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CO2 Concentrating Mechanism of C4 Photosynthesis

Permeability of Isolated Bundle Sheath Cells to Inorganic Carbon
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ABSTRACT

Diffusion of inorganic carbon into isolated bundle sheath cells
from a variety of C4 species was characterized by coupling inward
diffusion of CO2 to photosynthetic carbon assimilation. The av-
erage permeability coefficient for CO2 (Pco2) for five representa-
tives from the three decarboxylation types was approximately 20
micromoles per minute per milligram chlorophyll per millimolar,
on a leaf chlorophyll basis. The average value for the NAD-ME
species Panicum miliaceum (10 determinations) was 26 with a
standard deviation of 6 micromoles per minute per milligram
chlorophyll per millimolar, on a leaf chlorophyll basis. A Pc02 of at
least 500 micromoles per minute per milligram chlorophyll per
millimolar was determined for cells isolated from the C3 plant
Xanthium strumarium. It is concluded that bundle sheath cells are
one to two orders of magnitude less permeable to CO2 than C3
photosynthetic cells. These data also suggest that CO2 diffusion
in bundle sheath cells may be made up of two components, one
involving an apoplastic path and the other a symplastic (plas-
modesmatal) path, each contributing approximately equally.

bundle sheath cell walls (28). Clearly, inorganic carbon (CO2
+ HCO3-) could diffuse via this symplastic path and by
apoplastic diffusion of the uncharged species CO2 through the
cell wall. As indicated above, the degree of permeability of
bundle sheath cells to CO2 is critical in the operation of C4
photosynthesis but to date no measurements ofthis parameter
are available. This information would also be critical to the
sophistication ofa model developed previously ( 11) to predict
the size and composition of the bundle sheath cell inorganic
carbon pool. A substantially refined version of this model is
presented in an accompanying paper (17).

In the present study we examine the permeability ofisolated
bundle sheath cells to inorganic carbon by measuring photo-
synthetic 02 evolution or CO2 fixation in response to adding
limiting levels of inorganic carbon to the assay medium.
Permeability coefficients for the flux of CO2 into the bundle
sheath cells were calculated for a number of C4 species and
for cells from a C3 species.

Central to the operation of C4 photosynthesis is a process
that concentrates CO2 in the bundle sheath cells to levels
probably in excess of 20 times atmospheric concentrations
(11, 12). The resulting suppression of photorespiration and
increase in CO2 assimilation is responsible for the improved
photosynthetic performance of C4 plants compared with C3
plants (13, 15). The CO2 concentrating function of C4 pho-
tosynthesis is only possible if there is a relatively high resist-
ance to diffusion of inorganic carbon, and in particular C02,
out of the bundle sheath cells compared to that prevailing for
other photosynthetic cells (13). It has been suggested that this
increased resistance may be due to the suberised lamellae or
similar structures found in the cell wall separating mesophyll
and bundle sheath cells of most C4 species (13, 15). The
leakiness to CO2 of this diffusion barrier is an important
determinant in the efficiency of C4 photosynthesis; the greater
the diffusive loss of CO2 from the bundle sheath cell com-

partment, the more energy must be expended to operate the
C4 acid cycle that generates C02 in that compartment (7, 15).
Bundle sheath cells isolated from several C4 species are

highly permeable to a variety of small mol wt compounds, as

judged by consequent metabolic responses (3, 4, 14, 22, 28).
Recent studies on the diffusion of various metabolites into
isolated bundle sheath cells led to the conclusion that these
compounds move via plasmodesmatal pores located in the

MATERIALS AND METHODS

Materials

Plants were grown in soil, naturally illuminated in a glass-
house maintained at 20 to 30°C. Biochemicals and reagents
were obtained from Boehringer-Mannheim, Australia or
Sigma Chemical Company. RuBP,' prepared from ribose 5-
phosphate, was a kind gift from M. R. Badger.

Preparation of Bundle Sheath Cell Strands

Bundle sheath cell strands free of mesophyll tissue were
prepared mechanically essentially as described by Weiner et
al. (28) except that homogenization and resuspension media
were gassed with N2 at pH 5 to remove residual inorganic
carbon prior to adjusting to pH 7.5 with freshly prepared
KOH.

Preparation of Xanthium Cells

Intact cells ofXanthium strumarium were isolated mechan-
ically according to Sharkey and Raschke (24). The cells were
resuspended in C02-free isolation buffer (0.1 M Hepes-KOH,
pH 7) and bubbled gently with C02-free air during storage at
room temperature.

'Abbreviations: RuBP, ribulose 1,5-bisphosphate; Rubisco, ribu-
lose 1 ,5-bisphosphate carboxylase/oxygenase.
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Measurement of Photosynthetic Oxygen Evolution

Light and C02-dependent 02 evolution by isolated cells was
measured polarographically using a Rank Bros. (Cambridge,
U.K.) oxygen electrode. Reactions were run in C02-free buffer
(0.3 M sorbitol, 20 mM Hepes-KOH [pH 7.5], 0.5 mM Pi, and
10 mM KCl for bundle sheath cells and the isolation buffer
for Xanthium cells) and gassed with nitrogen to give a final
02 concentration of 100 to 150 um. The Chl concentration
varied between 10 and 25 ttg/mL in a 2 mL assay volume.
Assays were conducted at 30°C with an incident irradiance of
3000 ,umol quanta m-2 s-' (white light provided by a quartz
iodide slide projector) unless indicated otherwise. In the ab-
sence of added inorganic carbon, no light-dependent 02 evo-
lution was evident either with Xanthium cells or bundle sheath
cells.

Measurement of Photosynthetic "4CO2 Fixation

Measurements of '4CO2 incorporation were made in the 02
electrode cuvette essentially as described above except that
NaH'4CO3 (2.18 MBq/mmol, 10 ,uL of 6.8 mm, per 2 mL
reaction) was added after a steady state of 02 evolution was
achieved in the presence of unlabeled CO2. The cuvette lid
was removed and samples (0.5 mL) withdrawn at 30 s inter-
vals over a 2 min period. These samples were injected into
0.1 mL trifluroacetic acid to give a final concentration of 1 M
acid. After centrifugation, samples of the supernatant were
evaporated to dryness under a stream of air. Acid stable "'CO2
incorporation was determined by scintillation counting. The
specific activity of CO2 in each reaction was individually
determined by injecting a sample into 30% hyamine hydrox-
ide in ethanol for the determination of total '4C.

Transient Kinetics of 14CO2 or H14CO3 Incorporation

The time-course of '4C incorporation was followed after
the addition of either '4CO2 or NaH4'C03. This was done by
adding either 10 ,uL stock NaH'4CO3 prepared in 10 mM
NaOH (>99.9% HCO3-) or in 10 mM HC1 (>99% CO2) to a
5 mL reaction containing bundle sheath cells which had been
preilluminated with 0.5 mm inorganic carbon (CO2 plus
HC03- in equilibrium) for 2 min. Samples (0.75 mL) were
removed at short intervals and quenched in 0.5 mL of 1 M
NaOH. Reactions were illuminated at 3000 ,mol quanta m-2
s-1 and this level of irradiance was maintained up to the
instant of transfer ofNaOH. After centrifugation, the subsam-
ples were acidified and treated for scintillation counting as
described above.

Rubisco Assays and Activation State

Rubisco activity in bundle sheath cells was assayed by two
methods. For estimations of Vmax, 3 mL of cells were centri-
fuged out of the resuspension medium and vigorously ground
for 1 min in a mortar at 0°C in Rubisco assay medium (50
mM tricine [pH 8.3] and 20 mM MgCl2). The homogenate
was filtered through Miracloth and 0.5 mL of the filtrate
transferred to a temperature controlled cuvette (30°C). The
remaining filtrate was retained for Chl estimation (29).

NaHCO3 was then added (final concentration 10 mM) and
the mixture incubated for 2 min to fully activate the enzyme
(further incubation gave no increase in activity). NaH"'CO3
(10 ,L of stock) was then added and the reaction initiated by
the addition of 0.5 mM RuBP. Acid stable "'C incorporation
was determined in aliquots removed at 10, 20, and 30 s as
described above.
For determinations of Rubisco activation state, a 2 mL

sample of bundle sheath cells was removed from the 02
electrode cuvette after incubation under the standard assay
conditions and the cells were rapidly collected on a filter paper
under vacuum in a millipore apparatus. Liquid nitrogen was
then poured over the cells which were ground to a fine powder
in a mortar precooled to liquid nitrogen temperature. The
entire procedure was carried out under illumination (approx-
imately 1000 ,umol quanta m-2 S-2 white light) and the time
between removal of the sample and freezing was less than 5
s. Samples of the powder were transferred to Rubisco assay
medium and immediately assayed for activity. Microscopic
examination of the treated samples showed that no chloro-
plasts or cells remained. When fully activated, samples pre-
pared in this way gave similar activities to those prepared by
grinding bundle sheath cells in a mortar at 0°C.
Xanthium cells were extracted for Rubisco assays by resus-

pending in Rubisco assay medium containing 5 mM DTT
and 1% PVP 40 and grinding in a mortar in liquid nitrogen.
Some of the frozen powder was then transferred to standard
Rubisco medium and assayed as described above. Rubisco
Vma. values obtained agreed well with those determined for
the same leaf tissue after liquid nitrogen treatment according
to Fischer et al. (9).

Carbonic Anhydrase Assays

Leaves of Panicum miliaceum were extracted by grinding
at 0°C in a mortar in a medium containing 50 mM Hepes-
KOH (pH 7.5), 5 mM MgCl2, and 5 mM DTT. The assays
were performed at 0°C as described by Burnell and Hatch (3).

RESULTS AND DISCUSSION

Bundle Sheath Cell Permeability to CO2 and HC03-
A technique for distinguishing between CO2 and HC03-

uptake into algal cells, plant cells, protoplasts, and chloro-
plasts is to measure the transient kinetics of "'C incorporation
after adding inorganic carbon to the preparation either as
H"'CO3 or "'CO2 (2, 27). This technique relies upon a rela-
tively slow equilibration of CO2 and HC03- in the medium
with carbonic anhydrase absent (or inhibited). This slow
equilibration allows time-courses for "'C fixation from either
"'CO2 or H"'CO3 to be generated before these species become
fully equilibrated with the unlabeled inorganic carbon pool.
In some of the following experiments ethoxyzolamide, an
inhibitor of carbonic anhydrase (23), was added to eliminate
that component of CO2 and HCO3- interconversion due to
traces of carbonic anhydrase released into the medium or
located within the bundle sheath cells (which normally have
very low activities of this enzyme; see ref. 3). Ethoxyzolamide
was found to strongly inhibit carbonic anhydrase from Pani-
cum miliaceum leaves (I50 < 1 ,uM, data not shown).
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In Figure 1, either H'4C03- or '4CO2 was added to a reaction
mixture after bundle sheath cells had reached a steady rate of
photosynthesis in the presence of 0.5 mm unlabeled inorganic
carbon and the time-course of incorporation followed. Figure
2 provides a model description of this system with kinetic
parameters at photosynthetic steady-state. The values indi-
cated on the diagram are for the condition where there is no
carbonic anhydrase activity in either the medium or the cells.
With added carbonic anhydrase, 14C incorporation remained
constant over the 20 s period with either labeled substrate
(Fig. 1, A and B) presumably due to the very rapid equilibra-
tion of the C02 and HC03- pools. In the absence of added
carbonic anhydrase, "1C incorporation from H"'CO3- was
slow initially but accelerated with time while incorporation
from "'CO2 was rapid initially but declined; these effects were
more pronounced in the presence of ethoxyzolamide.
These results suggest that the carbon assimilated in the cells

is provided predominantly or solely by the flux of C02 as
such. As observed, incorporation of label from "'CO2 should
decline as the radioactivity in the small C02 pool is progres-
sively diluted by exchange with the large HC03- pool (about
94% of total inorganic carbon at pH 7.5, see Fig. 2). Likewise,
'4C incorporation from H'4C03- would accelerate as the
specific activity of the CO2 pool increases. Notably, the '4C
incorporation from added H'4C03- in the control and the
plus ethoxyzolamide treatments never reached the steady-
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Figure 1. Time course of 14C incorporation by bundle sheath cells of
P. miliaceum from added H14C03- (A) or 14C02 (B). Carbonic anhy-
drase (0.2 mg mL-) or ethoxyzolamide (25 ,M) were added as
indicated. C and D show this data replotted as a rate of C02
assimilation (CO2 fixed divided by the time elapsed after 14C addition)
based on the initial specific activity of the inorganic carbon added
(see text for details). Rates of photosynthesis at steady-state were
1.3 Mmol min-' (mg Chl)-' with carbonic anhydrase present, 1.2 in
the control and 0.9 with ethoxyzolamide present.
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Figure 2. Model showing the relationships between the inorganic
carbon pools of isolated bundle sheath cells and the suspending
medium. The diagram shows the approximate pool sizes, concentra-
tions and velocities for CO2 and HC03- interconversion (nmol mL-'
of reaction) during steady-state photosynthesis under the following
conditions: reaction mixtures of 1 mL volume containing cells equiv-
alent to 20 ,g Chi, 500 AM total inorganic carbon (and assuming pH
7.5 in the medium and the cytosol of the cells) and a photosynthetic
rate of 1.25 Mmol min-' (mg Chl)-1. It is also assumed that there is
no carbonic anhydrase in either the medium or the cytosol. The rate
constants for the spontaneous interconversion of CO2 to HCO3- and
HC03- to C02 are taken as 6 x 1 o-2 s-1 and 4 x 10-3 s-1, respectively
(11). At thermodynamic equilibrium the concentrations of CO2 and
HCO3- with 0.5 mM total inorganic carbon would be 27 and 473 ,M,
respectively.

state rates achieved in the presence of carbonic anhydrase
(Fig. IA). This was presumably attributable to limitation of
photosynthesis imposed by the rate of conversion of HC03-
to CO2 in the medium and an associated lower steady-state
level of CO2 (Fig. 2).

In Figure 1, C and D, the data from Figure 1, A and B, are
presented as the apparent rate of carbon assimilation assum-
ing a specific activity equivalent to that prevailing at the
instant '4CO2 or H'4CO3- were added. Extrapolation of these
curves to zero time provides an estimate of the initial rate of
carbon incorporation from CO2 or HCO3-, providing inter-
conversion is limited. Particularly in the presence of ethoxy-
zolamide the curves for H4'CO3- extrapolated toward zero
while the curve with '4CO2 added gave apparent initial rates
very close to the steady state rate of CO2 incorporation
(measured independently by the addition of H4'C03 + '4CO2
at equilibrium, see legend to Fig. 1). Bicarbonate probably
rapidly penetrates bundle sheath cells (28) but it is very
unlikely to enter chloroplasts at significant rates (27). Even if
HC03- penetrated the chloroplast, it may still provide little
of the carbon for photosynthesis if the rate of conversion of
HCO3- to CO2 is limited in the absence ofcarbonic anhydrase.

Measurement of CO2 Diffusion into Bundle Sheath Cells

The results presented above indicate that CO2 diffusion into
bundle sheath cells might be studied by measuring photosyn-
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Figure 3. Response of photosynthesis in bundle sheath cells from
P. miliaceum to added inorganic carbon at saturating light in the
presence of carbonic anhydrase (0.2 mg-ml-'), ethoxyzolamide (5
,LM) or both carbonic anhydrase and ethoxyzolamide. Photosynthesis
was measured as C02 assimilation by 14CO2 incorporation. The C02
concentration in the medium, assuming equilibrium at pH 7.5, is also
shown on the X-axis.

thesis at limiting inorganic carbon concentrations. Figure 3
shows the effect of varying inorganic carbon concentration
on carbon assimilation in bundle sheath cells in reactions
supplemented with either carbonic anhydrase or ethoxyzo-
lamide separately or together. Carbonic anhydrase was added
to ensure that conversion of HC03- to C02 in the medium
was not limiting photosynthesis (see above). Ethoxyzolamide
was added to inhibit any cell carbonic anhydrase although,
when added alone, it would eliminate any carbonic anhydrase
activity remaining in the medium. Where carbonic anhydrase
was added with ethoxyzolamide, trials showed that in spite of
substantial inhibition, the remaining activity in the medium
(>500 times the uncatalysed rate) was sufficient to ensure that
HC03- conversion to C02 did not limit photosynthesis.

Photosynthesis was saturated at about 2 mm inorganic
carbon with carbonic anhydrase alone and between 3 and 5
mM with ethoxyzolamide alone (Fig. 3). Ethoxyzolamide in-
hibited photosynthesis up to 75% with low levels of added
inorganic carbon but had no effect with 3 mm inorganic
carbon or more. Inclusion ofcarbonic anhydrase with ethoxy-
zolamide completely prevented this inhibition of photosyn-
thetic activity (Fig. 3). This effect of ethoxyzolamide was
similar to that seen in the experiments shown in Figure 1
where 0.5 mm inorganic carbon was used. Both sets of data
are best interpreted in terms of ethoxyzolamide inhibiting
traces of carbonic anhydrase in the medium so that the
remaining uncatalysed rate of conversion of HC03- to C02
is too low to maintain maximum rates of photosynthesis (see
Fig. 2). These results also support the view that carbonic
anhydrase within the bundle sheath cells, which would also
be inhibited by ethoxyzolamide, does not contribute signifi-
cantly to the provision of C02 internally from HC03-. We
concluded from these studies that, especially in the presence

of carbonic anhydrase, photosynthesis provides an accurate
measure of CO2 flux into these cells.

Calculation of Permeability Coefficients for CO2

It is possible to calculate the permeability coefficient for
CO2 diffusion into bundle sheath cells from the data in Figure
3, provided the internal [CO2] can be determined by meas-
uring Rubisco activity and its KmCO2. The permeability coef-
ficient (P) is defined as a CO2 flux per unit gradient:

[CO2]1OUT - [CO2]IN (1)

where [CO2]oUT is the CO2 concentration in the medium
(calculated from the Henderson-Hasselbach equation and a
pK' of 6.23, assuming an ionic strength of 20 mM in the
reaction medium [31]), [CO2]IN is the internal CO2 concentra-
tion within the chloroplast (both in mm units), and v is the
CO2 flux, measured as the rate of photosynthesis in umol
min-' (mg Chl)-' (assuming the contribution of HC03- is
insignificant). This coefficient is equivalent to the permeabil-
ity coefficient defined by Nobel (21). P in this study has the
units Mmol min-' (mg Chl)-' mm-' [as used previously (28)].
Expression of P in these units is appropriate for the present
study but they can be converted to cm s-' (the units more
commonly used in biophysics) providing the area of bundle
sheath cells per unit Chl is known (see below).
When CO2 limits photosynthesis, the internal CO2 can be

calculated from the rate of photosynthesis, the kinetic param-
eters of the Rubisco for the species used, the V.. of the
Rubisco in vivo, and an assumed 02 concentration. These
parameters are related by the following equation:

V = Vmax[CO2]IN
[CO2]IN + Kc( 1 + [02]/Ko) (2)

where v and [CO2]1IN are as defined in Equation 1, Kc is the
Km for C02 of the Rubisco, Ko the inhibition constant for 02
for Rubisco, and [02] the oxygen concentration. The param-
eter v is easily measured and there are published values for Kc
and K0 for Rubisco from various C4 species (18, 30). Where
applicable these published Kc values were corrected by using
a pK' value appropriate to high ionic strength buffer (pK'
6.12 for 100 mm monovalent buffer; see ref. 31). This reduces
reported Kc values considerably (e.g. a Kc value of 58 Mm [30]
corrects to 32 gM).
To apply Equation 2 it must be assumed that the rate of

photosynthesis at limiting C02 is entirely dependent upon the
prevailing potential Rubisco activity (i.e. the enzyme in situ
is fully activated and RuBP saturated). To establish that
Rubisco was fully activated in bundle sheath cells, the acti-
vation state of Rubisco at saturating light and 0.5 mm inor-
ganic carbon was determined (see "Materials and Methods").
With P. miliaceum cells, the average activity for three separate
experiments was 12.5 ± 2 ,mol min-' (mg Chl)-1 in freshly
isolated extracts and 11.5 ± 1.5 ,mol min-' (mg Chl)-' after
treatment to fully activate the enzyme.

Evidence for RuBP saturation of the enzyme in isolated
bundle sheath cells was provided by comparing photosyn-
thetic flux at 3000 umol quanta m-2 s- (the standard incident
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irradiance) and 800 ,umol quanta m-2 s-' in the presence of
0.5 or 5 mM inorganic carbon (Table I). With illumination of
cells at the lower light intensity in the presence of 5 mM
inorganic carbon the rate of photosynthesis was reduced by
over 50%. However, this low light intensity remained saturat-
ing with 0.5 mm inorganic carbon as determined either by
illumination of cells from time zero at different light levels or
when given a step change in light intensity from 800 to 3000
,umol quanta m-2 s-' was made. This indicates that while the
rate of RuBP regeneration at saturating inorganic carbon is
limiting when the light is reduced to 800 ,mol quanta m-2
s-', this irradiance is still sufficient to saturate the Rubisco
with RuBP at the lower CO2 concentration. Clearly, the
potential capacity for RuBP regeneration at high light and
low CO2 would substantially exceed the observed rate of
photosynthesis.
Another kinetic parameter which is required for calculation

of [CO2]IN is the true potential Vmax of Rubisco in bundle
sheath cells. The Vmax for photosynthesis of bundle sheath
cells with optimal light and CO2 underestimates the true Vmax
for Rubisco, presumably due to a limitation imposed by the
light dependent rate of RuBP regeneration (8). Such a limi-
tation would account for the abrupt plateauing of CO2 re-
sponse curves seen here and elsewhere (Figs. 3 and 4; Refs. 8,
10). The Vmax of Rubisco was therefore determined in each
experiment by assaying the extracted enzyme at saturating
CO2 and RuBP.
A minimum value for the diffusion of 02 from bundle

sheath cells can be derived from the P value for C4 acids
(found to be about 9 grmol min-' [mg Chl]-' mM-' for P.
miliaceum bundle sheath cells; ref. 28]. If we assume that at
least this path is available for 02 diffusion and that 02 diffuses
4.1 times faster than C4 acids (based on differences in diffusion
coefficients [15]), then an approximate Po2 would be around
36 ,umol min-' (mg Chl)-' mm-' or greater. For an external
02 concentration of 230 ,uM (air 02 in equilibrium with water
at 30°C), we can calculate from Equation 1 internal [02]

Table I. Effect of Light Intensity on C02 Incorporation by P.
miliaceum Bundle Sheath Cells

The rate of photosynthesis at two light intensities and at limiting
and saturating CO2 was measured by 14C02 incorporation. Reactions
contained 0.2 mg/mL carbonic anhydrase. See "Materals and Meth-
ods" for further details.

Experimental Conditions Rate of C02
Incorporation

,umol min-' (mg Ch/l)
5 mm inorganic carbon, 3000 ,umol 1.8
quanta m-2 s-1

5 mm inorganic carbon, 800 qmol 0.86
quanta m-2 s-1

0.5 mm inorganic carbon, 3000 /Amol 0.58
quanta m-2 s-'

0.5 mm inorganic carbon, 800 ltmol 0.60
quanta m-2 S-1

0.5 mm inorganic carbon, 3000 jAmol 0.58
quanta m-2 s-1 after 2 min at 800
,umol quanta m-2 s-'
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Figure 4. Response of photosynthetic 02 evolution by isolated cells
of X. strumarium to added inorganic carbon with saturating light. The
V,. of Rubisco from these cells was 9.5 ,umol min-1 (mg Chl)-'. The
C02 concentration in the medium assuming equilibrium at pH 7 is
also shown on the X-axis.

values of 260 to 370 ,uM for photosynthetic rates of 1 and 5
iAmol min-' (mg Chl)-', respectively.
Table II shows the Pco, values obtained from the data

shown in Figure 3 using Equation and [CO2]IN calculated
from Equation 2. The first entry in the table gives the best
estimate for Pco, (49 ,umol min-' [mg Chl]-' mM-') based on
the most likely values for internal 02 concentration, Kc and
the Vmax of Rubisco (see above). Also shown is the effect on
Pco2 of varying these parameters. It is apparent that P is
relatively insensitive to the cellular 02 concentration due to
the fact that the Ki for 02 is quite high for C4 Rubisco (18).
By contrast, when the photosynthetic rate, Kc or Vmax of
Rubisco are arbitrarily varied by a factor of two (relative to
the standard measured values), there is a larger change in the
Pco2 value.

CO2 Diffusion in C3 Cells

The apparent Pco2 for CO2 diffusion into cells isolated from
the C3 plant Xanthium strumarium was determined from the
C02-photosynthesis response curve shown in Figure 4, using
the procedure described above for bundle sheath cells. As
carbonic anhydrase would be present in Xanthium cells, the
P value obtained by this method would include the diffusion
of both HCO3- and CO2. However, as C3 cells have been
shown to be relatively impermeable to HC03- (27), CO2
diffusion would predominate. Using a value of9.5 /Amol min-'
(mg Chl)' determined for the potential in situ Vmax of Rub-
isco, a value of ulM for Kc and 480 uM for K. (18), an

internal [02] of 230 gM and using the rate of photosynthesis
at 0.05 mm inorganic carbon (1.5 ,mol min-' [mg Chl]-') as
the CO2 flux rate into the cell, we calculated Pco2 to be 510
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Table II. Effect of Varying Critical Parameters on the Calculated Values of Pco2
Permeability coefficients are calculated from the data of Figure 3 using the photosynthetic rate with

0.5 mM inorganic carbon (0.027 mM C02), a KC of 0.032 mM and Ko of 0.8 mM and presented on a
bundle sheath Chi basis.

Internal [CO2]IN Photosynthesis Rubisco CO2[02] uic

AM mMmmol min-' (mg Chl)-1 zmol min-' (mg Chl)' mM'
260 0.004 1.12 12.8 49a
115 0.0035 1.12 12.8 48
480 0.005 1.12 12.8 51
260 0.009 1.12 6.4 62
260 0.002 0.65 12.8 26
260 0.002 (Kc/2) 1.12 12.8 45
260 0.008 (KC x 2) 1.12 12.8 59

a This value represents the best estimate of PcO2 based on the most likely values for the variable
parameters.

yrmol min-' (mg Chl)' mm-'. However, it should be noted
that errors in determining the Pco, become large with such
high permeabilities and associated diminishing differences
between external and internal CO2. Under these circum-
stances, the accuracy of the kinetic constants of Rubisco used
in this calculation become critical. For example, if the Kc for
Rubisco is assumed to be 15 fLM, Pco2 becomes 846 ,umol
min-' (mg Chl)' mm-' and for a Kc of 20 ,uM, Pco2 becomes
4125 Amol min-' (mg Chl)-' mm . The range 11 to 20 uM
for Kc corresponds to the range reported in the current liter-
ature (18, 30). It is also notable that the P values obtained
here for Xanthium cells are of the same order as those calcu-
lated from gas exchange data with intact C3 leaves (5, 6).
Expressed as a conductance, these values are around 0.42 to
0.84 mol m-2 s-' bar-' which, assuming a leaf Chl content of
400 mg m-2 and the solubility of CO2 at 20°C to be 0.878 L/
L (26), represents a Pco2 value of between 1595 and 3189
,umol min-' (mg Chl)-' mm- .

PCO2 for Bundle Sheath Cells from Different C4 Species

The Pco2 for bundle sheath cells of a number of C4 species
was determined as described above (Table III). The values
obtained ranged from 16 to 48 ,umol min-' (mg Chl)' mm-'.
They are also expressed on a leaf Chl basis using data on the
distribution ofChl between bundle sheath and mesophyll cells
for individual species (19, 20) or, where this value was not
available, using the average distribution for the decarboxyla-
tion type (20). To give some measure of the variability of
these determinations ofPco2, 10 separate measurements made
with P. miliaceum cells gave an average value of 40 (on a
bundle sheath Chl basis) with a standard deviation of 13 ,umol
min-' (mg Chl)' mM-'. Rubisco activity varied between
preparations but ten determinations on three separate scaled-
down preparations from the same plant material gave an
average activity of 8.1 with a standard deviation of 1.0 ,umol
min-' (mg Chl)-'.

CONCLUDING COMMENTS

The present studies provide quantitative evidence to sup-
port predictions (7, 11, 13, 15) that bundle sheath cells in C4
plants must have a very low permeability to CO2 compared
to other photosynthetic cells. The permeability coefficient for
CO2 determined here is a critical parameter in a model
developed to predict the inorganic carbon status of bundle
sheath cells during steady-state photosynthesis (see accompa-
nying paper, ref. 17).
The average Pco2 for bundle sheath cells from several C4

species, determined in the present study, was approximately
20 ,umol min-' (mg Chl)-' mM-' on the basis of total leaf Chl.
This value is very similar to the average Pco, value determined
for apparent CO2 diffusion into the bundle sheath of intact
C4 leaves in an accompanying paper (16) and compares with
an average P value of 3.5 Amol min-' (mg Chl)-' mm-'
determined for the diffusion of organic acids (mol wt range
131-170) into isolated bundle sheath cells (28). It was con-
cluded that these organic acids diffuse via plasmodesmata,
large numbers of which traverse the cell wall separating me-
sophyll and bundle sheath cells. Assuming that the diffusive
flux of organic acids and CO2 through plasmodesmata is
directly proportional to their diffusion coefficients (15) a
permeability coefficient for CO2 of 8.3 ,umol min-' (mg Chl)'
mm-F' can be derived. This value is less than halfofthe average
value of about 20 ,umol min-' (mg Chl)' mm-' measured for
the CO2 permeability of bundle sheath cells in the present
study. The inferred additional path for CO2 flux may be the
apoplastic route via the plasmalemma and cell wall; it is
through this path that CO2 passes very rapidly into other
photosynthetic cells (see above).
The average Pco2 we obtained for bundle sheath cells was

between 1 and 2 orders of magnitude lower than that deter-
mined for leaf cells from the C3 species Xanthium. As indi-
cated above, our Pco2 values for Xanthium may be minimum
estimates of the CO2 permeability of C3 photosynthetic cells.
For instance, values of PcO2 in the range of 0.07 to 0.17 cm
s-' (calculated from ref. 5) have been obtained based on leaf
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Table Ill. Permeability Coefficients of C02 for Bundle Sheath Cells from a Range of Different C4
Species

The rate of CO2 incorporation at limiting (27 Mm) and saturating CO2 was determined and the Pco2
calculated from the Vmax of Rubisco from each preparation. A value for X. strumarium cells is included
for comparison. P values are expressed both on a bundle sheath Chl basis (BSC) and a leaf Chl basis.
PCO2 values are averages of three determinations made on a single cell preparation. All experiments
contained 0.2 mg/mL carbonic anhydrase. Z. mays cells were provided with 5 mm dihydroxyacetone
phosphate as a reduced carbon source. The kinetic constants used in the calculation of [CO2IIN and P
were as follows: Ko for all C4 species was taken to be 800 AM (18); 02 concentration within the bundle
sheath cells was assumed to be 260 ,uM with an external 02 concentration of 150 Mm in the assay; Kc
for NAD-ME, NADP-ME, and PCK types were 31, 32, and 23 ,M, respectively (recalculated from ref.
30); Kc for Xanthium was 11 ,M (18). The photosynthetic rate used for the calculation of the P value for
Xanthium was determined at 6 AM C02 as the higher C02 concentration was near saturation for
photosynthesis with these cells. The Rubisco Vmx,, was determined for each cell preparation as described
in the text.

Rates Pc02
Decarboxylation PhotosynthesisSpecies Type Rubisco BSC Chi Leaf Chi

C02 C02 V,.g, basis basis
limited saturated

Amol min-' (mg Chly'1 umolminr1 (mgChl)y1mM-1
Panicum miliaceum NAD-ME 0.8 2.2 7 38 24
Atriplex spongiosa NAD-ME 1.1 2.2 12 40 30
Urochloa panicoides PEP-CK 0.95 4.1 13 39 27
Chloris gayana PEP-CK 0.54 1.45 13 21 14
Zea mays NADP-ME 0.4 1.5 11 16 6
Xanthium strumarium C3 2.4 5.6 9.5 51 0-3000a
a Range depending on assumed Kc for Rubisco (see text).

gas exchange measurements (6), carbon isotope discrimina-
tion (5), and from consideration of the individual resistances
in the cell (i.e. cell wall, plasmalemma, cytosol [21]). If the
Pco, values obtained here for bundle sheath cells are converted
to these units (assuming a bundle sheath surface area of
100 cm2 [mg leaf Chl]-' for monocots and 62 cm2 [mg leaf
Chl]'- for dicots [15]), values of between 0.0016 and 0.0045
cm s-' are obtained; i.e. around two orders of magnitude
lower than the values reported for C3 cells. However, bundle
sheath cells appear to be more permeable to CO2 than green
microalgae or cyanobacteria for which Pco2 values are re-
ported of approximately l0-4 and 10-5 to I0-' cm s-', respec-
tively (1).
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