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Gas-exchange of ears of cereals in response 
to carbon dioxide and light 
II. Occurrence of a C3 - C4 intermediate type of photosynthesis 

Alexander Ziegler-Jiins 
Lehrstuhl fiir Physik Weihenstephan, Technische Universit/it Mfinchen, D-8050 Freising l 2, Federal Republic of Germany 

Abstract. Data for the maximum carboxylation ve- 
locity of  ribulose-l,5-biosphosphate carboxylase, 
Vm, and the maximum rate of  whole-chain electron 
transport, Jm, were calculated according to a pho- 
tosynthesis model from the CO2 response and the 
light response of  CO2 uptake measured on ears 
of  wheat (Triticum aestivum L. cv. Arkas), oat 
(Avena sativa L. cv. Lorenz), and barley (Hordeum 
vulgare L. cv. Aramir). The ratio Jm/Vm is lower 
in glumes of  oat and awns of  barley than it is 
in the bracts of  wheat and in the lemmas and pa- 
leae of  oat and barley. Light-microscopy studies 
revealed, in glumes and lemmas of  wheat and in 
the lemmas of  oat and barley, a second type of  
photosynthesizing cell which, in analogy to the 
Kranz anatomy of C4 plants, can be designated 
as a bundle-sheath cell. In wheat ears, the CO2- 
compensation point (in the absence of dissimilative 
respiration) is between those that are typical for 
C3 and C4 plants. 

A model of  the CO2 uptake in C3-C4 interme- 
diate plants proposed by Peisker (1986, Plant Cell 
Environ. 9, 627-635) is applied to recalculate the 
initial slopes of  the A(p ~) curves (net photosynthe- 
sis rate versus intercellular partial pressure of  CO2) 
under the assumptions that the Jm/Vm ratio for 
all organs investigated equals the value found in 
glumes of oat and awns of barley, and that ribu- 
lose-l,5-bisphosphate carboxylase is redistributed 
from mesophyll to bundle-sheath cells. The results 
closely match the measured values. As a conse- 

Abbreviations: A = net photosynthesis rate (gmol- m- 2. s- 1); 
Jm=maximum rate of whole-chain electron transport (gmol. 
e-. m- 2. s- 2); pC (gbar) = intercellular partial pressure of CO2 ; 
PEP=phosphoenolpyruvate; PPFD=photosynthetic photon 
flux density (gmol quanta, m 2. s- 1); RuBPCase = ribulose bis- 
phosphate carboxylase/oxygenase; RuBP=ribulose bisphos- 
phate; Vm=maximum carboxylation velocity of RuBPCase 
(gmol-m- z. s- 1); F * = COz compensation point in the absence 
of dissimilative respiration (gbar) 

quence, all bracts of wheat ears and the inner 
bracts of  oat and barley ears are likely to represent 
a C 3 - C 4  intermediate type, while glumes of oat 
and awns of  barley represent the C3 type. 

Key words: Arena (photosynthesis) - C3-C4 inter- 
mediate photosynthesis - Hordeum (photosynthe- 
sis) - Inflorescence (cereal ear) - Photosynthesis 
- Triticum (photosynthesis) 

Introduction 

Ears of  wheat were found to differ markedly from 
leaves in the CO2 response of  photosynthetic CO2 
uptake and stomatal conductance (Knoppik et al. 
1986). Besides the greater amount of dissimilative 
(i.e. non-photorespiratory) respiration in the dark 
and in the light caused by the respiration of  the 
grains and the higher amount of  heterotrophic tis- 
sue in the bracts, ears show higher maximum rates 
of  COz uptake (at high photosynthetic photon flux 
density (PPFD) and high CO2) in relation to the 
CO2 uptake at normal atmospheric CO2. In the 
first part of  this study (Ziegler-J6ns 1989), this 
characteristic was evident in all bracts of  the wheat 
ears and in lernmas and paleae (here called "inner 
bracts") of  oat and barley ears, but not in glumes 
of  oat and awns of  barley. Hence the characteristic 
differences between leaves and ears result from 
properties of  the individual bracts and not from 
the special arrangement of  these bracts in the ear. 

In order to do study these properties, the CO2- 
response curves of net photosynthesis at saturating 
PPFD as well as the light-response curves at satur- 
ating CO2 were measured on intact ears and on 
ears from which either the glumes (oat, wheat) or 
the awns (barley) or the inner bracts (oat, wheat) 
had been removed. These curves were evaluated 
according to the photosynthesis model proposed 
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Fig. 1 a, b. Net photosynthesis rates in 
response to PPFD at high CO2 (a) and 
in response to CO2 at high PPFD (b). 
All measured data of replications .on 
four intact barley ears before anthesis 
are shown. The model curves (solid 
lines) represent the mean values of the 
parameters calculated from the 
individual ears according to the method 
described in Appendix A 

by Farquhar et al. (1980) and Farquhar and yon 
Caemmerer (1982). The mathematical methods for 
the fitting of the measured curves are described 
by Selinger et al. (1987), Ziegler-JGns and Selinger 
(1987), and briefly in appendix A. 

In addition, cross sections of the bracts were 
studied by light microscopy in order to reveal dif- 
ferences between the bracts in the structure of the 
mesophyll. 

Material and methods 

Plant material. Seeds of spring wheat (Triticum aestivum L. cv. 
Arkas), barley (Hordeum vulgate L. cv. Aramir) and oat (Arena 
sativa L. cv. Lorenz) were sown and grown exactly as described 
by Ziegler-JGns (1989). 

Treatments of plants. Wheat and oat were not treated, ear intact 
(N), the glumes removed (/) or the paleae, lemmas and grains 
removed (I/). Additional treatment: glumes and grains re- 
moved. Barley was not treated, ear intact (Iv) or the awns re- 
moved (II1). For an explanation of the terms (see Ziegler-JGns 
1989 and Radley 1981). 

Treatments were carried out on the afternoon before gas- 
exchange measurements so that the wound respiration could 
ease off, but no adaptation, e.g. to changed light conditions 
could begin. 

After the end of the gas-exchange measurements the refer- 
ence area (i.e. half of the area of an enveloping prism for wheat 
ears; for oat and barley the projective area measured by use 
of an areameter) of the ears was determined. 

In the spring of 1987 seeds of all three cultivars were sown 
as described above to carry out supplementary measurements. 
In order to determine the influence of  the CO2 and H20  release 
of the grains on the gas-exchange characteristics, attempts were 
made to remove the grains from the lemmas after removal of 
the outer parts. This proved difficult with wheat and oat, but 
impossible for barley, where the grains stick fast to the lemmas. 

Gas-exchange measurements. Gas-exchange measurements 
started at the end of June with the beginning of ear emergence. 
Gas exchange was measured in an open system as described 
in detail by Knoppik et al. (1986) and in a short summary 
by Ziegler-JGns (1989). Gas-exchange rates were calculated ac- 
cording to yon Caemmerer and Farquhar (1981). 

The measurements comprised CO2- and H20-exchange 
rates in response to CO/ partial pressure at saturating PPFD 
(>  1500 gmol .m 2-s- 1) and in response to PPFD at saturating 
COz (2000 gbar ambient). 

All experiments were done in the same order and for the 
same period of time and were replicated on four to six ears 
of each treatment during the period before anthesis as well 
as two weeks after anthesis. However, as the time course plays 
a minor role for the topic of this study, only the data for the 
measurements before anthesis are shown. 

The measured COx-response curves at high PPFD and 
light-response curves at high CO2 were fitted on the basis of 
the model proposed by Farquhar and von Caemmerer (1982) 
according to Selinger et al. (1987) and Ziegler-JGns and Selinger 
(1987). An outline of the mathematical methods of curve fitting 
and parameter calculation is given in Appendix A. Parameter 
calculation by curve fitting is done for each single measurement, 
and the resulting values for the parameters of each treatment 
averaged. Model curves for all replications of one treatment 
represent these mean values. Figure 1 gives an example for 
intact barley ears before anthesis. Obviously, the COz response 
as well as the light response of COG uptake are well represented 
by the numerical values for the model parameters. For the pur- 
pose of clarity, data are only given for the parameters Vm and 
Jm (Table 1). 

The compensation points in the absence of dissimilative 
respiration, F*, of two intact wheat ears and one of treatment 
I were measured according to Brooks and Farquhar (1985): 
at various (low) PPFDs, the A(p ~) curves were measured at 
low pC, and F* calculated as the intersection of the individual 
A (p~ curves. 

Appendix B gives equations for the calculation of the initial 
slope of the A(p ~) curve from numerical values for the maxi- 
mum carboxylation velocity, V~, and the distribution of ribu- 
lose-l,5-bisphosphate carboxylase/oxygenase (RuBPCase) be- 
tween mesophyll and bundle sheath cells according to a model 
proposed by Peisker (1986). 

Light microscopy. Cross sections of  glumes, lemmas and paleae 
of wheat and oat were examined microscopically in order to 
determine morphological differences. Three cross sections were 
prepared for each bract: one from the top, one from the middle 
part, and one from the lower part. In addition, one cross section 
was done for the oat awn. Immediately after removal from 
the ear the bracts were fixed. The fixatives (OsO4, glutaralde- 
hyde) were applied in 0.1 M SGrensen buffer (pH 7.4). The con- 
trast was enhanced by adding salts of heavy metals. Complete 
dehydration of the tissue was effected with ethanol as a media- 
tor medium. Ethanol was replaced by fluid polymers (epoxide 
polymers of low viscosity, e.g. Epon, ERL) to permeate the 
tissue completely. Polymerization was effected at 70 ~ C. Semi- 
thin sections were cut on an ultramicrotome and examined 
under the lightmicroscope. 

In addition, fresh cuts of awns of barley were examined 
under the light microscope. 
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Fig. 2a-f.  Model curves representing the 
means of the photosynthetic parameters 
calculated from four to six replications. 
a, e, e: light-response curves at high 
CO2 ; b, d, f: CO2-response curves at 
high PPFD; a, b: wheat; e, d: oat; e, fz 
barley. Intact ears (solid lines), inner 
bracts (dotted lines), glumes (dashed 
lines) are shown. Arrows indicate the 
intercellular partial pressures of CO2 
under normal atmospheric conditions 

Results 

Wheat. Figure 2 a, b shows the modelled A (I) (I = 
incident PPFD) and A (p ~) curves for all treatments 
of  wheat ears before anthesis. The broken lines 
represent the curves for the glumes (treatment H). 
The A (I) curve lies above the others, since dissimi- 
lative respiration in the light is lower when grains 
are missing. The curves for the inner bracts (treat- 
m e n t / )  coincide with those for the intact ears in 
the beginning, but drop later on. Differences be- 
tween treatment I and H are less significant than 
in oat. 

Intercellular CO2 partial pressures at normal 
atmospheric COz are indicated in the A (p ~) curves 
by arrows. The three treatments N, L H hardly 
differ in this regard. They differ slightly in the 
value of  CO2 partial pressure at which limitation 
of photosynthesis switches from carboxylation ve- 
locity to ribulose-l,5-bisphosphate (RuBP)-regen- 
eration velocity (intersection of  the two partial 
curves in Fig. 2 b). 

In the intact ear the inner bracts receive less 

light than the glumes so that the incident PPFD 
is not representative for the supply of light to all 
parts of  the ear. Model calculations for the intact 
ears can therefore only be used to calculate the 
curves representing the mean of all replications and 
show the graph, and the resulting photosynthetic 
parameters have no physiological meaning. Hence, 
values of  the parameters are not given for treat- 
ment N in Table 1. 

The calculated maximum rate of whole-chain 
electron transport, J~,  and the maximum carbox- 
ylation velocity of RuBPCase, V~, are lower in 
ears of  treatment I (inner bracts) than in those 
of treatment H (glumes). The ratio J~/V~ is similar 
in ears of the two treatments (as opposed to the 
results in oat and barley). 

Figure 3 shows the result of  a measurement 
of the CO2-compensation point in the absence of 
dissimilative respiration, F*, on intact wheat ears. 
Obviously, the intersection of all individual CO2- 
response curves is near 18 txbar and hence below 
the values reported in the literature for F* of C3 
plants. Replications of  the measurement with ears 
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Table 1. Photosynthetic parameters calculated from fittings of 
the A(p c) curve at saturating PPFD and from the A(I) ( I=  
incident PPFD) curve at saturating CO2. Values for inner (treat- 
ment I) and outer (//)  bracts of wheat and oat and for intact 
(N) and awnless (III) ears of barley before anthesis. Rates refer 
to the half of the enveloping area (wheat) or the projective 
area (oat, barley), and are the means +_ SE of four to six replica- 
tions. Jm=maximum rate of whole-chain electron transport 
(gmol e-  �9 m -  2. s-  1); Vm = maximum carboxylation velocity of 
RuBPcase (gmol. m -  2. s - 1 )  

J~ Vm Jm/Vm 

Wheat 

I 152.9_ 8.6 42.9+,4.1 3.7+-0.9 
H 185.3 +, 17.6 48.4 +, 2.4 3.8 +, 0.3 

Oat 

I 204.7 +, 21.7 59.2 +, 2.8 3.4 -t- 0.2 
H 264.3 +__20.1 112.0+, 5.4 2.3 +_0.2 

Barley 

l l I  179.4_+ 9.6 49.2__3.3 3.7_+0.3 
N 358.5 +, 14.4 164.9 +, 5.8 2.2 +_0.1 
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Fig. 3. Carbon dioxide response of net photosynthesis of intact 
wheat ears at various PPFDs (29 (o), 90 (+) ,  200 (~), 600 
(zx) gmol .m-2-s  1) for the evaluation of the COz-compensa- 
tion point in the absence of dissimilative respiration, F*, ac- 
cording to Brooks and Farquhar (1985) 

from which the glumes had been removed show 
the same result. 

Oat. Figure 2c, d shows the modelled curves for 
all treatments before anthesis. The curves for intact 
ears (solid line) and for glumes (dashed line) are 
very similar, the initial part of  the A (I) curve of  
the former lying lower by the amount of  dissimila- 
tive respiration in the grains. The A (/) curve and 
the A (pC) curve for the inner bracts lie below the 
others. In contrast to wheat, the transition from 
saturating RuBP to limiting RuBP is substantially 
lower in the CO2-response curves of the glumes. 

Intercellular C O  2 partial pressure under normal at- 
mospheric conditions (as shown by arrows) is al- 
most identical in the three treatments. 

The curves for the intact ears coincide with 
those for treatment II, except in the initial part 
of  the A (I) curves. This is in contrast to the situa- 
tion in wheat and caused by the fact that the refer- 
ence areas of  the treatments N and H do not differ 
markedly in the period before anthesis. The A (/) 
curves for intact ears are a combination of the 
curves for the treatments I and H and, as described 
above for wheat, the mean values of the parameters 
of intact ears can be used only for the graphic 
representation. Only treatments I and H should 
be considered for physiological evaluations. 

The maximum rates of whole-chain electron 
transport, arm, (Table 1) are lower in the inner 
bracts than in the glumes. The same applies to 
the maximum velocity of carboxylation of  RuBP- 
Case. In oat, inner bracts have higher values of  
Jm/Vm than glumes. Values for the latter can be 
compared to those for barley awns, values for the 
former can be compared to all bracts of  wheat 
and inner bracts of  barley. 

Barley. Figure 2e, f shows the model curves of  
the two treatments before anthesis. The curves for 
treatment III (awnless ears) lie below those of the 
intact ear, and the differences are more pro- 
nounced than in the other species. The intersection 
of the two partial A (p c) curves and the CO2 partial 
pressure under atmospheric conditions (arrows) 
for treatment N are the highest of  all treatments 
of  the three species. 

In barley, as opposed to wheat and oat, compo- 
nents of  the ear do not shade each other. Therefore 
the model calculation can be applied to the intact 
ear as well. The calculated maximum rate of  whole- 
chain electron transport and the maximum velocity 
of  carboxylation of intact ears are higher than 
those of  awnless ears (Table 1). The awns are the 
most active organs in all treatments of all species, 
while the bracts of  barley can be compared to those 
of other species. 

In the intact ears (and therefore in the awns, 
which contribute approx. 90% to the gas exchange 
of the intact ear, Ziegler-J6ns 1989) the ratio Jm/Vm 
is comparable to that of  glumes of oat. 

Light microscopy. The results from the F* mea- 
surements on wheat ears were the motive for look- 
ing for signs of a Kranz-anatomy in the individual 
bracts. The glumes of  wheat ears show bundle- 
sheath cells surrounding the big vascular bundles 
and also the smaller vascular bundles (Fig. 4). The 
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Fig. 4. Cross section of a glume 
of wheat. BS = bundle-sheath cell; 
M =  normal mesophyll cell. Bar = 
I0 pm 

Fig. 5, Cross section of a lemma 
of wheat. BS = bundle-sheath cell; 
M =  normal mesophyll cell. Bar = 
10 ~m 

latter occur in the spongy parenchyme and often 
consist only of  two tracheids and one sieve-tube 
element. Bundle-sheath cells look less lobed than 
mesophyll cells; the cell walls appear to be thicker, 
and the chloroplasts appear less dark, with light 
flecks which could be interpreted as starch grains. 
In contrast to the Kranz anatomy in C4 leaves, 
the chloroplasts in the bundle-sheath cells are even- 

ly distributed and of  the same size as in mesophyll 
cells. The same type of  bundle-sheath cells can be 
found in the lemmas of  wheat (Fig. 5) and of oat. 
Bundle-sheath cells are often found in the zone 
between spongy parenchyme and sclerenchyme, as 
well. They are, however, absent in the glumes of  
oat (Fig. 6) and in the awns of  oat and barley (not 
shown). 
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Fig. 6. Cross section of a glume 
of oat. M = n o r m a l  mesophyll 
celt. Bar = 10 gm 

Discussion 

The characteristic differences between ears and flag 
leaves of  wheat reported by Knoppik et al. (1986) 
and Ziegler-J6ns et al. (1987) were also found in 
parts of  the ears of oat and barley, but not in 
the glumes of oat or in the awns of  barley (Ziegler- 
J6ns 1989). Both the latter showed ratios of  the 
maximum CO2 uptake to the CO2 uptake at nor- 
mal atmospheric CO2 that were similar to those 
for leaves, while for all other parts of  ears under 
examination this ratio was significantly higher. 

In the data presented here, these characteristics 
are reflected by the ratio of maximum rate of  
whole-chain electron transport to maximum car- 
boxylation velocity of  RuBPCase, Jm/Vm. These 
data are the results of  fittings of  the light-response 
curves (Jm) and the A (p c) curves (Vm) and are inde- 
pendent of  stomatal mechanisms or different CO2 
compensation points of the treatments. However, 
the calculation of  Vm (compare Appendix A) re- 
quires the correct estimation of the intercellular 
CO2 partial pressure. Thus, only if the calculation 
of  p ~ is not erroneous, the Jm/Vm ratio reveals dif- 
ferences between parts of  the ears in the properties 
of  the photosynthesizing tissue. 

Intercellular partial pressure of C02. As can be 
seen from Fig. 2 d, considerable errors would have 
to be made in the calculation of  the intercellular 
partial pressure of  CO2 in order for the differences, 
e.g. between glumes and inner bracts of oat ears, 
to result. The correction of  these errors should re- 

sult in a shift of the calculated intercellular partial 
pressures of  COg for the inner bracts to the left 
by approx. 100 gbar at normal atmospheric CO2. 
The possible sources of  errors in the calculation 
of  p ~ are listed here. 

(i) The intercellular air spaces of  the bracts are 
not saturated with water vapor. However, the cor- 
rection of this effect would cause a shift of  the 
calculated intercellular partial pressure of CO2 to 
the right, because, for a given rate of transpiration, 
the real conductivity to H 2 0  would have been un- 
derestimated. 

(ii) The measurement of  the temperature of  the 
bracts contains errors, which are greater than 5 K. 
However, besides the fact that such great errors 
seem to be unreasonable, because the thermocou- 
ples were calibrated under measurement conditions 
(Ziegler-J6ns et al. 1986), these errors are equal 
for all treatments of  the ears and cannot explain 
the differences. 

(iii) There is an additional source of transpira- 
tion that is not related to CO2 uptake. Possible 
sources are the grains or the cuticle. To produce 
the differences between inner and outer bracts, 
more than 70% of the transpiration of  the inner 
bracts would have to come from the grains or the 
cuticles of the inner bracts, but not from the cuticle 
of  the glumes. From typical conductivities of  cuti- 
cles (Sch6nherr 1982; Laisk 1983; Meidner 1986) 
maximum contributions of the cuticles to the tran- 
spiration of  treatment I (inner bracts) of  oat can 
be estimated at 10%. On the other hand, the H 2 0  
release of  the grains cannot attain rates neccessary 



170 A. Ziegler-J6ns: Gas exchange of cereal ears. 2. C 3 -  C4 intermediate type of photosynthesis 

to explain the characteristics (Jenner and Rathjen 
1972; C.F. Jenner, Waite Institute, Adelaide, Aus- 
tralia, personal communication). In addition, in the 
1987 experiments the grains were removed from 
ears of treatment I of wheat and of oat. The tran- 
spiration of the ears was not reduced in this treat- 
ment; on the contrary, transpiration was enhanced 
by the additional transpiration through the stoma- 
ta that are blocked by the growing grains in intact 
ears (Ziegler-J6ns 1989). Hence, transpiration by the 
grains or through the cuticle cannot explain the 
differences between glumes and inner bracts of oat. 

(iv) Additional CO2 release by the grains and 
partial refixation in the bracts. This process would 
cause a parallel shift of the A(p c) curve without 
changing the slope and can therefore not explain 
the characteristics. 

Moreover, the arrows in Fig. 2 indicate that 
the intercellular partial pressure of CO2 at normal 
atmospheric CO2 is nearly the same for inner and 
outer bracts. Therefore, the regulation of the inter- 
cellular CO2 by the stomata in all bracts appears 
to work in the same way and to depend upon the 
photosynthetic capacity of the mesophyll (compare 
Wong et al. 1985a, b, c). 

The characteristic differences between parts of 
the ears can therefore not be ascribed to errors 
in the calculation of the intercellular partial pres- 
sure of CO2. It must be assumed that physiological 
differences are responsible for the characteristic Jm/ 
Vm ratios. 

Occurrence of  a C3 C4 intermediate type of  photo- 
synthesis. C3-C 4 intermediate plants have CO2- 
compensation points that are between those of C3 
and CA plants (for review see Apel and Peisker 
1979) and show a biphasic response to 02 (Peisker 
and Bauwe 1984). The CO2-compensation point 
is high in ears (> 50 gbar at 25 ~ C, Knoppik et al. 
1986) because of the high rates of dissimilative res- 
piration in the light, so that it cannot prove the 
presence or absence of C3-C4 intermediate charac- 
teristic. Therefore, the method proposed by Brooks 
and Farquhar (1985) was used to measure the CO2- 
compensation point without dissimilative respira- 
tion. For leaves of C3 plants, typical values for 
F* of 31 gbar (Farquhar and yon Caemmerer 
1982), 40 gbar (Brooks and Farquhar 1985) and 
44 gbar (Harley et al. 1986) were reported at 25 ~ C. 
The values for F * are expected to be below 10 gbar 
for C4 leaves and between 15 and 25 gbar for 
leaves of C3-C4 intermediate plants. In this study, 
F* was found to be approx. 18 ~bar (Fig. 3) in 
wheat ears and hence typical for the values re- 
ported for F* of C3-C4 intermediate plants. 

Among C3-C4 intermediate species, there are 
species that exhibit a true Kranz anatomy, but also 
intermediates between true Kranz (C4) and non- 
Kranz (C3) types (Holaday et al. 1984). The en- 
zyme RuBPCase is found in both mesophyll cells 
and bundle-sheath cells (Perrot-Rechenmann et al. 
1984), but appears to be redistributed in some spe- 
cies, so that the RuBPCase content is lower in me- 
sophyll cells than in bundle-sheath cells (Peisker 
1986). 

The glumes of wheat ears show a second type 
of cell surrounding the big vascular bundles and 
also the smaller vascular bundles (Fig. 4). The cell 
walls of this type appear to be thicker and they 
contain evenly distributed chloroplasts. The same 
type of bundle-sheath cell can be found in the lem- 
mas of wheat (Fig. 5) and of oat. These cells are, 
however, absent in the glumes of oat (Fig. 6) and 
in the awns of oat and barley. The bracts of wheat 
and the inner bracts of oat therefore represent in- 
termediates between true Kranz and non-Kranz 
types. 

To explain the intermediate values of the CO2- 
compensation point of C3-C4 intermediate species, 
it has been suggested that the close association of 
chloroplasts and mitochondria in the bundle- 
sheath cells increases the refixation of photore- 
spired CO2 in these cells and thus lowers the appar- 
ent rate of photorespiration (Brown 1980). Hunt 
et al. (1987) claim that this cannot explain the low 
rates of apparent photorespiration (which are, 
however, underestimated by the methods used for 
the calculation, Gerbaud and Andr6 1987), because 
effective recapture of CO2 seems to be unlikely 
in mesophyll cells. Moreover, the hybrids between 
C3 and C3-C4 species of Panicum can show the 
same CO2-compensation point as the C3 parent, 
though having the anatomical characteristics of the 
C3-C4 parent (Bouton et al. 1986). 

Rawsthorne et al. (1988) suggest that the recap- 
ture of photorespired CO2 is improved by a local- 
isation of the decarboxylation of glycine in the 
bundle-sheath cells. They have found a very much 
lower capacity to decarboxylate glycine in the me- 
sophyll cells than in the bundle-sheath cells of 
leaves of Moricandia arvensis; this situation is simi- 
lar to that in C4 plants. 

Furthermore, it has been suggested that the in- 
termediate features could be the consequence of 
a small amount of CO2 fixation via the C4 pathway 
(Rathnam and Chollet 1979). As in C4 plants, Per- 
rot-Rechenmann et al. (1984) found phosphoenol- 
pyruvate carboxylase (PEPCase) exclusively in the 
cytosol of the mesophyll cells of Panicum milioides. 
The occurence of a C4 cycle of limited capacity 
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seems probable in some Flaveria species (Bauwe 
1984), and in leaves of cassava (Cock et al. 1987). 
On the other hand, Hunt et al. (1987) found no 
evidence for a C4 cycle in Moricandia arvensis, 
and the activities of the enzymes characteristic of 
the C4 cycle are no greater in leaves of this spe- 
cies than in those of C3 species (Holaday et al. 
1981). 

Wirth et al. (1977) report higher activities of 
C4 enzymes in parts of wheat and oat ears than 
in leaves. The bracts of the ears have RuBPcase 
contents which amount to approx. 20% and 25- 
30% of the values for the flag leaves of wheat 
and oat, respectively. However, the activities of 
PEPCase in the bracts are twice as high as in the 
flag leaves, being highest in the glumes. The higher 
PEPcase activities are also accompanied by higher 
amounts of C4 products of CO2 fixation: 10% 
(oat) to 65% (wheat) in glumes and 15% (wheat) 
to 25% (oat) in lemmas of the CO2 is fixed in 
C4 products, while in flag leaves only 2% of the 
fixed CO2 can be found in C4 products. In addi- 
tion, the rate of CO2 fixation in the first hour of 
darkness is 3% and 10% of the CO2 uptake in 
the light in glumes and lemmas, respectively, com- 
pared with 1% in flag leaves. 

In a recent study, Singal et al. (1986) report 
similar results for wheat ears, without differentiat- 
ing between the individual bracts. The rate of dark 
fixation in the ears is 30% of the CO2 uptake in 
the light, thus even exceeding the values reported 
by Wirth et al. (1977). The amount of C4 fixation 
is much higher in wheat ears (and typical of C4 
species) than in the C3-C4 intermediate species 
Moricandia arvensis (Winter et al. 1982). 

Singal et al. (1986) report malate concentra- 
tions in wheat ears to decrease after I min of incu- 
bation, but the decrease is not accompanied by 
an increase of 3-phosphoglycerate (3-PGA; except 
in the pericarp of the grains). Hence, in accordance 
with Wirth et al. (1977), no transfer from malate 
to Calvin-cycle intermediates could be proved (the 
PGA pool in fact can change within seconds, so 
that the determination is very sensitive to time lags 
during preparation, Stitt 1986). The question of 
where the CO2 fixed in C4 acids is transferred to 
thus remains unanswered. 

The assumption that a C4 cycle is absent or 
limited to very low rates in wheat ears is supported 
by the lack of pyruvate orthophosphate dikinase, 
an enzyme that is involved in the regeneration of 
PEP. Meyer et al. (1982) found this enzyme to be 
present in the aleurone of the green grains of wheat 
and oat, but not in photosynthesizing tissue of 
grains, bracts, and leaves, and, moreover, not in 

the leaves of two C3-C4 intermediate plants (Pani- 
cum milioides, Molugo verticilata), 

As a consequence, the regeneration of the CO2 
acceptor, PEP, requires some mechanism other 
than in C~ plants, possibly through the respiratory 
pathway. This regeneration path, however, would 
compensate for the advantages of dark fixation. 
Winter et al. (1982) suggest PGA to be a precursor 
for the synthesis of PEP, which is then used in 
a secondary carboxylation through PEPCase, and 
that this malate synthesis is linked to nitrate assim- 
ilation. 

Wirth et al. (1977) and Singal et al. (1986) agree 
in the judgement of the ecophysiological signifi- 
cance of their findings: the dark fixation in the 
pericarp of the CO2 respired by the grains dimin- 
ishes the carbon loss. This effect is even enhanced 
by the dark fixation in the inner bracts, which have 
stomata facing the grains (Ziegler-J6ns 1989). 
Moreover, all bracts contain large amounts of he- 
terotrophic tissue releasing CO2 through respira- 
tion. 

The gas-exchange data presented here cannot 
answer the question whether the intermediate 
values for F* in the ears are caused by a limited 
rate of C~ photosynthesis or by some other mecha- 
nism. However, the peculiarities of C3 C4 interme- 
diate species can explain the characteristic Jm/Vm 
ratios calculated for the individual bracts, as will 
be shown. 

The sharper separation of the bundle-sheath 
cells from the intercellular air spaces reduces the 
conductivity of the cell walls for the uptake of CO2 
and hence also the photosynthesis rates of these 
cells. This effect is more pronounced at low inter- 
cellular partial pressure of CO2 than at saturating 
CO2. To explain the differences in the Jm/V~ ratio, 
e.g. between inner and outer bracts of oat, this 
effect would have to reduce the initial slope of the 
A (p c) curve of the former by more than 30%. Even 
under the assumption that no CO2 uptake occurs 
in the bundle-sheath cells at low CO2, their share 
in the intercellular cell surface has therefore to be 
more than 30%. This value exceeds by far the 
values typical for C4 plants and also those that 
can be estimated from light-microscopic studies on 
bracts of ears. Hence, the lower initial slope of 
the A (pC) curve in relation to the maximum rate 
of photosynthesis has to be caused by a second 
step, the redistribution of RuBPCase from meso- 
phyll cells to bundle-sheath cells. This redistribu- 
tion results in a lower carboxylation efficiency in 
mesophyll cells without an equivalent compensa- 
tion in bundle-sheath cells because of their lower 
conductivity to CO2. The distribution of RuBP- 
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Table 2. Carboxylation efficiency (CEM+~s, g m o l ' m - 2 . s  1 gbar-1) for the individual bracts before anthesis. For treatments 
H of oat and N of barley, the values for Vm (gmol C O 2 . m - l . s  -1) were taken from Table 1. For all other treatments, V~ 
was calculated from the values for Jm (Table l) by division by 2.3. p is the ratio of the RuBPCase activities in mesophyll 
cells to that in bundle-sheath cells. CE . . . .  represents the measured carboxylation efficiencies. Subscripts: M = mesophyll, BS = bundle 
sheath 

Treatment Oat Wheat Barley 

I H I H I I I  N 

Jm 205 264 153 185 179 359 
Vm 89 112 67 80 78 165 
p 0.35 0O 0.35 0.35 0.35 Oe 
CEM 0.037 0.134 0.022 0.026 0.026 0.191 
CEBs 0.031 0 0.028 0.030 0.030 0 
CE~+Bs 0.068 0.134 0.050 0.056 0.056 0.191 
CE~eas 0.076 0.144 0.055 0.062 0.063 0.212 

Case is not so important at high CO2, where meso- 
phyll cells as we11 as bundle-sheath cells are COz- 
saturated (there might be an influence through 
higher 02 partial pressures in the bundle-sheath 
cells at higher photosynthesis rates, Berry and Far- 
quhar 1978). 

In order to evaluate the effect of  redistribution 
of RuBPCase, the initial slopes of  the A (p c) curves 
were recalculated for all individual bracts of  all 
cultivars examined. The data given by Peisker 
(1986) for the conductivity of  the cell walls of  me- 
sophyll cells (2 gmol. m -  2. s - 1 ~tbar- i) and bun- 
dle-sheath cells (0.5 g m o l . m - 2 . s  -1 .gbar -1) ,  and 
for the ratio of  the RuBPCase activity in mesophyll 
cells to that in bundle-sheath cells, p, were taken. 
For glumes of  oat and awns of  barley (C3 types), 
the values for the carboxylation velocity, Vm, cal- 
culated by the usual curve fitting (Table 1) were 
used. For all other organs, Vm was calculated from 
the maximum rate of  electron transport, arm, by 
division by 2.3, the Jm/Vm ratio for glumes of  oat 
and awns of  barley. That means that the same Jm/ 
Vm ratio was applied for all treatments. 

Appendix B describes the mathematical proce- 
dure for the calculation of  the initial slopes of  the 
A (p c) curves (or carboxylation efficiencies) for the 
individual bracts. The numerical data are given in 
Table 2 and compared with the measured data. 
The latter are slightly higher than the former for 
all organs, because the CO2 gradient between the 
intercellular air spaces and the chloroplasts has 
been neglected in the calculation of  the maximum 
carboxylation velocity of  RuBPCase (according to 
Farquhar and von Caemmerer 1982), but not in 
the recalculation of  the initial slope of  the A (pC) 
curve. However, the agreement between the mea- 
sured initial slopes of  the A (pC) curves and the 
calculated values for CEM+Bs (carboxylation effi- 
ciency of  mesophyll and bundle sheath) is striking: 

under the assumptions (i) that the Jm/Vm ratio is 
equal for all organs and (ii) that the bracts of  wheat 
ears and the inner bracts of oat and barley ears 
represent a C3-C4 intermediate type, the measured 
values for the initial slope of  the A (p c) curve can 
be predicted precisely (this is also true for the 
values measured two weeks after anthesis, which 
are not shown here). 

By use of  the values for the initial slope of 
the A (pC) curve given in Table 2, the rate of  C4 
fixation can be estimated from the shift of  F* (in 
relation to the values typical for C3 plants) to be 
approx. 1 gmol .m-Z-s  -1. This is only 1/8 and 1/ 
20 of  the activity of  PEPCase given by Wirth et al. 
(1977) and Singal etal .  (1986), respectively. If  
some other mechanism enhancing the refixation 
of  photorespired CO2 were presupposed (Raws- 
thorne et al. 1988), the rate of  C4 photosynthesis 
would even be overestimated from the shift of F* 
Values for the coefficient for carbon isotope dis- 
crimination (613C) for wheat and oat ears (which 
are similar to those for C3 plants, Winkler et al. 
1978) also give no clue to the presence or absence 
of  a limited rate of  C4 photosynthesis, because the 
kinetics of  the CO2 uptake in C3-C4 intermediate 
plants are dominated by the kinetics of  RuBPCase 
(Peisker 1986). 

Hence, the high activities of  PEPcase remain 
unexplained. They may be advantageous for the 
dark fixation of  respired CO2, which can then be 
stored in malate and used in the light. In addition, 
an ecological advantage under water shortage can 
be assumed, a situation which is normal for grasses 
at the time of  anthesis and grain filling. 

Conclusions 

Several characteristics make it reasonable to pre- 
suppose a C3-C4 intermediate type of  photosyn- 
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thesis in all bracts of wheat ears and in the inner 
bracts of  oat and barley ears of the investigated 
cultivars: 

(i) The activity of enzymes and the fixation of 
CO2 in metabolites typical for the C4 pathway of 
photosynthesis. These are more significant than in 
other Ca-C4 intermediate species. 

(ii) The anatomy of these bracts showing bun- 
dle-sheath cells with evenly distributed chloro- 
plasts. 

(iii) The values for the CO2-compensation 
point in the absence of dissimilative respiration, 
F*, intermediate between the values typical for Ca 
and C4 plants. 

(iv) The good agreement of measured initial 
slopes of the A(p c) curves with those calculated 
by use of a model for C3-C4 intermediate plants. 

From these findings it can be concluded that 
all bracts of wheat ears as well as inner bracts 
of  oat and barley ears represent C3-C4 intermedi- 
ate organs on a Ca plant. Glumes of oat and awns 
of barley, however, represent the normal C3 type. 

The gas-exchange data allow no statement 
about the presence or absence of a C4 cycle in 
ears. If a C4 cycle is present, it is limited to very 
low rates compared with the activity of PEPcase. 
Future experiments should address this question, 
e.g. by investigation of the 02 dependence of the 
C02-compensation point and pulse-chase experi- 
ments with labelled C02. 

The mathematical procedures given in Appendix A are the result 
of a cooperation with Dr. H. Selinger, Lehrstuhl fiir Physik, 
Freising, FRG. I wish to thank Mrs. U. Mayer, Mr.W. Spitzer, 
Dr. C. Sautter and Dr. Bartscherer for help with the microscopy 
and Dr. W.V. Turner for help with the English text. The study 
was supported by a grant of the Deutsche Forschungsgemein- 
schaft. 

Appendix A: Parameter calculation by fitting model curves to 
measured photosynthesis rates in response to COz and light 

The basic equations are given here without details of the theory 
(for detailed information on the model see Farquhar and yon 
Caemmerer 1982; Selinger et al. 1987; Ziegler-J6ns and Selinger 
1987): eqns. (A1) through (A3) describe the CO2 response at 
low CO2 and saturating light, eqns. (A4) and (A5) the CO2 
response at high CO2, and eqn. (A6) the light response of the 
whole-chain electron transport, J. Thus, for any environmental 
conditions, A is the minimum of the rates calculated from eqns, 
(A1) and (A4). The CO2-response curves (see Figs. 1, 2) there- 
fore split into two partial curves described by (A1) and (A4) 
for low and high CO2, respectively. The light-response curves 
is measured at high CO2 and therefore described by (A4) 
through (A6). 

A = Vm.II1 - D  1 (A1) 

with the abbreviations 

II p C - F *  - ~ - ~ -  (A2) 

k' = K ~ (1 +p ~176 (A3) 

A = J .  IIz - D 1 (A4) 

with the abbreviation 

II2 p ~  F* (A5) 
=4.5.pC+ 10.5.F * 

The numbers 4.5 and 10.5 refer to the case where ATP 
production is the limiting step in RuBP regeneration. When 
NADPH production is limiting, these numbers have to be re- 
placed by 4 and 8, respectively. 

0 "J2--(Ym+q'I)'d+Jm'q'l=O (A6) 

For a given set of n pairs of data (Aj. HI,j), j = l  ...n, 
for the COz-response curve at low COz, the sum of the squares 
of the deviations from the modelled curve, SQ, can be calculated 
as 

S Q = ~ ( A j + D I - - V m .  Ptl,j) 2 j = l  ... n (A7) 

Exact solutions for the values of Vm and D 1 for which the 
modelled curve fits the data best can be calculated from the 
condition that SQ has to become minimum with respect to 
changes of Vm and D 1 : 

6 S o 0 
~D r =  (A8) 

6 SQ = 0 (A9) 
aVm 

Partial differentiation of (A7) according to (A8) and (A9) yields 
eqns. (A10) and (A11), respectively. 

2 -Z(A j + D  1 _ Vm. IIl . j)  = 0 (A10) 

and 

2.~(Aj+ D1-Vm. HId).YI~,j=O. (Al l )  

These two equations can be solved for V,, and D ~ : 

Z Aj. ZII1 ,j-n. Z (Aj. III ,j) 
Vm -- (A12) 

( Z i i  1 , j )2_n .Z(n l , j )2  

D t =(Vm.EIItd--EAj)/n (AI3) 

Thus, the parameters Vm (maximum carboxylation of RuBP- 
Case) and D l (dissimilative respiration in the light) can be calcu- 
lated from any set of measured data (Aj, p j) of the CO2 re- 
sponse at low CO2 and high light by simple summations of 
the measured values for A, II1, A-II12. Changes of temperature 
or the partial pressure of 02 alter the values for F* and k'. 

This procedure is only applicable to parameters which are 
linear in the basic equations. Above all, it does not work for 
the light dependence of the rate of whole-chain electron trans- 
port, J, eqn. (A6). However, there is a simple way to calculate 
the parameters q, 0, D I, and Jm from A(I)-data, given access 
to a personal computer and only a little experience in program- 
ming. 

For the calculation, reasonable starting values for q, 0, 
D 1, and Jm have to be chosen (e.g. q=0.3,  0=0.7, DI=  
1 gmol m -  2 s-  1, Jm = 2. Vm)- For a given set of data (A j, Ij), 
values for Jj can be calculated as 

Jj=(Jm+q. Ij--l/(Jm+q.I~)2--4.0"Jm.q. Ij)/(2.0) (AI4) 

and the square deviations of the measured values summed: 

SQ = Z (A j +D~--Jj-H=d) 2 (A15) 

Thereafter, the programm chooses one of the four parameters 
at random, changes it at random (in some defined region), 
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and again calculates the values Jj and the sum S o. If S o has 
become smaller, the new parameters are taken as a better fit 
of the data. After a number of loops, the measured data and 
the curve are plotted and the procedure stopped or repeated 
with a new set of starting values. 

This method yields numeric values for the absorptance and 
the efficiency of light use, q, the maximum rate of whole-chain 
electron transport, Jm, the convexity of the curve, 0, and again 
for the dissimilative respiration in the light, D i. 

Appendix B: Calculation of the initial slope of the A (p~) curve 
for mesophyU cells and bundle-sheath cells 

p is the ratio of the carboxylation velocity of RuBPCase in 
mesophyll cells to that in bundle-sheath cells. There is an addi- 
tional rate of C4 photosynthesis, which is limited by the rate 
of PEP regeneration and therefore assumed to be independent 
ofp c. The equation for the net photosynthesis rate in mesophyll 
cells, AM, at low CO2 given in Appendix A (AI To A3) is modi- 
fied to 

A M = ~  p ~ - - F *  D l +  Vc4 (BI) 
( + p )  p~+k '  

The slope of the A (p c) curve is calculated by differentiation 
of AM with respect to p% i.e. eqn. (B1) has to be differentiated 
with respect to p~ and multiplied by dp~/dpL The partial pres- 
sure of CO2 in the mesophyll cells results from eqn. (B2): 

pC _p~ = A~a/kM (B2) 

and therefore 

dPC -1  1 dA M (B3) 
dp• k M dp c 

k M is the conductivity of the mesophyll cell walls for the uptake 
of C02 from the intercellular air spaces. With the assumption 
that the rate of dissimilative respiration in the light (D 1) as 
well as the rate of C4 photosynthesis (Vc4) does not depend 
on CO2 partial pressure, the slope of the A(p r curve can be 
written as 

dAM p.V,~ k ' + F *  / I dAM t (B4) 
dp ~ ( l + p )  ~ + k ' ) z (  1 kM dp ~] 

The carboxylation efficiency, CEM, i.e. the initial slope of 
the A(p ~) curve at p ~ = F * ,  results as 

p. V,.. kM (B5) 
CEM-p . Vm +kM.(l +p)  (F* +k ' )  

and in the same way for the bundle-sheath cells 

Vm" kRs (B6) 
CEBs Vm+kBs . ( l+p ) (F*+k ' )  

The carboxylation efficiency of the whole bract is the sum of 
both CEM and CEas, 

CEM + Bs = CEM + CEBs (B7) 

because both refer to the projective area and not to the inner 
surface of the cells. 

Additional abbreviations used in appendix A. Dl=dissimilative 
respiration in the light (gmol.m-Z-s-~);  /=incident  PPFD 
(gmol quanta, m - 2. s - ~); J = rate of whole-chain electron trans- 
port (gmol e - . m - 2 - s  1); K o (labar), K o (mbar)=Michaelis- 
Menten-constants of RuBPCase for CO2 and 02,  resp.; k'  
(gbar)=effective Michaelis-Menten-constant; pO (mbar)=in-  

tercellular partial pressure of 02 ;  q = parameter for the absorp- 
tance and the efficiency of light use (electrons/quanta); SQ = 
sum of the squares of the deviations of the measured values 
from the modelled curve; HI,  He=conversion factors (eqns. 
A2 and A4); 0---convexity factor 

Additional abbreviations used in Appendix B. AM, ABs = net pho- 
tosynthesis rate in mesophyll cells and bundle-sheath cells, 
resp. ; CEM, CEBs = carboxylation efficiency (initial slope of the 
A (pC) curve) of mesophyll and bundle-sheath cells, resp.; kM, 
kBs=conductivity of the mesophyll and the bundle-sheath cell 
walls, resp., for the uptake of CO2 from the intercellular air- 
spaces; Vc, = rate of C4 photosynthesis; p = ratio of the RuBP- 
Case activity in the mesophyll cells to that in the bundle-sheath 
cells 
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