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1. Introduction

Auxins belong to the most important plant hormones and play a central role in growth and development regulation (for a
review see e.g. [5]). There are several synthetic and natural auxins, the most prominent probably being indole-3-acetic acid
(IAA, denominated also simply as auxin in the sequel). IAA is mostly produced in the plant shoot and is transported polarly
from cell to cell through the shoot and stem towards the primary root [6]. This transport occurs over several centimeters
and extends over thousands of cells.

Quantitative description of auxin transport has been based up-to-date on the chemiosmotic model of polar auxin diffusion,
proposed in the mid 1970s, [7-9]. The chemiosmotic model uses the fact that IAA is a weak acid and in its ionic form it
cannot freely pass through the cell membrane. IAA can enter the cell either as protonated molecules (through passive
diffusion) or as ions (through transport proteins). Once in the cell, IAA will dissociate almost completely in the slightly
alkaline cytoplasm and can hence exit the cell only through transport proteins. Polarity arises through an asymmetric
distribution of the transport proteins. The chemiosmotic model predicted the existence of efflux and influx transporter
proteins, [10], which have been observed experimentally in the last decade, [11,12], and describes sufficiently well the
transport of radioactively labeled auxin through plant tissues, [13,8]. The mathematical approach used in the chemiosmotic
model is to describe either the cells or even cell compartments (cell wall, cell membrane, cytoplasm, vacuole; cmp. Fig. 1) as
discrete objects. This approach has led to some open questions, the most remarkable is probably whether auxin transport
has a velocity, [7]. Until now the movement of the center of mass of simulated auxin pulses has been used to assign a velocity
of transport. This approach is imprecise and does not show the existence of a true transport velocity.

The article presented here focuses on the extension of the chemiosmotic model by usage of a multiscale approach to
finally define a macroscopic average velocity of long-range auxin transport. Using conservation of protonated auxin and
auxin ions, a microscopic model describing the diffusion, reaction and electric flux is posed. We assume that the plant tissue
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Fig. 1. Unity cell Y, which corresponds to a biological cell, and tissue represented by the microscopic domain §2 with corresponding boundaries (I'y, I'p
and IF). Influx (AUXs) and efflux (PINs) transport proteins are distributed asymmetrically on the plasma membrane.

is composed periodically of identical plant cells. The microscopic properties of the plant cells are reflected by oscillating
coefficients in the model. A macroscopic model is obtained by means of a formal asymptotic expansion. Related results on
asymptotic analysis of diffusion-convection equations can be found in [ 14-16]. The solutions of unit cell problems determine
the macroscopic diffusion coefficients and transport velocity, which allow one to do numerical simulations which relate the
distribution and permeability of transport proteins with the effective velocity.

2. Microscopic description

The situation modeled here is described in Fig. 1. The plant tissue is assumed to be composed periodically of identical
plant cells. The internal structure of these plant cells is assumed to consist of cell wall, a plasma membrane, cytoplasm,
tonoplast and a vacuole. On the membrane we assume that two kinds of transport protein are present: influx (AUXs/LAXs)
and efflux (PINs) proteins.

IAA is a weak acid and dissociates in aqueous solutions. The dissociation rate is independent of pH. However the
recombination rate depends on the amount of protons in the solution and hence on the pH value. We assume following
reaction

IAAH £ 1AA~ + HT,
Ir

where ry; = const and r, = r.(pH) are the dissociation and recombination rates, respectively. The pH value depends on the
cell compartment and therefore the equilibrium shifts towards dissociated auxin (in cytoplasm) or protonated auxin (in cell
wall and vacuole). The concentration of the ion IAA~ will be denoted by u, while v is the concentration of the protonated
auxin IAAH. We assume that there is no bulk flow and that both IAAH and IAA™ diffuse. The diffusion coefficients will be
denoted by D, and D,, respectively. Due to the negative charge of the ions, the electric potential differences across the
plasma membrane and tonoplast produce an additional flux of IAA™. The mobility of the ions is given by the permeability
P, which determines together with the electric field ¢ and u, the electric flux P u ¢. The concentrations u and v are in the
order of 1 nM, while other ions (in particular K*, Na* and CI™) appear in concentrations of 1 mM. Therefore we can assume
that the electric field inside a cell is independent of u and is generated by the equilibrium membrane potential produced by
the other ions (ca. —120 mV between cell wall and cytoplasm and 50 mV between cytoplasm and vacuole). Moreover the
equilibrium membrane potential is assumed to be stationary.
Thus the diffusion and transport of JAA~ and IAA is described by the following equations

ou+div(Popu) —div(D,Vu) =rgv —r,u,
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Fig. 2. Simplified geometry and parameters used in simulation. Units: [Ppy] = [Paux] = cmh™!, [D,] = [D,] = cm? h™ 1.

ov —div(D, Vv) = —rgv +ru, (1)
divg = p,

where p = p(x) is only a function of the space variable.

In the single cell we have five different domains (Figs. 1and 2). The order of the coefficients can vary substantially between
these domains. In the cell wall diffusion coefficients D, , are ca. D,,/15, where D,, is the diffusion coefficient of auxin in
water, in the plasma membrane and tonoplast D, ,, is ca. D, x 107" and in the vacuole and in the cytoplasm Dy, & Dy,.
The electric field is about 10° V cm™"! in the plasma membrane, 5 x 104 V.cm™! in the tonoplast and almost zero elsewhere.
The permeability P is of the order of 3 x 107% cm? V=! h~!. The thickness of the cell wall and cytoplasm is 10~% cm, the
thickness of the membranes is 10~® cm. Thus D Vuy is proportional to 16 ug in the cell wall, to 240 ug in cytoplasm and 10~°
in the membranes. For the transport term we obtain P ¢ uy ~ 0.3 ug to 30 ug in the plasma membrane. The dissociation and
recombination of auxin is very fast and for the reaction rates we havery ~ 5 x 10°h~" and r, ~# 5 x 10°to 5 x 103 h~1.

Let 2 = (0, 1) x (0, 10) x (0, 1) represent the plant tissue. The ratio between the size of the cells and the size of the
whole domain £2 is denoted as ¢ > 0 (here ¢ &~ 1108—3;“ = 1073). Choosing the characteristic reaction time as the time scale
in the model, the flux terms have to be scaled by &.

We consider the so-called “standard cell”, Y = [0, 2] x [0, 10] x [0, 2] (cmp. Fig. 2 and ¢ = 10~3), periodically repeated
over R® and define, for k € Z* and vectors g; (with q; = 2e;, g, = 10e; and g3 = 2e3), Y* = Y + 3., kig;, and
2 =U{eYXeYk c 2,k e 7°).

The coefficients in the equations are defined by the Y-periodic functions P*(x) = P(f), pix) = p(g), Di(x) =
Dy(%), D5(x) = Du(¥), R§(X) = Ra(%) = e 'ra(2), RE(x) = Re(2) = &7 "1 (%).

We assume that the potential p € L*°(Y), p is periodic in Y, and fy p(¥)dy = 0. Then we consider a problem

Ap=p inY, ¢ isperiodicinY. (2)

The existence and regularity theory for elliptic equations implies the existence of a solution ¢ (y), periodic in Y and Lipschitz
continuous, [17]. We extend ¢ periodically from Y into R* and define the microscopic electric field by

¢ =V (%) 3)
Although ¢ is determined up to an additive constant, the electric field ¢ is uniquely defined.
Then, due to the Eq. (2) and the appropriate scaling of the coefficients in (1), the microscopic equations for JAA~ and IAAH
are
deu® + e div (P° ¢° u*) — e div (D}, Vu') =Rjv* —Riu® in(0,T) x £2,
dv® — & div (D} Vv°) = —Rjv* + REu® in(0,T) x £2,
edivgp® = p°® in £,
u* =up onlp,
v  =vp onlp, (4)
(P°¢p°u® —D°Vu®) -v=0 only,
Vv -v =0 only,
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PPPpPu® —D°Vub)-v=ufc-v onlp,

Vv -v=1v°c-v onlF,

u®, v° periodicinxs,

U¥ = Ui, v = vjpe in £2°.
Definition 2.1. The weak solution of the problem (4) is given by the functions u®, v® € H'(0, T; L2(£2)), u® — up, v* —vp €
[*(0, T; W(£2)) such that

T T
f / Ocu’yr dxdt + ¢ / / (—P?¢u® Vi + Di, Vu* Vir)dxdt
0 2 0 2

T T
+/ / ugc~vdydt=/ /(Rj ¢ — R u®)y dxdt,
o Jry 0o Ja
T T T
/ /Zhvswdxdt—i—s/ /DiVungdxdt—l—/ / v ¢ - vdydt
0o Ja 0 Ja o Jr

T
=/ /(—Rj v° + REu®) Y dxdt
0 2
forall v € [?(0, T; W(£2)), for ¢* € L°(£2) given by (3), and u?, v* satisfy the initial conditions, i.e. u® — ujp;, V¥ — Vi in
[*(2)ast — 0.
Here
W(2) = {v e H'(2),v=0o0n Ip}.
To ensure the existence of the solution of system (4) the following assumptions on the coefficients and initial data are
needed

Assumption 2.2. e Diffusion coefficients D,, D, € L*(Y) are uniformly elliptic, i.e. D,£&€ > do|&|?, D,E& > do|€|* for
£ eR3.

e Permeability P € L°(Y), and outflow velocity c € H'(0, T; L®(IF)).

e Reactionrates R,, R, € L*°(Y).

e Boundary conditions up, vp € H'(0, T; H!(£2)), and initial condition un, vine € H'(£2).

Theorem 2.3. Under the Assumption 2.2 for each fixed ¢ there exists a unique weak solution of the problem (4).

Proof. For given ¢° € L°°(£2) the existence of a unique weak solution of Eq. (4) with bounded vector field and Robin
boundary conditions follows from Theorem 5.1 in [18] or Theorem 6.39 in [19] combined with a priori estimates for d,u®
and 0;v® similar to the Theorem 6.1, [ 18], for Dirichlet boundary conditions. O

3. Macroscopic model

Macroscopic equations are gained using the Ansatz of asymptotic expansion u®(x) = up(x,y) + sui(x,y) + O(&?),
V(%) = vo(x, y) + ev1(x, y) + O(e?) and ¢ (x) = Po(y) + £¢1(y) + O(g?), where the functions u;, v;, ¢; are periodic with
respect to the microscopic fast variabley = x/¢ and V = V, + gvy. We obtain thus for the order @ (¢~ ') the equations

Vy - (Du Vytg) =0,
Vy - (Dy Vyvg) =0

with periodic boundary conditions. This implies that the functions uy and vy do not depend on the microscopic variable y
and are functions of the macroscopic variable x. The next order in the expansion gives

detto — Vy - (Dy Vyuty 4+ DyVixlig) + Vy « (P g tig) — Vi - (Dy Viylig) = Rq vo — Ry tg, (6)
dvo — Vy - (Dy Vyv1 + Dy Vevg) — Vi - (Dy Vyvo) = —Rqvo + Rr g,
Vy o = p.

By the Fredholm alternative, the equations in (6), as elliptic equations in y with periodic boundary conditions, have a
solution if and only if

dtttg = (Rq) vo — (Ry) uo,
drvo = — (Rg) vo + (Ry) uo,
w7 Jy Rady and (R;) = 7 [, Redy and uo and vo fulfill initial conditions
Ug = Uint, Vo = Vint fort =0.

(7)

where (Ry) =
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The Eq. (7) represents the dissociation and recombination of auxin. Since the reaction rates are much faster than transport
and diffusion, it was expected that the zero order approximations i and vq are solutions of ordinary differential equations.
Due to regularity of initial conditions we obtain that ug, vy € C'(0, T; H(£2)).

In order to see the influence of transport and diffusion on the solution and also to define the auxin transport velocity, we
consider the terms of (¥ (¢) in the asymptotic expansion and find u; and v;. Using the expression for 9,1y and 9;vy from (7)
in the Eq. (6) we obtain

_Vy : (Du Vyu] + Dy quo) + Vy - (P o up) = (Rg — (Rq)) vo — (Rr — (R)) uo, (8)
_vy : (Dv vyvl + Dv VXUO) = - (Rd - (Rd)) Vo + (Rr - <Rr>) Up.

The system (8) is composed of linear elliptic equations in respect to y, where zero order terms are proportional to Vg,
Vo, Ug, and vy. This structure suggests the Ansatz

up(t, X, ¥) = wy(y) - Vitto(t, X) + Zu(y) to (£, %) + Zuw (¥) vo(t, X) + 11 (¢, X),

vi(t, X, y) = wy (y) - Vxvo(t, X) + Zou(y) Uo(t, X) + Zyy (¥) vo(t, X) + v1(t, X),
and from (8) we obtain the unit cell problems

v (DaVywej) = =V - (Dygj)  fora = {u, v}

vy (D VyZu) = R- — (R >) + Vy - (P o)

Vy - (DuVyZuw) = — (Ra — (Ra))

vy (DvVyZuu) = — Ry — )) (9)

- (DuV,Z0) = (R

waj, Zuws Zuvs Zous Zyy perlodlc and fulfilling

/wajdy =0, /Zuudy =0, fzuvdy =0, /Zvudy =0, /Zvvdy =0.
Y Y Y Y Y

For terms of order ¢ we obtain following equations
Oty — Vy : (Du VyuZ + Dy qul) + Vy ~(Pgous + P ¢y up)
— Vy- (Du Vyuy + Dy VxuO) + Vi - (Pgoup) =Ryvi — Ry uy, (10)

dv1 — Vy - (Dy Vyva + Dy Vivq) — Vi - (Dy Vyv1 + D, Vivg) = —Rgv1 + Re ug,
Vy - ¢ =0.

Using the Ansatz for u; (¢, x, y) and v;(t, X, y), the zero mean values assumption on w, and Z,g and the solvability condition
for (10) we obtain the equations for the nonoscillating terms 4 (t, x) and v (t, X)

Optly — div (A, Vig) + div (Vy tlg) + div (Vy, vo) = (Rg) U1 — (Ry) il + Ry Uy — Ry Vo,

_ . . . _ _ 11
0;v1 — div (A, Vvg) + div (Vo tg) + div (Vyy vo) = — (Rg) 1 + (Ry) Ul + Rq v — Ry Ug, (1
where the effective coefficients are defined
1
Ay = — /Da (Vywe + 1) dy
Yl Jy
1
Vi = m / (_Du VyZuu + Ry wy + P* ¢O) dy
Y
1
Vi = — (Du VyZyy + Ry wv) dy
Yl Jy
1
Vyy = (D VyZyu + Ry wy) dy (12)

IYI

Vvvzi f(_Dv VyZvv‘i‘Rdwv) dy
Yl Jy
1

Ra = 7 /(eruv_RdZvv) dy
Yl Jy

1
Ry = — /(Rdzvu = Ry Zuw) dY-
Yl Jy
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Table 1
Simulation parameters. Diffusion coefficient of auxin in water is D, = 0.024 cm*h~". Units: [D%] = [D%] = cm? h™", [R] = [R¢] = h™', [|¢*|]] = V cm~,
[P]=cmh™".

Parameter Cell wall Plasma membrane Cytoplasm Tonoplast Vacuole
pH 5.8 - 7.6 5.7
D; Dy 3.6 x 10712 D, 3.6 x 10712 D,
Dt Bu 2 x 1077 D, 2 x 1077 D,
RS 5 x 10° 5 x 10° 5 x 10° 5 x 10° 5 x 10°
|p?| 0 120 x 10° 0 50 x 103 0
Permeability Ppiy Paux Pron

0.1 0.2 0.2

References: [1-4].
Then for the nonoscillating part of the first two terms in u?, v*, i.e. uj(t,x) = uo(t,x) + eu;(t,x) and vi(t,x) =
vo(t, x) + ev1(t, x) we obtain the equations

duf — e div (A, Vug) + & div (Vy, tg) + & div (Vy, v9) = (Rg) v] — (Ry) uf + e(Rr U — Ry Vo),

. . . 13
0 v] — e div (A, Vvg) + e(div (Vyy Ug) + div (Vy, v9)) = — (Rg) v] + (Ry) u] + &(Rq vo — Ry Ug) (13)

with boundary conditions

—&(Ay Vg — Vyylg — Vyptg) -V = &€ - vy on I,
—&(Ay Vg — Vyullg — V) -V = €C - vvg on If,
—S(AL,VUO — vuqu — Vuvvo) -v=0 on FN,

—&(A, Vg — Viyllp — Vi) - v =0 on Ty,
Ug, vo periodicin x3,

and initial conditions
uj(0,%) = uine(®),  v7(0,%) = Vine(x).

Since the zero-order terms solve ordinary differential equations, the approximative solution uf, v{ does not fulfill
the Dirichlet boundary conditions. The natural idea to correct the boundary effect would be to construct boundary layer
functions. But the corresponding boundary layer functions will decay exponentially to a nonzero constant and create
additional error. This indicates that inflow boundary conditions should be defined in a different way than Dirichlet boundary
conditions and provide new prospects for a further modeling. Additionally we have only boundedness of coefficients in the
model. For proving the error estimates between original and homogenized solutions more regularity of coefficients would
be needed. Since the main aim of the present work is to define macroscopic equations and to find an expression for the
effective transport velocities, we are not considering the error estimates here.

4. Simulation
4.1. Geometry

For simplicity the problem was simulated in two dimensions (Fig. 2). A quadratic plant cell of length 100 wm and width
20 wm was used, because it represents the typical size of auxin transporting cells in maize coleoptiles, [20]. The cell wall
and the cytoplasm were assumed to be 1 pwm thick and the membranes, i.e. plasma membrane and tonoplast, were chosen
to be 10 nm thick.

4.2. Parameters

A slightly acidic pH is found in the cell wall and vacuole, while the pH in the cytoplasm is slightly alkaline (compare Fig. 2
and Table 1). Therefore the recombination rate R? oscillates in space. The reaction rates R} and R¢ are not independent, as
these can be expressed by the dissociation rate as follows

RS = Ry 10PKa—PH", (14)

where pKa = 4.75 is the acid dissociation constant of auxin. No published value for the dissociation rate of auxin is known
to the authors. However, the dissociation rate of weak acids seems to depend linearly on the pKa value of the acid, [3].
Therefore the dissociation rate Ry was assumed here to be constant and was chosen as 5 x 10° h~1, [3].

The diffusion coefficient of auxin in water is D,, = 0.024 cm?h~!,[2]. As a rough approximation, we assume that both the
ion and protonated auxin have similar diffusion coefficients in aqueous solutions. The cell wall is a very complex anisotropic
layered polymer. Diffusion inside the cell wall is therefore a complex process which would deserve a treatment by itself and
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is therefore outside the scope of this paper. Until now, diffusion coefficients have been determined experimentally without
taking the microstructure of the cell wall into account, [2]. We therefore use here for both the cell wall and cytoplasm scalar
diffusion coefficients (Fig. 2 and Table 1).

We use here the constant field approximation for the electric field, [21], which assumes a constant field inside the
membrane. Moreover, as a rough approximation, we assume that the field is zero outside the membrane. A membrane
potential of —120 mV between the cell wall and the cytoplasm, and of +50 mV between the cytoplasm and the vacuole
were used. Compare Fig. 2 and Table 1. The mobility of the ions is given by the permeability P*

zF
P — X7 (D% + hm (P — Pauy)) » (15)
where z = —1 is the valence of the ion, F = 96485.3383 C mol ™' is the Faraday constant, R = 8.314472 ] K~ mol~' is
the ideal gas constant, T = 300 K is the temperature, h,, = 107° cm is the membrane thickness, Pf, and Pj, are the
permeabilities of the efflux and influx transport proteins, respectively (Table 1).

4.3. Results

The cell problems (9) were solved using a discrete difference method, which is equivalent to a finite volume method
for a regular grid. The numerical treatment of the membrane and tonoplast deserve more attention, because of their small
thickness. If sufficiently small finite volumes are used, then the membrane can be resolved. However, the membrane is very
thin compared to the characteristic size of Y, which would result in huge amounts of finite volumes. Another approach is to
use non-uniform discretizations, which need substantially more programming effort. Due to the strong difference between
the diffusion coefficients in the membrane and outside, it is possible to use a standard finite volume method on a uniform
grid. The reason for this will be outlined in the following paragraph.

In the spirit of the finite volume method, for each finite volume, a volume integral of the divergence V, - (D, V, ) in
Eq. (9) is converted into a integral of the flux n - D, V, - over the surface. The gradient V, - is then approximated at the
boundary between two volumes by a finite difference. Assume that the discretization is such that two neighboring finite
volumes share the membrane, i.e. one half of the thickness is in e.g. the left volume and the other half in the right volume.
The flux between these two volumes is then determined by the effective diffusion coefficient Df;ff for the straight path ¢
between the two volume centers. The effective diffusion coefficient is given by

eff _ -1 _ hl hm hr
1/DF = feDa(s) ds= 5+ pn
where the path was split into three subpaths: one left of the membrane, on the membrane and to the right of the membrane
(indexed by I, m and r). Within these subpaths D, is assumed to be constant. The paths have the lengths h;, h,, and h;,
respectively. hy,, corresponds to the membrane thickness. Using the characteristic values of the problem (cmp. Table 1), we
find that % > ;—,’ and g—&"ﬁ. > g—é, and hence with high accuracy Df{f ~ DJ. Hence, the thin and impermeable membranes
can be treated nuamerically as surfaces of low permeability between two finite volume cells. The flux between two cells
separated by a membrane is then proportional to the membrane diffusivity.

After solving the cell problems, the effective transport coefficients have to be determined. This was achieved by means
of Eq. (12) and numerical integration. The numerical solution (w,) of the diffusion cell problem in y;-direction and the
solution Z,, of the transport cell problem are presented in Fig. 3. The mean reaction rates are

e YRy =5x10°h™! and & (R) =4.09 x 108 h71,

which results in an equilibrium constant (Rq)/(R;) = 12.2. Therefore in the homogenized tissue almost all auxin is
dissociated. The effective diffusion coefficients are

sy 0.137 09107 B) ) Ay 0.285 (10713 )
— = 1 — = 1 .
D, ((9(10—13) 067 ) 107 ad = ={oa02) 216 )*1O

These are very small compared to the diffusion coefficient in water D,,. As expected diffusion is of small importance at the
macroscopic scale. Due to the chosen geometry, #,, , are diagonal up to numerical approximation errors. Diffusion in the
y,-direction is larger, because the cells are longer in this direction and thus the appearance frequency of the membranes is
lower.

As far as the authors know, there are no measured values of the effective diffusivity. The reason for this becomes clear,
when the accuracy of the original measurements is considered, [13]. The spatial resolution of the measurements was low,
2 mm sections were measured to obtain a profile for a 20 mm plant section. Moreover, the sensitive spatial angle of the
detector might have been large, and might have resulted in also measuring the radioactivity of neighboring sections. The
experimental method is good enough to determine the transport velocity of profiles, however, when it comes to obtain
true dispersion coefficients, it is too imprecise. From the measurements presented in [13], one would expect to have a
substantially larger diffusion/dispersion coefficient than the ones determined here. The reason for the discrepancy might
be due to the low resolution of the experimental method, but probably mostly due to the high intrinsic variation found in
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Fig. 3. Numerical simulation of the solution of the cell problems: (w,); (diffusion) and Z,, (transport).

biological systems. Not only variations in cell form and size (up to 100% is common), but also in distribution and density
of transporters are typical. Plant cells might also “sequestrate” marked auxin into their vacuoles or other organelles (a
process not accounted for in the model presented here). All these processes broaden substantially an auxin peak during its
transportation in the tissue, and are denominated collectively as dispersion by experimentalists. Already in [13] this theme
was discussed and a contribution was attributed to diffusion (without quantification). The results found here show actually
that the dispersion found in measurements cannot be explained by diffusivity and disagrees with the hypothesis posed
in[13].

More important than the diffusion coefficients are the effective transport velocities, because the literature offers better
results. As a consequence of the constant dissociation rate R; and the symmetry of the selected geometry (Fig. 2), only the
transport velocity V,, is expected to be different from zero. The distribution of the permeability of the transport proteins
was chosen so that transport is in y,-direction. Both are confirmed by the numerical results

—4 —11
Vo = (0(10 )) cmh™' , VY, = (0(10 )) cmh™!,

0.638 0(1077)
_(o@o™™h 1 _(0@107®) -
V,,u_<(9(10,7)) cmh , V,,v_<(9(1074)> cmh™ .

Measurements of pulses of radioactively labeled auxin confirm the transport velocity (measurements: 1.2-1.5cm h™', [13]).
Also the results of discrete models for root tips is within this range, [4].

Homogenization was used successfully to show that auxin transport has a transport velocity. Although the electrical
field is localized to the membranes, macroscopic transport is a consequence of it. Through numerical simulation of the
cell problems, the velocity was shown to be of the order of measured values. It was a priori not clear if the measured
permeabilities found in the literature truly reflect the real situation, as these have been partially measured using wrong
assumptions on the type of transport model.
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