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Photosystem I (PSI) of higher plants contains 18 subunits. Using Arabidopsis En insertion lines, we have isolated knockout
alleles of the genes psaG, psaH2, and psaK, which code for PSI-G, -H, and -K. In the mutants psak-1 and psag-1.4, complete
loss of PSI-K and -G, respectively, was confirmed, whereas the residual H level in psah2-1.4 is due to a second gene encoding
PSI-H, psaH1. Double mutants, lacking PSI-G, and also -K, or a fraction of -H, together with the three single mutants were
characterized for their growth phenotypes and PSI polypeptide composition. In general, the loss of each subunit has
secondary, in some cases additive, effects on the abundance of other PSI polypeptides, such as D, E, H, L, N, and the
light-harvesting complex I proteins Lhca2 and 3. In the G-less mutant psag-1.4, the variation in PSI composition suggests that
PSI-G stabilizes the PSI-core. Levels of light-harvesting complex I proteins in plants, which lack simultaneously PSI-G and
-K, indicate that PSI subunits other than G and K can also bind Lhca2 and 3. In the same single and double mutants, psag-1.4,
psak-1, psah2-1.4, psag-1.4/psah2-1.4, and psag-1.4/psak-1 photosynthetic electron flow and excitation energy quenching were
analyzed to address the roles of the various subunits in P700 reduction (mediated by PSI-F and -N) and oxidation (PSI-E),
and state transitions (PSI-H). Based on the results, we also suggest for PSI-K a role in state transitions.

PSI mediates light-driven electron transport from
plastocyanin to ferredoxin across the thylakoid membrane. The PSI complexes in plants and cyanobacteria
are basically similar, but there are some notable differences (Scheller et al., 1997): The plant PSI is slightly
larger (Kitmitto et al., 1997), trimer formation has been
observed only in cyanobacteria (Chitnis and Chitnis,
1993), and the plant PSI core is associated with the
light-harvesting complex I (LHCI), which is made up
of the four different chlorophyll (Chl)/carotenoidbinding polypeptides Lhca1-4 (Jansson, 1999). In addition, among the 14 subunits that form the core of PSI
in flowering plants (PSI-A through -O; Scheller et al.,
1997, 2001; H.V. Scheller, personal communication),
four subunits (PSI-G, -H, -N, and -O; Okkels et al.,
1989, 1992; Knoetzel and Simpson, 1993; H.V. Scheller,
personal communication) are not present in cyanobacteria. Conversely, no homolog of the cyanobacterial
PSI-M has been found yet in higher plants.
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Most essential for PSI function are the three subunits PSI-A, -B, and -C, which bind the electron acceptors. These acceptor-binding proteins and PSI-I
and -J are encoded by the chloroplast genome,
whereas all other subunits are nucleus encoded; in
Arabidopsis, there are two functional gene copies
each for PSI-D, -E, and -H (Naver et al., 1999; Varotto
et al., 2000; Pesaresi et al., 2001).
Insights into the structure and function of PSI in
flowering plants have been obtained by electron microscopy, analyses of pigment stoichiometry, chemical cross-linking studies, and, more recently, by the
analysis of Arabidopsis lines deficient for specific
subunits of PSI (for review, see Pesaresi et al., 2001;
Scheller et al., 2001). Such analyses have revealed
that PSI-K plays a role in organizing LHCI (Jensen et
al., 2000), PSI-N is necessary for the interaction of
plastocyanin with PSI (Haldrup et al., 1999), and
PSI-H putatively is the attachment site for LHCII
during state transitions (Lunde et al., 2000). Loss of
PSI-E or -F has far more dramatic consequences on
the photoautotrophic growth of Arabidopsis than
corresponding mutations in cyanobacteria or algae
(Chitnis et al., 1989, 1991; Zhao et al., 1993; Xu et al.,
1994; Farah et al., 1995): In Arabidopsis, the entire
stromal side of PSI is affected by disruption of the
psaE1 gene (Varotto et al., 2000; unpublished data in
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our lab), whereas deficiency of PSI-F results in significantly decreased levels of most PSI polypeptides
(Haldrup et al., 2000), making it difficult to distinguish between primary and secondary effects of the
loss of these subunits in Arabidopsis.
Here, we report for the first time, to our knowledge, the generation and characterization of a lossof-function mutant for PSI-G in Arabidopsis (see
“Note Added in Proof”). Like the loss of subunit H or
K, absence of PSI-G does not interfere with photoautotrophy. To determine whether this lack of severe
phenotypic effects is due to redundancy, arising because one or more of the remaining PSI subunits can
functionally substitute for the product of the defective gene, PSI-G mutants that were partially deficient
in -H or completely lacked -K were tested for photosynthetic electron flow and the organization of PSI
was characterized. The consequences of the simultaneous loss of PSI-G and -K were of particular interest
because these two proteins are evolutionarily related
and have been proposed to play similar roles in the
organization of LHCI (Kjaerulff et al., 1993; Jansson
et al., 1996; Jensen et al., 2000).
RESULTS
Generation of Single and Double Mutant Lines for
PSI-G, -H, and -K

The mutants psag-1 (psag::En1), psah2-1 (psah2::En1),
and psak-1 (psak::⌬En1), each of which has an En
transposon inserted in the coding region of the corresponding gene, were identified by a reverse genetic
screening approach as described by Wisman et al.
(1998). The stable psak-1 allele contains an immobilized fragment of about 600 bp from the right end of
the En transposon within the second exon (Fig. 1a).
For psag-1 and psah2-1, empty donor sites were amplified by PCR from the genomic DNA of single
plants and subjected to high-resolution PAGE to
identify germinal footprints leading to frameshift
mutations (Fig. 1, b and c). Alleles with frameshifts
ranging from ⫹1 to ⫹5 bp were identified for the two
loci. For all further molecular and physiological analyses, psak-1, and the (⫹4) frameshift mutant psag-1.4
and the (⫹5) frameshift mutant psah2-1.4, were used.
The double mutants psag-1.4/psah2-1.4, and psag-1.4/
psak-1 were obtained by crossing the corresponding
single mutants and genotyping their F2 progenies to
identify homozygous double mutants.
Photoautotrophic Growth of Single and
Double Mutants

All single and double mutants could grow photoautotrophically in a growth chamber. Germination of
seeds was not affected in the mutants and visual
inspection did not reveal any drastic change in phenotype compared with WT plants, except for a
slightly lighter pigmentation in both psag-1.4 and
Plant Physiol. Vol. 129, 2002

Figure 1. Mutations in the loci psaG, psaH2, and psaK. En insertions
are located in the second exon of psaK (a), and the first exons of psaG
(b) and psaH2 (c). DNA sequences of the transposon donor sites from
independent germinal revertants of psag-1 and psah2-1 were obtained by PCR amplification. The footprints left at each locus after En
excision are indicated by bold lowercase letters, whereas bold uppercase letters indicate the target site in the wild type (WT). The
psak-1 allele contains a stable insertion of a deletion derivative of En
in the second exon.

psag-1.4/psak-1 (Fig. 2). In two genotypes, flowering
time was altered: Under long-day conditions, psag1.4 plants flowered 8 d later, and psah2-1.4 plants 3 d
earlier than the WT (Fig. 2). Variation in flowering
time was increased in psag-1.4 and psag-1.4/psak-1
plants with respect to the other genotypes: 90% of
individuals of the former two genotypes flowered
within 7 d, whereas the latter genotypes required
only a period of 5 d. Plant size was quantified systematically by noninvasive image analysis (Leister et
al., 1999) between 1 and 4 weeks after germination,
and differences in growth behavior were recorded
(Fig. 3): psak-1 and psag-1.4 plants showed a decrease
in mean size, whereas psah2-1.4 plants were in average larger than the WT. The double mutants were
intermediate in mean size when compared with the
corresponding single mutants.
PSI Polypeptide and Thylakoid Pigment
Composition in WT and Mutant Plants

Western analyses demonstrated that the psag-1.4
mutation leads to complete loss of PSI-G in thylakoids, whereas about 70% of the WT level of PSI-H is
still present in psah2-1.4 plants (Fig. 4a; Table I) due
to the activity of a second gene coding for PSI-H,
psaH1 (Naver et al., 1999). The absence of PSI-G also
affected the abundance of almost all other PSI
617
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Figure 2. Phenotypes of WT plants, single (psag-1.4, psak-1, and psah2-1.4), and double (psag-1.4/psah2-1.4 and psag1.4/psak-1) mutants for PSI subunits. Arabidopsis plants (5–6 weeks old) were grown in a greenhouse under long-day
conditions.

polypeptides, in particular PSI-L (present at about
40% of WT levels). The abundance of the LHCI proteins was slightly affected: The abundance of Lhca2
was about 80%, and of Lhca4 about 110%, that of WT.
The partial knockout of PSI-H led to a slight decrease in the level of PSI-E, -F, and -K. In addition, we
detected only about 30% of the normal amount of
PSI-L in psah2-1.4. This secondary loss of PSI-L is
more marked than that seen in PSI-H-less cosuppression lines, which have 60% of WT PSI-L levels (Lunde
et al., 2000). In the double mutant psag-1.4/psah2-1.4,
an additive effect of the two mutations on the
amount of the H subunit was observed (50% of WT in
psag-1.4/psah2-1.4, 70% in psah2-1.4, and 80% in psag1.4). Further additive effects of the two mutations
were observed for PSI-N and Lhca1.
In thylakoids of psak-1 plants, the K subunit is
completely missing (Fig. 4b; Table I). The levels of the
PSI core polypeptides are only slightly affected by
the absence of PSI-K: Only the amounts of PSI-E -H,
and -L are slightly decreased (by about 10%). In
contrast, the abundance of Lhca2 and 3 is decreased
by about 40% and 50%, respectively. In psag-1.4/
psak-1 thylakoids, an additive effect of the two mutations on the abundance of Lhca2 and 3 (50% and
40% of WT levels, respectively) was observed.
Additional consequences of the mutations were
studied by examining leaf pigment composition by
HPLC (Table II). In the PSI-G knockout lines psag-1.4,
psag-1.4/psah2-1.4, and psag-1.4/psak-1, the level of the
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xanthophyll cycle pigments (VAZ-pool) was higher
than in WT plants, a finding that could be related to
the altered antenna composition in the psag-1.4 background. In psag-1.4, the total Chl content (Chl a ⫹ b)
was decreased by about 25%, which could, in part, be
attributable to a delay in plant development, and
therefore reduced chloroplast content in this genotype. Interestingly, the drop in total Chl level was not
detected in psag-1.4/psah2-1.4, or psag-1.4/psak-1. The

Figure 3. Growth kinetics of single and double mutants compared
with WT plants. Areas of 54 plants for each genotype were measured
in the period from 13 to 25 d after germination. Mean values are
shown and error bars indicate SDs.
Plant Physiol. Vol. 129, 2002
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altered. Moreover, no major change was detected in
the redox state of the plastoquinone pool.
The rate of reduction and reoxidation of P700 was
determined by measuring the parameters t1/2red and
t1/2ox. An alteration in the reduction rate of P700 was
recorded in psag-1.4/psah2-1.4 plants, where t1/2red
was increased by about 10%. This effect could be due
to the slightly decreased levels of PSI-N, which is
necessary for the interaction of plastocyanin with PSI
(Haldrup et al., 1999). Of the five genotypes tested, in
fact, abundance of PSI-N was reduced in psag-1.4/
psah2-1.4 only (Table I). In all mutants, t1/2ox was
increased, particularly in psag-1.4/psak-1. The pronounced delay in P700 reoxidation seen in the last
genotype is probably due to the secondary loss of
PSI-E (70% of WT levels), which is necessary for
efficient electron transfer from PSI to ferredoxin
(Varotto et al., 2000). This conclusion is supported by
the concomitance of reduction in PSI-E amounts and
increase in t1/2ox in all five genotypes. However, it
cannot be excluded that the decreased functional PSI
antenna size in psag-1.4/psak-1 also contributes to the
delay in P700 oxidation.
A Role of PSI-K in State Transitions

Figure 4. Immunoblot analysis of single and double mutants and WT
plants. Aliquots (5 g) of thylakoid proteins from WT and single- or
double-mutant plants were loaded in lanes WT and psag-1.4, psah21.4, psag-1.4/psah2-1.4 (a), or psag-1.4, psak-1, psag-1.4/psak-1
psae1-1 (b), and decreasing amounts of WT thylakoid membrane
proteins were added to lanes 0.8⫻, 0.6⫻, and 0.4⫻ WT. Replicate
filters were immunolabeled with antibodies raised against PSI-G, -H,
-L, -D, -E, -F, -K, -N, and Lhca1-4. At least three independent
experiments were performed of which representative results are
shown. Mean values of PSI polypeptide levels in the mutant genotypes with respect to WT values are listed in Table I.

two genotypes lacking PSI-K, psak-1, and psak-1/psag1.4 showed an increase in the Chl a/b ratio, which is
consistent with the increased PSI to PSII ratio monitored in PSI-K cosuppression lines (Jensen et al., 2000).
In psag-1.4 plants, the Chl a/b ratio was slightly reduced, indicating either an increased peripheral antenna or more likely, in light of the immunoblot analyses described above, a somewhat lower PSI/PSII
ratio.
Alteration of the Redox States of PSI and PSII in
Single and Double Mutants

Photosynthetic electron flow and the levels of state
transitions were characterized by measuring parameters of Chl fluorescence and P700⫹ absorbance in the
mutants (Table III). In all mutants, the maximum
quantum yield of PSII (Fv/Fm) was not markedly
Plant Physiol. Vol. 129, 2002

State transitions were followed by measuring PSII
Chl fluorescence signals in states 1 and 2. The parameter relative fluorescence change (Fr; Lunde et al.,
2000) is a measure for the redistribution of excitation
energy between the photosystems, and was decreased in all mutant genotypes (Table III). The Fr
level in both psag-1.4 and psak-1 indicates a decrease
in state transitions by about 30%, whereas the partial
knockout of PSI-H (psah2-1.4) has only a slight effect
on this parameter. In the double mutants psag-1.4/
psah2-1 and psag-1.4/psak-1, Fr was drastically reduced (to about 50% and 40% of WT levels,
respectively).
When the levels of state transitions, quantified by
measuring Fr, and the abundance of PSI-H in the five
mutant genotypes and the cosuppression lines ⌬L
and ⌬H (Lunde et al., 2000) are displayed in form of
a scatter plot (Fig. 5), major deviations from a linear
correlation between the two parameters became evident. In particular, psak-1 and psag-1.4/psak-1 exhibited a decrease in state transitions that cannot be
attributed solely to the decrease in their PSI-H content. This finding suggests that the loss of PSI-K also
affects state transitions.
DISCUSSION

Mutants or cosuppression lines have previously
been isolated for all nucleus-encoded subunits of PSI,
with the exception of PSI-D, -G, and the recently
discovered -O (H.V. Scheller, personal communication). The isolation of a PSI-G knockout line, and the
construction of double mutants for PSI-G/-K and
619
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Table I. Levels of PSI polypeptides in psag1-4, psah2-1.4, psak-1, psag1-4/psah2-1.4, and psag1-4/psak-1.4
Signals obtained in three independent experiments (see Fig. 4) were quantified using the Lumi Analyst 3.0 (Boehringer Mannheim/Roche,
Basel). Values were then normalized to the WT before calculating mean values. The SE was 10% or less.
Mutant

PSI Polypeptide Level
D

E

F

G

H

K

L

N

Lhca1

Lhca2

Lhca3

Lhca4

100
100
100
80
100

100
100
80
80
70

80
90
60
60
50

100
100
50
100
40

110
110
110
110
110

% of WT

psag-1.4
psah2-1.4
psak-1
psag-1.4/psah2-1.4
psag-1.4/psak-1

80
100
100
80
90

80
80
90
80
70

80
90
100
80
80

0
100
100
0
0

80
70
90
50
80

100
90
0
80
0

-G/-H, allowed us to carry out a functional characterization of PSI-G to scrutinize the current working
model of PSI-LHCI structure and to define structural
requirements for state transitions in PSI.
Lack of PSI-G is associated with a decrease in the
abundance of most PSI core proteins, but does not
markedly affect the level of Lhca proteins. This finding is compatible with a role for PSI-G in stabilizing
the PSI core. The evolutionarily related PSI-K subunit, on the other hand, does not have such a stabilizing function (Jensen et al., 2000; this study). According to the current working model for the
structure and topology of PSI (Scheller et al., 2001),
PSI-G is located peripherally, and forms contacts
with an Lhca2 homodimer (Jansson et al., 1996).
PSI-K is at the opposite pole of PSI, and interacts with
an Lhca3 homodimer, whereas the two Lhca1/Lhca4
heterodimers are associated with the PSI-F/J region
(Haldrup et al., 2000; Boekema et al., 2001; Scheller et
al., 2001). The only slight decrease in amounts of
Lhca2 seen in psag-1.4 does not support the idea that
Lhca2 is exclusively bound to PSI-G. However, the
marked drop in levels of Lhca3 in plants lacking
PSI-K (Jensen et al., 2000; this study), imply that, in
the WT, homodimers of Lhca3 are bound to PSI-K.
Three lines of evidence strongly suggest that Lhca2
and Lhca3 homodimers are in physical contact with
each other: (a) Lhca2 and Lhca3 can be chemically
cross-linked (Jansson et al., 1996), (b) PSI-K-less lines
exhibit a secondary loss of Lhca2 (Jensen et al., 2000;
this study), and (c) antisense inhibition of either
Lhca2 or Lhca3 synthesis results in a concomitant
decrease in the levels of both proteins (Ganeteg et al.,
2001). Cross-linking experiments provide no support

40
30
90
30
50

for the idea that Lhca2 and Lhca3 form heterodimers
(Jansson et al., 1996), which would otherwise explain
this interdependence. Furthermore, WT levels of
Lhca3 are present in psag1.4 plants, although the
Lhca2 concentration is decreased. Taken together,
these data imply that Lhca2/Lhca3 heterodimers
may exist under normal conditions, but do not accumulate in significant amounts.
Overall, the changes in LHCI observed in PSI mutants indicate a complex quantitative interdependence between the various Lhca proteins, and also
suggest that some degree of flexibility in its composition is compatible with function. One example of
such changes is provided by psag-1.4, where, in addition to the decrease in Lhca2, the abundance of
Lhca4 is slightly increased with respect to the WT.
Furthermore, plants containing only 5% of the normal amount of PSI-F (Haldrup et al., 2000) exhibit
multiple changes in LHCI composition (Lhca1 drops
to 70%, Lhca2 drops to 40%, and Lhca3 drops to 30%
of WT, whereas Lhca4 reaches 120% of WT levels). In
the double mutant psag-1.4/psak-1, which according
to the current working model should lack the attachment sites for both Lhca2 and Lhca3 homodimers,
about one-half the normal level of Lhca2 and Lhca3 is
still detectable. This indicates that both Lhca2 and
Lhca3 can bind to other PSI proteins, in addition to
PSI-G and -K, and thus supports the idea that Lhca
proteins can exist in alternative dimeric forms and
stoichiometries, depending on environmental conditions (Bailey et al., 2001; Ganeteg et al., 2001), and
thus that LHCI can be organized in several different
ways. Taking into account the existence of barley
(Hordeum vulgare) mutants, which accumulate LHCI

Table II. Pigment composition of WT and mutant plants
The pigment content of WT (n ⫽ 5) and mutant (n ⫽ 5 each) plants was determined by HPLC. The carotenoid content is given in mmol per
mol Chl (a ⫹ b), and the Chl content is expressed as nmol Chl (a ⫹ b) per g fresh wt. Mean values (⫾SD) are shown. Nx, Neoxanthin; VAZ, sum
of xanthophyll’s cycle pigments (violaxanthin ⫹ antheraxanthin ⫹ zeaxanthin); Lu, lutein; ␤-Car, ␤-carotene.
Leaf Pigments

WT

psag-1.4

psah2-1.4

psak-1

psag-1.4/psah2-1.4

psag-1.4/psak-1

Nx
VAZ
Lu
␤-Car
Chl a ⫹ b
Chl a/b

41 ⫾ 3
42 ⫾ 2
144 ⫾ 5
61 ⫾ 2
1,169 ⫾ 18
3.18 ⫾ 0.02

43 ⫾ 2
49 ⫾ 2
155 ⫾ 2
56 ⫾ 1
891 ⫾ 34
3.11 ⫾ 0.04

43 ⫾ 2
43 ⫾ 1
137 ⫾ 6
58 ⫾ 1
1,139 ⫾ 102
3.21 ⫾ 0.05

40 ⫾ 2
40 ⫾ 0
145 ⫾ 5
61 ⫾ 0
1,220 ⫾ 49
3.61 ⫾ 0.05

42 ⫾ 3
46 ⫾ 1
139 ⫾ 7
56 ⫾ 1
1,278 ⫾ 131
3.19 ⫾ 0.03

40 ⫾ 0
49 ⫾ 1
141 ⫾ 7
57 ⫾ 1
1,110 ⫾ 21
3.61 ⫾ 0.02
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Table III. Spectroscopic analyses of WT (n ⫽ 5) and mutant (n ⫽ 5 each) plants
Mean values (⫾SD) are shown.
Parameter

WT

psag-1.4

psah2-1.4

psak-1

psag-1.4/psah2-1

psag-1.4/psak-1

FV/FM
㛳
1-qP
Fr (in %WT)
t1.2red
t1.2ox

0.83 ⫾ 0.005
0.77 ⫾ 0.008
0.024 ⫾ 0.014
0.82 ⫾ 0.017 (100)
54 ⫾ 1 ms
0.39 ⫾ 0.01 s

0.81 ⫾ 0.005
0.77 ⫾ 0.006
0.029 ⫾ 0.005
0.57 ⫾ 0.028 (69.5)
59 ⫾ 1 ms
0.46 ⫾ 0.02 s

0.82 ⫾ 0.009
0.76 ⫾ 0.016
0.027 ⫾ 0.014
0.77 ⫾ 0.030 (93.9)
59 ⫾ 1 ms
0.50 ⫾ 0.02 s

0.84 ⫾ 0.002
0.77 ⫾ 0.010
0.026 ⫾ 0.011
0.54 ⫾ 0.085 (65.9)
55 ⫾ 2 ms
0.46 ⫾ 0.02 s

0.82 ⫾ 0.001
0.76 ⫾ 0.009
0.029 ⫾ 0.011
0.43 ⫾ 0.047 (52.4)
60 ⫾ 1 ms
0.51 ⫾ 0.02 s

0.84 ⫾ 0.004
0.78 ⫾ 0.007
0.022 ⫾ 0.011
0.31 ⫾ 0.060 (37.8)
52 ⫾ 1 ms
0.62 ⫾ 0.01 s

but not PSI core to WT levels (Hoyer-Hansen et al.,
1988; Nielsen et al., 1996), additional experiments are
required to prove the existence and extent of LHCI
reorganization. In this sense, the psag-1.4, psak-1, and
psag-1.4/psak-1 mutants represent a useful tool for
further studies.
In the absence of PSI-H, state transitions are almost
completely suppressed (Lunde et al., 2000). Although
all mutant genotypes analyzed in this study show a
reduction in both Fr (as a measure of state transitions)
and PSI-H content, no strict correlation between the
two parameters was evident. Moreover, both Arabidopsis genotypes lacking PSI-K displayed an additional drop in the level of state transitions, implying
that in such thylakoids LHCI is present in a novel
form, which affects the interaction between PSI and
LHCII (Jensen et al., 2000). Interestingly, in the mutants psag-1.4 and psag-1.4/psah2-1.4, which have reduced amounts of both PSI-H and Lhca2, the decrease in state transitions seems proportional to the
degree of loss of PSI-H (see Fig. 5). One may conclude
from this that Lhca3, rather than Lhca2, mediates the
role of PSI-K in state transitions. Alternatively, it
cannot be excluded that plants devoid of PSI-K bind
LHCII in a different and more stable way, giving rise
to a PSI-LHCII complex even under state 1-favoring
conditions. However, given the uncertainties regarding the exact topology and structure of LHCI
(Scheller et al., 2001), the molecular basis of the involvement of PSI-K and LHCI in state transitions
remains unclear.
Knockout of PSI-G or -K, as well as the simultaneous loss of -G and -K, or of -G and -H, affects only
marginally, if at all, the photoautotrophic growth of
Arabidopsis plants, at least when this is evaluated on
the basis of leaf area measurements. Plants that are
partially deficient in PSI-H apparently grow even
better than the WT under optimal conditions. In addition, in none of the mutants tested in this study was
overall photosynthetic electron flow affected severely, as indicated by the fact that parameters such
as maximum and effective quantum yield, and photochemical quenching, were unchanged. Several
other mutant studies (Haldrup et al., 1999; Naver et
al., 1999; Jensen et al., 2000; Li et al., 2000; Gra␤es et
al., 2002) have also shown that under optimal conditions, Arabidopsis can tolerate the loss of single
polypeptides of the photosynthetic apparatus and
their associated functions; for example, energy dissiPlant Physiol. Vol. 129, 2002

pation by ⌬pH-dependent quenching (Li et al., 2000;
Gra␤es et al., 2002), or photosynthetic state transitions (Lunde et al., 2000; unpublished data in our lab)
without obvious consequences for photoautotrophic
growth. However, even if growth under growth
chamber conditions appears to be unaffected in such
mutants, there is increasing evidence that fitness in
natural environments, particularly under rapidly
changing illumination conditions, is reduced by such
mutations (Gra␤es et al., 2002; S. Jansson, personal
communication).
The study of subunit function in the PSI of higher
plants has reached an advanced state in Arabidopsis.
For all of the nucleus-encoded PSI subunits, except
PSI-D and the recently discovered PSI-O (H.V.
Scheller, personal communication), mutants and/or
cosuppression lines are now available, allowing an
assessment of the contribution of individual polypeptides to PSI function and composition. Previous
analyses (Haldrup et al., 2000; Varotto et al., 2000)
have shown, and this study confirms, that in the

Figure 5. Scatter plot of the levels of state transitions and PSI-H in
mutant and WT plants. Levels of state transitions (Fr) were quantified
as described in “Materials and Methods” and are given as percent of
the WT value (see also Table II). The abundances of PSI-H in the
different genotypes were quantified from Figure 4. Data for the
cosuppression lines for PSI-L (⌬L) and -H (⌬H) were extracted from
Lunde et al. (2000). Error bars indicate SDs for the state transition
measurements, whereas for the PSI-H levels the error bars reflect an
estimated inaccuracy of ⫾10% (for genotypes with a PSI-H content
ranging from 40%–100%), ⫾5% (for ⌬L), and ⫾2% (for ⌬H) of WT
levels.
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absence of specific PSI subunits, the abundance of
several other PSI polypeptides may be altered, which
hampers the unambiguous assignment of specific
functions to individual polypeptides of PSI. The generation of mutants lacking two or more PSI subunits,
and their systematic analysis with respect to PSI composition, electron flow through PSI, and overall photosynthetic electron flow, will allow us to supplement the existing data collection, making possible a
statistically reliable analysis of structure-function relationships between the protein components of PSI.

MATERIALS AND METHODS
Plant Propagation and Growth Measurement
The En-mutagenized Arabidopsis (ecotype Columbia 0)
population has been described before (Wisman et al., 1998).
Plants were grown on Minitray soil (Gebr. Patzer GmbH &
Co. KG, Sinntal-Jossa, Germany) in plastic trays in an airconditioned greenhouse (day length of 14 h at 20°C and 80
mol photons m⫺2 s⫺1; 10-h night at 16°C). Methods for
the measurement of growth have been described previously (Leister et al., 1999).

Sequence Analysis
Sequence data were analyzed with the Wisconsin Package version 10.0 (Genetics Computer Group, Madison, WI;
Devereux et al., 1984) and sequences were aligned using
the CLUSTAL W program (version 1.7; Thompson et al.,
1994).
Immunoblot Analysis of Proteins
Thylakoid proteins from 4-week-old plants were isolated
as described (Bassi et al., 1985). For denaturing PAGE
analysis, protein amounts equivalent to 5 g of Chl were
loaded for each genotype. Decreasing amounts of WT proteins (4, 3, and 2 g of Chl) were loaded in parallel lanes
(0.8⫻ WT, 0.6⫻ WT, and 0.4⫻ WT). For immunoblot analyses, proteins were transferred to Immobilon-P membranes
(Millipore, Bedford, MA) and incubated with antibodies
specific for individual subunits of PSI (PSI-G, -H, -L, -D, -E,
-F, -K, and -N) and LHCI (Lhca1, 2, 3, and 4). Signals were
detected using the Enhanced Chemiluminescence WesternBlotting Kit (Amersham, Buckinghamshire, UK) and
quantified using the Lumi Analyst 3.0 (Boehringer
Mannheim/Roche).
Pigment Analysis

Isolation and Stabilization of psaG::En1, psaH2::En1,
and psaK::⌬En1 Alleles
Transposon insertions within psaG, psaH2, and psaK were
identified by screening the En-tagged population using
gene-specific primers in combination with En-specific primers, followed by hybridization with a gene-specific probe, as
described by Varotto et al. (2000). Gene-specific primers
were: G-1s (5⬘-ATGGCCACAAGCGCATCAGCTTTGCTC3⬘), G-450as (5⬘-GGAAGTAGCCAAGATGTAGTAAGCAACG-3⬘), H2-234s (5⬘-AGCTTGCCGCGAGGAC
CGAGCTTAGG-3⬘), H2-603as (5⬘-TGTGGTGGCTAAGTATGGAGACAAAAGT-3⬘), K-6s (5⬘-AAGAAAATGGCTAGCACTATGATGACTA-3⬘), and K-690as (5⬘-TTCAAATAGCA CCAATGTTTTTAAGGCC-3⬘). Positive lines were
confirmed by sequencing PCR-amplified insertion sites.
The stable frameshift mutants psag1-1.4 and psah2-1.4
were identified among the progenies of corresponding En
insertion lines by separating PCR-amplified empty donor
sites on 6% (w/v) denaturing polyacrylamide gels, followed by sequencing of candidate bands that differed in
size from those derived from the WT allele. For the identification of homozygous frameshift mutants, lines putatively containing footprints were selfed and the next generation was analyzed as described above. Primers used for
the amplification of empty donor sites were: G-1s, G-144as
(5⬘-GGTTGATAGTTTGGGTAGGG-3⬘), H2-29s (5⬘-TACAACCTTCTGCCGC CGTG-3⬘), and H2-253as (5⬘-CTCCATACTTAGCCACCACA-3⬘). For psak-1, the entire insertion site, including the 600-bp deletion derivative of En, was
amplified by PCR with primers K-291s (5⬘-TTTGTCATCCCAGGCAAGTG-3⬘) and K-490as (5⬘-AACATCAGGGTCGTCGACGT-3⬘), and sequenced.
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Pigments were analyzed by reversed-phase HPLC as
described (Färber et al., 1997). The following conversion
factors (peak area per picomole of the respective pigment)
were used: 3,097 (neoxanthin), 3,656 (violaxanthin), 2,902
(antheraxanthin and lutein), 3,006 (zeaxanthin), 1,300 (Chl
b), 1,350 (Chl a), and 3,598 (␤-carotene). For pigment extraction, leaf discs were frozen in liquid nitrogen and disrupted in a mortar in the presence of acetone. After a short
centrifugation, pigment extracts were filtered through a
0.2-m membrane filter and either used directly for HPLC
analysis or stored for up to 2 d at ⫺20°C.
Chl Fluorescence and P700 Absorption Measurements
In vivo Chl a fluorescence of single leaves was measured
using the PAM 101/103 device (Walz, Effeltrich, Germany)
as described by Varotto et al. (2000). Pulses (800 ms) of
white light (6,000 mol photons m⫺2 s⫺1; Walz FL-103/
E.220) were used to determine the maximum fluorescence
(Fm) and the ratio (Fm ⫺ F0)/ Fm ⫽ Fv/Fm. A 20-min
illumination with actinic light (Walz FL-101/E) at 80 mol
photons m⫺2 s⫺1 was used to drive electron transport
between the two photosystems before measuring the effective quantum yield of PSII (⌽II) and photochemical
quenching [qP ⫽ (Fm⬘ ⫺ FS)/(Fm⬘ ⫺ F0⬘); Schreiber, 1986].
A dual-wavelength pulse-modulation system (Walz EDP700DW-E) was used to record changes in the absorbance
of P700⫹ (Klughammer and Schreiber, 1994). Leaves were
illuminated with background far-red light (15 W m⫺2,
equaling 90 mol photons m⫺2 s⫺1; Walz 102-FR), and
immediately after full oxidation of P700, a saturating xenon
light pulse (50 ms) was applied (Walz XMT-103) to reduce
P700⫹. t1/2red and t1/2ox were calculated from the rePlant Physiol. Vol. 129, 2002
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corded kinetics of P700 reduction by the xenon light and
reoxidation by the far-red light.
To measure state transitions, the parameter Fr was monitored in five WT and five mutant plants each as described
before (Lunde et al., 2000). The maximum fluorescence (Fm)
was measured as described above, and leaves were illuminated subsequently for 15 min with blue light (100 mol
photons m⫺2 s⫺1) from a KL-1500 lamp (Schott, Mainz,
Germany) equipped with a Walz BG39 filter. Far-red light
(Walz 102-FR; peak emission 730 nm, 90 mol photons m⫺2
s⫺1) was turned on, and after 15 min the maximum fluorescence yield in state 1 (Fm1) was determined. The far-red
light was switched off and the fluorescence recorded for 15
min, after which the maximum fluorescence yield in state 2
(Fm2) was measured. The relative change in fluorescence
was calculated as: Fr ⫽ [(FI⬘ ⫺ FI) ⫺ (FII⬘ ⫺ FII)]/FI⬘ ⫺ FI
(Lunde et al., 2000), where FI and FII designate fluorescence
in the presence of PSI light in states 1 and 2, respectively,
whereas FI⬘ and FII⬘ designate fluorescence in the absence
of PSI light in states 1 and 2, respectively.
Note Added in Proof

When this paper was reviewed, we learned that
independently of our work an analysis of PSI-G
antisense line has been published (P.E. Jensen,
L. Rosgaard, J. Knoetzel, H.V. Scheller [2002] J Biol
Chem 277: 2798–2803).
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