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MOSS LEAF MORPHOGENESIS AND ITS CORRELATION WITH THE LEAF SHAPE
IN FUNARIACEAE (BRYOPHYTA)
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Abstract

A method of cell coding is suggested, which allows transforming the sequence of reconstructed cell
divisions in moss leaves into a datamatrix ready for statistical analysis. The comparison is done for
Physcomitrium pyriforme, P. sphaericum and Physcomitrella patens, showing a contrasing difference
of P. sphaericum, but revealing certain differences between Physcomitrium pyriforme and Physcomit-
rella as well. Assuming that the cell divisions perform alternation of longitudinal and transverse divi-
sions, P. sphaericum is characterised by minimal omissions of divisions. In Physcomitrium pyriforme
divisions in costal halves of leaf are more numerous than in marginal halves, whereas in Physcomitrella
the number of transverse divisions in these parts of leaf is about equal. The correlation between the
number of missed cell divisions with shape of the distal leaf part is discussed.

Pesrome

IIpuBozuTest onmcanue hopMan3HPOBAHHOTO METO/IA 3AITHCH MTOCTIeI0BATENbHOCTH KIIETOUHBIX JICICHHH
TPY PEKOHCTPYKIIUN PA3BUTHS TUCTOBOH MIACTHHKU MXa C TOYHOCTBIO JI0 OT/IENTBHOM KIE€TKU U IPEZICTABICHHS
ee B [U(poBOit MaTpHIIe st AabHelIel MateMaTnyeckoi 00pabotku. CpaBHEHHE TPEX MOJIEIBHBIX BUIOB,
Physcomitrium pyriforme, P. sphaericum w Physcomitrella patens, nokasaino peskue otnuus P. sphaericum
OT ABYX JPyTHX BUJIOB. Ec/i cunTaTh MpaBUIIOM YepeIOBaHUE MTPOIOJIBHBIX U MONEPEYHBIX JENeHHH, TO Y
9TOTO BHJIa IMEETCsl HAMMEHbIIIEE YUCIIO MPOITYCKOB JeneHnid. Omnuaus Mexny Physcomitrium pyriforme
and Physcomitrella 6oree CIIOXKHBIC U BBISABIISIOTCS TOJIBKO ITPU CPABHUTEIEHOM aHAIN3€ KOJIMYECTBa Aelie-
HUI B 00NIacTAX JrcTa Omke K Kparo 1 OJIMKe K XKIIIKE: TONePedHBIX JACJICHHH y MepBoro Bujaa OmmKe K
Kparo MeHbIIIe, YeM ONIKe K KUITKE, TOT/a KaK y BTOPOTO MX YHCII0 paBHO. OOCY kK IaeTcs TaKkKe KOPPEIAIms
qyclIa MPOITYIIEHHBIX JETIEHUH CO CTENEHbIO 3a0CTPEHHOCTH JINCTHEB.
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INTRODUCTION

The leaf morphogenes in general was characterized
in XIX century (Lorentz, 1864; Leitgeb, 1874), and later
its rather detailed description has been published by Pot-
tier (1925) and Frey (1970, 1972). According to this, the
moss leaf is building from a several pairs of of descend-
ers of the leaf apical cell. First cells appeared from the
apical cell form proximal part of leaf, while later divi-
sions give cells composing upper sectors through the
number of successive divisions.

The understanding of the principal order of cell divi-
sions and identification of structural homologies, how-
ever, did not serve to subsequent development of meth-
ods allowing comparison of any two or more leaves by
difference in their cell division order. In the present pa-
per we suggest one of the possible approches to this. In
particular, we present the method of cell division coding
for subsequent computer treatment. An example of sub-
sequent analysis of data coded in this way is provided.

The models of the cell division order were developed

moslty for roots of Angiosperms (Bell & Tomlinson, 1980;
Barlow et al., 1982, 1991; Barlow & Liick, 2004; Liick et
al., 1997). The ideas of denoting divisions were fruitful, but
difficult to apply to divisions in moss leaves and not easy
transform to format suitable for computer analysis.

The main idea of the present coding is based on that of
Corona (1978, 1987), whose coding principles include
several a priori set rules and format of data suitable for
subsequent numerical treatment. The coded division is re-
ceiving a unique number, identifying also its position with-
in the cell net massif of given leaf, and appearing homol-
ogous with the same number in any other leaf.

THE CELL DIVISION CODING

The principle mechanics of sector formation from the
single apical cell is illustrated in Fig. 1. It is somewhat
simplified by ignorance the (sub)bilateral simmetry of
the leaf and its attachmet to stem, as well as costa. In
addition, all the divisions are considered as either longi-
tudinal or transversal, and the first division in the sector
is always longitudinal (e.g. pointed towards apical cell,
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longitudinal divisions

apicalcall

Fig.1. Principle scheme of sector formation in moss leaves. Abbreviations I*, I, I, I, I¢!, 12 are according to Frey (1970).

as explained in Fig. 1, where all divisions are performed
as oblique). After these assumptions, the ‘ideal scheme’
allows definition of criteria for unequivocal retrospec-
tive reconstruction of the cell division order. Some re-
strictions related to possibly too heavy assumption will
be discussed below.

The sequence of cell divisions, as it is appears from
the ‘ideal scheme’, is rather straightforward, as in each
sector divisions are following the exponential progres-
sion: 2, 4, 8, 16, 32, 64, efc., e.g. 2 in power 1,2, 3,4, 5,
6, etc. These power numbers can be visualized easily in
a sequence of ‘rainbow colors’ as shown in Fig. 1 (and
cf. subsequent Figs. 3-4). Thus the color applied in this
way unambiguously denotes the order of divisions.

Considering the ‘ideal scheme’, the number of leaves
of Physcomitrium pyriforme, P. sphaericum and Phy-
scomitrella patens were ‘painted’ for their upper six sec-
tors, as upper parts of their leaves have almost no prob-
lematic places difficult for understanding in a way simi-
lar to ‘ideal scheme’ (cf. Figs. 3-4). In case if an alterna-
tive variants of reconstruction were possible for the same
area, the acceptance of one of them based on the mini-
mal differences from the ‘ideal scheme’.

These leaves served for adjusting numerical coding
procedure to the moss leaves, which was finally formu-
lated as follow.

1. Each division is a combination of four numbers.
Three first numbers characterize the division position,
while the fourth number indicates if it really performed or
not, and in the former case if it was longitudinal or trans-
versal.

2. The first number is the number of sector, count-
ing from the apical cell. The numeration is consecutive,
i.e. the sectors 1%, I°!, 12, I°! in Fig. 1C will be 1, 2, 3
and 4, correspondingly. The apical cell itself is not count-
ed. In our examples first number was 1 to 6, while in
more complete amalysis of Physcomitrium it can be up
to 10, and in other mosses up to 14(-20).

3. The second number is the order of cell divisions
inside a given sector, i.e. ‘the color of line’. The black
line in Figs. 1D and 3-4, which subdivides leaf into sec-
tors is not considered (or considered as ‘0’), but not in-

cluded in datamatrix. In the present analysis the second
number was 1 to 8 (i.e. some sectors may include 28=
256 cells, though in fact the real number was much small-
er, because some divisions were omitted, cf. Fig. 5).

3. The third number indicates the position of the
division in relation to previous divisions. It requires more
attention, as its finding is not that straightforward in
comparison with other numbers. It cannot be found be-
fore all is known about the order of previous divisions in
the given sector. As soon as the latter is known the va-
cant places for division of this order are receiving their
third number as follow (see Fig. 2):

— if previous division was longitudinal, e.g. ‘violet’
in Fig. 2A, the next ‘deep-blue’ divisions are numbered
in the order from lateral (1) to axial (2);

— if previous division was transverse, e.g. ‘deep-blue
in Fig. 2B, the numbering is going from the distal to
proximal and in the following order of the subsequent
‘light-blue’ divisions will be: 1: distal lateral; 2: proxi-
mal lateral; 3: distal axial; 4 proximal axial.

— the next ‘green’ level requires already 8 numbers,
(Fig. 2C) redardless how many divisions really happened.

— in case if some divisions are absent, their numbers
are still applying (but in this case the fourth number will
be 0, showing that division potentally possible in this
position was not performed).

— in case if division happened in ‘wrong’ direction,
i.e. not exhibiting a regular alternation ‘longitudinal—
transvere—longitudinal—transverse and so on’, number-
ing retain the same priority: from distal to proximal, from
lateral to axial (Fig. 2C).

Potentially the third number may be up to 256 or even
more in large leaves, although in our case it does not
exceed 32.

4. The fourth number indicates if division is absent
(0) or longitudinal (1) or transverse (2). It can have only
one of these three states.

The example in Fig. 3 illustrates how 22 divisions in
a small leaf of Physcomitrium pyriforme (Fig. 3A) can
be coded and then from its codes (i.e. the 22 combina-
tions of four numbers in each) be perfomed in a sche-
matic way (Fig. 3B). The translation of numbers into



Fig. 2. Expalantion of the third number principle
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(see text for explaantion). Costa is on the left.
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such a scheme is unambigous, at least in room of the
present assumptions, including among others only two
possible positions of division: longitudinal or transverse.

After this coding is done, the information about cell
divisions in the leaf can be performed in a datamatrix
format where the column names are first three numbers
of all cell divisions, while data in a line for each speci-
men contian the fourth number (Fig. 3C).

COMPARISON OF LEAVES OF THREE SPECIES OF
FUNARICAEAE BY CELL DIVISION SEQUENCE.

In order to check if this way of coding may be used
for leaf comparison, the three species were chosen: Phy-
scomitrella patens (Hedw.) Bruch et al., Physcomitrium
pyriforme (Hedw.) Hampe and P. sphaericum (C.F.Ludw.
ex Schkuhr) Brid. The choise depended on the rather
simple structure of these leaves, i.e. a relatively short
costa vanishing well below apex, large and therefore not
so numerous cells, and also absence of distinct border.
Both herbarium and fresh material (from nature and, for

Physcomitrella, also from laboratory culture) was used.

Leaves were mounted on slides in Moveol medium
and then photographed with Nikon D70 attached to light
microscope, the 2000x3008 pixel, and after that cell walls
were marked in the graphic editor.

Divisions were reconstructed in 6 or 5 upper sectors
(given in two numbers) for 140 leaves (83 and 57) of
Physcomitrella patens, 88 (51 and 37) of Physcomitri-
um pyriforme, and 35 (25 and 10) of Physcomitrium
sphaericum. Some examples are shown in Fig. 4.

According to the ‘ideal scheme’, the divisions change
the direction, so the next one is performed at 90° with
the previous one. However, the second (‘deep-blue’) di-
vision in most 5th and 6th sectors is longitudinal, as the
acceptance of any transversal division as a second one
leads to much more deviations from the ‘ideal scheme’
(Fig.1). So the second division in these sectors is accept-
ed as longitudinal for Physcomitrella patens in 92% of
cases, for Physcomitrium pyriforme in 85%, while in P,
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Fig. 3. Example of cell division coding. A: small leaf of
Physcomitrium pyriforme, showing cell divisions coded by com-
binations of four numbers; B — scheme of these division, built
from the corresponging datamatrix, showin in C. I°', %2, I¢! 16
— sectors, denoted according to Frey (1970).
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Fig. 4. Retrospective reconstruction of cell divisions in six
upper sectors in Physcomitrium pyriforme (A), Physcomitrella
patens (B) and Physcomitrium sphaericum (C).

sphaericum in 100% of the achived reconstructions. The
deviations (i.e. if division direction changes from longi-
tudinal to transvere or opposite) occur in most leaves,
excepting only very small ones from the lower part of
stem (Table 1). The latter case obviously relates to the
absence of costa in such leaves and to the width of leaf
base equal to stem width, thus not restricting the growth
from sides. The larger leaves must have additional lon-
gitudinal divisions to become ovate or broadly ovate and
achieve the leaf shape a common in Funariaceae.

Table 1. Percent of leaves with the deviations from ‘ideal
scheme’ in 5 & 6th sectors in Physcomitrium pyriforme and
Physcomitrella patens in relation to leaf width.

Number of cells from  Physcomitrium Physcomitrella

costa to margin pyriforme patens
5-8 60% 75%
9-12 90% 90%
13-16 88% 100%
17-24 82% 100%

In 4th sector the second, ‘deep-blue’ division is lon-
gitudinal in Physcomitrium pyriforme in 80% of cases,
in Physcomitrella patens in 75%, in Physcomitrium
sphaericum in 100%.

In 3d sector the second division is already mostly
transverse in Physcomitrium pyriforme and Physcomi-
trella patens, but not in Physcomitrium sphaericum. The
percent of leaves deviated from ‘ideal scheme’ is much
smaller: in Physcomitrium pyriforme — 18%, in Phy-
scomitrella patens — 30%, in Physcomitrium sphaeri-
cum — 80%.

In the first and second sectors the ‘deep-blue’ divi-
sion is not always performed and have no obvious rules.

THE RELATION BETWEEN CELL DIVISION ORDER
AND LEAF SHAPE

A comparison of a number of distributions of various
coded parameters of three studied species shows a quite
distinct position of Physcomitrium sphaericum, while
Physcomitrium pyriforme and Physcomitrella patens are
rather similar to each other. The most obvious differenc-
es between the latter species were found when the lami-
nal cells were subdivided into two parts: closer to costa
(called “costal halves of leaves” and closer to margin
(“marginal halves of leaves”). The demarcation line be-
tween them was the oldest longitudinal division in the
corresponding sectors.

The differences in a number of divisions between spe-
cies are shown in Fig. 5.

In Physcomitrium pyriforme the number of longitu-
dinal divisions in the costal part (red kinked curve) is
rather equal in average to that in marginal part (monot-
onous blue curve), as seen in Fig. 5-1. Contrary to this,
transverse divisions in costal part (red curve) are more
numerous in comparison with marginal part (blue curve)
(Fig. 5-3).

In Physcomitrella patens longitudinal (Fig. 5-5) and
transverse (Fig. 5-7) graphs are rather similar, both of
them comprising a relatively equal number of divisions
in costal and marginal parts of leaf (in a way similar to

Fig. 5 (opposite page). The differences in number of the laminal cell divisions in Physcomitrium pyriforme (1-4), Physcomitrella
patens (5-8) and Physcomitrium sphaericum (9-12). Pairs 1 & 3, 5 & 7 and 9 & 11 show comparative number of divisions in
marginal halves of leaf [blue line] and costal halves of leaf [red line]. Figs. 1, 5, 9 show longitudinal divisions, 3, 7, 11 — transverse
divisions. Leaves are arranged along axis X in order of increasing number of divisions in marginal halves of leaf.

Graphs in the right column are based on the same data as those in the left one, correspondingly, but leaves are arranged along
the axis X by the leaf width (in number of cells). Green vertical lines show more acute leaves (see text for explanation).
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longitudinal divisions in Physcomitrium pyriforme).

The pattern of Physcomitrium sphaericum is distinct
from both these species: the number of longitudinal di-
visions in the costal part is lower than in marginal part
(Fig. 5-9), while the corresponding number for trans-
verse divisions is higher (Fig. 5-11), being more similar
in this respect to Physcomitrium pyriforme (Fig. 5-1).

In general, in all three species transverse divisions of
cells prevail in costal part of lamina, although in Phy-
scomitrella this is not that distinct as in two other species.

The comparison of cell divisions with shape of the dis-
tal leaf parts are performed in Figs. 5 and 6, where more
acute leaves are marked by green lines. First of all, leaves
in each species were sorted into more acute and less acute
as follow: (1) in Physcomitrium pyriforme leaves were
sorted among acuminate vs. acute; 2) in Physcomitrella:
between leaves tapered to the apex at <40° vs. >40° angle;
(3) in Physcomitrium sphaericum: between leaves tapered
to the apex at <90° vs. >90° angle. Although rather few
examples do not allow statistical suport, the following ten-
dency is apparent: in Physcomitrium pyriforme acuminate
character state is associated with leaves where missing
divisions are more numerous in marginal (m) halves of
leaf'than in costal (¢) ones: m>c=13, m=c=2, m<c=1, while
in other species no apparent difference was found.

It is also quite expected that the number of missing
divisions is declining in broader leaves. This tendency is
apparent in all species, but the most distinct it is in Phy-
scomitrella (Fig.6-2). Note also that in broader leaves
the missing divisions in coastal halves are more numer-
ous than in costal: red line in Figs 6-1 and 6-2 towards
the right end is below the blue line.

Fig. 6 (opposite page). The number of missed divisions, both
longitudinal and transversal, in Physcomitrium pyriforme (1),
Physcmitrella patens (2) and Physcomitrium sphaericum (3)
in marginal halves of leaves [blue line] and costal halves of
leaves [red line]. Leaves are arranged along axe X in order of
leaf width (in number of cells). Green vertical lines show more
acute leaves (see text for explanation).
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