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Abstract. Ultrastructural studies of the chloroplas,ts of the normal, yellow-green, and pale
green phenotypes of Zea mays L. indicate that thc internal membrane system is continuous
with the plastid envelop. The intramembraneous spaces, loculi, and fret channels are also
continuous with inner component of the plastid envelop. High energy compounds or other
photosynthates, formed in the grana or frets are thus separated from both stroma and cytoplasm
by a single membrane, either the fret membrane or the outer component of the plastid envelop.
Since this type of plastid ultrastructure is apparently found only in plants exhibiting the Hatch
and Slack pathways of photosynthesis there may be a relation between plastid ultrastructure
and the pathways of photosynthetic carbon fixation.

The ultrastructure of the typical chloroplast is
interpreted as being constituted by at imiembranious
portion anid a stromatic portion (1). The nmeml-
branous l)ortion consists of an external douible mem-
brane, whiclh form,s the envelope, and an internal
system in wlhich the grana and frets are found (4).
The grana and frets are continuious and in surface
views the system has the appearance of a reticulunm.
In side views the membranes appear as stacks of
loculi formiing the grana with interconnecting fret
memiibranes. The internal and external membranous
portions have been interprete(I as discontiniuous ex-
cept in the early stages of development of the plas-
tids during whichl invaginationls of the innier menm-
branie of the envelope appear to give origin to the
inner membrane system (5). It has been considered
that these connections between the 2 systems are
absent (lurinig the later stages of development of the
plastid. Our cturrent studies on the nature of the
corn chloroplast indicate that the internal membrane
svs,tem and the envelope are connected. Th,is l)ropo-
sition opens ul)p new lpossibilities concerniing the
l)robable movement of ATP within the plastid and
possibly to its exterior, anid a possible access rouite
for inorganic plhosphate.
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Materials and Methods

Fully developed leaaves of greenllouse grown Zca
111avS L. pllants ap)proximately 2 weeks old were used.
The plants used w\vere of normal, yellow-green anid
pale-green genetic stock. The material was sec-
tioned and killed in 6 % phosphate-buffered (p1l 7.2,
0.15 AI) glutaraldehyde for 2 hours followed by
2-hourl treatments wvith a 2 % solution of KM1nO0
or a 1 % phosphate-buffered (pH 7.2, 0.15 M)
solutioni of OsO. The sections were then dehy-
drated in anl alcolhol series and embedded in Alaraglas
or Araldite. The thin sections were post-stained
by floating sections on a drop of bariuml perm-nanga-
nate for 20 nminutes or of lead citrate at higlh pH
(Reynolds, 1963) for 20 nminutes.

Observations. The ultrastructure of the normal
corn chloroplast las been previously reporte(l by
Hodge, MIcLean, and Mercer (2). Paolillo anid
Falk ( 3) have published a detailed study of the
gran,a-fretxvork arrangement. Our present stuidies
agree with Paolillo and Falk's reported observations.
A detailed study of the peripheral region of the
plastid, however, reveals the presence of numtierous
conniectiolns between the envelope and the internial
mlenmbrane system not previously reported. These
connections can be seen clearly in surface alnd side
views of the plastids.

The typical side view of a plastid, such as figure
1, indicates the presence of the typical grana-fret
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arrangement of the inner menmbraine system. In the
peripheral area multiple invaginationis of the inner
menmbrane of the envelope can be seen. Also, short
isolated double membrane portions are present pro-
ducinig the general effect of a reticulum. In figuires
2 anid 3 we can see these invaginations in further
detail. It can be noticed that some of them are
rathler short but others can be rather extensive.
Frequently, as seen in figures 4 and 5. somiie of
these invaginations run into what can he recognized
-is frets and eventually into the loctuli.

In figure 6 we have a surface view of a typical
plastid. In this section the internial melmibrane svs-
tem appears as a reticuluimi in wthiclh the grana and
frets can be easily recognized. The peripheral
region of th,is reticulum appears devoid of grana and
the membranes are finely subdivided forming a very
fine reticulum more tubular in nature than the in-
ternial fretwork which seems to be membranous.
This fine peripheral reticulumii extends into the
-egion of the envelope fusing with its internal
membrane. Sections wNlhose angle is such1 that both
surface and side views of the I)lastid can be seen,
suclh as figures 7 and 8, indicate that tangential
sutrface views of the plastid present the peripheral
area as a fine reticulum while side views present it
as formed by invaginations of the innler nmembrane
of the envelope some of which conniect with the
frets and loculi. Also, very small isolated portions
of the frets are present. It will seem, then, that the
peripheral infoldings and projections of the envelope
as well as the isolated membranie portions seen in
side views correspond to the fine peripheral reticu-
lum seen in face vieNws. Furthermore. these con-
nections are frequently lpresent in the normal as well
as the yellow-green and pale-green mutants.

Discussion

Surface aind side views of the corn chloroplast
indicate that its external and internal membrane
sNystems are continuous. Surface views demonstrate
the presence of a peripheral reticulum between the
envelope and the internal meimibranie system. Sec-

tions with side views and those witlh side and
surface views indicate that this peripheral reticulum
seems to be formed by tubular double membranes
which are continuous with the inner membrane sys-
tem and with the einvelope. As the grana and frets
fornm a continuous system it can be said that the
inner membrane system is continuous with the
peripheral reticulum and the inner membrane of the
chloroplast envelope. Since the internal and ex-
ternal membrane systenms are continuous the inner
space that is fouind between the membranes is also
continuous. Thus, the intramembranous space of
the envelope is continuous wvith the corresponding
space within the peripheral reticulum and within
the frets and grana. The internal surfaces of those
miiembranies thus lead into a common channel. This
commloni channlel is separated from the stroma by
the fret meimelbrane and from the cvtoplasm by the
external membrane of the enivelope. It seems rea-
sonable to assume that the continuity of the mem-
branes and their corresponding intramembranous
spaces woul,d provide a continuous active region
within the plastid.

It can be assumled that the reactions which take
l)lace within the internal membrane system are re-
lated to the reactions occurring in the stroma. That
is, the energy trapping and transfer that take place
within the membranes themselves or wvithin the
loculi are related to the utilization of that energy
in the dark reactions which occur in the stromlatic
region. That the trapping of energy occurs writhin
the internal memiibrane system should be clear.

It seemiis logical to postulate the existence of a
shuttle systenm involving transfer of energy from the
granal membranies and spaces to the stroma, and
possibly also to the cytoplasnm. A continuous intra-
membranious space occtirs in corn plastids and pre-
sumablv inl plastids of other plants exhibiting the
Hatch and Slack (1966) carbon fixation pathwa-'.
The interinal membranes of plastids with the Calvin
cycle are not conniected to the plastid envelope. May
not the more direct connection between the loculi,
fret chaninels and the iniler comlponent of the )lastid
envelope play a part in facilitating the movement of
materials involved in photosynthesis in the corn
plastid ?

FIGS. 1 to 5. Electron micrograplhs of chloroplasts from normal and chlorophyll mutanits of Zea ways.
FiG. 1. Profile of a chloroplast from a normal plant showilng, (arrow-s) a peripheral reticulum between the internal

membrane system and the plastid envelope. X 18,200.
FIG. 2. Portion of a chloroplast from a pale green mutant showinig examples (arrows) of the continuity of the

internal component of the plastid envelope -Nith the internal menmbrane system of the plastid. KmnO4. X 30,000.
FIG. 3. Portion of a chloroplast from a normal plant showing examples (arrows) of the continuity of the internal

componient of the plastid envelope with the internal membrane system of the plastid. Glutaraldehyde, OS04. X 32,000.
FIG. 4. Portion of a chloroplast from the yellow-green mutaint in whiclh inxaginatiotns (arrows) of the internal

component of the envelope connects directly with frets and grana. KmilnO. X 30,000.
FIG. 5. Portion of a chloroplast fromun a normal plant illustrating membrane continuity between the grana, frets andl

plastid envelope. Glutaraldehyde, OsO. X 64,000.
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FIGS. 6 to 7. Electron micrographs of normal chloroplasts of Zea mays.
FIc.. 6. Surface view showing the peripheral reticulum ancd its continuity with the more coarsely anastomosing

fret system. KmnO. X 20,000.
FIG. 7. Obli(lue section through a plastid showing profiles of grana on the lower right and close to face

view.s of the grana at the upper left. Figure 7B is an enlarged portion of the upper left area from figure 7A. The
continuity between the envelope, peripheral reticulum, frets, and grana is distinctly illustrated.

Insert
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FIG. 8. Diagram showing the transition and continuity between plastid membranes of a profile and face view
sections. G) grana, F) frets, PR) peripheral reticulum, E) envelope, and P) portion.
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