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The specific functions of the light-harvesting proteins Lhca2 and Lhca3 were studied in Arabidopsis ecotype Colombia
antisense plants in which the proteins were individually repressed. The antisense effect was specific in each plant, but levels
of Lhca proteins other than the targeted products were also affected. The contents of Lhca1 and Lhca4 were unaffected, but
Lhca3 (in Lhca2-repressed plants) was almost completely depleted, and Lhca2 decreased to about 30% of wild-type levels
in Lhca3-repressed plants. This suggests that the Lhca2 and Lhca3 proteins are in physical contact with each other and that
they require each other for stability. Photosystem I fluorescence at 730 nm is thought to emanate from pigments bound to
Lhca1 and Lhca4. However, fluorescence emission and excitation spectra suggest that Lhca2 and Lhca3, which fluoresce in
vitro at 680 nm, also could contribute to far-red fluorescence in vivo. Spectral forms with absorption maxima at 695 and 715
nm, apparently with emission maxima at 702 and 735 nm, respectively, might be associated with Lhca2 and Lhca3.

During photosynthesis, light energy is captured
by pigments in the light-harvesting complex (LHC)
proteins and transferred to the reaction centers of
the thylakoid membrane in green plants. There are
10 different classes of nuclear-encoded Lhc genes,
which encode 10 abundant LHC proteins in higher
plants (Jansson, 1994). Of these 10 proteins, Lhca1
through Lhca4 form the LHC I complex, exclusively
associated with photosystem I (PS I). Lhcb3 through
Lhcb6 are exclusively associated with photosystem
II (PS II) and Lhcb1 and Lhcb2 form mixed trimers
(LHC II) that can be associated with either photo-
system. The gene family also includes some related
proteins such as the early light-induced proteins,
PsbS, and a few recently identified, small-Mr pro-
teins (Jansson, 1999).

LHC proteins bind chlorophyll (chl) a, chl b, and
carotenoids with weak, non-covalent bonds. The an-
cestor of the LHC proteins was probably a form of
the cyanobacterial high-light-inducible protein from
which the LHC proteins seem to have evolved as the
green algae and plants appeared. The gross architec-
ture of the higher plant light-harvesting antenna ap-
pears to have been present more than 350 million
years ago because the same LHC proteins are present
in all higher plants (Jansson, 1994). This also implies
that all 10 LHC proteins must have specific functions,
otherwise some of the genes would have been lost
through genetic drift during evolution. Much re-
mains, however, to be learned about these specific
functions. Besides light harvesting, they also take

part in the dissipation of excess light. In light, vio-
laxanthin is photoconverted to zeaxanthin through
antheraxanthin. This is believed to facilitate the dis-
sipation of excess light as heat, and the crucial im-
portance of PsbS in this process has recently been
demonstrated (Li et al., 2000).

In Arabidopsis, the genes that encode the LHC I
proteins (Lhca1–4) are all present as single-copy
genes (Jansson, 1999) that, like all other LHC genes,
are located in the nuclear genome. The Lhca pro-
teins vary in size from 20 to 24 kD, and are believed
to exist as dimers, each independently binding to PS
I. A tentative model for the arrangement of the LHC
I dimers around PS I has also been published (Jans-
son et al., 1996). Isolation of native Lhca proteins is
a difficult task, but preparation of LHC I on Suc
gradients gives two major subfractions which differ
in protein composition and protein content (Lam et
al., 1984). One fraction has high density and consists
of Lhca1 and Lhca4, which have been shown to form
a heterodimer (Jansson et al., 1996; Schmid et al.,
1997). This fraction has a strong 77-K fluorescence
emission with a maximum at 730 nm and conse-
quently has been named LHCI-730 (Lam et al., 1984;
Knoetzel et al., 1992). The other fraction has lower
density, is composed of Lhca2 and Lhca3, fluoresces
maximally at 680 nm in vitro (Lam et al., 1984;
LHCI-680) and can sometimes be separated into two
fractions, one containing Lhca2, and the other Lhca3
(Knoetzel et al., 1992). The oligomeric state of LHCI-
680 preparations has not been established. Although
Lhca2 and Lhca3 seem to exist as dimers in the
native state (Jansson et al., 1996), the separation of
LHCI-680 on Suc gradients indicates that under
these in vitro conditions they are in a monomeric
state and thus do not represent true functional units.
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Other biochemical data have also suggested that
Lhca2 is not tightly associated with Lhca3 (Jansson
et al., 1996).

The 730-nm fluorescence emission of LHCI-730 is
remarkable. chl molecules in solution, or bound to
most sites in the pigment-binding protein com-
plexes of PS I and PS II (bulk chlorophylls), fluo-
resce at 670 to 690 nm, but a few fluoresce at longer
wavelengths. Because these far-red fluorescing chlo-
rophylls obviously have a lower energy than the PS
I reaction center, P700, it has been questioned
whether they really could function as antenna pig-
ments or, rather, if they are really sinks for excess
excitation energy. Data recently have suggested that
the far-red fluorescing chls really are true antenna
pigments that at physiological temperatures could
transmit their energy to the P700 (Pålsson et al.,
1998; Rivadossi et al., 1999), but the direct role of the
far-red fluorescing chls in the plant needs to be
directly demonstrated. Regardless of these consid-
erations, there seem to be five to 10 far-red fluoresc-
ing chlorophylls present in each PS I complex, one
or two of which are believed to be associated with
the PS I core (Croce et al., 1998). There is heteroge-
neity among the far-red fluorescing chls. Some emit
at 715 to 720 nm, and these are clearly located in the
reaction center complex because they also are
present in cyanobacteria (which lack LHC I), and the
barley (Hordeum vulgare) mutant vir-k23, which is
devoid of LHC I (Knoetzel et al., 1998). The other
far-red fluorescing chls, emitting at 730 to 740 nm,
have been suggested, unsurprisingly, to be associ-
ated with LHCI-730 (Croce et al., 1998).

Studies on biochemical preparations give valuable
information, but it is known that the in vivo energy
transfers and subsequent fluorescence emissions are
altered when the complexes are bound to each other
and to the reaction center (Bossman et al., 1997;
Schmid et al., 1997). Therefore, the best way of
resolving the functions of the LHC proteins and the
energy transfers in the complex is to analyze mu-
tants lacking individual proteins. Studies have been
made on several such mutants, for instance chl
b-deficient barley mutants, but the results have been
inconclusive because the plants lack many LHC pro-
teins bound both to PS I and PS II (Bossman et al.,
1997). In plants where homologous recombination is
a rare event, the construction of plants lacking spe-
cific proteins is most efficiently performed using
antisense inhibition of gene expression. We have
previously reported successful antisense inhibition
of Lhca4 (Zhang et al., 1997), Lhcb4, and Lhcb5
(Andersson et al., 2001) and here we present the
results of an investigation involving the construc-
tion and analysis of Lhca2 and Lhca3 antisense Ara-
bidopsis plants.

RESULTS

Highly Efficient Antisense Inhibition

The seeds from the transformed plants were col-
lected and placed on kanamycin agar plates. Of the
kanamycin-resistant T1 plants (20 from each trans-
formation), over 80% showed more than 95% deple-
tion of the corresponding protein, demonstrating
highly efficient antisense inhibition, and none of the
remaining transformants had protein levels higher
than 10% of the wild type (Fig. 1). Three Lhca2 and
Lhca3 antisense lines with no visible amounts of the
Lhca2 or Lhca3 proteins, respectively, were self-
pollinated to give the T2 progeny and were analyzed
by Southern blots using probes for the antisense
genes. The differences in the restriction patterns con-
firmed that they originated from individual transfor-
mation events (data not shown). To ensure that the
protein corresponding to the inhibited gene was de-
pleted in all the plants discussed in this paper (i.e.
that the antisense effect was stable), all plants were
screened by immunoblotting and 77-K fluorescence
emission spectroscopy (see below) prior to all subse-
quent measurements. The results from the three in-
dependent lines were always consistent; conse-
quently, in the following presentation, for clarity, we
only show the results from one line per trans-
formation.

The transgenic plants showed no obvious visible
phenotypic deviation from wild type under the
growth conditions used in terms of pigmentation or
morphology. Even in long-term growth experiments,
the growth rates of the antisense plants were similar
to wild-type rates (data not shown).

The Antisense Inhibition Is Specific

The different Lhca genes show quite a high degree
of homology to each other. To elucidate whether the
antisense inhibition was specific, transcription of the
four Lhca genes was studied using northern-blot
analysis (Fig. 2). In both cases (Lhca2 and Lhca3), the
transcripts corresponding to the respective inserted

Figure 1. Screening for plants deficient in Lhca2 or Lhca3 by immu-
noanalysis of total leaf membrane preparations from individual an-
tisense lines (44, 47, etc.). Protein corresponding to 3 �g of chl from
wild type (WT) and five antisense plants from each transformation
was loaded in each lane and separated by SDS-PAGE. The Lhca2 and
Lhca3 proteins were detected with monospecific antibodies.
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antisense gene were depleted below the level of de-
tection by this method (more than 99%), whereas the
transcript levels for the other Lhca genes were not
changed. Hybridization with a 25S rDNA probe con-
firmed that equal amounts of RNA were loaded in
each lane (not shown). This shows that the antisense
inhibition was not only efficient but also specific in
the sense that only the mRNA level of the corre-
sponding antisense construct was depleted, leaving
the other genes unaffected.

Decreased Stability of the Other Lhca Proteins

These data prompted us to analyze the quantity of
the other Lhca proteins in the antisense lines, to
determine if removal of Lhca2 or Lhca3 affected the
other LHC proteins of the PS I antenna. The relative
levels of the LHC proteins were analyzed by immu-
noblotting (Fig. 3). In the Lhca2 antisense line, the
amounts of Lhca1 and Lhca4 were the same as in the
wild type, whereas Lhca3 decreased to less than 10%
of the wild-type level. The Lhca3 plants also showed
wild-type amounts of Lhca1 and Lhca4, but the
Lhca2 levels decreased to about 30%. None of the
Lhcb1-Lhcb6 proteins were affected (Fig. 3). Because
the Lhca3 mRNA level in the Lhca2 antisense line
was the same as in the wild-type plants, our conclu-
sion is that the Lhca3 protein is significantly less
stable in the absence of Lhca2. In a converse manner,
the low amount of Lhca2 in the Lhca3 antisense
plants most probably indicates that Lhca2 is much
less stable in the absence of Lhca3. The protein levels
simply were not reciprocal to each other because
Lhca3 amounts declined more than Lhca2 in the ab-
sence of the other protein. This difference was found
in three batches of plants grown on three different
occasions. These data suggest that the Lhca2 and

Lhca3 proteins are in direct contact with each other in
PS I, otherwise the interdependence of the protein
levels is difficult to explain.

Both Antisense Lines Have Decreased Long
Wavelength Fluorescence

According to previous suggestions, the far-red fluo-
rescing chls in LHC I should be associated with the
Lhca1/Lhca4 heterodimer, and not with Lhca2 and
Lhca3 (which fluoresce at 680 nm in vitro). Therefore,
it was interesting to see that the in vivo 77-K chl
fluorescence emission from leaves of the transgenic
lines excited at 440 nm (chl a) showed significant
differences in the red region of the spectrum as com-
pared with the wild type (Fig. 4A). In both the Lhca2
and Lhca3 transgenic plants, the 732-nm peak is
shifted 6 to 726 nm, and the amplitude is dramati-
cally decreased. The difference was not a conse-
quence of different chl content; the antisense lines
did not differ significantly from the wild type in this
respect. The effect on the fluorescence emission spec-
trum upon removal of Lhca2 and Lhca3 resembled
the effect seen in Lhca4 antisense plants, in which the
LHCI-730 complex (Lhca1/Lhca4) is missing (U.
Ganeteg and S. Jansson, unpublished data). The

Figure 3. Analysis of the LHC protein content in total leaf membrane
preparations from Lhca2 and Lhca3 antisense plants by immunoblot-
ting. Membrane preparations from wild type (WT) and Lhca2 (-a2) or
Lhca3 (-a3) antisense plants were subjected to SDS-PAGE. Protein
corresponding to 3 �g of chl was loaded in each lane. The proteins
were detected with a collection of antibodies specific for the 10
different LHC proteins.

Figure 2. Verification of specific antisense inhibition by analyzing
transcript levels of Lhca genes. Total RNA preparations (2 �g) from
wild-type (WT) and Lhca2 (-a2) or Lhca3 (-a3) antisense plants were
separated on agarose gels. The corresponding transcripts were de-
tected with homologous probes. A 25S rDNA fragment was used as
a control for equal loading (not shown).
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Lhca4 antisense gene has been introduced into an-
other genetic background (strain C24), which has a
slightly different 77-K fluorescence emission spec-
trum. Therefore, to compare the fluorescence emis-
sion characteristics of the different antisense lines
more carefully, difference spectra (wild type-
antisense plant) were calculated for the three differ-
ent antisense lines (Fig. 4B). Gaussian deconvolution
of the difference spectra gave identical results with
three peaks, one negative at 715 nm, one strongly
positive at 733 nm, and a minor (very wide) band at
759 nm (Fig. 4C), which were sufficient to explain the
difference spectrum. This shows that removal of
Lhca2/Lhca3 or Lhca1/Lhca4 had the same conse-

quences spectroscopically: Fluorescence emission at
733 nm is greatly reduced, but molecules emitting at
715 nm, assumed to be located in the PS I core,
fluoresce more strongly in the antisense plants.

We also analyzed the fluorescence excitation spec-
tra of the antisense lines, monitoring emission at
different wavelengths in the far-red region (705–740
nm) and found several interesting features. First of
all, we could record differences between the excita-
tion spectra from individual leaves of the same plant
(wild type or antisense). We believe this is due to
minor differences in environmental conditions expe-
rienced by the individual leaves especially, most
probably, shading by other leaves. To eliminate such
leaf-to-leaf variation, we sampled four non-shaded
leaves from different plants, measured their excita-
tion spectra, averaged the data for each line and used
the resulting averages for the calculations presented.
The spectra were normalized to the 439-nm chl a
peak and a difference spectrum was calculated by
subtracting the spectra from the Lhca2 or Lhca3
transgenic plants from the wild-type spectra (Fig. 5).

A decrease in fluorescence in the transgenic plant
results in a positive peak and an increase yields a
negative peak in the difference spectra. The most
prominent differences found were positive peaks in
both antisense lines at 695 and 715 nm, when fluo-
rescence was monitored at 720 to 740 nm. Pigments
absorbing at 695 and 715 nm were probably missing
in the antisense lines. Alternatively, the 695- and
715-nm pigments may not efficiently deliver their
excitation energy to another pigment, emitting be-
tween 720 and 740 nm. At the same emission wave-
lengths, positive peaks were found at 510 nm, and
negative peaks at 645 nm. A510 and A645 nm is mainly
attributed to xanthophylls and chl b, respectively,
indicating that xanthophylls were less efficient, and
chl b more efficient, in exciting the far-red fluorescing
chls in the antisense lines, as compared with the wild
type.

No Changes in the Xanthophyll Cycle Pigment

When measuring the chl a/b ratio in the wild type
and transgenic plants, no significant differences
could be seen. Also, there were no differences in the
carotenoid composition of (dark-adapted) wild-type
and transgenic plants (data not shown). We also
studied the kinetics of the xanthophyll cycle and the
maximum level of de-epoxidation by subjecting
plants to high light for either 5 min or 1 h. None of
the transgenic lines showed any significant differ-
ences in the epoxidation state as compared with the
wild type (Table I), after either short- or long-term
exposure.

DISCUSSION

Photosynthesis is an extremely complex process in
which hundreds (if not thousands) of proteins are

Figure 4. Analysis of 77-K fluorescence emission spectra of wild-
type (WT), Lhca2 (-a2), Lhca3 (-a3), and Lhca4 (-a4) antisense plants.
A, Seventy-seven-Kelvin fluorescence emission spectra for excitation
at 440 nm. The spectra were normalized to the 680-nm peak. B,
Difference spectra of corresponding wild-type and antisense plants
for Lhca2, Lhca3, and Lhca4. C, Gaussian deconvolution of the
Lhca2 difference spectrum shown in Figure 4B and by the thickest
solid line. The deconvolution of the Lhca3 and Lhca4 spectra was
virtually identical to that of the Lhca2.
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involved. PS I of higher plants consists of at least 17
polypeptides, with additional proteins interacting
with the complex. To define the functions of all these
photosynthetic proteins is an important, but com-
plex, task. However, the standard genetic procedure,
of identifying mutants by phenotypic screening, iso-
lating the corresponding gene, and investigating the
phenotype by physiological and biochemical meth-
ods is not readily applicable due to problems in
designing relevant screenings or selections. More-
over, photosynthesis is essential for higher plants, so
null mutations in many photosynthetic genes are
lethal. Instead, much effort has been spent on bio-
chemical characterization of photosynthetic protein
preparations and a large amount of data has been
gathered on the components of the photosynthetic
machinery. In this situation, reverse genetics is a

powerful tool for dissecting the functions of the dif-
ferent proteins. Antisense plants or knockout mu-
tants can potentially provide plant material lacking
specific components of multiprotein complexes. In
this report, we show two examples of successful
reverse genetics where we have specifically re-
pressed the expression of two different LHC I pro-
teins and used the transgenic lines to obtain data
related to their structure and function. We show that
the antisense effect not only effectively removes the
proteins of choice, but it is also specific in the sense
that the mRNA levels encoding related proteins are
not affected. Under normal controlled growth condi-
tions, no effect of the transformations on growth
could be detected, and the absence of Lhca2 or Lhca3
did not affect the xanthophyll cycle.

Structure of LHC I

Electron microscopy of negatively stained PSI-200
particles and pigment stoichiometries have indicated
that eight Lhca subunits are associated with each PS
I (Boekema et al., 1990). We have, however, recently
found that the Lhca protein composition of LHC I is
flexible and varies with both the intensity (Bailey et
al., 2001) and spectral properties (S. Benson, U.
Ganeteg, P. Horton, and S. Jansson, unpublished
data) of the light during growth. Under standard
laboratory conditions, the mRNA levels of Arabidop-
sis Lhca1, Lhca2, Lhca3, and Lhca4 are about the
same (Jansson, 1999), so we believe that the LHC I in

Table I. Analysis of the epoxidation state in Lhca-deficient anti-
sense plants

Dark-adapted wild-type (WT) and Lhca2 (-a2) and Lhca3 (-a3)
antisense plants were illuminated with a PPFD of 700 �mol m�2 s�1.
Leaves were taken from four plants, pooled, and frozen in liquid
nitrogen 0, 5, and 60 min after high-light treatment. The pigment
content was analyzed by HPLC and epoxidation state was calculated
as (V � A/2)/(V � A � Z), where A, V, and Z denote concentrations
of antheraxanthin, violaxanthin, and zeaxanthin, respectively.

Time after High-Light Treatment 0 Min 5 Min 60 Min

WT 0.99 0.89 0.55
-a2 0.99 0.93 0.61
-a3 0.97 0.89 0.55

Figure 5. Difference excitation spectra of Lhca-
deficient antisense plants. The fluorescence excita-
tion spectra at 77 K were measured at different
emission wavelengths on four non-shaded leaves
per antisense line. The spectra were normalized to
the 439-nm chl a peak, the four spectra were aver-
aged and the difference spectra were calculated
(wild type minus antisense) for Lhca2 and Lhca3
antisense plants.
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“normal” light could consist of equimolar amounts of
the four polypeptides but that this is certainly not
true for all light conditions. Lhca1 and Lhca4 appear
to exist mainly as heterodimers. This has been cor-
roborated by studies involving cross-linking, recon-
stitution of the LHCI-730 complex, and subsequent
fluorescence measurements (Schmid et al., 1997). Our
studies of antisense plants (Zhang et al., 1997; S.
Benson, U. Ganeteg, P. Horton, and S. Jansson, un-
published data), barley mutants (Bossman et al.,
1997), and Arabidopsis grown in different light in-
tensities (Bailey et al., 2001) have shown that Lhca1/
Lhca4 stoichiometries may vary considerably in vivo.
This means that under some conditions these pro-
teins can appear without each other, perhaps as ho-
modimers or monomers.

We found that the contents of the Lhca2 and Lhca3
proteins were interdependent. In our opinion, this
indicates that they are in physical contact with each
other in the PS I holocomplex. This could suggest
that Lhca2 and Lhca3 form a heterodimer, but cross-
linking and other data (Jansson et al., 1996) indicate
that Lhca2 and Lhca3 form homodimers instead. We
believe that the interdependence implies that Lhca2
and Lhca3 dimers are in contact with each other, as
also indicated by cross-linking data. Because both
Lhca2 and Lhca3 could be affected by removal of
Lhca1/Lhca4 (U. Ganeteg and S. Jansson, unpublished
data), all Lhca dimers (two Lhca1/4, one Lhca2, and
one Lhca3) should be located adjacent to each other
in PS I.

The Far-Red Fluorescing chls

It is known that Lhca2 and Lhca3 preparations
have an in vitro fluorescence at 680 nm (Knoetzel et
al., 1992). We have shown that Lhca2 and Lhca3
antisense plants have drastically reduced fluores-
cence at long wavelengths, although the LHCI-730
dimer, which is thought to be responsible for this
fluorescence, is present in wild-type amounts. Inter-
pretations of fluorescence data are complicated be-
cause changes in fluorescence do not necessarily
mean that emitting chl molecules are absent; for ex-
ample, changes in reabsorption, excitation transfer,
and fluorescence quenching could also affect fluores-
cence yield, especially in a mutant where rearrange-
ments of the system could occur. Taken together, we
believe that the most probable explanation of our
data nevertheless is that Lhca2 and/or Lhca3 also
bind far-red fluorescing chls, with emission peaks at
733 nm. However, other explanations, for example
that chls bound to Lhca2 and/or Lhca3 are crucial for
energy transfer to LHCI-730, cannot be ruled out. A
few far-red fluorescing chl molecules have been
shown to be present in each PS I complex, and these
are characterized by unusually large Stokes shifts
(the difference between the excitation and fluores-
cence emission wavelengths). For normal chl mole-

cules, Stokes shifts are normally around 3 to 4 nm,
but the far-red fluorescing chls have been suggested
to have 10 to 25 nm (Wittmershaus, 1987; Gobets et
al., 1994), 6–11 nm (Croce et al., 1998), and, most
recently, 22-nm shifts (Ihalainen et al., 2000). When
our Lhca4 antisense lines are grown under conditions
in which they completely lack Lhca1 and Lhca4,
733-nm chls are obviously missing, but long wave-
length fluorescence is reduced by about 50% rather
than being completely removed. The same holds true
for the Lhca2 and Lhca3 antisense lines. A prelimi-
nary analysis of the 77-K fluorescence excitation
spectra of the Lhca4 antisense plants also gave results
very similar to those of the Lhca2 and Lhca3 anti-
sense plants, i.e. strong positive peaks at 695 and 715
nm are found in the difference spectra. This could
easily be explained by assuming that chls absorbing
at 715 nm and emitting at 733 nm have been removed
in all three types of antisense plants, but less readily
by assuming that energy transfer to these pigments
has been reduced by removal of Lhca2 and/or Lhca3.
Thus, our data indicate that chls absorbing at 715 nm
and emitting at 733 nm with extremely large (18 nm)
Stokes shifts, probably due to an unusually strong
coupling, are physically associated with both
Lhca1/4 and Lhca2/Lhca3. Ihalainen et al. (2000)
also identified chls associated with Lhca2 and Lhca3
that emit at 702 nm in isolated LHC I preparations,
although this fluorescence emission is not detectable
in PS I preparations. They conclude that these pig-
ments in the native PS I complex efficiently transfer
their energy to the chlorophylls emitting at 720 nm,
730 nm, and perhaps even to P700 itself. The pig-
ments absorbing at 695 nm and giving rise to fluo-
rescence at long wavelengths that are missing in our
Lhca2/Lhca3 deficient plants might be identical to
these 702-nm chl. The fact that we see no reduction in
fluorescence emission at 702 nm in our plants corrob-
orate the suggestion by Ihalainen et al. (2000) that
this fluorescence is efficiently quenched in vivo.

If we accept the view that Lhca2 and/or Lhca3, in
addition to Lhca1/Lhca4, bind far-red fluorescing
chl, the similar effect on fluorescence upon removal
of Lhca1/4 or Lhca2 (or Lhca3) suggests that there
are similar amounts of far-red fluorescing chls asso-
ciated with all Lhca dimers, perhaps one per dimer.
This is also consistent with the blue shift of Arabi-
dopsis PsaK antisense plants, which have slightly
decreased amounts of Lhca2 and Lhca3 but wild-type
levels of Lhca1 and Lhca4 (Jensen et al., 2000), and
the 77-K emission spectrum of barley chlorina mu-
tants (Bossman et al., 1997; Knoetzel et al., 1998). This
also implies that Lhca2 and Lhca3 preparations differ
from the native complexes, and that the 680-nm flu-
orescence (used to designate the complex) is an arti-
fact, probably due to the monomerization of dimeric
complexes during preparation.

We also observed a reduction in the relative effi-
ciency of the xanthophylls, but increased efficiency of
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chl b in exciting the 735-nm emitting forms in the
antisense lines. Our interpretation of this is that more
LHC II is associated with PS I in the antisense lines,
compensating for the loss of LHC I. LHC II binds
more chl b than LHC I and, as a consequence, less chl
a and xanthophylls on a total pigment basis (Jansson,
1994). The antisense plants should also show an in-
creased reduction of their plastoquinone pools if the
PS I antenna size is decreased. Therefore, LHC II
phosphorylation will increase and the plant will be
driven toward state II, with a higher proportion of
the mobile LHC II associating with PS I. Again, other
interpretations cannot be excluded.

In conclusion, we have found that Lhca2 and
Lhca3, the polypeptides previously collectively
named LHCI-680, contribute to the long wavelength
fluorescence and thus we think that this name is
inappropriate and that Lhca2 and Lhca3 should be
used to designate the polypeptides instead. Our
study also demonstrates the power of reverse genet-
ics because the different polypeptides can be studied
in vivo, where sometimes features such as fluores-
cence properties can be strikingly different from
those recorded in vitro. We finally want to point out
that the functions of the far-red fluorescing chl forms
are still unclear, but studies on these aspects are
under way using the different Lhca antisense lines.

MATERIALS AND METHODS

Plant Growth Conditions

Wild-type Arabidopsis ecotype Colombia and the trans-
genic plants were germinated and grown on soil/perlite
with a day/night temperature regime of 23°C/18°C, a pho-
toperiod of 8 h with a PPFD of 150 �mol m�2 s�1 (fluores-
cent lamps), and 75% humidity. For screening seeds for
positive transformants, plants were germinated on plates
with 1� Murashige and Skoog nutrients (Sigma, St. Louis)
and 50 �g mL�1 kanamycin, with a photoperiod of 16-h
light.

Vector Construction

The binary vector pPCV702 (Koncz and Schell, 1986) was
first converted to a more versatile plant expression vector.
pPCV702 DNA was digested with EcoRI, the protruding
ends were repaired using Klenow enzyme, and the vector
was religated. After digestion with BamHI, oligonucleo-
tides (sequence: 5� GAGCTCGAATTCGTCGACCCGG-
GAGATCCCC 3�) were added and ligated into the BamHI
site. Thus, the new cloning vector, designated pSJ10, had
the single BamHI cloning site of pPCV702 (flanked by the
cauliflower mosaic virus 35S promoter and the polyadenyl-
ation signal) replaced with a SacI/EcoRI/SalI/SmaI cloning
cassette. The whole cDNA clone of Lhca2, amplified by
PCR from the full-length Arabidopsis expressed sequence
tag (EST) clone 32F4T7 using the primers T7 (Life Technol-
ogies, Grand Island, NY) and FWE (with the sequence 5�
TCGCGAATTCGCGTACGTAAGCTTGGATCC 3�), was

EcoRI digested and cloned into the pSJ10 vector digested
with EcoRI. The Lhca3 fragment was digested from the
full-length Lhca3 EST clone 40G8T7 with SalI and NotI. The
protruding ends were repaired and the fragment was sub-
cloned into pUC19 digested with SmaI. The subclone was
digested with SacI and SalI, and the fragment was direc-
tionally cloned into SacI/SalI digested pSJ10. The antisense
orientation of the Lhca2 and Lhca3 inserts was verified by
DNA sequencing.

Arabidopsis Transformation

Adult Arabidopsis plants were transformed by in planta
vacuum infiltration with a solution containing Agrobacte-
rium tumefaciens, as follows. Arabidopsis seeds were sprin-
kled over soil-filled pots covered with a piece of fly screen.
The seedlings grew through the fly screen and the plants
were grown under controlled-environment conditions with
a photoperiod of 8 h. After about 6 weeks, plants were
shifted to a photoperiod of 16 h to induce flowering. When
the plants had developed a short inflorescence, the pots
with Arabidopsis plants were submerged in a solution
containing the A. tumefaciens (resuspended in 1� Mura-
shige and Skoog salts, 1% [w/v] Suc, and 0.044 �m ben-
zylamino purine), a vacuum was applied and held for 5
min, before being rapidly released. After the transforma-
tion the plants were placed in the growth chamber and
seeds were collected. The seeds were screened on Mura-
shige and Skoog plates containing 50 �g mL�1 kanamycin.
Kanamycin-resistant plants were retained, screened by
immunoblotting to verify the efficiency of the antisense
inhibition, allowed to self-pollinate, and the T2 (or T3)
generation was used for the following experiments. Seeds
from the antisense lines have (stock nos. CS3889, CS3890,
CS3891, CS3892, CS3893, and CS3894) have been deposited
at the Arabidopsis Biological Resource Stock Center (Ohio
State University, Columbus).

Thylakoid Protein Preparation and Immunoblotting

Arabidopsis thylakoid proteins were prepared as de-
scribed previously (Zhang et al., 1997) from leaves of 6- to
8-week-old plants taken 3 h into the photoperiod. The
proteins were separated according to Jansson et al. (1997),
except that the preparations were solubilized at 95°C. After
electrophoresis the proteins were transferred to 0.2-�m
nitrocellulose membranes (Micron Separations Inc., West-
borough, MA) using a minitrans blot system (Bio-Rad,
Hercules, CA) as recommended by the vendor. The anti-
body collection used to detect the different LHC proteins
was essentially identical to the one described before (Jans-
son et al., 1997), although new batches of Lhca1 and Lhca4
antibodies were prepared using the same antigens as de-
scribed earlier (Król et al., 1995).

RNA Preparation and Northern-Blot Analysis

Leaf samples for RNA preparation were taken 3 h into
the photoperiod, frozen in liquid nitrogen, and stored at
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�80°C. RNA was prepared from 100 mg of leaf tissue from
five plants using TRIZOL Reagent (Molecular Research,
Inc., Cincinnati) as recommended by the vendor. The pu-
rity and concentration of the preparations were determined
spectrophotometrically (GeneQuant, Pharmacia, Uppsala).
Northern-blot analyses were performed on 2-�g RNA sam-
ples as described earlier (Strand et al., 1997). Homologous
Arabidopsis EST clones (Jansson, 1999) were used as
probes for transcripts of the different Lhca genes. A 25S
rDNA probe was used as a control to check that loading
was equal.

Fluorescence Spectrum Measurements

The chl emission and excitation spectra at 77 K were
measured, using a fluorescence spectrophotometer
(Fluoro-Max-2, ISA Inc., Edison, NJ), in dark-adapted in-
tact leaves directly exposed to the growth light of 6- to
8-week-old plants. Fluorescence emission spectra were
measured using an excitation light with a wavelength of
440 nm, and the spectra were normalized to the 680-nm
peak. The fluorescence excitation spectra were measured at
different emission wavelengths with an integration time of
0.5 s, with a 3-nm slit width, and the spectra were normal-
ized to the 439-nm chl a peak.

Pigment Preparation and Analysis

For pigment measurements, four plants from each line
were dark adapted for 16 h and subsequently illuminated
with a PPFD of 700 �mol m�2 s�1. Leaves from the four
plants were taken, pooled, and frozen in liquid nitrogen
after 0, 5, and 60 min. The pigments were extracted in 80%
(v/v) acetone, and after centrifugation the pellet was re-
extracted with 100% (v/v) acetone. The two extracts were
pooled and the pigment composition was analyzed by
HPLC as described previously (Król et al., 1995). The ep-
oxidation states of the xanthophyll pigments were calcu-
lated according to the formula: [(V � A/2)/(V � A � Z)],
where V, A, and Z are the concentrations of violaxanthin,
antheraxanthin, and zeaxanthin, respectively.
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