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The plant hormone auxin governs many aspects of normal plant growth and development.
Auxin also plays an important role in plant–microbe interactions, including interactions
between plant hosts and pathogenic microorganisms that cause disease. It is now well estab-
lished that indole-3-acetic acid (IAA), the most well-studied form of auxin, promotes disease in
many plant–pathogen interactions. Recent studies have shown that IAA can act both as a plant
hormone that modulates host signaling and physiology to increase host susceptibility and as a
microbial signal that directly impacts the pathogen to promote virulence, but large gaps in our
understanding remain. In this article, we review recent studies on the roles that auxin plays
during plant–pathogen interactions and discuss the virulence mechanisms that many plant
pathogens have evolved to manipulate host auxin signaling and promote pathogenesis.

To colonize their plant hosts, pathogenic mi-
crobes must enter plant tissue, evade or sup-

press basal defense, obtain nutrients and water,
and grow to high levels. In many cases, this ul-
timately results in the development of disease
symptoms, such as abnormal plant growth or
development and/or generation of chlorotic or
necrotic lesions. Plant pathogens have evolved a
variety of virulence strategies that allow them to
achieve these ends. One common theme that has
emerged from studies of plant–pathogen inter-
actions is that pathogens often manipulate plant
hormone signaling to promote disease, especial-
ly to suppress host defenses or to alter plant
development.

The roles of plant hormone signaling in
plant–pathogen interactions have been dis-
cussed in several recent reviews (Robert-Seila-
niantz et al. 2011; Kazan and Lyons 2014; Ma

and Ma 2016; Bürger and Chory 2019; Han and
Kahmann 2019), so here we focus on summa-
rizing studies that provide new insight into the
roles that auxin and host auxin responses play
during plant–pathogen interactions. One dis-
covery that we find especially exciting is that,
in addition to functioning as a plant hormone
to regulate host physiology and defense, auxin
can also act as a microbial signaling molecule
that modulates pathogen gene expression.

Because of space limitations, we are not able
to discuss the demonstrated and potential roles
of auxins in beneficial interactions with my-
corrhizal fungi, nodulating bacteria, or plant
growth–promoting rhizobacteria (PGPR), nor
in the establishment and function of the plant
microbiome.We refer readers interested in these
areas to reviews by others (Grunewald et al.
2009; Singh et al. 2019; Legein et al. 2020).
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OVERVIEW OF PLANT–PATHOGEN
INTERACTIONS

Many different microorganisms, including vi-
ruses, bacteria, fungi, oomycetes, and nema-
todes, can infect and cause disease on plants.
Collectively, pathogenic organisms can colonize
all plant tissues (e.g., leaves, fruits, seeds, vascu-
lar tissue, and roots) and give rise to a variety of
different disease symptoms, such as chlorotic or
necrotic lesions on aerial portions of the plant,
wilting, altered growth habits (e.g., stunting or
loss of apical dominance), and formation of tu-
mor-like growths (e.g., galls, knots, and cankers)
(Agrios 1997). The majority of pathogens, with
the exception of viruses and vascular pathogens,
colonize the intercellular space between plant
cells. This space, known as the apoplast, is be-
lieved to be a relatively inhospitable environ-
ment for microbes, as it is relatively poor in
water and nutrients (Beattie 2011; Xin et al.
2018). The apoplast also contains antimicrobial
compounds that are either constitutively present
or that are secreted into the extracellular space
as part of an induced defense response (Heath
2000; Wang et al. 2007). Thus, to successfully
colonize and grow to high levels within the apo-
plast, pathogens must be able to tolerate or de-
toxify these antimicrobial compounds, evade or
suppress any additional host defenses, and fur-
ther modify host tissue to render it a suitable
place for pathogen growth.

Plant Defense Responses

Plants constantly come into contact with many
different microorganisms in their environment,
many of them potential pathogens. Despite this
fact, it is important to note that plant disease is
rare. This is due in part to the ability of plants to
detect microbes in their proximity and induce
basal defense responses that prevent most
microbes from colonizing plant tissue. Recogni-
tion of potential pathogens is dependent upon
plasma membrane–localized receptors, known
as pattern recognition receptors (PRRs).
These receptors have evolved to recognize con-
served molecules commonly associated with
microbes (microbial-associated molecular pat-

terns [MAMPs]), such as flagellin peptide or
extracellular polysaccharides (EPS), or mole-
cules associated with tissue damage caused by
microbial attack (DAMPs). Recognition of one
or more of these molecules results in activation
of defense responses, including production of
reactive oxygen species (ROS), activation of mi-
togen-activated protein (MAP) kinase cascades,
expression of defense-related genes, synthesis of
antimicrobial compounds, and the accumula-
tion of one or more defense hormones (Boller
and Felix 2009; Bigeard et al. 2015; Boutrot and
Zipfel 2017; Saijo et al. 2018).

The plant defense hormones salicylic acid
(SA), jasmonates (JAs), and ethylene play cen-
tral roles in protection against microbial attack.
SA is important for defense against biotrophic
and hemibiotrophic pathogens that infect living
tissue. In contrast, JAs and ethylene activate de-
fense responses that provide protection against
necrotrophic organisms that rapidly kill plant
cells and grow on dying or dead tissue. The reg-
ulation of plant defenses by these three hor-
mones is not as simple as the previous statement
may imply. In fact, the regulation of plant de-
fense hormone signaling is complicated and in-
volves intricate regulatory interactions in a com-
plex signaling network (Katagiri and Tsuda
2010). Further, additional plant hormones in-
cluding auxin, abscisic acid (ABA), gibberellins
(GAs), cytokinins, and brassinolides (BRs) also
play roles in plant–pathogen interactions, for
example, bymodulating the SA/JA/ethylene sig-
naling network (Robert-Seilaniantz et al. 2011;
Kazan and Lyons 2014; Kunkel and Harper
2018; Bürger and Chory 2019). A fascinating
area of research is the investigation of mecha-
nisms pathogens have evolved to take advantage
of this intrinsic hormone-signaling network to
promote disease. A major focus of this review is
how pathogens manipulate auxin signaling.

Pathogen Virulence Strategies

Given that plants are very effective at protecting
themselves against generic environmental mi-
crobes, pathogenic organisms have had to evolve
strategies and virulence factors to enable them
to evade or suppress basal host defenses to colo-
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nize plant tissue. Once that is accomplished,
they further modify the physiology of their
hosts to render the plant tissue amenable for
pathogen growth, such as stimulating water
and nutrient release into the apoplastic space
at the infection site. In the case of gall-forming
pathogens such as Agrobacterium tumefaciens
or cyst nematodes, this includes coercing the
plant to form novel structures to house and
feed the pathogen.

As mentioned above, many plant pathogens
are extracellular and colonize the apoplast. Thus,
to successfullymodify the biology of plant cells at
the infection site, these pathogens rely on secret-
ed virulence factors. These secreted factors either
remain in the apoplast and impact plant cells
from outside or enter the plant cell cytosol to
directly target host cell processes. Examples of
apoplastic factors include cell wall degrading en-
zymes and EPS. Virulence factors that function
inside plant cells include plant hormones and
hormone analogs and fungal and oomycete ef-
fector proteins that can be translocated into plant
cells, as well as bacterial effector proteins that are
secreted directly into the host cell cytosol via a
dedicated type III secretion system (T3SS)
(Melotto and Kunkel 2013; Kunkel and Harper
2018; Han and Kahmann 2019). Pathogen effec-
tor proteins have been the focus of much exciting
research in recent years, and several have been
shown to target plant defense hormone signaling,
and to promote disease susceptibility and symp-
tom development. Several recent reviews provide
more comprehensive summaries of type III se-
creted and RXLR effectors and their functions
(Büttner 2016; Toruño et al. 2016; Kunkel and
Harper 2018; Xin et al. 2018; Han and Kahmann
2019; Boevink et al. 2020).

As will be discussed in more detail below,
many pathogens manipulate host auxin signal-
ing to promote disease. Strategies to accomplish
this include production of auxins, including in-
dole-3-acetic acid (IAA) and phenyl acetic acid
(PAA), inhibition of auxin signaling in interac-
tions in which auxin contributes to resistance,
and enhancing auxin signaling to promote path-
ogenesis in interactions inwhich auxin increases
susceptibility (Ma and Ma 2016; Han and Kah-
mann 2019).

A BRIEF INTRODUCTION TO AUXIN
SIGNALING

As the role of host auxin responses during
plant–pathogen interactions is a main focus of
this review, we provide a brief introduction to
plant auxin signaling pathways. We refer the
reader to the literature cited within for more
details on this fascinating area of plant biology.

Auxin induces transcriptional changes in
plant cells by promoting ubiquitin-mediated
degradation of a family of AUX/IAA transcrip-
tional repressor proteins. In the absence of aux-
in, the AUX/IAA proteins bind to and inhibit
the function of transcription factors called auxin
response factors (ARFs) to repress expression of
auxin-responsive genes. When auxin levels in-
crease in the cell, auxin binds to auxin sensor
proteins (also called auxin coreceptors) be-
longing to the TRANSPORT INHIBITOR
RESPONSE1/AUXIN F-BOX (TIR1/AFB) fam-
ily of F-box proteins and promotes the interac-
tion between TIR1/AFB proteins and AUX/IAA
proteins. This results in the recruitment of the
AUX/IAA proteins to the SCFTir ubiquitin pro-
tein ligase, ubiquitination, and degradation of
the transcriptional repressors, activation of the
ARFs, and expression of auxin-responsive genes
(Fig. 1; Mockaitis and Estelle 2008; Lavy and
Estelle 2016; Dubey et al. 2021).

Investigation of the roles of auxin signaling
duringplant growth, development, and responses
to environmental stimuli has been greatly facili-
tated by the availability of a variety ofArabidopsis
thaliana mutants and transgenic lines that are
impaired in various aspects of auxin signaling.
For example, plants carrying the dominant
axr2-1 allele, which encodes a mutant form of
an AUX/IAA protein that is not ubiquitinated
and degraded upon auxin treatment, can be
used to examine the impact of impaired auxin
responses on the process of interest (Timpte
et al. 1994; Djami-Tchatchou et al. 2020). Like-
wise, a variety of higher-order mutants disrupted
for various combinations of the TIR1/AFB auxin
coreceptors can be used to examine the effect of
disrupted auxin perception (Djami-Tchatchou
et al. 2020). Several studies mentioned in this
review take advantage of these types of genetic
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resources to investigate the roles of auxin signal-
ing during plant–pathogen interactions.

THE ROLES OF AUXIN AS A PLANT-
SIGNALING MOLECULE IN PLANT–
PATHOGEN INTERACTIONS

The role of host auxin signaling during pathogen
infection, and whether it promotes disease or
defense, depends on the pathogen and the nature
of the interaction. For example, activation of aux-
in signaling enhances resistance against some ne-
crotrophic pathogens and plant viruses (Fig. 1A).

In contrast, auxin signaling tends to promote
disease in plants challenged with biotrophic or
hemibiotrophic pathogens (Fig. 1B; Kazan and
Manners 2009; Robert-Seilaniantz et al. 2011;
Kazan and Lyons 2014;Ma andMa 2016; Kunkel
and Harper 2018; Bürger and Chory 2019).

Auxin Signaling and Promotion of Plant
Defense

As mentioned above, the primary defense hor-
mones are SA, JAs, and ethylene (ET). Thus,
there are only a few reports in the literature of
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Figure 1. Host auxin signaling during plant–pathogen interactions. (A) Infection by some necrotrophic patho-
gens, such as Alternaria and Rhizoctonia, and some plant viruses stimulates auxin signaling, resulting in
activation of defenses that inhibit pathogen replication and spread. The SP2 protein from rice stripe virus, the
SP8 protein from Southern rice black-streaked dwarf virus, and the M protein from rice stripe mosaic virus
interact with different regions of OsARF17 and modulate its function, thereby inhibiting activation of auxin-
dependent defenses (Zhang et al. 2019, 2020). (B) Biotrophic pathogens, such as Pseudomonas spp., Agro-
bacterium tumefaciens, and Pantoea agglomerans, stimulate auxin signaling to promote disease. Stimulation
of auxin signaling can occur at many points in the signaling process including auxin synthesis by the pathogen
(Kunkel and Harper 2018). Enhanced auxin signaling can promote production of disease symptoms, develop-
ment of galls and feeding sites, and/or suppress salicylic acid (SA)-mediated defenses. SA-mediated defense
signaling and auxin signaling aremutually antagonistic (Wang et al. 2007; Cui et al. 2013). Several pathogens have
evolved virulence factors to promote auxin signaling. The Pseudomonas syringae T3S-effector protein AvrRpt2
enhances auxin sensitivity by promoting degradation of AUX/IAA proteins (Cui et al. 2013). The 126/183 kDa
replicase protein from tobacco mosaic virus inhibits PAP1/IAA16 function (Padmanabhan et al. 2006), and the
P2 protein from rice dwarf virus targets OsIAA10 and prevents its degradation (Jin et al. 2016). Virulence factors
shown in red inhibit auxin signaling. Virulence factors shown in green stimulate auxin responses. (SCF) Skp,
Cullin, F-box ubiquitin protein ligase complex, (TIR/AFB) TRANSPORT INHIBITOR RESPONSE1/AUXIN
F-BOX, F-box proteins (auxin coreceptor), (AUX/IAA) AUXIN/INDOLE ACETIC ACID (transcriptional re-
pressors), (ARF) AUXIN RESPONSE FACTOR (transcription factor), (ROS) reactive oxygen species, (JAs)
jasmonates, (ICS1/SID2) isochorismate synthase (SA synthesis), (SA) salicylic acid.
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auxin and auxin signaling playing a role in acti-
vation of plant defense responses. For example,
in interactions involving necrotrophic fungi
(e.g., Botrytis, Rhizoctonia, and Alternaria), in-
fection can result in elevated IAA levels, and
application of exogenous auxin results in re-
duced disease susceptibility (Llorente et al.
2008; Mah et al. 2012; Qi et al. 2012; Qiao
et al. 2020). Consistent with a role for auxin in
defense in these interactions, disruption of auxin
signaling due to mutations that stabilize AUX/
IAA transcriptional repressors (e.g., axr mu-
tants) or overexpression of small RNAs that neg-
atively regulate expression of TIR1/AFB family
auxin receptors, results in enhanced disease sus-
ceptibility (Llorente et al. 2008; Qi et al. 2012;
Qiao et al. 2020). In contrast, overexpression of
the TIR1/AFB family auxin coreceptor FBL55 in
rice resulted in enhanced resistance to Rhizocto-
nia solani (Qiao et al. 2020). Inmost of the above
studies, the mechanism through which auxin
signaling results in increased resistance was not
investigated. It seems reasonable to speculate
that in many cases auxin signaling leads to acti-
vation of JA-mediated defenses, which are pro-
tective against necrotrophs (Fu andWang 2011;
Qi et al. 2012; Zhang et al. 2017). The observa-
tion that auxin signaling activates defense in
these interactions raises the question of whether
necrotrophic pathogens have evolved strategies
to perturb auxin signaling to promote suscepti-
bility, similar towhat has been reported for their
ability to interfere with JA signaling (Kazan and
Lyons 2014; Zhang et al. 2017).

We could find evidence of only a few inter-
actions in which resistance to infection by plant
viruses is associated with activation of auxin-
mediated defense signaling. In two recent stud-
ies, Zhang et al. (2019, 2020) discovered that
several viral proteins can interfere with host
auxin signaling by interacting with plant ARFs
(Fig. 1A). The SP8 protein from Southern rice
black-streaked dwarf virus (SRBSDV) is a tran-
scriptional repressor that can interact with and
inhibit the carboxy-terminal dimerization do-
main (CTD) of OsARF17, an activator ARF.
Similarly, the M protein from rice stripe mosaic
virus (RSMV) and the SP2 protein from rice
stripe virus (RSV) interact with and inhibit

OsARF17. Like SP8, the RSMV M protein also
interacts with the CTD domain. However, the
RSV SP2 protein interacts with the DNA-bind-
ing domain of OsARF17 and interferes with its
ability to bind DNA (Zhang et al. 2020). Thus,
three different viruses have evolved strategies to
interfere with host auxin signaling, presumably
to promote virulence, by targeting different
functions of the same host-signaling compo-
nent. It is interesting to contemplate what might
make OsARF17 such a popular target. A ques-
tion for the future is whether this particular
activator ARF has a critical function in auxin-
mediated defenses against viruses and possibly
also against other pathogens.

Consistent with the hypothesis that auxin
signaling promotes antiviral defense, studies in-
volving both overexpression lines and CRISPR/
cas9 mutants demonstrated that auxin signaling
plays a critical role in defense against both
SRBSDV and the related RBSDV (Zhang et al.
2019, 2020). These studies also showed that in-
creased susceptibility in transgenic rice lines
with reduced auxin signaling was correlated
with a reduction in JA signaling and ROS in
infected plants, suggesting that auxin signaling
defends against viruses through activation of JA-
dependent defenses and accumulation of ROS
(Zhang et al. 2019).

Auxin Signaling and Promotion of Disease
Susceptibility

There are many examples of host auxin signaling
enhancing disease susceptibility. For example,
application of exogenous auxins promote sus-
ceptibility to a number of biotrophic and hemi-
biotrophic pathogens, including the bacterial
pathogens Pseudomonas syringae and Xantho-
monas oryzae (Navarro et al. 2006; Chen et al.
2007;Wang et al. 2007; Fu et al. 2011), the fungal
pathogen Magnaporthe grisea (Fu et al. 2011),
and the oomycete Phytophthora parasitica
(Evangelisti et al. 2013). Additionally,A. thaliana
lines with elevated levels of free IAA exhibit in-
creased susceptibility to P. syringae (Mutka et al.
2013; Djami-Tchatchou et al. 2020) and plant
lines with impaired auxin perception or signaling
(e.g., axr2/3 or tir1 /afbmutants) exhibit reduced
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susceptibility to several biotrophs and hemibio-
trophs (Wang et al. 2007; Kidd et al. 2011; Fousia
et al. 2018; French et al. 2018; Djami-Tchatchou
et al. 2020).

Perhaps the most compelling evidence that
auxin signaling promotes disease is the growing
number of reports of pathogens that stimulate
host auxin signaling to promote pathogenesis
and disease development. These microbes use
a variety of strategies, including synthesis of aux-
in (Patten et al. 2013; Duca et al. 2014; Kunkel
and Harper 2018) and deployment of pathogen
virulence proteins that act within host cells to
enhance host auxin signaling (Chen et al. 2007;
Kazan and Lyons 2014; Ludwig-Müller 2015;
Ma and Ma 2016).

There are several mechanisms by which host
auxin signaling promotes disease, and they fall
into two general categories: (1) manipulation of
host auxin biology (e.g., signaling, homeostasis,
and/or transport) to directly promote disease
development, and (2) suppression of host de-
fenses by taking advantage of regulatory “cross
talk” inherent in hormone signaling networks
(Fig. 1B; Robert-Seilaniantz et al. 2011; Kazan
and Lyons 2014; Ma and Ma 2016; Kunkel and
Harper 2018). Some examples from the first cat-
egory have been observed in viral pathogens
(Fig. 1B). Infection by plant viruses often results
in changes in hormone homeostasis that results
in disease symptoms, including severe stunting,
altered shoot architecture, and tissue chlorosis.
These symptoms are commonly reflected in the
names of the viruses, such as rice dwarf virus
(RDV) and tobacco mosaic virus (TMV). Sever-
al viral pathogens have evolved mechanisms to
perturb or reprogram auxin signaling as a strat-
egy to promote disease development (Islam et al.
2019). For example, the TMV 126/183 kDa rep-
licase protein interacts with several AUX/IAA
proteins to prevent their localization to the nu-
cleus (Padmanabhan et al. 2006), leading to
changes in auxin-responsive gene expression
and development of disease symptoms (Pad-
manabhan et al. 2005). Likewise, RDV modifies
host auxin signaling through the action of its P2
protein, which interacts with the region II
degron domain of the rice OsIAA10 transcrip-
tional repressor. This interferes with the normal

interaction between OsIAA10 and OsTIR1 and
prevents degradation of OsIAA10 upon auxin
binding. Consistent with a role for OsIAA10 in
RDV infection, transgenic rice plants expressing
a stabilized OsIAA10 variant exhibited pheno-
types reminiscent of RDV-infected plants, even
in the absence of virus, and plants expressing
reduced levels of OsIAA10 were less susceptible
to RDV infection (Jin et al. 2016).

The virulence strategies of gall-forming
pathogens such asA. tumefaciens, Pseudomonas
savastanoi, Pantoea agglomerans (formerly
Erwinia herbicola), and parasitic nematodes in-
volve manipulation of host auxin physiology to
directly stimulate abnormal plant cell division
and expansion, to form tumor-like structures
to shelter and feed the pathogen (Fig. 1B). In
these interactions, the pathogens either make
auxin themselves (P. savastanoi, P. agglomerans)
(Patten et al. 2013; Duca et al. 2014), stimulate
plant cells at the site of infection to synthesize
auxin (A. tumefaciens) (Thomashow et al. 1986;
Mashiguchi et al. 2019), or redirect auxin flow
within the plant so that auxin accumulates at the
feeding site and stimulates cell division or syn-
cytium development (nematodes) (Grunewald
et al. 2009; Kyndt et al. 2016). Presumably, nu-
trient flow into the infected host tissue is also
altered to support the infection site, but this is
not well understood.

The discovery that auxin can also promote
disease caused by biotrophic pathogens such as
P. syringae, that do not result in dramatic
changes in plant growth or development, was
surprising at first. Insight into themode of auxin
action in these interactions was provided by the
observation that auxin signaling and SA signal-
ing can be mutually antagonistic (Fig. 1B; Wang
et al. 2007). Additional evidence for cross talk
between auxin and SA signaling has come from
more recent studies demonstrating that the vir-
ulence-promoting effect of enhanced auxin sig-
naling involves down-regulation of SA-mediat-
ed defenses (McClerklin et al. 2018; Djami-
Tchatchou et al. 2020). Further, the observation
thatA. thaliana auxin signalingmutants express
elevated SA-mediated defenses and that the re-
duced disease susceptibility phenotype of these
mutant plants can be genetically rescued by
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alterations in SA synthesis or accumulation fur-
ther support the hypothesis that auxin promotes
disease by suppressing SA-mediated defenses
(Wang et al. 2007; Fousia et al. 2018; Djami-
Tchatchou et al. 2020). However, as will be dis-
cussed below, there is growing evidence that
auxin can also promote disease susceptibility
via one or more additional SA-independent
mechanism (Chen et al. 2004; Kidd et al. 2011;
Mutka et al. 2013; Djami-Tchatchou et al. 2020).

AUXIN AS A MICROBIAL SIGNAL

In addition to promoting pathogenesis by ma-
nipulating host auxin signaling, auxin may act
directly to promote virulence of several patho-
gens. There is growing evidence that IAA acts as
a molecular signal, both in plant-associated and
non-plant-associated microbes, to regulate gene
expression (Spaepen and Vanderleyden 2011;
Kunkel and Harper 2018). However, the major-
ity of what is known to date about the mecha-
nisms used by microorganisms to sense and
respond to IAA comes from studies of non-
plant-associated bacteria.

IAA Regulates Genes Involved in Stress
Tolerance, Metabolism, and Antibiotic
Production

There are several examples in which IAA dra-
matically alters gene expression in non-plant-
associated bacteria. For instance, in Escherichia
coli, IAA regulates genes involved in central me-
tabolism, which is believed to bewhy IAA-treat-
ed E. coli cells exhibited increased tolerance to
several environmental stresses, including os-
motic, heat and cold shock, and oxidative stress
(Bianco et al. 2006a,b). Likewise, Donati et al.
observed induction of genes involved in stress
responses in Bradyrhizobium japonicum in re-
sponse to IAA (Donati et al. 2013).

Several bacteria also have the ability to use
IAA as a carbon source. In many of these organ-
isms, IAA acts as a signal to up-regulate IAA
catabolism genes, which are encoded in an
IAA catabolic (iac or iaa) operon responsible
for aerobic breakdown of IAA (Laird et al.
2020). This operon has been identified in several

diverse bacterial species, including Pseudomo-
nas putida, Enterobacter soli,Acinetobacter bau-
mannii, Paraburkholderia phytofirmans, Cabal-
leronia glathei, Aromatoleum evansii, and
Aromatoleum aromaticum (Laird et al. 2020).

In A. baumannii, regulation of the iac oper-
on by IAA is conferred by IacR, a MarR-type
transcriptional regulator that negatively regu-
lates the iac operon. In the absence of IAA,
IacR binds the promoter of the iac operon.
IAA is hypothesized to bind to IacR and release
it from the iac promoter, thereby allowing RNA
polymerase access to the promoter to initiate
transcription (Shu et al. 2015). Similarly, in
E. soli, IAA derepresses the iac operon via a
MarR-type transcriptional repressor (Greenhut
et al. 2018). Donoso et al. also identified an iac
gene cluster in the PGPR P. phytofirmans strain
PsJN.The iac operon in this strain has a different
gene organization and lacks the iacRMarR fam-
ily repressor. Instead, the PsJN genome carries
other genes adjacent to the iac operon, including
genes encoding a LysR-type regulator and a pu-
tative two-component signal transduction sys-
tem, composed of iacS and iacR1 . Expression of
these regulatory genes is induced by IAA and is
required for IAA-induced transcription from
the iac promoter (Donoso et al. 2017). This is
the only sensory system that has been identified
in bacteria in which IAA does not directly target
a transcription factor and instead may initiate a
large-scale physiological response downstream
of a two-component system. It will be interesting
to learn whether other microbes use a similar
system to sense and respond to IAA.

Adapting to a New Environment

An additional example of auxin-regulated gene
expression has been observed in the soil bacte-
rium Serratia plymuthica (Matilla et al. 2018),
which produces a wide range of antibiotics in-
cluding andrimid. Production of andrimid is
regulated by AdmX, a transcriptional activator
with an amino-terminal DNA-binding domain
and a LysR-type ligand-binding domain. AdmX
has been shown to bind IAA, which may change
its conformation. The proposed change in con-
formation upon IAA binding is thought to
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reduce AdmX’s ability to bind DNA, thereby
disabling its transcriptional activation function.
Thus, IAA lowers andrimid production in this
strain. The biological relevance of reducing an-
drimid production is unclear, but one possibility
is that this results in a physiological ormetabolic
change that enables S. plymuthica to acclimate
to a new environment.

In several plant-associated bacteria, IAA
may act as a signal of a new environment. Two
examples of bacteria that showdramatic changes
in gene expression in response to IAA are Azo-
spirillum brasilense (Vande Broek et al. 2005;
Van Puyvelde et al. 2011) and Rhizobium etli
(Spaepen et al. 2009). In A. brasilense, IAA acti-
vates a positive feedback loop in which IAA bio-
synthesis genes are up-regulated (Vande Broek
et al. 2005). Van Puyvelde et al. (2011) then
showed extensive transcriptional responses to
IAA by analyzing gene-expression patterns in
auxin biosynthesis mutants. Interestingly, in
wild-type A. brasilense, exposure to IAA altered
expression of genes encoding transport proteins,
cell surface proteins, and proteins involved in
type VI secretion. These observations support
the hypothesis that IAA may stimulate bacteria
to alter gene expression to increase their com-
petitiveness in the rhizosphere. Spaepen et al.
observed that in R. etli, genes involved in motil-
ity and attachment are differentially regulated by
IAA. Because these genes are believed to be im-
portant for symbiosis with plants, the authors
hypothesized that IAA plays a role in promoting
R. etli plant interactions (Spaepen et al. 2009).

Bacterial plant pathogens have also evolved
the ability to use IAA as a signal to modulate
gene expression and virulence mechanisms.
One well-known pathogen that relies on its
own ability to alter host auxin biology is A. tu-
mefaciens, the causal agent of crown gall disease.
This pathogen expresses virulence (vir) genes
during pathogenesis that are ultimately respon-
sible for genetic transformation of plant cells so
that they will abnormally produce auxins and
cytokinins and stimulate the formation of galls
at the site of infection (Thomashow et al. 1986;
Mashiguchi et al. 2019). After sufficient accu-
mulation of IAA in the infected tissue and thus
pathogen vir genes are presumably no longer

required, the high level of IAA inhibits their ex-
pression (Liu and Nester 2006). A large number
of additional non-vir genes are also regulated by
IAA, suggesting IAAmayalso regulate processes
important for bacterial persistence after gall for-
mation (Yuan et al. 2008).

Plant pathogens in the Pseudomonas genus
also respond to IAA by altering gene expression.
Experiments to investigate the possibility that
IAA regulates virulence gene expression in
P. syringae strain PtoDC3000 were prompted by
studies suggesting that auxin promotes disease
development via a mechanism independent of
suppressing SA-mediated host defenses (Chen
et al. 2004; Mutka et al. 2013). In a recent study,
Djami-Tchatchou et al. (2020) demonstrated that
IAA regulates expression of known virulence
genes, including genes involved in T3S, in
PtoDC3000 growing in culture. However, rather
than promoting expression of T3SS-related
genes, as was initially expected given that IAA
promotes pathogenesis, they observed that
T3SS-related genes were down-regulated in re-
sponse to IAA. However, other virulence genes,
such as tvrR, which encodes a TetR family tran-
scription factor, were up-regulated in response to
IAA. Similar effects of IAA on expression of these
virulence genes were also observed in planta.
These findings led to the hypothesis that IAA
acts as a signaling molecule that coordinates ex-
pression of virulence genes required during dif-
ferent stages of pathogenesis (Djami-Tchatchou
et al. 2020). IAA has also been shown to down-
regulate expression of T3SS genes inP. savastanoi
(Aragon et al. 2014; Ryu 2015). Currently, we do
not know how P. syrinage and other plant path-
ogens sense and respond to auxin. Elucidating the
mechanisms involved will greatly enhance our
understanding of the roles of IAA as a pathogen
signal during infection.

CONCLUDING REMARKS

It is evident from the examples discussed above
that auxin plays several different roles during
plant–pathogen interactions. It should come as
no surprise that one of its primary roles is as a
plant hormone, and that alterations in host aux-
in signaling and physiology can either result in
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enhanced defense or increased disease, depend-
ing on the pathogen. Perhaps more surprising
are the more recent discoveries that auxin also
acts as a microbial signaling molecule that can
directly impact pathogen biology, for example,
by modulating virulence gene expression. These
findings have opened up an exciting new area of
research focused on elucidating themechanisms
by which pathogens sense and respond to IAA.
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