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The compound 2-undecanone is widely distributed in the natural environment and exhibits a dual-
action mechanism against nematodes. It demonstrates repellency and contact toxicity against 
both Caenorhabditis elegans and Meloidogyne incognita. However, research on the dual-function 
mechanism of 2-undecanone remains relatively limited. In this study, using chemotaxis experiments, 
we found that 2-undecanone (at concentrations of 1–5 mg/mL) signal is detected through AWB 
olfactory sensory neurons in nematode, and then transduced through the cGMP pathway to induce 
repellent behavior. Moreover, we observed that 2-undecanone (at concentrations of 0.06–0.08 mg/
mL) induces intracellular calcium accumulation and causes lysosomal membrane rupture. We further 
identified Hsp70 A and V-ATPase A as the targets of 2-undecanone responsible for its contact killing 
effect. Furthermore, 2-undecanone was found to alter sphingomyelin metabolism in both wild-type C. 
elegans and hsp-1 mutants. This alteration led to decreased acid sphingomyelinase activity, reduced 
ceramide levels, and increased sphingomyelin levels. These results indicated that 2-undecanone 
has dual functions and two target receptors Hsp70 A and V-ATPase A against nematodes, and one 
AWB olfactory neuron repelled nematodes. The dual-action mode of 2-undecanone can decrease the 
nematodes’ tolerance to the compound appropriately, extending its efficacy duration. Understanding 
the dual function mechanism of action of 2-undecanone will aid in devising innovative approaches for 
managing nematode control.
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Root-knot nematodes (RKNs) pose a severe threat to over 5500 plants worldwide, including field and horticultural 
crops and vegetables, causing significant economic losses annually1. Meloidogyne incognita is among the most 
damaging nematodes2. For a long time, RKNs controlling has relied on chemical nematicides. The emergence 
of bio-formulations has led to development of greener and environment friendly nematicides3–5. Due to 
their advantages, biological methods for controlling RKNs have been the focus of increasing research. Many 
microorganisms and their metabolic products have been reported to have good nematode control activity6,7. 
However, the mechanism by which microbial metabolites prevent nematodes is not yet clearly understood.

Caenorhabditis elegans is a model worm to evaluate volatiles as molecular pattern to regulate host response. 
The detection of volatile organic compounds (VOCs) relies on chemosensory neurons, which then trigger 
responses of attraction or repulsion. Attractive VOCs are recognized by AWA or AWC neurons, while repulsive 
VOCs are identified by AWB neurons8. The majority of odorant receptors typically belong to the family of G 
protein-coupled receptors (GPCRs) in C. elegans9. The volatile organic compound 1-undecanone, produced 
by Pseudomonas aeruginosa PA 14, is detected by AWB neurons, leading to aversive behavior and eliciting an 
immune response10. The volatile metabolite Furfural acetone from Paenibacillus polymyxa KM2501-1 attracts 
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nematodes, which is sensed depending on the multiple receptors such as GPCRs SRA-13 of AWA neurons and 
STR-2 of AWC neurons in C. elegans11.

Lysosome-related research has revealed the crucial roles that lysosomes play in cellular stress responses and 
the regulation of lifespan12. Lysosomes are cytoplasmic single-membrane organelles containing over 60 hydrolytic 
enzymes, which degrade materials introduced through endocytosis, phagocytosis and autophagy. Many of 
these enzymes are activated by the acidic pH of the lumen, which is generated and maintained by lysosomal 
V-ATPase13,14. The rupture of lysosomal membrane results in the release of the contents into the cytoplasm15. 
In the cytoplasm, the role of cathepsins in the execution of cell death is unknown. Although lysosomal cell 
death (LCD) can occur independently of caspases, cytoplasmic cathepsins can cleave the pro-apoptotic protein 
Bid. This action promotes the mitochondrial translocation of pro-apoptotic proteins Bax and Bak, leading to 
mitochondrial membrane permeabilization and ultimately inducing caspase-dependent apoptosis16.

While the integrity of the lysosomal membrane is crucial to cell viability17, the mechanism by which it is 
maintained in C. elegans is not fully understood. In mammalian cells, Hsp70 stabilizes lysosomes by tightly and 
selectively binding to bis(monoacylglycero)phosphate (BMP), which in turn promotes the binding and activity 
of acid sphingomyelinase (ASM) in acidic environments18. Calpain activation, with a concomitant decrease in 
the lysosomal membrane localization of Hsp70.1 and BMP levels, can diminish Hsp70.1-BMP binding, resulting 
in decreased ASM activity and lysosomal rupture and leakage of cathepsin B into the cytosol. These results 
suggest that at least in some systems, regulation of ASM activation by Hsp70.1-BMP affects lysosomal stability 
and cell survival or death18. SCAV-3, the homologue of human LIMP-2 in C. elegans, has been identified as a 
pivotal regulator of lysosomal characteristics19. However, it remains unknown whether Hsp70 plays a role in 
maintaining lysosomal membrane integrity of C. elegans.

In a previous study we identified 2-undecanone, a volatile organic compound from the fermentation broth of 
Paenibacillus polymyxa KM2501-16, as being strongly nematocidal and repellent to Meloidogyne incognita, but 
the underlying mechanisms of these dual functions are unclear. 2-Undecanone is a medium-chain methyl ketone 
consisting of 11 carbon atoms, and can be produced by a variety of plants, animals and microorganisms20. Thus, 
we used C. elegans as a model to explore its mechanism of action in terms of both repellency and nematicide 
effect in this study.

Results
2-Undecanone is sensed by AWB odor sensory neurons of C. elegans
2-Undecanone has been found to have excellent antagonistic activity against Meloidogyne incognita, including 
contact killing and repellency6. To investigate the mechanism of its action, we used the free-living model 
organism Caenorhabditis elegans for conducting experiments (Fig.  1A). An experiment device (Fig.  1B) was 
made to test the behavior of nematodes to 2-undecanone. Worms preferred to avoid 2-undecanone and crawl 
to the opposite side, with chemotaxis index of -0.11 and − 0.21 at concentrations of 1 mg/mL and 5 mg/mL, 
respectively, compared to chemotaxis index of 0.02 of the control group (0 mg/mL of 2-undecanone) (Fig. 1C). 
The results indicated that 2-undecanone has the potential to repel nematodes to achieve the purpose of nematode 
prevention in agricultural fields.

To check whether olfaction in worms is necessary for sensing 2-undecanone, we tested the chemotaxis 
response of various C. elegans mutants to the 2-undecanone at the optimal concentration of 5 mg/mL (Fig. 1D). 
The mutants in lim-4 (ky403), which are deficient in functional AWB neurons21, showed no response to 
2-undecanone. odr-7 (ky4) worms lacking functional AWA neurons22,23 showed a normal aversion response 
to 2-undecanone with a chemotaxis index of -0.12. These results indicated that sensing of 2-undecanone is 
dependent on functional AWB neurons.

Stimulation in AWB neurons can activate signaling cascades24,25. The downstream signaling pathways of 
most olfactory neurons are cGMP-mediated, including the AWB neurons10 22. We tested mutants in tax-2 (p671) 
/tax-4 (e2861), odr-1(n1936) and daf-11 (m47), which belong to the cGMP signaling pathway and the CNG 
channel, for their effects on chemotaxis to 2-undecanone. The results indicated that repellency responses of 
mutant nematodes in genes tax-2 (p671), tax-4 (e2861), odr-1(n1936) and daf-11 (m47) to 2-undecanone were 
all significantly weaker compared with WT nematodes. These showed that the cGMP pathways are essential for 
signal transduction process in nematode detecting 2-undecanone.

2-Undecanone caused lysosomal rupture in C. elegans
We also found that 2-undecanone is highly nematicidal at concentrations of 60 and 80 µg/mL against the C. 
elegans (Fig.  2A). To explore the molecular mechanism of this nematicidal activity, we investigated whether 
2-undecanone causes necrosis in C. elegans. Because necrosis is characterized by the rupture of lysosomes26, we 
first used the specific marker Lyso-Tracker to regulate lysosomal integrity in vitro. Treatment with 2-undecanone 
showed a burst of red fluorescence (Fig.  2B), as well as in heat shock treatment, consistent with lysosomal 
rupture. Next, we examined lysosomal integrity in vivo with strain pwIs50, a transgenic strain of C. elegans 
expressing the specific marker LMP-1::GFP. Treatment with 2-undecanone or heat shock resulted in diffusion of 
GFP-labeled lysosomal debris throughout the cell cytosol (Fig. 2C), providing additional evidence of lysosomal 
rupture. Furthermore, given that elevated intracellular calcium levels can trigger the activation of cathepsin 
within the lysosome, ultimately leading to cell necrosis, we utilized the calcium indicator Fluo-4 AM in vitro 
to evaluate changes in calcium concentration after exposure to 2-undecanone or heat shock. Both treatments 
resulted in increased fluorescence of calcium (Fig. 2D). Additionally, calcium uptake was also detected in vivo 
via fluorescence–resonance energy transfer (FRET) in the transgenic strain rnyEx109, which expresses the 
calcium indicator d3cpv. Compared with the FRET ratio of untreated controls, the ratio with 2-undecanone 
treatment was significantly higher (Fig. 2E), indicating an increased calcium concentration. Together, in vitro 
and in vivo assays indicated that 2-undecanone caused an increase in cytoplasmic calcium leading to necrosis in 
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C. elegans. We utilized necrosis-associated mutants to assess sensitivity to 2-undecanone and employed qPCR to 
detect the expression of necrosis-associated genes. Compared with the wild type, mutants in tra-3, itr-1, asp-3 
and asp-4 decreased the sensitivity of C. elegans to 2-undecanone (Fig. 2F). The results of qPCR indicated that 
the necrosis-related genes itr-1, tra-3, asp-3, and asp-4 were significantly upregulated (Fig. 2G). Collectively, 
these data indicated that the traditional necrosis signaling pathway was involved in the reaction of C. elegans to 
2-undecanone.

Lysosomes contain a variety of enzymes that can be released into the cytoplasm, causing severe necrosis and 
triggering apoptosis. We thus explored whether treatment with 2-undecanone leads to the release of crucial 
enzymes from the lysosome. We carried out time-lapse analyses to track the dynamic changes of GFP - fused 
Galectin 3. This protein has the ability to bind to the β-galactosides of glycoprotein hydrolases. When lysosomal 
membranes are ruptured, these hydrolases are released. Subsequently, GFP-fused Galectin 3 binding to the β-
galactosides of the released hydrolases generates green fluorescence in the cytosol27,28. In 2-undecanone-treated 
worms expressing the m-Cherry-labeled luminal hydrolases CRP-6, GBA-3 and CPL-1, GFP-fused Gal 3 initially 
appeared around the lysosomes and then gradually enriched the area where mCherry fluorescence disappeared 
(Fig. S1). This result is consistent with the results of Lyso-Tracker staining and suggested that 2-undecanone 
damages lysosomal membranes, leading to the release of CPR-6, GBA-3, CPL-1 into the cytosol. Once there, 
these hydrolytic enzymes aggravate necrosis and eventually lead to the death of C. elegans.

Fig. 1.  Chemotactic response of C. elegans to 2-undecanone. (A) Overview of the 2-undecanone structural 
formula and C. elegans. (B) Schematic diagram of the chemotaxis assay. (C) Chemotaxis effects of 2-U at 
various concentrations. (D) Chemotaxis effects of 2-U at 5 mg/mL on WT, odr-3 (n2150), odr-7 (ky4), lim-4 
(ky403), ser-3 (ok1995), ser-5 (vq1), odr-1 (n1936), tax-2 (p671), tax-4 (e2861), daf-11 (m47) animals. n ≥ 
6 assays. Error bars indicate means ± SEM. *, P < 0.05; **, P < 0.01; ****, P < 0.0001; (two-tailed unpaired 
Student’s t test was used for statistical comparisons of the WT to the mutants). Generated by Adobe Illustrator 
2020 (version number 28.0.0, https://www.adobe.com/products/illustrator.html).
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Hsp70 A and V-ATPase A are target proteins interacting with 2-undecanone in C. elegans
To further investigate the mechanism of cell death in C. elegans by 2-undecanone, we utilized drug affinity 
responsive target stability (DARTS), an unbiased biochemical approach based on the altered protease 
susceptibility of target proteins upon drug binding29,30. According to the results of SDS-PAGE, the bands at 70, 
35 and 25 kDa (Fig. S2A) in the lysate from 2-undecanone treated C. elegans postproteolysis were more intense 
than those from the vehicle control. Mass spectrometry analysis of the three bands showed that the V-type 
proton ATPase catalytic subunit A (V-ATPase A), the heat shock 70 kDa protein A (Hsp70 A), along with several 
other proteins at 35 and 25 kDa, were enriched in the 2-undecanone-treated (Table S1). We therefore selected 
Hsp70 A and V-ATPase A for heterologous expression in Escherichia coli and purification, and got the tag-free 
proteins (Fig. S2 B-E) for further interaction analysis.

Interactions between the purified Hsp70 A or V-ATPase A and 2-undecanone were evaluated in vitro using 
microscale thermophoresis (MST, Monolith NT.115). Although the results of an initial capillary scan showed 

Fig. 2.  2-Undecanone induces necrosis in C. elegans cells. (A) Nematocidal activity of 2-undecanone on C. 
elegans after 48 h. (B) C. elegans stained intestinal lysosomal marker Lyso-tracker in vitro. (C) Observation 
of the lysosome of C. elegans pwIs50 in vivo. Heat stroke treatment is positive control. Scale bars, 20 μm. 
(D) C. elegans stained by calcium indicator Fluo-4AM in vitro. (E) In C. elegans KWN190 in vivo, right 
shows that the FRET ratio increased treatment with 2-undecanone or heat stroke (F) Nematocidal activity of 
2-undecanone against mutants of necrosis pathway of C. elegans. Mortality of tra-3(e2333), itr-1 (sa73), clp-1 
(e907), vha-12 (ok821), asp-1 (tm666), asp-3 (tm4559) and asp-4 (ok2693) necrosis exposed to 2-undecanone. 
(G) Quantitative PCR (qPCR) analysis of tra-3, itr-1, clp-1, vha-12, asp-1, asp-3 and asp-4 necrosis-associated 
gene levels in 2-undecanone-treated C. elegans and control C. elegans for 3 h. Cell division control protein 
42 homolog (cdc-42) served as an internal control. The bars represent means ± SD of three independent 
experiments. *P < 0.05, ** P < 0.01, *** P < 0.001.
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nonspecific binding of the labeled Hsp70 A or V-ATPase A to the capillary walls (Fig. 3A and C), subsequent 
analyses of the MST curves revealed strong binding between these proteins and 2-undecanone. Specifically, 
the KD values were determined to be 117.33 ± 16.26 nM for Hsp70 A and 301.67 ± 43.92 nM for V-ATPase A, 
respectively (Fig. 3B and D). These results are consistent with the hypothesis that Hsp70A and V-ATPase A 
are target proteins of 2-undecanone. We next employed RNAi to study the interaction between 2-undecanone 
and the two proteins in vivo. Our results showed that hsp-1, vha-13 or hsp-1/vha-13 RNAi worms treated with 
2-undecanone had significantly lower mortality than did worms in the wild type control group (Fig. 3E). We also 
used LysoTracker red staining to ascertain whether 2-undecanone induced lysosome rupture in RNAi-treated 
worms to the same degree as it did in the wild type strain. We observed that before 2-undecanone treatment, 
the lysosomes of all the worms were normal and without obvious rupture, whereas after treatment, lysosomal 
membranes of the wild type worms were permeabilized as indicated by bursting of red fluorescence. In contrast, 
only slight lysosomal rupture was seen in the hsp-1, vha-13 or hsp-1/vha-13 RNAi worms (Fig. 3F), providing 
further substantiation for the idea that Hsp70 A and V-ATPase A are target proteins of 2-undecanone in C. 
elegans.

We extracted lysosomes of C. elegans (Fig. S3) to confirm the subcellular localization of the Hsp70 A and 
V-ATPase subunit A proteins. Western blots were used to determine whether the target proteins were present in 
the extracted lysosomes and to monitor changes in the lysosome proteins. We found higher levels of active acid 
phosphatase in lysosomal suspensions from the 2-undecanone-treated worms and hsp-1(tm5076) mutant worms 
than in those from unexposed worms or wild-type worms. This finding suggested that membrane integrity is 
influenced by 2-undecanone and is also affected in the lysosomes of hsp-1(tm5076) mutant worms. (Fig. S4). The 
Western blots also showed clearly that Hsp70 A and V-ATPase subunit A are located on lysosomes. Moreover, 
the expression of these proteins did not change significantly when treated with 2-undecanone (Fig. S5), laying 
the foundation for our subsequent investigation.

2-Undecanone impacts sphingomyelin metabolism in C. elegans
To further elucidate the molecular basis of lysosome rupture induced by 2-undecanone, we investigated whether 
2-undecanone affected sphingomyelin metabolism in C. elegans. The results revealed a significant reduction 
in acid sphingomyelinase (ASM) activity following 2-undecanone treatment and in hsp-1 mutant worms 
(Fig.  4A). The expression of asm-1 and asm-2, which encode acid sphingomyelinase (ASM), but not that of 
asm-3, as well as the expression of asah-1 and asah-2, which encode acid-ceramidase, were significantly reduced 
by 2-undecanone treatment. (Fig. 4B and C). We also tested whether the lysosomes of asm mutant worms were 
more sensitive to 2-undecanone than those of the wild type. Remarkably, the lysosomes of all the asm mutant 

Fig. 3.  Interactions between 2-undecanone and the target proteins Hsp70 A and V-ATPase A. (A) 
Fluorescence counts of Hsp70 A-RED protein. (B) Dose-response curve for the binding interaction between 
Hsp70 A and 2-undecanone by using MST analysis. (C) Fluorescence counts of V-ATPase-A-RED protein. 
(D) Dose-response curves for the binding interaction between V-ATPase-A and 2-undecanone by using MST 
analysis. (E) Sensitivity of hsp-1, vha-13 or hsp-1/vha-13 RNAi worms to 2-undecanone. Data represents means 
± SD from triplicate experiments. *P < 0.05, ** P < 0.01 (F) hsp-1, vha-13 or hsp-1/vha-13 RNAi worms stained 
by intestinal lysosomal marker Lyso-Tracker. N = 6, scale bars, 20 μm.
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worms appeared undamaged prior to treatment with 2-undecanone, whereas after treatment, the lysosomal 
membranes of asm-1 and asm-2 mutant worms, but not asm-3 mutant worms, were permeabilized (Fig. 4D). 
Next, to determine whether ASM is downregulated after treatment with 2-undecanone or in hsp-1 mutant 
worms, we quantified ASM in whole protein and lysosome-enriched fractions of C. elegans by densitometric 
analysis of Western blots. In both treated worms and hsp-1 mutants, we observed a significant decrease in the 
expression of ASM-1 and ASM-2 in both whole protein extracts and lysosome-enriched fractions. However, this 
reduction was not evident for ASM-3, with no significant changes observed in either treated or mutant worms 
compared to untreated controls and wild-type worms. (Fig. 4E and F). Based on these results, we speculated that 
asm-1 and asm-2 play an important role in maintaining the stability of C. elegans lysosomes.

The accumulation of sphingomyelin leads to lysosome destabilization31, while low sphingomyelin levels 
may be critical to maintain the integrity of the lysosomal membrane32. Therefore, we quantified sphingomyelin 
levels, and found that they were increased after 2-undecanone treatment in the wild type and in hsp-1 mutant 

Fig. 4.  2-Undecanone alters sphingomyelin metabolism and destabilizes lysosomes. (A) Acid 
sphingomyelinase (ASM) activity in lysosomes. WT (2-U), lysosomes from 2-undecanone-treated worms. 
WT (Control), lysosomes from 2-undecanone-control worms. hsp-1 (tm5076), lysosomes from non-treatment 
hsp-1 worms. WT, lysosomes from non-treatment worms. Quantitative PCR (qPCR) analysis of asm-1, 
asm-2, asm-3 (B), asah-1, asah-2 (C) genes levels in 2-undecanone-treated C. elegans and 2-undecanone-
control C. elegans for 3 h. Cell division control protein 42 homolog (cdc-42) served as an internal control. (D) 
Sensitivity of lysosomes of asm-1, asm-2, asm-3 mutants stained by intestinal lysosomal marker Lyso-Tracker 
to 2-undecanone. Scale bars, 20 μm. Expression levels of ASM-1, ASM-2 and ASM-3 of 2-undecanone-treated 
worms and hsp-1 (tm5076) mutants in lysosomes with LMP-1 as an internal control (E). Total protein with β-
Actin as an internal control (F). In total protein, β-Actin served as an internal control. (G) SM concentrations 
of lysosomes as measured by Sphingomyelin assay kit. (H) Ceramide concentration of lysosomes was measured 
based on HPLC- fluorescence detecting method. The data represents means ± SD from triplicate experiments. 
*P < 0.05, **P < 0.01, ***P < 0.001.

 

Scientific Reports |        (2025) 15:14186 6| https://doi.org/10.1038/s41598-025-95332-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


worms as compared with in untreated controls and wild-type worms (Fig. 4G). Moreover, the levels of lysosomal 
ceramide, a product of ASM activity, were measured by HPLC-fluorescence. The results showed that these levels 
were significantly decreased in both the wild-type worms after 2-undecanone treatment and in hsp-1 mutants 
(Fig. 4H). Ceramide can affect the physical properties of the membrane, such as its fluidity, and promote the 
proper organization of lipids, thereby contributing to the stabilization of the lysosomal membrane33. Based 
on these results, we speculated that 2-undecanone first binds to the target protein Hsp70 A in the lysosomal 
membrane. As a result, it affects the stability of the lysosomal membrane by decreasing the activity of ASM, 
reducing the ceramide level, and increasing the sphingomyelin level.

Discussion
The annual loss caused by root-knot nematodes in global agricultural production amounts to as much as 
70  billion US dollars34–36. Control of RKNs has become an eternal challenge in agricultural production37. 
Early studies have shown that the volatile metabolite 2-undecanone owns dual effects on nematodes, namely 
repellency and contact killing6. In this study, we use C. elegans as a model to understand the mechanism of the 
dual functions (repellency and nematocidal toxicity) of 2-undecanone. 2-undecanone is a volatile compound 
produced by the bacterial strain Paenibacillus polymyxa KM2501-1, which has the ability to protect plants 
against pathogenic nematodes. We show that olfaction-mediated modulation of behavior by 2-undecanone is 
dependent on neuronal signaling in AWB odor sensory neurons. Then, the signal is transduced via the cGMP 
pathway to trigger the repellent behavior.

The volatile metabolite 2-undecanone belongs to a category of methyl ketones, which are broadly distributed 
in natural environments and can be produced by various organisms. This category of substances also includes 
2-heptanone, produced by the bacterium Bacillus nematocida B16. This compound has been shown to elicit an 
attraction response in C. elegans by binding to the GPCR receptor STR-2, which is expressed in AWC neurons24. 
The volatile substance styrene, produced by Bacillus mycoides strain R2 and recognized through the AWB 
neurons of nematodes, also has a chemotaxis effect on nematodes38. These indicate that methyl ketones have 
certain effects on nematodes prevention and control. Much research has been done on their mechanisms, yet the 
targets or signaling pathways of these substances vary. Few of these substances displayed dual functions against 
nematodes, and even fewer studies have been carried out on the mechanisms underlying these dual functions.

We identified Hsp70 A and V-ATPase A as the targets of 2-undecanone in C. elegans. The binding of 
2-undecanone to these targets led to an increase in intracellular calcium levels and the rupture of the lysosomal 
membrane in C. elegans, which induced necrosis and ultimately caused cell death.

Lysosomal membrane permeabilization plays a crucial physiological role, as it can lead to the abnormal 
activation of hydrolases, including caspases. This can result in membrane trafficking defects, disrupted energy 
metabolism, and ultimately cell death through necrosis or apoptosis14,15. Lysosome-associated membrane 
proteins (LAMPs) are the most plentiful glycoproteins in the lysosome membrane, which is thought to 
protection role against lysosomal hydrolases39. However, in C. elegans, deletion of LMP-1 and LMP-2, the 
homologues of important human LAMP proteins, did not cause severe damage to lysosome membranes. This 
finding suggests that the loss of LMPs has only a slight impact on lysosomal function19. Instead, we found that 
2-undecanone bound to and down-regulated expression of Hsp70 A, decreasing acid sphingomyelinase (ASM) 
activity, increasing the level of sphingomyelin, decreasing the level of the ASM product ceramide and finally 
resulting in lysosomal rupture and death. We observed similar results with hsp-1 mutants, clearly indicating that 
Hsp70 A has a key role in maintaining lysosomal stability. Moreover, since ASM inhibition and the subsequent 
sphingomyelin accumulation are key changes in sphingolipid metabolism that underlie the nematocidal effect 
of 2-undecanone, it is not surprising that ASM also plays an important role in protecting nematode viability. 
Indeed, the lysosomes of asm mutants were more sensitive to 2-undecanone than those of the wild-type. This is 
consistent with the theory that 2-undecanone acting on Hsp70 A, it triggers a cascade of reactions, leading to 
reduced acid sphingomyelinase activity.

Both the V-ATPase A and Hsp70 A proteins have been implicated in nematode viability. For example, Coboni 
et al. found previously that the butyrolactone tulipaline A exhibited strong nematocidal activity against M. 
incognita and M. arenaria. Like bafilomycin A1, B1, C1 or D, which are vacuolar-type H+-ATPase (V-ATPase) 
inhibitors, tulipaline A caused paralysis or death in the nematodes, suggesting that the toxic effects of lactones 
and aldehydes might be a consequence of their inhibition of V-ATPase35. Knockdown of V-ATPase A produced 
a striking protein-aggregation phenotype in oocytes from hermaphrodites40. Moreover, overexpression of mec-4 
(d) (a calcium-conducting ion channel subunit of V-ATPase) in mechanosensory neurons of C. elegans caused 
neurodegenerative cell necrosis. In studies on the V-ATPase mutants spe-5, unc-32, and vha-12, interference 
with the genes vha-2, vha-10, and vha-12 or when bafilomycin A1 or filomycin was added, the cell necrosis 
caused by mec-4 (d) was inhibited. Collectively, these results supported the necessity of V-ATPase activity 
for the execution of necrosis41. In other studies, Kirkegaard et al. found that Hsp70 can stabilize lysosomes 
by binding to an endolysosomal anionic phospholipid, bis (monoacylglycero) phosphate33. Petersen et al. 
found that antineoplastic drug siramesine inhibits ASM by interfering with its activity through binding with 
(bis (monoacylglycero) phosphate)42. Yamashima et al. provided a modified “calpain–cathepsin hypothesis” 
proposing that activated calpain cleaves oxidative stress–induced carbonylated Hsp70.1, resulting in lysosomal 
rupture43. Oxidative stress-induced Hsp70.1 carbonylation, synergistic with calpain-mediated cleavage, led to 
lysosomal rupture, release of cathepsin, and neuronal death44. Regarding the V-ATPase, in C. elegans, V-ATPase 
is a multi-subunit complex organized into two functional domains. In the V1 domain, there are eight different 
subunits, designated A to H, the Vo domain is composed of five different subunits: a, c, c`, d and e45. The gene 
vha-13 encodes ATP synthase, which is expressed in the intestine, body wall muscles and excretory canals. RNAi 
of vha-13 resulted in embryonic lethality, growth defects and sterility46. So, these two proteins are essential for 
life of cell and organisms.
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In summary, our study proposes a model of the repel – kill action of 2-undecanone on C. elegans (Fig. 5A). 
When the concentration of 2-undecanone reaches a high level (1–5 mg/mL), the AWB neurons of the nematode 
perceive the odorant and transduce the signal through the cGMP pathway, leading to the completion of 
avoidance behavior by the nematode (Fig. 5B). At lower concentrations of 2-undecanone (0.06–0.08 mg/mL), 
2-undecanone induces an increase in concentration of the intracellular calcium, lysosomal membrane rupture, 
and triggering the necrosis pathway in C. elegans (Fig. 5C). We have also shown that 2-undecanone interacts 
with Hsp70 A to decrease ASM activity, increase the level of sphingomyelin, and reduce ceramide levels. 
These changes then induce lysosomal rupture and cell necrosis. Although our study revealed some important 
findings, there are still many questions that remain for future investigation. Firstly, the entire signaling pathway 
by which Hsp70 A is involved in maintaining lysosomal integrity remains unknown. The potential roles of 
several factors remain to be determined in this context. These factors include bis(monoacylglycero)phosphate33, 
oxidative stress-induced carbonylation of Hsp70.1. This carbonylation has been observed in other system to lead 
to lysosomal destabilization and the release of cathepsins32. Additionally, there is calpain activation, which is 
accompanied by a concomitant decrease in the lysosomal membrane localization of Hsp70.1 and BMP levels18. 
V-ATPase A is also a target of 2-undecanone, but its potential effect on the acidification function of V-ATPase 
A remains to be investigated.

The contact-toxicity targets of 2-undecanone against the nematode are Hsp70 A and V-ATPase. Multiple 
targets can inhibit the nematode’s tolerance to the insecticidal substance. While other studies have shown that 
single functional substances for nematode control have been identified to bind to multiple targets3,11. Prolonged 
use of chemical substances can lead to the development of resistance. The dual functions and multi-targets of 
2-undecanone have the potential to reduce nematode tolerance to the compound and facilitate the development 
of novel strategies for nematode control.

Materials and methods
C. elegans
Strains of C. elegans were cultured and maintained at 20 ℃ on nematode growth medium plates47. The N2 Bristol 
strain was used as the wild type. The Caenorhabditis Genetics Center (CGC) provided the following strains 
used in the genetic analyses: asp-1 (tm666), asp-3 (tm4559), asp-4 (ok2693), odr-1 (n1936), odr-3 (n2150), odr-

Fig. 5.  Molecular model of the dual function of 2-undecanone on C. elegans. (A) A model of the repel-
and-kill effect of 2-undecanone on C. elegans. 2-Undecanone emits expelled odors which is detected by the 
AWB olfactory of C. elegans. (B) Molecular mechanism of the repellent response of C. elegans induced by 
2-undecanone. Nematodes sense 2-undecanone signal that is dependent on neuronal signaling in AWB 
odor sensory neurons. Then, the signal is transduced via cGMP pathway. (C) Molecular mechanism of 
2-undecanone killing C. elegans. 2-Undecanone first binds to the target protein Hsp70 A, and inhibits 
ASM activity, leading to the accumulation of SM. This results in increased membrane permeability of the 
lysosome and the release of cathepsin from the lysosome into the cytoplasm, triggering cell death. In addition, 
2-undecanone can also bind to V-ATPase A, impairing the acidification inside lysosomes and exacerbating the 
cell death process of lysosomes. Generated by Adobe Illustrator 2020 (version number 28.0.0, ​h​t​t​p​s​:​/​/​w​w​w​.​a​d​o​
b​e​.​c​o​m​/​p​r​o​d​u​c​t​s​/​i​l​l​u​s​t​r​a​t​o​r​.​h​t​m​l​​​​​)​.​​​​
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7 (ky4), lim-4 (ky403), ser-3 (ok1995), ser-5 (vq1), tax-2 (p671), tax-4 (e2861), daf-11 (m47), itr-1 (sa73), clp-1 
(e907), tra-3 (e2333), vha-12 (ok821), rrf-3 (pk1426), pwIs50[lmp-1 :: GFP + Cbr-unc-119(+)], and rnyEx109 
[nhx-2p::D3cpv + pha-1 (+)]. The asm-1(tm5267), asm-2(tm3746), asm-3(tm2384) and hsp-1(tm5076) constructs 
were obtained from the Japan National Bioresource Project. The RnyEx109 strain carries an integrated transgene 
that enables the expression of the calcium indicator d3cpv, regulated by the intestine-limited promoter Pnhx-2 
47,48. Integrated transgene strain PwIs50 expressed the intestinal lysosomal marker LMP-1::GFP49,50.

We obtained qxIs257 (Pced-1NUC-1:: mCherry), qxIs352 (Pced-1LAAT-1:: mCherry), qxIs594 
(Pmyo−3sfGFP::Gal3), kxEx147 (Pgba−3GBA-3::mCherry), yqEx632 (Pcpl-1CPL-1::mCherry), and kxEx141 
(Pcpr−6CPR-6::mCherry) from Xiaochen Wang (Chinese Academy of Sciences, Beijing, China).

Nematicidal activity of 2-undecanone against C. elegans
C. elegans were cultured with Escherichia coli OP50. Synchronized worms were obtained by treating with 5% 
sodium hypochlorite: 5 M sodium hydroxide (2:1, v / v), followed by embryo hatching on NGM plates fed with 
a little OP50. After overnight incubation for hatching, synchronized worms were L1 larvae. Approximately 12 h 
feeding, worms were L2 larvae. Synchronized L2 worms were tested for nematicidal activity of 2-undecanone.

Chemotaxis index of 2-undecanone against C. elegans
Petri plates containing10 mL of 2% sterilized water agar with a diameter of 90 mm were carefully prepared. 
The area 8 mm wide surrounding the central line of the plate serves as a buffer zone, with the left side being 
the control area and the right side being the experimental (2-undecanone) area. Sterilized filter paper discs 
(diameter 8 mm) are placed at the center points of both the control and experimental areas. Then, 30 µL of 
2-undecanone solution at different concentrations (dissolved in anhydrous ethanol) is placed on the filter paper 
discs in the experimental zone, while the same volume of anhydrous ethanol is placed on the filter paper discs 
in the control zone. L2 C. elegans are placed in the center area of the plate, with a maximum of 150 nematodes 
in each plate. After incubation in the dark at 20℃ for 2 h, the count of nematodes in both the experimental and 
control zones were conducted using an inverted microscope, excluding those in the buffer region.

LysoTracker red staining, acridine orange staining and calcium imaging
Lyso-Tracker Red (Beyotime, China) was used in vitro to evaluate lysosomal membrane integrity in C. elegans. 
L4 worms were soaked in 200 µL Lyso-Tracker Red in M9 buffer (Na2HPO4•7H2O 5.8 g, KH2PO4 3.0 g, NaCl 
5.0 g, MgSO4•7H2O 0.25 g, pH7.4) (1:13000) for 2 h at 20 ℃ in the dark. Worms were rinsed three times with M9 
buffer before examination under a fluorescence microscope. The C. elegans transgenic strain (pwIs50) expressing 
the intestinal lysosomal marker LMP-1::GFP was used to test lysosome integrity in-vivo. A solution with 2.5% 
pure ethanol served as the negative control, while exposure to 39℃ heat shock for 15 min acted as the positive 
control.

The calcium indicator Fluo-4 AM (Beyotime, China) was used in vitro to monitor fluctuations in cytoplasmic 
calcium concentrations ([Ca2+] i) by assessing cytoplasmic fluorescence. L4 worms were soaked in 200 µL Fluo-
4 AM in M9 (1:1000) for 1  h at 20℃ in the dark. Worms were then washed three times in M9 buffer and 
incubated for another 30 min to ensure complete transformation of Fluo-4 AM to Fluo-4 before examination by 
fluorescence microscopy. Calcium levels in vivo were visualized by using the calcium indicator d3cpv expressed 
from the specific intestine promoter Pnhx-2 in transgenic strain rnyEx109 of nematodes. A solution with 2.5% 
pure ethanol served as the negative control, while exposure to 39℃ heat shock for 15 min acted as the positive 
control.

Drug affinity responsive target stability
Wild-type C. elegans of various ages were grown on NGM/OP50 plates, washed three times with M9 buffer 
solution, and immediately placed in the − 80 ℃  freezer. The animals were lysed in HEPES buffer (40 mM 
HEPES pH 8.0, 120 mM NaCl, 10% glycerol, 0.5% Triton X-100, 10 mM β-glycerophosphate, 50 mM NaF, 0.2 
mM Na3VO4, and protease inhibitors (Abmole, China)) using Lysing Matrix C tubes (MP Biomedicals, USA) 
and the FastPrep-24 (MP Biomedicals, USA) high-speed bench top homogenizer in a 4℃ room (disrupt for 
20 s at 6.5 m/ s, rest on ice for 1 min; repeat twice). Lysed animals were centrifuged at 14,000 rpm for 10 min 
at 4 ℃ to pellet worm debris, and the supernatant was collected for DARTS. A worm lysate concentration of 
2.54 µg/µL was used for the DARTS experiment. All steps were performed on ice or at 4℃. TNC buffer (50 mM 
Tris-HCl, 50 mM NaCl, 10 mM CaCl2, pH 8.0) was added to the worm lysates. Worm lysates were incubated 
with a vehicle control (DMSO) or 2-undecanone for 1 h on ice and then 50 min at room temperature. Pronase 
(Yuanye, China) digestions were performed for 30 min at room temperature and stopped by adding SDS loading 
buffer and heating at 100 ℃ for 5 min. The resulting mixtures were separated by SDS-PAGE and stained with 
Coomassie Blue51.

Gel lanes showing significant differences in intensity in the different samples were excised manually and 
subjected to an in-gel digestion procedure. Peptides were analyzed by high-resolution LC-MS/MS with an 
Eksigentnano-LC 415 System and Triple TOF 5600 (Applied Biosystem, USA). Mass spectra were acquired in a 
m/z range from 350 to 1250, and MS/MS spectra in a m/z range from 100 to 1800.

Protein expression and purification of Hsp 70 A and V-ATPase A
The Hsp 70 A and ATPase A full-length coding genes were synthesized and provided by the TsingKe company. 
The two gene sequences are from the NCBI database, and their accession number are NM070667 and NM074158. 
Standard methods of cloning, sequencing, and PCR amplification were used. Briefly, full-length hsp-1 and vha-
13 were subcloned into the vector pMD18-T (Takara Bio Inc. China). Then the plasmids were extracted, digested 
with EcoRI and SalI, and cloned into pET32a52 and pE-Sumo53 to create the recombinant vectors pET32a-hsp-1 
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and pE-Sumo-vha-13. Transformed recombinant plasmids into E. coli BL21(DE3) and positive transformants 
were screened on LB plates with 100 µg/mL ampicillin added. Hsp 70 A and V-ATPase A were expressed in E. 
coli as the His-tagged fusion proteins Hsp 70 A –Trx and V-ATPase A-Sumo, respectively, then purified by Ni-
NTA. Finally, the Trx and Sumo tags of the purified recombinant proteins were removed by enterokinase (rEK) 
(Solarbio, China) (1:500 (U/µg)) and Ulp (Solarbio, China) (1:100 (U/µg)), respectively, yielding the tag-free 
proteins Hsp 70 A and V-ATPase A.

Binding measurement by MST in vitro and RNAi in vivo
The tag-free proteins Hsp 70 A and V-ATPase A were diluted to 12 µM after concentrated by ultrafiltration. Then 
proteins were labeled using RED-NHS 2nd generation depending on the user’s manual for Monolith NT.115 
(Nano Temper, Germany). Labeled protein samples were diluted with a buffer solution containing 20 mM Tris-
HCl and 300 mM NaCl at a pH of 8.0 to ensure that the fluorescence values remained within the range of 200 
to 1500. The 2-undecanone was dissolved in DMSO, and 12 kinds of concentrations were obtained through 
dilution steps. First, mix the 12 samples with the labeled protein in equal parts. Then, fill the capillaries in MST 
kit with the resulting mixture and place them on a tray to prepare for measuring the binding affinity. According 
to the binding curve, the KD values were calculated39,54.

For the RNAi experiments, the bacterium-feeding protocol was as described before55. In the hsp-1 and vha-
13 RNAi experiments, 1000 L1 larvae of C. elegans were cultured on the RNAi plates and sensitivity of RNAi C. 
elegans to 2-undecanone and lysosome damage was examined.

Microscopy and imaging analysis
For lysosome integrity observations, nematodes were placed on a glass slide and differential interference contrast 
and fluorescence images were captured with an Olympus BX63 microscope at 400 magnifications. Images were 
processed and viewed using Olympus cellSens imaging software.

For calcium imaging observation in vitro, nematodes were placed on a glass slide and differential interference 
contrast and fluorescence images were captured with an Olympus BX63 microscope at 400 magnifications. The 
excitation and emission wavelengths were 489 nm and 508 nm, respectively. The relative fluorescence (F1/F0) 
was calculated using computerized image analysis with Olympus cellSens imaging software, where F1 was the 
fluorescence of C. elegans exposed to 70 µg/mL 2-undecanone for 2 h or heat shock, and F0 was the fluorescence 
of C. elegans without 2-undecanone or heat shock56. Calcium levels in vivo were visualized using the calcium 
indicator d3cpv expressed from the intestine-limited promoter Pnhx-2 in transgenic (rnyEx109) nematodes. 
Nematodes were imaged under an Olympus FV1000 inverted confocal IX81 microscope. CFP (405 excitation, 
480 emission), and FRET (405 excitation, 535 emission) filters and FV10-ASW software were used to collect 
the FRET data. The FRET ratio was calculated by (FRETint−FRETbkgnd)/(CFPint−CFPbkgnd), where FRETint and 
CFPint represent the fluorescent intensities of the FRET and CFP channels of nematode the gut, and FRETbkgnd 
and CFPbkgnd are the fluorescent intensities of FRET and CFP in the background region57.

Confocal laser scanning microscopy
L4 larvae were exposed to 60 µg/mL 2-undecanone and then promptly subjected to 5 mM levamisole, a treatment 
that immobilizes worms without impacting the hypodermis layer. Images of fluorescence were obtained using a 
100× objective lens with type NF immersion oil on an inverted fluorescence microscope (fv1000mp, Olympus). 
For EGFP fluorescence, the excitation and emission wavelengths were 488 nm and 507 nm, respectively. For 
mCherry fluorescence, the excitation and emission wavelengths were 580 nm and 610 nm, respectively. To test 
dynamic alterations in worms co-expressing sfGFP: Gal3 and mCherry-tagged version of GBA-3, CPL-1, or 
CPR-6, photographs were captured per 1 min for 20 min.

Purification of lysosome and assessment of acid phosphatase activity
Lysosomes were purified from L4 larvae with lysosomal isolation kit (Sigma-Aldrich)57. Briefly, the lysosomal 
fraction was refined through a density gradient, which was established using Optiprep and sucrose in increasing 
concentrations (from bottom up: 27, 19, 16 and 8% w/v). After centrifugation, the lysosomes enrichment in 
various fractions (from bottom to top: B1-4) was quantified, and after standardization to the same total protein 
concentration, lysosomal membrane proteins were examined using anti-LMP-1 antibody. The purified lysosomal 
fractions (B2 or B3) from wild-type and hsp-1 mutant nematodes were standardized to same total protein 
concentrations and suspended in the extraction buffer provided in the kit. The activity of acid phosphatase 
present in the lysosomal suspension was determined utilizing acid phosphatase kit (CS0740; Sigma-Aldrich). 
The sample was incubated at 25 °C for 30 min, the reaction was stopped by addition of 0.5 M NaOH, and then 
the absorbance at 405 nm was measured. For each strain, three replicate experiments were conducted, and the 
average percentage of total activity was subsequently calculated19.

Levels of acid sphingomyelinase (ASM), sphingomyelin and ceramide in lysosomes of C. 
elegans
The cytoplasmic lysate or lysosomal ASM activity was measured by high-performance liquid chromatography 
(HPLC) based on a fluorescent substrate as described previously58,59. First, a standard curve was made by assaying 
the peak area corresponding to different concentrations of BODIPY-C12 Ceramide (25997; Cayman, Canada). 
The standard 6 µL ASM assay mixture consisted of 3 µL of the cytoplasmic lysate or extracted lysosomes and 
3 µL of assay buffer (100 µM BODIPY™ FL C12-sphingomyelin (ThermoFisher SCIENTIFIC; China), 0.2 mM 
ZnCl2, 0.2% Lgepal CA-630, 0.2 M sodium acetate, pH = 5.0). Assays were carried out at 25 °C for 2 h. After the 
reactions were completed, 5 µL of the assay mixture was pipetted into 95 µL ethanol and centrifuged at 12,000 g 
for 5 min. The supernatant was transferred to a sampling vial and 10 µL was tested by HPLC which equipped 
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with an TC-C18 analytical column. The eluent was monitored with a fluorescence detector set to excitation and 
emission wavelengths of 505 nm and 540 nm, respectively. The peak of the product, B12Cer, was identified by 
comparing its retention time, and the amount of product was calculated using a regression equation which was 
established from the B12Cer standard curve.

The sphingomyelin quantification assay was carried out by using a sphingomyelin assay kit (MAK262; Sigma-
Aldrich). In brief, 5 µL of the 5 mM SM standard was diluted with 245 µL of SM assay buffer to prepare a 100 
µM standard solution. 0, 10, 20, 30, 40, and 50 µL aliquots of the diluted SM standard solution were added to a 
96 well plate and SM assay buffer was added to each well to bring the volume to 50 µL. In addition, 2–10 µL of 
the cytoplasmic or lysosomal sample was added to the wells of a 96 well plate and the samples were brought to 
a final volume of 50 µL with SM assay buffer. Then 50 µL of the master reaction mix was added to each sample 
or standard control well. The plate was incubated for 1 h at 25 °C and absorbance was measured at 570 nm 
(A570). The standard curve was plotted by using the corrected SM standard values after subtracting the blank 
value. The amount of sphingomyelin in the sample was calculated from the standard curve and the corrected 
sample readings. The concentration of sphingomyelin in the sample was then calculated as follows: C = Sa/Sv (Sa 
is amount of sphingomyelin in the sample (nmole) from the standard curve, SV is sample volume (µL) added to 
the wells. C is concentration of sphingomyelin in the sample).

The amount of ceramide in C. elegans was measured based on a HPLC–FLD method as described previously59. 
In brief, the standard curve was made by using the peak areas corresponding to different concentrations of 
N-acetyl-D-sphingosine (A7191; Sigma-Aldrich, China). Equal volumes of purified lysosomes were mixed with 
acetonitrile and centrifuged at 13,000 rpm for 3 min. The supernatant was added to 500 µL 1 M KOH ethanol 
solution to be deacetylated in a boiling water bath for 2 h, then reacted with derivatizing reagent o-phthalaldehyde 
for 60–90 s with a sample size of 50 µL. The analysis was performed with a TC-C18 column and methanol:0.02 M 
potassium dihydrogen phosphate solution (90:10, v/v) as the mobile phase at a flow rate of 1.0 mL/min. The 
excitation and emission wavelengths were set at 340 nm and 455 nm, respectively. The amount of ceramide in C. 
elegans was measured according to its peak area from the standard curve.

Western blotting analysis
The cytoplasmic lysate and lysosomes were separated by electrophoresis run on a 10% SDS-PAGE gel, transferred 
to nitrocellulose, and stained with Ponceau S. The membranes were incubated at room temperature with 5% 
(w/v) nonfat dry milk for 1 h in TBST buffer containing 20 mM Tris-HCl, 150 mM NaCl, 0.05% (v/v) Tween 
20 and incubated overnight at 4 °C with the following primary antibodies: anti-Hsp 70 A at a dilution of 1:1000 
(Boster Biological Technology, China); anti-V-ATPase A at a dilution of 1:1000; anti-Asm-1 at a dilution of 
1:1000; anti-Asm-2 at a dilution of 1:1000; anti-Asm-3 at a dilution of 1:1000; anti-LMP-1 at a concentration of 
0.4 µg/mL (DSHB, USA); and anti-β-actin at a dilution of 1:1000 (Beyotime). Membranes were washed before 
incubation with a horseradish peroxidase–conjugated antibody. BeyoECL and chemiluminescence (Beyotime, 
China) was used to visualize bands according to the manufacturer’s instructions.

RNA isolation, reverse transcription and realtime PCR
Total RNA was isolated using the RNAsimple Total RNA Kit (TIANGEN) according to the manufacturer’s 
instructions.

Realtime PCR was performed in 10 µL reactions with 0.2 µM final primer concentrations according to the 
kit protocols of BeyoFast™ SYBR Green qPCR Mix (2X, Low ROX) (Beyotime, China). Cycling conditions as 
follows were used to analyze the melting curve and to measure the specificity in each reaction tube: 50 °C for 
2 min, initial denaturation at 95 °C for 2 min, followed by 40 cycles of 15 s at 95 °C, 30 s at 60 °C, and then 15 s 
at 95 °C, 15 s at 60 °C, and 15 s at 95 °C. The △△Ct method was used to calculate mRNA levels. The primers 
used are shown in Table 1.

Statistical analysis
The mortality rates of C. elegans in all assays were corrected by Abbott’s formula. Data from all assays were 
analyzed by one-way analysis of variance with SPSS 20 (IBM, Armonk, NY, USA). The cutoff level for statistical 
significance was set to 5%, and all groups of data were tested for the comparability of their variances using an F 
test.
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Data availability
The datasets generated and/or analysed during the current study are available in the NCBI, ACCESSION NUM-
BER (NM070667 and NM074158).
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Gene Primer Amplicon size

itr-1 - Forward 5’- ​T​T​C​G​G​A​G​T​T​G​A​G​T​G​A​T​A​G​C − 3’
171

itr-1 - Reverse 5’- ​A​T​C​G​T​G​T​C​T​T​C​T​G​C​C​A​T​C − 3’

clp-1 - Forward 5’- ​A​C​A​A​T​G​G​T​G​G​A​G​G​T​G​G​A​A − 3’
105

clp-1 - Reverse 5’- ​C​A​A​C​G​C​C​G​A​G​G​A​A​T​C​T​G − 3’

tra-3 - Forward 5’- ​C​C​A​A​T​T​C​T​G​A​C​A​G​T​G​A​T​G​A​C − 3’
177

tra-3 - Reverse 5’- ​G​T​G​C​T​C​C​G​C​T​C​T​T​C​T​T​G − 3’

vha-12 - Forward 5’- ​G​G​A​G​A​A​G​A​A​G​C​C​T​T​G​T​C​A​T − 3’
140

vha-12 - Reverse 5’- ​A​T​A​C​G​G​A​G​A​A​G​T​T​G​C​C​A​T​C − 3’

asp-3 - Forward 5’- ​G​C​C​A​A​C​G​A​C​A​T​C​A​C​C​A​A − 3’
111

asp-3 - Reverse 5’- ​G​A​T​T​C​T​C​C​A​G​T​A​G​T​C​C​T​C​A​G − 3’

asp-4 - Forward 5’- ​C​A​T​A​C​A​A​G​G​A​G​G​A​T​G​G​T​A​G​A​A − 3’
136

asp-4 - Reverse 5’- ​G​G​T​T​C​A​C​T​G​G​T​T​G​C​T​T​C​A − 3’

cdc-42 - Forward 5’- ​C​T​G​C​T​G​G​A​C​A​G​G​A​A​G​A​T​T​A​C​G − 3’
111

cdc-42 - Reverse 5’- ​C​T​C​G​G​A​C​A​T​T​C​T​C​G​A​A​T​G​A​A​G − 3’

asm-1 - Forward 5’- ​G​T​T​G​G​A​T​A​T​G​C​T​T​C​A​C​C​T​T​C − 3’
121

asm-1 - Reverse 5’- ​A​A​T​C​G​G​C​G​T​A​A​T​A​A​G​T​T​G​T​G − 3’

asm-2 - Forward 5’- ​C​C​G​A​A​G​A​C​C​A​T​T​C​C​A​C​T​T − 3’
127

asm-2 - Reverse 5’- ​C​G​C​A​T​C​C​T​T​G​A​C​C​G​T​A​T​A − 3’

asm-3 - Forward 5’- ​G​C​T​C​T​T​G​A​A​G​G​A​T​A​T​G​C​T​C​T​A − 3’
161

asm-3 - Reverse 5’- ​G​C​C​G​A​G​T​A​G​A​C​C​A​C​A​T​T​A​G − 3’

asah-1 - Forward 5’- ​C​T​T​G​T​C​G​G​A​G​G​A​T​A​C​T​A​C​G − 3’
155

asah-1 - Reverse 5’- ​A​C​T​G​G​T​G​A​G​A​G​C​A​T​T​G​G​A − 3’

asah-2 - Forward 5’- ​T​T​C​T​C​C​T​G​G​T​T​A​C​G​C​T​A​C​T − 3’
159

asah-2 - Reverse 5’- ​G​C​T​G​A​C​G​A​G​G​T​G​G​A​A​G​A − 3’

Table 1.  Primers used for realtime PCR.
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