Title: Modellingin vitro growthof dense root networks

Running head: Modelling Growth of Hairy Roots

Corresponding author: M. Ptashnyk

Centre for Mathematical Biology
Mathematical Institute

24-29 St Giles’

Oxford OX1 3LB

UK

Tel.:+44 (0)1865 283891
Fax: +44 (0)1865 283882

e-mail: ptashnyk@maths.ox.ac.uk



Modelling in vitro growth of dense root
networks

Peter Bastiah Andrés Chavarria-Krausey Christian Engwe,

Willi Jager, Sven Marnach Mariya Ptashny® *

L nstitut fur Parallele und Verteilte Systeme, UniversBattgart,
Universitatsstral3e 38, D-70569 Stuttgart, Germany

2 |nsitut fur Angewandte Mathematik, Universitat HeidelipdiNF 294,
D-69120 Heidelberg, Germany

3 Quantitative Analysis of Molecular and Cellular Biologicalstems
(BIOQUANT), Universitat Heidelberg, INF 267, D-69120 Heliderg,
Germany

4 Centre for Mathematical Biology, Mathematical Institute \émsity of

Oxford, 24-29 St Giles’, Oxford OX1 3LB, UK

*Corresponding author; e-mail: ptashnyk@maths.ox.a&ak; +44 (0)1865 283882



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Abstract

Hairy-roots are plants genetically transformedAgrobacterium
rhizogeneswhich do not produce shoots and are composed manly by
roots. Hairy-roots oDphiorrhiza mungos&inn. are currently gaining
interest of pharmacologists, since a secondary product of their
metabolism, camptothecin, is used in chemotherapy. To optimize the
production of valuable secondary metabolites it is necessary to undgrstan
the metabolism and growth of these roots systems. In this work, a
mathematical model for description of apical growth of a dense root
network (e.g. hairy-roots) is derived. A continuous approach is tesed
define densities of root tips and root volume. Equations are posed to
describe the evolution of these and are coupled to the distribution of
nutrient concentration in the medium and inside the network. Following
the principles of irreversible thermodynamics, growth velocity is defined
as the sum over three different driving forces: nutrient concentratio
gradients, space gradients and root tip diffusion. A finite volume scheme
was used for the simulation and parameters were chosen to fit
experimental data fror@phiorrhiza mungosinn. hairy roots. Internal
nutrient concentration determines short-term growth. Long-term behavio
is limited by the total nutrient amount in the medium. Therefore mass
yield could be increased by guaranteeing a constant supply of nutrients.
Increasing the initial mass of inoculation did not result in higher mass
yields, since nutrient consumption due to metabolism also rose. Four

different growth strategies, are compared and their properties destuss

3



This allowed to understand which strategy might be the best to increase
mass production optimally. The model is able to describe very well the
temporal evolution of mass increase and nutrient uptake. Our results
provide further understanding of growth and density distribution of hairy
root network and therefore it is a sound base for future applications to

describe e.g. secondary metabolite production.

keywords:growth model, nutrient uptake, hairy roots, transport equation,

dense root network, continuous model
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1 Introduction

Plants remain a major source of pharmaceuticals and biacal&snMany
valuable phytochemicals, for exammamptothecin (Camptotheca acuminata)
used in chemotherapy, are secondary metabolites that aessential to plant
growth, they are produced in small amounts, and often actaiein
specialized tissues, e.g. trichome hairs (epidermal owutilns). These
compounds usually have very complicated structure andfubg chirality.
Consequently, in many cases organic synthesis is not cestig##, and
extraction from field-grown plants is the major method usegrbduce these
metabolites economically. Depending on the plant spetiagditional
agricultural methods often require months to years to bedssable and levels
of secondary metabolites can be affected by many factatsiding pathogens
and climate changes. Plant cell suspension cultures haveftine been
considered as an alternative for producing valuable sexgndetabolites (Kim

et al. 2002; Kimet al. 2002).

Hairy root cultures, producing many of the same importanbsdary
metabolites as the whole plant, are a potential means faluging valuable
plant compounds, (Williams & Doran, 1999). Hairy roots ab¢éained through
transformation byAgrobacterium rhizogeneand are special in the sense that
these plants lack shoots and are composed mainly of a demsegrroot

system (Fig. 1). These roots can be cultivated under stoilditions either in
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a reactor or in shake flasks, (Singh & Curtis 1994; Tescetrad. 1997; Kim

et al. 2003). The fast growing hairy roots are unique in their gersatd
biosynthetic stability and are able to regenerate wholblgiplants for further
subculturing (Doran, 1997). Hairy roots thus provide algmad experimental
system for studying root-specific pathways, (Flogeal,, 1999) and research on
root metabolism, (Baist al,, 2001), or rhizosphere (narrow zone surrounding

the roots and being directly influenced by them), (Tepteal.,, 1989).

Hairy roots ofOphiorrhiza mungo&inn., the Chinese camptotheca tree, are
currently gaining the interest of pharmacologists, sinse@ndary metabolite,
camptothecincan be used to treat cancer diseases (Takireioah, 1998).
Campthothecin (CPT) is a modified monoterpene indole alkgmduced by
Camptotheca acuminatélothapodytes foetidaome species of the genus
Ophiorrhizg Ervatamia heyneanandMerrilliodendron megacarpur{Sudo

et al. 2002; Winket al. 2005). In order to produce camptothecin efficiently, it is
necessary to optimize the biological processes behindasybthesis (either in
bioreactors or shaker cultures). However, to achieveithisessential to

understand metabolism, growth and transport processewlohaoot networks.

In the work presented here, a quantitative model of growthese complicated
root networks based on a continuous description using tiesmsias derived by
taking the main known biological properties of root growtkoi account. To
show the capabilities of the model and to obtain estimatéiseomodel

parameters, simulations were compared to experimentaladained fronO.

6
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mungoshairy roots grown as shaker cultures. Although the modelwgasl to
describe this special situation, it is general enough terites other cultures
and culture methods (such as bioreactors) with slight naaditin. In a long
term it is desirable to understand growth and secondarybukta production
sufficiently well to optimize in vitro production of compods such as CPT. As
a first step towards this, we compare here four different gr@trategies and
discuss their properties. Depending on the chosen stragglgr wide spread
or smaller packed root systems are predicted. Wide spreddissues have the
advantage of having better access to nutrients and oxygesidfer thus less of
nutrient depletion and anoxia, while densly packed roatesys exploit space
efficiently. It is a priori not clear which type of growth is tomal, as it depends
on the type of growth system applied (bioreactor or shakkui@s) and has to

be examined for each single case.

2 Derivation of model

Growth of single root tips is heterogeneously distributkxhg the organ axis
(Erickson & Sax, 1956). These expand through cell elongatighe
elongation zonand through cell division in theneristem(Beemsteet al.,
2003). Several models describing the growth of a single erist (see e.g. Silk

et al. 1989; Morris & Silk 1992; Chavarria-Krauser & Schurr 2004;

Chavarria-Krausesgt al. 2005). Hairy roots, however, are composed of a dense
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network of growing and branching root tips. On the one hamifttct makes it
almost impossible to follow each tip. On the other hand,ldves to use a

continuous description based on densities.

The elongation zone of root tips can be assumed to be smapa@d to the
rest of the system. Therefore in the root system scale, grofdingle roots can
be assumed to be purely apical. This allows to use a similanoagh as other
authors have in the case of fungi mycelia and of blood vesbBeEdelstein &
Segel 1983; Edelstein 1982; Edelstein-Keshet 1988 onerdiimieal models for
fungi growth with constant growth velocity are presentede Equation for
internal and external nutrient concentrations were calpligh growth
eqguations via uptake, branching and metabolic degradtgroms. The
distinction between internal and external substrate atbmodelling of

translocation inside the biomass network.

A more general growth model, which includes a mechanismgbagerates
directed growth and allows description of mycelia growtimare than one
spatial dimension, was proposed by Bosveglal. 2003. For detailed
understanding of influence of heterogeneous environmetitedevelopment
of each fungi hypha a discrete model was considered in Bogwall 2007.
Growth of blood vessels, where the capillary sprout netvimfkrmed in
response to external chemical stimuli, have also beenitescsimilarly (for
both continuous and discrete models see e.g. Anderson & &ha#398). All

these approaches are similar and fit to some degree to tlagiaitwf root

8
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networks. However, these need to be adapted and expandeddad growing
roots, which differ substantially from fungi hyphae andddovessels. For
example the model proposed by Boswedlhl. 2003 focused on nutritional
heterogeneity, which is probably the driving agent in migcekpansion. For
plant roots nutritional heterogeneity might be circumstdnas other processes
such as mechanical stresses, exudate production, or kewprams such as
hydrotropism, i.e. the tendency to follow gradients of watntent, or
gravitropism, i.e. growth towards direction of gravityeaaiso crucial.
Therefore in the derivation of the hairy root growth modedgented here, we
use the known apical growth approach and take into accoariittogical
properties of hairy roots by defining corresponding fundion the general

framework.

2.1 Conservation of mass and root tips

Two densities suffice here to describe growth of hairy rotivoeks. One is
defined as the root volume per unit volume= p(7, t); given inmm? mm=3;

0 < p < 1), while the other is defined as the cross section area of épsmit
volume @ = n(Z,t) > 0; given inmm? mm™=3). For simplicity the root
network is assumed to grow in a cuboid flagkc R?,

Q= (0,1,) x (0,14) x (0,1), wherel,, I, andl,, are the length, depth and
height of the cuboid, respectively. The total root volumatamed in(2 will be
denoted a¥/,(t) = [, p(x,t) dz. The tip density. can also be given in number

9
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of root tips per unit volume = N(Z,t) > 0; given inmm=3).
Transformation is achieved through division of the arealsity by the cross
section area of one tipy = n/7xr?, wherer is the root radius assumed to be
constant in the model. Growth can then be assumed to occuodipe
movement (elongation), tip formation (branching), andoselary growth,
(Ninomiyaet al. 2002; Kino-Okaet al. 1999). Growth rate depends on the
nutrient concentration = ¢(t, ) (given inmg mm™2) in the medium and on
the internal nutrient concentratien= o (¢, Z) (given inmg mm—2), which is

the amount of nutrient per unit root volume.

Tip movement and formation can be modeled as follows. Ttad tipt cross
section area contained inr@presentative elementary volurfiREV; Bear 1972)

w C Qis given by [ ndz. This total cross section area can only change by two
ways, either the number of tips increases due to branchitigsomove out of
and/or intow. Total branching can be modeled ly f dz, wheref is a

branching function which will be specified later in Eq. (3ntdl flux is given

by the integral of tip flux:v over the surfacéw of w, i.e. [, nv-ds, where

U is the outer normal vector of andv is the growth velocity of the tips.

Therefore the change in time of the total tip cross sectiea aiw is given by

% wnda::—/awnﬁ-ﬁdq—k/wfdx.

As w does not change in time and using Gauss’ integral formulalbioge

expression becomes

/ (Ondz +V - (nd) — f)dz =0.

10
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Since this expression holds for every volumean equation describing the

evolution and spatial distribution af is obtained
om+V-(nv)=f in(0,T)xQ (1)

for some0 < T' < oco. Thus the change of is defined by a transport equation
with transport velocity and a production ternfi. Eqg. (1) needs suitable initial
and boundary conditions to be solvable. The wall of the flaskle assumed to
be impenetrable, which results ima-fluxconditionn v - 7 = 0 on the

boundaryos.

The change in volume densipyis determined as follows. Assume again an
REV w C ). Per unit time a tip grows and displaces by the distande so that
per unit time a root volume ofr? ||7]| is produced, wherer? is its cross
section area. Inside there is a cross section area per unit volume given,by
which corresponds to a certain amount of root tips per uritme. Therefore
root volume produced due to tips movement per unit time ig given by

7'("/"2

|3 de = / 0§ de .
w w

T2
wherev is the average growth velocity in. This expression does not take

processes into account, which do not depend directly onviage velocityo.

These processes are for example fluctuation of growth \glagihin the

population of root tips inv and root thickening. We assume that these processes

are described by a functian Taking the above expression for the total volume

production into account and that the total root volume iis given by

11
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Vi(w,t) = | pdz, an equation for the change of root volume is obtained

dv, d .
E(w,t)—E/w,odx—/wnHdex—i-/wqu,

Againw was arbitrarily chosen and is independent of time. The above
expression results thus in an equation describing the texhpeolution and

spatial distribution op
Op =nl|v]| +¢ in (0,7) x Q. (2)

Similarly to Eq. (1), Eqg. (2) needs a suitable initial coratitto be solvable.
Both initial conditions represent the act of inoculatioroitie medium. A small
piece of hairy root material is needed to produce a new aulflinis piece has a
certain distribution of, andp, which correspond to the initial conditions. In

contrast to EqQ. (1), no boundary condition is needed here.

2.2 Growth functions
Eq. (1) and (2) contain the unknown functiofigbranching function)y’
(growth velocity), and; (secondary growth). These functions depend on several

variables and have to be postulated, as not much informetiavailable about

these dependencies.

Branching function

12
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New root tips arise from root mass which is already preseméerdforef should
depend on root densify. The nutrient concentration= ¢(¢, ¥) (given in
mgmm~2) in the medium can be assumed to affect positively root briamc
(see e.g. Drewvet al. 1973; Robinson 1994; Robinson 1996 for potassium,
phosphate, nitrate, and ammonium). Moreover, branchists@nergy and
resources, which have to be provided by the root networkréfbee the
function f is assumed to depend also on the internal nutrient conciemira
o = o(t, ) (given inmg mm—3; Kim et al. 2003; Schnappt al. 1991). Since
nutrient transport inside the root network is substanti@ster in comparison to
growth and branching, it is legitimate to assume that theehdepends on the
average internal nutrient concentratiofy,) = V. *(¢t) [ o(t,Z) p(t, Z) dx

Q
instead of the spatial heterogeneou$ne possibility to define the
translocation of nutrients inside the root network is tosprée a diffusive and
a chemotactic movement in the direction of the root tip, Beswellet al.
2003). In a tissue where density is maximak p,....), branching is unlikely.
Thereforef is assumed to be proportional 4g,.. — p. All three factors are

assumed here to be limiting, so that the following branctimgtion is

proposed
f:ﬁCSP(Pmax—P>, (3)

where/ is a constant reflecting the sensibility of the branching tatthe

internal and external nutrient concentrations.

Growth velocity and secondary thickening

13
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Following the principles of irreversible thermodynamiegi@ge growth
velocity v is proposed to be given by a weighted sum over general fohees.
particular a hypothetical chemical potentiais proposed to determine the
average velocity

U=Rs (pmax —P) Vi,

whereR is a constant which reflects the sensitivity of growth tovgatite
driving forces (will be denoted in the sequelgewth rate coefficient The
other factors are obtained similarly to the derivation of E: growth is only
possible when energy (internal substrate) is suppliedddigis (Kimet al.
2003; Schnappt al. 1991); ands should be zero if a maximal root density is

attained, i.e. whep = p,,q..

As mentioned before, other processes which do not depeectigionv might
be responsible for mass production and where taken intaatty the function
g [cmp. Eg. (2)]. This function is splitted into two parts, ompresents the
mass increase due to velocity fluctuation and the other ytihackening. The
effect of velocity fluctuation can be assumed, similarly’téo be proportional
to the internal nutrient concentration, to the space lefgfowing and to the
density of root tipse, i.e.n R s (pmaz — p) o, Wherea, is a phenomenological
constant characterizing the velocity fluctuation. Secopttackening occurs to

existing tissue and requires energy, therefore it is asdumbe proportional to

14
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root density and internal nutrient concentration. We pegpiherefore

q:Rsn(pmax—p)aT+XS,0(pmax_p>> (4)

wherey is asecondary thickening rate

The idea behind the term describing the fluctuation of véydsithe following.
It is possible that the root network grows and increases maksut a
macroscopic gradient ;. and without root thickening. Microscopically seen
there exist always local gradients, which drive locallyvgiio of the root tips (as
long as there is space to grow). However, this property tsdogng the
transition from the microscale to the macroscale, becaut®ed particular
gedankenexperimeit, would be zero in first order. Therefore this local

growth has to be included as an additional term.

Since hairy roots are agravitropic (Odegaat@l. 1997; Legueet al. 1996),u
can be assumed to be independent of gravity, so that theipsare assumed to
grow only along nutrient gradients and away from denseisBunder these
circumstancesy is proposed to be solely a function @fp, andn, and its

gradient be given by

Viu=aVe—a,Vp—a,Vn, (5)

wherea,, o, o, are phenomenological constants, which are weights fdr eac
single growth strategy. The first term in (5) correspondsigténdency of roots
to grow towards higher nutrient concentrations. The set¢emd reflects
mechanical effects, i.e. growth towards free space, whéghird term models

15
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the tendency of tips to grow away from each other. The tendehmot tips to
grow away from each other can be explained as follows. In ticeascale root
tips compete for nutrients and tend to grow away from eaclrp#s nutrients
are depleted locally by root tips. Moreover, root tips proglexudates which
are believed to be involved in root-root signalling (Batsal., 2004). Local
competition for nutrients and root-root communicationruatrbe described by
the microscopic nutrient concentration. The simplest rhtaldescribe these
processes is to assume a diffusion of tips. Altogethisrassumed to be given
by

U= RS (pmaz — p) (Ve —a,Vp—a,Vn) . (6)

2.3 Nutrient transport

Egs. (3), (6), and (4) depend on medium and internal nusiéeltie model
describing the nutrient concentration in medium depenmadsgty on the
experimental setup. This becomes clear by the number of imddscribing
water and nutrient transport and uptake by single rootsamtpbot systems in
unsaturated soil (Roose & Fowler 2004; Kahal. 2004; Rooset al. 2001,
Tinker & Nye 2000; Roose 2000; Barber 1995; Cushman 1984). Thares
modeled here were grown as shaker cultures. The flow productte shaking
is complex, as it combines a free boundary and a porous mediomaround
the root network). Therefore the shaking is here accourttelyf dispersion,
which results in considerably larger diffusion/dispenstmefficients. The

16
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volume occupied by the medium changes in time due to theasera root
volume. It is therefore not obvious how to pose the equatiortdnservation of

nutrients.

External nutrients

Assume again a REV C €2, which does not depend on time, but can be
decomposed into two time dependent domains: w,.(t) U w,,(t), wherew,(t)
andw,,(t) are the volumes occupied by the roots and the medium, resplgct
Instead of using the concentratiopwhich depends ow,.(t), we choose the
concentratior = (1 — p) ¢ which relates the nutrient content to the whole

volumew. Therefore the change in nutrient mass insidse given by

dM

Remark here that it was essential thas time independent to apply the simple
form of Leibniz’s rule (therefor€ was used instead @j. Else Reynold’s
transport theorem would have had to be applied, which woale mesulted in
an additional integral term over the boundary. Mass withitan only change

by means of a net flux through its boundaky and by uptake

dM .
== - | j.ide— [ gd
n /awjv< /wg x,

whereg = g(c, n, p, s) is anuptake functionUsing Gauss’ theorem on the flux

17
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term and equating the two expression for the mass changehtago

/ (atc+divj+ g) dz=0.

Here againv was arbitrarily chosen, so that the expression inside tiegial
has to be zero. The flux densifyhas to be chosen phenomenologically.
Molecular diffusion is driven by a gradient of chemical putel (Landau &
Lifschitz 1991), which according to Fick’s law is propomil to a gradient of
concentration. The true local concentrations relevant for the chemical
potential and nof. The areaw is not completely permeable, as some of it,
dw,(t), is occupied by roots. In the above derivation we includésiféct into
and have to use therefore a dispersion coefficient dependentAltogether
we choosg = —D,(p)Ve, whereD, = D,(p) is a non constant dispersion

coefficient. Using the definition af, we find finally

O((1 = p)e) =V - (De(p)Ve) = —g in(0,7)xQ,  (7)

D. depends on the root densjtyand should be zero when= 1 (no space for
dispersion to take place). TherefdPe is proposed to b®.(p) = D, (1 — p),
whereD, is a constant. Nutrient uptake occurs on the root surfacethedips.
Thus the uptake functiomis assumed to be proportional to root volume density
and root tip density. Two sorts of nutrient transport aresilela on the root
surface, active and passive transport. Active transp@agssimed to be
unidirectional (into the root network) and dependent omiytlee local medium
nutrient concentration. Passive transport depends on the nutrient gradient

18
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between medium and roots, on the difference s. Thus, the nutrient uptake
functiong is proposed to have the form

senspss) = 2 p (Kn(s)et P (=) ®

where) is the characteristic length of the uptake-active tissoerd a tip @
is the uptake surface density,,(s) is a uptake rate, anf is a permeability.
Eq. (7) needs also suitable initial and boundary conditiévishe beginning of
an experiment the medium is well stirred and a constant hemeaus
distribution of nutrients can be assumed to exists. Thesvadlthe flask are
assumed to be impermeable to the medium, therefore no-fluwkitbons are

consideredVc - 7 = 0 on o).

Internal nutrients

In contrast to the medium nutrient concentration, a spatiatage is used for
the internal nutrient concentratien(spatial distribution of the nutrient inside
the network is neglected). Four processes which changatenal
concentration are considered here: uptake, growth, bragie@md metabolism.
For the total internal concentratich= sV, = [ o(t,Z)p(t, ¥) dz, the

Q
following equation is proposed

d
dg /gdx—vg/(nHUIHq)dx—%/fdx—va, ©)

dt
Q Q Q

wherey,, v, and~,, are constants describing the proportion of metabolited use

for growth, branching and metabolism, respectively. Tesdq. (9), an initial

19



-

IN

10

11

conditionS = S, is needed. This condition describes the initial total anh@din

nutrients in the inoculum.

2.4 Complete model

Altogether the complete model of hairy root growth reads

with

o+ V - (nv) in (0,7) x Q,
Bip = n||7] + g in (0,7) x Q,

(10)
9 (1= p)e) = V- (De(1 = p)Ve) = —g in (0,T) x €,

%S:S{gdmgymwwq)dx—w({fdmms in (0,7),

<L

RS
v (Pmaz — p)(a.Ve —a,Vp —a,Vn) ,
GeSp ( )

V. Pmaz — P)
RSn XSp

V;» (pmax P) ar + Tr (pmaaz p) )
22\ n S S
Tp(Km(VT)chP(c— VT)) ;

/pdx.
Q

20



1 The initial and boundary conditions are

p(07f> = po ¢(f) in Qv

n(0,7) = ngo(%) in  Q,

c(0,7) = ¢ in
2
S0) = S,
nv-v = 0 on 00 x(0,7),
Ve-7 = 0 on 09 x(0,7),

s Where¢ is an initial spatial distribution. If in growth velocity the constanty,,
4 Or o, IS non-zero we obtain a diffusive term in the equationvf@and the

s boundary conditiom v - 7 = 0 is well-posed. In another case the zero-flux
s boundary condition for will imply the well-posedness of the boundary

7 condition forn.

. 3 Materials and Methods

o The numerical solution of the model will be compared with éixperimental

o data obtained fron®. mungogB. Wetterauer and M. Wink, IPMB, Universitét

[N

1 Heidelberg, unpublished). The hairy root cultures wergatiave an initial

[N
N

weight of approximatelyt.78 4+ 0.1 g (25 values) and were grown in a shaker

s flask in the dark for weeks (ca672 hours). The initial concentration of

-

21
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sucrose in the medium was seto= 11.46 g /~!. The main purpose of the
shaking of the cultures is to ensure distribution of nutseand oxygen, this
means that transport of sucrose in the medium is non-ligitruptake and
hence to growth. Afte2 weeks (ca336 hours) the cultures were transferred
into fresh medium (again of concentratibh46 ¢ /') and cultured in the same
conditions for the followin@ weeks. Roots were harvested every one, two or
four days, a5, 50.5, 96, 144, 240.5, 336, 360, 384.5, 432, 480.5, 581.5, 671.75
hours (two cultures per harvest). Fresh weight, dry weigihd, nutrient
concentration were measured. Due to the lack of shoots @nabence of
photosynthesis in hairy roots, the medium for cultivati@s ko contain sucrose

as the main nutrient for growth, (Kirt al. 2003; Kimet al. 2002).

4 Simplifications, parameters and initial

conditions

For numerical simulation and model calibration Eq. (10) wiasplified to
reduce the number of free parameters. Uptake of nutrierdwaasidered to be
purely of active nature, neglecting the passive transgoe:(0). The uptake
rate K,,, was assumed to be constant and independentibreover, the
energy cost for branching of new tips was neglectgd< 0). Since the root
branches are very thing3 + 7 um, 12 roots) and the variations of radiugre
small, root thickening (secondary growth) can be negletted 0) as well.

22
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Experiments conducted dd. mungoshowed that vertical growth is very
small, i.e. growth occurs almost radially. This is a conssme of the
experimental setup. The height of the medium is kept smal/ted anoxia and
the roots do not grow beyond the boundary of the medium. Ther¢he
solution of the model can be assumed to be constant in viedireztion and the

third dimension can be neglected in Eq. (10).

Sucrose was selected here as the growth limiting nutrietmamnmodel. A
homogeneously distributed initial concentratigrwas considered for
simulation. As already mentioned, in the experiments cefiwvere transferred
into fresh medium after c&36 h, to guarantee viable growth of the cultures for
4 weeks. The dimensions of the flagk & 70 mm, [, = 70 mm and

I, = 10 mm) were chosen to have the same medium volume used in the
experiments (ca49 ml), resulting in the same total amount of sucrose. For
simplicity, the tissue was assumed to have an initial irgenatrient
concentratiort, = 0. The diffusion coefficient of sucrose in water at a
temperature o25° C is 1.88 mm?h~! (Nobel, 1999). However, the shaking of
the cultures produces a substantially higher dispersiefficeent. D. was

varied until it became non-limiting to growti(, = 35 mm?h™1).

The initial root volume and tip density distributions(, ) andn(0, %),

respectively), were chosen to be radially symmetric andrglyy a smooth
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function¢ () = (1 — tanh(||Z — 25| — Tmaz)/2)/2, Wherezy is the center of
the flask. Radius,,., was determined according to the experimentally

determined initial root density, = 0.5 mm*mm~2 and root weight\/, = 1.78

g through the equation, .. = 1/10® My/(7lnpo), [Fmaz) = MM, where:|

denote the units of the variable.

Although here radially symmetric initial conditions wetteosen and in
principle the equations become 1D. In this particular casegossible to
simplify Egs. (10), which contain then only partial derivas in time and in
radial direction, these stay however non-linear. The tnygrovement behind
these simplification, would be the possibility to use nuicedrschemes, that are
simpler to implement. This, of course, at the expense of amtgable to
simulate more complex situations, which might be necedsaugxample in
bioreactor applications. The here presented model anditilgs are general

enough to describe such applications.

The root tissues were observed not to be more denseéthianm®mm=3,
therefore a maximal root density,.. = 0.7 mm*mm~—3 was chosen here. For
the sake of simplicity instead of prescribing directly, it is easier to prescribe
the initial number of tips per unit volum¥, (ny = Ny 7r?, [No] = mm~3). N,
was not available experimentally, thig had to be estimated from the data by
fitting of the mass change and nutrient uptake kinetics. iraplgcity, the root
radius was set to be= 0.1 mm and the uptake-active zone behind the root tips

was chosen to b& = 1 mm long. The remaining parameters were selected
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manually such that the numerical results fit the experinmelata obtained from
O. mungogcmp. Table I). Rough estimates of the parameters werellgpitia
selected and used to simulate the model. Using this solutiercoefficient of
determination 22, was calculated by comparison with measurements of both
total nutrient concentration and biomass (cmp. Figs 2 djng. parameters
were adapted and the process was iteratively continuetthetik* values were

maximized.

5 Numerical methods

The model (10) was simulated using a personal computer. fipementation
is based on the DUNE framework (Bastienal. (2004),
http://www.dune-project.org/). For spatial discretiaatof the first and third
equation in (10) a cell centered finite volume scheme on atstred grid was
used, as described in LeVeque (2002). Finite volume schéaase local
mass conservation, which is essential for the comparistimexperimental
data. For the time discretization the diffusive part andabevective/reactive
part of the equation were decoupled, using second ordeatmpesplitting
introduced by Strang 1968. To prevent both instabilitieghatransport term
and effects from strong numerical diffusion, the convectiqguation was solved
using an explicit second order Godunov upwind scheme witlmanwod slope

limiter (Sweby, 1984; LeVeque, 2002). To obtain a stabletsmh,

25



10

11

12

13

14

15

16

17

18

19

20

discretization in time was chosen to fulfill the Courant-Briehs-Lewy
condition (Couranet al,, 1928). The diffusive part of the equation was solved
using the implicit Euler method. The equations for the ragity and the inner
nutrient concentratio' [second and forth equation in (10)] were solved with an
explicitly Euler scheme (Stoer & Burlisch, 2000). Similarthe determination
of total mass increase and nutrient concentrations (inmeénaedium), coupling
between the spatial distributions [i.g(t, 7), n(t, ) andc(t, £)] and the inner

nutrient concentratio was achieved using numerical integration.

6 Results and Discussion

The capabilities of the model are demonstrated here by cosgpeto
experimental data obtained froh mungoghairy roots grown as shaker
cultures. The kinetics of growth and medium nutrient (seejaoncentration
obtained in the experiments are compared to the simulagieults in Figs. 2
a,b. Very good agreement between the experimental datauandrical

solution was found. This is reflected in the correspondigyalues (root mass:
R? = 0.85; nutrient concentration in mediunk? = 0.93). The numerical
solution for the root tip density and concentration of rerits inside the roots is

illustrated in Fig. 2 c.

The inner nutrient concentration (Fig. 2 ¢) and the masstikinéFig. 2 a) show
that mass increase was limited directly by nutrient avditgbnside the
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network. However, the medium concentration (Fig. 2 b) aeieed overall
long-term growth. Variations of medium concentration weuéfered by the
possibility of the root network to accumulate nutrientsislik reflected by a
high internal nutrient concentration in comparison to tkieenal concentration
(Fig. 2 c). Within the firsti50 h the network had to build a reservoir of inner
nutrients. This could occur only if sufficient root tips eed to acquire the
nutrients. This resulted therefore in a higher branching (&ig. 2 c) and a
moderate mass increase (Fig. 2 a). After an initial produnatif root tips,
internal nutrients reached a maximum concentration (at2&h). These
nutrients were used to increase mass, which explains whytlynoer unit time
was at that moment very high (Fig. 2 a). Afti20 h metabolism started to
dominate, which is reflected in a reduction of both intermadaentration and
mass increase, although the medium still had enough ntgriEig. 2 b). The
medium nutrient concentration fell continuously and beedimiting to mass
increase and branching rate (Figs. 2 a-c). Growth ceasddhent medium was
supplied aB36 h. The culture then grew again until the new nutrients were

consumed.

Fig. 3 shows the spatial distribution of volume density (adt tip density (b),
nutrient concentration in medium (c) and local mass in&édsafter380 h of
growth. Gradients of nutrients and tip density were chose hs the driving
force of growth (Table I). Density increased from an initial value of

0.5 mm>mm =3 to almostp,,., = 0.7 mm>mm—2 and showed a distribution
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with compact tissue in the center and less compact tissusrtisvthe edge (Fig.
3 a). Mass increase was therefore due to both increase ure tiksnsity and
tissue expansion. Growth around the center originated inenease in tissue
density due to velocity fluctuations [cmp. Egs. (2) and (4}jile expansion
around the edge occurred due to gradient growth [cmp. Efj. TG root tip
density showed a distribution with a flat maximum and fell iavers with
increasing distance from the center (Fig. 3 b). The exig@fi@ maximum root
tip density in the center is a consequence of the fis8th of growth, in which
root tips had to be produced to increase nutrient uptakes fifs could not
grow away from the center becauge ~ 0 there. The waves were a
consequence of the nutrient concentration changing in thogrient
concentration showed, as expected, small spatial vamiatitside the tissue
(Fig. 3 c). Transport and uptake depend on the root derBityq (1 — p);

g « p; compare Eq. (7)], which is spatially inhomogeneous, thasraconstant
reduction of concentration was found where: 0. Mass increase was as
expected radially symmetric and occurred in a more orsessklike manner
(Fig. 3 d). A front of growth moved away from the tissue’s @ntt is also
very clear that in the center of the tissue mass increase whas anoment

almost zero, because the volume density was already clgsg, to

Using numerical simulations the influence of parametersersolution of the
model can be examined. In Figs. 4 a-d the solutions for diffevalues of the

most important parameters, namely branching rate and gnate coefficient,
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are presented. From all parameters, only one was variecharather were kept
constant (values listed in Table I). The branching rateas varied fron25 to

65 mm~"h ~' mm’® mg~2, while the growth rate coefficierit was varied front
to 14 mm h™! mm?* mg~!. Mass increase is influenced positively Bynostly
due to the higher amount of root tips which ensure a fastéméation of
nutrients (Fig. 4 a,b). As expected, an increasg increments also mass
production (Fig. 4 c). However, nutrient uptake is almodtinbuenced byR

(Fig. 4 d).

Cutting a root tissue to obtain an exact initial mass in an expnt is almost
impossible. The dependency of the model on a varying imbiat mass is thus
also of interest (Figs. 5 a,b). Moreover, the initial tip dignpwas not
determined experimentally and was empirically determingtie model. It was
thus important to understand the influence of this paranogt¢ine simulation
results (Fig. 5 c,d). The initial masd, was varied fron®.5 to 2.9 g, while
values from0.5 to 6.0 mm~3 were used for the initial tip density,. The initial
differences inM/, become smaller due to the higher metabolism of the heavier
cultures (Fig. 5 a). Itis interesting that nutrient uptak@ends on\/, almost
only in the first336 h (Fig. 5 b). After supplementation of fresh nutrients,
almost no difference is found in the uptake rate. This carxbtaaed by a
small effect of initial mass on the root tip density, whicltiscial for uptake
(compare Fig. 4 b). Variation a¥, affected the time needed by the tissue to

acquire enough nutrients for growth (Fig. 5 ¢). Growth stadoner whev is
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larger. However, no large impact on final mass is found. %intd the case of
My, not much influence on nutrient uptake is found after supplaation of
fresh medium (Fig. 5 d). Both variations &f, and N, show that the model is
self-regulating. Although growth and uptake kinetics depen these initial
values, similar final masses are obtained. Therefore néftleanitial mass nor

the root tip density can be used to increase yield substigntia

Although a simple method exists to estimate roughly theiglpaistribution of
mass by taping the roots on paper and cutting and weightamgdber, it is not
clear if this would be exact enough to differ between diffeérgrowth strategies.
Moreover, these differ also in the distribution of root tinity, which could
only be determined cumbersomely by manual counting of tgisgua
microscope. Therefore no experimental data which givesmétion on the
spatial distributions is available to the authors. It is cleear which growth
process dominates. Do hairy roots follow rather nutrieatdgents than space
gradients, or is the diffusion of root tips more important?i<Omass increase a
consequence of increase in tissue density? It will probbblg mixture of all
and other processes not accounted for. For the above siomdatnd fitting of
the model, a mixture between nutrient and root tip densigygigmts was
chosen. However, it is for further research interestingndenstand the

differences between possible combinations.

Figs. 6 a,b shows the distributiopsandn when growth was driven solely by

gradients of tip densityo(, = 1, o, = a. = o, = 0). The center of the tissue is
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less compact, while around the center a ring witl p,,... IS present. Towards
the edge of the tissug,falls smoothly (Fig. 6 a). Root tip densify has a
distinct maximum and falls smoothly towards the edge (Filg),6n contrast to
the flat maximum and wave-like structure found in the stamhdase (Fig. 3 b).
A completely different type of growth was found when mechkaheffects were
chosen to be dominantf = 1, o, = a. = o, = 0; Figs. 6 c,d). Again as in
the standard case a smogtHdistribution is found (Fig. 6 c). However maximal
densityp,,.. IS not reached and mass increase occurred mostly due te tissu
expansion. The root tip density shows a flat maximum, faliséw@r steeply
and has a corona (Fig. 6 d). In the center many root tips weapped” by the
low driving gradientVp ~ 0. However, a shock-like wave of root tips grew
away from the center building the corona around the maxinfeig 6 d). Figs.
6 e,f present the distributions for the case where growtiviengonly by
fluctuations of growth velocity (pure increase in densityisue;o, = 1/9,

a, = a. = a, = 0). In contrast to the other cases, mass increase is detefmine
completely by increase of tissue density (6 e). Thereforesnacrease is
limited by maximal possible volume densijty,.. and by the initial size of the
tissue. The density of root tip¥ has a local minimum in the center of the

tissue, which arises from the factor, (.. — p) in the branching functiorf.

From these three cases, the cases where root tip diffusjos: (1 mm?) and
space gradientsy, = 1 mm) drive growth are optimal to obtain nutrients.

Through increase of perimeter of the tissue, a large surfébeaccess to fresh
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nutrients is achieved. When space gradients drive growgttjgbue is less
compact than in the other cases. This allows a better disiwi of nutrients
between the roots, enhancing uptake. However, many raoatgp“trapped” in
the center of the tissue, where less nutrients are avaiaiduldose their uptake
function almost completely. This situation is less prormhbut still present
when tip diffusion drives growth. Although the contact sioé between fresh
nutrients and tissue is large in these cases, the ratio batperimeter and
volume becomes smaller for increasing radius. On the ond, lthis ratio is
optimal when tissue density increase (= 1/9) is responsible for mass
increase. But on the other hand, the tissue cannot explsiaithiantage, as
possible mass increase is bounded from the beginning. Renesise in tissue
density is optimal in exploiting mass production per uniiwvoe of tissue. Root
with a. = 0 would not be able to follow nutrient gradients, which woukddn
enormous disadvantage in heterogeneous environmentstdindard case
(e = 500 mm?*mg~!, a,, = 0.5 mm? anda, = 1/9), i.e. growth driven by
concentration gradients and root tip diffusion with modieiacrease in tissue

density, seems to be optimal in combining all good propgrientioned above.

The model is able to describe very well the mass increase ptattel kinetics
(Figs. 2 a,b). To understand which type of growth dominatdsairy roots,
further experiments investigating this issue are requiFégls. 3 and 6 are a
good reference to achieve this. The model is a good startimg o model

metabolite production, e.g. of camptothecin. It opens tisossibility to test
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several hypothesis within a short time and to determine atex processes
could be optimized. This would require substantially mameetif a pure

experimental approach would be used.
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Table I. Model parameters used for simulation.

Prescribed parameters

Fitted parameters

A (mm)
r (mm)

D, (mm2h)
e (mmmg ™)
a, (mm)

a, (mm?)
P(mmh™)

o (mg mm?)

X(mm?mg= h7")

1

0.1

35

500

0.5

O

o

R (mmh™tmm3mg™!)
B (h=*mm~t mm®mg=?)
K, (mmh™1)

g (mgmm™=?)

Tm (h_l)

10

45

0.08

0.005

0.02
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List of Figures

1 Picture of a typical hairy root grown in a shaker culturelflaBhe roots

build a dense tissue with younger less packed roots surnogitige core.
Thickness of the tissue did not considerably increase inpesison to the
initial inoculum. Photograph provided by B. Wetterauer andWink,

IPMB, Universitat Heidelberg.

Comparison of simulation and experimental data. The eloolun time

of root mass (a) and external concentration of sucrose éx@mpared to
measurements, (c) simulated average root tip density decdhad nutrient
concentration. New medium supplied3a6 h, which results in an
increase in production of root mass and root tips and in asudtange
of external and internal nutrient concentrations. Experital data from

B. Wetterauer and M. Wink, IPMB, Universitat Heidelberg.

Cross sections of simulated spatial distributions of (a) volume density
p, (b) root tip densityNV (given in number of tips per unit volume), (c)
external nutrient concentration (d) and local mass inaéakere

M =49 -10° mg x p) after380 h of growth (shortly after resupply of
new medium). The spatial distributions correspond to tihetits shown

in Fig. 2. The dotted line in (c) represents the homogenexgigsrel

nutrient concentration, = 11.46 ¢g/~! after resupply.

Simulation of mass increase and medium nutrient condeoriréor
variable branching ratg (a,b) and variable growth rate coefficieft
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(c,d). The other parameters were kept constant. IncreaBeoof; result
in similar increase of root mass. Increasdiias however almost no

effect on the kinetics of nutrient uptake, in contrastto

Simulation of mass increase and medium nutrient condeoriréor
variable initial root masd/, (a,b) and variable initial tip density, (c,d).
The other parameters were kept constaVitis given in number of tips
per unit volume. The advantage of higher initial root mass raot tips

density was temporary and decreased in time.

Simulated spatial distribution of root volume and rootdgnsities after
380 h of growth for different growth strategies. (a) and goand NV for
root tip density gradient driven growth( = 1, o, = o = o, = 0,

R = 55), respectively. (c) and (d) and N for space gradient driven
growth (@, =1, a. = oy, = o, = 0, R = 18), respectively. (e) and (f)
andN for growth given by velocity fluctuations (pure increase endity;
ar =1/9,a, = o, = . = 0, R = 20), respectivelyN is given in

number of tips per unit volume.
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