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The optimal defense hypothesis (ODH) provides a functional explanation for theinhomogeneous distribution of defensive
structures and defense metabolites throughout a plant’s body: tissues that are most valuable in terms of fitness and have
the highest probability of attack are generally the best defended. In a previous review,' we argue that ontogenically-
controlled accumulations of defense metabolites are likely regulated through an integration of developmental and
defense signaling pathways. In this addendum, we extend the discussion of ODH patterns by including the recent

discoveries of circadian clock-controlled defenses in plants.

Optimal Defense Predictions

Differential accumulation of plant defenses, for example their
higher levels in younger sink tissues compared with other parts,
have long been recognized and have inspired various hypotheses
that invoke developmental, ecological and evolutionary con-
straints,” with the ODH as one of the most influential® This
hypothesis includes the assumptions that: (1) plants use their
limited resources to preferentially direct defenses to those tis-
sues that are (2) comparably more likely to be attacked by her-
bivores and pathogens and (3) more valuable than others. While
the ODH mainly addresses differences in defensive states among
distinct tissues of a plant or their change during the vegetative
growth, the short-term diurnal fluctuations in defense regimes
that were recently found to occur have yet to be considered in

light of the ODH.
Circadian Control of Plant Defenses

The circadian clock enables plants to synchronize their overall
physiology to predictable day-night regimes in their environment.
Thereby, plants can adjust their metabolism to diurnal oscilla-
tions such as differences in temperature or light.*® In Arabidopsis
thaliana, about 30% of the plant’s transcriptome is regulated
by the circadian clock;” including transcripts of genes belong-
ing to well-known defense pathways. Some of these circadian-
controlled defense pathways are regulated by jasmonic acid (JA),
which plays important roles in mediating plant defense against
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herbivores."'® Indeed, basal levels of JA in leaves were shown to fol-
low a sharp diurnal rhythm, with a peak at the middle of the day,
which precedes the peak expression of many JA-regulated genes
at dusk.”” MYC2, which is an important transcriptional regu-
lator of JA-mediated transcripts, is also controlled by the circa-
dian clock and shows peak expression at dusk under non-stressed
conditions.” Notably, wounding or herbivory often induces JA
levels by several orders of magnitude when compared with their
basal levels."! Therefore it is unlikely that the non-induced, basal
fluctuations of JA represent a relevant measure of the plant’s
diurnal defensive state. Inducing plants at different times dur-
ing the day and night and measuring their defensive states might
provide a more realistic estimation of the diurnal variation in
defenses. Arimura and colleagues showed that nocturnal damage
to lima bean leaves increased JA levels 2-3 times higher when
compared with treatments during the day; notably, when leaves
were induced by continuous herbivore feeding JA levels remain
continuously high and do not show a diurnal rhythm."? In con-
trast, Trichoplusia ni-attacked A. thaliana plants still accumulate
JA in a diurnal pattern,’ suggesting that the diurnal regulation of
JA might be plant and/or herbivore-specific. Arabidopsis plants
treated with methyl-JA revealed that a plant’s sensitivity to JA is
highest at dawn, which correlates with the peak expression levels
of the JA-receptor COI1.!* COIl-expression shows a similar pat-
tern in herbivory-elicited Nicotiana attenuata leaves, with highest
expression at dawn, although diurnal differences in JA sensitivity
were not found in this plant.'® In N. attenuata, several herbivory-
induced defense metabolites and their precursors follow circadian
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regulation, including diterpene glycosides and phenylpropanoid-
polyamine conjugates.’* However, the peak accumulation of the
compounds after simulated herbivory varies between local and
systemic tissues, leaves and roots.

Extrafloral nectars (EFNs) are produced by some plants as
indirect defense against herbivores. Interestingly, the peak diurnal
production of EFNs varies between different species.'*" In lima
bean, extrafloral nectars are usually produced during the night,
however, JA-treatments shift the pattern of EFN secretions, lead-
ing to higher production during the day.'"® Whether this depends
on the plants circadian clock or whether it is correlated with the
activity of the parasitoids remains unknown. Another indirect
defense response against herbivores is the emission of volatiles.
Diurnal variation in herbivory-induced volatile production was
shown in corn, cotton and lima bean and probably depends on
light regimes and not the circadian clock.'>"”!®

Plant defense responses to pathogen elicitation were also
shown to follow diurnal patterns that are under the control of the
plant’s circadian clock. Pathogen-associated molecular pattern
(PAMP)-induced callose deposition in Arabidopsis was signifi-
cantly higher when plants are induced in the morning, when com-
pared with inductions in the evening, a response that depends on
the functional clock component CCA1 (CIRCADIAN CLOCK
ASSOCIATED 1).” This response is probably coordinated by
the higher expression of PAMP perception and signaling com-
ponents in the morning.”” Wang and colleagues found that a
number of genes involved in pathogen-induced defense responses
contain clock-related elements in their promotors and show
rthythmic expression patterns.?’ Taken together, these examples
demonstrate that the levels of various defense-related processes
are not homogenously expressed, but rather fluctuate in diurnal
rthythms and are partly controlled by the circadian clock.

Diurnal Fluctuations in Biotic Stress

The ODH states that tissue defense should be correlated with
the probability of biotic stress. Only few examples have shown
that this is the case. Goodspeed and colleagues demonstrated
that 7. ni feeding activity on artificial diet is under circadian
control and that this activity correlates with diurnal accumula-
tions of JA in A. thaliana leaves: both peak during the day. When
plants’ and insects’ rhythms were out of phase, 7. 7 gained more
mass and caused more damage on A. thaliana, compared with
plants synchronized with the activities of the insects.” However,
the activity of 7 7 feeding on the plant was unfortunately not
described, which could be different when compared with the
feeding rhythms of 7. ni reared on non-responsive artificial diets.
As pointed out by Jander (2012), analyzing the susceptibility of
other day active herbivores to the circadian control of JA-related
defenses might allow one to draw general conclusions about the
evolution of a daytime defense priority against herbivores in the
model plant A. thaliana.*' In addition, analyzing the role of cir-
cadian clock in gating defenses against natural attackers outside
the lab, in the plant’s environment, would reveal the relevance
of experiments performed under these controlled conditions.
We found that Arabidopsis (Col-0) plants grown in the natural
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environment in Germany (Thuringia) and USA (Michigan) were
mainly attacked by slugs that showed nocturnal activity patterns
(Stefan Meldau, Julia Kistner, Natacha Bodenhausen, unpub-
lished data). Since slugs and plants are both rhythmic-behaving
organisms, this feeding behavior is likely an interplay between
the clock-driven behaviors of both organisms. Considering the
current model of a priority to defend against day-active herbi-
vores, the resistance of plants like A. thaliana might be less
optimal against herbivores, such as slugs, which have largely
nocturnal activity patterns. Whether A. thaliana or other plants
can adjust their circadian-gated defenses to the activity of a par-
ticular attacker or whether plants prioritize their responses when
attacked by both day active and nocturnal herbivores remain
essential unresolved questions.

Leaf pathogens often attack at dawn when temperature and
moisture conditions support their infection. Hyaloperonospora
arabidopsidis, an obligate biotrophic oomycete pathogen, which
causes downy mildew disease on Arabidopsis leaves, sporulates
at night and disseminates its spores at dawn.?* The plant’s resis-
tance against H. arabidopsidis correlates with the probability of
attack: susceptibility was lowest during dawn and increased at
dusk, a phenotype that was dependent on a functional plant cir-
cadian clock.” In contrast, Arabidopsis plants inoculated with
Pseudomonas syringae DC3000 were more susceptible at dawn
when compared with an evening inoculation time, a phenotype
that depends on the circadian clock component TIC, which is
involved in regulating JA signaling.'® Bhardwaj et al. (2011),
found that P. syringae growth was lowest when plants where
infected in the day and highest in the night. Whether the infec-
tion success of P. syringae in the natural environment correlates
with results obtained from controlled inoculation experiments
should be verified.”” Clearly, more studies are required to identify
circadian-controlled pathogen infection rhythms, preferably by
analyzing their behavior under natural conditions.

Diurnal Changes of Tissue Values

The third assumption of the ODH, namely that defense states
of tissues should be correlated with their “value,” mostly mea-
sured in terms of plant fitness (e.g., seed production), has to our
knowledge not been tested with regard to the short-term circa-
dian patterns. It is clear that the production and allocation of
plant metabolites needed for growth and reproduction is strictly
regulated by the circadian clock. The working period of the pho-
tosynthetic machinery, the opening hours of stomata or the time
of starch turnover are only a few examples of clock-controlled
processes important for plant resource acquisition.?>*

Major phytohormone pathways important for plant growth
and development are also regulated by the clock. For example,
plant growth promotion during the night phase is known to be
regulated by rhythmic auxin and gibberrellin signaling.>*
Shin et al. (2012) discuss the circadian peak of JA responsive-
ness in the morning as a way of saving costly resources needed to
promote plant growth in the evening. This assumption is in line
with the peak of pathogen-related immune signaling at dawn."*?

Whether the fitness consequences of attack for the plant change
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Figure 1. Daytime of leaf removal determines plant growth and fitness costs. (A) Rosette-staged Nicotiana attenuata plants kept untreated (control) or
leaves were successively removed in the morning or evening over a period of three weeks. One rosette leaf was removed each day, starting with the
oldest leaves, until all rosette leaves were removed. Stem leaves were removed over three consecutive days, starting with oldest rosette leaves. Leaf
removal was finished 55 d after germination. Plant height and seed capsule production was measured 65 d after germination (indicated with asterics).
Plant growth conditions are described in reference 29. (B) Picture of representative plants 65 d after germination. (C) Plant height and number of seed
capsules 65 d after germination. Small letters represent statistically significant differences between treatment groups. (One-way ANOVA, p < 0.05;

with different diurnal attack times is a central question for this
analysis. For example, loss of tissues during the main growth
period in the night might impose a higher fitness cost when
compared with loss of the same tissue during the day. Therefore,
restricting pathogen or herbivore activities to the daytime might
help the plant minimizing such fitness costs."

We examined if simulated herbivory (leaf removal) in the
morning or evening differentially influenced plant growth and
fitness in V. attenuata. We removed leaves growing at the same
nodal positions from different plants either at 9 a.m. or 7 p.m.
over a period of three weeks when plants had started to elongate
(35 d after germination), until all leaves were removed (Fig. 1A).
Leaf removal was alternated (e.g., 9 a.m., 7 p.m., 7 p.m., 9 a.m.) to
avoid that one batch of plants benefited from having leaves longer
than the other batch. Our results show that leaf removal strongly
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reduced plant growth and fitness, measured as plant height and
seed capsule production, respectively, 65 d after germination,
when compared with plants from which no leaves were removed
(Fig. 1B and C). Interestingly, plant height and seed capsule pro-
duction was significantly lower after leaves were excised in the
morning, compared with plants suffering leaf loss in the evening
(Fig. 1B and C). Evening-treated plants produced twice as many
seed capsules and plant height was more than 10% higher when
compared with morning clipped plants (Fig. 1B and C). These
data demonstrate that the time of attack affects a plant’s fitness
and growth response.

These data contrast with the predictions of Shin et al. (2012),
who proposed that leaves might be best defended in the morning
since this might save resources required for growth during the
night. As discussed before, COI1 expression is highest at dawn
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in V. attenuata,” suggesting that the defenses activated through
the JA pathway might be more pronounced in the morning when
compared with evening treatments. Accordingly, in morning
damaged plants, the induced JA-pathway might have caused
higher COIl-dependent investments into defense metabolites in
the remaining tissues, compared with the defense investments of
plants cut in the evening. Since the JA pathway is costly for plant
growth and fitness in V. attenuata,”® the potential differences in
the intensities of JA-mediated defenses might explain our growth
and fitness data. Analyzing JA-mediated defenses after induction
at different times during day and night as well as using plants
with impaired JA biosynthesis or perception is required to test
this hypothesis. Additionally, non-invasive experimental setups
might provide a more nuanced analysis of the values of plant tis-
sues for growth and fitness.

Conclusions

Data collected during the last four decades have revealed that
plants coordinate their defenses to maximize resistance against
biotic stress and limit fitness trade-offs imposed by activation of
costly defense pathways. Here we discuss if the circadian regula-
tion of defenses has been evolved to coordinate “optimal” diur-
nal defense against herbivores and pathogens and to reduce the
associated costs for plant growth and fitness. It is clear that the

circadian clock is important for synchronizing defense responses
to the time of attack, however, the importance of this regula-
tion for plant growth and fitness is unknown. The data pre-
sented here suggested that the time of attack can significantly
affect plant growth and fitness and further research is needed
to identify the underlying mechanisms. Most data on circa-
dian-regulated defense pathways stem from studies performed
under controlled conditions in the glasshouse or in growth
chambers and are unlikely to reflect the role of the circadian
clock in orchestrating plant growth, defense and susceptibility
to attackers under seasonal perturbations in a plants natural
environment. Performing experiments with plants with altered
circadian clock components in their natural environments will
reveal the real role of the circadian clock in regulating optimal
defense patterns.
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