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Abstract

This review represents the first effort ever to survey the entire literature on auxin (indole-3-acetic acid, IAA)
action in all plants, with special emphasis on the green plant lineage, including charophytes (the green alga group
closest to the land plants), bryophytes (the most basal land plants), pteridophytes (vascular non-seed plants), and
seed plants. What emerges from this survey is the surprising perspective that the physiological mechanisms for
regulating IAA levels and many IAA-mediated responses found in seed plants are also present in charophytes and
bryophytes, at least in nascent forms. For example, the available evidence suggests that the apical regions of both
charophytes and liverworts synthesize IAA via a tryptophan-independent pathway, with IAA levels being regulated
via the balance between the rates of IAA biosynthesis and IAA degradation. The apical regions of all the other land
plants utilize the same class of biosynthetic pathway, but they have the potential to utilize IAA conjugation and
conjugate hydrolysis reactions to achieve more precise spatial and temporal control of IAA levels. The thallus
tips of charophytes exhibit saturable IAA influx and efflux carriers, which are apparently not sensitive to polar
IAA transport inhibitors. By contrast, two divisions of bryophyte gametophytes and moss sporophytes are reported
to carry out polar IAA transport, but these groups exhibit differing sensitivities to those inhibitors. Although the
IAA regulation of charophyte development has received almost no research attention, the bryophytes manifest a
wide range of developmental responses, including tropisms, apical dominance, and rhizoid initiation, which are
subject to IAA regulation that resembles the hormonal control over corresponding responses in seed plants. In
pteridophytes, IAA regulates root initiation and vascular tissue differentiation in a manner also very similar to
its effects on those processes in seed plants. Thus, it is concluded that the seed plants did not evolve de novo
mechanisms for mediating IAA responses, but have rather modified pre-existing mechanisms already operating
in the early land plants. Finally, this paper discusses the encouraging prospects for investigating the molecular
evolution of auxin action.

Abbreviations: 2,4-D, 2,4-dichlorophenoxyacetic acid; IAA, auxin (indole-3-acetic acid); NAA, naphthalene-
acetic acid; NPA, N-(1-naphthyl)phthalamic acid; PCIB, p-chlorophenoxyisobutyric acid; 2,4,6-T,2,4,6-
trichlorophenoxyacetic acid; TIBA, 2,3,5-triiodobenzoic acid

Introduction

It has long been appreciated that the hormone auxin
(indole-3-acetic acid, IAA) is an important regulator
of developmental processes in seed plants. For in-
stance, IAA acts as the intercellular signal coupling
environmental stimuli to growth responses in pho-
totropism and gravitropism (Kaufman et al., 1995;

Dolan, 1998; Marchant et al., 1999). For instance,
the progression through different stages of angiosperm
embryo development appears to require the sequential
activation of two different auxin biosynthetic path-
ways (Michalczuk et al., 1992a, b; Cooke et al.,
1993; Ribnicky et al., 2001). A tryptophan-dependent
pathway capable of high biosynthetic rates mediates
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isodiametric growth of young embryos, and then polar
auxin transport, in conjunction with a tryptophan-
independent pathway with better homeostatic control,
helps to establish polarized growth of older embryos
(Schiavone and Cooke, 1987; Liu et al., 1993; Stein-
mann et al., 1999). Localized synthesis and/or polar
transport establish IAA gradients that appear to be
absolutely critical for positioning leaf primordia on
shoot apices (Meicenheimer, 1981; Lyndon, 1998;
Reinhardt et al., 2000) and for initiating lateral root
primordia on mature roots (Blakely et al., 1988; Reed
et al., 1998; Casimiro et al., 2001). Molecular studies
of Arabidopsis flower development have implicated
IAA-responsive genes as being crucial for the posi-
tional relationships in flowers (Sessions et al., 1997;
Nemhauser et al., 2000). Finally, it is well documented
that IAA exercises predominant control over many as-
pects of vascular tissue development, including the
induction of primary vascular tissues (Roberts et al.,
1988; Aloni, 1995), the positioning of primary vascu-
lar bundles (Sachs, 1991; Berleth et al., 2000), and
the activity of vascular cambia (Uggala et al., 1996,
1998).

Although contemporary research on IAA action re-
mains almost completely focused on the seed plants,
there is an extensive, but scattered, older litera-
ture devoted to IAA action in other green plants.
The few reviews concerning this literature are gen-
erally restricted to specific groups, such as the algae
(Bradley, 1991), liverworts (Maravolo, 1980), and
mosses (Christianson, 1999). By contrast, this paper
takes a comparative approach in the effort to charac-
terize IAA action in all plants, with special emphasis
on the green plant lineage, including green algae,
bryophytes, pteridophytes, and seed plants. It is an-
ticipated that this approach should ultimately allow
us to evaluate a number of important questions that
cannot be addressed by studying a single organism or
specific group. Of special interest for understanding
the evolution of IAA action are the results obtained
from charophycean green algae (also known as charo-
phytes). Because these algae and land plants share
many specialized characteristics, such as cell division
mechanism, sperm ultrastructure, and photorespira-
tory enzymes, the charophytes are thought to be the
green algal class most closely related to land plants
(Graham, 1993; Graham et al., 2000). Thus, it is as-
sumed that extant charophytes have retained the prim-
itive features of IAA action that were also expressed
in the earliest land plants.

Given that every paper ever written about IAA ac-
tion is potentially relevant to the topic of this review,
we have adopted the following strategy for organizing
this voluminous literature into a coherent manuscript.
In the major sections, we summarize the current under-
standing of different processes involved in IAA action
in the seed plants, and then we discuss the available
literature on these processes in the algae, bryophytes,
and vascular plants emphasizing the pteridophytes.
Consequently, one can synthesize an appealing, albeit
still incomplete, picture of the evolutionary changes
in IAA metabolism and polar IAA transport, which
are the principal processes responsible for regulating
intracellular IAA concentration. It is also possible
to draw tentative conclusions about how IAA’s abil-
ity to mediate such developmental processes, such
as tropisms, correlative interactions, and positional
relationships, in non-seed plants evolved to regulate
similar processes in seed plants. Lastly, we shall
discuss the molecular events that are presumably re-
sponsible for this observed evolution of IAA-mediated
development throughout the land plant lineage.

Why consider the evolutionary patterns in IAA
action?

As a starting point, it is important to ask the question
of why a special issue devoted to IAA molecular biol-
ogy includes a paper on evolutionary patterns in IAA
action. In response, we could simply cite Dobzhan-
sky’s dictum that nothing makes sense in biology
except in the light of evolution, but philosophical
statements do not make for compelling scientific argu-
ments. Instead, a more appropriate justification for this
paper lies in the potential of evolutionary approaches
for solving certain difficult problems being faced by
molecular biologists studying IAA action. For exam-
ple, our current knowledge suggests that hormonal
regulation in angiosperm development may frequently
involve complex signal transduction networks com-
posed of multiple, interacting, and somewhat redun-
dant pathways (Bennett et al., this issue). By contrast,
it appears that the lower plants utilize simpler mech-
anisms of IAA regulation (Sztein et al., 2000), which
implies that these plants may more readily reveal how
the molecular regulation of IAA action is causally re-
lated to the developmental processes responsible for
plant morphology. Secondly, it is becoming increas-
ingly obvious that due to differential rates of sequence
divergence, relative sequence similarity among ho-
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mologous genes is not necessarily sufficient to sort
out the pattern of molecular evolution within a gene
family (Eisen, 1998). Eisen (1998) has argued quite
convincingly that an understanding of how different
members of any gene family (e.g., the globin genes
encoding oxygen-binding proteins or the homeobox
genes encoding transcription factors regulating animal
development) evolved over time should greatly im-
prove the ability to make functional predictions about
under-characterized members of that family. Such
knowledge should also help to elucidate the roles of
different homologues with overlapping functions act-
ing in the same regulatory network. Other genomic
approaches are also likely to contribute significantly
to our understanding of auxin action (Theologis, this
issue). Thirdly, although no molecular work has been
done on IAA action in non-seed plants, there is bur-
geoning interest in the several model systems for
these plants, including the moss Physcomitrella patens
(Reski, 1999; Wood et al, 2000) and the fern Cer-
atopteris richardii (Hickok et al., 1995). Thus, it is
rapidly becoming feasible to apply molecular tech-
niques for studying developmental and evolutionary
problems in selected non-seed plants. Physcomitrella
is an especially promising system due to its unique
ability among all land plants studied to date to carry
out homologous recombination efficient enough for
gene knock-out and allele replacement studies (Schae-
fer and Zryd, 1997). Thus, the evolutionary perspec-
tives contained in this review may become useful
to IAA molecular biologists interested in applying
the knowledge obtained from Arabidopsis toward the
study of related problems in non-seed plants.

Because the goal of this paper is to place the
knowledge available about auxin action in all plants
into an evolutionary context, it is essential that the
reader have an appreciation for the emerging con-
sensus concerning the universal phylogeny of life
(Baldauf et al., 2000). It appears as if three lin-
eages of photosynthetic eukaryotes were indepen-
dently able to evolve multicellular growth forms:
the viridiplants (green plants) being composed of
the chlorophytes (green algae) and the charophytes
(stoneworts and their algal relatives plus the land
plants); the rhodophytes (red plants) also known as
red algae; and the phaeophytes (brown plants) also
known as brown algae. The rhodophytes now ap-
pear to be closely related as the sister group to the
viridiplants (Baldauf et al., 2000). By contrast, the lin-
eage that gave rise to the viridiplants and rhodophytes
separated as unicellular heterotrophic flagellates in

deep evolutionary time from another lineage that
would ultimately result in the heterokonts consisting
of oomycetes and phaeophytes (see Figure 1 in Bal-
dauf et al., 2000). The rhodophytes and viridiplants
appear to have acquired their chloroplasts via the pri-
mary endosymbiosis of a single cyanobacterium or
a group of related cyanobacteria (Delwiche, 1999;
Grzebyk et al., pers. comm.). The phaeophyte lin-
eage originated in more recent evolutionary time via
secondary endosymbiosis in ancestral heterokonts in
which engulfed rhodophytes were transformed into
chloroplasts (Delwiche, 1999; Grzebzk et al., pers.
comm.). It is important in our discussion of the ori-
gins of auxin action that the reader be mindful of these
contemporary perspectives on the phylogenetic rela-
tionships of multicellular photosynthetic organisms.
Nevertheless, for the sake of clear communication, we
shall employ the traditional organism names that were
used in the primary literature on auxin action, and
thus, the chlorophytes are referred to as green algae,
the rhodophytes as red algae, and the phaeophytes as
brown algae.

Modern phylogenetic methods have also resolved
the evolutionary relationships among the simplest
charophytes, with the order Charales including the
genera Chara and Nitella, as being the closest liv-
ing relatives to the land plants (Karol et al., 2001).
Comparable efforts are being made in the effort to
resolve the phylogenetic relationships among the vas-
cular land plants, including the lycophytes, horsetails,
ferns, and seed plants (e.g., Pryer et al., 2001). How-
ever, the evolutionary positions among the simplest
land plants called bryophytes (liverworts, hornworts,
mosses) remain as an unresolved and contentious is-
sue. Certain molecular evidence is consistent with the
liverworts being the first-divergent lineage (viz., the
closest living relatives) of the earliest land plants (e.g.,
Qiu et al., 1998; Qiu and Lee, 2000), while other
data fit the hornworts-basal hypothesis (e.g., Nickrent
et al., 2000). In this paper, the sections devoted to the
bryophytes emphasize the literature on liverworts and
mosses for the simple reason that few published papers
investigated auxin action in the hornworts.

Evolutionary patterns in IAA metabolism

Basic characteristics in seed plants

The metabolic processes that regulate endogenous
IAA levels are: biosynthesis, conjugation, and degra-
dation (for reviews, see Normanly, 1997; Bartel, 1997;
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Slovin et al., 1999). The research on auxin metabolism
in Arabidopsis is fully described in Kowalczyk et al.
(this issue) so we shall emphasize here only those
topics needed for evolutionary interpretations. IAA is
synthesized via two different classes of biosynthetic
pathways. One, tryptophan-mediated IAA biosyn-
thetic pathways utilize tryptophan itself as the source
of the indole ring for the IAA molecule. Earlier re-
search had repeatedly demonstrated that excised or-
gans, tissue sections, cultured cells, and cell-free
preparations can utilize tryptophan-dependent path-
ways to carry out IAA biosynthesis (Wildman et al.,
1947; Sembdner et al., 1981; Nonhebel et al., 1993).
This interpretation has been supported by analytical
work on isolated axes of germinating bean seedlings
(Bialek et al., 1992; Sztein et al., 2001), embryogenic
cells in carrot cultures (Michalczuk et al., 1992b),
and excised maize coleoptiles (Koshiba et al., 1995).
Two tryptophan-independent pathways divert the in-
dole ring toward IAA biosynthesis before it is cat-
alyzed into tryptophan. Considerable evidence has
been accumulating in support of the notion that these
pathways are the predominant IAA biosynthetic path-
ways operating in intact plants. In entire Lemna plants
(Baldi et al., 1991; Rapparini et al., 1999), post-
globular carrot somatic embryos (Michalczuk et al.,
1992b), and wild-type Arabidopsis seedlings (Nor-
manly et al., 1993), labeled precursors common
to both the tryptophan-independent and tryptophan-
dependent pathways result in much greater enrich-
ments of the IAA pool than the enrichment observed
with labeled tryptophan. In addition, Zea mays and
Arabidopsis mutants impaired in tryptophan synthesis
exhibit much higher levels of IAA than do wild-type
plants, thereby providing compelling evidence for the
predominant activity of the tryptophan-independent
pathway in intact plants. Finally, other experiments
have led to the interpretations that the tryptophan-
mediated pathway is capable of high biosynthetic rates
due to the large tryptophan pool and the apparent
lack of feedback inhibition, whereas the tryptophan-
independent pathway serves as the low-capacity path-
way subject to feedback inhibition (Ribnicky et al.,
1996, 2001; Sztein et al., 2001). Thus, it appears
that the two pathways have the potential to play dis-
tinct roles in the regulation of various developmental
processes, including plant embryogenesis (Michal-
czuk et al., 1992a, b; Ribnicky et al., 2001).

IAA is usually active in developmental processes
as the free molecule. Nevertheless, in the seed plants,
most IAA-based metabolites accumulate as IAA-ester

conjugates to inositol, co-enzyme A, sugars, polysac-
charides, or glycoproteins and/or as IAA-amide conju-
gates to amino acids, small peptides, or proteins. IAA
conjugates are generally thought to act as short-term
intermediates that can be hydrolyzed to release free
IAA (Cohen and Bandurski, 1982; Normanly, 1997).
The competing processes of conjugate synthesis and
conjugate hydrolysis are thus predicted to help further
modulate the free IAA levels. Finally, IAA can be
degraded via decarboxylative and oxidative pathways.
In conclusion, it appears that the metabolic processes
of biosynthesis, conjugation, and degradation allow
plant cells to maintain precise homeostatic regulation
of intracellular IAA levels (Ljung et al., this issue).

Sztein et al. (1995, 1999, 2000) performed a com-
prehensive survey of IAA metabolism in the major
divisions of land plants. This survey was undertaken
in large part because the data available from the ear-
lier literature were so flawed that they could not be
used to devise plausible hypotheses about evolution-
ary patterns in IAA metabolism (for discussion, see
Sztein et al., 1999). Consequently, Sztein et al. (1995,
1999, 2000) employed similar growth conditions for
all plants, excised comparable thallus or shoot tips,
employed common analytical techniques, and used
antibiotic treatments or axenic cultures, whenever pos-
sible. Standard isotope dilution methods were used
in conjunction with GC-MS to measure the steady-
state concentrations of free IAA and IAA metabolites;
thus, these measurements were virtually independent
of sample size, purification method, and preparative
losses. Thin-layer chromatography was used to mea-
sure the rate of IAA conjugate formation from radiola-
beled IAA and to tentatively identify the chemical na-
ture of these conjugates. It is worth mentioning that the
requirement for enough material for GC-MS analysis
meant that the apical tips were excised from game-
tophytic structures in charophytes and bryophytes as
opposed to from sporophytic structures in vascular
plants. The significance of this limitation for evolu-
tionary interpretations will become apparent in the
later section on IAA transport. The following sections
are derived in part from Sztein et al. (2000).

Algae

Previous work on IAA levels in a few green, red
and brown algae utilized non-axenic specimens (Ja-
cobs et al., 1985; Bradley, 1991; Evans and Trewavas,
1991; Ashen et al., 1999; Basu et al., pers. comm.).
For example, free IAA levels in thalli of the red
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alga Prionitis lanceolata were measured at 2.5 ng per
gram fresh weight (Ashen et al., 1999). Similar levels
were also quantified in zygotes and fruiting tips of the
brown alga Fucus distichus (Basu et al., pers. comm.).
However, Evans and Trewavas (1991) cautioned that
one should remain skeptical about such measurements
due to microbial contamination, which is routinely
present in algal cultures. No data on the concentrations
of IAA conjugates and other IAA metabolites were
presented in these papers.

Since charophytes are considered to represent the
closest algal relatives of the land plants, it is assumed
that charophytes exhibit the primitive condition for the
IAA metabolism of land plants. Under steady-state
conditions, the thallus tips of the charophyte Nitella
exhibited lower absolute levels of free IAA but higher
ratios of free IAA to total IAA metabolites, as com-
pared to most land plants (Tables 1 and 2). This alga
was capable of only negligible rates of IAA conjugate
synthesis in the presence of radiolabeled IAA. Instead,
it appeared that exogenous IAA was predominantly
converted into degradation products and/or other la-
beled metabolites synthesized from IAA. Therefore,
charophytes, at least as exemplified by Nitella, must
primarily regulate free IAA levels via the balance be-
tween the biosynthesis of new IAA molecules and the
degradation of existing molecules. The nature of the
IAA biosynthetic pathway has not yet been studied in
charophytes although the non-tryptophan pathway is
typically observed to maintain free IAA levels similar
to those measured in Nitella tips.

Bryophytes

What makes the bryophytes so interesting from an
evolutionary perspective is that each division, namely,
liverworts, hornworts, and mosses, exhibits a distinc-
tive IAA metabolism that may underlie the profound
structural differences observed among these groups.

In liverworts, GC-MS analysis showed that thal-
lus tips produced low to intermediate levels of free
IAA, as well as high ratios of free IAA to total IAA
metabolites, which were similar to the levels and ra-
tios observed in charophytes (Tables 1 and 2). Judging
from the results of tryptophan-feeding experiments
with Pallavicinia tips, IAA biosynthesis in liverworts
did not involve tryptophan as its primary intermediate.
Liverworts can thus be said to utilize a tryptophan-
independent biosynthetic pathway. In 14C-IAA label-
ing experiments, liverworts tended to exhibit slow, but
discernable, rates of IAA conjugate formation, with

most species primarily synthesizing amide conjugates.
The slow conjugation rates suggest that liverworts uti-
lize a biosynthesis/degradation strategy for regulating
free IAA levels, which means that charophytes and
liverworts share the putative ancestral strategy for IAA
metabolic regulation.

Thallus tips of the hornwort Phaeoceros produced
high levels of free IAA, but the ratio of free IAA
to total IAA metabolites was significantly lower than
those observed in charophytes and liverworts (Tables
1 and 2). 14C-IAA labeling studies demonstrated that
hornworts can rapidly synthesize amide conjugates so
that the regulation of free IAA levels appears to in-
volve the competing reactions of conjugate synthesis
vs. conjugate hydrolysis. Hornworts exhibited IAA
conjugate levels comparable to those seen in the vas-
cular plants. However, because IAA conjugates are
chemically different in these two groups, it appeared
that high conjugate levels had evolved independently
at least twice in the land plants. No observations on the
primary IAA biosynthetic pathway have been made
for hornworts.

Vegetative tips of moss gametophores maintained
much lower levels of free IAA and total IAA than
did hornwort tips (Tables 1 and 2). Nevertheless, the
free IAA to total IAA ratios were essentially identi-
cal in these two groups. Just like the hornworts, the
mosses almost exclusively accumulated amide conju-
gates. Lastly, given the similar rates of IAA conjugate
formation, it is reasonable to conclude that mosses
must also use the conjugation/hydrolysis strategy as
their principal mechanism for regulating free IAA
levels. Earlier work on Funaria chloronema cultures
and cell-free homogenates demonstrated that these
preparations have the potential to use several inter-
mediates in the tryptophan-dependent pathway for
inducing IAA-mediated bud formation (Lehnert and
Bopp, 1983; Bhatla and Bopp, 1985; Atzorn et al.,
1989), and to use exogenous 3H-tryptophan to synthe-
size IAA (Jayaswal and Johri, 1985). The principal
limitation of these approaches was that they do not
compare the relative contributions of the tryptophan-
independent and tryptophan-dependent pathways to
IAA synthesis (for further discussion, see Sztein et al.,
2000). By contrast, the tryptophan-feeding method
permitted a direct comparison of the relative contribu-
tions of the two pathways, and it showed that mosses
use the tryptophan-independent pathway, at least in
gametophore tips (Sztein et al., 2000).
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Table 1. Major characteristics of IAA levels and biosynthetic pathways operating in the vegetative tips of green plants
(Sztein et al. 1999, 2000). The data for the angiosperms were taken from Baldi et al. (1991), Wright et al. (1991),
Michalczuk et al. (1992a), and Normanly et al. (1993).

Plants Number of Free IAA level Total IAA Number of Predominant IAA

species ng/g FW % metabolite species biosynthetic pathway

level

ng/g FW

Charophytes 1 11 30 38 0 unknown

Liverworts 5 10–20 20–35 35–75 1 tryptophan-independent

Mosses 4 5–10 8–12 45–80 1 tryptophan-independent

Hornworts 1 35 11 328 0 unknown

Pteridophytes 2 25–35 10–20 100–400 1 tryptophan-independent

Angiosperms 4 10–20 5–10 400–700 4 tryptophan-independent

Table 2. Major characteristics of the IAA conjugation and IAA regulation in the vegetative tips of green plants
(Sztein et al., 1995, 1999, 2000).

Plants Number of Major conjugates Conjugation rate Regulatory strategy

species

Charophytes 1 unknown very slow biosynthesis/degradation

Liverworts 7 amide conjugates slow biosynthesis/degradation

Mosses 5 amide conjugates intermediate to rapid conjugation/hydrolysis

Hornworts 1 amide conjugates intermediate to rapid conjugation/hydrolysis

Pteridophytes 10 IAsp/Glu and/or IAgluc rapid conjugation/hydrolysis

Seed plants 7 IAsp/Glu and/or IAgluc very rapid conjugation/hydrolysis

Vascular plants

Little attention has been granted to IAA metabolism
in the pteridophyte grade, which includes lycophytes,
horsetails, and ferns. Shoot tips of the lycophyte
Selaginella and the fern Ceratopteris exhibited high
IAA metabolite levels in proportions similar to those
measured in hornworts (Tables 1 and 2). Judging
from tryptophan-feeding experiments, the major path-
way for IAA biosynthesis in Selaginella tips is the
tryptophan-independent pathway. Pteridophytes can
rapidly synthesize IAA conjugates so that these plants
appear to maintain free IAA levels by adjusting the
balance between conjugation and deconjugation. The
pteridophytes are distinguishable from the bryophytes
with respect to the ability of the pteridophytes to syn-
thesize several characteristic conjugates, namely, the
ester conjugate IAA-glucose and the amide conjugates
IAA-asparate and/or IAA-glutamate.

The IAA metabolism of gymnosperms and an-
giosperms is thoroughly described in several recent
reviews (Normanly, 1997; Bartel, 1997; Slovin et al.,

1999; Kowalczyk et al., this issue). Pteridophytes and
seed plants manifest only quantitative differences in
their IAA metabolism (Tables 1 and 2). In general,
seed plants produced the highest levels of total IAA
metabolites, with exceptional levels of IAA-glucose,
IAA-aspartate, and/or IAA-glutamate. Seed plants
must also use the equilibrium between conjugation
and hydrolysis for controlling free IAA levels.

Summary

The major features of auxin metabolism in green
plants can be organized into an evolutionary frame-
work by placing the features listed in Tables 1 and 2
on a simplified land plant cladogram (Figure 1), which
represents a common, but not universally accepted
land plant phylogeny deduced from recent molecular
and morphological work (Kendrick and Crane, 1997;
Qiu et al., 1998; Duff and Nickrent, 1999; Nickrent
et al., 2000). It appears plausible that the tryptophan-
independent pathway is the predominant class of IAA
biosynthetic pathway in growing shoot tips in the
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Figure 1. A character map of the major evolutionary events in IAA metabolism of green plants. The characters derived from Tables 1 and 2
are placed on a simplified version of a land plant cladogram in order to illustrate the likely positions of the major evolutionary events in IAA
metabolism. Modified from Sztein et al. (2000) with permission.

charophytes and land plants. However, a major in-
novation in the IAA metabolic regulation occurred
within the bryophyte grade. Liverworts have retained
the putative ancestral strategy for regulating free IAA
levels that depends on the biosynthesis of new IAA
molecules and the degradation of existing molecules.
The nested suite of allied characteristics seen in charo-
phytes and liverworts included a higher percentage of
free IAA, slow conjugation rates, and low levels of
total IAA metabolites. The other bryophytes and vas-
cular plants evolved the potential to regulate free IAA
levels by adjusting the equilibrium between conjugate
synthesis and conjugate hydrolysis. It is presumed
that this one-step strategy permitted the more precise
spatial and temporal regulation of free IAA levels.

Evolutionary patterns in IAA transport

Basic characteristics

IAA transport is characterized by its polarity, di-
rection, distance, and transporting cells (Goldsmith,
1977; Lomax et al., 1995). Most research atten-
tion has been devoted to polar IAA transport, which
is defined as IAA movement in a specific, often
basipetal direction. Polar IAA transport has been ex-
tensively studied in seed plants for several reasons:
(1) it appears to be causally involved in the polar-
ized growth observed in many plant structures, (2)
it can easily be measured in plant explants with a

simple apparatus, and (3) it is sensitive to several
inhibitors that act on the IAA-efflux-carrier com-
plex, such as N-(1-naphthyl)phthalamic acid (NPA)
and 2,3,5-triiodobenzoic acid (TIBA). In angiosperms,
NPA acts as a strong phytotropin in that it reduces
the lateral IAA transport associated with tropic re-
sponses in addition to its antagonism of polar trans-
port, while the inhibitory effects of TIBA are restricted
to polar transport (Lomax et al., 1995). Since NPA
acts as competitive inhibitor of the binding of certain
flavonoids such as quercitin, which are the presump-
tive in vivo inhibitors of polar IAA transport, it is
generally thought that NPA inhibition of any process
is a diagnostic indicator of the involvement of polar
IAA transport (Jacobs and Rubery, 1988; Brown et al.,
2001). Although a thorough discussion of the mode
of action of these inhibitors would exceed the scope
of this review, recent work (Steinmann et al., 1999)
can be interpreted to mean that NPA may function as
a general inhibitor of secretory processes as opposed
to being a specific inhibitor of auxin transport per se.
This review will follow the convention of using these
inhibitors as diagnostic indicators of IAA transport,
because it is premature to assess the validity of that
new perspective.

According to the chemiosmotic model for polar
IAA transport, electrochemical H+ gradients across
plasma membranes are the ultimate driving force for
polar transport (Rubery and Sheldrake, 1974; Raven,
1975; Goldsmith, 1977). Apoplastic IAA in the cell
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wall (pH 5) is envisaged to cross the plasma mem-
brane either through passive diffusion of protonated
IAA (pKa 4.7) or via IAA influx carriers acting as pro-
ton symporters. Unprotonated IAA in the cytosol (pH
7) is transported back into the cell wall via IAA efflux
carriers. The pronounced polarity of IAA transport is
proposed to result from the asymmetric localization
of IAA carriers at different ends of transporting cells.
Recent molecular evidence has lent considerable sup-
port to this model (Estelle, 1998; Palme and Galweiler,
1999; Swarup et al., 2000). Bennett et al. (1996) iso-
lated a putative IAA influx carrier known as AUX1,
which shares considerable homology with amino acid
permeases. Immunolocalization studies suggest that
influx carrier proteins are sometimes positioned at the
apical ends of transporting cells (Swarup et al., in
press). Moreover, the IAA efflux carriers called PIN
proteins, which exhibit significant sequence similar-
ity to bacterial proteins responsible for transporting
small molecules, are preferentially localized at the
basal ends of transporting cells (Muller et al., 1998;
Steinmann et al., 1999). Current knowledge of the
molecular regulation of polar IAA transport in Ara-
bidopsis is reviewed elsewhere (Galweiler and Palme,
this issue).

A few reports on IAA transport can be found in the
literature on lower plants. This research utilized con-
ventional agar-block techniques to characterize IAA
transport in multicellular structures. The polarity of
IAA transport was routinely determined by switch-
ing the positions of the donor and receiver blocks
and comparing the ratio of basipetal (apex to base)
vs. acropetal (base to apex) transport at a selected
time. In addition, flux experiments were conducted to
quantify the rates of IAA transport across the plasma
membranes in vesicle fractions, single cells, and small
tissue pieces. In flux experiments where polar IAA
transport inhibitors mediated an increase in net IAA
accumulation, this result is interpreted to mean that the
IAA efflux carriers were active in those systems. Al-
though these experiments disclose the biochemical po-
tential of a multicellular structure to transport IAA in a
polar manner, the question of whether the intact struc-
ture carries out polar transport depends on whether the
transport components are actually localized at specific
intracellular sites.

Frankly, the entire literature on lower plants is un-
fortunately plagued by methodological problems and
idiosyncratic units that prevent rigorous quantitative
comparisons of IAA transport rates among different
structures in different plants. However flawed the data

on transport rates are, polarity ratios calculated from
those data are, in general, independent of the method-
ologies employed. These ratios when considered with
inhibitor studies allow us to discern qualitative differ-
ences in the abilities of various lower plant structures
to carry out IAA transport (Tables 3 and 4).

Algae

In the brown alga Fucus, the addition of NPA to the
medium mediated a 1.6-fold increase in accumulated
IAA in the rhizoids, which can be taken to indicate
that the IAA efflux carrier is present in brown al-
gal rhizoids (Basu et al., pers. comm.) (Table 3).
Interestingly, NPA caused those rhizoids to undergo
precocious branching, which differed from the multi-
ple rhizoids observed in IAA treatments. These results
suggested that NPA has developmental effects on Fu-
cus rhizoids that cannot be attributed to the direct
inhibition of IAA efflux alone.

Insofar as the charophytes are assumed to have re-
tained the basal (or pleisiomorphic) state of the IAA
transport system in the land plant lineage, it was hoped
that the existing literature would have presented a de-
finitive picture of IAA transport in the charophytes.
Dibb-Fuller and Morris (1992) compared IAA trans-
port capabilities of unicellular green alga Chlorella
vs. thallus tips of the multicellular charophyte Chara
(Table 3). It was concluded that IAA accumulation in
Chlorella cells did not depend on specific IAA car-
riers, but rather appeared to involve the pH-sensitive
diffusion of IAA across the plasma membrane. The
apical portions of Chara thalli did exhibit saturable,
i.e., carrier-dependent, IAA fluxes in both directions
that were competitively inhibited by unlabeled IAA.
IAA efflux was almost totally unaffected by NPA and
TIBA, with the exception that the highest TIBA con-
centration caused a slight inhibition that was attributed
to secondary pH effects. Surprisingly, other workers
reported that decapitated Chara explants with growing
rhizoids showed substantial net IAA accumulation in
the presence of NPA (Klambt et al., 1992). The most
straightforward way to reconcile the results of these
two papers is to assign the NPA effect to the possibil-
ity that an active NPA-sensitive IAA efflux carrier is
localized in the rhizoids that are attached to the thallus
explants used in Klambt et al. (1992). However, these
authors observed that another NPA effect, namely the
inhibition of rhizoid growth, was abolished by the
coincidental application of IAA. Because this result
suggested that NPA had additional effects unrelated
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Table 3. A summary of flux experiments used to characterize transmembrane IAA fluxes and the potential for polar IAA transport in green
plants. IAA accumulation increase was calculated as the ratio of the difference in net IAA accumulated in inhibitor vs. control experiments
over the net IAA accumulated in control experiments times 100, as reported in the cited references.

Group Species Generation Structure Inhibitor IAA References

accumulation

increase (%)

Algae Fucus distichus sporophyte zygotes 5 × 10−5 M NPA 58 Basu et al. (pers. comm.)

Chorella vulgaris gametophyte unicells 3 × 10−6 M NPA 0 Dibb-Fuller and Morris (1992)

Charophytes Chara globularis gametophyte thallus segments 1 × 10−4 M NPA 67 Klambt et al. (1992)

with rhizoids

Chara vulgaris gametophyte thallus 1 × 10−5 M NPA 0 Dibb-Fuller and Morris (1992)

1 × 10−5 M TIBA 0 Dibb-Fuller and Morris (1992)

Mosses Funaria gametophyte protonemal 1 × 10−5 M NPA 32 Geier et al. (1990)

hygrometrica protoplasts 1 × 10−5 M TIBA 29 Geier et al. (1990)

protonemata 1 × 10−5 M TIBA 27 Rose et al. (1983)

rhizoids 1 × 10−5 M TIBA 96 Rose and Bopp (1983)

Angiosperms Zea mays sporophyte coleoptile 1 × 10−5 M NPA 140 Sussman and Goldsmith (1981)

segments 1 × 10−5 M TIBA 64 Sussman and Goldsmith (1981)

Cucurbita pepo sporophyte hypocotyl 1 × 10−5 M NPA 80 Hertel et al. (1983)

vesicles 1 × 10−5 M TIBA 84 Hertel et al. (1983)

to its ability to increase intracellular IAA levels, fur-
ther research is certainly needed to characterize IAA
transport in the charophytes.

Bryophytes

The charophytes are capable of producing large hap-
loid thalli, but zygotes represent the only diploid cells
in their life cycles. One major innovation that occurred
during bryophyte evolution is the origin of the embryo
with its subsequent elaboration into the macroscopic
sporophyte body. The bryophyte life cycle is thus
said to consist of alternating haploid gametophytic and
diploid sporophytic generations. Indeed, the embryo
is frequently cited as the quintessential morphologi-
cal adaptation of land plants, in large part because a
multicellular diploid generation is much better suited
to produce abundant meiospores for aerial dispersal in
terrestrial environments (Graham, 1993; Taylor and
Taylor, 1993; Kendrick and Crane, 1997; Niklas,
1997). Given this evolutionary history, it is important
in this review to distinguish between the nature of IAA
transport in gametophytes vs. sporophytes of different
bryophyte groups.

Almost all the published work on IAA transport
in bryophytes has focused on the gametophyte gen-
eration (Tables 3 and 4). In thallus midribs of the
liverwort Marchantia, the initial front of labeled IAA

moved at similar rates in the basipetal and acropetal
directions (Maravolo, 1976; Gaal et al., 1982). How-
ever, the polarity ratio of total transported IAA (i.e.,
basipetal transport over acropetal transport) exceeded
5.0. Basipetal transport was significantly inhibited
by a median ring of TIBA-containing lanolin ring
around the thallus explant (Maravolo, 1976), which
provided further evidence that liverwort gametophytes
can carry out typical polar IAA transport. This in-
terpretation is consistent with other observations that
anaerobic conditions and metabolic inhibitors could
suppress basipetal transport in liverwort thalli (Gaal
et al., 1982). No information concerning IAA trans-
port in liverwort rhizoids has been published in the
literature.

In protonemata of the moss Funaria grown under
low light, high levels of applied IAA appeared to sat-
urate IAA uptake, and TIBA mediated a 27% increase
in net IAA accumulation (Rose et al., 1983). These ob-
servations demonstrated that this stage of moss game-
tophyte development produces both influx and efflux
carriers associated with polar IAA transport. Identi-
cal conclusions were drawn from protoplasts isolated
from Funaria protonemata grown under similar light
conditions (Geier et al., 1990). By contrast, both char-
acteristics of saturable influx and inhibitor sensitivity
were not observed in high-light-grown protonemata,
which was attributed to the possibility that such pro-
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Table 4. A summary of agar-block experiments used to characterize polar IAA transport in green plants. Polarity (B/A) ratio was calculated as
the ratio of the basipetal transport over the acropetal transport rates reported in the cited reference. Transport inhibition was calculated as the ratio
of the difference in basipetal transport rates in control vs. inhibited structures over the basipetal rate in control structures times 100.

Group Species Generation Structure Polarity Inhibitor Transport References

(B/A) inhibition

ratio (%)

Liverworts Marchantia gametophyte thallus 5.3 10−3 M TIBA 62 Maravolo (1976); Gaal et al., 1982

polymorpha

Pellia epiphylla sporophyte seta 0.9–1.1 10−5 M NPA 0 Thomas (1980); Poli et al.

(unpub. obs.)

Hornworts Phaeoceros pearsoni sporophyte immature 0.9 10−5 M NPA 0 Poli et al. (unpub. obs.)

sporangium

Mosses Funaria hygrometrica gametophyte rhizoid 11.4 10−4 M TIBA 54 Rose and Bopp (1983)

Polytrichum ohioense sporophyte seta 9.1 10−5 M NPA 11 Poli et al. (unpub. obs.)

Pteridophytes Selaginella willenovi sporophyte stem 2.1 None applied – Wochok and Sussex (1973)

Osmunda cinnamomea sporophyte rachis 190.0 None applied – Steeves and Briggs (1960)

Regnellidium diphyllum sporophyte rachis 52.0 None applied – Walters and Osborne (1979)

Angiosperms Zea mays sporophyte coleoptile 609.3 10−5 M NPA 99 Poli et al. (unpub. obs.)

Cucurbita pepo sporophyte hypocotyl 20.0 10−5 M TIBA 68 Jacobs and Hertel (1978)

tonemata might have higher endogenous IAA levels.
In Funaria rhizoids, TIBA mediated a pronounced
96% increase in net IAA accumulation, which estab-
lished that the inhibitor-sensitive IAA efflux carrier is
also present in moss rhizoids (Rose and Bopp, 1983).
Due to the multicellular nature of moss rhizoids, these
authors were able to confirm that moss rhizoids carry
out polar IAA transport with a polarity ratio of 11.4.

Because polar IAA transport is an important mech-
anism for regulating developmental events in the
sporophytes of seed plants (for references, see Intro-
duction), our lab decided to examine IAA transport
in bryophyte sporophytes in the attempt to gain some
insights into the evolutionary origins of IAA trans-
port in land plant sporophytes (Poli et al., unpublished
observations). Bryophyte sporophytes are especially
intriguing because they undergo polarized growth to
form linear tripartite axes (Bold et al., 1987; Crum,
2001). Both liverwort and moss sporophytes develop
an apical capsule, a basal foot, and an intermediate
seta, although developmental processes responsible
for generating these sporophytes are strikingly dif-
ferent in the two groups. The hornwort sporophyte
consists of an elongated apical sporangium and a basal
foot with an intervening intercalary meristem that
divides to generate new sporangial cells throughout
sporophytic growth.

In liverworts, elongation rates of IAA-treated setae
were more than twice the rates observed in control

setae (Schnepf et al., 1979; Thomas, 1980). In addi-
tion, the anti-auxin PCIB caused marked reductions in
elongation rates of Pellia setae, which suggests very
strongly that seta elongation is principally regulated
by endogenous IAA under normal conditions. Never-
theless, agar-block studies involving long-term equili-
bration (Thomas, 1980) and repeated sampling (Poli
et al., unpublished observations) demonstrated that
IAA must diffuse through developing setae, because
these workers found no evidence for either transport
polarity or NPA sensitivity (Table 4). In the hornwort
Phaeoceros, short segments of immature sporangia
that were cut from just above their intercalary meris-
tems maintained a slight, non-significant, polarity
ratio favoring acropetal transport that was completely
resistant to NPA (Table 4). The only structures from
bryophyte sporophytes capable of measurable polar
IAA transport were young setae of the moss Poly-
trichum, which manifested a polarity ratio favoring
basipetal transport of 9.1 (Table 4). Surprisingly, polar
IAA transport in this moss was only slightly inhibited
by NPA, in marked contrast to its strong inhibition
of polar IAA transport in seed plants (Lomax et al.,
1995).

Vascular plants

Although there are numerous reports of polar IAA
transport in coleoptiles, stems, roots, and other organs
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of seed plants (for reviews, see Goldsmith, 1977; Lo-
max et al., 1995), we were able to locate just four
reports on IAA transport in pteridophytes (Table 4).
Stem segments from the lycophyte Selaginella car-
ried out both basipetal and acropetal transport, with
a polarity ratio approaching 2.1 (Wochok and Sussex,
1973). Albaum (1938) demonstrated that IAA could
move from the apex toward the base in the gameto-
phytes of the fern Pteris, but he did not measure the
potential for acropetal transport so that it is unknown
if IAA transport in this gametophyte was preferen-
tially basipetal. IAA transport was strongly polar in
the elongating rachis of the leaves from the ferns Os-
munda (Steeves and Briggs, 1960) and Regnellidium
(Walters and Osborne, 1979).

Summary

The known features of polar IAA transport in green
plants can be organized into an evolutionary frame-
work by placing the features listed in Tables 3 and
4 on a simplified land plant cladogram (Figure 2), as
was done for IAA metabolism in Figure 1. However,
for several reasons, Figure 2 should be considered
as being provisional. Only a few species represent
each lineage in Figure 2; in particular, it includes
the observations from two liverworts, one hornwort,
and two mosses for the entire bryophyte grade. Fur-
thermore, the limited work available on the Charales
means that the origins of transport characteristics must
be assigned rather uncertain positions at the base of
this cladogram. Keeping these provisions in mind, one
can still speculate about broad evolutionary patterns
in polar IAA transport, which can, in turn, serve as
testable hypotheses for future research. The molecular
potential for IAA transport, i.e., IAA influx and efflux
carriers, was apparently already present in the charo-
phyte lineage before the divergence of the Charales.
The capacity for polar auxin transport in the Charales,
at least as judged by the sensitivity to efflux-carrier in-
hibitors, is apparently restricted to the rhizoids. Thus,
there is no present evidence to support the notion that
polar IAA transport might be involved in the genera-
tion of the branched Chara thallus. By contrast, polar
IAA transport occurs in all structures of land plant
gametophytes tested to date so that it becomes plau-
sible to assert that polar transport may have helped
to regulate the development of the gametophytes of
the earliest land plants. By contrast, judging from the
extant bryophyte lineages, the primitive bryophytes
evolved various developmental mechanisms for pro-

ducing axial sporophytes. Only mosses can apparently
exploit polar IAA transport as the mechanism for regu-
lating the axial growth of their sporophytes. Although
it is appealing to hypothesize that this developmental
mechanism evolved in the common ancestor of the
moss and vascular plant lineages, the alternative ex-
planation of independent origins in both lineages can
not be eliminated by the limited observations available
in the literature.

Evolutionary patterns in IAA regulation of plant
development

The lower-plant literature contains numerous papers
on the developmental effects of IAA; synthetic auxin
analogues such as 2,4-dichlorophenoxyacetic acid
(2,4-D) and naphthaleneacetic acid (NAA), and so-
called anti-auxins such as p-chlorophenoxyisobutyric
acid (PCIB) and 2,4,6-trichlorophenoxyacetic acid
(2,4,6-T) dating back to the 1930s. This literature is
typically surveyed in occasional reviews devoted to
specific groups, as noted above. In addition, these
reviews tend to focus on the hormonal regulation
of developmental processes that are unique to that
specific group such as the chloronema-to-caulonema
transition and subsequent bud formation in mosses
(Bopp, 1980; Cove and Ashton, 1984; Bhatla et al.,
1996; Christianson, 1999). The present review will
instead describe the roles that IAA plays in several
developmental processes that occur throughout the
land plant lineage. These widespread IAA responses
are somewhat arbitrarily separated into IAA responses
involving tropisms, correlative interactions, and po-
sitional relationships. The following text is thus not
intended as an exhaustive review of all IAA responses
in non-seed plants, but instead cites selected papers
in order to provide a general overview of certain IAA
responses.

IAA responses involving tropisms

In the early land plants, novel physiological processes
are thought to have evolved as specific adaptations to
the localized distributions of essential resources and
to the non-buoyant atmosphere found in the terrestrial
environment. One topic of considerable interest to this
paper is the evolution of tropistic growth responses
that can serve to orient multicellular plant structures
relative to various environmental stimuli such as light
and gravity. Multicellular algae tend not to exhibit
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Figure 2. A provisional character map of the major evolutionary events in IAA transport in green plants. The characters derived from Tables
3 and 4 are placed on a simplified version of a land plant cladogram in order to illustrate the provisional positions of the major evolutionary
events in IAA transport. The character of polar IAA transport is recorded for those plants that exhibit polar transport in agar-block experiments
and/or significant sensitivity to polar transport inhibitors (PATI) in flux experiments. The data on PATI sensitivity is based on the responses to
at least one inhibitor. Not enough lower plant structures have been exposed to PATIs to discriminate between NPA and TIBA sensitivities at
this time. The letters R, T, and S refer to the first appearance of the bracketed traits in the gametophytic rhizoids, gametophytic thallus, and
sporophyte, respectively. For further discussion of this figure, see its description in the text.

tropistic responses but rather they employ buoyancy
mechanisms involving air bladders that cause the algae
to assume upright orientations in the water column to-
ward the light (Bold and Wynne, 1985). In filamentous
charophycean algae and in land plant protonemata, the
entire tropic response, including environmental per-
ception, signal transduction, and directional growth,
occurs within individual cells (Wada and Kadota,
1989; Sievers et al., 1996; Braun, 1997; Staves, 1997).
The evidence reported in those papers indicates that
these plants do not use IAA as the intracellular signal
for either phototropism or gravitropism.

However, in multicellular plant structures, IAA
was apparently recruited early in land plant evolution
to serve as the intercellular signal connecting apical
cells best positioned for environmental perception to
subapical cells most capable of undergoing rapid di-
rectional growth. For instance, several workers have
investigated the phototropic responses of Pellia setae
(for review, see Thomas, 1980). Ellis and Thomas
(1985) demonstrated that shaded sides of these setae
became more acidic prior to the onset of phototropic
curvature. This acid efflux and the subsequent curva-
ture were inhibited by both neutral buffers and IAA
antagonists. These observations are consistent with
the interpretation that seta phototropism is mediated
by lateral IAA transport resulting in enhanced proton

efflux and wall loosening on the shaded side. This
mechanism appears identical to the mechanism pro-
posed to operate in seed plants (Kaufman et al., 1995),
with the intriguing exception that the polar transport
inhibitor TIBA blocks seta phototropism in Pellia (El-
lis and Thomas, 1985) but has no apparent effect on
higher plant phototropism (Lomax et al., 1995). In the
stems of the lycophyte Selaginella (Bilderback, 1984),
directional light induced asymmetric IAA accumula-
tion resulting in marked phototropic curvatures. More-
over, the localized application of IAA on either side of
Selaginella stems mediated tropic curvature indepen-
dent of the light conditions. TIBA could also block
the phototropic responses of these stems. Thus, it can
reasonably be concluded that lateral IAA gradients act
as the common intercellular signaling mechanism for
phototropic responses throughout the land plant lin-
eage; however, the differential sensitivity to transport
inhibitors implies that the regulation of these gradients
may differ in non-seed vs. seed plants.

IAA responses involving correlative interactions

Among the charophytes, the Charales develop the
most complex bodies, which are composed of a shoot-
like main axis consisting of alternating single-celled
internodes and multicellular nodes bearing lateral sec-
ondary branches in a regular pattern. In many species,
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these secondary branches resemble miniaturized reit-
erations of the main axis. Thus, given regular mor-
phological patterns of charophyte thalli, it is not
unexpected that these algae do not tend to express cor-
relative interactions where one plant part affects the
growth of another part.

If one defines apical dominance as the ability of
IAA from a growing region to maintain the quiescence
of preexisting meristematic regions and/or to inhibit
the formation of new meristematic regions, then it fol-
lows that this IAA response must also have arisen early
in the evolution of land plants. For example, consider-
able evidence suggests that IAA regulates apical dom-
inance and/or equivalent phenomena in liverworts.
Exogenous IAA was observed to suppress the growth
of isolated vegetative propagules known as gemmae
in several species of liverworts, which led to the hy-
pothesis that IAA transported from the parent thallus
blocks the germination of gemmae still attached to
that thallus (LaRue and Narayanaswami, 1957; Mar-
avolo and Voth, 1966; Stange, 1971). Davidonis and
Munroe (1972) presented surgical evidence that IAA
transported from the larger branch of Marchantia thalli
inhibited the growth of adjacent smaller branches.
Several instances of genuine apical dominance were
reported for the leafy gametophores of mosses. For
example, in Splachnum, decapitating gametophore
apices resulted in vigorous growth of reactivated lat-
eral buds (MacQuarrie and von Maltzahn, 1959). The
application of IAA to the cut apex suppressed bud ac-
tivation, whereas kinetin overcame the IAA inhibition
of bud activation (von Maltzahn, 1959), in a manner
very similar to the hormonal regulation of apical dom-
inance observed in seed plants (Tamas, 1995). When
lanolin rings containing the polar transport inhibitor
TIBA were placed around intact Plagiomnium game-
tophores, bud activation occurred below the rings,
as might be expected from reduced IAA transport to
those buds (Nyman and Cutter, 1981). However, the
simultaneous application of IAA and a cytokinin was
required to suppress all microscopic indications of bud
activation in this moss. Applied IAA was also seen to
block the development of quiescent lateral buds below
decapitated shoots in several ferns (Wardlaw, 1946),
but its effects were less pronounced in another fern,
Davallia (Croxdale, 1976). Using ELISA techniques,
Pilate et al. (1989) attempted to quantify the levels
of IAA and several cytokinins in growing, quiescent,
and activated buds of the fern Marsilea. In general,
growing buds exhibited much higher hormone levels
than quiescent buds. Interestingly, the relative ability

of lateral buds to become activated upon apical bud
removal was directly correlated with the measured lev-
els of inactive cytokinin precursors in those buds. It
was hypothesized that these precursors are metabo-
lized into active molecules as an initial step in bud
activation (Pilate et al., 1989).

In conclusion, because IAA and cytokinins act as
the primary regulators of apical dominance in seed
plants (Tames, 1995), the evidence from bryophytes
and pteridophytes suggests that this hormonal regu-
lation of apical dominance is widespread in the land
plant lineage.

IAA responses involving positional relationships

Each division of land plants can be said to exhibit a
characteristic body plan based on such organizational
features as axial polarity, embryo structure, meristem-
atic activity, vascular tissue organization, positional
relationships among vegetative organs, and positional
relationships of reproductive organs on vegetative or-
gans (Bold et al., 1987; Gifford and Foster, 1989).
The evidence cited in the Introduction demonstrates
that IAA acts as an important regulator of the body
plans of seed plants. The limited research available
on non-seed plants hints that IAA may also help to
regulate the body plans of these plants, at least with
respect to the positions of absorptive structures and the
differentiation of vascular tissue.

Insofar as IAA mediates increased rhizoid for-
mation on cut sections of Chara thalli (Sievers and
Schröter, 1971), it appears that this particular IAA re-
sponse evolved prior to the evolution of land plants. It
should therefore be expected that IAA was frequently
observed to control the amount and sites of rhizoid
initiation in the gametophytes of liverworts (e.g., Kaul
et al., 1962; Maravolo and Voth, 1966; Stange, 1977;
Kumra and Chopra, 1987), mosses (e.g., Nyman and
Cutter, 1981; Chopra and Vashistha, 1990), and pteri-
dophytes (e.g., Haupt, 1957; Kato, 1957; Hickok and
Kiriluk, 1984).

The more interesting question is whether or not
the IAA response system responsible for rhizoid in-
duction in land plant gametophytes was co-opted in
early vascular plant evolution to regulate root initia-
tion. The evidence available from extant pteridophytes
is consistent with the hypothesis that endogenous IAA
exercises primary control over lateral root initiation in
these plants, much like its effects in seed plants. In
ferns, IAA mediated the formation of both lateral roots
on excised Pteridium roots (Partanen and Partanen,
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1963) and adventitious roots on Matteuccia rhizomes
(Ma and Steeves, 1992). In Selaginella, leafless cylin-
drical axes called rhizophores emerge at the sites of
shoot branching. Although a discussion of the mor-
phological nature of the rhizophore extends far beyond
the scope of this review (see Lu and Jernstedt, 1996),
the formation of Selaginella roots via either direct
rhizophore transformation or endogenous root initia-
tion was greatly enhanced by the application of IAA
and the IAA analogue indole-3-butyric acid (Williams,
1937; Webster, 1969; Wochok and Sussex, 1975).
Furthermore, TIBA induced all lateral meristems to
develop as shoots (Wochok and Sussex, 1975). It is ex-
pected that recent advances in the molecular regulation
of lateral root formation in Arabidopsis (e.g., Casimiro
et al., 2001) may soon provide the opportunity to ad-
dress the issue of whether the IAA response genes for
root formation were co-opted from the preexisting sys-
tem for regulating rhizoid formation or from another
IAA response system.

Given that IAA is the primary hormone for regu-
lating vascular tissue development in seed plants (for
references, see Introduction), it is surprising that this
topic has rarely been investigated in non-seed vas-
cular plants, namely the pteridophytes. For instance,
Steeves and Briggs (1960) did observe that IAA, when
applied in place of excised pinnae, was sufficient to
mediate the final stage of xylem maturation in Os-
munda leaves. Moreover, the limited research avail-
able suggests that IAA may also help to regulate the
patterning of vascular bundles in pteridophytes, with
some intriguing features that require further investi-
gation. Ma and Steeves (1992) studied IAA effects
on the primary vascular tissues in Matteuccia stems,
which are typically arranged as a dictyostele com-
posed of isolated vascular bundles. Suppressing leaf
primordia on these apices resulted in the formation of
additional vascular tissue so that the vascular tissue
was organized as a complete ring or siphonostele in the
underlying stem (Ma and Steeves, 1992). The applica-
tion of IAA-soaked beads to suppressed apices caused
the stele to exhibit parenchymatous leaf gaps similar
to those formed in the dictyosteles of untreated plants.
Thus, while IAA acted to reduce the total amount of
vascular differentiation in the suppressed apices of this
fern, these experiments could also be interpreted to
suggest that IAA was involved in the positioning of
the remaining vascular bundles, in a manner reminis-
cent of its ability to position primary vascular tissues
in seed plants (Sachs, 1991; Berleth et al., 2000).
Nothing is known about the hormonal regulation of the

simple vascular tissues observed in certain bryophytes
(Hébant, 1977; Ligrone et al., 2000).

Discussion

IAA is an ancient signaling molecule

The presence of IAA responses in both the charophyte
Chara and the brown alga Fucus suggests that IAA
is an ancient signaling molecule in photosynthetic
aquatic organisms. One can imagine that a prototyp-
ical IAA effect might be similar to the group effect
of Fucus rhizoids where IAA appears to act as the
pheromone that coordinates the mutual attraction of
the rhizoids emerging from adjacent zygotes (Jaffe,
1968). IAA does indeed exhibit several features that
could conceivably make it predisposed to serve as
a pheromone for communicating among small mul-
ticellular aquatic organisms. IAA is a small organic
molecule with a pKa of 4.7, which means that it has the
potential for rapid diffusion in aquatic environments
and across cell membranes. Its deprotonated form
is soluble at low concentrations in aquatic environ-
ments with typical pH values. It becomes protonated
in acidic cell walls and, thus, it can readily diffuse
across adjacent cell membranes. Due to its structural
similarity to tryptophan, IAA has some inherent affin-
ity for pre-existing amino acid transporters. It seems
quite reasonable to hypothesize that natural selection
might have therefore favored the evolution of gener-
alized amino-acid transporters into more specific IAA
transporters. Indeed, the IAA influx carrier AUX1 in
Arabidopsis has apparently evolved from an amino
acid permease (Bennett et al., 1996). Finally, IAA
can easily be synthesized as a product of amino acid
degradation. (Clearly, once IAA was adopted as a sig-
naling molecule, it became advantageous to control
its biosynthesis in a more regulated manner, which
might have provided the selection pressure favoring
the evolution of the tryptophan-independent pathway
for synthesizing IAA.)

It is thus plausible to speculate that IAA had origi-
nally evolved in photosynthetic aquatic organisms to
serve as a pheromone for regulating the growth of
nearby members of the same species. What is unex-
pected, or perhaps even shocking, is that the rhizoids
of Chara and Fucus exhibit similar IAA regulation and
inhibitor sensitivities. Such similarity can be attributed
to either a common origin or convergent evolution.
In the case of a common origin, it must be appre-
ciated that the viridiplantae and heterokont lineages,
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which ultimately gave rise to charophytes and brown
algae, respectively, separated as unicellular flagellates
in deep evolutionary time (Baldauf et al., 2000), as
described in the Introduction. It seems unlikely that
the molecular architecture for an IAA response system
for rhizoid regulation would have been functioning
in ancestral unicellular flagellates prior to the evolu-
tionary divergence of the viridiplantae and heterokont
lineages over a billion years ago. Given the closer phy-
logenetic relationship between the viridiplants and the
red algae (Baldauf et al., 2000), another remote possi-
bility is that the IAA response system was transferred
from the red algal lineage into the heterokont lineage
during the secondary endosymbiosis that created the
brown algal lineage (Delwiche, 1999; Grzebyk et al.,
pers. comm.). In the case of convergent evolution, it
is possible to construct a plausible argument that the
chemical properties of IAA mentioned above favored
its independent co-optation as a signaling molecule in
different lineages. Molecular characterization of the
IAA response systems in the brown, red (if present),
and green algae will be necessary to distinguish among
the alternative explanations of common origin via
direct transmission, common origin via secondary
endosymbiosis, and convergent evolution.

IAA as an ancient regulator of green plant
development

It must first be acknowledged that we have a rather
sketchy picture of IAA regulation of developmental
processes in several basal groups in the land plant lin-
eage. In particular, the only developmental research
published on the charophytes studied the ability of
IAA to promote rhizoid initiation in Chara; moreover,
no research has been done on IAA regulation of horn-
wort development. Nevertheless, what emerge from
the present survey are several surprising perspectives
about the evolutionary patterns in auxin action in green
plants. One, the entire land plant lineage (from charo-
phytes to angiosperms) exhibits the same fundamental
metabolic and transport mechanisms for regulating
intracellular IAA levels, with the only significant dif-
ferences being the increasing regulatory sophistication
in IAA metabolism (e.g., conjugation reactions) and
IAA transport (e.g., inhibitor sensitivity) observed
in certain bryophytes and all vascular plants. Two,
several IAA responses, such as tropisms and api-
cal dominance, are seen to play critical roles in the
development of bryophytes, pteridophytes, and seed
plants. The evidence gathered from the bryophytes

suggests that their tropistic responses involve an asym-
metric IAA distribution across the stimulated organs
and that their apical dominance results from IAA se-
cretion from the apical meristem. Thus, it appears
that both these responses depend on the same regu-
latory mechanisms in all land plants. Moreover, IAA
appears to mediate root initiation and vascular tis-
sue differentiation in the pteridophytes via regulatory
mechanisms that are reminiscent of those operating in
the seed plants. In summary, it is quite plausible that
the seed plants did not evolve de novo mechanisms
for mediating IAA responses, but have rather modified
pre-existing mechanisms already present in the early
land plants.

Future prospects for studying the molecular evolution
of IAA action

But an important question remains: how does one rec-
oncile the fundamental commonality of IAA action
observed throughout the charophyte and land plant
lineage with the increasing morphological complex-
ity expressed in this lineage? The tentative answer to
that question comes from the new field of evolutionary
developmental genetics (Raff, 1996). Its insights into
how genetic changes in developmental mechanisms
seem to underlie the evolution of animal body plans
are truly amazing, at least to most plant biologists
gazing in awe over the kingdom boundary.

In essence, the primary working hypothesis in evo-
lutionary developmental genetics is that certain genes
responsible for regulating developmental processes in
simple organisms experienced repeated duplication
and altered transcriptional regulation, with the result
that these genes were able to specify more complex
body plans. Of course, the paradigmatic example for
the genetic regulation of animal body plans involves
a conserved group of homeobox (Hox) genes known
as the Hox clusters that encode transcription factors
involved in diverse developmental processes (Erwin
et al., 1997; Valentine et al., 1999; Knoll and Carroll,
1999; Peterson and Davidson, 2000). It is proposed
that a single ‘primordial’ Hox gene present in ancient
sponges underwent a series of duplication events that
resulted in two Hox clusters arising in the basal bi-
lateral animal group in the early Cambrian period.
During the Cambrian radiation, rapid diversification
and altered regulation of these genes is thought to have
greatly contributed to the evolution of the different
body plans of bilateral animals.
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In plants, initial work on the molecular evolution
of developmental control genes is beginning to yield
similar interpretations. For instance, the diversity of
the MADS-box gene family encoding another group
of eukaryotic transcription factors appears to correlate
with morphological complexity during plant evolution
(Theissen et al., 2000). Two MADS-box genes have
been isolated from the moss Physcomitrella (Krogan
and Ashton, 2000) in contrast to 15 genes from the
fern Ceratopteris and to even larger numbers from
several angiosperm species (Theissen et al., 2000) .
The ability of Physcomitrella to perform homologous
recombination should allow these investigators to de-
termine the precise roles of the MADS-box genes in
the mosses (Theissen et al., 2001). Of particular im-
portance to angiosperm development are the MADS-
box gene subfamilies that act as homeotic selector
genes for controlling floral organ identity. On the other
hand, although certain other MADS-box genes are
seen to regulate various developmental processes in
angiosperms, it is not clear at present whether they
are involved in the fundamental organization of the an-
giosperm body plan. Finally, the correlation between
gene family size and morphological complexity is also
manifested by the actin gene family that encodes one
of the major cytoskeletal proteins in plants (Bhat-
tacharya et al., 2000). These authors do, however,
note that the actin gene family may be more useful
for investigating the mechanisms of gene duplication
in green plants as opposed to for elucidating the rela-
tionship between gene duplication and morphological
complexity.

Aside from the research on the MADS-box genes
acting in floral development, current work on the evo-
lutionary significance of plant MADS-box genes is
largely focused on the effort to assign developmental
functions to these putative regulatory genes. Plant bi-
ologists interested in the molecular evolution of IAA
action face the opposite problem: we know that IAA
responses are critical to the overall organization of
the body plans of different land plants, but we must
now start to characterize the gene families responsi-
ble for regulating those responses throughout the plant
lineage. Given the increasing complexity observed
in the gene families described above, it seems quite
conceivable that gene families involved in IAA ac-
tion may also be composed of one or a few genes in
charophytes, with a progressive increase in the num-
ber of homologous genes from the early-divergent
bryophytes to the late-divergent angiosperms. Just to
cite one of many possible examples of IAA regulatory

genes, the Arabidopsis genome contains 16 sequences
that share considerable similarity to the AtPIN1 gene
encoding the auxin efflux carrier. Although some of
these sequences are certainly pseudogenes, a substan-
tial number must be expressed as functional genes
because they exhibit mutant phenotypes (Palme and
Galweiler, 1999; Galweiler and Palme, this issue).
Since there is no evidence to suggest that the charo-
phytes use auxin gradients to establish their body
plans, one might expect that the auxin efflux carrier
reported to function in Chara thalli (Dibb-Fuller and
Morris, 1992) is encoded only by a single PIN homo-
logue. It follows from this prediction that the number
of PIN gene family members should correlate with
increasing IAA transport capability and morphologi-
cal complexity observed in land plant lineages from
charophytes to angiosperms. Similar arguments can be
constructed for most other gene families involved in
IAA regulation. As a final consideration, we anticipate
that the characterization of the molecular evolution of
IAA action will also provide considerable insight into
the rapid diversification of early land plants during the
late Silurian through middle Devonian periods, as is
discussed elsewhere (Cooke et al., 2001).
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