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ABSTRACT: Auxin governs dynamic cellular processes involved at several stages of plant growth 
and development. In this review, we discuss the mechanisms employed by auxin in light of 
recent scientific advances, with a focus on synthetic auxins as herbicides and synthetic auxin 
resistance mechanisms. Two auxin receptors were reported. The plasma membrane receptor 
ABP1 (Auxin Binding Protein 1) alters the structure and arrangement of actin filaments and mi-
crotubules, leading to plant epinasty and reducing peroxisomes and mitochondria mobility in the 
cell environment. The second auxin receptor is the gene transcription pathway regulated by the 
SCFTir/AFB ubiquitination complex, which destroys transcription repressor proteins that interrupt 
Auxin Response Factor (ARF) activation. As a result mRNA related with Abscisic Acid (ABA) and 
ethylene are transcribed, producing high quantities of theses hormones. Their associated action 
leads to high production of Reactive Oxygen Species (ROS), leading to tissue and plant death. 
Recently, another ubiquitination pathway which is described as a new auxin signaling route is the 
F-box protein S-Phase Kinase-Associated Protein 2A (SKP2A). It is active in cell division regulation 
and there is evidence that auxin herbicides can deregulate the SKP2A pathway, which leads to 
severe defects in plant development. In this discussion, we propose that SFCSKP2A auxin binding 
site alteration could be a new auxinic herbicide resistance mechanism, a concept which may 
contribute to  the current progress in plant biology in its quest to clarify the many questions that 
still surround auxin herbicide mechanisms of action and the mechanisms of weed resistance.
Keywords: TIR/AFB, SKP2A, Auxin binding protein 1, Reactive Oxygen Species transgenic crops

organizational and spatial patterning of tissues, and the 
formation of new organs (Woodward and Bartel, 2005).

Despite the critical role of auxin signaling in plant 
development, more than 30 cases of resistance to auxinic 
herbicides have been reported worldwide (Heap, 2014). 
The molecular basis of most of the current cases of auxin 
resistance mechanisms is unknown. In dicamba-resistant 
Kochia scoparia (Preston et al., 2009), auxinic-herbicide 
resistant Sinapis arvensis (Zheng and Hall, 2001), and 2,4-
D resistant Sisymbrium orientale (Preston and Malone, 
2014), resistance is conferred by single dominant alleles, 
indicating that resistance could theoretically evolve and 
become established more quickly than resistance due 
to complex genetic inheritance (Jasieniuk and Maxwell, 
1994). However, the resistance mechanisms have not yet 
been elucidated in most cases, despite the discovery of 
auxin receptors and improved understanding of auxinic 
herbicide mechanisms of action.

Future progress in understanding the auxin hor-
mone regulation of plant development should lead to im-
provements in management practices, particularly with 
regard to new technologies that implement transgenic 
resistance to auxinic herbicides. Transgenic maize (Zea 
mays) and soybean (Glycine max) crops with resistance to 
2,4-D (Wright et al., 2010) and soybean and cotton (Gos-
sypium hirsutum) crops with resistance to dicamba (Beh-
rens et al., 2007) will soon be marketed. These technolo-
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Introduction

Auxin herbicides are similar to the natural auxin 
indole-3-acetic acid (IAA), as most are organic acids con-
taining an aromatic ring and a carboxyl group and char-
acterized by their low molecular weight (George, 1963). 
Auxinic herbicides are divided into five classes: phe-
noxy-carboxylic acids (e.g., 2,4-dichlorophenoxyacetic 
acid); benzoic acids (e.g., dicamba); pyridineacids (e.g., 
picloram, clopyralid); quinolinecarboxylic acids (e.g., 
quinclorac); and pyrimidine carboxylic acid (e.g. amino-
cyclopyrachlor). Structural variation in each herbicide 
molecule influences binding to receptor proteins (Tan et 
al., 2007) and the degradation rate within the cell.

Resistance to auxinic herbicides was originally 
thought to be difficult to evolve for several reasons, in-
cluding (i) genetic mutations in auxin signalling path-
ways which would alter the complex signalling network 
governed by auxin, and thereby decrease survival ca-
pacity in harsh environmental conditions (Jasieniuk and 
Maxwell, 1994; Mortensen et al., 2012); (ii) auxins which 
affect the dynamics of cellular metabolism at various 
levels of organization, including specific processes in 
each cell such as endocytosis, cell polarity, and cell cy-
cle control; and (iii) auxins which also act in regulatory 
processes at the level of a dynamic biological system, 
directing macroscopic processes such as embryogenesis, 
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gies will likely be adopted by growers worldwide over 
the next five years. Some concerns have been expressed 
about the use of auxin herbicide resistant transgenic 
crops, including possible off-target movement of auxinic 
herbicides to susceptible cultivars and species that may 
be subjected to application mistakes and herbicide drift 
(Mortensen et al., 2012).

Many researchers have examined the mechanisms 
of auxin activity and related scientific advances, but 
most of them have focused on plant development, such 
as Badescu and Napier (2006); Tromas et al. (2010); and 
Sauer et al. (2013). Others have discussed the mecha-
nisms that explain auxin herbicide action when applied 
in high doses (Grossmann, 2010; Mithila et al., 2011). 
Adopting a different approach, this text aimed to discuss 
new research not considered in previous reviews, focus-
ing on how auxin herbicides control weeds and possible 
new biochemical routes of auxinic herbicide resistance. 
This review aims to give the reader a new view of how 
auxins act, analyzing their behavior as a chemical signal 
that causes drastic changes in cell growth and plant de-
velopment.

Auxin induced signal transduction
The cell responses to auxin at the plasma mem-

brane are characterized by fast metabolic reactions due 
to the existence of a chemical receptor called Auxin Bind-
ing Protein 1 (ABP1). This receptor was first identified by 
Hertel et al. (1972) in maize (Zea mays) coleoptile mem-
branes. Auxin binding to ABP1 in the plasma membrane 
induces proton pump hyperactivity. ATP synthases (pro-
ton pumps) are responsible for keeping the pH gradient 
between the apoplast and the symplast. Once accumula-
tion of protons outside the cell is activated, extracellular 
pH declines (Tromas et al., 2010; Sauer and Kleine-Vehn, 
2011). Electrochemical imbalance caused by an Efflux of 
H+ leads to the opening of a potassium channel which 
pumps potassium into the cell. The increase in K+ causes 
water influx through aquaporins (water-carrier proteins), 
resulting in an increase in cellular turgidity (Michelet and 
Boutry, 1995; Maeshima, 2001).

Acidification caused by protons accumulating in the 
apoplast leads to cell wall hydration (Rayle and Cleland, 
1970). Proteins called expansins are activated by acidic 
conditions in the cell wall, breaking non-covalent bonds 
between cellulose and hemicellulose (cell wall compo-
nents) and loosening the cell wall (Wolf et al., 2012). As 
a consequence of cell wall loosening, the turgor potential 
(and thus the water potential) drops, causing water uptake 
and cell expansion.

In this situation, some authors suggest that when 
cell expansion occurs, calcium osmo-sensitive channels 
open due to the membrane phospholipid rearrangement 
caused by the turgor variation (Monshausen and Gilroy, 
2009). The increase in Ca2+ halts the expansion of cell 
walls in two different ways. First, it inhibits the action of 
ATPases and H+ efflux, leading to apoplast alkalization, 
and inhibits the activity of expansins and other proteins 

involved in cell expansion. Second, the action of Ca2+ on 
the enzyme activates phosphatidylinositol-3-phosphate 
(PtdIns(3)P), which will phosphorylate NADPH oxi-
dase components and produces reactive oxygen species 
(ROS).

The ABP1 at the plasma membrane also activates a 
Rho-like small G protein called RAC/ROP GTPase. G pro-
teins have a key role in signal transduction in eukaryotic 
cells, activating signaling cascades that regulate growth 
and development (Berken and Wittinghofer, 2008). RAC/
ROPs are specific G proteins from plants that can easily 
connect to the energy-storing molecules similar to ATP 
[guanine triphosphate (GTP) and guanine diphosphate 
(GDP)]. Thus, in the cellular environment, RAC/ROPs 
are found in three configurations including a free state 
(without any binding), an active state when connected 
to GTP, and an inactive state when bound with GDP. Xu 
et al. (2010) studied specific RAC/ROP GTPases, called 
ROP2 and RAP6, and found that these proteins which 
are activated by ABP1, are important to modulate spatial 
coordination. RAC/ROP GTPases have an important role 
in cytoskeleton organization, modeling the structure and 
arrangement of actin filaments and microtubules.

Auxins also regulate gene expression through TIR 
(Transport Inhibitor Response)/AFB (auxin-signaling F-
box), F-box protein components of the SCF (Skp, Cullin, 
F-box) complex ubiquitination pathway. In the plant cell 
nucleus, there are genes which are only transcription-
ally activated in the presence of auxins by transcription 
factors called ARFs (Auxin response factors). Under 
normal conditions, the ARFs stay inactive, since they 
are bound to repressor proteins known as the Aux/IAA 
transcription factors. To degrade the Aux/IAA repres-
sors and to promote ARF activation, there are protein 
complexes called SCFTir/AFB, which participate in a deg-
radation route of proteins known as ubiquitination. The 
auxin molecule acts as a “glue” making the connection 
between the SCFTir/AFB complex and the Aux/IAA (Tan 
et al., 2007), thereby promoting the degradation of this 
repressor protein. Degradation of the repressor protein 
activates the ARFs and transcription of genes related to 
auxin responses (Badescu and Napier, 2006; Tan et al., 
2007; Sauer et al., 2013).

Synthetic auxins as herbicides
Rahman et al. (2007) observed that 2,4-D has the 

capacity to remove actin and slow down cytoplasmatic 
streaming. Recently, Rodríguez-Serrano et al. (2014) 
discovered that the action of 2,4-D on actin cytoskel-
eton structures leads to plant epinasty and alteration 
of the mobility of peroxisomes and mitochondria into 
cell environments (Figure 1). Because these organelles 
move along the cytoskeleton, Rodríguez-Serrano et al. 
(2014) proposed that actin disturbances probably affect 
the peroxisome and mitochondria metabolism, as they 
share many metabolites with each other and with chlo-
roplasts. Finally, because peroxisomes are antioxidant 
organelles, their most important function is to remove 
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ROS from different parts of the cell. Considering the 
effect of auxinic herbicides on reducing actin bundling 
and polymerization, the peroxisomes antioxidative de-
fense starts to have a diminished functionality. Thus, 
the cell enters a state of severe oxidative stress due to 
the limitation placed on peroxisomes and the mitochon-
dria function. 

Death of most plant tissues treated with 2,4-D is 
caused by the accumulation of abscisic acid (ABA) and 
ethylene inducing oxidative stress induced by high ROS 
production (Grossmann, 2007; 2010). These free radicals 
are produced by NADPH oxidases in the plasma mem-
brane, which are activated by RAC/ROP (Jones et al., 
2007). Yu et al. (2012) used Arabidopsis thaliana (Arabi-
dopsis) mutants and confirmed the importance of RAC/
ROPs activity as modulators of auxin responses. Fur-
thermore, Yu et al. (2012) found a connection between 
auxin and ABA responses, where a phosphatase protein 
present in the ABA signaling pathway binds to ROP. This 
binding inhibits the protein kinase SNF1 (a protein re-

lated to kinase 2 (SnRK2)), which measures the ROS pro-
duction related to the ABA responses (stomatal closure, 
inhibition of cell growth, and cell death). 

To summarize the process: auxin first acts on plas-
ma membrane activating ABP1 (Rodríguez-Serrano et 
al., 2014), altering the cytoskeleton and, consequently, 
reducing the peroxisomes’ antioxidative defense. Next, 
the second process (Grossmann, 2007; 2010) acts by TIR/
AFB ubiquitinatin route, in which ABA and ethylene 
biosynthesis genes are activated leading to ROS overpro-
duction that induces changes in intracellular redox sta-
tus, making it an oxidizing environment (electron accep-
tor) that affects the activity or synthesis associated with 
redox systems. Initially, the main system that is changed 
by high ROS production is the cell wall. Peroxidases and 
H2O2 (hydrogen peroxide) cause cell wall reorganization, 
in particular the expansin interconnection (proteins that 
exist in high amounts in the cell walls), that include the 
matrix dehydration and saturation of the wall, which 
leads to the hardening and slowing of cell growth (Pereira 

Figure 1 − The photographs represent the cytoskeleton in epidermal cells of Arabidopsis leaves expressing Green Fluorescent Protein Fusion to 
Actin-Binding Domain 2 (GFP – FABD2), untreated (left) and 2,4-D treated (right) showing the effect of 2,4-D on the cytoskeleton leading to plant 
epinasty. Bars represent 25 µm (Images from: Rodríguez-Serrano, et al., 2014). The schematic drawing (left) represents the normal activity of 
peroxisome organelles, with a dynamic movement removing reactive oxygen species from different parts of the cell. When auxin are sprayed 
in high doses (right) the structure and arrangement of actin filaments and microtubules in the peroxisomes antioxidative defense start to have a 
limited range and slow movement, then the cell enters into severe oxidative stress leading to plasmatic membrane destruction and cell death.
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move from the G1 phase (protein synthesis and growth) 
to DNA duplication phase (S) (Gutierrez et al., 2002; De 
Veylder et al., 2003; Dewitte and Murray, 2003). When 
E2FC and DPB factors are degraded, the plant cell halts 
its cycle and remains in the G1 phase.

Transgenic Arabidopsis plants that over-express 
the transcription factors DPB and E2FC in a stabilized 
form (resistant to SCFSKP2A – mediated degradation) dem-
onstrated their large influence in plant development 
(Pozo et al., 2002; 2006). Specifically, morphological 
changes relative to wild plants were observed, includ-
ing severe developmental defects. The down regulation 
of E2FC in Arabidopsis had significant impacts on plant 
growth resulting in dwarf plants with curved, deformed 
leaves with a wavy appearance (Figure 2). From these 
results, it was concluded that a co-expression regulation 
between the DPB and E2FC factors is necessary to main-
tain a properly functioning cell cycle. 

Jurado et al. (2010) used crystallographic studies 
of the SKP2A structure to identify a binding site where 
auxins can bind directly. Furthermore, it was concluded 
that auxins regulate degradation promoted by SKP2A to 
the E2FC transcription factors E2FC and DPB. Another 

et al., 2011). Due to the loss of cell wall structure, ROS 
are able to penetrate deep into the plasma membrane 
where they can interact with phospholipids promoting: 
(i) unsaturation of plasma membrane lipids, (ii) leakage 
of the cytosol, and (iii) cell death.
Protein degradation regulated by SKP2A

Plant development is governed by three impor-
tant processes: cell division, cell expansion, and cell 
differentiation (Coffman, 2004). Auxins represent a 
group of hormones that regulate virtually all these ba-
sic cellular processes. Recently, a new signaling route 
induced by auxin was discovered in the cell division 
process. This is a new pathway for protein degrada-
tion, regulated by another SCF-dependent proteasomal 
ubiquitin-dependent protein. Pozo et al., (2002; 2006) 
identified the F-box protein (S-Phase Kinase-Associated 
Protein 2A) SKP2A acting as a regulator of cell divi-
sion.

The SCFSKP2A complex regulates two transcription 
factors, E2FC and DPB (cyclin-dependent kinases in the 
retinoblastoma pathway) by promoting their degradation 
(Figure 2). These factors regulate the expression of genes 
required for progressing the cell cycle, allowing cells to 

Figure 2 − Model of SCFSKP2A auxin signaling. SKP2A (S-Phase Kinase-Associated Protein 2A) is an F-box protein that is activated by auxin. A) At 
low levels of auxin, DPB and E2Fc (cyclin-dependent kinases in the retinoblastoma pathway) regulate the expression of genes required for cell 
cycle progress, allowing the cell to move from the G1 phase (protein synthesis and growth) to the DNA duplication phase (S). B) At high levels 
of auxin, SCFSKP2A induces E2FC, DPB and SKP2A degradation. The plant cell then halts its cycle, remaining in the G1 phase. C) A compilation 
of E2FC Arabidopsis (Arabidopsis thaliana) mutant phenotype and 2,4-D herbicide symptoms,  cause similar defects in plant development. A 
new possibility of weed resistance mechanism involving this pathway is an SKP2A binding restriction site to synthetic auxins, which prevents 
transcriptional factor degradation. (Figure Scheme Adapted from Santner et al., 2009. Images: Cell division: Taiz and Zaiger, 2013. SCFSKP2A: 
Zheng, et al., 2002. E2fc Arabidopsis mutant: Pozo, et al., 2006 and 2,4-D herbicide symptoms: Wright et al., 2010.
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interesting aspect described by Jurado et al. (2010) was 
that when there are high levels of cellular auxin, self-
degradation of SKP2A occurs together with transcrip-
tion factors. Natural and synthetic auxins have differ-
ent capabilities related to SKP2A degradation, which 
demonstrate the importance of auxins in regulating the 
functions of cell division and in illustrating the minute 
control of the SKP2A, E2FC and DPB degradation path-
way. Any deviation in the performance of these proteins 
or in the auxin levels in the cell can affect the entire 
homeostasis of the cell cycle.

New Perspectives on Auxinic Herbicide Resistance 
Given the recently discovered concepts for auxin 

pathways, new perspectives can be considered for how 
weeds may evolve resistance to auxinic herbicides. 
There are now multiple known mechanisms through 
which auxinic herbicides may act. The new discoveries 
described above suggest additional possibilities for the 
evolution of auxinic herbicide resistance mechanisms.

TIR / AFBs and ABP1
The mechanisms of ABP1 action and its role in 

weed resistance are important, but poorly understood. 
Comparing resistant and susceptible biotypes of wild 
mustard (Brassica kaber), two binding sites in ABP1 were 
found in the susceptible biotypes, one with a high affin-
ity and another with a low affinity for auxin. There was 
only one binding site with low auxin affinity in the re-
sistant biotype. As a result, auxin responses at the mem-
brane level were lower in resistant biotype, including 
slower cell expansion in the absence of auxin. On the 
other hand, the susceptible biotype had normal growth 
(Webb and Hall, 1995; Mithila and Hall, 2005).

Unlike ABP1, the SCFTIR/AFB mechanisms of re-
sistance are being examined in the role of the Arabi-
dopsis mutations in TIR/AFB that confer resistance on 
different synthetic auxins. Walsh et al. (2006) studied 
distinct mutants associated with the SCFTIR/AFB pathway 
and suggested the existence of significant differences 
in the chemical perception of synthetic auxins within 
upstream components of the pathway. These were con-
firmed by Calderón-Villalobos et al. (2012) who char-
acterized Aux/IAA instability associated with different 
co-receptors TIR/AFB, using either natural or synthetic 
auxins. The binding between TIR and AUX/IAA showed 
a high binding affinity for IAA, 1-NAA and 2,4-D; how-
ever, for picloram there was weaker binding activity to 
the SCFTIR1 complex. Gleason et al. (2011) found that 2,4-
D and dicamba have different requirements for binding 
the F-box complex receptor. The mutants that were TIR1 
and AFB5 defective conferred resistance on dicamba, 
but only the tir1-1 mutant was resistant to 2,4-D. Consid-
ering these items of information together, it seems likely 
that synthetic auxin herbicides that act on multiple path-
ways upstream of SCFTIR/AFB may have a reduced chance 
of evolving resistance compared to auxin herbicides that 
have a single site of action. 

For the two receptors that auxin binds, ABP1 has 
a fundamental role in repressing SCFTIR /AFB and, there-
fore, affects ABA overproduction (Tromas et al., 2010). 
One must consider that both ABP1 and SCF TIR/AFB have 
a determinant role in activating the cell death process, 
despite the fact that they repress each other. Changes 
in the auxin binding sites of these two receptors could 
confer resistance on auxinic herbicides. Most of the mu-
tations in the polypeptides that encode SCF TIR/AFB and 
ABP1 result in plants with less ability to compete in the 
environment and some mutations in ABP1 induce fatal-
ity (Jasieniuk et al., 1995; Chen et al., 2001). These fit-
ness costs of potential resistance mutations may explain 
why fewer cases of resistance to synthetic auxins have 
been discovered relative to other herbicide mode of ac-
tion groups (Wright et al., 2010; Mithila et al., 2011). 

SKP2A
The SCFSKP2A complex represents a new site for the 

possible evolution of auxinic herbicide resistance. Jura-
do et al. (2010) evaluated the effect of low 2,4-D concen-
trations in Arabidopsis mutants for SKP2A and found 
less of an effect on root growth inhibition in the mutants 
compared to wild plants. In addition, Jurado et al. (2010) 
produced a double mutant for TIR1 and SKP2A, result-
ing in greater resistance to 2,4-D.

We propose a new resistance mechanism associat-
ed with this route because of the evidence that SKP2A is 
a positive regulator of auxin responses and that it inter-
acts with TIR1. Since SKP2A regulates the transcription 
factors E2FC and DPB, it is possible to keep the propor-
tions between these two factors in favorable quantities 
for  proper development of the cell cycle. As a result of 
mutations, plants could evolve mechanisms to restrict 
the binding site of a given synthetic auxin, preventing its 
direct connection to SKP2A.

Another possible mechanism for consideration is 
that SKP2A has the ability to self-degrade together with 
the transcription factors to which it is connected. Since 
SKP2A has higher stability when connected to synthet-
ic auxin than to IAA, it is expected that plants treated 
with synthetic auxins will develop intense defects in 
their development when further degradation of tran-
scription factors (E2FC and DPB) occurs. Eventually, 
the culmination of these defects results in tissue and 
plant death. A possible resistance mechanism could 
involve accelerating SKP2A self-degradation, keeping 
the levels of E2FC and DPB balanced. Such accelerated 
self-degradation could proceed via several routes, such 
as increased SKP2A ubiquitination or SKP2A transcript 
silencing.

Final Remarks

The current knowledge of the mode of action fol-
lowed by auxins can give clues to determining the char-
acterization of the kind of resistance occurring in the 
field. Auxinic herbicide resistance can be induced in two 
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areas: one in plasma membrane and the other in tran-
scription ARFs. When a resistant plant suffers only tis-
sue oxidation without epinasty, then resistance is likely 
to be due to changes in ABP1; however, if resistant plants 
show epinasty without strong tissue necrosis, it means 
that complex SCFTIR/AFB is in the process of destroying 
AUX / IAA, so there may be changes to this enzymatic 
complex that are preventing the herbicide thus making 
the connection between TIR1 or AFBs and Aux / IAA.

Substantial progress has recently been made in 
understanding auxin mechanisms of action. Many ques-
tions still remain about the mechanisms of auxin action, 
and there is still much more to understand about the 
routes involving TIR/AFB, ABP1, and SKP2A. In the near 
future it may be possible to understand the interactions 
between the numerous receptors and co-receptors acti-
vated by a single signaling molecule, and how these are 
coordinated. This will lead to a greater understanding 
of the changes and adjustments in this complex signal-
ing a network that could potentially confer higher sur-
vival under selection with auxinic herbicides and lead 
to resistance evolution. Understanding these currently 
unknown aspects of auxin action will help to address the 
numerous and difficult challenges that agriculture will 
have to face in the future.
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