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Editorial

Plant interactions with other
organisms: molecules, ecology
and evolution

The plant sciences, during much of the 20® century, evolved as a
group of disciplines that sought to explain plant responses to factors
of the abiotic environment, such as water, mineral nutrients and
light. In the last two decades, there have been major advances in our
understanding of how plants interact with a growing list of other
components of their biotic environment, including other plants,
animal consumers and detritivores, pollinators, and beneficial and
pathogenic microorganisms. This progress has rendered a much
richer picture of plant function in real life than the one produced by
traditional models of physiological responses to simple variations in
abiotic factors. Simultaneously, this progress has revealed major
gaps in our understanding of the evolution of plant adaptation,
the molecular mechanisms that mediate phenotypic plasticity in
complex biotic scenarios, and the ecosystem consequences of these
interactions.

The overarching goal of the 32! New Phytologist Symposium
(NPS), ‘Plant interactions with other organisms: molecules, ecology
and evolution’, was to bring together researchers working on various
aspects of plant interactions with the biotic world. Despite the fact
that exciting advances have been made in individual subfields, which
captured the attention of specialists in each particular discipline,
there has been little communication across disciplinary and scale
boundaries for synthesizing our conceptual understanding of how
plants interact with components of the biotic environment. This
Special Issue features articles from the invited speakers of the 32™
NPS, and represents a collection that describes progress in a broad
cross-section of disciplines. All articles are written keeping in mind
the multidisciplinary nature of the audience. This combination of
research papers, review papers and commentaries aims to provide a
multifaceted view of the field of plant biotic interactions, which we
hope will be appealing not only to the specialist but also to anyone
interested in plant biology and ecology.

Stops on the molecular road map

A classic area of research in plant interactions has focused on the
study of plant defenses against pathogens and herbivorous
organisms. Plant pathology is an extremely active area of research,
with obvious implications for agriculture, and the powdery mildew
disease of barley has been a model system in the discipline for many
years, owing to the economic importance of losses caused by the
fungus Blumeria graminison barley crops. Loss-of-function mutant
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alleles of the Mildew resistance locus o (Mlo) gene confer broad-
spectrum resistance to almost all known isolates of the pathogen,
and mlo resistance continues to be extensively used in the field. A
synthesis of our progress in the understanding of m/o-mediated
disease resistance in barley and Arabidopsis is provided in a timely
review by Acevedo-Garcia ez 4l. (in this issue, pp. 273-281), with a
discussion of current views regarding MLO function.

One of the unifying concepts that emerged in the last decade is
that plant interactions with heterotrophic organisms are often
modulated by two key plant hormones: jasmonic acid (JA) and
salicylic acid (SA) (Pieterse eral., 2012). JA plays a key role in
orchestrating plant defenses against herbivores and several
pathogens (Browse, 2009). A major discovery by Clarence (Bud)
Ryan’s group in the early 1970s was that defense responses in
plants can be induced by tissue damage in a systemic way within
the organism, meaning in tissues and organs not directly affected
by the damage event that activated the plant defense system
(Green & Ryan, 1972). The nature of the systemic signals,
however, has remained elusive. In this issue, Ted Farmer ez al
(pp. 282-288) outline a creative model that proposes that the
rapid changes caused by wounding in xylem hydrostatic pressure
travel through the vasculature and lead to activation of JA
signaling in distal tissues through a clade 3 GLR-dependent
mechanism (see also Editors’ choice).

Jasmonic acid signaling is finely regulated by internal and
external factors (Robert-Seilaniantz ezal, 2011; Pieterse etal.,
2012). Low red : far-red (R : FR) ratios, which signal a high risk of
competition in plant canopies acting through the photoreceptor
phytochrome B (phyB), repress JA signaling and JA-induced
defenses (Ballaré, 2014). This down-regulation of JA signaling by
lowR : FR ratios presumably helps plants to redirect resources from
defense to rapid growth to overtop potential competitors when they
face intense competition from other plants. Two papers in this
Special Issue from the Ballaré laboratory address links between
phyB and plant immunity from different perspectives (Cargnel
etal., pp. 342-354; Leone etal, pp. 355-367). Leone etal.
(pp. 355—367) propose a model in which phyB regulation of JA
signaling is the result of changes in the abundance of DELLA and
JASMONATE ZIM domain (JAZ) transcriptional repressors,
along with changes in the activity of PIF and MYC transcription
factors (see Commentary by Pieterse ezal., pp. 261-264). The
metabolomic link between phyB and plant immunity was explored
by Cargnel ez al. (pp. 342—354) using the well-studied Arabidop-
sis—Botrytis cinerea pathosystem. The authors conclude that
inactivation of phyB by low R: FR ratios increases plant suscep-
tibility to the fungus by repressing the synthesis of Trp-derived
secondary metabolites (indolic glucosinlates and camalexin;
Cargnel eral., pp. 342-354). The effects of plant proximity on
R: FR ratio and plant responses to the light cue can be complex;
therefore simulation models can be useful tools for handling this
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complexity. In a Letter in this issue, Bongers ez al. (pp. 268-272)
introduce the concept of functional—structural plant (FSP) models,
and outline how they may be used to improve our understanding of
plant responses to competition.

Of course, not all microorganisms are pathogenic and major
strides have been made in the last decade in our understanding of
plant interactions with ‘beneficial” microorganisms. Indeed, many
microorganisms can help the plant to fight disease. For example, the
thizobacteria Pseudomonas fluorescens WCS417 induces a systemic
immune response in Arabidopsis that is effective against a broad
spectrum of pathogens (induced systemic resistance, ISR), but the
mechanisms that control this effect are not well understood. In this
issue, Zamioudis ez al. (pp. 368—397) report a significant advance
in this field by uncovering the role of B-glucosidase BGLU42 as an
important novel component that acts downstream of the tran-
scription factor MYB72 in the signaling pathway that leads to
activation of ISR. Another well-studied beneficial interaction
between plants and rhizobacteria is the symbiotic association
between legume roots and rhizobia. Gary Stacey and coworkers
discuss fascinating recent advances in the understanding of the
mechanism of signaling between legume roots and rhizobia
mediated by lipochitooligosaccharides (Liang ez al., pp. 289-296).

Volatility of communication

The explosion of interest in volatile communication among or
within plants has resulted in an intense focus of research since
the discovery that the emission of plant volatile compounds in
response to insect herbivory could represent an indirect
antiherbivore defense (Dicke & Sabelis, 1988). It is now
understood that there are innumerable ways in which volatile
compounds can be used as communication signals between
plants and other organisms and between parts of the same plant.
As Karban ezal. (pp. 380-387) demonstrate in their paper, we
may be underestimating the sophisticated nature of this
communication in a semiarid shrub ecosystem. These authors
show that related individuals tend to have a similar ‘cocktail’ of
the relative proportion of various volatile compounds, called
chemotypes, and that this similarity is heritable. This recognition
of chemotypes may lend increased herbivore resistance when
these volatile compounds are detected as coming from a related
individual. An unconventional look at the open questions
regarding this topic can be found in the research review by
Martin Heil (pp. 297-306), who discusses the view that the
main targets of herbivore-induced volatile compounds are the
emitting plant themselves. He argues that volatile plant mole-
cules play important roles as direct resistance agents in and
around the wound site, and they serve as signals to prepare distal
parts of the same plant for upcoming damage. A novel way in
which plants may communicate through volatile signals with
other organisms is proposed in the review by Austin eral.
(pp. 307-314), who suggest that these same unique combinations
of volatile signals that come from green leaves may extend to the
litter, signaling attraction or inhibition of soil fauna to specific
microsites in the forest floor and thus affecting decomposition.
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Surprising interactions and outcomes

Several papers in this Special Issue have surprises in store, outcomes
that we might not expect based on our current understanding of
plant interactions, particularly when limited to one interactor. In
their research review, Marcel Dicke and coworkers argue that most
studies on plant—herbivore interactions have treated herbivores as
individual entities; yet, herbivores consist of communities them-
selves, carrying associated organisms such as parasites and symbi-
onts, which may have important effects on the herbivore and its
interactions with the host plant (Zhu ezal., pp. 315-321). They
discuss several fascinating examples of how herbivore-associated
organisms can affect the behavior and physiology of their herbivore
host, and also interfere with plant signal-transduction pathways,
repressing the expression of plant defenses.

The idea that more must be better for beneficial interactions may
not hold in two important cases in this Special Issue. In terms of
pollination, Aizen ez al. (pp. 322—-328) demonstrate in their review
that having more pollinators does not always bring benefits, especially
in the case of nonnative bee species and floral damage. They suggest
that the presence of high numbers of alien pollinators, particularly the
widely introduced Apis mellifera, do double-duty in their negative
effects by reducing the reproductive success of native species while
promoting nonnative plant success. A second case from a very
different study system is the importance of context for beneficial
interactions on facilitation effects in alpine cushion plants. Schob
et al. (pp. 386—396) demonstrate a delicate balance between beneficial
impacts and negative feedbacks on the benefactor plants depending
on the local bioticand climate conditions in this cold and inhospitable
habitat, which affect the intensity of the facilitation effects.

When thinking about global change, the last place to look for
nutrient subsidies may be the herbivores, but the study by Meehan
et al. (pp. 397—407), examining the interactive effects of ozone and
elevated CO, on nutrient cycling, offers a further surprise. It
appears that nutrient-rich frass from increased herbivore feeding in
elevated CO, treatments results in an injection of labile nitrogen to
the soil surface that, while small in terms of total nutrient content,
may have important consequences as a result of its stimulation of
nitrogen turnover in these human-impacted ecosystems.

Plants affecting the soil

The soil environment, and in particular soil physical characteristics
and nutrient availability, has long been recognized as a key factor in
determining ecosystem structure and biogeochemical cycling in
terrestrial ecosystems (Jenny, 1980; Vitousek ez al., 1995). Equally,
plant species and their associated traits have important conse-
quences for carbon and nutrient turnover (Hobbie, 1992; Cornwell
et al., 2008), which can ultimately determine nutrient availability
for plant growth. Nevertheless, the importance of the biotic
interactions between soil organisms and plant species, both above
and below ground, could play a much larger role than we previously
thought. Several articles in this Special Issue address the importance
of plant interactions with organisms below ground. One plant—soil
interaction that has been of particular interest to ecologists is the
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plant—soil feedback (PSF). PSF can be observed as a result of the fact
that over time, negative and positive feedbacks can develop which
lead to positive or inhibitory effects on plant growth as plants affect
soil biota (Bever et al., 1997; Callaway ez al., 2004). Baxendale ez al.
(pp. 408—423) explored the importance of plant functional traits as
a modulator of PSFs, and found that plant traits were quite
important predictors for plant response to soils conditioned by
other species, and in particular in multispecies grasslands that are
likely to be encountered in natural ecosystems.

There has been relatively little research devoted to how viruses
may interact with plants in natural ecosystems, although in
agronomic ecosystems it has long been recognized that the intensity
of viral infection can be related to nutrient availability in soil (see
Commentary by Smith, pp. 265-267). A novel perspective is
provided by Lacroix ez al. (pp. 424—433), who explore not only the
response of viral infection to N and P supply, but also how two
competing virus species can interact under different nutrient
conditions. It is the multiple interactions of the two viruses in the
context of variable N and P supply that ultimately determine the
consequences of this interaction for plant growth.

Finally, the identification of a home-field advantage for
decomposition, meaning that plant litter will decompose more
quickly in its site of origin (Vivanco & Austin, 2008), has been
observed in several terrestrial ecosystems, but the mechanisms
behind this phenomenon are not well understood. Austin ez al.
(pp- 307-314) explore how biotic interactions may play key roles in
determining plant litter—decomposer affinity effects, through the
green leaf phyllosphere, below-ground symbioses and soil faunal
interactions. These affinity effects between the soil biota and the
plants growing above them may have important consequences for
determining plant and soil community structure and may
contribute to the coexistence of species in undisturbed ecosystems.

An evolutionary perspective

There are stll many open questions regarding how plant
interactions with other organisms are shaped by evolutionary
forces over time. Two provocative reviews address this issue in
interesting ways. The review by Gary Stacey and coworkers focuses
on recognition by plant cell receptors of microbial lipochitooligo-
saccharide (LCO) signals (Liang eral., pp. 289-296), and the
multiple roles of this recognition in mediating plant—microbe
interactions. The authors discuss the fascinating possibility that the
perception of LCOs, which act as Nod and Myc factors in legume—
thizobium and plant-arbuscular mycorrhiza symbioses, respec-
tively, might have evolved from the same basic mechanism that
activates innate plant immunity against pathogenic microorgan-
isms, which is triggered upon perception of by plasma membrane
receptors of related chitooligosaccharide molecules.

A second review examines the nature of plant resistance and what
we may have lost along the way of agricultural domestication.
Reviewing the evidence for insect resistance in teosintes, de Lange
et al.(pp.329-341) demonstrate that for many of theidentified insect
pests, present-day representatives of what were thought to be the wild
ancestors of maize have superior resistance to several herbivore and
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pathogenic species. Because of our singular focus on increasing yields
in modern crops, there may have been collateral damage during the
process of domestication for resistance to pathogens and herbivores
that once formed a part of the genetic composition of teosintes. This
interesting review highlights the role of human interference in
affecting plant interactions with herbivorous organisms.

Moving forward

In their book, Induced responses to herbivory, published in 1997, two
of the participants of the Buenos Aires 32" NPS, Rick Karban and
Ian Baldwin, referred to the topic of biotic interactions with the
following consideration:

Plant physiologists have played a relatively minor role in the
development of this field. Given thar the phenomena are
Sfundamentally physiological, this observation is surprising. We
predict that in ten years there will be two separate volumes of plant
physiology textbooks: the volume that is already written, which
covers interactions of plants with the abiotic world, and the one that
is currently being written, which will cover interactions of plants in
response to the biotic world. (Karban & Baldwin, 1997)

While plant physiology textbooks have not yet been divided into
two volumes, it is clear that the field of biotic interactions has
experienced dramatic growth since the publication of this book,
some of which is reflected in the collection of articles included in
this Special Issue of New Phytologist. More excitingly, rather than
two separate textbooks or perspectives, we are contemplating a
whole world of new interactions between plant physiological
responses to abiotic factors and plant responses to biotic interactors,
which we are beginning to understand at the molecular level and in
a broad ecological context. Crosstalk between key signaling
molecules and pathways, for example, is emerging as a major topic
in plant biology (Pieterse ez al., 2012), and this crosstalk is thought
to play a central role in the mechanisms used by plants to optimize
their phenotype in the face of multiple challenges from the abiotic
and biotic world (Robert-Seilaniantz eral., 2011; Pieterse et al.,
2012; Ballaré, 2014). From the ecologist’s perspective, the fact that
we have begun to open the microbial ‘black box” in the soil with an
identification of who the microbial community is and its functional
significance (Fierer & Jackson, 2006; Strickland eral, 2009)
provides enormous opportunities for incorporating genomic
information into ecological studies of biotic interactions.

While it might sound like something of a cliché, the way forward
to broaden our understanding of how plants interact with other
organisms really requires more integration across disciplinary
scales. Both ecologists and plant biologists need to step out of their
disciplinary comfort zone and consider both the mechanistic basis
for these interactions and their ecological relevance in the ‘real’
world. This collection represents experimentation and reviews on
the ways in which plants interact with other organisms, and novel
perspectives on the mechanistic control of these interactions. It
seems that everyone who is fascinated by plant science will find
something of interest in this Special Issue on plant interactions with
other organisms: molecules, ecology and evolution.
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