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Plants as well as microorganisms, including bacteria and
fungi, produce indole-3-acetic acid (IAA). IAA is the most
common plant hormone of the auxin class and it regulates
various aspects of plant growth and development. Thus,
research is underway globally to exploit the potential for
developing IAA-producing fungi for promoting plant growth
and protection for sustainable agriculture. Phylogenetic
evidence suggests that IAA  biosynthesis evolved
independently in bacteria, microalgae, fungi, and plants.
Present studies show that IAA regulates the physiological
response and gene expression in these microorganisms. The
convergent evolution of IAA production leads to the
hypothesis that natural selection might have favored IAA as a
widespread physiological code in these microorganisms and
their interactions. We summarize recent studies of IAA
biosynthetic pathways and discuss the role of IAA in fungal
ecology.

Introduction

Auxins were the first plant hormones discovered. In 1880,
Charles Darwin and his son Francis Darwin reported that some
plant growth responses are regulated by “a matter which trans-
mits its effects from one part of the plant to another.”" In the
1930s, the term “auxin” was coined by biochemists.” This term
is derived from the Greek word “auxein,” which means “to
increase” or “to grow.” Indole-3-acetic acid (IAA) is the most
common plant hormone of the auxin class and it regulates vari-
ous aspects of plant growth and development.” Thus, the terms
“auxin” and “IAA” are occasionally used interchangeably. Despite
the importance of TAA in plant development, knowledge of the
evolution of IAA biosynthesis and the process by which natural
selection shapes the biosynthetic pathways remains limited.

Plants and microorganisms, including bacteria and fungi, are
able to produce IAA.**'° The role of microbial IAA in plant —
microbe interactions has recently received increasing attention.’
The well-documented interaction is that between plants and phy-
topathogenic bacteria, which can inhibit plant development by
disturbing the auxin balance in plants and cause tumors and
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galls.lo’11 In addition, several studies have shown that TAA is a
signaling molecule in microorganisms because it affects gene
expression in several microorgalnisms.lz’13 IAA can have a major
impact on interactions between IAA-producing organisms. The
auxin acts as an effector molecule between IAA-producing bacte-
ria and plants, and bacteria — bacteria interactions have been dis-
cussed in several reviews.>®'*!> However, IAA biosynthetic
pathways and the role of IAA in fungal ecology have not been
widely investigated.*'®'” In this review, we address the afore-
mentioned issues.

IAA biosynthetic pathways

IAA biosynthetic pathways in different organisms

IAA biosynthetic pathways in bacteria and plants are highly
similar, although some intermediates are different. Both trypto-
phan (Trp)-dependent and Trp-independent IAA biosynthetic
pathways coexist in plants'®'® and microbes.* However, the
majority of previous studies on IAA biosynthesis evaluated Trp-
dependent pathways, whereas few studies have evaluated Trp-
independent pathways. The intermediate stages, and genes
involved in Trp-independent pathways remain undefined. Con-
sequently, information on the biochemical processes involved in
Trp-independent TAA production in plants is limited.”**" In
plants, 4 Trp-dependent pathways have been proposed: indole-3-
acetamide (IAM), indole-3-pyruvic acid (IPA), tryptamine
(TRA), and indole-3-acetaldoxime pathwalys.18 Although differ-
ent plant species might use specific strategies or modifications to
optimize synthetic pathways, plants would be expected to share
evolutionarily conserved core mechanisms for IAA biosynthesis.

IPA, IAM, and indole-3acetonitrile (IAN) pathways have been
considered the major TAA biosynthetic pathways in bacteria.**
Zakharova et al.>® showed that several bacterial TAA biosynthetic
pathways might exist in Azospirillum brasilense, a nitrogen-fixing
bacterium found in the rhizosphere of various grass species. [AA
can be synthesized from Trp through IAM, IPA, and IAN path-
ways in A. brasilense.> However, feeding experiments with
labeled precursors have indicated that Trp-independent IAA pro-
duction in A. brasilense is derived from the intermediates of Trp
pathways.** However, no specific enzymes or genes of this path-
way have yet been identified, and only a few studies on the IAA
biosynthetic pathway in fungi have been conducted.®'®** Feed-
ing experiments and 7z vitro assays have confirmed the presence
of IAM and IPA pathways in the mycoherbicide Colletotrichum

gloeosporioides £. sp. aeschynomene. In addition, these experiments
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and assays showed that the IAM pathway was the major pathway
used by the fungus to produce IAA in culture.** Gas chromatog-
raphy analysis of the Fusarium delphinoides strain GPK culture
filtrates has shown the presence of metabolic intermediates of
IPA, IAM, and TRA pathways.*’

In our recent study,® all of the isolated yeasts produced IAA
in yeast extract—peptone—dextrose (YPD) broth supplemented
with 0.1% L-Trp. Limtong and Koowadjanakul® collected yeasts
from the phyllosphere of various plant species in Thailand and
observed that approximately 37.7% of the investigated yeast
strains produced TAA. Xin et al.”” isolated 3 endophytic yeasts
from Populus trees, which all produced IAA when incubated with
Trp. These studies suggest that IAA production is common in
several types of yeast. Trp has been considered a major IAA pre-
cursor. However, Trp may not always be available or in a suffi-
cient quantity for yeasts to synthesize IAA. Studies have
suggested that a Trp-independent pathway for IAA synthesis
exists in many yeast species.17 To confirm the presence of a Trp-
independent pathway in yeasts, we analyzed IAA production in
yeast cultures without Trp.*® We observed that 11 of 12 tested
yeast isolates produced IAA in the absence of exogenous Trp.
Five isolates produced high levels of IAA, and 5 isolates produced
low levels of TAA. Two isolates produced similar levels of IAA in
the presence and absence of Trp.

Environmental factors modulating IAA production

Numerous environmental factors, including pH value and
temperature, can influence IAA biosynthesis.* Strzelczyk et al.*®
reported that mycorrhizal fungi prefer auxin biosynthesis at pH
6.0-9.0. Similar trends have been observed in the white rot fun-
gus Pleurotus ostreatus”’ and Nectria ptero:permi,3o a pathogenic
fungus of the canker of maple-leaved Prerospermum. In addition,
our previous study supports that IAA production is influenced by
the pH value of the medium.?® We observed that 6 of 12 tested
yeast isolates produced low levels of IAA, 5 isolates produced
similar levels of IAA, and one isolate produced high levels of IAA
in an acidic environment than in a nearly neutral environment.
All of the isolates could not produce IAA in an alkaline environ-
ment (pH 9). Because the pH value of the environments directly
influences the cell growth, we suggest that IAA release under 77
vitro conditions is the major cause of pH decrease, or IAA accu-
mulation is directly proportional to pH decrease. Vitamins and
amino acids may also play a major role in IAA production by
microorganisms. Zakharova et al.®! investigated the effects of 6
water-soluble vitamins on Trp-dependent IAA synthesis in A.
brasilense. They found that low levels of water-soluble vitamins
affected the bacterial IAA production and suggested that vitamins
might serve as regulators of IAA synthesis. In addition, carbon
and nitrogen sources have been proven as essential factors influ-
encing bacterial and fungal IAA production.3 235 In our investi-
gation of IAA production by yeast isolates at different
temperatures, the optimal temperature for [AA production in the
majority of the isolates was 28°C, instead of 37°C and 16°C. In
addition, in earlier studies, fungal IAA production was maximal
at 28°C.>**” However, in our study, of the 12 tested yeast iso-
lates, 3 and 2 isolates produced higher levels of IAA at 37°C and
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16°C, respectively, than that at 28°C. These studies proved that
bacteria and yeasts could be excellent models for studying the
physiological and biochemical mechanisms of IAA production.
More studies may further provide opportunities in environmen-
tally sustainable approach to increase crop production.

IAA in fungal — fungal interactions

To elucidate the role of IAA produced by yeast, we evaluated
the effects of exogenous IAA on yeast growth.?® The tested yeast
strains were collected from leaf samples of the carnivorous plant
Drosera indica L. We found that the growth of Ustilago esculenta
was not influenced by any tested IAA concentration and that a
high TAA concentration (5,000 wM) significantly inhibited the
growth of 11 of 12 plant-associated yeasts. In the phylum Asco-
mycota, low concentrations of exogenous IAA (312.5-625 wM)
promoted or did not influence yeast growth. However, high con-
centrations of IAA (1,250-5,000 wM) substantially reduced
yeast growth. The phylum Basidiomycota, different species, and
even different strains of the same species, demonstrated different
growth patterns in response to IAA treatment. For example, in
Cryptococcus flavus, 312.5 pM TAA promoted growth of one
strain but exerted no effects on the remaining 4 strains. IAA con-
centrations of 625-1250 wM did not affect the growth of Cry.
Sflavus. However, 2500 pM IAA reduced the growth of all but
one of the Cry. flavus strains. Similarly, previous studies have
reported that IAA inhibits the growth of plant-associated
fungi.'*** Kulkarni et al.”> showed that TAA influenced the
growth of the plant pathogen F. delphinoides. Exogenous IAA at
low concentrations increased the growth of F. delphinoides,
whereas at high concentrations, it reduced the growth of F. del-
phinoides. Thus, IAA can exert stimulatory and inhibitory effects
on fungi. Different fungi have optimal IAA levels for growth and
such effects are strain-dependent. This finding indicates that [AA
is a major factor that determines the competition between fungal
species that occupy the same niche.

Because of their role in quorum sensing, some small molecules
in microorganisms have been investigated.”®*’ Quorum sensing
is a stimulus-response system that coordinates gene expression
according to the density of the local population of microorgan-
isms. IAA is different from previously described signaling factors
because its effects appear to cross species barriers. Prusty et al.'”
reported that IAA promoted the growth of filamentous forms of
Saccharomyces cerevisiae and promoted the invasion of the yeast,
which supports the role of IAA as a signaling molecule regulating
yeast growth. In their radioactivity studies of *H-IAA, they
proved that TAA is taken up by cells and there exists a transport
system for IAA uptake. Compared with wild types, deletion of
the yeast AVT family members, which share homology with the
IAA transporter in Arabidopsis, prevents the cells from forming
filaments in response to IAA. The authors also showed that
FLO11 (flocculation protein) encodes a GPI-anchored cell sur-
face glycoprotein and is activated by elevated IAA levels, suggest-
ing that IAA-induced FLOII activation might be essential for
wild yeast cells to infect wound sites in plants. Similar to S. cerevi-
stae, most pathogenic fungi are dimorphic and transition from
the yeast form to a filamentous form. Rao et al.'” observed that
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Figure 1. IAA accumulates in the media in a cell density-dependent
manner. Different strains of brewer’s yeast (Saccharomyces cerevisiae)
were grown in yeast extract-peptone-dextrose (YPD) broth supple-
mented with 0.1% L-tryptophan, and the cell density was measured at
ODs00-

IAA also induced hyphal growth in the human pathogen Candida
albicans. In C. albicans, cell density controls dimorphism, and a
morphological switch has been proposed as a virulence factor
contributing to macrophage evasion, tissue invasion, and biofilm
formation.*>*! In our preliminary results, we demonstrated cell-
density dependent IAA accumulation in S. cerevisize in media
(Fig. 1). This phenomenon is essential because it enables the
yeast to count the members in the vicinal community. Thus, [AA
may function as a quorum-sensing signal regulating virulence
trait, such as hyphal transition, in pathogenic fungi. However,
compared with the TAA biosynthetic pathway of plants>'® and
bacteria,” that of fungi has not been widely investigated.42 Addi-
tional studies are required to identify and quantify the pathway
intermediates, and we should verify the role of IAA in quorum
sensing.

IAA in fungal — plant interactions

Physiological functions of ITAA in plants

IAA is the main auxin in plants, regulating growth and devel-
opmental processes such as cell division and elongation, tissue
differentiation, apical dominance, and responses to light, gravity,
and pathogens.”*> Roots are most sensitive to fluctuations in
IAA level. Primary and lateral root initiation is different for dif-
ferent tissues (embryonic suspensor versus pericycle, respectively).
TAA is required for both primary and lateral root initiation.*>*®
IAA stimulates dose-dependent increase in the length of epider-
mal-derived root hairs, formation of lateral roots, and develop-
ment of adventitious roots.*” The bimodal effect of IAA level on
the primary root length has been observed.”” The shoot apical
meristem generates all the aboveground organs of the plant,
including leaves and flowers. Apical dominance is the control
exerted by a shoot apex over the outgrowth of lateral buds.*® The
level, signaling, and/or flow of IAA in stems and buds are
involved in apical dominance.” The apical bud produces TAA
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that inhibits the growth of the lateral buds further down the stem
toward the axillary buds. In addition, IAA plays a major role in
leaf morphogenesis and vasculature network development.*” Fur-
thermore, IAA is involved in plant — pathogen interactions such
as pathogenesis and defense mechanisms.** The roles of fungal-
produced IAA in different plant — fungus interaction systems sug-
gests that fungi may use IAA and related compounds to interact
with plants for pathogenesis or symbiotic strategies, leading to
plant growth promotion and basal plant defense mechanism
modification.

Effects of fungal-produced IAA on roor growth and development

The interactions of plants and their rhizosphere-associated
microorganisms, such as fungi, have been an area of great interest
because knowledge of these processes may lead to environmen-
tally friendly agricultural practices (Fig. 2). Roots produce vari-
ous organic compounds including sugars, organic acids, and
vitamins.”® These are subsequently used as nutrients or signals by
fungal populations. By contrast, fungi release siderophores, vola-
tile compounds, and phytohormones, which may act directly or
indirectly to enhance the plant growth by increasing nutrient
availability to their host.”' Fungal-produced TAA can induce lat-
eral root formation and root hair development.”® The promotion
of root growth and development causes enhanced nutrient
absorption by the associated plants. Consecutively, the shoot
and/or fruit biomass production increases.’>

For example, the yeast isolate C. tropicalis SSm-39 was able to
produce TAA.”” The inoculation of maize plants (Zea mays) with
SSm-39 reduced the dose of chemical fertilizer application as
well as increased the growth and yield performance of maize.
Compared with uninoculated controls, inoculated plants showed
improved grain quality by 85%, as indicated by the improved
carbohydrate and protein content. Thus, fungal-produced IAA
may have a role in promoting the growth and yield of maize. C.
tropicalis HY (CtHY), a soil yeast, stimulated rice seedling
growth.”® Laboratory culture experiments showed that CtHY
produces small quantities of IAA. CtHY application on germi-
nated rice seedlings caused superior root growth and increased
dry weight of inoculated roots by 16%-35% compared with
uninoculated controls. Williopsis saturnus, an endophytic yeast,
in maize roots could produce TAA.>> The introduction of W, saz-
urnus to maize seedlings enhanced the growth of maize plants as
indicated by increases in the dry weights and lengths of roots and
shoots.”> We previously showed that U. esculenta (strain
JYC070) exhibited high IAA production, whereas Hannaella cop-
rosmaensis (strain YL-10) produced relatively low IAA in all con-
ditions.”® Arabidopsis seedlings cocultivated with U. esculenta
caused significant 10-fold increase in the lateral root number
compared with those cocultivated with H. coprosmaensis. Tricho-
derma species belong to a class of free-living fungi beneficial to
plants and are common in soil and root ecosystems.’>> Cocul-
ture of Arabidopsis seedlings with Trichoderma virens or T. atro-
viride showed characteristic auxin-induced phenotypes, including
enhanced lateral root development. Although fungal-produced
IAA may exert pronounced effects on root growth and develop-
ment, the abilities of fungi to enhance nutrient uptake through
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Control

Arabidopsis thaliana

Ustilago esculenta

Our recent data of plant — yeast interac-
tions showed that yeast-produced IAA
had various effects on the roots of Arabi-
dopsis than on the roots of Nicotiana
benthamiana plants (Fig. 2). Compared
with the controls, cocultivation with U.
esculenta stimulated lateral root forma-
tion but inhibited primer root elonga-
in  Arabidopsis.
compared with the controls, cocultiva-
tion with the same yeast stimulated lat-
eral root formation as well as promoted
primer root elongation in N. benthami-
ana (Fig. 2). These results suggest that
the inoculation effects of IAA-produc-
ing fungi in plants may depend on plant
species. Future perspectives on the
measurements of 7z situ fungal TAA pro-

tion By contrast,

duction and determination of hormonal
signaling activity in root cells would
provide a clearer understanding of
molecular mechanisms underlying plant
— fungus interactions. Therefore, these
[AA-producing fungi can be efficiently
used for plant growth improvement as
an alternative to chemical fertilizers.

Fungal-produced IAA signaling in
plant defense responses

Fungal-produced IAA can promote
plant growth and development through
direct physiological or biochemical
mechanisms as mentioned. In addition,
fungal-produced IAA can beneficially
affect plants indirectly by strengthening
plant immune responses to suppress

phytopathogenic strains and disease
development.””? Biological control of

Figure 2. Effects of IAA produced by the yeast Ustilago esculenta on root growth and development in
Nicotiana benthamiana (upper panel) and Arabidopsis thaliana (lower panel). IAA produced by U. escu-
lenta increased the lateral root number and enhanced primary root elongation in N. benthamiana.
Coculture of A. thaliana plants with U. esculenta increased the lateral root number but inhibited pri-
mary root elongation. N. benthamiana and A. thaliana seedlings (9-d-old) were grown on petri dishes
containing agar-solidified 0.25x Murashige & Skoog (MS) medium. The seedlings were inoculated with
U. esculenta at the opposite ends of agar plates after germination and grown for an additional 20 d.

plant diseases by microorganisms has
been studied for many years. Fungi can
secrete  plant growth-promoting sub-
stances such as IAA, which, in turn,
induce systemic resistance mechanism
in plants to prevent pathogen attack.>®

phosphate solubilization, nitrogen fixation, and siderophore pro-
duction may function together to promote plant growth. Thus,
genetic approaches for modifying the fungal IAA biosynthetic
pathway are required to achieve a clearer understanding and
manipulate the action of fungal-produced IAA on root growth
and development.

However, fungal-produced IAA does not necessarily exert posi-
tive effects on root growth and development. The effective level of
IAA may be in a narrow range. The outcome of the plant — fungus
interaction is also highly dependent on plant and fungal species.
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Studies have indicated that fungal-pro-
duced IAA can reprogram plant gene
expression and antioxidant homeostasis during the alleviation of
pathogen infection. For example, IAA-producing Penicillium sp.
NICSO01 promoted sesame plant (Sesamum indicum) growth and
suppressed Fusarium sp.-induced oxidative stress.”®
In tomatoes, bacterial wilt disease caused by Ralstonia solana-
cearum is a destructive soil-borne disease in humid tropical and
subtropical areas. A significant disease reduction against R. sola-
nacearum was observed when tomato plants were pretreated
with TAA-producing Trichoderma.”® Furthermore, the induction
of defense-related enzymes and genes was observed in tomato
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plants pretreated with 77ichoderma or inoculated with the path-
ogen. IAA-producing Trichoderma stimulated the susceptible
tomato cultivar to synthesize phenylalanine ammonia lyase, per-
oxidase, and B-1,3-glucanase, which contributed to defense
resistance against the disease.”” Strepromyces strains were selected
with the ability to prolifically produce IAA and siderophores.
These strains significantly promoted tomato plant growth and
antagonized the growth of Alternaria alternata, a causative agent
of early blight.”” The induction of plant defense responses by
IAA-producing fungi depends on host — pathogen as well as
host — fungi specificities. Therefore, future studies on their
interactions and molecular basis would help to gain more
insight into the actions of fungal-producing IAA in plant
defense mechanisms. Exogenous treatment with IAA-producing
fungi is an environmentally friendly technology for preventing
pathogen-induced diseases.

Roles of IAA in fungal pathogenicity to plants

Fungal-produced IAA is potentially involved in fungal patho-
genicity to plants. Several lines of evidence suggest that fungal-
produced IAA might be essential during early stages of plant col-
onization. S. cerevisiae is able to perceive IAA that causes it to dif-
ferentiate into an invasive form and enhance filamentation. The
present study revealed vital roles of IAA in plant — fungal patho-
gen interactions.'” The plant pathogenic fungus Col. gloeospor-
ioides f. sp. aeschynomene is capable of utilizing exogenous Trp
for IAA synthesis through IAM.?**° The level of the fungal-pro-
duced IAA was clevated in planta during the biotrophic and
necrotrophic phases of infection. In
Aeschynomene virginica, Col. gloeospor-

IAA synthesized and secreted by fungal pathogens may act
as a virulence factor during disease development. Although
the exact role of fungal-produced IAA in plant — fungus
interactions remains unknown, we speculate that IAA from
fungi may contribute to plant pathogenicity through 2 dis-
tinct mechanisms. First, JAA may have a direct virulence
effect on plants by loosening the cell wall, opening stomata,
and inhibiting Salicylic acid (SA)-dependent defense signal-
ing. Second, IAA may induce plant endogenous IAA biosyn-
thesis, resulting in the amplification of the virulence effect
caused by pathogenic IAA. Future studies are required to
demonstrate whether fungal-produced IAA directly enhances
the virulence of fungal pathogens in planta.

Fungus-mediated manipulation of auxin signaling in plants
during symbiosis

Arbuscular mycorrhizae (AM) are a symbiotic association
between plant roots and a group of fungi of the order Glo-
males. These fungi differentiate into essential functional
structures called arbuscules in cortical cells of plant roots.
AM obtain carbon provided by the host plant while it trans-
fers mineral nutrients from the soil to the cortical cells.*®
Symbiosis development involves the differentiation of both
symbionts to create novel symbiotic interfaces within the root
cells. Phytohormone-mediated signaling through hormones,
such as auxin, gibberellin, and abscisic acid, is potentially
involved in the establishment of AM symbiosis.®* The level
of auxins, such as IAA, in plants was elevated after coloniza-

ioides-induced symptoms, such as epi-
nasty and leaf deformation,
mimicked by exposing the plants to
IAA. Fusarium is the pathogenic fungus
of  Orobanche spp. (broomrapes).!

Genetically modified Fusarium strains

were

overexpressing bacterial izaM (trypto-
phan-2-monooxygenase) and  izaH
(indole acetimide hydrolase) showed
increased TAA levels. The transgenic
Fusarium strains were also more virulent
for Orobanche. F. delphinoides, an 1AA-
producing plant pathogen, and caused
wilt in chickpea plants.®* U. maydis is a
fungal pathogen of maize plants and
causes excessive host tumor formation.
U. maydis produces IAA efficiently from
Trp.® Transgenic U. maydis deficient in
IAA production displayed a decrease in
host TAA levels upon infection, whereas

tumor induction was not compromised.

Fungal TAA production critically con-
tributes to IAA levels in infected tissues,
but this is apparently not a sole compo-
nent for triggering host tumor

Figure 3. Corticolous algae. (A) They are inhabitants of tree barks from the areas at different altitudes
and are often recognizable as light green or orange colored patches. (B-C) Corticolous algae were
observed under a light microscope. We found a high frequency of co-occurrence of fungi (arrows)
and green algae (arrowheads) in this micro-niche.

formation.
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tion by AM fungi.65 Auxin derivatives such as IAA and IBA
(Indole-3-butyric acid) promote the development of lateral
roots, which are the preferred infection sites for the AM
fungi.GG’67 Transgenic tobacco plants expressing the B-glucu-
ronidase (GUS) reporter gene fused to an auxin-inducible
promoter showed increased auxin levels in roots colonized by
AM fungi.®® DR5::GUS, an
reporter, was induced in arbuscule-containing root cells in

Similarly, auxin response
tomato plants.®” Genomic analysis of the expression profiles
in tomato plants colonized by an arbuscular mycorrhizal fun-
gus revealed the accumulation of transcripts for a putative
IAA-amido synthetase in mycorrhizal roots.”’ The role of
auxin signaling during AM has become more evident with
regard to miRNA-mediated regulation. MicroRNA 393
(miR393) targets several auxin receptors. The expression of
miR393 precursors was downregulated during mycorrhization
in tomato, rice, and Medicago truncarula. miR393 is a nega-
tive regulator of arbuscule formation and it hinders auxin
perception in arbuscule-containing cells.®” These studies indi-
cate that the manipulation of IAA homeostasis by fungi plays
a major role during the development of AM symbiosis.

IAA in fungal — microbial interactions

Lichen is an organism composed of an alga and a fungus. The
partnership between algae and fungi in forming lichen is an
example of symbiosis. Lichens comprise various unrelated groups
of fungi that are dependent on green algae and/or cyanobacteria.
There is evidence that lichens also synthesize plant growth regula-
tors, including TAA.**”" However, little is known on the hor-
mone metabolism in lichens. In addition, there are few studies
on the role of IAA between the fungal (mycobiont) and algal
(photobiont) symbionts. The ability of cyanobacteria to produce
IAA was demonstrated; however, whether green algae have IAA-
producing ability remains a controversial topic.”*”* In algal
strains (Chlorella sp.), low IAA levels can considerably promote
growth and influence oil content.”” In growth experiments with
unicellular green algae, Chlorella and Scenedesmus, 1AA level-
dependent responses in chlorophyll content and dry weight have
been demonstrated.”® Importantly, algal cultures can be physio-
logically synchronized through the addition of TAA.”® Thus,
algae can receive the phytohormone IAA signal in the environ-
ment and elicit physiological changes. However, few reports
regarding the plant hormone-lichen relationship are available,
and this relationship deserves further

Fungi
Fungal IAA signaling

(©)

(D)

Bacteria

investigation for understanding the role
of IAA in the communication between
the algal and fungal partners. In the
nature, the algal partners in lichens can
be found as free-living species. However,
the fungal partners in lichens must inter-
act with the appropriate algal partner to
survive. Unlike other fungi or their algal
partners, the fungal partners usually can-
not survive on their own (obligate
parasites).

Corticolous algae are inhabitants of
tree barks from the areas of different alti-
tudes. These algae are often light green
or orange colored patches (Fig. 3A).
77@ According to our preliminary results, we

found a high frequency of cooccurrence
of TAA-producing fungi, including
yeasts, and green algae in corticolous
algae (Chou and Chen, unpublished
data) (Fig. 3B—C). For investigating the
interaction between the IAA-producing

fungi and green algae, these organisms

mechanisms will most likely identify mechanistic aspects of this signal.

Figure 4. Phylogenetic evidence suggests that indole-3-acetic acid (IAA) biosynthesis evolved inde-
pendently in bacteria, microalgae, fungi, and plants. Increasing evidence shows IAA as a diffusible sig-
nal and interspecies communication among different organisms. Several studies have shown that
bacteria, microalgae, fungi, and plants exchange IAA as a signaling molecule that affects their physiol-
ogy, and more of this phenomenon remains to be discovered. (A) IAA can exert stimulatory and
inhibitory effects on fungi. (B) In plant - fungus interaction systems, fungi may use IAA to interact
with plants for pathogenesis or symbiotic strategies, leading to plant growth promotion and basal
plant defense mechanism modification. (C) We found a high frequency of cooccurrence of IAA-pro-
ducing fungi, including yeasts, and green algae in corticolous algae. (D) A facultative symbiosis was
proposed between the endophytic fungus and the endohyphal bacterium that strongly influenced
IAA production. Future studies that more systematically investigate the trans-groups IAA transfer

can be cocultivated on an agar plate.
Alternatively, we propose that cocultiva-
tion of the green alga Chlorella vulgaris
and brewer’s yeast S. cerevisiae attempts
to mimic the ecological situation where
these microorganisms coexist within
complex lichen communities. These two
organisms are attractive model organ-
isms because their genomes have been
sequenced. In addition, these organisms
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are easily propagated and manipulated
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in laboratory settings. To understand the crosstalk between these
phylogenetically diverse groups, we suggest that fungal-algal
cocultivation leads to a communication signal. It helps us to fur-
ther consider the mechanisms possibly involved in the transfer of
these signals and address many intriguing questions of trans-
groups signal mobility.

In both natural and human-made environments, plants appear
to be symbiotic with fungal endophytes. This highly diverse group
of fungi synthesizes phytohormones, which often has profound
effects on the growth, tissue differentiation, and reproduction of
their hosts. Foliar endophytes frequently harbor highly diverse
endohyphal bacteria.”” However, the endohyphal bacteria of
many fungi have not previously been cultivated independently of
their hosts, and the effects of these bacteria on foliar endophytic
fungi remain unknown. Hoffman et al. ”” demonstrated that TAA
was not only produced 77 vitro by an endophytic fungus (Pestalo-
tiopsis aff. neglecta) isolated from the foliage of a coniferous host
but also TAA production was enhanced significantly when the
endophyte hosted an endohyphal bacterium (Luteibacter sp).
However, the bacterium did not produce IAA on a standard
growth medium when cultured axenically. The results further sug-
gested a facultative symbiosis between the endophytic fungus and
the endohyphal bacterium that strongly influenced IAA produc-
tion, and provided a potentially crucial but previously overlooked
aspect of plant-endophyte symbiosis.

Future perspectives

Plants maintain a complex interaction with their rhizosphere
fungi populations, which is vital for nutrient uptake and defense
mechanism development and activation. Plants and fungi can
communicate with each other through TAA-mediated signaling
mechanisms. Because plant — fungus interactions highly depend
on habitat types and species population, additional studies are
required to consider biodiversity. Furthermore, phylogenetic evi-
dence suggests that IAA biosynthesis evolved independently in
pl;amts,73 bacteria, > algae,74’78’79 and fungi.17 The bioinformatic
evidences show that some gene families essential for plant IAA

biosynthesis are derived from an horizontal gene transfer event
from bacteria to the most recent common ancestor of land plants.
Besides, as we mentioned above on the different IAA biosynthesis
in different organisms, which also indicates different evolutionary
origins. Increasing evidence shows IAA as a diffusible signal that
is used for interspecies communication.'®”® This phenomenon
suggests the existence of a framework, widely evolved in both
eukaryotes and prokaryotes, allowing the production, transfer,
and perception of TAA signals between distantly related organ-
isms across the branches of phylogenetically diverse groups of the
tree of life (Fig. 4). The genetic modification of genes involved
in IAA signaling and biosynthesis in both fungi and their associ-
ated organisms are essential strategies to understand more
insights into the molecular mechanisms underlying the interac-
tions. Recent advancements in genomic sequencing technologies
will facilitate our understanding of the interactions. Simulta-
neous RNA-Seq analysis of a mixed transcriptome of IAA-pro-
ducing fungi and their associated organisms or metagenomic
analysis of the fungal populations will help to elucidate the direct
roles of IAA in trans-groups interactions.
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