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A common feature of many plant-colonizing organisms is the exploitation of plant signaling and developmental
pathways to successfully establish and proliferate in their hosts. Auxins are central plant growth hormones, and
their signaling is heavily interlinked with plant development and immunity responses. Smuts, as one of the largest
groups in basidiomycetes, are biotrophic specialists that successfully manipulate their host plants and cause

fascinating phenotypes in so far largely enigmatic ways.
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1. Auxin, the Master Regulator of Growth and Development
in Plants

The word auxin originates from the Greek word “auxein”, which means “to grow”. Since its discovery in 1928 by
Fritz Went [, the roles of auxin have been implicated in almost all aspects of plant growth and development 23],
Auxin is involved in the control of processes such as cell division, elongation, differentiation, tropisms, flowering,
apical dominance, lateral root formation, senescence, abscission, and responses to environmental stresses &,
Indole-3-acetic acid (IAA) is the most prominent auxin and is widely investigated in plants, but other naturally
occurring or synthetic molecules with auxin activity exist Bl. Auxin is synthesized primarily in the shoot meristem
and young leaves from the amino acid tryptophan, but there are also tryptophan-independent pathways 8. Once
synthesized, auxin is transported in the plant through the phloem and a polar (directional) transport system &,
Auxin concentrations in each tissue are tightly regulated by metabolism and polar transport &, which, in turn,

regulate auxin-mediated gene expression.

Auxin functions primarily by regulating gene expression through a pathway called canonical auxin signaling [,
However, an increasing amount of data shows that auxin also functions through alternative mechanisms . In this
context, only a brief summary of canonical auxin signaling is presented, which has been highly conserved in plant
evolution at least since the emergence of land plants &; noncanonical auxin signaling is reviewed elsewhere B2,
The core components of canonical auxin signaling include the auxin receptor of the TRANSPORT INHIBITOR
RESPONSE1/AUXIN SIGNALING F-BOX (TIR1/AFB) family, the transcriptional repressors of the AUXIN/INDOLE-
3-ACETIC ACID INDUCIBLE (Aux/IAA) family, and the transcription factors (TF) of the AUXIN RESPONSE
FACTORS (ARF) family @, A TIR1/AFB F-box protein and an Aux/IAA transcriptional coregulator complex bind
auxin, and this binding further promotes the interaction between TIR1/AFB and Aux/IAA, thus triggering ubiquitin-

mediated degradation of Aux/IAA proteins via the proteasome (Figure 1). Aux/IAA proteins generally act as
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repressors to prevent auxin-responsive transcription by binding to ARFs [El The Aux/IAA proteins contain
ethylene-responsive element binding factor-associated amphiphilic repression (EAR) motifs through which they
recruit TOPLESS (TPL)/TOPLESS-RELATED (TPR) corepressors that can themselves recruit histone
deacetylases (HDACS) to target loci; thus, they are responsible for the repression 19, The cocrystal structure
between TPL and the Aux/IAA EAR domain demonstrated that Aux/IAAs bind through the EAR motif to the so-
called CTLH region at the N-terminus of the TPL repressor 1. The degradation of Aux/IAA proteins leads to the
derepression of ARFs, and auxin-responsive genes are thus activated. Auxin response factors (ARFs) are
transcriptional factors that are bound to the cis-regulatory regions of auxin-responsive genes. ARFs can act as
transcriptional activators or repressors depending on their function 2. Numerous auxin-responsive genes,
comprising early auxin-responsive genes (like the SAUR, IAA, and GH3 genes) and late auxin-responsive genes
(such as genes involved in cell wall remodeling and growth), are expressed as a consequence of ARF activation
(23] Among these genes, a distinct set of genes is regulated depending on the cell type, indicating responses to
auxin that are space- and time-specific. The complexity of these interactions increases with the duration of

exposure to auxin 4.
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Figure 1. Model how U. maydis influences auxin signaling in maize. U. maydis produces IAA and releases it during
the colonization of the host tissue. Additionally, it secretes at least ten translocated effectors (Tip1-8, Nkd1, Jsil)
which all interact with members of the TPL/TPR protein family and, among others, also lead to the derepression of
auxin signaling and PTI suppression through unknown mechanisms (???) Figure 1 was created using Microsoft

PowerPoint.

| 2. Auxin in Plant-Pathogen Interactions
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Plant defense responses are tightly regulated to optimize the tradeoffs between growth and defense 141, Crosstalk
between phytohormones plays a significant role in this regulatory process. In addition to the growth—defense
antagonism, plants have further evolved a signaling antagonism in their response to pathogens of different
lifestyles. Generally speaking, plants depend on Jasmonate (JA)/ethylene-dependent defense responses when
defending against necrotrophic invaders, whereas salicylic acid (SA)-dependent signaling is key in fighting off
biotrophic or hemibiotrophic pathogens during the phase when they depend on living host cells during colonization.
Due to their different roles against various lifestyle dependencies of invading pathogens, SA and JA/Ethylene act
antagonistic to each other. Nevertheless, JA/ethylene and SA hormones can be considered as clearly defense-
related phytohormones. Auxin and other growth hormones in plants are modulators of defense responses, and
auxin has been reported to mainly act antagonistically to SA signaling and vice versa 13ll26] Therefore, it is not
surprising that the vast majority of reports of auxin signaling modulation promoting plant susceptibility come from
biotrophic and hemibiotrophic plant—pathogen interactions 141818 The interaction-promoting role of auxins in
symbiotic interactions of plants with mycorrhizal fungi, nodulating bacteria, or plant-growth-promoting rhizobacteria
might also partly rely on the defense-modulating effects of auxin 29, The strategies that microbes have evolved to
manipulate auxin signaling are fascinatingly versatile. Various plant-associated microbes produce and secrete
auxins themselves 21, while others manipulate their distribution. Auxin is redistributed by PIN-FORMED, ABC, and
AUX/LAX transporters within the plant body to shape morphogenesis. The relocalization of PIN transporters has
been observed during cyst nematode infection, which likely causes an influx of auxins into the initial syncytial cell
and is also involved in the expansion of the nematode-feeding structure 22, The overexpression of the potyvirus
suppressor of RNA silencing, HC-Pro, in the model plant A. thaliana (L.) led to the downregulation of DNA
methylation in the regulatory region of the YUCCA genes of the indole-3-pyruvic acid (IPyA) auxin biosynthesis
pathway. As a consequence, changes in the methylation pattern lead to transcriptional upregulation and, therefore,
increase auxin biosynthesis in planta [28. Pseudomonas syringae (Van Hall) have been shown to secrete AvrRpt2
to interfere with auxin-signaling transcriptional repressor Aux/IAA proteins to increase auxin signaling for disease
progression, as also shown for viral effectors 12241251126 The corepressor TOPLESS is manifold-manipulated by
U. maydis, which will be described in more detail below. In contrast, the auxin response factor TF is targeted by
various rice-infecting viruses. These viruses encode effectors, which block the dimerization of OSARF17 or, in
other cases, direct DNA binding and thus render this specific auxin response factor inactive to block the
transcription of antiviral gene responses under its control 24, Similarly, several plant pathogenic bacteria encode
IAA-Lys synthases. IAA-Lys is a less active form of IAA. The bacterial pathogen of oleander, Pseudomonas
savastanoi pv. neri, produces IAA-LYS synthases and seems to control the free levels of IAA in infected tissue in
this way [28l. There are not many reports in which auxin has been shown to play a general promoting role in plant
immunity. In the fungal Rhizoctonia solani (J.G. Kihn)/rice interaction, external auxin treatment increased
resistance 29, Mutants of Arabidopsis thaliana (L.) affected in the auxin pathway are shown to be more susceptible
than wild-type plants to the necrotrophic fungus Alternaria brassicicola (Schwein.). Upon infection, plants respond
with the upregulation of auxin responses. The cotreatment of plants with both MeJA and IAA leads to the
synergistic upregulation of typical JA marker genes B9, This finding supports the hypothesis that the positive role of

auxin signaling against necrotrophs might be through the enhancement of JA signaling.
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| 3. Auxin Biosynthesis in Smut Fungi

Many plant pathogens possess the capacity to synthesize indole-3-acetic acid (IAA), the major form of auxin in
plants. However, so far, the knowledge of auxin biosynthesis in smut fungi has been largely derived from the model
smut fungus U. maydis. IAA is known to be synthesized through several pathways; the most common route is the
conversion of L-tryptophan to IAA, but there are also tryptophan-independent pathways [B1l. Although both
pathways coexist in some organisms, most studies have focused on tryptophan-dependent pathways. At least six
different tryptophan-dependent biosynthetic pathways have been described according to their key intermediates:
indole-3- acetamide (IAM), indole-3-acetaldoxime (IAOXx), indole-3-pyruvic acid (IPyA), indole-3-acetamide (IAM),
tryptamine (TAM) and indole-3-acetonitrile (IAN), and Trp side chain oxidase (TSO) [321(33],

The gall-forming corn smut fungus U. maydis has been reported to produce indole acetic acid, which is also
associated with elevated auxin levels during its biotrophy in maize [B4l23 Several genes involved in the IAA
biosynthesis pathway from U. maydis have been identified and characterized 2817 including two NAD-dependent
IAAId dehydrogenases (iadl and iad2) and two predicted aromatic amino acid aminotransferase genes (taml and
tam2). Aminotransferases Tam1 and Tam2 participate in the conversion of tryptophan to IPyA. Downstream of this,
the dehydrogenases ladl and lad2 are shown to be involved in the formation of IAA from indole-3-acetamide
(IAAld). The increase in host IAA levels upon U. maydis infection was significantly reduced in tissue infected with
guadruple AiadlAiad2AtamlAtam2 U. maydis mutants, suggesting a critical contribution of fungal IAA production
to elevated IAA levels in infected tissue. However, a reduction in fungal auxin production did not have any effect on
gall formation and the development of host plant disease symptoms, suggesting alternative strategies for this
phenomenon 7. In the genome of the head smut fungus Sporisorium scitamineum (Syd.), a gene coding for the
tryptophan aminotransferase SsAro8 has been identified. The tryptophan aminotransferase SsAro8 has been
shown to catalyze the first step of tryptophan-dependent IAA production, but also for the Ehrlich pathway for
tryptophol. It was found to be essential for mating/filamentation and proper biofilm formation in S. scitamineum 38,
As SsAro8 is at the beginning of several pathways with different intermediates and products, it is not clear whether
any of the fungal phenotypes identified are related to altered IAA production or due to the lack of other Aro8-
dependent metabolites. Furthermore, in U. scitaminea and U. esculenta, the ability to synthesize IAA from
tryptophan was found through the indole-pyruvate (IPA) pathway. U. esculenta apparently could convert IAAld and
indole-lactic acid (ILA) into IAA in addition to tryptophan B2, The finding that auxin biosynthesis genes are
expressed in a carbon-source-dependent manner in axenic culture in U. maydis 84, but also findings in other fungi,
like the ascomycete M. oryzae (T.T. Hebert), show that IAA acts as a quorum-based modulator of virulence 29,
These findings raise questions about whether, beyond its obvious impact as a phytohormone, fungal auxin possibly

also plays a role as an intraspecific signaling molecule of IAA-producing smuts.
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