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Summary 

._ -· I • I .·. ·"\,">::<-:1' 
it('H <;;, \ 

Tissue of one-year-old leaves of Welwitschia mirabilis was fixed in glutaraldehyde and 
postfixed in osmium tetroxide for electron microscopy. Mature sieve cells contain nuclei 
composed of peripherally-distributed chromatin material and an intact envelope with pores. 
During sieve-cell development many mitochondria become closely associated spatially with 
the nucleus. In addition to a nucleus and mitochondria, the mature, plasmalemma-lined 
sieve cell contains plastids and abundant smooth endoplasmic reticulum, which generally 
occurs in massive aggregates at the sieve areas . Dictyosomes and ribosomes are lacking 
and a tonoplast is not discernible in mature sieve cells. P-protein is not present at any 
stage of development. 

1. Introduction 
Welwitschia mirabilis Hook. is a member of the Gnetales, a highly-evolved 
group of gymnosperm-like plants which possess many advanced anatomical 
and morphological characteristics (FosTER and GrFFORD 1959). This probably 
most bizarre of vascular plants is limited in its distribution to extremely 
arid deserts along the western coast of southern Africa, in Angola and South-
west Africa (RoDrN 1953 ). During its .lifetime Wel1vitschia possesses but 
a single pair of foliage leaves, which grow by means of a perennial basal 
meristem. Some plants are estimated to be 2,000 or more years old. 
Among the advanced anatomical characteristics of W elwitschia, and the 
Gnetales in general, is the presence of vessel members in the xylem. Little 
is known about the phloem in Welwitschia. Its sieve elements have been 
described as very long "sieve-tubes" with oblique end walls (DE BARY 1884, 

1 This work was supported in part by a grant from the South African Council for 
Scientific and Industrial Research and in part by the U.S. National Science Foundation 
(GB 31417). 
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2 t·:vun cl .tl.: lkvelupnll'lll uf the Sicve-Cdl Protupl.1st in \1/c/.witschi,l 

SYHS ·191 0 a, TAKEDA 19 I 3, PEAHSON 1929) and gymnosperm-type steve 
areas (TAKEOA 1913, FEUSTEL 1921). Because of the uniqueness of Welwitschia 
among vascular plants and the ad vanccd nature of its xylem, it was decided 
to study its plduem tissue in detail with the electron microscope. At this 
time we arc reporting on the structure and development of the sieve-cell 
protoplast in veins of Wdwitschia. 

2. Materials and Methods 
The nLllcrials usnl in this study were obt.1incd from one-year-old, 
phnts. The leaves were severed from the pbnts just above the basal meristems with sharp 
razor bbdes, divided in half into distal and b;1s;ll portions and then immersed in 0.05 M 
sodium cacodyLue buffer. Each portion was divided into about 2 mm -wide longitudinal 
strips, which subsequently were diced inro pieces about 2 111111 square. The tissue w:1s 
covcn:d with c1codylate buffer this process. The pieces were then placed in 6% 
glutaraldehyde in 0.05 M cacodybte bufler for 6 hours at room tempera ture. Afrer several 
w;1Shcs in c1codyhte huller, the tissue was post -fixed in 2'1<· osmium tetro xide in rhe same 
buffer in a refrigerator overnigln. All tissues were dehydrated in cold ethyl alcohol and 
embeddd in Araldite-Fpon. Sections were cur on ;ln LKB ultramicrotome, and viewed 
and plwrogr;1phcd with ;\ Hirad1i HU - ll E microscope. 

3. Observations 

The vascular bundles in the leaf of Wclwitst.hia arc collateral, the xylem 
occurring on the adaxial, the phloem on the abaxial side (F ig. 1 ). Several 
investigators have reported both primary and secondary vascular tissues 
in leaves of \X/c:lwitschia (BERTilAND 1874, DE BARY 1884, SYKES 1910 a, b, 
TAKLDA ·1913, P1 ·:ARSON 1929), while others have interpreted the vascular 
tissues of the leaf to be entirely primary (STRASllURGER 1891, RonrN 1958). 
Roo1N (1958) pointed out that the criterion used by most investigators to 
determine the presence of seco1HLuy tissues in the leaves of Welwitschia, 
viz., the arrangement uf xy I em and phloem elements in radial rows, was 
not adequate for the sep:uation of primary from secondary vascular tissues, 
and stated that, although he had insufficient material to arrive at a final 
decision of a "fascicular cambium" in the leaves of Wcl1.uitschia, he believed 
none tu be present and growth to be strictly primary. 
The present investigation revealed that secondary growth from a vascular 
cambium does occur in the leaves of W clwitschia. Inasmuch as most of the 
xylem and phloem elements arc arranged in radial files in buth primary 

Figs. I 3. Tr;lnsverse sections of veins ;\s sl'en with phase microscope. Tn 2, a more 
dl'laikd view of p;Ht of the vein shown in h1-; . I, ;Hrows point to recently -formed tan-
gcnti ;d w;1lls of omhial cells . Anticlin ;d division of one of ombi;ll Cl'lls h.1s resulted 
i11 the fllrmatio11 of two new r;1dial filL'S (arrow he;HI) . Four simihrly iniriatcd, but older 
r;Hii.d till's (;Hrow heads) arc shown in of older vein in Vig. 3. CA c1mbium, 
F fihns, /'// phloem, X ·= xylem. hg. I Fig. 2 X 700, Fig. 3 X 730 

--: .. 
I' 

·.;..j<>'Z 'F' ' : . '. ,, 
.... - . ( ,, ·.tt. 

": • · .. .' . . · I . . . - ,.... \'' ·, . . i - - .'1' 
'.··-;. ' i . . ·-... ·, .: , ... \ ' . ..s. '- - I .. \.( .. ..... 1·, ' . , . ·. ._.., .' - . r { .. 

. '• ,, .. 
''\ 

............... .. 

' J ',-- ' 1' . ' ' . ' • 
._,.,.. ....... , .. , .... 

: .. ··. . 
. 

• 7"' . 

Figs. l - 3 

1* 
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and sccorH..Iary tissues it is difficuiL eo delimit these tissues from one 
another. However, that part or all of some rad ial files of cells are der ived 
from periclinally dividing cambial is quite ap parent in all relat ively 

4. Tr.tnscction ut procambial cell. O smiophilic globules (0) arc common in procambial 
cells, but in diO:ere JHi;uing sieve elt:ments. D = dictyoso me, M mitochondrion , 
I' " plast id , V .. c. vacuole . X 21 ,300 

large veins. Trt the bundle of figs. 1 and 2, most of the cambial cells contain 
recen tly - formed periclinal or tangential walls. In addition, two, new ly-
formed radial files of two cells each occ ur nea r the middle of the vein (Fig. 2). 
lncreasc in numbers of cambial cells and, consequently, of radial files, through 
anticlinal division of initials is common in the larger veins. Fig. 3 shows 
part of a vein in which secondary growth has been of longer duration than 
th:-tt of Figs. l and 2. 

J 

Fig. 5. Transection showing mostly phloem of small vein with sieve cel ls in various st:tges 
of development. The walls of the two olde·st sieve cells (below) :tn: completely lined with 
definitive callose (C) . Differentiating sieve cells (DS) adjace nt to procambial ce ll s (l'C) 
aln:;H.Iy h:tve thid<encJ walls. DX = differentiating xylem, S = sieve cell. X 9,5 00 



6 J·: vun cl al.: Ucvclopnwur uf thc Sieve-Cell Protupl.lsr in Wclw itscbia 

The precursors of the sieve cdls, namely, procambial and cambial cells, 
arc essentially similar in ultrastructure, apparently differing only in their 
degree of vacuolation, the cambial cells being more highly vacuolated than 
the procambial cells. The procambial cell of Fig. 4 exemplifies the sieve-
cell precursors. Many dictyosomes, plastids, and mi.tochondria arc present 
in thest.! cells. lloth plastids and mitochondria contain relatively dense 
matrices. Small osmiophilic globules occur in the plastids, and relatively 
large ones, probably lipid dropk:ts, in the cytop.lasm. The cytoplasm is rich 
in free ribosomes and contains many long profiles of rough endoplasmic 
reticulum (ER). The cytoplasmic matrix appears granular to finely fibrous. 
Coarser fibrillar material is often found in the vacuoles. Microtubules occur 
next to the plasmalemma, which borders a relatively thin wall. 
Thickening of the wall of developing sieve cells apparently is a very rapid 
process, for all cells that could be identified as differentiating sieve cells, from 
the earliest stages onward, cont:1incd conspicuously thickened walls. Fig. 5 
shows the difference in wall thickness of sieve cells of various ages, ranging 
from very young to senescent ones, and of procambial cells of the bundle." 
Among the protoplasmic components of differentiating sieve cells, the plastids 
early show the most marked changes. These include the formation of starch 
granules, proliferation of internal membranes, and decrease in density of 
the matrix (Pigs. 6 and 7). Osmiophilic globules continue to be found in 
the plastids, but disappear from the cytoplasm . Many, if not most, of the free 
ribosomes now occur in aggregates and the production of dictyosome vesicles 
is high (Figs. 6 and 8). Microtubules, mostly oriented at more or less right 
angles to the long axes of the cells, parallel the wall inside the plasmalemma. 
With the exception of the microtubules, the various components of the proto-
plast, including mitochondria and ER, arc more or less randomly distributed 
throughout the cytoplasm. 
The nucleus of the young sieve cell differs little in appearance from that 
of meristematic cells. It contains clumps of chromatin material, some 
scattered throughout the granular to finely fibrous matrix, and others 
locat<.:d near the nucle;u envelope (Pigs. 6 and 8). The nuclear envelope 
contains many pores and its outer mcmhrane commonly is associated with 
rihosomes. A singl<.: nucleolus was observed in some nuclc;u profiles of young 
sieve cells. 
As dif-ferentiation continues, a close spatial relationship develops between 
the nucleus and many of the mitochondria of the sieve cell. Many mito-
chondria become closely to the nuclear envelope (Pig. 9), while 

hh. (,_ 'l'r;tnsn:tion of young sieve cell prior w initi ,Hion of morphologiul ch:1ngcs in 
1\lt.:lcus. /) dictyosome, M · ' mirodwndrio11, P ' ·' phsrid, V '·'' vacuole. )( 16,000 
I 7. l'hs1 id, w i l h os m ioph i I ic t;lohulcs ;liHI lll:lll y intl'rn;ll 11\L'Illbr;utes, in young sieve 
ct·ll . > ·IX,OOO 

, ·. 1 
$ · 

' t" \ ·, . 

Fit;s . (> ;lnd 7 



l:l 1.:-VERT t!t al.: lJevdlli.Jilll'nl oJ· the Sieve-Cell PrOLOI.JI ,tsl in \Vdwit:;thia 

Fiv;. 8. Part of young sieve cdl of 6 at higher magnification . Portions of the 
nuclear envelope arc associated with ribosomes . D '" dicryosomc, M = mitochondrion, P 
pl.t stid. X 37,000 

others arc nearly or entirely surrounded by the nucleus. At about the same 
time portions of the inner membrane of the nuclear envelope develop protru-
sions into the nuclear matrix so that, in some profiles parts of the nucleus 
appear hol ey (Figs. 9 and 1 0). 
Aggregates of smooth ER nuw begin to appear throughout the cytoplasm of 
the sieve cell (Fig. 11). Superficially, they appear to be aggregates of vesicles, 

... 
/ ;\·· 

:· ·' \. 
... I ·" ,, .. 

• ,. •·. ... 
) ... .. . 

Fig. 9. :Immature sieve cells with mirochondri a closely associated with nucleus. The lower 
portion of nucleus has a hol ey appear;u1cc (sec hg. 10) . M '--" mitochon drion, P -== pbstid, 

V :..= vacuole . X 25,400 
Fig. 10. Part of nucleus in immature sieve cell showing holey appearance resulting from 
protru sion of portions of inner membrane of nu clear envelope into the ttu Lk.H 

X 60,000 
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1-'ih . 14 . Ahh,Th;\1..: of FR in imm:1rm..: sicv..: cell. Some s..:gmcnrs of ER arc :1ssociated 
with Sl'inclikc processes :1nd in transection n:sc mblc spiny vesicles (arrows) . X 60,000 

Figs. 1S anJ 16. Diffncnt stages in nuclear development. T'ig . IS shows nuckus in sieve 
cell appro:tching maturity. C hromatin material is aggrq;ating near the nuclear envelope. 
A rniwchondrion appears surrounded by the nucleus. Fig. 16 shows nucleus in ma ture 
sieve cell. T he nuckar envelope rcm:tin s inl':l ct. mirochondrion . Fih. IS X 24,HOO, 
T'ig. 16 >; 21 ,HOO 
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but upon closer inspection they ca11 be seen to consist of elaborate, three-
dimensional networks of smooth ER (Fig. 12), most of which is tubular. 
The tubular and branching nature of the new ER is apparent in Fig. 13, 
a region in which the ER is not compactly arranged. Rough ER is still present 
and at places appears to be continuous with the newly-formed, smooth ER. 
Some membranes of the more compact aggregates of ER possess numerous 
radiatin!; projections similar in appearance to those of spiny vesicles (NEw-
COMB 1967). fndecd, cross-sectional profiles of such membranes closely 
resemble spiny vesicles (Fig. 14). 
As the sieve cell approaches maturity the chromatin material of the nucleus 
becomes mostly peripheral in distribution, lying just inside the nuclear 
envelope (Fig . 15). Except in sieve cells with poorly preserved protoplasts, 
the chromatin material maintains its coarse, granular appearance. The 
nucleus persists in the mature sieve cell (Pigs. 16-- 19). Commonly it occurs 
in a median position in the cell, either lying along one wall or extending 
from wall to wall across the lumen of the cell (Fig. 16). Jn non -plasmolyzcd 
cells the sieve cell nuclei arc relatively la rge, about the same size as those 
of imnuturc cells, while in plasmolyzcd cells the nuclei arc much smaller 
and generally round or oval in outline, as seen in transverse sections. At 
maturity many mitochondria arc closely associated with the nucleus 
(Figs. 16- 18), but arc separated from the dense chromatin material by the 
nuclear envelope, which remains intact a nd contains distinct pores (Fig. 18). 
As the sieve cell approaches maturity most of the ER becomes associated 
with the sieve areas, where it is found in massive aggregates, portions of 
which often extend across the lumen of the cdl from wall to wall (Figs. 20 
and 21). Much of the wall of the mature sieve cell is bord ered by one or 
two layers of similar, smooth-surfaced ER closely appressed to the plasma-
kmma. lt is probable that the massive ER aggreg:nes associated with the 

areas arc connected with one another by rhis ER . Stacks of ER cisternae, 
similar to those of mature angiospcrmous sieve. elements (Ev ERT and DESH-
PANDE 1969, and literature cited therein), were only occasionally encountered 
in mature Wclwitschia sieve cells. 
In addition to a nucleus, mitochondria, and EH., the mature, plasmalemma-
lined sieve cell contains plastids with starch granules. Jn contrast to plastids 
of immature sieve cells, those of mature ones lack internal membranes and 
their matrices arc very clear in appearance (compare plastids in Figs. 6, 7, 11, 
and 22). The mitochondria undergo no apparent structural modifications. 

J.'ihs. 17 I'J . Nucki in m:aure sieve cells. Sevcr:1l mitochondria :1rc dost'ly assm:iarcd with 
tla· nuclru s in J." ih . 17. 1-'ig. I !l shows <1 surf:1cc view of the nuclear melllhLllll' , with 
l)llrl' S, or l h:ll llll ckus. I ;ih. I') siH lWS app:Hell tl y shrunken nucleus i 11 pbsmol }'zed sieve 
l·l'll. I 7 I '.!,000, 1-'ih . I H ·10,000, hh. I 'J . .: 30,300 -

@ 
' 

. 

Fihs. 17 I') 



J(, FvEt<T <'/ ,,/,: Development of the Sicve-CL·II Prowpl.tsl in Wc/-;;;,itsc!Jia 

At maturity, the sieve cells lack ribosomcs, dictyosomes, and microtubules. 
The vac uoks of young sieve cells and the lumina of mature ones sometimes 
contain a coarse fibrous substance (e. g., Pig. 16), similar in appearance to 
rku often found in vacuoles of parcnchymatous elements of the leaf (Fig. 5). 
The nature of this substance has not been determined, but it should not be 
confused with the proteinaceous substance ca lled slime or P-protein. P-protcin 
does nuL occur in the sieve cells of \.Vdwitschia at any time. During matura-
tion the tonoplasts, which delimit vacuolar contents from cytoplasm in young 
cells, cc::tse to be identifiable and the sieve cell then appc::trs to contain one 
large, central cavity. 
As the sieve cells undergo senescence, massive quantities of definitive callose 
arc deposited at the sieve areas. Tn many cells the entire inner surface of 
the wall is lined with definitive (Fig. 3, below). All of the prow-
phloem sieve cells arc stretched ::tnd eventually obliterated; in bundles with 
secondary growth, many of the mctaphlocm sieve cells may eventually 
collapse. Much ER and starch arc often found in partially collapsed cells. 

4. Discussion 

The protopbsts of m a ture sieve cells of \V elwitschia apparently have much 
in common with those of conifers. Nuclei, in one form or another, have 
been identified with the electron microscope in mature sieve cells of Pirms 
strobus (MuRMANIS and EvEin 1966, SIUVASTAVA and O'BtuEN 1966) a nd 
Pinus pim:a (WooDING 1966, 1968), a nd with the light microscope in similar 
cells of Pintt s /Janksicma, J>inus rcsinos .. t, juniperus virginimut, Larix dt!cidua, 
J>icca mariana (EvERT a nd AutEIU 1965 ), Mctasequoia glyptostroboidcs, 
Sequoia scmpcrvirens, and Taxodhmz distichum (Ev ERT et al . 1970). In all 
but the last three species, the sieve-cell nuclei have been reported to und ergo 

degrees of morphological modif1cation as the sieve cell approaches 
maturity. ln Pinus slrolms (MutuviANIS and .EYEitT 1966, SrttVASTAVA and 
O'BtuEN 196(J) and Phms pinea (WooDING J 966) the nucl ei of mature sieve 
cells lacked any fine-structural detail and the nuclear envelope was gcncr :1 lly 
missing. MuRMANIS and EvERT (1966) reported that membranes were com-
monly associ::tted with the "necrotic" nuclei in Pinus strolms, but were not 
certain whether they represented ER or nuclear envelope. In well-preserved 
protopbsts of mature W/ clwitschia sieve cells the chromatin materi a l is 
di stinctly granular and the nuclc::tr envelopes rcnuin intact. To our know-
ledge, the close association of mitochondria and nuclei, as record ed in the 

1-'ig. 20. !'union of tnature sieve cell showing tn ;tssivc aggrq.;ate of srnootlt ER associ.ued 
with sil'Vl' ;tr\' ;1. '!'he sil've area is not fully developed , for the contiguous sil'Vl' n·ll 
(lown ld't) is still imm ;u ure . C callose lining pores of sieve area, mitochondrion, 
/' ph st id . ;-: 26,200 
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pn.:scJJL investigation of Wd-wilsthi,l sieve cells, has not been reported for any 
other species. 
As the nuclei of the \Vclwitschicl sieve cells undergo modification, numerous 
aggregates of smooth ER develop in the cytoplasm. Most of this much-
branched, tubular ER becomes associated with the sieve areas . Similar ER 

have been demonstrated in sieve cells of Metaseqtwia glypto-
stroboidcs (KOLLMANN and ScHUMACIIER 1964), Pinus pinca (WooDING 1966), 
and J>inus silvc:stris (PARAMESWARAN 1971 ), where they have been described 
as "local differentiations of a complex membrane system", "discrete vesicular 
masses", anJ "an extensive labyrinth of membranes and extra cytoplasmic 
spaces", respectively. 
The spine-like processes associated with the ER in developing sieve cells 
of Welwitschia arc similar to those of spiny vesicles reported in the phloem 
region of Phascolus vulgaris (NEwCOMll 1967), Ct-tcurbita maxima (C!wN-
SHAW and EsAu J 968), Colcus blumcri (STEER and NEWCOMil 1969), and 
Nicotiana tabawm (EsAu and GILl. J 970 a), and to those of spiny tubules 
recorded in young parenchyma cells of roots and leaves of Beta vtdgaris 
(EsAu and GILL 1970 b). It has been suggested that spiny vesicles contribute 
to the formation of P-protcin tubules in root tips of Phaseolus (NEWCOMB 
1967) and shoot apices of Colcus (STEER and NEWCOMTI J 969). However, 
spiny vesicles have been recorded in association with P-protein bodies in 
sieve elements of only Cucurbita (CRONSHAW and EsAu 1968). The spiny 
tubules in sugar beet were rarely encountered in the s;::une sections as P-protcin 
and none was found in sieve elements of healthy beet plants (EsAu and GILL 
1970 b). The of spiny vesicles and spiny tubules has not been deter-
mined. Both dictyosomes and endoplasmic reticulum have been suggested 
as possible sources of spiny vesicles (NEWCOMil 1967). The spiny components 
in W!clwitschia arc clearly segments of ER and arc unrelated to the formation 
of P-prorci11, which is bcking in \Vclwitschia. Structures interpreted as slime 
or P-protein bodies have been observed with the light microscope in several 
conirerous species (Ev ERT and ALFIERI 1965) and with the electron micro-
scope in Pirws strolms (MultMANIS and EvERT 1966) and P. sdvcstris 
(PAIU\MFSWAIU\N 1971). 
The plastids of \'f/ cf.witschia sieve cells differ from those of Pimts, in that 
they lack crysL1IIinc inclusions and fibrillar materi a l at all stages of develop-
ment (MultMANIS and EvERT 1966, SRIVASTAVA and O'BRIEN 1966, WooDING 
lW>(>, PARAMESWARAN 1971). The latter, referred to as plastid filaments 

ht; . 21 . Tran sl" Ct ion of mature sieve cell showing massive ER aggregate associarnl with 
sil'Vl' arc;l (SA). 1\ srr;ulll of Elt ex tends from ;1ggrq;are across lumen of cell w El\ 
aiDng D(lpDsitc wall. 25,300 
hg. 2.!. . l'l.1 s1id in 111a1un· sieve ce ll brks intnn;d llll"lllhr.lncs . It ro nt.lins Sl"Vcr;d sLtrd1 

i11 .111 l'kctrun -trans():lrl' lll 111 ;\lri x. ;... : ·1\000 

. 

Figs. 21 and 22 
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by PAJ(AMLSWARAN (1971), arc especially well developed in P. sil-vestris. The 
pbstids of like those of \'(/ elwitH.hit:t , contain only starch 
granules (KoLLMANN and ScJtUMACHER 1961, 1964), and apparently contain 
more internal membranes in younger than in older sieve cells (KoLLMANN 

and SCIIUMACHER 1962). 
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