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Abstract — Phytochrome distribution and putative level in dark- and light-grown maize (Zea mays L.) seedlings were analyzed
using antibodies against oat phytochrome A (PHYA) and tobacco phytochrome B (PHYB) by immunoblotting. During the
course of leaf elongation (4-8 d), the putative level of both PHYA and PHYB declined with age. Exposure of etiolated seedlings
to light induced severe down-regulation of PHYA level, and transfer of light-grown seedlings to darkness induced reaccumula-
tion of PHYA. For PHYB, no large effect of dark to light, or light to dark, transitions could be observed. Immunoblotting and
spectroscopy of phytochromes along the length of 7-d old leaves showed that the level of both PHYA and PHYB was maximal
at the leaf base and in the upper half of the leaf, but their level was low in the lower half of the leaf. In light-grown leaves, PHYB
distribution was similar to the dark-grown leaves, though its overall level was lower. In light-grown leaves, PHYA could not be
detected by immunoblotting, but when the leaves were transferred to darkness, PHYA reappeared with a distribution pattern
more or less similar to that of dark-grown leaves. These results indicate that the temporal regulation and spatial distribution of
PHYA and PHYB levels in maize appear to be governed by a common regulatory element during the development of seedlings.
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1. INTRODUCTION

Plant development is remarkably influenced by sev-
eral environmental factors; of these, light is the most
prominent. The role of light in influencing plant
development is best characterized in dark-grown seed-
lings of angiosperms, where exposure to light initiates
a series of metabolic changes leading to photomor-
phogenesis [14]. Among the photoreceptors regulat-
ing photomorphogenesis in plants, phytochrome is the
first photoreceptor to be isolated and biochemically
characterized. Several lines of physiological and bio-
chemical evidences have indicated that phytochrome
is present in nearly all the organs of the plants, includ-
ing the organs buried in the soil, such as roots, etc.
[29]. Studies involving in vivo spectroscopic estima-
tions of phytochrome [5], immunocytochemical stain-
ing {27] and immunochemical quantifications [29]
have shown that the amount of phytochrome differs in

Plant Physiol. Biochem., 0981-9428/98/10/© Elsevier, Paris

different tissues and organs of plants. In general, more
phytochrome seems to be localized in younger and
meristematic tissues, while fully differentiated mature
cells appear to possess a lower amount.

Discovery of the existence of multiple phytochrome
species [11] has necessitated a re-examination of the
distribution of phytochrome species in higher plants [7,
13,26, 33, 38, 39]. It is now established that earlier stud-
ies on phytochrome distribution largely represented the
distribution of PHYA, a phytochrome species that char-
acteristically accumulates in dark-grown tissues and
undergoes a strong down regulation in its in vivo level
upon exposure to light. In contrast, other phytochrome
species —namely PHYB and PHYC - are relatively sta-
ble in vivo and are present at nearly equal levels in both
dark- and light-grown plants [33]. Not only are the in
vivo levels of phytochromes different, it is now evident
that different phytochrome species perform indepen-
dent, discrete functions in photomorphogenesis [11].
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It has been assumed that phytochrome species func-
tion in vivo in a cell-autonomous fashion. Neuhaus et
al. [24] using tomato aurea mutant seedlings, deficient
in spectrally active PHYA [30], showed that micro-
injection of oat phytochrome A restores photomorpho-
genesis in hypocotyl cells in a cell-autonomous fashion.
Further, it is well established that many phytochrome
responses are localized at specific cell zones, e.g. phy-
tochrome mediated detection of plant proximity and
shade avoidance reactions are localized at the inter-
nodes of plants [3]. Since different species of phyto-
chrome may independently or interdependently trigger
photomorphogenic responses in a cell-autonomous
fashion, knowledge of the intercellular and interorgan
distribution of phytochromes is of great significance.
Kondo et al. [16] examined the distribution of phyto-
chrome in oat seedlings spectrophotometrically by
scanning a single seedling. The availability of poly-
clonal and monoclonal antibodies against different phy-
tochrome species allowed examination of the
distribution of different phytochrome species during
development and in different organs [17, 31, 34, 38,
39]. Using polyclonal antibodies, Tokuhisa and Quail
[34] studied the accumulation of light-labile and light-
stable phytochrome in oat seedlings during initial seed-
ling growth for 72 h. A more systematic and detailed
investigation was later done by Pratt and coworkers on
oat seedlings, using monoclonal antibodies against
three different phytochrome species [37-40]. In oat,
three phytochrome species were immunochemically
detected in the dry seeds, and their level increased dur-
ing germination and seedling development.

Recently, the distribution of phytochrome in differ-
ent organs has also been measured by monitoring
expression of phytochrome promoters and also quanti-
fying phytochrome mRNA levels. In transgenic
tobacco bearing a PHYA-GUS construct, it was
reported that expression levels of the tobacco PHYA
gene in young seedlings were determined by a devel-
opmental program and in a well-defined organ and tis-
sue-specific pattern [1]. Recently, Adams et al. [2]
examined tissue specific expression of the PHYB-
GUS gene in transgenic tobacco. In transgenic Arabi-
dopsis, the spatial and temporal expression pattern of
PHYA-GUS and PHYB-GUS is similar, with a few
exceptions [32]. The mRNAs for members of the phy-
tochrome gene family in Arabidopsis were found to be
expressed in all organs throughout the life cycle of
plants [7]. Hauser et al. [13] measured mRNA levels
for individual members of a phytochrome gene (PHY)
family in tomato during different developmental
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stages. In dry seeds, PHYB1 mRNA was abundant and
in seedlings, PHYB1, PHYB2, PHYE and PHYF
mRNAs were abundant in the shoot while PHYA
mRNA was abundant in the root. In adult plants, the
levels of PHYA, PHYB1 and PHYE mRNAs were rel-
atively uniform in different organs, whereas PHYB2
and PHYF were expressed preferentially in ripening
fruits.

In this study, we have examined the distribution of
PHYA and PHYB levels in the coleoptile and primary
leaf of developing maize seedlings, particularly in the
leaf. Though maize leaves have been used in studies
concerning photoinduced gene expression and chloro-
plast development [23], information on the distribution
of phytochrome species is not available. Since the
maize leaf elongates by generating new cells at the

~ basal meristem, it possesses a gradient of cell maturity,

with younger cells near the base and older cells at the
tip. Therefore, we also examined whether the cell
maturity gradient determines the distribution of phyto-
chromes in the leaf.

2. RESULTS

2.1. Temporal expression of PHYA and PHYB
in maize leaf and coleoptile

In the present study, the level and distribution of
phytochromes were compared using antibodies against
oat PHYA and tobacco PHYB. Thus, the data obtained
represent the putative distribution of PHYA- and
PHYB-like proteins in maize (see Discussion). Com-
parison of putative levels of PHYA and PHYB in dif-
ferent organs indicated that these species preferentially
accumulate in the leaf and coleoptile (data not shown).
Therefore, we analyzed the temporal and spatial distri-
bution of phytochromes in these organs. In 4-d old eti-
olated seedlings, which possessed a leaf and coleoptile
about 2 cm long, PHYA could be detected in both
organs. It was observed that while the 4-d old coleop-
tile possessed a maximal level of PHYA, during
further growth of the coleoptile from 2 ¢cm to 5 cm in
length, the level of PHYA declined with age
(figure 1 a). No significant level of PHYA could be
detected in light-grown coleoptiles. PHYB level was
higher in dark-grown coleoptiles than in light-grown
coleoptiles, and declined slowly with age; by 8 d, the
level of PHYB was below the detectability limit in
light-grown coleoptiles (figure 1 b).

PHYA level was maximal in the first leaf of 4-d old
dark-grown seedlings. During the next 4 d, while the
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Figure 1. Temporal regulation (4-8 d) of PHYA (a, ¢) and PHYB (b,
d) levels in the leaf (¢, d) and coleoptile (a, b) of maize seedlings
grown in dark (D) and red light (L). For the time course study, coleop-
tiles or leaves were excised from the seedlings at the indicated time
points after sowing. Crude extracts (25 pg protein) from maize coleop-
tile and leaf, after boiling with SDS-PAGE buffer, were subjected to
electrophoresis and immunoblotting.

leaf elongated from 2 to 8 cm, the PHYA level
declined severely with the age of the seedlings, its
level being very low in the 8-d old leaf (figure / c). In
light-grown leaves, very little PHYA could be seen in
young leaves (4-5d) and thereafter, its level was
below the detectability limit. In comparison, the level
of PHYB in dark-grown leaves was nearly the same
until the sixth day. Though PHYB did not show as
large a decline as PHYA, its level also declined with
the age of the seedlings. Light-triggered down-regula-
tion of PHYB level was dependent on the age of the
leaf: while it was mild in the younger leaves, it was
more severe in the older leaves and only a little PHYB
was present in 8-d old light-grown leaves (figure 1 d).

2.2. Spatial distribution of PHYA/PHYB in leaf

Spectral estimation of phytochrome level along the
leaf length based on gram fresh weight revealed that in
the 7-d old leaf, phytochrome level is higher at the leaf
base; it then declines in the middle region of the lower
half of the leaf, and is higher again in the upper half of
the leaf (data not shown). Immunoblotting of phyto-
chromes confirmed the above pattern of phytochrome
distribution in dark-grown leaves. Both PHYA and
PHYB (figure 2 a, c) followed a pattern similar to the
distribution of spectrally active phytochrome in the
maize leaf with a high level at the leaf base and in the
upper half of the leaf. In the light-grown leaf, while
the PHYA was below the level of detection (figure 2
b), the PHYB distribution was essentially similar to
that of dark-grown leaves (figure 2 d).
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Figure 2. Distribution of PHYA, PHYB and protochlorophyllide oxi-
doreductase along the length of the maize leaf. The first leaf from 7-d
old dark- (a, ¢, ) and red light- (b, d, f) grown seedlings was excised
into 8 segments of 1 cm length from the base to the tip. Extracts
(50 pg protein) were subjected to immunoblotting as described in fig-
ure | and were probed with PHYA (a, b) and PHYB (¢, d) antibodies.
For protochlorophyllide oxidoreductase (e, f), crude extracts (2.5 ug
protein) were subjected to immunoblotting using polyclonal antibod-
ies raised against barley protochlorophyllide oxidoreductase. The
number on top of the gel lane indicates the distance (in cm) of the seg-
ment from the leaf base.

We also analyzed the distribution of protochloro-
phyllide oxidoreductase level in the maize leaf. Simi-
lar to phytochrome, this protein also undergoes down-
regulation in light-grown seedlings [10]. In maize
leaves, the protochlorophyllide oxidoreductase level
increased from the base towards the leaf tip (figure 2 e,
f) in a manner opposite to PHYA and PHYB. It is evi-
dent from these results that though light induces a
decline in the overall level of PHYB and protochloro-
phyllide oxidoreductase, it does not alter the distribu-
tion profile of these proteins along the length of the
leaf.

Since the dark-grown maize leaf showed a distinct
pattern of PHYA accumulation, its distribution profile
in leaves was analyzed during the course of leaf devel-
opment. In very young leaves (2 cm long), the basal
segment showed a higher level of PHYA, but during
the subsequent growth of the leaf, PHYA preferen-
tially accumulated in two different regions viz., the
leaf base and the upper half of the leaf (figure 2 a;
figure 3 A). In contrast to PHYA, protochlorophyllide
oxidoreductase, which showed a similar pattern to
phytochrome in two segments of 4-d old dark grown
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leaves, accumulated preferentially in the tip region of
leaf during the course of leaf development (figure 3
B). Similarly, during the growth of the coleoptile
PHYA also showed a preferential accumulation at the
tip (figure 3 C).

2.3. Positional effect on synthesis and
degradation of PHYA and PHYB

In leaves of 5-d old dark grown seedlings, red light
induced a rapid decline of PHYA within the first 2 h of
exposure, followed by a gradual decline to a very low
level in the next 24 h (figure 4 A.a). A similar expo-
sure did not show much effect on the PHYB level in
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Figure 3. Spatial distribution of PHYA level in the leaf and coleoptile
excised from 4-d to 6-d old dark-grown seedlings. Seedlings were har-
vested daily and PHYA level was analyzed in 1 cm long segments
excised from the first leaf (A) and coleoptile (C). Spatial distribution
of protochlorophyllide oxidoreductase (B) was also analyzed in the
leaf excised from 4-d to 6-d old dark-grown seedlings. Extracts (25 ug
protein) were subjected to immunoblotting as described in figure I
and were probed with PHYA antibodies. Extracts of protochlorophyl-
lide oxidoreductase were subjected to immunoblotting using its anti-
bodies as described in figure 2. The number on top of the gel lane
indicates the distance (in cm) of the segment from the organ base.
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the leaf (figure 4 A.b). Exposure to red light initiated a
similar decline in the PHYA level in the coleoptile
(figure 4 A.c), where its level declined below the level
of detectability. We also studied the accumulation of
PHYA and PHYB by transferring seedlings grown in
continuous light to darkness. Figure 4 shows that
while in the 5-d old light-grown leaf, PHYA level is
below the detectability limit, on transfer to darkness,
PHYA reaccumulated within 8 h, and thereafter its
level increased both in the leaf and coleoptile (figure 4
B.a, B.c). A similar transfer of the seedlings to dark-
ness did not show much effect on the PHYB level in
the leaf (figure 4 B.b).

PHYA and PHYB distribution in maize leaf fol-
lowed a typical profile with a large amount of PHYA
in the regions near the leaf base and near the tip of the
leaf, indicating a likely effect of cell maturity gradient
on the phytochrome level. Therefore, we examined the
effect of cellular position on PHYA level in maize
leaves after transferring 5-d old light-grown seedlings
to darkness (figure 5). In maize leaves transferred to
darkness, PHYA accumulated in the region of the leaf
tip and to some extent in the leaf base by 12 h. On fur-
ther growth in darkness, its level increased in other
segments of the leaf too.
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Figure 4. Time course of PHYA and PHYB levels after dark-to-light
or light-to-dark transitions. For dark-to-light transition (A), 5-d old
dark-grown (5D) seedlings were transferred to red light for 24 h or
kept in darkness (6D) as control. For light-to-dark transition (B), 5-d
old light-grown (5L) seedlings were transferred to darkness for 24 h
or kept in red light (6L) as control. At the time points (h) indicated,
PHYA and PHYB levels were analyzed in the leaves (a, b). Similarly,
in coleoptile (c), the level of PHYA was analyzed at the indicated
time points (h). Extracts were subjected to immunoblotting as
described in figure 1.
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Figure 5. Profile of reaccumulation of PHYA level along the length of
maize leaf. Five-d old red light-grown seedlings were transferred to
darkness for 48 h. At the time points (h) indicated, PHYA level was
analyzed in 1 cm long segments excised from the first leaf. Extracts
(25 ug protein) were subjected to immunoblotting as described in
figure 1 and were probed with PHYA antibodies. The number on top
of the gel lane indicates the distance (in cm) of the segment from the
leaf base.

3. DISCUSSION

3.1. Specificity of antibodies against PHY A
and PHYB

A comparison of the gene sequences of phyto-
chrome species has shown that while the sequences of
PHYA diverge about 50 % between monocots and
dicots, those of PHYB are more conserved between
angiosperm groups [8, 25]. PHYB of Arabidopsis and
rice [8], and also of rice and tobacco [15], share amino
acids identity close to 77.6 and 76.4 %, respectively.
In addition, monocot and dicot PHYB possess very
similar hydropathy profiles over the entire length of
their amino acid sequences [8] and therefore may also
possess antigenically similar epitopes.

In view of the above observations, we ascertained
the possibility of detecting maize PHYB by tobacco
anti-PHYB monoclonal antibodies. The fact that the
percentage of homology of Arabidopsis PHYB to
tobacco (77.6 %) is nearly similar to the homology
between tobacco and rice (76.4 %) [15], and that the
tobacco monoclonals against PHYB specifically detect
Arabidopsis PHYB in wild type but not in a PHYB
deficient mutant [21, 22], strengthens the possibility of
detection of monocot PHYB. Such a possibility is fur-
ther supported by the fact that the PHYB sequence
between Arabidopsis and rice shares a homology of
73 %. Moreover, monoclonals against rice PHYB can
specifically recognize Arabidopsis PHYB protein and

Phytochrome distribution in maize seedlings 741

do not recognize Arabidopsis PHYA and PHYC apo-
proteins [36]. Wang et al. [40] have also observed that
a monoclonal antibody against light-stable pea phyto-
chrome can recognize a phytochrome species abun-
dant in light-grown oat leaves.

So far tobacco anti-PHYB monoclonals have been
used to detect PHYB in Arabidopsis [21], cucumber
[19] and tomato [30]. The results obtained in this
study indicate that the above antibodies likely recog-
nize PHYB-like apoproteins in maize. Immunoblots of
PHYB show an immunostained band in the region of
the observed molecular mass of PHYB. Since the
PHYB sequence diverges by 50 % from other phyto-
chrome species, the chance of detection of a species
other than PHYB is small. In fact, most oat mono-
clonals against phytochrome purified from green oat
shoots fail to crossreact with the 124 kDa phyto-
chrome species which are abundant in etiolated oat
seedlings [28]. Taken together, the evidence above
favors the view that the tobacco monoclonal antibody
mixture is likely to detect PHYB present in maize
seedlings.

Since maize and oat PHYA also possess 88 %
homology in their amino acid sequence [25], we used
an oat PHYA antibody against maize PHYA. The
crossreactivity of an oat PHYA antibody against maize
PHYA was established by light-mediated down-regu-
lation of PHYA, and also by the susceptibility of the Pr
form of PHYA to endogenous proteases (data not
shown). Furthermore, the Mr of the immunoblotted
band for PHYA matched the reported Mr of maize
PHYA [4] and is close to the reported Mr of maize [6].

Although arguments presented above favor the view
that the antibodies used in this study recognize PHYA-
and PHYB-like proteins in maize, the possibility that
these antibodies recognize a phytochrome species
other than PHYA and PHYB also merits consideration.
For example, Tokuhisa et al. [35] observed that rabbit
polyclonal antibodies against PHYA recognized two
phytochromes and similarly certain monoclonals
against oat PHYA can detect a second phytochrome.
Since the molecular masses of PHYA and PHYB on
immunoblots are different, it is unlikely that the PHYA
antibodies used in this study recognized PHYB or vice
versa. Nevertheless the possibility of recognition of an
additional phytochrome species other than PHYA or
PHYB by the antibodies can not be unequivocally
excluded. The current lack of knowledge about all of
the phytochrome species in maize and the lack of spe-
cific antibodies against each of them preclude testing
the above possibility.

vol. 36 (10) 1998
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3.2. Effect of light-to-dark and dark-te-light
transitions on PHYA and PHYB levels

Several lines of physiological and biochemical evi-
dence have indicated that phytochrome species consist
of a light-labile and a light-stable pool [11], which
have been shown to belong to PHYA and other green-
tissue specific phytochromes, respectively. Immuno-
blotting of PHYB and PHYC from Arabidopsis [32],
and PHYB in tomato [30] and cucumber [19] showed
nearly identical levels in etiolated and green tissues. In
this study, PHYA drastically declined on exposure to
light, but PHYB was rather stable in maize seedlings.
Dark adaptation of continual light-grown seedlings
elevated the PHYA level in the maize leaf after 8 h,
whereas PHYB level was not influenced. Likewise,
though continual-red-light-grown maize coleoptiles
were virtually devoid of PHYA, upon dark adaptation,
PHYA reaccumulated after 8 h.

3.3. Temporal regulation of PHYA and
PHYRB levels

Higher levels of PHYA and PHYB appear to be
associated with younger organs, and the PHYA level,
which was maximal in the 4-5-d old leaf and coleop-
tile, declined significantly during further growth. A
similar age-dependent decline is noticeable in the level
of PHYB in the leaf. It is obvious from the profiles of
PHYA and PHYB levels that the massive accumula-
tion of PHYA is distinctively restricted to the shoot of
younger etiolated seedlings. However, the aging of
seedlings does not preclude reaccumulation of phyto-
chromes, and on seedling dark-adaptation, the PHYA
level augments significantly.

3.4. PHYA and PHYB distribution in maize leaves

The profile of PHYA distribution in the coleoptile
supports the notion that in cereals, it specifically accu-
mulates in the coleoptile tip [27]. The observed uni-
form distribution of PHYA in maize shoots by Pratt
and Coleman [27] appears to be true for very young
seedlings only. In older maize seedlings, the level of
PHYA in the leaf is higher in the upper half of the leaf
and in the region close to the meristematic base. This
is similar to the accumulation profile of PHYB. The
above profile of phytochrome accumulation is at vari-
ance with protochlorophyllide oxidoreductase which
also preferentially accumulates in dark-grown leaves
but follows an acropetal gradient with maximal con-
centration towards the tip.
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A monocot leaf consists of cells of differing matu-
rity as the leaf elongates by continual cell division at
the basal meristem resulting in a gradient of cell matu-
rity with youngest cells at the leaf base and the oldest
cells at the tip of the leaf [23]. It is likely that the pro-
file of phytochrome distribution in maize leaves may
be determined by the existing cell maturity gradient in
leaf. On transferring the light-grown seedlings to dark-
ness, PHYA reappears with a profile more or less sim-
ilar to that of the seedlings grown in continuous
darkness. The fact that light does not seem to alter this
pattern is evident from the observation that the distri-
bution pattern of both PHYB and protochlorophyllide
oxidoreductase [10] remain the same in the light-
grown leaf. In view of the close similarity in the distri-
bution of PHYA and PHYB levels along the length of
maize leaves, we speculate that the expression of these
two phytochromes may be regulated to some extent by
the same gradient of cell maturity, at least in leaves.
However, the above speculation is conjectural in
nature as the cell and tissue level distribution of these
phytochromes is still to be elucidated.

A comparison of the profiles of phytochrome distri-
butions in this study and phytochrome mediated
induction of several plastidic and cytosolic enzymes
along the length of maize leaves [23] indicated a clear
lack of correlation between the distribution of these
photoreceptors and photoinduced response in monocot
leaves. In the past, such absence of correlation
between phytochrome level and photoresponse was
attributed to the existence of multiple pools of phyto-
chrome and was termed as a paradox. Results obtained
in this study do not correlate photoreceptor distribu-
tion with known photoresponses in maize leaves. In
fact, recent studies indicate that though a photorecep-
tor such as phytochrome functions in a cell-autono-
mous fashion [24], a photoresponse would be
indirectly connected to the photoreceptor level and
would rather result from a change in the level, or the
presence/absence, of trans-acting transcriptional fac-
tors controlling gene expression [9].

In summary, the results obtained in the present study
indicate that the profile of distribution and temporal
regulation of the PHYA/PHYB levels appears to be
controlled by a common mechanism in maize seed-
lings. The observed semblance between accumulation
and distribution of the phytochrome species possibly
results from the co-regulation of synthesis of these
phytochrome species during development. A detailed
molecular-genetic analysis of the distribution and
function of all phytochrome species is nevertheless



needed to understand the respective roles and interac-
tion between different phytochrome species in control-
ling plant development.

4. METHODS

4.1. Plant materials and growth conditions. Maize seeds
(Zea mays L., cv. Ganga-5, Andhra Pradesh State Seed Cor-
poration, Hyderabad, India) were first soaked for 12 h in dis-
tilled water, and were then sown in plastic boxes on moist
Crepe Kraft seed germination paper (Jayshree Paper Traders,
New Delhi, India). The time point of soaking was considered
as the time point of onset of germination. Seedlings were
grown either in continuous red light (A,,, 650 nm, 2.8 pmol)
or in continuous darkness at 25 °C and were watered using
distilled water. At the indicated time intervals, the seedlings
were harvested and dissected into different organs. Phyto-
chrome distribution in the first leaf of the seedling was ana-
lyzed by dissecting the leaf into 1 cm long segments and
numbered from the base to the tip of the leaf. Similarly, the
coleoptiles were dissected into 1 cm long segments and num-
bered from the base to the tip.

4.2. Preparation of PHYA antibody. Phytochrome A was
purified to homogeneity from 4.5-d old dark-grown oat
(Avena sativa L.) seedlings using the procedure outlined by
Grimm and Rudiger [12]. Polyclonal antibodies against puri-
fied oat phytochrome A were raised in rabbits using standard
protocol. The crossreactivity of antibodies to maize PHYA
was ascertained by using some characteristic features of phy-
tochrome A, such as light-induced in vivo down-regulation
and the preferential in vitro proteolysis of the Pfr and Pr
forms of phytochrome, respectively.

4.3. Phytochrome spectral assay. The primary leaves from
dark-grown maize seedlings were harvested under green safe
light and transferred onto ice. Phytochrome distribution in
the primary leaf was analyzed by dissecting the leaf into
1 cm long segments numbered from the base to the tip of the
leaf. In vivo amount of phytochrome in the leaf segments
was quantified by difference spectroscopy of the harvested
tissue (1 cm light path) after packing it in a 3-mL plastic
cuvette at 4 °C after red light and far red light irradiation in a
Hitachi-557 dual wavelength spectrophotometer. One rela-
tive unit of phytochrome is equal to a value of A(AA)(Agq —
Asp) =0.001 A,

4.4. Blotting of phytochromes and protochlorophyllide
oxidoreductase. Tissues frozen in liquid nitrogen were
homogenized with a semifrozen (=20 °C) extraction buffer
consisting of 100 mM Tris-Cl (pH 8.3), 140 mM ammonium
sulfate, 10 mM EDTA, 10 % (w/v) insoluble polyvinylpoly-
pyrollidone and 50 % (v/v) ethylene glycol. Before homoge-
nization, protease inhibitors were added to a final
concentration of 18 mM iodoacetamide, 4 mM PMSF,
0.75 pg-mL"" leupeptin, 20 mM sodium bisulfite and 14 mM
2-mercaptoethanol. After centrifugation (20 000 x g, 0 °C,
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20 min), the supernatants were boiled after mixing with an
equal amount of 2x SDS-PAGE sample buffer. The amount
of protein was estimated by the Lowry method [20]. SDS-
PAGE was carried out in 8 % gel for phytochrome and in
10% gel for protochlorophyllide oxidoreductase as
described by Laemmli [18]. At the end of PAGE, the gel was
electroblotted using a semi-dry blotting method to a polyvi-
nylidenedifluoride membrane (Immobilon P, Millipore) fol-
lowing the procedure described elsewhere [19]. Anti-PHYA
polyclonal antibodies raised in rabbit for oat phytochrome A
and a mixture of monoclonal antibodies (mAT-1, mAT-2,
mAT-5) raised against tobacco PHYB [19] were used to
detect the corresponding antigens.

4.5. Evaluation of data. Experiments were repeated at least
three times independently with fresh extractions. The gels
were loaded on the basis of equal proteins and the degradation
of phytochrome was minimized by working quickly and also
by inclusion of protease inhibitors. The extraction buffer
employed in this study extracted close to 90 % of the phyto-
chrome present in the tissue during first homogenization.
There was no significant loss of phytochrome during extrac-
tion by proteolysis. The relative amount of phytochrome on
immunoblots was also evaluated by densitometric scanning
by using a Molecular Dynamics laser scanning system (data
not shown). The relative amount of phytochrome on temporal
scale and its distribution within the leaf was compared on the
basis of equal protein. Using oat PHYA as the standard pro-
tein, we could detect up to 0.5 ng of PHYA on immunoblot as
established by serial dilution. In contrast to Wang et al. [37]
who examined the data on a per organ basis, we evaluated the
data on the basis of equal protein, as our study entailed com-
parisons between different parts of the same organ. The
immunoblots presented show the representative results.

Acknowledgments. We are thankful to Dr Akira Nagatani,
Frontier Research Program, RIKEN, Wako-shi, Japan for his
kind supply of the mixture of monoclonal antibodies against
tobacco PHYB. We also thank Prof. K. Apel, University of
Zurich for the antibodies against barley protochlorophyllide
oxidoreductase. This work was supported by grants 38(793)/
89-EMR II and 38(0887)/95/EMR-II from the Council of
Scientific and Industrial Research, New Delhi to R.S. R.K.R.
is a recipient of a research fellowship from the University
Grants Commission, New Delhi.

REFERENCES

{1] Adams E., Szell M., Szekeres M., Schifer E., Nagy F.,
The developmental and tissue specific expression of
tobacco phytochrome-A gene, Plant J. 6 (1994) 283-
293.

[2] Adams E., Kozma-Bognar L., Kolar C., Schifer E.,
Nagy F, The tissue specific expression of a tobacco
phytochrome B gene, Plant Physiol. 110 (1996) 1081-
1088.

vol. 36 (10) 1998



744 R.K. Reddy, R. Sharma

[3] Ballare C.L., Scopel A.L., Sanchez R.A., Far-red radia-
tion reflected from adjacent leaves: an early signal of
competition in plant canopies, Science 247 (1990) 329-
331

[4] Biermann B.J., Pao L.I., Feldman L.J., Pr-specific phy-
tochrome phosphorylation in vitro by a protein kinase
present in anti-phytochrome maize immunoprecipi-
tates, Plant Physiol. 105 (1994) 243-251.

[5] Briggs W.R., Siegelman H.W., Distribution of phyto-
chrome in etiolated seedlings, Plant Physiol. 40 (1965)
934-941.

[6] Christensen A.H., Quail P.H., Structure and expression
of a maize phytochrome encoding gene, Gene 85
(1989) 381-390.

[7] Clack T., Matthews S., Sharrock R.A., The phyto-
chrome apoprotein family in Arabidopsis is encoded by
five genes: the sequences and expression of PHYD and
PHYE, Plant Mol. Biol. 25 (1994) 413-427.

[8] Dehesh K., Tepperman J., Christensen A.H., Quail
P.H., phyB is evolutionarily conserved and constitu-
tively expressed in rice seedling shoots, Mol. Gen.
Genet. 225 (1991) 305-313.

[9] Deng X.-W., Fresh view of light signal transduction in
plants, Cell 76 (1994) 423-426.

[10] Forreiter C., Cleve B.V., Schmidt A., Apel K., Evi-
dence for a general light-dependent negative control of
NADPH-protochlorophyllide oxidoreductase in
angiosperms, Planta 183, (1990) 126-132.

[11] Furuya M., Phytochromes: Their molecular species,
gene families, and functions, Ann. Rev. Plant Physiol.
Plant Mol. Biol. 44 (1993) 617-645.

[12] Grimm R., Rudiger W., A simple and rapid method for
isolation of 124 kDa oat phytochrome, Z. Naturforsch.
41C (1986) 988-992.

[13] Hauser B.A., Pratt L.H., Cordonnier-Pratt M.-M.,
Absolute quantification of five phytochrome tran-
scripts in seedlings and mature plants of tomato
(Solanum lycopersicum L.), Planta 201 (1997) 379-
387.

[14] Kendrick R.E., Kronenberg G.H.M. (Eds.), Photomor-
phogenesis in plants, Martinus Nijhoff, Dordrecht,
1993.

[15] Kern R., Gasch A., Deak M., Kay S.A., Chua N.-H.,
phyB of tobacco, a new member of phytochrome fam-
ily, Plant Physiol. 102 (1993) 1363-1364.

[16] Kondo N., Inoue Y., Shibata K., Phytochrome distribu-
tion in Avena seedlings measured by scanning a single
seedling, Plant Sci. Lett. 1 (1973) 165-168.

[17] Konomi K., Abe H., Furuya M., Changes in the content
of phytochrome I and phytochrome II apoproteins in
embryonic axes of pea seeds during imbibition, Plant
Cell Physiol. 28 (1987) 1443-1451.

[18] Laemmli U.K., Cleavage of structural proteins during
the assembly of the head of bacteriophage T4, Nature
227 (1970) 680-685.

[19] Lopez-Juez E., Nagatani A., Tomizawa K.-I., Deak M.,
Kern R., Kendrick R.E., Furuya M., The cucumber long
hypocoty!l mutants lacks a light-stable PHYB-like phy-
tochrome, Plant Cell 4 (1992) 241--251.

Plant Physiol. Biochem.

[20] Lowry O.H., Rosenbrough N.J., Farr A .H., Randall
G.J., Protein measurement with folin phenol reagent, J.
Biol. Chem. 193 (1951) 256-275.

[21] Nagatani A., Chory J., Furuya M., Phytochrome B is
not detectable in the Ay3 mutant of Arabidopsis, which
is deficient in responding to end-of-day far-red light
treatments, Plant Cell Physiol. 32 (1991) 1119-1122.

[22] Nagatani A., Reed J.W., Chory J., Isolation and initial
characterization of Arabidopsis mutants that are defi-
cient in phytochrome A, Plant Physiol. 102 (1993)
269-277.

[23] Nelson T., Langdale J.A., Developmental genetics of
C4 photosynthesis, Annu. Rev. Plant Physiol. Plant
Mol. Biol. 43 (1992) 2025-2047.

[24] Neuhaus G., Bowler C., Kern R., Chua N.-H., Calcium/
calmodulin-dependent and independent phytochrome
signal transduction pathways, Cell 73 (1993) 937-952.

[25] Okamoto H., Hirano Y., Abe H., Tomizawa K., Furuya
M., Wada M., The deduced amino acid sequence of
phytochrome from Adiantum includes consensus
motifs present in phytochrome B from seed plants,
Plant Cell Physiol. 34 (1993) 1329-1334.

[26] Pratt L.H., Phytochromes: differential properties,
expression patterns and molecular evolution, Photo-
chem. Photobiol. 61 (1995) 10-21.

[27] Pratt L.H., Coleman R.A., Phytochrome distribution in
etiolated grass seedlings as assayed by an indirect anti-
body-labeling method, Am. J. Bot. 61 (1974) 195-202.

[28] Pratt L.H., Stewart S.J., Shimazaki Y., Wang Y.-C.,
Cordonnier M.-M., Monoclonal antibodies directed to
phytochrome from green leaves of Avena sativa L.
cross-react weakly or not at all with the phytochrome
that is most abundant in etiolated shoots of the same
species, Planta 184 (1991) 87-95.

[29] Schwartz H., Schneider H.A.W., Immunological assay
of phytochrome in small sections of roots and other
organs of maize (Zea mays L.) seedlings, Planta 170
(1987) 152-160.

[30] Sharma R., Lopez-Juez E., Nagatani A., Furuya M.,
Identification of photo-inactive phytochrome A in eti-
olated seedlings and photo-active phytochrome B in
green leaves of the aurea mutant tomato, Plant J. 4
(1993) 1035-1042.

[31] Shimazaki Y., Cordonnier M.-M., Pratt L.H., Phyto-
chrome quantitation in crude extracts of Avena by
enzyme-linked immunosorbent assay with monoclonal
antibodies, Plant 159 (1983) 534-544.

[32] Somers D.E., Quail P.H., Temporal and spatial expres-
sion patterns of PHYA and PHYB genes in Arabidop-
sis, Plant J. 7 (1995) 413-427.

[33] Somers D.E., Sharrock R.A., Tepperman J.M., Quail
PH., The hy3 long hypocotyl mutant of Arabidopsis is
deficient in phytochrome B, Plant Cell 3 (1991) 1263-
1274,

[34] Tokuhisa J.G., Quail P.H., The levels of two distinct
species of phytochrome are regulated differently during
germination in Avena-sativa L., Planta 172 (1987) 371-
377.



[35] Tokuhisa J.G., Daniels S.M., Quail P.H., Phytochrome
in green tissue: Spectral and immunochemical evi-
dences for two distinct molecular species of phyto-
chrome in light-grown Avena sativa, Planta 164 (1985)
321-332.

[36] Wagner D., Tepperman J.M., Quail P.H., Overexpres-
sion of phytochrome B induces a short hypocotyl phe-
notype in transgenic Arabidopsis, Plant Cell 3 (1991)
1275-1288.

[37] Wang Y.-C., Cordonnier-Pratt M.-M., Pratt L.H.,
Detection and quantitation of three phytochromes in
unimbibed seeds of Avena sativa L., Photochem. Pho-
tobiol. 50 (1992) 709-716.

Phytochrome distribution in maize seedlings 745

[38] Wang Y.-C., Cordonnier-Pratt M.-M,, Pratt L.H., Tem-
poral and light regulation of the expression of three

phytochromes in germinating seeds young seedlings of
Avena sativa L., Planta 189 (1993) 384-390.

[39] Wang Y.-C., Cordonnier-Pratt M.-M., Pratt L.H., Spa-
tial distribution of three phytochromes in dark- and
light-grown Avena sativa L., Planta 189 (1993) 391-
396.

[40] Wang Y.-C., Stewart S.J., Cordonnier M.-M., Pratt
L.H., Avena sativa L. contains three phytochromes,
only one of which is abundant in etiolated tissue, Planta
184 (1991) 96—104.

vol. 36 (10) 1998



