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ABSTRACT

Ultrastructural studies of leaves of seven Panicum species in or closely
related to the Laxa group and classified as C3, C4 or C3-C4 intermediate
were undertaken to examine features associated with C3 and C4 photosyn-
thesis. The C3 species Panicum rivulare Trin. had few organelles in bundle
sheath cell profiles (2 chloroplasts, 1.1 mitochondria, and 0.3 peroxisomes
per cell section) compared to an average of 10.6 chloroplasts, 17.7 mito-
chondria, and 3.2 peroxisomes per bundle sheath cell profile for three C3-
C4 species, Panicum milioides Nees ex Trin., Panicum decipiens Nees ex
Trin. and Panicum schenckiiHack. However, two other C3 species, Panicum
laxum Sw. and Panicum hylaeicum Mez, contained about 0.7, 0.5, and 0.3
as many chloroplasts, mitochondria, and peroxisomes, respectively, as in
bundle sheath cell profiles of the C3-C4 species. Chloroplasts and mito-
chondria in bundle sheath cells were larger than those in mesophyll cells
for the C4 species Panicum prionitis Griseb. and the C3-C4 species, but in
C3 species the organelles were similar in size or were smaller in the bundle
sheath cells. The C3-C4 species and P. laxum and P. hylaeicum exhibited
an unusually close association of organelles in bundle sheath cells with
mitochondria frequently surrounded in profile by chloroplasts. The high
concentrations in bundle sheath cells of somewhat larger organelles than
in mesophyll cells correlates with the reduced photorespiration of the C3-
C4 species.

species as intermediate to C3 and C4 (14, 15) raise questions about
their ultrastructural similarity to C3 and C4 plants. The interme-
diate nature of Panicum milioides, Panicum schenckii, and Panicum
decipiens (hereafter referred to as C3-C4) was based on reduced 02
inhibition of apparent photosynthesis, low CO2 compensation
concentrations and high concentrations of chloroplasts and mito-
chondria in BSC compared to C3 species (4, 14, 15). In addition,
P. milioides has carboxylase activities and other traits intermediate
to C3 and C4 species (2, 12, 17, 18).
The C3-C4 species can be considered to belong to the Laxa

group of Panicum (10) which also contains C3 species (5, 14).
Panicum laxum and Panicum hylaeicum of the Laxa group (5, 20)
and Panicum rivulare (Grandia group; 5) were found to have
photosynthetic and gross leaf anatomical characteristics typical of
C3 species (14, 15). Classification of species in the Laxa and
Grandia groups is uncertain because of Brown's (5) proposed
removal of the intermediate species from the Panicum genus, his
inclusion of both C3 (P. rivulare) and C4 (Panicum prionitis) species
in the Grandia group, and the close relationships indicated by
Rosengurtt et aL (20) among the species in both the Laxa and
Grandia groups. A study of leaf ultrastructure in species of these
groups was carried out to assess (a) the presence of characteristics
associated with C3 and C4 photosynthesis and (b) anatomical
features which might clarify phylogenetic relationships among
these species.

Soon after discovery of the C4 cycle, anatomical features differ-
ent from those in C3 leaves were described (1). Species with C4
photosynthesis possess well-developed chlorophyllous, vascular
bundle sheaths in contrast to poorly developed, or apparently
nonfunctional sheaths in C3 species. Greater concentration of
organelles have been observed in BSC2 of C4 species, especially
those of the NAD-malic enzyme type, than in MC of C3 or C4
species (3, 8, 13).

Chloroplasts and mitochondria in BSC are larger than in MC
of C4 plants (6, 13). Species of C4 plants which possess NADP-
malic enzyme as the decarboxylase in BSC have chloroplasts
centrifugally arranged in the bundle sheath and little or no granal
development (9). Another major C4 group has granal chloroplasts,
centripetally arranged in BSC, and NAD-malic enzyme.
The discovery and description of three closely related Panicum

' Supported by state and Hatch funds allocated to the Georgia Agricul-
tural Experiment Stations and the United States Department of Agricul-
ture, Agricultural Research Service, under Grant 5901-0410-8-0181-0 from
the Competitive Research Grants Office.

2 Abbreviations: BSC, bundle sheath cells; MC, mesophyll cells.

MATERIALS AND METHODS

Experiment 1.
Plant Material. The youngest fully expanded leaf on a stem was

sampled on the following species: Panicum laxum Sw. (accession
number 137), Panicum hylaeicum Mez (127), Panicum rivulare
Trin. (107), Panicum milioides Nees ex Trin. (101), Panicum schen-
ckii Hack. (109), Panicum decipiens Nees ex Trin. (136), and
Panicum prionitis Griseb. (126). Plants were grown in pots in
greenhouses under maximum daytime temperatures ofabout 35°C
and minimum night temperatures of about 20°C. Day length and
solar radiation levels were those prevailing during late spring in
Athens, GA.

Fixation and Embedding. One- x one-mm pieces cut from the
center of the lamina were fixed by immersion in 2% glutaraldehyde
in 0.1 M sodium cacodylate or 50 mm K2HPO4 buffer (pH 7.2) at
4°C for 1.5 h. Tissue was washed twice in buffer for 1.5 h at 40C
prior to post-fixation in 2% OS04 in the same buffer at room
temperature for 1 h. An overnight wash in buffer followed by a
20-min wash preceded dehydration in a graded series of ethanol.
The series consisted of 50, 60, 70, 80, 90, and 95% ethanol for I h,
each, followed by 100%o for I d. Propylene oxide was used as a
transitional solvent for 4 h followed by infiltration in a graded
series of Polaron Ultra Low Viscocity embedding media. The
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series consisted of an infinite dilution scheme whereby one-half of
the volume of fluid was removed from the sample vessel and
replaced with resin. Two changes of this type were made, raising
the resin concentration to approximately 75%. The tissue was
infiltrated overnight and then four more changes were made over
a period of 3 to 4 h (1 to 2 h/change). Resin (100%) was added
and polymerized in a vacuum infiltrating oven overnight at 70°C.
Thin (silver) transverse sections were cut and stained for viewing
in a transmission electron microscope. Staining consisted of 3 min
in methanolic uranyl acetate (saturated) and subsequently for 4
min in lead citrate (19). The sections were reviewed in a Philips
EM200 electron microscope at 60 kv.

Cell Sampling. Samples were taken from three separate leaves
of each grass and five micrographs each of BSC and MC were
observed per leaf, a total of 15 observations per species. Deter-
minations included cell diameters, number of plasmodesmata per
BSC profile, BSC cell wall thickness, numbers of chloroplasts,
mitochondria and peroxisomes per cell profile, and size of chlo-
roplasts and mitochondria. Cell diameters were determined from
two measurements perpendicular to each other. Size of chloro-
plasts was determined as lengths of a long axis or angular length
of two straight lines best fitting the curvature of curved chloro-
plasts. Mitochondrial size was determined as the length of the
longest axis. Wall thickness of BSC was determined from meas-
urements at four random positions on each cell profile. The
number of plasmodesmatal pit fields were counted per BSC
profile. Counts were also made of the number of mitochondrial
profiles per BSC which were surrounded (one-half or more) by
chloroplasts. Measurements and counts were made in most cases
from projections of negatives, but in a few cases from prints of the
negatives.

Experiment 2. In this experiment, the same species used in
experiment I were sampled. The plants were grown under green-
house conditions similar to those in experiment 1. Leaves were
sampled in a manner similar to that in experiment 1 except that
five leaves were sampled instead of three.

Fixation and embedding were similar to that in experiment 1
with the following exceptions. Fixation was in 4% rather than 2%
glutaraldehyde and specimens were stored in this fixative from 30
to 90 d. Samples were postfixed 4 h at 4°C in 1.5% rather than 2%
OS04. Specimens were embedded in Spurr's (21) medium rather
than the Polaron medium used in experiment 1. Thin (silver)
sections were cut and stained for 20 min in saturated uranyl
acetate and poststained 5 min in Reynolds' (19) lead citrate.
Thin sections were cut from five separate specimens of each of

the grasses. Three to five micrographs of randomly selected BSC
and MC were made of each of the five samples from each species.
Prints (20 x 25 cm) were made of two to three each of BSC and
MC from each sample and were used for organelle counts and
measurements of cell and organelle size. The observations de-
scribed for experiment 1 were also made in this experiment on 12
BSC and MC of each species. Sizes of chloroplasts and mitochon-
dria were determined on three organelles per cell profile except
when fewer organelles were present. In addition, MC profile areas
and areas occupied by organelles were measured to determine
vacuole size. Vacuole percentage was determined as total cell
profile area minus area occupied by organelles.

RESULTS

Description of Cells. Panicum species examined in this study
had well-developed vascular bundle sheaths (Figs. 1-4) as reported
earlier (14). The bundle sheath in all of the species, except P.
prionitis, was underlain in major veins by thick-walled mestome
sheaths, indicating the origin of the bundle sheath to be paren-
chymatous tissue (5). Major veins of P. prionitis, an NADP-malic
enzyme-type C4 species (5, 11), were surrounded by two concentric
sheaths, the inner containing quantities of chloroplasts, mitochon-

dria, and peroxisomes and the outer sheath being composed of
cells about twice as large and nearly devoid of organelles (Fig. 4).
The inner chlorophyllous sheath apparently arose from the mes-
tome sheath, since the mestome sheath is absent in this species (5).
The outer sheath then apparently arose from parenchymatous
tissue, although cell wall thickness was similar for the two sheaths
(Table I). In addition to major veins, P. prionitis leaves possess
many small veins with only a single sheath (Fig. 5). In the further
assessment of cell types for this species, the small veins have been
omitted, although they are probably important in photosynthesis
by this plant.
Bundle sheath cells were similar in size in all of the species

studied (18-24 ,um diameter), except in P. prionitis whose inner
sheath was composed of cells averaging 1.1 ujm diameter (Table
I). The outer sheath of P. prionitis had cells slightly smaller than
BSC of the other species. Vacuolar size varied from very small in
the small vein BSC of P. prionitis (Fig. 5) to nearly complete
occupation of the outer BSC of major veins. In the other species,
vacuoles made up from 50 to 75% of BSC profiles in P. milioides,
P. schenckii, and P. decipiens, to near 100% in P. rivulare.
The number of plasmodesmatal pit fields per BSC profile varied

from 2.2 in P. rivulare to 4.1 in P. schenckii and P. decipiens and
to 5.7 in the outer sheath of P. prionitis (Table I). The C3-C4
species averaged 4.0 plasmodesmata per BSC profile compared to
2.5 for the C3 species. The C4 species P. prionitis had 3.1 plasmo-
desmata per BSC profile in inner sheaths, but these BSC are only
one-half as large in diameter as BSC in the other species.

Mesophyll cells were irregular in size and shape (Figs. 1-4).
Although MC diameters were significantly different among spe-
cies, the range was only from 9.7 to 13.0 ,m and no differences
existed among photosynthetic types (Table II). Chloroplasts were

arranged around the periphery of MC, but they occupied a high
portion ofMC profiles, except in P. prionitis. Estimates of vacuole
area were from 20 to 43% of the MC profiles in the C3 and C3-C4
species, but much higher (68%) in P. prionitis (Table II). In contrast
to the BSC of C3 and C3-C4 species in which mitochondria and
peroxisomes were concentrated next to the centripetal walls, these
organelles in MC were located between chloroplasts and away
from the walls.

Organelle Numbers. Chloroplasts in MC varied from 4.5 per
cell profile in P. prionitis to 7.1 in P. hylaeicum (Table III), but
this difference is minimized if the difference in MC size in these
two species is taken into account (Table II). The numbers of
mitochondria and peroxisomes per MC profile tended to be higher
in the C3 than in the intermediate species, although significant
differences were observed in only about one-half of the compari-
sons of species in the two groups. Mesophyll cells of P. prionitis
contained 2.5 mitochondria and 1.0 peroxisome per profile, num-
bers similar to those of C3-C4 species.

Chloroplasts per BSC profile ranged from 2.0 in P. rivulare to
11.1 in P. milioides (Table III). The C3-C4 species contained, on

the average, twice as many chloroplasts per BSC profile as C3
species (10.6 versus 5.7), although within the C3 group, numbers
ranged from 2.0 in P. rivulare to 7.8 in P. laxum. The C4 species,
P. prionitis, had 3.7 chloroplasts per BSC profile (inner sheath),
but when differences in cell profile area among species are ac-

counted for (Table I), numbers of chloroplasts in BSC of P.
prionitis are similar to the C3-C4 species.

Mitochondria were more numerous in BSC of the C3-C4 species
than in C3 species, but within the C3 group, there was a 10-fold
difference in numbers of mitochondria ranging from 1.1 in P.
rivulare to 10.8 in P. laxum (Table III). The C3-C4 species had
higher numbers of mitochondria in BSC profiles than P. prionitis,
even when differences in cell size are accounted for. The number
of peroxisomes in BSC profiles was also greatest in the C3-C4
species, ranging only from 3.1 to 3.4 per cell profile in this group.
Peroxisomal profiles ranged from 0.3 to 1.1 in the C3 species and
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FIGS. 1-4. Electron micrographs of leaf cross-sections showing vascular, bundle sheath, and mesophyll tissues of P. rivulare, C3 (1); P. laxum, C3 (2);
P. schenckii, C3-C4 (3); P. prionitis, C4 (4). Note plasmodesmatal pitfields in BSC (circles) and mitochondrial profiles surrounded by chloroplasts in BSC
of P. schenckii and P. laxum (arrows). (V), Vascular tissue; (OS), outer bundle sheath cells; (IS), inner bundle sheath cells. Inset at lower right of Figure
4 shows grana in BSC chloroplast (x 8840) of P. prionitis.
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Table I. Vascular Bundle Sheath Cell Characteristics of Panicum Species Di0fering in Photosynthetic Pathways
Averages for experiments I and 2.

Pathway and Cell Wall Mitochondria in
Species Diameter Thickness Plasmodesmataa Chloroplastsb

,um no. /cell profile
C3

P. rivulare 23.5 0.70 2.2 0.0
P. hylaeicum 21.2 0.45 2.6 0.3
P. laxum 20.9 0.40 2.7 0.7

C3-C4
P. milioides 20.5 0.32 3.9 0.6
P. schenckii 20.7 0.42 4.1 2.4
P. decipiens 22.4 0.62 4.1 0.8

C4
P. prionitis (inner) 11.1 0.66 3.1 0.0
P. prionitis (outer)c 17.9 0.73 5.7 0.0

LSD (P = 0.05) 2.1 0.09 0.9 0.6
a Number of plasmodesmatal pitfields per cell profile.
h Number of mitochondria per cell profile one-half or more surrounded by chloroplasts.
c Outer bundle sheath cells evaluated only in experiment 2; not included in statistical analysis.

Table II. Mesophyll Cell Diameters and Percentage of Cell Profile in
Vacuolesfor Panicum Species Differing in Photosynthetic Pathways

Averages for experiments 1 and 2.

Pathway and Cell Vacuole
Species Diameter Area

,um %
C3

P. rivulare 10.9 39
P. hylaeicum 13.0 35
P. laxum 11.4 20

C3-C4
P. milioides 9.7 32
P. schenckii 10.9 35
P. decipiens 10.7 43

C4
P. prionitis 10.5 68

LSD (P = 0.05) 1.4 11

averaged 0.7 in P. prionitis.
Because there was a slight tendency for MC profiles in C3-C4

species to have fewer organelles than in C3 species, the ratio of
organelles in BSC to MC separated these two groups to a greater
extent than organelle numbers in BSC alone (Table III). The
greatest disparity between groups was in peroxisomal numbers, in
which C3 species varied from ratios of 0.3 to 0.7 and C3-C4 species
ranged from 3.5 to 7.7. Although BSC to MC ratios for chloro-
plasts and mitochondria were similar among the C3-C4 species, in
the C3 group the values were 1.0 or higher for P. hylaeicum and P.
laxum, but only 0.3 to 0.4 in P. rivulare.

Description of Organelles. Chloroplasts of both BSC and MC
in all seven species possessed well-developed grana (Figs. 4 and
6). Very little peripheral reticulum was observed in chloroplasts of
any of the species, the most being in MC of P. prionitis. In BSC of
the C3-C4 species, chloroplasts were located centripetally as in
those C4 species for which NAD-malic enzyme is the C4 acid
decarboxylase. Chloroplasts in BSC of P. laxum (Fig. 2) and P.
hylaeicum also tended to be centripetally located, but less conspic-
uously than in the C3-C4 species (Fig. 3) and in P. rivulare, they
were more randomly arranged around the cell perimeter. Chlo-
roplasts in the inner BSC of P. prionitis tended to be centripetally
located (Fig. 4).

Differences among the three photosynthetic types in chloroplast
lengths were not apparent, except that the C4 species P. prionitis
had smaller chloroplasts in mesophyll cells than C3 species (Table
IV). Ratios of chloroplast lengths in BSC to MC showed a clearer
pattern, with values in the C3 group ranging from 0.7 to 0.9, in the
C3-C4 from 1.0 to 1.2, and the C4 species exhibiting a value of 1.3.
Thus, there was a tendency for BSC chloroplasts in intermediate
and C4 species to be larger relative to those in MC, while in C3
species the tendency was reversed.

Mitochondria in BSC of the C3-C4 species and in P. laxum and
P. hylaeicum were generally large and densely stained, with very
translucent cristae (Fig. 6, a and b). They thus resemble mito-
chondria of BSC in NAD-malic enzyme-type C4 species (6) and
those described earlier for P. milioides and Panicum hians (7).
Mitochondria in BSC in these plants were very closely associated
with chloroplasts, in many cases being completely surrounded by
them (Figs. 2; 3; 6, a and b). The frequency of mitochondria
surrounded in profile by chloroplasts is shown in Table I. It
occurred in all species except P. rivulare and P. prionitis. The high
average value for this characteristic in P. schenckii is due mainly
to the high frequency (4.1/cell profile) observed in experiment 2.
Occasionally, peroxisomes (Fig. 6d) and oleosomes (Fig. 6c) were
also observed to be surrounded by chloroplasts. Although the
surrounding of mitochondria by chloroplasts was observed pri-
marily in BSC, it also occurred at a much lower frequency in MC.

Differences in mitochondrial lengths among species were more
clear cut than differences in chloroplast size (Table IV). The
smallest mitochondria were in the BSC of P. rivulare with the
second smallest BSC mitochondria in the C4 species P. prionitis.
The largest mitochondria were in BSC of the C3-C4 species. Ratios
of mitochondrial size in BSC to MC were larger in the C3-C4 and
C4 species than in the C3.

Peroxisomes appeared similar in structure for all the species.
They were bounded by single membranes with edges of scalloped
appearance in profile (Fig. 6d). The thread-like structures ob-
served in microbodies of Festucoid species (8) were not clearly
apparent. In a few cases, peroxisomes contained short rows of
globular structure (not shown) similar to the structure described
for C4 species by Frederick and Newcomb (8).

DISCUSSION

The ultrastructural characteristics of P. milioides, P. schenckii,
and P. decipiens support the CO2 exchange and biochemical bases
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for their classification as intermediate photosynthetic types. The
most conspicuous trait is the concentration of organelles centri-
petally in the bundle sheath. The numbers of chloroplasts, per-
oxisomes, and mitochondria in BSC profiles were about 2, 5, and
7 times as great, respectively, as in MC. This compares to C3
species which in this study and from inferences in published
reports (8, 20) have organelles in BSC profiles nearly equal to or
fewer than in MC. This greater concentration of organelles in
BSC profiles in these C3-C4 species compared to C3 suggests a
greater metabolic role and perhaps a different one (18) than in C3
species.

i4sThe large numbers of organelles in BSC profiles ofC3-C4 species
indicate that large percentages of total leaf organelles were in
bundle sheaths. Ratios of the number of MC to BSC profiles
determined from light micrographs of all of the species, except P.
prionitis, averaged 10.2 and differed little among species. The
percentages of organelles in the bundle sheath were estimated
from the ratios of cell types and the organelle numbers in Table
III. It was estimated that an average of 40, 32, and 17% of total

Do leaf mitochondria, peroxisomes and chloroplasts, respectively,
were in BSC of C3-C4 species compared to 14, 6, and 9% of
corresponding organelles in BSC of C3 species.
The differences between the C3 and C3-C4 groups were not

FIG. 5. Minor vein in P. prionitis, with high concentration of chloro-
plasts in BSC.
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FIG. 6. Organelle associations in Panicum leaf cross-sections. Mitochondria surrounded by chloroplast in BSC of P. milioides, C3-C4 (a) and P.
laxum, C3 (b); oleosome surrounded by chloroplast in BSC of P. laxum (c); and peroxisome surrounded by chloroplast in BSC of P. schenckii, C3-C4
(d). (C), Chloroplast; (M), mitochondrion; (P), peroxisome; (S), starch grain; (W), cell wall; (0), oleosome.
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Table III. Numbers of Organelles per Cell Profile in BSC and MC of Panicum Species D!ffering in Photosynthetic Pathways

Averages for experiments I and 2.

Pathway and Chloroplasts Mitochondria Peroxisomes

Species BSC MC BSC:MC BSC MC BSC:MC BSC MC BSC:MC

no./cell profile
C3

P. rivulare 2.0 5.0 0.4 1.1 3.9 0.3 0.3 1.0 0.3
P. hylaeicum 7.4 7.1 1.0 8.7 4.8 1.8 0.9 1.4 0.6
P. laxum 7.8 5.7 1.4 10.8 4.3 2.5 1.1 1.5 0.7

C3-C4
P. milioides 11.1 5.0 2.2 20.0 2.9 6.9 3.4 0.9 3.8
P. schenckii 10.6 5.6 1.9 19.5 2.4 8.1 3.2 0.9 3.5
P. decipiens 10.0 5.2 1.9 13.7 2.4 5.7 3.1 0.4 7.7

C4
P. prionitis 3.7 4.5 0.8 2.7 2.5 1.1 0.7 1.0 0.7
P. prionitis (outer)a 0.8 1.5 0.0

LSD (P = 0.05) 1.5 1.0 0.4 2.9 1.5 2.8 0.8 0.6 0.7

a Outer bundle sheath cells evaluated only in experiment 2; not included in statistical analysis nor BSC to MC ratios.

Table IV. Length of Organelles in BSC and MC of Panicum Speices Differing in Photosynthetic Pathways

Averages for experiments I and 2.

Pathway and Chloroplasts Mitochondria

Species BSC MC BSC:MC BSC MC BSC:MC

,um ratio Aum ratio

C3
P. rivulare 4.0 5.8 0.7 0.5 0.8 0.6
P. hylaeicum 5.9 6.2 0.9 1.3 1.1 1.2
P. laxum 5.5 6.2 0.9 1.2 1.0 1.2

C3-C4
P. milioides 6.8 5.7 1.2 1.5 0.9 1.7
P. schenckii 5.8 5.0 1.2 1.4 0.7 2.0
P. decipiens 5.9 5.6 1.0 1.5 0.9 1.7

C4
P. prionitis 6.0 4.6 1.3 1.0 0.6 1.7
P. prionitis (outer)a 3.3 0.4

LSD (P = 0.5) 0.6 1.2 0.1 0.2 0.2 0.4

a Outer bundle sheath cells evaluated only in experiment 2; not included in statistical analysis nor BSC to MC
ratios.

abrupt but characteristics appear to grade from C3 into interme-
diate. For example, P. rivulare contained only about 20%1o as many
chloroplasts per BSC profile as in C3-C4 species, but P. hylaeicum
and P. laxum had about 75% as many (Table III). Similar trends
were observed for increases in numbers of mitochondria and
peroxisomes from P. rivulare to P. hylaeicum, P. laxum, and the
C3-C4 species.

Species with C4 photosynthesis have been observed to have
larger chloroplasts, and in the case of NAD-malic enzyme types
larger mitochondria, in BSC than in MC (3, 6, 16). A trend toward
this inequality is noted in comparisons of the C3-C4 and C3 species
in this study with ratios of chloroplast lengths in BSC to MC
varying from 0.7 in P. rivulare to 1.2 in P. milioides and P.
schenckii. A similar trend in ratios of mitochondrial size was

observed.
In the case of mitochondrial size, our data for C3-C4 species

resemble closely those for two NAD-malic enzyme type C4 species
reported by Chapman et aL (6). The average mitochondrial lengths
for Amaranthus edulis and Atriplex spongiosa were 1.46 ,um for
BSC and 0.69 ,um for MC. Two NADP-malic enzyme-type species
Sorghum bicolor L. Moench and Zea mays L. had smaller mito-

chondria in BSC (0.84 ,m) which did not differ from those in MC.
Thus, in several characteristics of BSC, including organelle num-
bers, size, and arrangement, grana in chloroplasts, and mitochon-
dria with large translucent cristae, the C3-C4 species resemble
NAD-malic enzyme type C4 species.
The closeness of association of chloroplasts and mitochondria

in the C3-C4 species and P. laxum and P. hylaeicum, especially the
high frequency of mitochondrial profiles surrounded by chloro-
plasts, is unusual for C3 or C4 species. Although it may be observed
in micrographs of P. milioides published by Kanai and Kashiwagi
(11), and has been emphasized by Doohan (7), its physiological
significance is not known. The surrounding of mitochondria by
chloroplasts was found predominantly in BSC but also occurred
in MC. The frequency of this configuration of chloroplast-mito-
chondrial association was variable, as indicated by the large LSD
value in Table I, with less than one occurrence per BSC profile,
except for P. laxum in experiment I (1.1/BSC) and P. schenckii in
experiment 2 (4. I/BSC). This ultrastructural feature does not
appear to be related to the reduced photorespiration in the C3-C4
Panicum species because it varied among the C3-C4 species and
occurred in P. laxum and P. hylaeicum in a frequency not signifi-
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cantly different from P. milioides and P. decipiens.
This comparative study of leaf ultrastructure does not explain

the reason for reduced photorespiration in the C3-C4 species. If a
large proportion of the photorespired CO2 is released in BSC and
if this CO2 is not subject to loss to the atmosphere, considerable
recycling of CO2 should occur. The large proportion of organelles,
particularly mitochondria and peroxisomes, in BSC of the C3-C4
species and the close association between chloroplasts and mito-
chondria may be related to the low photorespiratory CO2 loss in
these species. On the other hand, the high frequency of peroxi-
somes in these species is contrary to the trend expected in species
with reduced photorespiration (8). The frequency of peroxisomes
observed in the intermediate species in this study and that of
Doohan (7) is much higher than normally seen in C3 or C4 species.
So, if CO2 loss in these species is due to low photorespiration per
se, rather than increased recycling of photorespired CO2, then it
is not accompanied by a reduction in number of organelles
involved.
The species in this study were selected on the basis of their

assignment or close relationship to the Laxa group. The taxonomic
grouping, with the exception of P. prionitis, tends to be confirmed
by ultrastructure of leaves. The relationships among organelle size
and numbers and carboxylase activities (15) are indicative of
phylogenetic closeness. A more convincing characteristic of rela-
tionship is the surrounding of mitochondria by chloroplasts in
BSC. This ultrastructural characteristic, as far as we know, is
unique to the Laxa group and occurred in all of the species, except
P. rivulare and P. prionitis.

P. prionitis does not appear closely related to the other species
described. It is also not a very typical C4 grass. The outer bundle
sheath of large veins is composed of nonchlorophyllous cells twice
as large as those of the inner sheath. There are numerous minor
veins (14) which have only one sheath, composed of cells densely
packed with chloroplasts (Fig. 5). Although it apparently is an
NADP-malic enzyme type C4 species (5, 15), it differs from other
NADP-malic enzyme species in retention of an outer
'parenchyma' sheath with few organelles and in having granal
chloroplasts, not centrifugally arranged in the inner BSC (Fig. 4).
Brown (5) "tentatively proposed" that the Grandia group of Pan-
icum, to which P. prionitis belongs, is more closely related to the
intermediate species than to other non-kranz Panicum species.
However, his proposed scheme for evolution in Panicum places
the NADP-malic enzyme group, whose functional BSC (of large
veins) developed from the mestome sheath, in a distant line from
the NAD-malic enzyme, parenchyma sheath group which most
closely resembles the C3 and intermediate species in this study.
The data in this paper along with other characteristics of these

species of Panicum (14, 15) lead to the conclusion that they are
closely related, with the exception of P. prionitis, and possibly P.
rivulare. Although leaf anatomical data place P. rivulare at the C3

extreme of this group of species, evidence is not strong for its
inclusion or exclusion from the Laxa group of Panicum. The
gradation in organelle quantities and size in the BSC relative to
MC from those typical of C3 species toward C4, may also indicate
that species in this group include evolutionary intermediates.
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