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In higher plants, photoreceptor phytochrome (phy)—photoisomerizing biliprotein working as a light-driven molecular switch—is
represented by a small family of phytochrome gene products with phyA and phyB as major species. phyA is unique among other
phytochromes mediating photoresponse modes specific only for this pigment (far-red light induced) and also photoresponses
characteristic of phyB and other minor phys (red light induced). In our group, in vivo fluorescence investigations of phytochrome
were initiated and two native phyA pools—posttranslationally modified PHYA gene products designated phyA′ and phyA

′′
—were

detected in dicots and monocots. They differ by spectroscopic and photochemical parameters, by abundance and distribution in
etiolated plant tissues, by light stability, and other phenomenological characteristics, and, most importantly, by their functional
properties. This may explain, at least partially, the nature of the uniqueness of the phyA action. In this paper, the data on the phyA
polymorphism are summarized with attention to the applied experimental approach.

1. Introduction

Half a century ago, Butler and coworkers [1] have discov-
ered, using in vivo difference absorption spectroscopy, the
key plant photoreceptor phytochrome. This discovery has
initiated intensive work along two major lines—(1) physic-
ochemical investigation of the pigment and (2) exploration
of its complex functions. The pigment was characterized
as a water-soluble homodimer whose monomers have a
molecular mass of approx. 125 kDa and comprise 1200
amino acid residues. Each of the apoproteins is covalently
associated, via a thioether bond and a cystein residue, with
an open tetrapyrrole phytochromobilin (PΦB) and contains
two major functional domains—chromophore-bearing N-
terminal (input) and signaling C-terminal (output). The
action of the photoreceptor is based on the initial red-light
(R)-induced cis-trans isomerization of the chromophore
driving operation of the cycle of photoconversion of the
initial dark-adapted R-absorbing form of the pigment (Pr)
into its physiologically active far-red-light (FR) -absorbing
form (Pfr). This process is reversed under FR or thermally in
the dark [2–4].

Photoactivated Pfr form is transferred from the cyto-
plasm, where the pigment is synthesized, into the nucleus,
where it interacts with transduction chain partners and mod-
ifies expression of light-dependent genes [5]. The pigment
initiates three major modes (or types) of photoregulation
process—(i) R-FR-induced irreversible very low fluence
responses (VLFR), (ii) R-induced/FR-reversible “classical”
responses (LFR), and (iii) FR-induced high irradience
responses (HIR). They include such diverse phenomenolog-
ical reactions as seed germination, transition from scoto-
to photomorphogenesis (de-etiolation), shade avoidance
reaction, floral initiation, resetting of the circadian clock,
phototropism, modification of gravitropism, and other reac-
tions [6–9].

In the initial period of the phytochrome research, it
was generally accepted that all the modes of the pho-
toreactions are mediated by one molecular type of the
pigment. Later on, however, phytochrome heterogeneity
was clearly demonstrated. Four independent experimental
lines of evidence proved this fact—detection of (i) light-
labile (Type I) and light-stable (Type II) phytochromes [10],
(ii) immunologically distinguishable phytochromes [11, 12],
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Figure 1: Fluorescence of phytochrome in the Pr form in stems
of etiolated pea seedlings. Emission spectra were taken under
monochromatic excitation at λe = 630 nm, excitation spectra, for
emission at λm = 700 nm at 77 K and 200 K. Excitation spectrum
with the maximum at 375 nm was calculated in the region 350–
500 nm with due consideration of green background fluorescence
with excitation maximum at 420 nm. Calculation procedure based
on different temperature dependence of the excitation bands at 420
and 673 nm, see in [30]. (From [14, 30]).
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Figure 2: Low-temperature (85 K) emission (1, 2, λe = 630 nm)
and excitation (1′, 2′, λm = 720 nm) fluorescence spectra of the
red phytochrome form Pr in the cells of coleoptiles of etiolated oat
seedlings (1, 1′) and full-length 124 kDa phytochrome isolated from
them (2, 2′). (From [36]).

(iii) phytochromes differing by spectroscopic and photo-
chemical properties in vivo [13, 14], and, most importantly,
(iv) different phytochrome genes and their products [15, 16].
The major ones are light-labile phytochrome A (phyA) and
light-stable phytochrome B (phyB). phyA mediates all the
types of the photoresponses—VLFR, HIR, and also LFR [17–
24]. phyB is capable of mediating only the inductive LFR
type. The minor phyC-phyE are functionally close to the
major ones or can perform specific functions [6, 23, 25].

In the case of phyA, there is still a common view that all
its complex functions are performed by one and the same
molecular type of the pigment. We have shown, however, that
there exist two phyA types—posttranslationally modified
phyA species with different phenomenological and func-
tional properties. This was done with the use of an original
highly sensitive and informative method of low-temperature
fluorescence spectroscopy and photochemistry of native
phytochrome in the cell (see reviews [2, 26, 27]). The aim of
this paper is to summarize the obtained data and to promote
this relatively simple and efficient experimental approach. I
believe that its use, in combination with modern methods
of molecular biology, genetics, and photophysiology, may
contribute to our deeper understanding of the unique role
of phyA in higher plants’ photobiology and evolution.

2. Experimental Approach:
Low-Temperature Fluorescence Spectroscopy
and Photochemistry of Phytochrome In Vivo

We have detected phytochrome fluorescence in etiolated
plant tissues and based on that developed a highly sensitive
technique of in planta phytochrome assay, which proved to
be much more sensitive and informative than the classical
method of difference absorption spectroscopy [13, 14, 28–
32]. The fluorescence was characterized at 77–85 K by (1)
the emission/excitation bands at 686/673 nm, (2) half-band
width of 22–30 nm, (3) high polarization degree (P ≈ 0.4),
and (4) quantum yield ϕf of 0.3 dropping down by more
than 30–40 fold upon rise of temperature from 77 to 273 K
(Figures 1–3) (for a review of the literature on phytochrome
fluorescence and photochemistry in vitro and in vivo, see
[2]).

The fact that the emission belonged to phytochrome in
its Pr form was shown by the following lines of evidence:
(i) its excitation spectrum (Figure 1) was very close to the
low-temperature absorption spectrum of phytochrome in
vitro (not shown); (ii) there was close similarity between
the detected fluorescence of phytochrome and that of
phytochrome in vitro (Figure 2) (procedure of in vivo
phytochrome emission spectra measurements and correction
for background emission of the sample is illustrated by
Figure 3 ); (iii) light-induced fluorescence intensity changes
were connected with the photoconversions of Pr into Pfr at
ambient temperatures, and into the first photoproduct lumi-
R stable at low temperatures and they were photoreversible
(Figures 3 and 4); (iv) there was a correlation between
fluorescence and the content of phytochrome in plant tissues
of wild-type plants and phytochrome mutants evaluated with
the use of difference absorption spectroscopy; (v) there was
no correlation of fluorescence and (proto)chlorophyll(ide)
content in tissues as revealed by the use of a chlorophyll-
less mutant. Fluorescence of lumi-R in situ was also detected
with the quantum yield similar to that of Pr and the emis-
sion/excitation bands at 704 nm and 686 nm. Phytochrome
in the Pfr form did not fluoresce even at liquid helium
temperatures (1.5–4 K), ϕf < 10−4.
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Figure 3: Raw (a, b), difference (c, d), and normalized (e, f) low-temperature (85 K) fluorescence emission spectra (λe = 632.8 nm) of
phytochrome in the tips of rice coleoptiles: in the initial etiolated state, when all the pigment is in its Pr form (curve 1), and after saturating
red (λa = 632.8 nm) illumination at 85 K converting part of Pr into the first photoproduct lumi-R stable at low temperature (Pr↔lumi-R
photoequilibrium) (curve 2); wild type (a, c, e); phyB mutant (b, d, f). The spectra of etiolated coleoptiles of the rice phyA and phyAphyB
mutants (curve 3) are also given in (a) and (b), respectively. The spectra in (c) and (d) belonging to phyA are obtained by subtraction of
curve 3 from curves 1 and 2 in (a) and (b), respectively, after their normalization at 660 nm to 1, where the emission of phytochrome is
negligible. The spectra in (e, f) are the average phyA spectra obtained as in (c, d) of 3–6 different samples after their normalization in the
maximum to 1. The spectra were not corrected for the spectral sensitivity of the fluorimeter. Bars = SD. (From [22]).
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Figure 4: The low-temperature fluorescence method of phy-
tochrome in situ assay. To characterize the pigment, three fluores-
cence spectra (corrected for background emission of the sample)
of phytochrome were measured at 85 K: 1 in etiolated tissues (of
wheat in this figure) when all phytochrome is in its Pr form,
2 in the same sample after saturating red illumination at 85 K
partially converting Pr into lumi-R, the first stable photoproduct,
and 3 in the same sample after thawing at 273 K, saturating red
illumination converting Pr into Pfr, and freezing again at 85 K. Four
major parameters were obtained from these spectra: position of the
emission spectrum (λmax), total phytochrome content proportional
to the fluorescence intensity ([Ptot] ≈ F0), extent of the Pr→ lumi-R
photoconversion, equal to the relative fluorescence decline (γ1 =
ΔF1/F0) and characterizing the initial photoreaction, and the extent
of the Pr→Pfr photoconversion (γ2 = ΔF2/F0), characterizing the
whole phytochrome cycle. (From [26]).

Phytochrome in the Pr form was described in planta
by the following parameters: (i) position and shape of
emission/excitation (absorption) spectra; (ii) fluorescence
quantum yield, ϕf ; (iii) Pr content in relative units, [Ptot],
proportional to its fluorescence intensity; (iv) extent of the
low-temperature Pr→ lumi-R photoconversion to reach a
photoequilibrium under R, γ1 (measured as variable fluo-
rescence (ΔF1) in the Pr phototransformation and related to
its initial fluorescence, γ1 = (F0-F1)/F0= ΔF1/F0) (Figure 4);
(v) extent of the Pr→Pfr photoconversion carried out at
ambient temperatures, γ2 (measured similarly as variable
fluorescence (ΔF2) normalized to the initial Pr fluorescence,
γ2 = (F0-F2)/F0= ΔF2/F0) (Figure 4); (vi) activation char-
acterstics of the Pr fluorescence decay determined from
temperature dependence of the Pr fluorescence intensity
(Figure 5); (vii) activation characteristics of the Pr→ lumi-
R and reverse lumi-R→Pr phototransformations based on
their temperature dependence (see [13, 14, 28–36]).

3. Photophysical Properties of
the Native Phytochrome in the Cell
and Its Photoreaction

The following essential phytochrome characteristics were
established based on in planta fluorescence measurements [2,

35]. (1) Singlet excited states of Pr participate in the photo-
processes with the energy of 1.83 eV (0-0 transition). (2) The
rule of mirror image symmetry between the absorption and
emission spectra of Pr is not strictly followed, which suggests
conformational relaxation of the molecule in the excited
state. (3) There is an inverse correlation (direct competition)
between the Pr fluorescence and its photoreaction. (4) The
photoreaction Pr→ lumi-R (completed or uncompleted) has
an energy barrier Ea in the excited state and is the main (if
not the only) temperature-dependent route for the excitation
deactivation. (5) There is also a temperature-independent
route of deactivation of the Pr excited states. (6) Branching
between completed and uncompleted photoreactions takes
place at the orthogonal “hot” ground state (prelumi-R). (7)
Quantum yield of lumi-R (and eventually of Pfr) formation
depends on (i) the yields of prelumi-R formation and (ii) its
conversion into lumi-R. (8) The Pr→ lumi-R photoreaction
is an energy-conserving process. (9) The lumi-R state
was characterized by the fluorescence and photochemical
properties very similar to those of Pr with the fluorescence
yield approx. equal to that of Pr (ca. 0.3 at 77 K). The
energy of the lumi-R singlet excited states participating in its
photoprocesses is 1.77 eV. Based on these observations and
also on the facts that the reaction is a photoisomerization
[2–4] and that an intermediate between Pr and lumi-R with
excess energy is formed [37], we put forward an energy level
scheme of the Pr→ lumi-R photoreaction [2, 35] (Figure 6).

The yields of fluorescence (transition 3-4 in the scheme),
ϕf , and deactivation along the photochemical route (3–5),
ϕp, can be expressed as follows:

ϕf =
k f

k f + kd + kp0 e−Ea/RT
, (1)

ϕp = kp0
e−Ea/RT

k f + kd + kp0 e−Ea/RT
, (2)

where k f , kd, and kp are rate constants of Pr excitation deacti-
vation along the fluorescence, temperature-independent and
photochemical routes, respectively (see Figures 5 and 6).

The yield of the Pr→ lumi-R phototransformation,
ϕPr-lumi-R, is equal to the product of the probability ϕp and of
the probability of the Pr reaction to productively terminate,
ϕab (route 5-4′ from the “hot” ground state of prelumi-R to
the ground state of lumi-R)

ϕPr-lumi-R = ϕp × ϕab, (3)

where ϕab = kab/ (kab + kba), see Figure 6.
Similar equations should be true for lumi-R and the

extent of the Pr→ lumi-R phototransformation to reach
a photoequilibirum between Pr and lumi-R (γ1) would
depend on the yields of the forward Pr→ lumi-R and
reverse photoreactions. These relationships (1–3) may help
to understand fluorescence and photochemical behavior of
Pr at different temperatures. At ambient conditions, ϕp

approaches unity since the activation barrier, Ea, is easily
overcome, and the yield of lumi-R formation ϕPr-lumi-R
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Figure 5: Temperature dependence of the fluorescence quantum yield ϕf (λe = 650 nm, λm = 686 nm) of the phytochrome Pr form in pea
stems (1) and oat coleoptiles (2) of 7-day-old etiolated seedlings: (a) ϕf versus temperature; (b) ln [(1/ϕf ) −1−kd] versus 1/T (kd = kd/k f ,
where kd is the rate constant of the temperature-independent excitation degradation and k f is the radiative rate constant. Quantum yield,
ϕf , at 85 K is equal to 0.25 and kd for pea and oat is equal to 2 and 3, respectively (b, curves 1 and 2). (From [35]).
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(and hence of the Pr→Pfr conversion because lumi-R
undergoes thermal relaxation “downhill” to Pfr) should be
determined by ϕab. At low temperatures, <150–170 K, where
lumi-R is stable, ϕPr-lumi-R would depend primarily on ϕp,
since the photoreaction at this temperature is relatively slow
and competes with the other deactivation processes (see
discussion in [2]).
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Figure 7: Fluorescence emission spectra (85 K, λe = 633 nm) of
phytochrome in coleoptiles (right) and roots (left) of etiolated
wheat taken immediately after darkness, when all the pigment is in
the Pr form, and after saturating red (λa = 633 nm) illumination at
85 K partially converting Pr into photoproduct lumi-R stable at low
temperatures (photoequilibirum Pr + lumi-R). Note the differences
in the position of the bands and in the extent of the Pr→ lumi-R
photoconversion, γ1, in the case of roots and coleoptiles. (From
[27]).

4. Two Spectroscopically and Photochemically
Distinct Phytochromes in the Cell

All the above phytochrome parameters varied depending
on different tissues and organs (coleoptiles, stems, and
roots) of monocots (oat, wheat, maize, barley, and rice) and
dicots (Arabidopsis, pea, potato, tomato, cucumber, cress,
bean, and mustard). The most pronounced were changes
of the Pr fluorescence temperature dependence, extent of
the Pr→ lumi-R transformation at low temperature (0 <
γ1 < 0.5) (Figure 7), and activation barrier of the Pr
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photoreaction (≤3-4 kJ mol−1 < Ea < ca 35 kJ mol−1). Posi-
tion, λmax, of the emission/excitation (absorption) spectra
varied from 680–682/666–668 nm to 685–687/671–673 nm
(at 85 K) (Figure 7) and γ2, from 0.70 to 0.80–0.85. In
general, γ1 (Figure 8), γ2 and λmax correlated with [Ptot]
such that, with the lowering of the latter, a decline in these
parameters was also observed.

These variations were explained (in the framework
of the above scheme) by the existence of two distinct
phenomenological species (designated Pr′ and Pr′′) pos-
sessing extreme photochemical and spectroscopical values:
Pr′—longer wavelength (λmax = 685–687/671–673 nm) with
high γ′1 (0.49 ± 0.03) and relatively low Ea (hundreds J
mol−1 ≤ Ea ≤ 3-4 kJ mol−1) and Pr′′—shorter wavelength
(λmax = 680–682/666–668 nm), inactive at low temperature
(γ′′1 → 0) and with relatively high Ea (it is higher by approx.
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Figure 10: Fluorescence emission spectra of phytochrome in the Pr
form (85 K, λe = 633 nm) in etiolated seedlings of phytochrome-
deficient mutants (not corrected for the background fluorescence
and for spectral sensitivity of the spectrofluorimeter): epicotyls of
wild-type pea (Pisum sativum L. cv. Torsdag) (1), phyB-deficient
(lv-5) mutant (2), phyA-deficient (fun1-1) mutant (3), and the
double phyAphyB-deficient (lv-5fun1-1) mutant (4). Spectra (3)
and (4) are means of experimental spectra and the bars indicate SE.
(From [39]).

a factor of 10 than that of Pr′). At ambient temperatures,
this barrier is easily overcome in both Pr species and does
not practically affect the extent of the Pr→Pfr conversion.
From the total phytochrome content, [Ptot], proportional
to its fluorescence intensity and the contrasting γ′1 and γ′′1
values for Pr′ and Pr′′, their proportion and content in plant
tissues could be easily estimated (Figure 9): the share of Pr′ is
calculated as the experimental γ1 parameter divided by the
individual γ′1 value of Pr′ (γ′1 ≈ 0.5), γ1/γ′1, and the shair
of Pr′′, respectively, as [1-(γ1/γ′1)] (see procedure in [34]).
It was shown that Pr′ is the bulk species in growing etiolated
tissues, variable by its content and light-labile whereas Pr′′

is the minor, more evenly distributed in organs and tissues
and relatively light-stable (Table 1). The content of Pr′ grows
almost linearly with [Ptot] in sample tissues whereas that of
Pr′′ reaches early saturation (data reviewed in [2, 26, 27]).

5. Two Native Phytochrome A Pools

In order to find out possible correlation between the
observed Pr′ and Pr′′ phenomenological types and the
two major phytochromes, phyA and phyB, we turned
to phytochrome-deficient mutants and transgenic plants
expressing different phytochromes. In the double phyAphyB
mutants of Arabidopsis, pea (Figure 10) and rice (Figure 3)
practically no phytochrome fluorescence was observed,
suggesting that the fluorescence of Pr′ and Pr′′ in the
wild types belonged to the two major phytochromes [22,
38, 39]. Further, practically only Pr′′ was found in phyA
mutants of Arabidopsis and pea (Figure 11(a)), and authentic
phyB overexpressed in Arabidopsis and Arabidopsis phyB
overexpressed in transgenic potato (Figure 11(b)) was of
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Figure 11: Low-temperature (85 K, λe = 633 nm) fluorescence emission spectra of phyB in the Pr form in etiolated epicotyls of phyA-
deficient, fun1-1, pea mutant (a) and of Arabidopsis phyB expressed in transgenic potato (DARA12 strain, lower parts of etiolated stems after
red-light-induced destruction of phyA, λa = 662 nm, 3.5 h, 293 K) (b): (1) in the state when all the pigment is in the Pr form, that is, after
darkness or far-red (>720 nm) saturating illumination at 293 K converting Pfr into Pr; (2) after saturating illumination with actinic red light
(633 nm, 85 K) to reach the equilibrium between Pr and lumi-R, and (3) after thawing the samples at 273 K, illumination with saturating red
(633 nm) light to convert Pr into Pfr and freezing again at 85 K. Insert in (a) is the mean of the experimental spectra of etiolated epicotyls
with the bars indicating the standard error. Curve 4 in (b) is the low-temperature excitation spectrum of Pr (λm ≥ 720 nm), corresponding
to the emission spectrum 1. Note the lack of the effect of the red-light actinic illumination on the emission spectrum at 85 K (no, or low,
photochemical Pr conversion into lumi-R, γ1 → 0) and relatively low extent of the Pr→Pfr conversion (γ2 ≤ 0.5). (From [39, 40]).

Table 1: Characterisitcs of the two phenomenological phytochrome types, Pr′ and Pr′′, in etiolated dicotyledonous and monocotyledonous
plants representing two native phyA types, phyA′ and phyA′′, respectively.

Parameter
Phy type

Pr′ = phyA′ Pr′′ = phyA′′(+ phyB)∗

Position of spectra, λmax Longer-wavelength (685/672 nm) Shorter-wavelength (680/667 nm)

Half-band width, Δλ 22–24 nm 30 nm

Pr→ lumi-R conversion, 85 K, γ1 0.49± 0.03 ≤0.05

Activation energy, Ea ≤1 kJ mol−1 ≥10 kJ mol−1

Pr→Pfr conversion, ≥273 K, γ2 0.80–0.85 0.75

Content in tissues Major, variable Minor, conserved, saturable

Light lability Light-labile Relatively light-stable
∗phyB also belongs to the Pr′′ type.

the Pr′′ type. This proves that phyB belongs to the Pr′′

phenomenological pool (Table 1) [38, 40].
On the contrary, in phyB mutants of cucumber [41],

Arabidopsis [38], pea [39], and rice [22] both Pr′ and Pr′′

were observed (Figures 3 and 10) and their content was
almost identical to that in the wild type (WT) (Figure 12).
Besides, oat phyA overexpressed in Arabidopsis, tobacco and
wheat, and also authentic phyA overexpressed under strong
promoter in transgenic potato were found to produce both
Pr′ and Pr′′ [38, 42, 43]. This strongly implies that there are
two phenomenological pools of phyA with the properties of
Pr′ and Pr′′ —phyA′ and phyA′′, respectively. The absolute
and relative content of phyA′ and phyA′′ depended on
plant species and tissues, on the stage of plant development,
illumination conditions, and other physiological factors

thus revealing deep distinctions of their phenomenological
properties (Table 1).

6. To the Nature of
the Two Phytochrome A Pools

Both phyA species are full-length phytochromes, the prod-
ucts of one and the same gene, and phyA for its differentia-
tion undergoes plant-specific posttranslational modification.
This is suggested by the following facts. Recombinant
Arabidopsis and Oryza phyA expressed in yeast cells (Sac-
charomyces cerevisiae) and Arabidopsis phyA expressed in
Pichia pastoris and in E. coli, which was reconstituted with
phycocyanobilin, PCB, or phytochromobilin, PΦB, in situ, is
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Figure 12: Relative content of the two phytochrome phenomeno-
logical types, Pr′ and Pr′′, in etiolated dicotyledonous and
monocotyledonous plants and their phyB-deficient mutants. Close
similarity in the content of Pr′ and Pr′′ between the wild-type plants
and the mutants strongly suggest that there exist two phyA species,
phyA′ and phyA′′, with the properties of Pr′ and Pr′′, respectively.
(From [27]).

represented only by the phyA′′ type [44, 45]. Secondly, the
site for the phyA′ and phyA′′ differentiation is restricted to
the small region near the N-terminus (N-terminal extension,
NTE) as suggested by experiments on truncated phyA
overexpressors: the 7–69 amino acid residues stretch was
found to be critical for the phyA′ formation whereas the 6–12
stretch, for phyA′′ [43, 46]. In other words, the Δ7–69 phyA
was represtented by phyA′′ whereas Δ6–12 phyA, by phyA′.

The presumed posttranslational modification of phyA
and its differentiation into phyA′ and phyA′′ may include
its phosphorylation. phyA is known to be a phosphoprotein
in the Pr form autophosphorylated at Ser8 and Ser18 in
the 65 amino acid N-terminal extension [47–51]. In our
experiments, dephosphorylation of native (oat) phyA in vitro
with the use of animal phosphatase caused lowering of
[phyA′] and concomitant rise of [phyA′′] with an approx.
2.5-fold decline of the phyA′/phyA′′ ratio suggesting that
phyA′ and phyA′′ are, respectively, phosphorylated and
dephosphorylated species [2]. Indirect support to this notion
is that around 95% phyA in etiolated oats is phosphorylated
[52] and that in our experiments phyA′ reached this
proportion [34]. It is of interest in this connection that
interaction of phyA with substrates of its kinase activity
affects relative phyA′/phyA′′ content. The lack of PKS1 and
PKS2 (Phytochrome Kinase Substrates [48, 53, 54]) in the
case of the double pks1pks2 mutant of Arabidopsis brought

about a shift of the ratio towards phyA′′ suggesting that
these proteins favor formation of phyA′ [55]. There was
no effect, however, in the case of the single pks1 and pks2
mutants, which indicates redundancy between PKS1 and
PKS2 in this regard. The equilibrium between phyA′ and
phyA′′ was also shown [26] to depend on the interaction of
phyA with the blue photoreceptor cryptochrome 1, cry1 [56],
whose activity is known to be enhanced by phytochrome-
induced phosphorylation [57]. In the Arabidopsis mutant
hy4 lacking cry1, we observed a shift of the phyA′/phyA′′

equilibrium towards phyA′, suggesting that phyA-cry1 inter-
action favors, in contrast to PKS1 and PKS2, formation of
phyA′′. Interpretation of these data is difficult at present.
However, it is clear that these proteins may have relation to
the phyA species formation and phosphorylation of phyA or
its partner proteins can be considered as a likely source of
structural distinctions between phyA′ and phyA′′.

Finally, the two phyA species may differ by its membrane
(protein) association in the cell. Amphiphilic phytochrome
sequences in the PHYA apoprotein makes it potentially
capable of interaction with other cellular macromolecules
[58], and biochemical experiments have detected a minor
membrane-associated fraction of phyA (see [59, 60] and
the literature cited therein). Physical interactions of phyA
with other partner proteins and complex formation are
also well documented [48, 49, 53, 61]. Our experiments
[62] revealed that soluble and membrane-associated phy-
tochrome fractions extracted from etiolated maize coleop-
tiles were enriched by phyA′ and phyA′′, respectively,
pointing to phyA′′ association with membrane (proteins) as
a possible nature of their differences. It should be also noted
that the content of phyA′′ decreased in the order maize, pea,
and oats as did the content of membrane-associated phyA
in these species providing additional support for the above
hypothesis. Interestingly, soluble phyA′ can be transformed
into presumably more hydrophobic phyA′′ upon extreme
dehydration of plant tissues suggesting a role of water in
stabilizing the phyA′ conformation [63].

7. Functional Distinctions between
PhyA′ and PhyA′′

Phenomenological differences between the phyA types
strongly imply their possible functional distinctions. Taking
into account that the key event in the mechanism of
phytochrome functioning is its light-induced transfer from
the cytoplasm to the nucleus [64] and probable association
of phyA′′ with membrane (protein) (see above), one may
expect diversity in their intracellular localization and in the
process of the nuclear-cytoplasmic partitioning. Earlier, it
was shown that phyA fused to green fluorescent protein
(chimerical phyA-GFP) translocates from cytoplasm to the
nucleus within several minutes after far-red illumination
forming there speckles of different types [65]. We have found
that Arabidopsis phyA-GFP expressed in phyA-deficient
Arabidopsis and rice phyA-GFP overexpressed in transgenic
tobacco are spectroscopically and photochemically close to
the native phyA and that they are represented by both
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phyA types—phyA′-GFP and phyA′′-GFP. This suggests that
interaction of phyA with GFP does not affect the properties
and relative content of the two phyA forms and that both
of them may be potential participants of the light-induced
nuclear translocation [66].

Further, mutant Arabidopsis phyA truncated at the amino
acid stretch 6–12 (Δ6–12 phyA-GFP) is almost entirely rep-
resented by phyA′ (by more than 80%) whereas full-length
(FL) phyA-GFP contained both phyA species in comparable
amounts (53% phyA′ and 47% phyA′′) characteristic of the
wild-type Arabidopsis [67]. This observation implies that the
differences in the nuclear translocation of FL phyA-GFP and
Δ6–12 phyA-GFP [68], namely, formation of both (i) nuclei
with many tiny spots and (ii) nuclei with few small spots in
the case of FL phyA-GFP and of only the first type of the
nuclei in the case of Δ6–12 phyA-GFP, may be connected
with the differences in the content of the phyA pools in
them. Thus, we may conclude that phyA′ participates in the
nuclear translocation and hypothesise that the two patterns
of speckle formation could be associated with phyA′ and
phyA′′, respectively.

Photophysiological differences between the two phyA
pools were revealed in experiments on correlation between
the phenotype of phyA over- and underexpressors and
alterations in the content of phyA pools in them. Trans-
genic potato overexpressing endogenous phyA had a more
pronounced FR-HIR, whereas underexpressors, a delayed
FR-HIR. At the same time, most dramatic variations were
observed in the concentration of phyA′, suggesting that the
changes in the phenotype are primarily connected with this
pool and to a lesser extent with the minor phyA′′ [42].
Also, transgenic wheat overexpressing oat phyA had an excess
of primarily phyA′ in the dark and under FR. Since this
transgenic wheat acquired high irradience responses under
FR (FR-HIR) for growth inhibition, leaf unrolling, and
antocyanin formation, which were not characteristic of the
wild-type plants, one may conclude that phyA′ is responsible
for FR-HIR [69].

Experiments with truncated phyA unable to form phyA′

or phyA′′ provided another opportunity to look into the
functional roles of the two phyA pools. Oat phyA lacking
the 6-kDa N-terminal domain overexpressed in transgenic
tobacco (NA line with Δ7–69 phyA) failed to form phyA′

(phyA′′ overexpressor), while the full-length oat (FL) phyA
species produced both phyA′ and phyA′′ (phyA′+phyA′′

overexpressor) [43]. Thus, distinctions of the NA phenotype
from that of wild type (WT) and FL could be associated
with phyA′′. As a measure of the phenotype alterations,
we followed changes in (1) the content of inactive and
active protochlorophyllide, Pchlide633 and Pchlide655, and
(2) in growth responses upon FRc- or Rc-illumination.
FRc brought about an increase of both Pchlides in all the
transgenic lines (Figure 13). However, in NA the effect was
considerably lower than in WT while it was the highest in
FL suggesting that phyA′′ was not active and interfered with
the endogenous phyA responses in seedlings grown under
FR [70]. The shape and length of the NA plants were the
same under FRc as in darkness in contrast to WT and FL.
However, under Rc (λ ≥ 660 nm), NA revealed a higher effect
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Figure 13: phyA′′ is inactive under far-red light and inhibits phyA′

action. This is revealed by induction of Pchlide655 biosynthesis
in hypocotyls of transgenic tobacco overexpressing full-length oat
phyA (FL, represented by both phyA species) and Δ7–69 deleted
phyA (NA, consisting of only phyA′′). The seedlings were grown in
darkness (left column) and in far-red (λa ≥ 720 nm, I = 0.1 W m−2)
light (right column). (From [70]).
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Rc had more profound effects on the phyA′′ tobacco overexpressor
(NA) than on WT, although not as high as on the overexpressor of
both phyA′ and phyA′′ (FL). Seedlings were grown under constant
red illumination (λa = 660 nm, I = 0.1 W m−2) at 293 K. (From
[71]).

of cotyledon unfolding than WT [71] (Figure 14). Thus,
phyA activity under FRc (λ ≥ 720 nm) could be associated
with phyA′ whereas phyA′′ is inactive and even suppresses
the action of endogenous phyA′. At the same time, it may
function under Rc. Interestingly, overexpressed phyB behaves
similarly to phyA′′ causing dominant negative interference
on phyA-mediated inhibition of hypocotyl growth under FRc
[72]. The effect of phyA′′ overexpression was observed even
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Figure 15: Content of the active protochlorophyllide (Pchlide655) in
coleoptiles of wild-type rice and its mutant hebiba deficient in the
hormone jasmonic acid grown in darkness and under pulsed (FRp)
and constant (FRc) far-red light of equal fluence. Note the opposite
effects of FRp and FRc in wild type and of FRc in wild type and
hebiba. (From [84]).

in the dark: the level of the active Pchlide655 and inactive
Pchlide633 in stems was much higher in the NA tobacco line
overexpressing phyA′′ than in WT (Figure 13). It should be
noted that phyB was also shown to have some activity in the
absence of red-light activation [73]. Finally, phyA′′ may also
play a role in the circadian clock regulation under red light.
This is suggested by the observations that the cry1mutation
in Arabidopsis causes a decline in the phyA′′ content and a
concomitant increase of that of phyA′ [26] (see above) and,
at the same time, impairment in phyA input to the circadian
clock under low fluence rate red light [74].

There are indications that phyA′ may be active in VLFR
as well. This is implied by the observations that Arabidopsis
Δ6–12 phyA is represented primarily by the phyA′ species
(see above) and that Arabidopsis expressing this truncated
phyA has either exaggerated [68] or normal [75] VLFR
and reduced HIR. On the other hand, point-mutated phyA-
302 with Glu777 changed to Lys [76] and phyA-303 with
R384K substitution [77] both defective in HIR but with
normal VLFR had the same or somewhat higher ratio of
the phyA′/phyA′′ pools than that in the wild type [78]. This
can be interpreted as that the impairment in HIR of the two
mutant phyA species is not connected with the disappearance
or decline of phyA′ and suggests, together with the other data
(see above), that phyA′ is likely to mediate both HIR and
VLFR.

Among the FR-HIR reactions of particular importance
is obviously regulation by phyA of protochlorphyllide oxido
reductase (POR) and active Pchlide655 accumulation which
was found to be negative [79–82]. However, we have shown
that it is not a universal phenomenon—the sign and mag-
nitude of the FRc effect on Pchlide655 accumulation depend
on plant species and, within the plant, on the organ or the
tissue used [22, 70]. In cotyledons of tomato and Arabidopsis,
and in rice coleoptiles, a decline of the Pchlide655 production
was observed in line with the data in the literature [81,

83]. Quite on the contrary, in cotyledons of tobacco and
leaves of pea, and also in upper stems of tobacco, pea,
tomato, and Arabidopsis, a positive effect of FRc on Pchlide655

content of different magnitude was detected. Interestingly,
the effects on protochlorophyllide biosynthesis (and also
growth responses) were more pronounced in phyB rice
mutant than in wild-type rice [22], supporting the notion
that phyB may interfere with the action of phyA′ (see above).
The phenomenon of the reversion of the sign of the FRc
effects on Pchlide655 was also detected on rice hebiba mutant
deficient in the hormone jasmonic acid [84]. In the wild
type, FRc was inhibiting whereas in the mutant it stimulated
the synthesis of Pchlide655 (Figure 15). The negative effect
is not connected with the availability of the chromophore,
because the free chromophore, Pchlide633, experienced an
increase under FRc. Also, feeding of etiolated seedlings
with the Pchlide precursor, δ-aminolevulinic acid, increased
the Pchlide633 content by 10–100-fold while the content of
Pchlide655 remained practically unchanged [85], suggesting
that the limiting factor for the Pchlide655 formation is the
apoprotein.

The fact that the sign and magnitude of the effect of FRc
on Pchlide655 accumulation change depending on the tissue
(or organ) used resembles the effect of the light regulation of
PHYA gene [86], which together with the POR gene belongs
to the small group of FRc-downregulated genes. The authors
have found three PHYA transcripts that were differentially
regulated by light depending on their localization in the
plant. They considered this complex expression pattern as
an indication that the PHYA gene is subject to regulation by
multiple signals, including environmental, developmental,
and organ-specific signals. In line with this, we may assume
the existence of similar properties of the POR gene.

In the context of the contrasting phyA′ and phyA′′

functional properties of particular interest is the fact that
their content in the plant is differentially regulated by
red and far-red light. Constant illumination by R (Rc)
of dark-grown seedlings (of pea) caused a gross decline
in the total phyA content and a shift in the equilibrium
towards the more light-stable phyA′′ due to a destruction
primarily of the light-labile phyA′ [39] whereas in the case
of the constant far-red illumination of growing seedlings
there was a considerable total phyA decline which was not
followed by a violation in the equilibrium of its pools [87]
(Figure 16). The nature of the effects of Rc and FRc on
phyA and its pools was investigated using the point-mutated
phyA-3D pea with the substitution A194V [87, 88]. This
mutation did not affect the spectroscopic and photochemical
properties of phyA and the relative and total content of
phyA′ and phyA′′ in the dark-grown seedlings. At the
same time, it brought about impaired photodestruction of
phyA under Rc and dramatically enhanced responses under
FRc (stem elongation, leaflet expansion, active and inac-
tive protochlorophyllide accumulation, and phyA decline
without violation of the phyA′/phyA′′ equilibrium). These
observations higher activity and stability of phyA in the
mutant and its more pronounced decline under FRc suggest
the autodownregulation of phyA biosynthesis under FRc
in contrast to its destruction under Rc. This notion is
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Figure 17: phyA decline without violation of the phyA′/phyA′′

equilibrium in epicotyls of the “de-etiolated” (lip) mutant of pea in
the dark. The lip mutant (light-independent photomorphogenesis,
lip) is deficient in negative regulators of photomorphogenesis
resulting in “photomorphogenic” pattern of development in dark-
ness. Note the absence of the effect of the lip mutation on phyA
content in roots. (From [89], modified).

supported by the same mode of phyA decline (without
the phyA′/phyA′′ ratio violation) observed even without
FRc illumination in the epicotyls of the “de-etiolated” lip
mutant of pea (Figure 17) [89]. phyA′ thus seems to be
dispensable under Rc and is active under FRc, while, on the
contrary, phyA′′ is active under Rc and dispensable under

FRc. phyA′ is a prevailing and labile species in the dark-
grown plants and is responsible for their de-etiolation while
the minor and relatively light-stable phyA′′ may function
under constant illumination throughout the whole plant life
cycle. Proceeding from this and taking into account our
observation (see above) that phyA′′ inhibits the action of
phyA′, we may hypothesize that the maintenance of the
balance between the two phyA pools under different light
conditions can be part of the mechanism of its fine-tuning.

8. Conformers Within the PhyA′ Type

So far, we were talking about the products of different
phytochrome genes with phyA and phyB as major ones and
of the two phyA pools—different phyA posttranslationally
modified states, phyA′ and phyA′′. We may thus consider
two levels of organization of the phytochrome system.
There seems to be, however, the third one—conformers
within one molecular species of phytochrome. Within the
phyA′ type photochemically active at low temperatures,
we have detected populations differing by the kinetic and
activation parameters of the initial Pr→ lumi-R and reverse
lumi-R→Pr photoreactions [89, 90]. This was shown by
the complex fluence-response curves for the phototransfor-
mations, which were deconvoluted into three components,
whose proportion changed depending on the temperature of
the sample (Figure 18). This suggests that the phyA′ subpools
have different activation barriers Ea in the excited state for
the photoreactions (see scheme in Figure 6) and their con-
centrations at different temperatures depend on activation
barriers in the ground state for conversion between them
[2, 90]. Functional implications of their existence remain
unclear. However, it may explain literature data on complex
kinetics of the Pr↔Pfr cycle of phototransformation with
parallel routes (see discussion in [2]) and their investigations
can help to deeper understand the intimate mechanisms of
the phytochrome phototransformations.

9. Conclusion

Low-temperature fluorescence spectroscopy and photo-
chemistry proved to be an efficient means of phytochrome
assay in vivo. The photoreceptor was characterized by a
number of physicochemical parameters which were variable
depending on plant species and tissues, its developmental
state, and physiological conditions. This strongly implied
its heterogeneity which was found with the use of phy-
tochrome mutants and overexpressors to be connected with
phytochromes A and B, and, most importantly in the
context of this discussion, with different native populations
within phytochrome A—major and light-labile phyA′ and
minor and relatively light-stable phyA′′. phyB was shown
to be close by its photochemical and phenomenological
properties to phyA′′. Both phyA species were products
of one and the same gene differing by the character of
plant-specific posttranslational modification. The site of
the modification, possibly phosphorylation, is at the 6-
kDa N-terminal segment of the molecule as shown by
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Figure 18: Low-temperature (85 K) fluence-response curves for changes in phytochrome Pr concentration during its phototransformation
into lumi-R (a) and back (b) at 85 K in etiolated (a) and preilluminated with saturating red light at 85 K (b) pea stems upon illumination with
red and far-red light, respectively. The curves are obtained from the changes in Pr fluorescence (λe = 610 nm, λm = 686 nm) as f1(t) = Ft-F1

in (a) and as f2(t) = F2-Ft in (b). (F1 and F2 are the Pr fluorescence intensity at photoequilibrium between Pr and lumi-R under saturating
red (λr = 667 nm) and far-red (λ f r = 696 nm) light, respectively; Ft is the fluorescence intensity of Pr at various times of illumination
with red (λr = 667 nm) or far-red (λ f r = 696 nm) light. Parts (c) and (d) present deconvolution of the experimental curves in (a) and (b),
respectively, in semilogarithmic coordinates. (From [89]).

experiments with truncated pigment species. Composite
kinetics of the phyA′ photoreaction at low temperatures
revealed yet another level of phyA complexity—existence
of different conformers within the phyA′ molecular type.
Correlative experiments on phyA′ and phyA′′ content in
phyA overexpressors and modifications of their phenotype
suggest that phyA′ is functional in de-etiolation under FR
(FR-HIR and VLFR modes) whereas phyA′′ is involved in
reactions under R (LFR mode). Besides phyA′′ suppresses
phyA′ and regulation of the ratio between them can be an
important element of the mechanism of phyA action. Thus,
polymorphism of phyA may explain, at least partially, the
complexity and specificity of its photophysiology.
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