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ABSTRACT

The ultrastructure of etioplasts and the acyl lipid and the fatty acid
composition of sequential 2-centimeter sections cut from the base (young-
est) to the top (oldest) of nonilluminated S-day-old etiolated leaves of Zea
mays L., and the acyl lipid and fatty acid composition of the etioplasts
isolated from them have been investigated. There is a 2.5-fold increase in
the size of the plastids from the base to the tip of the leaf, and an increase
both in the size of the prolamellar body and in the length of lamellae
attached to it. The etioplasts in the bundle sheath and mesophyll cells of
the older, but not the younger leaf tissue, are morphologically distinct. The
monogalactosyl and digalactosyldiglycerides, phosphatidylcholine, phos-
phatidylglycerol, and phosphatidylinositol were the only detectable acyl
lipids in the isolated etioplast fractions. Together with phosphatidyletha-
nolamine these were also the major acyl lipids in the whole leaf sections.
With increasing age of the leaf tissue, increases occurred in two of the
major plastid lipids, monogalactosyldiglyceride and phosphatidylglycerol,
while the levels of essentially nonplastid lipids remained constant or
declined slightly. The monogalactosyldiglyceride to digalactosyldiglyceride
ratio increased from 0.4 to 1.1 in the tissue sections of increasing age and
from 0.7 to 1.2 in the etioplasts isolated from them. Similarly, the galac-
tolipid to phospholipid ratio increased from 0.8 to 1.4 in the tissue and
from 0.5 to 4.5 in the isolated plastids. In the latter, the proportions of
phosphatidylglycerol (as a per cent of total phospholipid) increased from
20 to 41% with increasing age of plastids.

Linolenic acid was the major fatty acid in the total lipid of each of the
etioplast fractions, but it was only the major fatty acid in the total lipid of
the oldest leaf tissue. Its proportion in both total lipid extracts and
individual lipids increased with age. The trans A® hexadecenoic acid was
absent from all lipids. The protochlorophyllide content of the tissue in-
creased with age. The results are discussed in relation to the use of
illuminated etiolated leaves for studying chloroplast development.

Although greening etiolated leaves, illuminated isolated etio-
plasts, and isolated etiochloroplasts (plastids from a greening
etiolated leaf) are used extensively to study chloroplast develop-
ment, relatively little is known about the cells of etiolated leaves
or, more importantly, of the etioplasts within them.

The assumption, until recently, seems to have been that the
etioplast population within a leaf is homogeneous. Two observa-
tions (prior to 1971) suggest that this may not be so: Laetsch and
Price (13) observed that in etiolated sugarcane leaves, the etioplasts
in the bundle sheath and mesophyll cells were morphologically
distinct, and Leech et al. (15) found differences in the fatty acid
composition of sequential 4-cm segments of 7-day-old maize
seedling shoots. The observation of Laetsch and Price (13) is
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significant only if the developmental sequence for bundle sheath
and mesophyll etioplasts in sugarcane follows a similar sequence
to that of bundle sheath and mesophyll chloroplasts in light-grown
maize: that is, that the dimorphic chloroplast population differ-
entiates from a monomorphic one, which is found in the youngest
leaf tissue (14). The implications of the finding that the fatty acid
composition of etiolated tissue changes with age are particularly
important to those investigations examining changes in composi-
tion following illumination.

Subsequently, Robertson and Laetsch (20) have shown that
there is both a morphological and a biochemical development of
etioplasts from the base to the tip of an etiolated barley leaf; the
“oldest etioplasts” developed into fully functional chloroplasts
more rapidly than did younger etioplasts when the leaves were
illuminated. Changes in the composition of whole etiolated barley
leaves of different ages have also been reported (25).

There is still no precise information on the homogeneity or
otherwise of the lipid composition of either a single etiolated leaf
or of the etioplasts within them. This is of considerable importance
to those studies in which the composition of whole etiolated leaves
or of the etioplasts/etiochloroplasts isolated from them is moni-
tored during greening and to the conclusions that are drawn,
particularly those made in relation to chloroplast and thylakoid
development.

The monocotyledon leaf, because of its mode of growth, has
shown itself to be an excellent system for the study of plastid
development in both green (14, 16) and etiolated leaves (20). This
paper reports an investigation on the ultrastructure and the lipid
and fatty acid composition of sequential segments of etiolated
maize leaves and of the lipid and fatty acid compositions of the
etioplasts isolated from them.

MATERIALS AND METHODS

The System. Five-day-old seedlings of Zea mays L. var. Kel-
vedon Glory which had been grown in total darkness at 27 C were
used in these experiments (17). At this age there were three
obvious leaves, which were either still contained within the co-
leoptile, or were just emerging from it. The oldest (first) leaf was
about 6 to 8 cm in length and did not have a sheath. No attempt
was made to separate the leaves since it was assumed that as the
leaves grow from a basal meristem, the plastids at a given distance
from the leaf base in each of the three leaves would be at the same
stage of development (cf. ref. 15).

The leaves (plus coleoptile) were excised at the coleoptilar node
(Fig. 1). The coleoptile was removed for all experiments except
for plastid isolation.

All measurements of distance along the leaf were made from
the base of the leaf (youngest tissue) toward the leaf tip (progres-
sively older tissue).

For electron microscopy transverse sections | mm wide were
taken at 1-cm intervals along the leaf. For all other experiments
the leaves were cut into three sequential 2-cm sections which were
termed sections X (proximal section), Y, and Z, respectively, and
represented tissue of increasing age. The plastids isolated from
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Fic. 1. Diagram of 5-day-old dark-grown seedling of Z. mays L.
showing how the plant shoot was sectioned and the purpose for which
each section was used. Diagram shows tip of oldest leaf just emerging from
coleoptile.

these three sections were called fractions PX, PY, and PZ, respec-
tively.

The leaf was divided into six 1-cm sections for Pchl(ide) deter-
minations.

Plastid Isolation. Plastids were isolated and washed by the
method of Leese er al. (17) except that initially the tissue was
blended for two periods of 10 sec.

Electron Microscopy. Leaf tissue was cut directly into 2.5%
(v/v) glutaraldehyde in Na,HPO,/KH,PO, buffer (pH 8.0) con-
taining 1 mm MgClI, and 0.2% (w/v) BSA (Coln fraction V; Koch
light). The 1-mm-wide sections were cut into 2-mm lengths and
transferred to stoppered vials containing the same buffered fixative
solution, and left for 1 hr at room temperature. The sections were
postfixed for 1 hr at room temperature in 1% (w/v) osmium
tetroxide in the same buffer, dehydrated in a graded acetone
series, and embedded in Spurr’s resin as described elsewhere (15).
All fixation, dehydration, and embedding manipulations were
carried out as quickly as possible in dim green light (25-w tungsten
lamp in an Ilford safelight fitted with a 905 X filter); otherwise the
samples were kept in complete darkness.

Lipid Extraction and Analysis. Lipids were extracted from
whole tissue by cutting it into small pieces directly into chloro-
form-methanol (1:1, v/v) and heating briefly to 60 C (7). Tissue
was left to extract overnight (8-12 hr) at room temperature; the
solvent was decanted and the tissue reextracted three times (30
min each time with an initial brief heating to 60 C), twice with
chloroform-methanol (2:1, v/v) and once with pure chloroform.
The four extracts were combined and washed for 3 hrat 0to 4 C
with 20% of their total volume of 100 mm NaCl. The lower solvent
phase was removed and evaporated to dryness under vacuum at
30 C. The dried extracts were taken up in chloroform and re-
evaporated twice more. Extracts were stored dry under Nz at —20 C
in darkness. The initial stages of tissue extraction (i.e. cutting and
heating) were carried out in dim green light. Subsequent manip-
ulations were performed in the light. At all other times, the tissue
being extracted and the decanted extracts were kept in total
darkness.

The lipids of suspensions of plastids were extracted by methods
described previously (19) for the extraction of lipids from mem-
brane fractions.
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Individual lipids were separated from total lipid extracts by
TLC using two different one-dimensional solvent systems: either
chloroform-methanol-acetic acid-water (85:15:10:4, v/v/v/v) or
toluene-ethylacetate-ethanol (2:1:1, v/v/v). Lipids for quantitation
were located with iodine vapor, which was allowed to evaporate
from the thin layer plates before analysis. Galactolipids and
phospholipids were quantified as described previously (19) by the
methods of Roughan and Batt (21) and Bartlett (2), respectively.

Total phospholipid in the total lipid of whole tissue was esti-
mated as the phosphate remaining at the origin after chromatog-
raphy of the extract in toluene-ethyl acetate-ethanol (2:1:1, v/v/v).
Since only three phospholipid spots were evident on the chromat-
ograms of the plastid lipid extracts, total phospholipid was taken
as the sum of the individual phospholipids present.

Fatty Acid Preparation and Analysis. Lipids for fatty acid 5
analysis were separated by two-dimensional TLC using the solvent 5
system of Gardner (6) and were located by spraying with 0.2% =
(w/v) 2,7’ ,-dichlorofluorescein in 50% (v/v) ethanol, and v1sual-
izing under UV light.

Fatty acid methyl esters of the total lipid extract and of individ-
ual lipids were prepared and analyzed as described previously 5
(19).

Pchi(ide) Extraction. Pchl(ide) was extracted from fresh tissue ¢
by grinding with a little acid-washed sand in 80% acetone, and ;
quantified spectrophotometrically using the equations derived by
Horton (8). All manipulations were carried out in dim green light ©
as already described.
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RESULTS

Electron Microscopy. The ultrastructure of etioplasts in vivo in
a developing dark-grown maize leaf was investigated by examin-
ing ultra-thin sections cut from 1-mm transverse sections (I—Vl) o
excised from the whole leaf at 1-cm intervals (Fig. 1). The sections 5 S
were cut in the transverse plane of the leaf so that it was easy to S 3
distinguish between mesophyll and bundle sheath cells. Electron & %
micrographs, representative of the different stages in the ultra- &
structural development of the etioplasts, are shown in Figure 2. <
Measurements made from electron micrographs are given in Table & *
L

The plastid profiles in the two cell types were not readily & &
distinguishable in the lower sections, i.e. 0 to 2 cm from the leaf &
base (Fig. 2, A threugh D). In this region of the leaf the mean 3
length of the plastid profiles increased from 1.9 (I) to 2.8 um (II = 5
and III) while the mean width, increased from 1.5 (I) to 1.8 um 2
(III) (Table I), giving a L:W ratio of about 1.4.

The plastid profiles at the leaf base (section I) were of two types:
either they had a very granular stroma, an occasional discrete
lamellac membrane, and a few plastoglobuli (Flg 2A), or they 4 8
had a very electron-dense stroma a few starch grains and discrete o 9
lamellae (Fig. 2B). Only rarely did either plastid type contain a —
prolamellar body. The plastids in section II resembled amyloplasts g
(Fig. 2C); they had a more granular stroma, more starch grains, £
only an occasional PLB,? and a few discrete lamellae, which were S
often in close association with the starch grains.

The plastid profiles in section III (2 cm from leaf base) (Fig.
2D) were recognizable as etioplasts, most profiles contained a
PLB, the number of starch grains was very much reduced, and the
lamellae membranes which were present sometimes had a beaded
appearance and, whereas in younger plastids these membranes
were discrete, here they appeared to be attached to the prolamellar
bodies.

The differences between the etioplasts in the bundle sheath and
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% Abbreviations: MGDG: monogalactosyldiglyceride; DGDG: digalac-
tosyldiglyceride; PC: phosphatidylcholine; PE: phosphatidylethanolamine;
PG: phosphatidylglycerol; PI: phosphatidylinositol; GL: total galactolipid;
PL: total phospholipid; PLB: prolamellar body; TFA: total fatty acids.
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F1G. 2. Representative electron micrographs of plastids in cells along an etiolated maize leaf. A and B: plastids from cell at leaf base; C: plastids in
cell 1 cm from leaf base; D: plastid in cell 2 cm from leaf base; E: plastid from bundle sheath cell 3 cm from leaf base; F: dumbbell-shaped plastid profile
from mesophyll cell 2 cm from leaf base. A (X 20,300); B (x 23,600); C (X 22,300); D (x 23,000); E (X 24,100); F (x 18,000).
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mesophyll cells were more obvious in the older leaf tissue 3 to 5
cm from the leaf base (sections IV-VI). Both the mean profile
length and width of the mesophyll plastids increased by 60%
between sections III and VI, but while a similar increase occurred
in the length of the bundle sheath plastid profiles their width only
increased by 18%. Thus, those in the mesophyll cells had a more
rounded profile (L:W = 1.4) while those in the bundle sheath celis
were more elongated (L:W = 2.0). Moreover, the mesophyli
etioplast profiles tended to have a more centrally placed PLB with
attached discrete lamellae which very often formed loops which
joined two distinct regions of the same PLB. In contrast the bundle
sheath etioplast profiles (Fig. 2E) had polar prolamellar bodies
and several discrete lamellae transversing the length of the profile.

These older plastids had only the occasional starch grain, a
more developed peripheral reticulum, and there was an increase
in the number of plastoglobuli.

Two types of apparent plastid division were observed. In several
profiles of young plastids (section I), a slight constriction was seen
along the plastid length at which point a double membrane was
present at right angles to the long axis of the plastid (Fig. 2A). In
older tissues, characteristic dumbbell-shaped plastid profiles were
observed (Fig. 2F).

The envelope membranes were similar to those delineating
other plastids. Only very rarely, even in the profiles of the youngest
plastids (I), did the inner envelope membrane appear to be con-
tinuous with the internal membranes of the plastid.

Acyl Lipid and Fatty Acid Analysis of Etiolated Leaf Sections
and Isolated Etioplasts. The acyl lipid composition of etiolated
leaf sections of increasing age and of the plastids isolated from
them is shown in Tables II and III. With the exception of PE,
which was found only in extracts of whole leaves, the major acyl
lipids of both the leaves and the isolated plastids were: MGDG,
DGDG. PC, PG, and PIL.

With increasing age the ratio between the MGDG and the
DGDG nearly tripled from 0.4 to 1.1 in whole tissue, and nearly
doubled from 0.7 to 1.2 in the corresponding plastid fractions. The
increase in the ratio between GL (MGDG + DGDG) and PL was
much smaller in whole leaf tissue of increasing age (0.8-1.3) than
in the isolated plastids (0.5-4.5) (Table II).

Table [ The mear dimensione of etioplasts of different ages in leaves of dark grown Zea mays L.

Distance of LEAF CELL TYPE

Lear sample {rom

seation Leaf base MESOPHYLL BUNDLE SHEATH
sength (L) Width**(¥) L Length (L) ¥idth (W) LW
ns)
I 0.¢ - 2. 1.y 1. 1.3
3 1. - i. 2.8 1.8 L5 - -
i1 2.0~ 2.4 2.8 2.0 1.k -
¥ 3.4 2.5 1.4 L.0 1.8 2.2
ki L2 3.2 i L7 2.L 2. c
P L5 3.2 1.k L.L 2.3 1.
* see Fig. 1 for details * width measured at L/2 - no ready distinction between bundle
sheath and mesophyll plastids
Measuremerts were made on up to 50 mesophyll plastid profiles and up to 20 bundle sheath profiles to
obtain the means recorded here.
Table Il The galactolipid and phospholipid composition (moleimole or moled)
of etiolated leaf sections and of the plastids isolated from them
Plastids Leaf A Phospholipid composition
or section MGDG: DGDG GL:PL, ——
Tissue cms from base PC PG PI PE
molar ratios woles %
Plastids X (0-2) 0.7 0.5 6 20 16 0
(3)° Y (2-4) 1.1 2.8 50 32 17 o
z (L-6) 1.2 s L a8 o
Tissue X (0-2) 0.4 0.8 L8 7 - 14
(O Y o(2-b) [ 0.8 sz 10 - 2
z (L-6) 1.1 1.4 L2 11 - 17

* The data given are the means for the number of analyses shown in parentheses

o absent; present but not determined

PL FC + PG + P1 for isolated plastids phosphate
one dimensional chromatography in ::l.ene: ethyl acetate:
v/v/v) for tissue samples

remaining at origin after
ethanol (2:1:1
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PC was the major single phospholipid in all of the tissue
sections, although its relative proportion (as per cent of PL) varied
from section to section (Table II). PG was also present in all of
the leaf sections but its proportion of PL increased with the age of
the tissue. PC and PG were the two major phospholipids in the
isolated plastid fractions and together they constituted more than
80% of the PL in each of these fractions. However, the proportion
of PC declined from 64% (PX) (youngest etioplasts) to 40% (PZ)
while that of PG increased from 20% (PX) to 41% (PZ).

Calculations of the lipid content of sequential 2-cm sections of _
the first leaf showed that MGDG and PG (in nmol/section)o
increased from the base to the tip of the leaf, while DGDG, PC,=
and PE all decreased initially and then increased again to thelrg
initial levels, towards the leaf tip (Table III).

Palmitic acid (16 0), linoleic acid (18:2), and linolenic acid (18: 3)-“
were the three major fatty acids in the total lipid extracts of both3
whole tissue and the isolated plastids (Table IV). Linoleic andf
linolenic acids were the two fatty acids showing the greatests
change in proportion with increasing age of the tissue. In bothm
whole tissue and the isolated plastids the proportion of 18: 3m
increased with age while that of the 18:2 decreased. However, &
whereas linolenic acid was the major fatty acid of the three plastids
extracts, it was only the major fatty acid in the extract of the oldest2
leaf section, linoleic acid being the major fatty acid in the total13
lipid of the younger leaf sections (X and Y). °

In whole tissue of all ages 18:3 was the major single fatty ac1dn
in both MGDG and DGDG, and its proportion increased wnh:
the age of the tissue. Linoleic was the major fatty acid in PC but2.
its proportion declined slightly with age and this was accompamedg
by a parallel increase in 18:3. Palmitic acid and linoleic acid werem
the two major fatty acids in PG, but whereas the proportion ofJ}
16:0 increased with age, that of 18:2 decreased with age. Thereh
was no trace of the trans A° hexadecenoic acid in either PG or any@
of the other lipids (Table V).

Pchl(ide) Content. The Pchi(ide) content of sequential 1- -cm
sections of an etiolated leaf increased 3-fold from the base to theg
middle of the leaf and a further 2-fold from the middle to the tip>
of the leaf (Table VI). Only one specles of Pchi(ide) with a broad<
peak at 635 nm was detectable in glycerol extracts of these
sequential sections of etiolated maize leaves (66% v/v glycerol in_
etioplast isolation medium). Illumination of these extracts for 202
sec with a 150-w tungsten filament lamp (4.4 X 10° ergs sec™'%
cm™?) filtered through 17 cm of distilled H;O resulted in the

9.09/6
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Table ITI The galsctolipid and phospholipid
composition of etiolated leaf

gections (nmoles/leaf section)

Leaf
section
(cms from base)

MGDG  DGDG PC PG PE

nmoles/2 cm section of first leaf

X (6-2) 19.5 L8.7 k0.9 6.0 16.2
Y (2-4) 25.1 27.9 3kl 6.6 13.9
2 (L-6) 64,0 58.2 39.5 10.3 16.0

Table IV The fatty acid composition of thé total lipid extracted from

etiolated leaf sections and of the plastids isolated from them

Zz0z 1snbny 9| uo Jesn 8o5sN[ JO U

Plastids Leaf 9
or aection 16:0 16:1 18:0 18:1 18:2 180
Tissue (cms from base)
moles %

Plastids x (o-2) 19.8 2.4 L7 16.2 20, 3.6
Y (2-b) 17.6 3.6 L.8 1.1 15.8 Lh.g
z (L-6) 16.7 1.5 3.8 7.1 19.3 ¢

Tissue x (0-2) 19.1 0.7 1.2 5.2 5.4 17,4
Y (2-1) 19.4 0.7 1.4 L.6 Lo.2 32.0
z (L-6) 20.7 1.0 2.0 7.0 0.5 3.9

There were also small proportions of fatty acids with a chain length 16C, and
16:2 and 16:3 fatty acids present, which were included for the calculation of the
molar compositions given above but which have not been entered in the table of
results
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Table V The fatty acid composition of the MGDG, the DGDG, PC and PG extracted

from sequential 2 cm eticlated leaf sections of Zea mays L.

Leaf 9
Lipid section 16:0 16:1 7 18:0 18:1  18:2 18:3
(cas from base)
moles %
MGG X (0-2) 5.9 0.9 1.5 ba 15.1 n.s
Y (2-L) 7.4 1.1 2.0 3.9 6.6 76.3
z (L-6) 5.9 0.4 1.9 2.0 5.0 8L.9
DCDG x (0-2) 12.8 0.3 1.2 5.7 23.1 sk.o
Y (2-4) 13.0 1.0 2.0 8.3 13.7 55.8
2z (L-6) 7.9 0.4 1. L3 6.8 76.1
PC X (0-2) 21.6 0.6 2.1 8.1 61.0 3.8
T (2-4) 20.2 0.6 1.9 6.0 59.8 9.1
z (b-6) 2b.b 0.5 0.l 3.2 52.7 15.0
had x (0-2) 35.1 0.7 2.2 T4 39.1 10.9

Y (2-4) 4.5 1.0 1.7 10.1 30.9 9.9
2 (L-6) LR 1.5 1.8 3.7 21.6 20.7

There were also small proportions of fatty acids with a chain length ¢ 160, aand
1632 and 16313 fatty acide present which were included for the calculation of the
molar compositions given above but which have not been entered in the table of
Tesults

Table VI The protochlorophyllide content (ug/section) of sequential sectiona

{1 and 2 ca) of etiolated maize leaves

Leaf Section®

Protochlorophyllide/l cm sect. 0.06 0.13  0.20  0.32 0,lo 0.5
Protochlompmmdef o sect. 0.19 0.52 0.90
Protochlorophyllide/2 cm sect. 0.56
ot Teat 0.10 0.29 5
J/ag W

8 .01
ot 1oar 0.004 0.008 0.015

* See Fig. 1 for explanation
Protochlorophwll(id:g {n mmoles/l = 33.22 Agyq - 4.50 Aggy = 7.58 Agg
(See reference 8 for derivation)

formation of two peaks: a small one at 625 and a much larger one
at 672 nm.

DISCUSSION

The electron micrographs of plastids in cells along the length of
an expanding etiolated leaf clearly show that as the tissue increases
in age there is an increase in both the size and ultrastructural
complexity of the plastids. Similarly, the analyses of the lipids,
fatty acids, and Pchi(ide) of both intact tissue and the correspond-
ing etioplast fractions indicate that a biochemical development of
the plastids also occurs along the etiolated leaf. The results fully
substantiate the findings of Robertson and Laetsch (20) who
observed both a biochemical and an ultrastructural development
in etioplasts along the length of an etiolated barley leaf, and they
also confirm the observations of Laetsch and Price (13) and Leech
et al. (15).

Changes in the ultrastructure of the mesophyll plastids along
the length of these 5-day-old etiolated maize leaves are similar to
those reported for etiolated barley by Robertson and Laetsch (20).
These include the increase in the size of the PLB and its central
position within the plastid profile, and the increase in the length
of lamellae membranes attached to the PLB. A major difference
is that the profiles of these maize proplastids appear to be about
twice the diameter of those in barley.

There are also several interesting comparisons to be made
between the observations reported here and those that have been
made on etioplast development in the primary leaves of dark-
grown Phaseolus vulgaris L. Despite discrepancies on the actual
timing of the appearance of the PLB in this species (after 3 days,
Weier and Brown [27]; after 9 days, Bradbeer et al. [4]), points of
similarity between the development in the two species are: the
formation of amyloplasts (4, 27-29), the subsequent disappearance
of starch with the seemingly parallel increase in membrane, the
rounded appearance of the plastid profiles, and the rapid increase
in the size of both the plastid and the PLB at a precise stage in the
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developmental sequence. Differences between the systems include
a lack of association of ER with the etioplasts in maize (Whatley
[29] also noted that this association was not as evident in maize as
it was in bean) and the apparent absence of invaginations of the
inner envelope membrane in maize. In bean it was thought that
the internal lamellae were derived from these invaginations (4,
27). A further difference appears to be one of the time scale of the
development, in maize the time difference between defined devel-
opmental stages is in hours whereas in bean it can be in days.

The increases in the over-all dimensions of the plastids with
increasing age of the tissue in these 5-day-old etiolated leaves are
also similar to those in the first 4 cm of a 7-day-old light-grown
maize plant (14, 15); however, whereas the chloroplasts continue
to increase in size beyond this stage, the etioplasts (sections V and
VI) remain a constant size. Increases in the numbers of plasto-
globuli with age in etioplasts without apparent membrane loss
suggest continuing lipid synthesis in the absence of membrane
synthesis.

Until relatively recently plastid division was thought to be light-
dependent (3, 11). The results of Robertson and Laetsch (20) who
were able to show an increase in plastids/cell along etiolated
barley leaves (i.e. with age) and Bradbeer et al. (4) who were able
to show an increase in the total number of plastids in primary
leaves of etiolated P. vulgaris L. of increasing age, confound this
view. Dumbbell-shaped plastid profiles and plastid profiles with
a central baffle at right angles to the long axis of the plastid have
both been interpreted as division profiles (5). Both types of profile
were observed here, the latter was confined to the proplastids in
the very youngest tissue sampled while the former was observed
in several sections along the leaf, particularly those 2 and 3 cm
from the leaf base. If the interpretations of these profile shapes
are correct this implies two phases of division in dark-grown maize
leaves, each with its own division mechanism. Two phases of
plastid division were also noted in etiolated primary leaves of
bean by Bradbeer et al. (4), one between days 4 and 7 and the
other between days 9 and 12 of growth. The mechanism of the
first division was not apparent while the second was thought to
occur by plastid constriction.

The ultrastructurally distinct plastids occurring in the more
mature mesophyll and bundle sheath cells are similar to those
observed in mature leaves of etiolated sugarcane (13). That the
bundle sheath etioplasts contain discrete lamellae arranged in
exactly the same way as in fully differentiated bundle sheath
chloroplasts raises the question as to whether chloroplast devel-
opment in these cells is the same during greening as it is in normal
light-grown leaves. The granal chloroplast stage which precedes
the dedifferentiation step (14, 15) in the normal light system would
appear to correlate with the single morphological type of etioplast
which precedes the differentiation into the two etioplast types.
These two possible pathways of development are summarized in
Figure 3.

The acyl lipid and fatty acid composition of etioplasts and
etiolated tissue are, with the exception of the trans A® hexadecenoic
acid, which is absent from these tissues and plastids, qualitatively
similar to those of isolated chloroplasts of green tissue (10, 14, 16,
23).

The increases in the levels of MGDG and PG (found predom-
inantly but not exclusively in plastid membranes [19)) in tissue of
increasing maturity correlates well with the increases in the over-
all size of the plastids and particularly with the size of the PLB.
The levels of lipids characteristic of extrachloroplastic membranes
(e.g. PC and PE), on the other hand, either remain constant or
show a slight decrease along the lamina of the etiolated leaf. The
analyses of the isolated plastids confirm that the major lipid
changes occurring in the leaf are located in the etioplasts. The
absence of PE in the plastid fractions is an indication of the
absence of contaminating extrachloroplastic membranes, which
contain relatively high proportions of it.

Zz0z 1snbny 9| uo Jesn sonsnr Jo uswuedsq 'S'N Aq £¥959/09/661/7/29/81011e/sAyd|d/woo dno-olwepeoe)/:sdiy wol) papeojumo(



504

BUNDLE SHEATH
ETIOPLAST

BUNDLE SHEATH
CHLOROPLAST ¥

AMYLOPLAST —=0 ETIOPLAST

-TO—r

MESOPHYLL
ETIOPLAST

MESOPHYLL
CHLOROPLAST *

DARK
PROPLASTID

LIGHT

\ CHLOROPLAST

GRANAL

BUNDLE SHEATH
—_——
CHLOROPLAST

AGRANAL:

MESOPHYLL
CHLOROPL AST

GRANAL

Fi6. 3. Diagram comparing sequence of plastid development in bundle
sheath and mesophyll cells of maize under conditions of natural illumi-
nation (I) and in dark followed by light (II).

—

The changes in the lipid composition of the etioplasts with
increasing age, particularly the rapid rise in the GL:PL ratio and
the increase in the proportion of MGDG and PG, make it quite
clear that etioplasts have a developmental sequence as do chlo-
roplasts in leaves grown under natural light regimes (16).

While it is tempting to correlate these lipid changes solely with
the changes occurring in the plastid structure, it should be remem-
bered that Zea mays L. has two different plastid types in the older
tissue; the compositional changes may not, therefore, simply reflect
changes with respect to age, but may also reflect differences in the
lipid composition of the two plastid types and poss1ble different
relative numbers of them.

The proportion of linolenic acid (18:3) in the total lipid increases
with age both in the isolated plastids and the leaf sections; the
changes in the latter are similar to those reported for the equivalent
sections of 7-day-old light- and dark-grown maize (14). Calcula-
tions of the total fatty acid composition of the leaf sections based
on the data reported here (Tables 1II and V) indicate that there
are considerable pools of saturated/unsaturated fatty acids in the
tissue which are not associated with those lipids analyzed here,
since the calculated proportions of 18:3 are 10 to 15% less than the
experimentally determined proportions. Autooxidation of the ali-
quots taken for TFA analysis can be ruled out since they were
taken from the same samples used for the fatty acid analysis of
the individual lipids and these undergo more manipulations than
do the aliquots for total fatty acid composition, and would there-
fore be susceptible to oxidation.

The increase in the proportion of 18:3 with age in the total lipid
reflects not only the increase in the levels of the galactolipid with
which it is preferentially associated, but also an increase in the
proportion of 18:3 in those new molecules being synthesized.
Calculations show that the new MGDG molecules synthesized
between Y and Z contain about 90 mol % 18:3 and is evidence
that light is not required for its synthesis.

Although the fatty acid compositions of the light- and dark-
grown maize leaves are qualitatively similar, quantitatively there
is much less present in the etiolated leaf. This applies particularly
to linolenic acid and is a reflection of the much lower galactolipid
content of etioplasts (18). Despite the increases in galactolipid
with age, the MGDG content of the oldest etiolated section is only
48% of that in the equivalent section of normal light-grown leaves
(section C) (14). This means that the number of molecules of 18:3
in the MGDG of section Z is only 56% of that in section C of
light-grown leaves. The quantitative increases in 18:3 following
illumination (10) are therefore undoubtedly a reflection of the
increase in galactolipid content of the tissue (24, 26).

The results reported here suggest that the marked and charac-
teristic increases in both the total amount and the proportion of
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galactolipid, and hence linolenic acid, in etiolated leaves following
their illumination should be greater if young etiolated tissue is
used than if old etiolated tissue is used. Roughan and Boardman
(22) found little change in the fatty acid composition of MGDG
and DGDG molecules isolated from peas (10-11 days old) and
beans (11-14 days old) after 24- or 72-hr illumination, respectively,
even though there was a 110% increase in MGDG in peas (24 hr)
and a 246% increase in MGDG in bean (72 hr). Similarly Bahl et
al. (1) found little difference in the lipid or fatty acid composition
of envelope membranes isolated from chloroplasts, etiochloro- _
plasts, or etioplasts of wheat. In both of these cases it is possible g
that the etiolated tissue used was “mature.” When changes in the =
fatty acid composition of individual lipids do occur upon the § o
illumination of the tissue (10, 26) it suggests that that tissue was ®
relatively immature.

The increase in the amount of Pchl(ide) with tissue age suggests 5
that the “greening potential” of the etiolated tissue also increases =
with age. This suggests the development of other biochemical 7
processes within the plastids beyond those implied from the &
analyses described here, and which might be expected from the & 9
greening studies of Robertson and Laetsch (20). The presence of &
only a single Pchl(ide) species is contrary to the findings of Horton &
and Leech (9) using maize, and Klein and Schiff (12) using bean. 2
The former demonstrated two absorption peaks (using a method
identical with that described here) in extracts of 7-day-old maize S
leaves while the latter also found two peaks and that the relative S
proportions of each altered as the tissue aged. The reason for this S s
difference is not known but again it might be a function of tissue w
age. =

The analyses reported in this paper together with those of &
Robertson and Laetsch make it quite clear that within an etiolated S
monocotyledon leaf the etioplast population is heterogeneous with = J>
respect to its ultrastructure, composition, and its developmental & ©
potential. It is therefore imperative that defined areas of etiolated 5 S
leaves are used for studies in which the etioplast-chloroplast <
transformation is being used as a model for studying chloroplast %
development.

Since the etiolated leaf may be more complex with respect to its =
composition than it at first appears and since etioplasts are not
normally considered to be present in naturally greening leaves
(except at the leaf base of a monocotyledon shoot where the light @
intensity will be low because of the close proximity of the leaves %
{14]) it would seem that the monocotyledon leaf from a shoot 3

wol} pap

e/

R4

grown under natural diurnal light regimes offers the best way of =

studying the events surrounding the natural development of chlo- <
roplasts from proplastids.

Acknowledgments—1 am greatly indebted to R. M. Leech for her advice and encouragement
throughout the project and to Mrs. W. Crosby for taking and printing the electron micrographs.

LITERATURE CITED

] Uo Jasn adlsnr Jo

1. BAHL J, B FRANKE, R MONEGER 1976 Lipid p of 1 llar bodies and &)
other plastid membranes in etiolated, green and g:eemng wheal leaves Planta 129: 193-201 1~
2. BARTLETT GR 1959 Phosphorus assay in graphy. J Biol Chem 234: 466—468 <
3. BoassoN R, JJ BONNER, WM LAETsCH 1972 Induction and reg) of chi i g
in mature tobacco leaf tissue. Plant Physiol 49: 97-101 -+
4. BRADBEER JW, HMM IRELAND, JW SMitH, J ResT, HIW EDGE 1974 Plastid development in B
primary leaves of Phaseolus vulgaris L. VI Development during growth in continuous ﬁ
darkness. New Phytol 73: 263-270
5. CRAN DG, JV PossINGHAM 1972 Two forms of division profile in spinach chloroplasts. Nature
New Biol 235: 142
. GARDNER HW 1968 Preparative isolation of gal
thin layer chromatography. J Lipid Res 9: 139-141
. HAwKE JC, MG Rumssy, RM LEecH 1974 Lipid biosynthesis in green leaves of developing
maize. Plant Physiol 53: 555-561
. HorToN P 1973 Chlorophyll biosynthesis and membrane changes in isolated etiopl PhD
Thesis. University of York, England
. HorToN P, RM LEECH 1972 The eﬂ‘ccl of ATP on the p sion of p
into chlorop ,llldem d etiopl! FEBS Lett 26: 277-280
10. KaTEs M 1970 Plant phospholipids and glycolipids. In R Paoletti, D Kritchevsky, eds, Advances

P

in Lipid Research, Vol 8. Academic Press, London, pp 225-265

1
P P

o

syl and digal yl diglycerides by

~

oo

o

hiorophyllide




1L
12.

Plant Physiol. Vol. 62, 1978 ETIOPLAST DEVELOPMENT 505
Kirk JTO, RAE TILNEY-BASSETT 1967 The Plastids. WH Freeman & Co, San Francisco Physiol 54: 148-160
KiFIN 8. JA ScuiFF 1972 The correlated app of prolamellar bodies. p hi 2i. ROUGHAN PG, RD BaTT 1968 Quantitative analysis of sulpholipid (sulphoqui yl diglyc-
phyll(ide) species and the Shibata shift during d l of bean ctioplasts in the dark. eride) and g Lipids ( gal yl and digal yl diglycerides) in plant tissue. Anal
Plant Physiol 49: 619 -628 Biochem 22 74—88
. LAETsCH WM, [ PRICE 1969 Development of dimorphic chloroplasts of sugar cane. Am J Bot 22. RouGHAN PG, NK BOARDMAN 1972 Lipid composition of pea and bean leaves during
56: 77-87 chloroplast development. Piant Physiol 50: 31-34
. Leeci RM, MG RuMsaY, WW THomsoN 1973 Plastid differentiation, acyl lipid and fatty acid 23. ScHWERTNER HA, JB BaILE 1973 Lipid position of plant mitochondria and chloropl
changes in developing green maize leaves. Plant Physiol 52: 240-245 J Lipid Res 14: 235-242
. Leech RM, MG Rumssy, WW THomsoN, W Crossy, P Woop 1971 Lipid changﬁ dunng 24. Tevint M 1971 The formation of lipids following il ion of etiolated seedlings. Z
plastid differentiation in developing maize leaves. /n Proc 2nd Intern Cong Ph Pfl hysiol 65: 266-272
Res, Stresa, Vol 3. pp 2479-2488 25, Tevint M 1977 Light, function and lipids during plastid development. /n M Tevini, HK
. LEese BML, RM LEecH 1976 Sequential changes in the lipids of developing proplastids isolated Lichtenthaler, eds, Lipids and Lipid Polymers in Higher Plants. Springer-Verlag, Berlin, pp
from green maize leaves. Plant Physiol 57: 789-794 121-145
. Leest BML, RM LeecH, WW THOMSON 1971 Isolation of plastids from different regions of 26, TREMOLEIRES A, M LEPAGE 1971 Changes in lipid during greening of etiolated
developing maize leaves. Proc 2nd Intern Cong Photosynthesis Res, Stresa, Vol 2. pp pea seedlings. Plant Physiol 47: 329-334
1485-1494 27. WeiEr RE, DL BrownN 1970 Formation of the prolamellar body in 8-day dark-grown seedlings.
. LUrsseN K 1970 Volume, dry weight and p of etioplasts and g g plastids. Z Am J Bot 57: 267-275
Naturforsch 25b: 1113-1119 28. WHATLEY JM 1974 Chioroplast development in primary leaves of Phaseolus vulgaris. New
. MACKENDER RO, RM LEecH 1974 The galactolipid, phospholipid and fatty acid composition Phytol 73: 1097-1110
of the chloroplast envelope b of Vicia faba L. Plant Physiol 53: 496-502 29. WHATLEY JM 1977 Variations in the basic p y of chloroplast devel

. ROBERTSON D, WM LAETscH 1974 Structure and fi

of d Plant

loping bariey plastid

New Phytol

P o

78: 407420

Zz0z 1snbny 9| uo Jesn sonsnr Jo uswuedsq 'S'N Aq £¥959/09/661/7/29/81011e/sAyd|d/woo dno-olwepeoe)/:sdiy wol) papeojumo(



