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SUMMARY

In the past four decades, tremendous progress has been made in understanding how plants respond
to microbial colonization and how microbial pathogens and symbionts reprogram plant cellular
processes. In contrast, our knowledge of how environmental conditions impact plant-microbe
interactions is less understood at the mechanistic level, as most molecular studies are performed
under simple and static laboratory conditions. In this review, we highlight research that begins to
shed light on the mechanisms by which environmental conditions influence diverse plant-
pathogen, plant-symbiont and plant-microbiota interactions. There is a great need to increase
efforts in this important area of research in order to reach a systems-level understanding of plant-
microbe interactions that are more reflective of what occurs in nature.
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INTRODUCTION

In nature, plants live in a microbe-rich environment and must interact with a myriad of
pathogenic, commensal and beneficial microbes. How plants harness the beneficial functions
provided by microbes and, at the same time, combat microbial pathogens has attracted the
attention of generations of plant and microbial scientists. Impressive molecular work
conducted since the early 1980s has revealed a number of basic principles underlying plant-
microbe interactions. Among them are discovery of (i) signals from microbes that are
perceived by cognate plant immune receptors to initiate defense or symbiotic responses
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(Jones et al., 2016); (ii) microbial DNA and/or protein secretion systems that transport
effector molecules into the plant cell to modulate host cell functions (Buttner and He, 2009;
Hwang et al., 2017); (iii) microbial and plant developmental programs that orchestrate the
formation of specialized nutrient-exchanging/producing organs (e.g. nodules and galls)
during symbiotic and pathogenic interactions (Zipfel and Oldroyd, 2017); and (iv) binary
and community-level antagonistic warfare in plant-microbiota interactions (Hacquard et al.,
2017).

In addition, it has been long noted that many, if not all, plant-microbe interactions are
profoundly affected by external environmental conditions (Figure 1A). In fact, “disease
triangle”, a famous concept in describing plant-pathogen interactions, states that, for a plant
disease to occur, the plant needs to be genetically susceptible, the pathogen genetically
virulent and environmental conditions conducive to pathogen virulence and plant
susceptibility (Stevens, 1960). Similarly, symbiotic and commensal plant-microbe
interactions can be altered by external conditions, including temperature, moisture and
nutrient status. As such, understanding how environmental conditions influence plant-
microbe interactions is crucial in predicting disease outbreaks, engineering effective
symbiotic and biocontrol agents, and designing “dream” crop plants with increased
resilience to current and future climate change.

In this review, we will highlight selected environmental conditions for which there is a
substantial body of knowledge that begins to explain how they modulate plant-microbe
interactions at the molecular level. We will attempt to infer general principles, when
possible. However, as it will become clear, in many cases, environmental influences are
complex; the current knowledge has not reached a stage where one can pinpoint general
principles, illustrating a great need for increased efforts in this important area of research.

SECTION 1: TEMPERATURE

1.1. Impact of elevated temperature on the plant immune system

The plant immune system consists of a complex web of signaling modules, transcriptional
networks and hormonal crosstalk; it can be activated by at least two types of microbial
signals. The first type includes broadly conserved microbe/pathogen-associated molecular
patterns (PAMPs hereinafter), such as flagellin from bacteria or chitin from fungi.
Recognition of PAMPs lead to PAMP-triggered immunity (PTI) that is believed to be a
principal component of basal defense against all microbes. However, PTI is often suppressed
by evolved pathogens, mostly via virulence “effector” proteins that are delivered into the
plant cell by pathogens. To counter pathogen virulence, plants have evolved an ability to
recognize the second type of microbial signals (individual effector proteins) through
nucleotide-binding leucine-rich repeat (NLR) immune receptors, resulting in the activation
of a more violent form of immunity called effector-triggered immunity (ETI). Despite
different modes of signaling perception, PTI and ETI share a number of downstream
responses (Peng et al., 2018).

Elevated temperature (i.e., usually a few degrees warmer than the optimal temperature range
for growth; Balasubramanian et al., 2006) has long been known to suppress ETI in plants
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and has emerged as a great concern as major crops across the globe rely on ETI for
protection against many devastating plant pathogens. In response to even a brief exposure to
elevated temperature, expression of an ETI-responsive gene (WRKY46) is dampened
(Cheng et al., 2013; Figure 2A). Exactly how elevated temperature inhibits ET1 is not fully
understood. Study on two NLR proteins, N in tobacco and SUPPRESSOR OF NPR1-1,
CONSTITUTIVEL (SNC1) in Arabidopsis, showed that nuclear localization of these two
proteins is reduced at elevated temperature (Zhu et al., 2010). Elevated temperature also
induces expression and nuclear localization of transcription factors TEOSINTE
BRANCHED1, CYCLOIDEA AND PROLIFERATING CELL FACTORS (TCPs) as well
as the accumulation of HOPZ-ETI-DEFICIENT1 (ZED1) and ZED1-RELATED KINASES
(ZRKs), resulting in suppression of SNVCI expression (Wang et al., 2019; Zhang et al.,
2018). Another Arabidopsis NLR, RPS4, together with EDS1 (ENHANCED DISEASE
SUSCEPTIBILITY1, an essential immune regulator downstream of many NLRs), also
exhibit nucleo-cytoplasmic partitioning changes (Bhattacharjee et al., 2011; Heidrich et al.,
2011). Interestingly, nuclear localization of SNC1 and RPS4 proteins at elevated temperature
could be reversed either in the abscisic acid (ABA) biosynthesis mutant or by application of
an ABA biosynthesis inhibitor (Mang et al., 2012; Figure 2A). Taken together, these results
suggest that differential nucleo-cytoplasmic localization of NLRs in response to temperature
changes may underlie the negative impact of elevated temperature on ETI.

However, temperature-mediated nucleo-cytoplasmic partitioning of NLR immune receptors
may not be generalized as an universal mechanism because not all NLRs show nuclear
localization and some NLRs seem to function better in warmer temperature (Webb et al.,
2010). Other possible mechanisms could include differential growth-defense tradeoff. For
example, Arabidopsis pif4 mutant, defective in a growth-promoting transcription factor,
PHYTOCHROME-INTERACTING FACTOR 4, could partially alleviate elevated
temperature-mediated suppression of ETI caused by an auto-active mutant of SNCZ via an
unknown mechanism (Gangappa et al., 2017; Figure 2A).

The effect of elevated temperature on plant immunity is beyond ETI. Elevated temperature
increases basal Arabidopsis susceptibility to a compatible pathogen (Pseudomonas syringae
pv. tomato (Psf) DC3000) in the absence of ETI activation (Gangappa et al., 2017; Huot et
al., 2017). This increased basal disease development is associated with a marked reduction
of plant defense hormone salicylic acid (SA) and SA-associated defense gene expression
(Huot et al., 2017; Figure 2A). The molecular mechanism by which elevated temperature
suppresses SA accumulation and enhances disease susceptibility remains to be elucidated.
Recently, Janda and colleagues (2019) showed that temporary heat stress also suppresses
PTI signaling and resistance to Pst DC3000 in Arabidopsis. Conversely, Cheng and
colleagues (2013) showed that PTI-responsive genes and MAPK and BOTRYTIS-
INDUCED KINASE1 (BIK1) phosphorylation were activated more robustly in response to a
brief exposure of elevated temperature (Figure 2A). Further research is needed to resolve
these contrasting results. Finally, recent work by Liu and colleagues (2019) showed that heat
stress affects immunity of unstressed progeny and that this transgenerational memory is
achieved by epigenetic machinery.
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A fundamental question that remains to be answered is the identity of the thermosensor(s)
involved in regulating plant immunity at elevated temperature. Recent studies showed that
the red and far-red light receptor, phytochrome B (phyB) is a thermosensor; together with
the transcription factor PIF4, it regulates temperature-dependent growth in Arabidopsis
(Jung et al., 2016; Legris et al., 2016). As mentioned above, the Arabidopsis p/f4 mutant
could partially alleviate elevated temperature-mediated suppression of ETI caused by an
auto-active mutant of SNCI (Gangappa et al., 2017) and was proposed to act as a signal
integration hub underlying temperature/circadian-modulated growth-defense tradeoff
(Gangappa and Kumar, 2018). However, it is not clear whether PIF4 plays a broad role in
temperature-mediated suppression of ETI beyond the auto-active mutant of SNCL.
Furthermore, beyond ETI, Huot and colleagues (2017) found that the phyB/PIF pathway was
not responsible for the enhanced basal susceptibility to virulent 2 syringae at elevated
temperature. Future research is needed to rigorously examine the role of phyB and PIF4 as
thermosensors in immune responses and to possibly discover new thermosensors that are
important for immune modulation.

Impact of temperature on microbial mechanisms

In a given plant-microbe interaction, it is expected that the effect of an environmental
condition would be imposed on both the plant and the microbe. Velasquez and colleagues
(2018) recently reviewed how environmental conditions affect pathogens, emphasizing that
each pathogen has an optimal temperature range for growth and virulence. Due to space
limitation, we will only highlight a few examples here (see Compant et al. (2010) and
Velasquez et al. (2018) for more comprehensive examples). In the case of Agrobacterium
infection, elevated temperature has been shown to inhibit type IV secretion-associated pilus
formation and expression of virulence (v#r) genes (Baron et al., 2001; Jin et al., 1993).
Conversely, increased virulence was detected in the soft-rot bacterium Pectobacterium
atrosepticum at elevated temperature, which is associated with increased production of plant
cell wall-degrading enzymes, quorum-sensing signals and accelerated disease development
(Hasegawa et al., 2005). Elevated temperature also affects beneficial plant-microbe
interactions. In most cases, it positively affects hyphal growth and plant colonization of
arbuscular mycorrhizal fungi (AMF), probably due to faster plant carbon allocation to the
rhizosphere where AMF lives (Compant et al., 2010). Environmental conditions (especially
heat, moisture and UV radiation) also directly affect the survival of microbes (Fahimipour et
al., 2018).

However, it is often not clear whether conclusions based on /n vitro data on temperature
effects on microbes always reflect what occur during an active /n planta interaction. This
was especially evident in the study of the effect of temperature on type Il secretion of 2
syringae. While it has been well documented that elevated temperature negatively affects
type Il secretion /n vitro (Smirnova et al., 2001), increased type 111 translocation of effectors
into host plants was detected during Pst DC3000 infection in Arabidopsis at elevated
temperature (Huot et al., 2017). Therefore, it would be desirable if future research to assess
environmental effects on microbes includes more experiments performed /in planta and uses
new techniques (e.g., dual RNA-seq) to reveal both host and microbe changes (Nobori et al.,
2018).
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1.3. Plant-microbe interaction helps partners cope with temperature challenges

Some rhizosphere bacteria and endophytes could alleviate the negative impact of
temperature stress on plants and expand the ability of host plants to grow at different
temperatures. An interesting example is the symbiosis between tropical panic grass
Dichanthelium lanuginosum and the fungus Curvularia protuberate, which allows both
organisms to grow at high soil temperatures, whereas, separately, neither the plant nor the
fungus can survive at this condition (Marquez et al., 2007). Moreover, the ability of C.
protuberate to confer heat tolerance to the host plant requires infection of the fungus by
Curvularia thermal tolerance virus (Marquez et al., 2007). In addition to panic grass, C.
protuberate-mediated heat tolerance could be observed in tomato (Rodriguez et al., 2008),
suggesting that the underlying mechanism may be broadly applicable to help diverse plants
to cope with elevated temperature.

Some microbes can even help plants to cope with multiple stresses. An intriguing example is
Burkholderia phytofirmans strain PsJN, which improves plant tolerance to cold in grapevine,
heat in tomato, drought in wheat, and salt and freezing in Arabidopsis (Issa et al., 2018;
Miotto-Vilanova et al., 2016). This bacterium also has direct antifungal effects, can prime
plant defense and makes better resource mobilization in plants (Miotto-Vilanova et al., 2016;
Timmermann et al., 2017). The mechanism(s) by which PsJN confers multi-stress tolerance
remains to be elucidated; its elucidation may be of special interest for microbe-mediated
crop improvement.

SECTION 2: CIRCADIAN CLOCK

2.1. Circadian clock and plant immunity

Many aspects of plant biology are linked to external light and internal circadian clock. The
influence of circadian clock on plant immunity is an emerging topic (Karapetyan and Dong,
2018; Lu et al., 2017). Circadian clock is regulated through interlocked transcription-
translation feedback loops. Relevant to this review are two morning-phased transcription
factors, CIRCADIAN CLOCK-ASSOCIATED1 (CCA1) and LATE ELONGATED
HYPOCOTYL (LHY). Although the circadian clock is a self-sustaining system, recent
studies showed that, in addition to light, certain aspects of the clock function may vary in
response to changes in environmental conditions, including temperature and humidity (Lu et
al., 2017; Mwimba et al., 2018). Mwimba and colleagues (2018) reported that ETI at night is
strengthened by humidity oscillation, suggesting possible host anticipation of increased
pathogen infection under high humidity at night. This is consistent with an earlier study
showing the effect of circadian clock on ETI against the oomycete pathogen
Hyaloperonospora arabidopsidis (Hpa) of Arabidopsis. AHpa normally disperses the spores at
dawn to initiate infection. Circadian clock was shown to regulate RPP4 (NLR)-mediated
immunity against avirulent AHpa isolates through CCA1-modulated peak expression of RPP4
and RPP4-dependent genes at dawn (Wang et al., 2011; Figure 2B). Moreover, LHY acts
synergistically with CCA1 not only in RPP4-mediated immunity but also in RPS2 (NLR)-
mediated defense against £ syringae, indicating that circadian clock potentially controls
multiple NLR-mediated pathways (Zhang et al., 2013).
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In addition to the effect of clock on ETI, several features of PTI signaling are also under
clock regulation. Bhardwaj et al. (2011) infected Arabidopsis plant with 2. syringae at
different times of a day under constant light and found that clock controls temporal
regulation of PTI against £ syringae infection. It has also been shown that GLYCINE-RICH
RNA-BINDING PROTEIN7 (GRP7, a RNA-binding protein), acting downstream of CCA1
and LHY, binds specifically to the transcripts of pattern-recognition receptor (PRR) genes
FLAGELLIN SENSITIVEZ(FLS2) and EF-Tu RECEPTOR (EFR), and associates with
translational machinery components as well as with FLS2 and EFR proteins (Nicaise et al.,
2013; Zhang et al., 2013). PRRs regulate a plethora of downstream immune outputs
including stomatal closure in response to pathogen invasion (Melotto et al., 2017). Many
pathogenic and nonpathogenic microbes enter plant leaves through stomata. By regulating
the production of PRRs via GRP7, CCAl and LHY may affect the responsiveness of
stomata to pathogen invasion in a diurnal cycle (Zhang et al., 2013). Remarkably, as a
virulence counter strategy, A2 syringae produces an effector protein, HopU1, to block the
interaction between GRP7 and FLS2/ EFR transcripts, reduce FLS2 protein level, and
promote plant susceptibility, including pathogen invasion through stomata (Nicaise et al.,
2013; Figure 2B). The ability of pathogen to modulate the plant clock activity has been
observed in plants infected with different pathogens, such as £ syringae, Hpaand B. cinerea,
indicating that influencing clock activity may be a common strategy in pathogen infection
(Luetal., 2017).

In addition to PT1 and ETI, the clock affects the biosynthesis and signaling of defense
hormones SA and jasmonate (JA). SA levels show daily oscillations, with peak in the middle
of the night, implying that plants may activate defenses in anticipation of attacks from
biotrophic pathogens at dawn (Goodspeed et al., 2012). Besides SA accumulation,
expression of SA biosynthetic genes and accumulation of NONEXPRESSOR OF
PATHOGENESIS-RELATED PROTEINS1 (NPR1) monomer, which activates SA
signaling, show circadian oscillations (Lu et al., 2017). Furthermore, the clock protein
CCAL1 HIKING EXPEDITION (CHE) directly regulates the transcription level of SA
biosynthetic gene /CSZ1 during daily oscillations (Zheng et al., 2015; Figure 2B). CHE also
contributes to the induction of SYSTEMIC ACQUIRED RESISTANCE DEFICIENTI
(SARDI) and CALMODULIN BINDING PROTEIN 60g (CBP60g), which encode
transcription factors that regulates /CSZ expression (Zheng et al., 2015). Recently, it was
shown that transient treatment of SA triggers a significant clock phase delay and amplitude
reduction (Li et al., 2018). In addition, the ccaZ /Ay double mutant showed lower levels of
local defense to P syringae, while maintaining SA biosynthesis (Zhang et al., 2013),
suggesting that clock genes also regulate plant defense through mechanisms independent of
SA biosynthesis.

In contrast to SA levels, JA levels peak in the middle of the day (Goodspeed et al., 2012).
Some of JA biosynthetic and signaling genes are direct targets of clock proteins CCAL or
TIME FOR COFFEE (TIC) (Nagel et al., 2015; Shin et al., 2012). For example, TIC
interacts with the JA transcription factor MY C2 protein and acts as a negative regulator of
JA signaling (Shin et al., 2012; Figure 2B).
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2.2. Effect of light/circadian clock on pathogens

Not only plants, microbes also show time-of-day behavior or response. Fungal and oomycete
pathogens develop hyphae and spores as well as disseminate spores often at specific times of
a day. However, circadian-modulated pathogenicity is much less investigated. Hevia and
colleagues (2015) provided the first evidence of microbial clock-mediated plant-pathogen
interaction. Experiments involving genetic disruption of a circadian oscillator in B. cinerea,
treatment of constant light to suppress fungal rhythmicity, and application of out-of-phase
light:dark cycles, revealed that the outcome of susceptible Arabidopsis-B. cinerea interaction
is mainly influenced by the fungal clock. Pathogens also use light exposure as a cue to
initiate infection. For example, in the maize fungal pathogen Cercospora zeae-maydis, the
blue light receptor Cercospora Regulator of Pathogenesisl (Crpl) is required for sensing
plant stomata and could mediate the biosynthesis of the light-activated toxin cercosporin to
disrupt stomatal guard cell membranes, thereby facilitating fungal infection through stomata
(Kim et al., 2011). Light could also affect the fitness and virulence of £, syringae. Red light,
for example, down-regulates the expression of coronatine toxin biosynthetic genes
(Santamaria-Hernando et al., 2018). Because coronatine is required for P syringaeto open
stomata and facilitate bacterial entry (Melotto et al., 2006), red light may reduce bacterial
entry through stomata. Taken together, similar to temperature, light and circadian clock
affect both host plant and microbe during the establishment of a plant-microbe interaction.

SECTION 3: MOISTURE

3.1 Drought and plant-pathogen interactions

Water is vital to life on earth. Too little water (under water deficit or osmotic stress) or too
much water (during flooding) can greatly impact many aspects of plant and microbe biology.
Plants react to water deficit by regulating the level of the phytohormone ABA. ABA increase
triggers a signaling cascade, resulting in large-scale transcriptional reprogramming and
physiological changes, including closure of stomata to reduce transpiration (Zhu, 2016).
Studies in Arabidopsis showed that bacterial pathogens, such as 2. syringae, or PAMPS, such
as flg22 (a 22-amino-acid epitope of Pseudomonas flagellum), can be perceived by FLS2,
resulting in stomatal closure to reduce pathogen entry (Melotto et al., 2006). Thus, during
drought stress, ABA-induced stomatal closure may reduce bacterial entry through stomata.
However, increased ABA can lead to suppression of SA signaling pathway in the mesophyll
cells inside the leaf, thus compromising post-invasion, SA-mediated resistance (Jiang et al.,
2010).

3.2. Drought and plant-root microbiome interactions

Drought also affects plant-microbiome interactions. In particular, Santos-Medellin and
colleagues (2017) found that, while drought affected microbial community composition in
all sampled compartments (bulk soil, rhizosphere and root endosphere), the more intimate
the community is associated with the root, the greater the shift of composition in drought-
stressed rice plants. Similarly, in a study to examine the effects of soil moisture on sorghum
root microbiome, Xu et al. (2018) found that while bacterial community diversity in
surrounding soil is mostly unchanged, drought significantly reduces diversity in the
rhizosphere and the root endosphere. At the phylum level, drought increases the abundance
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of Actinobacteria and Firmicutes. Decrease in community diversity and increase in
Actinobacteria and Firmicutes transcript abundance with specific enrichment in amino acid
and carbohydrate transport functions are most pronounced in the root endosphere. On the
host side, drought stress causes a shift in root metabolites. Whether and how these drought-
enriched metabolites “configure” root microbiome composition to promote plant stress
responses remains to be determined. Nevertheless, this interesting correlation suggests that,
under drought, there may be molecular dialogues between plants and associated microbiome
to reshape root microbiota in order to cope with drought stress. Deciphering this molecular
dialogue should advance our fundamental knowledge necessary to employ microbiota to
enhance drought-tolerance in crop plants.

3.3 High air humidity and foliar pathogenesis

Rain and/or high air humidity have long been recognized as a prerequisite for many disease
outbreaks in plants. During ETI, plants often undergo localized cell death at the site of
pathogen infection, a phenomenon called the hypersensitive response (HR). The HR is
thought to prevent the growth and spread of biotrophic pathogens and to activate secondary
immune responses. High atmospheric humidity suppresses HR cell death in a number of
plant-pathogen interactions and might be one of the reasons for increased plant susceptibility
and disease outbreaks under high humidity (Wang et al., 2005; Wright and Beattie, 2004).

In contrast to host immune suppression, high humidity generally favors pathogen virulence.
In addition to the well-recognized role of water and high humidity in promoting spore
germination and bacterial motility prior to entry into the plant (Dechesne et al., 2010), recent
studies showed that high humidity is critical for promoting post-invasion bacterial virulence
and/or survival (i.e., inside the plant). Water-soaked lesions are a common early symptom of
foliar diseases; they are formed due to abnormal accumulation of liquid inside the leaf
apoplast. Water-soaking creates a disease-favorable micro-environment that could
potentially increase the flow of nutrients to bacteria, diluting plant-derived defense
molecules and/or facilitate bacterial spread beyond initial infection sites. Xin et al. (2016)
found that £ syringae uses the type 111 secretion system to deliver two “water-soaking”
effector proteins, AvrE and HopM1 (two widely conserved effectors in £ syringae and/or
other bacterial pathogens; Degrave et al., 2015), into the plant cell to cause water soaking as
an integral part of bacterial pathogenesis (Figure 2C). Notably, the ability of AvrE and
HopM1 to cause water soaking requires high atmospheric humidity, as low air humidity
might promote evaporation of excess apoplastic water through open stomata, countering the
virulence function of AvrE and HopM1. This study illustrates the interesting phenomenon of
environment-dependent function of pathogen virulence factors.

Other pathogens may use different virulence factors to cause water-soaked lesions. Schwartz
et al. (2017) showed that the foliar bacterial pathogen Xanthomonas gardneri uses the type
I11 secretion system to deliver a transcription activator-like effector, AvrHah1, into the plant
cell to cause water-soaked lesions in N. benthamiana and tomato. Two tomato basic helix-
loop-helix (bHLH) transcription factor genes, bHLH3and bHLH6, were found to be the
direct targets of AvrHahl. bHLH3 and bHLH®6 regulate the induction of plant cell wall-
modifying enzymes pectinesterase (PE) and pectate lyase (PL). Schwartz and colleagues
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hypothesized that AvrHah1 hijacks host bHLH3and bHLH6to changes/loosen plant cell
wall structure to create water-soaked lesions (Figure 2C).

3.4. High soil moisture and root pathogens

Moisture also affects root disease development. Bacterial wilt in ginger plants caused by
soil-borne Ralstonia solanacearum is more severe when the soil moisture is high. Jiang et al.
(2018) found that expression of two wall-associated kinase (WAK) genes, WAKI16and
WAK3-2, are high under low soil moisture. WAK1 is important for monitoring cell-wall
integrity and acts as a receptor for oligogalacturonides, a damage-associated molecular
pattern (DAMP) in Arabidopsis (Brutus et al., 2010). High soil moisture dampens WAKI16
and WAK3-2expression and weakens plant immunity toward R. solanacearum, suggesting
WAK16 and WAK3-2 may play important roles in sensing soil moisture and mediate cell
wall-based plant immunity against root pathogens (Jiang et al., 2018).

SECTION 4: NUTRITIONAL STATUS

One of the ultimate forces that drive plant-microbe interactions is nutrient acquisition. It is
of no surprise that plant nutritional status and nutrient availability in the environment have
significant effects on plant-microbe interactions.

4.1. Phosphate

It is well known that the intricate symbiotic relationship between land plants and phosphate-
acquiring AMF is tightly regulated by phosphate status in the soil and in the plant (Muller
and Harrison, 2019). However, the effect of phosphate on plant-microbe interactions is
beyond plant-AMF interactions. Arabidopsis thaliana is a non-host for phosphorus-acquiring
AMF (Fernandez et al., 2019). Hiruma et al. (2016) identified a natural endophytic fungus,
Colletotrichum tofieldiae (C¥), in wild Arabidopsis in central Spain. Ctcan transfer
phosphate to Arabidopsis and promotes plant growth and fertility; however, C+-mediated
growth promotion can only be observed when plants were grown under phosphate-deficient
conditions. Further investigation found that an intact plant phosphate starvation response
(PSR) system (Chiou and Lin, 2011) is required for Ctdependent plant growth promotion
(Figure 3A). Hacquard and colleagues (2016) later found that host defense responses are
transcriptionally suppressed in Ct-colonized plants under phosphate-starving state,
presumably to facilitate the symbiotic relation. These two studies illustrate that host
nutritional status determines the outcome of Arabidopsis- Ctinteraction: partners form a
mutualistic interaction if the host experiences phosphate starvation and the interaction
becomes commensal (i.e., not mutualistic) if the host is grown under phosphate-sufficient
conditions.

Castrillo et al. (2017) investigated the effects of host phosphate status and immunity on root-
associated bacterial microbiome composition. It was found that PSR-defective mutants
assemble an anomalous root endophytic microbiota and identified PHOSPHATE
STARVATION RESPONSE1 (PHR1), the master regulator of the PSR, to be an integrating
hub for regulating plant immunity, PSR and root-microbiota. Specifically, under phosphate-
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deficient environment, PHR1 transcriptionally represses immune-related gene expression
and shapes root microbiota structure presumably to optimize plant performance (Figure 3A).

Studies by Hiruma et al. (2016), Hacquard et al. (2016), and Castrillo et al. (2017) set a
foundation for future investigations to identify specific microbial consortia that could
improve plant fitness under phosphate-limiting soils.

4.2. Nitrogen

Interactions between legumes and Rhizobium spp. result in the formation of symbiotic
nodules in the root, representing a remarkable biological process in which biologically inert
atmospheric N5 is converted to biologically usable NHj5 to facilitate plant growth and
development. However, it is energetically costly to the legume host to form nodules and may
not be cost-effective when plants are grown in a nitrogen-rich environment (Morgan et al.,
2005). To avoid the situation where the energy cost to the host outweighs the benefits from
the interaction, plants have developed autoregulation of nodulation (AON) to optimize the
number of nodules formed in the root based on the need for nitrogen in the shoot. Key
players in AON include a shoot CLAVATA1-like LRR receptor kinase
HYPERNODULATION ABERRANT ROOT FORMATION1 (HAR1), which perceives
rhizobium/nitrate-induced, root-producing CLV3/EMBRYO SURROUNDING REGION
(CLE) peptides (Okamoto et al., 2013). After perception, shoot-derived inhibitory signals
are transmitted through TOO MUCH LOVE (TML), a root-acting F-box protein, to impede
nodule formation (Takahara et al., 2013; Figure 3B).

Under nitrogen-deficient condition, shoots communicate with roots to maintain a susceptible
state to rhizobium symbiotic interaction. Using Lotus japonicus and Mesorhizobium loti as
the model system, Tsikou and colleagues (2018) found that the miR2111 abundance in lotus
is negatively correlated with M. /oti infection and nitrogen availability. Further investigation
revealed that shoot-produced miR2111 is translocated through the phloem to the root to
post-transcriptionally silence 7ML, a positive regulator of AON (Figure 3B). Tsikou et al.
(2018) proposed that shoots systemically regulate 7ML expression in roots via miR2111 to
ensure un-infected tissue remain susceptible to rhizobium. If the plant has ample nitrogen or
a symbiotic interaction with rhizobium has been established, miR2111 level is lowered in a
HAR1-dependent manner and progression of nodulation is restricted (Figure 3B). Their
findings highlight the important roles the legume hosts play in steering beneficial
interactions with symbiotic partners in response to environmental changes.

4.3. Iron

Induced systemic resistance (ISR) is a form of plant immunity that is triggered by certain
rhizosphere mutualistic microbes to prime the host against potential pathogens and herbivore
attacks. Microarray and mutant analyses identified the Arabidopsis transcription factor
MYB72 as a key regulator of ISR (Van der Ent et al., 2008). Interestingly, expression of
MYB72in roots is also highly induced by iron deficiency (Buckhout et al., 2009). BGLU42,
a B-glucosidase, was identified as a key player downstream of MYB72 in both ISR and
response to iron deficiency. MYB72 activates genes that encode enzymes producing iron-
mobilizing phenolic metabolites and BGLU42, which is required for releasing these
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phenolic compounds into the rhizosphere under iron-deficient condition (Zamioudis et al.,
2014). Stringlisa and colleagues (2018) found that scopoletin, a member of coumarins, is the
most abundant phenolic compound produced and secreted into the Arabidopsis rhizosphere
in iron deficiency in a MYB72- and BGLU42-dependent manner. Metagenomics analysis
found that microbial community associated with the rhizosphere of the scopoletin
biosynthesis mutant 76 41 is very different from that of wild-type plants. /77 vitro
antimicrobial activity assays showed that while scopoletin has no or a minimal effect on two
ISR-inducing plant growth-promoting rhizobacteria (PGPR), it has a dose-dependent
inhibitory effect on two known soil-borne pathogens of Arabidopsis, Fusarium oxysporum f.
sp. raphani and Verticillium dahliae JR2. Thus, under iron-deficient conditions, MYB72,
BGLUA42 and scopoletin appear to constitute a regulatory module to increase iron solubility
for acquisition and reconfigure rhizosphere microbiota to protect the host from potential
pathogen and insect attack via ISR (Figure 3C).

SECTION 5: CONCLUSION AND OUTLOOK

One of the most challenging tasks of the 215 century is to find novel methods to increase
global crop production for the growing human population. A major roadblock to global food
security is persistent loss of crops due to plant diseases. In the past four decades, tremendous
progress has been made in understanding how plant diseases occur and how the plant
immune system works. In contrast, our knowledge of why environmental conditions have
such strong impact on plant-microbe interactions is still at a novice stage in terms of
molecular and mechanistic insights. This is, in part, because most contemporary
investigations into molecular plant-pathogen interactions have been performed in plant
growth chambers with simple, static environmental setups or in “test tubes”. While these
studies are important in revealing the first principles underlying disease and immunity, they
do not provide molecular insights into the influence of environmental conditions on
pathogen virulence and host immunity. Unlike controlled and often static environmental
conditions in the lab, in nature, changes in one environmental condition (e.g. temperature) is
often associated with changes in multiple other environmental parameters (e.g. humidity and
COy; Figure 1B) and static environmental condition is exception rather than norm. We
envision that future studies of plant-pathogen interactions will increasingly consider the
multi-dimensional nature of “plant-microbe-environment” interactions by conducting
experiments in next-generation growth facilities that could simulate natural dynamic and
interactive abiotic conditions and incorporating plant-microbe systems in addition to
Arabidopsis-microbe interactions, which have so far played a dominating role in generating
first sights into basic mechanisms. In addition, plant natural accessions, a rich source of
genetic variation, should be utilized to understand the influences of environmental
conditions on plant-microbe interactions (Alcazar and Parker, 2011). Together, such studies
are necessary to reach a systems-level understanding with a strong predictive power for
forecasting the performance of plant-microbe interactions under dynamic climatic conditions
in crop fields and natural ecosystems.

Basic research into how environmental conditions shape plant-microbe interactions will
hopefully identify a set of environment-sensitive “switches” in the plant defense network,
symbiosis biology and microbial community structure that are genetically or chemically
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modifiable. Identification of such switches should provide a platform for developing a new
generation of plant varieties in which beneficial plant-microbe interactions can be made
more resilient, and pathogenic plant-microbe interactions more vulnerable to a warming and
harsher climate. Likewise, the emerging field of plant-microbiome interactions is a
promising area of research for making crop plants more resilient to both abiotic and biotic
stresses.

In concluding this review, we would like to point out that, although we have focused our
discussion on how temperature, circadian, moisture and nutrients affect plant-microbe
interactions, other environmental conditions, including, most notably, atmospheric CO,
concentration, have been receiving increasing attention (Zhou et al., 2017). Furthermore,
there are numerous examples in which animal-microbe interactions are affected by their
surrounding environment. These examples include: 1) the effects of sunlight (UV-R) on skin
microbiome (Patra et al., 2016), 2) perturbation of circadian clock by gut microbiome (Wang
etal., 2017), 3) global warming temperature on the prevalence and severity of marine animal
infectious diseases and coral reef bleaching (Harvell et al., 2019; Hughes et al., 2017), and
4) the vital role of nutrition on animal immunity (Belkaid and Hand, 2014; Lazar et al.,
2018). It is likely that there are significant cross-kingdom principles that await to be
discovered. As such, study of environmental effects on plant-microbe interactions could
have a broader impact on understanding how global climatic conditions shape current and
future host-microbe in both plant and animal kingdoms.
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In this review, we highlight studies that begin to shed light on how environmental
conditions influence diverse plant-pathogen, plant-symbiont and plant-microbiota
interactions. Study of environmental effects on plant-microbe interactions has significant
ramifications in understanding how global climatic change might shape future host-
microbe interactions.
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Figure 1.

(A) An overview diagram depicting environmental conditions that are known to affect plant-
microbe interactions in plants. (B) The dynamic nature of environmental conditions that

fluctuate and influence one another.
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Figure 2.
Schematic diagram of temperature-, circadian- and humidity-mediated effects on plant

immunity.

(A) Effect of elevated temperature on immune signaling in plants. At elevated temperature,
PTI responsive genes and phosphorylation of MPKs and BIK1 are activated more robustly.
Elevated temperature suppresses ETI through (i) dampening expression of ETI-responsive
genes, (ii) disruption of nuclear localization of NLR proteins, including SNC1 and RPS4,
possibly through an ABA-dependent mechanism, (iii) reduced transcripts of SNVCI by the
action of the ZRK-TCP module, and (iv) PIF4-mediated growth-defense tradeoff. Elevated
temperature inhibits SA accumulation and defense gene expression via an unknown
mechanism.
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(B) Effects of circadian clock on immune signaling in plants. The slave oscillator, GRP7,
acting downstream of CCAL and LHY, binds to the transcripts of FLS2and EFR. Bacterial
effector protein HopU21 blocks this interaction and reduces FLS2 protein level. GRP7 could
also interact with FLS2 or EFR protein and translational machinery components. RPP4-
mediated plant defense against avirulent AHjpa isolates is modulated by CCAL or LHY via
transcriptional regulation. Clock protein TIC interacts with and contributes to the reduction
of MYC2 protein accumulation. Clock protein CHE either directly regulates the expression
of /CS1 gene or through CBP60g and SARD1.

(C) Effects of humidity on immune signaling in plants. Left panel, under high atmospheric
humidity, water-soaked lesions can be caused by two Pst DC3000 effectors, AvrE and
HopM1. While how AvrE induces water-soaking remains unknown, HopM1 causes water-
soaking in part through mediating the removal of HopM1-interactor7 (MIN7) in the host
(Nomura et al., 2006). Right panel, AvrHah1, effector secreted by X, gardneri,
transcriptionally activates bHLH3and bHLH6. bHLH3 and bHLH6 regulate the induction of
pectinesterase (PE) and pectate lyase (PL) that likely changes/loosens plant cell wall
structure to create water soaking lesions.
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Nutrient status and plant-microbe interactions. (A) Phosphate status and Arabidopsis-root
microbiome interaction. Under phosphate-limiting state, C. tofieldiae (C?) colonization
activates phosphate starvation response (PSR) genes and promotes phosphate uptake, which
requires a functional PHR1. Additionally, PHR1 represses immune-related gene expression
and is required for assembling root endophytic microbiome.
(B) Nitrogen status and legume-Rhizobium interaction. Under nitrogen-sufficient condition,
nodule formation is repressed through autoregulation of nodulation (AON; left panel). When
plant is nitrogen-depleted (right panel), shoot-produced miR2111 post-transcriptionally

downregulates 7ML (a positive regulator of AON) in the root to maintains host

susceptibility to rhizobium for nodulation.
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(C) Iron status and Arabidopsis-root microbiome interaction. MYB72- and BGLU42-
mediated production and exudation of scopoletin is induced by iron deficiency and during
induced systemic resistance (ISR). Scopoletin is hypothesized to solubilize iron for uptake
and to select plant-associated microbes.
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