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Siturniary. Using various pliotostationary state light sources to obtain reproducible
phytochromne conversion of from 5 to 88 % PFR, assayed by 2 wavelength in vivo spec-
trophotometry, relationships between initial percent -PFR and elongation of apical Avenia
coleoptile segments over the succeeding 20 hours in darkness were studied. With mate-
rial grown in total darkness, all PFR levels promote elongation, andl maximal promotion
requires roughly 50 % PFR. The promotion caused by an initial 5 minute red (88 %
PFR3) treatment at hour 0 is partially reversible at hour 5 by sources forming less thanl
48 % PFR, but totally irreversi'ble at hour 8, though less than 50 % of the growth has
been accomplished by this time. Direct photometric assays at hour 5 indicate a phvto-
chrome state of roughly 45 % PF11, consistenit with the reversal data. At hour 8, how-
ever, 11 to 22 % of the phytochrome still assays as PFR' an inconsistency suggesting
simply that the elongation process has proceeded beyond photochemical control. Thus, in
contrast with results previously reported for Pisutm and Phaseoluts, there is no contradic-
tion between photometric and physiological assays of phytochrome state in A7vena cole-
optile segments.

Attempts to expand this study by usinig segments from seedlings pretreated with red
light showed that such pretreatnellnt as little as 1 to 2 hours before drastically reduces
subsequent elongation and photoresponse on the medium employed. This decline in
growth potential can be halted at any tirne before its comlpletion by either excision of
the segmllenit or far-red treatmiienit of the initact seedlilg.

It is genierally accepted that the reversible photo-
receptor, phytochrome, miiediates 'the control of plant
growtlh and development by low intensity red and far-
red light. This pignment may be assayed in vivo by
photometric techniques, thereby permitting the sttudy
of relationships between phvtochrome changes and
developmental events with a minimum disrtuption of
the responding system. The evidence acctumulate(d
'thtus far incdicates that suchl rela,tionships are by lno
means clear andl simple.

Phvtochroimie has been detected in young intact
Pisumssi roots whlichl (1o not respond to red anid far-red
light, while lnone couild le foutnd in the photosensitive,
cuiltulred root tissues (7, 8). TI'he killetics of (fisal)-
pearance of the far-red absorbing fornm (PF,II) in
tisstues of etiolate(d seedlings appear to bear no rela-
tionishii) to the iphotoperi-odic class of the miiature plan,t
(11). No phytochrome couild be (letected in etio-
lated Lemina perpitsilla, a hiighly senisitive l)hoto)eri-
o(lic pl)allt (9). Eiven more pluzzling are the resuilts
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with growth responses of tisstues l)retreated with red
light. Under conditions in which no PFFt couldc be
detectedl by photometric assay, Pisumn stem segments
isolated from red pretreated plaints respond( to various
light qualities as though approximately 20 % of the
phytochrome were in the PFR state (10). Again
with PFR photometrically undetectable, essentially
complete far-red reversal of -the growth response of
Phaseoluts hypocotyl hooks was obtaine(d (6).

The effects of varioous light qualities on1 phyto-
chroome conversioni anid growth in Av'ena coleoptile
segmiienits (12) have nlow been investigate(l with re-
stilts in somiie ways ulnlike any yet reported.

Materials and Methods

Azeiia Coleoptile Segmient Eloigatioii. Seeds of
Avcnia sativa L. var. Clinftlanid were obtained from
Southerni States Cooperative, Baltimore, Marvland.
Fifty mnl (approx 28 g) of unhusked seeds were
soaked for 4 hours in a tenth 'strength solution of
Hutner's medium (10) and then scattered evenly
over the surface of vermiculite in polyethylene basins.
Each basin (12 x 8 x 4 inches) contained approxi-
mately 125 to 130 g coarse vermiculite wetted with
500 ml tenth- strength Hutner's. The 'basins were

593



594

covered xvith vented li(ds whiclh redtuced evaporatioll
xwithout seriously restricting gas exchange. Soaking
of the seedIs and( planting wvere carried otut in total
(larkniess or unider a (lim green safe-light. Th'lle seed-

lings were allowed to (levelol) at 26 to 27' in dark-
ness for 3 (lays, after vhich those coleoptiles 10 to 20
mmlill lollg were selected. A single 6.00-mmin apical
segment, inciluiding the primary leaf, was cut from
each coleoptile. The segmeints were randlomized in
glass-redistilled water and divided into lots of 10.
Each lot was placedl in a 50-nml beaker containing
3.0 ml of 0.02 Mi KH2PO4-Na2HPO, buffer, pH 6.2,
plus 1.5 % sucrose. bight trealtments were initiated
immediately after tranisfer of the segmelnts to the
buffered .sucrose meditumii and the segments were inctu-
bated in (larkness for 18 to 20 hotirs !at 26 to 270.
'IThe lengths wvere theni measured to the nearest 0..5

mnm xith the aid of a stereomicroscople.
Ph1vtochron e Avssas. Phvtochromiie assavs were

conlducted with a 2-filter difference spectrophotomn-
eter (Ratiospect model R-2, Agricultural Specialties
Company, Beltsville, M1aryland '. This instrument
imieasures the OD difference, or A OD. between 2
arbitrary wavelengths (ODX.,-ODX,). In these ex-

periments, XA = 660 mny an(l X, = 730 mn were

estafblished with interference and appropriate acces-

sory glass color filters. Actinic red and far-red light
for (driving the pign'ent to one form or the other
was obtained fronm a 500-w incandescent spotlight
approxinmately 25 cm above the sample and( separatedI
from it b)y at least 5 cm of water. For red illumina-
tionI, a 65)0 mn interference filter wi,th an accessory

Corninlg CS 2-62 red filter wa-s iiterpose(l. For far-
re(l, a 3-mm thickness of the black Plexiglas (lescribedI
albove was initerposeil. In each assay, 30 to 50 al)ical
coleoptile segmenits (5.8 mmu long), IminlUs tihe en-

closed p-rimuary leaf, were presented in a cuvette with
aIn insidle dliameter of 3 mm. T'his method has been

described in greater dletail elsewhere (3, 4, 10, 11).
Studies on in vitro phytochrome preparations (5)

in(licate that even the most efficient red sources leave
approximately 20 % of the red-absorbing form un-

coniverted at saturation. Since there is presently
I10 certaini method for computing the degree of this
incomiiplete conversioni in vivo (11), it is not taken
ilnto accoutnlt in the calcuilatioins of percelit PF,R. For
the pur-poses of these experimiients, it is asstumiie(d that
the insterferenice filter used in the actiniic soutrce causes

complete conversioni to P,FR. However, all values for
l)ercent P1,1, are corrected for the incomlplete con-
version by tlle far-red sotrce (lescrihbed above (Se-
1()).

iJlitIoSources. 'I'lhe dim green sa fe-light con1-
sistedl of two 15 -\\ green fluorescent tubes ( Sylvania,
F1 5T1'8/1) behind 3 mmn eaclh of RZoliniiand Haas
Plexiglas, Amber 2451 anid Blue 2045. In the man-

ner used, this source caused no detectable conversion
of P11 to PFEt and had no effect on elongation.

The standard red source consisted of three 15-w
red fluorescent tubes (Sylvania F15T8/R) behind
a 3-mm thickness of red Plexiglas (Rohin and Haas
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2444). Total incidlenit energy at the plalnt level was
about 100 u%Nw/cmn2. Presumably because of the enmis-
sion of an appreciable amounit of energy at wave-
lengthls above 700 imMj., this soturce never gave a 100 %
conversion of PR to 1'}F. In-stead, conversion was
satura.ted at about 88 % P,F,,. irrespective of intenisity
or duration of illuminiationi (10).

The stan(lard far-red source consiste(d of five 100-
wv incandescent bulbs behind 8 to 10 cm of water anid
a 3-mm thickness of Rohnm and( Haas V-58015 black
Plexiglas. This mlaterial has a short wavelenigth
cutoff at 700 m,u, transmitting less than 1 % at or
below 705; m,u. \Nevertheless, this particuilar far-re(d
source imiainitainis phytochrome at roughly 5 % PlIR
(10).

These standard red and far-re(l sources were thulis
tised to estalblish the extreme photostationary states
of 5 andI 88 % PFR- Photostation-ary states interme-
diate to these were obtained with the light from
incaindescent flood lights filtered throu1gh 8 to 10
CIm1 of water and 1 thickness of the redl Plexiglas
described above. In conjunction Nvi,th this miixed
red, far-red source, the segments to be irradiate(d
were placed in small canisters, each equipped with a
single Corning colored glass filter or clear Plexiglas.
By use of the appropriate filter combinations, photo-
stationary states of 14, 26, 48 and 71 % P,F, could
be reprodlucibly established, as tested on Avenia tis-
sues. These correspond, with no significanit differ-
ences, to those designated 12, 20. 44 and(I 64 % ot
Pis1m1 tissuie (10).

Results

Iniitial Photostationara State. 'T'he lighit soutrces
ilescribed were used to study the relationship betweenl
initial phvtochrome steadx' state and the subsequtent
elongation of apical coleoptile segments cu,t fromii
completely dark-groxvn seedlings. Figure 1 summnlliar-
izes the results of ) experiments. All values are nor-
malized to the meani red-irradiated control (88 %
PFR) in each experimlenit. Each point in figure 1
represents the mean elongationi of 10 segmiienits. Ess-
sentially the same results are ohtaile(l with 1)oth 5
and 1 5-miintutes irra(liationl. thereby indicating that
the segments are respon(ling to the plhotostationary
state initiially established ani(l not simply to the total
enlergy given. T'his conclusioni is identical to that
reached with Pisuim stemii segmileints and may be fur-
ther confirmed by the samiie argutment that the order
of effectiveniess of the sources is that of p)llotostatioll-
arv state an(l not total energy at anxy specified wave-
lengt'h ( I 0, tatble I II'). It is evildent that all leIes
(Of 'I-)Fi l)rotmote elolngatiolln a(ld that this l)romotio0n
approaches saturation with the conversiOn of phvto-
chrome to PFR in excess of 48 %.

Effects of Pretreatmitcn t of Inztact Secdlinigs. As
suggested by the results with Pisn;nii stemz segments,
(10), the fact that elongationi approaches saturationi
with an initial PFR level in excess of 48 % l)rovides
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FIG. 1. Effects of maintaininlg the indicated photo-
stationiary state (as % PFR) for 5 ( 0 ) or 15 (0)
miniutes on the subsequenit elonigationi of apical coleoptile
segmenits. Eaclh point is the meani of 10 segmnents. pre-
set)te(l as the percentage of the mean red control (88 %
P,F1t) for that experimenit. The meani dark elongationi
for the 5 experiments summnarized xvas 1.07 mm anid the
meani red elonigationi 2.29 mm1.

1)o informiation with resl)ect to the actuial amliounlit of
phytochrome involved. Experiments ere thuls be-
gunii oni imiaterial in w-hich the total phytochrome had
been reducel by)pretreatllment of the seedlinigs ith

imiinutes of re(d light 6 liours before use. Such pre-
treatmiienit, however. drastically reduced the total
elonga,tion ai(l p)hotomorphogenic response of seg-

ments cut in the usuial fashionl. In a typical com-

parison, segments fromii totally dark-grown planlts
elonigated al)out 1.2 mmni in (larkiless anid more thani
1L n9-mm Nvith re(l light after cUttinlg, bile segmilenits

froml)pretreate(l plalnts elonga,ted about 0.6 mmii in
(larkniess ali(l failed to respond to eitlher red or far-
red after ctitting.

This loss of growvth capacity followvs rapidlly utponl
irradiation. For the experimiienit shlownl in figure 2

individual flats of seedlinigs wvere given 5 miinutes red
light anid returnie(l to darkness for the inldicated
periods prior to excisioni of the segmenits. These
ere all cUt at ap)proximately the same time and

inicubated in (larkniess wN ithouit fturther treatmiienit.
For comparison, conltrol segmiielnts vere ctit from to-
tall, dark-grow n seedlings anid either mainltainled in

(larkuiess or given miiniutes redl light after excisioni
according to the stanidard procedure. Clearly, the
elongation of segmiienits cut as little as 1 to 2 hours
after red lpretreatnment, has declinied to that of the
untreated dark conitrols. Additionial experiments
showed that, at anyv timiie following the red light

treatment, further loss of the growth cal)acitv of seg-
miienits coutl(l be prevented by exposinig the seedllings
to far-red light. However, while this enltire l)lie-
nomenoni is certainll of inite-est for the colntrol of
growth through phlvtochromiie in Avczia, it appeared
to preclti(le the use of segments from re( l)retreatedl
lplants in the presenlt stu(lv.

P/iotostationary State and RevcrsibilitY of the
Growth Rcsponise. h'lec relationiship between l)hvto-
chromiie anid segmiienit growth was further investigated
by unidertakinig a comiiparisoni of the dlurationl of far-
red reversibility with chaniges in the photometrically
measurable l)hytochromle state, conifiningi, all radiation

treatmenits to the already cuit segmiienlts.
First, excised segmiienits were exl)ose(l to miiilltites

red light and theni returnie(d to darkniess for varyrinlg
lengths of time before exposure to far-re(l. All seg-
miieints were measured 18 to 20 hours after the initial
red light treatmiient. TI'he results of 6 suich exp)eri-
menits are sumlmarized in figure 3. Tlle resuilts for
each experinmenit are niormiialize(d to the inicremiienit of
growth promiioted by re(d light in that experimilenit anid
each point represenits the miieani of 30 segmiielnts, three
10-segnment lots per treatmenit. T'hese resuilts clearly
in(licate that reversibilitv bv far-red is completely lost
8 to 9 hours followsing the iniitial red exposure. On
the basis of this phy siological assay, nio P, , would
be expected to remiiaini in the tissuie at this timie.

To provide furtlher physiological estimates of

2.0

E

E 1.5
z

0

cD 1.0
z

0
-J

0.5-

0

D R 0 0.5 1.0 2.0 4.0

CONTROLS DARK INTERVAL (hrs)

FIG. 2. Effect of interveninig darkness on the growth
response of apical coleoptile segments excised from
seedlings pretreated with red liglht. Controls wvere cut

from completely dark-growni seedlinigs. See text for de-
tails.
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lots per treatmiienit. The data for 8 houirs show nlo
reversibili,ty wtith either the 226 % L'Fi filter or the
% (stan(lard far-red soutrce ) thus conlfirmiinig the

results (lescril)ed above (fig 3 ) Five Ilotrs follow
ing the initial re(d light treatmiient. only those filters
whiclh establish less than about 48 % ' appear to

reverse the red light effect to solile extenit. (11 the
basis of these data it illiglit l)e exlecte(l that 5 hotirs

follow-inig a red light treatilleilt lno iilore thall half
the phytochrome is in the far--redl formii. .\fter 8

Ilours it wx-otuldI appear to have retturlle(l essentially
to the (lark state. i.e. totally to tIle PI formii.

For comlparison witll these l)re(lictions. lhoto-
miietric imieasutlreiilemets of l)lhytochrome wvere coni(duicted(
ini segmllents tull(ler conditions simllilar to tllose (lescril)e(l
above. The restults wvith respect to state. l)ercelit

1) , are shown in tal)le 1. Each v-altue rel)resenlts
tIle miieani of at least 2 (leteriniiatiois, each oil sep)a-
riate samples. Five hours following a miiiite re(l

FIGRE 3

Ui(;. 3. Elfect of iilterveninig darklness oil tile reversi-
l)ility of the red light response by far-red. Eacil poinlt
rep)resenlts tile meani of 30 segnielts preseilte(i as a p)er-
cenitage of the iieaii increienlt p)ronlote(l by re(d ligllt
in tllat experimllenlt.

l)llytocllrolmle state, segilleilts were first exl)ose(l to

inulltes re(i light anl(l retutrile(l to (larkiless. A\t
and 8 l1o0- rs follow ilng tile re(l treatilleilt, tlley wxere
expose(d to the various l)llotostationiary state sOurces

(lescril)e(l albove. 'I'lle r-estilts of 10 exl)erimileilts are

suinimllariz( d iil figuire 4. Coiltrols for eacll experi-
leilit coilsiste(l of conlpletelv uiltreate(1 segilleilts and(

<egrwenits wxhichl receive(l 11o treatillelit otilel than tilc

illitial redi ligilt. 'I'le restilts are nlorilmalize(l to tile

iilclreileilt of growthl promiloted b)y tile siilgle. illitial

red ligilt exl)osure ill eachl exl)eriillenlt. lacil lpoilIt
rel)resents tile ean of 30 seglllents. tllr-ee 10-serillelt
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Fi(;. 4. Reversibility of red sensitive grow-th by vari-
ous photostationlary states establislhed at 5 (QO) and 8

li) iours. Eacil point represelits the meani of 30 seg-
illeilts, presented as a percenltage of the nmeaii iilcrenielt
promoted by red light in that experiment.

T'able 1. PhlVochrlo)Iic .Stafc (os p'coiCCit ] iII .Al/ical
(Colcoptilc ScylientsI ssaw(d I)/0(1t)11ctricallv .' (1)11(1 8

lIoni's Fol!ow.iI(/ . .11i1n uts Recd J.iYqt

kx,.pl)t No.

B-120
B-122
B-124
B-125
AvN-g

llr

50()
.7

-48

45

% PFIRl
8 hlr

11

20

18

ligilt treatilleilt. iIl)l)roxiillately 45; % of tIle i)llyto-

chromile is still present as I't,. After 8 houlrs. a

SigIli ficaIlnt p)ropo(rtionl of the l)phytochromile reilaiilis

as P'1. 'I'lis latter observation is conltradictorv to

the exl)ectationl. oil tile l)asis of tile al)ove physiologi-
cal evidenlce, that phytochronie is totally in tile Pl

state after 8 hours. IHowever, this was elleckedi (ci-
rectlv il 2 of tile experiillenlts ('1-124. 1-125) slilowl
ill tai)le 1 ii which growthl tests giving the resp( 01ise

shown iil figure 4 a1i(l tile photometric assays wvere

colidticte(d oli re)licate lots of tissute. Illecllailge iil

total l)hytochronle iil these exl)erimilenlts, though ilot

directlI relevanit to tile quiestioil tlilder (lisctssioll,

illav lbe of initerest. Five houirs after redl light, the

total ( PR + PFl) \-was rotIlhlv 20 to 25) % of the
iilitial (hotur 0) v-alute, and it decliile(l fturther to 16

to 20 % at Ilouri- 8.

Discussion

'I'lie elonlgatioll of apical coleoptile segmenits ill

resploinse to iinitial coInverSionl of p)ilytochrome is siiili-
lar to tile rel-tioilshipi) p)re\iolisly rep)orte(l for tile

iilhibitiOi of lfis)j0i steil segimleilts ill that any level,

Of P1F' elicits the responlse and roughly one-hlaIf tleC

ph1ytochIrotne nist i)e coilvertedi to give a n1ear maxi-
illU111 effect (10 ) This suggets a rat'ler stralg-ht-

forwvaI relationsihip betw\-ecn piy'-ochlronie coliversioil
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and physiological responise. A simllar rehationship
has been reported for the opening of Phascoluis hypo-
cotyl hooks (6). However, results with material
pretreated with re(d light appeared to inivalidate anly
simple ilnterpretationi in both the Pisuil alnd the
Phascolus situiations.

Hillmiiain (10) foulnd that segmirenits from red pre-
treated Pisu,ol seedlings, wl'hile vielklin-g negative pho-
tometric assays for IFI{' still responide(l phvsiologic-
ally as though somi-e 20 % of the pigmiienit were still
in the far-red absorbing formii. Two possible inlter-
pretations were presente(l, both of whiclh would apply
equally well to the resuilts ind(licated by Edwvards anld
Kleini (6) for Pliascolius hypocot)yl hook openinlg.
'T'lle first was that only a smiiall fractioni of the total
l)hytochrome present was plhysiologically active anid
that the kinetics of (lark tranlsformationl of the active
anld iniactive fractionis (liffered significantly. The
seconid interpretation was that the apparent (lecline
of PFIt in (larkness, observed phot-ometrically. repre-
senited conversi,on to a physiologically active, photo-
resp)onsive formii that couldl nlo lolnger be detected 1v
cturrenltly available plhotonlletric miiethods. Neither of
these interpretations is requlire(d 1y the resullts with
Azvcua, which seemi imiarkedly less conitradictory than
the others.

Five hours after ani iniitial satuiratinig re( light
treatmeint, the physiological and(1 photometric assays
are in reasonlably close agreement. Both illdicate
that roughly 50 % of the phytochronie is preseilt as
PFIR This observation, coinsidered alonlg with the
close correlationi between iniitial state anid elolngationl.
suiggests that in the coleoptile respoiise the plhoto-
metrically assayab)le phytochrome maintains a close
rielatiolnslhip) to the physiological system -for ulp to 5
houirs. However, at 8 hoturs, tlle agreemiienit is nlo
loniger so goo(l. At that timiie, fuirther elongation of
the segments cani iio longer be preventedl by far-red,
althloughl a significanit proportion of the plhotoinet-
ritcally detectable phytoch,rome assays as PFi(.

Explanation of the 8-hour dlisagreemienit onll the
basis that eloingationl has l)roceeded to its ilmaximlullm
b)v then is easily inivalidated: the growth curve for
stuch segmnents (12) shows that 50 % or less of the
elonigationi measuredl after 20 hours has been accomii-
plished after 8. TI'he Ilmost probable explanlation1 is
simply that bv 8 hours the nonphotochemical reaction
seqtuen1ce i1nitiate(l 1y PFR hias progressed far eniough
so that PFR is nlo loniger requlired for its maintenance.
The assumptioni of such an escape from photochemli-
cal control is balsic in the photoperiodic literature
(1). WVhat is most important is to niote that the
situationi here is the precise opposite of that previously
observed in Pisunt (10) anid Phascoluis (6) sinice, in
tlhese, physiological responlses presumiie(d to be de-
lpen(ldet uIpOii PF, were obtainied ini its apparent pho-
tometric absence. Hence the relationship between
phytochrome state and(i physifological response in
Avcia is the ml.ost rational, or at least the miiost ex-
plicable, yet olbserved. Mfore (letailed investiga-
tiolns of this syste-m imiay of coutrse destroy this coii-

clusioni; for example, exl)erinmlents startinig with
lower initial degrees of coniversioni might provide a
mnore severe test of the apparenlt agreement betweeni
photometric and physiological assays. But it is at
least clear that experiinleints of the kind that unilovered
a conitradictory situationi in Pismloi have faile(d to (lo
so in Avcna.

W\ hile direct comparison of the iArcna alnd Piston
results might appear uinwise, since in the latter the
light treatmiienits were niot conifinie(d to the excised
segmiienits, the Phlascolius system, h1,andled in this re-
gard as is the Ar'cna (6, 14). nevertheless gives re-
stilts simsilar to Pisimli anid unilike Avcna. 'T'lhis slig-
g'ests stronigly that the operative difference, in fact,
is onie between coleoptile anld dicotvlelonotis stem
tisstue. That there are differenices between these 2
types of tissue in the kinetics of phytochrome tranls-
formations has been reported previously ( 11). These
differences may thlus be reflected in the relationiship)
between photometric and physiological estimiiates of
chaniges in phytochrome state, thougll by what under-
lying miiechanismii it seems futile to speculate here.
It is particularlv surprisinig that Avcena, in Which no
true reversion of PFR to P1 is detectable. should pro-
vTide an apparently more rationial relationiship than
the legumes, in which reversioni miiay well occur (11),
in view of the general assumption (e.g. 1) that re-
version is the plhysiologically significanit l)rocess.
'.TVhe deterniiniiationi of stuch relatiolnships in other
tissues, exhilyiting various combinations of reversion
--nd decay. ioNT seemiis desiralble.

F !ially, tlle effect of lighlt pretreatnlent of the
Az'cna see(llinig oni the subsequent growth of coleop-
tile scg-ients merits fturther investigation. The l)pe-
IonoienloIn is certainly plhytochrom e-mediated, silnce at

a,ny timiie following the red light treatmiienit, further
loss of the growth capacity imiay be l)revenlted by ex-
posing the still inltact seedlinlg brieflv to far-red
ligiht. Whatever process is iniitiated in the see(llinig
by red liglht apparently remailns uilnder conltiniuotus
conitrol of tlle photoreceptor uinitil comiipletioni, but
may be interrupted bv either excisionl or far-red light.
Briggs (2) has foundcl that red light iniduces a rapid
decrease in the amount of diffusible auxin in the
apices of both Zeca and. Avcna coleoptiles. Excision
of the apex followinig red light prevents the further
loss of auxin, anid the kinetics for both phenomena
are very similar. The suggestion may be nmade that
the loss of growth capacity in intact Avena coleop-
tiles is related in some way to the observed decreasc
in diffusible auxin. There may also be a close rela-
tionship between these phenomllenia and the effect of
red light pretreatnieit onl Aveuna geotropism reporte(l
by \Wilkins (13).
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