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foundation for further understanding waterlogging-induced 
alterations in source-sink relationships.
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Introduction

The intensification of rainfall due to global warming will 
result in more flash flooding and seasonal waterlogging. It 
has been estimated that 12% of all irrigated farmland could 
be waterlogged frequently in the near future, leading to an 
approximate 20% reduction in crop productivity (Tian et al. 
2021). The important biological implication of waterlogging 
conditions is hypoxia (a deficiency of oxygen) or anoxia 
(the complete absence of oxygen) in the soil environment, 
resulting in limited mitochondrial aerobic respiration, sup-
pressed root activity, and lack of energy in plants (Phukan 
et al. 2016). In response to oxygen limitation, plants undergo 
a metabolic switch from aerobic respiration to anaerobic 
fermentation, which uses pyruvate metabolized from starch 
through glycolysis as a starting substrate to generate aden-
osine triphosphate (ATP, Parent et al. 2008; Colmer and 
Voesenek 2009; Banti et al. 2013). However, the accumula-
tion of lactate and ethanol, the main fermentation end prod-
ucts of lactate dehydrogenase and alcohol dehydrogenase, 
respectively, can also contribute to root injury and death (De 
Castro et al. 2022). In addition, waterlogging stress causes 
the overproduction of reactive oxygen species and reac-
tive nitrogen species that potentially lead to DNA damage, 
protein degradation, lipid peroxidation, and cell membrane 
damage (Jethva et al. 2022).

Roots are the primary sufferer of waterlogging stress, 
and it has been well-reported that storage roots, such as 
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sweet potato and cassava, are very sensitive to waterlog-
ging, which affects their growth and yield (Kerddee et al. 
2021; Pan et al. 2021b). In the case of ginseng, photosyn-
thetic rate, root diameter, and root weight were significantly 
reduced when soils were waterlogged for more than three 
days (Suh et al. 2021). In addition, the incidence of cas-
sava root rot disease and diseases in ginseng were higher 
in the rainy season (Kim et al. 2007; Akrofi et al. 2018), 
indicating that waterlogging stress, directly and indirectly, 
affects the production and yield of storage roots. To cope 
with waterlogging stress, plants have evolved various strate-
gies including changes to morphology (e.g., the formation of 
adventitious roots or other aeration tissues, rapid elongation 
of apical meristematic tissue, and the formation of air films 
in the upper cuticle), physiology (e.g., endogenous hormone 
biosynthesis, respiration, and photosynthesis), and metabo-
lism (e.g., primary and secondary metabolites). However, 
elucidation of the waterlogging response signaling pathways 
and tolerance mechanisms in storage roots remains an out-
standing challenge in plant biology.

Balloon flower (Platycodon grandiflorus (Jacq.) A. DC), 
a single genus in the family Campanulaceae, is native to 
East Asia (Zhang et al. 2015). In Korea, balloon flower root 
is mostly used for medicinal and culinary purposes, and its 
production value amounted to over 100 million U.S. dollars 
in 2011 (Lee et al. 2014). Recently, platycodin D, an active 
ingredient derived from the roots of balloon flower, has 
been suggested as a potent natural product for preventing or 
treating COVID-19 infection by hindering membrane fusion 
(Kim et al. 2021), which has led to increasing interest in the 
plant. Balloon flower has a taproot system, and soil drainage 
has a significant impact on the yield of storage roots and the 
incidence rate of root disease (Lee et al. 1999). Although 
this indicates that balloon flower is sensitive to waterlogging 
stress, physiological and molecular responses to waterlog-
ging stress in their roots remain unknown.

In this study, to fill this gap, physiological and molecular 
changes in balloon flower subjected to waterlogging stress 
were analyzed, and gene expression and enzyme activities in 
non-treated and waterlogged plants were compared to deter-
mine the effect of waterlogging stress on sucrose metabo-
lism. Our systematic analysis provides the first step toward 
a functional dissection of changes in sucrose metabolism 
during the response of balloon flower to waterlogging stress.

Materials and methods

Plant materials and treatment

One-year-old roots of balloon flower (P. grandiflorus (Jacq.) 
A. DC) were transplanted into pots filled with soil and grown 
in a growth chamber at 24 °C and 50% relative humidity 

under a long photoperiod (16 h light/8 h dark) at a photon 
flux density of 100 μmol  m−2  s−1 (fluorescent white lamps). 
Four weeks after transplanting, healthy, growing potted 
plants were placed in a plastic container filled with water for 
the waterlogging treatment. The water level was maintained 
at 3 cm above the soil surface, and the concentration of dis-
solved oxygen was less than 0.04 mmol/m3. Control plants 
remained in a well-watered condition throughout the experi-
ment. Leaves (fully expanded leaves) and roots were col-
lected at 0, 5, 9, 13, and 18 days after the treatment, quickly 
frozen in liquid nitrogen, and stored at − 80 °C until analysis.

The physiological response of balloon flower 
to waterlogging stress

The effects of waterlogging stress on photosynthesis were 
determined by analyzing chlorophyll fluorescence using 
a pulsed modular fluorometer (FluorPen FP110). Fully 
expanded leaves were grounded, and chlorophyll (Chl) was 
extracted in 95% ethanol at 80 °C for 30 min, and the con-
centrations of Chl a, Chl b, and Chl a + b were calculated 
according to Czyczyło-Mysza et al. (2013).

The proline contents in leaves and roots were quantified 
using the acid ninhydrin method described by Eom et al. 
(2022), calculated based on a calibration curve derived from 
standard proline solutions, and expressed as ng/mg of fresh 
weight (FW).

The total content of ATP was analyzed using an EZ-ATP 
Assay Kit (DoGenBio Co., Seoul, Korea) according to the 
manufacturer’s instructions, and measured using a fluores-
cence microplate reader equipped with a 535 nm excitation 
filter and a 595 nm emission filter.

Analysis of soluble sugar contents 
and sucrose‑metabolizing enzymes

To analyze soluble sugar contents, 100 mg of ground sam-
ples were mixed with an equal volume of cold water. After 
centrifugation at 13,000 rpm for 15 min, the supernatants 
were transferred to a clean tube. Then sucrose, glucose, and 
fructose were analyzed using a Sucrose/D-Fructose/D-Glu-
cose Assay Kit (Megazyme, Wicklow, Ireland), according 
to the manufacturer’s instructions.

To determine the activities of sucrose-metabolizing 
enzymes, 0.1 g of ground leaf material was mixed in 1 mL 
of extraction buffer (200 mM HEPES, pH 7.5, 3 mM  MgCl2, 
1 mM EDTA, 2% glycerol, and 0.1 mM PMSF) as described 
in Bonfig et al. (2006). After centrifugation, the supernatant 
was dialyzed and used to analyze the activities of the vacu-
olar invertase (V-inv), neutral/alkaline invertase (N-inv), 
and sucrose synthase (Susy). The pellet was washed three 
times, suspended in the above extraction buffer containing 
1 M NaCl, and subjected to centrifugation. The supernatant 
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was dialyzed and used to determine the activity of cell wall 
invertase (C-inv). The activities of V-inv, N-inv, and C-inv 
were determined using GOD-POD reagent (Bonfig et al. 
2006), and Susy activity was analyzed as described by Jam-
mer et al. (2015). Protein content was quantified using a 
Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, 
USA).

In‑silico analysis for identification 
of sucrose‑metabolizing enzymes

To identify and enumerate the complete family of P. gran-
diflorus invertases (PlgInvs) and Susys (PlgSusys), BLAST 
searches (p < 0.01) were performed on P. grandiflorus 
genome sequence data (Kim et al. 2020) based on known 
plant invertase and Susy sequences. The obtained protein 
sequences were analyzed using domain searches (HMMER 
3.0, http:// hmmer. org/), predictions of subcellular locali-
zation (SignalP, http:// www. cbs. dtu. dk/ servi ces/ Signa lP/; 
Protcomp, http:// www. softb erry. com/ berry. phtml; CELLO, 
http:// cello. life. nctu. edu. tw/), and molecular weight (MW, 
Compute pI/MW tool, http:// web. expasy. org/ compu te_ pi/). 
ClustalW and MEGA 11 software were used for multiple 
sequence alignments and phylogenetic analyses.

Quantitative real‑time PCR (qRT‑PCR) analysis

To investigate the expression of the sucrose-metabolizing 
enzyme genes, qRT-PCR analysis was used. The total RNA 
from the balloon flower leaves and roots were extracted 
according to the manufacturer’s instructions (Favorgen, Ping 
Tung, TAIWAN) and reverse-transcribed into cDNA using 
oligo (dT) primer, which was then used for cloning or qRT-
PCR. A final volume of 20 μl reaction contains 10 μl SYBR‐
Green Master Mix, 2 μl cDNA template, 0.5 μl each amplifi-
cation primer, and 7 μl  H2O. The qRT-PCR was performed 
with Toyobo SYBR‐Green Master Mix (Toyobo, Co., Ltd., 
Osaka, Japan) under the following conditions: 95 °C for 
3 min followed by 40 cycles of 95 °C for 10 s, 55 °C for 30 s, 
and 72 °C for 15 s. The balloon flower actin gene was used 
as the internal reference. The primer sequences are listed 
in Table S1. All analyses were performed in five biological 
replicates and two technical replicates.

Transient expression of PlgSusy1 in tobacco

The full-length PlgSusy1 gene, amplified using gene-spe-
cific primers, was subcloned into a gateway binary vector 
pGWB505, and then transformed into Agrobacterium tume-
faciens strain GV3101. For transient expression in tobacco 
(Nicotiana benthamiana), agro-infiltration was performed 
as described by Ji et al. (2021). Briefly, a single colony of 
A. tumefaciens GV3101 containing either PlgSusy1 or GUS 

construct was inoculated into LB medium with antibiotics 
and grown overnight at 28 °C. The bacteria were collected 
by centrifugation and resuspended in 10 mM MES and 
10 mM  MgCl2 containing 150 µM acetosyringone to an 
OD600 of 1.0. Tobacco leaves were infiltrated with the bac-
terial suspension using a sterile 1 mL needleless syringe, and 
infiltrated leaves were used for the analysis of Susy activ-
ity. Transient expression was assessed in three biological 
replicates.

Statistical analysis

All the experiments were conducted for three independent 
replicates, and data were expressed as mean ± standard error. 
Statistical significance for differences between treatments 
was analyzed using the Student’s t-test. ***, ** or * indi-
cate statistical significance at p < 0.001, p < 0.01 or p < 0.05, 
respectively.

Results and discussion

Physiological responses in Balloon flowers 
under waterlogging conditions

Waterlogging-induced hypoxia or anoxia dramatically 
affects plant growth, development, and survival (Pan et al. 
2021a; De Castro et al. 2022). To investigate the effect of 
waterlogging stress on the growth of balloon flowers, a time 
course analysis was undertaken to measure stem growth 
under waterlogging and normal conditions. As shown in 
Fig. 1, waterlogging had a negative effect on the growth 
and development of balloon flower. The plant growth 
(stem length) stopped almost completely after 10 days of 
waterlogging onwards whereas the stem length of control 
plants increased linearly (Fig. 1a, b). Under waterlogging 
stress, root dry weight was 71% lower (control plants, 
1,068 ± 142 mg; waterlogged plants, 309 ± 91 mg) than 
that of non-waterlogged plants (Fig. 1c). This indicates that 
waterlogging stress significantly impacts the yield of balloon 
flower roots.

Proline is a proteinogenic amino acid synthesized by the 
glutamate and ornithine pathways, and it plays a highly ben-
eficial role in plants exposed to environmental stresses as 
an osmolyte, a free radical scavenger, a carbon and nitrogen 
reserve, and a signaling molecule (Szabados and Savouré 
2010; Hayat et al. 2012). Under waterlogging stress con-
ditions, proline contents were significantly increased in 
the roots of plants including banana, peach, and rice (Cao 
et al. 2020; Xiao et al. 2020; Teoh et al. 2022). Similarly, 
we found that proline accumulated in the waterlogged 
roots of balloon flower. As shown in Fig. 2a, there was an 
approximately 4.5-fold increase in proline content in roots 

http://hmmer.org/
http://www.cbs.dtu.dk/services/SignalP/
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http://cello.life.nctu.edu.tw/
http://web.expasy.org/compute_pi/


594 Physiol Mol Biol Plants (April 2023) 29(4):591–600

1 3

after waterlogging for 13 days. The accumulation of proline 
in response to waterlogging is mediated by stimulation of 
synthesis, loss of feedback inhibition, and the inhibition of 
xylem transfer (Olgun et al. 2008; Lothier et al. 2020).

The accumulated evidence suggests that there are physio-
logical effects of waterlogging in leaves, even though water-
logging does not lead to hypoxic conditions in leaves. Under 
waterlogged conditions, the chlorophyll synthesis ability of 
leaves decreased as demonstrated by decreasing transcrip-
tion levels and decreasing activity of chlorophyll metabo-
lism-related genes (Yu et al. 2019; Zhang et al. 2021). As 
shown in Fig. 2b, the contents of Chl a, Chl b, and Chl 
a + b were significantly lower in the leaves of waterlogged 
plants than in the non-waterlogged plants. In addition, the 
chlorophyll fluorescence data showed that the reduced con-
tent of Chl led to a decrease in the maximal photochemi-
cal efficiency of photosystem II (Fv/Fm, Fig. 2c). Similar 
physiological responses have been seen in peanut, wheat, 
avocado, and cassava (Wu et al. 2015; Cao et al. 2022; Lin 
et al. 2022; Zeng et al. 2022).

Effect of waterlogging stress on sucrose metabolism

Photosynthetically generated sucrose is translocated to 
the roots where it is used for root development and growth 
(Kircher and Schopfer 2012; Kutschera and Briggs 2019). 
Therefore, we predicted that the waterlogging-induced pho-
tosynthetic inhibition would have decreased the level of 

sucrose in roots, resulting in the observed reduction of root 
growth and development. To test this hypothesis, we ana-
lyzed the tissue contents of sucrose, glucose, and fructose. 

Fig. 1  Effect of waterlogging stress on the growth of balloon flower. 
The phenotypes (a), stem length (b) and dry weights of roots (c) 
were measured after 18 days of waterlogging stress treatment. Aster-
isks indicate significant differences (Student’s t-test; **p < 0.01, and 
***p < 0.001) between non-treated and treated plants. The bars repre-
sent the mean ± standard error (n = 10)

Fig. 2  Physiological response to waterlogging stress in balloon 
flower. Changes in root proline content (a), leaf chlorophyll content 
(b), and Fv/Fm values (c). Asterisks indicate significant differences 
(Student’s t-test; *p < 0.05, **p < 0.01, and ***p < 0.001) between 
non-treated and treated plants. The data are presented as means ± SE 
(n = 10)
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Contrary to our prediction, the sucrose content was approxi-
mately 2.1-fold higher in the roots of waterlogged plants 
(18 days after waterlogging) than in control plants (Fig. 3). 
The roots of waterlogged plants also had higher levels of 
glucose (ninefold) and fructose (4.7-fold). In addition, 
although waterlogging stress was shown to decrease the 
photosynthetic rate in balloon flower, the sucrose, fructose, 
and glucose contents were greater in the leaves of water-
logged plants than in those of the control plants (Fig. 2c). In 
Medicago truncatula, the phloem loading rate was reduced 
by waterlogging stress (Lothier et al. 2020), indicating that 
the accumulation of sugar in leaves of waterlogged balloon 
flower should be mediated by the inhibition of sugar trans-
port via the phloem. Under waterlogged conditions, sugars 
are required for the formation of new adventitious roots, 
which contain more aerenchyma than primary roots (Visser 
and Voesenek 2005; Qi et al. 2020). Furthermore, osmotic 
adjustment is a useful adaptation for hypoxia, maintaining 
water balance and turgor pressure (Olorunwa et al. 2022). 
For example, waterlogging-resistant genotypes accumulate 
higher contents of soluble sugars than susceptible genotypes 
under waterlogging stress (Sairam et al. 2009; Zhang et al. 
2017, 2019; Olorunwa et al. 2022). This indicates that the 
accumulation of soluble sugars in the roots is an important 
component of the response to waterlogging stress.

Changes in activities of the sucrose catabolizing 
enzymes

Under waterlogging conditions, energy reserves decline due 
to decreased photosynthesis and  O2 availability (Barickman 
et al. 2019; Pan et al. 2021a). Thus, an increase in glucose 
should be required for the production of ATP to be used by 
energy-consuming pathways (Arora et al. 2017). Sucrose’s 

utilization requires either irreversible hydrolysis by invertase 
(EC 3.2.1.26, β-fructofuranosidase) or reversible cleavage 
by Susy (EC 2.4.1.13, Hyun et al. 2009). As shown in Fig. 4, 
the activities of V-inv and N-inv in the leaves of waterlogged 
plants were higher than in control plants, but C-inv and Susy 
activities were not changed by waterlogging stress. On the 
contrary, V-inv and N-inv activities were lower in the roots 
of waterlogged plants than in control plants, whereas Susy 
activity was significantly increased by the waterlogging 
treatment. Sucrose degradation by Susy is more energy effi-
cient than sucrose degradation by invertase, saving up to 
two ATP molecules in the conversion of sucrose to hexose 
phosphates (Fedosejevs et al. 2014; Stein and Granot 2019). 
In the roots of balloon flower, ATP content had significantly 
decreased after 13 days of waterlogging stress (Fig. S1). 
Taken together, these results indicate that increasing Susy 
activity and decreasing invertase activity in the roots of bal-
loon flower should be required for a higher cellular energy 
state to be established under waterlogging conditions.

Identification of the sucrose catabolizing enzymes 
in balloon flower

To identify the invertase and Susy genes, we analyzed 
the balloon flower genome data (Kim et al. 2020) using 
invertase and Susy sequences previously identified in 
other plants. After redundant sequences were removed, 
a total of 12 putative PlgInv—three in the PlgV-inv fam-
ily, two in the PlgC-inv family, and seven in the PlgN-inv 
family—and four PlgSusy genes were found (Table 1). 
All sucrose catabolizing enzymes in balloon f lower 
had a calculated MW ranging from 53.35 to 95.45 kDa 
(Table 1). Two PlgC-invs were predicted to contain the 
hydrophobic N-terminal signal peptide involved in the 

Fig. 3  Soluble sugar concentrations in leaves and roots of balloon flower. Asterisks indicate significant differences (Student’s t-test; *p < 0.05, 
**p < 0.01, and ***p < 0.001) between waterlogging stress -treated and non-treated plants. The data are presented as means ± SE (n = 10)
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secretory pathway to the cell wall (Table 1): a feature 
common to most C-invs in other plants (Ji et al. 2005; 

Hyun et al. 2011). In addition, all PlgV-invs and PlgN-
invs were predicted to have vacuole and cytoplasm 

Fig. 4  Effect of waterlogging stress on the activities of sucrose cat-
abolizing enzymes in balloon flower: vacuolar invertase (V-inv), neu-
tral/alkaline invertase (N-inv), cell wall invertase (C-inv), and sucrose 

synthase (Susy). Asterisks indicate significant differences (Student’s 
t-test; *p < 0.05) between non-treated and treated plants

Table 1  Gene catalog of 
sucrose catabolizing enzymes in 
balloon flower

Name Accession NO CDS (bp) Protein length kDa Subcellular Localization Signal peptide

PlgC-inv1 PGJG292820 1761 586 66.58 Extracellular 0.7172
PlgC-inv2 PGJG300930 1725 540 61.42 Extracellular 0.9988
PlgV-inv1 PGJG013270 1950 649 72.42 Vacuole 0.0023
PlgV-inv2 PGJG348670 1932 643 71.75 Vacuole 0.0002
PlgV-inv3 PGJG348650 2556 851 95.45 Vacuole 0.159
PlgN-inv1 PGJG401200 1704 567 64.90 Cytoplasm 0.0004
PlgN-inv2 PGJG107430 1536 511 58.35 Cytoplasm 0.0008
PlgN-inv3 PGJG292460 2043 680 77.10 Cytoplasm 0.0005
PlgN-inv4 PGJG256660 1971 656 74.89 Cytoplasm 0.0031
PlgN-inv5 PGJG202660 1971 656 74.94 Cytoplasm 0.0035
PlgN-inv6 PGJG302980 1869 622 69.82 Cytoplasm 0.0015
PlgN-inv7 PGJG056720 2013 670 76.11 Cytoplasm 0.0436
PlgSusy1 PGJG315350 2427 808 92.84 Cytoplasm 0.0006
PlgSusy2 PGJG116750 2507 834 95.27 Cytoplasm 0.0255
PlgSusy3 PGJG020240 2412 803 91.02 Cytoplasm 0.0052
PlgSusy4 PGJG113500 2583 860 96.61 Cytoplasm 0.0004
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localization, respectively. Although Susy of azuki bean 
(Vigna angularis) are membrane-bound in a complex with 
cellulose synthase (Fujii et al. 2010), most plant Susys, 
including PlgSusys, are considered to be cytosolic pro-
teins (Table 1; Stein and Granot 2019; Liao et al. 2022). 
As shown in Fig. S2, most PlgC- and PlgV-invs con-
tained Glyco_hydro 32N (PF00251) and Glyco_hydro 
32C (PF08244) domains, which corresponds to the N- 
and C-terminal domains of glycosyl hydrolase family 32 
(Alberto et al. 2004). In addition, the multiple sequence 
alignment of PlgN-invs showed that they have a highly 
conserved glycoside hydrolase 100 (Glyco_hydro 100) 
domain, which is a trait common in N-invs of other plants 
(Dahro et al. 2016, 2021; Juárez-Colunga et al. 2018). 
Furthermore, PlgSusys are thought to have conserved 
domains for sucrose-synth (PF00862) and glycos-transf-1 
(PF00534). Taken together, the presence of conserved 
domains described within each enzyme family (PlgV-invs, 
PlgC-invs, PlgN-invs, and PlgSusys) suggests that sucrose 
catabolizing enzymes in balloon flower likely have the 
same function as their homologous proteins.

To gain insight into the potential functions of sucrose 
catabolizing enzymes in balloon flower during responses 
to waterlogging stress, the expression pattern of each gene 
was analyzed by qRT-PCR. As shown in Fig. 5, Fig. S3 
and Fig. S4, PlgV-inv2 and PlgN-inv3 were up-regulated in 
leaves by waterlogging stress, whereas PlgC-inv1 and PlgC-
inv2 were down-regulated. In the roots of the waterlogged 
balloon flower, PlgV-inv transcripts decreased, indicating 
that decreasing activity of V-inv (Fig. 4) is mediated by the 
downregulation of PlgV-invs. In addition, the transcript level 
of PlgSusy1 increased, while those of PlgSusy3 and Plg-
Susy4 decreased in the waterlogged roots. These observa-
tions indicate that increased activity of Susy by waterlogging 
stress could be related primarily to PlgSusy1 expression in 
roots. Various genes encoding PlgN-invs were up-regu-
lated in the roots of balloon flower by waterlogging stress 
(Fig. 5). However, N-inv activity was lower in the roots of 
waterlogged plants than that in control plants (Fig. 4). Post-
transcriptional regulation by RNA-binding proteins, micro-
RNAs, and the spliceosome and post-translational regulation 
by invertase inhibitors play an essential role in controlling 
sucrose metabolism (McKenzie et al. 2013; Wang et al. 
2020; Coculo and Lionetti 2022). Non-correlation between 
transcriptional levels of PlgN-invs and N-inv activity indi-
cates the importance of these regulations in the sucrose 
metabolism of balloon flower.

Transient gene expression using agro-infiltration offers 
a simple and efficient technique for the rapid production of 
recombinant proteins and the characterization of gene func-
tions (Bashandy et al. 2015; Norkunas et al. 2018). To char-
acterize the function of PlgSusy1, Agrobacterium cells car-
rying the PlgSusy1 construct were infiltrated into the leaves 

of tobacco plants. As shown in Fig. 6. transient expression of 
PlgSusy1 resulted in an increase in Susy activity, indicating 
that PlgSusy1 encodes the functional Susy enzyme.

Fig. 5  The expression pattern of sucrose catabolizing enzymes in 
response to waterlogging stress in balloon flower. Transcript levels of 
each gene were normalized to actin. Relative expression level of each 
gene (Fig. S3 and S4) has been represented as heatmap of log2 fold 
change

Fig. 6  Sucrose synthase activity of PlgSusy1. PlgSusy1 or GUS 
(mock control) recombinant proteins transiently expressed in N. 
benthamiana leaves through agro-infiltration. Asterisks indicate sig-
nificant differences (Student’s t-test; *p < 0.05)
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Conclusion

The present study provides an overview of the changes 
in sucrose metabolism in the leaves and roots of balloon 
flower under waterlogging conditions. Based on the analy-
sis of sucrose catabolizing enzyme activities, we found 
that waterlogging stress leads to a shift in the pathway of 
sucrose degradation from invertase to SuSy in roots. Further, 
waterlogging-induced PlgSusy1 expression should play an 
important role in sucrose degradation to improve metabolic 
performance in hypoxia conditions. Taken together, our 
results provide a solid starting point for further understand-
ing the physiological and molecular mechanisms underlying 
responses to waterlogging stress in root crops.
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