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Abstract 

We have isolated and sequenced overlapping genomic and cDNA clones encoding the apoprotein of a 
potato phytochrome. Based on the deduced amino acid sequence, which shows 77% identity to the 
ArabidopsisphyB and 50% identity to the potato phyA open reading frame, we suggest that these clones 
encode phyB phytochrome. However, the size of the deduced open reading frame of 1133 amino acids 
is smaller than the size of the other two phyB open reading frames characterized so far in higher plants, 
which contain 1171 or 1187 amino acids. The intron/exon structure within the coding region is conserved 
in phyA and phyB genes of various species. Southern blot analysis indicates that potato phyB is a 
single-copy gene. PhyB mRNA levels do not differ among different organs or different light regimes. 
Transcription initiation starts from two different start points which are 63 bp apart. 

Introduction 

Phytochrome is the best characterized of the reg- 
ulatory photoreceptors that control plant devel- 
opment in response to light [24, 26, 40]. The 
molecule is a chromoprotein, consisting of two 
subunits with a molecular mass of 120-127 kDa 
depending on the plant species [46]. Each sub- 
unit contains a linear tetrapyrrole chromophore 
covalently attached to a cysteine residue [25 ]. In 
dark-grown plants phytochrome is synthesized as 
the physiologically inactive Pr form, which is con- 
verted upon illumination with red light ('~max:660-- 
670 nm) to the active Pfr form. The Pfr form can 
be transformed back to the Pr form by far-red 

light (2max: 730 rim). Though a considerable 
amount of data is available on the phytochrome 
protein, very little is known on how it enables 
plants to adapt such diverse processes as the de- 
termination of hypocotyl, petiole and internode 
length, the formation of leaf primordia, the devel- 
opment of plastids and the induction of flowering 
to given light conditions [34]. 

Immunological [39,45], spectroscopic [45], 
genetic [23] as well as molecular studies have 
established that plants contain more than one 
type of phytochrome. At least three different phy- 
tochrome polypeptides are encoded by a group of 
divergent phy genes [38]. The most abundant 
species of phytochrome in plants is the molecule 
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found in etiolated tissues, often referred to as 
type 1 or type A phytochrome, which is encoded 
by phyA. In retrospect it is now clear that the vast 
majority of molecular and biochemical phyto- 
chrome research conducted both in vivo and in 
vitro has involved characterization of phyto- 
chrome A [32]. A characteristic feature of type 1 
phytochrome is that it is rapidly degraded in the 
light. In contrast, relatively little is known about 
the molecular properties of the other phytochrome 
types. Extracts of fully green oat tissue contain a 
different type of phytochrome (type 2 phyto- 
chrome) that has different spectral properties and 
is more stable in vivo in the presence of light than 
the etiolated-tissue form [39, 45]. 

The possibility that the different types of phy- 
tochrome possess unique roles in plant develop- 
ment is only beginning to be explored [ 1, 42, 47]. 
One promising approach involves the generation 
and analysis of mutants with altered photomor- 
phogenic properties [23]. By taking advantage of 
Arabidopsis genetics [29], two independent labo- 
ratories were able to show that it is possible to 
obtain mutants that are deficient for a specific 
molecular species of phytochrome. The hy3 mu- 
tant of Arabidopsis for instance, shows reduced 
levels of phyB product, whereas phyA protein 
levels appear to be normal [31, 41]. 

A useful addition to classical genetics involves 
the transfer of defined phytochrome genes into 
the genome of homologous or heterologous 
plants. Thus the amount of one specific type of 
phytochrome can be either enhanced by express- 
ing the gene under the control of a strong pro- 
moter [6, 7, 20, 22], or conversely inhibited by 
expressing specific 'anti-sense' RNAs. We are 
using this strategy for the analysis of the phyto- 
chrome system of potato. The complexity of the 
genome of this important crop plant renders clas- 
sical genetics rather complicated, but the avail- 
ability of well established transformation and re- 
generation protocols [ 12] makes 'reverse genetics' 
feasible. The onset of tuberization [4] as well as 
the growth and the size distribution of tubers de- 
pend on the prevailing light conditions [43, 44]. 
Like the majority of plants grown as crops, potato 
falls into the shade-avoiding category. Shade, 

which can be perceived by phytochrome, results 
in increased shoot/root ratios and soluble sugar/ 
starch ratios, thus leading to a decrease in dep- 
osition of photoassimilates into storage organs 
[21 ]. We are interested in defining the role of the 
different phytochromes in these processes. This 
might enable us to influence carbon partitioning 
and thus potato yield by manipulating one of the 
key regulatory photoreceptors. 

As a first step, we have isolated different phy- 
tochrome genes from potato. Recently we have 
reported the isolation and characterization of a 
complete cDNA encoding type A phytochrome 
[17]. This cDNA has been used to isolate a re- 
lated phytochrome gene, which shows a different 
expression pattern and exhibits similarities to the 
rice [9] and ArabidopsisphyB gene [38]. 

Materials and methods 

Plant material 

Commercial potato (Solanum tuberosum L.) cv. 
D6sir6e was obtained through Vereinigte Saat- 
zuchten (3112 Ebsdorf, FRG). Potato line AM 
80/5793 is a homozygous diploid derivative of the 
tetraploid S. tuberosum cv. D6sir6e and was 
kindly provided by the Max Planck Institut ftir 
Zt~chtungsforschung, KNn, FRG. Seeds were 
germinated for 10 days in complete darkness or 
for 10 days in cycles of 16 h light and 8 h dark on 
MS medium without sucrose. Tubers were al- 
lowed to sprout for 10 days either in the dark or 
under greenhouse conditions. Leaves were har- 
vested from plants grown in the greenhouse. For 
re-etiolation experiments plants were kept in 
complete darkness for 4 days. Plant material that 
had been kept in the dark was harvested under 
dim green safelight [3]. Tissue for RNA isolation 
was frozen in liquid nitrogen and stored at 
-80 ° C. 

Recombinant DNA techniques 

Standard procedures were used for recombinant 
DNA work [28]. 



Isolation of phyB cDNA and genomic clones 

An EMBL3 genomic library from potato AM80/ 
5793 was provided by Dr Xian Liu and Dr L. 
Willmitzer (IGF, Berlin, FRG). This library was 
screened with a radioactively labelled DNA frag- 
ment (Multiprime labelling system, Amersham 
Buchler, Braunschweig, FRG) spanning the re- 
gion encoding amino acid (aa) 332 to aa 695 of 
the potato phyA gene [17]. Hybridization was 
carried out at 42 °C in hybridization buffer con- 
taining 307o formamide [37]. Washing was per- 
formed twice for 15 rain in 4 x SSC at 37 °C. A 
2 ZAPII cDNA library from S. tuberosum cv. D6- 
sir4e leaves was provided by Dr J. Kossmann and 
Dr L. Willmitzer (IGF). The library was screened 
with a radioactively labelled DNA fragment of 
the phyB genomic clone, which encodes aa 286 to 
684. Hybridization was carried out at 42 °C in 
hybridization buffer containing 507o formamide. 
Washing was performed three times for 20 rain in 
2 x SSC, 0.57o SDS at 65 °C. 

Sequencing 

Suitable restriction fragments were subcloned 
into pUC18 and sequenced according to the 
dideoxy chain-termination method [5] using the 
T7 Polymerase Sequencing Kit from Pharmacia, 
Uppsala, Sweden. Templates were primed with 
M13 universal or reverse primers (Boehringer, 
Mannheim, FRG) or phyB -specific oligonucle- 
otides synthesized using a DNA synthesizer. 
Computer analysis of DNA sequences was per- 
formed using programs ffiade available by the 
University of Wisconsin Genetics Computer 
Group [ 10 ]. 

Northern blot analysis 

Northern blot analysis was performed as de- 
scribed [ 17]. 

Southern blot analysis 

High-molecular-weight DNA was prepared from 
cv. D6sir6e plants and potato AM80/5793 plants 
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[33]. Genomic DNA was digested with various 
restriction enzymes and the resulting DNA frag- 
ments were separated electrophoretically. Subse- 
quently the gel was incubated for 25 rain in 
250 mM HC1. DNA fragments were transferred 
in 10 x SSC to Hybond N membranes (Amer- 
sham/Buchler, Braunschweig, FRG). Hybridiza- 
tion with the radioactively labelled internal probe 
was carried out at 42 °C in hybridization buffer 
containing 30~o formamide [37]. Washing was 
performed twice for 15 min in 4 x SSC at 37 °C. 
Hybridization with the radioactively labelled bor- 
der probe was carried out at 42 °C in hybridiza- 
tion buffer containing 507o formamide [36]. 
Washing was performed three times for 20 rain in 
2 x SSC, 0.57o SDS at 65 °C. 

Primer extension analysis 

10 #g of poly(A) + RNA were annealed to 1 pmol 
of e-3Zp-5'-end-labelled primer in 40 mM PIPES, 
pH 6.4, 400 mM NaCI, 1.25 mM EDTA, 307o 
formamide for 12 h at 30 °C. The sequence en- 
coding aa 1 to 10 of the phyB open reading frame 
was used to design the oligonucleotide (GGAAT- 
GCTTTGTTCTACTTCCAGAAGCCAT).  Re- 
verse transcription reactions were done as de- 
scribed [2]. Primer extension products were 
analysed on a 67o sequencing gel, using a se- 
quencing reaction performed with the primer as a 
size marker. 

Results 

Isolation and structure of potato phyB clones 

A subclone of the potato phyA gene encoding aa 
332 to 695 (26) was chosen to screen an EMBL3 
library constructed from genomic potato DNA. 
As the corresponding region of the Arabidopsis 
type A phytochrome shows 627o amino acid iden- 
tity to the Arabidopsis type B phytochrome it 
seemed likely that the potato phyB gene could be 
identified with the 26 fragment under conditions 
of low stringency. Members of a class of weakly 



592 

hybridizing clones were analysed by digestion 
with Eco RI and Hind III and subsequent South- 
ern blot analysis. A 1200 bp Hind III fragment of 
one of those clones hybridized to the 26 fragment. 
Sequence analysis of this fragment revealed high 
sequence similarity to phyB from A rabidopsis [ 38 ]. 
Thus, it was used to screen a 2ZAPII  cDNA li- 
brary, constructed using poly(A) + RNA prepared 
from green cv. D6sir6e leaves. After screening of 
200 000 plaques two hybridizing clones (J- 1, J-22) 
were isolated and found to have identical 
sequence to each other and to the genomic clone. 
Both cDNA clones were fully sequenced and 
found to be incomplete. J-22 encodes 666 car- 
boxy terminal amino acids of the phyB open read- 
ing frame and a 3' untranslated region of 517 bp. 
To exclude that the long 3' untranslated leader 
was due to a cloning artefact during the construc- 
tion of the cDNA library, we verified by restric- 
tion analysis that it was also present in the ge- 
nomic phyB clone (data not shown). This analysis 
also revealed that there was no intron in this re- 
gion. J-1 is a partial cDNA clone which encodes 
aa 6 to 702 of the phyB open reading frame. The 
missing sequence from the 5' end was obtained 
from the homologous phyB genomic clone. Fig- 
ure 1 shows the restriction maps of the two cDNA 
clones and the genomic clone, as well as the lo- 
cation of the introns, which were identified by 
comparing the sequence of the genomic Clone with 
the sequence of the cDNA clones. As the introns 

were not fully sequenced, their size was deter- 
mined by restriction analysis. 

Sequence of the phyB gene 

Figure 2 shows the combined nucleotide sequence 
and full-length derived amino acid sequence of 
the phyB open reading frame, 997 bp of the ge- 
nomic sequence preceding the ATG and 517 bp 
of the 3' untranslated region. Alignment of the 
complete deduced potato phyB amino acid se- 
quence with all available phytochrome sequences 
from oat [15, 16], zucchini [27], pea [35], rice 
[9, 19], maize [8], potato [17], Arabidopsis [38] 
and Selaginella [ 14] allows the construction of a 
phylogenetic tree as shown in Fig. 3. Like 
Arabidopsis phyB, potato phyB is in 74~o of the 
amino acid positions identical to the rice phyB, 
confirming the observation from Dehesh and 
Quail [9] that monocot  and dicot phyB sequences 
have a higher value of identity (74 ~o) than mono- 
cot and dicot phyA sequences (65 ~o). Potato phyB 
shows 78~o amino acid identity to Arabidopsis 
phyB. PhyB sequences of higher plants reveal a 
61-62~o (rice, Arabidopsis) or 65~o amino acid 
(potato) identity to the phytochrome of the spike 
moss Selaginella. 

The nucleotide sequence encodes a predicted 
polypeptide of 1133 aa (125 kDa). The numbers 
of amino acids of phytochrome open reading 
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Fig. 1. Physical map of the potato phyB gene. The location of the recognition sites for Eco RI (E), Hind III (H) and Pst I (P) on 
the genomic clone are indicated in the restriction map. To illustrate the gene structure, exons are shown in black and introns in 
white. The grey box at the 5' end of the gene indicates that the intron/exon structure in this region is not known. The shaded box 
at the 3' end of the gene indicates the 3'-untranslated region which contains no intron. Numbers indicate the number of bp. The 
dotted lines indicate the sequenced region of the gene. The length of the two partial cDNA clones J22 and J 1 is indicated by thick 
lines. 
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g a a t t c t a c c a c a t a a a a c a c c c t g c t t t t a t t ~ a c a a t a t a c t c c c a t t t c a c t a t a t c c c c a t a t g t t t c c a t a t c t t a a t a t t a a t t a a a a a a a a g a  

1 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + i00 

ccaattattaacaaattttattttttacaacagaaaagtaaaggtt~actcacaat~aaagcat~caaacaaaaactagaccctcccccccccc~ctctc 

i01 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 200 

cccttctcttttgtttgttcccccttcatttctgatcaaacaaacaacaaacatacatttcttttttgcttctgtagcatattccctcaaatttcttgga 

201 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 300 

aatctttcaagaaacttttagtaggcatctgccatatattccaaattttattttttttatatgaactttatgaaattgaacttgtgtttagtatactttt 

301 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  ÷ . . . . . . . . .  + . . . . . . . . .  + 400 

gtaaaagctacca~ggcaaataaagacataatacataagcattatcctaacttggctttaatggacctccaatttt~agtgtgca~aagctatggaacac 

401 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 500 

cacgtaagacataaaacggccacatatggtgccatgtaaggatgaatgtgtttatttattcaattttatacaagtttaagtacctacttatacatattca 

501 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 600 

aa~ttaaauatcataattgcccgctaacactaaattaaauatcatatttatgtattactcttacgcaaagtaaaagtataggtagttaatcaactaaccg 

601 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 700 

agctactaatatttttggagtataggcagtttcttaaattt•aagaggtaaaaaagtatttcagagaaaaaaaacaaaaaatactattggacaaacaggt 

701 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 800 

ccaccatattgcttcaattactgcaactagtataaaatttgtgacaaccccatttctgtattcaaccaaaaattcaatcttttttggagtttc•caaaag 

801 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 900 

tcagttttttttccctcaactgaatttgttttagggttttaaaattgacaagtttttccatgtaatagcaagaaaaaattgtgtggaggagagagaaatg 

901 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + i000 

M 

gcttctggaagtagaacaaagcattcccat•atagttcatctcaagctcaatcttcaggtacaagtaatgtaaattacaaagattcaataagcaaagcta 

I001 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + ii00 

A S G S R T K H S H H S S S Q A Q S S G T S N V N Y K D S I S K A I  

tagcacagtacacagctgatgctaggcttcatgctgtgtttgaacaatctggtgagtctggaaagttttttgattattcacagtctgttaaaactactac 

iiO1 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  +--~ ...... + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 1200 

A Q Y T A D A R L H A V F E Q S G E S G K F F D Y S Q S V K T T T  

a•aatctgtgcctgaaaggcaaattactgcttatttgaccaaaattcaaagaggaggtcatattcagccttttggttgtatgatagctgtagatgaggct 

1201 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 1300 

Q S V P E R Q I T A Y L T K I Q R G G H I Q P F G C M I A V D E A  

agttttcgtgtaatagcttatagtgaaaatg•ctgtgaaatgcttagtttaactccacaatctgttccaagccttgagaagtgtgagatcctcactattg 

1301 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 1400 

S F R V I A Y S E N A C E M L S L T P Q S V P S L E K C E I L T I G  

gaactgatgttaggaccctttttaccccttctagctctgttttgctggaaagagcatttggggcacgtgagatcactttact•aacccaatttggataca 

1401 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + ......... + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 1500 

T D V R T L F T P S S S V L L E R A F G A R E I T L L N P I W I H  

ttccaagaattctggaaagcccttttatgcaattttgcacagggttgatgttggtattgtcattgatttggagcctgctagaactgagga•c••gcttta 

1501 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  +-r ....... + . . . . . . . . .  + . . . . . . . . .  + 1600 

S K N S G K P F Y A I L H R V D V G I V I D L E P A R T E D P A L  

tctattgctggagcagtgcagtca•agaaacttcgcagtgagggcctatttctcatttgcaatcacttcctg•tggggacattaaagcttttgtgtgata 

1601 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 1700 

S I A G A V Q S Q K L R S E G L F L I C N H F L V G T L K L L C D T  

ctgttgttgagagtgtcagggagttaacc•g•tatgaccgggttatggta•ataaatttcatgaggatgaacatggagaggtagtggctgagagtaaaag 

1701 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 1800 

V V E S V R E L T G Y D R V M V Y K F H E D E H G E V V A E S K R  

atcagatttagagccctatatcggtttgcattatc•tgctactgatattcctcaagcttcacggtttttgtttaagcagaacagggtgagaatgattgtg 

1801 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 1900 

S D L E P Y I G L H Y P A T D I P Q A B R F L F K Q N R V R M I V  

gactgccatgctacccctgtgcgggttact•aggatgaatca•tgat•cagcctttatgtctagttggttccacacttagagcac•tcatggttgccacg 

1901 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + ......... + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 2000 

D C H A T P V R V T Q D E S L M Q P L C L V G S T L R A P H G C H A  

cacagtacatggcaaatatggggtctattgcctcattaacactggcagttattatcaacggaaatgatgaggaagctgtgggtggcggtcgaaattcaat 

2001 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 2100 

Q Y M A N M G S I A S L T L A V I I N G N D E E A V G G G R N S M  

gaggctatggggcttggttgttggacaccacacttctgttc•gtccattcctttcc•tcttaggtatgcatgtgaattccttatgcaggc•tttggactc 

2101 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  ÷ . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 2200 

R L W G L V V G H H T S V R S I P F P L R Y A C E F L M Q A F G L  
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caattgaacatggagttgcaattggcgtcacagttgtctgagaaacatgttttaaggacacaaacactgttatgtgacatgctccttcgagact~tccac 

2 2 0 1  . . . . . . . . .  ÷ . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 2 3 0 0  

Q L N M E L Q L A S Q L S E K H V L R T Q T L L C D M L L R D S P P  

cggggattgttacccaaagccccagtattatggaccttgtgaagtgcgatggtgctgctctatactaccaggggaagtactatccattaggcgtaacacc 

2301 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 2400 

G ~ V T Q S P S l M D L V K C D G A A L Y Y Q G K Y Y P L G V T P  

a a c t g a a g c t c a g a t a a a a g a c a t t g t g g a g t g g t t a t t g g c t t a c c a t g g a g a c t c a a c a g g t t t a a g t a c t g a c a g t t t g c c t g a t g c t g g g t a t c c t  

2401 ......... + ......... + ......... + ......... + ......... ÷ ......... + ......... + ......... + ......... + ......... + 2500 

T E A Q I K D ~ V E W L L A Y H G D S T G L S T D S L P D A G Y P  

ggagcagcttcacttggtgatgcagtttgtggtatggctgtcgcttatataacttctaaagatttcttgttttggtttcgctcccacacagcgaaagaaa 

2501 ......... + ......... + ......... ÷ ......... + ......... + ......... + ......... + ......... + ......... + ......... + 2600 

G A A S L G D A V C G M A V A Y I T S K D F L F W F R S H T A K E I  

t a a a g t g g g g t g g t g c a a a g c a t c a t c c t g a a g a c a a g g a t g a c g g a c a g a g a a t g c a t c c a c g t t c t t c c t t c a a g g c a t t t c t g g a a g t t g t t a a a a g  

2601 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 2700 

K W G G A K H H P E D K D D G Q R M H P R S S F K A F L E V V K S  

tcggagctcaccatgggaaaatgccgaaatggatgcaatccactctttgcagctaattctgcgagattcatttaaggatgctgaggcaagtaattctaag 

2701 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 2800 

R S S P W E N A E M D A I H S L Q L I L R D S F K D A E A S N S K  

g c t a t t g t g c a t g c t c a t c t t g g g g a a a t g g a g t t g c a a g g g a t a g a t g a a c t g a g t t c t g t t g c c a g a g a a a t g g t t a g a t t g a t c g a a a c t g c a a c a g  

2801 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 2900 

A I V H A H L G E M E L Q G I D E L S S V A R E M V R L I E T A T A  

c t c c c a t a t t t g c t g t t g a t g t t g a a g g t c g c a t a a a t g g g t g g a a t g c a a a g g t c g c t g a a t t g a c a g g t g t a t c a g t t g a a g a a g c a a t g g g g a a g t c  

2901 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 3000 

P I F A V D V E G R I N G W N A K V A E L T G V S V E E A M G K S  

W 

cttggttcatgatcttgtgtacaaagaatcacaggagactgctgagaagcttctgtacaatgctctaagaggcgaggaagataaaaatgtagaaataaag 

3001 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 3100 

L V H D L V Y K E S Q E T A E K L L Y N A L R G E E D K N V E I K  

! ttgagga•atttggagctgaacaa•tggagaaag•tgtttttgtggtggttaatgcttgcgctagagattaca•aaacaacattgttggtgtttg•tttg 

3101 ......... ÷ ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 3200 

L R T F G A E Q L E K A V F V V V N A C A R D Y T N N I V G V C F V  

ttgggcaggatgttactggggaaaaagttgttatggacaagtttattaacatccaaggtgattacaaggccattgtgcacagccccaatcctctgatccc 

3201 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 3300 

G Q D V T G E K V V M D K F I N I Q G D Y K A I V H S P N P L I P  

t c c a a t a t t t g c a t c a g a t g a g a a c a c t t g t t g c t c c g a g t g g a a c a c t g c c a t g g a a a a a c t c a c t g g t t g g t c t a g a g g g g a g a t t g t t g g a a a a a t g  

3301 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ....... --+ ......... + ......... + 3400 

P I F A S D E N T C C S E W N T A M E K L T G W S R G E I V G K M  

t t a g t t g g t g a g a t t t t t g g a a g t t g t t g t c g c c t c a a g g g c c c a g a t g c c a t g a c a a a g t t c a t g a t c g t g t t g c a t a a t g c a a t t g g a g g c c a g g a t a  

3401 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 3500 

L V G E I F G S C C R L K G P D A M T K F M I V L H N A I G G Q D T  

cagacaagtttccattttccttttttgaccgaaatgggaaatatgtgcaagctcttttgactcgaaacaagagagttaatatggagggcgatactattgg 

3501 ......... + ......... ÷ ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 3600 

D K F P F S F F D R N G K Y V Q A L L T R N K R V N M E G D T I G  

ggctttctgtttcatacagatagccagtcccgaactgcagcaagctctaagagttcaaaggcaacaggaaaagaagtgctattctcagatgaaagagctg 

3601 ......... + ......... ÷ ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 3700 

A F C F I Q I A S P E L Q Q A L R V Q R Q Q E K K C Y S Q M K E L  

gcatacatttgtcaggaa•taaaaagtcctcttaatggtatacgctttacaaattcattgttggaggccacaaatttgacagaaaatcagaagcagtatc 

3701 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 3800 

A - Y I C Q E I K S P L N G I R F T N S L L E A T N L T E N Q K Q Y L  

T 
t a g a g a c a a g t g c t g c t t g t g a g a g g c a g a t g t c t a a g a t c a t t a g g g a t a t t g a t c t g g a a a a c a t t g a g g a c g g g t c a c t g a c c c t t g a g a a a g a a g a  

3801 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 3900 

E T S A A C E R Q M S K I I R D I D L E N I E D G S L T L E K E D  

tttttttcttgggagtgtaatagatgctgttgttagccaagtgatgttattgctgagggaaaaaggcgtgcagttaatccgtgatataccagaggaaatt 

3901 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 4000 

F F L G S V I D A V V S Q V M L L L R E K G V Q L I R D I P E E I  

aagacattaacagtacatggtgatcaagtgagaattcaacaggtcttggcagatttcttgttgaacatggtacggtatgcaccatcacctgatgggtggg 

4001 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 4100 

K T L T V H G D Q V R I Q Q V L A D F L L N M V R Y A P S P D G W V  



595 

tagaaatccaacttcgaccaagtatgatgccaatatctgatggagtaactgttgtgcatattgaacta~attatatgcgccgggaaggcttcctcctga 
4101 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 4200 

E I Q L R P S M M P I S D G V T V V H I E L 0 L Y A P G R L P P E 

attggttcaagacatgttccacagcagtcggtgggtaactcaggaaggcctaggactgagcatgtgcagaaaaatgttaaagcttatgaatggagaaatc 
4201 ......... + ......... + ......... + ......... + ......... + ......... + ....... --+ ......... + ......... + ......... + 4300 

L V Q D M F H S S R W V T Q E G L G L S M C R K M L K L M N G E I 

cagtatatcagagaatcagaaagatgctatttcctgattatccttgacctgccaatgacccgcaaaggtccaaagagtgttggctaggagcttacagcac 
4301 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 4400 

Q Y I R E S E R C Y F L I I L D L P M T R K G P K S V G * 

acagtaagagaagaacc t gtaat atctct t aaat t gcatgctggtgaaat t c t ggt aat gtgtc tgat cc t t t aatggaact t gacacaggagagagcaa 

4401 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 4500 

gtatgggggattgatcggcatcattctaacgctattgttgcgacttgtatttgctggcatcttttacaactctgaactagtattctctcagca•gtgcaa 
4501 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 4600 

gttgagaaagctgttgctccttcgtgtatgtttttaccaaagattaattcttgacatagtaagtgctaatggccaaataattggaaaatggttagcatga 
4601 ......... ÷ ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 4700 

ttccaaattacttgatcccagagctgttgtgtgtagcataacaggtgtattgttgtataatactagtatgtattaaaaggtgggaataaatgtcatcctt 
4701 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 4800 

tccatggtctggatgagttggtgtctcccactctt tgtaacat taggatttgtgtaacatgaacatactgagaatct tatatgactaat tagctcctct t 

4801 ......... + ......... + ......... + ......... + ......... + ......... + ..... ----+ ......... + ......... + ......... + 4900 

ggtg 

4901 .... 4904 

Fig. 2. Nucleotide and derived amino acid sequence of potato phyB. The amino acid sequence is presented below the nucleotide 
sequence in single-letter code. Black triangles mark the position of the introns. Two 15 bp direct repeats (AAGTTAAAGATCATA) 
in the potential promoter region are underlined, as well as the polyadenylation signal AATAAA in the Y-untranslated region. 
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Fig. 3. Deduced phylogeny of phytochrome polypeptides. 
Amino acid sequence identity (%) between each pairwise 
comparison of the various phytochromes was used to group 
related sequences as a measure of phylogenetic distances in 
constructing the tree. 

frames from various species are compiled in Ta- 
ble 1. The higher molecular weight of the two phyB 
polypeptides from rice and Arabidopsis is mainly 
due to a hydrophilic N-terminal extension which 
is missing in all other phytochromes. 

Within the coding region the location of the 
introns in phyA and phyB genes of monocots, 
dicots and the spike moss Selaginella are strictly 
conserved. So far the genomic clones of phyA 
genes of the three monocots maize [8], oat [16] 
and rice [19] and the dicot pea [35] have been 

Table 1. Number of amino acids of the different phy open 
reading frames. 

phyA phyB phyC 

Oat 1128 
Rice 1126 
Maize 1126 
Zucchini 1123 
Pea 1124 
Arabidops~ 1130 
Potato 1123 
Selagmella 

1171 

1187 
1129 
1123 

1125 
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characterized. All of these contain an intron in 
the 5'-untranslated region. As the cDNA clone 
J-1 does not cover the 5'-untranslated region, we 
do not know whether phyB from potato contains 
an intron 5' of the start codon of the open reading 
frame. The intron found in the 3'-untranslated 
region of monocot phyA genes are not found in 
genomic clones from dicot phyA or phyB clones 
or in the Selaginella phytochrome gene. 

Southern blot analyses are indicative of a single 
phyB gene 

Potato genomic DNA from the tetraploid 
S. tuberosum cv. D6sir~e as well as from the ho- 
mozygous diploid cv. AM80/5793 was digested 
with three different restriction enzymes and sub- 
jected to Southern blot analysis (Fig. 4). Using an 
internal restriction fragment as a probe the ho- 
mologous fragments showed the strongest hybrid- 
ization signals. As hybridization was carried out 
under less stringent conditions, phyA restriction 
fragments (780 bp Eco RI fragment and 895 bp 
Hind III fragment) lighted up, as well as other 
bands, again indicating the presence of as yet 
unidentified phytochrome genes in the potato ge- 
nome. The detection of only a single band with a 
border probe fragment under stringent conditions 
reveals, that the phyB gene characterized here is 
a single-copy gene. 

PhyB is constitutively expressed in different organs 

We used a probe derived from sequences 3' of the 
Pst I site of the cDNA clone J-22 to determine the 
pattern of phyB expression in potato. This probe 
was hybridized to a northern blot of poly(A) + 
RNA isolated from different organs of potato, 
grown either in complete darkness or under a 16 h 
light and 8 h dark regime. As shown in Fig. 5, 
phyB is constitutively expressed in all organs, ir- 
respective of the light conditions. This contrasts 
with the expression profile of phyA, which shows 
highest levels of expression in dark-grown seed- 
ling and sprouts. To detect phyB signals, we had 

Fig. 4. Southern blot analysis. Total DNA from two different 
potato lines (D6sir6e and AM5793) was digested with Eco RI 
(E), Hind III (H) and Pst I (P). Hybridization with an inter- 
nal probe (1) was performed using a Hind III fragment 
(1194 bp) which includes the chromophore binding site. Hy- 
bridizing genomic Eco RI and Hind III fragments have the 
same size as the corresponding cDNA restriction fragments. 
Hybridization with a border probe (2) was performed using a 
1040 bp Eco RI-Pvu II fragment. The positions of the probes 
within the combined cDNAs are shown in the diagram below 
the blots. Untranslated sequences are shown in black. 

to expose the blot ten times longer to an X-ray 
film than we did for the detection ofphyA signals, 
indicating that at least in etiolated seedlings and 
sprouts phyA transcripts are more abundant than 
phyB transcripts. 

10 #g of the poly(A) + -RNA from green leaves 
were used for a primer extension experiment in 
order to determine the length of the 5'-untrans- 
lated leader as well as the number of transcrip- 



597 

Fig. 5. Northern blot hybridization of the phyB mRNA 
present in poly(A) + RNA from different potato organs kept 
under different light regimes (see Materials and methods; D, 
dark; L, light). The expression pattern ofphyA is shown below 
[ 17]. The blot was also hybridized with a restriction fragment 
encoding the potato ribosomal protein S-4 [11] in order to 
show that comparable amounts of RNA were loaded. 

tional start sites. The primer was designed to be 
complementary to the nucleotide sequence en- 
coding the first 10 amino acids of the phyB open 
reading frame. As shown in Fig. 6, two different 
primer extension products were detected, indicat- 
ing the presence of two different 5' termini in 
transcripts of the phyB gene. Comparison with 
the sequence ladder generated with the primer 
and the genomic clone revealed that these termini 
are located 73 and 126 nucleotides upstream from 
the initiation codon ATG. Thus the phyB mRNAs 
are either 3980 bp or 4043 bp long. This finding 
corresponds well with the lengths seen on north- 
ern blots, which show that the phyB mRNA runs 
slightly higher than the phyA mRNA (3614 bp). 

Discussion 

We have isolated and characterized two partial 
cDNA clones and a genomic clone for a potato 
phytochrome gene. Taking amino acid sequence 
identity as a criterion, phytochrome genes have 
been grouped into different classes (types A, B 
and C), which share 50~o sequence identity [38]. 
Based on the deduced amino acid sequence of the 
new potato clones, which shows 77 ~o amino acid 
identity to the Arabidopsis phyB open reading 

Fig. 6. Primer extension analysis of the 5' termini of phyB 
mRNAs. The primer, which was designed to be complemen- 
tary to the nucleotide sequence encoding the first 10 amino 
acids of the phyB open reading frame, was used for the se- 
quencing reaction shown on the left. The sequence was used 
to determine the length of the untranslated region. The arrows 
point to the two resulting primer extension products. 

frame [38], we have classified these clones as 
potato phyB phytochrome clones. Like the 
Arabidopsis phyB gene it shows 74% identity to 
the rice phyB [9] gene, which contrasts with the 
finding for phyA genes which are only 65 ~o iden- 
tical between monocots and dicots. Especially the 
carboxy terminal domains of the phyB genes (res- 
idues 800 to the very C-terminal amino acid) of 
monocots and dicots show a higher degree of 
identity (67~o) than the respective phyA genes 
(47~o). Thus phyB genes seem to diverge more 
slowly than phyA genes, which might be due to 
stricter structural constraints at the carboxy ter- 
minus of the molecule. On the other hand, the 
77% amino acid identity between potato and 
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ArabidopsisphyB indicates that within dicots phyB 
genes diverge to the same extent as phyA genes. 
This high level of divergence seems unexpected in 
view of a slower evolution of phyB. 

Another unexpected feature of the potato phyB 
sequence relates to the amino terminal part of the 
molecule. Arabidopsis phyB and rice phyB both 
contain a strongly hydrophilic amino-terminal ex- 
tension, which is lacking in all phyA genes, and 
was therefore assumed to be characteristic of 
phyB. This extension is missing in the potato phyB 
gene. Hanelt et al. provided the phytochrome se- 
quence of the spike moss Selaginella to the EMBL 
data bank [14]. Selaginella is a member of the 
Pteridophyta, which appeared earlier during evo- 
lution than Spermatophyta. Selaginella phyto- 
chrome is more closely related to phyB of higher 
plants than to phyA or to phyC. It shows 65~o 
amino acid identity to potato phyB and 61 ~o and 
62~o amino acid identity to the respective genes 
from rice and Arabidopsis. Selaginella phyto- 
chrome also does not contain the amino terminal 
extension, which is present in the monocot rice 
and the dicot Arabidopsis, but not in the dicot 
potato. It could well be that rice phyB and 
Arabidopsis phyB might have acquired the exten- 
sion independently, because of no structural con- 
straints for the very amino terminus of the phyB 
polypeptide. However, it cannot be excluded ei- 
ther that the phyB gene, after having already di- 
verged from the phyA and phyC genes, underwent 
another gene duplication which gave rise to di- 
vergent phyB genes. The Southern blot (Fig. 4) 
does not contradict this interpretation, because 
under conditions of low stringency, bands that 
hybridize stronger than the 780 bp Eco RI restric- 
tion fragment and the 895 bp Hind III restriction 
fragment, which are specific for phyA, can be 
identified. These bands might represent DNA se- 
quences that are more related to phyB than to the 
other classes. However, sequencing of more phyB 
genes from both monocots and dicots, as well as 
the characterization of as yet unidentified phyto- 
chrome genes in Arabidopsis, rice and potato are 
necessary to support the assumption of divergent 
phyB genes being present in the genome of higher 
plants. 

The introns within the coding region of the po- 
tato phyB gene are located in the same positions 
as within the phyA genes from higher plants [8, 
15, 35] and Selaginella phy [14]. Generally, the 
introns of the potato gene are larger than those of 
the other species. In contrast, the intron located 
within the 3' untranslated leader of monocot phy 
genes [15, 19] is neither found in the PisumphyA 
gene [35], nor in potato or SelaginellaphyB [14]. 
Thus it seems likely that this intron was acquired 
by monocots shortly after the divergence of 
monocots and dicots. As our cDNA clones were 
not complete, we do not know at the moment, 
whether the intron in the 5' untranslated region, 
which is present in all phyA genes is also present 
in phyB genes. 

At the RNA level, phyB shows a different ex- 
pression pattern than phyA (Fig. 5). phyA mRNA 
levels vary in different organs, being highest in 
etiolated sprouts and seedlings, where the protein 
is involved in triggering the light-induced devel- 
opmental switch from heterotrophic to pho- 
totrophic growth, phyB expression is not signifi- 
cantly altered in different organs or under different 
fight regimes. As phyB-specific antibodies, gener- 
ated using a recombinant phyB gene product as 
an antigene, recognize a light-stable phytochrome 
pool in Arabidopsis [31, 41], it can be assumed 
that phyB genes in general encode at least part of 
the typeB or type 2 phytochrome pool, being 
present in green tissues of higher plants. Whereas 
phyA senses the onset of light and is then de- 
graded, a stable phytochrome can constantly per- 
ceive the given light conditions by adjustment of 
the photoequilibrium between the Pfr and the Pr 
form. 

Using primer extension analysis we have de- 
fined two mRNA start points, which are located 
73 and 126 nucleotides upstream from the initi- 
ation codon ATG. Taking into account that our 
cDNA clones were incomplete and that the ge- 
nomic phytochrome clones characterized so far 
(phyA from rice [19], oat [16], maize [8] and pea 
[35]) all contain an intron in the 5' untranslated 
region, we are unable to decide whether the se- 
quences preceding the ATG contain the pro- 
moter. Assuming no intron in the potato phyB 



gene there is only a TATA-box-like sequence 
(TATAAAA) 23 bp upstream of the 126 nt start 
point, but no similar sequence upstream of the 
73 nt start point. Two 15bp direct repeats 
(AAGTTAAAGATCATA) are located 184 and 
214 nt upstream of the putative TATA box. If 
these sequences have any relevance to the expres- 
sion of the gene remains to be determined. 

Having isolated and characterized phyA and 
phyB phytochrome genes in potato, we are now 
in the position to determine the functions of these 
genes in vivo. We are approaching this question by 
expressing phytochrome 'sense' and 'anti-sense' 
RNAs in transgenic potato plants. We are using 
a tightly repressible promoter that can be acti- 
vated with low levels of tetracycline [ 12]. If a 
strong inhibition of the expression of phy 'sense' 
or 'anti-sense' RNAs interferes with the regener- 
ation process, this promoter might turn out to be 
advantageous. In addition, the combination of 
this regulated promoter with phytochrome se- 
quences allows to define the role of the different 
phytochromes at different stages of the plant's life 
cycle. 
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