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Low-temperature emission spectra and excitation spectra for 
chlorophyll fluorescence were recorded from leaves of species of 
the genus Haveria (Asteraceae) with C,, C,-C,-intermediate, C,- 
like, and C, photosynthesis. Among the latter two groups, high 
chlorophyll b absorption was observed in excitation spectra for 
photosystem I (PSI) fluorescence. By comparing leaf data with those 
from isolated chloroplast fractions, the high chlorophyll b absorp- 
tion was attributed to the specific properties of the bundle-sheath 
chloroplasts in leaves from C, plants. The deconvolution of the PSI 
excitation spectra and the use of a model revealed that the contri- 
bution of photosystem II absorption to the functional antenna of PSI 
was markedly increased in leaves from three of the five C,-like and 
C, species investigated in detail. The two other species exhibited 
normal, C,-like light-harvesting properties of PSI. The former spe- 
cies are known for efficient carbon assimilation, the latter for 
decreased efficiencies of carbon assimilation. I t  is concluded that 
photosystem II becomes a substantial part of the functional PSI 
antenna late in the evolution of C, photosynthesis, and that the 
composite antenna optimizes the light-harvesting of PSI in bundle- 
sheath chloroplasts to meet the energy requirements of C, 
photosynthesis. 

Photosynthetic carbon assimilation is the origin of nearly 
a11 organic matter on earth. In most land plants, atmo- 
spheric CO, is fixed by the enzyme Rubisco via carboxy- 
lation of a five-carbon sugar phosphate. Because the first 
stable products of this reaction are three-carbon com- 
pounds, this type of photosynthesis is known as C, photo- 
synthesis. In light, Rubisco also exhibits oxygenase activity 
(Edwards and Walker, 1983). As an oxygenase, the enzyme 
is involved in photorespiration through which part of the 
oxygenated carbon is released as CO,. Therefore, photore- 
spiration results in carbon loss from the leaf, and when it 
occurs at high rates it can severely limit carbon assimilation 
by C, photosynthesis. 

The oxygenase reaction of Rubisco is favored by low CO, 
concentrations in the leaf because oxygen and CO, compete 
for binding at the active site of the enzyme. Low CO, 
concentrations in the leaf prevail under dry, hot conditions. 
Under such conditions, plants minimize water loss from 

the leaves by closing their stomata, which in turn restricts 
CO, diffusion from the atmosphere into the leaves. Plants 
that undergo C, photosynthesis can effectively fix carbon 
at low interna1 CO, concentrations. This is achieved by CO, 
binding via specific reactions that yield four-carbon dicar- 
boxylic acids (Hatch, 1987). This primary carbon fixation 
takes place in the mesophyll compartment, in which pho- 
tosynthetic cells are closer to the leaf surface. In C, plants 
Rubisco is confined to the bundle-sheath compartment, in 
which cells surround the vascular bundles. The C, acids are 
transported from the mesophyll to the bundle-sheath com- 
partment, where CO, is released for refixation by Rubisco. 

In essence, C, biochemistry represents a biochemical 
CO, pump that increases the CO, concentration in the 
vicinity of Rubisco and thereby reduces photorespiration. 
In the absence of photorespiration, the quantum yield for 
CO, fixation is lower for C, photosynthesis than for C, 
photosynthesis because extra energy is required to fuel the 
reactions of the C,  cycle (Hatch, 1987). However, when low 
CO,/O, ratios trigger high rates of photorespiration in C, 
photosynthesis, the photosynthetic performance of C, 
plants is superior to that of C, plants. Therefore, a low 
atmospheric CO, concentration may represent the evolu- 
tionary pressure for the evolution of C, photosynthesis 
(Hatch, 1992). It has been suggested that C, plants evolved 
from C, ancestors in response to a dramatic decrease in the 
atmospheric CO,/ O, ratio that began about 100 million 
years ago (Moore, 1982; Ehleringer and Monson, 1993). 

Among the three biochemical subtypes of C, photosyn- 
thesis, the biochemistry of the NADP-ME group, which 
also includes the crop plants maize and sugar cane, is 
probably the best characterized. The evolution of C, pho- 
tosynthesis implies the compartment-specific regulation of 
the enzymes involved, as well as modifications in the leaf 
anatomy (Hatch, 1987). We have recently shown for a 
number of NADP-ME plants that light harvesting of PSI is 
also regulated in a compartment-specific manner (Pfiindel 
et al., 1996): in bundle-sheath chloroplasts, the contribution 
of the PSII holocomplex to the functional antenna of PSI is 
much greater than in mesophyll chloroplasts. 
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In NADP-ME C, photosynthesis, relatively more PSI 
activity is required to drive CO, fixation than in C, pho- 
tosynthesis (Edwards and Walker, 1983). Therefore, the 
peculiarity of PSI light harvesting in bundle-sheath chloro- 
plasts may represent an adaptation to the specific energy 
demands of C,  plants, and therefore may be associated 
with the evolution of C, photosynthesis. We address this 
question by comparing the properties of PSI light harvest- 
ing in various species of the genus Flaueria. This genus was 
chosen because it includes C,, C,-C,-intermediate, and C, 
species. The intermediate Flaveria species fix CO, to vary- 
ing degrees by C, biochemistry and most likely represent 
phylogenetic intermediate positions between C, and C, 
species (Monson and Moore, 1989; Kopriva et al., 1996). 
Our data demonstrate that the tight functional connection 
between PSII and PSI is confined to those C,-like and C, 
species of Flaveria that are known for efficient carbon as- 
similation. We conclude that high PSII-to-PSI energy trans- 
fer indeed adapts PSI light harvesting to the energy re- 
quirements of C, photosynthesis. 

MATERIALS A N D  METHODS 

A listing of the species investigated and their biochemi- 
cal type of photosynthesis is presented in Table I. Plants 
were cultivated in the greenhouse under temperatures 
ranging from 20 to 30°C between the fall and spring sea- 
sons. Supplementary light with an intensity of 150 to 200 
pmol quanta m-’ sC1 at leaf leve1 was given from 6 AM 

until 10 PM. Light sources were 400-W, high-pressure so- 
dium lamps. During the summer plants were cultivated in 
a growth chamber with a 16-h light period, during which 
light with an intensity of 430 pmol quanta m-’ sC1 was 
provided by 1000-W mercury-halogen lamps. In the 
growth chamber the temperature was maintained at 20 and 
25°C for dark and light conditions, respectively. A11 plants 
were grown on garden mulch and were propagated in 
greenhouse beds from root stocks (C, species and hybrids), 

Table I. lnvestigated species and F,  hybrids o f  the genus Flaveria 

Species are arranged according to r. The classification oí the 
photosynthetic groups is taken from the plant list compiled by Ku et 
al. (1991). Characters a to n identify individual species in Figures 1, 
2, and 4. Reciproca1 F, hybrids were obtained as described by Apel 
et al. (1989). 

Character Species Photosynthetic Croup 

a 
b 

d 
e 
í 
g 
h 

C 

I 

j 
k 
I 
m 
n 

F. cronquistii A.M. Powell 
F. cronquistii X F. browni i  
F. pringlei Gandoger 
F. browni i  X F. cronquistii 
F .  linearis Lag. 
F. chloraefolia A. Gray 
F. anomala B. Robinson 
F. pubescens Rydb 
F. floridana J.R. Johnston 
F. browni i  A.M. Powell 
F. australasica Hook 
F. bidentis (L.) Kuntze 
F. palmeri J.R. Johnston 
F. trinervia (Spreng.) C. Mohr 

c3 
C, ( O )  x C4-like (6) 
c3 
C4-like ( O )  X C3 (6) 
c3-c4 

c3-c4 
c3-c4 
c3-c4 
C,-C4 
C4-l i ke 
C4 (NADP-ME) 
C4 (NADP-ME) 
C4-l i ke 
C4 (NADP-ME) 

in pots from cuttings ( F .  brownii, F. chloraefolia, F. floridana, 
and F .  pubescens), or in pots from seeds (a11 other species). 
A11 measurements were performed with young, fully de- 
veloped leaves that had been dark-adapted overnight. For 
individual species, complete data sets were acquired from 
plant material grown under identical conditions. 

Gas-Exchange Measurements 

Depending on leaf size, one to three leaves were sealed 
in a gas-exchange cuvette (MK-022/ I, Walz, Effeltrich, Ger- 
many). The leaves were attached to whole plants or to 
freshly cut twigs immersed in water for pot or bed cultures, 
respectively. The leaves were illuminated with a 75-W 
quartz filament tube equipped with a cold light reflector 
and a heat-absorbing glass filter (KG3, Schott Glaswerke, 
Mainz, Germany). Light intensity was measured by a pho- 
todiode that was calibrated with a quantum sensor (model 
189, Li-Cor, Lincoln, NE), and was adjusted to 750 pmol 
quanta m-’ sC1 by neutral-density filters. The temperature 
of the lower leaf surface was recorded by a NiCr-Ni ther- 
mocouple. Leaf temperature was maintained at 28°C by a 
peltier-cooled heat exchanger (GK 022, Walz). 

Various CO, concentrations in the cuvette were pro- 
duced by mixing pressurized C0,-free air with pure CO, 
using C0,-permeable silicon tubes, as described by Apel 
(1966), and gas-flow controllers. The moisture content of 
the gas entering the cuvette was adjusted to 7.5 g H,O m-’ 
by passing the water-saturated gas through a cold trap. The 
moisture content in the cuvette ranged from 15 to 20 g H,O 
m-’. 

Gas-exchange measurements were made using a setup 
developed by Peisker (1979). The gas was guided at con- 
stant flow rates through the cuvette and through a parallel 
reference channel. The CO, and H,O concentrations of the 
gas that had passed the cuvette and the gas of the reference 
channel were measured alternately with an IR gas analyzer 
operated in the absolute mode (BINOS 1001, Rosemount, 
Hanau, Germany). Data were taken after steady-state con- 
ditions were attained. The CO, assimilation rate and ci 
were calculated according to the method of von Caem- 
merer and Farquhar (1981). At low CO, concentrations 
(50-150 pL L-l for C, species and 5-50 pL LC1 for C, 
species) the CO, assimilation rates correlated with ci and, 
generally, correlation coefficients for the two parameter 
sets were r > 0.99. The CO, compensation concentration 
was derived from the intersection of the CO, assimilation 
rate versus the ci regression line and the x axis. 

Fluorescence Spectroscopy 

To reduce artifacts ,caused by pigment screening and 
fluorescence reabsorption, we used diluted leaf powder for 
fluorescence spectroscopy (Weis, 1985). Diluted leaf pow- 
der was prepared under dim light by using a precooled (77 
K) mortar and pestle. A leaf disc 4 mm in diameter, to- 
gether with 1 mL of distilled water, was rapidly ground to 
a fine powder. After grinding, no intact tissue was detected 
by light microscopy. The chlorophyll concentration of the 
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powder was approximately 7 p~ and matched the concen- 
trations used by Weis (1985). 

The leaf powder was placed in precooled (77 K) quartz 
tubes (Heralux, Hellma, Miillheim, Germany) of 1 mm i.d. 
Fluorescence spectra were recorded at 77 K using a fluo- 
rimeter (LS 50B, Perkin-Elmer). AI1 fluorimeter settings 
were as described previously (Pfiindel and Meister, 19961, 
except that no stray light reduction was required because 
of the high fluorescence intensities of the samples. 

We utilized the fluorescence excitation spectra to calcu- 
late parameters of the PSII-to-PSI energy transfer (see be- 
low). In the derivation of the model applied it is assumed 
that the absorptance (1 minus transmission) spectra of the 
photosystems are proportional to their absorbance spectra 
(Pfiindel et al., 1996), as is the case in very dilute samples. 
In such samples, the shape of the absorptance curves is 
expected to be insensitive to variations in the chlorophyll 
concentration. Upon increasing our chlorophyll concentra- 
tion of 7 p~ by a factor of 4, we observed no effect on the 
shape of our excitation spectra. Therefore, we were well 
within the concentration range required for our model 
calculations. 

All data handling and curve fitting were done with 
scientific graphing software (SigmaPlot, Jandel Scientific, 
Erkrath, Germany). Chl a/Chl b ratios were determined 
fluorimetrically by the method of Meister (1992), with 
modifications as described by Pfiindel and Meister (1996). 
We preferred this technique to an absorbance spectroscopic 
method because it is less sensitive to inaccuracies of the 
wavelength position of the monochromator and deter- 
mines high Chl a/Chl b ratios more reliably (compare 
Meister, 1992). 

Assessment of PSII/PSI Ratios and of the Relative aT 
We estimated PSII/PSI ratios and relative quantum 

yields of PSII to PSI from steady-state fluorescence spectra 
and Chl a/Chl b values for each individual species, as 
described previously (Pfiindel et al., 1996). The PSII/ PSI 
ratios were obtained according to the equation: 

(1) 
CPSZ NChlb,PSI (NChla,PSI 1 NChlb,PSI - CChla / CChlb) 

CPSl NChlb,PSZ (CChla /CChlb - NChla,PSZ /NChlb,PSZ) 
- X 

where CChla/CChlb is the pigment ratio of Chl a to Chl b of 
the sample, N,-hla,pSl represents the molecules of Chl a in 
PSI, NChla,pS2 represents the molecules of Chl a in PSII, and 
N,-hlb,pS] and NChlb,pS, are the molecules of Chl b in pSI and 
PSII, respectively. Using estimates of Chl a and Chl b 
molecules in PSII, and PSI, respectively, derived from 
Melis (1991), we arrive at: 

(2) 
cPSZ - 
- - x  
CPSl 5 (CChla / CChlb - 3 / 2) 

(9 - CChla CChlb) - 

The results of Equation 2 represent PSII/PSI estimates that 
do not correspond to the reaction center ratios of PSII/PSI 
as determined by the more classical methods. As discussed 
previously (Pfündel et al., 1996), Equation 2 disregards PSII 
complexes with small antenna sizes, i.e. PSII,. Because 
PSII, accounts for only a minor fraction of the light absorp- 

tion of chloroplasts (Melis and Anderson, 1983), this char- 
acteristic is advantageous when the absorption properties 
of PSII are important, as is the case in this study. 

Relative quantum yields of PSII-to-PSI energy transfer 
were estimated according to: 

(3) 

where cps2/cps1 is the PSII/PSI estimate obtained by Equa- 
tion 2 and the quotient Fc2 1 Fcl represents a relative mea- 
sure for the contribution of PSII to the functional PSI an- 
tenna. Quotients of Fc2/Fcl were derived from the 
deconvolution of empirical excitation spectra for PSI fluo- 
rescence (735 nm) using Equation 4 (see also Fig. 3): 

F,,,(hex) = Fcl X eps,(hex) + Fc2 X epsz(Aex) (4) 

where eFs1(hex) and e,,,(Aex) are the model spectra of pure 
PSI and pure PSII, respectively, and Fcl and Fc2 are free 
parameters. epsl(hex), the excitation spectrum of pure 
bundle-sheath chloroplasts from C. papyrus, was used be- 
cause this spectrum exhibited almost no PSII emission at 77 
K (Pfiindel et al., 1996). The excitation spectrum of PSII 
fluorescence (685 nm) of the sample to be analyzed was 
eps,(Aex). For the definition of K, refer to Pfündel et al. 
(1996). 

RESULTS AND DISCUSSION 

Our study included 12 species of Flaveria and two hy- 
brids with C,-like behavior (Table I). We classified all 
plants by their r (Fig. 1). Our values of r from Flaveria 
agree with previously published data (Holaday et al., 1984; 
Ku et al., 1991). On this basis, we can compare the new 
results achieved here with the known characteristics for the 
different Flaveria species. 

The value of r corresponds to the CO, concentration at 
which the photosynthetic carbon assimilation equals the 
photorespiratory and respiratory CO, losses from the leaf. 
In C, plants, the relatively high values of r are related to 
photorespiratory CO, losses. In C, species, the r is mark- 
edly lower than in C, species because C, biochemistry 
reduces photorespiration to trivial rates. In C,-C,- 
intermediate Flaveria species, an additional factor that de- 
creases r is the efficient refixation of photorespired CO, 
(Rawsthorne, 1992). Therefore, r does not exactly reflect 
the degree of C, photosynthesis in plants, but is suitable for 
grouping species according to their type of photosynthesis. 
In our case, the group of C,-like and C, species exhibited l- 
values smaller than 10 pL CO, L-'; the r from the inter- 
mediates ranged between 10 and 30 pL CO, L-l; and 
values greater than 40 pL CO, L-' were measured for the 
C, species and the hybrids (Fig. 1). 

In bundle-sheath chloroplasts from C, species of Flaveria, 
light absorption by the PSII complex contributes signifi- 
cantly to the functional antenna of PSI despite their rela- 
tively low PSII concentrations (Pfiindel et al., 1996). To 
investigate the expression of this phenomenon in the genus 
Flaveria, we first analyzed the PSII/PSI ratio in our species 
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Figure 1. Fluorescence characteristics and Chl a/Chl b ratios of 
chloroplasts from C, species of Flaveria and of leaves from various 
Flaveria species. The figure compares mean values of pure mesophyll 
(MES) and bundle-sheath (BS) chloroplasts from one C,-like and three 
C, Flaveria species (A, C, E, and G)  with data from leaves of various 
Flaveria species and Flaveria hybrids (B, D, F, and H). Pure chloro- 
plast fractions were derived from F. australasica, F. bidentis, F. 
palmeri, and F. trinervia (Pfündel et al., 1996), and mean values were 
calculated from the individual chloroplast isolations. SD values are 
shown as vertical bars (n  = 12). The  Flaveria species and hybrids are 
identified by the characters a to n, as specified in Table I .  Data from 
leaves are plotted against the respective r and represent the means of 
3 to 14 measurements. The SD values of the ordinate and abscissa are 
shown as vertical and horizontal bars, respectively. The following 
parameters were used as the abscissas: the value at 685 n m  relative 
to the value at 735 nm of 77 K emission spectra (A and B); Chl a/Chl 
b ratios (C and D); the value at 475 n m  relative to the value at 435 
nm of 77 K excitation spectra for 685 nm emission (E  and F); and the 
value at 475 nm relative to the value at 435 n m  of 77 K excitation 
spectra for 735 n m  emission (G and H). 

using low-temperature emission spectra for chlorophyll 
fluorescence and Chl a/Chl b ratios. 

Our fluorescence emission spectra (not shown) always 
exhibited two major peaks, one at 685 nm and the other at 
735 nm. We categorized the emission spectra by the value 
at 685 nm relative to the value at 735 nm and plotted this 
ratio against the respective values of r in Figure 1B. This 
emission ratio is related to the PSII/PSI ratio because at 
low temperatures the 685- and 735-nm fluorescences orig- 
inate from PSII and PSI, respectively (Govindjee, 1995). 
With the exception of the C,-like F.  brownii, the group of 
C,-like and C, species exhibited emission ratios that were 
about 50% of those from the C, species and the hybrids 
(Fig. 1B). The emission ratios of F.  brownii and the interme- 
diates were slightly smaller than the C, values. 

The Chl a/Chl b ratio is affected by the PSII/PSI ratio 
because the mature PSII complex binds much more Chl b 
than the PSI complex (Siefermann-Harms and Ninnemann, 
1982). The highest Chl a/Chl b ratios, i.e. the lowest PSII/ 
PSI ratios, were observed for F. bidentis, F .  palmeri, and F .  
trinervia, all of which belong to the group of C,-like and C, 
species (Fig. 1D). This agrees with the low PSII/PSI emis- 
sion ratios in these species (Fig. 1B). However, the Chl 
a/Chl b ratios of all other species scattered considerably 
and disagreed with the rather homogeneous distribution of 
emission ratios. 

Since most of the Chl b in the leaf is bound to the PSII 
complex, it is possible to explain the heterogeneity of Chl 
a / Chl b ratios by species-dependent variations in the PSII 
chlorophyll stoichiometry. The variations in PSII can be 
brought about by different temperatures or light regimes 
during growth (Anderson et al., 1995), since our growth 
conditions varied with season (see "Materials and Meth- 
ods"). Because of the possible effects of growth conditions, 
we always acquired complete data sets of the individual 
species (r, fluorescence, and chlorophyll data) from plants 
cultivated under identical conditions. 

To test if variations in PSII produce the heterogeneous 
behavior of the Chl a/Chl b ratios from leaves, we com- 
pared the latter data with a parameter that is related to the 
Chl a/Chl b ratio of PSII. This parameter was derived from 
excitation spectra for PSII fluorescence emission (685 nm). 
In the range 400 to 550 nm, the excitation spectra exhibited 
a major peak at around 435 and a minor peak at around 475 
(not shown). As previously reported (Pfündel et al., 1996), 
the spectra were classified by taking the ratio of emissions 
obtained by exciting at 475 and 435 nm. These excitation 
ratios did not reveal a r-specific tendency (Fig. 1F). Be- 
cause light absorption at 475 and at 435 nm is dominated 
by Chl b and Chl a, respectively (Siefermann-Harms and 
Ninnemann, 1982), our excitation ratios should be high for 
low Chl a/Chl b ratios of PSII and vice versa. Conse- 
quently, for all of the species in which the Chl a/Chl b ratio 
of PSII is the major determinant for the leaf Chl a/Chl b 
ratio, a negative correlation between the latter data and the 
excitation ratios of PSII should exist. 

In fact, for a11 species with r > 10 pL L-l, the Chl a/Chl 
b ratios from leaves were strongly correlated with the PSII 
excitation ratios (Fig. 2). Consequently, in these plants, we 
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Figure 2. Relationship between Chl dCh l  b ratio values and excita- 
tion spectra for 685-nm fluorescence. Ordinate and abscissa corre- 
spond to the ordinates of Figure 1, D and F, respectively. Individual 
plants are identified by the characters a to n (see Table I). Data from 
C,-like and C, species are shown as open symbols. The C, species, 
hybrids, and C,-C, intermediates are shown as black symbols 
(squares, C,; diamonds, C,-C,). The straight line was obtained by 
linear regression analysis of the latter data points. The correlation 
coefficient was r = -0.947 (P = 0.0001). 

attribute the high variability in the Chl a/Chl b ratio to 
different chlorophyll stoichiometries in their PSII com- 
plexes, and conclude that similar PSII/ PSI ratios exist. 
Figure 2 also illustrates that the high Chl a/Chl b ratios in 
leaves from our three C, species and the C,-like F. palmeri 
cannot be explained by PSII effects. Instead, the Chl a/Chl 
b ratios in these plants indicate smaller PSII/PSI ratios than 
in the other species. Because the data point of F. brownii  
was close to the relationship established in Figure 2, the 
PSII/PSI ratio is probably similar or only slightly increased 
compared with that of the intermediate and C, species. 
When the species-dependent variations in PSII are taken 
into account, our Chl a/Chl b ratios agree well with our 
fluorescence emission spectra. 

In pure bundle-sheath chloroplasts from our three C, 
species and F.  palmeri, conspicuously low fluorescence 
emission ratios and high Chl a /  Chl b ratios were measured 
(Fig. 1, A and C). Therefore, we are fairly certain that the 
decreased PSII/PSI ratio in leaves from these species is 
determined by the low PSII/PSI ratio in their bundle- 
sheath chloroplasts. This agrees with the notion that in 
species with NADP-ME-type C, photosynthesis, the redox 
equivalents for carbon reduction in the bundle-sheath com- 
partment are derived from the mesophyll compartment, 
and that the ATP required to drive the reactions associated 
with carbon reduction is formed via cyclic electron trans- 
port around PSI alone (Hatch, 1987). For the intermediates, 
we deduced PSII/PSI ratios similar to those in C, species. 
These findings agree with those of Ku et al. (1991), who 
suggested that the reduced values of r in intermediate 
Flaveria species are predominantly brought about by effi- 
cient refixation of photorespired CO, and only to a minor 
degree by C, biochemistry. 

After having characterized the PSII / PSI ratios, we next 
analyzed the contribution of PSII light absorption to the 

functional antenna of PSI. For this, excitation spectra for 
PSI fluorescence (735 nm) were recorded at 77 K. We 
quantified the PSI excitation spectra in an analogous fash- 
ion to the PSII excitation spectra and found that the relative 
475-nm values in C, and C,-like species were higher com- 
pared with C, species and hybrids (Fig. 1H). The relative 
475-nm values in species with r > 10 pL Lpl exhibited 
large variations. The PSII contribution was estimated by 
deconvoluting the PSI excitation spectra into a PSI and a 
PSII model component, as described in "Materials and 
Methods." We chose F. pringlei and F. australasica to dem- 
onstrate typical results obtained for C, and C, species, 
respectively (Fig. 3). Generally, good correspondence be- 
tween empirical and calculated curves was obtained in the 
range 400 to 500 nm. At longer wavelengths, deviations 
between experimental and calculated curves occurred. Be- 
cause carotenoids dominate light absorption in this spec- 
tral region (Siefermann-Harms, 1985), these deviations 

1 .o 

0.5 

0.0 
1 .o 

0.5 

0.0 
410 450 490 530 

Wavelength ( nm ) 
Figure 3. Deconvolution of excitation spectra of 735-nm fluores- 
cence. Empirical 77 K excitation spectra of 735-nm fluorescence 
from leaves from F. pringlei and F. australasica are depicted as thick 
gray lines in A and 6 .  Calculated spectra (black lines labeled sum) 
resulted from varying PSI and PSll model components until the best 
fit between the sum of both components and the measured curve was 
obtained (see "Materials and Methods"). The PSI and PSll compo- 
nents of the calculated spectra are labeled F,,, and F,,,,, respectively, 
where the area below the PSll component is shaded gray. For curve 
fitting, the spectral range of 400 to 500 nm was considered. 
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were probably caused by differences in carotenoid absorp- 
tion between the model spectra and the PSI and the PSII 
spectra in vivo. 

Figure 3 clearly demonstrates that the PSII component 
required to simulate the empirical 735-nm excitation was 
substantially higher in the C, species F. australasica than in 
the C, species F .  pringlei. For all species we quantified the 
PSII contribution to the empirical PSI excitation spectra by 
the quotient F c 2 / F c l ,  for which high values indicate high 
PSII contributions. The Fc2 /FcZ values were similar for 
plants with r > 10 pL L-l (Fig. 48). This contrasts with the 
variations of empirical PSI excitation spectra (Fig. 1H) and 
can be explained by the fact that the PSII model curves, i.e. 
the excitation spectra for 685-nm fluorescence variations 
(Fig. lF), parallel the empirical PSI excitation spectra. The 
fact that the Fc2/FcZ values in leaves from C, species were 
lower than in chloroplasts isolated from these C, species 
(Fig. 4, A and B) might be related to the different temper- 
ature and ion concentrations in the leaf and in chloroplast 
suspensions. These factors can affect the PSII-to-PSI energy 
transfer and the PSII absorption properties (Barber, 1982; 
Weis, 1984; Ruban et al., 1995). 

In the group of C,-like and C, species the Fc2 / Fcl values 
from F. bidentis and F.  brownii did not differ from the values 
of the intermediates; F .  australasica, F .  palmeri, and F.  tri- 
nervia exhibited clearly increased values of Fc2 / Fcl .  The 
latter three species also showed decreased PSII/ PSI ratios. 
Therefore, the high PSII contribution to the functional PSI 
antenna must be explained by increased efficiency of PSII- 
to-PSI energy transfer. 

To calculate aT, we required a parameter related to the 
PSII/ PSI ratios (see "Materials and Methods"). Because 
emission ratios are sensitive to varying rates of PSII-to-PSI 
energy transfer, we chose ratios derived from Chl a/Chl b 
ratios, as described in "Materials and Methods" (Fig. 4D), 
for the estimation of CDT. We demonstrated above that 
the individual Chl a/Chl b ratios are influenced by vary- 
ing chlorophyll stoichiometries of PSII. Therefore, the r- 
dependent course of PSII/PSI ratios was approximated by 
fitting an asymptotic curve to all data points. Values of the 
fitted curve at the r of the individual plants were used for 
the calculation of the relative QT. The results show that in 
plants with r > 10 pL L-' and in F. brownii, the relative QT 
varied insignificantly, and that the aT in F.  bidentis was 
only slightly higher than the value in F. brownii (Fig. 4F). In 
F. australasica, F. palmeri, and F. trinervia, however, the 
relative QT was up to three times higher compared with the 
intermediate and C, species. 

The relative aT in bundle-sheath chloroplasts from Fla- 
veria C, species was higher than in mesophyll chloroplasts 
(Fig. 4A); the difference between the chloroplast fractions 
was significant as examined by the paired t test (I' = 
0.0002). A similar behavior was also observed for the Fc2 / 
Fcl (Fig. 4, A and B) and the PSI excitation ratios (Fig. I, G 
and H), in which significant differences between chloro- 
plast fractions also existed (P = 0.027 and 0.001, respective- 
ly). The difference in PSII excitation ratios between pure 
mesophyll and pure bundle-sheath chloroplasts was not 
significant (P = 0.204; Fig. 1E). Consequently, the high PSII 
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Figure 4. PSII-to-PSI energy transfer and PSII/PSI ratio estimates of 
chloroplasts from C, species of Flaveria, and of leaves from various 
Flaveria species. A, C, and E, and B, D, and F show data from pure 
chloroplast fractions from one C,-like and three C, Flaveria species, 
and of leaves from various Flaveria species and hybrids, respectively. 
All leaf data are plotted against the respective r values. The identi- 
fication of chloroplast fractions and of individual species and the 
statistical analysis were as described for Figure 1. The ordinate in A 
and B was derived from the deconvolution of empirical PSI excitation 
spectra as shown in Figure 3. C and D depict ratios of photosystems 
assessed from Chl a/Chl b values, as described in "Materials and 
Methods." The line in D resulted from fitting an asymptotic curve of 
the form y = a + b X P to all data points. Relative numbers for the 
yield of PSII-to-PSI energy transfer (E and F) correspond to values of 
Fc2/FcI divided by PSII/PSI ratios (see "Materials and Methods"), 
where the PSII/PSI ratios were taken from the values of the asymptotic 
curve in D at the r of the individual species. 

contribution to the functional antenna of PSI in leaves from 
F. australasica, F. palmeri, and F .  trinervia may be related to 
the bundle-sheath chloroplasts in these species. 

In summary, the evolution from C, plants to C,-C,- 
intermediate forms does not involve significant changes in 
the PSII/PSI ratio and in the light-harvesting properties of 
PSI. Such changes are confined to bundle-sheath chloro- 
plasts from C,-like and C, species. Efficient CO, fixation 
through the C, cycle has been shown for a11 the C,-like and 
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C, species investigated here (Cheng et al., 1989; Moore et 
al., 1989). However, a different PSII/PSI ratio was not 
prominent in F. brownii (Figs. 1 and 2), and altered PSI light 
harvesting was not obvious in F. brownii and F. bidentis 
(Fig. 4) 

The heterogeneity of the PSII/PSI ratio among the C,- 
like and C, species can be related to the heterogeneous 
chloroplast ultrastructure in these plants. The bundle- 
sheath chloroplasts from F. brownii exhibit distinct grana 
stacks (Holaday et al., 1984). Grana formation can be re- 
lated to the presence of PSII because the stacking is likely 
mediated by the major antenna complex of PSII (Barber, 
1982). Grana1 bundle-sheath chloroplasts are also present 
in C,-C,-intermediate Flaveria species (Holaday et al., 1984) 
and are normal in C, species. Therefore, the C,-like PSII/ 
PSI ratios in F. brownii can be explained by the C,-like 
ultrastructure of its bundle-sheath chloroplasts. By the 
same argument, one would expect agranal bundle-sheath 
chloroplasts in those species with elevated PSII/ PSI ratios. 
Indeed, agranal bundle-sheath chloroplasts were reported 
for F. bidentis, F.  palmeri, and F.  trinervia (Keefe and Mets, 
1983; Hofer et al., 1992; Torres-Ruiz et al., 1992). Agranal 
bundle-sheath chloroplasts probably also exist in F. aus- 
tralasica because the species is very closely related to F. 
trinervia (Kopriva et al., 1996). 

Also, the extent of PSII-to-PSI energy transfer can be 
related to the chloroplast ultrastructure. In grana1 chloro- 
plasts, PSII is concentrated in the grana stacks and is there- 
fore physically separated from the PSI in the stroma lamel- 
lae (Anderson, 1986). A more homogeneous distribution of 
PSI and PSII is likely in agranal chloroplasts. Because the 
yield of PSII-to-PSI energy transfer depends on the dis- 
tance between the two photosystems (Staehelin and Arnt- 
zen, 1983; Trissl and Wilhelm, 1993), it is apparent why our 
relative aT is C,-like in F. brownii and significantly in- 
creased in F. australasica, F .  palmeri, and F .  trinervia (Fig. 4F). 
In F .  bidentis, however, the QT and the Fc2/Fcl quotient 
were similar to those of F. brownii. The low aT in leaves of 
F .  bidentis agrees with the low aT in bundle-sheath chloro- 
plasts from F .  bidentis compared with bundle-sheath chlo- 
roplasts from other C, Flaveria species (Pfiindel et al., 1996). 
At present, we cannot explain why the PSII-to-PSI energy 
transfer of F. bidentis is similar to that of F. brownii. 

Although in F .  bidentis and F .  brownii the reasons for the 
C,-like PSII-to-PSI energy transfer may differ, the two spe- 
cies share photosynthetic characteristics that distinguish 
them from the other three species with efficient energy 
transfer between the photosystems. The CO, assimilation 
normalized to chlorophyll was decreased by one-third in F.  
bidentis and F .  brownii compared with F. australasica, F. 
palmeri, and F. trinervia (Ku et al., 1991). Moreover, F.  
bidentis and F. brownii accumulated about twice as much 
inorganic carbon in the light as F.  australasica, F .  palmeri, 
and F. trinervia, and it was concluded that carbon refixation 
in the bundle-sheath compartment is less efficient in F.  
bidentis and F. brownii than in the other C,-like and C, 
species (Moore et al., 1987). 

In conclusion, we suggest that high PSII-to-PSI energy 
transfer increases the light-harvesting capacity of PSI to 

meet the specific requirements of NADP-ME C, photosyn- 
thesis in the bundle-sheath compartment, and that subop- 
timal light harvesting is a major factor for the reduced 
efficiencies of carbon reassimilation in F. bidentis and F.  
brownii. Compared with pure PSI, the functional associa- 
tion between PSII and PSI can narrow the absorption gap in 
the green spectral region because of the high amounts of 
Chl b in the PSII complex, and because the two major 
absorbance peaks of Chl b in the visible region are shifted 
toward the green spectral range compared with Chl a. We 
assume that high PSII-to-PSI energy transfer is of general 
importance for NADP-ME photosynthesis, since bundle- 
sheath chloroplasts from various other NADP-ME species 
also exhibit high PSII-to-PSI energy transfer (Pfiindel et al., 
1996). 

ACKNOWLEDCMENTS 

We wish to thank Mrs. Inge Heinemann and Mrs. Elisabeth 
Nagel for their excellent technical assistance. For stimulating dis- 
cussions and for elevating the manuscript to a readable level, we 
thank Dr. Armin Meister and Dr. David Waddell. We are grateful 
to Dr. M. Peisker for help with the gas-exchange measurements 
and to Dr. P. Apel for providing us with the Flaveria collection. 

Received November 7, 1996; accepted January 30, 1997. 
Copyright Clearance Center: 0032-0889/ 97/ 114/ 0145/ 08. 

LITERATURE ClTED 

Anderson JM (1986) Photoregulation of the composition, function, 
and structure of thylakoid membranes. Annu Rev Plant Physiol 
37: 93-136 

Anderson JM, Chow WS, Park Y-I (1995) The grand design of 
photosynthesis: acclimation of the photosynthetic apparatus to 
environmental cues. Photosynth Res 46: 129-139 

Apel P (1966) Herstellung C0,-haltiger Gasgemische fiir Photo- 
synthesemessungen mit dem URAS. Flora 157: 330-333 

Apel P, Bauwe H, Maass I (1989) Photosynthetic properties of 
reciproca1 C, X C, FIaveria F, hybrids. Biochem Physiol Pflanzen 

Barber J (1982) Influence of surface charges on thylakoid structure 
and function. Annu Rev Plant Physiol 33: 261-295 

Cheng S-H, Moore Bd, Wu J, Edwards GE, Ku MSB (1989) 
Photosynthetic plasticity in Flaveria brownii. Plant Physiol 89: 

Edwards G, Walker D (1983) C,, C,: Mechanisms and Cellular and 
Environmental Regulation of Photosynthesis. Blackwell Scien- 
tific Publications, Oxford, UK 

Ehleringer JR, Monson RK (1993) Evolutionary and ecological 
aspects of photosynthetic pathway variation. Annu Rev Eco1 

Govindjee (1995) Sixty-three years since Kautsky: chlorophyll a 
fluorescence. Aust J Plant Physiol 2 2  131-160 

Hatch MD (1987) C, photosynthesis: a unique blend of modified 
biochemistry, anatomy and ultrastructure. Biochim Biophys 
Acta 895: 81-106 

Hatch MD (1992) C, photosynthesis: an unlikely process full of 
surprises. Plant Cell Physiol 33: 333-342 

Hofer MU, Santore UJ, Westhoff P (1992) Differential accumula- 
tion of the 10-, 16- and 23-kDa peripheral components of the 
water-splitting complex of photosystem I1 in mesophyll and 
bundle-sheath chloroplasts of the dicotyledonous C, plant Fla- 
veria trinervia (Spreng.) C. Mohr. Planta 186: 304-312 

Holaday AS, Lee KW, Chollet R (1984) C,-C, intermediate species 
in the genus Flaveria: leaf anatomy, ultrastructure, and the effect 
of O, on the CO, compensation concentration. Planta 160: 25-32 

184: 31-36 

1129-1 135 

Syst 24: 411-439 



152 Pfündel and Pfeffer Plant Physiol. Vol. 114, 1997 

Keefe D, Mets L (1983) Bundle sheath cell development in Flaveria 
palmeri (abstract no. 239). Plant Physiol 72: S-43 

Kopriva S, Chu C-C, Bauwe H (1996) Molecular phylogeny of 
Flaveria as deduced from the analysis of nucleotide sequences 
encoding the H-protein of the glycine cleavage system. Plant 
Cell Environ 19: 1028-1036 

Ku MSB, Jingrui W, Dai Z, Scott RA, Chu C, Edwards GE (1991) 
Photosynthetic and photorespiratory characteristics of Flaveria 
species. Plant Physiol 96: 518-528 

Meister A (1992) New fluorometric 'method for determination of 
chlorophyll a /  b ratio. Photosynthetica 26: 533-539 

Melis A (1991) Dynamics of photosynthetic membrane composi- 
tion and function. Biochim Biophys Acta 1058: 87-106 

Melis A, Anderson JM (1983) Structural and functional organiza- 
tion of the photosystems in spinach chloroplasts. Antenna size, 
relative electron transport capacity and chlorophyll composi- 
tion. Biochim Biophys Acta 724: 473-484 

Monson RK, Moore Bd (1989) On the significance of C,-C, inter- 
mediate photosynthesis to the evolution of C, photosynthesis. 
Plant Cell Environ 1 2  689-699 

Moore Bd, Ku MSB, Edwards GE (1987) C, photosynthesis and 
light-dependent accumulation of inorganic carbon in leaves of 
C,-C, and C, Flaveria species. Aust J Plant Physiol 14: 657-668 

Moore Bd, Ku MSB, Edwards GE (1989) Expression of C,-like 
photosynthesis in severa1 species of Flaveria. Plant Cell Environ 
12: 541-549 

Moore PD (1982) Evolution of photosynthetic pathways in flow- 
ering plants. Nature 295: 647-648 

Peisker P, Tichá I, Apel P (1979) Variations in the effect of tem- 
perature on oxygen dependence of CO, gas exchange in wheat 
leaves. Biochem Physiol Pflanzen 1 7 4  391-397 

Pfündel E, Meister A (1996) Flow cytometry of mesophyll and 
bundle sheath chloroplast thylakoids of maize (Zea mays L.). 
Cytometry 23: 97-105 

Pfündel E, Nagel E, Meister A (1996) Analyzing the light energy 

distribution in the photosynthetic apparatus of C, plants using 
highly purified mesophyll and bundle sheath thylakoids. Plant 
Physiol 112: 1055-1070 

Rawsthorne S (1992) Towards an understanding of C,-C, photo- 
synthesis. Essays Biochem 27: 135-146 

Ruban AV, Horton P, Robert B (1995) Resonance raman spectros- 
copy of the photosystem I1 light-harvesting complex of green 
plants: a comparison of trimeric and aggregated states. Biochem- 
istry 3 4  2333-2337 

Siefermann-Harms D (1985) Carotenoids in photosynthesis. I. 
Location in photosynthetic membranes and light-harvesting 
function. Biochim Biophys Acta 811: 325-355 

Siefermann-Harms D, Ninnemann H (1982) Pigment organiza- 
tion in the light-harvesting chlorophyll-a / b protein complex of 
lettuce chloroplasts: evidence obtained from protection of the 
chlorophylls against proton attack and from excitation energy 
transfer. Photochem Photobiol 35: 719-731 

Staehelin LA, Arntzen CL (1983) Regulation of chloroplast mem- 
brane function: protein phosphorylation changes the spatial or- 
ganization of membrane components. J Cell Biol 97: 1327-1337 

Torres-Ruiz JA, Franceschi VR, McFadden BA (1992) Location of 
Rubisco and chaperonin 60 in Flaveria species by immunoelec- 
tron microscopy. In N Murata, ed, Research in Photosynthesis, 

. Vol 3. Kluwer Academic Publishers, Dordrecht, The Nether- 
lands, pp 625-628 

Trissl H-W, Wilhelm C (1993) Why do thylakoid membranes from 
higher plants form grana stacks? Trends Biochem Sci 18: 415419 

von Caemmerer S, Farquhar GD (1981) Some relationships be- 
tween the biochemistry of photosynthesis and the gas exchange 
of leaves. Planta 153: 376-387 

Weis E (1984) Short-term acclimation of spinach to high tempera- 
tures. Plant Physiol 74: 402-407 

Weis E (1985) Chlorophyll fluorescence at 77K in intact leaves: 
characterization of a technique to eliminate artifacts related to 
self-absorption. Photosynth Res 6: 73-86 


