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Summary. Proloniged irradiation with continuous or intermittent far red prevents
the germination of tomato and cucumber seeds. The inhibitorv efficiency of intermittent
far red decreases with the lengthening of the interval between successive irradiations, and
with the increase of temperature. If each far red irradiation is followed by red, germina-
tion is restored. Intermittent far red is less inhibitory than intermittent red-far red
xvhen red is given immediately before each far red. This effect is more evident when
the interval between stuccessive irradiation becomes longer.

Evidence has beeni presented in previou-s reports
tllat the active form (PFR) of phytochronie (P) is
one of the factors controlling the dark germination of
lettuce (3) and tomato (4) seeds. It lhas been dem-
onstrated that the germination response to prolonged
far red (FR) irradiation in lettuce (3) and tomato
(4), as 'well as the response to Sliort FR irradiation
;n toimato (4, 5) is phytochrome conltrolled. Exposure
to intermittent FR radiation or to alterniate inter-
mittent red (R) and FR radiatons wvere uised to
demionstrate that the re.sponse to prolonged FR was
actuallv a low energy-requiring. phytochro.nw con-
trollled response (4) and not one dependinig oni the
high energy reaction system (HER) as it hias been
reported for other seeds (8).

In this paper we present furtlher data oln the action
of prolonged FR irrad'atioils oni the germination of
tomato and cLucunmber s<eeds.

Methods and Materials

The seeds used in this researclh ere: tc mnato,
varieties Ace ar,d Port,, and cucumlzber varieties
N ational Pickl;e and Pixie. The germination tests
w-ere run in Petri dishes containing a disc of filter
p)aper (Eatoni-Dikemani, grade 923) moistened with
distilled water. During the dark inicubation periods
the dishes were enclosed in bags miiade with a double
layer of heavy black satin cloth, and kept ini ;ncuba-
tors. Results reported are average of 2 replicates
of 4 dishes each. Light treatmenits were giveni using
red (R) and far red (FR) sources contained in
Igrowth chamnbers (modified Percival E-57). S;pec-

tral enengy distribut:on of these sources, we-re mnasured
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\vith a Model SR Spectroradomiieter (ISCO) and are
reported elsewhere (6). Dark controls (DC) were
included in every experiment. Germinated seeds were
counted 4 days after the start of the experiments.
Times of incuibation longer than 4 days do not modify
the response obtained during suich a period.

Results

Tomiiato, Exposure to Intermiittent Radiationi.
When tomato seeds are exposed to intermittent FR
radiation given in cycles of 30, 60, and 120 minutes
for 4 days (tables I, II), germination is comipletely
inhibited (germination <5 %) at the end of the
fourth day, if the temperature is mainta ned at 200.
If the temperature is increased to 250, the inhibition
.s less pronounced and depends on the leng,th of the
dark interval between successive irradiations: the
longer the cycle, the higher the germnnnation (tableS
I, II). If, during each cvcle, R is given alternatively
witlh FR, at diifferent positions in the cycles, germina-
tion depends on cycle length, temiiperature, andc relative
position of R and FR in each cycle. Tlle longer the
interval betweenl R and FR ill each cycle, the higler
the germination (table I, A).

In seeds exposed to the cyclic irrad'ationis only
during the first 24 hours of inmbibition, terminating
with an FR irradation, ancl then placed in darkness
for 3 days (table I, B), germination at the end of
the incubation period is very similar to that obtained
at the end of 4 days of prolonged exposure (tabe
I, A). When, after 24 hours of exposure to cyclic
irradiations, the seeds are placed in darkness after
receiving a terminal R irradiation, germination is
repromoted (table I, IC). Comparison of gerii:nation
obtained at the end of 4 days of exposure to inter-
mittent FR and to intermittent R-FR, with R applied
imimediately before each FR. shows that. at 250, the
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Table 1. -lctioni of Cyclic R anid FR Irradiationt oni Gcro)iioation of 7omliato Sced.
A) Cyclic irradiation for 4 days. B) Cyclic irradiation for 24 hours. then 1 minute of FR and 3 days in dark-

ness. C) Cyclic irradiation for 24 hours, then 1 minute of R and 3 days in darkness. *, 1 -Minute of R and/or
FR in the 30 minuite cycles. *,A 2 'Minute of R alnd/or FR in the 60 miiinuite cycles. Germi-nation of the dark
conitrols Ace, 87 to 88 % atL 200 anid 250; Porte 85 to 90 % at 200 and 250.

A RED

*FARER REDK

Temperature(OC) 20 25 20 25 20 25 20 25 20 25 20 25 20 25
A 3 9 73 92 40 94 4 70 1 7 3 4 74 92

30clin B 6 14 65 89 45 84 12 63 4 |11 7 9 83 87
W ___ C 66 74 88 91 89 90 81 84 52 64 50172 90 92

< 60 min A 0 20 72 92 59 90 10 74 0 20 0 0 68 94
cycle B 10 18 78 86 56 85 20 74 7 22 6 10 66 87

C 77 69 87 92 84 91 80 83 77 69 73 70 90 88
A 0 25 90 93 75 92 19 89 0 36 0 0 86 91

L3Icycl B 4 38 90 93 78 82 39 881 7 51 5 37 71 92
C 91 93 78 86 90 92 86 87 90 91 90 94 90 94

0 A 0 54 79 91 72 90 13 85 0 83 0 00 81 88
cycl I B 9 56 80 83 80 88 46 86 32 82 11 15 57 92

I I C 185 194 191 191 183 192 189 191 194 192 194 193188 192
Table II. Action of Intermnittent R and FR Irradiations
Applied for 4 Days on the Germiintation of Tomato
Seeds, Varieties Ace and Porte, at 200 and 250.

Treatmiient

30 min cycle
1 min R
1 ruin FR
1 ruin FR 1 ruin R
1 min R - 1 rinl FR

60 rini cy cle
2- rini R
2 min FR
2 ruin FR - 2 ruin R
2 ruin R 2 min FR

120 ruin cycle

4 min R
4 mrin FR
4 ruin FR 4 mrin R
4 min R - 4 min FR

Percenit
Ace

200 250

74
3

73

68
()

72
0

.

5

0

92
9

92
4

94

20
92
0

901
16

10

germination
Porte

200 250

86
0

90
0

81
0

79
0

4

0

91
25
93
0

83
54

91
0

93
/ 3

. .

10

R-FR cycle has higher inhibitory effect than the FR
cycle (tables I, A and II).

Cucumber, Exposulrc to Conitinuiiouts and Inltcr-
mittent Radiationts. The germination responise of
cucuim,ber seedis exposed to prolonged FIl depends on

temperature. Ilnlilbition of germllnation after expo-
sure to FR is higher at 150 thani at 200. At teiim-
peratures above 250 there is no inhibitIon of germina-
tion by continiuous exposure to FR (talble III).
Contmnuous FR can be replaced by intermittent FR,
provided the interval between successive irradiations
is kept short, not more than 30 mnnutes. Red applied
at the en(l of a period of exposure to continuous or
intermittent E,R repronmotes germination during the
dark period following the irradiationi. Red applied
after eaclh FR in the intermilIttent irradiation treat-
ruients rep)romotes germiniation. Intermittent FR
alone is le,s inlhiibitory than initermittent R-FR with
R applied imimne ldiately before each FSR (tajble IN ).

Discussion

Germ:niat on of tomato anid cucumber seeds can be
inhibited by prolonged exposture to iintermittent FR
racdiiation. provided the iinterval betwveen successive
irradiations iniiot too long and the temXperature not
too high. In tomato seeds, at teml+peratures beloA
200 (Porte) or 2550 (Ace) germination can be in-
hibite(d bv a .>zingle exposure to low-energy FR radia-
tion (4, 5), hult in cucumber only ,prolonged exposures
are effective and cycles with a shorter dark interval
than thoSe effective in tomlato have to be used. 'rhe
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Table III. Action of Different Prolonged FR Irradiationts o'i ti(tl;Germination of Cucuimiiber Seeds

Treatnc nlts

DC (4dD)
ld cont FR-4dD*
Id cont FR-lOmR-4dD
2d cont FR-4dD
2d cont FR-lOmR-4dD
3d cont FR-4dD
3d cont FR-lOmR-4dD
Id cyclic FR (1mFR-29mD)-4dD
2d cyclic FR (.1mFR-29mD)-4dl)
3d cvclic FR (lmFR-29mnD)-4dD
ld cyclic FR (lmFR-9mD)-4dD
ld cyclic FR (lmFR-9mD)-lOmR-4dD
2d cyclic FR (lmFR-9mD) -4dD
2d cyclic FR (ImFR-9mD)-lOrmR-4dD
3d cyclic FR (ImFR-9mD) -4dD
3d cyclic FR (ImFR-9mlD) -lOmR-4dD
id cont FR
id cvclic FR (I1mFR-9mD)
id cyclic FR-R (1mFR-lmR-8mD).

1 0o

80
24
63
4
50

1
11
5;2
46
21
62
83
31
87
14
70
0
0
93

Percent germitnationi
200 220

99
98

84

57

.8

..

..

..

Ss9

. .

100

..

. .

. . .

.. .

. .

93
. . .

D = dark.

Table IV. Actionl of 4 Days of Intermittent FR anid
R-FR otn the Germiinlationt of Cuicumber Seeds,

V'arieties Pixic (CP) anid National Pickle
(CNP), at 17.50

Treatmiients

DC
15 min cycles

1.5m FR-13.5mD
1.5m FR-1.5mR-12mD
1.5mi1 R-1.5mFR-12mD

30 miii cycles
3m FR-27mD
3m R-3mFR-24mD

Percenlt germination
CP CNP

86 95

12
91
0

37
95
13

39 69
0 13

response to prolonged exposure to interm-ittent F;R
is 'phytochroime controlled. If each FR irradiation
is fol!'owed by R, repromotion of germination is

obtained. Under intermiiittent FR, increasing tem-
perature and length of the dark interval between
successive irradiation results in an increase of ger-

m.nation. Under intermittent, alternate R-FR irradi-
ations, the total length of the cycle seems to be
of less consequence than the tenmperature and the
relative positions of R and FR in each cycle. In
cycles of equal length, the longer the dark iperiod
between R and FR (after R), the higher the ger-

mination. For cycles wvith the same relative position
of R and FR, the higher the temperature, the higher
the germination. These results seem to indiicate that
the !PFR controlled reaction 1proceeds at faster rates
at higher temperatures. Equal relative PFR levels,
operating for the same length of tinme, induce higher
germination at higher temperatures.

The physiological results obtained seem to poinlt
out that something else, beside the rate of the reactiort
controlled the level of PFR established by irradia-
tion, is eflfecti6ve in the control of the induction of
germination. Considering the photoequilibrium leveT
Of PFR establishIed by FR (1, 9) and the rate of decay
of PFR in seedlinigs in dark (1, 9), short cycles of
intermittent FR should maintain a relative PFR lCeel
slightly higgher than longer cycles. Thus, if only the
relative l'evel of PFR estahlished by FR was respon-
s:ble for the activation of geniiination, the differeint
length of the dark period ibetween successive irradia-
tions slhoutld have none or little effect. Perhaps we

could expect an effect opposite to the one we foulnd:
shorter cycles couild be expectedl to be more effective
in the activation of germination than the lonIger
cycles. We found that shorter cycles are more in-
hibitorv than longer cycles. This result could be the
consequence of a continuous, temperature dependent.
input of PFR into the system. If there is such a

continuous input of IPFR into the system, we would
expect higher germination under longer dark intervals
between successive irradiations, since the PFR coming
into the system wousld h,ave more time to act. The
hypothesis of a continuous input of phytochrome inlto
the svsteml had been made before (3) to explain tlle
necessity of prolonged FR irradiations for the inhibi-
tion of germination of certain dark-germinating seedss.
The resul'ts obtained with cycles of different lengtl
seeml to agree, at least on a physiological basis. -v'tlh
this hy pothesis.

Aniother interesting aspect of these results is the
comparison of the action of the intermittent FR
(FR-D) anld of the alternate R-FR, where R is
applied immllediately before FR in each cycle

(R-FR-D). If only the relative PFR levels estab-
l:shed by irradiatioli Nvere rceponsib'e for the induction
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of -ernliniationi, the 1F-D) ai(l tlle R-FR-D treatmenits
should produce the same restilts oii germination, but
thev do niot, at least nlot alwavy. In tomiiato, whlen
the seeds are exposed to suclh treatments only for 24
hourS, terminiatinlg wvitlh a R irra(diat.:on anid then
returnied to darknei.,> the same dose f)f red -adian-t
energyv repromiiotes more germlinationl when given
after the FR-D trcatment1t than after the RZ-FR-D
(table I, treatment C, () min cycle, 20, and( cfr. fig 6,
ref 4). If the expostiu-e to sticll treatmenLt is con-
tinnied for 4 days ( table 11 ) olne cani appreciate the
large dlifferenice betxecln the FRI-) andl tlle R-ER-D
cycles. Tllis differecle i- verv lar-e only in the
Porte seeds, which are lc-; selnsitixve to 1R than Ace
seeds (4). 'IThie differ-enice d(2pcn1i-l onl temperature
and on the length of the cxc'e. At thiove temperatures
and length of cycles which resIult in a xAv-r inih:hitorv
efficiency of the FR-D treatments. the R- R-D
treatmiienits still retain fully inhil)itory lmver. The
situati-on is very imiuchi the samle in cucniml)ebr seeds
(table IV). Unlder bothi treatments the same re'ative
PFR level shoul(llde maintained, thlit is the I to 4 %
PFz established by satuirating 1 (1.9R). W-ile
there is little doubt that, unider bothi treatments, the
relativ-e PFR levels ai-e the same. it i niot certain
that equal relative PFId levels represent equal total
PFrt concentration tinder the 2 treatleits. \We hiave
soimie preliminary proof, obtained in ouLr laiboratory.
that the 2 differenit treatmelnts milay result in dlifferent
total 'phytochrome levels, aid consequently cquial
relative PFt levels ouldl represent (lifferelit total
Pp,-, concentrations.

In 5-day old, dark -rown . Ivcua Seedlings. initer-
mittenit FR, 3 mill of FR eaclh lhotui tor 4 hours.
reu'ilt, in the loss of about 20 % of thle plhytochronle
initially present; initerimlittelit R resu'ts in the io.;.s of
abotit 80 % aindl intermittent R-FR catsIes the loss
of al)out 60 % ( Dooskiin, per.nonal communication).
In cucumiliber seed (7 ), totail phivtochirome content
after 4 days of exposulre to FR-D treat1mziits is higher
thlain in the seeds exposed to the k-FR-I) treatments.

If xxe assuine that the plhytochlrolmle cointrol of
germilnationl depends oni thle total P1 level. and niot
oil the relative PIFi level only the explanation for the
(lifferent inhihKtorv efficiency of the FR-i) al(I
R-FR-D treatiimenits could be bassed oli tlhe different
total phytochrome conltenit restilting fromil exposiure
to the 2 different ti-eatinknlts.

OIn tl1e b)asis of tile results presented ill tis paper.
xxe Illigilt stigge-t thiat tile phytochrome conitrol of

germinaton dlell(l tuponi the 1 level, the rate of
phlytocllronle illput inlto the syvteml, aind tIle i-ate of

phytocllromle decay iiilder tile di f ferenit treatmenits.
'l'he relative imiportanice of tllese 3 fasctors could
cilailge de,ending tiponl othier factors stulci as temii-
peratture, l:fferent irradliatioll ;clledtles. aild other
exterilal and ilnternal c(llditons. The P level
-eenms to be tile olllv factor controlling the germina-
tOll responlse to a ;in-le. low-energ- FR irradiation.
Ill the case of tIle cyclic irradiationis. tile 2 other
factors, pIllytochronle i!lput aild phytocchrome decay,
cotil(d le as importalnt as tile PFt level. TI'here is i10
evidence v-et for a direct pJlvsiological actioll due to
phlytocilrome (lecav ( 2 ). Ili iiicltidilig tIle rate of

plhytolihrome decay anmong tile factors controllinlg see(i
gernllnation. w-e wanlt to illnlicate olilv tilat the redluc-
tion of tile pllvtochironme level could be of somie ill-
portaince inll ilodlif-ill tile gerillillatioll res,ponse to
|igilt.
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