
 

Instructions for use

Title Characterization of photoperiodic genes Ghd8 and Ghd7 on flowering time regulation in a mini-core collection of
Miscanthus sinensis

Author(s) 郭, 志慧

Citation 北海道大学. 博士(環境科学) 甲第14602号

Issue Date 2021-06-30

DOI 10.14943/doctoral.k14602

Doc URL http://hdl.handle.net/2115/86378

Type theses (doctoral)

File Information GUO_ZHIHUI.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP

https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp


  
 

 

 

  

 

 

Characterization of photoperiodic genes Ghd8 and Ghd7 on 

flowering time regulation in a mini-core collection of Miscanthus sinensis 

（ミニコアコレクションを用いたススキにおける開花期制御  

に関する日長遺伝子 Ghd8と Ghd7の特徴づけ） 

 

 

 

 

 

 

 

 

GUO Zhihui 

 

Graduate School of Environmental Science 

Hokkaido University 

2021  



 
   

i 

  Abstract 

The genus Miscanthus is a rhizomatous, self-incompatible, C4 perennial grass with 

a wide natural distribution, and is closely related to sugarcane (Saccharum 

officinarum) and sorghum (Sorghum bicolor). Owing to its environmental 

adaptability and high yields with low nutrient requirements, Miscanthus is regarded 

as a potential bioenergy crop. Optimization of flowering time is essential to obtain 

high biomass yield under different environments, and may also impact biomass 

quality for Miscanthus. Controlling flowering will facilitate the hybridization of 

genotypes from diverse geographical locations and assist the intergeneric crosses, 

such as between Miscanthus and Saccharum. Synchronizing flowering time will 

also be essential for the development of a seed-propagated crop. Flowering 

regulation in Miscanthus sinensis, one of the important species in Miscanthus, was 

so complicated, operated by degree days but also a photoperiod sensitivity 

mechanism. Nowadays, M. sinensis is identified as a facultative short-day (SD) 

plant and days to flower is strongly affected by photoperiod, but the genetic 

mechanism on controlling flowering in M. sinensis is poorly understood. The 

photoperiod regulation of flowering is well known in rice (Oryza sativa), and many 

significant flowering regulatory genes have been evolutionarily conserved in the 

Gramineae family. Two essential flowering genes in rice were selected for 

identification in M. sinensis. Therefore, the aim of the present study is 1) to identify 

allelic and deduced amino acid sequence diversity and geographic distribution of 

two flowering-related genes in a mini-core collection of M. sinensis, representing a 

wide range of flowering responses to photoperiod, genetic groups (population 

structure) and latitudes of origin, and 2) to analyze gene expression pattern by 
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quantitative real-time PCR (qRT-PCR) to characterize their response to 

photoperiod. 

GRAIN YIELD, PLANT HEIGHT AND HEADING DATE 8 (Ghd8), a major 

quantitative trait locus in rice, was isolated in M. sinensis. The deduced amino acid 

sequence of Ghd8 in M. sinensis contained a HEME ACTIVATOR PROTEIN 

3/NUCLEAR FACTOR-YB (HAP3/NF-YB) DNA-binding domain, which is 

critical for the transcription factor function of Ghd8 gene products. Two 

homoeologous loci were identified, MsiGhd8A located on chromosome 13 and 

MsiGhd8B on chromosome 7, with one on each of this paleo-allotetraploid species’ 

subgenomes of M. sinensis. A total of 46 alleles and 28 predicted protein sequence 

types were detected in 12 wild-collected accessions. Several variants of MsiGhd8 

showed a geographic and latitudinal distribution. Gene expression analysis revealed 

that MsiGhd8 expressed under both long-day (LD) and SD conditions, and 

MsiGhd8B showed a significantly higher expression than MsiGhd8A.  

GRAIN YIELD, PLANT HEIGHT AND HEADING DATE 7 (Ghd7) was 

generated interest because of its genetic interaction with Ghd8 and a monocot-

specific flowering gene. Ghd7 is evolutionarily conserved in M. sinensis, and the 

CONSTANS, CONSTANS-like AND TIMING OF CAB1 (CCT)- domain protein 

was preserved in MsiGhd7. One homoeologous locus, MsiGhd7A located at 

chromosome 11 in the A subgenome. And multiple MsiGhd7B loci with a repetitive 

region in the intron were found at chromosome 12 in the B subgenome. One 

putative loss-of-function allele, identified in MsiGhd8B, was characterized by an 

eight-base insertion in the first exon, resulting in a frameshift and eventual 
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premature termination of the protein, and entirely lack CCT domain. Both MsiGhd7 

homoeologous genes expressed higher in LD relative to SD, and the mRNA 

transcript level of MsiGhd7 was abundant in the early morning under LD. 

The relative expression of MsiGhd8 was at day time and night time, while 

HEADING DATE 1 (MsiHd1) peaked at night, indicating that MsiGhd8-Hd1 

complex might form and accumulate at night, subsequently activate the 

transcription of MsiGhd7 in the morning under LD condition. And this MsiGHD8-

HD1 complex potentially induce expression of FLOWERING LOCUS T (FT)- like 

genes [CENTRORADIALIS 8 (CN8), CN12 and CN15] under SD condition. EARLY 

HEADING DATE 1 (Ehd1) showed a relative higher expression in SD. MsiGhd7 

might work as one of the upstream genes of Ehd1 and suppress its expression in 

LD. Moreover, mRNA transcriptional level of CN8, CN12 and CN15 in M. sinensis 

were greatly promoted under SD condition. Thus, Ehd1 might be one of the 

upstream genes of these three florigens. The comparison between days to flower 

and gene expression for each accession indicated that CN8, CN12 and CN15 

affected flowering time in response to day length for most M. sinensis accessions. 

Whereas, for M. sinensis from high latitude, the SD might also be a signal to induce 

a dormancy response, which is epistatic to flowering. Taken together, these gene 

expression patterns for multiple flowering candidate genes characterize possible 

pathways that modulates photoperiodic flowering-time in M. sinensis for most 

accessions under LD and SD conditions.  

The present study is the first of this kind of report that screened the diversity 

and geographic distribution of allele and protein variants, but also investigated the 
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gene expression in response to photoperiod in M. sinensis. Identifying these two 

major genes provides a novel perspective on flowering in M. sinensis and will 

accelerate the process to elucidate the flowering regulatory network of Miscanthus. 

Furthermore, it may provide information for the breeder to improve Miscanthus 

varieties as a bioenergy crop. 
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Chapter 1 

General inroduction 

1.1 Bioenergy crops and Miscanthus  

Climate change, which is mainly caused by carbon emissions, has become a global 

concern (Frank et al., 2010). Achieving a low-carbon future will be challenging and 

will require a comprehensive technology and policy measurement. Fossil fuels have 

been identified as one of the main source of carbon emissions, however, with the 

rapid economic development all over the world, the consumption of fossil fuels is 

increasing, leading to the negative environmental effects, such as global warming 

and air pollution, which are driving a search for renewable energy sources that 

could potentially mitigate climate change and enhance energy security (Chu and 

Majumdar, 2012; Robertson et al., 2017). Bioenergy becomes a particularly 

important part of the energy economy to supplementary to fossil fuels, accounting 

for over 70% of all renewable energy production with low-cost and low-

maintenance and making a contribution to 9.3% of world total energy supply by 

source (International Energy Agency, 2017, 2020). According to the composition 

of energy carrier materials, bioenergy crops can be divided into three main 

categories: (a) starch and sugar crops that can be used in the production of fuel 

ethanol; (b) oil crops that can be catalyzed into bio-diesel; (c) lignocellulosic crops, 

which are rich in cellulose, hemicelluloses, and lignin, can be converted to generate 

heat, electricity, biogas and ethanol (Wang et al., 2021). To accelerate the growth 

of bioenergy, a mix of manure and commercial technologies (such as biomass 
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gasification, pyrolysis and the production of ethanol from cellulosic feedstocks), 

appropriate policies of different country and regions, necessary investments and 

increased supplement of biomass feedstock for modern bioenergy uses are 

indispensable (International Energy Agency, 2017). Recently, many studies are 

conducting to improve candidate bioenergy crops and explore the dedicated 

biomass crops with policies set nationally to enhance production (Abraha et al., 

2020; Mandley et al., 2020; Wu et al., 2020). As a candidate biomass crop, the main 

objectives are to focus on (1) maximizing the productivity in a sustainable and cost-

effective way, and (2) improving the conversion efficiency of biomass into biofuels 

such as ethanol. Comparing to C3 plants, the group of C4 grasses have 

photorespiration-suppressing modifications resulting in a relatively higher potential 

efficiency of converting solar energy to biomass (Ehleringer and Cerling, 2002; 

Zhu et al., 2010), therefore, many of candidate biomass crops are C4 grasses, such 

as maize (Zea mays), Miscanthus (Miscanthus spp.), sorghum (Sorghum bicolor), 

sugarcane (Saccharum spp.) and switchgrass (Panicum virgatum). Especially, 

perennial biomass energy crops (e.g. Miscanthus and switchgrass) are high 

resource-use efficient and low nutrient demanding, and can store nutrients over 

winter in underground roots at regrowth (Scordia et al., 2014; Siri-Prieto et al., 

2020). Furthermore, perennial crops could also contribute to improving soil quality 

through the sequestration of carbon into the soil, preventing land degradation, and 

could provide an economically attractive means to begin to restore lands that would 

otherwise be extremely expensive to restore (Tilman et al., 2006; Ye and Hall, 

2020). Therefore, the development of dedicated bioenergy crops, especially 

breeding of new cultivars, play a role in the future supply chain of bioenergy and 
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thus benefit for the establishment of a viable cellulosic ethanol industry and finally 

favor to the global climates, which stimulates researches into the genomics, 

genetics, and breeding of the promising C4 grasses.  

Miscanthus is a perennial rhizomatous genus and belongs to the Gramineae 

family, tribe Andropogoneae, subtribe Saccharinae (Anzoua et al., 2011). In the 

broad sense, Miscanthus spp. includes about 20 species (Clifford et al., 1986), while 

in strictly, it contains about 12 species with a basic chromosome number of x = 19, 

named as Miscanthus sensu stricto (s.s.) (Hodkinson et al., 2015). Miscanthus s.s. 

is classified into three sections: Miscanthus section, which contains Miscanthus 

sinensis, Miscanthus floridulus and Miscanthus transmorrisonensis, and 

Triarrhetha section, which includes Miscanthus sacchariflorus and Miscanthus 

lutarioriparius, and Kariyasua section, which includes Miscanthus oligostachyus, 

Miscanthus tinctorius and Miscanthus intermedius (Hodkinson et al., 2015). 

Among them, M. sinensis and M. sacchariflorus are two dominating species and 

could from a species complex through hybridization (Adati and Shiotani, 1962; 

Hodkinson et al., 2002), therefore, they are considered to be good source of high 

yielding plants suitable for biomass accumulation. To date, a natural interspecific 

hybrid between diploid M. sinensis (2n = 2x = 38) and allotetraploid M. 

sacchariflorus (2n = 4x = 76) is Miscanthus ´ giganteus (M ´ g), the only 

commercially dominant triploid (Greef and Deuter, 1993; Chramiec-Głabik et al., 

2012), thus M ´ g belongs to both Miscanthus and Triarrhetha sections. 

Additionally, M. floridulus generally grows at warm tropical climates and is 

clustered into a M. sinensis clade (Clark et al., 2014). Taiwanese native M. 

floridulus achieved high biomass (Huang et al., 2011) and showed great potential 
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for bioethanol production (Yeh et al., 2016), it would be another suitable bioenergy 

crop, especially in southern region. 

Miscanthus s.s. originate from Eastern Asia, Southeastern Asia and the 

South Pacific (Vermerris, 2008). In nature, its latitudinal range extends from 

Northeastern Siberia at 50 °N to tropical Polynesia at 22 °S, and the native 

longitudinal distribution extends from Burma, and Andaman and Nicobar Islands 

at 92 °E to Fiji at 179 °W (Vermerris, 2008). Additionally, Clark et al. (2014) 

reported that South-eastern China was the origin of M. sinensis populations found 

in temperate eastern Asia, which is consistent with this area probably having been 

a refugium during the last glacial maximum (LGM) by restriction site-associated 

DNA sequencing (RAD-seq). After the LGM, M. sinensis migrated directly from 

south-eastern China to Japan before migrating to the same latitudes in China and 

South Korea, in consistent with natural ongoing changes in the climate global. 

Owing to human introduction, Miscanthus has also been imported into many 

regions of the world, including Eurasia, North and South America, and New 

Zealand, as an ornamental crop (Meyer et al., 2010; Quinn et al., 2010, 2012; 

Matlaga et al., 2012; Clark et al., 2014, 2015). 

As a perennial grass, the lifetime of Miscanthus can extend to 15 years 

(Clifton-Brown et al., 2019) or potentially up to 25 years. Once established and 

fertilized in the first two seasons, Miscanthus is a permanent crop requiring no field 

management except harvest and can maintain high production of lignocellulosic 

biomass (Dubis et al., 2019). Moreover, even under temperate climate or low 

temperature, the photosynthetic efficiency of Miscanthus is still high and some 
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genotypes could compete with C3 plants (Beale and Long, 1995; Tubeileh et al., 

2016; Jiao et al., 2017; Pignon et al., 2019). Meanwhile, the water (Zhuang et al., 

2013; Hamilton et al., 2015; Kørup et al., 2018) and nutrient use efficiency (Iqbal 

et al., 2015; Oliveira et al., 2017) of Miscanthus are at a high level. Iqbal et al. 

(2015) reported that Miscanthus were sensitive to fertilizer by comparing to 

switchgrass, and the nitrogen content in the harvested biomass increased along with 

increasing in fertilizer levels. In summary, Miscanthus exhibits prominent 

characteristics to drought tolerance (van der Weijde et al., 2017a; Scordia et al., 

2020), frost and cold tolerance (Clifton-Brown and Jones, 1997; Głowacka et al., 

2014; Dong et al., 2019a,b), salt and alkali stresses, and broad resistance to a variety 

of diseases and insects (Jørgensen, 2011). Therefore, these advantages allow it to 

adapt divergent ecological environments, and Miscanthus may be applied as an 

emerging bioenergy crop. 

1.2 Flowering of Miscanthus  

Floral initiation is a major physiological change that sets the switch from vegetative 

to reproductive development in most plant species. The transition from a vegetative 

(production of stem and leaves) to a reproductive stage (production of 

inflorescences and flowers) determines the time of flowering (or heading date in 

cereals) and is one of the most important developmental switches in the life cycle 

of plants. From a human perspective, flowering time has major consequences for 

crop production, both in terms of vegetative biomass in the case of vegetables, and 

inflorescence biomass primarily in the case of grains, fruits, and seeds. Flowering 

time was regulated by the integration of environmental inputs with endogenous 
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cues (Shrestha et al., 2014). According to their requirement for daylength, plants 

can be classified into three categories. Long-day (LD) plants flower when the 

photoperiod exceeds a critical daylength, short-day (SD) plants flower when the 

photoperiod is shorter than a critical daylength and day-neutral (DN) plants flower 

at the same time regardless of the photoperiodic conditions (Jackson, 2009). Many 

flowering plants are potentially photoperiodic; typical LD plants include 

Arabidopsis thaliana, Medicago truncatula, pea (Pisum sativum), barley (Hordeum 

vulgare) and wheat (Triticum aestivum). SD plants include but are not limited to 

rice, soybean (Glycine max), maize (Zea mays) and sorghum. Commonly, tomato 

(Solanum lycopersicum) and some tobacco (Nicotiana tabacum) species are DN 

plants. The critical daylength for floral induction is specific to each species but 

often varies between accessions of the same species. Additionally, plants that 

respond to daylength can be further subdivided into obligate (or qualitative) types, 

where a particular daylength is essential for flowering, or facultative (or 

quantitative) types, where a particular daylength accelerates but is not essential for 

flowering. The previous studies pointed out that SD could induce dormancy 

response and reduce or prevent flowering in switchgrass and big bluestem 

(Andropogon gerardii) (especially for high-latitude populations), which are 

quantitative SD, perennial, C4 grasses  (Benedict, 1941; McMillan, 1959; Castro et 

al., 2011). Besides, accumulated temperatures also showed a significant impact on 

flowering times of M. sacchariflorus, which is considered as a quantitative SD plant 

(Jensen et al., 2013).  

Miscanthus has a long life span while typically flowers annually (Clifton-

Brown et al., 2019). Within Miscanthus, M. sacchariflorus is a quantitative SD 
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plant that would not flower when daylength exceeded a certain critical threshold 

(estimated at ~12.5h) (Jensen et al., 2013). Flowering regulation in M. sinensis was 

more convoluted. Initially, flowering induction of M. sinensis was regarded as a 

DN plant (Deuter, 2000) and flowering induction was much affected by 

accumulated heat units degree days (Jorgensen and Muhs, 2001), whereas Jensen 

et al. (2011) demonstrated that flowering of M. sinensis was manipulated by 

multiple factors, including degree days, temperature, growing season rain fall and 

photoperiod. In the latest study, Dong et al. (2021) reported that M. sinensis was a 

facultative SD plant, and photoperiod strongly affected Miscanthus flowering.  

As with most grasses, flowering terminates the production of leaves at the 

stem apex, potentially reducing the length of the growing season, thereby lessening 

the time over which radiation is intercepted and hence decreasing potential biomass 

accumulation. In the previous work, Clifton-Brown et al. (2001) described earlier 

flowering Miscanthus genotypes produced lower yields than those that flower late, 

or that never flower. As a perennial grass, flowering time of Miscanthus were also 

linked to the impact on nutrient remobilization to the underground rhizome, thereby 

promoting crop sustainability and improving combustion quality by minimizing 

moisture, ash, potassium (K), chloride (Cl), nitrogen (N), and sulfur (S) from the 

harvested biomass (Lewandowski et al., 2003). The commercial cultivar, M´g, a 

sterile triploid, is propagated depending on the clone (rhizome) (Lewandowski, 

1998). Compared to the seed-based crops, the cropping of M ´ g is more expensive, 

which limits the development of the Miscanthus industry that requires novel hybrid 

production by the intra- and interspecific hybridization between Miscanthus and 

Saccharum (Xue et al., 2015). Therefore, the optimization or the uniformity of 
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flowering time in Miscanthus could be essential for biomass yield and quality as 

well as Miscanthus commercialization. These information also suggest that 

manipulation of genes that regulate the process of flowering induction in 

Miscanthus may be candidates for the genetic engineering. However, the 

information on signaling pathways and key genes associated with Miscanthus 

flowering are poorly understood. 

1.3 Flowering genetic regulatory pathways in Arabidopsis and Gramineae 

family 

Molecular mechanisms for flowering regulation have been extensively studied in 

the model plant A. thaliana (Fornara et al., 2010; Kim, 2020). A complex interplay 

of environmental cues and endogenous signals determines flowering at the 

appropriate time (Amasino and Michaels, 2010; Preston and Fjellheim, 2020). To 

date, at least six flowering pathways have been characterized in A. thaliana 

including the vernalization pathway, photoperiod pathway, gibberellin (GA) 

pathway, ambient temperature pathway, aging pathway and autonomous pathway 

(Fornara et al., 2010; Kim, 2020). These pathways converge on floral integrators 

and floral meristem which integrate signals from a set of flowering pathways and 

then activate downstream genes to induce or repress the floral transition. 

Photoperiodism, or day-length sensing, has been considered a highly reliable cue 

of the changing seasons, the magnitude of annual change being determined by 

degrees north or south of the equator (Andrés and Coupland, 2012; Preston and 

Fjellheim, 2020). Besides, plants have evolved the ability to measure environmental 

photoperiod to ascertain time of year (Borchert et al., 2005; Itoh et al., 2010). The 
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photoperiodic response is generated by the integration of external signals (e.g. light) 

into internal circadian clock (Song et al., 2010, 2015; Johansson and Staiger, 2015).  

Currently, molecular mechanisms of photoperiod induction of flowering 

have been well studied in the two model species, A. thaliana and rice (Fornara et 

al., 2010; Song et al., 2015; Wei et al., 2020). In A. thaliana, GIGANTEA (GI) 

activates flowering by promoting FLOWERING LOCUS T (FT) expression during 

LD through post-transcriptional inactivation of CONSTANS (CO) transcriptional 

repressors (Park et al., 1999; Suárez-López et al., 2001; Sawa et al., 2007; Sawa 

and Kay, 2011). CO, a zinc-finger transcription factor, encoding the BBX domain 

protein, and the mRNA transcript is regulated by the circadian clock (Putterill et al., 

1995; Suárez-López et al., 2001; Shim et al., 2017). In LD, GI interacts with the 

blue light photoreceptor FLAVIN-BINDING, KELCH REPEAT, F-BOX1 (FKF1) 

to form a dimeric E3 ubiquitin ligase complex that disrupts CYCLING DOF 

FACTORs (CDFs), which subsequently bind to the CO promoter region to 

promote CO transcription in the afternoon and towards dusk (Kim et al., 2007, 2013; 

Sawa et al., 2007; Fornara et al., 2009; Hwang et al., 2019). Besides the major GI-

FKF1-CDFs module, the effects of CO expression and rhythmicity of FT mRNA 

abundance are mediated at the transcriptional and post-transcriptional level, 

including regulation by transcription factors (Ito et al., 2012), alternative splicing 

(Gil et al., 2017), photoreceptors (Valverde et al., 2004; Song et al., 2014; Hwang 

et al., 2019), post-translational modifications (Sarid-Krebs et al., 2015). The GI-

CO-FT regulate model parallels an evolutionarily conserved system among the 

Gramineae species, such as rice, sorghum and maize (Yano et al., 2000; Izawa et 

al., 2011; Yang et al., 2014b; Liu et al., 2015; Abdul-Awal et al., 2020). In rice, 
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OsGI upregulates HEADING DATE 1 (Hd1), the ortholog of CO, which regulates 

the expression of HEADING DATE 3a (Hd3a), the ortholog of FT, to promote 

flowering in SD and delay flowering in LD (Hayama et al., 2003; Izawa et al., 2011; 

Goretti et al., 2017).  

Nevertheless, many photoperiod-pathway genes have in common between 

the grasses and A. thaliana, some key differences still exist. Another flowering time 

regulated model is GRAIN NUMBER, PLANT HEIGHT AND HEADING DATE 7-

EARLY HEADING DATE 1 (Ghd7-Ehd1), which has been found in rice, sorghum 

and maize but is absent from A. thaliana (Doi et al., 2004; Xue et al., 2008; Yang 

et al., 2013; Murphy et al., 2014; Song et al., 2015). Ghd7 is considered to be an 

evolutionarily new gene in the grasses as no orthologs were found in A. thaliana  

(Xue et al., 2008; Yang et al., 2012). Ghd7, encoding a CO, CO-LIKE AND 

TIMING OF CAB1 (CCT) domain protein, has been considered to be a key 

regulator of rice specific flowering pathway and also contributes to rice yield 

potential (Xue et al., 2008). Enhanced expression of Ghd7 under LD morning 

strongly inhibits the flowering activator Ehd1 (Xue et al., 2008; Itoh et al., 2010). 

Ehd1 encoding a type-B response regulator (RR) is a unique gene that induces the 

expression of Hd3a and RICE FLOWERING LOCUS T1 (RFT1), two florigens in 

rice (Doi et al., 2004; Itoh et al., 2010; Zhao et al., 2015). Ehd1 is also regulated 

by multiple genes, including Hd1, GI, Ghd7, PSEUDORESPONSE REGULATOR 

PROTEIN 37 (PRR37), and GRAIN NUMBER, PLANT HEIGHT AND HEADING 

DATE 8 (Ghd8) (Xue et al., 2008; Wei et al., 2010; Yan et al., 2011; Gao et al., 

2014; Gómez-Ariza et al., 2015). Besides, Ghd7 is also known as 

VERNALIZATION 2 (VRN2) in wheat and barley is a negative regulator of 
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flowering that is down-regulated by VERNALIZATION 1 (VRN1)/FRUITFULL 

(FUL1) during vernalization, specifically in core Pooideae taxa (Yan et al., 2004; 

Woods et al., 2016). 

In sorghum, there is a similar but not identical flowering time pathway. 

Though sorghum has orthologs of major components of the GI-Hd1/CO-Hd3a 

pathway in rice, it lacks RFT1. SbGI plays a role in regulating SbCO and SbEhd1 

expression, subsequently promoting expression of florigen genes that serves to 

accelerate flowering under both LD and SD  (Abdul-Awal et al., 2020). FT, acting 

as florigen genes, belongs to the phosphatidylethanolamine binding protein (PEBP) 

gene family (Tamaki et al., 2007; Danilevskaya et al., 2008). Of the PEBP-family 

genes in sorghum, sorghum CENTRORADIALIS 15 (SbCN15), the ortholog of rice 

Hd3a, may modify flowering time in a photoperiod-insensitive manner (Murphy et 

al., 2011, 2014; Yang et al., 2014a). Another two PEBP-family genes in sorghum 

are SbCN8 and SbCN12, the co-linear ortholog of maize ZCN8 and ZCN12, which 

function as floral activators and are involved in photoperiod sensitivity in maize 

(Meng et al., 2011; Castelletti et al., 2020). SbCO acts as an activator of flowering 

in SD by inducing the expression of SbEhd1, SbCN8 and SbCN12, whereas in LD, 

SbCO activity is inhibited by SbPRR37 (Yang et al., 2014b). SbPRR37 

[Maturity1(Ma1)] and SbGhd7 (Ma6), which are promoted by sorghum 

PHYTOCHROME B (SbPhyB), inhibit flowering by decreasing the expression of 

SbEhd1, SbCN8 SbCN12 and SbCN15 under LD (Murphy et al., 2011, 2014; Yang 

et al., 2014a). Ma2 delayed flowering in LD by selectively enhancing the 

expression of SbPRR37 and SbCO (Casto et al., 2019). 
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Moreover, in rice, several flowering time genes have recently been 

identified to participate in either of the two main independent signaling pathways 

or even link them. Ghd7 and Ghd8 are two major flowering genes and allelic 

variations in both genes play crucial roles in the wide adaptability of cultivated rice 

around the world (Xue et al., 2008; Yan et al., 2011; Fujino et al., 2013, 2019; Li 

et al., 2015; Zhang et al., 2015; Zong et al., 2021). When rice expanded to northern 

areas, weak or non-functional alleles of the genes were generated and selected on 

the domestication. Loss-of-function Ghd7 in rice, Ghd7-0a, caused by premature 

stop codons, is important for extremely early flowering time for adaptability to 

northern areas (Xue et al., 2008; Fujino et al., 2019; Fujino and Yamanouchi, 2020). 

Ghd8/DTH8, encoding a CCAAT-box binding factor, known as a HEME 

ACTIVATOR PROTEIN 3/NUCLEAR FACTOR YB (HAP3/NF-YB) protein, is 

identified as a major effect locus affecting flowering with the dual function to 

inhibit flowering under LD conditions and promote flowering under SD conditions 

by regulating Ehd1 and Hd3a (Wei et al., 2010; Yan et al., 2011; Dai et al., 2012). 

The non-functional allele of Ghd8 (DTH8/LHD1/Hd5/LH8) with a 19 bp deletion 

has been selected in rice and used widely for breeding early heading varieties in 

Hokkaido, Japan (Fujino et al., 2013), and also contributes to early flowering 

varieties in the Northeastern China (Li et al., 2015; Zhang et al., 2015). Recent 

studies in rice showed that Hd1, harboring the CCT-domain protein, can be 

switched-out to form a heterotrimeric complex with Ghd8/OsNF-YB11 and 

OsHAP5/NF-YC, subsequently, this complex activates the transcription of Ghd7 

by binding directly to the promoter region of Ghd7, and further suppress expression 

of  Ehd1 and Hd3a, delaying flowering under LD (Wang et al., 2019a; Zong et al., 
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2021). As there are multiple targets for the Ghd8-OsHAP5b-Hd1 complex, and this 

complex fine tune the spatiotemporal regulation of gene expression in the flowering 

network (Wang et al., 2019a). Besides, in SD conditions, Hd1 may also form a 

complex with a blue light-responsive flavin mononucleotide-binding protein 

OsHAL3, which promotes the expression of Hd3a (and possibly RFT1) by binds to 

their promoter region (Su et al., 2016).  

1.4 Progress on genetics of flowering regulation in Miscanthus 

To date, information on the genetics of flowering regulation in Miscanthus is in its 

infancy (Atienza et al., 2003; Jensen et al., 2011, 2013; Gifford et al., 2015; Dong 

et al., 2021). Genetic linkage maps revealed nineteen flowering time quantitative 

trait loci (QTLs) in M. sinensis (Atienza et al., 2003; Gifford et al., 2015; Dong et 

al., 2018; Jensen et al., 2021). Atienza et al. (2003) located five putative flowering 

QTLs in M. sinensis, which might be age-dependent or interaction between 

genotype and environment, and only QTL F12 on linkage group (LG) 1 was 

detected in both years whereas the rest were only detected in one year. Gifford et 

al., (2015) found a Miscanthus QTL that corresponded to sorghum maturity gene 

Ma5 (PHYTOCHROME C, PhyC). Dong et al. (2018) found one Miscanthus 

flowering QTL on LG 2 that corresponded to sorghum maturity gene Ma3 (PhyB) 

(Yang et al., 2014a) and another located on LG 1 that corresponded to the 

ASYMMETRIC LEAVES-like1 gene, which controls proximal-distal patterning in A. 

thaliana petals (Chalfun-Junior et al., 2005). Jensen et al. (2021) reported eleven 

flowering QTLs on LG 4 in M. sinensis, three of which were robust QTLs related 

to the age-dependent flowering pathway (SQUAMOSA PROMOTER BINDING 
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PROTEIN-LIKE and MADS-box SEPELLATA2) and the GA pathway (gibberellin-

responsive bHLH137). However, the functions of these candidate flowering time 

genes in Miscanthus QTLs have yet to be verified, and allelic sequence variation 

for these genes has yet to be described. At present, Hd1/CO is the only candidate 

flowering time gene that has been screened in M. sinensis for sequence diversity 

and its geographic distribution, with large differences observed between accessions 

from Asian mainland and Japanese archipelago (Nagano et al., 2015). 

1.5 Research objectives 

Previous studies have demonstrated the importance of Ghd8 and Ghd7 to ensure 

flowering time control of rice in response to photoperiod. The central theme of 

present research was to identify two major flowering genes Ghd8 and Ghd7 in M. 

sinensis, and characterize their gene expression patterns in response to LD and SD 

among twelve M. sinensis that originate from different latitudes and represent 

different genetic groups. Based on allelic and deduced amino acid diversity, the aim 

of the present study is to investigate their geographic distribution, and the 

relationship between the variants and day to flower. To reveal the possible 

flowering regulation pathway in M. sinensis, the mRNA transcript level of partial 

up- and downstream flowering genes of Ghd8 and Ghd7 were examined in M. 

sinensis under LD and SD.  
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Chapter 2  

Characterization of the Ghd8 flowering time gene 

2.1 Introduction 

The genus Miscanthus is a rhizomatous, self-incompatible, C4 perennial grass that 

has a natural distribution from the tropics to ~50 °N in East Asia and Oceania 

(Hodkinson et al., 2015), including M. sinensis, M. floridulus and M. sacchariflorus, 

and is closely related to sugarcane and sorghum. Owing to its environmental 

adaptability, Miscanthus is used as forage for livestock feed, as an ornamental for 

landscapes, and as a bioenergy crop that provides high yields with low nutrient 

requirements (Greef and Deuter, 1993; Heaton et al., 2008). Controlling flowering 

time of Miscanthus is benefit for obtaining high-biomass yield under different 

environments (Jensen et al., 2013; Robson et al., 2013), improving biomass quality 

(Iqbal et al., 2017), assisting intra- and interspecific hybridizations between 

Miscanthus and Saccharum (Dong et al., 2021), and developing seed-based hybrid 

cultivars of Miscanthus to reduce the cost of establishment and accelerate 

domestication relative to the current standard approach of vegetatively propagating 

rhizomes of M ´ g (Jensen et al., 2011; Hastings et al., 2017). To date, the 

understanding of flowering time regulation in Miscanthus at the molecular level is 

still limited (Atienza et al., 2003; Jensen et al., 2011, 2013; Dong et al., 2021). 

Genetic linkage maps revealed nineteen flowering time quantitative trait loci (QTLs) 

in M. sinensis (Atienza et al., 2003; Gifford et al., 2015; Dong et al., 2018; Jensen 

et al., 2021). While, these candidate flowering time genes in M. sinensis QTLs have 

yet to be confirmed. Until now, Hd1/CO is the only candidate flowering time gene 
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that has been screened in M. sinensis  for sequence diversity and its geographic 

distribution, with large differences found among accessions from the Asian 

mainland relative to those from the Japanese archipelago (Nagano et al., 2015).  

Though flowering regulation in M. sinensis was demonstrated to be 

complex affected by multiple factors (Jensen et al., 2011), recently, M. sinensis was 

reported as a facultative SD plant and photoperiod has a strong effect on flowering 

time of M. sinensis (Dong et al., 2021). Thus, it would be desirable to study 

photoperiod regulation of flowering time in M. sinensis. The major regulatory genes 

for photoperiod control of flowering have been evolutionarily conserved in 

flowering plants but their specific effects can vary greatly among genera and 

species (Song et al., 2015). To date, the photoperiod regulation of flowering has 

been extensively investigated in the SD plant rice, and two independent genetic 

pathways have been identified (Song et al., 2015). One is the rice OsGI-Hd1-Hd3a 

pathway (Hayama et al., 2003; Izawa et al., 2011; Goretti et al., 2017), which has 

been conserved in the SD plant sorghum (Yang et al., 2014b), and is orthologous 

with the GI-CO-FT pathway in the LD plant A. thaliana (Song et al., 2015). 

Another flowering time pathway is Ghd7-Ehd1-Hd3a, which has been found in rice, 

sorghum and maize but is absent from A. thaliana (Doi et al., 2004; Xue et al., 2008; 

Yang et al., 2013; Murphy et al., 2014; Song et al., 2015).  

Recently, Ghd8 (DTH8/LHD1/Hd5/LH8) has been found to be a key 

regulator of the Ghd7-Ehd1-Hd3a pathway in rice (Wang et al., 2019a). Ghd8 was 

initially identified as HAP3b in A. thaliana, which can promote flowering in A. 

thaliana by enhancing the expression of key flowering time genes, such as FT and 
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SOC1, under LD (Cai et al., 2007). In rice, Ghd8, has a dual function to inhibit 

flowering under LD and promote flowering under SD by regulating Ghd7, Ehd1, 

RFT1 and Hd3a (Wei et al., 2010; Yan et al., 2011). In particular, Ghd8 encodes a 

protein transcription factor, HAP3/NF-YB, that in rice binds to CCAAT motif in 

the promoter region of Ghd7, as part of a complex with HD1 and OsHAP5b (Wang 

et al., 2019a). In rice, a 19 bp deletion in Ghd8, causes a loss‐of‐function that 

confers early flowering and thus adaptation to high latitudes; this allele is widely 

distributed among cultivars from Northern China and Japan (Fujino et al., 2013; Li 

et al., 2015), and has been selected and used widely for breeding early heading 

varieties in Hokkaido (Fujino et al., 2013). Therefore, Ghd8 plays a key role in the 

domestication and adaptation of rice in Hokkaido. It is worthwhile to investigate if 

a similar process occurred in M. sinensis during its migration northward after the 

last glacial maximum. Ehd1 in rice is induced by blue light in the morning, and 

Ghd7 suppression of Ehd1 is induced by red-light in the morning under LD thereby 

suppressing flowering, whereas under SD, the peak of Ghd7 expression shifts to 

night, and this misaligned timing allows Ehd1 to induce Hd3a and promote 

flowering (Song et al., 2015). Genomic synteny and collinearity are common 

features in the Poaceae (Gale and Devos, 1998; Glémin and Bataillon, 2009), and 

has also been confirmed among rice, sorghum, switchgrass and M. sinensis 

genomes (Salse et al., 2009; Kim et al., 2012; Swaminathan et al., 2012; Dong et 

al., 2018; Mitros et al., 2020; Jensen et al., 2021). Previous studies have identified 

genes/QTLs under parallel evolution across grass species (Ming et al., 2002; Hu et 

al., 2003; Yang et al., 2012; Liu et al., 2015; Nagano et al., 2015; van der Weijde 

et al., 2017b; Jensen et al., 2021). To date, there have been no reports of Ghd8 in 
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C4 bioenergy crops such as sorghum, switchgrass and Miscanthus. Thus, a key 

question of this chapter seeks to answer is the following: does M. sinensis have a 

functional Ghd8 that contributes to the regulation of flowering time? Moreover, we 

expect that if Ghd8 regulates flowering in M. sinensis, the gene’s expression in the 

day will follow a pattern of differential flowering times under LD relative to SD. In 

this study, the ortholog of OsGhd8 in a mini-core collection of M. sinensis was 

cloned with the aim to 1) characterize allelic and deduced amino acid sequence 

diversity and geographic distribution, and 2) determine expression patterns in 

response to photoperiod and relate these to previously obtained data on days to first 

flower under LD and SD.  

2.2 Materials and methods 

2.2.1 Plant materials and growth conditions 

Twelve Miscanthus accessions (clones maintained by vegetative propagation) were 

studied for gene sequence variation and expression over time in response to two 

photoperiod treatments (15 h, LD; 12.5 h, SD) (Table 2.1). The twelve accessions 

included eleven M. sinensis from known locations in China and Japan, representing 

latitudes ranging from 18 °N to 45 °N, and one M. floridulus from 20.9 °S in New 

Caledonia (M. floridulus was considered to be conspecific with M. sinensis (Clark 

et al., 2014, 2015) and hereafter refer to the entire panel as M. sinensis). The M. 

sinensis accessions represent six genetic groups that were previously identified by 

Clark et al. (2014, 2015). Dong et al. (2021) previously evaluated the same twelve 

accessions for days to first flowering under day lengths of 15, 12.5 and 10 h in 

controlled environment chambers, and observed strong flowering time responses 
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that varied by latitude of origin. In the current study, six pots of each accession were 

established by planting rhizomes in 2 L plastic pots containing soilless medium 

consisting of compost, vermiculite, calcined clay, and peat moss (Forex Mori 

Sangyo Co., Ltd., Hokkaido, Japan) and growing these in a greenhouse at Hokkaido 

University in Sapporo, Japan (43.1 °N, 141.3 °E), with natural photoperiod.  

After 40 days of establishment in the greenhouse, the Miscanthus plants 

were cut to 5 cm above the soil surface and moved into growth chambers 

(BioTRON LH‐350S, NK Systems, Nippon Medical & Chemical Instruments Co., 

Ltd., Osaka, Japan) under constant LD (15 h light/9 h dark). Pots were rotated 

randomly inside and between the chambers on a daily basis to minimize between‐

chamber and within‐chamber environmental effects. The growth chambers 

provided 400 ± 50 μmol m−2 s−1 of photosynthetically active radiation with 

fluorescent lamps (Hitachi FLR40S‐EX‐N/M/36‐A, Hitachi, Ltd., Tokyo, Japan), 

as measured with a quantum sensor (MIJ‐14PARII, Environmental Measurement, 

Fukuoka, Japan). After 30 days of establishment in the chambers, the plants were 

subjected to one of two day-length treatments: LD (15 h light/9 h dark) and SD 

(12.5 h light/11.5 h dark), with three pots per accession given LD and three given 

SD. The temperature in the chambers was a constant 23 °C for the duration of the 

experiment. At planting and again at the start of each experiment, 15 g of 12‐9‐12 

compound fertilizer (Kumiai Grassland No. 8; Hokkaido Fertilizer Co., Ltd., Japan) 

was added to each pot. Irrigation was provided to each pot each day. At day 38, one 

week after commencement of the LD or SD treatment, the three topmost leaves 

from each of the three pots per accession within each treatment were harvested and 

pooled at Zeitgeber times (ZT) of 3, 9, 15 and 21 h for one 24 hour light-dark cycle.
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Table 2.1 Provenance, flowering time under short or long days, and amino acid sequence diversity for two homoeologous Ghd8 loci in a 

mini-core panel of 11 Miscanthus sinensis and one Miscanthus floridulus accessions. 

Genotypes Ploidy Lat Long Genetic group† Genetic 
group color 
code† 

Days to first 
flowering‡ 

Variant types classified by predicted 
protein in Ghd8 homoeologs 

12.5 h 15 h MsiGhd8A  MsiGhd8B 
M. sinensis ‘Teshio’ 2x 44.9 141.9 Northern Japan Blue 

 
66 A1 A2 B1 B2 

M. sinensis ‘Sugadaira’ 2x 36.0 138.1 Southern Japan Yellow 
 

96 A3 A4 B3 B4 

M. sinensis ‘Miyazaki’ 2x 31.8 131.4 Southern Japan Yellow 61 167 A5 A6 B5 B6 
M. sinensis ‘PMS-436’ 2x 41.3 123.7 Korea/North 

China 
Red 

 
115 A3 A7 B7 B8 

M. sinensis ‘PMS-164’ 2x 37.3 114.3 Yangtze-Qinling Green 
 

130 A8 A8 B8 B8 

M. sinensis ‘PMS-306’ 2x 29.9 118.8 Yangtze-Qinling Green 84 173 A8 A9 B8 B8 
M. sinensis ‘PMS-226’ 2x 26.6 106.8 Sichuan Basin Orange 76 189 A1 A7 B9 B10 

M. sinensis ‘Onna-1a’ 2x 26.5 126.8 SE China plus 
tropical 

Purple 
 

274 A10  B11 B12 

M. sinensis ‘PMS-359’ 2x 22.9 112.3 SE China plus 
tropical 

Purple 81 179 A11 A7 B8 B13 

M. sinensis ‘PMS-375’ 2x 19.6 110.3 SE China plus 
tropical 

Purple 142 
 

A11  B9 B9 

M. sinensis ‘PMS-382’ 2x 18.9 109.5 SE China plus 
tropical 

Purple 184 
 

A11 A12 B1 B1 

M. floridulus ‘US56-
0022-03’ 

2x -20.9 165.3 SE China plus 
tropical 

Purple 114 
 

A11 A13 B14 B15 

†M. sinensis genetic groups determined by Clark et al. (2014, 2015). ‡Days to first flowering under short days (12.5h) or long days (15h) by Dong et al. (2021); empty 
cells indicate flowering did not occur. A or B prefix indicates putatively functional alleles types based on predicted amino acid sequence variants in the A and B 
subgenomes, respectively. Cells with different colors represent different variant types that occurred in more than one accession; variant types that were observed only 
once have a gray background; blank cells of MsiGhd8A indicated that only one allele type was detected in Onna-1a and PMS-375, and therefore these two accessions 
were homozygous at MsiGhd8A.  
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2.2.2 Genomic DNA extraction and isolation of Ghd8 in Miscanthus 

Genomic DNA was isolated from young, healthy leaves by the modified 

cetyltrimethylammonium bromide (CTAB) (Scholin et al., 1994) protocol using the 

DNeasy Plant Mini Kit (Qiagen, Tokyo, Japan) according to the manufacturer's 

instructions. Gene-specific primers (Forward primer 1: 5'-GAAAGGCGATTAA 

GAGGAGAAT-3'; Forward primer 2: 5'-CACCATAAGCTAGCTGACTAGCT-3'; 

Reverse primer 1: 5'-GCAAGTATCGTTTGTCGTCGTCTT-3') for Ghd8 were 

designed by aligning multiple sequences retrieved from the Miscanthus sinensis 

v7.1 genome (Mitros et al., 2020) and its close relative sorghum using the Sorghum 

bicolor v3.1 genome (McCormick et al., 2018) from Phytozome v13 

(https://phytozome-next.jgi.doe.gov). Amplification of Ghd8 was accomplished by 

polymerase chain reactions (PCRs) containing 30 ng of total genomic DNA as a 

template and LA Taq polymerase (TaKaRa Bio, Shiga, Japan). Amplification 

conditions were 1 min at 95 °C, followed by 30 cycles of 30 sec at 95 °C, 30 sec at 

suitable primer temperature and 1 m 30 sec at 72 °C. PCR products were separated 

on 0.8 % agarose gels by electrophoresis. Amplified bands of desired molecular 

weight were eluted from the agarose gel with the NucleoSpin® Gel and PCR Clean-

up kit (Macherey-Nager GmbH & Co. KG, Düren, Germany) and cloned into a 

pGEM-T Easy vector (Promega, Madison, WI, USA) using the TA-Blunt Ligation 

Kit (Nippon Gene Co., Ltd., Toyama, Japan) following the manufacturer's 

instructions. Positively transformed colonies were selected on blue-white selection 

on ampicillin/IPTG/X-Gal LB plates, and plasmids were purified using a High Pure 

Plasmid Isolation Kit (Roche, Sigma-Aldrich, Tokyo, Japan). About 20 plasmid 

clones of each genotype were sequenced in both directions with a BigDye 
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Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) 

via an ABI PRISM 3130 Genetic Analyzer (Life Technologies, Carlsbad, USA) 

according to the manufacturer’s instructions. To identify true alleles and to limit 

the potential for misidentifying point mutations and indels resulting from PCR and 

sequencing errors as true alleles, we set a quality-control threshold of at least three 

colonies with the identical sequence for inclusion in further analysis and reporting. 

2.2.3 RNA isolation and quantitative reverse transcription-PCR analysis 

Leaves were sampled from fully expanded healthy leaves at ZT 3, 9, 15 and 21 h in 

the growth chamber. All samples were immediately frozen in liquid nitrogen and 

stored at -80 °C until analysis. Total RNA was isolated from frozen leaves with a 

Favorgen® Plant Total RNA Extraction Mini Kit (Favorgen Biotech Corp., Taiwan) 

and treated with DNase I (TaKaRa Bio, Shiga, Japan) to remove contaminating 

genomic DNA. cDNA was synthesized from purified RNA using an oligo (dT) 20 

primer and random hexamer primers with Invitrogen™ M-MLV Reverse 

Transcriptase (Invitrogen, Carlsbad, CA, USA) according to Dwiyanti et al. (2011). 

The transcript levels for Ghd8 were determined by quantitative real-time PCR 

(qRT-PCR). The PCR reactions (20 μL) contained 4.6 μL of the cDNA synthesis 

reaction mixture diluted to 1/15 th of its original volume, 5 μL of 1.2 μM primer 

premix, 0.4 μL ROX Reference Dye (50 ×) and 10 μL of TB Green® Premix Ex 

Taq™ II (Tli RNaseH Plus) (TaKaRa Bio, Shiga, Japan). Expression levels were 

determined on a StepOnePlus™ Real‐Time PCR System (Applied Biosystems, 

Foster City, CA, USA) with cycling conditions of 95°C for 5 min, followed by 40 

cycles of 95 °C for 10 sec, 60 °C for 20 sec and 72 °C for 30 sec. Values were 
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normalized to ACTIN (Misin17G008500) as an internal control. A reaction mixture 

without reverse transcriptase was also used as a control to confirm the absence of 

genomic DNA contamination. Amplification of a single DNA fragment was 

confirmed by melting-curve analysis of quantitative PCR and gel electrophoresis 

of the PCR products. Relative changes in gene expression were estimated following 

the 2-ΔΔCt method (Bookout and Mangelsdorf, 2003). Averages and standard errors 

of relative expression levels were calculated for three independently synthesized 

cDNAs. The forward primer used for ACTIN (Misin17G008500) gene expression 

was 5'-AGGGCTGTTTTCCCTAGCATCG T-3', and the reverse primer was 5'-

GGGTACTTGAGCGTGAGAATACCTC-3'. Primers were designed for MsiGhd8 

based on the putative functional alleles. The forward primer used for MsiGhd8A 

(Misin13G040800) gene expression was 5'-CTCAACCGCTACCGCGAGGTC-3', 

and the reverse primer was 5'-TCATCCGCCGCGCCATCT-3'. The forward primer 

used for MsiGhd8B (Misin07G127500) gene expression was 5'-

ACGTCGGGCTCATGATGGGAGCA-3', and the reverse primer was 5'-

ATACGACTTCCGTGCTGCCGT-3'. 

2.2.4 Data analysis 

The nucleotide sequences were assembled with ATGC v6 software (GENETYX 

Co., Tokyo, Japan). O. sativa, S. bicolor, M. sinensis genome sequences 

(Phytozome v13, 100kb) spanning homologs of Ghd8 were used for microsynteny 

/collinearity analysis, which was determined and visualized by Genome Evolution 

Analysis (GEvo) (http://genomevolution.org/CoGe/GEvo.pl) and the high-

resolution sequence analysis tool from Accelerating Comparative Genomics (CoGe) 
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toolkit (http://genomevolution.org/CoGe/). Multiple alignments of nucleotide and 

amino acid sequences were implemented in MEGA X (Zuckerkandl and Pauling, 

1965; Kumar et al., 2018; Stecher et al., 2020), using ClustalW v2.1 (Thompson et 

al., 1994) with default settings. Phylogenetic trees were generated in MEGA X 

(Kumar et al., 2018; Stecher et al., 2020) using the Neighbor-Joining (NJ) method 

(Saitou and Nei, 1987) with the substitutional model of Kimura 2-parameter 

(Kimura, 1980). The corresponding sequences of rice and sorghum were used as an 

out-group. Support for each node was tested with 1,000 bootstrap repetitions 

(Felsenstein, 1985). The trees were edited and visualized in FigTree v1.4.4 

(http://tree.bio.ed.ac.uk/software/figtree/). Relative changes in mean ± standard 

error of the mean (SE) gene expression were analyzed in Microsoft Excel 

(Microsoft Office 2016, Microsoft Inc., Seattle, WA, USA) and then exported to 

GraphPad Prism 9 software (GraphPad Software, San Diego, CA, USA) for 

visualization. Statistical tests for differences among means were conducted by 

Student’s t-test or analyses of variances (ANOVAs) using GraphPad Prism 9 

software (GraphPad Software, San Diego, CA, USA). The DNA sequences 

obtained are available from DDBJ (http://www.ddbj.nig.ac.jp/index-e.html) with 

the accession numbers LC598392 to LC598437. 

2.3 Results and discussion 

2.3.1 Characterization of M. sinensis Ghd8 

In M. sinensis, two homoeologous Ghd8 loci, MsiGhd8A located on chromosome 

13 (Chr.13) and MsiGhd8B on chromosome 7 (Chr.07), were identified, with one 

on each of this paleo-allotetraploid species’ subgenomes (Figure 2.1). A total of 46 
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MsiGhd8 alleles were identified from the 12 wild-collected M. sinensis accessions 

(Figure 2.2, Tables S2.1 and S2.2). Sequence alignment indicated that the open 

reading frame (ORF) lengths of M. sinensis Ghd8 ranged from 813 to 831 

nucleotides, and contained one exon that coded for 270 to 276 amino acid residues 

(Figure 2.1). Multiple sequence blasting in Phytozome v13 (https://phytozome-

next.jgi.doe.gov) revealed that the nucleotide sequences of M. sinensis Ghd8 were 

highly similar to those in other plant species, such as S. bicolor (Sobic.007G059500, 

88.6% - 92.3%), O. sativa (LOC_Os08g07740, 72.2% - 73.3%), Z. mays 

(Zm0001d049485, 82.7% - 86.3%), and A. thaliana (AT5G47640, 32.0% - 32.9%). 

A microsynteny assessment of genomic regions adjacent to Ghd8 in rice, sorghum 

and M. sinensis identified four colinear genes, including Ghd8, aligned with the 

same relative genomic order in a 100 kbp region, which was consistent with the 

identification of LOC_Os08g07740 as an ortholog of rice Ghd8 (Wei et al., 2010) 

(Figure S2.1 and Table S2.5), and in consistent with the known paleo-duplications 

(rice Chr.08- sorghum Chr.07, sorghum Chr.07- Miscanthus Chr.13 and Chr.07) 

from the ancestral grass chromosomal groups (Salse et al., 2009; Dong et al., 2018; 

Mitros et al., 2020). Therefore, based on sequence similarity and gene collinearity, 

two homoeologous Ghd8 loci in M. sinensis were designated as orthologs of Ghd8 

in rice and sorghum, and probable ortholog of HAP3b in A. thaliana. Neighbor-

Joining (NJ) phylogenetic trees revealed a robust separation of clades representing 

MsiGhd8A (22 alleles) and MsiGhd8B (24 alleles) (Figure 2.2). The phylogenetic 

trees indicated that the sorghum Ghd8 was more similar to MsiGhd8B than 

MsiGhd8A. Two accessions (Onna-1a and PMS-375, 16.7%) were homozygous at 

the MsiGhd8A locus and all accessions were heterozygous at the MsiGhd8B locus 
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(Table 2.1). Pairwise DNA sequence comparisons showed that the similarity of 

MsiGhd8A ORFs ranged from 98.7% (Teshio-Func2 vs. PMS-226-Func2, Teshio-

Func2 vs. PMS-382-Func2, Teshio-Func2 vs. US56-0022-03-Func2) to 100% 

(Sugadaira-Func1 vs. PMS-436-Func1, PMS-164-Func1 vs. PMS-306-Func1, 

PMS-375-Func1 vs. PMS-382-Func1) (Table S2.1). Similarly, the nucleotide 

sequence similarity of MsiGhd8B ORFs varied from 97.9% (Sugadaira-Func4 vs. 

US56-0022-03-Func4) to 100% (PMS-164-Func3 vs. PMS-306-Func3, PMS-164-

Func4 vs. PMS-436-Func4, PMS-226-Func3 vs. PMS-375-Func3) (Table S2.2).  

Comparison of the 46 MsiGhd8 alleles derived from the 12 wild-collected 

M. sinensis accessions in this study with the alleles in the Miscanthus sinensis v7.1 

genome (Mitros et al., 2020), revealed 35 non-synonymous single nucleotide 

variants (nsSNVs), 36 synonymous single nucleotide variants (sSNVs) and two 3-

bp insertions in the ORFs, with some accessions having more than one SNV per 

allele (Tables S2.1 and S2.2). Considering the fact that the nucleotide diversity 

cannot exactly represent the protein diversity owing to sSNVs in ORFs, Ghd8 

protein variant types were analyzed in the present study (Tables 2.1, S2.3 and S2.4, 

Figures 2.2 and 2.3). Accounting for nsSNVs, 13 predicted amino acid sequence 

types of MsiGhd8A and 15 of MsiGhd8B (28 total) were identified from the 12 M. 

sinensis accessions (Tables 2.1, S2.3 and S2.4, Figure 2.2 and 2.3). The amino acid 

sequence similarity of putatively functional MsiGhd8A and MsiGhd8B variants 

ranged from 92.1 % to 94.2 %. Notably, the deduced amino acid sequence of Ghd8 

in M. sinensis indicated that the gene products contain a HAP3/NF-YB DNA-

binding domain located from position 53 to 146 (Figure 2.1b), which is critical for 

the transcription factor function of Ghd8 gene products in rice (Wei et al., 2010; 
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Yan et al., 2011) and A. thaliana (Kumimoto et al., 2008), and may have a 

conserved function to regulate flowering time. Though no putatively non-functional 

alleles were detected, four nsSNVs in the HAP3/NF-YB DNA-binding domain of 

MsiGhd8 (two in MsiGhd8A and two in MsiGhd8B) were observed in five 

accessions, with one nsSNV of MsiGhd8A found in each of two accessions 

(Sugadaira and PMS-436), one nsSNV of MsiGhd8A found in Teshio, and one 

nsSNV of MsiGhd8B in PMS-226 and another nsSNV of MsiGhd8B found in 

US56-0022-03 (Table S2.1 and S2.2). The nsSNVs identified in the domain might 

have an effect on protein stability and function (Liao and Lee, 2010), and additional 

research is required.  
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(a) 

 

(b) 

 

Figure 2.1 Gene structure and multiple alignment analysis of Miscanthus sinensis 

Ghd8 homoeologs and their comparison with orthologs from four other plant 

species. (a) Gene structure of MsiGhd8A and MsiGhd8B. F, forward primer; R, 

reverse primer; the primer pairs F1/R1 and/or F2/R1 were used to detect open 

reading frames (ORFs) for Ghd8. The start codon (ATG) and stop codon (TGA) are 

highlighted in black. The yellow box represents the HAP3/NF-YB domain. (b) 

Multiple amino acid sequence alignments for Ghd8 from M. sinensis (this study), 

Sorghum bicolor (Sobic.007g059500), Oryza sativa (LOC_Os08g07740), Zea 

mays (Zm0001d049485) and Arabidopsis thaliana (AT5G47640). The HAP3/NF-

YB domain is boxed in red. The M. sinensis sequence used for alignment are from 

accession PMS-382. 
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2.3.2 Geographical distribution of naturally occurring MsiGhd8 protein 

variants 

Some of the MsiGhd8 protein variants were found over a broad geographic range, 

whereas others had restricted patterns of occurrence (Table 2.1 and Figures 2.2, 2.3 

and S2.1). In the A subgenome, variant A1 was the most broadly distributed, with 

occurrence in accessions that originated from the mid and highest latitudes in this 

study (PMS-226 from Sichuan Basin and Teshio from Northern Hokkaido Japan) 

but it was infrequently observed (16.7% of accessions). In contrast, A7 was 

distributed widely and the second-most frequently observed variant (25% of 

accessions). A3 was limited to two accessions, one in Northern China and one in 

Central Japan; however, DNA sequence analysis indicated that A3 and A7 are 

closely related (Table S2.3) and thus represent a broadly distributed group in 

mainland Asia and Japan. A11 had a restricted distribution from New Caledonia to 

Guangdong China with a latitude ranging from 20.9 °S to 22.9 °N and was the most 

frequent variant (33.3% of accessions), three of which couldn’t flower in LD and 

flower late in SD, but was absent from mid and high latitudes in mainland Asia and 

Japan. However, phylogenetic analysis of the DNA sequence revealed that A11 and 

A1 protein variants were closely related and thus represented a widely distributed 

group from east to west and from north to south. A8 was limited to mid latitudes in 

mainland Asia. The other eight variants, were each observed in only one accession. 

A2 and A3, which encode one additional amino acid resulting from the same 3-bp 

insertion in the nucleotide sequence, were limited to Northern Japan and China., 

displaying non-flowering under SD but flower earlier in LD (Tables 2.1 and S2.3).  
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In the B subgenome, variant B1 was observed from Hainan to Hokkaido but 

infrequently (16.7% of accessions). In mainland Asia, B8 was also broadly 

distributed from low to high latitude and frequent (25% of accessions). B9 was 

observed in two accessions, one in Sichuan Basin and one in Southern China. The 

other twelve variants, were each observed in only one accession. Phylogenetic 

analyses of DNA sequence indicated the following closely related protein variant 

groups: B7 and B8; B9 and B10; B1, B4 and B13; B3, B6, B11 and B12 (Figures 

2.2 and 2.3). The natural variations of Ghd8 have been confirmed to contribute 

greatly to rice adaptation and genetic improvement (Fujino et al., 2013; Li et al., 

2015; Zhang et al., 2015; Fujino, 2020). These variants identified in the present 

study would provide us a theoretical clue to make the utmost of Ghd8 in modern 

molecular breeding of M. sinensis in future. Allelic-specific molecular makers 

would be appropriately developed for selection of the favorable genotypes to meet 

the demand for varieties in different ecotypes. 
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Figure 2.2 Phylogenetic tree inferred by neighbor-joining method for nucleotide 

sequences of 42 Ghd8 alleles from 11 accessions of Miscanthus sinensis and, four 

alleles from one Miscanthus floridulus accession. Sorghum bicolor 

(Sobic.007g059500) and Oryza sativa (LOC_Os08g07740) were used as an out-

group. The phylogenetic tree was divided into two clusters, which were classified 

as MsiGhd8A and MsiGhd8B, one for each of the two subgenomes. Bootstrap 

values for nodes supported in >50% of 1000 bootstrap replicates are shown. Allele 

names with A or B prefix indicate putatively functional alleles types based on 

predicted amino acid sequence variants, which are named in parentheses and 

correspond to the names in Figures 2.3 and S2.2, Tables 2.1, S2.1, S2.2, S2.3 and 

S2.4.  
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Figure 2.3 Geographical distribution of MsiGhd8A and MsiGhd8B predicted 

amino acid sequence variant types in Miscanthus sinensis. Pie charts with one to 

two sections represent the number of detected alleles. A or B prefix indicates 

putatively functional alleles types based on predicted amino acid sequence variants. 
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Different colors in pie charts represent different variant types that occurred in more 

than one accession; variant types that were observed only once have a gray 

background, corresponding to Table 2.1. Accessions’ names are colored to 

represent M. sinensis genetic groups previously described by Clark et al. (2014, 

2015); Sugadaira and Miyazaki are changed from yellow to black for making the 

map clear. The map image is taken from Wikimedia Commons: 

https://commons.m.wikimedia.org/wiki/File.  
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2.3.3 Expressions patterns of M. sinensis Ghd8 

For each of the M. sinensis accessions, two Ghd8 homoeologs expressed under both 

LD and SD, and expression of Ghd8 (assessed as the ratio of Ghd8/ACTIN mRNA 

transcript abundance) from the B subgenome was one to two orders of magnitude 

greater than for the A subgenome (Figure 2.4 and 2.5). The lower expression 

observed for MsiGhd8A than MsiGhd8B, was consistent with a previously observed 

M. sinensis genome-wide expression bias in favor of the B subgenome, with ~10% 

more pairs of genes having higher expression in the B subgenome (Mitros et al., 

2020). Thus, MsiGhd8A may be a case of reduced- or neo-functionalization, which 

is common in organisms with duplicated genomes (Lallemand et al., 2020). 

The two accessions with the highest day-expression of MsiGhd8B under LD 

(Teshio and Onna-1a) also had the highest expression of MsiGhd8A (Figures 2.4 

and 2.5). Interestingly, under LD, Onna-1a was the latest flowering of the 

accessions but Teshio was the earliest flowering, and neither flowered under SD. 

The three tropical accessions (PMS-375, PMS-382 and US56-0022-03) were 

among the only three accessions in the panel that did not flower under LD (Figure 

2.5, Table 2.1) with Ghd8 lower expression did not flower under 15 h but did flower 

under 12.5 h day length. Overall, three patterns of diurnal MsiGhd8 expression were 

observed: day peak, night peak, and no clear peak (Figure 2.5). The most common 

diurnal MsiGhd8 expression pattern observed was a day peak at ZT9 or ZT15 

(Figure 2.5), which is later than the dawn peak that has been reported for rice (Wei 

et al., 2010; Yan et al., 2011), suggesting that optimal timing may differ between 

M. sinensis and rice.  
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Given that grasses have multiple pathways to regulate flowering time, 

including two known major pathways for photoperiod regulation of flowering time 

that each has multiple modifiers, flowering time predominantly could not be 

conferred by any one gene, including Ghd8. Moreover, in A. thaliana and rice, 

through using yeast and animal systems, it has been demonstrated that HAPs, a 

CCAAT-box-binding transcription factor, form a heterotetramer or heterotrimer for 

transcription activation (Ben-Naim et al., 2006; Wenkel et al., 2006). In rice, Ghd8 

could interact with OsHAP5b and Hd1, forming a complex under LD, then induce 

Ghd7 expression to inhibit Ehd1 and delay flowering (Li et al., 2015; Zhang et al., 

2015, 2019; Nemoto et al., 2016; Du et al., 2017; Liu et al., 2020; Zong et al., 2021). 

However, Hd1/CO also competes with the complexes to promote Hd3a/RFT1 

expression, creating a tradeoff relationship for photoperiod sensitive flowering 

under SD conditions (Zong et al., 2021). Thus, the regulatory network controlling 

flowering time is complex and quantitative, which likely accounts for the great 

plasticity of this trait in diverse populations. Whether MsiGhd8 protein can bind 

these flowering related genes (Hd1/CO and Ghd7) products forming NF-Y 

complexes as described in rice remains to be confirmed in further studies. It would 

be desirable to analyze how Ghd8 regulated the downstream genes in response to 

day length in M. sinensis.  
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Figure 2.4 Expression of MsiGhd8 at Zeitgeber time 9 for 12 Miscanthus sinensis 

accessions under long days (15 h, LD). Grey and black represent MsiGhd8A and 

MsiGhd8B, respectively. Relative mRNA levels are expressed as the ratios to 

ACTIN transcript levels. Mean ± 1SE for three replications are given for each data 

point. A different letter on top of a bar indicates significant difference between 

accessions within each subgenome according to the Tukey HSD (95% family-wise 

confidence level) multiple comparison tests. *** shown between the two 

subgenomes indicates a significant difference at P < 0.001 according to the 

Student’s t-test.  
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Figure 2.5 Diurnal expression of MsiGhd8 in 12 Miscanthus sinensis genotypes 

under long days (15 h, LD; solid black lines) and short days (12.5 h, SD; red dashed 

line). (a) MsiGhd8A and (b) MsiGhd8B. The y-axis represents relative mRNA levels 

normalized to ACTIN transcript levels. The numbers below the x‐axis indicate 
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Zeitgeber times (ZT) of the day. The white bar at the bottom of each graph indicates 

the light period and the black bar indicates the dark period. Mean ± 1SE for three 

replications are given for each data point. Asterisks indicate significant difference 

between the two means under LD and SD at the same ZT of the day (Student’s t-

test, *P < 0.05, **P < 0.01, ***P < 0.001). No asterisk indicates the difference 

between the two means is not statistically significant (P > 0.05). Accessions’ names 

are colored to represent M. sinensis genetic groups previously described by Clark 

et al. (2014, 2015); Sugadaira and Miyazaki are changed from yellow to black for 

making it clear. 
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Supplementary materials for Chapter2:  

Supplementary Figure S2.1: Chromosome organization of Ghd8 gene 

orthologous regions (100 kbp) from Oryza sativa, Sorghum bicolor and Miscanthus 

sinensis.  

Supplementary Figure S2.2: Geographical distribution of MsiGhd8A and 

MsiGhd8B alleles in Miscanthus sinensis.  

Supplementary Table S2.1: A summary of polymorphic sites in open reading 

frames (ORFs) of MsiGhd8A alleles from 12 Miscanthus sinensis. 

Supplementary Table S2.2: A summary of polymorphic sites in open reading 

frames (ORFs) of MsiGhd8B alleles from 12 Miscanthus sinensis. 

Supplementary Table S2.3: Protein types of MsiGhd8A from 12 Miscanthus 

sinensis. 

Supplementary Table S2.4: Protein types of MsiGhd8B from 12 Miscanthus 

sinensis. 

Supplementary Table S2.5: Colinear genes near homologs of Ghd8 in Miscanthus 

sinensis, Sorghum bicolor and Oryza sativa.  
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Figure S2.1 Chromosome organization of Ghd8 gene orthologous regions (100 kbp) 

from Oryza sativa, Sorghum bicolor and Miscanthus sinensis. Only high-scoring 

sequence pairs (HSPs) between adjacent regions are drew in the red boxes. The 

dashed line in the middle of each region represents the division between the top (5′ 

on left) and the bottom (5′ on right) strand. The full gene models are drawn as gray 

arrows directly above or below this line. Colinear genes within the aligned region 

are connected by red lines. a-h represent colinear genes among Oryza sativa, 

Sorghum bicolor, Miscanthus sinensis (Misin13G040700 - Misin13G041000, MsA; 

Misin07G127400 - Misin07G127700, MsB) including MsiGhd8A 

(Misin13G040800, b) and MsiGhd8B (Misin07G127500, f), corresponding to 

Table S2.2.  
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Figure S2.2 Geographical distribution of MsiGhd8A and MsiGhd8B alleles in 

Miscanthus sinensis. Pie charts with one to two sections represent the number of 

detected alleles. Func: putatively functional alleles, corresponding to the names in 

Figure 2.2. Pie charts with both the same color and Func number represent the same 

allele; alleles that were observed only once have a light gray background. 

Accessions’ names are colored to represent M. sinensis genetic groups previously 

described by Clark et al. (2014, 2015); Sugadaira and Miyazaki are changed from 

yellow to black for making the map clear. The map image is taken from Wikimedia 

Commons: https://commons.m.wikimedia.org/wiki/File.   
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Table S2.1 A summary of polymorphic sites in open reading frames (ORFs) of MsiGhd8A alleles from 12 Miscanthus sinensis  

Note: SNVs: single nucleotide variants. Cells with light blue represent SNVs aligned with MsiGhd8A (Misin13G040800) in Miscanthus sinensis v7.1 

genome (Mitros et al., 2020). SNVs located in the domain were highlighted in the red. The A prefix with numbers in the right column were the protein types. 
Cells with different colors in the right column represent different variant types that occurred in more than one accession; variant types that were observed only 
once have a gray background, corresponding to Table 2.1 and Figures 2.2 and 2.3. The sequence similarity 100%: Sugadaira -MsiGhd8AFunc1 vs. PMS-436 -
MsiGhd8AFunc1, PMS-164 -MsiGhd8AFunc1 vs. PMS-306 -MsiGhd8AFunc1, PMS-375 -MsiGhd8AFunc1 vs. PMS-382 -MsiGhd8AFunc1. 
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PMS-375-MsiGhd8AFunc1 C G G A C G C C C G C C G G C A C G G C T G C C C C G G C A C A — A11
PMS-382-MsiGhd8AFunc1 C G G A C G C C C G C C G G C A C G G C T G C C C C G G C A C A — A11
PMS-382-MsiGhd8AFunc2 C G C G C G C G C C C C G G C A C A G C T G T C C C G G C A C A — A12
US56-0022-03-MsiGhd8AFunc1 C G C A C G C C C G C C G G C A C G G C T G C C A C G G C A G A — A13
US56-0022-03-MsiGhd8AFunc2 C G G A C G C C C G G C G T T A T G G C T G C C C C G G C A C A — A11

Table S1-a: A summary of polymorphic sites in MsiGhd8A alleles from 12 Miscanthus sinensis

Protein 
Types 

Note: SNVs: single nucleotide variants. Cells with light blue represent SNVs aligned with MsiGhd8A  (Misin13G040800) in Miscanthus sinensis  v7.1 genome [41]. SNVs located in the domain were highlighted in the red.  The A 
prefix with numbers in the right column were the protein types. Cells with different colors in the right column represent different variant types that occurred in more than one accession; variant types that were observed only 
once have a gray background, corresponding to Table 1 and Figures 2 and 3. The sequence similarity 100%: Sugadaira -MsiGhd8AFunc1 vs. PMS-436 -MsiGhd8AFunc1, PMS-164 -MsiGhd8AFunc1 vs. PMS-306 -MsiGhd8AFunc1, 
PMS-375 -MsiGhd8AFunc1 vs. PMS-382 -MsiGhd8AFunc1. 
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Table S2.2 A summary of polymorphic sites in open reading frames (ORFs) of MsiGhd8B alleles from 12 Miscanthus sinensis 

Note: SNVs: single nucleotide variants. Cell with light blue represent SNVs aligned with MsiGhd8B (Misin07G127500) in Miscanthus sinensis v7.1 

genome (Mitros et al., 2020). SNVs located in the domain were highlighted in the red. The B prefix with numbers in the right column were the protein 

types. Cells with different colors in the right column represent different variant types that occurred in more than one accession; variant types that were 

observed only once have a gray background, corresponding to Table 2.1 and Figures 2.2 and 2.3. The sequence similarity 100%: PMS-164-

MsiGhd8BFunc3 vs. PMS-306-MsiGhd8BFunc3, PMS-164-Ghd8BFunc4 vs. PMS-436-MsiGhd8BFunc4, PMS-226-MsiGhd8BFunc3 vs. PMS-375 

MsiGhd8BFunc3). 
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Table S2.3 Protein types of MsiGhd8A from 12 Miscanthus sinensis 

 

Note: SNVs: single nucleotide variants. Cells with light blue represent SNVs aligned with MsiGhd8A (Misin13G040800) in Miscanthus 

sinensis v7.1 genome (Mitros et al., 2020). SNVs located in the domain were highlighted in the red.  
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Table S2.4 Protein types of MsiGhd8B from 12 Miscanthus sinensis 

Note: SNVs: single nucleotide variants. Cells with light blue represent SNVs aligned with MsiGhd8B (Misin07G127500) in Miscanthus 

sinensis v7.1 genome (Mitros et al., 2020). SNVs located in the domain were highlighted in the red.  
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Table S2.5 Colinear genes near homologs of Ghd8 in Miscanthus sinensis, Sorghum bicolor and Oryza sativa 

Colinear 

genes 

Locus ID in  

Miscanthus 

sinensis* 

Locus ID in  

Sorghum bicolor 

Locus ID in  

Oryza sativa 

Putative function  

a, e Misin13G040700 

Misin07G127400 

Sobic.007G059400 LOC_Os08g07730 Transferase family protein 

b, f Misin13G040800 

Misin07G127500 

Sobic.007G059500 LOC_Os08g07740 CCAAT-box-binding transcription factor 

c, g Misin13G040900 

Misin07G127600 

Sobic.007G059600 LOC_Os08g07760 BRASSINOSTEROID INSENSITIVE 1-associated 

receptor kinase 1 precursor 

d, h Misin13G041000 

Misin07G127700 

Sobic.007G059700 LOC_Os08g07790 CRS2-associated factor 2, mitochondrial precursor 

* Gene Locus IDs in Miscanthus sinensis, Sorghum bicolor and Oryza sativa are from Phytozome v13 (https://phytozome-next.jgi.doe.gov)
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Chapter 3  

Characterization of the Ghd7 flowering time gene 

3.1 Introduction 

Flowering time is crucial for reproduction and geographic expansion of plants. And 

flowering regulation is a complex process involving many flowering QTLs/genes. 

Of  which, Ghd7 and Ghd8 are two major flowering genes identified in rice (Xue 

et al., 2008; Wei et al., 2010; Yan et al., 2011). Recently, the combinations and 

interaction between Ghd7 and Ghd8 were identified that largely affect rice 

flowering and then determine the ecogeographical adaptation and yield potential of 

cultivated rice (Zhang et al., 2015, 2019; Wang et al., 2019a; Zong et al., 2021). 

Ghd7 is thought to be an evolutionarily new gene in the grass family, because it 

was absent from A. thaliana, and the protein sequence encodes a CCT domain 

(Griffiths et al., 2003; Xue et al., 2008; Lu et al., 2012). In rice, by the comparison 

of the predicted protein sequences, five alleles were identified in rice and showed a 

clear geographic distribution (Xue et al., 2008). The functional alleles with strong 

effects allow rice plants to delay flowering under LD condition in areas with long 

growing seasons, thus producing large panicles and increasing yield (Xue et al., 

2008). The reduced function of Ghd7 is important for extremely early flowering 

time with adaptation of rice to regions with low temperatures and short growth 

seasons (Xue et al., 2008; Gómez-Ariza et al., 2015; Li et al., 2015; Fujino et al., 

2019; Fujino and Yamanouchi, 2020). Comparative sequence analysis revealed 

high gene collinearity among rice, sorghum, switchgrass and M. sinensis genomes 

(Salse et al., 2009; Kim et al., 2012; Lu et al., 2012; Swaminathan et al., 2012; 
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Dong et al., 2018; Mitros et al., 2020; Jensen et al., 2021). Ghd7 was also identified 

in sorghum and alleles of SbGhd7 affected photoperiod sensitivity and flowering 

times (Murphy et al., 2014). 

To date, there have been no report of Ghd7 in Miscanthus. Thus, the purpose 

of this chapter is to investigate whether the grass-specific gene, Ghd7, exist in M. 

sinensis or not? Does it have a functional Ghd7 that contributes to the regulation of 

flowering time and was there the difference in gene expression patterns of Ghd7 

regulates flowering in M. sinensis under LD and SD? In this study, the ortholog of 

SbGhd7 in a mini-core collection of M. sinensis was cloned with the objective to 1) 

characterize allelic and deduced amino acid sequence diversity and geographic 

distribution, and 2) determine expression patterns of Ghd7 in response to 

photoperiod.  

3.2 Materials and methods 

3.2.1 Plant materials and growth conditions 

The same twelve M. sinensis accessions were planted and applied for isolation of 

Ghd7 and gene expression analysis, and the details were described in Section 2.2.1 

in Chapter 2. 

3.2.2 Genomic DNA extraction and cloning of Ghd7 in M. sinensis 

Genomic DNA was extracted from young, healthy leaves of each line using the 

DNeasy Plant Mini Kit (Qiagen, Tokyo, Japan), and qualified in 0.8 % agarose gels 

by electrophoresis and quantified by the NanoDrop1000 instrument. Miscanthus 

sinensis v7.1 genome (Mitros et al., 2020) and its close relative sorghum using the 
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Sorghum bicolor v3.1 genome (McCormick et al., 2018) from Phytozome v13 

(https://phytozome-next.jgi.doe.gov) were queried using a BLAST search and the 

candidate nucleotide region detected with about 2kb on the located chromosome 

was used for primer design. To obtain the full length of sequence and intron/exon 

junction in M. sinensis accessions, Ghd7 sequence was amplified from both cDNA 

and genomic DNA and subjected to capillary sequencing. As a repetitive sequence 

inserted into the intron, resulting in extreme difficulty in cloning highly repetitive 

DNA into plasmid vectors (Godiska et al., 2009), instability of the structure of DNA 

(Holder et al., 2015). Therefore, genomic Ghd7 sequence in M. sinensis were 

divided into three fragments for amplification and alignment. PCRs was applied in 

amplification of Ghd7 and it contained 30 ng of total genomic DNA as a template 

and LA Taq polymerase (TaKaRa Bio, Shiga, Japan). Cycling conditions were as 

follows: 1 min at 95 °C, 30 cycles of 30 sec at 95 °C, 30 sec at suitable primer 

temperature and at 72 °C for suitable amplified length. PCR products were 

separated on 0.8 % agarose gels by electrophoresis. Targeted fragments were eluted 

from the agarose gel with the NucleoSpin® Gel and PCR Clean-up kit (Macherey-

Nager GmbH & Co. KG, Düren, Germany) and cloned into the pGEM-T Easy 

vector (Promega, Madison, WI, USA) using the TA-Blunt Ligation Kit (Nippon 

Gene Co., Ltd., Toyama, Japan) following the manufacturer's instructions. 

Subsequently, the ligation products were transformed into Escherichia coli JM109 

competent cells for white-blue screening. Bacteria were grown in Luria-Bertani 

(LB) broth or on LB agar supplemented with Ampicillin at 100 mg/ml, Kanamycin 

at 50 mg/ml, chloramphenicol at 25 mg/ml for selecting the positively transformed 

colonies, and plasmids were purified using High Pure Plasmid Isolation Kit (Roche, 
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Sigma-Aldrich, Tokyo, Japan). About 20 plasmid clones of each genotype were 

sequenced in both directions with a BigDye Terminator v3.1 Cycle Sequencing Kit 

(Applied Biosystems, Foster City, CA, USA) via an ABI PRISM 3130 Genetic 

Analyzer (Life Technologies, Carlsbad, USA) according to the manufacturer’s 

instructions. To identify true alleles, quality assessment was conducted and the only 

sequence represented at least three times that also aligned to the physical map were 

retained.  

3.2.3 RNA extraction and diurnal gene expression analysis 

The protocol for RNA extraction and gene expression analysis were described in 

Section 2.2.3 in Chapter 2. The primer sets used for MsiGhd7 expression in two 

subgenomes were 5'-TCAAAGAGACAACCCTGACCGACGA-3' (forward 

primer) and 5'-GGTTACCTTAGCAAAGCGGCCTC-3' (reverse primer) for A 

subgenome, and 5'- TCAAGGAGCCAACCCTGACCGATGG-3' (forward primer) 

and 5'-TCGGTTACCTTGGCAAAGCGGCCTT-3' (reverse primer) for B 

subgenome. The absence of genomic DNA contamination was verified by running 

no-template control qRT-PCR reactions for each sample.  

3.2.4 Data analysis 

The nucleotide sequences were assembled with ATGC v.6 software (GENETYX 

Co., Tokyo, Japan). The data analysis was conducted similarly to Section 2.2.4 in 

Chapter 2. 
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3.3 Results and discussion 

3.3.1 Features of Ghd7 in M. sinensis accessions 

A total of 56 alleles were identified from the 12 wild-collected M. sinensis 

accessions. Three to six different alleles were obtained from each M. sinensis 

accession, indicating that MsiGhd7 consisted of at least three loci in M. sinensis 

genome. Blasting to Miscanthus sinensis v7.1 genome (Mitros et al., 2020), with 

paleo-allotetraploid species’ subgenomes, one locus was located on Chromosome 

11 (A subgenome, Chr.11:1998112..2000968), regarded as MsiGhd7A, and other 

loci were located on Chromosome 12 (Chr.12, B subgenome) (Figure 3.1). In the B 

subgenome, the alleles showed high similarity to two segments on Chr.12, with one 

located ranged from 1952462 to 1953905 and another at the region from 1803910 

to 1804245, as only the partial sequence were available, all MsiGhd7 alleles located 

at the B subgenome were named as MsiGhd7B. Neighbor-Joining (NJ) 

phylogenetic trees revealed a robust separation of clades representing MsiGhd7A 

(22 alleles) and MsiGhd7B (34 alleles) (Figure 3.2). Therefore, MsiGhd7 identified 

by this study in M. sinensis might have been caused by the whole genome 

duplication (MsiGhd7A and MsiGhd7B) and also by local gene duplications 

(multiple MsiGhd7B loci).   

Based on the results of RT-PCR, both MsiGhd7 homoeologs consisting of 

two exons and one intron in the PCR fragment was identified (Figure 3.1), and the 

splicing sites of MsiGhd7 matched to those of sorghum and rice (Xue et al., 2008; 

Murphy et al., 2014). The length of exons and intron in MsiGhd7A ranged from 

2270 to 2398 nucleotides, and MsiGhd7B ranged from 2235 to 2340 nucleotides, 
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which contained a different length of repetitive region varying from 14 base pair 

(bp) to 172 bp (Figure 3.1). Multiple sequence blasting revealed that the nucleotide 

sequences of M. sinensis Ghd7 showed a high similarity to those in other plant 

species, especially for sorghum (Sobic.006G004400.2, 89.5% - 91.2%), maize 

(Zm00001d024909 _T001, 76.2%-77.3%), Panicum hallii (Pahal.7G008400.1, 

75.6%-76.6%), rice (LOC_Os07g15770.1, 62.0%-64.1%). A microsynteny 

assessment of genomic regions adjacent to Ghd7 in rice, sorghum and M. sinensis 

indicated that MsiGhd7 is orthologous to OsGhd7 (Xue et al., 2008) and SbGhd7 

(Murphy et al., 2014) (Figure S3.1).  
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Figure 3.1 The structure of Miscanthus sinensis Ghd7 homoeologous loci, 

MsiGhd7A and MsiGhd7B. Msighd7b allele derived from PMS-164 contains an 

eight-base insertion in the Exon 1, causing a frameshift and a premature stop. Exon 

are showed as boxes, and intron as solid lines. Red boxes indicate CCT domain; 

pale yellow indicates extensive missense.  

MsiGhd7A
(MsA, Chr.11)

MsiGhd7B
(MsB, Chr.12)

Msighd7b
(MsB, Chr.12)

ATG STOP
CCT motif~1.5kb
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Figure 3.2 Phylogenetic tree inferred by neighbor-joining method for nucleotide 

sequences of 52 Ghd7 alleles from 11 accessions of Miscanthus sinensis and four 

alleles from one Miscanthus floridulus accession. The phylogenetic tree was 

divided into two clusters, which were classified as MsiGhd7A and MsiGhd7B, one 

for each of the two subgenomes of M. sinensis.   
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Of 56 MsiGhd7 alleles derived from the 12 wild-collected M. 

sinensis accessions in this study, the ORFs lengths of MsiGhd7A ranged from 732 

to 735 nucleotides, encoding for 243 to 244 amino acid residence, while ORFs of 

MsiGhd7B, consists of 735 to 738 bp translating to from 244 to 245 amino acid 

product. The amino acid sequence similarity of putatively functional MsiGhd7A 

and MsiGhd7B variants ranged from 92.1% to 94.2%. In addition, similar to rice 

and sorghum (Xue et al., 2008; Murphy et al., 2014), MsiGhd7 does not have an 

obvious B-box zinc finger structure and were identified 43 contiguous amino acids 

having significant identity with the CCT domain of Ghd7 protein in the other 

species (Figure 3.1 and 3.3). Phylogenetic tree generated based on the amino acid 

sequence among the closest orthologs of Ghd7 in seven plant species (Figure 3.4) 

is in consistent with the  evolution of Ghd7 in the grasses (Ream et al., 2012; Yang 

et al., 2012; Woods et al., 2016). CCT-domain proteins have been reported to have 

crucial roles in regulating processes such as photoperiodic flowering (Putterill et 

al., 1995; Yano et al., 2000; Turner et al., 2005; Hung et al., 2012; Murphy et al., 

2014; Yang et al., 2014b), vernalization (Yan et al., 2004), circadian rhythms 

(Strayer et al., 2000; Salomé et al., 2006), and light signaling (Kaczorowski and 

Quail, 2003; Murphy et al., 2011). Only one putative loss-of-function allele 

identified in MsiGhd7B, Msighd7b, was found in PMS-164 from Northern China 

and was characterized by an eight-base insertion in the first exon, upstream of the 

CCT domain (Figure 3.1). This mutation resulted in a frameshift and eventual 

premature termination of the protein, lacking CCT domain (Figure 3.1).  
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Figure 3.3 Alignment of MsiGhd7 with its closest orthologs in seven plant species. 

Sorghum bicolor (Sobic.006G004400.2, SbGhd7), Zea mays 

(Zm00001d024909_T001, ZmCCT), Panicum hallii (Pahal.7G008400.1, PhGhd7), 

Oryza sativa (LOC_Os07g15770.1, OsGhd7), Hordeum vulgare 

(HORVU1Hr1G056120.2, HvVRN2), Triticum monococcum (T. 

monococcum_ZCCT1) and Brachypodium distachyon (Bradi3g10010.1, CCT). 

The Ghd7 amino acid sequence in Triticum monococcum was obtained from 

UniProt (https://www.uniprot.org). The M. sinensis Ghd7 amino acid sequence 

used for alignment was derived from Sugadaira. Amino acid residues were colored 
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indicate residues of strongly conserved properties, while residues uncolorful by a 

period indicate residues with more weakly similar properties. The CCT domain 

region is highlighted in red.    
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Figure 3.4 Neighbor-joining tree generated based on the amino acid in the closest 

orthologs of MsiGhd7 among several plant species. Bootstrap values for nodes 

supported in > 50% of 1000 bootstrap replicates are shown. Sorghum bicolor 

(Sobic.006G004400.2, SbGhd7), Zea mays (Zm00001d024909_T001, ZmCCT), 

Panicum hallii (Pahal.7G008400.1, PhGhd7), Oryza sativa (LOC_Os07g15770.1, 

OsGhd7), Hordeum vulgare (HORVU1Hr1G056120.2, HvVRN2) and Triticum 

monococcum (T. monococcum_ZCCT1) and Brachypodium distachyon (Bradi3g- 

10010.1, CCT). The Ghd7 amino acid sequence in T. monococcum was obtained 

from UniProt (https://www.uniprot.org). The Miscanthus sinensis Ghd7 amino acid 

sequence used was derived from Sugadaira.  
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3.3.2 Geographical distribution of Ghd7 protein variants in M. sinensis 

Compared to ORFs of alleles in the Miscanthus sinensis v7.1 genome (Mitros et al., 

2020), 41 non-synonymous single nucleotide variants (nsSNVs), 20 synonymous 

single nucleotide variants (sSNVs) and two 3-bp insertions and one 8-bp insertion 

in ORFs, with some accessions having more than one SNV per allele were observed 

(Tables S3.2). Considering the fact that the nucleotide diversity cannot precisely 

represent the protein diversity owing to synonymous SNVs in ORFs, Ghd7 protein 

variant types were analyzed in the present study (Figure 3.5 and Table S3.2). 

Accounting for nsSNVs, 11 predicted amino acid sequence types of MsiGhd7A and 

21 of MsiGhd7B (33 total) were identified from the 12 M. sinensis accessions 

(Figure 3.5 and Table S3.2). 

In the A subgenome, variant ‘a1’ had a restricted distribution in Japan with 

a latitude ranging from 31.8 °N and 44.9 °N, and in northeastern China but was 

absent from mid and low latitudes in mainland Asia, was the most frequent variant 

(33.3% of accessions), indicated that potentially their contribution to the 

adaptability of a short growing season. Six variants (a3, a4, a5, a6, a9 and a11) with 

3-bp nucleotide insertion in the Exon1, encoding for more one amino acid than 

other types, were absent from Japan. Variants ‘a3’ was widely distributed in 

accessions from south to north in China, with a latitude ranging from 20.9 °S to 

37.3 °N and frequently observed (25 % of accessions). Variants ‘a4’, differing from 

‘a3’ by one amino acid, was found in accessions from Central and Southern China, 

with a latitude < 30 °N, and frequently observed (25 % of accessions).  
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By contrast, as at least two loci existed in the B subgenome, harboring much 

more variants types, some of the MsiGhd7 protein variants were found over a broad 

geographic range, whereas others had restricted patterns of occurrence. Variant ‘b2’ 

had a limited distribution in Northern Japan. ‘b12’ was observed in low latitude in 

Japan as well as from Hainan to Northeastern China, and was the most frequently 

(25% of accessions). In mainland Asia, ‘b9’ and ‘b11’was also broadly distributed 

from low to high latitude but infrequent (16.6% of accessions). ‘b15’ was found in 

central and southeastern China but also infrequent (16.6% of accessions). ‘b20’ had 

a restricted distribution in Hainan island China. The M. floridulus accession (US56-

0022-03) from New Caledonia contains three types, of which ‘b14’ and ‘b19’ were 

found in PMS-306 and PMS-359 from low latitude in China, respectively. The other 

thirteen variants were each observed in only one accession. The only non-functional 

variant type ‘b13’ occurred, resulting from a premature termination in the predicted 

coding region, was found in one Chinese accession PMS-164 from 37.3 °N. Though 

this mutation is rare, it would be worth to elucidate its distribution under population 

groups in future study.  
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Figure 3.5 Geographical distribution of MsiGhd7A and MsiGhd7B predicted 

amino acid sequence variant types in Miscanthus sinensis. Pie charts with one to 

two sections represent the number of detected alleles. ‘a’ or ‘b’ prefix indicates 

putatively functional alleles types based on predicted amino acid sequence variants, 

corresponding to the names in Table S3.2. Different colors in pie charts represent 

different variant types that occurred in more than one accession; variant types that 

were observed only once have a gray background, corresponding to Table S3.2. 

Accessions’ names are colored to represent M. sinensis genetic groups previously 
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described by Clark et al. (2014, 2015); Sugadaira and Miyazaki are changed from 

yellow to black for making the map clear. The map image is taken from Wikimedia 

Commons: https://commons.m.wikimedia.org/wiki/File.   
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3.3.3 Response of Ghd7 homoeologous genes to photoperiod 

The expression of Ghd7 in rice and sorghum have been shown to be responsive to 

light signals and circadian clock (Xue et al., 2008; Murphy et al., 2014). In order 

to gain the insight into the molecular mechanism of MsiGhd7 in response to 

photoperiod in M. sinensis, its expression was measured by qRT-PCR in young 

leaves of twelve M. sinensis accessions under LD and SD. Two MsiGhd7 

homoeologs expressed in all accessions and expression level varied in individuals. 

Notably, mRNA transcript levels of both MsiGhd7 were clearly modulated by 

photoperiod (Figure 3.6). For most accessions, the expression of both 

MsiGhd7 genes was much higher in LD condition than SD, and MsiGhd7 mRNA 

transcript was more abundant during the light period than in the dark period, similar 

to rice (Xue et al., 2008), sorghum (Murphy et al., 2014) and P. hallii (Weng et al., 

2019). In rice, OsGhd7 showed a single peak of clock-gated expression in the 

morning of LD (Xue et al., 2008; Itoh et al., 2010). However, in M. sinensis, the 

expression of Ghd7 showed a frequent peak at the early morning (ZT3) for most 

accessions, and the Ghd7 mRNA abundance for some accessions had two peaks at 

3h and 15h after initial light exposure in the morning (Figure 3.6), similar to 

SbGhd7 (Murphy et al., 2014) and P. hallii (Weng et al., 2019). However, in the 

sugarcane (Glassop and Rae, 2019), a perennial plant, which displayed an obvious 

peak and a smaller peak for sugarcane Ghd7, but not significantly. Dual peaks of 

VRN2 (the ortholog of Ghd7) also observed in wheat (Shaw et al., 2020), the second 

peak was also in the light and dark transition, whereas, the first peak (at ZT8) was 

later than that in M. sinensis, sorghum and P. hallii.   
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By contrast, in SD, these peaks in expression were almost diminished for 

most accessions, and the new obvious peak at ZT9 in MsiGhd7B of PMS-306 and 

PMS-359, which flowered both LD and SD conditions. In M. sinensis, sorghum, P. 

hallii, rice and wheat (data are not available in sugarcane), there is no second peak 

when the plants are grown under photoperiod inductive conditions. These 

conserved expression patterns suggested that the Ghd7 regulation pathway also 

existed in M. sinensis, and furthermore, this dual peak of Ghd7 tends to potentially 

modify the flowering regulation model versus rice. Obviously, the underlying 

mechanisms should be further investigated.   
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Figure 3.6 Diurnal expression of MsiGhd7 in 12 Miscanthus sinensis genotypes 

under long days (15 h, LD; solid black lines) and short days (12.5 h, SD; red dashed 

line). (a) MsiGhd7A and (b) MsiGhd7B. The y-axis represents relative mRNA levels 

normalized to ACTIN transcript levels. The numbers below the x-axis indicate 
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Zeitgeber times (ZT) of the day. The white bar at the bottom of each graph indicates 

the light period and the black bar indicates the dark period. Mean ± 1SE for three 

replications are given for each data point. Asterisks indicate significant difference 

between the two means under LD and SD at the same ZT of the day (Student’s t-

test, *P < 0.05, **P < 0.01, ***P < 0.001). No asterisk indicates the difference 

between the two means is not statistically significant (P > 0.05). Accessions’ names 

are colored to represent M. sinensis genetic groups previously described by Clark 

et al. (2014, 2015); Sugadaira and Miyazaki are changed from yellow to black for 

making it clear.  
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Supplementary materials for Chapter 3: 

Supplementary Table S3.1: Primer sequences used for Ghd7 homoeologous loci 

amplification and sequencing in Miscanthus sinensis. 

Supplementary Table S3.2: A summary of polymorphic sites in MsiGhd7A 

protein from 12 Miscanthus sinensis. 

Supplementary Table S3.3: A summary of polymorphic sites in MsiGhd7B 

protein from 12 Miscanthus sinensis. 

Supplementary Figure S3.1: Chromosome organization of near Ghd7 gene 

regions (100 kbp) from Oryza sativa, Sorghum bicolor and Miscanthus sinensis. 
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Table S3.1 Primer sequences used for Ghd7 homoeologous loci amplification and 

sequencing in Miscanthus sinensis 

Segment Amplification Primer Sequence 
 (5' ® 3') 

Primer sequences for sequencing 
(5' ® 3') 

Segment 1 
Amplification 
(Across Exon1) 
[F1R1(573bp); 
F2R2(577bp)] 

F1: CACACAGCAGACCTCTCAAGATC    
R1: GAACGTGAAGCAACTGAAGGCA 
F2:  CACACCTCCACACAGCAG 
R2: GGTCTAGTCTAGAATAAAAGGCAG 

>For all segments 
CTCACTATAGGGCGAATTGG 
GGTGCACTATAGAATACTCTAAGC 

Segment 2 
Amplification 
(Across Exon2) 
[F3R3(492bp); 
F4R3(967bp); 
F5R4(615bp); 
F5R5(615bp); 
F6R6(615bp)] 
 

F3: CACAACCTCTTTCTGGCCCATT 
F4: TTCCATGCATATGTCCAACTGG 
F5: CGCTACCAAGGCAATATCTGATGTT 
F6: GAGGACTGAGAGATATTAACAAG 
R3: TATAGCAGTCGGCAATTGAGAGAC 
R4: GTCAAATTAACCAGTGCCCAATATC 
R5: CAACTTTTGGGGTTACTGTTTG 
R6: GTAGTCAAATTAACCAGTGCC 

>For all segments 
CTCACTATAGGGCGAATTGG 
GGTGCACTATAGAATACTCTAAGC 
>F6R6 segment 
GCAGGCACTCCAGATTTGTATGGT 
 

Segment 3 
Amplification 
(Across Intron) 
[F7R7(2068bp); 
F8R8(1568bp)] 

F7: TGCACGAGTTCCAGTTCTTTGGC 
F8: 
CTCACCTTTGAGGTGGACGCCAGGCT 
R7: CAACGTTGTCTGCTGTGGCGGAGC 
R8: AATGGGCCAGAAAGAGGTTGTG 

>For all segments 
CTCACTATAGGGCGAATTGG 
GGTGCACTATAGAATACTCTAAGC 
>F7R7 segment 
AAGTACTCCTAGTAGGGAGCATGG 
TGCCTTCAGTTGCTTCACGTTC 
GCAGGCACTCCAGATTTGTATGGT 
CCAGTTGGACATATGCATGGAA 
CTTGTTAATATCTCTCAGTCCTCG 
>F8R8 segment 
GAGGACTGAGAGATATTAACAAG 
GGATGGTCAGGGCTCATGTT 
ACCATACAAATCTGGAGTGCCTGC 

F: forward primer; R: reverse primer 
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Table S3.2 A summary of polymorphic sites in MsiGhd7A protein from 12 Miscanthus sinensis 

Note: SNVs: single nucleotide variants. Cells with light blue represent SNVs aligned with MsiGhd7A (Misin11G003800.2) in Miscanthus sinensis v7.1 genome (Mitros et al., 2020). SNVs 
located in the domain were highlighted in the red. The ‘a’ prefix with numbers in the right column were the protein types. Cells with different colors in the right column represent different 
variant types that occurred in more than one accession; variant types that were observed only once have a gray background, corresponding to Figure 3.5. 
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PMS-359-MsiGhd7AFunc2 G T C G A C CGG C A G G C C A A C G T G G C G C a4
PMS-375-MsiGhd7AFunc1 G T C G A C CGG C G G G C C A T T G C A G C G C a4
PMS-375-MsiGhd7AFunc2 G T C G A C — C G G G C C A T T G C A G C G C a4
PMS-382-MsiGhd7AFunc1 G T C G A C CGG C G G G C C A T C G T G G C G C a9
PMS-382-MsiGhd7Func2 G T C G A C CGG C G G G C C A T C A T G G C G C a10
US56-0022-03-MsiGhd7Func1 G T C T C C CGG C G C A C C A T C C T G G C G C a11

Protein 
Types 
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Table S3.3 A summary of polymorphic sites in MsiGhd7B protein from 12 Miscanthus sinensis 

 

Note: SNVs: single nucleotide variants. Cells with light blue represent SNVs aligned with MsiGhd7B (two segments) in Miscanthus sinensis v7.1 genome 
(Mitros et al., 2020). SNVs located in the domain were highlighted in the red. The ‘b’ prefix with numbers in the right column were the protein types. 
Cells with different colors in the right column represent different variant types that occurred in more than one accession; variant types that were observed 
only once have a gray background, corresponding to Figure 3.5.
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Teshio-MsiGhd7BFunc5 A C C C T C C G G G — G G C C G C C G T C G G G C A G A A C A G — T G C A G C C T G b3

Sugadaira-MsiGhd7BFunc3 A C C C T C C G G G — G G C C G C C G T C G G G C A G A A C G G — T G C A G C C T G b4

Sugadaira-MsiGhd7BFunc4 A C C C T C C G G G — G G G C G C C G T C G G C C A G A A C G G — T G C A G C C T G b5

Sugadaira-MsiGhd7BFunc5 A C C C T C C G G G — G G C C G C C G T C G G G C A G T A C A G — T G C A G C C T A b2

Sugadaira-MsiGhd7BFunc6 A C C C T C C G G G — A G G C G C C G T C G G G C A G A A C G G — T G C G G C C T G b6
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PMS-306-MsiGhd7BFunc3 G C C C C C C A C G — G G G C A A C G T C G G C C A G T A C G G — T G C A G C C T G b14

PMS-306-MsiGhd7BFunc4 G C C C C C C G C G — A G G C G C C G T C G G C C A G T A C G G — T G C A G C C T G b15

PMS-306-MsiGhd7BFunc5 G C C C C C C A C G — G G G C A A C G T C G G C C G G T A C G G — T G C A G T C T G b14

PMS-226-MsiGhd7BFunc3 G C T T C C C G C G — G G G C G C C G T C G G C C A G T A C G G — T G C A G C A T G b9

PMS-226-MsiGhd7BFunc4 G C C C C C C G C G — A G G C G C C G T C G G C C A G T A C G G — T G C A G C A T G b16

Onna-1a-MsiGhd7BFunc3 G C C C C C C G C G — G G G C G C C G T C G G C C A G T A C G G — T G C A G C C T G b12
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PMS-359-MsiGhd7BFunc4 G C C C C C C G C G — A G G C G C C G T C G G C C A A T A C G G — T G C A G C C T G b19

PMS-375-MsiGhd7BFunc3 G C T T C C C G C G — A G G C G C C G T C G G C C A G T A C G G — T G C A G C C T G b11

PMS-375-MsiGhd7BFunc4 G C C C C C T G C G — G G G C G C C G T C G G C C A G T A A G G — T A C A G C C T G b20

PMS-375-MsiGhd7BFunc5 G T C C C C C G C G — G G G T G C C G T C G G C C A G T A A G G — T A C A G C C T G b20

PMS-382-MsiGhd7BFunc3 G C C C C C C G C G — G G G C G C C G T C G G C C A G T A C G G — T G C A G C C T G b12

PMS-382-MsiGhd7BFunc4 G C C C C C C G C G — A G G C G C C G T C G G C C A G T A C G G — T G C A G C C G G b15

PMS-382-MsiGhd7BFunc5 G C C C C C C G C G — G G G C G C C G T C G G C C A G T A A G G — T A C A G C C T G b20

US56-0022-03-MsiGhd7BFunc3 G C C C C C C A C G — G G G C G A C C C C G G C C A G T A C G G — T G C A G C C T G b14

US56-0022-03-MsiGhd7BFunc4 G C C C C C C G C G — A G G C G C C G T C G G C C A A T C C G G — T G C A G C C T G b19

US56-0022-03-MsiGhd7BFunc5 G C C C C C C G C G

—

G G C C G C C G T C G G C A A G T A C G G 3bp T G C A G C C T G b21
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Figure S3.1 Chromosome organization near Ghd7 gene regions (100 kbp) from 

Oryza sativa, Sorghum bicolor and Miscanthus sinensis. Only high-scoring 

sequence pairs (HSPs) between adjacent regions are drew in the red boxes. The 

dashed line in the middle of each region represents the division between the top (5′ 

on left) and the bottom (5′ on right) strand. The full gene models are drawn as gray 

arrows directly above or below this line. Colinear genes or highly similar fragments 

within the aligned region are connected by red lines. ‘a’ and ‘b, c’ represent the 

colinear gene and highly similar fragments, respectively, among O. sativa 

(LOC_Os07g15770), S. bicolor (Sobic.006G004400) and M. sinensis including 

MsiGhd7A (Misin11G003800, a; MsA) and MsiGhd7B (Chr.12: 1952462..1953905, 

b; Chr. 12: 1803910..1804245, c; MsB).  
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Chapter 4  

Diurnal expression patterns of several flowering-related genes 

associated with photoperiod perception 

4.1 Introduction 

The consistent increase and decrease in the level of gene expression or protein over 

a cycle of 24 h, known as a biological rhythm, can be controlled by endogenous 

(internal biological circadian clock) or exogenous (external) stimuli (Webb, 2003; 

McWatters and Devlin, 2011). Endogenous rhythms that cycle over a period of time 

close to 24 h are also called circadian rhythms. One of the most common exogenous 

rhythms is the synchronization to the length of day and night, known as a diurnal 

rhythm; a key diagnostic is that these rhythms cease to persist when exposed to 

constant light or dark conditions (Schaffer et al., 2001; Webb, 2003; Yeang, 2015). 

Although many gene expression profiles correlate with the day/night 24-h cycle, 

not all genes are directly affected by light and/or dark periods but are actually 

responding to fluctuations in photosynthate compounds or other internal rhythms. 

In the latest research, Dong et al. (2021) showed that relatively short days could 

accelerate floral induction of M. sinensis, but under a critical threshold, especially 

for genotypes adapted to high latitudes, otherwise it will remain its vegetative 

growth phase. Until now, only CO/Hd1 in M. sinensis were investigated for 

sequence diversity (Nagano et al., 2015), whereas, the gene expression pattern of 

MsiHd1 is still not be identified.  
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In Chapters 2 and 3, the allelic diversity and gene expression patterns of 

Ghd8 and Ghd7 in twelve M. sinensis accessions were characterized, showing the 

photoperiodic perception. Given that the complex genetic basis of flowering 

regulation in M. sinensis, which may be controlled by multiple pathways, it would 

be worthwhile to investigate the difference in the expression throughout the main 

photoperiodic pathway and the relationship between these expression profiles and 

flowering time among M. sinensis accessions. In rice, the mRNA transcript level of 

Ghd7 is regulated by Ghd8 through the GHD8-HAP5b-HD1 complex (Wang et al., 

2019a). In other words, gene products of GHD8, HAP5b, and HD1 form a complex 

that acts as a transcription factor to bind to the specific CCAAT-box region in the 

Ghd7 promoter and upregulate expression of Ghd7, which subsequently 

downregulates Ehd1 and Hd3a (probably RFT1), the rice orthologs of FT that has 

the florigenic activity, and then lengthens the time to flower. The FT proteins are 

the members of PEBPs family, of which, two PEBP-family genes in sorghum, 

SbCN8 and SbCN12 are the colinear orthologs of maize ZCN8 and ZCN12, which 

possess florigen activity (Meng et al., 2011; Murphy et al., 2011, 2014; Castelletti 

et al., 2020). An additional PEBP-family gene CN15, the ortholog of rice Hd3a, is 

present in sorghum and also mediated by PhyB to regulate flowering time of 

sorghum (Yang et al., 2014a). Collectively, SbCN8, SbCN12 and SbCN15 are 

regulated by SbCO and SbEhd1 (Murphy et al., 2014; Yang et al., 2014b; Abdul-

Awal et al., 2020).  

In light of this, in this chapter, five flowering genes (Hd1, Ehd1, CN8, CN12 

and CN15) correlated with Ghd7 and Ghd8 in this pathway were selected for qRT-

PCR in 24 h light-dark cycle under artificial LD and SD, since the heading date of 
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twelve M. sinensis accessions could not be interpreted by these two major genes. 

The objective is to investigate whether the differentiation of their expression 

patterns exist in individuals from different regions. Furthermore, does this 

flowering regulation pathway conserved in M. sinensis? Do downstream genes have 

similar function relative to the rice and sorghum in response to the photoperiod?  

4.2 Materials and methods 

4.2.1 Plant materials and growth conditions 

Twelve M. sinensis were studied and subjected to day length treatment experiments 

as mentioned in Section 2.2.1 in Chapter 2. 

4.2.2 RNA extraction and cDNA synthesis 

Leaves were sampled from fully expanded healthy leaves at ZT 3, 9, 15 and 21h in 

the growth chamber under LD and SD. The protocol for total RNA extraction and 

gene expression analysis were described in Section 2.2.3 in Chapter 2. 

4.2.3 Candidate genes 

Five M. sinensis genes homologous to sorghum genes, which were identified in 

association with photoperiod perception and floral induction in sorghum from 

previously published reports (Murphy et al., 2011, 2014; Yang et al., 2014a,b; 

Casto et al., 2019), were selected as the candidate genes for gene expression 

analysis in the present study (Table S4.1). Gene locus ID of interest associated with 

Ghd8 and Ghd7 included: CO/Hd1, Ehd1, CN8, CN12 and CN15, see Table S4.1 

for M. sinensis and orthologs of rice, sorghum and maize. The housekeeping gene 
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used to normalize the qRT-PCR was ACTIN (Misin17G008500). Primers for 

ACTIN, Ehd1 and CO/Hd1, were designed based on the obtained sequence in the 

present lab with published or unpublished data, other genes’ primers were designed 

according to the annotated database of Miscanthus sinensis v7.1 (Mitros et al., 2020) 

and Sorghum bicolor v3.1 (McCormick et al., 2018) in Phytozome v13 

(https://phytozome-next.jgi.doe.gov). All selected primers followed the criteria 

with (i) a high PCR efficiency and (ii) the solo product that confirmed by the 

melting-curve analysis of qRT-PCR and gel electrophoresis. Primer sequences for 

all genes were listed in Table S4.2. 

4.2.4 Gene expression analysis 

The transcript levels for candidate genes were determined by qRT-PCR. The PCR 

reactions (20 μL) contained 4.6 μL of the cDNA synthesis reaction mixture diluted 

to 1/15 th of its original volume, 5 μL of 1.2 μM primer premix, 0.4 μL ROX 

Reference Dye (50 ×) and 10 μL of TB Green® Premix Ex Taq™ II (Tli RNaseH 

Plus) (TaKaRa Bio, Shiga, Japan). Expression levels were determined on a 

StepOnePlus™ Real‐Time PCR System (Applied Biosystems, Foster City, CA, 

USA) with cycling conditions of 95°C for 5 min, followed by 40 cycles of 95 °C 

for 10 sec, 60 °C for 20 sec and 72 °C for 30 sec. Values were normalized to ACTIN. 

A reaction mixture without reverse transcriptase was used as a control to confirm 

the absence of genomic DNA contamination. Also, the controls without template 

showed no amplification for the results to be accepted (Nolan et al., 2006). 

Amplification of a single DNA fragment was confirmed by melting-curve analysis 
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of qRT-PCR and 2 % NuSieve™ 3:1 Agarose (FMC BioProducts, Rockland, Maine, 

USA) gel electrophoresis.  

4.2.4 Data analysis 

The double delta threshold cycle (Ct) method was used to process qRT-PCR results 

(Bookout and Mangelsdorf, 2003; Nolan et al., 2006). Averages and standard errors 

of relative expression levels were calculated for three independently synthesized 

cDNAs. Relative changes in mean ± standard error of the mean (SE) gene 

expression was analyzed in Microsoft Excel (Microsoft Office 2019, Microsoft Inc., 

Seattle, WA, USA) and then exported to GraphPad Prism 9 software (GraphPad 

Software, San Diego, CA, USA) for visualization. Statistical tests for differences 

among means were conducted by Student’s t-test or analyses of variances 

(ANOVAs) using GraphPad Prism 9 software (GraphPad Software, San Diego, CA, 

USA).  

4.3 Results and discussion 

4.3.1 MsiGHD8-HD1 complex activate the transcription of MsiGhd7 under 

long days 

To investigate the possibility that rice GHD8-HD1 complex regulates Ghd7 model 

in M. sinensis, Hd1/CO mRNA transcript abundance was analyzed. Hd1/CO is the 

central regulator for the flowering pathway in Arabidopsis, rice and sorghum (Yano 

et al., 2000; Yang et al., 2014b; Shim et al., 2017), and was also identified in M. 

sinensis (Nagano et al., 2015). As opposite to CO that promotes A. thaliana 

flowering under LD (Putterill et al., 1995) and may represses flowering in SD 
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(Luccioni et al., 2019), Hd1 performs dual functions on the rice flowering that 

promotes heading under SD and inhibits under LD (Yano et al., 2000; Izawa et al., 

2002). In M. sinensis, Hd1/CO expressed in both LD and SD photoperiods (Figure 

4.1), in accordance with that of in rice and sorghum (Yano et al., 2000; Izawa et al., 

2002; Yang et al., 2014b). The relative expression of MsiHd1/CO increased from 

the afternoon and peaked after the onset of the dark period (ZT15 or ZT21), and 

then decreased to almost no detectable expression even 3h after the beginning of 

the light period under both daylengths (Figure 4.1). In A. thaliana, a similar increase 

in CO expression in the evening is observed due to the interaction between GI and 

blue light-activated FKF1 (Sawa et al., 2007), which were also identified in rice 

(Izawa et al., 2011) and sorghum (Yang et al., 2014b; Abdul-Awal et al., 2020). At 

ZT15, no significant difference of MsiHd1/CO mRNA transcripts were observed 

between LD and SD in four Japanese accessions (Teshio, Sugadaira, Miyazaki and 

Onna-1a), one M. floridulus (US56-0022-03) from New Caledonia, and three 

Chinese accessions (PMS-164, PMS-306 and PMS-226). By contrast, MsiHd1/CO 

in SD expressed significantly higher than in LD at the peak of ZT15 among three 

accessions (PMS-359, PMS-375 and PMS-382) from Southeastern China with 

latitude varied from 18.9 °N to 22.9 °N and one accession (PMS-436) from high 

latitude in the Northeastern China. 

In Chapter 2, MsiGhd8 expression patterns were observed, though frequent 

peak was at ZT9 or ZT15, it still expressed at night period (Figures 2.4 and 4.2).  

Under this condition, there is an opportunity that Ghd8 and Hd1 could form the 

complex to recognize the CCAAT-box element and/or CORE motif of the Ghd7 

promoter and then activate MsiGhd7 expression. In Chapter 3, the mRNA transcript 
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level of MsiGhd7 was frequently peaked in the morning at ZT3 (Figures 3.6 and 

4.2). Besides, the CCAAT-box was detected in Ghd7 promoter from reference 

genome of Miscanthus sinensis v7.1 (Mitros et al., 2020). Considering the above 

facts, the results of gene expression profile models supported the hypothesis in 

present study, to some extent, the Ghd8-Hd1 complex that activates with Ghd7 

model might also be conserved in M. sinensis. Further studies are needed to confirm 

this likely molecular interaction by biochemistry analysis in M. sinensis.  
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Figure 4.1 Diurnal expression of MsiHd1 in 12 Miscanthus sinensis accessions 

under long days (15 h, LD; solid black lines) and short days (12.5 h, SD; red dashed 

line). The y-axis represents relative mRNA levels normalized to ACTIN transcript 

levels. The numbers below the x-axis indicate Zeitgeber times (ZT) of the day. The 

white bar at the bottom of each graph indicates the light period and the black bar 

indicates the dark period. Mean ± 1SE for three replications are given for each data 

point. Asterisks indicate significant difference between the two means under LD 

and SD at the same ZT of the day (Student’s t-test, * P < 0.05, ** P < 0.01, *** P 

< 0.001). No asterisk indicates the difference between the two means is not 

statistically significant (P > 0.05). Accessions’ names are colored to represent M. 

sinensis genetic groups previously described by Clark et al. (2014, 2015); 

Sugadaira and Miyazaki are changed from yellow to black for making it clear. 
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Figure 4.2 Expression patterns of MsiGhd8, MsiHd1 and MsiGhd7 under long days 

(15h, LD). The x‐axis indicates Zeitgeber times (ZT) of the day and y-axis 

represents relative mRNA levels normalized to ACTIN transcript levels. The white 

and black bar at the bottom of each graph indicate the light and dark period, 

respectively. Accessions’ names are colored to represent Miscanthus 

sinensis genetic groups previously described by Clark et al. (2014, 2015); 

Sugadaira and Miyazaki are changed from yellow to black for making it clear. 
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Figure 4.2 Expression patterns of MsiGhd8, MsiHd1 and MsiGhd7 under long days 

(15h, LD). The x‐axis indicates Zeitgeber times (ZT) of the day and y-axis 

represents relative mRNA levels normalized to ACTIN transcript levels. The white 

and black bar at the bottom of each graph indicate the light and dark period, 

respectively. Accessions’ names are colored to represent Miscanthus 

sinensis genetic groups previously described by Clark et al. (2014, 2015); 

Sugadaira and Miyazaki are changed from yellow to black for making it clear. 
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4.3.2 Ehd1 expression is influenced by multiple genes 

Ghd7 performs as one of the upstream genes of Ehd1 to repress Ehd1 expression in 

rice (Xue et al., 2008; Itoh et al., 2010) and sorghum (Murphy et al., 2014; Yang 

et al., 2014a) under LD condition. Ehd1, encoding a B-type response regulator 

transcription factor, is unique to the grasses that has been shown to promote 

flowering in rice and sorghum (Doi et al., 2004; Murphy et al., 2011), and also be 

found in M. sinensis genome (Table S4.1). To examine whether MsiGhd7 regulated 

the expression of Ehd1 in M. sinensis, MsiEhd1 expression patterns in leaves of 

twelve accessions grown in LD and SD were quantified and compared (Figure 4.3). 

Except for PMS-226, which showed a relative high mRNA transcript level of 

MsiEhd1 in LD compared to SD, the expression of MsiEhd1 in LD for the other 

eleven accessions were greatly repressed relative to SD (Figure 4.3). Whereas, 

MsiGhd7A and MsiGhd7B for all twelve accessions had a much greater extent in 

LD than that in SD, and the transcript level of MsiGhd7 increased especially in the 

early morning under LD condition (Figure 4.3). These conserved expression 

patterns suggested that the Ghd7‐Ehd1 regulation model also existed in M. sinensis. 

In LD, MsiGhd7 played a role in inhibiting MsiEhd1 expression, corresponding 

with rice (Xue et al., 2008) and sorghum (Murphy et al., 2014). In SD, the 

expression of MsiEhd1 was induced in the dark period under SD condition (Figure 

4.3), showing the similar expression pattern to MsiHd1/CO (Figure 4.1), consistent 

with sorghum Ehd1 that upregulated by SbCO (Yang et al., 2014b; Abdul-Awal et 

al., 2020).
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Figure 4.3 Diurnal expression of MsiGhd7A, MsiGhd7B and MsiEhd1 in 12 Miscanthus sinensis accessions under long days (15h, LD, solid line) or short days 

(12.5h, SD, red dashed line) conditions. The y-axis represents relative mRNA levels normalized to ACTIN transcript levels. The numbers below the x‐axis indicate 

Zeitgeber times (ZT) of the day. The white bar at the bottom of each graph indicates the light period and the black bar indicates the dark period. Mean ± 1SE for 

three replications are given for each data point. Asterisks indicate significant difference between the two means under LD and SD at the same ZT of the day 

(Student’s t-test, *P < 0.05, ** P < 0.01, *** P < 0.001). No asterisk indicates the difference between the two means is not statistically significant (P > 0.05). 

Accessions’ names are colored to represent M. sinensis genetic groups previously described by Clark et al. (2014, 2015); Sugadaira and Miyazaki are changed 

from yellow to black for making it clear. (Continued) 
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Figure 4.3 Diurnal expression of MsiGhd7A, MsiGhd7B and MsiEhd1 in 12 Miscanthus sinensis accessions under long days (15h, LD, solid line) or short days 

(12.5h, SD, red dashed line) conditions. The y-axis represents relative mRNA levels normalized to ACTIN transcript levels. The numbers below the x‐axis indicate 

Zeitgeber times (ZT) of the day. The white bar at the bottom of each graph indicates the light period and the black bar indicates the dark period. Mean ± 1SE for 

three replications are given for each data point. Asterisks indicate significant difference between the two means under LD and SD at the same ZT of the day 

(Student’s t-test, *P < 0.05, ** P < 0.01, *** P < 0.001). No asterisk indicates the difference between the two means is not statistically significant (P > 0.05). 

Accessions’ names are colored to represent M. sinensis genetic groups previously described by Clark et al. (2014, 2015); Sugadaira and Miyazaki are changed 

from yellow to black for making it clear.     
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4.3.3 Ehd1 induces the expression of downstream florigens 

The metabolite responsible for signaling changes that control and/or trigger 

flowering has generally been called florigen. The florigen has been identified as the 

product of FT, whereby transcripts produced in the leaves are transported to the 

meristem, and the translated protein affects the transition from shoot apical 

meristem to floral meristem in conjunction with other proteins (Tamaki et al., 2007; 

Danilevskaya et al., 2008; Wolabu et al., 2016). In rice, Ehd1 directly up-regulates 

two florigens: Hd3a and RFT1 (Doi et al., 2004). However, the RFT1 ortholog has 

not been detected in M. sinensis and sorghum genome. Moreover, similar to 

sorghum, M. sinensis possessed a set of FT-like genes, which shared high sequence 

similarity with ZCN sets in maize. One of these, ZCN8, was determined to be the 

candidate for florigen in maize because of its transcriptional response to 

photoperiod and its effects on the flowering time in the temperate maize (Meng et 

al., 2011; Castelletti et al., 2020). In Figure 4.4, Teshio originated from the highest 

latitude showed no difference in MsiCN8 expression in response to day length, 

indicated that MsiCN8 might be controlled by other unknown genes or mutation 

occurred in Teshio MsiCN8. Apart from Teshio, almost no detectable MsiCN8 

mRNA transcripts for other eleven accessions were observed in LD, similar to 

sorghum and maize CN8 (Meng et al., 2011; Murphy et al., 2011, 2014; Castelletti 

et al., 2020).  
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Figure 4.4 Diurnal expression of MsiCN8 in 12 Miscanthus sinensis accessions 

under long days (15 h, LD; solid black lines) and short days (12.5 h, SD; red dashed 

line). The y-axis represents relative mRNA levels normalized to ACTIN transcript 

levels. The numbers below the x-axis indicate Zeitgeber times (ZT) of the day. The 

white bar at the bottom of each graph indicates the light period and the black bar 

indicates the dark period. Mean ± 1SE for three replications are given for each data 

point. Asterisks indicate significant difference between the two means under LD 

and SD at the same ZT of the day (Student’s t-test, * P < 0.05, ** P < 0.01, *** P 

< 0.001). No asterisk indicates the difference between the two means is not 

statistically significant (P > 0.05). Accessions’ names are colored to represent M. 

sinensis genetic groups previously described by Clark et al. (2014, 2015); 

Sugadaira and Miyazaki are changed from yellow to black for making it clear. 
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In maize, a second candidate for florigen was identified as ZCN12, a 

regulator of maize flowering, and co-expressed with ZCN8 (Meng et al., 2011; 

Castelletti et al., 2020). In sorghum, CN12 was expressed in response to SD prior 

to floral initiation, and with the pattern similar to it seen for SbCN8. By contrast, in 

M. sinensis, unlike MsiCN8, not all accessions had a significant differential 

expression level of MsiCN12 between LD and SD (Figure 4.5). Expressions of 

MsiCN12 for two accessions (PMS-226 and US56-0022-03) displayed a relatively 

higher in LD than that in SD, and almost similar for another two accessions (Onna-

1a and PMS-375) under both LD and SD.  
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Figure 4.5 Diurnal expression of MsiCN12 in 12 Miscanthus sinensis accessions 

under long days (15 h, LD; solid black lines) and short days (12.5 h, SD; red dashed 

line). The y-axis represents relative mRNA levels normalized to ACTIN transcript 

levels. The numbers below the x-axis indicate Zeitgeber times (ZT) of the day. The 

white bar at the bottom of each graph indicates the light period and the black bar 

indicates the dark period. Mean ± 1SE for three replications are given for each data 

point. Asterisks indicate significant difference between the two means under LD 

and SD at the same ZT of the day (Student’s t-test, * P < 0.05, ** P < 0.01, *** P 

< 0.001). No asterisk indicates the difference between the two means is not 

statistically significant (P > 0.05). Accessions’ names are colored to represent M. 

sinensis genetic groups previously described by Clark et al. (2014, 2015); 

Sugadaira and Miyazaki are changed from yellow to black for making it clear.  
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In rice, Hd3a is a major florigen signal in SD (Itoh et al., 2010). ZCN15 and 

SbCN15, the orthologs of rice Hd3a, were found in maize and rice, respectively. 

However, in maize, ZCN15 expressed predominantly in kernels and not in leaves, 

ruling out its potential as maize florigen (Danilevskaya et al., 2008). In sorghum, 

SbCN15 was suggested as a minor target of photoperiod regulation because of a 

small extent by variation in photoperiod (Murphy et al., 2011, 2014). In M. sinensis, 

MsiCN15 expressed at a lower level relative to MsiCN8 and MsiCN12, similar to 

sorghum (Murphy et al., 2011, 2014), especially seven accessions originated from 

the latitude below 30 °N (Figure 4.6). Yang et al. (2014b) pointed out that SbCN15 

might also be responsible for early flowering induced by shading or GA pathway. 

Whether this potential function exists in M. sinensis, further study is needed.  



 90 

Figure 4.6 Diurnal expression of MsiCN15 in 12 Miscanthus sinensis accessions 

under long days (15 h, LD; solid black lines) and short days (12.5 h, SD; red dashed 

line). The y-axis represents relative mRNA levels normalized to ACTIN transcript 

levels. The numbers below the x-axis indicate Zeitgeber times (ZT) of the day. The 

white bar at the bottom of each graph indicates the light period and the black bar 

indicates the dark period. Mean ± 1SE for three replications are given for each data 

point. Asterisks indicate significant difference between the two means under LD 

and SD at the same ZT of the day (Student’s t-test, * P < 0.05, ** P < 0.01, *** P 

< 0.001). No asterisk indicates the difference between the two means is not 

statistically significant (P > 0.05). Accessions’ names are colored to represent M. 

sinensis genetic groups previously described by Clark et al. (2014, 2015); 

Sugadaira and Miyazaki are changed from yellow to black for making it clear.  
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In Figure 4.7, for all accessions, when the expression of MsiEhd1 showed a 

relatively high expression, at least one FT expressed at a high transcriptional level. 

Additionally, when MsiEhd1 mRNA transcript level was lower, all the FTs 

displayed low expressions (PMS-375, PMS-382, US56-0022-03). A higher 

expression of MsiEhd1 in LD relative to SD was observed in PMS-226 (Figure 4.3), 

and the expression of MsiCN12 in this accession also showed a higher level in LD. 

Taken together, regardless of day length, Ehd1 could induce the expression of these 

three FTs (CN8, CN12 and CN15) in M. sinensis. As florigen that exists in all 

species acts as a floral integrator, transducing input from multiple pathways into 

one signal that acts in the meristem. Therefore, it is likely that MsiCN8, MsiCN12, 

MsiCN15 are transcriptionally regulated by MsiEhd1 dependent pathway but also 

by other pathways.  



 92 

Figure 4.7 Expression levels of MsiEhd1, MsiCN8, MsiCN12 and MsiCN15 under 

long days (LD, dark bar chart) and short days (SD, grey bar chart) at Zeitgeber 

times (ZT) 3 and 21 of the day. The x‐axis indicates accessions’ name and y-axis 

represents relative mRNA levels normalized to ACTIN transcript levels. The white 

and black bar at the bottom of each graph indicate the light and dark period, 

respectively. Mean ± 1SE for three replications are given for each data point.  

Te
sh
io

Su
ga
da
ira

Mi
ya
za
ki

PM
S-
43
6

PM
S-
16
4

PM
S-
30
6

PM
S-
22
6

On
na
-1a

PM
S-
35
9

PM
S-
37
5

PM
S-
38
2

US
56
-00
22
-03

0.000

0.002

0.004

0.006

Te
sh
io

Su
ga
da
ira

Mi
ya
za
ki

PM
S-
43
6

PM
S-
16
4

PM
S-
30
6

PM
S-
22
6

On
na
-1a

PM
S-
35
9

PM
S-
37
5

PM
S-
38
2

US
56
-00
22
-03

0.000

0.008

0.1
0.2
0.3
0.4

Te
sh
io

Su
ga
da
ira

Mi
ya
za
ki

PM
S-
43
6

PM
S-
16
4

PM
S-
30
6

PM
S-
22
6

On
na
-1a

PM
S-
35
9

PM
S-
37
5

PM
S-
38
2

US
56
-00
22
-03

0.000

0.002
0.004

0.006

0.008

Te
sh
io

Su
ga
da
ira

Mi
ya
za
ki

PM
S-
43
6

PM
S-
16
4

PM
S-
30
6

PM
S-
22
6

On
na
-1a

PM
S-
35
9

PM
S-
37
5

PM
S-
38
2

US
56
-00
22
-03

0.000

0.002

0.004

0.006

Te
sh
io

Su
ga
da
ira

Mi
ya
za
ki

PM
S-
43
6

PM
S-
16
4

PM
S-
30
6

PM
S-
22
6

On
na
-1a

PM
S-
35
9

PM
S-
37
5

PM
S-
38
2

US
56
-00
22
-03

0.000

0.002

0.004

0.006

0.008

0.010

Te
sh
io

Su
ga
da
ira

Mi
ya
za
ki

PM
S-
43
6

PM
S-
16
4

PM
S-
30
6

PM
S-
22
6

On
na
-1a

PM
S-
35
9

PM
S-
37
5

PM
S-
38
2

US
56
-00
22
-03

0.00

0.05
0.1

0.2

0.3

0.4

Te
sh
io

Su
ga
da
ira

Mi
ya
za
ki

PM
S-
43
6

PM
S-
16
4

PM
S-
30
6

PM
S-
22
6

On
na
-1a

PM
S-
35
9

PM
S-
37
5

PM
S-
38
2

US
56
-00
22
-03

0.00

0.05

0.1
0.2
0.3
0.4

Te
sh
io

Su
ga
da
ira

Mi
ya
za
ki

PM
S-
43
6

PM
S-
16
4

PM
S-
30
6

PM
S-
22
6

On
na
-1a

PM
S-
35
9

PM
S-
37
5

PM
S-
38
2

US
56
-00
22
-03

0.00

0.01

0.02

0.04

0.08

0.12

Te
sh
io

Su
ga
da
ira

Mi
ya
za
ki

PM
S-
43
6

PM
S-
16
4

PM
S-
30
6

PM
S-
22
6

On
na
-1a

PM
S-
35
9

PM
S-
37
5

PM
S-
38
2

US
56
-00
22
-03

0.000

0.001

0.002

0.004

0.006

Te
sh
io

Su
ga
da
ira

Mi
ya
za
ki

PM
S-
43
6

PM
S-
16
4

PM
S-
30
6

PM
S-
22
6

On
na
-1a

PM
S-
35
9

PM
S-
37
5

PM
S-
38
2

US
56
-00
22
-03

0.00

0.01
0.10

0.15

0.20

Te
sh
io

Su
ga
da
ira

Mi
ya
za
ki

PM
S-
43
6

PM
S-
16
4

PM
S-
30
6

PM
S-
22
6

On
na
-1a

PM
S-
35
9

PM
S-
37
5

PM
S-
38
2

US
56
-00
22
-03

0.000

0.001

0.002

0.003

0.004

Te
sh
io

Su
ga
da
ira

Mi
ya
za
ki

PM
S-
43
6

PM
S-
16
4

PM
S-
30
6

PM
S-
22
6

On
na
-1a

PM
S-
35
9

PM
S-
37
5

PM
S-
38
2

US
56
-00
22
-03

0.000

0.001

0.002

0.003

0.004

Te
sh
io

Su
ga
da
ira

Mi
ya
za
ki

PM
S-
43
6

PM
S-
16
4

PM
S-
30
6

PM
S-
22
6

On
na
-1a

PM
S-
35
9

PM
S-
37
5

PM
S-
38
2

US
56
-00
22
-03

0.000

0.001

0.01

0.02

Te
sh
io

Su
ga
da
ira

Mi
ya
za
ki

PM
S-
43
6

PM
S-
16
4

PM
S-
30
6

PM
S-
22
6

On
na
-1a

PM
S-
35
9

PM
S-
37
5

PM
S-
38

US
56
-00
22
-03

0.00

0.08
0.1
0.2
0.3
0.4
0.5
0.6

Te
sh
io

Su
ga
da
ira

Mi
ya
za
ki

PM
S-
43
6

PM
S-
16
4

PM
S-
30
6

PM
S-
22
6

On
na
-1a

PM
S-
35
9

PM
S-
37
5

PM
S-
38
2

US
56
-00
22
-03

0.000

0.001

0.1

0.2

0.3

Te
sh
io

Su
ga
da
ira

Mi
ya
za
ki

PM
S-
43
6

PM
S-
16
4

PM
S-
30
6

PM
S-
22
6

On
na
-1a

PM
S-
35
9

PM
S-
37
5

PM
S-
38
2

US
56
-00
22
-03

0.00

0.02

0.04

0.06

0.08

0.10

ZT3 ZT21
LD SD LD SD

M
si
Eh
d1

M
si
C
N
8

M
si
C
N
12

M
si
C
N
15



 93 

4.3.4 FTs activation under short days 

Under SD condition, rice Hd1/CO could bind to the promoter region of Hd3a (and 

possibly also to that of RFT1) through Ghd8-OsHAP5-Hd1 or Hd1-OsHAL3 

complex for activating the expression of Hd3a (possibly RFT1) (Xue et al., 2008; 

Su et al., 2016; Wang et al., 2019a). Therefore, the gene expression patterns of 

Ghd8, Hd1 and FTs in M. sinensis under SD condition were compared. The 

expressions of MsiGhd8 were observed at night period (ZT15 and ZT21) in SD 

(Figures 2.4 and 4.8). And the mRNA transcript of MsiHd1/CO was also abundant 

in night period (ZT15 or ZT21) (Figures 4.1 and 4.8). In this case, there is a 

probability that Ghd8 and Hd1 form a complex to induce FTs (CN8, CN12 and 

CN15) expressions in M. sinensis. Though three FTs expression patterns in SD 

varied among twelve accessions (Figures 4.4, 4.5, 4.6 and 4.8), the relative higher 

expressions of at least one FT were observed at morning ZT3 or ZT21 for some 

accessions, suggesting the potential ability that Ghd8-Hd1 complex activated FTs 

expressions in M. sinensis. While, this interaction in M. sinensis will require further 

verification. In sorghum, Hd1/CO also induced SbCN8 and SbCN12 to promote 

flowering under SD (Yang et al., 2014b). In the dark period of SD, FTs also 

expressed in ZT15 for most accessions, suggesting it might be induced by MsiHd1, 

showed in M. sinensis showed the peaks in the Considering the above facts, the 

results of gene expression profile models in present study provide possible 

regulation models that FTs might be activated by Hd1 or Ghd8-Hd1 complex in M. 

sinensis accessions under SD condition. Competition or cooperation of regulation 

models may occur; however, it should be verified in further experiments.  
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Figure 4.8 Expression patterns of MsiGhd8B, MsiHd1, MsiCN8, MsiCN12, 

MsiCN15 under short days (12.5h, SD). The x‐axis indicates Zeitgeber times (ZT) 

of the day and y-axis represents relative mRNA levels normalized to ACTIN 

transcript levels. The white and black bar at the bottom of each graph indicate the 

light and dark period, respectively. Accessions’ names are colored to 

represent Miscanthus sinensis genetic groups previously described by Clark et al. 

(2014, 2015); Sugadaira and Miyazaki are changed from yellow to black for making 

it clear. (Continued) 
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Figure 4.8 Expression patterns of MsiGhd8B, MsiHd1, MsiCN8, MsiCN12, 

MsiCN15 under short days (12.5h, SD). The x‐axis indicates Zeitgeber times (ZT) 

of the day and y-axis represents relative mRNA levels normalized to ACTIN 

transcript levels. The white and black bar at the bottom of each graph indicate the 

light and dark period, respectively. Accessions’ names are colored to 

represent Miscanthus sinensis genetic groups previously described by Clark et al. 

(2014, 2015); Sugadaira and Miyazaki are changed from yellow to black for making 

it clear.   
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4.3.5 The relationship between florigens and flowering time in M. sinensis 

The critical signal for the transition to flowering was the formation of FTs, which 

were regulated by multiple upstream genes (Fornara et al., 2010), therefore, the 

relationship between FTs expressions and days to first flower in response to the 

photoperiod was evaluated in M. sinensis (Figure 4.9). Four M. sinensis accessions 

(Miyazaki, PMS-306, PMS-226 and PMS-359) had a relative higher expression of 

MsiCN8 under SD condition, and some of them also showed a higher mRNA 

transcript level of MsiCN12 or MsiCN15 in SD, consistent with their earlier 

flowering in SD relative to LD (Figure 4.9). Three accessions (PMS-375, PMS-382 

and US56-0022-03) originated from the tropics could flower in SD, later than other 

entries (Figure 4.11), but displayed relatively higher expression of three FTs 

compared to that when they grew in LD (Figure 4.9). These results indicated that 

these florigens promote flowering in M. sinensis. Interestingly, when plants grown 

under LD condition, significant differences in expressions of MsiCN8, MsiCN12 

and MsiCN15 were observed in Teshio and Onna-1a. Teshio (44.9 °N) and Onna-

1a (26.5 °N) exhibited opposite flowering time for earliest flowering (66 days) and 

late flowering (274 days), respectively, as expected, Teshio showed significantly 

higher expression of three FTs relative to Onna-1a, especially MsiCN8 and 

MsiCN12 (Figure 4.9). Three accessions (PMS-375, PMS-382 and US56-0022-03) 

originated from the tropics (23.5 °S to 23.5 °N) failed to flower in LD, and 

presented similar lower transcript levels of MsiCN8, MsiCN12 and MsiCN15 

compared to other entries (Figure 4.10). These results indicated that FTs were 

positively associate with days to first flower in M. sinensis.  
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Under SD, five M. sinensis genotypes (Teshio, Sugadaira, PMS-436, PMS-

164, Onna-1a) were unable to flower, all but Onna-1a had a high expression level 

of MsiCN8, MsiCN12 and MsiCN15, opposite with flowering date (Figures 4.9 and 

4.11). While these four accessions originated from high latitudes (≥ 36 °N), Dong 

et al. (2021) reported that SD was also a signal for M. sinensis from high latitude 

to induce a short-internode dormancy response, which is an adaptation to protect 

apical meristems from damaging low temperatures during winter in high latitudes, 

and this dormancy response was epistatic to flowering. Similar dormancy responses 

to SD have been found in several quantitative SD, perennial, C4 grasses, including 

M. sacchariflorus (Jensen et al., 2013), switchgrass (Castro et al., 2011) and big 

bluestem (McMillan, 1959). Besides, DNA methylation is an epigenetic 

modification and important to many biological processes in plants (Zhang et al., 

2018). Saad et al. (2019) found photoperiod could induce genotype-specific shift 

in DNA methylation in Tartary buckwheat by genome-wide DNA methylation 

analysis. Therefore, day length might affect changes of DNA methylation or some 

unknown substance for the above four accessions. In general, MsiCN8, MsiCN12 

and MsiCN15 were correlated to flowering date of M. sinensis for most accessions 

and could promote flowering. Given that the expression profile of MsiCN8, 

MsiCN12 and MsiCN15 was diverse among each accession, it might because the 

studied materials are wild collections and the genetic background is complex.



 98 

Figure 4.9 Days to first flower, and expression of MsiCN8, MsiCN12 and MsiCN15 in 12 Miscanthus sinensis accessions under long days (LD) and short days 
(SD). Break bar box represents non-flowering under LD or SD. The x‐axis indicates Zeitgeber times (ZT) of the day and y-axis represents relative mRNA levels 
normalized to ACTIN transcript levels. Mean ± 1SE for three replications are given for each data point. Asterisks indicate significant difference between the two 
means under LD and SD at the same ZT of the day (Student’s t-test, * P < 0.05, ** P < 0.01, *** P < 0.001). No asterisk indicates the difference between the 
two means is not statistically significant (P > 0.05). Accessions’ names are colored to represent M. sinensis genetic groups previously described by Clark et al. 
(2014, 2015); Sugadaira and Miyazaki are changed from yellow to black for making it clear. (Continued) 
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Figure 4.9 Days to first flower, and expression of MsiCN8, MsiCN12 and MsiCN15 in 12 Miscanthus sinensis accessions under long days (LD) and short days 
(SD). Break bar box represents non-flowering under LD or SD. The x‐axis indicates Zeitgeber times (ZT) of the day and y-axis represents relative mRNA levels 
normalized to ACTIN transcript levels. Mean ± 1SE for three replications are given for each data point. Asterisks indicate significant difference between the two 
means under LD and SD at the same ZT of the day (Student’s t-test, * P < 0.05, ** P < 0.01, *** P < 0.001). No asterisk indicates the difference between the 
two means is not statistically significant (P > 0.05). Accessions’ names are colored to represent M. sinensis genetic groups previously described by Clark et al. 
(2014, 2015); Sugadaira and Miyazaki are changed from yellow to black for making it clear.   
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Figure 4.10 Comparison between days to first flower and expression profiles of MsiCN8, MsiCN12 and MsiCN15 in 12 Miscanthus sinensis 
accessions at Zeitgeber times (ZT) of the day under long days (LD). Break bar box represents non-flowering under LD. The y-axis represents 
relative mRNA levels normalized to ACTIN transcript levels.  Mean ± 1SE for three replications are given for each data point. 
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Figure 4.11 Comparison between days to first flower and expression profiles of MsiCN8, MsiCN12 and MsiCN15 in 12 Miscanthus sinensis 
accessions at Zeitgeber times (ZT) of the day under short days (SD). Break bar box represents non-flowering under SD. The y-axis represents 
relative mRNA levels normalized to ACTIN transcript levels. Mean ± 1SE for three replications are given for each data point.
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In conclusion, generally, for most accessions, the expression patterns of 

candidate flowering genes were consistent with rice and sorghum. Through 

comparisons one by one, the flowering pathway Ghd8/Hd1-Ghd7-Ehd1-

CN8/CN12/CN15 might exist in some accessions of M. sinensis under LD condition. 

Some accessions failed to flower in SD, indicating more complicated regulation 

model of M. sinensis in SD. Under SD condition, the flowering regulation model 

Ghd8/Hd1-Ehd1-CN8/CN12/CN15 might occur in some M. sinensis accessions, 

and CN8/CN12/CN15 might also be induced by Hd1 directly for partial accessions.  

Though protein-protein interaction hasn’t been confirmed yet, the gene expression 

profile of the present research provided available functional information to support 

the roles of these genes, and will underpin future work on the control of flowering 

in M. sinensis by guiding experiments on responses to induction and modification 

of critical genes.  
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Supplementary materials for Chapter 4: 

Supplementary Table S4.1: Seven main flowering time genes Miscanthus sinensis 

identified in Sorghum bicolor, Oryza sativa and Zea mays. 

Supplementary Table S4.2: List of primers for quantitative real time (qRT)-PCR 

used in the present study.
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Table S4.1 Seven main flowering time genes Miscanthus sinensis identified in Sorghum bicolor, Oryza sativa and Zea mays 

Gene Locus ID in  
Miscanthus 
sinensis* 

Location Locus ID in  
Sorghum 
bicolor 

Location Locus ID 
Gene in 
Oryza sativa 

Location Locus ID 
Gene in Zea 
mays 

Location 

Ghd8/Hd5/
DHT8 

Misin13G040800/
Misin07G127500 

Chr13: 10535222..10536050/ 
Chr07: 26826120..26827213  

Sobic.007G0
59500 
 

Chr07: 
6219129.. 
6220244  

LOC_Os08g0
7740 
 

Chr8: 
4333716.. 
4335434 

Zm00001d04
9485 
 

Chr04: 31972820.. 
31973600 
 

Ghd7/Hd4/ 
CCT 

Misin11G003800/n
ot assembled on 
Chr12 in MsB 
subgenome 

Chr11: 1998112..2000968/ 
Chr12: 
1953905.. 1952462; 
1804245.. 1803910; 
scaffold01511 (HSPs) 

Sobic.006G0
04400 
 

Chr06: 697458.. 
700101  

LOC_Os07g1
5770 
 

Chr07: 
9152401.. 
9155185  

Zm00001d02
4909 
 

Chr10: 94430849.. 
94433495 
 

Hd1/CO Misin18G123200/
Misin19G121300 

Chr18: 32024942..32026959/ 
Chr19: 31343989..31346736  
 

Sobic.010G1
15800 

Chr10: 
12353900.. 
12355900 

LOC_Os06g1
6370 
 

Chr06: 
9336358.. 
9338643 

Zm00001d04
5735 

Chr09: 36009334.. 
36013889 
 

Ehd1 Misin01G211100/ 
Misin02G206700 

Chr01: 47390154..47397173/ 
Chr02: 48487164..48488408 

Sobic.001G2
27900 

Chr01: 
21860029.. 
21867056 

LOC_Os06g0
8440  
 

Chr06: 
4137247.. 
4142663 

Zm00001d03
2784 
 

Chr01: 
238041003..23804
3016 

CN8/ 
FTL10 
 

Misin17G201500/
Misin16G202300 

Chr17: 71278774..71280708/ 
Chr16: 69633845..69636144 

Sobic.009G1
99900 

Chr09: 
54961461.. 
54963786 

LOC_Os05g4
4180 
 

Chr05: 
25667454.. 
25669369 

Zm00001d01
0752 
 

Chr08: 
126880530..12688
2389 

CN12/ 
FTL9 

Not assembled on 
Chr05 in MsA 
subgenome/ 
Misin06G261800 

Chr06: 90956954..90958833 Sobic.003G2
95300 
 

Chr03: 
62747945.. 
62749919 

LOC_Os01g5
4490 
 

Chr01: 
31343363.. 
31345522 

Zm00001d04
3461 

Chr03: 
200703154..20070
4705 
 

CN15/FTL
3/Hd3a 

Misin18G047800/ 
Misin19G047400 

Chr18: 10052573..10055909/ 
Chr19: 10788531..10791755 

Sobic.010G0
45100 

Chr10: 
3499964.. 
3502278 

LOC_Os06g0
6300 

Chr06: 
2926822.. 
2928474 

Zm00001d03
6242 
 

Chr06: 79177906.. 
79179890 
 

*Gene Locus IDs in Miscanthus sinensis, Sorghum bicolor, Oryza sativa and Zea mays are from Phytozome v13 (https://phytozome-

next.jgi.doe.gov). Some homoeologous loci in M. sinensis subgenome are still not assembled, only the location of high-scoring sequencing 

pairs (HSPs) is showed through the sequence blast.  
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Table S4.2 List of primers for quantitative real time (qRT)-PCR used in the present study 

Gene name Forward primers (5' ® 3') Reverse primers (5 ' ®  3') Amplified products 

(bp) 

MsiGhd7A TCAAAGAGACAACCCTGACCGACGA GGTTACCTTAGCAAAGCGGCCTC 194 

MsiGhd7B TCAAGGAGCCAACCCTGACCGATGG TCGGTTACCTTGGCAAAGCGGCCTT 196 

MsiGhd8A CTCAACCGCTACCGCGAGGTC  TCATCCGCCGCGCCATCT 89 

MsiGhd8B ACGTCGGGCTCATGATGGGAGCA ATACGACTTCCGTGCTGCCGT 95 

Hd1/CO ATCAGCCTCTTCTCGTCAGGT TGCTTCTGCATATGTCTTCCTC 156 

Ehd1 GCTCAACACCTCGATCAGGTTTC GTATATCTGTGACCGTCCCGTTAG 151 

CN8 GTGTCAACTTTGGCCAAGAGCTAG CGATCCACCTTCCCTTTGACAGTT 133 

CN12 CACCGCATGGTATTTGTGCTGTTC GAAATATGTGGCAGCCACAATG 132 

CN15 CAGAACTTCAACACCAGGGACTT TCACGCTGGCAGTTGAAGTAGAC 83 

Actin AGGGCTGTTTTCCCTAGCATCGT GGGTACTTGAGCGTGAGAATACCTC 128 
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Chapter 5  

General discussion 

The optimization of flowering time is likely to improve biomass quantity and 

quality and therefore is an important factor in the domestication of Miscanthus into 

a bioenergy grass crop. Controlling flowering will facilitate the hybridization of 

genotypes from diverse geographical locations, but also assist the intergeneric 

crosses, such as Miscanthus and Saccharum. Synchronizing flowering time will 

also be crucial for the development of a seed-propagated crop. M. sinensis is 

identified as a warm-season grass, typically facultative SD plant (Dong et al., 2021). 

The major genes of the pathways that contribute to floral induction in A. thaliana 

and rice are well known (Fornara et al., 2010; Kim, 2020; Wei et al., 2020). Studies 

in A. thaliana, rice, maize, sorghum and other grasses have provided a framework 

by which to compare Miscanthus flowering genes. As a potential bioenergy crop, it 

is important to determine how M. sinensis commits itself to the reproductive phase 

in order to optimize breeding efforts and obtain high biomass accumulation, as well 

as provide more information about flowering in facultative SD perennial plants. 

5.1 Homoeologous loci of Ghd8 and Ghd7 at each M. sinensis’ subgenome  

The results of the current study demonstrate that Ghd8 and Ghd7 are present in M. 

sinensis, and likely contribute to a regulatory function for flowering time in this 

species in a similar manner to that in rice. Firstly, collinearity analysis revealed that 

two homoeologous Ghd8 loci (Misin13G040800 and Misin07G127500) (Figure 

2.1), one each in the two M. sinensis subgenomes (MsA and MsB), corresponding 
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to the same genomic region on rice Chr.08 (LOC_Os08g07740) and sorghum 

Chr.07 (Sobic.007g059500) (Figure S2.1 and Table S2.5), which was consistent 

with the known paleo-duplications (rice Chr.08- sorghum Chr.07, sorghum Chr.07- 

Miscanthus Chr.13 and Chr.07) from the ancestral grass chromosomal groups 

(Salse et al., 2009; Dong et al., 2018; Mitros et al., 2020). Similar to MsiGhd8, 

Ghd7 homoeologous loci were identified in M. sinensis, with one on each of this 

paleo-allotetraploid species’ subgenomes (Figure 3.1). As multiple alleles were 

detected from MsiGhd7B in the B subgenome, and the complete sequence of 

MsiGhd7B has not yet been assembled in the database of Miscanthus sinensis v13 

(Mitros et al., 2020), it indicated that small-scale gene duplications might occur the 

B subgenome during the evolution. Small-scale gene duplications have been 

confirmed for complementary functions for whole genome duplication, and 

provides robust mutations as a selective advantage for adapting to a large range of 

environments (Fares et al., 2013; Glover et al., 2015). 

Additionally, at each of the two homoeologous Ghd8 loci in M. sinensis, 

each accession in this study had at least one putatively functional full-length allelic 

copy containing a highly conserved HAP3/NF-YB DNA-binding domain that is 

required for the transcription factor function of Ghd8 in rice (Wei et al., 2010) and 

A. thaliana (Kumimoto et al., 2008), and MsiGhd8 may have a conserved function 

to regulate flowering time. Moreover, the two homoeologous Ghd8 loci in M. 

sinensis expressed under LD and SD conditions, but a significant differentiation of 

mRNA transcript level was observed with higher expression of MsiGhd8B for each 

accession (Figures 2.4 and 2.5), which was consistent with a previously observation 

with ~10% more pairs of genes having higher expression in the M. sinensis B 
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subgenome (Mitros et al., 2020). MsiGhd7 homoeologous loci contained the 

conserved CCT protein domain, which have been reported to have crucial roles in 

regulating processes such as photoperiodic flowering (Putterill et al., 1995; Yano 

et al., 2000; Turner et al., 2005; Hung et al., 2012; Murphy et al., 2014; Yang et 

al., 2014b), vernalization (Yan et al., 2004), circadian rhythms (Strayer et al., 2000; 

Salomé et al., 2006), and light signaling (Kaczorowski and Quail, 2003; Murphy et 

al., 2011), indicating conservative function on the flowering regulation in M. 

sinensis. Furthermore, expression of MsiGhd7 largely decreased (Figure 3.6) in SD, 

in similar to rice, sorghum and other  grasses (Xue et al., 2008; Murphy et al., 2014; 

Glassop and Rae, 2019; Weng et al., 2019).  

5.2 Allele and amino acid sequence diversity of MsiGhd8 and MsiGhd7  

Allelic variation in genes for flowering time is a major driver of environmental 

adaptability. Considering that the nucleotide diversity in the coding region cannot 

precisely represent the protein diversity owing to SNVs in exons, allelic and 

deduced protein sequence diversity were analyzed for Ghd8 and Ghd7 in the present 

study. Accounting for nsSNVs, several alleles and predicted amino acid sequence 

variants of MsiGhd8 and MsiGhd7 showed a geographic and latitudinal distribution 

(Figures 2.3, S2.3 and 3.5). Though no high frequency of non-functional alleles was 

been observed among studied accessions, four nsSNVs identified in the HAP3/NF-

YB domain of MsiGhd8 from five accessions (Tables S2.1 and S2.2) may have an 

important effect on protein stability and function. One putative non-function allele 

identified in MsiGhd7B was found in PMS-164 from Northern China and was 

characterized by an eight-base insertion in the first exon, resulting in a frameshift 
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and eventual premature termination of the protein, totally lacking CCT domain 

(Figure 3.1). Mutations in the SD plant rice and sorghum flowering genes were 

critical for adaptability in LD ecosystems during early human migration or trade, 

and production of grain and energy hybrid crops (Rooney et al., 2007; Xue et al., 

2008; Murphy et al., 2014; Klein et al., 2015; Zhang et al., 2015). In rice, Ghd8 

with 19 bp deletion causing a loss‐of‐function, has been selected and used widely 

for breeding early heading varieties in Hokkaido, the northernmost region of Japan 

and one of the northern limits of rice cultivation in the world (Fujino et al., 2013). 

Recently, a novel non-functional Ghd7 allele, resulting from 12 bp insertion in the 

upstream from the transcription start site, was distinctly distributed in rice varieties 

from Northern Japan (Fujino and Yamanouchi, 2020) but not be detected in the 

cultivated rice from other regions (Xue et al., 2008; Lu et al., 2012). As the sample 

size of the present studies was limited, allelic variants of heading date genes were 

identified in the unique accession, but this mutation might also contribute to 

domestication and expansion of M. sinensis growing region. Further research is 

needed to quantify the effects of individual putative functional MsiGhd8 and 

MsiGhd7 alleles with nsSNVs and/or sSNVs, and nonfunctional MsiGhd7B alleles 

on flowering time in response to day length in a large Miscanthus population. These 

studies can evaluate segregating populations derived from controlled biparental 

crosses, or be achieved by gene editing. The current study provides information on 

which alleles are present in different accessions that can be used to conduct genetics 

studies of segregating biparental populations. Additionally, the sequence data 

obtained by the current study for many different natural MsiGhd8 and MsiGhd7 
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alleles can be used to plan gene-editing studies in Miscanthus, rice or other species 

to dissect function while controlling for genetic background. 

5.3 Flowering regulation model in M. sinensis 

The flowering is controlled by a complex genetic regulatory network rather than 

one gene. In A. thaliana, HAP3b subunits can directly interact with Hd1/CO 

through its CCT-domain, forming CCAAT-binding CBF-complexes that bind to 

FT promoters and activate its transcription to promote flowering in LD (Ben-Naim 

et al., 2006; Wenkel et al., 2006; Lv et al., 2021). Recent studies revealed the 

interaction among Ghd7, Ghd8 and Hd1 in rice (Wang et al., 2019a; Zong et al., 

2021). The grass-specific gene Ghd7 is upregulated by a Ghd8-OsHAP5b-Hd1 

complex in LD, enabling Ghd7 to suppress Ehd1 and delay flowering (Li et al., 

2015; Zhang et al., 2015, 2019; Nemoto et al., 2016; Du et al., 2017; Liu et al., 

2020; Zong et al., 2021). The current study of gene expression pattern suggested 

that MsiGhd8 might interact with MsiHd1/CO to form the complex and then 

activated the transcription of MsiGhd7 as described in rice (Wang et al., 2019a; 

Zong et al., 2021). Moreover, expression profiles of five candidate flowering genes 

(Hd1, Ehd1, CN8, CN12 and CN15) in M. sinensis were evaluated (Figures 4.1, 4.3 

to 4.6) and revealed high similarity to the observation in rice and sorghum (Tamaki 

et al., 2007; Xue et al., 2008; Murphy et al., 2014; Yang et al., 2014b). Under LD 

condition, gene expression patterns of most accessions proposed the possibility that 

Ghd8-Hd1 complex activated Ghd7 expression (Figure 4.2), subsequently largely 

inhibited Ehd1 and then downregulated CN8/CN12/CN15 expression, and delayed 

flowering in M. sinensis (Figures 4.3, 4.4 and 5.1). In SD condition, the expression 
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of Ghd7 dramatically decreased (Figures 3.6 and 4.3). The latest studies showed 

that Hd1 might form a complex with NF-YB/YC to recognize the core elements of 

Hd3a/FT promoter (Goretti et al., 2017; Lv et al., 2021). In sorghum, Hd1/CO also 

could induce the expression of SbEhd1 and SbCN8 and SbCN12 (Yang et al., 

2014b). Both MsiGhd8 and MsiHd1 expressed under LD and SD, raising a 

possibility that FTs were regulated by Hd1 directly or Ghd8-Hd1 complex in SD 

(Figures 4.8 and 5.1). Generally, present results on the mRNA transcript level 

suggested that these main flowering genetic regulatory models in rice are likely 

existed in M. sinensis, further studies on the interaction between the genes (protein-

DNA and protein-protein) are needed to verify possible models and fully elucidate 

the flowering regulatory network in M. sinensis. 
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Long days (LD) Short days (SD) 

Figure 5.1 Simplified model of flowering-time regulation in Miscanthus sinensis 

under long days (LD) and short days (SD). In LD, the heterotrimer GHD8-

OsHAP5b-HD1 complex targets the CORE motif of the Ghd7 promoter to activate 

its expression, leading to suppression of Ehd1 and downregulation of CN8, CN12 

and CN15 expression thereby inhibit flowering. In SD, the GHD8-OsHAP5b-HD1 

complex may directly bind to the promoter of FTs (CN8, CN12 and CN15) to floral 

induction. Hd1 may activates expression of FTs (CN8, CN12 and CN15). Solid 

black lines indicate the transcriptional activation/ repression based on the present 

research. Genes’ names and dashed arrow or lines colored grey indicates it has not 

been decided in M. sinensis.  

EHD1

CN8 CN12CN15

PHYB, PHYC

GHD8-HAP5b-HD1
(complex binds to CORE

motifs of promoter)

Vegetative Floral

Figure 5.1 Simplified model of flowering-time regulation in 
Miscanthus sinensis 

GHD7
Other genes

Short days

HD1
EHD1

CN8 CN12CN15

PHYB, PHYC

GHD8-HAP5b-HD1
(complex binds to CORE

motifs of promoter)

Vegetative Floral

Figure 5.1 Simplified model of flowering-time regulation in 
Miscanthus sinensis 

GHD7 Other genes

Long days
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In addition, under SD condition, many M. sinensis accessions from high 

latitude could not flower, the mechanism should be addressed. One explanation is 

that SD is a signal for dormancy response, which was epistatic to flowering. Dong 

et al. (2021) observed that relatively short days could accelerate floral induction of 

M. sinensis, but below a critical threshold, especially for genotypes adapted to high 

latitudes, SD can signal that plants should prepare for winter, and importantly this 

response is epistatic to flowering. Similar dormancy responses to SD have been 

found in several quantitative SD, perennial, C4 grasses, including M. sacchariflorus 

(Jensen et al., 2013), switchgrass (Castro et al., 2011) and big bluestem (McMillan, 

1959). Furthermore, day length might affect accumulation of DNA methylation for 

these accessions originated from high latitude. The feature that photoperiod could 

induce genotype-specific shift in DNA methylation was identified in Tartary 

buckwheat (Saad et al., 2019). The other possible explanation is that some 

flowering genes’ interactions unidentified in M. sinensis help counteract severely 

delayed flowering that arose by Ghd8, Ghd7 and Hd1.  

In summary, the current study identified the Ghd8 and Ghd7 homoeologous 

loci in M. sinensis, with at least one on each of this paleo-allotetraploid species’ 

subgenomes. At least two MsiGhd7B loci were identified in the B subgenome.  The 

small-scale duplication may occur in the B subgenome. Gene expression analysis 

provides a better understanding of how Ghd8, Ghd7 and up- and downstream genes 

regulate flowering time response to photoperiod in M. sinensis. Possible flowering 

regulation pathway in M. sinensis were raised (Figure 5.1). The present study adds 

functional information to elucidate the potential roles of these genes in regulating 

flowering time and will make a foundation for future work on the control of 
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flowering in Miscanthus. Predicting the flowering time of a given genotype in a 

given environment would allow breeders to select promising varieties from a very 

early stage, allowing for much more rapid improvement of Miscanthus traits, which 

is beneficial for energy security and sustainability. 

5.4 Future directions 

The genetic control of photoperiod-induced flowering has been well documented 

in other species like A. thaliana, rice and sorghum, illustrating the high degree of 

conservation within this pathway and providing an excellent starting place for 

elucidating the Miscanthus flowering pathway. Due to the interaction among Ghd8, 

Hd1 and Ghd7, it would be worthwhile to investigate this function on the protein 

level in M. sinensis through biochemistry assay. Furthermore, recent studies found 

that Ghd7 protein stability and function were affected by phytochromes and rice GI 

(Zheng et al., 2019), and genetic linkage maps in M. sinensis revealed two 

flowering time QTLs (Gifford et al., 2015; Dong et al., 2018) that corresponded to 

SbPhyB (Yang et al., 2014a) and PhyC, respectively, characterization of these 

genes would be valuable to complement networks on the flowering regulation of M. 

sinensis. 

M. sinensis is considered as a quantitative SD plant (Dong et al., 2021), and 

flowering time in M. sinensis were also affected by multiple factors, including 

degree days, temperature, photoperiod and precipitation (Jensen et al., 2011). The 

questions are raised whether the impact that degree days or dormancy signal, in 

conjunction with photoperiod, may have effects on regulating flowering time in M. 

sinensis, and whether the expression of Ghd8, Ghd7 or other flowering genes might 
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be modified by these factors, resulting in the differentiation of flowering time? 

Moreover, the genus Miscanthus reveals great photosynthetic efficiency, high 

biomass yield capacity, low input demands and good tolerance of diverse climate. 

Except for the control of heading date and morphogenesis in rice, Ghd7 and Ghd8 

also involved in response to abiotic stress (Du et al., 2018; Wang et al., 2019b; 

Alam et al., 2020). Abiotic stresses also affect the transcription of florigen genes 

Hd3a and RFT1 (Cho et al., 2017). However, the integration of responses to abiotic 

stresses and heading date has not been yet analyzed in Miscanthus. The elucidation 

of the intricate mechanism of heading date control in the presence of abiotic stresses, 

especially salinity and seasonal drought stress, would significantly benefit 

Miscanthus molecular design breeding in the future.  
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