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Abstract: 
The plant plasma membrane H+-ATPase is an essential enzyme controlling plant 

growth and development. It is an important factor in response to abiotic and biotic 

stresses and is subject to tight regulation. We are in demand for new sustainable 

natural growth regulators and as a key enzyme for regulation of transport into the 

plant cell the PM H+-ATPase is a potential target for these. In this review, we have 

evaluated the known non-protein natural compounds with regulatory effects on the 

PM H+-ATPase, focusing on their mechanism of action and their potential as 

biologicals/growth regulators in plant production of future sustainable agriculture. 

Keywords: biologicals, cyclic-lipodepsipeptides, H+-ATPase, H+ pump, plasma membrane, 

phosphatidylinositol, pore forming compound, natural compounds, tenuazonic acid 
INTRODUCTION 

The plant/soil microbiome has essential roles in plant health and thus crop yield; an 

emerging understanding of these roles has prompted great interest in using the 

microbiome to develop new, naturally-based treatments, also known as ‘biologicals’, 

for sustainable agriculture. Biologicals are here defined as naturally derived products 

that can serve as biostimulants, biocontrol agents, resistance inducers or 

biofertilizers. They target endogenous plant processes and alter cellular activities to 

improve plant performance, enhancing disease resistance, yield, and other 

properties. 

From an agricultural perspective, the plant plasma membrane (PM) H+-ATPase is an 

interesting target for biologicals. Indeed, bio-stimulants that improve plant growth 

may also target the H+-ATPase. For example, the soil fungus Tricoderma harzianum, 

which secretes antibacterial peptides, has been used for decades as a biocontrol 

agent (Al-Ani, 2018). However, in the past decade, it has become increasingly clear 

that Tricoderma also stimulates plant growth via a mechanism that appears to be 

http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjipb.13221&domain=pdf&date_stamp=2022-01-12
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auxin dependent and to involve the H+-ATPase (Figure 1, panel 1) (Contreras-

Cornejo et al., 2009; Lopez-Coria et al., 2016). 

The PM H+-ATPase is essential for plant growth and development. The proton 

transport generated by its activity creates a proton-motive force, which provides 

energy for most other secondary active transporters in the plasma membrane. This 

ion transporter is only found in plants and fungi (Axelsen and Palmgren, 1998); 

therefore, specific modulators of its activity will not target human enzymes. As PM 

H+-ATPase uses ATP for proton transport, one can easily imagine that this is an 

energy-consuming process subject to tight regulation. Tight regulation of H+-ATPase 

activity is required for a number of processes; for instance, PM H+-ATPase activity 

modulates pollen tube growth, actin filament architecture, and pollen tube guidance 

(Chen et al., 2020; Hoffmann et al., 2020; Hayashi and Palmgren, 2021; Pertl-

Obermeyer et al., 2021). The PM H+-ATPase energizes secondary transporters and 

channels in the plasma membrane and is therefore required for efficient nutrient 

uptake (Vitart et al., 2001; Valentinuzzi et al., 2015). Root development and root hair 

growth also require PM H+-ATPase activity.  

Maintaining active PM H+-ATPase during stress conditions is one strategy for 

improving plant stress resilience, as demonstrated during moderate water stress (Xu 

et al., 2013) in soils with tailings (mining residues) that might otherwise be difficult to 

use for plant production (Stepien et al., 2021). Also, screening of barley (Hordeum 

vulgare) varieties with different levels of salt and drought tolerance revealed that 

increased basal activity of the PM H+-ATPase in barley resulted in improved stress 

tolerance (Chen et al., 2007). 

One way to improve terrestrial plant growth is to increase CO2 uptake (Figure 1, 

panel 2). Overexpression of the PM H+-ATPase in guard cells led to a larger amount 

of plant material for harvest, resulting in up to ∼42–63% more fresh and dry weight 

compared to wild-type Arabidopsis plants (Wang et al., 2014b). The same effect was 

observed when the PM H+-ATPase gene OSA1 was overexpressed in rice (Oryza 

sativa) (Zhang et al., 2021), resulting in a 26–28% increase in the photosynthetic rate 

and an overall increase in nitrogen use efficiency of 46%. Therefore, compounds that 

modulate the activity of guard cell-localized PM H+-ATPase have the potential to be 

used as plant growth regulators (Figure 1, panel 2). A well-known example is the 

compound fusicoccin (FC), which is secreted by the fungus Fusicoccum amygdali. 

This compound targets the H+-ATPase to open stomata, thereby gaining access to 

the leaf interior. FC, together with the regulatory protein 14-3-3, maintains the PM H+-

ATPase in an activated form (discussed in detail below), resulting in stomatal 

opening (Figure 1, panel 3). 
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The molecular mechanisms underlying the regulation of PM H+-ATPase activity are 

well known and include a number of interacting molecules, including protein kinases 

and phosphatases. Regulation by phosphorylation was reviewed recently by 

Fuglsang and Palmgren (Fuglsang and Palmgren, 2021), and the agricultural 

potential of modulating stomatal opening via PM H+-ATPase activity was reviewed by 

Kinoshita and coworkers (Ding et al., 2021). 

RESPONDING TO ENVIRONMENTAL CHANGES 

Plants sense and react to changes in their surroundings, including biotic and abiotic 

changes. Interestingly, the responses induced by activated signaling pathways often 

converge into the same group of responses within the plant cell. One compartment 

where responses to external conditions can easily be seen is inside the apoplast, as 

this thin, inter-connected water film alkalinizes during stress (Geilfus and Muhling, 

2012). Apoplastic pH is directly coupled to the activity of the PM H+-ATPase. 

Apoplastic pH increases during plant–pathogen interactions and in response to 

salinity or drought. Thus, compounds isolated from microbes might trigger a 

response comparable to that observed for abiotic stress. 

Both beneficial and pathogenic microorganisms secrete metabolites, peptides, and 

lipids when they infect a plant. These molecules are sensed by the plant by a 

combination of extracellular receptors that transmit the signal across the membrane 

and enzymes that respond directly to the binding of these molecules (Figure 2, panel 

1+4). As most plant pathogens remain outside the host cell membrane during their 

lifecycle, the plasma membrane forms a barrier between the interior of the plant and 

the microbe. Pathogens must manipulate the host cells to suppress their defense 

responses and procure nutrients (Lee et al., 2015; Tian et al., 2019). Membrane 

transport processes are therefore expected to play numerous roles in both 

susceptible and resistant interactions (Figure 1, panel 4).  

In the following section, we explore a number of small compounds originating from 

microorganisms and plants that are directed towards the PM H+-ATPase. We discuss 

their mechanisms of action as well as their potential as growth regulators. 

NATURAL COMPOUNDS FROM MICROORGANISMS  

Microorganisms produce and secrete a wide range of metabolites. These secondary 

metabolites or natural compounds are not essential for survival but are used by the 

host to sense attack and trigger defense responses (Rutledge and Challis, 2015; 

Katz and Baltz, 2016). Natural compounds are used in a wide range of industries as 

antimicrobial agents, cancer treatments, insecticides, and agricultural biostimulants 

and bioherbicides (Cantrell et al., 2012; Demain, 2014). There is great interest in 

exploring the use of these metabolites as alternatives to agrochemicals.  
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The synthesis of natural compounds is facilitated by biosynthetic gene clusters 

(BCG) in the microbial genome. BCGs encode polyketide synthases (PKS), non-

ribosomal peptide synthases (NRPS), terpenoid synthases, and tailoring enzymes, 

depending on the final natural compound produced (Gunatilaka, 2006; Ziemert et al., 

2016). BCGs are only expressed under conditions beneficial for the microorganism. 

Natural compounds that activate or inhibit the PM H+-ATPase (Table 1) will be 

descripted in depth throughout the next section. Also, we are discussing their mode 

of action as whether they are interacting with the pump directly or with the lipids in 

the plasma membrane. 

MICROBIAL DERIVED PRODUCTS THAT DIRECTLY INTERACT WITH H+-

ATPASE 

Fusicoccin — a PM H+-ATPase activator 

The fungal metabolite FC (Table 2, Figure 2) is probably the most widely used toxin 

in the field of plant physiology and biochemistry (Marra et al., 2021). FC is a 

diterpenoid (Figure 2) produced by Fusicoccum amygdali, a pathogen of peaches 

(Prunus persica) and almond (Prunus dulcis) trees. F. amygdali causes cankers to 

form around infected tissue and leaves to wilt and dry. This fungus infects the host 

plant through the stomata via an activity involving FC. This compound was initially 

found to activate the PM H+-ATPase, which in turn induces the opening of stomata 

(reviewed in (Palmgren, 2001)). Treatment of spinach (Spinacia oleracea) PM 

vesicles with 5 µM FC increased PM H+-ATPase activity by 50%. The mechanism 

underlying FC-induced activation of PM H+-ATPase was found to involve the C-

terminal regulatory domain of the pump (Figure 5A) (Johansson et al., 1993; 

Lanfermeijer and Prins, 1994). Binding between the C-terminal regulatory domain 

and FC is dependent on the binding of 14-3-3 protein, which is required for the 

activation of the PM H+-ATPase (Olsson et al., 1997; Baunsgaard et al., 1998; 

Olsson et al., 1998). FC stabilizes the binding between the C-terminal regulatory 

domain and 14-3-3 protein. This process is independent of the phosphorylation of the 

penultimate threonine residue, a requirement for the normal binding of 14-3-3 protein 

(Fuglsang et al., 1999; Kinoshita and Shimazaki, 2001; Wurtele et al., 2003). The FC 

binding site was first identified as an unusual binding site and was later classified as 

a mode III binding site (Coblitz et al., 2005; Ottmann et al., 2007). 

FC counteracts the toxic effect of cadmium, primarily due to its stimulation of PM H+-

ATPase activity (Kurtyka et al., 2011), highlighting the importance of maintaining the 

proper membrane potential. 

Tenuazonic acid—a PM H+-ATPase inhibitor  
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Tenuazonic acid (TeA) is a phytotoxin (Table 2; Figure 2) produced by many plant 

pathogens, such as Stemphylium loti and Alternaria spp. (Ostry, 2008; Bjork et al., 

2020; Shi et al., 2021). Stemphylium spp. causes leaf spot in a wide range of crops, 

such as asparagus (Asparagus officinalis) and garlic (Allium sativum) (Galvez et al., 

2016; Graf et al., 2016). Plants infected with non-host–specific Alternaria spp. show 

disease symptoms such as leaf blight, leaf spot, and stem canker (reviewed in 

Thomma, 2003)). TeA was originally isolated from Alternaria tenuis (Rosett et al., 

1957). Initial research focused on the toxicity of TeA towards animals, followed by its 

use as an antiviral agent and tumor inhibitor (Miller et al., 1963; Gitterman et al., 

1964; Suzuki et al., 1967). 

In recent years, the potential use of TeA as a natural herbicide has become a topic of 

interest (Chen et al., 2017). The mechanism underlying plant toxicity was first 

revealed to be inhibition of proton transfer in photosystem II (Chen et al., 2008). 

However, TeA was also found to be a potent plant PM H+-ATPase inhibitor in a 

recent study by Bjork et al. (2020) (Figure 5B). The authors found that 10 µM TeA 

decreased apoplastic pH significantly within 4 min of treatment in Arabidopsis 

thaliana seedlings. Root growth of 6-day-old A. thaliana seedlings significantly 

decreased within 2 days of 2.5 µM TeA treatment and was completely stopped by 20 

µM TeA treatment. To investigate the mechanism underlying the inhibitory effects of 

this toxin on PM H+-ATPase, PM vesicles isolated from spinach (Spinacia oleracea) 

leaves were treated in vitro with increasing concentrations of TeA and substrate 

(ATP). TeA decreased the Vmax of this enzyme with no changes in KM, corresponding 

to a noncompetitive inhibition mechanism, suggesting that TeA binds to the PM H+-

ATPase somewhere other than the active site (Bjork et al., 2020). TeA also 

overcame activation of the PM H+-ATPase by FC in a competition assay, suggesting 

that the C-terminal regulatory domain is targeted by TeA. Further analysis indicated 

that TeA targets part of the C-terminal regulatory domain of the PM H+-ATPase 

somewhere between the last 77 and 40 amino acid residues (Figure 5B), making the 

PM H+-ATPase able to bind less 14-3-3 proteins (Bjork et al., 2020).  

INDIRECT INTERACTIONS WITH THE PM H+-ATPASE 

Necrosis-inducing peptides 

Necrosis-inducing peptides (NIPs) were originally isolated from the fungus 

Rhynchosporium secalis (Table 2) and from the leaves of a susceptible barley 

(Hordeum vulgare) cultivar (Wevelsiep et al., 1991). The infected barley plants 

showed increased stomatal opening, resembling plants infected with F. amygdali 

(Wevelsiep et al., 1993). Several NIPs have been identified: NIP1 is a small peptide 

consisting of 60 amino acid residues rich in cysteines, and NIP3 is approximately 5.4 
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kDa and is glycosylated (Wevelsiep et al., 1991; van't Slot et al., 2003). Both NIP1 

and NIP3 induce necrosis in barley leaves, and as they cause stomata to open, it 

was also hypothesized that NIPs activate the plant PM H+-ATPase in a manner 

comparable to FC (Wevelsiep et al., 1991; Wevelsiep et al., 1993). Indeed, treatment 

with 10 or 15 µM NIP1 or NIP3 increased PM H+-ATPase activity by approximately 

60% (Wevelsiep et al., 1993). The PM vesicles used for these experiments were 

right-side-out, meaning that the active site of the PM H+-ATPase was located inside 

the vesicles, prompting the suggestion of a mechanism that includes a receptor 

kinase (Figure 5C) (Wevelsiep et al., 1993; Fiegen and Knogge, 2002). NIPs bound 

to microsomal fractions isolated from barley, with a higher affinity to right-side-out PM 

vesicles, supporting the existence of the NIP1/receptor complex (van't Slot et al., 

2007). NIP1 bound to microsomal fractions from other monocots (maize (Zea mays), 

wheat (Triticum aestivum), oat (Avena sativa), rye (Secale cereale)) but not to 

membranes isolated from the dicot A. thaliana, suggesting that the NIP receptor is 

only present in monocots (van't Slot et al., 2007). No further characterization of the 

putative NIP receptor and its activation of PM H+-ATPase has been reported, nor has 

the phosphorylation state of the PM H+-ATPase during NIP1 and NIP3 treatment 

been investigated. NIPs might interfere with plant receptor kinases that normally 

regulate the activity of the PM H+-ATPase such as PSY1R or FERONIA (Fuglsang et 

al., 2014; Oehlenschlaeger et al., 2017; Gjetting et al., 2020) 

Trichoderma asperellum 

The plant beneficial fungus Trichoderma asperellum induces root and shoot growth 

in maize (Zea mays) seedlings (Lopez-Coria et al., 2016). The root acidification of 

maize seedlings treated with T. asperellum increased the acidification of the medium 

compared to the control, and PM vesicles isolated from the roots and shoots of 

Trichoderma asperellum–treated seedlings showed increased PM H+-ATPase activity 

without affecting the expression levels of the protein (Lopez-Coria et al., 2016). The 

authors speculated that Trichoderma asperellum treatment increases 

phosphorylation of the C-terminal regulatory domain of the pump, thereby activating 

it. However, they were not able to detect any phosphorylation of the penultimate 

threonine residues or increased binding of 14-3-3 protein to the maize plasma 

membrane fraction. Furthermore, results of the ability of the extracellular fungal 

extracts (Table 2) to activate the PM H+-ATPase were inconclusive (Lopez-Coria et 

al., 2016).  

Guo et al. (2020) showed that treating A. thaliana plants with Trichoderma viride Tv-

1511 for 10 days increased both the fresh weight and dry weight of the plant, as well 

as the expression levels of PM H+-ATPase isoforms. Furthermore, the regulatory C-
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terminal domain of the PM H+-ATPase was phosphorylated to a greater extent in 

plants treated with T. viride Tv-1511 compared to untreated plants. The authors 

proposed that the mitogen-activated kinase MPK6 is involved in this phosphorylation 

cascade (Guo et al., 2020). Therefore, Tricoderma species indeed activate the PM 

H+-ATPase, but a living fungus is required to trigger this activation. 

Elicitor extract from the fungus Hemileia vastatrix Berk and Br. race II 

The fungus Hemileia vastatrix Berk and Br. race II causes orange leaf rust in coffee 

(Coffea arabica) leaves. The C. arabica cultivar Columbian is resistant to H. vastatrix 

infection, whereas the cultivar Caturra is susceptible to this pathogen (Osses and 

Godoy, 2006). The activity of fungal elicitor extract from the two H. vastatrix isolates 

was tested in vitro on PM H+-ATPase isolated in PM vesicles from leaves of the 

resistant and susceptible coffee cultivars. The elicitor extract (Table 2) contained 

both proteins and carbohydrates. Biochemical characterization of the inhibition 

showed that the elicitor extract failed to inhibit ATPase activity in inside-out vesicles 

in a direct assay, but the pump had to be incubated with the elicitor for 10 min prior to 

the start of the assay before inhibition was observed. The PM H+-ATPase of the 

resistant cultivar was inhibited by 70.4% when treated with 1 Glc eq/ml elicitor 

extract, whereas that of the susceptible cultivar was only inhibited by 16.5%. Both KM 

and Vmax decreased upon pre-incubation with 0.1 Glc eq/ml of elicitor extract and 

increasing concentrations of ATP, but the changes in KM and Vmax was only observed 

for the resistant cultivar (Osses and Godoy, 2006). Based on this type of inhibition 

and changes in Vmax and KM, mixed model inhibition fits the changes in velocity and 

affinity for substrate upon the treatment of PM H+-ATPase. Since a delayed inhibitory 

effect rather than direct inhibition of the PM H+-ATPase was detected, the authors 

suggested that the observed inhibition reflected a late response to a signaling 

pathway; specifically, the elicitor fraction inhibited a kinase or phosphatase in a 

pathway leading to deactivation of the PM H+-ATPase (Figure 3, panel c) (Osses and 

Godoy, 2006). It is interesting that the resistant cultivar was more sensitive to the 

elicitor extract than the susceptible cultivar. The authors suggested that acidification 

of the apoplast is required for H. vastatrix infection, and since the activity of the PM 

H+-ATPase was not altered in the susceptible cultivar, the pH of the apoplast 

remained acidic. By contrast, the resistant cultivar lost PM H+-ATPase activity, 

leading to alkalization of the apoplast, thereby hindering fungal infection (Felle et al., 

2004; Osses and Godoy, 2006). 
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PORE FORMING COMPOUNDS 

Beticolin-1  

Cercospora beticola is a necrosis-inducing fungus that causes Cercospora leaf spot, 

the most destructive disease of sugar beet (Beta vulgaris) worldwide (Rangel et al., 

2020). The toxin beticolin-1 (Table 2, figure 3) was originally isolated from C. beticola 

and found to be a potent inhibitor of the PM H+-ATPase in maize (Zea Mays). 

Beticolin-1 is an octocyclic natural compound that was isolated with 14 other 

compounds, all of which showed different degrees of inhibitory effects on the PM H+-

ATPase (Gomes et al., 1996b; Simon-Plas et al., 1996). Beticolin-1 inhibited the PM 

H+-ATPase at low µM concentrations, functioning as a competitive inhibitor in maize 

membranes and suggesting that beticolin-1 competes for the ATP binding site of this 

enzyme. Interestingly, when PM H+-ATPase was purified using the detergent-like 

molecule lysophosphatidylcholine (LPC), the inhibition mode changed from 

competitive to noncompetitive, suggesting that the inhibition by beticolin-1 is 

dependent on the membrane environment in which the PM H+-ATPase is located 

(Gomes et al., 1996b; Simon-Plas et al., 1996). Beticolins exhibit magnesium 

chelating activity: the neutral beticolin–magnesium complex strongly inhibited LPC-

purified maize PM H+-ATPase (Gomes et al., 1996a). It is unclear whether this 

magnesium chelating effect is the true inhibitory mechanism, as beticolin competes 

with ATP for free magnesium, which is needed for ATP to bind to the active site in 

the PM H+-ATPase. Another study showed that beticolin-0 in complex with 

magnesium forms non-selective channels in the plasma membrane (figure 5D) 

(Goudet et al., 1998). This results in the collapse of the ion and electrical gradient 

and could explain the inhibitory effect of this compound in vesicles detected in H+ 

transport assays.  

One model that might explain the effect of beticolins is as follows: at low 

concentrations, beticolin inserts itself into the surface of the bilayer, thereby 

interfering directly with the PM H+-ATPase protein, as observed in ATPase assays. 

At higher concentrations, beticolin forms pores in the membrane, leading to collapse 

of the membrane potential and cell death.  

Pore forming compounds: Cyclic-lipodepsipeptides 

Cyclic-lipodepsipeptides (CLPs) are non-ribosomal peptides produced mainly by 

Streptomyces, Bacillus, and Pseudomonas spp. Some CLPs are plant beneficial, and 

others have been categorized as plant biocontrol agents (Raaijmakers et al., 2006; 

Geudens and Martins, 2018). The CLPs from Pseudomonas spp. can be categorized 

into 14 structural groups, which include the syringomycins, syringopeptins, 
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pseudomycin, and fuscopeptins (Geudens and Martins, 2018). Their structures are 

amphiphilic, with a hydrophobic fatty-acid tail and a hydrophilic amine head group.  

Syringomycin, syringotoxin, syringostatin, and syringopeptins 

Syringomycin, syringotoxin, syringostatin, and syringopeptins (Table 2, Figure 3) are 

toxins produced by Pseudomonas syringae pv. syringae, a phytopathogenic 

bacterium responsible for huge economic losses in agriculture (Che et al., 

1992).These toxins share a similar structure, and both syringomycin and syringotoxin 

inhibited acidification of the culture medium of rice (Oryza sativa) flag leaf disks 

(Batoko et al., 1998). Syringostatin treatment of mung bean (Vigna radiata) cell 

cultures acidified the cytoplasm compared to non-treated cells (Che et al., 1992). 

These findings suggest that these toxins inhibit PM H+-ATPase activity, thus 

alkalizing the medium. Alternatively, perhaps these toxins disrupt the stability of the 

PM, leading to the efflux of ions and the collapse of the pH gradient. In vitro 

treatment of PM H+-ATPase purified from mung bean cell cultures and rice shoots 

showed that syringomycin, syringotoxin, and syringostatin slightly activated the 

ATPase activity of the pump at low concentrations and inhibited this activity at high 

concentrations in right-side-out vesicles. However, all three toxins inhibited PM H+-

ATPase at all concentrations tested in inside-out vesicles, as well as the detergent-

solubilized version of the protein (Che et al., 1992; Batoko et al., 1998). The 

inhibitory effects of syringotoxin and syringomycin were also tested on the PM H+-

ATPase PMA2 from Nicotiana plumbaginifolia, which was heterologously expressed 

and purified in Saccharomyces cerevisiae PMs (Batoko et al., 1998). Yeast plasma 

membranes do not form tight vesicles and can therefore be used to assay ATPase 

activity but not H+ transport. Both toxins inhibited the ATP hydrolysis activity of the 

pump at 160 µM, with syringomycin showing greater inhibitory ability. Linearized 

syringotoxin and syringomycin failed to inhibit ATPase activity, indicating that the 

lipodepsipeptides must be circularized for them to inhibit the pump (Batoko et al., 

1998). 

Syringopeptin 22A and 25A (Table 2, Figure 3) are lipodepsipeptides with a peptide 

moiety composed of 22 or 25 amino acid residues. Syringopeptin 22A and 25A 

isolated from Pseudomonas syringae pv. syringae inhibited H+-extrusion into the 

medium surrounding maize (Zea mays) roots following the activation of the PM H+-

ATPase with FC (Di Giorgio et al., 1994). The syringopeptins strongly inhibited both 

right-side-out and inside-out vesicles at 10 µM compared to the activation of right-

side-out vesicles with syringomycin (Che et al., 1992; Di Giorgio et al., 1994). H+-

pumping was also completely abolished in vesicles treated with 1 µM syringopeptin, 

showing stronger inhibition compared to those treated with syringomycin (Di Giorgio 
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et al., 1994). These results suggest that the larger amino acid head group of 

syringopeptins makes these toxins more prone to pore formation in the plant PM 

compared to syringomycin (Figure 5D). 

Camoni et al. (1995) tested the effects of syringopeptins and syringomycin on 

purified PM H+-ATPase in detergent. All toxins showed noncompetitive inhibition of 

the H+-ATPase. This finding suggests that syringomycin and syringopeptins interact 

directly with the PM H+-ATPase, but they do not compete with ATP for the substrate 

binding site (Camoni et al., 1995).  

Pseudomycin A  

Pseudomycin A is produced by Pseudomonas syringae pv. Syringae (Table 2, Figure 

3). Treatment of maize (Zea mays) roots with pseudomycin A led to increased 

acidification of the culture medium, in the same manner as syringomycin. Inhibition of 

the PM H+-ATPase by pseudomycin A could deactivate a pre-FC-activated pump (Di 

Giorgio et al., 1997). Treatment with 5 µM of this toxin caused cell necrosis on 

tobacco leaves during incubation. Stomatal closure was observed in broad bean 

(Vicia faba) during treatment with 1 µM pseudomycin A; this effect was not reversed 

by treatment with 0.1 mM FC following pseudomycin A treatment (Di Giorgio et al., 

1997). Pseudomycin A has different effects dependent on the membranes treated: 

right-side-out vesicles from maize roots were activated, whereas inside-out vesicles 

were inhibited, by treatment with similar concentrations of this compound (Di Giorgio 

et al., 1997). This phenomenon was also observed by Che et al. (1992) when PM H+-

ATPase from mung bean vesicles were treated with syringomycin, syringotoxin, and 

syringostatin, suggesting that the membrane integration of these toxins is dependent 

on the lipids present on the surface.  

Fuscopeptins  

The CLPs fuscopeptin A and fuscopeptin B (table 2, figure 3) are produced by 

Psedumonas fuscovaginae. These compounds also reduced proton extrusion of FC-

activated rice shoots into the growth medium. Fuscopeptins showed greater 

inhibitory activity at 16 µM than syringomycin and syringotoxin at 160 µM (Batoko et 

al., 1998). The authors also investigated the inhibitory mechanism of fuscopeptin B 

on PMA2 from N. plumbaginifolia expressed and purified from S. cerevisiae. 

Fuscopeptin B acted as a noncompetitive inhibitor, like syringomycin (Camoni et al., 

1995; Batoko et al., 1998). Fuscopeptin is a CLP that resembles the toxins produced 

by Pseudomonas syringae pv. Syringae. This compound also forms pores in lipid 

bilayers, with fuscopeptin B being more potent than syringomycin, likely due to its 

longer amino acid residue tail (Coraiola et al., 2008).  

Pore formation  
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Many of the reported inhibitors of plasma membrane H+-ATPase activity are 

membrane integrating or perturbating compounds (see previous sections) and do not 

specifically target the protein in question (Figure 5D). Their potency also depends on 

the composition of lipids and sterols in the target membranes (Camoni et al., 1995; 

Dalla Serra et al., 1999; Efimova et al., 2018). The channels formed by the CLPs are 

approximately 1 nm in diameter and consist of 6 (±1) monomers (Kaulin et al., 1998; 

Dalla Serra et al., 1999). An extensive review on the effects of microbial cyclic 

lipopeptides can be found in (Balleza et al., 2019). 

MEMBRANE-AFFECTING COMPOUNDS 

Fumonisin B1 

Fumonisin B1 (FB1) is produced by various Fusarium species (Table 2, Figure 3) that 

cause root, stalk, and ear rot in maize (Zea mays) (Leslie, 1996). FB1 potentially 

inhibits the activity of membrane-localized enzymes, such as the sphinganine N-

acyltransferase, as FB1 treatment led to the accumulation of sphinganine in the PM 

(Abbas et al., 1994; Gutierrez-Najera et al., 2020). The inhibitory effect of FB1 on 

maize PM H+-ATPases has also been investigated (Gutierrez-Najera et al., 2005). 

Both growth inhibition of maize embryos and a decrease in acidification of the culture 

medium were observed, suggesting that this toxin inhibits PM H+-ATPase activity. In 

vitro inhibition of the H+-ATPase in PM vesicles from maize embryos showed that 

FB1 is an uncompetitive inhibitor, suggesting that FB1 targets the enzyme–substrate 

complex. FB1 also acts as a sphingolipid by becoming inserted into membranes due 

to its amphipathic nature, thereby decreasing membrane fluidity (Figure 5E) 

(Mahfoud et al., 2002; Gutierrez-Najera et al., 2005). In vivo treatment of maize 

embryos with FB1 indicated that the toxin firstly inhibits the ceramide synthase, and 

this action will subsequently accumulate sphinganine in the PM, changing the fluidity 

and thereby inhibiting PM H+-ATPase activity (Gutierrez-Najera et al., 2020). The 

toxin must therefore have multiple functions since it changed the activity of the pump 

differently in vitro compared to in vivo. 

Prehelminthosporol 

The seco-sativene sesquiterpenoid phytotoxin prehelminthosporol (Table 2, Figure 3) 

was first isolated from the fungus Bipolaris sorokiniana (Carlson et al., 1991). This 

non-host-specific natural compound is related to 39 other analogs that are naturally 

produced by many fungi (Li et al., 2020). Carlson et al. (1991) first investigated 

prehelminthosporol for its membrane-disrupting ability since it is an amphiphilic 

molecule. This toxin was found to disrupt the membranes in beet roots (Beta 

vulgaris), causing cytoplasmic compounds to leak out of the roots. The phytotoxin 

prehelminthosporol was further investigated for its effects on the activities of various 
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membrane proteins and was found to inhibit both the ATPase activity and H+-

pumping of PM H+-ATPase isolated from barley (Hordeum vulgare) roots (Olbe et al., 

1995). PM vesicles isolated from barley roots were used in this experiment. The 

vesicles were partially turned inside out to expose the active site of PM H+-ATPase to 

the outer membrane, making it available for ATPase activity and H+-pumping. The 

ATPase activity of the PM H+-ATPase in these PM vesicles was inhibited up to 30% 

compared to the control when 500 µM prehelminthosporol was added to the assay, 

but H+-pumping was fully disrupted by treatment with 300 µM prehelminthosporol.  

A study using both inside-out and outside-out vesicles suggested that 

prehelminthosporol is inserted into the membrane, resulting in leaky vesicles. The 

ATPase activity could still be measured, since H+-pumping and ATPase activity can 

be uncoupled (Buch-Pedersen et al., 2006). The activities of other membrane-bound 

enzymes were also dramatically inhibited by treatment with prehelminthosporol, 

further supporting the notion that this toxin is a membrane disruptor (Olbe et al., 

1995). Prehelminthosporol is secreted from fungi during plant infection and is mainly 

concentrated in the extracellular matrix in the hyphae right before plant penetration 

(Jansson and Akesson, 2003). High amounts of prehelminthosporol correlate with 

high levels of virulence (Apoga et al., 2002). These findings suggest that 

prehelminthosporol is an important virulence factor that helps the fungus penetrate 

the plant exterior and disrupt the outer membranes during infection. This activity 

would also affect the activities of several membrane proteins, such as the PM H+-

ATPase, leading to cell necrosis.  

SS-toxin 

The phytopathogen Stemphylium solani causes leaf blight in garlic (Allium sativum) 

and produces a large variety of natural compounds as secondary metabolites that 

are involved in disease symptoms (Zheng et al., 2008; Zheng et al., 2010a). The 

natural compound SS-toxin (Table 2) was identified as a potent cell necrosis inducer, 

growth inhibitor, and inhibitor of the PM H+-ATPase among other membrane proteins 

(Zheng et al., 2010a; Zheng et al., 2010b). The inhibition of the PM H+-ATPase was 

tested on PM vesicles isolated from two different garlic cultivars, including one 

resistant to S. solani and the other susceptible to this pathogen. The ATPase activity 

was slightly more inhibited by treatment with 200 µg/ml SS-toxin in the susceptible 

cultivar than the resistant cultivar (Zheng et al., 2010b). The mechanism underlying 

this PM H+-ATPase inhibition has not been further characterized, but SS-toxin could 

also decrease NADH oxidation and Fe(CN)6
3− reduction in garlic PM vesicles. The 

authors suggested that SS-toxin might interact with the lipids in the PM instead of 

directly interacting with the PM H+-ATPase. However, the chemical structure of SS-
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toxin has not yet been characterized, making it difficult to speculate how SS-toxin 

might interact with membrane-bound proteins or the membrane (Zheng et al., 

2010b).  

Fusaric acid  

Fusaric acid (Table 2, Figure 3), a picolinic acid derived from a PKS-NRPS catalyzed 

reaction (Hai et al., 2020), is produced by a large variety of Fusarium spp. (Bacon et 

al., 1996). Cucumber (Cucumis sativus) leaves treated with 100 ppm fusaric acid 

showed 2.7-fold higher relative leakage than the control, suggesting that this toxin 

disrupts the plasma membrane in leaf cells. Indeed, transmission electron 

microscopy showed that cells treated with fusaric acid had a broken plasma 

membrane, folded cell wall, misplaced grana in chloroplasts, and destroyed 

chloroplast structure (Wang et al., 2014a). The authors tested whether fusaric acid 

influenced the ATPase activity of the PM H+-ATPase by incubating PM vesicles 

purified from cucumber leaves with 100 ppm fusaric acid and simultaneously 

measuring ATPase activity. The ATPase activity decreased by 68% compared to the 

control (Wang et al., 2014a). We have not been able to reproduce these data 

(unpublished data, Fuglsang lab) and suggest that fusaric acid disrupts the plasma 

membrane, resulting in membrane depolarization, rather than directly interacting with 

the PM H+-ATPase. 

UNKNOWN MECHANISMS 

Secreted polypeptides  

Phaeomoniella chlamydospora (Pch) and Phaeoacremonium aleophilum (Pal) were 

isolated from decayed wood of infected grapevines (Vitis vinifera), and polypeptides 

(Table 2) were isolated from the fungal extracts (Luini et al., 2010). The polypeptides 

from both Pal and Pch consisted of peptides ranging from ~200 kDa to <6 kDa in 

size and caused severe necrosis of grapevine leaf cells. The Pal and Pch extracts 

decreased H+-extrusion of grapevine cells and caused rapid alkalization of the 

medium within 20 min of treatment. These results correspond with the results of 

analysis of the ATPase and H+-pumping activities of the PM H+-ATPase in PM 

vesicles from grapevine leaves in response to treatment with secretions from Pal and 

Pch. Both treatments significantly inhibited the H+-pumping and ATPase activities of 

the PM H+-ATPase, and both activities were restored by protease treatment of PM 

vesicles incubated with the polypeptides (Luini et al., 2010). Pal and Pch also affect 

the NADPH oxidase activity, PAL activity, and nutrient uptake of the vesicles. 

However, since the polypeptides consisted of many types of peptides of different 

sizes, which peptide(s) were responsible for the inhibition of the PM H+-ATPase is 
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unknown, and the association of PM H+-ATPase, polypeptides, and other affected 

mechanisms is unclear. 

Non-microbial compounds targeting the plant PM H+-ATPase 

Natural compounds are produced by many organisms as defense or attack 

mechanisms. Both insects and plants produce a wide array of specialized 

metabolites. Insects produce several specialized metabolites that induce defense 

responses and can be secreted during the mechanical digestion of plant tissue 

(Camoni et al., 2018). Plants produce such products mostly for defense against 

infection, but also as a competitive mechanism against other plants when nutrients 

and the growth area are limited.  

Insects—oral secretions from Spodoptera littoralis 

The oral secretions (OS) from the herbivore insect S. littoralis (Table 2) caused a 

significant increase in the membrane potential of the PM in lima bean (Phaseolus 

lunatus), suggesting that the PM H+-ATPase is a target for depolarization of attacked 

cell (Camoni et al., 2018). In vivo treatment of lima bean leaves with OS inhibited PM 

H+-ATPase activity by 51%, and the OS even overcame FC activation to some extent 

and hindered the binding of 14-3-3 protein (Camoni et al., 2018). The mechanism 

underlying OS-induced inhibition of the PM H+-ATPase has not yet been determined, 

but it likely involves the blockage of 14-3-3 binding and activation. However, since 

these studies were performed using in vivo treated PMs, it is unknown if the OS 

directly inhibit the PM H+-ATPase or if they target an upstream kinase responsible for 

phosphorylation of the penultimate threonine residues, thereby indirectly inhibiting 

pump activity.  

PLANT-DERIVED NATURAL COMPOUNDS 

Sorgoleone and juglone 

Sorgoleone (produced by Sorghum spp.) and juglone (produced by Juglans spp.) are 

natural compounds produced by plants (Table 2, Figure 4) as a defense mechanism 

against competing species (Hejl and Koster, 2004b, a). Both toxins inhibited the 

growth of maize (Zea mays) and/or soybean (Glycine max) and the PM H+-ATPase 

activity of microsomal vesicles. Sorgoleone inhibited ATPase activity by slightly more 

than 40% at 1000 µM (Hejl and Koster, 2004b). Juglone inhibited ATPase activity in 

the same manner as 200 µM vanadate, but here 1000 µM juglone was used (Hejl 

and Koster, 2004a). The concentrations needed for these two compounds to inhibit 

PM H+-ATPase activity is considered very high compared to other known inhibitors. 

Thus, their identities as potent inhibitors are in doubt, and they likely target other vital 

mechanisms. 
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Curcuminoids 

Three curcuminoids (Table 2) from Curcuma longa L., curcumin (CM), 

demethoxycurcumin (DMCM) (Figure 4), and bisdemethoxycurcumin (BDCM), inhibit 

the A. thaliana PM H+-ATPase AHA2, the PM H+-ATPase PMA1 from S. cerevisiae, 

as well as the human calcium P-type ATPase SERCA (Dao et al., 2016). All three 

compounds inhibited both the H+-pumping and ATPase activities of AHA2. DMCM 

was the most potent AHA2 inhibitor, with an IC50 of 18.7±0.1 µM. DMCM inhibited 

both AHA2 and PMA1 activity via a noncompetitive mechanism, suggesting that this 

toxin does not compete with ATP for the active site but targets P-type ATPases at a 

highly conserved site (Dao et al., 2016). Since the curcuminoids are P-type inhibitors, 

they can target several vital pumps in the plant in addition to the PM H+-ATPase 

when present at high enough concentrations. 

Polyamines 

Polyamines are known to respond to a number of abiotic stresses including salt 

stress (Pottosin et al., 2020).They interact with negatively charged parts of 

membranes, these interactions stabilize the membranes under stress conditions. 

Opposite effects of different polyamines have been reported (examples in Table 2), 

as some are suggested to activate the PM H+-ATPase, whereas others have been 

shown to lower the activity (Janicka-Russak et al., 2010; Pottosin et al., 2014). The 

different results are nicely summarized in a recent review (Pottosin et al., 2020). 

In a recent paper it was demonstrated that in tea plants (Camellia sensis), drought 

caused a decrease in PM H+-ATPase activity by 33%. This was counteracted by 

addition of the polyamines spermidine or spermine (Na et al., 2021). Spermidine and 

spermine (Figure 4) increased fatty acid unsaturation, which affected membrane 

stability and fluidity and could be the mechanism used to stabilize PM H+-ATPase 

activity. 

Endogenous unsaturated fatty acids 

The activity of the plant PM H+-ATPase is upregulated during salt stress. In a 

systematic bioassay-directed screening, (Han et al., 2017b) determined that the 

production of three unsaturated fatty acid (Table 2) molecules (C18:1, C18:2, and 

C18:3) was upregulated during salt stress. These three fatty acids might activate the 

PM H+-ATPase in vitro by a direct mechanism, likely involving the C-terminal 

regulatory domain (Han et al., 2017b).These data is in agreement with the finding 

that lysophospholipids specifically activate the plant PM H+-ATPase, AHA2 (Figure 

5F) (Palmgren et al., 1988; Wielandt et al., 2015). The activation mechanism requires 

both cytoplasmic regulatory domains of AHA2 and is not found in the H+-ATPase 

PMA1 originating from S. cerevisiae.  
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Phosphatidylinositol 

The “bioassay directed screening” led to another, albeit related, finding that was 

published recently (Yang et al., 2021). Phosphatidylinositol (PI) binds to the PM H+-

ATPase in its low-activity state (Table 2, Figure 4). Increased concentrations of PI in 

the growth medium leads to reduced acidification of the rhizosphere. Furthermore, 

direct binding is demonstrated between recombinant AHA2 C-terminal protein and PI 

using Microscale Thermophoresis. Here the highest affinity is found for a phospho 

mimic version (AHA2-CSer-931Asp) of the regulatory C-terminal domain (Yang et al., 

2021). Upon salt treatment the levels of 4-phosphatidylinositol 4-phosphate (PI4P) 

increases and the ratio between PI and PI4P changes. PI4P does not bind directly to 

the PM H+-ATPase, but an indirect mechanism results in activation of the PM H+-

ATPase.  

Phosphatidylinositols have previously been reported to be regulators of PM H+-

ATPase activity (Memon et al., 1989). Using PM purified from etiolated sunflower 

(Helianthus annuus) seedlings, the effect of externally added phosphatidylinositols 

was tested. They found that PI had no effect whereas PIP (PI4P) and PIP2 

(PI(4,5)P2) resulted in a 2-fold and 1,8-fold activation respectively. These data 

correspond to the findings by Yang et al. 2021 

DISCUSSION 

The development of biologicals requires compounds that specifically target a reaction 

rather than those that have a more generic effect, such as membrane disruption. It 

seems logical that microorganisms would develop the latter type of molecules, as 

exemplified by CLPs, as these allow the microorganism to target different hosts; 

however, for the development of biologicals, more specificity is beneficial. Still, there 

are several examples of biofertilizers and biocontrol agents that use CLPs, e.g., 

Serenade® (from Bayer).  

Only a few compounds have been identified that directly target the plant PM H+-

ATPase. One is FC, a well described PM H+-ATPase activator, and the other is TeA, 

a PM H+-ATPase inhibitor. Both molecules originate from fungi that use the 

compounds to maintain their lifecycles on plants.  

Why have only a limited number of inhibitors been identified? Taking the related 

fungal plasma membrane H+-ATPase PMA1 as an example, there has been a long 

search for inhibitors with antifungal activity. However, the inhibitors reported to date 

lack specificity towards Pma1p compared to other P-type ATPases (Kjellerup et al., 

2017; Ottilie et al., 2018). One example is the curcumin compounds identified in a 

screen for plant PM H+-ATPase regulators. Curcumins turned out to be general P-
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type pump inhibitors, as demonstrated by their ability to inhibit the sarco/endoplasmic 

reticulum Ca2+-ATPase (SERCA) as described above.  

The recently identified structure of PMA1 (Heit et al., 2021; Zhao et al., 2021) shows 

that specific lipids are required for the structural formation of hexamers. Is this also 

the case for the lipids found to activate the plant PM H+-ATPase? A recent study 

(Han et al., 2017a) demonstrated that this is not the case, as salt treatment led to the 

upregulation of three fatty acids, all capable of activating the H+-ATPase. Therefore, 

this represents dynamic activation, in contrast to the structural effect seen in yeast 

PMA1. 

The lack of specific inhibitors of the plant PM H+-ATPase raises the question of 

whether it is indeed possible to identify molecules that specifically inhibit H+-ATPase 

and not P-type pumps in general, such as Ca2+- and Mg2+-ATPases. 

PERSPECTIVES ON THE USE OF NATURAL COMPOUNDS AS 

BIOLOGICALS  

Is there a need for natural compounds as herbicides, and can they be used in 

agriculture? 

There is an urgent need to identify new herbicides for weed control in agriculture. 

Weeds are rapidly evolving resistance to the herbicides used today, as these 

herbicides have limited modes of actions and are used in large quantities (Owen and 

Zelaya, 2005; Heap, 2014; Sarangi et al., 2017). One of the most abundant 

herbicides used today is glyphosate, also known as Round Up, which is only 

approved for use in agriculture in the European Union until December 2022 

(Richmond, 2018; EuropeanComission, 2021). Glyphosate was first ruled as being 

non-toxic to humans, but the widespread use of glyphosate has raised awareness 

about its toxicity towards humans and the environment (Mesnage and Antoniou, 

2017; Richmond, 2018). To reduce the increasing herbicide resistance in weeds, an 

alternative approach to weed control needs to be implemented. The use of 

herbicides with different modes of actions at the same time and the use of each 

individual herbicide for shorter periods of time might reduce the specialist resistant 

weeds and improve effects on soil biological activity (Sarangi et al., 2017; Comont et 

al., 2020; Samson-Brais et al., 2021). Finding compounds with new modes of action 

is difficult, but such compounds could be found by examining plant pathogenic 

microorganisms. The use of natural compounds as biological herbicides in 

agriculture is quite limited. Only 8% of compounds registered for herbicidal use 

between 1997 and 2010 in the U.S. were synthetic naturally derived compounds, and 

the rest were completely synthetic (Cantrell et al., 2012). Naturally derived 
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compounds are usually viewed in a positive manner compared to synthetic 

compounds. Taking all of this information into account, it is of great interest to 

discover natural compounds with new modes of actions for herbicidal use (Dayan 

and Duke, 2014). 

Example study — Tenuazonic acid as a potential biological herbicide 

The question is, can TeA be used as an herbicide? This question is difficult to 

answer. The toxicity of TeA towards mammals was first investigated in 1957, when 

this compound was discovered (Rosett et al., 1957). TeA was first identified based 

on its ability to inhibit protein synthesis (Shigeura and Gordon, 1963). The lethal dose 

of 50% of a test group has been investigated in mice, but the toxicity of TeA in 

humans has not been studied (Miller et al., 1963). TeA is naturally occurring in many 

food products, such as grains, vegetables, and alcoholic beverages (Ostry, 2008; 

EFSA, 2011). The European Food Safety Authority (EFSA) ruled TeA as nonharmful 

to humans in the amounts found in produce (EFSA, 2011). It is still uncertain if TeA 

can be commercialized. Studies are needed to identify the correct cocktail of TeA 

and the adjuvants needed to effectively penetrate leaves and kill the plant and to 

determine if higher concentrations of TeA are toxic to mammals and/or the 

environment. Nonetheless, TeA lethal to plant growth, since 2.5 µM TeA reduced 

plant growth significantly in A. thaliana seedlings (Bjork et al., 2020). When this 

compound was tested in a cotton field trial as a biobased herbicide, it actively 

controlled weeds (Zhou et al., 2019). The potential use of TeA as an herbicide has 

been extensively reviewed by (Chen and Qiang, 2017). 

Screening for biologicals 

Screens for natural compounds affecting the plant PM H+-ATPase can be designed 

as in vitro or in vivo assays. The advantage of in vivo assays is that the effect can be 

observed directly in seedlings or growth medium and used to evaluate the fitness of 

the plant, but one cannot be sure that the compound is specifically targeting the 

pump. In vitro assays are designed to target a specific enzyme. Therefore, initially, it 

is not possible to determine if the compound also targets other P-type pumps, 

resulting in a number of false positives with respect to specificity. Moreover, many 

compounds are unable to penetrate the cell membrane and thus cannot reach an 

intracellular target. 

Fungi only express a specific metabolite under conditions where it is biologically 

required to avoid wasting energy on biosynthesis. This is important when designing 

screens for biologically active compounds. In order to obtain a diverse selection of 

metabolites, the fungus must be grown under stressful conditions to trigger the 

production of a variety of compounds. 
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Natural compounds may provide a palette of unique molecules that could be 

considered starting points (lead compounds) for the optimization and development of 

selective inhibitors or activators for future use as biologicals. More specific 

approaches must be undertaken to explore the potential of the plant PM H+-ATPase 

as a target for natural compounds. 

Figure legends 

 

Figure 1. Model of the activation and inhibition of PM H+-ATPase activity and 

their effects on plants 

Panel 1) Beneficial interaction between Trichoderma fungus and plant roots. 

Secretions from Trichoderma spp. activate PM H+-ATPase and enhance nutrient 

uptake in roots, increasing overall plant growth and yield. Panel 2) Overexpression of 

PM H+-ATPase in guard cells increases the uptake of CO2 and the photosynthetic 

rate. The increased photosynthetic rate provides the energy needed for plant growth, 

which can provide larger crops with higher yields. Panel 3) Fungal infection by F. 

amygdali on a plant leaf and invasion through guard cells. Fusicoccin secreted by the 

fungi stabilizes the binding between PM H+-ATPase and 14-3-3 protein, making the 

pump constitutively active and in return keeping the guard cells open for fungal 

infection. Panel 4) Infection by a necrotrophic microorganism secreting natural 

compound(s) that inhibit PM H+-ATPase activity, leading to cell necrosis and 

eventually causing the plant to wither. Such compounds could be used as biological 
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herbicides in agriculture, a more sustainable solution than the use of synthetic 

compounds. 

 

Figure 2. Natural compounds directly interacting with the PM H+-ATPase 

Structural information of toxins Fusicoccin (FC) and Tenuazonic acid (TeA). 

 

Figure 3. Natural compounds interacting with the plasma membrane 

Structural information of toxins from the cyclic lipodepsipeptide group and other 

membrane interacting compounds. 
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Figure 4. Natural compounds from plants 

Structural overview of the two toxins sorgoleone and juglone; Demethoxycurcumin 

(DMCM); the two polyamines spermine and spermidine and phosphatidylinositol. 
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Figure 5. Regulatory mechanism 

(A) Activation of PM H+-ATPase by fusicoccin. Fusicoccin (FC) binds to the C-

terminal domain of the PM H+-ATPase and stabilizes its binding with 14-3-3 protein. 

The binding of 14-3-3 protein makes the pump constitutively active, thus acidifying 

the apoplast. Plants treated with FC exhibit increased hypocotyl and root growth due 

to higher PM H+-ATPase activity. This increase in activity leads to acidification of the 

apoplast, thereby inducing cell growth. This increase also enhances secondary 

transport, nutrient uptake in roots, CO2 uptake through the stomata, and 

photosynthesis. However, constant treatment with FC will cause the plant to 

eventually die due to the constant opening of guard cells and constitutively active PM 

H+-ATPase. (B) Direct inhibition of the PM H+-ATPase by tenuazonic acid. The PM 

H+-ATPase is inhibited directly by tenuazonic acid (TeA) via a mechanism involving 

the C-terminal regulatory domain. This mechanism is thought to lock the C-terminal 

regulatory domain to the pump body and hinder the binding of 14-3-3 protein, 

keeping the pump in its inactive state. The TeA-induced inhibition of the pump 

increases cytoplasmic pH and disrupts the electrochemical potential across the PM, 

which in turn inhibits secondary transport, growth, and many other vital mechanisms 

in the plant, causing the cells to die and the plant to wither. (C) Indirect activation of 
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PM H+-ATPase by elicitor proteins. Elicitor proteins activate the PM H+-ATPase via 

an indirect mechanism, i.e., binding to a receptor that subsequently activates the 

pump. This activation could be performed by a receptor kinase, which 

phosphorylates the penultimate threonine residue of 14-3-3 protein, causing it to bind 

to the C-terminal regulatory domain and activating the pump, or the phosphorylation 

of Thr881 (in AHA2), for example phosphorylation by the PSY1R/PSY peptide 

signaling pathway. Both types of phosphorylation increase nutrient uptake and 

secondary transport, and the acidification of the apoplast can elicit cell growth by 

activating cell wall loosening enzymes (the acid growth theory). (D) Inhibition of PM 

H+-ATPase and depolarization of the membrane. Natural compounds such as cyclic 

lipodepsipeptides and beticolin-1 inhibit PM H+-ATPase activity via insertion into the 

lipids surrounding the pump, thus destabilizing and inhibiting the pump when present 

at lower concentrations. Higher concentrations of the compounds create pores in the 

PM, which in turn depolarize the membrane potential, allowing cations to move 

across the membrane freely. This will lead to cell necrosis and eventual plant death. 

(E) Hypothetical model of the insertion of Fumonisin B1 into the PM. The natural 

compound Fumonisin B1 (FB1) is inserted into the PM, making it more rigid and 

decreasing membrane fluidity. This model shows how the insertion of FB1 might alter 

the fluidity of the membrane, thus inhibiting conformational changes in the PM H+-

ATPase and H+-pumping. (F) Activation of the PM H+-ATPase by native fatty acids. 

The biosynthesis of native fatty acids increases during salt stress. These fatty acids 

bind to the C-terminal regulatory domain of the PM H+-ATPase and increase H+ 

pumping. Searching for native molecules that regulate PM H+-ATPase activity can 

provide insight into how PM H+-ATPase activity is regulated during plant stress and 

growth. Such molecules could also be used as possible growth-inducing biologicals. 

REFERENCES 

Abbas, H.K., Tanaka, T., Duke, S.O., Porter, J.K., Wray, E.M., Hodges, L., Sessions, 
A.E., Wang, E., Merrill, A.H., Jr., and Riley, R.T. (1994). Fumonisin- and AAL-
toxin-induced disruption of sphingolipid metabolism with accumulation of 
free sphingoid bases. Plant. Physiol. 106, 1085-1093. 

Al-Ani, L.K.T. (2018). Trichoderma: Beneficial role in sustainable agriculture by plant 
disease management. Plant Microbiome: Stress Response. Springer. pp. 105-
126. 

Apoga, D., Akesson, H., Jansson, H.B., and Odham, G. (2002). Relationship between 
production of the phytotoxin prehelminthosporol and virulence in isolates of 
the plant pathogenic fungus Bipolaris sorokiniana. Eur. J. Plant Pathol. 108, 
519-526. 

Axelsen, K.B., and Palmgren, M.G. (1998). Evolution of substrate specificities in the 
P-type ATPase superfamily. J. Mol. Evol. 46, 84-101. 



 

This article is protected by copyright. All rights reserved. 

A
c

c
e

p
te

d
 A

r
ti

c
le

 
Bacon, C.W., Porter, J.K., Norred, W.P., and Leslie, J.F. (1996). Production of fusaric 

acid by Fusarium species. Appl. Environ. Microb. 62, 4039-4043. 
Balleza, D., Alessandrini, A., and Garcia, M.J.B. (2019). Role of lipid composition, 

physicochemical interactions, and membrane mechanics in the molecular 
actions of microbial cyclic lipopeptides. J. Membrane Biol. 252, 131-157. 

Batoko, H., d'Exaerde, A.D., Kinet, J.M., Bouharmont, J., Gage, R.A., Maraite, H., 
and Boutry, M. (1998). Modulation of plant plasma membrane H+-ATPase by 
phytotoxic lipodepsipeptides produced by the plant pathogen Pseudomonas 
fuscovaginae. BBA-Biomembranes 1372, 216-226. 

Baunsgaard, L., Fuglsang, A.T., Jahn, T., Korthout, H.A.A.J., de Boer, A.H., and 
Palmgren, M.G. (1998). The 14-3-3 proteins associate with the plant plasma 
membrane H+-ATPase to generate a fusicoccin binding complex and a 
fusicoccin responsive system. Plant J. 13, 661-671. 

Bjork, P.K., Rasmussen, S.A., Gjetting, S.K., Havshoi, N.W., Petersen, T.I., Ipsen, 
J.O., Larsen, T.O., and Fuglsang, A.T. (2020). Tenuazonic acid from 
Stemphylium loti inhibits the plant plasma membrane H+-ATPase by a 
mechanism involving the C-terminal regulatory domain. New. Phytol. 226, 
770-784. 

Buch-Pedersen, M.J., Rudashevskaya, E.L., Berner, T.S., Venema, K., and Palmgren, 
M.G. (2006). Potassium as an intrinsic uncoupler of the plasma membrane 
H+-ATPase. J. Biol. Chem. 281, 38285-38292. 

Camoni, L., Barbero, F., Aducci, P., and Maffei, M.E. (2018). Spodoptera littoralis 
oral secretions inhibit the activity of Phaseolus lunatus plasma membrane H+-
ATPase. PLoS One 13. 

Camoni, L., Digiorgio, D., Marra, M., Aducci, P., and Ballio, A. (1995). Pseudomonas-
Syringae Pv Syringae Phytotoxins reversibly inhibit the plasma-membrane H+-
ATPase and disrupt unilamellar liposomes. Biochem. Bioph. Res. Co. 214, 118-
124. 

Cantrell, C.L., Dayan, F.E., and Duke, S.O. (2012). Natural products as sources for 
new pesticides. J. Nat. Prod. 75, 1231-1242. 

Carlson, H., Nilsson, P., Jansson, H.B., and Odham, G. (1991). Characterization and 
determination of prehelminthosporol, a toxin from the plant pathogenic 
fungus bipolaris-sorokiniana, using liquid-chromatography mass-
spectrometry. J. Microbiol. Meth. 13, 259-269. 

Che, F.S., Kasamo, K., Fukuchi, N., Isogai, A., and Suzuki, A. (1992). Bacterial 
phytotoxins, syringomycin, syringostatin and syringotoxin, exert their effect 
on the plasma-membrane H+-ATPase partly by a detergent-like action and 
partly by inhibition of the enzyme. Physiol. Plant. 86, 518-524. 

Chen, S.G., and Qiang, S. (2017). Recent advances in tenuazonic acid as a potential 
herbicide. Pestic Biochem. Phys. 143, 252-257. 

Chen, W., Jia, P.F., Yang, W.C., and Li, H.J. (2020). Plasma membrane H+ -ATPases-
mediated cytosolic proton gradient regulates pollen tube growth. J. Integr. 
Plant Biol. 62, 1817-1822. 

Chen, Z., Pottosin, I.I., Cuin, T.A., Fuglsang, A.T., Tester, M., Jha, D., Zepeda-Jazo, I., 
Zhou, M., Palmgren, M.G., Newman, I.A., and Shabala, S. (2007). Root 
plasma membrane transporters controlling K⁺/Na⁺ homeostasis in salt-
stressed barley. Plant Physiol. 145, 1714-1725. 



 

This article is protected by copyright. All rights reserved. 

A
c

c
e

p
te

d
 A

r
ti

c
le

 
Coblitz, B., Shikano, S., Wu, M., Gabelli, S.B., Cockrell, L.M., Spieker, M., Hanyu, Y., 

Fu, H., Amzel, L.M., and Li, M. (2005). C-terminal recognition by 14-3-3 
proteins for surface expression of membrane receptors. J. Biol. Chem. 280, 
36263-36272. 

Comont, D., Lowe, C., Hull, R., Crook, L., Hicks, H.L., Onkokesung, N., Beffa, R., 
Childs, D.Z., Edwards, R., Freckleton, R.P., and Neve, P. (2020). Evolution of 
generalist resistance to herbicide mixtures reveals a trade-off in resistance 
management (vol 11, 3086, 2020). Nat. Commun. 11. 

Contreras-Cornejo, H.A., Macias-Rodriguez, L., Cortes-Penagos, C., and Lopez-
Bucio, J. (2009). Trichoderma virens, a plant beneficial fungus, enhances 
biomass production and promotes lateral root growth through an auxin-
dependent mechanism in Arabidopsis. Plant. Physiol. 149, 1579-1592. 

Coraiola, M., Paletti, R., Flore, A., Fogliano, V., and Dalla Serra, M. (2008). 
Fuscopeptins, antimicrobial lipodepsipeptides from Pseudomonas 
fuscovaginae, are channel forming peptides active on biological and model 
membranes. J. Pept. Sci. 14, 496-502. 

Dalla Serra, M., Fagiuoli, G., Nordera, P., Bernhart, I., Della Volpe, C., Di Giorgio, D., 
Ballio, A., and Menestrina, G. (1999). The interaction of lipodepsipeptide 
toxins from Pseudomonas syringae pv. syringae with biological and model 
membranes: A comparison of syringotoxin, syringomycin, and two 
syringopeptins. Mol. Plant. Microbe. In. 12, 391-400. 

Dao, T.T., Sehgal, P., Tung, T.T., Moller, J.V., Nielsen, J., Palmgren, M., Christensen, 
S.B., and Fuglsang, A.T. (2016). DemethoxycurcuminIs A Potent Inhibitor of 
P-Type ATPases from Diverse Kingdoms of Life. PLoS One 11. 

Dayan, F.E., and Duke, S.O. (2014). Natural compounds as next-generation 
herbicides. Plant Physiol. 166, 1090-1105. 

Demain, A.L. (2014). Importance of microbial natural products and the need to 
revitalize their discovery. J. Ind. Microbiol. Biotechnol. 41, 185-201. 

Di Giorgio, D., Camoni, L., and Ballio, A. (1994). Toxins of Pseudomonas-syringae pv 
syringae affect H+-transport across the plasma-membrane of maize. Physiol. 
Plantarum 91, 741-746. 

Di Giorgio, D., Camoni, L., Marchiafava, C., and Ballio, A. (1997). Biological activities 
of pseudomycin A, a lipodepsinonapeptide from Pseudomonas syringae MSU 
16H. Phytochemistry 45, 1385-1391. 

Ding, M., Zhang, M.X., Zeng, H.Q., Hayashi, Y., Zhu, Y.Y., and Kinoshita, T. (2021). 
Molecular basis of plasma membrane H+-ATPase function and potential 
application in the agricultural production. Plant Physiol. Bioch. 168, 10-16. 

Efimova, S.S., Zakharova, A.A., Ismagilov, A.A., Schagina, L.V., Malev, V.V., 
Bashkirov, P.V., and Ostroumova, O.S. (2018). Lipid-mediated regulation of 
pore-forming. activity of syringomycin E by thyroid hormones and xanthene 
dyes. BBA-Biomembranes 1860, 691-699. 

EFSA. (2011). Scientific Opinion on the risks for animal and public health related to 
the presence of Alternaria toxins in feed and food. EFSA J. 9, 1-97. 

EuropeanComission. (2021). Status on glyphosate in the EU 
(https://ec.europa.eu/food/plants/pesticides/approval-active-
substances/renewal-approval/glyphosate_en: European Comission). 



 

This article is protected by copyright. All rights reserved. 

A
c

c
e

p
te

d
 A

r
ti

c
le

 
Felle, H.H., Herrmann, A., Hanstein, S., Huckelhoven, R., and Kogel, K.H. (2004). 

Apoplastic pH signaling in barley leaves attacked by the powdery mildew 
fungus Blumeria graminis f. sp hordei. Mol. Plant Microbe. In. 17, 118-123. 

Fiegen, M., and Knogge, W. (2002). Amino acid alterations in isoforms of the 
effector protein NIP1 from Rhynchosporium secalis have similar effects on its 
avirulence- and virulence-associated activities on barley. Physiol. Mol. Plant 
P. 61, 299-302. 

Fuglsang, A.T., and Palmgren, M. (2021). Proton and calcium pumping P-type 
ATPases and their regulation of plant responses to the environment. Plant 
Physiol. 

Fuglsang, A.T., Visconti, S., Drumm, K., Jahn, T., Stensballe, A., Mattei, B., Jensen, 
O.N., Aducci, P., and Palmgren, M.G. (1999). Binding of 14-3-3 protein to the 
plasma membrane H+-ATPase AHA2 involves the three C-terminal residues 
Tyr(946)-Thr-Val and requires phosphorylation of Thr(947). J. Biol. Chem. 274, 
36774-36780. 

Fuglsang, A.T., Kristensen, A., Cuin, T.A., Schulze, W.X., Persson, J., Thuesen, K.H., 
Ytting, C.K., Oehlenschlaeger, C.B., Mahmood, K., Sondergaard, T.E., 
Shabala, S., and Palmgren, M.G. (2014). Receptor kinase-mediated control of 
primary active proton pumping at the plasma membrane. Plant J. 80, 951-
964. 

Galvez, L., Gil-Serna, J., Garcia, M., Iglesias, C., and Palmero, D. (2016). 
Stemphylium leaf blight of garlic (Allium sativum) in Spain: Taxonomy and in 
vitro fungicide response. Plant Pathol. J. 32, 388-395. 

Geilfus, C.M., and Muhling, K.H. (2012). Transient alkalinization in the leaf apoplast 
of Vicia faba L. depends on NaCl stress intensity: An in situ ratio imaging 
study. Plant Cell Environ. 35, 578-587. 

Geudens, N., and Martins, J.C. (2018). Cyclic lipodepsipeptides from Pseudomonas 
spp. - Biological Swiss-army knives. Front Microbiol. 9. 

Gitterman, C.O., Dulaney, E.L., Hendlin, D., Woodruff, H.B., Kaczka, E.A., and 
Campbell, G.W. (1964). Human tumor-egg host system .3. tumor-inhibitory 
properties of tenuazonic acid. Cancer Res. 24, 440-&. 

Gjetting, S.K., Mahmood, K., Shabala, L., Kristensen, A., Shabala, S., Palmgren, M., 
and Fuglsang, A.T. (2020). Evidence for multiple receptors mediating RALF-
triggered Ca2+ signaling and proton pump inhibition. Plant J. 104, 433-446. 

Gomes, E., Gordon-Weeks, R., Simon-Plas, F., Pugin, A., Milat, M.L., Leigh, R.A., and 
Blein, J.P. (1996a). Cercospora beticola toxins. Part XVII. The role of the 
beticolin/Mg2+ complexes in their biological activity. Study of plasma 
membrane H+-ATPase, vacuolar H+-PPase, alkaline and acid phosphatases. 
Biochim. Biophys. Acta 1285, 38-46. 

Gomes, E., Simon-Plas, F., Milat, M.-L., Gapillout, I., Mikes, V., Pugin, A., and Blein, 
J.-P. (1996b). Cercospora beticola toxins. IX. Relationship between structure 
of beticolins, inhibition of plasma membrane H+-ATPase and partition in lipid 
membranes. Physiol. Plant. 98, 133-139. 

Goudet, C., Very, A.A., Milat, M.L., Ildefonse, M., Thibaud, J.B., Sentenac, H., and 
Blein, J.P. (1998). Magnesium ions promote assembly of channel-like 
structures from beticolin 0, a non-peptide fungal toxin purified from 
Cercospora beticola. Plant J. 14, 359-364. 



 

This article is protected by copyright. All rights reserved. 

A
c

c
e

p
te

d
 A

r
ti

c
le

 
Graf, S., Bohlen-Janssen, H., Miessner, S., Wichura, A., and Stammler, G. (2016). 

Differentiation of Stemphylium vesicarium from Stemphylium botryosum as 
causal agent of the purple spot disease on asparagus in Germany. Eur. J. Plant 
Pathol. 144, 411-418. 

Gunatilaka, A.A. (2006). Natural products from plant-associated microorganisms: 
Distribution, structural diversity, bioactivity, and implications of their 
occurrence. J. Nat. Prod. 69, 509-526. 

Guo, K., Sui, Y.H., Li, Z., Huang, Y.H., and Zhang, H. (2020). Trichoderma viride Tv-
1511 colonizes arabidopsis leaves and promotes arabidopsis growth by 
modulating the map kinase 6-mediated activation of plasma membrane H+-
ATPase. J. Plant Growth Regul. 39, 1261-1276. 

Gutierrez-Najera, N., Munoz-Clares, R.A., Palacios-Bahena, S., Ramirez, J., Sanchez-
Nieto, S., Plasencia, J., and Gavilanes-Ruiz, M. (2005). Fumonisin B1, a 
sphingoid toxin, is a potent inhibitor of the plasma membrane H+-ATPase. 
Planta 221, 589-596. 

Gutierrez-Najera, N.A., Saucedo-Garcia, M., Noyola-Martinez, L., Vazquez-Vazquez, 
C., Palacios-Bahena, S., Carmona-Salazar, L., Plasencia, J., El-Hafidi, M., and 
Gavilanes-Ruiz, M. (2020). Sphingolipid effects on the plasma membrane 
produced by addition of fumonisin b1 to maize embryos. Plants (Basel) 9. 

Hai, Y., Chen, M.B., Huang, A., and Tang, Y. (2020). Biosynthesis of mycotoxin 
fusaric acid and application of a plp-dependent enzyme for chemoenzymatic 
synthesis of substituted l-pipecolic acids. J. Am. Chem. Soc. 142, 19668-
19677. 

Han, X., Yang, Y., Wu, Y., Liu, X., Lei, X., and Guo, Y. (2017a). A bioassay-guided 
fractionation system to identify endogenous small molecules that activate 
plasma membrane H+-ATPase activity in Arabidopsis. J. Exp. Bot. 68, 2951-
2962. 

Han, X.L., Yang, Y.Q., Wu, Y.J., Liu, X.H., Lei, X.G., and Guo, Y. (2017b). A bioassay-
guided fractionation system to identify endogenous small molecules that 
activate plasma membrane H+-ATPase activity in Arabidopsis. J. Exp. Bot. 68, 
2951-2962. 

Hayashi, M., and Palmgren, M. (2021). The quest for the central players governing 
pollen tube growth and guidance. Plant Physiol. 185, 682-693. 

Heap, I. (2014). Global perspective of herbicide-resistant weeds. Pest Man. Sci. 70, 
1306-1315. 

Heit, S., Geurts, M.M.G., Murphy, B.J., Corey, R.A., Mills, D.J., Kuhlbrandt, W., and 
Bublitz, M. (2021). Structure of the hexameric fungal plasma membrane 
proton pump in its autoinhibited state. Sci. adv. 7, eabj5255. 

Hejl, A.M., and Koster, K.L. (2004a). Juglone disrupts root plasma membrane H+-
ATPase activity and impairs water uptake, root respiration, and growth in 
soybean (Glycine max) and corn (Zea mays). J. Chem. Ecol. 30, 453-471. 

Hejl, A.M., and Koster, K.L. (2004b). The allelochemical sorgoleone inhibits root H+-
ATPase and water uptake. J. Chem. Ecol. 30, 2181-2191. 

Hoffmann, R.D., Portes, M.T., Olsen, L.I., Damineli, D.S.C., Hayashi, M., Nunes, 
C.O., Pedersen, J.T., Lima, P.T., Campos, C., Feijo, J.A., and Palmgren, M. 
(2020). Plasma membrane H+-ATPases sustain pollen tube growth and 
fertilization. Nat. com. 11, 2395. 



 

This article is protected by copyright. All rights reserved. 

A
c

c
e

p
te

d
 A

r
ti

c
le

 
Janicka-Russak, M., Kabala, K., Mlodzinska, E., and Klobus, G. (2010). The role of 

polyamines in the regulation of the plasma membrane and the tonoplast 
proton pumps under salt stress. J. Plant Physiol. 167, 261-269. 

Jansson, H.B., and Akesson, H. (2003). Extracellular matrix, esterase and the 
phytotoxin prehelminthosporol in infection of barley leaves by Bipolaris 
sorokiniana. Eur. J. Plant Pathol. 109, 599-605. 

Johansson, F., Sommarin, M., and Larsson, C. (1993). Fusicoccin activates the 
plasma membrane H+-ATPase by a mechanism involving the c-terminal 
inhibitory domain. Plant Cell 5, 321-327. 

Katz, L., and Baltz, R.H. (2016). Natural product discovery: past, present, and future. 
J. Ind. Microbiol. Biotech. 43, 155-176. 

Kaulin, Y.A., Schagina, L.V., Bezrukov, S.M., Malev, V.V., Feigin, A.M., Takemoto, 
J.Y., Teeter, J.H., and Brand, J.G. (1998). Cluster organization of ion channels 
formed by the antibiotic syringomycin E in bilayer lipid membranes. Biophys. 
J. 74, 2918-2925. 

Kinoshita, T., and Shimazaki, K. (2001). Analysis of the phosphorylation level in 
guard-cell plasma membrane H+-ATPase in response to fusicoccin. Plant Cell 
Physiol. 42, 424-432. 

Kjellerup, L., Gordon, S., Cohrt, K.O., Brown, W.D., Fuglsang, A.T., and Winther, A.L. 
(2017). Identification of antifungal H+-ATPase inhibitors with effect on plasma 
membrane potential. Anti. Agents Chem. 61. 

Kurtyka, R., Kita, A., and Karcz, W. (2011). Fusicoccin counteracts the toxic effect of 
cadmium on the growth of maize coleoptile segments. Arch. Environ. 
Contam. Toxicol. 61, 568-577. 

Lanfermeijer, F.C., and Prins, H.B.A. (1994). Modulation of H+-ATPase activity by 
fusicoccin in plasma-membrane vesicles from oat (Avena-Sativa L.) Roots - a 
comparison of modulation by fusicoccin, trypsin, and 
lysophosphatidylcholine. Plant Physiol. 104, 1277-1285. 

Lee, D., Bourdais, G., Yu, G., Robatzek, S., and Coaker, G. (2015). Phosphorylation of 
the plant immune regulator RPM1-INTERACTING PROTEIN4 enhances plant 
plasma membrane H+-ATPase activity and inhibits flagellin-triggered immune 
responses in Arabidopsis. Plant Cell 27, 2042-2056. 

Leslie, J.F. (1996). Introductory biology of Fusarium moniliforme. Adv. Exp. Med. Biol. 
392, 153-164. 

Li, Y.Y., Tan, X.M., Yang, J., Guo, L.P., and Ding, G. (2020). Naturally occurring seco-
sativene sesquiterpenoid: chemistry and biology. J. Agric. Food. Chem. 68, 
9827-9838. 

Lopez-Coria, M., Hernandez-Mendoza, J.L., and Sanchez-Nieto, S. (2016). 
Trichoderma asperellum induces maize seedling growth by activating the 
plasma membrane H+-ATPase. Mol. Plant Microbe. In. 29, 797-806. 

Luini, E., Fleurat-Lessard, P., Rousseau, L., Roblin, G., and Berjeaud, J.M. (2010). 
Inhibitory effects of polypeptides secreted by the grapevine pathogens 
Phaeomoniella chlamydospora and Phaeoacremonium aleophilum on plant 
cell activities. Physiol. Mol. Plant P 74, 403-411. 

Mahfoud, R., Maresca, M., Santelli, M., Pfohl-Leszkowicz, A., Puigserver, A., and 
Fantini, J. (2002). pH-dependent interaction of fumonisin B1 with cholesterol: 



 

This article is protected by copyright. All rights reserved. 

A
c

c
e

p
te

d
 A

r
ti

c
le

 
physicochemical and molecular modeling studies at the air-water interface. J. 
Agric. Food Chem. 50, 327-331. 

Marra, M., Camoni, L., Visconti, S., Fiorillo, A., and Evidente, A. (2021). The 
surprising story of fusicoccin: A wilt-inducing phytotoxin, a tool in plant 
physiology and a 14-3-3-targeted drug. Biomolecules 11. 

Memon, A.R., Chen, Q.Y., and Boss, W.F. (1989). Inositol phospholipids activate 
plasma membrane ATPase in plants. Biochem. Biophys. Res. Commun. 162, 
1295-1301. 

Mesnage, R., and Antoniou, M.N. (2017). Facts and fallacies in the debate on 
glyphosate toxicity. Front. Public Health 5. 

Miller, F.A., French, J.C., Sloan, B.J., Ehrlich, J., Dixon, G.J., Bartz, Q.R., and Rightsel, 
W.A. (1963). Antiviral activity of tenuazonic acid. Nature 200, 1338-&. 

Na, C., Ziwen, Z., Yeyun, L., and Xianchen, Z. (2021). Exogenously applied Spd and 
Spm enhance drought tolerance in tea plants by increasing fatty acid 
desaturation and plasma membrane H+-ATPase activity. Plant Physiol. 
Biochem. 170, 225-233. 

Oehlenschlaeger, C.B., Gersby, L.B.A., Ahsan, N., Pedersen, J.T., Kristensen, A., 
Solakova, T.V., Thelen, J.J., and Fuglsang, A.T. (2017). Activation of the LRR 
receptor-like kinase PSY1R requires transphosphorylation of residues in the 
activation loop. Front. Plant Sci. 8. 

Olbe, M., Sommarin, M., Gustafsson, M., and Lundborg, T. (1995). Effect of the 
fungal pathogen bipolaris-sorokiniana toxin prehelminthosporol on barley 
root plasma-membrane vesicles. Plant Pathol. 44, 625-635. 

Olsson, A., Svennelid, F., Ek, B., Sommarin, M., and Larsson, C. (1998). A 
phosphothreonine residue at the C-terminal end of the plasma membrane 
H+-ATPase is protected by fusicoccin-induced 14-3-3 binding. Plant Physiol. 
118, 551-555. 

Olsson, A., Jahn, T., Bruntrup, I.M., Volkmann, D., Sommarin, M., and Larsson, C. 
(1997). The fusicoccin-binding 14-3-3 protein interacts directly with the plant 
plasma membrane H+-ATPase. Plant Physiol. 114, 1373-1373. 

Osses, L.R., and Godoy, C.A. (2006). Characterizing plasma membrane H+-ATPase in 
two varieties of coffee leaf (Coffea arabica L.) and its interaction with an 
elicitor fraction from the orange rust fungus (H-vastatrix Berk and Br.) race II. 
Plant Physiol. Bioch. 44, 226-235. 

Ostry, V. (2008). Alternaria mycotoxins: an overview of chemical characterization, 
producers, toxicity, analysis and occurrence in foodstuffs. World Mycotoxin J. 
1, 175-188. 

Ottilie, S., Goldgof, G.M., Cheung, A.L., Walker, J.L., Vigil, E., Allen, K.E., Antonova-
Koch, Y., Slayman, C.W., Suzuki, Y., and Durrant, J.D. (2018). Two inhibitors 
of yeast plasma membrane ATPase 1 (ScPma1p): toward the development of 
novel antifungal therapies. J. Cheminform. 10, 6. 

Ottmann, C., Marco, S., Jaspert, N., Marcon, C., Schauer, N., Weyand, M., 
Vandermeeren, C., Duby, G., Boutry, M., Wittinghofer, A., Rigaud, J.L., and 
Oecking, C. (2007). Structure of a 14-3-3 coordinated hexamer of the plant 
plasma membrane H+ -ATPase by combining X-ray crystallography and 
electron cryomicroscopy. Mol. Cell 25, 427-440. 



 

This article is protected by copyright. All rights reserved. 

A
c

c
e

p
te

d
 A

r
ti

c
le

 
Owen, M.D.K., and Zelaya, I.A. (2005). Herbicide-resistant crops and weed 

resistance to herbicides. Pest Man. Sci. 61, 301-311. 
Palmgren, M.G. (2001). Plant plasma membrane H+-ATPases: Powerhouses for 

nutrient uptake. Annu. Rev. Plant Phys. 52, 817-845. 
Palmgren, M.G., Sommarin, M., and Jorgensen, P.L. (1988). Substrate stabilization 

of lysophosphatidylcholine-solubilized plasma-membrane H+-Atpase from oat 
roots. Physiol. Plant. 74, 20-25. 

Pertl-Obermeyer, H., Gimeno, A., Kuchler, V., Servili, E., Huang, S., Fang, H., Lang, 
V., Sydow, K., Pockl, M., Schulze, W.X., and Obermeyer, G. (2021). pH 
modulates interaction of 14-3-3s with pollen PM H+ ATPases independently 
from phosphorylation. J. Exp. Bot. 

Pottosin, I., Velarde-Buendia, A.M., Bose, J., Fuglsang, A.T., and Shabala, S. (2014). 
Polyamines cause plasma membrane depolarization, activate Ca2+-, and 
modulate H+-ATPase pump activity in pea roots. J. Exp. Bot. 65, 2463-2472. 

Pottosin, I., Olivas-Aguirre, M., Dobrovinskaya, O., Zepeda-Jazo, I., and Shabala, S. 
(2020). Modulation of ion transport across plant membranes by polyamines: 
Understanding specific modes of action under stress. Front. Plant Sci. 11, 
616077. 

Raaijmakers, J.M., de Bruijn, I., and de Kock, M.J.D. (2006). Cyclic lipopeptide 
production by plant-associated Pseudomonas spp.: Diversity, activity, 
biosynthesis, and regulation. Mol. Plant Microbe. In. 19, 699-710. 

Rangel, L.I., Spanner, R.E., Ebert, M.K., Pethybridge, S.J., Stukenbrock, E.H., de 
Jonge, R., Secor, G.A., and Bolton, M.D. (2020). Cercospora beticola: The 
intoxicating lifestyle of the leaf spot pathogen of sugar beet. Mol. Plant 
Pathol. 21, 1020-1041. 

Richmond, M.E. (2018). Glyphosate: A review of its global use, environmental 
impact, and potential health effects on humans and other species. J. Environ. 
Stud. Sci. 8, 416-434. 

Rosett, T., Sankhala, R.H., Stickings, C.E., Taylor, M.E.U., and Thomas, R. (1957). 
Studies in the biochemistry of micro-organisms .103. metabolites of 
alternaria-tenuis auct - culture filtrate products. Biochem. J. 67, 390-400. 

Rutledge, P.J., and Challis, G.L. (2015). Discovery of microbial natural products by 
activation of silent biosynthetic gene clusters. Nat. Rev. Microbiol. 13, 509-
523. 

Samson-Brais, E., Lucotte, M., Moingt, M., Tremblay, G., and Paquet, S. (2021). 
Impact of weed management practices on soil biological activity in corn and 
soybean field crops in Quebec (Canada). Can. J. Soil Sci. 101, 12-21. 

Sarangi, D., Sandell, L.D., Kruger, G.R., Knezevic, S.Z., Irmak, S., and Jhala, A.J. 
(2017). Comparison of herbicide programs for season-long control of 
glyphosate-resistant common waterhemp (Amaranthus rudis) in soybean. 
Weed Technol. 31, 53-66. 

Shi, J., Zhang, M., Gao, L., Yang, Q., Kalaji, H.M., Qiang, S., Strasser, R.J., and Chen, 
S. (2021). Tenuazonic acid-triggered cell death is the essential prerequisite 
for Alternaria alternata (Fr.) Keissler to infect successfully host Ageratina 
adenophora. Cells 10. 

Shigeura, H.T., and Gordon, C.N. (1963). Biological activity of tenuazonic acid. 
Biochemistry-US 2, 1132-. 



 

This article is protected by copyright. All rights reserved. 

A
c

c
e

p
te

d
 A

r
ti

c
le

 
Simon-Plas, F., Gomes, E., Milat, M.L., Pugin, A., and Blein, J.P. (1996). Cercospora 

beticola toxins (x. inhibition of plasma membrane H+-ATPase by beticolin-1). 
Plant Physiol. 111, 773-779. 

Stepien, P., Gediga, K., and Spiak, Z. (2021). Phosphorus-induced adaptation 
mechanisms of rye grown on post-flotation copper tailings. Biology (Basel) 
10. 

Suzuki, S., Sano, F., and Yuki, H. (1967). Studies on antiviral agents. IV. biological 
activity of tenuazonic acid derivatives. Chem. Pharm. Bull. 15, 1120-. 

Thomma, B.P.H.J. (2003). Alternaria spp.: from general saprophyte to specific 
parasite. Mol. Plant Path. 4, 225-236. 

Tian, W., Hou, C., Ren, Z., Wang, C., Zhao, F., Dahlbeck, D., Hu, S., Zhang, L., Niu, Q., 
Li, L., Staskawicz, B.J., and Luan, S. (2019). A calmodulin-gated calcium 
channel links pathogen patterns to plant immunity. Nature 572, 131-135. 

Valentinuzzi, F., Pii, Y., Vigani, G., Lehmann, M., Cesco, S., and Mimmo, T. (2015). 
Phosphorus and iron deficiencies induce a metabolic reprogramming and 
affect the exudation traits of the woody plant Fragariaxananassa. J. Exp. Bot. 
66, 6483-6495. 

van't Slot, K.A.E., Gierlich, A., and Knogge, W. (2007). A single binding site mediates 
resistance- and disease-associated activities of the effector protein NIP1 from 
the barley pathogen Rhynchosporium secalis. Plant Physiol. 144, 1654-1666. 

van't Slot, K.A.E., van den Burg, H.A., Kloks, C.P.A.M., Hilbers, C.W., Knogge, W., 
and Papavoine, C.H.M. (2003). Solution structure of the plant disease 
resistance-triggering protein NIP1 from the fungus Rhynchosporium secalis 
shows a novel beta-sheet fold. J. Biol. Chem. 278, 45730-45736. 

Vitart, V., Baxter, I., Doerner, P., and Harper, J.F. (2001). Evidence for a role in 
growth and salt resistance of a plasma membrane H+-ATPase in the root 
endodermis. Plant J. 27, 191-201. 

Wang, M., Ling, N., Dong, X., Liu, X.K., Shen, Q.R., and Guo, S.W. (2014a). Effect of 
fusaric acid on the leaf physiology of cucumber seedlings. Eur. J. Plant Pathol. 
138, 103-112. 

Wang, Y., Noguchi, K., Ono, N., Inoue, S., Terashima, I., and Kinoshita, T. (2014b). 
Overexpression of plasma membrane H+-ATPase in guard cells promotes 
light-induced stomatal opening and enhances plant growth. Proc. Natl. Acad. 
Sci. USA 111, 533-538. 

Wevelsiep, L., Kogel, K.H., and Knogge, W. (1991). Purification and characterization 
of peptides from Rhynchosporium-secalis inducing necrosis in barley. Physiol. 
Mol. Plant P 39, 471-482. 

Wevelsiep, L., Rupping, E., and Knogge, W. (1993). Stimulation of barley 
plasmalemma H+-Atpase by phytotoxic peptides from the fungal pathogen 
Rhynchosporium-secalis. Plant Physiol. 101, 297-301. 

Wielandt, A.G., Pedersen, J.T., Falhof, J., Kemmer, G.C., Lund, A., Ekberg, K., 
Fuglsang, A.T., Pomorski, T.G., Buch-Pedersen, M.J., and Palmgren, M. 
(2015). Specific activation of the plant p-type plasma membrane H⁺-ATPase 
by lysophospholipids depends on the autoinhibitory n- and c-terminal 
domains. J. Biol. Chem. 290, 16281-16291. 



 

This article is protected by copyright. All rights reserved. 

A
c

c
e

p
te

d
 A

r
ti

c
le

 
Wurtele, M., Jelich-Ottmann, C., Wittinghofer, A., and Oecking, C. (2003). Structural 

view of a fungal toxin acting on a 14-3-3 regulatory complex. EMBO J. 22, 
987-994. 

Xu, W., Jia, L., Shi, W., Liang, J., Zhou, F., Li, Q., and Zhang, J. (2013). Abscisic acid 
accumulation modulates auxin transport in the root tip to enhance proton 
secretion for maintaining root growth under moderate water stress. New. 
Phytol. 197, 139-150. 

Yang, Y., Han, X., Ma, L., Wu, Y., Liu, X., Fu, H., Liu, G., Lei, X., and Guo, Y. (2021). 
Dynamic changes of phosphatidylinositol and phosphatidylinositol 4-
phosphate levels modulate H+-ATPase and Na+/H+ antiporter activities to 
maintain ion homeostasis in Arabidopsis under salt stress. Mol. Plant 14, 
2000-2014. 

Zhang, M.X., Wang, Y., Chen, X., Xu, F.Y., Ding, M., Ye, W.X., Kawai, Y., Toda, Y., 
Hayashi, Y., Suzuki, T., Zeng, H.Q., Xiao, L., Xiao, X., Xu, J., Guo, S.W., Yan, 
F., Shen, Q.R., Xu, G.H., Kinoshita, T., and Zhu, Y.Y. (2021). Plasma 
membrane H+-ATPase overexpression increases rice yield via simultaneous 
enhancement of nutrient uptake and photosynthesis. Nat. Commun. 12. 

Zhao, P., Zhao, C., Chen, D., Yun, C., Li, H., and Bai, L. (2021). Structure and 
activation mechanism of the hexameric plasma membrane H+-ATPase. Nat. 
Commun. 12, 6439. 

Zheng, L., Huang, J., and Hsiang, T. (2008). First report of leaf blight of garlic (Allium 
sativum) caused by Stemphylium solani in China. Plant Pathol. 57, 380-380. 

Zheng, L., Lv, R.J., Huang, J.B., Jiang, D.H., and Hsiang, T. (2010a). Isolation, 
purification, and biological activity of a phytotoxin produced by Stemphylium 
solani. Plant Dis. 94, 1231-1237. 

Zheng, L., Lv, R.J., Li, Q.L., Liu, T.B., Huang, J.B., and Hsiang, T. (2010b). Effect of SS-
toxin, a metabolite of Stemphylium solani, on H+-ATPase activity and 
standard redox system in plasma membranes from seedlings leaves of garlic 
(Allium sativum). Eur. J. Plant Pathol. 127, 419-425. 

Zhou, B., Wang, H., Meng, B., Wei, R., Wang, L., An, C.F., Chen, S.G., Yang, C.L., and 
Qiang, S. (2019). An evaluation of tenuazonic acid, a potential biobased 
herbicide in cotton. Pest Man. Sci. 75, 2482-2489. 

Ziemert, N., Alanjary, M., and Weber, T. (2016). The evolution of genome mining in 
microbes - a review. Nat. Prod. Rep. 33, 988-1005. 

Chen, S.G., Yin, C.Y., Dai, X.B., Qiang, S., and Xu, X.M. (2008). Action of tenuazonic acid, a 
natural phytotoxin, on photosystem II of spinach. Environ. Exp. Bot. 62: 279-289.  

Van't Slot, K.A.E., Gierlich, A., and Knogge, W. (2007). A single binding site mediates 
resistance- and disease-associated activities of the effector protein NIP1 from the barley 
pathogen Rhynchosporium secalis. Plant Physiol. 144: 1654-1666.  
 

 

  



 

This article is protected by copyright. All rights reserved. 

A
c

c
e

p
te

d
 A

r
ti

c
le

 
Table 1. Natural compounds activating or inhibiting the PM H+-ATPase 

List of compounds (in alphabetical order). 

 
Activators 

Fusicoccin 

Necrosis-inducing peptides 

Native plant unsaturated fatty acids 

Phosphatidylinositol  

Polyamines 

Trichoderma asperellum extracellular extract  

Inhibitors 

Beticolin-1 

Curcuminoids  

Fumonisin B1 

Fusaric acid  

Fuscopeptin A and fuscopeptin B 

Hemileia vastatrix elicitor extract  

Juglone 

Phaeomoniella chlamydospore and Phaeoacremonium aleophilum polypeptide 

secrete 

Polyamines  

Pseudomycin A 

Prehelminthosporol 

Sorgoleone 

Spodoptera littoralis oral secrete 

Syringomycin, syringotoxin, syringostatin 

Syringopeptin 22-A and syringopeptin 25-A 

SS-toxin 

Tenuazonic acid  
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Table 2. Detailed overview of the natural compounds interacting with the PM 
H+-ATPase 
 
Natural 
compound 

Organism  
Inhibition 
type  

Mode of 
action 

Experimen
tal system 

Referenc
es  

Microbial derived products directly interacting with the H+-ATPase 

Fusicoccin 
Fusicoccum 
amygdali 

 

Binding 
to the C-
terminal 
regulator
y domain 
of PM 
H+-
ATPase 
and 14-
3-3 
protein 
leading 
to 
activatio
n of the 
pump 

PM 
vesicles 
from maize 
shoots, 
spinach 
leaves, oat 
roots  
AHA2 from 
A. thaliana 
expressed 
and purified 
from S. 
cerevisiae 
membrane
s 
Synthetic 
peptides of 
residues 
from C-
terminal 
domain  

(Johanss
on et al., 
1993; 
Lanferme
ijer and 
Prins, 
1994; 
Baunsga
ard et al., 
1998; 
Fuglsang 
et al., 
1999; 
Wurtele 
et al., 
2003) 

Tenuazonic 
acid 

Stemphylium 
loti, Alternaria 
spp. 

Noncompeti
tive 

Direct 
inhibition 
involving 
the C-
terminal 
regulator
y domain 

 
PM 
vesicles 
from 
spinach 
leaves 
AHA2 from 
A. thaliana 
expressed 
and purified 
from S. 
cerevisiae 
membrane
s 

(Bjork et 
al., 2020) 

Microbial derived products indirectly interacting with the PM H+-ATPase 

Necrosis 
inducing 
proteins 1 and 
3 (NIP1 and 
NIP3) 

Rhynchospori
um secalis 

 

Possible 
recogniti
on by 
receptor 
kinase 
resulting 
in 
activatio
n 

PM 
vesicles 
from Barley 
leaves 

(Wevelsi
ep et al., 
1991; 
Wevelsie
p et al., 
1993) 
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Extracellular 
extract 

Trichoderma 
asperellum 

 

Possible 
recogniti
on by 
receptor 
kinase 
resulting 
in 
activatio
n 

Maize root 
and shoot 
PM 
vesicles 

(Lopez-
Coria et 
al., 2016) 

Elicitor extract 

Hemileia 
vastatrix Berk 
and Br. Race 
II 

Mixed 
model 
inhibition 

Possible 
recogniti
on by 
receptor 
kinase 
and 
thereby 
activatio
n 

Coffee 
leaves PM 
vesicles 

(Osses 
and 
Godoy, 
2006) 

Membrane interacting compounds: pore forming 

Beticolin-1 
Cercospora 
beticola  

Competitive 
in native 
membranes 
Noncompeti
tive in 
detergent 

Pore 
formatio
n 

Maize roots 
PM 
vesicles 

(Simon-
Plas et 
al., 1996) 

Pore forming: Cyclic-lipodepsipeptides 

Syringomycin, 
syringotoxin, 
syringostatin 

Pseudomonas 
syringae pv. 
Syringae 

Noncompeti
tive  

Pore 
formatio
n 

Mung 
bean, 
maize root, 
rice shoot 
PM 
vesicles 

(Che et 
al., 1992; 
Di 
Giorgio et 
al., 1994; 
Camoni 
et al., 
1995; 
Batoko et 
al., 1998) 

Syringopeptin 
22-A and 
syringopeptin 
25-A 

Pseudomonas 
syringae pv. 
Syringae 

Unknown 
Pore 
formatio
n 

Maize root 
PM 
vesicles 

(Camoni 
et al., 
1995) 

Pseudomycin A 
Pseudomonas 
syringae pv. 
Syringae 

Unknown 
Pore 
formatio
n 

Maize root 
PM 
vesicles 

(Di 
Giorgio et 
al., 1997) 

Fuscopeptin A 
and 
Fuscopeptin B 

Pseudomonas 
fuscovaginae 

Noncompeti
tive 

Pore 
formatio
n 

Maize root 
PM 
vesicles 

(Batoko 
et al., 
1998; 
Coraiola 
et al., 
2008) 

Membrane affecting compounds 
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 Fumonisin B1 Fusarium spp.  
Uncompetiti
ve 

Possible 
insertion 
into PM 

Maize 
embryo 
and rice 
shoot PM 
vesicles 
PMA2 
from N. 
plumbaginif
olia 
expressed 
and purified 
from S. 
cerevisiae 
membrane
s 

(Gutierre
z-Najera 
et al., 
2005; 
Gutierrez
-Najera 
et al., 
2020) 

Prehelminthosp
orol 

Bipolaris 
sorokiniana  

Unknown  
Possible 
insertion 
into PM 

Barley 
roots and 
beet root 
tissue PM 
vesicles  

(Carlson 
et al., 
1991; 
Olbe et 
al., 1995) 

SS-toxin 
Stemphylium 
solani 

Unknown 
Disruptio
n of PM 

Garlic PM 
vesicles 

(Zheng et 
al., 
2010a; 
Zheng et 
al., 
2010b) 

Fusaric acid Fusarium spp. Unknown 
Disruptio
n of PM 

PM 
vesicles 
from 
Cucumber 
leaf 

(Wang et 
al., 
2014a) 

Unknown mechanism 

Polypeptides 
secrete (Pal 
and Pch) 

Phaeomoniella 
chlamydospor
a and 
Phaeoacremo
nium 
aleophilum 

Unknown 
Unknow
n 

Grapevine 
leaf PM 
vesicles 

(Luini et 
al., 2010) 

Non-microbial compounds targeting the plant PM H+-ATPase 

Orals secrete  
Spodoptera 
littoralis 

Unknown 

Blocking 
of 14-3-3 
protein 
binding 
to the C-
terminal 
regulator
y domain 

Lima bean 
leaves PM 
vesicles 

(Camoni 
et al., 
2018) 

Plant derived natural compounds 

Juglone Juglans spp. Unknown 
Unknow
n 

Maize root 
microsome
s 

(Hejl and 
Koster, 
2004a) 
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Sorgoleone  Sorghum spp. Unknown 

Unknow
n 

Maize and 
soybean 
root 
microsome
s 

(Hejl and 
Koster, 
2004b) 

Curcuminoids 
Curcuma 
longa L. 

Noncompeti
tive 

Unknow
n 

AHA2 from 
A. thaliana 
expressed 
and purified 
from S. 
cerevisiae 
membrane
s 

(Dao et 
al., 2016) 

Polyamines 
Camellia 
sensis 

 

Inhibition 
Indirect 
activatio
n by 
stabilizati
on and 
fluidity of 
surround
ing 
membra
ne  

PM 
vesicles 
from 
cucumber 
PM 
vesicles 
from Pea 
roots 
 

(Janicka-
Russak 
et al., 
2010; 
Pottosin 
et al., 
2014; 
Pottosin 
et al., 
2020) 

Endogenous 
unsaturated 
fatty acids 

Arabidopsis 
thaliana 

 

Binding 
to C-
terminal 
regulator
y domain 
of the 
PM H+-
ATPase 
and 
activatio
n of the 
pump 

PM 
vesicles 
from A. 
thaliana  

(Han et 
al., 
2017b) 

Phosphatidylin
ositol 

 
Helianthus 
annuus 
Arabidopsis 
thaliana 

 

 
Direct 
binding 
to the C-
terminal 
regulator
y domain 

PM 
vesicles 
from H. 
annuus 
PM 
vesicles 
from A. 
thaliana 

(Memon 
et al., 
1989; 
Yang et 
al., 2021) 
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