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Abstract

Unpredictable rainfall frequently results in excess moisture, which is detrimental to the landscape because it
interferes with the genetic, morphological, and physiological processes of plants, even though the majority of
urban landscapes frequently experience moisture shortages. A study was conducted to analyze the effects of a
36-day waterlogging phase and a subsequent 12-day recovery period on the morpho-physiological responses

of 17 Crassulaceae species with the goal of identifying those which were more tolerant of the conditions. Results
revealed that waterlogging stress has an impact on all morpho-physiological parameters. Sensitive materials (57,
Hylotelephium telephium 'Purple Emperor’and S15, S. sexangulare) showed severe ornamental quality damage,
mortality, decreases in total dry biomass, root-shoot ratio, and chlorophyll content, as well as higher MDA
concentrations. Lower reductions in these parameters, along with improved antioxidant enzyme activities and
greater recovery capabilities after drainage, were observed in the most tolerant materials S2 (H. spectabile ‘Brilliant),
S3 (H. spectabile ‘Carl’), and S5 (H. telephium 'Autumn Joy'). Furthermore, with the exception of early death materials
(S7 and S15), all materials showed varying intensities of adventitious root formation in response to waterlogging.
The 17 species were divided into 4 clusters based on the comprehensive evaluation value. The first group included
S1-S3, S5-56, S8-512, which were waterlogged tolerant with the highest values (0.63-0.82). S14 belongs to the
intermediate waterlogging tolerant. S4, S13, S16, and S17 were clustered into the low waterlogging-tolerant group.
S7 and S15 were the most susceptible to waterlogging. The survival and success of Crassulaceae species (especially,
the first and second cluster), throughout this prolonged period of waterlogging (36 days) and recovery were
attributed to a combination of physiological and morphological responses, indicating that they are an appealing
species for the creation of rain gardens or obstructed drainage locations.
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Introduction

Waterlogging has been identified as one of the most
significant abiotic stresses that negatively impact the
development, distribution, productivity, and survival of
vegetation worldwide, including agricultural and horti-
cultural systems [1, 2], as well as natural ecosystems [3,
4]. According to the AR6 synthesis report on Climate
Change 2023, waterlogging is expected to become more
common and severe in certain regions in the coming
decades [5]. Moreover, a temperate monsoon climate
region with hot, wet summers and chilly, dry winters is
more prone to waterlogging. Understanding how vegeta-
tion affected by waterlogging responds both structurally
and functionally is crucial.

Under waterlogging circumstances, oxygen shortage
in the soil environment is caused by rapid consump-
tion of O, and decreased rates of gas exchange with the
atmosphere at the soil surface [1]. Anaerobic fermenta-
tion replaces aerobic respiration as a result of severe soil
hypoxia or even anoxia, which is directly affects by the
root system [6, 7]. Numerous plant processes, includ-
ing gene expression [8], energy consumption [2], cellular
metabolism [9, 10], carbohydrate reserves, and translo-
cation [11] are negatively impacted by the accumulation
of phytotoxic glycolysis byproducts and the decrease in
pH and redox potential. These factors have a significant
impact on the ability of plants to survive under these cir-
cumstances [12-14].

Plants that experience waterlogging frequently show
signs of leaf withering, leaf chlorosis, and leaf abscission
[14, 15]. Plants in waterlogged conditions clearly exhibit
significant reductions in leaf area, biomass allocation,
photosynthetic rate, and even eventual death, especially
in species that are sensitive to water [16—19]. The decline
or low concentrations of Chl have been described as a
long-term reaction and one of the unique characteris-
tics of waterlogging, causing a loss in leaf photosynthetic
capacity [3, 11]. Stomata closure, decline in leaf chloro-
phyll content, early leaf senescence, and reduced leaf area
all contribute to the reduction of photosynthesis during
root hypoxia [14, 20]. Damage to mesophyll cells is also
responsible for later restrictions in photosynthesis [15,
21]. To forecast, monitor, and detect stress in plants,
chlorophyll fluorescence is frequently employed as a indi-
cator of the photochemical efficiency of Photosystem II
(PSII). It can also be used as a more general marker of
how plants respond to environmental change [22]. Plants
may exhibit a variety of morphological, physiological,
and metabolic adaptations in response to soil flooding,
despite the presence of stress symptoms [3, 14].

Plants’ key morphological and anatomical responses
to root hypoxia include not only hypertrophied lenti-
cels and adventitious roots, but also the development
of aerenchyma and a radial oxygen-loss barrier [2, 6, 23,

Page 2 of 12

24]. All of these adaptations induced by waterlogging
stress aid in the capture and diffusion of oxygen [24], the
release of phytotoxic compounds produced during anaer-
obic metabolism [25], and the maintenance of water and
nutrient uptake [26], thereby minimizing the effects of
flooding on shoot physiological activity.

Plants have mechanisms to cope with this stress, in
addition to the adaptations mentioned above. These
mechanisms include increased availability of soluble sug-
ars, increased activity of glycolytic pathway and fermen-
tation enzymes, and involvement of antioxidant defense
mechanisms to cope with post-hypoxia/anoxia oxidative
stress [27, 28]. Soluble sugar acts as an osmotic agent or
osmoprotector, protecting the structural integrity of pro-
teins and membranes under abiotic circumstances [11,
27, 29, 30]. In fact, the quantity of stored carbohydrates
and their accessibility may distinguish between species
that are tolerant and intolerant. Long-term low-oxygen
stress can disrupt cellular homeostasis by inducing per-
oxidative reactions and causing oxidative damage to
various cellular components, such as phospholipids, pro-
teins, and nucleic acids. These effects can include a loss
of enzyme activity, altered membrane fluidity, genomic
damage, and even cell death [31]. An endogenous antiox-
idant defense system, composed of antioxidative enzymes
such as superoxide dismutase (SOD), peroxidase (POD),
catalase (CAT), and ascorbate peroxidase (APX), along
with non-enzymatic antioxidants, is responsible for
scavenging reactive oxygen species (ROS) to minimize
oxidative damage during periods of stress [1, 25, 29].
Numerous studies have also documented the activity
of antioxidant enzymes in response to various environ-
mental conditions [16, 32]. Malondialdehyde (MDA), a
byproduct of the lipoperoxidation of cell membranes, is
a biomarker of oxidative stress. It can be used to assess an
individual’s susceptibility to waterlogging [18, 29].

Sedum species are low-maintenance succulent plants
that exhibit a wide range of adaptation, effective aesthetic
qualities, and drought resistance (some species can sur-
vive for up to 4 months without water) [33—35]. Further-
more, Sedum (Crassulaceae) is considered an ideal genus
for harsh conditions in green roofs, including sun expo-
sure, intense heat, cold, and drought [34, 35]. Although
many urban landscapes often experience a lack of mois-
ture, unpredictable rainfall can also lead to an excess of
moisture, which is detrimental to the overall health of
plant landscapes. The empirical performance of sedums
under waterlogging varied from species to species during
landscape applications, particularly under waterlogging
conditions. However, it is worth noting that some species
with drought resistance also have better waterlogging
tolerance.

Several studies have been conducted on the drought
stress of stonecrop [36—38]. However, less attention has
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been paid to its adaptability and adaptive mechanisms
under waterlogging conditions. Previously, we revealed
that Sedum spectabile Boreau ‘Carl” displayed greater leaf
chlorophyll content and water soluble carbohydrate con-
centration than the S. spectabile ‘Rosenteller’ after water-
logging [39]. The purpose of this research was to analyze
the tolerance and characterize physiological and mor-
phological responses in seventeen Crassulaceae species
to waterlogging conditions. This information is essential
for selecting and implementing Crassulaceae species in
the landscape.

Materials and methods
Plant material and stress treatment
The vigorous cuttings of three genera of plants in Crassu-
laceae (Hylotelephium: S1-S8; Phedimus: S9-S11; Sedum:
S§12-S17) (Table 1) were planted in an aperture disk that
was filled with a homogenized mixture of peat and ver-
miculite (v:iv=1:1) at the Beijing Forestry University nurs-
ery (40°0' N, 116°19" E). Two weeks later, the cuttings
were transferred to plastic pots measuring 15X 15 cm. A
2:2:1 mixture of peat, vermiculite, and sandy soil (v/v/v)
was used as a substrate. Pots were randomly placed out-
side and irrigated every two weeks. A routine fertilization
and weeding program was undertaken every two weeks
to assist with the development of the treatments. All
materials were purchased from Beijing Huamu Co., Ltd.
Prior to implementing waterlogging treatments, plant-
lets with uniform appearance and size were carefully
chosen to ensure 25 replications per treatment. Using a
completely randomized design, two treatments were car-
ried out over 36 days: (1) control, in which pots were irri-
gated every three days, with excess water drained after
each irrigation; and (2) waterlogging, in which the water
level remained 2-3 cm above the soil during the treat-
ment. Every four days, the water is properly replenished.
Plantlets were allowed to grow under well-drained con-
ditions for 12 days after being submerged to assess their
recovery.

Table 1 Experimental plant materials

Code Scientific name Code Scientific name

S1 Hylotelephium spectabile S9 Phedimus aizoon

S2 H. spectabile ‘Brilliant’ S10 P hybridum
‘Immergrunchen’

S3 H. spectabile'Carl’ SN P, selskianum 'Spirit’

S4 H. spectabile'Rosenteller’ S12 S. mexicanum ‘Gold
Mound’

S5 H. telephium ‘Autumn Joy' S13 S. reflexum 'Blue Spruce’

S6 H. telephium Joice’ S14 S.sarmentosum

Henderson’
S7 H. telephium ‘Purple Emperor’ S15
S8 H. telephium 'Vera Jameson’  S16

S. sexangulare
S. spurium'Coccineum’
S17 S. spurium 'Fuldaglut’
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Survival and estimation of growth parameters

At the end of the experiment, the survival rate was
recorded. Each material and treatment required the use
of six plants. The production of adventitious roots was
monitored every three days. At the completion of the
waterlogging treatment, we counted the number and
maximum length of adventitious roots, and calculated
the frequency of plants with adventitious roots. Aboveg-
round and root biomass were collected 36 days after the
treatment. The dry biomass (DM) of all sections was
determined by weighing after 72 h of drying at 65 °C until
a constant weight was achieved. The root/shoot ratio
(RS) was then calculated.

Furthermore, the height of Hylotelephium, which has
an upright growth habit, and the coverage of Phedimus
and Sedum, which have a decumbent growth habit, were
measured at the beginning and end of each treatment.
This data was used to calculate the relative growth rate,
taking into account any variations. The leaves were then
collected to determine their fresh weight (FW). Leaf
discs were soaked in water for 24 h in the dark at 25 °C to
obtain turgid mass (T'W). There were then dried for 72 h
at 65 °C to obtain the dry weight (DW) [40]. The RWC
was then computed using the formula: RWC = (FW -
DW) x 100/ (TW - DW).

Estimation of chlorophyll concentration

During the experiments, the forth fully expanded and
exposed leaves from an apex were chosen at random
from treatment replications. Chlorophyll extraction
(200 mg leaf FW) was determined [41], with minor
modifications. After overnight extraction, the tubes were
wrapped with plastic wrap and placed in a dark location
until the leaf pieces turned completely white. The absor-
bance of the extracted liquid was then measured at 470,
645, and 663 nm using the miscible liquids as references.

Estimation of lipid peroxidation

Fully utilize the remaining randomly collected leaves
mentioned above to measure physiological parameters.
The level of malondialdehyde (MDA) was measured using
the thiobarbituric acid (TBA) approach [42]. 200 mg of
freeze-dried material was homogenized in 5 mL of 50
mM sodium phosphate buffer (pH 7.8). The sample was
then centrifuged for 20 min at 10,000 rpm. 1mL of super-
natant was mixed with 1 mL of 20% (w/v) trichloroace-
tic acid (TCA) containing 0.5% (w/v) thiobarbituric acid
(TBA). 1 mL of deionized water was mixed with 1 mL of
20% (w/v) TCA solution containing 0.5% (w/v) to create
a sample blank. Both mixtures were allowed to react in a
boiling water bath for 30 min before being rapidly cooled
and centrifuged at 4,000 rpm for 10 min. The absor-
bance of the supernatant was measured at 440, 532, and
600 nm.
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Fig. 1 Representative pictures of 17 materials after 36 days waterlogging and 12 days recovery

Table 2 Survival percentages of 17 materials after 36 days of waterlogging treatment

Code Survival (%) Code Survival (%) Code Survival (%) Code Survival (%)
ST 100 S6 100 ST 100 S16 25

S2 100 S7 0 S12 70 S17 30

S3 100 S8 100 S13 76

S4 50 S9 100 S14 76

S5 100 S10 100 S15 0

Estimation of enzyme activity

The samples were homogenized in a cold sodium phos-
phate buffer (50 mM, pH 7.8) containing 0.1 mM EDTA,
1% (w/v) polyvinylpyrrolidone (PVP), and 1 mM dithio-
threitol (DTT). The homogenate was then centrifuged
at 4 °C for 10 min at 10,000 rpm. The supernatants were
collected and stored at 4 °C until protein extraction and
enzyme analysis. XK Wang'’s approach was used to mea-
sure the activity of SOD, POD, and CAT [43].

SOD activity was measured using the photochemical
NBT approach in a 3 ml test mixture. The mixture con-
tained 50 mM phosphate buffer (pH 7.8), 13 mM l-methi-
onine, 75 pM NBT, 10 uM EDTA-Na,, 2 mM riboflavin,
and 0.1 mL substrate. The reaction was stopped after
20 min by removing it from the fluorescent bulb source
to measure the absorbance at 560 nm. One unit of SOD
was defined as the amount of enzyme that prevented 50%
of NBT photoreduction. POD activity was evaluated in a
3 mL mixture containing 50 mM sodium phosphate (pH
7.0), 0.1 mM EDTA, 10 mM guaiacol, 5 mM H,0,, and
50 uL enzyme solution. The absorbance of brown guaia-
col at 470 nm varied after 4 min.

Following the absorption of H,O, at 240 nm for 40 s
in a 3 ml assay mixture containing 50 mM sodium phos-
phate buffer (pH 7.0), 10 mM H,0,, and 0.1 ml enzyme
solution, researchers were able to evaluate the catalase
(CAT) activity.

Data analysis

The data was displayed as means and standard errors.
The statistical analysis was conducted using IBM SPSS
23.0, including ANOVA and the Duncan multiple range
test (p<0.05). P-values less than 0.05 are considered sig-
nificant for each data set, which were calculated as the
mean of three replicates (n=3).

Results

Waterlogging affects phenotype and survival in sedums
After 36 days of waterlogging treatment, various
responses were observed among the 17 test accessions
(Fig. 1), and the survival rate of plantlets varied from 0
to 100% (Table 2). S7 and S15 exhibited clear symp-
toms of leaf necrosis, abscission, and stem rot within
the first week. Unfortunately, neither cultivar survived
beyond two weeks of waterlogging, indicating their high
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Table 3 Effect of waterlogging on presence time, frequency, number and length of adventitious roots of 17 materials after 36 days of

waterlogging treatment

Code Frequency Time (day) Number Length (mm) Code Frequency Time (day) Number Length
(%) (%) (mm)

S1 83 10 6.0 43 S9 10 20 0.1 4.6

S2 100 5 8.0 7.3 S10 10 25 0.1 29

S3 100 3 33 6.7 S 10 22 0.1 35

S4 33 10 13 1.7 S12 20 4 0.6 4.7

S5 100 5 57 6.7 S13 16 5 0.8 300

S6 50 7.00 33 2.7 S14 13 3 0.96 93

S7 0 np np np S15 0 np np np

S8 50 7.00 4.7 30 S16 3 4 0.03 20
S17 7 5 0.09 7.3

np means no values

I waterlogging
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Fig. 2 Evolution of the relative increment rate of MDA concentration in sedums compared to control during waterlogging and recovery. Vertical bars
indicate standard error of the mean (n=3), asterisk indicate significant differences at p <0.05 according to t-test. Np indicates that early death and no

recovery treatment

susceptibility to root hypoxia. As a result, the recovery
treatment was limited to only 15 materials.

$16 and S17 exhibited significant damage to their roots
due to hypoxia, resulting in death rates of 80% and 75%
respectively after waterlogging. This suggests that they
are highly susceptible to waterlogging. However, S2, S3,
and S5 performed the best under waterlogging stress,
experiencing only minor damage and successfully main-
taining all of their plants. This demonstrates their excep-
tional tolerance to this stressful condition. S4, S13, S12,
and S14 showed intermediate sensitivity to root hypoxia,
as damage symptoms appeared later compared to S16,
and mortality rates were 50%, 30%, 24%, and 24%, respec-
tively. Although some foliar symptoms were observed,
the remaining plants exhibited moderate tolerance to
waterlogging, with no mortality observed.

After 12 days of draining, the damage symptoms
improved to varying degrees (Fig. 1). New buds appeared,
leaf shape and color returned to normal, and even
heights increased. Flower buds also appeared in all Hylo-
telephium plants, except for S7 (data not shown).

Adventitious root responses
Except for S7 and S15, which died early, vigorous adven-
titious roots had grown from the leaf scars in all species

of materials, with a frequency ranging from 3 to 100%
(Table 3). After 3-5 days of waterlogging, most Hylo-
telephium and Sedum specimens exhibited the presence
of adventitious roots, while only a few adventitious roots
were observed in all Phedimus specimens after 20 days.
Hylotelephium also has more adventitious roots (more
than 1) and a higher frequency (over 50%) compared to
Sedum (which has approximately 3-20%, with a maxi-
mum mean of less than one of these structures per plant).
Furthermore, the performance was subpar despite mea-
suring the maximum length of the adventitious roots
(3 cm) in S13.

MDA contents
After the waterlogging treatment, all test accessions
showed significant increases in MDA concentration
((p<0.05) (Fig. 2). S2, S3, and S5 exhibited lower lev-
els of oxidative stress injury (1.25, 1.56, and 1.6-fold,
respectively), while S4 had the highest MDA contents
(6.85-fold), followed by S17, S13, and S16 in descending
order with comparison of well-drained conditions during
waterlogging treatment.

With a few exceptions, the oxidative stress injury of
materials decreased by 0.16 to 2.47-fold over the recovery
period compared to their control plants (Fig. 2). During
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Table 4 Results of the analysis of variance (ANOVA) of treatment (T), material (M) and their interactions for dry biomass (DM), root/
Shoot ratio (RSR), relative water content (RWC), MDA, chlorophyll contents (Chl), SOD and CAT activities during waterlogging and

recovery periods

Dependent variable Independent variable

Waterlogging period

Recovery period

T M TxM T M TxM
Dry biomass 785.8% 44.9% 24.74% 2518.4* 92.3* 68.9%
Root/Shoot ratio 514.7* 50.1% 35.2*% 155.0% 89.1* 30.0*
Relative water content 6696.4* 99.0* 96.3* 122.8* 14.3* 7.5%
MDA 1069.5* 34.7% 21.2% 359.9% 64.2* 17.5%
Chl@@+b) 463.1* 37.2% 4.4% 66.8% 43.3* 4.7%
SOD 2001.0* 35.6% 14.6* 1816.3* 12.6* 7.9%
CAT 3134.3* 92.6% 74.8* 1581.2* 51.5% 38.3*
“Significant at p<0.05

“Numbers represent F-values at 5% level
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Fig. 3 Evolution of the increment rate of dry biomass and root-shoot ratio in sedums compared to control during 36 days of waterlogging followed
by 12 days of recovery. Vertical bars indicate standard error of the mean (n=3), asterisk indicate significant differences at p <0.05 according to t-test. Np
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the recovery period, S2, S3, and S5 showed the highest
tolerance, while S16 and S17 were the most susceptible.
However, S8, S4, and S14 exhibited relatively higher con-
tent (55.81%, 42.93%, and 41.69% of the waterlogging
value, respectively), indicating that subsequent drainage
after waterlogging still had a negative influence on mem-
brane stability. Th treatment, materials, and interaction
between treatment and materials had a significant influ-
ence on MDA contents during both the waterlogging and
recovery periods (Table 4).

Growth parameters

Waterlogging significantly reduced total dry biomass
and root/shoot ratios significantly (p<0.05) (Fig. 3).
Both parameters declined more dramatically in S16 and
S17, with reductions of approximately 95% and 80%,

respectively (Fig. 3). However, in various species, the
decreases were less significant. When compared to the
control, S2, S3, S9, and S11 exhibited lower relative total
dry biomass decrement values (41%, 55%, 53%, and 52%,
respectively) (Fig. 3A). Similarly, the root-shoot ratios
decreased by 28% in S10 and 37% in S12. Furthermore,
there was a significant improvement of 177% in S14 and
37% in S12 waterlogged plants was seen as compared to
the control. The remaining materials exhibited moderate
decreases in root-shoot ratios. In addition, the severity
of root injury was greater than that of shoot injury, indi-
cating that root injury is a major cause of waterlogging
stress.

Following the periods of waterlogging, species showed
different patterns of biomass accumulation and allocation
(Fig. 3). Plantlets were able to resume energetic growth
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after waterlogging, especially in their roots (Fig. 3B). This
allowed S2, S3, S5, S9, and S11 to recover more quickly
than waterlogged plants, not only in terms of dry biomass
(with only a 19-35% decline rate) (Fig. 3A), but also in
their root/shoot ratio (with only a 9-12% decline rate)
(Fig. 3B). However, S16 and S17 exhibited the most sig-
nificant decreases in dry biomass and root/shoot ratio,
indicating that the adverse effects of anoxia injury on
dry biomass accumulation and allocation persisted until
the end of the experiment, with only a slight increase in
comparison to their respective controls. Meanwhile, the
other materials were in the intermediate stage. After 12
days of recuperation, the root/shoot ratio increased, indi-
cating that carbohydrates were preferentially transferred
to the root system. Furthermore, there was a significant
impact of treatment, materials, and the combination of
treatment and materials on dry biomass and root/shoot
ratio during both the waterlogging and recovery periods
(Table 3).

RWC contents

Prolonged periods of waterlogging decreased the relative
water content (RWC), although the extent of reduction
varied depending on the materials (Fig. 4A). S2, S3, S5,
and S9 exhibited only a 15% reduction in relative water
content (RWC) compared to their respective controls,
while S1, S4, S16, and S17 showed a 37%—42% decrease in
RWC content compared to their controls.
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Following the period of waterlogging, the materials
showed different levels of recovery in terms of RWC con-
tent (Fig. 4A). Except for a 9% reduction in RWC in S4,
the majority of materials reached to a level similar to that
of the non-stressed controls. Furthermore, the levels of
S12 and S14 increased slightly compared to the controls.

Photosynthetic pigments

The waterlogging treatment significantly reduced the
total chlorophyll content (p<0.05) compared to the con-
trol (Fig. 4B). Total chlorophyll concentration dropped
considerably across all cuttings grown in waterlogged
conditions, with levels ranging from 16 to 53% lower than
the corresponding control (Fig. 4B). During the experi-
ment, the lowered chlorophyll concentration in S12 was
substantially lower than in the other samples, showing
only a 17% loss compared to the control. Furthermore,
the leaf Chl concentration reduced by 53% and 50% in
waterlogged S4 and S14 plants, respectively. After 12 days
of draining, the chlorophyll content in stressed plants
increased in all materials, reaching levels higher than in
control plants for S8 and S13, but not for S1, S4, S6, S12,
and S16.

Enzyme activity

The application of waterlogging resulted in varied
responses in different cuttings in terms of antioxida-
tive enzyme activities, such as SOD and CAT, which are
crucial in combating the harmful effects of ROS (Fig. 5).

20 -
I waterlogging

[ recovery

Relative ratio change of chlorophyll(%) Relative ratio change of RWC content (%)

*

S1 82
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S11 812 S$13 S14 S15 S16 S17
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Fig. 4 Evolution of the increment rate of RWC content and Chl content in sedums compared to control during 36 days of waterlogging followed by 12
days of recovery. Vertical bars indicate standard error of the mean (n=3), asterisk indicate significant differences at p <0.05 according to t-test. Np indi-
cates that early death and no recovery treatment
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SOD showed higher basal levels of the two antioxidant
enzymes compared to CAT. In comparison to the con-
trol plants, SOD activity considerably climbed under
waterlogging conditions (p<0.05) (Fig. 5A). S14, S16,
and S17 have lower SOD levels than other species, with
an increase of only 22-33%. The sensitive species S4
(H. spectabile ‘Rosenteller’) responded to flooding by
increasing SOD activity, and after 36 days of treatment,
the level was 86% higher than that of control plants.
Additionally, during the recovery period, the variation in
SOD activity differs among sedums (Fig. 5A). The SOD
activity of S2, S3, S10, and S11 significantly decreased,
while it significantly increased in S12, S14, S16, and S17.
This indicates that subsequent drainage after waterlog-
ging worsened rather than improved the performance of
sensitive materials.

In comparison to control plants, waterlogging gener-
ated a considerable increase in CAT activity, showing a
significant and positive correlation with SOD (p<0.001,
r=0.70) (Fig. 5A). Particularly, the values of CAT activi-
ties demonstrated higher values compared to SOD,
ranging from at least 1.5 to 8.8-fold higher than those
discovered in their respective control plants (Fig. 5B).
Even though S1 (H. spectabile) had unacceptably poor
phenotypic quality after 36 days of waterlogging treat-
ment, the CAT activity was higher than most of species
with 6.5 times compared with control plants, just lower
than the highest CAT activity of S3 (H. spectabile ‘Carl,
8.8-fold). All sedums, except for S4, S14, and S17, showed
a decrease in CAT activity following the recovery period,
while S4 exhibited a minor increase. Furthermore, in

both treatment periods, a two-way ANOVA demon-
strated a significant impact of the therapy, material, and
the interaction between the treatment and material.

Diversity of morpho-physiological responses to
waterlogging as a grouping criterion

To investigate the morpho-physiological response asso-
ciated with tolerance, a similarity-grouping analysis was
performed using the ratio between waterlogged and con-
trol values of the following attributes (Table 5). All of the
mean values of 52, S3, S5, and S9 were greater than 0.72,
indicating that waterlogging resulted in less damage.
However, the average values of S4, S7, S15, S16, and S17
were lower than 0.50, indicating that their development
was significantly hindered by waterlogging. According
to the findings, S2, S3, S5, and S9 exhibited tolerance to
waterlogging, while S4, S16, and S17 were susceptible to
waterlogging. S7 and S15 were the most sensitive materi-
als, with the tolerance of the remaining materials falling
between them.

Based on the pooled data, the cluster analysis revealed
that 17 species were divided into four clusters, with 10,
4, 2, and 1 species in each cluster (Fig. 6). The first group
included S1, S2, S3, S5, S6, S8, S9, S10, S11, and S12, all
of which were waterlogged tolerant. S14, which is some-
what resistant to waterlogging, belongs to the second
group. S4, S13, S16, and S17 were in the third group,
which experienced mild waterlogging sensitivity. S7 and
S15 were the most susceptible to waterlogging.
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Table 5 Subordinate function values of different sedums under waterlogging stress and evaluation of waterlogging tolerance

Code Survival Dry biomass Root/shoot ratio RWC MDA Chit SOD POD average Score
ST 1.00 048 0.10 0.65 0.60 0.84 1.00 0.68 0.67 8
S2 1.00 1.00 0.16 0.98 0.67 0.84 0.93 042 0.75 2
S3 1.00 0.77 0.18 1.00 0.64 1.00 0.94 1.00 0.82 1
S4 0.50 040 0.14 0.69 0.00 0.62 0.96 0.53 048 13
S5 1.00 0.67 0.21 1.00 0.62 0.79 1.00 0.56 0.73 3
S6 1.00 0.59 0.20 0.84 0.53 0.97 0.88 0.62 0.70 5
S7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 16
S8 1.00 0.55 0.16 0.86 0.54 0.77 092 045 0.66 9
S9 1.00 0.80 0.16 0.96 0.59 091 0.78 0.55 0.72 4
S10 1.00 040 0.25 0.89 0.40 0.81 0.86 046 0.63 10
S 1.00 0.82 0.21 0.93 0.24 0.78 093 0.60 0.69 6
S12 0.70 043 048 093 0.62 1.00 0.79 0.52 0.68 7
S13 0.76 0.20 0.06 0.97 0.14 0.97 0.74 040 0.53 12
S14 0.76 0.36 1.00 0.90 0.23 0.69 0.63 0.16 0.59 1
S15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 17
S16 0.25 0.07 0.07 0.71 0.20 0.72 0.69 0.20 0.36 15
S17 030 0.08 0.07 0.71 0.18 0.83 0.66 021 0.38 14
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Fig. 6 UPGMA dendrograms of sedums constructed based on waterlogging tolerance coefficients. The similarity cutoff for definition of groups is indi-

cated by a dashed vertical line

Discussion

Throughout the waterlogging experiment, we assessed
the tolerance of seventeen sedum species to prolonged
root hypoxia. All test accessions differed not only in
their response to waterlogging but also in the time it
took for them to recover. The formation of adventitious
roots has been mentioned as a potential strategy to avoid
hypoxia resulting from waterlogging [16]. this process

may facilitate in the absorption of water, oxygen, and
nutrients, alleviate hypoxic conditions [21], and enhance
the plant’s ablity to tolerate and survive or recover from
waterlogging conditions [28]. The findings revealed the
presence of adventitious roots at the leaf scar of Hylo-
telephium and Sedum specimens after 3 days of water-
logging (Table 2). Although the range of formation time
and root numbers varies between species, these roots
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appear to have been crucial for the survival of sedums, as
indicated by their ability to 36 days of waterlogging. The
formation of abundant adventitious roots in S1’s leaf scar,
in particular, may contribute to its unsatisfactory pheno-
typic quality without causing death. Furthermore, despite
the absence of adventitious roots in three Phedimus
materials, their high tolerance suggests the existence of
additional morpho-anatomical adaptation mechanisms,
such as aerenchyma development and radial oxygen-loss
barrier construction [44].

Waterlogging has been described as causing predomi-
nant inhibition of biomass accumulation and survival
[8, 28, 39]. The dry biomass and root-shoot ratio of 17
materials were obviously lowered by prolonged water-
logging compared to the control (Fig. 1), indicating that
waterlogging conditions hindered the development of
sedums, although most plants survived. Furthermore, the
level of damage produced by waterlogging stress varied
significantly across the 17 materials. Many water-tolerant
species have a decreased root-shoot ratio when water-
logged [16, 44]. However, the root-shoot ratio of S12 and
S14 increased (Fig. 3B), which contradicts the previously
mentioned trend. This could be due to a greater loss of
aboveground dry matter compared to root dry matter.

Plants have the ability to slow down their metabolism
to conserve energy and carbohydrates for later use, allow-
ing for a resumption of vigorous growth during recuper-
ation [9]. The recovery phase, which is a crucial period
for assessing the true waterlogging tolerance of specific
species, revealed varying degrees of ability to recover for
different species [45]. The degree of preferential biomass
allocation toward roots during recovery varied among
sedums in the current investigation (Fig. 3A). Particu-
larly in S2, S3, S5, S9, and S11, the biomass toward roots
enables the re-establishment of a more suitable shoot-
to-root ratio for facilitating water and nutrient supply
in well-drained soil [45]. However, the poor biomass
recovery of S16 and S17 after 12 days of water subsided
indicates that they were considerably stressed by water-
logging, and that the damage to their root systems could
not be repaired in the near term (12 days). S2, S3, S5,
S9, and S11 consistently showed greater relative growth
than other materials during periods of waterlogging and
recovery.

Adequate water content is beneficial for stabilizing sub-
cellular structures and aiding cell recovery from stress.
Waterlogging often reduces plant RWC [29, 32], as dem-
onstrated in the current study. Prolonged waterlogging
significantly reduced the relative water content (Fig. 4A),
with the most obvious drop observed in S16 and S17, and
the least pronounced in S2, S3, S5, and S9. Interestingly,
recovery over 12 days led to a significant decrease in
RWC in all plants, even though the levels of most plants
were close to their controls. This indicates that rapid
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restoration of RWC upon removal of waterlogging stress
may contribute to resistance acquisition.

In the present study, waterlogging significantly
decreased the leaf chlorophyll content, and after a period
of recovery, the chlorophyll content climbed for all mate-
rials, although to varying degrees (Fig. 4B). This is con-
sistent with findings in Rhododendron delavay [11] and
Actinidia valvata Dunn [25]. The decrease in chloro-
phyll concentration produced by environmental stress is
related to the suppression of synthesis and faster degra-
dation of chlorophyll in order to prevent photo-oxidation
[14]. Durhman et al. (2006) and Kozminska at al. (2019)
discovered that Chl responses to drought stress contrib-
ute to tolerance, which is consistent with the current
study showing tolerant sedums have superior adaptive
instincts than sensitive ones [33, 46]. During waterlog-
ging, sedums with lower Chl content loss were observed
to accumulate organic reserves, which increased their
resilience after the stress subsided. This effect was con-
firmed by the increased dry biomass of tolerant materials
after the recovery period (Fig. 3A).

The MDA content, which is considered a measure of
oxidative damage in plant tissues under abiotic stress,
was significantly increased in the present study, indicat-
ing damage to cell membranes caused by waterlogging
(Fig. 3a). However, the lower concentration of MDA in
tolerant species suggests that they have a greater capac-
ity to eliminate ROS and maintain high membrane sta-
bility compared to sensitive species [39]. Waterlogging in
sedums can cause damage to the cell membrane, leading
to a reduction in photosynthesis and chlorophyll degra-
dation [28]. However, inducing antioxidant enzyme activ-
ities to scavenge ROS can help alleviate oxidative damage
associated with waterlogging and is positively related to
the degree of tolerance [16, 32]. This suggests that toler-
ant species may activate a series of antioxidant enzymes
to alleviate oxidative damage and exhibit lower basal
MDA content than sensitive ones.

Previous studies have shown that tolerant sedums are
able to maintain higher levels of antioxidant enzymes
such as SOD, POD and CAT compared to sensitive
sedums under water stress (Fig. 5). This allows them to
maintain a better balance between ROS formation and
detoxification, which is consistent with our own find-
ings [16]. Specifically, our study observed a higher level
of antioxidant enzyme activities induced by waterlog-
ging and identified a positive correlation between these
activities (Fig. 5). These results suggest that sedums are
equipped with efficient antioxidative systems that can
protect them from oxidative injury caused by waterlog-
ging. It is noteworthy that CAT activities rose more than
SOD (Fig. 5), suggesting that H,0O, scavenging by CAT is
one of the most essential mechanisms for sedums to pro-
tect against waterlogged stress.
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Conclusions

In conclusion, all test accessions performed significant
differences in waterlogging tolerance and recovery capa-
bility. Most sedums, with the exception of the most sensi-
tive varieties such as H. telephium ‘Purple Emperor’ and
S. sexangulare, can withstand up to 36 days of continu-
ous waterlogging and have good recovery abilities. This
indicates that they are desirable species for the construc-
tion of rain gardens or impeded drainage. This is the sec-
ond study of sedums’ morphological and physiological
responses to waterlogging. We believe that the findings
of this study will not only contribute to the development
of landscaping applications aimed at selecting waterlog-
ging-adapted plants, but also enhance our understanding
of the waterlogging stress response in plants.
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