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ABSTRACT 

Light is one of the most effective environment factors that regulate plant growth 

and development. Different light sources have their own effects on seedlings. 

Shade-avoidance syndrome (SAS) is the phenotype that occurs at low red to far-red 

ratio, which will reduce the yield of crops. Although it has been noticed that 

jasmonates are involved in SAS, the molecular regulation between jasmonates and 

SAS are still unknown. LONG HYPOCOTYL IN FAR-RED 1 (HFR1) is known as a 

negative regulator of SAS, and FAR-RED INSENSITIVE 219 (FIN219) is reported to 

be a positive regulator in JA signaling. Both HFR1 and FIN219 participate in phyA 

signaling and they are required for SAS. Besides, COP1 has been reported to interact 

with FIN219 and HFR1, respectively. It is interesting to find the relationship between 

HFR1 and FIN219, and their regulation during SAS and jasmonate (JA) signaling. 

Here, we found that fin219hfr1 double mutant is insensitive to JA and has even longer 

hypocotyl phenotype than single mutants in shading treatment. Gene expression 

analyzer indicated that HFR1 also participates in JA signaling and positively regulates 

FIN219 expression, whereas FIN219 participates in SAS signaling and negatively 

regulates HFR1 expression. Protein expression studies showed the same regulatory 

patterns of FIN219 and HFR1. Moreover, co-immunoprecipitation studies indicated 

that FIN219 and HFR1 did not physically interact with each other, which implies that 

other regulators may be involved in this regulation mechanism. Taken together, our 

data indicate that FIN219 and HFR1 play vital roles in regulating seedling 

development in response to JA and shading conditions. 
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中文摘要 

在植物的生長與發育過程中，光扮演著重要的調控角色，而不同波長的光有

著不同的影響。在紅光遠比遠紅光低的情況之下，植物會處在類似遮蔭的環境下

而產生下胚軸與節間徒長的性狀，如此的表現型被稱為避蔭效應 (Shade 

avoidance syndrome)。近來已經有許多植物荷爾蒙被發現參與在避蔭效應的調控，

而在阿拉伯芥中茉莉酸也被證實會參與其中，但是避蔭效應與茉莉酸之間的交互

作用與詳細的訊息傳遞機制卻仍然未知。LONG HYPOCOTYL IN FAR-RED 1 

(HFR1)已被發現在避蔭效應的訊息調控中扮演著負調控者的角色，而 FAR-RED 

INSENSITIVE 219 (FIN219) 則在茉莉酸訊息調控中具有正調控者的功能。HFR1

和 FIN219都已被證實參與 phyA和避蔭效應的訊息調控之中，並且也分別被證實

會與 COP1 進行交互作用；為瞭解它們在避蔭效應與茉莉酸訊息傳遞中的調控關

係，我們觀察了雙突變株 fin219hfr1 幼苗，發現其對於茉莉酸的添加具有更不敏

感的表現型，但是在低紅光/遠紅光比例下則有更顯著的長下胚軸表現型。在基因

表現上顯示 HFR1會參與在茉莉酸的訊息傳遞之中，並且會正調控 FIN219的表

現，而 FIN219則會參與在避蔭效應的訊息調控中並負調控 HFR1 的表現。在蛋

白質表現上，則可以發現 HFR1會正調控 FIN219而 FIN219會負調控 HFR1的表

現，這和基因的表現趨勢相同。在共免疫沉澱檢驗中發現 FIN219 和 HFR1不會

有直接的交互作用，因此推測可能還有其他調控者參與在此調控機制之中。綜合

研究的結果顯示 HFR1 以及 FIN219 在阿拉伯芥生長發育中，對於茉莉酸與遮蔭

環境下有著重要的調控功能。 
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ABBREVIATION 

Ler 

JA 

Landsberg 

Jasmonic Acid 

MeJA 

SAS 

FRc 

Methyl Jasmonic Acid 

Shade Avoidance Syndrome 

Continuous Far-Red Light 

Rc Continuous Red Light 

Bc Continuous Blue Light 

Wc 

R: FR 

Continuous White Light 

Red Light: Far-Red Light Ratio 

FIN219 FAR-RED INSENSITIVE 219 

JAR1 JASMONATE RESISTANT 1 

HFR1 LONG HYPOCOTYL IN FAR-RED 1 

PIL1 PIF3-LIKE 1 

PAR1 PHYTOCHROME RAPIDLY REGULATED 1 

ATHB2 ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 2 

PIF4 PHYTOCHROME INTERACTING FACTOR 4 

PIF5 PHYTOCHROME INTERACTING FACTOR 5 

PIF7 PHYTOCHROME INTERACTING FACTOR 7 

COI1 CORONATINE INSENSITIVE 1 

JAZ1 

JIN1 

JASMONATE-ZIM-DOMAIN PROTEIN 1 

JASMONATE INSENSITIVE 1 

VSP1 VEGETATIVE STORAGE PROTEIN 1 

LOX2 LIPOXYGENASE 2 

AOS 

OPR3 

ALLENE OXIDE SYNTHASE 

12-OXO-PHYTODIENOIC ACID 10,11 REDUCTASE 3 

phyA 

phyB 

cry1 

cry2 

phytochrome A 

phytochrome B 

cryptochrome 1 

cryptochrome 2 
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INTRODUCTION 

Light and Photoreceptors 

Plant growth and development is regulated by many environmental factors. 

Among them, light is the most effective one. Light affects many aspects such as 

germination, de-etiolation, flowering time, and chloroplast movement (Sullivan and 

Deng, 2003). Plants sense light by light sensors, photoreceptors, which promote the 

light responses. There are at least four different types of photoreceptors found in 

Arabidopsis, including phytochromes, cryptochromes, phototropins, and zeitlupes 

(Lariguet and Dunand, 2005; Bae and Choi, 2008; Rizzini et al., 2011). The 

phytochrome family of photoreceptors in Arabidopsis genome consists of five 

members, phyA to phyE. By sensing and reacting to red (R) and far-red (FR) light, 

they regulate a variety of developmental processes in response to light (Franklin and 

Quail, 2010). In particular, phytochrome A (phyA), which belongs to Type I 

phytochrome and is photo-labile, principally regulates far-red light signaling; however, 

phytochrome B (phyB), one of Type II phytochromes and relatively stable in the light, 

is the main photoreceptor in red light signal transduction (Chen et al., 2004). In 

Arabidopsis, blue (B) light-mediated inhibition of hypocotyl growth is regulated by 

two cryptochromes cryptochrome 1 (cry1) and cry2, which differ in light lability and 

fluence rate specificity (Ahmad et al., 1995; Lin et al., 1998). At higher photon 

irradiances of blue light, cry1 function predominately in the inhibition of hypocotyl 

growth. Under these conditions, cry2 displays considerable light lability (Lin et al., 

1998). At lower photon irradiances, cry2 displays greater stability and performs a 

significant role in the inhibition of hypocotyl growth, thereby enhancing blue light 

sensitivity in light-limiting conditions (Lin et al., 1998). 
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Shade Avoidance Syndrome 

As the global population arises, how to increase the crop yields is the most 

important issue that we need to face. Photomorphogenesis is important in agriculture 

where maximizing yield is of paramount importance. However, shade-avoidance 

syndrome (SAS) will occur if the crops we plant are too crowded thus sacrificing the 

yield. Although shade avoidance responses in crops have been greatly reduced through 

intensive selection, they still limit the number of plants per square meter that can be 

sown (Devlin et al., 2007). It is important to understand the regulation of SAS signaling, 

which may lead to an induction of economic yields. 

SAS occurs as the light sources decrease and the light qualities change. R, FR and 

B light are the most effective light sources for plants, and sensed by phytochromes and 

cryptochromes, respectively. In shading condition, the relative levels of R and B light 

are decreased whereas FR light is increased. It is because the wavelength of FR light is 

lower than other visible light sources and can penetrate through the canopy more than 

other visible light sources. As a matter of fact, it is likely that a simultaneous occurrence 

of low R: FR and low B light is used to evaluate actual shade (Keuskamp et al., 2010). 

The SAS encompasses various phenotypic traits, including elongation of internodes and 

hypocotyls, apical dominance, early flowering and upward leaf movement. These 

growth and developmental responses help plants to outgrow shade imposed by 

neighbors, thus allowing them to position the young leaves in the upper, better lit parts 

of the vegetation (Keuskamp et al., 2010). As these phenotypes, many hormones have 

been proved that are involved in SAS, such as auxin, cytokinin, gibberellins, ethylene 

and brassinosteroid (Carabelli et al., 2007; Pierik et al., 2004; Kozuka et al., 2010; 

Stamm et al., 2010). Jasmonates (JA) are also required for SAS, it has been shown that 

they required phyA for full sensitivity to growth inhibition, and that phyA and 
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jasmonate signaling are integrated at the level of protein degradation of a target of the 

COI1 E3 ligase, the JAZ1 (Robson et al., 2010). Even though it has been noticed that 

jasmonate is involved in SAS, the regulation and signaling pathway between jasmonate 

and SAS are still unknown. 

 

Shade Avoidance Response and Photoreceptors 

A light signal is a change in the light environment that can be perceived by plant 

photoreceptors. During the regulation of shade avoidance response, the regulation 

mechanism is a complex process that includes hormones and transcription factors. The 

shade avoidance response is firstly detected by the light sensors, photoreceptors, which 

are activated by different light sources. Photoreceptors that are involved in perceiving 

differences between casual light and shade light include phytochromes, cryptochromes, 

and phototropins. The phytochromes, including phyA and phyB, sense the R and FR; 

the cryptochromes, including cry1 and cry2, sense the B light; the phototropins, 

including phototropin 1 (phot1) and phot2, participate in phototropic responses mainly 

mediated by B light (Gommers et al., 2013). phyA is the photoreceptor for FR, whereas 

phyB is the photoreceptor for R. As for cry1 and cry2, cry1 plays a major role in 

sensing B light. phot1 and phot2 are also involved in B light sensing. 

As previously described the ratio of R and B is low in shade condition, whereas the 

ratio of FR is increased, which suggests the involvement of phyA, phyB, cry1, cry2, 

phot1 and phot2 photoreceptors. In low R: FR ratio of shade condition, the major sensor 

is phyB, whereas phyA and cry1 are also involved in the regulation of this process 

(Casal, 2012). Besides, in low B: G (green) ratio, it has been noticed that cry1 plays a 

major sensor in the regulation of related signaling (Sellaro et al., 2010). After the 

perception of changes of the environments, the regulatory cascade of shade avoidance 
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has been initiated. PHYTOCHROME INTERACTING FACTOR (PIF) protein family 

plays an important role in the regulation of the SAS signal transduction. PIFs belong to 

a superfamily of basic helix-loop-helix (bHLH) transcription factors. It has been noticed 

that PIF1, PIF3, PIF4, PIF5, PIF6, PIF7 and PIF8 proteins interact physically with phyB 

through their conserved N-terminal domain (Leivar et al., 2012). Besides, PIF1 and 

PIF3 also interact with phyA (Leivar and Quail, 2011). As a matter of fact, shade 

avoidance responses in low R: FR condition require PIF3, PIF4, PIF5 and PIF7 to 

regulate the expression of downstream regulators (Leivar et al., 2012; Li et al., 2012; 

Lorrain et al., 2008). The PIF proteins were known to interact with DELLA proteins, 

which are the negative regulators of gibberellin signaling (Feng et al., 2008). This also 

suggests that phytohormones are also involved in shade avoidance response see before. 

Meanwhile, shade avoidance responses require COP1, which is an E3 ligase that 

mediates the target proteins for degradation. Even though the regulatory mechanism of 

COP1 involved in shade avoidance is still unknown, an earlier study suggests that 

COP1 could be required for PIFs accumulation in shade avoidance response (Bauer et 

al., 2004). 

 

Shade Avoidance Response and Hormones 

In the few decades, the regulation mechanisms of hormones and their interactions 

have been extensively studied. The interactions between shade avoidance and hormones 

have been implicated. Almost all the plant hormones have been proposed to be involved 

in shade avoidance responses (Casal, 2013). The interactions between auxin, 

gibberellins, cytokinins, ethylene and SAS signaling have been better clarified these 

days. It has been shown that in low R: FR condition, the auxin signaling can be 

regulated by two ways. First, the efflux carriers PIN3 and PIN7 have been shown that in 
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low R: FR ratio they are expressed steadily, which would enhance the hypocotyl 

elongation (Devlin et al., 1998). On the other hand, auxin responsive gene such as 

IAA19 appears in the petioles and hypocotyls. Besides, auxin can promote the 

degradation of DELLA proteins that are key negative regulators of gibberellin signaling. 

Moreover, gibberellins can regulate shade avoidance response. DELLA proteins are 

involved in different hormone signaling pathways and could be degraded by 

ubiquitins/26S proteasome-mediated protein degradation system. The involvement of 

gibberellins in shade avoidance response indicated that the gibberellin biosynthetic gene, 

GA20ox, in low R: FR condition was induced (Devlin et al., 2003). On the other hand, 

RGL3 DELLA protein was shown to play a main role in shade-induced elongation 

growth. 

Cytokinins also play a role in shade avoidance response, which breaks down the 

cell division to reduce the shade response. CKX6, a cytokinin oxidase, has been shown 

to be induced in shade condition, leading to the inhibition of the development of leaf 

primodia (Carabelli et al., 2007). TIR1, an auxin receptor, promotes CKX6 expression, 

which suggests that cytokinins crosstalk with auxin. Except for these three hormones 

described above, ethylene is also involved in shade avoidance response. Pierik et al. 

(2009) proposed that auxin might be a downstream regulator of ethylene-induced 

responses. Recent data indicated that auxin signaling mutants are insensitive to ethylene. 

Moreover, ethylene was reported to occur in the shade avoidance response 

independently of gibberellins. In summary, the interactions between shade avoidance 

responses and hormones are complicated and involve many hormones and transcription 

factors, and the details of the regulation are still unclear. 
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Jasmonates 

Jasmonates form a family of oxylipins arising from the enzymatic oxygenation of 

18 and 16-carbon triunsaturated fatty acids (Wasternack and Kombrink, 2010). The 

best-known jasmonates are jasmonic acid (JA), methyl jasmonate (MeJA) and 

jasmonoyl-isoleucine (JA-Ile). Jasmonates are essential to complete the last steps of 

stamen development such as pollen maturation, elongation of stamen filaments and 

dehiscence of anther locules for pollen release. Impairment of these functions in 

jasmonate synthesis or perception mutants results in male sterility (Stintzi and Browse, 

2000). Jasmonates also regulate the synthesis of anthocyanin (Chen et al., 2007) and the 

reduction of chlorophyll (Okamoto et al., 2009). MeJA is a fragrant volatile compound 

initially identified from flowers of Jasminum grandiflorum, and has proven to be 

ubiquitously present in the plant kingdom. The volatile nature of MeJA led to the 

discovery of its role as a signal in plant cellular responses, plant–herbivore interactions 

and plant–plant interactions (Cheong and Choi, 2003). Some of the SAS phenotypes are 

regulated by conjugated JA, so it is worthwhile to analyze the regulatory mechanisms 

between jasmonates and SAS signaling. 

 

JA Synthesis and Signaling Pathway 

JA levels rise steeply in response to insect herbivore damage and trigger the 

production of many proteins involved in plant defenses. In plants, JA is synthesized 

from linolenic acid, which is the substrate of a chloroplast-located 13-lipoxygenase 

(13-LOX). Among the six LOX genes in Arabidopsis, the 13-LOX encoded by LOX2 

seems to be involved in JA biosynthesis. Transgenic approaches revealed that LOX2 is 

responsible for at least the wound-induced JA biosynthesis (Bell et al., 1995). After 

13-LOX catalyzed oxygen insertion at carbon 13 of the carbon backbone, linolenic aicd 
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became (13S)-hydroperoxyoctadecatrienoic acid (13-HPOT). And 13-HPOT would 

become (9S,13S)-12-oxo-phytodienoic acid which is converted by an allene oxide 

synthase (AOS). The AOS contains a chloroplast target sequence and is encoded by a 

single copy gene in Arabidopsis. Therefore, AOS is regarded as a step in the regulation 

of JA biosynthesis (Laudert and Weiler, 1998). The highly unstable AOS product 

rapidly decays into ketols and racemic OPDA or is enzymatically converted by an 

allene oxide cyclase (AOC) to cis-(+)-OPDA. After cis-(+)-OPDA transfers into 

peroxisome, it is catalyzed by OPDA reductase (OPR) encoded by a small gene family 

in Arabidopsis. However, only OPR3 carries a peroxisomal target sequence and acts 

specifically with cis-(+)-OPDA (Strassner et al., 2002). After OPR3 and three cycles of 

β-oxidation, JA was produced. 

As the JA is formed as JA-isoleucine (JA-Ile), it triggers the downstream signaling 

pathway of JA responses. CORONATINE INSENSITIVE 1 (COI1) interacts with SKP1 

and cullin proteins to form an E3 ligase SCF
COI1

 complex, which targets JASMONATE 

ZIM-DOMAIN (JAZ) repressor proteins in response to JA-Ile via 26S proteasome. 

Without JA-Ile stimulation, JAZ proteins constitutively interact with MYC2/JIN1 

(JASMONATE INSENSITIVE 1) and repress MYC2 activity (Chini et al., 2007; 

Thines et al., 2007). JAZ proteins belong to the large family of the TIFY proteins 

(Vanholme et al., 2007) and have twelve members that are induced at the transcript level 

by JAs. It has been noticed that each member might play a different role in the JA 

responses (Staswick, 2008; Shyu et al., 2012). MYC2 is a Z-box and G-box binding 

transcription factor responsible for JA-induced gene expression such as VEGETATIVE 

STORAGE PROTEIN 1 (VSP1) and PLANT DEFENSIN 1.2 (PDF1.2) (Sheard et al., 

2010). VSP1 is involved in insect defence, whereas PDF1.2 is involved in pathogen 

defense (Kazan and Manners, 2011). As JA-Ile triggers the JA signaling, it induces the 
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COI1 expression, leading to the ubiquitination and the degradation of JAZ proteins. 

After JAZ proteins are degraded, MYC2 would be activated and trigger the expression 

of downstream targets, VSP1 and PDF1.2, which leads to the JA responses. 

 

Negative Regulator in SAS Signaling: HFR1 

The regulation of shade avoidance syndrome is a complex mechanism in which 

many regulators and hormones are involved. phyB has been shown to be the key player 

in shade avoidance (Reed et al., 1993). On the other hand, phyA, a major factor 

regulating de-etiolation of seedlings in FR light, appears to also modulate the shade 

avoidance response in light-grown seedlings (Johnson et al., 1994). When the R: FR 

ratio is reduced, the active phytochrome (Pfr) would change to the inactive Pr, which 

prevents the degradation of the bHLH transcription factors, PIFs. Shade-induced 

inactivation of phyB derepresses PIF-regulated gene expression (Ni et al., 1999) and 

leads to GA-mediated DELLA degradation, which further increases the PIF protein 

pools and leads to the SAS phenotype (Djakovic-Petrovic et al., 2007). In PIF family, 

PIF4 and PIF5 have been shown to be positive regulators of shade avoidance responses, 

participating in the regulation of some key players in these responses, including 

ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 2 (ATHB2), a homeodomain 

leucine-zipper (HD-Zip) protein with a positive role, PHYTOCHROME RAPIDLY 

REGULATED 1 (PAR1), a basic helix–loop–helix (bHLH) transcription factor with a 

negative regulatory role in shade avoidance, and PIF3-LIKE1 (PIL1), another bHLH 

transcription factor positively regulating shade avoidance (Salter et al., 2003; 

Roig-Villanova et al., 2006; Lorrain et al., 2008). More recently, PIF7 has also been 

reported to be involved in shade avoidance response, which plays a positive role in 

inducing auxin biosynthesis and subsequently an enhanced SAS (Li et al., 2012). 
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LONG HYPOCOTYL IN FAR-RED 1 (HFR1) was originally identified as a 

positive regulator of phyA signaling, which might act downstream of COP1 in a 

separate pathway from HY5 to mediate photomorphogenesis in Arabidopsis (Kim et al., 

2002). It encodes an atypical bHLH transcription factor. The loss-of-function of hfr1 

mutant is defective in a subset of phyA-mediated FR light responses, including 

inhibition of hypocotyl elongation, and suppression of hypocotyl negative gravitropism 

(Fairchild et al., 2000; Fankhauser and Chory, 2000; Soh et al., 2000). In addition to its 

role in phyA signaling, HFR1 is also a component of cryptochrome 1 (cry1)-mediated 

blue light signaling, which indicates that HFR1 integrates light signals between both 

phyA and cry1 (Duek and Fankhauser, 2003). Furthermore, HFR1 is known as a 

negative regulator of SAS, by negatively regulating downstream signaling components 

initiated by the same signal such as PIL1, PAR1 and ATHB2, thus inhibits the SAS 

(Sessa et al., 2005;), and it also inhibited the expression of SAUR15 and SAUR 68, 

which would reduce the levels of auxin (Roig-Villanova et al., 2007). Besides, HFR1 is 

phosphorylated by casein kinase II (CKII), a process leading to the reduction of HFR1 

degradation (Park et al., 2008). 

 

Positive Regulator in JA Signaling: FIN219 

FAR-RED INSENSITIVE 219 (FIN219), a positive component in phyA-mediated 

signaling pathway, was first discovered as a suppressor of cop1-6 and fin219 mutant is 

insensitive to FR light-mediated inhibition of hypocotyl elongation (Hsieh et al., 2000). 

Further studies indicated that JASMONATE RESISTANT 1 (JAR1) is allelic to FIN219. 

JAR1 is a jasmonate-amido synthetase responsible for conjugation of jasmonic acid to 

isoleucine to form JA-Ile (Staswick and Tiryaki, 2004). JA-Ile 

[(+)-7-iso-jasmonoyl-L-isoleucine] is currently considered to be one of the active forms 
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of jasmonates. The jar1-1 and fin219 are both insensitive to FR light and MeJA 

treatment (Staswick et al., 2002; Chen et al., 2007). These studies indicated that 

FIN219/JAR1 might play a main role in the integration of light and JA signaling. Thus, 

it is possible that FIN219 regulates the interaction between SAS and JA signaling.  

 

The Crosstalk between SAS and JA Signaling 

It has been shown that HFR1 is ubiquitinated by COP1 E3 ligase, leading to 

protein degradation during photomorphogenesis, and light enhances HFR1 protein 

accumulation by abrogating COP1-mediated degradation of HFR1 (Yang et al., 2005; 

Jang et al., 2005). FIN219 was shown to interact with COP1 and regulated COP1 

protein allocation between the cytoplasm and the nucleus (Wang et al., 2011). Besides, 

both HFR1 and FIN219 participate in phyA signaling and are required for SAS. Thus, it 

is interesting to find out the regulatory relationship between HFR1 and FIN219 during 

SAS and JA signaling. 

 

The Objective of Cross-talk Research 

In this work, we analyzed the regulation between HFR1 and FIN219 in both 

shading and JA signaling pathways. To investigate the regulation mechanism, we 

analyzed the phenotypic and molecular differences among fin219-2, hfr1-201 and their 

double mutant. In phenotypic analysis, we found that the fin219hfr1 double mutant 

showed an insensitive phenotype in both shading and JA treatments. Moreover, in gene 

expression pattern, HFR1 was involved in JA signaling and positively regulated 

FIN219 expression, whereas FIN219 negatively regulated HFR1 expression. It also 

showed the similar patterns in protein expression analysis. Thus, FIN219 and HFR1 

regulate each other to modulate seedling development in response to the integration of 
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SAS and JA signaling. In the mutant lines of the photoreceptors, we found that both 

FIN219 and HFR1 are regulated by not only phyA but also phyB and cry1, which 

indicate that they might be involved in the red light and blue light signaling regulations. 

In the co-immunoprecipitation, we found that FIN219 might not interact with HFR1 in 

shading condition, which suggests that there might be other regulators involved in this 

regulation. 
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MATERIAL AND METHODS 

Plant Materials 

The phyA-201 (CS6219), phyA-211 (CS6223), phyB-1 (CS6211), 

phyA-201phyB-5 (CS6224), cry1-304 (Ahmad and Cashmore, 1993), cry2-1 (Guo et 

al., 1999), cry1-304cry2-1 (Mockler et al., 1999) and fin219-2 (Salk_059774) mutants 

were derived from Arabidopsis Biological Research Center (ABRC). Theses T-DNA 

insertion mutants were generated in different ecotype, phyA-211, cry1-304, cry2-1, 

cry1-304cry2-1 and fin219-2 are in the Columbia-0 ecotype, phyA-201, phyB-1, 

phyA-201phyB-5 are in the Lancberg ecotype. hfr1-201 mutant was derived from Dr. 

Jun-Yi Yang, hfr1 was confirmed to have a T-DNA insertion at the promoter of HFR1 

gene. HFR1 wild-type allele was identified using the primers 

5-AGAGGTCGTTGTCGTGAAG-3’ and 5’-TCAGCTTTGTCCGAGAAAATG -3’; 

hfr1 mutant allele was identified using the latter primer and pD991-RB86, 

5’-TCGGGCCTAACTTTTGGTG -3’. The gene loci are At1g02340.1 for HFR1 and 

At2g46370 for FIN219. In transgenic plants, fin219hfr1 was obtained by crossing 

hfr1-201 with fin219-2. 

 

Plant Growth Conditions 

For axenic growth, seeds were surface sterilized by incubating in 30% 

bleach/0.1% triton-X 100 for 7 min, followed by 4 washes with sterilized deionized 

water. For the measurement of primary root length, sterilized seeds were sown on 0.5% 

agar plates containing full-strength MS salts, 0.5 g/L MES buffer and 10 g/L sucrose. 

All seeds on plates were stratified in the dark at 4℃ for 3 days to synchronize 

germination. These seeds then were moved to continuous white light (Wc) at 22℃ and 

cultured for 7 days on the media without MeJA. After that, these seedlings were 

http://www.arabidopsis.org/servlets/TairObject?type=germplasm&id=1005164845
http://www.arabidopsis.org/servlets/TairObject?type=germplasm&id=1005164845
http://www.arabidopsis.org/servlets/TairObject?type=germplasm&id=1005164845
http://www.arabidopsis.org/servlets/TairObject?type=germplasm&id=1005164845
http://www.arabidopsis.org/servlets/TairObject?type=gene&id=139004
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transferred by tweezers to the media with 1, 5 or 10 μM MeJA and grown for 7 days 

before root length measurement. For the analysis of JA responses, seeds were scattered 

on the same media with specific amount of MeJA added to reach proper concentration 

when media cooled. 

For the measurement of hypocotyl length, seeds sterilized as above were sown on 

the same media except for the amount of sucrose. The media used here contained 3 g/L 

sucrose. Following synchronization described before, these seeds were transferred to 

Wc for 10 h. Then, these seeds were exposed to continuous far red, red, or blue light 

for 3 days before measurement. Control plates were kept in the dark at 22℃. As 

shading condition, seeds were exposed to high R: FR ratio (R: FR 0.6) with W light 16 

hours per day for 3 days and transferred to low R: FR ratio (R: FR 0.05) with W light 

16 hours per day for 4 days at 22℃ before measurement. Control plates were kept in 

the high R: FR ratio with W light 16 hours per day for 7 days. 

For gene expression and protein analysis, seeds were prepared as the process of 

hypocotyl length measurement. After specific light treatment, the seedlings were 

collected in dim green light and flash-frozen by liquid nitrogen. 

The growth chambers were maintained at 22℃ during experiment. Single 

wavelength LED lights were used as light source. In our experiments, the light 

intensity of far-red light is 1.698 μmol m
-2

 s
-1

; blue light is 0.947 μmol m
-2

 s
-1

; red light 

is 2.757 μmol m
-2

 s
-1

; white light is 16.641 μmol m
-2

 s
-1

. Proper amount of 90 mm filter 

papers (Whatman) were used to adjust the light intensity. As shading condition, the 

light intensity of white light is 21.355 μmol m
-2

 s
-1

; red light is 1.159 μmol m
-2

 s
-1

; 

far-red light in high R: FR ratio is 2.01 μmol m
-2

 s
-1

, in low R: FR ratio is 23.77 μmol 

m
-2

 s
-1

. 
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Plasmid Construction 

The CDS fragment of HFR1 was produced by primers 5’- 

TCCGGATCCATGTCGAATAATCAAG-3’ and 

5’-GGACTCGAGTCATAGTCTTCTCATC-3’ with proofreading KAPA HiFi
TM 

DNA 

polymerase (KAPA BIOSYSTEMS). First, the HFR1 CDS fragment was ligated into 

yT&A and the products were transformed into DH5α E. coli strain. After sequencing, 

the HFR1/yT&A plasmid was purified and digested by BamHI. The CDS fragment 

digested with BamHI was further cloned into pRTL2 with 3 Flag tag. After selection of 

the desired E. coli colony, HFR1/ pRTL2 plasmid was digested by HindIII. The CDS 

fragment digested with HindIII was further cloned into pCAMBIA1390 plasmid, 

which was processed by Alkaline Phosphatase, Calf Intestinal (CIP) (NEB) to remove 

phosphate. The transgene was under the control of 35S promoter, and the selectable 

marker for plants was Hygrobacteria herbicide–resistance. 

 

Protein Co-IP 

Protein co-IP was performed as described (Staub et al., 1996). Protein G Mag 

Sepharose Xtra(GE healthcare) was coupled to FIN219 antibody and then incubated 

with 2 mg protein extract from SAS-treated fin219-2, hfr1-201, and wild-type 

Arabidopsis seedlings. Pellets were analyzed on standard SDS-PAGE and subsequent 

western blotting. 

 

Total Protein Isolation and Western Blotting 

The collected samples were ground into fine powder before extraction. For 200 mg 

powder, it was suspended in 200 μl protein extraction buffer [50 mM Tris (pH 7.5); 150 

mM NaCl; 10 mM MgCl2; 0.1% NP-40; 1 mM PMSF; 1x Protease inhibitor] and 
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clarified by centrifugation. The protein concentration of the supernatant was determined 

by using Bradford reagent (Bio-Rad Protein Assay, Bio-Rad, Munich, Germany). 

80-100 μg of total protein was separated by SDS-PAGE and transferred onto PVDF 

membranes. After blotting, FIN219 and HFR1 protein were first detected by specific 

antibodies FIN219 or HFR1with 5000 times dilution. After washing off the first 

detected signal, the membranes were then detected by the secondary antibodies with 

5000 times dilution. Fujifilm LAS 3000 was used to visualize chemiluminescene signal. 

 

Total RNA Isolation and RT-PCR 

The RNA extraction procedures were followed according to Molecular Cloning 

manual (see Appendix I), and DNA contamination in samples were eliminated by using 

TURBO™ DNase (ABI). One microgram of RNA was converted to the first-strand 

cDNA pool by adding oligo-dT primer, RNasin (Promega), and reverse transcriptase 

(Applied Biosystems). After reverse transcription, 1μl aliquot of 2-fold diluted cDNA 

was used in RT-PCR for gene expression analysis. Gene specific primers used in the 

experiment were listed in Appendix II. The cycles and annealing temperature in 

RT-PCR for each gene were listed in Appendix III. 

 

Total Genomic DNA Isolation 

 One true leaf about 0.5 mm diameter was collected and frozen in liquid nitrogen. 

After the sample was ground into powder, it was added with 200 μl DNA extraction 

buffer [0.2 M Tris-HCl (pH 9.0); 0.4 M LiCl; 25 mM EDTA; 1% SDS] and mixed well. 

Then, by centrifuging at 13000 rpm, 4℃ for 10 min, 180 μl supernatant was 

transferred into new eppendorf tubes and added with 180 μl isopropanol and mixed by 

inversion. DNA precipitation was achieved at -20℃ for more than 30 min. After that, 
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the sample was centrifuged at 13000 rpm, 4℃ for 10 min and the supernatant was 

removed completely. In the end, the DNA pellet in eppendorf was resuspended in 

proper amount of MQ (15 to 25 μL). For the following PCR reaction, 100 ng of total 

genomic DNA was taken for each PCR reaction. 

 

Measurement of Hypocotyls and Roots 

For hypocotyl measurement, seedlings were placed flat on agar plates. Seedlings 

and roots were taken into image and measured by using the ImageJ software (NIH). 

 

Observation of Anthers 

For anthers observation, buds corresponding to stage 12 in floral development 

were placed at black agar plates. The buds on 12 inflorescences were staged to the 

method of Smyth et al. (1990). 

 

Chlorophyll Extraction and Quantifications  

Seeds sterilized as above were sown on the same media as hypocotyl 

measurement. Following synchronization described before, these seeds were 

transferred to Wc for 16 h. Then, these seeds were exposed to low or high light 

intensity FRc light for 3 days and transferred to Wc light for 2 days before 

measurement. Control plates were kept in the dark for 3 days and transferred to Wc 

light for 2 days at 22℃. Harvested seedlings were frozen by liquid nitrogen. After 

grinding into powder, chlorophyll was extracted in 500 μL dimethylformadimide 

(DMF) at 4℃ overnight with adequate mixing. 50 μL of extracts were pipette into 450 

μL absolute alcohol (Sigma), mixed and then 200 μL of 10% DMF (in EtOH) were 

taken for spectrophotometric analysis. Absorbance at 750, 664, and 647 nm was 
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measured in Tecan Infinite 200 PRO (Tecan) with plastic 96-well plate. Total 

chlorophyll content was determined according to the extinction coefficients calculated 

by Porra et al. (1989). 

 

Anthocyanin Extraction and Quantifications 

Seeds sterilized as above were sown on the same media as hypocotyl 

measurement. Following synchronization described before, these seeds were 

transferred to Wc for 16 h. Then, these seeds were exposed to low or high light 

intensity FRc light for 3 days before measurement. Control plates were kept in the dark 

at 22℃. Harvested seedlings were frozen by liquid nitrogen. After grinding into 

powder, anthocyanin was extracted in 600 μL extraction buffer (1% HCl in methanol) 

at 4℃ overnight with adequate mixing. After added both 400 μL RO water and 

chloroform, centrifuged at 13000 rpm, 4℃ for 15 mins, and then 200 μL of the mixed 

buffer were taken for spectrophotometric analysis. Absorbance at 530 and 657 nm was 

measured in Tecan Infinite 200 PRO (Tecan) with plastic 96-well plate. Total 

anthocyanin content was determined according to the extinction coefficients calculated 

by Kim et al. (2003).   
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RESULTS 

FIN219 and HFR1 synergistically regulate fertility and stamen elongation. 

To elucidate the regulatory relationship between FIN219 and HFR1, we generated 

the double mutant fin219-2hfr1-201 line by crossing. The leaves of fin219hfr1 showed 

no trichomes, which were similar to the phenotype of hfr1-201 (Figure 1A). Previous 

studies indicated that both FIN219 and HFR1 did not show a defect in fertility. 

However, we found that the fin219hfr1 double mutant plants were partially sterile 

(Figure 1B). To investigate the reasons for sterile phenotype, we observed the stamen 

of the fin219hfr1, and found that it was shorter than wild type (Figure 1C), which was 

similar to the phenotype of coil1 (Feys et al., 1994). This suggests that HFR1 may be 

involved in JA signaling pathway and it may synergistically regulate the phenotype 

with FIN219. The phenotypes of fertility and stamen elongation were only observed in 

the double mutant, whereas both single mutants showed a normal phenotype as wild 

type. 

 

FIN219 and HFR1 participated in JA-regulated responses of root elongation, 

anthocyanin synthesis and chlorophyll reduction. 

In Arabidopsis, JAs affect diverse aspects of plant biology such as the inhibition 

of root growth, the synthesis of anthocyanin and the reduction of chlorophyll (Staswick 

et al., 1992; Shan et al., 2009; Okamoto et al., 2009). To investigate whether HFR1 is 

involved in JA signaling and whether FIN219 and HFR1 have a synergistically effect 

on JA responses, we investigate the phenotype of fin219-2, hfr1-201 single mutants 

and the fin219hfr1 double mutant. The hfr1-201 was insensitive to MeJA-mediated 

root elongation, especially at 5 μM, which suggests that HFR1 may be involved in JA 

response. The fin219hfr1 exhibited root elongation similar to fin219-2 single mutant, 
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which indicates that FIN219 played a more important role in root elongation than 

HFR1 (Figure 2). The anthocyanin accumulation in fin219hfr1 under low (1 

μmolm
-2

s
-1

) or high (10 μmolm
-2

s
-1

) fluences of FR light with MeJA treatment was 

lower than that in wild type and respective single mutant, which implies that FIN219 

and HFR1 have a synergistic effect on anthocyanin synthesis. Besides, the fin219hfr1 

showed lower anthocyanin level in the control than that in wild type, these results 

indicated that both FIN219 and HFR1 play key roles in the regulation of anthocyanin 

accumulation under MeJA and FR light treatment (Figure 3). Moreover, the 

chlorophyll content in fin219-2 and hfr1-201 single mutants was higher than that in 

wild type in high FR light and darkness. The chlorophyll content in fin219hfr1 under 

high fluence of FR light with or without MeJA treatment was higher than those in wild 

type and respective single mutants, which suggests that FIN219 and HFR1 have a 

synergistic effect on the regulation of chlorophyll content in response to MeJA (Figure 

4). 

 

FIN219 and HFR1 are positive regulators of hypocotyls elongation in various 

light conditions except for red light. 

Previous studies has showed that both fin219-2 and hfr1-201 were insensitive to 

FR light (Hsieh et al., 2000; Fairchild et al., 2000), and hfr1-201 was also insensitive 

to B light (Duek and Fankhauser, 2003). Here, we found that fin219-2 and hfr1-201 

showed longer hypocotyl phenotype in both B (0.97 μmolm
-2

s
-1

) and FR (2.85 

μmolm
-2

s
-1

) light compared with that of wild type. The fin219hfr1 double mutant 

exhibited long-hypocotyl phenotype under all light condition examined, including 

darkness (Figure 5A and B). 

Since fin219-2 was insensitive to MeJA (Staswick and Tiryaki, 2004), we further 
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examined MeJA-mediated inhibition of hypocotyl elongation of fin219-2, hfr1-201 and 

fin219hfr1 under all light conditions. fin219-2 was insensitive to MeJA-mediated 

inhibition of hypocotyl elongation under different light conditions. In contrast, 

hfr1-201 showed an insensitive phenotype to MeJA in R and FR light. The fin219hfr1 

showed an altered response of hypocotyl to MeJA under all light conditions (Figure 5C 

and D). 

 

FIN219 and HFR1 are positive regulators in both FR light and JA signalings. 

To further understand FIN219 and HFR1 functions in FR light and JA signaling, 

we examined the hypocotyl lengths of fin219-2, hfr1-201 single mutants and the 

fin219hfr1 double mutant under the dark and the two different fluence rates of FR light. 

fin219-2 single mutants exhibited a longer hypocotyl phenotype than wild-type Col-0 

in low FR light (1 μmolm
-2

s
-1

), whereas hfr1-201 single mutants exhibited a longer 

hypocotyl than wild type under high FR light (10 μmolm
-2

s
-1

). The fin219hfr1 double 

mutant showed an even longer hypocotyl than wild type under both FR light and in 

darkness. We showed that fin219hfr1 has long hypocotyl length in different FR light 

intensity (Figure 6A and B). 

Since the hypocotyl elongation in Arabidopsis seedlings is inhibited by MeJA 

treatment, we examined the hypocotyl lengths. In the presence of MeJA, fin219-2 was 

insensitive to MeJA-mediated inhibition of hypocotyl elongation under all light 

conditions. The hfr1-201 single mutants were insensitive to MeJA treatment as well 

under low fluence of FR light. The fin219hfr1 showed an even more severe response of 

hypocotyl elongation response to both low and high fluences of FR light with MeJA 

treatment (Figure 6D). To further understand the effect of different concentration of 

MeJA on hypocotyl elongation in low FR light, we examined the inhibition of 
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hypocotyl elongation of fin219-2 and hfr1-201 single mutants and the fin219hfr1 

double mutant (Figure 6E). The inhibition of hypocotyl elongation of fin219-2, 

hfr1-201 single mutant and the fin219hfr1 double mutant showed less sensitivity to 

MeJA-mediated inhibition of hypocotyl elongation under low FR light (Figure 6F). 

 

FIN219 and HFR1 are negative regulators in low R: FR light condition. 

Hypocotyl elongation in Arabidopsis seedling is increased in low R: FR condition. 

Previous studies have shown that both fin219 and hfr1 have a longer hypocotyl 

phenotype than wild type under low R: FR condition (Robson et al., 2010; Sessa et al., 

2005). We further examined their regulatory relationship by using fin219-2, hfr1-201 

single mutants and the fin219hfr1 double mutant grown under low and high R: FR 

conditions (Figure 7A). Both fin219-2 and hfr1-201 exhibited consistent phenotypic 

response as previous studies under low R: FR condition. However, the fin219hfr1 

double mutant exhibited even longer hypocotyl phenotype than wild type and the 

respective single mutants, which implies that FIN219 and HFR1 may have a 

synergistic effect under low R: FR condition (Figure 7B). 

To further understand the effect of MeJA on shading responses, we examined the 

hypocotyl lengths of fin219-2 and hfr1-201 single mutants and the fin219hfr1 double 

mutant in low R: FR condition with MeJA treatment (Figure 7C). The inhibition of 

hypocotyl length of fin219-2 and the fin219hfr1 showed the MeJA-mediated inhibition 

of hypocotyl elongation under shading condition similar to wild type, in contrast, 

hfr1-201 exhibited a more sensitive phenotype than wild type under the same condition. 

Taken together, these data indicate that HFR1 may play a role in MeJA-mediated 

response under SAS signaling pathway (Figure 7D). 
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HFR1 overexpression rescued the phenotypes of hfr1 single mutant. 

In order to verify whether HFR1 over expression can rescue hfr1-201, we 

introduced 35S::HFR1 in the hfr1-201 mutant. The T2 seedlings of HFR1ox/hfr1-201 

transgenic plants showed that three-quarters of the seedlings had the hypocotyl lengths 

similar to wild type in low and high FR light (Figure 8A), suggesting that HFR1 over 

expression can rescue the defects of hfr1 mutant (Figure 8B). Moreover, three-quarters 

of the HFR1ox/hfr1-201 transgenic T2 seedlings showed responses to MeJA effect 

similar to wild type in low FR light condition (Figure 8C and D). In shading condition, 

the three-quarters of the seedlings showed the hypocotyl lengths similar to wild type, 

which confirmed the previous studies (Figure 7A and B). 

 

Both FIN219 and HFR1 may regulate with each other in the dark or FR light. 

Previous studies showed that both FIN219 and HFR1 were positive regulators in 

phyA-mediated FR light signaling (Fairchild et al., 2000; Hsieh et al., 2000). We 

examined the levels of FIN219 and HFR1 gene expression by RT-PCR and protein gel 

blot analyze in Col-0, fin219-2, hfr1-201 single mutants and the fin219hfr1double 

mutant. The level of FIN219 transcript in hfr1-201 was lower in the dark; but largely 

the same as wild type in FR light. In contrast, the level of HFR1 transcript in fin219-2 

increased in the dark and the FR light conditions (Figure 9A). Taken together these 

data indicate FIN219 negatively regulate HFR1 transcript in both dark and FR 

conditions, however, HFR1 positively regulate FIN219 transcript in the dark. 

Further protein gel blot analysis revealed that the levels of FIN219 protein 

remained largely the same as the wild type under the dark and the FR light condition. 

But HFR1 levels in fin219-2 were slightly decrease in the dark, and increase in the FR 

light (Figure 9B). Thus, these data indicated that FIN219 negatively regulate HFR1 at 
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the transcript and protein levels, especially in FR light. 

To further understand the effect of MeJA on FIN219 and HFR1 gene expression 

under FR light, we analyzed the levels of FIN219 and HFR1 transcript and protein 

levels. RT-PCR analysis reviewed that FIN219 transcript levels in wild type were 

reduced by MeJA in FR light, but not in the dark. HFR1 transcript levels were reduced 

in the dark and FR light. Interestingly, FIN219 transcript in hfr1-201 were increased by 

MeJA under both dark and FR light. In contract, HFR1 transcript levels in fin219-2 

were decreased by MeJA in the dark but not in FR light (Figure 10A). In addition, 

FIN219 protein levels in wild type were increased by MeJA under the dark and FR 

light. FIN219 levels in hfr1-201 were also increased by MeJA. HFR1 protein levels in 

wild type were decreased significantly by MeJA in both dark and FR light. In contrast, 

HFR1 protein levels in fin219-2 were also decreased by MeJA, similar to those in wild 

type. Thus the results indicated that MeJA and FIN219 may affect specific form of 

HFR1 protein in terms of phosphorylation and dephosphorylation (Figure 10B). It 

supposed that HFR1 is affected by JA and impact the downstream genes. 

 

FIN219 and HFR1 affect the expression of JA biosynthesis genes in both the dark 

and FR light. 

Since the fin219hfr1 result in partial sterility, we further examined whether both 

genes affect JA biosynthesis, including LOX2, AOS and OPR3, or signaling component, 

such as JAZ1, MYC2 and VSP1 transcript levels in Col-0, fin219-2, hfr1-201 and the 

fin219hfr1 by MeJA treatment in the dark and FR light. The results indicate that 

fin219-2 with MeJA treatment resulted in reduction of AOS transcript in the dark and 

FR light, but the AOS transcript level in hfr1-201 did not show significant changes by 

MeJA. Both fin219-2 and hfr1-201 resulted in altered levels of OPR3 in the presence 
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or absence of MeJA under the dark and FR light conditions (Figure 11A). Besides, JA 

signaling components in wild type were induced by MeJA in the dark and FR light. 

Among these signaling components, MYC2 was most affected by fin219-2 and 

hfr1-201 single mutants with MeJA treatment under the dark and FR light conditions 

(Figure 11B).  

 

HFR1 and FIN219 proteins were induced by low R: FR treatment. 

To understand how shading treatment affects FIN219 and HFR1 expression, we 

further examined the FIN219 and HFR1 transcript by RT-PCR and protein levels by 

gel blot analysis, the levels of FIN219 and HFR1 expression in wild type were 

increased in low R: FR condition. Interestingly, we found that FIN219 expression was 

slightly decreased in hfr1-201, but HFR1 gene levels in fin219-2were increased by 

shading (Figure 12A).  

FIN219 protein level in wild type was significantly increased by shading 

treatment (low R: FR ratio). However, this increase of FIN219 level by shading was 

decreased in hfr1-201. HFR1 was substantially increased in fin219-2 in low R: FR 

condition (Figure 12B). Taken together, these data indicate that HFR1 may positively 

regulate FIN219 levels and FIN219 negatively regulate HFR1. 

Besides, shading signaling components, including PAR1, PIL1 and ATHB2 were 

up-regulated by shading treatment. fin219-2 showed reduction of PIL1, PAR1 and 

ATHB2 compared to wild type, whereas hfr1-201 showed an increase of these genes 

(Figure 13A). The gene expressions of PIF4 and PIF5 in hfr1-201 were increased, 

which confirmed the previous data; but PIF7 was decreased in hfr1-201. fin219-2 

showed reduction of PIF4 and PIF7 but increase of PIF5. Thus, these data indicate 

that FIN219 modulates the expression of these PIF components (Figure 13B). 
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FIN219 and HFR1 participated in JA and SAS signaling. 

To understand the effect of MeJA on FIN219 and HFR1 expression in response to 

shading condition, we examined the transcripts and protein levels of FIN219 and 

HFR1 in the presence or absence of MeJA under shading conditions. The expression 

levels of FIN219 and HFR1 in wild type under shading treatment were increased, 

which is consistent with previous results. Under shading condition, FIN219 was 

increased in JA treatment whereas HFR1 was decreased in JA treatment (Figure 14A). 

In addition, FIN219 protein levels were increased by MeJA treatment under high 

R: FR condition, but slightly reduced by MeJA under low R: FR condition. In contrast, 

HFR1 levels in wild type were drastically reduced by MeJA under high R: FR ratio and 

remained unchanged by MeJA under low R: FR condition. FIN219 reduction in 

hfr1-201 under low R: FR ratio was increased by MeJA treatment. However, HFR1 

level increased in fin219-2 under low R: FR condition was significantly reduced by 

MeJA. HFR1 also showed two bands which suggested that HFR1 expression was more 

complex than synthesized its expression only (Figure 14B). Therefore, MeJA reduces 

FIN219 effect by shading. 

 Furthermore, we examined the effect of MeJA on SAS components, including 

PIL1, PAR1, ATHB2, PIF4, PIF5 and PIF7. PIL1, ATHB2, PIF4, PIF5 and PIF7 were 

increased in low R: FR condition. Interestingly, PIL1, PAR1 and PIF5 in Col-0 were 

decreased in JA treatment under low R: FR condition. Besides, PIF4 and ATHB2 were 

also decreased in fin219-2 and hfr1-201 mutants by JA treatment (Figure 15). In 

addition, increased levels of JA biosynthetic genes by shading were still induced by 

MeJA treatment, but the JA signaling components, especially the MYC2, was decreased 

by MeJA treatment (Figure 16). 
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phyA and cry1 showed strong inhibition of hypocotyl elongation by methyl JA 

(MeJA). 

Previous studies indicated that phyA, phyB, cry1 and cry2 were involved in 

shading responses (review by Franklin, 2008). It is interesting to see how these 

photoreceptors regulate FIN219 and HFR1 in shading condition. We examined the 

hypocotyl lengths of fin219-2 single mutant, and fin219-2 and photoreceptors double 

or triple mutants in low R: FR condition. Surprisingly, the fin219phyA double mutant 

showed longer hypocotyl phenotype than wild type and respective single mutants 

under shading condition. As well, the fin219phyB showed a phenotype similar to phyB 

mutant under both high and low R: FR conditions (Figure17A). However, the 

fin219cry1 double mutant showed an increase hypocotyl phenotype compared to wild 

type and respective single mutants in high R: FR condition but it showed a phenotype 

similar to cry1 mutant in low R: FR condition, which suggests that FIN219 and cry1 

may play a negatively role in low R: FR (Figure 18A). 

Moreover, fin219-2 exhibited less sensitivity to MeJA-mediated inhibition of 

hypocotyl elongation under shading condition, however, phyA-211showed a more 

sensitive response to MeJA than wild type under shading condition. The fin219phyA 

showed a response to MeJA-mediated inhibition of hypocotyl elongation, similar to the 

fin219-2 under shading condition. In contrast, in phyB mutant showed a slightly 

increased sensitivity to MeJA effect under shading. The fin219phyB double mutant 

showed less sensitivity to MeJA effect compared to respective single mutants 

(Figure17B). Besides, the cry1-304 showed a substantially increased sensitivity to 

MeJA under shading condition. The fin219cry1 double mutant showed sensitivity to 

MeJA similar to fin219-2 under shading (Figure 18B). 
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FIN219 and HFR1 were regulated by photoreceptors in response to low R: FR 

condition. 

To clarify the regulation among FIN219, HFR1 and photoreceptors, we 

investigate the levels of FIN219 and HFR1 proteins in different photoreceptor mutants 

under shading condition. FIN219 was increased in phyA-211 and phyB-1 single mutant 

and phyAphyB double mutant compare to wild type under shading condition, whereas 

HFR1 showed decreased levels in both phyA-211 and phyB-1 as well as phyAphyB 

under shading (Figure 19A). FIN219 was increased in cry1-304 mutant, but decreased 

in cry2-1 mutant under shading. HFR1 showed opposite patterns as FIN219 under the 

same condition. In cry1cry2 double mutant, FIN219 slightly decreased under shading 

compared with wild type and respective single mutants, whereas HFR1 was 

significantly decreased (Figure 19B). 

 

HFR1 might not physically interact with FIN219 in shading condition. 

To understand whether FIN219 interacts with HFR1 in shading condition, we 

performed co-immunoprecipitaiton (co-IP) studies under shading condition. 

Unfortunately, we did not detect any signal of HFR1 in the precipitated product by 

FIN219 monoclonal antibodies, suggesting that FIN219 may not interact with HFR1 in 

shading condition (Figure 20). 

  



 

28 
 

DISCUSSION 

Shade avoidance has been noticed for a long time since people started growing 

crops, but the physiological regulation of shade avoidance started at the middle of the 

twenty century, which indicates that hormones are involved in the regulation of shade 

avoidance response (Selman and Ahmed, 1962). The molecular regulation mechanism 

of shade avoidance was not identified until the last two decades. It is worthwhile to 

figure out the details of the regulatory mechanism in shade avoidance syndrome, which 

decreases the efficiency of cultivation. Even though many hormones have been pointed 

out to be involved in the regulation of shade responses (Carabelli et al., 2007; Pierik et 

al., 2004; Kozuka et al., 2010; Stamm et al., 2010), the details of the regulation are 

still unknown. Jasmonates, the well-known plant defense hormone, have been 

proposed to participate in shade avoidance responses. Besides, phyB mutant showed 

increased plant susceptibility to Botrytis cinerea in shade condition (Cerrudo et al., 

2012). It has been noticed that phyA is insensitive to MeJA treatment whereas coi1 

shows an elongated hypocotyl phenotype in low R: FR condition (Robson et al. 2010). 

But the crosstalk mechanism between MeJA and SAS signaling is still not clear.  

FIN219, the key enzyme for the conjugation of jasmonic acid with isoleucine, 

triggers downstream JA responses (Staswick and Tiryaki, 2004). FIN219 has also been 

noticed to be involved in FR signaling as a positive regulator (Hsieh et al., 2000), and 

its mutant showed an elongated hypocotyl phenotype in low R: FR condition (Robson 

et al. 2010). It is interesting to find out the roles of FIN219 in both SAS and JA 

signaling and the regulation between these two pathways. 

 

Phenotypic analysis showed that fin219hfr1 was insensitive to MeJA. 

In this study, we included HFR1, a SAS mediated marker gene that plays a 
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negative role in shade response, and discover that both FIN219 and HFR1 participate 

in SAS and JA signaling. We found that fin219hfr1 shows partial sterility and a shorter 

anther phenotype which were not observed in wild type and respective single mutants 

(Figure 1B). It has been noticed that JA induces the elongation of anthers. Moreover, 

JA biosynthetic mutants, dad1 and opr3, show shorter anthers and sterile phenotypes 

(Stintzi and Browse, 2000; Ishiguro et al., 2001). It is possible that fin219hfr1 might be 

defective in JA biosynthesis that causes the fertility phenotype (Figure 1C). The 

fin219hfr1 also shows no trichomes (Figure 1A), which is consistent with the fact that 

JA regulates the formation of trichomes (Traw and Bergelson, 2003). 

MeJA treatment can inhibit the root elongation (Staswick et al., 1992). The 

fin219hfr1 showed insensitivity to MeJA-mediated inhibition of root elongation, which 

confirmed our hypothesis (Figure 2A). But surprisingly, hfr1-201 was also insensitive 

to MeJA-mediated inhibition of root elongation, which implies that HFR1 may be 

involved in JA signaling (Figure 2B). Besides, JA regulates anthocyanin synthesis by 

increasing the regulated gene expression, and induced the accumulation of anthocyanin 

(Chen et al., 2007; Shan et al., 2009). The anthocyanin level in the fin219hfr1 was 

lower than that in wild type, which indicates that the double mutant is insensitive to 

MeJA induced anthocyanin accumulation (Figure 3A). Moreover, previous studies 

indicated that FR induced the synthesis of anthocyanin (Lange et al. 1971). Our data 

pointed out in high fluence of FR, the amount of anthocyanin in wild-type seedlings 

was increased, whereas the fin219hfr1 showed lower anthocyanin accumulation than 

wild type (Figure 3B). 

JA can inhibit the synthesis of chlorophylls (Okamoto et al., 2009). Nevertheless, 

it has been noticed that FR light would block the synthesis of chlorophylls, which is 

so-called FR blockage of greening (Barnes et al., 1996). The chlorophyll content of the 
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fin219hfr1 with MeJA treatment was higher than that in wild type, which suggests that 

FIN219 and HFR1 play a role in MeJA regulated chlorophyll levels under FR light 

(Figure 4A) and hfr1-201 also showed a high content of chlorophylls. It is interesting 

to find out that after high fluences of FR light condition, seedlings show a faster 

greening than the treatment with low fluences of FR light. This suggests that different 

fluences of FR light will have different effects on the regulation of chlorophyll 

synthesis. 

 

fin219hfr1 was insensitive to MeJA and showed a longer hypocotyl than wild 

type under FR light and low R: FR condition. 

The previous data showed that the fin219hfr1 was insensitive to MeJA and HFR1 

might be involved in JA signaling. HFR1 is involved in FR and B light signaling, 

whereas FIN219 is involved in FR light signaling (Fairchild et al., 2000; Duek and 

Fankhauser, 2003; Hsieh et al., 2000). In B and FR light conditions, the fin219hfr1 

showed significant differences from wild type and respective single mutants, and both 

single mutants also showed significant differences from wild type (Figure 5A). These 

data confirmed the previous studies and also indicated that FIN219 may play a role in 

B light signaling. On the other hand, in R light condition, only fin219-2 and the 

fin219hfr1 showed significant differences from wild type, which suggests that FIN219 

may regulate R light signaling (Figure 5B). Compared with wild type, fin219-2 and the 

fin219hfr1 showed significant phenotype in MeJA-mediated inhibition of hypocotyl 

elongation under all light conditions, including the darkness. However, hfr1-201 only 

showed a phenotype under R and FR light conditions (Figure 5C). In conclusions, 

FIN219 is a major regulator in JA signaling to modulate MeJA-mediated inhibition of 

hypocotyl elongation under all conditions, whereas HFR1 might be a minor regulator 
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that only affects some aspects of MeJA-mediated responses under some conditions 

(Figure 5D). 

In addition, fin219-2 showed an insensitive phenotype under low fluences of FR 

light, whereas hfr1-201 shows a defect under high fluences of FR light. The fin219hfr1 

showed an even severe phenotype under all light conditions (Figure 6A), which 

indicates that FIN219 and HFR1 act in a parallel manner to modulate hypocotyl 

elongation under FR light (Figure 6B). With MeJA treatment, the hfr1-201 single 

mutant showed less sensitivity to MeJA-mediated inhibition of hypocotyl elongation 

under low intensity of FR light, but exhibited hypersensitivity under high FR light, 

which suggests that HFR1 may have differential activities in JA signaling in response 

to various fluences of FR light (Figure 6D), which is supported by the fact that hfr1 

mutant shows less sensitivity to low FR light in response to different concentrations of 

MeJA (Figure 6F). Further, the double mutant fin219hfr1 was insensitive to the 

MeJA-mediated inhibition of hypocotyl elongation under different fluences of light 

(Figure 6D) as well as under various concentrations of MeJA (Figure 6F). Thus, 

FIN219 and HFR1 are involved in the integration of FR light and JA signaling to 

regulation hypocotyl elongation. 

Both FIN219 and HFR1 are involved in SAS signaling under low R: FR condition 

(Robson et al. 2010; Sessa et al., 2005). Here, we found that the fin219hfr1 showed an 

even longer phenotype than respective single mutants under low R: FR condition 

(Figure 7A), which indicates that FIN219 and HFR1 have synergistic effects under 

shade signaling (Figure 7B). Intriguingly, hfr1 mutant showed hypersensitivity to 

MeJA-mediated inhibition of hypocotyl elongation under shade condition. However, 

fin219hfr1 and fin219-2 exhibited sensitivity to MeJA similar to wild type under shade 

(Figure 7C and D), which implies that FIN219 may act in the downstream of shade 
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signaling in response to JA. 

 

Both gene and protein expression indicated that HFR1 induced the 

expression of FIN219, whereas FIN219 repressed the expression of HFR1. 

Both FIN219 and HFR1 transcripts were induced under FR light compared to 

those in the dark (Figure 9A), whereas both FIN219 and HFR1 protein levels remained 

largely the same in FR light and in the dark (Figure 9B), which confirms the previous 

research showing that FIN219 and HFR1 both are positive regulators of 

phyA-mediated FR light signaling, (Fairchild et al., 2000; Hsieh et al., 2000). 

Compared with wild-type transcript levels, HFR1 was induced in fin219-2 under both 

FR light and the darkness conditions, whereas FIN219 was reduced in hfr1-201under 

the darkness, but showed no differences under FR light condition. In addition, the 

expression of FIN219 protein levels in hfr1-201 were largely the same as the wild type, 

but the levels of HFR1 in fin219-2 were increased under FR light condition. Taken 

together, these data indicate that FIN219 negatively regulates the levels of HFR1 

transcripts and proteins in both the dark and FR conditions; however, HFR1 positively 

regulates FIN219 transcripts in the dark. 

FIN219 and HFR1 still regulated with each other under FR light with MeJA 

treatment. In wild type, FIN219 showed reduction in FR light condition with MeJA 

treatment, whereas in darkness with MeJA treatment, FIN219 transcripts remained 

largely the same with the control. However, HFR1 showed decreased expression under 

both FR light and the darkness with MeJA treatment. HFR1 was induced in fin219-2 

under the darkness, and decreased in the presence of MeJA; in contrast, FIN219 was 

induced in hfr1-201 under both FR light and dark conditions with MeJA treatment 

(Figure 10A). These data revealed that HFR1 might be repressed by MeJA and 
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negatively regulated by FIN219; FIN219 might be positively regulated by HFR1. By 

contrast, FIN219 protein levels were increased under both the darkness and FR light 

conditions with MeJA treatment, whereas HFR1 showed reduction under the same 

conditions. Intriguingly, HFR1 showed two bands, likely phosphorylated and 

unphosphorylated ones (Figure 10B), which may be caused by CKII (Park et al., 

2008). 

 

FIN219 and HFR1 affect the components of JA biosynthesis and signaling. 

LOX2, AOS and OPR3 are involved in JA biosynthesis and their gene expressions 

are upregulated by MeJA (Wallis and Browse, 2002). Besides, MYC2 and VSP1 are 

upregulated by MeJA as well; whereas the repressors, JAZ proteins, are degraded 

during the signaling, but the JAZs genes can be activated by JA treatment and MYC2 

(Memelink, 2009).  

Both JA synthesis and signaling genes in wild type with MeJA treatment were all 

induced under both the darkness and FR light conditions. The expression of OPR3 in 

fin219-2 and hfr1-201 showed altered levels compared with those in wild type under 

darkness and FR light conditions with or without MeJA treatment. It is not surprising 

that AOS was reduced in fin219-2 compared with wild type, but the expression of AOS 

in hfr1-201 showed no significant difference from wild type (Figure 11A), which 

suggests that HFR1 may play a minor role in JA biosynthesis, as supported by the hfr1 

mutant. In contrast, all signaling genes in wild type were induced under the dark and 

FR light conditions with MeJA treatment. As compared with wild type, MYC2 was the 

most effective genes and decreased in both fin219-2 and hfr1-201 (Figure 11B). Even 

though the fin219hfr1 showed a partial sterility at the adult stage (Figure 1), the 

transcripts and protein levels of JA biosynthetic and JA signaling components in 
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seedlings were not significantly altered (Figure 11). It is possible that these genes are 

regulated by both FIN219 and HFR1 at the adult stage rather than the seedling stage. 

 

PIL1, ATHB2 and PIF4 were induced in hfr1-201, but reduced in fin219-2 

under shading condition. 

HFR1 is a negative regulator in SAS signaling and induced by low R: FR light to 

repress the expression of downstream regulators (Sessa et al., 2005). Both FIN219 and 

HFR1 were induced in shading condition and their proteins showed similar patterns. In 

shading condition, HFR1 was induced in fin219-2, whereas FIN219 was slightly 

decreased in hfr1-201 (Figure 12A). In contrast, FIN219 protein levels were decreased 

in hfr1-201, but HFR1 was increased in fin219-2 in shading condition, which is 

consistent with their transcript level (Figure 12B). Moreover, the regulation between 

FIN219 and HFR1 in shading condition is similar to that in FR light condition. We 

conclude that HFR1 is repressed by MeJA and negatively regulated by FIN219; 

FIN219 is positively modulated by HFR1. The regulation of SAS signaling involves a 

complex mechanism. PIL1, PAR1 and ATHB2 are the key regulators that are involved 

in SAS signaling (Martinez-Garcia et al., 2010). Besides, PIF4, PIF5 and PIF7 as well 

as HFR1 are bHLH transcription factors and have been shown are involved in SAS 

signaling (Lorrain et al., 2008). In shading condition, all genes were induced, and PIL1 

and ATHB2 are significantly induced. Here, we found that the expression of PIL1 and 

ATHB2 in hfr1-201 was increased, whereas PAR1, a negative regulator, showed no 

differences from wild type. However, all of these genes in fin219-2 were reduced 

compared with those in wild type, which is likely caused by substantial increase of 

HFR1 proteins, leading to suppression of these genes under shade condition (Figures 

12B and 13A). In addition, both fin219-2 and hfr1-201 enhanced the expression of 
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PIF5, but repressed the expression of PIF7. Moreover, PIF4 was increased in hfr1-201, 

but reduced in fin219-2 (Figure 13B). It is possible that the regulation of PIF protein 

family is more complex during SAS signaling. It is worthy to pursue their regulation at 

protein levels under shading. 

 

JA serves as a negative role in SAS signaling and JA signaling genes may be 

blocked in shading condition.. 

As the expressions of FIN219 and HFR1 under shading condition with MeJA 

treatment are altered and their regulation with each other remains consistent. The 

expression of FIN219 under low R: FR with MeJA treatment was induced, whereas 

HFR1 was reduced. It is interesting that the expression of FIN219 under both shading 

and MeJA treatments showed higher than respective single treatment, whereas the 

expression of HFR1 was induced by shade and reduced by both shade and MeJA 

treatments (Figure 14A). In contrast, their protein levels were increased by shade and 

showed opposite levels with MeJA treatment (Figure 14B). In conclusions, the shade 

can increase the levels of FIN219 and HFR1, but MeJA may reduce the levels of both 

proteins and the effects of shade responses. 

In SAS related genes, PIL1, PAR1 and ATHB2 were induced in shading condition, 

whereas when treated with MeJA, they all showed a decreased expression level. In 

both fin219-2 and hfr1-201 mutants, PAR1 was induced but ATHB2 was depressed, and 

the expression of PIL1 showed no significant differences from wild type (Figure 15A). 

PIF4, PIF5 and PIF7 all showed no significant differences from wild type under 

shading condition with MeJA treatment. However, PIF4 in both fin219-2 and hfr1-201 

single mutant was induced, and PIF7 was depressed, and PIF5 showed no significant 

differences from wild type (Figure 15B). Besides, LOX2, AOS and OPR3 genes were 
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induced under shade condition with MeJA treatment (Figure 16A). The JA synthesis 

might be induced in shading condition, leading to increased amount of JA. On the 

other hand, the expression of JA signaling genes, JAZ1, MYC2 and VSP1, was slightly 

decreased under shade condition with MeJA treatment (Figure 16B), which implies 

that the JA signaling might be blocked in shading, leading to the long hypocotyl 

phenotype under shading (Figure 7A). Thus, the expression of SAS related genes will 

be reduced by JA treatment, whereas JA synthesis genes will be induced and JA 

signaling genes reduce in shading condition. 

 

Photoreceptors phyA, phyB, cry1 and cry2 all regulated the expression of 

FIN219 and HFR1. 

phyA, phyB, cry1 and cry2 are all involved in SAS regulation (Smith et al., 1997; 

Lin et al., 1998). Here, we found that both FIN219 and HFR1 have roles in both JA 

and SAS signaling. It is worthwhile to investigate the effects of these photoreceptors 

on FIN219 and HFR1 expression in shading condition and MeJA treatment. In phyA, 

phyB and the double mutant, both phyA-211 and fin219-2 showed an elongated 

phenotype under low R: FR condition, whereas phyB-1 and phyAphyB showed no 

differences from the controls. These data confirm the previous results showing that 

phyB is the major regulator in SAS signaling (Casal, 2012). Interestingly, we found 

that the fin219phyA double mutant showed a more elongated phenotype in shading 

condition, whereas fin219phyB showed a phenotype similar to the phyB single mutant, 

which suggests that FIN219 may be involved in both phyA and phyB signaling 

pathways and is regulated by both photoreceptors (Figure 17A). In addition, both 

fin219-2 and phyA-211 are insensitive to MeJA under high R: FR condition, whereas 

under low R: FR condition they both are reversed to the same level of MeJA-mediated 
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inhibition of hypocotyl elongation compared with wild type (Figure 17B). This 

indicates that JA plays a negative role in SAS signaling. Both cry2-1 and fin219-2 

showed an elongated phenotype under low R: FR condition, whereas cry1-304 and the 

cry1cry2 showed a similar phenotype between low R: FR and the control (Figure 18A), 

which is consistent with previous data (Sellaro et al., 2010). Fascinatingly, both the 

fin219cry1 and the fin219cry2 showed a phenotype similar to their single mutants, 

cry1-304 or cry2-1, which suggests that FIN219 is regulated by cryptochromes, and the 

functions of cry1 and cry2 in shading condition are not the same. When treated with 

MeJA, cry2-1 and fin219-2 showed a phenotype similar to wild type under low R: FR 

condition, whereas cry1-304 and cry1cry2 double mutant showed enhanced sensitivity 

to MeJA treatment under both low and high R: FR condition (Figure 18B). 

Both FIN219 and HFR1 were induced in low R: FR condition. Interestingly, 

FIN219 showed an increased level in both phyA-201 and phyB-1, and showed even 

higher levels in phyAphyB double mutant. By contrast, FR1 showed a decreased level 

in both phyA-201 and phyB-1, as well as in phyAphyB (Figure 19A). Besides, FIN219 

level was induced in cry1-304 but reduced in cry2-1, whereas HFR1 level was reduced 

in cry1-304 but induced in cry2-1 (Figure 19B). These data confirmed that HFR1 

increased the level of FIN219, whereas FIN219 decreased the level of HFR1. 

Moreover, photoreceptors phyA, phyB and cry1 negatively regulate FIN219 and cry2 

positively modulates FIN219 levels under shade condition, but HFR1 is regulated by 

these photoreceptors in an opposite manner with FIN219. 

 

HFR1 might not physically interact with FIN219 in shading condition. 

Co-IP studies indicated that FIN219 did not interact with HFR1 under low R:FR 

ratio condition (Figure 20), however, plant extracts immunoprecipitated with FIN219 
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monoclonal antibodies gave rise to the facts that FIN219 levels were increased under 

low R: FR, and positively regulated by HFR1 under shade condition. Whether HFR1 is 

the direct target of FIN219 remains to be elucidated. 

In conclusions, we proposed a model to illustrate the regulatory relationship of 

FIN219 and HFR1 in the cross-talk between shade and JA signaling (Figure 21). 

FIN219 negatively regulated by various photoreceptors, including phyB, phyA and 

CRY1, functions as a negative regulator in response to shade condition and antagonize 

HFR1 functions to regulate the components such as ATHB2, PIL1 and PAR1 in the 

downstream of shade signaling, leading to shade responses. Besides, HFR1 as a 

negative regulator for shade responses can positively regulate FIN219 levels, which 

forms a feedback loop to suppress negative effects, results in the expression of positive 

regulators and subsequent shade responses (Figure 21). It is worthwhile to investigate 

further to clarify the effects of jasmonates on the regulation mechanism. 
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Figure 1. FIN219 and HFR1 synergistically regulate sterility and stamen 

elongation. 

(A) Phenotype of fin219-2, hfr1-201 and fin219hfr1 plants and leaves. Plants were 

planted in 25 ℃ and 16 hr light condition for 3 weeks. 

(B) Phenotype of fin219hfr1 and coi1-16. Pods were taken from five-week-old plants, 

which were planted in the same condition with (A).  

(C) Phenotype of fin219-2, hfr1-201 and fin219hfr1 flowers. Flowers were taken at 

stage 12, and the petals were eliminated. 

 

(A) 

(B) 

(C) 
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Figure 2. FIN219 and HFR1 participated in JA-regulated responses of root 

elongation. 

(A) Phenotype of seedling root growth on media containing 1, 5 or 10 μM MeJA. 

(B) Quantification of root lengths of seedlings grown on media containing 1, 5 or 10 

μM MeJA. In (A) and (B), seedlings were grown first in continuous white light for 

7 days on the media without MeJA, and then transferred to the medium without or 

with different concentrations of MeJA. After 7 days, new growth of root lengths of 

seedlings were measured. The error bars denote standard errors of the mean (n=12). 

Significant difference between samples was achieved by ANOVA and Duncan’s 

HSD tests with P<0.05. The error bars denote standard error of the mean (n=12). 

 

  

(A) 

(B) 



 

41 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. FIN219 and HFR1 participated in JA-regulated responses of 

anthocyanin synthesis. 

(A) Phenotype of top portions of fin219, hfr1 and fin219hfr1 seedlings grown on media 

containing 50 μM MeJA in the dark (top), low far-red light (bottom left) or high 

far-red light (bottom right) condition for 3 days. 

(B) Quantification of anthocyanin content of seedlings grown on media containing 50 

μM MeJA. In (A) and (B), the seedlings were analyzed after 3 days treatment. The 

far-red light intensity was 1 μmolm
-2

s
-1

 in low light condition and was 10 

μmolm
-2

s
-1

 in high light condition. The error bars denote standard error of the mean 

(n=3). 
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Figure 4. FIN219 and HFR1 participated in JA-regulated responses of 

chlorophyll reduction.  

(A) Phenotype of fin219, hfr1 and fin219hfr1 cotyledons grown on media containing 

50 μM MeJA in dark (top), low far-red light (bottom left) or high far-red light 

(bottom right) condition for 3 days and then were transferred into white light for 2 

days. 

(B) Quantification of chlorophyll content of seedlings grown on media containing 50 

μM MeJA. In (A) and (B), the seedlings were analyzed after 5 days treatment. The 

far-red light intensity was 1 μmolm
-2

s
-1

 in low light condition and was 10 

μmolm
-2

s
-1

 in high light condition. The white light intensity was 5.87 μmolm
-2

s
-1

. 

The error bars denote standard error of the mean (n=3). 
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Figure 5. FIN219 and HFR1 are positive regulators of hypocotyls elongation in 

various light conditions. 

(A) Phenotype of fin219, hfr1 and fin219hfr1 seedlings grown in dark, blue, red or 

far-red light for 3 days. 

(B) Quantification of hypocotyl lengths of fin219, hfr1 and fin219hfr1 seedlings grown 

in dark, blue, red or far-red light for 3 days. 

(C) Phenotype of fin219, hfr1 and fin219hfr1 seedlings grown on media containing 50 

μM MeJA in the dark, blue, red or far-red light condition for 3 days. 

(D) Quantification of hypocotyl inhibition of seedlings grown on media containing 50 

μM MeJA in the dark, blue, red or far-red light for 3 days. 
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Figure 6. FIN219 and HFR1 are positive regulators in both FR light and JA 

signalings. 

(A) Phenotype of fin219, hfr1 and fin219hfr1 seedlings grown in the dark, 1, 5 or 10 

μmolm
-2

s
-1 

of far-red light for 3 days. 

(B) Quantification of hypocotyl length of fin219, hfr1 and fin219hfr1 seedlings grown 

in dark, 1, 5 or 10 μmolm
-2

s
-1 

of far-red light for 3 days. 

(C) Visual phenotype of fin219, hfr1 and fin219hfr1 seedlings were grown on media 

containing 50 μM MeJA in dark, 1, 5 or 10 μmolm
-2

s
-1 

of far-red light condition for 

3 days. 

(D) Quantification of hypocotyl inhibition of seedlings grown on media containing 50 

μM MeJA in dark, 1, 5 or 10 μmolm
-2

s
-1 

of far-red light for 3 days. 

(E) Visual phenotype of fin219, hfr1 and fin219hfr1 seedlings were grown on media 

containing 25, 50 or 75 μM MeJA in 1 μmolm
-2

s
-1 

of far-red light condition for 3 

days. 

(F) Quantification of hypocotyl inhibition of seedlings grown on media containing 25, 

50 or 75 μM MeJA in 1 μmolm
-2

s
-1 

of far-red light for 3 days. 

(A) (B) 

(C) (D) 

(E) (F) 



 

45 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. FIN219 and HFR1 are negative regulators in low R: FR light condition.  

(A) Phenotype of fin219, hfr1 and fin219hfr1 seedlings grown in high R: FR or low R: 

FR condition for 7 days. 

(B) Quantification of hypocotyl lengths of fin219, hfr1 and fin219hfr1 seedlings grown 

in high R: FR or low R: FR condition for 7 days. 

(C) Phenotype of fin219, hfr1 and fin219hfr1 seedling grown on media containing 50 

μM MeJA in low R: FR condition for 7 days. 

(D) Quantification of hypocotyl lengths of fin219, hfr1 and fin219hfr1 seedlings grown 

on media containing 50 μM MeJA in low R: FR condition for 7 days. In (A) to (D), 

all seedlings were first grown in high R: FR condition for 2 days, in which the red 

light intensity was 1.159 μmolm
-2

s
-1

, the far-red light intensity was 2.01 μmolm
-2

s
-1

, 

and the white light intensity was 21.355 μmolm
-2

s
-1

. After 2 days, low R: FR 

treatment was changed with far-red light 23.77 μmolm
-2

s
-1

 intensity, whereas the red 

and white light condition was still the same. The low R: FR condition was treated 

for 4 days. 
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Figure 8. HFR1 overexpression rescued the phenotypes of hfr1.  

(A) Phenotype of hypocotyls of the 3-day-old seedlings grown in darkness, low far-red 

light (1 μmolm
-2

s
-1

) and high far-red light (10 μmolm
-2

s
-1

). 

(B) Quantification of hypocotyl lengths of seedlings shown in (A).  

(C) Phenotype of hypocotyls of the 3-day-old seedlings grown on media containing 50 

μM MeJA in darkness or low far-red light (1 μmolm
-2

s
-1

). 

(D) Quantification of the inhibition of elongation hypocotyls of seedlings shown in 

(C). 

(E) Phenotype of hypocotyls of the 7-day-old seedlings grown under high R: FR or 

low R: FR condition for 7 days. 

(F) Quantification of hypocotyl lengths of seedlings shown in (E). The error bars 

denote standard error of the mean (n=30). Significant difference between samples 

was achieved by ANOVA and Duncan’s HSD tests with P<0.05. The error bars 

denote standard error of the mean (n=30). 
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Figure 9. Both FIN219 and HFR1 may regulate with each other in the dark or FR 

light.  

(A) Analysis of FIN219 and HFR1 expression by RT-PCR in fin219-2, hfr1-201 and 

fin219hfr1. Samples were treated with far-red light for 3 days before collection. 

FIN219 and HFR1 gene specific primers were used for amplification. UBQ10 was 

included as an internal control. 

(B) Analysis of FIN219 and HFR1 expression by Western blots in fin219-2 and 

hfr1-201. Samples were treated with far-red light for 3 days before collection. 

FIN219 and HFR1 protein specific antibodies were used for detection. Ponceau S 

staining is shown as loading control. 
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Figure 10. HFR1 is affected by JA and affects the downstream genes. 

(A) Analysis of FIN219 and HFR1 expression by RT-PCR in fin219-2, hfr1-201 and 

fin219hfr1. Samples were grown on media containing 50 μM MeJA and treated with 

far-red light for 3 days before collection. FIN219 and HFR1 gene specific primers 

were used for amplification. UBQ10 was included as an internal control. 

(B) Analysis of FIN219 and HFR1 expression by Western blots in fin219-2 and 

hfr1-201. Samples were grown on media containing 50 μM MeJA and treated with 

far-red light for 3 days before collection. FIN219 and HFR1 protein specific 

antibodies were used for detection. Ponceau S staining is shown as loading control. 
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Figure 11. FIN219 and HFR1 affect the expression of JA biosynthesis genes in 

both the dark and FR light. 

(A) Analysis of JA synthesis genes LOX2, AOS and OPR3 by RT-PCR in fin219-2, 

hfr1-201 and fin219hfr1. 

(B) Analysis of JA signaling genes JAZ1, MYC2 and VSP1 by RT-PCR in fin219-2, 

hfr1-201 and fin219hfr1. In (A) and (B), Samples were grown on media containing 

50 μM MeJA and treated with far-red light for 3 days before collection. FIN219 and 

HFR1 gene specific primers were used for amplification. UBQ10 was included as 

an internal control. 
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Figure 12. HFR1 and FIN219 proteins were induced by low R: FR treatment. 

(A) Analysis of FIN219 and HFR1 expression by RT-PCR in fin219-2, hfr1-201 and 

fin219hfr1. Samples were first treated in high R: FR condition for 2 days and then 

transferred to low R: FR condition for 4 days before collection. FIN219 and HFR1 

gene specific primers were used for amplification. UBQ10 was included as an 

internal control. 

(B) Analysis of FIN219 and HFR1 expression by Western blots in fin219-2 and 

hfr1-201. Samples were first treated in high R: FR condition for 2 days and then 

transferred to low R: FR condition for 4 days before collection. FIN219 and HFR1 

protein specific antibodies were used for detection. Ponceau S staining is shown as 

loading control. 
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Figure 13. Both HFR1 and FIN219 modulate the expression of the shading 

components. 

(A) Analysis of SAS signaling genes PIL1, PAR1 and ATHB2 by RT-PCR in fin219-2, 

hfr1-201 and fin219hfr1. 

(B) Analysis of SAS related genes PIF4, PIF5 and PIF7 by RT-PCR in fin219-2, 

hfr1-201 and fin219hfr1. In A and B, Samples were first treated in high R: FR 

condition for 2 days and then transferred to low R: FR condition for 4 days before 

collection. FIN219 and HFR1 gene specific primers were used for amplification. 

UBQ10 was included as an internal control. 
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Figure 14. FIN219 and HFR1 participated in JA and SAS signaling. 

(A) Analysis of FIN219 and HFR1 expression by RT-PCR in fin219-2, hfr1-201 and 

fin219hfr1. Samples were grown on media containing 50 μM MeJA and first treated 

in high R: FR condition for 2 days and then transferred to low R: FR condition for 4 

days before collection. FIN219 and HFR1 gene specific primers were used for 

amplification. UBQ10 was included as an internal control. 

(B) Analysis of FIN219 and HFR1 expression by Western blots in fin219-2 and 

hfr1-201. Samples were grown on media containing 50 μM MeJA and first treated 

in high R: FR condition for 2 days and then transferred to low R: FR condition for 4 

days before collection. FIN219 and HFR1 protein specific antibodies were used for 

detection. Ponceau S staining is shown as loading control. 
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Figure 15. FIN219 and HFR1 affect the expression of shading components with 

MeJA treatment under low R: FR condition. 

(A) Analysis of SAS signaling genes PIL1, PAR1 and ATHB2 by RT-PCR in fin219-2, 

hfr1-201 and fin219hfr1. 

(B) Analysis of SAS related genes PIF4, PIF5 and PIF7 by RT-PCR in fin219-2, 

hfr1-201 and fin219hfr1. In (A) and (B), Samples were grown on media containing 

50 μM MeJA and first treated in high R: FR condition for 2 days and then 

transferred to low R: FR condition for 4 days before collection. FIN219 and HFR1 

gene specific primers were used for amplification. UBQ10 was included as an 

internal control. 
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Figure 16. The JA biosynthetic genes were still induced by MeJA under shading 

treatment, but the JA signaling components were decreased. 

(A) Analysis of JA synthesis genes LOX2, AOS and OPR3 by RT-PCR in fin219-2, 

hfr1-201 and fin219hfr1. 

(B) Analysis of JA synthesis genes LOX2, AOS and OPR3 by RT-PCR in fin219-2, 

hfr1-201 and fin219hfr1. In (A) and (B), Samples were grown on media containing 

50 μM MeJA and first treated in high R: FR condition for 2 days and then 

transferred to low R: FR condition for 4 days before collection. FIN219 and HFR1 

gene specific primers were used for amplification. UBQ10 was included as an 

internal control. 
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Figure 17. phyA and phyB interact with FIN219 genetically under shading 

condition.  

(A) Quantification of hypocotyl lengths of fin219, phyA-211, phyB-1 and their double 

mutant seedlings grown in high R: FR or low R: FR condition for 7 days. 

(B) Quantification of hypocotyl lengths of fin219, phyA-211, phyB-1 and their double 

mutant seedlings grown on media containing 50 μM MeJA in low R: FR condition 

for 7 days. In (A) and (B), all seedlings were first grown in high R: FR condition for 

2 days, in which the red light intensity was 1.159 μmolm
-2

s
-1

, the far-red light 

intensity was 2.01 μmolm
-2

s
-1

, and the white light intensity was 21.355 μmolm
-2

s
-1

. 

After 2 days, low R: FR treatment was changed with far-red light 23.77 μmolm
-2

s
-1

 

intensity, whereas the red and white light condition was still the same. The low R: 

FR condition was treated for 4 days. 

(A) 

(B) 

MeJA 
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Figure 18. cry1 and FIN219 play roles in SAS signaling under shading condition. 

(A) Quantification of hypocotyl lengths of fin219, cry1-304, cry2-1 and their double 

mutant seedlings grown in high R: FR or low R: FR condition for 7 days. 

(B) Quantification of hypocotyl lengths of fin219, cry1-304, cry2-1 and their double 

mutant seedlings grown on media containing 50 μM MeJA in low R: FR condition 

for 7 days. In (A) and (B), all seedlings were first grown in high R: FR condition for 

2 days, in which the red light intensity was 1.159 μmolm
-2

s
-1

, the far-red light 

intensity was 2.01 μmolm
-2

s
-1

, and the white light intensity was 21.355 μmolm
-2

s
-1

. 

After 2 days, low R: FR treatment was changed with far-red light 23.77 μmolm
-2

s
-1

 

intensity, whereas the red and white light condition was still the same. The low R: 

FR condition was treated for 4 days. 
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Figure 19. FIN219 and HFR1 were regulated by photoreceptors in response to low 

R: FR condition. 

(A) Analysis of FIN219 and HFR1 expression by western blots in phyA-211, phyB-1 

and their double mutant seedlings grown in high R: FR or low R: FR condition for 7 

days. 

(B) Analysis of FIN219 and HFR1 expression by Western blots in cry1-304, cry2-1 

and their double mutant seedlings grown in high R: FR or low R: FR condition for 7 

days. In (A) and (B), Samples were first treated in high R: FR condition for 2 days 

and then transferred to low R: FR condition for 4 days before collection. FIN219 

and HFR1 protein specific antibodies were used for detection. Ponceau S staining is 

shown as loading control. 
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Figure 20. HFR1 did not physically interact with FIN219 in shading condition.  

 Analysis of FIN219 and HFR1 expression by Western blots in co-immunoprecipitation. 

The fin219-2, hfr1-201 and wild-type seedlings were grown in high R: FR or low R: 

FR condition for 7 days. The analysis of HFR1 expression by Western blots was 

detected as input control. IP: immunoprecipitation. 

 

 

 

 

 

 

 

 

 

 



 

59 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. A model to illustrate the integration of JA and SAS signalings through 

the regulation between FIN219 and HFR1. 
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APPENDIX I 

Procedures of RNA Extraction: 

 Sample preparation: 

(1) After specific treatment, 50 mg to 100 mg of samples are collected in dark 

room and frozen in liquid nitrogen immediately. 

(2) Samples are grinded into fine powder and remained at very low temperature 

all the time. 

 

 1
st
 Day RNA Extraction: (The following procedures should be in chemical hood) 

(1) Add 500 μl Buffer A into grinded samples and vortex for 30 sec. 

(2) Add 500 μl phenol (pH 4.3), vortex for 30 sec, and centrifuge at 13000 rpm, 

4℃ for 20 min. 

(3) Transfer supernatant into new eppendorf and add equal volume of phenol 

(pH 4.3); vortex for 30 sec, and centrifuge at 13000 rpm, 4℃ for 20 min. 

(4) Transfer supernatant into new eppendorf and add equal volume of 

Chloroform (to eliminate the phenol); vortex for 30 sec, and centrifuge at 

13000 rpm, 4℃ for 20 min. 

(5) Transfer supernatant into new eppendorf, add equal volume of 6 M LiCl and 

invert the tubes for several times, and then store at -20℃ overnight (for 

RNA participation). 
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 2
nd

 Day RNA Extraction: 

(1) After precipitation, centrifuge at 13000 rpm, 4℃ for 20 min and remove 

supernatant. 

(2) Add 150 μl 3 M LiCl to wash the pellet and centrifuge at 13000 rpm, RT for 

10 min; remove supernatant as clean as possible (repeat again). 

(3) Suspend the pellet in 150 μl 2% KOAc and incubate in 55℃ for 15 min; 

during the incubation, tap the eppendorf occasionally. 

(4) Centrifuge at 13000 rpm, RT for 10 min; remove the supernatant. 

(5) Add 2.5X volume of cold 100% EtOH and incubate in 4℃ for 30 min. 

(6) Centrifuge at 13000 rpm, 4℃ for 15 min; remove the supernatant. 

(7) Dry the pellet and suspend in DEPC-MQ. 

 

Buffer A (4℃ store) 

1 M  Tris-Cl  pH 7.3 

5 mM EDTA pH 8.0 

1%  SDS 
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APPENDIX II 

Primers used in RT-PCR are listed below. 

 

 

Gene 

Primer 

No. 

Primer Name Sequence (5’ to 3’) 

FIN219 

823 FIN219-F GCAGTCGACATGTTGGAGAAGGTTGA

AACTTTC 

834 FIN219-R GGCGGATCCAAAACGCTGTGCTGAAGT

AGCT 

HFR1 

1567 HFR1-BamHI-Fw TCCGGATCCATGTCGAATAATCAAG 

1568 HFR1-XhoI-Rv GGACTCGAGTCATAGTCTTCTCATC 

LOX2 

843 LOX2-fw-1815 TGCACGCCAAAGTCTTGTCA 

844 LOX2-rv-2195 GGCCACCAAGGTTCGTCTTT 

AOS 

1569 AOS Fw TGGTTATCGAAAGCCACGAC 

1570 AOS Rv AATCTCTCCGGCACAAACTC 

OPR3 

845 OPR3-fw-182 CTTCTCCTTCTTCCAGATCGGC 

846 OPR3-rv-664 TTCGGGTACTTCACGTGGGA 

JAZ1 

853 JAZ1-fw-989 CACCCTCAAGCCGTACCAAG 

854 JAZ1-rv-1203 GCAAGGGGATTTAGACAGGCG 

MYC2 

847 MYC2-fw-510 GATCTCCGGTGGTGTTGCTC 

848 MYC2-rv-908 GACGGGTCGTTCTCACCTTG 

VSP1 

849 VSP1-fw-692 GCATCTCATACTCAAGCCAAACG 

850 VSP1-rv-969 GTGGTGCCAAAACGGCTACA 

PIL1 

1571 PIL1 Fw GTGTTTCTCAGACTCAGGCTACTTC 

1572 PIL1 Rv CGGACGCAGACTTTGGGAATTG 
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APPENDIX III 

Cycles and annealing temperature in RT-PCR are listed below. 

Gene Cycles Temperature (℃) Gene Cycles Temperature (℃) 

FIN219 35 57 PIL1 29 57 

HFR1 30 52 PAR1 29 57 

LOX2 29 55 ATHB2 29 57 

AOS 27 53 PIF4 29 55 

OPR3 29 55 PIF5 30 60 

JAZ1 29 55 PIF7 29 55 

MYC2 27 53 UBQ10 26 57 

VSP1 27 53    

Gene 

Primer 

No. 

Primer Name Sequence (5’ to 3’) 

PAR1 

1573 PAR1 Fw TCATGCTCAGCCACCGTGAAATC 

1574 PAR1 Rv CCTTGACCTCATCTTCTTCTTCTTC 

ATHB2 

1575 ATHB2 Fw TGAGCCCACCCACTACTTTGAC 

1576 ATHB2 Rv AGGAGCCCACGCATTGACC 

PIF4 

1561 PIF4 Fw ATCATCTCCGACCGGTTTGC 

1562 PIF4 Rv AGTGGCTCACCAACCTAGTG 

PIF5 

1563 PIF5 Fw GCGGGAAATCAGACCGTGCAACAA 

1564 PIF5 Rv CGCCGGAGATCCAAATCCCAACAT 

PIF7 

1565 PIF7 Fw AGTTTCAGCTGCAGAGTCCG 

1566 PIF7 Rv CCACTCGCACTTGCAGTG 

UBQ10 

77 UBQ primer 1 GATCTTTGCCGGAAAAGAATTGGAGGAT

GGT 

78 UBQ primer 2 CGACTTGTCATTAGAAAGAAAGAGATAA

CAGG 
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APPENDIX IV 

PCR Reaction: (Total: 10 μl) 

Template x 

10 μM Fw primer 0.1 

10 μM Rv primer 0.1 

10 mM dNTP 0.2 

10X buffer 1 

Taq 0.1 

MQ 10-x 

  

Reverse Transcription (RT) Reaction: (Total: 20 μl) 

Template (1 μg RNA) x 

100 μM oligo-dT primer 1.5 

100 mM dNTP 0.8 

10X RT buffer 2 

RNasin 0.5 

RTase 1 

DEPC-MQ 20-x 
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APPENDIX V 

Clone List 

Clone No. Clone Name Strain Resistance 

HHL1018 HFR1-CDS/yT&A DH5α Amp 

HHL1020 3xFlag HFR1-CDS/pRTL2 DH5α Amp 

HHL1021 3xFlag-HFR1-CDS 

/pCAMBIA1390 

DH5α Kana 

HHL1022 3xFlag-HFR1-CDS 

/pCAMBIA1390 

GV3101 Kana 

 


