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Ethylene and its precursor 1-aminocyclopropane-1-carboxylate (ACC) actively
participate in plant developmental, defense and symbiotic programs. In this sense,
ethylene and ACC play a central role in the regulation of bacterial colonization
(rhizospheric, endophytic, and phyllospheric) by the modulation of plant immune
responses and symbiotic programs, as well as by modulating several developmental
processes, such as root elongation. Plant-associated bacterial communities impact
plant growth and development, both negatively (pathogens) and positively (plant-
growth promoting and symbiotic bacteria). Some members of the plant-associated
bacterial community possess the ability to modulate plant ACC and ethylene levels
and, subsequently, modify plant defense responses, symbiotic programs and overall
plant development. In this work, we review and discuss the role of ethylene and ACC
in several aspects of plant-bacterial interactions. Understanding the impact of ethylene
and ACC in both the plant host and its associated bacterial community is key to the
development of new strategies aimed at increased plant growth and protection.
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INTRODUCTION

Plants play a vital role in the Earth’s ecosystems. Their ability to photosynthesize, transforming
light energy into chemical energy (in the form of sugars and other organic compounds),
provides the energy (either directly or indirectly) necessary for nearly all lifeforms. Amongst
these, bacteria possess a privileged relationship with plants that results from tens of millions
of years of co-evolution in the Earth’s soils. A huge amount (from 15% up to 70%) of a
plants photosynthetically fixed carbon is released into the rhizosphere (the portion of the
soil surrounding the roots) (Neumann and Rohmeld, 2001). The bacteria present in the
rhizosphere bind to external root tissues and use compounds exuded by plants as energy
sources (Philippot et al., 2013). Some bacteria, termed endophytes, not only thrive in the
rhizosphere, but can also enter and colonize internal plant tissues (Hardoim et al., 2015). In
addition, phyllospheric bacteria colonize aerial plant tissues (e.g., leaf) (Vorholt, 2012). Altogether,
rhizospheric, endophytic, and phyllospheric bacteria constitute the plant-associated bacterial
community, which plays a vital role in plant growth and development. Yet, members of the
plant-associated bacterial community may influence plant growth and development in different
and sometimes opposing ways. Plant pathogens negatively affect plant growth and development by
deleterious and parasitic actions (e.g., production of toxins and enzymes that degrade plant tissues).
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On the other hand, beneficial bacteria form mutualistic and
symbiotic relationships with the plant host (e.g., rhizobia and
leguminous plants), and promote plant growth by enhancing
plant mineral uptake, nitrogen fixation, production of plant-
growth promoting compounds, degradation of compounds that
negatively impact plant growth (e.g., xenobiotics), and providing
protection from pathogens (Glick, 2014; Santoyo et al., 2016).

Plants have developed an “immune system” composed of
a series of intricate and complex mechanisms that ultimately
limit and control its associated bacterial communities (Jones
and Dangl, 2006). In addition, leguminous plants tightly control
the symbiotic nodulation process by a mechanism termed auto-
regulation of nodulation (Ferguson et al., 2010).

Plant hormones actively participate in plant developmental,
defense and symbiotic programs. In the center of these processes
lies ethylene (ET), a gaseous plant hormone, readily diftusible
in plant tissues, that exerts its effects even in very low
concentrations. ET not only regulates several aspects of plant
growth (Van de Poel et al, 2015), but also participates in
defense and symbiotic programs induced by bacteria (Desbrosses
and Stougaard, 2011; Guinel, 2015), consequently impacting
bacteriome assembly. Moreover, several reports point to the role
of the direct ET precursor, 1-aminocyclopropane-1-carboxylate
(ACC), in regulating plant developmental (Yoon and Kieber,
2013; Vanderstraeten and Van Der Straeten, 2017) and defense
responses (Tsang et al., 2011).

As a consequence of the key role of ET and ACC,
many bacteria that are closely associated with plants possess
sophisticated mechanisms to sense and modulate ET and ACC
levels within plant tissues and in the rhizosphere. Although many
of these mechanisms are known and their effects in plant growth
are documented, not much is understood about their prevalence
in bacterial communities, their impact on the plant microbiome
and their effect on overall plant growth.

Here, the role of ET and ACC in plant-bacterial interactions
is reviewed and discussed. The impact of ET and ACC
in plant development, defense and symbiotic programs, as
well as, the bacterial strategies used to modulate plant ACC
and ET concentrations are described in detail. Ultimately,
understanding the impact of ET and ACC in plants and
their associated bacteria is key to the development of new
technologies aiming to maximize plant growth and protection.
A list of the abbreviations used in this study is presented in the
Supplementary Material.

PLANT ACC AND ET BIOSYNTHESIS
AND SIGNALING MECHANISMS

ET biosynthesis occurs in all higher plants via a methionine-
dependent pathway (Figure 1), in which methionine is converted
to S-adenosyl methionine (SAM) by the enzyme SAM synthase.
SAM is then converted to ACC, the direct precursor of
ET, and 5-methylthioadenosine (MTA), by the enzyme ACC
synthase (ACS). MTA is reconverted to methionine by a series
of biochemical reactions, described as the Yang cycle (Yang
and Hoffman, 1984), which replenish the pool of methionine

available. Finally, the enzyme ACC oxidase (ACO) converts ACC
into ET, HCN and CO,.

ACC can also be conjugated to form malonyl-ACC (M-ACC),
y-glutamyl-ACC (G-ACC) and jasmonoyl-ACC (JA-ACC) by the
action of the ACC-N-malonyl transferase (AMT), y-glutamyl-
transpeptidase (GGT) and jasmonic acid resistance 1 (JARI)
enzymes, respectively (Figure 1). The conjugation of ACC can
also regulate future ACC and ET biosynthesis (Van de Poel and
Van Der Straeten, 2014).

ACC Synthase and ACC

The ET precursor, ACC, is a non-proteinogenic a-amino
acid synthesized from SAM by ACS and its production
involves transcriptional, post-transcriptional, translational and
post-translational regulation (Lee et al., 2017). In all higher plants
that have been examined to date, the ACS enzyme is encoded
by a multigene family, leading to the production of several
isoforms that have specific roles in different plant cells, tissues
and developmental processes (Yamagami et al., 2003; Tsuchisaka
and Theologis, 2004; Tsuchisaka et al., 2009). Furthermore, ACS
can form active heterodimers that may influence their biological
activity, regulation and coordination of ACC and ET production
(Tsuchisaka and Theologis, 2004; Tsuchisaka et al., 2009; Lee
etal., 2017).

The expression of ACS isoforms is controlled at the
transcriptional level, with several internal and external
cues modulating the transcription of specific ACS genes.
Developmental stages, stress conditions and the presence of
phytohormones, such as auxin and ET itself, are amongst the
main inducers of transcriptional changes in ACS genes (Wang
et al., 2005; Vanderstraeten and Van Der Straeten, 2017).

Numerous transcription factors can bind to ACS gene
promoters (Lin et al., 2009; Matarasso et al., 2005; Ito et al., 2008;
Zhang et al., 2009; Datta et al., 2015). For example, Li et al. (2012)
demonstrated that the mitogen-activated protein kinases, MPK6
and MPK3, regulate the expression of Arabidopsis ACS2 and
ACS6 genes via the WRKY33 transcription factor that binds to
the W-boxes (TTGACT/C) in the promoters of ACS2 and ACS6
genes in vivo.

Based on their biochemical and structural properties, namely
the presence of phosphorylation sites in the C-termini, ACS
can be divided in three different groups (Chae and Kieber,
2005). Group I ACS (ACS2 and ACS6) contain phosphorylation
sites for both MPKs and CDPKs (calcium-dependent protein
kinases). Group II ACS (ACS4, ACS5, ACS8, ACS9, and ACS11)
are uniquely phosphorylated by CDPKs, and group III ACS
(ACS7) does not contain any phosphorylation sites. These
phosphorylation sites have an important role in the increased
activation or deactivation of some ACS isoforms, in which
kinases, phosphatases, and the ubiquitin-proteasome system play
a pivotal role (reviewed by Xu and Zhang, 2014).

ACC as an Internal Plant-Signaling

Molecule
Importantly, Tsuchisaka et al. (2009) demonstrated that the
disruption of all Arabidopsis ACS isoforms leads to lethality,
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FIGURE 1 | The ethylene biosynthetic pathway and ACC conjugation process. In this pathway methionine is converted to S-adenosyl methionine (SAM) by the
enzyme SAM synthase. SAM is converted to ACC (1-aminocyclopropane-1-carboxylate) and 5-methylthioadenosine (MTA), by the enzyme ACC synthase. MTA is
reconverted to methionine by a series of biochemical reactions, described as the Yang cycle. The enzyme ACC oxidase catalyzes the conversion of ACC to ET. In
addition, ACC can be conjugated to M-ACC (Malonyl-ACC), G-ACC (y-glutamyl-ACC) or JA-ACC (Jasmonoyl-ACC) by the action of the enzymes ACC-malony!
transferase, y-glutamyl-transpeptidase and Jasmonic acid resistance 1, respectively.
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further indicating the indispensable role of ACS and ACC in plant
growth and development. Furthermore, the authors suggest that
ACC itself, independently of ET, may play a role as a signaling
molecule that controls plant growth and development. Results
obtained by Xu et al. (2008) and Tsang et al. (2011) indicate
that ACC takes part of a rapid signaling mechanism controlling
root cell elongation that is independent of ET signaling. The
Arabidopsis feil fei2 mutant plants, defective in the production
of the Leucine-Rich Repeat Receptor Kinases (LRRK) FEI1 and
FEI2, displayed a severe defect in anisotropic root growth due to
a reduced cellulose microfiber content in the cell wall at the root
tip. Application of ET biosynthesis inhibitors reversed the feil
fei2 phenotype while ET signaling inhibitors did not. Moreover,
the ET insensitive mutants etr] and ein2 did not suppress the
feil fei2 phenotype. Interestingly, the FEI proteins interacted
directly with ACS5 and ACS9 (Xu et al., 2008). Similarly, ET
biosynthesis inhibitors reduced the rapid effect of cell wall stress
damage induced by isoxaben (a cellulose biosynthesis inhibitor),
while the ET signaling mutants ein3 eill presented similar
root elongation inhibition as the wild-type plant (Tsang et al,
2011). Both the application of isoxaben and ACC led to a rapid
reduction in root epidermal cell elongation in both wild-type
and ein3 eill mutants, however, ET signaling components
were required for long-term growth responses (Tsang et al.,
2011).

ACC and some of its conjugated forms can be readily
transported (in a matter of minutes) within the tissues of various
plants, via phloem and xylem, further indicating their importance
as signaling molecules. For example, ACC can be transported
from roots to leaves (long distance transport) and, in a more
localized fashion, from cell to cell (short distance transport).

Moreover, different cells or organs have different ACS and ACO
expression profiles, and ACC may be synthesized in one cell or
organ and converted to ET in another cell or organ (reviewed by
Vanderstraeten and Van Der Straeten, 2017).

Curiously, the fact that ACC conjugates with other
phytohormones such as jasmonic acid, a hormone closely
linked to plant defense (Wasternack and Hause, 2013) suggests a
role for ACC in phytohormone crosstalk and a possible effect in
mediating some plant defense responses.

ACC as an External Signaling Molecule

The use of exogenous ACC as a mean to study ET effects on
plant growth and development is a common practice amongst
plant physiologists. Application of ACC to the plant growth
medium often leads to the plant triple response phenotype
(Merchante and Stepanova, 2017). This is possibly due to
the presence of a mechanism responsible for ACC transport
across the plant cell wall and membrane, leading to ACC
uptake (Shin et al., 2015). Importantly, ACC can be exuded
by seeds and roots (Finlayson et al, 1991; Penrose et al,
2001; Penrose and Glick, 2001), indicating the existence of a
mechanism responsible for ACC exudation. Intriguingly, there
is no genetic information about this mechanism. Under stressful
conditions plants can produce highly elevated levels of ACC
that subsequently increase ET concentrations (stress ET), leading
to an inhibition of plant growth and development (Abeles
et al., 1992). Hence, releasing ACC to the rhizosphere may
be a useful strategy to decrease the negative effects of ACC
and ET accumulation under stress conditions. Moreover, since
ACC is readily diffused in water it can easily be taken up by
bacteria or nearby root systems; thus, the released ACC may
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act as a signal to recruit beneficial bacteria and/or signal nearby
plants.

ACC Oxidase and ET

The plant produced ACC is converted to ET by the action of the
enzyme ACO, which is also encoded by a multigene family in
higher plants (Dorling and McManus, 2012; Rudus et al., 2013).
In Arabidopsis, a total of five ACO genes are found, however
only ACO2 and ACO4 have been studied in detail (Gomez-
Lim et al, 1993; Raz and Ecker, 1999; Ramonell et al., 2002;
Raghavan et al., 2006; Linkies et al., 2009). These studies revealed
that ACO is induced in several plant tissues by numerous
treatments, such as, wounding, ethrel (a liquid compound that
is transformed into ET), Fe?*, 2,4-dichlorophenoxyacetic acid
and ACC. Likewise, several studies have demonstrated the
induction of ACO gene expression by biotic and abiotic stresses,
phytohormone treatments (including ET) and developmental
and ontological cues in other plant species (reviewed by Dorling
and McManus, 2012).

Like ACS, the ACO enzyme isoforms are expressed under
tissue specific conditions and different translational regulation
mechanisms control their production (Dorling and McManus,
2012). In addition, ACO expression can also be affected by post-
transcriptional and post-translational regulatory mechanisms
(Datta et al., 2015).

ET Signaling
Plants possess an intricate mechanism regulating ET perception
and consequent ET-induced responses (Figure 2) (reviewed in
detail by Ju and Chang, 2015). In Arabidopsis, ET is perceived
by a five-member family of ET receptors, namely Ethylene
Response 1 (ETR1), ETR2, Ethylene Response Sensor 1 (ERS1),
ERS2 and Ethylene Insensitive 4 (EIN4), that are located in
the plant cell endoplasmic reticulum (ER). These receptors act
as negative regulators of the ET signaling pathway. When ET
is not present, the receptors activate a Ser/Thr kinase named
Constitutive Triple Response 1 (CTR1) that suppresses the ET
response by phosphorylating Ethylene Insensitive 2 (EIN2), an
ER-bound protein. EIN2 is in an inactive state when it is
phosphorylated by CTR1 (Figure 2A). On the other hand, when
ET binds to the receptors it leads to the inactivation of CTR1
and as a result, EIN2 is dephosphorylated and, consequently,
its C-terminal domain is released to migrate to the nucleus.
There, EIN2 can, directly or indirectly, activate the transcription
factors EIN3 and Ethylene Insensitive-Like Protein 1 (EIL1)
that, subsequently, bind to the EIN3-binding sequence (EBS)
element in the promoter region of various target genes, thus
modulating their expression (Figure 2B). Some of these are the
ETHYLENE RESPONSE FACTORS (ERFs) genes that further
modulate the expression of a wide range of other genetic
elements, including those involved in the production of other
phytohormones (reviewed in detail by Miiller and Munnei-
Bosch, 2015).

Some additional reports have shown the existence of several
regulators of the ET signaling mechanism (reviewed by Wen
etal,, 2015), which further impact ET-induced responses.

OLD FOES: ET AND ACC ACT AS
INHIBITORS OF BACTERIAL
COLONIZATION AND THE NODULATION
PROCESS

Pathogens

Studies using mutants impaired in ET biosynthesis and signaling
demonstrated a direct role for ACC and ET in plant defense
against some bacterial pathogens. Arabidopsis ein2 mutants
presented an increased susceptibility to Erwinia carotovora subsp.
carotovora (now reclassified as Pectobacterium) infection as the
number of viable bacteria was 7-10 times higher in the mutant
than in the wild-type plants (Norman-Setterblad et al., 2000).
Recently, Guan et al. (2015) showed that Arabidopsis acs mutants
(that were deficient in the production of ACC) presented a higher
susceptibility to Pseudomonas syringae infection. The authors
also demonstrated that plants with reduced ACC production
were colonized to a greater extent by P. syringae.

Rhizobial Symbionts

Rhizobia can form a symbiotic relationship with leguminous
plants by inducing the formation of nodules where the rhizobial
nitrogen fixation process occurs. Upon the perception of plant
flavonoids, rhizobia produce lipochitooligosaccharides, termed
nodulation (Nod) factors (NFs) that ultimately induce the plant
symbiotic response and the development of nodules. In order
to colonize the plant-produced nodule, rhizobia enter the plant
root hair cells, and consequently reach the nodule via infection
threads, a tubular structure resulting from the invagination
of the plant cell membrane. Once in the nodule, rhizobia
differentiate into a specialized symbiotic organelle-like form,
termed a bacteroid, which is now able to start the nitrogen
fixation process, thus, providing nitrogen to the plant host
(reviewed by Gage, 2004).

Generally, ET and ACC act as inhibitors of the nodulation
process initiated by rhizobial symbionts (reviewed by Guinel,
2015). Several studies revealed that ET and ACC are involved
in several phases of the symbiosis process, including, the
initial response to bacterial NFs, NF signal transduction,
infection thread formation, nodule development, senescence,
and abscission (Penmetsa and Cook, 1997; Heidstra et al.,
1997; Oldroyd et al., 2001; Prayitno et al, 2006; Larrainzar
et al., 2015; Guinel, 2015). For example, Penmetsa and Cook
(1997) showed that the Medicago truncatula sickle (skI) mutant,
insensitive to ET, formed an increased number of nodules. The
skl mutant is defective in a gene homologous to the Arabidopsis
EIN2 gene (Penmetsa et al., 2008). The silencing of two Lotus
japonicus EIN2 homologous genes also resulted in increased
nodule formation (Miyata et al., 2013). On the other hand,
application of exogenous ET or ACC greatly reduces nodule
formation in several leguminous plants (Okazaki et al., 2004).

Bacterial Endophytes

A bacterium can be considered an endophyte when isolated
from internal and asymptomatic plant tissues. This definition
encompasses, neutral, commensal and/or beneficial, dormant
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FIGURE 2 | Overview of the ethylene signaling pathway in Arabidopsis thaliana. (A) In the absence of ET, and, in the endoplasmic reticulum, ET receptors activate
the CTR1 kinase that, consequently, phosphorylates EIN2, which becomes inactive and does not induce the ET response. (B) In the presence of ET, the ET receptors
bind to ET and lose their CTR1-inducing activity, which in turn leads to a diminished activation of CTR1 and, consequently, the activation of EIN2. In this way, the C
terminal domain of EIN2 is cleaved and migrates to the nucleus where it induces the expression of EIN3/EIL1 transcription factors, and, subsequently, ERFs and
ET-responsive genes containing EBS (EIN3-binding sequences) in their promoter regions. Arrows indicate activation, and T-bars indicate repression of the pathway.
Thick arrows represent a strong activation of CTR1 by the ET receptors; Dashed arrows denote less signaling activation of CTR1 upon ET binding to the receptors.

saprobes and latent bacterial pathogens (reviewed by Compant
et al., 2016). In addition, two distinct classes of endophytes can
be considered: obligatory endophytes, which spend its entire
life cycle inside the plant host; and, non-obligatory endophytes,
which spend part of their lifetime inside a plant host but
may survive in different environments, such as the rhizosphere
(which is the case of most studied bacterial endophytes).
In this sense, it has been demonstrated that ET and ACC
regulate the interaction between plants and non-obligatory
bacterial endophytes. For example, Iniguez et al. (2005)
demonstrated that ET acts as an inhibitor of the endophytic
colonization process by the nitrogen-fixing endophytic bacterium
Klebsiella pneumoniae 342, which presented a hyper-colonization
phenotype when inoculated in the skl mutant of M. truncatula.
Furthermore, the addition of ACC to the growth medium
greatly reduced the K. pneumoniae 342 and Salmonella
typhimurium 14028 endophytic colonization abilities in wild-type
alfalfa and wheat seedlings. Conversely, addition of the
ET perception inhibitor, 1-methylcyclopropane, resulted in
increased endophytic colonization by these strains, in wild-type
plants. Curiously, the ET-mediated inhibition of endophytic
colonization was decreased in S. typhimurium 14028 mutant
strains lacking flagellin fliC and fIjB genes, and, type III secretion
system genes spaS and sipB, compared to the wild-type strains,
suggesting that ET responses are dependent on host perception
of bacterial microbe-associated molecular patterns (MAMPs) and
effectors.

Phyllospheric Bacteria
The Arabidopsis ein2 mutant displayed a modified phyllospheric
bacterial community when compared to the wild-type plant,

supporting the role of ET in controlling the phyllosphere
microbiota (Bodenhausen et al, 2014). A higher bacterial
abundance, as measured by relative 16S rRNA gene copy
number, was observed in the ein2 mutant. Moreover, Variovorax
strains were more abundant in the phyllosphere of ein2 mutant
plants compared to wild-type plants (Bodenhausen et al., 2014).
Together with the results obtained for leaf-associated pathogens,
such as P. syringae, these results support the effect of ET and
its signaling mechanism as a general inhibitor of leaf bacterial
colonization.

ZOOM IN: ET AND ACC REGULATE THE
PLANT IMMUNE AND SYMBIOTIC
RESPONSES

MAMPs and DAMPs: Pattern Triggered

Immunity

The first level of plant inducible defense mechanisms is activated
upon recognition of bacterial colonizers and their MAMPs, like
flagellin (FLG), elongation factor Tu (EF-Tu), peptidoglycan
(PGN), lipopolysaccharides (LPS) and necrosis and ethylene-
inducing peptide 1 (Nep1)-like proteins (NLPs) (Newman et al.,
2013; Bohm et al,, 2014). Additionally, primary plant defenses
are also activated in response to damage-associated molecular
patterns (DAMPs) (Yamaguchi and Huffaker, 2011) that result
from the direct action of invading bacteria (e.g., production of
extracellular enzymes and peptides) or from plants’ endogenous
peptides and other compounds that may be released following
bacterial colonization.
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MAMPs and DAMPs are recognized by plant pattern
recognition receptors (PRR), subsequently leading to the
activation of the pattern-triggered immunity (PTI) response
(Jones and Dangl, 2006; Yamaguchi et al, 2010) in which,
ion fluxes, intricate MPK signaling cascades, ACC and ET
biosynthesis, reactive oxygen species (ROS) production,
hydroxyproline-rich  glycoproteins ~ (HPRGs),  cell-wall
strengthening, callose deposition, and gene transcriptional
and translational reprogramming take part (Felix et al., 1999;
Asai et al., 2002; Zipfel et al., 2004; Boller and Felix, 2009; Luna
etal, 2011; Xu et al., 2017).

ET plays an important role in PTI, and in some cases, it acts
both upstream and downstream of the PTI response (Figure 3).
The accumulation of the LRRK FLS2 (Flagellin Sensitive 2), the
receptor for the bacterial flagellin or its active epitope Flg22,
is reduced in ET-insensitive efr] and ein2 mutants, indicating
a requirement of ET signaling for FLS2 increased expression
and consequent Flg22-induced responses (Mersmann et al., 20105
Boutrot et al., 2010; Tintor et al., 2013). Moreover, Boutrot et al.
(2010) observed that FLS2 is positively regulated by EIN3 and
EIN3-like transcription factors. The application of exogenous
ACC also leads to an increased expression of FLS2 (Tintor et al.,
2013). Similarly, the FRK1 (Flg22-INDUCED RECEPTOR-LIKE
KINASE 1) gene, which is activated in response to Flg22, and,
acts downstream of FLS2 (Asai et al., 2002), is influenced by ET;
transcript levels of FRK1 are reduced in ein2-5 mutants after
Flg22 treatment (Boutrot et al., 2010).

Importantly, Flg22 treatment induces the activation of several
defense related genes trough a MPK signaling cascade (Asai
et al., 2002). Moreover, Flg22 induced the increased expression
of MPK3 and MPKG®6, but no other MPK isoforms (Asai et al.,
2002). This is consistent with previous studies showing MPK6
activation following Flg22 treatment (Niihse et al.,, 2000). The
stress-responsive MPK3 and MPK6 phosphorylate the ACS2 and
ACS6 isoforms, thus, leading to an increased level of ACC and,
consequently, ET production (Liu and Zhang, 2004; Li et al,
2012).

An increase in ET production was also observed in response
to EF-Tu (Kunze et al, 2004). Arabidopsis ein2 mutants
present a decreased sensitivity to the EF-Tu epitope, elf18
(Tintor et al., 2013), however, the expression of the EF-Tu
Receptor (EFR) is not affected in the ein2 mutant, suggesting
that ET acts downstream of the EFR-dependent responses.
Tintor et al. (2013) observed that a dysfunctional ET signaling
mechanism causes improper transcriptional reprogramming
during EFR-triggered immunity. Recently, Xu et al. (2017)
demonstrated that genes involved in the ET response were
amongst the genes with translational efficiency changes in plants
challenged with elf18. Arabidopsis ein4-1, erf7, and eicbp.b
(ETHYLENE INDUCED CALMODULIN BINDING PROTEIN)
mutants displayed insensitivity to elf18-induced resistance (Xu
etal, 2017).

Recently, a leucine-rich repeat receptor protein (LRR-RP)
RLP23 has been shown to act as the receptor for NLPs (nlp20)
and act together with the SOBIR1 [Suppressor of Brassinosteroid
Insensitive 1 (BRIl)-associated kinase (BAK1)-interacting
receptor kinase 1], and BAKI proteins to produce the

NLP-induced defense response (Albert et al., 2015). NLPs
are abundant in bacteria and can also be considered MAMPs
(Bohm et al., 2014; Oome et al., 2014). Bacillus halodurans and
B. subtilis nlp20 peptides trigger ET production in Arabidopsis
(Bohm et al., 2014).

Peptidoglycan from several Gram-positive and Gram-negative
bacterial strains are recognized by plant lysin-motif (LysM)
domain proteins, LYM1 and LYM3 (Willmann et al., 2011).
Acting downstream, a membrane LysM receptor kinase (CERK1)
is also required to induce transcriptional responses induced by
PGN. This signal transduction mechanism leads to the activation
of FRK1, whose expression has been shown to be regulated by ET,
suggesting a role for ET in PGN-induced responses.

Ranf et al. (2015) revealed that a plant lectin S-domain-1
receptor-like kinase, LORE, is responsible for the recognition
of bacterial LPS. Arabidopsis mutants, lore-1 and lore-2, present
a diminished LPS-triggered accumulation of ROS, activation
of MPK3 and MPK6 and expression of PTI response genes,
such as FRK1 and GST1 (GLUTATHIONE-S-TRANSFERASE 1)
(both of which are ET regulated). These results suggest that
LPS-induced responses may modulate ACS expression in a
MPK3-6 dependent manner, as previously observed by Li et al.
(2012), and thereby induce the expression of ET-responsive
proteins like FRK1.

DAMPs induce ET production and modulate ET responses.
Nevertheless, ET itself can induce the production of DAMPs,
indicating a role for ET acting upstream and downstream
of the DAMP-induced response. Upon wounding, methyl
jasmonate or ET application, Arabidopsis produces Pepl,
a23-amino acid peptide processed from PROPEP1 (Precursor
of Peptide 1), which binds to the Pepl receptor kinases PEPR1
and PEPR2 (Huffaker et al., 2006; Yamaguchi et al., 2010;
Liu et al., 2013). PEPRI and PEPR2 directly phosphorylate
the BOTRYTIS-INDUCED KINASE 1 (BIK1) in response to
Pepl treatment (Liu et al., 2013). Arabidopsis peprl/pepr2 and
bikl mutants present a compromised ET-induced expression
of defense genes. Curiously, peprl/pepr2 mutants displayed a
reduced sensitivity to ET, suggesting a direct effect in the ET
signaling pathway (Liu et al., 2013).

Other studies have shown that the application of several
bacterial extracellular enzymes that impact plant tissues (e.g.,
pectate lyase) induce ET production in several plant species
(reviewed in Abeles et al., 1992). However, the effect of all of these
applications has not been studied in detail.

Effector-Triggered Immunity

In addition to transmembrane PRR, plants also produce specific
defense nucleotide binding and leucine rich repeat domains
(NB-LRR) proteins inside the cell (Jones and Dangl, 2006).
These plant resistance (R) proteins are involved in the second
layer of defense, which is induced upon recognition of specific
effectors that are produced by bacteria able to suppress or evade
PTI. The R proteins recognize bacterial effectors, thus, initiating
effector-triggered immunity (ETI) (Jones and Dangl, 2006).
The ETT response is frequently associated with hypersensitive
response cell death (HR) (Jones and Dangl, 2006; Dodds and
Rathjen, 2010). ET production is closely linked with ETI and
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pathways that lead to the production of ACC and ET. Since most MAMPs, DAMPs and NFs are known to activate MKK-MPK signaling cascades, a MAMP, DAMP
and NF-triggered MKK-MPK3/6 cascade (based on Arabidopsis gene nomenclature) seems to play a central role in the phosphorylation, and, subsequent activation
of type 1 ACS (e.g., AtACS2 and AtACS6). Nevertheless, some aspects of the MAMP, DAMP, NF, and effector induced-R protein signal transduction pathways
remain elusive. For example, effector induced immunity leads to the production of ACC and ET, however, not much is understood about the role of effectors and R
proteins in the activation of the ET biosynthesis and signaling pathways. MAMP, Microbe Associated Molecular Pattern; DAMP, Damage Associated Molecular
pattern; FLG, Flagellin; EF-Tu, Elongation factor-Tu; LPS, Lipopolysaccharide; PGN, Peptidoglycan; NLPs, necrosis and ethylene-inducing peptides; NF, Nodulation
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recognition; CERK1, LysM receptor kinase; FRK1 -FIg22-Induced Receptor-Like Kinase 1; BAK1, Brassinosteroid insensitive 1 (BRI1)-associated kinase; BIK1,
Botrytis-Induced Kinase 1; MKK, mitogen-activated protein kinase kinase; MPK, mitogen-activated protein kinase. ACS, ACC synthase; ACO, ACC oxidase; ERF,

Ethylene Response Factor.

HR. Some studies have revealed that following pathogen infection
(P. syringae), ET is produced in a biphasic pattern in both
Nicotiana tabacum and Arabidopsis plants (Mur et al., 2008,
2009). The first ET peak seems to be related with PTI and it
is rapidly induced. The generation of the second ET peak is
dependent on ETI, as bacteria deficient in effector delivery (hrpL
mutants) are not able to induce the second ET peak (Mur et al.,
2008). Also, the bacterial avr gene and its ETI-inducing activity
is closely related to the second ET peak production (Mur et al.,
2008,2009). Guan et al. (2015) showed that the P. syringae2 (rps2)
Arabidopsis mutant seedlings lacking the R protein and, therefore,
unable to sense the avrRpt2 effector, produced decreased effector
stimulated ET levels. On the other hand, Liu et al. (2011) showed
that the Erwinia amylovora-derived elicitor HrpNEa activates
the transcription factor MYB44, which in turn enhances the
expression of EIN2. Recently, Blither et al. (2017) demonstrated
that Xanthomonas campestris pv. vesicatoria produces a type
III secretion effector, XopH, that possesses phytase activity
and modulates the Nicotiana benthamiana defense response.
The authors observed that XopH induced the expression of
N. benthamiana ET-responsive genes encoding the pathogenesis-
related proteins, PR1b, PR4 and the proteinase inhibitor PI-II.

Moreover, the expression of PR4 and PI-II genes were dependent
on the ET signaling pathway, as silencing of ET pathway
components, such as EIN2, suppressed their upregulation.
Studies using Arabidopsis ET-overproducing (ETO) and
signaling mutants indicate that ET strongly participates in the
HR response (Mur et al., 2009). For instance, efo2-1 mutants
(overproducing ACC and ET) induce an exaggerated HR, while
ET insensitive mutants (ein2-1 and etrl-1) present a delayed HR.

Symbiotic Nod Factor-Triggered

Response

Rhizobial NF perception by a leguminous plant leads to the
initiation of the symbiotic program, which ultimately results in
nodule formation and biological nitrogen fixation (reviewed by
Guinel, 2015). Bacterial NFs are perceived by plant NF receptors,
such as the lysine motif domain-containing receptor-like kinase 3
(LYK3) and nodulation factor perception (NFP) in M. truncatula,
and nodulation factor receptorl (NFR1) and NFR5 in Lotus
japonicus. The NF receptors are plasma membrane-localized
receptor-like kinase and kinase-like (RLK) proteins (Amor et al.,
2003; Smit et al,, 2007; Moling et al, 2014) containing an
intracellular kinase domain and an extracellular region with two
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or three chitin-binding LysM motifs, which bind to NFs through
their chitin backbone (Petutschnig et al,, 2010; Broghammer
etal., 2012).

The M. truncatula skl mutant root transcriptome revealed
the important role of ET in the NF-signaling cascade and the
overall nodulation process. Larrainzar et al. (2015) observed
that the skl mutant presented an increased expression of NFP,
LYK3 and several members of the LysM kinase family, further
indicating that ET impacts NF receptor gene transcription.
Furthermore, ET also regulates the transcriptional response that
occurs downstream of NF perception, including ACS and ACO
expression, as well as other genes involved in the production
of other phytohormones (Larrainzar et al., 2015). Several
other events occurring after NF perception, such as calcium
spiking, root hair deformation, infection thread formation and
persistence, and primordium formation at sites opposite phloem
poles, have been demonstrated to be affected by ET (Penmetsa
and Cook, 1997; Heidstra et al., 1997; Oldroyd et al., 2001;
Larrainzar et al., 2015).

Importantly, Larrainzar et al. (2015) also identified the
presence of a NF-independent and ET-modulated response in
M. truncatula plants challenged with rhizobial symbionts. This
response likely accounts for the PTT and ETI immune response
elicited by rhizobial symbionts MAMPs, DAMPs and effectors.

AN ET AND ACC-REGULATED
MECHANISM CONTROLLING
DEVELOPMENT AND DEFENSE? THE
ROOT CELL ELONGATION EXAMPLE

Plant developmental cues and defense responses are intrinsically
related and may act synergistically to limit bacterial proliferation.
Even though ET and ACC directly impact the fast and localized
plant immune and symbiotic response, ET and ACC are
also known for their effects in long-term plant development,
especially in the modulation of root growth and development. In
this sense, ET and ACC act mainly as negative regulators of the
root cell elongation process.

The ACC (or ET)-induced inhibition of root cell elongation
is a very fast mechanism (i.e., it occurs within minutes)
and is mediated by several other players, such as ROS,
HPRGs, plasma membrane HT-ATPases and other enzymes
involved in cell-wall remodeling (Le et al., 2001; De Cnodder
et al, 2005; Staal et al, 2011, Markakis et al., 2012). The
crosslinking of HPRGs by ROS and the quick deposition
of callose in the apoplast (the main colonization spot of
bacterial endophytes) contribute to cell elongation arrest and
the general inhibition of root elongation induced by ACC
(axenic seedlings) (De Cnodder et al, 2005). In addition,
ACC induces apoplastic alkalinization in root cells that leads
to a decrease in the activity of cell-wall loosening agents
which function in more acidic environments. The alkalinization
occurs as a consequence of changes in HT efflux by the
modulation of the activity state of plasma membrane HT-
ATPases (Staal et al,, 2011). After a 3-h treatment with ACC,
the expression of several genes coding for known cell-wall

loosening proteins are down regulated, while genes coding for
specific cell wall components together with their cross-linking
enzymes (e.g., peroxidases) are upregulated (Markakis et al.,
2012).

Application of ACC also leads to an increased synthesis
and a modified transport of auxin, which readily impacts root
developmental programs (reviewed by Muday et al., 2012).
Moreover, auxin and its signaling mechanism are necessary
for the ACC and ET-induced root elongation inhibition in
Arabidopsis (Swarup et al., 2007; Stepanova et al., 2007; Ruzicka
et al., 2007; Strader et al., 2010; Staal et al., 2011).

Interestingly, most of the effects identified in ACC and ET-
induced responses (single application of ACC or ET) are also
observed in the immune responses induced by bacteria and their
MAMPs. Plant immune responses rapidly induce the production
of ACC and ET, modify ion fluxes and induce growth medium
alkalinization due to changes of ion fluxes across the plasma
membrane, induce increased ROS production and accumulation
(Boller and Felix, 2009) and increase HPRGs in the cell-wall
(reviewed by Deepak et al, 2010). The crosslinking of these
glycoproteins and the consequent strengthening of the cell wall
in response to microbial invaders is dependent on the action
of ROS (mainly H,0,) and peroxidase enzymes (Deepak et al.,
2010). Moreover, callose deposition is induced by MAMPs (Luna
etal,, 2011). The plant immune response usually leads to seedling
growth inhibition (Boller and Felix, 2009).

Importantly, Tsang et al. (2011) demonstrated that the
application of isoxaben (an inhibitor of cellulose synthesis and
general root development) or Flg22, induced root cell elongation
arrest in Arabidopsis. The application of ET biosynthesis
inhibitors reduced the negative effects of both isoxaben and
Flg22, indicating a similar mechanism regulating root elongation
inhibition induced by these compounds. Tsang et al. (2011)
further indicated that an ACC-dependent signaling mechanism,
involving auxin and ROS production acting downstream, was
responsible for root elongation inhibition.

Altogether, these results are consistent with the existence
of a common ET and ACC-mediated mechanism regulating
root elongation (and possibly other processes) that can be
activated by different elicitors, including MAMPs. The root
elongation inhibition process can limit bacterial colonization
and degradation of plant compounds since stronger and less
elongated cells, containing more antimicrobial compounds (e.g.,
ROS and callose) and presenting a modified permeability, may be
less susceptible to bacterial colonization.

COUNTER ATTACK! BACTERIAL
MODULATION OF PLANT ACC AND ET
LEVELS

Bacteria have developed several mechanisms to respond and
modulate plant ACC and ET levels (Figure 4). These mechanisms
are related to bacterial physiologic adaptations upon ET
perception (Figure 4A), and/or production of compounds and
effectors that directly or indirectly impact the production and
signaling of ET by the plant (Figure 4B), modulation of plant ET
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FIGURE 4 | Bacterial mechanisms involved in the responses to ethylene and modulation of plant ACC and ethylene levels. (A) Bacterial responses to ET, both
positive and negative that relate to the ET effect in the expression of several genes and traits. (B) Compounds and effectors impacting plant ACC and ET
biosynthesis and signaling. RTX, Rhizobitoxine; AVG, aminoethoxyvinylglycine; MVG, methoxyvinylglycine; FVG, 4-formylaminooxyvinylglycine; MTN,
methylthioadenosine nucleosidase. (C) Bacterial degradation of plant ACC and ET. Bacteria presenting ACC deaminase activity catabolize ACC to produce
a-ketobutyrate and ammonia. Bacteria producing an ET-monoxygenase and other associated components can use ET as sole carbon source. (D) Bacterial ET
production. Some bacterial pathogens produce ET by the action of an ET-forming enzyme (EFE) that uses arginine and a-ketoglutarate as substrates.

responses by degrading ACC or ET (Figure 4C) or, alternatively,
by producing ET (Figure 4D).

Bacterial Responses to ET

Studies on plant-associated bacteria demonstrated that ET
impacts the expression of several bacterial genes involved
in plant-bacterial interactions. For example, Agrobacterium
tumefaciens virulence (vir) gene expression is negatively
affected by exogenous ET, which leads to a decreased ability
of T-DNA transfer, and, consequently, to a reduction of
pathogenicity (Nonaka et al., 2008). ET induced the increased
expression of the cellulose synthesis operon, as well as the
CRP/FNRg, transcription factor, in the fruit-associated
bacterium Komagataeibacter xylinus, which in turn may favor
external bacterial adhesion, competitiveness and consequent
production of plant-growth promoting traits (Augimeri and
Strap, 2015). These results indicate that the ET impact in
plant-associated bacteria responses may be strain specific and
dependent on the bacterial mode of action. Agrobacterium is a
biotrophic pathogen that colonizes internal plant tissues (mainly
roots and shoots) and induces tumors. It is conceivable that
upon sensing increased ET levels, Agrobacterium modulates its
virulence through differential vir gene expression in order to
subvert the plant defense response mediated by ET. On the other
hand, K. xylinus is an epiphyte colonizing the external surface
of fruits. ET plays an important role as a fruit ripening agent
(Liu et al,, 2015), so, the ET signal may indicate the ideal timing
for fruit colonization by K. xylinus, which in turn produces a
dense cellulose matrix that increases its adherence to the fruit,
provides protection from environmental stresses, and provides

a competitive advantage over other microorganisms (Augimeri
and Strap, 2015).

A study performed by Kim et al. (2007) revealed that
Pseudomonas aeruginosa PAOl and many plant-associated
bacteria, including P. fluorescens, P. putida, and P. syringae, can
perceive and positively respond to ET. The authors identified
the methyl-accepting chemotaxis protein (MCP), TlpQ, as the
chemoreceptor responsible for ET responses in P. aeruginosa
PAOI. Moreover, the cheR gene encoding a chemotaxis-specific
methyl-transferase is required for strain PAO1 MCP-dependent
chemotaxis toward ET (Kim et al, 2007). Homologs of the
tlpQ gene were also identified in several other plant-associated
bacteria.

Inhibition of Plant ACS by
Bacterial-Produced Vinylglycine Analog
Compounds

Rhizobitoxine (RTX)

Rhizobitoxine is a secreted enol-ether amino acid that acts
as an inhibitor of the plant ACS (Yasuta et al, 1999). The
genes rtxA (encoding a dihydrorhizobitoxine synthase) and
rtxC (encoding dihydrorhizobitoxine desaturase) are responsible
for RTX production in Bradyrhizobium (Yasuta et al., 2001).
Knowledge of the role of RTX in plant-bacterial interactions
resulted mainly from studies of the Bradyrhizobium-legume
symbiosis. B. elkanii RTX mutant strains, unable to produce
RTX and, consequently, decrease plant ET levels, have decreased
nodulation abilities and competitiveness in several plant hosts.
Duodu et al. (1999) showed that B. elkanii RTX mutant
strains formed fewer mature nodules than the wild-type
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strain in Vigna radiata; however, the nodulation profile
of the mutant strains could be partially restored by the
addition of ET biosynthesis inhibitors. Elimination of RTX
production in B. elkanii led to increased ET production
by Macroptilium atropurpureum and a decreased nodulation
phenotype (Yuhashi et al., 2000). Similar results were obtained
by Parker and Peters (2001) who showed that Amphicarpaea
edgeworthii plants inoculated with B. elkanii RTX-deficient
mutants RX17E and RXI18E developed fewer nodules than
plants inoculated with the wild-type B. elkanii USDA 61.
Interestingly, Ratcliff and Denison (2009) demonstrated that
the RTX-producing B. elkanii increased the accumulation (by
47%) of the storage lipid poly-3-hydroxybutyrate (PHB) in root
nodules of M. atropurpureum, compared to the B. elkanii RTX
non-producing mutant. The synthesis of PHB supports the later
reproduction of rhizobia (Ratcliff et al., 2008), suggesting that
RTX-producing bacteria modulate ET levels to decrease plant
sanctions against accumulation of carbon compounds at the
expense of N fixation.

RTX-producing bacteria can also induce disease symptoms in
some plants. For example, B. elkanii causes foliar chlorosis in
some soybean cultivars (Glycine max) and this effect is dependent
on RTX production (Okazaki et al., 2004). Interestingly, some
plant pathogens are also able to produce RTX. Mitchell and
Frey (1988) showed that the plant pathogenic Burkholderia
andropogonis strains produce RTX. Xanthomonas oryzae is also
known to possess rtx genes (Sugawara et al., 2006) but its activity
has never been described.

Aminoethoxyvinylglycine (AVG)

Aminoethoxyvinylglycine is a powerful inhibitor of the ACS
enzyme (Icekson and Apelbaum, 1983), and it has been used in
many studies regarding the role of ET in plant physiology, as
well as in several agricultural applications, such as, harvesting
and fruit ripening delay. AVG is an unsaturated enol ether amino
acid produced by Streptomyces sp. NRRL-5331 in fermentation
broth (Pruess et al., 1974), however, not much is understood
about the genetic elements involved in AVG synthesis by
strain NRRL-5331, nor the biological significance of its possible
interaction with a plant. Most of the studies performed with AVG
resulted from the knowledge previously obtained by studying
RTX.

Methoxyvinylglycine (MVG) and
Formylaminooxyvinylglycine (FVG)

Pseudomonas aeruginosa strains produce another vinylglycine
analog, MVG, also known as AMB (L-2-amino-4-methoxy-trans-
3-butenoic acid) (Sahm et al., 1973), through the expression of
the ambABCDE gene cluster (Lee et al., 2010). Application of
pure MVG decreased apple ET levels (Mattoo et al., 1979). Lee
et al. (2013) showed that the expression of ambABCDE by the
biocontrol strain P. fluorescens CHAO weakly interfered with
the germination of several graminaceous seeds. Curiously, some
rhizosphere-associated P. fluorescens produce the vinylglycine
analog, FVG, a germination-arrest factor that has been shown
to limit the germination of weedy grasses (McPhail et al., 2010;
Okrent et al., 2017b). The biosynthetic cluster involved in FVG

production by P. fluorescens WH6 has recently been described
(Okrent et al.,, 2017a), yet, not much is understood about the
biological significance of FVG in the bacterial interaction with
the plant host. ET is a known inducer of seed germination
(Corbineau et al., 2014), so it is possible that FVG and MVG
inhibit ACS and ET production that arrests the germination of
the seeds of some plants, however, this remains to be conclusively
proven.

Direct Decrease of Plant ACC Levels by
ACC Deaminase-Producing Bacteria

Bacteria that produce the enzyme ACC deaminase can directly
use plant-synthesized ACC as carbon and nitrogen sources, and,
at the same time, lower the ACC levels within plant tissues (Glick
et al., 1998; Penrose et al., 2001; Belimov et al., 2009).

ACC deaminase is a pyridoxal phosphate (PLP)-dependent
multimeric enzyme (homodimer or homotrimer) belonging
to the tryptophan synthase beta superfamily, with a subunit
molecular mass of approximately 35-42 kDa and it can
degrade ACC and several ACC-related substrates (reviewed
by Nascimento et al., 2014). The ACC deaminase enzyme is
encoded by a single gene, termed acdS, which is widespread
in plant-associated bacteria, including symbionts like rhizobia,
general rhizospheric and endophytic plant-growth-promoting
bacteria such as P. fluorescens-group species, as well as some
plant pathogens such as P. syringae or Ralstonia solanacearum
(Nascimento et al., 2014).

Beneficial ACC deaminase-producing bacteria enhance plant
growth and development and also increase plant tolerance to a
wide variety of biotic and abiotic stresses by decreasing inhibitory
ACC and ET levels (Wang et al., 2000; Grichko and Glick, 2001;
Mayak et al., 2004a,b; Belimov et al., 2005; Belimov et al., 2009;
Toklikishvili et al., 2010; Nascimento et al., 2013; Gamalero and
Glick, 2015; Gamalero et al., 2016).

Studies using bacterial mutants impaired in ACC deaminase
production have demonstrated that the expression of ACC
deaminase is extremely important for the plant-growth
promoting abilities of several plant-associated bacteria, including
rhizospheric (Glick et al., 1994; Li et al., 2000; Belimov et al,,
2009), endophytic (Sun et al., 2009; Onofre-Lemus et al., 2009;
Ali et al., 2014) and symbiotic rhizobial strains (Ma et al., 2003;
Uchiumi et al., 2004).

Inoculation of leguminous plants with ACC deaminase-
producing rhizobia, inoculated singly or in consortia with free-
living ACC deaminase-producing bacteria, leads to an increased
nodulation phenotype (reviewed in Nascimento et al., 2016).
By decreasing ACC levels these bacteria diminish the inhibitory
ET concentrations that affect several phases of the nodulation
process (Ma et al., 2003).

ACC deaminase-producing bacteria are known to increase
general root development, with special emphasis on root
elongation (Glick et al., 1994; Belimov et al., 2009). Bacterial
mutants impaired in ACC deaminase-production no longer
promote root elongation in several plant species (Glick et al.,
1994; Belimov et al., 2009; Onofre-Lemus et al., 2009). This result
is consistent with the role of ET and ACC in controlling the root
elongation process, as previously discussed.
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ACC deaminase production also plays a role in bacterial
competitiveness. The acdS™ mutant of Mesorhizobium sp.
MAFF303099 presented decreased nodulation and nodule
occupancy abilities when compared to its wild-type counterpart
(Uchiumi et al., 2004). On the other hand, rhizobial strains
expressing an exogenous acdS gene exhibited increased nodule
occupancy compared to the wild-type strains (Ma et al., 2004;
Conforte et al., 2010).

There are many studies regarding the effects of ACC
deaminase in plant-growth promoting bacteria, however, not
much is understood about its effect on pathogens like P. syringae
or R. solanacearum, that also contain an acdS gene. It
is conceivable that pathogens may decrease ACC levels to
decrease ET-regulated plant defense responses. Alternatively,
these bacteria may decrease ACC and ET levels that impact their
own gene expression (e.g., vir gene expression in Agrobacterium).
In fact, engineered Agrobacterium strains expressing ACC
deaminase presented an increased ability to transfer T-DNA to
different plant hosts (Hao et al., 2010; Nonaka and Ezura, 2014),
however the effect of ACC deaminase in vir gene expression was
not documented.

Bacterial Effectors Targeting Plant ET

Biosynthesis and Signaling Pathways

The plant pathogen Xanthomonas euvesicatoria, produces an
effector which modulates the ET response pathway in tomato.
The type III secretion effector, XopD, directly targets and
desumoylates the tomato ET-responsive transcription factor,
SIERF4, to suppress ET production, and, consequently decrease
ET-induced plant defenses (Kim et al, 2013). As a result,
X. euvesicatoria increases its growth and delays symptom
development in the host plant.

A type III effector, HopAFl, produced by P. syringae
and encoding a deamidase-like enzyme, targets Arabidopsis
methylthioadenosine nucleosidase proteins MTN1 and MTN2,
which are involved in the Yang cycle and, consequently, ET
production (Washington et al., 2016). HopAF1 inhibits the
MAMP-induced increase in ET biosynthesis, leading to an
increased bacterial infection. Additionally, several HopAF1
homologs are found in the genomes of other bacterial pathogens,
such as R. solanacearum or Acidovorax citrulli, consistent with
the suggestion that effector production targeting ET responses is
an important trait in some plant pathogens (Washington et al.,
2016).

Bacterial Polyamines and the Decrease
of Plant ET Levels

Polyamines (PAs) are low-molecular-weight aliphatic amines
commonly produced by a large number of different organisms
(Miller-Fleming et al., 2015). The most abundant PAs include,
spermine and spermidine, and their precursor putrescine.
Importantly, the application of PAs have been shown to decrease
ACC and ET levels in several plant species, apparently by limiting
the action of ACS and ACO enzymes (Li et al., 1992, 2013).

A study by Xie et al. (2014) showed that spermidine produced
by B. subtilis OKB105 inhibited the expression of tobacco

ACO1, consequently, reducing the ET content in root cells, and,
thereby increasing tobacco root growth. Spermidine production
by B. subtilis OKB105 is dependent on the speB gene encoding
agmatinase. Moreover, the yecA gene encoding a putative amino
acid/polyamine permease, is responsible for spermidine export
(Xie et al., 2014).

Direct Decrease of ET Levels by Soil

Bacteria Expressing ET-Monooxygenase
Several Actinobacteria like Mycobacterium and Nocardioides,
which are common soil inhabitants, possess the ability to
use ET as a sole carbon source (de Bont and Harder, 1978)
by the expression of an ET-monooxygenase (Coleman and
Spain, 2003). The genetic elements responsible for bacterial
ET degradation have been described in detail (Coleman and
Spain, 2003), however, not much is understood about the role of
ET-degrading bacteria in plant development and plant-microbe
interactions. Thus, more studies are necessary to elaborate
the role of bacterial ET degradation in modulating plant
growth.

The Direct Increase in ET Levels by the
Production of a Bacterial ET-Forming

Enzyme

Pathogens like R. solanacearum and P. syringae possess the
ability to produce ET, independent of a plant host (Freebairn
and Buddenhagen, 1964; Nagahama et al., 1991; Weingart
et al, 2001). In this case, bacterial ET production is not
ACC-dependent, rather, it depends on the action of an ET-
Forming Enzyme (EFE) that uses a-ketoglutarate and arginine
as substrates (Nagahama et al, 1991). Importantly, Weingart
et al. (2001) demonstrated that a P. syringae pv. glycinea efe
mutant presented a decreased pathogenicity. In addition, the
expression of a bacterial EFE in transgenic tobacco plants
resulted in altered plant development, with plants demonstrating
a dwarf morphology. These results suggest that ET synthesis
is extremely important for the action of some pathogens. This
leads to intriguing questions: If a low level of ET is responsible
for increased plant defenses why do some bacterial pathogenic
strains produce ET? Moreover, if P. syringae possesses several
mechanisms aimed at decreasing plant ACC and ET levels (RTX,
ACC deaminase, effectors), why do the same bacterial strains
sometimes produce ET?

Depending on environmental and internal cues, ET can either
positively or negatively regulate stomatal opening in several plant
species (Madhavan et al., 1983; Tanaka et al., 2005; Desikan et al.,
2006; Arve and Torre, 2015). Hence, under certain conditions,
producing ET may lead to increased leaf colonization by
P. syringae entering open stomata, or, alternatively, to decreased
stomata opening that protects endophytic P. syringae from
external competitors. Since ET also acts as a chemoattractant,
it is also possible that ET production may act as a signaling
mechanism in P. syringae.

Ethylene is a major inducer of plant stress symptoms and these
may be important in the later phases of the bacterial infection
process. Bacteria such as P. syringae are transmitted mainly by
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soil and water (van Overbeek et al., 2010; Monteil et al., 2016), so
itis possible that in the late disease stages some P. syringae strains
produce ET to increase foliar senescence and abscission aiming
for bacterial dispersal.

FUTURE DIRECTIONS

ACC as a Signaling Molecule Affecting

Microbiome Assembly?

Importantly, several studies have shown that ACC deaminase-
producing bacteria are enriched in the rhizosphere and
seeds of stress-grown plants. Timmusk et al. (2011), showed
that ACC deaminase-producing bacteria were much more
abundant in the rhizosphere of wild barley growing under
stressful conditions in comparison to barley grown nearby
under non-stressful conditions. This result was obtained even
though both sampled environments had similar soil, rock and
topology characteristics. Moreover, ACC deaminase-producing
bacteria were abundant in plant rhizosphere samples and
almost non-existent in bulk soil samples. Similarly, ACC
deaminase-producing bacteria were more abundant in all
compartments of heavy metal contaminated soils (bulk and
Brassica napus rhizosphere) than in non-stressed soils (Croes
etal., 2013).

Truyens et al. (2013) studied the cultivable endophytic
population of seeds from A. thaliana exposed to cadmium for
several generations (Cd seeds) in comparison with a population
isolated from seeds of plants that were never exposed to Cd
(control seeds). The authors found that metal tolerance and
ACC deaminase activity were predominantly found in strains
isolated from Cd seeds, while the production of siderophores,
indole-3-acetic acid and organic acids was more prevalent in
endophytes isolated from control seeds, further indicating a
selection for ACC deaminase-producing bacteria under stress
condition that is consistent with the increased ET/ACC levels
induced by cadmium and other heavy-metal stresses (Thao et al.,
2015).

Altogether, these results indicate that ACC and ET may act
as signaling molecules under stress conditions, leading to an
increased recruitment of bacteria able to decrease the elevated
ACC and ET levels responsible for decreased root growth and
increased plant stress. In turn, ACC and ET-modulating bacteria
decrease stress ACC and ET levels, relieving the plant from
its negative effects in several plant developmental cues (Glick,
2014). Nevertheless, more studies are necessary to understand
the mechanism responsible for plant ACC exudation, as well as,
bacterial ACC perception, and their consequent role in the plant
microbiome assembly.

Is Plant Production and Sensitivity to ET
and ACC Regulating the Plant

Microbiome?

Since ET and ACC impact bacterial colonization, their role
gains further importance in microbiome assembly (especially
under stressful conditions). In this sense, it is conceivable that

plants presenting different ET/ACC production and sensitivity
abilities may possess different microbiome selection abilities.
Although ET and ACC are produced by all higher plants,
the timing and extent of ET/ACC production differs between
plant species (Abeles et al., 1992; Wheeler et al., 2004). These
differences may be explained by the abundance of genetic
elements involved in ET/ACC production in various plant
species. For instance, Arabidopsis contains 12 ACS isoforms
in its genome while 6 ACS isoforms are found in Lotus
japonicus (Desbrosses and Stougaard, 2011). Similarly, different
plants possess different ET/ACC sensitivities (e.g., Woltering
and Van Doorn, 1988), which is also consistent with the
disparate numbers of genetic elements involved in ET perception
and signaling in plant genomes (Desbrosses and Stougaard,
2011). For example, M. truncatula only possesses one EIN2
homolog (Penmetsa et al., 2008), while L. japonicus contains
two EIN2 gene homologs in its genome (Miyata et al,
2013).

What Is the Contribution of ACC and
ET-Modulating Bacteria to the Overall
Plant Microbiome?

The ACC deaminase-producing bacterial strain Pseudomonas
sp. UW4, but not its acdS™ mutant, increased the colonization
of the arbuscular mycorrhizal fungus, Gigaspora margarita
BEGY in cucumber, leading to synergistic effects on plant
growth (Gamalero et al., 2008). Furthermore, several reports
have shown that free-living rhizospheric bacteria with ACC
deaminase activity readily promote the nodulation process of
several leguminous plants (Nascimento et al., 2016). These
results indicate that the presence of bacteria with ACC
deaminase activity can readily impact the colonization of other
microorganisms present in the rhizosphere, including symbionts.
Hence, under specific conditions bacteria with the ability to
modulate plant ACC and ET levels may act as regulators of
the plant microbiome. New studies are necessary to assess
the specific role of bacteria with ACC and ET-modulation
abilities in several aspects of the microbiome assembly (e.g.,
bacterial endophytism, aerial tissue colonization, microbiome
composition).

Strategies for the Creation of Inoculants
with Increased Plant-Growth Promotion
Abilities

Bacterial inoculants aiming to increase plant growth and
development are the most promising alternatives to the
use of potentially polluting agrochemicals. Since plants
possess different ACC and ET production/sensitivity abilities,
and, stress conditions readily increase plant ACC and ET
levels, new strategies need to be considered to develop
specific and efficient bacterial inoculants. These strategies
need to be multidisciplinary and consider not only the
added bacteria but also the plant host. In this sense, it is
conceivable that ET and ACC insensitive plants will benefit
less from the effects of ACC and ET-modulating bacteria.
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On the other hand, plants producing high levels of ACC and
ET (naturally or induced by stress conditions) would certainly
benefit from the presence of these bacteria. In fact, Chen et al.
(2013) observed that the ACC deaminase-producing Variovorax
paradoxus 5C2 promoted the growth of the Arabidopsis wild-
type and the Arabidopsis ethylene-overproducing mutant etol-1
but not the ethylene-insensitive mutants, etrI-1 and ein2-1, even
though bacterial colonization of the root systems was similar.
Furthermore, V. paradoxus 5C2 promoted the growth of etol-
I plants to a greater extent compared to all other treatments
(Chen et al., 2013), indicating a positive feedback between plant
ACC and ET production and the beneficial effect of the ACC
deaminase-producing bacteria.

Finally, since ACC and ET inhibit the nodulation process,
it is expected that rhizobial inoculants will benefit from the
presence of free-living bacteria with ACC and ET modulation
abilities. Hence, selecting ACC and ET-modulating rhizobia
in concert with ACC and ET-modulating free-living bacteria
may result in increased nodulation and leguminous plant
growth.

REFERENCES

Abeles, F. B., Morgan, P. W, and Saltweit, M. E. (1992). Ethylene in Plant Biology,
2nd Edn. San Diego, CA: Academic Press.

Albert, I., Bohm, H., Albert, M., Feiler, C. E., Imkampe, J., Wallmeroth, N., et al.
(2015). An RLP23-SOBIR1-BAK1 complex mediates NLP-triggered immunity.
Nat. Plants 1:15140. doi: 10.1038/nplants.2015.140

Ali, S., Charles, T. C., and Glick, B. R. (2014). Amelioration of high salinity stress
damage by plant growth-promoting bacterial endophytes that contain ACC
deaminase. Plant Physiol. Biochem. 80, 160-167. doi: 10.1016/j.plaphy.2014.
04.003

Amor, B. B., Shaw, S. L., Oldroyd, G. E., Maillet, F., Penmetsa, R. V., Cook, D.,
et al. (2003). The NFP locus of Medicago truncatula controls an early step of
Nod factor signal transduction upstream of a rapid calcium flux and root hair
deformation. Plant J. 34, 495-506. doi: 10.1046/j.1365-313X.2003.01743.x

Arve, L. E., and Torre, S. (2015). Ethylene is involved in high air humidity
promoted stomatal opening of tomato (Lycopersicon esculentum) leaves. Funct.
Plant Biol. 42, 376-386. doi: 10.1071/FP14247

Asai, T., Tena, G., Plotnikova, J., Willmann, M. R., Chiu, W.-L., Gomez-Gomez, L.,
et al. (2002). MAP kinase signalling cascade in Arabidopsis innate immunity.
Nature 415, 977-983. doi: 10.1038/415977a

Augimeri, R. V., and Strap, J. L. (2015). The phytohormone ethylene
enhances cellulose production, regulates CRP/FNRKXx transcription and causes
differential gene expression within the bacterial cellulose synthesis operon of
Komagataeibacter (Gluconacetobacter) xylinus ATCC 53582. Front. Microbiol.
6:1459. doi: 10.3389/fmicb.2015.01459

Belimov, A. A., Dodd, 1. C., Hontzeas, N., Theobald, J. C., Safronova, V. 1., and
Davies, W. J. (2009). Rhizosphere bacteria containing 1-aminocyclopropane-
1-carboxylate deaminase increase yield of plants grown in drying soil via both
local and systemic hormone signalling. New Phytol. 181, 413-423. doi: 10.1111/
j.1469-8137.2008.02657.x

Belimov, A. A., Hontzeas, N., Safronova, V. L, Demchinskaya, S. V., Piluzza, G.,
Bullitta, S., et al. (2005). Cadmium-tolerant plant growth-promoting bacteria
associated with the roots of Indian mustard (Brassica juncea L. Czern.). Soil
Biol. Biochem. 37, 241-250. doi: 10.1016/j.s0ilbio.2004.07.033

Blither, D., Laha, D., Thieme, S., Hofer, A., Eschen-Lippold, L., Masch, A., et al.
(2017). A 1-phytase type III effector interferes with plant hormone signaling.
Nat. Commun. 8:2159. doi: 10.1038/s41467-017-02195-8

Bodenhausen, N., Bortfeld-Miller, M., Ackermann, M., and Vorholt, J. A.
(2014). A synthetic community approach reveals plant genotypes affecting the
phyllosphere microbiota. PLoS Genet. 10:e1004283. doi: 10.1371/journal.pgen.
1004283

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

ACKNOWLEDGMENTS

FN acknowledges receiving a Ph.D. fellowship (SFRH/BD/86954/
2012) from Fundagdo para a Ciéncia e a Tecnologia (FCT),
Portugal. MR acknowledges receiving a fellowship (DT
306167/2015-8) from Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico (CNPq), Brazil.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2018.00114/
full#supplementary- material

Bohm, H., Albert, I, Oome, S., Raaymakers, T. M., Van den Ackerveken, G.,
and Niirnberger, T. (2014). A conserved peptide pattern from a widespread
microbial virulence factor triggers pattern-induced immunity in Arabidopsis.
PLoS Pathog. 10:¢1004491. doi: 10.1371/journal.ppat.1004491

Boller, T., and Felix, G. (2009). A renaissance of elicitors: perception of microbe-
associated molecular patterns and danger signals by pattern-recognition
receptors. Annu. Rev. Plant Biol. 60, 379-406. doi: 10.1146/annurev.arplant.57.
032905.105346

Boutrot, F., Segonzac, C., Chang, K. N., Qiao, H., Ecker, J. R,, Zipfel, C., et al. (2010).
Direct transcriptional control of the Arabidopsis immune receptor FLS2 by the
ethylene-dependent transcription factors EIN3 and EIL1. Proc. Natl. Acad. Sci.
U.S.A. 107, 14502-14507. doi: 10.1073/pnas.1003347107

Broghammer, A., Krusell, L., Blaise, M., Sauer, J., Sullivan, J. T., Maolanon, N.,
etal. (2012). Legume receptors perceive the rhizobial lipochitin oligosaccharide
signal molecules by direct binding. Proc. Natl. Acad. Sci. U.S.A. 109, 13859
13864. doi: 10.1073/pnas.1205171109

Chae, H. S., and Kieber, J. J. (2005). Eto Brute? Role of ACS turnover in regulating
ethylene biosynthesis. Trends Plant Sci. 10, 291-296. doi: 10.1016/j.tplants.2005.
04.006

Chen, L., Dodd, I. C., Theobald, J. C., Belimov, A. A., and Davies, W. J. (2013).
The rhizobacterium Variovorax paradoxus 5C-2, containing ACC deaminase,
promotes growth and development of Arabidopsis thaliana via an ethylene-
dependent pathway. J. Exp. Bot. 64, 1565-1573. doi: 10.1093/jxb/ert031

Coleman, N. V., and Spain, J. C. (2003). Epoxyalkane: coenzyme M transferase
in the ethene and vinyl chloride biodegradation pathways of Mycobacterium
strain JS60. J. Bacteriol. 185, 5536-5545. doi: 10.1128/JB.185.18.5536-5545.
2003

Compant, S., Saikkonen, K., Mitter, B., Campisano, A., and Mercado-Blanco, J.
(2016). Editorial special issue: soil, plants and endophytes. Plant Soil 405, 1-11.
doi: 10.1007/s11104-016-2927-9

Conforte, V., Echeverria, M., Sanchez, C. A., Ugalde, R. B., Menéndez, A., and
Lepek, V. C. (2010). Engineered ACC deaminase-expressing free-living cells of
Mesorhizobium loti show increased nodulation efficiency and competitiveness
on Lotus spp. J. Gen. Appl. Microbiol. 56, 331-338. doi: 10.2323/jgam.56.331

Corbineau, F., Xia, Q., Bailly, C., and El-Maarouf-Bouteau, H. (2014). Ethylene,
a key factor in the regulation of seed dormancy. Front. Plant Sci. 5:539. doi:
10.3389/fpls.2014.00539

Croes, S., Weyens, N., Janssen, J., Vercampt, H., Colpaert, J. V., Carleer, R,,
et al. (2013). Bacterial communities associated with Brassica napus L. grown
on trace element-contaminated and non-contaminated fields: a genotypic and
phenotypic comparison. Microb. Biotechnol. 6, 371-384. doi: 10.1111/1751-
7915.12057

Frontiers in Plant Science | www.frontiersin.org

February 2018 | Volume 9 | Article 114


https://www.frontiersin.org/articles/10.3389/fpls.2018.00114/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2018.00114/full#supplementary-material
https://doi.org/10.1038/nplants.2015.140
https://doi.org/10.1016/j.plaphy.2014.04.003
https://doi.org/10.1016/j.plaphy.2014.04.003
https://doi.org/10.1046/j.1365-313X.2003.01743.x
https://doi.org/10.1071/FP14247
https://doi.org/10.1038/415977a
https://doi.org/10.3389/fmicb.2015.01459
https://doi.org/10.1111/j.1469-8137.2008.02657.x
https://doi.org/10.1111/j.1469-8137.2008.02657.x
https://doi.org/10.1016/j.soilbio.2004.07.033
https://doi.org/10.1038/s41467-017-02195-8
https://doi.org/10.1371/journal.pgen.1004283
https://doi.org/10.1371/journal.pgen.1004283
https://doi.org/10.1371/journal.ppat.1004491
https://doi.org/10.1146/annurev.arplant.57.032905.105346
https://doi.org/10.1146/annurev.arplant.57.032905.105346
https://doi.org/10.1073/pnas.1003347107
https://doi.org/10.1073/pnas.1205171109
https://doi.org/10.1016/j.tplants.2005.04.006
https://doi.org/10.1016/j.tplants.2005.04.006
https://doi.org/10.1093/jxb/ert031
https://doi.org/10.1128/JB.185.18.5536-5545.2003
https://doi.org/10.1128/JB.185.18.5536-5545.2003
https://doi.org/10.1007/s11104-016-2927-9
https://doi.org/10.2323/jgam.56.331
https://doi.org/10.3389/fpls.2014.00539
https://doi.org/10.3389/fpls.2014.00539
https://doi.org/10.1111/1751-7915.12057
https://doi.org/10.1111/1751-7915.12057
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Nascimento et al.

Ethylene and ACC in Plant-Bacterial Interactions

Datta, R, Kumar, D., Sultana, A. Hazra, S., Bhattacharyya, D., and
Chattopadhyay, S. (2015). Glutathione regulates 1-aminocyclopropane-1-
carboxylate synthase transcription via WRKY33 and 1-aminocyclopropane-1-
carboxylate oxidase by modulating messenger rna stability to induce ethylene
synthesis during stress. Plant Physiol. 169, 2963-2981. doi: 10.1104/pp.15.01543

de Bont, J. A. M., and Harder, W. (1978). Metabolism of ethylene by Mycobacterium
E 20. FEMS Microbiol. Lett. 3, 89-93. doi: 10.1111/j.1574-6968.1978.tb01890.x

De Cnodder, T., Vissenberg, K., Van Der Straeten, D., and Verbelen, J.-P. (2005).
Regulation of cell length in the Arabidopsis thaliana root by the ethylene
precursor 1l-aminocyclopropane- 1-carboxylic acid: a matter of apoplastic
reactions. New Phytol. 168, 541-550. doi: 10.1111/j.1469-8137.2005.01540.x

Deepak, S., Shailasree, S., Kini, R. K., Muck, A., Mithéfer, A., and Shetty, S. H.
(2010). Hydroxyproline-rich glycoproteins and plant defence. J. Phytopathol.
158, 585-593. doi: 10.1111/j.1439-0434.2010.01669.x

Desbrosses, G. J., and Stougaard, J. (2011). Root nodulation: a paradigm for how
plant-microbe symbiosis influences host developmental pathways. Cell Host
Microbe 10, 348-358. doi: 10.1016/j.chom.2011.09.005

Desikan, R., Last, K., Harrett-Williams, R., Tagliavia, C., Harter, K., Hooley, R., et al.
(2006). Ethylene-induced stomatal closure in Arabidopsis occurs via AtrbohF-
mediated hydrogen peroxide synthesis. Plant J. 47, 907-916. doi: 10.1111/j.
1365-313X.2006.02842.x

Dodds, P. N., and Rathjen, J. P. (2010). Plant immunity: towards an integrated
view of plant-pathogen interactions. Nat. Rev. Genet. 11, 539-548. doi: 10.1038/
nrg2812

Dorling, S. J., and McManus, M. T. (2012). “The fate of ACC in higher plants,” in
Annual Plant Reviews, Vol. 44. eds B. A. Ambrose, and M. Purugganan (Oxford:
Wiley-Blackwell), 83-115.

Duodu, S., Bhuvaneswari, T. V., Stokkermans, T. J. W., and Peters, N. K. (1999).
A positive role for rhizobotoxine in Rhizobium-legume symbiosis. Mol. Plant
Microbe Interact. 12, 1082-1089. doi: 10.1094/MPMI.1999.12.12.1082

Felix, G., Duran, J. D., Volko, S., and Boller, T. (1999). Plants have a sensitive
perception system for the most conserved domain of bacterial flagellin. Plant
J. 18, 265-276. doi: 10.1046/j.1365-313X.1999.00265.x

Ferguson, B. J., Indrasumunar, A., Hayashi, S., Lin, M.-H., Lin, Y.-H., Reid,
D. E, et al. (2010). Molecular analysis of legume nodule development and
autoregulation. J. Integr. Plant Biol. 52, 61-76. doi: 10.1111/j.1744-7909.2010.
00899.x

Finlayson, S. A., Foster, K. R., and Reid, D. M. (1991). Transport and metabolism
of 1-aminocyclopropane- 1-carboxylic acid in sunflower (Helianthus annuus L.)
Seedlings. Plant Physiol. 96, 1360-1367. doi: 10.1104/pp.96.4.1360

Freebairn, H. T., and Buddenhagen, I. W. (1964). Ethylene production by
Pseudomonas solanacearum. Nature 202, 313-314. doi: 10.1038/202313a0

Gage, D. (2004). Infection and invasion of roots by symbiotic, nitrogen-fixing
rhizobia during nodulation of temperate legumes. Microbiol. Mol. Biol. Rev. 68,
280-300. doi: 10.1128/ MMBR.68.2.280-300.2004

Gamalero, E., Berta, G., Massa, N., Glick, B. R,, and Lingua, G. (2008). Synergistic
interactions between the ACC deaminase-producing bacterium Pseudomonas
putida UW4 and the AM fungus Gigaspora rosea positively affect cucumber
plant growth. FEMS Microbiol. Ecol. 64, 459-467. doi: 10.1111/j.1574-6941.
2008.00485.x

Gamalero, E., and Glick, B. R. (2015). Bacterial modulation of plant ethylene levels.
Plant Physiol. 169, 1-10. doi: 10.1104/pp.15.00284

Gamalero, E., Marzachi, C., Galetto, L., Veratti, F., Massa, N., Bona, E., et al.
(2016). An 1-aminocyclopropane-1-carboxylate (ACC) deaminase-expressing
endophyte increases plant resistance to Flavescence dorée phytoplasma
infection. Plant Biosyst. 151, 331-340. doi: 10.1080/11263504.2016.1174172

Glick, B., Penrose, D., and Li, J. (1998). A model for the lowering of plant ethylene
concentrations by plant growth-promoting bacteria. J. Theor. Biol. 190, 63-68.
doi: 10.1006/jtbi.1997.0532

Glick, B. R. (2014). Bacteria with ACC deaminase can promote plant growth and
help to feed the world. Microbiol. Res. 169, 30-39. doi: 10.1016/j.micres.2013.
09.009

Glick, B. R., Jacobson, C. B., Schwarze, M. M. K., and Pasternak, J. J. (1994). 1-
aminocyclopropane-1-carboxylic acid deaminase mutants of the plant growth
promoting rhizobacterium Pseudomonas putida GR12-2 do not stimulate
canola root elongation. Can. J. Microbiol. 40, 911-915. doi: 10.1139/m94-146

Gomez-Lim, M. A., Valdés-Loépez, V., Cruz-Hernandez, A., and Saucedo-Arias,
L. J. (1993). Isolation and characterization of a gene involved in ethylene

biosynthesis from Arabidopsis thaliana. Gene 134, 217-221. doi: 10.1016/0378-
1119(93)90096-L

Grichko, V., and Glick, B. (2001). Amelioration of flooding stress by
ACC deaminase-containing plant growth-promoting bacteria. Plant Physiol.
Biochem. 39, 11-17. doi: 10.1016/S0981-9428(00)01212-2

Guan, R, Su, J., Meng, X., Li, S., Liu, Y., Xu, J., et al. (2015). Multilayered regulation
of ethylene induction plays a positive role in Arabidopsis resistance against
Pseudomonas syringae. Plant Physiol. 169, 299-312. doi: 10.1104/pp.15.00659

Guinel, F. C. (2015). Ethylene, a hormone at the center-stage of nodulation. Front.
Plant Sci. 6:1121. doi: 10.3389/fpls.2015.01121

Hao, Y., Charles, T. C., and Glick, B. R. (2010). ACC deaminase increases the
Agrobacterium tumefaciens-mediated transformation frequency of commercial
canola cultivars. FEMS Microbiol. Lett. 307, 185-190. doi: 10.1111/.1574-6968.
2010.01977.x

Hardoim, P. R., Overbeek, L. S., van Berg, G., Pirttili, A. M., Compant, S.,
Campisano, A., et al. (2015). The hidden world within plants: ecological and
evolutionary considerations for defining functioning of microbial endophytes.
Microbiol. Mol. Biol. Rev. 79, 293-320. doi: 10.1128/ MMBR.00050- 14

Heidstra, R., Yang, W. C,, Yalcin, Y., Peck, S., Emons, A. M., van Kammen, A, et al.
(1997). Ethylene provides positional information on cortical cell division but is
not involved in Nod factor-induced root hair tip growth in Rhizobium-legume
interaction. Development 124, 1781-1787.

Huffaker, A., Pearce, G., and Ryan, C. A. (2006). An endogenous peptide signal in
Arabidopsis activates components of the innate immune response. Proc. Natl.
Acad. Sci. U.S.A. 103, 10098-10103. doi: 10.1073/pnas.0603727103

Icekson, I., and Apelbaum, A. (1983). Antifungal antibiotics and Siba inhibit 1-
aminocyclopropane-1-carboxylic acid synthase activity. Biochem. Biophys. Res.
Commun. 113, 586-591. doi: 10.1016/0006-291X(83)91766-7

Iniguez, A. L., Dong, Y., Carter, H. D., Ahmer, B. M. M., Stone, J. M., and Triplett,
E. W. (2005). Regulation of enteric endophytic bacterial colonization by plant
defenses. Mol. Plant Microbe Interact. 18, 169-178. doi: 10.1094/MPMI-18-
0169

Ito, Y., Kitagawa, M., Ihashi, N., Yabe, K., Kimbara, J., Yasuda, J., et al. (2008). DNA-
binding specificity, transcriptional activation potential, and the rin mutation
effect for the tomato fruit-ripening regulator RIN. Plant J. 55, 212-223.
doi: 10.1111/j.1365-313X.2008.03491.x

Jones, J. D. G., and Dangl, J. L. (2006). The plant immune system. Nature 444,
323-329. doi: 10.1038/nature05286

Ju, C., and Chang, C. (2015). Mechanistic insights in ethylene perception and signal
transduction. Plant Physiol. 169, 85-95. doi: 10.1104/pp.15.00845

Kim, H.-E., Shitashiro, M., Kuroda, A., Takiguchi, N., and Kato, J. (2007).
Ethylene chemotaxis in Pseudomonas aeruginosa and other Pseudomonas
species. Microbes Environ. 22, 186-189. doi: 10.1263/jbb.106.1

Kim, J.-G., Stork, W., and Mudgett, M. B. (2013). Xanthomonas type III effector
XopD desumoylates tomato transcription factor SIERF4 to suppress ethylene
responses and promote pathogen growth. Cell Host Microbe 13, 143-154.
doi: 10.1016/j.chom.2013.01.006

Kunze, G., Zipfel, C., Robatzek, S., Niehaus, K., Boller, T., and Felix, G. (2004).
The N terminus of bacterial elongation factor Tu elicits innate immunity in
Arabidopsis plants. Plant Cell 16, 3496-3507. doi: 10.1105/tpc.104.026765

Larrainzar, E., Riely, B. K, Kim, S. C., Carrasquilla-Garcia, N., Yu, H.-J,
Hwang, H.-],, et al. (2015). Deep sequencing of the Medicago truncatula root
transcriptome reveals a massive and early interaction between nodulation factor
and ethylene signals. Plant Physiol. 169, 233-265. doi: 10.1104/pp.15.00350

Le, J., Vandenbussche, F., Van Der Straeten, D., and Verbelen, J. (2001). in the
early response of Arabidopsis roots to ethylene, cell elongation is up- and down-
regulated and uncoupled from differentiation. Plant Physiol. 125, 519-522.
doi: 10.1104/pp.125.2.519

Lee, H. Y., Chen, Y. C, Kieber, J. J., and Yoon, G. M. (2017). Regulation of
the turnover of ACC synthases by phytohormones and heterodimerization in
Arabidopsis. Plant ]. 91, 491-504. doi: 10.1111/tpj.13585

Lee, X., Azevedo, M. D., Armstrong, D. J., Banowetz, G. M., and Reimmann, C.
(2013). The Pseudomonas aeruginosa antimetabolite L-2-amino-4-methoxy-
trans-3-butenoic acid inhibits growth of Erwinia amylovora and acts as a seed
germination-arrest factor. Environ. Microbiol. Rep. 5, 83-89. doi: 10.1111/j.
1758-2229.2012.00395.x

Lee, X, Fox, A., Sufrin, J., Henry, H., Majcherczyk, P., Haas, D., et al. (2010).
Identification of the biosynthetic gene cluster for the Pseudomonas aeruginosa

Frontiers in Plant Science | www.frontiersin.org

February 2018 | Volume 9 | Article 114


https://doi.org/10.1104/pp.15.01543
https://doi.org/10.1111/j.1574-6968.1978.tb01890.x
https://doi.org/10.1111/j.1469-8137.2005.01540.x
https://doi.org/10.1111/j.1439-0434.2010.01669.x
https://doi.org/10.1016/j.chom.2011.09.005
https://doi.org/10.1111/j.1365-313X.2006.02842.x
https://doi.org/10.1111/j.1365-313X.2006.02842.x
https://doi.org/10.1038/nrg2812
https://doi.org/10.1038/nrg2812
https://doi.org/10.1094/MPMI.1999.12.12.1082
https://doi.org/10.1046/j.1365-313X.1999.00265.x
https://doi.org/10.1111/j.1744-7909.2010.00899.x
https://doi.org/10.1111/j.1744-7909.2010.00899.x
https://doi.org/10.1104/pp.96.4.1360
https://doi.org/10.1038/202313a0
https://doi.org/10.1128/MMBR.68.2.280-300.2004
https://doi.org/10.1111/j.1574-6941.2008.00485.x
https://doi.org/10.1111/j.1574-6941.2008.00485.x
https://doi.org/10.1104/pp.15.00284
https://doi.org/10.1080/11263504.2016.1174172
https://doi.org/10.1006/jtbi.1997.0532
https://doi.org/10.1016/j.micres.2013.09.009
https://doi.org/10.1016/j.micres.2013.09.009
https://doi.org/10.1139/m94-146
https://doi.org/10.1016/0378-1119(93)90096-L
https://doi.org/10.1016/0378-1119(93)90096-L
https://doi.org/10.1016/S0981-9428(00)01212-2
https://doi.org/10.1104/pp.15.00659
https://doi.org/10.3389/fpls.2015.01121
https://doi.org/10.1111/j.1574-6968.2010.01977.x
https://doi.org/10.1111/j.1574-6968.2010.01977.x
https://doi.org/10.1128/MMBR.00050-14
https://doi.org/10.1073/pnas.0603727103
https://doi.org/10.1016/0006-291X(83)91766-7
https://doi.org/10.1094/MPMI-18-0169
https://doi.org/10.1094/MPMI-18-0169
https://doi.org/10.1111/j.1365-313X.2008.03491.x
https://doi.org/10.1038/nature05286
https://doi.org/10.1104/pp.15.00845
https://doi.org/10.1263/jbb.106.1
https://doi.org/10.1016/j.chom.2013.01.006
https://doi.org/10.1105/tpc.104.026765
https://doi.org/10.1104/pp.15.00350
https://doi.org/10.1104/pp.125.2.519
https://doi.org/10.1111/tpj.13585
https://doi.org/10.1111/j.1758-2229.2012.00395.x
https://doi.org/10.1111/j.1758-2229.2012.00395.x
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Nascimento et al.

Ethylene and ACC in Plant-Bacterial Interactions

antimetabolite L-2-amino-4-methoxy-trans-3-butenoic acid. J. Bacteriol. 192,
4251-4255. doi: 10.1128/JB.00492- 10

Li, B., Sang, T., He, L., Sun, J., Li, J., and Guo, S. (2013). Exogenous spermidine
inhibits ethylene production in leaves of cucumber seedlings under NaCl stress.
J. Am. Soc. Hortic. Sci. 138, 108-113.

Li, G., Meng, X.,, Wang, R.,, Mao, G., Han, L., Liu, Y., et al. (2012). Dual-
level regulation of ACC synthase activity by MPK3/MPK6 cascade and
its downstream WRKY transcription factor during ethylene induction in
Arabidopsis. PLoS Genet. 8:¢1002767. doi: 10.1371/journal.pgen.1002767

Li, J., Ovakim, D. H., Charles, T. C., and Glick, B. R. (2000). An ACC
deaminase minus mutant of Enterobacter cloacae UW4 no longer promotes root
elongation. Curr. Microbiol. 41, 101-105. doi: 10.1007/s002840010101

Li, N., Parsons, B. L., Liu, D. R., and Mattoo, A. K. (1992). Accumulation of wound-
inducible ACC synthase transcript in tomato fruit is inhibited by salicylic acid
and polyamines. Plant Mol. Biol. 18, 477-487. doi: 10.1007/BF00040664

Lin, Z., Zhong, S., and Grierson, D. (2009). Recent advances in ethylene research.
J. Exp. Bot. 60, 3311-3336. doi: 10.1093/jxb/erp204

Linkies, A., Miiller, K., Morris, K., Tureckovd, V., Wenk, M., Cadman, C. S. C,,
et al. (2009). Ethylene interacts with abscisic acid to regulate endosperm
rupture during germination: a comparative approach using Lepidium sativum
and Arabidopsis thaliana. Plant Cell 21, 3803-3822. doi: 10.1105/tpc.109.
070201

Liu, M., Pirrello, J., Chervin, C., Roustan, J.-P., and Bouzayen, M. (2015). Ethylene
control of fruit ripening: revisiting the complex network of transcriptional
regulation. Plant Physiol. 169, 2380-2390. doi: 10.1104/pp.15.01361

Liu, R., Chen, L., Jia, Z., L, B., Shi, H., Shao, W, et al. (2011). Transcription factor
AtMYB44 regulates induced expression of the ETHYLENE INSENSITIVE2
gene in Arabidopsis responding to a harpin protein. Mol. Plant Microbe Interact.
24, 377-389. doi: 10.1094/MPMI-07-10-0170

Liu, Y., and Zhang, S. (2004). Phosphorylation of I-aminocyclopropane-1-
carboxylic acid synthase by MPKG6, a stress-responsive mitogen-activated
protein kinase, induces ethylene biosynthesis in Arabidopsis. Plant Cell 16,
3386-3399. doi: 10.1105/tpc.104.026609

Liu, Z., Wu, Y., Yang, F., Zhang, Y., Chen, S, Xie, Q., et al. (2013). BIK1 interacts
with PEPRs to mediate ethylene-induced immunity. Proc. Natl. Acad. Sci. U.S.A.
110, 6205-6210. doi: 10.1073/pnas.1215543110

Luna, E., Pastor, V., Robert, J., Flors, V., Mauch-Mani, B., and Ton, J. (2011).
Callose deposition: a multifaceted plant defense response. Mol. Plant Microbe
Interact. 24, 183-193. doi: 10.1094/MPMI-07-10-0149

Ma, W., Charles, T. C.,, and Glick, B. R. (2004). Expression of an exogenous 1-
aminocyclopropane-1-carboxylate deaminase gene in Sinorhizobium meliloti
increases its ability to nodulate alfalfa. Appl. Environ. Microbiol. 70, 5891-5897.
doi: 10.1128/AEM.70.10.5891-5897.2004

Ma, W., Guinel, F. C., and Glick, B. R. (2003). Rhizobium leguminosarum biovar
viciae 1-aminocyclopropane-1-carboxylate deaminase promotes nodulation of
pea plants. Appl. Environ. Microbiol. 69, 4396-4402. doi: 10.1128/AEM.69.8.
4396-4402.2003

Madhavan, S., Chrominiski, A., and Smith, B. N. (1983). Effect of ethylene on
stomatal opening in tomato and carnation leaves. Plant Cell Physiol. 24,
569-572.

Markakis, M. N., De Cnodder, T., Lewandowski, M., Simon, D., Boron, A.,
Balcerowicz, D., et al. (2012). Identification of genes involved in the ACC-
mediated control of root cell elongation in Arabidopsis thaliana. BMC Plant
Biol. 12:208. doi: 10.1186/1471-2229-12-208

Matarasso, N., Schuster, S., and Avni, A. (2005). A novel plant cysteine protease
has a dual function as a regulator of 1-aminocyclopropane-1-carboxylic acid
synthase gene expression. Plant Cell 17, 1205-1216. doi: 10.1105/tpc.105.
030775

Mattoo, A. K., Anderson, J. D., Chalutz, E., and Lieberman, M. (1979). Influence
of enol ether amino acids, inhibitors of ethylene biosynthesis, on aminoacyl
transfer RNA synthetases and protein synthesis. Plant Physiol. 64, 289-292.
doi: 10.1104/pp.64.2.289

Mayak, S., Tirosh, T., and Glick, B. R. (2004a). Plant growth-promoting bacteria
confer resistance in tomato plants to salt stress. Plant Physiol. Biochem. 42,
565-572.

Mayak, S., Tirosh, T., and Glick, B. R. (2004b). Plant growth-promoting bacteria
that confer resistance to water stress in tomatoes and peppers. Plant Sci. 166,
525-530. doi: 10.1016/j.plantsci.2003.10.025

McPhail, K. L., Armstrong, D. J., Azevedo, M. D., Banowetz, G. M., and Mills,
D. L. (2010). 4-Formylaminooxyvinylglycine, an herbicidal germination-arrest
factor from Pseudomonas rhizosphere bacteria. J. Nat. Prod. 73, 1853-1857.
doi: 10.1021/np1004856

Merchante, C., and Stepanova, A. N. (2017). The triple response assay and its use to
characterize ethylene mutants in Arabidopsis. Methods Mol. Biol. 1573, 163-209.
doi: 10.1007/978-1-4939-6854-1_13

Mersmann, S., Bourdais, G., Rietz, S., and Robatzek, S. (2010). Ethylene signaling
regulates accumulation of the FLS2 receptor and is required for the oxidative
burst contributing to plant immunity. Plant Physiol. 154, 391-400. doi: 10.1104/
pp.110.154567

Miller-Fleming, L., Olin-Sandoval, V., Campbell, K., and Ralser, M. (2015).
Remaining mysteries of molecular biology: the role of polyamines in the cell.
J. Mol. Biol. 427, 3389-3406. doi: 10.1016/j.jmb.2015.06.020

Mitchell, R. E., and Frey, E. J. (1988). Rhizobitoxine and hydroxythreonine
production by Pseudomonas andropogonis strains, and the implications to plant
disease. Physiol. Mol. Plant Pathol. 32, 335-341. doi: 10.1016/S0885-5765(88)
80028-6

Miyata, K., Kawaguchi, M., and Nakagawa, T. (2013). Two distinct EIN2 genes
cooperatively regulate ethylene signaling in Lotus japonicus. Plant Cell Physiol.
54, 1469-1477. doi: 10.1093/pcp/pct095

Moling, S., Pietraszewska-Bogiel, A., Postma, M., Fedorova, E., Hink, M. A,
Limpens, E., et al. (2014). Nod factor receptors form heteromeric complexes
and are essential for intracellular infection in Medicago nodules. Plant Cell 26,
4188-4199. doi: 10.1105/tpc.114.129502

Monteil, C. L., Yahara, K., Studholme, D. J., Mageiros, L., Méric, G., Swingle, B.,
etal. (2016). Population-genomic insights into emergence, crop adaptation and
dissemination of Pseudomonas syringae pathogens. Microb. Genom. 2:e000089.
doi: 10.1099/mgen.0.000089

Muday, G. K., Rahman, A., and Binder, B. M. (2012). Auxin and ethylene:
collaborators or competitors? Trends Plant Sci. 17, 181-195. doi: 10.1016/j.
tplants.2012.02.001

Mur, L. A. ], Lloyd, A. ], Cristescu, S. M., Harren, F. J. M., Hall, M. A, and Smith,
A. R. (2008). Nitric oxide interacts with salicylate to regulate biphasic ethylene
production during the hypersensitive response. Plant Physiol. 148, 1537-1546.
doi: 10.1104/pp.108.124404

Mur, L. A. ], Lloyd, A. ., Cristescu, S. M., Harren, F. J. M., Hall, M. A,, and Smith,
A. R. (2009). Biphasic ethylene production during the hypersensitive response
in Arabidopsis. Plant Physiol. 4, 610-613. doi: 10.4161/psb.4.7.8904

Miiller, M., and Munnei-Bosch, S. (2015). Ethylene response factors: a key
regulatory hub in hormone and stress signaling. Plant Physiol. 169, 32-41.
doi: 10.1104/pp.15.00677

Nagahama, K., Ogawa, T., Fujii, T., Tazaki, M., Tanase, S., Morino, Y. M.,
et al. (1991). Purification and properties of an ethylene-forming enzyme from
Pseudomonas syringae pv. phaseolicola PK2. ]. Gen. Microbiol. 137, 2281-2286.
doi: 10.1099/00221287-137-10-2281

Nascimento, F. X., Brigido, C., Glick, B. R., and Rossi, M. J. (2016). The role of
rhizobial ACC deaminase in the nodulation process of leguminous plants. Int.
J. Agron. 2016, 1-9. doi: 10.1111/lam.12847

Nascimento, F. X., Rossi, M. J., Soares, C. R. F. S, McConkey, B. J., and
Glick, B. R. (2014). New insights into 1-aminocyclopropane-1-carboxylate
(ACC) deaminase phylogeny, evolution and ecological significance. PLoS One
9:¢99168. doi: 10.1371/journal.pone.0099168

Nascimento, F. X., Vicente, C. S. L., Barbosa, P., Espada, M., Glick, B. R,
Mota, M., et al. (2013). Evidence for the involvement of ACC deaminase from
Pseudomonas putida UW4 in the biocontrol of pine wilt disease caused by
Bursaphelenchus xylophilus. BioControl 58, 427-433. doi: 10.1007/s10526-012-
9500-0

Neumann, G., and Rohmeld, V. (2001). “The release of root exudates as affected
by the plant’s physiological status,” in The Rhizosphere, Biochemistry and
Organic Substances at the Soil-Plant Interface, eds S. Willig, Z. Varanini, and
P. Nannipieri (New York, NY: Marcel Dekker), 41-91.

Newman, M.-A., Sundelin, T., Nielsen, J. T., and Erbs, G. (2013). MAMP (microbe-
associated molecular pattern) triggered immunity in plants. Front. Plant Sci.
4:139. doi: 10.3389/fpls.2013.00139

Nonaka, S., and Ezura, H. (2014). Plant-Agrobacterium interaction mediated by
ethylene and super-Agrobacterium conferring efficient gene transfer. Front.
Plant Sci. 5:681. doi: 10.3389/fpls.2014.00681

Frontiers in Plant Science | www.frontiersin.org

February 2018 | Volume 9 | Article 114


https://doi.org/10.1128/JB.00492-10
https://doi.org/10.1371/journal.pgen.1002767
https://doi.org/10.1007/s002840010101
https://doi.org/10.1007/BF00040664
https://doi.org/10.1093/jxb/erp204
https://doi.org/10.1105/tpc.109.070201
https://doi.org/10.1105/tpc.109.070201
https://doi.org/10.1104/pp.15.01361
https://doi.org/10.1094/MPMI-07-10-0170
https://doi.org/10.1105/tpc.104.026609
https://doi.org/10.1073/pnas.1215543110
https://doi.org/10.1094/MPMI-07-10-0149
https://doi.org/10.1128/AEM.70.10.5891-5897.2004
https://doi.org/10.1128/AEM.69.8.4396-4402.2003
https://doi.org/10.1128/AEM.69.8.4396-4402.2003
https://doi.org/10.1186/1471-2229-12-208
https://doi.org/10.1105/tpc.105.030775
https://doi.org/10.1105/tpc.105.030775
https://doi.org/10.1104/pp.64.2.289
https://doi.org/10.1016/j.plantsci.2003.10.025
https://doi.org/10.1021/np1004856
https://doi.org/10.1007/978-1-4939-6854-1_13
https://doi.org/10.1104/pp.110.154567
https://doi.org/10.1104/pp.110.154567
https://doi.org/10.1016/j.jmb.2015.06.020
https://doi.org/10.1016/S0885-5765(88)80028-6
https://doi.org/10.1016/S0885-5765(88)80028-6
https://doi.org/10.1093/pcp/pct095
https://doi.org/10.1105/tpc.114.129502
https://doi.org/10.1099/mgen.0.000089
https://doi.org/10.1016/j.tplants.2012.02.001
https://doi.org/10.1016/j.tplants.2012.02.001
https://doi.org/10.1104/pp.108.124404
https://doi.org/10.4161/psb.4.7.8904
https://doi.org/10.1104/pp.15.00677
https://doi.org/10.1099/00221287-137-10-2281
https://doi.org/10.1111/lam.12847
https://doi.org/10.1371/journal.pone.0099168
https://doi.org/10.1007/s10526-012-9500-0
https://doi.org/10.1007/s10526-012-9500-0
https://doi.org/10.3389/fpls.2013.00139
https://doi.org/10.3389/fpls.2014.00681
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Nascimento et al.

Ethylene and ACC in Plant-Bacterial Interactions

Nonaka, S., Yuhashi, K. I, Takada, K., Sugaware, M., Minamisawa, K., and
Ezura, H. (2008). Ethylene production in plants during transformation
suppresses vir gene expression in Agrobacterium tumefaciens. New Phytol. 178,
647-656. doi: 10.1111/§.1469-8137.2008.02400.x

Norman-Setterblad, C., Vidal, S., and Palva, E. T. (2000). Interacting signal
pathways control defense gene expression in Arabidopsis in response to cell
wall-degrading enzymes from Erwinia carotovora. Mol. Plant Microbe Interact.
13, 430-438. doi: 10.1094/MPMI.2000.13.4.430

Niihse, T., Peck, S., Hirt, H., and Boller, T. (2000). Microbial elicitors induce
activation and dual phosphorylation of the Arabidopsis MAP kinase AtMPK®.
J. Biol. Chem. 275, 7521-7526. doi: 10.1074/jbc.275.11.7521

Okazaki, S., Nukui, N., Sugawara, M., and Minamisawa, K. (2004). Rhizobial
strategies to enhance symbiotic interactions: rhizobitoxine and 1-
aminocyclopropane-1-carboxylate deaminase. Microbes Environ 19, 99-111.
doi: 10.1264/jsme2.19.99

Okrent, R. A., Manning, V. A,, and Trippe, K. M. (2017a). Draft genome
sequences of seven 4-formylaminooxyvinylglycine producers belonging to the
Pseudomonas fluorescens species complex. Genome Announc. 5:¢00277-17.
doi: 10.1128/genomeA.00277-17

Okrent, R. A., Trippe, K. M., Maselko, M., and Manning, V. (2017b).
Functional analysis of a biosynthetic cluster essential for production of 4-
formylaminooxyvinylglycine, a germination-arrest factor from Pseudomonas
fluorescens WH6. Microbiology 163, 207-217. doi: 10.1099/mic.0.000418

Oldroyd, G., Engstrom, E., and Long, S. (2001). Ethylene inhibits the Nod factor
signal transduction pathway of Medicago truncatula. Plant Cell 13, 1835-1849.
doi: 10.1105/tpc.13.8.1835

Onofre-Lemus, J., Hernandez-Lucas, 1., Girard, L., and Caballero-Mellado, ]J.
(2009). ACC (1-aminocyclopropane-1-carboxylate) deaminase activity, a
widespread trait in Burkholderia species, and its growth-promoting effect on
tomato plants. Appl. Environ. Microbiol. 75, 6581-6590. doi: 10.1128/ AEM.
01240-09

Oome, S., Raaymakers, T. M., Cabral, A., Samwel, S., Bhm, H., Albert, L, et al.
(2014). Nepl-like proteins from three kingdoms of life act as a microbe-
associated molecular pattern in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 111,
16955-16960. doi: 10.1073/pnas.1410031111

Parker, M. A., and Peters, N. K. (2001). Rhizobitoxine production and symbiotic
compatibility of Bradyrhizobium from Asian and North American lineages of
Ampbhicarpaea. Can. ]. Microbiol. 47, 1-6. doi: 10.1139/w01-085

Penmetsa, R., Uribe, P., Anderson, J., Lichtenzveig, J., Gish, J.-C., Nam, Y. W,
et al. (2008). The Medicago truncatula ortholog of Arabidopsis EIN2, sickle, is
a negative regulator of symbiotic and pathogenic microbial associations. Plant
J. 55, 580-595. doi: 10.1111/j.1365-313X.2008.03531.x

Penmetsa, R. V., and Cook, D. R. (1997). A Legume ethylene-insensitive mutant
hyperinfected by its rhizobial symbiont. Science 275, 527-530. doi: 10.1126/
science.275.5299.527

Penrose, D. M., and Glick, B. R. (2001). Levels of ACC and related compounds in
exudate and extracts of canola seeds treated with ACC deaminase-containing
plant growth-promoting bacteria. Can. J. Microbiol. 47, 368-372. doi: 10.1139/
wO01-014

Penrose, D. M., Moffatt, B. A., and Glick, B. R. (2001). Determination of 1-
aminocycopropane-1-carboxylic acid (ACC) to assess the effects of ACC
deaminase-containing bacteria on roots of canola seedlings. Can. J. Microbiol.
47,77-80. doi: 10.1139/w00-128

Petutschnig, E. K., Jones, A. M., Serazetdinova, L., Lipka, U., and Lipka, V.
(2010). The lysin motif receptor-like kinase (LysM-RLK) CERK1 is a major
chitin-binding protein in Arabidopsis thaliana and subject to chitin-induced
phosphorylation. J. Biol. Chem. 285, 28902-28911. doi: 10.1074/jbc.M110.
116657

Philippot, L., Raaijmakers, J. M., Lemanceau, P., and van der Putten, W. H. (2013).
Going back to the roots: the microbial ecology of the rhizosphere. Nat. Rev.
Microbiol. 11, 789-799. doi: 10.1038/nrmicro3109

Prayitno, J., Imin, N., Rolfe, B. G., and Mathesius, U. (2006). Identification of
ethylene-mediated protein changes during nodulation in Medicago truncatula
using proteome analysis. J. Proteome Res. 5, 3084-3095. doi: 10.1021/pr0602646

Pruess, D. L., Scannell, J. P., Kellett, M., Ax, H. A., Janecek, J., Williams, T. H.,
et al. (1974). Antimetabolites produced by microorganisms. X. L-2-Amino-4-
(2-aminoethoxy)-trans-3-butenoic acid. J. Antibiot. 27, 229-233. doi: 10.7164/
antibiotics.27.229

Raghavan, C., Ong, E. K, Dalling, M. J.,, and Stevenson, T. W. (2006).
Regulation of genes associated with auxin, ethylene and ABA pathways by 2,4-
dichlorophenoxyacetic acid in Arabidopsis. Funct. Integr. Genomics 6, 60-70.
doi: 10.1007/s10142-005-0012- 1

Ramonell, K. M., McClure, G., and Musgrave, M. E. (2002). Oxygen control of
ethylene biosynthesis during seed development in Arabidopsis thaliana (L.)
Heynh. Plant Cell Environ. 25, 793-801. doi: 10.1046/j.1365-3040.2002.00864.x

Ranf, S., Gisch, N., Schiffer, M., Illig, T., Westphal, L., Knirel, Y. A,, et al. (2015).
A lectin S-domain receptor kinase mediates lipopolysaccharide sensing in
Arabidopsis thaliana. Nat. Immunol. 16, 426-433. doi: 10.1038/ni.3124

Ratcliff, W. C., and Denison, R. F. (2009). Rhizobitoxine producers gain more poly-
3-hydroxybutyrate in symbiosis than do competing rhizobia, but reduce plant
growth. ISME J. 3, 870-872. doi: 10.1038/ismej.2009.38

Ratcliff, W. C., Kadam, S. V., and Denison, R. F. (2008). Poly-3-hydroxybutyrate
(PHB) supports survival and reproduction in starving rhizobia. FEMS
Microbiol. Ecol. 65, 391-399. doi: 10.1111/j.1574-6941.2008.00544.x

Raz, V., and Ecker, J. R. (1999). Regulation of differential growth in the apical hook
of Arabidopsis. Development 126, 3661-3668.

Rudus, L, Sasiak, M., and Kepczynski, J. (2013). Regulation of ethylene biosynthesis
at the level of 1-aminocyclopropane-1-carboxylate oxidase (ACO) gene. Acta
Physiol. Plant. 35, 295-307. doi: 10.1007/s11738-012-1096-6

Ruzicka, K., Ljung, K., Vanneste, S., Podhorska, R., Beeckman, T., Friml, J., et al.
(2007). Ethylene regulates root growth through effects on auxin biosynthesis
and transport-dependent auxin distribution. Plant Cell 19, 2197-2212.
doi: 10.1105/tpc.107.052126

Sahm, U., Knobloch, G., and Wagner, F. (1973). Isolation and characterization of
the methionine antagonist L-2-amino-4-methoxy-trans-3-butenoic acid from
Pseudomonas aeruginosa. J. Antibiot. 26, 389-390. doi: 10.7164/antibiotics.
26.389

Santoyo, G., Moreno-Hagelsieb, G., Orozco-Mosqueda, M. C., and Glick, B. R.
(2016). Plant growth-promoting bacterial endophytes. Microbiol. Res. 183,
92-99. doi: 10.1016/j.micres.2015.11.008

Shin, K., Lee, S., Song, W.-Y., Lee, R-A., Lee, I, Ha, K, et al. (2015).
Genetic Identification of ACC-RESISTANT?2 reveals involvement of LYSINE
HISTIDINE TRANSPORTERI in the uptake of 1-aminocyclopropane-1-
carboxylic acid in Arabidopsis thaliana. Plant Cell Physiol. 56, 572-582.
doi: 10.1093/pcp/pcu201

Smit, P, Limpens, E., Geurts, R., Fedorova, E., Dolgikh, E., Gough, C., et al. (2007).
Medicago LYK3, an entry receptor in rhizobial nodulation factor signaling. Plant
Physiol. 145, 183-191. doi: 10.1104/pp.107.100495

Staal, M., De Cnodder, T., Simon, D., Vandenbussche, F., Van der Straeten, D.,
Verbelen, J.-P., et al. (2011). Apoplastic alkalinization is instrumental for the
inhibition of cell elongation in the Arabidopsis root by the ethylene precursor
1-aminocyclopropane-1-carboxylic acid. Plant Physiol. 155, 2049-2055.
doi: 10.1104/pp.110.168476

Stepanova, A. N., Yun, J., Likhacheva, A. V., and Alonso, J. M. (2007). Multilevel
interactions between ethylene and auxin in Arabidopsis roots. Plant Cell 19,
2169-2185. doi: 10.1105/tpc.107.052068

Strader, L. C., Chen, G. L., and Bartel, B. (2010). Ethylene directs auxin to
control root cell expansion. Plant ]. 64, 874-884. doi: 10.1111/§.1365-313X.2010.
04373.x

Sugawara, M., Okazaki, S., Nukui, N., Ezura, H., Mitsui, H., and Minamisawa, K.
(2006). Rhizobitoxine modulates plant-microbe interactions by ethylene
inhibition. Biotechnol. Adv. 24, 382-388. doi: 10.1016/j.biotechadv.2006.01.004

Sun, Y., Cheng, Z., and Glick, B. R. (2009). The presence of a 1-
aminocyclopropane-1-carboxylate (ACC) deaminase deletion mutation alters
the physiology of the endophytic plant growth-promoting bacterium
Burkholderia phytofirmans PsJN. FEMS Microbiol. Lett. 296, 131-136.
doi: 10.1111/.1574-6968.2009.01625.x

Swarup, R., Perry, P., Hagenbeek, D., Van Der Straeten, D., Beemster, G. T. S.,
Sandberg, G., et al. (2007). Ethylene upregulates auxin biosynthesis in
Arabidopsis seedlings to enhance inhibition of root cell elongation. Plant Cell
19, 2186-2196. doi: 10.1105/tpc.107.052100

Tanaka, Y., Sano, T., Tamaoki, M., Nakajima, N., Kondo, N., and Hasezawa, S.
(2005). Ethylene inhibits abscisic acid-induced stomatal closure in Arabidopsis.
Plant Physiol. 138, 2337-2343. doi: 10.1104/pp.105.063503

Thao, N. P,, Khan, M. . R,, Thu, N. B. A,, Hoang, X. L. T., Asgher, M., Khan,
N. A, et al. (2015). Role of ethylene and its cross talk with other signaling

Frontiers in Plant Science | www.frontiersin.org

February 2018 | Volume 9 | Article 114


https://doi.org/10.1111/j.1469-8137.2008.02400.x
https://doi.org/10.1094/MPMI.2000.13.4.430
https://doi.org/10.1074/jbc.275.11.7521
https://doi.org/10.1264/jsme2.19.99
https://doi.org/10.1128/genomeA.00277-17
https://doi.org/10.1099/mic.0.000418
https://doi.org/10.1105/tpc.13.8.1835
https://doi.org/10.1128/AEM.01240-09
https://doi.org/10.1128/AEM.01240-09
https://doi.org/10.1073/pnas.1410031111
https://doi.org/10.1139/w01-085
https://doi.org/10.1111/j.1365-313X.2008.03531.x
https://doi.org/10.1126/science.275.5299.527
https://doi.org/10.1126/science.275.5299.527
https://doi.org/10.1139/w01-014
https://doi.org/10.1139/w01-014
https://doi.org/10.1139/w00-128
https://doi.org/10.1074/jbc.M110.116657
https://doi.org/10.1074/jbc.M110.116657
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1021/pr0602646
https://doi.org/10.7164/antibiotics.27.229
https://doi.org/10.7164/antibiotics.27.229
https://doi.org/10.1007/s10142-005-0012-1
https://doi.org/10.1046/j.1365-3040.2002.00864.x
https://doi.org/10.1038/ni.3124
https://doi.org/10.1038/ismej.2009.38
https://doi.org/10.1111/j.1574-6941.2008.00544.x
https://doi.org/10.1007/s11738-012-1096-6
https://doi.org/10.1105/tpc.107.052126
https://doi.org/10.7164/antibiotics.26.389
https://doi.org/10.7164/antibiotics.26.389
https://doi.org/10.1016/j.micres.2015.11.008
https://doi.org/10.1093/pcp/pcu201
https://doi.org/10.1104/pp.107.100495
https://doi.org/10.1104/pp.110.168476
https://doi.org/10.1105/tpc.107.052068
https://doi.org/10.1111/j.1365-313X.2010.04373.x
https://doi.org/10.1111/j.1365-313X.2010.04373.x
https://doi.org/10.1016/j.biotechadv.2006.01.004
https://doi.org/10.1111/j.1574-6968.2009.01625.x
https://doi.org/10.1105/tpc.107.052100
https://doi.org/10.1104/pp.105.063503
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Nascimento et al.

Ethylene and ACC in Plant-Bacterial Interactions

molecules in plant responses to heavy metal stress. Plant Physiol. 169, 73-84.
doi: 10.1104/pp.15.00663

Timmusk, S., Paalme, V., Pavlicek, T., Bergquist, J., Vangala, A., Danilas, T.,
et al. (2011). Bacterial distribution in the rhizosphere of wild barley under
contrasting microclimates. PLoS One 6:¢17968. doi: 10.1371/journal.pone.
0017968

Tintor, N., Ross, A., Kanehara, K., Yamada, K., Fan, L., Kemmerling, B., et al.
(2013). Layered pattern receptor signaling via ethylene and endogenous elicitor
peptides during Arabidopsis immunity to bacterial infection. Proc. Natl. Acad.
Sci. U.S.A. 110, 6211-6216. doi: 10.1073/pnas.1216780110

Toklikishvili, N., Dandurishvili, N., Vainstein, A., Tediashvili, M., Giorgobiani, N.,
Lurie, S., et al. (2010). Inhibitory effect of ACC deaminase-producing
bacteria on crown gall formation in tomato plants infected by Agrobacterium
tumefaciens or A. vitis. Plant Pathol. 59, 1023-1030. doi: 10.1111/j.1365-3059.
2010.02326.x

Truyens, S., Weyens, N., Cuypers, A., and Vangronsveld, J. (2013). Changes in
the population of seed bacteria of transgenerationally Cd-exposed Arabidopsis
thaliana. Plant Biol. 15, 971-981. doi: 10.1111/j.1438-8677.2012.00711.x

Tsang, D. L., Edmond, C., Harrington, J. L., and Nihse, T. S. (2011). Cell
wall integrity controls root elongation via a general 1-aminocyclopropane-1-
carboxylic acid-dependent, ethylene-independent pathway. Plant Physiol. 156,
596-604. doi: 10.1104/pp.111.175372

Tsuchisaka, A., and Theologis, A. (2004). Unique and overlapping expression
patterns among the Arabidopsis 1-amino-cyclopropane-1-carboxylate synthase
gene family members. Plant Physiol. 136, 2982-3000. doi: 10.1104/pp.104.
049999

Tsuchisaka, A., Yu, G,, Jin, H., Alonso, J. M., Ecker, J. R, Zhang, X,, et al. (2009).
A combinatorial interplay among the 1l-aminocyclopropane-1-carboxylate
isoforms regulates ethylene biosynthesis in Arabidopsis thaliana. Genetics 183,
979-1003. doi: 10.1534/genetics.109.107102

Uchiumi, T., Ohwada, T., Itakura, M., Mitsui, H., Nukui, N., Dawadi, P.,
et al. (2004). Expression islands clustered on the symbiosis island of the
Mesorhizobium loti genome. J. Bacteriol. 186, 2439-2448. doi: 10.1128/]B.186.
8.2439-2448.2004

Van de Poel, B., Smet, D., and Van Der Straeten, D. (2015). Ethylene and hormonal
cross talk in vegetative growth and development. Plant Physiol. 169, 61-72.
doi: 10.1104/pp.15.00724

Van de Poel, B., and Van Der Straeten, D. (2014). 1-aminocyclopropane-1-
carboxylic acid (ACC) in plants: more than just the precursor of ethylene!.
Front. Plant Sci. 5:640. doi: 10.3389/fpls.2014.00640

Vanderstraeten, L., and Van Der Straeten, D. (2017). Accumulation and transport
of 1-aminocyclopropane-1-carboxylic acid (ACC) in plants: current status,
considerations for future research and agronomic applications. Front. Plant Sci.
8:38. doi: 10.3389/fpls.2017.00038

van Overbeek, L. S., Nijhuis, E. H. M., Koenraadt, H., Visser, J., and van
Kruistum, G. (2010). The role of crop waste and soil in Pseudomonas syringae
pathovar porri infection of leek (Allium porrum). Appl. Soil Ecol. 46, 457-463.
doi: 10.1016/j.aps0il.2010.09.004

Vorholt, J. A. (2012). Microbial life in the phyllosphere. Nat. Rev. Microbiol. 10,
828-840. doi: 10.1038/nrmicro2910

Wang, C., Knill, E,, Glick, B. R., and Défago, G. (2000). Effect of transferring
1-aminocyclopropane-1-carboxylic acid (ACC) deaminase genes into
Pseudomonas fluorescens strain CHAO and its gacA derivative CHA96 on their
growth-promoting and disease-suppressive capacities. Can. J. Microbiol. 46,
898-907. doi: 10.1139/w00-071

Wang, N. N,, Shin, M. C,, and Li, N. (2005). The GUS reporter-aided analysis of
the promoter activities of Arabidopsis ACC synthase genes AtACS4, AtACS5,
and AtACS7 induced by hormones and stresses. J. Exp. Bot. 56, 909-920.
doi: 10.1093/jxb/eri083

Washington, E. J., Mukhtar, M. S., Finkel, O. M., Wan, L., Banfield, M. J., Kieber,
J. J., et al. (2016). Pseudomonas syringae type III effector HopAF1 suppresses
plant immunity by targeting methionine recycling to block ethylene induction.
Proc. Natl. Acad. Sci. U.S.A. 113, E3577-E3586. doi: 10.1073/pnas.1606322113

Wasternack, C., and Hause, B. (2013). Jasmonates: biosynthesis, perception, signal
transduction and action in plant stress response, growth and development. An
update to the 2007 review in Annals of Botany. Ann. Bot. 111, 1021-1058.
doi: 10.1093/aob/mct067

Weingart, H., Ullrich, H., Geider, K., and Vélksch, B. (2001). The role of ethylene
production in virulence of Pseudomonas syringae pvs. glycinea and phaseolicola.
Phytopathology 91, 511-518. doi: 10.1094/PHYTO.2001.91.5.511

Wen, C.-K,, Li, W. Y., and Guo, H. W. (2015). “Regulatory components of ethylene
signal transduction,” in Ethylene in Plants, ed. C. K. Wen (Dordrecht: Springer),
73-92.

Wheeler, R. M., Peterson, B. V., and Stutte, G. W. (2004). Ethylene production
throughout growth and development of plants background and methods.
HortScience 39, 1541-1545. doi: 10.1186/s12864-016-2660-z

Willmann, R., Lajunen, H. M., Erbs, G., Newman, M., Kolb, D., and Tsuda, K.
(2011). Mediate bacterial peptidoglycan sensing and immunity to bacterial
infection. Proc. Natl. Acad. Sci. U.S.A. 108, 19824-19829. doi: 10.1073/pnas.
1112862108

Woltering, E. J., and Van Doorn, W. G. (1988). Role of ethylene in senescence
of petals - morphological and taxonomical relationships. J. Exp. Bot. 39,
1605-1616. doi: 10.1093/jxb/39.11.1605

Xie, S., Wu, H.-J., Zang, H., Wu, L., Zhu, Q., and Gao, X. (2014). Plant growth
promotion by spermidine-producing Bacillus subtilis OKB105. Mol. Plant
Microbe Interact. 27, 655-663. doi: 10.1094/MPMI-01-14-0010-R

Xu, G., Greene, G. H,, Yoo, H,, Liu, L., Marqués, J., Motley, J., et al. (2017). Global
translational reprogramming is a fundamental layer of immune regulation in
plants. Nature 545, 487-490. doi: 10.1038/nature22371

Xu, J., and Zhang, S. (2014). Regulation of ethylene biosynthesis and signaling
by protein kinases and phosphatases. Mol. Plant 7, 939-942. doi: 10.1093/mp/
ssu059

Xu, S.-L., Rahman, A., Baskin, T. I, and Kieber, J. J. (2008). Two leucine-rich repeat
receptor kinases mediate signaling, linking cell wall biosynthesis and ACC
synthase in Arabidopsis. Plant Cell 20, 3065-3079. doi: 10.1105/tpc.108.063354

Yamagami, T., Tsuchisaka, A., Yamada, K., Haddon, W. F., Harden, L. A., and
Theologis, A. (2003). Biochemical diversity among the 1-amino-cyclopropane-
1-carboxylate synthase isozymes encoded by the Arabidopsis gene family. J. Biol.
Chem. 278, 49102-49112. doi: 10.1074/jbc.M308297200

Yamaguchi, Y., Huffaker, A., Bryan, A. C,, Tax, F. E., and Ryan, C. A. (2010). PEPR2
is a second receptor for the Pepl and Pep2 peptides and contributes to defense
responses in Arabidopsis. Plant Cell 22, 508-522. doi: 10.1105/tpc.109.068874

Yamaguchi, Y., and Huffaker, A. (2011). Endogenous peptide elicitors in higher
plants. Curr. Opin. Plant Biol. 14, 351-357. doi: 10.1016/j.pbi.2011.05.001

Yang, S. F., and Hoffman, N. E. (1984). Ethylene biosynthesis and its regulation in
higher plants. Annu. Rev. Plant Physiol. 35, 155-189. doi: 10.1146/annurev.pp.
35.060184.001103

Yasuta, T., Okazaki, S., Mitsui, H., Yuhashi, K.-I., Ezura, H., and Minamisawa, K.
(2001). DNA Sequence and mutational analysis of rhizobitoxine biosynthesis
genes in Bradyrhizobium elkanii. Appl. Environ. Microbiol. 67, 4999-5009. doi:
10.1128/AEM.67.11.4999-5009.2001

Yasuta, T, Satoh, S., and Minamisawa, K. (1999). New assay for rhizobitoxine based
on inhibition of 1-aminocyclopropane-1-carboxylate synthase. Appl. Environ.
Microbiol. 65, 849-852.

Yoon, G. M., and Kieber, J. J. (2013). 1-Aminocyclopropane-1-carboxylic acid as a
signalling molecule in plants. AoB Plants 5:plt017. doi: 10.1093/aobpla/plt017

Yuhashi, K. L, Ichikawa, N., Ezura, H., Akao, S., Minakawa, Y., Nukui, N.,
et al. (2000). Rhizobitoxine production by Bradyrhizobium elkanii enhances
nodulation and competitiveness on Macroptilium atropurpureum. Appl.
Environ. Microbiol. 66, 2658-2663. doi: 10.1128/ AEM..66.6.2658-2663.2000

Zhang, Z., Zhang, H., Quan, R, Wang, X.-C, and Huang, R. (2009).
Transcriptional regulation of the ethylene response factor LeERF2 in the
expression of ethylene biosynthesis genes controls ethylene production in
tomato and tobacco. Plant Physiol. 150, 365-377. doi: 10.1104/pp.109.135830

Zipfel, C., Robatzek, S., Navarro, L., Oakeley, E. J., Jones, . D., Felix, G., et al. (2004).
Bacterial disease resistance in Arabidopsis through flagellin perception. Nature
428, 764-767. doi: 10.1038/nature02485

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Nascimento, Rossi and Glick. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Plant Science | www.frontiersin.org

February 2018 | Volume 9 | Article 114


https://doi.org/10.1104/pp.15.00663
https://doi.org/10.1371/journal.pone.0017968
https://doi.org/10.1371/journal.pone.0017968
https://doi.org/10.1073/pnas.1216780110
https://doi.org/10.1111/j.1365-3059.2010.02326.x
https://doi.org/10.1111/j.1365-3059.2010.02326.x
https://doi.org/10.1111/j.1438-8677.2012.00711.x
https://doi.org/10.1104/pp.111.175372
https://doi.org/10.1104/pp.104.049999
https://doi.org/10.1104/pp.104.049999
https://doi.org/10.1534/genetics.109.107102
https://doi.org/10.1128/JB.186.8.2439-2448.2004
https://doi.org/10.1128/JB.186.8.2439-2448.2004
https://doi.org/10.1104/pp.15.00724
https://doi.org/10.3389/fpls.2014.00640
https://doi.org/10.3389/fpls.2017.00038
https://doi.org/10.1016/j.apsoil.2010.09.004
https://doi.org/10.1038/nrmicro2910
https://doi.org/10.1139/w00-071
https://doi.org/10.1093/jxb/eri083
https://doi.org/10.1073/pnas.1606322113
https://doi.org/10.1093/aob/mct067
https://doi.org/10.1094/PHYTO.2001.91.5.511
https://doi.org/10.1186/s12864-016-2660-z
https://doi.org/10.1073/pnas.1112862108
https://doi.org/10.1073/pnas.1112862108
https://doi.org/10.1093/jxb/39.11.1605
https://doi.org/10.1094/MPMI-01-14-0010-R
https://doi.org/10.1038/nature22371
https://doi.org/10.1093/mp/ssu059
https://doi.org/10.1093/mp/ssu059
https://doi.org/10.1105/tpc.108.063354
https://doi.org/10.1074/jbc.M308297200
https://doi.org/10.1105/tpc.109.068874
https://doi.org/10.1016/j.pbi.2011.05.001
https://doi.org/10.1146/annurev.pp.35.060184.001103
https://doi.org/10.1146/annurev.pp.35.060184.001103
https://doi.org/10.1128/AEM.67.11.4999-5009.2001
https://doi.org/10.1128/AEM.67.11.4999-5009.2001
https://doi.org/10.1093/aobpla/plt017
https://doi.org/10.1128/AEM.66.6.2658-2663.2000
https://doi.org/10.1104/pp.109.135830
https://doi.org/10.1038/nature02485
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Ethylene and 1-Aminocyclopropane-1-carboxylate (ACC) in Plant–Bacterial Interactions
	Introduction
	Plant Acc and Et Biosynthesis and Signaling Mechanisms
	ACC Synthase and ACC
	ACC as an Internal Plant-Signaling Molecule
	ACC as an External Signaling Molecule
	ACC Oxidase and ET
	ET Signaling

	Old Foes: ET and ACC Act As Inhibitors of Bacterial Colonization and the Nodulation Process
	Pathogens
	Rhizobial Symbionts
	Bacterial Endophytes
	Phyllospheric Bacteria

	Zoom In: Et and Acc Regulate the Plant Immune and Symbiotic Responses
	MAMPs and DAMPs: Pattern Triggered Immunity
	Effector-Triggered Immunity
	Symbiotic Nod Factor-Triggered Response

	An Et and Acc-Regulated Mechanism Controlling Development and Defense? the Root Cell Elongation Example
	Counter Attack! Bacterial Modulation of Plant Acc and Et Levels
	Bacterial Responses to ET
	Inhibition of Plant ACS by Bacterial-Produced Vinylglycine Analog Compounds
	Rhizobitoxine (RTX)
	Aminoethoxyvinylglycine (AVG)
	Methoxyvinylglycine (MVG) and Formylaminooxyvinylglycine (FVG)

	Direct Decrease of Plant ACC Levels by ACC Deaminase-Producing Bacteria
	Bacterial Effectors Targeting Plant ET Biosynthesis and Signaling Pathways
	Bacterial Polyamines and the Decrease of Plant ET Levels
	Direct Decrease of ET Levels by Soil Bacteria Expressing ET-Monooxygenase
	The Direct Increase in ET Levels by the Production of a Bacterial ET-Forming Enzyme

	Future Directions
	ACC as a Signaling Molecule Affecting Microbiome Assembly?
	Is Plant Production and Sensitivity to ET and ACC Regulating the Plant Microbiome?
	What Is the Contribution of ACC and ET-Modulating Bacteria to the Overall Plant Microbiome?
	Strategies for the Creation of Inoculants with Increased Plant-Growth Promotion Abilities

	Author Contributions
	Acknowledgments
	Supplementary Material
	References


