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Auxin is an important signaling molecule synthesized in
organisms from multiple kingdoms of life, including land plants,
green algae, and bacteria. In this review, we highlight the
similarities and differences in auxin biosynthesis among these
organisms. Tryptophan-dependent routes to IAA are found in
land plants, green algae and bacteria. Recent sequencing
efforts show that the indole-3-pyruvic acid pathway, one of the
primary biosynthetic pathways in land plants, is also found in
the green algae. These similarities raise questions about the
origin of auxin biosynthesis. Future studies comparing auxin
biosynthesis across kingdoms will shed light on its origin and
role outside of the plant lineage.
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Introduction

A transmissible factor was first proposed to regulate root
gravitropism in 1872 by Theophil Ciesielski [1]. A decade
later Charles and Francis Darwin expanded on this idea
and hypothesized that a mobile signal regulates plant
photomorphogenesis [2]. The primary active auxin,
indole-3-acetic acid (IAA), was later identified as this
mobile signal and was characterized in the early 1940s
(reviewed in Ref. [3]). Since that time, auxin has been
implicated in plant cell division and expansion to drive
embryogenesis, growth, and tissue differentiation. In
addition to its endogenous role in plant development,
natural and synthetic auxins or their precursors have been
used for agricultural applications.

Synthesis and response to auxin are not limited to plants;
indeed, organisms from across the kingdoms of life have
been found to synthesize or respond to auxin. In each of
these systems, a different primary route of IAA biosyn-
thesis is utilized; however, for those organisms that IAA
biosynthesis pathways have been elucidated, common
themes of biosynthetic intermediates have arisen.

Some fungi can synthesize and/or respond to auxin.
Indeed, the TAA molecule was originally identified in
fermentation media growing yeast in 1934 [4]. Fungi alter
their growth patterns in response to auxin. In Saccharo-
myces cerevisiae and other yeasts, auxin promotes cell
expansion and negatively regulates cell division. In other
fungal species, auxin induces spore germination
(reviewed in Ref. [5]). Clearly, IAA biosynthesis and

response are present in this kingdom.

Auxin is also synthesized by some bacteria. For example,
select plant pathogens rely on auxin to induce their cell
growth and to increase pathogenicity (reviewed in Ref.
[6]). In addition, bacteria in the rhizosphere may also rely
on auxin synthesis to promote symbiotic relationships
with plants [7,8]. Thus, in addition to plants and fungi,
bacterial species may synthesize and respond to auxin.

Given the breadth of organisms making or responding to
this small molecule, it raises the question of how and in
which organisms is [AA synthesized. In plants, several
enzymatic pathways result in IAA production through
diverse intermediates that in turn can be conjugated to
generate various storage forms (Reviewed in Ref. [9])
(Figure 1). Likewise, some bacteria use distinct pathways
to generate IAA (reviewed in Refs. [6] and [7]) (Figure 1). In
this review, we will focus on IAA production and metabolic
mechanisms in both eukaryotes and prokaryotes.

Routes of IAA production in the land plant
lineage

In land plants IAA is synthesized from a tryptophan
precursor and flows through the indole-3-pyruvic acid
(IPyA) biosynthetic pathway (Figure 1) [10°%,11-14].
The tryptophan aminotransferase (TAA) [11,12,14] fam-
ily converts the amino acid tryptophan in IPyA, which is
then metabolized by the YUCCA (YUC) [11,12,14] family
of flavin monoxygenases in IAA. In both angiosperms and
bryophytes, mutants defective in the IPyA pathway
show severe developmental phenotypes, suggesting a
conserved role of this pathway in IAA biosynthesis
[11-13,15°%,16].
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Tryptophan-dependent IAA biosynthetic pathways in land plants and bacteria. Lines represent steps in the biosynthesis of IAA and its precursors
in land plants (blue) and bacteria (pink). Enzymatic reactions that have been confirmed by genetic and biochemical analysis are provided in the
appropriate steps. Unlabeled lines represent hypothesized steps in the pathway or steps for which genetic evidence is lacking. Many steps in the
proposed pathways are currently unknown in both land plants and bacteria (reviewed in Refs. [6,7,9]).

The angiosperms show subfunctionalization of each of
the core components in this pathway consistent with the
transition to increased cell types and growth patterns [17].
In the liverwort Marchantia polymorpha, the core IPyA
pathway consists of a single TAA and two YUC in contrast
to the five TAA and eleven YUC enzymes in Arabidopsis
thaliana (Table 1) [15°°,18°°]. Functional conservation of
the IPyA pathway in examined angiosperms and bryo-
phytes suggests that this pathway is likely present across
the plant lineage (please see Refs. [18°°] and [17] for
phylogenetic analyses). The expansion of IPyA enzymes
in flowering plants is consistent with published phyloge-
nies of other auxin pathway components including auxin
signaling. The suite of nuclear auxin signaling compo-
nents in Marchantia evolved from a core set of five genes
to over fifty in Arabidopsis [19,20,21°°]. Thus, Marchantia
is an appealing system to study the evolution of auxin
biosynthesis and catabolism in the context of nuclear
auxin signaling.

TAA and YUC genes fall into distinct clades that have non-
overlapping expression patterns and may regulate

different aspects of plant development [17]. The expres-
sion patterns of the 7AA and YUC families suggest tissue
specific roles for individual members. In Arabidopsis and
Marchantia, expression of IPyA enzymes in specific tissue
types is crucial for appropriate growth [10°°,15°°]. Tracing
the lineage of these distinct YUC and TAA enzymes back
to Physcomitrella and Marchantia may help researchers
understand the tissue specific functions of different clas-
ses of YUC and T'AAs found in flowering plants.

Table 1

Number of known TAA and YUC family proteins identified in
plant model species. Data compiled from Refs. [15°%,17,63]

Species Number of Number of
TAA enzymes YUC enzymes

Marchantia polymorpha 1 2

Physcomitrella patens 6 6

Oryza sativa 4 14

Zea mays 6 9

Arabidopsis thaliana 5 11
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IPyA is not the only IAA precursor found in land plants
(Figure 1) [9]. Indole-3-acetaldehyde (IAAId), indoleace-
tamide (IAM), indole-3-acetaldoximine (IAOx), and
indole-3-acetonitrile (IAN) are endogenous molecules
that when applied stimulate auxin responses [14,22—
24]. However, it not clear whether these intermediates
contribute to auxin homeostasis, and in some cases,
enzymes required in these potential pathways remain
unidentified (Figure 1). For example, enzymes that con-
vert tryptophan to IAAId and from TAAId to TAA remain
unknown in flowering plants [14]. Aldehyde oxidases that
convert TAAld to IAA have been proposed [25-27], but
Arabidopsis lacking a co-factor required for aldehyde
oxidase function fail to hyperaccumulate IAAld and show
no auxin-related phenotypes, suggesting that these
enzymes do not participate in IAAld to IAA conversion
[14]. At this point, contributions of these specific biosyn-
thetic pathways to the pool of IAA remain poorly under-
stood. However, the presence of these precursors in
charophytes suggests that they could represent ancestral
routes to TIAA [28,29].

IAA production in green algae

Red, brown, and green algae produce auxin [28,30-33]. In
addition, tested algal species respond to and alter their
growth patterns in response to auxins and their antago-
nists, suggesting a role for auxin signaling in these organ-
isms [34°°]. These findings suggest that auxin production
may have evolved in the last common ancestor of the all
algal species.

Figure 2

T'he land plants diverged from their closest algal relatives,
the charophytes or green algae, 514 to 470 million years ago
[35]. Like the land plants, single and multicellular char-
ophytes produce auxin via tryptophan-dependent path-
ways. However, charophytes lack components of the
TIR1/AFB nuclear auxin signaling system, suggesting a
distinct, ancestral role for auxin in these species (Figure 2)
[21°°]. The route of auxin biosynthesis in algae is less clear
than in land plants. Whereas YUC genes have been identi-
fied in some algal species, the presence of 7AA genes in
these same species is debatable [18°°,34°°,36-39,40°°].
These differences may be resolved with better genome
sequences. Interestingly, the IPyA pathway is absent alto-
gether from the charophyte seaweed Ulkva mutabilis. This
organism only encodes enzymes that function in the IAOx
and [AAId pathways, suggesting that some species in the
green algae lineage rely on alternative auxin biosynthetic
pathways (Figure 1) [41].

These data suggest that IAA synthesis was present in the
last common ancestor of all chlorophytic organisms, but
the evolution of any specific pathway is less well under-
stood. The putative absence of TAA from some charo-
phytes raises the possibility that the direct conversion of
tryptophan to IPyA was a crucial step for the transition to
land along with the evolution of the TIR1/AFB auxin
signaling pathway. However, the absence of T'AA is based
primarily on transcriptome sequencing which raises the
possibility that TAAs may exist in the genomes of these
species and were not expressed at the time of sampling
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Auxin production predates TIR1/AFB auxin signaling. A simplified phylogeny showing the presence (blue) or absence (pink) of components of
auxin signaling and production. Empty circles signify the presence of genes in the pathway but no other evidence. The square represents an
altered IPyA pathway found in bacteria. The absence of the canonical TIR1/AFB pathway in the charophytes raises questions about the ancestral
function of auxin in the green algae. For an in-depth review of land plant evolution, please see Ref. [64] and for information on the relationship and

evolution of prokaryotes and algae, please see Ref. [65].
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[36]. In studied algal species, IAA and IAM have been
identified, but not IPyA, consistent with the absence of
TAA [30]. This raises the possibility that the ancestral
IPyA pathway is not one of the primary routes for IAA
production in the charophytes as it is in the land plants.
Genetic and metabolomic analysis will help determine
the ancestral roles of TAA and YUC enzymes as well as
which biosynthetic pathways are the primary source of
IAA in the green algae.

Bacterial IAA biosynthesis

Tryptophan-dependent TAA biosynthesis has also been
discovered outside of the plant lineage. In bacteria and
fungt, which diverged from the plant lineage over a billion
years ago [42], auxin plays important roles in plant path-
ogenesis and symbiosis [6]. Given auxin’s role in regulat-
ing cell division and expansion, its use as a virulence
factor is not surprising. Pathogen-derived IAA inhibits the
host immune response and generates a more hospitable
environment for the invading pathogen, sometimes by
promoting uncontrolled cell growth [6]. Further, auxin is
synthesized by nitrogen fixing bacteria that form symbi-
otic relationships with plants in the rhizosphere to pro-
mote cell division in roots [7,8].

Unlike in the charophytes, aminotransferases that convert
tryptophan to IPyA have been characterized in some bac-
teria and fungi (Figure 1) [43,44]. IPyA is then converted to
the TAAld intermediate by decarboxylases before further
conversion to IAA by a dehydrogenase (Figure 1) [7,43,45].
To date, no enzymes with YUC-like activity have been
identified in IAA-producing bacteria, suggesting that direct
conversion from IPyA to [AA is either absent or occurs by a
distinct enzymatic mechanism.

T'he IAM pathway is a common route for IAA production
in bacteria. In this pathway, a monooxyenase and hydro-
lase, IaaM and laaH respectively, convert tryptophan to
IAM and then TAM to TAA (Figure 1) [46]. Interestingly,
TAM is also found in flowering plants such as Arabidopsis,
but the enzymes that convert tryptophan to IAM are
currently unknown [9,47], although Arabidopsis genes
that share sequence similarity with TaaH encode enzymes
capable of converting IAM to TAA [48]. These distinct
auxin biosynthesis routes suggest convergent evolution of
auxin biosynthesis in bacteria and plants. The origin of
bacterial auxin biosynthetic enzymes, and their relation-
ship to the evolution of auxin biosynthesis in the plant
lineage are not currently known (Figure 2).

Open questions and future directions

Auxin is vital to plants and influences the growth of many
non-plant species. Auxin biosynthesis and metabolism
have been of interest to the plant community since its
discovery. Whereas advances have been made in under-
standing how auxin is synthesized, the origins of TAA
biosynthesis in plants, the green algae, and plant

pathogens remain a mystery. It is not clear which TAA
biosynthesis pathways in plants and bacteria are the result
of a common origin, convergent evolution, or horizontal
gene transfer (Figure 2).

In addition to IAA, auxin conjugates have been identified
in the land plants, algae, and bacteria. These auxin
conjugates are predicted to be storage forms and inter-
mediates in auxin catabolism [30,49-53]. The evolution
of auxin storage forms and their developmental roles have
been investigated in the land plants, but their ancestral
role in the algae and their roles in bacteria are less well
understood. The roles of other IAA precursors are also not
well understood. For example, indole-3-butryic acid
(IBA) is a naturally occurring auxin precursor, but its
synthesis is currently unknown (reviewed in Ref. [54]).
Phenylacetic acid (PAA), a non-indole, naturally occur-
ring, active auxin, is synthesized by TAA and YUC, but its
function remains a mystery as no specific PAA-deficient
mutants have been characterized [9,55]. IBA and PAA are
found in plants as well as bacteria [7,9,56], suggesting
potential roles across kingdoms. Studies of these auxins
and auxin precursors in other organisms may shed light on
their biosynthesis and their function.

Genomic and transcriptomic data from diverse species
that span the plant lineage have been used to great effect
to interrogate the evolution of the core nuclear auxin
signaling system [21°°,31,57-59]. This work has been
used to identify the proto-ARF in Chlorokybus atmophyticus
[57], a green alga, and has opened up new routes of study
to understand the relationship between the transition
from water to land in the plant lineage. Similar
approaches can and should be taken with the known
components of the various auxin biosynthetic pathways.
Previous studies, like Smet ez a/. [60], can be updated and
completed with newly released resources such as the 1KP
project which may help resolve the origin of the IPyA
pathway [61]. In addition, further study of gene families
like the aldehyde oxidases proposed to convert IAAld to
TAA may lead to the identity of the enzymes responsible
for this conversion 7 vivo [14,25-27].

Whereas genes encoding TAA and YUC enzymes have
been identified in the green algae, their functions as IAA
biosynthetic genes have not been tested [18°%,62].
Genetic studies in algal species will help determine
the ancestral state of the TAA family and its role in plant
evolution as more TAA orthologs are identified in the
green algae. Studies to identify potential routes of auxin
biosynthesis in algae rely primarily on information gath-
ered from the flowering plants [17] and may miss poten-
tial pathways not represented in the angiosperms. Algal
species and non-flowering land plants like Marchantia
may shed light on alternative auxin biosynthesis and
catabolism pathways and aid in resolving their evolution.
Further, blocking IAA biosynthetic pathways in the algae,
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which seemingly lack the TTIR1/AFB signaling pathway,
will provide useful information on the function of auxin in
those species — for example, is auxin used as a signaling
molecule in these species? If so, for what purpose? Or,
similar to microbes, do algae use IAA to alter growth of
nearby plants? Resolving these questions may lend
insight not only into [AA roles in algae, but may also
uncover IAA signaling mechanisms present across
organisms.

How pathogenic bacteria and symbionts evolved their
auxin biosynthetic machinery remains unknown. Of note,
not all bacteria rely on endogenous auxin biosynthesis to
support their pathogenesis [6]. Comparative studies of
closely related bacteria that do and do not display auxin
production may increase our understanding of how auxin
contributes to microbial functions and plant pathogenesis.
Understanding evolutionary trajectories of auxin biosyn-
thesis in plant and non-plant lineages could also identify
novel biological roles for auxin. Further, determining the
origin of the biosynthetic pathways found in both the
plant and non-plant linages and identifying species that
respond to auxin will be crucial for understanding non-
canonical auxin signaling across species.

Conclusions

Many organisms follow similar routes from tryptophan to
the primary auxin IAA. The origin of these biosynthetic
pathways remains a mystery. Further sequencing of non-
model species, particularly those in the algal lineage,
present an opportunity to study all aspects of auxin
biosynthesis. The advent of gene editing technology like
CRISPR will also increase the ability to test the function
of putative IAA biosynthetic enzymes. However, the
identification and classification of auxin precursors 77 vivo
remains a rate limiting step. Improvements in identifica-
tion and quantification of IAA precursors will aid
researchers in testing hypotheses generated by genomic
and genetic data and increase our understanding of the
evolution of auxin biosynthesis and function.

Conflict of interest statement
Nothing declared.

Acknowledgements

Support from the National Science Foundation Postdoctoral Research
Program (I0S-1907098 to N.M.), the National Institutes of Health (R
01 GM112898 to L..C.S.), and the National Science Foundation (I0S-
1453750 to L.C.S.) is acknowledged. We also thank Arielle Homayouni,
Hongwei Jing, and Ed Wilkinson for their critical comments on this
manuscript.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

oo Of outstanding interest

1. Ciesielski T: Untersuchungen iiber die Abwartskriimmung der
Wourzel. Beitr Biol Pflanzen 1872, 1:1-30.

2. Darwin C, Darwin F: The power of movement in plants. 1881.

3. Enders TA, Strader LC: Auxin activity: past, present, and future.
Am J Bot 2015, 102:180-196.

4. Kogl F, Kostermans D: Hetero-auxin als Stoffwechselprodukt
niederer pflanzlicher Organismen. Isolierung aus Hefe.
13. Mitteilung liber pflanzliche Wachstumsstoffe. Hoppe-
Seyler's Zeitschrift fur physiologische Chemie 1934, 228:113-121.

5. Chanclud E, Morel J: Plant hormones: a fungal point of view. Mo/
Plant Pathol 2016, 17:1289-1297.

6. Kunkel BN, Harper CP: The roles of auxin during interactions
between bacterial plant pathogens and their hosts. J Exp Bot
2017, 69:245-254.

7. DucaD, LorvJ, Patten CL, Rose D, Glick BR: Indole-3-acetic acid
in plant-microbe interactions. Antonie Van Leeuwenhoek 2014,
106:85-125.

8. Spaepen S, Vanderleyden J: Auxin and plant-microbe
interactions. Cold Spring Harb Perspect Biol 2011, 3 a001438.

9. Korasick DA, Enders TA, Strader LC: Auxin biosynthesis and
storage forms. J Exp Bot 2013, 64:2541-2555.

10. Brumos J, Robles LM, Yun J, Vu TC, Jackson S, Alonso JM,

ee Stepanova AN: Local auxin biosynthesis is a key regulator of
plant development. Dev Cell 2018, 47:306-318.e5

The authors show the importance of local tryptophan-dependent auxin

biosynthesis on plant development using genetic approaches.

11. TaoY, Ferrer J-L, Ljung K, Pojer F, Hong F, Long JA, Li L,
Moreno JE, Bowman ME, Ivans LJ et al.: Rapid synthesis of auxin
via a new tryptophan-dependent pathway is required for
shade avoidance in plants. Cell 2008, 133:164-176.

12. Stepanova AN, Robertson-Hoyt J, Yun J, Benavente LM, Xie D-Y,
Dolezal K, Schlereth A, Jurgens G, Alonso JM: TAA1-mediated
auxin biosynthesis is essential for hormone crosstalk and
plant development. Cell 2008, 133:177-191.

13. Stepanova AN, Yun J, Robles LM, Novak O, He W, Guo H, Ljung K,
Alonso JM: The Arabidopsis YUCCA1 flavin monooxygenase
functions in the indole-3-pyruvic acid branch of auxin
biosynthesis. Plant Cell Online 2011, 23:3961-3973.

14. Mashiguchi K, Tanaka K, Sakai T, Sugawara S, Kawaide H,
Natsume M, Hanada A, Yaeno T, Shirasu K, Yao H et al.: The main
auxin biosynthesis pathway in Arabidopsis. Proc Nat/ Acad Sci
US A 2011, 108:18512-18517.

15. Eklund MD, Ishizaki K, Flores-Sandoval E, Kikuchi S,

ee Takebayashi Y, Tsukamoto S, Hirakawa Y, Nonomura M, Kato H,
Kouno M et al.: Auxin produced by the indole-3-pyruvic acid
pathway regulates development and gemmae dormancy in the
liverwort Marchantia polymorpha. Plant Cell 2015, 27:1650-
1669

This paper presents the initial characterization of the IPyA pathway in the

model liverwort Marchantia, making it an appealing model to study auxin

biology in the land plants.

16. Zhao Y, Christensen SK, Fankhauser C, Cashman JR, Cohen JD,
Weigel D, Chory J: A role for flavin monooxygenase-like
enzymes in auxin biosynthesis. Science 2001, 291:306-309.

17. Matthes M, Best N, Robil JM, Malcomber S, Gallavotti A,
McSteen P: Auxin EvoDevo: conservation and diversification of
genes regulating auxin biosynthesis, transport, and signaling.
Mol Plant 2018, 12:298-320.

18. Poulet A, Kriechbaumer V: Bioinformatics analysis of phylogeny

ee and transcription of TAA/YUC auxin biosynthetic genes. Int J
Mol Sci 2017, 18:1791

The authors present phylogenetic analysis on the diversification of YUC

and TAA across the land plants. The expansion of IPyA enzymes mimics

the expansion of other components of auxin signaling as shown in Refs.

[19,20,21es].

19. Kato H, Ishizaki K, Kouno M, Shirakawa M, Bowman JL,
Nishihama R, Kohchi T: Auxin-mediated transcriptional system
with a minimal set of components is critical for
morphogenesis through the life cycle in Marchantia
polymorpha. Plos Genet 2015, 11:e1005084.

www.sciencedirect.com

Current Opinion in Plant Biology 2020, 55:21-27


http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0005
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0005
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0010
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0015
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0015
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0020
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0020
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0020
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0020
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0025
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0025
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0030
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0030
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0030
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0035
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0035
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0035
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0040
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0040
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0045
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0045
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0050
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0050
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0050
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0055
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0055
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0055
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0055
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0060
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0060
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0060
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0060
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0065
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0065
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0065
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0065
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0070
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0070
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0070
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0070
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0075
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0075
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0075
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0075
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0075
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0075
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0080
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0080
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0080
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0085
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0085
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0085
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0085
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0090
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0090
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0090
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0095
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0095
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0095
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0095
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0095

26

20.

21.

Physiology and metabolism

Flores-Sandoval E, EkKlund MD, Bowman JL: A simple auxin
transcriptional response system regulates multiple
morphogenetic processes in the liverwort Marchantia
polymorpha. PLoS Genet 2015, 11:¢1005207.

Mutte SK, Kato H, Rothfels C, Melkonian M, Wong G, Weijers D:
Origin and evolution of the nuclear auxin response system.
eLife 2018, 7:€33399

This comprehensive analysis of auxin signaling component evolution
across the land plant lineage serves as an excellent example of the
power of comparative genomics to address the origins of complex gene
families.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Sugawara S, Hishiyama S, Jikumaru Y, Hanada A, Nishimura T,
Koshiba T, Zhao Y, Kamiya Y, Kasahara H: Biochemical analyses
of indole-3-acetaldoxime-dependent auxin biosynthesis in
Arabidopsis. Proc Natl Acad Sci U S A 2009, 106:5430-5435.

Zhao Y, Hull AK, Gupta NR, Goss KA, Alonso J, Ecker JR,
Normanly J, Chory J, Celenza JL: Trp-dependent auxin
biosynthesis in Arabidopsis: involvement of cytochrome
P450s CYP79B2 and CYP79B3. Gene Dev 2002, 16:3100-3112.

Mikkelsen M, Hansen C, Wittstock U, Halkier B: Cytochrome
P450 CYP79B2 from Arabidopsis catalyzes the conversion of
tryptophan to indole-3-acetaldoxime, a precursor of
indoleglucosinolates and indole-3-acetic acid. J Biol Chem
2000, 275:33712-33717.

Ho Sekimoto, Kawakami N, Komano T, Desloire S, Liotenberg S,
Marion-Poll A, Caboche M, Kamiya Y, Koshiba T: Molecular
cloning and characterization of aldehyde oxidases in
Arabidopsis thaliana. Plant Cell Physiol 1998, 39:433-442.

Koshiba T, Saito E, Ono N, Yamamoto N: to: Purification and
properties of flavin- and molybdenum-containing aldehyde
oxidase from coleoptiles of maize. Plant Physiol 1996, 110:781-
789.

Seo M, Akaba S, Oritani T, Delarue M, Bellini C, Caboche M,
Koshiba T: Higher activity of an aldehyde oxidase in the auxin-
overproducing superroot1 mutant of Arabidopsis thaliana.
Plant Physiol 1998, 116:687-693.

Ashen JB, Cohen JD, Goff LJ: GC-SIM-MS detection and
quantification of free indole-3-acetic acid in bacterial galls on
the marine ALGA PRI Onitis Lanceolata (RHODOPHYTA). J
Phycol 1999, 35:493-500.

Sztein EA, Cohen JD, Cooke TJ: Evolutionary patterns in the
auxin metabolism of green plants. Int J Plant Sci 2000, 161:849-
859.

Stirk WA, (f)rd('jg V, Novéak O, Rol¢ik J, Strnad M, Balint P, Staden J:
Auxin and cytokinin relationships in 24 microalgal strains1. J
Phycol 2013, 49:459-467.

Bail A, Billoud B, Kowalczyk N, Kowalczyk M, Gicquel M, Panse S,
Stewart S, Scornet D, Cock J, Ljung K et al.: Auxin metabolism
and function in the multicellular brown alga Ectocarpus
siliculosus. Plant Physiol 2010, 153:128-144.

Yokoya NS, Stirk WA, van Staden J, Novak O, Turec¢kova V,
Péncik A, Strnad M: Endogenous cytokin INS, AUX INS, and
abscisic acid in red algae from Brazil1. J Phycol 2010, 46:1198-
1205.

Chung T-Y, Kuo C-Y, Lin W-J, Wang W-L, Chou J-Y: Indole-3-
acetic-acid-induced phenotypic plasticity in Desmodesmus
algae. Sci Rep-uk 2018, 8:10270.

Ohtaka K, Hori K, Kanno Y, Seo M, Ohta H: Primitive auxin
response without TIR1 and Aux/IAA in the Charophyte Alga
Klebsormidium nitens. Plant Physiol 2017, 174:1621-1632

The authors use a combination of exogenous auxin application and auxin
biosynthesis inhibitors to show changes in cell growth of the charophy-
te Klebsormidium nitens.

35.

36.

Morris JL, Puttick MN, Clark JW, Edwards D, Kenrick P, Pressel S,
Wellman CH, Yang Z, Schneider H, Donoghue PC: The timescale
of early land plant evolution. Proc Nat/ Acad Sci U S A 2018, 115:
E2274-E2283.

Romani F: Origin of TAA genes in charophytes: new insights
into the controversy over the origin of auxin biosynthesis.
Front Plant Sci 2017, 8:1616.

37.

38.

39.

40.

Hori K, Maruyama F, Fujisawa T, Togashi T, Yamamoto N, Seo M,
Sato S, Yamada T, Mori H, Tajima N et al.: Klebsormidium
flaccidum genome reveals primary factors for plant terrestrial
adaptation. Nat Commun 2014, 5:3978.

Yue J, Hu X, Huang J: Origin of plant auxin biosynthesis. Trends
Plant Sci 2014, 19:764-770.

Lau S, Shao N, Bock R, Jirgens G, Smet I: Auxin signaling in
algal lineages: fact or myth? Trends Plant Sci 2009, 14:182-188.

Khasin M, Cahoon RR, Nickerson KW, Riekhof WR: Molecular
machinery of auxin synthesis, secretion, and perception in the
unicellular chlorophyte alga Chlorella sorokiniana UTEX 1230.
PLoS One 2018, 13:0205227

The authors show evidence for the presence of TAA and YUC genes as
well as IAA production in Chlorella sorokiniana.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Clerck O, Kao S-M, Bogaert KA, Blomme J, Foflonker F,
Kwantes M, Vancaester E, Vanderstraeten L, Aydogdu E,
Boesger J et al.: Insights into the evolution of multicellularity
from the sea lettuce genome. Curr Biol 2018, 28:2921-2933.e5.

Hedges BS, Marin J, Suleski M, Paymer M, Kumar S: Tree of life
reveals clock-like speciation and diversification. Mol Biol Evol
2015, 32:835-845.

Shao J, Li S, Zhang N, Cui X, Zhou X, Zhang G, Shen Q, Zhang R:
Analysis and cloning of the synthetic pathway of the
phytohormone indole-3-acetic acid in the plant-beneficial
Bacillus amyloliquefaciens SQR9. Microb Cell Fact 2015, 14:130.

Pedraza R, Rami'rez-Mata A, Xiqui ML, Baca B: Aromatic amino
acid aminotransferase activity and indole-3-acetic acid
production by associative nitrogen-fixing bacteria. FEMS
Microbiol Lett 2004, 233:15-21.

McClerklin SA, Lee S, Harper CP, Nwumeh R, Jez JM, Kunkel BN:
Indole-3-acetaldehyde dehydrogenase-dependent auxin
synthesis contributes to virulence of Pseudomonas syringae
strain DC3000. PLoS Pathog 2018, 14:e1006811.

Manulis S, Haviv-Chesner A, Brandl M, Lindow S, Barash [:
Differential involvement of indole-3-acetic acid biosynthetic
pathways in pathogenicity and epiphytic fitness of Erwinia
herbicola pv. gypsophilae. Mol Plant-microbe Interact 1998,
11:634-642.

Pollmann S, Miller A, Piotrowski M, Weiler EW: Occurrence and
formation of indole-3-acetamide in Arabidopsis thaliana.
Planta 2002, 216:155-161.

Pollmann S, Neu D, Weiler EW: 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 2003,
62:293-300.

Zhang C, Zhang L, Wang D, Ma H, Liu B, Shi Z, Ma X, Chen Y,
Chen Q: Evolutionary history of the glycoside hydrolase 3
(GH3) family based on the sequenced genomes of 48 plants
and identification of Jasmonic acid-related GH3 proteins in
Solanum tuberosum. Int J Mol Sci 2018, 19:1850.

Ludwig-Mdiller J, Jilke S, Bierfreund NM, Decker EL, Reski R:
Moss (Physcomitrella patens) GH3 proteins act in auxin
homeostasis. New Phytol 2009, 181:323-338.

Mellor N, Band LR, Péncik A, Novak O, Rashed A, Holman T,
Wilson MH, Vof8 U, Bishopp A, King JR et al.: Dynamic regulation
of auxin oxidase and conjugating enzymes AtDAO1 and GH3
modulates auxin homeostasis. Proc Nat/ Acad Sci U S A 2016,
113:11022-11027.

Zhao Z, Zhang Y, Liu X, Zhang X, Liu S, Yu X, Ren Y, Zheng X,
Zhou K, Jiang L et al.: A role for a dioxygenase in auxin
metabolism and reproductive development in rice. Dev Cell
2013, 27:113-122.

Glickmann E, Gardan L, Jacquet S, Hussain S, Elasri M, Petit A,
Dessaux Y: Auxin production is a common feature of most
pathovars of Pseudomonas syringae. Mol Plant-microbe
Interact 1998, 11:156-162.

Damodaran S, Strader LC: Indole 3-butyric acid metabolism and
transport in Arabidopsis thaliana. Front Plant Sci 2019, 10:851.

Current Opinion in Plant Biology 2020, 55:21-27

www.sciencedirect.com


http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0100
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0100
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0100
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0100
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0105
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0105
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0105
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0110
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0110
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0110
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0110
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0115
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0115
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0115
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0115
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0120
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0120
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0120
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0120
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0120
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0125
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0125
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0125
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0125
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0130
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0130
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0130
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0130
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0135
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0135
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0135
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0135
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0140
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0140
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0140
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0140
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0145
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0145
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0145
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0150
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0150
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0150
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0155
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0155
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0155
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0155
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0160
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0160
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0160
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0160
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0165
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0165
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0165
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0170
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0170
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0170
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0175
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0175
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0175
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0175
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0180
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0180
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0180
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0185
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0185
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0185
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0185
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0190
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0190
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0195
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0195
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0200
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0200
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0200
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0200
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0205
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0205
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0205
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0205
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0210
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0210
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0210
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0215
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0215
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0215
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0215
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0220
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0220
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0220
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0220
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0225
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0225
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0225
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0225
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0230
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0230
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0230
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0230
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0230
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0235
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0235
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0235
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0240
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0240
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0240
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0240
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0240
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0245
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0245
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0245
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0245
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0245
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0250
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0250
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0250
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0255
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0255
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0255
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0255
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0255
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0260
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0260
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0260
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0260
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0265
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0265
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0265
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0265
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0270
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0270

55.

56.

57.

58.

59.

Routes of auxin biosynthesis across kingdoms Morffy and Strader 27

Cook SD, Ross JJ: The auxins, IAA and PAA, are synthesized by
similar steps catalyzed by different enzymes. Plant Signal
Behav 2016, 11:e1250993.

Marti’nez-Morales L, Soto-Urzta L, Baca B, Sanchez-Ahédo J:
Indole-3-butyric acid (IBA) production in culture medium by
wild strain Azospirillum brasilense. FEMS Microbiol Lett 2003,
228:167-173.

Martin-Arevalillo R, Thévenon E, Jégu F, Vinos-Poyo T, Vernoux T,
Parcy F, Dumas R: Evolution of the auxin response factors from
charophyte ancestors. PLoS Genet 2019, 15:e1008400.

Bowman JL, Kohchi T, Yamato KT, Jenkins J, Shu S, Ishizaki K,
Yamaoka S, Nishihama R, Nakamura Y, Berger F et al.: Insights
into land plant evolution garnered from the Marchantia
polymorpha genome. Cell 2017, 171:287-304.e15.

Flores-Sandoval E, Eklund MD, Hong S, Alvarez JP, Fisher TJ,
Lampugnani ER, Golz JF, Vazquez-Lobo A, Dierschke T, Lin S
etal.: Class C ARFs evolved before the origin of land plants and
antagonize differentiation and developmental transitions in
Marchantia polymorpha. New Phytol 2018, 218:1612-1630.

60.

61.

62.

63.

64.

65.

Smet |, Vo8 U, Lau S, Wilson M, Shao N, Timme RE, Swarup R,
Kerr I, Hodgman C, Bock R et al.: Unraveling the evolution of
auxin signaling. Plant Physiol 2011, 155:209-221.

Carpenter EJ, Matasci N, Ayyampalayam S, Wu S, Sun J, Yu J,
Jimenez Vieira F, Bowler C, Dorrell RG, Gitzendanner MA et al.:
Access to RNA-sequencing data from 1173 plant species: the
1000 plant transcriptomes initiative (1KP). Gigascience 2019:8.

Kato H, Nishihama R, Weijers D, Kohchi T: Evolution of nuclear
auxin signaling: lessons from genetic studies with basal land
plants. J Exp Bot 2017, 69:291-301.

Thelander M, Landberg K, Sundberg E: Minimal auxin sensing
levels in vegetative moss stem cells revealed by a ratiometric
reporter. New Phytol 2019, 224:775-788.

Harrison JC: Development and genetics in the evolution of land
plant body plans. Philos Trans R Soc B Biol Sci 2017, 372
20150490.

Ramanan R, Kim B-H, Cho D-H, Oh H-M, Kim H-S: Algae-
bacteria interactions: Evolution, ecology and emerging
applications. Biotechnol Adv 2016, 34:14-29.

www.sciencedirect.com

Current Opinion in Plant Biology 2020, 55:21-27


http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0275
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0275
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0275
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0280
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0280
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0280
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0280
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0285
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0285
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0285
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0290
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0290
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0290
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0290
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0295
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0295
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0295
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0295
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0295
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0300
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0300
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0300
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0305
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0305
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0305
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0305
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0310
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0310
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0310
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0315
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0315
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0315
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0320
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0320
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0320
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0325
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0325
http://refhub.elsevier.com/S1369-5266(20)30017-0/sbref0325

	Old Town Roads: routes of auxin biosynthesis across kingdoms
	Introduction
	Routes of IAA production in the land plant lineage
	IAA production in green algae
	Bacterial IAA biosynthesis
	Open questions and future directions
	Conclusions
	Conflict of interest statement
	References and recommended reading
	Acknowledgements


