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A mathematical model, validated on experimental data aiming at describing and predicting soil
bacteria growth on an essential limited substrate in batch pure cultures is proposed as an extension of

the Monod's one in revisiting the way where the optical density is modelled. This model takes into account
viable cell growth, substrate consumption, cell mortality, non-viable cell accumulation in the culture
medium and partial dead cell recycling into substrate. The least squares method is used to identify model
parameters. The model is extended and validated for mixed cultures proving, for artificially reconstituted
soil ecosystems, that there is only competition for the substrate.

Mathematics Subject Classification: 34D23, 35N25, 37B25, 49K40, 00A71.

Introduction

Microbial world is very complex by its taxonomic and
functional diversity and by the ubiquity of the microorganisms
spread in the different ecosystems at the surface of the
earth. Such ubiquity resulted from the various colonisation
strategies of microbes based on their high ability to use a
wide range of substrate in different physico-chemical niches.
In environmental matrices, microbial communities are
considered as a complex assemblage of a huge taxonomic and
functional diversity of populations and several studies describe
population dynamics as well as their spatial distribution.
According to the occurrence of particular populations
consecutive to environmental perturbations basic ecological
attributes were used to explain the resulting population
structure. Among them the concepts of r - and K - strategists as
well as oligotrophic and /or copiotrophic were classically used
for explaining the dynamics of soil populations in response
to modification of substrate availability [1-3]. However, the
fitness of each population, in terms of growth rate according to
different levels and types of substrate, is generally invoked as
determinant but again rather unknown and modelled. Studies
evaluating precisely the fitness of bacterial populations must
now be conducted to better define the ecological attributes
and to model the dynamics of populations in complex and
heterogeneous environments.

Only a few studies were dedicated in the modelling of
bacterial growth in the soil. Because the soil is a very complex
medium, to study and model bacterial growth process, it was
decided to proceed in several steps :

- In a first step, we studied the bacterial growth process
of a limited number of pure strains in a liquid medium
in batch cultures;

- In a second step, a number of assemblages of these
pure strains were mixed together in order to artificially
reconstitute complex ecosystems;

*  Finally, the same assemblages were used in a complex
medium (reactors fed with sand to create heterogeneity
and operated in batch mode) to study the growth process
in non homogeneous environments.

The aim of the present paper is to present the modelling
results obtained within the first two steps : studying and
modelling the growth kinetics for soil strains in liquid media
realized in both batch pure and mixed cultures. The considered
strains are Peani baccilus, Pseudomonas syringae, Xanthomonas
axonopodis, Rhodococcus and Bradyrhizobium japonicum. These
cultures were isolated from bacterial soil collections. Studied
strains belong to different bacterial taxonomic groups and
were chosen for the variability of their growth rate in synthetic
culture media. In particular, Cupriviadus or Pseudomonas are
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known for their rapid growth rate whereas Rhizobiacae exhibit
slow growth. Hereafter, we propose a mathematical model as
an extension of the Monod’s one, validated on experimental
data, and able to describe and predict the dynamics of pure
as well as mixed cultures of bacteria growing on an essential
limited substrate (glucose) in reactors operating in batch mode
(Bergersen medium). The general model takes into account the
following processes : bacterial growth, microbial mortality,
non-viable cell accumulation in the medium and partial dead
cell recycling into substrate over the time. The least square
method is used to identify the model parameters. The model
is evaluated on experimental data from pure cultures and is
extended to mixed cultures. For the particular mixed consortia
considered, it is established that there is a simple competition
for the limited substrate. In other terms, it seems that no
complex interactions between bacteria appear in the medium.

The paper is organized as follows. In section 2, the
experiment process is described and the mathematical model
is proposed with a detailed description, in particular the
modelling of optical density and parameters identification.
In section 3, the model is validated in pure culture and then
it is extended to mixed culture proving that there is only
competition for the substrate.

Nomenclature

t[h] Time
XX [g/U] Viable cell concentration
Xg Xai [g/L] Non-viable cell concentration
slg/L] Substrate concentration
s [a/L] Measured substrate
V4 Calculated optical density
z, Measured optical density
X X [9/L] Saturation constant
137 Biomass yield coefficient
mm[h7] Mortality rate
p o Ih7] Specific growth rate
JTR V- Maximum growth rate
66, Dead cell accumulation coefficient
AA, Biomass conversion to substrate yield coefficient
Yo Voo ¥V Vo Specific absorptivity coefficient

Material and Method
2.1 Experimental process

2.1.1 Culture medium

Bergersen medium

Di-sodium Hydrogen Phosphate 0.45¢/L
Magnesium Sulphate 0.1g/L
Ferric Chloride 0.02 g/L
Calcium Chloride Dihydrate 0.05¢/L
Yeast Extract 0.5¢g/L

Biothine 2mg/L

Thiamine Tmg/L

Glucose

The substrate solution was prepared by dissolving glucose
(the only one carbon source) in the medium culture to the
required concentration and the pH was adjusted to 6.8 due to
its high bio-degradation efficiency. The medium culture was
sterilized in an autoclave at 110 C for 40 min. Steam sterilization
procedures also were applied to all equipments. Biothine and
thiamine are used after autoclaving.

2.1.2 Soil strains:

Lol Phylogencticaffiiation

Peani baccilus Firmicutes Bas GC

Pseudomonas syringae: PV. Tomato PT23 y-proteobacteria

Xanthomonas axonopodis : C7R12 y-proteobacteria

Rhodococcus : ATCC 13898 R27 Actynomycetales Haut GC

Bradyrhizobium japonicum a-proteobacteria

The strains isolated from the soil, stored at -80 C in test
tubes containing Luria Bertani modified (LB*) medium, used
in a 50% glycerol solution. They were activated at 28 C in the
nutrient medium, into which 1 g/L of glucose was added.

2.1.3 Experimental process steps: The cells collected after
centrifugation were re-suspended in the medium culture
without glucose and re-centrifuged (washed twice). After
cleaning, the activated cells were inoculated into culture
medium. The temperature was controlled at 28 C, and the
optical density of the cell suspensions was measured at 600
nm, where the culture were automatically continuously shaken
at 150 rpm. The experiments were carried out in triplicate.

The biodegradation data of glucose, for an initial glucose
concentration (S,) of about 1 g/L, are measured with the
correspondent optical density. Glucose concentrations were
measured on-line using an enzymatic proportioning by
glucose oxidase. In this method, the D-glucose is oxidised
by glucose oxidase (GOD) to give gluconic acid and hydrogen
peroxide. Hydrogen peroxide reacts with O-dianisidine in the
presence of peroxidase to form a colored product. Oxidized
o-dianisidine reacts with sulfuric acid to form a more stable
colored product. The intensity of the pink color measured at
450 nm is proportional to the original glucose concentration.
The data were analyzed using Scilab and calculating the
averages of the triplicates for all glucose concentration and for
each inocula. For different values of glucose concentration (0.1,
0.2, ..., 10 g/L), the averages were used to generate the growth
curves, constructed as a function of the incubation time and the
absorbancy of the culture medium. For each strain, the duration
of the lag phase is the same for all glucose concentration. The
maximum optical density increases coupled with an increase of
the initial glucose concentration so.

The lag time variable depends on the condition of the
innoculum [4] and it is easily obtained from the experimental

data.
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2.2 Mathematical model: an extension of the Monod’s
one

In this section, we describe the proposed mathematical
model which takes into account viable cell (y) growth,
substrate (s) consumption, non-viable cell (y,)accumulation in
the medium and partial dead cell recycling into substrate.

2.2.1 Specific growth rate: Under fixed environment
conditions, the cell growth kinetics is given by

X = u(s)x —mx,

where p is the specific growth rate of viable cell and m is the
natural mortality rate.

The majority of kinetic models describing microbial growth

are empirical and based on either Monod’s equation. Let
s

#(S) = timax m)
where p_ is the maximum growth rate and k_is the
saturation constant.

2.2.2 Dead cell accumulation: In general, bacterial growth
is monitored using optical density measurements which take
into account viable and also non-viable cell that accumulated in
the medium. The non-viable cell accumulation, in the medium,
has the following kinetics :

xd = smx,

where constant § €[0,1] is the part of inactive cells that are
not burst.

2.2.3 Substrate degradation: Substrate consumption
depends on instantaneous viable cell growth rate u and partial
dead cell recycling into substrate with recycling conversion
factor 2, then substrate consumptions kinetics is given as
follows :

S= —@x +A(1-6)mx,

1
such thaty” 4 which stones the point that substrate
utilization yield coefficient L greater than the substrate
recycling yield coefficient 4 .

2.2.4 Complete mathematical model: The proposed
mathematical model consists of a set of ordinary differential
equations taking into account bacterial growth, substrate
utilization, bacterial mortality, non-viable cell accumulation
in the medium, and partial dead cell recycling into substrate
with time.

s = —&x +A(1-68)mx,
Y
(1)
x = u(s)x —mx,
xd =omx.
such that

1
6<1 and 1<=.
<Y

Assume that for t=0, there is no non-viable cell, then the
following initial conditions :

s(0) =59 >0,x4(0)=0 and x(0)=xg, >O0.

2.3 Available data

2.3.1 Optical density and substrate measurments: The
growth of innocula on different glucose concentrations was
monitored by manual optical density measurements in a
spectrometer at 600 nm, where the Beer-Lambert law is
applied by meaning that a linear relationship between optical
density and concentration of species.

0.D. =¢ d C

where ¢ is the wavelength-dependent molar absorptivity
coefficient, d is the path length, and C is the species
concentration. We verified, by dilution, the Beer-Lambert Law,
showing that absorbance is a direct function of concentration
of viable and non-viable cells in the culture. Then optical
density is a linear combination of viable and non-viable cell
concentrations :

Z= 0.D. =y X+y5 Xq optical density units,

where "land ’1are respectively specific absorptivity
coefficients for viable and non-viable cells. One can also
measure on-line substrate concentration. Then available
measurements, y, are the substrate concentration and the
optical density, modelled as a linear combination of viable and
non-viable cells concentrations

y:@.

2.3.2 Growth rate estimation: We suppose that, initially,
there was no dead cell, and that at exponential phase, the
natural mortality is negligible. We calculated, for each glucose
concentration, the regression coefficient at exponential phase,
we obtained growth rate of all strains as functions of glucose
concentrations. The best-fit results based on the Monod
equation were obtained using the “leastsq” routine available in
Scilab software are presented hereafter (Figure 1).

& Peani Baccilus

. Pseudomonas Syringae

o Xanthomonas Axonopodis
—— Rhodoccocus

— Bradyrhizobium Japonicum |

Figure 1: Estimated growth rates.
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The growth rate parameters are given hereafter (Table 1).
Results
3.1 Pure cultures

3.1.1 Parameter identification: The least squares method is
used to identify model parameters by minimizing the following
criterion :

a zs(t )2~ se(ti)) +ﬁzze(t,> z,(t;))

ll i=1

where t, is the time variable, Seis the substrate
concentration and Ze is the optical density. s(tj) and z(t;) are
the substrate and the optical density simulated using the model
at time ' =™ while °1 and °2 are weighting coefficients.
A good fitting is observed in spite of noises present in available
data (Figure 2, Table 2).

3.2 Mixed cultures

3.2.1 Extended model: In thr present paragraph, the model
is modified for the case of m,ny cells in the same culture.
For i=1,..,n,x; denotes the th viable cell concentration,
Xgi the ith non-viable cell concentration and s the substrate
concentration. The mathematical model for n species is
described by the following equation based on model (1) :

n . n
; z_izzlz*%:)Xﬁizzlu,-(l—&,-) m; X;

X =(gi(s)-m;) x

xdi =0 M X

Such that

Assume that for t=0, there is no non-viable cells, then the
following initial conditions :

Table 1: Growth rate parameters.

*
|

Figure 2: The kinetic parameters based on proposed equation system are given in
table hereafter.

5(0) = s > 0,x4;(0) = 0,%(0) = Xjo >0

and s
#i(8) = Hmaxi S
ke +s

i=1,n

where #maxi and Ksi are respectively the rt.laximum growth
rate and the saturation constant for the th species. The
parameters Y;,4;,8;,Mj,umaxi and ki are identified at batch
culture and are given in Paragraphs 2.3.2 and 3.1.1.

3.2.2 Optical density and substrate measur: ients: Available
measure_nents are the substrate concentration £ and the optical

SwainParameters _______w k|

A
density modelled as a linear combination of viable and non-

Peani Baccilus 0.208153 0.1
Pseudomonas syringae 0124564 01 viable cells concentrations of all strains in the culture and it is
defined hereafter
Xanthomonas axonopodis 0.108606 0.16 n
Rhodococcus 0.043493 0.21773 z=Y"(ri Xi +72i Xdi)
Bradyrhizobium japonicum 0.0075893 .503239 =1

Table 2: Model parameters

where the models parameters 71i and 72i are the absorptivity
coefficients and are identified at batch culture and are given in
paragraph 3.1.1 (Figure 3).

“-ﬂ-ﬂ

Peani Baccilus 1.026 0.107 0.197 0.67 0.371
Pseudomonas syringae 1.164 0.137 0.718 0.1 0.68 0.49
Xanthomonas axonopodis 1139 0.01 0.85 0.1 0.64 0.443
Rhodococcus 1.003 0.99 0.197 0.136 0.103 2
Bradyrhizobium japonicum 1.34 0975 0464 0.1 0.702 0.895

Discussion and Conclusion

Models of batch culture focus most of the time on the
exponential growth phase (and its previous lag phase), when
the substrate is non limiting. Cell mortality is usually neglected
during these phases. Here we show that mortality cannot be
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neglected when one wants to study the growth after the
exponential growth, i.e. when the substrate becomes limiting
(as it is most probably the case in true soil ecosystems). Then,
the model is close from continuous culture or chemostat ones,
mortality playing the role of the dilution rate.

For chemostat models, many works have been achieved
about the Competitive Exclusion Principle (CEP), stating that at
most one species can survive on the long term [5-15]. Some of

them tend to show that it is not valid in natural ecosystems (see
for instance the [16]. On the opposite, other ones tend to show
that it is valid in perfectly controlled environment [17]. One
of the crucial questions in ecology is to decide if the invalidity
of the CEP is due to intrinsic interactions between species or
interactions with their environment. In the first case, the usual
chemostat model on which the CEP is based is invalidated, and
one has to take into account additional interaction terms. In
the second case, one may conclude that the domain of validity
of the model is not met but cannot a priory reject the model.
Our experiments have been conducted in a framework similar
to the the one driven in [17] and consequently tend to show
that the CEP is also valid for the particular artificial consortia
we have considered. Although some studies point out the role
that could play complex interactions in the functioning and
performances of simple artificial ecosystems (under quite the
same conditions than ours), it is expected that bacteria of an
artificial consortia - do not develop such a network of complex
interactions. Let us also point out that all the species we have
considered present quite different break-even concentrations.
It is well known that the prediction of CEP requires more time to
be observed when species have close break-even concentrations
[12], as this may be the case when considering ecosystems with
a huge number of different species in non negligible quantities
[18-20]. We have avoided here such situations.

The Bioscreen machine automated bacterial growth curves
by measuring the optical density. Their values are linear to
the bacterial concentration values at exponential phase but it
can’t describe the behaviour on the other phases. We proposed
a mathematical model, validated on experimental data aiming
at describing and predicting microbial growth on an essential
limited substrate in batch pure cultures in revisiting the
way where the optical density is modelled. This model takes
into account viable cell growth, substrate consumption, cell
mortality, non-viable cell accumulation in the culture medium
and partial dead cell recycling into substrate. This model uses
the optical density poor information at exponential phase to
predict the behaviour for all phases. The least squares method
is used to identify the model parameters. The system is then
extended and validated on mixed cultures proving that there is
only competition for the substrate which goes a little against
the current thought relative to the complexity of the biological
systems. Perspectives include co-cultures modelling in non-
homogeneous media.

Acknowledgements

The experimental data has been achieved within the
BIOCOM-MSE-UMR, INRA, Dijon, France. I am grateful to MSE
for its technical and human support.

References

1. Fontaine M, Devillez A, Moufki A, Dudzinski D (2006) Predictive force
model for ball-end milling and experimental validation with a wavelike
form machining test. Int J Mach Tools Manufact 46: 367-380. Link:
https://tinyurl.com/y3h2kjy3

2. Fierer N, Colman BP, Schimel JP, Jackson RB (2006) Predicting the
temperature dependence of microbial respiration in soil: A continental-

Citation: Hajji ME (2019) How the competitive exclusion principle can be validated using optical density measurements collected on artificially reconstituted soil
ecosystems. Open J Environ Biol 4(1): 001-006. DOI: http://dx.doi.org/10.17352/0jeb.000009



™ PeertechzPublications Inc.

11.

scale analysis. Global 20: 1-10. Link:

https://tinyurl.com/y5trfh6u

Biogeochemical Cycles

Bernard L, Mougel C, Maron P, Nowak V, Leveque J, et al. (2007) Dynamics and
identification of soil microbial populations actively assimilating carbon from
13C-labelled wheat residue as estimated by DNA- and RNA-SIP techniques,
Environmental Microbiology 9: 752-764. Link: https://tinyurl.com/y4ppoout

Lobry JR, Flandrois JP, Carret G, Pave A (1992) Monod’s bacterial growth
revisited. Bull Math Biol 54: 117-122. Link: https://tinyurl.com/yxdu76nz

El Hajji M (2019) Global analysis of an epidemic mathematical model in a
chemostat. J Comp Sys Bio 2: 105. Link: https://tinyurl.com/yy66b5bp

El Hajji M (2018) Boundedness and asymptotic stability of nonlinear Volterra
integro-differential equations using Lyapunov functional. J King Saud Univ
Sci. Link: https://tinyurl.com/y2u6x4g7

El Hajji M (2018) How can inter-specific interferences explain coexistence or
confirm the competitive exclusion principle in a chemostat. Int J Biomath 11:
1850111. Link: https://tinyurl.com/y6fudxuc

El Hajji M, Chorfi N, Jleli M (2017) Mathematical modelling and analysis for
a three-tiered microbial food web in a chemostat. Electron. J Diff Eqns 1-13.
Link: https://tinyurl.com/y25n67h5

El Hajji M, Chorfi N, Jleli M
membrane bioreactor process,
https://tinyurl.com/y4mgapqq

for a
Link:

(2015) Mathematical model
Electron. J Diff Eqns 1-7.

. El Hajji M, Rapaport A (2010) Design of a cascade observer for a model of

bacterial batch culture with nutrient recycling. IFAC Proceedings Volumes
43:203-208. Link: https://tinyurl.com/yyjcmp8a

El Hajji M, Mazenc F, Harmand J (2010) A mathematical study of a syntrophic

2

o

o

O

o

3

relationship of a model of anaerobic digestion process. Math Biosci Eng 7:
641-656. Link: https://tinyurl.com/y6ptqrmq

El Hajji M, Rapaport A (2009) Practical coexistence of two species in the
chemostat - A slow-fast characterization. Math Biosci 218: 33-39. Link:
https://tinyurl.com/yyqrync7

. El Hajji M, Harmand J, Chaker H, Lobry C (2009) Association between

competition and obligate mutualism in a chemostat. J Biol Dynamics 3: 635-
647. Link: https://tinyurl.com/y303gz7q

Sari T, El Hajji M, Harmand J (2012) The mathematical analysis of a syntrophic
relationship between two microbial species in a chemostat. Biosci Engng 9:
627-645. Link: https://tinyurl.com/y2bqjugp

Hardin G (1960) The competition exclusion principle. Science 131: 1292-
1298. Link: https://tinyurl.com/yyfus2g5

Hutchinson GE (1961) The paradox of the plankton. American Naturalist 95:
137-145. Link: https://tinyurl.com/y3z5st3b

. Hansen S, Hubbell S (1980) Single nutrient microbial competition: Agreement

between experimental and theoretical forecast outcomes. Science 207:
1491-1493. Link: https://tinyurl.com/yxggwgyg

.Rapaport A, Dochain D, Harmand J (2009) Long run coexistence in

the chemostat with multiple species. J Theor Biol 257: 252-259. Link:
https://tinyurl.com/y4zq2tms

. Pirt SJ (1975) Principles of microbe and cell cultivation. Blackwell Sci. Pub,

London. Link: https://tinyurl.com/y5pp9072

. Spencer CP (1954) Studies on the culture of a marine diatom. J mar biol Ass

33:265-290. Link: https://tinyurl.com/y6prdvtu

Discover a bigger Impact and Visibility of your article pubication with

Peertechz Publications

Hiphivghts

Sy ritaip bkl ol OIS

Sijeato g Pobinier o SO0 | Sed P ndion Bedemfon on Neseessh Aanai i)
A w1 wirles’ iencesied servics prosvidene such ex Porlios, CNE, ALITS
TEhnt, Basn |Babelel2 Unoveiidty LiEmety), Croobe?, Scil, S Gale e

Aoiarinls Padeond ir ORI E, SHENPAPAOMED, Googie Sohola i

L P b O en Adchi se b Protood] T et ile el Fg)

Deadicated Edisial Bomed A0 arvasy jonirind

Aimmyinhe ored gl e Ges e oo

Irssmm ] cAalErs of puly il ertckes reogh peonslons

Py emd el P o milic e puieafien

Syt poir aifichd and srpedeice o new sarge i pabiloation derslomn
(s rea aeerdech s s orecrud mimaloa .

Vpaile=by Sucanhe miabes et wrifing avsowss o pow grefyp ersdenesurs

Copyright: © 2019 Hajji ME. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use,
distribution, and reproduction in any medium, provided the original author and source are credited.

Citation: Hajji ME (2019) How the competitive exclusion principle can be validated using optical density measurements collected on artificially reconstituted soil
ecosystems. Open J Environ Biol 4(1): 001-006. DOI: http://dx.doi.org/10.17352/0jeb.000009



