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Using simultaneous measurements of leaf gas exchange and chlo- 
rophyll fluorescence, we determined the excitation partitioning to 
photosystem I1 (PSII), the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACO,/O, specificity of ribulose-l,5- 
bisphosphate carboxylase/oxygenase, the dark respiration in the 
light, and the alternative electron transport rate to acceptors other 
than bisphosphoglycerate, and the transport resistance for CO, in 
the mesophyll cells for individual leaves of herbaceous and tree 
species. The specificity of ribulose-1,5-bisphosphate carboxylase/ 
oxygenase for CO, was determined from the slope of the O, de- 
pendente of the CO, compensation point between 1.5 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA21 ?& O,. 
I ts  value, on the basis of dissolved CO, and O, concentrations at 
25.5"C, varied between 86 and 89. Dark respiration in  the light, 
estimated from the difference between the CO, compensation point 
and the CO, photocompensation point, was about 20 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50% of the 
respiration rate in the dark. The excitation distribution to PSll was 
estimated from the extrapolation of the dependence of the PSll 
quantum yield on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF/F, to F = O ,  where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF i s  steady-state and F,,, is 
pulse-saturated fluorescence, and varied between 0.45 and 0.6. The 
alternative electron transport rate was found as the difference 
between the electron transport rates calculated from fluorescence 
and from gas exchange, and at low CO, concentrations and 10 to  
21 % O*, it was 25 to  30% of the maximum electron transport. l h e  
calculated mesophyll diffusion resistance accounted for about 20 to 
30% of the total mesophyll resistance, which also includes carbox- 
ylation resistance. Whole-leaf photosynthesis i s  limited by gas 
phase, mesophyll diffusion, and carboxylation resistances in nearly 
the same proportion in both herbaceous species and trees. 

Both gas-exchange and fluorescence measurements may 

be used to calculate the ETR (von Caemmerer and Far- 

quhar, 1981; Genty et al., 1989). The difference between the 

ETR calculated from fluorescence and that calculated from 

gas-exchange measurements has been used to estimate the 

CO,/O, specificity of Rubisco (Peterson, 1989, 1990), the 
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mesophyll diffusion resistance and the chloroplastic CO, 
concentration (Di Marco et al., 1990; Loreto et al., 1992, 

1994; Epron et al., 1995), the alternative electron sinks 

(Loreto et al., 1994), and the nonphotosynthetic carboxyla- 

tion and decarboxylation rates (Laisk and Sumberg, 1994). 

To calculate Jf and J, (for denotations, see "Theory") each 

variable included in the respective equations must be cor- 

rectly known. Accurate estimates of Jf depend on (a) the 

validity of the equation applied to find Jf from AF/F, 
(Genty et al., 1989) and (b) the excitation distribution be- 

tween PSI and PSII. Although the parameter AFIF, has 

generally been found t o  be linearly related to the quantum 

yield of CO, fixation, nonlinear relationships between the 

two have also been reported (Seaton and Walker, 1990; 

Oquist and Chow, 1992). Excitation has usually been as- 

sumed t o  be equally distributed between PSI and PSII 

(Krall and Edwards, 1992; Loreto et al., 1992, 1994). Accu- 

rate estimates of J, depend on (a) the CO,/O, specificity of 

Rubisco, which determines the CO, photocompensation 

point at which photosynthesis and photorespiration are 

equal (on a CO, basis); (b) the rate of dark respiration in the 

light, which has to be subtracted from the total respiration 

to determine photorespiration; and (c) the mesophyll dif- 

fusion resistance, which lowers the CO, concentration at 

Rubisco active sites from that in the intercellular spaces, 

thus favoring oxygenation over carboxylation. 

In principle, Jf and J, may not be equal, since part of Jf 

may be used to reduce alternative acceptors, such as nitrite 

and O, (Badger, 1985; Robinson, 1988). Loreto et al. (1994) 

suggested that alternative electron sinks are generally too 

low to be detected under ambient conditions but found a 

residual electron transport of about 40 pmol m-' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs-' when 

photosynthesis and photorespiration were selectively in- 

hibited. If alternative electron sinks are relatively active, 

then the estimation of the mesophyll diffusion resistance 

from electron transport is not accurate. In previous works 

(Di Marco et al., 1990; Loreto et al., 1992, 1994; Laisk and 

Sumberg, 1994) some of these parameters were assumed t o  
be constant (Rubisco specificity, dark respiration in the 

Abbreviation: ETR, electron transport rate. 
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light, excitation distribution between PSI and PSII), and the 

others were calculated. However, to solve a system with 

many unknown variables, at least the same number of 

independent measurements are necessary. The correct pro- 

cedure is one that makes the influence of each variable on 

the result maximum in one measurement and less in the 

other measurements. We report a series of experiments that 

were designed to satisfy this mathematical requirement 

and allowed us to estimate the variables affecting Jf and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJp 

calculations. Although this considerably reduced the de- 

gree of freedom of the system, it is still difficult to calculate 

alternative electron sinks and mesophyll diffusion resis- 

tance independently because of the similar influence of 

these two variables on the calculated photosynthetic elec- 

tron transport. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
THEORY 

We calculated the ETR and the mesophyll diffusion re- 

sistance from the following system of equations that de- 

scribes the relationships among electron transport, ribu- 

lose-1,5-bisP carboxylation, and photorespiratory CO, 
evolution. 

G X O, 

2Ks X C,' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR, = ~ 

rgw = 100 x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApc[g x ;x (1 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7) x 

wlk - ")I, (7) 
2026 

wlk - ") + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArg( 1 - 1.62 
1013 

1 - 1.62 

401.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
pc = exp( 105.7 + t, - 3.252), 

4.815). 

(9) 

Denotations used above and in the forthcoming are the 

following: C,, equivalent reference (inlet) CO, concentra- 

tion, reduced to liquid phase considering solubility (CO, 

and O, concentrations in pmol m-3); C,, CO, concentration 

at carboxylation sites (dissolved); C,, cell-wall CO, con- 

centration (dissolved); E, rate of transpiration (mmol cmp2 

s-' in Eqs. 7 and 8); F ,  steady-state fluorescence yield; F,, 
pulse-saturated fluorescence yield; G, gross photosynthesis 

(carboxylation) rate (rates in pmol m-' s-'); J,, alternative 

ETR; Jf, ETR calculated from fluorescence; J,, ETR that 

supports photosynthetic CO, exchange; K,, CO,/O, spec- 

ificity of Rubisco; L,, diffusion length from evaporation 

sites to externa1 air; n, number of electrons consumed per 

CO, photorespired; O,, O, concentration (dissolved) in 

chloroplasts; P, net CO, exchange rate; pk, pressure in the 

leaf chamber (mbar); Q, absorbed quantum flux density 

(pmol m-' spl); R, gas constant (83.12 mbar mL K-' 

mmol); R,, dark respiration rate in the light; R,, photore- 

spiration rate; r,, carboxylation resistance (resistances in s 

m-I); rg, the gas phase resistance for CO, diffusion as 

calculated from the transpiration rate; rgW, diffusion resis- 

tance in gas phase from chamber inlet to cell wdls (evap- 

oration sites), reduced to liquid phase; rm, total resistance 

for diffusion and carboxylation in the liquid phase of me- 

sophyll cells; rmd, diffusion resistance in liquid phase from 

cell walls (evaporation sites) to carboxylation sites; r,, total 

resistance; S, leaf area in the chamber (cm' in Eqs. 7 and 8); 

TI, leaf temperature (K); t,, leaf temperature ("C); U,  CO, 
concentration in the gas entering the leaf chamber as mea- 

sured by the absolute gas analyzer (pmol mol-I); V, actual 

flow rate into the leaf chamber (mmol s-'); W,, mean water 

vapor pressure in the leaf chamber (mbar); W,;, mean 

water vapor pressure at the mesophyll cells (rnbar); Y,,, 

quantum yield of electron transport at PSII; YII,,,, relative 

excitation distriljution to PSII; p, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoo, solubilities of CO, 
and O,, respectively (m" m-3); r, CO, compensation point; 

r", CO, photocompensation point. 

Data for the approximation of solubilities were averaged 

from the works of Kaye and Laby (1962) and hhtshenko 

and Ravdel(l965). Equation 7 considers the dilution of CO, 
by water vapor (Laisk, 1977) and the counterflow of water 

vapor on the diffusion of CO, through the stornata (Par- 

kinson and Penman, 1970). 
Thus, the system of resistances is the following: 

rt = rgw + rmd + rc. (11) 

To make it comparable with the liquid phase resistances, 

the gas phase resistance rg  was multiplied by the solubility 

of CO, to obtain rgW (Eq. 7). The total mesophyll resistance 

rm is defined as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y, = rmd + r,. (12) 

Substituting Equation 2 into Equations 1 and 3, we obtain 

and 

Substituting G from Equation 13 into Equatian 14, we 

obtain 
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Solving the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACrossword of Photosynthesis 905 

Substituting zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC,  from Equation 5 into Equation 15 and car- 

rying out the necessary transformations, rmd is expressed 

as 

and 

From fluorescence, ETR Jf was calculated as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1, is related to Jf and to the alternative ETR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIa as follows: 

I a  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIr - Ip. (19) 

Application of these equations for finding rmd and Ja 

requires precise measurements of CO, exchange rate and 

fluorescence under well-defined concentrations of CO, and 

O, and the knowledge of K,, R,, and Y,,,. 
K ,  was determined from the slope of the O, dependence 

of G using O, values of less than 21%, where the contribu- 

tion to G by dark respiration is constant 

AO 
2Ar' 

K,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 

R, was calculated from the total mesophyll conductance 

(the slope of the P versus C, plot) and the difference y - 
P, as follows: 

P 
R,,= r - -  x- ( 2) c w - r  

where the second term in parentheses represents r*. 
Y,, was calculated with respect to Q as 

YII = I p /  Q, 

where J, is from Equation 17. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
MATERIALS A N D  METHODS 

Cowpea (Vigna unguiculata [L.] Walp.) plants were 

grown in a greenhouse. Attached leaves of 30-d-old plants 

were used in experiments. Leaves of Xanthium strumarium 
L., Tilia cordata L., Citrus sinensis L., and Ficus carica L. were 

collected from plants growing in the area of Consiglio 

Nazionale delle Ricerche, near Rome, in June to July 1995. 

Sunflower (Helianthus annuus L.) leaves were collected 

from a local field. 

Gas-Exchange and Fluorescence Measurements 

leaf and thermostating water to 300 to 500 W mp2. As a 

result the increase in leaf temperature did not exceed 0.5"C 

under illumination. The actual leaf temperature was calcu- 

lated from the energy budget of the leaf (Laisk, 1977). Gas 

exchange only through the lower epidermis was measured. 

This might decrease the resulting stomatal conductance for 

amphistomatous leaves but avoided complications arising 

from mixing air streams that had passed over different leaf 

surfaces (Bertsch and Domes, 1969). 

Air was pumped through the open system creating 200 

kPa overpressure. The pressure was stabilized at 100 kPa 

by a pressure-reducing valve. A column of NaOH on the 

input of the pump reduced CO, concentration to a few 

parts per million. The flow rate of the C0,-free air was set 

to 3.76 L minpl with an SP-1622 flow controller (Matheson, 

East Rutherford, NJ). Downstream, the dewpoint of the gas 

was set to 15°C. Air containing 3% CO, flowed through a 

flow controller (maximum rate 10 mL min-l) into the 

humidified, C0,-free air. The gas flow was divided in a 

manifold to feed (a) the leaf chamber and then measure- 

ment cells of the water vapor and CO, analyzers (Binos, 

Leybold-Hereus, Germany), operated in differential mode; 

(b) reference cells of the differential gas analyzers; (c) a 

zero-check circuit; and (d) an absolute CO, analyzer (LI 

6200; Li-Cor, Lincoln, NE). The differential H,O and CO, 

IRGAs were connected in sequence and the dewpoint of 

the gas was set to 0°C before entering the CO, IRGA. The 

zero of the absolute IRGA was set with pure N,, and the 

span was calibrated with a standard gas of 354 ppm CO, in 

N, (Caracciolo, Rome, Italy). The differential IRGA was 

calibrated against the absolute one by stopping the refer- 

ente flow and changing the absolute CO, concentration. 

Because of the pressure change in the reference cell, a small 

shift of the reference line was induced during the calibra- 

tion but did not influence the response to the difference in 

CO, concentration. The H,O IRGA was calibrated in a 

similar way, changing the dewpoint of the main gas flow. 

The pressure at the manifold was stabilized by a manostat 

tube immersed 50 cm in water. Flow rates to each of the 

four circuits were set by constant resistances (pieces of gas 

chromatograph capillary tubing). The flow rate through the 

leaf chamber was measured with a mass flowmeter (Mathe- 

son), calibrated against a bubble flowmeter (The Mini-Buck 

Calibrator, A.P. Buck, Orlando, FL). The O, concentration 

in the gas was controlled by feeding N, (or O,) to the input 

of the pump through a flow controller. The tube carrying 

N, (O,) from the flow controller was placed loosely in the 

pump inlet tube so that the pump captured a11 of the gas 

coming from the pressure cylinder and, if the flow rate 

from the cylinder was insufficient, the rest was taken from 

air. This arrangement avoided flow disturbances when 

changing the O, concentration and allowed us to obtain 

any O, concentration between O and 21% using a N, cyl- 

A round leaf chamber (0.031 m in diameter, 0.003 m 

high) was used. Gas entered and exited through two thin 

slits with a flow rate of 1 L min-l. Each slit occupied 90" of 

the perimeter. Gas flow was laminar. The upper side of the 

leaf was sealed with starch paste to the thermostated glass 

window. This increased the heat conductance between the 

inder and between 21 and 100% using an O, cylinder. 

The leaf chamber was illuminated through a light guide 

of plastic 1-mm-diameter fibers (Toray polymer optical 

fiber, PF-series; Laser Components, Grobenzell, Munich, 

Germany) made in the University of Tartu (Estonia). By 
individual arrangement of each fiber, light from two 
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sources (KL 1500; Schott, Cologne, Germany) was evenly 

superimposed over the leaf area. Light was measured with 

an LI-185 quantum sensor (Li-Cor). Leaf absorbance was 

measured with the Li-Cor 1800 portable spectroradiometer 

and Li-Cor 1800-K integrating sphere. One KL 1500 pro- 

vided 2-s pulses (10,000 pmol m-' s-l) for fluorescence 

saturation, and the other was used for actinic illumination. 

Light was attenuated with neutra1 filters mounted in the 

KL 1500 by the manufacturer. Using the same fiber ar- 

rangement, Chl fluorescence was measured from a 0.01- X 

0.02-m2 spot on the leaf with a PAM 101 fluorometer 

(Heinz-Walz, Effeltrich, Germany). Signals from the flu- 

orometer and the differential IRGAs were recorded on a 

chart recorder. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Gas-Exchange Data Processing 

In the laminar flow chamber, transport resistances to 

CO, were calculated with respect to the mean CO, concen- 

tration in the chamber, but for water vapor the program 

divided the leaf chamber into severa1 small sections. Water 

vapor pressure at the output of a section served as the 

input for the next section. Leaf temperature was calculated 

separately for each section from the energy budget. Water 

vapor pressure in leaf intercellular spaces was assumed to 

be saturating at the leaf temperature and was calculated 

from the Magnus formula. For each section, transpiration 

rate was calculated on the basis of the water vapor pressure 

difference between the leaf intercellular air spaces and 

chamber air and the diffusion resistance. The latter was 

assumed to be the same for a11 sections and was expressed 

as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL, to exclude the influence of different diffusion coeffi- 

cients in different gas mixtures. The increasing water vapor 

pressure was integrated over the chamber length, and L,  
was iterated until the calculated water vapor pressure at 

the end of the chamber became equal to the measured 

value. The L,  that corresponded to this condition was used 

in further calculations of the diffusion resistances for CO,. 

The average heat conductance between the leaf and the 

thermostating water was found by solving a system of 

energy budget equations for two transpiration measure- 

ments carried out at different light intensities at constant 

stomatal opening (readings of transpiration were taken 

before the stomatal movements commenced). 

A second loop of iteration was placed over the iteration 

of L, and was continued with plausible heat-exchange 

coefficients until the L,s calculated for both transpiration 

rates were the same. The value of the heat-exchange coef- 

ficient that satisfied this condition was used for the calcu- 

lations of L,  for gas-exchange measurements. The equiva- 

lent gas phase resistance for CO, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(rgw, Eq. 7), which 

accounts also for the "chamber resistance," zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS /  V, dilution of 

the CO, by water vapor, and the effect of the viscous flow 

of water vapor out from the leaf (Parkinson and Penman, 

1970), was calculated. To make gas phase and liquid phase 

resistances comparable, the gas phase resistance was mul- 

tiplied by the CO, solubility. Similarly, C, (Eq. 8) was 

calculated from the reading of LI-6200. The average water 

vapor pressure on the diffusion path of CO, was consid- 

ered, and the concentration was multiplied by the CO, 

solubility to compare concentrations in gas and liquid 

phases. Thus, the corrections considered in the calculation 

program were the influences of atmospheric pressure, tem- 

perature, and gas molecular weight (different O,/N,/H,O 

ratios) on the flow rate through the leaf chamber, the 

increase of the flow rate due to transpiration, the dilution 

of the CO, concentration due to higher water vapor pres- 

sure in the intercellular air space, and the effect 'of viscous 

counterflow of water vapor from the leaf on C02 diffusion 

into the leaf (Laisk, 1977). When these corrections are in- 

cluded in rgw and C, (Eqs. 7 and 8), the calculation of C, is 

as simple as Equation 4. 

RESULTS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
COJO, Specificity of Rubisco and Dark Respiration in the 
Light 

K,  was calculated from the slope of the O, dependence of 

r (CO, concentration at which photosynthesis 'equals total 

respiration in the light). We made the assumption that R, 
was independent of O, concentration over the u:;ed range. 

At low O, concentrations (between 1.5 and 21%), the slope 

of the P versus C, curves near r little depends on the O, 
concentration (Fig. 1) and, thus, the difference r -- r" stays 

constant. Therefore, we can express K,, replacing Ar for r* 
and AO, for O, (Eq. 20). 

To measure r, the open system was tuned to different 

CO, concentrations, one somewhat below and the other a 

little above r, and r was found by linear interpolation. Net 

CO, exchange rates of a sunflower leaf measured at differ- 

ent CO, and O, concentrations are plotted against C, in 

Figure 1. The dependence of r on O, for O, concentrations 

between 1.5 and 100% for the same leaf is shown in Figure 

2. The slope of the dependence stays constant below O, of 

0.262 mo1 m-' (21%). The line intercepts the axis of r very 

close to O, and the slope slightly increases only at higher O, 

concentrations, indicating that the contribution of R, to r is 

small. Values for K,, calculated from the slope of the r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
O 4 8 12 

Ceii-waii CO> concentration, mmot m-3 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. CO, exchange rate of a Helianthus leaf as a function of the 
calculated cell-wall (dissolved) CO, concentration. Different curves 
were measured at O, concentrations labeled at the curves in mo1 
r Y 3 .  Q = 1 1  10 pnol m-' s-'; t, = 25.5OC. 
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C 
? - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

60 

- I ;  
5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk 

40 .g 
o) 

c o) 

20 p zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
O 

: E  

i i  

O 0.5 1 .o 1.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Oxygen concentration, mo1 m.3 

Figure 2. Dependence of the CO, compensation point on dissolved 
O, concentration for Helianthus (data from Fig. 1 ) .  

versus O, dependence between 1.5 and 21% O, are given in 

Table I for different plants. If zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK ,  is known, it is possible to 

calculate R, from the total mesophyll conductance (the 

slope of the P versus C, plot) and the difference r - r* (Eq. 

21). The calculated dark respiration in the light (Table I) 

was relatively low, about 20 to 50% of the value in the dark. 

Excitation Distribution to PSll and Electron Transport to 

Alternative Acceptors 

To correctly calculate the ETR from Equation 18 we need 

to know zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY,,,. It was determined from the relationship 

between photosynthesis and Chl fluorescence when pho- 

torespiration was suppressed by decreasing O, concentra- 

tion to 1.5%. Stable photosynthetic rates were measured 

sequentially at five values of Q and in the dark (Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3) .  At 

each Q, F was recorded and one saturation pulse was 

given. To obtain data points at very low quantum yields, 

CO, concentration was decreased at the maximum Q. J, 
was calculated from the measured gas-exchange rate using 

Equation 17, considering the presence of photorespiration 

in 1.5% O,. Y,, was calculated according to Equation 22 and 

I 0. , 80 

-5 ’ ‘ o  
O 200 400 600 800 1000 1200 

Quantum flux density, p o l  m-* s-’ 

Figure 3. Light curves of CO, exchange rate (0 and dark respiration 
in the light (R,) (solid lines, left axis) and steady-state (0 and pulse- 
saturated (F,) fluorescence yields (dashed lines, right axis) for Heli- 
anthus at 1.5% (0.01 9 mo1 m-3) O, and externa1 CO, concentration 
of 196 ppm (C,, = 6600 pmol m-3). R, was determined as described 
in the text. rel.un, Relative units. 

plotted against F / F ,  (Fig. 4). This plot is the graphic 

representation of Equation 18 and yields a straight line that 

extrapolates to O when F approaches F ,  and to YIIm, the 

maximum quantum yield of PSII, when F approaches O. 

The parameter YIIm is the excitation distribution factor to 

PSII. Note that in Equation 22 Y,, is defined with respect to 

the total absorbed quanta, to find its value as excitation 
distribution factor to PSII when F approaches O. 

The placement of data points in the plot in Figure 4 

depends on an assumption about how the dark respiration 

is inhibited with increasing light intensity. Assuming that 

the dark respiration was inhibited with increasing Q as 

shown in Figure 3, the points obtained at nonsaturating Q 

were placed close to a straight line. Since gradual inhibition 

of dark respiration in parallel with the light saturation of 
photosynthesis is possible, our data do not disagree with a 

linear Y,, versus F / F ,  relationship. Experimental points 

obtained at saturating Q and lower CO, concentrations 

extrapolated to F / F ,  values below 1. We interpret this as 

evidence of an alternative, nonphotosynthetic electron 

flow, which makes ETR calculated from gas-exchange mea- 

Table 1. Photosynthesis parameters of individual leaves, as determined from the measurements of CO, exchange and Chl fluorescence 

K,, the COJO, specificity of Rubisco; VI,,, the excitation distribution to PS I I ;  R,, the dark respiration rate in the light; k,,,,,, the maximum 
electron transport rate under photorespiratory conditions; I,,,,, the maximum alternative electron transport; r,, the mesophyll resistance 
(carboxylation plus diffusion); rmd, the mesophyll diffusion resistance; rmdmax, the maximum r,, calculated with /a = O; rgw, the gas phase 
resistance for CO, diffusion. 

Ks y,,m Rd Jímax Iam,, r”, rmd rmdmax r,, rmdrm 
unitless pmol m-’s-’ 5 m-’ unitless 

Species 

Helianthus 
Xanthium 
Vigna 
Vigna 
Vigna 
Tilia 
Ficus 
Citrus 
Citrus 

88.9 

86.5 

86.2 

88.5 

85.8 

90.26 

89.6 

85.8 

85.8 

0.46 

0.52 

0.48 

0.46 

0.42 

0.60 

0.57 

0.57 

0.58 

0.46 

0.50 

0.25 

0.29 

0.34 

0.0 

0.28 

0.46 

0.278 

272 61.5 

234 57.4 

168 18.2 

173 41.5 

134 24.1 

161 24.0 

142 12.1 

116 20.3 

75 13.7 

160 39.7 

208 60.0 

233 22.9 

21 2 22.4 

277 40.0 

284 79.5 

320 37.4 

41 3 88.5 

548 1 O0 

70.7 

98.4 

50.0 

71.2 

91 .O 

79.0 

124 

156 

184 

167 0.25 

154 0.29 

307 0.1 o 
237 0.1 1 

31 7 0.14 

295 0.28 

239 0.1 2 

440 0.21 

444 0.1 8 
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: 
- . 

* *  . . - 

TO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAYll,=0.46 

0.3 0.5 0.7 0.9 

FIF, 

Figure 4. Quan tum yield of electron transport as a function of the 

ratio f/F, for Helianthus. Data points represent the quantum yield of 
photosynthetic electron transport, JJQ, calculated with the meso- 
phyll diffusion resistance, r,,, of 39.7 s m-'. Different series were 

measured at different O, concentrations by changing CO, concen- 

tration (symbols as in Fig. 1). Filled circles were obtained by decreas- 
ing light (as in Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ) .  Straight line to FIF, = 1 is the quantum yield 

of PSll electron transport, Jf/Q, calculated from Equation 18 with 
VI,, = 0.46. 

surements lower than ETR calculated from fluorescence 

measurements. 

The difference between Jf and Jp was even more evident 
from measurements at O, concentrations higher than 1.5% 
(Fig. 4). For these data, 1, was calculated from Equation 19 

substituting J, from Equation 17 and Jf from Equation 18. 
Results for Helianthus are shown in Figure 5 .  Three data 

points were measured at each O, concentration, as shown 

in Figure 1 (data that are close to the CO, compensation 

point cannot be used in these calculations). Ja generally 

decreased with increasing CO, concentration and in- 

creased with increasing O, concentration below 21% (0.262 
mo1 m-3) but decreased at higher O, concentrations. A 
similar O, and CO, dependence of Ja was obtained for 

Xanthium and Vigna. Tree species having lower ETR than 

herbaceous species did not show a clear CO, and O, de- 

pendente of Ja. Maximum Jf and maximum Ja for each 

experimental leaf are given in Table I. 

Mesophyll Diffusion Resistance 

The reciproca1 of the P versus C, slopes (Fig. 1) is Y, (Eq. 
12). Since ymd is not influenced by the O, concentration 

(Loreto et al., 1992), the reduction of the slopes of the P 
versus C, curves at high O, concentrations in Figure 1 

indicates an increase in Y,. For the most correct evaluation 

of rmd, Y, must be kept to a minimum. This condition is met 

at O, concentrations below 21%. On the other hand, fast 

electron consumption by photorespiration is necessary to 

correctly calculate i,,,,. This occurs at high zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo, concentra- 

tions. Thus, the optimum range of O, concentrations for the 

evaluation of rmd seems to be between 10 and 21% O,, 
where R, is sufficiently high but Y,  has not yet begun to 

increase. 
The Y,, was calculated from Equation 16 usinig Jp from 

Equation 17 and K,, R,, YIIm, and J, values determined as 

described above. The average values of rmd from measure- 

ments at O, concentrations of 10, 15, and 21% arte given in 

Table I. As seen from Equations 16, 17, and 19,], and Y,d 

are interdependent and cannot be resolved in the frame- 

work of our data without applying assumptions. Maxi- 

mum ymd in Table I was calculated assuming that la = O at 

any combination of CO, and O, concentrations, to show 

the possible range of variation of r,,. Another quite likely 

ymd value was chosen that resulted in J, = O at only one 

pair of CO, and O2 concentrations but J, > O at others. For 

example, data in Figures 4 and 5 were calculated assuming 

that rmd = 39.7 s m-l. Data from Table I are illuistrated by 

Figure 6, where Y=, Y,d calculated with and without Ja, and 

ygW are shown. The last resistance may be somevahat over- 

estimated for amphistomatous leaves, since diffusion 

through the stomata of the upper epidermis was blocked in 

our leaf chamber. The limiting role of each of these resis- 

tances is represented by its portion of the total. 

DI SC U SSI ON 

This work shows that simultaneous fluorescence and 

gas-exchange measurements can be used to resolve the 

parameters involved in the current model of photosyn- 

thetic electron transport, CO, assimilation, and photorespi- 

ration. To do this, a system of experiments is proposed that 

allowed us to determine the Rubisco specificity factor, dark 
respiration in the light, excitation distribution to PSII, al- 

ternative electron transport to nonphotosynthetic accep- 

tors, and mesophyll diffusion resistance. These parameters 

are necessary to calculate the electron transport,. carboxy- 

lation (photosynthesis), and oxygenation (photorespira- 

. . 
+ 

I I A  O 
O 0.5 1 .O 1.5 

Oxygen concentration, mo1 m-3 

Figure 5. Dependence of Ja on O, and CO, concentrations for 

Helianthus. Ia was calculated from the difference between the  data 

points of JJQ and the straight line of JJQ in Figure 4. ILower data 
points at each O, concentration correspond to higher CO, concen- 

trations. 
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2 
P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 .  Resistances for carboxylation, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr, (bottom bar), for diffusion 
in gas phase to cell walls (evaporation sites), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArgw (top bar), and for 

diffusion from cell walls (evaporation sites) to carboxylation sites, rmd 
(the lightest bar). The dark area (max) between r, and rmd shows the 
maximum possible extension of rmd if alternative electron transport is 

assumed to be absent. 

tion) rates at different CO, and O, concentrations and light 

intensities. 

Theoretical cornerstones of this work are (a) that CO, 

and O, competition for ribulose-1,5-bisP at Rubisco is 

quantitatively described correctly and (b) that fluorescence 

from the PSII pigments is quantitatively related to electron 

transport. The competition of CO, and O, for ribulose-1,5- 

bisP (Laisk, 1970; Ogren and Bowes, 1971; Laisk and Oja, 

1972) is widely accepted and has been used for the descrip- 

tion of the relationships between photosynthesis and pho- 

torespiration (Farquhar and von Caemmerer, 1982). Some 

discrepancies between experiments and theory (Bravdo 

and Canvin, 1979; Parnik, 1985; Hanson and Peterson, 

1985) can be explained by the existence of alternative, 

nonphotosynthetic carboxylation and decarboxylation, 

which become dominant when photorespiration is sup- 

pressed at high CO, concentrations (Laisk and Sumberg, 

1994). At limiting CO, concentrations, only a small residual 

dark respiration may interfere with the photosynthetic and 

photorespiratory CO, fluxes. We carefully checked the O, 
dependence of the CO, compensation point, a major con- 

sequence of the competition between the two gases, and 

found it to be linear, as required by the theory. In intact 

leaves, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK ,  has been calculated from r* (the CO, concentra- 

tion at which photosynthesis and photorespiration equili- 

brate, Laisk, 1970, 1977), previously determined from the 

mutual interception of the CO, curves of photosynthesis 

measured at different light intensities (Laisk and q a ,  1972; 

Laisk, 1977; Brooks and Farquhar, 1985). This is a cumber- 

some procedure that may underestimate r*. As suggested 

by Sumberg and Laisk (1996), we determined K,  from the 

slope of the O, dependence of r at low O, concentrations, 

where the contribution of the dark respiration to the dif- 

ference r - r* was constant. K,, expressed with respect to 

dissolved gas concentrations at 25.5"C, varied from 86 to 
90. This is in good agreement with in vitro measurements 

(Jordan and Ogren, 1984; Kane et al., 1994), also closely 

comparable with the K ,  of 94 for spinach obtained in leaves 

by determining I'* from the measurements at different CO, 

concentrations and light intensities (Brooks and Farquhar, 

1985). With a method based on the comparison of fluores- 

cence and gas-exchange measurements, Peterson (1990) 

calculated similar K ,  values for tobacco. The dependence of 

K ,  on irradiance in the latter study was probably caused by 

inadequate consideration of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIa. With this K,, dark respira- 

tion in the light, calculated from the difference of r and r+, 
was about 20 to 30% of the dark value. Suppression of the 

respiratory CO, evolution in the light may be caused by the 

competition between reducing equivalents produced from 

photorespiration and those produced from the Krebs cycle, 

but it does not necessarily mean that O, uptake by mito- 

chondria should decrease in the light. 

This question is related to the number of electrons con- 

sumed per CO, photorespired, n. We did the calculations 

assuming that n = 8, as was done in previous works 

(Harley et al., 1992; Edwards and Baker, 1993; Epron et al., 

1995). In fact, six electrons are required to reduce the three 

phosphoglyceraldehydes produced after the evolution of 

one CO,. In addition, two electrons are required to reas- 

similate the NH,. It is still subject to discussion whether the 

reducing equivalents produced in mitochondria at the Gly- 

Ser conversion are shuttled to peroxisomes for the reduc- 

tion of hydroxypyruvate. If some of these reducing equiv- 

alents are oxidized to produce ATP in mitochondria, an 

equivalent amount should be drained from the photosyn- 

thetic electron transport chain for the reduction of hy- 

droxypyruvate. As a matter of fact, the suppression of the 

CO, evolution from the Krebs cycle in the light may lead to 

the drainage of an equivalent amount of electrons to mito- 

chondria from the photosynthetic electron transport chain. 

Therefore, n = 8 or probably even somewhat greater. In- 

crease of n for one in the calculations somewhat decreased 

the calculated mesophyll diffusion resistances zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArmd but did 

not alter qualitative conclusions. 

The interpretation of fluorescence is still problematic. 

The simple relationship between PSII electron transport 

and fluorescence used here is based on the physical model 

of competition among photochemical, thermal, and fluo- 

rescent de-excitations (Butler and Kitajima, 1975), from 

which Equation 18 was derived and experimentally 

checked under nonphotorespiratory and photorespiratory 

conditions (Genty et al., 1989, 1992). However, this rela- 

tionship does not hold under low light intensities (Seaton 

and Walker, 1990; Oquist and Chow, 1992). Because of this, 

the quantitative interpretation of the fluorescence signal, 

especially in its long-wave shoulder as measured by the 

pulse amplitude modulation fluorometer, is controversial. 

We found that at low-photorespiratory conditions over 

wide ranges of light intensities, the agreement between 

experimental data and Equation 18 was good, provided 

that dark respiration was suppressed in the light and a 

small alternative electron transport Ia was assumed at high 

light intensities. One argument against the leaf fluores- 

cence measurements has been the optical thickness that 

makes fluorescence from the upper parenchyma layers 

dominant (Loreto et al., 1994). This seems not to be a 
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problem, probably because the pulse amplitude modula- 

tion instrument measures mostly the long-wave shoulder 

of fluorescence, where leaf absorption decreases. It must 

also be considered that the photosynthetic activity of the 

leaf mesophyll cells is adapted to the average light inten- 

sity in that mesophyll layer (Laisk and Oja, 1976), because 

the relative degree of light saturation of photosynthesis is 

almost the same in a11 mesophyll cells independent of their 

location. Probably the best evidence to support the above 

considerations has been given by Edwards and Baker 

(1993), who found equally good correlation between ETRs 

derived from fluorescence and gas exchange whether flu- 

orescence was monitored from the upper or from the lower 

side of the leaf. In the long-wave shoulder some fluores- 

cence may come from PSI even at room temperature (Genty 

et al., 1990). We made calculations with 30% reduced dark 

fluorescence, but this yielded a slightly nonlinear relation- 

ship between Y,, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF / F ,  (Loreto et al., 1994). 

The extrapolation of the relationship of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY,, versus F / F ,  
to F = O yielded a maximum value YII, that may be 

interpreted as excitation distribution factor to PSII. In most 

previous studies, this factor has been assumed equal to 0.5 

(Loreto et al., 1992, 1994; Brestic et al., 1995). YIIm is in fact 

close to 0.5 but in our measurements still varied from 0.42 

to 0.6 (Table I). The lower Y,,, values were obtained from 

leaves exposed to high light in their natural habitats. In tree 

leaves, Y,,, was higher, probably because these leaves 

were collected from partially shaded sites. ’ Since fluores- 

cence losses are inevitable in energy transfer to PSII, but 

fluorescence is very low from PSI, it is possible that shaded 

leaves maximize the total quantum yield of photosynthesis 

by distributing more light to PSII. For example, in Tilia, 
Ficus, and Citrus, PSII absorbed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60% of quanta but was able 

to efficiently use only about 40%, whereas PSI then ab- 

sorbed 40% and was probably able to efficiently use a11 by 

maintaining 100% reduction of P700. As a result, only 20% 

of total quanta was lost. If excitation were equally distrib- 

uted, both photosystems would work at 67% efficiency: 

PSII because of fluorescence losses and PSI because of 

limited electron supply resulting in oxidation of P700. The 

lower Y,,, may also be one of the symptoms of photoinhi- 

bition. 

The alternative electron transport to nonphotosynthetic 

acceptors probably represents fluxes to nitrite and O, pho- 

toreduction (Robinson, 1988). The first of them is small, 

probably even less than that observed at an O, concentra- 

tion of 1.5% (Fig. 5). Since we found the alternative flux 

increasing with O, concentration, we suggest that it reflects 

the Mehler-type zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO, reduction at the acceptor side of PSI 

(Badger, 1985). Half of it then is the electron flux to form 

H,O, and the other half is used to scavenge this dangerous 

compound through the Halliwell-Asada cycle (Foyer et al., 

1994). This is supported by the fact that J, increases with 

increasing of O, concentration only until electron transport 

is severely blocked at the acceptor side of PSI. When the 

electron pressure is released by higher CO, and O, concen- 

trations at Rubisco, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJa decreases. Even the very high O, 
concentrations of 50 and 100% could not override the very 

low electron pressure and J, still remained low. In plants 

with active alternative electron transport, such as Heli- 
anthus, Vigna, and Xanthium, J, increased up to the atmo- 

spheric O, concentration, which shows that the apparent 

K,(O,) of the process may be rather high. Still, these data 

must be interpreted with caution, since there is mutual 

interdependence among J,, R,, and r,,. If Rd were not 

constant, as assumed, but variable with CO, and O, con- 

centrations, the O, dependence of J, may be smaller than 

presented in Figure 5. The absolute values of J, could not 

be precisely determined because of the above-mentioned 

interdependence. However, the values of J, in Table I were 

obtained by choosing rmd, which did not yield riegative J, 

values at any experimental point, especially at higher CO, 

and O, concentrations where J, was smaller. Thiese values 

of J, are consistently approximately 20 to 25% of the mea- 

sured maximum ETR. Similar J, values have been reported 

to occur in chloroplasts and protoplasts (Badger, 1985; 

Robinson, 1988) and in wheat leaves (Loreto et al., 1994) 

after the inhibition of the carbon reduction/oxidation cycle 

by glyceraldehyde. Measurements of alternative electron 

transport in leaves infiltrated with glyceraldehyde in the 

latter work indicated that residual electron transport was 

present when carbon metabolism was completely inhibited 

but could not reveal whether J, was present i11 ambient 

conditions. 

The presence of the alternative electron transport influ- 

entes the calculation of mesophyll diffusion resdstance. If 

the alternative electron transport is assumed to be absent, 

then the mesophyll diffusion resistance calculated from our 

experiments is comparable to those previously reported in 

the literature, both for trees that have high rmd (Lloyd et al., 

1992; Loreto et al., 1992; Epron et al., 1995; Syvertsen et al., 

1995) and for herbaceous species that have low zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr,,d (Loreto 

et al., 1992, 1994; Evans et al., 1994; Laisk and Sumberg, 

1994). This indicates that the total error made by assuming 

the specificity factor, the energy excitation partitioning to 

photosystems, and the dark respiration in the light as 

constants has a relatively small effect on the estimation of 

rmd. However, if J, is considered, then the estimated r,, is 

reduced by about half in a11 species. These reduced rmd 
values are also comparable with those obtained by mea- 

suring the total discrimination against 13C in photosynthe- 

sis (Evans et al., 1986; von Caemmerer and Evans, 1991). 

Therefore, the CO, concentration at the Rubisco sites may 

be higher than previously estimated, and photosynthesis 

may be limited by rmd to a lesser extent than previously 

considered, particularly in tree species (Epron et al., 1995). 

We found that the second component of mesophyll resis- 

tance (rJ, which is associated with carboxylation, is also 

higher in trees than in herbaceous species and is particu- 

larly high in the sclerophytic Citrus plants. Thus, the lim- 

itation to photosynthesis of the mesophyll cells in trees is 

mainly related to low Rubisco content or activity. The 

mesophyll diffusion resistances rmd obtained by us are 

about 3 times lower than the rmd calculated by L,aisk et al. 

(1970) for some tree and herbaceous species on the basis of 

leaf anatomy. This means that either the average diffusion 

path length of CO, in the liquid phase is shorter than 1 pm, 

as was assumed in that work, or parallel diffusion of CO, 
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and bicarbonate reduces the resistance. The latter model 

has recently been doubted (Price et al., 1994), since reduc- 

tion of the expression of carbonic anhydrase did not result 

in increased mesophyll resistance in transgenic tobacco. 

Thus, the low diffusion resistance suggests that the actively 

functioning Rubisco is not spread in the whole stroma but 

is mainly concentrated in the part of the stroma close to the 

cell wall. Considering that a part of ymd obtained by our 

method may actually be in the gaseous phase of intercel- 

lular spaces (Parkhurst, 1994), the liquid phase resistance 

may be even smaller than our rmd. Whole-leaf photosyn- 

thesis is limited by gas phase, mesophyll diffusion, and 

carboxylation resistances in nearly the same proportion in 

trees and in herbaceous species. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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