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The circadian clock is an endogenous time keeping mechanism found in living organisms and their respective pathogens.
Numerous studies demonstrate that rhythms generated by this internal biological oscillator regulate and modulate most of
the physiological, developmental, and biochemical processes of plants. Importantly, plant defence responses have also
been shown to be modulated by the host circadian clock and vice versa.
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| 1. Introduction

Plant pathogens cause 40% of crop losses worldwide X4, Viruses, fungi, nematodes, parasitic plants, and bacteria
constitute the major agricultural pathogens. In spite of plants’ multi-layered defence systems, the relentless evolution of
pathogens ensures a continuous “arms race” to maintain disease resistance BI4IBl Along with many other metabolic
processes, pathogen defence is also regulated by the plant circadian system EIZE The plant circadian clock is a
pervasive biological timer that contributes towards growth, development, and health 29, Although there have been
multiple studies examining how the plant circadian clock responds during abiotic stress, little is known about the
interconnection between biotic stress and the circadian clock . It is also important to acknowledge the role of light,
which has an important influence on plant/pathogen interactions 121,

The capacity of the plants to tolerate or to prevent a pathogen attack is described as their “innate immunity” 22!, Plants
prioritize defence responses over their normal cell functions following infection by a pathogen X2Il14] physical barriers of a
plant such as its cuticle serve as the first line of defence in case of a pathogen attack. These structures prevent and avoid
pathogen and pest invasion. In case of a pathogen attack, changes occur in the cuticle which are recognized by the plant
and it immediately initiates defence responses 14!,

Pathogens typically secrete Pathogen-Associated Molecular Patterns (PAMPs) when in proximity to the plant host. PAMPs
are essential for pathogenicity and can be found in either physical structures or exudates such as saliva or honeydew in
the case of insects 13124 PAMPs released by the pathogen are recognized by specialized receptor proteins known as
Pattern Recognition Receptors (PRRs) present either in the plant cell/plasma membrane or within the cell in the
cytoplasm. PRRs are a diverse group of proteins whose specificity is derived from the target recognised. For instance, the
FLS2 PRR recognizes bacteria that produce flagellin 4. The initial interaction between PAMPs and PRRs triggers a
number of plant defence responses such as the closing of stomata to avoid pathogen invasion L2I4IL8] |f the pathogen
progresses within the plant cell, polymorphic Nucleotide-Binding and Leucine-Rich Repeat (NB-LRR) proteins present
inside the host cell interact with specific effector molecules released by the pathogens. NB-LRRs are encoded by
Resistance (R) genes in plants and confer resistance to specific pathogens 228l Following this a series of defensive
reactions occur starting from the production of pathogenesis-related proteins, structural cell wall changes, and synthesis

of phytoalexins, concluding with the initiation of the hypersensitive response (localized cell death at the site of invasion)
[L7][18]

Phytohormones play a crucial role in plant defence, particularly Salicylic Acid (SA) and Jasmonic Acid (JA) 22, Plants
synthesize different phytohormones dependent upon pathogens’ mode of attack. For example, the SA pathway is only
effective against biotrophs (3129 SA contributes to both local and Systemic-Acquired Resistance (SAR) and is
synthesized by plants in response to pathogen attack. Plants with impaired SA signalling or synthesis are more
susceptible to disease 2%, The accumulation of SA induces cell wall strengthening, ion fluxes, the production and
accumulation of phenolics, and the activation of R and other defence-related genes. These responses ultimately lead to
the Hypersensitive Response that results in programmed cell death [23120]21],



To combat nectrotrophic pathogens, plants synthesize JA which acts via an ethylene-mediated pathway 3119 JA is
endogenously produced, and is a conjugate between isoleucine and methyl ester which are derivates of a fatty acid class
known as the jasmonates. Although the exact mechanism behind the activation of the JA pathway remains unclear,
polypeptide signal molecules such as systemin and oligosaccharides hydrolysed after damages caused by the pathogens,
are speculated to trigger the JA pathway into action 22, Although the JA and SA pathways have been shown to be
antagonistic, some pathogens induce both pathways 12,

| 2. Modulation of Plant’s Inmune Responses by the Circadian Clock

Scientific evidence is growing in support of the regulation of plant—pathogen interaction by the circadian clocks of both the
pathogen and the plant. Studies supporting that the plant immunity indeed is regulated by its circadian clock are briefly
documented here [Bl23 A microarray data study concluded that many genes responsible for PTI or PAMP-triggered
immunity, like FLS2, express rhythmically in Arabidopsis. Pathogen responsive genes, such as glycine-rich RNA binding
protein (GRP), found in barley and many other crops also show circadian regulation [&. GRP directly binds with PAMPs
released by the pathogen, thus enabling the plant to recognize the pathogen and initiate PTI [24. When attacked by a
fungal pathogen, two GRPs namely HYGRP2 and HVGRP3 of barley were expressed at a higher rate, their respective
levels varied when barley was placed in a light/dark cycle of 16/8 h respectively. Likewise, in Arabidopsis, AtGRP7 (also a
member of GRP) was shown to influence the stomatal opening, response towards stresses and flowering and proved to
be regulated by the circadian clock. It has been shown to work with CCA and LHY to control the stomatal defence
response of plants [,

The major defence mechanism of plants against specific pathogens is the R (resistance) gene system, which has also
been shown to be influenced by the circadian system. Impaired clock mutants of Arabidopsis show a defect in the R gene
and even basal resistance 22, For instance, Goodspeed et al. [28 experimented on Arabidopsis plants attacked by an
herbivore (cabbage loopers). They concluded that cabbage loopers almost always prefer to feed on arrhythmic plants
proving that the circadian clock increases resistance towards herbivore attack mainly through affecting the SA and JA
pathways 2. One of the six acyl-coa-binding proteins (ACBP) in Arabidopsis, ACBP3, was studied to better understand
its role in the resistance and plant defence; the same protein was found to be regulated by the circadian clock 28!,

The morning phased CCA1 and LHY genes positively regulate plant resistance against oomycetes and bacterial
pathogens like P.syringae. CCA1 regulates the plant—pathogen interaction by contributing to resistance responses. Plants
lacking CCA1 show increased susceptibility at evening while being highly resistant in the morning. These rhythmic
susceptibilities during the course of 24 hours were not visible in CCA1-ox mutants, thus indicating a relationship between
CCA1 and plant immunity 2. Similarly, resistance against downy mildew is impaired in ccal seedlings whereas
overexpression of CCA1 led to improved resistance &, Characterization of the tomato gene DEA1 (which is expressed
upon infection by the late blight pathogen Phytophthora infestans) showed that DEA1 is modulated by both the circadian
clock and light B9, Some experiments conducted on plant defence pathways via stomata suggest that clock genes control
resistance towards bacterial pathogens through stomatal opening timing. For example, Arabidopsis showed resistance
towards P.syringae at night. However, plants can close stomata actively during bacterial invasion to restrict entry upon
PAMP recognition. Crucially, CCA1 and LHY, both regulate this gating response of stomatal opening and closing [&.

The interplay between the circadian system, light, and pathogen resistance has also been explored. One of the studies
explored the links between red light and resistance showed by Arabidopsis towards P. syringae pv. tomato DC300. Plants
showed increased susceptibility just before midnight. RNA-seq analysis showed that red light-triggered resistance
responses regulated by the circadian clock and therefore, increased the chance of survival against pathogens.
Furthermore, it was revealed that the circadian regulated genes interacted with various plant hormones, phytochromes,
and induced the SA mediated defence responses B, Another study conducted on comparing the activity of flagellin-
sensing2 (a PRR that recognizes bacterial flagellin) in wild type and arrhythmic mutants of Arabidopsis plants concluded
that when infected with Pseudomonas syringae in the morning the expression of FLS2 was stronger in the wild type and
not in the mutants 221331,

Interestingly, some studies have revealed that plants anticipate possible infection using their circadian clocks 23, Time of
the day and circadian rhythms directly play a role in the functionality of host's immune system and therefore they also
affect the virulence of pathogens, intensity of infection, colonization and damage to host cells, and the overall outcome of
host—pathogen relationship B4, The circadian clock in a way decides the most appropriate time of the day for efficient
plant immune responses 29, Plants show enhanced resistance towards pathogens during daytime hours compared to the
night. Importantly, plants’ defence system exhibits circadian oscillations even in the absence of a pathogen 22, For



instance, Arabidopsis infected by P. syringae DC3000 showed increased tolerance towards infection at certain times of
the subject day, i.e., in the morning. These temporal regulations help plants to not only better respond but anticipate when
the next infection may occur [281,

Conversely, pathogen—plant interactions can often reset the plant’s circadian clock, resulting in the reallocation of the
limited resources used for the development and growth of the plant . For example, experiments using Paulownia fortunei
concluded that circadian gene expression was altered when infected with the Paulownia Witches’ Broom phytoplasma (€.
Similarly, pathogens can manipulate hormone signaling thus altering the plant’s circadian system. Effectors of P. syringae
cause the production of abscisic acid and auxins, both of which are regulated by the clock and which can also regulate
clock function. SA and JA signaling can also be manipulated by pathogens . Importantly, minor alteration in clock genes
can cause a change in the plant's defence responses BZ. Following a very localized infection at a single leaf in
Arabidopsis, it was observed that the amplitude of the circadian clock slowed down and period length increased even in
the distant un-infected tissues . When treated with the defence phytohormone SA, the same results were noticed 111,
Another study completed using susceptible eds4 Arabidopsis concluded that eds4 seedlings showed altered clock
responses compared to the wild type Arabidopsis plants B8l eds4 seedlings were less sensitive towards the red and white
light, their flowering time was accelerated, and their leaf movement had a longer period as compared to wild type controls.
Other circadian responses and clock profiles were also altered in the eds4 plants. The same study found that a bacterial
infection induces substantial reconfiguration in the circadian clock genes expression for example downgrading of the
morning phased genes, resulting in an increase of bacterial infection and susceptibility of host plant 281,

| 3. Interactions between the Circadian System, Light, and Plant Defence

Light has a crucial role in both plant growth and response towards pathogen attack, whilst also serving as one of the
primary zeitgebers that entrain the circadian system 1989 The regulation of plants’ defence by light and the circadian
system allows plants to anticipate periods of likely infection and thus periodically increase their resistance 2. Although
additional work is needed to understand these interactions—particularly in natural or field settings—it is of interest to
discuss the interplay between light, circadian signalling, and plants’ immune response 12,

Light and the circadian system both contribute to innate immunity—in part by contributing to the maintenance of the
physical barriers that restrict pathogen ingression. For example, stomatal opening is regulated by both light and the clock.
Inoculation with pathogenic bacteria via direct infiltration (bypassing stomata) negates the contribution of the circadian
system to innate immunity, although light maintained a significant contribution 22I1271(39],

Plants show attenuated defence responses towards viral, fungal, and bacterial pathogens when grown in the dark B4,
Indeed, a direct link between light and plant—pathogen compatibility is becoming more evident in studies particularly
regarding SA and other defence mechanisms of plants 12 Light quality, fluence rate, and duration influence plants’
immunity and defence by regulating the sensitivity of plants towards SA, development of the HR, and expression of
pathogenesis-related genes®ILAEA |noculation with Pseudomonas syringae pv. maculicola, during the day, induces a
more substantial response compared to plants inoculated at night. The dependence of the SA signalling pathway on light
irradiation is one possible explanation of these data [&l. Similarly, the JA pathway is also modulated by light. Red and Far-
Red (or the R/FR ratio) regulate the activation of JA. phyB mutants, which have impaired red/far-red responses, were
found to be more prone to infection caused by the fungus Fusarium oxysporum &I,

In some cases, the chloroplast electron transport chain drives the production and physiological functions of several
reactive oxygen species (ROS) that contribute to plant defence 1. Rapid production of ROS is a first-line defence
response, and the interplay between cellular redox state and the circadian clock ensures an equilibrium between plant
growth and immunity 4229 importantly, Arabidopsis mutants lacking nonphotochemical quenching also lack PTI &, When
infected with avirulent strains of Pseudomonas syringae, Arabidopsis plants maintained in constant darkness showed
increased bacterial infection and decreased resistance in comparison with Arabidopsis plants grown in the presence of
light and infected with the same bacteria 1. Impaired photosystem function and reduced light input similarly have a
positive impact on the susceptibility of Nicotiana benthamiana towards the Turnip Mosaic Virus (TVC) 1.

HR and ETI particularly require light signalling for activation 1239, Arabidopsis infected with TVC and grown in the dark
showed a reduced HR and a suppressed resistance in comparison to the ones treated in the light 43l The study of the
TVC pathosystem revealed that photoreceptors cryptochromel, cryptochrome2, phototropinl, and phototropin2 are
required for mediation of HR conferred by R gene termed as HRT [&. Various experiments using maize, transgenic
tomatoes, rice, and Arabidopsis mutants hint at a link between light and HR B2, For example, phytochromes are thought
to play a role in PRR gene expression. Plants with the varying activity of phytochrome A and B were grown in darkness
and high fluence white light respectively. Those which were grown in darkness had no expression of HR and PRR when



treated with SA, while those in the light had a proper expression. Plants lacking phytochromes A and B similarly
demonstrated complete loss of PRR expression, indicating their role in this important defence signalling pathway 24, In
addition, the blue light photoreceptor cryptochromel is required for defence against bacterial infection only under
continuous light and not when the plant is under short daylight conditions &.To test this hypothesis further, Arabidopsis
was infected with Pseudomonas syringae, the results demonstrated a clear connection between the accumulation of SA
and the presence of light 12,

| 4. Conclusions

A successful plant pathogen infection requires a virulent pathogen, a susceptible host, and environmental conditions
favouring the pathogen 2. Through various experimentation, it has been established that plants’ innate immunity involves
crosstalk across multiple pathways including light signalling and the circadian clock #4l. As circadian rhythms have
beneficial effects upon physiological, developmental and biochemical processes of living organisms, it is apparent that
they also influence drug efficiency and disease treatments. Various mechanisms have been hypothesized on how the
circadian system contributes to plants’ immunity and defence as both adaptive and innate immunities are modulated by
the circadian system B2, Unravelling the mechanisms underlying the relationship between the circadian system and plant
immunity carries great importance for plant health and disease management 4348l The emerging field of chrono-
immunotherapy (synchronizing time of medicine with the circadian clock of the body to optimize treatment) demonstrates
the utility of this approach in treating disease 2. As a consequence, efforts to improve the efficiency of plant defense
responses using targeted interventions within the circadian system should be explored further. Our understanding of the
circadian clock controlling the plant defense in different ways provides a foundation for future work MEI47I48] The
synchronization of disease treatment and plants’ internal clock could result in efficient disease control and decreased crop
yield losses [481[49],
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