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We have generated transgenic potato plants (Solanum tubero-
sum) containing the potato phytochrome protein encoded by the
PHYA gene ¢cDNA (phyA) in sense or antisense orientation under
the control of the 35S cauliflower mosaic virus promoter. Plants
with increased and decreased phyA levels were analyzed. When
grown under white light, development and growth of sprouts and
plants were barely distinguishable from wild type. Under continu-
ous far-red light, stem extension, leaf expansion, and hook opening
of sprouts were accelerated in phyA overexpressors and delayed in
antisense plants. Sprouts with reduced phyA levels were less sensi-
tive to red light with regard to stem extension and expression of the
small subunit genes for ribulose bisphosphate carboxylase. Under
low red light:far-red light ratios, increased phyA levels reduced the
stem extension component of the shade-avoidance response,
whereas decreased levels led to an increase in the response.

Many different aspects of plant growth and development
are influenced by light, which is sensed both quantitatively
and qualitatively (Salisbury and Ross, 1985). Understand-
ing how the range and complexity of the different re-
sponses is brought about requires knowledge of the roles of
the photoreceptor molecules in the plant tissue. R and FR
are sensed by the phytochrome system, a family of related
chromoproteins (reviewed by Quail, 1991; Furuya, 1993;
Whitelam and Harberd, 1994). In Arabidopsis five PHY
genes have been identified that are between 50 and 80%
identical with each other at the amino acid level (Sharrock
and Quail, 1989; Clack et al., 1994). The best-characterized
members are PHYA and PHYB, which can be distinguished
by different light stabilities of the encoded proteins (Som-
ers et al, 1991). PhyA accumulates in the dark and is
rapidly depleted upon conversion to the labile Pfr form. In
contrast, light-stable phyB is expressed at low but rela-
tively consistent levels in light- and dark-grown plants. It
has been shown for etiolated Arabidopsis seedlings that
phyA is 25 to 50 times more abundant than phyB. In green
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tissues, however, both proteins are present in about
equimolar amounts (Somers et al., 1991).

The availability of Arabidopsis mutants specifically de-
fective in either PHYA (Dehesh et al., 1993; Nagatani et al.,
1993; Parks and Quail, 1993; Whitelam et al., 1993) or PHYB
(Nagatani et al., 1991a; Reed et al., 1993, 1994) has allowed
the study of the function of each of the two photoreceptors
individually. Because of its relatively high concentration in
etiolated seedlings, phyA can mediate high sensitivity to
FR. At equilibrium, the Pfr form is converted back into the
Pr form by FR and evades the light-induced destruction.
Under these conditions, 2% of the total phytochrome pool
is present in the biologically active form, mediating the
FR-HIR (Mancinelli, 1980; Smith and Whitelam, 1990).
These characteristics enable phyA to promote de-etiolation
of plants under shade conditions. In contrast, phyB seems
to play a major role in regulating de-etiolation, growth, and
development under R and W. However, it is not clear to
what extent the results from Arabidopsis represent general
principles or special cases.

We are interested in defining the roles of the different
phytochromes in potato (Solanum tuberosum) as an example
of an important crop species. Potato differs from Arabidop-
sis, tobacco, and tomato in that propagation is primarily
vegetative through sprouts growing out of tubers. There-
fore, the de-etiolation process might follow different vari-
ants of phytochrome control as compared to the situation
in seedlings. Because potato is not easily amenable to ge-
netic analysis, our approach has been to modify the levels
of the endogenous phytochromes by genetic transforma-
tion using both overexpression and antisense technologies.

Whereas plants with reduced phyA levels due to anti-
sense constructs have not yet been reported, overexpres-
sion of cloned PHYA ¢DNAs in heterologous plants has
been performed by several laboratories. In all of these
cases, phytochromes from monocotyledonous species have
been used (Kay et al., 1989; Keller et al., 1989; Boylan and
Quail, 1989, 1991). Transgenic seedlings show an increased
sensitivity to FR for the inhibition of hypocotyl elongation

Abbreviations: CAB, gene for Chl a/b-binding protein; CaMV,
cauliflower mosaic virus; FR, far-red light; HIR, high-irradiance
response; nt, nucleotide; phyA (phyB), phytochrome proteins en-
coded by the PHYA (PHYB) gene; R, red light; RBCS, gene for
ribulose bisphosphate carboxylase, small subunit; W, white light;
wt, wild type.
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(McCormac et al., 1992b), which corresponds well with the
lack of FR sensitivity displayed by phyA-deficient Arabi-
dopsis seedlings. In green plants, overexpression of phyA
leads to pronounced growth inhibition under low R:FR
ratios (McCormac et al., 1991, 1992b). This effect, which
overrides the wt shade-avoidance response (increased
growth under low R:FR ratios), has been suggested to be
due to retention of the FR-HIR mediated by unusually high
levels of phyA in the light-grown transgenic plants.

However, there are several photoresponses of these
transgenic plants that are not in agreement with the sug-
gestion that the function of phyA is mainly to detect FR and
that R is detected by phyB. Seedlings of transgenic plants
show increased sensitivity to R, and the phenotype of
de-etiolated plants (reduced height, increased pigmenta-
tion, increased branching, reduced leaf senescence) is
strongly affected under W in the absence of FR. The reason
why the introduced monocotyledonous phyA protein
mimics the phyB pool is not yet known: it could be its
structure, which cannot be specifically recognized in a
heterologous background, its increased stability, its in-
creased abundance, or a combination of all three aspects.

Here we analyze the effect of overexpression of endog-
enous phyA, thus avoiding the complication of the in-
creased half-life or different primary structure of the trans-
genic gene product. We also analyze the effect of
decreasing phyA levels in the same system to identify
processes normally regulated through phyA.

MATERIALS AND METHODS
Construction of Transgenic Plant Lines

Plasmid pMml.4 (Fig. 1) contains the 3.6-kb PHYA
¢DNA (Heyer and Gatz, 1992a) inserted into the Kpnl site
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of pUC18. To avoid a potential regulatory control mediated
by the small open reading frame between nts 50 and 88, the
HindllI site located 19 bp upstream from the ATG of the
PHYA open reading frame was chosen for further subclon-
ing. First, the 408-bp HindIll/EcoRV fragment (nts 135-542)
was subcloned into pBR322 cut with HindIIl and EcoRV,
resulting in pBR322phyA-N. The residual coding region
was cloned as an EcoRV/Sall fragment into pBR322
phyA-N, yielding pBR322phyA. The PHYA insert was cut
out by Clal(partial)/ Sall and inserted into pBINAR cut with
Smal, yielding pBINPS. pBINAR is BIN19 containing a
CaMV 35S promoter and an octopine synthase polyadenyl-
ation signal, separated by multiple cloning sites (Hofgen
and Willmitzer, 1990).

Two different PHYA fragments were used for the anti-
sense construct: the 3.6-kb Kpnl insert of pMm1.4 and the
internal EcoRI fragment from nt 1152 to nt 1934. Both
fragments were cloned into pBINAR, cut with Kpnl (pBI-
NAP) or Smal (pBINAS), respectively. Transfer of plasmid
DNA to Agrobacterium tumefaciens pGV2260 (Deblaere et
al., 1985) was performed according to the method of Hof-
gen and Willmitzer (1988). Transformation of potato (Sola-
num tuberosum, cv Désirée) plants was performed as de-
scribed by Rocha-Sosa et al. (1989).

Northern Blot Analysis

Poly(A)* RNA from total RNA (Logemann et al., 1987)
was extracted using the Dynabeads protocol from Dynal
(Oslo, Norway). Northern blot analysis was performed as
described by Eckes et al. (1986). DNA fragments were
labeled using the Multi-Prime kit from Amersham. To gen-
erate sensespecific transcripts, the 780-bp EcoRI fragment
was inserted into pSK (Stratagene), yielding pSK-780. pSK-
780 was transcribed in the presence of [**PJUTP using the
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Figure 1. Construction of chimeric phytochrome genes. pMm1.4 contains the PHYA cDNA, including an upstream, small
open reading frame (black box). pBR322 contains the PHYA ¢cDNA without the small open reading frame between the
Hindlll site at position 29 of pBR322 and the Sall site at position 651 (Nos. are in brackets). pBINPS contains the PHYA open
reading frame between the CaMV 35S promoter and the octopine synthase polyadenylation signal (hatched box at the 3’
end). pBINAS contains the full-length PHYA cDNA between the CaMV 35S promoter and the polyadenylation signal but in
the antisense orientation. pBINAR contains the 780-bp EcoRI fragment (gray box) in the BINAR expression cassette. E, EcoRl;

K, Kpnl; H, Hindlll; V, EcoRV; C, Clal; S, Smal; B, BamHlI; X,
orientation.

Xbal; P, Psil; chr, chromophore. The arrow denotes the
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SP6/T7 in vitro transcription kit from Boehringer Mann-
heim. Hybridization was performed as described by Shar-
rock et al. (1988), and filters were washed in 2X SSC, 0.5%
SDS at 65°C.

Western Blot Analysis

Western blot analysis using the monoclonal antibody
(P25) generated against pea phyA (Cordonnier et al., 1986)
was performed as described by Heyer and Gatz (1992b).
For the western blot analysis shown in Figure 4B a different
set of antibodies was used. Recombinant phytochrome
fragments (phyA, amino acids 456-593; phyB, amino acids
970-1105) were expressed as fusion proteins with the mal-
tose-binding protein (New England Biolabs). Gel-purified
peptides were used to raise rabbit polyclonal antibodies.
(52 is a rabbit polyclonal antiserum raised against the
peptide VSRNLLRLMNGDVRHC, which represents a con-
served region of the C terminus of Avena phyA. Surpris-
ingly, this antibody recognizes light-stable phytochrome
but not light-labile phytochrome (i.e. phyA) in potato. For
light-grown plant material (protein blots probed with C52
and anti-phyB), western blotting was carried out on ex-
tracts in which the phytochrome content was enriched by
partial purification. Fresh green material, ground in liquid
nitrogen, was mixed with extraction buffer [25% ethylene
glycol, 50 mwm Tris-HCl, 75 mm (NH,),SO,, 5 mm
Na,EDTA] and was adjusted to 25 mm Na,S,0,, pH 8.5,
and 2 mm PMSF just prior to use at a ratio of 1:1 (g fresh
weight:mL of extraction buffer). The brei was mixed with 5
mL of 10% polyethyleneimine per 100 mL of extract, incu-
bated for 10 min, and centrifuged at 27,000g for 30 min. The
supernatant was adjusted to 4 mm PMSF, and 25 g of
(NH,),SO, were added per 100 mL of polyethyleneimine
supernatant. The supernatant was stirred for 10 min and
centrifuged at 27,000¢ for 30 min. The pellet was resus-
pended in 5 mL of extraction buffer minus (NH,),50, per
100 g of fresh tissue and clarified at 48,000¢ for 20 min. The
green extract was diluted with 2X sample buffer (Laemmli,
1970), heated at 100°C for 10 min, and then centrifuged at
16,000g for 5 min, and the supernatant was subjected to
SDS-PAGE (Laemmli, 1970). Etiolated tissue from sprouts
(extracts probed with anti-phyA) was extracted directly
into hot sample buffer, heated at 100°C for 10 min, and then
centrifuged at 16,000 for 5 min. Immunochemical detec-
tion after electrophoresis and electroblotting was per-
formed using alkaline phosphatase-conjugated goat anti-
bodies to rabbit immunoglobulins.

Spectrophotometric Phytochrome Assay

Total spectrally active phytochrome levels were deter-
mined by adding the change in A of Pr during irradiation
with R (AAge) and of Pfr (AA,5,) during irradiation with
FR [A(AA)gs0_730] after alternating saturating irradiations at
4°C (Pratt, 1983). A Perkin-Elmer Cetus 557 dual-wave-
length spectrophotometer fitted with a custom-built auto-
matic radiation unit producing actinic light at 660 and 730
nm, half bandwidth 10 nm, was used.

Light Treatments

For experiments on sprout growth under different light
qualities, tubers were germinated in soil in darkness and
transferred to R or FR or maintained in darkness. Measure-
ments began when shoots were first visible after penetrat-
ing the soil surface. Shoot length was measured daily un-
der a dim-green safelight. All experiments were carried out
at 25°C. R was obtained from 20-W Grolux tubes (Thorn
EMI, Middlesex, UK) filtered through red Perspex to give a
fluence rate of 30 wmol m~? s~*. FR was from 20-W FR
tubes (Sylvania F20T12/232) filtered through blue Perspex
and orange cenemoid no. 58 filters (Rank Strand Electric,
London, UK) to give a fluence rate of 12 umol m-2s!
between 700 and 780 nm. The spectral output from the light
sources . was shown by Muleo et al. (1994). For growth-
cabinet experiments tubers were planted in soil in 13-cm-
diameter pots. Plants were grown in Saxcil growth cabinets
(R.K. Saxton, Ltd., Bradbury, Cheshire, UK) at 40 W m™~>
PAR (400-700 nm) for 128 d at 23°C and 70% RH and were
given nutrient solution once per week. Plant height was
measured at regular intervals, starting when shoots were at
least 5 cm long, which was taken as time zero. Light was
supplied by white fluorescent lamps alone or supple-
mented with 80-W FR tubes (Sylvania F80T12/232) to give
the following irradiance ratios at 660 nm:730 nm (R:FR):
high, 9.7; medium, 0.7; and low, 0.27 (Fig. 2). Nominal
Pfr/total phytochrome values were calculated from mea-
sured spectral irradiance data and published photoconver-
sion cross-sections for Avena phytochrome (Mancinelli,
1988). They were 0.84 (high), 0.74 (medium), and 0.63 (low).
Spectrophotometric photoequilibrium measurements were
carried out on etiolated mung bean (Phaseolus aureus) hy-
pocotyl hooks after exposing them on ice in the cabinets for
10 min, taking Pfr/total phytochrome in saturating R to be
0.85. Values were 0.83 (high), 0.69 (medium), and 0.6 (Iow).
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Figure 2. Spectral distribution of light sources in Saxcil growth cab-
inet experiments. Measurements in umol m™2 nm~™" were made at
10-nm intervals using an Optronics model 740 automated spectro-
radiometer (Glen Spectra, Ltd., Stanmore, Middlesex, UK) with a
fiber probe and using a 5-nm monochromator slit width. Spectra

were normalized against the irradiance at 545 nm.
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RESULTS
Analysis of Phytochrome Levels in Transgenic Plants

To obtain transgenic potato plants with increased phyA
levels, we cloned the PHYA coding region into a binary vector
containing the CaMV 35S promoter, yielding pBINPS (Fig. 1).
To obtain plants with reduced phyA levels, two plasmids
were constructed containing inserts in the antisense orienta-
tion behind the CaMV 35S promoter: pBINAP, which con-
tains the full-length 3500-bp cDNA, and pBINAS, which con-
tains an internal 780-bp fragment (Fig. 1). Transformation of
potato leaf discs with pBINPS yielded only four kanamycin-
resistant shoots. Using an equivalent amount of tissue, our
transformation protocol routinely gives at least 20 to 30 trans-
genic plants, which was also the case when the constructs
pBINAS and pBINAP were used.

Northern blot analysis of poly(A)™ RNA from the green
BINPS plants showed that three lines (PS2, PS3, and PS4)
expressed higher levels of PHYA mRNA as compared to
untransformed control plants (Fig. 3A). PS1 showed less
PHYA mRNA, a phenomenon that might be due to co-sup-
pression (Flavell, 1994). The three potential overexpressors
were further characterized by western blot analysis (Fig. 4A).
Cuttings of tissue culture material were incubated in the dark
for 4 d and either irradiated for 1 h with R followed by 2 h of
darkness or left in darkness for the whole experiment. Figure
4A shows that considerably more immunodetectable phyto-
chrome is present in re-etiolated transgenics compared to
control plants. Loss of the polypeptide occurred after a satu-
rating pulse of R, indicating that the transgenic phyA is linked
to the chromophore, allowing photoconversion to the light-
labile Pfr form. PS2 and PS4 seemed to be the highest express-
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Figure 3. Northern blot analysis of transgenic plants. A, Analysis of
overexpressors. Poly(A)" RNA (1 ug) from green leaves of wt and four
BINPS plants was probed with a phytochrome fragment (top) and
with a probe for the ribosomal protein S4 (Devi et al., 1989; bottom)
to show that equivalent amounts of RNA were loaded. The transgenic
mRNA runs slightly higher than the endogenous RNA because it
lacks part of the 5’ untranslated leader. B, Analysis of antisense
plants. Poly(A)™ RNA (1 pg) from etiolated sprouts of wt and selected
BINAS and BINAP plants was first probed with a sense-specific PHYA
probe (top), with a PHYB fragment (middle), and finally with an S$4
probe (bottom).
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Figure 4. Immunoblot analysis of protein extracts from transgenic
BINPS and BINAS plants. A, Analysis of overexpressors. Crude pro-
tein extracts were prepared from green tissue culture plants that were
incubated in the dark for 4 d and either irradiated for 1 h with R
followed by 2 h of darkness (R) or left in darkness (D) for the whole
experiment. The immunoblot was probed with P25. B, Analysis of
antisense plants. Top, Crude protein extracts were prepared from
etiolated sprouts. The immunoblot was probed with a polyclonal
potato phyA antiserum. Middle, Enriched protein extracts (see “Ma-
terials and Methods”) from green leaves were probed with antiserum
C52. Bottom, Enriched protein extracts were probed with a poly-
clonal potato phyB antiserum.

ing lines and were thus chosen for further analysis. Because of
low tuber yields and erratic germination of BINPS plants,
etiolated material was limited. Spectrophotometric analysis of
dark-grown sprouts was conducted for PS4 only and indi-
cated an approximate doubling of photoreversible phyto-
chrome in PS4 (Table I). An independent study of PS2 plants
using low-temperature fluorescence spectroscopy (V. Sinesh-
chekow, personal communication) confirmed that PS2 also
contained twice the amount of phyA compared to wt plants.

Preliminary screening of transgenic plants transformed
with the antisense constructs was done by western blot
analysis of protein extracts from 11 etiolated BINAP and 12
etiolated BINAS sprouts. Two BINAS plants (AS11 and
AS14) and four BINAP plants (AP2, AP9, AP11, AP13)
showed reduced phytochrome levels. These plants, as well
as a wt control plant and two plants of each construct with
unaffected phytochrome levels (AS3 and AP3), were sub-
jected to northern blot analysis, using a sense-specific
probe. Figure 3B shows that in BINAP plants, AP9 and
AP11, PHYA mRNA levels were severely depleted. Re-
probing the northern blot with a PHYB sequence (Heyer
and Gatz, 1992b) indicated that PHYB mRNA levels were
also affected, even though less severely. PhyA protein lev-
els in AP9, AP11, and wt control plants were analyzed by
western blot analysis of extracts of etiolated sprouts (Fig.
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Table 1. Spectrophotometrically detectable phytochrome in etiolated sprouts of potato

Values are means *+ sk of at least three independent samples. A(AA)qqo_ 730 is defined in

"

and Methods.

Measurement wt

A(AAJI;(;U 730 X I() ’

8.6 1.8

4B). PhyA levels were greatly diminished in the two se-
lected BINAP plants. The amount of photostable phyto-
chrome in green tissue of these plants was analyzed using
two different antibodies: C22 is a rabbit antibody that was
raised against a peptide containing sequences of Avena
PHYA. It is interesting that in potato it recognizes a light-
stable band, which is also recognized by the anti-phyB
serum. Both sera show that the light-stable phytochrome
pool is not significantly affected in the phyA antisense
plants. Spectrophotometric analysis of extracts from etio-
lated sprouts of AP9 and AP11 revealed a 7- and 10-fold
reduction in total spectral activity, respectively (Table I).

Photoresponses of Etiolated Sprouts

Changing the level of phyA expression affected hook
opening and leaf expansion when plants were grown in FR.
Development was suppressed relative to the wt control in
antisense plants, but in the overexpressors hook opening
occurred earlier and leaf expansion was promoted both at
the apex and the subapical nodes (Fig. 5).

The effect of R and FR on the growth of etiolated sprouts
was tested in transgenic lines PS2, PS4, and AP9 (Fig. 6).

AP9

Figure 5. Effect of continuous FR on apical development of wt and transgenic potato sprouts. Potato sprouts were
germinated in darkness and transferred to continuous FR when the sprouts penetrated the soil. Photographs were taken in
W after 8 d of FR treatment.

WT

"Materials

AP9 AP11 PS4

1:2 % 10:1 0.7 £:0.1 15:7 % 0.7

Tubers were germinated in the dark and transferred to the
different light treatments for 5 d. In the wt controls sprout
growth was strongly inhibited by R, especially during the first
3 d of treatment. Continuous FR inhibited sprout growth to a
lesser extent, indicating the operation of an FR-HIR. In con-
trast, FR was as effective as R in inhibiting growth of PS2 and
PS4 sprouts. In the antisense line AP9, growth inhibition of
both R and FR was reduced so that growth over 5 d was not
significantly different for the light treatments.

The reduced sensitivity to R in AP9 concerning growth
rates suggests that phyA contributes to the sensing of R in
potato sprouts. We further tested this possibility by ana-
lyzing the effect of R on the expression of RBCS genes in
etiolated BINAP and wt sprouts. Sprouts were given a
15-min R treatment and kept in darkness for 18 h before
harvest. Figure 7 illustrates that RBCS RNA induction by
an R pulse does not reach maximum levels in the AP9 and
AP11 sprouts as compared to controls.

Photoresponses of W-Grown Plants

Wt and transgenic plants were grown under fluores-
cent W (high R:FR) or fluorescent W supplemented with

PS2
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Figure 6. Effect of R and FR on stem extension in potato sprouts.
Tubers were germinated in darkness and transferred to R (A) or FR ()
or remained in darkness (@). Daily measurements were made under
green safelight. Values are means * st of at least three independent
samples. Values taken for overexpressors PS2 and PS4 were com-
bined.

FR (medium and low R:FR). Wt plants exhibited a typical
increase in stem extension rates in response to decreas-
ing R:FR ratios. Stem extension slowed drastically after
growth for 30 d in the high R:FR treatment, but contin-
ued in the low R/FR treatment. A comparison of over-
expressor and antisense lines after 20 d from shoot emer-
gence is shown in Table II. There was little difference
between the shoot lengths of the transgenic and wt
plants in either the high or medium R:FR treatment.
However, under low R:FR ratios, the overexpressor lines
were conspicuously shorter and the antisense line was
taller than wt plants.

Plant Physiol. Vol. 109, 1995

Figure 7. RBCS mRNA induction in etiolated wt and BINAS plants by
a flash of R. Sprouts were grown in the dark (D), given 15 min of R,
and then returned to the dark for 16 h until RNA was extracted.

DISCUSSION

In this paper we describe the generation and analysis of
transgenic potato plants with altered levels of phyA. These
plants were generated by introducing a potato PHYA
c¢DNA in sense orientation (for overexpression) or anti-
sense orientation (for reduced expression) behind the
CaMV 355 promoter. The overexpressor lines showed a
2-fold increase in spectral activity in dark-grown material.
This is comparable to results from other laboratories, which
expressed monocotyledonous PHYA ¢cDNAs in transgenic
plants: Keller et al. (1989) observed a 2.6-fold increase in
spectral activity in dark-grown tobacco seedlings express-
ing oat phytochrome; Boylan and Quail (1991) report a
4-fold increase in spectral activity of etiolated Arabidopsis
seedlings transformed with a chimeric oat PHYA cDNA
clone. Considering that the CaMV 35S promoter is more
than 4-fold stronger than the phytochrome promoters, un-
expectedly low expression levels could be explained either
by posttranscriptional control mechanisms (for example by
limiting amounts of the chromophore) or by selection
against highly expressing plants. Northern blot analysis of
BINPS plants (Fig. 3A) also showed only a moderate excess
of transgenic RNA as compared to the endogenous RNA,
supporting the latter explanation. Only four phyA-overex-
pressing shoots could be regenerated with amounts of leaf
discs normally yielding 20 to 30 transformants using the
same vector. This observation also favors the theory of
counterselection against strong overexpressors.

Expression of monocotyledonous phyA leads to a 16-fold
(Keller et al., 1989) or 20-fold (Boylan and Quail, 1991)
increase in spectral activity in light-grown plants. Based on

Table Il. Effect of different R:FR ratios on plant height

Mean plant height (cm) * s of three independent samples after 20
d of growth in high, medium, or low R:FR ratios.

Plant Type High R:FR Medium R:FR Low R:FR
wt 16.6 £ 1.3 231 %7.2 57.0 £ 6.1
PS2 16.0 £ 2.3 22922 47.0 £ 4.5
PS4 143 £ 0.7 29.6 £ 9.3 44.1 =109
AP9 205+ 1.4 348 5.3 80.1 £59
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western blot analysis we were unable to detect any increase
of potato phyA in light-grown material, although reaccu-
mulation in the dark was higher in the overexpressors
compared to control plants (Fig. 4A). This difference in
abundance in light-grown material must be due to the
enhanced stability of monocotyledonous phyA in a dicot-
yledonous host (Boylan and Quail, 1989, 1991; Cherry et al.,
1991; McCormac et al., 1992b), whereas the native phyA
seems to be efficiently degraded in potato.

Antisense inhibition of phyA accumulation was more
efficient using the entire coding region (BINAP plants)
compared to a 780-bp internal fragment (BINAS plants)
directly following the chromophore attachment region.
Two of 11 BINAP plants tested showed a 7- and 10-fold
decrease in the amount of spectrally active phytochrome
(Table I). Because the PHYA and PHYB cDNAs are 61%
identical, it was important to test for any effect of the PHYA
antisense RNA on phyB expression. There was some evi-
dence for slightly lower PHYB mRNA levels (Fig. 3B).
Arabidopsis phyB mutants are partially dominant, which
indicates that plants can be very sensitive to changes in
phyB levels. Therefore, it was important to test whether
phyB protein levels were significantly altered in AP9 and
AP11. We used two different antibodies, one directed
against the C terminus of phyB and the second one directed
against a peptide of Avena phyA. Both antibodies reacted
with the same light-stable band of the expected molecular
size. Because western blots are not as quantitative as
ELISAs, we cannot exclude a potential decrease of phyB
levels up to approximately 20% (Fig. 4B). However, there
was no effect on growth in W, which indicates that phyB
levels were not modified to an extent that would influence
photoresponses.

The effects of light quality on potato sprout development
were first shown by Withrow (1941), who found that
sprout extension was inhibited and that hook unfolding
and leaf expansion were stimulated by FR. In our experi-
ment, phyA levels had a striking effect on hook opening
and early leaf development in continuous FR, which was
suppressed in the antisense plants and accelerated in the
overexpressors (Fig. 5). These data are consistent with the
sensing of FR being primarily the function of phyA (Mc-
Cormac et al., 1991, 1992a, 1992b, 1993; Whitelam et al.,
1992).

Inhibition of stem extension in sprouts of phyA antisense
plants was reduced in response to both R and FR. Thus,
phyA is involved in sensing R, which indicates that even
under continuous R-sufficient Pfr molecules remain avail-
able to mediate the response. The relative insensitivity of
phyA antisense sprouts to R contrasts with results obtained
with phyA-deficient Arabidopsis and tomato plants (Na-
gatani et al., 1993; Reed et al., 1994; van Tuinen et al., 1995).
After 5 d of continuous growth in R, the length of wt potato
sprouts was reduced to 20% of the level of sprouts grown
in the dark, whereas the sprout length of antisense plants
reached 80% of the value of dark-grown controls. As dis-
cussed above, PHYB mRNA levels or phyB protein levels
were at most only slightly reduced, indicating that the
unexpected low sensitivity of AP9 and AP11 sprouts to R

was due to decreased phyA levels. Under continuous R,
hypocotyls of wt Arabidopsis seedlings reached 37% of the
length of the dark-grown controls, whereas seedlings of a
phyA mutant reached 54% (Reed et al., 1994). R-mediated
inhibition of hypocotyl elongation of wt tomato seedlings
led to seedlings reaching 23% of the size of dark-grown
seedlings, whereas phyA-deficient seedlings were slightly
less inhibited (32%; van Tuinen et al., 1995). Taken to-
gether, these data reveal that in the etiolated stage potato
phyA mediates a considerably larger component of the
response to R than is observed in Arabidopsis and tomato.
This difference might be due to either less efficient destruc-
tion of Pfr under R or a higher sensitivity to the existing Pfr
levels in potato sprouts. In the overexpressing lines, sensi-
tivity to R was not increased. This could mean either that
the response was already saturated by the endogenous
phytochrome levels or that under R the Pfr pool was not
increased in the transgenics. The response to FR was more
pronoﬁnced compared to wt plants.

The finding that potato phyA is an important component of
the R-mediated de-etiolation process is supported
by studies of the induction of RBCS transcripts by R in etio-
lated sprouts (Fig. 7). Induction of RBCS transcription in the
potato phyA antisense plants was reduced compared to wt
plants, suggesting that the lack of phyA cannot be fully com-
pensated by phyB. In Arabidopsis, full induction of expres-
sion of the CAB gene by R can be mediated through either
phyA or phyB (Reed et al., 1994). These results reveal that the
roles of phyA and phyB in the de-etiolation process as de-
duced from studies of Arabidopsis seedlings do not entirely
predict the photoresponses of potato sprouts.

De-etiolated transgenic potato plants with reduced levels
of phyA did not show any obvious phenotypic alterations
when grown in W. This corresponds with the phenotype of
the Arabidopsis phyA mutants in W (Whitelam et al., 1993).
We did not observe the increased tendency to wilt that has
been described for phyA-deficient mutants in tomato (van
Tuinen et al., 1995). Increased levels of phyA also did not
affect the phenotype of potato plants grown in W. This
result contrasts with the observation that overexpression of
monocotyledonous phyA in a dicotyledonous background
leads to an altered phenotype (Keller et al., 1989; Boylan
and Quail, 1989, 1991; Nagatani et al., 1991b). This discrep-
ancy can be explained by the inability of native phyA to
accumulate because of its light lability in its homologous
background. Whereas Keller et al. (1989) and Boylan and
Quail (1991) observed a 16- to 20-fold higher spectral ac-
tivity in plants grown in W, we could not detect any
increase in our transgenic plants when these were grown in
W. Because even different cultivars of tobacco react differ-
ently to increased monocotyledonous phyA levels (Naga-
tani et al., 1991b), it could also be that our potato plants are
generally less sensitive to altered phyA levels in W, irre-
spective of whether it originates from a monocotyledonous
or a dicotyledonous species. It remains an open question
whether phyA can interact with partners of the signal
transduction chain that are normally addressed by phyB.
The experiments with the monocotyledonous phyA over-
expressors are not conclusive, because the monocotyledon-
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ous phyA might not be specifically recognized as type A
because of its heterologous structure. The ideal experiment
would be to overexpress a native phyA that cannot be
recognized by the host degradation machinery.

When wt potato plants were grown at constant photo-
synthetically active radiation but varying R:FR ratios, plant
height varied dramatically in a pattern typical for the
shade-avoidance syndrome (Smith, 1992). At low R:FR
ratios, plants were taller with longer internodes, and axil-
lary branching was suppressed. Both the overexpressors
and antisense plants showed a similar overall shade-avoid-
ance response to these treatments (Table II). Based on
the observation that Arabidopsis phyB mutants are satu-
rated for the shade-avoidance response (Robson et al.,
1993), this photoresponse has been assigned to the action of
phyB: lack of functional phyB (either by mutation or by
keeping most of it in the Pr form under low R:FR condi-
tions) allows promotion of stem extension. In the potato
system, phyA antisense plants were taller than the controls
and phyA overexpressors were shorter, indicating a regu-
latory role of phyA in controlling stem extension under low
R:FR ratios. This is supported by results obtained with
Arabidopsis phyA/phyB double mutants. The hypocotyls of
the phyA/hy3 double mutant are significantly longer under
low R:FR than those of the hy3 mutant (Johnson et al,,
1994), which suggests that phyA is also involved in reduc-
ing stem extension. Obviously, this response can be elicited
only under low R:FR ratios where phyA can accumulate.
McCormac et al. (1992b) have shown that endogenous di-
cotyledonous phyA levels increase when W is supple-
mented with FR. In the potato system, we would thus
predict that phyA levels in overexpressors increase over
the level reached in wt. Consequently, we observe a reduc-
tion in plant height compared to control plants. In the
potato antisense plants that show a decreased abundance
of phyA, plant height is increased under shade conditions.
Thus, there seems to be an overlap in the physiological
function of phyA and phyB with regard to reducing stem
extension. Differences in their responsiveness to different
light conditions seem to arise from differences in stability
and expression levels.

CONCLUDING REMARKS

By analyzing transgenic potato plants with altered phyA
levels we were able to show that phyA elicits or modulates
photoresponses under conditions that allow its accumula-
tion (dark-grown plants, plants grown under low R:FR
ratios). These data confirm the general picture that the
function of phyA is to sense the difference between dark-
ness and shade conditions. In this respect it was surprising
that phyA is also needed for sensing R to initiate inhibition
of sprout elongation and to elicit maximal RBCS expression
levels.
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