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Abstract  Acetylation of lysine is one of the major regulators of function of histone and non-histone proteins of eukaryotic 

cells, viewed as an avenue for cellular response to environmental, nutritional and behavioural factors. Aberrant protein 

acetylation as well as inhibition of acetylation or deacetylation has been related to variety of highly dissimilar diseases across 

species ranging all the way from cancers in humans to fungal diseases in plants. A number of small molecule secondary 

metabolites and non-ribosomal peptides from fungus as well as several secondary metabolites from plants have been 

suggested as deacetylation inhibitors. Inhibitory characteristics of a few of these compounds have been explored 

experimentally in detail and clinical uses have been investigated. For several others, their role in deacetylation inhibition has 

been suggested and shown in preliminary studies. Several of these inhibitory metabolites play a significant role in fungal 

phytopathology both as toxins and as metabolites engaged in protection. Present review establishes functions of 

Zn2+-dependent histone deacetylase enzymes of plants and fungi in phytopathology. The connection between metabolites and 

histone deacetylase enzymes and their reciprocal regulation particularly in relation to fungal invasion and plant resistance is 

also corroborated. The interaction between metabolites and representatives of different classes of histone deacetylases is 

reviewed that revealed binding characteristics of fungal cyclic peptides, fungal toxins, and plant secondary metabolites. 
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1. Introduction 

Emerging infectious diseases caused by fungi are 

recognized as a major threat to food production worldwide 

with observed growth in worldwide fungal infections in 

plants as well as other species [1]. Recently, the top ten 

fungal plant pathogens have been nominated [2]. These as 

well as a number of other fungal pathogens are leading to 

some of the most destructive diseases in plants including 

major damage to agricultural crops such as rice, wheat and 

corn. In addition to devastating plant yield, fungal toxins can 

present a danger to animal and human health through the 

consumption of infected plants with many historical 

examples of fungal toxins causing catastrophic losses of life 

[3]. The development of fungal infection resistant plants as 

well as novel anti-fungal methods is sorely needed.  

Phytopathogens such as fungi use a variety of life 

strategies. Fungi can directly enter plant epidermal cells, 

extend hyphae on top of, between or through plants cells or 

invaginate feeding structures into the plasma membranes of 

host cells. Plants lack mobile defender cells and a somatic  
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immune system. Instead, they rely on an innate response of 

each cell and systemic signals released from infection sites 

[4]. Pathogen infection leads to activation of variety of 

responses in plant cells depending on the infection strategies 

and lifestyle of the pathogen as well as the type and 

resistance potential of the plant. Defence responses are 

associated with the expression of a wide range of genes, 

proteins and metabolites that can affect fungus directly, 

stimulate a cascade of processes in a specific cell or send 

signals across the plant to other cells. At the same time, fungi 

utilize a number of metabolites as toxins that are essential for 

their spread to the host. Regulation of the expression of these 

response/pathogenesis elements is in part performed by 

acetylation/deacetylation of proteins in plant or fungi. In turn, 

many of the toxins as well as resistance metabolites regulate 

the protein acetylation process. Acetylation regulation can 

cause changes in gene expression through regulation of 

histone proteins. Furthermore, it can directly activate or 

deactivate protein functions in different cell organelles 

through action on non-histone proteins.  

Acetylation has been known as a factor in transcription 

and protein activity regulation for 50 years [5]. Recently, an 

increasing number of publications have been showing a close 

link between metabolism and acetylation of proteins [6-9]. 

Protein acetylation has been shown to control toxin 

production in fungi as well as resistance response in plants 
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[10]. Given the significance of the role of acetylation in 

plant/pathogen interaction, it is not surprising that several 

fungal toxins specifically target deacetylation regulator 

proteins – histone deacetylases (HDACs). Similarly, a 

number of plant metabolites target HDACs with important 

regulatory functions in biotic response.  

The evaluation and exploitation of natural metabolite 

regulation of resistance and pathogenesis is a very interesting 

approach for the development of phytopathogen resistant 

plants as well as bio- and natural product pesticides. In this 

review we will focus primarily on the interplay between 

metabolism and histone deacetylation in relation to plants’ 

biotic response to fungal infection as well as fungal 

pathogenesis. Regulation and interplay between metabolism 

and protein acetylation opens a wide range of new 

possibilities in agriculture as well as medicine. 

2. Acetylation and Deacetylation in 
Pathological Fungus/Plant Interaction 

Acetylation of lysine residues of proteins is a reversible 

modification regulated by the antagonistic activity of two 

groups of enzymes – histone acetyl transferases (HAT) and 

histone deacetylases (HDACs and SIRTs).  

 

Figure 1.  Acetylation and deacetylation process with substrates and 

by-products for HATs and HDACs. For completeness, the figure also shows 

the activity of NAD+ dependent class III histone deacetylases - sirtuins 

(SIRTs) 

HAT enzymes catalyze the transfer of acetyl groups from 

acetyl-CoA to the -amino group of the lysine residue. 

HDACs and SIRTs remove the acetyl group from acetylated 

lysine residues releasing an acetate molecule in the presence 

of water (reviewed in Barneda-Zahonero et al. [11] and 

Bannister and co-workers [12]) (Figure 1). Reversible 

acetylation is involved in regulation of highly diverse 

proteins including histones as well as a number of other 

nuclear, cytoplasmic and mitochondrial proteins [13, 14]. 

Chromatin modifications through acetylation and 

deacetylation of histone tails are directly involved in gene 

expression regulation. Positive charges on histone lysine 

residues are neutralized by acetylation leading to a relaxed 

conformation of chromatin. Relaxation of chromatin 

prevents generation of higher-order chromatin structures. 

These, more open chromatin chains, provide access for the 

transcription complex leading to gene expression [13]. 

Acetylated histones have been shown to be binding sites for 

bromodomain proteins which act as transcriptional activators 

[13]. Bromodomain specifically binds to acetylated lysine 

residues and is generally found in proteins that regulate 

chromatic structure and gene expression. Bromodomain 

proteins also bind to acetylated non-histone proteins that can 

act as transcriptional activators. Through gene expression 

regulation, acetylation of histones has been indicated as a 

regulator of many cellular processes including metabolism 

[14-18], fungal growth and pathogenesis [19] or plant 

hormone signaling [20]. 

Acetylation is a significant factor in the regulation of the 

function of non-histone proteins possibly rivalling 

phosphorylation in its importance in control of protein 

activity [16]. Work by Tran et al. [21] has uncovered a clear 

link between phosphorylation and acetylation regulation in 

Arabidopsis thaliana cells. A large number of proteins have 

been shown to be acetylated in a number of species including 

Arabidopsis [22, 23]. Acetylated proteins cover a range of 

functions and include stress response, biotic and abiotic 

stimulus proteins, transcription factors, transport, signal 

transduction, structural proteins and enzymes in the 

cytoplasm and organelles [22-24]. A recent addition to the 

family of acetylation regulated proteins is Glucose-6- 

phosphate dehydrogenase (G6PD) – a key enzyme in the 

pentose phosphate pathway, glucose utilization, oxidative 

damage response and NADPH homeostasis regulation [106]. 

HDACs are ancient enzymes that date back to the 

prokaryotes with highly preservedamino acid sequence 

across species from plants, animals, fungi as well as 

archaebacteria and eubacteria (even in the absence of 

histones) [45]. Plants generally possess four classes of 

Zn2+-dependent histone deacetylases: class I similar to 

RPD3 of yeast, class II related to HDA1 of yeast, class IV 

and HD2 class specific to plants (sirtuins, NAD+ dependent 

class III histone deacetylases will not be considered in this 

study). For example, work presented by Aquea et al [50] has 

shown 13 histone deacetylases of class I, II, III, IV and HD2 

in Vitisvinifera (grapevine). Recent work has attempted to 

explore the expression and localization of individual HDAC 

in plants under different conditions and in distinct tissues 

[49]. In fungi, there are two classes of Zn2+ dependent 

HDACs: the RPD3-type HDACs (class I) and the 

HDA1-type HDACs (class II) [45] (listed in Table 1).  
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Table 1.  HDACs from fungus, plant and mammalian cells 

Plant Fungus Mammalian 

Class I 

HDA19; 

HDA6; 

HDA7 

HDA9 

HDA17 

Class I (RPD3) 

RPD3 

HOS2; 

HDA2 

HDA3 

Class I 

HDAC1; 

HDAC2; 

HDAC3; 

HDAC8 

Class II 

HDA15 

HDA14 

HDA8 

HDA5 

HDA18 

Class II 

HDA1 

HST2 

HDF1 

HOS1 

HDC3 

Class IIa 

HDAC4;HDAC5; 

HDAC7;HDAC9 

Class IIb 

HDAC6; HDAC10 

Class III 

SIRT 

SRT2 

SRT1 

Class III SIRT 

SIR2 

Class III 

SIRT 

Class IV 

HDA2 
 

Class IV 

HDAC11 

Class HD2 

HD2A 

HD2B 

HD2C 

HD2D (HDA13) 

  

Studies of yeast HDAC knockout strains have shown a 

division of tasks amongst classes of HDACs. In yeast, HDA1 

primarily regulates genes involved in carbon metabolism; 

Rpd3 primarily controls cell cycle genes [46]. HDAC1 (class 

I) in Drosophila appears to be the major “housekeeping” 

enzyme regulating a diverse set of genes - most significantly 

those involved in cell proliferation and mitochondrial energy 

metabolism [14]. From studies on model systems, as well as 

human cells, an understanding of the functions and 

characteristics of various classes of HDACs has emerged. 

Some HDACs have been shown to be ubiquitous and 

essential (class I) while others have more restricted functions. 

HDACs can be localized to the nucleus, mitochondria or 

cytoplasm or can transfer between different cell 

compartments. In vivo, HDACs are usually part of 

multi-protein complexes. The function of the whole complex 

can be regulated through several mechanisms including 

direct regulation of HDAC activity, regulation of complex 

structure and functionality or regulation of complex 

availability [47, 48]. HDACs can be themselves directly 

regulated by acetylation, leading usually to reduced activity, 

or by sumoylation and phosphorylation, primarily 

stimulating activity. The distinct structures and primary 

location of members of different HDAC classes is reflected 

in their distinct role in a variety of processes, including biotic 

response and pathogenesis.  

3. Metabolism Regulation by Protein 
Acetylation  

The majority of enzymes of intermediary metabolism are 

also regulated by acetylation [17, 23], thus making reversible 

lysine acetylation a route for direct metabolism control. 

Additionally, virtually all enzymes of central metabolism 

appear to be acetylated [18]. Acetylation and deacetylation 

processes are directly controlled by metabolism changes 

through substrates and co-factors for the acetylation process, 

e.g. acetyl-CoA and NAD+ making these two molecules a 

direct link between metabolism and protein acetylation. All 

HATs require acetyl-CoA as a donor of an acetyl group and 

are thus regulated by its concentration at the site of 

acetylation. SIRTs require NAD+ as a co-factor. Global 

reduction of nuclear acetyl-CoA levels decreases histone 

acetylation while reduction of NAD+ levels inhibits histone 

deacetylation by SIRT [7].  

Acetyl-CoA, an acetate-thioester, is an activated form of 

acetate found in all organisms. Acetyl-CoA is produced in 

several different processes in cells, both in the cytoplasm and 

mitochondria [31]. In Saccharomyces cerevisiae and 

Candida albicans, acetyl-CoA is primarily produced from 

acetate by cytoplasmic acetyl-CoA synthetase, while in 

plants and animals acetyl-CoA can be derived from citrate 

[30]. In plant cells, acetyl-CoA is critical for the production 

of fatty acids, isoprenoids, flavonoids, phenolics, alkaloids 

and amino acid biosynthesis as well as the TCA and 

glyoxylate cycles and -oxidation. An increase of 

acetyl-CoA concentration stimulates genes that promote cell 

growth in yeast and these genes closely match those that are 

induced by c-Myconcoprotein in mammalian cells [6]. 

Acetyl-CoA levels influence acetylation with indications 

that a large, up to 10-fold, variation in the acetyl-CoA level 

in cells observed through the cell cycle profoundly and 

quickly affects acetylation levels [32]. Histone acetylation 

appears to be an extremely dynamic process with the 

half-life of histone acetylation possibly as short as 3 minutes 

[6, 33].  

Histone acetylation in mammalian, as well as plant cells, 

also depends on the expression and function of ATP citrate 

lyase enzyme (ACL) [34]. Following growth factor 

stimulation and during differentiation, ACL converts 

glucose-derived citrate, obtained through partial Krebs cycle 

metabolism, into acetyl-CoA resulting in increased histone 

acetylation and gene expression. Therefore, glucose 

availability affects histone acetylation in an ACL-dependent 

manner. Increased histone acetylation promoted by 

amplified intracellular glucose levels leads to the expression 

of insulin-responsive glucose transporter (GLUT4), 

hexokinase-2 (HK2), phosphofructokinase-1 (PFK-1) and 

lactate dehydrogenase A (LDH-A), all significant regulators 

of glycolysis, leading to further increased glucose 

consumption and glycolysis as well as acetyl-CoA 

production [34]. As well as a factor in acetylation, 

acetyl-CoA is a major building block for the biosynthesis of 
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fatty acids and sterols and is involved in isoprenoid-based 

protein modifications. In these roles, acetyl-CoA and ACL 

are a link between glucose and glutamine metabolism, fatty 

acid synthesis and mevalonate pathways as well as histone 

and protein acetylation regulation. Although histone 

acetylation is directly dependent on ACL, the acetylation of 

non-histone, cytoplasmic proteins, such as tubulin and p53, 

is not dependent on ACL function - at least in mammalian 

cells [35]. It appears that acetyl-CoA for non-histone protein 

acetylation can be obtained from a variety of pathways and 

sources rather than from just citrate in the ACL catalyzed 

pathway. However, further work is needed to establish these 

relationships in mammalian and even more non-mammalian 

cells. 

Global histone acetylation levels change across tissues and 

biological systems. They also change with metabolic or 

physiological alterations in the cells such as changes in pH 

levels [36]. A decrease in intracellular pH leads to global 

hypoacetylation of histones in an HDAC dependent manner 

[36]. As a result, there is an increased export of acetate 

anions and excess protons out of the cell leading to increased 

intracellular pH as well as decreased extracellular pH. This 

transport is performed by proton coupled monocarboxylate 

transporter (MCT). An increase in intracellular pH leads to 

the opposite effect with increased flow of acetate and protons 

into the cell and increased histone acetylation. In this process 

glucose, glutamine or pyruvate is required as a metabolic 

source for the production of acetyl-CoA. The relationship 

between intracellular and extracellular pH and acetylation 

levels for both histone and non-histone proteins deserve 

further attention, particularly in plant and fungal cells.  

Histone acetylation/deacetylation in fungi is crucial for the 

transcriptional regulation of a number of processes including 

secondary metabolism [37-41]. The first example of a direct 

link between histone acetylation and the expression of genes 

responsible for secondary metabolism in filamentous fungi 

was shown for the aflatoxin gene cluster in 

Aspergillusparasiticus [42]. Fungi treated with histone 

deacetylase inhibitors exhibit an increase in the production 

of diverse secondary metabolites suggesting that histone 

deacetylation acts as a regulator of biosynthetic pathways 

[43, 44]. Thus, further explorations of the interactions 

between histone acetylation and fungal secondary 

metabolism is needed for both control of toxic fungi and also 

for utilization of fungi for the production of known and novel 

chemical compounds.  

4. Role of Plant HDACs in Resistance 

Changes in the expression and activity of HDACs have 

been observed in relation to plant response to pathogens with 

distinct roles for different HDACs. Mutational and inhibition 

studies have indicated that HDACs control the expression 

and activation of a number of genes involved in the 

regulation of abiotic and biotic responses in different plants 

including regulation of the synthesis of plant hormones such 

as jasmonic acid, ethylene and salicylic acid. A schematic 

representation of our literature overview related to the 

known interactions between HDAC, salicylic and jasmonic 

acid pathways in relation to the response to biotrophic and 

necrotrophic pathogens (reviewed in Halim et al. [51] and 

Antico, et al. [52]) is shown in Figure 2. Biotrophic fungi 

require living plant tissue to survive. Necrotrophic fungi kill 

host tissues and feed on the remains. Synergistic or 

antagonistic interactions between these pathways, HDACs 

and their inhibitors allow the plant to optimize its response to 

a specific pathogen. 

 

Figure 2.  Schematic representation of literature-derived interactions between salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) biosynthesis 

pathways and histone deacetylases in relation to the plant response to different types of fungus (recently reviewed by Antico, et al. 52). Synergistic or 

antagonistic interactions between these pathways, HDACs and their inhibitors allow the plant to optimize its response to specific pathogen. Biotrophic fungi 

require living plant tissue to survive. Nectrotrophic fungi are organisms that kill host tissues and feed on the remains. In a highly simplified model HDA6 is 

an activator for ET and JA response, needed for defense against necrotrophic pathogen. Several necrotrophic pathogens have known HDAC inhibitors. In the 

response against biotrophic pathogens SA has a major role and its signaling is inhibited by the actions of HDA19, with several plant metabolites possibly 

inhibiting its function and thereby promoting SA response 
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In mammalian cells, class I HDACs are ubiquitously 

expressed. In plants, members of class I HDAC family: 

HDA19 and HDA6 appear to also be globally present with 

the highest expression in reproductive tissues [53]. They are 

primarily localized in the nucleus where they are part of 

multi-protein complexes together with transcription factors 

and co-repressors. Class I HDACs are important for the 

survival and proliferation of normal cells. Deacetylation 

enzymes of class I were recently shown as deacetylation 

catalysts of AMP-activated protein kinase (AMPK), which is 

a central energy sensor regulating metabolism across all 

eukaryotes [54, 55] with plant homolog SNF1 related protein 

kinase-1 (SnRK1) [56] maintaining cellular energy 

homeostasis via control of the anabolism/catabolism balance 

[57]. Deacetylation of AMPK enhances its interaction with 

the upstream kinase that promotes AMPK phosphorylation 

and activation. A relation between AMPK and metabolism 

has been extensively studied in mammalian cells and 

although there is an equivalent to AMPK in plants (SnRK1) 

details on its regulation in plants are still lacking.  

Infection of Arabidopsis by the necrotrophic pathogen, 

AlternariaBrassicicola (producing depudecin, see Figure 5 

below) leads to an induced expression of HDA19 in 

Arabidopsis. Overexpression of HDA19 causes enhanced 

resistance and upregulation of ethylene and jasmonic acid 

induced pathogenesis-related (PR) proteins [58]. Jasmonic 

acid induces expression of HDA6 and HDA19 but does not 

have any effect on other HDACs - specifically HDA5, 

HDA8, HDA9, HDA14 and HD2A in Arabidopsis [20]. In 

rice, jasmonic and salicylic acid exposure induced 

expressions of HDA702, HDA704 (Class I) and HDT702 

(HD2 family). Jasmonic acid also increased expression of 

HDA705, (Class II) and HDT701 (HD2 family) [59]. At the 

same time, a loss of HDA19 activity increased salicylic acid 

content and up-regulated the expression of a group of genes 

required for accumulation of salicylic acid and pathogenesis 

related genes (PR) leading to enhanced resistance to 

Pseudomonassyringae in Arabidopsis. HDA19 appears to 

directly deacetylate histones at the PR1 and PR2 promoters, 

reducing there-by expression of these genes [60]. In the 

absence of pathogen, HDA19 prevents unnecessary 

accumulation of salicylic acid. However, in the presence of 

pathogen-induced deletion of the HDA19 gene or its 

inhibition leads to increased resistance through the salicylic 

acid pathway. HDA19 does not affect the ethylene and 

jasmonic acid synthesis pathways. HDA6 appears to be the 

HDAC responsible and required for jasmonic acid response, 

senescence and flowering in Arabidopsis [61]. Salicylic acid 

is essential in the plant response to biotrophic and 

hemi-biotrophic pathogens in particular. Wildermuth et al. 

[62] have shown that in Arabidopsis, salicylic acid is 

synthesized largely using the chorismic acid pathway. 

Isochorismate synthase (ICS) is the main enzyme involved in 

the transformation of chorismic acid to isochorismic acid. 

ICS expression levels increase with pathogen infection of 

Arabidopsis leaves. A schematic representation of our 

literature overview related to the known interactions between 

HDA6, HDA19, salicylic and jasmonic acid pathways is 

shown in Figure 2. 

Sequence analysis of HDA14 shows its similarity to the 

human class II HDAC (HDAC6) involved in -tubulin 

deacetylation. HDA14 similarly deacetylates -tubulin, 

associates with  tubulin and is retained on GTP/ 

taxol-stabilized microtubules, in part through a direct 

association with the protein phosphatase 2A (PP2A). 

Similarly to HDAC6, HDA14 is found in both nucleus and 

cytoplasm. Association between HDA14 and PP2A suggests 

a link between protein phosphorylation and acetylation, both 

major regulators in biotic as well as other responses of cells 

[21]. Interestingly, inhibition of PP2A in a variety of plant 

species led to anti-fungal response, even in the absence of 

infection, suggesting that PP2A has a role in actively 

inhibiting the stress response in the absence of stress [63]. 

Due to PP2A’s association with HDA14 it can be 

hypothesized that HDA14 inhibition can influence the 

function of PP2A in a variety of processes including biotic 

stress response, although this hypothesis needs further 

experimental verification. 

Following literature-derived model schematically 

described in Figure 2, one can hypothesize that inhibition of 

HDA19 and HDA6 (Class I HDACs) leads to an enhanced 

salicylic acid (through the function PR proteins) and reduced 

jasmonic acid production. Inhibition of HDA14 possibly 

leads to an increased response of factors normally inhibited 

by PP2A. Therefore, one can hypothesize that necrotrophic 

pathogen progression benefits from HDAC inhibition, 

through its effect on the jasmonic acid pathway. On the other 

hand, resistance to biotrophic pathogens appears to be 

enhanced by HDAC inhibition. It should be kept in mind that 

complete HDAC inhibition as well as strong Class I HDAC 

inhibition leads to major changes in gene expression and can 

lead to cell death through autophagy or apoptosis as well as 

major changes in the function of ribozymes, mitochondria 

and other organelles.  

5. Role of Fungal HDACs in 
Pathogenesis 

Histone acetylation and other epigenetic processes are 

important regulators of fungal secondary metabolism [43, 

44]. Histone modification of specific sites leads to activation 

of selected clusters of genes involved in a variety of 

metabolic pathways. This cascade can be initiated either by 

fungus itself or can be a target for reprogramming by other 

organisms. Treatment with the natural pan-HDAC inhibitor, 

trichostatin A resulted in increased production of a number 

of secondary metabolites in different fungi [43, 64]. Deletion 

or mutation of specific HDACs also led to changes in fungal 

growth and metabolism. HDF1 in Fusariumgramineaurum 

(class II) has been found to be an important factor for 

conidiation, sexual reproduction and pathogenesis in this 

pathogenic fungus that is responsible for fusarium head 

blight in wheat. Deletion of HDF1 also led to a significant 

reduction in virulence and toxin (deoxyvalenol, DON) 
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production [19]. At the same time, deletion of the other two 

class II HDACs - HDF2 and HDF3- had no significant effect 

on conidiation and virulence showing that HDF1 is the major 

class II HDAC gene in the Fusariumgaminearum regulation 

of conidiation, DON production and plant infection. Earlier 

work by Ding et al. [65] has shown that deletion of the FTL1 

gene in Fusariumgraminearum also results in reduced 

virulence while, at the same time, causing significant 

reduction in HDAC activity - once again suggesting an 

important role for HDAC in the virulence of this fungus. 

In Cochlioboluscarbonum (fungus producing HC Toxin), 

the gene HDC1, which is highly related to HOS2 in yeast 

(class I), is an important factor in virulence. HDC1 mutants 

had significantly reduced virulence due to reduced 

penetration efficiency, in spite of HC Toxin production at 

levels comparable to the wild type [66]. A similar effect was 

observed in Magnaportheoryzae, the most damaging fungal 

pathogen of rice. The infectious growth of this fungal species 

depends on the function of the complex Tig1, while at the 

same time deletion of any member of the Tig1 complex, 

which includes HOS2 (class I HDAC), lead to a significant 

reduction of HDAC activity. Once again, these results speak 

to the major role of HDAC activity in Magnaportheoryzae 

infection [65]. 

The deletion of the class II HDAC, HdaA in A. nudulans 

and A. fumigatus promotes increased biosynthesis of 

penicillin and sterigmatocytin while, at the same time, 

affecting germination [39, 64]. In Fusariumfujikuroi, one of 

major pathogens of rice, FfHda1 (class II) and FfHda2 (class 

I) regulate secondary metabolism including the synthesis of 

toxins while FfHda4 (class II) is responsible for 

developmental processes. Deletion of both FfHda1 and 

FfHda2 makes Fusariumfujikuroi non-pathogenic [37]. 

6. Metabolic Inhibitors of HDAC 
Activity 

A number of pathogenic fungi make HDAC inhibitors 

either as their major pathogenesis-inducing metabolites or as 

metabolites of supporting virulence. Plants make molecules 

with HDAC inhibitory potential for either affecting fungal 

HDACs or for self-regulation as part of resistance to biotic or 

abiotic stressors. Reaction kinetics of acetylation and 

deacetylation depends on the concentration of the acetyl 

group in the proximity of the enzyme. At the same time, a 

number of primary and secondary metabolites can act as 

inhibitors of HDAC function. Lactate, the final product of 

glycolysis has been recently indicated as a potent inhibitor of 

HDAC activity [28]. Pyruvate, a product of glycolysis and a 

precursor for the TCA cycle, as well as a number of 

biosynthesis processes, is an ubiquitous HDAC inhibitor 

[25]. Apart from the major production of pyruvate in 

glycolysis, pyruvate is also synthesized during isochorismic 

acid synthesis [62] where it can be speculated that pyruvate 

plays a role in inhibiting HDA19 and releasing salicylic acid. 

Hait and co-workers [29] have shown one of the first 

examples of Class I HDAC regulation by metabolites. 

According to the result of Hait et al,. HDAC1 and HDAC2 

are regulated by the endogenous lipid mediator sphingosine 

1-phosphate (S1P). S1P is a bioactive sphingolipid 

metabolite formed by phosphorylation of sphingosine 

catalyzed by sphingosine kinase. S1P is an important 

signaling molecule found in plants, yeast, worms, flies and 

mammals [67, 68]. In nuclear extracts, S1P inhibited HDAC 

activity by 50% relative to 90% inhibition by a known, small 

molecule inhibitor (trichostatin A). HAT activity was not 

affected by S1P in these experiments. Interestingly, the 

structurally related molecules, sphingosine and 

lysophospholipid did not have any significant effect on 

HDAC1 or HDAC2. Also, out of all human HDACs, only 

HDAC1 and HDAC2 have been shown to bind to S1P. 

SphK2 – an enzyme that produces S1P in the nucleus from 

sphingosine is associated with HDAC1 and HDAC2 

complexes providing proximal production of S1P to its 

nuclear target. Treatment of cells with an activator of protein 

kinase C that enhances activity of SphK2 led to nuclear 

export of SphK2 and transient inhibition of HDACs. Thus, 

S1P metabolism appears to be a signalling route for HDAC 

controlled gene expression and response to a variety of 

signals. S1P formed by nuclear SphK2 in response to 

environmental signals affected histone acetylation and gene 

expression through HDAC inhibition presenting a link 

between sphingolipidmetabolism in the nucleus and 

remodeling of chromatin and the epigenetic regulation of 

gene expression. In plant as well as yeast cells S1P has been 

also observed as an important signaling molecule possibly 

also serving a role in HDAC regulation [67]. In pathogenic 

fungi, lipid signaling has been indicated as an important 

factor in virulence as well as maintenance of cell wall 

integrity (reviewed in Singh and Del Poeta [69]). Sodium 

butyrate, a short chain fatty acid was the first natural product 

and metabolite indicated as an inhibitor of histone 

deacetylation [73] with a very interesting role in colon 

cancer prevention [74]. Also, sodium butyrate has been 

shown to inhibit the growth of human pathogenic yeasts: 

Candida albicans, Candida parapsilosis and Cryptococcus 

neoformans [75]. In plants, a derivative of butyrate, 

-aminobutyric acid is an important metabolite previously 

observed in metabolomics analysis of wheat resistant to 

Fusarium sp. [76]. -aminobutyric acid is in fact known as 

an important factor in the induction of resistance against 

pathogens in a variety of plants (recently reviewed by 

Justyna et al. [77]). The activity of -aminobutyric acid as an 

HDAC inhibitor has not been explored in any detail.  

7. Specific Plant Metabolites Inhibiting 
HDAC 

Several plant metabolites have been indicated as possible 

HDAC inhibitors based primarily on their activity in human 

cells. Proposed HDAC inhibitors produced by a variety of 

plants include hydroxamic acids, short-chain fatty acids, 
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boronic acids, α-keto acids, cyclic tetrapeptides, benzamides, 

ketones, isothiocyanates, organosulfur compounds, 

selenium-based compounds and their metabolites and other 

miscellaneous agents (reviewed by Rajendranet al. [70]). 

Some interesting examples include thujaplicin, diallyl 

disulfide, flavones, pomiferin and sulforaphane.  

Thujaplicin (isopropyl cycloheptatrienolones, Figure 3) 

is a natural monoterpenoid found in the wood of the trees 

from family Cupressaceae. Tropolone functional group in 

thujaplicin is known to be a strong metal ions chelate 

therefore making them possibly significant HDAC Zn2+ 

binders [109]. -Thujaplicin has been shown as a very potent 

inhibitor of human HDAC2 and HDAC8 specifically [109]. 

It has shown anti-fungul activity against all examined 

wood-rotting fungi [108]. Further work is needed to explore 

its inhibitory potency against fungal and plant HDACs. 

Emodin (Figure 3) is a naturally occurring antraquinone 

that is present in the roots and bark a number of plants, 

moulds and lichens. Emodin has been listed as a secondary 

metabolite in plants with multiple functions and it is also 

synthesized by pathogenic fungi [76, 77]. Emodin is known 

to affect a number of cellular processes and it was also 

shown to reduce HDAC activity similarly to trichostatin A 

although at a much higher concentrations. At the same time, 

emodin appears to also reduce the expression of HDAC1 

[78]. 

Garlic compounds allicin and diallyl disulfide as well as 

their in vivo metabolic product S-allylmercaptocysteine 

have known anti-cancer properties [107]. Sulforaphane- 

cysteine is a metabolite of the broccoli phytochemical 

sulforaphane produced for defence against pathogens. Both 

S-allylmercaptocysteine and Sulforaphane-cysteine are 

weak HDAC inhibitors [71] with possible important, 

supporting roles in pathogen resistance. In fact, sulforaphane 

has been shown to have anti-bacterial and anti-fungal 

properties through still unknown avenues [72]. All 

compound structures are shown in Figure 3. 

Phytochemicals, classified into alkaloids, terpenoids and 

phenylpropanoids are generated by plants for protection 

against biotic and abiotic stress. With an estimated 100,000 

phytochemicals [80, 81] it is not surprising that several have 

been proposed as possible HDAC inhibitors. Flavonoids are 

phenolic secondary metabolites in plants found to possess 

antioxidant and free radical scavenging activity. Among 

many roles of flavonoids is their interaction with pathogens. 

Several molecules within this group have been indicated as 

HDAC inhibitors including chrysin, apigenin and genistein 

(Figure 4).  

Apigenin (4’,5,7-trihydroxyflavone) and genistein 

(4',5,7-trihydroxyisoflavone) are plant generated flavonoids 

derived from the general phenylpropanoid pathway in a 

number of plants including, for example, grains and soy. 

Both have been previously shown to selectively induce cell 

cycle arrest and apoptosis in cancer cells. Apigenin’s effect 

has been ascribed to the inhibition of class I HDACs [82]. 

According to the experiments shown by Pandey et al. [82] 

apigenin is a particularly strong inhibitor of HDAC1 and 

HDAC3, both class I HDACs, although this needs further 

proof. Recently, apigenin has been shown to affect a large 

number of cellular targets involved in GTPase activation, 

membrane transport, mRNA metabolism and splicing [81]. 

Apigenin has also been determined to be one of the 

metabolites that is over-concentrated in a resistant variety of 

barley following Fusariumgraminearum infection [83]. 

 

Figure 3.  Specific plant secondary metabolites with established HDAC inhibitory activity 
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Figure 4.  Plant flavonoids with possible HDAC inhibitory activity 

suggested in literature 

Treatment of cells with genistein leads to an increased 

expression of the DKK1 gene, an important regulator of 

WNT signaling in cancer. This effect is accomplished by 

augmented acetylation of histone H3 in cells treated with 

genistein similar to the effect of known HDAC inhibitors 

[84]. Although genstein’s inhibitory effect on HDAC was 

not yet been shown explicitly, its equivalent effect on cells 

when compared with known HDAC inhibitors suggests that 

it possibly targets the same proteins. Interestingly, apigenin 

and genistein have been shown to reduce fungal pathogen 

invasion of soybean plant in a dose dependent manner 

through a still unknown pathway [85]. In both human and 

non-human cells, apigenin and genistein as well as other 

phytochemicals appear to bind weakly to a number of 

proteins and through these weak interactions can regulate a 

variety of cellular processes.   

Chrysin and the related tectochrysin and oroxylin Aare 

also members of the flavonoid family of plant secondary 

metabolites that are produced as plants’ defense against 

biotic stress. Recent experiments have portrayed chrysin as a 

potent inhibitor of HDAC2 and HDAC8. At the same time, 

protein levels of HDAC 2,3 and 8 were found to be 

drastically reduced in the presence of chrysin while HDAC4 

and 6 were not affected at all [86]. Derivatives of chrysin, 

specifically methoxychrysin and oroxylin A were also tested. 

Experiments presented by Pal-Bhadra et al. [86] show 

similar behaviour when compared with chrysin and 

trichostatin. The effect on growth and metastatic potential of 

cancer cells of chrysin, apigenin and genistein independently 

and as part of copper (II) complexes were recently analyzed 

[87]. It is interesting to point out that these individual 

flavonoids overall had distinct effects on cells.  

These metabolites are not as potent HDAC inhibitors as, 

for example, HC toxin. However, many of them are in cells 

at high concentrations which can influence the activity of 

HDAC in plant and pathogen cells alike.  

 

Figure 5.  Fungal secondary metabolites with known HDAC inhibitory effect. Shown are (A) small, linear molecules and (B) cyclic peptides 
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8. Fungal Metabolites, Toxins and 
HDAC Inhibition 

Fungal secondary metabolites have specific host and 

protein targets that ensure the pathogen’s potency and 

specificity to a particular plant host. These metabolites, 

termed host-selective or host-specific toxins account for the 

specificity of host-pathogen interactions while making 

pathogens extremely effective. Several of these toxins, 

produced by necrotrophic fungi are now known to target 

HDACs. Fungal HDAC inhibitory toxins include trichostatin 

A [88], numerous cyclic tetrapeptides such as the apicidins 

[90], trapoxins [89], HC toxin and chlamydocin [91] and the 

linear molecule, depudecin [92]. The structures of these 

inhibitors are shown in Figure 5.  

TrichostatinA (TSA) was the first identified highly 

specific HDAC inhibitor [93] and its anti-fungal, 

anti-bacterial and anti-cancer properties have been proven 

many times since. Treatment of wheat seedlings with TSA 

has shown an overall rise in centromere association [94]. 

Recently, TSA testing in maize has shown the significance of 

HDAC regulation of cold resistance in plants [95]. Possible 

role of TSA in the suppression of fungal pathogens requires 

further exploration. 

Alternatia Brassicicola, a pathogen of the Brassica 

species, makes a small linear polyketide, HDAC inhibitor, 

depudecin [58, 96]. Depudecin contributes to the virulence 

of the fungus. However, its role appears to be much less 

important than the role of HC toxin on maize infection by C. 

Carbonum [96]. Depudecin non-producing mutants of 

pathogenic fungus Alternariabrassicicola have a small (10%) 

reduction in virulence on Brassica but not on Arabidopsis. 

Cyclic peptides are widely distributed secondary 

metabolites found in fungi as well as plants and lower 

animals [97] and they present the most important group of 

host-specific toxins. In fungi the cyclic peptides are 

synthesized using a template directed, nucleic-acid- 

independent nonribosomal mechanism [98, 99]. This 

synthesis is carried out by the multienzymenonribosomal 

peptide synthetase, the largest enzyme known in nature. 

Cyclic peptides produced by fungi have a variety of targets 

and roles with a subgroup showing very strong anti-HDAC 

activity. All currently known cyclic peptides from fungus 

with HDAC inhibitor roles have four amino acid residue 

macrocyclic rings and a tail, i.e. a linker with a zinc binding 

group. The structures of known examples of HDAC 

inhibitors of this form are shown in Figure 5. 

HC Toxin is a cyclic tetrapeptide produced by the maize 

pathogen, Cochlioboluscarbonum and it is one of only a few 

plant pathogen toxins with a known function and a known 

biosynthesis route (reviewed in great detail in Walton [100]). 

HC toxin is a highly potent and specific HDAC inhibitor in 

maize, protozoans, yeast and mammals and is a key toxin 

responsible for the extremely fast and devastating spread of 

C. carbonum in maize [100]. C. carbonum potently infects 

homozygous plants recessive at the nuclear Hm locus. Plants 

of genotype Hm/- are over 100-fold less sensitive to HC 

toxin and C. carbonum infection [101], clearly showing a 

different response in these plants to histone deacetylase 

inhibition. HC toxin actually does not lead to cell death, in 

fact it promotes survival of non-dividing maize leaf 

mesophyll cells and causes a morphological reversion of 

oncogene-transformed mammalian cells. Its activity as a 

HDAC inhibitor in various species has been established 

almost two decades ago [91]. HC Toxin has since been 

proven as a universal Class I-selective HDAC inhibitor.  

Several other cyclic peptide fungal metabolites have been 

determined including chlamydocin, WF-3161, trapoxin, 

Cyl-2, JM47 and apicidin. They all possess a cyclic 

tetrapeptide with a side chain with different substituents on 

the tail as well as the tetrapeptide ring residues. Apicidin A 

uniquely lacks a substituent at the end of the tail side chain. 

HC Toxin, Chlamydocin and trapoxin have the same 

substituent at the terminus of the tail and different side chains 

on the tetrapeptide ring [102]. From experiments conducted 

thus far, all of these molecules appear to have high affinity 

for zinc metallopeptides and to be highly specific inhibitors 

of Class I HDACs in particular. They are produced by fungi 

for inhibition of plant histone deacetylases leading to histone 

hyperacetylation possibly followed by mitotic stress and cell 

death or hyperacetylation of non-histone proteins leading to 

their deactivation and changed plant response to pathogen. 

With the high preservation of HDAC sequence and structure 

across species, these HDAC inhibitors are also highly active 

on non-plant including mammalian and fungal HDACs.  

These fungi HDAC inhibitors inhibit both Rpd3/Hda1 

class of HDACs as well as HD2 class specific to plants in 

most cases. They are not active against sirtuins (class III). 

Fungi producing these HDAC inhibitors also have HDACs 

and therefore it is essential for them to develop some 

protective mechanism against their own toxins. One possible 

mechanism is rapid efflux of toxin out of cytoplasm. 

Alternatively, self-protection mechanisms could be 

associated with the HDACs themselves in these organisms. 

Work by Baidyaroy [103] has shown that HC toxin 

producing strains of fungus generally have two fractions of 

HDACs one resistant to HC toxin and one sensitive to the 

inhibitor. Further work is needed to determine the details of 

this resistance as well as avenues and triggers for toxin 

production in pathogenic fungi.  

Other than these specific HDAC inhibitors used as host 

specific toxins, there are other metabolites necessary for 

fungal invasion that have a possible effect on HDAC activity. 

One example is carnitine which has been shown earlier in 

this review as a possible HDAC inhibitor. At the same time, 

carnitine-dependent metabolic activities associated with the 

function of fungal peroxisomes has been shown as an 

essential step in rice-blast infection [104] and also for the 

host colonization capacity of Sclerotiniasclerotiorum [105]. 
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9. Conclusions 

In both plant and pathogenic fungus, HDACs play an 

important role in their interaction. Several known 

necrotrophic fungi have highly potent HDAC inhibitors as 

major toxins which necessary for plant invasion. Plant 

HDAC inhibitors are generally much less specific and active 

- however in high concentrations they can have an effect on 

both plant and fungi HDACs. With HDACs having a 

significant role in plant development and biotic response as 

well as fungus pathogenesis further understanding the role of 

fungal and plant HDAC inhibitors as well as triggers for their 

production and their specific targets can lead to more 

effective, metabolite based fungus resistant plants or natural 

product fungicides. The increasing threat from fungi to 

human food sources should encourage research in this 

direction. Furthermore, in-depth analyses of the relationships 

between different classes of histone deacetylases in fungus 

and their secondary metabolism, growth and pathogenesis is 

essential for unlocking the mechanisms for synthesis of 

novel, natural product chemicals from fungi. 
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