
ABSTRACT 

LAOSUNTISUK, KANJANA. The Integration of Time of Day and Temperature Stress in Plant 

Transcriptomics. (Under the direction of Dr. Colleen Doherty). 

 

Plants utilize the circadian clock to coordinate biological processes in response to daily 

and seasonal changes to maximize fitness. Intense global warming generates unusual patterns of 

weather and climate including shorter winter and longer summer and increases both daytime and 

nighttime temperatures. This work focuses on the importance of the time of day in analyzing the 

transcriptional responses under temperature stress. First, we investigated transcriptional changes 

in response to chilling stress at dawn and dusk in sorghum using 3ô RNA-Sequencing (3ô RNA-

Seq). Low temperatures in the early season hinder heat stress escape. Heat escape is a strategy 

where the growing season is shifted earlier to avoid heat stress during flowering time, a heat-

sensitive period that is important for determining yields. To improve the accuracy of RNA-Seq 

analysis, we tested the RNA-Seq normalization methods using synthetic RNA spike-in controls 

and found that an accumulation of transcripts increased at night, resulting in increased detection 

of nighttime-upregulated genes. Then, we determined the interaction effect of the time of day 

and chilling stress and found that the time of day gates a differential expression under chilling 

stress. We identified the candidate transcription factors regulating genes that increased in 

expression under chilling stress only at night, suggesting that the candidates can integrate both 

time and temperature information. Additionally, we characterized the circadian oscillation in 

Arabidopsis callus and cell suspension culture that showed defects in the oscillation under the 

continuous light and temperature cycles. We found that ELF3 can partially recover these defects. 

We further reviewed the role of ELF3 in the literature as a temperature sensor and the connection 

between the circadian clock and heat stress-responsive pathway. Lastly, we identified the 

connection between N-linked glycosylation and the circadian clock by characterizing plant 

Asparagine-linked Glycosylation 10 (ALG10). In conclusion, this work highlights the 

importance of the time of day and the circadian clock in gene expression at the transcriptional 

level in intact plants or cell cultures under normal conditions or temperature stress. Including 

time as a factor in the experimental design provides novel and valuable information to better 

understand plant molecular biology. 
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CHAPTER 1 

Introduction  

Recurring patterns are an integral part of Life on Earth. The change in solar illumination 

on the Earthôs surface as the Earth rotates drives daily patterns of light and dark resulting in 

cycles of energy availability. This 24h light/dark cycle drives other physical rhythms such as 

changes in temperature, humidity, and surface ozone levels (1, 2). Earthôs constant tilt as it 

completes its orbital trek around the sun and the resulting change in solar intensity distribution 

between the Northern and Southern hemispheres drives the changes in seasons. The seasonal 

changes in day length and light intensity subsequently alter temperatures, cloud cover, and 

precipitation patterns. As the sun is the primary source of energy for life on Earth, these cycles in 

turn drive cycles of biological activity. Plants are great examples of how development and 

biochemical processes are organized to coincide with the cyclical rhythms of the Earth's 

movement through space. For example, biochemical pathways that monitor the length of winter 

can ensure bud break (the appearance of spring flowers) occurs well after the risk of frost and 

crop species are managed, so that critical biomass accumulation periods overlap with the intense 

radiation provided by the summer sun.  

As biological systems respond to these physical rhythms, they produce their own cycles 

that in turn feed back into the physical cycles. For example, the vegetation increase associated 

with warming summer months contributes to a seasonal variation in the Northern Hemisphereôs 

CO2 levels (3). Even human activity, driven by the cycles of light and dark, produces cyclic 

physical changes to the environment- daily ozone cycling in urban areas peaks consistent with 

traffic activity (4). These cycles within cycles have persisted many for hundreds of thousands of 

years, recurring like clockwork. Through evolution or breeding plants both wild and domestic 

have acquired systems and signaling networks to coordinate growth, development, and 

biochemical activities within the constraints driven by these cycles. 

An individual organism coordinates not only across the physical cycles but also with the 

rhythms of the rest of the ecosystem. Within the same species, an outcrossing individual needs to 

ensure flower and pollination timing occurs simultaneously with other individuals for successful 

reproduction. For insect or bird-pollinated plants, the additional hurdle of ensuring that flowering 

coincides with the availability of pollinators must also be met. A plant has the best chance of 
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successful reproduction if each developmental transition is optimally timed to coordinate the 

biochemical and developmental activities in the individual, the species, and the ecosystem. This 

is a complex game of timing that coordinates events across not only ecological scales, but also 

across time scales. For example, germination in the spring is ideally timed to avoid late-season 

frosts, but early enough to maximize the solar radiation capture in the summer while perhaps also 

avoiding the overlap of the sensitive flower production during the extreme heat of the mid-

summer. Seed dispersal that optimizes distribution, limits pathogen risks, and sets the timer for 

germination to ensure the best start for new seedlings is likely to have a competitive advantage. 

The coordinator of this complex, multi-scale, temporal schedule is the plant circadian clock.  

1.1 The Circadian Clock - Keeper of the Times 

The underlying mechanisms of the circadian timekeeper in Viridiplantae have been 

studied in the most detail in Arabidopsis. It appears that the fundamental architecture of the 

transcription-translation oscillator is conserved across diverse plant species and the significance 

of the circadian clock is evidenced by the appearance of these core clock genes as loci driving 

domestication and crop improvement (5). The picture of the circadian transcription-translation 

feedback mechanisms that arise from Arabidopsis research is composed of several interlocking 

regulatory circuits (Figure 1.1). Each gene is responsive to unique environmental signals, and the 

corresponding protein controls a distinct suite of outputs including the activity of the other 

circadian components (6). These interact in an orchestrated fashion that enables responsiveness 

to a myriad of environmental inputs and controls most of the biochemical and physiological 

responses of the plant. Several reviews cover the specific components of the Arabidopsis 

circadian clock and the roles of transcription, splicing, translation, and post-transcriptional 

signaling in the regulation of this core oscillator (7ï9). To facilitate comparisons across species, 

we present only a brief highlight of the primary families involved in the circadian transcription-

translation feedback loop as defined in Arabidopsis here.  

1.2 Core clock composition 

The major components of these oscillators arise from a few protein families and some 

unique genes. Several of the circadian components are members of the MYB domain-containing 

transcription factors, Pseudo-response regulators (PRRs), the plant-specific night light-inducible 

and clock-regulated genes (LNK) family, TCP-family transcription factors, or PAS-domain 
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containing proteins. These components coordinate with single-copy genes with unique structural 

domains: GIGANTEA (GI), EARLY FLOWERING 3 (ELF3), and ELF4. These proteins are 

generally grouped by the time of day of their expression and thus their functional role: morning 

loop and evening complex. For the purpose of comparison to other plant species, here we group 

them by the families to which they belong and discuss the varied role of each protein in the 

family. 

1.2.1 Plant-specific LNK domain family 

The four NIGHT LIGHT-INDUCIBLE AND CLOCK-REGULATED (LNKs) proteins 

in Arabidopsis do not have recognizable domains found in other kingdoms. LNK1 and LNK2 are 

closely related to each other and LNK3 and LNK4 form a separate subgroup (10). LNK1/LNK2 

act as transcriptional coactivators, recruiting RNA Polymerase II (RNAP II) and the histone 

chaperone FACT (FACILITATES CHROMATIN TRANSCRIPTION) complex, resulting in 

transcription of TOC1 and PRR5 (11). The expression of LNK1 is strongly induced by light at 

night. LNK proteins were found across land plants (10). The expression of LNKs peaks in the 

morning to noon and their expression is repressed by PRRs (10). LNK1/LNK2 clade has 

orthologs in the bryophytes while LNK3/4 appears to be a recent duplication in Brassicaceae 

(10).  

1.2.2 MYB domain-containing transcription factors 

There are over 185 proteins in Arabidopsis that contain the MYB-DNA binding domain 

(Named for myeloblastosis virus DNA binding protein). Two subgroups of this large and 

functionally diverse transcription factor family in plants are central components of the 

Arabidopsis circadian clock. In Arabidopsis, the first subgroup comprises the eleven members of 

the MYB-related transcription factors that contain only the R1/R2 portion of the full c-MYB 

DNA binding domain (12). This gene family is divided into two clades (13). One clade contains 

CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1), LATE ELONGATED HYPOCOTYL (LHY), 

and REVEILLE 1, 2, 7, and 7-like (RVE1, RVE2, RVE7, and RVE7-like) (13). CCA1 and LHY 

are expressed in the morning and directly repress the expression of several daytime and 

nighttime genes including other components of the circadian clock (14ï20). The LCL clade (i.e., 

LCL/RVE) contains RVE3, RVE4, RVE5, RVE6, and RVE8, and it is involved in regulating 

light input into the clock and controlling cell size, and thus biomass accumulation through the 
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regulation of the phytochrome interacting factors (PIFs) 4 and 5 (21). In addition to regulating 

the transcription of PIF4 and PIF5, RVE8 interacts with the coactivators LNK1 and LNK2 to 

induce the expression of other clock components including TOC1 and PRR5 (11, 22). All plants 

sequenced to date have at least one gene from either the CCA1 or LCL/RVE clade, with most 

vascular plants having multiple genes in each clade. The CCA1 clade spans the plant lineage 

from green algae to angiosperms but appears to be lost in the Bryophyte species Marchantia 

polymorpha (Liverwort) and Selaginella moellendorffii (Lycophyte). The LCL clade is also 

found in green algae species, but is occasionally absent, for example in the gymnosperms 

Norway spruce (Picea abies L. Karst) and Japanese cedar (Cryptomeria japonica (L.f.) D.Don). 

This suggests that, if all these species have a functional clock, then in some species either the 

CCA1 or LCL/RVE clade is sufficient for maintaining control of the circadian-regulated output.  

The second circadian MYB-domain subgroup that is a central part of the Arabidopsis 

circadian clock contains two proteins, LUX and NOX (23ï25). LUX forms an evening complex 

(EC) with ELF3 and ELF4. LUX directly binds the LUX binding site to recruit the EC to the 

promoter of target genes (including LUX, GI, PRR7, and PRR9), resulting in repression of target 

genes (24ï27). One important EC target is PIF4/5, as the EC-mediated repression of PIF4/5 

regulates hypocotyl growth (27). NOX can replace LUX in the EC, but NOX and LUX functions 

are not completely redundant as the lux mutant shows arrhythmia, but the circadian rhythms 

persist in the nox knockout (24, 25). The LUX/NOX orthologs are first detected, along with the 

other components of the EC, in charophyte species of green algae.   

1.2.3 CCT proteins 

CCT (CO, CO-like, and TOC1) proteins consist of three protein families: CONSTANS-

LIKE (COL), PSEUDO-RESPONSE REGULATORS (PRRs), and CCT MOTIF FAMILY 

(CMF) (28). All proteins contain the CCT domain at the C terminus but have different domains 

at the N terminus (28). The CMF family does not have a conserved domain at the N terminus 

(28). The COL family has one or two zinc-finger B-box domains (28). The PRR family has a 

receiver-like domain (RLD) (29). The RLD is a variant of a receiver domain of response 

regulators (RRs), which are a part of a histidine-to-aspartate phosphorelay in prokaryotes and 

eukaryotes (30). The true receiver domain contains an aspartate-aspartate-lysine (DDK) motif 

(31). The second aspartate will be phosphorylated by histidine kinase for signal transduction 
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(30). The RLD in higher plants has a glutamic acid residue instead of aspartic acid, resulting in 

no phosphotransfer function (32).  

The five Arabidopsis PSEUDO-RESPONSE REGULATORS (PRRs) proteins, TOC1 

(PRR1), PRR3, PRR5, PRR7, and PRR9, all play central roles in circadian oscillations (33). 

TOC1 represses the expression of CCA1, LHY, other PRRs, LUX, ELF4, and GI (34, 35). PRR9, 

PRR7, and PRR5 repress the expression of CCA1, LHY, RVE8, LNK1, LNK2, LNK3, LNK4, and 

PRRs (36ï38). PRR genes are not found in red algae, secondary symbiont diatoms, or 

Nannochloropsis, suggesting that domains in PRRs are plant-specific (31). PRRs are found 

across the plant kingdom, from green algae to angiosperms. Phylogenetic analysis across this 

range divides PRRs into two clades: TOC1/PRR1 clade and PRR clade (13). Based on PRR 

sequences from Angiosperms alone, three clades of PRRs are identified: TOC1/PRR1, PRR3/7, 

and PRR5/9 clades (31, 39).  

The CONSTANS (CO) family in Arabidopsis is a 17-member family with roles 

connecting the circadian clock to clock-regulated output (40). CONSTANS (CO) is a critical 

component of the photoperiod-regulated flowering transition (40). CO acts as a transcriptional 

activator of florigen FLOWERING LOCUS T (FT) to induce flowering in long-day conditions 

(40, 41). The CCT domain of CO binds the FT promoter to activate FTôs transcription (41). 

Several CONSTANS-LIKE (COL) proteins also regulate flowering time, tuberization, and other 

developmental transitions (28). 

The third CCT family, CMF, contains only the CCT domain and is involved in flowering 

of cereals (28). CMF proteins are absent in moss (nonvascular plants) but present in Selaginella 

moellendorffii (vascular plants), suggesting that CMF was branched from COL in the common 

ancestor of vascular plants (42). 

1.2.4 PAS-domain containing proteins (ZTL, FKF, LKP2) 

The per-ARNT-sim (PAS) domain is an ancient domain shared among circadian clocks in 

eukaryotes (43). In plants, the PAS domain is combined with other domains, resulting in diverse 

protein structure and function (44). The cPAS proteins that are central to the circadian clocks are 

ZEITLUPE (ZTL), LAVIN-KELCH-FBOX-1 (FKF1), and LOV-KELCH-PROTEIN-2 (LKP2) 

(44). This family has three conserved domains, the LOV-type PAS domain at the N terminus, an 

F-box domain in the middle, and multiple Kelch-repeats at the C terminus (45ï47). The presence 

of the F-box (part of the SCF-type ubiquitin E3 ligases) and LOV-type PAS domain (blue light 
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receptor) indicates that these proteins regulate light-regulated protein degradation (44). ZTL 

interacts with TOC1 and PRR5 to target them to proteasomal degradation (48ï50). ZTL, FKF1, 

and LKP2 all bind to GI and interact with CO. FKF1 promotes flowering, while ZTL and LKP2 

delay flowering. The balance of ZTL and FKF1 effects translates into CO stability through the 

regulation of FKF1-ZTL dimer formation by GI and other pathways (51ï53). ZTL orthologs can 

be found in charophyte green algae species. The bryophyte Physcomitrella patens does not have 

a complete ZTL but has several truncated versions; however, in other bryophytes, there is an 

expansion of the ZTL family members. 

1.2.5 COLD-REGULATED GENES (COR)  

Although originally identified for their roles in stress responses, particularly to low 

temperatures, Late Embryogenesis Abundant (LEA) proteins COR27 and COR28 play an 

important role in circadian regulation. CCA1 represses the expression of COR27 and COR28 in 

the morning (54). COR27 and COR28 peak in expression at midday and repress the expression 

of the clock genes: TOC1, PRR5, ELF4, and LUX, and cold signaling genes: C-repeat (CRT) 

/dehydration-responsive binding factors 1 (CBF1), CBF2, and CBF3 (54). COR27 and COR28 

have no DNA binding domain, suggesting that they interact with other transcription factors to 

regulate TOC1 and PRR5 expression (55) 

COR27 and COR28 not only function in the cold-responsive pathway but also in the light 

signaling pathway (55, 56). COR27/COR28 can interact with the E3 ubiquitin ligase 

CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1), resulting in protein degradation in 

darkness (57). Light induces an accumulation of HY5 and COR27/COR28, and COR27 interacts 

with HY5 to prevent HY5 from binding to its target genes, promoting hypocotyl elongation (57, 

58). Moreover, COR27 associates with the PIF4 promoter via an unknown transcription factor to 

induce PIF4 expression, leading to hypocotyl elongation during the day (58). COR27/COR28 

can bind PHYA and PHYB, but the consequence of this interaction in phytochrome signaling is 

still elusive (59). The limited structural organization of COR27/28 makes it a challenge to 

identify clear orthologs based on sequence homology. However, Kahle et al. identified motifs 

that may suggest the conservation of these proteins even in early land plants (59). Determining if 

these candidates have the same protein interactions and expression will help ascertain if they are 

true functional orthologs.  
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1.2.6 Plant-specific Circadian Genes ELF3, ELF4 

As part of the evening complex, ELF3 and ELF4 play a role in transcriptional regulation 

by acting as a scaffold for LUX/NOX transcription factors. ELF3 and ELF4 form several 

complexes with key regulators (60). ELF3 interacts with and reduces the degradation of PHYB. 

This interaction connects the evening complex to both light sensing and thermosensing through 

PHYB (61). Yet the ELF3-ELF4 complex proteins themselves are thermosensors. A prion-like 

domain in ELF3 drives ELF3 protein to form aggregate punctate in higher temperatures (62). 

The length of the polyglutamine repeat in this domain varies from 7 to 29 residues and longer 

polyglutamine repeats increase the thermoresponsiveness (62). In a heterologous yeast system, 

ELF3 fused to GFP alone could form punctae within minutes of exposure to 35°C. Critically, this 

is a reversible state with the punctate spots dispersing when returned to a lower temperature. In 

vitro, the ELF3 prion domain rapidly and reversibly forms lipid droplets in a temperature-

dependent manner (62). ELF4 interaction with ELF3 modulates the thermoresponsiveness of 

ELF3, maintaining it in an active state even at higher temperatures (62). It will be interesting to 

see if the ELF3-PHYB complex also undergoes this aggregation and if so, the impacts this 

aggregation has on thermal PHYB reversion from the Pfr to the Pr state given the importance of 

allosteric features on the thermosensing dynamics of PHYB (63). ELF3 and ELF4 orthologs are 

present in Klebsormidium flaccidum, a charophyte green algae, and in all land plants examined, 

and are frequently identified as loci associated with domestication and yield in crop plants (64ï

66). 

1.2.7 GIGANTEA (GI)  

GI is a plant-specific protein. Although the gigantea, late flowering mutant was identified 

in 1962 (67), the structure of GI protein is still elusive (68). GI participates in the regulation of a 

plethora of plant development transitions, and biotic and abiotic responses (68). GI is another 

clock component that is frequently identified as a loci associated with domestication and yield 

traits (65, 66). GI acts as a chaperone to stabilize RGA, a DELLA protein involved in gibberellin 

signaling. Thermostabilization of the DELLA proteins results in the destabilization of the PIF4 

transcription factor, a DELLA target. The removal of PIF4s inhibition of growth allows for 

thermoresponsive hypocotyl elongation. Like ELF3, GI forms nuclear punctae in a light-

dependent manner. The effects of temperature on the formation of GI nuclear bodies have not 

been reported. ELF4 interacts with GI in the nuclear puncta (69), perhaps providing a connection 
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between the thermosensing ELF3 and GIôs control of growth responses. GI is present in the 

green algae charophyte species Coleochaete irregularis and Cylindrocystis cushleckae (13) but is 

absent from Klebsormidium flaccidum. Most land plants examined have at least one copy of GI. 

However the moss Physcomitrella patens lacks an apparent GI ortholog, the liverwort 

Marchantia polymorpha has two GI sequence orthologs, and the fern A. filiculoides has three. 

This variation offers the opportunity to examine the thermosensing and nuclear body formation 

in plants with altered GI ortholog copy numbers. 

1.3 Examining the Conservation of the Circadian Clock 

Arabidopsis has been a powerful tool for understanding the molecular interactions of the 

clock. The clock components that were originally identified or functionally characterized in 

Arabidopsis, are frequently identified as loci contributing to yield and domestication in many 

crop species, highlighting the relevance and value of these Arabidopsis-based experiments (5, 

65). However, one critical benefit of the clock is to allow local adaptation to regional climates 

(70ï73). Therefore, understanding how the integration of the clock and the control of circadian 

regulated output varies across species improves our understanding of the plasticity of plant 

circadian clocks to future climate scenarios and may help identify options for novel 

domestication strategies or improved yield. Examining clock conservation across plant lineages 

is hampered by whole genome duplications, polyploidization, and a general lack of resources to 

support detailed experimental verification of functional roles in diverse plant species.  

1.3.1 Challenges with cross-species comparisons 

Whole-genome duplication has occurred across animal, fungal, and plant species, but the 

most frequent occurrence is in land plants (74). Complex, interconnected networks, such as those 

observed in the circadian clock are predicted to be retained at higher rates compared to other 

pathways due to dosage sensitivity (75, 76). This preferential retention of clock components has 

resulted in an expansion of clock components in many plant species (77), which confounds the 

identification of true orthologs. For example, Lou et. al (78) showed that the MYB-family RVE 

gene in Vitis vinifera is the closest ortholog to Arabidopsis RVE6 based on sequence alignment, 

yet based on synteny it is more likely that the grape transcription factor is an ortholog of 

Arabidopsis RVE3. This example highlights the challenges of comparing clock conservation 

across species. Most reports are based on sequence homology alone, with the confounding 



  9 

 

factors of whole-genome duplication, polyploidization, and the preferential retention of circadian 

clock components, the closest sequence ortholog may not be the true functional ortholog.  

From a circadian perspective, conserved expression both across time and tissue is an 

important feature for true functional orthologs. Expression at a consistent phase of the day would 

be essential for components that serve the same function in the regulation of rhythmic 

expression. For example, in a meta-analysis that examined the genome-wide transcriptional 

responses in light:dark photoperiods, clear one-to-one orthologs show a consistent phase of 

expression even across diverse plant species (79). Tissue-specific expression is also another 

important factor in determining if two genes are true expressologs. The circadian clock in 

Arabidopsis shows cell-type and tissue specificity (reviewed in (80, 81)). Although the tissue-

specific organization of clocks outside of Arabidopsis remains to be investigated, it is likely that 

tissue-specific expression of clock genes will be another important factor in their role as 

functional orthologs. Therefore, the ability to infer regulatory roles and functions in diverse 

species from the data acquired in Arabidopsis will require understanding the detailed spatial and 

temporal patterns of expression. Currently, detailed expression studies that span multiple times 

of day and tissues are lacking from most species, but as this data is acquired improved 

comparisons across species, even for expanded gene families can be investigated.  

1.3.2 Circadian vs Diel Rhythms 

Although many reviews highlight the distinction between diel and circadian experiments 

(For example, see (82)), confusion still exists in current literature. Diel experiments (often called 

Diurnal experiments in plant literature) are experiments that are performed in more ónormalô 

conditions with light and /or temperature cycles that persist while the rhythms are being 

measured. Diel analysis can be performed in the field or in environmental growth chambers. In 

these experiments, the rhythmic phenotype is measured at regular intervals throughout the day 

and night. Care must be taken when collecting samples in the dark (e.g., using a green light) to 

avoid inducing light responses during nighttime collection. Circadian or entrained experiments, 

in contrast, are experiments where the rhythmic phenotype is monitored after the plants have 

been moved to constant light and temperature conditions. Although artificial, these conditions 

provide a simple approach to distinguish rhythmic responses that are driven by the day/night 

cycles, from those that are truly under circadian control. If a rhythmic pattern persists in these 

constant conditions the phenotype can be considered circadian regulated. However, an important 



  10 

 

caveat about these experiments is that a true circadian-regulated response could be masked by 

the effects of light at night (16, 83). While both approaches offer important insights into the 

regulation of rhythmic responses, it is important to understand the distinction between the 

information provided by these two experiments and the limitations of each approach.  

1.4 Clocks in green algae 

In species examined from the two major subgroups of green algae, chlorophytes and 

charophytes, a substantial portion of the transcriptome is rhythmic in diel conditions; 90% of the 

transcriptome in the chlorophyte Ostreococcus tauri exhibit rhythmic patterns in diel conditions.  

(84). The rhythmic proportion of the diel transcriptomes in the charophyte species 

Klebsormidium flaccidum and Chlamydomonas reinhardtii is about 40% and 56% respectively 

(85). Although a full evaluation of transcriptome-wide regulation under circadian conditions has 

not been evaluated, the functional components of the circadian clocks have been investigated in 

detail in these species (Figure 1.2).    

1.4.1 Chlorophyte Clocks 

Ostreococcus tauri, is a chlorophyte, one of two subgroups of green algae that have 

become a well-studied model for single-cell clock organization. The Ostreococcus clock has 

been examined in detail and the circadian components OtCCA1 and OtTOC1 have a persistent 

rhythmic expression in diel and circadian conditions (86). As in Arabidopsis, OtCCA1 binds the 

evening element (EE) on the OtTOC1 gene to regulate its expression (86). OtTOC1 contains the 

DDK motif in the RLD, indicating that OtTOC1 is a true response regulator and not a pseudo 

response regulator as is found in vascular plants (86). Constitutive expression of OtCCA1 or 

OtTOC1 or reduction of OtTOC1 caused arrhythmia in constant conditions, but repression of 

CCA1 did not (86). This suggests that the clock in O. tauri is not just a single CCA1/TOC1 loop, 

but, like Arabidopsis, additional components might integrate into this circuit (86). In addition to 

the CCA1/TOC1 clock components, there are two putative CO/COL homologs (OtCOL1 and 

OtCOL2) (84). The expression of OtCOL1 peaks at dusk similar to Arabidopsis COL1, COL2, 

and COL3, but OtCOL2 is highly expressed in the morning, different from Arabidopsis CO and 

COLs (84). In addition to the conserved clock proteins between chlorophytes and Arabidopsis, 

several proteins essential for the chlorophyte clocks do not play major roles in circadian rhythms 

in Arabidopsis or other land plants (87ï93). 
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1.4.2 Charophyte Clocks 

The charophyte subgroup of green algae is more closely related to land plants (94). The 

charophyte, Klebsormidium flaccidum has two CCA1 homologs, one in the CCA1/LHY clade 

(KfCCA1) and the other in the LCL/RVE clade (KfRVE) (13). Two PRRs are KfTOC1 

belonging to the TOC1 clade and KfPRR in the PRR3/7 clade (13). As chlorophytes have only 

one TOC1 homolog and one CCA1/LHY homolog but charophytes have two PRRs and two 

CCA1/RVE homologs, this indicates that the separation of TOC1-PRR3/7 paralogs and CCA1-

RVE paralogs occurs during charophyte evolution (31). Orthologs to the evening complex 

components include KfELF3, two homologs of ELF4 (KfEFL1 and KfELF2), and two LUX 

homologs (13). K. flaccidum has one ZTL homolog, but there is no GI homolog (13), even 

though GI homologs exist in other charophyte species including Coleochaete irregularis and 

Cylindrocystis cushleckae (13), presenting an interesting opportunity to examine the role of GI. 

Despite the lack of GI, the components examined in the K. flaccidum clock showed similar 

expression patterns with their corresponding orthologs in Arabidopsis (85). 

Chlamydomonas reinhardtii, also a charophyte, presents a unique glimpse into circadian 

networks thanks to a systematic forward genetic screen to identify circadian components (89). 

These candidate clock genes are named Rhythm of Chloroplast bioluminescence (ROC). Many 

ROC genes were homologs of known Arabidopsis circadian components including ROC40 

containing a single MYB repeat similar to Arabidopsis CCA1/LHY. The expression pattern of 

ROC40 is comparable with AtCCA1 (89). There are two homologs of AtPRRs (CrPRR1 and 

CrPRR2). Both CrPRRs have the DDK motif, suggesting that the chlorophyte PRRs retain an 

ancestral response regulator (31). The expression of CrPRRs peaks at night, but AtPRRs peak 

from the afternoon to dusk (84, 85). ROC15 and ROC75 contain a GARP motif similar to AtLUX 

proteins (89). However, the expression of AtLUX peaks at dusk, but ROC15 peaks at midnight, 

and ROC75 peaks in the early to midday (95, 96). ChIP-Seq analysis showed that ROC75 is 

present at the promoters of many identified circadian clock genes in C. reinhardtii, including the 

candidate AtTOC1 ortholog, CrPRR1 (95). C. reinhardtii has one gene (CrEFL) encoding a 

protein with a DUF1313 domain like AtELF4, but the expression of this potential homolog has 

not been investigated (13). 

ROC66 contains a CCT domain and a single repeat of B-box zinc-finger domain similar 

to AtCO/COL proteins (89). Distinct from ROC66, CrCO was identified in C. reinhardtii (97). 
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CrCO expression is influenced by day length, and it regulates several circadian output processes, 

such as starch accumulation and cell cycle (97). The expression of CrCO is similar to that of 

Arabidopsis COL1, COL2, and COL3 (84). Arabidopsis overexpressing CrCO shows an increase 

of FT expression, similarly to overexpression of AtCO (97), indicating that CO is an ancient 

regulator of photoperiod-dependent processes in plants (97). Other essential components of the 

C. reinhardtii clocks are ROC55, ROC59, ROC114 (89), RNA-binding protein CHLAMY1 (90, 

91), exoribonuclease XRN1 (90), and N-terminal acetyltransferase (NAT) (92). As the roles of 

these genes in the C. reinhardtii circadian clock are clarified, they may inform other unknown 

connections in plant circadian clocks. 

1.5 Bryophyte clock 

As the earliest land plants, nonvascular Bryophytes are an excellent model to understand 

how biological systems evolved since they bridge the gap between the ancestral and modern 

plants (98) (Figure 1.2).  

1.5.1 Moss clock 

The two AtCCA1/LHY homologs in moss (Physcomitrella patens) PpCCA1a and 

PpCCA1b have a rhythmic expression in diel light cycles (99) and regulate cell size in a 

photoperiod-dependent manner (100). The four AtPRR homologs identified in moss all are in the 

PRR3/7 clade (13), meaning that there is no TOC1 ortholog. Most of the moss PRRs retain at 

least part of the ancestral phosphorelay signaling mechanism after which the pseudo response 

regulators are named. PpPRR2 even has phosphotransfer activity in vitro, but PpPRR1 does not 

(101). This indicates that loss of the DDK motif in RLD, which is commonly found in the PRRs 

of higher plants, started to happen in bryophytes. 

 In moss, 18.4% of expressed genes show rhythmic expression under diel cycles (85).  

PpPRRs showed a rhythmic expression under diel and continuous dark conditions, but lacked 

rhythmic expression in constant light, in contrast to the robust PRR rhythms in higher plants 

(101). Although there are three ELF3 homologs and three LUX homologs, only one PpLUX and 

two PpELF3 homologs show rhythmic expression in LD and DD similar to Arabidopsis genes 

(102). The single PpELF4 homolog displays a weak amplitude and different phase compared to 

Arabidopsis, suggesting that it may not be a functional homolog (102) although examining 

expression in different tissues or developmental states may help to determine the potential 
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composition of the evening complex in P. patens. As with K. flaccidum, moss lacks a GI 

homolog. Even though there are no ZTL homologs in moss, there are four proteins that could be 

a truncated version of ZTL. Two moss proteins have only PAS/PAC domains, and another two 

proteins have one F-box domain followed by two Kelch repeats (102). The CO/COL family 

continues to expand in moss with three CO/COL homologs (103, 104). The expression of 

PpCOL1, PpCOL2, and PpCOL3 is light-regulated and possibly involved in the light signal 

transduction (103). 

1.5.2 Liverwort Clocks  

The nonvascular liverworts such as Marchantia polymorpha are a sister group to the seed 

plants. Despite its presence in green algae species, there is no CCA1/LHY homolog in liverwort, 

the ortholog to the MYB-domain-like transcription factor falls in the LCL/RVE clade (13). 

MpRVE peaks throughout the light period, suggesting that the liverwort clock lacks dawn-phase 

genes (13). There are two PRR homologs, MpTOC1 and MpPRR37, and both contain the DDK 

motif (31). Marchantia has one homolog for each of ELF3, ELF4, LUX, and GI (13, 105). There 

are two ZTL homologs, MpZTL and MpFKF (13, 105). These clock genes have a rhythmic 

expression in diel conditions, but, unlike Arabidopsis, the expression is weak in constant 

conditions (13). MpGI and MpFKF play a role in photoperiodic growth-phase transition (from 

vegetative to reproductive phase) similar to their role in the reproductive phase transitions in 

Arabidopsis  (105). Indicating that the periodic growth-phase transition is conserved among land 

plants. 

1.5.3 Hornwort Clocks 

The hornwort species Anthoceros agrestis has one homolog for each of CCA1/LHY and 

RVE (13). As in P. patens, A. agrestis lacks a TOC1 ortholog. The single PRR homolog 

(AaPRR) belongs to the PRR3/7 clade. Two homologs of ELF4 and one homolog of ELF3, 

LUX, GI, and ZTL were identified (13). All genes except AaRVE show rhythmic expression both 

under light:dark entrainment and in constant conditions, suggesting that most identified 

homologs are functional orthologs in the hornwort clock (13). 

These examples of non-vascular plant clocks paint a picture of gene loss and the adaption 

of the clocks to different subsystems. However, these select species are only a snapshot, and 

examining additional species will help to ascertain if these examples are exceptions or validate 
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the proposed trajectory of clock component complexity. Moreover, since limited circadian 

phenotypes or rhythmic physiology has been documented in these species, it is difficult to 

understand how these changes in the molecular components relate to changes in physiological 

responses or circadian outputs.  

1.6 Lycophyte clock  

Although they are evolutionarily the first vascular plants (98), information about the 

circadian clocks in lycophytes is limited. In Selaginella moellendorffii, homologs of circadian 

genes were identified (13). One homolog each of RVE, TOC1, ELF3, ELF4, ZTL, LUX, and GI 

was identified (13, 31, 101). As with M. polymorpha, S. moellendorffii lacks a CCA1 homolog 

suggesting the loss of this component. S. moellendorffii has three PRRs, SmPRR7a, SmPRR7b, 

and SmTOC1, and two of them, SmPRR7a and SmPRR7b, have the DDK motif (31, 101). About 

39% of expressed transcripts in S. moellendorffii cycle in diel conditions (85).  However, gene 

expression of those homologous genes has not been investigated. 

1.7 Monilophytes (Fern) clock 

Monilophytes are nonvascular plants, and they are the sister groups of seed plants. 

Although they are closely related to seed plants, only three species (Azolla filiculoides, Salvinia 

cucullata, and Ceratopteris richardii) have available genomic data (106, 107). And there is a 

very limited physiological or transcriptional analysis of rhythmic patterns in ferns. This could 

lead to a limited understanding of circadian rhythms in ferns (Figure 1.2). Analysis of the 

circadian components in ferns is complicated by whole genome duplication and polyploidization. 

The C. richardii fern genome is five times larger than the maize genome and 80 times larger than 

the Arabidopsis genome due to multiple whole-genome duplications (107). About 31% of 

speciation events in ferns involve an increase of ploidy (108). Ferns show a strong positive 

correlation between genome size and the number of chromosomes, which does not occur in seed 

plants, suggesting that fern chromosomes are stable (109). Thus, ferns present a unique 

opportunity to examine gene dosage predictions and the effect of whole-genome duplication on 

circadian clocks across diverse fern species. Light-Harvesting Complex (LHC) transcripts are 

rhythmically expressed in diel and constant conditions in Equisetum myriochaetum and C. 

richardii, suggesting that the circadian control of gene expression persists in monilophytes (110). 

About 13% of transcripts in A. filiculoides show rhythmic expression in diel conditions (111). In 
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A. filiculoides one CCA1/LHY, two PRR7, one PRR3, three TOC1, three GI, and five ZTL 

homologs were identified. The expression phase of these A. filiculoides clock components 

correspond to their homologs in Arabidopsis (111).  

1.8 Gymnosperm clocks 

Circadian-regulated rhythms in gymnosperms are highly varied in the few species studied 

(Figure 1.2).  For example, in Norway spruce (Picea abies L. Karst) only 5% of expressed 

transcripts exhibit rhythmic expression in diel conditions (85). Even light-harvesting complex 

genes that are circadian-regulated in green algae and nonvascular plants, are not diel regulated in 

the conifer species P. abies, Pinus sylvestris, Abies alba, or Larix decidua. Delayed fluorescence 

and rhythmic leaf movement also were not circadian controlled in P. abies. Despite this lack of 

conserved circadian function, P. abies has many orthologs of the circadian clock components 

PaCCA1, PaPRR1, PaPRR3, PaPRR7, PaELF4, PaLUX, PaGI, and PaZTL that all have similar 

expressions to their Arabidopsis counterparts in diel conditions (112, 113). The ELF3 homolog 

was not found in P. abies (113). The overexpression of PaCCA1 and PaZTL in Arabidopsis 

resulted in the same phenotype as the overexpression of the endogenous Arabidopsis genes, but 

the overexpression of PaGI and PaPRR1 did not display the expected phenotype (112).  

Despite the partial conservation between P. abies and Arabidopsis, the control of the 

clock-regulated output is not conserved. It is possible that the developmental stage, tissue 

samples, entrainment conditions, or sampling conditions masked or were not the relevant system 

for examining circadian regulated outputs. However, the consistent lack of circadian regulation 

of classic circadian outputs and the minimal rhythmicity even in diel conditions, suggest that 

circadian control in conifer gymnosperms may be vastly different than other plant systems. 

Comparing the clock gene expression between Douglas fir (Pseudotsuga menziesii), Japanese 

cedar, and Arabidopsis, most genes showed similar circadian phases across the three species 

except for LHY and ZTL (114). About 40% of diurnal transcripts identified in Douglas fir and 

Japanese cedar were annotated to unknown proteins (114, 115). This suggests that gymnosperms 

may have unique clock proteins or clock-controlled genes, which could mean circadian control 

of different pathways than those identified from Arabidopsis-initiated research.   

In P. ablies, CO homologs appear to induce flowering in response to short days in 

contrast to the long-day induced flowering of AtCO. Two P. abies CO homologs (PaCOL1 and 

PaCOL2) regulate short day-induced growth cessation and winter bud formation (116). The 
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expression of PaCOL1 and PaCOL2 was light-regulated, and the expression decreased in 

needles and shoot tips under short days before growth cessation and bud formation (116). In 

Japanese cedar (CjCOL9) showed similar expression under short days, suggesting that COL-

mediated growth cessation and bud formation is conserved among gymnosperms (117).  

In contrast to the conifers, light-harvesting complex genes showed diurnal accumulation 

in cycads (Eneephalartos altensteinii) (110). Stomatal movement in Ginkgo biloba was rhythmic 

in diel and constant conditions, indicating that this phenotype is circadian regulated. This 

suggests that the loss of these circadian-controlled phenotypes might have occurred after the 

subdivision into conifers, cycads, ginkgo, and gnetophytes (110). One CO homolog, GbCO, was 

identified in Ginkgo biloba (118). GbCO expression increased in shoot tips and leaves under 

long days, and overexpression of GbCO in Arabidopsis co-2 mutant recovers flowering defects, 

suggesting that like AtCO, GbCO is a flowering inducer in G. biloba (118). However, like 

Norway spruce and Japanese cedar, GbCO also regulates growth cessation in short-day 

conditions (118).  

Phylogenetic analysis of PRRs in gymnosperms and angiosperms indicates that the 

divergence of PRR clades occurred before the speciation of land plants (115). PaPRR1 has an 

incomplete DDK motif as in moss PpPRR1 (31, 112), suggesting the incomplete DDK motif still 

occurs in gymnosperms even though this motif is completely lost in angiosperms (31). Unlike 

the spruce PaPRR1, Japanese cedar CjTOC1 does not have the DDK motif (like the PRRs in 

angiosperms) (115). 

1.9 Angiosperms clocks 

Detailed comparisons between Arabidopsis, other angiosperms have been reviewed 

extensively (65, 66, 70, 119ï121). At a high-level view the components of the circadian 

oscillators, cis-regulatory elements, and interactions between core circadian genes are highly 

conserved across all angiosperms (Figure 1.2). For example, the Arabidopsis circadian morning-

expressed reporter derived from the CCA1 promoter, AtCCA1::Luc and the evening-expressed 

reporter derived from the TOC1 promoter, AtTOC1::Luc, show the same rhythmic expression 

pattern in the monocotyledonous Lemna gibba as they do in Arabidopsis (122). However, despite 

the conserved circadian mechanisms, the unique needs of different plant life cycles mean that the 

circadian control of specific physiological processes is tailored to each species. The gears of the 
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clock shift and drive different phenotypes depending on each species life cycle and ecological 

niche. 

1.10 How do pant clocks function outside of an environmental growth chamber? 

Although early circadian experiments were done in the field (126), most of the 

experiments examining rhythmic responses and identifying the factors that contribute to 

circadian regulation have been done in controlled environments and in Arabidopsis. Controlled 

environments facilitate single-variable experiments and working with transgenic plants. 

Environmental growth chambers also can be set to constant environmental conditions to test if 

rhythmic phenotypes persist in the absence of daily cycles of light and/or temperature. Most of 

the reporter systems that have been fundamental to elucidating the underlying molecular 

components require specific lighting environments (e.g., luciferase or Green Fluorescent 

Protein). Thus, these tools will not work well in natural environments with bright sunlight. While 

controlled environment experiments have provided a detailed understanding of the circadian 

components and how they are affected by individual environmental inputs, researchers have 

appreciated that there is a disconnect between controlled environments and natural settings.  

Even classic responses such as flowering time show variation in natural conditions. In 

rice, the gi mutant showed early flowering in both short- and long-day conditions in the lab, but 

this phenotype disappeared in long days in the field (127). Recently, improvements and cost 

reductions in environmental monitoring sensors, high-throughput molecular analysis, and 

phenotyping have opened the door to research in more óreal-worldô conditions. This research is 

discovering new roles for daily plant rhythms and new signaling that connect between the 

molecular components of the circadian clock and environmental responses as researchers 

investigate conditions that approach natural light and temperature environments, stress 

responses, and even rhythms in field conditions.  

1.10.1 Natural light cycles 

The light cycles in the natural environment are dynamic. Not surprisingly, natural light 

has a substantial impact on growth and development (128) and metabolite levels (129) that are 

not fully replicated in environmental chambers. Although light intensity differences between the 

chamber and natural conditions obviously lead to different responses, light intensity isnôt the 

only factor. Subtle differences such as the pattern of light quality and incremental changes in 
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intensity also play an important role. Even on a cloudless day, light quality and quantity change 

throughout the diurnal period. Furthermore, this daily variation changes with each season (see 

Review (130)). In contrast, most of the experiments that elucidated the known circadian 

components were performed in environments with square waves of constant light intensity and 

spectral distribution. At ódawnô the lights switch abruptly on, maintain the same intensity 

throughout the day, and shut off completely at óduskô. Vialet-Chabrand and colleagues showed 

that even if the total intensity of light is controlled for, Arabidopsis plants grown under naturally 

fluctuating light patterns have about a 20% reduction in carbon assimilated throughout the day 

and have thinner leaves and reduced photosynthetic capacity compared to plants grown in a 

square wave light cycle (131). A similar difference is observed in stomatal response, a phenotype 

that varies throughout the diel cycle (132) and is circadian controlled (133ï135). Stomatal 

conductance acclimates to changes in light conditions. Both the kinetics and magnitude of this 

response are sensitive to the pattern of light even when the total intensity is kept constant (136). 

These studies highlight that the timing and distribution of light intensity throughout the day is a 

signal that affects plant responses and growth. However, natural light patterns are complex: the 

variation in patterns combined with changing day length as days progress through the seasons 

(130). It is possible that plants can discern additional signals in the diurnal light pattern, and we 

have yet to study this ability.  

1.10.2 Shading 

In dense populations, plants develop a shade avoidance response to enhance accessibility 

to light for photosynthesis. As light signaling and circadian clocks are tightly regulated by each 

other, circadian clocks have an important role in regulating shade avoidance syndrome (SAS) 

responses, e.g., stem elongation (137), increased apical dominance (138), leaf hyponasty, and 

petiole elongation (139). A low red/far-red ratio under shading triggers a shade avoidance 

response pathway, and PHYB is the key phytochrome in shade detection (140). PHYB can 

directly bind to SAS-responsive PIFs (PIF4, PIF5, and PIF7) (141ï143), leading to a degradation 

of PIFs (140). Lower PHYB under shade leads to an accumulation of PIFs which will promote 

shade avoidance response (140). Increasing hypocotyl length due to low red/far-red ratio is gated 

by the clocks with a maximum increase of hypocotyl lengths at dusk (144ï146). PRR5 and 

PRR7 have been recently discovered as novel shade responsiveness regulators via a direct 

interaction with PIF4 which results in suppression of PIF-induced growth under shade (147). 
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Also, ELF3 involves the gating of shade response in Arabidopsis by negatively regulating PIF7 

expression (146) 

The effects of cloud cover are not limited to daytime periods. In some environments, 

overcast nights amplify the effects of light pollution at night (148). Clouds also impact 

temperature cycles, particularly driving the increasing nighttime temperatures associated with 

global warming (149).Warm temperatures cause thermomorphogenesis which has similar 

characteristics to SAS response such as elongation of hypocotyls and petioles and hyponasty of 

petioles and leaves (150). PHYB also regulates thermomorphogenic growth at elevated 

temperatures, suggesting that the pathways controlling SAS and thermomorphogenesis are 

overlapping. Computational modeling predicts that shade avoidance responses become more 

intense under high temperatures due to geographical location or global warming (151).  

1.10.3 Temperature  

The effect of temperature stress has been extensively studied for decades, mostly in 

controlled growth chambers. Natural fields are dynamic environments with a high fluctuation of 

temperatures between day and night and across the seasons. To truly understand plant response 

to temperature stress, field-based experiments are necessary (152ï155), but current temperature-

responsive pathways are constructed based on Arabidopsis in the growth chambers. Arabidopsis 

shows the highest cold tolerance in the morning (156, 157) and has the highest heat tolerance in 

the evening (158, 159). CBFs and Heat Shock Factors (HSFs) are the master regulators in cold 

and heat-responsive pathways, respectively (160, 161). CBFs are also known as Dehydration 

Responsive Element Binding 1 (DREB1s). CCA1, LHY, and REV4/8 can bind to the evening 

element (EE) motif in the promoters of CBF/DREB1s to negatively repress the expression of 

these master regulators of cold response under normal temperatures (162, 163). Several HSFs are 

targeted by the clock proteins according to the ChIP-Seq results (16, 18, 35ï38, 164) and exhibit 

rhythmic expression across the time of day (165). Another member of DREB transcription factor 

family, DREB2A, functions in the heat stress pathway. Unlike DREB1s, the expression of 

DREB2A in response to heat stress is regulated at a post-translation level (166).  

Temperature compensation is one of the characteristics of the circadian clock that 

contributes to the robustness under temperature changes (167). In Arabidopsis, the ambient 

temperatures researchers use to test temperature compensation are between 12°C and 27°C 

(168). PRR7 and PRR9 regulate the expression of CCA1 and LHY in temperatures between 12°C 
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and 30°C (169). The circadian rhythms run faster at higher ambient temperatures (170), but the 

maximum temperature at which the clocks persist is still unknown. On the other hand, the 

oscillation displays a very slow pace of rhythmic expression under 4°C except for LUX (170). 

CBF1 can induce LUX expression under low temperatures (171). The evening complex has been 

proposed to be a key regulator of temperature compensation by regulating the expression of 

PRR9 and PRR7 (169, 172). LUX exhibits a robust expression under low temperatures, but other 

elements in the evening complex have an arrhythmic expression (170), suggesting that LUX is 

dispensable for clockwork at low temperatures (173).  

1.11 Project Perspective 

This research constructed the connection between the time of day and temperature stress 

in plants. Chapters 2 and 3 focus on the transcriptional changes in response to the time of day 

and chilling stress in sorghum leaves using 3ô RNA-Seq. Chapter 2 described a difference in 

transcript abundance between dawn and dusk in sorghum that affects RNA-Seq analysis and 

tested normalization methods to account for unequal transcript abundance between two time 

points. Using synthetic RNA spike-in controls retained a variation in transcript abundance 

between the time of day and identified more nighttime-upregulated genes under controls and 

chilling stress. We investigated gene expression in response to chilling stress in sorghum in the 

morning and evening and found that gene expression is time-of-day dependent. We revealed 

various patterns of gene expression under different temperatures and different times of day and 

identified candidate TFs regulating those expression patterns. Characterization of the circadian 

clock in Arabidopsis callus and cell suspension culture was described in Chapter 4. The callus 

and cell suspension we used exhibited altered circadian rhythms compared to intact plants and 

we proposed that ELF3 could be partially responsible for this defect. We reviewed the role of 

ELF3 in temperature sensing and the relationship between the circadian rhythm and heat stress in 

Chapter 5. Lastly, we introduced the novel connection between N-glycosylation and the 

circadian clock in Arabidopsis by characterizing plant ALG10 which functions in the last step of 

the biosynthesis of N-linked glycan precursor.  
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FIGURES 

Figure 1.1 The core oscillation in Arabidopsis circadian clock 

Morning-expressed CCA1 and LHY proteins negatively regulate the expression of TOC1 and 

evening complex genes LUX, ELF3, and ELF4. TOC1 together with CCA1 HIKING 

EXPEDITION (CHE, also known as TCP21) represses the expression of CCA1 and LHY. The 

evening complex represses the expression of daytime-expressed PRRs and evening-expressed 

GI. PRRs regulate the expression of morning-expressed genes RVEs and LNKs. RVEs can induce 

the expression of PRR5, TOC1, and evening complex genes while LNKs positively regulate the 

expression of CCA1/LHY and RVEs. LWDs and TCPs are highly expressed during the day and 

induce the expression of CCA1/LHY and PRRs. CORs repress the expression of PRR5 and ELF4. 

ZTL regulates the expression of TOC1 and PRR5 via a post-translational modification. The 

figure was created with Biorender. 
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Figure 1.2 The components of the circadian clock in selected land plant species 

The clock components are grouped by transcription factor or protein families. Colors represent 

the rhythmicity of gene expression at the transcription level according to literature. NA indicates 

no homologs identified, and question marks mean the homologs have not been identified yet. 

The figure was created with Biorender. 
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CHAPTER 2 

Controlling for total RNA abundance between dawn and dusk identifies novel differentially 

expressed genes in sorghum  

2.1 Abstract 

RNA-Sequencing (RNA-Seq) is widely used to investigate changes in gene expression at 

the transcription level in plants. Therefore, normalization is a critical step in the RNA-Seq 

analysis to remove errors and biases arising from the sample preparation protocol. Most plant 

RNA-Seq research use normalization approaches that assume the total transcript levels do not 

vary between samples. However, this assumption has not been demonstrated. Many common 

experimental treatments and genetic alterations could affect transcription efficiency or RNA 

stability, resulting in unequal transcript abundance. The addition of synthetic RNA controls is a 

simple correction that controls for variation in total mRNA levels. In this work, we demonstrate 

that the addition of external RNA spike-ins as a normalization control produces different results 

in RNA-Seq analysis compared to a traditional normalization method. We illustrate the use of 

RNA spike-ins with 3ô RNA-Seq and a normalization pipeline. We evaluate the effect of 

normalization methods on the identification of differentially expressed genes in the context of 

identifying the effect of the time of day on gene expression in sorghum grown at normal and 

chilling temperatures.    

2.2 Introduction 

RNA-Sequencing (RNA-Seq) is a high-throughput technology for genome-wide 

transcriptional analysis. RNA-Seq has been widely used in various research areas including plant 

biology to examine many aspects of RNA biology, e.g., differentially expressed (DE) genes, 

transcriptome assembly, alternative splicing, variant discovery, cis-regulatory elements, and 

roles of non-coding RNAs (Stark et al. 2019). As RNA-Seq was first introduced a decade ago, 

many advanced RNA-Seq methods have been developed from the standard protocols to answer 

in-depth issues in molecular biology.  

Short-read NGS is the fundamental NGS technique widely used to evaluate DEGs in 

response to experimental conditions. The read length in the short-read sequencing is typically 

100-300 bp (Stark et al. 2019). To prepare samples for short-read sequencing, total RNA is 

extracted from living organisms. Total RNA comprises 80-90% of ribosomal RNA (rRNAs) 
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while there are only 3% of messenger RNA (mRNAs) that carry gene expression information 

(O'Neil et al. 2013). It is necessary to enrich mRNA to increase sequencing efficiency. There are 

two methods to isolate mRNAs; (1) rRNA depletion uses DNA hybridization probes to capture 

rRNAs, and (2) poly(A) mRNA isolation uses oligo(dT) primers to capture poly(A) tails of 

mRNAs (Zhao et al. 2018). Isolated mRNAs are sheared into small fragments prior to cDNA 

synthesis (Park et al. 2019). After cDNA synthesis, cDNA libraries are amplified by PCR to 

obtain concentrated yields for sequencing. 

As RNA-Seq has a complicated workflow, it is easy to unintentionally introduce biases. 

There are two types of variation, within-sample variation and between-sample variation. The GC 

content, gene length, and contamination are sources of within-sample variation that affect the 

detection of different genes in the same sample (Evans et al. 2018). The fragmentation step in the 

library preparation introduces gene length bias because longer transcripts would be sheared into 

more fragments than shorter transcripts. Even though the long-length transcripts are not 

differentially expressed, the longer transcripts could be classified as highly expressed because 

they have more reads assigned to their transcripts (Oshlack and Wakefield 2009). Sample 

preparation and analysis strategies have been developed to target this variation. For example, 3ô 

RNA-seq reduces the gene length bias by replacing the mRNA isolation and fragmentation steps 

with the cDNA synthesis using oligo-dT primers (Moll et al. 2014).  

Identifying biologically relevant between-sample variation is the goal of most RNA-Seq 

experiments. However, sample preparation techniques can also cause variation between samples. 

The total number of reads, which reflects sequencing depth, is a critical factor that affects the 

comparison of gene expression between samples (Evans et al. 2018). It is essential to normalize 

for read depth and so several normalization approaches have been developed to account for 

biases in the datasets. The built-in normalization method in the two popular DE tools, DESeq2 

and EdgeR, uses the distribution to account for sequencing depth and the population of RNA 

(Risso et al. 2014; Robinson and Oshlack 2010). Critically, these methods depend on the 

underlying assumption that most genes do not change in expression between the samples. For 

example, transcriptional amplification in tumor cells increases the expression of existing genes 

rather than turning on the expression of new genes (Lin et al. 2012). In yeast, growth rates are 

highly correlated with total transcript abundance (Athanasiadou et al. 2016; Brauer et al. 2008; 

Yu et al. 2021), and nutrient limitation also causes transcriptional reprogramming (Yu et al. 
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2020; Lippman and Broach 2009). Using the distribution-based normalization would create 

wrong normalized counts as altered global transcription would shift the expression of non-DE 

genes (Lovén et al. 2012; Athanasiadou et al. 2016). This means that the total RNA levels must 

be similar between samples for these methods to be appropriate. However, many experimental 

conditions can result in a change in transcription level or RNA stability which would affect the 

total RNA abundance, thus invalidating the assumption of consistent total RNA levels. 

Fortunately, there is a simple solution to control for changes in mRNA levels between 

samples and allow for accurate comparisons. Artificial RNA spike-ins which were first 

developed to account for technical variations can be used as an external control to normalize the 

total RNA levels (Jiang et al. 2011). These external RNA spike-ins have been used in 

mammalian research (Wang et al. 2021; Lun et al. 2017; Byrne et al. 2017; Kroustallaki et al. 

2019; Wilson et al. 2019); however, the use of external RNA spike-ins as a normalization factor 

is not common in plant RNA-Seq analysis studies. 

Here we demonstrate that the addition of external RNA spike-ins has a significant effect 

on identifying differentially expressed genes between sorghum samples that differ only by the 

time of day they are collected and an example of the effects of adding spike-ins on identifying 

differentially expressed genes in response to chilling stress. We discuss the challenges that plant 

RNA-seq analysis faces with the addition of spike-ins and compare several analysis methods. We 

demonstrate that exogenous spike-ins can be used with 3ôRNA-seq pipeline providing a 

transcript analysis workflow that addresses both within- and between-sample variation.  

2.3 Results and Discussion 

2.3.1 3ô RNA libraries of sorghum leaves 

We used 3ô RNA-Seq to analyze transcriptomic changes in sorghum leaves under control 

and chilling stress in the morning and evening. 3ô RNA-Seq has been successfully used to 

analyze transcriptional responses in several plant species including maize, rice, Brachypodium 

distachyon, Setaria viridis, switchgrass, apples, tomatoes, and Alpine orchid (Gymnadenia 

rhellicani) (Eveland et al. 2008; Kremling et al. 2018; Israeli et al. 2019; Palmer et al. 2019; Yu 

et al. 2020; Silva et al. 2019; Kellenberger et al. 2019). 3ô RNA-Seq reduces gene length bias by 

capturing only one read per transcript (Ma et al. 2019). However, the success of 3ô RNA-Seq is 

highly dependent on the reference genome quality (Tandonnet and Torres 2017; Ma et al. 2019). 

Reads after adapter trimming and rRNA removal were mapped to the BTx623 reference genome 
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and spike-in sequences. Between 88 - 92% of reads were uniquely mapped to the reference 

genome (Supplementary Table 2.1). Reads were mostly aligned toward the 3ô end of the gene 

body (Supplementary Figure 2.1A) as expected. This demonstrates that the sorghum genome is 

of sufficient quality for 3ô RNA-Seq applications. 

2.3.2 Use of Exogenous Spike-Ins to Normalize for Transcriptional Differences 

To account for the variation in RNA extraction and library preparation procedures, we 

added the external artificial RNA spikes to each sample after grinding plant tissues. We used the 

SIRV set 3 (Lexogen, USA) which consisted of ERCC spike-in controls and Lexogenôs spike-in 

controls. External RNA spike-in controls have been frequently used in mammalian and yeast 

studies (Athanasiadou et al. 2016; Blevins et al. 2019; Nadal-Ribelles et al. 2019; Topal et al. 

2019) to account for variation in the total amount of RNA between samples. In mammalian cells, 

where cell counting is easy to perform, the spike-in standard is added to the samples in 

proportion to the number of cells (Lovén et al. 2012). No protocols or best practices have been 

established for how to add RNA spike-ins to plant samples where it is more difficult to assess the 

total cell number and this is an important consideration. Adding spike-ins relative to the total 

number of cells would be ideal, but where this is difficult plant tissue could be normalized to the 

plant, leaf, tissue weight, or total DNA content. Because we were interested in chilling stress 

where endoreduplication could be an issue (Rymen et al. 2007), we chose to normalize on a per 

leaf basis. Here we added 90 pg of spike-in controls per leaf and each sample is generated from a 

single sorghum leaf (leaf two). With chilling stress, there is an obvious reduction in leaf size, but 

there was no difference in size between samples collected in the morning (AM) and evening 

(PM) of the same day. Therefore, here we limit our comparisons to the AM and PM samples in 

the same conditions, control or chilling stress, to evaluate the use of spike-ins. Comparisons 

between control and chilling need to take into consideration the leaf size.  

There was a variation in library sizes between biological replicates in each treatment as 

the total read counts ranged from 4 to 17 million reads (Figure 2.1A and Supplementary Table 

2.1). The number of spike-in reads was correlated to the total read counts (Figure 2.1A, 2.1B, 

and Supplementary Figure 2.1C).  The proportion of spike-in reads to total reads across samples 

was consistent (from 0.04 - 0.08%) (Figure 2.1C). One-way ANOVA was performed to 

determine the effect of treatments on the spike-in proportion. The p-value (0.336) was higher 
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than 0.05 (Supplementary Figure 2.1B), indicating that, as expected, there was no significant 

difference in the spike-in proportion between treatments.  

About 60% of spike-in transcripts were detected with the 3ô RNA-Seq (58 out of 92 

ERCC and 42 out of 68 SIRV transcripts). Most non-detected ERCC transcripts had 

concentrations lower than 2 amoles/ul (Figure 2.2A), suggesting that our sequencing approach 

would miss transcripts with concentrations lower than 2 amoles/L˃. This provides a quantitative 

limit of detection not normally available for RNA-Seq studies.  

The major purpose of the SIRV spike-ins is to account for isoform bias in the sequencing 

because the mRNA fragmentation and PCR enrichment in the library preparation could cause the 

bias in isoform abundance (Creason et al. 2021). However, the 3ô RNA-Seq cannot access splice 

variants because the libraries are generated from only the 3ô end of the transcript. A coefficient 

of deviation (CoD) was calculated to compare the relative abundance of expected and measured 

SIRV transcripts (Figure 2.2B). The CoD reflects a bias due to library preparation and 

sequencing (Paul et al. 2016). Typically, the CoD value close to 0 indicates a good match 

between expected and measured coverage (Paul et al. 2016). The CoD of each SIRV in all 

treatments was less than one (Figure 2.2B), suggesting that measured SIRV reads were not 

significantly different from expected values. 

2.3.3 RNA-Seq normalization using external RNA spike-in controls maintains variation 

between experimental treatments 

After removing low expressed genes using the filterByExpr() function from EdgeR, we 

visualized the distribution of transcripts via the relative log expression (RLE) plot (Figure 2.3A). 

The RLE is a log ratio of a read count to the median read count across samples (Risso et al. 

2014). As expected, before normalization, all the boxes on the plots deviated from the center and 

the biological replicates of each treatment were not well clustered on the PCA plot (Figure 2.3A) 

indicating that normalization was required before conducting a differential gene expression 

analysis. Therefore, we tested seven normalization methods in two DE analysis tools, DESeq2 

and EdgeR (Supplementary Figure 2.2). The traditional method in DESeq2 called Median of 

Ratio calculates a median of the ratio of read count in one sample to a geometric mean across 

samples (also called a pseudo-reference) (Anders and Huber 2010). In EdgeR, the Trimmed 

Mean of M values (TMM) is a commonly used normalization process. M values are the gene-
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wise log expression ratios between samples (Robinson and Oshlack 2010). TMM represents the 

relative RNA production between samples with the assumption that most gene expression levels 

between samples are not differentially expressed (Robinson and Oshlack 2010). Both methods 

assume all samples have similar levels of total mRNA. 

Normalization methods that used the external RNA spike-in read counts to adjust for the 

whole mRNA input in DESeq2 were from Brennecke et al. (2013) and Athanasiadou et al. 

(2019) (Supplementary Figure 2.2). Brennecke et al. (2013) used the Median of Ratio method to 

calculate size factors from the spike-in read matrix and these size factors were then used to 

normalize the gene read counts. Athanasiadou et al. (2019) used a maximum likelihood approach 

to estimate the calibration constant (ⱨ, nu) from the spike-in read counts. They also calculated 

the library-specific scale factor (♯, delta) accounting for library preparation errors with the 

assumption that the expression levels between technical replicates should be identical 

(Athanasiadou et al. 2019).  

In EdgeR, the normalization method we used to adjust the total mRNA levels based on 

external RNA spike-ins was from Lun et al. (2017) (Supplementary Figure 2.2). The total spike-

in reads in each sample were log2-transformed and the output was stored as an offset in an 

EdgeRôs model to normalize gene read counts (Lun et al. 2017). We also tested a Remove 

Unwanted Variation (RUV) approach in both DESeq2 and EdgeR (Supplementary Figure 2.2). 

The RUV used a spike-in read matrix to estimate an unwanted variation factor (W) due to 

technical errors but does not use the RNA spike-ins to account for changes in total mRNA levels 

between samples (Risso et al. 2014). W is then included in the generalized linear model (GLM) 

to test for differentially expressed genes (Supplementary Figure 2.2). With this method, W 

values were not directly used to normalize the gene read counts, so the normalized read counts 

for the RUV were obtained from the Median of Ratio method in DESeq2 and TMM in EdgeR.   

Traditional normalization approaches in DESeq2 and EdgeR completely removed 

variation between both biological and technical replicates as all samples aligned to the same 

level (Figure 2.3C and Supplementary Figure 2.4A). The Median of ratio and TMM are 

distribution-based normalizations with an assumption that the distribution of the transcripts 

should be consistent across samples, regardless of experimental treatments (Anders and Huber 

2010; Robinson and Oshlack 2010). Likewise, the RUV approach did not estimate the 

normalization factor to directly normalize the gene read counts prior to GLM fitting, so the RUV 
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and PCA plots of normalized read counts from the RUV approach were similar to the plots from 

the Median of Ratio method in DESeq2 and the TMM method in EdgeR (Supplementary Figure 

2.3C and 2.4E).  

However, reads normalized with the normalization factors derived from the spike-in read 

count reduced the variation within biological replicates but retained the variation between 

treatments (Figure 2.3E and Supplementary Figure 2.3A and 2.4C). With these normalization 

methods that utilize the spike-in read count to normalize the total read count (Nu*Delta in 

DESeq2 and log2 of total spike-in reads in EdgeR), we observe that PM samples have a generally 

higher overall average read count than AM samples in both the control and chilling stress 

conditions (Figure 2.3E and Supplementary Figure 2.4C). When comparing the AM control to 

the AM chilling or PM control to PM chilling we see little differences in the average read count 

despite the differences in leaf size. In addition to the effects on between-treatment total read 

levels, the Nu*Delta method in DESeq2 resulted in less variation between samples in the same 

condition compared to the traditional method (Figure 2.3A and 2.3E).  

With either traditional or RNA spike-in-based normalization, the PCA plots indicated that 

the first principal component separated samples by the time of day and the second component 

separated samples by the temperature condition (Figure 2.3D, 2.3 F, Supplementary Figure 2.3B, 

2.3D, 2.4B, 2.4D, and 2.4F). This indicates that the time of day results in more variation in gene 

expression in sorghum leaves than the difference between our control and chilling temperatures. 

This highlights the importance of evaluating stress responses at more than one time of day to 

capture a comprehensive snapshot of gene expression changes (Fowler and Thomashow 2002; 

Grinevich et al. 2019; Blair et al. 2019; Fowler et al. 2005). 

2.3.4 External RNA spike-in normalization captures more PM-upregulated genes  

We identified DEGs between dawn and dusk in the control (control_AM vs control_PM) 

and in the chilling temperature (chilling_AM vs chilling_PM) and compared multiple 

normalization approaches in DESeq2 and EdgeR. While the total number of DEGs varied 

between each normalization method, the most obvious difference is that the methods that used 

the RNA spike-ins to normalize the total reads (Nu*Delta and spike-in size factor in DESeq2 and 

log2 of total spike-in reads in EdgeR, had many more genes identified as upregulated in the PM 

than the other methods in both normal and chilling temperatures (Figure 2.4). In DESeq2, the 

numbers of DEGs between AM and PM in the control treatment from the spike-in size factor and 
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RUV methods were lower than that in the Median of Ratio method (Figure 2.4). In the chilling 

stress treatments, the RUV method identified the lowest number of DEGs between dawn and 

dusk. The Nu*Delta approach showed the highest number of DEGs in both control and chilling 

stress treatments (Figure 2.4). In EdgeR, the highest number of DEGs under the control 

condition were from the TMM, RUV, and log2(total spike-in reads) methods, respectively 

(Figure 2.4). However, the log2 of total spike-in reads method detected more DEGs than the 

TMM and RUV methods in the chilling stress treatment (Figure 2.4). 

We compared the similarity of DEGs across different normalization methods from 

DESeq2 and found that the Nu*Delta method identified the highest number of DEGs that were 

not found in the other three methods (1236 genes in control and 1934 genes in chilling stress) 

(Supplementary Figure 2.5A and 2.5B). There were many overlapping genes between the 

Nu*Delta and the spike-in size factor methods in both temperature conditions (Supplementary 

Figure 2.5A and 2.5B). The DEGs from the Median of ratio and RUV methods mostly 

overlapped each other (Supplementary Figure 2.5A and 2.5B) likely because these two methods 

used the same normalization factor values (Supplementary Figure 2.2). This also occurred in the 

DEGs from TMM and RUV methods in EdgeR (Supplementary Figure 2.5C and 2.5D). In 

EdgeR, the log2 of total spike-in reads approach detected only 86 unique DEGs in the control 

conditions between AM and PM but identified 4889 DEGs that were not found in the other two 

methods in the chilling stress (Supplementary Figure 2.5C and 2.5D).  

DESeq2 and EdgeR are widely used in the DE analysis (McDermaid et al. 2019; Lamarre 

et al. 2018). Our results showed that the Median of Ratio in DESeq2 detected more DEGs than 

the TMM in EdgeR in both temperature treatments (Figure 2.4 and Supplementary Figure 2.5E 

and 2.5F). These two tools are based on a similar statistical model which is a negative binomial 

distribution, but each method uses different ways to estimate dispersion and different statistical 

tests to determine differentially expressed genes (Robinson et al. 2010; Love et al. 2014). 

DESeq2 uses shrinkage estimation for dispersions and fold changes and Wald test for 

significance testing (Love et al. 2014). EdgeR estimates the gene-wise dispersions by conditional 

maximum likelihood, shrinks the dispersions, and uses Fisherôs exact test to determine 

differential expression (Robinson et al. 2010). Literature reviews indicate that EdgeR is more 

cited than DESeq2 (McDermaid et al. 2019; Lamarre et al. 2018). From our results, DESeq2 and 

EdgeR with the default normalization share more than 95% of the same genes (Supplementary 
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Figure 2.5E and 2.5F), suggesting that the difference between the two methods is minimal. 

Therefore, we decided to focus on the DEGs from the commonly used Median of Ratio method 

in DESeq2 and the Nu*Delta method in DESeq2 that utilizes the external RNA-spike ins to 

understand gene expression in response to time of day under different temperature conditions.  

2.3.5 Genes uniquely identified by the addition of RNA spike-ins are due to differences in 

both assigned log fold changes and significance 

Comparing the DEGs identified by the Median of Ratio and Nu*Delta methods in 

DESeq2 indicated that the DEGs that were only detected by the Median of Ratio were morning 

upregulated (Figure 2.5A and 2.5B). On the other hand, the Nu*Delta uniquely identified novel 

evening-upregulated genes in both temperature conditions (Figure 2.5A and 2.5B). This 

suggested that the default normalization in which the distribution of transcript abundance was 

adjusted to the same level introduced the bias toward the detection of morning-upregulated genes 

(Figure 2.3C and 2.4). Normalizing data with external RNA controls maintained the asymmetric 

transcript distribution in total reads between morning and evening samples (Figure 2.3E), 

facilitating the detection of more PM-upregulated genes (Figure 2.4). 

To examine why there is a difference in the DEGs detected by the Median of Ratio and 

Nu*Delta methods, we visualized the log2 fold-change and p-values of DEGs found in one 

method but not in another (Figure 2.6). In the control, 1397 unique DEGs from the Median of 

Ratio were upregulated in the morning (Figure 2.6A) while all of the 2380 unique DEGs from 

the Nu*Delta were upregulated in the evening (Figure 2.6D). Over 60% of the genes that were 

not DE in either Median of Ratio or Nu*Delta methods did not pass both p-value and log fold-

change cutoffs (Figure 2.6B and 2.6C). The percentages of non-DEGs that met only the log fold-

change cutoff were 24.70% and 30.08% in the Nu*Delta and the Median of Ratio methods, 

respectively (Figure 2.6B and 2.6C). A small fraction of non-DEGs (10.59% in the Nu*Delta and 

7.94% in the Median of Ratio) passed the p-value cutoff but not the log fold-change cutoff 

(Figure 2.6B and 2.6C). A closer examination of these specific genes showed that the biological 

replicates showed different variation levels between the two methods. The biological replicates 

of the genes that were differentially expressed only in the Median of Ratio method were well 

clustered after the Nu*Delta normalization, resulting in not being detected by the Nu*Delta 

method (Supplementary Figure 2.6). Poor aggregation of samples decreased statistical 

differences between conditions (Supplementary Figure 2.6). For example, Four biological 
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replicates of Sobic.009G030100 (BASIC REGION/LEUCINE ZIPPER MOTIF 53, bZIP53) and 

Sobic.010G077200 (GROWTH-REGULATING FACTOR 5, GRF5) well aggregated in the 

morning after the Nu*Delta normalization (Supplementary Figure 2.6). Sobic.010G199000 

(BASIC LEUCIN-ZIPPER 43, bZIP43) had well-aggregated PM replicates after the Nu*Delta 

normalization (Supplementary Figure 2.6).  

In addition, the Nu*Delta normalization squeezed or extended the gap between samples. 

For the genes that were differentially expressed in the Median of Ratio method, the mean 

expression level in the AM decreased while the mean expression level increased in the PM after 

the Nu*Delta normalization, leading to reduced log fold-changes between the two conditions. 

For example, the biological replicates of Sobic.001G411400 (PSEUDO-RESPONSE 

REGULATOR 7, PRR7) spread out after normalization with either Median of Ratio or Nu Delta 

method, but with the Nu*Delta normalization, the difference between AM and PM samples was 

much smaller than that with the Median of Ratio normalization (Supplementary Figure 2.6). The 

replicates of Sobic.009G005900 (ACTIN 7) and Sobic.010G236300 (AUXIN RESPONSE 

FACTOR 16, ARF16) were well clustered in both normalization methods, but the Nu*Delta 

method showed a decrease in expression in the AM samples and an increase in expression in the 

PM samples compared to the expression with the Median of Ratio method (Supplementary 

Figure 2.6B). This trend also occurred in the genes that were differentially expressed only after 

the Nu*Delta normalization. Sobic.004G037800 (ARF7) showed well-clustered PM samples, and 

Sobic.006G142400 (GENERAL TRANSCRIPTION FACTOR II H2, GTF2H2) had well-clustered 

AM samples (Supplementary Figure 2.6F). Moreover, these genes and other examples 

Sobic.010G209400 (TBP-ASSOCIATED FACTOR 5, TAF5), Sobic.002G354900 

(SCARECROW-LIKE 5, SCL5), and Sobic.010G251100 (EUKARYOTIC TRANSLATION 

INITIATION FACTOR 4A1, EIF4A1) showed a significant difference in expression levels 

between AM and PM after the Nu*Delta normalization (Supplementary Figure 2.6D and 2.6E). 

This increased log fold-change affected the ability of each method to classify these genes as 

differentially expressed genes or not. 

The improvement of transcript abundance with the Nu*Delta normalization was also 

observed in the AM vs PM DEGs under chilling stress conditions. Over 80% of non-DEGs did 

not pass both p-value and log fold-change cutoffs (Figure 2.6F and 2.6G). Furthermore, some 

genes in this group showed an opposite expression direction in the chilling stress conditions 
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(Figure 2.6E 2.6F, 2.6G, and 2.6H). For example, Sobic.001G537300 (homeobox-leucin zipper 

protein REVOLUTA, REV) and Sobic.007G186300 (ANKYRTIN REPEAT-CONTAINING 

PROTEIN 2, AKR2) were significantly upregulated in the morning with the default 

normalization, but they tended to be downregulated in the morning with the Nu*Delta 

normalization (Supplementary Figure 2.7A). Sobic.003G048600 (GLUTAREDOXIN 4, GRX4) 

and Sobic.003G257600 (TAF11) were significantly upregulated in the evening with the 

Nu*Delta method, but their expression increased in the morning with the default normalization 

(Supplementary Figure 2.7D). The biological replicates in the evening samples after the 

Nu*Delta normalization were closer to each other than the replicates after the Median of Ratio 

method (Supplementary Figure 2.7). But the biggest factor causing genes to be classified in 

opposite expression is that the Nu*Delta method shifted the mean of expression upward for the 

evening samples and downward for the morning samples. 

2.3.6 Functional analysis indicates that normalization with RNA spike-ins changes the 

enriched cellular functions identified 

We showed that the unique DEGs from the median of Ratio bias toward morning-

upregulated genes while the Nu*Delta method identified more unique evening-upregulated 

genes. To elucidate the cellular functions of DEGs found by both methods and DEGs uniquely 

identified by each method, we used MapMan analysis to categorize the genes (Figure 2.7). For 

the DEGs between dawn and dusk in the control condition, both methods had a comparable 

number of unique DEGs that fell into cellular pathways such as cell organization, development, 

hormones, regulation, and redox (Figure 2.7A). However, the Nu*Delta method clearly had more 

unique DEGs than the Median of Ratio method in the following pathways, DNA repair, cell 

cycle, protein targeting, biotic stress response, RNA synthesis, RNA processing, and protein 

synthesis (Figure 2.7A). This meant that these pathways were active at night. In the chilling 

stress condition, DEGs that were specifically identified by the Nu*Delta methods were highly 

enriched in almost all cellular pathways compared to the DEGs uniquely found by the Median of 

Ratio method (Figure 2.7B). The results suggest that genes in multiple cellular processes turned 

on in the evening under chilling stress.    

We focus on genes in RNA synthesis which are the key processes in the central dogma of 

gene expression. In MapMan analysis, we found that the Nu*Delta methods identified more 

unique DEGs relating to RNA and protein synthesis than the Median of Ratio under control and 
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chilling stress conditions (Figure 2.7). In the control condition, there were 534 RNA-related 

DEGs that were identified by both normalization methods, and 128 and 227 genes were unique 

to the Median of Ratio and Nu*Delta method, respectively. In the chilling stress condition, there 

were 402 common genes in both methods, and 215 and 530 genes were uniquely found in the 

Median of Ratio and Nu*Delta methods, respectively. Genes in the RNA synthesis bin encode 

the subunit of RNA polymerase enzymes. In plants, there are five RNA polymerase enzymes. 

RNAP I, RNAP II, and RNAP III mainly synthesize rRNA, mRNA, and tRNA, respectively 

(Vannini and Cramer 2012), and they are highly conserved among eukaryotes. RNAP I, III, and 

III have 14, 12, and 17 subunits, which are identified as NRP óAô, óBô, and óCô, respectively 

(Kwapisz et al. 2008; Werner et al. 2009; Werner and Grohmann 2011; Cramer 2019). RNAP IV 

and RNAP V are plant-specific that produce noncoding RNAs for RNA-directed DNA 

methylation, leading to transcriptional gene silencing (Wierzbicki 2012; Matzke and Mosher 

2014). RNAP IV and V evolved from RNAP II and have 12 subunits with some shared subunits 

with RNAP II (Wierzbicki et al. 2008; Tucker et al. 2010; Haag and Pikaard 2011; López et al. 

2011; Ream et al. 2014; Wang and Ma 2015).  RNAP IV unique subunits are labeled NRPDs and 

RNAP V unique subunits are labeled NRPEs. Those shared with RNAP II and IV are called 

NRPBs, since they were first identified as associated with RNAP II. 

Both the Median of Ratio and Nu*Delta methods identified genes encoding the subunits 

of all types of RNAP that were upregulated at night under both temperatures such as 

Sobic.006G127500 (NRPB5A), Sobic.005G030600 (NRPE5), Sobic.008G128900 (NRPB9B), 

Sobic.001G448100 (NRPD2A), and Sobic.006G236000 (NRPD2A) (Table 2.1). Some RNAP 

genes were upregulated at night only in normal or chilling temperatures (Table 2.1). 

Sobic.009G165600 (NRPB9A), Sobic.004G012800 (NRPB4), Sobic.001G013500 (NRPB8B), 

Sobic.006G013900 (NRPB11), Sobic.006G131200 (NRPC1), and Sobic.006G185200 (NRPD1A) 

were upregulated at night only in control conditions. Sobic.003G045400 (NRPB7) was 

upregulated at night under chilling stress. Although only measured at the transcriptional level, 

this increase in the abundance of RNAP II subunits might indicate that RNAP II is more active, 

or, if these are subunits shared with RNAP IV, that RNAP IV is more active.  

The Nu*Delta normalization identified additional RNAP genes that were upregulated at 

night in both temperatures, e.g., Sobic.002G145000 (NRPB3), Sobic.001G179000 (NRPB6A), 

Sobic.001G014500 (NRPB8B), Sobic.002G374200 (NRPB9A), and Sobic.002G000300 

https://paperpile.com/c/2L6uFY/KyI3+ghNT+hcgT+NKfI
https://paperpile.com/c/2L6uFY/Ct8h+Cbnm+bYKR+cHiV+ZuGG+t86t
https://paperpile.com/c/2L6uFY/Ct8h+Cbnm+bYKR+cHiV+ZuGG+t86t
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(NRPB11) (Table 2.1). The Nu*Delta method identified one copy of the NRPB7 gene 

(Sobic.009G130400) as a PM-upregulated gene only in the control condition (Table 2.1). Some 

RNAP encoding genes were found upregulated at night in chilling stress with the Nu*Delta 

normalization, for example, Sobic.004G012800 (NRPB4), Sobic.001G013500 (NRPB8B), 

Sobic.007G068800 (NRPB12), Sobic.006G131200 (NRPC1), Sobic.006G185200 (NRPD1A), 

and Sobic.009G052500 (NRPE7) (Table 2.1). Interestingly, NRPB4, NRPB8B, NRPC1, and 

NRPD1A were identified as DEGs in the control condition by both methods, but under chilling 

stress, only the Nu*Delta method identified them as nighttime-upregulated genes (Table 2.1). 

There were few RNA synthesis-related genes that were AM-upregulated only in the 

Median of Ratio method. Sobic.007G044100 (NRPB1) and Sobic.001G155000 (NRPB2) were 

differentially expressed only in the chilling stress with the Median of Ratio normalization (Table 

2.1). NRPB1 and NRPB2 are the largest catalytic subunits in the RNAP II that are commonly 

shared among RNAP II, IV, and V and function in the catalytic site (Ream et al. 2009). 

However, those genes were not differentially expressed in the Nu*Delta method in both 

temperature conditions (Table 2.1). Both the Median of Ratio and Nu*Delta methods identified 

that genes encoding the RNAP II subunits were upregulated at night under both temperature 

conditions. Several publications indicate that the expression of genes encoding the RNAP 

subunits is affected by abiotic stress and some are required for abiotic stress tolerance 

(Fernández-Parras et al. 2021; Popova et al. 2013; Borsani et al. 2005). This provided a 

possibility that the sorghum produces more RNAP subunits at night to reprogram gene 

expression in response to temperature changes, and the RNA spike-in normalization identified 

additional nighttime-upregulated RNAP coding genes.   

2.3.7 The implication of RNA spike-in controls in RNA-Seq normalization    

The Nu*Delta normalization shows that more transcripts were accumulated at night than 

at dawn regardless of temperature conditions. This highlights the possible regulation of 

transcription machinery by the circadian clock in plants. The ChIP-Seq of mouse RNA pol II in 

the preinitiation and in the elongation states indicate that the activity of RNA pol II depends on 

the time of day (Koike et al. 2012). RNAPII occupancy in the form of preinitiation complex 

peaks at CT14.5 and the active RNAPII with phosphorylation of Serine 5 at the C terminus 

domain (CTD) highly accumulates on the genome in the early morning (CT0.6) (Koike et al. 

2012), suggesting that the nascent transcription starts in at night. Promoter-enriched H3K27ac 

https://paperpile.com/c/2L6uFY/KVkF+Tzcj+syvq
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and elongation marks H3K36me3 and H3K79me2 also peak after the peak of nascent 

transcription at night (Koike et al. 2012). The amount of nascent transcripts highly accumulates 

around CT15, but it is not highly correlated with the accumulation of mature mRNAs that the 

mean circadian phase is around CT7 (Koike et al. 2012). This suggests that the post-

transcriptional modification also drives the rhythmicity of mRNA levels (Doherty and Kay 

2012).  

Several publications identify genes with rhythmic expression under diurnal conditions. In 

Arabidopsis, about 89% of transcripts cycle when plants are grown in photocycles, thermocycles, 

or combined photocycles and thermocycles (Michael et al. 2008). Sorghum, maize, and foxtail 

millet show that 52%, 30%, and 43% of genes show rhythmic expression under diurnal 

conditions (Lai et al. 2020). About 60% and 59% of transcripts exhibit rhythmic expression in 

poplar (Populus trichocarpa) and rice (Oryza sativa ssp. japonica) (Filichkin et al. 2011). These 

rhythmically expressed genes suggest that there is a circadian regulation of transcription in 

plants. Alternative splicing and polyadenylation which are important post-transcriptional 

modifications for mRNA maturation occur in a time of day-dependent manner in plants (Yang et 

al. 2020; Lin et al. 2021).  However, the landscape of transcription machinery in terms of the 

occupancy of RNAP II on the genome and the occurrence of histone markers regulating 

transcription across the time of day in plants has not been investigated yet.  

RNA spike-in normalization preserved asymmetric distribution of transcript abundance 

because of the time of day (Figure 2.8). Analysis using RNA spike-ins results in more 

differentially expressed genes, especially PM-upregulated genes. This indicates that with the 

current RNA-Seq analysis workflow, variation in total RNA levels is not captured. When 

comparing morning and evening samples, this results in normalization that artificially reduces 

the evening gene expression so that it is in line with the average gene expression in the morning. 

As a consequence, this reduces the ability to identify genes expressed higher at night compared 

to the dawn samples. Using artificial RNA spike-ins and normalization methods that take 

advantage of the ability to normalize with spike-ins improves the identification of nighttime 

expressed genes. Analyzing control and chilling stress conditions with the spike-ins reveals that 

several biological processes, previously unknown to have a time of day-specific regulation were 

expressed to higher levels at night including transcription and translation which are part of the 

central dogma. 

https://paperpile.com/c/2L6uFY/zq8Y+cRvE
https://paperpile.com/c/2L6uFY/zq8Y+cRvE
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2.4 Materials and Methods 

2.4.1 Plant growth conditions and sample collection 

Sorghum bicolor cultivar BTx623 was grown in the growth chambers with the 12/12 

hours of light/dark cycles. The daytime/nighttime temperatures for the controlled and chilling 

stress conditions were 30/20°C and 20/10°C, respectively. The second leaf on the 15-day-old 

seedlings were collected at 1 hour after the light was on as morning samples and at 1 hour before 

the light was off as evening samples. The fresh samples were flash frozen in liquid nitrogen and 

stored at -80°C. 

2.4.2 RNA extraction and library preparation 

Total RNA was extracted from leaf tissue using the RNeasy Plant Mini Kit (Qiagen, 

USA). 5.94 µL of 15.15 pg/µL Spike-in RNA variant controls (SIRVs) set 3 (Lexogen, USA) 

were added after tissue grinding to obtain 90 pg of SIRV in each sample. DNase I treatment was 

performed on RNeasy spin columns during a washing step. Total RNA was measured by 

Nanodrop Lite spectrophotometer (Thermo Scientific, USA). 300 ng of total RNA was used in 

the QuantSeq 3ômRNA-Seq Library Prep Kit for Illumina (FWD) (Lexogen, USA) according to 

a manufacturerôs instruction. In brief, oligo (dT) primers were used to isolate mRNA and to start 

the first-strand cDNA synthesis. After that, RNA was removed, and the second-stranded cDNA 

synthesis was performed using random primers containing Illumina-compatible linker sequences. 

cDNA libraries were purified with magnetic beads. Library amplification with 18 rounds of PCR 

was performed using i7 index primers. Libraries were measured and quality checked by an 

Agilent 2200 TapeStation. 10 nM pooled libraries were sequenced by Illumina NovaSeq 6000 

platform with 100-bp single reads at NC State University Genomic Sciences Laboratory 

(Raleigh, NC, USA). 

2.4.3 RNA-Sequencing data processing 

Raw reads were quality checked by FastQC (version 0.11.8) (Andrews 2010). Adapter 

trimming was performed by BBDuk (in BBMap version 38.34) with the following parameters: 

k=13, ktrim=r, useshortkmers=t, mink=5, qtrim=r, trimq=10, minlength=20 (Bushnell 2014; 

ñBBMap Guideò 2016). FastQC was used again to check the reads after trimming. Reads were 

mapped to Sorghum bicolor cultivar BTx623 reference genome (Phytozome 12, genome version 

3.1.0 and annotation version 3.1.1) (McCormick et al. 2018) and SIRV sequences (Lexogen, 

https://paperpile.com/c/JOlPKh/A6Or
https://paperpile.com/c/JOlPKh/ZnoB+ySxD
https://paperpile.com/c/JOlPKh/ZnoB+ySxD
https://paperpile.com/c/JOlPKh/hWryf
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USA) using STAR (version 2.5.3) with default parameters (Dobin et al. 2013). SAMtools 

(version 1.9) was used to sort and index BAM files. Read count tables were generated using 

HTSeq-count in the HTSeq package (version 0.11.2) (Anders, Pyl, and Huber 2014). Low read 

counts were filtered out using the filterByExpr() command in EdgeR, resulting in 17651 genes 

for further analysis (Robinson, McCarthy, and Smyth 2010). 

2.4.4 Normalization prior to differential expression analysis 

Normalization was performed before a differential expression analysis in DESeq2 and 

EdgeR. We tested seven combinations of normalization methods and DE tools, three in DESeq2 

and four in EdgeR. Traditional normalization in DESeq2 was a Median of Ratio method (Anders 

and Huber 2010) while that in EdgeR was a Trimmed Mean of M values (TMM) method 

(Robinson and Oshlack 2010). In DESeq2, we used the command DESeq() to perform 

normalization and differential expression analysis at the same time. In EdgeR, we used the 

command calcNormFactors(method = ñTMMò) to perform TMM normalization.    

To normalize gene read counts based on spike-in reads in DESeq2, we used the Median 

of Ratio method to calculate size factors from a spike-in read count (Brennecke et al. 2013) by 

running estimateSizeFactors() and sizeFactors() commands. The size factor values were then 

added to the gene read count dataset prior DE analysis (Supplementary Figure 2.2).  

Another approach in DESeq2 was estimating calibration constants based on the 

abundance of spike-in controls and library-specific correction factors accounting for unwanted 

variations (Athanasiadou et al. 2019). The details and equations for calculating the maximum 

likelihood calibration constant (vj, Nu) for library j were in (Athanasiadou et al. 2019). In brief, vj 

was estimated from three factors: (1) the proportion of spike-in counts across all libraries 

contributed by the reference spike-in, the molecules per sample for the reference spike-in and the 

size of spike-in library j (Athanasiadou et al. 2019). Then the nominal abundance of transcripts 

in library j is the transcript counts divided by vj (Athanasiadou et al. 2019). The library-specific 

scaling factor (ŭj, Delta) assumes that the transcript abundance should be identical across 

technical replicates in each treatment (Athanasiadou et al. 2019). ŭj is the scaling factor for 

library j in condition l is the exponential of ɓj where ɓj is the difference between the mean of 

log(nominal abundance of transcript i in library j) and the mean of log transformation of nominal 

abundance of transcript i among libraries in condition l (Athanasiadou et al. 2019). In DESeq2, vj 
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and ŭj were used as a size factor given by vjŭj divided by a geometric mean of vŭ (Athanasiadou 

et al. 2019).  

In EdgeR, we applied a log2 transformation to total spike-in reads to obtain normalization 

factors of each library and stored them as offsets to normalized gene counts during the DE 

analysis (Lun et al. 2017). Moreover, we used Removed Unwanted Variation (RUV) to calculate 

unwanted variation factors based on spike-in reads by running the command RUVg(k=1) (Risso 

et al. 2014b), and the factors from the RUV method were applied in both DESeq2 and EdgeR 

analysis as one factor in the design matrix along with the treatment factors (Risso et al. 2014b).  

The distribution of transcripts before and after normalization was visualized as a RLE 

plot using the plotRLE() function in the EDASeq package (Risso et al. 2011). The PCA plot was 

created by the plotPCA() function in the EDASeq package (Risso et al. 2011).  

2.4.5 Differential expression analysis 

DESeq2 and EdgeR were conducted on normalized read counts (Robinson, McCarthy, 

and Smyth 2010; Love, Huber, and Anders 2014) to obtain differentially expressed genes 

between time of day in control  (control_am VS control_pm) and chilling stress (chilling_am VS 

chilling_pm) in R version 3.6.3. Genes considered as differentially expressed had an absolute 

log2 fold change higher than 0.5 and the FDR less than 0.05. Visualization including volcano 

plots, dot plots, venn diagrams, and heatmap plots was created by EnhancedVolcano (version 

1.4.0) (Blighe et al. 2022), ggplot (version 3.3.5), VennDiagram (version 1.7.1) (Chen and 

Boutros 2011), and pheatmap (version 1.0.12) packages in R version 3.6.3. 

2.4.6 Functional analysis with MapMan 

MapMan analysis (version 3.5.1R2) was performed on the DEGs obtained from the 

Median of Ratio and Nu*Delta normalization methods in DESeq2 (Thimm et al. 2004). The 

sorghum locus IDs that beginning with óSobicô from the current annotation version (3.1.1) were 

converted to the locus IDs beginning with óSbô to be compatible with the sorghum database in 

MapMan. The ID conversion list was downloaded from the SorGSD database (Liu et al. 2021). 
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TABLES 

Table 2.1 Genes encoding the subunits of RNA polymerases were differentially expressed 

between AM and PM in control and chilling stress conditions according to different 

normalization methods. 

 
 

locus ID 

 

name 

 

type of RNAP 

Median of Ratio Nu*Delta 

control chilling control chilling 

Sobic.007G044100 NRPB1 II   AM up   

Sobic.001G155000 NRPB2 II   AM up   

Sobic.002G145000 NRPB3 I   PM up PM up 

Sobic.004G012800 NRPB4 II  PM up  PM up PM up 

Sobic.006G127500 NRPB5A I, II, III, IV  PM up PM up PM up PM up 

Sobic.001G179000 NRPB6A I, II, III, IV, V    PM up PM up 

Sobic.003G045400 NRPB7 II   PM up  PM up 

Sobic.009G130400 NRPB7 II    PM up  

Sobic.001G014500 NRPB8B I, II, III, IV    PM up PM up 

Sobic.001G013500 NRPB8B I, II, III, IV  PM up  PM up PM up 

Sobic.002G374200 NRPB9A II, IV, V    PM up PM up 

Sobic.009G165600 NRPB9A II, IV, V  PM up  PM up  

Sobic.008G128900 NRPB9B II, IV, V  PM up PM up PM up PM up 

Sobic.002G000300 NRPB11 II, IV, V    PM up PM up 

Sobic.006G013900 NRPB11 II, IV, V  PM up  PM up  

Sobic.007G068800 NRPB12 II, III, IV, V     PM up 

Sobic.006G131200 NRPC1 III  PM up  PM up PM up 

Sobic.006G185200 NRPD1A IV PM up  PM up PM up 

Sobic.001G448100 NRPD2A IV PM up PM up PM up PM up 

Sobic.006G236000 NRPD2A IV PM up PM up PM up PM up 

Sobic.005G030600 NRPE5 V PM up PM up PM up PM up 

Sobic.009G052500 NRPE7 V    PM up 
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Supplementary Table 2.1 The number of raw reads, processed reads, and reads mapped to the 

reference genome in the 3ô RNA-Seq dataset  

 
sample name number of 

raw reads 

number of reads after 

adapter trimming 

number of reads after 

removing ribosomal 

contamination 

% reads after 

processing 

total mapped 

reads 

number of uniquely 

mapped reads 

% of uniquely 

mapped reads 

control_am 1 13255522 13134808 10725236 80.91% 10058264 9667866 90.14% 

control_am 2 7703848 7643404 6127080 79.53% 5826262 5638117 92.02% 

control_am 3 7601406 7531334 6392220 84.09% 6030846 5795803 90.67% 

control_am 4 13473623 13378094 11583672 85.97% 11037593 10642211 91.87% 

control_pm 1 27581305 27289542 23000452 83.39% 21554005 20682261 89.92% 

control_pm 2 6788002 6729384 5890132 86.77% 5618390 5457307 92.65% 

control_pm 3 16281373 16097731 13599353 83.53% 12983093 12596248 92.62% 

control_pm 4 8362477 8245242 6905598 82.58% 6544839 6324518 91.59% 

chilling_am 1 19529162 19366931 16949668 86.79% 15770287 15116976 89.19% 

chilling_am 2 19142420 19030061 16431508 85.84% 15237334 14600978 88.86% 

chilling_am 3 13588003 13460980 10733378 78.99% 10016233 9630467 89.72% 

chilling_am 4 14900653 14756110 11749840 78.85% 11056511 10627012 90.44% 

chilling_pm 1 6513671 6449525 5547752 85.17% 5161808 4971033 89.60% 

chilling_pm 2 18387285 18273405 16338254 88.86% 15208683 14612147 89.44% 

chilling_pm 3 21052876 20874318 18421838 87.50% 17148257 16510861 89.63% 

chilling_pm 4 13990560 13878331 11862052 84.79% 11090901 10671625 89.96% 
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FIGURES 

Figure 2.1 Details of gene read counts and spike-in read counts in the 3ô mRNA-Seq libraries of 

sorghum grown under control and chilling conditions and harvested at dawn and dust 

(A) Number of reads assigned to sorghum genes after filtering low-expressed genes in each 

sample 

(B) Number of external RNA spike-in reads of each sample 

(C) The proportion of spike-in reads to total reads of each library. The percentage is given by 

(total spike-in reads/library size)*100.  
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Figure 2.2 Details of spike-in controls used in the sorghum 3ô mRNA-Seq data 

(A) Concentrations and average observed read counts of detected and undetected ERCC 

transcripts in four treatments. A red vertical line indicated a 2 amol/ɛL of ERCC controls.  

(B) Total relative abundance of SIRV transcripts in four treatments. The number on the top of 

each SIRV group is the CoD value. 
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Figure 2.3 External RNA spike-in normalization preserved variation between experimental 

conditions. 

(A, C, and E) RLE and (B, D, and F) PCA plots of (A and B) unnormalized reads, (C and D) 

reads after the Median of Ratio normalization, and (E and F) reads after the Nu*Delta in 

DESeq2. 
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Figure 2.4 RNA spike-in normalization approaches identified more PM-upregulated genes under 

control and chilling stress conditions. 

The number of DEGs between AM and PM in (left) control and (right) chilling stress treatments 

from DESeq2 and EdgeR with different normalization methods. Genes with FDR less than 0.05 

and the absolute log2 fold-change higher than 0.5 were identified as differentially expressed 

genes. 
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Figure 2.5 Default RNA-Seq normalization biased toward morning-upregulated genes while 

RNA spike-in normalization provided more evening-upregulated genes in both temperature 

conditions. 

(A and B) Venn diagram of morning- and evening-upregulated genes under (A) control and (B) 

chilling stress from the Median of Ratio and Nu*Delta methods in DESeq2. 

(C and D) Heatmap showed the log2-based normalized counts of 1397 and 2380 DEGs that were 

uniquely detected by (C) the Median of Ratio and (D) Nu*Delta methods, respectively under the 

control condition.  

(E and F) Heatmap showed the log2-based normalized counts of 2012 and 6142 DEGs that were 

uniquely detected by (E) the Median of Ratio and (F) Nu*Delta methods, respectively under the 

chilling stress condition.  
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Figure 2.6 Expression levels and clustering of biological replicates after normalization 

determined the detection of DEGs between morning and evening under control and chilling 

stress. 

(A) Volcano plots depict the log2 fold-change and p-value of 1397 DEGs that were uniquely 

identified by the Median of Ratio method in the control condition, and (B) volcano plots of 1397 

genes from (A) were generated from the Nu*Delta normalization results. 

(C) Volcano plot displayed the log2 fold-change and p-value of 2380 DEGs that were uniquely 

identified by the Nu*Delta method in the control condition, and (D) volcano plot of 2380 DEGs 

from (C) were generated from the Median of Ratio normalization results. 

(E) Volcano plots depict the log2 fold-change and p-value of 2012 DEGs that were uniquely 

identified by the Median of Ratio method in chilling stress, and (F) volcano plots of 2012 genes 

from (E) were generated from the Nu*Delta normalization results. 

(G) Volcano plot displayed the log2 fold-change and p-value of 6142 DEGs that were uniquely 

identified by the Nu*Delta method in chilling stress, and (H) volcano plot of 6142 DEGs from 

(G) were generated from the Median of Ratio normalization results. 
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Figure 2.7 Spike-in normalization-specific DEGs were enriched in various biological pathways 

including RNA and protein synthesis. 

(A) MapMan plot shows DEGs between AM and PM in the control condition found by the 

Median of Ratio method only (blue), by the Nu*Delta method only (red), and by both methods 

(white). DEGs were grouped into different cell functional groups by MapMan.  

(B) MapMan plot shows DEGs between AM and PM in the chilling stress condition found by 

(blue) the Median of Ratio method only, (red) the Nu*Delta method only (red), and (white) both 

methods. DEGs were grouped into different cell functional groups by MapMan.  
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Figure 2.8 The implication of external RNA spike-in controls in RNA-Seq normalization 

Current RNA-Seq normalization approaches assume that the abundance of most transcripts 

between experimental treatments (morning vs evening in our case) is not different. The transcript 

read counts are then scaled up or down according to total read counts to meet an equal 

distribution of the transcripts between treatments, leading to misinterpretation of the fold change 

of gene expression. Using RNA spike-ins as normalization factors can capture the actual levels 

of transcripts between the times of day, resulting in fold changes that correctly reflect 

transcriptional changes between dawn and dusk. The figure was created in Biorender. 
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Supplementary Figure 2.1 Details of sorghum 3ô RNA-Seq libraries and the relationship 

between gene and spike-in read counts 

(A) Read distribution on the gene body. The gene body coverage was calculated by the RSeQC 

package (version 2.6.6) (Wang et al. 2012).  

(B) The proportion of spike-in reads to total reads. The boxplot shows the median spike-in 

proportion in four treatments. One-way ANOVA indicated that there was no significant 

difference (p-value > 0.05) in the mean of the proportions between treatments.  

(C) Correlation between total spike-in reads and total filtered gene reads. Pearson correlation 

coefficient and p-value are shown in the plot. 
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Supplementary Figure 2.2 Workflow of differential expression analyses with different 

normalization approaches. The figure was created in Biorender. 
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Supplementary Figure 2.3 RLE and PCA plots of (A and B) reads after normalizing with the 

size factors calculated from the spike-in read counts in DESeq2 and (C and D) reads after RUV 

normalization in DESeq2. 
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Supplementary Figure 2.4 RLE and PCA plots of read counts after different normalization 

methods in EdgeR 

(A and B) RLE and PCA plots of reads after TMM normalization in EdgeR 

(C and D) RLE and PCA plots of reads after normalizing with the log2 of total spike-in read 

counts in EdgeR 

(E and F) RLE and PCA plots of reads after RUV normalization in EdgeR 
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Supplementary Figure 2.5 Different normalization methods identified unique time-of-day 

DEGs under control and chilling conditions 

(A-D) The UpSet plots depict the numbers of overlapping and unique DEGs identified by 

different normalization methods in (A and B) DESeq2 and (C and D) EdgeR under (A and C) 

control and (B and D) chilling stress conditions. 

(E and F) Venn diagrams compare the number of DEGs in response to the time of day in (E) 

control and (F) chilling stress between DESeq2 and EdgeR with their default normalization 

methods.  
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Supplementary Figure 2.6 Examples of DEGs between dawn and dusk under the control 

condition from different normalization methods  

(A-C) The examples of DEGs under the control condition that were uniquely detected by the 

Median of Ratio method but not by the Nu*Delta method. 

(D-F) The examples of DEGs under the control condition that were uniquely identified by the 

Nu*Delta method but not by the Median of Ratio method. 
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Supplementary Figure 2.7 Examples of DEGs between dawn and dusk under the chilling stress 

condition from different normalization methods  

(A-C) The examples of DEGs under the chilling stress condition that were uniquely detected by 

the Median of Ratio method but not by the Nu*Delta method. 

(D-F) The examples of DEGs under the chilling stress condition that were uniquely identified by 

the Nu*Delta method but not by the Median of Ratio method. 
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CHAPTER 3 

Transcriptomic analysis reveals time-of-day specific genes and gene Regulatory network in 

response to chilling stress in sorghum 

3.1 Abstract 

Sorghum is a versatile crop with many uses, from human consumption to biofuel 

production. In the US, sorghum experiences heat stress during the flowering time in Summer. 

Several strategies have been developed to reduce yield loss caused by heat stress. One strategy is 

heat escape - growing crops in the early season to shift the reproductive stage period before heat 

stress exposure. This strategy is a challenge because sorghum is sensitive to early-season chilling 

stress which negatively affects seed germination, emergence, and seedling vigor. Candidate 

chilling-tolerant genes in sorghum have been proposed, but the molecular mechanisms of the 

candidate genes in chilling stress response have not been well established. We hypothesize that 

many transcriptional responses critical for sorghumôs response to low temperature have been 

missed by not examining gene expression at multiple times throughout the day. Here we 

investigated the effect of chilling stress and time of day on transcriptional responses using 3ô 

RNA-Seq. We found that the time of day gated gene expression in response to chilling stress, 

resulting in various patterns of transcriptional response involving particular biological processes. 

Weighted gene co-expression network analysis (WGCNA) identified the modules of nighttime-

specific chilling upregulated genes and candidate hub transcription factors (TFs) which could be 

regulators of chilling stress response at night in sorghum. This demonstrates that the time of day 

samples are collected can have substantial effects on our understanding of chilling tolerance and 

suggests that a full capture of the network of chilling stress responses requires an examination of 

multiple times of the day. 

3.2 Introduction 

Sorghum is a tropical crop that tolerates drought and heat stress due to the C4 

photosynthetic pathway. It is adapted to hot and arid lands through enhanced photosynthetic rate 

and water and nitrogen use efficiency (Sage 2004; Loreto, Tricoli, and Marco 1995). Even 

though sorghum is a heat-tolerant crop, heat stress during the flowering time drastically reduces 

yields (Prasad et al. 2015; Sunoj et al. 2017). Allowing sorghum grain development to escape the 

hottest part of the season through earlier planting can increase yield. However, sorghum is 



  81 

 

sensitive to low temperatures or chilling stress (0 to 15°C) (Theocharis et al. 2012; Liu et al. 

2018; Maulana and Tesso 2013). Early-season chilling stress decreases seed germination and 

growth (Maulana and Tesso 2013). Breeding chilling tolerant lines will overcome the 

temperature constraint and expand growth areas to northern regions (Moghimi et al. 2019). 

Chilling stress responses in plants affect various biological pathways. Photosynthesis is 

especially affected because temperature stress, either high or low, disrupts enzymatic activity and 

membrane integrity (Seydel et al. 2022). Chilling stress changes the lipid composition of the 

membrane in chloroplasts from the liquid phase to the solid phase (Theocharis et al. 2012). 

Damaged thylakoid membranes in the photosystem reduce photosynthesis and enhance 

photoinhibition which is a light-induced reduction in photosynthetic capacity (Liu et al. 2018; 

Hodgson et al. 1987). Reactive oxygen species (ROS) levels increase after membrane injury and 

impaired photosynthesis due to a decreased activity of ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RUBISCO) activity (Liu et al. 2018). Decreased photosynthesis also 

affects carbohydrate metabolism because photosynthesis fixes carbon dioxide and converts it to 

glucose which is a building block of sugars and starch. Sugars such as sucrose, maltose, 

trehalose, and raffinose, can function as osmolytes to protect cells from cold stress (Ito et al. 

2006; Song et al. 2011; Tian et al. 2011; Zhang et al. 2017; Kaplan and Guy 2005; Saito and 

Yoshida 2011) and signaling molecules to regulate sugar homeostasis under stress (Guo et al. 

2014; Klemens et al. 2013; Tarkowski and Van den Ende 2015). 

Transcriptional regulation of cold stress responses is best studied in Arabidopsis where 

the response involves multiple transcription factors (TFs) from various TF families (Kidokoro et 

al. 2022; Lu et al. 2020). The master regulator is Dehydration-Responsive Element-Binding 

protein 1/C-repeat Binding Factors (DREB1s/CBFs) which are highly upregulated under cold 

stress (Liu et al. 1998). DREB1s then activate the transcription of cold-regulated (COR) genes, 

leading to cold acclimation and cold tolerance (Thomashow 1999). The DREB1s are 

transcriptional regulated by CALMODULIN-BINDING TRANSCRIPTION ACTIVATOR 

(CAMTA) 3, CAMTA5, and circadian clock-related MYB-like transcription factors CCA1, 

LHY, and RVE4/8 (Doherty et al. 2009; Kidokoro et al. 2017). CCA1, LHY, and REV4/8 can 

bind to the evening element (EE) motif in the promoters of DREB1s to negatively repress the 

expression (Dong et al. 2011; Kidokoro et al. 2021). This indicates the cold-responsive pathway 
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is circadian regulated and chilling stress can disrupt the expression of diurnally regulated genes 

(Espinoza et al. 2010).  

In sorghum, several studies have investigated the transcriptional changes in response to 

chilling stress (Marla et al. 2017; Chopra et al. 2015; Zhang et al. 2017). However, the time of 

day was not included as a contributing factor in chilling stress response. Here we determined the 

interaction between the time of day and chilling stress on gene expression in sorghum. First, we 

showed the time of day gated gene expression under chilling stress according to the results from 

a differential expression tool DESeq2. Using WGCNA (Zhang and Horvath 2005; Langfelder 

and Horvath 2008), we identified thirteen gene clusters based on their expression profiles. We 

identified the candidate TFs and their targets in two modules containing genes that were 

substantially upregulated under chilling stress at night. Uniquely night-responsive transcripts 

were identified, and these can provide new insights into plant responses to reduced temperature 

and mechanisms to improve sorghum early-season chilling tolerance. 

3.3 Results 

3.3.1 Gene expression in response to chilling stress in sorghum was influenced by the time 

of day 

We used 3ô RNA-Seq to quantify transcript abundance in sorghum under controlled and 

chilling stress conditions. To determine genes that change their expression under control and 

chilling stress in the morning and evening, we did DESeq2 with external RNA spike-in 

normalization. We identified 7448 and 5085 genes that were differentially expressed between 

normal and chilling temperatures in the morning and evening, respectively (Supplementary Table 

3.1). Interestingly, 61.37% of the total differentially expressed genes (DEGs) in the morning 

were reduced in expression under chilling stress genes while 68.40% of the total DEGs in the 

evening were upregulated under the chilling stress (Supplementary Table 3.1). Comparing DEGs 

at the two times of day, 4776 (48.4%) and 2413 (24.5%) genes were differentially expressed in 

response to temperature changes only in the morning and evening, respectively (Figure 3.1A). 

2672 (27.1%) genes were temperature-responsive at both times of day (Figure 3.1A), suggesting 

that transcriptional changes in response to chilling stress in sorghum were influenced by the time 

of day. We identified 4974 genes with expression that was significantly affected by the 

interaction between the time of day and chilling stress (Figure 3.1B). Hierarchical clustering 

classified them into six groups (Figure 3.1B and Supplementary Table 3.2). Each group showed 



  83 

 

a clear distinction in the pattern of expression. Genes in groups 1, 3, and 5 did not show a robust 

difference in basal expression between AM and PM, but chilling stress altered gene expression at 

a particular time of day, increasing gene expression difference between two time points (Figure 

3.1B and 3.1C).  

Genes in group 1 displayed a significant decrease in gene expression in the morning but 

an increase in gene expression in the evening under chilling stress (Figure 3.1B and 3.1C). GO 

enrichment analysis revealed several significant GO terms related to transport in the genes from 

group 1 (Supplementary Figure 3.1). óTransmembrane transportô and óregulation of transcriptionô 

GO terms had the highest number of genes (Supplementary Figure 3.1). Group 3 contained genes 

whose transcript abundance was declined only in the morning under chilling stress, but the gene 

expression in group 5 was highly upregulated only in the morning (Figure 3.1B and 3.1C). The 

most significant GO terms in group 3 were ópolysaccharide catabolic processô (Supplementary 

Figure 3.1). óMetabolic processô term contained the highest number of genes (Supplementary 

Figure 3.1). The top three enriched GO terms from genes in group 5 were óATP hydrolysis 

coupled proton transportô, ócell redox homeostasisô, and óprotein foldingô (Supplementary Figure 

3.1). 

On the other hand, groups 2, 4, and 6 exhibited a robust difference in transcript 

abundance between AM and PM in the control groups, and chilling stress reduced the robustness 

of differential expression (Figure 3.1B and 3.1C). Group 2 had a high basal expression in the 

evening. Chilling stress decreased the expression in the evening but increased it in the morning 

(Figure 3.1B and 3.1C). The most significant GO term in this group was óprotein foldingô. There 

are several terms relating to translation such as ótranslationô, órRNA processingô, órRNA 

methylationô, ótRNA processingô, ótRNA aminoacetylationô, and ótranslation elongationô 

(Supplementary Figure 3.1). Groups 4 and 6 had a high basal expression in the morning (Figure 

3.1B and 3.1C). Chilling stress particularly raised gene expression in the evening to the same 

level as the expression in the morning (Figure 3.1B and 3.1C). However, group 6 showed a 

drastically decreased expression in the morning with a modestly increased expression in the 

evening, leading to no difference in expression between the two time points under chilling stress 

(Figure 3.1B). Groups 4 and 6 had similar GO terms that were corresponding to photosynthesis 

and oxidation-reduction process (Supplementary Figure 3.1). 
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We did motif enrichment analysis to identify known motifs that were recognized by plant 

TFs (Supplementary Figure 3.2). Genes from group 1 had only five significant motifs (p-value < 

0.01) that were specific to TFs, e.g., Replumless, DREB26, ATHB25, and ATHB23 

(Supplementary Figure 3.2). Group 2 was enriched with an evening element (5ô-AAATATCT -

3ô) for MYB-related TF family including LCL1, RVE1, EPR1, and LHY (Supplementary Figure 

3.2). A heat shock element (5ô-NGAANNTCCN-3ô) (Busch, Wunderlich, and Schöffl 2005) was 

enriched in genes from groups 3 and 6 (Supplementary Figure 3.2) even though groups 3 and 6 

had a difference in expression patterns under controlled and chilling stress (Figure 3.1C). Group 

4 had different enriched motifs for Golden2-like (G2like), MYB, and bZIP transcription factors 

(Supplementary Figure 3.2). Group 5 had a NAC-specific motif (Supplementary Figure 3.2). 

Overall, we found the time of day influenced gene expression in response to chilling stress in 

sorghum. Chilling stress either increased or decreased the robustness of differential expression 

between morning and evening. These results prompted us to do a more in-depth evaluation of the 

gene expression patterns. 

3.3.2 WGCNA revealed hub genes corresponding to a variation in gene expression in 

response to time of day and chilling stress 

The differential expression analysis indicated that the time of day significantly influenced 

the transcriptional changes under chilling stress. To identify the possible TFs regulating different 

expression patterns as a result of the interaction between the time of day and chilling stress, we 

performed WGCNA to describe gene expression patterns from the co-expression network 

(Figure 3.2 and Supplementary Figure 3.3). WGCNA classified genes into thirteen modules with 

different gene expression patterns represented (Figure 3.2A and Supplementary Table 3.3). We 

did a correlation analysis to isolate the modules that were highly correlated with either the time 

of day or temperature conditions (Figure 3.2B).  

Module blue, darkgreen, greenyellow, and black were significantly correlated with the 

time of day (p-value < 0.05) (Figure 3.2B). These four modules all showed a robust difference in 

expression between AM and PM in control conditions. Modules blue and black had lower 

expression in the morning that increased at night in control conditions while darkgreen and 

darkyellow had higher morning expression in control conditions. Under chilling stress, the 

overall difference between morning and night persisted in the same direction for genes in these 

four modules (Figure 3.2A). However, the response to chilling stress at each time of day 
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separated these modules. In the evening-upregulated blue and black modules, chilling stress has 

little effect on the genes in the black module while the genes in the blue are up-regulated in 

response to chilling stress. Interestingly, the blue-module genes show increased induction in 

response to chilling stress in the evening, when their expression in control conditions is higher. 

Eight out of the thirteen modules were significantly correlated with temperature 

conditions (Figure 3.2B). The time of day-correlated modules greenyellow and black were also 

correlated with temperature due to their robust increase in expression under chilling stress in the 

morning and evening, respectively. Three modules, lightcyan, lightyellow, and darkgrey did not 

show a robust difference in expression between morning and evening in the control condition. 

Lightcyan and darkgrey module genes were induced in response to chilling stress at both times 

of day, with lightcyan genes induced to similar levels at both times of the day and the darkgrey 

module genes induced more in the morning time point than in the evening time point (Figure 

3.2A). The lightyellow-module genes decreased in expression under chilling stress with a greater 

reduction in the morning time point (Figure 3.2A). 

Like the black module, genes in the paleturquoise module also showed a robust 

differential expression between the morning and evening time points in the control conditions 

with higher expression in the evening (Figure 3.2A). However, chilling stress increased gene 

expression at both times of day to the same level, resulting in no difference in expression 

between the morning and evening under chilling stress (Figure 3.2A). To achieve the same level 

of expression this required higher induction of these genes in the morning than in the evening 

since they started at a lower expression level.  

The final two modules that were strongly correlated with chilling stress showed a 

temporal gating of the gene expression. That is, gene expression changed in response to chilling 

stress only at one of the two time points examined (Figure 3.2A). The genes in module grey60 

were not differentially expressed between morning and evening under the control conditions 

similar to module lightcyan, lightyellow, and darkgrey (Figure 3.2A). However, chilling stress 

significantly decreased gene expression only in the morning, making the expression between 

time points under chilling stress more robust (Figure 3.2A). Module saddlebrown exhibited a 

strong differential expression between AM and PM in the control groups, but chilling stress only 

increased the evening expression to the same level as the morning expression, removing the 

differential expression between two time points (Figure 3.2A). 
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Three modules were not strongly correlated with either the time of day or temperature 

suggesting that there is an interaction between time of day and temperature in the regulation of 

the genes in these modules. Module darkorange, darkturquoise, and lightgreen were all more 

highly expressed in the morning than in the evening time point, although the darkorange module 

genes were only subtly higher in the morning (Figure 3.2B). Under chilling stress, this pattern 

switches and these modules have higher evening expression in the evening (Figure 3.2A). The 

genes in modules darkorange and darkturquoise exhibited a slightly higher expression in the 

morning than in the evening under the controlled conditions, but gene expression in the evening 

was drastically higher than that in the evening under chilling stress (Figure 3.2A). The genes in 

module lightgreen were upregulated in the morning under controlled conditions, but the 

expression in the morning was strongly decreased while the expression in the evening was 

slightly increased under chilling stress, resulting in a higher gene expression in the evening than 

in the morning (Figure 3.2A). 

3.3.3 Identification of TFs as potential hub genes responsible for variations in time-of-day 

specific transcriptional changes under chilling conditions 

Among 14,120 genes used in WGCNA, 691 genes are TF-encoding genes. TFs are key 

regulators that activate or repress the transcription of a set of genes in response to abiotic stress. 

Therefore, we wanted to identify candidate TFs that could be regulators of each module of gene 

expression. We isolated TFs in each module and ranked them based on the module membership 

(MM) values to select potential hub genes that could regulate the expression in each module. For 

the modules that were highly correlated with the time of day, as expected, we found that 

circadian-related TFs were on the top of the list (MM > 0.8). For example, Sobic.007G047400 

(similar to Arabidopsis LHY) and Sobic.010G275700 (similar to Arabidopsis CIRCADIAN 1 

(CIR1)/REVEILLE 2 (RVE2)) were found in module darkgreen (Supplementary Table 3.5 and 

Figure 3.3); Sobic.010G214000 (similar to Arabidopsis CONSTANS-LIKE 3/B-BOX DOMAIN 

PROTEIN 4 (COL3/BBX4)) and Sobic.004G211200 (similar to Arabidopsis COL4/BBX5) were 

found in module greenyellow (Supplementary Figure 3.8 and Figure 3.3); Sobic.010G123500 

(similar to Arabidopsis COL9/BBX7) was found in module blue (Supplementary Table 3.4 and 

Figure 3.3).  

HEAT SHOCK FACTORS (HSFs) appeared on the top of the potential hub genes in 

several modules. One gene (Sobic.003G286700) and two genes (Sobic.010G164400 and 
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Sobic.004G101400) that were annotated to Arabidopsis HSFC1 were found in module black and 

darkgrey, respectively (Table 3.1, Supplementary Table 3.6, and Figure 3.3). Module blue and 

darkgreen that were highly correlated with temperatures also had HSFs in the list of hub genes. 

Sobic.003G226800 (HSFA1A), Sobic.004G163200 (HSFA3), Sobic.004G150400 (HSFA5), and 

Sobic.010G170600 (HSFA7A) were found in module blue (Supplementary Table 3.4 and Figure 

3.3), and Sobic.001G496200 (HSFA6B) was found in module darkgreen (Supplementary Table 

3.5 and Figure 3.3). Module lightgreen contained two HSF genes, Sobic.001G093200 (HSFA6B) 

and Sobic.002G271100 (HSFB2A) (Supplementary Table 3.11 and Figure 3.3). 

Key TFs regulating chilling stress response have been well defined in Arabidopsis 

(Kidokoro et al. 2022; Thomashow 1999). DREB1s/CBFs are the master regulator in the cold 

stress-responsive pathway (Liu et al. 1998; Thomashow 1999). There are three DREB1s genes in 

Arabidopsis that are DREB1A/CBF3, DREB1B/CBF1, and DREB1C/CBF2 (Stockinger et al. 

1997; Gilmour et al. 1998). Cold stress rapidly induces the expression of DREB1s genes. There 

are 12 DREB1s/CBFs homologs identified in sorghum (Marla et al. 2017). We found one of 

these DREB1C homologs (Sobic.002G269400) was differentially expressed between controlled 

and chilling stress conditions and was classified into module lightgreen (Supplementary Table 

3.11 and Figure 3.3). DREB1C had a moderate MM value (0.789806), but there were other TFs 

with higher MM such as Sobic.006G135100 (similar to Arabidopsis COL5/BBX6), 

Sobic.001G093200 (HSFA6B), and Sobic.002G271100 (HSFB2A) (Supplementary Table 3.11 

and Figure 3.3).  

3.3.4 Potential regulators of evening-responsive modules in sorghum 

To identify transcripts that had not been previously identified in response to chilling 

stress, we investigated the modules that exhibited transcriptional changes in the evening under 

chilling conditions. These chilling responses may be unintentionally omitted by observing gene 

expression only in the daytime. Module black and darkturquoise were the two modules where 

transcript abundance was significantly induced by chilling stress primarily at night. GO 

enrichment analysis indicated that the top significant GO terms in genes from module black were 

ócarbohydrate metabolic processô, ótransmembrane transportô, and óregulation of transcriptionô 

(Supplementary Figure 3.4). Module darkturquoise was enriched with GO terms relating to 

photosynthesis (Supplementary Figure 3.4). The top candidate TF in module black and 

darkturquoise was Sobic.006G192100 (similar to Arabidopsis RVE1) and Sobic.003G136900 



  88 

 

(similar to Arabidopsis PHYTOCHROME INTERACTING FACTOR 3 (PIF3)), respectively 

(Table 3.1, 3.2, and Figure 3.3). RVE1 is an MYB-like TF and homologous to circadian genes 

CCA1 and LHY (Rawat et al. 2009). PIF3 is a basic helix-loop-helix TF functioning in the light 

signaling pathway (Ni et al. 1998; Monte et al. 2004; Kim 2003). Both RVE1 and PIF3 involve 

in cold stress response in Arabidopsis (Jiang et al. 2017; Meissner et al. 2013), and they are the 

output of the circadian clock (Viczián et al. 2005; Rawat et al. 2009). This suggested that in 

sorghum, RVE1 and PIF3 also integrate the time of day and chilling stress information to 

regulate gene expression.     

Interestingly, Sobic.009G195000 (SbTCP19, similar to Arabidopsis TCP5) in module 

black also showed a high MM (Table 3.1 and Figure 3.3). The TCP TF family regulates plant 

growth and development, especially leaf development (Palatnik et al. 2003; Efroni et al. 2013; 

Martín-Trillo and Cubas 2010). Twenty TCP genes have been identified in sorghum (Francis et 

al. 2017). We looked for TCPs in other modules and found several TCPs on the top of the list 

with MM > 0.8; Sobic.006G025000 (SbTCP14, similar to Arabidopsis TCP15) and 

Sobic.001G066100 (SbTCP1, similar to AtTCP2) were found in module blue (Supplementary 

Table 3.4 and Figure 3.3); Sobic.003G018700 (SbTCP7, similar to AtTCP4) was found in 

module darkgrey (Supplementary Table 3.6 and Figure 3.3), and Sobic.003G305000 (SbTCP9, 

similar to AtTCP5) was found in module grey60 (Supplementary Table 3.9 and Figure 3.3). 

Overall, we identified SbRVE1 and SbTCP19 in module black and SbPIF3 in module 

darkturquoise as candidate hub TFs regulating nighttime-upregulated gene expression under 

chilling stress in sorghum.  

3.3.5 GRN identified possible targets of hub TFs regulating nighttime-upregulated modules 

under chilling stress      

To identify the possible target genes of candidate TFs in module black and darkturquoise 

that displayed a significantly increased gene expression under chilling stress only at night, we 

performed a gene regulatory network using GENIE3. We isolated 1825 possible target genes of 

SbRVE1 with 1705 non-TF genes and 120 TFs (Supplementary Table 3.3). Interestingly, 54.6% 

of the SbRVE1 targets were in module blue while about 24.8% of the targets were in module 

black (Supplementary Table 3.3). However, there were 1116 possible targets of SbTCP19 and 

the majority of the targets were in the same module as SbTCP19 (Figure 3.4A). There were 1033 

non-TF genes and 83 TFs in the SbTCP19ôs target genes (Supplementary Table 3.3). For SbPIF3 
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in module darkturquoise, 698 genes (664 non-TF genes and 34 TFs) were predicted as target 

genes. 29.4% and 24.5% of the target genes were from module blue and darkturquoise, 

respectively (Figure 3.4A and Supplementary Table 3.3). We did the motif enrichment analysis 

of the predicted targets of each TF candidate (Figure 3.4B). The evening element was enriched in 

the SbRVE1ôs target genes (Figure 3.4B). The targets of SbTCP19 had a heat shock element 

enriched in their promoter regions (Figure 3.4B). Several enriched motifs were found in the 

promoters of PIF3ôs target genes including the G-box motif (5ô-CACGTG-3ô) which is 

commonly found in light-regulated genes (Martínez-García et al. 2000) (Figure 3.4B). 

3.4 Discussion 

3.4.1 Time of day influenced chilling stress-responsive gene expression in sorghum 

Improving early-season chilling stress tolerance is one way to increase sorghum yield. 

Elucidating regulators of chilling stress responses and categories of genes induced in response to 

chilling are strategies to understand how sorghum adapts to chilling stress. The circadian clock 

has been known as a contributing factor to abiotic stress responses. The time-of-day gating of 

plant response to abiotic stress was clearly seen in heat stress studies where heat shock in the 

morning is more lethal than heat shock at night (Grinevich et al. 2019; Dickinson et al. 2018; Li 

et al. 2019). In this study, we investigate how the time of day gates transcriptional changes in 

sorghum under chilling stress. We found that about 28% of expressed genes (4974 out of 17651 

genes) were significantly affected by the interaction between time of day and chilling stress 

(Figure 3.1B). Six groups of genes exhibited different magnitudes of response to chilling stress at 

different times of the day. Chilling stress either increased or reduced the difference in gene 

expression between morning and evening time points compared to the control conditions (Figure 

3.1B and 3.1C). Some groups of genes shared the same significant GO terms despite the 

contrasting basal and stress-responsive expression. For example, óprotein foldingô is an enriched 

term in groups 2 and 3 (Supplementary Figure 3.1). In rice and Arabidopsis, proteomic analysis 

indicates that proteins involved in protein folding are induced by cold stress (Cui et al. 2005; Bae 

et al. 2003). In our dataset, the chilling stress noticeably increased the expression of genes in 

group 2 but slightly decreased gene expression in the evening (Figure 3.1B and 3.1C). On the 

other hand, group 3 genes which were also enriched for genes associated with óprotein foldingô 

were downregulated by chilling stress only in the morning (Figure 3.1B and 3.1C), suggesting 
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that different subsets of these protein folding genes have unique transcriptional regulation in 

response to chilling stress.  

We also observe that genes associated with óphotosynthesisô are enriched in groups 4 and 

group 6 (Supplementary Figure 3.1). Reduced net photosynthesis is a well-known consequence 

of cold stress in crops (Yan et al. 2006; Ortiz, Hu, and Salas Fernandez 2017). In sorghum, genes 

encoding light-harvesting complex (LHC) proteins of photosystem II were significantly 

decreased in chilling tolerant and sensitive lines (Marla et al. 2017). The expression of genes in 

groups 4 and 6 in response to chilling stress was time-of-day dependent. These results showed 

that genes functioning in the same biological pathways could have different responses to chilling 

stress according to time. In addition, genes in group 1 were outstanding as their expression was 

greatly induced under chilling stress at night. Although group 1 had a substantial number of 

genes, a few significant GO terms were identified, and enriched motifs were not dominant 

compared to the results in other groups. This indicated that these genes might be discarded due to 

their nighttime upregulation. Most studies in temperature studies have been conducted during the 

daytime, leading to more information on chilling stress-responsive genes that appear during the 

day. Investigating both daytime and nighttime response under chilling stress is necessary to 

better understand chilling stress mechanisms in plants. 

3.4.2 Circadian-related TFs were predicted as hub TFs in the time-of-day specific module 

eigengenes 

To extensively analyze the patterns of gene expression in response to chilling stress at 

dawn and dusk, WGCNA was performed to identify gene co-expression networks. Few modules 

(4 out of 13) with a large number of genes were highly correlated with the time of day, 

suggesting that the time of day was still a major contributor to a variation in transcript 

abundance. The TFs in the hub genes of those modules were circadian-related as expected. The 

darkgreen module which has high expression in the morning and low at night in control 

conditions in both control and chilling stress has two homologs of well-known circadian 

regulators, LHY and RVE2, in the top candidate regulators based on MM. However, in 

Arabidopsis where the outputs of these genes are well-studied, many of the known targets of 

LHY are highly expressed in the evening, with lower expression in the morning (Adams et al. 

2018). The inverse relationship between these sorghum LHY candidate targets and known LHY 
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targets in Arabidopsis suggests that more analysis of circadian regulation in sorghum may be 

beneficial. 

We are particularly interested in the role of COL/BBX TFs in sorghum, based on their 

predicted regulation of many chilling responsive modules with a time of day-associated gene 

regulation. BBX/COL is a large transcription factor family with 32, 31, and 30 members in 

Arabidopsis, maize, and rice, respectively, (Huang et al. 2012; Song et al. 2018; Khanna et al. 

2009; Talar and Kieğbowicz-Matuk 2021) and has a diverse role in plant growth and 

developments (Talar and Kieğbowicz-Matuk 2021; Gangappa and Botto 2014). 24 BBX genes 

have been identified in sorghum (Shalmani et al. 2019). Several COL/BBX genes are under 

circadian regulation, especially the COL/BBX TFs that regulate flowering, e.g., Arabidopsis 

BBX6 and BBX7 (Talar et al. 2017; Huang et al. 2012; Gangappa and Botto 2014). COL/BBX 

genes also play a role in temperature stress responses. AtBBX18 negatively regulates 

thermotolerance in Arabidopsis by repressing the expression of key heat stress-responsive 

proteins (Wang et al. 2013) AtBBX18 and AtBBX23 positively control PIF4-mediated 

thermomorphogenesis by reducing an accumulation of PIF4 repressor, ELF3 (Ding et al. 2018). 

BBX genes also regulate in cold stress responses in tomato (Bu et al. 2021), banana (Chen et al. 

2012), apple (Fang et al. 2019), grapevine (Takuhara et al. 2011), and Chrysanthemum 

morifolium (Yang et al. 2014). In rice, OsBBX1, OsBBX2, OsBBX8, OsBBX19, and OsBBX24 

were upregulated under cold stress (Shalmani et al. 2019). The ortholog of OsBBX19 is 

Sobic.010G123500 which was a candidate TF in module blue. Sobic.010G123500 showed a 

robust difference in expression between AM and PM, and chilling stress slightly decreased its 

expression at both times of day. The role of BBX genes in abiotic stress response has not yet been 

investigated in sorghum. We found BBX genes as the top candidate hub TFs in several modules, 

suggesting that different members of BBX genes may regulate chilling stress responses in 

different ways. 

Another interesting transcription factors we found as candidate TFs were HSFs, 

indicating that HSFs involves in both cold and heat stress. The alteration of HSFs under chilling 

stress has been reported in many plant species such as rice (Guan et al. 2019), durum wheat 

(Díaz et al. 2019), perennial ryegrass (Wang et al. 2015), paper mulberry (Broussonetia 

papyrifera) (Peng et al. 2015), and Magnolia wufengensis (Deng et al. 2019). In Arabidopsis, 

HSFA1 promotes cold acclimation by interacting with NON-EXPRESSER OF 
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PATHOGENESIS-RELATED GENES 1 (NPR1) to activate the HSFA1 target genes (Olate et 

al. 2018). DREB1s/CBFs are the well-known TFs regulating freezing tolerance and cold 

acclimation in plants (Ito et al. 2006; Shi et al. 2018; Kidokoro et al. 2022). DREB1s/CBFs are 

in the APETALA2/ethylene-responsive factor (AP2/ERF) TF family that bind to a dehydration-

responsive element (DRE) with a motif A/GCCGAC to induce the expression of cold-responsive 

genes, leading to cold acclimation (Liu et al. 1998; Yamaguchi-Shinozaki and Shinozaki 1994; 

Thomashow 1999). CBF1, CBF2, and CBF3 exhibit rhythmic expression with a peak after dawn 

(Edwards et al. 2006; Harmer et al. 2000) to enhance cold acclimation in the morning (Pruneda-

Paz and Kay 2010). In Arabidopsis, DREB1C is a negative regulator of the other two DREB1 

(DREB1A and DREB1B) to stop the cold-responsive pathway in the recovery period (Novillo et 

al. 2004). Marla et al. found that two tandem duplicates of DREB1C (Sobic.002G269400 and 

Sobic.002G269300) in BTx623 were lowly expressed in normal and chilling stress (Marla et al. 

2017). We found only one DREB1C gene in module lightgreen and it showed an opposite 

response to chilling stress in sorghum. The basal expression of DREB1C was high in the 

morning, but its expression became high in the evening under chilling stress (Figure 3). DREB1C 

was in module lightgreen which gene expression between dawn and dusk in the controlled 

condition contrasted with that in chilling stress even though it was not on the top of the potential 

hub TF list. Compared to Marla et al., it was possible that they collected samples during the day 

and missed the upregulation of DREB1C at night.  

3.4.3 Nighttime-induced genes under chilling stress were involved in carbohydrate 

metabolism and photosynthesis 

The cold responsive pathway has been well established in Arabidopsis, and DREB1s can 

be regulated via the circadian oscillators or via other TFs. This enhances the possibility that 

transcriptional changes in response to chilling stress vary across the time of day. However, not 

many studies included the time of day as a perturbagen in chilling stress response. Here we 

identified two module eigengenes in which gene expression was significantly induced at night 

under chilling conditions, modules black and darkturquoise (Figure 3.2). The most significant 

GO terms in the black and darkturquoise modules were carbohydrate metabolic process and 

photosynthesis, respectively. Carbohydrate homeostasis genes were upregulated in BTx623 

(Marla et al. 2017), leading to lower starch contents and increased free sugar contents (Taylor 

and Craig 1971; Usadel et al. 2008). The possible rationale behind changes in carbohydrate 
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contents could be to generate osmoregulators and cryoprotectants or to provide energy for 

maintaining cell metabolism at low temperatures (Landry et al. 2017; Yoshida et al. 1998; 

Schrader and Sauter 2002; Seydel et al. 2022). Carbohydrate metabolism and photosynthesis are 

closely related because carbohydrates are direct products of photosynthesis (Seydel et al. 2022). 

Net photosynthesis is usually reduced by cold stress as low temperatures affect enzymatic 

activities and membrane integrity (Seydel et al. 2022). Marla et al. reported that genes encoding 

light-Harvesting photosystems in BTx623 were down-regulated under chilling stress (Marla et al. 

2017). However, our results indicate that some photosynthetic genes increase in response to 

chilling stress at night. Module darkturquoise, which is enriched for genes annotated as involved 

in photosynthesis, exhibited a small decrease in expression in the morning but a strong increase 

in expression in the evening (Figure 3.2). We hypothesized that this induction of photosynthetic 

genes in response to chilling stress has not been previously described because most analysis of 

chilling stress has been assayed in the morning or daytime. This would suggest that novel 

regulation and function of these genes annotated as photosynthetic may exist that could be 

further investigated by studies of chilling tolerance at night in plant species.   

3.4.4 SbRVE1, SbPIF3, and SbTCP19 as the predicted key TFs in nighttime-induced gene 

expression under chilling stress 

The  TFs in the nighttime-induced modules were the highest priority for our interest in 

uniquely nighttime-responsive genes. The predicted candidate TFs in sorghum were annotated to 

Arabidopsis genes according to Phytozome 12 database because Arabidopsis has more genetic 

information and resources than other plant species. Two interesting TFs with high MM values in 

module black were annotated to Arabidopsis RVE1 and TCP5 while the top-ranked TF in 

module darkturquoise was best matched to PIF3. RVE1 and PIF3 are well-known circadian 

outputs that have been reported to regulate cold stress in plants (Meissner et al. 2013). Although 

RVE1 is homologous to CCA1 and LHY, RVE1 mutation does not significantly alter the 

circadian rhythms in Arabidopsis, indicating that it is not a core circadian oscillator (Rawat et al. 

2009). QTL mapping of Arabidopsis recombinant inbred lines identified RVE1 as a novel 

negative regulator of freezing tolerance (Meissner et al. 2013). PIF3 is an input and output of the 

circadian clock as it exhibits rhythmic expression and can interact with the core oscillators. PIF3 

can bind to the CCA1 and LHY promoters via the G-box elements (Martínez-García et al. 2000). 

The interaction between TOC1 and PIF3 prevents growth at early dusk and gates growth at 
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predawn (Soy et al. 2016). Our results show that the majority of SbRVE1ôs and SbPIF3ôs 

predicted targets were from the blue module. The blue module had the most genes of any module 

and gene expression in this module is highly correlated with the time of day with a minimum 

change in expression caused by chilling stress. This indicated that SbRVE1 and SbPIF3 

indirectly regulate the time-of-day dependent expression in other modules. We found the evening 

element was enriched in the SbRVE1 targets while the G-box element appeared on the SbPIF3ôs 

targets 1-kb upstream region. The evening element is a known target of CCA1 and LHY, close 

paralogs of RVE1. This group of genes with low expression in the morning and high expression 

in the evening in control conditions follows the classical pattern of evening element-containing 

genes that is well characterized in Arabidopsis (Harmer et al. 2000). The persistence of this daily 

variation in expression suggests that the circadian clock maintains the rhythmic expression of 

these genes even under chilling stress. There is no study reporting that RVE1 can bind to the 

evening element, suggesting that RVE1 may bind to other clock proteins to indirectly regulate 

the target genes containing the evening element.   

We found several SbTCPs as candidate hub TFs in various modules. SbTCP19 occurred 

in module black. Most members of Arabidopsis TCPs exhibited rhythmic expression under 

diurnal conditions, and some of them can interact with the core clock proteins (Giraud et al. 

2010). AtTCP21 and AtTCP3 interact with TOC1 only, and AtTCP2 only interacts with CCA1 

(Giraud et al. 2010). AtTCP21 is also known as CCA1 HIKING EXPEDITION (CHE), and it 

can bind to the CCA1 promoter and TOC1 protein, indicating that it partners with TOC1 to 

repress CCA1 expression (Pruneda-Paz et al. 2009). AtTCP11 and AtTCP15 bind to various 

clock proteins; AtTCP11 interacts with LHY, CCA1, TOC1, and PRR3, and AtTCP15 can bind 

to TOC1 and PRR5 (Giraud et al. 2010). The transcript profiles of core clock proteins including 

LHY and PRR5 were altered in Arabidopsis tcp11 and tcp15 mutant plants (Giraud et al. 2010), 

suggesting that TCPs are required for normal circadian oscillations. Many studies investigate the 

role of TCPs in cold stress in plant species such as soybean, rice, Chrysanthemum nankingense, 

cassava, paper mulberry, and sugarcane and found that different TCPs showed distinct 

expression under cold stress (Lei et al. 2017; Wang et al. 2014; Feng et al. 2018; Yang et al. 

2013; Thiebaut et al. 2012; Cheng et al. 2019; Peng et al. 2015). In sorghum, Francis et al. 

characterized sorghum TCP genes and observed their response to drought and heat stress and 

found that only a few numbers of TCPs altered their expression in response to sorghum. SbTCP7 
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is upregulated under drought stress, but SbTCP15 is downregulated under the same stress 

(Francis et al. 2017). SbTCP19 is downregulated in heat stress (Francis et al. 2017), and our 

results showed that this gene was upregulated under chilling stress with a higher level at dusk 

than at dawn (Figure 3.3). Most of the SbTCP19 target genes were in the same module as 

SbTCP19 and motif enrichment analysis showed that the SbTCP19 targets had the HSE in the 

promoter. TCPs can be divided into two classes, and SbTCP19 is in class II. The consensus 

binding motif of class I and class II TCPs in Arabidopsis are GGNCCCAC and GTGGNCCC, 

respectively (Aggarwal et al. 2010). Another cis-regulatory element that is bound by both classes 

of TCPs in Arabidopsis is TGGGCY (when Y is C or T) (Giraud et al. 2010). As the known TCP 

binding motifs were not found in the motif enrichment result of SbTCP19, this could be inferred 

that TCPs indirectly regulate the target genes by forming a complex with other HSE-binding 

proteins or the consensus sequences of SbTCPs are different from Arabidopsis. Arabidopsis 

TCPs can dimerize with TCPs from the same or different classes, resulting in various 

combinations of TCP complex to regulate a wide range of target genes in Arabidopsis (Danisman 

et al. 2012; Danisman et al. 2013). The details about the predicted TFs in sorghum including 

gene descriptions and enriched motifs are based on Arabidopsis research, but these two species 

are very far from each other in terms of evolution. Validation is critical to confirm that these TFs 

are responsible for nighttime-induced gene expression under chilling stress in sorghum.  

Overall, we revealed that there is substantial variation in the transcriptional response to 

chilling stress in sorghum depending on the time of day the samples are collected. We 

determined the time-of-day gating of chilling stress-responsive genes with unique genes respond 

only in the evening enriched for transcripts involved in photosynthesis and carbohydrate 

metabolism. Evaluation of the modules of uniquely night-responsive genes identifies BBX, RVE, 

PIF, and TCP TFs as candidate hub TFs that have a high potential for regulating the time of day 

and chilling stress signals. These genes identified uniquely in the nighttime samples could be one 

missing piece for understanding chilling stress in sorghum because nighttime-specific gene 

expression has not been previously studied. Collection of samples at multiple times of day may 

be necessary to capture the full transcriptional response to low temperature and develop a robust 

tolerance to chilling stress.   
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3.5 Materials and Methods 

3.5.1 RNA-Seq dataset and differential expression analysis 

3ô RNA-Seq library of sorghum BTx623 grown in normal and chilling conditions and 

harvested in the morning and evening were generated as described in Chapter 2. Data processing 

was explained in Chapter 2, resulting in 17651 genes for differential expression analysis. Read 

count normalization was performed before differential expression analysis using the Nu*Delta 

normalization factors as described in Chapter 2 (Athanasiadou et al. 2019). DESeq2 was 

conducted on normalized reads to determine the interaction between the effect of the time of day 

and chilling stress (Robinson et al. 2010; Love et al. 2014) in R version 3.6.3. Genes that their 

difference in transcript abundance between control and chilling conditions were significantly 

affected by the time of day had an absolute log2 fold change higher than 0.5 and the FDR less 

than 0.05. Visualization including dot plots, Venn diagrams and heatmap plots was created by 

ggplot (version 3.3.5), VennDiagram (version 1.7.1) (Chen and Boutros 2011), and pheatmap 

(version 1.0.12) packages in R version 3.6.3. Hierarchical clustering was performed and the 

dendrogram was cut at height = 7, resulting in six groups of genes. Module eigengenes 

representing the expression patterns of genes in six groups were estimated by 

moduleEigengenes() command from the WGCNA package (Langfelder and Horvath 2008).  

3.5.2 Weight gene co-expression network analysis (WGCNA) 

From the normalized counts of 17651 genes in the dataset, low variance transcripts were 

filtered out the lowest 20% of the variance, resulting in 14120 genes for building the co-

expression network. The parameter for constructing the network was soft power = 10, signed 

network, and minimum module size = 30. The cluster dendrogram of module eigengenes was 

created, and modules with very similar expression profiles (correlation > 0.8) were merged, 

resulting in 13 final module eigengenes. The module membership (MM) values of genes in one 

module were calculated to measure the correlation between gene expression and module 

eigengene. The list of sorghum transcription factors was downloaded from Plant TF database 

(PlantTFDB) (Jin et al. 2017), and TF-encoding genes were extracted from selected modules. 

Hub TFs were selected based on the MM, and TFs with MM > 0.8 were considered as potential 

hub TFs.  
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3.5.3 Gene regulatory network 

The normalized counts of 14,120 genes used in WGCNA were input into GENIE3 to 

generate the gene regulatory network with default parameters (Huynh-Thu et al. 2010), and 

sorghum TFs were provided as known regulatory genes. The genes with weight > 0.05 were 

considered as predicted target genes 

3.5.4 GO enrichment analysis 

Biological process GO terms enriched in six group of genes from DESeq2 and modules 

in WGCNA were determined by the R package ótopGOô version 2.38.1 (Alexa and Rahnenfuhrer 

2016) with the sorghum annotated GO terms from Phytozome 12 (annotation version 3.1.1) 

(McCormick et al. 2018). The algorithm óweight01ô with Fisher statistics was used to calculate 

the significant levels (Alexa et al. 2006). The dot plots showing significant GO terms and their 

corresponding p-values and number of genes were made by ggplot (version 3.3.5). 

3.5.5 Motif enrichment analysis 

The 1-kb upstream regions of selected genes were downloaded from Phytozome 12. 

Homer2 (Heinz et al. 2010) was used to search for known cis-regulatory elements in the 1-kb 

upstream of selected genes among the 1-kb upstream of background genes which were 17651 for 

the genes from DESeq2 and 14120 for the genes from WGCNA. 
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TABLES 

Table 3.1 Candidate hub TFs in module black from WGCNA with MM > 0.90 

Locus ID Best hit in 

Arabidopsis 

Arabidopsis symbol Arabidopsis definition MM  

Sobic.006G192100 AT5G17300 RVE1 Homeodomain-like superfamily protein 0.971367 

Sobic.002G293000 AT1G55110 AtIDD7,IDD7 indeterminate(ID)-domain 7 0.971039 

Sobic.009G195000 AT5G60970 TCP5 TEOSINTE BRANCHED 1, cycloidea and PCF 

transcription factor 5 

0.967406 

Sobic.004G284400 AT3G61850 DAG1 Dof-type zinc finger DNA-binding family protein 0.957096 

Sobic.008G129300 AT3G62420 ATBZIP53,BZIP53 basic region/leucine zipper motif 53 0.954366 

Sobic.010G269700 AT5G65640 bHLH093 beta HLH protein 93 0.948734 

Sobic.001G041500 AT2G41130  basic helix-loop-helix (bHLH) DNA-binding superfamily 

protein 

0.944865 

Sobic.001G102300 AT2G23760 BLH4,SAW2 BEL1-like homeodomain 4 0.944762 

Sobic.009G247700 AT4G01250 AtWRKY22,WRKY22 WRKY family transcription factor 0.939617 

Sobic.001G294700 AT2G44730  Alcohol dehydrogenase transcription factor Myb/SANT-

like family protein 

0.937627 

Sobic.004G037800 AT5G20730 ARF7,BIP,IAA21,IAA23,IAA2

5,MSG1,NPH4,TIR5 

Transcriptional factor B3 family protein / auxin-responsive 

factor AUX/IAA-related 

0.932227 

Sobic.003G429800 AT5G12330 LRP1 Lateral root primordium (LRP) protein-related 0.928786 

Sobic.002G054600 AT4G02590 UNE12 basic helix-loop-helix (bHLH) DNA-binding superfamily 

protein 

0.928362 

Sobic.002G054600 AT2G24260 LRL1 LJRHL1-like 1 0.928362 

Sobic.004G067100 AT5G25220 KNAT3 KNOTTED1-like homeobox gene 3 0.925628 

Sobic.001G420300 AT3G55370 OBP3 OBF-binding protein 3 0.921713 

Sobic.009G148100 AT4G09460 AtMYB6,MYB6 myb domain protein 6 0.918595 

Sobic.006G162800 AT3G60530 GATA4 GATA transcription factor 4 0.916924 

Sobic.001G476300 AT4G40060 ATHB-16,ATHB16,HB16 homeobox protein 16 0.915027 

Sobic.002G353200 AT1G19350 BES1,BZR2 Brassinosteroid signalling positive regulator (BZR1) 

family protein 

0.914856 

Sobic.001G525900 AT5G41410 BEL1 POX (plant homeobox) family protein 0.912808 

Sobic.002G294700 AT3G54390  sequence-specific DNA binding transcription factors 0.91273 

Sobic.001G390800 AT3G12250 BZIP45,TGA6 TGACG motif-binding factor 6 0.911134 

Sobic.004G066600 AT2G25180 ARR12,RR12 response regulator 12 0.909424 

Sobic.003G286700 AT3G24520 AT-HSFC1,HSFC1 heat shock transcription factor C1 0.905948 

Sobic.004G151500 AT4G13040  Integrase-type DNA-binding superfamily protein 0.901692 

Sobic.001G441500 AT1G66140 ZFP4 zinc finger protein 4 0.901084 

Sobic.009G142200 AT1G01720 ANAC002,ATAF1 NAC (No Apical Meristem) domain transcriptional 

regulator superfamily protein 

0.900652 
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Table 3.2 Candidate hub TFs in module darkturquoise from WGCNA with MM > 0.80 

Locus ID Best hit in 

Arabidopsis 

Arabidopsis symbol Arabidopsis definition MM  

Sobic.003G136900 AT1G09530 PAP3,PIF3,POC1 phytochrome interacting factor 3 0.935835 

Sobic.006G233500 AT5G10030 OBF4,TGA4 TGACG motif-binding factor 4 0.928991 

Sobic.002G040100 NA NA NA 0.885082 

Sobic.005G104800 AT1G17950 ATMYB52,BW52,MYB52 myb domain protein 52 0.874437 

Sobic.007G178300 AT4G12350 AtMYB42,MYB42 myb domain protein 42 0.835549 

 

 

Supplementary Table 3.1 Number of differentially expressed genes (DEGs) between control 

and chilling stress conditions in the morning and evening. The percentage of upregulated genes 

to total DEGs was shown in the parenthesis. 

time of day total DEGs upregulated in control upregulated in chilling stress 

morning 7448 4571 (61.37%) 2877 (38.63%) 

evening 5085 1607 (31.60%) 3478 (68.40%) 

 

Supplementary Table 3.2 The number of genes in the hierarchical clusters on Figure 3.1 

module number of genes 

group 1 957 

group 2 901 

group 3 1203 

group 4 920 

group 5 316 

group 6 677 
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Supplementary Table 3.3 The number of genes and TFs in the modules from WGCNA 

module number of genes number of TFs 

black 1802 127 

blue 7498 279 

darkgreen 502 39 

darkgrey 502 38 

darkorange 126 9 

darkturquoise 256 21 

greenyellow 754 58 

grey60 228 7 

lightcyan 547 32 

lightgreen 999 48 

lightyellow 656 19 

paleturquoise 42 7 

saddlebrown 208 7 

total 14120 691 
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Supplementary Table 3.4 Candidate hub TFs in module blue from WGCNA with MM > 0.90 

Locus ID Best hit in 

Arabidopsis 

Arabidopsis symbol Arabidopsis definition MM  

Sobic.002G135100 AT2G27470 NF-YB11 nuclear factor Y, subunit B11 0.989694 

Sobic.003G096300 AT3G61150 HD-GL2-1,HDG1 homeodomain GLABROUS 1 0.982732 

Sobic.007G139200 AT1G69600 ATHB29,ZFHD1 zinc finger homeodomain 1 0.981299 

Sobic.007G053700 AT5G41020  myb family transcription factor 0.974607 

Sobic.007G182500 AT4G38900  

Basic-leucine zipper (bZIP) transcription factor family 

protein 0.97261 

Sobic.002G339800 AT4G32010 HSI2-L1,HSL1,VAL2 HSI2-like 1 0.971742 

Sobic.007G020500 AT4G39160  Homeodomain-like superfamily protein 0.960895 

Sobic.001G501800 AT3G48430 REF6 relative of early flowering 6 0.96054 

Sobic.007G072133 AT3G42170 DAYSLEEPER BED zinc finger ;hAT family dimerisation domain 0.956187 

Sobic.003G357300 AT3G55730 AtMYB109,MYB109 myb domain protein 109 0.948391 

Sobic.008G169400 AT1G30330 ARF6 auxin response factor 6 0.947917 

Sobic.003G085600 AT1G68550 CRF10 Integrase-type DNA-binding superfamily protein 0.945493 

Sobic.005G229500 AT2G37650  GRAS family transcription factor 0.945477 

Sobic.003G112700 AT5G28040  

DNA-binding storekeeper protein-related transcriptional 

regulator 0.937397 

Sobic.007G217700 AT2G38470 ATWRKY33,WRKY33 WRKY DNA-binding protein 33 0.933869 

Sobic.007G217700 AT5G56270 ATWRKY2,WRKY2 WRKY DNA-binding protein 2 0.933869 

Sobic.010G183400 AT5G11270 OCP3 overexpressor of cationic peroxidase 3 0.931076 

Sobic.007G000400 AT3G24650 ABI3,SIS10 AP2/B3-like transcriptional factor family protein 0.92849 

Sobic.001G301700 AT3G11450  DnaJ domain ;Myb-like DNA-binding domain 0.928434 

Sobic.001G229200 AT5G66320 GATA5 GATA transcription factor 5 0.9281 

Sobic.009G211700 AT3G44750 ATHD2A,HD2A,HDA3,HDT1 histone deacetylase 3 0.924438 

Sobic.003G003800 AT2G46530 ARF11 auxin response factor 11 0.923865 

Sobic.010G194900 AT1G42990 ATBZIP60,BZIP60 basic region/leucine zipper motif 60 0.923244 

Sobic.007G153700 AT1G11510  

DNA-binding storekeeper protein-related transcriptional 

regulator 0.922958 

Sobic.010G000100 AT4G35580 NTL9 NAC transcription factor-like 9 0.920391 

Sobic.001G049800 AT4G12750  Homeodomain-like transcriptional regulator 0.919255 

Sobic.001G149000 AT4G38180 FRS5 FAR1-related sequence 5 0.915467 

Sobic.010G123500 AT3G07650 COL9 CONSTANS-like 9 0.915455 

Sobic.010G123500 AT5G48250 BBX8 B-box type zinc finger protein with CCT domain 0.915455 

Sobic.006G025000 AT1G69690 AtTCP15,TCP15 TCP family transcription factor 0.914475 

Sobic.006G126600 AT1G13450 GT-1 Homeodomain-like superfamily protein 0.913474 

Sobic.003G060400 AT5G28040  

DNA-binding storekeeper protein-related transcriptional 

regulator 0.912371 

Sobic.010G041700 AT1G78600 DBB3,LZF1,STH3 light-regulated zinc finger protein 1 0.91186 

Sobic.002G354900 AT1G50600 SCL5 scarecrow-like 5 0.911576 

Sobic.004G204000 AT3G18960  AP2/B3-like transcriptional factor family protein 0.911557 

Sobic.004G070200 AT5G63420 emb2746 RNA-metabolising metallo-beta-lactamase family protein 0.910036 
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Sobic.003G445800 AT4G16141  GATA type zinc finger transcription factor family protein 0.904888 

Sobic.006G002800 AT2G28450  zinc finger (CCCH-type) family protein 0.902804 

Sobic.006G203400 AT3G13960 AtGRF5,GRF5 growth-regulating factor 5 0.900496 

 

 

Supplementary Table 3.5 Candidate hub TFs in module darkgreen from WGCNA with MM > 

0.80 

Locus ID Best hit in 

Arabidopsis 

Arabidopsis symbol Arabidopsis definition MM  

Sobic.001G118100 AT1G68520 BBX14 B-box type zinc finger protein with CCT domain 0.955915 

Sobic.007G047400 AT1G01060 LHY,LHY1  Homeodomain-like superfamily protein 0.953813 

Sobic.001G421900 AT2G37650  GRAS family transcription factor 0.947006 

Sobic.004G059900 AT5G24800 ATBZIP9,BZIP9,BZO2H2 basic leucine zipper 9 0.943197 

Sobic.001G009200 AT1G07980 NF-YC10 nuclear factor Y, subunit C10 0.93911 

Sobic.010G275700 AT5G37260 CIR1,RVE2 Homeodomain-like superfamily protein 0.938557 

Sobic.002G273300 AT4G38960 BBX19 B-box type zinc finger family protein 0.934297 

Sobic.001G496200 AT3G22830 AT-HSFA6B,HSFA6B heat shock transcription factor A6B 0.924732 

Sobic.001G068301 AT3G59060 PIF5,PIL6 phytochrome interacting factor 3-like 6 0.923381 

Sobic.007G126400 AT3G01470 ATHB-1,ATHB1,HAT5,HB-

1,HD-ZIP-1 

homeobox 1 0.907821 

Sobic.001G169200 AT5G67420 ASL39,LBD37 LOB domain-containing protein 37 0.907143 

Sobic.007G132000 AT5G16560 KAN,KAN1 Homeodomain-like superfamily protein 0.90347 

Sobic.007G132000 AT1G32240 KAN2 Homeodomain-like superfamily protein 0.90347 

Sobic.005G224800 AT5G59780 ATMYB59,ATMYB59-

1,ATMYB59-2,ATMYB59-

3,MYB59 

myb domain protein 59 0.89571 

Sobic.008G168300 AT1G30500 NF-YA7 nuclear factor Y, subunit A7 0.894479 

Sobic.001G158900 AT2G20180 PIF1,PIL5 phytochrome interacting factor 3-like 5 0.891303 

Sobic.006G202300 AT5G45580  Homeodomain-like superfamily protein 0.841152 

Sobic.009G157500 AT2G38090  Duplicated homeodomain-like superfamily protein 0.835376 

Sobic.004G312700 AT4G00390  DNA-binding storekeeper protein-related transcriptional 

regulator 

0.826522 

Sobic.005G062000 AT4G38620 ATMYB4,MYB4 myb domain protein 4 0.825347 

Sobic.010G207600 AT4G36730 GBF1 G-box binding factor 1 0.819895 
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Supplementary Table 3.6 Candidate hub TFs in module darkgrey from WGCNA with MM > 

0.80 

Locus ID Best hit in 

Arabidopsis 

Arabidopsis symbol Arabidopsis definition MM  

Sobic.009G237600 AT2G46270 GBF3 G-box binding factor 3 0.970012 

Sobic.009G075600 AT1G78600 DBB3,LZF1,STH3 light-regulated zinc finger protein 1 0.967381 

Sobic.010G164400 AT3G24520 AT-HSFC1,HSFC1 heat shock transcription factor C1 0.965975 

Sobic.001G217300 AT4G30080 ARF16 auxin response factor 16 0.946665 

Sobic.010G071700 AT1G53910 RAP2.12 related to AP2 12 0.944843 

Sobic.001G526200 AT1G62990 IXR11,KNAT7 KNOTTED-like homeobox of Arabidopsis thaliana 7 0.941402 

Sobic.002G272900 AT2G46680 ATHB-7,ATHB7,HB-7 homeobox 7 0.939409 

Sobic.002G388700 AT5G26660 ATMYB86,MYB86 myb domain protein 86 0.939397 

Sobic.008G042700 AT2G36010 ATE2FA,E2F3 E2F transcription factor 3 0.931683 

Sobic.003G018700 AT3G15030 MEE35,TCP4 TCP family transcription factor 4 0.918514 

Sobic.008G092300 AT3G48440  Zinc finger C-x8-C-x5-C-x3-H type family protein 0.918497 

Sobic.009G030100 AT3G62420 ATBZIP53,BZIP53 basic region/leucine zipper motif 53 0.907473 

Sobic.001G034300 AT3G55370 OBP3 OBF-binding protein 3 0.897121 

Sobic.007G047700 AT1G33060 ANAC014,NAC014 NAC 014 0.89351 

Sobic.004G101400 AT3G24520 AT-HSFC1,HSFC1 heat shock transcription factor C1 0.893452 

Sobic.009G181900 AT3G12480 NF-YC11 nuclear factor Y, subunit C11 0.89084 

Sobic.006G166100 AT4G17570 GATA26 GATA transcription factor 26 0.885542 

Sobic.004G279300 AT5G37260 CIR1,RVE2 Homeodomain-like superfamily protein 0.881786 

Sobic.003G121400 AT5G39660 CDF2 cycling DOF factor 2 0.874729 

Sobic.010G052600 AT2G23340 DEAR3 DREB and EAR motif protein 3 0.871397 

Sobic.001G206300 AT4G00940 AtDOF4.1,DOF4.1,ITD1 Dof-type zinc finger DNA-binding family protein 0.871225 

Sobic.003G352200 AT5G02320 ATMYB3R5,MYB3R-5 myb domain protein 3r-5 0.863172 

Sobic.007G037100 AT5G47390 MYBH myb-like transcription factor family protein 0.862341 

Sobic.004G329800 AT2G24260 LRL1 LJRHL1-like 1 0.858175 

Sobic.010G218500 AT5G24800 ATBZIP9,BZIP9,BZO2H2 basic leucine zipper 9 0.848289 

Sobic.010G229000 AT1G30330 ARF6 auxin response factor 6 0.834511 

Sobic.005G177800 AT3G47640 PYE basic helix-loop-helix (bHLH) DNA-binding superfamily 

protein 

0.816012 

Sobic.004G290800 AT4G00150 ATHAM3,HAM3 GRAS family transcription factor 0.801296 

Sobic.009G072100 AT4G29190 AtC3H49,AtOZF2,AtTZF3,OZ

F2,TZF3 

Zinc finger C-x8-C-x5-C-x3-H type family protein 0.800257 
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Supplementary Table 3.7 Candidate hub TFs in module darkorange from WGCNA with MM > 

0.80 

Locus ID Best hit in 

Arabidopsis 

Arabidopsis symbol Arabidopsis definition MM  

Sobic.010G021200 AT5G42520 ATBPC6,BBR/BPC6,BPC6 basic pentacysteine 6 0.946131 

Sobic.002G225100 AT3G19290 ABF4,AREB2 ABRE binding factor 4 0.899322 

Sobic.007G111600 AT1G13960 WRKY4 WRKY DNA-binding protein 4 0.86656 

Sobic.006G167800 AT4G17500 ATERF-1,ERF-1 ethylene responsive element binding factor 1 0.858324 

Sobic.003G218700 AT4G21610 LOL2 lsd one like 2 0.843259 

Sobic.003G218700 NA NA NA 0.843259 

Sobic.001G478400 AT2G22540 AGL22,SVP K-box region and MADS-box transcription factor family 

protein 

0.813297 
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Supplementary Table 3.8 Candidate hub TFs in module greenyellow from WGCNA with MM 

> 0.80 

Locus ID Best hit in 

Arabidopsis 

Arabidopsis symbol Arabidopsis definition MM  

Sobic.005G100600 AT1G58110  Basic-leucine zipper (bZIP) transcription factor family 

protein 

0.962253 

Sobic.010G214000 AT2G24790 ATCOL3,COL3 CONSTANS-like 3 0.96037 

Sobic.004G221400 AT2G28350 ARF10 auxin response factor 10 0.956343 

Sobic.006G163900 AT2G46680 ATHB-7,ATHB7,HB-7 homeobox 7 0.953903 

Sobic.004G211200 AT5G24930 ATCOL4,COL4 CONSTANS-like 4 0.946076 

Sobic.004G309600 AT1G45249 ABF2,AREB1,ATAREB1 abscisic acid responsive elements-binding factor 2 0.944837 

Sobic.004G281800 AT5G52660  Homeodomain-like superfamily protein 0.943385 

Sobic.010G004300 AT5G52660  Homeodomain-like superfamily protein 0.931615 

Sobic.008G176300 AT2G26580 YAB5 plant-specific transcription factor YABBY family protein 0.929973 

Sobic.003G002600 AT2G20570 ATGLK1,GLK1,GPRI1 GBF\'s pro-rich region-interacting factor 1 0.928872 

Sobic.004G208400 AT1G06040 STO B-box zinc finger family protein 0.905835 

Sobic.007G223200 AT1G21340  Dof-type zinc finger DNA-binding family protein 0.903719 

Sobic.001G297500 AT5G47390 MYBH myb-like transcription factor family protein 0.899922 

Sobic.002G418200 AT4G32010 HSI2-L1,HSL1,VAL2 HSI2-like 1 0.892634 

Sobic.002G313800 AT5G60200 TMO6 TARGET OF MONOPTEROS 6 0.891062 

Sobic.003G076500 AT2G38090  Duplicated homeodomain-like superfamily protein 0.886678 

Sobic.003G211200 AT5G47390 MYBH myb-like transcription factor family protein 0.883289 

Sobic.007G033800 AT5G54680 bHLH105,ILR3 basic helix-loop-helix (bHLH) DNA-binding superfamily 

protein 

0.88167 

Sobic.002G421400 AT5G18270 ANAC087 Arabidopsis NAC domain containing protein 87 0.867606 

Sobic.010G096300 AT2G20570 ATGLK1,GLK1,GPRI1 GBF\'s pro-rich region-interacting factor 1 0.860154 

Sobic.002G189000 AT3G01470 ATHB-1,ATHB1,HAT5,HB-

1,HD-ZIP-1 

homeobox 1 0.858905 

Sobic.009G036400 AT1G09530 PAP3,PIF3,POC1 phytochrome interacting factor 3 0.856836 

Sobic.010G240900 AT3G15210 ATERF-

4,ATERF4,ERF4,RAP2.5 

ethylene responsive element binding factor 4 0.856776 

Sobic.009G024600 AT2G28550 RAP2.7,TOE1 related to AP2.7 0.854853 

Sobic.001G517800 AT1G76350 NLP5 Plant regulator RWP-RK family protein 0.852299 

Sobic.004G338800 AT4G28530 anac074,NAC074 NAC domain containing protein 74 0.847584 

Sobic.002G422000 AT5G18240 ATMYR1,MYR1 myb-related protein 1 0.846377 

Sobic.003G406800 AT3G30260 AGL79 AGAMOUS-like 79 0.8422 

Sobic.009G159900 AT5G02030 BLH9,BLR,HB-

6,LSN,PNY,RPL,VAN 

POX (plant homeobox) family protein 0.836432 

Sobic.003G365600 AT2G38090  Duplicated homeodomain-like superfamily protein 0.808864 

Sobic.010G254300 AT3G13040  myb-like HTH transcriptional regulator family protein 0.806397 

Sobic.004G085600 AT5G11260 HY5,TED 5 Basic-leucine zipper (bZIP) transcription factor family 

protein 

0.804489 

Sobic.003G359800 AT2G38090  Duplicated homeodomain-like superfamily protein 0.800542 
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Supplementary Table 3.9 Candidate hub TFs in module grey60 from WGCNA with MM > 

0.80 

Locus ID Best hit in 

Arabidopsis 

Arabidopsis symbol Arabidopsis definition MM  

Sobic.003G305000 AT5G60970 TCP5 TEOSINTE BRANCHED 1, cycloidea and PCF 

transcription factor 5 

0.92396 

Sobic.002G083600 AT2G28550 RAP2.7,TOE1 related to AP2.7 0.901239 

Sobic.008G168100 AT2G34710 ATHB-14,ATHB14,PHB,PHB-

1D 

Homeobox-leucine zipper family protein / lipid-binding 

START domain-containing protein 

0.869701 

Sobic.006G066600 AT2G37120  S1FA-like DNA-binding protein 0.844185 

Sobic.001G100100 AT1G51600 GATA28,TIFY2A,ZML2 ZIM-LIKE 2 0.842538 

 

Supplementary Table 3.10 Candidate hub TFs in module lightcyan from WGCNA with MM > 

0.80 

Locus ID Best hit in 

Arabidopsis 

Arabidopsis symbol Arabidopsis definition MM  

Sobic.007G166100 AT5G04410 anac078,NAC2 NAC domain containing protein 2 0.947722 

Sobic.006G228300 AT1G61660  basic helix-loop-helix (bHLH) DNA-binding superfamily 

protein 

0.937659 

Sobic.004G188300 AT1G34370 STOP1 C2H2 and C2HC zinc fingers superfamily protein 0.931036 

Sobic.006G172900 AT4G00150 ATHAM3,HAM3 GRAS family transcription factor 0.898122 

Sobic.001G120900 AT1G14920 GAI,RGA2 GRAS family transcription factor family protein 0.886104 

Sobic.008G153600 AT5G28650 ATWRKY74,WRKY74 WRKY DNA-binding protein 74 0.88512 

Sobic.001G356800 AT5G57520 ATZFP2,ZFP2 zinc finger protein 2 0.880464 

Sobic.001G194600 AT1G76890 AT-GT2,GT2 Duplicated homeodomain-like superfamily protein 0.876391 

Sobic.003G393300 AT1G67710 ARR11 response regulator 11 0.872357 

Sobic.001G137300 AT4G17570 GATA26 GATA transcription factor 26 0.871282 

Sobic.009G253300 AT5G47390 MYBH myb-like transcription factor family protein 0.864391 

Sobic.008G157100 AT5G28770 AtbZIP63,BZO2H3 bZIP transcription factor family protein 0.861555 

Sobic.006G149600 AT4G30080 ARF16 auxin response factor 16 0.861199 

Sobic.002G194400 AT5G16560 KAN,KAN1 Homeodomain-like superfamily protein 0.851007 

Sobic.010G169200 AT4G32980 ATH1 homeobox gene 1 0.848148 

Sobic.007G050300 AT1G32360  Zinc finger (CCCH-type) family protein 0.842783 

Sobic.007G155900 AT4G34000 ABF3,DPBF5 abscisic acid responsive elements-binding factor 3 0.832632 

Sobic.007G155900 AT1G45249 ABF2,AREB1,ATAREB1 abscisic acid responsive elements-binding factor 2 0.832632 

Sobic.001G040200 AT5G08790 anac081,ATAF2 NAC (No Apical Meristem) domain transcriptional 

regulator superfamily protein 

0.822384 

Sobic.004G168300 AT2G36010 ATE2FA,E2F3 E2F transcription factor 3 0.803097 
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Supplementary Table 3.11 Candidate hub TFs in module lightgreen from WGCNA with MM > 

0.80 (except Sobic.002G269400, DREB1C) 

Locus ID Best hit in 

Arabidopsis 

Arabidopsis symbol Arabidopsis definition MM  

Sobic.002G359700 AT5G67420 ASL39,LBD37 LOB domain-containing protein 37 0.966732 

Sobic.008G147101 AT1G13300 HRS1 myb-like transcription factor family protein 0.954918 

Sobic.008G149100 AT4G33280  AP2/B3-like transcriptional factor family protein 0.944254 

Sobic.004G058700 AT1G79430 APL,WDY Homeodomain-like superfamily protein 0.925983 

Sobic.009G244200 AT4G24660 ATHB22,HB22,MEE68 homeobox protein 22 0.92288 

Sobic.003G028300 AT1G52150 ATHB-15,ATHB15,CNA,ICU4 Homeobox-leucine zipper family protein / lipid-binding 

START domain-containing protein 

0.914991 

Sobic.006G135100 AT5G57660 ATCOL5,COL5 CONSTANS-like 5 0.911392 

Sobic.004G351700 AT3G10470  C2H2-type zinc finger family protein 0.888474 

Sobic.002G421900 AT3G47500 CDF3 cycling DOF factor 3 0.870741 

Sobic.009G028500 AT5G58620 TZF9 zinc finger (CCCH-type) family protein 0.869624 

Sobic.004G267000 AT1G75250 ATRL6,RL6,RSM3 RAD-like 6 0.86358 

Sobic.003G003600 AT4G24020 NLP7 NIN like protein 7 0.854502 

Sobic.003G003600 AT1G64530 NLP6 Plant regulator RWP-RK family protein 0.854502 

Sobic.002G271100 AT5G62020 AT-HSFB2A,HSFB2A heat shock transcription factor B2A 0.84594 

Sobic.003G037400 AT5G64810 ATWRKY51,WRKY51 WRKY DNA-binding protein 51 0.835858 

Sobic.003G037400 AT5G26170 ATWRKY50,WRKY50 WRKY DNA-binding protein 50 0.835858 

Sobic.009G178000 AT5G18240 ATMYR1,MYR1 myb-related protein 1 0.831253 

Sobic.006G131800 AT1G06040 BBX24,STO B-box zinc finger family protein 0.811299 

Sobic.009G111200 AT3G16770 ATEBP,EBP,ERF72,RAP2.3 ethylene-responsive element binding protein 0.806356 

Sobic.003G139900 AT3G60030 SPL12 squamosa promoter-binding protein-like 12 0.80539 

Sobic.001G093200 AT3G22830 AT-HSFA6B,HSFA6B heat shock transcription factor A6B 0.801886 

Sobic.002G269400 AT4G25470 ATCBF2,CBF2,DREB1C,FTQ4 C-repeat/DRE binding factor 2 0.789806 
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Supplementary Table 3.12 Candidate hub TFs in module lightyellow from WGCNA with MM 

> 0.80 

Locus ID Best hit in 

Arabidopsis 

Arabidopsis symbol Arabidopsis definition MM  

Sobic.001G384300 AT4G28610 AtPHR1,PHR1 phosphate starvation response 1 0.90829 

Sobic.004G306500 AT2G22540 AGL22,SVP K-box region and MADS-box transcription factor family 

protein 

0.906998 

Sobic.002G306000 AT3G16940  calmodulin binding;transcription regulators 0.897801 

Sobic.003G346700 AT2G20280  Zinc finger C-x8-C-x5-C-x3-H type family protein 0.875921 

Sobic.006G190400 AT2G46870 NGA1 AP2/B3-like transcriptional factor family protein 0.86385 

Sobic.009G239600 AT4G14540 NF-YB3 nuclear factor Y, subunit B3 0.853146 

Sobic.001G167600 AT5G66870 ASL1,LBD36 ASYMMETRIC LEAVES 2-like 1 0.843783 

Sobic.009G072200 AT5G56840  myb-like transcription factor family protein 0.838482 

Sobic.002G165800 AT3G18380 DTF2,SHH2 sequence-specific DNA binding transcription 

factors;sequence-specific DNA binding 

0.835577 

Sobic.002G297800 AT4G37740 AtGRF2,GRF2 growth-regulating factor 2 0.816561 

 

Supplementary Table 3.13 Candidate hub TFs in module paleturquoise from WGCNA with 

MM > 0.80 

Locus ID Best hit in 

Arabidopsis 

Arabidopsis symbol Arabidopsis definition MM  

Sobic.001G304500 AT4G00150 ATHAM3,HAM3 GRAS family transcription factor 0.943678 

Sobic.004G003401 AT2G45660 AGL20,ATSOC1,SOC1 AGAMOUS-like 20 0.908966 

Sobic.004G003401 AT4G25690  0.908966 

Sobic.008G094700 AT5G13180 ANAC083,NAC083,VNI2 NAC domain containing protein 83 0.859885 

Sobic.006G065800 AT3G10030 aspartate/glutamate/uridylate kinase family protein 0.838119 

Sobic.001G537300 AT5G60690 IFL,IFL1,REV Homeobox-leucine zipper family protein / lipid-binding 

START domain-containing protein 

0.827948 

Sobic.004G251300 AT3G01470 ATHB-1,ATHB1,HAT5,HB-

1,HD-ZIP-1 

homeobox 1 0.823421 
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Supplementary Table 3.14 Candidate hub TFs in module paleturquoise from WGCNA with 

MM > 0.80 

Locus ID Best hit in 

Arabidopsis 

Arabidopsis symbol Arabidopsis definition MM  

Sobic.003G402000 AT3G02830 ZFN1 zinc finger protein 1 0.918459 

Sobic.010G267500 AT4G35040 bZIP19 Basic-leucine zipper (bZIP) transcription factor family 

protein 

0.902536 

Sobic.001G252800 AT5G62430 CDF1 cycling DOF factor 1 0.898283 

Sobic.004G350300 AT5G04410 anac078,NAC2 NAC domain containing protein 2 0.86915 

Sobic.001G435500 AT5G63470 NF-YC4 nuclear factor Y, subunit C4 0.834938 

Sobic.001G135400 AT3G21175 GATA24,TIFY2B,ZML1 ZIM-like 1 0.817833 

Sobic.001G295600 AT5G61620  myb-like transcription factor family protein 0.817099 
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FIGURES 

Figure 3.1 Transcriptional response to chilling stress was influenced by the time of day. 

(A) Venn diagram depicted the numbers of DEGs between controlled and chilling stress 

conditions in the morning (AM) and evening (PM). 

(B) Hierarchical clustering of 4974 genes that their transcript abundance under chilling stress 

was affected by the time of day. Transcript abundance was shown as log base 2 of normalized 

counts plus 1, and the values were adjusted to range between -1 to 1 for visualization. 

(C) Eigenvalues represent expression patterns of six groups of genes from the hierarchical 

clustering. 
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Figure 3.2 WGCNA identified thirteen module eigengenes representing gene expression in 

response to the time of day and chilling stress in sorghum.  

(A) Module eigengenes depict the patterns of gene expression   

(B) the correlation between module eigengenes and each experimental factor, the time of day and 

chilling stress. The red and green colors represent the direction of the relationship between 

module eigengenes and traits. 
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Figure 3.3 WGCNA identified potential hub TFs in the co-expression network modules.  

Transcript abundance (represented as the log base 2 of normalized counts) of selected TFs under 

normal and chilling temperatures in the morning and evening.  
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Figure 3.4 Predicted target genes of candidate hub TFs for nighttime-upregulated genes under 

chilling stress and their enriched motifs in the 1-kb upstream regions 

(A) the percentage of predicted target genes grouped by their modules. 

(B) known cis-regulatory elements of the predicted target genes. 
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Supplementary Figure 3.1 GO enrichment analysis of six groups of genes that their gene 

expression in response to chilling stress was significantly affected by the time of day. 

Dot plots depict significant GO terms (p-value < 0.05) and corresponding -log2-based p-value. 

The size of the dots represents the number of genes classified to the GO terms.  
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Supplementary Figure 3.2 Motif enrichment analysis of six groups of genes that their gene 

expression in response to chilling stress was significantly affected by the time of day. 

 
  



  116 

 

Supplementary Figure 3.3 The construction of WGCNA network 

(A) Hierarchical clustering of input samples for WGCNA and (B) scale independent and mean 

connectivity for picking the soft threshold to construct the co-expression network. Scale-free 

topology is a measurement of the scale-free network and the mean connectivity represents an 

average number of connections between genes in the network.   

(C) Cluster dendrogram of module eigengenes. Colors in the upper row represent the initial 

module eigengenes and colors in the lower row are the final modules after merging modules with 

very similar expression patterns. 
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Supplementary Figure 3.4 GO enrichment analysis of genes in (A) module black and (B) 

darkturquoise from WGCNA. Dot plots depict significant GO terms (p-value < 0.05) and 

corresponding -log2-based p-value. The size of the dots represents the number of genes classified 

to the GO terms.  
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4.1 Abstract 

Callus and cell suspension culture techniques are valuable tools in plant biotechnology 

and are widely used in fundamental and applied research. For studies in callus and cell 

suspension cultures to be relevant, it is essential to know if the underlying biochemistry is similar 

to intact plants. This study examined the expression of core circadian genes in Arabidopsis callus 

from the cell suspension named AT2 and found that the circadian rhythms were impaired. The 

circadian waveforms are similar to intact plants in the light/dark cycles, but the circadian 

expression in the AT2 callus stopped in the free-running, constant light conditions. Temperature 

cycles could drive the rhythmic expression in constant conditions, but there were novel peaks at 

the point of temperature transitions unique to each clock gene. We found that callus freshly 

induced from seedlings had normal oscillations, like intact plants, suggesting that the loss of the 

circadian oscillation in the AT2 callus was specific to this callus. We determined that neither the 

media composition nor the source of the AT2 callus caused this disruption. We observed that 

ELF3 expression was not differentially expressed between dawn and dusk in both entrained, 

light-dark cycles and constant light conditions. Overexpression of ELF3 in the AT2 callus 

partially recovers the circadian oscillation in the AT2 callus. This work shows that while callus 

and cell suspension cultures can be valuable tools for investigating plant responses, careful 

evaluation of their phenotype is important. Moreover, the altered circadian rhythms under 

constant light and temperature cycles in the AT2 callus could be useful backgrounds to 

understand the connections driving circadian oscillators and light and temperature sensing at the 

cellular level. 

4.2 Introduction 

Research progress in plant science can be limited by the time required to grow and 

transform plant species. Callus and cell suspension culture systems address this limitation. 

Investigations into plant cellular responses can be carried out rapidly in callus and cell 

suspension culture systems. Callus can be transformed and mutagenized enabling reporter, 

overexpression, and loss of function approaches. These systems could facilitate bioengineering 

applications and interest in increased production of specialized metabolites (Efferth 2019). 

However, the functionality of callus and cell suspension culture systems depends on their ability 

to approximate the cellular functions of the whole plant reliably. Previously, there have been 

conflicting reports on the persistence of the circadian clock in callus and cell suspension cultures 
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(Nakamichi et al. 2003, 2004). We investigated the circadian clock in an Arabidopsis cell 

suspension line, AT2 (Tanurdzic et al. 2008), to evaluate this systemôs performance, potential, 

and limitations for callus and plant tissue culture-based studies. 

Circadian clocks are biological mechanisms that maintain a 24-hour period regardless of 

external cues (McClung 2006). Circadian clocks exist in a wide range of organisms, from 

bacteria to mammals and plants (Jabbur, Zhao, and Johnson 2021). Robust clocks result in 

improved growth and fitness under environmental changes (Dodd et al. 2005; Green et al. 2002; 

Hotta et al. 2007; Yerushalmi and Green 2009; Webb et al. 2019). Three key characteristics of 

the circadian clocks used to distinguish circadian-regulated phenotypes from other responses to 

environmental cues are (1) the rhythm has an approximate 24-hour period, (2) the rhythms can 

be reset by the environmental signals, and (3) the rhythmic period is consistent across a set of 

temperature ranges (McClung 2006). The simplified clock model comprises inputs, central 

oscillators, and outputs (Harmer 2009). When plants perceive changes in the inputs such as light 

and temperature, the core oscillators adjust their expression to regulate rhythmic outputs such as 

leaf movement, stomatal opening, hypocotyl elongation, and flowering time (Barak et al. 2000; 

Dowson-Day and Millar 1999; Engelmann, Simon, and Phen 1992; Somers et al. 1998). 

Arabidopsis clock proteins form complex transcription-translation feedback loops (Nakamichi 

2011; Harmer 2009). Key proteins in these circadian loops are CIRCADIAN CLOCK 

ASSOCIATED 1 (CCA1), LATE ELONGATED HYPOCOTYL (LHY), and TIMING OF CAB 

EXPRESSION 1 (TOC1) (Alabadí et al. 2001; Strayer et al. 2000). The morning-expressed 

proteins CCA1 and LHY redundantly repress the expression of the evening gene, TOC1 (Alabadí 

et al. 2001) and vice versa (Perales and Más 2007; Pruneda-Paz et al. 2009). Another key 

component in the clock system is the evening complex (EC) which consists of LUX 

ARRHYTHMO (LUX), EARLY FLOWERING 3 (ELF3), and ELF4 (Nusinow et al. 2011). 

This complex accumulates at dusk and represses the expression of PSEUDO RESPONSE 

REGULATOR 9 (PRR9), a CCA1/LHY repressor, creating a negative feedback loop with the 

morning genes (Dixon et al. 2011; Chow et al. 2012; Helfer et al. 2011; Herrero et al. 2012). The 

clock components directly or indirectly interact with each other, resulting in a complex network 

to control output genes in the circadian-related pathways such as CHLOROPHYLL A/B 

BINDING PROTEIN (CAB2) in photosynthesis (Kay 1993; Millar, Carré, et al. 1995), 

FLAVIN -BINDING, KELCH REPEAT, F-BOX PROTEIN 1 (FKF1) in flowering (Imaizumi et 
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al. 2003), and PHYTOCHROME INTERACTING FACTOR4 (PIF4) in plant growth (Choi and 

Oh 2016).  

ELF3, a component of the EC, is a multifunctional protein involving both light and 

temperature signaling (McWatters et al. 2000; Covington et al. 2001; Hicks, Albertson, and 

Wagner 2001; Jung et al. 2020). ELF3 regulates the gating of light inputs to the clock and light 

resetting of the clock (McWatters et al. 2000; Covington et al. 2001; Hicks, Albertson, and 

Wagner 2001). Through interaction with PHYTOCHROME B (PHYB), ELF3 modulates light 

input to the clock (Kolmos et al. 2011; Liu et al. 2001). ELF3 is required for temperature 

entrainment; the elf3 mutant maintains rhythmic expression in thermocycles but does not exhibit 

a 24-hour circadian rhythm in either constant light or temperature (Thines and Harmon 2010). In 

addition to arrhythmia in free-running conditions, loss of ELF3 has several phenotypes, 

including the lack of a light gating response and altered photomorphogenesis (McWatters et al. 

2000; Covington et al. 2001; Hicks, Albertson, and Wagner 2001; Zagotta et al. 1996). ELF3 

also regulates periodic flowering by interacting with CONSTITUTIVE 

PHOTOMORPHOGENIC 1 (COP1) to control the stability of GIGANTEA (GI), which is a part 

of the flowering pathway (Yu et al. 2008). ELF3 affects hypocotyl elongation in response to both 

light and temperature. ELF3 is instrumental in gating hypocotyl elongation at dusk through 

interactions with the light-signaling proteins PHYB and COP1 and, as a component of the 

evening complex, by repressing PIF4 (Nieto et al. 2015; Nusinow et al. 2011; Yu et al. 2008; Liu 

et al. 2001). As PIF4 is a center of thermoresponsive growth, ELF3 is also involved in 

thermomorphogenesis by gating PIF4 expression in response to temperature elevation (Box et al. 

2015; Raschke et al. 2015). A prion-like domain (PrD) of ELF3 functions as a thermosensor 

(Jung et al. 2020). In Arabidopsis, a variation in the length of the polyQ region inside the PrD 

results in different thermal responsiveness but removing the PolyQ region does not entirely 

remove thermal responsiveness, suggesting that the whole PrD is essential for temperature 

response (Jung et al. 2020). ELF3 with no PrD results in no thermal responsiveness, and the PrD 

controls the temperature-dependent conformation of ELF3 (Jung et al. 2020). These multiple 

roles of ELF3 in circadian regulation of light and temperature signaling pathways suggest that it 

is an integrator between the clock and environmental cues.    

Understanding the cellular clock is complicated by intercellular communication. In 

plants, local (tissue-specific) clocks and cells communicate as a hierarchical network to 
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synchronize circadian rhythms at the organismal level (Sorkin and Nusinow 2021; Takahashi et 

al. 2015). In humans, the suprachiasmatic nuclei (SCN) serve as a pacemaker to synchronize the 

clocks in peripheral organs via electrical, endocrine, and metabolic signaling pathways (Albrecht 

2012). However, the structure of plant circadian rhythms is still under debate. One model is the 

hierarchical network, similar to mammals, where the shoot apical meristem is a dominant clock 

that transmits circadian information to roots (Takahashi et al. 2015). Root and shoot clocks 

behave differently in the presence of light but act similarly in darkness (Bordage et al. 2016). 

The EC involves the difference between shoot and root clocks in response to light quality as 

roots and shoots of elf3, elf4, and lux mutants show different rhythmicity and period (Nimmo et 

al. 2020). ELF4 is also essential for controlling the pace of the root clock in response to 

temperature (W. W. Chen et al. 2020). Another model is a decentralized model where the local 

clocks equally contribute to the rhythms in the whole plant (Endo 2016). The evidence 

supporting this idea is that root tips with high cell density exhibit strong local coupling between 

cells like shoot apical meristem (Gould et al. 2018; Takahashi et al. 2015). It is proposed that 

plants have multiple signaling hubs to synchronize the whole-plant oscillations (Sorkin and 

Nusinow 2021). As callus is a unique type of plant tissue composed of homogeneous cells, we 

were interested in determining the circadian rhythms in callus.  

Arabidopsis cell suspension cultures have been successfully used to investigate the 

components and kinetics of the Arabidopsis circadian clock, supporting the idea that this system 

could be a powerful tool for understanding intracellular circadian regulation (Kim, Geng, and 

Somers 2003). Callus systems have been used to generate transgenic reporters in brassica, 

allowing a quick evaluation of many genotypes compared to transforming intact plants (Xu, Xie, 

and McClung 2010). Due to the ability of callus to be converted to an embryo-like structure and 

regenerated to a new type of cells (Jha 2005; Krikorian and Berquam 1969), callus is also used in 

micropropagation (El-Esawi 2016), and the generation of transgenic plants with desired traits 

(Kim et al. 2011; Rai et al. 2011; Wu et al. 2015). To induce callus from explants in vitro, two 

plant growth regulators, auxin and cytokinin, are used (Grafi and Barak 2015). However, callus 

systems have different gene expression profiles than other tissues (Tanurdzic et al. 2008; He et 

al. 2012; Du et al. 2019; Shim et al. 2020; Lee, Park, and Seo 2018). About 138 circadian-related 

genes, including CCA1, LHY, TOC1, and ELF3, were differentially expressed in Arabidopsis 
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callus compared to intact leaves, suggesting that changes in clock gene expression were 

important for the establishment and maintenance of callus (Lee, Park, and Seo 2016).  

Even though callus and cell suspension cultures are used in basic research and industrial 

application, reports vary on the similarity of the circadian rhythm between intact plants and 

callus and cell suspension systems (Kim, Geng, and Somers 2003; Nakamichi et al. 2003, 2004; 

Xu, Xie, and McClung 2010; Jiqing Sai and Johnson 1999). Brassica napa callus is considered 

to have functional clocks based on the observation that CCA1 expression was entrained by both 

photocycles and thermocycles (Xu, Xie, and McClung 2010). However, in these calli, the period 

of CCA1 was consistently longer than the cotyledon movement period in intact seedlings. 

Tobacco callus exhibited the rhythmic oscillation of the LIGHT-HARVESTING CHLOROPHYLL 

A/B-BINDING (LHCB) gene in constant light, indicating that it retains a functional circadian 

clock (J. Sai and Johnson 1999). In Arabidopsis, the cell suspension T87 had robust circadian 

clocks as the expression of CCA1 and TOC1 was rhythmic under the constant light and dark 

similar to intact plants (Nakamichi et al. 2003, 2004). Although another line of Arabidopsis cell 

suspension also maintained rhythmic CCA1 and TOC1 mRNA levels under free-running 

conditions, the period was significantly more extended than in intact plants (Kim, Geng, and 

Somers 2003).  

This study aimed to characterize the circadian oscillation in the Arabidopsis callus 

obtained from the cell suspension named AT2 (Tanurdzic et al. 2008)). Examining multiple 

transcriptional reporters, we found that the AT2 callus lacked circadian oscillations in constant 

light and had an altered period compared to intact seedlings. We found that the loss of 

oscillations in constant light is specific to the AT2 callus, but the lengthened period was also 

observed in freshly derived callus. We then determined the possible factors contributing to 

altered oscillations in this callus and freshly generated callus. Finally, we determined the effect 

of ELF3 overexpression on circadian oscillations in the AT2 callus. 

4.3 Materials and methods 

4.3.1 Plant growth conditions 

Arabidopsis AT2 cell suspension culture was provided by Linda Hanley-Bowdoin, North 

Carolina State University, Raleigh, NC, USA. This cell line was established from Arabidopsis 

thaliana ecotype Columbia-0 (Col-0) (Tanurdzic et al. 2008). Cells were maintained as described 

in (Tanurdzic et al. 2008) with small modifications. Cells were grown in Gamborgôs B5 (GB5) 
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media (Gamborg, Miller, and Ojima 1968) supplemented with 2.5 mM MES, 0.5 ɛg/ml 2,4-D, 

and 3% (w/v) sucrose (pH 5.8) (Tanurdzic et al. 2008). Cells were shaken at 160 rpm under 

12/12 h light/dark cycles (LD) and subcultured every week by transferring 5 ml cell suspension 

to 50 ml fresh media. 

CCA1::LUC (Pruneda-Paz et al. 2009), LHY::LUC (Baudry et al. 2010), TOC1::LUC 

(Alabadí et al. 2001), and FKF1::LUC seeds were sterilized and plated on ½ MS media 

(Murashige and Skoog 1962) with 0.4% (w/v) agar. Seeds were stratified at 4°C for three days 

and then moved to a growth chamber set to 23°C and LD. Seedlings (1-2 weeks old) were used 

in the time-course bioluminescence assay. 

4.3.2 Agrobacterium transformation and initiation of AT2 transformed callus 

The seven-day-post-subculture AT2 cells were pre-cultured in transformation media 

(GB5 media supplemented with 2.5 mM MES, 2.7 ɛM NAA, 0.23 ɛM kinetin, and 3% (w/v) 

sucrose) for 2 days. Agrobacterium tumefaciens strain GV3101 containing CCA1::LUC, 

LHY::LUC, TOC1::LUC, and FKF1::LUC were co-cultured with AT2 cells supplemented with 

100 ɛM acetosyringone for two days. Transfected cells were then washed and grown in 

transformation media containing 250 ɛg/ml timentin with shaking for three days. Transformed 

cells were plated on selective media (GB5 media supplemented with 2.5 mM MES, 2.7 ɛM 

NAA, 0.23 ɛM kinetin, 250 ɛg/mL timentin, 3% (w/v) sucrose, and 0.8% (w/v) agar) for two 

weeks. The 50 ɛg/ml gentamicin was used to select CCA1::LUC, LHY::LUC, TOC1::LUC, and 

FKF1::LUC. Selected calli were transferred to fresh selective agar plates every two weeks to 

maintain their growth. Transformed calli used in the time-course bioluminescence assay were 

grown on agar plates for 7-12 days after the previous subculture. 

4.3.3 Generating the overexpression of ELF3 in AT2 transformed callus 

Gateway cloning technology was used to generate the 35s::ELF3 construct. The ELF3 

coding sequence (CDS) in the pENTR vector (Pruneda-Paz et al. 2014) was cloned into the 35s-

promoter pB7WG2 vector (Karimi, Inzé, and Depicker 2002) via LR reaction (Gateway LR 

Clonase II Enzyme mix, Invitrogen, USA). A. tumefaciens strain GV3101 carrying 35s::ELF3 

vector was used to infect CCA1::LUC, LHY::LUC, and TOC1::LUC AT2 calli as described 

above. Transformed calli containing both 35s::ELF3 and clock reporters were selected on media 
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supplemented with 50 ɛg/mL gentamicin and 10 ɛg/mL glufosinate-ammonium for two weeks. 

Selected calli were subcultured to fresh selection media every two weeks. 

4.3.4 Callus induction from Arabidopsis tissues and seedlings 

CCA1::LUC, LHY::LUC, and FKF1::LUC seeds were sterilized in 50% (v/v) bleach and 

0.02% (v/v) Triton X-100 and placed on callus induction media. We used two recipes of callus 

induction media reported in (Barkla, Vera-Estrella, and Pantoja 2014) and (Sello et al. 2017). 

The Barkla media was MS media supplemented with 1 µg/ml 2,4-D, 0.05 µg/ml BA, 3% (w/v) 

sucrose, and 0.8% (w/v) agar (pH 5.7) (Barkla, Vera-Estrella, and Pantoja 2014). The Sello 

media was MS media supplemented with 0.5 µg/ml 2,4-D, 0.25 µg/ml BA, 3% (w/v) sucrose, 

and 0.8% plant agar (pH 5.5) (Sello et al. 2017). Seeds were stratified at 4°C for three days, and 

the plates were then moved to a growth chamber with 23°C and LD. Callus was generated from 

seedlings within three weeks. Calli were subcultured to fresh media every two weeks to maintain 

their growth.  

To generate calli from different plant tissues, CCA1::LUC seeds were sterilized as 

described above and placed on ½ MS media with 0.4% (w/v) agar. Seeds were stratified at 4°C 

for three days and then moved to a growth chamber with the condition described above. 

Hypocotyls, first leaves, and roots were isolated from seven-day-old seedlings and placed on the 

Barkla callus induction media (Barkla, Vera-Estrella, and Pantoja 2014). Calli induced from 

those tissues were subcultured to fresh media every two weeks. 

4.3.5 Luciferin spraying and time-course bioluminescence assay 

Calli and seedlings were sprayed with 250 ɛg/ml D-luciferin (GoldBio, USA) in 0.01% 

(v/v) Triton X-100. The plates were placed in the growth chamber installed with a CCD camera 

(Eagle V 4240 Scientific CCD camera, Raptor Photonics). The camera was controlled by Micro-

Manager software (Edelstein et al. 2014), and images were captured with 20-minute exposure 

time every two hours to detect bioluminescence. For the LD condition, the light was on at 8 am 

(circadian time 0; ZT0) and off at 8 pm (ZT12). To transition from LD to the free-running 

conditions, the lights were kept on starting at 8 pm (ZT12) for continuous light (LL), and the 

lights were kept off starting at 8 am (ZT0) for continuous darkness (DD). In the temperature 

cycles (HC), daytime temperatures were kept at 23°C for 12 h and nighttime temperatures were 

12°C.  
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The luminescence signal of luciferase from each callus or seedling was measured as 

mean gray values (total intensity in the selected area divided by the number of pixels) using 

Image J software (Schneider, Rasband, and Eliceiri 2012). The mean gray value was subtracted 

by the mean gray value of the background to obtain the normalized intensity. To calculate a 

relative normalized intensity, the normalized intensity at individual time points was divided by a 

maximum normalized intensity in that time series. Relative normalized intensity was then 

linearly detrended on BioDare2 (biodare2.ed.ac.uk) (Zielinski et al. 2014). Rhythmicity test on 

BioDare2 was used to select only rhythmic data for making time-series plots (Hutchison et al. 

2015). Periods and amplitudes were estimated by a Fourier transformïnon linear least squares 

(FFT NLLS) method on BioDare2 (Zielinski et al. 2014). Plots were made in R version 4.0.5.  

Statistical analysis was performed in R version 4.0.5 to compare periods and amplitudes of 

bioluminescence signals. Two-sample Wilcoxon rank-sum test was used to compare means 

between calli and seedlings in the same conditions or between calli on different media. One-way 

ANOVA was used to compare the means between calli derived from different tissues. 

4.3.6 RNA-Seq data processing 

We obtained RNA-Seq data of AT2 cell suspension from Dr. Linda Hanley-Bowdoin 

(PRJNA412215 and PRJNA412233 on NCBI SRA) and RNA-Seq data of Col-0 seedlings from 

(Grinevich et al. 2019) (PRJNA488799 on NCBI SRA) to compare the read counts of clock 

genes between the AT2 cell suspension and seedlings. The cell suspension was maintained as 

described in (Lee et al. 2010). The AT2 cell suspension was grown in LL and DD for seven days 

and the cells were then harvested with three biological replicates. However, the time of day the 

cells were harvested was not reported. The Col-0 seedlings used for comparison were grown in 

LL and harvested at dawn and dusk as described in (Grinevich et al. 2019). FastQC (version 

0.11.8) (Andrews 2010) was used to quality check reads before and after adapter trimming by 

BBDuk (in BBMap version 38.34; https://sourceforge.net/projects/bbmap/) (Bushnell 2014; 

ñBBMap Guideò 2016). Reads were aligned to Arabidopsis reference genome TAIR10 

(Berardini et al. 2015) using Hisat2 (version 2.2.0) (D. Kim et al. 2019). Read counts were 

obtained by featureCounts from the Rsubread package (version 2.0.1) (Liao, Smyth, and Shi 

2014). Low read counts were filtered out by the command filterByExpr() from EdgeR (M. D. 

Robinson, McCarthy, and Smyth 2010; McCarthy, Chen, and Smyth 2012). The read counts 

were normalized by the median of ratio method in DESeq2 (version 1.26.0) to obtain normalized 
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gene expression (Love, Huber, and Anders 2014). The heat maps of normalized read counts and 

percent rank of gene expression were generated using the R package ñpheatmapò in R version 

3.6.3. 

4.3.7 Identification of SNPs in the AT2 cell suspension  

Whole-genome reads were aggregated together using the following studies that use A. 

thaliana suspension culture (PRJNA412215 and PRJNA412233 on NCBI SRA). STAR (version 

2.5.3a) was used to align reads. STARôs 2-pass mapping was used with default parameters 

(Dobin et al. 2013). Picard (version 2.10.2; https://github.com/broadinstitute/picard) was used to 

order bam files and mark duplicate reads. Finally, GATKôs HaplotypeCaller (version 3.7; 

https://software.broadinstitute.org/gatk/) was used to call variants. Variants were filtered with FS 

> 30 and QD > 2. Sequence alignment was visualized on IGV version 2.8.13 (J. T. Robinson et 

al. 2011). 

4.3.8 RNA extraction and quantitative real-time PCR (qRT-PCR) 

To compare the expression of clock genes between the AT2 cell suspension and intact 

plants, seven-day-old AT2 cell suspension and two-week-old Col-0 seedlings were harvested at 

ZT8 and ZT12 and flash-frozen in liquid nitrogen before storing at -80°C. To compare the 

expression of clock genes between LD and LL in the AT2 callus, seven-day-old AT2 callus were 

harvested at ZT0 and ZT12. Total RNAs were extracted from 100 mg of plant tissues by RNeasy 

Plant RNA Mini Kit (Qiagen, USA). One nanogram of ArrayControlÊ RNA Spikes (Invitrogen, 

USA) was added during tissue homogenization. DNase I treatment (Roche, USA) was performed 

on columns to remove DNA. The total RNA was measured by the NanoDropÊ Lite 

Spectrophotometer (Thermo Fisher, USA). For comparing gene expression between AT2 cell 

suspension and Col-0, 500 ng of total RNA were used in cDNA synthesis with iScriptÊ 

Advanced cDNA Synthesis Kit for RT-qPCR (Bio-Rad, USA) while 700 ng of total RNA from 

the AT2 callus in LD and LL were used as an input. cDNAs were then 1:4 diluted in nuclease-

free water prior to the qPCR. The qPCR reaction contained 5 Õl of iTaqÊ Universal SYBRÈ 

Green Supermix (Bio-Rad, USA), 1 µl of 5 µM forward primer, 1 µl of 5 µl reverse primer, 2 µl 

diluted cDNA, and 1 µl of nuclease-free water. The qPCR was performed on the CFX384 Touch 

Real-Time PCR Detection System (Bio-Rad, USA) under the following conditions: initial 

denaturation at 95°C for 30 seconds and the 35 cycles of denaturation (95°C for 5 seconds) and 
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annealing (60°C for 30 seconds). Melt curve analysis (65 to 95°C with a 0.5°C increment) was 

done at the end of qPCR cycles. Only samples with a single discrete peak in the melt curve 

analysis were kept for the gene expression analysis. Four technical replicates were performed for 

each cDNA sample in each target gene. Relative normalized expression (ȹȹCq) was determined 

by CFX Maestro 1.1 software (Bio-rad, USA). External RNA spikes and three housekeeping 

genes ISOPENTENYL DIPHOSPHATE ISOMERASE 2 (IPP2), ACTIN 2 (ACT2), and TUBULIN 

2/3 (TUB2/3) were used as reference genes to compare gene expression between the AT2 cell 

suspension and intact plants. Only external RNA spikes and IPP2 were used as references to 

compare gene expression between LD and LL in the AT2 callus. Primers used in the study were 

listed in Supplementary Table 4.1. The two-sample t-test was used to compare the means 

between two time points. Statistical analysis and making plots were performed in R version 

4.0.5. 

4.4 Results 

4.4.1 AT2 callus showed a rhythmic expression in LD but not in the free-running condition 

We aimed to observe whether the Arabidopsis AT2 callus has a functional circadian 

clock by generating the calli carrying CCA1::LUC, LHY::LUC, TOC1::LUC, and FKF1::LUC 

via Agrobacterium-mediated transformation. Gentamicin was used to select transformants. To 

ensure that the changes we observed were not due to the selective antibiotic, we compared the 

expression of CCA1::LUC, LHY::LUC, TOC1::LUC, and FKF1::LUC in the AT2 callus cells 

grown on selective media and regular media under LD (Supplementary Figure 4.1). There was 

no significant difference in waveforms, and the expression of clock genes in calli on both media 

had an approximately 24-h period (Supplementary Figure 4.1 and Table 4.1). This indicated that 

gentamicin did not affect the expression in LD of the circadian clock genes. Therefore, we 

decided to maintain the AT2 callus on gentamicin in further experiments. 

The generation of callus and cell suspension culture requires genetically and 

epigenetically reprogramming (Tanurdzic et al. 2008; He et al. 2012; Ikeuchi, Sugimoto, and 

Iwase 2013; Du et al. 2019; Shim et al. 2020). Plant growth regulators are the key to switch cell 

fate in tissue culture systems (Grafi and Barak 2015). Other factors such as light (Batista et al. 

2018), humidity (C. Chen 2004), and osmotic potential (de Paiva Neto and Otoni 2003) in tissue 

culture could induce stress in cultured tissues, leading to changes in genetics and epigenetics 

(Bednarek and Orğowska 2020). These unnatural environments could also affect the rhythms in 
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the AT2 callus compared to intact plants. In addition, if coordination across tissues is required 

for coordinated expression and proper timing of gene expression in plants, the callus with limited 

cellular organization, may have disruptions in their rhythmic expression of circadian and clock-

controlled genes. Therefore, we examined the expression of CCA1::LUC, LHY::LUC, 

TOC1::LUC, and FKF1::LUC in the AT2 callus cells and intact seedlings under LD (Figure 4.1 

and Supplementary Figure 4.2). The expression waveforms of CCA1::LUC and LHY::LUC in the 

AT2 callus cells under the LD were similar to those in intact plants (Figure 4.1A, 4.1B, 

Supplementary Figure 4.2A, 4.2B). However, The peaks of TOC1::LUC and FKF1::LUC in 

AT2 callus cells were broader than those in seedlings (Figure 4.1D, 4.1E, Supplementary Figure 

4.2D, and 4.2E). The periods of CCA1::LUC, TOC1::LUC, and FKF1::LUC in AT2 callus cells 

under LD were significantly longer than those in seedlings, but there was no significant 

difference in the LHY::LUC period between the AT2 callus and seedlings (Table 4.1). Even 

though several clock genes in the AT2 callus had longer periods than those in seedlings, their 

periods were still in the 24-h range (Table 4.1). This suggested that, while under entraining 

conditions of light/dark cycles, the overall cascade and timing of clock gene expression in the 

AT2 callus was similar to that in seedlings. 

Circadian-controlled rhythms are sustained under free-running conditions (Somers et al. 

1998; Dowson-Day and Millar 1999; Engelmann, Simon, and Phen 1992; Harmer 2009). To 

determine if the differences in the waveforms we observed in LD conditions affected the 

rhythmic expression in free-running conditions, we observed the bioluminescence of 

CCA1::LUC, LHY::LUC, TOC1::LUC, and FKF1::LUC in AT2 callus cells under continuous 

light (LL) and continuous dark (DD) at constant temperatures (Figure 4.1 and Supplementary 

Figure 4.2). In LL, there was no rhythmic oscillation in the AT2 callus in contrast to seedlings 

where the expression of CCA1::LUC, LHY::LUC, TOC1::LUC, and FKF1::LUC persisted albeit 

with significantly decreased amplitudes and longer periods (Figure 4.1A, 4.1D, Supplementary 

Figure 4.2A, 4.2D, and Table 4.2). The qRT-PCR results from the AT2 callus grown in LD and 

LL for seven days confirmed that CCA1, LHY, TOC1, ELF4, and GI significantly lost their 

rhythmicity under LL compared to LD (Supplementary Figure 4.3A, 4.3B, 4.3C, 4.3E, and 

4.3G). In LD, these transcripts showed significant differences in expression between ZT0 and 

ZT12, but the differences in expression were not significant in LL (Supplementary Figure 4.3A, 

4.3B, 4.3C, 4.3E, and 4.3G). Surprisingly, unlike the expected expression pattern in seedlings, 
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ELF3 showed no difference in expression between dawn and dusk in both LD and LL while LUX 

was differentially expressed only in LL (Supplementary Figure 4.3D and 4.3F). In LD, LUX 

tended to be up-regulated in the evening, but the difference was not significant (Supplementary 

Figure 4.3F). In summary, the rhythmic expression of the core clock genes in the AT2 callus was 

lost in LL. 

We also observed the expression of clock genes in DD which is another type of free-

running condition. In seedlings, the clock genes rapidly lost their rhythmicity under DD (Figure 

4.1B, 4.1E, Supplementary Figure 4.2B, and 4.2E). The first expression peak of CCA1::LUC, 

LHY::LUC, and FKF1::LUC in DD occurred due to the preceding LD (Millar, Straume, et al. 

1995). In seedlings, there was no second peak of CCA1::LUC, LHY::LUC, and FKF1::LUC after 

24 hours in DD while the TOC1::LUC expression diminished right after the transition to DD. 

The circadian oscillation usually dampens faster in DD than in LL possibly due to reduced 

phototransduction to input the clocks in darkness (Millar, Straume, et al. 1995; C. H. Johnson et 

al. 1995). However, in the AT2 callus, the clock gene expression persisted under DD with a 

longer period and smaller amplitude than in LD conditions (Figure 4.1B, 4.1E, Supplementary 

Figure 4.2B, and 4.2E). Although the rhythmic expression in the AT2 callus was more 

pronounced in DD than LL and had a stronger rhythmic expression than seedlings in DD, the 

periods in the AT2 callus under DD were longer than the LL seedling periods (Table 4.2 and 

Supplemental Table 4.2). Therefore, although the AT2 callus maintained rhythmic expression in 

DD, this is a weak rhythm compared to the LL expression in seedlings. This indicates that the 

AT2 callus has a circadian oscillator that can function, albeit poorly, in free-running conditions, 

but the loss of rhythms in LL conditions suggests a disruption in the AT2 circadian oscillator 

compared to intact seedlings.  

Since the AT2 callus displayed a rhythmic expression of core clock genes under LD and 

DD but not in the LL condition, it is possible that the light acts as a signal in LL to drive the 

expression. To examine this, we measured the bioluminescence of CCA1::LUC, LHY::LUC, 

TOC1::LUC, and FKF1::LUC transferred from LL to LD in the dark period (Figure 4.1C, 4.1F, 

Supplementary Figure 4.2C, and 4.2F). Seedlings were able to maintain the rhythmic expression 

in both LL and the subsequent LD. As observed above, there was no rhythmic expression in the 

AT2 callus under LL. However, the AT2 callus resumed rhythmic expression of these clock 

genes in the first dark period and immediately returned to the rhythmic waveforms observed in 
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LD. For example, CCA1::LUC and LHY::LUC show a constant decrease in LL, but once in the 

dark, the expression levels gradually increase and peak in the light period (Figure 4.1C and 

Supplementary Figure 4.2C). However, the expression of evening genes TOC1::LUC and 

FKF1::LUC started rising right after the dark period (Figure 4.1F and Supplementary Figure 

4.2F). The periods of all reporters were longer in the two days of LD after LL in both seedlings 

and calli compared to prior analysis of plants grown continuously in LD (Tables 4.1, 4.3, and 

Supplementary Table 4.2). The periods of CCA1::LUC and FKF1::LUC in the calli under the 

subsequent LD were significantly longer than those in seedlings while there was no significant 

difference in periods of LHY::LUC and TOC1::LUC between the calli and seedlings (Table 4.3). 

The recovery of the expected expression pattern in the dark suggests that light is disrupting the 

expression of clock promoters in the AT2 callus. 

We found that the AT2 callus had altered circadian oscillation in LL. However, several 

publications show that the circadian clocks run normally in callus (Kim, Geng, and Somers 2003; 

Nakamichi et al. 2003, 2004; Xu, Xie, and McClung 2010; Jiqing Sai and Johnson 1999). We 

wondered whether the altered circadian rhythms were specific to the AT2 callus. We induced 

calli from CCA1::LUC, LHY::LUC, and FKF::LUC seedlings on two recipes of callus induction 

media, one from (Barkla, Vera-Estrella, and Pantoja 2014) and another from (Sello et al. 2017). 

Both recipes used the same plant growth regulators (2,4-D as auxin and BA as cytokinin), but at 

different concentrations. We measured the bioluminescence under LD and found that callus cells 

induced by both media exhibited similar rhythmicity within a 24-hour period (Figure 4.2 and 

Table 4.4). The period of CCA1::LUC in callus cells on two media under LD was not 

significantly different, but the periods of LHY::LUC and FKF1::LUC on the Sello media were 

significantly longer than on Barkla media (Table 4.4). We observed the expression of clock 

genes under LL to determine whether the oscillations persisted in these calli (Table 4.4). Calli 

derived from both recipes exhibited sustained oscillations in LL (Figure 4.2 and Table 4.4), 

suggesting the plant growth regulators used for callus induction did not result in a loss of 

rhythmicity of these clock-associated promoters. The periods of LHY::LUC and FKF1::LUC in 

callus cells under LL were significantly longer than those under LD in both media (Table 4.4). 

The CCA1::LUC period was longer in LL than LD only in the Sello media (Table 4.4). The 

Barkla media contained 1 µg/ml 2,4-D and 0.05 µg/ml BA, so the auxin-to-cytokinin ratio was 

1:20 (Barkla, Vera-Estrella, and Pantoja 2014). The Sello media contained lower auxin but 
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higher cytokinin (0.5 µg/ml 2,4-D and 0.25 µg/ml BA) than the Barkla media, and the ratio of 

auxin to cytokinin was 1:2 (Sello et al. 2017). Compared to the clock gene expression in the AT2 

callus, and consistent with prior publications, the results indicated that the loss of circadian 

rhythms under LL in the AT2 callus is not inherent to the hormones used to generate the callus 

tissue. 

4.4.2 Temperature cycles can recover the circadian oscillations of clock-associated 

reporters in the AT2 callus under constant light conditions 

Light and temperature are two primary signals that plants use to integrate their internal 

clock to environmental changes (Devlin and Kay 2001; McClung, Salomé, and Michael 2002). 

As constant light eliminated the rhythmic waveforms of clock genes in the AT2 callus, we 

wanted to determine if temperature cycles could recover rhythmic expression in LL. We 

measured the bioluminescence of CCA1::LUC and FKF1::LUC in the AT2 callus, seedlings, and 

callus derived from seedlings under constant 23°C (HH) and 23/12°C temperature cycles (HC) in 

LL (Figure 4.3A, 4.3B, 4.3D, and 4.3E). In seedlings and callus derived from seedlings, 

temperature cycles increased the amplitude of CCA1::LUC. In the AT2 callus, temperature 

cycles were able to recover the rhythmic expression of CCA1::LUC and FKF1::LUC. 

Additionally, in the AT2 callus, a small increase in CCA1::LUC level was detected when the 

temperature was shifted from warm to cool temperatures (23°C to 12°C) (Figure 4.3A). This 

small peak was not detectable in seedlings or callus derived from seedlings (Figure 4.3A and 

4.3B). In contrast, FKF1::LUC expression was induced at the transition from cool to warm 

temperature (12°C to 23°C) in the AT2 callus, seedlings, and callus induced from seedlings 

(Figure 4.2D and 4.2E). These results indicate that entrainment by temperature cycles can 

recover the rhythmic expression of these core clock genes, although there are slight differences 

in their expression waveforms in the presence of these thermocycles. 

We next tested whether the temperature-responsive minor peaks observed in the AT2 

callus persisted in the presence of both cycling light and temperatures by observing the 

expression of CCA1::LUC and FKF1::LUC under light and temperature cycles (LDHC) (Figure 

4.3G and 4.3H). Both clock genes still showed two peaks, one ótime of dayô peak, with a phase 

consistent with the single peak in LD conditions and a second, temperature-responsive peak in 

LDHC (Figure 4.3G and 4.3H). As the temperature-responsive peak appeared in both LD and 

LL, this suggested that this peak was specific to temperature changes and was not influenced by 
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the constant light conditions. Overall, the expression of the clock genes examined in the AT2 

callus showed that the rhythmic waveform not detectable in constant light could be recovered by 

the addition of temperature cycles. 

4.4.3 Growth media and explant source did not contribute to the altered circadian rhythms 

in the AT2 callus 

The AT2 callus was grown on maintenance media which contains different auxin and 

cytokinin (NAA and kinetin) compared to the media used to induce callus from seedlings (2,4-D 

and BA). As auxin and cytokinin affect the rhythmicity of clock genes in intact plants 

(Covington and Harmer 2007; Zheng et al. 2006), We tested whether plant growth regulators 

used in callus induction media could recover the circadian oscillation in AT2 callus. We 

transferred the AT2 callus containing CCA1::LUC to the Barkla media and cultured them for a 

month. CCA1::LUC oscillation in the AT2 callus on both media was similar (Figure 4.4A). Even 

though the AT2 callus on the Barkla media showed a significant shortening period in LD 

compared to that in the AT2 callus on its original media, the periods were still in the 24-hour 

range (Table 4.5). This suggested that the Barkla media did not affect the CCA1::LUC 

expression in the AT2 callus in LD. In the constant light, the CCA1::LUC oscillation was not 

detectable in the AT2 calli on both media, indicating that the culture media was not the cause of 

the disrupted LL circadian oscillations in the AT2 callus. 

The AT2 cell suspension was initiated from Col-0 leaf tissues while the callus we 

compared it to was generated from whole seedlings which were composed of various tissue 

types. We wanted to evaluate if the original tissue source affects the circadian oscillation in the 

callus since different organs exhibit a variation in robustness and precision of circadian 

oscillations (Takahashi et al. 2015). We produced calli from hypocotyl, leaves, and roots using 

the Barkla media and measured CCA1::LUC expression under LD and LL along with the callus 

derived from seedlings. The calli from different tissues showed similar CCA1::LUC waveforms 

and periods in LD (Figure 4.4B and Table 4.6). In the subsequent LL, callus cells derived from 

various tissues also maintained their rhythmic oscillations with no significant difference in 

periods between LD and LL (Figure 4.4B and Table 4.6). This is consistent with prior reports 

that all callus cells form a meristematic state that is similar to developmental lateral root 

formation (Sugimoto, Jiao, and Meyerowitz 2010; Fan et al. 2012; Ikeuchi, Sugimoto, and Iwase 

2013; Atta et al. 2009). Therefore, these results, consistent with prior literature, suggest that the 
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loss of rhythmic gene expression in constant light in the AT2 calli is not due to the explants used 

to generate the callus. 

4.4.4 Polymorphisms and altered expression of circadian clock genes are observed in AT2 

cells 

Another possible mechanism for the observed loss of rhythmicity in LL conditions is the 

presence of genomic mutations in the AT2 cells acquired during their maintenance in the 

pluripotent state. Such mutations could change gene expression at transcription or protein levels. 

As the time-course luciferase imaging could only determine the expression of a few circadian-

associated genes in the AT2 cells, we analyzed RNA-Seq data previously performed on the AT2 

cell suspension lines (PRJNA412215 and PRJNA412233) to evaluate the expression of 15 

circadian-associated genes. The available RNA-Seq data was from AT2 cell suspensions grown 

in LL and DD. As a baseline, we compared expression levels of the circadian-associated genes to 

RNA-Seq data from Col-0 seedlings grown in LL at ZT0 and ZT12 (Grinevich et al. 2019) 

(Supplementary Figure 4.4A). Most of these 15 circadian-associated genes peak in expression 

either near ZT0 or ZT12. Since there was no record of the time of day when the AT2 cell 

suspension was harvested, it is not possible to evaluate their expression patterns from this data 

alone. However, overall, the total counts of most clock genes were substantially lower in both LL 

and DD in the AT2 cell suspension than at either ZT0 or ZT12 in Col-0. Only PRR5, TOC1, and 

GI had similar levels in the cell suspension and Col-0 (Supplementary Figure 4.4A). The 

expression of CCA1 and ELF4 in the AT2 callus were 19 times and 5 times lower than the lowest 

expression of those genes in seedlings at AM and PM, respectively (Supplementary Figure 

4.4A). In addition to the difference in phases we would expect with these circadian-associated 

genes, they are often highly expressed in RNA-Seq datasets. We calculated the percent rank of 

gene expression to determine the ranks of clock genes among expressed genes in Col-0 seedlings 

and AT2 cell suspension. In Col-0 seedlings, the core clock genes such as CCA1, LHY, PRR7, 

PRR9, TOC1, LUX, ELF3, and ELF4 were ranked in the top 20% at their highest 

(Supplementary Figure 4.4B). Even at the time when they are expected to be at their trough of 

expression, many circadian-associated genes remain in the top 50% of gene expression by counts 

(Supplementary Figure 4.4B). However, in the AT2 cell suspension, those genes were ranked as 

very lowly expressed with many in the lowest 30% of expressed genes in both data sets 
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(Supplementary Figure 4.4B). This suggests that the expression of clock genes was not robust in 

the AT2 cell suspension. 

We used the RNA-Seq data from the AT2 cell suspension to identify SNPs in the clock 

genes listed in (Nakamichi 2011) (Figure 4.5A and Supplementary Table 4.3). We found the 

mutations identified in CASEIN KINASE II BETA CHAIN 3 (CKB3), LIGHT-REGULATED WD 

(LWD1), LOV KELCH PROTEIN 2 (LKP2), GI, and ELF3. SNPs in CKB3 and LWD1 occurred 

in the 3ô UTR while the SNP in LKP2 resulted in no amino acid changes (Supplementary Table 

4.3). There were two SNPs in GI, one causing no changes in amino acid and another leading to 

premature stop. The premature stop was at the amino acid position 1156 in the last exon which 

was close to the true stop codon (position 1174). In the literature, the gi-5 mutant (Fowler et al. 

1999) has a base deletion in the last exon, which alters the last eight amino acids and adds 27 

more amino acids at the C-terminus. The gi5 mutant has similar gene expression as wildtype 

plants and shows a mild alteration in phenotype (late flowering only in the long-day condition) 

(Fowler et al. 1999; Mishra and Panigrahi 2015). 

The SNP (T to C) was also observed in the second exon of the ELF3 gene resulting in a 

change in the amino acid position 291 (Figure 4.5A and Supplementary Table 4.3). CUG 

encoding leucine was changed to CCG encoding proline in the AT2 cell suspension (Figure 

4.5A). The ELF3 protein is rich in serine, proline, and glutamine, and it does not share any 

domains that could be found in other protein families (Hicks, Albertson, and Wagner 2001). The 

ELF3 protein is divided into four regions based on amino acid richness: an acidic region (206-

320), a proline-rich region (440-540), a threonine-rich region near the C terminus (636-652), and 

glutamine repeats or polyQ (544-585) in the region that has been recently predicted as a prion-

like domain (430ï609) (Hicks, Albertson, and Wagner 2001; Jung et al. 2020). The tertiary 

structure of ELF3 protein has not been constructed, so we cannot predict how this amino acid 

change would impact protein folding. We did sequence alignment to determine how conserved 

the leucine 291 was among plant species (Supplementary Figure 4.5, Supplementary Table 4.4, 

and Supplementary File 4.1). Leucine 291 was found mostly in dicot species (BrELF3a, 

VvELF3a, VvELF3, PtELF3a, and PtELF3b). GmELF3 had isoleucine and CpELF3 had 

phenylalanine instead of leucine. One rice ELF3 homolog had leucine like AtELF3, but other 

homologs in monocot species and lower plants (moss and spikemoss) had no conserved amino 

acids at this position and, in fact, many had a deletion of about 15 amino acids in the region 
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surrounding Leucine 291. The ELF3 genes from Brachypodium distachyon and Setaria viridis 

are able to rescue defects in Arabidopsis elf3 mutant even though there is sequence conservation 

at leucine 291 and nearby amino acids (Huang et al. 2017). This suggests that changes in protein 

sequences might not strongly affect the ELF3 expression or function. 

With the RNA-Seq data, we are unable to detect mutations in the non-coding regulatory 

regions. However, the RNA-Seq indicated that the expression of circadian clock genes in the 

AT2 cells might be unusual compared to intact plants. We performed qRT-PCR to examine the 

expression of clock-associated genes at ZT0 and ZT12, dawn and dusk respectively, since the 

time of day the published RNA-Seq was performed is not known. We expect to see significant 

differences in most of the tested clock-associated genes at these two time points in both LD and 

LL. Indeed, in entrained LD conditions, we observed significant differences in expression 

between these two time points for CCA1, LHY, TOC1, ELF4, and GI (Supplementary Figure 

4.3A, 4.3B, 4.3C, 4.3E, and 4.3G). The expression of GI in AT2 callus cells was significantly 

different between ZT0 and ZT12 in LD, but this difference diminished under LL, similar to other 

clock genes with no SNPs (CCA1, LHY, TOC1, and ELF4) (Supplementary Figure 4.3A, 4.3B, 

4.3C, 4.3E, and 4.3G). This suggests that the observed SNPs in GI might not affect GIôs 

expression. Only ELF3 in the AT2 callus was not significantly cycling in both LD and LL. 

For comparison, intact seedlings show a significant difference in expression of ELF3 and 

all other tested circadian-associated genes even at two closer time points, ZT8 and ZT12 

(Supplementary Figure 4.6). ELF3, as a member of the evening complex, increases in expression 

between ZT8 and ZT12 in seedlings, consistent with its peak expression at this time 

(Supplementary Figure 4.6D). However, in the AT2 cells, the induction of ELF3 is not observed 

between these two time points (Supplementary Figure 4.6D). In elf3 knockout plants, circadian 

rhythms were abolished in the free-running conditions but maintained rhythmic in light/dark 

cycles (Hicks et al. 1996; Reed et al. 2000; Thines and Harmon 2010), similar to the pattern we 

observed in the AT2 callus cells. Therefore, based on the SNPs in the ELF3 coding sequence and 

the altered expression patterns, we hypothesized that either misexpression of ELF3 or the 

mutation in the coding sequence could be the reason behind the altered circadian rhythm in the 

AT2 callus. 
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4.4.5 ELF3 overexpression recovered the circadian oscillation in the AT2 callus cells 

To test the role of ELF3 in the disrupted circadian expression in the AT2 callus, we 

overexpressed AtELF3 in the AT2 callus and measured CCA1::LUC, LHY::LUC, and 

TOC1::LUC under LD and free-running conditions (LL and DD) (Figure 4.5B to 4.5G). The 

expression under LD in wildtype and ELF3-overexpressing calli were similar. The periods of 

CCA1::LUC, LHY::LUC, and TOC1::LUC in the ELF3-overexpressed callus were in the 24-

hour range although the period length was significantly longer or shorter than the wildtype 

callus, suggesting that AT2 callus maintained the 24-hour LD rhythms with the ELF3 

overexpression (Figure 4.5B to 4.5G and Table 4.7 and 4.8). In constant light, the ELF3-

overexpressing callus recovered the oscillations of CCA1::LUC, LHY::LUC, and TOC1::LUC  

(Figure 4.5B to 4.5D). The period of LHY::LUC in the ELF3-overexpression callus (24.10 ± 1.04 

h) was close to 24 h, but the periods of CCA1::LUC and TOC1::LUC were 27.05 h ± 2.25 and 

28.55 h ± 1.62, respectively (Table 4.7). The reporter genes were rhythmically expressed in the 

AT2 callus under DD, and the overexpression of ELF3 improved the oscillations of CCA1::LUC, 

LHY:: LUC, and TOC1::LUC (Figure 4.5E to 4.5G). The period length of all three reporters 

shortened in the ELF3-overexpression callus under DD (Table 4.8). We also tested whether the 

ELF3-overexpressing callus displayed the temperature-responsive peak in temperature cycles 

(Figure 4.5H and 4.5I). The temperature-responsive peak was reduced in the ELF3-

overexpressing callus compared to wildtype (Figure 4.5H). However, TOC1::LUC exhibited a 

temperature-responsive peak in response to the shift from cool to warm temperatures (12°C to 

23°C) in both wildtype and ELF3-overexpression calli (Figure 4.5I). The results in the free-

running conditions and temperature cycles indicate that proper expression of a wildtype ELF3 

was able to partially recover normal oscillations in the AT2 callus.   

4.5 Discussion 

4.5.1 The AT2 callus system had altered circadian oscillations 

Callus and cell suspension culture are valuable tools in plant basic research and industrial 

application (Efferth 2019). However, reports vary on if callus have a functional circadian clock 

((Nakamichi et al. 2003, 2004; K. Lee, Park, and Seo 2016). Therefore, we investigated the 

oscillation of four circadian-associated genes CCA1, LHY, TOC1, and FKF in the AT2 callus 

under diel cycles and free-running conditions. We found that the expression of those genes was 

normal under LD. However, the rhythmic expression was lost in LL but maintained in DD albeit 
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with lengthening periods. Callus needs sucrose as an external carbon source, and this could 

contribute to the maintenance of rhythmic expression under DD (Thorpe and Meier 1973). In 

Arabidopsis seedlings, the addition of sucrose to growth media results in a shortening period in 

constant light but helps maintain the robust rhythms in the constant dark condition (Knight, 

Thomson, and McWatters 2008; Dalchau et al. 2011; Haydon et al. 2013). In the AT2 callus, we 

observe a complete loss of period in constant light, suggesting that the sucrose in the media is not 

the only factor in the disrupted rhythmicity of the AT2 callus. Loss of rhythms in LL indicates 

that the AT2 callus has a disrupted circadian clock.    

To evaluate if the loss of rhythms in AT2 callus cells was unique to this line or a result of 

the growth conditions, including media composition or callus source tissue, we generated fresh 

callus from seedlings. Unlike the AT2 callus, the seedling-generated callus from all tissue 

sources tested maintained oscillations in both LL and DD (Figure 4.4B and Table 4.4). These 

oscillations persisted on different media suggesting that the loss of rhythmicity in LL was unique 

to the AT2 callus and not the media composition. The observed rhythmicity in callus for these 

reporters is consistent with prior publications (Kim, Geng, and Somers 2003; Nakamichi et al. 

2003, 2004; Xu, Xie, and McClung 2010; J. Sai and Johnson 1999).  However, we observed 

shorter period lengths of CCA1::LUC in constant conditions in callus derived from all tissues 

than in intact seedlings. If this effect persists for other circadian reporters, this could be relevant 

for understanding how the cellular organization or identity contributes to circadian rhythms.  

The loss of rhythm we observe in the AT2 callus has been previously observed in 

Arabidopsis cell lines. Nakamichi et al. 2003 observed rhythmic expression of the PRRs genes 

(PRR1/TOC1, PRR5, PRR7, and PRR9) in the T87 Arabidopsis cell line under LD and DD but 

not in LL (Nakamichi et al. 2003), a phenotype similar to what we observed with the AT2 callus. 

However, a year later, the same group reported that the T87 cell line had a functional clock 

because the expression of CCA1::LUC and TOC1::LUC was rhythmic under both LL and DD 

(Nakamichi et al. 2004). They suggested that the growth phase could affect the observation of 

circadian rhythms in the cell suspension. They used the callus grown on agar plates for over two 

weeks in the first publication but used fresher callus (three days on agar plates) in the experiment 

where the cells showed rhythmic expression. To ensure that the growth phase was not an issue 

with the rhythmicity, we grew the AT2 callus on the agar plates for 7-12 days before imaging to 
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ensure that the AT2 callus and cell suspension were still in the exponential phase during this 

period (Supplementary Figure 4.7). 

We evaluated if the response of the AT2 callus to temperature changes, another circadian 

input, was altered compared to intact seedlings. In the AT2 callus and callus derived from 

seedlings, the morning gene CCA1 showed a small peak when the temperature decreased at dusk 

(22°C to 12°C), but this temperature-response peak did not occur in intact seedlings (Figure 

4.3A). However, the evening gene FKF showed a similar temperature response when the 

temperature rose in the morning (12°C to 22°C) in both callus and seedlings (Figure 4.3D). To 

our knowledge, these temperature-responsive peaks to the daily temperature cycles have not 

been reported in intact plants so far (McWatters et al. 2000; Somers et al. 1998; Salomé and 

McClung 2005). However, Kusakina, Gould, and Hall (2014) showed that there was a second 

peak of TOC1::LUC occurring at the dark-to-light transition in seedlings grown in light/dark 

cycles at constant temperatures (12, 17, and 27°C), and the peak was enhanced as temperature 

increased (Kusakina, Gould, and Hall 2014). They observed the expression of CCA1::LUC, 

LHY::LUC, and CAB2::LUC, and found a small peak showing up at the transition from light to 

dark under low temperatures (17 and 12°C) (Kusakina, Gould, and Hall 2014). In our results, we 

found the second peak at the transition of temperature in both LD and LL, indicating that these 

peaks are specifically temperature-responsive and persist in constant light conditions despite the 

lack of rhythmicity in constant light. This induction of the circadian clock genes by temperature 

responses can be studied in callus to improve our understanding of temperature signaling in 

plants.  

We examined the ability of the AT2 callus to resume the rhythmic gene expression when 

returned to LD to evaluate if the circadian clock persists and the rhythm is masked under LL. We 

saw that when the callus was returned to the dark, CCA1 expression in the AT2 callus and 

seedlings decreased slightly and then began rising in the middle of the night to peak, as expected 

for an intact clock, at the dawn of the next light period (Figure 4.1C). The expression of TOC1 in 

the AT2 callus increased right after the dark period. In seedlings, TOC1 started increasing at 4 

hours before the dark period, and darkness immediately shut down the TOC1 expression (Figure 

4.1F). This completely opposite response of TOC1 expression to the dark after growth in LL 

between seedlings and the AT2 callus suggests that the AT2 callus could provide a novel means 

to examine circadian connections in the AT2 callus. The responsiveness of CCA1 and TOC1 
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expression to the dark after growth in LL suggests that either LL is masking an underlying 

circadian rhythm or that transition from light to dark serves as an input to the circadian oscillator 

in the AT2 callus. The experiments performed here cannot distinguish between these two 

possibilities. 

4.5.2 Callus induction media and type of explant did not alter circadian oscillation 

In our attempt to uncover the cause of the loss of rhythmicity in the AT2 callus, we 

discovered that the media composition and the tissue source of the callus did not significantly 

affect the rhythmic expression of the core circadian genes in freshly induced callus. The 

disrupted rhythms were unique to the AT2 callus. Callus induced from seedlings had circadian 

expression similar to seedlings. The callus induction media contains auxin and cytokinin, which 

are known to affect circadian rhythms (Covington and Harmer 2007; Zheng et al. 2006; Hanano 

et al. 2006). Auxin decreases the amplitude of the circadian rhythm while cytokinin delays the 

phase in Arabidopsis seedlings (Covington and Harmer 2007; Zheng et al. 2006; Hanano et al. 

2006). We found that the callus induced by two different concentrations of 2,4-D and BA 

exhibited a similar rhythmic expression pattern, indicating that this difference in hormones did 

not contribute to the loss of circadian oscillation in the AT2 callus under LL (Figure 4.4). 

We also found that calli induced from hypocotyls, leaves, and roots showed a similar expression 

pattern compared to callus from whole seedlings, suggesting that initial tissues did not affect the 

circadian rhythms in the callus (Figure 4.4). Several studies indicated that the circadian clock 

function is tissue- and cell-specific (Thain et al. 2002; Takahashi et al. 2015; Endo et al. 2014; 

Román et al. 2020; Gould et al. 2018; James et al. 2008; Greenwood et al. 2019). At the tissue 

level, the root clock is less robust and precise than the shoot clock (Thain et al. 2002; Takahashi 

et al. 2015; Chen et al. 2020). Aerial and belowground tissues are composed of different cell 

types and experience different environments which result in altered oscillations (Sorkin and 

Nusinow 2021). Signaling molecules such as sucrose and ELF4 transmit circadian information to 

synchronize the clocks across tissues (Chen et al. 2020; James et al. 2008).  It is possible that 

explants are transformed to callus via the same molecular mechanism regardless of types and 

concentrations of auxin and cytokinin or tissue source. As callus is considered a unique type of 

plant tissue based on gene expression profiles (Tanurdzic et al. 2008; He et al. 2012; Du et al. 

2019; Shim et al. 2020; K. Lee, Park, and Seo 2018), cellular reprogramming during callus 

formation could resynchronize the clocks between cells, making callus cells exhibit similar 
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circadian rhythms regardless of the origin of explants. Importantly, the seedling-like rhythms 

obtained in callus, independent of callus source or media, indicate that freshly derived callus can 

be a useful tool for studying circadian regulation. 

4.5.3 ELF3 recovered the circadian defect in the AT2 callus 

We hypothesized that the difference in rhythmic gene expression between the freshly 

derived callus and the AT2 callus could be due to one or more mutations accumulated in the AT2 

cell suspension. We examined the RNA-Seq data and found that the expressions of clock genes 

were relatively low compared to intact plants in LD and free-running conditions. We found that, 

unlike in seedlings, the expression of ELF3 was not significantly different between dawn and 

dusk in both LD and LL, and there was one SNP in the second exon of ELF3 which led to 

leucine-to-proline mutation at position 291. ELF3 is a key circadian component involved in light 

and temperature signalings, regulation of flowering, and thermomorphogenesis (Box et al. 2015; 

McWatters et al. 2000; Nusinow et al. 2011; Zagotta et al. 1996; Jung et al. 2020).   

The protein sequence alignment indicates that leucine 291 is not conserved among 

species (Supplementary figure 4.5). Monocot ELF3 proteins lack leucine 291 and nearby amino 

acids but they can complement the functions of ELF3 in Arabidopsis elf3 knockout (Huang et al. 

2017). This suggested that changes in leucine 291 may not strongly impact the functions of 

ELF3. Although we did not assess whether the SNP affects protein function as we do not know 

the folding of ELF3 protein. Previous ELF3 studies showed that elf3 knockout exhibited 

arrhythmic CAB2 and CCR2 in LL but not in DD (Hicks et al. 1996; Covington et al. 2001; Reed 

et al. 2000). But Thines and Harmon found that the elf3 knockout had no rhythmic TOC1, CCR2, 

and FKF expression in both LL and DD (Thines and Harmon 2010). The authors commented 

that the rhythmic expression in the previous publication could be driven by the last light cycles 

prior to free-running conditions (Thines and Harmon 2010).  

Overexpressing ELF3 in the AT2 callus restored circadian expression in the free-running 

conditions and temperature cycles resulting in rhythms similar to that in seedlings (Figure 4.5). 

Overexpression of ELF3 in seedlings resulted in robust circadian rhythms DD but slightly 

lengthening periods in LL (Covington et al. 2001). Despite a reduced minor peak of CCA1::LUC 

in the ELF3-overexpression calli under temperature cycles, we found that the minor peak of 

TOC1::LUC still persisted suggesting that some subtle differences remain between the ELF3-

overexpression AT2 cells and seedling circadian gene express.  
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Overall, this study shows that the expression of circadian clock genes in the AT2 callus is 

driven by light and temperature signals but AT2 callus exhibits no circadian oscillations in 

constant light conditions. The overexpression of ELF3 in the AT2 callus restores rhythmic 

expression in LL. Rhythmic expression of clock genes was robust in freshly made calli in both 

LD and LL despite induction media composition and explant source tissue. This suggests that 

callus could be useful in clock studies, but caution should be employed to ensure that the callus 

or cell suspension cultures do not lose their rhythmic expression. 
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TABLES 

Table 4.1 Periods of clock genes in the AT2 calli grown with and without gentamicin compared 

to periods of clock genes in seedlings under LD for 60 hours.  

Period lengths, represented as mean ± SD, are based on luciferase reporters for each of the listed 

clock-associated genes. n refers to the number of individual callus groups or seedlings. Callus 

with no gentamicin: Two-sample Wilcoxon rank-sum test was used to compare the means 

between the callus with and without gentamicin; all reporters showed no significant (ns) 

differences between growth with and without gentamicin, P > 0.05. Seedlings: Two-sample 

Wilcoxon rank-sum test was used to compare the means between the AT2 callus with gentamicin 

and seedlings. The significance levels are in the óseedlingsô column; ns = not significant (P> 

0.05), * = significant at P Ò 0.05, ** = significant at P Ò 0.01, *** = significant at P Ò 0.001, and 

**** = significant at P Ò 0.0001. 

Gene Callus with gentamicin Callus with no gentamicin Seedling 

CCA1::LUC 24.09 ± 0.70 (n=34) 24.09 ± 0.41 (n=36) ns 23.68 ± 0.28 (n=32) **** 

LHY::LUC 24.05 ± 0.32 (n=18) 24.23 ± 0.25 (n=35) ns 24.02 ± 0.24 (n=28) ns 

TOC1::LUC 24.69 ± 0.93 (n=17) 24.72 ± 0.99 (n=36) ns 24.31 ± 0.33 (n=17) * 

FKF1::LUC 24.66 ± 0.13 (n=18) 24.63 ± 0.34 (n=36) ns 24.39 ± 0.21 (n=12) *** 

 

 

Table 4.2 Periods and amplitudes of clock genes, represented as mean ± SD, are shown for the 

AT2 callus under LD and subsequent DD for 60 hours.  

n refers to a number of individual callus groups. A paired-sample Wilcoxon test was used to 

compare the means between LD and DD; ns = not significant, * = significant at P Ò 0.05, ** = 

significant at P Ò 0.01, *** = significant at P Ò 0.001, and **** significant at P Ò 0.0001. 

Gene Period (hours) Amplitude 

LD DD LD DD 

CCA1::LUC 24.16 ± 0.58 (n=13) 27.30 ± 1.17 ** 0.2592 ± 0.0284 (n=13) 0.1208 ± 0.0293 ** 

LHY::LUC 23.76 ± 0.32 (n=28) 28.99 ± 1.39 **** 0.2418 ± 0.0370 (n=28) 0.0757 ± 0.0235 **** 

TOC1::LUC 24.33 ± 0.54 (n=11) 26.96 ± 1.23 ** 0.1882 ± 0.0260 (n=11) 0.0655 ± 0.0113 ** 

FKF1::LUC 24.43 ± 0.13 (n=27) 29.05 ± 0.59 **** 0.2641 ± 0.0241 (n=27) 0.1526 ± 0.0296 **** 
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Table 4.3 Periods of the clock reporters are represented as mean ± SD in AT2 callus cells and 

seedlings in LD for 58 hours after growth under LL for 48 hours. n refers to a number of 

individual callus groups or seedlings. Two-sample Wilcoxon rank-sum test was used to compare 

the means between the calli and seedlings; ns = not significant (P > 0.05), * = significant at P Ò 

0.05, ** = significant at P Ò 0.01, *** = significant at P Ò 0.001, and **** = significant at P Ò 

0.0001. 

Gene AT2 callus Seedling 

CCA1::LUC 25.66 ± 0.30 (n=36) 24.82 ± 0.33 (n=9) **** 

LHY::LUC 25.65 ± 0.54 (n=18) 26.13 ± 1.43 (n=6) ns 

TOC1::LUC 25.97 ± 1.24 (n=18) 25.58 ± 0.66 (n=9) ns 

FKF1::LUC 28.46 ± 1.47 (n=18) 25.06 ± 0.80 (n=8) *** 

 

 

Table 4.4 Period lengths of clock-associated reporters, represented as mean ± SD, are presented 

for calli derived from seedlings and grown on Sello and Barkla media under LD and LL for 60 

hours.  

n refers to a number of individual callus groups. Two-sample Wilcoxon test was used to compare 

the means in LD between the Sello and Barkla media. The significance levels are shown in the 

óBarkla media-LDô column; ns = not significant (P > 0.05), À = significant at P Ò 0.01, and ÿ = 

significant at P Ò 0.0001. Paired sample Wilcoxon test was used to compare the means between 

LD and LL. The significance levels are shown in the óLLô columns; ns = not significant (P > 

0.05), * = significant at P Ò 0.05, ** = significant at P Ò 0.01, *** = significant at P Ò 0.001, and 

**** = significant at P Ò 0.0001.  

Gene Sello media Barkla media 

LD LL  LD LL  

CCA1::LUC 24.26 ± 0.08 (n=12) 24.91 ± 0.18 ** 24.26 ± 0.13 (n=18) ns 24.06 ±  0.73 ns 

LHY::LUC 24.30 ± 0.17 (n=18) 24.76 ± 0.76 * 24.09 Ñ 0.18 (n=16) À 24.78 ± 0.59 *** 

FKF1::LUC 24.38 ± 0.21 (n = 18) 30.86 ± 1.95 *** 24.11 ± 0.18 (n = 24) ÿ 25.62 ± 0.43 **** 
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Table 4.5 Period lengths of the CCA1::LUC reporter are represented as mean ± SD for the AT2 

callus grown on its media and the Barkla media under LD for 60 hours.  

n refers to a number of individual callus groups. Two-sample Wilcoxon rank-sum test was used 

to compare the means between own media and Barkla media; * = significant at P Ò 0.05.  

Gene AT2 media Barkla media  

CCA1::LUC 24.47 ± 0.43 (n=18) 24.35 ± 2.74 (n=30) *  

 

 

Table 4.6 Period lengths of CCA1::LUC in calli derived from different tissues on the Barkla 

media under LD and LL for 60 hours are represented as mean ± SD.  

n refers to a number of individual callus groups. One-way ANOVA test was performed to 

compare the means between tissues in LD. P-value = 0.132, indicating that there is no significant 

difference (P > 0.05). Paired-sample Wilcoxon test was used to compare the means between LD 

and LL; ns = not significant (P > 0.05) and * = significant at P Ò 0.05.  

Tissue LD  LL  

hypocotyls 24.05 ± 0.21 (n=12) 24.00 ± 0.74 ns 

leaves 24.15 ± 0.11 (n=12) 24.27 ± 0.34 ns 

roots 24.11 ± 0.24 (n=9) 23.25 ± 1.58 ns 

seedlings 24.20 ± 0.12 (n=18) 24.41 ± 0.30 * 

  

Table 4.7 Period lengths of circadian associated reporters in wildtype and ELF3- overexpression 

AT2 calli under LD and LL for 72 hours.  

Data are represented as mean ± SD. n refers to a number of individual callus groups or seedlings. 

Two-sample Wilcoxon rank-sum test was used to compare the means between wildtype and 

ELF3-overexpression calli in LD. The significance levels are shown in the LD column; ns = not 

significant (P > 0.05), À = significant at P Ò 0.05, and ÿ = significant at P Ò 0.0001. Paired-

sample Wilcoxon test was used to compare the means between LD and LL. The significance 

levels are shown in the LL column; ns = not significant (P > 0.05), * = significant at P Ò 0.05, ** 

= significant at P Ò 0.01, *** = significant at P Ò 0.001, and **** significant at P Ò 0.0001. 

Gene Genotype LD LL   

CCA1::LUC wildtype 23.80 Ñ 0.41 (n=18) ÿ NA  

ELF3-oex 24.35 ± 0.29 (n=29)  27.05 ± 2.25 ****  

LHY::LUC wildtype 23.69 Ñ 0.22 (n=17) ÿ NA  

ELF3-oex 24.07 ± 0.22 (n=16) 24.10 ± 1.04 ns  

TOC1::LUC wildtype 25.18 ± 0.62 (n=18) À NA  

ELF3-oex 24.36 ± 0.87 (n=9)  28.55 ± 1.62 **  

 

  


