the
fact that Clematis has not been used in cities in arid and semi-arid areas of Northwest China
at present, the purpose of this study was to determine the responses of five Clematis species
to drought stress at the germination and seedling growth stages in an attempt to find five
species of Clematis with strong drought tolerance.

Our research results showed that different species of Clematis exhibited different levels
of tolerance to drought stress. Seeds are the important material foundation for plant
reproduction and regeneration, playing a crucial milestone in the life cycle of plants [62].
Indicators related to seed germination, such as TG, GP, GI, and VI, were all affected by
drought stress in the five species of Clematis (Figure 1 and Table 1). The 15% PEG stress
significantly inhibited seed germination of the five Clematis species in this study (Table 1),
as is consistent with previous research findings [63-66]. This may be due to a negative
regulation of physiological mechanisms caused by drought stress, inhibiting seed water
uptake and thereby affecting seed germination [52]. In addition, the TG, GP, and GI of C.
intricata, C. nannophylla, and C. fruticosa under 15% PEG stress were significantly lower than
those of C. tangutica and C. glauca (Table 1). Although C. intricata, C. tangutica, and C. glauca
all belong to Clematis sect. Meclatis in taxonomy [21], C. nannophylla and C. fruticosa belong
to Clematis sect. Fruticella [22]. However, C. intricata and the other two sect. Fruticella plants
showed similar germination performances under drought stress, which may be related to
the environment of seed collection and dormancy. Dormancy, as a survival strategy, helps
plants avoid adverse conditions by delaying germination to ensure seed survival [67,68].
Research has shown that seeds can perceive environmental changes and continuously
adjust their dormancy levels [69]. Further research is needed to investigate the impact of
dormancy on seed germination under 15% concentrations of PEG. In our study, the TGs
of the five species of Clematis were all above 50% under 10% PEG, and even under 15%
PEG, the TGs for C. tangutica and C. glauca remained above 62.22% (Table 1), indicating
that C. tangutica and C. glauca had high tolerance to drought stress. Such results are further
supported by Figure 2, as GDTI is considered a reliable indicator of drought tolerance [53].

The VI and GI are highly sensitive to drought and can be considered as effective indi-
cators of drought tolerance in plants [70,71]. Our research results indicated that PEG stress
generally decreased the GI and VI of the five species of Clematis (Table 1), as is consistent
with previous studies on Triticum aestivum [72], Cicer arietinum [73], Sesamum indicum [70],
and other plant species [65,74]. However, our study also presented contrasting results. Low
concentrations of PEG stress (5% and 10%) increased the GI and VI of C. tangutica (Table 1),
which is similar to the results of soybean [31]. Notably, when exposed to 15% PEG stress,
the germination indices GI and VI of C. tangutica stood significantly higher than those of
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the other Clematis species (Table 1), indicating a robust resistance to drought stress in C.
tangutica. Furthermore, the complete absence of germination in C. fruticosa under 15% PEG
stress implied that the seeds of C. fruticosa exhibited maximum tolerance to water deficit
within a 15% PEG concentration threshold.

Chlorophyll serves as the photosensitive catalyst in plant photosynthesis, and its
concentration directly influences the efficiency of photosynthesis. Thus, the chlorophyll
content level can partly elucidate the photosynthetic capacity of leaves [75]. The current
research indicates that drought significantly decreased the levels of Chls and Car [76],
leading to a deceleration in plant growth [77]. However, in the present study, the concen-
trations of Chls and Car in the five species of Clematis exhibited an initial rise followed by a
decline under drought stress (Figure 2A-D). This phenomenon could be attributed to the
increased production of osmotic regulatory substances by these Clematis species under mild
to moderate drought stress, as these substances are either direct or indirect byproducts of
photosynthesis [78]. This result was verified in the correlation analysis (Figure 6). This
strategy of mitigating the impact of drought stress on the photosynthetic system may
act as a protective mechanism for these plants to adapt to arid conditions, suggesting
their resilience to mild and moderate drought stress levels without compromising plant
photosynthesis. Conversely, under high-intensity drought stress, there was an overall
decrease in photosynthetic pigment content among the five Clematis species, particularly in
C. intricata (Figure 2A-D), indicating high-concentration drought stress adversely affected
the photosynthetic activity, resulting in a reduction in pigment content. [79]. These findings
suggest that the five Clematis species have a certain level of tolerance to drought stress.

Research has shown that under drought conditions, the ratio of chlorophyll a/b in
plants remains unchanged, indicating that the decrease in the content of photosynthetic
pigments is mainly due to synthesis barriers rather than degradation [80]. Our research
findings indicated that, with the exception of C. intricata, the other four Clematis species
exhibited no significant difference in Chl a/b compared to the control across various levels
of drought stress (Figure 2E), which is consistent with the results of research on Lathyrus
sativus [79] and rice [81]. The elevated Chl a/b value in C. intricata under 30% PEG stress
(Figure 2E) suggests that this species not only has synthetic obstacles for chlorophyll, but
also that degradation of chlorophyll occurs under this concentration of drought stress [82].

The accumulation of MDA is positively correlated with the degree of lipid peroxidation
of the cell membrane [83,84], indicating the extent of damage to plant cell membranes [85].
Previous research has shown that drought stress results in an increase in MDA content
in leaves [86,87]. In this study, we also found that simulated drought stress with 30%
PEG significantly increased the MDA content in the leaves of the five species of Clematis
seedlings (Figure 3). Specifically, the MDA content of C. glauca and C. intricata increased
significantly under 20% PEG stress, while the MDA content of C. nannophylla and C. fruticosa
increased significantly under 10% PEG stress, and the MDA content of C. tangutica only
significantly accumulated under 30% PEG stress (Figure 3). This indicates different levels of
damage to the cell membranes of the five Clematis species under drought stress. Moreover,
the MDA accumulation induced by drought stress was attributed to the disrupted balance
between reactive oxygen species (ROS) production and clearance within cells [88], thus
reducing the cell’s ROS scavenging capability and accelerating membrane system damage.
In this study, it was found that the activities of SOD and POD significantly increased in
the five Clematis species under 10% and 20% PEG stress, whereas these activities exhibited
varying degrees of decline under 30% PEG stress (Figure 5A,B). This result further indicates
that high concentrations of drought stress result in the clearance rate of ROS being lower
than the production rate, leading to significant MDA accumulation.

Soluble sugars, proline, and soluble proteins are the most common compatible solutes
actively accumulated under drought stress to maintain high water potential and cell turgor
pressure, serving as the first line of defense against drought [36] without disrupting normal
cellular biochemical reactions [37]. Proline, a versatile molecule, plays essential roles in
regulating osmotic potential, scavenging free radicals, preserving membrane integrity, and
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adaptively responding to abiotic stress by increasing its concentration and accumulation in
plant cells [89,90]. In this study, drought stress induced significant accumulation of proline
in the leaves of the five species of Clematis (Figure 4A), as is consistent with previous
research results [91-93]. Notably, the content of proline accumulated under low and
moderate drought stress (10% and 20% PEG) was significantly higher than that under high
drought stress (30% PEG) (Figure 4A), indicating a certain resistance of the five species of
Clematis to low and moderate drought stress.

Numerous studies have demonstrated that the concentrations of soluble sugars and
soluble proteins increase in plants under drought stress [94-97]. In this study, the soluble
sugar content in the leaves of five Clematis species showed an increasing trend with increas-
ing drought intensity, but decreased after a certain point, overall remaining higher than
the control (Figure 4B). This phenomenon could be attributed to the multifunctionality
of soluble sugars in not only preventing cellular dehydration, but also safeguarding cell
organelles [79,98]. Elevated levels of this indicator enable plants to establish an osmotic
mechanism in the leaves, facilitating water absorption and aiding in photosynthesis to
sustain normal growth and development [99]. This was consistent with the correlation
analysis showing a positive relationship between soluble sugars and photosynthetic pig-
ments, particularly with Chl a (Figure 6). Similarly, the soluble protein content in the leaves
of the five Clematis species displayed varying degrees of escalation under drought stress
conditions (Figure 4C), owing to the ability of higher soluble protein levels to aid plants
in water retention, thereby aiding their adaptation to water-deficient environments and
enhancing the seedlings’ drought resistance capabilities [100,101]. The reduction in soluble
sugar and protein content under high-concentration drought stress indicated that the five
Clematis species possessed a degree of resilience to drought conditions, with C. intricata
notably maintaining elevated levels of both soluble sugar and protein under 30% PEG
stress, thus demonstrating significant tolerance.

Abiotic stresses, particularly drought stresses, can trigger a burst of ROS in plants,
resulting in increased accumulation of H,O,, hydroxyl radicals, and MDA, thereby impact-
ing plant growth and development [102,103]. SOD and POD are the key enzymes in the
protective enzyme system and play a key role in scavenging reactive oxygen species [82].
In this study, the change trend of SOD and POD activity was similar to that of osmotic
regulation substance content (Figure 5), and showed an upward trend under low and mod-
erate concentrations of PEG stress, which was consistent with the results of rapeseed [104],
spring wheat [105], and other plants [106,107]. The results showed that the five Clematis
species had certain adaptability to low and moderate PEG stress conditions. However,
under 30% PEG stress, with the exception of C. nannophylla, the SOD and POD activities
in the leaves of the remaining four Clematis species were lower than those in the control
(Figure 5), which can possibly be attributed to the excessive ROS production induced by
drought stress leading to a detrimental impact on antioxidant enzyme activity and cellular
function [52] and damaged cell function [8,38,39]. The determination of MDA content
(Figure 3) further supported the above results.

In the principal component analysis of 11 biochemical parameters and 20 treatments
(four concentrations of PEG stress and five Clematis species), the Kaiser-Meyer—-Olkin test
revealed a KMO value of 0.601 (Table 2), signifying a considerable correlation among the
parameters, as supported in Section 3.5 (Figure 6). Additionally, the Bartlett test of sphericity
yielded a value of 377.283 and a significance value of 0.000 (Table 2), indicating the rejection
of the unity matrix for correlations between the various indicators. Both of these statistical
tests confirmed that the data were suitable for further analysis. By evaluating the principal
component scores, variations in the biochemical parameters of the five Clematis species
under drought stress at different concentrations were investigated, and their aggregate
scores were ranked. The results in Table 4 showed that C. intricata was the top-ranking
species under diverse drought stress conditions, with C. glauca following closely behind,
while C. nannophylla and C. fruticosa exhibited lower rankings under differing drought
stress treatments. Therefore, C. intricata and C. glauca could be considered as promising
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species exhibiting strong drought resistance suitable for cultivation in arid to semi-arid
urban regions.

5. Conclusions

In conclusion, the results of this study indicate that the five species of Clematis showed
different seed germination and differences in the seedlings’ physiological indices under
different concentrations of drought stress. In terms of seed germination, C. tangutica exhib-
ited the strongest drought tolerance. The 15% PEG concentration was the limit threshold of
water for the seed germination of C. fruticosa. In terms of seedling physiological indices,
all five Clematis species showed a certain adaptability and resistance to low and medium
concentrations of drought stress, but high-concentration drought stress caused significant
damage. Through PCA analysis, it was concluded that C. intricata and C. glauca could be
promising candidates for breeding programs aimed at enhancing drought resistance in
plants intended for cultivation in arid and semi-arid regions.

Although this study investigated the differences in seed germination and physiological
indicators of seedlings from the five Clematis species under PEG-simulated drought stress,
further research is needed to examine their actual performance in urban greening, including
differences in seedling growth and responses to varying soil moisture content. In addition,
further long-term research is needed on the drought tolerance of these five species of
Clematis in the later stages of their life cycles, such as during and after the reproductive
growth period.
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