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Abstract 

Plant defense mechanisms involve a complex network of cellular processes working together to initiate 

effective immune responses. Autophagy, a fundamental cellular recycling mechanism crucial for 

responding to nutrient shortages and maintaining cellular balance, has emerged as a key component in 

plant immunity. Despite recent progress, our understanding of plant autophagy remains limited, and its 

intricate role in plant defense presents ongoing challenges. This review explores the dual nature of 

autophagy in plant immunity, highlighting both its beneficial and detrimental effects, as well as how 

different pathogens exploit this process for their advantage. The diverse role of autophagy in plant 

immunity emphasizes the need for further investigation and clarification in this area. 
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Introduction 

Plants have developed a sophisticated defense system to protect themselves against pathogen 

attacks (Jones and Dangl, 2006) [12], (Dangl et al., 2013) [3], (Ngou et al., 2022) [23]. Pattern-

triggered immunity (PTI) is activated when plants recognize conserved microbial 

components such as fungal chitin or bacterial flagellin through pattern recognition receptors 

(PRRs) on their cell surfaces. This recognition triggers a cascade of defense responses, 

including the production of reactive oxygen species (ROS), synthesis of plant hormones, 

deposition of callose, and alteration of defense-related gene expression (DeFalco and Zipfel, 

2021) [4]. However, certain pathogens have evolved strategies to evade PTI by secreting 

effector proteins into host cells. These effectors manipulate various cellular processes to 

suppress PTI, promoting pathogenicity (Toruno et al., 2016) [30]. In response, plants employ 

intracellular immune receptors called nucleotide-binding leucine-rich repeat (NLR) proteins, 

which detect effector presence or activity. This result in effector-triggered immunity (ETI), 

activating immune signalling pathways that induce programmed cell death, known as the 

hypersensitive response (HR-PCD). Signalling molecules like salicylic acid (SA) and ROS 

play roles in initiating and regulating HR-PCD. This targeted cell death confines pathogens, 

preventing their spread to neighbouring cells (Zhang and Dong, 2022) [41]. Generally, plants 

have two types of NLRs: Toll-interleukin-1 receptor homology (TIR) domain-containing 

NLRs (TNLs) and coiled-coil domain-containing NLRs (CNLs). Although PTI and ETI have 

distinct triggers and characteristics, their interconnectedness is increasingly recognized. The 

collaboration between these immune responses is crucial in combating plant diseases (Yuan 

et al., 2021) [39], (Ngou et al., 2021) [22], (Pruitt et al., 2021) [26], (Tian et al., 2021) [29]. 

Autophagy, a conserved process found in all eukaryotes, involves the recycling or 

degradation of cellular components and malfunctioning organelles within a specialized 

cellular compartment to maintain cellular equilibrium (Yin et al., 2016) [37], (Morishita and 

Mizushima, 2019) [21]. While there are various types of autophagy, macroautophagy has been 

extensively studied and is commonly referred to simply as autophagy in scientific 

discussions. Autophagy is primarily characterized by the formation of autophagosomes, 

specialized vesicles with double membranes that transport cellular materials for degradation 

within the plant vacuole or animal lysosomes (Hu and Reggiori, 2022) [11]. Selective 

autophagy occurs when specific organelles or molecules are targeted for degradation 

(Marshall and Vierstra, 2018) [20], (Gubas and Dikic, 2022) [5]. In plants, more than 40 

autophagy-related (ATG) genes have been identified, each with distinct yet interconnected 
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roles in autophagy regulation (Tang and Bassham, 2018) [27]. 

Mutations in ATG genes can impact not only autophagy but 

also various cellular and developmental processes (Levine 

and Kroemer, 2019) [16]. The autophagy process consists of 

several stages, starting with initiation and progressing 

through nucleation, elongation, completion, and ultimately, 

the fusion of autophagosomes with the vacuole or lysosome. 

This facilitates the delivery and subsequent degradation or 

recycling of cargoes. Numerous studies have demonstrated 

the significant reliance of plant immunity on the effective 

functioning of plant autophagy. Moreover, pathogens 

employ various strategies to manipulate autophagy to 

subvert host immunity. This review explores the diverse 

aspects of the relationship between autophagy and plant 

defense mechanisms, including the roles of autophagy in 

enhancing plant immunity and the tactics used by pathogens 

to influence autophagy. 

 

Roles of autophagy in PRR-mediated defence 

In Arabidopsis, autophagy regulates the levels of 

FLAGELLIN-SENSING 2 (FLS2), a receptor kinase crucial 

for pattern recognition, which detects bacterial flagellin and 

activates pattern-triggered immunity (PTI) through 

orosomucoid (ORM) proteins (Zipfel et al., 2004) [43], (Yang 

et al., 2019) [36]. ORM proteins act as autophagy receptors, 

facilitating the degradation of FLS2 via autophagy. 

Reduction of ORM expression through RNAi or CRISPR-

Cas9 in orm1 and orm2 mutant plants resulted in excessive 

FLS2 accumulation and heightened PTI response upon 

infection with Pseudomonas syringae pv. tomato strain 

DC3000 (Pst DC3000). Conversely, elevated ORM levels 

led to decreased FLS2 levels and increased susceptibility to 

Pst DC3000 infection. Furthermore, increased ORM 

expression in atg7-2 and atg10-1 mutants did not affect 

FLS2 accumulation and conferred resistance against Pst 

DC3000, in contrast to wild-type plant’s response (Yang et 

al., 2019) [36]. This research underscores the inhibitory role 

of autophagy in FLS2-triggered PTI by promoting FLS2's 

autophagic degradation. While ORMs did not influence 

other pattern recognition receptor (PRR)-mediated 

signalling pathways examined, it prompts further 

investigation into autophagy's potential involvement in 

regulating PRR levels through different targeting 

mechanisms and selective degradation. 

BAK1 acts as a co-receptor for various pattern recognition 

receptors (PRRs), crucial for initiating immune responses by 

facilitating the activation of immune signalling pathways 

(DeFalco and Zipfel, 2021) [4]. Recent findings reveal that 

BAK1 has a negative regulatory impact on ATG18a's 

functions post Botrytis cinerea infection (Zhang et al., 2021) 
[40]. ATG18a plays a pivotal role in plant defense against B. 

cinerea by aiding autophagy-mediated degradation and 

enhancing the expression of the defense-related transcription 

factor WRKY33 (Lai et al., 2011) [13]. During the plant's 

defense against B. cinerea, BAK1 phosphorylates and 

hampers ATG18a activity. In the absence of BAK1 

function, ATG18a experiences decreased phosphorylation, 

resulting in heightened autophagy and improved resistance 

against B. cinerea (Zhang et al., 2021) [40]. This study 

illuminates a novel connection between PRR-mediated 

defense mechanisms and autophagy, showcasing how the 

immune system regulates autophagy to modulate pathogen-

triggered defense responses. 

Autophagy's dual function in immune-triggered cell 

demise 

Autophagy plays a dual role in plant defense mechanisms, 

contributing to both survival and cell death processes. 

Research suggests that the outcome is influenced by various 

factors, including the type of pathogens, the plant's 

developmental stage, and the specific defense mechanisms 

activated. Typically, when a plant's NLR detects pathogen-

derived effectors, it initiates the ETI reaction, leading to 

localized cell death at the infection site and thus limiting 

pathogen spread (Jones and Dangl, 2006) [12], (Zhang and 

Dong, 2022) [41]. 

In Nicotiana benthamiana plants containing the N protein, 

resistance against Tobacco mosaic virus (TMV) is 

conferred. Upon TMV infection, it triggers hypersensitive 

response-programmed cell death (HR-PCD), containing 

TMV within the infection site (Whitham et al., 1994) [34], 

(Liu et al., 2002) [19]. However, when the plant's version of 

ATG6/Beclin1, essential for autophagosome formation, was 

silenced in N-containing plants, HR-PCD expanded beyond 

the infected area, affecting nearby healthy tissue and 

systemic leaves. Similar outcomes were observed with the 

suppression of other crucial autophagy-related genes, such 

as ATG3, ATG7, and VPS34 (Liu et al., 2005) [18]. These 

findings suggest that in cells lacking autophagy, the signals 

promoting cell death during HR-PCD are not contained, 

indicating a supportive role of immunity-induced autophagy 

in promoting cell survival. 

A similar expansion of cell death was observed in 

Arabidopsis plants with silenced ATG6 genes at four weeks 

of age upon infection with the hemibiotrophic pathogen Pst 

DC3000 carrying the AvrRpm1 effector gene (Pst-

AvrRpm1) (Patel and Dinesh Kumar, 2008) [25]. 

Furthermore, Arabidopsis plants with atg5-1 genes knocked 

out exhibited uncontrolled cell death in response to Pst-

AvrRpm1 infection (Yoshimoto et al., 2009) [38]. These 

findings indicate that autophagy triggered by immunity 

plays a critical role in promoting cell survival by eliminating 

signals that induce cell death, such as HR-PCD. 

In mammalian biology, the equilibrium between cell 

survival and cell demise is governed by proteins from the B-

cell lymphoma 2 (Bcl-2) family, comprising both anti-

apoptotic and pro-apoptotic members such as BAX (BCL2-

associated X) and BAK (BCL2 antagonist/killer), which 

also influence autophagy processes (Levine and Kroemer, 

2019) [16]. In contrast to mammals, plants lack equivalents to 

Bcl-2, BAX, or BAK proteins. Nevertheless, they possess a 

conserved protein termed Bax inhibitor 1 (BI-1)-like 

protein, which acts as a suppressor of cell death (Henke et 

al., 2011) [8]. In plants, BI-1 interacts with ATG6, and this 

interaction is crucial for triggering autophagy during 

resistance mediated by the N TNL against TMV (Xu et al., 

2017) [35]. Inhibition of BI-1 resulted in elevated levels of 

TMV-GFP and heightened cell death, indicating that BI-1 is 

vital for initiating autophagy to mitigate cell demise. In 

contrast to its conventional role in inhibiting cell death, the 

overexpression of BI-1 induces cell death in plants, and this 

process of cell demise depends on the presence of 

autophagy. These findings underscore the dual function of 

plant BI-1 in promoting and restraining cell death. Although 

the mechanism governing the transition between these roles 

remains incompletely understood, it is likely that autophagy, 

which is also governed by BI-1, plays a pivotal role in this 

process. 
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Cytoplasmic glyceraldehyde-3-phosphate dehydrogenases 

(GAPDH) play a role in regulating autophagy in plants. In 

Nicotiana benthamiana, GAPDH acts as an inhibitor of 

autophagy by interacting with ATG3. When GAPDH is 

suppressed, there is an increase in hypersensitive response-

programmed cell death (HR-PCD) when N interacts with 

Tobacco Mosaic Virus (TMV), as well as enhanced 

resistance to virulent strains such as Pst DC3000 and P. 

syringae pv. tabaci (Han et al., 2015) [7]. Similarly, 

Arabidopsis plants lacking GAPDH exhibit higher levels of 

reactive oxygen species (ROS) and sustained autophagy. 

These mutant plants show increased HR-PCD when exposed 

to Pst-AvrRpt2 and demonstrate inherent resistance to Pst 

DC3000 infection (Henry et al., 2015) [9]. Overall, GAPDH 

acts as a suppressor of immunity-induced cell death and 

basal resistance, potentially through its inhibitory effects on 

plant autophagy. 

Plant autophagy may contribute to promoting cell death in 

certain interactions between plants and pathogens. For 

example, in Arabidopsis, the TNLs RPS4 and RPP1 

recognize the AvrRps4 effector from Pst DC3000 and the 

AvrAtr1 effector from the oomycete Hyaloperonospora 

arabidopsidis, respectively. Similarly, the CNLs RPM1 and 

RPS2 recognize the effectors AvrRpm1 and AvrRpt2 from 

Pst. When these effectors are successfully recognized, it 

triggers HR-PCD. However, in mutants such as atg7-1 and 

atg9-1, HR-PCD inhibition occurs following infection with 

Pst-AvrRps4 and H. arabidopsidis race Noco2, as shown by 

electrolyte leakage assays. The involvement of autophagy in 

promoting cell death seems to have some specificity, as 

minimal decrease in electrolyte leakage was observed in 

atg7-1 and atg9-1 mutants following infection with Pst-

AvrRpm1, or in atg5-1 and atg7-2 mutants after infection 

with Pst-AvrRpt2 (Hofius et al., 2009) [10]. However, when 

looking at cell death individually, the HR-PCD triggered by 

Pst-AvrRpm1 was inhibited in 2-week-old atg5-1 and 

atg18a mutant plants (Coll et al., 2014) [1]. Furthermore, 

catalase, an antioxidant enzyme, seems to act before 

autophagy in inducing cell death by Pst-AvrRpm1 

(Hackenberg et al., 2013) [6]. These findings provide 

evidence supporting the involvement of autophagy in the 

cell death initiated by specific NLRs when pathogens infect 

young plants. 

 

Autophagy's dual function in disease associated cell 

demise 

Cell death associated with diseases typically involves 

necrotic cell demise, which is triggered by necrotrophic 

pathogens such as B. cinerea exploiting host vulnerability. 

Apart from its function in promoting cell survival during 

immunity-induced cell death, autophagy also contributes to 

regulating disease-associated cell death. In a study by Patel 

and Dinesh Kumar (2008) [25], Arabidopsis ATG6 RNAi 

lines displayed uncontrolled proliferation of cell death 

induced by disease when infected with virulent Pst DC3000. 

Similarly, mutations in atg5-1, atg10-1, atg18a-1, and 

atg18a-2 (ATG18a RNAi) in Arabidopsis plants led to the 

expansion of disease-linked cell death and increased 

susceptibility to infection by the necrotrophic fungus 

Alternaria brassicicola, as demonstrated by Lenz et al. 

(2011) [15]. Additionally, Arabidopsis lines with mutations in 

atg5-1, atg7-2, atg7-3, atg18a-1, and atg18a-2 exhibited 

heightened cell death related to disease and were more 

susceptible to infection by the necrotrophic fungus B. 

cinerea, as shown in a study by Lai et al. (2011) [13]. These 

investigations provide evidence supporting the beneficial 

role of autophagy in defense against necrotrophic pathogens. 

On the contrary, plants carrying the atg2-2 mutation 

displayed enhanced immunity towards Golovinomyces 

cichoracearum, an obligate biotrophic fungus responsible 

for powdery mildew (Wang et al., 2011) [33]. This improved 

resistance in atg2-2 plants was accompanied by increased 

expression levels of defense-related genes like PR1, PR2, 

and PR5, alongside higher concentrations of salicylic acid 

(SA) and reactive oxygen species (ROS). Similarly, 

mutations in other autophagy-related genes such as atg5-1, 

atg7-1, and atg10-1 also demonstrated heightened resistance 

against G. cichoracearum, comparable to the atg2-2 plants. 

These findings suggest that autophagy may have a negative 

impact on defense mechanisms against this particular 

obligate biotrophs. 

Members of the Bcl-2-associated athanogene (BAG) family 

play a crucial role in governing cell death mechanisms 

(Thanthrige et al., 2020) [28]. In Arabidopsis, BAG6 is 

implicated in controlling cell death associated with disease 

upon infection by B. cinerea. Normally, Arabidopsis plants 

of the Col-0 wild-type variety display localized cell death 

symptoms at the site of B. cinerea inoculation. However, 

Arabidopsis mutants lacking the BAG6 gene exhibit rapid 

extension of cell death beyond the inoculation site, 

rendering them more susceptible to B. cinerea. The ability 

of BAG6 to confer resistance against B. cinerea depends on 

its cleavage by the aspartyl protease APCB1 (Aspartyl 

Protease Cleaving BAG). Interestingly, introducing a 

cleavage-resistant form of BAG6 into bag6 mutants does not 

restore resistance against B. cinerea. In response to B. 

cinerea infection and cleaved BAG6 presence, autophagy is 

activated, which is crucial for initiating immune responses 

and inducing autophagic cell death to contain B. cinerea at 

the infection site (Li et al., 2016) [17]. These findings 

highlight the role of BAG6 in promoting plant immune 

responses through the regulation of host autophagy and, 

consequently, pathogen-induced cell death. 

 

The Role of autophagy in the regulation of SA and ROS 

levels 
Salicylic acid (SA) and reactive oxygen species (ROS) act 

as protective elements in plants and are tightly regulated 

(Zhang and Dong, 2022) [41]. SA operates as a crucial 

hormone in signalling defense mechanisms upon pathogen 

detection, leading to its synthesis and accumulation. ROS 

are also generated in response to pathogen recognition and 

play a significant role in signalling defense responses, 

although excessive ROS levels can cause cellular damage. 

Both SA and ROS are involved in regulating hypersensitive 

response-programmed cell death (HR-PCD). Studies have 

demonstrated that autophagy negatively regulates the 

accumulation of SA and ROS. Arabidopsis plants lacking 

the ATG5 gene (atg5-1) exhibited increased SA 

accumulation and elevated expression of SA-responsive 

genes when infected with Pst DC3000. Similar results were 

observed in atg2-1 and atg5-1 mutants, which also showed 

higher levels of hydrogen peroxide (H2O2). The spread of 

cell death observed in atg5-1 mutants in response to Pst-

AvrRpm1 was suppressed when SA-related pathways were 

deactivated (Yoshimoto et al., 2009) [38]. Comparable 

outcomes were found in atg2-2 plants when challenged with 

the powdery mildew pathogen G. cichoracearum. These 
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mutants displayed increased resistance to the pathogen but 

also showed symptoms of autoimmunity, including inhibited 

growth and premature aging. Disabling SA signalling in 

atg2-2 mutants alleviated autoimmunity symptoms and 

reduced resistance to powdery mildew (Wang et al., 2011) 
[33]. Autophagy appears to downregulate the SA-ROS 

amplification signalling pathway, mediating HR-PCD 

(Zhang et al., 2020) [42]. Arabidopsis mutants such as atg5-1, 

atg10-1, atg18a-1, and atg18a-2 showed enhanced resistance 

to Pst DC3000 infection and accumulated higher levels of 

SA. However, their response to the necrotrophic pathogen 

A. brassicicola differed, resulting in larger necrotic lesions 

without significant changes in ROS production (Lenz et al., 

2011) [15]. This highlights the complex interplay between 

SA, ROS, and autophagy in plant defense mechanisms, 

which is influenced by the characteristics of pathogens. 

 

Microbial manipulation of autophagy 

Manipulation of the autophagy pathway by effectors derived 

from different pathogens appears to be a common strategy 

to enhance their disease-causing potential. This underscores 

the pivotal role of autophagy in determining the outcomes of 

infections and in the ongoing evolutionary battle between 

pathogens and plants. The success of bacterial infections in 

plants hinges on the pathogen's ability to circumvent the 

host's immune defenses. While extensive research has 

focused on bacterial effectors and their interactions with 

various biological pathways in plants, recent efforts have 

shed light on effectors capable of modulating plant 

autophagy. Type 3 effectors from Pst DC3000 disrupt the 

ubiquitin-proteasome system (UPS), a crucial pathway for 

protein degradation in eukaryotic cells, to heighten their 

virulence (Ustun et al., 2016) [32]. Nevertheless, the Pst 

effectors failed to impede the UPS in the atg5-1 knockout 

mutant, highlighting the significance of pathogen-induced 

autophagy in disturbing the plant UPS. Additionally, 

HopM1 has been recognized as an effector that promotes 

host autophagy. However, NBR1, an autophagic cargo 

receptor, mitigated the impact of HopM1 by decreasing 

water-soaked lesions and bacterial propagation (Ustun et al., 

2018) [31]. Collectively, Pst DC3000 exploits host autophagy 

through the HopM1 effector to degrade the UPS, facilitating 

bacterial proliferation and infection. Conversely, plants 

counteract HopM1's actions through NBR1-mediated 

selective autophagy, targeting unidentified specific proteins. 

The Pst DC3000 effector HrpZ1 induces autophagy in 

plants, aiding disease progression by interacting with 

various Arabidopsis ATG8 isoforms, hinting at its potential 

role in manipulating the host's autophagy pathway. Further 

research unveiled that HrpZ1 boosts autophagy by 

enhancing ATG4b protease activity, crucial for modifying 

ATG8 during autophagosome formation. Besides triggering 

autophagy, certain bacterial effectors suppress it to bolster 

bacterial virulence. For instance, the Pseudomonas effector 

HopF3 interacts selectively with a subset of Arabidopsis 

ATG8 proteins, inhibiting autophagy. Expression of HopF3 

in Arabidopsis atg5-1 mutants diminished the heightened 

virulence of Pst DC3000 seen in normal plants, 

underscoring the pivotal role of host autophagy in HopF3-

mediated virulence. Similar to HopF3, the Pst DC3000 

effector AvrPtoB suppresses autophagy by targeting the 

ATG1 kinase, a key initiator of autophagy. AvrPtoB 

disrupts ATG1 phosphorylation, dampening autophagy 

while enhancing bacterial virulence (Lal et al., 2020) [14]. 

Similar to bacteria, oomycete pathogens employ effector 

proteins to impede host immunity. One such effector, 

PexRD54 found in Phytophthora infestans, contains two 

predicted ATG8 interacting motifs (AIMs). One of these 

AIMs, in conjunction with the host small GTPase Rab8a, 

which plays a crucial role in vesicle trafficking, is essential 

for the interaction between PexRD54 and ATG8CL. This 

interaction facilitates the integration of the effector into 

autophagosomes, disrupting the interaction between 

ATG8CL and the autophagy cargo receptor Joka2, a tobacco 

counterpart of NBR1. Ultimately, this mechanism 

strengthens defense against P. infestans infection (Dagdas et 

al., 2016) [2], (Pandey et al., 2021) [24]. 

In the ongoing evolutionary battle between plants and 

pathogens, it is evident that pathogens have developed 

tactics to manipulate or exploit the autophagy pathway, thus 

enhancing their ability to cause disease. This manipulation 

is often achieved through microbial effectors, with some 

effectors stimulating autophagy while others inhibit it. 

Additionally, certain effectors compete for interaction with 

host autophagy components without disrupting the overall 

autophagic process. Despite these variations, the ultimate 

goal of enhancing pathogen virulence remains consistent. 

However, only a limited number of effectors have been 

identified as directly disrupting autophagy. Across various 

kingdoms, numerous effectors from pathogens have been 

observed to interact with ATG proteins, yet their precise 

mechanisms for regulating autophagy remain incompletely 

understood. Understanding their functions and how plants 

respond to these effectors would provide valuable insights 

into the interplay between autophagy and plant immunity. 

 

Conclusion 

Autophagy serves as a vital mechanism for recycling when 

organisms face various stresses, especially under conditions 

of nutrient scarcity. Disruption of autophagy can result in 

abnormalities in the growth and function of eukaryotic 

organisms. Evidence is mounting to suggest a connection 

between autophagy and plant defense against pathogens. 

Several studies have illustrated that mutations or 

suppression of different ATG genes affect how plants 

defend against pathogens through both the PTI (Pathogen-

Associated Molecular Pattern Triggered Immunity) and ETI 

(Effector Triggered Immunity) pathways. In terms of PTI 

and basal resistance, plants with altered ATG genes have 

shown diverse responses to various virulent pathogens, with 

some exhibiting increased resistance and others 

demonstrating reduced resistance. Changes in the host's 

defense mechanisms have been linked to modifications in 

key elements of basal resistance and the equilibrium of 

immune receptors. In the realm of Effector Triggered 

Immunity (ETI), autophagy plays a critical role in regulating 

Hypersensitive Response-Programmed Cell Death (HR-

PCD). Autophagy can have both pro-death and pro-survival 

functions during ETI-mediated PCD in response to pathogen 

attack. However, it is important to recognize that 

discrepancies observed in studies of both PTI and ETI may 

stem from differences in pathogen types and specific 

genotypes of plant ATG mutants. This suggests potential 

involvement of individual ATGs in other biological 

pathways associated with autophagy. Numerous host factors 

participating in the pathway from pathogen recognition to 

the initiation of autophagy and HR-PCD have been 

identified. Nonetheless, understanding their precise roles 
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and mechanisms of action within this pathway, as well as 

identifying any additional unknown contributors, will 

require further investigation to complete the puzzle. Despite 

occasional inconsistencies, pathogens have developed 

tactics to enhance their virulence by influencing plant 

autophagy. Overall, the dual role of autophagy in plant 

immunity highlights the complexity of this relationship and 

emphasizes the extensive exploration still needed in this 

field. 
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