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STUDIES ON PHOTOBLASTIC GERMINATION IN LETTUCE SEED 

Thesis by 

Joseph :Emil Scheibe, Jr. 

ABSTRACT 

It was shown, with the aid of osmotic inhibition of germination, 

that the action of the far-red-absorbing form of phytochrome (Pf) in 

promoting germination can be completed even if the seed is held under 

conditions where germination is not possible. An effect of the contin­

uing action of Pf beyond the point of complete germination promotion 

was demonstrated by enhancement of germination rate after removal of 

the osmotically active solute. 

Previous reports that the rate of growth in water of seeds freed 

from the expansion-restricting endosperm is independent of the state 

of phytochrome were confirmed. However, a marked, phytochrome­

mediated enhancement of the growth potential of such seeds was 

demonstrated through restricting water uptake by incubation in an 

osmoticum. 

An experimental system, utilizing the appearance of a geotropic 

curvature in the radicle of the excised axial portion of the seed, 

was developed for more detailed studies of the phytochrome-enhanced 

growth potential. It was possible to demonstrate the light effect 

in water as well as in osmotica; this apparently is not possible with 

de-endospermed entire seeds. As in intact seeds, the effect of the 

continuing action of Pf is to enhance the rate of the response. Secre­

tion of a chemical inhibitor of growth by the endosperm as a possible 

mechanism of induction of light sensitivity bas been ruled out. 
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The phytochrome-dependent rate of appearance of geotropic curv-

ature in osmotica is paralleled in time by a similar dependence of 

the rate of early extension growth of the embryonic axis. Only the 

first small increment of growth is differentially responsive to red 

(R) and far-red (F); the rate of later increase in length is independ­

ent of the light regime. 

It was shown that the high concentrations of gibberellic acid 

required for germination promotion in the intact seed are due at 

least in part to a diffusion barrier in the endosperm, and that the 

occasional reports in the literature of the ineffectiveness of kinetin 

are probably due to the same phenomenon. It was shown that gibber­

ellin, like red light, enhances the growth potential of the axis, 

but kinetin does not. The difference in rates of response obtained 

after B-irradiation or gibberellin treatment, together with other 

results reported in the literature, strongly suggests that gibber­

ellic acid and red light promote germination by different means. 

The idea that kinetin promotes germination by yet another mechanism, 

probably operating in the cotyledons, was supported through two 

different experimental approaches. 

The phenomenon of temperature-dependent dark germination was 

examined in detail, using a wide range of both temperatures and 

incubation times. With the aid of the half-seed system, it was 

demonstrated that the promotive effect of low temperature on germin­

ation could not be due to a low optimwn temperature for early growth 
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of the radicle, since the rate of that process increased with 

increasing temperature, up to the highest temperature used. 

It was shown that phytochrome does not function at high temper-

a ture s. This fact is of considerable importance in interpreting the 

phenomenon of thermodormancy, since in the literature only a small 

part of the effect of high temperature has been ascribed to an effect 

on phytochrome, and at that, only to an acceleration of dark reversion 

of Pf to the red-absorbing form of phytochrome (Pr). Partial dena.t­

uration of phytochrome may also make some contribution. 

It was shown that the germination-promoting effect of low tem­

perature depends on the presence of Pf, and concluded that low temp­

eratures act by delaying or preventing transformation of Pf. 

Support for the asswnption that Pf, not Pr, is the active form of 

phytochrome in lettuce seeds was drawn from the same evidence. 

Attempts to stimulate germination by repeated irradiation with 

F over relatively prolonged incubation times resulted in failure, 

as have similar attempts reported in the literature. However, an 

enhancement of growth potential in the half-seed system by the main­

tenance of a small amount of Pf over long periods at ordinary temp­

eratures by repeated irradiation with F was demonstrated. 

It was observed that cold storage of the dry seed prevents or 

delays loss of dark dormancy during post-harvest storage. No change 

in the response of the half-seed in osmoticum to R and F was observed 

in seeds that had lost dark dormancy; that is, no internal change 
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took place to measurably increase the growth potential of the 

embryonic axis. 'lhis si.ggests that the endosperm is the seat of 

changes responsible for after-ripening of photoblastic lettuce 

seed. 
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I. INTRODUCTION 

GENERAL 

The effect of light on seed germination, or, to use a term 

proposed by Evenari (13), photoblastism, has been very extensively 

investigated (see reviews 13, 17, 48, 76). Photoblastiem may be 

positive or negative, that is, light may inhibit or promote the 

germination of photoblastic seeds. Negative photoblastism, however, 

is evidently a phenomenon dependent on a particular set of conditions 

for its expression (e.g., time of imbibition before irradiation, 

duration of light treatment) and conditions may usually be found 

such that light will stimulate germination of any photoblastic 

seed (17). Seeds in which germination is not affected by light are 

called aphotoblastic. 

The germination of photoblastic seeds is stimulated by red light 

(R) (6300-6800A); this stimulation is reversed by far-red light (F) 

(7300-7500A). The effect of a series of brief, alternating irrad­

iations with Rand Fis that of the last exposure alone (2). The 

two effective qualities correspond to the regions of maximum absorp­

tion in the visible spectrum of the two forms of pbytochrome; the red­

absorbing form (Pr), and the far-red-absorbing form (Pf) (7). It 

is therefore generally assumed that pb.otoblastism is controlled by 

pbytochrome. 

Most of the information available on photoblastism has been 

garnered from experiments using lettuce (Lactuca sativa L.) seeds, 

which may be apb.otoblastic or positively pb.otoblastic, depending on 
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the variety and seed lot. Since it has been considered at least 

doubtful that the mechanism of the light response is identical in 

all photoblastic seeds (17), and since the subject of this thesis 

is lettuce seed germination, this survey will only consider the 

responses as they have been described for lettuce. 

Morphology- of the lettuce achene. 

The 1&¥ers surrounding the embryo play an important role in the 

expression of photoblastism (see later). The following brief descrip­

tion of the gross structure of the seed is therefore included for 

the reader's orientation. 

The ontogeny of the lettuce achene (fruit) from just prior to 

anthesis to the fully matured structure has been described by :Borthwick 

and Robbins (4). The layers surrounding the embryo of the mature 

achene, from the inside out, are as follows: (1) 'lhe endosperm consists 

of a distinct layer of thick-walled cells entirely investing the embryo. 

Th.is 1&¥er is 2 cells thick everywhere, except at the radicle end, 

where it is often 3 or more cells in depth. (2) The 11seed coat 11 , 

derived from the integwnent, consists of a persistent, thick-walled 

outer epidermis and within that remnants of disorganized cells, and 

finally, adjacent to the endosperm, a suberized semi-permeable mem­

brane which represents the cuticle of the ephemeral. inner epidermis. 

(3) The pericarp (fruit coat) is longitudinally ribbed and consists 

of sclerenchymatous, strongly lignified cells. 
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The germination process. 

Evenari (16) has distinguished 4 phases in normal germination. 

(1) The imbibition phase. This phase consists in hydration of the 

seed. The rate of hydration is temperature-dependent; in lettuce 

seed, the maximum increase in fresh weight is attained after a.bout 

4 hours at 25°, but only after 12 hours at 3° (37). The full devel-

opment of sensitivity to light, however, occurs well before this 

phase is complete, a.t 1 . 5 hours a.t 25°, and 4 hours at 3°. Develop-

ment of photosensitivity during this phase proceeds the same under 

nitrogen as it does in air (37). (2) The activation phase. All 

the mechanisms which enable the embryo to begin growth are developed 

in this phase ••• 11 The trigger is set whose release will carry germin-

ation to its last phase and to the start of normal growth. 11 (16). 

The length of time the seed can remain 11triggered 11 without losing 

viability is relatively great. Lettuce seeds have been held in the 

imbibed condition at temperatures too high to permit germination for 

as long as 8 months without appreciable loss of viability (10). 

However, in photoblastic varieties, the germination response to a 

given dosage of R may decrease when the light treatment is given after 

prolonged dark incubation (see later). (3) The phase of mitosis. 

Cells of the radicle undergo mitosis and proceed to elongate during 

this phase. In normal germination these 2 processes occur simultan­
o 

eously. Mitosis begins, at 26 , at the 13th hour of imbibition. 

A:fter the 16th hour the frequency of mitoses declines. Haber and 

Luippo1d (24), using the aphotoblastic variety New York, and a 
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variety of techniques, were able to separate mitosis and elongation 

0 
in time during germination. In germination at 10 , or at ordinary 

temperatures following gamma-irradiation, radicle protrusion pre-

ceded mitosis. The converse obtained with germination in mannitol 

solutions (0.3-0.5M), or at 30°. (4) The protrusion phase . Here 

the rootlet penetrates the coats surrounding the embryo and seedling 

growth commences. During this phase, germination and growth overlap. 

Evenari considered growth and germination to be two· separate processes, 

and this distinction has been emphasized by Ikuma and Thima.nn (36, 37). 

LIGHT-INDUCED GERMINATION. 

The level of germination response attained after irradiation 

with red light may depend on factors other than the total light dose. 

For example, the degree of response to a brief irradiation depends 

on the length of the dark imbibition period preceding irradiation. 

Respo~ses to long-term irradiation at low and high intensities and 

to irradiation with white or blue light have been observed that are 

not explainable in a simple way solely in terms of photoconversion of 

phytochrome. 

The integrity of at least one of the tissue layers surrounding 

the embryo is essential to the light requirement of the seed. 

Role of the sµrrounding layers. 

The light requirement for germination of photoblastic lettuce 

seeds is lost upon removal of all surrounding layers (20, 35, 36). 

The naked embryo will 11germinate 11 and grow at temperatures where 



5 

germination of the intact seed will not occur regardless of the light 

regime (4), and its growth rate is unaffected by irradiation with 

either R or F (35, 36). Removal of the fruit coat alone does not 

remove the light requirement (20, 33). In experiments involving 

depth-controlled deuteron irradiation of the intact seed, it has 

been shown that irra diation of the endosperm alone was necessary and 

sufficient to overcome dark-dormancy (46, 64). It would seem that 

the light requirement depends on the presence of an intact endosperm. 

Removal of the upper end of the endosperm (by slicing off the cotyl­

edonary end of the seed) was not sufficient to induce dark germin­

ation, but removal of the upper half by the same operation was suffic­

ient, as was also making a longitudinal slit through the upper half 

of the seed (32, 37). Removing the small portion of endosperm that 

invests the radicle tip removes the light requirement (40). Red 

light, applied to different parts of the intact, imbibed seed is 

effective only in the radicle-hypocotyl region (33), and light of 

either wavelength is just as effective in reversing the effect of 

a previous irradiation with the other wavelength when applied to the 

opposite, as when applied to the same side of the seed (59). Thus, 

it seems probable that the primary mechanism of response to light 

resides in the embryo, not in the endosperm. 

Length of pre-irradia tion imbibition time. 

The subsequent germination behavior is unaffected by irradiation 

of the dry ·seed. Seeds placed to imbibe in water have been reported 
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to give a detectable response to light as early as after 10 minutes 

of imbibition (71). The response to a brief irradiation with white 

0 light at 26 shows a sharp optimum at the 8th hour, to red light a 

sharp optimum at the 3d hour (18), or at the 2d hour (37), or a 

0 
broad optimum (when incubated at 20 ) at the 14th hour of imbibition 

(3). Sensitivity to F falls sharply from the 2d to the 15th hour of 

260 ( ) 0 imbibition at 18 , or, at 20 , drops less sharply over the same 

interval, but then increases to the 30th hour (3). Prolonged dark 

incubation (3-4 days) at 26° results in failure of the seeds to 

respond at all to brief R irradiation (19, 57, 66). Such seeds are 

said to be 11 skotodormant 11 (17). The decline in response to a given R 

dose with increasing dark preincubation is an indisputable experimental 

fact. The differences in the rates of decline reported by the various 

workers are no doubt attributable to different experimental conditions, 

mainly temperature and magnitude of the light dose. The latter 

variable may be the most important, since it has recently been shown 

(54) that the decline in response to a 30-second R irradiation at 

26° does not occur if the irradiation time is extended to 2 minutes, 

at least for preincubation periods up to 24 hours. 

9ua.litative and auantitative effects of light. 

The reciprocity relationship is valid within certain intensity and 

irradiation time limits for R, F, and white light (17). For brief 

exposures, white (incandescent) light is of the same order of effective-

ness as R, even though the emission of the white source is slightly 
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higher at the longer than at the shorter actinic wavelength. The 

predominating effect of R is owing to the fact that photoconversion 

is several times as efficient for Ras it i s for F (3). For contin-
0 

uous irradiation with high intensity white light at 26 , germination 

falls off with increasing intensity, but 100% germination is still 

obtained for intensities of the order of 150 foot-candles (12, 14, 

17). Under continuous monochromatic light of low intensity germin-

ation falls off abruptly at wavelengths greater than ?OOOA, whereas 

at higher intensities inhibition begins at about 6600A and is complete 

at 7000A (29). The inhibition by prolonged irradiation with white 

or F light has been interpreted as an effect of continuous stimul-

ation of the pigment by F (29), but a detailed mechanism was not 

advanced. The dormancy resulting from prolonged irradiation with 

F has been called photodormancy (17). 

Light in the region 5000-GOOOA has no effect on germination. 

Blue light (4000-5000A) was found to promote germination somewhat, 

but only after long periods of dark imbibition. Blue light immed-

iately following a sub-saturating dose of R somewhat lowered the 

germination response to R, for all periods of imbibition. Approx-

imately 100-fold higher energies were required for a given response 

to blue than to either R or F. Because of the dual action and low 

efficiency of blue light it was concluded tha t both forms of phyto-

chrome have minor overlapping absorption bands in the blue, and that 

higher energy (i.e., prolonged) irradiation in this spectral region 

serves to establish an equilibrium between the 2 forms that is dif-
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ferent from that a fter R or F (3). In a report from another labor-

atory (81), blue light (4 hours) was found to r everse the promotion 

following a 1.5- minute R irradiation a t the same intensity. Repeated 

reversibility, in the manner of the R-F antagonism, was demonstrated. 

Escape from Ph2tocontrol. 

F administered immediately after R completely reverses the effect 

of R (i.e., germination percentage is reduced to that obtained after 

F alone), but as the time of the dark interval between Rand F 

increases, germination increases, ultimately to the level attained 

after R alone (e.g., 3, 34). This phenomenon is termed 11escape 11 

from photocontrol. The rate of escape from photocontrol is temperature 

sensitive. The interval between Rand F required to effect a given 

percent germination decreases with increasing temperature up to 25°, 

then increases for higher temperatures (37). 

TEMPERATURE EFFECTS 

Temperatµr e and light vs dark germination. 

Photoconversion of phytochrome is temperature-independent. 

The degree of promotion and reversal of promotion by sub-saturating 

0 0 
doses of Rand F, respectively, was the same at 26 and? (3). 

Nevertheless, the germination behavior of photoblastic seeds is 

strongly affected by the temperature regime. The effect of tempera-

ture on the rate of escape from photocontrol has already been mentioned. 

In most seed lots, dark germination at temperatures below 2JJ
0 is quite 

high, and consequently the difference between light and dark germination 
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is relatively small (12). At progressively higher constant tempera-

tures dark germination falls off faster than light germination and 

the maximum difference between light and dark is found between 25 
0 0 

and 30 • At 35 , germination is nil, bo·th in darkness and contin-

uou s white light (12) • 

.!he ef fect of high tempera ture during da rk imbibition. 

If seeds are held in t he imbibed state in the temperature range 

30-35° for protract ed periods of time, dark germination upon transfer 

to 25° 1·s 1 1 h practical y ni , and t e response to a single irradiation 

with R is also strongly r educed (62). Such a state is termed thermo-

dormancy (17). The depth of thermodormancy induced increases with 

temperature and duration of temperature treatment (73). Pretreatment 

with R prevents or delays the appearance of thermodormancy. A 

small response to R (F-reversible) can be induced in aphotoblastic 

lettuce seeds by incubating them at high temperatures for several 

days (2, 3, 19, 23, 73). 

~e effect of high temperature (35°), when given only during 

the pre-irradiation (imbibition) period, depends on the length of 

the period. For imbibition times not exceeding 4 hours, such temp-

erature treatment does not affect the germination re s ·~-0nse to a given 

R dose, when this is followed by incubation at 25°. It was concluded 

that the inhibiting effect of high temperature is due partly to 

acceleration of reversion of Pf to Pr, and possibly partial denatur-

· at ion of phytochrome, but principally to a general inhibition of 
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metabolic processes occurring after irradiation (37). The reversion 

0 0 
rate at 35 has been reported to be about twice that at 30 , on the 

basis of the length of post-irradiation incubation at a given temp-

erature required to reduce subsequent germination to a given percent-

age. It was stressed that although dark reversion of phytochrome 

is temperature-dependent, inhibition of germination by high temper-

ature is probably not principally the result of an effect on the 

pigment system (3). 

The effect of low tempera tµre. 

As mentioned before, dark germination becomes progressively 

higher as the incubation temperature is lowered. The mechanism of 

this stimulation by low temperature is unknown, but, on the basis 

of failure of F to reverse the stimulation cnused by a low tempera.-

ture treatment, it was concluded that 11 the action of low temperature 

is to stimulate germination at some point other than that controlled 

by phytochrome 11 (37). 

The effect of alternating temperature s. 

Dark germination is reported to be significantly promoted if 

the temperature is raised from 22° to at least 27.5° for a short time 

and then lowered again (9). The promotion did not depend on the 

rate of ascent of temperature, but only on the short-term incubation 

0 
at the minimum effective temperature (27.5 ). It was hypothesized 

that the alternating temperature treatment destroyed a block to ger-

mination consisting of a 11complex macromolecular arrangement. 11 This 

hypothesis was proposed to counter an earlier suggestion (84) that 
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the effect of alternating temperatures was to raise the concentration 

of some metabolite above a critical level, a process which should 

depend on the rate of temperature ascent. 

CHEMJ; CAL INHIBITORS AND PROMOTERS. 

Osmotic effects. 

Dark germinati on of photosensitive seeds may be prevented by 

carrying out imbibition in a solution of any of a number of non-toxic 

solutes. The effect is one of osmotic curtailment of water uptake. 

Short-term imbibitions in such solutions do not affect germination 

if the seeds are subsequently transferred to wa ter, but after long 

dark incubations, germination upon transfer to water is markedly 

reduced. Pretreatment with R or low temperature prevents or reduces 

this inhibition. It was suggested that osmotic inhibition in the 

dark is an effect of delay of germination, and that during this delay 

something takes place that permanently prevents germination in 

darkness--the establishment of so-called 11osmodormancy11 (39). 

Inb,ibitors. 

A number of compounds, some of them naturally occurring in 

fruits or seed coverings, inhibit seed germination at relatively 

low (non-osmotic) concentrations (15, 85). Of these inhibitors, 

coumarin has been most intensively investigated in its role as an 

inhibitor of germination of photoblastic lettuce seeds. It was found 

that the ratio of normalized percent germination in coumarin solutions 

in the dark to that in the light was not constant. This was purported 

to demonstrate an interaction between the 11photomechanism11 and 
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coumarin (16). 'lhe synthetic auxin 2,4-dichlorophenoxyacetic acid 

(2,4-D) evoked a similar response, but 2,4-dinitrophenol (DNP), an 

uncoupler of oxidative phosphorylation, did not. Couma.rin was further 

postulated to act on the 11skotomechanism11 (the author aslJ\lIDed that 

seeds germinating after ]!..irradiation accomplished this by some 

phytochrome-independent mechanism) because coumarin depressed the 

germination rates in light and darkness to the same value, whereas 

in the absence of couma.rin, the rate of germination in the dark was 

much lower than in the light (44). Seeds of the aphotoblastic 

variety Progress become positively photoblastic when treated with 

coumarin, but not when treated with 2,4-D or DNP (12, 16, 58). 

Promoters. 

Gibberellic acid (GA3), at relatively low concentrations (e.g., 

100 mg/l in (62)), effects complete dark germination (38, 41, 51), 

counteracts to some extent the establishment of thermodorma.ncy by 

high temperature treatment (62, 75), and prevents or reverses inhib­

ition by coumarin (53). Because of similarities in the time course 

of development of sensitivity to gibberellic acid and to R during 

imbibition, it was concluded that both act at the same morphological 

site, namely, the embryonic axis (34). It was suggested that phyto­

chrome acts by regulating the levels of endogenous gibberellins 

(85). Bu.t aside from the fact that no increase in extractable 

gibberellins was found in R-irradiated seed (34), it was concluded 

that the effect of R could not be to regulate gibberellin levels 

since R reversed the effect of F given during a preincubation at 
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0 . 22 followed by high temperature treatment, whereas gibberellic acid 

did not (26). 

Thiourea, at high concentration, substantially promotes dark 

germination (71, 72). It is significant that thiourea, when used 

at germination-promoting concentrations, strongly inhibits radicle 

extension in the germinated seed, and that the highest promotions 

are observed if the seeds are transferred to water after first being 

incubated in thiourea solutions. 

Kinetin was r eported to replace the light requirement (55), 

but it was later found that if care is ta.ken to maintain absolute 

darkness, kinetin promotes germinati on only slightly, but does so 

significantly if a subliminal R dose, or, surprisingly, a satura-

tion F dose is administered (56). Several other workers have reported 

no stimulation of dark germination by kinetin (21, 26, 35, 82). 

A number of kinetin analogs have been demonstrated to stimulate the 

0 
germination of the variety Early Curled Simpson at 30 , where it is 

partially dark-dormant (67, 68, 70). Gibberellic acid and kinetin 

have been claimed to have a synergistic action on germination 

(35, 69). Most reports of stinmlation of germination by kinetin 

do not comment on the mode of germination, but Ik:uma and Thimann (35) 

noted that there was an increase in 11atypical 11 germination (germina.-

tion by extrusion of the cotyledons through the surrounding layers) 
I 

in the presence of kinetin, both in darkness and after R irradiation. 

It was also observed that kinetin promoted t he expansion of isolated 

lettuce seed cotyledons, but inhibited extension growth of the 



14 

embryonic axis of de-endospermed seeds. It was suggested that 

kinetin promoted germinat i on of the intact seed by stimulating 

cotyledon expansion. 

METABOLIC CONSEQUENCES OF IRRADIATION. 

Information on any biochemical change developing following R­

irradiation can be of great interest because of its potential value 

i n elucidating the mode of action of phytochrome. Unfortunately, 

most reports on various biochemical processes in dark-held vs 

irradiated lettuce seeds suffer from a serious drawback; the light­

induced changes were associated with the beginning of germination 

and hence cannot be distinguished from changes associated with the 

beginning of growth. Such reports will not be considered. 

Respiration. 

The presence of oxygen is required for a period of time following 

R, but not during the imbibition period (Evenari 1 s phase I), or for 

photoconversion (37). Thus, lettuce seed phytochrome undergoes 

reversible photoconversion but will not function in the absence of 

oxygen. 

Interesting if unelucidated reports of changes in respiratory 

activity following irradiation occur in the literature. Irradiated 

seeds have a significantly higher respiratory rate (both oxygen 

uptake and carbon dioxide evolution). This stimulation is evident 

before radicle protrusion; it was claimed to be evident as early as 

one hour after irradiation. In older seeds which had lost dark-
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dormancy during storage, R increased carbon dioxide evolution relative 

to dark, but did not affect oxygen uptake; F lowered oxygen uptake 

(22). Similarly, in an independent study of respiratory rates at 

32°, it was reported that a F-reversibl e, 6-fold increase in 

oxygen uptake occurred within 2 hours after R irradiation. In tissues 

where R is inhibitory to growth, for example, etiolated maize meso­

cotyls and etiolated pea epicotyls, R caused a depression, instead of 

a stimulation, of oxygen uptake (52). 

Removal of the endospe r m resulted in an increased respiratory 

r a te (oxygen uptake) in both Grand Rapids and the aphotoblastic 

varie ty Progress. The rates of oxygen uptake for the 2 varieties 

were determined after di fferent treatments. The following systems 

are listed in order of decreasing respiratory rates: (1) intact 

Progress, dark; (2) de-endospermed Grand Rapids, dark; (3) intact 

Grand Rapids, R-irradiated; (4) intact Grand Rapids, dark (14). It 

was suggested that a respiratory block existed in dark-dormant seed, 

but not in nonphotosensitive varieties, and it was postulated that 

this assumed block can be overcome by R, prolonged storage, or 

decoating (17). 

Assimila tion and enzyme activitY. 

Coats surrounding the embryo are impermeable to phosphate and 

sulfate, but when the labelled ions were suppli ed to punctured seeds, 

it was found that phosphate was esterified and sulfate was reduced 

to the level of sulfhydryl as early as 3 hours from the beginning 

of imbibition. c14-bicarbonate could penetrat e intact seeds and the 
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label was detectable in certain soluble compounds as early as one 

hour after the beginning of imbibition, suggesting that carboxylation, 

the Krebs cycle, and transamination mechanisms function during the 

earliest phases of germination. There was no detectable effect 

of white or Flight on these processes (27). 

Ca.talase activity drops after the 5th hour, but rises rapidly 

again after the 10th hour of imbibition in dark-imbibed seeds. 

Light treatment accelerated the initial fall until a lower level was 

reached than that in the dark. The subsequent rapid rise was also 

more pronounced than in dark-held seeds. The initial fall was also 

accelerated by the germination-promoter thiourea (59). 

The dry seeds contain high ascorbic acid oxidase activity. 

This activity increase s during imbibition, but at the same rate in 

darkness as after light treatment. The activity was high enough to 

account for all of the oxygen taken up by the seed (60). 

Grgy th substance§. 

In a study of the growth substances of the acid fraction of 

lettuce seed extracts, carried out with the Avena coleoptile section 

assay, it was found tha t the dry seed contained no growth promoters , 

but two chromatographically separable growth inhibitors. These 

disappeared after 12 hours' imbibition of R-treated seeds. This 

disappearance coincided with the appearance of two growth-promoting 

substances and the protrusion of the radicle (61) • . ~ntitative 

determinations of the levels of the inhibitory substances during 

the time prior to radicle protrusion were not accomplished, but it 
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is possible that such a procedure might have revealed a detectable 

decline prior to germination. 

REVI])W. AND OBJECTIVES OF THIS THESIS. 

The data on germination of photoblastic lettuce seeds are very 

extensive and pose many interesting problems for further investigation. 

However, they permit relatively few reasonably certain conclusions 

to be drawn. It has been established beyond doubt that promotion 

of germination by light is in every case mediated by the phytochrome 

system. The action of phytochrome must be sustained for relatively 

long periods of time to potentiate germination of the dark-dormant 

seed, and this sustained action is sensitive to temperature and 

dependent on the presence of oxygen. Photoconversion of the pigment 

is on the contrary independent of temperature and aerobic conditions. 

Aphotoblastic lettuce varieties are probably not qualitatively 

distinct from photoblastic ones, since a (small) sensitivity to light 

can be induced in the former by treatment with coumarin or prolonged 

high temperature treatment. 

Through several different lines of experimental approach, it 

has been reasonably well established that gibberellic acid, kinetin, 

and red light all promote germination by different mechanisms. These 

mechanisms, however, are completely obscure. The morphological site 

of GA action seems to be the same as that of light, but evidence 

from experiments with excised cotyledons points to this organ as 

the effective locus for the action of kinetin. It was concluded 
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that kinetin promotes germination by stimulating cotyledon expansion, 

although it is difficult to see why this should result in increased 

atypical germination. In an endosperm subjected to increasing tension 

by cotyledons expanding within, the obvious place for rupture is 

at the pointed, radicle end of the embryo. As an alternative explan­

ation, kinetin may bring about (atypical) germination by stinm.lating 

the secretion of cytolytic enzymes by the cotyledons, the effect being 

a weakening of the mechanical resistance of the endosperm at the 

cotyledonary end. The validity of this hypothesis still awaits 

experimental confirmation. 

On the other hand, a great number of responses, while factuaJ.ly 

well established, cannot be assimilated into a unified picture of 

photoblastism, or germination control in general. 'lhe locus of light 

perception and the effects of the action of phytochrome are known 

either only from circumstantial evidence, or are not known at all. 

A light requirement for germination is present only as long as the 

endosperm of the seed is intact. Upon removal of this tissue the 

naked embryos will proceed to elongate and develop without receiving 

any light treatment, and the growth rate of such embryos is unmodified 

by irradiation with either R or F, at least within the limits of 

precision of measurements which have been reported. This might lead 

to the assumption that the light effect is consummated in the endo­

sperm. However, other evidence, particularly the experiments with 

Rand F shone on opposite sides of the seed, strongly implicate the 

embryo, and in particular its hypocotyl-radicle region, as the 
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effective locus of light perception. Because of this, the necessity 

for the presence of an intact endosperm is currently thought to 

be the result of its passive role in mechanically restricting embryo 

expansion, although restriction of the rate of exchange of respir­

atory gases, primarily oxygen, or secretion of a growth inhibitor 

(80) have not been eliminated as possible contributions of this 

tissue to the expression of photoblastism. .Assuming mechanical 

restriction is the only effective property, the effect of red light 

must be either to increase the ability of the embryo to expand against 

the endosperm, or to decrease the resistance of the endosperm to 

embryo expansion (or both). There is to date no experimental evi­

dence supporting either of the two mechanisms; however the second 

has been favored because of the failure to demonstrate any effect 

of R or F on the growth rate of de-endospermed embryos. 

The chemical basis of the action of phytochrome in promoting 

seed germination is foremost among the obscure aspects of the 

physiology of 'photoblastism. It is not even quite certain which 

of the 2 forms of the pigment is the active one in controlling the 

behavior of the seed. It is commonly (and reasonably) assumed that 

Pf is the effective form of the pigment, and that Pr is inactive, 

but the arguments advanced for this assumption are not as convincing 

for lettuce seed germination as they are for other photomorphogenic 

systems. The unattractive possibility remains that in lettuce seed 

Pr is the active form, and acts by somehow reducing germinability. 



The strong germination-inhibiting effect of continuous radiation 

with high intensity blue, far-red, or white light still awaits a 

simple explanation in terms of effects on phytochrome. 

~e decay in photosensitivity upon prolonged dark incubation, 

and the establishment of thermo- and osmodorma.ncy, while they may 

all be related phenomena, have not been explained. 

~e reason for the promotion of dark germination by low temp­

eratures remains unelu.cidated, as does the reason for the gradual loss 

of dark dormancy during post-harvest storage of the dry seed. 

The objective of the present studies was to obtain information 

on some of the obscure aspects of lettuce seed germination, parti­

cularly on the role of phytochrome in different responses. The two 

questions studied most extensively were: (a) Can an effect of R 

and F light on the embryo be demonstrated directly: (b) Can the 

effects of high and low temperature be related to phytochrome? 

These studies also permitted some conclusions as to which form of 

the pigment is active in the control of 'lettuce seed germination. 

In addition, some experiments were performed with chemical 

germination promoters and also on the effect of repeated F irradiation 

and on the loss of dark dormancy in storage. 'lhe objective of the 

former was to compare the response to these chemicals with that to 

red light in the system chosen; that of the latter to determine whether 

and how the se phenomena relate to phytochrome. 



II. METHODS AND MATERIALS 

Lettuce (Lactuca sativa, L.) seed of the varie ty Grand Rapids, 

Lot 1132, 1962 crop, Lot 163Rl.8, 1964 crop, and Lot l64Ii20, 1964 crop, 

was obtained from the Pieters-Wheeler Seed Company, Gilroy, Calif-

ornia, and stored in the laboratory under conditions of ambient temp-

erature, humidity, and occasional illumination. Some experiments 

were performed with seed of the variety Great Lakes, R-200, Lot 257.All, 

1963 crop, obtained from the same source. 

'lhe R source was two Sylvania 40-Watt warm white fluore scent 

tubes wrapped with three layers of heavy red cellulose acetate and 

placed at a distance of 20 cm from the illumination plane. The light 

from two 150-Watt internal reflector flood.lamps at a distance of 

33 cm from the illumination plane, filt ered through 3 cm of water and 

two layers each of blue (Rosco #138) and red (Rosco #17) gelatine 

filters (obtained from the Bates Lighting Company, Hollywood, Calif-

ornia), served as the F source. Unless otherwise stated, exposure 

times to R and F were 10 minutes and 5 minutes, respectively, repres-

enting greater than saturation doses for all reported effects. In 

the standard irradiation procedure used, red saturation of the imbibed 

seed occurs at between 3 and 4 minutes' irradiation time; maximal F 

reversal of R-irradiated seed occurs at between 2 and 3 minutes' F 

irradiation. 

Irradiations, and all dark incubations at 20°, were carried out 

0 
in a darkroom maintained at 19- 21 • Incubations at other temperatures 
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were carried out i'n temperature-controlled darkrooms of the Farhart 

Plant Research Laboratory, where the temperature was maintained 

constant within a range of one degree. Unless otherwise stated, 

11dark 11 manipulations of imbibed seeds were performed under dim 

green safelight. 'lhe source consisted of two 15-Watt green fluor-

ascent tubes. 'Ihe light from the source was filtered through 

several layers of dark green gelatine filters, prepared according 

to Withrow and Price (83). Direct exposure of imbibed seeds to 

the safelight for periods at least as long as i-hour did not affect 

dark germination. 

Germination tests with intact seeds were carried out as follows. 

One hundred seeds were placed in a 9-cm petri dish containing one 

disc of Whatman #1 filter paper and 2 ml of water and removed immed­

o 
iately to a darkroom at either 20 or 25 • Light treatments were 

given 2 hours later. The sample size was 300-600 se eds, and the 

incubation time was 3 days. 

A large part of the experiments was performed with 11half-seeds 11 , 

containing the embryonic axis (radicle plus hypocotyl) and a small 

portion of the cotyledons. Half-seeds were obtained by slicing the 

dry seed across its longitudinal axis with a Gilette 11 thin 11 razor 

blade at a point approximately 0.4 seed-lengths from the radicle end. 

The growth of the axes of these half-seeds is in no way mechanically 

restricted by the endosperm. 

The imbibing medium for seeds operated in any way always con-
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tained streptomycin sulfate at a concentration of 100 mg/l, to 

minimize bacterial contamination. 'lhe germination of intact and 

punctured seeds is unaffected by the antibiotic at this concentra­

tion. Half-seeds, in lots of 50, were placed to imbibe on two layers 

of 5.5-cm Whatman fl filter paper pressed into a 5-cm petri dish 

and wetted with 2 ml of liquid. Imbibition of half-seeds in an 

osmoticum was carried out in 0.46M d-ma.nnitol. Where mannitol 

solutions were used, the dishes were immediately sealed in trans­

parent plastic bags containing wet paper towelling, and removed to 

the darkroom. Light treatments were given 2 hours after the start 

of imbibition, except where stated otherwise. The appearance of 

a positive geotropic curvature in the radicle was used as a criterion 

that growth had taken place. The geotropic response was always 

accompanied by extrusion of the half-embryo from the surrounding 

l~ers. 
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III. PRELIMINARY EXPERIMElf.IS 

This section includes a characterization of the seed lots used 

in later experiments. Thi$ characterization consists in analyses 

of the light- and temperature-dependent germination behavior and 

illustrations of two well-established phenomena; the escape from 

control by far-red and the loss of photosensitivity attending pro­

longed dark incubation. ihe phenomena are described in the intro­

duction. These studies were necessary as all these responses may 

exhibit considerable variation, depending on the seed lots used, and 

on experimental conditions. By the technique of osmotic inhibition 

of germination, using NaCl and d-mannitol solutions, it was shown 

that the effect of the sustained action of Pf is detectable for 

periods longer than those ordinarily required for complete promotion 

of germination. 

CHARACTERIZATION OF THE SEEDS. 

Germination bebavior. 

The relative sensitivity to light of lettuce seed of the variety 

Grand Rapids is known to vary greatly among different seed lots, even 

immediately after harvest. The germination behavior at two different 

temperatures, and with different light treatments, of different lots 

of this variety and also a lot of the aphotoblastic variety Great 

Lakes, is illustrated in Table 1. At the two temperatures employed, 

germination is maximal at about 48 hours, and does not increase with 

further incubation. The difference in the light requirement (i.e., 
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Table l 

Gerrnination response of 2 varieties of lettuce seed at 2 
different temperatures. Germination was counted after 3 days dark 
incubation following the light treatment, which was 5F or lOR given 
after l.5 hours imbibition. Sample size, 300-600 seeds. 

Variety 

Grand Ba.pids, 
lot 1132 

d 

Grand Ba.pids, 
lot l63Rl8 

II 

Grand Rapids, 
lot 164R20 

II 

Temperature 
0 

20 

Great Lakes, R-200, 20° 
lot 257.All 

Light 
treatment 

R 
F 

none 

R 
F 

none 

R 
F 

none 

R 
F 

none 

R 
F 

none 

R 
F 

none 

R 
F 

none 

R 
F 

none 

% Germination 

99 
2 

17 

96 
1 
l 

99 
21 
43 

93 
4 

14 

98 
65 
90 

86 
15 
22 

100 
100 
100 

99 
100 
100 
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in the depth of dark-dormancy) among the 3 lots of Grand Rapids is 

evident. 'lhe germination behavior of Grand Bapids, lot 1132, at 25° 

characterizes this lot as highly dark-dormant. For the lower temp­

era ture, the reduction in germination of ]\-irradiated seeds is highly 

significant. Su.ch F depression of dark g ermination is usually 

observed in seed samples possessing any amount of dark-dormancy at 

this temperature. It is an expression of the fact that phytochrome 

exists as 2 species, only one of which is physiologically active. 

Although the red-absorbing form (Pr) is the more stable species, 

conditions during maturation of the seed in situ may be expected to 

maintain a considerable proportion of the pigment in the far-red­

absorbing form (Pt) up to some stage of maturity (dessication), 

where the Pf/Pr ratio presumably becomes fixed, and is no longer 

subject to change by actinic radiation. 

Bate of escape from control by r. 
This process is illustrated in Figure 1, for lot 1132, at zs0

• 

Red light was administered after 1.5 hours of imbibition, then F 

was administered at increasingly longer time intervals after the 

initial R dose. Germination was counted after 52 hours. lark con­

trols germinated 1.5~, and those given no F germinated 97.5%. The 

curve is quite representative of those found in the literature and 

indicates that for a given dark-dormant seed to germinate under a 

defined set of conditions, a given quantity of Pf must operate for 

a definite time interval, this interval differUig greatly among 

different seeds. In other words, a given seed lot is strongly 
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heterogeneous with respect to depth of dark-dormancy. 

Effect of time of imbibition before irradiation. 

Considerable differences in the effect of administration of a 

fixed dosage of R at different times after the beginning of imbib-

ition are reported in the literature, but the course of these changes 

was quite different in different reports. In some cases, rather 

sharp (18, 37), in others, rather broad (3) optima for pre-irradiation 

imbibition time have been reported. ~ecause of this, it wa s considered 

necessary to establish t he time course of this decay in photos~nsi-

tivity obtaining under the present experimental conditions. Sub-

saturating (3), apparently saturating (37), and uncharacterized (18) 

R doses have been used in published reports of decay. In view of 

the uncertainty in precision of administration of suboptimal R doses, 

detection of decay was attempted by giving a saturating R dose after 

increasing times of dark imbibition, followed (an arbitrary) 13 hours 

by a saturating F dose. Thus, asswning that the concentration of 

total phytochrome in the seeds remains constant throughout dark 

imbibition, and that the rate of dark reversion of Pf to Pr is inde-

pendent of any changes taking place in this time period, what was 

being tested was the effectiveness of a constant (Pf)•time as a 

function of the antecedent dark imbibition time. Figure 2, from data · 
0 

from an experiment performed at 25 , demonstrates the appearance of 

decay after a relatively long period, but reveals no effect of 

duration of pre-irradiation imbibition for the interval from 1.5 to 
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about 15 hours. 

TEMPORAL SEPARATION OF THE ACTION OF Pf FROM GERMINATION. 

lark germination may be brought to nil by imbibing seeds in a 

solution, at the appropriate concentration, of a number of different 

non-toxic solutes, i ncluding mannitol and sodium chloride (39). 

After prolonged dark incu.bation in an osmoticum, the seeds do not 

germinate upon transfer to water unless given R. 

Seeds were placed to imbibe in 3 ml of either water or 0.2M 

NaCl in petri dishes inside plastic bags and left on the laboratory 

bench in continuous, white fluorescent, illumination. 'Ihe ambient 

. 0 
temperature was 22-24 • Within less than 24 hours from the beginning 

of imbibition, virtually all seeds in water had germinated. Six 

days later, when the experiment was terminated, none of the 400 seeds 

in the osmoticum had germinated. 'lhus, light cannot effect germina-

tion in a NaCl solution of this osmotic potential. 

In a subsequent experiment, s eeds were imbibed in 0.2M NaCl in 

the dark 3.5 hours, then irradiated 5 minutes with either R or F, and 

returned to the dark for 24 hours. 'Ihey were then washed 3 times with 

water in safelight and both sets given 5 minutes F, then r eturned 

to darkness for 48 hours. 0 'Ihe ambient temperature was 22-24 . Ger-

mination for R-treated seeds was 94.5%, and for those receiving only 

F, 0%. 'Ihis result shows that the action of pt can be completed under 

conditions where germination is impossible. 

0 
In a similar experiment, conducted at 20 , two sets of seeds were 
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imbibed in 0.2M NaCl for 3 hours in the dark, then given R, then 

returned to darkness. One set was washed in water after 15 hours 

and the other after 60 hours. No F was given. The rate of germin-

ation (after the water wash) in darkness was determined by withdraw-

ing and observing samples from either set under a dissecting micro-

scope and is illustrated in Figure 3. Seeds that were transferred 

earlier to water germinated very quickly (50% germination 4.5 hours 

after removal of the osmoticum), whereas the germination of those 

transferred later, al tho~ Pf had presumably been acting for a 

longer time, was substantially slower (50% germination after 10.5 

hours). Without attempting to explain the germination delay, it 

may be called a 11 staling11 effect of holding seeds in the imbibed 

state for long periods under conditions where germination is impos-

sible, and may be related to the decay in photosensitivity after 

prolonged dark imbibition (Figure 2) and development of osmodorma.ncy 

(39). 

The ultimate germination percent of ~hese seeds at a given temp-

erature increased with the length of time Pf was allowed to act 

(Figure 1). Since the subsequent rate of germination in water is 

depressed by very prolonged incubations in osmotica after R has been 

administered (Figure 3), it was of interest to determine the effect 

of increasing time of Pf action on this process. Seeds were imbibed 

3 hours in 0.25M d-ma.nnitol (at this concentration, germination after 
0 

R is nil for at least 5 days at 20 ), then R-irradiated, then held in 
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the dark at 20° for an additional 12, 16, or 21 hours, at which 

times 5 minutes F was given. Immediately after this, the seeds were 

\Yashed and the rate of germination in darkness observed. From Figure 

4 it may be seen that the longer the interval between Rand F, the 

faster the subsequent germination, in spite of the fact that seeds 

undergoing the more prolonged action of Pf are also being held in 

the osmoticum longer and might conceiva'lfily be beginning to be subject 

to the 11 staling 11 effect. A 12-hour interval between irradiations is 

evidently insufficient to permit maximal germination. A 16-hour inter­

val is probably as efficacious as a 21-hour interval as far as ultim­

ate germination percent goes, but whether or not this is strictly 

true, the 90% that germinated after having spent a 21-hour interval 

between R and F !IIllst be equivalent to the same 90% that germinated 

after having spent a 16-hour interval, yet they germinate~ faster. 

This feature of the action of Pf cannot be demonstrated by ultimate 

germination response, and shows that the effect of the continuing 

action of Pf can be detected beyond the.point necessary to overcome 

the mechanical resistance of the endosperm. 
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IV. DEMONSTRATION OF A LIGHT-INDUCED GROWTH POTENTIAL CHANGE 

IN THE EMBRYO 

It may be assumed as a working hypothesis that the only contri-

bution of the endosperm to the expression of dark dormancy is a 

mechanical restriction of embryo expansion. In this interpretation, 

it is obvious that red light acts by effecting either a weakening of 

this mechanical restriction or an increase in the ability of the 

embryo to expand against the restriction (or both). Removal of the 

endosperm abolishes the light requirement; that is, the de-endospermed 

seed can grow in the dark, and the growth rate is unaffected by irrad-

iation with R or F (31, 36). This fact has led to the natural but 

unsubstantiated notion that light-induced germination is effected by 

a weakening of the mechanical resistance of the endosperm to embryo 

expansion, via secretion of cytolytic enzymes by the embryo. 

Experiments with de-endosperrned embryos. 

Since it had already been twice reported in the literature 

(31, 36), the time course of radicle elongation in the de-endospermed 

embryo was not studied. However, the reported, apparent phytochrome-

independence of radicle extension was confirmed in the following 

experiment. 0 Forty seeds were imbibed in the dark at 25 • The endo-

sperm was slit lengthwise with a fine needle, and removed from the 

embryo, this operation being carried out in white fluorescent light. 

The naked embryos were aligned on wet filter paper in petri dishes, 

then given 5 minutes of either For Rand incubated in the dark, 25°, 
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in a vertical orientation for 23 hours, after which the total length 

of the embryo was measured to the nearest 0.1 mm. The average 

length of R-irrad.iated embryos was 7.46, S.E. 0.31 mm, that of F-

irradiated, 7.40, S.E. 0.35 mm. The lengths of the 3 main parts of 

the embryo (radicle, hypocotyl, and cotyledons) were not individually 

determined because of the absence of a sharp demarcation between 

radicle and hypocotyl in expanding embryos at this stage of devel-

opment. The increase in length is most probably entirely due to 

radicle growth, according to the results of a similar experiment 

reported in the literature (36). The important point is that no 

difference between F- and R-irradiated embryos was detectable. 

If, however, instead of water, the naked embryos are incubated 

in an osmoticum, a large difference in growth rates of R and F-

treated embryos can be demonstrated. The foregoing experiment was 

repeated, using 0.40M d-mannitol as the incubation medium. Larger 

petri dishes containing 3 l~ers of filter paper were moistened with 

10 ml of the mannitol solution. This relatively large volume was 

used to minimize any small differences in evaporative water loss 

during the times the dishes were open. The water-imbibed, de-endo-

spermed embryos (total of 80) were aligned and irradiated as before, 

0 
then a 55-hour dark incubation was carried out at 20 in a water-

saturated atmosphere. The final lengths were: R, 6.78, S.E. O.l 

mm; F, 3.76, S.E. O.l mm. No initial measurements were made, but 

the F-treated embryos appeared not to have grown at all. 
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Experiments with half-seeds. 

The process of de-endosperming imbibed seeds is very time­

consuming. Because the seeds are relatively small, de-endosperming 

cannot be accomplished without the use of a dissecting microscope, 

which necessitates exposure of the imbibed seed to high intensity 

light for prolonged times. In addition, since the endosperm closely 

invests the embryo, some injury (gouging) of the latter is unavoidable 

during manipulation. Therefore, in addition to restriction of sample 

size, possible uncontrollable variables introduced by irradiation 

and trauma impose limitations on the utility of this system in exper­

iments more complicated than the foregoing one, which was designed 

only to demonstrate a differential effect of F and R. 

In some experiments with separate parts of the seeds, it was 

noticed that a seed half that contains the embryonic axis may be 

observed to 11germinate 11 • The process consists in this case in 

extrusion of the half-embryo from the surrounding layers at the cut 

end, the extrusion being downward-direct.ad by the development of 

a positive geotropic curvature in the elongating radicle. If such 

half-seeds, obtained as explained in the section on materials and 

methods, are placed to imbibe on wet filter paper, the time course of 

11germinationll may be followed by the index of proportion of the 

sample that has undergone the extrusion and curvature. It was 

thought that this system might provide a more sensitive parameter 

than straight growth measurements for determining the time course 
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of growth response to irradiation. Half-seeds were allowed to imbibe 

in the dark for 1.5 hours, then given the appropriate light treat-
0 

ment and returned to darkness at 20 • Samples were removed after 

different time intervals and the proportion of each sample that 

had undergone the response determined by visual inspection. Immed-

iately thereafter each sample was fixed in formalin-acetic acid­

ethanol (FAA) and retained for inspection at a magnification of xlO 

where it was again scored, this time by the presence or absence of 

a curvature in the radicle tip. For the second inspection the samples 

were coded to elimi~te prejudice in the determination, which is 

admittedly a subjective one. llle time course of this response after 

R or F is illustrated, for the 2 methods of determination, in Figure 

5. It may be seen that both methods give comparable results, although 

the second method appears to be more conservative. The small but 

consistent difference between R and F-treated material in water 

confirms that the half-seed system ie a more sensitive one than the 

naked embryo for detecting light-induced changes in early growth 

characteristics. Because of its mu.ch greater simplicity, the visual 

inspection method was used to score most subsequent experiments. 

Experiments with half-seeds in osmotica. 

It was expected that incubation in an osmoticum would greatly 

heighten the difference between light treatments. 'Ihe choice of 

mannitol as the osmotically active solute was somewhat arbitrary, 

but it was felt that use of a non-ionizable solute that is probably 
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metabolically inert would tend to minimize undesirable side effects. 

For example, in a comparison of the relative effects of NaCl and 

mannitol on osmotic inhibition of alfalfa seed germination, it was 

found that both germination at isoosmotic concentrations and recovery 

upon transfer to water were always lower for NaCl than for ma.nnitol 

(79). 

Half-seeds were imbibed in a series of mannitol concentrations 

f r om 0.40 to 0.50M, given R or F, then killed by fixing in FAA after 
0 

an incubation time of 21 hours at 20 • The results, presented in 

Table 2, prompted selection of 0.46M mannitol as a suitable osmoticum 

for further studies with the half-seed system. 

R and F irradiation times were usu.ally 10 and 5 minutes, respect-

ively, in all experimental work, because these constitute higher than 

saturation doses for the germination response. :Because of the import-

ance, in some experiments, of assuming photo-equilibrated Pf/Pr ratios, 

it was desirable to ascertain whether the saturating doses for the 

half-seed response fell within these time intervals. Half-seeds 

were prepared and treated in the usual way, except that those to be 

F-irradiated were first given a 10-minute irradiation with R, so that 

a subsequent saturating dosage of F would be that for conversion 

of maximal Pf (see Table 3). R dosages were from 5 to 30 minutes, 

and response was recorded after 29 hours of incubation at a:>0
; F 

dosages were from 1 to 15 mim.ites, and the incubation time was 52 

hours. The choice of different incubation times was arbitrary, but 

the purpose was to obtain large but submaximal response values. 
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Table 2 

Selection of 0.46M mannitol. Half-seeds were given R or F 
a f ter 1.5 hours imbibition, held in the dark at 20° for 21. hours, 
then fixed in FAA. Sample size, 100. Lot 1132. 

Percent curved 
Cma.nni tol) • M ..lL 2... 

0.40 58 0 

0.42 71 0 

0.44 64 0 

0.46 71 0 

0.48 43 0 

o.5o 19 0 

Table 3 

Kand R dosage-response values for half-seeds in 0.46M mannitol 
at 20 • R-treated material. scored after 29 hours, F-treated, after 
52 hours incubation. Sample size, 400. A saturating dose of R was 
given before F. Lot 1132. 

R dosage (min.) % curved F dosage (min.) % curved 

lark control 9 Dark control 58 

5 46 1 31 

10 49 5 22 

20 42 10 33 

30 41 15 32 
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The results, presented in Table 3, show that saturation doses for 

R and F are below 5 minutes and l minute, respectively. 

The experiment of Figure 5 was repeated in 0.46M mannitol instead 

of water, using larger samples and including dark controls. The 

results are shown in Figure 6. While the imposition of a water 

stress somewhat delays the appearance of curvature, the difference 

between the R- and F-treated material becomes much greater. Indeed, 

the latter appears to attain a maximum of only about 25% curved. 

The position of the dark control curve between the curves for R 

and F-treated material points up the similarity of the half-seed 

response to that of the germination response in the intact seed 

(Table 1). ('Ihe experiment of Figure 6 was performed using a 

different seed lot than the one used in the curvature-in-water 

experiment of Figure 5, which was lot 1132. For the behavior of 

lot 1132 after Rand Fin 0.46M mannitol, see Figure 15). 

Behavior of an aphotoblastic variety. 

Treatment with the germination inhibitor cownarin or preincubation 

at high temperatures has been shown to induce some sensitivity to R 

and F in seed varieties that are aphotoblastic under ordinary con­

ditions (see Introduction). It was thought possible that the impos­

ition of an osmotic curtailment of water uptake might also reveal 

potential photosensitivity in such seeds, and if so that a comparison 

of an induced response with that already existing in dark-dormant 

seeds might be of interest. The half-seed response had already been 
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used to demonstrate the growth potential increase in Grand Rapids, 

so this system was employed to compare that variety with an 

aphotoblastic one. 

The results of an experiment similar to that of Figure 6, em­

ploying half-seeds of the aphotoblastic (Table 1) variety Great 

Lakes show a detectable response (Figure 7). However, the horizon­

tal (time-scale) distance between the Rand F curves for Grand Rapids 

averaged between the 10% and 20'f, curved levels is 28 times as great 

as th.at for the aphotoblastic Great Lakes. Thus, the response in 

Grand Rapids is, at least under the conditions of these experiments, 

about 28 times as great as that in Great Lakes. 

The effect of continued Pf action. 

In the germination of intact seeds, both the degree (Figure 1) 

and the rate (Figure 4) of the response depend on the continuing 

action of Pf. The following experiment was designed to test whether 

or not the half-seed system shows a similar dependence. Half-seeds 

were imbibed in mannitol and R-irradiated as usual. Irradiations 

with F were given at increasing time intervals after the initial R 

dose. Two additional 5-minute R-irradiations, spaced about 11 hours 

apart, were given to those half-seeds which at the time had not yet 

been :Fl-irradiated. '.I.his was to insure maintenance of a high level 

of Pf. All samples were scored at the 29th hour of imbibition. 

Thus, the degree of response at the 29th hour of imbibition was 

examined as a function of time in Pf. 'lhe linear nature of the 
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relation (Figure 8) is probably fortuitous, but it is clear that 

the rate of appearance of curvature increases with the interval 

between R and F irradiations. 

Non-participation of the endosperm. 

Most available evidence, although indirect, points to the 

embryonic axis as locus of the light-responsive mechanism (see 

Introduction). However, as explained before, the possibility remains 

that the endosperm in the region of the a.xis is directly or indir­

ectly involved in photosensitive germination in some way other than, 

or in addition to, imposing a mechanical restriction on that process. 

For example, the possibility that the endosperm may secrete growth 

inhibitors has been advanced (80). While mechanical restriction by 

the endosperm has been eliminated in the half-seed, the possibility 

remains that the light requirement still depends on the presence of 

the endosperm. The endosperm could be involved directly in at least 

two ways: (a) R could induce destruction, or prevention of synthesis 

or release of a growth inhibitor within this tissue; (b) R could 

potentiate the ability of the embryonic a.xis to inactivate such an 

inhibitor. 

To test this possibility, half-seeds were imbibed 1.5 hour s in 

darkness in mannitol in the usual way. The half-embryo was then 

removed from all surrounding layers by gentle pressure on the radicle 

end, washed 3 times in ma.nnitol, and transferred to another petri 

dish. F or R was then administered, and the dishes were returned to 
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darkness for an additional 29.5 hours. Controls were subjected to 

identical treatment, except for decoating and washing. The results 

appear in Table 4. Clearly, the inhibitor hypothesis broached above 

is untenable. 

Geotropic curvature and straight growth. 

There have been contradictory reports regarding the relative 

growth rates of roots held in the normal position , and roots geo­

tropically stimulated (30, 43, 49, 65). It has also been reported that 

there is an interaction of the phytochrome system with geotropic 

reactions in the maize coleoptile (84). Because of these r eports, 

it was thought desirable to study the effects of Rand Fon straight 

growth of the half-seed in 0.46M mannitol, and to compare it with 

the appearance of geotropic curvature. 

In order to facilitate measurements, the osmoticum was supplied 

in 1.5% agar in a petri dish; the dry half-seeds were arranged in 

parallel rows on the agar surface and given the appropriate light 

treatment after 2 hours of imbibition. · Thereafter, the dishes were 

kept in an upright position so that the radicles, not being exposed 

to a geotropic stimulation, would grow straight. The length of the 

half-seeds at various times after the beginning of imbibition wa s 

measured to the nearest 0.03 mm at a magnification of x20 (trans­

mitted bright green light), with the aid of an ocular micrometer. 

Appropriate actinic radiation was re-administered after each obser­

vation. Half-seeds, treated in exactly the same manner, except that 
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Table 4 

Effect of endosperm removal on grmvth of half-seeds of Grand 
Rapids, i 'ot 1132. The endosperm was removed after 1.5 hours of 
imbibition, then light was given. The incubation time was 33.5 
hours in 0.46M ma.nni tol at 20°. 

'lTea tment 

Endosperm absent: 

F 

R 

Endosperm present: 

F 

R 

Straight growth 
Lot 164R20. 

Hours of Light 
imbibition treatment 

17:20 R 
F 

27:20 R 
F 

42:30 R 
F 

50:00 R 
F 

64:45 R 
li' 

No. curved 
ha1f-seeds per dish 

o, 1 

47, 45 

1, 3 

39, 38 

Table 5 

% gµrved 

l 

92 

4 

77 

of half-seeds on 0.46M mannitol 0 at 20 . 

~ half-seeds whose growth (mm) 
~ ~ ~ .Q...l2Q 

0 0 0 0 
0 0 0 0 

22 12 9.6 2.7 
14 1 '2 .:: 9.0 1.3 

59 49 43 39 
46 41 25 22 

75 71 67 63 
55 52 46 32 

88 85 84 80 
65 62 62 52 

exceeded: 
~ 

0 
0 

1.3 
0 

29 
17 

49 
28 

76 
54 
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the petri dishes were stored in a horizontal position, and the 

observations were made in dim green light, served for a concurrent 

determination of the geotropic curvature response. 

Grand Rapids lot 164R20, 1964, was employed in this study. 

This lot was considerably less dark-dormant than the others (Table 1), 

but possessed the desirable attribute of being coatless (doubtless 

a result of the cleaning process) which ma.de precise measurements 

possible. Sample sizes were 150 half-seeds for determination of 

straight growth, and 200 for the curvature response. 'nle incubation 

0 
temperature was 20 • 

The qualitative nature of the method of scoring the curvature 

response implies that a half-seed that has responded has undergone 

a minimum mean increase in length. The straight growth determinations 

were accordingly classified into proportions of the entire sample 

whose growth had exceeded certain arbitrary values at each of the 

(5) observation points in time, and the data appear in Table 5. A 

comparison with the concurrent determination of the rate of appear-

ance of curvature revealed that the proportion of the population that 

had grown more than 0.27 mm was that most closely approximating the 

proportion that had responded in the horizontally placed half-seeds. 

l3oth parameters are compared graphically in Figure 9, where the 

correspondence between growth and curvature is evident. 

The subsequent growth rate of half-seeds whose extension had 
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first exceeded the arbitrary critical value (0.27 mm) at 2 diff­

erent observation times (27:20 and 42:30) is depicted in Figure 10. 

The slight difference between the slopes of the graphs for the early 

and late responders (both R and F-irradiated) may be real, but the 

small sample size of the former precludes any conclusion on this 

point. The important, and rather interesting, point is that no 

consistent difference in growth rate between F and R-irradiated 

material can be distingu.jshed once extension has exceeded the arbi­

trary critical value. 

The time course of early growth of half-seeds that have not 

yet attained a growth increment of 0.27 mm is represented in 

Figure 11. Here, growth is plotted up to 27.5 hours of imbibition, 

at which time a major fraction of both populations still falls in 

this category. It is evident that during this early period R­

irradiated half-seeds are growing faster, in contrast to the situation 

represented in Figure 10. 

This investigation was repeated at ·25° with seeds of Lot 163Rl8, 

more dark-dormant than lot 164R20 (Table 1), but not having been 

decoated. Since it was impossible to precisely measure the elongating 

half-seeds while they were still enclosed in the fruit coat, the naked 

half-embryos were removed from the imbibed half-seeds by g entle 

pressure on the radicle end, and then placed on the agar surface. 

The half-seeds to be used for determination of the curvature response 

were treated exactly a s before. Thus, the straight growth material 
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differed from the curvature material as before, by the light source 

used for measurements and in the angle of orientation with respect 

to the gravity vector, but also by this additional manipulation. 

The da ta were claseified as before. In this expAriment, it turned 

out that the attainment of a growth increment of greater than 0.20 

mm (instead of 0.27 mm) most closely followed the curvature response. 

Figure 12 illustrates the relat i on between attainment of the arbi­

t r ary cr itical growth increment and appearance of curvature, Figure 

13 shows that the growth rate of half-embryos that have already 

grown more than the critical value is independent of the light 

regime, and Figure 14 shows that R increases the growth rate of 

seeds that have not yet attained such a growth increment. 

To summarize, an arbitrary growth increment may be chosen so 

that the straight growth response of the half-seed may be scored 

plus or minus, allowi ng a comparison with the rate of appearance of 

curvature , which is scored in the same manner. When this is done, 

it may be seen (a) that the early longitudinal growth rate of the 

rad.icle parallels the rate of appearance of curvature in sensitivity 

to F and R, and (b) that once the half-seed has grown more than the 

arbitrary increment, the rate of subsequent growth is independent 

of the previous light regime. This suggests that the promotive 

action of Pf is exerted on the radicle per se, because of some con­

di tion peculia r to it that distinguishes its growth b ehavior from 

that of the elongating seedling root. 
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V. EFFECTS OF CHEMICAL GERMINATIOU PROMOTERS 

Ia.rk germination of photosensitive lettuce seeds is nromoted by 

gibberellic acid (G.A3) at relatively low, and by thiourea at rela­

tively high concentration. The concentration of gibberellin required 

for complete germination promotion of intact seeds is of the order 

of 100 rng/1, which is quite high, compared to the sensitivity of 

other gibberellin-responding systems. It may be reduced 10 to 100-

fold by injection of the GA solution into the space between the 

endosperm and embryo (34), although injecting water alone by this 

technique raises germination from 2% to about 30%. This result 

suggests that high concentrations of gibberellic acid are required 

because of low rates of penetration of this compound through the 

endosperm. 

Exoeriments with whole seeds. 

It was found that the concentration of G.A3 required to promote 

germination to 100% could be reduced about 4 orders of magnitude 

through the simple expedient of puncturing the seed. Dry seeds 

were pierced through the middle with a thin pin at a point about 

0.4 seed-lengths from the radicle end. (If the puncture was made 

much closer to the cotyledonary end than this, control (water) ger­

mination was considerably raised, the embryo extruding itself through 

the cotyledonary end of the endosperm, i.e., exhibiting so-called 

"atypical germination" (36)). Twenty punctured seeds were placed 

in 0.07 ml of liquid contained in a shell vial of 14 mm inside 
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diameter, whose height had been reduced to about 8 mm for handling 

convenience. F was administered after 2 hours of imbibition to 

reduce as much as possible the contribution of Pf to subsequent 

germination. ~e incubation time was extended to 3 days, since the 

response to gibberellin seemed slower than that to red light (see 

also Figure 15). The effect of a concentration series of GA.3 on 

germination of punctured seeds, compared with its effect on intact 

seeds treated in the same manner, is presented in Table 6. The 

response in the punctured seed is saturated at about 0.03 mg/l, 

that in the intact seed at about 200 mg/l. The enormous increase in 

sensitivity obtained by puncturing the seed is no doubt due in part 

to circumventing a diffusion barrier in the endosperm, but the creation 

of a large absorbing area (damaged tissue surrounding the puncture) 

in the vicinity of the embryonic axis probably facilitates the access 

to that region of constituents of the imbibing medium. Puncturing 

may also create structural weaknesses in the endosperm in regions 

other than in the immediate vicinity of .the puncture. Tb.is is 

suggested by an increase in "atypical germination" of the controls 

if the puncture is made too near the cotyledonary end. ]Urther, if 

oxygen is limiting because of a diff'u.sion barrier in the endosperm 

(although this does not seem as likely), then puncturing should 

eliminate this condition. Thus, although control germination is 

the same in both intact and punctured seeds (Table 6), it should be 

emphasized that possible Dillltiple effects of puncturing other than 
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Table 6 

Effect of puncturing the seed on response to GA3. 180-seed 
samples of Grand Rapids, lot 1132, incubated 66 hours at 20°. Five 
minutes F given at second hour of imbibition. 

Percent germination 
(G),3). mg/l Pu.nctµred Intact 

0 5 5 

0.001 10 

0.003 20 

0.01 67 

0.03 96 

0.10 96 

l 19 

10 19 

25 29 

50 39 

100 77 

200 95 
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circumventing a diffusion barrier to gibberellin in the endosperm, 

while being in themselves insufficient to overcome the barrier to 

germination, might be additive to the action of gibberellin. 

Since the source of conflicting reports in the literature 

regarding the ability of kinetin to stimulate dark germination 

might also be due to difficulty of passage of this compound through 

the endosperm, a germination test was carried out, using punctured 

-5 -5 seeds and kinetin at 2·10 and 5·10 M. The seeds were imbibed in 

the kinetin solutions in the dark at 20° for 2 hours, then given 

a 5-minute dose of F, to reduce the contribution from phytochrome. 

The plates were then returned to the dark for 58 ho'iirs. The results, 

presented in Table 7, indicate a very substantial promotion of 

germination. It will be noted that most of the germination effected 

by kinetin was atypical, in contrast to GA-induced germination, where 

the endosperm was ruptured at the radicle end of the seed. 

Effect of germination promoters on the ha1f-seed. 

Since dark germination of photosensitive lettuce seeds has been 

shown to be promoted by gibberellic acid and kinetin, it was thought 

to be of interest to examine the effectiveness of these compounds 

in the half-seed system. Half-seeds were imbibed in 0.46M mannitol 

containing 10 mg/l GA3, then given F at the usual time. The clear-

cut promotion by GA3 is similar in magnitude to that induced by R, 

but is delayed by at least six hours (Figure 15). This delay is 

probably not attributable to a suboptimal concentration of gibberellin, 
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Table 7 

Effect of kinetin on 60-hour germination of punctured seeds 
following Fat 20°. 300 seeds per sample. Lot 1132. 

Typical Atypical . Total 
~m9i9ition medium £$lrmina.tion % germination $> germination % 

Water 21 0 21 

Kine tin, 2•10-5M 34 43 77 

II 5•10-5i.t 29 55 84 

Table 8 

Rate of appearance of curvature in half-seeds of Grand Rapids, 
lot 1132, in 0.46M mannitol, with or without 3•lo-5M kinetin, at 20°. 
Five minutes F was given at the second hour of imbibition. Sample 
size, two lots of 50 half-seeds. 

Hours from beginning 
of imbibition 

29 

36.5 

42.5 

Percent half-seeds showing curvature 
Ma,nnitol a1one Mannitol plus kinetin 

0 0 

24 

52 35 
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since the response of punctured seeds to the hormone is saturated 

at about 0.03 mg/1 (Table 6). The delay constitutes additional 

evidence suggesting that the gibberellin effect is mediated by a 

different mechanism that is that of phytochrome. 

The results of an experiment designed to detect a stimulatory 

action of kinetin in the half-seed system are presented in Table B, 

and show that the only effect of kinetin here is an inhibitory one. 

This is in contrast to promotion of germination of punctured seeds 

via •atypical germination•, where the endosperm is ruptured at the 

cotyledonary end of the seed. The conclusion that the germination­

promoting action of kinetin is effected through the cptyledons and 

not the embryonic axis (35) is thus supported. 
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VI. TEMPE.la'I'U"RE EFFECTS 

As explained in more detail in the introduction, there are two 

principal effects of temperature on lettuce seed germination. These 

are the promotion of dark germination by low temperature, and the 

inhibition of dark and light germination by high temperature. It is 

commonly thought that part of the high t emperature effect is due to 

an increase in the rate of dark reversion of Pf to Pr, but that 

effects on other processes preceding radicle protrusion predominate. 

No mechanism explaining the promoting effect of low temperature has 

been advanced, but it has recently been speculated that low tempera­

ture acts at some point other than that controlled by phytochrome (37). 

Temneratµre-dependent d,ark germination. 

Whereas the dark germination of photosensitive lettuce seed at 

26° is generally close to nil, substantial germination percentages 

may be achieved at lower temperatures. The relative response to low 

temperature varies from lot to lot, and increases with increasing 

age of the seed. The time course of dark germination at different 

temperatures was investigated to determine more fully the scope of 

this interesting response. 

Seeds were sown at room temperature, 200 per dish, in a 9-cm petri 

dish containing two layers of filter paper and 3 ml of water. The 

dishes were sealed in plastic bags, placed in foil-covered trays, 

and removed imnediately to a darkroom maintained at the appropriate 

temperature. Five-dish samples were removed periodically and the 
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germination percentage determined. The results are presented in 

0 
Figure 16. Ma.ximwn germination at all temperatures save 11 seems 

to be attained by the second day. The relatively high variability 

of the values for 15° and 19° is not due to insu:fficient sample 

sizes, but can probably be attributed to variations in rate of attain-

ment of temperature equilibrium amongst the individual dishes, 

especially considering the fact that at the next higher temperature 

( 
0 . 23 ) there is practically no germination. The experiment was 

0 
repeated for the 15 and 19 conditions, using sample sizes of 4000 

seeds and ta.king the precaution of sowing in temperature-equilibrated 

petri dishes directly in the appropriate darkroom. Germination at 

the third day was approximately 24~ at both temperatures, with no 

significant difference between the two. 

Temperature dependence of the rate of appearance of curvatµre. 

Temperature dependence of the initial rate of growth of the 

radicle was tested using the half-seed system. Half-seeds were 

placed to imbibe in water in the usual nianner in temperature-equili-

brated petri dishes in constant temperature darkrooms covering the 

range 19-27°. No light was given. The curvature response was 

determined after a 15-hour incubation period. The results (Table 9) 

clearly show that the rate of early growth of the radicle increases 

0 
with temperature, at least up to 27 • This shows that the effect of 

low temperature on germination has nothing to do with an unusually 

low optimwn temperature for radicle elongation. 



100 

90 

80 

c: 
0 
.:: 70 
0 
c: -
E 60 
~ 

a> Q) 
\0 (..!) 

+- 50 
c: 
CD 
0 

~ 40 
CL 

30 

20 

10 

·--------·..----

'V - 'V 
o.-o 
0 - 0 
6-6 
+-+ 
x-x 

- ·r----
270 
23° 
19° 
15° 

13" 

I I 0 

.. _ .. __ T 

-=r + - =f: 13° 

6 6 
·-~ '5~19° 
g o----"6 

0 / 
/ 

/ 

+ 

I 
I 

I 
I 

I 

I 
I 

I 
I 

I 

/ I 230 ,,, I I 

~ I x- 10 12 ~L~\?""='-v==~ 6 8 f lmbibition 
v 

2 
4 Days o 

/ 
I 

----i ...... ..... ---r--·-

·x 

J---~---~---
14 16 18 20 

FiguN 16. Time course of darlt ge:n;iinati on at different temperatures . Sample s i ze , 1000. <rand Rapids, Lot 1132 



69 

The eff~gt of high t~umer~tur~. 

Dark germinati on of photosensitive let tuce seed at ordinary 

temperatures is very much reduced by prolonged preincubations at 

0 
30-35 , and pre-irradiation with R increases the duration of high 

temperature treatment required to reduce dark germination to a 

given level (73). 
0 

After a 48-hour preincubation a t 30 subsequent 

dark germination at 26° was reduced from 30% to 1.5%, which in turn 

was raised to only 12"% if a 30-second dose of R was given after trans-

fer to the lower t emperat ure (62). Aphotoblas tic varieties can be 

made to respond to R by holding the imbibed seed f or several days 

at high temperatures (3, 19, 23, 73). 

It was thought to be of value to obtain experimental data which 

would aid in the attempt to evaluate the effect of high temperature 

on dark reversion of phytochrome relative to the effect on "other 

processes 11 • Some interes ting features of the action of high tempera-

ture were revealed in the following way. Intact seeds were incubated 

on wet filter paper for 1.5 hours in the dark at 20°, then given R 

or F. Immediately after irradiation, some of the seeds were removed 

0 0 
to a 37 room for 12.5 hours, while the rest were kept at 20 • At 

the end of the 12.5-hour period, the heat-treated seeds were returned 

to 20°; some samples from both temperature incubations were given 

no additional light treatment, others were re-irradiated with either 

R or F. Germination was counted after an additional 2 days at 20°, 

and the results appear in Table 10. 
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Table 9 

Temperature dependence of the r a te of appearance of curvature 
in water. Half-seeds were imbibed for 15 hours in the dark at the 
temperature indicated. Sampl e size, 400. Lot 1132. 

Tempera tµre (oC) % cwveg, S,E. ($)) 

27 75 3.2 
25 71 2.6 
23 56 3.6 
19 24 2.8 

Table 10 

Demons t rat ion of inactivity of Pf at 37°. Intact seeds were 
dar k-imbibed 1,5 hours at 20°, then given the appropriate light 
treatment. Some were then h eld at 37° for 12.5 hours, then returned 
to 20° and given a second light treatment; controls were kept at 20° 
throughout and given second light treatment at the same time as the 
heat-treated series. Treatment sequence codes: the first letter 
denotes the quality of the first irradiation; the numeral indicates 
the temperature of the 12.5-hour incubation; the second letter denotes 
the quality of the second irradiation given upon return to 20°. 
Lot 163Rl8. 

Heat-treated 

Treatment sequence: R-37 R-37-R R-37-F F-37-F F-37 

Percent germination: 42.7 87.4 ·10.8 8.4 1.0 

Standard error: 3.7 1.4 1.1 1.5 0,3 

Controls 

Treatment s equence: R-20 R-20-F F-20-F F-20 

Percent germination: 98.7 91.8 32.4 24.2 

Standard error: 0,3 o.9 3,2 1.8 
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First of all, there i s a deleterious effect of prolonged incu­

bation at 37° which may have nothing to do with phytochrome , and 

which is reflected in reduced germination (relative to the 20° 

controls) in all heat-treated samples. .Although it would be unreas-

onable to attempt to explain the high temperature effect solely in 

terms of effects on the pigment, part of the deleterious effect 

referred to might be due to partial denaturation of phytochrome. 

Secondly, the temperature effect on dark reversion is quite 

pronounced, as evidenced by the doubling of the germination response 

evoked by the second irradiation with R immediately following the 

high temperature treatment (cf R-37 and R-37-R). A comparison of 

treatment F-37 and F-37-F reveals that the presumably small equili-

brium amount of Pf remaining after F irradiation was probably com-

pletely removed during the heat treatment but was reinstated by the 

second F dose, which would be expected to re-establish photoequili­

brium between Pf and Pr. The higher germination in 20°-held seeds 

given a second F-irradiation may be real, but is not statistically 

significant because of the high variance of that sample. 

The most interesting point is brought out by the fact that there 

is no difference in the germination response obtained after treat-

ments R-37-F and F-37-F. 
0 

This shows that Pf cannot function at 37 

even though by the end of the heat treatment there is still enough 
0 

Pf present to effect a substantial germination after return to 20 • 

The curtailment of Pf action by high temperature may be the result 
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of a direct effect on the pigment, e.g., (reversible) inactivation 

by changing the tertiary structure of the protein moiety, or else 

an indirect effect brought about by modification of some other 

process upon which the activity of Pf depends, but these two possib-

ilities cannot be distinguished by these results. However, concern-

ing the establishment of thermodormancy, it is apparent tha t much 

of the effect of high temperature, commonly relegated in the liter-

ature to debilitatory effects on processes not associated with phyto-

chrome, actually depends on the fact that Pf does not :function for 

the duration of the high-temperature treatment. 

Evidence for phytochrome mediation of the lov;r-temperature effect. 

Dark-imbibed lettuce seeds probably always contain a certain 

proportion of Pf, since germination is usually reduced by exposure 

to F (Table 1). In addition, it has been established (42) that a 

small but significant fraction of the phytochrome is present as Pf', 

even after equilibrium dosages of F of high spectral purity. It 

was considered that the promotive effect of low temperature on dark 

germination might be in part or wholly due to retardation of dark 

transformation of this Pf residue. 

This hypothesis was tested in the following manner. Seeds were 

imbibed in the usual way for 2 hours at 20°, then given a satura ting 

dose of F to lower the ratio Pf/Pr to a constant value. The plates 

were set inside plastic bags in foil-covered trays and placed in a 

0 
room kept at 37 • Trays were removed after 2, 4, 6, 8, 10, and 20 



73 

hours, cooled briefly in a 5° coldroom, then removed to a darkroom 

where half of each set was given a second saturating dosage of F, 

while the other half remained in the dark. Immediately after this, 

the dishes were placed in an 11° darkroom for 17 days, after which 

germination percentages were determined. Each sample comprised 5 

dishes, each of which contained 200 seeds. Dark and F-treated controls 

. 0 0 
r eceived no 37 treatment but were placed at 11 directly after 

illumination. The results are presented in Table 11. As before 

(Figure 16), germination in the dark controls was very high, while 

t hat in the F-treated controls was lower, but still substantial. 

For the seeds not receiving a second dose of F following the heat 

treatment, a 2-hour heating seems sufficient to reduce subsequent 

germination to a minimum (the difference between the 2 and 4-hour 

samples is not statistical l y significant). Further reduction of 

germination by heat treatments exceeding 4 hours is probably a 

reflection of effects of high temperature other than that on Pf 

reversion. 

The second dosage of F caused a reversal of the high temperature 

effect for all durations of heat trea tment. The promotion by heat 

treatments up to 4 hours was not expected but may be due to acceler-

ation of metabolic processe s preceding germination. .Acceleration of 

the action of Pf itself is ruled out by the experiment of Table 10. 

The main point is that F (which ordinarily reduces germination) 

promotes germination when administered under conditions in which 
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Table 11 

0 
Germination of Grand P.a.pids, lot 1132, after 17 days at 11 

following high temperature and light treatments, as described in the 
text. 

Hou.rs at 37° 
Percent germination 

Controls Second dose F No second dose F 

0 (Dark control) 82.7 

0 (Single F control) 32.2 

2 56.3 2.7 

4 59.3 2.1 

6 36.l 0.4 

8 19.6 0.7 

10 11.9 0.4 

1.9 o.o 
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phytochrome may be presumed to be exclusively, or nearly so, in the 

red-absorbing form. It is concluded that the germination-promoting 

effect of low temperature depends on the presence of Pf, and that 

this effect is most probably achieved through delay or prevention 

of transformation of Pf to an inactive form. 

Pf as the active form of phytochrome in l ettuce seeds. 

It is commonly assumed that Pf is the physiologically active 

form of the pigment and that Pr is inert. This assumption is based 

largely on the argument that conversion of a small proportion of Pr 

to Pf evokes a large physiological response in certain materials (28). 

However, apparently 50% pigment conversion is required for a half­

maximal germination response in lettuce seed (28). Granting this, 

the possibility may be entertained that in lettuce seed Pr is the 

active form and functions as a suppressor of germinability. Tne 

very existence of decay in photosensitivity with time of dark imbi­

bition (3, 34, 35, 36, 37, and Fi§J.re 2) could well be attributed 

to some positive inhibitory action of Pr, especially considering 

the fact t hat the decay rate increases with temperature (37). 

However, the da ta of Table 11 can be invoked as evidence against 

this hypothesis. Firstly, under the experimental conditions, a large 

response is obtained to what must ~e a relatively small proportion of 

Pf. In the second place, the substantial increase in response 

obtained with relatively short periods at an elevated temperature 

(provided the second dosage of Fis given), while probably attributable 
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to processes other than phytochrome activity, certainly cannot 

be the result of depression of a positive inhibitory activity of Pr 

(by irreversible thermal inactivation, for example). ~ne reason 

for this is that the effect depends on the second irradiation, which 

· would only serve to further decrease the Pr concentration, provided 

dark (thermal) reversion talces place in the usual direction. 

Further, and for the same reasons, the effect of low temperature cannot 

be ascribed to greater reduction of Pr inhibitory activity relative 

to reduction in the rates of other metabolic processes necessary 

for growth a nd germination. 
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VII. EFFECTS OF BEPEATED FAR-RED IRRADIATION 

In the preceding section, it was concluded that the promotive 

effect of low t emperatures on dark germination may be ascribed to 

a retardation of the disappearance of physiologically active phyto­

chrome. This conclusion suggests that high germination may be 

achieved at ordinary t emperatures, provided a small amount of Pf 

(the amount obtaining after a saturating F dose) operates continually 

for a long enough time. Attempts to induce lettuce seed germination 

with continuous or repeated administration of F reported in the 

literature (38, 74) resulted either in no effect or in depression 

of germination. However, D:>wns (11) recently showed that maximum 

germination of light-sensitive seeds of certain bromeliads, which 

exhibit typical phytochrome-controlled germination, can be obtained 

in continuous F. Tnis finding supports the expectation that lettuce 

seed, given the proper conditions, may also be induced to germinate 

by repeated or continuous irradiation with F. 

Vfhole seeds. 

Because of the difficulty in controlling seed temperature under 

prolonged F irradiation with the equipment used in the present inves­

tigation, and because of the strong inhibitory effect 1 of such a light 

regime reported in the literature (see Introduction), continuous F 

was not used. Instead, attempts to stimulate germination by repeated 

doses of F were carried out for 6-day incubation periods. In one 

experiment, performed at 2 different temperatures, 2 sets of seeds 
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were imbibed for 2 hours and given an initial 5-mirru.te F dose. One 

set was given additional 5-minute F-irradiations after 6, 10, 12, 

21, 25, 28, 39, 48, 55, 68, 71, 77, 81, 94, 102, and 118 hours. The 

results appear in Table 12. At the higher temperature, there was 

no difference in the effect of the 2 different treatments. At the 

lower temperature, repeated irradia tion with F r e sulted in a small 

but significant depression of germination. 

0 
In another 6-day experiment, conducted at 20 only, the initial 

5-minute dose of F was preceded 4.5 hours by a 10-minute R irradia-

tion (the 4.5 hours in Pf was expected to raise the ultimate germin-

ation capacity to the point where small positive differences induced 

by repeated F-irradiation might become detectable), and additional 

2-minute doses of F were given at 12, 24, 29, 35, 48, 54, 60, 72, 

80, 96, 101, 108, 120, 132, and 144 hours after the initial. In 

this experiment, there was also no significant difference in germin-

ation; 48.6%, S.E. 2.6% for the once-irradiated seeds, and 43.3%, 

S.E. 1.8% for those receiving repeated doses. 

The half-seed in mannitol. 

It had been observed that the effects of occasional brief exam-

ination in white light followed immediately by Fin the half-seed in 

mannitol system was to · raise the ultimate response (percent curved) 

to a level far above that of those receiving only the usual single 

irradiation. This observation prompted the use of the half-seed 

system in an attempt to detect stimulation by repeated F treatment. 
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Table 12 

Failure of repeated irradiation with F to promote germination 
at 2 different temperatures. Sample size, 500. Incubation time, 
6 days. Lot 1132. 

T~!!lller~~ur~ Tr~atmen~ ~ ~er,minat~2n St~ndar£ er;cot 

20° Single F 17.4 1.6 

II Repeated F 11.e 1.1 

250 Single F 5.8 1.2 

It Repeated F 5.0 0.5 

Table 13 

Demonstration of increase in half-seed growth potential by 
repeated irradiations with F. Incubation time, 5 days at 20°. 
Sample sise, 550. Lot 1132. 

Treatment Percent cµrved 

Single F 47.3 3.0 

Repeated F 77.3 1.8 

~~) 
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Half-seeds were imbibed in mannitol and given an initial F dose in 

the usual manner. One set was then darkened by wrapping in aluminum 

foil. Thereafter, both sets were exposed to 5 minutes F at 19, 24, 

45, 53, 65, 89, and 103 hours from the beginning of imbibition, and 

counts of the coded samples were made af'ter a total of 5 days' 

incubation. The results are shown in Table 13. As is usu.al for 

this seed lot (Figure 15, Figure 18, Table 15), the final level of 

curvature response to a single F irradiation was about 50%. The 

substantial increase in response of the repeatedly irradiated 

material supports the hypothesis that small amounts of Pf allowed 

to act for extended periods of time do contribute to an increase in 

growth potential, and gives impetus to the expectation that, under 

some set of conditions, intact lettuce seeds may likewise be induced 

to respond to repeated F treatment with increased germination. 
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VIII. LOSS OF DARK DORMANCY DURING DRY STORAGE 

Grand Rapids lettuce seed gradually loses dark dormancy upon 

prolonged dry storage under ordinary conditions. In fact, this 

phenomenon is the basis for the commercial practice of withholding 

seed of this variety from the market for quite some time after 

harvest. This storage effect, analogous to after-ripening, mS¥ owe 

its expression to one or more of the following causes: 

1. An increase in the ability of the embryo to expand against 

external restraint. This could be realized by the gradual loss or 

destruction of some chemical inhibitor of growth within the embryo. 

2. An increase in the ratio Pf/Pr in the dry seed. It has been 

reported that the dark germination of Grand Rapids seeds stored in 

the light is significantly higher than that of dark-stored seeds, 

provided the relative humidity is between 60 and 70%. At lower 

humidities, the difference is not manifested (18). It has also been 

demonstrated many times that seeds become responsive to irradiation 

long before imbibition is complete. Alt~ough seeds are not commonly 

stored in the light or at high humidity, it is obvious that if stor­

age conditions are such that permit an increase in the amount of P:f 

within the seeds, then dark germination will be increased. 

3. A decrease in the ability of the endosperm to restrict 

embryo expansion. It is quite conceivable that the mechanical integ­

rity of the (subsequently imbibed) endosperm could be weakened by 

processes probably best referred to as 11weathering 11 , but to be more 
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specific, weaknesses produced by, for example, autoxidation or 

through stresses induced by fluctuations in relative humidity and 

temperature. 'lhe appearance of such weaknesses in the endosperm, 

particularly in the intercellular cementing substance in the region 

of the radicle, would be expected to contribute to an increase in 

germinability. 

An increase in dark germination of seeds (lot 1132) stored in 

the laboratory under ambient conditions of temperature, humidity, 

and occasional illumination, was first observed approximately 18 

months after harvest. Figure 17 reveals the progress of dormancy 

loss evinced by an increase in dark germination at 2JJ0 from 8% to 

78% over a 4-month period. Over the same period, germinat ion of 

F-irradiated seeds increased from 2.5% to 21%. This excludes the 

simple explanation that an increase in the Pf/Pr ratio in the seeds 

is the sole factor responsible for dormancy loss, but does not rule 

out such photoconversion as a possible contributing factor. 

Effect of storage at low temperatµre. 

A sample of seeds of the same lot, stored in the same type of 

container (plastic screwcap bottles), was placed in a 5° coldroom 

for a period of 6 months beginning about 7 months after harvest. 

Th.is was not done with an experiment in mind, but in anticipation 

of loss of dark dormancy, with the hope that cold storage would 

delay this process. The germination behavior of this sample some 

time after removal from the coldroom is compared with that of the 



c 
0 

-+--
0 
c 

E 
..... 
Q) 

<..? 

~ 0 

83 

70 

60 

50 

40 r-

30 

10 

13 17 21 25 
Months Since Harvest 

Figure 17. Dark (triangles) and F (circles) germination 
a t 20° ali a .function of etora.ge time at room temperuture. 
Lot 1132. 



84 

Table 14 

Germination of 2-yea.r-old seeds of Grand Bapids, lot 1132, 
stored at room temperature. Incubation was for 3 days at 20°. 

Storage temperature 

.Ambient 

.Ambient, interrupted by 6 months 
at 5° 

Table 15 

Percent germination 
~ F-irradiated 

77.8 

51.2 

Curvature response of after-ripened half-seeds of Grand Rapids, 
lot 1132, after 94 hours dark incubation in 0.46M ma.nnitol at 20°. 
For R was given at the second hour of imbibition. 

Light treatment Percent curved Standard error 

R 96.8 1.06 

l' 50.4 2. 04 
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laboratory-stored supply in Table 14. The sample size for each 

treatment was 1000 seeds and the differences are very highly signi-

ficant (t is 12.5 for F-irradiated seeds). While a definitive 

statement as to the cause for the difference in loss of dark 

dormancy mu.st await a controlled experiment, it may be teniatively 

concluded that low temperatures prevent or delay this loss. 

Th,e growth potential of a.fter-ripened seeds. 

The behavior of these after-ripened seeds in the half-seed in 

mannitol curvature system was investigated with the idea that any 

internal changes in the embryo that increase germinability should be 

reflected in an increase in growth potential of the axis. Half-seeds 

were prepared and irradiated with R or Fin the usual manner and the 

(presumed) ultimate percent curvature was determined after 94 hours 
0 

of imbibi ti on at 20 • The results appear in Table 15. The close 

agreement of the 50% maximum after F with the results of 3 independent 

curvature time course experiments conducted before the loss of dark 

dormancy (Figure 18) shows that the pronounced changes in germinabil-

ity of the seed that occurred during post-harvest storage were not 

paralleled by any detectable increase in the growth potential of 

the axis. This result indicates indirectly that the endosperm is 

the site of changes responsible for after-ripening. 
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IX. SUMMARY 

In order to be able to relate the results of subsequent experi­

ments to the experimental data and conclusions reported in the lit­

erature, the behavior of the seed sample used in most of the exper­

imental work described herein was determined under a set of carefully 

controlled conditions. In agreement with many reports in the liter­

ature, depression of dark germination by a brief irradiation with 

far-red light was observed, which indicates a certain proportion of 

the phytochrome of the dark-imbibed seed is present in the far­

red-absorbing form. The phenomenon of 11escape from photocontrol" 

by far-red, that is, the decreasing effectiveness of far-red in 

reversing the effect of an initial irradiation with red as the dark 

interval between the two light dosages is increased, was observed 

to correspond closely to previous reports. A decrease in the germin­

ation response to a standardized degree of phytochrome activation 

after prolonged dark pre-irradiation incubation was noted, which 

corresponds to earlier published reports of 11decay of photosensitivity" 

with increasing imbibition time. 

With the aid of osmotic inhibition of germination it was shown 

that f'ull promotion of germination by phytochrome can take place under 

conditions where rupture of the endosperm by the radicle was prevented 

by limiting water uptake. Using a similar technique, and observing 

germination rates after transfer from the osmoticum to water, it was 

possible to demonstrate that Pf continues to exert its effect beyond 
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the point of complete germination promotion. 

The elongation rate of embryos from which the endosperm has 

been removed bas been reported to be the same after far-red as 

after red irradiation. This apparent lack of an influence of phyto­

chrome on the growth behavior of lettuce seed r adicles was confirmed 

by the observation that de-endospermed embryos attain the same length 

during a 23-hour incubation in water following irradiation with 

either effective wavelength. However, when de-endospermed embryos 

were incubated in an osmoticum (mannitol) instead of water, a very 

marked increase in the ability to expand was evoked by irradiation 

with red light. Thus, a phytochrome-dependent enhancement of the 

capacity of the embryo to expand against an externally imposed 

restraint (growth potential) in the absence of any contribution from 

the endosperm was demonstrated for the first time. 

For subsequent, more detailed, studies of changes in growth 

potential, a system using the axial half of the seed was davised. In 

the half-seed, the appearance of a geotropic curvature in the r adicle 

tip, a ccompanied by extrusion of the half-embryo from the surrounding 

layers, can be taken as a criterion that growth has taken place. 

It is inherent in this qualitative criterion that a certain amount of 

axis elongation precedes the appearance of curvature and extrusion. 

For time course studies, quantitation of this response was accomplished 

by recording the proportion of a given sample that had undergone 
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curvature as a function of time. Using this system, it was 

possible to demonstrate a striking acceleration of the rate of appear­

ance of curvature in osmotica by red light, relative to the rate of 

the response of half-seeds irradiated with far-red. However, the 

phytochrome-dependent rate of appearance of curvature in half-seeds 

was evident in the absence of any osmotically active solute; this 

demonstrated the superior sensitivity of the half-seed system over 

the de-endospermed entire embryo. As in germination of the intact 

seed, the rate of response in unirradiated half-seeds was intermediate 

between the rates observed after irradiation with the two antagonistic 

wavelength regions. 

Studies on the linear growth rate of half-seeds revealed that 

the r ed light-enhanced rate of appearance of curvature in osmotica 

was paralleled by a similar, phytochrome-dependent enhancement of 

the straight growth rate during the initial period of elongation. 

Once elongation had proceeded beyond a certain small initial value, 

the rate of further growth was found to be phytochrome-independent. 

Thus, in photoblastic lettuce seeds, the radicle of the embryo can 

be distinguished from the elongating root of the germinated seed by 

its capacity to undergo a phytochrome-dependent increase in the 

ability to expand against an external restraint. 

Half-seeds of an aphotoblastic variety also showed a clear 

differential response to red a.nd far-red, although of much smaller 



90 

magnitude than that in photoblastic seeds. This slight but signi-

ficant response suggests that the photoblastic seed is not qu.ali­

tati vely distinct from the aphotoblastic seed, but differs in some 

quantitative way. 

The rate of appearance of curvature was shown to depend on the 

continued action of Pf, in agreement with the analogous phytochrome­

dependent enhancement of germination rate of the intact seed after 

transfer from osmoticum ta water. 

It is commonly assumed that the requirement of an intact endo­

sperm for demonstration of light sensitivity in photoblastic lettuce 

seed is based solely on a mechanical restriction of embryo expansion 

by this tissue. Another equally valid explanation for the endosperm 

requirement is the possibility that this tissue in addition controls 

embryo expansion through the secretion of a growth inhibitor. IJ!his 

possibility has not been eliminated in any of the experimental 

results reported in the literature. Using the half-seed system, 

where mechanical restriction by the endosperm has been eliminated, 

it was shown that the naked half-embryo is as fully responsive to red 

and far-red as is the half-seed, in which the embryo is still in 

close contact with the surrounding layers. IJ!his ruled out secretion 

of inhibitory materials as a possible attribute of the endosperm. 

It was found that gibberellic acid induces a response in the 

half-seed system equal in magnitude to that induced by red light. 

However, the response to gibberellin was considerably delayed relative 
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to that to red light. This was interpreted as additional evidence 

for the hypothesis advanced in the literature that 'gibberellic acid 

and red light promote germination in the intact seed by different 

mechanisms. 

It was found that the germination-promoter kinetin does not 

stimulate the half-seed response . This constitutes direct evidence 

that kinetin promotes germination by a different mechanism than does 

gibberellin (or red light), and indirect, independent evidence 

supporting the proposal advanced in the literature that the locus of 

action of kinetin is in the cotyledons, not in the axial portion of 

the embryo. 

The concentrations of gibberellic acid required for complete 

promotion of germination as reported in the literature are unusually 

high considering the remarkable potency of this compound in most 

other gibberellin-responding systems. 'lhis reported lack of sensi­

tivity of whole seeds in response to gibberellin was confirmed in 

the present studies. However, it was found that puncturing the seed 

reduced the optimal gibberellin concentration 4 orders of 1Jl.¥!:nitude, 

indicating the existence of a diffusion barrier to this compound in 

the endosperm. Similarly, the use of punctured seed resolved con­

flicting reports in the literature regarding the efficacy of kinetin 

as a germination-promoter, and indicated the endosperm as a barrier 

to the accessibility of this compound to the embryo. 

'Ihe well-established fact that dark germination is promoted by 
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low temperature treatment was confirmed, using a wide range of 

temperatures and incubation times. Ultimate germination percentages 

increased with decreasing incubation temperature, throu.ghout the 

entire range; the rate of attainment of maximal germination was 

lowest at the extreme low-temperature end of the range. Using the 

half-seed system, by the criterion of rate of appearance of curvature 

in water in the dark at different temperatures, it was found that 

this rate increased with the temperature of incubation throughout 

the range employed. This shows that promotion of dark germination 

by low temperatures cannot be attributed to an unusually low opti­

mum temperature for early growth of the radicle. 

It was shown that low temperature lacks a:ny promotive effect 

on lettuce seed germination provided precautions a r e taken to maxi­

mally reduce the P£/Pr ratio in the seed. Under these conditions, 

irradiation with F increases germination by establishing a certain, 

increased ratio of Pf/Pr. From these results it can be concluded that 

promotion of germination by low temperature depends on the presence 

of at least a small fraction of the phytochrome in the far-red-absorb­

ing form, and that the action of low temperature consists in delaying 

or preventing dark transformation of physiologically active phytochrome 

to an inactive form. 

The principal argument advanced in the literature in favor of 

Pf as the active form of phytochrome, the evocation of a large photo­

morphogenic response to photoconversion of small fractions of the 
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pigment to this form, does not hold well for photoblastic lettuce 

seed germination, since it has been estimated that roughly · 50% 

conversion to Pf is required for a 50% germination response. 'l!nus, 

it is possible that in lettuce seed Pr is the active form and 

functions as a suppressor of germinability. But it was concluded 

that the sole or at least the principal effect of low temperature 

is a direct one on delay of dark transformation of Pf. '.!he 

demonstration that the equilibrium concentration of Pf after far­

red irradiation, which is almost certainly only a small fraction of 

the total phytochrome, can indeed evoke a large germination response, 

provided dark transformation is delayed, constitutes good evidence 

for the assumption that Pf is the active form in lettuce seed. 

The inhibitory effects of high temperature were studied, with 

the purpose of determining what part, if any, phytochrome plays in 

prevention of germination by high temperature and establishment of 

thermodormancy. Using a combination of temperature and light treat­

ments, it was shown that Pf cannot function at 37°. It was not 

determined whether or not this effect of high temperature is a con­

sequence of some temperature sensitivity of phytochrome itself, but 

knowledge of the fac~ is important to the interpretation of thermo­

dormancy, and might prove to be of potential value in the elucidation 

of the mechanism of action of the pigment. 

'l!ne observation that a relatively small proportion of total 

phytochrome present in the far-red-absorbing form (the proportion 
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obtained after photoequilibration with F) can effect a substantial 

germination response at low ambient temperatures, prompted re-inves­

tigation of the effect on germination of repeated irradiations with 

F administered over long-term dark incubation periods at ordinary 

temperatures. In agreement with earlier reports in the literature, 

no stimulation of germination by such repeated irradiations was 

observed. However, a very striking enhancement of the response in 

the half-seed system was obtained under such a regime. 'lhis demon­

strated that small amounts of Pf acting over a relatively long time 

interval do substantially contribute to an increase in the growth 

potential of the embryonic axis, and lends weight to the expectation 

that a similar response in the intact seed may be realized, given 

the proper conditions. 

The loss of dark dormancy during prolonged post-harvest storage 

of the dry seed, a phenomenon well documented in the literature, 

was observed to occur in one seed lot. 'lhe possibility that a light­

induced increase in the Pf/Pr ratio in the dry seed was solely 

responsible for dormancy loss was ruled out. There was no detectable 

increase in the growth potential of the embryonic axis of such 

seeds, as demonstrated by the curvature response of the half-seed in 

osmoticwn. This indirectly inf'ers that the endosperm is the site of 

changes responsible for loss of dark dormancy during storage. It was 

observed that storage of the dry seed at a reduced ~emperature delayed 

or prevented dormancy loss. 
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