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Nutrient homeostasis within
the plant circadian network

Michael J. Haydon*, Angela Roman and Waheed Arshad

Department of Biology, University of York, York, UK

Circadian clocks have evolved to enhance adaptive physiology in the predictable,
fluctuating environment caused by the rotation of the planet. Nutrient acquisition is central
to plant growth performance and the nutrient demands of a plant change according
to the time of day. Therefore, major aspects of nutrient homeostasis, including carbon
assimilation and mineral uptake, are under circadian control. It is also emerging that there
is feedback of nutritional status to the circadian clock to integrate these processes. This
review will highlight recent insights into the role of the circadian clock in regulating plant
nutrition as well as discuss the role for nutrients in affecting circadian function.
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Introduction

Nutrient homeostasis drives physiology, development and cellular metabolism (Clemens et al., 2002;
Amtmann and Blatt, 2009). Nutrient elements are required to synthesize organic macromolecules
and various nutrient ions fulfill structural or catalytic roles in key proteins or act as cofactors
or signaling molecules. Plants are exposed to extreme daily fluctuations in the environment that
dramatically affect physiology and metabolism. For example, there are rhythmic changes in nutrient
demands to drive photosynthesis in chloroplasts and daily rhythms in transpiration rates alter the
major nutrient transport pathways through the xylem. Therefore, nutrients need to be continuously
mobilized between tissues and organelles, particularly in conditions of nutrient scarcity.

The circadian clock regulates rhythmic growth and physiology (Hsu and Harmer, 2014). Cir-
cadian clocks are molecular oscillators comprised of interlocking regulatory feedback loops. The
components of the clock are set, or “entrained,” by external cues such as light and temperature
and form a time-keeping mechanism to predict daily and seasonal changes in the environment and
directly regulate rhythmic physiological outputs. The current model for the oscillator in Arabidopsis
thaliana (Figure 1) is characterized by a network of transcriptional regulators expressed at different
times of day. The general architecture of circadian clocks is expected to be broadly conserved across
higher plants (Song et al., 2010).

Transpiration generates the major pathway for nutrient movement through the xylem. This
rhythmic process is driven by regulation of stomatal aperture and coordinated by activity of
aquaporins, both of which are regulated by the circadian clock (Dodd et al., 2004, 2005; Takase et al.,
2011; Caldeira et al., 2014). Photosynthesis, which is also circadian regulated (Harmer et al., 2000;
Dodd et al., 2005; Noordally et al., 2013), creates significant demand for nutrients in chloroplasts,
as well as driving nutrient movement through the phloem. There is extensive transcriptional
regulation of nutrient transport processes in Arabidopsis (Haydon et al.,, 2011) but we currently
know little about circadian-driven rhythmic fluxes of nutrients. Recent research has highlighted
important roles for rhythmic metabolism in circadian entrainment, including photosynthetic out-
puts in plants (Haydon et al., 2013b). There is also evidence that nutrients other than carbon
affect plant circadian clock function by directly altering the circadian oscillator (Dodd et al., 2007;
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FIGURE 1 | Circadian regulated nutrient homeostasis. The current model
of the Arabidopsis circadian clock is comprised of multiple interlocking
regulatory feedback loops and is described in detail elsewhere (Hsu and
Harmer, 2014). Briefly, morning-expressed CIRCADIAN CLOCK ASSOCIATED1
(CCAT1) and LATE ELONGATED HYPOCOTYL (LHY) and afternoon expressed
REVEILLES (RVES8) encode related Myb-like transcription factors that activate
transcriptional repressors in a time-of-day dependent manner. Thus, the
transcriptional repressors PSEUDO-RESPONSE REGULATORS (PRR9), PRR7,
PRR5, and PRR1/TIMING OF CAB1 (TOC1) are expressed sequentially to act on
CCA1 and LHY. CCA1 HIKING EXPEDITION (CHE) inhibits repression of CCA1

utilisation

by TOC1. The evening-expressed GIGANTEA regulates TOC1 by stabilizing the
F-box protein ZEITLUPE (ZTL). EARLY FLOWERINGS (ELF3), ELF4, and LUX
ARRYHTHMO (LUX) form the “evening complex,” which is activated by RVES
and represses PRR9. The circadian regulated nutrient homeostasis processes
that are discussed in this review are shown. The position represents
approximate time of day of maximal activity and therefore illustrates the
temporal relationship to components of the circadian oscillator. All these
processes contribute to rhythmic physiology but some also affect circadian
clock function directly or indirectly. Those processes for which direct regulation
of circadian rhythms has been demonstrated are highlighted in red text.

Gutiérrez et al., 2008; Chen et al., 2013; Hong et al., 2013; Salomé
et al., 2013), or indirectly through effects on rhythmic physiol-
ogy (Lebaudy et al., 2008; Gilliham et al., 2011; Caldeira et al,,
2014). In this mini-review, we highlight examples of regulation
of nutrient homeostasis by the clock and summarize evidence of
whether any of these nutrients contribute to the complex circadian
network.

Carbon

Photosynthesis provides the energy and the structural compo-
nents to build cells. This defining aspect of metabolism in the
green lineage generates huge nutrient demands (Shcolnick and
Keren, 2006) and much of plant physiology converges on this
process. Glucose is synthesized diurnally, converted to sucrose
for transport and stored as starch in plastids. This stored starch
is then converted back into soluble sugars during the night to
support nocturnal metabolism and growth. In Arabidopsis leaves,
the rate of starch degradation at night is linear, and almost all of
the starch is used by dawn (Smith and Stitt, 2007). Photosynthesis
and starch metabolism, including associated transport processes,
are regulated by the circadian clock (Harmer et al., 2000; Dodd

etal., 2005; Graf et al., 2010; Noordally et al., 2013), but the exact
mechanism(s) of this regulation remains unknown.

Sugars can influence the circadian oscillator. Daily rhythms
in carbohydrate metabolism contribute to oscillations in a wide
range of transcripts in Arabidopsis and modify the expression
of over half of the circadian-regulated transcriptome (Blésing
et al,, 2005). Addition of exogenous sugars to growth medium
shortens circadian period in Arabidopsis seedlings grown in con-
tinuous light (Knight et al., 2008; Haydon et al., 2013b) and can
sustain circadian rhythms in continuous dark (Dalchau et al,
2011). Pulses of exogenous sucrose can advance or delay cir-
cadian phase, depending on the time of day (Haydon et al,
2013b). Opposite to the effect of exogenous sugars, inhibition of
photosynthesis lengthens circadian period through de-repression
of the clock gene PSEUDO-RESPONSE REGULATOR? (PRR7;
Haydon et al., 2013b), which encodes a repressor of CIRCADIAN
CLOCK ASSOCIATEDI (CCAI; Figure 1). PRR7 directly regu-
lates genes involved in metabolism and abiotic stress (Liu et al.,
2013). It was proposed that by acting on PRR7, rhythmic pro-
duction of endogenous sugars from photosynthesis contributes to
circadian entrainment, providing feedback to the clock to opti-
mize rhythmic nutrient metabolism. Similarly, a role for mobile
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photosynthate has been proposed to drive circadian rhythms in
roots of Arabidopsis in the absence of light and photosynthesis
(James et al., 2008), suggesting a role for carbohydrate transport
in circadian clock function.

Macronutrients: Nitrogen, Phosphorous,
and Sulfur

There is circadian regulation of transporters for nitrogen (N),
phosphorous, and sulfur (Haydon et al., 2011). Transcripts for
chloroplast importers for sulfate and phosphate (Versaw et al.,
2002; Cao et al.,, 2013) peak around dawn (Dodd et al., 2007;
Covington et al,, 2008; Wang et al,, 2011), consistent with
increased demands for photosynthesis during the day. Transcripts
encoding proteins for nitrate (Ho et al.,, 2009) and ammonium
uptake (Gazzarrini et al., 1999) have peak expression around dawn
whereas transcripts for phloem loading of nitrate peak after dusk
to drive source-to-sink movement of N in the night (Fan et al,,
2009).

A directlink between the circadian oscillator and N metabolism
has been demonstrated (Gutiérrez et al., 2008). Network analysis
of a transcriptome dataset of responses to assimilated organic N
metabolites in Arabidopsis identified the clock component CCA1
as a putative “master regulator” in the N-regulated network. CCA1
was shown to bind to promoters of N-assimilation genes and alter
their expression, demonstrating direct regulation of N metabolism
by the clock. Furthermore, pulses of N caused stable phase shifts in
CCA1 expression, suggesting feedback of N status to the circadian
clock (Gutiérrez et al, 2008). It is not known whether long-
term changes in N status affect circadian rhythms in plants, but
N deficiency shortened circadian period in the photosynthetic
marine dinoflagellate, Gonyaulax polyedra (Sweeney and Folli,
1984). Mutants of Glycine max with impaired nodule development
had altered expression of clock transcripts in nodules, which
might be due to altered plant N status (Chiasson et al., 2014).

Macronutrient lons: Calcium, Magnesium,
and Potassium

Calcium (Ca) is a highly abundant nutrient ion, comprising
around 3% of leaf dry weight. Ca movement is dependent on
the transpiration stream and is stored at high concentrations in
vacuoles and the apoplasm, where a large proportion of this is
contained within the pectin component of the cell wall (Gilli-
ham et al, 2011). Ca?" ions also act as second messengers
in cell signaling, contributing to a wide array of physiological
processes (Dodd et al., 2010). It has been proposed that Ca**
might directly regulate water flow by acting on aquaporins, which
would affect nutrient movement through the plant (Gilliham et al.,
2011).

There are circadian oscillations in the concentration of cytoso-
lic free Ca?t ([Ca®T]eyr) in plants, peaking around dusk (Johnson
et al., 1995; Love et al., 2004). These oscillations are specific to
leaf mesophyll cells (Marti et al., 2013). Treatment of Arabidopsis
with nicotinamide abolishes circadian rhythms of [Ca2+]cyt and
lengthens circadian period by 2-4 h (Dodd et al., 2007). This

is consistent with a role for these Ca>" signals in regulating the
circadian network, although the target(s) of these are unknown.
Nicotinamide has also been proposed to affect the plant circa-
dian network by altering histone modifications on clock gene
promoters (Malapeira et al., 2012). Both effects are possible,
since nicotinamide affects multiple aspects of NAD™T metabolism
(Haydon et al,, 2013a). Transcripts for several Ca?" channels
and transporters are regulated by the clock, some of which peak
around dusk (Haydon et al., 2011), but regulation of the transport
mechanisms driving circadian oscillations of [Ca*™ ]y are likely
to occur post-transcriptionally. It has been proposed that cir-
cadian oscillations of [Ca2+]cyt originate from cADPR-activated
channels, most likely in the ER or vacuole (Dodd et al., 2007).
There are no plant orthologs for ryanodine receptors, the cADPR-
activated channels in animal cells, and so the identity of the elusive
plant receptor(s) or channel(s) remains unknown (Dodd et al,,
2010).

Potassium (K) is the most abundant cation in plants, fulfilling
roles in enzyme activation, membrane transport, and osmoreg-
ulation (Wang and Wu, 2013). Thus, K impacts on key aspects
of rhythmic physiology, most notably on water and solute fluxes.
There is circadian regulation of transcripts for several K™ trans-
porters in Arabidopsis (Haydon et al., 2011) but these do not
represent the major, characterized acquisition pathways. Ara-
bidopsis mutants lacking inward KT channel activity in guard cells
were impaired in their ability to increase transpiration rates in
anticipation of dawn and had reduced biomass when grown in
high light intensity (Lebaudy et al., 2008). These data highlight
the potential impact of specific circadian regulated ion fluxes on
rhythmic physiology and plant growth.

Magnesium (Mg) fulfills two major roles in plants: at the cen-
ter of the chlorin ring of chlorophyll and in the active form of
ATP. Both of these roles are critical for photosynthesis and create
a high demand for Mg in chloroplasts, particularly during the
light period. However, as energy demands for cellular metabolism
change throughout the day, mobilization of Mg may be required.
Any role for the circadian clock in regulation of Mg transport
remains uncovered.

A primary symptom of Mg deficiency is a defect in sugar par-
titioning, rather than primary production (Hermans et al., 2006),
perhaps reflecting the relative importance of ATP-driven trans-
port processes over chlorophyll concentration. Transcriptome
profiling of Mg-deficient Arabidopsis plants identified changes in
expression of clock gene transcripts (Hermans et al., 2010a,b).
Phase of CCAI and LATE ELONGATED HYPOCOTYL (LHY)
expression was delayed in Mg deficient plants grown in light/dark
cycles. This might equate to a lengthened circadian period in
continuous light conditions and might be due to impaired sugar
production or partitioning, consistent with the role of sugars in
circadian entrainment (James et al., 2008; Haydon et al., 2013b).
Alternatively, the effects of Mg deficiency on circadian clock gene
expression could be due to other energy-dependent processes.

Micronutrients: Copper and Iron

Micronutrients such as iron (Fe), zinc, manganese and copper
(Cu) fulfill structural and/or catalytic roles in a wide range
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of proteins. They play roles in chloroplast function and pho-
tosynthesis and the requirements for metal ions are orders of
magnitude higher in photosynthetic organisms (Shcolnick and
Keren, 2006). These micronutrients are also highly cytotoxic, and
so the concentrations of unbound ions must be tightly controlled
(Clemens et al., 2002). They are often scarcely available in soils
and are required to be delivered to various cellular compartments
throughout the plant, which depends on transpiration and energy-
dependent transport. When availability is low, elements must be
mobilized to match the changing needs of metabolism across the
daily environmental cycle (Blaby-Haas and Merchant, 2013). It
is therefore likely that there are daily rhythms in the concentra-
tion and distribution of micronutrients in different tissues and
organelles.

There is circadian regulation of transcripts for Cu transporters
and their promoters contain conserved elements for circadian
clock regulation (Perea-Garcia et al., 2010). Plasma membrane
transporters tend to peak in expression around subjective dawn,
whereas chloroplast-localized transporters peak later in the day
(Dodd et al,, 2007; Covington et al., 2008). Cu toxicity reduced
amplitude, and perhaps lengthened circadian period, of circa-
dian clock gene expression and overexpression of Cu uptake
transporters COPPER TRANSPORTER 1 (COPT1) or COPT3
enhanced sensitivity to Cu toxicity in continuous light com-
pared to light/dark cycles (Andrés-Colas et al., 2010). These Cu-
dependent phenotypes in continuous light might relate to recent
findings that Cu homeostasis interacts directly with light signaling
pathways (Zhang et al., 2014). Although it is clear that there is
rhythmic regulation of plant Cu homeostasis by the circadian
clock, it remains uncertain whether Cu has a direct impact on the
circadian network.

Similar to Cu transporters, transcripts for Fe transport and stor-
age have circadian rhythms in expression (Duc et al., 2009; Hong
etal., 2013). However, the extent of circadian-regulated Fe home-
ostasis is probably under-estimated since transcripts for many Fe
transporters are only expressed in Fe deficient plants (Vert et al,,
2002) and might not be represented in published circadian time-
course datasets (Dodd et al., 2007; Covington et al., 2008). There is
circadian regulation of transcripts for FERRITIN (FER), which are
regulated by Fe and are involved in cellular responses to excess Fe
and oxidative stress (Ravet et al., 2009). FER1, FER3, and FER4 are
directly regulated by PRR7 and overexpression of PRR7 increases
sensitivity to excess Fe (Liu et al., 2013). Forward genetic screens
for regulators of FERI (Duc et al., 2009) identified a mutant in
TIME FOR COFFEE (TIC), a component of the circadian network
(Ding et al., 2007). tic mutants are strongly impaired in a range
of metabolic phenotypes, including redox homeostasis (Sanchez-
Villarreal et al., 2013), and so the finding that tic mutants alter
expression of FERI might be related to roles for TIC in oxidative
stress.

Several recent studies have revealed an effect of plant Fe sta-
tus on the plant circadian network (Chen et al, 2013; Hong
et al, 2013; Salomé et al., 2013). Circadian period is lengthened
by ca. 1-2 h in Fe-deficient Arabidopsis seedlings (Chen et al.,
2013; Hong et al., 2013; Salomé et al., 2013). This effect is light-
dependent, and requires protein translation in plastids, pointing
to an involvement of chloroplasts in circadian responses to Fe

status (Chen et al., 2013; Salomé et al., 2013). The chloroplasts
are the primary site for Fe in Arabidopsis leaves (Shikanai et al.,
2003) and a major symptom of Fe deficiency is leaf chlorosis,
which is associated with impaired chloroplast function (Varotto
et al., 2002). Since direct inhibition of photosynthesis lengthens
circadian period by 2-4 h (Haydon et al,, 2013b), the effect of
Fe deficiency might also be through inhibition of photosynthetic
sugar production acting on PRR7. However, this seems unlikely
since at least two of the studies on circadian Fe responses included
sugar in the growth media (Hong et al., 2013; Salomé et al., 2013),
which suppresses the effect of inhibition of photosynthesis on
circadian period (Haydon et al., 2013b). Similarly, unlike the effect
of sugar, Fe dependent effects on circadian period are unaffected
in prr7 or ccal mutants (Chen et al., 2013; Haydon et al., 2013b;
Salomé et al., 2013). Therefore, Fe status appears to regulate the
clock by a distinct mechanism from that of photosynthetically-
derived sugars acting on PRR7 (Haydon et al., 2013b). Mutants
in GIGANTEA (GI) or ZEITLUPE (ZTL) were reported to be
insensitive to Fe dependent circadian effects (Chen et al., 2013;
Hong et al., 2013). The clock proteins ZTL and GI physically
interact (Kim et al., 2007), and a role for GI in sugar dependent
circadian rhythms has been proposed (Dalchau et al., 2011). Cir-
cadian Fe responses might act through these evening-expressed
clock components.

A role for Fe in the circadian network in animals has been
described. The Fe-containing cofactor, haem, binds to REV-ERBa,
a core component of the mammalian circadian clock (Yin et al.,
2007). There are circadian rhythms in haem levels in animals
(Kaasik and Lee, 2004) and plants (Salomé et al., 2013), but no
target for haem-binding in the plant circadian clock has been
identified. Nevertheless, free haem levels are modestly elevated in
low Fe conditions in Arabidopsis and haem biosynthesis mutants
do have altered circadian period (Salomé et al., 2013), although it
is difficult to predict the effects on cellular haem levels in these
mutants. Whether there is a direct role for haem in the plant
circadian network remains an open question.

Haem is an intermediate in the tetrapyrrole biosynthesis path-
way. There is circadian regulation of this branched pathway
(Covington et al., 2008; Salomé et al., 2013), which produces
chlorophyll and phytochromobilin, as well as contributing to
plastid-to-nucleus retrograde signaling via intermediates (Kous-
sevitzky et al.,, 2007; Woodson et al., 2011). Thus, the roles of
this pathway in cellular metabolism are varied and complex.
The effects of norflurazon and lincomycin, chemical agonists
of retrograde signaling, on circadian period are inconsistent
across studies, perhaps due to differing growth conditions (Chen
et al,, 2013; Haydon et al., 2013b; Salomé et al.,, 2013). Simi-
larly, mutants in some but not all components of tetrapyrrole-
dependent retrograde signaling pathways were impaired in the
circadian Fe response (Salomé et al., 2013). The loss of circadian Fe
responses in phytochromeA (phyA) phyB mutants might implicate
phytochromobilin (Salomé et al., 2013). Altogether, these recent
studies on circadian Fe responses are intriguing but further exper-
iments are required to define a role for Fe status in circadian
time-keeping. It remains uncertain whether these observations
describe a specific effect of Fe, or a more general, indirect effect
of metabolic stress in chloroplasts.
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Conclusion

There is accumulating evidence of circadian regulation of many
aspects of plant nutrient homeostasis that have ranging effects
on physiology and metabolism. There is circadian regulation of
transcripts associated with nutrient acquisition and transport, and
several examples of feedback regulation of the circadian clock by
nutrients, as well as indirect effects of nutrients on rhythmic physi-
ology. Together, these illustrate a complex network of interactions
between the circadian oscillator, nutrient status and rhythmic
physiology. However, with a few notable exceptions, surprisingly
little has been reported for circadian rhythms in nutrient con-
centrations in plants. This might be because there is little change
in whole tissues, making these difficult to measure with current
quantitative techniques. As more nutrient biosensors and imaging
tools become available in plants (Grossmann et al., 2011; Krebs
et al., 2012; Marti et al., 2013; Lanquar et al., 2014) it might be

References

Amtmann, A., and Blatt, M. R. (2009). Regulation of macronutrient transport. New
Phytol. 181, 35-52. doi: 10.1111/j.1469-8137.2008.02666.x

Andrés-Colés, N., Perea-Garcia, A., Puig, S., and Pefiarrubia, L. (2010). Deregulated
copper transport affects Arabidopsis development especially in the absence
of environmental cycles. Plant Physiol. 153, 170-184. doi: 10.1104/pp.110.
153676

Blaby-Haas, C. E., and Merchant, S. S. (2013). Iron sparing and recycling in a com-
partmentalized cell. Curr. Opin. Microbiol. 16, 677-685. doi: 10.1016/j.mib.2013.
07.019

Blasing, O. E., Gibon, Y., Giinther, M., Hohne, M., Morcuende, R., Osuna, D., et al.
(2005). Sugars and circadian regulation make major contributions to the global
regulation of diurnal gene expression in Arabidopsis. Plant Cell 17, 3257-3281.
doi: 10.1105/tpc.105.035261

Caldeira, C. F, Jeanguenin, L., Chaumont, F, and Tardieu, E (2014). Circadian
rhythms of hydraulic conductance and growth are enhanced by drought and
improve plant performance. Nat. Commun. 5, 5365. doi: 10.1038/ncomms
6365

Cao, M. J., Wang, Z., Wirtz, M., Hell, R., Oliver, D. ], and Xiang, C. B. (2013).
SULTR3;1 is a chloroplast-localized sulfate transporter in Arabidopsis thaliana.
Plant ]. 73, 607-616. doi: 10.1111/tpj.12059

Chen, Y.-Y,, Wang, Y., Shin, L.-J., Wu, J.-E, Shanmugam, V., Tsednee, M., et al.
(2013). Iron is involved in the maintenance of circadian period length in
Arabidopsis. Plant Physiol. 161, 1409-1420. doi: 10.1104/pp.112.212068

Chiasson, D. M., Loughlin, P. C., Mazurkiewicz, D., Mohammadidehcheshmeh, M.,
Fedorova, E. E., Okamoto, M., et al. (2014). Soybean SAT1 (Symbiotic Ammo-
nium Transporter 1) encodes a bHLH transcription factor involved in nodule
growth and NH,t transport. Proc. Natl. Acad. Sci. US.A. 111, 4814-4819. doi:
10.1073/pnas.1312801111

Clemens, S., Palmgren, M. G., and Kridmer, U. (2002). A long way ahead:
understanding and engineering plant metal accumulation. Trends Plant Sci. 7,
309-315. doi: 10.1016/S1360-1385(02)02295-1

Covington, M. E, Maloof, J. N., Straume, M., Kay, S. A., and Harmer, S. L. (2008).
Global transcriptome analysis reveals circadian regulation of key pathways in
plant growth and development. Genome Biol. 9, R130. doi: 10.1186/gb-2008-9-
8-r130

Dalchau, N., Baek, S. J., Briggs, H. M., Robertson, F. C., Dodd, A. N., Gardner, M.
J., etal. (2011). The circadian oscillator gene GIGANTEA mediates a long-term
response of the Arabidopsis thaliana circadian clock to sucrose. Proc. Natl. Acad.
Sci. U.S.A. 108, 5104-5109. doi: 10.1073/pnas.1015452108

Ding, Z., Millar, A. J., Davis, A. M., and Davis, S. J. (2007). TIME FOR COFFEE
encodes a nuclear regulator in the Arabidopsis thaliana circadian clock. Plant
Cell 19, 1522-1536. doi: 10.1105/tpc.106.047241

Dodd, A. N,, Gardner, M. J., Hotta, C. T., Hubbard, K. E., Dalchau, N., Love, J., et al.
(2007). The Arabidopsis circadian clock incorporates a cADPR-based feedback
loop. Science 318, 1789-1792. doi: 10.1126/science.1146757

possible to investigate daily nutrient fluxes with higher spatial and
temporal resolution in specific tissue types or subcellular com-
partments (Haydon, 2014). The importance of tissue-specificity of
oscillators in plant circadian clock function is emerging (Wenden
et al.,, 2012; Marti et al., 2013; Endo et al.,, 2014) and it seems
feasible that dynamic nutrient fluxes, which are tightly linked to
rhythmic physiology, could play an important role.

Author Contributions

MH, ARE and WA all contributed to the content, drafting and
editing of the manuscript.

Acknowledgments

Research in the Haydon lab is supported by funding from the
University of York and the BBSRC (BB/L021188/1).

Dodd, A. N,, Kudla, J., and Sanders, D. (2010). The language of calcium signal-
ing. Annu. Rev. Plant Biol. 61, 593-620. doi: 10.1146/annurev-arplant-070109-
104628

Dodd, A. N., Parkinson, K., and Webb, A. A. R. (2004). Independent circadian
regulation of assimilation and stomatal conductance in the ztl-1 mutant of
Arabidopsis. New Phytol. 162, 63-70. doi: 10.1111/j.1469-8137.2004.01005.x

Dodd, A. N,, Salathia, N., Hall, A., Kévei, E., Téth, R., Nagy, E, et al. (2005). Plant
circadian clocks increase photosynthesis, growth, survival, and competitive
advantage. Science 309, 630-633. doi: 10.1126/science.1115581

Dug, C,, Cellier, E, Lobréaux, S., Briat, J. F, and Gaymard, F. (2009). Regulation of
iron homeostasis in Arabidopsis thaliana by the clock regulator time for coffee.
J. Biol. Chem. 284, 36271-36281. doi: 10.1074/jbc.M109.059873

Endo, M., Shimizu, H., Nohales, M. A., Araki, T., and Kay, S. A. (2014). Tissue-
specific clocks in Arabidopsis show asymmetric coupling. Nature 515, 419-422.
doi: 10.1038/nature13919

Fan, S.-C, Lin, C.-S., Hsu, P-K,, Lin, S.-H., and Tsay, Y.-E. (2009). The Ara-
bidopsis nitrate transporter NRT1.7, expressed in phloem, is responsible for
source-to-sink remobilization of nitrate. Plant Cell 21, 2750-2761. doi: 10.1105/
tpc.109.067603

Gazzarrini, S., Lejay, L., Gojon, A., Ninnemann, O., Frommer, W. B., and Von
Wirén, N. (1999). Three functional transporters for constitutive, diurnally regu-
lated, and starvation-induced uptake of ammonium into Arabidopsis roots. Plant
Cell 11, 937-947. doi: 10.1105/tpc.11.5.937

Gilliham, M., Dayod, M., Hocking, B.]., Xu, B., Conn, S.]., Kaiser, B. N, et al. (2011).
Calcium delivery and storage in plant leaves: exploring the link with water flow.
J. Exp. Bot. 62, 2233-2250. doi: 10.1093/jxb/err111

Graf, A., Schlereth, A., Stitt, M., and Smith, A. M. (2010). Circadian control of
carbohydrate availability for growth in Arabidopsis plants at night. Proc. Natl.
Acad. Sci. US.A. 107, 9458-9463. doi: 10.1073/pnas.0914299107

Grossmann, G., Guo, W.-J., Ehrhardt, D. W,, Frommer, W. B,, Sit, R. V., Quake, S.
R, etal. (2011). The RootChip: an integrated microfluidic chip for plant science.
Plant Cell 23, 4234-4240. doi: 10.1105/tpc.111.092577

Gutiérrez, R. A., Stokes, T. L., Thum, K., Xu, X., Obertello, M., Katari, M. S.,
et al. (2008). Systems approach identifies an organic nitrogen-responsive gene
network that is regulated by the master clock control gene CCA1. Proc. Natl.
Acad. Sci. US.A. 105, 4939-4944. doi: 10.1073/pnas.0800211105

Harmer, S. L., Hogenesch, J. B., Straume, M., Chang, H., Han, B., Zhu, T, et al.
(2000). Orchestrated transcription of key pathways in Arabidopsis by the circa-
dian clock. Science 290, 2110-2113. doi: 10.1126/science.290.5499.2110

Haydon, M. J. (2014). Getting a sense for zinc in plants. New Phytol. 202, 10-12. doi:
10.1111/nph.12736

Haydon, M. J., Bell, L. J., and Webb, A. A. R. (2011). Interactions between
plant circadian clocks and solute transport. J. Exp. Bot. 62, 2333-2348. doi:
10.1093/jxb/err040

Haydon, M. J., Hearn, T. ], Bell, L. ], Hannah, M. A., and Webb, A. A. R. (2013a).
Metabolic regulation of circadian clocks. Semin. Cell Dev. Biol. 24, 414-421. doi:
10.1016/j.semcdb.2013.03.007

Frontiers in Plant Science | www.frontiersin.org

April 2015 | Volume 6 | Article 299


http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Haydon et al.

Circadian nutrient homeostasis in plants

Haydon, M. J., Mielzcarek, O., Robertson, F. C., Hubbard, K. E., and Webb, A. A.
R. (2013b). Photosynthetic entrainment of the Arabidopsis thaliana circadian
clock. Nature 502, 689-692. doi: 10.1038/nature12603

Hermans, C., Hammond, J. P, White, P. J., and Verbruggen, N. (2006). How do
plants respond to nutrient shortage by biomass allocation? Trends Plant Sci. 11,
610-617. doi: 10.1016/j.tplants.2006.10.007

Hermans, C., Vuylsteke, M., Coppens, E, Craciun, A., Inzé, D., and Verbruggen,
N. (2010a). Early transcriptomic changes induced by magnesium deficiency in
Arabidopsis thaliana reveal the alteration of circadian clock gene expression
in roots and the triggering of abscisic acid-responsive genes. New Phytol. 187,
119-131. doi: 10.1111/j.1469-8137.2010.03258.x

Hermans, C., Vuylsteke, M., Coppens, E, Cristescu, S. M., Harren, F. J. M., Inzé,
D, et al. (2010b). Systems analysis of the responses to long-term magnesium
deficiency and restoration in Arabidopsis thaliana. New Phytol. 187, 132-144.
doi: 10.1111/j.1469-8137.2010.03257.x

Ho, C.-H., Lin, S.-H., Hu, H.-C., and Tsay, Y.-E (2009). CHL1 functions as a nitrate
sensor in plants. Cell 138, 1184-1194. doi: 10.1016/j.cell.2009.07.004

Hong, S., Kim, S. A., Guerinot, M. L., and McClung, C. R. (2013). Reciprocal inter-
action of the circadian clock with the iron homeostasis network in Arabidopsis.
Plant Physiol. 161, 893-903. doi: 10.1104/pp.112.208603

Hsu, P Y, and Harmer, S. L. (2014). Wheels within wheels: the plant circadian
system. Trends Plant Sci. 19, 240-249. doi: 10.1016/j.tplants.2013.11.007

James, A. B., Monreal, J. A., Nimmo, G. A., Kelly, C. L., Herzyk, P, Jenkins, G. I,
etal. (2008). The circadian clock in Arabidopsis roots is a simplified slave version
of the clock in shoots. Science 322, 1832-1835. doi: 10.1126/science.1161403

Johnson, C. H., Knight, M. R, Kondo, T., Masson, P.,, Sedbrook, J., Haley, A.,
et al. (1995). Circadian oscillations of cytosolic and chloroplastic free calcium
in plants. Science 269, 1863-1865. doi: 10.1126/science.7569925

Kaasik, K., and Lee, C. C. (2004). Reciprocal regulation of haem biosynthesis and
the circadian clock in mammals. Nature 430, 467-471. doi: 10.1038/nature02724

Kim, W.-Y,, Fujiwara, S., Suh, S.-S., Kim, J., Kim, Y., Han, L., et al. (2007). ZEITLUPE
is a circadian photoreceptor stabilized by GIGANTEA in blue light. Nature 449,
356-360. doi: 10.1038/nature06132

Knight, H., Thomson, A. J. W., and McWatters, H. G. (2008). SENSITIVE TO
FREEZINGS integrates cellular and environmental inputs to the plant circadian
clock. Plant Physiol. 148, 293-303. doi: 10.1104/pp.108.123901

Koussevitzky, S., Nott, A., Mockler, T. C., Hong, E, Sachetto-Martins, G., Surpin,
M., et al. (2007). Signals from chloroplasts converge to regulate nuclear gene
expression. Science 316, 715-719. doi: 10.1126/science. 1140516

Krebs, M., Held, K., Binder, A., Hashimoto, K., Den Herder, G., Parniske, M.,
et al. (2012). FRET-based genetically encoded sensors allow high-resolution
live cell imaging of Ca®* dynamics. Plant J. 69, 181-192. doi: 10.1111/1.1365-
313X.2011.04780.x

Lanquar, V., Grossmann, G., Vinkenborg, J. L., Merkx, M., Thomine, S., and
Frommer, W. B. (2014). Dynamic imaging of cytosolic zinc in Arabidopsis roots
combining FRET sensors and RootChip technology. New Phytol. 202, 198-208.
doi: 10.1111/nph.12652

Lebaudy, A., Vavasseur, A., Hosy, E., Dreyer, L., Leonhardt, N., Thibaud, J.-B., et al.
(2008). Plant adaptation to fluctuating environment and biomass production
are strongly dependent on guard cell potassium channels. Proc. Natl. Acad. Sci.
U.S.A. 105, 5271-5276. doi: 10.1073/pnas.0709732105

Liu, T., Carlsson, J., Takeuchi, T., Newton, L., and Farré, E. M. (2013). Direct
regulation of abiotic responses by the Arabidopsis circadian clock component
PRR7. Plant J. 76, 101-114. doi: 10.1111/tpj.12276

Love, J., Dodd, A. N., and Webb, A. A. R. (2004). Circadian and diurnal calcium
oscillations encode photoperiodic information in Arabidopsis. Plant Cell 16,
956-966. doi: 10.1105/tpc.020214

Malapeira, J., Khaitova, L. C., and Mas, P. (2012). Ordered changes in histone
modifications at the core of the Arabidopsis circadian clock. Proc. Natl. Acad.
Sci. U.S.A. 109, 21540-21545. doi: 10.1073/pnas.1217022110

Marti, M. C., Stancombe, M. A., and Webb, A. A. R. (2013). Cell- and stimulus
type-specific intracellular free Ca** signals in Arabidopsis. Plant Physiol. 163,
625-634. doi: 10.1104/pp.113.222901

Noordally, Z. B., Ishii, K., Atkins, K. A., Wetherill, S. J., Kusakina, J., Walton, E. J.,
etal. (2013). Circadian control of chloroplast transcription by a nuclear-encoded
timing signal. Science 339, 1316-1319. doi: 10.1126/science.1230397

Perea-Garcia, A., Andrés-Colds, N., and Pefarrubia, L. (2010). Copper homeostasis
influences the circadian clock in Arabidopsis. Plant Signal. Behav. 5, 1237-1240.
doi: 10.4161/psb.5.10.12920

Ravet, K., Touraine, B., Boucherez, J., Briat, J. E, Gaymard, F, and Cellier, E (2009).
Ferritins control interaction between iron homeostasis and oxidative stress in
Arabidopsis. Plant . 57, 400-412. doi: 10.1111/j.1365-313X.2008.03698.x

Salomé, P. A., Oliva, M., Weigel, D., and Kramer, U. (2013). Circadian clock adjust-
ment to plant iron status depends on chloroplast and phytochrome function.
EMBO J. 32, 511-523. doi: 10.1038/emb0;.2012.330

Sanchez-Villarreal, A., Shin, J., Bujdoso, N., Obata, T., Neumann, U,, Dy, S. X,
etal. (2013). TIME FOR COFFEE is an essential component in the maintenance
of metabolic homeostasis in Arabidopsis thaliana. Plant J. 76, 188-200. doi:
10.1111/tp;j.12292

Sheolnick, S., and Keren, N. (2006). Metal homeostasis in cyanobacteria and
chloroplasts. Balancing benefits and risks to the photosynthetic apparatus. Plant
Physiol. 141, 805-810. doi: 10.1104/pp.106.079251

Shikanai, T., Miiller-Moulé, P., Munekage, Y., Niyogi, K. K., and Pilon, M. (2003).
PAAL1, a P-type ATPase of Arabidopsis, functions in copper transport in chloro-
plasts. Plant Cell 15, 1333-1346. doi: 10.1105/tpc.011817

Smith, A. M., and Stitt, M. (2007). Coordination of carbon supply and plant growth.
Plant Cell Environ. 30, 1126-1149. doi: 10.1111/j.1365-3040.2007.01708.x

Song, Y. H,, Ito, S., and Imaizumi, T. (2010). Similarities in the circadian clock
and photoperiodism in plants. Curr. Opin. Plant Biol. 13, 594-603. doi: 10.1016/
j.pbi.2010.05.004

Sweeney, B. M., and Folli, S. I. (1984). Nitrate deficiency shortens the circadian
period in Gonyaulax. Plant Physiol. 75, 242-245. doi: 10.1104/pp.75.1.242

Takase, T., Ishikawa, H., Murakami, H., Kikuchi, J., Sato-Nara, K., and Suzuki, H.
(2011). The circadian clock modulates water dynamics and aquaporin expres-
sion in Arabidopsis roots. Plant Cell Physiol. 52, 373-383. doi: 10.1093/pcp/
pcql98

Varotto, C., Maiwald, D., Pesaresi, P, Jahns, P., Salamini, E, and Leister, D. (2002).
The metal ion transporter IRT1 is necessary for iron homeostasis and efficient
photosynthesis in Arabidopsis thaliana. Plant J. 31, 589-599. doi: 10.1046/j.1365-
313X.2002.01381.x

Versaw, W. K., Harrison, M. J., Samuel, T., Noble, R., and Parkway, S. N. (2002).
A chloroplast phosphate transporter, PHT2;1, influences allocation of phosphate
within the plant and phosphate-starvation responses. Plant Cell 14, 1751-1766.
doi: 10.1105/tpc.002220

Vert, G., Grotz, N., Dédaldéchamp, E, Gaymard, E, Guerinot, L., Briat, ], et al.
(2002). IRT1, an Arabidopsis transporter essential for iron uptake from the soil
and for plant growth. Plant Cell 14, 1223-1233. doi: 10.1105/tpc.001388

Wang, G. Y., Shi, J. L., Ng, G., Battle, S. L., Zhang, C., and Lu, H. (2011). Circa-
dian clock-regulated phosphate transporter PHT4;1 plays an important role in
Arabidopsis defense. Mol. Plant 4, 516-526. doi: 10.1093/mp/ssr016

Wang, Y., and Wu, W.-H. (2013). Potassium transport and signaling in higher plants.
Annu. Rev. Plant Biol. 64, 451-476. doi: 10.1146/annurev-arplant-050312-
120153

Wenden, B., Toner, D. L. K., Hodge, S. K., Grima, R., and Millar, A. J. (2012). Spon-
taneous spatiotemporal waves of gene expression from biological clocks in the
leaf. Proc. Natl. Acad. Sci. U.S.A. 109, 6757-6762. doi: 10.1073/pnas.1118814109

Woodson, J. D., Perez-ruiz, J. M., and Chory, J. (2011). Heme synthesis by plastid
Ferrochelatase I regulates nuclear gene expression in plants. Curr. Biol. 21,
897-903. doi: 10.1016/j.cub.2011.04.004

Yin, L., Wu, N, Curtin, J. C., Qatanani, M., Szwergold, N. R., Reid, R. A., et al. (2007).
Rev-erba, a heme sensor that coordinates metabolic and circadian pathways.
Science 318, 1786-1789. doi: 10.1126/science.1150179

Zhang, H., Zhao, X,, Li, J,, Cai, H., Deng, X. W, and Li, L. (2014). MicroRNA408
is critical for the HY5-SPL7 gene network that mediates the coordinated
response to light and copper. Plant Cell 26, 4933-4953. doi: 10.1105/tpc.114.
127340

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

Copyright © 2015 Haydon, Romdn and Arshad. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

April 2015 | Volume 6 | Article 299


http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

	Nutrient homeostasis within the plant circadian network
	Introduction
	Carbon
	Macronutrients: Nitrogen, Phosphorous, and Sulfur
	Macronutrient Ions: Calcium, Magnesium, and Potassium
	Micronutrients: Copper and Iron
	Conclusion
	Author Contributions
	Acknowledgments
	References


