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Indole-3-acetic acid, that is, auxin, is amolecule found in a broad phylogenetic distribution of
organisms, from bacteria to eukaryotes. In the ancestral land plant auxin was co-opted to be
the paramount phytohormone mediating tropic responses and acting as a facilitator of devel-
opmental decisions throughout the life cycle. The evolutionary origins of land plant auxin
biology genes can now be traced with reasonable clarity. Genes encoding the two enzymes
of the land plant auxin biosynthetic pathway arose in the ancestral land plant by a combina-
tion of horizontal gene transfer from bacteria and possible neofunctionalization following
gene duplication. Components of the auxin transcriptional signaling network have their
origins in ancestral alga genes, with gene duplication and neofunctionalization of key
domains allowing integration of a portion of the preexisting transcriptional network with
auxin. Knowledge of the roles of orthologous genes in extant charophycean algae is
lacking, but could illuminate the ancestral functions of both auxin and the co-opted transcrip-
tional network.

In the late 19th century during the birth of
modern plant physiology, effort was directed

toward understanding the physiochemical na-
ture of “correlations,” that is, how different parts
of plants interact with one another and with the
environment to produce characteristic pheno-
types. Julius Sachs proposed that “correlations”
were caused by specific chemicals, not just nu-
tritive substances, acting at low concentrations,
which we would now recognize as plant hor-
mones (Sachs 1880, 1882). In a number of sim-
ple, yet elegant experiments over the next
40 years, it was established that the effects of

light and gravity were perceived at the shoot
and root tips, respectively, with the stimulus
subsequently communicated to distant regions
where growth changes occurred (Darwin 1880),
that the stimulus could pass through a wound
gap filled by gelatin (Boysen Jensen 1910), and
that asymmetric application to a cut shoot tip
could induce the same growth changes (Paál
1919). Further, this substance could be infused
from the tip into agar, which could then provide
the growth substance to a decapitated shoot, a
key finding that enabled biochemical determi-
nation of the growth substance, indole-3-acetic
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acid (IAA), that we now know as auxin (Went
1926, 1928). While most early experiments fo-
cused on angiosperms, in subsequent decades
auxin was found to influence bryophyte devel-
opment in a similar manner suggesting a con-
served role throughout land plants (Fitting 1939;
Heitz 1940; von Witsch 1940; Rousseau 1950;
Halbsguth and Kohlenbach 1953; LaRue and
Narayanaswami 1957). An adaptation ofWent’s
experiment whereby chemicals infused into agar
blocks applied asymmetrically to decapitated
Avena plants were used to test whether various
sources contained auxin activity. This test sug-
gested that auxin, or related molecules, could be
found in a remarkably wide variety of organisms
including fungi, bacteria, and even mammalian
(human) urine (Kögl and Kostermans 1934;
Went and Thimann 1937).

During the early decades of the twentieth
century, it became apparent that auxin elicited a
wide variety of effects in different tissues and that
auxin itself did not have specificity of action. This
was first explicitly recognized by Cholodny, who
noted that geotropic sensitivity to decapitated
roots was restored by placing either another
root tip or, alternatively, a shoot tip on the decap-
itated stump, thus demonstrating that auxinspro-
duced in the shoot and root tips are equivalent
and that auxin acts in a context-dependent man-
ner (Cholodny 1924). This notionwas elaborated
upon in subsequent years with Went and Thi-
mann who hypothesized that “… auxins bring
about some master-reaction within the cell, the
results of which will be determined by the pres-

ence and amount of other factors, and by condi-
tions of the experiment” (Went and Thimann
1937). This idea was reiterated in the previous
version of this collection where auxin was de-
scribed as a cellular “currency” that interacts
with genetic programs that vary between cell
types (Stewart and Nemhauser 2010). Likewise,
auxin has been described as an “impetus” absent
of specificity (Bennett and Leyser 2014). The dis-
covery of a minimal auxin response system in the
liverwortMarchantia polymorpha and the myri-
ad of effects of auxin on its growth and develop-
ment confirmed that there exists no tissue or
cell-type specificityof actionwith respect to auxin
signaling components, but rather since the origin
of land plants, auxin has acted as a facilitator
rather than a determiner of cell fate (Flores-San-
doval et al. 2015; Kato et al. 2015).

Recently, it has become apparent that auxin
transcriptional signaling, as defined in land
plants, evolved in the ancestral land plant, but
other aspects of auxin biology, such as transport,
are more ancient. The scope of this review will
include (1) the origin and evolution of the mo-
lecular components of land plant auxin biology
(Fig. 1), (2) the predicted auxin biology of the
ancestral land plant, (3) how auxin was inte-
grated into a preexisting transcriptional net-
work, and (4) possible antecedent functions of
auxin biology in algal relatives. In short, how did
a ubiquitous molecule found in all domains of
life become the key developmental hormone
mediating tropisms and differentiation in land
plants?

Figure 1. The predicted evolutionary origin of auxin biology genes based on genomic and transcriptomic
analyses. (A) Origin of auxin biology genes aremapped onto the current consensus of Viridiplantae relationships
based on phylogenomic studies, with representative genera depicted above. The phylogenetic delineations of
Viridiplantae, Streptophytes, and charophytes are indicated. (B) Distribution of auxin biology gene families
across the major land plant lineages highlights lineage-specific losses and species-specific gains (�). (C) Genetic
redundancy within auxin biology gene families. Heat map of gene counts for fully sequenced genomes of species.
Gene counts are indicated and color coding follows a log10 transformation. Families not previously accounted for
in published genome studies were cross-corroborated using tblastx and a reciprocal blast against TAIR10 (www
.arabidopsis.org). E-value thresholds for both BLASTS were <1 × 10−20. Sequences were derived from GenBank
(www.ncbi.nlm.nih.gov), Phytozome (phytozome.jgi.doe.gov/pz/portal.html), MarpolBase (marchantia.info),
and the Klebsormidium nitens (http://www.plantmorphogenesis.bio.titech.ac.jp/~algae_genome_project/kleb
sormidium/) genome website. Gene families are color coded according to their proposed function in auxin
biology.
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ORIGIN AND EVOLUTION OF THE
COMPONENTS

Auxin Biosynthesis

IAA is found widely throughout both bacteria
and eukaryotes (Žižková et al. 2017; Morffy and
Strader 2020). In bacteria, auxin is synthesized
by plant pathogens or symbionts via indepen-
dently evolved enzymes (e.g., iaaM and iaaH of
Agrobacterium) that convert tryptophan (trp)
into auxin via a variety of intermediaries
(Kunkel and Harper 2018). In eukaryotes, bio-
logically active auxins can be found in fungi
(Chanclud and Morel 2016), brown algae
(Basu et al. 2002; Sun et al. 2004; Le Bail et al.
2010), red algae (Ashen et al. 1999), and in Vir-
idiplantae lineages, including Chlorophytes
(Stirk et al. 2013; Žižková et al. 2017), charophy-
cean algae (Sztein et al. 2000; Žižková et al.
2017), and embryophytes (Cooke et al. 2002).
Whereas there is no evidence supporting an an-
cestral eukaryotic auxin biosynthetic pathway,
that auxin triggers physiological or morpholog-
ical changes in these eukaryotic lineages sug-
gests independent recruitment of auxin for
diverse biological functions (Wood and Berli-
ner 1979; Vance 1987; Yokoya and Handro
1996; Basu et al. 2002; Jin et al. 2008; Le Bail
et al. 2010; Ohtaka et al. 2017; Bogaert et al.
2019).

The genetic basis of auxin biosynthesis has
been elucidated in land plants (Zhao et al. 2001;
Stepanova et al. 2008; Tao et al. 2008), with
the primary pathway being tryptophan-depen-
dent: TRYPTOPHANAMINOTRANSFERASEs
(TAAs) convert trp to indole-3-pyruvic acid
(IPyA) and subsequently IPyA is converted into
IAA by YUCCA flavinmonooxygenases (Mashi-
guchi et al. 2011; Stepanova et al. 2011). The or-
igins of these two enzymes, via gene duplication
of an ancestral algal gene and horizontal gene
transfer from bacteria, respectively, provides
compelling evidence that this auxin biosynthetic
pathway is a land plant innovation (Fig. 1). The
predicted control of cellular auxin homeostasis of
an ancestral charophyte and the ancestral land
plant are presented in Figure 2 and will be re-
ferred to in the following discussion.

Comparative genomics indicates the presence
of a TAA/YUCCA biosynthetic pathway in the
land plant ancestor (Bowman et al. 2017; Poulet
and Kriechbaumer 2017; Li et al. 2018) with both
TAA and YUCCA genes required for auxin pro-
duction in bryophytes (Eklund et al. 2015) and
Tracheophyta (Zhao et al. 2001; Stepanova et al.
2008; Tao et al. 2008). Notably, loss of this path-
way inM. polymorpha results in complete loss of
developmental patterning (Eklund et al. 2015)
and the same is likely the case in the flowering
plant Arabidopsis (Cheng et al. 2007), indicating
the assembly of this pathway was critical for the
evolution of land plants. Whether IPyA-synthe-
sizing TAA genes exist in charophytes is equivo-
cal as phylogenetic analyses place charophycean
TAA-related genes as sister to two monophyletic
land plant lineages (Wang et al. 2014, 2016; Ro-
mani 2017). One lineage contains embryophyte
TAA orthologs encoding enzymes catalyzing the
first step of auxin biosynthesis. The second line-
age contains orthologs of Arabidopsis TAR3 and
TAR4, whose function(s) are as-yet uncharacter-
ized. These genes encode a conserved EGF-Allii-
nase proteinmotif that has been repeatedly lost in
theTAA lineage genes (Turnaevet al. 2015;Wang
et al. 2016; Romani 2017). Charophytes experi-
enced multiple lineage-specific losses of TAA-re-
lated (TAR) genes, except in Klebsormidium
(Hori et al. 2014; Nishiyama et al. 2018; Cheng
et al. 2019; Jiao et al. 2020), suggesting that
this gene family is not bound by strong selective
pressures in charophytes. Functional characteri-
zation of charophyte TAR enzymes and cross-
lineage complementation experiments could
clarify the origin of the embryophyte TAA genes.
Pertinent questions are whether charophyte TAR
mutants are auxin-deficient and whether algal
TAR genes complement embryophyte mutant
TAA alleles.

Although YUCCA flavin monooxygenases
were proposed to exist in Chlorophytes (Khasin
et al. 2018), charophytes (Wang et al. 2014), and
brown algae (Bogaert et al. 2019), exhaustive
phylogenetic (Yue et al. 2012, 2014; Bowman
et al. 2017; Turnaev et al. 2020), and sequence
similarity network analysis (Dai et al. 2013) in-
dicate YUCCA flavin monooxygenases are a
land plant innovation acquired by horizontal
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gene transfer from bacteria. Thus, if charophyte
TAR genes can produce IPyA, IPyA may have
had an IAA-independent function in the algal
ancestor. VAS1 enzymes, which convert IPyA
into Trp (Zheng et al. 2013; Matsuo et al.
2020) are conserved across Streptophytes, sug-
gesting IPyA homeostatic levels were actively
regulated in the Streptophyte ancestor (Fig. 2).

In at least some embryophytes, auxin is pro-
duced from other trp-dependent derivatives (for
review, see Tivendale et al. 2014; Morffy and
Strader 2020) such as indole-3-acetaldoxime
(IAOx), indole-3-acetonitrile (IAN), indole-3-

acetamide (IAM), and tryptamine (TAM). AMI-
DASEs (AMI) and IAM hydrolases (IAMH) that
convert IAM to auxin, are found across Strepto-
phytes, hinting at the presence of an ancestral
biosynthetic pathway (Fig. 1). This is further sup-
ported by the presence of IAM in chlorophytes
and charophycean algae (Stirket al. 2013;Žižková
et al. 2017), although enzymes converting Trp to
IAM and whether reaction intermediaries exist
are unknown (Fig. 2). Finally, auxin may be pro-
duced in Streptophytic algae via trp-independent
derivatives (Wright et al. 1991; Normanly et al.
1993) such as indole, indole-3-glycerol phos-
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duces indole-3-pyruvic acid (IPyA) that is subsequently converted to indole-3-acetic acid (IAA) by YUCCA
enzymatic activity. The conversion of trp to IPyA could bemediated by a TAA/TAR34 ortholog in charophycean
algae but this needs experimental corroboration. VAS1 enzymes mediating the conversion of IPyA into Trp are
conserved across Streptophytes. In land plants, GH3 enzymes conjugate free IAA into amino acid conjugates
(IAA-aa) and ILRs conversely hydrolyze IAA-aa back into free IAA.Whereas GH3 genes have not been found in
charophytes, ILR enzymes are conserved across Streptophytes, suggesting hydrolysis of IAA-amino acid conju-
gates into auxin may occur in charophycean algae. Amidases that convert IAM into IAA are conserved across
Streptophytes, suggestive of a possible older auxin metabolic pathway. Transport: Auxin transporters of the PIN,
PILS, ABCB, and AUX/LAX protein families were present in the common ancestor of Streptophytes, implying
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by PILS proteins in algae. Cell expansion: Acid growth modulated by H+ ATPases, PP2C-D phosphatases and
EXPANSINs is present in charophycean algal lineages (e.g., Nitella). Given the absence of SAUR genes in
charophycean algae, acid growth may not have been dependent on auxin levels in the Streptophyte ancestor.
In land plants, acid growth is dependent on auxin, as IAA induces both SAUR and α-EXPANSIN transcription.
SAURs inhibit PP2C-D phosphatases, allowing phosphorylation of H+ ATPases and acidification of the apo-
plastic environment. Acid growth in turn is dependent on the cell wall loosening activity ofα-EXPANSINs. In cell
diagrams, the cell wall (green), cell membrane (yellow), ER (purple), and nucleus (blue) are color coded.
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phate (Ouyang et al. 2000; Ljung 2013) or in-
dole-3-butyric acid (Strader et al. 2011). How-
ever, these pathways contribute little to the
developmental and tropic roles of auxin in em-
bryophytes and their evolutionary origins are
largely unexplored.

Auxin Metabolism

In embryophytes, auxin exists in a “free” active
form or can be converted, reversibly or irrevers-
ibly, into inactive conjugates. In angiosperms, the
major natural auxin, IAA, is inactivated by con-
jugation with amino acids or sugars, oxidation,
and methylation (Fig. 3A). Amide conjuga-
tion with various amino acids (IAA-aa) is cata-
lyzed by members of the Streptophyte-specific
GRETCHEN HAGEN3 (GH3) protein family,
which is divided into three subgroups (Staswick
et al. 2005). In angiosperms, group II members
play amajor role in auxin conjugationwhile those
of groups I and III utilize jasmonic acid (JA) or
benzoate as substrates, respectively (Staswick and
Tiryaki 2004; Staswick et al. 2005; Okrent et al.
2009; Chiu et al. 2018). IAA-aa are also present in
various bryophytes, although the amounts and
conversion rates are lower than in angiosperms
(Sztein et al. 1999; Záveská Drábková et al. 2015;
Kaneko et al. 2020). The moss Physcomitrium
patens has two group I GH3 genes (Bierfreund
et al. 2004) whose encoded proteins can conju-

gate various amino acids to both IAA and JA in
vitro (Ludwig-Müller et al. 2009). Double mu-
tants exhibit increased auxin sensitivity with
higher free-IAA and reduced IAA-aa levels (Lud-
wig-Müller et al. 2009). In algal species, the
amount of IAA-Asp detected was almost at the
detection limit (Žižková et al. 2017) and conver-
sion rates are even slower than in bryophytes
(Sztein et al. 2000). Among charophytes, only
Klebsormidium nitens has known GH3 homo-
logs; however, phylogenetic analysis suggests the
K. nitens ancestor independently obtained GH3
genes by horizontal gene transfer from bacteria
(Fig. 3B).

Among amino acid conjugates, IAA-Ala and
IAA-Leu inhibit root elongation similar to IAA
and are thus hydrolyzable in Arabidopsis (Bartel
and Fink 1995; LeClere et al. 2002; Rampey et al.
2004), suggesting their contribution as storage
forms. Hydrolysis of IAA-aa is mediated by
M20Dpeptidase familymembers IAA–LEUCINE
RESISTANT1 (ILR1) and its homologs, ILR-
LIKEs, and IAA-ALANINERESISTANT3 (Bar-
tel and Fink 1995; Davies et al. 1999; LeClere
et al. 2002). ILR1 homologs are found broadly
(Fig. 1), but not ubiquitously, throughout Strep-
tophytes and even cyanobacteria (Campanella
et al. 2014, 2018, 2019). Three P. patens genes
have activity against a variety of auxin-aa conju-
gates (Campanella et al. 2019), but their higher
sequence similarity and codon usage to bacterial

Figure 3. Indole-3-acetic acid (IAA) is modified into several inactive forms in land plants. (A) IAA is inactivated
by conjugation with amino acids (IAA-aa: blue) or sugars (IAA-glc: green), oxidation (oxIAA: red), and meth-
ylation (IAA-Me: magenta), and reactivated by enzymes indicated. The enzyme box color indicates conservation
among charophycean algae + land plants (blue), land plants (green), seed plants (orange), or angiosperms (red).
(B) Phylogenetic reconstruction of the GH3 protein family. The tree highlights two factors to consider when
tracing the evolutionary history of genes. First, similar sequences may not be orthologous, but rather derived
ultimately from independent sources (e.g., theKlebsormidium and land plantGH3 genes). Second, classifications
based on analyses of sequences from only derived taxa (e.g., GH3 classes based on angiosperm sequencesmay fail
to recognize phylogenetic diversity found outside the derived taxa). Protein sequences were collected from
GenBank, Phytozome, and the Klebsormidium nitens genome website using blastp search with threshold
E-value = 1.0 × 10−20, and aligned using the MUSCLE program (Edgar 2004) implemented in MEGA X (Kumar
et al. 2018). Alignment positions with more than 50% gaps were removed using the Phyutility program (version
2.2.6; code.google.com/p/phyutility/downloads/list) and then sequences with more than 30% gap in the align-
ment were removed. The phylogenetic tree was constructed in MEGA X using an LG+G model with bootstrap
replicates = 500. Orange circles indicate bootstrap values more than 0.75. Black: Tracheophytes (Arabidopsis
thaliana [Arth], Amborella trichopoda [Amtr], Selaginella moerrendorffii [Semo]), green: bryophytes (Antho-
ceros angustus [Anan],Marchantia polymorpha [Mapo], Physcomitrium patens [Phpa], Sphagnum fallax [Spfa]),
blue: K. nitens (Klni), purple: bacteria. Groups I to III are based on data in Staswick et al. (2005).
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genes rather than Streptophyte genes, and ab-
sence of homologs in 42 other mosses suggest
a loss of the plant ILR1 gene in the ancestral
moss and independent acquisition in P. patens
by horizontal gene transfer.M. polymorpha has
a single plant-like ILR1 homolog (MpILR1), but
MpILR1 has weak hydrolase activity in compar-
ison with seed plant ILRs (Campanella et al.
2018). Notably, MpILR1 does not hydrolyze ei-
ther of the twoM. polymorpha auxin conjugates
found under normal conditions, IAA-Val and
IAA-Gly (Sztein et al. 1999; Campanella et al.
2018), suggesting MpILR1 may be disconnected
with active regulation of free IAA. Thus, while
the ancestral land plant likely possessed GH3-
mediated amino acid conjugation (Fig. 2), its
role might have been primarily inactivation
rather than maintaining an accessible auxin
pool. This scenario is consistent with earlier
ideas of a progressively increasing complexity
in the control of auxin homeostasis within
land plants (Sztein et al. 2000; Cooke et al. 2002).

Other IAA conjugates have been character-
ized in angiosperms, and while such conjugates
are also found in bryophytes and algae, genes
encoding the relevant angiosperm enzymes are
not conserved among earlier diverging lineages
(Fig. 3). For example, IAA inactivation to 2-ox-
indole-3-acetic acid (oxIAA) is a major IAA ox-
idation pathway in seed plants (Östin et al. 1998)
and is mediated in angiosperms by DIOXY-
GENASE FOR AUXIN OXIDATION (DAO)
(Zhao et al. 2013; Porco et al. 2016; Zhang
et al. 2016). Whereas various bryophytes accu-
mulate oxIAA, and oxIAA has been detected in
various algal lineages (Záveská Drábková et al.
2015; Žižková et al. 2017), phylogenetic analy-
sis indicates DAO homologs are limited to an-
giosperms (Takehara et al. 2020). Likewise,
ester-linked IAA–sugar conjugates (e.g., IAA-
glucose) have been identified in angiosperms
and bryophytes, although amounts in bryo-
phytes are limited (Korasick et al. 2013; Záveská
Drábková et al. 2015). Production of IAA-glu-
cose in angiosperms is mediated by group L
UDP glucosyltransferases (UGTs) (Jackson
et al. 2001; Li et al. 2001; Jin et al. 2013), which
are found only in seed plants (Wilson and Tian
2019). Enzymes hydrolyzing IAA-glucose have

been identified in rice and wheat, but related
genes appear monocot specific. Finally, methyl-
ated IAA (MeIAA), a presumed storage form, is
detected in angiosperms (Korasick et al. 2013).
In Arabidopsis, MeIAA is produced by the
SABATH family enzyme IAA CARBOXYL-
METHYLTRANSFERASE 1 (IAMT1) (Zubieta
et al. 2003; Qin et al. 2005), with IAMT1 ortho-
logs limited to seed plants. As most studies have
approached the question from an angiosperm
perspective, investigations in bryophytes are
required to ascertain the involvement of these
and other possible conjugates in auxin homeo-
stasis.

Auxin Transport

Polar auxin transport (PAT)—the unidirection-
al intercellular flow of auxin between cells—has
been reported in Tracheophytes (Okada et al.
1991), mosses (Poli et al. 2003), liverworts (Ma-
ravolo 1976), and Chara (Klämbt et al. 1992;
Boot et al. 2012). Auxin concentrations resulting
from PAT is contingent on the activity of influx,
efflux, and intracellular carriers, with PAT-gen-
erated auxin gradients translated into transcrip-
tional changes that determine many land plant
morphogenetic processes.

The AUX/LAX protein family constitutes the
only dedicated auxin influx carrier yet character-
ized in plants and was originally identified by
auxin resistance of aux mutants (Maher and
Martindale 1980). AUX/LAX proteins are plas-
ma membrane (PM) localized (Swarup et al.
2004) and resemble amino acid permeases (Ben-
nett et al. 1996). AUX/LAXhomologs are present
throughout the Viridiplantae (Figs. 1 and 2).
Pending functional analyses, this suggests that
the unicellularViridiplantae ancestor had the po-
tential to actively import environmental auxin
and that multicellular charophytes and embryo-
phytes retained and co-optedAUX/LAXproteins
to regulate auxin flow within the plant body.

Streptophyte-specific PIN proteins act as
auxin efflux carriers and have been classified
into either canonical or noncanonical by virtue
of their central hydrophilic domain or loop
length, although this is a functional not a
phylogenetic distinction (Petrásek et al. 2006;
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Bennett et al. 2014; Vosolsobe et al. 2020). Ca-
nonical PINs, with long loops, are PM localized,
while noncanonical PINs, with short loops, are
localized to the endoplasmic reticulum (ER)
membrane (Ding et al. 2012). Canonical PIN
proteins may be polarized to reside on only spe-
cific cell faces, providing the basis for directional
auxin transport (Naramoto 2017; Béziat and
Kleine-Vehn 2018). Embryophyte noncanoni-
cal PINs evolved multiple times from an ances-
tral canonical PIN, and given their capacity to
transport auxin analogs or conjugates, they are
proposed to act as homeostatic modulators of
auxin metabolites (Ding et al. 2012; Bennett
et al. 2014). Whereas canonical PINs have
been considered the ancestral type of land plant
PIN (Bennett et al. 2014), phylogenetic analyses
with charophyte sequences as outgroups are
equivocal. Charophyte PIN proteins are not
simply classified as canonical or noncanonical,
but a Klebsormidium PIN can act as an auxin
efflux carrier when heterologously expressed in
angiosperms, suggesting that PIN-mediated
PAT occurred in a Streptophyte ancestor (Sko-
kan et al. 2019). An independent expansion of
PIN gene family members in Chara braunii
(Nishiyama et al. 2018) is correlated with the
presence of PAT in other Chara species (Klämbt
et al. 1992; Boot et al. 2012).

The ancient PIN-LIKES (PILS) protein
family, likely present in the unicellular Viridi-
plantae ancestor (Fig. 1), is distantly related to
the PIN family, sharing a transmembrane
domain topology but with low amino acid se-
quence conservation (Barbez et al. 2012; Vosol-
sobe et al. 2020). PILS are proposed to canalize
auxin into the ER (Fig. 2), thus dampening nu-
clear responses (Béziat et al. 2017; Feraru et al.
2019).

The ATP-binding cassette subfamily-B/
multidrug resistant/P-glycoprotein (ABCB/
MDR/PGP) subfamily B (ABCB) proteins also
act as auxin efflux carriers in angiosperms (Noh
et al. 2001; Blakeslee et al. 2007; Wu et al. 2010),
with some also showing facultative auxin influx
capabilities (Kamimoto et al. 2012). The ABCB
subfamily is ancient, with members throughout
Viridiplantae, with ABCB proteins having di-
verse functions, and thus functional studies in

algae are required to authenticate any auxin-
transport capabilities.

In summary, protein families with the capac-
ity to import (AUX/LAX), export (ABCB), and
sequester (PILS) auxin were present in the Viri-
diplantae ancestor, suggesting that ancestral uni-
cellular green algae may have had the capacity to
respond to fluctuating concentrations of auxin or
auxin-like compounds in their environment. The
evolution of these three protein families could
have been an adaptation to excess auxin in the
environment, if auxin was used as a nutrient or a
quorum-sensing signal in unicellular algae (Vo-
solsobe et al. 2020). In contrast, PIN-mediated
auxin efflux originated in the freshwater Strepto-
phyte ancestor, with PAT evolving before the
evolution of the canonical land plant auxin
biosynthesis and signaling pathways, perhaps
presaging the evolution of morphological com-
plexity in this lineage.

Auxin Transcriptional Signaling

The current land plant auxin signaling model
(Fig. 4) stems from four decades of experimental
work in flowering plants, although it is an an-
cestral land plant innovation derived from both
ancient and neofunctionalized genes. The con-
servation of the auxin signaling gene families
across land plants has been corroborated by
multiple genomic studies (Rensing et al. 2008;
Banks et al. 2011; De Smet et al. 2011; Finet et al.
2013; Bowman et al. 2017; Mutte et al. 2018; Li
et al. 2020; Zhang et al. 2020) and experimental
studies in P. patens (Prigge et al. 2010; Lavy et al.
2016) and M. polymorpha (Flores-Sandoval
et al. 2015; Kato et al. 2015, 2017). The
M. polymorpha genome harbors single copies
of each of the auxin signaling genes implying
that this is the likely ancestral condition in
land plants (Flores-Sandoval et al. 2015; Kato
et al. 2015; Bowman et al. 2017). Most auxin
signaling components have undergone diversi-
fication in both Tracheophytes and mosses, but
have remained mostly single copy in liverworts
and hornworts (Bowman et al. 2017; Li et al.
2020; Zhang et al. 2020).

Ultimately, changes in transcriptional pat-
terns depend upon AUXIN RESPONSE FAC-

Evolution of Land Plant Auxin Biology
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TORs (ARFs), only some of which are integrated
into the auxin signaling system (Fig. 5). The
ancestral land plant possessed three ARF genes,
A, B, and C (Finet et al. 2013), and a noncanon-
ical ARF (NCARF) derived via gene duplication
of the A-ARF and lacking a DNA-binding do-

main (DBD) (Flores-Sandoval et al. 2018; Mutte
et al. 2018). The ancestral land plant harbored
two evolutionarily related genes encoding the
Aux/IAA repressor of A-ARFs and a noncanon-
ical Aux/IAA (NCIAA), both lacking a DBD
(Flores-Sandoval et al. 2018; Mutte et al.
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Figure 4. Nuclear auxin signaling in land plants. (A) In the absence of nuclear auxin, AUXIN/INDOLE-3-
ACETIC ACID (AUX/IAA) repressor proteins interact with A-ARF proteins via a shared carboxy-terminal
protein–protein interaction domain called Phox/Bem1 (PB1) (Kim et al. 1997; Korasick et al. 2014; Nanao
et al. 2014) and recruit members of the TOPLESS (TPL) family of corepressors via an EAR-like domain I
(DI). TPL proteins, in turn, recruit histone deacetylases forming a repressive complex (Tiwari et al. 2001,
2004; Szemenyei et al. 2008). B-ARF proteins also interact with TOPLESS corepressors and can compete with
A-ARFs for Auxin Response Elements (AuxREs) in the promoters of auxin-inducible genes (Ulmasov et al. 1997;
Kato et al. 2020). (B) Auxin is perceived in the nucleus by TRANSPORT INHIBITOR RESPONSE1/AUXIN
SIGNALING F-BOX (TIR1/AFB) proteins. TIR1/AFBs are ubiquitin ligases by virtue of their amino-terminal F-
box domain and recognize auxin in the pockets formed in their leucine-rich repeats (LRRs). Auxin “glues” TIR1
to the degron domain II (DII) of AUX/IAA proteins and ubiquitinates AUX/IAAs for degradation in the 26S
proteasome, releasing A-ARF proteins from the TPL complex (Gray et al. 2001; Dharmasiri et al. 2005; Kepinski
and Leyser 2005; Tan et al. 2007). This allows activation of downstream targets via recruitment of SWI/SNF
ATPases, which in turn recruit BUSHY (BSH) proteins allowing HISTONE ACETYLTRANSFERASES (HATs)
to promote an open chromatin state and further recruitment of activating transcription factors (Gray et al. 2001;
Dharmasiri et al. 2005; Kepinski and Leyser 2005; Wu et al. 2015). In this scenario, A-ARF targets can still be
inhibited by B-ARFs when both are coexpressed. Putative ancestral land plant targets of the auxin signaling
pathway are shown. The number of species of bryophytes (light green) and Tracheophytes (dark green) where at
least onemember of each gene family is auxin-inducible is indicated (Abel and Theologis 1996; Catalá et al. 2000;
Esmon et al. 2006; Lavy et al. 2016; Kato et al. 2017; Mutte et al. 2018).
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any, to the ARF transcriptional network is unknown. After the divergence of the ancestral land plant from the
most closely related extant charophycean algal lineage (3), the A/B-ARF gene gave rise to activator (A-ARF) and
repressor (B-ARF) genes via gene duplication. In addition, a gene duplication of the A-ARF produced a paralog,
NCARF, that subsequently lost its DBD. Gene duplication also generated dedicated receptors for auxin (TIR1/
AFB) and OPDA/JA (COI1), along with a third as-yet-uncharacterized F-box protein (XFB). The TIR1/AFB
protein became integrated with the Aux/IAA-ARF transcriptional pathway. This was accomplished by the
acquisition of dII in an Aux/IAA protein and amino acid changes in the TIR1/AFB protein to form a binding
pocket between the two proteins for auxin (noted by �). In addition, distinct target specification differences
between A/B-ARF and C-ARF proteins progressed, perhaps driven by the auxin-dependent versus auxin-inde-
pendent action of the two classes of ARF. Thus, in the ancestral land plant, the ARF transcriptional network was
expandedwith the activity of a core part of the network now integratedwith auxin, while a portion of the network,
including the ancestral C-ARF, remained auxin independent.



2018). ARFs possess an amino-terminal B3-type
DBD (Ulmasov et al. 1997) that mediates di-
merization and binding to two palindromically
positioned AuxREs (Boer et al. 2014) and a
carboxy-terminal Phox/Bem1 (PB1) protein–
protein interaction domain (Kim et al. 1997;
Korasick et al. 2014; Nanao et al. 2014). In be-
tween, the middle region (MR) confers activator
or repressor identity (Ulmasov et al. 1999; Kato
et al. 2015, 2020). A-ARFs have a glutamine-rich
MR, function as transcriptional activators, and
are generally subject to Aux/IAA regulation
(Fig. 4). B- and C-ARFs are transcriptional re-
pressors (Ulmasov et al. 1999; Kato et al. 2015,
2020) able to form complexes with TPL co-
repressors (Martin-Arevalillo et al. 2017, 2019;
Choi et al. 2018) and act auxin independently
(Piya et al. 2014; Flores-Sandoval et al. 2018;
Mutte et al. 2018; Kato et al. 2020). B-ARFs
can inhibit A-ARF activity via target competi-
tion, as their B3 domains are interchangeable
(Kato et al. 2020). Hornworts sequenced to
date lack B-ARFs (Li et al. 2020; Zhang et al.
2020), suggesting unknown mechanisms are re-
sponsible for auxin-independent A-ARF target
repression in this lineage. NCARFs function
as positive regulators of auxin responses in
M. polymorpha but these genes have been lost
in hornworts and Euphyllophytes (Mutte et al.
2018). NCIAAs are found across land plants,
preferentially interacting with C-ARFs (Piya
et al. 2014) with protein accumulation in re-
sponse to auxin mediated via phosphoryla-
tion by MITOGEN-ACTIVATED PROTEIN
KINASE 14 (MPK14) (Lv et al. 2020). Thus,
the ancestral land plant possessed a complex
network of ARF and ARF-related proteins
(Fig. 5), with only the Aux/IAA and A-ARF
proteins integrated with auxin signaling, with
the remainder being auxin-independent (C-
ARF) or indirectly associated (NCARF, B-ARF).

Across Streptophytes, conservation of auxin
signaling genes is fragmented (Hori et al. 2014;
Wang et al. 2020) and comparative genomic
studies suggest that the complete canonical
pathway only exists in land plants (Bowman
et al. 2017; Mutte et al. 2018; Nishiyama et al.
2018; Cheng et al. 2019; Jiao et al. 2020).Where-
as the Aux/IAA and NCIAA lineages have not

been found in the genomes of early diverging
charophytes (e.g., Mesostigma, Chlorokybus,
and Klebsormidium) (Hori et al. 2014; Wang
et al. 2020), ARFs have been found in Chloroky-
bus and Mesostigma, suggesting that the Aux/
IAA and NCIAA lineages could have evolved
from ancestral ARFs via loss of the B3-DBD
domain and it might be presumed that they act
as negative regulators in the charophyte tran-
scriptional network (Fig. 5). Despite the early
origin of Aux/IAA proteins, the acquisition of
functional domains I and II in the ancestral land
plant was an important neofunctionalization al-
lowing part of the network to become auxin
modulated (De Smet et al. 2011; Flores-Sandoval
et al. 2018; Mutte et al. 2018; Nishiyama et al.
2018; Jiao et al. 2020). A further key innovation
occurred in the ancestralTIR1 gene. Charophyte
genomes have F-box orthologs equally related to
TIR1 and the COI1OPDA/JA receptor proteins,
and although these orthologs are predicted to
form three-dimensional structures similar to ei-
ther TIR1 or COI1, they lack key residues that
allow binding to either auxin or OPDA/JA
(Bowman et al. 2017; Monte et al. 2018; Mutte
et al. 2018). Thus, coevolution of Aux/IAA do-
main II and specific amino acids in TIR1 was the
key innovation in the evolution of auxin as a
molecular glue between the two proteins and
the integration of auxin into a preexisting tran-
scriptional network.

AlthoughARFs have undergonemultiple lin-
eage-specific losses in charophytes (Hori et al.
2014), two types of ARFs (A/B and C-ARFs)
were present in the common ancestor of later
diverging charophytes and embryophytes (Flo-
res-Sandoval et al. 2018; Mutte et al. 2018), while
the Streptophyte ancestor only had C-ARFs
(Martin-Arevalillo et al. 2019; Wang et al.
2020), suggesting C-ARFs may be ancestral. A
ChlorokybusC-ARF can bind land plant AuxREs
and interact with TPL in vitro, suggesting ARFs
originated as transcriptional repressors (Martin-
Arevalillo et al. 2019). Charophyte C-ARFs lack
miR160-binding sites, suggesting the miR160/
C-ARF regulatory loop is a land plant innovation
(Mallory et al. 2005; Flores-Sandoval et al. 2018).
Known charophyte A/B ARFs are sister to land
plant A- and B-ARFs, whose divergence can be
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dated to the ancestral land plant, and their iden-
tity as activators or repressors is uncertain.

The evolution of the auxin signaling path-
way is the product of the rewiring of a preexist-
ing transcriptional network to respond to a
novel ligand, providing an outstanding example
of exaptation within the green lineage of life.
Understanding how this novel pathway was
used to pattern key features of the ancestral
land plant still requires further functional stud-
ies in charophytes as well in Tracheophytes
with free-living haploid and diploid generations.
To date, tropisms, cell differentiation, and cell
expansion (Fig. 2) represent likely biological
processes controlled by auxin in the common
ancestor of all land plants. While not explored
here, the parallel evolution of the auxin and
OPDA/JA signaling pathways from a common
ancestral F-box protein, and potentially using
common ancestral GH3-conjugating enzymes,
deserves further investigation.

Downstream of Auxin Signaling

Whereas auxin transcriptional signaling is con-
served throughout land plants, the question of
whether there are universal, and hence ancestral
targets, has only been addressed recently. The
land plant auxin signaling pathway attains a
steady state through multiple negative feedback
loops involving A-ARFs inactivation via auxin-
dependent AUX/IAA transcription (Abel et al.
1995; Abel and Theologis 1996) and the reduc-
tion of free IAA levels via down-regulation of
YUCCA biosynthetic enzymes (Mutte et al.
2018) and up-regulation of GH3-conjugating
enzymes (Hagen et al. 1991; Abel and Theologis
1996). While YUCCA down-regulation is con-
sistent across embryophytes, auxin-dependent
AUX/IAA transcription and GH3 activation
have not been detected across all bryophyte lin-
eages (Mutte et al. 2018).

Genes encoding two transcriptional repres-
sors (Steindler et al. 1999; Jones andDolan 2017;
Ren et al. 2018), the CLASS-II HOMEODO-
MAIN LEUCINE ZIPPER (C2HDZ) and the
WIP-DOMAIN C2H2 zinc fingers, are consis-
tently up-regulated by auxin across land plants
(Sawa et al. 2002; Crawford et al. 2015; Mutte

et al. 2018). C2HDZ genes as targets evolved in
the ancestral land plant as charophyte orthologs
(Romani et al. 2018) are not auxin up-regulated
(Mutte et al. 2018). It is unknown whether these
transcription factors regulate auxin signaling
through feedback effects or, alternatively, con-
trol conserved developmental or physiological
responses.

SAUR (SMALL AUXIN UP-REGULATED
RNA) genes are a distinct auxin-induced gene
class (McClure et al. 1989) whose products do
not influence feedback regulation, but rather pro-
mote cell expansion via acid growth (Chae et al.
2012; Spartz et al. 2017). Auxin-mediated SAUR
gene up-regulation is observedwidely in embryo-
phytes, although it may have been lost in
liverworts (Mutte et al. 2018). SAUR proteins
promote acidification of the apoplast via inhibi-
tion of D-type PPC (PP2C.D) phosphatases,
which in turn modulate H+ ATPases (Cosgrove
1998; Spartz et al. 2014; Stortenbeker and Bemer
2019; Wong et al. 2019). α-EXPANSINs are an-
other auxin-inducible protein family (Lavy et al.
2016; Kato et al. 2017; Mutte et al. 2018) poten-
tially acting downstream of the SAUR/PP2C.D/
AHA module. Whereas acid growth exists in Ni-
tella (Métraux and Taiz 1977; Métraux et al.
1980), SAUR protein-mediated acid growth is a
land plant innovation (Fig. 2).

AUXIN BIOLOGYOF THE ANCESTRAL LAND
PLANT AND ANTECEDENT FUNCTIONS IN
THE ALGAL ANCESTOR

Knowledge of the phylogenetic distribution of
genes encoding the critical components of auxin
biology allows the prediction of the auxin biology
network in the ancestral plants and, further,
functional analyses spanning the phylogenetic
spectrum of extant land plants has provided in-
sight into the functionality of the ancestral net-
work. Using these criteria, the ancestral land
plant is predicted to have possessed a system
similar to that existing in M. polymorpha, with
solitary paralogs of most components (Flores-
Sandoval et al. 2015; Kato et al. 2015; Bowman
et al. 2017; Mutte et al. 2018). Two most critical
innovations shaped changes in auxin biology
during the transition from an ancestral alga to
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land plants and form the basis of how auxin be-
came a key land plant hormone. First, the acqui-
sition via HGT from a bacterium of a YUCCA
gene enabled assembly of a new auxin biosyn-
thetic pathway (Yue et al. 2014; Bowman et al.
2017). Second, the integration of auxin into a
subsection of a preexisting transcriptional net-
work, which was also expanded in the ancestral
land plant, established the response output of the
pathway to be modulated by the presence of aux-
in (Bowman et al. 2017; Flores-Sandoval et al.
2018; Mutte et al. 2018). Two auxin-mediated
responses may be common to all land plants.
First, tropic growth responses are intimately con-
nectedwith auxin biology throughout landplants
and presumably this was the case in the ancestral
land plants. Second, auxin biology is also critical
for almost every characterized developmental
process to proceed appropriately. InM. polymor-
pha, loss of the TAA/YUCCA auxin biosynthetic
pathway results in a complete loss of differentia-
tion with plants being composed of an amor-
phous mass of dividing cells (Eklund et al.
2015). Whereas complete loss of the TAA/YUC-
CA pathway has not been achieved in angio-
sperms due to a high level of genetic redundancy,
variousmultiple mutant combinations result in a
spectrum of developmental defects (for review,
see Zhao 2018). With respect to development,
one plausible hypothesis is that the ancestral algal
transcriptional network controlled the balance
between meristematic (i.e., cell division) and dif-
ferentiated states and that this came under the
influence of auxin in the ancestral land plant
(Flores-Sandoval et al. 2018). In this scenario,
the role of auxin as a facilitator rather than a
specifier follows naturally, with specific tissue-/
cell-type specification dependent upon themilieu
of other transcription factors present in the cells
transitioning from cell division to differentiation.

While there are credible (and testable) hy-
potheses concerning the role(s) of auxin in the
ancestral land plants, the situation is enigmatic
in the algal ancestor and in extant charophytes.
There are two components to consider: (1)What
was the role of the ancestral transcriptional net-
work? One hypothesis was presented above.
(2)Whatwas the function of auxin in these algae?
Development of charophyte models amenable to

genome editing would facilitate addressing these
questions, albeit the latter question may require
specific knowledge of any auxin biosynthetic
pathways in these organisms. Answers to these
two questions could illuminate why auxin was
co-opted from an as-yet-unknown ancestral role
into a molecule critical for most aspects of land
plant development.
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