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and low irradiances. These results indicated that 1 to 5% of
all Lheb transcripts were sufficient to allow adaptation of
the PSII antenna size to low irradiance by a 2-fold increase
in LHCII concentration.

MATERIALS AND METHODS
Construction of the Binary Vector

The binary vector antiTP containing the 105-bp-long
transit sequence of the Cab protein as HindIIl/Sall frag-
ment (Flachmann and Kiihlbrandt, 1995) was redesigned in
such a way that the coding sequence of hph was cloned
immediately 5' of the transit sequence as BamHI/HindIIl
fragment. The hph coding sequence was amplified by PCR
from plasmid pBIB-HYG (Becker, 1990) using the primers
5'Bam-Hyg (5'-TTTTGGATCCATGAAAAAGCCTGAA-
3y and 3'HII-Hyg (5'-CCCCAAGCTTCTATTCCT-
TTGCCCT-3'). The construct was driven by the plastocya-
nin promoter of pea, which was cloned as BamHI fragment.
The promoter was amplified by PCR from plasmid pKHn2
(Pwee and Gray, 1993) using the primers 5'Bam-Pet (5'-
TTTTGGATCCTATGCAACTTACAACG-3') and 3'Bam-
Pet (5'-CCATGGATCCTTTTTCTCAAGAGTAAT-3'). Us-
ing those primers, plasmids were screened for correct
fragment orientation by PCR. Recombinant DNA tech-
niques were performed according to standard procedures
(Sambrook et al., 1989).

Agrobacterium-Mediated Transformation and Growth of
Plant Material

The antisense DNA construct (Fig. 1) was introduced
into Agrobacterium tumefaciens strain LBA4404 (Hoekema et
al., 1983) by electroporation according to the manufactur-
er's instructions (Bio-Rad). Transformants were used to
infect leaf discs of tobacco (Nicotiana tabacum cv Petit Ha-
vanna SR1) (Maliga et al., 1973). The infected discs were
placed on tissue culture medium containing various hygro-
mycin concentrations (see “Results”) and regenerated es-
sentially as described by Horsch et al. (1985). After a few
weeks putative transformants were transferred to soil and
grown under growth chamber conditions (300 pE m™2s7,
16 h of light/8 h of dark, 25°C). Low-light conditions were
60 to 80 uE m~2 s (16 h of light/8 h of dark, 25°C).

Lheb1-2 transit

PetE promoter hph sequence 35S poly A
——H .
P 7 N\
BamH! HindIH Hind Nl Sail
> ape———————

dual-functional transcript

Figure 1. Structure of the dual-functional transcript. The dual-
functional transcript encodes in the 5’ to 3’ direction the reading
frame for hph and in the 3’ to 5’ direction (antisense orientation) the
transit sequence of Lhcb1-2. The sequences are transcribed from
the plastocyanin promoter PetE and terminated by the poly(A) site
of the CaMV 35S RNA.
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Experiments were repeated independently using in vitro-
propagated clones of transformants and plants from the T,
generation.

Preparation of RNA, Hybridization, and Quantitation

RNA was isolated (Logemann et al., 1987) from the sec-
ond mature leaf of soil-grown transgenic and wild-type
plants. For comparative RNA gel-blot analysis, leaf mate-
rial was harvested after 4 h of illumination within a time
interval of 5 to 10 min. For hybridizations, 15 ug of total
RNA was electrophoresed through a 1% agarose gel con-
taining 2.2 M formaldehyde (Sambrook et al, 1989) and
blotted to GeneScreen Plus membranes (DuPont). Double-
stranded probes were generated by isolation and radioac-
tive labeling (Feinberg and Vogelstein, 1983). Filters were
hybridized at 65°C according to Church and Gilbert (1984)
with the N-terminal half of the tobacco gene Lhcb1-2 (305
bp in length, designated Lhcb) and rehybridized with a
soybean 185 gene (Eckenrode et al., 1985) to ensure that
equal amounts of RNA were present. The hybridization
signals were quantitated in cpm directly from the blots
using a scanner (Phosphorlmager, Molecular Dynamics,
Sunnyvale, CA).

Thylakoid Isolation, Chlorophyll Determinations, and
Protein Gel Blotting

Chloroplasts were prepared from leaves of wild-type and
antisense plants by homogenization in 0.33 m sorbitol/ 10
mM NaCl, pH 7.8, with a blender (Waring) and passed
through cotton wool and Miracloth (Calbiochem). Chloro-
plasts were collected by centrifugation at 1500g for 5 min.
Thylakoid membranes were isolated after osmotic shock in
10 mm NaCl/1 mm N-tris(hydroxymethyl)methylglycine,
pH 7.8, for 15 min at room temperature, centrifuged for 15
min at 6000g, and subsequently washed in 10 mm NaCl/1
mwm N-tris(hydroxymethyl)methylglycine/5 mm EDTA, pH
7.8. Thylakoid membranes were solubilized in 0.8% Triton
X-100. Chl 4 and Chl b values were determined in 80%
acetone according to the method of Porra et al. (1989). The
concentration of carotenoids was determined in 80% acetone
by the method of Lichtenthaler (1987). For protein gel blots,
membranes were resuspended in 10% Suc, 20 mM sodium
carbonate, and 100 mM DTT and sonicated twice for 15 s
with a sonifier (Branson, Danbury, CT). Protein gel electro-
phoresis was performed according to Laemmli (1970). Sep-
arated proteins were electrophoretically transferred to
Immobilon-P (Millipore). Immunodetection by chemilumi-
nescence using polyclonal and monoclonal antibodies was
performed according to the manufacturer’s instructions
(Amersham). Monoclonal antibodies against LHCII and
CP29 were produced from the hybridoma cell lines Ameri-
can Type Culture Collection (ATCC) no. CRL1766 and
ATCC no. CRL1779.

Reversed-Phase HPLC of Thylakoid Pigments

The HPLC was a chromatographic system (626 pump
and 600S controller, Waters) equipped with a photodiode
array detector 996 (Waters). All solvents were HPLC grade
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Table 1l. Pigment content of low-light-grown tobacco plants

Chloroplasts were isolated from the third and fourth mature leaves of antisense and control plants in two independent experiments. Pigment
concentrations for chlorophylls and carotenoids were determined from purified thylakoids in 80% acetone. Lutein concentrations were measured
three times by HPLC. Values were measured with three plants in at least six individual measurements. Mean and so values are indicated.

Plant Chl a Chl b Carotenoid Lutein Chl b Chl a Chl b Carotenoid Lutein
ng g ' freshwt pgg™' freshwt pgg ' freshwt pgg ! freshwt % of control mg m™2 mg m™2 mg m™2 mg m™?

anticab-1 2114 = 359 835 * 154 509 * 56 313 + 32 76 96 = 15 385 23 x5 14 =2
antiTP-2 2487 = 264 991 + 98 618 += 58 380 = 25 90 100 £ 6 40 *+ 2 25 €2 15+ 2
Pla-20 2497 * 494 1006 = 194 642 =122 395 = 30 92 112 +£10 45+ 4 29+ 2 18 = 2
Control 2728 * 453 1099 = 214 708 = 105 435 * 37 100 119 £2 48 £ 1 31 £1 19 =1
Averaged 2457 = 220 983 = 95 620 = 72 381 *+ 44 90 % 8.6 107 =9 43 £ 4 27 x£3 17 £ 2

4, right). It was shown previously that Lhcbl and Lhcb2
genes were equally well repressed in anticab-104 by Lhcb
antisense RNA (Flachmann and Kiihlbrandt, 1995). Al-
though only 1 to 5% of Lhcb steady-state RNA remained in
anticab-104 when compared with wild type (Flachmann
and Kiihlbrandt, 1995), the content of LHCII, LHCB2, and
the minor antenna complexes CP24, CP26, and CP29 did
not decrease.

Can a Phenotype Be Induced by Varying the
Growth Condition?

Under normal growth conditions the amount of chloro-
phyll is not a limiting factor for photosynthesis. Plants
adapt to the changing light conditions by adjustments in
the thylakoid membrane, in particular via increases or
decreases in their PSII antenna size (Anderson, 1986). The
three T, antisense lines Pla-20, anticab-1, and antiTP-2
(Flachmann and Kuhlbrandt, 1995), together with control
plants, were transferred to low irradiance (60-80 uE m™?
s7"). After 3 weeks of growth all leaves were dark green
without visible lack in pigmentation. Quantitation of chlo-
rophylls and carotenoids were performed (Lichtenthaler,
1987; Porra et al., 1989). Generally, the amount of both Chl
a and Chl b as well as carotenoids increased 2-fold (3.4 mg
of total chlorophyll/ g fresh weight, Table II) in comparison
with high irradiance (1.7 mg of total chlorophyll/g fresh
weight, Table I). At low irradiance the concentrations of
total chlorophyll in the antisense lines were not decreased
dramatically in comparison with wild type (2457 + 220 pg
of chlorophyll/ g fresh weight); however, the content of Chl
b in lines anticab-1 (76%) and antiTP-2 (90%) were reduced
in relation to wild type (Table II). More predictive, how-

ever, were the pigment ratios of chlorophyll and carote-
noids (Table III). Although absolute amounts of chloro-
phyll seemed to be reduced in some antisense plants, the
Chl a/Chl b ratio and in particular the Chl b/lutein ratio
remained unaltered at low irradiance.

In addition to the spectrophotometrical analysis, pig-
ments were extracted from dark-adapted thylakoids and
separated by reversed-phase HPLC. Figure 5 shows a typ-
ical chromatogram of 1.2 ug of chlorophyll extract of the
antisense plant Pla-20 (left) and the control plant (right).
Lutein was quantitated by its extinction coefficients (Gil-
more and Yamamoto, 1991) and the ratio of Chl 4 to lutein
was calculated. Both pigments are essential ligands of LH-
CII for functional light-harvesting and protein stability. It
is interesting that this ratio remained constant among an-
tisense and control plants (2.59 = 0.05, Table III), indicating
equal amounts of LHCII in thylakoids of antisense and
control plants. When judged by a dilution series and im-
munodetection, altered accumulation of LHCII in antisense
and control plants was not observed (Fig. 6). The low
irradiance did not restrict the antisense plants in their
ability to accumulate PSII antenna proteins and in partic-
ular LHCII at normal levels when compared with control
plants.

Did de-etiolated plants exhibit a phenotype? The apex
and two small, developing leaves of the antisense plants
Pla-20, anticab-9, and antiTP-2 were propagated vegeta-
tively on Murashige-Skoog medium and incubated in the
dark at 25°C. After 4 weeks plants were grown in soil at
low irradiance for 3 weeks. Sections from the base and top
of individual leaves were analyzed spectroscopically for
their pigment concentration and immunologically (not

Table HI. Pigment ratios in thylakoid membranes of low-light-grown tobacco plants

Pigments were determined from the third and fourth mature leaves in two independent experiments; ratios were calcuiated from values given

in Table Il. Mean and sb values are indicated.

Plant Chl b Chta+ b Chl b Chl b Chl b Chla+ b Chi b
pg g™’ pg g ug pg" ng pg”" ug pg~! ug pg~! ug pg"
carotenoid g~' carotenoid g~ lutein g™! Chlag! carotenoid carotenoid lutein m™2
fresh wt fresh wt fresh wt fresh wt m™? m?
anticab-1 1.64 5.79 2.67 2.53 1.65 5.83 2.68
antiTP-2 1.60 5.62 2.61 2.51 1.60 5.60 2.60
Pla-20 1.57 5.46 2.55 2.48 1.55 5.41 2.52
Control 1.55 5.41 2.53 2.48 1.55 5.39 2.52
Averaged 1.59 £ 0.03 5.57 = 0.15 2.59 £ 0.05 2.50 £ 0.02 1.59 = 0.04 5.56 * 0.18 2.58 = 0.07
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chlorophyll/ carotenoid ratios of 5.50 (at high irradiance)
and 5.56 (at low irradiance) were very similar to the ratio of
5.40 in maize thylakoids (Bassi et al., 1993). Additionally,
an identical ratio of 5.60 has been determined for isolated
LHCII (Bassi et al., 1993). The simultaneous increase of Chl
b and lutein, which are essential ligands of LHCII (Kiihl-
brandt et al., 1994), was an additional indication that LHCII
accumulated at higher concentration in both antisense and
control plants at low irradiance. The Chl b/ carotenoid ratio
of 1.59 * 0.04 for all tobacco plants tested correlated well
with the value of 1.32 determined for maize thylakoids
(Bassi et al., 1993). Most interestingly, the Chl b/lutein ratio
of 2.59 = 0.04 did not vary significantly among antisense
and control plants at low irradiance. Similar values have
been determined for maize (2.68 as reported by Bassi et al.,
1993) and spinach thylakoids (2.57 as reported by Juhler et
al.,, 1993). The data indicated that in Lhcb antisense plants
Chl b and lutein accumulated at a constant ratio under
varying light conditions. The Chl b/lutein ratio suggested
that five molecules of Chl b were needed per two molecules
of lutein for proper light-harvesting function at varying
light conditions. This relationship is actually reflected by
the atomic model of LHCII (Kiithlbrandt et al., 1994), in
which five molecules of Chl b and two molecules of lutein
per monomer have been identified. To prevent photooxi-
dative damage, all Chl b molecules are in close proximity to
the lutein molecules. The minor PSII antenna proteins
CP24, CP26, and CP29 also bind carotenoids and lutein in
particular. However, their amounts in the thylakoid mem-
brane are too low to affect significantly the Chl b/lutein
ratio, especially since lutein was shown to associate pref-
erentially with LHCII (Lichtenthaler et al., 1982; Eskins et
al., 1983; Siefermann-Harms, 1985; Knoetzel and Simpson,
1991). Immunological quantitation also demonstrated that
LHCII accumulated at equal amounts in antisense and
control plants under suboptimal light conditions. The low-
irradiance-induced increase of LHCII in Lhch antisense
plants is a convincing demonstration that, first, about 1 to
5% of Lhcb transcripts were sufficient to guarantee normal
LHCII biogenesis, and second, posttranscriptional control
acts as a key regulatory step in the biogenesis of LHCII in
tobacco.

Rieske FeS Antisense Experiments as Model for LHCII-
Depleted Plants?

Lhcb transcript levels that were as low as 5% of wild type
demonstrated the capacity of antisense plants to adapt to
environmental changes by efficiently translating Lhcb
mRNA. In this respect two results of antisense-mediated
suppression of the Rieske FeS subunit are notable. Palo-
mares et al. (1993) reduced the level of Rieske FeS mRNA
by 90% without affecting the protein level, whereas a
mRNA reduction of 94% induced distinctive phenotypes
(Price et al., 1995). In the latter case the antisense pheno-
types were recovered at extremely low frequency from 378
independent transformants and were stable at low irradi-
ances only. A further reduction of the Lkcbh transcript con-
centration would be needed to achieve a reduction in LH-
CII content and to induce a phenotype. Astonishingly, the

amount of 1 to 5% Lhch mRNA is sufficient to permit the
low-irradiance-induced increase in PSII antenna size due to
an increased accumulation of LHCII. Additional experi-
ments have to show whether short-term effects during
regreening of etiolated antisense plants can be detected.
The extreme stability of LHCII, with a turnover of less than
1% per day (Riesselmann and Piechulla, 1992), is probably
one of the reasons for the observed differences in mRNA
and protein accumulation. This finding prompts the puz-
zling question: Why are Lhch promoters that strong in
transcriptional activities?
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