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Abstract

The role of ethylene as an initial signaling molecule in waterlogging stress is well-established. However, the com-
plex molecular mechanisms underlying ethylene biosynthesis and its functional significance in chrysanthemums
under waterlogging conditions have remained unclear. In this study, we observed an increase in the expression

of T-aminocyclopropane-1-carboxylate synthase 6 (CmACS6), which encodes a key enzyme responsible for ethylene
biosynthesis, in response to waterlogging. This elevation increases ethylene production, induces leaf chlorosis,
and enhances the chrysanthemum’s sensitivity to waterlogging stress. Moreover, our analysis of upstream regula-
tors revealed that the expression of CmACS6, in response to waterlogging, is directly upregulated by CmHRE2-like
(Hypoxia Responsive ERF-like, CmHRE2L), an ethylene response factor. Notably, CmHRE2-L binds directly to the GCC-
like motif in the promoter region of CmACS6. Genetic validation assays demonstrated that CmHRE2L was induced
by waterlogging and contributed to ethylene production, consequently reducing waterlogging tolerance in a par-
tially CmACS6-dependent manner. This study identified the regulatory module involving CmHRE2L and CmACSé,
which governs ethylene biosynthesis in response to waterlogging stress.
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Core

CmHRE2L binds to the GCC-like motif in the promoter
region of CmACS6, directly enhancing CmACS6 expres-
sion under waterlogging conditions in chrysanthemum
‘Jinba’ The increased expression of CmACS6 led to an
ethylene surge near the leaves above water, subsequently
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inducing leaf chlorosis. Genetic validation assays con-
firmed that the CmHRE2L-CmACS6 transcriptional
cascade negatively influences chrysanthemum ‘Jinba’
waterlogging tolerance.

Gene & Accession Numbers
CmACS6 accession: cmak_058780 (chrysanthemum
genome database-http://210.22.121.250:8880/asteraceae/
homePage).

CmHRE2-like accession: BankIt2738594. (need to add
reference-Wang, 2024, Bmc Plant Biol)

Introduction

Waterlogging represents a significant natural disaster
affecting numerous countries globally and is a preva-
lent agro-meteorological challenge in China (Yin et al
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2023). During waterlogging stress, soil oxygen content
rapidly diminishes to approximately 1/10000 of normal
growing conditions, resulting in hypoxic or anoxic soil
conditions. Consequently, the submerged root systems
of affected plants are unable to maintain regular air con-
tact (Sairam et al. 2009; Steffens and Rasmussen 2016),
severely impacting plant growth. Thus, investigating the
mechanisms of plant resistance to waterlogging stress is
crucial for promoting agricultural sustainability. Ethyl-
ene, an early signal detected during waterlogging stress,
is produced and accumulates in plant cells under these
conditions (Hartman et al. 2019; Zandalinas et al. 2021).
Ethylene signaling influences gibberellic acid, gibberel-
lin, and auxin pathways, promoting the development of
waterlogging-adapted features such as aerated tissues
and adventitious roots to mitigate hypoxia (Dawood et al.
2016; Sasidharan and Voesenek 2015; Yang et al. 2015).
Increased ethylene production can be observed within
hours of waterlogging stress onset (Voesenek and Sasid-
haran 2013). It is hypothesized that elevated ethylene lev-
els, mediated through signal transduction pathways and
downstream regulation of ethylene-related genes, may
induce adaptive changes at the morphological and physi-
ological levels, enhancing plant tolerance to waterlogging
conditions.

Chrysanthemum (Chrysanthemum morifolium) is
indigenous to China and possesses significant ornamen-
tal, medicinal, and economic value. However, its shal-
low root system renders the chrysanthemum vulnerable
to waterlogging stress. In China, the middle and lower
reaches of the Yangtze River and southern regions are
susceptible to short- or long-term flooding due to fre-
quent summer rainfall (Ahsan et al. 2007; Kuai et al.
2015). Short-term flooding can severely impede the nor-
mal growth of cultivated chrysanthemums and poten-
tially cause widespread mortality, affecting quality and
economic value (Su et al. 2016). A previous study dem-
onstrated that ethylene production in Chrysanthemum
zawadskii (a waterlogging-tolerant wild species) was
higher than in Chrysanthemum nankingense (a waterlog-
ging-sensitive wild species) during waterlogging stress
(Yin 2011). Yin (2011) reported that C. zawadskii gener-
ates more ethylene in response to waterlogging stress, and
ethylene may promote programmed cell death in the root
system and the formation of aerated tissues to enhance
plant aeration under waterlogging stress. Ethylene pro-
duction was increased by waterlogging in both chrysan-
themum cultivars, ’53-4’ (waterlogging tolerant cultivar)
and '13-13" (waterlogging sensitive cultivar). However,
’53—4’ exhibited an earlier and significantly higher eth-
ylene production peak than '13-13’ It was hypothesized
that the increase in ethylene in the waterlogging-tolerant
cultivar may have facilitated adventitious root growth.
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This increased the area of oxygen uptake to liberate the
plant from the low-oxygen environment during waterlog-
ging (Yin et al. 2009). The ethylene production of 'Nan-
nong Xuefeng’ (waterlogging tolerant cultivar) plants was
significantly higher than that of the waterlogging sensi-
tive cultivar ‘Qinglu’ (Zhao et al. 2018). The intense eth-
ylene synthesis response may be a crucial adaptation of
the waterlogging-tolerant cultivar 'Nannong Xuefeng’ in
response to waterlogging and reoxygenation. These find-
ings suggest that ethylene may play a pivotal role in the
chrysanthemum waterlogging response. However, the
molecular regulatory network of ethylene biosynthesis
in chrysanthemum in response to waterlogging stress
remains unclear. In this study, we found that CmACS6,
a crucial gene involved in ethylene biosynthesis, exhib-
ited a significant increase in expression under waterlog-
ging stress. Further studies indicate that CrmACS6 plays
a role in ethylene production, compromises the health
of chrysanthemum leaves and increases the sensitivity of
the plants to waterlogging stress. Subsequently, we found
that CmHRE2-like directly targets CmACS6, and genetic
validations showed that the role of CmHRE2-like in alter-
ing ethylene biosynthesis and waterlogging sensitivity
is dependent on CmACS6. Therefore, the present study
provides a novel insight into the response to waterlogging
stress.

Results

Waterlogging stress elevates ethylene production

in chrysanthemum

To investigate the changes in ethylene production in
chrysanthemum ’Jinba’ following waterlogging stress,
we subjected the plants to waterlogging conditions. We
monitored the alterations in ethylene production in
both roots and leaves at various treatment intervals. The
results revealed that ethylene production in root samples
increased after 1 h of waterlogging treatment, reaching
1.28 times than that of the control. However, the ethylene
production at other time points showed little increase
and generally showed up and down fluctuations (Fig. 1A).
In leaf samples, ethylene production was significantly
higher (1.77 times) than the control group at all time
points following waterlogging treatment, with the highest
production observed after 12 h, reaching 2.01 times that
of the control (Fig. 1B). Additionally, we observed that
under natural conditions (untreated groups), ethylene
production in roots was considerably higher (4.23 times)
than in leaves (Fig. 1A, B).

Given the observed changes in ethylene production
following chrysanthemum waterlogging, we sought to
investigate the potential influence of ethylene on the
chrysanthemum phenotype under waterlogging stress
conditions. To this end, we incorporated exogenous
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Fig. 1 Ethylene and CmACS6 involved in waterlogging stress response in chrysanthemum. A-B, Changes in ethylene production in Jinba’

under waterlogging stress at various time points. A Ethylene production in the root. B Ethylene production in the root. C Phenotype

of chrysanthemum after waterlogging treatment with/without exogenous ethylene. CK: control; ET +WL: exogenous ethylene +waterlogging
treatment, WL: waterlogging treatment alone, ET: exogenous ethylene treatment alone. Bar: 5 cm. D Statistical analysis of the percentage of injured
leaves after waterlogging stress. N.D.: Not detect. E Statistical analysis of chlorophyll content after waterlogging stress. F Expression pattern

of CmACS6 in response to waterlogging. Error bars represent standard deviation (SD, n=3). Lowercase letters indicate significant differences

at P<0.05 (ANOVA, Turkey’s correction). G Expression pattern of CmACS6 in different tissues. H In vitro catalytic test results of CmACS6

ethylene into the chrysanthemum waterlogging stress
treatment. Cut chrysanthemum ’Jinba’ is a significant
commercial cultivar, and the health of its above-ground
components, particularly the leaves, substantially
impacts its quality and value during plant production.
Consequently, our investigation primarily focused on the
response of chrysanthemum ’Jinba’ leaves to waterlog-
ging stress. After a 7-day treatment period, chrysanthe-
mum plants in the 'ET +waterlogging conditions (WL)

group exhibited a severe waterlogging-sensitive pheno-
type. The middle and lower leaves of chrysanthemums
in this group displayed visible and extensive yellowing
(Fig. 1C), demonstrating a significantly higher percent-
age (28.78%) of injured leaves in the plants (Fig. 1D) and
a reduction in chlorophyll content (Fig. 1E). While chry-
santhemums in the "WL' group also exhibited a water-
sensitive phenotype, the injury was less pronounced
compared to the 'ET + WL group. These findings indicate
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that exogenously applied ethylene significantly enhanced
the sensitivity of chrysanthemum ’Jinba’ to waterlogging
stress, resulting in severe leaf chlorosis.

CmACS6 contributes to enhanced ethylene production

in response to waterlogging stress

Given ethylene’s crucial regulatory role in chrysanthe-
mum’s waterlogging stress response, we examined eth-
ylene synthesis-related genes among the differential
expression genes (DEGs) in the RNA-seq data of the
waterlogging-tolerant cultivar 'Nannong Xuefeng (XF)’
and the highly waterlogging-sensitive cultivar ’Qin-
glu (QL)” from a previous study (Zhao et al. 2018). The
CmACS6 gene, encoding a vital ACC synthase in the
ethylene biosynthetic pathway, was significantly upregu-
lated by waterlogging and differentially expressed in
both cultivars (Figure S1). Subsequently, we evaluated
the expression level of CrmACS6 gene in ’Jinba’ roots fol-
lowing waterlogging stress. Results demonstrated that
CmACS6 responded rapidly to waterlogging (Fig. 1F),
with significant upregulation detected after 1 h of stress.
Under prolonged waterlogging, CmACS6 expression
peaked (7.93-fold increase) at 12 h post-stress initiation.
This observation indicated that waterlogging stress sig-
nificantly induced CrmACS6 gene expression. To elucidate
the function of CmACS6, we cloned it from chrysanthe-
mum, revealing a 1,452 bp open reading frame (ORF)
encoding a 483 amino acid polypeptide (Figure S2). The
gene exhibited highest expression in roots and lowest in
stems (Fig. 1G).

Further investigation was conducted to determine
whether the CmACS6 protein possesses ACC synthase
catalytic function. The results demonstrated that the
CmACS6 gene encodes an active ACC synthase, capable
of catalyzing ACC formation, thereby playing a crucial
role in ethylene biosynthesis (Fig. 1H).

CmACS6 plays a negative role in regulating waterlogging
tolerance in chrysanthemum

We have demonstrated that CmACS6 possesses cata-
lase activity in vitro, catalyzing the formation of ACC,
which can subsequently be oxidized to ethylene. To
examine whether alterations in the expression level of
the CmACS6 gene affect ACC levels in chrysanthemum
"Jinba; we developed CmACS6 overexpression and silenc-
ing transgenic lines (Fig. 2A, Figure S3) and assessed
ACC synthase activity. Relative to wild-type plants (WT),
the ACC synthase activity of the CrmACS6 overexpres-
sion (CmACS6-0X) lines exhibited a significant increase.
Conversely, the ACC synthase activity in the CmACS6
silencing (CmACS6-amiR) lines showed a significant
reduction (Fig. 2B). These findings indicate that CmACS6
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exhibits ACC synthase catalytic activity in chrysanthe-
mum ’Jinba, with ACC synthase activity increasing and
decreasing in chrysanthemum plants following overex-
pression and silencing of the CrmACS6 gene, respectively.

Leaves from ’Jinba’ chrysanthemum CmACS6 trans-
genic lines and wild-type (WT) plants were analyzed for
endogenous ethylene production, with results presented
in Fig. 2C. The analysis revealed that, in comparison to
WT plants, ethylene production was significantly ele-
vated in the CmACS6-OX lines and diminished in the
CmACS6-amiR lines.

To investigate the role of the CmACS6 gene under
waterlogging stress in chrysanthemum, we subjected
CmACS6 transgenic and wild-type plants to waterlogging
stress. After 7 days of waterlogging, the CmACS6-OX
lines demonstrated a pronounced waterlogging-sensitive
phenotype, characterized by more severe yellowing, rot,
and wilting of the middle and lower leaves compared
to wild-type plants (Fig. 2D). The CmACS6-OX-1 and
CmACS6-OX-12 exhibited a higher percentage of injured
leaves (39.35% and 33.63%, respectively) than the wild
type (17.35%) (Fig. 2E). The CmACS6-OX lines also dis-
played reduced chlorophyll content and increased elec-
trolyte leakage (Fig. 2F, G), indicating substantial leaf
cell damage. In contrast, CmACS6-amiR lines showed
improved plant phenotype, lower injury rates, higher
chlorophyll content, and reduced leakage, suggesting
diminished damage after CrmACS6 silencing (Fig. 2D-G).
Phenotypes of transgenic lines in the field after exposure
to heavy summer rains were consistent with the labora-
tory results (Figure S4). Additionally, the CmACS6-OX
lines exhibited a significant decline in root volume,
root length, and root tip number following exposure to
waterlogging stress. Conversely, the root system of the
CmACS6-amiR lines maintained a relatively healthy con-
dition after waterlogging stress (Figure S5). Considering
previous reports (Eun et al. 2019) indicating that overex-
pression of AtACS11 reduces root length in Arabidopsis,
it is plausible that the root system of the CmACS6-OX
lines may be less developed than that of the wild type,
potentially contributing to the tolerance of the transgenic
plants to waterlogging. These findings suggest that the
CmACS6 gene negatively regulates waterlogging toler-
ance in chrysanthemums.

Exogenous ethylene plays a negative role in regulating
waterlogging tolerance in chrysanthemum

Given that CmACS6-OX lines produced significantly
more ethylene than the wild type and exhibited a more
sensitive phenotype under waterlogging stress, we sought
to verify whether exogenous ethylene under chrysanthe-
mum waterlogging stress elicits the same response as
endogenous ethylene produced by CmACS6-OX lines.
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Fig. 2 Phenotypes of CmACS6 transgenic lines under waterlogging stress treatment (with/without exogenous ethylene application). A The
expression level of CmACS6 in wild-type and transgenic chrysanthemum lines. B ACC synthase activity of CmACS6 transgenic chrysanthemum lines.
C Ethylene production of CmACS6 transgenic chrysanthemum lines. D Phenotype of CmACS6 transgenic plants under natural growth conditions

(0 d) and waterlogging conditions (7 d). Red arrows indicate the partially injured leaves after waterlogging stress. Bar: 5 cm. E-G Physiological

index determinations of CmACS6 transgenic and wild-type chrysanthemum under natural growth CK and WL. E Percentage of injured leaves. N.D.:
Not detect. F Chlorophyll content. G Electrolyte leakage. H Phenotype of CmACS6 transgenic lines after different treatments. CK: control; ET+WL:
exogenous ethylene +waterlogging treatment, WL: waterlogging treatment alone, ET: exogenous ethylene treatment alone. Bar: 5 cm. | Percentage
of injured leaves of CmACS6 transgenic lines after treatment. N.D.: Not detect. J Chlorophyll content of CmACS6 transgenic lines after treatment.
Error bars represent standard deviation (SD, n=3). Different lowercase letters indicate significant differences at P<0.05 (ANOVA, Tukey's correction)
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We supplemented exogenous ethylene to the waterlog-
ging treatment of CmACS6 transgenic lines and subse-
quently observed the phenotypic changes. The resulting
phenotypes are depicted in Fig. 2H. Under ’ET+ WL
treatment, the CmACS6-OX lines demonstrated high
waterlogging sensitivity, with 50.00% and 43.06% injured
leaves in OX-1 and OX-12 respectively, and reduced
chlorophyll content (Fig. 2I-]). In contrast, the CmACS6-
amiR lines exhibited a more tolerant phenotype across all
treatment groups, with a significantly lower percentage of
injured leaves (18.80% and 16.03%) and chlorophyll loss
(Fig. 21, 7). These results indicate that exogenously applied
ethylene induced severe leaf chlorosis in chrysanthemum
’Jinba’ and could induce a waterlogging-sensitive pheno-
type in CmACS6-amiR lines under waterlogging stress,
suggesting that exogenous ethylene could compensate for
the reduced ethylene production after CrmACS6 silenc-
ing. This compensation led to the accumulation of eth-
ylene in the plant, resulting in yellowing and senescence
of chrysanthemum leaves. In conclusion, exogenous eth-
ylene application exacerbated the sensitive phenotype of
chrysanthemum ’Jinba’ under waterlogging stress, further
supporting the notion that ethylene negatively regulates
waterlogging tolerance in chrysanthemum ’Jinba!

Transcriptome sequencing revealed differences

in waterlogging-related pathways in CmACS6 transgenic
lines of chrysanthemums

Transcriptome sequencing of the CmACS6 transgenic
chrysanthemum lines revealed that, compared with
CmACS6-OX lines, the CmACS6-amiR lines exhibited
1,801 DEGs, comprising 536 up-regulated and 1,265
down-regulated genes (Fig. 3A, B). The up-regulated
DEGs were predominantly enriched in oxidoreductase
activity (GO enrichment) and flavonoid biosynthesis
pathway (KEGG enrichment), which serve to scavenge
reactive oxygen species produced in CmACS6-amiR
lines due to waterlogging stress, thereby maintaining a
balanced ROS level (Fig. 3C, D). Conversely, the down-
regulated DEGs were enriched in protein dephospho-
rylation (GO enrichment) and MAPK signaling pathway
(KEGG enrichment), indicating that phosphorylation
and dephosphorylation processes might play crucial roles
in CmACS6-amiR lines’ response to waterlogging stress.
Additionally, DEGs were enriched in starch and sucrose
metabolism pathways, suggesting that CmACS6-amiR
lines maintain low energy metabolism under waterlog-
ging conditions to conserve starch and sucrose (Fig. 3E,
F). In comparison to wild-type 'Jinba, chlorophyll meta-
bolic process genes and leaf senescence genes were sig-
nificantly up-regulated in CmACS6-OX lines, while the
chlorophyll-binding gene was down-regulated in these
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lines (Fig. 3G-I). All clean data can be downloaded from
NCBI (BioProjects: PRINA1197569).

CmACSG6 is directly regulated by CmHRE2-like

To further examine the expression specificity of the
CmACS6 gene, we generated transgenic Arabidop-
sis plants harboring a 1,139 bp promoter fragment of
the CmACS6 gene fused to the S-glucuronidase gene
(CmACS6pro:GUS). GUS staining was performed fol-
lowing waterlogging treatment, and the results revealed
enhanced GUS signals in leaves and roots post-water-
logging, indicating that the activity of the CmACS6 pro-
moter was increased after waterlogging (Fig. 4A).

Given the significant yet unexplored relationship
between ethylene and chrysanthemum under water-
logging conditions, we employed three predicted ERF
binding sites (Fig. 4B, cis-elements 1/2/3 predicted by
PlantRegMap, Table S2) of the CrmACS6pro as probes to
identify upstream transcription factors using DNA affin-
ity trapping (Figure S6, Table S3) (Gabrielsen et al. 1989;
Hu et al. 2016). The mass spectrometry results revealed
numerous upstream transcription factors annotated
as ERFs, one of which had been previously investigated
(Wang et al. 2024). We selected CmHRE2-like for further
validation of its binding to CmACS6pro.

Yeast one-hybrid analysis was conducted to exam-
ine whether CmHRE2-like directly regulates CmACS6.
All CmACS6 promoter baits with pGADT7-CmHRE2-
like and pGADT7-GUS exhibited robust growth on
SD/-T/-H/-L (SD/-Trp-His-Leu) medium. Yeast cells
containing the CmACS6 promoter transformed with
pGADT7-CmHRE2-like grew on SD/-T/-H/-L medium
supplemented with 50 mM 3-AT. In contrast, all
CmACS6 promoter baits with pGADT7-GUS (the nega-
tive control) failed to grow on SD/-T/-H/-L medium
supplemented with 50 mM 3-AT (Fig. 4C). Subse-
quently, electrophoretic mobility shift assay (EMSA) was
employed to determine whether CmHRE2-like could
directly bind to the CmACS6 promoter in vitro. The
results demonstrated that CmHRE2-like- GST, but not
GST alone, firmly bound to the biotin-labeled probes
(Biotin-P) containing cis-element 3 (GCC-like). However,
mutations in cis-element 3 (Biotin-mP) completely abol-
ished CmHRE2-like-GST binding to the probe. The other
unlabeled probes competed for probe binding in a dose-
dependent manner (Fig. 4D). These findings suggest that
CmHRE2-like directly binds to the CimACS6 promoter
in vitro.

To further validate the binding of CmHRE2-like to
the CmACS6 promoter in vivo, chromatin immunopre-
cipitation (ChIP)-qPCR analysis was conducted. The
results demonstrated that the 'P3’ region of the CmACS6
promoter, containing ‘cis-element 3 (GCC-like motif),
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exhibited significant enrichment in the CmHRE2-like
overexpression lines (35S:CmHRE2-like-GFP). Con-
versely, no enrichment was observed in the 'P1; 'P2; and
'CK’ regions of the CmACS6 promoter (Fig. 4E). These
findings collectively indicate that CmHRE2-like directly
activates CmACS6 expression by binding to its promoter
via the GCC-like motif.

We further employed the LUC system to investigate
the binding of CmHRE2-like to the CmACS6 promoter
in vivo using a tobacco transient expression LUC assay
(Fig. 4F) and a chrysanthemum transient expression
dual-luciferase assay (Fig. 4G). The results demonstrated
that the upstream transcription factor CmHRE2-like sig-
nificantly activated the CrnACS6 promoter expression in
both tobacco and chrysanthemum protoplasts, indicat-
ing that CmHRE2-like can activate CmACS6 expression
in vivo.

CmHRE2-like plays a negative role in regulating
waterlogging tolerance in chrysanthemum

The CmHRE2-like gene exhibits high expression in chry-
santhemum root (Fig. 5A) and is significantly upregulated
following waterlogging stress (Fig. 5B). We investigated
the expression level of the downstream CmACS6 gene
in the CmHRE2-like transgenic lines (Fig. 5C). The find-
ings revealed that the expression level of the CmACS6
gene was significantly upregulated in the CrmHRE2-like
overexpression lines (CmHRE2-like-OX) and consid-
erably downregulated in CmHRE2-like silencing lines
(CmHRE2-like-SRDX) (Fig. 5D). Consistent with this
observation, ethylene production in CmHRE2-like-OX
lines exceeded that of CrmHRE2-like-SRDX lines (Fig. 5E),
suggesting that the CrmHRE2-like gene positively regu-
lates ethylene biosynthesis.

To further investigate the role of CrmHRE2-like in the
waterlogging stress response of chrysanthemums, we
subjected both CmHRE2-like transgenic lines and wild-
type lines to waterlogging stress treatment and observed
their phenotypes. After 7 days of waterlogging treatment,
CmHRE2-like-OX lines displayed waterlogging stress-
sensitive characteristics, exhibiting more etiolated and
wilted leaves compared to WT (Fig. 5F). The CrmHRE2-
like-OX lines showed a significant increase in the percent-
age of injured leaves and electrolyte leakage (Fig. 5G-H),
as well as a more substantial decrease in chlorophyll
content compared to both WT and CmHRE2-like-SRDX
lines (Fig. 5I). These observations indicate severe damage
in the CmHRE2-like-OX lines during waterlogging treat-
ment, while the CrmHRE2-like-SRDX lines demonstrated
enhanced waterlogging tolerance. These findings suggest
that the CmHRE2-like gene negatively regulates water-
logging tolerance in chrysanthemum.
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CmACS6 is required for CmHRE2-like mediated ethylene
synthesis and waterlogging response

To further verify whether CmHRE2-like regulates eth-
ylene biosynthesis and response to waterlogging in a
CmACS6-dependent manner, we silenced CmACS6
in CmHRE2-like OX-23 lines via CaLCuV-amiRACS6
inoculation. The results indicate that the expression of
the CmACS6 gene in CmHRE2-like OX-23/CaLCuV-
amiRACS6 infected (CmHRE2-like-amiRACS6) lines
was marginally lower than that observed in CmmHRE2-like
OX-23/CaLCuV vector infected (CmHRE2-like-vector)
lines (Fig. 6A). Furthermore, Fig. 6B demonstrates that
CmHRE2-like-amiRACS6 lines produced less ethylene
compared to CmHRE2-like-vector lines.

To assess chrysanthemum’s performance under
waterlogging stress following transient silencing of the
CmACS6 gene in the CmHRE2-like OX-23 and wild
type, four transgenic lines underwent waterlogging stress
treatment: WT/CaLCuV (W T-vector), WT/CaLCuV-
amiRACS6 (WT-amiRACS6), CmHRE2-like-vector, and
CmHRE2-like-amiRACS6. After 6 days of waterlogging
treatment, the CmHRE2-like-amiRACS6 lines demon-
strated reduced waterlogging injury symptoms compared
to the CmHRE2-like-vector lines (Fig. 6C). Moreover, the
CmHRE2-like-amiRACS6 lines exhibited a lower per-
centage of injured leaves and electrolyte leakage, along
with higher chlorophyll content (Fig. 6D-F). These find-
ings suggest that CmHRE2-like-amiRACS6 lines possess
slightly improved tolerance to waterlogging stress due to
the down-regulation of the CrmACS6 gene. Collectively,
these results indicate that the regulation of chrysanthe-
mum’s response to waterlogging stress by CmHRE2-like
is partially dependent on CmACS6.

Discussion

Several studies have indicated that leaf etiolation and
senescence are stress-adaptive phenotypes in plants
(Schippers et al. 2015). However, in chrysanthemum
cultivation, severe leaf etiolation and senescence not
only inhibit plant growth but also diminish ornamental
value. Consequently, leaf health is considered a crucial
indicator of chrysanthemum’s tolerance to waterlogging
conditions. In previous waterlogging stress pre-tests,
chrysanthemum ’Jinba’ exhibited minimal adventitious
root production during early waterlogging stages. Adven-
titious root formation was observed only after three to
four weeks of continuous waterlogging. By this time, the
above-ground portions of the chrysanthemum plants
had sustained significant damage, displaying severely
yellowed, decayed, and wilted leaves (data not shown),
resulting in a loss of ornamental value. Therefore, it is
hypothesized that the time required for ethylene-induced
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adventitious root production in chrysanthemum ’Jinba’
is too prolonged to induce near-term waterlogging tol-
erance. Concurrently, substantial ACC accumulation
was observed in the roots under waterlogging stress
conditions following rapid up-regulation of CmACSs
gene expression, with ACC being transported upward
from the roots. In the oxygen-rich region near the water

surface, ACC was ultimately oxidized to ethylene. This
explains why ethylene production within chrysanthe-
mum roots did not increase following a 1-h waterlogging
period, in contrast to sustained elevated ethylene lev-
els in leaves (Fig. 1A and B). The massive ethylene burst
induces yellowing of plant leaves near the water surface
(Figs. 1, and 2). Significant up-regulation of chlorophyll
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metabolism-related genes and leaf senescence genes
was detected in CmACS6 overexpressing plants (Fig. 3),
leading to the hypothesis that leaf chlorosis under water-
logging stress might be due to chlorophyll metabolism
alterations. Recent evidence from grape (Vitis vinifera L.)
indicates that elevated ethylene levels can reduce chloro-
phyll content by regulating chlorophyll degradation path-
ways (Li et al. 2023b). Future research will focus on the
specific advantageous traits of the waterlogging-tolerant
cultivar ‘Nannong Xuefeng’ once stable transformation
lines are successfully created.

Nevertheless, the phenotypic differences between
CmACS6-silenced lines and wild-type chrysanthemums
were not notably pronounced following waterlogging
exposure. This observation may be attributed to the func-
tional redundancy within the relatively conserved ACS
gene family in chrysanthemums. During waterlogging
stress, other ACS homologs responsive to such condi-
tions (e.g.,, CmACSI and CmACS?) potentially compen-
sated for the partial loss of CmACS6 function (Zhao
et al. 2018), thereby mitigating the expected phenotypic
effects.
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Ethylene serves as a crucial regulator under both
abiotic and biotic stress conditions, responding rap-
idly to adversities such as hypoxia, waterlogging, heat,
cold, salt stress, drought, injury, and pathogen attack.
Plants respond to stress by modulating ethylene pro-
duction (Argueso et al. 2007). This is typically achieved
by enhancing ACS activity to increase ACC produc-
tion, resulting in elevated ethylene levels (Adams and
Yang 1979; Zhou et al. 2020). Ethylene has long been
recognized as a positive regulator of plant adaptation to
hypoxia and waterlogging tolerance by inducing adap-
tive phenotypes such as the production of adventitious
roots and aerated tissues (Liu et al. 2022). However, it has
also been suggested that excessive ethylene accumula-
tion during waterlogging may induce a negative response
and reduce the plant’s waterlogging tolerance. SUBIA, a
key gene for flood tolerance in deepwater rice, is induced
by submergence and ethylene, but SUB1A also represses
ethylene production during submergence through feed-
back regulation (Fukao et al. 2006). Under waterlogging
stress, the waterlogging-sensitive apple rootstock (M. tor-
ingoides) produced more ethylene than the waterlogging-
tolerant apple rootstock (M. hupehensis) and exhibited
more severe leaf chlorosis (Zhang et al. 2023). Addition-
ally, ethylene’s negative regulation of waterlogging stress
has been reported more frequently during waterlogging
stress reoxygenation. Flood-tolerant rice cultivars gen-
erally show gradual leaf chlorosis during flood recovery,
which may be triggered by ethylene-induced flooding,
promoting enzymatic degradation of chlorophyll and car-
bohydrate consumption. Blocking ethylene action with
the ethylene inhibitor 1-MCP significantly increased the
survival of flooded plants with reduced gene expression
and enzyme activity of vegetative chlorophyllase and
reduced chlorophyll degradation, as well as inhibited
starch and soluble sugar consumption during flood stress.
It facilitated plant recovery from flooding (Ella et al.
2003). In previous studies with Valencia orange (Citrus
sinensis cv. Valencia), exogenously applied ethylene accel-
erated chlorophyll degradation by increasing de novo
synthesis of chlorophyllase (Jacob Wilk et al. 1999; Tre-
bitsh et al. 1993). Studies on the Arabidopsis germplasm
Bay-0 and Lp2-6 revealed that ethylene plays a negative
regulatory role in recovery from waterlogging stress.
Lp2-6, which is more tolerant to waterlogging, reduced
plant ethylene production by repressing the expression
of ACS genes, whereas more ethylene was produced in
Bay-0 plants, which reopened their stomata earlier after
reoxygenation and were more responsive to ABA, sug-
gesting that ethylene may inhibit ABA-regulated stoma-
tal closure and thus regulate stomatal opening in Bay-0.
After flood reoxygenation, ethylene formed through ACS
and ACO could accelerate dehydration and senescence
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in Arabidopsis after flood reoxygenation by inducing the
expression of Senescence-associated Gene 113 (SAG113)
and transcription factor ORESARAI (ORE1/NAC6)
(Yeung et al. 2018). Arabidopsis ACS7 has been reported
to be a hub for "cross-talk" between ET and ABA and to
negatively regulate ABA biosynthesis, and acs7 mutants
have enhanced tolerance to salt, heat, and osmotic stress
(Dong et al. 2011). In this study, we found that chrysan-
themum ’Jinba’ exhibited a more sensitive phenotype
to waterlogging stress with significant leaf chlorosis
after exogenous ethylene treatment (Fig. 1C), suggest-
ing that elevated ethylene leads to poorer waterlogging
tolerance in chrysanthemum ’Jinba! We cloned the gene
CmACS6, which encodes ACC synthase, a key rate-limit-
ing enzyme for ethylene biosynthesis, in chrysanthemum
’Jinba’ (Figure S2A), and characterized ethylene produc-
tion and waterlogging tolerance of the transgenic lines
after overexpression and disruption of the gene in ’Jinba’
Compared with the wild type, the CmACS6-OX lines
exhibited significantly higher ethylene production and
significantly poorer waterlogging tolerance, with a higher
percentage of damaged leaves, lower leaf chlorophyll
content, and higher levels of leaf ion leakage (Fig. 2D-G).
In contrast, ethylene production and waterlogging toler-
ance in the CmACS6 interference lines were diametrically
opposite to those in the overexpression lines, suggesting
that the CrmACS6 gene negatively regulates waterlogging
tolerance in chrysanthemum ’Jinba’ The results were con-
sistent with the phenotypes of overexpression of AtACS7
and acs7 mutants in Arabidopsis, where AtACS7 over-
expression lines showed significantly increased ethylene
levels and enhanced plant sensitivity to flooding, whereas
acs7 mutants showed considerably reduced ethylene pro-
duction and enhanced flooding tolerance under flooding
stress (Zhang et al. 2023).

This study has identified a novel molecular module,
CmHRE2-like-CmACS6, which regulates ethylene bio-
synthesis and waterlogging tolerance in chrysanthemums
(Fig. 7). CmACS6 functions downstream of CmHRE2-like
in both ethylene biosynthesis and waterlogging response.
The regulation of chrysanthemum’s response to water-
logging stress by CmHRE2-like is partially dependent on
the CmACS6 gene. CmHRE2-like negatively regulates
chrysanthemum waterlogging tolerance by promoting
the transcription of the CmACS6 gene, which in turn
increases ethylene production in the plant. This elevated
ethylene level causes chrysanthemums to exhibit leaf
chlorosis under waterlogging stress.

Methods

Plant materials and treatment

This study employs the common commercial chrysan-
themum cultivar ’Jinba’ for all experimental treatments.
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This cultivar was developed at the Chrysanthemum
Germplasm Resource Preserving Center, situated at Nan-
jing Agricultural University, China. The chrysanthemum
plants were cultivated in a growth chamber under con-
trolled conditions of 25 °C: 18 °C, with a 16 h: 8 h day:
night cycle.

To analyze the gene expression profiles in response
to waterlogging stress, the second to fourth leaves near
the stem base were collected at various time points (0 h,
1h,3h,6h,9h,12h, and 24 h) following waterlogging
treatment for RNA isolation. The experiment was con-
ducted in triplicate, with each sample comprising three
individual plant replicates per time point. To determine
gene expression in different tissues, root, stem, and leaf
samples were isolated from chrysanthemums with 10 to
12 leaves for further analysis. This experiment was also
repeated three times, with each sample containing three
individual plant replicates.

For waterlogging treatments, plants were placed
in plastic containers with the water level maintained
4-5 cm above the soil surface (Su et al. 2016). To miti-
gate the impact of circadian rhythms, chrysanthemum
plants were subjected to waterlogging at staggered inter-
vals, with all treatments concluding and sample collec-
tion occurring simultaneously. The control group (0 h)
remained untreated and was sampled concurrently (Su
et al. 2016; Yang and Wei 2015; Su 2019).

Prior to waterlogging stress treatment, plants underwent
pretreatment with an ethylene solution (100 mg/L). Each
chrysanthemum specimen received 5 mL of ethylene solu-
tion via root irrigation, followed by a 6-h interval before
conventional waterlogging stress treatment. The group
subjected solely to ethylene treatment received conven-
tional watering subsequent to the pretreatment phase.

Quantitative real-time PCR (RT-qPCR)

Relative expression was quantified using RT-qPCR. Total
RNA was extracted and reverse transcribed, and rela-
tive expression was determined by RT-qPCR using SYBR
Premix Ex Taq TM II (Tli RNaseH Plus; Takara). Data
analysis employed the —222€.. method. The chrysanthe-
mum CmEFla (KF305681) served as the reference gene.
Each RT-qPCR experiment included three biological and
technical replicates. The primers utilized are listed in
Table S1.

Measurement of electrolyte leakage

Electrolyte leakage was evaluated in plants subjected to
waterlogging stress and control conditions, following the
methodology described by Tang et al., (2021). In brief,
leaf samples were obtained using a 6 mm puncher to
collect small circular sections from all plants. These sec-
tions were placed in tubes containing 5 mL of deionized
water. After 3—4 h of agitation at room temperature, the
initial electrical conductivity was measured (denoted as
A). Subsequently, the solution was heated to boiling for
30 min, and the electrical conductivity was reassessed
(denoted as B). The ratio A/B was then calculated to
quantify electrolyte leakage.

Measurement of injured leaves ratio

Following exposure to waterlogging stress, plant mor-
phology was examined and the percentage of injured
leaves was quantified. Under waterlogging conditions,
chrysanthemum leaves typically exhibit waterlogging-
sensitive phenotypes, including yellowing, browning,
rotting, drying, and wilting. Leaves displaying these char-
acteristics are collectively categorized as injured leaves.
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The injured leaves ratio is calculated using the following
formula: [number of damaged leaves (exhibiting yellow-
ing, browning, rotting, drying, or wilting)/total number
of mature leaves on chrysanthemum plants] x 100%.

Measurement of chlorophyll content

The second to fourth leaves proximal to the stem base
were harvested for chlorophyll content analysis. Leaf
fragments were immersed in 95% ethyl alcohol and kept
in darkness for 24 h. Subsequently, absorbance meas-
urements at 649 nm and 665 nm were obtained using a
microplate reader. The specific methodology and cal-
culations followed the protocol delineated by Gao et al.
(2021).

Determination of ethylene production

Samples were collected in 20 mL sealed glass vials and
allowed to settle at 25°C for 12 h to ensure complete eth-
ylene evaporation. The glass vials were shaken several
times, after which 1 mL of gas sample was extracted from
the headspace using a gas-tight syringe and injected into
a gas chromatograph (GC9790Plus, Zhejiang, China)
equipped with an Al,O,/S column. The column, injec-
tor, and GC-FID temperatures were set at 80°C, 220°C,
and 250°C, respectively, with the carrier gas N, flow rate
maintained at 3 mL/min. The ethylene production rate
of chrysanthemum was calculated using the formula
(uL-gVh7Y): (cx V)/(mxt), where c represents the eth-
ylene content of the sample (uL/L), V denotes the glass
container volume (mL), t indicates the sample stand-
ing time (h), and m indicates the sample weight (g). The
experiment was conducted with six biological replicates
for each group (Wang et al. 2022).

Gene isolation and sequence analysis

The complete ORF sequence of CmACS6 was isolated
from chrysanthemum ’Jinba’ using the primer pair
CmACS6-F/-R (see Table S1), employing reverse tran-
scription amplification as the template. The sequence was
subsequently inserted into the pMD19-T vector (Takara
Bio) and verified through sequencing. Multiple sequence
alignments of CmACS6 protein homologs, obtained
from the National Center for Biotechnology Informa-
tion (NCBI) database (https://www.ncbi.nlm.nih.gov/),
were conducted using DNAMAN software. A neighbor-
joining phylogenetic tree was constructed using MEGA
5.02 software with 1,000 bootstrap replications. Detailed
information regarding CmACS6 is presented in Figure
SL.

Genetic transformation of chrysanthemum
To generate transgenic lines, the pORE-R4-CmACS6
and pORE-2Xx35SAA-amiRCmACS6 plasmids were
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introduced into Agrobacterium tumefaciens strain
EHA105. Subsequently, the chrysanthemum cultivar
‘Jinba’ underwent transformation using the Agrobacte-
rium-mediated leaf disc method, as previously described
(Li et al. 2023a). DNA from transgenic lines was extracted
using a Rapid Plant Genomic DNA Isolation Kit (San-
gon Biotech, Shanghai, China), and positive plants were
identified using 35S-F/gene-R primers (Table S1). Con-
firmed transgenic plants were transferred from the cul-
ture medium to the greenhouse for standard cultivation
practices.

The Web MicroRNA Designer (http://wmd3.weige
lworld.org/cgi-bin/webapp.cgi) was utilized to design the
21-nucleotide mature amiRNA-CmACS6 sequence and
primers for the amplification of amiR-CmACS6.

ACC synthase activity

To assess ACC synthase activity in vitro, the ORF of
CmACS6 was cloned into the pET32a vector and sub-
sequently transformed into Escherichia coli strain BL21.
The resulting HIS-CmACS6 fusion protein was utilized
for the ACC synthase activity assay. The quantification
of ACC content followed the methodology described by
Lizada and Yang (1979).

To assess ACC synthase activity in vivo, leaf samples
were collected from transgenic lines and wild-type chry-
santhemum. The comprehensive methodology has been
previously detailed in studies by Boller et al. (1979) and
Zhu et al. (2006). The quantification of ACC content fol-
lows the protocol established by Lizada and Yang (1979).

Virus-induced gene silencing

To suppress CmACS6 expression in CmHRE2-like trans-
genic lines and wild-type "Jinba] a virus-based microRNA
expression system was utilized, following the method
previously described by Tang et al. (2010). The amiR-
CmACS6 sequence was inserted into the pCVA vector
(CaLCuV-amiRACS6) and subsequently introduced into
Agrobacterium tumefaciens strain GV3101. Experimen-
tal procedures were conducted as outlined by Li et al
(2023a). The vector combinations employed were Cal-
CuV-amiRACS6 +pCVB and pCVA +pCVB, with pCVA
and pCVB serving as empty vectors. Thirty-day-old chry-
santhemum plants, including both CrmHRE2-like OX-23
and WT, cultivated on MS medium, were subjected to
infiltration.

RNA extraction, transcriptome sequencing

and bioinformatic analysis

Leaf samples (the second to fourth leaves near the stem
base) were collected from 10- to 12-leaf-old trans-
genic lines (CmACS6 OX-12 and CmACS6 amiR-7) and
wild-type (WT) plants. Each sample comprised three
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biological replicates. RNA extraction was performed
using the Plant RNA Isolation Kit (Waryong, Beijing,
China) according to the manufacturer’s instructions. Fol-
lowing rigorous quality assessment, the extracted RNA
underwent sequencing using an Illumina HiSeq 2000
instrument at the Beijing Genomics Institute (BGI,
http://www.genomics.cn/index; Shenzhen, China). Gene
Ontology (GO) and KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathway enrichment analyses of the anno-
tated DEGs were conducted using the Beijing Genomics
Institute (BGI) Interactive Reporting System (https://
report.bgi.com/ps/login/login.html). Heatmaps were
generated using TBtools-II (v2.019) (Chen et al. 2020) to
visualize the data.

GUS staining

The promoters of CmACS6 were inserted into pCAM-
BIA1301 and introduced into Agrobacterium tumefa-
ciens strain (GV3101). The resulting construct was then
used to transform Arabidopsis via the pollen tube chan-
nel method. Transgenic lines, both with and without
waterlogging treatment, were subjected to GUS staining
experiments. These experiments were conducted follow-
ing the protocol provided in the Gusblue Kit (Waryong,
Beijing, China). The primer sets used for all constructs
are detailed in Table S1.

Yeast one-hybrid screening (Y1H)

The ORF of CmHRE2-like was inserted into the pGADT7
(AD) vector, while the promoters of CmACS6 were incor-
porated into pHIS2 vectors. AD-CmHRE2-like was co-
transformed with pHIS2-CmACS6pro into yeast strain
Y187. The negative control consisted of yeasts co-trans-
formed with the pHIS2 and pGADT7-GUS plasmids.
Yeast cells were incubated on medium (SD/-Trip/-His/-
Leu) at 30 °C for 3 days, followed by incubation on the
same SD medium supplemented with 50 mM 3-AT
(3-amino-1,2,4-triazole) for 3-5 days at 30 °C. Primer
sets for all constructs are provided in TableS1.

EMSA

The complete ORF of CmHRE2-like was inserted into the
pGEX4T-1 vector (Waryong, Beijing, China; Table S1)
and subsequently transformed into Escherichia coli strain
BL21. The expressed GST-CmHRE2-like protein was then
purified using GST beads (Promega, Madison, W1, USA).
Probes were labeled with biotin utilizing the EMSA Probe
Biotin Labeling Kit (Beyotime, Shanghai, China), with
primer sequences provided in Table S1. The interaction
between GST-CmHRE2-like protein and CrmACS6pro was
confirmed using the LightShift Chemiluminescent EMSA
Kit (Thermo Fisher Scientific, Waltham, USA).
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ChIP-PCR assays

The ChIP assay was conducted utilizing the chrysan-
themum CmHRE2-like overexpression line. Chroma-
tin complexes were extracted from leaves of 4-week-old
chrysanthemum tissue culture plants, fixed in 1% for-
maldehyde, and rapidly frozen in liquid nitrogen. The
isolation procedure adhered to the method outlined by
Li et al. ( 2023a). Quantitative real-time PCR analysis
was performed using primers designed to amplify the
CmACS6 promoter region (Table S1). The experiment
incorporated three biological replicates and three tech-
nical replicates for each primer. 35S::GFP plants served
as controls, with an equivalent number of biological and
technical replicates.

Luciferase assays

A luciferase assay was employed to assess the capability
of CmHRE2-like to activate the CmACS6 promoter in
tobacco leaves and chrysanthemum protoplasts.

To conduct the luciferase assay, a 1,139 bp promoter
fragment of the CmACS6 promoter was inserted into
the transient expression vector pCAMBIA1381Z-
LUC as a reporter. Additionally, the coding sequence
of CmHRE2-like was cloned into pMDC43, driven by
the 35S promoter, as an effector. Appropriate combi-
nations of transformed Agrobacteria were mixed and
co-infiltrated into the epidermal cells of Nicotiana
benthamiana leaves. The plants were then incubated
at 22 °C for 48 h. Subsequently, the transiently trans-
formed tobacco leaves were sprayed with D-luciferin
Sodium Salt (Solarbio, Beijing, China) and examined
under a Tanon 5200 multi-imaging apparatus (Tanon,
Shanghai, China) to observe the luciferase activity in
N. benthamiana leaves co-transformed with different
plasmid combinations. Primer sets for all constructs
are listed in Table S1.

For the dual-luciferase assay, a 1,139 bp promoter frag-
ment of the CmACS6 promoter was inserted into the
transient expression vector pGreenlI0800-LUC. The
complete ORF sequence of CmHRE2-like was cloned
into pMDC43, driven by the 35S promoter. These con-
structs were co-expressed in chrysanthemum protoplasts
as described previously (Yoo et al. 2007). The Dual-Glo
Luciferase Assay System (Promega, Beijing, China) was
used to examine LUC expressions. The LUC/REN ratio
was measured using the Dual-Glo Luciferase Assay Sys-
tem (Promega, Beijing, China) with an Infinite M200
luminometer (Tecan, Mannedorf, Switzerland). All tran-
sient transformations were performed using three bio-
logical replicates. Primer sets for all constructs are listed
in Table S1.
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Statistical analysis

Statistical analyses were conducted using SPSS v25.0
software (SPSS Inc., Chicago, IL, USA). The ANOVA-
Tukey correction test was employed to assess statisti-
cal significance across different transgenic lines, tissues,
and phenotypic data following waterlogging at P<0.05.
Additionally, Student’s t-test was utilized to evaluate sig-
nificant differences in relative expression levels and LUC/
REN ratios between two groups. Significance levels were
denoted using different lowercase letters.
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GUS {-Glucuronidase

His Histidine

HRE Hypoxia Responsive ERF gene

KEGG Kyoto Encyclopedia of Genes and Genomes
LuC Luciferase assay

ORF Open reading frame

OX Over expression

gRT-PCR  Quantitative real-time PCR
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