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Complete replacement, by biolistic plastid transformation, of the hexadecameric ribulose-1,5-bisphosphate carboxylase/
oxygenase (Rubisco) of tobacco (Nicotiana tabacum) with the dimeric version from the bacterium, Rhodospirillum rubrum,
resulted in fully autotrophic and reproductive tobacco plants that required high CO2 concentrations to grow (Whitney SM,
Andrews TJ [2001] Proc Natl Acad Sci USA 98: 14738–14743). Growth and photosynthesis of these plants was compared with
that of nontransformed tobacco and other controls where the rbcL gene for the large subunit of tobacco Rubisco was linked
to the aadA selectable-marker gene, simulating the gene arrangement of the transformants with R. rubrum Rubisco. An
arrangement of the rbcL and aadA genes that gave rise to an abundant monocistronic rbcL transcript and a one-fifth as
abundant bicistronic rbcL-aadA transcript had Rubisco levels and photosynthetic properties similar to those of nontrans-
formed tobacco. Direct linkage of the rbcL and aadA genes, resulting in exclusive production of a bicistronic mRNA transcript
analogous to that of the transformants with R. rubrum Rubisco, reduced transcript abundance and tobacco Rubisco content.
The analogous transcript with the R. rubrum rbcM gene substituted for rbcL was not only reduced in abundance, but was also
translated less efficiently. The photosynthetic rates of the transformants and controls were measured at high CO2 concen-
trations, using a mass spectrometric method. The rates and their responses to atmospheric CO2 concentration mirrored the
amounts and the kinetic properties of the Rubiscos present. The contents of total nitrogen, carbohydrates, and photosyn-
thetic metabolites of the leaves were also consistent with the content and type of Rubisco.

All plants depend on the photosynthetic CO2-fixing
enzyme, Rubisco, to supply them with combined car-
bon. Plants, algae, and many bacteria have the so-
called Form I Rubisco, which has a complex quater-
nary structure composed of eight large (50–55 kD)
subunits, which bear the active sites, and eight small
(12–18 kD) subunits (Roy and Andrews, 2000; Spre-
itzer and Salvucci, 2002). Two tetramers of small sub-
units glue four dimers of large subunits together in a
(L2)4(S4)2 arrangement (Andersson, 1996). However,
some bacteria and dinoflagellates have Rubiscos with-
out small subunits. In these Form II Rubiscos, the basic
L2 dimer occurs singly, as in Rhodospirillum rubrum, or
as higher oligomers (Tabita, 1999).

Recently, we replaced the Form I Rubisco of to-
bacco (Nicotiana tabacum) with the Form II dimer
from R. rubrum by substituting the rbcL gene for the
large subunit in the tobacco plastid genome with the
rbcM gene from R. rubrum (Whitney and Andrews,
2001a). The replacement of Rubisco was complete.
No tobacco small subunits were seen in the transfor-
mants, although the nuclear RbcS gene family was
undisturbed. Not being able to assemble with the R.
rubrum large subunits, the tobacco small subunits
presumably were degraded on arrival in the chloro-

plasts. R. rubrum is a photosynthetic anaerobe and its
Rubisco has a weaker affinity for CO2, and a much
poorer ability to discriminate between CO2 and O2,
than the higher-plant enzyme (Jordan and Ogren,
1981). Therefore, the transformants with R. rubrum
Rubisco (termed tobacco-rubrum plants) required
supplementation with CO2 to grow. Provided with
CO2 at 70 times its concentration in air, the plants
grew slowly, but normally, and were fully reproduc-
tive (Whitney and Andrews, 2001a).

The tobacco-rubrum plants had only approximately
one-third as much R. rubrum Rubisco as the nontrans-
formed controls had tobacco Rubisco (Whitney and
Andrews, 2001a). Plastid transformation depends on
use of the aadA spectinomycin-resistance gene to se-
lect transformants. Here, we show that the reduced
Rubisco content was the result of reduced abundance
of the bicistronic rbcM-aadA transcript produced by
the transgenes, combined with a reduction in its
translational efficiency, compared with the rbcL tran-
script in nontransformed plants.

The requirement of R. rubrum Rubisco for high
concentrations of CO2 conferred on the transformed
plants a requirement for CO2 concentrations so high
that CO2 assimilation was barely detectable with con-
ventional gas-exchange equipment based on infrared
analyzers (Whitney and Andrews, 2001a). Here, we
measure gas exchange with a membrane-inlet mass
spectrometer capable of measuring CO2 uptake at
much higher CO2 concentrations. We compared pho-
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tosynthesis in tobacco-rubrum plants with that of
nontransformed plants and the other controls with
different arrangements of rbcL and aadA genes. We
show that the rates of CO2 assimilation are entirely
consistent with the contents and kinetic properties of
the resident Rubisco, as are the leaves’ contents of
total nitrogen, carbohydrates, and photosynthetic
metabolites.

RESULTS

Construction of Tobaccos With rbcL in Contexts
Similar to That of rbcM in Tobacco-rubrum

The antibiotic-resistance gene, aadA, required to
select plastome transformants, was introduced to the
tobacco plastome in two ways. In LEV1, a promoter-
less aadA gene was inserted immediately down-
stream of the rbcL terminator, giving rise to the pos-
sibility of two mRNA transcripts—a monocistronic
one containing rbcL alone and a bicistronic one with
rbcL and aadA. LEV3 was similar, except that the rbcL
terminator was deleted so that only a bicistronic
transcript was possible. LEV3 mimics the gene ar-
rangement used in tobacco-rubrum (Fig. 1). Five and
seven spectinomycin-resistant plantlets were ob-
tained from 10 sets of leaves bombarded with the
pLEV1 and pLEV3 transforming plasmids, respec-
tively. After three rounds of regeneration on
spectinomycin-containing medium, DNA blots
showed that all of the plantlets were homoplasmic
(Fig. 2). Two lines each of LEV1 (L1a and L1b) and
LEV3 (L3a and L3b) transformants were grown to

Figure 1. Organization of the transformed and nontransformed tobacco plastomes in the large single-copy region in the
vicinity of rbcL. The LEV1 (Whitney et al., 1999) and LEV3 transformants have a promoter-less aadA gene inserted
downstream of rbcL. For LEV1, the insertion point is downstream of the rbcL terminator sequence (T). For LEV3, the
organization is similar, except that the rbcL terminator is deleted. The gene organization in tobacco-rubrum (tr) transformants
is the same as for LEV3 transformants, except that the R. rubrum rbcM gene replaces rbcL (Whitney and Andrews, 2001a).
The annealing positions of the probes, rbcL1, rbcL2, and aadA, and the primers, LsD and LsE, are shown. The positions of
BamHI sites (B) and the sizes of the BamHI fragments that hybridize to the rbcL1 probe are indicated. The dashed arrows
represent the various mono- and bicistronic rbc transcripts. H, HindIII; N, NcoI; P, rbcL promoter and 5�-untranslated region;
t, rps16 terminator sequence; TSP, total soluble protein; nt; nontransformed.

Figure 2. DNA and RNA blots of nucleic acids from leaves of
transformed and nontransformed plants. A, Blot of BamHI-digested
DNA from LEV1 (L1a), LEV3 (L3a), tobacco-rubrum (tr1), and non-
transformed (nt) plants probed with the rbcL1 DNA fragment. B,
Duplicate blots of total leaf RNA (10 �g) probed with the rbcL2 (top)
and aadA (bottom) probes. RNA from independent LEV1 (L1a and
L1b) and LEV3 (L3a and L3b) transformants is shown. Positions of the
monocistronic rbcL (nt, L1), the bicistronic rbcL-aadA1 (L1), and
rbcL/M-aadA3 (L3 and tr1 respectively) mRNAs are indicated.
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maturity in soil and their flowers were pollinated
with wild-type pollen. In the CO2-enriched atmo-
sphere required for growth of tobacco-rubrum plants,
the LEV1 and LEV3 plants grew similarly to non-
transformed tobacco and substantially faster than
tobacco-rubrum plants. However, eventually, all of
the plants reached a similar size and bore the same
number of leaves (Fig. 3). The thickness of the leaves
(0.4 � 0.1 mm) and the density of stomata (1.0 �
0.1 � 104 cm–2) were similar in all genotypes (data
not shown).

Abundance of Rubisco and rbc Transcripts

The Rubisco content of leaves of LEV1 plants was
similar to that of the nontransformed controls, but, in
LEV3 and tobacco-rubrum plants, it was reduced to
50% and 20%, respectively (Fig. 4A). Total soluble
leaf protein was similar in LEV1, LEV3, and non-
transformed plants, but was reduced in tobacco-
rubrum plants, with most of the reduction attribut-
able to the missing Rubisco (Fig. 4A). Under the
high-CO2 growth conditions, Rubisco’s carbamyla-
tion status inversely reflected its abundance (Fig. 4B).

Leaves of LEV1 and nontransformed plants had
similar amounts of monocistronic rbcL transcripts
(Figs. 2 and 4C). In addition, the LEV1 plants had a
bicistronic rbcL-aadA transcript that was approxi-
mately 20% as abundant. The single bicistronic rbcL-
aadA transcript of LEV3 leaves and rbcM-aadA tran-

script in tobacco-rubrum leaves (Fig. 2) was present at
approximately 45% and 70%, respectively, of the
level of the rbcL transcript in nontransformed leaves
(Fig. 4C). Although the bicistronic rbcL-aadA tran-
script in LEV3 plants was less abundant, it was trans-
lated with an efficiency similar to that of the mono-
cistronic rbcL transcript in LEV1 and nontransformed
plants (Fig. 4D). By contrast, the translational effi-
ciency of the bicistronic rbcM-aadA transcript in

Figure 3. Comparison of plant growth in 2.5% (v/v) CO2 in air at 240
�mol quanta m�2 s�1. A, Plant height; B, number of leaves per plant
(�SD) of T1-generation tobacco-rubrum (tr, ƒ, n � 14), LEV3 (L3, �,
n � 9), and LEV1 (L1, ‚, n � 9) transformants and nontransformed
plants (nt, F, n � 6). C, Shoot dry weight measured 37 d (L1, L3, and
nt) and 55 d (tr) after cotyledon emergence.

Figure 4. Soluble leaf protein, Rubisco, and rbcL/M transcript con-
tents, and Rubisco carbamylation status in light-adapted leaves of
transformants and controls. Measurements (�SD) were made on sam-
ples from leaf 5 of T2-generation tobacco-rubrum (tr, n � 4), LEV3
(L3, n � 3), and LEV1 (L1, n � 3) transformants and nontransformed
plants (nt, n � 3; see “Materials and Methods”). A, Soluble leaf
protein (white plus black), Rubisco content (white). B, Carbamylation
status of active sites. C, The relative abundances of the bicistronic
rbcL-aadA1, rbcL-aadA3, and rbcM-aadA3 transcripts in L1, L3, and
tr plants, respectively, measured from RNA blots probed with the
aadA probe (cross-hatched bars) and of the monocistronic rbcL
transcript in nontransformed and L1 plants (black bars) and the
bicistronic transcripts rbcL-aadA1 in L1 (white cross-hatched bars)
and rbcL-aadA3 (black bars) in L3 plants probed with the rbcL probe.
The mRNA abundance was normalized relative to that of the rbcL
transcript in nontransformed plants. The relative responses to the
rbcL and aadA probes was determined using the L3 plants, where the
two probes detect the same mRNA species (Fig. 1). D, Relative
translational efficiency of Rubisco mRNAs in tr, L3, and L1 transfor-
mants was obtained by dividing Rubisco content by transcript abun-
dance and normalized relative to the result obtained with nontrans-
formed leaves (see “Materials and Methods”). For L1 samples, the
translational efficiency is calculated from the sum of the abundances
of the rbcL and rbcL-aadA1 transcripts (black bar) and from the
abundance of the rbcL transcript alone (black plus white bar).
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tobacco-rubrum plants was approximately one-third
of that of the rbcL transcripts. Thus, the large reduc-
tion of Rubisco content of the tobacco-rubrum plants
is a product of a modest reduction in message con-
tent and a larger reduction in its translational
efficiency.

Abundance of rbcS mRNA Is Increased in
Tobacco-rubrum Plants

RNA blotting showed that LEV1 and nontrans-
formed plants produced similar amounts of mRNA
from their nuclear rbcS gene family. LEV3 and
tobacco-rubrum plants had 1.6- and 2.5-fold higher
amounts, respectively (data not shown). Presumably,
this is a response to the reduction in content, or total
lack, of tobacco Rubisco.

CO2 Assimilation and Photosynthetic Metabolites

Where it was possible to compare them, there was
generally reasonable agreement between CO2-
assimilation measurements made with the infrared-
analyzer and mass-spectrometer systems (Fig. 5). The
membrane-inlet cuvette of the mass spectrometer
system is unstirred and there are likely to be large
boundary layer resistances adjacent to the leaf disc.
These, or calibration imprecision, may be the cause of
the slightly lower maximal assimilation rates mea-
sured with this system. At both levels of illumina-
tion, the reduced Rubisco content of the LEV3 plants
compared with nontransformed plants was manifest
as a reduction in slope of the curves at low CO2
pressures. However, at the much higher CO2 pres-
sures under which the plants were grown, little dif-
ference in assimilation rate was apparent, indicating
that both types of plants were limited by light-
supported D-ribulose-1,5-bisphosphate (ribulose-P2)
regeneration under these conditions. As reported
previously (Whitney and Andrews, 2001a), tobacco-
rubrum plants were massively impaired in CO2 as-
similation at lower CO2 pressures. However, this
impairment was substantially relieved at higher CO2
pressure so that, in the 25 mbar CO2 growth atmo-
sphere, assimilation was only approximately 50%
and 25% impaired at the higher and lower illumina-
tion, respectively (Fig. 5).

The reduced Rubisco content of the tobacco-rubrum
plants caused only modest increases in the
ribulose-P2 content of leaves sampled under the
growth conditions—no larger than that seen in LEV3
leaves (Fig. 6). By contrast, the 3-phospho-D-
glycerate (P-glycerate) content, which was similar in
LEV1, LEV3, and nontransformed tobacco, was mas-
sively reduced in tobacco-rubrum leaves, leading to
an approximately 10-fold increase in the P-glycerate:
ribulose-P2 ratio (Fig. 6).

Leaf Dry Matter and Its Components

The photosynthetic impairment of the tobacco-
rubrum plants was particularly obvious in their leaf
dry matter. Although the fresh weight per unit area
of the leaves was little diminished (�20%) compared
with the other three genotypes, the dry-to-fresh
weight ratio was reduced by approximately 60% (Fig.
7A). Most of this reduction was attributable to the
near absence of starch and Glc from the tobacco-
rubrum leaves (Fig. 7B). This massive reduction in
storage carbohydrate caused an approximately 70%
reduction in total leaf carbon (Fig. 7D), far outstrip-
ping more modest changes in total leaf nitrogen (Fig.
7E) and leading to a halving of the C:N ratio (Fig. 7F).

Figure 5. Leaf CO2 assimilation rate as a function of intercellular (ci)
or atmospheric (ca) CO2 partial pressure measured with a flow-
through leaf chamber (Li-Cor, Lincoln, NE) and by mass spectrometry
in a sealed unstirred cuvette. The fifth leaf (15 � 0.5 cm in diameter)
from nontransformed (nt; EF, 17.6 �mol Rubisco sites m–2) and
T2-generation tobacco-rubrum (tr; ▫�, 5.2 �mol Rubisco sites m–2;
��, 6.2 �mol Rubisco sites m–2) and LEV3 (L3a; ƒ �, 6.9 �mol
Rubisco sites m–2; L3b; ‚ Œ, 6.9 �mol Rubisco sites m–2) plants of
similar physiological ages (24.6 � 1.7 cm in height, bearing 15
leaves) grown at 450 �mol m–2 s–1 were measured at 25°C at the
different light levels shown. The Li-Cor measurements for tobacco-
rubrum plants reported previously (Whitney and Andrews, 2001a)
are reproduced for comparison. Symbols are shown for every fifth (nt
and L3) or 10th (tr) mass spectrometric measurement.
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Differences between the LEV1, LEV3, and nontrans-
formed plants were small and consistent only in the
case of total leaf N, which ranked approximately
according to Rubisco content (Fig. 7E). Chlorophyll
content was not reduced by reduction in or substitu-
tion of Rubisco (Fig. 7C), and the chlorophyll a:chlo-
rophyll b ratio was 2.4 � 0.1 in all cases (not shown),
indicating that none of the genotypes suffered pho-
toinhibition in the high-CO2 growth atmosphere.

DISCUSSION

Low Rubisco Content of Tobacco-rubrum Plants Is
Caused Mostly by Impaired Translation

Previous 35S pulse-labeling experiments showed
that little turnover occurred with R. rubrum Rubisco
in tobacco-rubrum plants and tobacco Rubisco in the
controls (Whitney and Andrews, 2001a, 2001b; Whit-
ney et al., 2001); therefore, the content of Rubisco in
both cases must be determined largely by the rate of
synthesis. Thus, we sought to understand the reasons
for the reduced Rubisco content of the tobacco-
rubrum plants (20% of nontransformed plants in the
present experiments; Fig. 4A) by comparing these
bacterial-Rubisco transformants with transformants
with analogous rbc gene arrangements that retained
the tobacco rbcL gene (Fig. 1). Two reasons were
uncovered. First, the bicistronic character of the
rbcM-aadA mRNA transcript in tobacco-rubrum
plants caused a modest (approximately 30%) reduc-
tion in its abundance compared with the monocis-
tronic rbcL transcripts in the LEV1 and nontrans-
formed controls. The analogous rbcL-aadA transcript
in LEV3 plants was affected similarly (approximately
50% reduction; Fig. 4C). The longer mRNA molecules
must be more unstable or transcribed less rapidly, or
both. Second, the translational efficiency of the bicis-
tronic rbcM-aadA transcript in tobacco-rubrum plants

was severely impaired (approximately 65%). This im-
pairment was not shared by the analogous rbcL-aadA
transcript in LEV3 plants, therefore, its cause must lie
in the intrinsic translatability of the rbcM message.
The rbcM and rbcL genes had identical promoters,
5�-untranslated regions, and 5�-transcriptional con-
trol regions (the first 14 codons of the coding se-
quence; Kuroda and Maliga, 2001). The sequences 3�
to the rbc coding region were also identical in the
rbcM-aadA and rbcL-aadA transcripts (Fig. 1). There-
fore, the reduced translational efficiency must be
caused by the rbcM coding sequence itself. Perhaps it
causes the transcript to fold inappropriately, hinder-
ing binding of translation-activating factors or en-
gagement with the ribosome. Alternatively, the GC-
rich bacterial rbcM gene has a preference for some
redundant codons used less frequently in the tobacco
plastome (Shimada and Sugiura, 1991), and this may
slow translation.

The unaltered translational efficiency of the bicis-
tronic rbcL-aadA transcript in the LEV3 plants, com-
pared with the monocistronic rbcL transcript in non-
transformed or LEV1 plants (Fig. 4D), demonstrates
that the tobacco chloroplast is unable to increase the
translation rate of the bicistronic message to compen-
sate for its lesser abundance. This contrasts with the
situation in the Chlamydomonas reinhardtii chloroplast

Figure 6. Leaf contents (�SD) of ribulose-P2 and P-glycerate in T2-
generation tobacco-rubrum (tr, n � 4), LEV3 (L3, n � 3), LEV1 (L1,
n � 3), and nontransformed (nt, n � 3) plants grown at 450 �mol m–2

s–1 (see “Materials and Methods”). A, Ribulose-P2 (white) and
P-glycerate (black) content; B, ribulose-P2:P-glycerate ratio.

Figure 7. Structural and other components (�SD) of leaves of similar
physiological age of T2-generation tobacco-rubrum (tr, n � 4), LEV3
(L3, n � 3), LEV1 (L1, n � 3), and nontransformed (nt, n � 3) plants
(see “Materials and Methods”). A, Leaf fresh weight (total bar height)
and its dry-weight component (white); B, leaf dry weight (total bar
height) and its starch (gray, upward error bars) and Glc (black,
downward error bars) components; C, chlorophyll; D through F, leaf
carbon and nitrogen and their ratio.
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where reductions in transcript abundance have been
shown to be sometimes compensated by increases in
translational efficiency, making transcript abundance
nonlimiting in the expression of some chloroplast-
encoded proteins, including the large subunit of
Rubisco (Hosler et al., 1989; Eberhard et al., 2002).
This difference may reflect an underlying difference
between higher plants and C. reinhardtii in the way
translation of the rbcL message and other plastid
transcripts are regulated.

Photosynthesis and Growth of Tobacco-rubrum Plants
Are Consistent with the Content and Properties of
R. rubrum Rubisco

Measurement of photosynthetic gas exchange with
equipment based on a membrane-inlet mass spec-
trometer allowed measurements at much higher CO2
partial pressures than are accessible with conven-
tional equipment based on sensitive infrared analyz-
ers. These measurements confirmed earlier suspi-
cions, based on measurements at low CO2 only
(Whitney and Andrews, 2001a), that the photosyn-
thetic characteristics of the tobacco-rubrum plants
were in accord with their content of R. rubrum
Rubisco and its kinetic properties (Fig. 5).

At high CO2, the 50% reduced tobacco Rubisco
content of the LEV3 plants was still sufficient to
support wild-type rates of CO2 assimilation that were
limited solely by the rate of light-driven ribulose-P2
regeneration, regardless of the intensity of illumina-
tion (Fig. 5). This accords with the wild-type growth
characteristics of these plants at 25 mbar CO2 pres-
sure (Fig. 3).

By contrast, CO2 assimilation by the tobacco-
rubrum plants clearly displayed the much higher Kc

air

(apparent Km for CO2 at air levels of O2) of the R.
rubrum enzyme (Jordan and Ogren, 1981; Fig. 5). At
1,050 �mol m–2 s–1 illumination, CO2 assimilation
was not CO2 saturated (i.e. not limited by ribulose-P2
regeneration) even at 25 mbar CO2. However, at 240
�mol m–2 s–1 illumination, the curve approached a
plateau at higher CO2 pressures, indicating that as-
similation had become limited by ribulose-P2 regen-
eration (Fig. 5). This is consistent with the smaller
stimulation of CO2 assimilation at 25 mbar CO2 in-
duced by increasing illumination from 240 to 1,050
�mol m–2 s–1 seen with tobacco-rubrum plants com-
pared with LEV3 and nontransformed plants that are
limited by ribulose-P2 regeneration at both light in-
tensities. Boundary layer limitations to CO2 diffusion
in the mass spectrometer cuvette preclude estimation
of intercellular CO2 partial pressures (ci) from these
measurements. Therefore, the kinetic properties of
tobacco-rubrum Rubisco cannot be derived from
these data. Nevertheless, the gross difference in the
shape of the CO2-response curves of tobacco-rubrum
leaves compared with LEV3 and nontransformed
leaves readily reveals the presence of the bacterial
Rubisco (Fig. 5).

The ribulose-P2 and P-glycerate contents of leaves
sampled under 450 �mol m–2 s–1 illumination in the
growth cabinet (an intensity midway between the
two intensities used for gas-exchange measurements;
Fig. 5) showed that photosynthesis in the tobacco-
rubrum plants was limited by Rubisco activity under
these conditions. Although the ribulose-P2 contents
were not very different for all four genotypes, the
severe reduction of P-glycerate content (and the large
increase in ribulose-P2:P-glycerate ratio) testify to the
Rubisco-activity limitation in the tobacco-rubrum
leaves (Fig. 6). By contrast, the more balanced
ribulose-P2 and P-glycerate contents (Fig. 6), coupled
with diminished Rubisco carbamylation status (Fig.
4B), are consistent with ribulose-P2-regeneration lim-
itation applying in LEV1, LEV3, and nontransformed
plants under the same conditions.

Comparisons with Previous Manipulation of
Rubisco by Nuclear Antisense

Before the advent of technology for manipulating
the higher-plant plastome, genetic manipulation of
Rubisco in plants was restricted to targeting the RbcS
gene for the nuclear-encoded small subunit. Its ex-
pression was reduced by antisense genes in tobacco
(Rodermel et al., 1988; Hudson et al., 1992), rice
(Oryza sativa; Makino et al., 1997), and Flaveria biden-
tis (Furbank et al., 1996). Varying degrees of suppres-
sion were obtained, sometimes to very low Rubisco
contents. The contents of sense RbcS mRNA, small
subunits, Rubisco holoenzyme, and Rubisco activity
were all reduced, leading to important insights into
the mechanisms that coordinate the synthesis of the
large and small subunits, and intergenomic integra-
tion in general (Rodermel et al., 1996; Rodermel,
1999). Such experiments also revealed the effects of
varying the amount of Rubisco on the regulation of
its activity and photosynthetic metabolism, and on
leaf development (Quick et al., 1991; Hudson et al.,
1992; von Caemmerer et al., 1994; Stitt and Schulze,
1994; Miller et al., 2000). Our present observations are
fully consistent with the conclusions drawn from
anti-RbcS studies and we extend them by demon-
strating the consequences of changing the kinetic
properties of Rubisco, rather than just its amount.
Thus, the reductions in leaf CO2 assimilation (Fig. 5),
P-glycerate:ribulose-P2 ratio (Fig. 6), Glc and starch
contents, C:N ratio, dry weight:fresh weight ratio
(Fig. 7), and the increase in Rubisco carbamylation
status (Fig. 4) caused by the reduced Rubisco activity
in our experiments all resemble similar perturbations
resulting from the reduced Rubisco content of anti-
RbcS plants. However, the gross changes in the CO2
response of assimilation in the tobacco-rubrum plants
(Fig. 5) is an unprecedented consequence of the sub-
stitution of a Form II Rubisco.

The absence of detectable small subunits in the
tobacco-rubrum plants (Whitney and Andrews,
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2001a) is consistent with a model, derived partly
from anti-RbcS studies, whereby the appropriate stoi-
chiometry between small subunits and large subunits
is maintained by rapid proteolytic degradation of
excess unassembled small subunits (Rodermel, 1999).
Our present observations demonstrate that transcrip-
tional regulation of small subunit synthesis plays no
part in this mechanism. Not only was the RbcS tran-
script undiminished when there was reduced (LEV3)
or no (tobacco-rubrum) demand for small subunits,
but its amount increased in apparent inverse propor-
tion to the amount of tobacco Rubisco remaining (see
“Results”). In the case of the very carbohydrate-
deficient tobacco-rubrum plants, the increased RbcS
mRNA content accords with ideas about the regula-
tion of photosynthesis genes according to the de-
mand for photosynthate (Koch, 1996). However, in-
creased RbcS message in the LEV3 plants, whose
photosynthesis was not Rubisco limited in the high-
CO2 growth conditions and whose glut of leaf carbo-
hydrates rivaled that of the controls, suggests a more
direct response to low Rubisco content or some other
more subtle perturbation of carbon metabolism
caused by it.

Future Experiments

Although the tobacco-rubrum plants had sufficient
Rubisco activity for their photosynthesis to encounter
the ribulose-P2-regeneration limitation at low light
intensity (Fig. 5), it would be interesting to investi-
gate whether higher contents of R. rubrum Rubisco
would be able to eliminate the growth impairment
under the better illuminated conditions in the high-
CO2 growth cabinet. The present experiments indi-
cate that perhaps a doubling of the present content of
bacterial Rubisco would be required to achieve this.
This will probably necessitate improvement of the
translatability of the rbcM mRNA. Experiments with
a synthetic rbcM with a plastid-optimized codon
preference are in progress.

MATERIALS AND METHODS

Construction and Transformation of Plasmid pLEV3

The transforming plasmid pLEV3 is equivalent to pRubLev14 (Whitney
and Andrews, 2001a), except that the rbcM coding region is replaced with
the coding region of the tobacco (Nicotiana tabacum) plastid rbcL gene (Fig.
1). A 1,869-bp product encompassing the rbcL promoter, 5�-untranslated
region, and coding sequence was amplified from pLEV1 (Whitney et al.,
1999) with primers TrbcLCla (Whitney and Andrews, 2001a) and TrbcLHind
(5�-CAAGCTTTTACTTATCCAAAACGTCCAC-3�, HindIII site underlined,
complement of rbcL terminator codon in bold) and cloned into pGEM-T
Easy (Promega, Madison, WI) to give plasmid pTVErbcL. The plasmid was
sequenced using BigDye terminator sequencing (Applied Biosystems, Foster
City, CA) and the 1,595-bp rbcL NcoI-HindIII fragment was cloned into
pRubLev14 to give pLEV3.

The plastid genome of tobacco cv Petit Havana [N,N] was transformed
biolistically with plasmids pLEV1 and pLEV3, and spectinomycin-resistant
plantlets were regenerated in tissue culture as described (Svab and Maliga,
1993). After three rounds of repeated tissue culture and regeneration, ho-
moplasmic transformants were selected by DNA blotting of BamHI-digested
leaf DNA using the rbcL1 probe (Fig. 1). Correct insertion into the plastid

genome was confirmed by cloning and sequencing the 2,580- and 2,830-bp
DNA products amplified by PCR from total DNA from LEV3 and LEV1
leaves, respectively, using the primers LsD (Whitney et al., 1999) and LsE
(Whitney and Andrews, 2001a; Fig. 1).

Plant Growth

LEV1, LEV3, and tobacco-rubrum (tr1; Whitney and Andrews, 2001a)
transformants and nontransformed control plants were germinated and
grown in 5-liter pots of soil in an air-conditioned growth chamber at 25°C
with 200 or 450 �mol quanta m–2 s–1 artificial illumination as previously
described (Whitney et al., 1999). The atmosphere was supplemented with
CO2 to 2.5% (v/v). Flowers of the transformants were hand pollinated with
pollen from nontransformed plants at each generation. For growth analyses,
the height of the plants and the number of leaves that they bore were
recorded every 2 to 4 d until floral buds appeared, when the weights of the
complete shoots were measured before and after oven drying at 80°C.

Leaf Sampling

All physiological, anatomical, and biochemical measurements were made
on samples taken 8 h into the 14-h photoperiod from the fifth leaf below the
apical meristem of T2-generation tobacco-rubrum, LEV3 and LEV1 transfor-
mants, and nontransformed plants of similar physiological age. At this
stage, the plants were 15.5 � 0.8 cm tall, they bore 12.5 � 0.5 leaves, and the
fifth leaf was 14 � 0.5 cm in diameter. Because the tobacco-rubrum plants
grew slower than the others, the former were chronologically older at the
time they reached this stage. The plants were grown at 450 �mol quanta m–2

s–1 in 2.5% (v/v) CO2 as described above.

DNA and RNA Blotting

Total DNA was extracted from leaves, electrophoresed, and blotted as
described previously (Whitney et al., 1999; Whitney and Andrews, 2001b).
DNA blots were probed with an alkaline-phosphatase-conjugated (AlkPhos
Direct labeling kit; AP Biotech, Sydney) 1,856-bp rbcL1 DNA probe (Whit-
ney and Andrews, 2001a). Hybridizing fragments were visualized with
AttoPhos reagent (Promega) using a Vistra FluorImager (AP Biotech).

Total RNA was isolated from the fifth leaf of T2-generation transformants
and nontransformed plants (see above) with Tri-reagent (Sigma, St. Louis)
according to the manufacturer’s instructions. RNA was electrophoretically
separated through formaldehyde-denaturing agarose gels (Sambrook et al.,
2000) and was blotted onto Hybond N� membranes (AP Biotech) as de-
scribed (Kucharski and Maleska, 1998). Blots were hybridized with 32P-
labeled DNA probes (Megaprime labeling kit; AP Biotech), the membranes
were exposed to a storage phosphor screen (PhosphorImager 400S; Molec-
ular Dynamics, Sunnyvale, CA), and densitometry was carried out with
computer-generated images using ImageQuant software. Blots were hybrid-
ized with a 383-bp NcoI-XbaI rbcS DNA fragment from pJSTSSu (Whitney
and Andrews, 2001b), an 814-bp aadA DNA probe (Whitney and Andrews,
2001a), or a 991-bp rbcL2 DNA fragment (Fig. 1) amplified from pLEV1
using the primers LSb (Whitney and Andrews, 2001a) and LSa
(5�-CGAGCGTGTTGTTGGAGAAAAAGA-3�).

The abundances of rbcL- or rbcM-containing mRNA transcripts were
measured in blots of gels loaded with 10 �g of total leaf RNA, using the
rbcL2 and aadA DNA probes. Two RNA samples were extracted from each
leaf sampled. The abundances of the monocistronic rbcL mRNA in nontrans-
formed and LEV1 plants, and of the bicistronic rbcL-aadA1 and rbcL-aadA3
mRNAs in LEV1 and LEV3 leaf samples were measured using the rbcL2
probe. Similarly, the abundances of the bicistronic rbcM-aadA3, rbcL-aadA1,
and rbcL-aadA3 mRNAs in the tobacco-rubrum, LEV1, and LEV3 leaf sam-
ples were measured in duplicate blots probed with the aadA probe (Fig. 2B).

Elemental and Anatomical Measurements

Total N and total C content of dried leaf material were measured using
an elemental analyzer (model EA 1110; Carlo Erba Instruments, Milan).

Leaf discs (0.5 cm2) were snap frozen in liquid N2 and were immediately
embedded onto a grooved aluminum stud using equal volumes of colloidal
graphite (Agar Scientific, Essex, UK) and tissue-TEK embedding compound
4583 (Mile Scientific, Naperville, IL). While still frozen, and at approxi-
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mately 13 Pa of water vapor pressure, leaf thickness and abaxial stomatal
density were measured using a scanning electron microscope (model
S-2250N; Hitachi, Tokyo) at an acceleration voltage of 27 kV.

Biochemical Analyses

Soluble leaf protein and the content and carbamylation status of Rubisco
were measured as described (Whitney and Andrews, 2001a). Leaf
ribulose-P2 and P-glycerate pool sizes were measured in leaf discs (2.4 cm2)
rapidly frozen in liquid N2 under illumination in the growth chamber as
described previously (He et al., 1997). Additional leaf discs (0.5 cm2) were
assayed for starch and Glc (total starch and Glc assay kits; Megazyme,
Boronia, Australia) as previously described (Atkin et al., 1999). Chlorophyll
was measured after extraction with methanol (Porra et al., 1989).

Leaf Gas Exchange

Photosynthetic gas exchange by leaves in air was measured after transfer
to the laboratory using a flow-through photosynthesis system (model LI-
6400; Li-Cor) as described (Whitney et al., 1999). For mass spectrometric
measurements at very high CO2 concentrations, a leaf punch (1 cm2) was
taken from the same leaves and CO2 assimilation was measured simulta-
neously at 25°C in a closed cuvette (0.77 cm3 in volume) attached to a
membrane-inlet mass spectrometer (Maxwell et al., 1998; Ruuska et al.,
2000). The leaf discs were equilibrated with air containing 3.5% (v/v) CO2

and were illuminated at 240 or 1,050 �mol quanta m–2 s–1 for 10 min before
sealing the cuvette and measuring the depletion of CO2.
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