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Auxin adalah salah satu hormon tanaman 

yang menentukan ragam pertumbuhan dan 

perkembangan tanaman seperti 

pembentukan embrio, pertumbuhan bibit, 

perpanjangan akar dan perkembangan 

bunga.-  

Suatu yang penting diingat pada tahap 

awal pembicaraan hormon tumbuh adalah 

bahwa senyawa ini bertindak sebagai 

“chemical messangers” antar sel  dalam 

pengaturan pertumbuhan dan perkembang-

an tanaman sesuai kondisi lingkungan 

 
This two-step auxin biosynthesis pathway plays an essential role in 

almost all of the major developmental processes including 
embryogenesis, seedling growth, root elongation, vascular patterning, 

gravitropism, and flower development.  Zhao (2014) 
 
 

LECTURE OUTCOMES 
After the completion of this lecture and mastering the lecture 
materials, students should be able to 

1. explain the role of chemical messengers in the growth and 
development of plants. 

2. explain the principal of auxin that is functional in the growth and 
development of plants. 

3. explain the transport of auxin in plants. 
4. explain the auxin signal transduction pathways in plants. 
5. explain the actions of auxin in plants. 
6. explain the developmental effects of auxin in plants. 

 
 
Notes: 
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LECTURE OUTLINE 
 

1. INTRODUCTION 
-Basic Principle 
-The Emergence of Auxin Concept 

2. THE PRINCIPAL AUXIN 
-Indole-3-Acetic Acid 
-Auxin Synthesis 
-Auxin of Seeds and Storage Organs 
-IAA Degradation 

3. AUXIN TRANSPORT 
-Polar Transport 
-Energy of Polar Transport 
-Chemiosmotic Potential 
-Auxin Homeostasis 

 

4. AUXIN SIGNAL TRANSDUCTION 
PATHWAYS 
-Principal Auxin Receptors 
-AUX/IAA Proteins 

-Auxin‑Induced Gene Classes 
5. ACTIONS OF AUXIN 

-Cell Elongation 
-Plant Tropisms 

6. DEVELOPMENTAL EFFECTS OF AUXIN 
-Apical Dominance 
-Floral Bud Development and 

Phyllotaxy 
-Vascular Differentiation 
-Fruit Development 
-Commercial Uses of Auxin 

 

 
 
 

1. INTRODUCTION 
1. Basic Principle 

 Coordinated cell-to-cell communication is essential for plant growth and 
development including form and function of multicellular plants. 

 In higher plants, regulation and coordination of metabolism, growth, and 
morphogenesis often depend on chemical signals from one part of the plant 
to another.  

 This idea originated in the nineteenth century with the German botanist 
Julius von Sachs (1832-1897). 

 Sachs proposed that chemical messengers are responsible for the formation 
and growth of different plant organs.  

 He also suggested that external factors such as gravity could affect the 
distribution of these substances within a plant.  

 Hormones are chemical messengers that are produced in one cell and 
modulate cellular processes in another cell by interacting with specific 
proteins that function as receptors linked to cellular transduction pathways. 

 As is the case with animals, most plant hormones are synthesized in one 
tissue and act on specific target sites in another tissue at vanishingly low 
concentrations.  
- Hormones that are transported to sites of action in tissues distant from 

their site of synthesis are referred to as endocrine hormones. 
- Those that act on cells adjacent to the source of synthesis are referred to 

as paracrine hormones. 
 

2. The Emergence of Auxin Concept 
 During the latter part of the nineteenth century, Charles Darwin and his son 

Francis studied plant growth phenomena involving tropisms (Greek tropos, 
to turn).  

 One of their interests was the bending of plants toward light, known as 
phototropism caused by differential growth.  
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 In some experiments, Darwin used seedlings of canary grass (Phalaris 
canariensis) in which the youngest leaves are sheathed in a protective organ 
called the coleoptile (Fig.19.1). 

 Coleoptiles and very young seedlings are highly sensitive to light, especially 
to blue light.  
- If illuminated on one side with a short pulse of dim blue light, they will 

bend (grow) toward the source of the light pulse within an hour.  
 

 

 
Fig. 19.1 Summary of early experiments in auxin research 
 
 

 It was known that if the tip of a coleoptile was removed, coleoptile growth 
ceased.  

- Researchers attempted to isolate and identify the growth‑promoting 
chemical by grinding up coleoptile tips and testing the activity of the 
extracts; but this approach failed, because grinding up the tissue 
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destroyed the active compound when cellular compartments were 
disrupted. 

 This research culminated in 1926 with Frits Went's demonstration of a 

growth‑promoting chemical in the tip of oat (Avena sativa) coleoptiles. 
 Went's major breakthrough was to avoid grinding by allowing the material to 

diffuse out of excised coleoptile tips directly into gelatin blocks.  
- Placed on one side or the other of the top of a decapitated coleoptile, 

these blocks could be tested for their ability to cause bending in the 
absence of a unilateral light source.  

 Because the substance that diffused from the coleoptile tips into the gelatin 
blocks promoted the elongation of the coleoptile sections (Fig. 19.2), it was 
eventually named auxin from the Greek auxein, meaning "to increase" or "to 
grow." 

 
Fig. 19.2 Auxin stimulates the 

elongation of oat coleoptile 

sections. These coleoptile 

sections were ‘ incubated for I8 

hours in either water (A) or auxin 

(B). The yellow tissue inside the 

translucent coleop- tile is the 

primary leaves. (Photos © M. B. 

Wilkins.) 

 

A B

 
 

 

2. THE PRINCIPAL AUXIN 
 

1. Indole-3-Acetic Acid 
 Went's studies with gelatin (and, later, agar) blocks demonstrated 

unequivocally that the growth-promoting "influence" diffusing from the 
coleoptile tip was a chemical substance.  

 The fact that it was produced at one location and transported in minute 
amounts to its site of action qualified it as an authentic plant hormone. 

 In the mid‑1930s it was determined that the principal natural auxin is 
indole‑3‑acetic acid (IAA).  

 Several other auxins in higher plants were discovered later (Fig. 19.3A), but 
IAA is by far the most abundant and physiologically important.  

 Synthetic IAA structure is relatively simple, academic and industrial 
laboratories were quickly able to synthesize a wide array of molecules with 
auxin activity.  
 

 
Fig. 19.3 Structure of auxins. (A) Structures of naturally occurring auxins. lndole-3-

acetic acid (IAA) occurs in all plants, but other related compounds in plants have 

auxin activity. Peas, for example, contain 4-chloroindole-3-acetic acid (4-Cl-IAA). 

Maize and legume contain indole-3-butyric acid (IBA).  
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 Some of these compounds are now used widely as herbicides in horticulture 
and agriculture (Fig.19.3B). 
 
Fig. 19.3B. Structures of two 
synthetic auxins. Most synthetic 
auxins are used as herbicides in 
horticulture and agriculture. 
 

 
 

2. Auxin Synthesis 
 Shoot apical meristems and young leaves are the primary sites of auxin 

synthesis. 
- Root apical meristems are also important sites of auxin synthesis, 

especially as the roots elongate and mature, although the root remains 
dependent on the shoot for much of its auxin.  

- Young fruits and seeds contain high levels of auxin, but it is unclear 
whether this auxin is newly synthesized or transported from maternal 
tissues during development. 

 The GUS (-glucuronidase) reporter gene, producing a blue color when 

hydrolyzed by the GUS enzyme (Ulmasov et al. 1997), can be used to locate 
auxin accumulation. 

  
 

 Auxin, with this method, appears to 
accumulate at specific sites at the 
margins of young leaves ( Fig. 19.4). 

 These are the sites of future 
hydathodes, glandlike modifications 
of the ground and vascular tissues 
that allow the release of liquid water 
(guttation fluid) through pores in the 
epidermis in the presence of root 
pressure.  

 

 

Fig. 19.4 Detection of apparent sites of 

auxin accumulation in a young leaf 

primordium of Arabidopsis  

 

 
 
 

 Multiple biosynthetic pathways using tryptophan as a precursor have been 
shown to produce IAA in plants.  
- IAA is structurally related to the amino acid tryptophan, and to the 

tryptophan precursor indole-3-glycerol phosphate, both of which can 
serve as precursors for IAA biosynthesis. 
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TRYPTOPHAN 
AMINOTRANSFERASE OF 
ARABIDOPSIS (TAA), indole-3-
pyruvate (IPA) & YUCCA (YUC) 
. Zhao (2014) 

 
Ljung (2013) 

 
 

3. Auxin of Seeds and Storage Organs  
 Auxin can be covalently bound to both high (peptides, complex glycans-

multiple sugar units- or glycoproteins) and low (amino acids or sugars) 
molecular weight compounds, particularly in seeds and storage organs such 
as cotyledons. 
- These conjugated, or "bound," auxins are found to a greater or lesser 

extent in all higher plants and are considered hormonally inactive. 
- IAA is rapidly released from many, but not all, conjugates by enzymatic 

processes. Those conjugates that can release free auxin serve as 
reversible storage forms of the hormone. 

 Most of the free IAA produced in coleoptile tips of Z. mays is believed to be 

derived from the hydrolysis of IAA‑myo‑inositol from the seed (Fig. 19.5A).  
- Environmental stimuli such as light and gravity affect the rate of auxin 

conjugation (removal of free auxin) and the rate of release of free auxin 
(hydrolysis of conjugated auxin). 

 
Notes: 
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Fig. 19.5 Conjugation and degradation of IAA. The diagram shows various 

lAA conjugates and the metabolic pathways involved in their synthesis and 

breakdown. Single arrows indicate irreversible pathways; double arrows, 

reversible pathways. (A) Reversible (storage) forms of auxin and auxin 

conjugates. (B) Irreversibly degraded forms of auxin and auxin conjugates. 

The -oxidation of Indole-3-butyric acid (IBA) to IAA takes place in 

peroxisome.  IAA can be irreversibly oxidized to Oxindole-3-acetic acid 

(OxIAA) before being conjugated to hexose (OxIAA-Gluc).  The IAA 

conjugate to Asp or Glu can also be irreversibly degraded to the OxIAA 

conjugate.  (After Woodward and Bartel 2005). 

 
 

4. IAA Degradation 
 To be effective developmental signals, hormones must be short‑lived and 

should not accumulate over time.  
- Auxin catabolism ensures the degradation of active hormone when the 

concentration exceeds the optimal level or when the response to the 
hormone is complete.  

 Like IAA biosynthesis, the enzymatic breakdown (oxidation) of IAA involves 
more than one pathway (Fig. 19.5B).  

 On the basis of isotopic labeling and metabolite identification, two oxidative 
pathways are probably involved in the controlled degradation of IAA. 
- In one pathway, the indole moiety of IAA is oxidized to form oxindole-3-

acetic acid (OXIAA) and subsequently, OxIAA-glucose (OxlAA-Gluc). In 
another pathway, IAA-aspartate conjugates are oxidized to OxIAA. 
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3. AUXIN TRANSPORT 
 

1. Polar Transport  
 It was discovered that IAA moves mainly from the apical to the basal end 

(basipetally) in excised oat coleoptile sections (Fig. 19.6A for the terms 
”basipetal” and ”acropetal.”).  
- This type of unidirectional transport is termed polar transport. 

 Auxin is the only plant growth hormone that has been clearly shown to be 
transported polarly, and polar transport of this hormone is found in almost all 
plants, including bryophytes and ferns. 

 The vascular parenchyma tissues, most likely those associated with the 
xylem, are the major sites of polar auxin transport in the stems, leaves, and 
roots of most plants.  

 

Fig. 19.6 Polar auxin transport with 

radiolabelled auxin. (A) Polar auxin 

transport is described in terms of the 

direction of its movement in relation to 

the base of' the plant (the root—shoot 

junction). Auxin moving down-ward from 

the shoot moves basipetally (toward the 

base) until it reaches the root—shoot 

junction. From that point, down-ward 

movement is described as acropetal 

(toward the apex).  Movement of auxin 

from the apex of the root toward the 

root-shoot junction is also described as 

basipetal (toward the base).  

 

 
 

 In grass coleoptiles, basipetal polar transport may also occur in nonvascular 
parenchyma tissues.  

 Basipetal auxin transport (away from the apex) occurs in roots as well, but 
takes place in nonvascular tissues.  
 
 
 

2. Energy of Polar Transport 
 Early studies of polar transport were carried out using the donor‑receiver 

agar block method (Fig. 19.6B): 

- An agar block containing radioisotope‑labeled auxin (donor block) is 
placed on one end of a tissue segment, and a receiver block is placed on 
the other end.  

 Polar transport is independent of gravity as it is not affected by the 
orientation of the tissue, at least over short periods of time (Fig. 19.6B). 
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- When stem cuttings (grape hardwood) are placed in a moist chamber, 
adventitious roots form at the basal ends of the cuttings, and shoots form 
at the apical ends, even when the cuttings are inverted (Fig. 19.7). 
 
 
Fig. 19.6B. Donor—receiver agar 

block’ method for measuring 

polar auxin transport. 

 
 
 
Fig. 19.7 Adventitious roots grow 

from the basal ends of grape 

hardwood cuttings, and shoots 

grow from the apical ends, whether 

the cuttings are maintained in the 

inverted (the two cuttings on the 

left) or upright orientation (the 

cuttings on the right). The roots 

always form at the basal ends 

because polar auxin transport is 

independent of gravity. (From 

Hartmann and Kester 1983.) 

 

 
 
 

- The export of auxin from cells is termed auxin efflux; the entry of auxin 
into cells is called auxin uptake or influx. 

- The overall process requires metabolic energy as evidenced by the 
sensitivity of polar transport to O2 deprivation, sucrose depletion, and 
metabolic inhibitors. 

- Polar transport proceeds in a cell‑to‑cell fashion, rather than via the 
symplast, that is, auxin exits the cell through the plasma membrane, 
diffuses across the compound middle lamella, and enters the next cell 
through its plasma membrane. 

 The velocity of polar auxin transport can exceed 3 mm h‑1 in some tissues, 
which is faster than diffusion but slower than phloem translocation rates.  
- Higher rates of polar transport are observed in tissues immediately 

adjacent to the shoot and root apical meristems. 
 

Notes: 
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3. Chemiosmotic Potential 
 A chemiosmotic model for polar auxin transport proposes that auxin 

uptake is driven by the proton motive force (E + pH) across the plasma 
membrane, while auxin efflux is driven by the membrane potential (E). 

 Polar flow of auxin is directed by polarly localized efflux carriers concentrated 
at the ends of the conducting cells (Fig. 19.8). 
 

 
Fig. 19.8 A simplified chemiosmotic model of polar auxin transport. Shown 
here is one elongated cell in a column of auxin-transporting cells. Additional 
export mechanisms contribute to transport by preventing re-uptake of IAA at 
sites of export and in adjoining cell files.  
 
 

 There are also symporters, a small family of AUX1/LAX 2H+-IAA- 
permeases, that cotransport two protons along with the auxin anion. 

 AUX1 functions in the uptake of auxin in the shoot and root apex, and is 
required for mobilization of auxin away from the root apex into the basipetal 
auxin transport stream in the cells of the lateral root cap (Fig. 19.9). 

 The prominent role of AUX1/LAX proteins in the maintenance of high auxin 
concentrations in some cell types is shown by LAX3, another auxin permease 
family member. 
- The LAX3 enhances auxin accumulation in some epidermal and cortical 

cells, resulting in cell separation that facilitates the emergence of lateral 
roots from the central cylinder (Fig. 19.9C). 
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Fig. 19.9 The auxin permease AUX1 is expressed in a subset of columella, lateral 

root cap, and stelar tissues. Another member of the AUX/ LAX family, LAX3, 

functions in cortical and epidermal cells of the root. (A) Diagram of tissues in the 

Arabidopsis root tip. (B) Immunolocalization of AUX1 in protophloem cells of the 

stele, a central cluster of cells in the columella, and lateral root cap cells. (C) LAX3 

mediates auxin uptake in epidermal cells surrounding emerging lateral roots to 

induce cell expansion and other changes that permit lateral root emergence. (B from 

Swarup et al. 2001; C from Swarup et al. 2008.) 

 
 

 The central feature of the chemiosmotic model for polar transport is that IAA‑ 
efflux is directed by polar localization of some efflux carriers. 

 Auxin uptake at one end of the cell and subsequent efflux from the other 
gives rise to a net polar transport. 

 Members of a major subgroup of the PIN family of auxin carrier proteins, 
situated on the plasma membrane, transport auxin out of the cell, and are 
aligned with the direction of auxin transport (Fig. 19.10A). 

- The PIN family of proteins is named after the pin‑shaped inflorescences 
formed by the pin1 mutant of Arabidopsis. 

 
Fig. 19.10 PIN1 in Arabidopsis. (A) 

Localization of the PIN1 protein at the 

basal ends of conducting cells in 

Arabidopsis inflorescences as seen by 

immunofluorescence microscopy. (B) The 

pin 1 mutant of Arabidopsis. A normal 

wild-type Arabidopsis plant can be seen 

in Figure 16.1. (Courtesy of L. Gälweiler 

and K. Palme.) 

A

B
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 "Full‑length" PIN proteins (in Arabidopsis, PIN1, 2, 3, 4, and 7) direct basal 
auxin efflux streams that are essential to normal plant development. 

 Different PIN family members mediate auxin efflux in each tissue (Fig. 19.11 
A).  
 

 
Fig. 19.11 In Arabidopsis, PIN and ABCB transport proteins direct the auxin efflux 

component of polar auxin transport throughout the plant. (A) PIN proteins determine 

the basal direction of auxin movement. Directional auxin movement is associated 

with the tissue-specific distribution of PIN efflux carrier proteins. PIN1 mediates 

vertical transport of IAA from the shoot to the root along the embryonic apical-basal 

axis (see Chapter 16). AUX1 (see Figure 19.9) creates an auxin sink that drives 

basipetal auxin transport upwards from the root apex via PIN2 efflux carriers. Since 

some lateral diffusion of auxin may occur, PIN2 and PIN3 are thought to redirect 

auxin back into vascular parenchymal tissue, where polar transport takes place. The 

two inserts show PIN1-mediated auxin movement in the shoot apical meristem 

(upper), and PIN-regulated auxin circulation in the root tip (lower). (B) Auxin flow 

associated with ATP-dependent ABCB transport proteins, The multidirectional arrows 

at the shoot and root apices indicate non-directional auxin transport. However, when 

combined with polarly localized PIN proteins, directional transport occurs. ABCB4 

regulates auxin levels in elongating root hairs. (A, root model after Blilou et al. 

2005.) 

 
 

 Modeling of auxin transport in intact tissues suggests that polar auxin 

transport also involves an energy‑dependent mechanism, especially in small 
cells near the apical meristems.  

 Auxin that has been directionally exported from one of these cells is likely to 
reenter the same cell unless actively excluded by efflux transporters on the 
plasma membrane (Fig. 19.12).  

 Plant cells contain ATP‑dependent transporters belonging to the 
P‑glycoprotein, or "B" subclass (PGB), of the large superfamily of plant ATP 
Binding Cassette (ABC) integral membrane transporters.  

 A subgroup of these PGP/ABCB transporters are integral membrane proteins 

that function as ATP‑dependent amphipathic anion carriers in cellular auxin 
efflux (Fig. 19.12).  

 Defective ABCB genes in Arabidopsis, maize, and sorghum result in dwarf of 
varying severity and in altered g. and reduced auxin efflux (Fig. 19.13). 
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 There are 21 members of the ABCB family in Arabidopsis and 17 in rice. 
Three members of the ABCB family have been extensively characterized as 

participants in tissue‑specific auxin transport (Fig. 19.11B). 
 

 
Fig.19.12 Model for polar auxin transport in small cells with significant back-diffusion 

of auxin due to a high surface-to-volume ratio. ABCB proteins are thought to 

maintain polar streams by preventing reuptake of auxin exported at carrier sites. In 

larger cells, ABCB transporters appear to exclude movement of auxin out of polar 

streams into adjoining cell files. 

 

A B C

Wild type br2 Wild type br2 Wild type br2  
Fig.19.13 The BR2 (Brachytic 2) gene encodes a P-glycoprotein required for normal 

auxin transport in corn, and br2 mutants have short internodes. The mutant was 

created by insertional mutagenesis with the Mutator transposon. Unknown to the 

investigators, the Mu8 transposon contained a fragment of the BR2 gene. Expression 

of the BR2 gene fragment produced interfering RNA (RNAi), which silenced BR2 

expression (see Chapter 2). The br2 mutants have compact lower stalks (B and Q, 

but normal tassels and ear (A and B). (From Multani et al. 2003.) 

 

 

4. Auxin Homeostasis 
 IAA is thought to occupy both the cytoplasm and other subcellular 

compartments.  
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- It is likely that most IAA, an amphipathic molecule (having both 
hydrophobic and hydrophilic regions), is associated with endomembrane 
regions or proteins with hydrophobic regions within the cell. 

 ABCB4, a PGP‑type transporter, is thought to regulate auxin levels in root 
hair cells.  

 At low auxin concentrations, ABCB4 appears to function in cellular uptake, 
but rapidly reverses to efflux when auxin concentrations reach a threshold 
level.  

 This suggests that free IAA levels can be regulated by transporters on both 
internal membranes and the plasma membrane (Fig.19.14). 
 

 
Fig. 19.14 Model of transporter-mediated auxin homeostasis. Polar, intercellular 

auxin transport is mediated by the PIN1 -like and ABCB plasma membrane-localized 

auxin efflux carriers and AUX/LAX influx carriers. Intracellular auxin is 

compartmentalized into cytosolic and ER pools. PIN5 and PIN5-like (PIN6 and PIN8) 

transporters regulate auxin sequestrat ion in the ER. Most of AUXIN BINDING 

PROTEIN1 (ABP1), which binds auxin with high affinity, localizes to the ER. ILR1 and 

IAR3 encode IAA-amino acid hydrolases that can release free IAA in the ER. (After 

Mravec et al. 2009.) 

 
 

4. AUXIN SIGNAL TRANSDUCTION PATHWAYS 
 

1. Principal Auxin Receptors 
 The principal auxin receptors have been identified as complexes made up of a 

soluble protein belonging to the TIR1/AFB family and a member of the 
larger family of AUX/IAA transcriptional repressor proteins (Fig. 19.18). 
- TIR1/AFB proteins are TRANSPORT INHIBITOR RESISTANT 1, generally 

classified as Auxin F‑box Binding proteins. 
- TIR1 is a component of a specific TIR1 E3 ubiquitin ligase complex, 

designated SCFTR1, that is required for auxin signaling in cells.  
 Upon binding to auxin, the receptor-enzyme complex targets specific 

transcriptional repressors for proteasome destruction, activating transcription 
of auxin response genes. 
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Fig. 19.18 A model for auxin binding 

to the composite TIR1/ABF-AUX/IAA 

auxin receptors and subsequent 

transcriptional activation of auxin 

response genes.  

(A) In the absence of auxin, AUX/IAA 

repressors inhibit the 

transcription of auxin-induced 

genes by binding to ARF 

transcriptional activators, locking 

them into an inactive state. Auxin 

functions as "molecular glue" to 

initiate an interaction between an 

AUX/1AA and the TIRl/ABF 

component of an SCFT IR1/ABF 

complex.  

(B)  Auxin-activated SCFT IR1/ABF 

complexes attach ubiquitin 

molecules to AUX/IAA proteins, 

promoting their destruction by 

the 26S proteasome. The 

removal and degradation of 

AUX/1AA proteins "unlocks" the 

ARF transcriptional activators. 

The ARF transcriptional activators 

bind to auxin response elements 

(AuxRE) and stimulate the 

transcription of auxin-induced 

genes. 

 

 

 

2. AUX/IAA Proteins  
 Two families of transcriptional regulators participate in the TIR1 auxin 

signaling pathway: auxin response factors (ARFs) and AUX/IAA proteins. 

- Auxin‑induced genes are negatively regulated by AUX/IAA proteins 
 ARFs are short‑lived nuclear proteins that bind to DNA auxin response 

elements (AuxREs) containing the consensus sequence TGTCTC in the 

promoters of primary, or early, auxin‑response genes.  
 The binding of ARFs to AuxREs results in the activation or repression of gene 

transcription, depending on the particular ARF involved. 
 ARFs appear to be present on the promoters of early auxin genes regardless 

of the auxin status of the tissue. 
3. Auxin‑Induced Gene Classes 

 Auxin‑induced genes fall into two classes: early and late. 
- Auxin‑responsive genes that are directly activated by AUX/IAA‑TIR/AFB 

signaling are described as primary response genes or early genes. 
- The time required for the expression of the early genes can be quite 

short, ranging from a few minutes to several hours. 
- All of the primary response genes in auxin responses are induced via the 

SCFT IR1 signaling pathway. 
- Early response genes include the AUX/IAA genes, SAUR genes, and GH3 

genes. 

 Late genes are genes that act later in auxin‑induced developmental 
processes, usually 2‑4 hours after an auxin increase.  
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 For example, several genes encoding glutathione-S-transferases (GSTs), a 
class of proteins stimulated by various stress conditions, are induced by 
elevated auxin concentrations. 

 
 

5. ACTIONS OF AUXIN 
 

1. Cell Elongation 
 In long‑term experiments, auxin 

treatment of excised sections of 
coleoptiles or dicot stems 
stimulates the rate of elongation of 
the section for up to 20 hours (Fig. 
19.19).  

 The optimal auxin concentration for 
elongation growth in pea stems 
and oat coleoptiles is typically 10-4 
to 10-5 M (Fig. 19.20). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 The inhibition observed when auxin concentrations exceed optimal levels is 

attributed mainly to auxin-induced ethylene biosynthesis. 
 Lateral auxin transport in dicots is mediated by laterally oriented PIN proteins 

in vascular cells, and ABCB transporters in the surrounding cells (Figure 
19.21). 

 
Notes: 
 
 
 
 
 
 

 

Fig.19.19 Time course for auxin-induced 

growth of Avena (oat) coleoptile 

sections. 
 

Fig. 19.20 Typical dose-response curve 

for IAA-induced growth in pea stem or 

oat coleoptile sections. At higher 

concentrations (above 10-5 M), IAA 

becomes less and less effective; above 

about 10-4 M it becomes inhibitory 
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Fig. 19.21 Restriction of 

auxin to basipetal stream 

(driven by PIN1) in the 

vascular tissue of dicots. 

ABCB19 and PIN3 are 

localized in the bundle 

sheath cells adjoining the 

vascular tissue. (A) PIN3 is 

localized to the inward 

lateral face of these cells 

and is thought to redirect 

auxin into the vascular 

stream. ABCB19 restricts 

uptake of auxin into these 

cells. The directions of the 

arrows indicate the 

directions of auxin flow. (B) A cross sectional view of 

this region indicates how ABCB1 9 export would 

contribute to redirection of auxin into the vascular 

cylinder. Mutational analyses indicate that both PIN3 

and ABC131 9 function in lateral redistribution of auxin 

in tropic bending. 
 
 

 Both oat (Avena sativa) coleoptiles and soybean 
(Glycine max) hypocotyls (dicot stems) reach a 
maximum growth rate after 30 to 60 minutes of 
auxin treatment (Fig. 19.22). 

 According to the widely accepted acid growth 
hypothesis, hydrogen ions act as the intermediate 
between auxin and cell wall loosening that leads to 
cell elongation. 

 
 
Fig. 19.22 Comparison of the growth kinetics of oat coleoptile and soybean hypocotyl 

sections incubated with 10 pM IAA and 2% sucrose. The growth rate of the soybean 

hypocotyl oscillates after 1 hour, whereas that of the oat coleoptile is constant. (After 

Cleland 1995.) 
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 The source of the hydrogen ions is the plasma membrane H+-ATPase, whose 
activity is thought to increase in response to auxin. 

 Auxin stimulates proton extrusion into the cell wall after 10 to 15 minutes of 
lag time, consistent with the growth kinetics (Fig. 19.23). 

 

 
Fig. 19.23 Kinetics of auxin-induced elongation and cell wall acidification in maize 

coleoptiles. The pH of the cell wall was measured with a pH microelectrode. Note the 

similar lag times (10 to 15 minutes) for both cell wall acidification and the increase in 

the rate of elongation. (From Jacobs and Ray 1976.) 

 
 

2. Plant Tropisms 
 In the phototropism, the sites of perception and differential growth (bending) 

are separate:  
- Light is perceived at the tip of a coleoptile, but  
- bending occurs below the tip. 

 Two flavoproteins, phototropins 1 and 2, are the photoreceptors for the 
blue-light signaling pathway that induces phototropic bending in Arabidopsis 
hypocotyls and oat coleoptiles under both high- and low-fluence conditions.  

 Phototropins are autophosphorylating protein kinases whose activity is 
stimulated by blue light. 

 The resulting differential growth-the acceleration of growth on the shaded 
side and the slowing of growth on the illuminated side-produces a curvature 
toward the source of light (Fig. 19.24). 

 This result indicates that, in coleoptiles, light does not cause the 
photodestruction of auxin on the illuminated side, as had been proposed by 
some investigators. 

 Acidification of the apoplast appears to play a role in phototropic growth:  
- The apoplastic pH on the shaded side of phototropically bending stems or 

coleoptiles is more acidic than on the side facing the light.  
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Fig. 19.24 Time course of growth on the 

illuminated and shaded sides of a coleoptile 

responding to a 30-second pulse of 

unidirectional blue light. Control coleoptiles 

were not given a light treatment. (After lino 

and Briggs 1984.) 

 
 

 Direct tests of the Cholodny—Went 
model using the agar block/coleoptile 
curvature bioassay have supported the 
model's prediction that auxin in 
coleoptile tips is transported laterally in 
response to unilateral light (Fig. 19.25). 

 This result indicates that, in coleoptiles, 
light does not cause the 
photodestruction of auxin on the 
illuminated side, as had been proposed 
by some investigators. 
 

 
Fig. 19.25 Evidence that the lateral redistribution of auxin is stimulated by 
unidirectional light in corn coleoptiles. The amount of auxin in the agar block 
is expressed as the angle of curvature the agar block induces when assayed 
by the coleoptiles curvature bioassay (see Fig. 19.1) 
 
 

 Acidification of the apoplast appears to play a role in phototropic growth:  
- The apoplastic pH on the shaded side of phototropically bending stems or 

coleoptiles is more acidic than on the side facing the light. 
- Decreased pH increases auxin transport by increasing both the rate of 

IAA entry into the cell and the chemiosmotic proton potential—driven 
auxin efflux mechanisms. 

 Experiments in Arabidopsis suggest that phototropic auxin movement 
involves inhibition of ABCB19, destabilization of PIN 1, and inhibition and/or 
relocalization of laterally localized PIN3 proteins.  

 These changes in auxin distribution can be visualized using the auxin-
responsive reporter gene construct DR5::GLIS, which utilizes the auxin-
sensitive promoter, DR5, fused to the GUS reporter gene (Fig. 19.26). 

 Early experimental evidence indicated that the tip of the coleoptile could 
perceive gravity and redistribute auxin to the lower side.  



 

Page 20 of 27 
 

Plant Physiology/Auxin/S.M. Sitompul  2017 The University of Brawijaya 

 For example, if coleoptile tips are oriented horizontally, a greater amount of 
auxin diffuses into an agar block from the lower half than from the upper half 
(Fig. 19.27). 
 
 
Fig. 19.26 Lateral redistribution of 

auxin during phototropism can be 

visualized by transforming plants with 

the DR5::GUS reporter gene 

construct. (A) Lateral auxin gradients 

are formed in Arabidopsis hypocotyls 

during the bending response to 

unidirectional light. Auxin 

accumulation on the shaded side of 

the hypocotyls is indicated by the 

blue staining (inset). (B) Treatment 

with the auxin efflux inhibitor NPA 

blocks both phototropic: bending and 

auxin redistribution. A similar 

redistribution of auxin occurs during 

gravitropism. (Photos courtesy of 

Klaus Palme.) 

 
 

 
Fig. 19.27 Auxin is transported to the lower side of a horizontally oriented oat 

coleoptile tip. (A) Auxin from the upper and lower halves of a horizontal tip is allowed 

to diffuse into two agar blocks. (13) The agar block from the lower half (left) induces 

greater curvature in a decapitated coleoptile than the agar block from the upper half 

(right). (Photo © M. B. Wilkins.) 

 
 

 Obvious candidates for intracellular gravity sensors in plants are the large, 
dense amyloplasts that are present in specialized gravity-sensing cells.  

 These large amyloplasts (starch-containing plastids) are of sufficiently high 
density relative to the cytosol that they readily sediment to the bottom of the 
cell (Fig. 19.28).  

 Amyloplasts that function as gravity sensors are called statoliths, and the 
specialized gravity-sensing cells in which they occur are called statocytes.  

 Whether the statocyte is able to detect the downward motion of the statolith 
as it passes through the cytoskeleton or whether the stimulus is perceived 
only when the statolith comes to rest at the bottom of the cell has not yet 
been resolved. 

 The site of gravity perception in primary roots is the root cap.  
 Large, graviresponsive amyloplasts are located in the statocytes (Fig. 

19.29A) in the central cylinder, or columella, of the root cap.  
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Fig. 19.28 The perception of gravity by statocytes of Arabidopsis. (A) Electron 

micrograph of root tip, showing apical meristem (M), columella (C), and peripheral 

(P) cells. (B) Enlarged view of a columella cell, showing the amyloplasts resting on 

top of endoplasmic reticulum at the bottom of the cell. (C) Diagram of the changes 

that occur during reorientation from the vertical to the horizontal position. (A, B 

courtesy of Dr. John Kiss; C based on Sievers et al. 1996 and Volkmann and Sievers 

1979.) 

 
 
Fig. 19.29 Experiments with a pH-

sensitive dye suggest that pH 

changes in columella cells of the 

root cap are involved in 

gravitropic: signal transduction.  

(A) Micrograph showing a 

magnification of the root tip and 

two columella cells at different 

levels (stories) of the root cap, 

labeled S2 (story 2) and S3 (story 

3) (insets). The cytosols of the 

two columella cells are fluorescing 

because the cells have been 

microinjected with a pH-sensitive 

fluorescent dye. The vacuoles 

(labeled V) contain no dye and 

therefore appear dark.  

 
 
 

 Localized changes in pH and Ca2+ gradients are part of the signaling of 
gravistimulation, the process of alignment with the gravity vector. 

 Changes in intracellular pH can be detected early in root columella cells 
responding to gravity.  
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 When pH-sensitive dyes were used to monitor both intracellular and 
extracellular pH in Arabidopsis roots, rapid changes were observed after 
roots were rotated to a horizontal position.  

 Within 2 minutes of gravistimulation, the cytoplasmic pH of the columella 
cells of the root cap increased from 7.2 to 7.6, and the apoplastic pH declined 
from 5.5 to 4.5 (Fig. 19.29B & C). 

 These changes preceded any detectable tropic curvature by about 10 
minutes. 
 

 
Fig. 19.29 (B) Cytoplasmic pH increases in less than one minute after 

gravistimulation. (C) Imaging of pH-sensitive dyes in the response of the two 

columella cells in (A) to gravitropic: stimulus. The color scale below was used to 

generate the data in (B). (From Fasano et al. 2001.)  

 
 

 Early physiological studies suggested that Ca2+ release from storage pools 
might be involved in root gravitropic signal transduction.  

 For example, treatment of maize roots with EGTA [ethylene glycol-bis(-

aminoethyl ether)-N,N,N',N'-tetraacetic acid], a compound that can chelate 
(form a complex with) Ca2+ , prevents Ca2+ uptake by cells and inhibits root 
gravitropism.  

 Placing a block of agar that contains Ca2+ on the side of the cap of a 
vertically oriented maize root induces the root to grow toward the side with 
the agar block (Fig. 19.30). 
 
 
Fig. 19.30 A maize root bending toward a Ca 2+-containing agar 

block placed on one side of the cap. The result shows that an 

artificially imposed Ca 2+ gradient can override the normal 

gravitropic response. Although Ca" does not appear to play a role 

in gravitropism itself, it may be part of a separate signaling 

pathway related to thigmotropism. (Courtesy of Michael L. Evans.) 

 
 

 As in the case of [3H]IAA, 45Ca2+ is polarly transported to the 
lower half of a root cap that is stimulated by gravity. 

 Microsurgery experiments in which half of the cap was 
removed showed that the cap supplies a root growth inhibitor to the lower 
side of the root during gravitropic bending (Fig. 19.31). 

 IAA is delivered to the root apex by the acropetal PlNl/ABCB19-directed 
stream, and also synthesized in the root meristem.  

 However, the hormone is excluded from root cap apical cells by the combined 
activity of PIN3, PIN4, and ABCB1, while AUX1-mediated auxin uptake in 
lateral root cap cells drives a basipetal auxin stream out of the root apex.  
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Fig. 19.31 Microsurgery experiments demonstrating that the root cap is required for 

redirection of auxin and subsequent differential inhibition of elongation in root  

gravitropic bending. Molecular genetic experiments have shown that AUX1 is the 

principal motivator of auxin streams out of the root cap in Arabidopsis. (After Shaw 

and Wilkins 1973.) 

 
 

 PIN2, which is localized at the basal (top) end of root epidermal cells, 
conducts auxin away from the lateral root cap to the elongation zone, where 
it acts to stimulate or inhibit growth in a concentration-dependent manner. 

 According to the current model for gravitropism, basipetal auxin transport in 
a vertically oriented root is 
equal on all sides (Fig. 19-
32A). 

 When the root is oriented 
horizontally, however, the cap 
redirects most of the auxin to 
the lower side, thus inhibiting 
the growth of that lower side 
(Fig. 19.32B). 
 

 

Fig. 19.32 Current model for the 

redistribution of auxin during 

gravitropism in maize roots. (After 

Hasenstein and Evans 1988.) 

 
 The downward movement of 

auxin across a horizontal root 
cap has been confirmed using 
a reporter gene construct, 
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DR5::GFP, consisting of green fluorescent protein (GFP) expressed under the 
control of the auxin-sensitive DR5 promoter (Fig. 19.33). 
 

 
Fig. 19.33 Gravistimulation results in asymmetric auxin accumulation in lateral root 

cells on the nonelongating side. Auxin accumulation is indicated by green fluorescent 

protein (GFP) expressed under the control of the DR5 promoter. (A) Diagram of the 

Arabidopsis root tip showing the tissues involved in auxin lateral redistribution. (B) 

Before gravistimulation. (C) Three hours after gravistimulation. Auxin has become 

redistributed to the lower side of the root cap. (Images courtesy of Jiří Friml.) 

 
 
Notes: 
 
 
 
 
 
 
 
 
 
 
 
 

6. DEVELOPMENTAL EFFECTS OF AUXIN 
 

1. Apical Dominance 
 In most higher plants, the growing apical bud inhibits the growth of lateral 

(axillary) buds-a phenomenon called apical dominance.  
 Removal of the shoot apex (decapitation) results in the outgrowth of one or 

more of the lateral buds. Not long after the discovery of auxin, it was found 
that IAA could substitute for the apical bud in maintaining the inhibition of 
lateral buds.  

 The classic experiment performed on kidney bean (Phaseolus vulgaris) plants 
by Kenneth Thimann and Folke Skoog in the 1920s is illustrated in Fig. 
19.34. 
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Fig. 19.34 Auxin suppresses the 

growth of axillary buds in bean 

(Phaseolus vulgaris) plants. (A) The 

axillary buds are suppressed in the 

intact plant because of apical 

dominance. (B) Removal of the 

terminal bud releases the axillary 

buds from apical dominance 

(arrows). (C) Applying IAA in lanolin 

paste (contained in the gelatin 

capsule) to the cut surface prevents 

the outgrowth of the axillary buds. 

(Photos ©M. B. Wilkins.) 

 

 
 
 

2. Floral Bud Development and Phyllotaxy 
 The developing floral meristem depends on auxin being transported to it from 

subapical tissues.  
 Auxin transport from these tissues also regulates leaf initiation and 

phyllotaxy, the pattern of leaf emergence from the shoot apex.  
 In the absence of PIN1, auxin movement to the meristem is impaired and the 

initiation of both leaf and floral organ primordia is disrupted.  
 This is the basis of the "pin-formed" phenotype of pin1 mutants. Not 

surprisingly, therefore, leaf primordia can be induced to form on the 
meristem of a pin1 mutant by applying a tiny spot of auxin in lanolin paste 
on the side of the apical meristem (Fig. 19.35). 

 
Fig. 19.35 Scanning electron micrograph 

of leaf primordia on a vegetative pin1 

shoot apical meristem. (A) An untreated 

pin1 inflorescence meristem fails to 

produce leaf primordia. (B) Leaf 

primordium induced on the inflorescence 

meristem of a pin1 mutant by placing a 

microdrop of lAA in lanolin paste on the 

side of the meristem. (A from Vernoux et 

al. 2000; B from Reinhart et al. 2003) 

 
 

 
3. Vascular Differentiation 

 The regeneration of vascular tissue following wounding is also controlled by 
auxin produced by the young leaf directly above the wound site (Fig. 19.36). 

 Removal of the leaf prevents the regeneration of vascular tissue, and applied 
auxin can substitute for the leaf in stimulating regeneration. 
 

4. Fruit Development 
 Much evidence suggests that auxin is involved in the regulation of fruit 

development. 
The influence of auxin produced by the achenes of strawberry (the actual 
fruits, each of which contains a single seed), for example, is shown on the 
growth of the receptacle (commonly known as the "berry") (Fig. 19.37). 
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Fig. 19.36 IAA-induced xylem regeneration around a wound in cucumber 
(Cucurmis sativus) stem tissue. (A) Method for carrying out the wound 
regeneration experiment. (B) Fluorescence micrograph showing regenerating 
vascular tissue around the wound. The arrow indicates the wound site where 
auxin accumulates and xylem differentiation begins. (B courtesy of R. Aloni.) 
 
 
Fig. 19.37 The strawberry "fruit" is 

actually a swollen receptacle whose 

growth is regulated by auxin produced 

by the “seeds," which are actually 

achenes-true fruits. (A) When the 

achenes are present, the receptacle 

enlarges and develops its 

characteristic flavor, sweetness, and 

red color. (B) When the achenes are 

removed, the receptacle fails to 

develop normally. (C) Spraying the 

receptacle minus its achenes with IAA 

restores normal growth and 

development. (After Galston 1994.) 

(A) Normal fruit (B) Achenes (C) Achenes removed
removed sprayed with auxin
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5. Commercial Uses of Auxin  
 Auxins have been used commercially in agriculture and horticulture for more 

than 50 years.  
 Commercial uses include prevention of fruit and leaf drop, promotion of 

flowering in pineapple, induction of parthenocarpic fruit development, 
thinning of fruit, and rooting of cuttings for plant propagation. 

 In some plant species, seedless fruits may be produced naturally, or they 
may be induced by treatment of the unpollinated flowers with auxin.  

 The production of such seedless fruits is called parthenocarpy. 
 Synthetic auxins, such as 2,4-D and dicamba are widely used as herbicides 

that induce excessive cell expansion and subsequent plant death. 
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Apendix 

 
Fig. 1. Plasmodesmata (PD)-mediated movement and its regulation. (A) PD are membrane-

lined Channels penetrating the cell wall, with desmotubules derived from endoplasmic 

reticulum (ER) (blue tubes). The cytosolic sleeve allows various micro- and macromolecules 

to move between cells (dashed lines). (B) PD permeability can be dynamically changed, for 

instance, by β-1,3-glucan (callose) deposition into PD orifice, leading to the reduction of PD 

pore size. (C) Specific macromolecular signals such as transcription factors (TFs) and small 

non-coding RNA (sRNAs) can be actively and selectively transported via PD. For example, 

some TFs may be unfolded by chaperones (e.g. heat shock proteins (HSPs)) to aid passage 

through PD, and then are refolded in the destination cells by the chaperonin complex. In 

addition, PD-located receptor-like kinases (RLKs) (and receptor-like proteins, RLPs) also 

regulate the molecular trafficking through PD. For example, they may respond to secreted 

ligands by phosphorylating non-cell autonomous proteins, to promote or restrict their 

trafficking, or to affect callose deposition.  Source: Kitagawa and Jackson (2017) 

 
 


