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16.1 Introduction

Photosynthesis is the incorperation of carbor, nitregen, sulphur and other sub-

stances inte plant tissue using light energy from the sun. Most of this enerpgy
is used for the reduction of carbon dioxide and, consequentiy, there is a farge
body of biochemical and biophysical informaticn aboyt photosynthetic carbon
assimilation. In an ecophysiological context, we believe that most of taday's
biochemical knowiedge can be summarized in a few simple equations. These
equations represent the rate of ribulose bisphosphate (RuP,)-saturated carboxyl-
ation, the ratio of photorespiration to carboxylation, and the rates of electron
transport/photophosphorylation and of “dark respiration in the light. There
are many other processes that could potentially Ymit CO, assimilation, but
probably do so rarely in practice. Fundamentally this may be due to the expense,
in terms of invested nitrogen, of the carboxylase and of thylakeid functioning,
To reach our finai simple equations we must first discuss the biochemical and
btophysical structures — as they are understood at present — that finally reduce
the vast aumber of potentially rate-limiting processes to the four or five listed
above. A diagrammatijc representation of these processas is given in Fig, 16.1.

We then discuss integrated functioning in individual leaves of C, species,
and later briefly discuss canopy photosynthesis. Models of C, photosynthesis
are less well developed than those of C, photosynthesis; we discuss how they
may be extended. {For description of these pathways of photosynthesis see
also Chap. 15, this Yoel) ,

Models of leaf photosynthesis have been reviewed by THorNLEY (1976),
Jassay and PLATT (1976}, and TeNmuNEN et al. (19802). In this article we empha-
size recent progress made in mechanistic models, but recognize the validity
of other types (see Chap. &, this Vol.} and give brief references to successful
empirical models. Stomatai and boundary layer conductances affect the intercel-
lular partiai pressure of CO,, C, and the leaf temperature, T. We examine
responses of the rate of assimilation 10 C and T but do aot consider submodels

P s

LRe T L

16 Modelling of Photosynthetic Response b Eaviranmental Corditions * 55

[ n.s-pf [os%cs, “‘\‘-\
/
$PCIA 1.55/—3‘:;- #2056 NADIH 0
LY 'q_. +

, 7 L, A+
L.v.., REL Lt ".‘ w4 slachon
T, ™, [ rt
RuP, corbaxylose. .59 PCA SIRAT, i
oxygwnass S 3 = St15e
PGA \ 2474
4 D.5$ATF s, e op
L I35 2424
' ATP HADP™
PG |2+ 541G J

{

Fig. 15.1. Simplified phetosynthetic carbon reduction {PCR) and ph-:rtm:\:s[:u'u'ator;\r carbon
axidation (PCO) ¢ycles, with the cycle for regeneration of NADPH and ATP linked to
light-driven electron transport. For each carboxylation, ¢ oxygenations oceur. Gly glycine;
Fd~ reduced ferredoxin (assumed equivalent to !/, NADPH); PG4 3-phosphoglyesrate;
PGlA phosphoglycolate. At the compensation point ¢=2

of the response of stomatal conductance to environmental perturbations. These
are dealt with in Chapter §, this Volume (see also Chaps. 7 and 17, this Vol.).

16.2 Stromal and Extrachloroplastic Reactions

16.2.1 Kinetics of Ribnlose Bisphosphate Carboxylase-Oxygenase

16.2.1.1 RuP, Saturated Rates

The currently accepted equation to describe the rate, V,, of carboxylaticn of
ribulose bisphospharte {RuP,), in the presence of competitive inhibition by oxy-
gen, and of saturating concentrations of RuP, is

VoG
=W = _cmax_ 16.
£ C+K (1+0O/K ) (el

We denote RuP, carboxylase rates in generzl as ¥V, and RuP, saturated rates
25 W, ¥, nu is the maximum velocity, C and O are partial pressures of co,
and Oy, p(CQO,) 2nd p{Q,) respectively, in equilibricm with their dissolved
concentrations in the chloroplast stroma, K, is the Michaelis-Menten constant
for CO,, and K, is the Michaglis-Menten constant for ;. This equation is
used in the models of Lamg et al, (1974}, Ku and EDWARDS (1977 b), TENHUNEN
etal (1977), Berry and FaRrqumar (1978), FARQUHAR et al, (19803, CookEs
and RAND (1980), BAUWE et al, ( 1380) and Raven and GripewELL ( 1981). Earlier
attempts to iﬂbludt competitive inhihitinn hy Avviman fm condale afioe 3
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thesis were made by Laisk (19703, HaLL (1971), Pemxsr (1974), HaLL
] ) . and
BitrkMan (1975), and CHARTIER and Priour {1976). W
The anzlogous equation for the oxygenation of RuP, i3

- -y v::mo '
V=W SR TR (16.2)
where V, ., is the maximum rate. Equation (16.2) is used in the models of
LAING et 2l (1974), TeNHUNEN et al. (1977), BERRY and FARQUHAR (1978), Sin-
CLAIR and RAND (1979), FARQUEAR etal (1980}, Cooke and Raxo (1980)
.B_AUW'E et al. (1980), and RAVEN and GLIDEWELL ( 1981). The ratio of the aﬁ:tivi:
ties of oxygenase and carboxylase, denoted ¢ by FARQUHAR et al. (198'0) is
(LAING et al. 1974) ; . B < ’

¢,_.Vo_.vumu OKc r .
RS 63|

a

16.2.1.2 RuP; Limited Rates
Equations (16.1} and (16.2) apply when the RuP; is present in saturating

amounts. Equation {16.3} applies regardless, provided the mechapisms of the

reactions are ordered with RuP, binding first {(FARQUHAR 1979). When RuP,

is not saturating, (16.1) becomes, in the sbsence of oxygen (BabGer and Cor- .

LATZ 1977,
“;mﬂ_ Kr: K’u K‘ir K: .
v, "RYETRT (16.4)

Vs X, K, K, K,
v, PRTotR o - (163)

where R is the concentration of free RuP,, K,, and X, are Mic'haclis-Mentcn
constants for RuP; in the presence of saturating CO, and O, respectively
and K, is the dissociation constant for the enzyme-RuP, complex. ’
) The mechanism of the reactions is uncertain, being either random, or ordered
with RuP"; binding to the enzyme first (BADGER and CoLLATZ 1977). FARQUHAR
(1979) showed that the latter case modified (16.1) and (16.2) '
. R _ : ‘
=Yex 0 s

: R
Vi W
UL

(16.7)

where W, and W, are the F.ulf'2 satufafcd rates giv-en by Egs. (i6.1) and {16.2),

i
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and K is the effective Michaelis-Menten constant for RuP,; given by

. K,OK +K, CK +K, -
K= e (16.8)

An implicit form of thege equations was used by HaLi (1975).

16.2.1.3 On the High Concentration of Enzyme Sites

PEISKER (1974), aware of the high concentration of enzyme sites in the chloro-
plast, E,, presented the squations which would apply if this concentration ex-
ceeded that of total RuP;, R, These equations, written in terms of the rate
constants of the individual processes, were complex, and FARQUHAR [1979)

showed that they could be written more simply as

R
V=W.——1* 169
& TE 4K (163)
" 5
V=W .— . .
=W E L (16.10)

The anzalysis suggested that slthough the K of RuP, in vitro {where the concen-
tration of snzyme sites is extremely small, typically 1 pM)} is only about 20 pM,
half maximal rates in vive, when the enzyme site coucentration is about 4 mM
(JensEN .and Balr 1977), would only be ssen when the RuP, concentration
exceeded 2 mM. FarQUHAR (1979} predicted a morn-rectangular hyperbolic re-
sponse of carboxylase activity tc total RuP; concentration (as distinct from
the rectangular hyperbolic response to free CO; concentration) '

LASRA R+Ky R

() —wlr—gg=o e
vV, R+KY R '

(wo) _w,,(H E, )+E_U' =12

He showed that with the high concentration of enzyme sites in vivo this cou_l;d
be closely appreximated by

V.=W,-min{l, R/E), (16.13}

where min{ } denctes “ minimum ¢ and E, is the total congentration of enzyme
sites, and R, is the total concentration (free plus bound) of RuP,; Equation
{16.3) remains valid. Equations {16.4)-(16.7) also remain valid provided R refers
to the concentrations of free (unbound) RuP,, However, the usual assays for
RuP, measure the total concentration, R,

Data supporting the use of Eg. (16.13) have been obtained by CoLiaTtz
(1978} in. Chlamydomonas and spinach cells. COLLATZ measured CO; assimilation
rate, A, and RuP; concentrations, R, at varicus irradiances. When A is plotted

L]
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Fig. 16,2, Net rate of photosynthesis, 4, vs. total RuP, concsntration, R, in Chlamydomonas

reinhardrii cells as irradiance varies at various concentrations of CO; and 0,. (Replotted

from the data of Coriatz 1978). Total concentration of enzyme sites, E,, is approximage)
53 nmol mg Chi~! ip this species. A K, for free Rup,, K, of approximarely zl?:.M woulg

cortespond to 0.6 nmol RuP, mg Chl™', since I mg Chi i approximately 3Gl siroma.

against R, (Fig. 16.2), it is apparent that saturatior does not ocenr until concen-
trations vastly in excess of the in vitro K. for (freey RuP, are reached, -

16.2.1.4 Activation of RuP, Carboxylase»Oxygcnase

The degree of activation of the carboxylase.oxygenase stzyme depends on the
concentrations of CO, end of Mg?*; this has been modelled by Eormmes et al,
(1976) and Lamvg and CHRISTELLER (1976). In a steady, partially activated state,
Vemar and V, ., are modified so that W, is given by (FarQuear 1979)

we  CIMg?]  y oo
b ) C{ME=+]+K] 'K: C+K‘(1+OKJ.

{16.14)

W, is modified in an enalogous manner, K, and K, 2ce kinetic parameters.
[(Mg??) refers to the concentration of free (unbound) Mg?* and for complete
activation, with a Mg?* ion bound to each site, the total concentration must
exceed F.; which is typically 4 mM. The ¢ffective X for RuP; should also

preted in the present context as suggesting that the effective CO, Michaelis
constant of activation for intact feayes (given by K, K,/[Mg?*]) is typically
about 10 ubar, Cto e hihtee :

St

Thus under normal conditions (C=170-270 pbar) the enzyme is likely to
be fully activated with W, given by Eq. (16.1). Thus while the effects off enzyme
inactivation on the properties of the integrated photosynthetic system are of*
physiological and biochemical interest, they appear at present to be unimportant
in an ecophysiological context. This view could change if it were shown that
stomatal closure causes low intercellular p(CO;) in patural conditions.

16.2.1.5 “Enzyme Associated” Rate of COy Assimilation

In ap attempt to gradually develop full equations for CO, assimilation 1ate,
we anticipate later discussion and note that oxygenation of 1 mol of RuP,
causes the release of 0.5 mol of CO, in the photorespiratory carbon oxidation
{PCO) cycle. The rate of COQ; assimilation, A, associated with RuF, carboxylase-
oXygenase is thep

A=V.—05V, - (16.15)

(LamG et al, (1974}, SiNCLAIR et al. {1977} and Cooke and RaND (1980} have
incorrectly assumed 0.25 mol of CO; per mol of oxygenation, confusing this
with the fraction of glycolate carbon released.] At a whole leaf fevel, the above
rate of assimilation needs to be offset by CO; evolution due to other processes.

.

16.2.2 “Day” Respirtion

The extent to which “dark ™ respiration continues in the light has been discussed
elsewhere’ (GRAHAM and CHAPMAN 1979). A proportion of the cells in a leaf
is heterotrophic, and respiration may be expected to continue in these cells,
MANGAT etal. (1974) showed that mitochondrial respiration in autotrophic
cells was almost completely eliminated by high levels of ATP in the cytoplasm
in experiments carried out in CO,-free air. Data of PESKER et al, (1981) suggest
that at the CO, compensation point, COy evolution by leaf respiration was
inbibited by 50%. As we discuss later, there is likely to be less ATP avajiable
at the compensation point than in COQ,-frec air, and less still at normai partial
pressures of CO,. Mitochondrial respiration in the light may, under normat
ambient conditions, differ little from dark respiration at the seme temperature;
mors experizients are requited. Whether or not mitochondrial oxygen uptake
and efectron transport associated with normal dark respiration ars partially
inhibited by illumination, the tricarbaxylic acid cycle should continue to supply
a-ketoglutarate for amine acid biosynthesis. This results in CO4 evolution. Some
glycine decarboxylation may result from glycolate produced by reactions other
than those associated with the rate of oxygenation of RuP,, V,, although recent
evidetice suggests this is minimal {SoMMERVILLE and OGREN 1978). Indeed plycine
decarboxylation in photorespiration is probably the major potential source of
electrons for mitochondria in the light. We denote as Ry (‘*day respiration’”
all CO; evolution from the cells inside the leaf, in addition to that due {via
PCOY o V,. The net rate of CQ, assimilation A, is the__lg_ given by

A=V, -05V,—R,. (16.16)
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16.2.3 €O, Compensation Point, I
16.2.3.1 Introduction
If stomata were to cloge completely, 0 that CO; assimilation Tate went to

zero, then the intercellular p(CO,), C, should be at the CO, compensation

that, in ordinary partial pressures of CO;"(338 phar in 1980), there is an irra-
diance, the ““light compensation point*, at which net CO; assimilation is ZET0,
means that strictly the compensation point should be called the light and CQ,
compensation peint, since it will depend on both trradiance and €O, concentra-
tion. B 4 :
In our opinion, and consistent with the dats of CoLLatz (1978), most studies

this sitnation firsz, : : , .

In what foliows, we ignore the consequences of the sites of CO, evolution,
leaf mitochondria, being seperated from those of carboxylation, the chloroplast
stroma. These effects have been discussed by CHARLES-EDWARDS (1973} and

PEISKER (19782), and are most likely of secondary importance in the present .

context,

16.2.3.2 R >E, R,=0
In the absence of Ry, we see from (16.16) that assimilation rate is zero when
$=V¥,fV.=2 Thus Ty, the CO, compensation point in the absence of day
respiration, called the COz-photocompensation point by Laisk (1$77), is given
by
I‘ 05V, K.
: Vi 1. =

A g

(16.17}

We pote 'fron;l this equation, together with Eq. '(16.3};'tha: the ratio of RuP,
oxygenation to carboxylation is Eiven by ;

¢-'=2_I',_/C, (16.18)
Equq:im_: (16.17) may be rewritten as
wib il (16.19)
. -.I.;f?f*. 42
whers "
g K :
Y =050 (16.20)
Y Ve K,

- Iy increases linearly with p{0,}, as discussed by Lamg et al, (1974),

o
F,
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16.2.3.3 R,>E, Ry>0

From earlier equations it may be shown that the CO; compensation point;
T, in the presence of day respiration, R, is given by (TENHUNEN ef al. 1980b;
FARQUHAR et al. 1980)

F=fe R AFOKIRN, (16.21)
1~ Rdfvcmu
Again I" depends linearly on HO,) 2nd may be written as
16.22
F:“U -0 +I:,. ( )
where T~
y e gm"—____g"‘_l_{;&m_g_, (16.23
Ko : 1_'Rd-'{v; max
K R
i +K ;f : '
KoV : (16.233)
1- Rdfv:mu .
and
F= Y
and
e K RV, o . {16.24}
2 1- Rﬁ‘,vcmu ’

(Teasue et al. 1980b; Azcon-Brero et al, 1981),
It has been observed experimentally that V, _,.fV, ., is virtpally constant
over z range of temperatures and is approximately 0,21 {BADGER and ANDREWS

dependence of I is due to the temperature dependencies of K /K, and of R/
V. was- From Egs. (16.21) to (16.24) it may be seen that whenever R, occurs
it is divided by V, .. CHARLES-EDwARDs {1978) locked for a dependence of
I" on the rate of respiration in the dark, R,. The appropriate dependence s
On Ry/Ve ey PEISKER et al. (1981) observed a telationship between I' and Ry/
Ve max- They concluded that Rym05 R, Since T, depends on RyvV, ., it is
easy to see why I', has been nearly zero in some cases and larger in others,
as discussed by AZCoN-BIETO et al. {1981). '

L]



16.2.3.4 R,<E, R =0

At small irradiances, the RuP, carboxylase-oxygenase is RuP, limited and
R,<E, i.c., only a proportion of the gites have RuP, available, PRISKER (1974)

derived a linear dependence of I, on p(Q;) for this situation with R, 0.

From Eq. (16.6) and (16.7) it is clear that carboxylation and oxygenation are

affected equally, and Eqs. (16.17-(16.20) are valid,

16.2.3.5 R,<E, R >0

The situation where day respiration is occurring is mors complex. From Egq,
(16.13) it emerges that in Eqs. (16.21)416.24) V, . must be multiplied’ by
RJ/E,, the proportion of enzyme sites with Rup, :ﬁachad. As R, decreases,
as occuss at low irradiances, I increases, especially at higher temperaiures

where R, becomes large. Relevant recent data on compensation points have

been presented by Catskt and TicHA (1979). Uniike earlier circumstances,
we do not expect o linear dependence of I' on O, here. Changing p(O.) at
the compensation point causes changes in patterns of RuP, consumption and
regeneration, and hence of R/E,. -

The estimation of these paterns is the subject of the next section, since

the rate of carboxyiation depends on R(E, [Eq. (16.13)].

16.2.4 Regeneration of RuP; ~ Stroms] and Extrachloroplastic 'Reacﬁons

16.2.4.1 Introduction

The carboxylation of RuP; results in the production of two molecules of phos-
phoglyceric acid (PGA). The regeneration of the acceptor RuP, is achieved
in the Calvin, or reductive pentosa phosphate or photosynthetic carbon reduction
(PCR) cycle, reviewed by Bassiam (1979). The photorespiratory carbon oxida-
tion (PCO) cycle functions te regenerate RuP, after it has been oxygenated,
and was described by Berry and FARQUHAR (1978} following studies by LorimeR
etal. (1978}, In Chap. 15, this Volume, it is discussed as a pathway (PCOP;
Figs. 15.1 and 15.2) rather than as a cycle, although this distinction is debatable.

The integrated PCR snd PCO cycles consume ATP and NADPH, We believe
that, in cases where the supply of RuP, is limiting the rate of RuP, carboxylation
in naturzl conditions, it is the supply of ATP and NADPH (discussed in Sect.
16.2.5) that is nsually limiting rather than the activities of enzymes, or pool

sizes of intermediates, in the PCR and PCO cycles. A possible exception is

the supply of inorganic phosphate (see Sect. 16.5.1).

16.2.4.2 Photorespiratory Carbon Oxidation Cycle

Oxygenation of 1 mol of RuP, produces { mol of PGA and 1 mol of phos-
phoglycolate (PGIA) (see Fig. 16.3). Following this [ mol PGlA gives rise
to 0.5 mal PGA, requiring 0.5 mo{-ATP in the final siep, and releases 4.5 mol
of CO,. As well, 0.5 mol ammonia is released and refixed. The refixation of

mE st e e masacbte et L LIS 339

1aring

I[A-PGA

glycarate

Summary: =35 ATP, -2 NADPH, 1.5 0, +0.5 CC7 foxygenation
Fig. 16.3. The photorespiratory carbor oxidation cycle. (A fter Berry and Farguuar 1978)

0.5 mol NH} rcqui'res I mol F3 (reduced ferredoxin) (v'vhich, in terms of electron
iransport, is the equivalent to 6.5 mo] NADPH) and 0.5 mol ATP. The PGA
produced is then converted to RuP, as in the PCR cycle. T

16.2.4.3 PGA Production, ATP and NADPH Consumption in the Integrated
PCR and PCO Cycies.

In the PCR cycle, 2 mol of PGA are consumed to produce 1 mol RuPF, and
I mol (CH, Q) (se« Fig. 16.1). In the process, 2 mol NADPH and 3 mol ATP
are copsumed. From the considerations of BErpy and Farquuar (1978) and
FARQUHAR et al. {1980y

tate of PGA production =2V, 4135V, =(2+1.5 MY,
={@24+3IrJjCryv,, (16.25)

rate of NADPH consumption =2 Vet2V, =2+24)V,
=445 jC) V., (i6.26)

rate of ATP consumption =3V, 435V, =(34354)V,
=G+7r/OV,. (1627

We next examipe the steps in which PGA, NADPH and ATP are consumed,
and RuP; is produced. ;

*
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Fig. 16.4. The carbon pathway from PGA to RuP; (where ¢ is'the aumber of oxygenatiots -

per carboxylation; see Fig. 16.1}

16.2.4.4 Enzymatic Steps from PGA to RuP,

There are many enzymalic steps involved in the pathway from PGA to RuP,
(BassaaM 1979), and these are outlined in Fig. 16.4. The reactions are reversible
apart from those catalyzed by fructose bisphosphatase {(FBPase) and by sedobep-
tulose bisphosphatase (SBPase). SBPase activity also increases with SBP levals
(WooDprow and WALKER 1980). The activities of both FBPase and SBPase
are modulated by pH and the concentration of Mg** and of reduced thicredoxin.
The latter substance is reduced by ferredoxin from the electron transport chain
and this ensures that futile cycles do not waste energy in the dark (BassHAM
~1979). Farthermore, since thesc enzymes have only 2 limited capacity in the
light the concentration of DHAP is maintained at levels appropriate for export
to the cytoplasm, However, while the maximum rates of FBPase and SBPase
are regulating factors, we do nof believe they are primary limiting factors in
CO; assimilation by lezves. From Fig. 16.4 it may be seen that they only
need to fun at !y the rate of RuP; regeneration. LEEGOOD and WALKER (1980)
" ‘measured FBPase rates of 120 pmol g Chl™*h~?! in wheat chloropiasts, which
were more than sufficient (by a factor of 4 in fact) to account for an assimilation
tate of 100 pmol g Chl™* h™!. Similarly high rates have been measured by Ro-
BINSON and WALKER (1980) in spinach chioroplasts. Rates of SBPase sufficient
te account for CO; assimilation have been measured by WooDROW and WALKER
(1980} in wheat chioroplasts. Since FBPase and SBPase activities reflect the
. .amount of reduced ferridoxin, it is possibie that they may co-limit RuP; regener-
ation with electron transport, the latier being the more fundamental Limitation.
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The reactants involved in the steps between PGA and DHAP are nearly
in equilibrium (LiLey etal. 1977) and have been modelied by GiErsCH et al.
(1980b). Detailed modeiling of the RuP, regeneration cycle could usefully be
extended. Progress might be made by assuming that other reactions, apart
from those catalyzed by RuP; carboxylase-oxygenase, FBPase and SBPase,
are also at equilibrium, A detailed anzlysis of the ¢enzyme system involved
in RuP, regeneration will probably give information about pool sizes of Calvin
cycle intermediates, but aot affect the estimation of CO, assimilation by leaves.
To reach this conclusion we must examine the existing, crude representations
of RuP, regeneration, bafore integrating these with the thylakoid reactions
in Section 16.4.

Harr (1971) simplified the regeneration steps to a single one, first order
in [PGA] and {NADPH], Thus HALL wrote, using different symbols,

rate of reduction of PGA=fP§A] ’[NAIS PH] M,
]

{16.28)

where M is the maximum rate, a fictional composite of many reactions, R,
is the potential poel size of RuP, which would occur in the absence of carboxyl-
ation and oxygenation, and N, is the total concentration of NADPH and
NADP?, ie,

N.=[NADPH]+[NADP*}. (16.29)
This has formed the basis of models of RuP; regeneration in many subsequent
models {HALL and BiORKMAN 1975; PEskER 1976; HaLL 1979; FARQUHAR et 2].
1980). In the models of HaLL (1971), Harti and BISRRMAN (1975) and PEISKER
(1976) an increased pool of PGA requires a decreased poo! of RuP; on &n
equimolar basis. However, LILLEY et al. (1977) have shown that total phosphate
is conserved in the chloroplast; FarQUHAR et al. (1980) and Farqurar and
vON Casmmrrir (1981) optimisticalty interpreted this as conservation of esteri-
fied phosphates and assumed .that | mol extra PGA resulted in 0.5 mol less
RuP;, since RuP, contains twice as many phosphates.
They wrote - :
0.5[PGA]+R,=R,. - {16.30}
The poteatial PGA pool was then 2R, and they used this to replace R, in
Eq. (16.28). However, their equation is inadequate because it doss not take
into account changing concentrations of inorganic phosphate, P; (STiTT et al.
1480}). Both it, and the analogous equation used by HaLL (1971)

[RuP;)+{PGA]=R,

ignore the autocatalytic nature of the Calvin ¢ycle, whereby the total concentra-
tion of esterified phosphates may change,

An important distinction between Eq. (16.30) anid 4n analogous one used
by HaiL {1979} is that Eq. (16.30) refers to total RuP; (free plus bound).

L]
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Iz HaLL's model, Eqgs. (16.6)=(16.8) were used in amp implicit form and af]
RuP; was effectively assumed to be free. This is unlikely to be the case (CotLaTz
1978) and means that HALL'S modsel has no distinet change from RuP, carboxyl-
ation limitation to regeneration limitation as p(CO;) increases, an important :
feature discussed in Section 16.5. . :
FARQUHAR and vON CAEMMERER {1981) considered that ATP may be mare
limiting than NADPH (see Sect. 16.4) and wrote -

[PGA] [ATP]
2R, '[ATP];[ADP]

rate of phosphoryiation of PGA= M. {16.31)

This change was unimpoﬁant given that M, the maximum rate of PGA “reduc-

tion or phosphorylation to RuP,", is still a fictionai composite. Nevertheless,

for the estimation of CO, assimilation rate in conditions whers RuP,; sipply

is Limiting, we can afford to use crude representations of the enzyme steps \

if it is shown that their capacity is in excess of the capacity for ATP and
NADPH production, ' e

16.3 Thylakoid Reactions

16.3.1 Introduction

NADPH and (indirsctly) ATP are produced by electron transport in the chloro-
plast thylakoids. Despite the vast amount of research that has been carried
out in this field (AxNow 1977), it was only receatly that models of leaf photosyn-
thesis incorporated electron transport explicitly, FAROUHAR et al. (1980) iatro-
duced a “potential rate of whole-chain electron transport™, J, depending on
temperature and absorbed irradiance, I, that would occur if the aceeptor MADP*
were at its maximum concentration, and which they related to uncoupled rates
of electron transport in vitro. The irradiance dependence was empirical and
was arranged to give appropriate quantum yields, and to saturate at high irra-
diances. ’ ’ S '

SIGGEL (1976) modelled the function of plastoquinone as électron and proton
carrier, CRAMER et al. (1981) derived a model of elecfron transport from plasto-
quinone to P-700 in photesystem I (PSI), FARQUHAR and vON CAEMMERER (1981)
presented a mechanistic model of whole-chain electron transport, which included
diffusion limitation on the plastoquinone shutile, and the tendency for reverse
electron flow from plastoquinone. They simplified the result to
Jedmd : ' 16.32

TI1+z13,, {16323

and presented supporting data. The form preserves the maximum rate and
initial slope of the full equation, but may introduce a non-linearity of response
to irradiance too early. g wh moo_

",_-.'-4'. 2
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In this section we first examine the temperature dependence of Jo.,, We
then derive equations for the rate of production of NADPH, "including the ©
effects of insufficient amounts of NADP*. In an analogous manner we derive
squations for the rate of ATP production. We examine various mechanisms
by which the conflict in requirements for NADPH and ATP may be resolved,

16.3.2 Temperatare Dependence of Potential Electron Transport Rate

The light-saturated potential rate of slectron transport, T, depends on temper-
ature (ARMOND et al. 1978; BIORKMAN et al, -1980). Severa! authors have sug-
gested that the temperature dependence of whole-chain electron transport is
clasely linked to properties of the thylakoid membranes (see discussion in Chap.
10, Vol. 12 A}. They suggest that membrane viscosity and lipid composition
are important in determining temperaturs adaptation to high and low tempera-
tures (NOLAN 2ud SMILLIE 1976: Ramson and BErpy 1979; PixE and BERRY
1979). The reactions assaciated with photosystem IT (PS II) are the most temper-
ature-sensitive. ARMOND £t 21, (1978) found that electron transport through PS ]
increased with temperature up to 35°C, whereas the whole-chain transport
peaked at 45 °C and then declined.

‘Acclimation occurs when piants are grown at differsnt temperatures. The
threshold temperatur at which alectron transport becomes irreversibly inhibited
appears to be a function of growth temperature, high growth temperatures
resulting in highr thermostability at high temperatures (ARMOND ot al. 1978;
BiSrkmaN 1981). It also appears from the data of ARMOND et al, (1978) that
low growth temperatures result in improved performance at temperatures below
the optima. The temperature response of whele-chain elsctron transport riay
therefore be an important parameter in modelling gas exchange. FARQUHAR
et al (1980) used data of NoLaN and SMILLIE (1976) to determine the coefficient
B, and parameters E, S, and H for use in the following expression

daax=B-exp[— E/RTJ/{1 +exp[(ST~HY/RT]},

where R is the universal gas constant.

Equation (16.33) is a simplified version of equations developed by Jounsom
etal (1942) and SHARPE and DE MICHELLE ( 1977) to describe the effects of
temperature on enzyme inactivation. This equation was used by TenHUNEN
et al, (1976) and HALL (1979) to model related patameters. 8 and H are parame-
ters affecting the rate at high and low temperatures, respectively. The tempera-
ture optimum, Ty, of J,,, may be different for different species and the follow-
ing expression was derived by differentiation of Eq. (16.33) with respsct to T

{16.34)

{16.33)

Tom=H{S+ R In{H/E-1)].

16.3.3 NADPH Production _

The reduction of NADP* to NADPH requires two electrons and the rate
of electron transport required to satisfy the NADPH requirement of the inte-
*
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grated PCR and PCO cycles is, from Eq. {16.26)

rate of whele chain electron transport =4V, +4 Vo=(d+4an Vv, -
=48 L JCH Y, {16.33)

The enzyme which catalyzes the production of NADPH is NADP"-fcrre-";

doxin reductase, which occurs after (reducing side of) PS 1 in the electron trans-
port chain (ARNON 1977). There are approximately 500 ehlorophyil (Chl) mote-
cules per PS I in leaves (MeLIs and Brown 1980) and since 1 mol Chl is a350-
ciated with 231 stroma (HeLDT 2nd Sausr [971), there are 1/{500 x 25) mol
of P5 Lsites per lstroma, ie., the effective concestratign of sites is approximately
80 uM (2 mrnol/mol Chl). SHN and OsmNG {1578) have purified the equivalent

of 10.6 mg purified reductase from 2 kg fresh weight of spinach. A comparison .,

of its diaphorase activity with that of the original crude homogenate sujgests
that 2 kg contains 424 mg reductase. Since the molecular weight ¢f the dimer
is 80,000 (SH™™ et al. 1981) and assuming 2 chiorephyll content of 1 mmol/kg
fr. wt, (voN CAEMMERER unpublished), this corresponds to one mol reductase
per 204 mol Chl, or approxitately 156 uM (4.9 mmol/me! Chl}. The K for
NADP* is only about 8§ tM (SmN 1971). Thus we have a situation analogous
to the high concentration of RuP, carboxylase-oxygenase relative to the K,

for RuP,. The rate of NADP* reduction should have a non-rectangular hyper.

bolic dependence on [NADP*], similar to that in Eg. (16.11) 2nd (16.12).
By analogy with Eq, (16.13) we can approximate the situation by

rate=0.5 J-min{1, [NADP*J/F}, : (16.36)

where again min{} means “minimum of”, and F is the concentration of
NADP ferredoxin reductase sites. Thus for maximura rates of electron trans-
port, [NADP*] should be slightly greater than ¥. NADPH will be required
in the stroma, and so the total pool N, (=[NADP*]+[NADPH), should also
be greater than F, which we estimated above as 5§ mmol/mol Chi. LenpziaN
and Basseam (1976) report a velue for N, of 36 mmolfmol Chj,

The above considerations help to explain the discrepancy (Liisy and
WALKER 1979) between the in vivo concentration of ferredoxin (19-38 mmol/
mol Chl or ~ImM i the stroma) and thit required in in vitro studies
{~ 10 uM). To the extent that ferredoxin is soluble, it will need to be at a
concentration in excess of the sum of PS I and reductase sites, for maximum

rates of electron transport. Measurements are needed of the levels of pyridine -

nucleotides, ferredoxin, and reductase sites in the same chloroplasts.

16.3.4 ATP Production

16.3.4.1 Introduction

A situation analogous to the high coucentretion of reductase sites may exist
-for photophosphorylation, the conversion of ADP to ATP on the thylakoid
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membranes. STROTMANN et al. {1973) have measured 0.42 g of coupling factor
(CF,) per g Chl. CF, is the ATP synthetase without hydrophobic subunits
which anchor in the membraze. Younss et al. (1977 found 6.4 to 0.5g CF,/
g Chl. Assuming CF, has a2 moiscular weight of 325,000 (Farrox 1970), this
corresponds te 1.2 mmol/mol Chi, giving an effective concentration of 46 pM.
BErZBORN et al. (1981) have measured 1.5 mmol/mol Chl, or 62 M. Berz-
BORN and MULLER (1977) showad that the ratio depends om the irradiance
during growth. There are multiple binding sites for ADP, although usually
only two show tight binding, giving half-maximal binding at about 2 pM [ADT]
(McCarTY 1979). The concentration of tight binding sites, approximately
0.1 mM, is again much larger than the appropriate half-saturation concentration,
There is cvidence that these tight binding sites arc not necessarily the sites
of catalysis and various models of ATP synthesis have been suggested (McCARTY
1979). Some schemes and experiments {c.g., HocHMaN and CarmELl 1981) stil]
favour two sites of phosphorylation, with as yet unknown affinities for ADP.
In our opinion, when structural and substrate forms of bound ADP are taken
into account, the dependence of the rate of photophosphorylation on the total
{bound and free) ADP concentration will probably be approximated by analogy
with Eq. (16.36) as

rate =maximum rate-min{1,[ADP)/ =}, {16.37)

where of is the coricentration of sites of ADP phosphorylation. Accurate mea-
surements of = are needed. _

At first sight it would appear from Eq. (16.37) that A, (=[ADP]+[ATF])
would only need to be slightly in excess of o (~2 mmol/mol Chi), However,
this is not the case. A, has variously been estimated as 70-100 (Heser and
SanTarius 1970), 9.2 (LILLEY cf al. 1977), 27 (WIRTZ et al. 1980) and 44 mmol/
mol Chl {GrerscH etal. 1980a). This may be because a large concentration
of ATP is required 1o keep the reversible reaction berween RuSP and RuP,
favouring production of the latter, Expressed differently, it is known that ribu-
lose-5-P kinase requires a large energy charge to support RuP, regeneration
(PrEss and Kosuce 1976).

16.3.4.2 Non-Cyclic Photophosphorylation via Whole-Chain
Electron Transport

It is now widely accepted that three protons tnove across the thylakoeid into
the stroma every time an ATP molecule is produced (Suavit 1980), From
Eq. (16.27) we see that in the steady state, the required

rate of proton production =9V, +]05V ={9+10.5 v,
=(9+21 T,jC) V.. (16.38)

The movement of one electren through the whole electron transport chain

results in the accumulation of two protons in the thylakoid spaces, one from

the splitting of water in PS II and one from the shuttle of reduced plastoquinone
L]
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across the membrane (Junce 1977). Thus if the proton production is by whiole-

chain electron transport alone, the required

rate of whole chain electron transport=4.-5 V+3525V,

T={4.5+525 ) V.=(45+10.5 0, /C) V.. (16.39)

=
16.3.4.3 Pscudo-Cyclic Electron Transport (Mehler Reaction}

Comparing Eq. (16.39} with Eq. (16.35) we see that there is a disparity of
(0.541.25 4) V. For this reason FARQUHAR and voN CAEMMERER (1981) devel-
oped equat:ons to model the siruation where the ¢ whole-chain electron
transport was to an acceptor othér than NADP™, such as O,, as occurs in

the Mehler reaction (MEHLER 1951}, This reaction was reported to be hai[f

saturated at a p{0;) of 80 mbar {8%) (RADMER et al. 1978}, An increased reqmre-
ment for O at high rates of electron transport may explain the observation
- by VL et al. {1977) that at high p(C0O,), photosynthctlc rate is lowered when
p(0,) is lowered from 210 to 5 mbar.
The required

rate of electron transport to Oy =(0.5+25 JC)V,, (16.40) -

which, with I', =31 and C=230 pbar, respectively, is about 16% of the rate

given by Eq. (16.35). This is comparable with the measured capacities of the
Mehier reaction in higher plants (HEBER et al. 1978 ; Marsro et al. 1979). Never-
theless, there are other mechanisms by which chloroplasts may meet the conflict-
ing requirements for ATP and WADPH. The incorporation of nitrate into
amino acids reduces the disparity. Other mechanisms are discussed in the follow-
ng two sobsections. )

16.3.4.4 Cyclic Photophosphorylation

Whole-chain electron transport to NADP* alone leaves a deficiency in proton
production of (1+5 I,/C} V.. This could be met by a portion of the electron
transpoct being cyclical around PS I, Since this cycle will probably only contrib-
ute one proton per electron involved, the required _

cyclic-electron transport=(1+35 I‘,ij V,. o F {16.41)

FARQUHAR and voN CaEMMERER (1981) considered this possibility and wrote
an cxpression for whole-chain electron transport

Fomal : _
where
K= 9“109'% 224l L (a6ay

4+4p ™
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Io this case, Jo,, is the maximum rate of whole chain transport, while eyclic
flow is occurring simultaneously. If the limitations to electron transpert, other -
than irradiance, are common to both cyeclic and non-cyelic flow, then I,
is (4.545.25 ¢)/(5+6.5 ¢) times the rate which would oceur in the absence
of cyclic flow (FarQutar and voN CABMMERER 1981),

16.3.4.5 DHAP/PGA Shutile

A third mechanism which may contribute to the balancing of conflicting require-
ments is the DHAP/PGA shuttle. In this shuttle (WALRER 1976), which does
not actually involve the thylakoid, DHAP is exported from the chloroplasts,
and oxidized in the cytoplasm to yield ATP, NADH and 3-PGA, the latter
returning to the stroma together with a proton. If we consider that x mol PGA
return in this manner per mol of carboxylations, Eqs (16¢.26) and (16.27) are
replaced b)r

rate of NADPH consumption=(2+2 ¢ +x) V, (16.44)
rate of ATP consumption ~ =(3+35¢+x) V, (16.45)
and tl';c required rates of whole-chain electron transport become, respectively,
rate=(4+4 ¢+_2i} v, 5 (16.46)
and _
rate=(4.5+5.25 g+ 1.5x) V.. | {16.47)

if this were the sole mechanism for balancing requirements then (16.46)
and (16.47) would have to be equated, yielding

Cx=1425¢. : ' (16.48}

This, a5 we see Jater, woutld be energetically expensive for the chloroplast.

16.3.4.6 Photosynthetic Contrel of Whole-Chain Electron Transport

It is known that electron transpert is reduced when a proton motive force
(p.m.f.) occurs across the thylakoid membrane. This has been called photosyn-
thetic control (WEST and WiskicH 1968). Thus each time a male of ATP is
produced on the stromal side, and 3 mol of protons move across the membrane,
reducing the p.m.f, 1.5 mol of electrons (1.5 equivalents) should be able to
move along the wholc chain, or 3 mol cyclically around PS I, perhaps by remov-
ing [u-mr.atmns on the diffusion of reduced PQ (SicGEL 1976). Thus
rate of ATI-‘ producticn= 4. rate of whole chain electron transport ’

+1%-rate of cyclic electron trensport. (16.99)
L]
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A apprapriate equation describing photosynthetic control in detail has not
been incorporated into a model of leaf photosynthesis. Such an equation, when
combined with others describing the rates of consumption and production of
protons in the stroma would be useful. ’ :

Photasynthetic control by p.mf. op'erates in the same direction as the

ADFP dependence of photdphosphorylation rate {Eq. {16.37)], when [ADP| <«
As the RuP, regeneration reactions release 1 mol ADP, which binds to the
coupling factor, 3 mol protons move across the thylakoid, reducing the p.m.f,
and allowing 1.5 equivalents to move along the chain, Thus we write

rate of whole-chain electren transport=J-min { I,_’[ADP]M'}. {16.50)

It appears from Eq. (16.36J that electron tmﬁépun could be controlied by

[NADP”). However, when [NADP*} is low, electrons will normally bq able .

to move from Fd™ to O, in the Mebler reaction. Equation (16.50) emerges
as our link between thylakoid functioning and the stromal regenaration of
Rupz. 7

16.4 Integration of Factors Limiting RuP, Regeneration

In the following developments we assume that the shorifall in ‘ATP production
assaciated with normal whole-chaip electron transport to NADP* wia Fd is
overcore by whole-chain electron flow to O, via Fd. When equations represent-
ing cyelic phosphorylation and the DHAP/PGA shuttle are included, the result-
ing modsls are not substantially different from the one developed here.

Equating two expressions for the rate of electron transport [Egs. (16.39)
and (16.50)], we obtain

V=¥ -min{l, [ADP}}, | "' (16.51)
where . _
P =3/45+10.5 ,/C). o - (16.52)

J' is the maximum carboxylation velocity allowed by the potentizl electron
transport rate (FARQUHAR and voN CAEMMERER 1981). " When R, > E,, the zarbox-

ylation rate is given by W, and the electron transport is forced to go at the

rale (4.5+10.5 1, /C) W,. The important question here is whether, when carbox-
ylation 'is RuP, limited (R,<E), V, is less than J', ie., is [ADP]<«#? Put
another way, with [ADP]2.«, 50 that V,=1', is there sufficient [ATP] (A, ~&)
to ensure that the regencration of RuP; is sufficiently rapid? We are now
forced to use the crude mode! of RuP, regeneration presented earlier. Combining
- Egs. (16.25) and (16,31} we obtain -

. _-(2_+31;fc1\,;=_F‘;CI:A]_.[_“:}M.' okl ' (1653)

Sk L IR

m e o a mema l
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Provided M is sufficiently large, the answer is yes. More precisely, by combin-
mg Eqs. (16.51) and (16.53) for R, <E,, then V. =J", provided

) ZRP' I (16.54)
(PGA] 1-A/A,
where .
M'=M/(2+31,/C), ) . {16,55)

the maximum rate of carboxylation aliowed by the enzymes regenerating RuP,,
given that 27, /C oxygenations occur per carboxylation.

We see now why the pool size of adenylates (A,%0.45 mM) is approximately
five times larger than the concentration of ADP binding sites (#/292 uM).
This ensures that at low irradiance, when carboxylation is RuP, limited, there
is sufficient ATP, after all the binding sites are filled by ADP, for the RuP,
regeneration enzymes (e.g., Ru-3 P kinase and PGA kinase) to maintein a slight
eXOeSS Capacity. _

We note that at the transition from carboxylation limitation to regeneration
fimitation, R,=E, V.=W,=J" and the “phosphorylation potentiai™ should
be given by '
[ATF] _A
{ADF] ~ &

for R,=E, —1=3§ ' (16.56)

The medel predicts that the potential should be lower when the irradiance
is low, or even at saturating irradiance if the p(CO;) is high. In vivo estimatss
range between 2 and 5 (Krausg and Heper 1976).

When R, > E,, electron transport rates should increase with increasing p{C0;)
and, from Eq. {(16.50), [ADP] should also increase, cf. Sect. 16.2.2.

It must be emphasized that our understanding of the integrated control
of RuF; regeneration is meagré, One of our greatest difficulties is to explain
why ATPE is present in chloroplasts in the dark. More realistic models of the
enzyme system will medify the expression for the required capacity for regenera-
tion {Eq. (16.54)], but hopefully not the conelusion that when RuP, is limiting,
V. can be usefully approximated by I,

16.5 Integrated C; Metabolism

16.5.1 Rate of CQ, Assimilation, A

We are now in a position to examine the integrated metabolism. The net rate
of agsimilation of CO; is given by Eq. {16.16)}: )

A=V 05V R,

4



which may be rewritten using Eq. (16.18) as

A=V (1-r,/O-R,. (16.57)

We note that I,/C represents the ratio of the rates of photorespiration and -

of carboxylation. -
In the previous sections we suggested that

Ve=min{W, I}, {16.58)
where W, is the RuP,-saturated rate of carboxylation given by '

-C. o ?

W=V - (16.59)

= C+K (I +0/Ky)

. - - - |
(assuming th; eNZyme is fully activated) and I' is the electron transport/photo-
phosphorylation limited rate of RuP, regeneration given variously as :

ji, 38
—m (16.60a, b)
yo_ dC .
45C+105T, i
. IC

J T6C+IBL, o6

depending on whether the ‘additional ATP to balance the NADPH production
Is {a) not required, or generated by {b) cyclic electron transport, (¢} pseudocyclic
electron transport (to O, in a Mehler reaction), or (d) via a DHAP/PGA
shuttle. The form of J* is not necessarily fixed, but we favour the use of Eq.
(16.60c). J is the potential rate of whole chain electron transport, which depends
ou irradiance as given approximately by Eq. ( 16.32) - .

12 T I

B © N

Eq. (16.32) probably underestimates J at intermediate irradiances. For case

(b) (extra ATP produced by cyclic electron transporty 2.1 in the denominator

is replaced by

(QACL28 L4 C+8 L) 2.4,
-_F::cm Egs. (16.57) to (16.59) we obtain the .RuP;-saturated rate of CO;
assimilation, given by (FARQUHAR et al. 1980) ;

C—~1r

=V .. "1
A ST CH+KE(1+0/K) Ra.

{156.61)

" (1660¢)

Comparing this with Eq. (16.1), C in the ntumerator is offset, by I, but, confeary
to Ku and Epwarbs (19775), not in che denominator, & T
From Eqs. {16.57) and (16.60] we obtain the RuP; limited rates, e.g.,

c-1,
A=l serosr, R (16.62)

Far brevity, we now omit analogous equations referring to cases a, b and

d, wherever possible. _
As an aside we note that when DHAP is exported from the chieroplast

to the cytoplasm, orthophosphate moves in to maintain the supply of Py {WALKER
and RopiNson 1978). If the latter process is limiting, A becomes independent
of C and Q. However, in what follows, we assume that in cases where RuP,
is limiting, its regeneration is limited by the potential rates of electron transport/
photophosphorylation.

v

16.5.2 Quantem Yield

At low irradiances, V.=J" and Eq. (16.62) are appropriate. In cases where
cyclic electron transport is not involved (a, ¢ and d above) 1.1 mol quanta
are absorbed to move'2 mo! electrons (equivalents) through the whole chain
and at low irradiances (1), J is replaced by I/2.1. Whén cyclic transport cocurs
{case b) approximately 2.4 mol quanta are required :

cdA C=n ' ¢
T ‘71 16.63
A TaCTIE 21 (16.632)
c-1, _
- BL 16,636
MY ToFE T T (16.63b)
C-r,
Sy e il R 63
T TA5CT105T, T (16.:63¢)
e T (16.63d)

T6C+I8L, 31

The effects of CO, and oxygen concentrations, and of temaperature, are summa.
rized by Eq. {16.63) together with Eq. (16.19), see slso discussion in Chapter
3, Yolume 12 A, - '
Equations giving similar dependencies on concentrations and temperature
to those of (16.63a) have been derived by PEsker (1978b), HaLL {1979}, and
FarqQuiar et al. {1980), although PeISKER neglected energetic costs of the reassi-
milation of NH{ in the photorespiratory cycle (Woo etal. 1978; Berary and
FARQUHAR 1978; KEYs et al. 1978). Earlier predictions were made by Hari
(1971). All these modeiling approaches reflect competition between the PCR

-
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and PCC cycles for limiting NADPH and ATP. FARQUHAR et al. (1980) derived
an equation similar to (16.63 ¢) and numerical selutions of this equation were
graphed by Berry and FarQUHAR (1978). All of -these modsls are able, with

differing degrees of precision, to match the CO;, Q; and temperature depeaden- |
cies observed by EHLERINGER and BIORKMAN {1977). {It is intsresting t0 note’

here that Ku and EDwarDs (1978) found that the quantum yield {mol CO,
fixed per mol quanta absorbed) of wheat léaves was independent of temperature
when the selubility ratic of 0,/CO; was kept constanr. They recognized that
this may, in part, be fortuitous.) : _
All of the published models cited above, while successful in predicting effects
of environmental changes, were empirical in the spnse that parameters were
chosen in order to make the quaatum yield close to observed values at high

[CO3] or low [Q,] (i, C»T,). HaLL (1979) chosc a value for a fundamentai
parameter he called the “ photochemical efficiency” and FARQUHAR et al. {[980)

chose a value for the “fraction of light not effectively absorbed by chloroplasts™.
Eq. {16.63) suffer less from this deficiendy. Under conditions where C3I" e
the quantum requirements {mol quanta absorbed-per mol CO; fixed) become
(a) 8.4, (b) 9.4, (<) 9.5, and (d) 12.6. Using white light, EMERINGER and B1oRk-
MaN (1977) observed requirements of 12.3 in one set of experiments and 137
in another, while KU and Epwazrps (1978) found requirements of 12.0. TErRrY

(1980), using red light, found values ranging between 8 and 1I, bt averaging -~

10 : :

Eq. {16.63) have cther deficiencies, Firstly, there are chieroplastic reguire-
ments for ATP and NADPH outside the PCR and PCO cycles (Raven 1972)
including additionz] amino acid biosynthesis, lipid ruetabolism and, in soine
cases, mitrate reduction. ‘These will raise the appareat quantum teguirement.
Secondly, the quantum yields are measured at finite irradiances, often between
50 and 150 uE m~?s™!, where | may not necessarily increase linearly with
L. From Eq. (16.32)

] .
a5 2113, (1664

I {I+2.17 7
and for case {b) {cyclic}, from Eq. (16.43)

& K,
AT {16.65)

FOr Jmyy =200 pEq m~2s~%, at I= 100 uE m~2 s~ 2, dA/dI becomes, for C» I,
(a) 0.078, (b) 0.072, () 0.068, (d) 0.052, giving'apparent quaptum requirements
of (a} 12.9, (b} 13.8, (c} 14,6, {d) 19.2. We see that case (d) would be energetically
-expensive. Inclusion of (b) in a strict comparisor with the others may be mislead-
ing since with the same electron transport capacity J.., ‘should be smaller in
this case (cf. Sect. 16.3.4.4) giving a greater quantum requirérnént than 13.8.
As was mentioned before, Eq. (16.32) may lead tc an underestimate of dlfdi,
=+ In 21% oxygen, at normal CO, concenfrations, ‘and 25 °C, the apparent
quantum requirements are increased, theoretically and in practice (EHLERINGER
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and BIORKMAN 1977) by about 40%; i.e., quantum yield is inhibited by about
30%. -

16.5.3 Carboxylation Efficiency

16.5.3.1 Introduction
FARQUHAR et al. (1980) differentiated Eq. (16.61) to obtain

a8y L RAKOHOKY _ (16.66)
dC ~ e TEEK (14 0/K0]

i.c., the slope, sometimes called the * mesophyll conductance ™ and, more appro-
priately, the “carboxylation efficiency” (Ku and Ebwarps 1977b), should have
a slight dependence only on CQ, concentration because K is relatively large.
Inclusion of activation effects [Eq. (16.14)] may lead to an even more linear
responge aboye the compensation point. At C=I,"

d_*‘;_&__ ' _ (16.57)
dC L+K. (1+0/K)

VON CAEMMERER and FARQUHAR {1981) have measured dA/dC using gas exchange
techniques and V. ., using biochemical techniques and found good agreemsnt
between these results and Eq. (16.67). Leaves of Phaseolus vulgaris were usad
and the sources of variation were age, nitrogen nutrition, iron nutrition, previous
irradiance, and CO, concentration during growth and defoliation.

16.5.3.2 Oxygen Dependence of Carboxylation Resistance
The inverse of dAdC, the *carboxylation resistance ™, is

1 L+K(1+0/K) (16.68)
LK A0 +K/K)O (16.69)
¥,

[-¥..T13

which is linearly dependent on oxygen concentration, as observed by Ku and
EDwaRrDs {1977}, with a slope of {y, + K JK )V, mr .

Anomalous results have been reported by PEISKER and APEL (1971), whe
observed that the oxygen dependence of carboxylation resistance increased with
oxygen concentration, PEISKER et al. (1979) also reparted anomalous changes
in carboxylation resistance at high temperatures and high O, concentrations.
However, Ku and EpwarDs (1977b) found no such anomalies.

16.5.3.3 Temperature Dependence of dAfdC

The temperature dependence of dA/AC is determined by -the kinetic constants
of RuP; carboxylase-oxygenase and their respective temperature dependencies.

4



FARQUHAR et al. (1980) used the temperature dependencies of X, K, V.
and V, oy, determined by BapoEx and CoLtatz (1977). This model predicts
that dA/dC should increase slowly with temperature (2% per degree at 25 °C)
at pormal p{0Q;), but be independent of temperature at zero p(0,). HALL (1979}

used the same activation energies for K,; and K_ but assumed an in vivo -

temperature optimum for V, p., 30d V, . of about 30 °C. Recent data of
WEs (1981) appear to suppert this assumption, There is, as yet, no it vitro
biochemical. support Ku and Epwarps (1977h) observed i mcrcasmg “carboxy-
lation efficiency” with increasing temperaturs, when expressed in terms of con-
- centration in solution. When expressed in terms of partial pressures of GO,
the increase was almost zero. PEISXER et al. (1979) observed that at normal
p{0;), dAJdC were similar at 23 °C and 33 °C in wieat.

16.5.4 Transition from Limitation Due to RaP, Carboxylatiun Capac‘lty
to One Due to RuP, Regeneration Capacity

The zbove equations [{16.66%-(16.69)] apply only when RuP, is saturating.
FarquHar et al. (1980) suggesied that this would be so at low CO. concentra-
tions, but that at higher p(CO,) a point is reached where RuP; regeneration
is limiting, and the dependence on CO, changes in nature. Their prediction
of a change in the response of A to C has been confirmed by vON CAEMMERER

and FARQUHAR (1981} (sec Fig. 16.5). To the extent that RuP, regeneration K

is Limited by photophosphorylation, the dependence on C is given by Eg.
{16.62c). Note that A continues to increase with C in this region as hm:tmg
ATP is diverted from the PCO ¢ycle to the PCR. cycle. Anatyses of CO, exchange
under high CO, concentration which ignOre the RuP, limitation (SiNCLAIR
and RanD 1979) are unreasonable.

From Eq. (16.39) and (16.60c), we can predict that the transitien from -

RuP; carboxylation limitation to RuP; regeneration fimitation oceurs at

K1 +O/K ) J/4.5V,,..) — /3L,

1-J/4. 5Vm..} S

C=

Nete that the transition depends on the ratic JfV, n.. and since this ratio
is somewhat conservative at the growth irradiance (voN CaEMMERER and FARQU-
HAR 1981), the transition C aiso tends to be conservative.
- The change in CO; dependence moving from RuP, carboxylation limitation
to RuP; regeneration limitation causes faster saturation than would occur due
to the kinetics of RuP, carboxylase-6xygenase alone. Failure to recognize this
has Jed TENHUNEN ¢t al. (1977} to it sunflower data at 25 °C with the physiologi-
cally unreasonable values of 0.45 pbar and 1 mbar for K, and K, respectively,
and wheat date at 25 °C (TENHUNEN et 2l 1980a) with K.=12 pbar and ¥,=
. 82 mbar. TENHUNEN ¢¢ al. (1980a) emphasized the linear relationship between

A and C as indicating support for mesophyll resistance to diffusion. However,
.- all that is needed for such a response is to use biechemicafly reasonable values
for the kinetic constants FARQUHAR &t al, (1930) used 460 uhar and 210 mbar,

= P I= 950

Rote of CO; ossimilotion, A fumol ma™
%

L ! L | 1
100 206 300 PT) [ 600

Intercafivlar piCOg), € [pbor]
Fig. 16.5, Rate of CO; assimflation A, vs. intercelluler partial pressure of €0y, C, in
Phrasepius vuigeris at an irradiance, [, of 1,400 uE m~* 3! (@), and 950uE m~%s"! {o)

at 28°C (after von Camm and FArquEaR 1581)

for X, and K, at 25°C. There is still some uncertainty about exsct values
which, although reasonably consistent among higher C; land plants, may show
2 twofold variation (YEOH et al. 1981}. All measurements indicate values much
higher than those used by TENHUNEN.

At low CO; concentrations the response of A to € is not linear, as demon-
strated by MzionEr (1970). It is possible that this curvature may be due to
carboxylase-oxygenass [nactivation [¢f. Eq. (16.14)].

16.5.5 Temperatare Optimum

The dependence on temperature of the CO, assimilation rate, A, depends on
that of its subprocesses, but the analysis is nevertheless complex {see also Chap
10, Vol. 12 A). At normal p{CO;) and p(Q,) the RuP, saturated rate, given
by Eq. (16.61), increases with temperature. This dependence is greater at high
p{COy,). At sufficiently high temperatures there is a decline due to increased
day respiration, Ry The latter effect is more pronounced at low p(C(0y) since
Ry then has a greater fractional impact on A. The temperature dependence
of the RuP,-limited rate, given by Eq. (16.62¢) is affected more by that of
Jmar, 811d the optimum is closer to that of Jy,,, which occurs zt lower tempera-
tures. We show in Fig. 16.6 that by mcn:asmg the ratic Foef Vo mao Which
tends to release the RuP; limitation, an increase in the. temperaturs optrmum
is obtained.
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Fig. 16.6. Modcﬂed rate of CO; assimilation, 4, vs. leaf temperaqure, T, far two ratios
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The irradiance is 2,000 pE m~? 5™ 1, interceliular p(CO,) is 230 pbar

Increasing p{CO;) from 2 low ievel causes an increase in the optimu}.a 5

temperature, as does increasing the irradiance from a low level. Both also
cause the temperature response to become sharper, as discussed by HaLL (1979).
All these phenomena arg observed in practice (ENocH and SAcks 1978; Berry
and BrORRMAN 1980). Decreasing the p(Q;) from an initially high value causes
a similar response as observed by JOLLIFFE and TreEGUNNA (1968).

16.5.6 Resistance of the Intercellufar Spaces

Yocum and Losmen (1975) estimated the drop in the concentratioh of CO,
at cells some distance from the substomatal cavities. They used equations devel-
oped to deseribe a system where enzymes are uniformly distributed in a diffusing
medium without carriers for facilitated transport. They regarded the distributed
cells as being analogeus to the distributed enzymes, and estimated that the
€0, concentration at the farthest distance from the substomatal cavities was
0.91 of that in the cavities, C,. However, their dimensionless Michaelis-Menten
constant, K/C, was probably too low by, at least an order of magnitude,
as they chose a value for Ky of only 25 pbar, The latter value was determined,
presumably, using the erroneous methed of assessing K, from A vs C response

- curves, without considering electron transport and photcphcisphory]at:on limita-
tions. If a more reasonable estimate’ of K [=K . (1+0/K ) is wsed in their
equations, with the parameters thcy determined for an ivy leaf, the estimated
drawdown in CO; conceatration in remote regions of the intergellular spaces
is negligible. - :

e

w0 "l ke
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Ranp (1977) estimated the maximum drawdown 1o be 50% of the substoma-
tal concentration. His sink strengths were unreasonable and he subsequently
(RAND 1978) revised this estimate to 2%-14%. The substomatal Toncentration
is typically 220 p1 17 in C, species (WoNG et al. 1979). CookE and Ranp
{1980) estimated the intercellular air space (ias) resistance to be typically
0.25m? s mol™! for CQ;. PakxuursT {1977) has derived a three-dimensional
mode] for CO; uptake in which he estimated an ias resistance of 6.3 m® s mol ™.
The reasons for the disparity are not obvious to us.

We now give independent estimates. The maximum drawdown, at cells most
remote from ‘the stomata, in a Hypostomatous leaf assimilating uniformly
throughout its volume is approximately A, ry2, where A; {pmol m™257%) is
the flux of CO; into the lower surface, and r; is the resistance to diffusion
of CO; acress the whole leaf through the intercellular spaces. In an amphistoma-
tous leaf the maximum drawdown ~:&1 Ag D where A, is the CO; flux

1 +A 2

into the upper surface. FARQUHAR and RaSCHKE (1978) measured the resistance
to the diffusion of belium across leaves of cotton and Xanthium strumarium,
After allowing for stomatal and boundary layer resistances on each side of
the leaf, and for the ratio of the diffusivities of CO; and helium in air, the
total intercellular resistances were approximately 8 and 3.2 m? s mol ™! for cot-
ton and X, sfrumariwn, respectively. With A;=A;=10, and A,;=8, A,=5,
respectively, the maximum drawdowns are then 20 and 5l 17%. The average
drawdowns in the ieaves are approximately half these values.

At a whole leaf Tevel these predictions for average drawdown may bc mim-
icked by resistances to the diffusion of CO, in the intercellular air spaces
of 0.5 ard 0.2 m? s mol™?, respectively, in agreement with the estimates of
CooxE and RawD (1980). These resistances are relatively unimportant, but may
underestimate the effects of close packing in, for example, sclerophyllous leaves.

16.5.7 Liquid-Phase Kesistance

Yecus and LomMEN (1975) pointed out that most of the liquid diffusion path
is within the chloroplasts themselves. They used the equations relevant to distrib-
uted sinks. with Michaelis-Menten kinetics to examine COQ, diffusion across
a chloroplast. They estimated that the CO; concentration at the surface away
from the wall would be 0.5 of that nearest it if the diffusing species were
CQO, alone. Unfortunately the K, chosen for CC; was only 23 pbar and with
a more apprepriate value the drawdown is again very small. Yocum and LOMMEN
(1975) estimated that carbonic anhydrase activity would reduce the depletion
to almast zero.

SiNcLaiR et al. (1977) have developed equations to describe the net character-
istics associated with both diffusion through cytoplasm and kinetics of RuP,
carboxylase-oxygenase. When geometric characteristics of C, plants are used,
certzin simplifications are possible, but the equations still appear to depend
on geometry. In fact the resulting equations may be further reduced to a descrip-
tion based on the amount of carboxylase per unit area of leaf, with no depen-



dence on liquid-phase resistance, or on cel] geometry. Cooke and Rano (1980)

treated the results of SINCLAIR et al, (1977) as an expression of *liquid-phase

resistance™, but the terminology in this case is inappropriate. -
Harr (1971} estimated that the liquid-phase resistance contributed an effec-

tive resistance, in terms of gaseous diffusion of only 0.4m?smoi™'. With a -
bet assimilation rate of 20 ymol m~25~", the depletion in partial pressure

would then be only 8 pbar. Considering carbonic anhydrase activity and the
agueous and lipid portions of the pathway, RAVEN and GLIDEWELL (1981) esti-
mated the liquid-phase resistance as 25 to 38 1n? s mol~ 2 on 2 cell area basis.
NoseL et al. (1975) observed a correlation batween mesophyll cell surface area
per unit feaf area and assimilation race, irradianc during growth being the
independent variable. In Plectranthus parviffora. whtn the surface area ratio
was 50, the essimilation rate was 7.3 pmol m~2 5. On this basis the above

estimate of fiquid-phase resistance would correspond 1o a depletion of 3.6 to

5.3 ubar. However, ratios are often smaller, and assimilation rates are often
higher in other species (RAVEN and GrinewrLr 1981), and if these changes
do occur simultaneously the drawdown could be greater. LoNGSTRETH and NOBEL
(1980) found that with varying nutrition, cotton gave varying rates, but that
the area ratio remained relatively constant (225). At the kighest assimilation
rate, 30 pmol m™% 57!, RAvEN and GLIDEWELL'S estimate of liquid-phase resig-
tance would correspond to a drawdown of 30 to 45 Jihar. < =

FarQuHAR et al. {1980) and BISREMAN (1981) have pointed out that an jn.
crease in mesophyll cell area is usually associated with increases in photosynthetic -

enzymes and electron carriers, which are the prime cause of increased assimifa-
tion rates. An excess of photosynthetic machinery per cell will cause inefficiency
(RavEN and GLEWELL, 1981}, but there is little evidence that this problem
occurs. A reduced ratio of surface areas, because it is generally accompaaied
by decreased photosyathetic capacity, does -not pecessarily cause a signiffcant
C0O; drawdown.

16.5.8 On the Appropriate Measure of CO, Concentration

Summarizing the previous two sections, it appears that, unless thers is bicarbon-
&te pumping in cells, as occurs in some algae (BADGER et al. 1986) and submerged
macrophytes (see Chap. 15, this Vol), the CO, concentration, C, at the sites
of carboxylation is usually only marginally less than in the substomatal cavities,

FARQUHAR ¢t al (1982) came to the same conclusion from considerations of .

obsérved carbon isotope fractionations. ‘Controversy exists whether the most
appeopriate measure of C is the molar congentration in solution (Ku and En-
WARDS 19774, b, 1978) or the equilibrium partial pressure (BaDGER and CoLLATZ
1977). The question will be resolved when it is known whether or not the
CO; in solution is in equilibrium with that bound to the carboxylase sites.
Ku and Epwarps (19772, b) have shown that much of the temperature depen-
dence of various processes is reduced when the solubilities of CO, and O,
are taken into.account. However, it is unlikely that the kinetic constanots ate
completely independent of temperature. If the molar concentration is the appro-

a A e kb T LLVAR LN L
g :

-

. - -
priate measure, the temperature dependencs of the kinetic constants cam still ]
be treated in terms of partial pressures by absorbing the temperature dependence’
of solubility (HarL 1979). :

16.6 Long-Term Effects of Environment on Leaf Photosynthesis

Photosynthetic CO,-assimilation by leaves is affected by plant nutrition, l_ight
and temperature regimes, leaf age and other physictogical factors. If analytical,
mechanistic models are to be used to estimate the influence of individual compo-
nents on the integrated performance, 2a understanding of which parameters
may change and which are invariant under environmental changes is important.
As discussed previously, there is gvidence that the ratio V, ok ¥ max 13 consta_nt
among species and under different growth conditions. Similarly the Michaelis.
Menten censtants for the RuP; carboxylase-oxygenase, X, and K, are not
affected by different growth conditions such as high temperature (BERRY and _
BIOREMAN 1980) and high [CO;] (Yeou etal. 1981). However, the amounts
of carboxylase and of electron transport components may vary greatly. This
has been shown by several authors. For example, BiOREMAN et al. (1972) and
Pow1Es and CRITCHLEY (1980) found that RuP; carboxylase activity, V. me,
and maxirmum electron transport rate, I, were Ligher, on a leaf area basis,

Rots of COy assimilation, A (umol miZyl)

| 1 i i

I
1200 1800 2000

i i 1 i

[ 00 a:;u
lrradionce, | [WEm2sT)

Fig. 16.7. Modelled rete of CO, assimilation, 4, vs. irradiance, J- / represents high light
grown plant with V. pe,= 115 pmol m™2 871 and Jo, =210 pgBqm~2s71: 7 ¢ nis low
light grown plant with V. nu=57 pmol m~? 3~ and Tmae=105 uEq m ™% 57" Values of
Tmar 30d ¥, p, chosen are typical of these determined experimentally by the authors.
Rates of day respiration have been scaled accordingly. Arrows indicate trensition from
RuP; tegeneration limitation to RuP, carboxylatien limitation _ I
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in plants grown at high light than in plants grown at low light (see Chap.
3, Vol. 12 A). The modelled effects are shown in Fig. 16.7, Plants grown at
differing leveis of nitrogen nutrition alse have differing values of V. . and

Joay (MEDINA 1969; vON CABMMERER and Farquaar 1981). The decrease in
CO;-assimilation rate observed during leaf ageing is associated with a decline

in V. juy; a0d Jmye. Similarly the increase in CO,-assimilation rate after defoliation
of other leaves (WAREING et al. 1968) bas been correlated with an increase
I V. mase WONG (1979) has shown that the lowsred assimilation rate at normal
P{CO;) of cotion plants grown at enhanced p(CO,), is associated with  lowered
carboxylase activity. 5
Temperature adapiations may alse to some exieri be explained. by changes
in the amount and ratio of Jou, and Vi guy. BERRY and BIGREMAN (1950) reported

that high temperature grown plants have less carboxylase than low temperature
growa plants. This will cause an increasc in the temperature optimum of ‘CO,-

assimilation rate as discussed earlier. The temperature optimum of electron-
transport rate itself did not change significantly in the example cited, although
there was greater thermal stability at temperatures greater than the optimum;

Thus it appears that man¥ longer-term environmenta] effects mzay be mod-
elled by suitable changes in two key parameters, V, _, and i fo

16.7 C.~Photosynthesis
The mathematical modelling of CO, assimilation by C,-species is in its infancy.
Nevertheless, many of the gas exchange characteristics observed with intact
leaves have been predicted using models based on the known biochemical and
anatomical characteristics. PEISKER {1978a) and Berry and FARQUHAR (1978}
predicted the low compensation point, insensitive to p{(Q,). Berry and Farqu-
HaR predicted the insensitivity of quantum yield to p(CO,), p(Q,) 2nd tempera-
ture, and the lack of O, effects on assimilation rate. They predicted that photore-
spiration should nevertheless continue at a low rate in the bundle-sheath cells,
as observed in several studies and most recently by MorOT-GAUDRY et &l. {1980).
They also predicted the greater nitrogea nse efficiency of C, plants, especially
at higher temperaturss. ’ ; g e

Factors needing consideration in future models are the mechanism of action
of phosphoenol pyruvate (PEP) carbaxylase, the malate and aspartate inhibitions
of PEP carboxylation, the feedback inhibition by free €O, of C, acid decarboxy-
lation (RATHNAM and CHOLLET 1980), and the higher X, for RuP; carboxylase
in C4 species (YeoH et al. 1981). ey : )

S
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16.8 _Cﬁndpj' Photosyni:liesis

Photosynthesis of canopies of Ca-species hds besn the subject of a great deal
‘of experimentation and modelling (HESKETH 1980; see also Chaps. 4-10, Vol.

v et

R

16 Medelling of Photosynthetic Response to Environmental Conditions 581

12D}. It is useful to examine how the equations for leaf photosynthesis may

be utilized in this context, - .
Earifer we suggested that for an individual leaf the rate of assimilation .

should be given by
A=(1-T /C}-min{W,, I} -R, (16.71)

Since W, and J' are usually correlated (voN CAEMMERER and FARQUHAR [981)
and since irradiance is often limiting in the canopy, we can expect that to
a good approximation W £J for most leaves. Substituting for I using Eg.
{(16.60¢c) we obtain the RuP, limited rate of assimilation for a single leaf {16.62¢)
and using Eq. (16.32) this yields

T e Ol

- ) —R.. (16.72)
I+213,,, 45C+105L, ¢

The problem of predicting canopy photosynthesis, the rate of assimilation
per unit ground surface, reduces to that of determining how Jau. Ra, I T
and € vary through the canepy, and integrating appropriately. It is possible
that treatments eould be developed which exploit the correlation that can occur
between J,.. and growth irradiance to predict how J.., is reduced lower in
the canopy. Further, R, may be correlated with A (ANGUS and WiLsoN 1976).
Intercellular p(CO,) depends on stomatal conductance, but at a particular tem-
perature is often “insensitive to [ {GoubpRlaan and vaN LAar 1978:; WoNG
etal. 1979), except at low irradiances where contributions to photosynthesis
are, in any case, minimal. The main problem, therefore, relates 1o the penetra-
tion, propagation and absorption of radiation (DE WiT 1965), which in turn
depends con canopy structure (Monst &t al. 1973), ;

Regardless of the details of light absorption in the caropy, the irradiance
dependence of canepy photosynthetic rate {per unit ground area) will be similar
to that given by Eq. (16.72), but with J,,, much greater than that for a single
teaf, and with R, summed over the whole canopy. This result may be seen
in the clissical papers of Bovsen Jensen (1932, 19497

16.9 Empirical Models

At present, even in the medels of short-term responses discussed earlier, the
dependence of I, on temperature is fairly empirical. So too are the effects
of water stress and salinity, Models concerned with time scales in which V., ...,
Jua and Ry change are also, of necessity, empirical at present. Models which
successfully deal with these longer times include that of Lance et al. (1977,
in which the productivity of lichens is predicted. Even over the short-time
scales discussed earlier, some authors have found it easier to make statistical
analyses of gas exchange characteristics such as the rasponse of A to appropria~
tely spaced changes in C, T and I than to assume a particular underlying

L)



biochemical structure (ENocH and Sacks 1978). Nevertheless it is prabably
easier for most ecophysiologists interestad in Cy-photosynthesis to assume a
structure such as the one described earlier, measure CO-assimifation rate under
certain conditions, and fit values to V, mex, ANd t0 R4 and J,,, and theit tempera-

ture dependencies, using techniques similar to those described by Hacc ( 1979).

Hopefully further research and modelling of the mechanistic kind will continue
to decrease the areas where empiricism is still required. :
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