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Development of Yeast Colonies

Coordinated Development of Yeast Colonies: Quantitative
Modeling of Diffusion-Limited Growth — Part 2

By T. Walther*, H. Reinsch, K. Ostermann, A. Deutsch, and T. Bley

A mathematical model was developed which described the growth of yeast colonies based on the assumptions that (i) these
populations were built up of single cells whose proliferation was (i) exclusively controlled by nutrient availability in the en-
vironment. The model was of a hybrid cellular automaton type and described discrete cells residing on a one-dimensional lat-
tice as well as on continuously distributed nutrients. Experimental results and numerical calculations were compared to eluci-
date under which cultivation conditions the diffusion-limited growth (DLG) was the major construction principle in yeast co-
lonies. Simulations were scaled to the growth of Yarrowia lipolytica and Candida boidinii colonies under carbon and nitrogen
limitation. They showed that nutrient-controlled growth of the individual cells resulted in DLG of the population. Quantita-
tive predictions for the spatio-temporal development of the cell-density profile inside a growing yeast mycelium were com-
pared to the growth characteristics of the model yeast mycelia. Only for the carbon-limited growth of C. boidinii colonies on
glucose as the limiting nutrient resource did the DLG model reproduce the cell-density profile estimated at the end of the
cultivation. Under all other cultivation conditions, strong discrepancies between calculations and experimental results were
evident precluding DLG as the ruling regulatory mechanism. Thus, whether or not the development of a yeast population
could be described by a DLG scenario, was strongly dependent on the particular cultivation conditions and the applied yeast
species. In those cases for which the DLG hypothesis failed to explain the observed growth patterns, the underlying assump-
tions, i.e., the complete absence of nutrient translocation between the individual cells inside the yeast mycelia as well as the
exclusively nutrient-controlled proliferation of the cells, have to be reevaluated. The presented study demonstrated how the
mathematical analysis of growth processes in yeast populations could assist the experimental identification of potential regu-

latory mechanisms.

1 Introduction

Filamentous fungi are microorganisms of an extremely
high economic relevance since they are employed in a large
number of biochemical production processes. These pro-
cesses can be roughly classified into liquid culture (sub-
merse) cultivations, and in cultivations on substrates that
lack a free aqueous phase, i.e., solid-state fermentations.
While in submerse cultivations the homogeneous distribu-
tion of all state variables is ensured by an adequate mixing
of the culture broth, solid-state fermentations are character-
ized by slow transport processes through the growth sub-
strate and a heterogeneous distribution of biomass and nu-
trients in the system. Although submerse cultivations of
fungi offer an optimum process control, solid-state fermen-
tations recently gained increasing interest since it was found
that final product concentrations are often higher than in
submerse cultivations which may avoid an elaborative down-
stream processing of the products formed [1]. It was specu-
lated that these higher productivities are caused by a more
natural lifestyle of the fungi on the solid substrates since fun-
gi are excellently adapted to the growth and survival in ter-
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restrial ecosystems but are hardly found in aqueous environ-
ments.

Considering that the cultivation of fungi in solid-state fer-
mentations may become more and more economical, sur-
prisingly little is known about the mycelial life style of these
organisms and their adaptation to heterogeneous environ-
ments. Investigations have often been carried out in rather
simple model systems, where fungi are cultivated on agar
plates [2] or in a chessboard-like system of agar tiles contain-
ing different nutrient concentrations [3]. It has been shown
that the cell density of the mycelium increases with higher
nutrient concentration, and that fungi are capable of translo-
cating nutrients inside the hyphal network to compensate
for limitations in parts of the mycelium that grow in a low-
nutrient environment [4]. However, besides this rather quali-
tative description of phenomena observed during mycelial
development, scientists are far from the establishment of a
theoretical framework that quantitatively describes the in-
terplay of mechanisms which coordinate fungal growth on
the population level.

This lack of understanding is due to the complexity of fun-
gal development: Mycelial growth is controlled on different
system scales. On the one hand, it is determined by interac-
tions of individual hyphae with their microscopic environ-
ment. On the other hand, it is influenced by long-range
interactions on the population scale, i.e., by nutrient trans-
location inside the mycelium or by the formation of nutrient
gradients in the growth substrate [2,3]. The emerging behav-
ior arising from the interplay of these different processes is
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hard to grasp without the abstracting power of mathematical
models. As it was shown in simulations of bacterial colony
development or for the growth of fungal mycelia, respective-
ly, sophisticated and highly-organized patterns may be
formed by the microorganisms as a result of rather simple
construction principles [5, 6]. With the help of mathematical
models it is possible to resolve complex experimental obser-
vations down to the underlying regulatory mechanisms.

In the search for regulatory mechanisms active during the
growth of fungal mycelia, a quantitative model has been pre-
sented that is capable of reproducing the experimentally de-
termined mycelial growth pattern of Rhizoctonia solani on
glucose at the early stages of the cultivation [2]: The model
describes mycelial growth based on the uptake of glucose,
which is converted into new hyphal elements via a not
further characterized intermediate compound that is re-
ferred to as an internal nutrient resource. While external
glucose is assumed to freely diffuse through the agar sub-
strate, in this model the internal nutrient resource was redis-
tributed inside the mycelium by active and passive transport
mechanisms. Furthermore, microscopic properties of fungal
growth were incorporated, e.g., by restricting biomass
growth to the active hyphal tips. Certainly, this approach
represents a drastic improvement when compared to earlier
published qualitative models [7-11]. However, even though
the experimentally determined morphology of the cell-den-
sity profile could be quantitatively reproduced, model pre-
dictions have to be interpreted with extreme care.

The behavior of the model is mainly determined by the ef-
fect of a hypothetical internal nutrient resource which has
been neither quantified nor chemically characterized. Thus,
an experimental proof for the validity of underlying model
assumptions and parameter estimations is still lacking. Ob-
viously, model verification is a demanding experimental
problem, since neither the chemical nature of the internal
nutrient resource is yet known, nor are there monitoring
methods at hand that facilitate the spatially resolved estima-
tion of different compounds inside fungal mycelia. Because
of the described difficulties it has been recently suggested by
the authors to study mycelial development on a level of low-
er complexity, i.e., without considering the nutrient translo-
cation through the hyphal network [12, 13].

In this context, yeast colonies can serve as a valuable mod-
el system: Colony patterns of dimorphic yeasts are macro-
scopically similar to fungal mycelia [12,14]. However, in a
first approximation the filamentous structures may be con-
sidered as chains of autonomous pseudohyphal cells which
restrict the long-range nutrient translocation through the
mycelium. Such an approach enables us to view mycelia as
populations of single cells, which significantly simplifies the
mathematical and experimental description of colony devel-
opment. Since pseudohyphal cells are often hard to distin-
guish from the hyphal cell type, the assumption of the com-
plete absence of nutrient translocation within yeast colonies
might appear questionable [15]. However, if the mathemati-
cal model which describes colony development based on the
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proliferation of single cells is carefully defined, the compari-
son between model predictions and experimental results
certainly helps to identify growth conditions where this
assumption would be appropriate, or where nutrient translo-
cation and/or other factors (i.e., the action of potential
messengers) have to be considered.

In the present study, yeast colony development is de-
scribed based on the proliferation of autonomously replicat-
ing cells, whereby the proliferation of these cells is only de-
termined by nutrient availability in the growth substrate.
Since the yeast cells are regarded as individuals, a cellular
automaton model [16] has been chosen for the mathematical
description of the growth process. The model describes dis-
crete cells and continuously distributed nutrients. It has been
adopted to the growth of Yarrowia lipolytica and Candida
boidinii colonies under carbon and nitrogen limitation, re-
spectively. Quantitative model predictions, particularly, the
final colony diameter and the final cell-density profile, have
been compared with experimental results to identify the nu-
trient-controlled growth of single cells as the ruling construc-
tion principle in the model yeasts colonies.

2 Model Definition

The growth of microorganisms strongly depends on nutri-
ent availability in their environment. In the absence of im-
portant nutrients, cells stop to proliferate and undergo a
transition to a stationary state [17]. To take the requirement
of nutrients for cell growth into account, a mathematical
model was developed that describes the growth of yeast co-
lonies based on the assumption of exclusively nutrient-con-
trolled proliferation.

The model incorporates the proliferation of cells, the con-
sumption and diffusion of nutrient, and the transition of in-
dividual cells from an initially proliferating state to a station-
ary state. Proliferating cells and stationary cells reside on the
same one-dimensional lattice L(0,...i,...n), with L(0) being
the inoculation site and L(n) representing the edge of the
growth field”. The state s(i, f) of each lattice node i at time
is defined by the number of proliferating (n¢ ) and station-
ary cells (ncg), and the concentration of nutrient (cy), re-
spectively, which varies between the initial concentration
(cnp) and zero.

s(i,t) = (ncp N, on) 1)
cn € 0,en0) (2)
Nepy e € {0,1,2,...} (3)

1)  List of symbols at the end of the paper.
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2.1 Growth Dynamics

Initially, inoculated or newborn cells are in the proliferat-
ing state and possess the ability to give birth to a daughter
cell. When cells divide, newborn cells grow in size at a con-
stant rate. After they have reached a critical cell size, mature
cells enter a new replication cycle, now themselves giving
birth to a new cell. In the automaton model, cell divisions
were assumed to occur at discrete intervals (At,) represent-
ing the replication time of a cell.

For the distribution of newborn cells on the lattice, two
different scenarios were tested regarding their influence on
colony development. In a first approach, undirected cell
growth was assumed. Daughter cells originating from prolif-
erating cells at node (i) were placed randomly at the posi-
tions (i), (i-1), and (i+1). Accordingly, this scenario is re-
ferred to as random budding. Alternatively, the directed
growth of the cells away from the inoculation site was imple-
mented by placing cells born at node (i) exclusively to posi-
tion (i+1). This behavior corresponds to the budding pattern
of pseudohyphal cells, which solely form new buds at the
pole distal to the mother cell’s birth end. Therefore, the
algorithm is referred to as distal budding.

Proliferating cells may change their state and become sta-
tionary. These cells are still viable but have lost their ability
to form new cells. In the present model, the state transition
was assumed to be controlled by nutrient availability. Prolif-
erating cells ceased growth and entered the stationary state
when the local nutrient concentration dropped to zero
(Eq.4). The state transition was assumed to be irreversible.

_ J proliferating if

_ cy (i,5)>0 4
¢ {stationary else “

2.2 Nutrient Balance

To maintain viability, all cells take up nutrient with rate

F'N,main»

"'Nmain = "¢ - R 5)
where mc is the mass of a single cell, and R represents the
mass-specific maintenance requirement. Additionally, prolif-
erating cells take up nutrient with rate rypro and trans-
formed it into new biomass, i.e. into a new daughter cell.
I'nprol Was calculated from the cell mass () that was gener-
ated within the replication interval (At,) (Eq. (6)). The yield
(Y) describes the efficiency in which a particular nutrient is
transformed into biomass.

m
— C
rN,prol - Atp Y (6)

Nutrient was balanced by solving the reaction-diffusion
equation
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Ocy (x,t 0%cy (x,t
%:D'$7'N.con(xvt) (7)

where rncon(¥, ) is the local nutrient consumption rate. In
the discretized form, the nutrient consumption rate at lattice
node (i) is defined by

Pxcon (I 1) = minfry (i, 1), 5 (i,1) - Az, 7' 8)

Here

rll\I,COn (l’ t) = [rN‘Prol : nC‘p (l> l)

Viede )

+rN,main ! (nC,p (iv t) + nC,s (i7 t))] * Y node

is the maximum uptake rate as derived from equations (5)
and (6), and cn(i,f) x Ar'! represents the uptake rate as lim-
ited by the locally available nutrient. V,,,q. denotes the vol-
ume that is assigned to each lattice node. In order to account
for the limited nutrient reservoir in the agar substrate,
boundary conditions were chosen according to

200 =0 (10)

ox

2.3 Parameterization of the Model

2.3.1 Experimental Setup and Simulation Dynamics

The automaton model describes the growth of unit cells
which corresponded to pseudohyphal cells. Thus, the aver-
age length of the pseudohyphal cells determined in the ex-
perimental investigations ([12], see Tab.1) was assigned to
the length of a unit cell (/c). The distance between two lat-
tice nodes was chosen according to the unit-cell size. From
the length of the growth-field moiety (/=26 mm) ([12], see
Fig. 1) and the cell length (Ic), the lattice size (n) was deter-
mined.

|

For the correct balancing of nutrient in the growth sub-
strate, the agar height (A#=0.9 mm), calculated from the
amount of agar filled into the Petri dish (2 mL), and the tile
width (w=1 cm) (see [12], Fig. 1) were incorporated into the
model by assigning a volume (V,0qc) to each lattice node.

(11)

Vv

node:h'w'lC

(12)

From the diffusion constant in agar (D,g,,) and the dis-
tance between two lattice nodes (Ic) the time step (Ar) for

the discretization of the continuous time scale (¢) was calcu-
lated.
0.5-2
At = C (13)
D agar
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Table 1. Biochemical and kinetic parameters for the growth of Y. lipolytica and C. boidinii used in the simulations of the colony development.

Nutrient Replication time Yield Spec. maintenance Requirement* | Cell length Cell diameter
Ay, [b] Y(g/g] R[g/(gxh)] lc [um] dc [um]

Carbon limitation

Glucose 1.4 (1.8)%* 0.33 (0.42) 0.01 30 (19) 2.3(2.7)

Nitrogen limitation

Ammonium 1.7 (2.1) 72(5.2) 0 27 (24) 3.0(2.7)

* The values were calculated according to [22].

** The numbers in parentheses indicate parameters used in the simulations for the growth of C. boidinii. The parameters were estimated in [12]. In all simula-

tions a wet biomass density of pc=1.1 g/mL [23] was assumed.
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Figure 1. Simulated development of the cell-density profile under the as-
sumption of DLG. Simulations describe the growth of a carbon-limited Y. /i-
polytica colony growing on glucose as the sole carbon source. Initial glucose
concentration: 2 g/L, random budding, tile width: 1 cm. The figures show the
average of 10 replicate runs.

The replication time (Af,) was estimated from the exten-
sion rate (v) of the colony diameter and the unit-cell length

(o).

(14)

Table 2. Diffusion constants applied in the simulations*.

Accordingly, the cell array was updated in intervals of (¢,).
Values estimated for Af, and v during the growth of the
yeasts on different nutrients [12] are listed in Tab. 1.

2.3.2 Diffusion Constants of the Nutrients in Agar

According to Nicholson [18], the diffusion constant (D)
of a small molecule in water can be corrected for the diffu-
sion in agar by

D, =D, (1-0023 o)

agar (15)
where o is the weight percentage of agar. For glucose a dif-
fusion constant of Dy=6.7x 107" m?%s was determined in
water [19]. Despite an extensive literature review no esti-
mates of diffusion constants for ammonium ions in water
were found. However, the diffusion constants of small mole-
cules are mainly dependent on their molecular weight and
charge. Thus, the diffusion constant of sodium ions
(Mya. =23 g/mol [20]) in water (Do=13x107"" m%s [21])
provided a realistic estimate for the diffusion rate of ammo-
nium ions (Mypa4s =18 g/mol [20]). From the diffusion con-
stants in water (D), the diffusion constants in 2 % [w/v] agar
(Dagar) were calculated according to Eq. (15) and used in the
simulations (Tab. 2).

2.3.3 Cell Growth

The mass-specific nutrient-uptake rate to meet mainte-
nance requirements (R) is mainly dependent on the cultiva-
tion temperature and only to a small extent on the particular
carbon source or microorganism [22]. Therefore, the value
of R=0.01 g/(gx h) [22] was chosen for the simulation of the

Nutrient Dy [m?s] Dgar [m%s] Reference for D
Glucose 6.7x10710 6.4%x10710 [19]
Ammonium 13.0 x 10710 12.4% 10710 [21]#*

* The diffusion constants in water (D,) were corrected for diffusion in agar (D) using Eq. (15).
*#* The diffusion constant for ammonium ions in water was estimated from the diffusion constant of sodium ions in water.
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carbon-limited growth of Y. lipolytica and C. boidinii on glu-
cose. Nitrogen sources do not serve to provide energy. Thus,
under nitrogen-limiting conditions the maintenance term did
not contribute to the balance of the limiting nutrient, i.e.
R=0.

The mass of a single cell (mc) was estimated using
Eq. (16)

me =Vc-p.-DW (16)
and

JT
VC—Z.dZCJC 17)

where V is the experimentally determined volume of a
pseudohyphal cell, pc is the density of the wet biomass and
DW represents the dry weight fraction of the total cell mass.
A wet biomass density of pc=1.1 glem® was reported by
Datar and Rosen [23] and used in the simulations. Depend-
ing on the vacuolization of the cells and the incorporation of
storage materials, the dry weight fraction (DW) may vary
greatly. In cultivations of fungi, values between 5 % [24] and
35 % [25,26] were estimated. In the present study, the pa-
rameter DW was not determined experimentally but as-
signed to fit simulated results to data derived from the
growth experiments.

The yield (Y) describes the efficiency of the transforma-
tion of a particular substrate into cellular mass. The yield
coefficients of Y. lipolytica and C. boidinii on different nutri-
ent sources were estimated in shake flask experiments [12]
and are presented in Tab. 1.

3 Results and Discussion

The availability of nutrients represents the basis for micro-
bial growth. This fundamental requirement was incorpo-
rated into a mathematical model which described yeast col-
ony development based on the exclusively nutrient-
controlled proliferation of single cells. The model was scaled
for the growth of C. boidinii and Y. lipolytica on different
nutrient resources. All parameters were in the physiologi-
cally relevant range and the limiting nutrient was balanced
for a defined reservoir.

3.1 Characteristic Predictions

In Fig. 1 the simulated development of the cell-density
profile in a glucose-limited Y. /ipolytica colony is shown.
Since yeast colonies were symmetrical in shape, simulations
only account for one colony moiety (x=0 mm: inoculation
site; x =26 mm: edge of the growth field). Rapid exponential
cell growth at the early stages of colony development re-
sulted in the accumulation of high cell numbers close to the
inoculation site and caused the nutrient concentration to
drop to zero underneath the colony. (The drop in cell density
at the inoculation site was an artifact arising from the sym-
metry break in the simulations.) The nutrient concentration
gradient spanned from the colony boundary to the edge of
the growth field. In this phase, cell proliferation was deter-
mined by the amount of nutrient that diffused towards the
colony. In the further course of the cultivation, the number
of cells formed per time interval decreased resulting in the
formation of a cell-density profile which declined monotoni-
cally from the inoculation site to the colony boundary. These
simulations nicely illustrate how nutrient-controlled growth
of individual cells resulted in the diffusion-limited growth of
the population.

Furthermore, the predicted final colony diameter re-
mained small when compared to the size of the growth field
(see Fig. 1). This behavior was found to be insensitive to
variations of the initial nutrient concentration in the growth
substrate, the mass of a single cell (DW), comparatively
large variations in the extension rate of the colony, and the
diffusion speed of the nutrient, respectively [13]. Thus, the
morphology of the cell-density profile and the final colony
diameter provided robust criteria to identify a diffusion-lim-
ited growth mechanism in yeast populations.

3.2 Discussion of the Model Structure

In the presented DLG model, the replication interval
(At,) was defined to be independent of the local nutrient
concentration. This definition was motivated by the observa-
tion of constant colony extension rates at nutrient concen-
trations that were changed over several orders of magnitude
(see Figs. 2-5 and Tab. 2) [12]). This behavior may corre-
spond to a constant extension rate which is inherent in fila-

—a—Distal budding
—2~Random budding

Figure 2. Influence of the assumed bud-
ding pattern on the simulated diffusion-
limited development of Y.lipolytica colo-
nies growing on glucose as the sole carbon
source. (A) Cell-density profiles after
35 days of cultivation. (B) Colony diameter
vs. cultivation time. Initial glucose concen-
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mentous cells. Alternatively, nutrient uptake by the cells and
transport limitation due to the slow diffusion of the nutrients
may cause the food concentration at the colony boundary to
drop to a value which is fairly constant throughout the culti-
vation period. Thus, the chosen definition of A#, represented
an observation and does not explain its origin. However, the
model correctly describes the consequences of such behavior
by ensuring mass conservation.

An important discrepancy to the published reaction-diffu-
sion models is the definition of the nutrient-uptake kinetics.
In a number of qualitative models, nutrient uptake was as-
sumed to be proportional to the square of the local biomass
concentration [7-11], allowing for the complete uptake of
nutrient even by a comparatively small cell number. In the
present study, as well as in very recent quantitative models
of fungal development [2,3], a correct linear relationship
(see Eq.(9)) was chosen yielding a characteristically declin-
ing cell density as a result of simulations.

Furthermore, the model in principle allowed different
budding regimes to be incorporated. Distal budding could
be implemented by placing newborn cells originating from
node (i) exclusively to the position (i+1), while during ran-

dom budding daughter cells were placed to the positions
(i-1), (i), and (i+1) with equal probability. The model, how-
ever, did not explain the potential origin of such behavior.
In the distal budding scenario, the growth towards higher nu-
trient concentrations, or the messenger-induced growth away
from high cell densities (quorum sensing) could not be dis-
tinguished. In Fig. 2 the model predictions arising from dif-
ferent budding patterns are compared for the glucose-lim-
ited development of a Y. lipolytica colony.

When distal budding was assumed, the polarized growth
of the cells away from the inoculation site resulted in a sig-
nificantly higher colony extension rate, a larger final diame-
ter, and a somewhat shallower shape of the cell-density pro-
file (see Fig. 2). Thus, when the replication interval (Az,) of
the cells was known, e.g., from the observation of replication
cycles of individual cells by time-lapse photography, the
comparison of simulated and experimentally determined
colony extension rates may provide some indication of the
biased placement of newborn cells. Using this strategy, a
chemotactic force in colonies of motile bacteria was identi-
fied in [5], by elaborating that populations extend at a higher
rate than expected for a solely random movement of the

—=-Tile width 1cm
—=Tile width 30pm

Figure 3. Influence of the tile width (w) on the
simulated diffusion-limited development of
Y. lipolytica colonies growing on glucose.
(A) Cell-density profiles after 35 days of culti-
vation. (B)Colony diameter vs. cultivation
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tion of DLG and show the results for a distal
budding regime (DW =0.2). For further details
of the parameterization see text.
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Figure 5. Comparison of experimentally deter-
mined and simulated (A, C) cell-density profiles
after 35 days of cultivation, and (B, D) colony
diameter extension of nitrogen-limited Y. lipo-
5 Iytica (A,B) and C. boidinii (C,D) colonies
growing on ammonium sulfate as the sole nitro-
gen source. Initial ammonium sulfate concen-
tration: 0.05 g/L (N-A-0.05 medium [12]). The
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cells. During the growth of (pseudo)hyphal yeast cells,
daughter cells were exclusively formed at the pole distal to
the mother cell’s birth end.

In the growth experiments, the orientation of pseudohy-
phal cells deviated only slightly from the longitudinal colony
axis, and no cells growing towards the inoculation site were
observed. Therefore, the replication interval was calculated
from the extension rate of the colony diameter and the
length of a unit (pseudohyphal) cell (Eq.(14)). As a conse-
quence, the observation of directed growth of individual cells
(distal budding) was then incorported into the simulation
routine, i.e., the colony extension rate predicted under these
conditions is equal to the experimentally observed one.
However, considering
(i) the strong drop in the colony extension rate when ran-

dom budding is assumed, and

(ii) the observed polarized growth in the colonies,

the presence of a mechanism which biases the placement of
newborn cells towards higher nutrient concentrations or
away from high cell densities was likely. In any case, as the
model was parameterized, only simulations of colony devel-
opment incorporating the distal budding regime should be
compared with experimental results.

3.3 Discussion of the Model Parameterization

The model was scaled for the dimensions of the experi-
mental setup. Furthermore, stoichiometric as well as kinetic
parameters were either directly measured or derived from
literature data. Thus, all biochemical parameters that de-
scribe the growth of the cells were in a realistic range. The
parameters referred to measures commonly used in the
quantitative description of biomass growth. Therefore, the
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30 40 regime (DW =0.05). For further details of the

parameterization see text.

quality of the parameter estimations can be easily evaluated
by their comparison to recognized data provided in the bio-
chemical literature. Since the correct parameterization of
the diffusion process was crucial for the predictions of the
model, the influence of variations in the diffusion constant
on model predictions, as well as the quality of the estimation
of the diffusion constant in agar were particularly discussed
in [13]. It was shown that the correction of Dy, for the diffu-
sion in agar (D,g,) using Eq.(15) provided adequate esti-
mates for the transport velocity of nutrients in the growth
substrate.

An important scaling effect was identified by variations of
the tile width (w). While the predicted final cell-density pro-
files and the total accumulation of cells were insensitive to
changes of this parameter, the final colony diameter varied
markedly (see Fig. 3). In simulations of the diffusion-limited
growth of Y. lipolytica colonies on glucose it was shown, that
a 55 % higher colony diameter was calculated for a tile width
of 1 cm when compared to the predictions for a tile width of
30 um.

The reason for this behavior lies in the model structure:
In the one-dimensional model, the nutrient content of a
discretized agar-tile is concentrated at one point. Thus, when
a large tile width is chosen, even at extremely small concen-
trations the nutrient content of a tile may be high enough to
fuel the proliferation of a cell, while in a small tile this
reservoir may already be depleted. Thus, when the simulated
final colony extension is compared with experimental re-
sults, simulations have to be carefully interpreted with re-
spect to this parameter. For a further refinement of predic-
tions for the final diameter of the populations, the nutrient
transport perpendicular to the longitudinal colony axis has
to be considered, i.e. two-dimensional models have to be
applied.

131



Eng.
Life

Sci. Full Paper

3.4 Comparison of Simulations and Experimental Results

In order to identify DLG as the ruling construction princi-
ple in yeast populations, simulations were compared with ex-
perimental results obtained in cultivations of C. boidinii and
Y. lipolytica on solid agar substrates. Colonies of the model
yeasts were grown under conditions of carbon and nitrogen
limitation. Glucose and ammonium sulfate served as the lim-
iting nutrient sources. The experimental conditions were de-
scribed in [12]. The models were scaled for each combina-
tion of cultivation conditions and yeast using the parameters
listed in Tabs.1 and 2, as well as the dimensions of the ex-
perimental setup [12, Fig.1]. In all simulations, distal bud-
ding was assumed. In order to consider the uncertainties in
the predictions of the final colony diameter which arise from
the application of the one-dimensional model, the time
course of colony-diameter extension was compared with
simulations using a tile width (w) of 30 ym or 1 cm.

As can be seen in Figs. 4 and 5, only the experimental results
of the glucose-limited development of C.boidinii colonies
matched the simulations of diffusion-limited colony growth
(see Figs. 4C and D). Under these conditions, a monotonically
declining cell-density profile was formed and the colony diam-
eter remained small compared to the size of the growth field.
For a tile width of 30 um, the model exactly predicted the ex-
perimentally determined final colony extension of approxi-
mately 12 mm. Therefore, DLG is suggested by the authors to
be the major regulatory mechanism in C. boidinii colonies
growing on glucose as the limiting nutrient source.

Under all other cultivation conditions, both yeasts ex-
tended until the edge of the growth field was reached,
clearly exhibiting a growth characteristic which was different
from the one expected for DLG (see Figs.4B and 5B, D).
Furthermore, the morphology of the cell-density profiles
cannot be reproduced by the simulations (see Figs.4A and
SA, C). Thus, for the carbon and nitrogen-limited growth of
Y. lipolytica, as well as for the nitrogen-limited development
of C. boidinii colonies, the hypothesis of DLG has to be re-
jected, i.e., under these conditions an important potential
regulatory mechanism could be ruled out.

This result presented the opportunity to look for alterna-
tive explanations: Inspired by earlier studies on bacterial co-
lonies [5,27], the possibility of whether a messenger-mediat-
ed quorum-sensing mechanism could facilitate the evolution
of a constant cell-density profile — observed during the glu-
cose-limited growth of Y. lipolytica colonies — was explored
(Fig.4 A) [13]. A model was developed wherein a messenger
was assumed to be emitted by all cells. This messenger inhib-
ited proliferation once its local concentration exceeded a
threshold. According to the model, proliferation could be
truncated even though nutrient might still be available. In-
deed, it was possible to reproduce the morphology of the
profile assuming that the messenger was extremely volatile
or unstable [13].

However, although a number of volatile messengers are
known to influence the growth of yeast cells [28-31], the sug-
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gested mechanism clearly represents only one fundamental
possibility out of a large number of explanatory concepts.
Bearing in mind that the description of yeast colonies as a
population of single cells could be an oversimplification
since pseudohyphal cells are often hard to distinguish from
true hyphae [15], the question arises whether the incorpora-
tion of nutrient translocation between the cells could explain
the observed behavior. Furthermore, the estimation of cell-
density profiles only ones during the cultivation did not pro-
vide the information as to how a particular state was
reached, e.g., it did not capture potential cell-decay pro-
cesses within the colonies. Thus, a continuous monitoring of
the spatio-temporal development of the cell-density profile
is essential to provide a larger basis of experimental data. In
this context, the non-invasive monitoring technique of cell-
density distributions inside fungal mycelia presented in [12]
represents a valuable experimental tool to provide the nec-
essary data. Further experimental investigations applying
this technique are being conducted.

In summary, the presented model described the develop-
ment of yeast mycelia based on the assumptions that
(i) well-separated single cells
(ii) proliferate exclusively by nutrient-control.

Simulations predicted the spatio-temporal development of
the cell-density profile and, particularly, the final diameter
of the populations.

The estimation of the local nutrient uptake from the gener-
ated cell mass and the experimentally determined yield on the
particular nutrient represented the basis for an accurate nutri-
ent balancing in the growth field, which facilitated a quantita-
tive modeling of the growth process. From the comparison of
simulations with experimental results that were obtained in
cultivations of the model yeasts, C. boidinii and Y. lipolytica,
it was possible to identify DLG as the ruling regulatory
mechanisms in glucose-limited C. boidinii colonies.

Under all other cultivation conditions tested, both yeasts
exhibited a growth characteristic that could not be repro-
duced by the DLG simulations. On the basis of these results,
it is important to investigate, whether the fundamental as-
sumptions (populations of single cells, nutrient controlled
proliferation) had to be revised, or whether additional regu-
latory mechanisms were present in yeast mycelia, which fa-
cilitated the generation of the observed growth patterns. In
either case, the presented study demonstrated how the math-
ematical analysis of growth processes in yeast populations
could assist the experimental identification of potential reg-
ulatory mechanisms.
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Symbols used

N [g//L] nutrient concentration

cno  [g/L] nutrient concentration

Dy [m%s] diffusion constant in water

Dagar  [m?/s] diffusion constant in agar

dc [um] cell diameter

deoy  [mm] colony diameter

DW [] dry weight fraction of wet biomass

h [um] height of the growth field

i =] index of a lattice node

[ [um] length of the growth field

Ic [um] length of a cell

n [-] number of lattice nodes

nep [ number of proliferating unit cells

ncs  [-] number of stationary unit cells

INeon |g/(Lh)] total nutrient consumption rate

FNmain |g/h] nutrient uptake rate per cell due to
maintenance

I'Nprol  [g/h] nutrient uptake rate per cell due to
proliferation

R [g/(g H)] specific nutrient uptake rate due to
maintenance

s -] state of a lattice node

sc -] state of a cell

t [h] cultivation time

At [h] time step for the discretization of the
continuous time scale

At,  [h] replication interval (generation time)

|4 [em’] volume of the standard growth field

Ve [um?] volume of a cell

Viode [L] volume assigned to one lattice node

w [um] standard width of the growth field

X [mm] spatial coordinate

Y [g/g] biomass yield on the nutrient

pPc [g/cm] density of wet biomass

0] [% (w/v)] agar concentration
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