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Summary. The actioni spectrumii for the light-activated destructioll of phytochromle
in etiolated Avenia seedlings has been determined. There are 2 broad maxima, onle be-
tween 380 and 440 mA, the other between 600 and 700 mu, peaking at about 660 m.'4. Oni
an incident energy basis, the red regioon of the spectrum is more efficient than the blue
by about one order of magnitude in activating phytochrome disappearance. Both the
red absorbing as well as the far-red absorbing forms of phytochromne are destroyed after
exposure of Avetta seedling to either red or blue light.

From the action spectrum and photoreversibility of pigment loss. we conclude that
p)hytochrome acts as a photoreceptor for the photoactivation of its metabolically-based
dlestruction. \Ve suggest that another pigirent mlight also be associated with the disap-
pearance of phytochrome in oat seedlings exposed to blue light.

The plant pigml]enit phytochrome appears to be
the photoreceptor for many morphogeniic anid bio-
chemical processes iniitiated by low irradiances of
visible light (see 8,16 for recenit summaries). Phy-
tochrome exists in 2 forms, one with ani absorption
maximum at 600 m,t, the other at 730 m/,t ( 1).
These 2 forms of the pigment are interconvertible
miiost efficiently by wavelengths of light near their
absorption maxinma, a conversion that is the basis for
a spectrophotometric assay for phytochromne (3. 4).
The pigment has been isolated anid partially purified.
It is a chronmoproteini with a molecular weig'ht between
90,000 and 150,000 (13). The chromophore is prob-
ably a bilitriene-type bile pigment (17).

Phytochrome is found at relatively high coniceni-
trations in etiolated seedlinigs, w,here it occurs as
the red absorbing formii (P660). Exposure to red
light wvill colnvert some of the P.,0 to the far-red
absorbing form (P,,,,). Butler et al. (4) reported
that exposure of etiolated maize seedlings to red
light causes a metabolically dependenit disappearanice
of phytochrome, a loss ascribed wholly to destruction
of the P730 formed by the exposure to red light.

Hillman and co-workers (6, 7, 10) working with
1)oth nmonocot and dicot tissues, have also founid that
red light causes a loss of phytochrome. They like-

Work l)erformed tinder the auispices of the Unlited
States Atomii Ener-tv Comtmliissioin.

- We use the terms disappeara<nce and;l destructioli
solely in the sense of an irreversible decrease in conicen-
tration of interconvertible pigment. It could well be that
a drop in concentrationi represents a coonversionl of the
lholochronme to a nonreversible form, rather thian actual
disappearance of the complex. It could also reflect a cur-
tailment of phytochrome biosynthesis.

xvice attribute the loss solely to the lability of P730.
Butler et al. (4) stated that a reversion of P730 to
P660 occurred in maize, but later (3) interpreted this
P 660 found after red irradiation and several hours of
growth as residual pigment, i.e., that redlight converts
onI1 80 % of the original P66,( to P730. Sinlce the
amounlt of P,.,,,, thereafter remiiained constant. they
concluded that P660 is stable and that little, if any,
dark reversion of P7.0 occurred. A similar coonclu-
sion was reached by Hopkins and Hillman (10).

WN'e have followed the disappearance of phvrto-
chrome and the conversion of P.60 to P730 in etio-
lated oat seedlings that had been exposed briefly to
white light (5). Our results suggested that both
the P660 anid P730 forms of phytochrome were de-
strove(l, and that wavelengths other than those in
the red region of the spectrunm may activ-ate phllyto-
chromiie destruction2. This paper (leals with the
interconversion and disappearance of phvtochrome
after exposure of the etiolate(l oat seedling to light
of various wavelengths in the visible spectrumii.

Materials and Methods

tT1ihulled dry seed, 10 g. of Avcia sativa cv.
Clintoni were planited in plastic boxes, 2.0 x 5.5 x
1.0 inches in width, length and height, respectively.
The miiedium consisted of one-quarter inch cellulose
paper miioistened with 35 ml of tal) water. After
sowing, the seeds were covered with a galvanized
wvire screen, one-quarter inch mesh. The seedlings
were grown for 5 days in light-tight containers of ap-
proximiiately 12 1. capacity through which mlioistened
air at 230 was passed at a flow rate of about 2 l./
minute. After experimiiental exposure to light, the
plants were returnedI to the containers at 230. The
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phytochronie x as stabilized by chillin, the p)lants ill
ice wx ater for about 60 secoid(ls. The coleoptile, in-
cludinig the foilage leaf, was severe(l from the shoot
anid cuit inito I to 3 mm sections. A. portion, 0.35 g.
wvas packed to a depth of 15.0 mim.wnith a variation
Of nio milore than 0.5 mimii. in a 1 .0 cmi (liamlieter cell
for spectral examiniiiatioil. 'T'lhe enltire as,sav lprocedutre
xvas conducted at 2 to 5.

If only total phytochirome contenit xxas to be
letermlined, samplilng xxas dolle niiiler laboratorx- liglht.
\Wheln assavs xx-ere mica(le for P , as well a.s for total
pigment, sampling xx-as carried otit ind(ler a green
saife-lighlt. This conisistel of txvo 40-wvatt green
fluorescenit tutbes behind one-eighth inchi of Aimber
(2451) and one-eighth inch of Green (2092) Plexi-
glas G (Robinl and T-Iaas). The transmittance of
this assemil)lv has a sinigle maximimiiii at 565 ilin and

A.1 % ctt offs at about 545 all(n .590 i11y (14). Ill
a(lditioni. 1 laver of D)uPont (lark blue cellophane
No. 3158 -xvas ad(led to tile assembly.

'I'he Argonle Spectrograp)ll (11) xas ulse(l to
obtain niarroxv xwavelengthl ballnls for tile deterillina-
tion of the action spectrumil. AVhen necessary. irra-
dialnce xvas reduiced by initerposing xvire screeiis ill
the tiiidiffracted leanl. Fach band( xas reflecte(d
diiowynxard b)y a fronit-suirface(d iimirror motuntedl above
the see(lliilgs. I'he spectral distribtutioni across the
focal curve is siuch that approximiately 95 % of tlhe
enierg inlcidellt to eaclh lox of seedlings fell xithin
S m1l abotit any wvaveleiigth loctus (9). An Eppley
therllmopile, calibrated against a stancdard lamp.) and
Liston-Becker chopper amplifier xvere uised to deter-
iniiie irradliallces vith mlolnochromiiatic sources. Folr
xhite light a \\eston AModel 756 ft-c mieter was tlse(l.
The souirce of white light xx'as a tutlgsten filamlelnt
lami) operated at 115 v, 60 cycle.s; differenlt irrali-
alices xvere obtained b v-arying tile distance betveeil
the lamp anld the see(lliligs.

The source of red liglht xvas txvo 40 xv General
Electric red fluiorescenit tubes behilld 2 layers of
red-cellophaIne DiuPont 3153. giving all ilicidellt eli-
ergy- to the plant of about 73 ,.xvcill 2* The farired
sotirce xvas a 75 \, reflector-flood. tuilgsteil filamiienit
lalli) (operated at 115 v ) hllilidl 2 layers of tile re(d
alnd 2 layers of tlhe (lark blule cellolpllalie descrile(i
above, givinlg all illcidellt enierg(,of abotut 5.3 mwx
Clll 2 to the Illant.

Phxvtochronme xvas assaVe(l spectrophotometricallv
(3, 4) in a dual bealll spectrophotollleter (Agriculi-
tural Researci Specialtx Coilpany. Hyattsville,
Maryland). Assay results are expressed as A (A
A,bsorbancy) [A (A A.)] (4). a relative mieasure
of the anloulit of reversible phytochronle p)resent ill
the plailt tissues. The A (A A.) readings for total
plivtochromlle xxere corrected by nlultipliilng by the fa-
tor 1.25 oni the basis that saiturating exposures of red]
light converts onfly 80 % of P; to .P (3). EacIl
mean A ( A A.) value plresellted xas derivec froml
at least 2 experimllents itll at least 3 deterlllillatiolis
in eaci. Tlle coefficienit of variation of tlhese mleans
-ranged betxxeen 5- atid 10 %.

Results

Colcopti/c lelygth (1)1( Jll'loch rooctoo/cc:.
IPhvtochrome contents of 5-day-ol(l etiolate(d see(liillgs
of 2 cultivars were nleasllre(i. 'IThe restilts oltailled
for grotups of (liffereilt coleoptile lengths are giveni
in table 1. TI'he data indicate that the plhtochro-me
CoIleLIlt per uniii x eighlit decreasese with increaling
coleoptile length. a (lecrease tilat has also beeni shmovin
to ocetir in barley see(llings ( 2). In all sul)se(qienet
exI)erimlents only coleoptiles 20 to 25 urn in leng-tlh
xere takeni for .assay.

Table 1. Phytochr(mzc Cn/cnt/s of 5-dav-old Eti/o/acd
Oat Ci0/coptiles 0Diffr/itit Lcn1gth1

Len,gtlh
111111

1-1 5
15-20
20-25
30-40
35-45;

Br,itghton
(Huilles.s)

0.109
0.(0(8
0.(0()1
0.049

A (A A.) /0.35
C ilitoil
0.083

0.070

0).0413

Ixinc/tics of I'll'tochrolO(c I)iSappearaolctc, ii i/ttc
iiyh/t. Etiolate(d seedlings xere expl)oedl 1.0 iillnllte

to (liffereit irradialnce. of wxhite light. Th1ev \were
theni grovil ill the (lark aiid assayed for phytoclhromue
after various inltervals up to 6 liours. I'l1vtochrome
coiltenlts of dark-groxin coiltrols xxere illeastire(I at
the saille illtervals. The pier eeit of tile pigilleilt thlat
(iisaplpeared relative to the ilonirradiated colntrols is
ilotted agaiilst radianit exposure in figure 1.

These curves shoxx that al)out 25 ft-c illilltites
x\irtuallv sattirates the light-activated disappearailce of
plhtochrollme, irrespectivre of tile subsequenlt groxvth
period. \Vrith 4.0 hours of growTtll. saturatiiig ex-
posures led to a destrtictioil of about 60 %c of the
phytochroille. Tie samiie l)ercenlt (lestructioil xvas
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FIG. 1. Perceilt disappearance of ph)tochrome at 3 in-

tervals after exPosure of etiolated oat seedliings to various
irradianices of white light for 1.0 minute.
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ob)served when a post-irradiation groNwth period of 6
hlours was tested.

In another experimental series with white light.
tlhe disappearance of P730 and P660 as xvell as total
pigment was determined. Figure 2 shows the rela-
tive amiiounts of pigment after exposure to 15 ft-c
miiinutes. Imnmediately after irradiation about 25 %
of the P660 was found converted to P730. Both forms
of phytochrome gradually disappeared. After 6
lhours, no P730 was detected; the pigment concentra-
tion at this time was about one-third of the original
level of phvtochrome. The results with an exposure
of 100 ft-c minutes were essentially similar.

70 ,
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20-
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FIG. 2. Disappearanice of phytochrome after 1.0 miniute
exposure of seedlings to white light, 15 ft-c.

Actiont Spectrumtn. Before determining an actioln
spectrum for the light-activated destruction of phyto-
chrome, irradiance and time were varied in a series
of exposures at 660 mfk and 400 m,u, wavelengths
found to be relatively effective in preliminary experi-
mlents. At 660 m,u incident irradiances of 2.3 to 8.2
/WcW2m and at 400 mju irradiances of 34.1 to 400
uw.cm-2 ere within range of reciprocity up to
the longest exposure time tested. 16 minutes at the
lowest irradiances used. The action spectrum was
based on the energy required to initiate a 30 % (non-
saturating) destruction of phytochrome with 4.0 hours
of growth at 230 following the light exposure. Dose-
response curves within the above incident energy
ranges were run at each wavelength used; the ener-

gies required for 30 % destruction were estimated by

interpolation. Typical curves are shown in figure 3.

For 660 m,A and 600 m,u, 10 and 30 kiloergs cm-2 were

required. respectively, in order to obtain 30 % disap-
pearance of phytochrome.

Figure 4 shows the relative action spectrum for the
light-activated destruction of phytochrome. There
are 2 broad maxima, one lying between 370 and 450
nmL, the other between 550 and 700 mnu, peakinlg niear

660 m,u. A minimum appears in the neighborhood
of 480 mu. The red optimum of the spectrum is

F1IG. 3. Percenlt destruction
aifter exposure of seedlinigs to
at 600 anld 660 mwu.
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FIG. 4. Inicidenit eniergies, expressed as kiloergs (A)
or quanta (B) per Unlit area, required at variouis wave-

lengths for 30% destruction of phytochrome in 4 hours.

about 15 (oni a quantum basis) and about 25 (on an

energy basis) times more efficient than the blue in
causing the disappearance of phvtochromiie. At ave-
lengths above 710 mu and below 360 mnu, with radiant
densities up to 800 kiloergs.cm-2. we could not obtain
a 30 % disappearance of phytochrome within a 4-
hour growth period.

Kinietics of Phytochrome Disappeara ace, Mllono-
chliromiiatic Lighlt. The light activated disappearance
of P730 P660 and total phytochromiie at 660, 440 and

380 m,u, using saturating energies at each wavelength.
was then examined. These data are showni in figures
na-c. At each of the 3 wavelengths the P66O as well
as P730 form of phytochrome disappears with time.
The data in aggregate are suggestive of a slight lag
in the disappearance of phytochrome immediately
after irradiation (cf. 4); howvever the observation
frequencies and variances in the present experiments
dlo not permit rigorous inference about such lag.

The percentages of pigmnent interconversions imi-
mediately after irradiation, and the percentage of pig-
ment disappearing in 6 hours associated with the sat-
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0.08 - Uratilng ra(liailt delsities (fig 5a-c ) are given in table
II. Irra(liation at 660 nmu converted three-quarters
of the P66; to the P form, and ai)out 80 % of tlle

0.07 ~ \ 660 m1)llhytoclhrome that disappeared canl be accounited for
\. by the disappearanice of the P70 so produced. Irra-

0.06 (liation at 380 m,, which caused a 50 % conversion of
\ I,60 to P7.. resulted in the disappearance of 65 %

of the phytochronlle; onie-third of this disappearance
0.05 1 can be ascribed to the decrease in P660. At 440 I11,U,

\x \-where a conversioll to P730 of olnly about 15 % of the
<:10.04 F A \< ~PTOtCI -igimenit occurred roughly two-thirds of tile pigmn1elt

(lisappearing is attribuitable to a loss of PPT 660-730 The lability of P660 is also sliowil by the following-0.03 \ \ experimiielnt. Seedlings were exposed to far-red lighlt
for 2.0 hours. One-ilalf of the seedllillgs were assayed

0.02 0 m660 x inluelediately after exp)osure. The otiler lhalf wvas
\returned to darkness aild assayed 2.0 hours later.
After 2.0 hours of the far-red, the phvtochrome con-0.01 0oo tenlt had chaniged fromil a A (A A.) of 0.070 to 0.044,
a dIrop of about onie-third. After 2 additional liours

0 2 in the dark the phlytochrome conitent drop)p)e(l still
O 2 3 4 5 6 ftlrther to a A (A A.) of 0.027, 40 % of the originalHIOURS titer.

0.07 TT 7 T TThe conversion of P6;0 to P7;(; as Nvell as the total
phytochrome disappearance in 4 houirs was tllell ascer-

0.06 L \ 440 my _ tained for various wavelengths begillning withll oi-
saturating radiallt densities. The results are plotted
in figure 6. There is a gross correlatioinbetween the

0.05 _ exteint of pigne1ent iiltercollversioll alld the extenit of
pigment (lisal)learallce. Both plhellomlena are highl
at 660. progressively (lecreasillg at 380, 400 alnd 440

_ 0.04 PG60 O

< 90 _

0.03
80_E

6600C
0.02 I 70 660 D o 3O0 D

p ~~~~~~~~~~~~~~~~~~4008D
0oj-01 f730 60

0.070.06 380 mjx i- F 50 o 3 0 C

002 3 4 5 6 . 0
HOURS w 40 --4-- --U 440DE_

0.07I

005 T9\. 380mH j |,tqio @ *~~~3 400 C

I~~~~~~~~~~

k .\ ~~~~~ ~ ~~~~~20 ^
°°S W X -PTOtC, H PE / _1L~~~~ ~ ~ ~~~~~~ 440 C

HG. 5. J)isappearance of p_- tOcl;rollcD aditrppexronce
0.04 _ O It_ \ J 34 5 6 CII 2; b)440 0.05 .10 6 0.15 0.20 0.25 0.30

/P660 \JOUHUS LES* CM-2
0.OC)3 \ FIG. 6. Percei1t convXersion of PG; to PF3, a11(1 peCrcent

\~~~~~~ \ ~~~~~of pliotocliroiiie dlisappearilfing 4 l10111-S after exp)osur1e
x to x-ariouis i-adiaiit deiisities at 4 w-avclc1igth beands.

X FIG. j. D)isappearanlce ot p)lyto l-,r-omic alftcl- exposure
. ! 1 ~~~~~~~~~~tosaturatingt radiaiit dleiisities ait a) 660 im,u, 0.068 jotules-

;^ ;t ~3 4 5 G c-2; b) 440 m,u, 0.164 joules cnm "; c) 380 nia,u 0.25
HOURS jotiles-ciii "
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Tllale II. Percent Conversion and Loss of Phytochromc aftcr Exposzurc of the Secdlinqf to Radiant I)ensities Catusintg
Mla.ivnuwm Disappearancc Rates at each 1Vazclcngtht

X ni joulles.cmI-2

660 0.068
440 0164
380 0 250

Coniversioni
P66() -o730

73
16
50

P730
87
91
88

%o Disappearillg
in 6 houirs

P660

50
28
43

P Ttotal

77
38
65

% of the P
total disappearanice
caused by loss of

p 7,30 P660
82 18
38 62
67 33

nmM_t. However, though the percenitage conversion and
disappearance are simiilar at 660 mix, in the blue
spectral region the disappearance is more sensitive
and greater than is the conversion of the pigmenit to
the P730 formii. The differenices appear most marked
at 440 mn-. A-t both 440 and 400 m,u at the higher
radiant densities about twvice as much pigment dis-
appears as is converted (cf. also table II).

Photorezversibility of Pytochromnze Disappeara nce.
Seedlings were irradiated at both 400 and 660 mu,
each exposu,re beinig followed immediately with an
exposure to 730 mnu. The P730 formiied at each of the
first 2 wavelengths was converted (on a percentage
basis) about equally well to P660 by the far-red light
(fig /7a and 7b). In other words, the pigment con-
versioni induced by the blue light was, like that in-
duced by the red light, reversible upon immediately
subsequent exposure to far-red light. Furthermore,
the disappearanice of phytochrome elicited by the
radiant densities used in the blue and red spectral
regions are partially reversed by far-red light.
We founid that 0.5 minutes of red light saturated

the conversion of P660 to P7,;0 and that 2.0 minutes of
far-redl liglht completed the photoclhemllical conversion

90 [ r- I T
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60 <
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P730converted toP660
p 0;/converted to

0

0 50 too 150 200 250 0 50 100 150 200 250

KILbERGS CM-2, 730 mj"

FIG. 7. Reversal bx far-red of red induced conversion
anid disappearance of phytochrome. A) Seedlings irradi-
ated at 660 mnu, 68 kiloergscm-2, followed by the indi-

cated radiant densities at 730 mju. The 0 curve represents
the percentage of the total pigment lost after 4 hours,
the curve the percent of P730 that is converted back
to P660 by 730 m,lL light. B) As preceding, but initial
irradiation at 400 m,u, 936 kiloergs.cm-2.

of P730 to P660. Seedlinigs were therefore givell ..;5
miinlute of red-light which was inmmiiediately followe(d
by 3.0 miniutes of the far-red to determine the photo-
reversibility of pigmiient disappearance at initially sat-
uratinig levels of bothl spectral bands. The plallts
were theni returnied to darkness anid periodically as-
sayed for phytochrome durinig the next 7.0 hours.
After 1 hour of growth the phytochromlie contenlt
dropped about 20 % anid then remained essentially
constant for the next 6 hours. The phvtochrome coln-
tent of seecllings that were irradiated only with the
far-red light did not differ materially from the dark
conitrols over the 7-hour period. Apparently destruc-
tion induced by exposure to red light at densities
saturating pigment interconversion is not reversed
completelv by far-red light at analogous ra(lianit
densities.

Discussion

WN'e filnd, that most, rather than all (4.6, 10) of
the loss of phytochronme in etiolated Avenia seedlinlgs
exposed to red-light canl be accounted for by loss of
P730. There also is a reductioni in the amiioulnt of P660
after irradiationi with either wvhite light (fig 2) or
monochroimiatic bands in the red an(d blue (fig 5)
and far-red spectral regions. WVe inifer that both
P730 and P660 are sensitive to light-activated niieta-
bolic destruction.

It was showni in table I that the phytochronme
conitent per unit weight of coleoptile tissue decreases
with increasing coleoptile length. Therefore, it could
be suggested that the photoactivated decreases in pig-
miienlt described in the present study are not real, but
are concentrationi changes derived from an enhance-
ment by light of coleoptile growth. If such occurred.
it could only account for a relatively minor change
in pigment concentration. The size of the coleoptiles
taken for assay were of uniform length (20-25 mnm),
elongating at a rate of approximately one-half mmi
per hour. A red light-induced doubling of growth
rate could thus account for at most a 5 % increase
in weight in the niext 2 hours, a period wherein pig-
menit losses of 40 % occurred.

If there is a reversioni of P730 to P660 in the dark,
the reaction must proceed at a slower rate thani the
disappearance of P660. If the back reaction were
faster, anid no destructioll of the P660 occurred, then
the amounit of P6360 should inicrease in darkness after
a brief exposure to light. This was nlot observed.
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NV\e concltd(le that in etiolate(l Aveim tissue the dark
transformation of I-)o to P,;¢i either (loes inot occuir
or occurs at a relatively lowx rate. Since P660 is
metabolicall (lestroveed after brief illtuiniationi, this
type of etiolated tissue app)ears linsuital)le for study-
Ilg the d(ark conversion of l', to Pj)0,

It is likely that p)hytochroilie itself is a p)hotore-
cep)tor activating the metabolic self-destruction. Firstt.
the action spectrum for the process in the visible spec-
trunii hais a strong b)andl at about 660 nmp. anid a wveaker
band in the r-gioni near 400 mp.,. wvith a minlimumi in
the bltue-greeu. This is the comniplement, of the in vitro
al)sorl)tion spectrulm of the T',;) formi ( 5) Below
35)) mp. the efficiencies per iincidenit photon decrease
(irastically (fig 4) and nio (lestructionc was observed
at 30)) mn.. Second. the pigment decrease iniditced by
irra(liatioin at 40(0 imp or 660 mp. cani be partially
reversed if these 2 irradiauces are followed immiiiedi-
atelv 1w light at 730 nipit.

I. ight at 6(6 nipi w as mlost effective in cautsilln
to ani allmlost eq(uial exteit, 1)oth the lphotochemical
conversion of the chromolplhore aiid its later disappear-
auice. Light ini the blue spectral region also elicits
both effects, but, in contrast to red light, the enlergies
apl)l)cir to be c(hanlileledl preferentially toward phvto-
chronic dlisal)l)earance (fig 6) For examiiple, at 44)
iitt, with raldiant denlsitv of 33 llijotles cm -2 tlle
plhotoactivated(ldisal)l)earance of phytochrome is over
10 timees that of chromophiore conversion. If onlyl
the l)hytochrome svstCm x ere involved in activatillg
the disappearalice of phytochrome, imimiiediate post-
irra(liation with far-re(d light should completely reverse
the effect of re(d light. Since this (loes niot occur
(fig 7 ) alnothier pigmiient mighit also funiction as a
lpliotorecelptor for phytochrome destructionl. The
prefel-enitial (lestructioin over conversion in the blue
spectral region' iarticularlx- at 440 np., is suggestive
of a caroteiioid or a flavin. though there is no band(l
for phyvtoibromie destruictioin in the nlear ultraviolet
region. Participation of a porphyrin milight also be
considered since mianv of these pigments absorb in
both the bluc aild red spectral regions. In this coii-
ilectioil, the high-energy nonreversible photomorpho-
geniic pigment described l, _Mohr (11. 12) which has
actioln milaximila at about 440 iup. anid 730 mp. should
be melitionie(d. It seemils unlikely that such a pigmelit
particilpates in lphytochroilme (lestructioii: there is 11o
band in the far-red in the actioni spectrtuili for phyto-
chirome dhestruction, anid the inicidelit energies reqjuired
for the metabolically-basedd(lestruction are low.

1From the present study, we suggest the folloxwing
associatioin (f the plhotoactivated changes of phyto-
chromiie in the etiolated A'v4zia coleoptile:

For - Red

-0-PR PF R
Red
Bl ue

PNonreversi ble

El . r

Blue

Red
For - Red

'I'he rates of the reactionis milarke(d b)v asterisk are

relatively lo-w aii(l metabolicall- limited.
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