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Summary

A brief overview of the C3 photosynthesis model described by Graham Farquhar, Susanne von Caem-
merer and Joseph Berry is provided. The model was designed to help interpret gas exchange mea-
surements of CO, assimilation of leaves and to represent C; photosynthesis in other systems such as
stomatal control and the CO, concentrating function of C4 photosynthesis. It can predict steady state
CO; assimilation rates under different environmental conditions of light intensity, temperature, CO, and
O, concentrations. The model is based on Rubisco’s kinetic properties and the rate of CO, assimilation
is given as the minimum of either a Rubisco limited rate, where the substrate ribulose bisphosphate
(RuBP) is saturating, or a chloroplast electron transport (or RuBP regeneration) limited rate. The model
can be used to estimate in vivo Rubisco activity and chloroplast electron transport capacity. This however
requires information on the partial pressure of CO, in the chloroplast which has been shown to be
less than that in the intercellular airspaces. The temperature dependence of Rubisco kinetic constants
is based on both in vitro and in vivo measurements of these parameters. The temperature dependence
of the maximum chloroplast electron transport has also been parameterized from both in vivo and in
vitro measurements; however the fact that thermal acclimation changes thylakoid properties and the
temperature dependence of chloroplast electron transport prevents a unique parameterization. Further
studies are required to investigate whether CO, assimilation rate at temperature extremes is limited by
Rubisco and its activation state or by electron transport capacity in order to improve the model’s accuracy

under these conditions.

l. Introduction

In this chapter we discuss key attributes of the
C; photosynthesis model first described by G.
Farquhar, S. Von Caemmerer and J. Berry (Berry
and Farquhar, 1978; Farquhar et al., 1980; Von
Caemmerer and Farquhar, 1981; Farquhar and
Von Caemmerer, 1982). This model was designed
to help interpret gas exchange measurements of
CO, assimilation of leaves. It is used to predict
steady state CO, assimilation rates under differ-
ent environmental conditions of light intensity,
temperature, CO, and O, partial pressures (pCO,
and p0O,) and can be embedded in larger models
of the global carbon cycle and of land surface
feedbacks on climate. It is also frequently used in
reverse to predict underlying biochemical proper-
ties of leaves from gas exchange measurements
(Long and Bernacchi, 2003).

Simplicity is the key to making this type of
model useful. This requires careful considera-
tion of the detail that needs to be incorporated
and what can safely be left out. It is important
to keep the number of parameters that have to
be assigned to a minimum. This has been the
guiding principle of the design of the model
discussed in this chapter and sets it apart from
other models that seek to incorporate a larger

number of biochemical steps involved in CO,
assimilation with the purpose of studying regula-
tion of metabolism (Laisk and Oja, 1998; Laisk
et al.,, 2006; Zhu et al., 2007). The model is
generally most useful in describing steady state
CO, assimilation rates, although it has also been
incorporated into models describing CO, uptake
transients during sun flecks (Pearcy et al., 1997).

The model is based on the kinetic proper-
ties of ribulose 1,5-bisphosphate carboxylase/
oxygenase (Rubisco, EC 4.1.1.39) and an inter-
esting historical perspective of Rubisco research
and discoveries is given by Portis and Parry
(2007). The importance of Rubisco in determin-
ing the rate of photosynthesis had been inferred
early on from correlations between photosyn-
thetic rate and the amount of Rubisco protein in
leaves (Bjorkman, 1968; Wareing et al., 1968;
Bowes et al., 1971; Bowes and Ogren, 1972).
But perhaps the pivotal event was the discovery
that O, was a competitive inhibitor of CO, fix-
ation, an alternative substrate leading to the side
reactions that fuel photorespiration (Bowes et al.,
1971; Bowes and Ogren, 1972). This led to the
development of photosynthetic models based on
Rubisco kinetic properties (Laisk, 1970, 1977;
Laing et al., 1974; Peisker, 1974, 1976; Hall
and Bjorkman, 1975). For example, Laing et al.
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(1974) and Peisker (1974) showed that a lin-
ear dependence of the CO, compensation point
could be explained from Rubisco’s kinetic proper-
ties. The impact of Rubisco kinetic properties on
C; photosynthesis has been elegantly highlighted
in recent studies where the Cs;-model has been
used to characterize Rubisco kinetic properties
in transgenic plants expressing mutated Rubisco
(Whitney et al., 1999; Whitney and Andrews,
2001; Sharwood et al., 2008).

The model continues to be used almost
unchanged from when it was conceived in the late
1970s and early 1980s and it has served as a tem-
plate for development of other models (Collatz
et al., 1991, 1992; Sellers et al., 1996a). The key
innovation of this model stemmed from the recog-
nition that losses in coupling between the light
dependent reactions and the carbon reactions are
minimal. Therefore, the overall rate of photosyn-
thesis could be approximated as the minimum
of the potential rates of these processes taken
separately (Eq. 9.20). The basis for this efficient
coupling is still not well understood (Woodrow
and Berry, 1988). Perhaps most surprisingly the
equations relating chloroplast electron transport
rate to light intensity are still treated empirically
in whole leaf models and several different equa-
tions are in use (Farquhar et al., 1980; Farquhar
and Von Caemmerer, 1982; Farquhar and Wong,
1984; Collatz et al., 1990, 1991, 1992; Long
and Bernacchi, 2003). Equations relating ATP
production to chloroplast electron transport rate
continue to change according to new understand-
ing of the proton requirements of ATP produc-
tion. Sharkey and co-workers drew attention to a
third limitation that may come into play by the
rate of triose phosphate export (Sharkey, 1985a;
Harley and Sharkey, 1991). There are however
several questions that deserve further attention.
For example, it is important to know what the
CO, partial pressure (pCO,) is at the site of
Rubisco carboxylation and what defines the con-
ductance of CO, diffusion from intercellular
airspace to the chloroplast stroma. This research
area is currently receiving considerable attention
(Evans and Von Caemmerer, 1996; Terashima
et al., 2006; Flexas et al., 2007a, b; Warren,
2007). This question is of particular importance
in biotechnological research attempting to redi-
rect photorespiratory CO, release to the chloro-
plast (Kebeish et al., 2007) and to attempts at
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introducing a C4 type CO, concentrating mecha-
nism into C3 cells where one would like to be able
to manipulate CO, diffusion properties of mem-
branes (Matsuoka et al., 2001; Von Caemmerer,
2003; Mitchell and Sheehy, 2006). Understand-
ing what limits CO, fixation at extreme temper-
atures has also become an important question in
the endeavor to predict CO, assimilation rates in
these environments. There is at present consid-
erable debate on whether the capacity of chloro-
plast electron transport to regenerate RuBP or
the activation state of Rubisco provide the pri-
mary limitation and it is clear that we need a
better understanding how Rubisco activation state
is modulated by environmental variables (Weis
and Berry, 1988; Crafts-Brandner and Salvucci,
2000; Wise et al., 2004; Cen and Sage, 2005;
Yamori et al., 2005, 2006b, 2008).

The photosynthesis model described here pro-
vides a set of hypotheses brought together in
a quantitative form that can be used as a
research tool to design and interpret both field
and laboratory based experiments. Both the
current availability of transgenic plants with bio-
chemical impairments and the range of Ara-
bidopsis knockout mutants and the interest in
improving CO, assimilation rates through genetic
manipulation are providing interesting new tests
and applications for modeling photosynthesis
(Von Caemmerer, 2000, 2003; Raines, 2003,
2006). Newer portable gas exchange systems
have opened up opportunities for ecophysiolog-
ical studies (Bjorkman et al., 1972; Ellsworth
et al., 2004; Wright et al., 2004).

Il. The Rate Equations
of CO, Assimilation

Farquhar et al. (1980) showed that CO, assimila-
tion rate A was given by

A=V.—05V, — Ry, (9.1)

where A denotes net CO, assimilation rate, V,
and V, are the carboxylase and oxygenase rates
of Rubisco and R4 denotes day respiration, which
comprises mitochondrial CO, release occurring
in the light other than that of photorespiration.
Equation (9.1) can be rewritten in a simpler
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form as:

A=V.(1—-0.5¢) — Ry, 9.2)
where ¢ is the ratio of oxygenation to carboxyla-
tion rates, V,/ V.. Rubisco, located in the chloro-
plast stroma, catalyses the competing reactions
of the carboxylation and the oxygenation of ribu-
lose bisphosphate (Andrews and Lorimer, 1987).
The carboxylation of RuBP is the first step of
the photosynthetic carbon reduction (PCR) cycle
and the carboxylation of 1 mol of RuBP leads
to the formation of 2 mols of phosphoglycerate
(PGA). The oxygenation of 1mol of RuBP on
the other hand leads to the formation of 1 mol
of PGA and 1mol of phosphoglycolate (PGly).
We assume that the recycling of 1 mol of PGly
in the photorespiratory carbon oxidation (PCO)
cycle results in the release of 0.5 mol of CO; in
the mitochondria (Fig. 9.1). It has been suggested
that the release may be less than 0.5 and there
continue to be reports of complete oxidation of
glycolate as proposed by Israel Zelitch (Hanson
and Peterson, 1986; Zelitch, 1989; Harley and
Sharkey, 1991).

The ratio of oxygenation to carboxylation rate,
¢, is determined solely by the kinetic constants of
Rubisco:

¢ _ Vo _ 1 0 _ Vomax Kc 0
B VC B Sc/o C B Ko chax C’
9.3

where S/, is the relative specificity of Rubisco
and C and O are the chloroplastic pCO, and
PO2; Vemaxs Vomax, K¢ and K, are the maximal

(1+0) ATP 00,

(1+0) RuBP\’

(1+¢) RusP

CH,0

triose-P PCR cycle
(2+1.5¢) NADPH
(2+1.5¢) 1,3-PGA
(2+1.5¢) 3-PGA
2+1.5¢ ATP

’¥~—» — ¢ PGly — ¢ glycolate
Ve =2FD-
co,
1-0.5¢ [} glyox'yI?te\'Qo_w ATP

2 +0)3-PGA
e

rates and the Michaelis—Menten constants of car-
boxylation and oxygenation, respectively.

Inspection of Eq. (9.2) shows that when Ry =
0, A = 0 when ¢ = 2. The chloroplast pCO, at
which this occurs has been named I'* (Laisk,
1977; Laisk and Oja, 1998) and from the above
equation it follows that

re= 030 _ y*0 (9.4)
Sc/o
and
20+
o=". (9.5)

Substituting this into Eq. (9.2) one can show that
A=(1-T*/C)V.— Rq. (9.6)

It is assumed that some mitochondrial respiration
(R4) continues in the light although not neces-
sarily at the rate that occurs in the dark (Brooks
and Farquhar, 1985; Atkin et al., 1998; Hoefnagel
et al., 1998). It has also been suggested that the
rate of day respiration may depend on the rate of
photorespiration (Bykova et al., 2005; Tcherkez
et al.,, 2008). If this were indeed the case and
the two were related in a predictable way then
Egs. (9.1), (9.2), (9.6) would need to be modified
to reflect this.

The rate of photorespiration (Vpp,) is half the
rate of oxygenation and is given by (I"*/C)V.
and can be calculated from gas exchange mea-
surements by the following equation:

*

(A+ Ryg).

c 9.7)

Vphr =

0.50 0,
0.5 ¢ NADPH

¢ glycine NH,*

0.50 coz/l U

0.5¢ serine

.50 3-PGA +——0.5¢ glycerate

0.50 ATP

Fig. 9.1. Stoichiometry of the photosynthetic carbon reduction (PCR) cycle and photorespiratory carbon oxidation (PCO) cycle

(¢ denotes the ratio of Rubisco oxygenation to carboxylation)
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The basis of the Rubisco limited part of the model
is given by Egs. (9.1)—(9.3). To complete this
part of the model the dependencies of Rubisco
velocity on pCO,, pO,, irradiance and temper-
ature need to be added. Rubisco occurs at high
concentration in the chloroplast stroma relative to
the Michaelis—Menten constant for its substrate
RuBP and it was the special kinetics that apply
under these conditions that allowed the simple
binary formulation of CO, assimilation rate as
being either RuBP saturated, or limited by the
rate of RuBP regeneration (Berry and Farquhar,
1978; Collatz, 1978; Farquhar, 1979; Farquhar
et al., 1980; Farquhar and Von Caemmerer, 1982;
Collatz et al., 1990).

A. RuBP Saturated (or Rubisco Limited) CO»
Assimilation Rate

Since O, inhibits RuBP carboxylation competi-
tively with respect to CO,, the RuBP saturated
carboxylation rate is given by

CVemax

T CHK(1+0/Ky) 08

C

(Bowes and Ogren, 1972; Badger and Andrews,
1974). Using Eq. (9.8) to substitute for V. in
Eq. (9.6) yields an expression for the RuBP satu-
rated rate of CO, assimilation,

(C - F*) chax

A= ~Ri. (99
Crk(1+0/Kk) " O

Because of its dependence on the maximum
Rubisco activity (Vemax), Ac is also often called
the Rubisco limited rate of CO, assimilation.
The Rubisco limited rate of CO, assimilation
suggests that the dependence of CO, assimilation
on pCO, should have a Michaelis—Menten form.
However as noted by several researchers (Laisk
and Oja, 1974; Lilley and Walker, 1975; Ku and
Edwards, 1977) CO, assimilation rate saturates
more quickly than can be predicted from the
RuBP saturated CO, assimilation rate alone. This
can be seen in the example of a CO, response
curve for CO, assimilation rate of a tobacco leaf
(Fig. 9.2). In the leaf of a transgenic tobacco
with an antisense construct to the small subunit
of Rubisco the amount of Rubisco per leaf area
has been reduced with little alteration to other
chloroplast components. In this case the rate of
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Fig. 9.2. CO; assimilation rate, A, as a function of inter-
cellular pCO; for a leaf of a wild type (e) and transgenic
tobacco with reduced amount of Rubisco (A). Measure-

ments were made at an irradiance of 1,000 umol quanta

m~2s~! and a leaf temperature of 25°C. The dashed lines

are A predicted from the Rubisco limited rate (Eq. 9.9). The
dotted line is A predicted from the RuBP regeneration (elec-
tron transport) limited rate (adapted from Von Caemmerer
et al., 1994)

CO, assimilation can be modeled solely by the
Rubisco limited rate.

B. RuBP Regeneration Limited (or Electron
Transport Limited) CO» Assimilation Rate

The synthesis of RuBP requires energy in the
form of NADPH and ATP and the rate of the
Rubisco reaction may become limited by the sup-
ply of RuBP. Farquhar (1979) showed that the par-
titioning of RuBP to carboxylation and oxygena-
tion follows the same kinetics (Eq. 9.3) under
limiting RuBP supply. The consumption rates of
ATP and NADPH required to regenerate RuBP
at the rate of (1 + ¢)V. were derived from the
stoichiometries given in Fig. 9.1. Summing the
requirements,

the rate of NADPH consumption = (2 + 2¢) V.
(9.10)
and

the rate of ATP consumption = (3 + 3.5¢) V.
(9.11)
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(Berry and Farquhar, 1978; Farquhar et al.,
1980; Farquhar and Von Caemmerer, 1982;
Von Caemmerer, 2000).

The reduction of NADP"™ to NADPH 4 H*
requires the transfer of two electrons through
the whole electron transport chain. The rate of
whole chain electron transport, required to regen-
erate RuBP can be calculated from the rate of
NADPH consumption (Eq. 9.10) as:

(4 +4¢)V. = (4+8I*/C)V. (9.12)

and the electron transport limited rate of RuBP
regeneration is given by

J
(448r+/C)’

where J is the potential electron transport rate,
which depends on irradiance.

Light driven electron transport is coupled to
the transfer of protons across the thylakoid mem-
brane into the lumen, but neither the stoichiome-
try of the H* /e~ ratio or the number of protons
required to generate one ATP are known with cer-
tainty and may well be flexible. We therefore use
the NADPH limited expressions in this chapter.
For a more detailed discussion on the formulation
for an ATP limited rate of electron transport see
Von Caemmerer (2000) or Yin et al. (2004) and
Chapter 11 by Xinyou Yin, Jeremy Harbinson and
Paul Struik of this book.

Substituting W; for V. in Eq. (9.6) yields an
expression for the RuBP regeneration (or electron
transport) limited rate of CO, assimilation:

(=1
17 4C 4+ 8T

The CO, dependence of A; is shown in Fig. 9.2
by the dotted line. Here the assumption is
made that chloroplast electron transport rate is
limiting the rate of RuBP regeneration rather
than the enzymes involved in the regeneration
of RuBP such as FBPase or SBPase. Stud-
ies with transgenic tobacco plants with anti-
sense reductions in the content of chloroplast
cytochrome bf complex show a close linear
relationship between the cytochrome bgf con-
tent and CO, assimilation rate, in support of
this hypothesis (Price et al., 1995, 1998; Ruuska
et al., 2000a; Baroli et al.,, 2008) and an
example is shown in Fig. 9.3. Studies with

(9.13)

j =

Rq. (9.14)

o wild type

N
]
O 251 anti-bgf °
©
=l °
= 20
N L]
R
2% 15} °
s = o
c
1S 0]
£2 10f ©
% @5 o
5 -
O (@]
0
0 2 4 6 8 10 12
Cytochrome bgf content
(relative units)
Fig. 9.3. CO, assimilation rate versus chloroplast

cytochrome bgf content in wild type and transgenic tobacco
with an antisense construct against the Rieske FeS protein

of the chloroplast cytochrome bef complex. Gas exchange

measurements were made at 1,000 umol quanta m~2s~!,

700 ubar CO; and a leaf temperature of 25°C (data from
Ruuska et al., 2000a)

transgenic plants with reductions in GAPDH,
FBPase, SBPase, and phosphoribulokinase have
also confirmed that assuming an electron trans-
port limitation is a reasonable assumption under
most circumstances (Stitt and Sonnewald, 1995;
Raines, 2003). However there are also some
studies that show enhanced CO, assimilation
rates in transgenic plants overexpressing SBPase
(Miyagawa et al., 2001; Lefebvre et al., 2005;
Feng et al, 2007; Chapter 15 of this book
by lan E. Woodrow). It is possible to write
expressions for limitations of CO, assimilation
rate by any of the enzymes involved in RuBP
regeneration following the stoichiometries given
by Farquhar and Von Caemmerer (1982), Brooks
and Farquhar (1985) and Von Caemmerer (2000).
It is important to note that if these reactions
were limiting CO, assimilation rate the CO,
dependence would be different to that if electron
transport limited the rate.

C. Light Intensity Dependence of Electron
Transport Rate

At present the following empirical equation
(Farquhar and Wong, 1984) is used to link poten-
tial electron transport rate, J, to irradiance:
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0% — J (I + Jmax) + DJmax =0,  (9.15)

where I, is the useful light absorbed by PS II
and Ju.x is the maximum electron transport rate
and 6 is an empirical curvature factor (0.7 is a
good average value, Evans, 1989). [, is related to
incident irradiance I by

L=1-abs-(1— f)/2. (9.16)

In sunlight the absorptance (abs) of leaves is
commonly about 0.85 and f is to correct for
spectral quality of the light (f ~ 0.15, Evans,
1987). Ogren and Evans (1993) give a detailed
discussion of the parameters of Eq. (9.16). The
denominator 2 is because we assume half the light
absorbed needs to reach each photosystem. The
equation can be solved for J as follows

_ 12 + Jmax - \/(12 + Jmax)2 - 4912Jmax

J
26

(9.17)

This equation is a non-rectangular hyperbola with
a smooth transition from light limitation (J =
I;) to light saturation (J = Jpax), where Jpax
is an upper limit to potential chloroplast elec-
tron transport determined by the components of
the chloroplast electron transport chain. Support
for this hypothesis of a limitation on the maxi-
mum capacity for RuBP regeneration is shown
in Fig. 9.3 where CO, assimilation rate mea-
sured at high pCO, and high irradiance is corre-
lated with the amount of cytochrome bgf content
in tobacco plants were cytochrome bgf content
has been reduced via antisense techniques (Price
et al., 1998; Ruuska et al., 2000a; Baroli et al.,
2008).

D. Export Limited CO» Assimilation Rate

At high CO, partial pressure, particularly in com-
bination with high irradiance, or low O, partial
pressure or at low temperatures, the rate of CO,
assimilation can sometimes be limited by the rate
at which triose phosphates are utilized in the syn-
thesis of starch and sucrose. Then

W, =3T,/(1-TI"/C) (9.18)
and CO,; assimilation rate is given by
Ap = 3T, — Ry, (9.19)
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where T, is the rate of inorganic phosphate supply
to the chloroplast, and equal to the triose phos-
phate export from the chloroplast (Farquhar and
Von Caemmerer, 1982; Sharkey, 1985b; Harley
and Sharkey, 1991). Under these conditions A
is insensitive to changes in CO, and O, partial
pressure. For a detailed discussion see Harley and
Sharkey (1991).

E. Summary of Rate Equations

Equations (9.8), (9.13), (9.18) describe the basic
C; model with

A=(1-r"/C) min{W, W, W,} — Rq,
(9.20)
or using Egs. (9.9), (9.14), (9.19)

A =min {A., A, Ap}, (9.21)
when C > I'*. This is illustrated in Fig. 9.2 for
wild type tobacco where the solid line shows the
actual rate of CO, assimilation and the dashed
line is the Rubisco limited rate A., and the dot-
ted line is the electron transport limited rate A;.
A phosphate limitation rate for A, is not shown
in this example (but see Von Caemmerer, 2000;
Long and Bernacchi, 2003; Chapter 10 of this
book by Carl J. Bernacchi, David Rosenthal,
Carlos Pimentel, Stephen P. Long and Graham D.
Farquhar).

In this form the model has discontinuities at
the transitions between the different limitations.
This can provide mathematical problems when
the model is used as a submodel in other applica-
tions. The discontinuities can be smoothed using

quadratic expressions (Kirschbaum and Farquhar,
1984; Collatz et al., 1991).

lll. Parameters and their Temperature
Dependencies

Depending on the application of the model most
of the parameter values can be assigned a priori
leaving only Vinax and Ji. and g; (the conduc-
tance to CO; diffusion from intercellular airspace
to the chloroplast, discussed in the next section)
to be assigned anew.
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A. Rubisco Kinetic Constants

Kinetic constants of Rubisco are similar amongst
C; species and it is common to use the same
K., K,, and S/, for all higher plant C3 species.
There are however reports of variation of Rubisco
kinetic parameters which may need to be consid-
ered in some applications of the model, although
very few complete data sets exist at present (Sage,
2002; Galmes et al., 2005; Tcherkez et al., 2006;
Kubien et al., 2008). Farquhar et al. (1980) used
constants derived from in vitro measurements by
Badger and co-workers. Von Caemmerer et al.
(1994) used transgenic tobacco with reduced
amounts of Rubisco to determine Rubisco kinetic
constants in vivo at 25°C (Table 9.1). These
values were in good agreement with in vitro
measurements made in tobacco (Whitney et al.,
1999). Brooks and Farquhar (1985) measured
I'* as a function of temperature and found that
spinach had a slightly higher value than wheat,
a result borne out by subsequent specificity mea-
surements in vitro (Kane et al., 1994). It is impor-
tant to note that S, K. and K, are linked
(Eq. 9.3) to assure consistency when assigning
values.

The maximum rate V..« is dependent on the
amount and the activation state of Rubisco pro-
tein present in the leaf and will vary from leaf to
leaf. Rubisco has a molecular weight of 550 kDa
and eight catalytic sites per molecule. To be cat-
alytically competent Rubisco’s sites must be acti-

Table 9.1. Photosynthetic parameters at 25°C and their
activation energies E

E (kJ mol™ 1)
2602(267)Y  59.36°(80.99)°

Parameter Value
K¢ (ubar)

K, (mbar) 179%(164) 35.94 (23.72)
Sc/0 (mol/mol) 97.52
S¢/o (bar/bar) 2,585

y* (bar/bar) (0.5/S¢/0) 0.0001935 23.4
I'* (ubar CO2, 200 mbar Op) 38.6%(36.9) 23.4 (24.6)

Vemax (Umol m—2s~1) 804 58.52
R4 (umol m2s~h) 14 66.4
Jinax (Umol m~2s~1) 1609 37

H (kJ mol™ 1) 220

STK 'mol™) 710

4 (Von Caemmerer et al., 1994)

b Numbers in brackets are taken from Bernacchi et al. (2002)
assuming an average atmospheric pressure of 987 mbar in
Urbana Illinois

¢ Activation energies used by Farquhar et al. (1980)

4 Varies dependent on photosynthetic capacity of the leaf

vated. This requires the carbamylation of a lysine
residue within the catalytic site to allow the bind-
ing of a Mg+ (rev. Andrews and Lorimer, 1987).
In C; species Rubiso has a catalytic turnover rate
of approximately 3.5 s~! per site and thus 1 g m—>
of Rubisco has a Vyax of 51 umol m—2 s~ when
all sites are carbamylated.

It was shown early on with the first gas
exchange measurements that the temperature
dependencies of Rubisco’s carboxylation and
oxygenation rates are reflected in the tempera-
ture dependency of the CO, assimilation rates of
leaves (Bjorkman and Pearcy, 1971; Bjorkman
et al., 1980). The need for accurate estimates of
the temperature dependencies of Rubisco kinetic
parameters has become more urgent as mathe-
matical modelers try to predict the impact of
increasing global CO, concentrations and tem-
peratures (Bowes, 1991; Long, 1991; McMurtrie
and Wang, 1993; Whitehead et al., 2001; Medlyn
et al., 2002; Lloyd and Farquhar, 2008). The tem-
perature dependence of the kinetic constants can
be described by an Arrhenius function of the form

Parameter(T) = Parameter(25°C)
x exp [(t — 25) E [(298R (273 +1))], (9.22)

where R (8.31TK~! mol™") is the universal gas
constant and ¢ is temperature in °C (Badger
and Collatz, 1977). Using the Arrhenius func-
tion to describe temperature dependencies of
the photosynthetic processes is a semi empir-
ical approach, but allows for easy comparison
between studies. The Q¢ function has also been
used to approximate the temperature dependence
of these kinetic constants (Woodrow and Berry,
1988). Table 2.2 in Von Caemmerer (2000) pro-
vides a comparison of experimental measure-
ments of the in vitro temperature dependencies
of Rubisco kinetic constants. Temperature depen-
dencies were also reviewed by (Medlyn et al.,
2002). Bernacchi and co workers using a similar
approach to Von Caemmerer et al. (1994) deter-
mined the temperature dependence of I'*, K,
and K, in vivo in transgenic tobacco with
reduced amounts of Rubisco (Bernacchi et al.,
2001, 2002; Chapter 10) and these are shown in
Table 9.1. They are surprisingly similar to the ini-
tial temperature dependencies used by Farquhar
etal. (1980), except that K has a greater apparent
activation energy.
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Throughout this chapter, the values of chloro-
plastic CO, and O,, K. and K, are given in
units of partial pressure. The chemical activity of
a dissolved gas is proportional to its gas phase
(vapor) pressure and thus the partial pressure of
a gas existing in equilibrium with that in solution
is a better measure of its chemical activity than
dissolved concentrations (Badger and Collatz,
1977). The main difference between the use of
gas phase units of partial pressure and that of dis-
solved concentrations (UM) arises when temper-
ature dependencies are considered. If dissolved
concentrations are used the temperature depen-
dencies of the solubility of the dissolved gas need
to be considered.

B. Parameterization of Chloroplast Electron
Transport Rate

To parameterize the RuBP regeneration limited
rate of CO, assimilation, I"* and the light depen-
dence of potential electron transport rate need to
be considered (Eq. 9.15). Values of absorptance
and the curvature factor 6 have only a very small
temperature dependence and can be assigned a
priori with the values given in Egs. (9.15), (9.16)
(Bernacchi et al., 2003). The only parameter that
needs to be newly assigned is the maximum elec-
tron transport rate Jp.c. We assume that Jp,x
depends on the amount of thylakoid components
such as the cytochrome bgf complex for exam-
ple and is dependent on the amount of thy-
lakoid protein present (Fig. 9.3). Jiax 1S given in
umol e~ m~2 s~! and the ratio of Jiax t0 Vemax 1S
usually between at 1.5-2 at 25 °C (Wullschleger,
1993; de Pury and Farquhar, 1997).

The dependence of J,,x on temperature has
been estimated in vitro with isolated thylakoids
(Armond et al., 1978; Bjorkman et al., 1980;
Sage et al., 1995; Cen and Sage, 2005; Yamori
et al., 2008). Farquhar et al. (1980) used the data
of Nolan and Smillie (1976) to determine the
parameters E, S, H in the following empirical
expression:

Jmax = Jmax (25°C) exp (

[+ (%]
[1-+ e (V)]

(T —298)E
298RT

(9.23)
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Fig. 9.4. Gross Oy evolution as a function leaf tempera-
ture measured on leaf discs of tobacco as 'O, evolution
at 1,700 umol quanta m~2s~!, 1.5% CO,. Measurements
were made as described by Ruuska et al. (2000b) and data
are redrawn from Badger et al. (2000). The data were fitted
with Eqgs. (9.23) and (9.24) and E = 44.72kI mol~!, H =
210kI mol™!, § = 673 K~ mol~! and gross O evolution
of 50 umol m~2s~! at 25°C. These measurements and the
fit are compared with the temperature dependence of Jimax
(Eq. 9.23) used by Farquhar et al. (1980), expressed here
as gross Oy evolution normalized to the value at 25°C.
Parameters are given in Table 9.1

where 7 is in °K. This equation is shown in
Fig. 9.4 with parameters listed in Table 9.1.
The parameters S and H are the entropy and
enthalpy of a hypothetical equilibrium between
an active and inactive form of the limiting com-
ponent of electron transport, E is the appar-
ent activation energy for low temperature limited
electron transport. Discussions on the origins of
Eq. (9.23) can be found in several publications
(Tenhunen et al., 1976; Hall, 1979; Farquhar
etal., 1980; Von Caemmerer, 2000; Medlyn et al.,
2002). Acclimation of the thylakoid membrane
can occur when plants are grown at different
temperatures, shifting the temperature optimum
(Berry and Bjorkman, 1980; Bjorkman et al.,
1980; Sage et al., 1995; Yamori et al., 2008). It
is therefore useful to have an equation for the
temperature optimum:
Tow=H[S+RIn(H/E—-1)]. (9.24)
Equations (9.23) and (9.24) can be used together
to fit temperature response curves of in vivo or
in vitro measurements of electron transport rate.
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An example of measurements of actual electron
transport rate is shown in Fig. 9.4. In this case
the actual electron transport rate was measured
as '°0, evolution at high pCO, and high light
intensity in tobacco leaf discs (Badger et al.,
2000; Ruuska et al., 2000b). Other temperature
dependencies have been given using empirical fit-
ting functions (Kirschbaum and Farquhar, 1984;
Bernacchi et al., 2003; June et al., 2004; Yamori
et al., 2008). It needs to be borne in mind that
many of the temperature dependencies derived
for Jp.x 1n vitro may not represent true temper-
ature dependencies of maximal electron transport
rate in vivo as downstream reactions in carbon
metabolism can exert feedback inhibition on elec-
tron transport (Woodrow and Berry, 1988). There
is concern that the steep decline in Jy,x at high
temperature may be an artifact of the in vitro
measuring system. However, Yamori et al. (2008)
compared the temperature dependence of Jp.x
estimated in vivo from measurements of CO,
assimilation rate at high CO, with in vitro mea-
surements and found close agreement over a wide
temperature range except at the lowest and high-
est temperatures. Bernacchi et al. (2003) found
that J estimated from gas exchange could be fit-
ted with a simple exponential function and did
not saturate in high temperature grown tobacco.
A simpler empirical form was introduced by June
et al. (2004):

_(Q—%)z
J(n)=J(t)e \ 2 ), (9.25)

where 7 is the leaf temperature (°C), J(t,) is
the rate of electron transport at the optimum
temperature f,, and 2 is the difference in
temperature from 7, at which J falls to e ™! (0.37)
of its value at ¢,.

IV. The Role of Rubisco Activation State

One of the concerns in modeling Rubisco lim-
ited CO, assimilation rate is if and how to incor-
porate a function for the variation of Rubisco
activation state. To function, Rubisco’s catalytic
sites must be activated through the reversible car-
bamylation of a lysine residue within the site,
followed by the rapid binding of an essential
Mg>* (Andrews and Lorimer, 1987). It is pos-
sible to measure both Rubisco activity and the

carbamylation state of Rubisco in leaf extracts
(Butz and Sharkey, 1989). In vitro studies of
Rubisco activation kinetics suggest that the equi-
librium carbamylation in the absence of RuBP
would be less than 25% at the pH, Mg2+, and CO,
concentrations thought to occur in the chloro-
plast (Lorimer et al., 1976). Furthermore, when
RuBP was present in vitro assays, it appeared to
block carbamylation by binding tightly to non-
carbamylated sites (Jordan and Chollet, 1983).
These in vitro difficulties in Rubisco carbamyla-
tion are eliminated in vivo by the presence of a
second protein, Rubisco activase (Portis, 2003).
Activase requires ATP hydrolysis to function and
removes sugar phosphates from carbamylated and
uncarbamylated Rubisco sites, thereby promot-
ing carbamylation (Andrews et al., 1995; Portis,
2003). In vivo Rubisco activation state has been
shown to vary with irradiance, temperature and
pCO, (Von Caemmerer and Quick, 2000; Weis
and Berry, 1988; Salvucci and Crafts-Brandner,
2004a). Although Rubisco is frequently observed
to be fully active at high irradiance, ambient
pCO, and moderate temperatures (Von Caem-
merer and Edmondson, 1986) its activation state
can decline steeply at high temperature (Weis
and Berry, 1988; Crafts-Brandner and Salvucci,
2000; Cen and Sage, 2005; Yamori et al., 2006b).

A. Variation of Rubisco Activation with Light
and pCO,

Von Caemmerer (2000) reviewed the role
Rubisco activation state may play in modeling
C; photosynthesis with variation in irradiance
and pCO,. At low pCO, Rubisco can be almost
fully carbamylated even at low light whereas
it declines at high pCO, (Sage et al., 1990;
Von Caemmerer and Quick, 2000). Sage (1990)
therefore suggested that Rubisco’s activation state
was lowered only under conditions where RuBP
regeneration rate was limiting CO, assimilation
rate. If this is the case Rubisco activation state
would not need to be introduced as a separate
variable into the model equations. There is
some support for this hypothesis in gas exchange
measurements which show that the initial slope of
the CO, response curve is frequently independent
of irradiance down to quite low irradiance levels
(Brooks and Farquhar, 1985; Evans, 1986; Sage
etal., 1990). At low pCO, the capacity for RuBP
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regeneration exceeds the carboxylation capacity
and presumably the transthylakoid ApH as well
as the ATP/ADP ratio are likely to be high, which
in turn may translate into a greater activase
activity. In the same vein, the carbamylation
state was found to be high at low irradiance
and ambient pCO; in transgenic tobacco plants
with reduced amount of Rubisco compared to
wild type plants (Quick et al., 1991), whereas
transgenic tobacco with reduced cytochrome
bef content had reduced carbamylation levels
compared to wild type (Price et al., 1998; Ruuska
et al., 2000a). The complex dependence of
activation on pCQO,; and irradiance illustrates that
Rubisco carbamylation is no simple function of
irradiance. The results with transgenic plants
suggest some interaction between Rubisco
activation state and the balance between potential
electron transport rate and Rubisco carboxylation
rate as had been suggested by Sage (1990).

B. Variation of Rubisco Activation
with Temperature

Experiments with a variety of species have estab-
lished that Rubisco activation state declines with
increasing temperature at ambient pCO, (Weis,
1981; Weis and Berry, 1988; Feller et al., 1998;
Crafts-Brandner and Salvucci, 2000; Haldimann
and Feller, 2004, 2005; Salvucci and Crafts-
Brandner, 2004a; Yamori et al., 2006b). It is
thought that Rubisco is inactivated at high
temperature due to heat induced inactivation
of Rubisco activase which regulates Rubisco
activation state (Salvucci and Crafts-Brandner,
2004a, b). Cen and Sage (2005), who exam-
ined the interaction of pCO, and temperature
on Rubisco activation in sweet potato, found
Rubisco activation states to be greater at low
compared to high pCO, at all temperature. There
is at the moment no complete information on
how temperature, pCO, and irradiance inter-
act to modulate Rubisco activation and clearly
more research is required to establish the under-
lying mechanisms. If both Rubisco activation
and electron transport are reduced as was sug-
gested by the study of Yamori et al. (2006b) then
Rubisco activation state may need to be intro-
duced as an extra variable in Egs. (9.8) and (9.9).
Sellers et al. (1996a) introduced the following

219

equation for Rubisco activation as a function of
leaf temperature:

ar = 1/(1 + 60'3(T’_S2)),

where ag is the fraction of Rubisco that is active
and S, is a temperature at which half of the
Rubisco is inactive. S, varies from 303 K for
needle leaf conifers to 313 K for tropical ever-
green trees (Table 5 in Sellers et al., 1996b).
This equation has similar properties to Eq. (9.23)
and can be applied equally well to Ji,,x. There is
little empirical difference between assuming that
Jmax Or Rubisco activation limits photosynthesis
at high temperature and ambient pCO, since both
activities have similar sensitivity to temperature,
but there may be subtle differences in the sim-
ulated response under low or high pCO, condi-
tions. The models of Collatz et al. (1991) and
Sellers et al. (1996a) assume that Rubisco acti-
vation is most limiting.

(9.26)

V. Estimating Chloroplast pCO,

To examine the biochemistry of photosynthe-
sis in leaves ideally one would like to measure
CO, assimilation rate in relation to chloroplast
CO, partial pressures, as this is the CO, pres-
sure determining the Rubisco carboxylation. It
is common practice to calculate the CO, partial
pressure in the sub-stomatal cavities (referred to
as intercellular CO, partial pressure) from water
vapor exchange measurements. This eliminates
an important variability, as stomatal conductance
varies as stomata themselves respond to CO, and
irradiance and this has become a standard refer-
ence CO, (Von Caemmerer and Farquhar, 1981).
However measurements of carbon isotope dis-
crimination concurrently with gas exchange mea-
surements have shown that there is a substantial
drop in pCO, from intercellular airspace to the
chloroplast which needs to be considered (Evans
et al., 1986; Evans and Von Caemmerer, 1996).
Evans and Von Caemmerer (1991) assumed that
the CO, transfer conductance from the sub-
stomatal cavities to the sites of carboxylation in
the chloroplast, g;, would be constant for a leaf
since it is to a large degree related to the anatomy
of the leaf such as the chloroplast surface area
appressing intercelluar airspace. The explicit
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inclusion of a constant CO, transfer conductance,
gi, from the sub stomatal cavities to the car-
boxylation sites leads to a quadratic relationship
between CO, assimilation rate, A and the inter-
cellular CO, partial pressure, C;. The relationship
between A and g; is given by

A =g (CG—-Cy), 9.27)
and solving for C. and combining with Eq. (9.9)
or Eq. (9.14) one obtains the following two
quadratic equations:

ACZ_AC {gi (Ci+Kc (] +0/K0))+chax+Rd}
+gi{vcmax (Ci_F*)
~ Ri(Cit K. (1+0/K.))} =0
(9.28)
and

A —Aj{g (Ci+2I*)+J [4+ Ry}
+&{(Ci—TI") J/4
— R4 (C;+2I'*)} = 0.

(9.29)

The presence of a significant internal diffusion
resistance to CO, affects both the quantitative
relationship between CO, assimilation rate and
maximal Rubisco activity and the shape of the
CO, response curve. The internal conductance to
CO; has been estimated in various ways: by con-
current measurements of carbon isotope discrim-
ination (Evans et al., 1986; Von Caemmerer and
Evans, 1991; Evans and Von Caemmerer, 1996;
Hanba et al., 2004; Yamori et al., 2006a), by com-
bined measurements of chlorophyll fluorescence
and gas exchange (Evans and Von Caemmerer,
1996; Bernacchi et al., 2002; Flexas et al., 2006,
2007a; Warren and Dreyer, 2006; Warren, 2007)
or by fitting Egs. (9.27) and (9.28) to CO,
response curves (Ethier and Livingston, 2004;
Ethier et al., 2006; Sharkey et al., 2007). There
is active research in examining the temperature
response of g; and it appears that g; increases
with temperature but there is species to species
variation in this response (Bernacchi et al., 2002;
Warren and Dreyer, 2006; Yamori et al., 2006a).
A review of temperature dependencies was given
by Warren (2008). There has been a recent report
that suggests that g; may vary with both pCO,
and irradiance, which would make the approach
of deriving g; from a fit of Eqgs. (9.28) and (9.29)
invalid (Flexas et al., 2007a).

VI. Predicting Photosynthesis
from Chloroplast Biochemistry

A. Environmental Responses

The model provides predictions on how the CO,
assimilation rate varies with pCO,, pQO,, irra-
diance and temperature. Many of these predic-
tions were discussed by Farquhar et al. (1980)
and one such example is given in Fig. 9.5, which
shows the predicted CO, assimilation rate at dif-
ferent irradiances and pCO,. The model pre-
dicts that CO, assimilation rate is independent of
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Fig. 9.5. (a) Modeled CO, assimilation rate (solid lines) as a
function of chloroplast pCO; at three different irradiances.
The extensions of the Rubisco limited rate A (dotted line)
and the electron transport limited rate A; (dashed lines) are
also shown. Parameters used are given in Table 9.1. Leaf
temperature was assumed to be 25 °C and pO; = 200 mbar.
(b) Modeled CO; assimilation rate (solid lines) as a function
of irradiance at three different chloroplast pCO,. The elec-
tron transport limited rates A;j (dashed lines) are also shown.
Other details are as in (a)
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irradiance (except at very low irradiance) at low
pCO, where CO, assimilation rate is limited by
(in this case) fully active Rubisco, whereas at high
pCO; it is determined by the electron transport
limited rate. This suggested that the initial slope
of the CO, assimilation rate vs. pCO; curve can
be quantitatively related to V..« as was done by
Von Caemmerer and Farquhar (1981). The mod-
eled irradiance response curves predict that the
light saturation of CO, assimilation rate depends
on pCO,, a fact which is often ignored. Model
predictions can be tested by gas exchange mea-
surements and are useful in planning experiments
(Von Caemmerer and Farquhar, 1981). The model
also predicted the measured changes in quantum
yield with pCO, and temperature (Ehleringer and
Bjorkman, 1977), the linear dependence of the
CO, compensation point on O, partial pressure
(Laing et al., 1974) and its dependence on respi-
ration rate (Farquhar and Von Caemmerer, 1982).
The ability of the model to accurately predict
variation of CO, assimilation rate with temper-
ature will depend on gaining a better understand-
ing of the modulation of Rubisco activation state
with temperature (see Section V.B.)

B. Photosynthesis for Photosynthetic Mutants

Recent advances in chloroplast transformation
have made it possible to engineer tobacco
expressing mutant Rubiscos (Whitney et al.,
1999; Whitney and Andrews, 2003). Using the in
vitro kinetic constants of those Rubiscos it was
possible to use the model to predict the charac-
teristics of the expected CO, assimilation rate
of these plants (Fig. 9.6). Whitney et al. (1999)
also used the model in the reverse direction
and predicted Rubisco kinetic properties from
gas exchange measurements. This example high-
lights the predictive power of the model. An ele-
gant application of the model to the question of
how will canopy photosynthesis be affected if we
could engineer plants with different Rubiscos was
given by Zhu et al. (2004), exemplifying the use
of the model to answer a “what if”” question.

C. Integration of the Leaf Photosynthesis Model
with Stomatal Models

Photosynthesis and transpiration by leaves in
nature is determined by the photosynthetic activ-
ity of the mesophyll cells within the leaf and by
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Fig. 9.6. CO; assimilation rate, A, as a function of inter-
cellular pCO; for a leaf of a wild type (e), transgenic
tobacco with a mutant Rubisco where the Leu335 was
changed to a Val (o), transgenic tobacco where native
Rubisco was replaced by Rubisco from Rhodospirillum
rubrum (¢). Measurements were made at an irradiance
of 1,000 umol quanta m~2s~! and a leaf temperature of
25°C at pOy = 200 mbar. The lines are A predicted from
the Rubisco limited rate (Eq. 9.9). For the L335 mutant
tobacco Vemax = 37 wmol m2s7 ! K. = 318 ubar, K, =
55.6mbar, I'* = 140pbar and Ry =2.5umolm 2s~!.
For the R. rubrum tobacco mutant Vimax = 42 umol
m~2s™!, K.=4,461ubar, K, = 126mbar, I'* =415
pbar and Rq = 1pmol m=2s~! (Whitney et al., 1999;
Whitney and Andrews, 2001; Mueller-Cajar et al., 2007)

the diffusive conductance of the epidermis that
separates the intercellular air space from the sur-
rounding atmosphere. Diffusion may be thought
of as the supply function and biochemical pro-
cesses as the demand function for CO, and the
pCO, within the intercellular air spaces of the
leaf'is determined by the interaction of supply and
demand. Figure 9.7 shows a graphical solution for
the intercellular pCO; at which the rate of diffu-
sion of CO; into the leaf exactly matches the rate
of CO, uptake by the leaf cells. Given a value for
conductance, the ambient pCO,, and the inputs
required for the biochemical model, one can
develop an analytical solution or use a computer
program to seek the intercellular pCO, that satis-
fies both the supply and demand functions.

The biochemical model has been widely used
in this way to examine physiological responses
of leaves in natural environments (e.g. Tenhunen
et al., 1994). However, a major limitation of this
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Fig. 9.7. CO, assimilation rate, A, versus intercellular
pCO,. The solid line indicates the “demand function” the
dependence of A on intercellular pCO;. The dashed line
indicates the “supply function”, the equation describing the
gaseous diffusion of CO, from the atmosphere to the inter-
cellular spaces. In this diagram the pCO, at the site of
carboxylation is assumed to be equal to the pCO; in the
intercellular space

approach is that conductance itself is a dynamic
and regulated property of the leaf. Variation of
conductance can have very profound effects on
energy and water exchange by leaves in nature,
modifying not only the intercellular pCO,, but
also the physical environment (principally tem-
perature and water potential) of the mesophyll
cells. Therefore, an understanding of the full
extent of physiological control of photosynthesis
and transpiration of leaves in nature requires a
second model capable of predicting stomatal con-
ductance that could be coupled to the photosyn-
thesis model.

Models of stomatal response to environmen-
tal variables had long been available (e.g. Jarvis,
1976; see also Collatz et al., 1991), but these
considered conductance as separate from photo-
synthesis and proved difficult to integrate with a
photosynthesis model. Systematic measurements
of stomatal conductance and photosynthesis to
changes in light, pCO,, leaf temperature and
atmospheric humidity were used by Ball et al.
(1987) to develop an empirical relationship for
stomatal conductance as a function of CO, assim-
ilation rate:

g=m-A- h/Cs+b, (9.30)

where m and b are regression coefficients, A is
the rate of net CO, assimilation, and A and C;

are the partial pressure of water vapor and CO,
at the surface of the leaf — inside the laminar
boundary layer. It is of interest that without some
independent means of predicting the rate of pho-
tosynthesis, the Ball et al. model would have no
predictive value. On the other-hand, when used
together with a photosynthesis model the terms
for the response to temperature, light intensity
and leaf to leaf variation in humidity deficit and
water potential used in other models of stom-
atal conductance (e.g. Jarvis, 1976) are subsumed
in the response of A to these variables, mak-
ing it easier to combine these models. This link-
age of stomatal conductance to A was indicated
by Wong et al. (1979, 1985), who showed that
stomatal conductance of leaves during steady-
state photosynthesis is strongly correlated with
the rate of CO, assimilation, and it is consistent
with the theoretical arguments on optimal control
of stomatal conductance proposed by Cowan and
Farquahr (1977).

Ball (1988), Tenhunen et al. (1990), Leuning
(1990), Collatz et al. (1991, 1992) and Harley
et al. (1992) developed coupled models of photo-
synthesis, transpiration and the leaf energy bud-
get using the Ball et al. (1987) stomatal model
and the Farquhar et al. (1980) photosynthesis
model. Lloyd and Farquhar (1994) and Leuning
et al. (1995) have developed alternative stomatal
models for use in coupled model systems. These
coupled models are now widely used to simulate
carbon, water and energy exchange at the scale of
fields (de Pury and Farquhar, 1997) ecosystems
(Colello et al., 1998) and the globe (Randall et al.,
1996).

Baldocchi (1994) proposed an analytical solu-
tion to a coupled system of models arguing that
iterative solutions were unreliable. One factor
contributing to this problem is that the approach
of taking the minimum of the rates of the poten-
tial biochemical processes leads to discontinuities
or “breaks” in the response curve at the transi-
tions from one factor to the next (Fig. 9.1). Col-
latz et al. (1991) addressed this problem by using
quadratic equations of the form

0J> —J(J, + L)+ 11 J, =0, (9.31)
where the value of J obtained from the root is the
minimum of J; and J, with a smooth transition
between these with a curvature in the transition
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defined by the parameter, (1 < 6 > 0). Two
quadratic equations can be used in sequence
to select among three potential limitations. The
C; and C4 models presented by Collatz et al.
(1991, 1992) are structured such that expressions
for the potential limiting processes unique to
each pathway are processed by identical quadratic
expressions making it possible to easily switch
between pathways in the same subroutine. This
approach yields very similar answers to the orig-
inal Farquhar et al. implementation with continu-
ous functions of net CO, assimilation leading to
robust iterative solutions.

D. Canopy Photosynthesis

Leaf models are now commonly used as a basis
for simulating the water, carbon and energy
exchange of plant canopies consisting of mil-
lions of leaves. Calibration of these models is
largely based on leaf scale measurements with
only limited constraint from measurements such
as eddy correlation at the scale of application.
The accuracy of such models is therefore highly
dependent on the assumptions used in integrat-
ing from the leaf to the canopy scale. Hetero-
geneity in the thermal, aerodynamic and light
climates within the canopy is important as is the
corresponding heterogeneity in the property of
leaves that develop in different positions within
the canopy. This is a complex area that is beyond
the scope of this review. The reader is referred
to papers by de Pury and Farquhar (1999), Wang
and Leuning (1999), Baldocchi et al. (2002) and
to Chapter 16 by Ulo Niinemets and Niels P. R.
Anten and Chapter 18 by Manfred Kiippers and
Michael Pfiz. Interestingly, this has become an
important approach for simulating the conduc-
tance of vegetated land surfaces to water vapor.
This is a critical parameter controlling the parti-
tioning of absorbed radiation to sensible heat or
evaporation of water — an important driver of the
physical climate system. The reader is referred to
Sellers et al. (1997) for a review of this topic.

VII. Predicting Chloroplast Biochemistry
from Leaf Gas Exchange

The C5; model is most often used to infer chloro-
plast biochemistry from gas exchange measure-
ments (Ainsworth et al., 2002; Leuning, 2002;
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Medlyn et al.,, 2002; Long and Bernacchi,
2003; Ethier and Livingston, 2004; Sharkey
et al.,, 2007). Von Caemmerer and Farquhar
(1981, 1984) compared in vitro measurements
of Rubisco activity and chloroplast electron
transport with gas exchange measurements and
showed that they could be quantitatively related
to gas exchange measurements made in Phaseo-
lus vulgaris grown under different environmental
conditions. It is often easier to infer leaf bio-
chemistry from gas exchange measurements than
make the required in vitro measurements espe-
cially since it is difficult to extract functional
enzymes from many species. Long and Bernacchi
(2003) provide an excellent review and discussion
of how to best make these measurements. A rou-
tine that facilitates the fitting of gas exchange data
has been provided by Sharkey et al. (2007).

It is possible to determine whether RuBP
regeneration capacity (including electron trans-
port capacity) limits CO, assimilation rate from
measurements of CO, responses and calculations
of the RuBP regeneration rate, as well as other
fluxes, such as of FBP formation and consump-
tion and electron transport rate required to sup-
port measured CO, assimilation rates (Farquhar
and Von Caemmerer, 1982; Brooks and Farquhar,
1985; Von Caemmerer and Quick, 2000). An
example is solving for the actual electron trans-
port rate J, using Eq. (9.14) as was done by Von
Caemmerer and Farquhar (1981). It can be seen
(Fig. 9.8) that J, calculated form A increases with
increasing intercellular pCO, and then becomes
constant at higher C;. A constant J, can be taken
as an indication of an electron transport limitation
(although some caution is needed, especially at
high irradiance, as other components of RuBP
regeneration have the same relative dependencies
on pCO, and pO,). Triose phosphate limitation
may also occur at high pCO,, but should cause
Ja to decrease with increasing pCO,. Note that
CO, assimilation rate continues to increase with
increasing C; as energy consumption is diverted
from photorespiration to carboxylation. The cal-
culated electron transport rate was confirmed
with concomitant measurements of the quantum
yield of PS II (¢psy) from chlorophyll fluores-
cence, which is proportional to chloroplast elec-
tron transport rate at a given irradiance (Genty
etal., 1989).

Combined measurements of gas exchange and
chlorophyll fluorescence have become a popular



224 Susanne von Caemmerer, Graham Farquhar and Joseph Berry

Aand J,/4 (umol m2s7T)

Dpg

0.1 -

0.0 L | L | L | L | L
0 200 400 600 800 1000

Intercellular pCO, pbar

Fig. 9.8. (a) CO; assimilation rate, A, and calculated actual
chloroplast electron transport rate, J,/4, as functions of
intercellular pCO, for a tobacco leaf. Measurements were
made at an irradiance of 1,000 umol quanta m~2s !, leaf
temperature of 25°C and pO,; = 200 mbar. J,/4 was cal-
culated from CO; assimilation rate by estimating chloro-
plast pCO; from Eq. (9.26) with an internal conductance
gi = 0.3mol m~2 s~ ! bar~! (data from Hudson et al., 1992).
(b) The quantum yield of PS II (®Ppgsy) estimated from
chlorophyll fluorescence measured concurrently with gas
exchange. Chlorophyll fluorescence was measured on the
adaxial surface and ®pgy; was calculated according to Genty
et al. (1989)

tool to assess chloroplast biochemistry (Long
and Bernacchi, 2003). The chlorophyll fluores-
cence provides an excellent way to distinguish
RuBP regeneration limited CO, assimilation
rate from Rubisco limited rate, because chloro-
plast electron transport calculated from fluo-
rescence becomes independent of pCO, when
RuBP regeneration limits CO, assimilation rate
(Fig. 9.8). We believe that this is a useful tool
at low light or temperature extremes where it
may be difficult to distinguish an RuBP regener-
ation limitation from a Rubisco limitation. The

quantitative comparison between CO, assimi-
lation rate measurements and chlorophyll flu-
orescence measurements can however be more
problematic as the two measurements average dif-
ferent chloroplast populations of the leaf.

If estimates of V.n.x and J are to be related
to other leaf measurements such as nitrogen or
chlorophyll content, it is important to also esti-
mate the conductance to internal CO, diffusion
as otherwise these parameters will be underes-
timated (Long and Bernacchi, 2003; Ethier and
Livingston, 2004; Ethier et al., 2006; Warren,
2007). Careful measurements of CO, and light
response curves over a range of temperature have
been valuable in providing in vivo temperature
responses for both Rubisco and electron transport
parameters and provide a means for species com-
parisons (Kirschbaum and Farquhar, 1984; Von
Caemmerer et al.,, 1994; Walcroft et al., 1997;
Bernacchi et al., 2001, 2002, 2003).

VIIl. Concluding Remarks

The photosynthesis model described here pro-
vides a quantitative framework that can be used as
a research tool to design and interpret both field
and laboratory based experiments. The papers
cited here represent only a small fraction of stud-
ies that have used the model to interpret results.
Both in vivo and in vitro studies have provided
us with parameterization of the Rubisco limited
CO, assimilation rate and studies with transgenic
plants with mutant Rubiscos have highlighted the
predictive power of the model in this regard. An
elegant application of the model to the question
of how will canopy photosynthesis be affected if
we could engineer plants with different Rubiscos
was given by Zhu et al. (2004), exemplifying the
use of the model to answer “what if” questions.
However there are three main areas were further
research is needed. We need to learn more about
what governs Rubisco activation in vivo, work
towards a more mechanistic understand of what
determines chloroplast electron transport rate and
the conductance to CO, diffusion from intercellu-
lar airspace to the chloroplast.
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