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Abstract
Auxins are plant hormones that play key roles in almost all growth and developmental processes, 
such as cell division, elongation, differentiation, and environmental responses. However, 
biosynthetic pathways and regulatory mechanisms remain unclear. The indole-3-pyruvic acid (IPyA) 
pathway, from L-tryptophan (Trp) via IPyA, is the main biosynthetic pathway of the natural auxin 
indole-3-acetic acid (IAA). In this pathway, IAA is biosynthesized from Trp through two enzymatic 
reactions: aminotransferase (TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS1 
[TAA1]/ TRYPTOPHAN AMINOTRANSFERASE-RELATED [TARs]) and YUCCAs (YUCs), which 
are flavin-containing monooxygenases. We developed the inhibitors of TAA1/TARs and YUC and 
analyzed the physiological functions of the IPyA pathway using the biosynthesis inhibitors as 
chemical probes. This paper also describes the regulatory mechanism of the two-step enzymatic 
reactions in auxin biosynthesis, employing the novel IPyA analog compounds.

Discipline: Biotechnology
Additional key words:  auxin, biosynthesis inhibitor, regulation of auxin biosynthesis, TAA1/TARs, 

YUCCA (YUC)

Introduction

Auxins are plant hormones that play key roles in 
regulating plant growth and development, including cell 
division, elongation, differentiation, and environmental 
responses (Teale et al. 2006, Woodward & Bartel 2005). 
Thus, auxin analogs have been used as agrochemicals in 
various applications, including herbicides, rooting 
compounds, and fruit set promotion, drop protection, 
and thinning. indole-3-acetic acid (IAA) is the most 
abundant, natural auxin. It was thought to be difficult to 
completely inhibit the biosynthesis of IAA with a single 
compound because of the complementary existence of 
the multibranched biosynthesis pathways.

In Arabidopsis plants, two types of IAA biosynthesis 
pathways had been proposed: one route is L-tryptophan 
(Trp) dependent, and the other is Trp independent (Fig. 1), 

comprising multiple pathways, such as the indole-3-
pyruvic acid (IPyA), tryptamine (TAM), and indole-3-
acetamide (IAM) pathways (Zhao 2010). In addition, the 
indole-3-acetaldoxime (IAOx) pathway is restricted to 
Brassicaceae plants (Sugawara et al. 2009). On the basis 
of the studies of biosynthesis-deficient Arabidopsis 
mutants, the IPyA pathway has been proposed as the 
main IAA biosynthesis pathway (Mashiguchi et al. 2011, 
Won et al. 2011).

In the IPyA pathway, IAA is biosynthesized from 
Trp in a two-step enzymatic reaction. The first enzymes 
are TRYPTOPHAN AMINOTRANSFERASE OF 
ARABIDOPSIS1 (TAA1) and its close homologs, namely, 
TRYPTOPHAN AMINOTRANSFERASE-RELATED1 
(TAR1) and 2 (TAR2), which catalyze the conversion of 
Trp to IPyA (Stepanova et al. 2008, Tao et al. 2008, 
Yamada et al. 2009, Zhou et al. 2011). The second step 
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enzymes are YUCCAs, which are f lavin-containing 
monooxygenases (YUCs) that convert IPyA to IAA 
(Mashiguchi et al. 2011, Won et al. 2011).

To assess the regulatory mechanism of auxin 
biosynthesis and its physiological impacts by the 
chemical biology approach, we have developed auxin 
biosynthesis inhibitors targeting the IPyA pathway 
(Fig. 2, Table 1; Higashide et al. 2014, Kakei et al. 2015, 
Kakei et al. 2017, Narukawa-Nara et al. 2016, Sato et al. 
2022, Soeno et al. 2010, Watanabe et al. 2021). This 
paper presents the results of our research to date. Using 
the chemical tools of the IPyA pathway, we herein 
demonstrate a new regulatory mechanism of TAA1/TAR 
enzyme reaction regarding the control of IAA synthesis 

in the IPyA pathway.

Discovery of auxin biosynthesis inhibitors and 
development of TAA1/TARs-specific inhibitors

The analysis of the Arabidopsis DNA microarray 
data revealed that the gene expression profiles 
in Arabidopsis seedlings treated with L-α-
aminoethoxyvinylglycine (AVG) had a strong negative 
correlation with the expression profiles of auxin-treated 
seedlings (Fig. 3, Soeno et al. 2010). AVG is known to 
inhibit aminocyclopropane-1-carboxylic acid synthase 
(ACC synthase; ACS), a pyridoxal phosphate (PLP)-
dependent enzyme in the ethylene biosynthesis pathway. 

Fig. 1.  Auxin biosynthesis pathways
Auxin (IAA) biosynthesis pathways with proposed enzymes and intermediates.
Plain text indicates intermediates: Trp, L-tryptophan; IPyA, indole-3-pyruvic acid; IAA, indole-3-
acetic acid; IAM, indole-3-acetamide; IAOx indole-3-acetaldoxime; IAN, indole-3-acetonitrile; TAM, 
tryptamine; IAAld, indole-3-acetaldehyde. 
Bold text indicates enzymes: TAA1, TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS1; 
TARs, TRYPTOPHAN AMINOTRANSFERASE RELATED; YUC, YUCCA, f lavin-containing 
monooxygenase; AMI1, AMIDASE1; NIT, nitrilase; CYP79B2/B3, Cytochrome P450 79B2/B3.
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This suggests that AVG inhibits enzymes involved in 
PLP-dependent enzymes in the auxin biosynthesis 
pathway. Therefore, we screened candidate compounds 
for inhibitors of PLP-dependent enzymes, and we 
successfully identified L-aminooxyphenylpropionic acid 
(AOPP) as a candidate auxin biosynthesis inhibitor. 
Arabidopsis seedlings treated with AVG or AOPP 
showed reduced endogenous IAA levels in a dose-

dependent manner, and AOPP inhibited primary root 
elongation in the Arabidopsis seedlings. AVG and AOPP 
also reduced endogenous IAA levels in the roots of rice 
and tomato seedlings. In an in vitro assay system using 
crude enzyme extracts of Arabidopsis and wheat, AVG 
and AOPP inhibited the conversion of Trp to IPyA in a 
dose-dependent manner. These results confirm that 
AVG and AOPP inhibit the aminotransferase step in the 

Fig. 2.  Structures of biosynthesis inhibitors in the IPyA pathway of auxin biosynthesis
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Table 1. List of biosynthesis inhibitors in the auxin IPyA biosynthesis pathway

Compound name CAS registry 
numbera

Target 
Protein(s)

Mode of 
actionb Ki value Reference Commercial 

sourcec
Application in auxin related 

study

AOPP 42990-62-5 TAA1/
TARs

CI 350 n mol/L 
(TAA1) 
3.9 n mol/L 
(AtPAL2) 
848 n mol/L. 
(AtACS8)

Soeno K. et al. (2010) A Miki S. et al. (2015) 
Tamaki H. et al. (2015) 
Xing X. et al. (2016) 
Ishibashi M. et al. (2017) 
Li Z. et al. (2018) 
Zhang C. et al. (2018) 
Pan R. et al. (2020) 
Singh R.R. et al. (2020) 
Yan L. et al. (2021) 
Wang Y. et al. (2022)d

AVG 49669-74-1 TAA1/
TARs

CI 8.6 µ mol/L 
(TAA1) 
N.D.  
(AtPAL2) 
37.6 nmol/L 
(AtACS8)

Soeno K. et al. (2010) A L.C. et al. (2010) 
Yin C. et al. (2010) 
Tsang D.L. et al., (2011) 
Du H. et al. (2012) 
Lemaire L. et al. (2013) 
Böttcher C. et al. (2013) 
Zheng Q. et al. (2013) 
Bhattacharyyaa D. et al. (2015) 
Wang Z. et al. (2015) 
Tsugama D. et al. (2016) 
Xing X. et al. (2016) 
Bhattacharyyaa D. & Lee Y.H., 
(2017) 
Cunha C.P. et al. (2017) 
Li X. et al. (2017) 
Park S-H. et al. (2017) 
Malheiros R.S.P. et al. (2019) 
Schuetz M. et al. (2019) 
Talosawa et al. (2019) 
Cui S. et al., (2020)

Kyn 2922-83-0 TAA1/
TARs

AS/CI 11.52 µ mol/L 
(TAA1) 

He W. et al. (2011) A Nishimura, T. et al. (2014) 
Suzuki M. et al. (2015) 
Inaji A. et al. (2020) 
Koike I. et al. (2020) 
Xi et al. (2021) 
Ishida S. et al. (2022) 
Ohbayashi I. et al. (2022)

PVM1101 (KOK1101) 1394950-57-2 TAA1/
TARs

CI Higashide, T. et al. 
(2014)

N

PVM1169 
(KOK1169)/AONP

1394949-95-1 TAA1/
TARs

CI 76.8 n mol/L 
(TAA1)

Narukawa-Nara M. et.al. 
(2016)

B

PVM 2153 (KOK2153) 1394950-62-9 TAA1/
TARs

CI Narukawa-Nara M. et.al. 
(2016)

N Du M. et al., (2022)d 
Tillmann M. et al. (2021) 
Tillmann M. et al. (2022)

PVM 2031 1394950-16-3 TAA1/
TARs

CI 276 n mol/L 
(OsTAR1)

Kakei Y. et al. (2017) N

KOK2099 917247-86-0 TAA1/
TARs

CI Sato A. et al. (2022) B

KOK2052BP 1365548-59-9 TAA1/
TARs

CI Sato A. et al. (2022) B

SAK1019 unregistered TAA1/
TARs

CI Sato A. et al. (2022) N

KOK3096 1615702-65-2 TAA1/
TARs

CI Sato A. et al. (2022) N

Yucasin 26028-65-9 YUC CI Nishimura, T. et al. 
(2014)

A Ohtaka K. et al. (2017) 
Ishida S. et al. (2022)

BBo 5122-94-1 YUC CI 67 n mol/L 
(AtYUC2)

Kakei Y. et al. (2015) A Ohtaka K. et al. (2017) 
Kaneko S. et al. (2020) 
Lin W-J. et al. (2020)

(Continued on next page)
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IPyA pathway. AVG and AOPP have been used as ACS 
inhibitors in ethylene biosynthesis and phenylalanine 
(Phe) ammonia lyase (PAL), respectively (Fig. 4), and 
their specificities for TAA1/TARs were low. The 
inhibition constant (Ki) of AVG for Arabidopsis TAA1 
was 229-fold higher than that of AVG for Arabidopsis 

ACS, and that of AOPP for TAA1 was 90-fold higher 
than that of AOPP for Arabidopsis PAL (Table 1; 
Narukawa-Nara et al. 2016).

These side effects are problematic for their use as 
specific auxin biosynthesis inhibitors. Therefore, novel 
AOPP derivatives were designed and synthesized, and 

Table 1. List of biosynthesis inhibitors in the auxin IPyA biosynthesis pathway (Continued)

Genomics-based
chemical screening

Chemicals
Tomato Seedling

Rice Seedling

Arabidopsis Seedling

L-Tryptophan

Indole-3-acetic acid
(IAA)

L-AOPP

Indole-3-pyruvic acid
(IPyA)

AVG

DNA 
microarray

Correlation analysis

(TAA1/TARs)

IA
A 

(n
g/

g 
F.

W
.)

Fig. 3.  Scheme of the discovery of the first auxin biosynthesis inhibitors, AVG and AOPP, through genomic approaches

PPBo 51067-38-0 YUC CI 57 n mol/L 
(AtYUC2)

Kakei Y. et al. (2015) A Hirano K. et al. (2017) 
Michaud O. et al. (2017) 
Ohtaka K. et al. (2017) 
Demecsová L. et al. (2020) 
Inaji A. et al. (2020) 
Koike I. et al. (2020) 
Jia Z. et al. (2021) 
Ohishi N. et al. (2021) 
Watanabe M. et al. (2021) 
Xi Y. et al. (2021) 
Ishida S. et al. (2022) 
Ohbayashi I. et al. (2022)

YDF 1094690-87-5 YUC CI Tsugafune S. et al. 
(2017)

B Tillmann M. et al. (2022)

Ponalrestat 72702-95-5 YUC SA Zhu Y. et al. (2019) B
aThe CAS registration number (CAS RN®) is a unique identification number assigned by the Chemical Abstracts Service to individual chemical 
substances used worldwide. Registration number as of February 2023.

bType of mode of action; AS:alternate substrate, CI: competitive inhibitor, SA: substrate antagonist.
cAs of February 2023 on the CAS search service SciFindern, (A) is commercially available from several suppliers, (B) is commercially available from 
a few suppliers, and (N) is not commercially available.

dApplicated in supplementary.
Compound name: AVG, L-α-aminoethoxyvinylglycine; AOPP, L-aminooxyphenylpropionic acid; Kyn, L-kynurenine ; BBo, 4-biphenylboronic acid; PPBo, 
4-phenoxyphenylboronic acid; YDF, Yucasin DF.
Protein name: TAA1, TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS1; TAR, TRYPTOPHAN AMINOTRANSFERASE-RELATEDs; YUC, flavin-
containing monooxygenases (YUCCA); AtPAL2, phenylalanine ammonia lyase 2 from Arabidopsis thaliana; AtACS8, 1-aminocyclopropane-1-carboxylate (ACC) 
synthase (ACS) 8  from Arabidopsis thaliana; OsTAR1, rice TRYPTOPHAN AMINOTRANSFERASE-RELATED1;  AtYUC2, YUC 2 from Arabidopsis thaliana.
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the specific inhibitory activities of AOPP analogs on 
TAA1 were examined. The newly developed
compounds, “pyruvamine (PVM),” are a class of 
specific inhibitors of TAA1/TARs in the IPyA pathway, 
and PVM has an aminooxy group and its derivatives in 
the side chain. Among them, 2-aminooxy-3-naphthalene-
2-yl-propanoic acid (PVM1169/AONP; the name in the 
cited reference is KOK1169; Fig. 2) had a lower Ki value 
for TAA1 in Arabidopsis in vitro but a higher Ki value 
for PAL or ACS than AOPP, indicating that PVM1169 is 
a more specific inhibitor of auxin biosynthesis than 
AOPP in vitro (Table 1). In Arabidopsis, PVM1169 
reduced endogenous IAA, with no effect on Phe 
accumulation compared with AOPP and a lesser effect 
on ethylene production compared with AVG. However, 
when the inhibitory activities of PVM compounds were 
analyzed in recombinant enzyme reactions of a rice 
TAR homolog, OsTAR1, the compound 2-aminooxy-3-

(4-phenoxyphenyl)-propanoic acid (PVM2031; Fig. 2, 
Table 1) showed higher inhibitory activity than 
PVM1169 (Kakei et al. 2017). PVM2031-treated rice 
seedlings exhibited reduced seminal root length and 
lateral root density, which recovered by exogenous IAA 
treatment. PVM2031 reduced endogenous IPyA and 
IAA contents in rice root. These results indicate that the 
optimal structure of TAA1/TARs inhibitors depends on 
the enzyme structure of each plant species. In addition 
to PVM, L-kynurenine (Kyn; Fig. 2) has been found in 
commercial chemical libraries as a TAA1/TARs 
inhibitor (He et al. 2011), with a high Ki value against 
TAA1 (Table 1).

Development of YUC-specific inhibitors

In the second step of the IPyA pathway, YUCs 
catalyze the conversion of IPyA to IAA. Two types of 

Fig. 4.  AVG and AOPP are known as inhibitors of PLP-dependent enzymes (ACS/PAL)
Blue text indicates enzymes: ACS, ACC synthase; PAL, phenylalanine ammonia lyase. 
Black text indicates intermediates: Phe, phenylalanine; SAMe, S‐adenosylmethionine; ACC, aminocyclopropane-
1-carboxylic acid. 
Dark red text indicates inhibitors: AVG, aminoethoxyvinylglycine; AOPP, L -aminooxyphenylpropionic acid. 
Red lines indicate inhibition.
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YUC inhibitors have been identified to date. Yucasin 
was identified as a competitive inhibitor through 
commercial chemical library screen maize coleoptiles 
by other research groups (Fig. 2, Table 1; Nishimura et al. 
2014). Yucasin restored the phenotype of Arabidopsis 
YUC overexpression mutants, but it did not induce 
auxin-deficient phenotypes in the wild types. Therefore, 
on the basis of the structure–activity relationships, 
yucasin DF (YDF) was identified as a potent YUC 
inhibitor (Fig. 2, Table 1; Tsugafune et al. 2017). 
Moreover, ponalrestat, a known aldose reductase 
inhibitor, has been reported as a YUC substrate 
antagonist (Fig. 2, Table 1; Zhu et al. 2019).

We also found that phenylboronic acid was a lead 
compound of YUC inhibitor using Arabidopsis YUC2 
recombinant enzyme, and 4-biphenylboronic acid (BBo) 
and 4-phenoxyphenylboronic acid (PPBo) were selected 
as YUC-specific inhibitors by screening using YUC1 
overexpressing transgenic plants (Fig. 5; Kakei et al. 
2015). BBo and PPBo treatment of wild-type 
Arabidopsis seedlings reduced endogenous IAA content 
and induced auxin-deficient phenotypes, including the 

inhibition of primary root elongation and lateral root 
formation. Exogenous IAA restored auxin-deficient 
phenotypes caused by these boronic acids. These 
compounds inhibited recombinant YUC activity in vitro 
as competitive inhibitors of the substrate IPyA, and the 
Ki values of BBo and PPBo were 67 and 56 nmol/L, 
respectively (Table 1). BBo and PPBo also inhibited 
growth and reduced endogenous IAA content in the 
monocot Brachypodium model plant (Kakei et al. 2015) 
and rice (Watanabe et al. 2021).

Effects of IPyA analogs on the regulation of 
TAA1/TARs activity

IAA levels are regulated by the biosynthesis and 
catabolism of IAA. Transcriptional and enzymatic 
regulation has been reported in the IAA catabolic 
pathway. For the regulation of IAA biosynthesis, the 
YUC enzyme catalyzes the rate-limiting step of the 
IPyA pathway (Zhao 2014). Transcriptional feedback 
regulation of YUC genes in response to endogenous 
auxin level has been reported, but TAA1/TARs genes are 
less regulated in this manner (Suzuki et al. 2015, Takato 
et al. 2017). Given that IPyA is unstable and can be 
degraded nonenzymatically to other compounds, 
including IAA, the overaccumulation of IPyA may 
increase the IAA levels in plants. Therefore, IPyA 
accumulation in plants must be prevented. However, in 
vigorously growing organs involving fruit development 
and seed germination, a sufficient amount of IPyA is 
required because a large amount of IAA is synthesized 
to support rapid growth in these developmental stages. It 
remains unclear how plants ensure a sufficient IPyA 
quantity while maintaining it at a low level. In addition, 
the overexpression of the TAA1 gene in transgenic plants 
does not induce an overaccumulation of IAA 
(Mashiguchi et al. 2011, Stepanova et al. 2008, Tao et al. 
2008), but overexpression of YUC genes results in the 
overproduction of IAA (Zhao 2014).

The regulatory mechanism of the two-step
enzymatic reaction (TAA/TARs and YUC), which is the 
main auxin biosynthesis pathway (Sato et al. 2022), was 
addressed. On the basis of the previous findings, it was 
expected that IPyA itself, a product of TAA1/TAR, has 
some regulatory function in auxin biosynthesis. 
Therefore, IPyA analogs (KOK2099 and KOK2052BP) 
were developed, and their activities were investigated. 
These analogs inhibited the TAA1 enzyme activity 
competitively. Further analysis of the sequential reaction 
of TAA1 and YUC with IPyA and IPyA analogs showed 
that TAA1 was negatively regulated by its product, 
IPyA. In addition, TAA1 had reverse enzymatic activity 

Fig. 5.  Screening of YUC inhibitors
Arabidopsis YUC1-overexpressing transgenic plants 
were placed on 1/2 MS agar medium containing YUC 
inhibitor candidate compounds and cultured for seven 
days. On the far left is the wild-type of Arabidopsis (no 
inhibitor treatment; Mock). The untreated YUC1-
overexpressing transgenic plant (second from left; 
Mock) shows an auxin-overexpressing phenotype due 
to IAA overproduction; but when grown on medium 
containing BBo and PPBo, IAA overproduction is 
suppressed and the phenotype is rescued.
Scale bar: 5 mm (Kakei et al. 2015).
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to convert IPyA to Trp (Fig. 6). IPyA and its analogs also 
inhibited TAA1/TARs enzymes from rice and tomato, 
indicating that the negative feedback regulation of IAA 
biosynthesis by IPyA is a common regulatory 
mechanism of auxin biosynthesis in plants. Thus, the 
negative feedback regulation of TAA1/TARs activity by 
IPyA is achieved by the reversibility of Trp 

aminotransferase activity and competitive inhibition of 
TAA1/TARs enzyme activity by IPyA. The Km values of 
IPyA and Trp for the TAA1 enzyme were 0.7 and 
43.6 µmol/L, respectively. These enzyme kinetic data 
indicated that IPyA is maintained at low levels in vivo by 
the reverse reaction (IPyA to Trp) of TAA1/TARs. 
Appropriate IPyA levels are maintained by the push 

Fig. 6.  Regulatory mechanism of a two-step auxin biosynthesis pathway and its inhibitors
(a) IAA is biosynthesized from Trp via IPyA in a two-step enzymatic reaction (TAA1/TARs and 
YUC). TAA1/TARs exhibit reverse reaction activity to convert IPyA to Trp, whereas IPyA and 
KOK2099 act as competitive inhibitors of Trp. Appropriate IPyA levels are maintained by the 
push (TAA1/TARs) and pull (YUC) of the two biosynthesis enzymes, in which TAA1 plays a 
key role in preventing the over- or underaccumulation of IPyA as coordinating the two steps of 
auxin biosynthesis.
(b) Scheme of aminotransferase reaction of TAA1. Aminotransferases perform two reactions; 
amino groups (pink circle) from amino acids and converting them to 2-oxoacids, and transferring 
amino groups in the enzyme to 2-oxoacids and converting them to amino acids. TAA1 (internal 
aldimine; E-PLP) removes the Trp amino group and converts them to IPyA and TAA1 
(pyridoxamine phosphate; E-PMP). Given that this reaction is reversible and occurs at a common 
site on the enzyme molecule, IPyA and its analogs act as competitive inhibitors against Trp. 
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(TAA1/TARs) and pull (YUC) of the two biosynthetic 
enzymes, in which TAA1 plays a key role in preventing 
the over- or underaccumulation of IPyA to coordinate 
the two steps of auxin biosynthesis.

Future for practical use in agricultural fields

In addition to the auxin biosynthesis inhibitors, 
small-molecule compounds that inhibit auxin transport 
and signal transduction are widely utilized as chemical 
probes in auxin biology (Hayashi 2021). As shown in 
Table 1, inhibitors targeting the IPyA pathway have been 
widely used to elucidate auxin actions.

In the test for practical use in the agricultural field, 
treatment of tomato seedlings grown in pots with 
KOK1101, a PVM compound, showed inhibitory activity 
regarding aboveground dry matter weight, stem length, 
leaf area, and aboveground dry matter content in field 
application studies (Fig. 2, Table 1; Higashide et al. 
2014). However, its use as a practical plant growth 
regulator requires further investigation. For the practical 
utilization of these auxin chemical probes in agricultural 
fields, further structural optimization and derivatization 
of lead chemical probes would be essential to improve 
the chemical and metabolic stability and the membrane 
permeability of lead compound. Establishing a 
technology to control auxin action using chemical 
probes may lead to the development of highly selective 
and/or low-dose herbicides, which will also be useful in 
developing agricultural technologies to achieve high 
yields and/or high-quality agricultural products.

References

Bhattacharyyaa, D. & Lee, Y. H. (2017) A cocktail of volatile 
compounds emitted from Alcaligenes faecalis JBCS1294 
induces salt tolerance in Arabidopsis thaliana by 
modulating hormonal pathways and ion transporters. J. 
Plant Physiol., 214, 64-73.

Bhattacharyyaa, D. et al. (2015) Volatile compounds from 
Alcaligenes faecalis JBCS1294 confer salt tolerance in 
Arabidopsis thaliana through the auxin and gibberellin 
pathways and differential modulation of gene expression in 
root and shoot tissues. Plant Growth Regul., 75, 297-306.

Böttcher, C. et al. (2013) Interactions between ethylene and 
auxin are crucial to the control of grape (Vitis vinifera L.) 
berry ripening. BMC Plant Biol., 13, 222.

Busi R. et al. (2018) Weed resistance to synthetic auxin 
herbicides. Pest Manag. Sci., 74, 2265-2276.

Casanova-Sáez, R. et al. (2022) Inactivation of the entire 
Arabidopsis group II GH3s confers tolerance to salinity and 
water deficit. New Phytol., 235, 263-275.

Cui, S. et al. (2020) Ethylene signaling mediates host invasion 
by parasitic plants. Sci. Adv., 6, eabc2385.

Cunha, C. P. et al. (2017) Ethylene-induced transcriptional and 

hormonal responses at the onset of sugarcane ripening. Sci. 
Rep., 7, 43364.

Demecsová, L. et al. (2020) Mild cadmium stress induces auxin 
synthesis and accumulation, while severe cadmium stress 
causes its rapid depletion in barley root tip. Environ. Exp. 
Bot., 175, 104038.

Du, H. et al. (2012) A GH3 family member, OsGH3-2, 
modulates auxin and abscisic acid levels and differentially 
affects drought and cold tolerance in rice. J. Exp. Bot., 63, 
6467-6480.

Du, M. et al. (2022) Biphasic control of cell expansion by auxin 
coordinates etiolated seedling development. Sci. Adv., 8, 
eabj1570.

Hayashi, K. (2021) Chemical biology in auxin research. Cold 
Spring Harb. Perspect. Biol., 13, a040105.

He, W. et al. (2011) A small-molecule screen identifies 
L-kynurenine as a competitive inhibitor of TAA1/TAR 
activity in ethylene-directed auxin biosynthesis and root 
growth in Arabidopsis. Plant Cell, 23, 3944-3960.

Higashide, T. et al. (2014) Suppression of elongation and 
growth of tomato seedlings by auxin biosynthesis inhibitors 
and modeling of the growth and environmental response. 
Sci. Rep., 4, 4556.

Hirano, K. et al. (2017)  SMALL ORGAN SIZE 1 and  SMALL 
ORGAN SIZE 2/ DWARF AND LOW-TILLERING form a 
complex to integrate auxin and brassinosteroid signaling in 
rice. Mol. Plant, 10, 590-604.

Inaji, A. et al. (2020) Rhizotaxis modulation in Arabidopsis is 
induced by diffusible compounds produced during the 
cocultivation of Arabidopsis and the endophytic fungus 
Serendipita indica. Plant Cell Physiol., 61, 838-850.

Ishibashi, M. et al. (2017) Expression profiling of strawberry 
allergen Fra a during fruit ripening controlled by exogenous 
auxin. Int. J. Mol. Sci., 18, 1186.

Ishida, S. et al. (2022) Diminished auxin signaling triggers 
cellular reprogramming by inducing a regeneration factor in 
the liverwort Marchantia polymorpha. Plant Cell Physiol., 
63, 384-400.

Ishida, Y. et al. (2013) Comparison of indole derivatives as 
potential intermediates of auxin biosynthesis in Arabidopsis. 
Plant Biotechnol., 30, 185-190.

Jia, Z. et al. (2021) Local auxin biosynthesis acts downstream 
of brassinosteroids to trigger root foraging for nitrogen. 
Nature Commun., 12, 5437.

Kakei, Y. et al. (2015) Small-molecule auxin inhibitors that 
target YUCCA are powerful tools for studying auxin 
function. Plant J., 84, 827-837.

Kakei, Y. et al. (2017) Biochemical and chemical biology study 
of rice OsTAR1 revealed that tryptophan aminotransferase 
is involved in auxin biosynthesis: identification of a potent 
OsTAR1 inhibitor, pyruvamine 2031. Plant Cell Physiol., 
58, 598-606.

Kaneko, S. et al. (2020) An evolutionarily primitive and 
distinct auxin metabolism in the lycophyte Selaginella 
moellendorffii. Plant Cell Physiol., 61, 1724-1732.

Koike, I. et al. (2020) Endogenous auxin determines the pattern 
of adventitious shoot formation on internodal segments of 
ipecac. Planta, 251, 73.

Lemaire, L. et al. (2013) Modulation of ethylene biosynthesis 
by ACC and AIB reveals a structural and functional 
relationship between the K15NO3 uptake rate and root 



K. Soeno et al.

JARQ  58 (1)  202410

absorbing surfaces. J. Exp. Bot., 64, 2725-2737.
Li, X. et al. (2017) The biphasic root growth response to 

abscisic acid in Arabidopsis involves interaction with 
ethylene and auxin signalling pathways. Front. Plant Sci., 
8, 1493.

Li, Z. et al. (2018) Indole-3-acetic acid modulates 
phytohormones and polyamines metabolism associated with 
the tolerance to water stress in white clover. Plant Physiol. 
Biochem., 129, 251-263.

Lin, W. - J. et al. (2020) Effects of auxin derivatives on 
phenotypic plasticity and stress tolerance in five species of 
the green alga Desmodesmus (Chlorophyceae, 

  Chlorophyta). PeerJ, 8, e8623.
Malheiros, R. S. P. et al. (2019) Selenium downregulates auxin 

and ethylene biosynthesis in rice seedlings to modify 
primary metabolism and root architecture. Planta, 250, 
333-345.

Mashiguchi, K. et al. (2011) The main auxin biosynthesis 
pathway in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A., 

  108, 18512-18517.
Michaud, O. et al. (2017) Local auxin production underlies a 

spatially restricted neighbor-detection response in 
Arabidopsis. Proc. Natl. Acad. Sci. U.S.A., 114, 

  7444-7449.
Miki, S. et al. (2015) A possible role of an anthocyanin filter in 

low-intensity light stress-induced flowering in Perilla 
frutescens var. crispa. J. Plant Physiol., 175, 157-162.

Narukawa-Nara, M. et al. (2016) Aminooxy-naphthylpropionic 
acid and its derivatives are inhibitors of auxin biosynthesis 
targeting L-tryptophan aminotransferase: Structure-activity 
relationships. Plant J., 87, 245-257.

Nishimura, T. et al. (2014) Yucasin is a potent inhibitor of 
YUCCA, a key enzyme in auxin biosynthesis. Plant J., 77, 
352-366.

Ohbayashi, I. et al. (2022) Enhancement of shoot regeneration 
by treatment with inhibitors of auxin biosynthesis and 
transport during callus induction in tissue culture of 
Arabidopsis thaliana. Plant Biotechnol., 39, 43-50.

Ohishi, N. et al. (2021) Involvement of auxin biosynthesis and 
transport in the antheridium and prothalli formation in 
Lygodium japonicum. Plants, 10, 2709.

Ohtaka, K. et al. (2017) Primitive auxin response without TIR1 
and Aux/IAA in the charophyte alga Klebsormidium nitens. 
Plant Physiol., 174, 1621-1632.

Pan, R. et al. (2020) Adventitious root formation is dynamically 
regulated by various hormones in leaf-vegetable 
sweetpotato cuttings. J. Plant Physiol., 253, 153267.

Park, S. -H. et al. (2017) Adventitious root formation of in vitro 
peach shoots is regulated by auxin and ethylene. Sci. 
Hortic., 226, 250-260.

Sato, A. et al. (2022) Indole-3-pyruvic acid regulates TAA1 
activity, which plays a key role in coordinating the two 
steps of auxin biosynthesis. Proc. Natl. Acad. Sci. U. S. A., 
119, e2203633119.

Schuetz, M. et al. (2019) Identification of auxin response 
factor-encoding genes expressed in distinct phases of leaf 
vein development and with overlapping functions in leaf 
formation. Plants, 8, 242.

Singh, R. R. et al. (2020) Ascorbate oxidase induces systemic 
resistance in sugar beet against cyst nematode Heterodera 
schachtii. Front. Plant Sci., 11, 591715.

Soeno, K. et al. (2010) Auxin biosynthesis inhibitors, identified 
by a genomics-based approach, provide insights into auxin 
biosynthesis. Plant Cell Physiol., 51, 524-536.

Soeno, K. et al. (2021) Investigation of auxin biosynthesis and 
action using auxin biosynthesis inhibitors. In Plant 
Chemical Genomics, eds. Hicks G. R. & Zhang C. (Methods 
in Molecular Biology, Springer Nature, Switzerland), 
pp. 131-144.

Stepanova, A. N. et al. (2008) TAA1-mediated auxin 
  biosynthesis is essential for hormone crosstalk and plant 

development. Cell, 133, 177-191.
Strader, L. C. et al. (2010) Ethylene directs auxin to control root 

cell expansion. Plant J., 64, 874-884.
Sugawara, S. et al. (2009) Biochemical analyses of indole-3-

acetaldoxime-dependent auxin biosynthesis in Arabidopsis. 
Proc. Natl. Acad. Sci. U. S. A., 106, 5430-5435.

Suzuki, M. et al. (2015) Transcriptional feedback regulation of 
YUCCA genes in response to auxin levels in Arabidopsis. 
Plant Cell Rep., 34, 1343-1352.

Takami, H. et al. (2015) Targeting hormone-related pathways to 
improve grain yield in rice: A chemical approach.  PLoS 
ONE, 10, e0131213.

Takato, S. et al. (2017) Auxin signaling through SCFTIR1/AFBs 
mediates feedback regulation of IAA biosynthesis. Biosci. 
Biotechnol. Biochem., 81, 1320-1326.

Takisawa, R. et al. (2019) Effects of the pat-2 gene and auxin 
biosynthesis inhibitor on seed production in parthenocarpic 
tomatoes (Solanum Lycopersicum L.). Horticult. J., 88, 
481-487.

Tao, Y. et al. (2008) Rapid synthesis of auxin via a new 
tryptophan-dependent pathway is required for shade 
avoidance in plants. Cell, 133, 164-176.

Teale, W. D. et al. (2006) Auxin in action: Signalling, transport 
and the control of plant growth and development. Nat. Rev. 
Mol. Cell Biol., 7, 847-859.

Tillmann, M. et al. (2021) Protocol: Analytical methods for 
visualizing the indolic precursor network leading to auxin 
biosynthesis. Plant Methods, 17, 63.

Tillmann, M. et al. (2022) Complexity of the auxin biosynthetic 
network in Arabidopsis hypocotyls is revealed by multiple 
stable-labeled precursors. Phytochemistry, 200, 113219.

Tsang, D. L. et al. (2011) Cell wall integrity controls root 
elongation via a general 1-aminocyclopropane-1-carboxylic 
acid-dependent, ethylene-independent pathway. Plant 
Physiol., 156, 596-604.

Tsugafune, S. et al. (2017) Yucasin DF, a potent and persistent 
inhibitor of auxin biosynthesis in plants. Sci. Rep., 7, 13992.

Tsugama, D. et al. (2016) The bZIP protein VIP1 is involved in 
touch responses in Arabidopsis roots. Plant Physiol., 171, 
1355-1365.

Wang, Y. et al. (2022) Genetic variations in ZmSAUR15 
contribute to the formation of immature embryo‐derived 
embryonic calluses in maize. Plant J., 109, 980-991.

Wang, Z. et al. (2016) Arabidopsis seed germination speed is 
controlled by SNL histone deacetylase-binding factor-
mediated regulation of AUX1. Nature Commun., 7, 13412.

Watanabe, M. et al. (2021) Effect of an auxin biosynthesis 
inhibitor, p-phenoxyphenyl boronic acid, on auxin 
biosynthesis and development in rice. Biosci. Biotechnol. 
Biochem., 85, 510-519.

Won, C. et al. (2011) Conversion of tryptophan to indole-3-



Chemical Biology in the Auxin Biosynthesis Pathway via Indole-3-Pyruvic Acid

11

acetic acid by TRYPTOPHAN AMINOTRANSFERASES 
OF ARABIDOPSIS and YUCCAs in Arabidopsis. Proc. 
Natl. Acad. Sci. U. S. A., 108, 18518-18523.

Woodward, A. W. & Bartel, B. (2005) Auxin: Regulation, 
action, and interaction. Ann. Bot., 95, 707-735.

Xi, Y. et al. (2021) IAA3-mediated repression of PIF proteins 
coordinates light and auxin signaling in Arabidopsis.  PLoS 
Genet., 17, e1009384.

Xing, X. et al. (2016) Improved drought tolerance by early 
IAA- and ABA-dependent H2O2 accumulation induced by 
α-naphthaleneacetic acid in soybean plants. Plant Growth 
Regul., 80, 303-314.

Yang, L. et al. (2021) Melatonin promotes Arabidopsis primary 
root growth in an IAA-dependent manner. J. Exp. Bot., 72, 
5599-5611.

Yin, C. et al. (2011) Endogenous auxin is required but 
supraoptimal for rapid growth of rice (Oryza sativa L.) 
seminal roots, and auxin inhibition of rice seminal root 
growth is not caused by ethylene. J. Plant Growth Regul., 
30, 20-29.

Zhang, C. et al. (2018) Heat stress induces spikelet sterility in 
rice at anthesis through inhibition of pollen tube elongation 
interfering with auxin homeostasis in pollinated pistils. 
Rice, 11, 14.

Zhao, Y. (2010) Auxin biosynthesis and its role in plant 
development. Annu. Rev. Plant Biol., 61, 49-64.

Zhao, Y. (2014) Auxin biosynthesis. Arabidopsis Book, 12, 
e0173.

Zheng, Q. et al. (2013) AGAMOUS-Like15 promotes somatic 
embryogenesis in Arabidopsis and soybean in part by the 
control of ethylene biosynthesis and response. Plant 
Physiol., 161, 2113-2127.

Zhou, Z. Y. et al. (2011) Functional characterization of the 
CKRCI/TAAI gene and dissection of hormonal actions in the 
Arabidopsis root. Plant J., 66, 516-527.

Zhu, Y. et al. (2019) A phenotype-directed chemical screen 
identifies ponalrestat as an inhibitor of the plant flavin 
monooxygenase YUCCA in auxin biosynthesis. J. Biol. 
Chem., 294, 19923-19933.




