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ABSTRACT

Mitochondria isolated from 3-day-old etiolated corn shoots
(Zea mays L.) can be categorized into three separate groups,
each group characteristic of the cell type from which the
mitochondria were isolated. Phloem sieve tubes and some
adjacent parenchyma cells contain mitochondria that have few
cristae and little amorphous matrix. Mitochondria from
meristematic and undifferentiated cells have more cristae and
matrix. Vaculate and differentiated cells have mitochondria
with well-developed cristae and abundant matrix. Each mito-
chondrial type exhibits typical in vitro spontaneous swelling
and substrate-induced contraction responses, characterized by
change or lack of change in cristae size and in density of
amorphous material. For the second and third types of mito-
chondria, swelling and contraction are characterized by a
change in degree of cristae size and in matrix density. The
first type undergoes few changes upon swelling or contraction.
Radical changes of the inner membrane, withdrawal and in-
folding, are associated with cell differentiation and not with
swelling and contraction of isolated corn shoot mitochondria.

Under appropriate conditions, isolated corn mitochondria
can be reversibly swollen and contracted. It is generally
thought that swollen corn mitochondria have very few cristae
and a matrix that stains only lightly, that contracted mito-
chondria have many inflated cristae and a matrix that becomes
densely stained, and that partially swollen mitochondria are
intermediate (12, 24, 26). Swelling involves the unfolding of
the inner membrane and a decrease in the amorphous matrix,
while contraction involves the infolding of the inner membrane
and increase in matrix density. The presence of contracted,
partially swollen, and swollen mitochondria in experimental
in vitro preparations that should contain only contracted (or
swollen) mitochondria is believed to result from mitochondria
responding at different rates (26). A ready reversibility has
been reported to exist between swollen, partially swollen, and
contracted mitochondria (24).

In vivo differences in the number of cristae and amount of
amorphous matrix in different cell types for several species of
plants have been reported (5, 7-9, 13, 16, 19, 22). Chrispeels
et al. (6) indicate that mitochondria of undifferentiated cells
have few cristae and large open spaces in the matrix. Mito-
chondria from mature cells have inflated cristae and dense
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matrix. Those authors suggested that in vitro contracted mito-
chondria correspond to in vivo mitochondria of mature cells
and that in vitro swollen mitochondria correspond to in vivo
swollen-degenerate mitochondria.

This paper suggests that differences observed between iso-
lated corn shoot mitochondria are at least partially due to
mitochondrial morphogenesis during cell differentiation.

MATERIALS AND METHODS

Three-day-old etiolated seedlings (Zea mays L. Wf9xXM14
or W64A) were used for all experiments. Mitochondria were
isolated by a standard procedure (18). All experiments in-
volving isolated mitochondria were carried out in 4-ml glass
temperature-controlled reaction cells fitted with a Clark
oxygen electrode and positioned in the light beam of a Bausch
and Lomb Spectronic 70 spectrophotometer. Oxygen con-
centration and percentage of light transmittance at 520 nm
were recorded on a dual channel recorder. Reaction media are
noted in the figure captions.

Isolated mitochondria were fixed either while they were
suspended or after being pelleted at 12,000 rpm for 10 min.
Fixatives for isolated mitochondria or intact shoots were 1 or
2% glutaraldehyde either in 0.1 M phosphate buffer or in 0.2
M cacodylate buffer (pH 7.4) followed by 1% OsO; in the re-
spective buffer; or only 1% OsO, in 0.1 M phosphate buffer or
0.2 M cacodylate buffer. Dehydration was in a graded ethyl
alcohol series, and propylene oxide was used as a solvent for
the Epon embedment (15).

In vivo mitochondrial contractions were obtained by treat-
ing 1-mm thick sections of corn shoots with 2.5 mMm 2DOG?
for 20 min (11). The sections were then fixed in 2% glutaralde-
hyde in 0.2 M cacodylate buffer.

One-um thick plastic sections of whole plant material were
cut and observed with phase contrast optics for orientation
purposes. Subsequently, thin plastic sections were cut from
the adjacent area of the block. All thin sections were observed
on an RCA EMU4 or Siemens Elmiskop I electron microscope
after staining in uranyl acetate (23) and lead citrate (21).

Areas of I. C. and O. C. of type III mitochondria were de-
termined by superimposing a dot grid on a micrograph and
counting dots falling in the compartments.

RESULTS

Mitochondrial profiles fell into three readily recognizable
types and were classified according to the type which they most

2 Abbreviations: 2DOG: 2-deoxyglucose; I. C.: inner compart-
ment of the mitochondrion; O. C.: outer compartment of the mito-
chondrion; KBT: 200 mM KCl, 20 mm tris-HCI buffer (pH 7.4),
and 1 mg/ml bovine serum albumin.
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FiGs. 1-3. Line drawings defining the three types of mitochondria as defined in this paper. Fig. 1: type I mitochondrion. Quter compartment
(0. C) and inner compartment (I. C.) are shown. Fig. 2: type II mitochondrion; Fig. 3: type III mitochondrion.

closely resembled. Type I mitochondria (Fig. 1) have a small
amount of matrix which stains densely, and relatively few
cristae. The I. C. is relatively large in comparison with the
O. C. Type II mitochondria have relatively more matrix
which stains densely and more cristae than type I mitochondria
(Fig. 2). The I. C. is smaller and the O. C. is larger relative to
type I. Type III mitochondria have a large amount of matrix
which becomes densely stained and many inflated and inter-
connecting cristae (Fig. 3). Of the three types, type III has
the smallest inner compartment and the largest outer com-
partment.

Mitochondria held in 0.4 M sucrose exhibited these three
mitochondrial profiles in cross section (Fig. 4). One profile
had few cristae and little matrix (type I). The second type had
more cristae and matrix (type II), and the third type had many
inflated cristae and an abundant dense matrix (type III).
Higher magnification micrographs of the three types are com-
pared in Figures 8, 9, and 10.

Mitochondria allowed to swell for 3 min in KBT manifested
three similar profiles (Fig. 5). Type I mitochondria under this
treatment were no different than type I mitochondria held in
0.4 M sucrose (cf. Figs. 8 and 11). The cristae of type II, how-
ever, decreased in size, but the matrix was unchanged (cf.
Figs. 9 and 12). The cristae of type III were smaller and more
irregular, and the matrix stained less densely than type III held
in 0.4 M sucrose (cf. Figs. 10 and 13). Mitochondria that had
been allowed to swell passively for 15 min in KBT, actively
for 5 min in potassium acetate, or passively for 3 min in 0.3
M D-ribose were essentially the same as those of the 3-min
passive KBT swell, with the exception that some of the cristae
within the type III mitochondria were collapsed while others
remained inflated (Fig. 6).

After swelling mitochondria for 3 min and contracting them
with exogenous NADH, succinate, or malate + pyruvate, the
three mitochondrial profiles were still present (Fig. 7). Type I
mitochondria under this treatment were unchanged from those
swollen or held in 0.4 M sucrose (cf. Figs. 8, 11, and 14). The
cristae of types II and III increased in size and approached
those held in 0.4 M sucrose (cf. Figs. 9 and 15, and 10 and 16,
respectively).

Figures 17 and 18 represent two populations of mitochon-
dria. The section in Figure 17 came from near the surface of
the pellet, while the section in Figure 18 came from near the
center of the pellet. When mitochondria were fixed and then
pelleted. types IIT and I tended to segregate. As indicated in
Figure 17, 32% (28/85) were type I, 18% (15/85) were type
IT, and 50% (43/85) were type III. However, in Figure 18 only

8% (11/144) were type I, 5% (7/144) were type II, and type
III had increased to 87% (126/144). The segregation was not
as evident when mitochondria were pelleted and then fixed.

In Table I, the mean cross-sectional areas of outer compart-
ments (of type III mitochondria) have been compared with
those of inner compartments (for type III mitochondria), under
experimental conditions that produce swelling or contraction.
Large changes during swelling or contraction were observed in
the I. C. and O. C.

The relative in vitro distribution of the three types of mito-
chondria obtained from corn roots by Chrispeels et al. (6) is
compared in Table II with the relative frequency obtained in
these experiments from corn shoots under conditions that
should produce either swelling or contraction. The relative
percentages of the three types remained about the same under
all conditions. No statistically significant population shifts
could be demonstrated.

Numerous etiolated corn shoots were examined at 1-mm
intervals in order to characterize in vivo mitochondrial
morphology. Table III lists some selected cell types from
three-day-old etiolated corn plants, an average cell size, the ap-
proximate total number of mitochondria computed on the re-
spective cell size, and the mitochondrial type observed for that
cell. Type II mitochondria were associated with meristematic
and undifferentiated cells (Fig. 19). Types I and III were asso-
ciated with differentiating and some differentiated cells (Figs.
19 and 20). As expected, some functionally mature (differ-
entiated) cells had no mitochondria. All of the mitochondria
within any given cell were usually observed to be of the same
type. Since cell differentiation is a continuous process, inter-
mediate mitochondrial types were frequently observed. While
cells usually had characteristic mitochondrial types, some
parenchyma cells could have either type I or III mitochon-
dria.

DISCUSSION

Table III presents the calculated numbers and observed
types of mitochondria for selected cell types of 3-day-old
etiolated corn shoots. The results should be regarded as rough
guidelines obtained under a specific set of conditions and
assumptions. The numbers reported here for meristematic
cells are somewhat higher than those reported for other grass
meristematic cells (1). With the exception of the young
metaxylem vessel, the number of mitochondria per cell is
reasonably constant, yet there are large differences in cell
size. It is not known whether or not these differences indicate
different activities.
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FiGs. 4-5. Corn shoot mitochondria. Line scales represent 1 um. Fig. 4: mitochondria held in 0.4 M sucrose; Fig. 5: mitochondria swollen for
3 min in 0.2 M KCl, 20 mm tris-HCI, and 1 mg/ml BSA.



FiGs. 6-7. Corn shoot mitochondria. Line scales represent 1 um. Fig. 6: mitochondria swollen for 15 min in 0.2 M KCl, 20 mm tris-HCl, and
1 mg/ml BSA. Fig. 7: mitochondria swollen in the above base mix for 3 min and then contracted with 2 umoles exogeneous NADH.
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FiGs. 8-16. Corn shoot mitochondria. Line scale in Fig. 8 represents 1 um; all other figures are at same magnification. Figs. 8-10: types I, II,
111, respectively, from Fig. 4. Figs. 11-13: types I, 11, III, respectively, from Fig. 5. Figs. 14-16, types I, II, 111, respectively, from Fig. 7.
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FiGs. 17-18. Corn shoot mitochondria. Line scales represent 1 um. Fig. 17: section near edge of pellet; Fig. 18: section near center of pellet.
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Table 1. Comparison of Cross-Sectional Area of Outer and Inner
Compartments of Swollen and Contracted
Type I Mitochondria

‘ Outer

Inner
Treatment ! Compart-  Compart-
ment ment
o of total area
0.4 M sucrose . 62.4 37.6
4 Min KBT swell . 34.6'  66.4!
15 Min KBT swell 42.8t | 57.21
NADH contraction (3 umoles) 54.7@  45.32
Malate + pyruvate contraction (40 pmoles  53.82 46 .22
each)

Succinate contraction (40 pmoles) 49 .52 51.52

! Indicates a difference between experimental treatment and
0.4 M sucrose control that is statistically significant at the 1¢; level.

2 Indicates a difference between experimental treatment and
both 4 or 15 min KBT control swell that is statistically significant
at the 19, level.

Table 11. Relative Numbers of Mitochondrial Types under
Different Conditions

| ' | |
Condition Type \ Type | Tybe | Total I‘ L L
] ‘ ] } (/‘21
Corn roots! 1151 648 624 2423 | 47 ¢ 271 | 26
Corn shoots? 282 © 156 . 241 ‘ 679 41 | 23 36
Corn shoots? 1426 | 957 ' 1921 | 4298 | 34 = 23 | 4
Corn shoots | 374 156 462 992 38 16 - 46

1 From Table I1I in Chrispeels et al. (5).

2 Swollen in vitro for 4 min in KBT.

3 Partially swollen in vitro in KBT and then contracted with
either 2 umoles NADH, 10 mm malate 4+ pyruvate, 10 mm succi-
nate, or some combination of the preceding.

4 Held in 0.4 M sucrose since isolation with no exogenous sub-
strate.

Type I mitochondria are found in phloem sieve tubes and
some adjacent parenchyma cells, while type II mitochondria
are from meristematic and undifferentiated cells. Type III
mitochondria are normally found in all other vacuolate cells.
Because cell differentiation is a continuum, mitochondrial
morphogenesis is probably also a continuum. Therefore, it is
possible to find many mitochondria that will not fit clearly into
one of the three groups. Nevertheless, we have used the three
groupings for convenience.

Since whole tissue contains three mitochondrial types, it is
reasonable to expect isolated mitochondria to reflect the same
morphological characteristics they had before isolation, un-
less artifacts had been introduced during isolation. Regardless
of the fixative, the fixation procedure, or the reaction media
conditions, the same three mitochondrial profiles were visible
in all pellets. Although a single micrograph may have pre-
dominantly one mitochondrial type, there was no statistically
significant difference in the proportions of types I, II, and III
in a single pellet, considering many micrographs from a pellet.

Baxter and Hanson (3) demonstrated that 2,4-D influenced
the morphology of mitochondria isolated from soybean hy-
pocotyls. The hypocotyls were treated with 2,4-D 24 hr before
isolation of mitochondria. The 2,4-D treatment had the effect
of increasing the proportion of type II and decreasing the type
IIT mitochondria. The effects of auxins on plant morphology
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are well known, and this report supports our belief that types
I, II, and III are related to morphogenesis and not to swelling
or contraction.

Wilson et al. (26) interpreted micrographs to show that the
addition of substrate to KCl-swollen mitochondria increased
the proportion of type III (from 37% to 72%) and decreased
type I (from 43% to 6%). On the other hand, the addition of
substrate to potassium acetate-swollen mitochondria decreased
the proportion of type III (from 36% to 5%) and increased
type I (from 59% to 68%). They interpreted these shifts in
population as evidence of swelling and contraction.

Figures 17 and 18 show two populations of mitochondria,
one from near the surface of the pellet and the other from near
the center of the pellet. The only difference between the two
micrographs is the position in the pellet from which the sec-
tions were cut. Counting only recognizable mitochondria,
Figure 17 contains 32% type I and 50% type III, while Figure
18 contains 8% type I and 87% type II11. When mitochondria
are fixed and then pelleted, the position in the pellet can make
large changes in the proportions of the types present.

Wilson et al. (26) fixed the mitochondria and then pelleted
them, and only scored between 130 and 270 mitochondria for
each treatment. Therefore, the level in the pellet at which their
sections were cut could easily have influenced their counts. The

Table I11. Number of Mitochondria for Selected Cells from
Three-Day-0Old Etiolated Corn Shoots

. Mito- ‘
Tissue Measured Average Cell! chon- | Type
dria? ‘
size (um) and volume (um3) No/cell |
Meristem
Protoderm 15X 15 X 32 = 5,652 180 | 11
Procambium 8 X 8 X 46 = 2,311 64 | 11
Ground meristem, 15 X 15 X 16 = 1,885 225 | 11
Xylems: | l
Young metaxylem 20 X 20 X 117 = 36,738 | 2000 | III
vessel |
Mature  proto- , 48 X 48 X 150 = 271,296 0’
xylem vessel ‘ |
Mature scleren- 7X7X | 0 1
chyma fiber ‘
Young  paren- | 16 X 16 X 24 = 4,823 | 272 | 1II
chyma ! i
Phloem3 ¢ 1 ; |
Sieve tube 16 X 16 X 78 = 15,675 160 ‘ 11
Companion cell 9 X 9 X 47 = 2,988 180 i I
Young  paren- | 16 X 16 X 24 = 4,823 208 ' 1l or I
chyma i |
Pith? ! i
Young paren- 16 X 16 X 24 = 4,823 304 111
chyma i
Old parenchyma | 47 X 47 X 78 = 135,257 | 235 1 111
Epidermis® 1
Epidermal cell ' 18 X 20 X 35 = 9,891 216 | 111
Guard cell 4 X 5X 47 = 738 282 | 111
l 280 | 1

Accessory cell \‘ 1.5 X 10 X 56 = 840

1 Calculated by using the formula for the volume of a geometric
solid that most nearly approximated the cell shape.

2 Predicted on equal distribution of mitochondria within a cell
and on a relatively constant mitochondrial size and shape.

3 Stem.

4 Coleoptile.

5 First leaf.



FiGs. 19-20. Whole corn shoots. Line scales represent 1 um. Fig. 19: longitudinal section through maturing vascular bundle in first corn leaf.
925

Metaxylem vessel on lower right and undifferentiated cell on upper left. Fig. 20: cross section through shoot 2 cm telow shoot apex showing

phloem companion cell (lower left) and sieve elements.
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FiGs. 21-26. Cross section of corn shoots. Line scales represent 1 um in all figures. Fig. 21: sieve tube in coleoptile; Fig. 22: same as Fig. 21
but treated with 2DOG; Fig. 23: cell of apical shoot meristem; Fig. 24: same as Fig. 23 but treated with 2DOG; Fig. 25: leaf mesophyll cell;
Fig. 26: same as Fig. 25 but treated with 2DOG.
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data presented in Table II were obtained by pelleting mito-
chondria and then fixing them, which results in a more homo-
geneous distribution of the three types. Furthermore, over
5000 mitochondria were scored. We interpret these data to
show that there was no significant shift in population between
swelling and contraction.

Hackenbrock et al. (11) used 2DOG to induce in vivo mito-
chondria contraction in Ascites tumor cells. Using this tech-
nique, our observations made on tissue treated with 2DOG
support the interpretation that there is no shift from one mito-
chondrial type to another in swelling or contraction. Control
tissues (Figs. 21, 23, and 25) were compared with tissues
treated with 2DOG (Figs. 22, 24, and 26). Type I mitochon-
dria are still visible in phloem sieve tubes and some adjacent
parenchyma cells (Figs. 21 and 22). Type II mitochondria of
the meristematic and undifferentiated cells are essentially un-
changed, except that the matrix stains more densely and the
membranes of adjacent cristae tend to approach one another
more closely (cf. Figs. 23 and 24). Type III mitochondria are
basically similar except that the cristae have increased in size,
and the matrix is denser (Figs. 25 and 26).

From the preceding it can be seen that corn shoot mito-
chondria are morphologically heterogeneous. Similar hetero-
geneity in populations of isolated animal mitochondria have
been observed (4, 10). However, the important difference is
that this heterogeneity exists in intact plant tissue and cannot
be altered by 2DOG treatment. While it is not questioned that
types I, I, and III are interconvertible in the living cell, we
can find no evidence to suggest that they undergo in vitro inter-
conversion under various reaction conditions over short time
intervals.

Since interconversion from one type to another is not asso-
ciated with swelling and contraction, then what morphological
change, if any, is associated with swelling and contraction?
Each of the three types has its own characteristic swelling and
contraction patterns: Type I is the same swollen or contracted,
while types II and III show changes in the size of cristae and
matrix density which very likely account for observed optical
density changes. The suspending medium undoubtedly has an
effect on cristae size and matrix density (2), and this is not in-
consistent with anything reported here.

Changes in cristae size of type III mitochondria were readily
characterized under swollen and contracted conditions. There
was a statistically significant increase in the size of the inner
compartment (decrease in the outer) when type III mitochon-
dria were swollen, and a decrease in the size of the inner com-
partment (increase in the outer) when the same mitochondria
were contracted (Table I). During the 15-min KCI swell, some
cristae continued to enlarge while others collapsed, resulting
in the apparently anomalous observation that 15-min swells
were less effective in swelling the mitochondria than 3-min
swells.

The work of Lorimer and Miller (14), Massari et al. (17),
and Overman et al. (20) shows that most of the volume change
of mitochondria is associated with the inner membrane. The
observations presented here support their observations.

Furthermore, Weber (25) noted that the distance separating
the membranes of two adjacent cristae changes, depending on
the metabolic state of the mitochondrion. In our studies it was
noted that the membranes of two adjacent cristae moved closer
together when types II and III were contracted.

Finally, we cannot help but wonder what physiological and
cytological events are associated with types I, II, and III mito-
chondria, if we assume that form and function are somehow
related. Chrispeels et al. (6), Hanson et al. (13), Lund et al.
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(16), and Simon and Chapman (22) have noted that meristems
or undifferentiated cells have lower respiration rates than more
mature cells and have correlated this to mitochondrial mor-
phology. Esau and Cheadle (7) have reported that cells trans-
porting sugars or accumulating starch have reduced mito-
chondria (type I). Our observations agree with those of Esau
and Cheadle, but cannot be used to suggest differences in meta-
bolic activity. A detailed study of each mitochondrial type
might reveal basic metabolic differences between the different
types.
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