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Photoblastic germiinlationi in lettuce has been very
extensively sttudiedl (7, 17). The process is phyto-
chromiie-miiedliated, that is, brief irradiances with red
lighlt (RZ) promote subsequent germiniation, and the
red effect is repeatedly reversible by immlliediate
reirradliation witlh far-redl light ( F). Some lots
of freslylv harvested seed of the variety Grand( Rapids
germinate little or Inot at all wihen imlHbibed in the
(lark at 260. Dark germiniatioln is someiehat hig-her
at lowver temperatures, alnd inlcreases slowlxv with
time (luirinig storage of the dry see(ls (6. 19. 21).
P'romiiotioni by low temperature is thoughlt to be ini-
deplendent of l)hytochrome (13).

'l'he iiatture letttuce achenie conlsists of ani embryo
closelv invested r'ith a 2-cell-layer endospermnl which
is in tuirn sturrounll(led 1y the frtuit coat (2). Under
ordinarv coln(litionis (lark dormanlcv (lepends onl the
strtucttural integrity of the endosperm alone. If this
layer is removed, the radicle anid, subsequently. the
hvpocotyl will elonigate in colntiniuous (larkuiess. after
RZ, anid after F, alnd the gro-vth rate is the samiie for
all 3 cases (12). It has been proposed (12) that
the promiiotive effect of R is dtle to a weakening of
the mlechaniical resistanice of the end6spermn to embryo
exl)ansion, l)resuimal)ly throtughi secretion of cytolytic
enlzyrmes by the emnbryo.

I)ark germiinationi is promoted by gibberellic aci(d
(10, 14) alnd kinetini (e.g.. 11. 18) at relatively low.
anid by thiourea (20) at relatively high concenitra-
tion<s. It has been suggested that promotion by gib-
b)erellic acid an(l kinefin is effecte(d via (lifferent
mechanlisms, neither of which is the samiie as that
for l)rolllotion l)y R (11).

'I'he puirposc of the presenlt investigation Nvas to

reexaminie the action of light and(I chemiiical germiina-
tioni proumloters onl the growthl)otential of the em-
brvonlic axis. all(l to eluicidlate the germination-pro-
limotinig effect of low templerature.

Materials and Methods

Lettuce (Lacttc(a satizWa L.) seed of the variety
Grand Rapids. Lot 1132, 1962 crop. and Lot 163RI8.
1964 crop, wFas obtained fromii the Pieters-\Vheeler

1 Received November 2, 1964.

See(l Companly. Gilroy. Californiia, andCi store(d ill the
laboratorv uinlder coniditionis of ambient temlperature.
hunmidi ,, anid illtuiniationi. Somiie experimenlts were
performed 'with see(l of the variety Great Lakes,
R-200. Lot 257A11, 1963 crop. ol)taine(l from the
samiie souirce.

The It soutrce was 2 Sylvania 40-w warmn whiite
flulorescent tubes wrappl)e(l ith 3 lavers of heavy redl
cellutlose acetate and(i placed at a (listanlce of 20 cim
fromii the illuminiationl plane. T'he light from two
1 50-w internial reflector floodlamiips at a (listance of
33 cim fromii the illuminationl plalle, filtered throlugh
3 cm of water all(n 2 lavers eaclh of blue (Rosco
#138) anid re(l (RIosco #1/) gelatinie filters (obtained
froml the Bates Liglhtinig Comipany. Hollvwood, Cali-
fornia). served as the F souirce. Exposure times to
IR ancd F were 10 minltutes and(l 5 minuttes respectivelv.
re)resenting ap)proxiniatelv 10 timiies thle saturation
dosage for all reporte(l effects.

Irradliationis, and(i all (lark incubationis at 20".
were carrie(I otit in a (larkroom maintailned at 19 to
21 . Incubations at other temiiperatures Nvere carried
otut in teniperature-controlled darkroomiis of the Ear-
hart Plant Researclh Laboratory. where the tempera-
tture was maintaille(d at a constanit ±(0.5'.

A large part of the experimients was performe(d
wvith half-seeds, conltainiing the embryonic axis anid
a small l)ortion of the cotyledons, which were ob-
taine(l 1v s'icilg the dry seeds across their longi-
tu(dlial axes with a (lillette thin razor blade at a

point approximately 0.4 seed-lengths froml the ra(li-
cle en(l. T'he growth of the axes of half-seedls is
in no vay mleclhaniically restricte(l by the en(lospermii.
Futrther, elongationi of the radicle l)rocee(ls at about
the same rate as in the germiniatinig intact seed, in-
dicatiiig little or lno effect of the operation on its
vigor.

Germination tests ithl initact seeds were carrie(l
(Jut as follows: 100 see(ls were l)lace(l in a 9-cim l)etri
(lish containing 1 (lisc of filter paper and 2 nml of
\water anld removeed imme(liately to a (larkroomii at

either 20o or 25 . Light treatmenits were given 2
hours later. The sample size was 300 to 600 seeds.
and the incubation time was 3 (lays.

Imbibition of half-seeds in an osmoticum was car-

ried ouit in 0.46 MI mannitol. The imbibing medium
for seeds operated in any way always contained
streptomycin sulfate at a concentration of 100 mg/

485



4PLANTr Pi ysIOi,o(,GY

liter. to mliilnimize bacterial contamination. The ger-
miinlationi of initact anid ptuncturedl seeds is uiniaffectedl
by the antibiotic at this colncelntrationl. Half-see(ls.
in lots of 50, were l)lace(l to imbibe oni 2 layers of
5.5-cm \NVhatiimani No. 1 filter paper pressed inlto a
5-cm petri (lish anid wvetted wvith 2 mil of liqtiid.
\Where manniiitol soltitions were tised, the (lishes were
immedliatelv sealed in transparent plastic bags coni-
tainiiig w-et paper towelling, anid removed to the
(larkroocin. Light treatments were given 2 houirs
after the start of imhibition, except 'where state(l
otherwise. The appearance of a positixe geotropic
cturvatture in the radlicle was used as a criterioll that
growth had taken l)place. T'he geotropic responise was
always accoml)anie(l by extrtisioin of the half-embryo
fromii the surroundilng layers.

calit. an(l is usuall- observed in seed samlples possess-
ing anyam10ouint of dlark-dorllmancv at this tempera-
ttire.

1hExperimnents ('sing Half-Sc(ds. It lias been p)o-
posed that light-induced germiiniationi is effecte(d via
a weakeniing of the nmeclhanical resistanlce of the eni-
dosperm, anid that radicle growth anid germiinlationl
are niot the samle plheiiomieinoni ( 12, 1 ). Evidence to
the contrary has been gained in experimients utinmg
the half-seed systemii, and is presentedl below.

The results of ani experimiienit illtustratinig the (if-
ferenltial effects of R and F on the growth potential
of the half-seed are dlepicted in figure 1. Thle graph
showvs an R-indutced acceleratioll of growth riesullt iiu(
in a 2--houir gain over the F-treated material.

Results

Germinatlion BI3chTior. The relative light selnsi-
tivitv of seedls of the variety Granld Rapids is known
to vary vidlely fromli 1 sample to another. even in
freshly harvested see(l. In or(ler to facilitate comii-
l)arison of the restilts presenite(d in this paper with
those of other autithors, the germninatioln lehavior of
this varietv, anld that of the or(diniari'v lonlp)hoto-
sensitive variety Great Lakes, is illustrate(d in table I.
Ats the teml)eratures eml)love(l, germination is imiaxi-
mal at about 48 lhouirs, and(ldoes not inicrease with
ftirther- incubation. The germiniationi responise of
Grand Rapi(ds, Lot 1132 at 25 characterizes this
see(I as highly (lark-(lormant. For the lower tem-
plerattire, the re(luctioni in geriniiationi of F-treate l
see(ls relative to the (lark conitrols is highly signi fi-

Table 1. (G;emination Responste of ' I (rictis. oj
Lettuce at J)ifferent 'lTinmpera tlo -s

Germination \was (leterminiile(l after 3 (lays (lark in-
cubationi following tile light treatmienit. The saml)Ie size
wvas 300 to 600 see(ls.

Light
Variety Temperature treatimienit Germinatioli

(iraned Rapi(ls,
Lot I 11 2

20

Lot 11.32

(Grand Rap)ids,
LIot 163RI8

19

Lot 163RZ8 2'5

Great lakes

R
Ix

N oiie

1)

N iiie

I'X

1<-

N'olie

1,-
'Noiie

N onle
R
F

None
R

F

None

20_

25

(9

17

21
43

93

4
14

100
100
100

99
100
100

60

50 F/r- red

40-
a.

30

20-

a ~ I
14 16 18 20 22

Hours of Imbibition
1ic. 1. Rate of appearance of curvature ill Granl(l

Rapids, lot 1132, half-see(ds followinig R or F, at 20°
Ordinate p)ercentage curved. Ab)scissa imbibitioni tiiie.
The samnple size was 2 to 4 lots of 5) lhalf-see(ls.

'lPhis relativelv small but clear (lifferenice may lie
greatly amplifie(d by including an osnmotically active
solutte in the inmbibition mie(liiumi. D-)inannitol is suiit-
able for this ptirpose. The experimiielnt of figture 1
was repeated, usinig 0.46 M imlannitol, and( including
dark controls. 'T'he results are shown in figulre 2.
\Vhile the impositioni of a water stress somewhat
delays the appearanice of cturvature, the dlifferenice
lbetween the R andiF-treatedl nmaterial becomes mul1clh
g-reater. Indeed, the latter apl)ears to attain a maxi-
mumini of only' about 25 % curve(d. 'I'he position of
the (lark conitrol curve between tile curves for l
an(l F-treated material poinlts up the simiilarity of
the half-seed response to that of the germination
response in the intact seed (table I).

The results of a similar experimiient employing
half-seeds of the noniphotosenisitive variety Great
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FIG. 2. Rate of appearance of curvature in Grand
Rapids, lot 163R18, half-seeds in 0.46 Ni mannitol at 20°
followinig R or F. The sample size was 10 lots of 50
half-seeds.

Lakes show a detectable responise (fig 3). How-
ever, the response in Gralnd Rapids is roughlv 28
timiies as great, by the criterion of difference in

timiie to attain the 10 and 20 % response levels.
The 2 varieties were further coml)ared in their re-

sponse to conltinuous R (fig 4). The ambienit temii-
peratture for this experiment was 2 1°. but the teml-
l)erature of the seeds was probably closer to 24°,
owing to their proximity to the light source. A

comiiparisoln of figure 3 anid 4 suggests that coni-

tinuous R (lepresses the rate of response in Grand
Rapids to a sinlgle brief illuminiationi, possibly by
mlieans of plhotoini(uticed loss of physiologically active
pigmiienit.

90 I

80 FIg.3

Red
70-

60

For-red

00
C)

40-
al. 30

20

18 19 20 21 22 23 24
Hours of Imbibition

FIG. 3. Rate of appearance of curvature in Great
Lakes half-seeds in 0.46 M mannitol at 200 following
R or F. The sample size was 12 lots of 50 half-seeds.

Non -participationi of the Enidospermii. While
available evi(lence (9, cf 16) points to the embryoinic
axis as locus of the light-responsive mechanism. the
possibility remains that the endosperm in the region
of the axis is directly or indirectly inivolved in photo-
sensitive germinationi in some way other thani, or

in addition to, imposing a mechanical restriction oni

that process. For example, the possibility that the
enidosperm may secrete growth inhibitors has been ad-
vanced (22). \Vhile mechaniical restrictioni by the
endoslpermu has been eliniiiated in the half see(l, the
possil)ilitv remains that the light reqjuiremenit (lel)en(ls

90 I 1

80 _ Fig.4

70

60G.L.-
50

40-

30
20

30

12 14 16 18 20 22 24 26 28 30

Hour of Imbibition
FIG. 4. Rate of appearance of curvature in half-seeds

of Great Lakes and Grand Rapids, lot 1132, in coni-

tinuous R, 0.46 m mannitol, at 21°. The sample size was

12 lots of 50 half-seeds.

oni the presence of the enidosperm. The enidosperml
could be involved directly in at least 2 ways: A) R

could iniduce destruction, or prevelntioni of synlthesis
or release of ani inihibitor withini this tissue; B) R

couild potentiate the ability of the embryonic axis to

iniactivate such anl inihibitor.
To test this possibility, half-see(ds were imbibed

1.5 hours in darkniess in nmaninitol in the usual way.

The half-embryo was theln remove(d from all stur-

rouniditng layers by gentle pressure oni the radicle

end, washed 3 timiies in mannllitol, anid tranlsferred to

anlother petri dish. F or R was theni adminiistere(l.
an(l the (lishes were returnie(d to dlarkniess for ani

additional 29.5 hours. Controls were subjected to

identical treatment except for decoating and washing.
The results appear in table II. It may be seen that

the light response does not depend on the presence
of the endosperm. Clearly, the inhibitor hypothesis
broached above is untenable.

Effect of Germination Pronmoters. Dark ger-
mination of photosensitive lettuce seeds has been

shown to be promoted by gibberellic acidI and kinetin,
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Table II. Effcct of Eldosper;o Ixcmovzal oni Gro,th of
Half-Seeds of (fraiid Rapids, Lof 1132

The endosperm was removed after 1.5 hours of im-
hibitioni, then light was given. The incubation time was
33.5 hours in 0.46 -m mannitol, at 21.

Treatment

Enldospernm ahsent:
F
R

Endosperni l)resent:
F
R

' 60

50
(DU.0C)0; 40a-

No. curved
hialf-seeds

(, 1
47. 45

1, 3
39, 38

H--

it-S I
I5 20 25 30 35 40 45 50 70

Hours of Imbibition

lo. 5. Rate of appearance of curvatture in (;ranld
Rapids, lot 1132, half-seeds in 0.46 M\ iiianniiitol at 20
folloNwing R anid F + gibbereilic aci(l. Thle sample
size was 12 lots of 50 lhalf-seeds.

Henice it was thoughlt to be of initerest to examUine the
effectiveness of these compounds in tlle half-seed
systei-i. Half-seeds were imnbibed in 0.46 M\ mnanniiitol
conitaininig 10 mg liter gibberellic acid (GA..). then
giiven F at the usual time. The clear-cuit proniotion
bv GA" is similar in miagniittlde to that ind(uiced1 1bv
R, hbit is delayed 1b at least 6 holurs (fig ). I'llis
delayL is probably niot attributalde to a stiboptimial
conicenitrationi of GA., si1nce the germiination response
of l)llncture(l seedls to the lhorionlle is saturate(l at

about .03 mg liter (table III ). Ratier, thle delay
may be interpreted as evidence that the gibberellin1
effect is milechaniisticallx indlel)enldent of the actioIn
of p)hytochromie.

Kinietin has been claimed to be both with and
wN-ithouit effect oni the germlinatioln of photosensitive
seeds ( 18). lkulimia and Thimilauini ( 1 I ) observed

- light stimiulation of (lark geriniiationi 1b kiinetin
tilone, and a stronig stimulation in the l)resence of
a suboptimal colncenltrationi of gib)berellic acid. They
fuirthier showed thlat kiinetini markedly promotes ex-
plansion of the cotyledons anidl attributed the observed
1)romiotive effects oni germination to this phenomenon.

Since the concentration of gibberelliii re(lutired
for l)rolmotioln of dark germiination may be re(itdced
rouighl\ 4 order-s of miaginitude throtugh the simple
expedient of p)ulnlcturing the seed (tahle T111) or 100-

Tabl)e 111. Effect of Punictutrintg the, Se-ed on
Rcsponis to GJ1

See(d samlples (180) of Granid Rapi(ds, lot 1132, in1-
cubate(d 66 hours at 20'. Five mintutes F given at sec-
ond hlour of imbibitionl.

(GA.,), mg/liter

0
0.001
0 003
0.01
0.03
0.10
1

10
25
It)

200

'( (Germination
Punictured

10
20
67
96
96)

Iintact

..

..

..

..

.. .

19
19
29
39
77
95

fol(d by inijectioln uni(ler- the endosperm ( 10), it w as
thougirlht that the reasoni for conflicting reports on1
the effectiveness of kilnetini miight be (difficultv of
passage of this coml)oun(l throutglh the end(osl)erml
aln(d into the embryo. A germiiniationi test using

puncture(l seeds was performed in the folloxving mlan1-
ner: dIry see(ds xere l)iercedl tirouigh the miiiddIle xith
a thini pill ait a point aboit midway betweell the seed
en(ds. (h)ne lhunii(dre(d l)ncture(l see(s were theni sown

ill the usuial w ax ill w ater or kinetin soltitiotns at 2'

Table IN". Effett of Kinctint o00 60-Hour, ermamination of Puoctured Scedvs Followcing F
The teml)erature was 20t. SeedIs (300) per samuple of Grand(l Rapids, lot 1132, were use(l.

Typical
Imbibition fluid germination ¼e

Water
Kinetini, 2-10-5 M
Kinetin, 5410-5 M

21
34
29

Atypical
germination '/4

0
43
55

Total
germination '(/4

21
77
84

4 I
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10-5 and 5 10-5 M and placed in the dark at 200.
Two hours later, a 5-minute dose of F xvas adminis-
tered. The plates were then returned to the dark
for 58 hours. The results, presented in table IV,
indicate a very substantial promotion by kinetin in
the absence of anv other promoting factors. Atypi-
cal germination is defined as protrusion of the em-

bryo through the cotyledonary end of the endosperm
and surrounding layers (12). Most of the promo-

tion due to kinetin is obtained via this mode of ger-

mination (table IV).
The results of an experiment designed to detect

a stimulatory action of kinetin in the half-seed sys-

tem are presented in table V. and show that the
onily effect of kinetin here is ani inhibitory one. The
conclusion that the germinationi-promoting action of
kinetin is effected through the cotyledonis and nlot
the embrvonic axis (11) is thtus supported.

Table V. Rate of Appearance of Curvatutre in Half-
Seeds of Grand Rapids Lot 1132, iJt 0.46 M Mannitol

310-5 M Kinetin
Five minutes of far-red light was given at the second

hour of imbibition. The sample size was 2 lots of 50
half-seeds.

Hr from start % Half-seeds showing curvature
of imbibition Mannitol alone Mannitol + kinetin

29 0 0
36.5 25 24
42.5 52 35

Teinperature-D ep en dcii t Dark Germintation.
Whereas the dark germinationi of photosensitive let-
tuce seed as 260 is generally close to nil, substantial
germinationi percentages may be aclhieved at lower
temperatures. The relative response to low tempera-

ture varies from lot to lot, aind increases wvith in-
creasing age of the seed. The time course of dark
germiniatioln at differelnt temperatures uwas investi-
gated to determinie more fully the scope of this in-
teresting response.

Seeds were sowni at room teml)perature. 200 per
dislh, in a 9-cm petri dish containiing 2 layers of filter

FigO. V-V 27-

F0 0-0 25-to-

O -C3 23*0-0 '9. 2
so ,A-A is,

; +-+ 13-
as70 X-X II, /

-60 -6 ,. /
so / +/

70 2-2

2S0

40

2 4 ' 9 |D 10 12
Doyrs of Imbibition

FIG. 6. Time course of dark germination of Grand
Rapids, lot 1132, at differenit te:nperatures. The sample
size was 1000 seeds.

paper and 3 ml of water. The dishes wvere sealed
in plastic bags, placed in foil-covered trays, anid
removed immediately to a darkroom maintained at
the appropriate temperature. Five-dish samples
were removed periodically and the germination per-

centage determilned. The results are presented in
figure 6. Maximum germination at all temperatures
save 110 seems to be attained by the second day.
The relatively high variability of the values for 15°
and 190 is not due to insufficient sample sizes, but
can probably be attributed to variations in rate of
attainment of temperature equilibrium amongst the
individual dishes, especially considering the fact that
at the next higher temperature (23°) there is practi-
callv no germination. The experiment was repeated
for the 150 and 190 conditions, using sample sizes
of 4000 seeds and taking the precaution of sowinig
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.

Ezvidenice for Plitochrome Mediation of the Lozw
Tentperature Effect. Dark-imbibed lettuce seeds
probably always contain a certain proportion of F-
absorbing phytochrome (Pf), since germination is
usually reduced by exposure to F (see table I). In
addition, it has been established (15) that a small but
significant fraction of the phytochrome is present as

Pf. even after equilibrium dosages of F of high spec-
tral puritv. It was conlsidered that tlle promotive

Table VI. Grmiination of Grand Rapids, Lot 1132. oftcr 1? Daxs (it 11° Following High
Temiiperatutre antd Light Treattitentts, as Describcd i)l the rext

Germination
Hr at 370 Controls Seconld dose F No second dose F

0 (Dark control) 82.7
0 (Single F control) 32.3
2 56.3 2.7
4 59.3 2.1
6 36.1 0.4
8 19.6 0.7
10 11.9 0.4
20 1.9 0.0

09
I
t
ID0
z
41

t

lC Is 20



1'1PLANT IPIIYSIOIO(,;Y

effect of low temiiperatilre coln (lark gelriniilationl iiiight
l)c ill P)art or whollx (1iie to retarldltionl () (lark trans,
formation of this P, resi(lle.

'T'his hvl)othlesis xas teste(d in the follow ing manner.
Seeds were iml)il)e(l in the usual wax for 2 hours at
2()0. tlhel gi-ven a saturatillg dlose of F to lower the
ratio 1l, P, to a conistaiit value. 'I'lTe l)lates were
set ilsile pllastic hags in foil-coxered traxs ani(l place(l
ill a room kept at 37 Trax were removedl after
2, 4, 0, 8. 10 and(I 20 houirs, cooled brieflv in a
rooml, theni rem)ove(l to a (lar-krooi where half of eaci
set xwas -ivxcii a scci(1(1 sattinating (l()sag(e- of F. wx hile
the othier half remained in the dark. Ihiuniediatelv
after thisi, the (lishes Axvere l)lace(l in an 11 (ldarkrin0
for 17 (lays, after xwhich germiilatioll P)erceiltag-es xere
(leteriinle(l. E'ach slample compl)rise(d (lisles, each
of which containe(l 200 see(ds. I)ark and F-treated
conitrols received n1o 37 treatlmienit hut wx ere l)lace(l
at 11 (lirectl1 after illumination. Th'le resuilts aire
piesented in table VI.V As hefore, germination in the
(lark conitrols wvas verv high, wvhile that in the F-
treate(l conitrols wvas loxer, hut still suhstantial. I'or
the see(ds nlot receiving a seconl(l (lose of F followilng
the heat treatml,ent, a 2-houir heating seemiis stifficienit
to re(ltice subsequent germination to a miiliitinim (the
dlifferenice hetwveen the 2 and 4 houir samplles is nlot
statistically significant . Further reduction of ger-

inlationi hv heat treatmenits excee(dinig 4 houirs is
l)rolbal)ly a reflectioni of effects of high temlperatuire
other than that oll P, reversioll.

The secol(l (ldosage of 1 catise(l a reversal of the
high teillperatuire effect for all (diurations of heat treat-
miieint. The l)romThotioil by heat treatments tln) to 4
holors xw as not expectel hut mav be (Itie to ac-
celeration of metaholic processes p)rece(ling gernmia-
tion. A less likely possibilitx is accelerationi of the
action of P, itself. TI'le maill ploilt is tlhat F (wxxhich
ordinarlrv re(duices gelrinailtioln ) promotes germiia-
tioln x hen a(Iliniiistere(l indi(ler conditions in xwhich
plhytoclhome may be l)restime(l to he exclusively or-
nearly so in the red-ahsorhing foriii.

It imiay he coiclti(le(d that the germination-l)romot-
ing effect of lov teml)eratuire (lepelils oni the presenice
of Pi", andi that this effect is niiost probably achieeved
through (delay or p)revenltion of transformatioll to anl
illactiVe forimi.

Discussion

'T'le g-rowxth of the embrymoic axis free(l of miie-
chanical restriction by the suirround(ling layers hx
variouis manipulations lhas heen xerv thoroughly
stti(lie(d ( 12) and1 the txis xvas ol)serve(l to elongate
at the samiie rate aifter irradiation xith light of eithel-
effective wvavelength. 'I'lsls fact hlas, by (lefattilt,
given iml)etui to the notiOn tlhait light-indhiced ger-
miniationi is effectedl via a wxeakening of the mechaini-
cal resistanice o(f the endosperm, anll that radlicle
growth aln(d germiiilatioml are niot thle same phenomienlon
( 12, 13)).

'l'he contrihution of P,. to germilliatioll 1nix lIe
CenViS.age(ll as eithier \ an inlcrel se ill Cillry OplishI,
or 1B ) anl increa e in endospermll give ( or hoth)
The results lpresentedl here, xxhich stipport the first
hypothesis, constitute the only (lirect evidence avail-
blde. \\hile it max be arguedl that the acceleratiOn

ol)tained xvith R ill \\ Iter (fig I ) is small, or eveil
that anv acceleration ol)servel (loes lnot necessarilv
miieanil thlait the intact embrvl' wxx (id be ahle to lpuisll
har(ler against the en(loslermll, the situatioll oltaillill-
ill the osilotictuillis illOt'e compellinig. l iere an ex-

ternal restraint ;myagaiist expansI) io is overconic tin(leit
1', reminiscent (If the sittia(tioml in light-induced ger-
minaltioil in the initact see(l. Not only is the u-roxwdi
resplonse of R-treated half-see(ls greatly enilihailce(l
relative to the F-treated, btmt a qualitative (lifferenlee
iesvince(l in the failure otf most (If the latter- to gro\\
at all. 'T'hie reslponlse to gilbberellin is also xvery su-
<,estixe of that ill the italct s vstelil, wxxhere the lag
hehildl the lR response ha s ailso heen ohserved 1 2.
unnpuilblishedl (lata ) 'T'he negative kiinetini reslpoilse
too, may be related to x halt happens in the intact
see(l. i\lost of the kinietiln response (If initact ptimc-
ttire(l see(ds is exl)rese(l ill atypical g-ermlilniatiol
(table I V ) wxhich is probablyx a restilt of cot le-
donlarv exoansion and(I or secretioln of c\'tolvtic eni-
zymes by the cotyledons ('11

The response to both IR and GA. llaxlm e prestlilme
to he restricte(d to the ra(licle, with io significant conl-
tribution froml the hvpocotvl. for 2 reasons. \ ) In
norimial exl)ansion (If the embryo in vater, ra(licle
extenisionl prece(des thlit of the h1 pocotyl hv a x cry
substantial timile margill (1 ))1) the geotropic cur-
vattire oh)served is alw'avs positive, x ithouit even the
slighitest negative curvature in the regioil of the hvlpo-
cotvl. Further, this responle may be l)restilme(l to
be pectiliar to the ill situ ra(licle pl)i)er, since neither
R nior F elicit differential! resw)(Ilses in the ill vitro
-roxth rate of excisedi roots olbtaiiled fromii see(ls
ind(uice(d to germinate by R, even in the pre'sence I)f
manliltol ( unpublished (latta

Trhe experimenit of table \ l has heen ad(l(liced(l as

eviidencedl that the lov temperature effect is phyto-
chromiie-mile(liate(l; i.e., that the sole, or at least the

principal, primary effect of lox temllperattire is to
lelav (lark reversion of Pr (and or loss of phy siolo<gi-
callx actixe p)igilment ) F-irra(diatedl seells xx cre tuse(l
ill this experiillenIt fIn 2 reaslls: .\ ) to brilln the
1',. 1' . ratio ill each see(l to as collistalt a level as

possible11; ) to iimililizc the duiratillil (f lheat treat-
iiieilt requiire(l for- tile effect. Because (If tile brief
irra(liatioiis iinvolved(l, 1-treate(l sce(ls cail lIe a(ssuImled
to (liffer fromiloiiorra(liate(l cee(ls ( illv in llaviil' a
loxer ratio (If the 2 p)igmllemit forimis.

'IThe proposition a(lvamlced abo(lIIve sulggests thlat -Cr-
iiilatio(il might be sullbstantially promoted at an1y phys-
iologically reasonalble temillleratuire by a relativ ely
small P1 P. ratio, lrovided the ratio( is miailntaiuie(l
for a lperioid of sufficienIt duirati(i . Kalhin ( 14) lias
presenltedl evidemice for- inllibitioml (If germimimlatiMll
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ini conitiniuous high-intensity F, which seemns to indi-
cate that the last proposition is unitrue. How-ever,
3 poinits must be conisidered regardiing his experi-
mental cond(litionis. The first is that the experiment
was carrie(l out at amiibienlt teml)eratures of 26° or
C7 , which are supraoptimal for germilation after
irradiation with R. The temlperature of the seeds
miaylhave been even higher, conisiderilng the initenl-
sitv of the light source. The second(l is that although
the P f ! P. ratio may have remainied conistanlt, the
absolute amiiounit of P, presenit miay have been sub-
stantiallv (lecrease(I via light-indlutced thermal loss
of photoreversible pigment (3)). The third poilnt
is that the seeds were lnot returnied to darkniess at a
more equitable temlperature followinig continluous ir-
radiationi, xvhich miiight possibly have (lemlolnstrated
ani actua! promo ioln by the light regime. AAnother
result presenite( in the same paper (14, table VIII)
in(licates a slight promiiotion. significant at the 10 %
level, over contilnuous darkness by 3 brief, separated
irradiations with F. A highly significanit promotion
would quite likely have beeni realized had thrice-
irraadiated see(ls been comlpared witlh seeds receiving
a single (losage of F (see Kahni's table VIII, anid
table I of this paper).

Toole anid CatheV (21 ) subsequently stuidie(d the
effect of collitnuous F at 2.5 . usilng a blue fluores-
cenit light source, anld also founid only inhibitioni,
even w\heni the illumliniationl perio(d was followed by
a (lark inlcubationi. However, wNhile the light souirce
mustit have emiiitte(d a very lowv F intensity, intensity
inl the bule was qtlite high. anid milight conceivably
have contributed to loss of physiologically active
photoreversible pigmneiit (3, 4).

Recently, Downs (5) has reported maiximiiumii
germinlationl iln conltiluoUS F of light-sensitive seeds
of members of the Broincliaccac that exhibit tvpical
phytochrome-colitroled germiniationi. In view of this
positive result, it nay be expecte(d that lettuce seed
mayr be induced to germiinate bv repeated or coni-
tinluous irradialnce witlh F, giveni the lprol)er conldi-
tionis.

It is comimonly assumed that P, is the physiologi-
callv active forml of the pigmient and that P, is
inactive. This assumpltioni is base'l largelv on1 the
argumnelnt that a small proportion of Pf evokes a

large physiological response in certain materials (8).
However, apparently 50 % pigmient conversion is
require(d for a hal f-maximal germinatioln response
in lettuce seed (8). Grantinig this, the possibility
mav be entertained that in lettuce seed P,. is the
active form and( functionis as a suppressor of ger-
minationi. The very existence of (lecav in photo-
sensitivitv with tine of imbibition (1, 10, 11, 12)
could well be attributedI to some l)ositive inhibitory
action of P,., especially consi(lerinig the fact that the
(lecav rate iniereases wvith temlperature (13).

The data of table V-I can be invoked as evi(Cence
agaillist this unattractiv-e hypothesis. Firstly, und(er
the experimenital conditiolns, a large resl)onse is

obtained to what must be a relatively sinall propor-
tionl of Pl. In the second place. the substantial in-
crease in responise obtained witlh relatively short
periodIs at an elevated temperature (provided the
secoin(l dosage of F is giveni), while probal)yl attri-
butable to processes other thal plhytochromle activity.
certainly caimlot be the result of depression of a
positive inhibitorv- activitv of P,. (by irreversible
thernmal inactivation, for examlple). The reasoni
for this is that the effect (lepen(lds onl the seconld
irradiationl, which wotld only serve to fturther de-
crease the P,. concenitrationi, l)rovided dark (thermiial)
reversion takes place in the usual (lirection. Fur-
ther, and for the samiie reasonls, the effect of lowv
temperature canniot be ascribed to greater re(ductioni
of P. inhibitorx activity relative to re(luctioin in the
rates of other metabolic processes necessary for
growth and germinationi.

Summary

\Vith the ai(d of a new techlni(lue enip'oving the
radicle half of the see(l of lettuce, varietxv Grand(l
Rapi(ds, irradiation with re(d light and( treatment
with gibberellin was shown to restult in ani inlcrease
in the growth l)otential of the em,ibryonic axis of
lettuce see(ds. 'T'he (lifferenltial effect of re(d aln(
far-reed lighlt is exvi(lent in expansion in w\ater, blut
is greatly miiagniified if the axes ar e allowed to ex-
anld in (4)46 D-mannitol.
The resuilts with re(d irra(liatioll show (lirectly that

the contribution of phytoehrome (far-red-absorblilng
formii) to germiiniatioil consiists in ani inicrease of the
growth l)otential of the emnbryo which enables the
latter to overcome the miiechaniical restrainit againist
expansion impose(l by the end(lospermii.

The response to gibberellic aci(d (GA3) is prob-
ablv achieved in a differenit miianniier tlhani that to
irradiation, but 1)oth appear to be colnfilned to the
radicle. The response is niot elicited 1y kinietin.

The light responise in the half-seed does nlot
depenid onl the presence of the enidospermii. TI'his
eliminates the possibility that a simple chemical in-
hibitioni of growth by this tissue is respolnsible for-
the light requiremenit.

The promotive effect of low\ teml)erature Onl ger-
minationi is lost if cold incubation is prece(led by a
short exposure to high tem)erature. Far-re(l light,
lnormally germination-inhibiting, rex-erses the action
of high temperature, restoring, the capacity for pronl')-
tion by low temperature. The l)romotive effect of
low temperature on dark germiiniation is m11ost prob-
ably a result of preventioni or delay of tranisforma-
tionl of physiologicallv active phvtochrome to an
inactive form.

Literature Cited

1. BORTHWICK, H. A., S. B. HENDRICKS, E. H. TOOLE,
AND V. K. TOOLE. 1954. Actioil of light in lettuce
seed germinaticn. Botani. Gaz. 115: 205-25.

41



492PLANT PHIYSIOLOGY

2. BORaTIHVICK, H. A. ANI) \\. \\. R0B13BNS. 1928.
Lettuce seed anid its geriminationl. Hilgardlia
3: 275-304.

3. BITLER, \W. L.. H. C. LANE, AND H. W. SIEGEI.
'MAN. 1963. Noonphotocheniical transforimiationi of
phytochrome in vivo. Plant Physiol. 38: 514-19.

4. CnIoRNEY, \\. AND S. A. GORDON. 1964. Lighit-
activated disappearance of phytochrome in seed-
linigs. Plant Physiol. 39: 1.

5. L)o\w-s, R. J. 1964. Plhotoconitrol of germination
of see(ds of thle[Bromcliaccac, PhN'ton 21: 1-6.

6. EVENARI M. 1952. The germiniationi of lettuce
see(Is I. Lighit, temperature ani(l coumiarini as
,germination factors. Palestinie J. Botany 5: 138-
60.

7. IivE.N.\11, IM. 1965. Lig-ht and(l See(Il D)ormanc\'.
EIncyclopedia of Planit Physiol. Vol. 15, lpart 2.
SX)ringer. In p)ress.

8. HENDRICKSs, S. B., H. A. BOIZTII\\'I(wK. AND R. J.
1)o\Nss. 1956. Pigmenit conversioni in the forimia-
tive responses of planits to radiationi. Proc. Natl.
Acad. Sci. 42: 19-26.

9. IKU[MA, H. AND K. V. TmIIMANN. 1959. Tlhe pho-
tosenisitive site in lettuce seeds. Scienice 130: 5'68-
69.

10. IKUMA, H. AND) K. V. TIIMANN.. 196'). Action
of g;ib)erellic ac;(I 0on lettuce sCe(e germination.
Plant Physiol. 35: 557-66.

11. IKUM;\A, H. AD) K. V. TIIILMANN. 1963. Actioin
of kinietin on photosensitive germination of lettuce
seed as coompared with that of gibberellic acid.
Plant Cell Physiol. 4: 113-28.

12. I1KU\A., H. ANI) K. V. TI'IMANN. 1963. Thle role
of see(d coats in germination of plhotosensitive let-
tuce seeds. Plant Cell Plysiol. 4: 169-85.

13. IKUMA, H. A\ND K. \. T'11MAN.N. 1964. Analysis
of germiniation l)rocesses of lettuce seed by meanis
of temperature and( aniaerobiosis. Plant Physiol.
39: 756-67.

14. KAhIN-, A. 1960. Promiiotion of lettuce see(d ger-
miinationi bv gibberellin. Plant Plhvsiol. 35: 333-
39.

15. KASPERBAUER -M. J., H. A. BORTHIW\ICK, ANI) S. B.
HE.NDRICKS. 1963. Inihibitioni of flowering in
(lie topodin in en blnin bY prolonge(l far-re(d ra(iM-
tioli. Botanl. Gaz. 124: 444-51.

16. KLEIN, S. AND ,J. V. PREISS. 1958. Reversibility of
the red-far-red reactioni byv irra(liationi at diffel-lit
sites. Natuire 181 : 200-01.

17. KOILLER, 1)., A. M\. M.AYERI. A. POI .jAKOFF-,NI \Y inI.
AND) S. K1.L.EIN. 1963. Sce( germination. Ann.
Rev. P'lanit Plhsiol. 13: 437-64.

18. 1 EF, .1. 1964. Ilteractionl of kinietin and liglt
oni germiinationi of Granid Rapids lettuice seeds.
Planlt Physiol. 39: 299-303.

19. IMAYER, A. -M. AND A. P)IJAKOFI-MAYL\YBKR. 1963.
The Germiniation of See(ds. The -Macmillan Coin-
pany, New York.

20. POI.JAKOFF-MAYBER, A., A. MAYER. A-ND S. ZACKS.
1958. Interactioin in growth and germination he-
tween thiourea andl indolvacetic aci(l. Ann. Botany
N. S. 22: 175-81.

21. TOOLE, V. K. AND H. MI. CAT'IEY. 1961. Responses
to gibberellini of light-requirinig see(ds of lettuce
andl Lcpidinio iryiniuii. Plant Phlysiol. 36:
663-71.

22. \NVAREIN; P. F. 1959. Photoperiodism in seeds
and buds. In: Photoperiodisimi anid Relate(d Plhe-
niomllena in Plants anld Animals. R. B. \Withrow.
ed. AAm. Assoc. Addv. Sci., WNaslhilngtoni, 1). C.
p 73-87.

492


