An early-morning gene network controlled by phytochromes and cryptochromes regulates photomorphogenesis pathways in Arabidopsis
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Abstract:
Light perception at dawn plays a key role in coordinating multiple molecular processes and in entraining the plant circadian clock. An Arabidopsis mutant lacking the main photoreceptors however still shows clock entrainment, indicating that the integration of light into the morning transcriptome is not well understood.  We performed a high-resolution RNA-seq time series experiment, sampling every two-minutes from dawn. In parallel experiments, we perturbed temperature, the circadian clock, photoreceptor signalling and chloroplast-derived light signalling.  We used this data to infer a gene network that describes the gene expression dynamics after light stimulus in the morning, and then we validated key edges. By sampling time points at high density, we are able to identify three light- and temperature-sensitive bursts of transcription factor activity, one of which lasts for only about eight minutes.  Phytochrome and cryptochrome mutants cause a delay in the transcriptional bursts at dawn, and completely remove a burst of expression in key photomorphogenesis genes (HY5 and BBX family).  Our complete network is available online (http://www-users.york.ac.uk/~de656/dawnBurst/dawnBurst.html).  Taken together, our results show that phytochrome and cryptochrome signaling is required for fine-tuning the dawn transcriptional response to light, but separate pathways can robustly activate much of the programme in their absence. 
Introduction
Light at dawn is a major cue enabling plants to entrain circadian gene expression programmes, coordinate developmental processes such as elongation growth and anticipate likely daytime stresses. Transcripts that are induced at dawn include genes involved in responses to drought (Grundy et al., 2015), and heat (Dickinson et al., 2018), as well as in anthocyanin biosynthesis (Seaton et al., 2018). In addition to abiotic stresses, Arabidopsis is also less susceptible to biotic stresses such as certain fungal pathogens in the morning, which is linked to jasmonic acid signalling (Ingle et al., 2015). Phytohormone genes in general represent another set of dawn-expressed genes and are essential for controlling the diurnal rhythm of growth, and many of these genes feature a G-box motif in their promoter (Michael et al., 2008). Consistent with this, a large set of genes with G-box promoter motifs that are expressed within one hour of dawn including many that are involved in phytohormone signalling and in response to metals (Ezer et al., 2017b). 
Light at dawn plays a key role for entraining the circadian clock (Millar, 2004; P. A. Salomé and McClung, 2005; Webb et al., 2019), a process that is further contributed to by changes in temperature (Gil and Park, 2019) and even humidity (Mwimba et al., 2018). Despite the physiological importance of these responses, how light at dawn entrains the clock is not fully understood. Red- and blue-light sensors – including phytochrome A (phyA), phyB and cryptochrome 1 (cry1) – are involved in entrainment (Devlin and Kay, 2000; Hall et al., 2002; Salomé et al., 2002; Somers et al., 1998), while blue-light receptors of the zeitlupe (ztl) family also have clock-associated functions, but appear to be more relevant at later times during the day and at dusk (Christie et al., 2015; Suetsugu and Wada, 2013). In addition to clock entrainment, phytochromes and cryptochromes are also core regulators of photoperiodism and photomorphogenesis (Franklin et al., 2005; Jackson, 2009; Kami et al., 2010). phyA in particular has been reported as a key sensor of dawn and photoperiod and is essential for the induction of the core circadian clock component PSEUDO RESPONSE REGULATOR 9 (PRR9) (Seaton et al., 2018). PRR9 and PRR7 together with the MYB transcription factors CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY) constitute the morning loop of the circadian clock (Creux and Harmer, 2019).
Many higher order mutants of photoreceptor or clock genes disrupt the gating of hypocotyl growth and photoperiodic regulation of flowering, but have limited effects on entrainment: a phyA phyB cry1 cry2 mutant still displays a functional clock (Yanovsky et al., 2000) while clock mutants such as cca1 lhy and prr7 prr9 retain rhythmicity in many clock outputs under light:dark photocycles (Farré et al., 2005; Mizoguchi et al., 2002), suggesting that other pathways contribute to the entrainment and dawn-induced gene expression. Indeed, photosynthesis and sugar production can also entrain the circadian clock, producing a second ‘metabolic dawn’ (Haydon et al., 2013) and a chloroplast-derived light signal is known to gate the expression of thermotolerance genes that peak after dawn via HEAT SHOCK FACTOR A1 (HSFA1) transcription factors (Dickinson et al., 2018). 
To understand the burst of gene expression in response to light in the morning, we performed a highly resolved RNA-seq time series. We find five distinct transcriptional waves within the first two hours of the morning and characterise how each wave of expression responds to temperature elevation and light signals during the night and subjective day. By analysing a photoreceptor mutant (phyA phyB cry1 cry2), a circadian clock mutant (prr5 prr7 prr9), and a mutant impaired in chloroplast light/temperature signalling (hsfa1QK), we reveal that the dawn burst is not globally controlled by a single pathway, but that partially distinct subsets of dawn genes are perturbed in each of these mutant backgrounds. Furthermore, we infer a gene regulatory network and validate edges using DNA binding data. We find that ELONGATED HYPOCOTYL 5 (HY5) and B-BOX PROTEIN 31 (BBX31) are among the TFs that are predicted to regulate multiple expression waves, and that HY5 and multiple BBX genes constitute a dawn subnetwork that is controlled by phytochromes and cryptochromes to finetune photomorphogenic and photoperiodic responses in the early morning.
[bookmark: results]Results
[bookmark: there-is-a-burst-of-gene-expression-of-d]There is a burst of gene expression of DNA binding proteins at dawn
Since many groups of genes have been shown to have a dawn peak, we investigated how extensive this behaviour is, and the extent to which genes encoding transcriptional regulators also exhibit a peak in expression (Table S1).  In previous 24 h RNA-seq time courses (Ezer et al., 2017a; Jung et al., 2016), we observe that 39% of all genes encoding DNA binding proteins peak immediately before (ZT0) or an hour after dawn (ZT1) (Figure S1A). Genes related to abiotic stresses (Grundy et al., 2015; Dickinson et al., 2018) and the phytohormones abscisic acid (ABA), auxin and brassinosteroid (BR) (Michael et al. (2008) were previously found to display increased expression in the morning. Consistent with these studies, we found that there is a significant enrichment for ABA and ethylene-linked DNA binding proteins that have maximal expression in this time period compared to other DNA binding proteins (58% and 55%, p<0.005 in both cases using a Fisher Exact test with Bonferroni correction), (Figure 1A i, ii).  There was also an enrichment for DNA-binding proteins that are associated with GO terms related to light (53%, p<0.02) and stress (55%, p<0.002) (Figure 1A iii, iv).  However, we found no significant enrichment for auxin or BR in the morning, which differs from observations by Michael et al. (2008), and neither were circadian clock-associated DNA binding proteins enriched, which is expected since only a subset of circadian genes are active in the morning (Figure S1A).  
[bookmark: there-are-multiple-waves-of-gene-express]Intriguingly, while phytochromes are important for light entrainment (Somers et al., 1998), light entrainment of most transcripts is not lost in the phyABCDE background. DNA binding factors with a peak in gene expression in the hour after dawn still largely show a peak in expression in phyABCDE, although these are somewhat perturbed and several individual genes show a large fold-change of expression (Figure 1B). Since genes with a peak in expression immediately before dawn show increased expression in phyABCDE before and after dawn we conclude that phytochromes may play a more important role in inhibiting nighttime genes than activating morning genes. We observe the same trends in a mutant of the evening clock gene EARLY FLOWERING 3 (ELF3), which is consistent with both pathways mainly controlling nighttime gene expression (Ezer et al., 2017a) (Figure S1B). 
There are multiple waves of gene expression after light exposure at dawn
While many regulatory genes have peak expression at the onset of light, we do not know whether these genes are all expressed in one cluster, or whether there are separate individually resolved waves of morning gene expression. To address this, we performed a high-resolution time series experiment at the onset of light, with 25 time points sampled at 22°C (Table S2, Figure S2).  
To visualise these data, we clustered the gene expression values from the 22°C time series, focusing on genes with GO terms associated with DNA binding (see Methods and Table S3). The dawn burst consists of multiple coordinated transcript waves of genes associated with DNA binding. While there are genes whose expression levels decrease (clusters 1-2) or increase (clusters 3-4) over the time course, we observe three distinct bursts of expression. For the purposes of describing these clusters in a concise way, we will refer to them as the clusters that peak at 16-24 minutes (clusters 7-8), 18-45 minutes (clusters 9-10), and 45-105 minutes (clusters 5-6) (Figure 2A).  The full gene expression profiles can be viewed as box plots in Figure S3.  
These clusters contain many genes that are relevant to light signalling, temperature response, and immunity. Clusters 7-8 include many genes that are related to temperature, such as HEAT SHOCK FACTOR A1A (HSFA1A) and immunity genes such as the WRKY transcription factor WRKY33 and BASIC LEUCINE ZIPPER 10 (bZIP10).  This is consistent with other research that suggests that plants may be less sensitive to biotic stress at dawn (Ingle et al., 2015; Wang et al., 2011).  Interestingly, clusters 5-6 include HEAT SHOCK FACTOR B2B (HSFB2B) that suppresses the heat shock response and inhibits HSFA1A (Ikeda et al., 2011). The clusters of genes that peak at 45-105 minutes include genes that appear to be downstream of red (RVE7, HY5, JMJ22, PNT1) and blue (MYC2, MYC4, CIB2, CRY3) light signalling.   
[bookmark: the-dawn-gene-expression-waves-are-sensi]The dawn gene expression waves are sensitive to temperature and light
Given that light and temperature strongly influence the circadian clock and that many dawn burst genes are associated with both light and temperature responses, we investigated the effect of temperature and light perturbations on dawn expression waves. We repeated the high resolution RNA-seq experiment at 27°C (Table S2, Figure S2), and found that many genes continue to peak at the same time, although we detect an earlier rise in expression for clusters 7-8. In addition, we observe that the earlier expressed genes (clusters 1-2 and 7-8) have elevated expression at 27°C compared to 22°C while peak expression was lower for the later expressed genes (clusters 3-6) at 27°C (Figure 2A). Please recall that the clusters were determined using the 22°C time series only.  These results are shown in a complementary way using boxplots in Figure S4.
Previously, Rugnone et al. (2013) found sets of genes that were induced or repressed by light, and moreover they identified genes whose sensitivity to light was dependent on whether the light treatment occurred at night or during the subjective day (after an extended night).  Comparing their gene lists with ours (Figure 2B, Table S4), we find significant enrichment for light-repressed genes among early expressed genes in clusters 1-2 (p-value < 1e-14, based on Fisher exact test with Bonferroni correction).  In contrast, those genes that were expressed late in the time series or that peaked at 45-105 minutes or 18-45 minutes tended to be light-induced. We identified a number of key light signalling genes in clusters 5-6 of our high resolution time course and we find that over a third of genes within this group are light-induced.  Intriguingly, the clusters of genes that includes HSFA1A (clusters 7-8) are not enriched for light-induced genes, except for a slight enrichment for genes whose expression is induced by light at night (p-value <0.037). 
These results show that there are multiple bursts of gene expression at dawn that are differentially regulated by temperature and light, and moreover many of the dawn-expressed genes are regulated by light in a time-of-day dependent manner.
[bookmark: the-dawn-gene-expression-waves-are-delay]Late dawn gene expression waves are delayed in both phyA phyB cry1 cry2 (light signalling) and prr5 prr7 prr9 (circadian) mutants
DNA binding proteins appear to have multiple coordinated bursts of expression at dawn and these bursts are either light- or temperature-dependent or both.  To characterise the gene regulatory mechanisms that underlie these distinct bursts, we performed RNA-seq on a series of mutant strains that perturbed red- and blue-light sensitivity (phyA phyB cry1 cry2, Ler background), the circadian clock morning loop (prr5 prr7 prr9, Col-0 background) and chloroplast-derived light/temperature signals (hsfA1QK, mostly Col-0 background), all of which have been previously characterised (Nakamichi et al., 2005; Yanovsky et al., 2000; Yoshida et al., 2011). These were sampled at the most informative time points according to NITPicker (Ezer and Keir, 2019). We observe similar patterns of expression in this subset of time points as we were able to see in the original time series in Col-0 (Figure 2C). There was strong temporal autocorrelation within each time series (Figure S2A), suggesting that gene expression varied smoothly over time, and consistent gene expression patterns across Col-0 biological replicates (Figure S2B), despite different sequencing protocols being used.  To be able to detect common patterns of regulation among these genes, we re-clustered each of the five main gene groups separately (Figure S5A, Table S5).  Of 760 transcription factor genes retained in this analysis, we find that roughly 50% show similar trends in expression changes in phyA phyB cry1 cry2 and prr5 prr7 prr9 compared to the respective wild types, i.e. they either show up- or downregulation in both mutants (e.g. the large sub-clusters 1-2-III and 5-6-IX). On the other hand, approximately 200 genes show distinct expression changes in one of the two mutants, i.e. they are misregulated in only one background or show opposite trends in the two mutants (e.g. sub-clusters 3-4-IX and 5-6-X). Compared to the photoreceptor and clock mutants, fewer sub-clusters show clear misexpression in hsfa1QK, which is consistent with HSFA1 regulating many non-TF targets, in particular heat shock proteins (Dickinson et al., 2018). The mutant-specific differences in gene expression are described in depth in the legend of Figure S5A.
Thus, it appears that the circadian clock, classical light signalling via phytochromes/cryptochromes and, to a lesser degree, chloroplast-derived light signals via HSFA1 contribute to the coordination of TF gene expression in the early morning. We also note that very few genes among the early expression bursts (clusters 7-10) show reduced expression in any mutant background. This could be attributed to the fact that multiple signalling routes need to be disrupted for clear reduction to occur; however, it is likely that additional light input pathways exist that are not covered in our analysis and contribute particularly to the control of the early dawn burst.
[bookmark: an-early-morning-gene-regulatory-network]An early morning gene regulatory network
Next, we wished to identify possible regulatory links by inferring a gene regulatory network.  Since transcription and translation are distinct events, it follows that there will be a time delay between the appearance of a transcript and its cognate protein corresponding to the time required to translate the mRNA.  We therefore applied a time delay network inference method called dynGenie3 (Huynh-Thu and Geurts, 2018).  Because all large-scale network inference algorithms have large false-positive rates, we wished to confirm as many edges as possible using available DNA binding data via DAP-seq from O’Malley et al. (2016). 
Among TFs in our network with available binding data, we found that 34.3% of our high confidence edges (top 1% highest scoring edges) were consistent with DAP-seq.  In contrast, we only observed a 12.6% overlap with DAP-seq data among edges in our network that received a score of ‘0’ using dynGenie3 among TF with available DAP-seq data.  This suggests that dynGenie3 is successfully enriching for biologically plausible edges.    
From now on, we only consider the subset of the dynGenie3 network that is consistent with DAP-seq data (Figure 3A): the network consistently forms a U-shape under a force-directed layout, with early expressed genes primarily on the left side of the U and late expressed genes primarily on the right side.  These genes are enriched for photoperiodism-related GO terms, including GO terms associated with light sensing, heat response and circadian rhythms (Figure 3B).
[bookmark: section]A number of transcription factors that are known to play a role in light signalling and photomorphogenesis sit at the base of the U, linking early and late expressed genes;  these include  HY5, BBX31, CYCLING DOF FACTOR 5 (CDF5) and REVEILLE 1 (RVE1) (Figure 3A).  These transcription factors are all involved in light-controlled hypocotyl elongation (Chattopadhyay et al., 1998; Heng et al., 2019; Martín et al., 2018; Rawat et al., 2009). While RVE1 and CDF5 expression is under strong circadian control and peaks at dawn (Henriques et al., 2017; Rawat et al., 2009), HY5 and BBX31 are light-induced genes (Heng et al., 2019; Oyama et al., 1997) and their transcript levels display a strong peak post dawn in our time course data (Figure S5B). Based on the timing of their expression and their position within our network, RVE1 and CDF5 may promote expression of growth-related genes before dawn, while HY5 and BBX31 appear to coordinate the down-regulation of early dawn genes as well as the induction of subsequent transcriptional waves.  Moreover, betweenness (HY5 and BBX31 have the 12th and 13th highest values) and page rank (HY5 and BBX31 have the 6th and 3rd highest values) indicate the important position of HY5 and BBX31 within the network structure (Table S2).
HY5 is one of the most thoroughly characterised components of the light signalling pathway and, aside from its role in promoting photomorphogenesis, has been found to affect the circadian clock, temperature responses, chlorophyll and anthocyanin biosynthesis as well as nutrient uptake (Gangappa and Botto, 2016). In agreement with its multifaceted roles, we find genes related to light signalling (PHYTOCHROME INTERACTING FACTOR 4/PIF4, EARLY LIGHT INDUCIBLE PROTEIN 1/ELIP1, BBX16), multiple heat shock genes, the circadian clock genes TIMING OF CAB EXPRESSION 1 (TOC1) and ALTERED SEED GERMINATION 4 (ASG4)/RVE3 as well as several UDP glucosyltransferase genes involved in flavonoid metabolism among its predicted targets (Figure 3C). In contrast to HY5, BBX31 represents a negative regulator of photomorphogenesis (Heng et al., 2019). Its targets do not show strong enrichment for specific biological processes but include the related BBX transcription factors BBX18 and BBX30 as well as HY5 itself (Figure 3D). It has previously been shown that HY5 represses BBX31 transcription (Heng et al., 2019), but based on our data a reciprocal regulation of HY5 by BBX31 may occur as well.  

Phytochromes and cryptochromes control morning photomorphogenesis pathways via BBX family proteins and HY5
A regulatory network of BBX transcription factors, HY5 and the related bZIP transcription factor HY5 HOMOLOG (HYH) has been postulated to control a large portion of the light-regulated transcriptome (Xu, 2019). We observe that multiple members of this network feature strongly during the dawn burst: not only HY5 and BBX31, but also HYH, BBX16, BBX24/SALT TOLERANCE (STO), BBX25/SALT TOLERANCE HOMOLOG (STH), BBX30 and BBX32 transcript levels peak within an hour after dawn, while these peaks are completely abolished in the phyA phyB cry1 cry2 mutant background (Figure 4) but only partially reduced in phyA phyB and cry1 cry2 double mutants (Figure S6). For many of these genes, expression still peaked at dawn in prr5 prr7 prr9, but was generally higher and persisted over a longer time, while their expression remained largely unaffected in hsfa1QK (Figure S7). This implies that phytochromes and cryptochromes act in parallel to induce HY5, HYH and the BBX genes (hereafter referred to as BBX Set A). Another set of BBX genes (BBX Set B), comprised of BBX20 and BBX21, does not exhibit a dawn burst in expression, but their transcript levels are strongly upregulated in the phyA phyB cry1 cry2 mutant (Figure 4). Interestingly, apart from BBX16 all transcription factors included in Set A have been shown to negatively regulate photomorphogenesis (Gangappa et al., 2013, 2013; Heng et al., 2019; Holtan et al., 2011; Indorf et al., 2007; Job et al., 2018), while HY5, HYH as well as BBX20 and BBX21 represent photomorphogenesis-promoting transcription factors (Bursch et al., 2020; Chattopadhyay et al., 1998; Fan et al., 2012; Holm et al., 2002; Job et al., 2018).
We sought to further examine the BBX/HY5 transcriptional network and its light regulation with a set of qPCR experiments and monitored gene expression (a) during an extended night, (b) in phyA phyB cry1 cry2, prr5 prr7 prr9 and hsfa1QK mutants (to confirm the RNA-seq results), and (c) in hy5 hyh and bbx30 bbx31 mutants as well as in a BBX31 overexpressor (BBX31-Ox). We investigated the expression patterns of BBX and HY5/HYH genes shown in Figure 4 as well as six putative downstream targets of BBX31/HY5 predicted in our network – BBX27 and PIF4, which show a drop in transcript levels after dawn, as well as BBX18, POPEYE (PYE), ASG4/RVE3 and COLD CIRCADIAN RHYTHM AND RNA-BINDING 1 (CCR1). 
Notably, dawn peaks in the transcripts of BBX set A, HY5 and HYH were completely absent during an extended night as well as in the phyA phyB cry1 cry2 mutant (Figure 5A, B; S8A, B), while expression levels of BBX set B remained high under these conditions (Figure 5C; S8C). Putative targets that display induced expression after dawn mimicked the pattern observed for BBX set A, while putative targets with decreasing expression after dawn (BBX27, PIF4) displayed a similar pattern to BBX set B (Figure 5D, S8D). These observations confirm that it is a light stimulus, and not the circadian clock, that tightly controls this part of the dawn burst, and it can largely be accounted for by light sensing via phytochromes and cryptochromes. 
Expression patterns in bbx30 bbx31 were largely indistinguishable from those in wild type (Figure 5; S8), likely because of the high degree of redundancy among BBX proteins and/or residual BBX30 function as we detected high levels of truncated BBX30 transcript in the mutant. However, many dawn-induced genes, including the putative direct targets BBX18, ASG4 and CCR1, displayed substantially lower transcript levels in both the hy5 hyh mutant and the BBX31-Ox line (Figure 5A, B, D; S8A, B, D), indicating that HY5 and HYH act as activators of the dawn burst, while BBX31 represents a negative regulator. Only one exception to this pattern was found: PYE expression was unchanged in BBX31-Ox, but reduced in both hy5 hyh and bbx30 bbx31, suggesting positive effects of both upstream regulators.
[bookmark: phytochromes-and-cryptochromes-control-m][bookmark: section-2][bookmark: section-3]Taken together, our results suggest that BBX and HY5/HYH factors constitute a highly orchestrated transcriptional network that controls photomorphogenic and photoperiodic responses at dawn downstream of phytochrome and cryptochrome photoreceptors.
[bookmark: discussion]Discussion
[bookmark: a-high-resolution-time-series-is-require]A high-resolution time series is required to capture complex transcriptional dynamics at dawn

While several previous reports indicated a burst of gene expression in the early morning, here we were able to fully characterise the transcriptional dynamics in this time period using an RNA-seq time course with very high sampling frequency.  We were able to identify multiple coordinated waves of gene expression. These included clusters of early-expressed genes which were enriched for light-repressed genes (clusters 1-2) as well as clusters enriched for light-induced genes (clusters 5-6), which peaked during the 2 hour window after dawn and also displayed decreased peak expression levels at high ambient temperature of 27°C. We also identified gene sets that were not enriched for light-regulated genes (as defined by Rugnone et al., 2013), but showed clearly elevated expression at high temperature and included many genes involved in heat stress response and thermotolerance (clusters 7-8).
In general, it is a useful strategy to conduct a few high resolution time course experiments, and then use this data to select informative time point experiments for future experiments. Following this approach we find that a large proportion of TFs change their expression in the early morning, and the expression of many of these genes is perturbed in similar ways in both the circadian clock and photoreceptor mutants. Specifically, we observed (i) elevated levels of temperature-responsive TF genes and (ii) a time delay in the expression in most clusters. These findings agree with the notion that phytochromes and cryptochromes provide light input for circadian entrainment  (Devlin and Kay, 2000; Hall et al., 2002; Salomé et al., 2002; Somers et al., 1998) and are thus tightly linked to the circadian clock morning loop, constituted by CCA1, LHY and the PRRs. Phytochromes also act as bona fide temperature sensors (Jung et al., 2016; Legris et al., 2016), while cryptochromes can dampen temperature responses (Ma et al., 2016) and both PRR9 and PRR7 are essential for temperature entrainment of the clock (Salomé and McClung, 2005). 
Whereas many late dawn burst TF genes show abolished or delayed induction in phyA phyB cry1 cry2 and prr5 prr7 prr9, early dawn burst genes are either unaffected or display higher expression in these genetic backgrounds. Phytochromes, cryptochromes and PRRs have all been found to act as transcriptional (co-)repressors (Chen et al., 2014; Jung et al., 2016; Liu et al., 2016; Pedmale et al., 2016), which agrees with their direct targets being upregulated in the respective mutants. They may hence regulate late dawn bursts indirectly, by repressing early expressed negative regulators or through post-transcriptional mechanisms. Phytochromes and cryptochromes in particular control many TFs post-translationally through inhibition of the CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1)/SUPPRESSOR OF PHYA-101 (SPA) complex, a key light signalling repressor that promotes degradation of many TFs involved in photomorphogenesis (Hoecker, 2017; Podolec and Ulm, 2018). This leaves us with the question of how early dawn burst genes are induced upon light exposure. Other blue light receptors are still active in phyA phyB cry1 cry2: while ztl proteins have core roles in circadian processes, phototropins are not directly linked to entrainment, but trigger stomatal opening in response to light (Christie et al., 2015; Suetsugu and Wada, 2013), which may in turn be perceived as a change in water potential within the plant. Moreover, not all light-triggered retrograde signals from chloroplasts are disrupted in the hsfa1QK mutant. While HSFA1 TFs act in response to light-induced changes in the chloroplast’s redox state (Dickinson et al., 2018), other signals may bypass this route. The increase in primary photosynthates after dawn for instance can be perceived by energy sensors such as Snf1-RELATED KINASE 1 (SnRK1) and TARGET OF RAPAMYCIN (TOR), which are also known to affect clock entrainment (Shin et al., 2017; Zhang et al., 2019). 
	
It is important to note that we have characterised gene expression changes that result from the kind of sudden onset of light that occur in growth chambers, rather than those found in natural conditions, which have for instance been investigated by Annunziata et al. (2018).  Nevertheless, there are a number of benefits of this approach. Firstly, this allows us to more directly compare our results to other studies of biotic and abiotic responses in the early morning that were also performed in artificial growth chambers with sudden onset of light (Cortijo et al., 2019; Dickinson et al., 2018; Ezer et al., 2017b; Grundy et al., 2015; Ingle et al., 2015; Michael et al., 2008; Seaton et al., 2018). Secondly, this kind of study allows us to directly address how the transcriptome responds to a light stimulus in the morning. Specifically, since we know the exact time that plants were first able to detect light, we can measure the exact time delay between this exposure and a change in gene expression.   Finally, farming in artificial lights is becoming common, and it is important to understand how crops respond to lighting conditions that are reminiscent of growth chambers (Dutta Gupta and Agarwal, 2017; Ibaraki, 2016; Olvera-Gonzalez et al., 2013).
 
[bookmark: phytochromes-and-cryptochromes-coordinat]Phytochromes and cryptochromes coordinate light responses in the early morning via HY5 and BBX transcription factors
Our time course data allowed us to infer a high-confidence transcriptional network that controls the dawn burst in gene expression. HY5 and BBX family proteins appear at the core of this network downstream of phytochrome and cryptochrome photoreceptors and are likely to coordinate the early and late waves of gene expression in the early morning. Notably, while loss of phytochrome function on its own strongly affects the pre-dawn peak in DNA binding genes, phytochromes and cryptochromes can compensate for each other’s function in controlling the post-dawn HY5/BBX subnetwork, at least under white light. They induce both positive (HY5, HYH) and negative (BBX Set A) regulators of light responses, while they simultaneously repress other photomorphogenesis-promoting factors (BBX Set B). HY5 and HYH are not only induced by light at the transcriptional level, but the respective proteins are also stabilised through light-induced inactivation of the COP1/SPA repressor complex (Holm et al., 2002; Osterlund et al., 2000; Saijo et al., 2003). Boosting HY5 and HYH protein levels via both mechanisms will trigger light responses in the early morning, but this process may require fine-tuning through other factors including BBX proteins. BBX24, BBX25 and BBX32 interfere with HY5 transcriptional activity through direct interaction (Gangappa et al., 2013; Holtan et al., 2011; Job et al., 2018), while BBX30 and BBX31 act downstream of HY5 to promote elongation growth (Heng et al., 2019). BBX20 and BBX21 on the other hand promote HY5 function by increasing HY5 transcript level and post-translationally enhancing HY5 activity (Bursch et al., 2020; Job et al., 2018; Wei et al., 2016; Xu et al., 2018), but these effects seem to be largely suppressed at dawn. Another layer of complexity is added by the fact that the COP1/SPA complex also promotes degradation of several BBX proteins (Indorf et al. 2007; Yan et al. 2011; Xu et al. 2016; Gangappa et al. 2013).
HY5 and BBX proteins interdependently tune photomorphogenic responses such as the reduction in elongation growth after dawn and may provide light input to the circadian clock via TOC1 and ASG4, but may also exert additional functions independently of each other. BBX proteins have not yet been implicated in other HY5-mediated responses such as biosynthesis of secondary metabolites. On the other hand, BBX30, BBX31 and BBX32 act as negative regulators of the floral transition independently of HY5 through the repression of FLOWERING LOCUS T (FT) (Graeff et al., 2016; Tripathi et al., 2017). Strong induction of these genes in the early morning may be involved in gating FT’s responsiveness to inductive signals in the photoperiodic control of flowering.
In summary, our results reveal a large transcriptional regulatory network that controls the dawn burst of gene expression downstream of photoreceptor, circadian clock and chloroplast-derived signals. Phytochrome and cryptochrome photoreceptors coordinate a subset of this network to adjust photomorphogenesis, photoperiodism and clock entrainment in accordance with the plant’s light environment.
Methods
[bookmark: plant-strains-used]Plant material and growth conditions
[bookmark: section-4]All Arabidopsis thaliana mutants used in this study have been described previously. phyA-201 phyB-5  (Reed et al., 1998), phyA-201 phyB-5 cry1-201 cry2/fha-1 (Yanovsky et al., 2000) and phyA-201 phyB-1 phyC-1 phyD-1 phyE-1 (phyABCDE) (Hu et al., 2013) are in the Ler background, bbx30-1 bbx31-1 (Yadav et al., 2019), BBX31-Ox (Graeff et al., 2016), elf3-1 (Zagotta et al., 1996), cry1-104 cry2-1 (Mao et al., 2005), hy5-2 hyh (Zhang et al., 2017) and prr5-11 prr7-11 prr9-10 (Nakamichi et al., 2005) are in the Col-0 background, and hsfA1a hsfA1b hsfA1d hsfA1e (hsfa1QK) (Liu et al., 2011) is in a mixed Col-0/Ws background.
For all experiments, seeds were surface-sterilised and sown on ½ Murashige and Skoog (MS) agar plates at pH5.7 without sucrose; the agar was topped with nylon mesh that allowed quick removal of seedlings for sample collection. They were stratified for 3 days at 4°C in the dark and then allowed to germinate for 24 h at 22°C under cool-white fluorescent light at 75-85 µmol m-2 s-1. Plates were then shifted into chambers at constant 22°C or 27°C and cool-white fluorescent light at 90-100 µmol m-2 s-1 with short photoperiods (8 h light, 16 h dark). The plates from which we collected were picked randomly, not based on position. We also mixed-up plate positions in the chamber on several days to reduce positional effects.
[bookmark: plant-growth-conditions][bookmark: rna-seq-high-resolution-time-series]RNA isolation and quantitative PCR (qPCR)
For expression analysis, 15-20 7-d-old seedlings were collected per sample by snap-freezing in liquid nitrogen, disrupted using a TissueLyser II (Qiagen) and RNA was extracted using the MagMaxTM-96 Total RNA Isolation Kit (Thermo Fisher Scientific). The RNA was reverse transcribed into cDNA using the Transcriptor First Strand cDNA Synthesis Kit (Roche). Transcript levels were determined by qPCR on a LightCycler® 480 II instrument (Roche) using LightCycler® 480 SYBR Green I Master Mix (Roche). Data were analysed by the ΔΔCT method and two to three biological replicates were used. Primers used for qPCR are listed in Table S6.

RNA-seq: High resolution time series 
For the high-resolution time couse, 15-20 7-d-old whole seedlings were collected per sample. Samples were collected 10 min before dawn as well as in 2 min intervals for the first half hour after dawn followed by 15 min intervals for the following 90 min. RNA was extracted as described above. RNA quality and integrity was assessed on an Agilent 2200 TapeStation. Library preparation was performed with 1 µg of high integrity total RNA using the NEBNext® UltraTM Directional RNA Library Prep Kit for Illumina® (New England Biolabs). The libraries were sequenced on a NextSeq® 500 (Illumina) using paired-end sequencing of 75 bp with a NextSeq® 500/550 High Output v2 Kit for 150 cycles. 
[bookmark: quant-seq-low-resolution-time-series]Quant-seq: Low resolution time series
For the low-resolution time course, 15-20 7-d-old whole seedlings were collected per sample. Samples were collected 10 min before dawn as well as 10, 24, 30, 45, 60, 105 and 120 min after dawn. RNA was extracted as described above. RNA quality and integrity was assessed on an Agilent 2200 TapeStation. Library preparation was performed with 500 ng of high integrity total RNA using the QuantSeq 3’ mRNA-Seq Library Prep Kit FWD for Illumina® (Lexogen). The libraries were sequenced on a NextSeq® 500 (Illumina) using single-end sequencing of 75 bp with a NextSeq® 500/550 High Output v2 Kit for 75 cycles.
[bookmark: bioinformatics-analysis-of-rna-seq-data]Bioinformatics analysis of RNA-seq data
All data is available in SRA: PRJNA687210. The Illumina RNA-seq data was analysed using the same bioinformatics pipeline used in Ezer et al. (2017b), using Trimmomatic-0.32 to trim reads (Bolger et al., 2014), Tophat for mapping to the TAIR10 annotated genome (Trapnell et al., 2009), HTseq-count to find the raw counts after duplicates were removed (Anders et al., 2015), and Cufflinks to calculate Fragments Per Kilobase Million (FPKM), which was then converted into Transcripts Per Million (TPM) (Trapnell et al., 2013).  The time points for the Lexogen Quant-seq experiment were selected using NITPicker (Ezer and Keir, 2019). 
The Lexogen Quant-seq data was analysed using the Integrated Data Analysis Pipeline on Bluebee® platform, which maps the reads to the genome using the STAR Aligner (Dobin et al., 2013) and counts reads using HTseq-count (Anders et al., 2015).  Quant-seq expression values are expressed as Reads per Million (RPM), because Quant-seq does not require normalisation by gene length.
[bookmark: clustering]Clustering
Clustering of the 24-hour time series (Figure 1) were drawn using hierarchical clustering (default parameters of hclust in R).
Clustering of the high resolution time gene expression time series data (in Figure 2) was performed using the CLUST algorithm (Abu-Jamous and Kelly, 2018), using recommended settings for RNA-seq TPM data as per the reference manual (i.e. log2, Z- and quantile normalisation of TPM values).  
The clustering in Figure 2A was performed only on the 22°C high resolution time series data.  The other gene expression time series in Figure 2A and 2B were drawn using the same gene order.  The z-scores were calculated across all samples within each row of Figure 2A and Figure 2B.
[bookmark: gene-list-curation-for-network-inference]Gene list curation for network inference 
[bookmark: network-inference-and-analysis]A number of criteria were used to generate a gene list for performing network inference.  
In the beginning, all lowly or non-expressing genes were not included in the network inference analysis. The criteria for removal each sample were: [1] rowSum(RPMj,t) < 7 x nj,t x 1.05 (RPMj,t is RPM value and nj,t the total number of time-points for gene j at timepoint t) and [2] genes that had <5 time-points where the TPMj < 7.  Genes with at least one time-point containing TPM = 0 were removed (requirement of dynGENIE3 package).
The final gene list used for network inference was obtained from the following sources: (1) GO categories, (2) consensus cluster and (3) DE analysis.  A gene only needed to meet one of these three criteria in order to be included in the analysis. Note that prior to the analysis in each of the three approaches, only genes satisfying the mentioned expression thresholds were included. 
Firstly, all genes that had GO categories that were of biological interest to us were initially included.  Specifically, this referred to genes that had Biological Process GO terms that included the words ’stress’, ‘light’, ‘auxin’, ‘abscisic’, ‘ethylene’, ‘circadian’, as well as all genes that had the Molecular Function ‘DNA binding’. 
Secondly, we selected for genes that had similar expression patterns as other genes in the data set.  The reason we chose this criteria was that we did not want to include lots of genes that had extremely noisy patterns of expression.  Clustering of the time-course gene expression was performed for each sample Col-0, Ler, prr5 prr7 prr9, phyA phyB cry1 cry2, hsfa1QK at 22°C using the CLUST algorithm using the recommended settings (mentioned previously).  Recall that the CLUST algorithm filters genes that do not cluster well with any of the clusters.  Any gene that appeared in any of the clusters detected by the CLUST algorithm was included in the analysis.
Thirdly, differential expression analysis of gene was performed based on the time-course expression using the odp method from the package edge (R Bioconductor) (Storey et al. 2005). Significant genes were chosen based on having an adjusted p-value (q-value) < 0.05. The following WT and mutant pairs at 22°C were compared: Col-0 vs prr5 prr7 prr9, Col-0 vs hsfa1QK and Ler vs phyA phyB cry1 cry2. 
This analysis produced a gene list that was too expansive for dynGenie3.  The filtered gene list was ranked based on decreasing CV (sd/mean) with the top 1500 chosen for network inference. All the 1500 selected genes were confirmed to satisfy the expression cutoffs outlined earlier.  
Network inference and analysis
Network inference on the curated gene list was performed using dynGENIE3 R package (Huynh-Thu and Geurts 2018). For each gene, the time-course gene expression was supplied from the following samples: Col-0/Ler/prr5 prr7 prr9/phyA phyB cry1 cry2/hsfa1QK at 22°C and Col-0/Ler/prr5 prr7 prr9/phyA phyB cry1 cry2 at 27°C. For downstream analysis of network, only edges that had scores within the top 1% and that were consistent with DAP-seq data (O’Malley et al., 2016) were included.  GO term enrichment within the network was determined using the PAFway package in CRAN.  Figures were drawn using the network visualisation tools developed for Ara-BOX-cis (Ezer et al., 2017b), and is available here: http://www-users.york.ac.uk/~de656/dawnBurst/dawnBurst.html
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Figure 1: DNA binding proteins exhibit a burst of expression at dawn. (A) The gene expression pattern of DNA binding proteins in ethylene (i), ABA (ii) , stress (iii), and light (iv) were clustered based on their expression in 8 time points under short day conditions in Col-0 at 22°C. The time point right before dawn (ZT0) and an hour after dawn (ZT1) are highlighted for clarity.  Similar figures for ‘auxin’, ’brassinosteroid’, ‘circadian clock’ and ‘all DNA binding’ are found in Fig S1.  (B) DNA-binding proteins whose genes have maximal expression at ZT0 (right before dawn) or ZT1 (an hour after dawn) in Col-0 at 22°C were identified, based on the analysis in (A).  We compare the expression levels of these genes in phyABCDE backgrounds compared to Ler (the background strain for phyABCDE).  Similar figures comparing elf3-1 and Col-0 are found in Fig S2.   
[image: figures/Figure2-dawnDynamics-v2/Figure2-dawnDynamics-v2.png]
Figure 2: Multiple waves of gene expression at dawn.  Genes encoding DNA binding proteins were clustered into 10 groups using CLUST based on their gene expression pattern at 22°C in Col-0 grown in short day conditions.  (A) The gene expression pattern of these clusters is shown for Col-0 at both 22°C and 27°C.  (B) Previous experiments by Rugnone et al, 2013 identified genes that are sensitive to light in a time-of-day dependent way.  Many of these genes that were identified as being light induced or repressed in the day and night were also found to be expressed within the clusters in (A).  We use a table instead of a Venn diagram for clarity.  A coloured block indicates that there is a p-value < 0.05 based on a Fisher exact test with Bonferroni correction (red if it is more overlap than expected and blue if there is less than expected).  Bold indicates that the p-value <0.001.  (C) The gene expression pattern for those clusters in (A) for additional strains at 22°C.  Note that this experiment used fewer time points and transcripts were quantified using end-sequencing (QuantSeq 3’ sequencing, Lexogen) instead of whole transcript sequencing (Illumina RNA-seq).  Due to space, the names of the strains were abbreviated as follows: hsfA1QK was labelled as hsfQ, phyA phyB cry1 cry2 was labelled as phyABcry12, and prr5 prr7 prr9 was labelled as prr579.  Note that z-scores were calculated from the gene expression values in TPM.
[image: figures/Figure3-network/Figure4-Dawn-networkRevised.png] Figure 3: Analysis of higher confidence morning gene network.  (A) This depicts the complete network of gene regulatory relationships that are predicted by dynGenie3 and consistent with DAP-seq data.  All genes that regulate at least one downstream target are coloured dark blue, while other genes are colour-coded by the time period in which they have maximal expression (as expressed as the average gene expression in 3 adjacent time points).  The complete network can be viewed here: http://www-users.york.ac.uk/~de656/dawnBurst/dawnBurst.html. (B) This graph depicts enrichment for pairs of GO terms within the network, as determined by the PAFway package.  The specific upstream and downstream targets predicted for HY5 (C) and BBX31 (D) are shown.   Genes that are discussed in the text are highlighted in bold for clarity.  The colour key is the same as in (A). 

[image: figures/Figure-5-Dawn/Figure-5-Dawn.svg]
Figure 4: Gene expression profiles for genes related to key BBX/HY5 subnetwork in wild-type and phyA phyB cry1 cry2 seedlings. Gene expression is expressed as transcripts per million (TPM) as determined by the RNA-seq experiments.  The colour of the box that surrounds the line plot corresponds to the corresponding element in our model of network, illustrated in the top right.  
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Figure 5: Gene expression profiles monitored by qPCR for genes related to the key BBX/HY5 subnetwork. Expression was analysed in 7-d-old seedlings grown in short day conditions at 22°C. Genes analysed cover representatives of BBX set A (BBX16 and BBX31) (A), HY5/HYH (B), BBX set B (C) and the putative HY5/BBX target genes BBX18 and ASG4 (D). Their expression was analysed during an extended night at the start of day 8 (night extension, left column), in phyA phyB cry1 cry2, prr5 prr7 prr9 and hsfa1QK mutants (middle column), in hy5 hyh and bbx30 bbx31 mutants and a BBX31 overexpressor (BBX31-Ox) line (right column). Data represent the mean ± standard error of the mean (SEM) of three biological replicates. Note the Col-0 pattern is shown in all panels for comparison. Data for additional genes of BBX set A and four additional targets can be found in Figure S8.
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