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A bstrat. Two or more kinetically distinguishable populations of phytochrome molecules
were observed in living tissues of oat, pea, maize, and cauliflower, as well as in extracts of
oat. At least 3 different populations occurred in cauliflower florets, while 2 were observed in
each of the other species. In extracted oat phytochrome, the relative proportions of the 2
forms remained constant during successive stages of purification. The physiological significance
of this multiplicity of forms remains unclear.

One of the more frustrating aspects of phyto-
chrome physiology has been the difficulty of cor-
relating the state of phytochrome measured spectro-
photometrically with the physiological responses of
tissues to light. For example, pea epicotyl segments
which possess no spectrally detectable PFR may show
typical growth responses to low dosages of far red
light (7). The phytochrome-mediated alteration of
phototropic sensitivity in maize coleoptiles is satu-
rated by red light dosages so low as to cause no
measurable phytochrome transformation (1). Re-
sults such as these have led to the suggestion that
not all of the phytochrome in a cell is active (1, 5, 7).
That is, there may be a separation of phytochrome
into a small "active" population and one or more
"inactive" populations.

WVe hlave studied phytochrome both in living
tissues and in extracts, seeking evidence for the
existence of distinguishable phytochrome populations
wvhich might represent the active and inactive forms.
In each of the species tested, it has been possible to
demonstrate the occurrence of 2 or more phyto-
chrome populations which differ with respect to the
kinetics of their phototransformations by red and far
red light. However, the relationship of these popu-
lations to the hypothetical active and inactive frac-
tions remains as yet unresolved.

Materials and Methods

Phytoch1romte Extractiont and Putrification. Phy-
tochrome was extracted from oat seedlings and
partially purified by a modification of the methods
described by Siegelman and Firer (11). Seeds of
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Avena sativa L. cv. USDA CI-2020 were sown on
moist cellulose packing material (Kimpak 6223,
Kimberly-Clark) and grown for 5 days in the dark
at 250 in plastic boxes. On the day of harvest, the
seedlinigs were cooled to 40 in the dark before they
received any light; and all further steps were carried
out at that temperature, in the dark or under dim
green illumination. Shoot tissue (ca. 700 g) was
harvested and ground in 0.05 M tris-HCl buffer,
pH 8.1, containing 0.7 % (v/v) imercaptoethaanol.
The extract was filtered, centrifuged, treated with
CaCl., (final conc 10 m-Ni) to remove pectic sub-
stances and soluble polyuronic acids, centrifuged,
passed through a Sephadex G-50 column, and chro-
matographed on calcium phosphate (brushite). Ac-
tive fractions from the brushite column were pooled,
giving the Stage I preparation referred to in the
next section. Stage I phytochrome was precipitated
with (NH4)250 and redissolved in 1 mm phosphate
buffer, pH 7.8, yielding the Stage II preparation.
Such preparations were passed through a Sephadex
G-200 column and the active fractions pooled to give
the Stage III preparation. Purifications were ap-
proximately 15, 25, and 40 fold for the 3 respective
steps.

Measurements of Phytochrome Transformnation.
These were performed with a 2-wavelength differ-
ence spectrophotometer (Ratiospect Model R2, Agri-
cultural Specialties Co., Beltsville, Mld.) fitted with
an actinic light source. This source was a General
Electric DFA 150-watt incandescent projection lamp
mounted approximately 36 cm from the sample. Red
actinic light was obtained by interposing a 662 nm
interference filter, and far red with a 725 nm inter-
ference filter (both were Baird Atomic type B-2
filters). Total phytochrome [A(A-OD)] in a sam-
ple was determined by conventional methods (2).
For dose-response curves, the sample was first
saturated with either red or far red light and then
exposed to a series of brief irradiations with the
actinic source operating at a reduced intensity
(55 % line voltage). After each irradiation, the
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difference in optical density between 660 and 730 11111
was determined. This procedure was continued
until all of the phytochrome in the sample had been
transformed. In the figures, data are presented as
log10 (% phytochrome not transformed) versus light
dosage (seconds of actinic irradiation); the curves
are log "decay" plots. It had previously been estab-
lished that the changes in OD6,i,, and OD730 were
equal during the phototransfornmations. Except for
cauliflower florets, all samples were kept at 00 during
irradiations and measurements. Cauliflower florets
were at room temperature.

Plantt Material for 7Tissue Studies. Heads of
cauliflower (Brassica oleracea L.) were obtained
from local grocery stores. Florets were harvested
wvith a razor blade and studied in 7- to 15-g lots.
In all other cases, seeds were sown on nmoist cellulose
packing material and grown at 250 in the dark in
plastic boxes. Seedlings were harvested at 40 under
dim green light. Seeds of oat (Avena sativa L. cv.
USDA CI-2020) were sown dry. Apical 2-mm
segments of coleoptiles, without primary leaves, were
studied in 0.3-g lots. Seeds of pea (Pisumt sativuni
L. cv. Alaska, Burpee Seed Co.) were soaked in tap
water for 4 hours in the dark before sowing. The
following materials wvere used for spectrophotometric
studlies, in 0.3- to 0.6-g lots: 2-mnm apical seg-
ments of radicles (18 hr seedlings). wNhole epicotyls
(44 hr seedlings), and epicotyl hooks (120 hr seed-
lings). Seeds of maize (Zea inays L. cv. Barbecue.
Burpee Seed Co.) were sterilized for 5 minutes in
10 % (v/v) commercial hypochlorite (Clorox),
soaked 16 hours in running tap water in the dark.
and sown. After 90 hours of growth, 3-mm apical
segments of coleoptiles (without primary leaves)
were harvested and studied in lots of 0.3 to 0.4 g.

Results

In contrast to a previous report (4). the photo-
transformations of extracted oat phytochrome (Stage
I) did liot follow first order kinetics. \Vhen the
(lata were plotted as log,, (% untransformed phvto-
chrome) versus light dosage, a straight line was not
obtained (fig 1). This curve could be resolved into
2 straight lines ["peeled,"(12)] (fig 1), suggesting
the presenice of 2 populationis of phytochrome mole-
cules, 1 rapidly transformed and the other slowly
transformed by- light. Both the fast and the slow-
forms were transformed according to first order
kinetics. Fronm plots such as that shown in figure 1.
it was possible to determine the percent contribution
of each form to the total phytochrome in the sample,
as well as r values (dosage required to convert
1/e of each form, e the base of natural log-
arithms). In the experiment of figure 1, the slow
component made up 76 % of the total phvtochrome
both for the PFLI - PR and for the P1R -* PF1R
transformation. As long as the phytochrome was
tested in 1 mm phosphate buffer at pH 7.8, the
percent slow anld TfRSt/TOI1o- values renmained tini-
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FIG. 1. Dose-response curves for phototranisforma-
tiolls of extracted oat phytochrome. Left: Put conversion;
right: PIIT coniversion. Upler curves are originial data;
each point represents the average of 2 determinations.
Straight lines drawn through the original data were ex-
trapolated to the ordinate to give "percent slowv" values.
Points on the extrapolated lines were subtracted from
the observed values to give the lower (replotted) line,
which characterizes the fast component.

Table I. Rapidly- and Slowly-transforming Components
of Extracted Oat Phvtochrome

Samples u-ere dissolved in 1 mi.m phosphate buffer-
pH 7.8.

Phytochrome
Stage of conc

purification A (AOD)/ml

I
I
I
I
I

II
III

0.050
0.033
0.025
0.018
0.018
0.022
0.010

Percent slowx,
starting as
PRT PFR

76
71
72
75
79
79
67

76
75
71
77
80
77
78

Tfas t/Ts low,
starting as
PR PFIR

0.46
0.44
0.53
0.40
0.45
0.32
0.35

0.30
0.38
0.42
0.31
0.44
0.30
0.30

chaniged tlhrouglhotut the l)urification )rocedure (table
I). At all stages of purification, the Pu form of
the pigment had an absorption maxiimumiiii at 667 11111,
as it did in -izvo (3). The values given in table I
were consistent from experimelnt to experimiienit: data
fronm 4 separate extractions are reported in the
table. As will be seen, the percent slowv values for
both extracts and tissue samples were roughly equal
for red and for far red irradiatioin. Curves for the
transformation of PF1t to Pit are the more reliable.
since they are not complicated by a significalnt
back reaction, as in the case of Pit to PFI (PFI has
significant absorbancy at 667 nm).

To determine whether or not the occturrence of
fast and slow phytochrome was an artifact of ex-
traction, w-e obtained dose-response curves for phyto-
chrome conversion in tissue samples of oat, pea, and
maize. In all cases, the curves couild be analyzed
into fast and slow components, the percent slow and
Tfast/rTslo-w values varying with the species tested
(table II). A typical dose-response curve for pea
epicotyls is shown in figure 2.
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Table II. Rapidly- and Slowly-transforming Components of Oat, Pea, and Mfaise Phytochrome
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Percent slow, V ast/'TSIoW.
Phytoohrome content, starting as Star-ting as

Species Organ ~ (AOD)/g tissue PitP1 PR PFPR
Oat Coleoptile tips 60 60 0.19 0.26

37 31 0.20 0.25
55 52 0.27 0.29

0.276 50 49 0.22 0.25
Pea Epicotyl hooks 0.535 42 37 0.33 0.27

Radicles 0.083 48 40 0.12 0.19
0.090 401 42 0.09 0.21

Whole shoots 0.3-24 40 39 0.13 0.24
Maize Coleoptile tips 0.122 44 55 0.20 0.21

0.172 43 49 0.22 0.30
0.167 45 41 0.24 0.26

The phytochrome of cauliflower is unique in that 100
it is not "destroyed" during long periods of main- PR PFR
tenance in the 'PFR form (5). I-n the hope that the 50i
phytochrome of this species might exist as a s-ingle Z
form only, a dose-response curve was obtained for 4 20-
cauliflower florets (fig 3). Contrary to our ex- W

pectation, there proved to be more than 2 com- 0o
ponents. A straight line could be drawn through 2

the later (high dosage) points of the decay curve,
indicating the presence of the slowest component. 0

The replotted ("peeled") line was straight over
most of its length but pas-sed well below the initial _____ 1__0______ ______ 260___ 360_(zero dose) point, suggesting the presence of 1 or RE0 FARoo20 300
more still faster components making up approxi- D OSE, sec.
mately 10 % of the total phytochrome. The low FIG. 2. Dose-response curves for phototransforma-
level of phytochrome in cauliflower florets, coupled tions of pea phytochrome in vizvo. Whole shooyts of 44-
with the limit of sensitivity of the spectrophotometer, hour seedlings. Left: PR conversion; right: PF.R con-
made it impossible to analyze this component further. version. Curves as in figure 1.
The results of 5 experiments with cauliflower florets
are summarized in table III. ples of 44-hour epicotyls were used for dose-response

An attempt was made to alter the proportions of determinations, saturated with red light to convert
fast and slow phvtochrome in pea epicotyls. Sam- all of the phytoebrome to PFR, and kept in darkness

Table III. Multiple Components of Phvtochrome in Cauliflower Fiorets
Data are from 5 experiments.

Phvtoc-hrome Percent Percent Percentt
content slow medium fast TnAed./Trs1ow,

A(A.OD)/g starting as starting as starting as Starting as
No. tissue PR PFR Pit PFR PR PFR PR PFnt

1 0.003 53 53 47 47 0 0 0.11 ONQ
2 0.003 46 40 39 50 15 10 0.07 0.08
3 0.005 54 53 36 42 10 5 0.10 0.18
4 0.007 30 36 55 55 15 9 0.08 0.15
5 0.006 48 42 44 52 8 6 0.12 0.20
Avg 46.2 44.8 44.2 49.2 9.6 6.0 0.10 0.14

Table IV. Proportions of Phytochrome Components in Pea Epicotvls Before and After Phytochrome "Destruction."

Initial p;ercent Final percent
A&(AOD)/g Tissue slow slow

No. Before After % "Destroyed"t PR PFR PR Pi%
1 0.268 0.146 46 52 49 54 55
2 0.380 0.193 49 40 42 so 43
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Fi(;. 3. Dose-response curves for phototransforma-
tions of cauliflower phytochrome. Left: Pi, conversion;
righlt: PFR1 conversion. Cuirves as in figure 1. Note
that the lower (replotted) liines pass below the zero
dose points (emphasizedl by horizontal lines), indicating
the presence of a third component.

at 250. After 2 hours, dose-response curves were

obtained for the residual phytochrome; approxi-
mately half of the original phytochrome had been
"destfroyed" (8). It was hoped that of the 2
components of the phytochrome would be preferen-
tially "destroyed"; however, no obvious changes in
the percent slow values were observed in the 2
experiments (table IV). It is clear that both com-

ponents of the pigment were partially "destroyed."

Discussion

It is clear that phytochlrome exists as 2 or more

distinguishable populations both in vivo and in
extracts. Similar results have been obtained by
Correll et al. (6), studying the dark reversion
process in phytochrome extracted from rye. They
converted the pigment to PFR and monitored changes
in optical density at 660 and 730 nm during dark
reversion of PElR to a red-absorbing form. Curves
similar to our figure were obtained, and these
were analyzed to reveal the existence of rapidly- and
slowly-reverting components. Whether these corre-

spo0n(d to o0U rapidly- alid 9slowly-phototransforming
coml1ponents remainis to be seen, but suich corre-

sp)ondlence is likely.
Other investigators have found thazt l)hytochronie

exists as a single comiponient showing first order
kinetics of phototransformation in vitro (4) and
in vivo (10). Their failure to observe fast and
slow components may probably be attributed to an

insufficient number of points in their dose-response
curves or to limited sensitivity of measuring tech-
niques. The data in figure 6 of the paper by Pratt
and B'riggs ((10), although treated in that paper as

a straight line, could probably be "peeled" to reveal
a second component. For both PR and Prit trans-
formation, the early (low dosage) points fall below
and the late points above the theoretical straight
line. Experiments in this laboratory have shown

that certain treatments, such as prolonged exposure
to (NH4)2S04 or long periods of time as PFR, cause
changes in the spectral and kinetic properties of
phytochrome extracts [(3) and Rice, Purves andl
Briggs, unpublished]. In the experiments reporte(d
hiere, all phytochrome extracts showed an absorption
maximum at 667 nm in the PR form.

It is not yet possible to correlate the properties
of either of the phytochrome components with the
physiological responses of plant tissues. Experi-
ments to test such correlations depend upon the
availability of a system which A) possesses sufficient
phytochrome for a precise dose-response study and
B) shows a large and quantifiable physiological
response to red and far red irradiation. The sam-
ples used for the physiological anti spectrophlotometric
stuidies muist be identical in all respects and muist be
irradiated in the same fashion. The most suitable
system now available for suich a study wotuld appear
to be the oat coleoptile tip, whichl possesses a high
level of phytochrome and is promoted in its growtlh
by red irradiation (9). However, preliminarv ex-
p)eriments have indicated that this system may not
be satisfactory; variability in thle different parts of
the experiment is too great.

It may be that none of the forms of plhytoclhromiie
demonstrated here represents the physiologically
active form of the pigment. The red light-induced
alteration of phototropic sensitivity in maize coleop-
tiles is saturated by dosages 2 orders of magnitude
too small to induce measurable phytochrome trans-
formation (1). It was suggested that the "active"
phytochrome in this case was only a fraction of 1 %
of the total phytochrome and that its phototrans-
formations were facilitated. A phytochrome popu-
lation so small would be impossible to detect by our
techniques. However, our results do indicate that
native phytochrome of maize and other plants does
not exist as a single, homogeneous component. The
third, very rapidly-transforming component of catuli-
flower phytochrome may be related to the hypo-
tlhetical facilitated component of maize phytochroiime
(1).
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