a4

Vol. 44, N. 1 : pp. 41 - 48, March, 2001
ISSN 1516-8913

BRAZILIAN ARCHIVES OF
BIOLOGY AND TECHNOLOGY

Printed in Brazil

AN INTERNATIONAL JOURNAL

Compression Induced Intercellular Shaping for Some
Geometric Cellular Lattices

Adonai Gimenez Calbo” and Amauri Alves Nery
Embrapa-Hortalicas, C.P. 0218, Brasilia- DF, Brazl

ABSTRACT

Thewall perimeter fraction, which contact neighboring cells, was named compression ratio (&). A zero compression
ratio indicates maximum intercellular (air) volume (vg, v/v) and neglectable contact among cells, while a=1
indicates complete adherence between neighboring cells and no vg in the lattice. The maximum intercellular air
volume (b v/v), when a=0, was 0.593 for triangular, 0.2146 for square and 0,0931 for hexagonal lattices. The
equation a=1- (vG/b)”2 was derived to relate a, band vg in the studied | attices. Therelation (Ps=p/a) between cell
turgor (Ps) and the tissue aggregating pressure (p), defined as the compression to keep in place a layer of cells, was
demonstrated using the compression ratio concept. Intercellular deformations of | pomea batatas L. roots obtained
with pressure chamber were used to test a, vg, p and Psas a function of compression. Volumetric and transversal
elastic extensibilities and the lamella media tearing forces were obtained and a constancy was considered as a
criteria of cellular shape stability.

Key words: Elastic modules, compression, externa force, intercellular air volume, Ipomea batatas pressure
chamber

INTRODUCTION

Internal and externa forces shape the cells insde
multicellular organs. Internally the turgor Ps
causes cdll wall stretching (Lockhart, 1965) and
the tearing forces between walls a the lamella
media facing an intercellular air volume (Calbo et
al., 1995), while the apoplasmic tenson (P,)
compresses the cell wall matrix (Calbo & Pessoa,
1994) and conceivably have some cdlular
aggregating force. The action of externa forces as
cellular shaping agents seems to be less relevant
than P_ and P, but they are important during the
plant 3eve|opment and in the post harvest life
(Calbo et al., 1995) and were considered in studies
dout dadic extenshilities  and hydraulic
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conductivity (Ferrie & Dainty, 1976; Steudle et
al., 1981).

Hulbary (1944) in a biometrical study of three-
dimensiona shapes of cell considered that the
formation of intercellular air volumes could be
important to understand  cdlular  shape
determination. Mogt articles related to patterning
and organ shaping, however, avoid the
involvement of intercelular ar  volumes.
Cummings (1996) to obtain a general geometric
treatment of thick epithelia tissues discarded not
only intercelular air volumes but also the cdlular
sructure, which was loosdy included in a
mathematical framework.

In this work, intercelular air volume shaping of
presumed identica flexible thin wadled cdls
enclosed by hexagonal, square and triangular
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lattice, in which individua cells were subjected to
compression, were studied. The developed
equations were used to obtain information about
compression ratios, maximum lattice intercellular
volume, elagtic modules and lamella media tearing
forces from assays in which the intercdlular air
volume of sweet-potato root was reduced with use
an external compression.

MATERIALSAND METHODS

Sweet-potato roots cv. Princesa and Coquinho
produced at Embrapa-Hortalicas (Brasilia, DF)
were covered by a plagtic sedlant and externally
compressed. In such pressure chamber assays
intercellular air volume deformation was estimated
according to the amounts of air evolved through an
air outlet (Cabo et al., 1995) or by a direct
measurement of the organ deformation (Calbo &
Nery, 1994).
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Figure 1 - Pressurized potometer to study intercellular
air volume in compression assays.

The smplifyed pressurized potometer presented in
(Fig. 1) dlowed the direct measurement of the
intercellular volume deformation caused by the
external compression. In this potometer alow dead
volume chamber (Nery & Cabo, 1994) was
attached to the organ covered with plastic sealant

to alow the maintenance of barometric pressure
inside the intercdlular air volumes. Compression
was applied to the water meniscus in the
measuring pippet. Only pressures smaller than that
required to remove the first droplet of apoplasmic
sap in the capillary outlet (Fig. 1) were employed
to respect the presumed V_ deformation
conditions, as close as possible.

Measurement of Vg and V¢

The organ mass was measured and its empuxo
after immersion in water was recorded. From mass
and empuxo the organ volume was estimated
according to the Archimedes principle. The tota
intercdllular ar volume Vs was measured
according to the maximum deformation of the
organ in the potometric measurement (Calbo &
Nery, 1994) or according to the total amount of air
removed from the compressed organ (Calbo &
Nery, 1994; Cdbo et al., 1995). The volume of the
cells V¢ was obtained as the difference between
the organ volume (V,) and its intercdlular ar
volume (Vg).

Physical approach
The following smplifying assumptions were
considered in this study:

1- A constant number of identicd cdls;
2- Each cdll can be enclosed by a prism;

3 Thin and flexible cell walls not subjected to
growth;

4- Intercdlular ar intrusons formed by lamella
media border separation under the action of turgor
dependent forces,

5 External compression affects uniformly the
turgor of al celsin the tissue and

6- Temperature is constant.

Some of the geometric relations involved in the
intercellular air volume shaping of a few particular
cdlular lattices are:

1- Intercelular air volumes (V) a the corners of
square prisms with sde S (Fig. 2) can be
gpproximated by :

Ve = (4m)Lr? [1]

in which, r is the curvature radius of the cel wall
facing Vg and L isthe cdl length.

2- For this square lattice one cell volume (V) can
be computed directly considering s as the part of
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the sde S (Fig. 2), in which the considered cell
touch its neighbor.

Ve =L (nr’+s°+4s) = L [S-(4-n)r [2]

or as a difference between the prism volume (LS%)
and Vg (EQ. 1)

Ve =L [S-(4p)r? [3]

3- The radius associated to Vg (Fig. 2) rin Eq. 1
can be replaced by (S-s)/2:
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Figure 2 - Idealized cell, of length L, enclosed by a
square prism of side S, facing identical cell neighbors,
through plane s cross section. The cell wall curvature
radius r faces an intercellular air volume. The areas
expressed are a rectangle, a square, a quarter of acircle

areas and a difference between a square of sider and a
quarter of acircle of radiusr.

Vi = L (S%-2s5+5%) (4-n)/4 [4]

4- Defining compression ratio as a=9S ardation
between Vs and o can be obtained dividing Eq. 4
by the prism volume (Ve +Ve=LS):

Ve = (1-20+a.%)(4-1)/4 [5]
In Eq 5VG = VG/(VG + Vc)

5- The anadogous expresson for a triangular
cdlular lattice is:

3 p 6
=(-—72)(1-2a+a? [6]
° 2 23
and for an hexagond cdlular latticesis.
Ve =(1-—=)(1-2a+a’ [7]
c =( 2«/_)( )

6- In Eq. 5 6 and 7 & is null when a=1. The
maximum \¢ (v/V) intrusion dlowable, for o.=0, in
these sguare, triangular and hexagonal lattices is
the factor that relates & with (1-20+0°). As a
conseguence it seems relevant to suppose that the

gaseous volume intrusion of an irregular cellular
lattice could be related o by:

¢ —(1-2a+a’) [8]
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Figure 3 - Idealized behavior of cells arranged in cubic
and hexagonal packing, without external compression
with some compression and subjected to a compression
larger than Ps.

in which B is the maximum alowable vg (V/V)
intrusion and one of the roots of this equation is:

a=1- (ve/B)" [9]
7- The crossection perimeter b of these cellsis:

b=2nr+4s [10]
From Eg. 9 an expression for b as a function of vg
can be obtained, after making r=(S-s)/2 and
s=aS.

b:S[4—2 (4_p)VG] [11]

8 The ratio Vg/(VetVe) represented by vg
depends only of the considered lattice (Fig. 3) and
is independent of the cell size. From this fact, by
induction, the following axiom was proposed:
"Whole organs of any shape composed of
prismatic cells arranged according to an uniform
lattice can be treated as an unique cell having
typical emptied V¢ corners, enclosed by one smilar
larger prism with the total organ volume'. This
axiom should be valid for volume related properties
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Compression and aggregating forces

A plane lamella between a pair of cdls is an
evidence that they have similar turgor and as a
consequence a tissue composed of poliedric cells
is an evidence of near turgor uniformity and of
lamella media gluing forces. Without such gluing,
the tissue should become a mass of elipsoida
cells. The aggregating force F, which keeps in
place a rectangular area sL of the cell wall herein
considered (Fig. 2) can be related to the turgor Ps
by:

F=PsLS [12]

F can aso be calculated as the product between
average pressure p times the prism face SL (Eq.
13). This average pressure p will be defined as
the aggregating pressure.

F=pSL [13]

A relaion between turgor (Ps) and p is then
obtained replacing s by S in Eqg. 12 and making
it equal to 13:

Ps= pla [14]

If p recelve additions of an externdly applied
pressure (Ap) then Eq. 14 can be rewritten as.

Ps = Pg + APs = (Ap + )/ [15]

In Eq. 15 p, is a parameter (Psy/a) to be estimated
from assays in which o (EQ. 9) is measured as a
function of Ap.

Compression under nearly constant turgor

When a force increment dF is applied to a cdll
layer (Fig. 2) without causing turgor (Ps) and cdll
length (L) increase it, then, can be written as:.

dF = d(SLp) = Ps ds [16]

According to Eqg. 12 and 13 the divison of Eq. 17
by SLpyidds.
d(sp) _ s [17]

S s
Integration from s, to s and from Spy to SPp
generates:

P _s [18]

SoPo So

using a (/S) an ap (S0/S) Eq. 18 can be rewritten
as.

P=p aloo [19]

If a,=1 the substitution of Eg. 9 into Eq. 19 alows
the representation of vg as a function of the
external pressure Ap as.

Ve/B=[1-(p + Ap)/po] [20]

In Eg. 20 p is theinitid aggregating pressure, Ap
is the external pressure and p, is the minimum
compressive load required to keep in place the
cellswith zero intercellular volume.

Constant cell volume compression

For acedl with length L and perimeter b in a square
lattice the transverse Hoockian elastic modules (&)
is
do _d(F/L) [21]
b e

Considering that F=pSL the integration of Eq. 21
yields
Lnlz—poSo L
b, e
Replacing the v expression of b (Eq. 11) equation
22 generates.

S[2-4(4 —PVvel. [23]
S[2—/(4—p)v } =pS —p,S,

o 6o If the ratio
a=L/S is constant, then it can be substitued in EQ.
23 as S=a*(Ve+Vo)*® . A numerica adjustment
alows the fitting of @ and ¢, according to changes
of v caused by variations in the external pressure
(Ap). In this procedure V¢ remains constant by
definition.

Elastic volumetric modules and Vg

€n{

In a compression assay the organ volume (Vs+V¢)
reduction is functionally associated to an elagtic
volumetric eastic modules E by:

dv g dp

- [24]
Ve +V¢ E
The integration of Eq. 24 yields:
in~e Ve - ApE [25]
Vo + Ve

A different equation could be written, considering
only the elastic modules E; associated to the walls
surrounding the intercellular air volume.

d\/G/VG = dp/El [26]

Eq. 26 isintegrated to:
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Ln (Ve/Veo) = AP/E; [27]
Plant size and turgor at constant o

For an uncompressed organ in which a=L/S and
C=b/S are constants, a should not change as a
function of turgor and the integration of Eq. 21, in
this particular condition yieds:

eLln S /S, *=a S PsaS’ Py [28]
from which turgor can be separated as.

Ps=2¢ /S LnYS- S F Py [29]

RESULTSAND DISCUSSION

The curve of vg reduction as a function of the
applied external compression was smoother (Fig.
4) than the method of collecting the air removed in
the outlet. Additionaly, this method do not have
the problems of gas solubilization previoudy
acknowledged by Cdbo et al. (1995). For this
reason the results obtained with the potometric
method using the equipment illustrated in Fig. 1
should be preferred.

0,07 -
0,06 -
0,05 4,
0,04 {°,
0,03 {1 “%
0,02 - te .
0,01 -
0 T T
0,07
0,06 I
0,05 { “*-,
0,04 - 5,
0,03 A g
0,02 *e.
0,01 -
0

Air removdal

Ve (V)

0 200 400 600
Pressure (kPa)

Figure 4 - Typical A (v/v) measurements of sweet-
potato roots as a function of compression obtained by
pressurized measurements of potometry and a air
extracted volume from the same compression assay .

V,, compression under presumed constant turgor
The reduction of v_ with compression for the
constant turgor modd, yield good fitting (Table 1).
Most of the experimental variation (>99%) was
explained by this model, which conveys to the idea

that the equation is valuable despite of some
sgnificant unexplained resdua components. To
fit EQ. 20 B was set to (4-rn)/4, because the
additiond fitting of [ caused no goodness of fit
improvement, and the estimated  values were
closeto this theoretical value.

This congtant turgor mode! yield an aggregating
pressure pj of 700kPa and an estimated turgor pg
of =1200kPa.

Elastic cell wall extension

Equation 23 was developed to represent V _ versus
compression for a repeating celular lattice in
which the cell crossection area remains constant
while the walls are elongated by the stretching
caused by turgor increase in the compressed tissue.
The compression induced V _ reduction in this case
is associated to the cell wall perimeter (b) increase,
which causes the turgor increase.

The elastic modules ¢, the tissue initid
aggregating pressure at the beginning of the
compression assay [ and the turgor of the cells at
the point where v_ is zeroed (p), were obtained
during the computational fitting (Table 1). For
studies of organs subjected to externd
compresson (Eq. 23) and for pressure volume
dendrometric studies (Eqg. 29) the Hoockian elastic
modules (¢) seems to be of potential interest.

In these compression assays no water was lost but
some water exchange between the symplasm and
apoplasm may have occured. The adjustment for
V. Versus pressure under presumed constant cell
volume (symplasm volume, Eq. 23) was better
than for cells at presumed constant constant turgor
(Table 1). The improvement, however, was minor
and could be explained considering the transverse
cell wall elastic modules.

The aggregating pressure (p=584 kPa) in this
model was dightly smaller than the congtant turgor
model. The turgor estimated at ve=0 (py=1440
kPa) was not significantly different from the one
obtained using the constant turgor model. The
linear dastic modules (3248 N/m) vaue was about
ten times as large as the values reported for Chara
carollina (Steudle et al., 1991). No smilar results
were found for other storage roots.
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Table 1- Average coefficients (n=5) and mean standard deviation for physical models adjusted to ten assays of Vs

reduction versus compressive load (Ap), performed with sweet potato cv Princesa using a pressurized potometer and
five with cv Coquinho using the amounts of air removed during compression assays.

cv. Princesa cv Coquinho
Parameter )
meantse R® (average) meantse R (average)
Volumetric dlagtic modules E of the organ [V = exp(Ap/E) - V(]
Veo (VIV ) +0. ) + 0.
o (VV) 0.9433 + 0.0036 0,976 0.9593 + 0.0014 0,925
E; (kPa) 8302 + 353 9844 + 1369
Volumetric elastic modules E1 from the walls surrounding V _ [Ve= Veo eXp(- Ap E; )]
Veo (VIV ) +0. . +0.
o (VIV) 0.0609 + 0.0030 0,993 0.0431+0.0015 0,973
E (kPa) 295.0 £ 30.5 258+ 35
V, compression under constant cell turgor { ve=0.2146[1-(p; +Ap)/p.]” }
kPa 5+ 32. 5+ 127.
p (kPa) 6785+ 32.7 0.9901 8195+ 127.0 0,9538
Po (kPa) 1430 + 89 1460 + 208
V, compression for cells with elastic walls in the absence of water exchange (Eq. 23)
p (kPa) 584.4 + 26.0
Po (kPa) 1440 + 86.0 0.9921
& (N/m) 32486 + 3180

The aggregating pressure estimates similarities
between these models were encouraging
considering the conceptua difficulties involved.
The differences were of less than 10% for
aggregating pressures and were within  the
experimental errors for turgor at a=1.

Tissues with thin walled cdls under stable VG,
presumed from compression ratio (o. constancy in
the absence of external compression turgor can be
evaluated from ¢. To use Eqg. 29 the side S (or
diameter) with an Alvim (1975) dendrometer, a
LVDT (Klepper et al., 1972) or volumetric
measurements are needed. Conversely given
estimates of turgor Eq. 29 alows the estimation of
the linear elastic modules of plant cells according
to the restrictive assumptions used in this work.
Considerations about volumetric elastic modules
The volumetric elastic modules (E) for the whole
organ under compression (Eq. 25) yieded the
worst adjustment (Table 1). The volumetric elastic
modules E, associated to the cell wall facing Vg
(Eq. 27) gave a better adjustment (Table 1),
because the elasticity of the walls facing V is
related to the external pressure response.

The values of the volumetric eastic modules E, for
organ compression, and the volumetric eastic
modules Ej for compression of the walls around
Vs depend on the turgescence intercellular air
volume and cdl wal dadticity. Differently,
intercellular air volume are excluded as a variable
in the volumetric eastic modules obtained by
changing the cdl water content and using a
pressure-chamber (Murphy & Ortega, 1996) or
using a pressure probe (Murphy & Ortega, 1995).
Cdbo et al. (1995) acknowledged that in externa
compression assays, sSmilarly to pressurizing a
fruit between tvo fingers, which causes celular
deformations not involved in other methods to
evaluate organ elasticity.

V; formation spontaneity

One procedure to consder Vg formation
spontaneity is by evauating free energy reduction.
In the first ideal system from this article, turgor
was considered to be constant and the free energy
reduction (w) caused by formation of intercellular
ar volumesis.

W= Ps AV(; [30]
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For the second modd, the cel volume was
considered to remain constant and Vg formation,
as consequence, is related to the eastic work
produced, free energy reduction, while the cell
perimeter is reduced from b to by according to Eq.
31

w = g(b* - by?)/2 [31]

Another valuable form to consder the Vg
formation spontaneity is by estimating the tearing
tension at the lamella media. In the absence of an
externa compression, the tearing tenson per unit
of cdl length (T . =F/L) acting a one of the two
lamella media bordering points that determine the
segment s in Fig. 2 is the force (F=sLPs) divided
by 2 timesthe cell length (L).

T|_ =S PS 12 [32]
Meristematic tissues are geometricaly similar to
soap bubbles (Sifton, 1945 and 1957) in which
intercellular air volumes can not be observed at an
opticd microscope. The tissue pattern changes
during differentiation, and intercdlular ar
volumes are gradualy developed among the plant
cell walls. Possibly cell growth associated or not to
a lamella media biochemica weskening, which
increase its susceptibility to the turgor dependent
tearing forces (Eq. 32) acting at the corners among
three or more cells (Jeffree et al., 1986), play an
important whole in the devdopment of
intercelular air volume intrusons.

An inspection of EQ. 32 associated to other
previoudy considered geometric considerations
dlows the following inferences about tearing
forces at the lamella media and the devel opment of
intercellular air volume intrusions:.

1- The smaller the cdlls, the smaller are the tearing
forces at their corners;

2- The tearing forces reduce as v, increases (Eq. 9
and 14);

3- Cdl separation occurs as the tearing tension is
being reduced to a threshold limit. This threshold
should be under gtrict plant molecular control.

In sweet-potato roots, tearing force was estimated
in 6 N/m a the lamella media V_ edge. A
resistance to a tension of this magnitude or even
larger is required to assure V. dability. From a
Macroscopic perspective suchG\/G sability could
be stated as "The intercellular volumes remains
stable while the compresson ratio o remains
constant”. This inference should be vaid in

absence of applied external compression in non-
growing tissues.
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RESUMO

A fracdo do perimetro da parede celular em
contato com céulas vizinha foi denominada razéo
de compressdo (o). Razdo de compressdo zero
indica volume intercdlular (vs, v/V) maximo e
contato neglivel entre as células, enquanto a=1
ocorre quando ha completa aderéncia com as
clulas vizinhas (Vz=0). O volume (gasoso)
intercdular méximo (B, v/v), quando o=0, foi
0,593, 0,2146 e 0,0931 para l&tices triangulares,
guadradas e hexagonais. A equacéo derivada para
relacionar o, B and & nas létices estudadas foi
a=1- (Vo/B)"?. A razdo de compressio foi em
seguida empregada para estabelecer a relacéo
Ps=pla. entre a pressdo de turgescéncia (Ps) e a
pressio de agregacdo (p), definida com a
compressao para manter uma camada de células no
seu lugar. As deformagdesintercel ulares de batata-
doce obtidas com procedimentos de cémara-de-
pressdo foram empregados para obter informagdes
sobre as variagdes de a, Vi, p € Ps em fungdo da
compressao empregando médulos de elagticidade
transversal e volumétrico. A consténcia de a foi
sugerida como crité&rio de estabilidade de latices
celulares.
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