
Plant Physiol. (1995) 107: 215-224 

Regulation of Photosynthesis during Leaf Development in 
RbcS Antisense DNA Mutants of Tobacco' 

Cai-Zhong Jiang and Steven R. Rodermel* 

Department of Botany, 353 Bessey Hall, lowa State University, Ames, lowa 5001 1 

We have previously characterized RbcS antisense DNA mutants 
of tobacco that have drastic reductions in their content of ribulose- 
1,5-bisphosphate carboxylase/oxygenase (Rubisco; S.R. Rodermel, 
M.S. Abbott, 1. Bogorad [1988] Cell55: 673-681). In  this report we 
examine the impact of Rubisco loss on photosynthesis during to- 
bacco (Nicofiana fabacum) leaf development. Photosynthetic ca- 
pacities are depressed in  the antisense leaves, but the patterns of 
change in photosynthetic rates during the development of these 
leaves are similar to those in  wild-type plants: after attaining a 
maximum in young leaves, photosynthetic capacities undergo a 
prolonged senescence decline in older leaves. The alterations in 
photosynthetic capacities in both the wild type and mutant are 
closely correlated with changes in  Rubisco activity and content. 
During wild-type leaf development, Rubisco accumulation i s  regu- 
lated by coordinate changes in RbcS and rbcl transcript accumu- 
lation, whereas in the antisense leaves, Rubisco content i s  a function 
of RbcS, but not rbcL, transcript abundance. This indicates that 
large subunit protein production i s  controlled posttranscriptionally 
in the mutants. The antisense leaves accumulate near-normal levels 
of chlorophyll and representative photosynthetic proteins through- 
out development, suggesting that photosynthetic gene expression i s  
not feedback regulated by Rubisco abundance. Considered to- 
gether, the data in this paper indicate that leaf developmental 
programs are generally insensitive to sharp reductions in Rubisco 
content and emphasize the metabolic plasticity of plant cells in 
achieving optimal photosynthetic rates. 

~ ~ ~ 

Rubisco is the key regulatory enzyme of photosynthetic 
carbon assimilation, and in eukaryotes it is composed of 
eight SS proteins, coded for by a small multigene (RbcS) 
family in the nucleus, and eight LS proteins, coded for by 
a single gene (rbcL) on the multicopy chloroplast genome 
(reviewed by Miziorko and Lorimer, 1983). The SS proteins 
are translated as precursors on 80s cytoplasmic ribosomes 
and then transported posttranslationally into the plastid, 
where they combine with mature LS proteins in a reaction 
mediated by chaperonin 60 to form the holoenzyme (re- 
viewed by Keegstra et al., 1989; Ellis and van der Vies, 
1991). We have previously generated and characterized 
transgenic tobacco (Nicotiana tabacum) plants that express 
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RbcS antisense RNAs as a tool to gain insight into regula- 
tory interactions between the nucleus-cytoplasm and chlo- 
roplast (Rodermel et al., 1988). The antisense plants have 
reduced XbcS sense mRNA amounts and corresponding, 
coordinate reductions in SS and LS protein accumulation. 
However, rbcL mRNA levels are unperturbed in the anti- 
sense plants, indicating that LS protein accumulation is 
regulated posttranscriptionally in the mutants. Antisense 
repression appears to be mediated by active degradation of 
RbcS sense mRNAs by a mechanism that may involve 
re-utilization of the antisense transcript (Jiang et al., 1994a). 

The antisense mutants display a wide range of Rubisco 
contents (from 5-100% of WT levels) that approximately 
correlate with antisense gene dosage-the higher the gene 
dosage, the lower the Rubisco leve1 (Rodermel et al., 1988). 
Because of this variability, the antisense mutants have 
proven to be an attractive system for quantitative flux- 
control analyses (Kacser and Porteous, 1987) to assess the 
control that Rubisco exerts on photosynthesis and plant 
growth under a variety of short-term and long-term 
growth conditions (Quick et al., 1991a, 1991b, 1992; Stitt et 
al., 1991; Lauerer et al., 1993; Masle et al., 1993). Although 
these studies have focused on the biochemistry and phys- 
iology of mature leaf and whole plant responses to de- 
creases in Rubisco content, little is understood about the 
impact of Rubisco loss on the regulation of photosynthesis 
during leaf development. 

Dicot leaf ontogeny is characterized by a phase of in- 
creasing photosynthesis capacity, coincident with leaf ex- 
pansion, a period of maximal photosynthetic capacity, and 
finally, a senescence phase of declining photosynthesis ca- 
pacity (reviewed by Gepstein, 1988). The elements that 
control photosynthetic rates during leaf development have 
been broadly defined in a number of species and include 
Rubisco content and activity, as well as other components 
of the photosynthetic apparatus (reviewed by Brady, 1988; 
Gepstein, 1988; Jiang et al., 1993). However, little attention 
has been paid to the molecular mechanisms that regulate 
the accumulation of these components during leaf devel- 
opment. The primary purpose of the present investigation 
was to define the biochemical and molecular elements that 
control photosynthetic rates in developing tobacco leaves 
and to determine whether decreases in Rubisco amount 
affect these regulatory processes. 

~ ~ 

Abbreviations: CAB, light-harvesting Chl a/b-binding proteins 
of PSII; CER, C0,-exchange rate; Ci, intercellular C 0 2  concentra- 
tion; LS, large subunit of Rubisco; SS, small subunit of Rubisco; 
WT, wild type. 
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The changes in photosynthesis capacity that characterize 
leaf ontogeny appear to be part of a developmental pro- 
gram that specifies alterations in the expression of nuclear 
and chloroplast genes for photosynthetic proteins (re- 
viewed by Gepstein, 1988; Huffaker, 1990). One issue that 
is poorly understood is whether these alterations are due, 
in part, to feedback regulation by the concentrations of 
various photosynthetic proteins. Therefore, another pur- 
pose of the present study was to take advantage of the 
specific genetic alterations in Rubisco content in the anti- 
sense plants to gain insight into those elements of the 
tobacco leaf developmental program that depend on 
Rubisco expression for their execution (linear pathways) 
and those that do not (parallel pathways), thereby provid- 
ing entrance into the complicated regulatory circuitry that 
governs this process. 

MATERIALS AND METHODS 

Plant Material and Growth 

TI progeny tobacco (Nicotiana tabacum) from the selfing 
of the original To Rubisco antisense DNA transformant 5,  
which contains four copies of the RbcS antisense sequence 
(Rodermel et al., 1988), were used in the present experi- 
ments. Nontransformed SR1 tobacco plants (WT) served as 
controls. The plants were maintained in the greenhouse 
with one plant per pot (6 quarts) on a soil/vermiculite 
mixture and watered with 5 mM NH,NO, (Quick et al., 
1991b). Supplemental illumination was provided by 400-W 
high-pressure sodium lamps (16-h photoperiod). First fully 
expanded leaves of young antisense plants were screened 
by SDS-PAGE (described below), and mutants with the 
desired amount of Rubisco were maintained for further 
experimentation. 

Photosynthesis Measurements . 

Measurements of CER, stomatal conductance, and Ci 
were made on WT and antisense leaves under saturating 
PPFD (>1200 pmol m-' s-') using an LI-6200 portable 
photosynthesis system (Li-Cor Inc., Lincoln, NE) (de- 
scribed by Jiang et al., 1993). Leaf discs (four per leaf) were 
isolated from the same portion of the leaf on which the 
gas-exchange measurements had been taken and immedi- 
ately frozen in liquid nitrogen. These manipulations were 
performed at midday on a11 the leaves from a given plant; 
there was minimal interference by shading of lower canopy 
by upper canopy leaves. For Chl, total protein, and Rubisco 
activity determinations, leaf discs were homogenized by 
grinding in a chilled mortar and pestle in an ice-cold buffer 
containing 50 mM Bicine (pH 8.2), 20 mM KCl, 10 mM 
MgCl,, 5 m M  DTT, 0.1 mM Na,-EDTA, 0.1 mM PMSF, and 
5 p~ leupeptin. An aliquot was removed and extracted 
with 80% acetone for at least 2 h at 4°C in the dark, and the 
extract was centrifuged at 5000g for 5 min. The supernatant 
was removed for the determination of Chl u and Chl b 
(Arnon, 1949), and the pellet was solubilized for total pro- 
tein analyses in 63 mM Tris-HC1 (pH 6.8), 2% SDS, 10% 
P-mercaptoethanol, and 10% glycerol. The remainder of the 
leaf disc homogenate was centrifuged at 50009 for 1 min at 

4"C, and the supernatant was collected for detlsrmination 
of Rubisco activity and soluble protein content by the 
Bradford method (Bio-Rad). Initial and total Rubisco activ- 
ities were estimated by D-ribulose-1,s-bisphosph.ate-depen- 
dent incorporation of 14C0, into acid-stable products (de- 
scribed by Jiang et al., 1993). 

Detection of Proteins 

Total and soluble proteins were electrophoresed through 
12.5% discontinuous SDS-polyacrylamide gels as described 
by Fling and Gregerson (1986); this procedure facilitates 
the separation of low mo1 wt proteins. After ekctrophore- 
sis, the gels were either stained with Coomassie blue or 
blotted onto nitrocellulose filters for western i:nmunoblot 
analysis (described by Jiang et al., 199413). The aiitibodies in 
these experiments were specific for the tobacccj LS and SS 
of Rubisco (Rodermel et al., 1988), spinach Rubijco activase 
(a gift of Dr. Ray Zielinski, University of Illinois), spinach 
Cyt f (the plíistid petA gene product), and the N. tabacum 
CAB proteins (both a gift of Dr. Jean Haley, C o l ~ y  College). 
Antibody specificity was monitored using 1251-conjugated 
protein A at a concentration of 1 pCi mL-'. Relative pro- 
tein amounts on the western blots were quantified using a 
Molecular Dynamics PhosphorImager 400E (Sunnyvale, 
CA). 

lsolation and Detection of RNA and DNA 

Total cell RNA and DNA were isolated from frozen leaf 
discs (Jiang et al., 1993) and used for either RIQA gel blot, 
RNA slot blot, or DNA hybridization analysiis (Jiang et 
al., 1993, 1994a). Following hybridization, the filters were 
either autoradiographed or subjected to PhosphorImage 
analysis to quantify relative transcript or plastid DNA 
amounts. The probes in these experimen ts included 
pSEM1, specific for the N. tabacum RbcS gene fíimily (Pinck 
et al., 1984), and pTB5, containing a portion of the N. 
tabacum plastid rbcL gene (Shinozaki and Sugjura, 1982). 

RESULTS 

Plant Crowth 

To monitor the growth and development of WT and 
Rubisco antisense DNA plants, we measured plant height 
every severa1 days after planting until maxj mal heights 
were attained. Representative growth curves me shown in 
Figure 1 for WT and mutant plants with either 20% (mutant 
1) or 20% (mutant 2) of WT Rubisco protein emounts. We 
observed that the WT and antisense plants have similar 
growth profiles but that the mutants grow much more 
slowly, with flowering delayed up to 3 weeks. The leaves 
on the antisense plants are also much longer-lived (data not 
shown). Despite the differences in growth rate,, the mutant 
and WT plants eventually attain the same height and form 
the same number of leaves. In other experimeiits we found 
that mutants with extremely depressed levels of Rubisco 
(less than 10% of the WT amount) not onlp have much 
reduced rates of growth but also do not attain the stature 
of WT plants (data not shown). Moreover, these plants 
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Figure 1. Growth of the WT and antisense plants. Plant height (cm) 
was monitored at 3- to 4-d intervals for nearly 12  weeks postplanting. 
The  samples included a WT and antisense mutant plants with either 
40% (mutant 1) or 20% (mutant 2)  of WT Rubisco amounts. Arrows 
signify the beginning of flowering. 

form reduced numbers of leaves prior to flowering. Thus, 
it seems that severe reductions in Rubisco amount 
can significantly disturb normal patterns of growth and 
development. 

Leaf development is commonly studied by examining 
the development of a single leaf that occupies a given nodal 
position on the plant. Because invasive procedures that 
destroy the leaf are frequently needed, these kinds of ex- 
periments require a large number of replicate isogenic 
plants (Brady, 1988; Hensel et al., 1993; Jiang et al., 1993). 
However, isogenic lines of the antisense plants are not 
available, making this approach impractical with these 
plants. As an alternative, we chose to examine the devel- 
opmental gradient of fully expanded leaves at progressive 
nodes on morphologically similar WT and antisense plants 
(i.e. on plants that had attained the same height and 
formed the same number of total leaves, just prior to flow- 
ering). Direct comparisons could then be made between 
developmentally similar leaves (at the same nodal posi- 
tion) of these plants. This system has previously been used 
to study leaf development in tobacco (Harris and Arnott, 
1973; Aharoni et al., 1979; Dhillon and Miksche, 1981; Ursin 
and Shewmaker, 1993) and other species (Kura-Hotta et al., 
1987; Hashimoto et al., 1989; Marshall and Vos, 1991). 

Photosynthetic Activities 

To assess the impact of decreased Rubisco on photosyn- 
thesis during leaf development, we measured CERs on a11 
of the leaves from three WT, three mutant 1, and three 
mutant 2 plants (Fig. 2A). In a11 three sets of plants, 
photosynthetic capacities decline in older, fully expanded 
leaves after attaining a maximum in younger, fully ex- 
panded leaves; this pattern is similar to that normally 
observed during the development of a single leaf (re- 
viewed by Gepstein, 1988; Matile, 1992). However, photo- 
synthetic rates are depressed in the antisense plants, and 

maximal CERs are delayed and attained in developmen- 
tally older leaves of these plants (leaf 14 in the WT versus 
leaf 13 in the mutants). Since antisense leaves are longer- 
lived than WT leaves (data not shown), this indicates that 
maximal CERs are also delayed temporally by up to severa1 
weeks in leaves from the antisense plants. Figure 2A fur- 
ther reveals that photosynthetic rates reach the same low 
levels in senescent leaves from the WT and antisense plants 
but that the patterns of decline differ: CERs appear to 
decline more rapidly in the WT. Considered together, the 
data in Figure 2A suggest that reductions in Rubisco affect 
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Figure 2. Gas-exchange analyses. Measurements of CER (A) and 
stomatal conductance (B) were performed o n  all leaves from three 
WT, three mutant 1 ,  and three mutant  2 plants. C, The  calculated Ci. 
Leaf 15 is the youngest fully expanded leaf ai the top of plant just 
prior to flowering, and leaf 6 is the oldest leaf still remaining at the 
bottom of the plant. Each data point and bar represents the mean 2 
SD of three measurements from each of the three plants (a total of nine 
replicates per data point). 
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the magnitude, as well as the timing, of developmentally 
associated changes in photosynthesis capacity during leaf 
development. 

Figure 2B shows that stomatal conductances are either 
similar to the WT (mutant 2 plants) or somewhat higher 
than the WT (in older leaves of mutant 1 plants). Ci is 
also generally higher in the antisense plants, especially in 
younger, fully expanded leaves (Fig. 2C). Because the al- 
terations in stomatal conductance are not accompanied by 
corresponding changes in Ci, it is unlikely that stomatal 
aperture plays a central role in controlling photosynthetic 
activity during WT and antisense leaf development, at 
least under these conditions (reviewed by Farquhar and 
Sharkey, 1982). The data in Figure 2, B and C, confirm and 
extend earlier observations of enhanced stomatal conduc- 
tances and Ci in first fully expanded leaves of the antisense 
versus WT plants under high-irradiance conditions (Quick 
et al., 1991b; Stitt et al., 1991; Lauerer et al., 1993). 

Figure 3A shows that total Chl contents and the patterns 
of change in Chl accumulation are similar during WT and 
antisense leaf development. Because the mutants have nor- 
mal levels of Chl, but much reduced photosynthetic rates, 
it is unlikely that light harvesting is limiting for photosyn- 
thesis in these plants. It is also unlikely that light harvest- 
ing is limiting for photosynthesis in the WT, especially in 
older, fully expanded leaves, because the rate of decline in 
CER in these leaves exceeds that of Chl (i.e. the CER/mg 
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Figure 3. Pigment assays. Total Chl contents (A) and Chl a/b ratios 
(6) were measured on single leaf discs from three WT and three 
mutant 2 plants. Each data point and bar represents the mean ? SD of 
the three determinations. 

Chl declines). Figure 3B reveals that Chl a/b ratios do not 
change appreciably as a function of leaf age i11 the WT. 
However, overall Chl a/b ratios are lower in the mutants 
and decline a; leaf development proceeds. Thi; suggests 
that the composition of the photosynthetic apparatus is 
altered in the mutant versus WT plants and that the stoi- 
chiometries of various thylakoid components are changing 
during the coiirse of antisense leaf development. 

Rubisco Activities and Content 

To assess the contribution of Rubisco activity and acti- 
vation state to the control of photosynthesis capacity dur- 
ing WT and antisense leaf development, we measured 
Rubisco initial and total activities. Initial activities provide 
an estimate of the amount of activated enzyme in the leaf 
sample at the time of harvest, whereas total activities pro- 
vide a measure of the amount of Rubisco that is capable of 
being activated in the leaf sample. We found that alter- 
ations in both initial (Fig. 4A) and total activities (data not 
shown) closely parallel those of CER. This suggests that 
Rubisco activity is a primary determinant regulating pho- 
tosynthetic rates during the development of both WT and 
antisense leaves. 

To determine whether the changes in Rubisco activity are 
due to changes in enzyme content, we measured Rubisco 
amounts in leaves from the WT and mutanl plants by 
PhosphorImage analysis of either western inimunoblots 
(Fig. 4B) or stained SDS-polyacrylamide gels (Flig. 5). Both 
of these procedures gave similar results. These experiments 
showed, first, that LS and SS levels are coorciinately de- 
creased in amount in the antisense plants. This indicates 
that there is no overproduct ion of the LS in these plants. 
Second, these analyses revealed that the patterr s of change 
in Rubisco content parallel those of Rubisco activity. This 
suggests that Rubisco activity is primarily a function of 
holoenzyme content throughout WT and antisense leaf 
development. Consistent with this hypothesis is the find- 
ing that the activation state of the enzyme (the ratio of 
initial to total activities) did not change appreciably during 
leaf development in either set of plants (Fig. 4C). It should 
be pointed out, however, that Rubisco activation states 
were slightly higher in the mutant plants. A siinilar obser- 
vation was made on first fully expanded leaves of the 
antisense mutants (Quick et al., 1991b); we rezently dem- 
onstrated that this may be due to enhanced Rubisco acti- 
vase activities (Jiang et al., 1994b). 

Figure 4D shows that the antisense plants have less total 
protein than the WT plants on a leaf area basis. Much of the 
change in total protein in the WT plants is due to Rubisco, 
which can niake up to 50% of the soluble leaf protein in 
tobacco (Quick et al., 1991b). However, much less of this 
change is due to Rubisco in the mutants, siwe Rubisco 
constitutes a much smaller proportion of the soluble pro- 
tein pool in these plants. 

Regulation of Rubisco Content 

To asses the contribution of transcriptional l'actors to the 
regulation of Rubisco content during leaf development, we 
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Figure 4. Rubisco activity, Rubisco activation state, Rubisco content, and total protein content. Rubisco initial (A) and total 
activities were determined on a leaf area basis, and the activation state of the enzyme was calculated as the ratio of initial 
to total activities (C). Soluble proteins were isolated from leaf discs, and proteins were electrophoresed through discontin- 
uous 12.5% SDS-polyacrylamide gels; proteins were loaded on the gel on a leaf area basis. The gels were immunoblotted 
with tobacco SS and LS antibodies, and band intensities on the filters were quantified by Phophorlmage analysis. The results 
for the LS and SS were similar; the LS results are shown in B and are expressed as a percentage of the maximum WT value. 
The total protein contents of leaf discs (D) were determined by Bradford analysis. Leaf discs were from the same plants 
described in the legend to Figure 2. Each data point and bar represents the mean 2 SD of three replicates (leaves from three 
different plants, one disc per leaf). 

examined profiles of rbcL and RbcS mRNA abundance by 
slot blot analysis. Figure 6, A and B, show the results of 
PhosphorImage analysis of replicate slot blot filters of 
RNAs from WT and mutant 2 leaves. In the WT leaves 
there are coordinate changes in rbcL and RbcS abundance 
during development; after the attainment of maxima in 
younger leaves, the levels of both mRNAs decrease ap- 
proximately 70 to 80% in senescent leaves. These changes 
are closely correlated with alterations in Rubisco abun- 
dance (Figs. 4B and 51, indicating that Rubisco content 
during WT leaf development is regulated primarily at the 
level of rbcL and RbcS transcript abundance. In the anti- 
sense plants, alterations in rbcL mRNA levels match those 
in the WT, whereas alterations in RbcS abundance correlate 
with Rubisco amounts. This indicates that the content of 
the holoenzyme in the mutants is regulated primarily at the 
level of RbcS transcript accumulation. We have verified the 
results in Figure 6, A and B, by RNA gel blot analysis (data 
not shown). 

To estimate rbcL DNA template availability, Southern 
filters containing BamHI-digested total cell DNA from WT 

and mutant 2 leaves were probed with a tobacco plastid 
rbcL DNA sequence. PhosphorImage analysis of replicate 
filters (Fig. 6C) reveals that the patterns of change in rbcL 
DNA levels are similar in the WT and mutant leaves and 
that rbcL DNA amounts decline approximately 50% during 
the course of leaf development in both types of plants. This 
suggests that restrictions in DNA template availability may 
contribute to decreased rbcL mRNA levels during the de- 
velopment of WT and antisense leaves. 

Patterns of Photosynthetic Protein Expression 

Quick et al. (1991b) and Hudson et al. (1992) have shown 
that the contents and/or activities of some enzymes are 
normal, and others depressed, in first fully expanded 
leaves of the antisense versus WT plants. It has also been 
suggested that decreases in Rubisco have little impact on 
overall protein accumulation, at least in plants with up to 
80% reductions in Rubisco amount (Quick et al., 1991b; 
Hudson et al., 1992; Masle et al., 1993). To further explore 
the impact of Rubisco loss on photosynthetic protein accu- 
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Figure 5. SDS-PAGE of soluble leaf proteins from the WT and anti-
sense plants. The protein samples were electrophoresed through
discontinuous 12.5% SDS-polyacrylamide gels on a leaf area basis.
The gel was stained with Coomassie blue.

mulation, we examined the abundance of several represen-
tative photosynthetic proteins during leaf development in
the WT and antisense plants by western immunoblot anal-
ysis. These included Rubisco activase, Cyt /, and CAB. The
results of quantitative Phosphorlmage analysis are illus-
trated in Figure 7. Figure 7 A shows that alterations in
activase content are similar throughout development of the
WT and mutant leaves. These alterations are superimpos-
able on those of Rubisco content in leaves of the WT plants.
Similar conclusions can be drawn for Cyt / (Fig. 7B), with
the exception that declines in the abundance of this protein
during senescence may be somewhat accelerated in the
mutants. Changes in CAB content, like those of activase
and Cyt /, are similar during WT and antisense leaf devel-
opment (Fig. 7C), although CAB levels do not appear to
decline as sharply in older leaves of the mutants. However,
in contrast to the other two proteins, CAB levels do not
decrease as much as WT Rubisco levels in senescing leaves
of either the WT or antisense plants (i.e. overall reductions
of 40-50% for CAB versus 70-90% for Rubisco, activase,
and Cyt /).

DISCUSSION

Quantitative flux-control analyses have been conducted
on first fully expanded leaves of the Rubisco antisense
DNA mutants to assess the control that Rubisco exerts on
photosynthesis under a variety of short-term and long-
term conditions (Quick et al., 1991a, 1991b, 1992; Stitt et al.,
1991; Lauerer et al., 1993; Masle et al., 1993). These analyses
revealed that under high-irradiance conditions, similar to
those in the present experiments, Rubisco activity is pri-

marily limiting for photosynthesis but that control is also
shared with other factors. Stomatal conductance is one of
these factors (Stitt et al., 1991), and CO2 diffusion through
the aqueous phase of the leaf may be another (Lauerer et
al., 1993). Our results are consistent with these conclusions
and suggest that the control exerted by Rubisco on photo-
synthesis is considerable throughout leaf development.
Yet, because the relationships among the various photo-
synthetic parameters we measured were not constant (e.g.
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Figure 6. RbcS and rbcl transcript abundance and rbcL DNA tem-
plate availability. For the slot blot analyses in A and B, each data
point and bar represents the mean ± so from Phosphorlmage analysis
of two replicate filters (leaves from two different plants, one disc per
leaf). To determine rbcl DNA template availability (C), Southern
hybridizations were conducted on equal amounts of BamHI-digested
total cell DNA from WT and antisense mutant 2 leaves; the filters
were probed with pTB5, specific for the tobacco plastid rbcl gene
(Shinozaki and Sugiura, 1982). Results from Phosphorlmage analysis
of two replicate Southern filters are shown.
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there were increases in Ci in older leaves of the WT but not 
mutant plants), our data suggest that the relative contribu- 
tion of these components to the control of photosynthetic 
rates may be shifting during development and may be 
somewhat different in leaves of the WT versus antisense 
plants. 

The present experiments revealed that maximal rates of 
photosynthesis are delayed in the antisense plants and 
attained in older, fully expanded leaves. This delay repre- 
sents a temporal delay as well as a developmental delay, 

since the antisense leaves are much longer-lived than WT 
leaves. It is likely that the delay in the period of maximal 
photosynthesis capacity is due to a shift in Rubisco accu- 
mulation maxima mediated at the level of RbcS and rbcL 
transcription. Quick et al. (1991a) have shown that the 
antisense plants have reduced sugar contents, and thus one 
possibility is that maximal CERs are delayed by the low 
carbohydrate status of the mutants, i.e. photosynthesis may 
be inhibited earlier in the WT because it has higher car- 
bohydrate levels. Consistent with this possibility is the 
well-established finding that source leaves adjust their 
photosynthetic rates in response to the demand for pho- 
toassimilates in the rest of the plant, inhibiting photo- 
synthesis when the demand is low and increasing pho- 
tosynthesis when the demand is high (sink regulation 
of photosynthesis) (reviewed by Turgeon, 1989; von 
Schaewen et al., 1990; Stitt et al., 1990; Stitt, 1991; Son- 
newald and Willmitzer, 1992). It has also been observed 
that the rate of leaf senescence is affected by the sink- 
source status of the plant (Christensen et al., 1981; Bin 
Lazan et al., 1983; Wittenbach, 1983; Shibles et al., 1987; 
Guitman et al., 1991) and that photosynthetic gene expres- 
sion can be modulated by carbohydrates at the transcrip- 
tional level (Sheen, 1990; Krapp et al., 1993). We are cur- 
rently investigating the impact of carbohydrate levels on 
photosynthetic rates and Rubisco gene expression during 
leaf development in the antisense and WT plants. 

One of the central findings in this study was that the 
alterations in Rubisco content during WT leaf development 
are primarily a function of coordinate changes in RbcS and 
rbcL transcript abundance. We have also found this to be 
true in soybean (Jiang et al., 1993), and similar conclusions 
have been drawn in wheat and Pkaseolus (Brady, 1988; Bate 
et al., 1991). This is not a general phenomenon, however, 
since in some species posttranscriptional controls regulate 
Rubisco accumulation during at least part of the leaf de- 
velopmental process (reviewed by Brady, 1988; Mullet, 
1988; Huffaker, 1990). The signals that integrate RbcS tran- 
scription in the nuclear-cytoplasmic compartment with 
rbcL transcription in the plastid are poorly understood but 
involve both endogenous (e.g. hormones) and exogenous, 
environmental factors (e.g. light) (reviewed by Mullet, 
1988; Taylor, 1989; Susek and Chory, 1992). As illustrated 
in the present studies, the factors that regulate rbcL tran- 
scription during leaf development do not appear to include 
feedback signals generated in response to the levels of RbcS 
transcription or translation products, as predicted by the 
cytoplasmic control principle (Ellis, 1977). The present data 
further show that only stoichiometric amounts of the LS 
and SS proteins accumulate in the antisense plants: excess 
LS is not produced. Since normal rbcL mRNA levels are 
found in the antisense plants, this indicates that LS protein 
accumulation is regulated posttranscriptionally through- 
out leaf development in the mutants. The current experi- 
ments, which were conducted on greenhouse-grown TI 
plants, thus confirm and extend earlier studies of primary 
(To) RbcS antisense DNA transformants growing on tissue- 
culture medium supplemented with Suc (Rodermel et al., 
1988). 



222 Jiang and Rodermel Plant Physiol. Vol. 107, 1995 

Although we cannot distinguish whether the alterations 
in rbcL and RbcS transcript abundance are due to alter- 
ations in transcription initiation or transcript stability, at 
least part of the change in rbcL mRNA amounts in older, 
senescing leaves may be due to decreased plastid DNA 
template availability. This assumes that each of the multi- 
ple plastid chromosomes in the cell is capable of being 
transcribed during the senescence process. We do not 
know whether this is a valid assumption. However, our 
findings raise the question whether the decreases in plastid 
DNA during senescence occur on a per-plastid basis, as 
suggested in rice (Sodmergen et al., 1991), or whether they 
are due to the destruction of entire plastids. Although 
reduced chloroplast numbers are observed in some species 
throughout the senescence process (Lamppa et al., 1980; 
Camp et al., 1982; Wittenbach et al., 1982; Kura-Hotta et al., 
1990), in other species plastid function is uniformly im- 
paired during early senescence and whole plastids are lost 
only late in the process (Mae et al., 1984; Wardley et al., 
1984; Ford and Shibles, 1988). This topic has not yet been 
investigated in tobacco. 

In this study we took advantage of a specific genetic 
alteration in Rubisco content in the antisense plants to 
ascertain how this perturbation affects the expression of 
genes for photosynthetic proteins during leaf development. 
It was hoped that these studies might lend insight into 
those elements of the leaf developmental program that 
depend on Rubisco protein expression for their implemen- 
tation (a linear pathway) and those that do not (parallel 
pathways). We found that the relative stoichiometries of 
some photosynthetic proteins are constant during WT leaf 
development, e.g. Rubisco and activase, which argues that 
the expression of genes for these proteins is coordinately 
regulated. On the other hand, the relative stoichiometries 
of other photosynthetic proteins appear to be altered dur- 
ing development, e.g. decreases in CAB in senescing leaves 
are not as severe as those of Rubisco. We do not know how 
the accumulation of activase, Cyt f, and CAB are regulated 
during tobacco leaf development, but the levels of these 
proteins are approximately similar in the WT and antisense 
plants and are generally insensitive to the drastic reduc- 
tions in Rubisco content. This uncoupling suggests that the 
expression of genes for these proteins is not feedback reg- 
ulated by Rubisco; integrative and coordinating mecha- 
nisms must reside elsewhere. This is consistent with earlier 
findings on first fully expanded leaves of the mutant plants 
(Quick et al., 1991b; Hudson et al., 1992; Masle et al., 1993). 
Thus, the present findings are generally in accord with 
studies of stay-green senescence mutants of fescue grass 
(Hilditch et al., 1989; Thomas, 1992), Phaseolus (Ronning et 
al., 1991), and soybean (Guiamét et al., 1991) and empha- 
size the notion that leaf development is a coordinated 
series of events that are not obligatorily connected (parallel 
pathways). 

Although activase, Cytf, and CAB protein expression are 
generally similar in the mutant and WT plants, there do 
appear to be subtle differences. For instance, Cyt f may be 
lost somewhat more rapidly in older leaves of the antisense 
plants. This may have important consequences for the reg- 

ulation of photosynthesis rates in these plants; iis observed 
in other systems, the Cyt b,/fcomplex is often rate limiting 
for photosynthesis during the senescence process (re- 
viewed by Brady, 1988). In addition to the a1:erations in 
Cyt f, CAB levels may be decreasing somewhat less rapidly 
in senescing leaves of the antisense plants. Because Chl b is 
exclusively associated with the light-harvesting complexes 
(I and II), arid predominantly with light-harvesting com- 
plex I1 (Kaplan and Arntzen, 1982), an enhamed relative 
accumulation of this protein would be consistcsnt with the 
observation that Chl alb ratios are lower in the rnutants and 
progressively decline during antisense leaf development. 
However, the reason for such an apparent reellocation of 
nitrogen to light-harvesting complex 11 is not clear, since 
photosynthesis is not light limited in the antisense plants. 
Alternatively, the altered Chl alb ratios in the mutants 
could be due to differences in the levels of 3ther thyla- 
koid membrane proteins (e.g. reduced reaction center 
complexes). 

Regardless of how the changes in photosynthetic protein 
abundance are achieved, the present results :juggest that 
the antisense plants do not adapt to genetic alterations in 
Rubisco content by significantly altering nuclear and chlo- 
roplast gene expression. Other data in this report are con- 
sistent with this notion (e.g. the finding that chloroplast 
DNA levels decrease in concert throughout leaf develop- 
ment in the WT and antisense plants) and suggest that leaf 
developmental programs are generally unaffected by the 
drastic changes in Rubisco content. This is especially inter- 
esting given the fact that leaf development is delayed tem- 
porally in the mutants: the mutant leaves undergo the same 
sequence of developmental events, but the overall process 
is prolonged. It has been suggested that photosynthesis 
rates are dependent on gene expression as a coarse control 
to set enzyme amounts and, consequently, maximal poten- 
tia1 enzyme activities; rates are fine-tune controlled by 
adjustments in substrate and effector levels (Servaites et al., 
1991; Geiger and Servaites, 1994). Considered in this light, 
the current results emphasize the metabolic flexibility of 
plant cells and their remarkable ability, in the absence of 
marked changes in gene expression, to adapt to a wide 
range of concentrations of photosynthetic components to 
achieve optimal photosynthesis rates. 
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