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INTRODUCTION
Shoot architecture varies both between and among land plant
groups, with the observed differences resulting from varying
contributions of indeterminate and determinate growth processes
(for a review, see Steeves and Sussex, 1989). In most plants, shoot
apical meristems develop indeterminately, whereas lateral organs
develop in a determinate manner. Exceptions to this rule exist, for
example, in annual plants, where the meristem terminates in a
flower. However, even then there is an extended period of iterative
apical growth where the meristem repeatedly generates equivalent
structural units that together comprise the shoot. Iterative shoot
development has been reported across the land plants, in both
haploid gametophyte and diploid sporophyte generations. For
example, a single apical initial generates repeating ‘leaf’ units in
Physcomitrella patens gametophytes (Harrison et al., 2009), and in
the lycophyte Selaginella kraussiana, one or two apical initials
generate repeating units of leaf pairs along the bifurcating
sporophyte stem (Harrison and Langdale, 2010; Harrison et al.,
2007; Jones and Drinnan, 2009). In seed plants, iterative shoot
development involves the repeated production of phytomer units
from multicellular apical meristems (for a review, see Steeves and
Sussex, 1989). Phytomers comprise a leaf, internode and axillary
meristem (Galinat, 1959), and whether or not axillary meristems
grow out to form branches determines the final architecture.

The evolution of leafy branched shoots can be traced in the fossil
record, where it appears that early vascular plants had leafless
dichotomously branching axes and that leaves evolved

independently in lycophytes, monilophytes (ferns and horsetails)
and seed plants (Kenrick and Crane, 1997). Enation (Bower, 1935),
sporangium sterilization (Crane and Kenrick, 1997) and branch
reduction (Zimmermann, 1952) theories of lycophyte leaf evolution
have been proposed and recent studies have argued for (Harrison
et al., 2005; Prigge and Clarke, 2006) and against (Floyd and
Bowman, 2006) the parallel recruitment of similar genetic
pathways in lycophytes and seed plants. In monilophytes, leaves
probably evolved from regions of branched axes, as in seed plants
(Zimmermann, 1952). However, both fossil evidence and gene
expression patterns suggest that different mechanisms were
adopted in the two groups (Sanders et al., 2009; Sano et al., 2005).
A more coherent view of leaf evolution requires a rationalization
of these apparent conflicts and such rationalization requires a better
understanding of shoot development in monilophytes.

In the late 19th century, a number of reports suggested that fern
shoots develop from a single apical initial cell (Bower, 1884;
Hofmeister, 1857; Kny, 1875). However, these carefully
documented studies were questioned in the mid-20th century when
‘modern’ histological techniques facilitated tissue sectioning. For
30 years, debates ensued about the existence, number and role of
apical initial(s), and about the role of zonation within the apex (for
a review, see White and Turner, 1995). The current consensus is
that fern shoots, fronds and pinnae develop from one or two apical
initials, with the actual number varying between species (Bierhorst,
1977; Hill, 2001; Pray, 1960). This consensus is derived from the
examination of cleared shoot apices, histological sections and
sequential surface imprints. Importantly, although each of these
methods has merit, none has been used to examine the activity of
shoot, frond and pinna initials in a single species.

Here, we have combined sector analysis of variegated
Nephrolepis exaltata cv. bostonensis with histological information
and conditional probability modelling, to provide a robust analysis
of cell lineage patterns in a fern. Despite previous suggestions that
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SUMMARY
Plants colonized the terrestrial environment over 450 million years ago. Since then, shoot architecture has evolved in response to
changing environmental conditions. Our current understanding of the innovations that altered shoot morphology is underpinned
by developmental studies in a number of plant groups. However, the least is known about mechanisms that operate in ferns – a
key group for understanding the evolution of plant development. Using a novel combination of sector analysis, conditional
probability modelling methods and histology, we show that shoots, fronds (‘leaves’) and pinnae (‘leaflets’) of the fern
Nephrolepis exaltata all develop from single apical initial cells. Shoot initials cleave on three faces to produce a pool of cells from
which individual frond apical initials are sequentially specified. Frond initials then cleave in two planes to produce a series of
lateral merophyte initials that each contributes a unit of three pinnae to half of the mediolateral frond axis. Notably, this
iterative pattern in both shoots and fronds is similar to the developmental process that operates in shoots of other plant groups.
Pinnae initials first cleave in two planes to generate lateral marginal initials. The apical and marginal initials then divide in three
planes to coordinately generate the determinate pinna. These findings impact both on our understanding of fundamental plant
developmental processes and on our perspective of how shoot systems evolved.
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Sector analysis and predictive modelling reveal iterative
shoot-like development in fern fronds
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sectorial chimaeras cannot occur in ferns because shoot growth
occurs from a single apical initial (Bierhorst, 1977), we confirm
that shoots, fronds and pinnae of N. exaltata each develop from
single initials. We further demonstrate that shoots and fronds
develop iteratively, whereas pinnae are determinate. These findings
are discussed in the context of our fundamental understanding of
plant development and of land plant evolution.

MATERIALS AND METHODS
Plant material
Variegated Nephrolepis exaltata was obtained from Tropiflora Nurseries,
Florida and non-variegated plants were obtained from garden centres in
Oxford, UK. Plants were grown in the greenhouse on peat-based compost
supplemented with slow-release fertilizer, under a diurnal light regime (16
hours light; 8 hours dark).

Histology and SEM
Plants were fixed in FAA (50% ethanol, 3.7% formaldehyde, 5% acetic
acid), dehydrated and embedded in Paraplast Plus as described by the
manufacturer (Paraplast, Leica). Eight or 10 mm sections were cut and
stained with Toluidine Blue or Safranin O/Fast Green as described by
Berlyn and Miksche (Berlyn and Miksche, 1976). For images of the crosier
apex, samples were first embedded in polyoxsilane dental moulding
material (Parkell). Plant material was then removed and replaced with Taab
resin. Replicas were transferred to viewing stubs, coated and viewed in the
SEM (JEOL JSM-5510).

Chlorophyll fluorescence
Pinnae samples (~2 mm2) were soaked in 1% calcofluor white (1 hour
under vacuum), washed twice in water and then viewed by confocal
microscopy (Zeiss LSM 510). Epidermal peels were mounted in either
water or 0.1% calcofluor and viewed by light (Olympus BX50) or confocal
microscopy, respectively. Chlorophyll autofluorescence and calcofluor cell
wall staining were detected using the 408 laser line with a 650 long pass
emission (chorophyll) or a 515-530 band pass (calcofluor) filter. Shoot
apex diagrams were generated using Googlesketchup 3D.

Characterization of frond sectors
One-hundred and fourteen fronds comprising 7160 pinnae were sampled
randomly and photographed. Sector sizes were quantified by counting the
number of pinnae comprising the sector. Sector position was recorded in
the context of both proximodistal and mediolateral axes. Rachis sectors
were examined using a hand lens or dissecting microscope.

Characterization of pinnae sectors
Pinnae sectors were quantified using image-processing software created in
MATLAB. Pinnae from 14 randomly sampled fronds were scanned using
a flat-bed scanner. Sectors were outlined manually to delineate green from
yellow. Only sectors that extended from midvein to margin were analysed.
These sectors were characterized by breadth at the midvein, rather than
area, as the latter was overly biased by leaf shape. Sectors that did not
extend from the midvein to margin normally occupied less than 1% of the
total pinna area and encompassed a subset of epidermal and/or mesophyll
cell layers. These sectors represented late cell division events and were not
generally included in our analysis.

Formally, large sectors could arise by single mutations early in pinna
development or by mutations in two adjacent cells later in development. If
the former hypothesis is correct, large sectors would be half as common as
sectors half their size. By contrast, the latter hypothesis predicts that the
frequency of large sectors would be roughly equivalent to the square root
of the frequency of sectors half their size. In 655 pinnae sampled, sectors
over 50% of the pinna length occurred 88 times, sectors occupying 25-50%
occurred 122 times and sectors occupying 12.5–49.9% occurred 207 times.
Large sectors are thus derived from a single cell because the frequency is
roughly half that of smaller sectors.

Modelling
We assumed that the probability, p, of a cell turning green to yellow was
fixed for all divisions within the life cycle. Where a single cell gives rise
to a subset of cells, e.g. a single initial forms a number of pinnae by
successive divisions, the probability of each pinna being yellow is given
by a different conditional probability. For example, if one green cell gives
rise to three cells, each of which is the founding cell of a pinna then the
conditional probability of the first pinna being entirely yellow is p, of the
second is p(1+q) and of the third is p(1+q+q2), where q(1–p). The average
probability of a random chosen pinna being yellow is thus p(3+2q+q2)/3 –
this corresponds to the observed frequency of yellow pinnae (Pobs).

To model fern sector patterns, we needed an estimate of the unknown
unconditional mutation probability, p. To get this estimate, Pobs was first
calculated for the sample population. The unconditional probability was
then calculated using Pobs together with the hypothesized patterns of cell
divisions. For example, given the three cell division rounds above, Pobs(p
+ pq + pq2)/3 and the unconditional probability is obtained by solving the
equation for p.

Each model of the development of contiguous yellow pinnae
distributions had two design parameters. The first described the number of
pinnae developing from each merophyte initial (Np), while the second
described the cell division sequence of the initial. These divisions were
classified as birfurcations or as sequential divisions with asymmetric cell
fates. For each division a random number from 0-1 was assigned to the
dividing cell and if that number had the same value or less than p then the
cell was assumed to turn yellow. The model was used to generate one
million pinnae as a continuous linear sequence that was then scanned to
estimate the number of 1, 2, 3, 4 or 5 contiguous yellow pinnae. Ninety-
five percent prediction intervals of the proportion of contiguous pinnae in
each integer category were then generated by repeated sub-sampling of
7160 pinnae sequences from this simulated dataset. All simulations were
conducted in MATLAB.

Models of sectors within individual pinnae were developed using a
similar approach to that above. Both bifurcation and sequential, asymmetric
cell-fate division models were investigated for the first few divisions that
would generate five large yellow sectors in different positions of the pinna
if a transition occurred.

RESULTS
Sectors in variegated Nephrolepis exaltata are
cell-autonomous
N. exaltata cv. bostonensis plants are highly variegated (Fig. 1A,B)
with yellow sector sizes ranging from one cell within the lamina of
a pinna to a number of contiguous fronds. Yellow sectors are
formed spontaneously through an unknown genetic or epigenetic
mechanism. Importantly, sectors have regular and predictable
shapes, indicating that they are clonal in origin. Measurement of
the number of small (i.e. not touching the margin or midrib) yellow
sectors within green pinna tissue and of small green sectors within
yellow pinna tissue show that reversion events can occur, but that
they are 80 times less likely than forward events. At the subcellular
level, sectors can be defined by differences in chlorophyll
autofluorescence, with green sectors fluorescing more brightly than
yellow sectors (Fig. 1C,D). Single yellow cells can be surrounded
by green cells (Fig. 1E), indicating that the conversion mechanism
operates at the single cell level (i.e. is cell-autonomous). This cell
autonomy validates the use of the line for lineage analysis.

Leafy shoots are generated from a single
persistent apical initial
N. exaltata produces rhizomatous shoots that initiate erect leafy
shoots (Fig. 2A). Transverse sections show that fronds arise in a
helical phyllotaxy from leafy shoots (Fig. 2B-E) and in longitudinal
section, a presumptive single initial cell can be seen at the apex
(Fig. 2F). To confirm the actual number of apical initials producing
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the leafy shoot, sequences of yellow fronds arising from different
shoots were recorded. If multiple apical cells form the shoot,
sectors would span successive fronds in a segment of the shoot
diameter and the segment size would be inversely proportional to
the apical cell number (Table 1, upper panels). By contrast, if the
shoot were produced from one cell, yellow sectors would span all
successive fronds around the shoot and would continue to the apex
(Table 1, lower panels). Table 1 shows that of the 67 shoots
examined (each comprising at least five fronds), no multi-frond
sectors occupying a segment of the shoot were identified, whereas
seven sectors spanned successive fronds and continued to the apex.
The remaining 60 shoots did not have contiguous sequences of
yellow fronds and were thus not informative. These frequencies
strongly suggest that the leafy shoot is derived from a single apical
initial.

Individual fronds arise from a single initial
To determine how the leafy shoot initial generates fronds, the
position and frequency of all yellow fronds was documented. If a
derivative of the shoot apical initial generates multiple fronds,
sectors encompassing multiple fronds positioned between
variegated fronds would be common. Alternatively, if derivatives

of the apical initial generate a single frond, multi-frond sectors
would be rare and single yellow fronds would be common. Of the
67 shoots sampled, 28 sectors occupied a single frond and two
sectors occupied two fronds (Fig. 3A; Table 2). No sectors
occupied three or more successive fronds unless they continued to
the apex (as in Table 1). These frequencies suggest that each frond
develops from a single cell and that sectors occupying two fronds
results from two independent events.

Frond initial cells are persistent and apical
To characterize how fronds are formed from a single cell, the size
and distribution pattern of yellow sectors that encompassed
multiple pinnae within a frond were recorded for 114 randomly
sampled fronds. Sectors occurring on one side of the rachis were
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Fig. 1. Sectors are cell-autonomous. (A)Nephrolepis exaltata cv.
bostonensis whole plant. Scale bar: 30 mm. (B)N. exaltata frond. Scale
bar: 20 mm. (C)Paradermal view of sector boundary. Arrow indicates
equivalent position in D. Scale bar: 50mm. (D)Confocal image of sector
boundary in C. Chlorophyll autofluorescence, red; calcoflour stained
cell walls, false coloured blue; arrow indicates equivalent position in C.
Scale bar: 50mm. (E)Paradermal view of single cell sector in epidermal
peel. Arrow indicates wall between cells with green and pale
chloroplasts. Scale bar: 70mm.

Fig. 2. The leafy shoot produces fronds in a helical phyllotaxy.
(A)Leafy shoots (red arrows) on a rhizome (white arrow). Scale bar: 10
mm. (B-E)Distal (B) to proximal (E) cross-sections (10mm thickness) at
20-50mm intervals through a leafy shoot. Orange arrows, shoot apex;
yellow arrows, early fronds; black arrow, frond vascular trace. Scale
bars: 500mm. (F)Longitudinal section showing presumptive apical initial
(red arrow). Scale bar: 10mm.
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encountered throughout the frond and always comprised five or
fewer contiguous pinnae (see Table S1 in the supplementary
material). By contrast, sectors of more than five contiguous pinnae
always spanned both sides of the rachis, occurred at the distal tip
(e.g. Fig. 3B) and occupied 6-100% of the frond length (Fig. 3C).
The lack of large rachis-spanning sectors at the frond base or
middle demonstrates that the initial is located at the tip of the frond.
If the apical initial was transient, sectors occupying 100% of the
frond length would be the result of at least two independent
mutations and would thus be less common than distal sectors
occupying smaller percentages of the length. However, sectors that
occupy 100% of the frond length occurred more frequently than
distal sectors of any other size. Therefore, a single persistent apical
initial must give rise to the entire frond.

The frond apical initial produces merophyte
initials that contribute to half of the mediolateral
axis
Confocal microscopy reveals a single wedge-shaped cell at the
frond apex presumed to be the apical initial. The presumptive
initial (Fig. 4, red) has two external cutting faces that extend across
the ad-abaxial plane. The orientation of the cutting faces suggests
that the initial divides obliquely and alternately to successively
produce merophyte initials in the mediolateral plane (Fig. 4A-
C,E,G, grey). The cell wall patterns further suggest that each
merophyte initial then divides periclinally to produce medial cells
in the rachis (Fig. 4B,G, orange) and lateral cells on the flanks (Fig.
4B,G, purple). The medial cells are located directly below the frond

initial (Fig. 4H, orange) but are probably not derived directly from
it. If these inferences are correct, periclinal divisions of the medial
derivatives of the merophyte increase cell number in the
mediolateral axis, and anticlinal divisions of the medial and lateral
derivatives increase cell number in the proximodistal axis.
Histological analysis therefore suggests that a mutation in a
merophyte initial would produce a sector occupying half of the
mediolateral axis and a limited section of the proximodistal axis.

To test whether division patterns at the apex of the frond are as
inferred above (Fig. 4I), sector patterns were observed within 60
young fronds where colour variation on the rachis was visible.
Thirty-eight sectors encompassing the right side of the mediolateral
axis and 49 sectors encompassing the left side were observed (Figs
4J,K). Such sectors most commonly spanned one to five pinnae in
the proximodistal axis (Fig. 4L-N) and between one-third and two-
thirds of the rachis in the mediolateral axis (Fig. 4O-Q). Rachis
sectors extended to varying degrees in the proximodistal axis,
terminating either adjacent to pinnae or midway between pinnae.
Sectors encompassing a pinna and a region of rachis indicate that
pinnae and adjacent rachis can be derived from a single cell (Fig.
4P), confirming inferences from histological images (Fig. 4A-C).
However, because sectors occur that encompass a segment of
rachis between two pinnae (Fig. 4R), parts of the rachis can be
derived from cells lying between those that give rise to pinnae.
Such rachis-only sectors were rarely observed, possibly owing to
their small size. In combination, these sector patterns confirm that
each merophyte initial contributes pinnae and rachis to half of the
mediolateral frond axis.
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Table 1. Analysis of shoot apical initials
Hypothesis Prediction Number observed

Three initials Sector traversing one-third of shoot

Top-down view

Side-on view

0

One initial Sector across successive fronds

Top-down view

Side-on view

7

Plants showing neither pattern 60
Hypothesized number and phenotype of cells at the shoot apex (triangle) following a green to yellow transition, with consequent patterns of sectors in fronds 1-9, where
1 is the oldest and 9 is the youngest.
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Merophyte initials contribute units of three
pinnae to the proximodistal frond axis
To determine more precisely the relative contribution of a single
merophyte initial to the proximodistal frond axis, we first examined
the frequency and distribution of contiguous sequences of entirely
yellow pinnae in 114 randomly sampled fronds (a total of 7160
pinnae) (see Table S1 in the supplementary material). Two sectors

spanned five pinnae, three spanned four, 25 spanned three, 37
spanned two and 124 spanned a single pinna. The conditional
probability (Pobs) of the green to yellow transition (i.e. the
probability that a randomly selected pinna is yellow) was thus
calculated as 0.041 on the basis that 295 out of the 7160 observed
pinnae were yellow. Pobs was then used to calculate the
unconditional probability (i.e. the probability of a given cell
mutating to yellow) for six putative patterns of cell division (Fig.
5; see Table S2 in the supplementary material). These division
patterns were classified as bifurcations (Fig. 5A) or as sequential
divisions with asymmetric cell fates (Fig. 5B-F). Models were
generated that simulated each of the division patterns, with the
number of pinnae (Np) ultimately produced varying from two to
five (see Table S2 in the supplementary material). Only values of
Np that gave the best fit to each model are shown in Fig. 5. In the
first model, the lateral derivative (Fig. 5, purple) undergoes
successive bifurcations to produce cells that each generate pinnae
and part of the rachis (Fig. 5A, Np4). In an alternative model,
pinna progenitor cells are specified in a staggered manner, such that
divisions of the lateral derivative either generate one daughter cell
that gives rise to a pinna and another daughter that divides again to
produce two pinna progenitor cells (Fig. 5B, Np3), or at each
division one daughter cell gives rise to a pinna and these divisions
are repeated (Fig. 5C, Np3). In these latter two scenarios, regions
of rachis could either be derived as a late division from the same
cell as the pinna (Fig. 5B,C) or from distinct derivatives of the
division process (Fig. 5D,E, Np3).

To determine which of the proposed models is more likely, a
computer model generated predictions of the expected frequency
of different sector sizes given each cell division pattern and Np
(Fig. 5A-E; see Table S2 in the supplementary material). Analysis
of the model simulations showed no support for any model of cell
division with fewer or more than three pinnae per lateral derivative
of a merophyte initial. The best-fit with 3<Np<3 was provided by
a bifurcation model (Fig. 5A) but it is clear that this model does not
fit the pattern of sectors observed (i.e. the model failed to generate
enough sectors spanning three pinnae and generated too many that
spanned four). For the sequential asymmetric division model with
3<Np<3, the distribution of sectors was also very different from
that observed. There was thus overwhelming evidence that Np3
(see Table S2 in the supplementary material). Because sectors
occur spontaneously, two independent mutation events could occur
in adjacent merophyte initials resulting in sectors that span more
than three pinnae, but such sectors would occur at a much lower
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Table 2. Analysis of frond initial cells
Hypothesis Prediction Number observed

Sequential fronds arise from a shared cell
population

Sectors spanning numerous fronds but flanked by
variegated fronds

2

Individual fronds arise from distinct cell
populations

Single yellow fronds flanked by variegated fronds

28

Pattern of sectors in fronds 1-9, where 1 is the oldest and 9 is the youngest.

Fig. 3. Fronds arise from a single apical initial. (A)Entirely pale
frond (red arrow) flanked by variegated fronds (white arrows). Scale
bar: 10 mm. (B)Frond with entirely pale distal third. Scale bar: 20 mm.
(C)Data from 14 fronds showing variation in the proportion of the
frond exhibiting a distal pale sector.
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frequency than sectors spanning one, two or three pinnae.
Sequences of six yellow pinnae would be extremely rare, as they
would require both adjoining cells to mutate at the first divisional
stage. Multiples of three are thus predicted to be rarer than
multiples of three minus one or minus two. Notably, the graphs in
Fig. 5B,C,E fit more closely the data than the model of successive
bifurcations in Fig. 5A, and thus the three-pinna units result from
a process of sequential asymmetric cell divisions.

To understand the relative contribution of cells to pinnae versus
portions of the rachis in the three-pinna units, further models were
tested predicting sector sizes with later cell divisions (see Table S2
in the supplementary material). The best supported model
simulated later cell divisions, giving rise to cells that either produce
both a pinna and part of the rachis, or produce just part of the rachis
(Fig. 5F). This model agrees with observed morphology and sector
patterns. For example, mutations in cells that produce both pinna
and rachis will give sectors as in Fig. 4P (blue asterisks and arrows)
and those in cells that produce just rachis will give sectors as in
Fig. 4R. Predictive modelling and observed sector frequencies thus
suggest that single merophyte initials first divide asymmetrically
to produce a medial and lateral derivative. The lateral derivative

then divides in a staggered anticlinal manner to produce a unit
comprising three pinnae and associated rachis along the
proximodistal axis. The sequential production of merophyte initials
from the apical initial thus leads to iterative development of the
frond.

Pinna development is initiated by a single cell on
the flanks of the frond
Sectors encompassing a single pinna and part of the rachis (Fig.
4P) demonstrate that individual daughter cells of the lateral
derivative of the merophyte initial contribute both pinnae and
rachis to the mediolateral frond axis. However, because single
pinnae can be exclusively yellow (Fig. 4Q), and are found at a
relatively high frequency (at least 4.1%), individual pinnae
presumably subsequently arise from a single cell. To examine
pinna development, immature fronds were first viewed by SEM
(Fig. 6A,B). Pinnae emerge from the flanks of the frond just a few
cells below the apex (Fig. 6B, arrowhead) in a region that
comprises files of elongated epidermal cells and a central core of
smaller cells (Fig. 6C,D). As pinnae are initiated, three to five of
these epidermal cells bulge out from the frond rachis (Fig. 6E,F,
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Fig. 4. Frond apical initials produce merophyte initials that
contribute to half of the mediolateral axis. (A)Confocal image of
frond apex stained with calcofluor white to highlight cell walls. Scale
bar: 5mm. (B)Line drawing of apex in A showing presumptive apical
initial cell (red), merophyte initial (grey), lateral (purple) and medial
(orange) products of the merophyte initial. Asterisk indicates the
position of next merophyte initial; dotted line indicates that new cell
wall is forming; arrows indicate proximodistal (PD), mediolateral (ML)
and ad-abaxial (Ad, Ab) axes. (C)Schematic of apex in A. Grey box
indicates the plane of section in E. (D)Schematic of apex in A. Grey box
indicates the plane of section in F. (E)Longitudinal section of frond apex
(as in C). Scale bar: 20mm. (F)Sagittal section of frond apex (as in D).
Scale bar: 30mm. (G)Line drawing of section in E. Presumptive apical
initial, red; merophyte initials, grey; first products of merophyte initials,
purple and orange. The purple derivative has undergone a further
division when compared with B. (H)Line drawing of apex in F.
Presumptive apical initial, red. Cells below the apical initial (orange)
probably arise from divisions of the merophyte initials (not visible).
(I)Schematic of inferred first two rounds of division. The apical initial
cell (red) produces a merophyte initial (grey) and then gives rise to a
second merophyte initial (grey), while the first divides periclinally to
produce a medial (orange) and lateral (purple) cell. (J,K)Schematic of
frond apex with predicted sector pattern and frequency of sectors
observed on 60 fronds. Mutations in the merophyte initials, result in
sectors that encompass pinnae on the right (J) or left (K) side of the
frond. (L,M)Sectors encompassing numerous pinnae. Scale bars: 10
mm. (N)Single pinna sectors (arrows). Scale bar: 10 mm. (O)Sector
encompassing two pinnae (orange asterisks) and one-third to one-half
of the rachis in the mediolateral axis (between orange arrows in the
mediolateral axis). Scale bar: 2 mm. (P)A sector encompasses at least
two pinnae (orange asterisks) and one-third to one-half of the rachis,
and continues into the crosier (orange arrows). Another sector
encompasses a single pinna (blue asterisk) and a small region of rachis
in the proximodistal axis (between the blue arrows). Scale bar: 2 mm.
(Q)A sector encompasses three pinnae (orange asterisks) and adjacent
rachis (orange arrows). Another sector encompasses a single pinna
(blue asterisk) but does not extend into the rachis (at the white arrow).
Scale bar: 2 mm. (R)Sector (between white arrows) encompassing one-
third to one-half of the rachis in the mediolateral axis between two
variegated pinnae. Scale bar: 2 mm.
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black arrowheads), contributing cells to the mediolateral pinna axis
and the proximodistal frond axis. Periclinal divisions then occur on
the two internal faces of these cells (Fig. 6F, green arrowheads)
contributing derivatives to the proximodistal and ad-abaxial pinna
axes.

Apical and marginal initials co-ordinately
generate the determinate pinna
To assess patterns of cell division in the pinna, within-pinna sectors
were examined. Most sectors occupying less than one-fifth of a
pinna length are roughly rhomboid, with the long axis extending
from midvein to margin (Fig. 7A, red arrow). Some sectors
broaden marginally such that the sector occupies a greater
proportion of the lamina at the margin than at the midvein (Fig. 7A,
black arrow). Late sectors in the lamina are much smaller but are
orientated in the same manner (Fig. 7B, arrows). The shape and
size of late sectors indicates that divisions extending the
proximodistal pinna axis cease before those that expand the
mediolateral axis.

To understand how the proximodistal pinna axis is elaborated,
sector patterns on 655 randomly sampled pinnae were analysed in
terms of length along the midvein. One-hundred and thirty-eight of
the sampled pinnae were all yellow, giving an average conditional
probability (Pobs) of the green to yellow transition of 0.061. Early
cell division patterns of the pinna initial were deduced on the basis
that sectors of approximately one-third midvein length were
observed on one or other side of the midvein in the base or middle
of the lamina but on both sides of the midvein at the tip of the
lamina. Fig. 7C quantifies the data for 125 variegated pinnae by
showing the relative positions of such sectors along the midvein.
These data support a model whereby the apical initial normally
undergoes two rounds of anticlinal cell division, cleaving
derivatives to both left and right sides in each round, with each
derivative making a substantial contribution to the pinna (Fig. 7D-

H). The unconditional frequency (p) of the green to yellow
transition for the model shown in Fig. 7D-H was 0.0117. Pinnae
are asymmetric in that a lobe is produced on one side at the base.
The relative frequencies of ‘handed’ sectors that are positioned
asymmetrically across the midvein (as in Fig. 7E,G) suggest that
in the first round of division, the first daughter cell is most often
(25/31) cleaved to the lobe side. By contrast, in the second round
of division the first daughter cell is equally likely to be cleaved to
the lobe (18/33) (as in Fig. 7G) or non-lobe (15/33) side. This
pattern of cell division is confirmed through the close agreement
of predicted and observed sector frequencies (Fig. 7I).

To assess further the relative contribution of the pinna apical cell
and its derivatives, sectors were examined in the midvein and in
the ad-abaxial pinna axis. Chloroplasts surrounding the midvein
were always phenotypically identical to those in the most distal
third of the lamina (Fig. 7J,K). Given that the lamina and midvein
at the base of the pinna can be phenotypically different (Fig. 7J,K),
the apical initial and its derivatives must contribute varying
amounts to the mediolateral and proximodistal pinna axes. In
support of this suggestion, SEMs of developing pinnae show that
the apical initial divides longitudinally to contribute cells to the
mediolateral lamina axis and transversely to extend the midvein in
the proximodistal axis. By contrast, the derivatives divide
longitudinally to extend the proximodistal lamina axis and
obliquely to expand the mediolateral lamina axis (Fig. 7L). As a
consequence, the central region of the pinna is primarily generated
by the apical initial (Fig. 7M, pink), while the marginal regions are
generated by the derivatives acting as marginal initials (Fig. 7M,
white). Although morphological studies suggest that cell divisions
always cease last at the apex (data not shown), the variable
contribution of marginal initials influences final pinna morphology.
Notably, all sectors that touch the margin encompass all cell layers
in the ad-abaxial axis (Fig. 7N), whereas sectors that do not touch
the margin do not span all layers (Fig. 7O). This observation
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Fig. 5. Merophyte initials contribute units of three
pinnae to the proximodistal frond axis. Simulated 95%
prediction intervals of the frequency of 1-5 contiguous
yellow pinnae (blue) generated by possible cell division
patterns of the lateral derivative of the merophyte initial
(purple) shown in each inset box, with observed frequencies
shown in red. The purple derivative has either cleaved
directly from the merophyte initial (indicated by 1) or has
undergone an additional round of division as in Fig. 4G
(indicated by 2). P, pinnae; R, rachis segments. (A)The cell
bifurcates producing two cells that each bifurcate again to
generate cells that form pinna and rachis components.
(B)An iterative model where the cell divides to produce one
daughter that forms pinna and rachis components and a
second daughter that continues dividing, eventually
bifurcating to produce two daughters that each form pinna
and rachis components. (C)As in B, except the final division
remains asymmetric rather than a bifurcation. (D)As in B,
except that the first daughter cell from each division forms
pinna or rachis in alternating sequence. (E)As in D, except
the final division remains asymmetric rather than a
bifurcation. (F)As in D, except the first daughter from each
division forms pinna and rachis, or rachis only, in alternating
sequence.
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suggests that the lamina is derived predominantly from a single
layer of cells at the pinna margin, and demonstrates that the ad-
abaxial axis is established after the proximodistal and mediolateral
axes.

DISCUSSION
A novel approach that combines sector analysis, histology and
predictive conditional probability modelling methods has been used
to elucidate how shoot form is elaborated in the fern N. exaltata.
The data presented show that shoots, fronds and pinnae all develop
from single apical initial cells (Tables 1, 2; Figs 2, 3, 6), that both
shoots and fronds develop iteratively (Figs 2, 4, 5), and that pinnae
develop from marginal meristems (Fig. 7). The use of software
simulations to test hypotheses of cell division patterns has provided
insight into frond development at a much finer resolution than has
been previously achieved and has demonstrated that the

specification of pinna plus rachis fate, as opposed to rachis only,
occurs in adjacent cells.

The robustness of the predictive models is dependent on an
accurate estimation of the unconditional probability of the green to
yellow transition (p). We estimated p in two different parts of the
fern (within-fronds and within-pinnae) using methods and cell-
division models that were sufficiently different that they are
effectively independent estimates. We estimated p within-fronds as
0.007 and within-pinnae as 0.0117. We also observed that green to
yellow transitions were 80 times more frequent than yellow to
green reversions in pinnae. Assuming the simplest model, where
the reversion frequency is the squared probability of the transition
frequency, this would yield an estimate of 0.0125 for p. We are thus
confident that the probability estimates are reliable. Given that any
of these values could range independently from 0 to 1, the close
agreement of all three provides strong support for the predictive
cell-division models in Fig. 5 (fronds) and Fig. 7 (pinnae).

Developmental mechanisms in N. exaltata are
likely to be representative of most ferns
Although it is always difficult to assess the degree to which data
from a single species can be used for wider inference,
morphological studies of early fern development have shown many
commonalities. For example, surface examination of the shoot apex
of numerous species reveals a tetrahedral apical cell with three
cutting faces (Bierhorst, 1977) similar to that seen in N. exaltata
(Fig. 2). Likewise, developing frond primordia shown in other
studies (Bierhorst, 1977; Richards et al., 1983; White and Turner,
1995) closely resemble those of N. exaltata (Fig. 4). Furthermore,
despite the morphological diversity of leptosporangiate ferns, many
comprise fronds with a rachis and lateral pinnae, and all develop
from crosiers (Gifford and Foster, 1989). Notably, even where
differences in apical initial number have been reported, patterns of
organ development are conserved. For example, pinnae of
Ceratopteris richardii sporophylls develop from two apical initials,
but, as in N. exaltata, the initials divide anticlinally to generate
marginal initials that contribute to most of the lamina, and
periclinally to contribute the central core and midvein of the pinna
(Hill, 2001). In combination, these observations suggest that the
mechanisms elucidated in N. exaltata provide a framework for
understanding the development of other polypod ferns, the group
that contains over 80% of all living fern species (Pryer et al., 2004).

Fern fronds are developmentally equivalent to
shoots
Both shoots and fronds of the fern N. exaltata exhibit iterative
growth patterns, whereby sequential derivatives of apical initials
give rise to repeating segments of the final structure. The shoot
apical initial iterates fronds, and the frond apical initial iterates
units of three pinnae in the proximodistal axis that contribute to
half of the mediolateral frond axis. The potential for frond
primordia to develop into shoots has previously been demonstrated
in vitro and has been interpreted to mean that determinacy is
delayed in fern fronds when compared with seed plant leaves (e.g.
Cutter, 1956) (for a review, see White and Turner, 1995). However,
our data demonstrate that fronds inherently develop in an iterative
manner. Interestingly, morphologists have previously suggested
that fronds, as the dominant vegetative structure in ferns, are
subject to the same selective pressures as shoots in other land plant
groups (Kaplan, 1996). This suggestion is notable in the context of
our findings because iterative growth processes permit flexibility
in the face of environmental challenges.
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Fig. 6. Pinnae initials arise from the frond flanks. (A)SEM of frond
apex showing pinnae initiating. Boxes indicate section planes in C,E and
F. Mediolateral (ML) and ad-abaxial (Ad, Ab) axes are indicated. Scale
bar: 20mm. (B)Higher magnification of frond apex. A slight bulge
(white arrowhead) marks an emerging pinna. Scale bar: 15mm.
(C)Longitudinal section of frond apex showing elongated epidermal cell
files on the flanks (arrowhead). Yellow double-headed arrow indicates
proximodistal axis of the frond (PDf). Scale bar: 20mm. (D)Line drawing
of section in C. Black arrowhead, epidermal cell files on the flank; green
arrowheads, medial divisions of epidermal cells. (E)Longitudinal section
of frond apex showing emerging pinnae (arrowheads). Black double-
headed arrow, proximodistal pinna axis (PD); yellow double-headed
arrow, PDf. Scale bar: 10mm. (F)Transverse section of developing frond
showing pinnae (black arrowheads) emerging on both sides of rachis.
Internal cell divisions from two cutting faces are evident (green
arrowheads). Double-headed arrows indicate PD and ad-abaxial
(Ad,Ab) pinna axes. Scale bar: 20mm.
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Although the process underpinning frond development is shoot-
like, morphologically fronds have leaf-like properties such as
dorsiventral flattening and bilateral symmetry. In considering these
properties and the extent to which fronds are equivalent to leaves,
the most obvious comparison to make is with compound leaves of
seed plants. As in compound leaves, development in N. exaltata
fronds is not strictly indeterminate because growth eventually
ceases after the formation of around 80 pinnae. However, true
indeterminacy is not always a feature of shoots in that some seed
plant shoots terminate in flowers, and some fronds (Clarke, 1936)
and compound seed plant leaves (Steingraeber and Fisher, 1986)
are indeterminate. Mechanisms underpinning compound leaf
formation have been studied in three main model organisms

(tomato, pea, Cardamine hirsuta) and in each case it has been
demonstrated that leaf morphology is elaborated through the spatial
and/or temporal induction of localized cell divisions within
developing primordia (for reviews, see Bharathan and Sinha, 2001;
Tsiantis and Hay, 2003). In C. hirsuta, lineage analysis has further
demonstrated that lateral leaflets are initiated from cells at the
margin of the rachis by an auxin-associated pathway similar to that
used for leaf initiation at the shoot apical meristem (Barkoulas et
al., 2008). However, lateral leaflets are formed after the terminal
leaflet and rachis have differentiated, and there is no evidence of
iterative apical growth. These observations suggest that shoot and
compound leaf development programs are fundamentally different
and that any similarities between genetic pathways operating in the
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Fig. 7. Pinna initials gives rise to marginal
derivatives that, together with the initial,
generate the lamina. (A)Pinna with lamina
sectors. Sectors are often roughly rhomboid (red
arrow) or broaden marginally (black arrow), with
the long axis running midrib to margin. Scale bar:
10 mm. (B)Small sectors that terminate between
the margin and midrib. Scale bar: 3 mm.
(C)Graph showing relative length and position of
sectors occupying over 33% of the pinna length.
Base of pinna is at 0 and tip at 1. Blue lines
indicate sectors on left side of midvein; green lines
indicate the right side; red lines indicate sectors
present both sides. Vertical broken lines indicate
the ±2.5% error margins on sector boundaries.
(D-H) Schematic of cell division sequence of pinna
progenitor cell and examples of resultant sectors,
shown as actual pinnae observed. The initial cell is
indicated by a black arrowhead in relation to
frond initial (D) and by asterisks in longitudinal
section (E-H). Initial cell derivatives are numbered
in the order they are generated (E-H). Early cell
divisions are anticlinal, producing a cell on either
side of the initial cell (E,F). A mutation in the initial
cell after the first division produces a sector
encompassing the entire lamina on one side and
the entire apical region (E). A sector in the initial
cell following the first two divisions produces a
sector spanning the mid-vein and apical region of
the pinna (F). Further anticlinal divisions of the
initial cell facilitate a bulge on the rachis flanks
(G,H; as in Fig. 6B). The third derivative is equally
likely to be cleaved to the left or right. Only the
right-hand version is shown here. A mutation in
the initial cell following the third division produces
a sector encompassing the apical region on both
sides and extending basally along the rachis on
one side of the mid-vein (G). A mutation in the
initial cell following four divisions produces a
sector spanning the pinna tip that is smaller than
that in F (H). (I)Graph showing observed and
predicted (from a conditional probability model of
cell division) frequencies of yellow sectors
generated in cell positions 1, 2, 3, 4 and * in D-H.
(J)Pinna with large regions of yellow lamina but green tip and midvein. Scale bar: 2 mm. Bright-field and confocal images are shown in the boxes.
Scale bars: 500mm. (K)Pinna with green lamina at the base but yellow at the tip and midvein. Scale bar: 2 mm. Bright-field and confocal images
are shown in the boxes. Scale bars: 500mm. (L)SEM of developing pinnae. Examples of oblique cell divisions are indicated with white arrowheads.
Roman numerals correspond to schematics in M. Scale bar: 50mm. (M)Schematic of pinnae in L with cells likely to be derived from the apical initial
in pink and cells likely to be derived from the four flanking cells in white. (N)Fresh cross-section of pinna lamina with a sector touching the pinna
margin that traverses the entire ad-abaxial axis. Sector boundaries are indicated by black arrowheads. Scale bar: 30mm. (O)Fresh cross-section of
pinna lamina with a sector not touching the margin. The sector encompasses two out of the five internal cell layers in the ad-abaxial axis. Sector
boundaries are indicated by black arrowheads. Scale bar: 30mm.
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C. hirsuta shoot and leaf reflect the co-option of ‘shoot’ pathways
into the compound leaf developmental program. Fern fronds are
thus more similar to dorsiventrally flattened shoots than to
compound leaves.

Pinnae are determinate organs that develop from
apical and marginal initials
N. exaltata pinnae are determinate organs on the lateral flanks of
the rachis. Unlike fronds, pinnae exhibit a growth pattern whereby
the single apical initial first gives rise to a few derivatives that act
as marginal initials. The apical and marginal initials are then
coordinately regulated to generate the final pinna morphology. The
apical initial generates the most distal third of the lamina plus the
central core, including the midvein, while each marginal initial
normally generates the basal- or mid-third of the lamina on one
side of the midvein. The coordinated activity of a subset of cells
during pinna development is equivalent to that seen in leaf-like
organs of bryophyte gametophytes, microphylls of lycophytes and
simple leaves of seed plants.

Evolution of land plant shoots
The Telome theory suggested that leaves of both ferns and seed
plants evolved from branches (Zimmermann, 1952). The finding
that fern fronds have inherent shoot-like properties is consistent
with this suggestion. If we assume that the bifurcating stems of
extant lycophytes and ferns are similar to the dichotomizing
leafless axes of early land plants, then the dichotomy was
established following the division of a single shoot apical initial
into two identical daughter initials (Bierhorst, 1977; Harrison et al.,
2007; Jones and Drinnan, 2009). This scenario allows for
evolutionary progression to the formation of fronds if instead of
dividing equally, the shoot apical initial divides to renew the shoot
apical initial and to generate a daughter with modified
developmental potential (the frond apical initial). The question still
remains, however, of how those modified shoots (fronds) evolved
to produce leaves (pinnae).
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