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Abstract
Phytochromes are photoreceptor proteins with a bilin chromophore that undergo photoconversion between two spectrally 
different forms, Pr and Pfr. In plants, phytochromes play a central role in growth and differentiation during the entire life 
cycle. Phytochromes of plants and other groups of archaeplastida have a common evolutionary origin in prokaryotes, but the 
exact prokaryotic origin is as yet uncertain. Two possibilities are presently discussed: either, archaeplastidal phytochromes 
arose from the last eukaryotic common ancestor (LECA) or they arose from the cyanobacterial endosymbiont that gave rise to 
plastids. We first constructed standard phylogenetic trees based on N-terminal protein sequences of the chromophore module. 
As usual, variation of algorithms and parameters led to different trees. A relationship between cyanobacteria and archae-
plastida was observed in 7 out of 36 trees. The lack of consistency between results obtained from variation of parameters of 
tree constructions reflects the uncertainty of archaeplastidal origin. To gain more information about a possible cyanobacterial 
and archaeplastidal relationship, we performed phylogenetic studies based on the amino acids that line the chromophore 
pockets. These amino acids are highly conserved and could provide more accurate information about long evolutionary time 
scales, but the reduction of traits could also lead to insignificant results. From 30 selected chromophore-binding amino acids, 
6 were invariant. The subsequent studies were thus based on the information dependent on 24 or fewer amino acid positions. 
Again, multiple trees were constructed to get information about the robustness of relationships. The very low number of 
information-containing traits resulted in low bootstrap values and many indistinguishable leaves. However, the major groups 
fungi, bacteria, cyanobacteria, and plants remained united. Without exception, cyanobacteria and archaeplastida were always 
closely linked. In this respect, the results were more robust than those of the classic approach, based on long contiguous 
sequences. We therefore consider cyanobacteria as the most likely origin of archaeplastidal phytochromes.

Keywords  Evolution · Cyanobacteria · Archaeplastida · Plants · Stramenopiles · Fungi · Bacteria · Phytochromes · 
Cyanobacteriochromes

1  Introduction

Phytochromes are photoreceptors with a bilin chromophore, 
in which activation is initiated by a light-induced isomeriza-
tion of the chromophore and the light-triggered switching 

between the red and far-red absorbing forms, Pr and Pfr, 
respectively. In plants, phytochromes control adaptation to 
specific light conditions through the entire life cycle. Cen-
tral steps in development such as seed germination, flower 
induction, or shade avoidance are under phytochrome con-
trol. Plant phytochromes are therefore of major agricultural 
importance. Phytochromes are also present in green algae, 
prasinophytes, glaucophytes, and cryptophytes. These 
groups together belong to the supergroup archaeplastida 
[1–3], which unites organisms that originate from primary 
endosymbiosis. Other eukaryotes that contain phytochromes 
are slime molds [4], fungi [5], brown algae, and diatoms 
[6]. The latter two belong to the supergroup stramenopiles. 
Finally, many bacteria, including cyanobacteria, contain 
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phytochromes [7]. The functions of non-plant phytochromes 
are less well established than those of plant phytochromes, 
although the knowledge of biochemical and structural 

properties of bacterial phytochromes is further advanced 
[7, 8].
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Typical phytochromes have three conserved domains in 
the N-terminal region that are involved in chromophore-
binding and photoconversion, termed PAS, GAF, and PHY 
domains. All domains together are often denominated pho-
tosensory core module (PCM) [9]. The C-terminal part of 
bacterial, fungal, and stramenopile phytochromes is most 
often a histidine-kinase, whereas plant phytochromes have a 
histidine-kinase like region and two PAS domain insertions 
between this region and the PCM (Fig. 1A).

One of three different chromophores (Fig. 1B) is incor-
porated into the chromophore pocket of phytochromes [10]. 
This chromophore pocket is formed by the GAF domain of 
the protein [8, 11, 12], but the covalent attachment site can 
be outside the GAF domain. In non-cyanobacterial bacteria, 
a biliverdin chromophore is covalently attached to a Cys just 
N-terminal of the PAS domain [13]. Fungal and strameno-
pile phytochromes have the same N-terminal attachment site 
and probably incorporate biliverdin, as well [14]. In plants, 
a phytochromobilin chromophore is covalently attached to 
a conserved Cys in the GAF domain. Cyanobacterial phy-
tochromes can either have the N-terminal Cys and a bili-
verdin chromophore or the Cys in the GAF domain and a 
phycocyanobilin chromophore [15]. In all cases reported so 
far, the Cys residues are exclusive: either the protein has 
the N-terminal Cys, which reacts with the ring A vinyl side 
chain of biliverdin, or there is the Cys in the GAF domain 
which reacts with the ethylidene side chain of phycocyano-
bilin or phytochromobilin [16]. In the present study, we also 
found sequences of cyanobacterial phytochromes with both 
Cys residues.

Here, we address the prokaryotic origin of archaeplastidal 
phytochromes. This question is still under debate. Due to 
the relevance of plant phytochromes for agriculture, it is 
important to clarify the evolutionary history of archae-
plastidal phytochromes. Fungal, stramenopile, and slime 

mold phytochromes have most likely been inherited from 
the last eukaryotic common ancestor (LECA) [1, 17], an 
organism with archaeal and bacterial genes. According to 
present knowledge, archaeplastidal phytochromes can either 
be descendants of the cyanobacterium that gave rise to plas-
tids, or can as well be traced back to the LECA.

In typical phylogenetic trees based on phytochrome 
sequences, each of the major eukaryotic groups forms a 
branch that is separated from other branches, in line with 
the monophyly of these species. Fungal and stramenopile 
phytochromes are often found in branches that divide from 
a common branch in such trees [3, 6], in line with their pro-
posed common LECA origin. The archaeplastidal branch is 
placed next to branches of bacterial phytochromes, usually at 
different positions than the fungal or stramenopile branches. 
Therefore, these phylogenetic trees do not provide a clear 
answer to the origin of archaeplastidal phytochromes. We 
have performed phylogeny studies in which a set of phy-
tochrome sequences was analyzed with various alignment 
programs, different phylogeny algorithms, and different 
parameters [18, 19]. These studies reflected the situations 
found in other published trees with respect to different inser-
tion positions of the archaeplastidal branch, but in few trees, 
this branch was positioned next to the cyanobacterial branch 
[18, 19]. A comparable situation (one tree with the plant 
branch next to cyanobacteria and one with plants distant 
from cyanobacteria) was also described by Duanmu et al. 
[3].

Some cyanobacterial and almost all archaeplastidal phy-
tochromes have common features by which they are distin-
guished from other lineages, namely the same chromophore 
attachment site in the GAF domain and a chromophore with 
an ethylidene side chain at ring A (Fig. 1). This is another 
argument for cyanobacterial ancestry of plant phytochromes, 
although the chromophore-binding cysteine can easily be 
switched by two amino acid replacements and could have 
evolved in both lineages independently in a convergent evo-
lution. Here, we have tried to further clarify the evolutionary 
origin of plant phytochrome by generating phylogenetic trees 
based on the conserved amino acids of the chromophore 
pocket. The degree of conservation could allow evolutionary 
studies over long time ranges, but the low number of traits 
could cause low resolution and low stringency. With respect 
to the origin of archaeplastidal phytochromes, however, this 
approach gave clear results.

2 � Methods

Phytochrome sequences of cyanobacteria, other bacteria, 
fungi, archaeplastida (mostly plants), and stramenopiles 
were isolated from the NCBI database by BLAST and stored 
in FASTA format. In this way, 368 sequences were collected. 

Fig. 1   A Domain pattern of phytochromes. The present analysis 
was performed on the PCM region, which is common to all phy-
tochromes. The covalent chromophore attachment site which is either 
in the GAF domain or close to the N-terminus is indicated by a red 
line. B Chemical structure of biliverdin, the chromophore of some 
cyanobacterial, non-cyanobacterial bacterial, fungal and stramenopile 
phytochromes, of phycocyanobilin, the chromophore of some cyano-
bacterial phytochromes, and of phytochromobilin, the chromophore 
of plant phytochromes. C biliverdin chromophore and chromophore-
binding amino acid residues (within 4.5 Ǻ distance) of the bacterial 
phytochrome Agp1 crystal structure, drawn in ball and stick mode. 
Biliverdin carbon atoms are in green color, amino acids that were 
invariant in the present study are in blue, and the other amino acids 
in magenta color. PDB Code 5HSQ. The left and right panels repre-
sent different views, obtained by a rotation of 90 °C about the hori-
zontal axis. D Degree of conservation of chromophore-binding amino 
acids presented by a Web Logo [40]. The positions in the structure of 
Agrobacterium phytochrome Agp1 are given below. Amino acids that 
interact with ring A or D are presented in green or orange, respec-
tively

◂
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In some cases, the number of sequences was reduced to 356 
by taking out 12 sequences that were often not placed in the 
appropriate group.

For subsequent alignments and phylogenetic tree con-
structions, the header of each FASTA sequence was replaced 
by a string of 6 letters, 5 lower-case letters derived from the 
species name, and one capital letter for the major group (B 
for non-cyanobacterial bacteria, C for cyanobacteria, P for 
archaeplastida, F for fungi, and S for stramenopiles). This 
code, the name of the strain, and a Gene-bank identifier by 
which the sequence can be found in the database are given in 
Supplementary Table S1. Alignments were either performed 
with Clustal Ω [20] or Muscle [21] using standard param-
eters. In some cases, gaps were removed using the trimal 
[22] command “trimal -i input.fasta -o output.fasta -gt 0.4 
-st 0.001 -cons 50", in one case the parameters were “-gt 0.8 
-st 0.001 -cons 60”.

In each sequence, the chromophore attaching Cys either 
N-terminal of the PAS domain or in the GAF domain was 
identified depending on whether it aligned with the respec-
tive Cys in Agp1 from Agrobacterium [13] or in cyanobacte-
rial Cph1 [23], respectively. (Either Cys is easily recognized 
in the alignment.) For tree construction, the Maximum Like-
lihood, Neighbor Joining, Minimum Evolution, Parsimony 
or UPGMA programs of the software package Mega X [24] 
were used and different replacement matrices were used as 
indicated in Table 1. In two cases (trees 19 and 70), the opti-
mum parameters for tree construction were obtained by the 
MEGA-X “find best model” command. Otherwise, default 
parameters and frequencies were used. The aim was to gen-
erate a selection of different trees to get an impression about 
robustness of results.

For the chromophore pocket, the amino acids of Agro-
bacterium fabrum phytochrome [11] that have at least one 
atom within 4 Å (22 amino acids) or 4.5 Å (30 amino acids) 
distance of the chromophore biliverdin were identified (see 
also Fig. 1C). These and the homologous amino acids in 
the columns of a Clustal Ω alignment were kept for further 
studies. All remaining amino acids were cut out. The choice 
of phylogeny programs and replacement matrices were 
similar as in the previous alignments. Each run included 
100 bootstrapping cycles [25]; the relative bootstrap values 
(0–1) are represented by numbers with 1–4 significant digits, 
depending on the way of presentation. Trees 67–69 were 
constructed without bootstrapping.

All tree graphics were made with ITOL [26]. The graph-
ics in Figs. 2, 3, 4, 5 were edited with CorelDRAW. In those 
cases, abbreviated species names were used, as listed in 
Table S1. The color codes red, green, magenta, and orange 
are used for bacteria, archaeplastida, fungi, and strameno-
piles, respectively. Cyanobacterial phytochromes with the 
N-terminal chromophore-binding site are shown in dark 
blue, those with the binding site in the GAF domain in cyan, 

and those with both binding sites in turquoise. In the supple-
mentary Figure S1, all trees are presented in black and white 
mode. In these cases, full species names and the accession 
codes of the proteins are given, in addition to the choice of 
alignment, and tree construction parameters of all trees are 
listed in Table 1.

3 � Results and discussion

So far, phylogenetic trees presented in the literature have 
left the relationship between archaeplastidal and bacterial 
phytochromes an open issue. We performed a study in which 
we constructed several trees with different programs and 
parameters to get a selection of trees that can be compared 
in terms of the origin of archaeplastidal phytochromes. Such 
an approach employing multiple trees has been performed 
before by our group [18], and is repeated here as a control 
for the trees based on amino acid residues of the chromo-
phore pockets (see below).

In this study, we have first selected phytochrome 
sequences from 368 species including 107 cyanobacterial 
sequences, 29 sequences from archaeplastida, 15 from fungi, 
and 4 from stramenopiles (Table S1) for tree construction. 
We focused our initial studies on the phytochrome chromo-
phore module (PCM, Fig. 1A), which unifies the domains 
required for chromophore incorporation and photoconver-
sion. We constructed 36 trees (Supplementary Fig. S1, tree 
1–36) using different alignment programs, different phylog-
eny algorithms, and different replacement matrices with 368 
or 356 sequences as listed in Table 1, which summarizes 
the results from all trees. For trees 19 and 70, we used an 
optimized replacement matrix as obtained with the “find best 
model” function of MEGA-X. Four characteristic trees are 
presented with abbreviated species labels in Figs. 2, 3, 4, 5.

In Table 1, the close relationship between archaeplastidal 
and cyanobacterial groups on the one hand and of fungal 
and stramenopile groups on the other hand are given in 
the 9th and 11th columns, respectively. In all PCM trees, 
fungi, archaeplastida, stramenopiles, and cyanobacteria 
formed their own branches and appeared separate from all 
other groups. In 21 out of 36 trees, fungi and stramenopiles 
appeared as branch partners, as in other studies [3, 6]. This 
suggested that phytochromes of both groups were inherited 
from the LECA [27].

The archaeplastida and cyanobacterial branches appeared 
in 7 trees as split branches. Note that the bootstrap val-
ues around these splits were usually between 0.5 and 1 
(Table 1 column10 and Fig. 4), i.e., in more than half of 
the bootstrap datasets, the same split was obtained under 
the selected phylogeny parameters. This is a strong argu-
ment for the cyanobacterial/archaeplastidal relationship, but 
in the other 29 trees, no evidence for such a relationship 
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was found. A split branch between archaeplastida and both 
other eukaryotic groups was found in one tree (Supplemen-
tary Fig. S1, tree 30). Cyanobacterial phytochromes with a 
chromophore-binding Cys N-terminal of the PAS domain 
or in the GAF domain were described in the literature [15, 
16, 28] (see also Fig. 1). About half of the selected cyano-
bacterial sequences had a chromophore-binding Cys in the 
N-terminus; another half had a chromophore-binding Cys 
in the GAF domain (see also Supplementary Table S1). In 
addition, three phytochromes of different strains of Nostoc 
sp. Peltigeria membranacea had Cys residues at both posi-
tions. The two major groups of cyanobacterial phytochromes 
with respect to the position of the covalent chromophore-
binding site were more or less separated in all PCM trees, 
but there were always insertions of members of one group 
in the other group (Figs. 2 and 3 and Supplementary Fig. 
S1, tree 1).

The uncertainties that arise regarding the origin of 
archaeplastidal phytochromes are explained by weak simi-
larities of amino acids in the alignments. Compared to, e.g., 
rRNA sequences, phytochrome sequences are highly vari-
able. We therefore concentrated our subsequent studies on 
conserved amino acids of the proteins. The highest degree 
of conservation is found in the chromophore pockets of the 
PCM of phytochromes. In contrast to the general role of 
amino acids in stabilizing the secondary and tertiary struc-
ture of the protein, the amino acids of the chromophore 
pocket have additional functions, e.g., to determine the bind-
ing affinity between the chromophore and the polypeptide 
by specific interactions with the chromophore. For these 
reasons—higher similarities and additional functions—the 
selection of these amino acids could have a positive impact 
on the quality of the phylogenetic trees. We chose the amino 
acids of the chromophore pocket of the crystal structure of 
Agrobacterium fabrum Agp1, but kept the previous align-
ment for identification of homologous amino acids in other 
phytochromes. We found this to be a straightforward way 
to check out what result the selection could have. In the 
sequence of Agp1, we selected those 22 or 30 amino acid 
residues that are within 4.0 Å or 4.5 Å distance from the 
biliverdin chromophore [11], respectively. A Web Logo plot 
of the alignment based on the 30 amino acids that are within 
4.5 Å distance from the chromophore is shown in Fig. 1D. 
The trees were constructed in a similar way as the PCM 
trees, see Table 1, Fig. 4 and Supplementary Fig. S1, trees 
37–60.

Whereas the selection of highly conserved amino acids should 
have a positive effect on the quality of phylogenetic studies, we 
also considered that the reduction to few amino acids could affect 
the quality of a phylogenetic tree in a negative way, even more 
since six amino acids are indifferent and yield no information 
on the phylogeny. The amino acid selection resulted in groups 
of identical sequences and thus in a reduction the number of Th
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distinguishable leaves. (identical sequences were not eliminated; 
these appear with a branch length of 0 and no bootstrap values in 
the trees). In the chromophore-pocket trees, insertions of outliers 
from other groups were more often found than in the PCM trees. 

Bootstrap values were lower, often in the range of 0.1. The reduc-
tion of information in the chromophore pocket trees leads indeed 
to lower possibilities of differentiation.

Fig. 2   Unrooted maximum-
likelihood tree of phytochrome 
PCM sequences, LG matrix. 
(Tree 1 of supplementary 
Fig. S1). Example for a tree 
with distant cyanobacterial 
and archaeplastidal branches. 
“Bacteria” (red) stands for 
bacteria outside cyanobacteria. 
Cyanobacterial phytochromes 
have two different chromophore 
binding Cys residues, those 
cyanobacterial sequences that 
contain the N-terminal Cys are 
presented in cyan, those with 
a Cys in the GAF domain in 
dark blue, and those with both 
Cys in turquoise. Sequences 
from Archaeplastida are drawn 
in green, those from fungi in 
orange, and those from stra-
menopiles in cyan. Bootstrap 
values are printed with one 
significant digit, and species 
names are printed with 5 letters 
(see Table S1 for full names)
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With regard to the central question of this study, the bac-
terial origin of archaeplastidal phytochromes, the chromo-
phore pocket trees yield, however, a clearer picture than the 

PCM trees, if the variations among different algorithms and 
parameters are considered. In the different chromophore 
pocket trees, members of cyanobacteria, archaeplastida, or 

Fig. 3   Unrooted neighbor-
joining tree of phytochrome 
PCM sequences, JTT matrix. 
(Tree 3 of supplementary Fig. 
S1). Example for a tree with 
split cyanobacterial and plant 
branches. Definition of “Bacte-
ria”, color coding, representa-
tion of bootstrap values, and 
abbreviation of species names 
the same as in Fig. 2
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Fig. 4   Unrooted neighbor join-
ing tree based on amino acids of 
the phytochrome chromophore 
pockets, JTT matrix. (Tree 56 of 
supplementary Fig. S1). Defini-
tion of “Bacteria”, color coding, 
representation of bootstrap val-
ues, and abbreviation of species 
names the same as in Fig. 2
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Fig. 5   Unrooted maximum-
likelihood tree based on amino 
acids of the phytochrome 
chromophore pockets, LG 
matrix. Two amino acids at the 
position of the two possible 
covalent chromophore-binding 
sites were removed from the 
alignment (Tree 60 of supple-
mentary Fig. S1). Definition 
of “Bacteria”, color coding, 
representation of bootstrap val-
ues, and abbreviation of species 
names the same as in Fig. 2
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fungi most often formed one branch each, in few cases two 
branches. The archaeplastidal branch was either inserted 
in the cyanobacterial branch or appeared as a neighbor-
ing branch of one cyanobacterial branch. Such results were 
obtained for all variants that were constructed with differ-
ent parameters. In this respect, the results are more robust 
and clearer than the above results based on PCM sequences. 
In other words: archaeplastidal phytochrome chromophore 
pockets reveal a smaller distance to cyanobacterial chromo-
phore pockets than to any other group, no matter which algo-
rithm is used to calculate this distance.

The arrangements of chromophore-binding subtypes 
of cyanobacterial phytochromes were also principally dif-
ferent between chromophore pocket trees and PCM trees. 
Sequences with a chromophore-binding Cys close to the 
N-terminus were united in the chromophore-pocket trees, 
whereas sequences with different binding sites were more 
mixed in the PCM trees (Figs.  2, 3, 4, 5, Table 1 and Sup-
plementary Fig. S1). Branches of archaeplastidal phy-
tochromes were always next to branches of cyanobacterial 
phytochromes with a chromophore-binding site in the GAF 
domain.

The proposed common origin of stramenopile and fungal 
phytochromes was not reflected by the chromophore pocket 
trees (Table 1 and Supplementary Fig. S1, trees 37–66). The 
diversification of these groups could have occurred earlier 
than that between cyanobacteria and archaeplastida.

Results based on a low number of traits could be biased. 
Here, the chromophore chemistry could impose a certain 
bias. The plant chromophore phytochromobilin and the 
cyanobacterial chromophore phycocyanobilin are identical 
with the exception of one of the ring D side chains, which 
are vinyl and ethyl, respectively (Fig. 1B). It should also be 
considered that there are archaeplastidal phytochromes with 
a phycocyanobilin chromophore [29]. Phycocyanobilin dif-
fers from biliverdin in the ring A and D side chains, whereas 
phytochromobilin differs from biliverdin only in ring A.

Using our sequence alignments of 30 chromophore-
binding amino acids, we tested what would happen to 
phylogenetic trees if the number of amino acids would be 
further reduced. For the trees 60–66, the alignments were 
reduced by removing the two positions of the chromo-
phore-binding cysteins (20 and 249 in Fig. 1D). For trees 
67–69, the alignments were reduced by removing those 
amino acids that are close to ring A (orange amino acids 
in Fig. 1D) (tree 67) or close to ring D (green amino acids 
in Fig. 1D) (tree 68) or both (tree 69). Although only 
few trees were constructed with further reduced numbers 
of amino acids, the outcome was clear: archaeplastidal 
phytochromes were always next to cyanobacterial phy-
tochromes. Tree 69 was more disordered than the other 
trees, as sequences of phytochromes that were clearly 
unrelated to each other were often mixed. This showed that 

the continued reduction of traits came to a limit. Nonethe-
less, these results indicate that those chromophore pocket 
trees that support a relationship between cyanobacterial 
and archaeplastidal phytochromes are not biased by the 
chemical nature of the chromophore.

This present study based on the chromophore pocket of 
phytochromes shows that a selection of conserved amino 
acids can lead to additional helpful phylogenetic informa-
tion. It became clear that the distance between chromophore 
pockets of archaeplastidal and cyanobacterial phytochromes 
is closer than the distance of archaeplastidal phytochromes 
to any other major group. This feature was robust against 
the variation of phylogeny programs and parameters. This 
supports the theory that archaeplastidal phytochromes 
were inherited from cyanobacteria via the endosymbiosis 
pathway.

In plants, phytochromes control many effects that are 
of agricultural interest. Because of this importance, phy-
tochromes were discovered in plants much earlier [30, 31] 
than in cyanobacteria [28, 32, 33], other bacteria [34] or 
fungi [14]. A cyanobacterial origin of archaeplastidal phy-
tochromes as proposed here would suggest common fea-
tures of archaeplastidal and cyanobacterial phytochromes. 
One example is the common site of covalent chromophore 
attachment and the similar chromophore, but with respect 
to function, there are basic differences between both groups. 
Whereas plant phytochrome effects are conspicuous, cyano-
bacterial phytochromes control inconspicuous effects. So far, 
no clear phytochrome response has been observed in cyano-
bacteria [28, 35, 36]. The so-called cyanobacteriochromes, 
in contrast, control many conspicuous effects in cyanobac-
teria such as chromatic adaptation [32] or phototaxis [37]. 
Cyanoabacteriochromes are photoreceptors that evolved in 
cyanobacteria [36] and have one or several bilin-binding 
GAF domains which are combined with few other domains 
of various kind. Their GAF domains probably evolved from 
the GAF domain of phytochromes. This evolution must have 
started after the covalent chromophore attachment site in 
phytochromes has switched to the GAF domain. With this 
change, the covalent-binding site N-terminal of the PAS 
domain and the domain itself became dispensable. Typi-
cally, a cyanobacterium contains more than 10 cyanobac-
teriochromes and 1 or 2 phytochromes [38]. None of the 
cyanobacteriochromes are present in the plant lineage after 
plastidal endosymbiosis, whereas phytochrome evolved to 
the most important photoreceptor of plants. One possible 
explanation for this could be that cyanobacteriochromes 
were lost in favor of phytochromes, because there was 
a demand for regulation in the long-wavelength range in 
the host. Another possibility could be that cyanobacteri-
ochromes were not yet present in the cyanobacterial endos-
ymbiont. According to the latter hypothesis, the evolution of 
cyanobacteriochromes and endosymbiosis started soon after 
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the transition of the covalent chromophore-binding site into 
the GAF domain.

In summary, we have shown that the chromophore pocket 
of archaeplastidal phytochromes is most similar to that of 
cyanobacteria, providing strong evidence for a cyanobacte-
rial origin of archaeplastidal phytochromes via endosym-
biosis. It is therefore expected that plant phytochromes have 
functionally more in common with cyanobacterial than with 
bacterial or fungal phytochromes. One common feature of 
bacterial and fungal phytochromes is that they act in dark-
ness [7]. Plant phytochromes are inactive in darkness [39]. It 
will be interesting to see the activity pattern of cyanobacte-
rial phytochromes in darkness. For a thorough comparison 
of cyanobacterial and archaeplastidal phytochromes, bio-
logical functions of cyanobacterial phytochromes must be 
uncovered and analyzed.
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