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Auxin Biosynthesis: A Simple Two-Step Pathway
Converts Tryptophan to Indole-3-Acetic Acid in

Plants
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ABSTRACT

Indole-3-acetic acid (IAA), the main naturally occurring auxin, is essential for almost every aspect of plant

growth and development. However, only recently have studies finally established the first complete auxin biosynthesis
pathway that converts tryptophan (Trp) to IAA in plants. Trp is first converted to indole-3-pyruvate (IPA) by the TAA family
of amino transferases and subsequently IAA is produced from IPA by the YUC family of flavin monooxygenases. The two-
step conversion of Trp to IAA is the main auxin biosynthesis pathway that plays an essential role in many developmental

processes.
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INTRODUCTION

Although auxin has been studied extensively for decades, its
main biosynthetic route in plants has only been revealed
recently (Mashiguchi et al., 2011; Won et al., 2011) (Figure 1).
Indole-3-acetic acid (IAA), the main auxin produced by
plants, is known to be synthesized de novo using tryptophan
(Trp) as a precursor or using a Trp-independent pathway
(reviewed in Zhao, 2010). It has been clearly demonstrated
that Trp-dependent auxin biosynthesis is essential for embryo-
genesis, seedling growth, flower development, vascular pat-
tern formation, and other developmental processes (Cheng
et al., 2006, 2007a; Stepanova et al., 2008; Tao et al., 2008).
In contrast, the molecular components and the physiological
functions of the proposed Trp-independent pathway are not
known. In this paper, | review the recent genetic and biochem-
ical results that led to the discovery of the first complete auxin
biosynthesis pathway in plants starting at Trp and ending at
IAA (Figure 1).

YUCs AND TAAs ARE ESSENTIAL FOR
AUXIN BIOSYNTHESIS

Genetic approaches can be powerful for evaluating whether
a proposed route is important for auxin biosynthesis and plant
development. If a gene or a gene family plays an important
role in auxin biosynthesis, we would expect that inactivation
of the gene/gene family leads to dramatic developmental
defects similar to those observed in auxin signaling mutants

or in polar auxin transport mutants. Otherwise, the gene/gene
family may not be a main contributor to auxin biosynthesis.

The YUCCA (YUC) flavin monooxygenase was first identified
as a key auxin biosynthesis enzyme because overexpression of
YUC in Arabidopsis leads to auxin overproduction (Zhao et al.,
2001). Genetic and physiological analyses demonstrated that
YUC catalyzes a rate-limiting step in a Trp-dependent auxin
biosynthesis pathway (Zhao et al., 2001). In Arabidopsis, there
are 11 YUC genes, and members of the YUC family have over-
lapping functions during development (Cheng et al., 2006,
2007a). Overexpression of each YUC gene in Arabidopsis
and in other plants causes the characteristic auxin overproduc-
tion phenotypes (Cheng et al., 2006, 2007a). Inactivation of
a single YUC gene in Arabidopsis does not cause obvious de-
velopmental defects, but simultaneous disruption of several
YUC genes in Arabidopsis leads to defects in embryogenesis,
seedling growth, flower development, and vascular pattern
formation (Cheng et al., 2006, 2007a). The phenotypes of
yuc mutant combinations are similar to those of known auxin
transport and signaling mutants (Galweiler et al.,, 1998;
Dharmasiri et al., 2005). The developmental defects of the
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Figure 1. The Tryptophan-Dependent Auxin Biosynthesis Pathway.

The first step is catalyzed by TAAs that transfer the amino group
from Trp to an alpha keto acid such as pyruvate to generate IPA
and another amino acid. The second step is an oxygen and
NADPH-dependent reaction catalyzed by the YUC flavin-containing
monooxygenases.

loss-of-function yuc mutants are rescued when the bacterial
auxin biosynthesis gene iaaM under the control of a YUC
promoter is introduced into the yuc mutants, demonstrating
that YUC genes play essential roles in auxin biosynthesis
and plant development (Cheng et al., 2006). YUC genes have
been identified in all of the sequenced plant genomes and
YUC genes have been shown to be important for auxin biosyn-
thesis in other plant species as well (Tobena-Santamaria et al.,
2002; Gallavotti et al., 2008).

The TAA family of amino transferases was isolated indepen-
dently from three genetic screens for mutants with altered
responses to shade, ethylene, and the auxin transport inhibitor
NPA, respectively (Stepanova et al., 2008; Tao et al., 2008; Yamada
et al., 2009). Inactivation of TAAT and its close homologs TART
and TAR2 leads to partial auxin deficiency and defects in several
developmental processes (Stepanova et al., 2008). The defects of
taa mutants are partially rescued by auxin in growth media
(Stepanova et al., 2008; Tao et al., 2008). Therefore, the TAA
family genes are also considered essential for auxin biosynthesis.

Several other enzymes including CYP79B2/CYP79B3 (Zhao
et al., 2002), nitrilase (Bartel and Fink, 1994; Bartling et al.,
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1994), aldehyde oxidase (Seo et al., 1998), and IPA decarbox-
ylase (Vande Broek et al., 1999) have been proposed to partic-
ipate in auxin biosynthesis. However, genetic analyses indicate
that these enzymes are probably not major players in auxin
biosynthesis. CYP79B2/B3 converts Trp to indole-3-acetaldox-
ime (IAOx), and inactivation of both CYP79B2 and CYP79B3
completely eliminates the production of IAOx (Zhao et al.,
2002; Sugawara et al., 2009). However, the cyp79b2 cyp79b3
double mutants only have subtle growth defects, suggesting
that the CYP79B2/B3 are not the main contributor to auxin
biosynthesis (Zhao et al.,, 2002). In addition, CYP79B2/B3
appear only to exist in a small number of plant species, making
it unlikely that they serve as universal auxin biosynthesis genes.
Nitrilases, which hydrolyze indole-3-acetonitrile (IAN) to 1AA,
were initially isolated in a genetic screen for mutants insensitive
to exogenous IAN (Bartel and Fink, 1994). The Arabidopsis
genome has four nitrilase genes and it is generally believed that
nitrilases play a more important role in glucosinolate metabo-
lism, camalexin homeostasis, and cyanide detoxification than in
auxin biosynthesis (Rauhut and Glawischnig, 2009; Su et al.,
2011). The IAN levels are more than 100-fold higher than IAA
levels in Arabidopsis (Sugawara et al., 2009), but overexpression
of nitrilases does not lead to auxin overproduction phenotypes
(Normanly et al., 1997), suggesting that IAN probably is not
a main intermediate for auxin biosynthesis. Aldehyde oxidases,
which can oxidize indole-3-acetaldehyde (IAAId) to 1AA, also
belong to a family in Arabidopsis and require the molybde-
num-cofactor (Moco) for activities. The aba3 mutants, which fail
to produce the Moco cofactor and do not have any aldehyde
oxidase activities, do not show any obvious auxin-related devel-
opmental defects and do not accumulate IAAld, suggesting that
aldehyde oxidases probably do not play a major role in auxin
biosynthesis (Mashiguchi et al., 2011). IPA decarboxylases are
proposed to catalyze the decarboxylation of IPA or other
alpha-keto acids. In bacteria, the IPA decarboxylase was shown
to convert IPA to IAAId (Vande Broek et al., 2005), but the
Arabidopsis counterparts appear not to play a key role in auxin
biosynthesis and plant development.

Overall, genetic analyses have so far unambiguously
demonstrated that the YUCs and TAAs are two families essen-
tial for auxin biosynthesis and plant development. In contrast,
analyses on CYP79B2/B3, nitrilases, aldehyde oxidases, and
pyruvate decarboxylases indicate that they probably are not
the main contributors to auxin biosynthesis.

THE YUCs AND TAAs PARTICIPATE IN THE
SAME AUXIN BIOSYNTHESIS PATHWAY

Both YUCs and TAAs are essential for auxin biosynthesis, but
they were previously placed in two independent pathways. It
was proposed that the YUCs catalyze the conversion of trypt-
amine to N-hydroxyl tryptamine, which may be converted to
IAOx (Zhao et al., 2001; Exposito-Rodriguez et al., 2007; Kim
et al., 2007). The TAAs were placed in the step from Trp to
IPA (Stepanova et al., 2008; Tao et al., 2008).
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Interestingly, some taa mutant combinations and some yuc
combinations display similar developmental defects. For exam-
ple, both the yuc? yuc4 yuc10 yucl1 quadruple mutants and
the taal tarl tar2 triple mutants fail to make the basal parts
of Arabidopsis embryos (Cheng et al., 2007a; Stepanova et al.,
2008). The phenotypic similarities between yucs and taas promp-
ted speculations that YUCs and TAAs may participate in the same
auxin biosynthesis pathway (Strader and Bartel, 2008; Zhao,
2010). Studies on the combinations of yuc and taa mutants in
maize are also consistent with the hypothesis that YUC and
TAA may participate in the same auxin biosynthesis pathway
(Phillips et al., 2011). But there are obvious differences between
yuc and taa mutants. For example, the taa mutants were defec-
tive in shade avoidance and in responses to ethylene and NPA in
roots (Stepanova et al., 2008; Tao et al., 2008; Yamada et al.,
2009), but YUGs were never isolated from the genetic screens that
initially identified taa mutants. The failure to identify YUCs from
the three genetic screens may be due to the redundant nature of
YUC genes.

Recent genetic studies have resolved the apparent discrep-
ancy between yuc mutants and taa mutants. All of the taa
mutant phenotypes are phenocopied by yuc mutants when
the right yuc combinations are used (Won et al., 2011). For
example, roots of the yuc3 yuc5 yuc7 yuc8 yuc9 quintuple
mutants (yuc Q) are resistant to both ethylene and NPA, which
are characteristic phenotypes that were observed previously in
taa mutants (Won et al., 2011). The yucT yuc4 double mutants
behave similarly to taa mutants in shade avoidance assays
(Won et al., 2011). All of the characteristic phenotypes of
taa mutants can be phenocopied by yuc mutants.

On the other hand, inactivating TAA genes mimics the char-
acteristic yuc mutant phenotypes. Disruption of YUCT and YUC4
in the pid mutant background completely abolished the initia-
tion of cotyledons (Cheng et al., 2007b, 2008), a phenotype that
is perfectly mimicked in the taa7 tar2 pid triple mutants (Won
et al.,, 2011). The synergistic genetic interaction between yuc?
yuc4 double mutants and npy? is also phenocopied by taa7
tar2 npy1 triple mutants (Cheng et al., 2007b, 2008; Won
et al., 2011). Because taa mutants and yuc mutants phenocopy
each other in all major developmental processes analyzed, it is
concluded that TAAs and YUGs participate in the same auxin
biosynthesis pathway (Won et al., 2011).

A TWO-STEP AUXIN BIOSYNTHESIS
PATHWAY

Genetic evidence indicates that TAAs and YUCs probably
participate in the same auxin biosynthesis pathway (Won
et al., 2011). Gain-of-function genetic studies put YUC down-
stream of TAA genes (Won et al., 2011). Overexpression of YUC
genes leads to long hypocotyls and epinastic cotyledons (Zhao
et al., 2001), which are the typical auxin overproduction
phenotypes. The phenotypes of YUC overexpression lines
are further enhanced when both YUC and TAA are overex-
pressed simultaneously in the same plants (Mashiguchi

etal., 2011). On the other hand, the auxin overproduction phe-
notypes are completely suppressed in the strong taa mutant
backgrounds, indicating that YUC-mediated auxin biosynthe-
sis is dependent on TAA activities (Won et al., 2011). Direct
measurement of IPA levels in yuc mutants and taa mutants
reveals that yuc mutants accumulate IPA whereas taa mutants
are partially IPA deficient, suggesting that TAAs participate in
the production of IPA and YUCs are involved in metabolizing
IPA (Mashiguchi et al., 2011; Won et al., 2011). Finally, direct in
vitro biochemical assays have demonstrated that TAA can
convert Trp to IPA and that YUCs produce IAA using IPA as
asubstrate (Mashiguchi et al., 2011). The genetic and biochem-
ical data demonstrate that the TAAs and YUCs catalyze two
consecutive reactions that convert Trp to IAA (Figure 1).

Molecular genetic studies in Arabidopsis in combination
with analytic biochemistry contributed to the elucidation of
the first complete auxin biosynthesis pathways in plants. It
is quite surprising that plants use a simple two-step pathway
as the main mechanism for de novo synthesis of the essential
hormone auxin, given that auxin biosynthesis was previously
considered very complicated (Zhao, 2010). Although the chem-
ical reactions of the two-step pathway do not appear very
sophisticated, genetic dissection of the pathway is complicated
because each step uses a gene family. The involvement of gene
families offers an effective way for plants to temporally and
spatially control auxin biosynthesis. Tissue/cell-specific auxin
biosynthesis can be achieved by selectively expressing particu-
lar family members. Indeed, Arabidopsis plants appear to use
two separate sets of YUC genes for auxin biosynthesis in roots
and shoots. YUCT, YUC2, YUC4, YUC6 are the main YUCs for
auxin biosynthesis in shoots and YUC3, YUC5, YUC7, YUCS,
YUC9 are responsible for producing auxin in roots (Won
et al., 2011). The expression of TAA genes is also temporally
and spatially regulated, but Arabidopsis seedlings appear to
use the same set of TAA genes for both root and shoot
development (Stepanova et al., 2008; Tao et al., 2008).

Both plant pathogenic bacteria and plants use a two-step
pathway for auxin biosynthesis, with Trp as the starting point.
In bacteria, Trp is oxidized into IAM by the tryptophan-2-
monooxygenase iaaM, and IAM is subsequently hydrolyzed
by iaaH (Comai and Kosuge, 1982). It appears that the rate-lim-
iting step of the bacterial pathway is the first step that is cat-
alyzed by iaaM. In contrast, the rate-limiting step for auxin
biosynthesis in plants is the second step catalyzed by YUCs
(Figure 1). Interestingly, the rate-limiting step in both
pathways is catalyzed by a flavin-containing enzyme. The
differences between the two pathways may reflect different
regulatory mechanisms. IAM is destined to IAA by a simple
hydrolysis whereas IPA, an alpha keto acid, may be used in
other pathways in addition to IAA biosynthesis. Because the
step from IPA to IAA is the rate-liming step for auxin biosyn-
thesis in plants, diverting IPA to other pathways can provide an
additional mechanism to control auxin biosynthesis. The
reaction from Trp to IPA is coupled with the conversion of an-
other alpha keto acid such as pyruvate or alpha-ketoglutarate



into another amino acid. Therefore, the TAA-catalyzed step
may affect other pathways as well, but YUCs appear to be
specific for auxin biosynthesis.

There are still many unanswered questions in auxin biosyn-
thesis. The molecular mechanisms that regulate auxin biosyn-
thesis at transcriptional level and protein level are virtually
unknown. In addition to IPA, plants also produce other indolic
compounds including 1AM, TAM, IAOx, IAN, and IAAId
(Sugawara et al., 2009). It is still not clear whether the other
indolic intermediates play some roles in auxin biosynthesis
or not. Nevertheless, elucidation of the two-step auxin biosyn-
thesis pathway provides a foundation for further dissection of
the mechanisms by which auxin controls plant growth and
development. We now have the ability to manipulate auxin
levels in plants with temporal and spatial precision, providing
tools for both basic research and crop improvement.

ADDENDUM

While this paper was in press, another study also suggested
that TAAs and YUCs participate in the same auxin biosynthesis
pathway (Stepanova et al. (2011), The Arabidopsis YUCCA1
flavin monooxygenase functions in the indole-3-pyruvic acid
branch of auxin biosynthesis. Plant Cell. 22 November (Epub
ahead of print)).
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