[bookmark: OLE_LINK7]CML8 and GAD4 function in (Z)–3–hexenol–mediated defense by regulating GABA accumulation in Arabidopsis

Abstract

[bookmark: OLE_LINK9](Z)–3–hexenol, a small gaseous molecule, is produced in plants under biotic stress and induces defense responses in neighboring plants. However, the research on little is known about how (Z)–3–hexenol induces plant defense–related signaling. In this study, we uncovered how (Z)–3–hexenol treatment enhances insect resistance by increasing γ–aminobutyric acid (GABA) contents in Arabidopsis thaliana leaves. First, (Z)–3–hexenol increases the intracellular content of the signaling molecule calcium in Arabidopsis leaf mesophyll cells. Both intracellular and extracellular calcium stores regulate these changes in calcium content. Then, CML8 and GAD4 are involved in calcium signaling. Yeast two–hybrid assays, firefly luciferase complementation imaging, and GST pull–down assays demonstrated that CML8 interacts with GAD4. Finally, (Z)–3–hexenol treatment increased the GABA contents in Arabidopsis leaves, thus increasing plant resistance to the insect Plutella xylostella. This study revealed the mechanism of activating plant insect defense induced by (Z)–3–hexenol, which is of great significance for the study of volatiles as biological control measures.
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Introduction

[bookmark: OLE_LINK2][bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: _Hlk79769891][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: _Hlk64827003]Herbivore–induced plant volatiles (HIPVs) are important signaling molecules that function in plant–plant communication. These volatiles are produced by injured plants and act as signals to induce defense responses in neighboring plants, a process known as “priming” (Scala et al., 2013). One such HIPV is (Z)–3–hexenol. It is synthesized by the lipid–oxygenase/HPL pathway and act as a rapid and effective aerial detonator to transmit signals to neighboring plants to trigger a defense response (Jing et.al., 2021; Wei & Kang, 2011). Chemical markers and bioassay experiments confirmed that exogenous (Z)–3–hexenol is absorbed by plants and converted into a less active acetylated form. Therefore, (Z)–3–hexenol can be used as a signaling molecule and is rapidly transformed in plants (Farag et al.,2005). Undamaged maize plants (Zea mays) respond to treatment with 50 nM (Z)–3–hexenol by upregulating a series of defense genes. And in maize, (Z)–3–hexenol is an effective volatile that is superior to methyl jasmonate, methyl salicylate, and ethylene. (Z)–3–hexenol induces more rapid and stronger defense gene expression than these volatiles (Engelberth et al., 2013), pointing to its great potential for use in integrated management of wheat aphid pests (Zhou et al.,2016). (Z)–3–hexenol also effectively activates the transcription of defense–related genes in tea (Camellia sinensis) and produces a defense response in tea geometrid (Xin et al.,2016; Xin et al.,2019). The use of artificial volatiles could help strengthen biological control measures in crop ecosystems (Sabelis et al., 1999; James, 2003; James et al., 2004). However, the exact molecular mechanisms that trigger this defense response are unclear.
The second messenger Ca2+ is produced in response to various abiotic and biotic stimuli, such as salt stress, drought stress, insect feeding, temperature, light, and plant hormones (Sanders et al., 1999). The Ca2+ signal is decoded and delivered to the plant by Ca2+ binding proteins such as calmodulin (CaM) and calmodulin–like proteins (CMLs). Arabidopsis thaliana contains 7 CaMs and 50 CMLs with EF–hands that bind Ca2+. The binding of the CaMs/CMLs with Ca2+ alters the enzymatic activity or structure of their interacting proteins to activate transcription, protein phosphorylation, or metabolic changes, thereby regulating plant resistance (Sanders et al., 2002; Kudla et al., 2010; Costa et al., 2017). AtCML8 is an important Ca2+ sensor that functions in plant immunity against Pseudomonas syringae pv. tomato strain DC3000 (Pst DC3000). CML8 amiRNA lines were more susceptible than wild–type Arabidopsis to inoculation with Pst DC3000. Furthermore, salicylic acid (SA) content and PR1 accumulation were significantly reduced in CML8 amiRNA lines compared to the wild type. These findings indicate that the role of CML8 in plant immunity against Pst DC3000 is SA–dependent (Zhu et al., 2017). CML8 is closely related to CaMs. Like CaMs, AtCML8 also contains four EF hand motifs, and it shares two conserved amino acids with CaMs: a cysteine in the first EF hand and a lysine that is a potential site for trimethylation (McCormack and Braam, 2003). AtCML8 shares 72% amino acid similarity with AtCaM1 (Perochon et al., 2010). These observations suggest that the roles of AtCML8 and CaMs are similar. However, the roles of CML8 require further study.
GABA, a four carbon non–protein amino acid, has multiple functions in plants. Various environmental conditions including hypoxia, temperature changes, water stress, and mechanical damage stimulate the rapid accumulation of GABA in plants, suggesting that GABA participates in abiotic stress resistance (Li et al., 2021). In addition, GABA rapidly accumulates after plants sense insects. Tobacco budworm (TBW; Heliothis virescens Fabricius) larvae crawling on tobacco (Nicotiana benthamiana) leaves for 5–10 minutes increased GABA contents 4–5 fold. Also, oblique–banded leaf roller (OBLR; Choristoneura rosaceana Harris) larvae crawling on soybean (Glycine max L. Merr. Cv. Harovinton) trifoliate leaflets for 10 minutes increased GABA contents 10–fold (Bown et al., 2002). GABA was rapidly synthesized after the insect crawled on the leaves, even though the leaves had not been bitten by the insect. These findings indicate that GABA plays a key role in insect resistance. GABA acts as an inhibitory neurotransmitter in insects. The growth and survival rates of oblique–banded leafroller larvae raised on synthetic diets containing 2–3 μmol g–1 GABA were lower than those raised on synthetic diets with lower GABA levels. GABA activates Cl– channels and is absorbed into the hemolymph of insect larvae. Because insect larvae lack glial cells surrounding their neuromuscular junctions, when GABA was injected into the hemolymph, the lack of a barrier between the nervous system and GABA caused reversible paralysis in the larvae (Bown et al., 2006). 
GAD (L–Glu decarboxylase), a key enzyme in the GABA biosynthetic pathway, catalyzes the conversion of L–Glu into GABA. Five GAD family members have been identified in Arabidopsis, with different family members showing tissue–specific expression characteristics. GAD2 is expressed in all tissues and organs, GAD1 is mainly expressed in roots, and GAD5 is mainly expressed in stamens. Almost all GADs are expressed in leaves (Turano and Fang 1998; Zik et al., 1998; Hruz et al., 2008). GAD1 contains a CaMBD (calmodulin–binding domain) in its C–terminus that senses changes in pH. pH changes and the binding of Ca2+/calmodulin (CaM) to this C–terminal domain activate GAD1. Due to these two modes of regulation, GAD1 responds quickly to cellular stress (Gut et al., 2009; Sandra et al., 2017). Arabidopsis GAD1, 2, and 4 contain CaMBDs, and all have the potential to interact with CaMs (Shelp and Zarei, 2017). However, the downstream metabolic processes mediated by these potential relationships remain to be studied.
GABA accumulation induced by E–2–hexenal (a product of (Z)–3–hexenol, catalyzed by 3Z: 2E–enal isomerase) regulates Arabidopsis root growth (Noordermeer et al., 1999; Mirabella et al., 2010). However, whether (Z)–3–hexenol causes GABA accumulation, and its role in insect resistance induced by (Z)–3–hexenol, have not been studied. In the current study, we uncovered a mechanism underlying the plant defense response induced by (Z)–3–hexenol. During this process CML8 transmits Ca2+ signals to the GABA biosynthesis pathway by interacting with GAD4, resulting in GABA accumulation and enhancing insect resistance in plants.

Materials and methods

Plant Materials and Growth Conditions
Arabidopsis thaliana wild–type (WT, Columbia ecotype), cml8 (SALK_022524C), and gad4 (Provided by Prof. Guanghui Yu from South–Central University for Nationalities) were used in this study. Plump seeds were vernalized at 4℃ for 2 days, sown in autoclaved soil mixture, and cultured in an incubator (Percival I–36vl) at 22 ± 1℃, 70% relative humidity, 16 h light/8 h dark (L16: D8) cycle, and a light intensity of 80–110 μmol m–2 s–1. Plants used for Ca2+ ion flow measurements, Ca2+ fluorescence measurements, quantitative reverse–transcription PCR (qRT–PCR), and GABA content measurements were grown for 2 weeks, and plants used for insect inoculation were grown for 4 weeks.

[bookmark: OLE_LINK16]Ca2+ ion flow measurement
Ca2+ flow in Arabidopsis mesophyll cells was detected using non–invasive micro–test technology (NMT) (BIO–001A, Younger USA) (Yan et al., 2015). The glass microelectrode (2–4 μm aperture) was filled with 100 mM L–1 CaCl2 electrolyte with a silanized tip, and the front was filled to approximately 10 μm with selective liquid ion exchange (LIX) cocktail (Sigma–Aldrich 21048). The tip of a chlorinated silver wire was immersed in the glass microelectrode containing CaCl2 electrolyte, and its end was connected to the NMT console; DRIREF–2 was used as a reference electrode to form a closed circuit. Before the experiment, the prepared electrode was immersed in three different concentrations of CaCl2 solution for correction (0.01 mM CaCl2, 0.1 mM CaCl2, and 1mM CaCl2). Readings generating a curve with a slope of 28 ± 5 mV log–1 were considered to be accurate. The formula used for calculation is as follows:

J is the flux of Ca2+ (pmol cm–2 s–1), D is the diffusion coefficient (0.79×10–5 cm2 s–1), ΔC is the difference between the concentrations close to and far from the cells, and ΔX is 30 μm.
[bookmark: OLE_LINK4][bookmark: OLE_LINK3]Arabidopsis leaves were fixed to the bottom of a Petri dish (30mm diameter), and soaked in 3 mL test solution (0.1 mM KCI, 0.1mM CaCl2, 0.1 mM MgCl2, 0.5 mM NaCl, 0.3 mM MES, 0.2 mM Na2SO4, pH 5.95–6.0) for 30 minutes. For inhibitor treatment, the leaves were soaked in 10 µM L–1 ruthenium red and 1 mM LaCl3 for 20 min, washed 3 to 5 times with test solution, and incubated in test solution for 30 min on the test platform. The stable signal was collected for 2 min. After adding 10 µL (Z)–3–hexenol (dissolved in ethyl alcohol) to a final concentration of 350 µM, the measurement process continued until the signal once again became steady. In the control group, after collecting a stable signal for 2 min, an equal amount of ethyl alcohol was added to the test solution. Each group had 6–8 repeats.

Ca2+ fluorescence measurements
Laser scanning confocal microscopy (Leica TCS SP8) was used to detect the fluorescence level of Ca2+ at an excitation wave length of 488 nm and an emission wavelength of 530 nm. Fluo3–AM solution was used to mark Ca2+ ions for 1 h. The leaves were washed 5–6 times with test solution, and the levels of Ca2+ ions in mesophyll cells in basic test solution were measured. After adding (Z)–3–hexenol (the same concentration used for Ca2+ ion flow measurements), fluorescence values were measured five times at 30–second intervals. The fluorescence intensity was measured using ImageJ software. Each group contained more than 40 mesophyll cells.

(Z)–3–hexenol treatment
(Z)–3–hexenol (98%) was purchased from Sigma Aldrich. Arabidopsis plants were placed in a closed 2 L glass bell jar, and a cotton ball (1cm) was hung on the top of the bell jar. (Z)–3–hexenol dissolved with ethyl alcohol was added to the cotton ball, and the bell jar was quickly sealed onto a piece of frosted glass with Vaseline. The concentration of (Z)–3–hexenol in the bell jar was as high as 15 µM, and the same amount of ethyl alcohol was used for the control. After fumigation, the plants were taken out of the jar for subsequent experiments.

Quantitative reverse–transcription PCR (qRT‑PCR)
Total RNA was isolated from the samples using an RNA prep Pure Plant Kit (Code No.Cat.#DP432, Tiangen Biotech (Beijing) Co.,Ltd.).The total RNA sample was subjected to reverse transcription using a PrimeScript RT–PCR kit (Takara). A One Step PrimeScript™ RT–PCR Kit (Perfect Real Time) (Takara) was used for qRT–PCR on CFX96 Realtime System (Bio–Rad) following the manufacturers’ instructions. ACTIN2 was used as the internal standard to normalize cDNA levels, and the relative expression levels of the target genes were obtained. The primers used for qRT–PCR were shown in Table S1.

Yeast two–hybrid assay (Y2H)
CML8 and GAD4 were cloned into pGADT7 and pGBKT7, respectively. The resulting plasmids (CML8–AD and GAD4–BK, respectively) were co–transformed into yeast strain AH109 competent cells. The cells were cultured on SD/–Leu/–Trp for 4 days, and growing colonies were transferred to SD/–Ade/–His/–Leu/–Trp for further verification. Growing colonies on SD/–Ade/–His/–Leu/–Trp were transferred to SD/–Ade/–His/–Leu/–Trp with X–α–gal to confirm the accumulation of α–galactosidase.

Firefly luciferase complementation imaging assay (LCI)
CML8 and GAD4 were cloned into Cluc and NLuc, respectively, and the resulting constructs were transformed into Agrobacterium tumefaciens strain GV3101. A molecular imaging system (LB983, Berthold Technologies, Germany) was used to collect fluorescent signals from N. benthamiana leaves infected with the Agrobacterium. Each leaf was divided into four parts and injected with Cluc/NLuc, CML8–NLuc/Cluc, NLuc/GAD4–Cluc, or CML8–NLuc/GAD4–Cluc.

Pull–down assay
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]CML8 was cloned into pGEX–4T–1, and GAD4 was cloned into pET28a. CML8–GST and GAD4–His were transformed into E. coli Rosetta (DE3) cells for protein expression. Glutathione beads containing 50 µg CML8-GST and GST were incubated with 50 µg GAD4-HIS in pull-down buffer (1% NP40, 150 mM NaCl, 50mM Tris–HCl, 1mM EDTA, pH7.5), respectively. The protein-beads complexes were washed with pulldown buffer, then centrifuged 500 g, 5 min and remove the supernatant, the whole process was repeated 4 times; At last, Elution buffer was added to the beads to remove the GST proteins, and the supernatant was boiled for 5–10 min. Immunoblotting was performed with anti–GST and anti–HIS antibodies.

Insects rearing and feeding
Diamondback moth (Plutella xylostella), a serious pest of Cruciferae, was selected for analysis (purchased from Henan Jiyuan ke Cloud Biology Co., Ltd.). The eggs were incubated in an incubator at 25℃ with a relative humidity of 50 ± 10% for 3–5 days. And first instar larvae with similar amounts of growth were selected for the insect feeding experiment.
Four–week–old plants were fumigated for 12 h and placed in a clear plastic cup with a diameter of 8 cm and height of 12 cm. To eliminate the direct influence of (Z)–3–hexenol residue on leaves, the treated plants were placed in a ventilated area for 1 h. Five larvae were inoculated into each cup. The cups were sealed with an insect–resistant net and placed into the incubator. After 7 days, the insects were weighed and photographed. 

Measuring GABA content
A plant γ–aminobutyric acid (GABA) enzyme–linked immunoassay (ELISA) kit (Jiangsu Jingmei Biological Technology Co., Ltd.) was used to measure GABA contents in Arabidopsis leaves. The double antibody sandwich method was used to determine the absorbance value (OD value) at 450 nm with an enzyme plate analyzer, and the GABA content in the sample was calculated using a standard curve. Six groups were set up in this experiment (WT control, WT (Z)–3–hexenol group, cml8 control, cml8 (Z)–3–hexenol group, gad4 control, and gad4 (Z)–3–hexenol group), with three replicates per group. The Arabidopsis samples weighed at least 0.5 g.

Results

(Z)–3–hexenol increases intracellular calcium levels and calcium efflux in Arabidopsis mesophyll cells
Calcium ions serve as an important early signal in various signal transduction processes. We therefore measured changes in calcium concentration and calcium flux in Arabidopsis mesophyll cells using laser scanning confocal microscopy and NMT, respectively. In the WT + (Z)–3–hexenol group, when (Z)–3–hexenol was added to the leaves, the calcium concentration increased by 20.45% at 30 s compared to 0 s. With increasing time, the calcium concentration gradually returned to the initial level. In the WT + Ruthenium red + (Z)–3–hexenol group, the increase in calcium concentration was significantly inhibited compared to the WT + (Z)–3–hexenol group: the calcium concentration increased by 1.64% at 30 s compared to the 0 s control, with a peak increase of 3.33% at 90 s. The results for the WT + LaCl3 + (Z)–3–hexenol group were similar to those of the WT + Ruthenium red + (Z)–3–hexenol group, with a peak increase of 3.35% at 60 s. In the WT control group, ethyl alcohol treatment did not increase the calcium concentration in Arabidopsis mesophyll cells (Fig. 1). These results indicate that the calcium concentration of Arabidopsis mesophyll cells is regulated by (Z)–3–hexenol and that both the intracellular and extracellular calcium stores regulate the flux of calcium into cells. 

To further verify these results, we examined the calcium ion flux rate for these experimental groups using NMT. The calcium flux determined by this analysis was similar to that described above. In the WT + (Z)–3–hexenol group, following the addition of (Z)–3–hexenol, calcium efflux increased significantly, with a peak of 293.45 pmol cm–2 s–1. In the Ruthenium red pretreated (Z)–3–hexenol group, calcium efflux was significantly inhibited, with a peak of 53.50 pmol cm–2 s–1. Calcium efflux was also significantly inhibited in the LaCl3 pretreated (Z)–3–hexenol group, with a peak of 63.94 pmol cm–2 s–1. Like the control group in the calcium concentration experiment, treatment with ethyl alcohol did not alter the calcium flux (Fig. 2). These results indicate that (Z)–3–hexenol increases the calcium concentration and causes calcium efflux in Arabidopsis mesophyll cells and that the intracellular and extracellular calcium stores take part in the change in calcium concentration.

(Z)–3–hexenol increases CaMs and CML8 expression in wild–type Arabidopsis leaves
CaMs and CMLs are Ca2+ sensors. Because (Z)–3–hexenol increased the calcium concentration in Arabidopsis mesophyll cells, we suspected that CaMs or CMLs take part in the sensing of changes in Ca2+ concentration. We therefore measured changes in CaM1, CaM2, CaM3, CaM4, CaM5, and CML8 expression in Arabidopsis leaves at 0 min, 10 min, 20 min, 30 min, 40 min, and 50 min after (Z)–3–hexenol treatment. The expression patterns of these genes were similar: their expression increased, followed by a decrease. CaM1, CaM4, and CaM5 expression peaked at 20 min, CaM2 and CaM3 expression peaked at 30 min, and CML8 expression peaked at 40 min. Among these genes, CaM1 and CML8 had the highest expression levels, with increases of up to 12–fold (Fig. 3A). These results suggest that CaM1 and CML8 play important roles in (Z)–3–hexenol–induced signal transduction processes. Because CaM1 is known to interact with GAD1 (Gut et al., 2009), we focused on CML8 for further analysis.

CML8 inhibits (Z)–3–hexenol–induced GAD4expressionin Arabidopsis leaves
Since GAD1/2/4 potentially interact with CaMs, we measured GAD1, GAD2, and GAD4 expression in wild–type Arabidopsis after 2 h, 4 h, 6 h, 8 h, 10 h, and 12 h of (Z)–3–hexenol treatment. GAD4 showed the most obvious response to (Z)–3–hexenol treatment: at 6 h, its expression increased 13.87–fold compared to the control. By contrast, GAD1 showed peak expression of 1.84–fold vs. the control, and GAD2 showed little change in expression in response to (Z)–3–hexenol treatment (Fig. 3B). To determine whether CML8 is involved in the induction of GAD4 expression in response to (Z)–3–hexenol treatment, we treated the cml8 mutant with (Z)–3–hexenol and examined GAD4 expression. The expression pattern of this gene in the mutant was similar with that in wild–type Arabidopsis, but it was expressed at lower levels in the mutant. Similarly, the peak of GAD4 gene expression occurred at 6 h, with a relative expression level of 3.47 (Fig. 3C). These results indicate that CML8 and GAD4 are induced by (Z)–3–hexenol in Arabidopsis and that CML8 functions upstream of GAD4.

CML8 interacts with GAD4
Because (Z)–3–hexenol activated the expression of CML8 and GAD4, and CAM1 interacts with GAD1, we reasoned that CML8 can also interact with GAD4. To confirm this hypothesis, we carried out yeast Y2H, firefly LCI, and in vitro pull–down assays. In Y2H, the AD*BK group was used as a negative control, and the T7*53 group was used as a positive control. Like the positive control, CML8–AD*GAD4–BK yeast cells grew on both SD/–Leu/–Trp and SD/–Ade/–His/–Leu/–Trp medium, indicating that CML8 and GAD4 interacted in the Y2H system (Fig. 4A). In addition, GAD4–His interacted with CML8–GST in the pull–down assay, whereas GAD4–His failed to interact with GST. These results indicate that the interaction between GAD4–His and CML8–GST occurred due to the interaction of GAD4 and CML8, but not GAD4 and GST (Fig. 4B). In the LCI assay, GAD4–Cluc and CML8–Nluc were spatially close together, allowing Cluc and Nluc to combine to form a complete luciferase protein, as revealed by fluorescence (Fig. 4C). Together, the results of these three experiments confirm the interaction between CML8 and GAD4. 

CML8 and GAD4 function in (Z)–3–hexenol–induced GABA accumulation and defense gene expression
GADs play important roles in GABA biosynthesis. In the cml8 mutant, GAD4 expression was inhibited by treatment with (Z)–3–hexenol, and CML8 interacts with GAD4. Therefore, we wondered whether these two proteins affect the accumulation of GABA. We measured GABA accumulation in wild–type Arabidopsis, cml8, and gad4 treated with (Z)–3–hexenol and ethyl alcohol for the control groups. The GABA concentration was significantly higher in wild–type plants treated with (Z)–3–hexenol than in the control. By contrast, the GABA concentrations in (Z)–3–hexenol–treated cml8 and gad4 plants were significantly lower than the control (Fig. 5A). Therefore, in the absence of CML8 and GAD4, (Z)–3–hexenol–induced GABA accumulation was affected. These results demonstrate that CML8 and GAD4 are involved in (Z)–3–hexenol–induced GABA accumulation. 
To examine the effects of CML8 and GAD4 on defense gene expression, we measured PDF1.2 (encoding defensin), VSP1 (VEGETATIVE STORAGE PROTEIN1), and THI2.1 (encoding plant defense–related protein thionin) expression in wild–type, cml8 and gad4 plants treated with (Z)–3–hexenol at 0 h, 2 h, 4 h and 12 h. In the wild–type, PDF1.2, VSP1, and THI2.1 were significantly upregulated by (Z)–3–hexenol treatment, whereas in cml8 and gad4, these three genes were down regulated, especially in gad4 (Fig. 5B–D). These results indicate that GAD4 plays a more important role than CML8 in (Z)–3–hexenol–induced defense gene expression, likely because CaMs/CMLs share redundant functions. Overall, these results indicate that both CML8 and GAD4 play important roles in (Z)–3–hexenol–induced GABA accumulation and defense gene expression.

CML8 and GAD4 function in (Z)–3–hexenol–induced defense against insects in Arabidopsis
GABA affects the growth of various insects. However, since few studies have analyzed the effect of GABA on the growth of Plutella xylostella, we conducted a preliminary experiment in which we fed this insect an artificial diet containing different concentrations of GABA. Certain concentrations of GABA affected the growth of P. xylostella (Supplemental Fig. S1). We then conducted the following experiments. WT, cml8 and gad4 treated with (Z)–3–hexenol for 12 h were used as the experimental groups, and plants treated with ethyl alcohol served as the control group. We inoculated each plant with one larva and measured the increase in larval weight after 7 days. Larvae on WT + (Z)–3–hexenol plants showed the worst growth, with weights significantly lower than the WT. By contrast, the weights of larvae growing on cml8 and gad4 plants showed no significant difference between the (Z)–3–hexenol groups and the control (Fig. 6). These results indicate that (Z)–3–hexenol increases the defense response of Arabidopsis to P. xylostella and that GABA accumulation, defense gene expression, and CML8 and GAD4 play important roles in this defense process.

Discussion

(Z)–3–hexenol is a plant volatile that enhances plant defense, but the underlying mechanism is unclear. In this study, we demonstrated that (Z)–3–hexenol induces changes in early signaling, defense genes, and defense metabolite levels and revealed a how these processes increase insect resistance in Arabidopsis leaves. First, calcium ions flow into the cytoplasm through intracellular and extracellular calcium stores (Fig. 2), and the concentration of calcium ions in Arabidopsis mesophyll cells increased in response to (Z)–3–hexenol treatment (Fig. 1). This is consistent with the increase in intracellular calcium levels observed in tomato (Solanum lycopersicum) in response to this treatment (Zebelo et al., 2012). Many studies have demonstrated that calcium sensors (e.g. CaMs, CMLs) are required for the transmission of calcium signals downstream (Ye et al., 2021; Snedden et al., 2001; Kudla et al., 2018). Here, to determine which CAM/CML proteins function in (Z)–3–hexenol–induced defense, we treated wild–type Arabidopsis with (Z)–3–hexenol in 10 min, 20 min, 30 min, 40 min, and 50 min and measured CAM1, CAM2, CAM3, CAM4, CAM5, and CML8 expression. CAM1 and CML8 were significantly upregulated by this treatment (Fig. 3A), suggesting that CaM1 and CML8 may be involved in downstream calcium signaling induced by (Z)–3–hexenol. 
The defense substance GABA plays an important role in plant resistance (Su et al., 2019; Mekonnen et al., 2016). However, whether GABA functions in the (Z)–3–hexenol–induced defense response downstream of Ca2+ signaling is unclear. GADs are key enzymes that function in GABA biosynthesis. CaM1 interacts with GAD1, indicating that calcium signaling is involved in GABA biosynthesis (Gut et al., 2009). Therefore, we focused on Ca2+/CML8 triggered downstream signaling associated with GABA. In wild–type Arabidopsis, GAD4 was significantly upregulated by (Z)–3–hexenol treatment, whereas in cml8, the expression of GAD4 was significantly inhibited, as revealed by qRT–PCR (Fig. 3C). These results indicate that CML8 affects the expression of GAD4. To further verify the protein interaction between CML8 and GAD4, we performed Y2H, LCI, and pull–down assays (Fig. 4). In all three experiments, CML8 interacted with GAD4. These results suggest that CML8 and GAD4 regulate GABA biosynthesis downstream of Ca2+ signaling in the (Z)–3–hexenol–induced defense response. This notion is similar to the finding that GAD is a key downstream target of Ca2+/CaM that functions in pollen tube growth (Yu et al., 2014).
We then treated wild–type, cml8, and gad4 plants with (Z)–3–hexenol for 12 h and measured the GABA contents in leaves; plants treated with ethyl alcohol were used as the control (Fig. 5A). In wild–type Arabidopsis, the GABA content was significantly higher in the (Z)–3–hexenol group compared to the control. By contrast, in cml8 and gad4, the GABA content was not significantly higher in the (Z)–3–hexenol groups vs. the control. These results indicate that when Arabidopsis was treated with (Z)–3–hexenol, CML8 affected the expression of GAD4. On the other hand, CML8 likely interacts with and activates GAD4, resulting in the accumulation of GABA in Arabidopsis leaves (Fig. 3C, 4, 5A).
The Arabidopsis genes PDF1.2, THI2.1, and VSP1 encode defensin, the plant defense–related protein thionin, and a vegetative storage protein, respectively, which function as markers of the defense response and are closely related to the jasmonic acid pathway (Brown et al., 2003; Bohlmann et al.,1998; Xu et al., 2001). Our findings suggest that CML8 and GAD4 affect the expression of these defense genes in (Z)–3–hexenol treated Arabidopsis leaves. PDF1.2, VSP1, and THI2.1 were significantly upregulated in wild–type Arabidopsis after treatment with (Z)–3–hexenol. However, this effect was suppressed in cml8 and gad4 (Fig. 5B–D). These results suggest that the expression of these defense genes may be related to the changes in GABA content and that the GABA biosynthesis pathway may activate the jasmonic acid pathway to induce the expression of defense genes, a concept that requires further study.
[bookmark: OLE_LINK8]In previous studies, GABA contributes to enhance plant resistance to mechanical wounding (MecWorm) and Spodoptera littoralis (Scholz et al., 2015), but its role in plant resistance to P. xylostella was unclear. Therefore, we fed P. xylostella an artificial diet containing different concentrations of GABA and identified the concentration that most affected P. xylostella growth (Supplemental Fig. S1). GABA functions in plant defense, and PDF1.2, VSP1, and THI2.1 are also involved in plant defense. Thus, we treated Arabidopsis with (Z)–3–hexenol 12 h and inoculated the plants with P. xylostella larvae that had been fed this substance for 7 days. On wild–type Arabidopsis, P. xylostella showed reduced body weight when fed with (Z)–3–hexenol vs. the control, whereas on the cml8 and gad4 mutants, larval body weight showed no significant difference between groups (Fig. 6). These results indicate that (Z)–3–hexenol induces GABA accumulation and defense gene expression via CML8 and GAD4 to improve insect resistance in Arabidopsis.
In summary, we demonstrated that the HIPV (Z)–3–hexenol triggers an increase in calcium content when it is detected in Arabidopsis leaves and that CML8 and GAD4 transmit this signal to promote GABA biosynthesis and the expression of defense genes, thereby improving insect resistance (Fig. 7). These findings increase our understanding of signal integration mechanisms that function in plant communication. In addition, they provide a theoretical basis for using (Z)–3–hexenol for biological pest control to reduce pesticide use. However, further research is needed to determine which plants are affected by (Z)–3–hexenol.
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Figure legends

Figure 1. Effects of (Z)–3–hexenol on intracellular calcium levels in wild–type Arabidopsis mesophyll cells
(A) The leaves of two–week–old Arabidopsis plants were incubated in the dark in 10 µM Fluo3–AM 1 h and imaged under a confocal laser scanning microscope. Each group was photographed after washing with test solution (0 s) and every 30 s after the addition of (Z)–3–hexenol; and the control group was treated with ethyl alcohol. The scale bar represents 50 μm. (B) Increase in fluorescent signals from mesophyll cells in each group (n≥30). Error bars indicate standard error.

Figure 2. Effect of (Z)–3–hexenol on Ca2+ flux in Arabidopsis mesophyll cells
The leaves of two–week–old Arabidopsis plants were used for this experiment. (A) The samples were pretreated with inhibitors for 20 min and washed 5–6 times with test solution. Ca2+ flux in the test solution was measured at 2 min. (Z)–3–hexenol was immediately added to the solution; the control group was treated with ethyl alcohol. (B) Mean fluxes of Ca2+ were calculated based on peak responses to (Z)–3–hexenol; error bars represent standard error (n≥6), columns are labelled with different letters to denote significant differences at p<0.05 (Student's t test).

Figure 3. Expression analysis of CaMs/CML and GADs
(A and B) Relative expression levels of CaM/CML and GADs in leaves of two–week–old wild–type Arabidopsis under (Z)–3–hexenol treatment. (C) Relative expression levels of GAD4 in leaves of two–week–old wild–type and cml8 seedlings under (Z)–3–hexenol treatment. Each group had three replicates, and error bars represent standard error.

[bookmark: OLE_LINK22]Figure 4. CML8 interacts with GAD4
(A) Yeast two–hybrid assay showing that CML8 interacts with GAD4. (B) Pull–down assay showing that CML8 directly interacts with GAD4 in vitro. Purified GAD4–His protein was pulled down by CML8–GST. (C) Luciferase complementation imaging (LCI) assay in Nicotiana benthamiana leaves co–transformed with GAD4–Cluc and CML8–Nluc. CML8 interacted with GAD4 in the assay.

Figure 5. CML8 and GAD4 participate in GABA biosynthesis and defense gene expression induced by (Z)–3–hexenol
(A) Changes in GABA content in (Z)–3–hexenol–treated two–week–old plants compared to the control. GABA contents were measured at 12 h after (Z)–3–hexenol treatment (n=3), Statistically significant differences between different treatment groups were analyzed by One-way ANOVA (p<0.05), columns are labelled with different letters to denote significant differences. (B–D) Defense gene expression in two–week–old Arabidopsis leaves after (Z)–3–hexenol treatment. Black lines show gene expression in WT plants, red lines show gene expression in cml8, and blue lines show gene expression in gad4. Error bars represent standard error (n=3).

[bookmark: OLE_LINK23]Figure 6. (Z)–3–hexenol–induced plant defense depends on CML8 and GAD4
(A) P. xylostella after seven days of feeding. The six groups (from left to right) are four–week–old Arabidopsis plants: WT control, WT (Z)–3–hexenol, cml8 control, cml8 (Z)–3–hexenol, gad4 control, and gad4 (Z)–3–hexenol. (B) Larval weight gain measured at 7 days after inoculation. Each group contained approximately 30 larvae, columns are labelled with different letters to denote significant differences at p<0.05 (Student's t test). 

Figure 7. Proposed model of (Z)–3–hexenol-induced Arabidopsis plant defense

Supplement
[bookmark: _Hlk83165789]Figure S1. Larval weight of Plutella xylostella fed with an artificial diet containing different concentrations of GABA. The artificial diet containing 1μmol g–1 GABA significantly inhibited larval growth.

Table S1. The primers used for qRT–PCR
	Primer name
	[bookmark: OLE_LINK92][bookmark: OLE_LINK93]Primer sequence (5–3)

	ACTIN2 forward
	TTGACTACGAGCAGGAGATGG

	ACTIN2 reverse
	ACAAACGAGGGCTGGAACAAG

	CaM2 forward
	TTGATGCGGATGGTAACGG

	CaM2 reverse
	CGCCGAGGTTAGTCATCACAT

	CaM3 forward
	TGGACAAAACCCAACCGAAG

	CaM3 reverse
	TTCTTCCTCAGAGTCGGTGTCC

	CaM4 forward
	TAGGGCAGAACCCAACAGAAG

	CaM4 reverse
	CTTCCTCCGAGTCTGTGTCCTT

	CaM5 forward
	AGAACGGTTTCATCTCGGCA

	CaM5 reverse
	CTCTTCCCTCTTCTCTTTGCCA

	CML8 forward
	TTCTGATAGCAACGGCACCA

	CML8 reverse
	GACTCAACTCACTGGCAGAGATGT

	GAD1 forward
GAD1 reverse
GAD2 forward
GAD2 reverse
GAD4 forward
GAD4 reverse
	GTCTCCGTCCACTCCACATTC
TGTCGTCACAAAGGAGGCTAAG
GAGGAATCTGAGACGGCGGT
CCTCAGCCTTGCGTTTGTTC
TTGTGTCGCTGCCATCCTC
CGGAGCAATAAACCCACCA

	VSP1 forward
	CGTATCCGTCACCTCCTCAT

	VSP1 reverse
	CGCCAAAGGACTTGCCCTAA

	PDF1.2 forward
	CCATCATCACCCTTATCTTCGC

	PDF1.2 reverse
	TGTCCCACTTGGCTTCTCG

	Thi2.1 forward
	GTTCGTATACGTGAAGGGAGTA

	Thi2.1 reverse
	CACACACTACATATTATCGACT
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