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Trp-independent synthesis of indole-3-acetic acid
(IAA) was proposed back in the early 1990s based
on observations from Trp auxotrophs inmaize (Zea mays;
Wright et al., 1991) and Arabidopsis (Arabidopsis thaliana;
Normanly et al., 1993). Recently, Wang et al. (2015)
published new data suggesting that a cytosolic indole
synthase (INS) may catalyze the first step separating
the Trp-dependent and Trp-independent pathways
in Arabidopsis. If this is the case, it would be a major
breakthrough; however, in this article, I critically evaluate
both recent and older evidence for the Trp-independent
route and suggest that the INS ismore likely to participate
in Trp-dependent IAA production.

The original work supporting Trp-independent IAA
production was carried out prior to the availability of
genome/proteomedata and before the discovery that the
final step of Trp-dependent IAA synthesis is carried out
by a large number of YUCCA homologs operating in a
highly localized manner (Zhao, 2008). I argue that ex-
perimental data supporting the Trp-independent route
needs to be reconsidered in light of complete proteome
data. Further, the evidence from feeding labeled com-
pounds should be critically evaluated in light of recent
data on the highly localized nature of IAA synthesis as
well as older quantitative data on Trp, indole-3-pyruvic
acid (IPA), and IAA turnover from my own laboratory
(Cooney and Nonhebel, 1991). I conclude that evidence
for the Trp-independent route is at best equivocal, and
that it is not a conserved source of IAA in angiosperms.

Figure 1 shows themajor Trp-dependent route for IAA
production whereby Trp, produced by the concerted
action of Trp synthase a- and b-subunits, is converted to
IAA in a further two steps catalyzed by Trp amino-
transferase and the flavin monooxygenases commonly
known as YUCCA (Mashiguchi et al., 2011; Won et al.,
2011). This is compared with the Trp-independent route
in which IAA may be produced from free indole by an
unknown route (Ouyang et al., 2000; Wang et al., 2015).

The Trp-independent route was originally based on
data from Trp auxotrophs that have mutations in genes
encoding either the a- or b-subunits of Trp synthase.
The a-subunit catalyzes the removal of the side chain
from indole-3-glycerol phosphate, passing the indole
product directly to the b-subunit where the Trp side
chain is created from a Ser substrate (Pan et al., 1997). In

plants, this is a chloroplast-localized enzyme. Elevated
levels of IAA have been reported in Trp auxotrophs of
both maize and Arabidopsis. However, the trp3-1 and
trp2-1 mutants of Arabidopsis, deficient in the a- and
b-subunits, respectively, only showed an increase in
total IAAmeasured following conjugate hydrolysis. No
difference in free IAA levels was found (Normanly
et al., 1993). The orange pericarp (orp) maize mutant was
reported to have 50 times more IAA than the wild type
(Wright et al., 1991). However, this was also total IAA;
no data on free IAA were published. Work by Müller
and Weiler (2000) indicated that IAA measured fol-
lowing conjugate hydrolysis could have originated via
the degradation of indole-3-glycerol phosphate that
accumulates in trp3-1mutants. Further doubt regarding
the accuracy of IAAmeasurements following conjugate
hydrolysis has recently been published. Yu et al. (2015)
have shown that conjugate hydrolysis treatment sub-
stantially overestimates the actual conjugated IAA due
to degradation of glucobrassicin and proteins. In ad-
dition, neither report (Wright et al., 1991; Normanly
et al., 1993) described a high auxin phenotype for the
Trp auxotrophs. This contrasts with the superroot1
(sur1) and sur2 mutants, where the accumulation of
indole intermediates resulted in a high level of free IAA
as well as a high auxin phenotype (Boerjan et al., 1995;
Delarue et al., 1998). It is therefore doubtful that Trp
auxotrophs actually accumulate more IAA than the
wild-type plants.

In addition, proteome data have revealed new homo-
logs of TSB in both Arabidopsis and maize that may
contribute to Trp production in TSBmutants; these have
not been considered in arguments supporting Trp-
independent IAA synthesis. Maize orp has mutations in
two TSB genes, resulting in a seedling lethal phenotype
with high levels of accumulated indole. However, pro-
teome sequence information now indicates that maize
has three TSB genes. Plants and bacteria have divergent
forms of TSB, type 1 and type 2 (Xie et al., 2001); themajor
TSB genes responsible for Trp synthase activity in maize
and Arabidopsis are type 1. The third maize TSB gene,
maize locus ID GRMZM2G054465, is a member of the
TSB type 2 group. Its product is reported not to interact
directly with a Trp synthase alpha (TSA) subunit but has
experimentally demonstrated catalytic activity convert-
ing indole and Ser to Trp (Yin et al., 2010). This type 2 TSB
may allow orp plants to make sufficient Trp for IAA
production from the accumulated free indole.
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When the originalwork on trp2mutants ofArabidopsis
was carried out, two TSB genes were known (Last et al.,
1991). As the trp2 plants were deficient only in TSB1, they
were able to make sufficient Trp to survive under low-
light conditions. Full proteome data now indicate that
Arabidopsis has four TSB-like genes; in addition to TSB1
and TSB2, there is a third type 1 TSB gene, Arabidopsis
locus ID AT5G28237. The product of this gene has not
been experimentally characterized. The fourth gene,
AT5G38530, encodes a type 2 TSB with demonstrated
catalytic activity similar to ZmTSB type 2 mentioned
above (Yin et al., 2010). Thus, the trp2 plants may also
make enough Trp for IAA production. It is even possible
that one of the minor forms of TSB has a specific role in
IAA production. Type 2 TSBs are conserved throughout
the plant kingdom, and the biological role for this protein
is not known (Xie et al., 2001).

A phylogenetic analysis of type 1 TSBs is shown in
Figure 2. This indicates that the product of AT5G28237
belongs to a eudicot-conserved TSB type 1-like clade,
divergent from that containing major experimentally
characterized TSBs. A multiple sequence alignment
(not shown) reveals that members of this divergent
clade have a shortened N terminus with respect to the

major chloroplast-localized TSB proteins. A localization
prediction carried out in CELLO (Yu et al., 2006) sug-
gests a cytosolic location for these proteins. Examina-
tion of EST databases indicates that the genes encoding
these proteins are expressed. It is possible that the
product of AT5G28237 could interact with the cytosolic
INS studied byWang et al. (2015), or separately with its
indole product, to produce Trp that is further converted
to IAA.

The secondmajor line of evidence for Trp-independent
IAA synthesis comes from isotopic labeling experiments.
Wright et al. (1991) observed greater incorporation of
2H into IAA than Trp in orp seedlings grown on 2H2O.
Normanly et al. (1993) reported higher enrichment of
15N in IAA than Trp in trp2-1 mutants of Arabidopsis
grown on 15N anthranilate; very poor incorporation
of deuterium from 2H-Trp into IAA was reported in the
trp2-1 plants. A number of similar reports relating to
other plants have been published showing differences
in the incorporation of label fromTrp into IAAdepending
on experimental tissue and environmental conditions
(e.g. Michalczuk et al., 1992; Rapparini et al., 2002;
Sztein et al., 2002). This evidence has been persuasive;
however, it assumes a single pool of Trp to which 15N
anthranilate and 2H-Trp contribute and from which
IAA is made. If Trp is made at different rates in dif-
ferent parts of the plant, and/or exogenous 2H-Trp
does not equilibrate with newly synthesized Trp,
then the ratio of 15N to 2H in Trp will vary in different
plant organs/tissues/cells. Trp turnover and thus in-
corporation of label from 15N anthranilate are likely to
differ substantially throughout the plant, with the
highest rates of labeling occurring in cells with high
rates of protein synthesis. This would not be a problem
for the experiment if IAA is made at equal rates in
different parts of the plant, but we know it is not. The
Trp aminotransferase/YUCCA pathway of IAA syn-
thesis elegantly shown to be responsible for the bulk of
IAA synthesis (Mashiguchi et al., 2011; Won et al.,
2011) appears to be locally controlled in Arabidopsis via
11 different YUCCA-encoding genes that have highly
localized expression (Zhao, 2008). Adding to the com-
plication is the need for 15N anthranilate and 2H-Trp to
move into and through the plant to regions of Trp
and IAA synthesis, respectively. This is likely to occur at
different rates due to differing transporter requirements.

Data from my own laboratory (Cooney and Non-
hebel, 1991) is particularly relevant to this discussion.
We monitored incorporation of 2H from deuterated
water into IAA and Trp in tomato (S. lycopersicum)
shoots. Unlike the other studies, we also measured the
incorporation of label into IPA. Our data showed that
IPA became labeled at a rate consistent with this com-
pound acting as the major/sole precursor of IAA.
Crucially, the proportion of labeled Trp was lower than
2H-IPA. Our interpretation of these data was that IPA
and IAA were produced from newly synthesized Trp,
and that Trp was not uniformly labeled throughout the
shoot. At the time, we suggested different subcellular
pools of Trp; this may be the case, but in light of new

Figure 1. Outline of the major pathway for Trp-dependent IAA syn-
thesis and the proposed Trp-independent route. The role proposed for
Trp synthase beta (TSB) homologs discussed in the present paper is also
shown. For clarity, reactions are simplified to show only the major
compounds relevant to IAA synthesis.
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knowledge of localized IAA synthesis, it is most likely
that substantial differences in Trp and IAA turnover in
different cells/tissues may be the reason for these
observations.

The arguments above cast doubt on the existence of
the Trp-independent route; however, a recent publica-
tion by Wang et al. (2015) claims to provide new evi-
dence for its importance. They present the interesting

Figure 3. Phylogeny of TSA homologs from O. sativa (LOC_Os), S. bicolor (Sobic), Z. mays (GRMZM), Arabidopsis (AT), A. lyrata
(Alyrata), B. rapa (Brara), S. lycopersicum (Solyc), Medicago truncatula (Medtr), P. trichocarpa (Potri), and P. patens (Phpat). Protein
sequences were downloaded from Phytozome v10.2 (Goodstein et al., 2012). The phylogenetic analysis was conducted in MEGA6
(Tamura et al., 2013)withmultiple sequence alignment byMUSCLE (Edgar, 2004) and evolutionaryhistory inferred using the neighbor-
joining method (Saitou and Nei, 1987). The rooted optimal tree is shown; the percentage of replicate trees in which the associated
sequences clustered together in the bootstrap test (500 replicates) is shownnext to the branches (Felsenstein, 1985). The tree is drawn to
scale; the scale bar indicates the number of amino acid substitutions per site. It is rootedwith the TSA ortholog from themoss P. patens.

Figure 2. Phylogeny of TSB type 1 homo-
logs from Oryza sativa (LOC_Os), Sorghum
bicolor (Sobic), Z. mays (GRMZM), Arabi-
dopsis (AT), Brassica rapa (Brara), Solanum
lycopersicum (Solyc), Populus trichocarpa
(Potri), and Physcomitrella patens (Phpat).
Protein sequences were downloaded from
Phytozome v10.2 (Goodstein et al., 2012).
The phylogenetic analysis was conducted
in MEGA6 (http://megasoftware.net; Tamura
et al., 2013) with multiple sequence alignment
by MUSCLE (Edgar, 2004) and evolutionary
history inferred using the neighbor-joining
method (Saitou and Nei, 1987). The optimal
tree is shown; the percentage of replicate trees
in which the associated sequences clustered
together in the bootstrap test (500 replicates) is
shown next to the branches (Felsenstein,
1985). The tree is drawn to scale; the scale bar
indicates the number of amino acid substitu-
tions per site. It is rootedwith type 1 TSBs from
the moss P. patens.
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finding that Arabidopsis plants with a null mutation in
INS, a cytosolic TSA homolog previously shown to
have indole-3-glycerol phosphate lyase (IGL) activity
(Zhang et al., 2008), had reduced levels of IAA. The
mutation particularly affected early embryo develop-
ment. I suggest that the INSmaymake a contribution to
IAA synthesis, but the only specific evidence that it
does so via a Trp-independent route is the observation
that the ins-1 mutation has an additive effect with the
weakly ethylene insensitive8-1 Trp aminotransferase
mutation. This evidence is indicative rather than
conclusive. The possibility that INS may act in con-
cert with a minor TSB homolog, as suggested in
Figure 1, needs to be considered.

In addition, Wang et al. (2015) focus on Arabidopsis
alone. If INS has a key role in IAA synthesis, then
evolutionary theory predicts a conserved protein with
wide taxonomic distribution. On the contrary, an ex-
haustive BLAST search (Altschul et al., 1997) of di-
verse taxa in Phytozome v10.2 (Goodstein et al., 2012)
and GenBank (Benson et al., 2013) revealed that INS
orthologs with cytosolic prediction and shortened
N terminus occur only in members of the Brassicaceae
(Eutrema salsugineum, Arabis alpina, Camelina sativa,
Capsella rubella, Brassica napus, Boechera stricta, Arabidopsis
lyrata, B. rapa) and in Tarenaya hassleriana from the Bras-
sicaceae sister family, the Cleomaceae. The phylogenetic
tree in Figure 3 shows relationships between INS andTSA
homologs from several plant species and indicates the
separate clade of cytosolic INS homologs in the Brassi-
caceae. In this diagram, the sequence most closely re-
lated to INS from another group is that from tomato.
This protein is the only TSA found in tomato and
has an unambiguous chloroplast signal peptide.
P. trichocarpa and M. truncatula as well as other eudi-
cots outside the Brassicaeae and Cleomaceae also lack
cytosolic TSA homologs. Furthermore, INS and its
orthologs are phylogenetically distinct from the other
experimentally characterized indole-3-glycerol phos-
phate lyases benzoxazin1 and IGL (Frey et al., 2000)
and their orthologs. The latter are restricted to the
grasses where they are involved in the production of
cyclic hydroxamic acid defense compounds (Frey
et al., 2000). The grasses also have an additional sep-
arate clade of cytosolic TSAhomologs, althoughworkby
Kriechbaumer et al. (2008) did not detect any catalytic
activity for the product of GRMZM2G046191_T01. The
phylogeny of INS and its orthologs would suggest the
major role of these proteins may be the production of
lineage-specific metabolites such as the indole-derived
defense compounds produced in grasses; any role in
IAA synthesis may be incidental and restricted to the
Brassicaeae and Cleomaceae.

In conclusion, I contend that experimental data re-
lating to IAA synthesis in Arabidopsis, including that
suggesting the involvement of a cytosolic INS, can be
explained by the Trp-dependent IAA synthesis path-
way. I show that INS and its orthologs are not found
outside the Brassicaceae and a closely related sister
clade; any alternative IAA synthesis pathway in which

they may be involved is likely to have similar limited
taxonomic occurrence. Furthermore, Arabidopsis and
its relatives contain two additional TSB homologs that
could convert free indole into Trp. Curiously, both of
these proteins have a wider taxonomic distribution. A
priority for further experimental work should be testing
the involvement of minor TSB homologs in IAA syn-
thesis, including the highly conserved type 2 TSBs as
well as a eudicot-specific clade of possibly cytosolic
type 1 TSBs.Workwould also have to establishwhether
free indole exists in plants other than the Brassicaceae
and the grasses. Finally, I argue that isotope-labeling
experiments do not provide strong support for the
Trp-independent route, as IAA production is highly
localized. Previously published data from my labora-
tory clearly show that the main Trp-dependent IAA
precursor IPA becomes more highly labeled from 2H2O
than Trp, even though the latter is produced from Trp
in a single reaction. Thus, it cannot be argued that dif-
ferences in isotope enrichment between Trp and IAA
demonstrate the existence of a Trp-independent route.
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