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The cellular parameters of leaf development in tobacco: 
a clonal analysis 

R.S. Poethig* and I.M. Sussex 
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Abstract. The cellular parameters of leaf develop- 
ment in tobacco (Nicotiana tabacum L.) have been 
characterized using clonal analysis, an approach 
that provides unequivocal evidence of cell lineage. 
Our results indicate that the tobacco leaf arises 
from a group of around 100 cells in the shoot api- 
cal meristem. Each of these cells contributes to 
a unique longitudinal section of the axis and trans- 
verse section of the lamina. This pattern of cell 
lineage indicates that primordial cells contribute 
more or less equally to the growth of the axis, 
in contrast to the more traditional view of leaf 
development in which the leaf is pictured as arising 
from a group of apical initials. Clones induced 
prior to the initiation of the lamina demonstrate 
that the subepidermal layer of the lamina arises 
from at least six files of cells. Submarginal cells 
usually divide with their spindles parallel to the 
margin, and therefore contribute relatively little to 
the transverse expansion of the lamina. During the 
expansion of the lamina the orientation and fre- 
quency of cell division are highly regulated, as is 
the duration of meristematic growth. Initially, cell 
division is polarized so as to produce lineages that 
are at an oblique angle to the midrib; later cell 
division is in alternating perpendicular planes. The 
distribution of clones generated by irradiation at 
various stages of development indicates that cell 
division ceases at the tip of the leaf when the leaf 
is about one tenth its final size, and then ceases 
in progressively more basal regions of the lamina. 
Variation in the mutation frequency within the la- 
mina reflects variation in the frequency of mitosis. 
Prior to the emergence of the leaf the frequency 
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Abbreviat ion: MF = mutation frequency 

of mutation is maximal near the tip of the leaf 
and extremely low at its base; after emergence, 
the frequency of mutation increases at the base 
of the leaf. In any given region of the lamina the 
frequency of mutation is highest in interveinal re- 
gions, and is relatively low near the margin. Thus, 
both the orientation and frequency of cell division 
at the leaf margin indicate that this region plays 
a minor role in the growth of the lamina. 
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development - Mutation (somatic) - Nicotiana 
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Introduction 

The cellular mechanism of plant morphogenesis is 
still largely unknown. Although the shape of a 
plant organ is usually attributed to spatial varia- 
tion in the rate, duration and orientation of cell 
division and cell expansion, the morphogenetic sig- 
nificance of these processes has not been clearly 
defined. This is, at least in part, because there is 
little detailed quantitative information about cell 
behavior during morphogenesis. In the absence of 
such information it is difficult to determine the 
merit of various hypotheses about the cellular 
mechanism of morphogenesis, and to devise exper- 
imental approaches to this problem. 

The value of comprehensive quantitative stud- 
ies of the cellular parameters of development is 
particularly evident in the case of leaf morphogene- 
sis. Traditional interpretations of leaf morphogen- 
esis are based almost exclusively on analyses of 
sectioned specimens. Because this approach re- 
stricts the amount of tissue that can be examined 
and the plane in which it is viewed, it has led to 
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a biased view of leaf development. More attention 
has been given to the behavior of localized regions 
of the leaf than to the leaf as a whole. In addition 
there has been a general tendency to ignore events 
in the paradermal plane of the primordium because 
it is difficult to section in this plane. It is not sur- 
prising, therefore, that more recent quantitative 
studies of cell patterns in sectioned material (Mak- 
symowych and Erickson 1960; Dubuc-Lebreux 
and Sattler 1980) and cleared specimens (Fuchs 
1966, 1975, 1976; Jeune 1972, 1982; Thomasson 
1970), and in particular, Green's (Green and 
Brooks 1978; Green and Lang 1981; Green and 
Poethig 1982) in vivo studies of epidermal cell be- 
havior, have provided a view of leaf development 
that is strikingly different from classical models. 

Another approach that has proven useful for 
studying the cellular basis of leaf morphogenesis 
is clonal analysis. In a clonal analysis, individuals 
that are heterozygous for a visible, cell-autono- 
mous mutation (e.g. an albino or pale-green muta- 
tion) are X-irradiated during meristematic growth 
in order to induce chromosomal loss. Cells that 
lose the wild-type, dominant allele of this mutation 
have the potential for expressing the recessive mu- 
tation and produce a visible (e.g. white or pale- 
green) clone in tissues in which this mutation is 
expressed. The number, size and extent of the 
clones in a mature structure reflects the number 
of cells present in its primordium at the time of 
irradiation and their subsequent behavior and fate. 
For this reason, clonal analysis provides a way 
of studying the cellular parameters of development 
in systems that are not amenable to more direct 
cell-marking techniques. 

Although clonal analysis has been exploited ex- 
tensively by investigators of development in Dro- 
sophila, it has not been widely used to study plant 
development. This is somewhat surprising consid- 
ering that the developmental implications of radia- 
tion-induced sectors in plants were recognized as 
early as 1930 (Stadler 1930). Pioneering clonal 
analyses of leaf and shoot development in maize 
were carried out by Stein and Steffensen (1959; 
Steffensen 1968). More recent clonal analyses of 
maize development have been carried out by Coe 
(1978), Coe and Neuffer (1978), Johri and Coe 
(1983) and Poethig (1984a). These studies primar- 
ily concern the number and the developmental fate 
of initial cells. In addition, radiation-induced sec- 
tors have been used to study changes in the distri- 
bution of cell division during petal development 
in Tradescantia (Mericle and Mericle 1969) and 
leaf development in tobacco (Deshayes and Dulieu 
1974). 

In this paper we report the results of a clonal 
analysis of the cellular parameters of leaf develop- 
ment in tobacco. Two previous cell-lineage studies 
of tobacco leaf development have defined the fate 
of the three fundamental cell layers of the shoot 
apex, and the behavior of cells in these lineages 
(Dulieu 1968; Stewart and Burk 1970). However, 
neither of these studies relates patterns of cell lin- 
eage to specific stages in leaf development. By so 
doing, we have been able to determine the number 
and fate of the initial cells that give rise to various 
parts of the leaf, and have characterized the pat- 
tern of cell division during leaf expansion. A brief 
summary of some of this work has been published 
elsewhere (Poethig 1984 a). 

Materials and methods 

Genetic stock. The stock of Nicotiana tabacum L. cv. Xanthi  
Nc. and the cultural procedures used in this study were as 
described in Poethig and Sussex (1985). This stock was hetero- 
zygous for two non-linked, epistatic chlorophyll mutations, al 
and a2(=yg) and is yellow-green in color. Cells that  lack either 
al or a2 are dark-green in color; those that  lack the wild-type 
allele of either gene are yellow. 

Experimental procedure. To obtain sectors representing differ- 
ent stages of leaf development, axillary buds were irradiated 
at various times after they had been released from growth ar- 
rest. Plants were exposed to either 100 R or 200 R of X-rays 
(250 kVp, 15 mA, 2 mm A1, 36 R/rain). To ensure uniform ex- 
posure, the leaves of a bud were taped together in an upright 
position and were irradiated perpendicular to their long axis. 
Irradiations were carried out in the middle of the light cycle. 

The lengths of leaves 8, 9, 10, 11 and 12, counting from 
the base of the axillary shoot, were measured immediately after 
an irradiation, and then at daily intervals for a period of up 
to 14 d. When one or more of these leaves was too small to 
be measured non-destructively, its length at the time of irradia- 
tion was estimated with the aid of a standard growth curve 
(Poethig and Sussex 1985, Fig. 14a). To do this, the length 
of such a leaf was measured as soon as it was feasible, and 
this point was located on the curve. The period of time between 
this stage and the time of irradiation was then used to estimate 
the length of the leaf when it was irradiated. 

At maturity, leaves were harvested, and then photocopied 
and photographed with Kodak Technical Pan film 2415 (East- 
man-Kodak,  Rochester, N.Y., USA). Optimal photographic re- 
cords were obtained by illuminating leaves from below with 
fluorescent lamps and from above with incandescent photo- 
flood lamps. The leaves were then wrapped in moist paper 
towels and stored in plastic bags at 4~  until they could be 
scored. Under  these conditions they remained green and turgid 
for three to four weeks. 

Scoring procedure. Clones in the all+ a2/+ stock are most 
distinct in the palisade layer, consequently only clones in this 
layer were scored. For the purpose of obtaining quantitative 
data on clone number,  attention was further restricted to green 
clones since small white or yellow clones are difficult to identify. 
The position and number  of clones in leaves irradiated early 
in development could be determined from photographs or pho- 
tocopies of the leaf because of the relatively large size of the 
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clones. Leaves containing clones less than 0.5 mm in diameter 
were scored with a stereomicroscope in the following way. A 
leaf was placed in a transparent  lucite tray containing a small 
amount  of de-aerated water, and was covered with a glass plate 
inscribed with a grid of 25-ram 2 squares. The grid was carefully 
positioned so as to correspond to one previously drawn on 
a photocopy of the leaf. The number  of dark-green sectors 
and twin spots in each square was counted with the aid of 
an ocular grid and entered in the appropriate square on the 
photocopy. After recording the number  of sectors in a leaf, 
the entire leaf was vacuum-infiltrated with water and the 
number  of cells in sectors in various regions of the lamina 
was counted, in situ, under a dissecting microscope. The aver- 
age sector size in any given region was calculated from a sample 
of about  ten sectors. 

R e s u l t s  

The nature of the al and a2 mutations and the 
range of phenotypes resulting from their interac- 
tion have been described by Dulieu and Dalebroux 
(1976). The al/+ a2/+ stock was used for this 
study because its yellow-green phenotype permits 
the detection of both dark-green and yellow sec- 
tors. This feature, and the fact that events involv- 
ing either locus can give rise to somatic sectors, 
result in a relatively high frequency of somatic sec- 
tors upon irradiation. Three types of sectors were 
observed: single green sectors, single white sectors, 
and paired green and white sectors (twin spots). 
A genetic analysis of plants regenerated from each 
type of sector indicates a variety of origins (Dulieu 
1974, 1975). Single sectors are most often a conse- 
quence of deletions. White or yellow sectors arise 
from a loss of a wild-type allele, whereas green 
sectors represent a deletion of a mutant  (al or a2) 
allele. Twin spots can arise either from somatic 
recombination between homologous chromo- 
somes, reciprocal translocations between the ho- 
meologous chromosomes carrying al and a2, or 
a translocation of one of these genes to a third, 
unrelated chromosome. 

It should be emphasized at the outset that X- 
ray-induced somatic clones yield reliable informa- 
tion about cell lineage only if the irradiation does 
not lead to extensive cell death and if mutant  cells 
behave normally. Although it is difficult to deter- 
mine if this is true in our system, the fact that 
most clones did not distort the shape of the leaf 
- even when they occupied a large fraction of it 
- indicates that mutant  cell lineages were fully via- 
ble. Moreover, the relatively low dose of X-rays 
(100 R) used in these experiments did not appear 
to affect leaf shape; leaves exposed to a higher 
dose early in development were somewhat elon- 
gated. 

Spontaneous mutation frequency. One half of  the 
lamina of a control (unirradiated) leaf contained 

Table l .  The frequency of spontaneous dark-green palisade 
clones in one half  of the lamina of an unirradiated leaf of 
Xanthi  Nc. tobacco 

Cells/clone Clone number  Cells/clone Clone number  

1 71.3• 7 3.1•  
2 35.9• 8 5.5•  
3 21.4• %10 3.0•  
4 13.9• 1 ~ 1 8  3 .8•  
5 9 .2•  2 5 4 0  3 .0•  
6 7 .7•  2 5 0  2.6•  

2 
C l o n e s / 2 5  mm 2 

Fig. 1. The average (n = 10) frequency distribution of dark green 
palisade clones in an unirradiated Xanthi  Nc. tobacco leaf 

an average of 187 clones in the palisade layer, most 
of which were less than 0.5 mm in diameter (about 
25 cells) and therefore invisible without magnifica- 
tion (Table 1). This size distribution implies that 
spontaneous mutation is a stochastic phenomenon, 
so that the frequency of mutational events occur- 
ing in the lamina is directly related to the number 
of cells in the lamina at that point in time. Most 
spontaneous sectors are small because they occur 
late in development, when the number of meriste- 
matic cells in the lamina is greatest. 

Spontaneous clones were distributed in a non- 
uniform fashion along the length of the leaf. As 
shown in Fig. 1, clone density was highest at the 
tip of the leaf and declined in an even gradient 
towards the base. Evans and Paddock (1977) at- 
tributed a similar phenomenon in tobacco leaves 
heterozygous for the Sulfur mutation to variation 
in cell density within the lamina. But because cell 
density is relatively uniform throughout the pali- 
sade layer in Xanthi Nc. (Poethig and Sussex 
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Fig. 2a, bo Clones induced in the shoot 
meristem of Xanthi Nc. tobacco just 
prior to the initiation of a leaf. a By the 
time they become incorporated in a leaf 
primordium, clones present in the shoot 
meristem may be one or more cells in 
size. The three possibilities illustrated 
here are interpretations of the types of 
clones that give rise to the sectors 
illustrated in b. b. Types of subepidermal 
clones observed in mature leaves. Clones 
in the palisade layer are colored black; 
those in the lower spongy mesophyll are 
stippled. Some clones completely 
envelope the leaf, and end in the 
internodes above and below it; others 
end within the subepidermal layer of the 
leaf. The existence of clones that lie 
completely within the leaf demonstrates 
that the leaf primordium encompasses at 
least three cells in the vertical dimension 
of the shoot apex 

1985), we believe that the observed variation in 
clone density actually represents variation in the 
frequency of spontaneous mutation. In tobacco, 
the frequency of spontaneous mutation varies with 
the position of leaves on the stem (Deshayes 1973) 
and with the position of flowers in an inflorescence 
(Sand 1957), so it is not surprising to find that 
it varies within an organ as well. 

The high spontaneous mutation frequency in 
this system did not present as great a problem for 
clonal analysis as might be expected. Although it 
is impossible to distinguish spontaneous clones 
from induced clones in leaves irradiated late in de- 
velopment, by this stage spontaneous clones are 
only a small fraction of the number of clones in 
the lamina and therefore do not affect the total 
significantly. Prior to this stage, induced clones 
could usually be distinguished from spontaneous 
clones on the basis of  size. Since leaves irradiated 
at early stages were scored without magnification, 
only clones larger than 0.5 mm in diameter would 
have been scored. On average, there were only six 
spontaneous clones of this size per leaf half (Ta- 
ble 1), and in most cases, the vast discrepancy be- 
tween the size of induced clones and spontaneous 
clones made it possible to distinguish the two 
types. As a rule, we ignored clones an order of 
magnitude smaller than the largest clones in the 
same region of a leaf. 

The cell number of the leaf primordium. The number 
and fate of the cells that initiate the leaf primor- 

dium can be deduced from clones induced in the 
shoot meristem just before the leaf is initiated. De- 
pending on the subsequent amount of growth, such 
clones may be one or more cells in size when they 
become part of  a leaf primordium. If one assumes 
that a leaf primordium encompasses several longi- 
tudinal files of  cells and is derived from at least 
three cells in each file, then these clones can inter- 
sect the primordium in at least three ways 
(Fig. 2a). Small clones will fall completely within 
the primordium; other, larger clones will extend 
from the shoot meristem into the primordium, and 
a third class will overlap both the dorsal and ven- 
tral boundaries of the primordium. Figure 2b is 
a schematic representation of the types of clones 
induced before leaf initiation. All of the clones we 
observed only occupied a fraction of the leaf. Sub- 
epidermal clones induced three or more plasto- 
chrons before leaf initiation extend up from the 
internode below the leaf, out along the underside 
of the leaf, over the margin into the upper side 
of the leaf and then up into the internode above. 
In contrast, clones induced less than 3 d before leaf 
initiation usually end within the leaf. Some clones 
extend from the internode to a point within the 
leaf; others are restricted solely to the leaf. Since 
all of  the conditions illustrated in Fig. 2a have 
been observed we conclude that a leaf primordium 
is derived from at least three cells in each of several 
files of cells in the shoot apex. 

The number of cells in the horizontal (i.e. trans- 
verse) dimension of the axis primordium was esti- 
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Fig. 3a, b. Alternative models for the cell lineage of the axis 
of a tobacco leaf. The lines represent the boundaries of cell 
lineages, a If  the leaf axis is derived from a group of apical 
initials, cell lineages will radiate from the apex and will occupy 
a constant proportion of the circumference of the axis. b If 
the axis is derived from a "line source" of cells - none of 
which functions as a permanent initial - then cell lineages will 
occupy longitudinal sections of the axis and only a small 
number will extend to the tip of the leaf. Futhermore, the size 
of a sector will change in proportion to the circumference of 
the axis (see Dulieu 1968) 

mated by measuring the width of clones relative 
to the width of the petiole. Assuming that each 
initial cell contributes equally to the transverse ex- 
pansion of the leaf axis, the reciprocal of  this frac- 
tion gives the apparent cell number (ACN) in the 
transverse dimension of the primordium at the 
time of irradiation (Coe and Neuffer 1978). Sectors 
induced one to three plastochrons prior to leaf ini- 
tiation indicate that the primordium arises from 
12.7+0.73 (n=17) cells in the circumferential di- 
mension of  the shoot apex, a value that is very 
close to the number of cells in the primordium 
when it becomes visible at the shoot apex (Poethig 
and Sussex 1985). Given that a leaf primordium 
encompasses three cells in its vertical dimension, 
about 13 cells in its horizontal dimension, and 
arises from four cell layers (Poethig 1984a), the 
total number of cells in the primordium is esti- 
mated to be about 100. 

The fate of leaf initials. If a leaf arose from a group 
of cells residing at the apex of the leaf axis, one 
would expect clones to emanate radially from the 
tip of the leaf, and to occupy a fixed proportion 
of the axis corresponding to the number of cells 
in the apex (Fig. 3 a). This does not occur. As Du- 
lieu (1968) reported, the position of a clone in the 
lamina is correlated with its position in the midrib 
as follows: clones in the median plane of the mid- 
rib enter the lamina at the tip of the leaf, clones 
at the margin of the midrib are restricted to the 
base of the lamina, and clones located between 

c 
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-1  
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Number of 
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Fig. 4. The position along the length of the leaf at which clonal 
boundaries in the lamina intersect the midrib (left) and the 
domains defined by these points (right). The shape of these 
domains is typical of the shape of clones located in that part 
of the lamina. These data were taken from clones induced be- 
fore leaf initiation, and only represent boundaries that fell in 
interveinal regions of the lamina. Boundaries that intersected 
veins were ignored because veins do not expand uniformly 

the median plane and the margin of the midrib 
occupy the middle of the lamina. Although the 
width of a clone is uniform throughout the length 
of the midrib, the diameter of  the midrib gradually 
decreases towards the tip of  the leaf. Thus, sectors 
located near the tip of the leaf occupy a greater 
fraction of the midrib than sectors near the base 
of the leaf, indicating that the tip of the leaf is 
derived from fewer cells than the base. These ob- 
servations contradict the traditional view of the 
cell lineage of the leaf, and support the more recent 
model of Dulieu (1968) (Fig. 3 b). Instead of being 
derived from an apical meristem, the leaf arises 
from a "line source" of cells, with each cell con- 
tributing to a different longitudinal section of the 
axis. There is no evidence that these cells function 
as initial cells for the entire lamina. Given the pat- 
tern of cell lineage illustrated in Fig. 3 b, the most 
likely position for an initial cell is at the leaf margin 
because this is the only location in which cells can 
contribute to both the dorsal and ventral sides of 
the leaf. However sectors in this region are almost 
always restricted to one side of the leaf or the 
other, and are not unusually large in size. More- 
over, as will be discussed later, the orientation of 
submarginal clones demonstrates that submarginal 
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Fig. 5a, b. Clones induced before the 
initiation of the lamina in Xanthi  Nc. 
tobacco, a An interpretation of the 
location of clones that  gave rise to the 
sectors illustrated in b. Note that  these 
clones are actually located in the 
subepidermal layer; the epidermis is not 
illustrated, b Palisade clones in a mature 
leaf irradiated prior to the initiation of 
the lamina. Similar clones occur in the 
lower spongy mesophyll 

cells contribute more to the elongation of the mar- 
gin than to the transverse expansion of the lamina. 

In tobacco, clones generated during leaf initia- 
tion occupy well-defined regions of the leaf and 
have characteristic shapes in each of these regions 
(Fig. 4). The location of clonal boundaries along 
the length of the midrib reveals that there are about 
seven such regions in each half of  the leaf. This 
implies that the lamina is derived from about four- 
teen cells in the circumferential dimension of the 
shoot apex, which supports the estimate based on 
the size of clones in the midrib. As a rule, sectors 
in the distal part of  the leaf are oriented at a more 
acute angle to the midrib than sectors in the middle 
of the leaf, indicating that at some point in devel- 
opment cell division is more highly polarized at 
the tip of the leaf than in the middle. The fact 
that initial cells have characteristic fates is impor- 
tant because it demonstrates that the amount or 
orientation of cell division is regulated differently 
in different parts of  the leaf. It must be empha- 
sized, however, that this observation does not 
mean that the fate of initial cells is strictly deter- 
mined. Indeed the variability in the size and loca- 
tion of clonal boundaries indicates that the fate 
of an initial cell lineage is probably an accident 
of  its position in the leaf, not a heritable commit- 
ment imposed early in development. 

Another striking feature of the cell lineage of 
the leaf is the relatively high frequency with which 
clonal boundaries intersect lateral veins. Sixty per 
cent (35 of 55) of all the anterior and posterior 

clonal boundaries in leaves irradiated before the 
initiation of the lamina intersected a lateral vein 
at the point where the clone entered the midrib. 
This seems surprising in view of the fact that lateral 
veins occupy a very small proportion of the tissue 
in a mature leaf, but becomes less so when one 
considers the morphology of the leaf at the time 
of vein initiation (Poethig and Sussex 1985). At 
this early stage in development the amount of in- 
terveinal tissue is about equal to the amount of 
vascular tissue. Hence the relatively high frequency 
with which clones intersect veins is a reflection of 
the number of vein and interveinal initials, rather 
than evidence of a cell lineage restriction that exists 
prior to vascular differentiation. 

The cell number of the lamina. The study of peri- 
clinal chimeras has demonstrated that the lamina 
of the tobacco leaf is derived from three or more 
cell layers of the leaf axis (Dulieu 1968; Stewart 
and Burk 1970; Poethig 1984a), but has provided 
no information about how many files of lamina 
initials are present in each of these layers. In order 
to estimate this parameter in the subepidermal 
layer we examined clones induced just prior to the 
initiation of the lamina (leaf length 100-200 gin). 
Clones induced at this stage are almost always re- 
stricted to either the dorsal or ventral subepidermal 
layer of the lamina; only rarely do they overlap 
the margin. The restriction of clones to only one 
surface of the lamina clearly demonstrates that the 
upper and lower subepidermal layers are derived 
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ina (type 3) could only occur if each subepider- 
real layer was derived from at least three files of 
cells. 

Fig. 6. Marginal palisade clones induced at various times after 
the initiation of the lamina in Xanthi  Nc. tobacco. A narrow 
strip of normal tissue along the basal margin of the lamina 
is indicated by an a r r o w  

from different files of initial cells, rather than from 
a single submarginal file as envisioned by Avery 
(1933). Furthermore the location of clones within 
these layers demonstrates that each layer arises 
from at least three files of cells. In leaves irradiated 
just before the initiation of the lamina, clones are 
found in one of three places: 1) abutting the leaf 
margin; 2) abutting the midrib; and 3) isolated 
in an intercalary region of the lamina (Fig. 5b). 
Clones isolated in the intercalary region of the lam- 

The orientation of cell division in the lamina. The 
orientation of cell division within the plane of the 
lamina is highly regulated throughout the course 
of leaf expansion. Perhaps the most striking feature 
of this pattern is the orientation of cell division 
at the leaf margin. As shown in Fig. 6, subepider- 
real clones are generally elongated parallel to the 
leaf margin, indicating that submarginal cells more 
often divide with their spindles parallel to the mar- 
gin than perpendicular to it. This contradicts 
Avery's (1933) interpretation of leaf development, 
which pictures submarginal cells as dividing per- 
pendicular to the margin, and demonstrates that 
submarginal cells contribute relatively little to the 
expansion of the lamina. Interestingly, cell division 
is not as highly polarized in the region immediately 
adjacent to the margin since clones in this region 
are usually isodiametric. Nor, for that matter, is 
it polarized in any intercalary region of the lamina, 
except during the early growth of the lamina. Evi- 
dence for the preferential orientation of cell divi- 
sion early in leaf development is provided by an 
analysis of twin spots, i.e., adjacent green and 
white clones. Twin spots result from somatic re- 
combination events that permit the segregation of 
different alleles of a locus in the subsequent divi- 
sion. The orientation of the members of a twin 
spot is defined by the line between their centers 
and is presumed to be parallel to the orientation 
of the spindle in the division that produced the 
twin spot (Bryant 1970). Figure 7 shows the orien- 
tation of the line between the centers of twin spots 
in leaves irradiated at a length of 1.3 cm. To facili- 
tate analysis, twin spots were grouped in seven 
classes according to their orientation relative to 
the midrib. In every region of the leaf examined, 

U 
e -  

20 
O" 
| 10  
I== 

If. 

Tip D 
1&7 2 3 4 5 6 

20 

10 

Middle 

. . . - . . . . . - . . .~  
'.:.:.:.:.:.: "i:~:i:?~:~: 

1&7 2 3 4 5 6 

20 

10 

Base 

1&7 2 3 4 5 6 
Fig. 7. The orientation of twin spots in different parts of the lamina of Xanthi  Nc. tobacco. The orientation of a twin spot 
is defined by the line running between the center of each spot. There are significantly more spots oriented between 45 ~ and 
105 ~ from the tip of the leaf (sectors 3 and 4) than in any other orientation. These data represent a total of 687 sectors in 
three leaves irradiated at a length of 1.3 cm 
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Fig. 8. The frequency of clones of  dif ferent sizes and shapes 
in mature X-irradiated leaves of Xanthi Nc. tobacco. Only the 
most  commonly observed types of clones are illustrated. The 
total number  of  clones of other shapes was less than the number  
of  clones in the smallest category in each size class 

the orientation of twin spots was significantly non- 
random (P=0.02) .  In general, twin spots tended 
to be aligned at an angle between 45 ~ and 105 ~ 
from the tip of  the leaf, or approximately parallel 
to lateral veins. After this stage clones were too 
small for twin spots to be detected, so the orienta- 
tion of  cell division was studied following the ap- 
proach of Coe (1978). Clones in various parts of  
the lamina were classified according to both size 
and shape, particularly with respect to whether 
they were elongated or isodiametric (Fig. 8). In any 
given size class, one shape always occurred more 
fiequently than any other. Four-cell clones, for ex- 
ample, were more often isodiametric than linear, 
while eight-cell clones were more often linear than 
isodiametric. Clones around 16 cells in size tended 
to be isodiametric, while those around 32 cells 
tended to be linear. This striking pattern indicates 

Fig. 9a - f .  Composite diagrams of clones 
in the palisade (black) and lower spongy 
mesophyll (stippled) layers of mature 
leaves of Xanthi Nc. tobacco irradiated 
at different times in development. The 
length of the leaf axis at the time of  
irradiation was extrapolated using the 
approach described in the Materials and 
Methods, and is as follows: a buttress;  b 
0 . I -0 .2  mm;  e 0.4-0.7 mm;  r 0 .8-  
1.0 mm;  e 1.5 m m ;  f 3 m m  
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Table 2. The frequency of mitosis and the frequency of muta- 
tion in leaves of Xanthi Nc. tobacco irradiated early in develop- 
ment. The frequency of mutation represents the number of 
dark-green palisade clones in a mature leaf relative to the 
number of palisade cells present at the time of irradiation. The 
number of palisade cells in the lamina was estimated from the 
product of the area and the average cell density of the lamina, 
as determined from Feulgen-stained whole mounts. The mitotic 
frequency represents an average of ten or more measurements 
taken at various points along the length of the lamina 

Leaf Palisade cells Mitotic Clone No. Mutation 
length (No.) frequency (100 R) frequency 

0.6 cm 29000 1.7-10 .2 270 9.3-10 -a 
1.2cm 267000 3 .5"10  - 2  980 3.7-10 -3 
1.4cm 353000 2.9,10 -2 1480 4.2'10 -3 
2,0 cm 846000 3.4.10 -2 3600 4.2.10 -3 

that the final few cell divisions in the lamina occur 
in alternating perpendicular planes (Coe 1978; Sin- 
nott 1960, p. 50). 

The frequency and distribution of cell division in 
the lamina. As leaves are irradiated at successively 
later stages of development, the number of clones 
in the lamina increases and clone size decreases 
(Fig. 9). The decrease in clone size as a function 
of age is the result of a decline in the number of 
cell divisions remaining before maturation. The in- 
crease in clone number is more difficult to interpret 
because it could represent not only an increase in 
the number of meristematic cells in the lamina but 
an increase in the sensitivity of  cells to irradiation 
as well. To distinguish between these two possibili- 
ties the overall frequency of mutation was calcu- 
lated by dividing the number of sectors in the pali- 
sade layer by the number of cells in this layer at 
the time of irradiation. This latter figure was esti- 
mated from cleared specimens similar in size to 
irradiated leaves. These data (Table 2) show that 
the mutation frequency is actually higher early in 
development than later. Thus the increase in clone 
number as a function of time is primarily the result 
of  an increase in the number of meristematic cells 
in the lamina rather than an increase in the sensi- 
tivity of the leaf to irradiation. 

The change in the number of palisade clones 
during the course of development is shown in 
Fig. 10. Clone number increases until the leaf is 
about one third its final length (6 cm) and then 
starts to decline. Until the leaf is 2 cm long, clone 
number increases at an exponential rate of 
0.046 h-1,  or a doubling time of 15 h. The expo- 
nential character of  this increase indicates that dur- 
ing this early period virutally all of  the cells in 
the lamina are meristematic. The exponential in- 
crease in clone number ends with the cessation of 
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Fig. 10. The number of dark-green palisade clones in one half 
of the lamina of leaves of Xanthi Nc. tobacco irradiated at 
various stages in development (dose= 100 R). The length of 
a leaf at the time of irradiation is indicated on the innermost 
abscissa. The time between these stages was extrapolated from 
the growth curves of unirradiated leaves 

cell division at the tip of the lamina (Fig. 11). After 
this point in development the number of meriste- 
matic cells in the lamina (i.e. clones) continues to 
increase, but at a slower rate because of the coinci- 
dent cessation of cell division at the distal end of 
the lamina. With time, cell division becomes pro- 
gressively restricted to more basal portions of the 
lamina, finally ceasing when the leaf is a little over 
one half its final length (10-11 cm) (Fig. 11). This 
basipetal maturation pattern accounts for the gra- 
dient in clone size and density in an irradiated leaf. 
In a leaf irradiated at any stage after the initiation 
of the lamina, clone size increases and clone den- 
sity decreases towards the base of the leaf (Fig. 9) 
because basal celt lineages undergo more cell divi- 
sion than apical lineages over the course of devel- 
opment. 

Spatial variation in mutation frequency in the 
lamina. As previously mentioned, the number of 
clones induced by irradiation is a function of both 
the number of meristematic cells present at the 
time of irradiation and their sensitivity to irradia- 
tion (i.e. the frequency of mutation). One of the 
principal factors determining the sensitivity of a 



R.S. Pocthig and I.M. Sussex: Clonal analysis of leaf development in tobacco 179 

Fig. 11 a-f. The relative frequency of palisade clones 
within transverse sections of mature irradiated leaves 
of Xanthi  Nc. tobacco. The proximal-distal gradient in 
the duration of meristematic growth obscures variation 
in clone density that  is a consequence of  variation in 
the sensitivity of cells to irradiation. This effect was 
minimized by comparing the number  of clones in 
scoring units within a narrow (5 mm wide) transverse 
section of the lamina. In this figure black squares 
represent scoring units with 1.1 or more times the 
average number  of clones in scoring units within that  
transverse section of the lamina. Grey squares had less 
than 1.1 times the average clone number,  and white 
regions were without clones. The length of the leaf at 
the time of irradiation was: a 0.6 cm; b 1.3 cm; e 
3.4 cm; d 7.5 cm; e 9.7 cm 

cell to irradiation is its stage in the cell cycle. A 
considerable body of research on both animals (St. 
Amand 1956; Wolff 1968; Dewey et al. 1970) and 
plants (Sax 1940; Sparrow 1951; Evans and Scott 
1964; Scott and Evans 1967; Gudkov and Grod- 
zinsky 1982) indicates that cells are most sensitive 
to irradiation during late G2 and mitosis. For this 
reason, variation in mutation frequency (MF) 
within an organ may be used as an indicator of 
variation in the frequency of cell division. This as- 
sumption is supported by the fact that variation 
in the frequency of mutation in the tobacco leaf 
is closely correlated with variation in the frequency 
of mitosis (Poethig 1984a; Poethig and Sussex 
1985). 

To study the mutation frequency (MF) in dif- 
ferent parts of the lamina, the number of clones 

within an arbitrary region of a mature leaf was 
divided by the number of cells in that region at 
the time of irradiation. Since the number of cells 
in a region at the time of irradiation could not 
be directly determined without killing the leaf, this 
parameter was estimated by dividing the number 
of cells in an arbitrary region of mature leaf by 
the average cell number of clones in that region. 
The MF calculated in this way does not differ 
greatly from the MF calculated on the basis of 
actual counts of palisade cell number: using esti- 
mates of cell number obtained by counting cells 
in cleared specimens, the overall MF in leaves irra- 
diated with 100 R at lengths of 1.2 cm, 1,4 cm, and 
2 cm was calculated to be about 4.10 -3 (Table 2), 
while calculations based on clonal estimates of cell 
number give mutation frequencies of 4.8-10 -3 , 
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Fig. 12a-f. Spatial variation in 
clone frequency (No. clones/ 
25 mm z) (o) and mutat ion 
frequency (No. clones/No. 
cells at the time of irradiation) 
(e) in Xanthi  Nc. tobacco 
leaves irradiated at different 
times in development. The 
method used for calculating 
the number  of cells in a local 
region of the leaf at the time 
of irradiation is described in 
the text. The length of the leaf 
at the time of irradiation was : 
a 0.65 cm; b 1.1 cm; e 2.5 cm; 
d 3.7 cm; e 6.4 cm; f 10 cm 

5.3.10 -3 and 4.7.10 -3 for these particular stages 
of development. 

Leaves irradiated prior to emergence (Fig. 12 a) 
usually have three peaks in MF,  two located near 
the tip of the lamina, and one near the base. At 
this stage the M F  is greatest in the region just 
behind the tip of the leaf, where it is generally 
three to four times greater than the frequency in 
more basal regions. The M F  is lowest in the basal- 
most region of the lamina. Soon after emergence 
(Fig. 12b) the M F  starts to decline at the tip of  
the lamina because of the cessation of cell division. 
Coincident with the cessation of  cell division at 
the tip of the leaf, the M F  increases in the adjacent 
basipetal region. This phenomenon occurs along 
the entire length of  the leaf as it matures; in any 
given region, the M F  is maximal just before the 
cessation of  cell division. 

Throughout development there is a persistent 
peak in MF in the basal half of  the lamina. Inter- 
estingly, the M F  in this region remains relatively 
constant, in contrast to the fluctuations experi- 

enced by other parts of the leaf. Although the posi- 
tion of  this peak varies slightly in different leaves, 
it is always located near the widest part of  the 
lamina. Below this peak, in the basalmost region 
of the lamina, the M F  remains relatively low until 
late in development. In fact, prior to the emergence 
of the leaf, clones are rarely found in this region. 
The M F  increases at the base of  the lamina at 
about the same time that cell division ceases at 
the tip of the leaf (2 cm), but remains at a relatively 
low level until the leaf is about  6 cm long. At this 
stage M F  increases dramatically and then rapidly 
declines as cell division ceases. 

Because the duration of meristematic growth 
does not vary greatly within a small transverse sec- 
tion of  the lamina, variation in clone density within 
such a section directly reflects variation in MF. 
In order to examine variation in M F  across the 
lamina, the number of  clones in each scoring unit 
(25 mm 2) was divided by the average number of  
clones per scoring unit in corresponding transverse 
sections of  the lamina. In Fig. 11 scoring units with 
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at least 1.1 times the average number of clones 
are shaded black. Although this way of presenting 
data obscures variation in MF along the length 
of the leaf, it demonstrates several otherwise invisi- 
ble features of the pattern of  mutation within the 
lamina. One of the most interesting of these is the 
relatively low MF at the margin of the lamina early 
in development. Until the leaf is 3 cm long, regions 
with a relatively high MF appear to be randomly 
distributed in the intercalary region of the lamina, 
but occur infrequently at the margin. Later, the 
MF tends to be highest in interveinal regions. Cell 
division stops first near the midrib, and slightly 
later at the margin of the lamina. This is apparent 
not only in that clones disappear from the region 
near the midrib before they disappear at the mar- 
gin, but also in the relative density of clones in 
the region just behind the distal end of the meriste- 
matic zone (Fig. 11 d, e, f). Calculations of the ac- 
tual MF in this region demonstrate that the con- 
centration of clones near the margin is the conse- 
quence of  a decline in the MF near the midrib 
rather than of an increase in the MF at the margin. 

Discussion 

Our results confirm Dulieu's (1968, 1970) interpre- 
tation of the cell lineage of the tobacco leaf and 
provide a more comprehensive picture of the cellu- 
lar parameters of development than has hitherto 
been available. In brief, we found that 1) the leaf 
primordium arises from approx. 100 cells, each of 

'which contributes to a longitudinal section of the 
axis and an oblique section of the lamina; 2) the 
orientation and frequency of cell division at the 
leaf apex and at the leaf margin do not provide 
any evidence that specialized initial cells reside in 
these regions; and 3) during the expansion of the 
lamina the orientation, frequency, and distribution 
of cell division are highly regulated. These results 
confirm and extend our observations concerning 
the developmental morphology and histology of 
the leaf (Poethig and Sussex 1985), and demon- 
strate the value of clonal analysis as a tool for 
studying plant development. 

The functional organization of the leaf primordium. 
A number of conclusions about the functional or- 
ganization of the leaf can be drawn from its cell- 
lineage pattern. Firstly, it is noteworthy that the 
cell number of  the leaf prior to initiation is similar 
to the number of cells in the leaf buttress (Poethig 
and Sussex 1985). This indicates that determina- 
tion of a leaf primordium occurs immediately be- 
fore, if not during, its initiation. If determination 

took place long before initiation, it would have 
to involve fewer cells than those present in the leaf 
buttress simply because it is impossible to " f i t "  
more than one or two leaf buttresses into the re- 
gion between the shoot apex and the last initiated 
leaf. This observation supports experimental stud- 
ies that indicate that the site of  a new leaf is deter- 
mined about half a plastochron before its appear- 
ance at the shoot apex (Snow and Snow 1933). 
Secondly, the observation that the leaf is derived 
from a relatively large group of cells rather than 
from one or a few initials in turn implies that leaf 
morphogenesis is regulated by supracellular factors 
rather than a cell-autonomous system that directs 
cells to undergo a precise sequence of genetically 
programmed steps; it is difficult to imagine how 
the activity of a large group of  cells could be coor- 
dinated other than by some type of globally dis- 
tributed agent. Additional evidence that leaf mor- 
phogenesis does not involve a programmed pattern 
of cell division is provided by the fact that although 
sectors in analogous parts of  different leaves may 
be similar in size and shape, they are never exactly 
identical. Furthermore, while it is true that leaf 
initials have predictable fates, there is no evidence 
that cell lineages are confined by compartment 
boundaries like those that exist in Drosophila (Gar- 
cia-Bellido 1975). The relatively high frequency 
with which clonal boundaries lie within lateral 
veins is best explained by the precocious differenti- 
ation of veins, and the relatively large size of their 
primordia relative to interveinal tissue; the posi- 
tion of these boundaries is too variable to conclude 
that compartment boundaries exist. Thirdly, it 
should be pointed out that all the major parts of  
the leaf (midrib, lamina, petiole) arise from the 
same initial cells because, as a rule, clones induced 
prior to leaf initiation encompassed all three struc- 
tures. Hence these structures must become deter- 
mined some time after leaf initiation. Finally, since 
both the apex and margin of the leaf contribute 
relatively few cells to the leaf, it seems unlikely 
that these sites exercise primary control over leaf 
shape. This conclusion is supported even more 
strongly by the observation that the ablation of 
the apex or margin of the leaf early in development 
does not prevent the regeneration of a normal l e a f  
(Sachs 1969), whereas later operations only result 
in localized defects (Sachs 1969; Jeune 1972). 

The role of cell division in leaf morphogenesis. As 
yet we have little information about the morpho- 
genetic significance of the cellular parameters de- 
scribed in this paper. Although preliminary obser- 
vations indicate that the pattern of cell division 
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is closely correlated with the dynamics of leaf 
growth, we have no evidence that cell division di- 
rectly controls this pattern. Indeed it is unlikely 
that the rate of cell division directly controls the 
rate of cell expansion since contiguous cells in the 
lamina (and in other organs) can have the same 
relative elemental rate of expansion while having 
dramatically different rates of cell division. In Xan- 
thium, for example, epidermal cells in the lamina 
actually have a higher rate of increase in cell area 
than the palisade, even though they cease dividing 
before the palisade cells (Maksymowych 1963). 
Furthermore, the cessation of cell division during 
development has no effect on the polarity of leaf 
growth in tobacco (Haber and Foard 1963). These 
observations indicate that coincident changes in 
the rate of cell division and the relative growth 
rate may be the result of their dependence on com- 
mon factors, e.g. nutrients, rather than a cause- 
and-effect relationship. But, while cell division may 
not directly affect the relative growth rate of a 
cell, it may control the shape of an organ by gener- 
ating spatial variation in cell number, that is, by 
providing the capital for growth if not the driving 
force. This possibility can be tested by inhibiting 
cell division at a stage in leaf development when 
there is significant variation in cell density within 
the lamina. If the growth of the lamina is depen- 
dent on cell number then the subsequent pattern 
of growth should be directly related to the initial 
pattern of cell density. Such an experiment was 
conducted by Haber (1962) who found that sup~ 
pressing cell division in a young wheat leaf affects 
the size of the leaf but not its polarity of growth. 
Although Haber (1962) interpreted this result to 
mean that celt division plays a secondary role in 
leaf morphogenesis, this interpretation can be criti- 
cized on the grounds that the polarity of cell divi- 
sion and cell expression had probably already been 
established in the primordium at the stage it was 
irradiated. Moreover, variation in the amount of 
cell division is more likely to affect the shape of 
an organ when cells expand isotropically - as in 
the case of broad leaf like that of tobacco - than 
when their expansion is polarized in one direction 
as is the case in wheat (Poethig 1984b). Clearly 
the morphogenetic effect of variation in the 
amount of cell division depends on the amount 
and orientation of cell expansion, However, we do 
not believe that cell expansion determines leaf 
shape completely independently of cell number be- 
cause leaf shape is so closely correlated with varia- 
tion in cell number (von Papen 1935; Bensink 
1971 ; Poethig and Sussex 1985). 

Another role for cell division in leaf morpho- 

genesis is suggested by the work of Green and his 
collaborators (Green and Brooks 1978; Hardham 
etal. 1980; Green and Lang 1981; Green and 
Poethig 1982; Green 1984)who have characterized 
the relationship between the orientation of cell di- 
vision and the orientation of cellulose micro fibrils 
in developing leaf and shoot primordia of Grapto- 
petalum paraguayense. They have shown that dur- 
ing leaf initiation, regionally specific changes take 
place in the orientation of cell division and cellu- 
lose microfibrils. Regions of the primordium 
whose polarity is inappropriate to the new organ 
undergo a shift in polarity, while those with the 
correct polarity maintain the same orientation of 
cell division and cellulose microfibrils. In the re- 
gion undergoing a polarity shift, changes in the 
orientation of cellulose take place in a cell autono- 
mous fashion, and are preceded by a change in 
the orientation of cell expansion (Green and 
Poethig 1982; Green 1984). This implies that the 
orientation of cell division determines the orienta- 
tion of cellulose deposition, which in turn deter- 
mines the orientation of cell expansion. 

In view of this relationship between cell divi- 
sion and the biophysical polarity of the leaf, it 
is interesting that the cell lineage of the tobacco 
leaf is strikingly similar to that of Graptopetalum. 
Because of the bilateral symmetry of the axis, the 
polarity of its adaxial and abaxial faces is identical 
to the polarity of the regions of the meristem from 
which the primordium arises; hence only the later- 
al margins of the axis would be expected to un- 
dergo a change in behavior during leaf initiation. 
Cell patterns in the epidermis (Poethig and Sussex 
1985) and clonal patterns in subepidermal tissue 
(this paper) indicate that this is indeed the case. 
Instead of adopting a radial pattern of cell division, 
leaf initials produce lineages that are essentially 
extensions of lineages in the stem. Only the leaf 
margins adopt a pattern of cell division that is 
at odds with the prevailing transverse orientation 
of cell division in the stem. There is good evidence, 
therefore, that the organization of the tissue from 
which a leaf arises is an important factor in mor- 
phogenesis, and that the remodeling of this organi- 
zation is brought about by changes in the orienta- 
tion of cell division. The fact that the orientation 
of cell division is also highly regulated during the 
initiation and expansion of the lamina (Figs. 7, 8 
and Jeune 1972, 1982; Fuchs 1975, 1976) indicates 
that it plays a similar role in the development of 
this structure. However, the relationship between 
the orientation of cell division and the physical 
organization and growth of the lamina is un- 
known. 
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