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Extensive studies have shown that the success of invasive plants in large environmental
gradients can be partly attributed to related factors, including phenotypic plasticity and
rapid evolution. To enhance their ability to compete and invade, invasive plants often
show higher morphological and physiological plasticity to adapt to different habitat
conditions. In the past two decades, invasive species have expanded to some new
habitats in North and Northwest China, including arid oasis agricultural zones, which
are disturbed by human activities, and the ecosystem itself is very fragile. To evaluate
the ecological adaptability of invasive plants widely distributed in North and Northwest
China, we studied the physiological response and tolerance mechanism of different
geographical populations of Solanum rostratum Dunal to different drought-stress
gradients in extremely arid regions (Xinjiang population) and semi-arid regions (Inner
Mongolia population). The results showed that with the aggravation of drought stress,
S. rostratum from different geographical populations adopted different physiological
mechanisms to drought stress. Xinjiang population was mostly affected by root/shoot
ratio and chlorophyll fluorescence characteristics, showing higher plasticity in the net
and total photosynthetic rates, while the Inner Mongolia population mainly relied on the
accumulation of osmotic adjustment substances, higher leaf dry matter content, and
increased malondialdehyde to cope with drought stress. Based on these results, we
concluded that the physiological responses of S. rostratum invading different habitats
in northern China to drought stress were significantly different. The drought resistance
of the Xinjiang population was higher than that of the Inner Mongolia population. In
general, S. rostratum can be widely adapted to both harsh and mild habitats through
phenotypic plasticity, threatening agricultural production and ecological environment
security in northern China.

Keywords: Solanum rostratum Dunal, invasive species, drought stress, functional traits, lipid peroxidation,
antioxidant enzyme activity
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INTRODUCTION

Biological invasion is increasing globally and causing significant
impacts on ecosystem functioning. Single invasive species can
alter ecosystem processes and adversely affect the environment.
Invasive plant species have been proven to displace native species,
change vegetation structure, reduce native biodiversity (Pysek
and Richardson, 2008; Hejda et al., 2009), undermine functioning
of the whole ecosystem, and cause significant economic losses
(Zavaleta, 2000; Powell et al., 2013). Previous studies indicated
that exotic plants can speedily respond to environmental
selection pressure (Losos et al., 1997; Bone and Farres, 2001);
however, there is significant adaptive genetic differentiation
among different populations of invasive plants on a short time
scale (Lee, 2002; Maron et al., 2004). For instance, studies on
the invasive plant Brumus tectorum showed that the populations
growing under different water conditions had adaptive evolution
to their habitats, making their local fitness significantly higher
than other populations (Rice and Mack, 1991). The invasive plant
Impatiens glandulifera, which is distributed in distinct latitudes,
showed differing genetic traits among growth characteristics,
such as plant height, basal diameter, biomass, and phenological
characteristics (flowering time) (Kollmann and Banuelos, 2004).
Local adaptations of invasive organisms have attracted the
attention of ecologists (Maron et al., 2004). Local adaptations are
an important factor to promote the invasive species to adapt to
the new environment, settle, and spread successfully (Sakai et al.,
2001; Bossdorf et al., 2005).

Solanum rostratum Dunal is native to Mexico and the
southwestern United States (Whalen, 1979), which was listed
in the first batch of “National key management alien invasive
species list” in China in 2013. S. rostratum has a strong breeding
and competitive ability and forms a dominant population and
encroached ecosystems in an invasive manner (Gao et al., 2005),
usually grows aggressively in habitats disturbed (Vallejo Marin
et al,, 2013), so as it is treated as a noxious weed (Bassett
and Munro, 1986). Since being discovered in Liaoning province
in the 1980s, it has spread to many provinces in northern
China (Zhao et al., 2013) and disturbed habitats, including
sandy land, abandoned fields, oasis farmland edge, both sides
of highways, roadsides, and riversides (Chen et al., 2013). These
distribution areas are thousands of kilometers away, and the
water conditions vary greatly. How S rostratum can survive,
spread, and form communities and compete with native species
in such vastly different habitats is an important research direction
in the mechanism of its regulation and physiological response
to drought stress.

To enhance their ability to compete and invade, alien plants
often show higher morphological and physiological plasticity to
adapt to different habitat conditions (Peng and Xiang, 1999).
Plants adopt diverse and complex physiological and biochemical
adaptive mechanisms to deal with drought stress (Neumann,
2008). In all these mechanisms, antioxidant enzyme system is
an important stress resistance mechanism for plants to cope
with various environmental challenges, plays a vital role in the
process of plant adaptation (Prasad, 1997; Hernandez et al., 2001;
Bor et al., 2003) and alleviation of damage caused by drought

stress (Wu et al., 2014, 2015). Environmental stress can promote
the increase of antioxidant enzyme activity to a certain extent
(Wu et al, 2011). Invasive plant Flaveria bidentis resists the
stress of low and medium concentration cadmium by increasing
the activities of superoxide dismutase (SOD), peroxidase (POD)
and catalase (CAT), and shows a strong tolerance to Cd stress
(Zhang et al., 2020). Invasive plant Eupatorium odoratum is
based on the continuous increase of protective enzyme activities,
such as superoxide dismutase (SOD), dehydroalbumin reductase
(DHAR) and APX, as well as a higher ratio of root to shoot and
water use efficiency to resist high and low temperature stress and
drought stress (Lu et al., 2006; Wu et al., 2007). Soil moisture is an
important limiting factor affecting plant growth and distribution
(Matesanz et al., 2015); therefore, it is of great significance to
study the drought tolerance of invasive plants to predict their
distribution range and prevention.

Due to environmental factors have a great impact on the
invasion process and mechanism, the same invasive plant
may show different invasion mechanisms through phenotypic
plasticity and adaptive evolution in different environments
(Wang et al., 2011). Invasive plant Abutilon theophrasti originally
from Asia invaded in North America. In soybean field, the
invasion is realized through increased plasticity of stem length,
but the decreased plasticity in corn field, through adaptation
mechanism (Weining, 2000). Plants occupying a wide ecological
range and diverse habitats often have phenotypic variations in
morphology, phenology, physiology, and life history, according
to changes in local ecological environment factors (Blossey and
Notzold, 1995; Siemann and Rogers, 2001; Ebeling et al., 2008).
However, it is unclear if this variation is a simple response of
plants to climatic conditions, or an adaptive evolution based on
local environmental conditions. This needs further experimental
proof, and a homogeneous nursery experiment is one of the most
widely used methods (Moloney et al., 2009).

MATERIALS AND METHODS
Sampling Area

From June to September 2018, four naturally growing
populations of S. rostratum were collected from Xinjiang and
Inner Mongolia. The field capacity of the Xinjiang population
was 21.1% in Tuokexun County (TKX) and 19.2% in Gaochang
district (GC), measured on August 7; the field capacity of Inner
Mongolia population was 17.81% in Kailu County (KL) and
14.33% in Ongniud Banner (WNT), measured on August 20.
The geographical location, habitat and related messages of the
groups are shown in Figure 1 and Table 1.

The Tuokexun population was collected from Tuokexun
County, Turpan Region, which belongs to the extremely arid
continental climate, in warm variable zones with low rainfall
and high evaporation. The climate is hot in summer; the annual
average precipitation is only 9.8 mm, and this area gets the least
precipitation in China. This region is windy, with an average
of 84 gale days. The collection sites are located on farmland
fields, and S. rostratum is an important dominant species in the
population. The relative abundance of S. rostratum was more than
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FIGURE 1 | Locations of seed collection sites for Solanum rostratum used in this study. The collection sites of Xinjiang were located in an extremely arid climate
region (A), mainly distributed in Tuokexun County (A, XJ-Point1, abbreviated as TKX) and Gaochang district (A, XJ-Point2, abbreviated as GC) of Turpan city. The
distribution habitat included farmland fields (C) and roadside communities (D). The collection sites in Inner Mongolia were in a semi-arid climate region (B), mainly
distributed in Ongniud Banner (B, NM-Point1, abbreviated as WNT) and Kailu County (B, NM-Point2, abbreviated as KL). The distribution habitat included river

83%, accompanied by Setaria viridis (L.) Beauv, Tribulus terrestris
(L.), Digitaria sanguinalis (L.) Scop., Alhagi sparsifolia Shap., and
the invasive plant Xanthium italicum Moretti.

The Gaochang population was collected from Gaochang
district, Turpan Region, which also belongs to the extremely
arid continental climate zone. The extreme high temperature in
summer is 49.6°C, and the surface temperature is more than
70°C. This place is often called “fire land” with low precipitation
and high evaporation, and a large daily and annual range of
temperature differences. The collection sites are located on
both sides of the road, so the soil particle size is larger than
Tuokexun sites. S. rostratum is a single dominant species in this
population; the relative abundance of S. rostratum was more
than 90%, accompanied by Tribulus terrestris (L.), Halogeton
glomeratus, Setaria viridis (L.) Beauv, Alhagi sparsifolia Shap., and
Hibiscus trionum L.

The Ongniud population was collected in Ongniud Banner,
which is located on the west edge of the Horgin sandy land,
belonging to semiarid climate and the upper reaches of the
West Liao River basin. Most of the areas belong to semi-arid

and semi-humid climate zones. The annual precipitation is
more than 370 mm, and summer precipitation accounts for
75% of the total annual precipitation. The collection sites are
located on river course in dry season, and the S. rostratum is
an important dominant species in this population; the relative
abundance of S. rostratum was more than 70%, accompanied
by Agriophyllum squarrosum (L.) Mo, Amaranthus retroflexus L.,
Chloris virgata Sw., Echinochloa crusgalli (L.) Beauv, and Digitaria
sanguinalis (L.) Scop.

The Kailu population was collected in Kailu County, located
in the temperate continental semiarid monsoon climate zone
belonging to the lower reaches of the West Liao River basin.
The annual precipitation is more than 338.3 mm. The collection
sites are located on the grassland of the Laoha River (tributary of
Liaohe River), and the soil is moist. S. rostratum grows alongside
Chloris virgata Sw., Leymus chinensis (Trin.) Tzvel., Artemisia
halodendron Turcz. et Bess., Digitaria sanguinalis (L.) Scop,
Tribulus terrestris (L.), Agriophyllum squarrosum (L.) Mogq., and
Echinochloa crusgalli (L.) Beauv, forming a community with high
diversity. The relative abundance of S. rostratum is 57%.
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TABLE 1 | Origin of materials and number of samples for different populations of Solanum rostratum in China.

Population Location(country) Number of plants Latitude(°N) Longitude(°E) Habitats Voucher

TKX1 Tuokexun 15 42°32'24" 88°13'18” farmland Yu20190101-(1-15)
TKX2 Tuokexun 15 42°38'16" 88°8'52” roadside Yu20190102-(1-15)
TKX3 Tuokexun 10 42°36'57" 88°19'26” farmland Yu20190103-(1-10)
TKX4 Tuokexun 10 42°45'51" 88°53'52" roadside Yu20190104-(1-10)
TKX5 Tuokexun 8 42°52'44" 88°44'42" bareland Yu20190105-(1-8)
GC1 Gaochang 15 42°57'25" 89°13'22” roadside Yu20190201-(1-15)
GC2 Gaochang 13 42°57'39" 88°53'34” roadside Yu20190202-(1-13)
GC3 Gaochang 15 42°53'24" 89°01'16” bareland Yu20190203-(1-15)
GC4 Gaochang 15 42°42'25" 89°6'21” bareland Yu20190204-(1-15)
GC5 Gaochang 15 42°41'34" 89°10'11” roadside Yu20190205-(1-15)
WNT1 Ongniud 15 43°22'28" 119°3122” river course in dry season Yu20190301-(1-15)
WNT2 Ongniud 15 43°9'11” 120°18'10” roadside Yu20190302-(1-15)
WNT3 Ongniud 15 43°5'16" 120°19'37” roadside Yu20190303-(1-15)
WNT4 Ongniud 15 43°11'34" 120°25'26" river course in dry season Yu20190304-(1-15)
WNT5 Wengniute 15 43°19'51” 120°32'16” river course in dry season Yu20190305-(1-15)
KLA Kailu 13 43°24'08” 120°39'3” grassland Yu20190401-(1-13)
KL2 Kailu 15 43°25'55" 120°44/24” grassland Yu20190402-(1-15)
KL3 Kailu 15 43°29'22" 120°49'30” farmland Yu20190403-(1-15)
KL4 Kailu 9 43°32'27" 120°53'34” roadside Yu20190404-(1-9)

Experimental Design and Treatments

A homogeneous nursery was formed in the greenhouse of
the Plant Physiology Laboratory of Agricultural and Ecological
Department, Northwest Institute of Eco-Environment and
Resources (NIEER), Chinese Academy of Sciences, from June
to August 2019. The seeds, which had been treated by
low temperature (4°C) for 48 h, were seeded into the
cultivation grid containing mixed soil (volume ratio, garden
soil: sand = 1:1). Fifteen seeds were planted in each grid at
a depth of 0.5-1.0 cm. After germination to the emergence
of the first true leaf, each population were selected and
transplanted into plastic pots (15 cm in diameter and 18 cm
in depth); among them, Xinjiang population (TKX and GC
sites) planted 60 seedlings respectively, and Inner Mongolia
population (WNT and KL sites) planted 70 seedlings respectively.
We planted 260 plants in 130 pots, before the breeding
period, these plants were deeply planted in the soil of the
biological garden.

Seedlings were subjected to different water conditions using
polyethylene glycol (PEG 6000). Four water treatments were
designed for the drought stress gradient, the mass concentration
of PEG 6000 was 0, 150, 200 and 300 g/L respectively,
corresponding solution osmotic potential (*¥o) was about 0 MPa
(control, CK), — 0.38 MPa (light drought, LD), — 0.61 MPa
(moderate drought, MD) and —1.20 MPa (severe drought, SD)
(Michel and Kaufmann, 1973). When the third true leaf of the
seedlings was unfolded, seedlings with the same growth trend
were selected for further analyses.

When the third true leaf of seedlings of each geographical
population expands, seedlings with the same growth trend are
selected. Four treatments were set for each population, five
replicates were set for each treatment, and three seedlings were
selected for each replicate for drought stress treatment.

In drought treatment, plants were watered twice a week
with PEG 6000 solution. All experiments were conducted in a
controlled environment chamber under the following conditions:
long-day photoperiod (14 h of light), 23°C during the day,
15°C at night, and 40-80% relative humidity. The experiments
started on August 10 and ended on August 25 and were
kept for 15 days.

Determination of Plant Functional Traits
Plant height was measured with a steel tape and vernier caliper
(the accuracy is 0.02 mm). Leaves that were free of diseases
and fully extended were harvested and taken immediately to the
laboratory. The fresh weight of the leaves was obtained on an
electronic balance scale to the nearest one-millionth. The leaves
were immersed in distilled water for 24 h. Excess water on the
leaf surface was absorbed by filter paper, and the saturated fresh
weight of the leaves was measured. The soaked leaves were then
placed into an oven at 65°C and dried to a constant weight.
These procedures were repeated three times. Leaf relative water
content (LRWC) and leaf dry matter content (LDMC) (Izanloo
et al., 2008) were also determined. The whole plant was divided
into aboveground and underground parts, washed with distilled
water, sterilized in 105°C ovens for 15 min, and dried at 65°C
to a constant weight. The dry matter content of aboveground
and underground parts was weighed to calculate the root/shoot
ratio (R/S). The calculation formula of each value are shown in
Supplementary Table 2.

Determination of Chlorophyll Content
and Chlorophyll Fluorescence

Parameters
Mature spreading leaves at the top of the plants were cut and
crushed. Extract solution (50 mL; V cthanol: V acetone = 1:1) was
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added to 0.2 g of leaves. Extraction was performed at 25°C in
the dark for 24 h, and absorbance was measured at 440, 645,
and 663 nm to determine the content of chlorophyll in the leaves
(Pavlovi¢, 2011).

Chlorophyll fluorescence parameters were determined by
a chlorophyll fluorescence instrument (Hansatech, England)
(Baker, 2008). The initial fluorescence (F,) was determined by
irradiating the measuring light < 0.5 pwmol/(m?-s), and the
maximum fluorescence (Fy,) was detected by irradiation with
saturated pulses [2800 wmol/(m?-s)] after dark adaptation for
20 min. Then open endogenous photochemical light for 5 min
to determine the steady state fluorescence (F;). The saturated
pulse [2800 pwmol/(m?-s)] interval was set to 20 s to measure
the maximum fluorescence (Fy,’) under light adaptation. Fy was
calculated by subtracting F,, from Fp,. The calculation formula of
the maximum photochemical efficiency and the photochemical
quenching coeflicient are shown in Supplementary Table 2.

Determination of Malondialdehyde and

Antioxidant Enzyme Activity

The content of malondialdehyde (MDA) was determined by the
thiobarbituric acid (TBA) method (Wang et al., 2010). A 0.5-g
leaf sample was added to 5 mL 10% trichloroacetic acid (TCA),
and the homogenate was centrifuged for 10 min; 2 mL of
supernatant was mixed with 2 mL of 0.6% TBA. After 10 min
in a water bath at 100°C, the supernatant was cooled and
centrifuged. The absorbance of the supernatant was measured
at 450, 532, and 600 nm. The calculation formula are shown in
Supplementary Table 2.

The extraction method of Mishra et al. (2006) was used
for antioxidant enzyme activity determination. Briefly, a 0.5-
g leaf sample was placed in a precooled mortar (ice bath),
and 1-mL phosphate buffer was added to grind the sample
into a slurry. Buffer (5 mL) was added, and the solution was
centrifuged at 4°C for 10 min. The supernatant was the crude
enzyme solution, which was used to measure the activity of
antioxidant enzymes. The activity of superoxide dismutase (SOD)
was measured spectrophotometrically at 560 nm by the nitro blue
tetrazole (NBT) method (Stewart and Bewley, 1980); the 50%
inhibition of NBT photoreduction was regarded as an enzyme
activity unit. The activity of POD was measured by the guaiacol
method, and the absorbance of crude enzyme solution at 470 nm
was determined by absorption spectrophotometry (Shah and
Nahakpam, 2012). The activity of catalase (CAT) was detected by
the absorbance of the crude enzyme at 240 nm. One CAT unit
was the amount of A4 that decomposed 1 pmol H,O, per min
at 25°C (Aebi, 1984).

Determination of Osmotic Regulation

Substances

The content of free proline was measured by acid ninhydrin
colorimetry. The absorbance of the supernatant was measured
spectrophotometrically at 520 nm (Bates et al, 1973). The
content of soluble protein (SP) was determined by the Coomassie
Brilliant Blue G-250 staining method and measured with a
spectrophotometer at 595 nm (Bradford, 1976). The content

of soluble sugars (SS) was determined by anthrone colorimetry
and measured with a spectrophotometer at 620 nm (Buysse and
Merckx, 1993). Proline was expressed as jLg/g of fresh weight of
the leaf (FW), and the soluble sugars and soluble proteins were
expressed as mg/g of FW.

Data Analysis

The collected sites and climatic regionalization method of four
geographic populations of S. rostratum were established on
the “China Meteorological background data set” provided by
the Resource and Environment Science and Data Center using
ArcGIS 10.2 in the GCS_WGS_1984 coordinate system.

A two-way analysis of variance was used to calculate the
effect of drought stress on the functional and physiological
indices of S. rostratum. Before variance analysis, the Shapiro Wilk
test was used to test the validity of the normality hypothesis,
as well as the Levene test to determine the homogeneity of
variance. If variance analysis was satisfied, the effects of different
populations and drought stress on the main and interactive effects
of physiological indices of S. rostratum were tested by two factor
ANOVA, and then the Duncan test was used to compare the
effects. Principal component analysis (PCA) was used to analyze
the physiological response indices of S. rostratum under different
drought-stress conditions. SPSS 22.0 was used for data analysis;
column diagrams were drawn with Origin software (Origin Pro
2021). The corresponding relationship and principal component
analyses were carried out by R language software (version r3.6.3).

RESULTS

Response of Plant Functional Traits to
Drought Stress

There was a significant interactive effect between different
populations and drought-stress conditions on the functional
traits of S. rostratum. Under the no stress condition, the
height of the Inner Mongolia populations (KL: 10.5 cm; WNT:
10.7 cm) were significantly higher than that of the Xinjiang
populations (TKX: 9.6 cm; GC: 9.2 cm) (p < 0.01). Compared
with the control, in the MD condition, the height of WNT
(5.92 cm) decreased 44.67%, KL (5.91 cm) decreased 43.71%,
TKX (6.03 cm) decreased 37.19%, and GC (6.11 cm) decreased
33.58%. In the SD condition, the height of Inner Mongolia
populations decreased (KL: 4.98 cm, decreased 52.57%; WNT:
4.96 cm, decreased 53.64%) more than that of the Xinjiang
populations (TKX: 5.12 c¢m, decreased 46.47%; GC 5.05 cm,
decreased 45.11%) (Figure 2A).

Leaf relative water content decreased with the increased
drought-stress concentration (Figure 2B). Under no stress
conditions, the LRWC of S. rostratum from the four sampling
sites exceeded 80%, with the WNT population being nearly 90%.
In the LD condition, the LRWC of the KL and WNT populations
declined, but still exceeded 75%, which was significantly higher
than the GC and TKX populations (p < 0.01). The four
populations under stress showed a significant decrease in the
overall LRWC, and Inner Mongolia populations decreased more
than those from Xinjiang in the whole process of stress.
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FIGURE 2 | Change in functional traits of different geographical populations of Solanum rostratum under drought stress. Plant height [Height (cm)] (A), leaf relative
water content [LRWC (%)] (B), leaf dry matter content [LDMC (mg/g)] (C), and root shoot ratio [R/S (%)] (D) of treatments with the indicated polyethylene glycol
concentrations. The blue column represents the GC site, yellow column represents the TKX site, red column represents to KL site, and green column represents the
WNT site. Different lowercase letters indicate a significant difference under drought stress in S. rostratum populations, according to Duncan’s test (« = 0.05). C refers
to the differences among drought-stress concentrations; L refers to the differences among each geographical population; C x L refers to the interaction between
populations and concentration. The significant change in functional traits between the four collection sites was shown by the significance of population-stress
treatment interactions. Asterisks indicate a significant difference (*, p < 0.05; **, p < 0.01; ***, p < 0.001). Refer to statistics in Supplementary Table 1.
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The response of LDMC to drought stress was significantly
diverse (p < 0.01). Under CK conditions, the LDMC content
of GC (261.1 mg/g) and TKX (258.3 mg/g) populations were
higher than KL (249.7 mg/g) and WNT (245.6 mg/g). The
LDMC of the four collection sites differed remarkably under LD
conditions. The populations of Xinjiang (TKX: 278.4 mg/g; GC:
273.5 mg/g) had a significantly higher LDMC than the sites of
Inner Mongolia (KL: 253.3 mg/g; WNT: 255.2 mg/g) (p < 0.01);
however, under MD conditions, the LDMC of KL (278.9 mg/g)
and WNT (281.5 mg/g) populations was largely increased, but
GC (268.4 mg/g) and TKX (260.2 mg/g) decreased. The LDMC
of the four collection sites increased under SD conditions, the
WNT population had the highest and the TKX population had
the lowest LDMC, and there was a significant difference among
the four sites (p < 0.01) (Figure 2C).

With the increase of drought stress, the R/S of the four
collection sites of S. rostratum showed an increasing trend
(Figure 2D). Under CK, the R/S of Inner Mongolia populations
(KL: 0.073; WNT: 0.073) was lower than that of Xinjiang

populations (TKX: 0.082; GC: 0.084). Compared with the control,
in LD stress, the R/S of the GC (0.139) population increased
by more than 47.5%, which was significantly higher than that
of the TKX (increased 43.67%), KL (increased 43.01%), and
WNT populations (increased 41.78%). Under MD and SD stress,
the R/S of the TKX (0.137) site increased significantly and was
higher than other sites. The WNT (0.121) population had the
lowest R/S under those stress conditions. The four populations
under stress showed a significant increase under stress; the R/S
of Xinjiang populations was always higher than that of Inner
Mongolia populations under stress.

Response of Chlorophyll Fluorescence

to Drought Stress

The chlorophyll content of the TKX site was higher than that
in other sites under control conditions (p < 0.01). In LD stress,
the KL and WNT populations showed a significant downward
trend, and the chlorophyll content of the Xinjiang populations

Frontiers in Plant Science | www.frontiersin.org

November 2021 | Volume 12 | Article 733268


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Yu et al.

Drought Stress Influences of S. rostratum

35 0.9
A I G TR X[ K WN'T Cox* B . I G TR X[ K L WN'T Cx
a | Be b 0.8 b be a L:**
3.0 L Ol ==
s ¢ a &
b a 0.7
2.5 < b
: 0.6
;:: 2.0 £05
2 g
S5 K 0.4
O
0.3
1.0
02
0.5
0.1
0.0 0.0
D MD SD
c 10
I G| TR X[ K1 WNT [
L:#*
ek
08 . CxL:
b
c
d
0.6
=9
[=2
0.4
0.2
0.0
CK LD MD SD
FIGURE 3 | Effects of drought stress on the photosynthetic characteristics of different geographical populations of Solanum rostratum. Changes in leaf chlorophyll
(A), maximal chemical efficiency (Fv,Fm) (B), and dynamics of photochemical quenching (gP) (C) of S. rostratum under different drought-stress concentrations. The
blue column represents the GC site, yellow column represents the TKX site, red column represents to KL site, and green column represents the WNT site. Different
lowercase letters indicate a significant difference under drought stress in S. rostratum populations, according to Duncan’s test (a = 0.05). C refers to the differences
among drought-stress concentrations; L refers to the differences among each geographical population; C x L refers to the interaction between populations and
concentration. The significant change in functional traits between the four collection sites was shown by the significance of population—stress treatment interactions.
Asterisks indicate a significant difference (*, p < 0.05; **, p < 0.01; ***, p < 0.001). Refer to statistics in Supplementary Table 1.

was higher than those of the Inner Mongolia populations. Under
MD stress, the GC and TKX populations decreased significantly
and were still higher than Inner Mongolia populations. Under
SD stress, chlorophyll content of the TKX population was
the highest, and compared with CK condition, chlorophyll
content in Inner Mongolia populations (KL: decreased 26.09%;
WNT: decreased 25.85%) decreased more than that in Xinjiang
populations (GC: decreased 24.01%; TKX decreased 20.52%;
p < 0.01; Figure 3A).

The maximum photochemical efficiency of S. rostratum
seedings declined with increased drought stress and decreased
significantly under MD drought stress, reaching the lowest
efficiency under SD stress. Compared with the CK condition,
the Fy/Fp, values of each S. rostratum population decreased to
the lowest values under SD stress; these values decreased by
24.35% in KL, 24.01% in GC, 22.99% in WNT, and 22.63%
in TKX (p < 0.01). Two-way ANOVA analysis showed that
the interaction between populations and concentration was not
significant (p < 0.05) (Figure 3B).

Compared with those under CK condition, the gP of the
KL population under LD stress decreased (5.65%), and WNT

decreased slightly (1.75%). Under MD stress, compared with the
control, the gP of KL declined more than at other sites (p < 0.01).
Under SD stress, the gP of each collection site decreased.
Inner Mongolia populations decreased (KL decreased 19.76%,
WNT decreased 19.45%) more than Xinjiang populations (GC
decreased 15.17%, TKX decreased 17.75%). The decline rates
were as follows: 27.6% in KL; 35.6% in WNT; 30.1% in TKX; and
31.1% in GC (Figure 3C).

Oxidative Stress Responses and
Antioxidant Enzyme Activity in Different

Treatments

Under different concentrations of PEG, the content of MDA was
positively correlated with PEG concentration, and the content
of MDA increased with the increase of PEG concentration
(Figure 4A). Under LD stress, the MDA content in the four
populations of S. rostratum seedlings was more notable than
that of the control. The increase in MDA content was highest
in the TKX population (51.68%), which was not significantly
different from that of the Inner Mongolia populations; however,
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FIGURE 4 | Effects of drought stress on malondialdehyde (MDA) accumulation and antioxidant enzyme activity of different geographical populations of Solanum
rostratum. Changes in MDA (A), superoxide dismutase (SOD) (B), peroxidase (POD) (C), and catalase (CAT) (D) of S. rostratum under different drought-stress
concentrations. The blue column represents the GC site, yellow column represents the TKX site, red column represents to KL site, and green column represents the
WNT site. Different lowercase letters indicate a significant difference under drought stress in S. rostratum populations, according to Duncan’s test (a = 0.05). C refers
to the differences among drought-stress concentrations; L refers to the differences among each geographical population; C x L refers to the interaction between
populations and concentration. The significant change in functional traits between the four collection sites was shown by the significance of population-stress
treatment interactions. Asterisks indicate a significant difference (*, p < 0.05; **, p < 0.01; ***, p < 0.001). Refer to statistics in Supplementary Table 1.
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the growth rate of the GC population was the lowest (41.39%).
The MDA content of the Inner Mongolia populations was
found to be remarkably higher than that of the Xinjiang
populations, and differences with the corresponding control
were observed under MD stress. Severe drought stress induced
a remarkable increase in MDA content in each population
compared with that in the control conditions, whereas the
WNT population had a higher content than other sites
(p < 0.05).

With the increase of drought stress, the SOD activity of
S. rostratum seedlings showed an upward trend (Figure 4B).
The SOD content of the Xinjiang populations was higher than
that of the Inner Mongolia populations in control conditions.
SOD activity of the GC population was increased higher
(27.82%) than other sites in LD stress. The SOD activity
of each site increased significantly (p < 0.001) compared
with the control, while Inner Mongolia populations had
higher activity than Xinjiang populations in MD and SD
stress conditions.

The POD activity of S. rostratum increased along with
increased drought stress (Figure 4C). The POD activity of the
Inner Mongolia populations increased more than that of the
Xinjiang populations under MD stress conditions. Under SD
stress, POD of the Xinjiang populations (GC: 110.306 Ug~!.
FW; TKX: 108.892 Ug~!. FW) increased significantly more than
the Inner Mongolia populations (KL: 90.672 Ug~!. FW; WNT:
89.766 Ug~ 1. FW) (p < 0.001). Xinjiang sites mainly depended
on increasing POD activity to resist the oxidative damage caused
by drought stress.

The CAT activity of S. rostratum at each collection site
increased significantly along with the increase in drought stress
(p < 0.001). Under LD and MD stress, CAT activity of the
Inner Mongolia populations was higher than that of the Xinjiang
populations, and when the stress intensity was severe, CAT
activity at the Xinjiang site was higher than that of the Inner
Mongolia sites. Increased CAT activity was an adaptive strategy
of the Xinjiang populations to resist the oxidative damage caused
by severe drought stress (Figure 4D).
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FIGURE 5 | Effects of drought stress on the osmoregulatory substances of different geographical populations Solanum rostratum. Changes in proline (A), soluble
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traits between the four collection sites was shown by the significance of population-stress treatment interactions. Asterisks indicate a significant difference (*,
p <0.05; ", p <0.01; **, p < 0.001). Refer to statistics in Supplementary Table 1.

Changes in Osmoregulatory Substances

to Drought Intensity

With the increase of drought intensity, the content of proline
in the stems and leaves of different geographical populations of
S. rostratum increased gradually (Figure 5A). The free proline
content in stems and leaves of S. rostratum in Inner Mongolia
collection sites was higher than that in Xinjiang sites during
the whole experimental period. The free proline content in
Inner Mongolia populations (WNT: 220.09 mg g~! FW; KL:
215.91 mg g~ ! FW) was significantly higher than that in Xinjiang
populations (TKX: 203.02 mg g~ ! FW; GC: 198.87 mg g~ ! FW)
under SD stress (p < 0.001).

The change in soluble protein content of different
geographical populations of S. rostratum was increased along
with drought intensity. In the control, the soluble protein content
of the WNT population (21.098 mg g~ FW) was highest, and
the GC population (18.63 mg g~! FW) had the lowest content.
Under MD stress, Inner Mongolia populations (KL: 28.928 mg

g~ ! FW; WNT: 27.874 mg g~! FW) had a higher soluble
protein content than Xinjiang populations (TKX: 26.96 mg g~
FW; GC: 25.918 mg g~ ! FW), and the soluble protein content
of the Xinjiang populations increased the most (p < 0.001).
Under SD stress, the soluble protein content of the Xinjiang
site began to decline compared with that under the MD stress
condition, while that in Inner Mongolia populations continued
to increase (Figure 5B).

With increased drought stress, the soluble sugar content
of different populations of S. rostratum increased, reaching
a maximum under MD stress treatment (Figure 5C). Under
control, LD and MD drought-stress conditions, the soluble sugar
content in Inner Mongolia populations was higher than that in
Xinjiang populations. Under SD stress, soluble sugar content of
the Inner Mongolia populations (WNT: 84.86 mg g~ ! FW; KL:
81.01 mg g~ ! FW) decreased slightly, while that in the Xinjiang
populations (GC 80.04 mg g~! FW, TKX 80.97 mg g~! FW)
continued to increase (p < 0.05).
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Relationship Between Responses of
S. rostratum to Drought Stress by
Correlations Analysis and Principal

Component Analysis

Two principal components were extracted from these measured
parameters of each population using the principal component
analysis method. In the four PCAs shown, two components
with an Eigenvalue equal to or greater than 1 explained a
cumulative percentage of variance was over 80.25% (Figure 6).
Under CK condition, GC collected site gathered around Fv/Fm
and gP (Figure 6A), proline was positively correlated with
SOD and soluble sugar, but negatively correlated with POD
(p < 0.01, Supplementary Figure 1A); TKX collected site close
to chlorophyll (Figure 6A), MDA was significantly positive
correlated with POD and F,/F,, (p < 0.001); soluble sugar
was significantly negative correlated with SOD (p < 0.001,
Supplementary Figure 1B); KL collected site nearby POD,
MDA, CAT and soluble proteins (Figure 6A), gP was
obviously negative correlated with proline, CAT and height
(p < 0.001, Supplementary Figure 1C); height was obviously
positive correlated with CAT (p < 0.001, Supplementary
Figure 1C); WNT collected site close to proline, soluble
proteins, soluble sugars and height (Figure 6A), correlation
between POD and MDA was significant positive (p < 0.001,
Supplementary Figure 1D).

Under LD stress, the GC nearby SOD, F,/F; and R/S
(Figure 6B), soluble sugar was obviously positive correlated
with CAT, POD was obviously positive correlated with height
(p < 0.001, Supplementary Figure 2A); the TKX site close
on chlorophyll, LDMC and height (Figure 6B), soluble sugar
was significantly negatively correlated with Fy/Fp (p < 0.001,
Supplementary Figure 2B); the KL site correlated with soluble
proteins, proline and CAT (Figure 6B), the measurement index
with significant negative correlation is: proline with MDA and
soluble sugar, LDMC with soluble sugar and proline, Fy/Fy, with
SOD (p < 0.001, Supplementary Figure 2C); the WNT site
close to soluble proteins, CAT and soluble sugars (Figure 6B),
soluble sugar was negatively correlated with CAT (p < 0.01,
Supplementary Figure 2D).

Under MD stress, the GC population gathered around
Fy/Fp and R/S (Figure 6C), the soluble proteins is significantly
negatively correlated with gP, MDA was significantly negatively
correlated with LDMC (p < 0.001, Supplementary Figure 3A);
TKX site close to height (Figure 6C), SOD was negatively
correlated with R/S, MDA, and soluble proteins (p < 0.01,
Supplementary Figure 3B); the KL site nearby SOD, SOD
was significantly negatively correlated with R/S (p < 0.001,
Supplementary Figure 3C); the WNT population gathered
around MDA, POD and soluble sugar (Figure 6C), soluble
sugar was negatively correlated with CAT (p < 0.01,
Supplementary Figure 3D).

Under SD stress, the GC site close to gP and R/S (Figure 6D),
height was significantly negatively correlated with proline, LRWC
was significantly negatively correlated with proline and gqP
(p < 0.001, Supplementary Figure 4A); TKX site close to
height, chlorophyll and CAT (Figure 6D), the measurement

index with significant negative correlation is: proline was
with SOD and gP, chlorophyll with height, soluble proteins
with POD (p < 0.001, Supplementary Figure 4B). KL site
nearby LDMC and SOD (Figure 6D), the measurement index
with negative correlation is: POD with gP, soluble protein
and soluble sugar, MDA with soluble sugar and chlorophyll
with CAT (p < 0.01, Supplementary Figure 4C), SOD was
positively correlated with POD (p < 0.01, Supplementary
Figure 4C). WNT site nearby proline, MDA and soluble sugars
(Figure 6D), proline was significantly negatively correlated
with MDA, POD was significantly negatively correlated with
Fy/Fp (p < 0.001, Supplementary Figure 4D), and MDA was
significantly positively correlated with CAT and soluble proteins
(p < 0.001, Supplementary Figure 4D). Based upon the principal
component loadings, the resistance of Xinjiang population to
drought stress is related to chlorophyll fluorescence content
and functional traits, however, the resistance of Inner Mongolia
population to drought stress is related to the increase of osmotic
regulators and LRWC.

DISCUSSION

The alien invasive plants cushion the selection pressure brought
by the new environment through phenotypic plasticity (Feng
et al., 2009), adjusting their morphological and physiological
characteristics to those compatible with the invasive place
(Scheiner, 1993; Pigliucci, 2005). Different populations of
invasive plant Alternanthera philoxeroides allocated much more
biomass to the belowground roots in the terrestrial environment
to colonize both aquatic and terrestrial habitats (Geng et al.,
2007). At different stages of invasion, invasive plants make
local adaptation to the water environment gradient of the
invasion site through the changes of a series of functional traits
such as physiological response (Rice and Mack, 1991; Leger
and Rice, 2007; Liu et al., 2010). In our field investigation,
S. rostratum, which is distributed in northern and west China, can
survive in habitats with different natural environments, especially
in the extremely arid areas of Xinjiang, and form dominant
communities in a short time, indicating that this invasive plant
has strong tolerance to drought stress. Studying its response
mechanism to drought stress is the basis for understanding the
phenotypic plasticity and adaptive evolution of S. rostratum to
invasive environment.

Adaptive Changes in Growth Traits

Plant growth traits are the most direct response to environmental
changes. Plants of different geographical populations have
different sensitivity to environmental ecological factors. Under
stress, invasive plants acquire resources, occupy habitats and
enhance invasive energy by changing their morphology, growth,
biomass allocation and physiological characteristics (Richards
et al., 2006; Hulme, 2007). For instance, when ragweed is
subjected to salinity stress, it adapts to drought stress and salt
stress environment by changing biomass allocation (performance
maintenance) (Onen et al, 2017). The study of 26 different
populations of Chromolaena odorata showed that this invasive
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plant adapted to different environments by regulating biomass
allocation (Liao et al, 2020). In our research, when the
hydrothermal condition was normal (CK condition), the plant
height of the Inner Mongolia populations was obviously higher
than that of the Xinjiang populations, and the R/S was lower than
that of the Xinjiang population, which is consistent with what we
have observed in the wild. At sampling sites in Inner Mongolia,
S. rostratum concentrates more resources on the above-ground
part to promote growth, the communities with larger crowns
and higher dominance have been formed in the wild, while
the underground part is not developed. The plant height of
S. rostratum at sampling sites in Xinjiang is obviously lower
and the crown width is also smaller, but the underground part
is significantly longer than those at the sampling sites in Inner
Mongolia, which is consistent with the growth characteristics of
plants in most arid areas (Silvertown et al., 2015). The LRWC
of Inner Mongolia population is higher than that of Xinjiang
population in the whole experimental stage, maintaining at the
level of 58%, we consider that because the sampling sites in Inner
Mongolia are located at the course of seasonal river and edges
of desert grassland, the water condition is better than Xinjiang
population, LRWC will not change significantly in short-term
drought stress. LDMC and R/S were the key traits reflecting plant
adaptation to habitat (Milla et al., 2005; van Bodegom et al,
2014). Under drought stress, dry matter will be preferentially
distributed to the root system to promote root development and
increase the R/S ratio, enhancing drought resistance (Bradbury,
1990). In this study, compared with CK, the R/S of the two
populations increased significantly with the increase of stress
level, and the R/S of Xinjiang population was higher than that
of Inner Mongolia population in the whole experimental process.
It indicating that under drought stress, Xinjiang population can
give priority to developing roots, improve R/S and obtain more
water resources to enhance drought resistance.

Adaptive Changes in Chlorophyli

Fluorescence Parameters

The adaptability of plants to the environment is largely related
to their photosynthetic characteristics (Huangfu et al., 2009).
The metabolic limitation caused by drought is the primary
reason for the decrease of photosynthetic rate. Drought stress
can inhibit a series of processes such as electron transfer, light
energy conversion, photophosphorylation and dark reaction of
photosynthesis (Centritto, 2005; Santos et al., 2017). A research
on cereal crops indicated that plants which can retain high
chlorophyll content under drought stress condition, could utilize
more effective use of light energy to enhance their drought
resistance (Sayed, 2003). Photosynthetic Characteristics invasive
weed Flaveria bidentis has showed the strong photosynthetic
ability, its growth period is more suitable for the growth
environment of high temperature and drought in summer
(Huangfu et al., 2009). In this study, we found that chlorophyll
content of S. rostratum from two populations in CK were
maintained high level and was no significant difference between
them. Under LD stress, compares with CK, the chlorophyll
content of Inner Mongolia represented obvious downward trend,

while the chlorophyll content of Xinjiang population decreased
significantly under MD stress, indicating that the chlorophyll
content of Inner Mongolia population is more sensitive response
to drought stress. Throughout the experiment, the chlorophyll
content of TKX sampling point has always been maintained
at a high level, and under SD stress, the chlorophyll content
of TKX sampling point is significantly higher than that of
other populations. We believe that the main reason is that
the S. rostratum of TKX sampling point grows in roadside
habitats in extreme arid areas, and the drought pressure in its
original environment is greater than that of other populations.
During the homogeneous garden experiment, maintaining a high
chlorophyll content is the response measure of TKX sampling
point to resist drought stress. Furthermore, it shows strong
drought resistance of TKX sampling point.

Chlorophyll fluorescence are helpful to reveal the relationship
between plant photosynthetic physiology and drought stress (van
Kooten and Snel, 1990). Chlorophyll fluorescence parameters
can quickly, sensitively and non-invasively reflect the state of
PS ILthey are important parameters for analyzing and evaluating
the function of plant photosynthetic mechanism and the impact
of environmental stress (Banks, 2018; Zhang et al., 2020). In our
study, the F,/Fy, values of different populations of S. rostratum
had no significant change compared with the control under
LD stress. Under MD stress, the Fy/Fy and gP values of
Inner Mongolia population and Xinjiang population showed an
obvious downward trend, indicating that the PS II reaction center
of different populations of S. rostratum was destroyed and the
photochemical activity of PS II was inhibited under moderate
drought stress, it reduces the primary light energy conversion
efficiency of PS II, impairs the potential activity of PSII, and limits
the normal progress of photosynthesis. This result is consistent
with the photosynthetic characteristics of other plants distributed
in arid and semi-arid areas of China under drought stress (Chen
etal., 2019; Wang et al., 2019).

Adaptive Changes in MDA and
Antioxidant Enzyme Activity

Under severe temperature, salt, radiation or drought stress,
the metabolic balance between production and elimination
of reactive oxygen species in plants is broken (Chen et al,
2019). The resulting ROS accumulation leads to membrane
lipid peroxidation, and malondialdehyde is the product of
membrane lipid peroxidation. The resulting ROS accumulation
leads to membrane lipid peroxidation (Chen et al., 2011), and
malondialdehyde (MDA) is its product. The content of MDA
indicates the degree of stress injury of plant cells (Draper and
Hadley, 1990), which is considered to be an excellent marker
of oxidative stress (Del Rio et al, 2005). The study on the
physiological and ecological characteristics of invasive plants
under various stress conditions showed that under drought stress
(Dong et al.,, 2014), waterlogged condition (Wang et al., 2017),
saline alkali stress (Wang et al., 2019) and heavy metal stress
(Zhang et al., 2020), the MDA content of alien invasive plants
could increase rapidly, and maintained a high level of membrane
lipid peroxidation at the maximum stress.
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Under CK conditions, there was no significant difference in
MDA content among various populations. Under MD stress,
the MDA content of Inner Mongolia population began to be
significantly higher than that of Xinjiang population, indicating
that MD stress led to a large accumulation of ROS in cells of
S. rostratum, which exacerbated membrane lipid peroxidation.
At the same time, the leaves of Inner Mongolia population
were significantly damaged by ROS. Under SD stress, the
MDA content of various groups of S. rostratum increased
significantly compared with CK, indicating that under SD stress,
a large amount of MDA accumulated and caused more and
more damage to the cell membrane. Among them, the MDA
content of WNT sampling point is significantly higher than
that of other populations, indicating that under SD conditions,
the MDA accumulation rate of Inner Mongolia population
is higher than Xinjiang population, and it is more sensitive
to drought stress.

Under stress, ROS are produced, such as hydrogen peroxide
(H203), hydroxyl radical (OH™), singlet oxygen (O'7), and
superoxide radical (02%7) (Mittler, 2002). To avoid or alleviate
cell damage caused by ROS, plants stimulate their antioxidant
enzyme system, and these protective enzymes are closely related
to plant stress resistance. SOD activity is the first defense
against membrane lipid peroxidation induced by ROS, which
catalyzes 02~ dis-mutation and conversion into H,O, and O,.
CAT and POD activities are mainly responsible for removing
this H,O;, thereby further lowering ROS levels (Karatas et al.,
2012). In our study, the SOD activity of various groups of
S. rostratum increased with the increase of stress gradient,
reached the maximum under SD stress, and the SOD activity
of Inner Mongolia population was greater than that of Xinjiang
population, indicating that SOD activity played an important
role in the whole drought stress stage and enhanced the drought
resistance of S. rostratum. However, the changes of POD and
CAT activities were significantly different between Xinjiang and
Inner Mongolia populations under SD stress. Compared with
CK, the activities of POD and CAT in Xinjiang population
increased significantly under SD stress, indicating that these two
enzymes play an important protective role in protecting Xinjiang
population from SD stress. On the contrary, the activities of SOD
and CAT in Inner Mongolia population were significantly lower
than that in Xinjiang population under SD stress, illustrating
that the protective effect of SOD and CAT activities on Inner
Mongolia population was weakened, that shows the two different
geographical populations of S. rostratum took different stress
resistance mechanisms under SD stress.

Adaptive Changes of Osmoregulatory
Substances

Osmotic regulation by accumulating organic solutes is an
important mechanism for plants to respond to drought stress
(Morgan and Condon, 1986). Plants will produce osmoregulation
substances after water stress, cells hold turgor by accumulating
large amounts of osmoregulation substances, maintaining plant
physiological processes (Flexas and Medrano, 2002; Lawson et al.,
2003), as to improve the drought resistance of plants. Proline is

an important osmotic regulator in plants. Proline accumulation
is the first response of plants to water stress, which support
subcellular structure, scavenge free radicals, and regulate cell
redox potential under water stress (Szabados and Savouré, 2010).
Proline accumulation is a general response to stress, many
plant species have increased proline levels under drought stress
(Muscolo et al., 2014; Azmat and Moin, 2019).

We found that the proline content of the two populations
increased with the increase of stress gradient. The proline
content of Inner Mongolia population was greater than that
of Xinjiang population under all drought stress conditions,
indicating that proline plays an important role in the drought
defense mechanism of S. rostratum. The soluble protein content
of Xinjiang population increased with the increase of drought
stress gradient, and reached the maximum under MD stress,
but showed a downward trend under SD stress, indicating that
for Xinjiang population, soluble protein played a positive role
under MD stress, but its effectiveness decreased under severe
stress. On the contrary, the soluble protein content of Inner
Mongolia population reached the maximum under SD stress,
which exceeded that of Xinjiang population, indicating that the
increase of soluble protein is a drought resistance regulation
mechanism of Inner Mongolia population. With the increase of
drought stress, the soluble sugar content of various groups of
S. rostratum increased, illustrating that these sugars play a role
in drought stress. Under SD stress, the soluble sugar content of
KL sampling point did not increase, indicated that S. rostratum
at KL sampling point could not continue to produce enough
soluble sugar to resist drought stress. It is worth mentioning
that the accumulation of soluble protein under stress promotes
osmotic regulation, which is a storage form of plant nitrogen
(An et al, 2011), different populations of S. rostratum have
different feedback of soluble proteins under drought stress. Is
this the embodiment of resource capture ability and utilization
efficiency of S. rostratum as an invasive plant (Feng et al., 2009)?
Does S. rostratum in different habitats adopt different nitrogen
distribution mechanisms to drought stress (Feng et al., 2009)? We
need further study.

CONCLUSION

In order to explain the invasion mechanism and its ecological
process more objectively and accurately, it is necessary to
comprehensively analyze the individual ecological characteristics
of plants and their interaction with environmental factors in the
invasion areas. Based on the above analyses, it is concluded that
the physiological responses of S. rostratum invading different
habitats in northern China to drought stress were significantly
different. The Xinjiang population was more drought-resistance
than that of the Inner Mongolia population. S. rostratum can
be widely adapted to both harsh and suitable habitats through
phenotypic plasticity.

However, with the increasing impact of global climate
change and human activities, the potential long-term effects
of environmental factors on invasive mechanisms and adaptive
evolution of invasive plants are still needed to reveal the genetic,
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physiological and growth plasticity of invaded plants to the
changing factors, naturally and/or anthropogenically.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

HY and XZ conceived the research plan. HY, XZ, and WH
conceptualized and planned the experiments. HY conducted
the experiments. HY, JZ, and YH performed data analysis and
wrote the first draft of the manuscript. HY, XZ, WH, JZ, and
YH contributed to manuscript editing, revision, reading, and
approval of the submitted version. All authors contributed to the
article and approved the submitted version.

FUNDING

This work was supported by the National Science and Technology
Basic Resources Survey Project (2017FY100200) and the General
Fund Project (41971144).

ACKNOWLEDGMENTS

Thanks to Wang Ruoyu and Yue Liang from the Plant
Physiology Laboratory of Agriculture and Ecology Department
of Northwest Institute of Ecological Environment and Resources,
Chinese Academy of Sciences, for providing experimental
sites and equipment. Thank you for your support and help

REFERENCES

Aebi, H. (1984). [13] Catalase in vitro. Methods Enzymol. 105, 121-126. doi: 10.
1016/s0076-6879(84)05016-3

An, Y. Y, Liang, Z. S., Zhao, R. K, Zhang, ], and Wang, X. J. (2011).
Organ-dependent responses of Periploca sepium to repeated dehydration and
rehydration. S. Afr. J. Bot. 77, 446-454. doi: 10.1016/j.sajb.2010.11.003

Azmat, R., and Moin, S. (2019). The remediation of drought stress under VAM
inoculation through proline chemical transformation action. J. Photochem.
Photobiol. B 193, 155-161. doi: 10.1016/j.jphotobiol.2019.03.002

Baker, N. R. (2008). Chlorophyll fluorescence: a probe of photosynthesis in vivo.
Annu. Rev. Plant Biol. 59, 89-113. doi: 10.1146/annurev.arplant.59.032607.
092759

Banks, J. M. (2018). Chlorophyll fluorescence as a tool to identify drought stress
in Acer genotypes. Environ. Exp. Bot. 155, 118-127. doi: 10.1016/j.envexpbot.
2018.06.022

Bassett, L. J., and Munro, D. B. (1986). The biology of canadian weeds: 78. Solanum
carolinense L. and Solanum rostratum Dunal. Can. J. Plant Sci. 66, 977-991.
doi: 10.4141/cjps86-120

Bates, L. S., Waldren, R. P,, and Teare, I. D. (1973). Rapid determination of free
proline for water-stress studies. Plant Soil 39, 205-207. doi: 10.1007/bf00018060

Blossey, B., and Notzold, R. (1995). Evolution of increased competitive ability in
invasive nonindigenous plants: a hypothesis. J. Ecol. 83, 887-889. doi: 10.2307/
2261425

in data processing. We thank LetPub (www.letpub.com)
for its linguistic assistance during the preparation of
this manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.
733268/full#supplementary-material

Supplementary Figure 1 | Pearson’s correlation coefficient (r) for the
relationships among the physiological characteristics for different geographical
populations of S. rostratum under the control condition. (A) GC site; (B) TKX site;
(C) KL site; and (D) WNT site. *** and ** indicate significant differences at

p < 0.001 and p < 0.01 levels, respectively.

Supplementary Figure 2 | Pearson’s correlation coefficient () for the
relationships among the physiological characteristics for different geographical
populations of S. rostratum under light drought stress (LD) conditions. (A) GC
collected site; (B) TKX site; (C) KL site; and (D) WNT site. *** and ** indicate
significant differences at p < 0.001 and p < 0.01 levels, respectively.

Supplementary Figure 3 | Pearson’s correlation coefficient (r) for the
relationships among the physiological characteristics for different geographical
populations of S. rostratum under moderate drought stress (MD) condition. (A)
GC site; (B) TKX site; (C) KL site; and (D) WNT site. *** and ** indicate significant
differences at p < 0.001 and p < 0.01 levels, respectively.

Supplementary Figure 4 | Pearson’s correlation coefficient (r) for the relationships
among the physiological characteristics for different geographical populations of
S. rostratum under severe drought stress (SD) condition. (A) GC collected site; (B)
TKX collected site; (C) KL collected site; and (D) WNT collected site. *** and **
indicate significant differences at p < 0.001 and p < 0.01 levels, respectively.

Supplementary Table 1 | List of non-standard abbreviations.
Supplementary Table 2 | List of related trait features and calculation formula.

Supplementary Table 3 | ANOVA outputs for individual and interactive effects of
population and drought-stress treatment on plant functional traits, chlorophyll
fluorescence, antioxidant enzyme activity, and osmoregulatory substances.

Bone, E., and Farres, A. (2001). Trends and rates of microevolution in plants.
Genetica 112, 165-182. doi: 10.1023/A:1013378014069

Bor, M., Ozdemir, F., and Tiirkan, 1. (2003). The effect of salt stress on lipid
peroxidation and antioxidants in leaves of sugar beet Beta vulgaris L. and
wild beet Beta maritima L. Plant Sci. 164, 77-84. doi: 10.1016/s0168-9452(02)
00338-2

Bossdorf, O., Auge, H., Lafuma, L., Rogers, W. E., Siemann, E., and Prati, D. (2005).
Phenotypic and genetic differentiation between native and introduced plant
populations. Oecologia 144, 1-11. doi: 10.1007/s00442-005-0070-z

Bradbury, M. (1990). The effect of water stress on growth and dry matter
distribution in juvenile Sesbania sesban and Acacia nilotica. J. Arid. Environ.
18, 325-333. doi: 10.1016/s0140-1963(18)30842-5

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248-254. doi: 10.1016/0003-2697(76)90527-3

Buysse, J. A. N., and Merckx, R. (1993). An improved colorimetric method to
quantify sugar content of plant tissue. J. Exp. Bot. 44, 1627-1629. doi: 10.1093/
jxb/44.10.1627

Centritto, M. (2005). Photosynthetic limitations and carbon partitioning in cherry
in response to water deficit and elevated [CO,]. Agric. Ecosyst. Environ. 106,
233-242. doi: 10.1016/j.agee.2004.10.011

Chen, J. L., Zhao, X. Y., Zhang, Y. Q., Li, Y. Q., Luo, Y. Q., Ning, Z. Y., et al. (2019).
Effects of drought and rehydration on the physiological responses of artemisia
halodendron. Water 11, 793-806. doi: 10.3390/w11040793

Frontiers in Plant Science | www.frontiersin.org

November 2021 | Volume 12 | Article 733268


http://www.letpub.com
https://www.frontiersin.org/articles/10.3389/fpls.2021.733268/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2021.733268/full#supplementary-material
https://doi.org/10.1016/s0076-6879(84)05016-3
https://doi.org/10.1016/s0076-6879(84)05016-3
https://doi.org/10.1016/j.sajb.2010.11.003
https://doi.org/10.1016/j.jphotobiol.2019.03.002
https://doi.org/10.1146/annurev.arplant.59.032607.092759
https://doi.org/10.1146/annurev.arplant.59.032607.092759
https://doi.org/10.1016/j.envexpbot.2018.06.022
https://doi.org/10.1016/j.envexpbot.2018.06.022
https://doi.org/10.4141/cjps86-120
https://doi.org/10.1007/bf00018060
https://doi.org/10.2307/2261425
https://doi.org/10.2307/2261425
https://doi.org/10.1023/A:1013378014069
https://doi.org/10.1016/s0168-9452(02)00338-2
https://doi.org/10.1016/s0168-9452(02)00338-2
https://doi.org/10.1007/s00442-005-0070-z
https://doi.org/10.1016/s0140-1963(18)30842-5
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1093/jxb/44.10.1627
https://doi.org/10.1093/jxb/44.10.1627
https://doi.org/10.1016/j.agee.2004.10.011
https://doi.org/10.3390/w11040793
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Yu et al.

Drought Stress Influences of S. rostratum

Chen, Q., Zhang, M. D, and Shen, S. H. (2011). Effect of salt on malondialdehyde
and antioxidant enzymes in seedling roots of Jerusalem artichoke (Helianthus
tuberosus L.). Acta Physiol. Plant 33,273-278. doi: 10.1007/s11738-010-0543-5

Chen, T. Y., Liu, Z. H., and Lou, A. R. (2013). Phenotypic variation in populations
of Solanum rostratum in different distribution areas in China. Chin. J. Plant
Ecol. 37, 344-353. doi: 10.3724/sp.j.1258.2013.00034

Del Rio, D., Stewart, A. J., and Pellegrini, N. (2005). A review of recent studies on
malondialdehyde as toxic molecule and biological marker of oxidative stress.
Nutr. Metab. Cardiovasc. Dis. 15, 316-328. doi: 10.1016/j.numecd.2005.05.003

Dong,J.J., Qi, S. Y., and Guo, T. T. (2014). Effect of PEG simulative drought stress
on antioxidant enzyme system of Galinsoga parviflora. ]. Shengyang Univ. 26,
184-189. doi: 10.3969/j.issn.2095-5456.2014.03.003

Draper, H. H., and Hadley, M. (1990). Malondialdehyde determination as index
of lipid peroxidation. Methods Enzymol. 186, 421-431. doi: 10.1016/0076-
6879(90)86135-1

Ebeling, S. K., Hensen, I, and Auge, H. (2008). The invasive shrub Buddleja
davidii performs better in its introduced range. Divers. Distrib. 14, 225-233.
doi: 10.1111/§.1472-4642.2007.00422.x

Feng, Y. L., Liao, Z. Y., Zhang, R,, Zheng, Y. L, Li, Y. P., and Lei, Y. B. (2009).
Adaptive evolution in response to environmental gradients and enemy release
in invasive alien plant species. Biodivers. Sci. 17, 340-352. doi: 10.3724/SP.].
1003.2009.09115

Flexas, J., and Medrano, H. (2002). Drought-inhibition of photosynthesis in C3
plants: stomatal and non-stomatal limitations revisited. Annals of Botany. 89,
183-189. doi: 10.1093/aob/mcf027

Gao, F., Xu, C., and Zhou, Y. L. (2005). The evaluation of potential fatalness for a
kind of exotic species Solanum rostratum and strategies for its control. J. Beijing
Norm. Univ. 41, 420-424.

Geng, Y. P., Pan, X. Y., Xu, C. Y., Zhang, W. ], Li, B., Chen, J. K., et al. (2007).
Phenotypic plasticity rather than locally adapted ecotypes allows the invasive
alligator weed to colonize a wide range of habitats. Biol. Invasions 9, 245-256.
doi: 10.1007/510530-006-9029- 1

Hejda, M., Py3ek, P., and Jarosik, V. (2009). Impact of invasive plants on the
species richness, diversity and composition of invaded communities. J. Ecol. 97,
393-403. doi: 10.1111/j.1365-2745.2009.01480.x

Herndndez, J. A., Ferrer, M. A., Jiménez, A., Barceld, A. R., and Sevilla, F. (2001).
Antioxidant systems and O,.”/H, O, production in the apoplast of pea leaves.
Its relation with salt-induced necrotic lesions in minor veins. Plant Physiol. 127,
817-831. doi: 10.1104/pp.010188

Huangfu, C. H,, Wang, Z. Y., and Yang, D. L. (2009). Basic photosynthetic
characteristics of exotic invasive weed flaveria bidentis and its companion
species. Acta Bot.Boreal. Occident.Sin. 29, 0781-0788. doi: 10.3321/j.issn:1000-
4025.2009.04.021

Hulme, P. E. (2007). Phenotypic plasticity and plant invasions:is it all jack? Funct.
Ecol. 22, 3-7. doi: 10.1111/j.1365-2435.2007.01369.x

Izanloo, A., Condon, A. G., Langridge, P., Tester, M., and Schnurbusch, T.
(2008). Different mechanisms of adaptation to cyclic water stress in two South
Australian bread wheat cultivars. J. Exp. Bot. 59, 3327-3346. doi: 10.1093/jxb/
ernl199

Karatas, Y, Oztiirk, L., Demir, Y., Unliikara, A., Kurung, A., and Diizdemir, O.
(2012). Alterations in antioxidant enzyme activities and proline content in
pea leaves under long-term drought stress. Toxicol. Ind. Health 30, 693-700.
doi: 10.1177/0748233712462471

Kollmann, J., and Bafuelos, M. J. (2004). Latitudinal trends in growth
and phenology of the invasive alien plant Impatiens glandulifera
(Balsaminaceae). Divers. Distrib. 10, 377-385. doi: 10.1111/j.1366-9516.2004.
00126.x

Lawson, T., Oxborough, K., Morison, J. L., and Baker, N. R. (2003). The responses
of guard and mesophyll cell photosynthesis to CO,, Oy, light, and water stress
in a range of species are similar. J. Exp. Bot. 54, 1743-1752. doi: 10.1093/jxb/
ergl86

Lee, C. E. (2002). Evolutionary genetics of invasive species. Trends Ecol. Evol. 17,
386-391. doi: 10.1016/s0169-5347(02)02554-5

Leger, E. A, and Rice, K. J. (2007). Assessing the speed and predictability of local
adaptation in invasive California poppies (Eschscholzia californica). J. Evo. Bio.
20, 1090-1103. doi: 10.1111/j.1420-9101.2006.01292.x

Liao, Z. Y., Scheepens, J. F., Li, Q. M., Wang, W. B,, Feng, Y. L., and Zheng, Y. L.
(2020). Founder effects, post-introduction evolution and phenotypic plasticity

contribute to invasion success of a genetically impoverished invader. Oecologia
192, 105-118. doi: 10.1007/s00442-019-04566-y

Liu, J, Li, J. M., Yu, H,, He, W. M,, Yu, F. H,, Sang, W. G,, et al. (2010). The
relationship between functional traits and invasiveness of alien plants. Biodivers.
Sci. 18, 569-576. doi: 10.3724/sp.j.2010.569

Losos, J. B., Warheitt, K. I., and Schoener, T. W. (1997). Adaptive differentiation
following experimental island colonization in Anolis lizards. Nature 387, 70-73.
doi: 10.1038/387070a0

Lu, P, Sang, W. G., and Ma, K. P. (2006). Activity of antioxidant enzymes
in the invasive plant Eupatorium odoratum under various environmental
stresses. Acta Ecol. Sin. 26, 3578-3585. doi: 10.3321/j.issn:1000-0933.2006.
11.008

Maron, J. L., Vila, M., Bommarco, R., Elmendorf, S., and Beardsley, P. (2004). Rapid
evolution of an invasive plant. Ecol. Monogr. 74, 261-280. doi: 10.1890/03-4027

Matesanz, S., HorganKobelski, T., and Sultan, S. E. (2015). Evidence for rapid
ecological range expansion in a newly invasive plant. AoB Plants 7:1v038. doi:
10.1093/aobpla/plv038

Michel, B. E., and Kaufmann, M. E. (1973). The osmotic potential of polyethylene
Glycol 6000. Plant Physiol. 51, 914-916. doi: 10.1104/pp.51.5.914

Milla, R., Castro Diez, P., Maestro Martinez, M., and Montserrat Marti, G.
(2005). Does the gradualness of leaf shedding govern nutrient resorption from
senescing leaves in Mediterranean woody plants? Plant Soil 278, 303-313. doi:
10.1007/s11104-005-8770-z

Mishra, S., Srivastava, S., Tripathi, R. D., Govindarajan, R., Kuriakose, S. V., and
Prasad, M. N. V. (2006). Phytochelatin synthesis and response of antioxidants
during cadmium stress in Bacopa monnieri L. Plant Physiol. Biochem. 44, 25-37.
doi: 10.1016/j.plaphy.2006.01.007

Mittler, R. (2002). Oxidative stress, antioxidants and stress tolerance. Trends Plant
Sci. 7,405-410. doi: 10.1016/s1360-1385(02)02312-9

Moloney, K. A., Holzapfel, C., Tielborger, K., Jeltsch, F., and Schurr, F. M. (2009).
Rethinking the common garden in invasion research. Perspect. Plant Ecol. Evol.
Syst. 11, 311-320. doi: 10.1016/j.ppees.2009.05.002

Morgan, J. M., and Condon, A. G. (1986). Water use, grain yield, and
osmoregulation in wheat. Funct. Plant Biol. 13, 523-532. doi: 10.1071/
PP9860523

Muscolo, A., Sidari, M., Anstasi, U., Santonoceto, C., and Maggio, A. (2014). Effect
of PEG-induced drought stress on seed germination of four lentil genotypes.
J. Plant Interact. 9, 354-363. doi: 10.1080/17429145.2013.835880

Neumann, P. M. (2008). Coping mechanisms for crop plants in droughtprone
environments. Ann. Bot. 101, 901-907. doi: 10.1093/aob/mcn018

Onen, H., Farooq, S., Gunal, H., Ozaslan, C., and Erdem, H. (2017). Higher
tolerance to abiotic stresses and soil types may accelerate common ragweed
(ambrosia artemisiifolia) invasion. Weed Sci. 65, 115-127. doi: 10.1614/WS-D-
16-00011.1

Pavlovi¢, A. (2011). Photosynthetic characterization of Australian pitcher plant
Cephalotus follicularis. Photosynthetica 49, 253-258. doi: 10.1007/s11099-011-
0032-0

Peng, S. L., and Xiang, Y. C. (1999). The invasion of exotic plants and effects of
ecosystems. Acta Ecol. Sin. 19, 560-569.

Pigliucci, M. (2005). Evolution of phenotypic plasticity: where are we going now?
Trends Ecol. Evol. 20, 480-486. doi: 10.1016/j.tree.2005.06.001

Powell, K. I., Chase, J. M., and Knight, T. M. (2013). Invasive plants have scale-
dependent effects on diversity by altering species-area relationships. Science
339, 316-318. doi: 10.1126/science.1226817

Prasad, T. K. (1997). Role of catalase in inducing chilling tolerance in pre-emergent
maize seedlings. Plant Physiol. 114, 1369-1376. doi: 10.1104/pp.114.4.1369

Pysek, P., and Richardson, D. M. (2008). “Traits associated with invasiveness in
alien plants: where do we stand?.” in Biological Invasions. Ecological Studies
(Analysis and Synthesis), ed. W. Nentwig (Berlin: Springer), 97-125. doi: 10.
1007/978-3-540-36920-2_7

Rice, K. J., and Mack, R. N. (1991). Ecological genetics of Bromus tectorum.
Oecologia 88, 91-101. doi: 10.1007/bf00328408

Richards, C. L., Bossdorf, O., Muth, N. Z., Gurevitch, J., and Pigliucci, M. (2006).
Jack of all trades, master of some? On the role of phenotypic plasticity in plant
invasions. Ecol. Lett. 9, 981-993. doi: 10.1111/j.1461-0248.2006.00950.x

Sakai, A. K., Allendorf, F. W., Holt, J. S., Lodge, D. M., Molofsky, J., With, K. A.,
et al. (2001). The population biology of invasive species. Annu. Rev. Ecol. Syst.
32, 305-332. doi: 10.1146/annurev.ecolsys.32.081501.114037

Frontiers in Plant Science | www.frontiersin.org

November 2021 | Volume 12 | Article 733268


https://doi.org/10.1007/s11738-010-0543-5
https://doi.org/10.3724/sp.j.1258.2013.00034
https://doi.org/10.1016/j.numecd.2005.05.003
https://doi.org/10.3969/j.issn.2095-5456.2014.03.003
https://doi.org/10.1016/0076-6879(90)86135-I
https://doi.org/10.1016/0076-6879(90)86135-I
https://doi.org/10.1111/j.1472-4642.2007.00422.x
https://doi.org/10.3724/SP.J.1003.2009.09115
https://doi.org/10.3724/SP.J.1003.2009.09115
https://doi.org/10.1093/aob/mcf027
https://doi.org/10.1007/s10530-006-9029-1
https://doi.org/10.1111/j.1365-2745.2009.01480.x
https://doi.org/10.1104/pp.010188
https://doi.org/10.3321/j.issn:1000-4025.2009.04.021
https://doi.org/10.3321/j.issn:1000-4025.2009.04.021
https://doi.org/10.1111/j.1365-2435.2007.01369.x
https://doi.org/10.1093/jxb/ern199
https://doi.org/10.1093/jxb/ern199
https://doi.org/10.1177/0748233712462471
https://doi.org/10.1111/j.1366-9516.2004.00126.x
https://doi.org/10.1111/j.1366-9516.2004.00126.x
https://doi.org/10.1093/jxb/erg186
https://doi.org/10.1093/jxb/erg186
https://doi.org/10.1016/s0169-5347(02)02554-5
https://doi.org/10.1111/j.1420-9101.2006.01292.x
https://doi.org/10.1007/s00442-019-04566-y
https://doi.org/10.3724/sp.j.2010.569
https://doi.org/10.1038/387070a0
https://doi.org/10.3321/j.issn:1000-0933.2006.11.008
https://doi.org/10.3321/j.issn:1000-0933.2006.11.008
https://doi.org/10.1890/03-4027
https://doi.org/10.1093/aobpla/plv038
https://doi.org/10.1093/aobpla/plv038
https://doi.org/10.1104/pp.51.5.914
https://doi.org/10.1007/s11104-005-8770-z
https://doi.org/10.1007/s11104-005-8770-z
https://doi.org/10.1016/j.plaphy.2006.01.007
https://doi.org/10.1016/s1360-1385(02)02312-9
https://doi.org/10.1016/j.ppees.2009.05.002
https://doi.org/10.1071/PP9860523
https://doi.org/10.1071/PP9860523
https://doi.org/10.1080/17429145.2013.835880
https://doi.org/10.1093/aob/mcn018
https://doi.org/10.1614/WS-D-16-00011.1
https://doi.org/10.1614/WS-D-16-00011.1
https://doi.org/10.1007/s11099-011-0032-0
https://doi.org/10.1007/s11099-011-0032-0
https://doi.org/10.1016/j.tree.2005.06.001
https://doi.org/10.1126/science.1226817
https://doi.org/10.1104/pp.114.4.1369
https://doi.org/10.1007/978-3-540-36920-2_7
https://doi.org/10.1007/978-3-540-36920-2_7
https://doi.org/10.1007/bf00328408
https://doi.org/10.1111/j.1461-0248.2006.00950.x
https://doi.org/10.1146/annurev.ecolsys.32.081501.114037
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Yu et al.

Drought Stress Influences of S. rostratum

Santos, C. M. D., Endres, L., Ferreira, V. M,, Silva, J. V., and Wanderley, H. C. L.
(2017). Photosynthetic capacity and water use efficiency in Ricinus communis
(L.) under drought stress in semi-humid and semi-arid areas. Ann. Brazilian
Acad. Sci. 89, 3015-3029. doi: 10.1590/0001-3765201720160729

Sayed, O. H. (2003). Chlorophyll fluorescence as a tool in cereal crop
research. Photosynthetica. 41, 321-330. doi: 10.1023/B:PHOT.0000015454.
36367.e2

Scheiner, S. M. (1993). Genetics and evolution of phenotypic plasticity. Annu. Rev.
Ecol. Syst. 24, 35-68. doi: 10.1146/ANNUREV .ES.24.110193.000343

Shah, K., and Nahakpam, S. (2012). Heat exposure alters the expression of SOD,
POD, APX and CAT isozymes and mitigates low cadmium toxicity in seedlings
of sensitive and tolerant rice cultivars. Plant Physiol. Biochem. 57, 106-113.
doi: 10.1016/j.plaphy.2012.05.007

Siemann, E., and Rogers, W. E. (2001). Genetic differences in growth of an invasive
tree species. Ecol. Lett. 4, 514-518. doi: 10.1046/j.1461-0248.2001.00274.x

Silvertown, J., Araya, Y., and Gowing, D. (2015). Hydrological niches in terrestrial
plant communities: a review. J. Ecol. 103, 93-108. doi: 10.1111/1365-2745.
12332

Stewart, R. R, and Bewley, J. D. (1980). Lipid peroxidation associated with
accelerated aging of soybean axes. Plant Physiol. 65, 245-248. doi: 10.1104/pp.
65.2.245

Szabados, L., and Savouré, A. (2010). Proline: a multifunctional amino acid. Trends
Plant Sci. 15, 89-97. doi: 10.1016/j.tplants.2009.11.009

Vallejo Marin, M., Solis Montero, L., Souto Vilaros, D., and Lee, M. (2013). Mating
system in Mexican populations of the annual herb Solanum rostratum Dunal
(Solanaceae). Plant Biol. 15, 948-954. doi: 10.1111/j.1438-8677.2012.00715.x

van Bodegom, P. M., Douma, J. C., and Verheijen, L. M. (2014). A fully traits-based
approach to modeling global vegetation distribution. Proc. Natl. Acad. Sci. USA
111, 13733-13738. doi: 10.1073/pnas.1304551110

van Kooten, O., and Snel, J. F. (1990). The use of chlorophyll fluorescence
nomenclature in plant stress physiology. Photosynth. Res. 25, 147-150. doi:
10.1007/BF00033156

Wang, F. H, Xie, B. Y., Yang, G. Q,, et al. (2011). Invasion Biology, Chap. 6. Beijing:
Science Press. 158.

Wang, H. H., Liang, X. L., Huang, J. J., Zhang, D. K,, Lu, H. X, Liu, Z. J,
et al. (2010). Involvement of ethylene and hydrogen peroxide in induction of
alternative respiratory pathway in salt-treated arabidopsis calluses. Plant Cell
Physiol. 51, 1754-1765. doi: 10.1093/pcp/pcql34

Wang, J. Y., Yu, H. X, Lai, Y. F,, Wan, F. H, Qian, W. Q., Peng, C. L., et al.
(2017). Physiological response of the invasive weed Mikania micrantha and the
native species Pueraria lobata var. thomsonii to water stress. Biodivers. Sci. 25,
1267-1275. doi: 10.17520/biods.2017284

Wang, N., Yuan, M. L,, Chen, H,, Li, Z. Z., and Zhang, M. X. (2019). Effect of
drought stress and rewatering on groeth and physiological characteristics of
invasive Aegilops tauschii seedings. Acta Prataculturae Sin. 28, 70-78.

Weining, C. (2000). Plasticity versus canalization: Population differences in the
timing of shade- avoidance responses. Evolution. 54, 441-451. doi: 10.1111/j.
0014-3820.2000.tb00047.x

Whalen, M. D. (1979). Taxonomy of solanum section androceras. Gentes Herbarum
11, 359-426.

Wu, F. F., Zheng, Y. F., and Wu, R. J. (2011). Concentration of O3z at the
atmospheric surface affects the changes characters of antioxidant enzyme
activities in Triticum aestivum. Acta Ecol. Sin. 14, 4019-4026.

Wu, J., Zhao, H., Lu, H., and Peng, S. (2007). Effects of soil water regimes on the
growth of the exotic invasive plant: Chromolaena odorata. Ecol. Environ. 16,
935-938. doi: 10.3969/].issn.1674-5906.2007.03.046

Wu, S., Hu, C,, Tan, Q,, Nie, Z., and Sun, X. (2014). Effects of molybdenum on water
utilization, antioxidative defense system and osmotic-adjustment ability in
winter wheat (Triticum aestivum) under drought stress. Plant Physiol. Biochem.
83, 365-374. doi: 10.1016/j.plaphy.2014.08.022

Wu, S. W, Hu, C. X, Tan, Q. L, Lu, L., Shi, K. L., Zheng, Y., et al. (2015).
Drought stress tolerance mediated by zinc-induced antioxidative defense and
osmotic adjustment in cotton (Gossypium hirsutum). Acta Physiol. Plant 37,
167. doi: 10.1007/s11738-015-1919-3

Zavaleta, E. (2000). The economic value of controlling an invasive shrub. Ambio
29, 462-467. doi: 10.1579/0044-7447-29.8.462

Zhang, S. Y., Tian, J. Y., Qi, X. X,, Liu, H. M., Yang, D. L., and Wang, H. (2020).
Growth, physiological and ecological responses of invasive plant Flaveria
bidentis to Cd stress. J. Agri. Res. Environ. 3, 445-452. doi: 10.13254/j.jare.2019.
0091

Zhao, J., Solis Montero, L., Lou, A., and Vallejo Marin, M. (2013). Population
structure and genetic diversity of native and invasive populations of Solanum
rostratum (Solanaceae). PLoS One 8:€79807. doi: 10.1371/journal.pone.0079807

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Yu, Zhao, Huang, Zhan and He. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

16

November 2021 | Volume 12 | Article 733268


https://doi.org/10.1590/0001-3765201720160729
https://doi.org/10.1023/B:PHOT.0000015454.36367.e2
https://doi.org/10.1023/B:PHOT.0000015454.36367.e2
https://doi.org/10.1146/ANNUREV.ES.24.110193.000343
https://doi.org/10.1016/j.plaphy.2012.05.007
https://doi.org/10.1046/j.1461-0248.2001.00274.x
https://doi.org/10.1111/1365-2745.12332
https://doi.org/10.1111/1365-2745.12332
https://doi.org/10.1104/pp.65.2.245
https://doi.org/10.1104/pp.65.2.245
https://doi.org/10.1016/j.tplants.2009.11.009
https://doi.org/10.1111/j.1438-8677.2012.00715.x
https://doi.org/10.1073/pnas.1304551110
https://doi.org/10.1007/BF00033156
https://doi.org/10.1007/BF00033156
https://doi.org/10.1093/pcp/pcq134
https://doi.org/10.17520/biods.2017284
https://doi.org/10.1111/j.0014-3820.2000.tb00047.x
https://doi.org/10.1111/j.0014-3820.2000.tb00047.x
https://doi.org/10.3969/j.issn.1674-5906.2007.03.046
https://doi.org/10.1016/j.plaphy.2014.08.022
https://doi.org/10.1007/s11738-015-1919-3
https://doi.org/10.1579/0044-7447-29.8.462
https://doi.org/10.13254/j.jare.2019.0091
https://doi.org/10.13254/j.jare.2019.0091
https://doi.org/10.1371/journal.pone.0079807
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Drought Stress Influences the Growth and Physiological Characteristics of Solanum rostratum Dunal Seedlings From Different Geographical Populations in China
	Introduction
	Materials and Methods
	Sampling Area
	Experimental Design and Treatments
	Determination of Plant Functional Traits
	Determination of Chlorophyll Content and Chlorophyll Fluorescence Parameters
	Determination of Malondialdehyde and Antioxidant Enzyme Activity
	Determination of Osmotic Regulation Substances
	Data Analysis

	Results
	Response of Plant Functional Traits to Drought Stress
	Response of Chlorophyll Fluorescence to Drought Stress
	Oxidative Stress Responses and Antioxidant Enzyme Activity in Different Treatments
	Changes in Osmoregulatory Substances to Drought Intensity
	Relationship Between Responses of S. rostratum to Drought Stress by Correlations Analysis and Principal Component Analysis

	Discussion
	Adaptive Changes in Growth Traits
	Adaptive Changes in Chlorophyll Fluorescence Parameters
	Adaptive Changes in MDA and Antioxidant Enzyme Activity
	Adaptive Changes of Osmoregulatory Substances

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


