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Light is essential to the growth and development of plants, and it is perceived by phytochromes, which 
are one of the photoreceptors that regulate physiological responses in plants. Ethylene regulates the 
dormancy, senescence, growth, and development of organs in plants. This research focused on the in-
teraction of phytochromes and ethylene to control hypocotyl growth and gravitropism using phyto-
chrome mutants of Arabidopsis, phyA, phyB, and phyAB, under three light conditions: red (R) light, far- 
red (FR) light, and white light. The mutant phyAB exhibited the most stimulation of gravitropic re-
sponse of all three phytochrome mutants and wild type (WT) in all three light conditions. Moreover, 
phyB in the R light condition showed more negative gravitropism than phyA. However, phyB in the 
FR light condition showed less curvature than phyA. The hypocotyl growth pattern was similar to the 
gravitropic response in several light conditions. To explain the mechanism of the regulation of gravi-
tropic response and growth, we measured the ethylene production and activities of in vitro ACS and 
ACO. Ethylene production was reduced in all the mutants grown in white light in comparison to the 
WT. Ethylene production increased in the phyA grown in R light and phyB grown in FR light in com-
parison to the other mutants. The ACS activity coincided with the ethylene production in the phyA and 
the phyB grown in R light and FR light, respectively. These results suggest that the Pfr form of phyB 
in R light and the Pr form of phyA in FR light increased ethylene production via increasing ACS activity.
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Introduction

Plants require the environmental stimuli for the growth 

and development. Among the stimuli, light is one of the im-

portant signals to regulate the seed germination, chloroplast 

development, stomata density in leaf and growth and gravi-

tropism of root in plant survival [2, 3, 4, 6]. Both light and 

gravity affect the redistribution of auxin to regulate the grav-

itropic response in plants. Light signal regulates the grav-

ity-induced response, and cause the development of light 

receptor in plants [6, 9].

Phytochrome, a photoreceptor, regulates the plant growth 

under R and FR conditions, and they occurs two forms such 

as Pr and Pfr, which absorbs R and Fr respectively. Two 

forms of phytochrome can convert to each other under R 

or FR condition [11, 21]. Phytochrome in Arabidopsis is en-

coded by five member of gene family, and is classified type 

I including phyA/C and type II including phyB/D/E ac-

cording to the amino acid sequence similarity [5, 24]. Type 

I usually found in the etiolated tissue, and the plants grown 

in light contained both type I and type II equally. Type I 

was light-labile, and type II was light-stable [5].

Phytochrome A (phyA) was light-labile, and required to 

response to the continuous far-red light. PhyA regulated the 

gravitropic response in corn root, and inhibited the elonga-

tion of hypocotyl in Arabidopsis [13, 25]. On the other hand, 

phytochrome B (phyB) required to response to the R, and 

regulated the shade avoidance response based on the ratio 

of the R and FR [10, 17]. PhyA and phyB regulated the gravi-

tropic response in Arabidopsis root [31], and red light-medi-

ated root growth [7]. And Park et al. [22] reported that phyB 

regulated the root growth and gravitropism in Arabidopsis.

Ethylene is one of the stress hormones and participates 

in various plant development and differentiation including 

fruit ripening and senescence [27]. Ethylene synthesis begins 

from methionine via two major intermediates, S-adenosyl-

methionine (AdoMet) and 1-aminocyclopropane-1-carboxylic 

acid (ACC), in sequence. ACC synthase (ACS) and ACC oxi-

dase (ACO) regulate the steps from AdoMet to ACC and 
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from ACC to ethylene, respectively. Several factors regulate 

these two enzymes, especially auxin which stimulates the 

ethylene production through increasing the expression level 

of the ACS gene [27]. Ethylene regulates the root growth 

and gravitropism via alteration of auxin transport [16, 23], 

and phytochrome might regulate ethylene biosynthesis in 

Arabidopsis root [22].

In this research, we examine the role of phytochrome in 

growth and gravitropic response in several light conditions 

such as dark, white light, R, and FR in Arabidopsis hypocotyl 

related with ethylene production. 

Materials and Methods

Plant material

Seedlings of Landsberg erecta (Ler), Arabidopsis thaliana, 

were used as a wild-type (WT), and seedlings of phyA-201 

(PhyA), phyB-1 (PhyB), and phyA-201phyB-5 (PhyAB) were 

used as phytochrome mutants [8, 13]. 

Growth conditions

Growth conditions were as previously described [31]. 

Arabidopsis seeds were soaked in 70% ethanol for 5 min for 

sterilization. Seeds were grown on the solid medium con-

taining on-half strength of Murashige and Skoog salts [20] 

with 1% sucrose, 1% charcoal and 1 mM MES (pH 5.8) in 

1% agar in Petri dishes. The dishes containing seeds were 

treated with 4℃ for 1 day in vertical position. After cold 

treatment, the dishes were incubated under continuous illu-

mination with cool-white fluorescent lights (approximately 

60 μmol/m2s) at 22℃ for 2 days for germination. 

Light sources

For the experiment of shoot growth and gravitropic re-

sponse, seedlings were grown under the cool-white fluo-

rescent lights (approximately 60 μmol/m2s), or R (650-680 

nm, 24 μmol/m2s), or FR (710-740 nm, 1.3 μmol/m2s). Light 

source of R and FR used Led Plant Radiation System (LPRS, 

GFPM-1600, Good Feeling, Korea). 

Determination of hypocotyl growth and gravitropic 

curvature

The hypocotyl growth and gravitropic curvature was 

measured by the modified method of Woo et al. [31]. After 

germination as described above, seedlings were incubated 

for 1 day for the measurement of shoot growth and gravi-

tropic response under the several light conditions. To elimi-

nate the effect of light, the preparation of seedling were car-

ried out under the green light. And the growth and gravi-

tropic response were monitored in the dark using an infra-

red camera (Rexsa, DS-400 PC-camera) with the time-inter-

val software (SupervisionCam ver. 3.2.2.4; http://super-

visioncam.com). Images were recorded at 15 min intervals. 

The images were analyzed by UTHSCSA Image Tool Pro-

gram (ver. 3.0; http://comdent.uthscsa.edu/dig/itdes.html).

Measurement of ethylene production

Ethylene production was measured by the modified 

method of Woo et al. [31]. After germination as described 

above, seedlings were incubated for 5 day to measure the 

ethylene production under the several light conditions. To 

eliminate the effect of light, the preparation of seedling were 

carried out under the green light. Ethylene production was 

measured in 10 mm segments including leaves excised from 

the tips of Arabidopsis hypocotyl. The segments were placed 

in 25 ml, silicon-capped vials containing 200 μl of MES buffer 

(100 mM, pH 6.8, 50 μg/ml chloramphenicol). The vials were 

shaken in the dark at 27℃ in an incubator. After incubation, 

1-ml of gas sample was withdrawn from the vial with a sy-

ringe and injected to the gas chromatograph (HP5890 Series 

II; Hewlett-Packard, USA) equipped with an alumina col-

umn (80/100 Porapak-Q; 1.8-m × 2.1-mm).

Assay of in vitro ACC oxidase (ACO) activity

The analysis of in vitro ACO activity was performed as 

described by Mekhedov et al. [19]. Hypocotyl segments were 

ground with sea sand on ice in 100 mM MES buffer (pH 

7.5) containing 10% glycerol, 30 mM sodium ascorbate and 

2 mM DTT, and centrifuged at 15,000 rpm at 4℃ for 10 min. 

The supernatants (200 μl) were transferred to the 25-ml vial, 

and 800 μl of incubation buffer were added. The incubation 

buffer contained 50 mM MES buffer (pH 7.5), 10% glycerol, 

30 mM sodium ascorbate, 2 mM DTT, 30 mM NaHCO3, 50 

μM FeSO4, and 1 mM ACC. The 1-ml gas was withdrawn 

from the vial after 1 hr incubation at 27℃ to measure the 

ethylene production as an in vitro ACO activity.

Assay of in vitro ACC Synthase (ACS) activity

ACS activity was determined by the modified method of 

Woeste et al. [29]. After incubation, hypocotyl segments were 

ground with sea sand on ice in 250 mM potassium phos-

phate buffer (pH 8.0) containing 10 μM pyridoxal phosphate, 
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Fig. 1. Hypocotyl growth of phytochrome mutants 

of Arabidopsis grown in several light con-

ditions. After a vernalization for 1 day at 

4℃, seeds were germinated under the 

white light (60 μmol/m2s) for 2 days. The 

germinated seeds were grown in the dark 

(A), white light (B), red light (C), and 

far-red light (D) for 1 day. The proper 

number of seedling was placed in petri 

dish with agar plate under the green light, 

and the petri dish was placed in vertical 

position in the dark to measure the growth 

for 8 hr. The growth was monitored in the 

dark using an infrared camera as de-

scribed in Material and Methods. Symbols 

are mean values ± SE from 5 independent 

experiments. ●: wild type, ○: phyA, ▼: 

phyB, ▽: phyAB.

1 mM EDTA, 2 mM PMSF and 5 mM DTT. Samples were 

centrifuged at 15,000 rpm for 10 min. The supernatant (200 

μl) was incubated for 1 hr with 5 mM AdoMet (0.1 ml) at 

22℃. Ethylene production measured from this mixture was 

used for calculating ACS activity, using a blend of 0.1 ml 

of 20 mm HgCl2 and 0.1 ml of NaOH/NaOCl (saturated 

NaOH : 5% NaOCl = 1 : 1 [v/v]) which was incubated on 

ice for 10 min

Statistical analysis

All experiments were conducted at least three times. To 

test for significance at p values of <0.05, the data mean val-

ues were calculated according to two-way ANOVA test and 

Duncan test.

Results and Discussion

Relationship between phytochrome and hypocotyl 

growth

The growth and development of Arabidopsis was regulated 

by the ratio of R:FR in environment [10]. To examine the 

role of phytochrome to hypocotyl growth according to the 

light, we used the phytochrome mutants such as phyA, phyB 

and phyAB under the several light conditions. The hypocotyl 

growth in the dark did not show the significant difference 

between WT and mutants (Fig. 1A). The hypocotyl growth 

of mutants was promoted compared to the WT for 8 hr un-

der the white light (Fig. 1B). The mutant phyAB showed the 

highest growth rate among the mutants, which was about 

120% of WT. The growth rate of phyB was higher than that 

of phyA. Therefore, the growth rate was in order as follows: 

phyAB > phyB > phyA > WT.

The results of Fig. 1A and Fig. 1B suggested that the hypo-

cotyl growth require the light to regulate via phytochrome 

which is a chromophore of R and FR.

To examine the effect of R and FR, we measured the hypo-

cotyl growth under the R (Fig. 1C). The growth of phyB and 

phyAB in R was stimulated about 120% of WT and phyA 

at 4 hr. These stimulations continued for 8 hr. However, the 

growth rate of phyA was similar to that of WT for 8 hr. These 

results suggested that Pfr form of phyB among the phyto-

chrome might be important to regulate the hypocotyl growth 

under the red light condition. Recently, active phyB (Pfr) 

reduces IAA levels by the repression of TTA1 transcript lev-

els [26]. Therefore, the result of Fig. 1C suggested that mu-

tant of phyB such as phyB and phyAB increase the shoot 

growth because the auxin level in shoot might increase.

The illumination of FR caused the stimulation of phyA 

and phyAB for 8 hr (Fig. 1D). Unlike the results of R (Fig. 

1C), phyB did not show the stimulation of growth for 8 hr. 

Therefore, Pr form of phyA could be a role in regulation 

of hypocotyl growth under the FR condition.

In conclusion, all the phytochrome mutants showed the 

stimulation of hypocotyl growth in several light illumination 

compared to the WT. And we suggested that R and FR could 

regulate the hypocotyl growth via phyB and phyA respec-

tively.

Relationship between phytochrome and gravitropic 

response
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Fig. 2. Hypocotyl gravitropic response of phyto-

chrome mutants of Arabidopsis grown in 

several light conditions. After a vernal-

ization for 1 day at 4℃, seed were germi-

nated under the white light (60 μmol/m2s) 

for 2 days. The germinated seeds were 

grown in the dark (A), white light (B), red 

light (C), and far-red light (D) for 1 day. 

The proper number of seedling was placed 

in petri dish with agar plate under the 

green light, and the petri dish was placed 

in horizontal position in the dark to meas-

ure the growth for 8 hr. The growth was 

monitored in the dark using an infrared 

camera as described in Material and Me-

thods. Symbols are mean values ± SE from 

7 independent experiments. ●: wild type, 

○: phyA, ▼: phyB, ▽: phyAB.

There was an evidence that phytochrome is required to 

regulated the physiological response such as gravitropism. 

Bouccalandro et al. [2] reported that light promotes the ex-

pression of PHYTOCHROME KINASE SUBSTRATE1 (PKS1) 

in root of Arabidopsis. And the negative phototropism and 

the enhanced PKS1 expression in response to blue light re-

quired phytochrome A. 

Based on the results of Fig. 1, we detected the hypocotyl 

gravitropic response of mutants to explain the role of phyto-

chrome in shoot placed in horizontal position under the sev-

eral light conditions.

Gravitropic response was not affected in the dark the 

same as the growth of hypocotyl (Fig. 2A). In the white light, 

gravitropic response of phyAB was stimulated about 200% 

of WT for 8 hr. PhyA and phyB also exhibit the stimulation 

of gravitropic response compared to the WT (Fig. 2B). There 

results were similar to the pattern of hypocotyl growth in 

the white light (Fig. 1B). These results suggested that shoot 

growth and gravitropic response might be regulated by the 

light via phytochrome.

Under the R condition, gravitropic response was stimu-

lated compared to the WT the same as the hypocotyl growth 

(Fig. 2C). The curvature of phyAB and phyB was about 55°, 

and WT and phyA was about 20° at 8 hr. According to the 

Fig 2D, gravitropic response of phyAB and phyA was stimu-

lated compared to that of phyB and WT in the FR. Both cur-

vature of phyAB and phyA was about 60° when WT and phyB 

was about 20° at 8 hr.

Both hypocotyl growth and gravitropic response was 

stimulated as the same manner under the R and FR, and 

even in the dark condition. These data suggested that hypo-

cotyl growth is closely related to the gravitropic response 

via the conversion from Pr to Pfr of phyA and/or phyB by 

the R and FR.

Kim, et al. [15] suggested that epidermal phyB inhibits 

hypocotyl gravitropic response in Arabidopsis. They ex-

plained phyB promote the degradation of phytochrome in-

teracting factors (PIFs) that negatively regulate various light 

responses [9]. And the inhibition of hypocotyl negative grav-

itropism regulated by converting starch-filled gravity-sens-

ing endodermal amyloplasts to other plastids with in red 

or far-red light. PIFs inhibited the conversion of amyloplast 

to etioplast in the dark [14]. In this experiment, phyB has 

mutations in the genes for phyB, so phyB could not show 

the inhibition of the negative gravitropism anymore.

Ethylene production in phytochrome mutants in 

the various light conditions

It has been reported that light and ethylene coordinated 

the regulation of hypocotyl elongation through microtubule 

destabilizing protein via PIF3 [18]. And Yu et al. [32] re-

viewed the effect of integration of ethylene and light on the 

hypocotyl growth in Arabidopsis. In this experiment, we 

measured the ethylene production to investigate the coordi-

nation of light and ethylene to understand the role of phyto-

chrome in hypocotyl growth and gravitropism.

Under the white light, ethylene production reduced in the 

phytochrome mutants compared to the WT (Fig. 3). The re-

duction of ethylene production of phyA and phyB was about 

13%~30%, and phyAB was about 50% of WT. These data sug-
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Fig. 3. Ethylene production in phytochrome mutants of Arabid-

opsis hypocotyl grown in several light conditions. After 

a vernalization for 1 day at 4℃, seeds were germinated 

under the white light (60 μmol/m2s) for 2 days. The ger-

minated seeds were grown vertically in several light con-

ditions for 5 day. Hypocotyl segments (10 mm) were col-

lected under the green light to avoid the light effect. The 

ethylene production was measured at 4 hr incubation 

as described in Material and Methods. Bars are mean 

values ± SE from 4 independent experiments.

Fig. 4. Measurement of in vitro ACS activity in phytochrome 

mutants of Arabidopsis hypocotyl grown in several light 

conditions. After a vernalization for 1 day at 4℃, seeds 

were germinated under the white light (60 μmol/m2s) 

for 2 days. The germinated seeds were grown vertically 

in several light conditions for 5 day. Hypocotyl seg-

ments (10 mm) were collected under the green light to 

avoid the light effect. In vitro ACS activity was measured 

as described in Material and Methods. Bars are mean 

values ± SE from 4 independent experiments.

gested that the phytochrome could affect the ethylene pro-

duction in hypocotyl of Arabidopsis.

To identify the interaction between phytochrome and the 

ethylene production, we measured ethylene biosynthesis in 

the hypocotyl grown in the dark. It seems that there is no 

significant difference in ethylene production between WT 

and mutants (Fig. 3), suggesting that phytochrome might be 

involved in the ethylene production.  

On the other hand, the hypocotyl grown in the R showed 

the reduction of ethylene production in three mutants com-

pared to the WT (Fig. 3). Among the mutants, phyAB ex-

hibited the lowest ethylene production such as 55% of WT. 

However, ethylene production of phyA did not inhibit com-

pared to other mutants. These results suggested phyB might 

play a role in the regulation of the ethylene production rath-

er than phyA in the R.

The ethylene production in the hypocotyl grown in the 

FR was reduced in mutants except phyB (Fig. 3). This result 

indicated that the ethylene production in phyB increased un-

like in the hypocotyl grown in the R. Therefore, ethylene 

production was regulated by Pr form of phyA in the FR. 

In conclusion, ethylene production was regulated by Pfr 

form of phyB in the R, and Pr form of phyA in the FR. This 

regulation of phytochrome in ethylene production affected 

the growth and gravitropic response in hypocotyl of Arabid-

opsis.

To confirm of these results, we measured the in vitro ACS 

activity in phytochrome mutant grown in various light con-

ditions (Fig. 4). The ACS activity did not exhibit the sig-

nificant difference between WT and mutants in the hypo-

cotyl grown in the dark. However, the ACS activities of all 

mutants were reduced by 30% of WT in hypocotyl grown 

in the white light. These results suggested that the ACS ac-

tivity referred to patterns similar to ethylene production. In 

mutants grown in the R, the ACS activities were reduced 

by 20~45% of wild type, and phyAB showed the lowest activ-

ity among the mutants. In the hypocotyl grown in the FR, 

phyA and phyAB exhibited the reduced ACS activity about 

50% of WT, even though phyB did not reduced the ACS 

activity. To understand the step regulated by phytochrome, 

we measured the ACO activities in mutants and WT in sev-

eral light conditions. And there was no difference in the 

ACO activity between WT and mutants (Fig. 5). These data 

suggested that the ethylene production related to phyto-

chrome was regulated via the ACS activity in ethylene syn-

thesis pathway.

It has been reported that the level of ethylene could not 

regulate the hypocotyl negative gravitropism in tomato [12]. 

They suggested that ethylene is not a mediator of the neg-

ative gravitropic response of tomato shoots. Further, these 
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Fig. 5. Measurement of in vitro ACO activity in phytochrome 

mutants of Arabidopsis hypocotyl grown in several light 

conditions. After a vernalization for 1 day at 4℃, seeds 

were germinated under the white light (60 μmol/m2s) 

for 2 days. The germinated seeds were grown vertically 

in several light conditions for 5 day. Hypocotyl segments 

(10 mm) were collected under the green light to avoid 

the light effect. In vitro ACS activity was measured as 

described in Material and Methods. Bars are mean val-

ues±SE from 4 independent experiments.

data could not rule out the possibility that low ethylene lev-

els are necessary for full gravitropic response. And some evi-

dences suggested that ethylene may regulate gravitropism 

in shoot [28]. They reported that the treatment of ethylene 

inhibitors reduced the initial gravitropic curvature. Wolter-

ing et al. [30] suggested that one of the ACS genes (Am-ACS3) 

was abundantly expressed in the bending zone cortex at the 

lower side of the stems within 2 hr of gravistimulation. This 

implies that ethylene biosynthetic pathway respond to grav-

istimulation.

Further experiments need to explain that the phyto-

chrome regulates the hypocotyl growth and gravitropic cur-

vature via ethylene production in Arabidopsis shoots accord-

ing to the internal IAA level and the cortical microtubule 

arrangement, which control the direction of elongation [1].

In these studies, phytochrome mutants such as phyA, 

phyB, phyAB exhibited the various responses according to 

the type of light. Under the dark condition, hypocotyl 

growth and shoot gravitropic curvature did not show any 

difference between WT and phytochrome mutants. And the 

phytochrome mutants showed the promotion of growth and 

gravitropic curvature compared to the WT in the white light. 

On the other hand, the growth and gravitropic curvature 

of phyA inhibited compared to other mutants in the R. In 

the FR, phyB exhibited the lowest rate of growth and curva-

ture among the mutants. Both in the R and FR, mutants ex-

hibited the promotion of the growth and gravitropic curva-

ture compared to the WT. The ethylene production did not 

significantly different in mutants and WT grown in the dark. 

In the hypocotyl grown in the white light, ethylene pro-

duction of all mutants had reduced over the WT. The ethyl-

ene production of phyA grown in the R and phyB grown 

in the FR had increased over the other mutants, and the 

amounts of ethylene production were about the same to WT 

in the hypocotyl grown in the R or FR. The activity of ACS, 

converting AdoMet to ACC in ethylene synthesis, coincided 

with the ethylene production in the phyA and phyB grown 

in the R and FR respectively. These results suggested that 

Pfr form of phyB in the R and Pr form of phyA in the FR 

increased the ethylene production via increasing ACS activ-

ity in the R. This increased ethylene production regulated 

the hypocotyl growth and gravitropic curvature in Arabidopsis 

shoots.
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초록：애기장대의 하배축에서 피토크롬이 생장과 굴중성 반응에 미치는 영향

이상승․김순영*

(안동대학교 생명과학과) 

피토크롬은 빛을 인지하여 식물의 생장과 발달에 영향을 미치고, 식물호르몬인 에틸렌은 식물의 줄기 뿌리의 

생장을 조절한다. 본 연구는 phyA, phyB and phyAB와 같은 애기장대의 피토크롬 돌연변이체를 이용하여 다양한 

빛 조건(암소, white light, red light, far red light)에서 하배축의 생장과 굴중성 반응을 측정하였다. 모든 빛 조건

에서 돌연변이체 phyAB는 다른 돌연변이체와 wild type (WT)보다 생장과 굴중성 반응이 가장 촉진되었다. Red 

light (R)에서 phyB가 phyA보다 굴중성 반응이 촉진되었으나 far red light (FR)에서는 phyB가 phyA보다 굴중성 

반응이 억제되었다. 하배축의 생장도 굴중성 반응과 같은 양상으로 조절되었다. 피토크롬의 작용을 설명하기 위하

여 에틸렌 생성과 in vitro ACS, ACO 활성을 측정하였다. White light에서 돌연변이체보다 WT에서 에틸렌 생성

이 촉진되었다. 그러나 R에서 키운 phyA와 FR에서 키운 phyB에서 에틸렌 생성이 촉진되어 WT와 비슷한 생성량

을 보였다. ACS 활성도 에틸렌 생성량의 양상과 일치하였다. 이 결과는 R에서는 phyB의 Pr 형태가, 그리고 FR에

서는 phyA의 Pfr 형태가 에틸렌 생성을 조절하여 하배축의 생장과 굴중성 반응을 조절한다는 가능성을 제시한다.


