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ABSTRACT

Activities and subunit levels of three C4 enzymes were determined for
F, hybrids between C4 and C3-C4 Flaveria species. For phosphoenolpy-
ruvate carboxylase and pyruvate orthophosphate, dikinase, enzyme
amounts in the hybrids were close to the mid-parent means. However,
activity and subunit levels of NADP-malic enzyme were approximately
one-half the mid-parent mean.

A selective advantage has been observed for C4 over C3 plants
in a variety of habitats (22). One reason for this greater fitness is
the higher level of AP3 in C4 species believed to result from the
CO2 concentrating mechanism in these plants (18, 19). This
mechanism relies on the enhanced activities and compartmen-
tation of enzymes associated with the C4 pathway which include
PEPC, PPDK, and NADP-ME (5a, 12).
The discovery of C3, C4, and C3-C4 intermediate species in the

genus Flaveria (Asteraceae) provides an opportunity to hybridize
species which can produce potentially fertile F, offspring (6, 21).
Characterization of hybrids between C3 and C4 species (12, 21)
and between C3-C4 and C4 species (6, 8) has demonstrated that
a number of C4 traits can be transferred. For example, increased
PEPC activity (6, 7, 12), reduced CO2 compensation concentra-
tion (6,7, 12), decreased 02 inhibition ofAP (6, 7), and increased
ratios of '3C/I2C (6) have all been observed for some of the
hybrids. However, in all cases examined to date, AP has been
equal to or less than that of the C3-C4 or C3 parent (6, 7). Thus
it is clear that transferring sufficient C4 characters to C3 or C3-C4
species to increase yield by maximizing photosynthesis requires
a more complete understanding ofthe inheritance and regulation
of the enzymes associated with this pathway.
The present study follows the inheritance of PEPC, PPDK,

and NADP-ME in hybrids between Flaveria trinervia (Spreng.)
C. Mohr (C4) and the intermediate (C3-C4) species, Flaveria
floridana J. R. Johnston, Flaveria linearis Lag., and Flaveria
oppositifolia (O.C.) Rydb. The activities oftwo of these enzymes
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were measured to assess transfer of the genes encoding them in
the F, hybrids; in addition, subunits of all three enzymes were
identified by immunoblotting using antibodies against the maize
and pearl millet enzymes, and subunit amounts were estimated
from SDS-polyacrylamide gels. The results are interpreted in the
light of what is currently known about the regulation of expres-
sion of enzymes associated with carbon fixation.

MATERIALS AND METHODS

Preparation of Crude Extracts. All plant material was kindly
provided by Dr. Joe Bouton (Agronomy Department, University
of Georgia). Flaveria trinervia and Flaveria linearis were grown
from seed obtained from M.S.B. Ku; Flaveria oppositifolia and
Flaveriafloridana were collected in Florida by H. Brown and P.
Evans. Replicas ofeach species were vegetatively propagated and
grown in a glass greenhouse under natural photoperiod condi-
tions (Athens, GA, summer 1986). Samples were harvested under
full sunlight. Leaf tissue from the third node below the growing
apex was extracted as previously described (6), and the superna-
tants were stored at -80°C before assaying for PEPC and NADP-
ME activity. Extracts were prepared from different branches of
the same individual weekly for three consecutive weeks.
Enzyme Activity: Activity of PEPC [EC 4.1.1.31] in crude

extracts was assayed as previously described (7). Three replicas
at two dilutions were assayed for each sample. Measurements
were corrected for endogenous activity in the absence of sub-
strate, when appropriate.

Activity of NADP-ME [EC 1.1.1.40] was assayed in crude
extracts by the method of Kanai and Edwards (15). The reaction
was initiated by the addition of 0.4 mM NADP and the activity
was determined by following the increase in A340. Reactions were
run without MgCl2 to correct for endogenous NADP-MDH
activity.
To determine if any extracts contained PEPC or NADP-ME

inhibitors, samples of F. trinervia were assayed after dilution
with an equal volume of buffer or equivalent dilution of extract
from each C3-C4 parent and hybrid sample. A decrease in enzyme
activity compared to F. trinervia plus assay buffer alone would
have suggested the presence of inhibitors in the other parents or
hybrids. No decrease in activity was observed for the two enzymes
using any sample tested.

Protein Analysis. Protein concentration of each sample was
determined by the method of Bradford (5) using BSA as a
standard.

Protein Separation. Soluble proteins from each sample were
precipitated overnight at -20°C by the addition of 100 to 500
volumes of cold acetone to extracts prepared for enzyme assays.
Samples (10,ug protein/lane) and mol wt standards (Sigma) were
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prepared and electrophoresed in 12.5% acrylamide gels according
to Laemmli (16). The gels were silver stained according to the
procedure of Blum et al. (4).

Electrophoretic Transfer of Polypeptides. After SDS-PAGE,
the polypeptides (75 ,ug/lane) were transferred to nitrocellulose
filters (0.45 ,um pore size, Schleicher & Schuell) in an LKB Trans
Blot apparatus at 360 V h. Transfer buffer contained 4% meth-
anol, 0.625 mm Tris, 4.8 mm glycine, and 0.025% SDS. Trans-
ferred polypeptides were first visualized by staining with Ponceau
S (Sigma), and their positions on the filters were marked. The
filters were then blocked with 1% BSA (Sigma) in PBS containing
10 mm Na3PO4 and 140 mM NaCl.
Polypeptides ofPEPC, PPDK, and NADP-ME were visualized

in separate experiments by probing each filter with polyclonal
antibody against either PEPC (provided by Dr. J. Rawson, SO-
HIO, against pearl millet), PPDK (provided by Dr. K. Aoyagi,
Rockefeller University, against maize), or NADP-ME (provided
by Dr. T. Nelson, Yale University, against maize). After incu-
bating the filters in PBS + goat anti-rabbit alkaline phosphatase
conjugate (Sigma), the blots were stained with 5-bromo-4-chloro-
3-indolyl phosphate/p-nitro blue tetrazolium chloride for alka-
line phosphatase activity (3). In subsequent experiments the
filters were probed with a mixture of the three antibodies to
visualize the polypeptides in a single extract, thereby minimizing
loading and sample preparation artifacts. No bands below
NADP-ME were observed in the immunoblots.

Densitometric Scans: After confirming the positions of each
enzyme subunit from immunoblots, the silver stained gels were
scanned with an LKB 2202 Ultroscan Laser Densitometer and
the relative peak area corresponding to the appropriate enzyme
subunit was calculated with the software provided (Gel Scan
Program). The linearity of the scan data was confirmed by
scanning a gel loaded with increasing amounts of partially puri-
fied maize PEPC (Sigma).

RESULTS AND DISCUSSION

Enzyme Activity. Activities of PEPC and NADP-ME were
determined for two seedlings ofF. Trinervia, three C3-C4 Flaveria
species, and the F, progeny resulting from their crosses. Activity
was computed on the basis of total soluble protein extracted.
The activities of both enzymes were greatest in the two C4
parents, being approximately 10- to 20-fold higher than in the
C3-C4 individuals (Table I). The F, hybrids had levels of PEPC
activity that were elevated with respect to the C3-C4 parents, but

approximately one-half that ofthe C4 parents. Similarly, NADP-
ME activities in the hybrids were elevated compared to the C3-
C4 parents; however, the levels were only about one-fourth those
of the C4 speces. When compared to the estimated mid-parent
mean which takes into account the contribution (though mini-
mal) of the C3-C4 parent, PEPC activity in the hybrids averaged
approximately 88%, whereas NADP-ME activity averaged only
about 54%. Similar results were obtained when activity was
computed on the basis of leaf fresh weight.
The reduced activities of NADP-ME were observed in the

hybrids regardless of the C3-C4 parent. Diffuisible inhibitors of
enzyme activity produced in the C3-C4 parents could explain the
reduction in enzyme activity observed in the hybrids. However,
as the mixing experiments revealed no adverse effects on the
activity ofC4 extracts in vitro, it is not likely that this explanation
accounts for the observed reduction in activity in the F1 hybrids.
Another explanation is the possibility that the observed reduction
in activity is maternally inherited. Current data concerning
expression of NADP-ME (9) support the hypothesis that it is a
nuclear encoded polypeptide and therefore should show no ma-
ternal effects. Also, F. trinervia, which expressed the highest
activity, always served as the female parent in these experiments.
A third possibility is that the amounts of the enzyme subunits
themselves are reduced in the hybrid progeny. To assess this
possibility, the soluble proteins extracted from these plants were
separated by SDS-PAGE and identified by immunoblotting.

Electrophoresis and Immunoblotting of Soluble Proteins. Fig-
ure 1A shows representative polypeptide profiles obtained from
extracts of the C4 and C3-C4 parents and their hybrids. Bands
corresponding to the individual subunits of PEPC, PPDK, and
NADP-ME were identified from immunoblots using polyclonal
antibodies to the enzymes isolated from other C4 plants (Fig.
IC). Completeness of transfer was determined from Ponceau S
stained filters prior to immunoblotting (Fig. 1B). Two PEPC
bands were observed in extracts prepared from the C3-C4 parents
and hybrids, but the larger band was not consistently observed
in extracts from the two C4 seedlings. The size of the larger band
is estimated to be between 110 and 120 kD. The smaller band
(ca. 100 kD) is similar in size to the PEPCs isolated from green
and etiolated leaves of maize and pearl millet (20, 24). Two
PEPC bands have previously been reported for F. floridana and
F. cronquistii using antibodies raised against the maize enzyme
(1). The results presented here were obtained using antisera
prepared against PEPC purified from pearl millet, a C4 grass (24).

Table I. Enzyme Activity in Flaveria Parents and F1 Hybrids
Enzyme activity was measured in crude leaf extracts as described in "Materials and Methods." Standard

errors of the mean are for N = 3 measurements.

Photo- Flaveria
Sample synthetic Speces PEPC MPMa NADP-ME MPM

Type
,umol h-' ,.mol h-1

mg-' protein mg'I protein %

84- lb C4 F. trinervia 26.9 ± 1.6 _c 32.9 ± 2.7
84-10 C4 F. trinervia 32.7 ± 5.9 38.8 ± 3.1
85-7 C3-C4 F. floridana 3.2 ± 0.5 2.8 ± 0.3
85-22 C3-C4 F. oppositifolia 2.1 ± 0.2 5.5 ± 0.9
84-2 C3-C4 F. linearis 1.5 ± 0.1 3.3 ± 0.4
84-1 x 85-7 13.7 ± 2.6 91 10.1 ± 0.9 56
84-1 x 85-22 15.1 ±2.1 104 10.7±0.5 56
84-10 x 84-2 11.8± 1.6 69 10.7±0.5 51
Average of F, hy- 13.5 88 10.5 54

brids

'Mid-parent means (MPM) are the averages between activities of each parent in the indicated cross.
b Georgia identification number. c Not applicable.
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FIG. 1. Identification of PEPC, PPDK, and NADP-ME in C4 and C3-
C4 Flaveria species and their F, hybrids. Soluble extracts from fully
expanded green leaves ofFlaveria sp. and their F, hybrids were separated
into their component polypeptides by SDS-PAGE according to Laemmli
(16). The proteins were transferred to nitrocellulose filters and stained
with Ponceau's reagent to monitor efficiency of transfer. Individual
enzymes were identified by immunostaining using polyclonal antibodies
raised against the maize (PPDK and NADP-ME) and pearl millet (PEPC)
enzymes. Lane a, 84-10 (C4); lane b, 84-10 x 84-2 (F1 hybrid); lane c,

84-2 (C3-C4); lane d, 84-1 (C4); lane e, 84-1 x 85-7 (F1 hybrid); lane f,
85-7 (C3-C4); lane g, 84-1 (C4); lane h, 84-1 x 85-22 (F1 hybrid); lane i,
85-22 (C3-C4). A, Soluble proteins (10 ytg/lane) separated by SDS-PAGE
and stained with silver nitrate according to Blum et al. (4). B, Ponceau

Taken together, the data indicate that within the genus Flaveria
PEPC has been relatively conserved despite its divergence with
respect to photosynthetic function. This observation also applies

to the other two C4 pathway enzymes examined (see below).
Although the identity of the larger PEPC band is uncertain, the
fact that antisera from two different sources recognize it argues
against the possibility that it is an artifact related to the prepa-
ration or isolation of the polyclonal antisera. Furthermore this
larger band has also been observed in immunoblots of green leaf
extracts from pearl millet, Sorghum, and alfalfa (R Cameron,
unpublished data), and from rice and wheat (17), again suggesting
that it is not an artifact of sample preparation, nor is it confined
to the genus Flaveria. Repeated attempts to visualize the larger
band in green leaf extracts from F. brownii and maize were
unsuccessful (data not shown), as has been reported by others
(17). Two bands had previously been reported during purification
of the maize enzyme on SDS-polyacrylamide gradient gels (1 1),
but it is not known why immunoblotting fails to detect the larger
band, especially since peptide mapping indicates that it is vir-
tually identical to the smaller one (1 1).
Only one subunit band (ca. 95 kD) corresponding to PPDK

was observed in all of the extracts examined. Previous studies
have shown that PPDK isolated from C3 and C4 plants is com-
posed of subunit polypeptides of similar weight (ca. 94 kD) and
that there is good cross-reactivity between C3 and C4 plants (2).
Hudspeth et al. (13) have estimated that there are at least two
genes encoding PPDK in maize, although only one of them may
be expressed.

Flaveria NADP-ME cross-reacted with antisera against maize
NADP-ME, and two polypeptide bands were observed in extracts
from C4 plants. These bands differ only slightly in size (64 kD
and 67 kD) and are similar to those reported for maize (9). From
the evidence obtained in that study, the two subunits were
hypothesized to arise from separate gene loci. However, since
both polypeptides were synthesized as precursors to the in vivo
form of the enzyme, as is consistent with current data on trans-
port of nuclear encoded, chloroplastic enzymes, the relationship
of these subunits to the presumed cytoplasmic and choroplastic
isozymes isolated by Pupillo and Bossi (23) is unclear. Surpris-
ingly, the same antisera identified only a single subunit band in
C3-C4 extracts which was slightly different in size (66 kD) from
the bands observed in the C4 extracts. All three bands could be
seen in the hybrid extracts, indicating that both sets of parental
genes were transferred to the progeny.

Estimation of the Relative Levels of Enzyme Subunits in the
Parents and Hybrids. Densitometric tracings of silver stained
gels like the one shown in Figure 1A were used to estimate
relative enzyme subunit levels identified from immunoblots (Fig.
1C). For PEPC and NADP-ME, only the bands corresponding
to the major C4 subunits (100 kD and 64 kD), respectively) were
examined. As in the case of activity, amounts of NADP-ME in
the hybrids averaged only 56% of the mid-parent means (Table
II). PPDK averaged approximately 111% of the parental means
and PEPC slightly less (88%), although for these two proteins
percentages varied among the three hybrids.

There are two main criticisms associated with using stained
one-dimensional gels to estimate subunit amounts. The first
relates to differences in stainability between polypeptides which
vary significantly in structure. Although there is biochemical
evidence suggesting that isoforms of the enzymes examined here
are different in C3, C4, and C3-C4 plants, there is also evidence
indicating that considerable structural integrity has been main-
tained throughout their divergence (2, 14). As a result, differences

stained nitrocellulose filter after transfer of gel as in A loaded with 75 sg
protein/lane. C, Immunoblot of filter in B. Molecular weight markers
are on the left; pe, PEPC; pp, PPDK; me, NADP-ME.
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Table II. Relative Subunit Levels ofPEPC, PPDK, and NADP-ME in Parents and F, Hybrids

PEPC la PPDK NADP-ME Ia
Sample

RIb MPMC RI MPM RI MPM

84-1 621 d 545 - 643
84-10 445 - 236 412
85-7 56 60 NDe
85-22 45 84 ND
84-2 35 49 ND
84-1 x 85-7 350 103 377 124 184 57
84-1 x 85-22 296 89 266 85 204 63
84-10 x 84-2 173 72 178 125 98 47
Average ofF, hybrids 88% 111% 56%

a PEPC 1 and NADP-ME 1: intensely stained subunit bands corresponding to polypeptides of 100 and 64
kD, respectively, as identified from immunoblots (Fig. 1C). The larger subunit bands of both enzymes did not
stain intensely enough to give reliable scans.
mean. d Not applicable. eND, not detectable.

in stainability would probably not be significant when comparing
isoforms which differ in expression by as much as 10- to 20-fold.
Another potential difficulty is the possibility that on one-dimen-
sional gels other polypeptides of similar size may contribute
substantially to the amount of material detected in a given band.
Preliminary separation of soluble polypeptides from F. trinervia,
F. linearis, and their F1 hybrid by two-dimensional gel electro-
phoresis indicates that few polypeptide spots migrating to posi-
tions of equivalent size to the three enzymes examined are
detected by silver staining (R Cameron, unpublished data). Fur-
thermore, the results obtained from the scans of silver stained
gels are in close agreement with the results ofthe enzyme activity
data for PEPC and NADP-ME. This suggests that the decrease
in NADP-ME activity observed in the hybrids correlates with
the reduced subunit levels estimated from the gels.
The results presented here indicate that PEPC, PPDK, and

NADP-ME are transferred to hybrids of C4 and C3-C4 crosses.
With respect to PEPC and PPDK the subunits appear to be
expressed in F1 hybrids at levels approximating what would be
predicted for the transfer of a single, light-regulated C4 gene,
although we cannot from these data distinguish between the
contributions of each parent. Studies on the transformation of
light-regulated gene sequences in tobacco indicate that such
sequences are under cis regulatory control (10). Since both PEPC
and PPDK have been shown to be light-regulated at the molec-
ular level in other C4 plants (1 1, 13, 24, 25), it is likely that they
would also be similarly regulated in F. trinervia. However, until
we can assess the expression of PEPC and PPDK in the hybrids
using specific gene probes or monoclonal antibodies which can
distinguish between the various isoforms, it is impossible to know
for certain whether the enzymes in the hybrids are predominantly
of the C4 or C3-C4 type.
NADP-ME in the Flaveria species is represented by three

distinct subunit polypeptides differing in size. All three forms
can be detected in hybrid progeny at roughly the ratio present in
the individual parents (i.e. the lowest mol wt band is the most
intensely stained in both the C4 and hybrid extracts). The faint
band corresponding to the C3-C4 form present in the hybrids
shows no obvious increase in abundance compared to the inter-
mediate parent. However, the predominant band (64 kD) in the
hybrids is considerably reduced compared to the C4 parent, being
below the levels one would predict for the inheritance of a
presumably single, light-regulated gene. Although other expla-
nations may be considered, one likely interpretation of the data
is that the regulation of this gene is under the control of a
diffusible repressor in nuclei of the intermediate species. This
would explain why mixing C3-C4 and C4 extracts failed to effect

'RI, peak relative intensity. c MPM, mid-parent

any decrease in C4 enzyme activity, whereas the hybrids which
contain genomes from both parents have levels well below the
mid-parent means. Furthermore, the reduced NADP-ME levels
in the hybrids are not due to the loss of chromosomal material,
as they contain the full complement of both parental genomes
(J Bouton, personal communication) and express both parental
NADP-MEs. If this hypothesis is correct and if reduced levels of
NADP-ME contribute to the overall reduction in AP observed
in the hybrids (6), it is possible that enhancing the expression of
this enzyme would benefit apparent photosynthesis in the hy-
brids, especially since these hybrids have more fully developed
Kranz anatomy than their C3-C4 parents (6). We are currently
investigating the relationships and expression of the NADP-ME
genes in Flaveria to test this hypothesis and provide answers to
some of these questions.
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