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Abstract 

The versatile functionality and physiological importance of the phytohormone auxin is a 

major focus of attention in contemporary plant science. Recent studies have substantially 

contributed to our understanding of the molecular mechanisms underlying the physiological 

role of auxin in plant development. The mechanism of auxin action includes both fast 

responses not involving gene expression, possibly mediated by Auxin Binding Protein 1 

(ABP1), and slower responses requiring auxin-regulated gene expression mediated by F-box 

proteins. These two mechanisms of action have been described to varying degrees for the 

major endogenous auxin indole-3-acetic acid (IAA) and for the synthetic auxins 2,4-

dichlorophenoxyacetic acid (2,4-D) and naphthalene-1-acetic acid (NAA). However, in 

addition to IAA, plants synthesize three other compounds that are commonly regarded as 

"endogenous auxins", namely, 4-chloroindole-3-acetic acid (4-Cl-IAA), indole-3-butyric acid 

(IBA) and phenylacetic acid (PAA). Although a spectrum of auxinic effects has been 

identified for all these as well as several other endogenous compounds, we remain largely 

ignorant of many aspects of their mechanisms of action and the extent to which they 

contribute to auxin-regulated plant development. Here, we briefly summarize the action of 

IBA, 4-Cl-IAA and PAA, and discuss the extent to which their action overlaps with that of 

IAA or results from their metabolic conversions to IAA. Other possible pathways for their 

action are considered. We present a scheme for homeostatic regulation of IAA levels that 

embraces other endogenous auxins in terms of the described mechanism of auxin action 

including its receptor and downstream signal transduction events. 
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1. Introduction: the elusive definitions of “auxin”and “auxin action” 

Studies of “auxins” originated in investigations of bending responses of coleoptiles 

towards a light source [1]. The signal perceived by the coleoptile tip was shown to be 

transported asymmetrically from the tip downward, where it induced growth response due to 

differential elongation of one side of the coleoptile [2]. This chemical signal was later 

identified as IAA [3, 4]. The definition of “auxin activity” was thus initially based on the 

competence of substances to promote elongation growth in coleoptiles, but also to stimulate 

rooting [5]. 

Later research convincingly demonstrated that auxin is required together with other plant 

hormones for both cell division and oriented cell expansion [6, 7], influencing all aspects of 

plant development [8]. Consequently, it has become difficult to unambiguously define typical 

“auxin activity”. Auxin displays morphogenic properties [9] that are modulated by the 

environment and defined by dynamic changes in its perception and signal transduction. This 

machinery has been intensively studied during the past decade and includes effects that are 

either dependent or independent of gene expression. Thus “auxin action” may be understood 

as the sum of all these processes. 

Many heterogeneous synthetic substances have auxin activity, complicating studies of 

structure-activity and the search for a common mode of action [10]. Even the most frequently 

used synthetic auxins, 2,4-dichlorophenoxy acetic acid (2,4-D) and naphthalene-1-acetic acid 

(NAA), do not completely share their mechanism of action with native IAA. Unlike IAA, 2,4-

D is not a good substrate for the auxin-binding protein ABP1 [11] and is poorly transported 

by auxin efflux carriers [12]. Only IBA [13], PAA [14] and 4-Cl-IAA [15] (Fig. 1) are 

synthesized by plants and therefore qualify as “endogenous auxins” [6], but their roles and 

mechanisms of action have not been satisfactorily described. The objective of this mini 

review is to summarize the present state of knowledge of the role of endogenous auxins and to 

highlight some of the uncertainties and unresolved questions related to their mechanism of 

action. 
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2. IAA perception and signal transduction: transcriptional and non-transcriptional 

action 

The identification of the nuclear auxin receptors of the TRANSPORT INHIBITOR 

RESPONSE 1/AUXIN SIGNALING F-BOX (TIR1/AFB) family of F-box proteins was a real 

breakthrough discovery in the field of auxin research [16, 17]. These F-box proteins are 

subunits of SKP1 (S-phase kinase-associated protein 1)-Cullin-F-box protein (SCF) E3-ligase 

complex, which binds to auxin and is responsible for the degradation of Aux/IAA 

transcriptional repressors [18]. TIR1/AFB proteins are localized in the nucleus [19] and the 

mechanism of TIR1 binding to IAA, NAA and 2,4-D has been described in detail [20]. Auxin 

serves here as a kind of molecular glue that stabilizes the interaction between the receptor and 

Aux/IAA repressors of auxin response factors (ARFs), which are transcription factors that 

bind elements found in the promoters of many auxin-induced genes [21] (Fig. 2). Subsequent 

ubiquitination and proteasome-mediated degradation of these repressors facilitates the 

transcription of auxin-inducible genes [18]. The auxin response is complicated by the 

existence of five additional members of the AFB1-5 family [22, 23]. This mechanism, with 

various modifications, is common for the action of several other plant hormones as well as 

some environmental stimuli [24]. Interestingly, the lack of TIR1 or similar proteins 

responding to auxin in yeast and vertebrates allowed the generation of an auxin-based tool for 

efficient protein degradation in these organisms [25]. 

In light of recent discoveries of SCFTIR1/AFBs-mediated auxin-driven gene expression, all 

substances that bind to TIR1/AFBs or interfere with SCFTIR1/AFBs pathway are sometimes 

being considered as auxins [26]. However, this interpretation of auxin action is undoubtedly 

too simplified because several very fast effects of auxin occur within seconds or minutes. 

Such responses are far too rapid to be explained by the effects of auxin on gene expression. 

One of the best described fast auxin effects is IAA-stimulated activity of plasma membrane 

H+-ATPases, followed by cell expansion due to the proton secretion and a decrease in 

apoplast pH (Fig. 2). The elevated H+ release is compensated by an inward release of K+ ions, 

which provides a positive turgor pressure for cell elongation and expansion [27, 28]. Auxin 

also increases cytosolic calcium concentration at non-genomic levels [29], activates reactive 
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oxygen species [30] through the activation of phosphatidylinositol 3-kinase activity [31], and 

inhibits endocytosis [32]. 

Although still not unambiguously proved, a role of ABP1 has been suggested for some of 

the fast auxin responses connected with the activity of plasma membrane ion channels, cell 

expansion and endocytosis, as exhaustively reviewed recently [33]. There is still no 

convincing information about the downstream signaling pathway that is triggered following 

auxin binding to ABP1, but it appears likely that this protein is crucial for plant development 

since abp1 knockout mutants of Arabidopsis are embryo-lethal [34]. Interestingly, this 

mutation exhibits auxin transport-dependent phenotypes when maintained in heterozygous 

state and also shows changes in the expression of auxin-regulated genes [35], suggesting an 

indirect connection with an auxin signaling pathway. Another protein involved in the fast 

signaling pathway independent of SCFTIR1/AFBs is the dual specifity phosphatase, INDOLE-3-

BUTYRIC ACID RESPONSE (IBR5) [36], which influences auxin-triggered fast increase of 

MAPK (mitogen-activating protein kinase) activity [37]. 

It seems that the overall action of IAA results from its fast non-transcriptional effects 

transduced probably by plasma membrane-located ABP1 or other intermediates [33, 38] and 

from its activation of gene expression by TIR1/AFBs. Exactly how these two mechanisms 

cooperate remains to be elucidated. The importance of ABP1 in the general auxin response is 

also strongly supported by the fact that the levels of AUX/IAAs dynamically reflect the 

down-regulation or over-expression of ABP1 [33], providing evidence for the functional 

coupling of ABP1 and SCFTIR1/AFBs mechanisms. TIR1/AFBs-mediated expression may be 

also influenced by ABP1-triggered changes in the activity of plasma membrane 

phospholipases because IAA, NAA and 2,4-D elicit fast increase in phospholipase A2 activity 

[39] and inhibitors of this activity uncouple downstream SCFTIR1/AFBs mediated gene 

expression [40]. Moreover, the auxin binding activity of TIR1/AFBs may be under the control 

of an important intermediate of plant phospholipid metabolism, inositol hexakisphosphate, 

which has its binding site located close to the pocket for IAA in TIR1 [20]. 

 

3. IAA in plant development: auxin gradients regulating morphogenesis 
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It is generally accepted that IAA regulates plant morphogenesis through tissue-specific 

concentration gradients that are formed by the processes of auxin biosynthesis, conjugation 

and degradation [41] as well as its intercellular [42] and intracellular distribution [43]. Here, 

IAA plays the role of a chemical transducer of a wide spectrum of external and internal 

signals. Undoubtedly, both transcriptional and non-transcriptional actions of IAA are 

involved. The concentration gradients of IAA in the tissues of the Arabidopsis thaliana model 

plant as well as other plants are important for embryogenesis [44], shoot and root 

organogenesis including apical dominance [45-47], vascular tissue development [48], and 

differential growth during tropisms and apical hook development [49]. IAA gradients may 

also be decisive in senescence [50], plant-pathogen interactions [51], abiotic stress responses 

[52] and other reactions of plants to the environment [53]. The morphogenic action of auxin is 

not always connected with its concentration maxima since auxin minimum has likewise been 

reported to regulate organogenesis during the opening of Arabidopsis thaliana fruits [54]. 

The establishment of IAA concentration gradients depends largely on IAA conjugation, 

de-conjugation, degradation and a regulated IAA transport across membranes. Although most 

of IAA is synthesized in young leaves, virtually all tissues of Arabidopsis thaliana seedlings 

synthesize IAA de novo [55]. IAA can be synthesized by both tryptophan-dependent and 

tryptophan-independent pathways, and resulting levels of free IAA are finely tuned by 

conjugation with amino acid, peptides or sugars [41, 56]. The release of active IAA from 

these conjugates is under the control of hydrolytic enzymes [57]. 

Although biosynthesis and metabolism of IAA contribute significantly to the formation 

of auxin gradients, the transport of IAA represents the major determinant of differential 

distribution of auxin [8, 42]. IAA is transported across the plasma membrane of individual 

cells either by passive diffusion of an undissociated (protonated) form (IAA) or by an active, 

carrier-mediated transport of a dissociated (acidic) form (IAA-). The more alkaline 

intracellular environment is characterized by a higher rate of IAA dissociation. Therefore, 

following a passive uptake of IAA into the cell, a significant amount of IAA- is trapped inside 

the cell and can only be transported out by an active carrier-mediated transport [58-60]. It is 

the subcellular localization of auxin influx and efflux transporters that determine the 
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directionality of auxin transport [42]. Three types of active and mutually cooperating IAA 

transporting systems have been characterized in plants (Fig. 2). The PIN-FORMED (PIN) 

plasma membrane auxin efflux carriers [61, 62] are the primary determinants of the 

directionality of intercellular auxin flow. Based on indirect evidence, a subgroup of carriers 

containing PIN5, PIN6 and PIN8 was suggested to transport auxin between the endoplasmic 

reticulum, a compartment with IAA de-conjugation machinery [56], and the cytosol [43, 63]. 

The auxin influx carriers AUXIN RESISTANT 1/LIKE AUXIN RESISTANT (AUX1/LAX) 

[64, 65] and plant orthologs of the mammalian ATP-binding cassette subfamily B (ABCB)-

type transporters of the multidrug resistance/phosphoglycoprotein (ABCB/MDR/PGP) protein 

family [66, 67] are involved in generating local auxin sinks as well as containing auxin pools 

in order to sustain the main auxin streams. 

 

4. IBA: IAA precursor and a storage form 

Since its identification as an endogenous compound in several plant species [68, 69], IBA 

has been considered to be an endogenous auxin. IBA makes up as much as 25 to 30% of the 

total auxin present in Arabidopsis seedlings [70]. Although a possible IAA-independent 

pathway for IBA biosynthesis has been suggested [69], so far only one pathway has been 

demonstrated in which the side chain of pre-formed IAA is lengthened by the action of IBA 

synthase [71, 56]. Therefore it is likely that the endogenous pool of IBA is entirely 

synthesized from IAA. IBA can be converted back to IAA by the action of peroxisomal â-

oxidation enzymes [72, 73] and may serve as a more stable [74] storage form of IAA [41, 56]. 

This compartmentation of IBA metabolism requires transporters that transport IBA into the 

peroxisomes. A good candidate for this role is the PEROXISOMAL ATP BINDING 

transporter (PXA1) of fatty acids, identified in a mutant screen for resistance to IBA [75]. The 

transport of IAA out of the peroxisomes may be an active process, but supporting data are 

lacking (Fig. 2). 

IBA probably serves as an important source of IAA in tightly regulated developmental 

and environmental contexts. Formation of IAA from IBA in young Arabidopsis seedlings [76] 

plays a role in the elongation of root hairs and in the expansion of cotyledon cells, whereas 
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hypocotyl elongation is maintained by the pool of IAA formed from IAA-amino acid 

conjugates [76]. The adaptation of IBA-IAA homeostasis is also influenced by hydrogen 

peroxide-stimulated production of IBA under drought and salinity stress, and these conditions 

are characterized by elevated levels of IBA and IAA and their conjugates [77]. Synthesis of 

IBA in maize roots is also induced by drought stress [71] and increased after infection with an 

arbuscular mycorrhizal fungus [78]. 

Importantly, IBA is actively transported in plants utilizing a transport machinery parallel 

to the well-characterized IAA carrier-mediated transport machinery [79]. Two candidate 

plasma membrane transporters from the ABCBG group of multidrug resistance proteins 

PLEIOTROPIC DRUG RESISTANCE (PDR) PDR8/ABCG36 [80] and PDR9/ABCBG37 

[81, 82] mediate an active cellular efflux of IBA in Arabidopsis thaliana roots (Fig. 2). Both 

transporters have a broad specificity and transport a wide spectrum of auxinic compounds and 

auxin metabolites. Interestingly, however, they do not transport IAA itself. Therefore, in 

addition to being a storage form of IAA, IBA through its conversion to IAA may also play an 

important role in the generation of IAA concentration maxima during development or 

responses to stress. 

An intriguing question still remains as to whether IBA can induce responses that are 

partially or completely independent of IAA. Currently available evidence argues against this 

possibility. First, because no IAA-independent biosynthetic pathway for IBA has yet been 

found, it seems that IBA levels depend on the levels of IAA. Second, there is no information 

to indicate that IBA is a substrate for either ABP1 or TIR1/AFBs. ABP1 levels increase after 

the colonization of maize roots with an arbuscular mycorrhizal fungus [78], suggesting that 

the ABP1 pathway is stimulated there. IBA also seems to weakly induce TIR1-mediated 

transcriptional activity of auxin-sensitive promoter elements in Arabidopsis seedlings [83], 

although this weak activity may easily be attributed to IAA.  

Altogether, work over a number of years has shown that IBA serves as an important 

regulator of auxin activity, particularly during the formation of tissue specific IAA gradients. 

Its effects are tightly connected to IAA and IAA maxima, although it remains to be seen 

whether or not it has auxin activity in its own right. 
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5. Other endogenous auxins: how many we might expect? 

5.1. 4-Cl-IAA 

4-Cl-IAA is another endogenous auxin that is active in various auxin-related 

physiological assays and is often more active than IAA when exogenously applied [15, 84]. 4-

Cl-IAA has been identified as an endogenous auxin in several legumes and Pinus sylvestris 

[84], but to our knowledge not in Arabidopsis. It is usually found in developing seeds in those 

species, although there is also some evidence indicating it may occur in other tissues. Its 

biosynthesis is independent of IAA, instead originating from 4-Cl-Trp as a precursor. 

However, detailed information on the pathway or its alternatives is still missing [84]. The 

higher activity of 4-Cl-IAA could be due to its greater chemical stability than IAA [85] or to 

an unknown independent signaling pathway specific for this compound. Probably the most 

important physiological effect of 4-Cl-IAA is the stimulation of pericarp growth, which has 

been observed after exogenous application to de-seeded pea pericarp [86]. In contrast, 

application of IAA is either ineffective or inhibitory to this process [84]. Pea 4-Cl-IAA is 

known to be transported to the pericarp where it stimulates the production of bioactive 

gibberellins needed for fruit set and pericarp elongation [87, 88]. It remains to be determined 

what role IAA plays in this process and in particular whether there could be some analogy 

with the establishment of regulated IAA gradients that have been observed during later stages 

of Arabidopsis fruit development [54]. 

The mechanism of action of 4-Cl-IAA remains enigmatic, probably due to its absence in 

Arabidopsis. There is also complete lack of evidence whether 4-Cl-IAA has binding affinity 

for TIR1/AFBs, although the stimulation of auxin-responsive promoter element and 4-Cl-

IAA-resistant growth in tir1 single mutant Arabidopsis seedlings has been observed [89]. 

Moreover, the binding affinity of 4-Cl-IAA to auxin binding sites correlates with its 

stimulatory effects on the elongation of maize coleoptiles [90]. Therefore, 4-Cl-IAA is 

probably involved in fast non-transcriptional responses in maize connected with proton 

secretion and the maintenance of membrane potential in coleoptiles [91] as well as in 4-Cl-

IAA-induced protoplast swelling [92]. 
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5.2. PAA 

PAA is the only phenyl-derivative among the four endogenous auxins (Fig. 1). It usually 

exhibits weaker auxin effects in comparison with IAA, for example, in the case of elongating 

bean stems [93]. The presence of PAA was confirmed in various plant species and tissues in a 

wide concentration range [94]. The presence of nitrilase and nitrilase gene family in 

nasturtium suggested that biosynthesis of PAA uses the nitrilase pathway with a 

benzylglucosinolate precursor [95]. In addition to the auxin effects of PAA, root symbiotic 

bacteria produce PAA with anti-microbial activity [96, 97]. The biosynthesis of this bacterial 

PAA as well as that of IAA is under the feedback control of PAA itself and therefore it could 

be speculated that PAA preferentially plays a role in plant root interactions with soil 

microorganisms. Moreover, the fact that PAA inhibits carrier-mediated efflux of IAA in pea 

[98] suggests that it may be responsible for root-symbiont or root-pathogen interactions, 

integrating both auxin biosynthesis and transport. PAA binds strongly to ABP1 from corn 

[11] and also induces some conformational change in the structure of ABP1 [99], suggesting 

that the mechanism of action of PAA may include ABP1. However, data for the involvement 

of TIR1/AFBs in PAA signal transduction are completely lacking. 

 

6. Auxin homeostasis: an interplay between IAA and other auxins? 

As shown in this review, the so-called “endogenous auxins” form a group of compounds 

without a clear unifying mechanism of action. Because of the presence of IAA and IBA in the 

model plant Arabidopsis thaliana, we know much more about these two compounds than we 

do about the two other endogenous auxins, 4-Cl-IAA and PAA, which have not been detected 

in Arabidopsis. The mechanism of auxin action is complex and includes both fast effects 

occurring without the involvement of gene expression and rather slower effects requiring 

gene expression. The TIR1/AFBs-mediated pathway is active for IAA, but there are no data 

indicating that the action of the other three endogenous auxins operates through this pathway. 

The available evidence suggests that IBA is active only after conversion to IAA. So far 

suggestions for direct effects of 4-Cl-IAA and PAA remain hypothetical. The fast auxin 
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effects that are transduced through the activation of ABP1 at the plasma membrane may be 

expected for IAA and 4-Cl-IAA, but are less likely in case of IBA and PAA. Homologs of 

ABP1 and IBR5, which are important for various fast auxin responses (see chapter 2), 

appeared early with the evolution of algae [100]. In comparison, the TIR1/AFBs-mediated 

pathway evolved later along with plant multicellularity and has become an important 

coordinating system in multicellular plants [100]. 

The complicated metabolism of IAA, which encompasses many enzyme systems 

involved in its activation and deactivation, has not been discussed in this review. 

Nevertheless, it is clear that homeostasis of free auxin pools in the plant plays a vital part in 

regulating auxin action in development and plant responses to environmental change. The 

endogenous auxin IBA contributes significantly to this free and hence active pool of IAA. It 

remains to be tested whether this applies also for the other two endogenous auxins. 

Alternatively, 4-Cl-IAA seems to play a specialized role during the development of seeds and 

fruits in a limited range of species, whilst PAA possibly acts in co-ordination with IAA 

during plant interactions with soil microorganisms. It is likely that with more studies of IBA, 

PAA and 4-Cl-IAA, perhaps some other specific responses will be linked to each of these 

compounds and that their target receptor(s) will be identified. 

 

7. Concluding remarks 

It is clear from the observations reviewed here that defining “auxins” simply in terms of 

their ability to stimulate plant growth is no longer tenable. It is now apparent that IAA itself 

has wide-ranging and pleiotropic effects encompassing the regulation of almost every aspect 

of plant development, including cell growth, cell differentiation, histogenesis, organogenesis 

and responses to environmental changes. Abundant evidence indicates clear correlation 

between IAA concentration in a given tissue and the nature and magnitude of the response it 

invokes. This shifts the focus of investigations of auxin action toward mechanisms that 

regulate homeostasis of endogenous auxin pools in which processes such as synthesis, 

degradation, conjugation and specific transport play crucial roles, and toward mechanisms of 

action of IAA at the cellular and molecular/genomic level. 
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From the point of view of terminology, it may be desirable to redefine the group of 

compounds termed “endogenous auxins” because their mechanisms of action may vary. 

However, several outstanding questions remain to be answered before we can fully 

understand the mechanisms that determine auxin homeostasis. First of all, the specificity of 

TIR1/AFBs receptors towards IBA, 4-Cl-IAA and PAA needs to be experimentally 

determined to exclude or confirm the binding of these auxins and their role, if any, in 

downstream proteasome-mediated gene expression. It is also necessary to determine how the 

fast non-transcriptional responses and those involving transcriptional regulation are coupled 

and how the signalling cascade triggered by ABP1 is constituted. The specificity of auxin 

transporters towards individual auxin-like compounds has been largely overlooked and 

requires further investigation, possibly by means of chemical or genomic approaches. An 

analysis of regulatory elements in the promoter regions of individual genes involved in auxin 

metabolism, signalling and transport may also yield valuable information. 
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Figure legends 

Fig. 1. Chemical structure of four endogenous auxins. Indole-3-acetic acid (IAA), indole-3-

butyric acid (IBA), 4-chloroindole-3-acetic acid (4-Cl-IAA) and phenylacetic acid (PAA). 

 

Fig. 2. Schematic depiction of the intracellular distribution and mechanisms of action for 

endogenous auxins. Besides passive diffusion of IAA, this major endogenous auxin utilizes 

AUX1/LAX influx carriers for the active uptake into the cell and PIN/ABCB transporters for 

the active efflux (carrier-mediated transport applies to IAA-). Nucleus-located auxin receptors 

from TIR1/AFB family of F-box proteins interact with auxin to initiate ubiquitin-mediated 

degradation of Aux/IAA auxin responsive gene repressors in order to activate auxin 

responsive genes [42]. The specifity of TIR1 for binding of 4-Cl-IAA, PAA and IBA has not 

been unfortunately tested yet. Plasma membrane located ABP1 is associated with an unknown 

docking protein and upon binding to auxin, ABP1 activates H+ATPase and potassium 

channel. The increase of K+ ion causes the inflow of water into the cell and results in the cell 

expansion [33]. Major portion of ABP1 is localized in the lumen of endoplasmic reticulum, 

although the function of ABP1 is questionable there. It could perhaps cooperate with auxin 

transporters PIN5, PIN6 and PIN8 [43, 63] to transport IAA into and out of the ER, the 

compartment with conjugation and deconjugation machinery [56]. 4-Cl-IAA also seems to 

partially use the same transporters for active influx as IAA [89]. IBA is transported to 

peroxisomes using PXA1 ABC transporter and converted to IAA through peroxisomal â-

oxidation [72, 74]. It is also transported out of the cell through laterally-localized PDR 

transporters [80-82]. PAA transport across membrane seems not to be mediated by any 

carrier. It is rather reported to function as a regulator of IAA transport [98]. PAA’s 

independent role as an auxin yet to be determined. See the main text for other details. 
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