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Plants need to avoid carbon starvation and resultant growth inhibition under fluctuating light environments to ensure optimal growth and reproduction. As diel patterns of carbon metabolism are influenced by the circadian clock, appropriate regulation of the clock is essential for plants to properly manage their carbon resources. For proper adjustment of the circadian phase, higher plants utilize environmental signals such as light or temperature and metabolic signals such as photosynthetic products; the importance of the latter as phase regulators has been recently elucidated. A mutant of Arabidopsis thaliana that is deficient in phase response to sugar has been shown, under fluctuating light conditions, to be unable to adjust starch turnover and to realize carbon homeostasis. Whereas, the effects of light entrainment on growth and survival of higher plants are well studied, the impact of phase regulation by sugar remains unknown. Here we show that endogenous sugar entrainment facilitates plant growth. We integrated two mathematical models, one describing the dynamics of carbon metabolism in A. thaliana source leaves and the other growth of sink tissues dependent on sucrose translocation from the source. The integrated model predicted that sugar-sensitive plants grow faster than sugar-insensitive plants under constant as well as changing photoperiod conditions. We found that sugar entrainment enables efficient carbon investment for growth by stabilizing sucrose supply to sink tissues. Our results highlight the importance of clock entrainment by both exogenous and endogenous signals for optimizing growth and increasing fitness.
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INTRODUCTION

Plants are inevitably exposed to daily and seasonal variations in light environments. To continuously grow in fluctuating environments, it is crucial for plants to stably supply carbon resources for respiration and growth. Plant growth in the day is supported by the supply of photosynthates, particularly soluble sugars such as sucrose that are transported from photosynthetic leaves (source tissues) to sink tissues (e.g., roots). Plants grow even in nighttime using carbon resources accumulated during the preceding daytime. Arabidopsis thaliana, a model plant, partitions a large fraction of assimilated carbon into insoluble starch, which is degraded at night to produce sucrose (Smith and Stitt, 2007; Stitt and Zeeman, 2012). Because early exhaustion of starch results in carbon starvation and ensuing growth inhibition (Graf et al., 2010; Yazdanbakhsh et al., 2011), careful management of starch metabolism is essential to cope with daily and seasonal fluctuations of light conditions.

In A. thaliana, starch amount increases during the day at an almost constant rate and decreases almost linearly at night (Caspar et al., 1985; Gibon et al., 2004; Smith et al., 2004; Lu et al., 2005). Plants in shorter photoperiods accumulate starch more rapidly during the day and degrade it more slowly at night than in longer photoperiods (Lu et al., 2005). Plants also adjust the rate of starch degradation immediately in response to an unexpectedly early or late onset of night (Lu et al., 2005; Graf et al., 2010; Scialdone et al., 2013). The circadian clock underlying the approximately 24-h cycle of biological processes is implicated in the control of starch metabolism (Graf and Smith, 2011). Wild type A. thaliana (Ws) exhausts starch reserves about 24 h after the last dawn even under non-24 h light/dark cycles (T-cycles) (Graf et al., 2010), indicating that the timing of starch exhaustion is programmed by the circadian clock. In the circadian clock mutant cca1/lhy, in which the functional clock has a period of about 17 h (Locke et al., 2005), the depletion of starch occurs prematurely under a 24-h T-cycle but coincides with dawn under a 17-h T-cycle (Graf et al., 2010). These studies suggest that coordination of the internal timing of starch turnover with environmental cycles is necessary to avoid carbon starvation.

Phase adjustment of the circadian clock to external stimuli such as light or temperature is fundamental for synchronizing biological processes with environments (Johnson et al., 2003). In addition to signals from the external environment, endogenous signals such as photosynthates are also important regulators of the circadian phase in A. thaliana. We previously reported that phase adjustment by sugar is necessary for plants to flexibly regulate carbon metabolism in fluctuating light environments (Seki et al., 2017). We developed a phase oscillator model describing phase regulation of the circadian clock by sucrose. This model predicted that phase adjustment of the circadian clock by sucrose is crucial for homeostatic regulation of carbon resources. These theoretical predictions were confirmed by physiological experiments using the mutant pseudoresponse regulator 7–11 (prr7–11), the circadian clock of which does not show clear phase response to sucrose pulse (Haydon et al., 2013).

Whereas, clock entrainment by exogenous signals such as light has been shown to be advantageous for competition and survival in several organisms (Woelfle et al., 2004; Dodd et al., 2005), the advantages of clock entrainment by photosynthetic products remain elusive. Here we theoretically evaluate the effects of clock entrainment by sugar on plant growth, a good proxy for plant fitness (Younginger et al., 2017). We extended the phase oscillator model for the circadian clock (Seki et al., 2017) by incorporating growth dynamics of sink tissues, including shoot apical meristems and roots. Growth dynamics are described by modeling phloem transportation of sucrose from source to sink tissues (Seki et al., 2015; Satake et al., 2016). We demonstrate that plant growth is facilitated by endogenous sugar entrainment under long photoperiods because the entrainment enables the stable supply of sucrose from source to sink tissues irrespective of light fluctuation. In short photoperiods, however, the effect of sugar entrainment on growth is negligibly small. Our results provide important theoretical evidence that circadian-phase adjustment by endogenous signals is advantageous for plant growth.

MODEL AND METHODS

To investigate the effect of clock regulation by sugar on plant growth, we integrated two previously developed models, one describing the dynamics of starch and sucrose metabolism in source leaves (Seki et al., 2017) and the other growth of sink tissues dependent on phloem transportation of sucrose from source tissues (Seki et al., 2015; Satake et al., 2016). Photosynthetic products in the source leaf are partitioned into sucrose and starch (Seki et al., 2017; Figure 1A). Sucrose in the source leaf is loaded into the phloem, moves through the phloem tube, and is unloaded at sink tissues where it is used for respiration and growth (Seki et al., 2015; Satake et al., 2016; Figures 1B–D). These two models were coupled by incorporating a term that represents sucrose translocation from source to sink. We explain the detailed structures of each component of our new integrated model in the following sections. We consider two sink tissues, the shoot and root apical meristems (SAM and RAM, respectively), because plant growth and development mainly occur in these organs (Figure 1C). Our model can be extended to the structure including multiple sinks in the complex phloem network as studied previously (Seki et al., 2015; Satake et al., 2016).
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FIGURE 1. Model describing sugar dynamics in source and sink tissues and translocation of sucrose through the phloem tube. (A) In a source leaf, the circadian clock and carbon metabolism are reciprocally regulated. (B) Translocated sucrose is used for growth and respiration in the sink. Each structural component is expressed by a cylinder of radius rX and height lX, where X is either G (source), T (tube), or Y (sink). (C) Tubal structure of the model. pi represents hydrostatic pressure at the apex of component i (i ϵ {0,…, 5}). Xylem adjacent to the phloem tube is also schematized. SAM, shoot apical meristem; RAM, root apical meristem. (D) Fluxes in the model. Red arrows (Ji) indicate phloem sap flow. Light blue arrows (wi) indicate pure water flow due to osmosis, which occurs at the region represented by light blue circles.



Sugar Dynamics in Source Leaves and Sink Tissues

Source Leaves

In source leaves (Figure 1A), carbon is assimilated by photosynthesis at a rate a during the light period. The length of the light period is given by τL. A fraction γ of total photoassimilates is partitioned into starch (C) for storage and a fraction 1 − γ is partitioned into sucrose (SG). Sucrose is consumed for respiration at a rate hG and for transportation at a rate ηG. Starch is degraded into sucrose at a rate β, which is assumed to be under the control of the circadian clock and thus is a function of the phase ϕ of the circadian oscillator (Seki et al., 2017). These processes are formalized as follows:
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where L(t) indicates the light condition (defined as 1 under light and 0 under dark) and κ is a constant. Starch reserve is accumulated during the light period at a rate determined by balance between aγ and βCκ. The starch degradation rate β(ϕ) is assumed to show diel oscillation due to regulation by the circadian clock. We assume that β(ϕ) shows a peak at dawn and a trough at the subjective dusk ϕ* because a previous study showed that this oscillation pattern is ideal to minimize fluctuations in the sucrose supply to sinks (Figure S1A; Seki et al., 2017).

In the previous model (Seki et al., 2017), transportation of sucrose from source leaves was assumed to be constant. In our new model, sucrose transportation is assumed to occur based on the pressure-flow hypothesis (Münch, 1930) with an assumption that the flux in phloem obeys the Hagen–Poiseuille law (Supplementary Material, section 1). Sucrose dynamics are now described both in the source leaves and phloem tubes. At the source leaves, sucrose is loaded into the adjacent phloem tube at a rate ηG (Figure 1A). At the phloem tube, loaded sucrose is transported to sink tissues (see Supplementary Material, section 1 for detailed explanation). The dynamics of sucrose concentration at the phloem tube adjacent to the source (g0) is given by
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where g1(t)[–J1(t)]+ − g0(t)[J1(t)]+ describes the rate of sucrose change due to flux J1(t) at phloem tube 1 (Figures 1C,D). g1 and V0 represent sucrose concentration at tube 1 and the volume of tube 0, respectively (Figure 1C).

Similar to the previous model (Seki et al., 2017), the phase ϕ of the circadian oscillator is modeled by
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where ω is the angular frequency of the oscillator. The term ZL(ϕ)fL([image: image]) represents the effect of light stimulus, which is assumed to reset the phase to 0 at dawn and to τL at dusk (Seki et al., 2017). ZS(ϕ) is a phase response curve (PRC) to a sucrose pulse showing phase advance until ϕ = ϕ* and phase delay thereafter as previously determined (Figure S1B; Seki et al., 2017). Sugar input fS (Supplementary Material, section 2) is defined by the Hill function of the rate of change in sucrose level (i.e., [image: image]). The functions of ZS(ϕ) and fS have been demonstrated to be optimal for minimizing sucrose fluctuation (Seki et al., 2017). We assume that the phase shift of the circadian clock by sugar takes place only in the light period because the phase shift at night did not improve sucrose homeostasis (Seki et al., 2017).

Sink Tissues

Translocated sucrose is unloaded into the sinks at a rate ηY from the adjacent phloem tubes with sucrose concentration gi (Figure 1B). Sucrose in the sink (SY) is consumed for respiration and growth at rates hY and α(SY), respectively. These processes are formalized as follows:
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where Vi is the volume of component i (i = 4 for SAM and i = 5 for RAM; i = 1, 2, and 3 for connecting tubes between the source and sink; Figure 1C). The first and second terms in the right-hand side of Equation (5) represent the solution inflow and outflow, respectively (see Supplementary Material, section 1). The function for sucrose consumption rate for growth α(SY) will be explained in the next subsection. To clarify the effect of sugar entrainment on plant growth, we simplified the model by assuming that the sugar and growth dynamics of SAM and RAM are identical. Therefore, the values of ηY and hY as well as the parameters in α(SY) are the same in the two sinks.

Growth of Sink Tissues

Growth Dynamics

We formalized the growth kinetics of the sink tissue based on sucrose supply because a strong correlation between growth rate and sucrose supply has been reported in both the light and dark periods for A. thaliana (Sulpice et al., 2014; Mengin et al., 2017). When sugar supply is sufficient, growth is promoted by the target of rapamycin (TOR) kinase, the expression level of which correlates with A. thaliana shoot and root growth (Deprost et al., 2007; Lastdrager et al., 2014). On the contrary, Snf1-related kinase 1 (SnRK1) inhibits growth in response to low carbon availability (Baena-González and Sheen, 2008; Lastdrager et al., 2014). In addition, growth rate is likely to be saturated as sucrose supply is increased (Sulpice et al., 2014). Given these empirical findings, we assume that growth-related sucrose consumption rate is an increasing and saturating function of sucrose supply (Figure 2A):
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where αMax, ñ, and [image: image] are constants. These values are estimated using the published data of fresh biomass in A. thaliana (Caspar et al., 1985) as explained later. The rate of increase in sink fresh biomass (WY) is then described by

[image: image]

where λ is the conversion rate of sucrose for growth. Therefore, growth rate is represented by λα(SY). Since dry weight and fresh weight of A. thaliana Col-0 display qualitatively similar increase patterns (Caspar et al., 1985; Christophe et al., 2008), our model can also be applicable to the analysis of dry biomass by appropriate scaling. We tested the robustness of our results by using an alternative formalization of growth rate as a linear increasing function of sucrose (Supplementary Material, section 3; Figures S4, S5).
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FIGURE 2. (A) Sucrose consumption rate α for growth of the sink (SAM or RAM). The unit for sucrose is μmolC6 g−1FW. (B) Time evolution of growth of the wild type (black) and the starchless pgm mutant (red) grown in a 12-h photoperiod. In (B), lines represent the sum of the simulated growth of the two sinks and circles represent the published growth data (Caspar et al., 1985).



Parameter Estimation of the Sucrose Consumption Rate for Growth

The parameter values of the sucrose consumption rate α(SY) in Equation (7) were estimated by fitting the simulated growth curves to published data measuring fresh weight of A. thaliana wild type (Col-0) and the starchless phosphoglucomutase (pgm) mutant grown in a 12-h photoperiod (Caspar et al., 1985; Figure 2B). Because the number of the data is limited (data at four time points per genotype), we combine the data of both genotypes for the parameter estimation. The subjective dusk ϕ* was set to 12 h because both the wild type and pgm were likely to be completely entrained to a 12-h photoperiod in the experiment. We simulated the growth of the wild type (see next subsection) and starchless mutant using an initial value of 0.0005 at time t = 0 (corresponding to the first observation of plant fresh weight in the experiment). Because the pgm mutant does not accumulate starch, the carbon partitioning rate for starch (γ in Equations 1 and 2) was set to 0 for the mutant. The parameter values αMax, ñ, and [image: image] in Equation (7) were estimated by minimizing a following cost function:
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where [image: image] and WY,i are fresh weight at the ith time point in the experiment and the growth at corresponding times in the simulation, respectively (Figure 2B). X corresponds to the wild type and pgm mutant. As fresh weight is likely to be measured from whole plants in the experiment (Caspar et al., 1985), we used the sum (2WY,i) of the growth of SAM (WY,i) and RAM (also WY,i) for the parameter estimation.

Simulation Conditions

To evaluate the effect of clock entrainment by sugar on growth, we simulated the growth dynamics of sugar-sensitive (wild type) and sugar-insensitive (mutant) plants in constant photoperiods (ranging from 8 to 16 h) as well as under changing photoperiod conditions. The wild type adjusts the phase of the circadian clock by sugar as formalized in Equation (4), while the sugar-insensitive mutant lacks this response to sugar [i.e., fS([image: image]) in Equation (4) is zero]. Both plants respond to light signals in the same manner. Although phase regulation by sugar reduces fluctuation of carbon resources, sucrose dynamics still deviate from homeostasis in both the wild type and mutant unless these plants precisely predict the timing of dusk (i.e., ϕ* = τL; Seki et al., 2017). To investigate the effect of sucrose homeostasis on growth, we also consider an ideal plant that can maintain perfect homeostasis in a steady state in any photoperiod (hereafter termed the homeostatic plant). We previously determined the optimal function for starch degradation rate to minimize sucrose fluctuation in a given photoperiod (Seki et al., 2017). The homeostatic plant is assumed to possess these functions in each photoperiod and is simulated by setting ϕ* being equal to τL in any condition (τL ϵ(0, 24]) in contrast to the fixed value of ϕ* in the wild type and sugar-insensitive mutant (summarized in a table in Figure S1). Comparison of growth dynamics among these three plants enables us to address the differential effects of endogenous sugar entrainment and sucrose homeostasis on growth. Because SAM and RAM grow at similar rates, we present the growth dynamics of SAM as the sink growth.

Under the constant photoperiod conditions, plant growth was simulated over 10 days at various photoperiods (8, 9, 10, …, 16 h). We then compared the growth increment over 10 days among plant types by calculating the differences for the following pairs: (wild type—mutant), (homeostatic—mutant), and (homeostatic—wild type). Under the changing photoperiod conditions, plants grown for 5 days in an 8-h or 16-h photoperiod were transferred to a 16-h or 8-h photoperiod and grown for an additional 5 days (Seki et al., 2017). For the wild type and sugar-insensitive mutant, we mainly analyzed the plants with the subjective dusk ϕ* of 10 h. In addition, we also simulated 10-day growth of the plants with various values of ϕ* (8, 9, 11, 12 h) in constant photoperiods to investigate the influence of ϕ* on growth dynamics. Other parameter values are listed in Table S1. Numerical integration of the ordinary differential equations was performed with the fourth-order Runge-Kutta method using Mathematica (version 10; Wolfram Research).

RESULTS

When the plants are grown in a constant photoperiod, the growth of the sink (SAM or RAM) of the all three types increases as the photoperiod is lengthened (Figure 3A). The sugar-sensitive wild type and homeostatic plant grow significantly faster than the sugar-insensitive mutant under long days (Figure 3B). When photoperiod is shorter than 12 h, the growth difference between the mutant and the others almost disappears. Growth of the wild type is slower than that of the homeostatic plant in long photoperiods (Figure 3B), suggesting that the minimization of sucrose fluctuation is the most effective strategy for efficient growth under these conditions. We confirmed the robustness of our results under different parameter values for carbon metabolism (Figure S2) as well as for the phloem tube network (Figure S3).
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FIGURE 3. (A) Growth of the sink (SAM or RAM) of the mutant, wild type, and homeostatic plant over 10 days under constant photoperiod conditions. (B) Growth difference between the wild type and mutant (upper), between the homeostatic and mutant (middle), and between the homeostatic and wild type (lower).



Under a long day (16 L/ 8 D), sucrose levels in the source and sink (SAM or RAM) are highly variable in the sugar-insensitive mutant, moderately variable in the wild type, and almost constant in the homeostatic plant (Figures 4A,B). Diel patterns of growth reflect sucrose profiles in the sink, revealing a substantially lower growth rate during the evening in the mutant and a moderately lower growth rate during the evening in the wild type compared to the homeostatic plant (Figure 4C). The difference in evening growth rate is the major reason for differential growth among the three plant types in a long photoperiod. The mutant accumulates the largest amount of starch, with some amount unused even at the end of night (Figure 4D), indicating inefficient translocation of carbon. In contrast, the wild type accumulates less starch than the mutant and invests a larger amount of photoassimilate for growth (Figure 4D).
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FIGURE 4. Predicted profiles of (A) sucrose in the source, (B) sucrose in the sink (SAM or RAM), (C) growth rate of the sink (SAM or RAM), (D) starch, (E) phase, and (F) starch degradation rate of the plants grown in a 16-h photoperiod. The unit for sucrose and starch is μmolC6 g−1FW. White background, light period; Gray background, dark period.



The different sucrose, starch, and growth profiles between the wild type and sugar-insensitive mutant are caused by the clock plasticity in response to sugar. The decrease in sucrose levels at dawn (Figure 4A) is sensed by the wild type as a negative sugar signal, driving a phase delay of the circadian oscillator (Figure 4E). This phase delay in the morning increases the starch degradation rate during the light period (Figure 4F), resulting in elevation of the sucrose level (Figure 4A) and decrease of the starch level (Figure 4D). Such a phase shift in the circadian oscillator does not occur in the mutant (Figure 4E). Excessively high sucrose in the mutant around dawn (Figure 4B) does not significantly contribute to growth (Figure 4C) due to the saturating property of the growth-related sucrose consumption rate α (Figure 2A), while the sucrose decrease around dusk substantially reduces growth rate since at this low level α is almost linearly dependent on sucrose.

Under a short day (8 L/16 D; Figure 5), the wild type and sugar-insensitive mutant show the similar sugar and growth dynamics as reported previously (Seki et al., 2017). The elevation of sucrose at dawn (Figure 5A) gives rise to a positive sugar signal and resultant phase advance in the wild type (Figure 5E). However, this phase shift does not substantially change the starch degradation rate (Figure 5F), so the sugar and growth dynamics are almost the same for the wild type and mutant (Figures 5A–D). The homeostatic plant displays distinct growth dynamics (Figure 5C). Nevertheless, the difference in 10-day growth among plants is very small in the short photoperiod (Figure 3B). Since all three plants fix less carbon per day compared to under long day conditions, sucrose concentration is low both in the source and sink (Figures 5A,B). This leads to a slow growth rate due to low supply of sucrose. Because all three plants are limited by sucrose under short day conditions, the growth difference among them is indistinguishably small.
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FIGURE 5. Predicted profiles of (A) sucrose in the source, (B) sucrose in the sink (SAM or RAM), (C) growth rate of the sink (SAM or RAM), (D) starch, (E) phase, and (F) starch degradation rate of the plants grown in an 8-h photoperiod. Details are as in the legend to Figure 4.



We examined the effect of the timing of the subjective dusk ϕ* on growth dynamics of the wild type (Figures 6, 7). Changes in ϕ* do not markedly alter the values of 10-day growth of the sink and its difference among plant types (Figure 6). On the other hand, growth rate is strongly dependent on the timing of both the internal and external dusk. When the external dusk occurs later than the internal dusk (i.e., the length of the light period τL is larger than ϕ*), the growth rate peaks around dawn and decreases around dusk (Figures 4C, 7). As the photoperiod is shortened, amplitude of growth rate decreases and eventually becomes almost zero. When the value of τL is smaller than ϕ*, the opposite growth pattern is observed, with a peak around dusk and a trough around dawn (Figures 5C, 7).
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FIGURE 6. (A) 10-day growth of the sink (SAM or RAM) of the mutant, wild type, and homeostatic plant, and (B) growth differences among the plants at various values of the subjective dusk ϕ*.
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FIGURE 7. Comparison of growth rate of the sink (SAM or RAM) of the wild type at various values of the subjective dusk ϕ*. In each panel, growth dynamics in various photoperiods is represented. Different colors correspond to different light conditions (upper left panel).



When the plants are transferred from long to short or short to long days, the growth of the wild type and homeostatic plant are consistently higher than that of the sugar-insensitive mutant (Figure 8A). All three plants are able to restore normal sugar and growth dynamics in about 2 days after the transfer, although the dynamics are complex immediately after the photoperiod change (Figure 8B). Therefore, the growth differences under these conditions may reflect the results under the constant photoperiod conditions that growth of the mutant is inferior to the others especially under a long day (Figure 3). Note that the dynamics of other variables such as sucrose in source were reported in a previous study (Seki et al., 2017).
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FIGURE 8. (A) Growth of the sink (SAM or RAM) of the mutant, wild type, and homeostatic plant transferred from an 8-h to 16-h photoperiod (left) and from a 16-h to 8-h photoperiod (right) and the growth difference among the plants. Color codes as in Figure 3A. (B) Predicted profiles of sucrose in the sink and growth rate around the photoperiod change. Details are as in the legend to Figure 4.



DISCUSSION

Our results provide the first theoretical evidence that clock entrainment by photosynthetic products improves the fitness of higher plants. The sugar-sensitive wild type is predicted to grow faster than the sugar-insensitive mutant under long day conditions (Figure 3) because the phase shift of the circadian oscillator by sugar signals enables efficient sugar allocation for growth, while the mutant accumulates carbon as insoluble starch unusable for growth. The growth of the wild type is also higher than the mutant under changing photoperiod conditions (Figure 8A). Since the wild type and mutant are assumed to possess the same entrainment property to light, the lower growth in the mutant stems solely from the lack of sugar-induced phase adjustment. These results suggest that clock entrainment by endogenous sugar signals, in addition to entrainment by exogenous light signals, optimizes plant growth in nature, where the day length gradually changes.

Our results also provide important information about the internal timing of plants. Our model predicts that the growth pattern of the wild type displays a maximum around dawn and a minimum around dusk in a 16-h photoperiod (Figure 4C) or more generally under conditions where the value of τL (length of the light period) is larger than ϕ* (timing of the subjective dusk) (Figure 7). When the value of τL is smaller than ϕ*, the pattern is reversed (Figure 5C where τL = 8 h and ϕ* = 10 h; Figure 7). Yazdanbakhsh et al. (2011) reported, in both 16-h and 8-h photoperiods, a similar diel pattern in root elongation growth of A. thaliana (Col-0), which possibly correlates with fresh biomass change since both growth measures consider dry matter production and water content. These findings imply that ϕ* of this accession is about 8 h. This idea is consistent with the PRC of the same accession to a sucrose pulse showing a transition from phase advance to delay, which corresponds to the phase ϕ*, at 6–10 h zeitgeber time (Haydon et al., 2013; Seki et al., 2017). These data suggest that a relatively short light period is subjectively anticipated by this accession. Other ecotypes of A. thaliana that anticipate later subjective dusk (i.e., large ϕ*) will display the inversed growth pattern in a short photoperiod and later phase advance-to-delay transition of the sucrose-pulsed PRC.

Numerous mathematical models on growth of various plants have been developed (e.g., Thornley and Johnson, 1990; Chew et al., 2014, 2017; Feller et al., 2015; Barillot et al., 2016a,b). Among them, two multiscale models of A. thaliana include the circadian clock sub-model and are able to quantitatively predict growth (Chew et al., 2014, 2017). Because the phase of the clock is dynamically regulated by sugar signals in our model and such phase adjustment is not considered in the previous models (Chew et al., 2014, 2017), only our model enables us to evaluate the impact of phase regulation by sugar on plant growth. Our model correctly predicts the empirical finding that wild type A. thaliana (Col-0) and the mutant prr7–11 in which phase response to sugar is abolished grow similarly in a 12-h photoperiod (Chew et al., 2017; Figure 3). We suggest that this is due to the relatively weak impact of sugar entrainment on growth, as our modeling results show that the sugar-induced phase shift has less effect on growth dynamics in shorter photoperiods (Figure 5). These considerations are reminiscent of the empirical finding that response of A. thaliana to induced increases in trehalose-6-phosphate, a potential signal metabolite of sucrose status, was more intense in a 16-h photoperiod than in a 12-h photoperiod (Figueroa et al., 2016). Our model also predicts significantly faster growth of the wild type than the sugar-insensitive mutant under long day conditions (Figure 3), which will be experimentally tested using wild type A. thaliana and prr7–11. Wild type is likely to grow faster than prr7–11 under long day conditions because the latter accumulates more starch than the former in a 16-h photoperiod (Seki et al., 2017) which implies that prr7–11 can utilize less sucrose for growth than wild type. However, it should be noted that mutation of PRR7 affects not only sugar signaling but also light signaling in the plant circadian system (Kaczorowski and Quail, 2003; Farré et al., 2005), and thus the growth characteristics of prr7–11 can be influenced by variations in light as well as sugar entrainment. Nevertheless, sugar entrainment is likely to be a dominant factor because our previous study has theoretically shown that the deficient in sugar signaling only is sufficient to correctly predict patterns of starch turnover of prr7–11 (Seki et al., 2017).

There are several possibilities to expand our model. We used a constant rate a for carbon capture, which was determined in a previous study based on experiments where nutrient levels were controlled (Gibon et al., 2004; Feugier and Satake, 2013). In higher plants, however, it has been demonstrated that sugar accumulation downregulates photosynthesis, possibly through decreased activity of Rubisco (Araya et al., 2006; Ribeiro et al., 2012; Quentin et al., 2013; Lobo et al., 2015). Formalizing the carbon capture rate as a decreasing function of sucrose concentration could reduce the growth of the sugar-insensitive mutant under long day conditions due to the very high sucrose level around dawn (Figures 4A,B). Regarding circadian clock properties, we considered a circadian oscillator with a period of 24 h (i.e., ω = 1). A recent study has reported a positive correlation between the free-running period of natural populations of Mimulus guttatus and the latitude of their geographic origin (Greenham et al., 2017). In A. thaliana, a similar but weak correlation has been found (Michael et al., 2003), although advantages of such variation in the period remain elusive. Growth simulations of plants with fast- and slow-running clocks could potentially reveal the adaptive value of natural variation in the circadian period in terms of growth optimization. Moreover, we can consider the possibility that two or more clock genes are involved in the phase response to sugar, where each gene can have differential responsiveness. Although the crucial role of PRR7 in the response has been established (Haydon et al., 2013), other clock genes could participate in it; for instance, CCA1 will be a good candidate, mutation of which disrupts the dependency of the circadian period on sucrose concentration in growth media (Haydon et al., 2013). To examine this possibility, the single phase oscillator will be expanded to coupled two or multiple oscillators model, in which each phase oscillator is defined with different PRC to sucrose and sugar input function (ZS and fS in Equation (4), respectively). Alternative way is to use the clock gene-regulatory network model (Fogelmark and Troein, 2014; De Caluwé et al., 2016) with the explicit formalization of the interaction between clock genes and sugar signals.

We conclude that plants optimize growth by monitoring nutrient status and utilizing endogenous sugar signals as circadian-phase regulators. Photosynthetic products act not only as direct growth substances but also as feedback signals to the clock to realize the efficient carbon-usage for growth. It is plausible that plants as sessile organisms utilize signals from metabolism because they seem more controllable than environmental signals. In this sense, the phase regulation by endogenous signals is potentially even more important for plants than animals that also utilize metabolic signals as zeitgebers (Woller et al., 2016). Our data strongly support the concept that the circadian clock improves the fitness of organisms by forming complex feedback loops with the signaling pathways it controls (Sanchez and Kay, 2016).
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