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Summary. An ultrastructural study of the pollen tubes of LiIium and Clivia 
has demonstrated three different classes of longitudinal structures which could 
influence patterns of protoplasmic streaming and/or serve as "guide elements" in 
the vectorial migration of secretory vesicles: (a), cortical and noncortical micro- 
tubules; (b), microfilaments; and (c), subcortical tubules and cisternae of the 
endoplasmic reticulum ("subsurface cisternae'). Morphological details of these 
structures arc described. Colchicine concentrations which lead to the complete 
disappearance of the microtubules affect neither germination of the pollen nor 
cytoplasmic streaming and tip growth of the elongating pollen tubes. Tip growth is 
initially uninhibited by cycloheximide, and cytoplasmic streaming is insensitive to 
this inhibitor. However, both of these processes are sensitive to cytochalasin B and 
vinblastine. Our results suggest that neither microtubules nor subsurface eisternae 
are essential for cytoplasmic streaming and directional secretion of cell surface 
materials in the pollen tube but would be consistent with an involvement of micro- 
filamentous structures in these processes. Additionally, the possible importance of 
the lateral cross-link elements interconnecting all three types of structures is dis- 
cussed. 

In t roduct ion 

A funct ion  for micro tubules  and  microff laments  as "guide elements  "' 
for  vector ia l  subcel lular  movement s  is ind ica ted  no t  only  for mi to t i c  
chromosomes  (for review, see Luykx ,  1970) b u t  also for t rans loca t ions  of 
endocy to t i c  and  cxocyto t ic  vesicles (Newcomb, 1969; K a m i y a ,  1971). 
Micro tubules  appea r  to be involved  in vesicle t rans loca t ions  in the  
melanophores  of Fundulus  (Bikle et al., 1966), neurons  (Schmit t ,  1968; 
Kreu tzberg ,  1969; Dahls t rSm,  1969; Smith,  1970; Smi th  etal.,  1970), 
cn idob las t  fo rma t ion  in Hydra (Lentz,  1965), r habd i t e  fo rma t ion  in 
Planaria (Lentz,  1967), insulin secret ion in pancrea t i c  be ta  cells (Ma- 
la i sse-Lagae  et al., 1971), cell p la te  fo rmat ion  in cu l tu red  cells of the  
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endosperm of Haemanthus katherinae (ttepler and Jackson, 1968), cell 
wall deposition in secondary thickening during xylem formation in 
higher plants (Pickett-Heaps, 1968; Maitra and De, 1971; Northcote, 
1971), directed migration of cytoplasmic components in the coenocytie 
marine alga Caulerpa proli/era (Sabnis and Jacobs, 1967) and in vesicle 
movements during mitosis (McIntosh et al., 1969). Additionally, micro- 
tubules have been discussed in regard to localization of wall deposition 
and during secondary thickenings of xylem elements in higher plants 
(Pickett-Heaps, 1968; Maitra and De, 1971; Northcote, 1971). Micro- 
filaments appear to be involved not only with the flow of vesicles, e. g. 
in neurons (Schmitt, 1968), but also with protoplasmic streaming, e. g. 
slime molds (e. g. Komnick etal., 1970; Wooley, 1970), in amoeba 
(Weihing and Korn, 1969; Pollard and Korn, 1971), Nitella (Nagai and 
Rebhun, 1966), Chara (Pickett-Heaps, 1967), Arena eoleoptfles (O'Brien 
and Thimann, 1967) and cultured nerve cells (Yamada et al., 1971, see 
there for further references). 

Movements thought to be mediated by mierotubules are usually 
characterized by "sal ta tory  motion" (for review, see Freed and Lebo- 
witz, 1970 and Tilney, 1971). Cytoplasmic streaming, on the other hand, 
appears to involve microfilaments (Wessels et al., 1971; Kamiya, 1971; 
see, however, Sabnis and Jacobs, 1967). Since transport of exocytotic 
vesicles has been shown to be a common mechanism for surface growth 
of plant cells (Dashek and Rosen, 1966; Northcote and Pickett-Heaps, 
1966; Mollenhauer and Morr6, 1966; Miihlethaler, 1967; Brown et al., 
1970; Van Der Woude et al., 1971; Morr6 and VanDerWonde, 1972) 
it is important to determine the nature of the elements responsible for 
directing the vectorial flow of materials, particularly in those examples 
in which the extrusion of wall material is not uniform around the cell but 
is restricted to special sites, e. g., fungal hyphae, root hairs and pollen 
tubes (e. f. Grove etal., 1970). The present study compares micro- 
tubules, microfilaments and endoplasmic reticulum as potential guide 
elements for oriented tip growth of pollen tubes. 

Materials and Methods 

Culture o/ Pollen Tubes 
Anthers of Lilium longiflorum Thunb. var. Ace were collected from open flowers 

of greenhouse grown plants and were air dried for 8-10 h followed by 4 h at --20 ~ C. 
Pollen was separated from anthers by shaking at --20 ~ C. on a No. 50 sieve and 
then stored at --65 ~ C. One to two mg of pollen grains were germinated for 2 h at 
25 ~ C on the surface of 2 ml oi a 10% sucrose, 10 p.p.m, boric acid solution in 
each of a number of 4 cm covered block glass vessels. 

Anthers of Clivia miniata were collected from open flowers of room grown plants 
and the fresh pollen was germinated as above without any drying or storage of 
pollen grains. 
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Electron Microscopy 
Fixation and washes were performed using a multiple suction funnel device 

made by I-I6]zel-Technik, Dor~en, Germany, The specimen suspensions were placed 
on supporting millipore filters, and the specific suspension media were removed by 
suction. Fixations were performed at 0 ~ C, 25 ~ C or 38 ~ C for 30 rain in a solution 
containing 2% glutaraldehyde and 0.05 M sodium eacodylate buffer (pI-I 7.2) with 
or without 3 mH CaC12. The fixed specimens were thoroughly washed with ice~cold 
buffer, fixed for 2 h in 2% osmium tetroxide (same buffer), washed in distilled 
water, then placed in 1% aqueous uranyl acetate for 12 h, dehydrated in a graded 
ethanol series, transferred to propylene oxide, propylene oxide: Epon (1:1) and 
finally embedded in Epon. Thin sections were cut using a l~eichert OmU2 Ultra- 
microtome. Sections were poststained with lead citrate and uranyl acetate and ex- 
amined with the Siemens Elmiskop 1A. 

Treatment with Inhibitors 
Ungerminated pollen grains as well as growing pollen tubes (2 h after germi- 

nation) were treated with the following inhibitors by adding the appropriate amount 
of stock solution (1--100 microliters) to the sucrose-boric acid culture medium. The 
effects on germination and pollen tube growth were followed with the light micro- 
scope in vivo and in the electron microscope after fixation. 

Colchicine: from 10 -s to 2 • 10 -a M. 
Vinblastine sulfate: from 5 to 20 ~g/ml. 
CytochMasin B: stock solution 1 mg/ml of DMSO, final concentrations in the 

culture medium 0.03 to 30 Izg/ml, DHSO 1%. 
Cycloheximide: from 10 -3 to 10 -5 M. 
Cytochalasin B was obtained from Imperial Chemical Industries Ltd., Cheshire, 

England. All other drugs were obtained from SERVA Feinbiochemiea, Heidelberg, 
Germany. 

Glycerol Extraction o] Pollen Tubes 
Pollen was germinated for 2 h in the sucrose medium. After low speed centri- 

fugation, the pelleted cells were extracted for 10 rain at room temperature using 
40% glycerol (0.005 M EDTA, 0.12 H KCI in 0.01 M phosphate buffer, pH 7.8; 
according to Hoffman-Berling, 1954, and Simard-Duquesne and Coullard, 1962). 
The extraction was continued after changing the solution once at 4 ~ C overnight. 
Fixation for electron microscopy was as described above. 

Results 

I n  t h e  g rowing  po l l en  t u b e  th ree  classes of l ong i t ud ina l  s t r uc tu r e s  

occur  : m ic ro tubu le s ,  m ic ro f i l am en t s ,  a n d  c i s te rnae  or  t ubu l e s  of t h e  endo-  
p l a smic  r e t i cu lum.  

A. Microtubules and Related Structures 

I n  c o n t r a s t  to  t h e  ex i s t ing  l i t e r a tu r e  wh ich  is n e g a t i v e  w i t h  r e spec t  
to  t h e  occurence  of m i c r o t u b u l e s  in  t h e  po l l en  t u b e  (c. f. for  r ev i ews  see, 

e. g., La r son ,  1965; Gul lv~g,  1966; Rosen ,  1968; Cr~ng a n d  Miles, 1969) 

we f o u n d  t h a t  m i c r o t u b u l e s  a re  p r e s e n t  in t h e  g rowing  po l len  t u b e  w i t h  
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Figs. 1 and  2. Survey electron micrograph of the cortical zone of the growing pollen 
tube of Li l ium longiflorum as seen in grazing sections which are acute (Fig. 1) and 
parallel (Fig. 2) to the  tube axis. Note the  many  microtubules in this zone which do 
not  exhibi t  a strong orientat ion bu t  sometimes are oriented axially (Fig. 2). The 
inset shows the helical pi tch of the microtubular  substructure (arrows). The micro- 
tubule in Fig. 2 is recognized as being continuous in between the  arrows. M i  mito- 
chondrion;  W cell wall; sv smooth vesicle. Fig. 1, x 65000; Fig. 2, X 70000; inset 

in Fig. 1, X 145000 
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Fig. 3. Subapical part of the Lilium longi/lorum pollen tube in cross-section. Note 
the rows of cortical microtubules (small arrows) which are laterally linked to each 
other as well as to the plasma membrane (e. g., at the first small arrow from the 
left; see also inset). Note that the membraneous vesicles can occur in register with 
such cortical microtubules (long arrow) and are also linked with cross-bridges to 
the mierotubules as well as to the plasma membrane (e. g., the one indicated by the 
right long arrow). ER endoplasmic retieulum eisterna; W cell wall; lsv large smooth 

vesicle. Magnifications. • 138000 

the exception of the very  apical zone, i. e. up to approximate ly  2 microns 
from the tip. Topologically, these microtubules  can be divided in to :  

a) Cortical Microtubules (Figs. 1--3).  Many of these microtubules  
(outer diameter  160-240 •) underl ie the plasma membrane  and  are ori- 
ented parallel  to the longi tudinal  axis of the po]len tube.  Others are clearly 
not  axial ly oriented (Fig. 1). Such cortical microtubules  are regularly 
spaced in  groups consisting of up to five or six elements with a min imal  
lateral  separat ion of about  150 A. The elements ma y  be cross-linked 
to one another  (e. g. Fig. 7). The microtubule-microtubule  cross-bridges 
can be up to 280 A long and  are spaced lateral ly along the microtubules  
with a periodicity of abou t  225 A. A helical subarchi teeture  of the micro- 

22 Planta (BerL), Bd. i05 
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Figs. 4 and 5. Sections somewhat grazing to the pollen tube cortex in a subapical 
zone. l~ote how closely the cortical microtubules can be associated with Golgi- 
derived vesicles (Fig. 4, GV) or with the dietyosomal periphery (Fig. 5). Both figures. 

• 66 000 

t ubu l e s  was  d i sce rnab le  in  some sect ions  (Fig. 1, inset) .  I n  cross sect ions  
t h r o u g h  the  po l len  t u b e  t he  m i c r o t u b u l e s  are seen to be s t r u c t u r a l l y  
l i n k e d  ~o t he  i n n e r  a spec t  of the  p l a s m a  m e m b r a n e  (e. g., Fig.  3) b y  
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Figs. 6-11.  Structural details of the cortical mierotubules of Lilium and Clivia 
pollen tubes. Cross-linking between adjacent parallel microtubules (arrows) is 
demonstrated in Fig. 7. Figs. 9 and 10 show the microtubular associations with 
strand-like elements of microfilamentous dimensions. Here the situation of a 
microfilament-like strand lying equidistantly in between the microtubules is 
especially frequent. The association of the cortical microtubular profiles with 
smooth Golgi apparatus vesicles (sv) is recognized in the Clivia pollen tubes 
shown in Fig. 6. A more detailed view in Fig. 8 suggests lateral connections of 
microtubules with the vesicle membranes through thin cross-bridges (at sites 
indicated by arrows). Fig. 11 shows another unexplained vesicle-microtubular 
profile relationship in which a contrast continuity of the vesicular membrane with 
the tubular wall is suggested. Fig. 6, • Fig. 7, x 76000; Fig. 8, >( 100000; 

Fig. 9, • Figs. 10 and 11, • 

cross-bridges similar to those which have been described in  other p lan t  
and  animal  cells (e. g., Dickson et al., 1966; Cronshaw, 1967; Kiermayer ,  
1968; Robards,  1968; Olson and Kochert ,  1970). A special type  of small 
and  smooth tubulo-vesicular  profiles with a plasma membrane- l ike  

22* 
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Fig. 12. Pollen tube of Li l ium in which a mierotubular piece (arrow) is embedded 
in (and may be continuous with) tangles of microfilaments, sv, smooth vesicle; 

W wall. Magnification, • 65000 

Fig. 13. Cortical microtubules in the pollen tube are often laterally associated with 
the bridge-like dense filaments (long arrow) and a distinct class of vesicles which is 
smooth and occasionally can exhibit a more tubular appearance (e. g., indicated 

with the small arrows). Magnification, • 65000 

Fig. 14. "Minitubular" structures (arrow) which are clearly different from mierotu- 
bules are sometimes recognized in the tube cortex. These '~ tubules" are insensitive 

to colchicine. Magnification, • 100000 

u l t ras t rue tura l  appearance (ca. 100 A membrane  showing a clear dark- 
l ight-dark pa t te rn ,  e. I. Grove et al. ,  1968) is f requent ly  associated with 
the cortical miero tnbula r  bundles  in positions commonly  occupied by  
mierotubules  and can be in  register with these (Figs. 3 and  13). Most 
interest ingly,  cross-bridge connections are also found to l ink the mem- 
branes of these cortical tubules  and  vesicles with those of the plasma 
membrane  and  with the adjacent  microtubules  (Fig. 3). This points  to the 
relat ionship of miero tubular  and  membraneous  s t ructures  (for discussion 
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Figs. 15 and 16. Bundles of non-cortical microtubules also occur in the subapical 
zone of the pollen tubes of Lhe two species studied as shown in lq'ig. 15 (e. g., between 
the arrows) and at higher magnification in Fig. 16. W wall; lay large smooth vesicles; 

fcv fibrillar material containing vesicles. Fig. 15, • Fig, 16, )<62000 

see Mazia and l~uby, 1968; Franke, 1971a, b; Stadler and Franke, 1972) 
and provides another example of membrane-to-membrane cross-bridges 
(Franke et al., 1971@ Individual mierotubules could be traced for as 
long as 0.8 micron (Fig. 2). In association with the mierotubules, and 
frequently in the space between them, ca. 60-70 _~ broad microfilament- 
like strands were observed (e. g., Figs. i, 9, i0). Lateral electron-opaque 
cross-bridges were also present in these associations (Fig. 9). The cortical 
mierotubules which usually abut the plasma membrane at a very low 
angle,  came ve ry  close to  Go lg i - appa ra tus  de r ived  vesicles (Fig. 4) as 
well as to  the  d i e tyosoma l  pe r i phe ry  itself (Fig. 5). Occasional ly ,  the  
wall  of a cor t ical  m i e r o t u b u l e  appears  to  be c o n t i n u o u s  wi th  o the r  ty ro-  



Figs. 17 and 18. In  the Li l ium pollen grains (Fig. 18) and tubes (Fig. 17) bundles of 
thread-like elements are frequent which are predominantly made up of micro- 
filaments but  sometimes reveal additionally the presence of mierotubule-like 
structures. Such bundles are very often found irL the vicinity of dictyosomes (D) 
as demonstrated in Fig. 18, and in close association with the membranes of the 

vesicles (Fig. 17). ld lipid droplet. Fig. 17, • 72000; Fig. 18, • 60000 
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Figs. 19 and 20. Bundles of microfilaments similar to those shown in the  previous 
figure are abundan t  in the  cytoplasm of the  Clivia pollen tube, again in the  same 
preferential association with vesicles and dictyosomes. Fig. 20 gives a survey, and  
details of the  bundle organization are recognized in Fig. 19, including a relatively 
regular lateral distance of the  fi laments within the bundle. Fig. 19, • 80000; Fig. 20, 

• 40 000 



Figs. 21 und 22 
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p lasmic  membranes  (Fig. 11), p robab ly  par t s  of the  endoplasmic  ret ie-  
uh im (ER, for possible exp lana t ions  of con t inu i ty  of t ubu l e -membrane  
profiles see the  discussion in F ranke ,  1971 c). No t  inf requent ly ,  the  corti- 
cal mic ro tubu les  revealed  la te ra l  cross-bridges also wi th  the  large Golgi- 
a p p a r a t u s  der ived  vesicles (Figs. 6 and  8), especial ly in more apical  zones. 

b) Non-Cortical Microtubules. Bundles  of miero tubules  as well as single 
tubules  were also common deep in the  cytoplasm.  Figs.  15 and  16 show 
such a bundle  of miero tubules  in a region sub jacen t  to  the  vesicle aggre- 
gates  a t  the  t ip.  Associat ions of miero tubules  wi th  membranes  and 
f i laments  such as those descr ibed for the  cort ical  miero tubules  were also 
found in the  pol len tube  interior .  

In f requen t ly ,  some " m i n i t u b u l a r "  s t ruc tures  were encountered  
(outer d iamete r  ca. 150 •, Fig.  14). These can occur in the  cor tex  (Fig. 14) 
as well as wi th  Golgi membrane  s t ructures  (Fig. 5), b u t  are  d e a r l y  differ- 
en t  f rom the  microtubules .  I t  is conceivable t h a t  these min i tubu la r  
s t ruc tures  are re la ted  to  the  ca. 100/~ t u b u l a r  " f i l a m e n t s "  which have  
been descr ibed b y  Goldman  and  Fo l l e t t  (1969) to  occur in te rassoe ia ted  
wi th  micro tubules  and  microf i laments  in cell processes of b a b y  hams te r  
k idney  f ibroblasts .  

B. Micro[ilaments 

Fibr i l l a r  s t ruc tures  resembling typ ica l  mierof i laments  and  having  
d iamete rs  as smal l  as 50 A are a b u n d a n t  in the  pol len tube  and  grain.  
(Their oceurence in the  pollen gra in  was ment ioned  in the  work  of 
Hoefer t ,  1969a, b, on the  pollen of Beta vulgaris.) They  ar  e especial ly 
conspicuous where t hey  occur in bundles  (Figs. 17-20). Such bundles  
can be closely associa ted  wi th  Go]g i -appara tus -der ived  vesicles and  
ER-e l emen t s  (Figs. 17--19)  as well as wi th  nd tochondr ia  (Fig. 20). 
Micro tubu la r  s t ruc tures  can be in t eg ra t ed  in such f i l ament  bundles  as 
well (Fig. 12, 17--19) .  Somet imes  the  f i laments  are para l le l  and  exh ib i t  
l a te ra l  th in  f i shbone-pa t te rn- l ike  t h r ead  in tereonnect ions  (Fig. 20). As 
with  the  mierotubule-vesie le  re la t ionship,  the  associat ion of the  f i laments  
wi th  the  vesicle membranes  appears  to  be also med ia t ed  b y  cross-links 
(Fig. 18). A different  t ype  of f i lamentous  aggregates  is occasional ly  

Fig. 21. Filamentous aggregate (triangle) in the dictyosomal vicinity in the Clivia 
pollen tube with a relatively ordered spacing of filamentous components suggesting 
lateral cross-bridging. The pair of arrows in the upper left points to a group of 
"spiny vesicles". D dictyosome; GV Golgi apparatus derived vesicles; cv coated 

vesicles. Magnification, X 65000 

Fig. 22. Bundle of microfilaments in the tip zone of the lily pollen tube (long arrow). 
Note the occurence of very small smooth vesicles in this zone (small arrows). 
/cv fibrillar material containing vesicle; lsv large smooth vesicle; dins double mem- 

brane surrounded vesicle; w cell wall m~teriM. Magnification, x 70000 
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Figs. 23--26. Appearance of more or less ordered arrangements of microfilaments as 
seen after various times of glycerol extraction. The filamentous bundles are now 
more easily recognized in cross (e. g., at the pair of arrows in Fig. 24) as well as in 
longitudinal section (long arrow). Note also the frequent associations with membrane 
surfaces (Figs. 25 and 26) and the occurrence of the distinct "small  and smooth"  
vesicles in the mierofilament containing areas. For further details see text. Figs. 23 

and 24, • Fig. 25, • Fig. 26, • 



Potential Guide Elements in Pollen Tubes 331 

observed in the Clivia pollen tubes and is presented in Fig. 21. I t  is also 
found in association with dictyosome vesicles and is characterized by a 
higher degree of regularity in lateral spacings and interfilamentous cross- 
bridges. While microtubules never have been observed in the tip regions, 
filamentous aggregates can occur in this area where the rate of vesicle 
extrusion seems to be especially high as suggested in Fig. 22 for Lilium. 
The filaments described are not exclusively oriented in parallel to the 
tube axis although sometimes such a direction appears to be predomi- 
nant.  Mierofilaments are also present in the peripheral regions of the 
pollen tube and thus may  function in cytoplasmic streaming. Micro- 
filaments of the pollen tube cytoplasm are most apparent  after glycerol 
t rea tment  (Figs. 23--28). In  such preparations they occur also in bundles 
(e. g., Figs. 24 and 26). Their proximal association with vesicular mem- 
branes is still recognizable after glycerol t reatment  of the pollen tubes as 
is their extension to cortical zones (e. g., Figs. 27 and 28). I t  is not clear 
whether the 500-1000 A long strand-like connection spanning from vesicle 
membranes to the adjacent plasma membrane (e. g., Fig. 29) are related 
to such microfilaments. Such connecting strands are numerous in the 
pollen tube cortex. 

Structures hitherto unidentified in the pollen grain and tube cyto- 
plasm are the aggregates consisting of thin fibrils and dense clumps 
(Fig. 30). These aggregates exhibit a close resemblance to the fibrillar 
arrays described in mammalian oviducts which have been regarded as 
"aggregate pools" o3 mierotubular precursor protein (Anderson and 
Brenner, 1971; Dirksen, 1971). 

C. Endoplasmie Retieulum Elements 

A structural relationship regularly observed with both Clivia and 
Lil ium pollen tubes is the association of cortical ER-cisternae with the 
plasma membrane similar to tha t  described for a var iety of animal cells 
(Kumegawa et al., 1968; Pitelka, 1969; Hufnagel, 1969; t tanaoka  and 
Friedman, 1970; Allen, 1971; Campbell and Campbell, 1971) and also 
f rom plant  tissue culture (Franke and Iterth,  unpublished observations) 
and onion stem (Morr6 and VanDerWoude,  1972). The orientation of 
such "sub-surface cisternae" or tubules is always longitudinal (e. g., 
Fig. 31). The membrane faces of plasma membrane and ER may be as 
close as 90 A and appear linked to each other by cross-bridge like ele- 
ments (e. g., Figs. 34 and 35). This mode of connection closely resembles 
the plasma membrane linkage of the cortical small tubules and/or vesicles 
as already described above (see e. g., also Figs. 3 and 35). A tight me- 
chanical linkage of the two membranes is also suggested from the ob- 
servation tha t  the ER-cisternae follows even the slightest curvatures of 
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Figs. 27--29. Fur ther  details of the  microfilament-vesiele membrane  relationship 
in the  lily pollen tube  subapical zone as revealed with (Fig. 27, 28) and without  
glycerol t rea tment .  At  many  instanees mierofilamentous bundles can be recognized 
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the plasma membrane (Figs. 33 and 35). The ER regions linked to the 
plasma membrane display a polarization in that  the cisternal surface 
adjacent to the plasma membrane is smooth while the inner cisternal 
surface may display attached ribosomes (e. g., Fig. 35). 

D. E/fects o/Drug Treatments 
a) Cycloheximide in concentrations higher than 10 -5 moles/1 prevents 

germination. Growth rates of tubes of germinated grains were nearly 
normal after the addition of 10 -4 M cycloheximide but subsequent re- 
tardation of growth did occur (80% inhibition of growth after 31/2 h). 
No change in the structure of microtubules, microfilaments, and cortical 
endoplasmic reticulum was observed. 

b) Colchicine in concentrations from 10 -s moles/1 to 2 • 10 -4 moles/1 
does not affect pollen germination and pollen tube growth up to a total 
length of ca. 5 mm. These are concentrations in which no mierotubules 
have been observed. 

c) Vinblastine sulfate in concentrations as low as 5 ~zg/ml inhibited 
both germination and pollen tube growth. Vinblastine treated grains and 
tubes displayed a coarse, unspecific aggregation of cytoplasmic struc- 
tures, particularly of rough ER. Regular arrays of filaments as they have 
been demonstrated in vinblastine treated animal cells (e. g., Malawista 
etal., 1969; Marantz and Shelanski, 1970; Krishan and Hsu, 1969; 
Krishan, 1971) were not observed. 

d) Cytoehalasin B in concentrations down to 0.1 ~zg/ml completely 
prevented pollen germination. A concentration of 0.03 ~zg/ml allowed 
germination of 5 % of the pollen grains within two hours, compared with 
60% germination in the control assay as well as in the DMSO-control in 
which a i % final concentration of DMSO did not prevent normal growth 
and cytoplasmic streaming. In growing pollen tubes, cytochalasin B in 
concentrations down to 0.1 ~zg/ml stopped cytoplasmic streaming com- 
pletely within 5 rain. The cytoplasmic streaming was reestablished 
within less than 30 rain by diluting the culture medium 1:30 with fresh 
culture medium. The crude effects of high concentrations of cytoehalasin 
(9-30 ~zg/ml) such as concentration of the cytoplasm and its retraction 
from the cell wall apparently were not reversible. A concentration of 
0.07/zg/ml slows down cytoplasmic streaming of the pollen tube and 

to abut the cell periphery and the plasma membrane (Fig. 27) and sometimes thin 
strands are observed to span the cytoplasmic interspace between vesicles and the 

plasma membrane (e, g., in Fig. 29 at the arrows). All Figs., • 65000 
Fig. 30. Thin filamentous strands are also recognized within the aggregates of 

electron opaque clumps which are frequent in the pollen tubes of both species. 
Magnification, • 65000 
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Figs. 31--35. Close associations of specialized cisternae of endoplasmic reticulum 
(ER) in the pollen tube of Lilium longiflovum. "Subsurface cisternae" are parallel 
with large parts of the inner face of the plasma membrane (Figs. 31, 33, 34). As has 
been demonstrated for the association of the plasma membrane with microtubules 
and cortical vesicles and tubules (see, e. g., the triangles of Figs. 31, 34, 35) these 
subsm~ace ER-cisternae are also linked to the plasma membrane by electron dense 
membrane-to-membrane cross-bridges (e. g., the arrowheads and bars of Figs. 31, 
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stopped growth within 15 min. Pollen tubes treated in this way showed 
an enlarged "clear cap ", no tip growth, but still some very slow cyto- 
plasmic streaming in which saltatory movement  seemed to predominate. 
After several hours, the tubes burst. Electron microscopic examination 
of cytochalasin ]3 treated pollen tubes displayed no marked changes in 
cytoplasmic ultrastructure: Microtubulcs were recognized, though they 
appeared somewhat less frequent. Changes in microfilamentous structures 
could not be observed with significance. 

Discussion 

The present study documents that  microtubules, microfilaments, and 
membranes of the Eta-system are found in the pollen tube. All three 
candidates for an involvement in t ipward translocation of the secretory 
vesicles are frequently oriented parallel to the long axis of the tube. 
Moreover, all three are interassociated by a system of cross-linking ele- 
ments. 

From the colchicine-insensitivity of pollen tube growth, secretory 
flow and cytoplasmic streaming we conclude that  in germinating pollen 
of L i l ium and Clivia microtubules are not necessary for the vectorial 
translocation of secretory vesicles. Such an insensitivity of pollen ger- 
mination and tube tip growth to colchicine and other spindle poisons has 
also been shown by the classicalkaryological experiments of Swanson, 1940, 
and Conger, 1953 (quoted in Darlington and LaCour, 1963). Additionally, 
protoplasmic streaming in Chara has also been demonstrated to be 
insensitive to colchicine (Pickett-Heaps, 1967). In  these studies, sections 
of 8 days colchicine-treated tissue revealed the presence of cytoplasmic 
filaments, but  very few microtubules. 

The experiments of Nagai and Rebhun (1966) in Nitella first suggested 
tha t  microfilaments are essential for promoting cytoplasmic streaming. 
Cytochalasin-sensitivity of cytoplasmic streaming in Nitella and Arena  
led Wessels et al. (1971) to suggest also that  microfilaments are the causal 
agents of streaming in plant cells. Our results with cytochalasin when 
taken together with the current cytological concepts of cytochalasin 
action (e. g., Krishan, 1971 ; Wessels et al., 1971) point to microfflaments 
as potential guide elements but do not prove them responsible for 
directional migration of secretory vesicles in pollen tubes. This is in 

32, 34, 35). The upright bars of Fig. 33 demonstrate the close and precise parallelity 
of this membrane-membrane-arrangement of ER and the plasma membrane. Fig. 35 
gives an example of the polarity of the subsurface ER cisternae with the inner 
(cytoplasmic) face being set by ribosomes and the outer face being smooth and 
bearing only the bridging elements (arrowheads in Fig. 31). Magnifications: Fig. 31, 
• Fig. 32, • Fig. 33, • Fig. 34, • Fig. 35, )<126000 
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agreement with information on the directional flow of vesicles toward 
the growth zone of neuronal cells (Yamada et al., 1971) and with the 
result of cytochalasin t rea tment  of various other forms of tip growth 
including Brassicacean root hah's and rhizoids of the coenoeytic green 
alga Caulerpa proli/era (Herth et al., 1972). Yet, there are examples 
where cytoplasmic streaming is sensitive to both cytochalasin and col- 
chicine, e. g., Caulerpa rhizoids (Herth, unpublished observation). The 
inhibition of tube growth as well as of germination in the presence of 
vinblast'me (which also results in a total  disappearance of mierotubules) 
is difficult to interpret  since many  other structures seemed to be affected 
by this vinca alkaloid. Particularly evident was the production of large 
clumped aggregates from the rough Et~ (for the non-specificity of vin- 
blastine action compare also Wilson et al., 1970). 

On the other hand we cannot definitely exclude tha t  oriented mem- 
branes such as the cortical EI~-elements may  be involved in such processes 
as well (compare also Rebhun, 1963, and Larson, 1965). However, the 
observation that  they are not significantly altered in the presence of 
cytoehalasin suggests tha t  they do not play the major role as loco- 
motory organelles of vesicle transport.  We ascribe special import- 
ance to the observation tha t  all three classes of potential guide structures 
appear int imately associated with each other as well as with secretory 
vesicles by lateral cross-links. A close interaction of the guide elements 
with the vesicle membrane has also been reported in other cell situations 
where directional vesicle flow occurs, in particular in neuronal axons 
(Smith, 1970, for further references see Yamada  et al., 1971) and during 
cell plate formation (Hepler, et al., 1970). I t  is possible that,  just as with 
the microtubule-microtubule and the microtubule-plasma membrane 
interaction (ref. e. g., Grimstone and Cleveland, 1965; Cronshaw, 1967; 
Kiermayer,  1968; Allen, 1968; Warner, 1970; Olson and Kochert,  1970), 
something like a sliding filament mechanism, mediated by cross-links, 
plays a role in the translocations of secretory vesicles (MeIntosh et al., 
1969; Smith, 1970; u  etal.,, 1971). This process is conceivable 
for a vesiele-El~ membrane- to-membrane interaction as well as for the 
association of the vesicles with microtubular elements. From this, the 
further possibility is raised then, tha t  eytochalasin B inhibition of stream- 
ing and secretion results from a direct interaction with cross-links. We 
were yet  unable, however, to confirm this with electron-microscopic 
observations of cross-bridge breakdown in the presence of cytoehalasin. 

Finally, we draw attention to E R  of the tip zone of pollen tubes. 
This is at least partially rough surfaced and appears generally 
to be filled with some fibrillarly textured electron-opaque material 
(e..g, Figs. 4 and 5), presumably of proteinaceous nature. Although 
vesicle flow from dictyosomes is a well established mechanism 



Potential Guide Elements in Pollen Tubes 337 

for t ranspor t  to the extracellular space we see no th ing  contradic tory  to 
the view tha t  secretion of extracellular mater ia l  can, addit ionally,  take 
place directly from ER.  Moreover, proteinaceous components  have to be 
postula ted for Golgi and  El% cisternae of the pollen tube  t ip  from our 
recent  analysis of newly synthesized pollen wall mater ia l  which contains  
up to ca. 30% of dry  weight as protein,  par t ia l ly  in  stable l inkage to 
the polysaccharide moieties. 

Note added in proo/. Since this manuscript was finished a series of relevant 
publications have appeared. These include in particular the report by M. V. Partha- 
sarathy and K. Miihlethaler [Cytoplasmic microfilamente in plant cells. J. Ultra- 
struct. Res. 38, 46-62 (1972)] on the widespread occurence of 50-60/~ filaments 
in elongating plant cells and various articles on cytochalasin B effects on micro- 
filamentous systems (F. J. Manasek, B. Burnside and J. Stroman: The sensitivity 
of developing cardiac myofibrils to cytochalasin B. Proe. Nat. Acad. Sei. (Wash.) 
69, 308-312 (1972). N. B. Thoa, G.F. Wooten, J. Axelrod, and I. J. Kopin: In- 
hibition of release of dopamine-fl-hydroxylase and norepinephrine from sympathetic 
nerves by eolchicine, vinblastinc, or cytochalasin B. Proe. Nat. Acad. Sci. (Wash.) 
69, 520-522, (1972). R. Wagner, M. Rosenberg, and R. Estensen: Endocytosis in 
Chang liver cells. Quantitation by sucrose-3tt uptake and inhibition by cyto- 
chalasin B. J. Cell Biol. 50, 804-817 (1971). Itowever, the interpretation of the 
findings that cytochalasin B inhibits both streaming and tip growth in pollen 
tubes is further complicated in the view of reports of the non-effect of cytochalasinB 
on microfilament-type structures [A. Forer, J. Emersen and 0. Behnke: Cyto- 
chalasin B: Does it affect actin-like filaments ? Science 175, 774-776 (1972). See, 
however, also: J .A.  Spudich and S. Lin: Cytochalasin B, its interaction with 
actin and actomyosin from muscle. Proc. Nat. Acad. Sci. (Wash.) 69, 442-446 
(1972)] and the in vivo inhibition of mucopolysaccharide synthesis by cytochalasin B 
(J. W. Sanger and H. Holtzer: CytochalasinB: Effects on cell morphology, cell 
adhesion, and mucopolysaccharide synthesis. Proc. Nat. Acad. Sci. (Wash.) 69, 
253-257, 1972). Preliminary results show a membrane-associated glucan synthetase 
of pollen tubes to be inhibited by cytochalasin in vitro over approximately the 
same range of cytochalasin concentrations as the in vivo response when assayed 
at low substrate concentrations. These findings plus the observation that micro- 
filaments were not altered ultrastructurally by cytochalasin B in this study, 
emphasize the need for caution in specifically associating all processes inhibited 
by cytochalasin B only with microfilaments. 

The work was supported in part by the Deutsche Forschungsgemeinschaft and 
the National Science Foundation GB 23183. The authors are indebted to Miss 
Sigrid Krien and miss Marianne Winter for skilful technical assistance as well as 
to Drs. C. A. Lembi (Purdue University, Lafayette, Indiana, U.S.A.) and H. Falk 
(University of Freiburg i. Br., Germany) for valuable discussions. - -  Purdue 
University A.E.S. Journal Paper No. 4718. 
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