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In C, plants, carbonic anhydrase (CA) facilitates both the chemical and isotopic equilibration of atmospheric CO, and bicar-
bonate (HCO;") in the mesophyll cytoplasm. The CA-catalyzed reaction is essential for C, photosynthesis, and the model of
carbon isotope discrimination (ABQ) in C, plants predicts that changes in CA activity will influence ABC. However, ex-
perimentally, the influence of CA on A'®C has not been demonstrated in C, plants. Here, we compared measurements of A*C
during C, photosynthesis in Flaveria bidentis wild-type plants with F. bidentis plants with reduced levels of CA due to the ex-
pression of antisense constructs targeted to a putative mesophyll cytosolic CA. Plants with reduced CA activity had greater
A"C, which was also evident in the leaf dry matter carbon isotope composition (5**C). Contrary to the isotope measurements,
photosynthetic rates were not affected until CA activity was less than 20% of wild type. Measurements of APC, 813C of leaf dry
matter, and rates of net CO, assimilation were all dramatically altered when CA activity was less than 5% of wild type. CA
activity in wild-type F. bidentis is sufficient to maintain net CO, assimilation; however, reducing leaf CA activity has a relatively
large influence on A™®C, often without changes in net CO, assimilation. Our data indicate that the extent of CA activity in C,
leaves needs to be taken into account when using A'’C and/or 8"°C to model the response of C, photosynthesis to changing

environmental conditions.

Isotope analysis of atmospheric CO, is an important
tool for monitoring changes in the global exchange
of CO, (Flanagan and Ehleringer, 1998; Yakir and
Sternberg, 2000). However, to interpret the atmo-
spheric CO, isotopic signature requires an understand-
ing of the isotopic fractionation steps associated with
specific processes during leaf gas exchange (Yakir and
Sternberg, 2000). Leaf level models of carbon isotope
exchange (AC) in C, plants have been used for many
years to help interpret the response of C, plants to
changing environmental conditions. However, only re-
cently has the genetic manipulation of the C, photosyn-
thetic apparatus provided an opportunity to reexamine
the C, leaf level models of A"*C (von Caemmerer et al.,
1997a, 1997b).

Most C, plants utilize a compartmentalized CO,-
concentrating mechanism between the mesophyll and
bundle sheath cells (BSC) to increase the CO, partial
pressure (pCO,) around the site of Rubisco in the BSC.
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The first enzymatic step in C, photosynthesis is the
reversible hydration reaction catalyzed by carbonic
anhydrase (CA), which converts CO, to bicarbonate
(HCO;") in the mesophyll cytoplasm. Subsequently,
HCO,; is fixed via phosphoenolpyruvate carboxylase
(PEPC) into a four-carbon acid that diffuses to the BSC
for decarboxylation (Kanai and Edwards, 1999). The
specialized biochemistry and leaf anatomy of C, plants
results in a pCO, around the site of Rubisco severalfold
higher than current atmospheric levels, significantly
reducing the rates of photorespiration (Hatch, 1987;
Kanai and Edwards, 1999).

The carbon isotope discrimination during C, pho-
tosynthesis is determined by the fractionation that
occurs during diffusion of CO, into the leaf, its con-
version to HCO,~ via CA, and the subsequent carbox-
ylation reactions catalyzed by PEPC and Rubisco
(Peisker, 1982; Farquhar, 1983; Peisker and Henderson,
1992; von Caemmerer et al., 1997a). The extent to which
Rubisco can fractionate against CO, is determined by
the amount of leakiness (¢), defined as the fraction of
CO, fixed by PEPC that subsequently leaks out of the
BSC. If the BSC were gas tight, then all of the CO,
released into the BSC would be fixed by Rubisco and no
fractionation would occur at this step. However, CO,
can leak out of the BSC, allowing Rubisco to influence
the overall discrimination during C, photosynthesis
(Farquhar, 1983; Peisker and Henderson, 1992).

Differences in the ratio of CO, partial pressures
between the intercellular airspace and the atmosphere
(pi/p,) along with ¢ are the main factors attributed to
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variation in A®C in C, plants (Farquhar, 1983). The
ratio py/p, is primarily determined by stomatal con-
ductance, whereas ¢ depends on the physical conduc-
tance of the BSC walls and the balance between the
C, and C; cycles. Little change in ¢ was determined
with gas exchange and A'’C measurements in various
C, plants under a variety of environmental conditions
(Henderson et al., 1992). However, with the use of
antisense technologies, it has been shown that A®C
and ¢ increase when the capacity of the C, cycle is
reduced relative to the C, cycle (von Caemmerer et al.,
1997a, 1997b). Growth conditions (e.g. elevated CO,
and water stress) have also been reported to influence
the balance of the C, and C; cycles, leading to an altered
isotopic composition of dry matter (Watling et al., 2000;
Williams et al., 2001), although the influence on CA was
not addressed in these studies.

There is limited research concerning the influence of
CA activity on APC in C, plants. Recent work indicates
that CA activity in wild-type Flaveria bidentis is in excess
and does not limit CO, assimilation under normal
conditions (von Caemmerer et al., 2004). F. bidentis lines
with reduced levels of CA, due to the expression of
antisense constructs targeted to a putative mesophyll
cytosolic CA, showed that rates of CO, assimilation
were unaffected by a decrease in CA activity until
activity was less than 20% of wild type (von Caemmerer
et al, 2004). Although large changes in CA activity
had little effect on photosynthetic rates, according to
the A'’C theory developed by Farquhar in 1983 (see
“Materials and Methods”), the decrease in the hydra-
tion reaction of CO, (V}) relative to the rate of PEPC
carboxylation (V) should increase A®C potentially
without a corresponding change in the rate of net CO,
assimilation (Farquhar, 1983).

In this article, we use F. bidentis plants with low CA
activity to examine the influence of the hydration
reaction of CO, on A®C during C, photosynthesis.
These results are discussed in relation to measurements
of A®C made in E. bidentis under various irradiances, as
well as plants with reduced levels of Rubisco.
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In the mass spectrometric gas-exchange system used
here for online A®C measurements, the leaf chamber
gas outlet of a LI-6400 gas-exchange system (LI-COR)
was directly coupled to a mass spectrometer (micro-
mass ISOPRIME; Micromass Ltd.) via a gas-permeable
silicone membrane (Fig. 1). This allowed the measure-
ment of the *C/'*C ratio of the CO, in the airstream
without prior purification of that CO,. We measured rates
of net CO, assimilation and A™C in F. bidentis wild-
type plants in response to photon flux density (PFD) to
test our online systems with previously published
values of APC from C, plants (Henderson et al., 1992).
A summary of the symbols used in the text are shown
in Table I. Net CO, assimilation increased with PFD to
near-saturating rates (Fig. 2a). However, there was
little change in A™C, p,/p,, and BSC CO, leakiness (¢),
except at the two lowest light levels (Fig. 2, b—d). There
was more uncertainty in the A"C measurements made
at low light because of the higher ratio of the rate of
CO, entry into the chamber to the rate of net CO,
assimilation by the leaf (¢; see Fig. 2, legend). Leakiness
was calculated by rearranging Equation 2 (see equa-
tions in “Materials and Methods”) and substituting b,
with Equation 3, with the assumption that the initial
CO, carboxylation reaction catalyzed by PEPC to the
rate of CO, hydration by CA (V,/V}) was zero. These
gas-exchange and AC measurements are similar to
those previously reported for Amaranthus edulis and Zea
mays under similar measurement conditions (Henderson
et al., 1992).

Rubisco Small Subunit Plants

Net CO, assimilation in F. bidentis plants with re-
duced levels of Rubisco caused by antisense RNA
constructs targeted to the nuclear-encoded gene for

Figure 1. Arrangement of the gas flow control-
lers, the LI-6400 gas exchange system, and the
mass spectrometer system used for simultaneous
measurements of leaf gas exchange and carbon
isotope discrimination. Switching between gas
samples was controlled by a manual four-way
valve. The zero and reference readings were
made before and after each leaf measurement
and averaged during the calculations.

I_ COo,
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Table 1. Symbols used in the text

Symbol Description

A Net CO, assimilation

a Fractionation during diffusion of CO, from the
chloroplast to the atmosphere (4.49%,)

a Fractionation of CO, diffusion through a
liquid (0.7%,)

BSC Bundle sheath cells

b, Combined discrimination of Rubisco, respiration,
and photorespiration (see Eq. 4)

b, Combined discrimination of PEPC, respiration, and

hydration/dehydration of CO, (see Eq. 3 and Fig. 4)
; Discrimination by PEPC (2.29%,)
ABC  Carbon isotope discrimination
CA Carbon anhydrase

e Fractionation during respiration (3%, or —6%,)

e Fractionation as CO, dissolves (1.1%,)

e, Equilibrium fractionation factor for the catalyzed
hydration/dehydration of CO, (—9%,)

f Discrimination during photorespiration
(10%, or —6.8%,)

¢ The fraction of CO, fixed by PEPC that subsequently
leaks out of the BSC

8w The internal conductance to the diffusion of CO,

between the intercellular air space and the site of
carboxylation in the mesophyll cytoplasm

h Catalyzed fractionation during CO, hydration (1.1%,)

kea Rate constant of carbonic anhydrase

K. Michaelis constant of Rubisco for CO,

K, Michaelis constant of Rubisco for O,

K, Michaelis constant of PEPC for CO,

My Rate of mitochondrial respiration

M., Rate of mitochondrial respiration in the mesophyll
cells

M, Rate of mitochondrial respiration in the BSC

pCO,  Partial pressure of CO,

Pe pCO, of dry air entering the leaf chamber

pi pCO, of the intercellular airspace

Prn pCO, of the mesophyll cytoplasm

Po pCO, of dry air leaving the leaf chamber

R, 13C/MC of the air entering the leaf chamber

R, 13C/"C of the air leaving the leaf chamber

PFD Photon flux density

PSII PSII

¢ P/ (P = p,)

s Fractionation during the leakage of CO, from the
BSC (1.8%,)

V., Rate of Rubisco carboxylation

Vimax ~ Maximal rate of Rubisco carboxylation

Vi, Rate of CO, hydration

A Rate of photorespiration

Vp Rate of PEP carboxylation (A + M)/(1 — ¢) or
(Do Vi Py + Ky)

Vimax  Maximal rate of PEPC carboxylation

the small subunit of Rubisco (anti-SSu plants) had
rates between 40% to 80% of wild-type plants (Table
I). Additionally, the ratio of p/p,, A®C, and ¢ were
higher in the anti-SSu-plants as compared with wild-
type plants (Table II). The parameter ¢ was deter-
mined from simultaneous gas-exchange and isotope
measurements and solving for ¢ in Equation 2.
Our measurements of A”C and leaf gas exchange
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are similar to previously published values by von
Caemmerer et al. (1997b). The comparison of our
results to previously published A®C values shows
that our system can accurately and consistently mon-
itor the influence of both environmental conditions
and perturbations to the C, photosynthetic apparatus
on instantaneous carbon isotope discrimination.

CA Plants

Carbon isotope discrimination (A™®C) increased as
CA activity decreased in the F. bidentis plants contain-
ing the antisense RNA constructs targeted to the
putative cytosolic CA (anti-CA plants; Fig. 3). CA
activity, reported here as a rate constant (k-, umol m >
st Pafl), was determined on leaf extracts using mass
spectrometry to measure the rates of '®0, exchange
from doubly labeled C™0, to H,"°O (see “Materials
and Methods”). Interestingly, A">C was more sensitive
than net CO, assimilation to changes in CA activity as
AC increased in some anti-CA plants, whereas net
CO, assimilation remained similar to wild-type plants
(Fig. 3). In these anti-CA plants with reduced CA
activity and wild-type rates of net CO, assimilation,
ABC increased 1%, to 2%,, which is a large shift for
C, photosynthesis (Fig. 3¢, inset; Table III). In the anti-CA
plants, net CO, assimilation rates and p,/p, were sim-
ilar to wild-type plants, except when CA activities
were less than 20% of wild type (Fig. 3, a and b). Anti-
CA plants with extremely low levels of CA activity
(<5% of wild type) and low rates of net CO, assimi-
lation had extremely high values of AC (Fig. 3c).

Nearly all of the measured values of A'C fall within
the theoretical relationship of A"’C to py/p, as predicted
from the model of C, carbon isotope discrimination
developed by Farquhar (1983; Fig. 4; see “Materials
and Methods”). Only in the anti-CA plants with ex-
tremely low CA activity do the measured values of
AC fall outside the predicted values (Fig. 4). The
theoretical relationship of A'°C and p,/p, was calcu-
lated with a ¢ value of 0.24, and the initial CO,
carboxylation reaction catalyzed by PEPC relative to
the CO, hydration by CA (V,/V}) was assumed to be
either zero or 1 (as indicated in Fig. 4). The b, param-
eter, which is the combined fractionation associated
with PEPC, respiration, and the isotopic equilibrium
during the dissolution of CO, and conversion to
HCO,; ", used in these calculations was determined
with either the CA catalyzed (solid lines) or the
spontaneous uncatalyzed (dotted lines) CO, and
HCO;™ hydration and dehydration fractionation fac-
tors (see “Materials and Methods”).

To characterize the influence of CA activity on A"°C,
independent of changes in net CO, assimilation, we
pooled the data of anti-CA plants with reduced CA
activity and wild-type-like photosynthetic rates. A"°C
was higher in the anti-CA plants compared to the wild-
type plants, whereas p,/p, was unchanged (Table III).
The in vivo CA activity (CA,,;), which is the product
of k-, and the pCO, in the mesophyll cytoplasm (p,,),
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was significantly less in the anti-CA relative to the
wild-type plants (Table III). The value of p, was
calculated with an internal conductance to the dif-
fusion of CO, between the intercellular airspace and
the site of carboxylation in the mesophyll cyto-
plasm (g,,) of 10 mol m 2 s~! Pa~’. The ratio of Vo/ Vi
determined from the online measurements of A®C
was approximately 6 times greater in the anti-CA
plants than in the wild-type plants (Table III). It
appears that a rather large decrease in leaf CA activity
in F. bidentis can maintain the chemical equilibrium
between CO, and HCO, needed to sustain photosyn-
thesis, but limits the isotopic equilibrium causing
A"C to increase without changes in ¢.

It should be noted that the absolute value of VP /Vy
determined this way is largely influenced by ¢
and slightly by g,. For example, changing g, from
6 to 10 mol m > s ' Pa™! shifts calculations of Vo/Vi,
from 0.08 to 0.07 and 0.55 to 0.46 for wild-type and
anti-CA plants, respectively. However, changing ¢

PFD (umol quanta m2 s)

from 0.24 to 0.10, assuming a constant g,, of 10 mol
m 2 s ! Pa~!, causes V_/V, to increase from 0.07 to
0.61 in the wild-type plants and from 0.46 to 0.99 in the
anti-CA plants (Table III). In the anti-CA plants, which
have a reduced capacity to concentrate CO, within the
BSC, it is predicted from the C, photosynthetic model
that ¢ will decrease relative to the wild-type plants
(see below), which would increase the difference
of V,/Vy, between the wild-type and the anti-CA
plants. V,/V} can also be approximated from gas
exchange and in vitro CA activity as V/CA,,,;, where
CA,¢ is calculated as kq,p,, and V) is calculated as
(A+ M/ — ¢) (von Caemmerer, 5000). The param-
eter M, is the daytime rate of mitochondrial respira-
tion assumed to be 2 umol m 2s . The ratioof V_/ Vi
determined from the in vitro assays of CA activity was
approximately 4 times greater in the anti-CA plants
than in the wild-type plants (Table III). The absolute
value of V. /V, calculated in this manner is also
influenced by changes in g, and ¢, although neither

Table II. CA rate constant (kc,), net CO, assimilation rate (A), ratio of intercellular to atmospheric CO,
partial pressure (p/p,), online A">C discrimination, and leakiness of CO, out of the BSCs (¢) in the anti-SSu

plants from the primary transformant 136-13

For calculation of ¢, the V,/V;, ratio was assumed to be zero. Measurements were made at a pCO, of
52 Pa, a pO, of 4.8 kPa, a PFD of 2,000 umol quanta m~? s, and a leaf temperature of 30°C. n = 4 for the

wild-type plants.

kea A P/Pa A"C Leakiness ¢
molm?s ' Pa’  umolm?s! %,
136-13-11#1 52 17.0 0.67 6.1 0.43
136-13-1244 88 19.5 0.64 6.5 0.45
136-13-1243 62 27.9 0.72 6.0 0.42
136-13-1142 81 29.9 0.71 5.4 0.39
Wild type 69 + 2 37.6 = 2.6 0.55 = 0.02 2504 0.25 £ .02
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Figure 3. Net CO, assimilation rate, the ratio of intercellular to ambient
pCO, (p/p.), and carbon isotope discrimination (A"*C) as a function of
the rate constant of leaf CA (kc, umol m™2 s~ Pa™"). The inset in c
shows the expanded scale of A">C where net CO, assimilation is
relatively constant. Each point represents a measurement made on a
different plant grown in a glasshouse at ambient CO, or in a growth
cabinet at 1% CO,: wild-type plants grown at ambient CO, (0); anti-
CA plants grown at ambient CO, (H); wild-type grown at 1% CO, (O,
A); and anti-CA plants grown at 1% CO, (@, A). Measurements were
made at 2,000 umol quanta m~2s7!, leaf temperature of 30°C, and an
inlet CO, concentration of either 38 Pa in air (A, A)or 52 Pa of CO, in
a 90.5 kPa of N, and 4.8 kPa of O, gas mixture ((JO, ll®). The lines
represent the best fit for all measurements (wild-type and anti-CA
plants) made at either 38 or 52 Pa of CO,.
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parameter has a large influence on the relative changes
of V,/V}, between wild-type and anti-CA plants.

Dry Matter 6°°C

Leaf dry matter §'°C, the ratio of ’C/">C of the sam-
ple relative to the standard Vienna Pee Dee Belemnite
(VPDB), was lower in plants with low levels of CA and
correlated with increases in A®C (Fig.5). Leaf 8Cwas
determined on plants germinated and grown in a
glasshouse. After collecting an entire leaf for §"°C, the
three plants with very low CA and photosynthetic rates
were transferred after several weeks to the 1% CO,
growth cabinets before leaf gas-exchange measurements
were made. Otherwise, the leaf opposite to the one
used for gas exchange was sampled for §"°C.

Photosynthetic and Carbon Isotope
Discrimination Models

It has recently been shown that low leaf CA activity
in F. bidentis reduces the capacity of the C, cycle by
limiting the rate of PEPC carboxylation of HCO,™ (V)
(von Caemmerer et al.,, 2004). Here, we use the
C, photosynthetic model developed by Berry and
Farquhar (1978) and von Caemmerer (2000) to predict
the response of net CO, assimilation, bundle sheath
pCO,, photorespiration (V,), and ¢ to changes in the
activity of PEPC due to a limitation in CA activity. In the
C, photosynthetic model, the CA-mediated hydration/
dehydration reaction of CO, within the mesophyll
cytoplasm has not been incorporated. However, ma-
nipulating V_ within the model simulates the effect of
changing CA activity and leads to a diminished ability
to concentrate CO, within the BSC, which decreases
both the photosynthetic rate and ¢ (Fig. 6, a and b).

The outputs from the C, photosynthetic model,
specifically the rates of Rubisco carboxylation (V.),
V., Vp, ¢, and the pCO, in the BSC, were then incor-
porated into the model of C, carbon isotope discrim-
ination (A"’C) developed by Farquhar (1983). The A®C
model was used to determine which photosynthetic
parameters would influence A™C consistent with our
experimental data and to demonstrate the influence of
¢ on A®C independent of changes in V_/V,. The
model in Figure 6 included sufficient CA activity to
keep V_/V, close to zero as V,_ changes and p,/p, were
held constant at 0.4. As shown in Figure 6c, when ¢
and the pCO, in the BSC are low, A”°C decreases as the
ability of Rubisco to fractionate is reduced. Addition-
ally, the A™®C model accounts for the effects of frac-
tionation during respiration (e) and photorespiration
(f); however, there is uncertainty in the specific values
of factors e and f in the model (Gillon and Griffiths,
1997; Ghashghaie et al., 2003). Therefore, to test the
influence of these parameters on the A”C model,
various values of e (39, versus —6%,) and f (—6.8%,
versus 109,) were used. Even at low CO, assimilation
rates, relatively large changes in e and f had only a
small influence on A®C (Fig. 6¢).
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Table I1l. Net CO, assimilation rate (A), the ratio of intercellular to ambient pCO, (p/p.), CA,.. calculated as (k,p,,), A”*C, and ViV, for
F. bidentis wild-type plants and anti-CA plants with low CA,,,; activity and wild-type-like net CO, assimilation rates

Measurements were made at a pCO, of 52 Pa, a pO, of 4.8 kPa, PFD of 2,000 umol quanta m~2s~', and a leaf temperature of 30°C. Vi, was
estimated either by online A'>C measurements* using Egs. 3 and 5 (“Materials and Methods”) or estlmated from V,/CA.,**, where V,, was calculated
as (A + Mp/(1 — ¢) and CA .. g, was assumed to be either 10 or 6 umol m™? 57" Pa™', and ¢ was set at either 0. 24 or 0.1. M is the daytime rate of

respiration assumed to be 2 umol m™?s™'. n = 7 and 5 for anti-CA and wild-type plants, respectively.

ViV
A prp. CAteai e g = 10 8. =6 g, =10 g =6
¢ =024 ¢ =024 ¢ = 0.1 ¢ = 0.1
wmol m™? 7! umol m™? 57! %o
) . . . ABC* 0.46 = 0.06 0.55 = 0.07 0.99 + 0.08 1.1 + 0.08
Anti-CA 42206 048002 22837 44+02 In vitro** 0.29 = 0.04 0.40 = 0.04 0.24 + 0.03 0.30 + 0.04
T . . . . ABC* 0.07 = 0.07 0.08 + 0.08 0.61 + 0.06 0.62 + 0.08
Wild type 40 = 0.1 047 £0.02 774 £48 3.3 *0.2 In vitro** 0.07 = 0.01 0.09 = 0.01 0.06 + 0.01 0.07 * 0.01
DISCUSSION which potentially reduced the ability to concentrate

Carbon isotope discrimination 1ncreased in the short
term during leaf gas exchange (A®C) and the carbon
isotope composmon of leaf dry matter (5"°C) de-
creased in transformants containing reduced levels of
leaf CA. As was previously reported (von Caemmerer
et al., 2004), leaf CA activity appears to be in excess to
maintain steady-state rates of net CO, assimilation in
E. bidentis at high light. A nearly 80% decrease in leaf
CA activity was needed before net CO, assimilation
was affected when measured at a CO, partial pressure
(pCO,) of 52 Pa (Fig. 3a). The CA activity required to
maintain wild-type-like photosynthetic rates in-
creased when measurements were conducted at a
lower pCO, of 38 Pa (Fig. 3a). This is in agreement
with previously published work where reduced leaf
cytosolic CA activity affected the initial slope of the
CO, response curve in F. bidentis when the rate of CO,
hydration limited the supply of HCO,; for PEPC
carboxylation (von Caemmerer et al., 2004).

Carbon Isotope Discrimination and CA Activity

According to the C, photosynthetic model (von
Caemmerer, 2000), a limitation in the supply of cyto-
solic HCO,™ will lead to a decrease in the initial CO,
carboxylation reaction catalyzed by PEPC and reduce
the capacity of the C, pump to concentrate CO, within
the BSC. A reduced pCO, in the BSC leads to a
decrease in the rate of net CO, assimilation as well
as a lower BSC CO, leakiness (¢). In the model of
C, carbon 1sotope dlscrlmmatlon, the main factors that
1nﬂuence AC are changes in the intercellular to
ambient CO, partial pressures (p,/p,) and ¢ (Farquhar,
1983). When the ratio of PEPC carboxylation to the
hydration reaction of CO, (V,/V,) is near zero (i.e. CA
activity is high relative to PEIi’C carboxylation), the C,
carbon isotope model predicts that A*C will decrease
as ¢ decreases (Fig. 6). The A™*C modeling illustrates
that when the front end of the C, cycle is diminished
(either by reduced CA and/or PEPC activity or any-
thing else), ¢ decreases and A"”C associated with ¢
also decreases (Fig. 6). However, in the anti-CA plants,
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CO, in the BSC, AC increased, which cannot be
explained in the model by decreases in ¢, but can be
explained by changes in V_/V}.

Due to the high levels of mesophyll cytoplasmic CA
activity in C, plants, it is generally assumed that CO,
and HCO; are in close chemical equilibrium. Under
such conditions, the ratio of V,/V) in Equation 3
approaches zero and can be omitted from the calcula-
tion of b,. However, when V_/V, tends away from
zero, Equation 3 can be expressed with the fractiona-
tion factors provided in “Materials and Methods” a
by, =-57+79V /Vh at 25°C. The b, fractronatlon
factor becomes more positive as V_/ Vh increases and
A"C increases even without changes in p,/p, and ¢. As
shown in Figure 4, varying V,/V} between 0 and 1 can

20 I

0
0.0 0.2 04 0.6 0.8 1.0
Pi/Pa

Figure 4. Carbon isotope discrimination (A'*C) as a function of the ratio
of intercellular to ambient pCO, (p/p,). The white symbols are wild-type
plants and the black symbols are anti-CA plants. Other symbols and
measurement conditions are as described in Figure 3. The lines represent
the theoretical relationship of A"C and p,/p,, where ¢ = 0.24, the ratio
of the PEPC carboxylation to the CO, hydration reaction (V,/V}) is either
0or 1, and the b, parameter is calculated with the catalyzed (solid lines,
by=—5.7 +7.9 V/V}) and uncatalyzed (dotted lines, b, = —4.5 + 12.5
V,/V}) CO, and HCO,™ hydration and dehydration fractionation fac-
tors. g, was assumed to be large such that p, = p,..
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Figure 5. Leaf dry matter 6'°C, determined on the entire leaf opposite
to the one used for gas exchange and enzyme analysis, plotted against
changes in online carbon isotope discrimination (AC). The white
symbols are wild-type plants and the black symbols are anti-CA plants.
All plants were germinated and grown in a glasshouse under ambient
atmospheric CO, conditions. The plants with extremely low 8'3C
values (@) were transferred to the 1% CO, growth cabinets after tissue
was collected for A*C analysis.

have a large impact on A”C, espec11ally when p,/p, is
high. Nearly all the variation in A”C in the anti-CA
plants can be explained by changes in V,/V, (Fig. 4).
Only when CA activity and photosynthetlc rates decline
dramatically do changes in V,/V}, and p,;/p, not accu-
rately predict A’C (see below for further discussion).

Variation in the Ratio of PEPC Carboxylation to CO,
Hydration by CA

The large change in Vp/ V, without changes in
photosynthe51s in the anti-CA plants (Table III) indi-
cates that A'C is more sensitive to a reduction in CA
activity than net CO, assimilation. The influence of V.
V, on A®C is predlcted by the C, photosynthetic
model for carbon isotope discrimination developed
by Farquhar (1983), and here we demonstrate the
influence of CA activity on A”CinaC, plant. In wild-
type F. bidentis plants, CA appears to be in excess for
supporting photosynthesis and V_/V, approaches
zero. However, it has been reportecf that CA activity
in most C, species is only just sufficient to support
photosynthetic rates, especially in C, monocots (Hatch
and Burnell, 1990; Gillon and Yaklr 2000, 2001), and
the influence of V,,/V}, on A®C may be greater in these
C, species. For example we measured (A.B. Cousins,
M R. Badger, and S. von Caemmerer, unpubhshed
data) CA activity in Z. mays as 266 = 22 umol m *s™ !,
which is similar to our anti-CA plants with wild-type
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photosynthetic rate (see Fig. 3c; Table III). Gillon and
Yakir (2001) reported even lower CA activity for a
number of C, grasses, which correspond to the low CA
activities we measured in anti-CA plants shown in
Figure 3c, inset. The values of V_/V, estimated from
the CA activity and net CO, assimilation from this
article indicate that A™®C w111 differ in C, plants that
have been reported to contain a range of CA,,; activity
(2-529 umol m™2 s™') with generally similar photo-
synthetic rates (Gillon and Yakir, 2001). However, a
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Figure 6. Modeling the response of net CO, assimilation (a); the pCO,

in the BSC and BSC CO, leakiness, ¢ (b); and A™C (c) in response to
changes in PEPC activity (V). The C, model used a V., of 60 umol
m?2s a bundle sheath conductance to CO, per leaf area of 0.03
umol m2s T pPaT! K., of PEPC for CO, ( p) of 8 Pa, K, of Rubisco for
CO, (K) and O, (K,) of 65 Pa and 45 kPa, fraction of PSll in the BSC 0.2
and Rubisco speC|f|C|ty of 2,590 Pa/Pa in the gas phase, and mitochon-
drial respiration was 2 pmol m~2s~", one-half of which was assumed to
occur in the mesophyll. The pO, in the mesophyll was assumed to be
20 kPa. Carbon isotope discrimination was calculated using the C,
photosynthetic model output and a constant p/p, of 0.4. V;, was set at
2,000 umol m™? s~ " and Vi/V,, varied between 0.001 and 0.1, causing
only a 0.3%, shlft in A3C at a constant ¢. The lines for A">C represent
models determined with Equation 2 by substituting the b, and b, factors
with Equations 3 and 4, respectively. The lines for A”C represent
models using different fractionation factors for respiration (3%, dotted
line and —69, solid and dashed lines) and photorespiration (10%,
dashed line and —6.89%, dotted and solid lines).
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systematic mvestlgatlon of the influence of
V /V, on A®C in a range of C, species needs to be
conducted.

Changes inV_/V, and its influence on A’C also have
important implications for interpreting ph}/s1olog—
ical processes responsible for changes in A”C and
8"C during C, photosynthesis, particularly in re-
sponse to changing environmental conditions. Water
stress, reduced nitrogen availability, and atmospheric
CO availability have all been reported to increase
Al C in C, plants by 19, to 3%, (Meinzer et al., 1994;
Ranjith et al., 1995; Buchmann et al., 1996; Sahendra etal,
1996; Meinzer and Saliendra, 1997, Meinzer and Zhu,
1998; Watling et al., 2000). Variation in ABC in these
reports has been interpreted as changes in either p;/p,
and/or ¢, with the apparent assumption that V,/Vy
remains close to zero in all treatments. However
there are a few reports in the literature that suggest
CA activity in C, plants is also influenced by environmen-
tal conditions, including nitrogen status, atmospheric
CO, availability, and salt stress (Cervigni et al., 1971;
Burnell et al., 1990; Brownell et al., 1991), implying that
env1ronmenta1 conditions may also alter V_/V, and
thus influence measured AC. Because leaf CA ac-
tivity in C, plants is largely dependent on the internal
CO, partial pressures, conditions that influence CO,
availability, such as water stress and growth under
elevated atmospheric CO,, will also alter V /V}. C,
photosynthesis generally operates near CO -saturatmg
conditions at current atmospheric pCO, such that a
reduction in p; due to stomatal closure will cause V_/
V), to increase. However, under such conditions, the
ratio of p,/p, also decreases and the influence of V_/V,
on AC decreases as shown in Figure 4. Alternatively,
it has been shown that, under well-watered condi-
tions, C, photosynthesis generally does not respond to
increases in atmospheric pCO, (McLeod and Long,
1999; Ghannoum et al., 2000; Wall et al., 2001; Ainsworth
and Long, 2005; Leakey et al., 2006). However, because
pi/p, is generally constant with changing atmospheric
pCO, and CA has a very high K, for HCO;", an in-
crease in CO, availability will increase V,, whereas
PEPC is generally saturated around ambient pCO, and
V,, will not change. This raises the possibility that
growth under future atmospheric CO, conditions will
alter APC regardless of other env1ronmenta1 changes if
CA is limiting.

Both online and in vitro measurements of V. /Vh
indicated that changes in CA activity have a 51gn1f1cant
influence on A®C without changes in p, /pa and ¢. It
must be noted that, although changes in g, have a
subtle effect on estimates of V_/V,, variation in ¢ can
lead to large shifts in the absolute values of V, / Vi, when
determined from the A*C measurements. There are no
direct means of measuring ¢, but it can be estimated
using A"’C measurements when Vp/ V), is assumed to
be close to zero. The use of antisense technology
targeted toward the C, PEPC enzyme would provide
arange of V_/V, values and would allow an estimate
of ¢ when v »/Vy, was known to be close to zero.

Plant Physiol. Vol. 141, 2006

Carbonic Anhydrase and C, Carbon Isotope Discrimination

Low CA and Photosynthetic Mutants

In the majority of CA plants, the increase in A™’C can be
explained by changes in the ratio of V_/V, and p,/p, (Fig.
4). However, this explanation does not hold true for plants
with very low leaf CA activity and photosynthetic rates.
Potentially, the amount of direct fixation of atmospheric
CO, inthe BSC, leakage of HCO; ™ from the BSC, aswell as
photoresplratlonand resplratlon would influence AC
especially when net CO, assimilation is inhibited. The-
oretically, CO, assimilation by direct diffusion of CO,
from the atmosphere into the BSC would increase the
A3C as the exchange of CO, between the atmosphere
and the BSC would allow Rublsco to fractionate against
the heavier carbon isotope. However, a low conduc-
tance of CO, diffusion across the BSC (g,, mmol m *s~
Pa~')is an essentlal component of the C, CO,-concen-
trating mechanism and limits the amount of direct
fixation of CO, under ambient CO, concentrations
(Jenkins et al., 1989; Brown and Byrd, 1993; He and
Edwards, 1996; von Caemmerer, 2000; Kiirats et al.,
2002). Therefore, even when the initial carboxylation
reaction of the C, pump is limited by low CA activity or
low light, there would be little, if any, direct ﬁxatlon of
CO, in the BSC and mlmmal influence on A"C.

Alternatlvely, because ’C concentrates in HCO,~
and Rubisco preferentially fixes “C, leakage of
HCO,™ out of the BSC would change the fractionation
factor associated with CO, leakage from the BSC (s
from Eq. 2). However, with the relatively low CA
activity in the BSC, it is unlikely that CO, and HCO;~
would be in full isotopic equilibrium and there would
be little influence on s (Farquhar, 1983; von Caemmerer
et al,, 1997a; Ludwig et al.,, 1998). Additionally, the
influence of resplratlon and photorespiration on the
modeled value of AC will increase as the rates of net
CO, assimilation decrease. However, changing the
fractionation effect of respiration (e in Egs. 3 and 4)
and photorespiration (fin Eq. 4) to a range of values
reported in the literature (Ghashghaie et al., 2003) had
only a slight influence on the modeled A”C even at
low photosynthetic rates (Fig. 6c).

As previously mentioned, Equation 3 simplifies to
b, = =57 + 79 V_/V, at 25°C when the catalyzed
fractionation values for ¢, of —9.0%, and h of 1.19, are
used. However, if the interconversion of CO, and
HCO," occurs via the spontaneous uncatalyzed reac-
tion, e, and h become —7.8%, and 6.99,, respectively,
and Equation 3is b, = —4.5 + 12.5 V_/V,, causing the b,
value to become larger, leading to an increase in A’ C
(Fig. 4). The catalyzed and uncatalyzed values of
e, and h are taken from previously published work on
the hydration and dehydration of CO, and HCO,"
(Mook et al., 1974; Marlier and O’Leary, 1984; Paneth
and O’Leary, 1985). The proportion of catalyzed to
uncatalyzed hydration/dehydration reactions may
have an influence on the A®C when the photosynthetic
rates are extremely low, such as in the anti-CA plants
with extremely low CA activity, but it would have
little, if any, influence in wild-type plants.
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Carbon Isotope Discrimination Increases at Low Light

The response of AC in C, plants to various light
levels has not been well characterized, but is an
important factor to consider when interpreting dry
matter 8°C of plants exposed to different light envi-
ronments or leaves within a canopy. The increase in
A™C and estimated values of ¢ in F. bidentis (Fig. 2)
are similar to earlier reports that showed that A®C
generally increases as the PFD decreases (Henderson
et al.,, 1992; Peisker and Henderson, 1992; Tazoe et al.,
2005). Buchmann et al. (1996) also showed that A*C,
calculated from leaf 6"°C values, in a number of C,
plants was greater at low PFD. The low conductance of
CO, diffusion across the BSC needed for C, photosyn-
thesis would limit the direct fixation of CO, by
Rubisco, even under low light, and its influence on
A3C should be minimal. However, it has been dem-
onstrated with the C, photosynthetic model that ¢
increases at low PFD as more electron transport
is needed for recycling of photorespired CO, (von
Caemmerer, 2000). The predicted change in ¢ at low
PFD by the C, photosynthetic model is consistent with
our current experimental evidence, as well as earlier
published results (Henderson et al., 1992). The evi-
dence from both online and dry matter isotope mea-
surements indicates that growth light conditions need
to be considered when interpreting carbon isotope
discrimination in C, plants.

CONCLUSION

CA activity in wild-type F. bidentis appears to be in
excess to maintain net CO, assimilation; however,
reducing leaf CA activity had a relatively large influ-
ence on ABC, often without changes in net CO, as-
similation. The influence of CA activity on A®C was
also evident in the leaf dry matter 6'°C. The model of
AC developed by Farquhar (1983) predicted the
influence of changes in PEPC carboxylation relative
to the hydration reaction of CO, (V_/V,) on ABC,
except when photosynthetic rates and CA activity
were dramatically reduced. It will be important to take
the extent of CA activity in C, leaves into account
when using A3C and/or §'3C to model leaf level and
global C, photosynthesis in response to changing
environmental influences. The influence of environ-
mental conditions on leaf CA activity, V/V}, and thus
on APC warrants further investigation.

Additionally, the amount of CA activity in a leaf
plays an important role in determining C'*0OO0 dis-
crimination during C, photosynthesis because CA
enhances the rate of oxygen exchange between CO,
and leaf H,O and thus determines the extent of isoto-
pic equilibrium. The anti-CA plants will be used to test
whether changing leaf CA activity influences C*00
discrimination under similar environmental condi-
tions and whether high CA activity, relative to photo-
synthetic rates, corresponds to complete isotopic
equilibrium between CO, and leaf H,O as predicted.
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MATERIALS AND METHODS
Growth Conditions

Flaveria bidentis plants were previously transformed with antisense RNA
constructs targeted to either the nuclear-encoded gene for the small subunit of
Rubisco (anti-SSu plants) or a putative cytosolic CA (anti-CA plants; Furbank
etal., 1996; von Caemmerer et al., 1997b, 2004). The segregating T, generations
of anti-CA primary transformants with photosynthetic rates similar to wild
type were grown during the summer months in a glasshouse under natural
light conditions (27°C d/18°C night temperatures). Anti-CA and anti-SSu
plants (segregating T, generation from primary transformant 136-13) with low
photosynthetic capacities and wild-type plants were grown under 1% CO, in a
controlled environment growth cabinet at a photosynthetic PFD of 400 uwmol
quantam ?s ! at plant height and air temperature of 27°C during the day and
18°C at night with a 14-h daylength. Three plants with very low CA and
photosynthetic rates were germinated and grown for several weeks in the
glasshouse. Subsequently, these plants were transferred to the 1% CO, growth
cabinets before leaf gas-exchange measurements were made. Plants were
grown in 5-L pots in garden mix with 2.4 to 4 g Osmocote/L soil (15/4.8/10.8/
1.2N/P/K/Mg + trace elements: B, Cu, Fe, Mn, Mo, Zn; Scotts Australia Pty
Ltd.) and watered daily.

Gas-Exchange Measurements

Plants from either the glasshouse or growth cabinet were transferred to the
gas-exchange system, where one of the uppermost fully expanded leaves was
placed into the leaf chamber of the LI-6400 and allowed to equilibrate at a leaf
temperature of 30°C and 2,000 umol quanta m s for a minimum of 1.5 h.
Air entering the leaf chamber was prepared by using mass flow controllers
(MKS Instruments) to obtain a gas mix of 90.5 kPa of dry nitrogen and 4.8 kPa
oxygen (Fig. 1). A portion of the nitrogen/oxygen mixture was used to zero
the mass spectrometer to correct for N,O and other contaminates contributing
to the 44 and 45 peaks. Pure CO, (8"C = —299,; VPDB) was added to the
remaining airstream to obtain a CO, partial pressure of approximately 52 Pa.
Alternatively, some measurements were made by mixing pure CO, with CO,-
free air and using the CO,-free air as a zero.

The different gas mixtures had no apparent influence on leaf gas exchange
or ¥C isotope discrimination. Low oxygen (4.8 kPa) was use to minimize
contamination of the 46 peak caused by the interaction of O, and N, to
produce NO, with the mass spectrometer source element. This was important
when looking at C'%00 discrimination (A.B. Cousins, M.R. Badger, and S. von
Caemmerer, unpublished data). The CO, used during the gas-exchange
measurements had a similar isotopic signature to the CO, in the high CO,
growth cabinet. This minimized the influence of respired CO, on the A®C
measurements in plants with low photosynthetic rates.

The gas mixtures were fed to the inlet of the LI-6400 console and a flow rate
of 200 umol s~! was maintained over the leaf. The remaining airstream was
vented or used to determine the isotopic composition of air entering the leaf
chamber (Fig. 1). The efflux from the leaf chamber was measured by either
replacing the match valve line with a line connected directly to the mass
spectrometer or by placing a tee in the match valve line, allowing flow to both
the mass spectrometer and the match valve simultaneously. Gas-exchange
parameters were determined by the LI-6400, and pCO, leaving the chamber
was subsequently corrected for the dilution of CO, by water vapor (von
Caemmerer and Farquhar, 1981).

Isotopic Measurements

The efflux from the leaf chamber and the gas mix supplied to the LI-6400
system was linked to a mass spectrometer through an ethanol/dry ice water
trap and a thin, gas-permeable silicone membrane, which was housed in a
temperature-controlled cuvette. Masses 44 and 45 were monitored continu-
ously and the carbon isotope discrimination during CO, exchange, A'*C, was
calculated from the ratio of mass 45 to 44 in the reference air, determined
before and after each sample measurement, entering the chamber (R,), and the
composition of the sample air leaving the leaf chamber (R,) as described by
Evans et al. (1986):

_ _§(R9/Ro - 1)

= 1+E(R R, — 1) @

where ¢ = p./(p. — p,), and p, and p, are the CO, partial pressures of dry air
entering and leaving the leaf chamber, respectively. A summary of the
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symbols used in the text is listed in Table I. Zero values for the 44 and 45 peaks
were determined before and after the sample measurements were subtracted
from both the sample and reference measurements prior to determining the
mass ratios. The zero values were typically 1% of the 44 and 45 peaks at 4.8
kPa oxygen and 2% at 20 kPa oxygen.

Calculations of Carbon Isotope Discrimination

The model of C, carbon isotope discrimination (AC) of Farquhar (1983)
was used to determine which factors in the model would influence A®*C
consistent with our experimental data. The simplified model predicts that:

APC=a+ (b + (by — 5)p — a)pi/pa, (2)

where a (4.49,,) is the fractionation during diffusion of CO, and s (1.89,,) is the
fractionation during CO, leakage from the BSCs. The combined fractionation
of PEPC, respiration, and the isotopic equilibrium during dissolution of CO,
and conversion to HCO;™ (b,) is calculated as (Farquhar, 1983):

by= (b, te,+e)(1—V,/Vy)+ (e, + W)V, /V} —eMy/V,, 3)

where bp (2.29,,) is the fractionation by PEPC (O’Leary, 1981), ¢, (1.19%,) is the
fractionation as CO, dissolves (O’Leary, 1984), and ¢, (—9%,) is the equilibrium
fractionation factor of the catalyzed hydration/dehydration reactions of CO,
and HCO;™ (Mook et al., 1974). Alternatively, during the hydration/dehy-
dration reactions, the uncatalyzed equilibrium fractionation factor e, = —7.89%,
(Marlier and O’Leary, 1984). The fractionation when CO, and HCO;™ are not
at equilibrium is dependent on the rate of CO, hydration (V,), the rate of PEPC
(V,), e, and the catalyzed fractionation during CO, hydration (k). The
catalyzed hydration reaction has a fractionation factor of 1.19, (calculated
by summing the catalyzed CO, and HCO,;™ equilibrium fractionation factor
—9.0%, and the catalyzed dehydration fractionation factor 10.19%,,; Mook et al.,
1974; Paneth and O’Leary, 1985), whereas the uncatalyzed reaction has a 6.9%,
fractionation factor (Marlier and O’Leary, 1984). The fractionation attributed
to mitochondrial respiration is e at a rate of mesophyll CO, release of M, .

The combined fractionation of Rubisco (309%,), respiration, and photores-
piration (b;) can be calculated as:

by =30—s—e(Mp + M,)/V. — fV,/ V., (4)

where V_ is the rate of Rubisco carboxylation reaction, M; is the rate of BSC
mitochondrial respiration, V, is the rate of photorespiration, and f is the
discrimination of photorespiration (Farquhar, 1983).

Equation 2 assumes that the internal conductance to the diffusion of CO,
between the intercellular airspace and the site of carboxylation in the meso-
phyll cytoplasm (g,,) is large, such that p; is equal to the pCO, at the site of
PEPC carboxylation (p,). If g, is low, then Equation 2 can be modified to:

APC=a+(bs+(b:=5)b—a)p/pa+A/ (gupa) e +m—bi—(b=5)$),  (5)

where A is the net rate of CO, assimilation and 4, (0.79,,) is the fractionation of
CO, diffusion through a liquid (O’Leary, 1984).

CA Activity Measurements

CA activity was measured on leaf extracts using mass spectrometry to
measure the rates of ®0, exchange from doubly labeled *C*0, to H,"*O
(Badger and Price, 1989; von Caemmerer et al., 2004). Measurements of leaf
extracts were made at 25°C with a subsaturating total carbon concentration of
1 mm. The hydration rates were calculated from the enhancement in the rate of
80 loss over the uncatalyzed rate. We then applied this factor to the
nonenzymatic first-order rate constant calculated at pH 7.4 appropriate for
the mesophyll cytosol (Furbank et al., 1989) and report the CA activity as a
first-order rate constant kc, (mol m 2 s™! Pa™"). kcup,, then gives the in vivo
CA activity at that particular cytosolic pCO,. Leaf samples were collected after
the gas-exchange measurements on the same leaf material and subsequently
frozen in liquid nitrogen and stored at —80°C.

Dry Matter 6%C

The opposite leaf to the one used during gas exchange was collected and
oven dried at 70°C, and ground with a mortar and pestle. A subsample of
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ground tissue was weighed and the isotopic composition determined by
combustion in a Carlo Erba elemental analyzer; the CO, was analyzed by mass
spectrometry. § was calculated as [(Rmpie — Rstandard)/ Retandaral 1,000, where
Raample and Ryiyngarq are the BC/™C of the sample and the standard VPDB,
respectively. Dry matter 6°C was determined on glasshouse-grown plants
only because there were large fluctuations in the carbon isotopic composition
of the air in the growth cabinets.

Photosynthetic Model

The C, photosynthetic model developed by Berry and Farquhar (1978) and
von Caemmerer (2000) was used to predict the response of net CO, assim-
ilation, bundle sheath pCO,, p;/p,, photorespiration, and ¢ to changes in the
amount of PEPC activity (V). Manipulating V|, within the photosynthesis
model was used to simulate the effect of changes in CO, hydration rates (V},).
The outputs from the C, photosynthetic model, specifically the rates of
Rubisco carboxylation (V,), V,, Vp, ¢, and the pCO, in the BSC, were
incorporated into the model of C, carbon isotope discrimination (A"C)
developed by Farquhar (1983). The A'*C model was used to determine which
photosynthetic parameters would influence A™C consistent with our exper-
imental data.
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