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Abstract 
 

The hypocotyl hook forms in the dark and opens in the light. This was a widely 
accepted notion until recently, and many sophisticated studies have been made on the 
basis of this notion. However, the discovery of light-induced hook exaggeration (LIHE) 
in tomato has posed the problem of how to understand LIHE in the framework of the 
hypocotyl development during epigeal germination. This article attempts to provide 
answers to the problem. LIHE is caused by phytochrome A and other non-identified 
phytochromes (phy), involving very low- and low-fluence responses as well as red-light-
high-irradiance responses. Besides phy signals, LIHE requires the endosperm remaining 
within the seed coat. This is evidenced by the observation that if the endosperm, together 
with the seed coat, is removed no LIHE takes place any more, but the hook opens 
immediately in response to light. Further, LIHE is likely to be under the control of the 
dark-formed original hook, occurring at the same site and in the same orientation as the 
original hook. Surveys showed that similar LIHE is scattered among epigeal 
dicotyledons, being found in 10 out of 22 species, including tomato. The LIHE-exhibiting 
seed species are characterized by an underdeveloped small embryo embedded in 
abundant endosperm in hard seed coats. On the contrary, the 12 species lacking LIHE 
showed a fully developed embryo with traces of or a soon-disappearing endosperm in the 
soft seed coat, with the exception of persimmon, which lacks LIHE despite the LIHE type 
of seed structure. Field simulation experiments with tomatoes implicate that LIHE, due to 
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light streaming through the soil, contributes to successful emergence, releasing the hard 
seed coat. Finally, the possible relation between light-exaggerated and original hooks is 
discussed as a perspective for future studies. This article presents many photos and 
several movies to evidence the above descriptions.  
 
 

Introduction 
 
An apical hook is the arch-shaped, transient structure of the hypocotyl top observed in the 

seed germination process of most, if not all, dicotyledonous plants. It forms at an early stage 
of germination in the soil, and opens after emergence above the surface soil in response to 
light. It contributes to safe emergence of a seedling from the soil by protecting the apical 
meristem from mechanical injury [1] or by facilitating its passage throughout the soil [2]. 
Accordingly, the hook must be tightly held until the seedlings emerge from the soil. At 
emergence, seedlings need to quickly open the hook and expand the cotyledons to prepare 
themselves to grow autotrophically under sunlight. Accordingly, it is natural that seedlings 
can (i) produce more ethylene in the dark and in response to mechanical stress and exaggerate 
the hook, (ii) open the hook and accelerate the expansion of the cotyledons by perceiving 
light. Extensive work has been made to support this scenario mainly using Arabidopsis [3-
15], bean [16-21], lettuce [22], pea [23-26], and soybean [27]. During the course of the 
studies, the action spectrum for hook opening in pea [28] was determined, and the 
involvement of phytochrome (phy) in the response was shown [29]. It was also clarified that 
for maintaining or exaggerating the hook, ethylene functions with indoleacetic acid [5, 7, 10, 
12-15, 20-21, 26, 30] and gibberellins [11, 15, 22]. Nevertheless, none of the studies found 
the hook-exaggeration induced by light before studies by Shichijo et al. (2010a, b) [31-32]. 
This was likely because previous studies used plant species lacking this particular photo-
response.  

In 2000, we used the red light-induced anthocyanin synthesis with the high-pigment 
tomato mutant (hp-1) to demonstrate with tomato the cryptic red-light signal discovered in 
Sorghum [33-34]. Unfortunately, the hp-1 mutant (synthesizing anthocyanin in high 
concentrations) [35-40] was not as sensitive as Sorghum, and the original attempt was almost 
hopeless. Instead, the present first author (C.S.) noticed that the seedling top was enormously 
wound under red light (R) when searching for any new phenomena in the same mutant. First 
she thought that it might be a deformity due to some genetic deficiency in the mutant, but the 
same phenomenon also occurred in wild tomato cultivars. This is the origin of the light-
induced hook exaggeration (LIHE). It occurs widely in many species, but not in others, as 
described below. 

Now we are faced with the problem of how to understand the newly found LIHE within 
the framework of hook formation in epigeal dicotyledons. In an attempt to solve this problem, 
this article (i) reviews the information published to date on LIHE in tomato, (ii) presents the 
process of hypocotyl hook formation in the dark, (iii) shows the hypocotyl hook exaggeration 
and non-exaggeration in the light in relation to seed structure, and (iv) proposes the 
significance of LIHE in seedling development deduced from photographs and time-lapse 
movies. It demonstrates some phenomena discovered first by taking movies, and (v) finally 
discusses the possibly distinct natures of the original and the light-exaggerated hooks. 
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Materials and Methods 
 

General Methods for Germination and Seedling Culture 
 
Seeds were sterilized for 30 to 90 min with kitchen bleach diluted 25 times, imbibed in 

running tap water, and allowed to germinate on filter paper in Petri dishes. Uniformly 
germinated seeds were selected, transferred in general to manufactured porous gravel, 
Filtration Gravel® (commercial name; GEX, Osaka, Japan - subsequently referred as just 
Gravel). It was packed in transparent, colorless, wide-mouth bottles or plastic boxes, which 
were loosely covered with a cap or a lid to maintain humidity, unless otherwise stated. 
Temperature for seed germination varied with species, and will be given at the respective 
sites of appearance, but the temperature for growing seedlings was always 25.5 ± 0.5°C. To 
test the effects of light, transfer of the germinated seeds was made under a dim green safe 
light. Germinated seed transfer for the control was made under complete darkness.  

 
Culture method of long radish and tomato seedlings 

Long radish for Movies 1 and 3: Seeds, sterilized and imbibed as above, were germinated 
on filter paper in Petri dishes in the dark at 25.5 ± 0.5°C for one day; uniformly germinated 
seeds were transferred to the surface of or in wet Gravel in plastic boxes, as stated above in 
the general methods, and used for shoot production. 

 
Tomato: Seeds were germinated in the same manner as radish for 3 days instead of one 

day. Uniformly germinated seeds were transferred to Gravel in bottles or plastic boxes or 
other substrata, and immediately or after 1 to 3 days cultured in the dark; seedlings were 
subjected to experiments. 

 
For testing the effects of different sowing depths in long radish and tomato, germinated 

seeds were placed on a bed of Gravel packed flat in a plastic box. Thereafter, the bed was 
separated into two equal sections by erecting a piece of transparent plastic sheet, and finally, 
covered with Gravel to obtain the desired study depths. 

 
Determination of hook angle: To quantify the magnitude of a hypocotyl hook, the angle 

formed by the extended lines of the lower and the upper arms of the hook was determined, 
defining as null when the hook would open completely to straighten up [31].  

 
Light source and lighting: White light (WL) was supplied from “Day Light” fluorescent 

lamps. Red (R) and far red (FR) light were from respective colored fluorescent lamps through 
relevant filters [31].  

 
Photographs and movies: Digital cameras (Nikon Coolpix P6000, Tokyo, Japan) were 

used, which were capable of automatically shooting repeatedly at a pre-set interval with 
automatic focusing and exposure. The movies presented here were always taken at 10-min 
intervals.  
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Results 
 

Formation of the Hypocotyl Hook  
 
When long radish, Raphanus sativus cv. longipinnatus, representing the epigeal 

germination of most dicotyledons, germinates, first the root protrudes from the seed coat and 
elongates downward to fix the seedling. Thereafter, the hypocotyl emerges1, bending 
positively with respect to gravity to form the hook (Figure 1). This is similar to that reported 
for cress, cucumber, and sunflower [41]. The orientation of the hook (plane of a hook) with 
respect to gravity is not affected by the direction of seed placement (Movie 1). Soon, as the 
part of the hypocotyl lower than the hook elongates upright in the dark, the hook angle 
converges mostly to 120 to 140º with respect to the vertical, defining as null the fully opened 
hook (Figure 1a). Not only in the dark but also in the light, the hook forms once without fail 
before it opens in response to light (Figure 1b). The strict gravity dependency of hook 
formation is more clearly seen in persimmon (Figure 2). When a persimmon seed is placed 
upright with the micropyle end at the bottom, the hypocotyl elongates straight upward 
without forming the hook for a while, but soon begins to bend sensing a difference of gravity 
due to an accidental slanting of the hypocotyl (Movie 2 Note the seedling at the front center). 
These observations support the view [41] that the hypocotyl hook is formed in response to 
gravity.  

In long radish, as the hypocotyl grows, the cotyledons also grow to some extent in the 
dark, and more markedly in the light (Figure 1). The repulsion by the cotyledons facilitates 
release of the seed coat. If in soil, the friction of the cotyledons with it, arising from hypocotyl 
elongation helps to accomplish that releasing. Thus, the seed coat is released from the 
seedling either on the surface of a substratum or in soil (Movies 1, 3). Snapdragon 
(Antirrhinum majus) is an interesting example that the repulsion of the growing cotyledons 
abruptly splits off the seed coat to release it (Movie 4). Seeds that have a hard coat, such as 
persimmon, need to germinate deep in the soil to successfully release the seed coat.  

 
 

Light-Induced Exaggeration of the Hypocotyl Hook (LIHE)  
 
When tomato seeds germinate in the dark, the hypocotyl emerging from the seed coat 

forms the hook in a manner similar to radish and persimmon. At first, both lower and upper 
arms of the hook elongate 5 to 7 mm, forming an inverted V-shape with an angle of 140 to 
160º (Figure 3a, 2nd from the left). Subsequently, the lower arm predominantly elongates and 
the hook tends to open partially, but is hindered due to limited space if in the soil. In parallel, 
the endosperm (which was first solid) gradually digests to mucilage, and the cotyledons 
elongate sluggishly, preparing the seed coat with the residual endosperm for releasing [32] 
(Figure 4b, c). Hence, if seeds germinate at some depth (more than 8 mm) [31] (Figure 5), the 
seed coats are released within the soil as the lower arm of the hook elongates to push up the 
seedling apex above the soil surface. This is what happens in tomato in the dark.  

 

                                                        
1 When germination is hypogeal such as in pea or broad bean, the hypocotyl grows first for a limited period, then 

root elongation starts [42]. 
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Figure 1. Long radish. Development of the hypocotyl hook in the dark (a) and light (b). From left to 
right: 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 days after sowing; lighting: continuous R (Rc): 1.7 µmol m-2 s-1; 
scale bar: 10 mm. Seeds were sown successively at intervals on Gravel and immediately transferred to 
the dark (a) or light (b) until simultaneously photographed. Cf. Movie 1. 

 

 

Figure 2. The hypocotyl hook of persimmon forms in the same orientation regardless of whether seeds 
are placed flat or vertical to the surface of a vermiculite bed. Seeds, collected from ripe fresh fruits in 
November to December and stored humid in the cold, were sown in mid-February and grown for 16 
days under continuous white light (WL) until photographed. Lighting: WL, 10.5 µmol m-2 s-1. Cf. 
Movie 2. 

When transferred to continuous light conditions, dark-grown 3-d-old seedlings steadily 
exaggerate the hook during the subsequent 3 days, and then gradually recede (Figure 3b, c). 
Movie 5 shows the uphill process of LIHE observed with 5-d-old seedlings. Interestingly, 
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when transferred to light, seedlings first tend to open the hook, but soon close it again, and 
exaggerate it (See also Movie 6).  

Effective in hook exaggeration are WL, R, and even FR given in a pulse(s) or 
continuously. The magnitude of exaggeration depends on the quality and quantity of pulse 
light as well as the intensity of continuous light (Note the difference in hook angle by 
different light intensities in Figure 3b, c) [31].  

 

 

Figure 3. Tomato. Development of the hypocotyl hook in the dark (a) and light (b, c). From left to right: 
1.0, 1.7, 2.0, 2.8, 3.0, and 3.8 days after the start of experiment;. Scale bar: 10 mm. For simultaneous 
photographing, seeds were successively sown at intervals and 3 days later, germinated seedlings (3-d-
old) were successively transplanted on the surface of Gravel in boxes, which were kept under Rc, 1.7 
µmol m-2 s-1 (b) and 37 µmol m-2 s-1 (c) until photographed. For the dark control (a), since even green 
safe light is effective, transplanting of seedlings was omitted, seeds were successively sown each time 
in a new bottle of Gravel, and kept in the dark at the same temperature as in b and c. 
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Figure 4. Tomato. As germination proceeds, the abundant solid endosperm embedding the embryo (a, 
3.5-d-old) digests to a mucilage, and the cotyledons enlarge pushing out the hypocoty out from the seed 
coat cavity (b, 4.5-d-; c, 5.2-d-old). Thus, the seed coat encasing the endosperm becomes ready to be 
smoothly released. The same changes happen when the hook exaggerates in response to light (d, 5.0-d-
old; placed under Rc for the last 1.0 d). Top picture for every figure: a whole seedling; bottom: anatomy 
of the seed part. The lowest bottom in a: the back-lighted picture of the middle clearly shows the 
underdeveloped embryo being embedded by the abundant endosperm. Lighting: Rc, 1.7 µmol m-2 s-1; 
scale bars: black, 1 mm, and orange, 5 mm. 

 

Figure 5. Tomato seedlings under darkness, germinated at a shallow depth (8 mm), fail to release the 
seed coat (right), whereas those at 15 mm depth are successful in doing it. Seeds were placed on the 
same level in a pot, and then covered with soil layers of different thickness; note the different levels of 
the soil surface. Photos: 7 d after sowing seeds (From Shichijo et al. 2010 [31]). 
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Involvement of Phytochromes in LIHE  
 
Hook exaggeration in wild-type tomato induced by a single R pulse is partially reversed 

by an immediately subsequent FR pulse repeatedly to the same level, which corresponds to 
the exaggeration level caused by a single FR pulse alone [31]. Also, the same is true with the 
high-pigment (anthocyanin), phy-complete mutant, hp-1. With phy A-deficient mutant, phyA 
hp-1, however, an FR pulse causes no exaggeration and a complete R/FR reversion is 
repeatedly accomplished [31] (Figure 6). This indicates that phy A and other non-identified 
phy(s) are involved, the latter being responsible for the observed R/FR reversibility. Fluence-
response curves, determined with a wild type and hp-1 as well as phyA hp-1 and phy B1 
mutant, phyB1 hp-1 using a single R pulse ranging from 10-4

 

to 104
 

µmol m-2, show the 
involvement of very low- and low-fluence responses. The fluence rate-dependency observed 
under Rc implies the operation of an R-high-irradiance response of phy [31]. Thus, although 
phy species, other than phy A, remain to be identified, it is clear that phy’s mediate LIHE.  

 

 

Figure 6. R/FR reversibility of LIHE, an important criterion for examining the phy action, is partial in 
phy-whole, high-pigment tomato mutant hp-1 and the phy B1-deficient mutant phyB1 hp-1, but 
complete in the phy A-deficient mutant phyA hp-1. This indicates that phy A and other phy’s are 
involved in LIHE (From Shichijo et al. 2010 [31]). 

 
Variation of LIHE Responsiveness with Seedling Development  

 
As tomato seedlings develop, the responsiveness to Rc, which is maximum shortly before 

the inverted V-shaped stage, decreases exponentially, but 4 days later (8-d-old, about 50-mm-
tall seedlings), it still retains about a quarter of the maximum (Figure 7). A similar trend, 
including a sharp decline from the 4th to the 5th day, is also observed with a single R pulse 
(data not shown).  

Essential for responsiveness is that the seed coat keeping the endosperm remains 
unreleased. Once it is released, the seedlings lose the responsiveness completely and, instead, 
come to open the hook in response to light (Figure 8; Movie 6). In seedlings just germinated 
(3.5-d-old), the endosperm is still abundant in the seed coat cavity (Figure 4a). It gradually 
decreases as the seedlings grow (Figure 4b, 4.5 d), but a fairly large portion of it remains as a 
mucilage even when the seedlings become more than 15 mm tall after 5.2 d in the dark 
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(Figure 4c). The close correlation of the responsiveness with the remaining amount of endo-
sperm strongly suggests that the endosperm, rather than the seed coat, supports the 
responsiveness of the LIHE.  

 

 

Figure 7. The responsiveness for LIHE in tomato is highest at germination and declines exponentially 
with seedling age. The ordinate indicates the increase in hook angle during the first 24 h after dark-
grown seedlings are transferred under Rc, 35 µmol m-2 s-1. Numbers near symbols are the mean ± SE of 
seedling height (mm; lower arm of the hooks) when transferred (Adapted from Shichijo et al. 2010 
[31]). 

 

 

Figure 8. After releasing the seed coat (together with the endosperm), tomato seedlings exhibit no LIHE 
and, instead, open the hook in response to light (right side), while those holding the seed coat show 
LIHE (left side). Germinated seeds were planted on the surface (left side) or at 10-mm depth (right 
side) of Gravel, and grown in the dark for 3 d before being exposed to Rc + WL, 18 and 8 µmol m-2 s-1, 
respectively, for 22 h until photographed. Cf. Movie 6. 
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Possible Function of the Dark-Formed Original Hook for LIHE  
 
As described above, LIHE takes place literally by exaggerating the original hook formed 

in the dark. Firstly, the site of the hook, i.e. the center of the hook arch, does not move by the 
exaggeration, keeping the distance from the cotyledonary node, i.e. the length from the upper 
arm, almost unchanged; however, the lower arm elongates greatly (Table 1; Figures 3, 4). 
Secondly, although during the course of LIHE, the hook could be influenced by gravity in 
various directions, the orientation of the hook does not deviate, i.e. does not twist (Figures 3, 
4d), and the exaggeration can easily go beyond 180º (Figure 9; Movie 5).  

Naturally, the hook results from a differential growth between the outer and inner sides 
whether a difference in cell number or length is involved [9, 11]. As seedlings grow, the 
tissues of a hook on the outer as well as the inner sides are continuously replenished with new 
tissues from the apical meristem, and move down into the lower arm [32] (Figure 9). In such 
circumstances, it is noteworthy that LIHE exhibits the above-stated features. These findings 
suggest that LIHE takes place under an obstinate control of the dark-formed original hook, 
surmounting the possible influence of the existing gravity.  

 
Table 1. Length of the upper and lower hypocotyls of tomato seedlings  

 Light Dark 
 Upper Lower Upper Lower 

5-d-old 
seedlings  

5.40 ± 0.16  6.92 ± 0.47 (n = 60) 4.66 ± 0.15 7.89 ± 0.41 (n = 70) 

6-d-old 
seedlings  

5.64 ± 0.16  10.46 ± 0.68 (n = 40) 5.66 ± 0.15 13.51 ± 0.56 (n = 74) 

Length: mean ± SE (mm); Light: Rc, 1.7 µmol m-2 s-1; Dark-germinated 3-d-old seedlings were grown 
under Rc or in darkness for additional 2 and 3 days.  

 

 

Figure 9. Downward flow of tissues through the exaggerated hook from the apical meristem. The hook 
stays at almost the same distance from the cotyledonary node, although the tissues constituting the hook 
are continuously replenished with new tissues from the apical meristem and enter the lower part of the 
hypocotyl. The time indications are periods from the transfer of seedlings to light, Rc, 1.7 µmol m-2 s-1. 
Arrows indicate blurred markings. Photos by M. Takahashi-Asami (From Shichijo et al. 2010 [32]). 
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LIHE in Other Species 
 
The discovery of LIHE in tomato stimulated us to search for seed species showing a 

similar hook exaggeration. The results included 22 species, mostly vegetable and ornamental, 
10 species including tomato exhibiting LIHE, while radish and 11 other species did not 
(Table 2). The latter group of species behaves like radish. As to the presence or absence of 
LIHE, no taxonomical relationship was found.  

 
Table 2. Epigeal dicotyledons surveyed up to date for light-induced  

hook exaggeration (LIHE) 
 

A) Plants exhibiting LIHE 
 

Family Species Common name 
Apiaceae  Cryptotaenia japonica Mitsuba, Japanese wild parsley  
 Docus carota Carrot 
 Petroselinum crispum Parsley 

Basellaceae Basella alba  Malabar-, Indian-, or Buffalo spinach
Malvaceae Abelmoschus esculentus Okra 
Solanaceae Capsicum annuum var. abbreviatum  Red Chili pepper 
  Capsicum annuum var. grossum  Bell pepper, Green pepper 
 Solanum lycopersicum Tomato  
 Solanum melongena  Eggplant 
Tiliaceae  Corchorus olitorius  Jute 

 
B) Plants lacking LIHE  

 
Family Species Common name 
Amaranthaceae Gomphrena globosa Globe amaranth, Bachelor button 
Asteraceae Glebionis coronaria  Crown daisy  
 Tagetes sp. Marigold 
Brassicaceae Arabidopsis thaliana Arabidopsis  
 Brassica campestris Field mustard 
 Brassica oleracea  Cabbage 
 Brassica oleracea var. italica Broccoli 
 Raphanus sativus var. longipinnatus Long radish 
Fabaceae Trifolium sp. Clover 
Ebenaceae  Diospyros kaki cv. Hiratanegaki Persimmon 
Portulacaceae  Portulaca oleracea  Common purslane 
Scrophulariaceae  Antirrhinum majus    Snapdragon 

 
As typical examples in the former group, bell pepper, eggplant, jute (Corchorus 

oritorius), mitsuba (Cryptotaenia japonica), okra and parsley are presented in Figure 10, 
where marked hook exaggerations are recognized under Rc (upper right for each species) in 
contrast to controls in the dark (upper left). Characteristic features of seed structure common 
to the group are the underdeveloped thin cotyledons embedded in the endosperm, abundant in 
the seed coat cavity (Figures 4, 10). Jute embryo (bottom right) looks big, but it is thin, being 
sandwiched by endosperm from the front and back. Although okra embryo is well developed, 
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a fairly large amount of endosperm is visible on the inner side of the seed coat, if the embryo 
is removed (Figure 10 Okra, two photos at the bottom, right).  

 

 
(a) 

Figure 10. Continued on next page. 
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(b) 

Figure 10. Representative species exhibiting LIHE. For each species: a whole seedling grown in 
darkness (top left) and in the light (top right), and a germinated whole seed to be transplanted for LIHE 
test (bottom left) and their anatomies (bottom right). Seeds were germinated in the dark at the indicated 
temperatures, and transplanted onto the substratum surface, and subjected to LIHE test for the indicated 
periods; bell pepper, eggplant, jute, and okra: 25ºC; mitsuba: 20ºC; parsley: 15ºC; eggplant, 4.5 d; bell 
pepper, 3 d; mitsuba and okra, 2 d; and jute and parsley, 1 d. Substratum: Gravel in bottles for all 
species except for eggplant and bell pepper placed on wet filter paper. LIHE test: Rc, 38 µmol m-2 s-1 at 
25.5 ± 0.5°C. Scale bars: black, 1 mm, and orange, 5 mm. 

As the latter group, Figure 11 shows the cases of cabbage, crown daisy (Glebionis 
coronaria), globe amaranth (Gomphrena globosa), and marigold (Tagetes sp.), where the 
hooks straighten up under Rc instead being exaggerated. In the dark, the typical hooks are 
kept as already seen in radish (Figure 1). Their structural characteristics are that the embryos, 
particularly the cotyledons, are well-developed and occupy almost the whole seed coat cavity 
with a trace of endosperm within; the seed coat is easy to tear, and hence, readily released 
during the early germination process. Exceptions to the common features are persimmon, 
globe amaranth, and Portulaca. A persimmon seed has the very small embryo in the abundant 
endosperm encased by the thick, hard seed coat when sown, but it exhibits no LIHE (cf. 
Movie 2). It takes a few weeks for the seed to germinate and for the hook to be raised upward 
(cf. Figure 2 caption). It was first suspected that during the germination period the endosperm 
might be consumed up for the growth of the embyo and disappear until the hook forms, but 
dissection showed that a fairly large portion of the endosperm remained around the 
cotyledons within the seed coat. Thus, persimmon is truly exceptional to the rule. Globe 
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amaranth (Figure 11) and Portulaca oleracea also have a large endosperm at the center of the 
seed, embraced by the cotyledons (photograph at bottom right), but it rapidly disappears 
before the stage of the upper two photographs.  

Thus, seed structure characteristics for the LIHE group are: (i) the embryo is 
underdeveloped, and abundant endosperm fills the seed coat cavity. Even when seeds start to 
germinate and form the hypocotyl hook, the developing cotyledons and the endosperm share 
the seed coat cavity; (ii) the seed coat is hard to tear. The first characteristic agrees with the 
conclusion that the presence of endosperm is essential for LIHE as already demonstrated with 
tomato. The second characteristic has important connections to the possible significance of 
LIHE, and we will refer to it below.  

 

 

Figure 11. Representative species lacking LIHE. Other explanations are the same as in Figure 10, 
unless otherwise stated. Germination temperature and period; cabbage and globe amaranth: 25ºC; 
crown daisy and marigold: 20ºC; cabbage: 3 d; crown daisy, globe amaranth, and marigold: 2 d. 
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Significance of LIHE in the Field  
 
What is the significance of LIHE in the field, although it seems to be a drawback to the 

seedling? The possible significance examined first is that when a seedling emerges through 
hard soil, LIHE may contribute for the seedling to break through it. To test this, imbibed 
tomato seeds were placed in a 10-mm depth of granite gravel and allowed to emerge under Rc 
and in darkness. Both lots showed good emergence of seedlings; however, it was one day 
earlier in the dark than in the light, rejecting the possibility [31]. The same experiment was 
conducted using the manufactured gravel “Filtration Gravel®” in place of granite gravel, 
which gave a similar result (Data not shown). The one-day delay of emergence in the light is 
ascribable to a suppressed increase in height due to LIHE and direct action of light to 
suppress growth (cf. Figures 3, 4). The time lag can also be noticed in Movie 7 which 
presents complicated seedling movements before emergence.  

Another possible significance is that LIHE may act on removing the seed coat, which is 
hard to split, a characteristic of the LIHE species. Seeds were allowed to germinate on the 
surface as well as at various depths of soil or Gravel. The results were: If germinated at a 
depth greater than 8 mm, seedlings released the seed coat both in the light and in the dark. 
Therefore, no LIHE took place [31] (Figures 5, 8). By contrast, if germinated at an 8-mm 
depth, seedlings released the seed coat only in the light, but not in the dark [31] (Figure 12). 
At depths shallower than 5 mm or on the surface, the seed coat was released neither in the 
dark nor in the light, although LIHE took place in the light [31] (Figures 8, 12). Similar 
results were reproduced with eggplant, but the critical depth was 5 mm instead of 8 mm for 
tomato (Data not shown). Thus, LIHE contributed to the seed coat release when seeds 
germinated at a certain medium depth, probably by allowing time for the seedlings to release 
their seed coat, preventing a likely seed coat desiccation. During this time, the cotyledons 
elongated, and the endosperm further digested to facilitate the slipping-off of the hard-to-split 
seed coat. Moreover, the burial depth is important to provide the seed coat with the friction 
needed to be smoothly released (Figure 13; Movie 7).  

 

 

Figure 12. Tomato seedlings release the seed coat only when planted at 8-mm depth in the light (Light, 
right), whereas they fail to do it when at 8-mm depth in the dark (Dark, right) and on the surface in the 
light and dark. This suggests that at 8-mm depth, LIHE contributes to releasing the seed coat. 
Germinated seeds were transplanted to the indicated depths, and kept in the dark for another day until 
the lighting experiment was initiated. Lighting: Rc + WL, 19.3 and 12.2 µmol m-2 s-1, respectively. Cf. 
Movie 7. 
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Figure 13. Struggle of tomato seedlings in Gravel to release the seed coat by LIHE under WL. The time 
indications are the period from the transfer of seedlings under light. Following hook formation at 20 h, 
seedlings perform LIHE at 34 h to 46 h, followed by rapid elongation of the lower part of the 
hypocotyl, leaving the seed coat behind (arrows). Subsequently, vigorous opening motion of the 
exaggerated hook occurs. The continuous movements are viewed in Movie 7. For this Figure, 
germinated seeds were transplanted to an 8-mm depth, and grown under WL: 34 µmol m-2 s-1. Scale bar: 
10 mm. 

 

Discussion 
 
This article showed that LIHE, first discovered in dark-germinated tomato seedlings, is 

not a curious phenomenon limited to tomato, but it occurs widely in various dicotyledonous 
species distributed among families having no particular taxonomical relationships. The 
common features of seed species exhibiting LIHE are, without exception among 10 of the 22 
study species (Table 2; Figures. 4, 10): (i) the abundant endosperm, (ii) underdeveloped 
embryo, and (iii) hard-to-split seed coat. The unused part at least, of the endosperm, is 
essential for LIHE to take place. The embryo and the seed coat benefit from LIHE for the 
successful release of the seed coat; these characteristics further secure the safe development 
of seedlings (cf. Significance of LIHE in the Field). The remaining 12 species lack the 
features 1 to 3 (persimmon needs confirmation, though), and exhibit no LIHE.  

When the hook opens in response to light, phy(s) operates in the LIHE species, as shown 
with tomato [31], and in the non-LIHE plants [4, 24, 28]. For LIHE to occur, not only phy’s 
but also the endosperm are essential (cf. Variation of LIHE Responsiveness), although other 
unknown factor(s) might also be involved. Seedlings of non-LIHE species, by contrast, carry 
no more endosperm when they form the original hook (Figure 11). Accordingly, we can 
assume that the endosperm availability at the time of hook formation distinguishes LIHE 
from non-LIHE species.  
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The time-lapse movies disclosed interesting movements during the development of 
seedlings. When transferred to light, dark-germinated tomato seedlings (LIHE species) first 
opened the hook for a short period (about 6.3 h) before starting to exaggerate it (Movie 5). On 
the contrary, dark-germinated radish seedlings (non-LIHE species), at early stages, tend to 
close the hook momentarily before starting to open it in response to light (Movies 1, 3). These 
curious opposite responses make us suspect that both LIHE and non-LIHE species possess 
both properties for hook opening and exaggeration as a response to light. Which property 
dominates would depend on various factors at the developmental seedlings stages, but the 
most prominent among them must be the endosperm.  

LIHE can take place at the same time when the original hook forms (Figure 3, 7). If, 
however, LIHE is induced after the original hook is complete, it is recognized that the 
orientation of the exaggerated hook corresponds to that of the original hook (Figures 4, 9; 
Movie 5). Therefore, it is most likely that the LIHE is under the control of the latter. If the 
exaggerated hook, as discussed above under Possible Function of the Dark-Formed Original 
Hook for LIHE, is insensitive or poorly sensitive to gravity, it would be possible to assume 
that the exaggerated hook is not the original hook simply exaggerated, but a distinct entity. 

Still another finding with movies is that the original hook forms not only in the dark but 
also in the light due to open a hook. Furthermore, it seems to form before the cotyledons open 
(Figure 1b; Movies 1, 2). The original hook seems to be a key step programmed to be 
completed before the seedling proceeds to another step of development. The hook might not 
only protect the apical meristem and facilitate the passage of the apex through soil, but also 
might play a role in determining the subsequent development of the seedlings. The above-
assumed control of the orientation of an exaggerated hook is an example of the assumed roles.  

Thus, the discovery of LIHE in tomato provided the turning point to pay renewed 
attention to the hypocotyl hook. The intriguing properties and involved mechanisms of the 
hypocotyl hook continue to be a research subject in our laboratories. The discussion here 
includes hopeful speculations as a guide for future studies.  

 

  

Movie 1. Hypocotyl hook of long radish, its formation and opening in the light. The hook forms 
following gravity even in the light before it opens. Seed coats are easily released by the repulsion of the 
growing cotyledons. Shooting period: 2.1 d, starting with 1-d-old seedlings transplanted on the Gravel 
surface; lighting: Rc + WL, 8.3 and 5.4 µmol m-2 s-1, respectively. 
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Movie 2. Hypocotyl hook formation from persimmon seeds placed at various orientations. Hooks are 
uniformly formed following gravity regardless of orientation. Note the seedling in the front center, 
which has arisen from the seed placed exactly upright with the micropyle end towards the bottom, 
grows upright until it forms the hook by sensing gravity. Seed sowing and seedling culture are the same 
as in Figure 2. Shooting period: 12.5 d, starting on 3 March. 

 

Movie 3. In long radish, seed coats are readily released by the repulsion of growing cotyledons 
regardless of whether sown on the surface or at 10-mm depth of Gravel. Shooting period: 2.8 d, starting 
with 1-d-old, dark-germinated seedlings; lighting: Rc + WL, 19.3 and 12.2 µmol m-2 s-1, respectively. 

 

 

Movie 4. Snapdragon (Antirrhinum majus) abruptly releases the seed coat by repulsion of the 
cotyledons. No LIHE is observed. Seeds were germinated and grown on filter paper placed on water-
soaked cotton in a Petri dish in the dark at 25.5 ± 0.5ºC for 4 days, and then transferred to WL, 10.5 
µmol m-2 s-1 to start the movie. Shooting period: 6.17 d. 
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Movie 5. Tomato. Uphill process of LIHE under continuous light. Hook angle continues to increase for 
about 2 d or more. Dark germinated seeds were placed on the substratum, kept further for 2.0 d in the 
dark, and then transferred to light when the movie started. Lighting: Rc + WL, 3.3 and 10 µmol m-2 s-1, 
respectively. Substratum: plastic net placed on water-soaked cotton in a Petri dish. Shooting period: 1.8 
d. 

 

Movie 6. Tomato. Seedlings after releasing the seed coat (together with the endosperm) do not 
exaggerate, but open the hook (right side), while those retaining the seed coat exhibit LIHE (left side). 
Interestingly, the hook opening proceeds very fast at the beginning, and almost stops when the 
cotyledons expand, then re-starts. A few seedlings which released the seed coat (on the right side) 
exhibit some extent of LIHE, which might be due to residual endosperm on the cotyledon surface. 
Shooting period: 21.8 h. Other explanations are the same as in Figure 8. 

 

Movie 7. Struggle of tomato seedlings in Gravel to release the seed coat by executing LIHE. Lighting: 
Rc + WL, 28 and 6 µmol m-2 s-1, respectively. Shooting period: 4.0 d. 
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