1. Zhang X, Jing Y, Liu Z, et al. Exogenous calcium alleviates heat stress in carnation

via integrated physiological,

Crops and Products, 2025, 232: 121241.( = 1k,

Products, K %)

anatomical and multi-omics modulations.

Industrial

SCI — [X, Industrial Crops and

Indhusirial Crops & Products 232 (2025) 121241

Contents lists svailable at Scienceliec:

Industrial Crops & Products

joumnal homepage: www elsevier comilocatefinderop

ELSEVIER

Exogenous calcium alleviates heat stress in carnation via integrated =

physiological, anatomical and multi-omics modulations

Xiaojing Zharlg ", Yuxin Jing °[", Ziyi Liu™", Jinxin Xu"®, Xiachan Zhang *", Yanhua Li""",

Xueli Wan™™ &

© College of Landscape Architeciore and Forestry, (imgdon Agricultural University, Qingelan, Shondong 266 109, Ching

* Shandong Key Loboramry for Germplaim novarion of Saline-alkaline Tolerant Groses and Trees, Qingdos Agriculiurnl Universicy, Qingdoo, Shandong 36610,

China

ARTICLE INFO ABSTRACT

Keyworids: Caleium (Ca* *) is erucial for plant growth and helps regulate response to envisonmental stress. Heat stress (HS)

Casmaran adversely affects carnation ([arthus caryophyllis L), prompting this study to explore the potential of Ca’* 1o

Cabclum allevisie HS. Initlally, camation seedlings were sprayed with varying concentrations of Catl;, with 15mM

H"“"_.__ proving 1o be the most effective treatment for prometing growth and physiological resilience 1o HS. Further

::Hﬂ analysés demonstrated that prolonged HS worsened seedlings damage, while Ca®* ameliomied this damage.
Under 12 d HS, carnation exhibited 48.35 %, 3267 %, and 6.59 % reductions in serial part fresh weight, dry
weight, and relative waler content, respectively, Notably, Ca®* preireatment -uluulunse p-rnx-tmb_r
23.96%, 4.01%, and 5.88% Ca®* promoted somatal opening and pe
caused reductions in stomatal length, width, aperture, Mmh‘ﬂﬁ% 5211 %, ui‘l‘h.lndﬂ'&‘ih.
respectively. In contrass, Ca’* pretrestment improved these parameters by 3341 %, 56.60%, 17.55%, and
40&0% compared 1o r.h-e HS group. Transcripiomic analysis revealed Ca™-mediated upregulation of

related p P51 prodeins (Psb) and light-harvesting chlorophyll protein complex

!IJ":'I assembly. Immned multi-omics indicaied Ca™ activated MAPK signaling (via genes like MPK3I, MK
and WRKYES), coordinated plm;lproplndd Mymheiu lr_p, P.!Lud Clﬁ mrymu!. and l'llmmd meta-
bolism (e.g., d hormone [=
m{mmm:hmaum. dei-layesed th ! i ln 1 this study provides novel
insights for using exogenous Cal® 1o alleviate heat damage in carnation and offers technical suppart for energy-
efficient production of this Aower.

1. Introduction anion (04) (X. Wang et al, 2022). To alleviate ROS-induced damage,

plants activate enzrymatic antioxidant systems [e.g., catalase (CAT),
superoxide dismutase (S0D) and peroxidase (POD)] and non-enzymatic
antioxidant systems [e.g., ascorbic acid (AsA) and glutathione (GSH]] 1o
counteract the stress (X, Waiig ot al., 2027), Compounding these effects,
HS impairs multiple aspects of plant photosynthesis and growth,
including the synthesis of photosynthetic pigments, photosystem 11 (PS
I} nctivity, stomaal function, In‘l the structural integrity of chioroplasts
and thylakoids (Mathur et al.. 2014). The molecular response mecha-

nism of plants to HS invalve complc! hilu'ucliuni mmg pm: uprﬁ-

Under the global warming context, plants are suffering severe heat
m (HS) (Guihur e1 ol 2022). They attempt to cope with temperature
through gL‘ Ful y mechanisms (Yang < al, 2019),

However, when this siress exceeds their tolerance thresholds, it leads 1o
irreparable damage. Abiotic stresses seriously affect plant growth and
physiological status (Charibivan ez al.. 2023), among which HS exhibits
particularly notable negative impacts on plant morphology, manifesting
leaf yellowing, wilting, and suppressed growth and biomass accumula-

thon (Liu et al, 2023), Moreover, HS disrupts the equilibrium between sion, metabolite alterations, and s
reactive oxygen species (ROS) production and scavenging in pinnu. (Halder et al , 2071). Specifically, mmpm}mwmmmm
resulting in elevated levels of hydrogen peroxide (Hz04) and sup d expi of p is-related genes, altering lipids and organic
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ABSTRACT

Keywards:
NAC
Carmation
Heat smess
DeNACH1

Thermotolerance

As pivotal regulators unique to plants, NAC Eamily extensively orchestrate various life processes ranging from
st germination through grawth and panent o o stresses. This study naraveled
71 NAC TFs in the camation (Disnthes caryoplyyifus L) genome, designated as DENACT to DeNACTT, encoding
aming acid sequences ranging From B0 ta 718 residues. Subcellular localization predictions revealed a pre-
dominancs of nuclssr localization among thess DENACS. Phylogenetic snalysis classified DeNACS into 14 distinct
subigroups, sach exhiliting similar gene structires and motifs. Promoter analysis highlighted the abundance of
cis-regulatory elements (CREs) associated with plant growth and Eati
light resparse, and diverse stress respanses, wilh stress-responsive CRES being the most prevalent, with al leass
one: stress-respansive CRE detected in all DeNAC promoters. T asoess their functional roles, 12 DeNAGS, were
.-..udm.l, selected from different subgroups for expression profiling under heat, ABA, cold, and salt stress

svealing distinct patierns for specific stress types. Notably, DeNACA1, which exhiliited
marked uprregulation under heat stress, was solated and subsequently iransformied. into Arcbidopsis.  heat:
stressed conditi g DeNACAT exhibi i improvements in
growth perfosmance, survival rtes, enhanced pholosysthetic capaeity, and strengthesed A0S geaverging abil-
ities. This study offers valuable insights into the ve: response of DeNAGE towards heat
sivess, particularly underscoring the patential of DENAGHT a3 a i idate for enbancing th 1
erance in plants.

hormone s

1. Introduction

Climate change has led to an increase in the magnitude and fre- {

rice (Oryza sariva) (Ooka ef Ambhdnpssta..,..u al., 2003),
wheat (Triri ﬂsmum] (Guérin ¢ 19), Lirindendron chinense
| B 1, and sorghum {Sorghum bicolor) {Zhang and Huang

scl — X,

quency of extreme tempe!anm’_i including elevated temperatures
{Laos 2122). In light of the immobility of plants,
they have evolved a range of intricare mechanisms to effectively govern
their growth and developmental processes. These mechanisms encom-
pass maintaining protein homeocstasis, eliminating reactive oxygen
species (ROS), and modulating the transeription of target proteins
through transcriptional factors (TFs) (Khan et al, 20018 Guihur e al,
DY

TFs play pivatal roles in signal transduction, cel[u]a: mm'plmgenegb
and environmental siress responses (K E .
2021} NAC family is a class of plant- specJ.ﬁ.c ‘TFs {'r 1, X
which has been extensively identified across numerous specles sm:h as

and L

Ty,

* Correspanding author.
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! These authors contributed equally to this work,

The acronym NAC originates from three proteins: no apical
marls(sm (NAM), Arabidopsis transcription activation factor (ATAF1 12}
and cup-shaped cotyledon (CUCZ) (Souer et al, 1 i
2(H15). NAC protein harbors a conversed N-terminal NAC domain wh‘.h
DNA/protein binding capacity, typically comprising about 150 a.m].nn
acids, wh‘l.chcanbe further subdivided into five subdomains {Coka et al.,
e Jisen e al., 200 "]
AC TFs plny multifaceted roles in plants, extensively regutmmg
seed germination and plant longevity ((E
201 2), leaf senescence (Ma ¢
flowering time (Fa
biosynthesis (Kl

Jisen &t

18 1
cell division and secondary cell wall
metabolite

2015),
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