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The biosynthesis of auxin: how many paths truly lead to IAA?
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Abstract The plant auxin indole-3-acetic acid (IAA)

plays critical roles in plant growth and development. There

are two main strategies proposed for plant synthesis of

IAA: the Trp-dependent (TD) and the Trp-independent (TI)

pathways. Four TD pathways, namely the indole-3-ac-

etamide pathway, the indole-3-pyruvic acid pathway, the

tryptamine pathway and the indole-3-acetaldoxime path-

way, have been postulated, identified and extensively

studied. On the other hand, neither genes nor mutants

involved in the TI pathway have been identified to date.

Interestingly, some bacteria have auxin synthesis pathways

that are similar to those in plants, indicating conserved

biosynthetic mechanisms. Over the past few years, genetic,

biochemical and molecular studies have greatly advanced

our understanding of auxin biosynthesis. This review both

summarizes recent advances in genetic and molecular

knowledge and addresses the unsolved questions regarding

auxin biosynthesis pathways in plants.

Keywords Auxin biosynthesis � Trp-dependent (TD)
pathway � Trp-independent (TI) pathway � IAA � IAM �
IPyA � TAM � IAOx

Introduction

Auxin plays important roles in regulating plant develop-

ment and growth, affecting such processes as cell division

and elongation, tropisms, apical dominance, senescence,

blooming and stress response (Mano and Nemoto 2012;

Shi et al. 2014; Teale et al. 2006; Woodward and Bartel

2005; Yang et al. 2014). Generally, plants contain three

naturally occurring, active auxins: IAA, 4-chloroindole-3-

acetic acid (4-Cl-IAA), and phenylacetic acid (PAA)

(Enders and Strader 2015; Simon and Petrasek 2011). Of

these, IAA is the most abundant and important auxin

(Simon and Petrasek 2011). Maintaining auxin home-

ostasis is crucial for normal plant growth and develop-

ment. Plants maintain auxin homeostasis through

regulation of both its transport and biosynthesis and

through modification of auxin molecules into active or

inactive forms (Korasick et al. 2013).

Species within the plant kingdom have evolved both TD

and TI pathways for auxin biosynthesis (Chandler 2009;

Woodward and Bartel 2005). The TD pathway has been

extensively studied, resulting in the identification of four

pathways: the IAM pathway, the IPyA pathway, the TAM

pathway and the IAOx pathway. These four TD pathways

have been genetically and biochemically proven to be

involved in IAA synthesis. A variety of abiotic IAA reg-

ulation factors, such as high- or low-temperature (Gray

et al. 1998; Zhu et al. 2015) and wounding (Reverberi et al.

2005; Sztein et al. 2002), have been demonstrated to

function cooperatively and precisely in controlling free
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IAA levels. In addition, the TI biosynthesis pathway, by

which IAA is directly synthesized from indole, may con-

tribute to auxin homeostasis in higher eukaryotic plants

(Normanly et al. 1993). However, no genes, mutants, or

intermediate metabolites involved in the TI pathway have

been identified to date (Ouyang et al. 2000; Zhang et al.

2008). Quite recently, a gene encoding indole synthase

(INS) has been suggested to participate in the TI pathway

(Wang et al. 2015).

Auxin biosynthesis is actively regulated. Over the past

few years, some of the enzymes and regulators of IAA

biosynthesis have been identified, especially in the IPyA

pathway. In this review, we summarize the most recent

discoveries in the auxin biosynthesis pathways, especially

the TD pathways.

L-Trp biosynthesis pathway in plants

Plant cells synthesize Trp from chorismate via indole-3-

glycerol phosphate (IGP) in the chloroplast (Radwanski

and Last 1995). This process includes six critical steps

(Fig. 1). In Arabidopsis thaliana, the WEI2/ASA1 and

WEI7/ASB1 genes respectively encode the a and b subunits

of anthranilate synthase (AS), which catalyzes the

conversion of chorismate to anthranilate and is a rate-

limiting step in Trp biosynthesis (Fig. 1) (Niyogi et al.

1993; Stepanova et al. 2005). The a subunit binds to

chorismate and catalyzes its aromatization, while the b
subunit transfers an amino group from glutamine (Li and

Last 1996). Anthranilate is converted to 1-(O-car-

boxylphenylamino)-1-deoxyribulose-5-phosphate (CdRP)

by phosphoribosylanthranilate transferase (PAT1) and

phosphoribosylanthranilate isomerase (PAI1/2/3) (Fig. 1)

(Mano and Nemoto 2012). CdRP is then catalyzed by

indole glycerol phosphate synthase (IGS) into IGP. IGP is a

branch point that can lead to TI auxin synthesis directly

from indole (Li et al. 1995; Ouyang et al. 2000; Wang et al.

2015).

To make Trp, IGP is converted by the Trp synthase

complex (TS-complex), which consists of Trp synthase a
(TSA1) and Trp synthase b (TSB) (Last et al. 1991; Rad-

wanski et al. 1996). These two subunits form an a2b2
heterodimer (Last et al. 1991; Radwanski et al. 1996). The

Arabidopsis genome contains two closely related Trp

synthase b genes, namely TSB1 and TSB2 (Last et al.

1991; Mano and Nemoto 2012), but only one chloroplast

Trp synthase a gene (TSA1). However, there is a cyto-

plasmic isozyme of Trp synthase a named indole synthase

(INS) (Last et al. 1991; Zhang et al. 2008).

Fig. 1 The proposed IAA

biosynthesis pathways in

Arabidopsis. There are four

proposed Trp-dependent (TD)

IAA biosynthesis pathways in

Arabidopsis, namely the

tryptamine (TAM) pathway, the

indole-3-acetaldoxime (IAOx)

pathway, the indole-3-

acetamide (IAM) pathway, and

the indole-3-pyruvic acid

(IPyA) pathway, and one Trp-

independent (TI) pathway.

Enzymes and intermediate

metabolites involved in TD and

TI pathways are indicated. The

solid lines and dashed lines

indicate processes for which the

genes have been and have not

been identified, respectively.

The blue colors and red colors

indicate gene functions that

have been determined and have

not been determined,

respectively. Genes in red are

placed here through homology

only. All metabolites shown

have been purified from plants
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Trp-dependent IAA biosynthesis pathways

Currently, the known TD pathways of IAA biosynthesis are

the IAM pathway, IPyA pathway, IAOx pathway and TAM

pathway. These pathways are delineated by genes involved

in biosynthesis of Trp derivatives and known intermediate

metabolites. However, not all proposed steps in each

pathway have been identified in plants, calling into ques-

tion whether the species analyzed to date synthesize IAA

via these delineations of the pathways.

The indole-3-acetamide (IAM) pathway

The IAM pathway was first discovered in Pseudomonas

(Magie et al. 1963) and later identified in other plant-as-

sociated bacteria (Pollmann et al. 2003). In bacteria, L-Trp

is first converted to IAM by the tryptophan monooxygenase

encoded by the aux1/iaaM gene (Fig. 2). IAM is further

catalyzed by indole acetamide hydrolase (aux2/iaaH) to

synthesize IAA (Fig. 2) (Casanova et al. 2005; Gaudin and

Jouanin 1995). This pathway was thought to exist only in

bacteria until this century. The identification of IAM and

its metabolic conversion to IAA in Arabidopsis showed

that an IAM-centered pathway functions in plants (Poll-

mann et al. 2002), however this pathway likely differs from

those in bacteria.

The synthesis of IAM in different plants may occur

through different strategies. In Arabidopsis, the IAM con-

tent decreases dramatically in cyp79b2/cyp79b3 double

mutants, which may cause failed conversion of L-Trp to

IAOx (Fig. 1) (Mikkelsen et al. 2000; Zhao et al. 2002).

When cyp79b2/cyp79b3 double mutants were supplied

with 13C6-labeled IAOx, labeled IAM and indole-3-ace-

tonitrile (IAN) were detected, suggesting that IAM and

IAN might be synthesized from IAOx (Fig. 1) (Sugawara

et al. 2009). However, IAOx has not been identified in

some plants which contain IAM, implying that there is an

IAOx-independent pathway for IAM synthesis (Sugawara

et al. 2009). Two different hypotheses regarding the IAOx-

independent pathway have been stated: (1) IAM is syn-

thesized from indole via a TI pathway (Fig. 1); or (2) IAM

is catalyzed by an undiscovered tryptophan-2-monooxy-

genase, which would be a homolog of aux1/iaaM (Fig. 1)

(Pollmann et al. 2006).

The conversion of IAM into IAA is the second step in

the IAM pathway and is catalyzed by acylamidohydrolases

(AMI1). The catalytic domains of bacterial acylamidohy-

drolases share sequence homology with acylamidohydro-

lases from different organisms, such as AtAMI1 in

Arabidopsis and NtAMI1 in tobacco (Nemoto et al. 2009;

Pollmann et al. 2003). Both GST-AtAMI1 and GST-

NtAMI1 fusion proteins expressed in Escherichia coli have

Fig. 2 The proposed auxin

biosynthesis pathways in

bacteria. There are five

proposed Trp-dependent auxin

biosynthesis pathways in

bacteria: the indole-3-acetamide

(IAM) pathway, the indole-3-

pyruvic acid (IPyA) pathway,

the tryptamine (TAM) pathway,

the indole-3-acetonitrile (IAN)

pathway and Trp side-chain

oxidase (TSCO) pathway; and

one Trp-independent pathway.

This picture is partially adapted

from Spaepen et al. 2007 and

Patten et al. 2013. Enzymes and

intermediate metabolites

involved in these pathways are

indicated. The solid lines and

dashed lines indicate processes

for which genes have been and

have not been identified,

respectively. The blue color

indicates that gene functions

have been determined for the

shown gene
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activities that convert IAM to IAA in vitro, suggesting

conserved functions for the acylamidohydrolase family

(Nemoto et al. 2009; Pollmann et al. 2003). Biochemical

studies revealed that Ser137 of AtAMI1 and Ser136 of

NtAMI1 are critical for enzymatic activity (Lehmann et al.

2010; Mano et al. 2010; Neu et al. 2007).

We know that the IAM pathway is an ancient and

important pathway for IAA biosynthesis, through several

additional lines of evidence. Firstly, we known that IAM

and IAA are the only detectable auxins related to meta-

bolism in the seaweeds Ulvafasciate and Dictyotahumifusa

and that an AMI1-like enzyme in algae converts IAM to

IAA (Stirk et al. 2009), indicating that the IAM pathway

arose in an ancient photosynthetic lineage. Secondly, it has

been shown that overexpression of the bacterial aux1/iaaM

gene in the Ri plasmid keeps tobacco Bright Yellow-2

(BY-2) cells alive (Nemoto et al. 2009) and that overex-

pression of the aux1/iaaM gene in plants results in an auxin

overproduction phenotype (Klee et al. 1987). Thirdly, IAM

has been detected in many plants, including tobacco

(Lemcke et al. 2000), Arabidopsis (Pollmann et al. 2002;

Sugawara et al. 2009), maize and rice (Sugawara et al.

2009). Fourthly, genetic, biochemical, molecular and

bioinformatic studies indicate that the IAM biosynthesis

pathway exists widely in the plant kingdom (Lehmann

et al. 2010; Mano et al. 2010). However, exactly how

plants convert Trp into IAM is not clear.

The indole-3-pyruvic acid (IPyA) pathway

The IPyA pathway is a widely prevalent pathway in bac-

teria, such as in the rhizospheric Azospirillum brasilense

and the enteric Enterobacter cloacae, which in soil pro-

motes plant root growth (Costacurta et al. 1994; Patten and

Glick 1996). In bacteria containing this pathway, L-Trp is

converted to IPyA under the catalysis of tryptophan

aminotransferase (AT) (Zhao 2014). IPyA is catalyzed by

indole-3-pyruvate decarboxylase (IPDC) to indole-3-ac-

etaldehyde (IAD), which is then oxidized by indole-3-ac-

etaldehyde oxidase (IAO) to form IAA (Fig. 2) (Zhao

2014).

An IPyA intermediate is now included in plant IAA

biosynthesis after characterization of mutants (Fig. 1).

TAA1 (for TRYPTOPHAN AMINOTRANSFERASE OF

ARABIDOPSIS1, also called SAV3, WEI8, TIR2 or

CKRC1) catalyzes the formation of IPyA from L-Trp.

During the past decade, mutant screening identified a

variety of alleles of taa1, such as sav3-1, wei8-1, tir2-1 and

ckrc1-1 (Stepanova et al. 2008; Tao et al. 2008; Yamada

et al. 2009; Zhou et al. 2011). TAA1 is involved in regu-

lating many aspects of plant growth and development,

including hypocotyl elongation in different light wave-

lengths (Tao et al. 2008), tissue-specific ethylene response

(Stepanova et al. 2008), sensitivity to N-1-naphthylphtha-

lamic acid (NPA) (Yamada et al. 2009), and crosstalk

between cytokinin and auxin (Zhou et al. 2011). Recently,

TAA1 was reported to regulate local auxin biosynthesis in

the root-apex transition zone, mediating the aluminum-in-

duced inhibition of root growth. The Arabidopsis genome

contains four homologs of TAA1, namely, TAR1-4 (for

TRYPTOPHAN AMINO TRANSFERASE RELATED

1–4). Genetic and biochemical analyses indicate that TAR1

and especially TAR2 coordinate with TAA1 in auxin

biosynthesis (Stepanova et al. 2008).

There is possibly an alternative two-step Trp-to-IPyA

pathway in which Trp racemase (TRC) first catalyzes

L-Trp into D-Trp, which is then catalyzed by an unknown

aminotransferase to form IPyA (Fig. 1) (Soeno et al. 2010).

Recently, a suppressor of TAA1 (REVERSAL OF SAV3

PHENOTYPE 1, VAS1) was isolated, which encodes an

aminotransferase (Zheng et al. 2013). Functional analysis

indicates that VAS1 catalyzes the reverse synthesis of

L-Trp from IPyA in plant, further influencing the equilib-

rium between IPyA, Trp and IAA in vivo (Fig. 1) (Zhao

2014; Zheng et al. 2013).

A comparative study based on bacterial conversion of

IPyA to IAA by the enzymes IPDC and IAO identified 4

Arabidopsis homologs of IPDC (Kürsteiner et al. 2003).

Functional analysis indicates that these plant IPDC genes

participate in the synthesis of valine, isoleucine and in

alcoholic fermentation (Ismond et al. 2003; Kürsteiner

et al. 2003; Smith et al. 1989). However, no evidence for an

IPDC enzyme with action on a Trp-derivative or with a

product of IAD has been found. On the other hand, four

indole-3-aldehyde oxidase (IAO) genes are predicted. In

early studies, IAO1 was predicted to function in IAA

biosynthesis(Seo et al. 1998). Other IAO genes have been

shown to participate in abscisic acid (ABA) biosynthesis

(Seo et al. 2004). Recently, IAO genes have been suggested

to be irrelevant to IAA biosynthesis (Mashiguchi et al.

2011). So it remains unknown if the IAD present in plants

is involved in the IPyA pathway to auxin biosynthesis.

The flavin monooxygenase gene family (YUCCA) has

11 predicted members, namely YUC1 to YUC11 (Cheng

et al. 2006), which limit the conversion rate of IPyA to IAA

(Cheng et al. 2006, 2007; Pacheco-Villalobos et al. 2013).

The YUC and TAA1/TAR genes have been shown to

function in the same pathway (Phillips et al. 2011), since

the combination of reduced YUC and TAA1/TAR func-

tions did not lead to additive phenotypes (Mashiguchi et al.

2011; Stepanova et al. 2011; Won et al. 2011). L-kynurenin

(L-Kyn), a specific inhibitor of TAA1/TAR, inhibits IAA

biosynthesis in mutants overexpressing YUC genes (Ste-

panova et al. 2011). IPyA homeostasis is regulated by both

TAA1 and YUC (Mashiguchi et al. 2011; Won et al. 2011).

Additionally, purified recombinant GST-YUC2 and YUC4
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proteins catalyze the conversion of IPyA to IAA in vitro

(Kriechbaumer et al. 2012; Mashiguchi et al. 2011). The

most recent studies indicate that TAR1, TAR2, YUC3, 5, 7,

8 and 9 are required for high expression of HD-ZIP III and

differentiation of the metaxylem (MX) in the vascular

cylinder of the Arabidopsis primary root (Ursache et al.

2014).

A series of transcription factors that regulate the

expression of TAA1 and/or YUCs have been identified and

investigated, such as SHORT-INTERNODES 1/STYLISH

1 (SHI1/STY1) (Eklund et al. 2010; Staldal et al. 2012),

TERMINAL FLOWER2 (TFL2) (Rizzardi et al. 2011),

Phytochrome Interacting Factors (PIFs) (Franklin et al.

2011; Li et al. 2012; Sun et al. 2012), NGATHA (NGA)

(Trigueros et al. 2009), Leafy cotyledon 2 (LEC2) (Stone

et al. 2008; Wojcikowska et al. 2013), PLETHORA (PLT)

(Pinon et al. 2013), and INDETERMINATE DOMAIN

(IDD) (Cui et al. 2013). Importantly, studies have demon-

strated the mechanism by which YUC catalyzes IPyA to

IAA. YUC utilizes NADPH and O2 to convert IPyA to IAA

(Dai et al. 2013). Thus, the IPyA pathway is the first fully

elucidated IAA biosynthesis pathway in plants (Fig. 1).

The tryptamine (TAM) pathway

Tryptamine (TAM) has growth-regulating activity similar

to IAA, however, its importance in plants is controversial

(Winter 1966). TAM exists either at too high of a level to

be a discreet signal or non-specifically throughout the plant

in several species, including tomato (Cooney and Nonhebel

1991; Schneider et al. 1972), rice (Ishida et al. 2014),

Arabidopsis (Sugawara et al. 2009), barley (Sugawara et al.

2009) and pea (Quittenden et al. 2009). TAM and IAA

come from different Trp pools, and TAM is not the main

precursor of IAA (Cooney and Nonhebel 1991). It is pos-

sible that some YUC family genes participate in IAA

biosynthesis from TAM (Zhao et al. 2001). Currently, it is

thought that tryptophan decarboxylase (TDC) catalyzes

L-Trp into TAM, which is then converted into hydrox-

ytryptamine (HTAM) by YUC catalysis. HTAM is in turn

converted to IAOx, which is finally synthesized into IAA

(Fig. 1) (Zhao et al. 2001). However, this synthesis path-

way is debated based on the following aspects: (1) TDC

genes are widely distributed in plants, but their reported

functions are in biosynthesis of indole alkaloid (IA) and

HTAM (De Luca et al. 1988; Guillet et al. 2000; Torrens-

Spence et al. 2013); (2) Higher levels of TAM, but not

IAA, accumulate when TDC is overexpressed in Ara-

bidopsis (Facchini et al. 2000; Songstad et al. 1990); (3)

Most of the IAOx is synthesized by CYP79B2/B3, whereas

no YUC has been shown to produce IAOx (Sugawara et al.

2009); and (4) YUC can synthesize a stable 4-a-hy-
droperoxyl flavin from flavin adenine dinucleotide (FAD)

and acts on numerous substrates (Dai et al. 2013; Tivendale

et al. 2010; Ziegler 1990), which decreases the possibility

that YUC catalyzes the conversion of TAM to HTAM.

The placement of a TAM intermediate in IAA biosyn-

thesis is currently not well-supported (Brumos et al. 2014),

but the possibility of TAM as a precursor of IAA cannot be

eliminated. In some instances, such as in the root of pea,

TAM can be converted to IAA, although most TAM is

converted to N-x-acetyltryptamine (Quittenden et al.

2009). The TAM pathway is not expressed in the seeds of

pea, in part explaining why plants can accumulate high

levels of TAM (in certain tissues) but not IAA (Ross et al.

2012; Songstad et al. 1990). As such, it is highly possible

that a TAM pathway exists in some plants or some organs,

but not in all species or in all organs of the same species

(Tivendale et al. 2014).

The indole-3-acetaldoxime (IAOx) pathway

Although IAOx was isolated from Brassica oleracea more

than 40 years ago, its biosynthesis pathway remains

unclear. IAOx has recently been identified in Arabidopsis,

but not in tomato, rice, maize, pea, or tobacco (Mano and

Nemoto 2012; Sugawara et al. 2009). In Arabidopsis, IAOx

is synthesized from L-Trp by two cytochrome P450

enzymes, namely, CYP79B2 and CYP79B3 (Hull and

Celenza 2000; Hull et al. 2000). Overexpression of

CYP79B2 leads to an IAA-overproduction phenotype,

including elevated levels of IAN and IAA, increased

hypocotyl length, and enhanced cotyledon epinasty (Zhao

et al. 2002). In contrast, cyp79b2/b3 double mutant exhibits

decreased IAOx, IAN, IAM and free IAA levels, shorter

hypocotyl, and smaller leaves in high temperature (26 �C)
(Zhao et al. 2002).

A series of studies indicate that both IAM and IAN are

downstream intermediate metabolites of IAOx (Fig. 1)

(Sugawara et al. 2009). Enzymatic activity in vitro and

gene function in vivo demonstrate that CYP71A13 partic-

ipates in the conversion of IAOx to IAN (Nafisi et al.

2007). The conversion of IAN to IAA is still undefined.

Currently, it is proposed that a group of nitrilases (NITs)

are involved in this process (Bartel and Fink 1994; Bartling

et al. 1992). The Arabidopsis genome encodes four NIT

genes (NIT1-4), of which NIT1-3 show substrate prefer-

ence for phenyl propionitrile, allyl cyanide phenythioace-

tonitrile and methylthioacetonitrile, respectively, indicating

that NITs catalyze the conversion of IAN to indole glu-

cosinolates (IG), but not of IAN to IAA (Vorwerk et al.

2001). NIT4 participates in nitrile detoxification (Pio-

trowski et al. 2001). Plants overexpressing NIT have no

IAA-overproduction phenotype (Normanly 1997). All of

these results indicate that IAN and the NITs participate in

IG metabolism and nitrile detoxification, but not in IAA
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biosynthesis (Su et al. 2011). However, disruption of IG

accumulation commonly results in abnormal IAA home-

ostasis, such as in mutants of SUR1 (superroot 1) and

UGT74B1 (a UDP-glucose: thiohydroximate S-glucosyl-

transferase), which have decreased IG and eventually

reduced IAA levels (Delarue et al. 1998; Grubb et al. 2004;

King et al. 1995; Tivendale et al. 2014).

Together, these results indicate that IAOx-dependent

IAA biosynthesis is not a common pathway in plants. It is

highly possible that the IAOx pathway only plays roles in

special developmental stages or environments (Brumos

et al. 2014; Zhao et al. 2002).

Obscurities in IAA biosynthesis

Although our knowledge about IAA biosynthesis in plants

has greatly advanced in the past decades, there are still a

variety of unknowns remaining that require future study,

including: (1) further confirmation of the role of IAO in

IAA biosynthesis; (2) explanation for the YUC overex-

pression mutants, which have an IAA-overproduction

phenotype but only slightly increased IAA level; (3)

identification of more genes involved in the TI pathway, if

any; and (4) further determination of the relationship

between plants and bacteria in auxin biosynthesis.

The role of IAO in IAA biosynthesis

Early studies indicated that IAOs played roles in plants

similar to those they play in bacteria, where IAOs mainly

catabolize IAD into IAA (Fig. 2). However, recent evi-

dence challenges the existence of this pathway in plants.

Both YUC2 and YUC6 can directly catalyze the conver-

sion of IPyA to IAA, implying that IAD and IAO may not

participate in the IPyA pathway (Dai et al. 2013; Mashi-

guchi et al. 2011). Nevertheless, these results only show

that the participation of IAD and IAO in the IPyA pathway

is not absolutely necessary, but do not exonerate them

completely of their roles in IAA biosynthesis. Isotope

labeling indicated that IAD was produced from L-Trp and,

therefore, may participate in other pathways of IAA

biosynthesis (Mashiguchi et al. 2011). Meanwhile, some

studies showed that IAO participated in the conversion

IAD to IAA in Arabidopsis (Seo et al. 1998) and pea

(Zdunek-Zastocka 2008), but did not show whether IAO

participated in the IPyA pathway of these species (Fig. 1).

It is possible that IAD and IAO function in other ways to

contribute to IAA biosynthesis (Harrison et al. 2011;

Normanly 2010; Woodward and Bartel 2005; Zhao 2010).

To solve this problem, more accurate isotope labeling

methods or other tracer techniques should be applied.

Recently, a three-step conversion, Trp-IAOx-IAD-IAA,

has been identified in silkworms and sawfly. This finding

may help us to understand the role of IAD in IAA

biosynthesis (Suzuki et al. 2014).

YUC-overexpression results in a slight increase

in IAA level but a strong IAA overproduction

phenotype

A mutant overexpressing YUC1 exhibits an IAA overpro-

duction phenotype, but the IAA content in the whole plant

is only slightly increased (Stepanova et al. 2011). This may

be attributable to the production of other auxins or sub-

strates with auxin activity (Tivendale et al. 2010). Inter-

estingly, recent studies indicated that 4-Cl-IAA and PAA

were synthesized through the IPyA pathway (Dai et al.

2013; Korasick et al. 2013; Ross et al. 2012). On the other

hand, phenotype differences may be explained by IAA

having regulated and differential local accumulation that

overexpression mutants obliterate (Tivendale et al. 2014),

leading to strong phenotypes without gross changes in plant

growth regulator (PGR) concentration. To understand this

discrepancy in YUC1 overexpression phenotypes, it is

necessary to determine if other auxin substrates are pro-

duced, to discover mutants with more discreet phenotypes,

and to improve auxin measurement methods.

Trp-independent pathway

The TI pathway has been reported to exist in maize (Wright

et al. 1991), Arabidopsis (Niyogi et al. 1993), carrot

(Michalczuk et al. 1992; Ribnicky et al. 2002), Lemna

gibba (Rapparini and Slovin 1999), Nicotiana tabacum

(Sitbon et al. 2000) and tomato (Epstein et al. 2002). The

TD and TI pathways function differently to maintain auxin

homeostasis in plant. Generally, the TD pathway maintains

the high levels of IAA that would initiate cell division

during growth and development (Michalczuk et al. 1992),

whereas the TI pathway is proposed to be responsible for

maintaining basal auxin levels (Ribnicky et al. 2002). The

relative contributions of each pathway to auxin content is

likely differentially controlled by developmental stage and

tissue identity in different species, such as in fruit devel-

opment and the ripening process (Epstein et al. 2002),

embryogenesis (Ribnicky et al. 2002) and embryos

(Michalczuk et al. 1992), wounded tissue (Sztein et al.

2002) and hypocotyls (Ribnicky et al. 1996). Both the TI

and TD pathways constantly operate in the plant. The TD

pathway lacks significant feedback inhibition, whereas the

TI pathway does have feedback inhibition (Michalczuk

et al. 1992). Otherwise, IAA conjugation and degradation

regulate basal IAA levels (Ribnicky et al. 2002).

It has been proposed that indole was more important

than Trp in IAA biosynthesis (Bartel 1997). By using a
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mutant that fails to synthesize L-Trp, a TI pathway was

found, in which indole was synthesized from IGP through

INS, and independent of the TS-complex (Ouyang et al.

2000; Wang et al. 2015).

However, no more mutants, enzymes or intermediate

metabolites involved in the TI pathway have been identi-

fied to date, possibly because: (1) The TD pathway is

dominant in plants, rendering it difficult to screen and

obtain mutants involved in the TI pathway; (2) The pos-

sible intermediate metabolites of the TI pathway are IAN,

IPyA and IAM (Bartel 1997; Mashiguchi et al. 2011), as in

the TD pathway, rendering it difficult to distinguish

metabolite origins; and/or (3) Model plants such as Ara-

bidopsis and rice may not be the best materials for inves-

tigating the TI pathway. To solve these problems, it is

worth combining Trp auxotrophic mutants with elaborate

isotope labeling and hormone quantitation techniques. For

instance, the tomato gene SULFUREA, which when

mutated yields an auxin-deficient and yellow-leafed plant,

may participate in the TI pathway (Ehlert et al. 2008).

Identification of this gene function may help us further

explore the TI pathway.

Auxin biosynthesis: similar but not the same

in plants and microbes

Interestingly, comparison of the auxin biosynthesis path-

ways in plants and bacteria (Figs. 1, 2) shows that some

metabolites are conserved or similar, but that the enzymes

tend to differ. In early studies, some genes in plants, such

as IPDC, IAO, NIT and AMI1, were obtained through

homology analysis using bacterial auxin biosynthesis-re-

lated genes. However, most of these genes have proven to

function in different ways, such as IPDC, IAO and NIT. It

is even possible that other enzymes in addition to AMI1

catalyze the conversion of IAM to IAA in Arabidopsis. In

addition, plants have evolved specific genes, such as TAA1

and the YUC family (Huang et al. 2014; Wang et al. 2014;

Yue et al. 2014) that encode enzymes that catalyze reac-

tions similar to those in bacteria. It is possible that IAA

biosynthesis evolved independently in those bacteria that

possess it and in plants (Yue et al. 2014). Further studies

are required to identify the genes specifically participating

in IAA biosynthesis in plants rather than obtaining homo-

logs of bacterial genes.

Future directions

The auxin plant growth regulators, principally IAA, play

fundamental roles in cell division, differentiation and

expansion as well as in lateral root formation and flowering.

Auxin biosynthesis, transport and signal transduction have

been extensively studied. It is clear that plants synthesize IAA

through four TD pathways, in particular the IPyA and IAM

pathways.On the other hand, the intermediates, enzymes, and

metabolic flow of the TI pathway remain unclear.

In recent years, numerous studies have reported cross-

links between auxin and otherPGRs, such as cytokinins

(Choi et al. 2014; Dello Ioio et al. 2008; Zhou et al. 2011;

Zhu et al. 2015), abscisic acid (Zhao 2014), ethylene

(Alarcon et al. 2014), brassinosteroids (Maharjan et al.

2014; Vandenbussche et al. 2013; Yoshimitsu et al. 2011),

gibberellins (Chapman et al. 2012; Roumeliotis et al. 2012)

and jasmonic acid (Cai et al. 2014; He and Zhao 2015;

Hentrich et al. 2013). These results expand our knowledge

of how plants not only maintain PGR homeostasis but also

signal between the different hormone pathways. As studies

continue, additional genes involved in these pathways will

be newly identified, and known genes may be assigned new

functions. Furthermore, new and improved research tech-

niques, such as endogenous auxin content measurement

methods (Yu et al. 2014), genetic screening, and imaging

techniques, will serve to expand our studies on auxin

biosynthesis and signal transduction. Additionally, careful

study of available mutants of known or suspected auxin

biosynthesis genes could be analyzed and stacked into

mutants in order to study additive effects.

Recently, some laboratories have focused their efforts

on screening for small molecules that inhibit the activities

of specific enzymes involved in IAA biosynthesis. For

instance, L-Kyn has been identified as inhibiting TAA1/

TAR2 (He et al. 2011), and Yucasin [5-(4-chlorophenyl)-4

H-1,2,4-triazole-3-thiol] has been revealed to inhibit YUC

enzymes (Nishimura et al. 2014). The newly synthesized

inhibitor indole-3-oxoethylphosphonic acid (IOEP) can

inhibit root hair growth in Arabidopsis, and the growth

defect can be restored by treatment with IAA (Ishida et al.

2014). These and other new small molecules will be useful

in future studies aimed at delineating the true pathway to

auxin biosynthesis in plants.

Acknowledgments This work was supported by Grants from the

Chinese National Science Foundation (31030045 and 31371431).

Conflict of interest The authors declare that they have no conflicts

of interest.

References

Alarcon MV, Lloret PG, Salguero J (2014) Synergistic action of auxin

and ethylene on root elongation inhibition is caused by a

reduction of epidermal cell length. Plant Signal Behav 9:e28361

Bartel B (1997) Auxin biosynthesis. Annu Rev Plant Phys 48:49–64

Bartel B, Fink GR (1994) Differential regulation of an auxin-

producing nitrilase gene family in Arabidopsis thaliana. Proc

Natl Acad Sci USA 91(14):6649–6653

Plant Growth Regul

123



Bartling D, Seedorf M, Mithofer A, Weiler EW (1992) Cloning and

expression of an Arabidopsis nitrilase which can convert indole-

3-acetonitrile to the plant hormone, indole-3-acetic acid. Eur J

Biochem 205(1):417–424

Brumos J, Alonso JM, Stepanova AN (2014) Genetic aspects of auxin

biosynthesis and its regulation. Physiol Plant 151(1):3–12

Cai XT, Xu P, Zhao PX, Liu R, Yu LH, Xiang CB (2014) Arabidopsis

ERF109 mediates cross-talk between jasmonic acid and auxin

biosynthesis during lateral root formation. Nat Commun 5:5833

Casanova E, Trillas MI, Moysset L, Vainstein A (2005) Influence of

rol genes in floriculture. Biotechnol Adv 23(1):3–39

Chandler JW (2009) Auxin as compere in plant hormone crosstalk.

Planta 231(1):1–12

Chapman EJ, Greenham K, Castillejo C, Sartor R, Bialy A, Sun TP,

Estelle M (2012) Hypocotyl transcriptome reveals auxin regu-

lation of growth-promoting genes through GA-dependent and -

independent pathways. PLoS ONE 7(5):e36210

Cheng Y, Dai X, Zhao Y (2006) Auxin biosynthesis by the YUCCA

flavinmonooxygenases controls the formation of floral organs and

vascular tissues in Arabidopsis. Genes Dev 20(13):1790–1799

Cheng Y, Dai X, Zhao Y (2007) Auxin synthesized by the YUCCA

flavin monooxygenases is essential for embryogenesis and leaf

formation in Arabidopsis. Plant Cell 19(8):2430–2439

Choi YI, Noh EW, Kim HJ, Park WJ (2014) Differential regulation of

cytokinin oxidase genes and cytokinin-induced auxin biosynthe-

sis by cellular cytokinin level in transgenic poplars. Plant Cell

Rep 33(10):1737–1744

Cooney TP, Nonhebel HM (1991) Biosynthesis of indole-3-acetic

acid in tomato shoots: measurement, mass-spectral identification

and incorporation of (-2)H from (-2)H2O into indole-3-acetic

acid, d- and l-tryptophan, indole-3-pyruvate and tryptamine.

Planta 184(3):368–376

Costacurta A, Keijers V, Vanderleyden J (1994) Molecular cloning

and sequence analysis of an Azospirillum brasilense indole-3-

pyruvate decarboxylase gene. Mol Gen Genet 243(4):463–472

Cui D, Zhao J, Jing Y, Fan M, Liu J, Wang Z, Xin W, Hu Y (2013)

The arabidopsis IDD14, IDD15, and IDD16 cooperatively

regulate lateral organ morphogenesis and gravitropism by

promoting auxin biosynthesis and transport. PLoS Genet

9(9):e1003759

Dai X, Mashiguchi K, Chen Q, Kasahara H, Kamiya Y, Ojha S,

DuBois J, Ballou D, Zhao Y (2013) The biochemical mechanism

of auxin biosynthesis by an arabidopsis YUCCA flavin-contain-

ing monooxygenase. J Biol Chem 288(3):1448–1457

De Luca V, Fernandez JA, Campbell D, Kurz WG (1988) Develop-

mental regulation of enzymes of indole alkaloid biosynthesis in

Catharanthus roseus. Plant Physiol 86(2):447–450

Delarue M, Prinsen E, Onckelen HV, Caboche M, Bellini C (1998)

Sur2 mutations of Arabidopsis thaliana define a new locus

involved in the control of auxin homeostasis. Plant J

14(5):603–611

Dello Ioio R, Nakamura K, Moubayidin L, Perilli S, Taniguchi M,

Morita MT, Aoyama T, Costantino P, Sabatini S (2008) A

genetic framework for the control of cell division and differen-

tiation in the root meristem. Science 322(5906):1380–1384

Ehlert B, Schottler MA, Tischendorf G, Ludwig-Muller J, Bock R

(2008) The paramutated SULFUREA locus of tomato is

involved in auxin biosynthesis. J Exp Bot 59(13):3635–3647

Eklund DM, Staldal V, Valsecchi I, Cierlik I, Eriksson C, Hiratsu K,

Ohme-Takagi M, Sundstrom JF, Thelander M, Ezcurra I,

Sundberg E (2010) The Arabidopsis thaliana STYLISH1 protein

acts as a transcriptional activator regulating auxin biosynthesis.

Plant Cell 22(2):349–363

Enders TA, Strader LC (2015) Auxin activity: past, present, and

future. Am J Bot 102(2):180–196

Epstein E, Cohen J, Slovin J (2002) The biosynthetic pathway for

indole-3-acetic acid changes during tomato fruit development.

Plant Growth Regul 38:15–20

Facchini PJ, Huber-Allanach KL, Tari LW (2000) Plant aromatic

l-amino acid decarboxylases: evolution, biochemistry, regula-

tion, and metabolic engineering applications. Phytochemistry

54(2):121–138

Franklin KA, Lee SH, Patel D, Kumar SV, Spartz AK, Gu C, Ye S,

Yu P, Breen G, Cohen JD, Wigge PA, Gray WM (2011)

Phytochrome-interacting factor 4 (PIF4) regulates auxin biosyn-

thesis at high temperature. Proc Natl Acad Sci USA

108(50):20231–20235

Gaudin V, Jouanin L (1995) Expression of Agrobacterium rhizogenes

auxin biosynthesis genes in transgenic tobacco plants. Plant Mol

Biol 28(1):123–136

Gray WM, Ostin A, Sandberg G, Romano CP, Estelle M (1998) High

temperature promotes auxin-mediated hypocotyl elongation in

Arabidopsis. Proc Natl Acad Sci USA 95(12):7197–7202

Grubb CD, Zipp BJ, Ludwig-Muller J, Masuno MN, Molinski TF,

Abel S (2004) Arabidopsis glucosyltransferase UGT74B1 func-

tions in glucosinolate biosynthesis and auxin homeostasis. Plant

J 40(6):893–908

Guillet G, Poupart J, Basurco J, De Luca V (2000) Expression of

tryptophan decarboxylase and tyrosine decarboxylase genes in

tobacco results in altered biochemical and physiological pheno-

types. Plant Physiol 122(3):933–943

Harrison E, Burbidge A, Okyere JP, Thompson AJ, Taylor IB (2011)

Identification of the tomato ABA-deficient mutant sitiens as a

member of the ABA-aldehyde oxidase gene family using genetic

and genomic analysis. Plant Growth Regul 64(3):301–309

He Y, Zhao Y (2015) A key link between jasmonic acid signaling and

auxin biosynthesis. Sci Ch Life Sci 3:014

He W, Brumos J, Li H, Ji Y, Ke M, Gong X, Zeng Q, Li W, Zhang X,

An F, Wen X, Li P, Chu J, Sun X, Yan C, Yan N, Xie DY,

Raikhel N, Yang Z, Stepanova AN, Alonso JM, Guo H (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(11):3944–3960

Hentrich M, Bottcher C, Duchting P, Cheng Y, Zhao Y, Berkowitz O,

Masle J, Medina J, Pollmann S (2013) The jasmonic acid

signaling pathway is linked to auxin homeostasis through the

modulation of YUCCA8 and YUCCA9 gene expression. Plant J

74(4):626–637

Huang J, Yue J, Hu X (2014) Origin of plant auxin biosynthesis in

charophyte algae: a reply to Wang et al. Trends Plant Sci

19(12):743

Hull AK, Celenza JL (2000) Bacterial expression and purification of

the Arabidopsis NADPH-cytochrome P450 reductase ATR2.

Protein Express Purif 18(3):310–315

Hull AK, Vij R, Celenza JL (2000) Arabidopsis cytochrome P450 s

that catalyze the first step of tryptophan-dependent indole-3-

acetic acid biosynthesis. Proc Natl Acad Sci USA

97(5):2379–2384

Ishida Y, Hayashi K, Soeno K, Asami T, Nakamura S, Suzuki M,

Nakamura A, Shimada Y (2014) Analysis of a putative auxin

biosynthesis inhibitor, indole-3-oxoethylphosphonic acid, in

Arabidopsis. Biosci Biotechnol Biochem 78(1):67–70

Ismond KP, Dolferus R, de Pauw M, Dennis ES, Good AG (2003)

Enhanced low oxygen survival in Arabidopsis through increased

metabolic flux in the fermentative pathway. Plant Physiol

132(3):1292–1302

King JJ, Stimart DP, Fisher RH, Bleecker AB (1995) A mutation

altering auxin homeostasis and plant morphology in Arabidopsis.

Plant Cell 7(12):2023–2037

Plant Growth Regul

123



Klee H, Horsch R, Hinchee M, Hein M, Hoffmann N (1987) The

effects of overproduction of two Agrobacterium tumefaciens

T-DNA auxin biosynthetic gene products in transgenic petunia

plants. Genes Dev 1(1):86–96

Korasick DA, Enders TA, Strader LC (2013) Auxin biosynthesis and

storage forms. J Exp Bot 64(9):2541–2555

Kriechbaumer V, Wang P, Hawes C, Abell BM (2012) Alternative

splicing of the auxin biosynthesis gene YUCCA4 determines its

subcellular compartmentation. Plant J 70(2):292–302

Kürsteiner O, Dupuis I, Kuhlemeier C (2003) The pyruvate decar-

boxylase1 gene of Arabidopsis is required during anoxia but not

other environmental stresses. Plant Physiol 132(2):968–978

Last RL, Bissinger PH, Mahoney DJ, Radwanski ER, Fink GR (1991)

Tryptophan mutants in Arabidopsis: the consequences of dupli-

cated tryptophan synthase beta genes. Plant Cell 3(4):345–358

Lehmann T, Hoffmann M, Hentrich M, Pollmann S (2010) Indole-3-

acetamide-dependent auxin biosynthesis: a widely distributed

way of indole-3-acetic acid production? Eur J Cell Biol

89(12):895–905

Lemcke K, Prinsen E, van Onckelen H, Schmulling T (2000) The

ORF8 gene product of Agrobacterium rhizogenes TL-DNA has

tryptophan 2-monooxygenase activity. Mol Plant Microbe

Interact 13(7):787–790

Li J, Last R (1996) The Arabidopsis thaliana trp5 mutant has a

feedback-resistant anthranilate synthase and elevated soluble

tryptophan. Plant Physiol 110(1):51–59

Li J, Chen S, Zhu L, Last RL (1995) Isolation of cDNAs encoding the

tryptophan pathway enzyme indole-3-glycerol phosphate syn-

thase from Arabidopsis thaliana. Plant Physiol 108(2):877–878

Li L, Ljung K, Breton G, Schmitz RJ, Pruneda-Paz J, Cowing-Zitron

C, Cole BJ, Ivans LJ, Pedmale UV, Jung HS, Ecker JR, Kay SA,

Chory J (2012) Linking photoreceptor excitation to changes in

plant architecture. Genes Dev 26(8):785–790

Magie AR, Wilson EE, Kosuge T (1963) Indoleacetamide as an

intermediate in the synthesis of indoleacetic acid in Pseu-

domonas savastanoi. Science 141(3587):1281–1282

Maharjan PM, Dilkes BP, Fujioka S, Pencik A, Ljung K, Burow M,

Halkier BA, Choe S (2014) Arabidopsis gulliver1/SUPER-

ROOT2-7 identifies a metabolic basis for auxin and brassinos-

teroid synergy. Plant J 80(5):797–808

Mano Y, Nemoto K (2012) The pathway of auxin biosynthesis in

plants. J Exp Bot 63(8):2853–2872

Mano Y, Nemoto K, Suzuki M, Seki H, Fujii I, Muranaka T (2010)

The AMI1 gene family: indole-3-acetamide hydrolase functions

in auxin biosynthesis in plants. J Exp Bot 61(1):25–32

Mashiguchi K, Tanaka K, Sakai T, Sugawara S, Kawaide H, Natsume

M, Hanada A, Yaeno T, Shirasu K, Yao H, McSteen P, Zhao Y,

Hayashi K, Kamiya Y, Kasahara H (2011) The main auxin

biosynthesis pathway in Arabidopsis. Proc Natl Acad Sci USA

108(45):18512–18517

Michalczuk L, Ribnicky DM, Cooke TJ, Cohen JD (1992) Regulation

of indole-3-acetic acid biosynthetic pathways in carrot cell

cultures. Plant Physiol 100(3):1346–1353

Mikkelsen MD, Hansen CH, Wittstock U, Halkier BA (2000)

Cytochrome P450 CYP79B2 from Arabidopsis catalyzes the

conversion of tryptophan to indole-3-acetaldoxime, a precursor

of indole glucosinolates and indole-3-acetic acid. J Biol Chem

275(43):33712–33717

NafisiM,Goregaoker S, BotangaCJ, Glawischnig E, OlsenCE,Halkier

BA, Glazebrook J (2007) Arabidopsis cytochrome P450

monooxygenase 71A13 catalyzes the conversion of indole-3-

acetaldoxime in camalexin synthesis. Plant Cell 19(6):2039–2052

Nemoto K, Hara M, Goto S, Kasai K, Seki H, Suzuki M, Oka A,

Muranaka T, Mano Y (2009) The aux1 gene of the Ri plasmid is

sufficient to confer auxin autotrophy in tobacco BY-2 cells.

J Plant Physiol 166(7):729–738

Neu D, Lehmann T, Elleuche S, Pollmann S (2007) Arabidopsis

amidase 1, a member of the amidase signature family. FEBS J

274(13):3440–3451

NishimuraT,HayashiK, SuzukiH,GyohdaA, TakaokaC, Sakaguchi Y,

Matsumoto S, Kasahara H, Sakai T, Kato J, Kamiya Y, Koshiba T

(2014) Yucasin is a potent inhibitor of YUCCA, a key enzyme in

auxin biosynthesis. Plant J 77(3):352–366

Niyogi KK, Last RL, Fink GR, Keith B (1993) Suppressors of trp1

fluorescence identify a new arabidopsis gene, TRP4, encoding the

anthranilate synthase beta subunit. Plant Cell 5(9):1011–1027

Normanly J (1997) Auxin metabolism. Physiol Plant 100(3):431–442

Normanly J (2010) Approaching cellular and molecular resolution of

auxin biosynthesis and metabolism. Cold Spring Harb Perspect

Biol 2(1):a001594

Normanly J, Cohen JD, Fink GR (1993) Arabidopsis thaliana

auxotrophs reveal a tryptophan-independent biosynthetic path-

way for indole-3-acetic acid. Proc Natl Acad Sci USA

90(21):10355–10359

Ouyang J, ShaoX,Li J (2000) Indole-3-glycerol phosphate, a branchpoint

of indole-3-acetic acid biosynthesis from the tryptophan biosyn-

thetic pathway in Arabidopsis thaliana. Plant J 24(3):327–333

Pacheco-VillalobosD, SankarM,LjungK,HardtkeCS (2013)Disturbed

local auxin homeostasis enhances cellular anisotropy and reveals

alternative wiring of auxin-ethylene crosstalk in Brachypodium

distachyon seminal roots. PLoS Genet 9(6):e1003564

Patten CL, Glick BR (1996) Bacterial biosynthesis of indole-3-acetic

acid. Can J Microbiol 42(3):207–220

Patten CL, Blakney AJ, Coulson TJ (2013) Activity, distribution and

function of indole-3-acetic acid biosynthetic pathways in bac-

teria. Crit Rev Microbiol 39(4):395–415

Phillips KA, Skirpan AL, Liu X, Christensen A, Slewinski TL,

Hudson C, Barazesh S, Cohen JD, Malcomber S, McSteen P

(2011) Vanishing tassel2 encodes a grass-specific tryptophan

aminotransferase required for vegetative and reproductive

development in maize. Plant Cell 23(2):550–566

Pinon V, Prasad K, Grigg SP, Sanchez-Perez GF, Scheres B (2013)

Local auxin biosynthesis regulation by PLETHORA transcrip-

tion factors controls phyllotaxis in Arabidopsis. Proc Natl Acad

Sci USA 110(3):1107–1112

Piotrowski M, Schonfelder S, Weiler EW (2001) The Arabidopsis

thaliana isogene NIT4 and its orthologs in tobacco encode beta-

cyano-l-alanine hydratase/nitrilase. J Biol Chem276(4):2616–2621

Pollmann S, Muller A, Piotrowski M, Weiler EW (2002) Occurrence

and formation of indole-3-acetamide in Arabidopsis thaliana.

Planta 216(1):155–161

Pollmann S, Neu D, Weiler EW (2003) Molecular cloning and

characterization of an amidase from Arabidopsis thaliana

capable of converting indole-3-acetamide into the plant growth

hormone, indole-3-acetic acid. Phytochemistry 62(3):293–300

Pollmann S, Neu D, Lehmann T, Berkowitz O, Schafer T, Weiler EW

(2006) Subcellular localization and tissue specific expression of

amidase 1 from Arabidopsis thaliana. Planta 224(6):1241–1253

Quittenden LJ, Davies NW, Smith JA, Molesworth PP, Tivendale

ND, Ross JJ (2009) Auxin biosynthesis in pea: characterization

of the tryptamine pathway. Plant Physiol 151(3):1130–1138

Radwanski ER, Last RL (1995) Tryptophan biosynthesis and

metabolism: biochemical and molecular genetics. Plant Cell

7(7):921–934

Radwanski ER, Barczak AJ, Last RL (1996) Characterization of

tryptophan synthase alpha subunit mutants of Arabidopsis

thaliana. Mol Gen Genet MGG 253(3):353–361

Rapparini FCJ, Slovin JP (1999) Indole-3-acetic acid biosynthesis in

Lemnagibba studied using stable isotope labeled anthranilate and

tryptophan. Plant Growth Regul 27:139–144

Reverberi M, Fanelli C, Zjalic S, Briganti S, Picardo M, Ricelli A,

Fabbri AA (2005) Relationship among lipoperoxides, jasmonates

Plant Growth Regul

123



and indole-3-acetic acid formation in potato tuber after wound-

ing. Free Radic Res 39(6):637–647

Ribnicky DM, Ilic N, Cohen JD, Cooke TJ (1996) The effects of

exogenous auxins on endogenous indole-3-acetic acid metabo-

lism (the implications for carrot somatic embryogenesis). Plant

Physiol 112(2):549–558

Ribnicky DM, Cohen JD, Hu WS, Cooke TJ (2002) An auxin surge

following fertilization in carrots: a mechanism for regulating

plant totipotency. Planta 214(4):505–509

Rizzardi K, Landberg K, Nilsson L, Ljung K, Sundas-Larsson A

(2011) TFL2/LHP1 is involved in auxin biosynthesis through

positive regulation of YUCCA genes. Plant J 65(6):897–906

Ross JJ, Tivendale ND, Davidson SE, Reid JB, Davies NW,

Quittenden LJ, Smith JA (2012) A mutation affecting the

synthesis of 4-chloroindole-3-acetic acid. Plant Signal Behav

7(12):1533–1536

Roumeliotis E, Visser RG, Bachem CW (2012) A crosstalk of auxin

and GA during tuber development. Plant Signal Behav

7(10):1360–1363

Schneider EA, Gibson RA, Wightman F (1972) Biosynthesis and

metabolism of indol-3yl-acetic acid I.The native indoles of

barley and tomato shoots. J Exp Bot 23(1):152–170

Seo M, Akaba S, Oritani T, Delarue M, Bellini C, Caboche M,

Koshiba T (1998) Higher activity of an aldehyde oxidase in the

auxin-overproducing superroot1 mutant of Arabidopsis thaliana.

Plant Physiol 116(2):687–693

Seo M, Aoki H, Koiwai H, Kamiya Y, Nambara E, Koshiba T (2004)

Comparative studies on the Arabidopsis aldehyde oxidase

(AAO) gene family revealed a major role of AAO3 in ABA

biosynthesis in seeds. Plant Cell Physiol 45(11):1694–1703

Shi H, Chen L, Ye T, Liu X, Ding K, Chan Z (2014) Modulation of

auxin content in Arabidopsis confers improved drought stress

resistance. Plant Physio Biochem 82:209–217

Simon S, Petrasek J (2011) Why plants need more than one type of

auxin. Plant Sci 180(3):454–460

Sitbon F, Astot C, Edlund A, Crozier A, Sandberg G (2000) The

relative importance of tryptophan-dependent and tryptophan-

independent biosynthesis of indole-3-acetic acid in tobacco

during vegetative growth. Planta 211(5):715–721

Smith JK, Schloss JV, Mazur BJ (1989) Functional expression of

plant acetolactate synthase genes in Escherichia coli. Proc Natl

Acad Sci USA 86(11):4179–4183

Soeno K, Goda H, Ishii T, Ogura T, Tachikawa T, Sasaki E, Yoshida

S, Fujioka S, Asami T, Shimada Y (2010) Auxin biosynthesis

inhibitors, identified by a genomics-based approach, provide

insights into auxin biosynthesis. Plant Cell Physiol

51(4):524–536

Songstad DD, De Luca V, Brisson N, Kurz WG, Nessler CL (1990)

High levels of tryptamine accumulation in transgenic tobacco

expressing tryptophan decarboxylase. Plant Physiol

94(3):1410–1413

Spaepen S, Versees W, Gocke D, Pohl M, Steyaert J, Vanderleyden J

(2007) Characterization of phenylpyruvate decarboxylase,

involved in auxin production of Azospirillum brasilense. J Bac-

teriol 189(21):7626–7633

Staldal V, Cierlik I, Chen S, Landberg K, Baylis T, Myrenas M,

Sundstrom JF, Eklund DM, Ljung K, Sundberg E (2012) The

Arabidopsis thaliana transcriptional activator STYLISH1 regu-

lates genes affecting stamen development, cell expansion and

timing of flowering. Plant Mol Biol 78(6):545–559

Stepanova AN, Hoyt JM, Hamilton AA, Alonso JM (2005) A Link

between ethylene and auxin uncovered by the characterization of

two root-specific ethylene-insensitive mutants in Arabidopsis.

Plant Cell 17(8):2230–2242

Stepanova AN, Robertson-Hoyt J, Yun J, Benavente LM, Xie DY,

Dolezal K, Schlereth A, Jurgens G, Alonso JM (2008) TAA1-

mediated auxin biosynthesis is essential for hormone crosstalk

and plant development. Cell 133(1):177–191

Stepanova AN, Yun J, Robles LM, Novak O, He W, Guo H, Ljung K,

Alonso JM (2011) The Arabidopsis YUCCA1 flavin monooxy-

genase functions in the indole-3-pyruvic acid branch of auxin

biosynthesis. Plant Cell 23(11):3961–3973
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