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Summary. A distinctive feature of tip-growing plant cells is that cell 
components are distributed differentially along the length of the cell, 
although most ultrastructural analyses have been qualitative. The 
longitudinal distribution of cell components was studied both quali- 
tatively and quantitatively in the apical cell of dark-grown protone- 
mata of the moss Ceratodon. The first 35 ~am of the apical cell was 
analyzed stereologically using transmission electron microscopy. 
There were four types of distributions along the cell's axis, three of 
them differential: (1) tubular end0plasmic reticulum was evenl'y dis- 
tributed, (2) cisternal endoplasmic reticulum and Golgi vesicles were 
distributed in a tip-to-base gradient, (3) plastids, vacuoles, and Golgi 
stacks were enriched in specific areas, although the locations of the 
enrichments varied, and (4) mitochondria were excluded in the tip- 
most 5 ~am and evenly distributed throughout the remaining 30 pm. 
This study provides one of the most comprehensive quantitative, 
ultrastructural analyses of the distribution of cell components in the 
apex of any tip-growing plant cell. The finding that almost every 
component had its own spatial arrangement demonstrates the com- 
plexity of the organization and regulation of the distribution of com- 
ponents in tip-growing cells. 
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Abbreviations: CER cisternal endoplasmic reticulum; ER endoplas- 
mic reticulum; Nd numerical density; SE standard error; Sv surface 
density; TEM transmission electron microscopy; TER tubular endo- 
plasmic reticulum; Vv volume fraction. 

Introduction 

The growth of moss protonemata is polarized since 
extension is restricted to the apical region of the tip 
cell (Schnepf 1986). In contrast to most other tip- 
growing cells, such as pollen tubes and root hairs, the 
protonemal apical cells of several mosses orient their 

* Correspondence and reprints: Department of Biology, 142 Jordan 
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growth according to the direction of gravity and light 
(Cove et al. 1978, Hartmann et al. 1983, Jenkins et al. 
1986, Walker and Sack 1990). Therefore, moss proto- 
nemata are a useful system in which to study not only 
straight tip-growth, but also the directional control of 
the growth process, since the direction of growth can 
easily be manipulated by changing the direction of 
environmental cues. 
Tip-growth is associated with an intrinsic cell polarity 
characterized by gradients in the distribution of cell 
components (Sievers and Schnepf 1987, Steer and 
Steer 1989), a polar distribution of calcium (Reiss 
et al. 1983, Hartmann and Weber 1988) and a differ- 
ential spatial pattern of ionic currents (Harold and 
Caldwell 1990). Despite interest in tip-growing cells, 
a comprehensive, stereological analysis of the distri- 
bution of all membrane-bound components within 
any tip-growing cell has never been reported. 
Although the distribution of organelles has been stud- 
ied, analyses have been primarily qualitative 
(Schmiedel and Schnepf 1980, Grove etal. 1970, 
Steer and Steer 1989). 
In these qualitative studies, some or all cell compo- 
nents have been described as being distributed differ- 
entially along the length of the cell. Although gener- 
alizations about distributions of cell components for 
all tip-growing cells have been suggested (Schnepf 
1986, Sievers and Schnepf 1987), there are differences 
between taxa and types of tip-growing cells. Most tip- 
growing cells appear to contain three broad zones, the 
apical, subapical, and vacuolar regions. But variation 
exists in the lengths of zones, the number and types of 
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organelles found in those zones, and in the distribu- 
tions of components along the length of the cell 
(Schmiedel and Schnepf 1980, Steer and Steer 1989, 
Grove et al. 1970, Bartnik and Sievers 1988), It is not 
clear how much the variation that has been reported is 
due to the lack of quantification or to inherent differ- 
ences between cell types. 
The zonation of ptastids and microtubules in apical 
cells of dark-grown protonemata of the moss Cerato- 
don have previously been described based on light 
microscopy (Walker and Sack 1990, Schwuchow 
etal. 1990). Here we used transmission electron 
microscopy (TEM) and stereological techniques to 
determine the organization of cell components in ver- 
tical protonemata. Dark-grown Ceratodon protonem- 
ata were studied since they are negatively gravitropic 
(Walker and Sack 1990, Young and Sack 1992). Thus, 
a stereological analysis of dark-grown vertical proto- 
nemata is not only useful for understanding celt 
organization relating to straight tip growth, but also 
provides baseline data for comparison with protone- 
mata that have been turned to the horizontal (gravis- 
timulated 90~ Results of such a stereological analy- 
sis relating to gravitropism will be presented else- 
where. 

Materials and methods 
Plant material arwl fixation techniques 

Maintenance and fixation conditions for stock cultures have been 
described previously (Walker and Sack I990, 1991). The following 
micronutrients were added to all media: 70 gm H3BO3, 14 um 
MnCI2, 0.5 ,urn CuSO4, 1 ~m ZnSO4, 0.2 pm NaMoO4~ 10 um NaCI, 
0.01 ~Lm 10 um CoC12. Protonemata were sown approximately 1 mm 
deep in 2% agar medium and grown with the dish on edge in dark- 
ness. In addition, a small opening was made in the plates prior to 
placement in the dark so fixative could be added without disturbing 
the protonemata. Growing protonemata in agar maintained the posi- 
tion of the protonemata during fixation and allowed for minimal 
handling. Following 5 days of growth in the dark, each dish con- 
tained hundreds of vertically growing, upright protonemata. These 
protonemata were chemically fixed (approximately 15 ml of fixa- 
tive) in position for 1.5 h in complete darkness. DafKness is essential 
since protonemata are phototropic, gravitropism is inhibited by low 
energy omnilateral light, and plastid zonation changes upon exposure 
to tight (Hartmann et al. 1983, Young and Sack 1992). The fixative 
consisted of 2% glutaraldehyde, 1% (w/v) paraformatdehyde, 
50 mM sodium cacodylate, and 5 mM CaCI2 (pH 6.8). Protonemata 
(still in agar) were rinsed in buffer, post-fixed in 1% osmium tetrox- 
ide (1 h), dehydrated in an acetone series, and then infiltrated with 
Spurr's epoxy resin (8-12 h). Serial longitudinal sections were cut 
with a diamond knife, picked up with formvar-coated metal loops 
(5 mm diam,), placed on slot grids (i  mm X 2 mm), and stained with 
lead citrate and manyl acetate. Serial sectioning of protonemata 
ensured that true median sections were used in the analysis. A Zeiss 

10C transmission electron microscope was used to view sections at 

60-80 kV. 

Sampling 

A montage of micrographs from a single median longitudinal section 
from each vertical protonema was used for the analysis of cell com- 
ponents. The micrographs had a total magnification of • 32,000. 
Stereological analysis was limited to the apical 35 ,urn of the cell 
which was divided up into 5 pm intervals. Nine vertical protonema- 
ta were evaluated stereologicatly. 
The distributions of  cisternal endoplasmic reticulum (CER), tubular 
endoplasmic reticulum (TER), Golgi stacks, Golgi vesicles, mito- 
chondria, plastids, and vacuoles were analyzed stereologically with 
respect to either surface density, S~, or volume fraction, V,.. Numeri- 
cal density, Nd, was also calculated for Golgi vesicles. 

Calculation of surface density 

Surface density, Sv, was calculated for CER and TER. A 1 cm multi- 
purpose test system (Merz I967) was employed to eliminate an over- 
or underestimation of anisotropic structures such as ER (Weibel 
1989). Surface densities were determined for each 5 ~m interval of  
each apical cell according to standard formulas for" the Merz grid 
(Weibet 1989). Briefly, surface density was calculated from the 
equation 
S,. = (2- t) / (TL. MC), 
where I is the number of intersections of a "unit membrane" with the 
lines on the Merz grid, TL is the total grid line length falling over 
cytoplasm, and MC is a magnification correction so that line length 
is expressed in micrometer. Since tangentially sectioned membranes 
can also lead to an overestimation of surface density, tangentially 
sectioned membranes that crossed each test line were counted as one 
rather than two intersects (Steer 1981). CER and TER were scored 
concurrently to avoid counting membrane that was transitional 
between CER and TER more than once. The cytoplasm was defined 
operationally as the cell (protoplast) minus ptasfids and vacuoles (the 
nucleus is never present within the tipmost 35 ~m of the apical cell). 
Total line length was determined using the equation for the Merz 
grid, 
TL = Pt .  (~/2) �9 d, 

where Pt is the number of points falling over cytoplasm and d is the 
distance (in cm) between the test points on the Merz grid. The Merz 
grid was placed randomly over the 5 ~m interval being sampled. 

Calculation of volume fraction 

The 1 cm Merz grid is a multipurpose test grid and was also used to 
calculate the volume fraction of plastids, vacuoles and the area of the 
cytoplasm in the interval being sampled. A 7 mm square point grid 
was used to calculate the volume fiaction of Gotgi stacks, Golgi ves- 
icles, and mitochondria. A Golgi stack was operationally defined as 
having at least two cisternae visible in a section normal to the stack 
of cisternae, or a system of anastomosing tubules with budding 
and/or fusing vesicles attached (sectioned in the major plane of a cis- 
ternum). Vesicles were counted as discrete entities if no attachment 
to the Golgi occurred in that single plane of section, Golgi stacks and 
vesicles were counted concurrently to eliminate the need to deter- 
mine whether or not a vesicle was pal~ of the Golgi stack more than 
once. 
Volmne fractions, Vv, were determined for each celt interval and cal- 
culated from both the 7 mm square dot grid and the I cm Merz g i d  
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according to Weibel (1989). Volume fiaction was calculated from 
the equation 
Vv = Ptx / Pte, 
where Pt~ is the number of points on the cell component and Pto is the 
total number of points falling over cytoplasm in the interval. All 
grids were placed randomly over the micrograph of the interval being 
sampled. 
The cell points counted using the 7 mm square point grid were 

700-1,500 points per interval and 7,000-10,000 points per protone- 
ma. The cell point count for the 1 cm multipurpose Merz grid was 
400-800 points per interval and 3,300-4,500 points per protonema. 
The total point count was >75,000 and >37,000 for each protonema 
using the 7 mm and 1 cm grid, respectively. The level of counting 
resulted in a counting error of no more than 1.4-2.8% for all ceil 
components analyzed. 

Calculation of numerical density 

Vesicles were analyzed with respect to numerical density as well as 
volume fraction. Five of the nine protonemata were chosen random- 
ly from the overall sample to calculate the number of vesicles per 
cubic micrometer of cytoplasm, N~. The Saltykov method fbr deter- 
mining sphere density was employed (Steer 1981) and the analysis 
used four size classes of vesicles. 

Statistics 

To detect differences in the distribution of cell components along the 
length of the cell within vertical protonemata, a mixed model, two- 
way analysis of variance (without replication and utilizing protone- 
ma as a random blocking factor), was used to detect statistical differ- 
ences (P < 0.05) ha the surface density or volume fraction of cell 
component among all intervals. 
Since all data were determined to have a normal distribution, includ- 
ing data collected as a proportion, the original untransformed data 
were employed in the analysis (Zar 1984). The Tukey test was 
employed as the multiple comparison test. All statistics were per- 
formed using the computer program SAS (SAS Institute 1985), 

Results 

Qualitative description of distributions in the entire 
apical cell 

Dark-grown Ceratodon protonemata have a distinct 
zonation of amyloplasts in the apical cell with respect 
both to distribution along the cell length and gravity 
(Walker and Sack 1990, Schwuchow and Sack 1993). 
These zones include (1) non-sedimenting amyloplasts 
in the apex, (2) an amyloplast-free zone, (3) a zone 
with pronounced amyloplast sedimentation, (4) a 
zone with mostly non-sedimenting amyloplasts, and 

Fig. 1. A Light micrograph of upright (negatively gravitropic) dark- 
grown Ceratodon apical cell. Plastid zones are numbered (1-5). Cell 
was fixed in position, stained with IK2I, and examined intact with 
bright field optics. Arrowhead indicated direction of gravity vector. 
N Nucleus. • 1,100. B Electron micrograph of median longitudinal 
section of dark-grown apical cell of Ceratodon protonema. This 
region includes ptastid zones 1, 2, and the beginning of zone 3. The 
apical 35 pm area was analyzed stereologically and is delimited by 
the arrowheads. Note the abundant cisternal endoplasmic reticulum 
in plasfid zones 1 and 2. The large vesicles (asterisks) were presum- 
ably derived from the fixation-induced breakup of vacuolar channels 
that extend through plastid zone 3. Note the tapering of the tip of the 
apical cell presumably due to the presence of radial growth behind 
the apical dome. Long arrows, clusters of Golgi stacks; short arrows, 
mitochondria; arrowhead, direction of gravity vector; A amyloplast. 
• 4,400 
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Fig. 2. A Longitudinal section through part of the apical dome. Note the electron dense Golgi vesicles 00, cisternal ER (C), tubular ER (T), and 
amyloplasts (A). Arrowhead, direction of gravity vector. • 22,000 B Longitudinal section through the plastid-free zone (zone 2) demonstrating 
the high density of Golgi stacks (G). Note the tubular ER (T), the electron dense Golgi vesicles (V), and mitochondria (M). C Cisternal ER. 
Arrowhead, direction of gravity vector. • 16,200 

(5) a v a c u o l a r  zone  wi th  n o n - s e d i m e n t i n g  a m y l o -  

p las ts  (Fig.  1 A).  

The  nucleus  occur red  in p las t id  zone  4 and ma in -  

t a ined  a d i s tance  of  a p p r o x i m a t e l y  120-150  g m  f rom 

the tip.  The  d i s tance  o f  the nucleus  f rom the tip va r ied  

wi th  the cel l  cyc l e  and was  c loses t  to the t ip after  cel l  

d iv is ion .  

Cis terna l  endop la smic  re t i cu lum (CER) was presen t  
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Fig. 3. A Spherical amyloplast (A) near apex (plasfid zone 1). Note the proximity of plastids and mitochondria (M). V Golgi vesicles, G Golgi 
stack, T tubular ER. Arrowhead, direction of gravity vector. • 14,200, B Elongated amyloplast (P) in plastid zone 4. The cisternal ER (C) is 
primarily peripheral and parallel to the length of the cell. The tubular ER and electron dense Golgi vesicles are not as abundant in this region as 
they are in regions closer to the apex (compare with Fig. 2 A, B). Asterisks, vacuoles; M mitochondria; arrowhead, direction of gravity vector. 
X 11,100. C Glancing section through cell wall (CW), plasma membrane and cytoplasm in the plastid-free zone (zone 2). Some of the cortical 
ER (ER) is associated with polyribosomes (long arrow) and microtubules (short arrow). Microtubules are also close to electron dense Golgi ves- 
icles (arrowhead). • 41,200. D Longitudinal section of cell through developing cell. plate. Note the numerous electron dense Golgi vesicles (V), 
tubular ER (~, and microtubutes (arrows). M Mitochondria, CW cell wall. • 28,100 

throughout  ptast id zones 1 and 2 (Figs. t B and 2 A, 

B). In zones 3 -5  C E R  was most ly  located along the 

side walls and was  more  longitudinal ly oriented than 

in plastid zones 1 and 2 (Figs. 1 B and 3 A, B). Tubu- 
lar endoplasmic  ret iculum (TER) was present  

th roughout  all 5 plastid zones,  and in contrast  to CER,  
was not  preferential ly located along the side walls in 
plastid zones 3 -5  nor  was T E R  most ly  oriented along 
the tong axis o f  the cell. The  tubular  and cisternat 

endoplasmic  ret iculum and the Golgi  vesicles 

appeared to be more  abundant  in the first several 

micrometers  o f  the apex than in the rest o f  the cell 

(compare Fig. 2 A to Fig. 3 A, B). 
Golgi  stacks appeared most  abundant  in the first 

60 l~m o f  the apical cell, but  were excluded f rom the 

first few micrometers  o f  the apex (Fig. 2 A). Mito-  
chondr ia  were excluded f rom the apical 5 p m  and 
appeared to be distributed evenly  throughout  the rest 
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of the celt (Fig. 1 B). Gotgi stacks were not oriented 
preferentially with respect to any axis of the cell 
(Fig. 1 B). Lipid bodies were present, but usually 
occurred in the basal regions of the cell, and were sel- 
dom observed within the apical 40 pm of the cell. 
Vacuolation began 3 0 4 0  pm behind the apex in the 
amyloptast sedimentation zone (Fig. 1 B). Discrete 
vacuolar channels were present in the amyloplast sed- 
imentation zone in living cells (Young and Sack 
t992), but in fixed cells these channels appeared to 
have vesiculated. The area occupied by vacuole 
increased with increasing distance from the tip of the 
cell. 

apical cell, it did vary between apical cells. The cell 
wall appeared fibrillar without layers or any obvious 
differences in substructure along the length of the 
cell. 
Apical cells had polygonal networks of cortical endo- 
plasmic reticulum. Microtubules were closely asso- 
ciated with the cortical endoplasmic reticulum, vesi- 
cles (Fig. 3 C), and with ptastids. There was also a 
close positional association between some mitochon- 
dria and plastids (Fig. 3 A, B). Numerous plasmodes- 
mata were present in the end wall. No microfilaments 
were seen in the TEM. 

Morphology of components in entire apical cell 

All plastids had large amounts of starch present and 
thus are considered amyloplasts. Each amyloplast had 
2-5 thylakoids in each section. The amyloplasts were 
more spherical in plastid zones 1 and 3 than amylo- 
plasts in the basal regions of the cell (plastid zones 4 
and 5) where plastids were more elongated (Fig. 3 A, 
B). Amyloplasts in different zones were distended 
with starch regardless of position. In longitudinal sec- 
tions of the apical cell, the mitochondria exhibited 
circular profiles throughout the tip and more elongat- 
ed profiles in the basal portions of the cell. 
The number of Golgi cisternae in a stack appeared to 
vary slightly from the tip to the base of the cell. 
Between the apex and the beginning of the amyloplast 
sedimentation zone (the apical 30 pm or intervals 
1-6) the average number of Golgi cisternae in a stack 
was 3.7 + 0.06 (SE, N = 915). From the beginning of 
the amyloplast sedimentation zone to the nucleus the 
average number of the Golgi cisternae was 3.2 + 0.07 
(N = 643), and from the nucleus to the end wall the 
number of cisternae in a stack was 3 .0+0.13 
(N = 303). Golgi cisternae appeared more elongated 
in the basal region of the cell compared to the apical 
region. Also the number of vesicles around the Golgi 
stacks appeared to decrease as the distance from the 
tip of the cell increased. Vesicles were 60-180 nm in 
diameter. Within the apical 35 pm, these vesicles con- 
sistently had an electron dense core regardless of 
whether they were close to the Golgi stack or the plas- 
ma membrane (Figs. 1 B-3 D). Beyond the apical 
35 pm, vesicles were not as electron dense. 
The cell wall was fairly uniform in thickness through- 
out the apical cell and did not appear thinner at the tip 
of the  apical cell where growth was taking place. 
Although cell wail thickness did not vary within an 

Stereological description of distribution of cell 
components within the apical 35 ktm 

Since dark-grown apical cells of Ceratodon proto- 
nemata range in size from about 150 p m (postmitotic) 
to 400 pm (premitotic) in length, the 35 pm analyzed 
includes 9-23% of the entire celt length. As with other 
tip-growing cells, vacuolar area is proportional to cell 
length. In Ceratodon, preliminary evidence indicates 
that cell extension occurs in the apical 10 pm of the 
cell (Schwuchow 1991). In addition to extension, 
careful serial sectioning of Ceratodon revealed a 
taper to the apex (Fig. 1 B), suggesting that radial 
growth occurs behind the apex. Thus, the region ana- 
lyzed stereologically included the zone of growth, the 
expanding region behind the dome, and regions that 
were nongrowing (Fig. 1 B). 
Stereological (morphometric) analysis demonstrated 
that most cell components within the first 35 pm of 
the apical cell of Ceratodon were distributed differen- 

Table 1. Effect of interval on cell component distribution, mixed 
model, two-factor analysis of variance (without replication and using 
protonema as a random blocking factor) 

Cell P 

Cisternal ER 0.0001 
Tubular ER 0.5700 
Golgi stacks 0.0001 
Golgi 0.0001 
Mitochondria 0.0007 
Plastids 0,0001 
Vacuole 0.0001 

All cell components, except the tubular endoplasmic reticulum, had 
test significance values of P _< 0.001. Thus, these ceil components 
had statistically significant differences in abundance among some 
intervals, indicating a non-uniform distribution 
P Probability 
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Fig. 4. Histograms demonstrating surface 
density, Sv (A and B), and volume fraction, 
Vv (C-G),  of cell components as a function 
of distance from the tip in dark-grown 
Ceratodon protonemata. Vesicles were also 
evaluated with respect to numerical density, 
Na (tI). Each interval represents a 5 pm dis- 
tance. Interval 1 includes the apical dome 
and interval 7 is closest to the base of the 
cell. Within each individual histogram, 
intervals that share the same letter (A-D) are 

not statistically different. Standard en'or 
bars are indicated. Note that different cell 
components have different distributions. 
CER Cistemal and TER tubular endoplasmic 
reticulum 

tially along the length of this region. The only excep- 
tion was the tubular endoplasmic reticulum (Table 1). 
The distributions of cell components in the first 
35 pm fell into four types or categories: (1) an even 
distribution, (2) a tip-to-base gradient, (3) an enrich- 
ment in specific intervals, and (4) an exclusion of cell 
components in interval 1 and an even distribution 
throughout the other intervals. 

Even distribution 

The TER was the only cell component that was even- 
ly distributed in the first 35 pm. There were no signif- 
icant statistical differences between any of the seven 
intervals when all protonemata were analyzed as a 
sample (Table 1). The mean surface density of TER in 
the entire region analyzed (all seven intervals) was 
t .84  p m  2 of membrane surface/gm 3 cytoplasm. In  

addition, none of the individual protonemata exhibit- 

ed a differential distribution in TER within the area 
analyzed (Fig. 4 B). 

Tip-to-base gradient 

Cisternal endoplasmic reticulum (CER) and Golgi 
vesicles both exhibited a tip-to-base gradient in their 
distribution in the 35 pm region analyzed. Thus, CER 
and vesicles were most abundant in the first intervals 
and the least abundant in the most basal intervals. 
CER: The pattern of differences in the surface density 
between some intervals suggests the presence of a tip- 
to-base gradient of CER (Fig. 4 A). Interval 1 was 
statistically different from intervals 3-7. Intervals 1 
and 2 had the largest surface densities, which were 
statistically different from interval 7, which had the 
lowest surface density. Although surface density 
appears to decrease from intervals 2 to 6, these values 
were not statistically different from each other. Indi- 
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vidually, six of the nine vertical protonemata each had 
distinct tip to base gradients in CER, while a seventh 
had a weak tip to base gradient. The other two proto- 
nemata had no obvious CER gradients, but even in 
these protonemata, the lowest surface density values 
were in interval 7. 
Vesicles: Golgi vesicles (indentified by the presence 
of electron dense contents) in the apical 35 pm 
appeared to be distributed in a tip-to-base gradient as 
indicated both by vesicle volume fraction and numer- 
ical density (Fig. 4 G, H). For volume fraction, inter- 
val 1 was statistically different from all intervals and 
intervals 1-4 were statistically different from interval 
7, more or less indicating the presence of a tip-to-base 
gradient. Interval 1 had a volume fraction of 
0.091 lam3/lam 3, while interval 7 had a volume frac- 
tion of 0.038 ~am3/pm 3. 
Analysis of individual protonemata showed a tip-to- 
base gradient in each of eight of the nine protonemata 
sampled. The presence of a tip-to-base gradient from 
0-35 pm was confirmed by determining the vesicle 
numerical density for five protonemata (Fig. 4 H). 

Enrichment of cell components in specific intervals 

The Golgi stacks, plastids and vacuole fit into flats 
type of distribution although their individual distribu- 
tions varied from each other. 
Golgi stacks: There was a statistically significant dif- 
ference in the volume fraction of Golgi stacks 
between some of the intervals in vertical protonemata 
(Fig. 4 C). Intervals 1, 2, and 7 contained the lowest 
volmne fractions. Interval 1 was statistically equiva- 
lent to intervals 2 and 7 but statistically different from 
intervals 3-6. When the statistical post-test condi- 
tions were relaxed (Duncan rather than a Tukey post- 
test), intervals 3-5 become statistically different 
(P ___ 0.05) from all other intervals (data not shown), 
indicating an enrichment of Golgi stacks in intervals 
3-5. Individually, each of seven of the nine protone- 
mata had an obvious enrichment of Golgi stacks in 
intervals 3-5 (30--40% increase in Vv) as compared to 
intervals 2 and 7. No comparison (based on percent 
increase) between interval 1 and other intervals could 
be made, since most apical cells had no Golgi stacks 
(Vv = 0) in interval 1. The area of enrichment in indi- 
vidual protonemata was variable (Table 2), and this 
variability appeared to mask the presence of an 
enrichment when data from all of the protonemata 
were subjected to a Tukey post-test (Fig. 4 C). 
Plastids: Intervals 1 and 2 were statistically different 

Table 2. Distribution (by interval) of volume fraction of Golgi stacks 
in three different representative protonemata 

Interval 

Cell t 2 3 4 5 6, 7 

1 0.01 0.02 0.04 0.07 0.05 0.02 0,0 
2 0.00 0.01 0,01 0.04 0.04 0.04 0.0 
3 0.00 0.04 0,02 0.06 0.03 0.00 0,0 

Note that the specific position of the enrichment varies from cell to 
cell. Values are in ~m 3 of Golgi cisternae/gm 3 of cytoplasm (Sv) 

from all other intervals (Fig. 4 E). The presence of 
plastids in the very tip and their almost complete 
absence from intervals 3-7 has been rePorted previ- 
ously and confirms that the first 35 pm includes plas- 
rid zones 1 and 2 (Walker and Sack 1990, Young and 
Sack 1992). 
Vacuole: The volume fi'action of vacuole was calcu- 
lated from the total protoplasmic volume. Interval 7 
was statistically different from all intervals except 
interval 6 (Fig. 4 F). No vacuole was present in inter- 
val 1 and interval 7 had the largest volume fraction. 

Exclusion of cell complements in the very tip and an 
even distribution elsewhere 

Mitochondria: Only the mitochondria fit into this cat- 
egory. Mitochondria were largely absent from the first 
5 pm (Fig. 4 D). Although the average volume frac- 
tion in the first interval was 0.013 pm3/pm 3, all mito- 
chondria which were present in interval t were 
observed 4-5 pm from the tip and mitochondria were 
excluded from the first 3 ~m of the tip. Individually, 
six of the nine protonemata had a very strong exclu- 
sion of mitochondria from their first 5 pm. Mitochon- 
dria present in intervals 2-7 were more or less evenly 
distributed, although it is possible that mitochondrial 
volume fraction increases towards the base of the 
region analyzed (intervals 5-7). 

Discussion 

This study provides the most comprehensive, ultra- 
structural analysis of the distribution of cell compo- 
nents in the apex of any tip-growing plant celt and 
reveals many intriguing features of cell organization. 
Other ultrastructural analyses of tip-growing cells 
have been qualitative (Schmiedel and Schnepf 1980, 
Sievers 1967) or have used stereology to analyze the 
distribution of only one or two cell components 
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(Kwon et al. 1991; Picton and Steer 1981, 1983; Jen- 
sen and Jensen 1984). This study, which is the first 
stereological analysis of the distribution of the endo- 
plasmic reticulum for any tip-growing plant cell, 
demonstrates that the CER and the TER are distribut- 
ed differently but that the greatest abundance of total 
ER occurs in the most apical part of the cell. 

Generalizations about distributions in all tip-growing 
cells 

Ultrastructural studies indicate that different tip- 
growing cells, such as pollen tubes, fungal hyphae, 
moss and fern protonemata, algal rhizoids and root 
hairs, all share some common features. Studies to date 
suggest that tip-growing cells have three basic zones, 
the apical, subapical, and vacuolar zones. 
The apical region is where growth is localized and 
where large organelles such as mitochondria, plastids, 
nuclei, lipid bodies, and vacuoles generally seem to 
be excluded (Steer and Steer 1989, Heath and 
Kaminskyj 1989, Sievers and Schnepf 1987). The 
apical region contains numerous vesicles (Steer and 
Steer 1989, Schmiedet and Schnepf t980, Heath et al. 
1985, Sievers et al. 1979) and ER of varying mor- 
phologies (Sievers and Schnepf t987, Bartnik and 
Sievers 1988, Jensen and Jensen 1984, Wada and 
O'Brien 1975). 
The subapical region is characterized by the presence 
of numerous components such as mitochondria, Gol- 
gi, plastids, rough and smooth ER, and nuclei. Quali- 
tative observations suggest that these organelles 
decrease in abundance in the vacuolar region which is 
basipetal to the subapical region (Cresti et al. 1977, 
t985; Grove et al. 1970; Schmiedel and Schnepf 
1980). However, the rough ER in Physcomitrium and 
the mitochondria in Neurospora are reported to be 
evenly distributed (Jensen and Jensen 1984, Zalokar 
1959). 

Component distribution in Ceratodon apical cells 

The different distributions of cell components along 
the length of the apical cell in Ceratodon emphasize 
the complexity of cell organization. With the excep- 
tion of the tubular endoptasmic reticulum (TER), all 
cell components analyzed were differentially distrib- 
uted within the first 35 ~m of the cell. The cisternal 
endoplasmic reticulum (CER) and Golgi vesicles 
were distributed in a tip-to-base gradient. The plas- 
rids, vacuole and Golgi stacks all had specific areas of 
enrichment, although individual distributions varied 

from each other. The mitochondria were excluded 
from the first several micromiters of the tip but were 
evenly distributed along the rest of the region ana- 
lyzed. Thus, almost every cell component has a dif- 
ferent distribution. 
Differential distributions of cell components in tip- 
growing cells are presumably adaptive for tip-growth, 
although few data exist regarding the function of 
zonation. It is presumed that components in the apical 
dome, such as ER and vesicles, are most immediately 
involved in extension. For example, Golgi vesicles 
must be supplying exocytotic products involved in 
wall formation and membrane necessary for the 
growth of the plasma membrane. 
The functional significance of the abundance of ER in 
the dome is not known, but it is plausible that it regu- 
lates calcium levels in the cytosol. In plant cells, cal- 
cium is thought to be stored within the ER (Hepler 
et al. 1990) and the calcium concentration affects tip 
growth (Picton and Steer 1982, Kropf and Quatrano 
1987, Miller et al. 1992). 
Although their products are clearly essential for 
growth, other cell components such as Golgi stacks 
and mitochondria are mostly absent from the apical 
dome. Thus, it is surprising that plastids are present so 
close to the apex in Ceratodon, since they are presum- 
ably not directly involved in tip extension, and their 
relative size would appear to interfere with vesicle 
movement and deposition in the apex. These tip plas- 
tids might be involved in gravitropic sensing for the 
initial downward curvature in gravistimulated proto- 
nemata (Walker and Sack 1991). 

Comparison of moss protonemata with other 
tip-growing ceils 

Both qualitative (Funaria), and stereological (Cerat- 
odon) studies of Golgi stacks in moss protonemata 
indicate that the greatest density of Golgi stacks 
occurs 10-25 ~m behind the apex, and that the great- 
est abundance of vesicles occurs apical to these Golgi 
stacks (this study; Sievers and Schnepf 1980). This 
enrichment of Golgi stacks behind the apical dome 
appears to be a common feature of most tip-growing 
cells (Steer and Steer 1989, Heath and Kaminskyj 
1989). 
Unlike moss protonemata, many fungal hyphae and 
pollen tubes possess a very dense accumulation of 
vesicles in a region several micrometers behind the 
tip, and vesicles of two obviously different sizes 
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(Steer and Steer 1989, Bartnicki-Garcia 1990). How- 
ever, it is possible that Ceratodon has two different 
types of vesicles, based not on size but on staining 
pattern. Nearly all the vesicles in the first 35/am had 
an obvious electron dense core. Vesicles located fur- 
ther back in the cell, either had or lacked electron 
dense contents, ff this difference in staining were due 
to a difference in the plane of vesicle sectioning, ves- 
icles with less staining should have been as obvious in 
the first 35 pm as they were basally. The electron 
dense Golgi vesicles in Ceratodon were observed 
wherever wall formation was occurring, i.e., at 
the apex and near the cell plate (Fig. 3 D). Thus, elec- 
tron dense vesicles may contain cell wall matrix 
materials, whereas vesicles with little electron density 
may be involved in processes other than cell wall for- 
mation. 
There are other differences between moss protonema- 
ta and other tip-growing cells. In some pollen tubes 
and fungal hyphae the long axis of mitochondria and 
the cis-trans axis of Golgi stacks are parallel to the 
long axis of the cell (Heath and Kaminskyj 1989, 
Steer and Steer 1989). Tile absence of this arrange- 
ment in mosses may perhaps relate to an absence of 
cytoplasmic streaming in protonemata (Young and 
Sack 1992). 

Comparbons between Ceratodon and other moss 
apical cells 

Apical cells of moss protonemata appear to contain 
spherical plastids in the apical regions and more elon- 
gated plastids in the basal regions of the cells 
(Schmiedel and Schnepf t980, Jensen and Jensen 
1984). However, in Ceratodon there does not appear 
to be a decrease in the volume fraction of starch of 
plastids or any increase in thylakoid number in the 
basal region of the apical cell as has been described 
for Funaria (Sievers and Schnepf 1987). 
In Ceratodon, plastids are present in a group approxi- 
mately 3-10 pm behind the apex, while in Funaria 
caulonemata and Physcomitrium protonemata plas- 
tids are present starting 10-20 pm behind the tip 
(Schmiedel and Schnepf 1980, Jonson and Jonson 
1984, Tewinkel and Volkmann 1987, Schwuchow 
etal. 1995). The functional advantage of these differ- 
ent organizations is unclear since they do not corre- 
late with differences in growth rate or the presence or 
absence of light (Young and Sack 1992, Jensen and 
Jensen 1984, Schmiedel and Schnepf 1980, DeMag- 
gio and Stetler 1977). 

Growth localization and polarity of tip-growing cells 

Analysis of the literature is consistent with the gener- 
alization that tip-growing cells with faster growth 
rates and with more highly localized sites of growth 
have a more pronounced polarity in the distribution of 
cell components (Jensen and Jensen 1984, Schmiedel 
and Schnepf 1980). For example, in very slow grow- 
ing moss protonemata there is little or no differential 
distribution of components and large organelles are 
present in the apex (Schmiedel and Schnepf 1980, 
DeMaggio and Stetler 1977 and references therein). 
This lack of longitudinal stratification may be related 
to the occurrence of extension in areas other than the 
extreme tip. 
Conversely, fast growing pollen tubes, algal rhizoids 
and moss protonemata have a pronounced celt com- 
ponent polarity which often excludes large organelles 
from the apex (Heath and Kaminskyj 1989, Bartnik 
and Sievers 1988, Schmiedel and Schnepf 1980). 

Control of the distribution of cell components 

The finding that almost every cell component has its 
own type of distribution in Ceratodon protonemata 
demonstrates how complicated the control and main- 
tenance of polarity is in tip-growing cells. For exam- 
pie, ptastids in Ceratoclon protonemata move consid- 
erably yet distinct zones are maintained (Young and 
Sack 1992). Both microtubules and microfilaments 
affect plastid position (Schwuchow and Sack 1994), 
but we do not yet understand how plastid zonation is 
maintained. In general, little is know about how plant 
organelles are positioned and this regulation must be 
particularly intricate in tip-growing cells. 
In conclusion, this is the first stereologicaI analysis of 
a tip-growing plant cell that quantified multiple cell 
components that included an analysis of the endoplas- 
mic reticulum. It shows that the longitudinal distribu- 
tion of cell components in Ceratodon apical cells is 
even more complex than has been reported for any 
other tip-growing cell. Further quantitative analysis 
of different tip-growing cells should help us under- 
stand commonatities and variations in different types 
of cells as well as assist in understanding how growth 
is localized to the apex. 
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