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Abstract: Gluconacetobacter diazotrophicus is an endophytic bacterium that has shown important
plant growth-promoting properties. During the growth of G. diazotrophicus with high carbon source
concentrations, organic acids are produced, and pH decreases, thus inhibiting biomass growth. The
objective of this work was to design a sucrose-based medium and perform a kinetic analysis of the
batch submerged cultivation of this bacterium in a 3 L stirred-tank bioreactor without pH control.
A mathematical model was proposed for representing G. diazotrophicus concentration, considering
the inhibitory effect of hydrogen ion concentration. It comprises a biomass growth model, a specific
growth rate expression that accounts for the inhibitory effect of hydrogen concentration, and a
hydrogen model that represents the relationship between hydrogen and biomass concentrations.
The sucrose-based medium proved its suitability for G. diazotrophicus growth. A higher biomass
concentration (1.10 g/L) was obtained in a modified LGI-P medium containing 30 g/L sucrose with
a three-fold increase in biomass production relative to the initial inoculation. The model allowed a
satisfactory description of the experimental data obtained, and it could be used to design a cultivation
strategy to maximize biomass production leading to the production of an alternative microbial
inoculant for plant growth promotion of economically important crops.

Keywords: batch submerged cultivation; bioreactor; culture medium design; hydrogen ion model;
microbial growth; Plackett–Burman design

1. Introduction

The need to replace conventional agriculture with more environmentally friendly,
sustainable agriculture has led to the intensive conduction of research and development to
produce new agricultural inputs from microorganisms. Plant growth-promoting rhizobacte-
ria (PGPR) have demonstrated their ability to stimulate crop growth through the synthesis
of different metabolites, the fixation of atmospheric nitrogen, and the solubilization of
nutrients in the soil [1]. Research on these bacteria is of great interest in terms of improving
the productivity of crops [2], so the use of PGPR is a practice that has boomed in recent
years [3].

Among PGPR, Gluconacetobacter diazotrophicus has gained much relevance in the last
few decades due to its potential for the development of agricultural inputs such as biofer-
tilizers [4]. It is an endophytic, diazotrophic (capable of fixing atmospheric nitrogen),
Gram-negative bacterium that lives in sucrose-rich crops and promotes plant growth by
producing phytohormones and inhibiting phytopathogens, among other features [4–6].
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This bacterium has been used as an inoculant for different crops, increasing crop yields and
reducing the use of nitrogen fertilizers [5,6]. In previous work [7], in vitro assessment of
G. diazotrophicus demonstrated interesting potential in the solubilization of different phos-
phate sources, as well as nitrogen-fixing properties measured through the determination of
nitrogenase activity and production of indole compounds. These properties have caused
this bacterium to be applied to different economically important crops with positive results
in terms of growth promotion, such as sugarcane [8], corn, rice, and tomato [9,10].

G. diazotrophicus is cultivated on a laboratory scale in semi-solid, solid, and liquid
media. The semi-solid LGI-P medium is used for the evaluation of atmospheric nitrogen
fixation and to determine the diazotrophic character since it is free of nitrogen; LGI-P
agar is used for the isolation of bacterial colonies, and LGI-P broth is used for biomass
production [11,12]. These culture media contain sucrose as a carbon source and ammo-
nium sulfate as a nitrogen source for biomass production. The production of a microbial
preparation based on G. diazotrophicus requires performing batch cultivations using liq-
uid media containing low-cost carbon sources, such as sucrose, to reduce the costs not
only on the laboratory scale (<1 L) but also on the bench (1–10 L) and pilot (10–1000 L)
scales. Regarding this, LGI-P broth contains sucrose (or brown sugar) but with a high
content (100 g/L), so there exists interest in exploring lower sucrose levels for producing
G. diazotrophicus biomass in this medium. In a previous work [10], a bacterial suspension
of G. diazotrophicus was grown in LGI-P broth, reaching high bacterial concentrations (up to
1 × 108 CFU/mL). After preparing dilutions with different bacterial concentrations, they
were applied to tomato seedlings, obtaining statistically significant differences in terms of
dry weight related to the control treatment without the addition of this bacterium. In that
case, the application of G. diazotrophicus exhibited its growth-promoting properties at the
early stages of tomato development.

Molinari and Boiardi [13] evaluated the growth of G. diazotrophicus in media with
different concentrations of sucrose and nitrogen sources. The maximum biomass of this
bacterium was obtained in culture media with a high sucrose concentration (100 g/L) and
inorganic nitrogen. Gluconic acid production was 9 g/L in culture media with excess
sucrose under biological nitrogen fixation (BNF) conditions. Ríos Rocafull et al. [14]
evaluated under in vitro and in vivo conditions the effect of five liquid culture media
(LGI, SG, SYP, modified DYGS, and MA medium) on the growth promotion activity of
G. diazotrophicus in carrot and beet. Biomass production at 48 h of fermentation was
1012 CFU/mL in flasks with 250 mL working volume for all the media assessed. After the
cultivation process, the bacteria had stable growth in nitrogen-free media, but differences
were observed in the phosphate solubilization halos in the NBRIP medium, indicating the
affectation of the phosphate solubilization ability. Finally, the results demonstrated the
influence of the culture medium for the inoculum production on the growth promotion
features of G. diazotrophicus when applied to carrot and beet.

There exists a very reduced number of papers dealing with the kinetic behavior of the
submerged culture of G. diazotrophicus in the available literature. This could be related to the
fact that different organizations are currently developing or patenting microbial inoculants
based on this bacterium for crops such as sugarcane in countries like Brazil, India, and
the United States. In this regard, very few patents related to G. diazotrophicus have been
granted in several countries. These patents disclose the bacterium itself as an inoculant [15],
mention G. diazotrophicus among many other bacteria for fertilizing cereal grasses [16],
and present a composition based on G. diazotrophicus for enhancing the growth of sugar
beet [17]. However, data on the time profile of G. diazotrophicus biomass formation and
substrate consumption during batch submerged cultivations on a laboratory scale are scarce
or protected under commercial secrecy. On a bench or pilot scale, the information disclosed
is practically inexistent and is limited to the generic description of the fermentation process,
such as the one disclosed in one Brazilian patent application [18]. For this reason, the
assessment of the kinetic relationships of G. diazotrophicus growth is gaining importance,
especially for cultures conducted in stirred-tank bioreactors on bench and pilot scales. In
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this sense, the mathematical modeling of growth kinetics can offer essential knowledge
on appropriate conditions for the production of viable cell biomass of this bacterium over
fermentation time. In a previous work [19], different mathematical models were applied
to represent G. diazotrophicus growth in a batch submerged culture conducted in a 3 L
bioreactor using sugarcane molasses and sucrose as energy sources. The Herbert–Pirt–
Contois model was the one presenting the best fitting of the cell biomass and total sugars
profiles. This model considers that the volumetric growth rate is reduced by endogenous
metabolism, and the specific growth rate is inhibited by biomass concentration.

G. diazotrophicus produces gluconic acid by direct oxidation of glucose. In the case
of glucose as a carbon source and no pH control, acidic pH values in the range of 2.0–4.0
appear due to gluconic acid production. When glucose is exhausted, G. diazotrophicus
utilizes the gluconic acid produced as the carbon and energy source [4,20,21]. The pH of
the culture medium influences biomass yield and oxygen consumption, as well as enzyme
activity and synthesis. The natural habitat of G. diazotrophicus features a pH of 5.5 and
10% sucrose. The optimum pH range related to biomass yield coefficient is 5.0–6.5 under
biological nitrogen fixation conditions and glucose as the carbon source. For pH below
this range, biomass yield values significantly decrease due to the extra consumption of
carbon and oxygen for maintenance requirements [22]. When sucrose is used as the carbon
source, gluconic acid is produced with either low or high initial sucrose concentration,
under conditions of BNF or without it. However, high initial sucrose concentration leads to
higher acid production and lower biomass yield coefficient due to the pH decrease, which
is strongly related to acid production. Furthermore, the biomass yield coefficient was lower
when the bacterium was cultivated without pH control compared to the case of a constant
pH of 6.0. In addition, keto gluconic acid is produced by G. diazotrophicus in a medium
with a high initial sucrose concentration (100 g/L) under BNF conditions [23].

Modeling the relationship between hydrogen ions and acid produced is important for
developing and testing pH control strategies in bioprocesses as well as for optimization
purposes [24,25], especially for microorganisms producing organic acids during their
cultivation by submerged fermentation. In this regard, Nicolai et al. [26] formulated a
rigorous-like pH model for the surface growth of lactic acid bacteria on vacuum-packed
meat. The arranged model relates the concentrations of hydrogen ions, lactic acid, and
buffer. It is assumed that a single buffer compound is present in the medium, and it consists
of a weak acid and its salt. The buffer ion is expressed in terms of total buffer concentration,
and the total buffer concentration is assumed to be constant. The resulting polynomial is of
the third order. In the model for biomass growth and lactic acid production, the specific
growth rate and the specific product formation rate depend on the concentrations of
hydrogen ions and undissociated lactic acid. The limitation is the mathematical complexity
of determining the hydrogen ion concentration.

Spann et al. [27] analyzed the growth of Streptococcus thermophilus by using a mecha-
nistic model and fitting it to experimental data. The developed model combines a kinetic
model for biomass, substrate, and product concentrations based on mass balances, as well
as an acid/base model to predict pH. The acid/base model is based on the dissociation
of water, acid, and base compounds and electroneutrality. Biomass, lactose, lactic acid,
and galactose concentrations were measured, and online parameter estimation was per-
formed using the measurements of added base and pH to update the parameters of the
acid/base model.

In summary, the above studies show applications of ion dissociation equations for pH
modeling, but some simplification possibilities can also be deduced. These possibilities
would facilitate its implementation and adjustment in ongoing measurements. The disso-
ciation equations may involve many coefficients, thus leading to cumbersome fitting, as
can be deduced from Spann et al. [27], so simpler pH models are needed. In addition, the
assumptions of constant total buffer concentration and a single acid compound simplify
the pH model, whereas an accurate pH representation is achieved, as can be noticed by
Nicolai et al. [26].
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The dependence of pH on either flowrate, volume, or concentration of acids or bases
is highly nonlinear and exhibits steep slopes in some regions. The presence of buffer
substances softens these slopes [28–30]. The curve of pH as a function of acid or base
concentration is usually known as the titration curve and is highly nonlinear. This curve
exhibits a significant variation in the slope over small acid or base concentration range and
strongly depends on the concentration of buffering agents so that a change in the buffer
concentration modifies the shape of the curve [31,32]. An overview of some modeling
approaches for the dependence of hydrogen ions on acids, bases, and buffers applicable to
culture media is presented in Appendix A.

The production of a microbial preparation based on G. diazotrophicus requires the
kinetic analysis of the submerged cultivation of this bacterium on different scales using
culture media that contain carbon sources other than glucose in order to reduce operating
costs. Mathematical modeling is a powerful tool to acquire insight into the behavior of
the cultivation process. As G. diazotrophicus synthesizes organic acids during its growth
and the release of these acids plays a crucial role during the solubilization of phosphates
contained or added to the soil (an important plant growth-promoting property) [10], the
modeling of bacterial growth kinetics considering the balance of hydrogen ions (pH) is
paramount to assessing the behavior of this culture for subsequent scale-up studies. To the
authors’ knowledge, there are no modeling studies for G. diazotrophicus that include the
effect of pH on biomass growth and the relationship between pH and acid products. In the
above-cited previous work [19], the batch culture of G. diazotrophicus in a liquid medium
was modeled, but the effect of pH on the specific growth rate and the relationship between
pH and acid and biomass concentrations were not considered. Therefore, the objective of
this work was to evaluate the effect of the different concentrations of the main components
of the LGI-P medium on the production of G. diazotrophicus ATCC 49037 during its batch
submerged fermentation on a bench scale. In addition, this work was aimed at modeling
the kinetic behavior of this bacterium during such batch cultivation by proposing a rigorous
mathematical description that includes the effect of pH changes on microbial growth rate.

2. Materials and Methods
2.1. Microorganism

The Gluconacetobacter diazotrophicus strain ATCC 49037 acquired in the strain bank
of the American Type Culture Collection (ATCC) was reactivated in nutrient broth and
maintained in potato dextrose agar (PDA; Oxoid, Basingstoke, UK). The preservation of
the strain was carried out using 10% glycerol as a cryoprotectant at a concentration of
108 cells/mL; the resulting suspension was transferred to microtubes that were brought to
−80 ◦C to have reserve material for the different assays.

2.2. Inoculum Preparation

The preparation of the inoculum was carried out in two stages: activation and inocu-
lum production. In the activation stage, a microtube containing 1 mL was taken from the
stock culture frozen at −80 ◦C and transferred to 25 mL of LGI-P medium contained in
a 125 mL Erlenmeyer flask; the flask was incubated for 24 h at 30 ◦C and 150 rpm in an
orbital shaker. In the inoculum production stage, 2.5 mL of the resulting culture broth was
used to inoculate 50 mL of fresh LGI-P medium in a 250 mL Erlenmeyer flask, which was
incubated for 24 h, according to Boniolo et al. [33]. This culture was used to inoculate the
growth medium.

2.3. Cultivation Conditions for Culture Medium Design

Submerged cultivation of G. diazotrophicus on a laboratory scale was carried out in
250 mL flasks containing 50 mL of medium, which was seeded with 5% (by volume) of
the inoculum. The cultures were incubated for 160 h at 30 ◦C [11] and 150 rpm [34,35].
The different culture media for the identification of the most relevant components of the
medium and the one-factor design were adjusted to an initial pH of 5.5 [11].
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2.4. Screening of Medium Components

For the identification of the key components of the culture medium (i.e., the compo-
nents whose variability exerts the greatest influence on the response variable) in terms of the
production of G. diazotrophicus biomass, the experimental design of Plackett–Burman was
conducted. This design is a useful tool for quickly identifying the key factors in a multivari-
able system [36]. In this work, this design was used to screen for key factors before media
optimization [37]. The medium design was based on the composition of the LGI-P culture
medium, as shown in Table 1 [11]. From the composition of this medium, the low and high
concentration levels of each component were defined (see Table 2). The concentration range
for each nutrient was established based on the literature and experience gained.

Table 1. Composition of LGI-P culture medium.

N. Component Amount for 1 L Concentration (g/L)

1 White sugar 100 g 100
2 K2HPO4 (10% solution) 2 mL 0.02
3 KH2PO4 (10% solution) 6 mL 0.06
4 MgSO4·7H2O (10% solution) 2 mL 0.02
5 CaCl2·2H2O (1% solution) 2 mL 0.002
6 Na2MoO4·2H2O (0,1% solution) 2 mL 0.0002
7 FeCl3·6H2O (1% solution) 1 mL 0.001
8 (NH4)2SO4 1 g 1

Table 2. Definition of variables and their levels for the Plackett–Burman design.

Coded Factor Factor
Experimental Range (g/L)

Low Level (−1) High Level (+1)

Z1 Sucrose 70 130
Z2 K2HPO4 0.005 0.035
Z3 KH2PO4 0.045 0.075
Z4 MgSO4·7H2O 0.005 0.035
Z5 CaCl2·2H2O 0.0005 0.0035
Z6 Na2MoO4·2H2O 0.00005 0.00035
Z7 FeCl3·6H2O 0.0001 0.0019
Z8 (NH4)2SO4 0.1 1.9

Z9–Z11 Dummy factors - -

The concentration of biomass expressed in g/L of dry weight was evaluated as the
response variable. The purity of the cultures obtained was evaluated using an exhaustion
seeding method on LGI-P agar and PDA at 72 and 160 h of incubation. Table 3 presents the
corresponding experimental design matrix. Eight factors, including carbon and nitrogen
sources and essential elements for growth, were selected. Three “dummy” or auxiliary
variables were included in the design to calculate the standard error. Three replicates
of each treatment were performed according to the conditions described in Section 2.3.
The magnitude and direction of the effects of the factors were examined to determine the
components of the medium whose variability exerts the greatest effect on the production of
cellular biomass of G. diazotrophicus. This was performed by the analysis of variance using
the statistical package Statgraphics® (Statpoint Technologies, USA).
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Table 3. Plackett–Burman design matrix with biomass as the response.

N.
Coded Factors Biomass

(g/L) 1 Standard Deviation
Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8 Z9 Z10 Z11

1 +1 −1 +1 +1 +1 +1 +1 −1 −1 −1 −1 0.83 0.20
2 +1 +1 −1 +1 −1 +1 −1 +1 −1 +1 −1 1.08 0.32
3 −1 +1 +1 −1 −1 +1 +1 +1 −1 −1 +1 1.10 0.23
4 −1 +1 +1 +1 +1 −1 −1 −1 −1 +1 +1 1.17 0.11
5 −1 −1 +1 −1 +1 +1 −1 +1 +1 +1 −1 1.10 0.04
6 −1 −1 −1 +1 −1 +1 +1 −1 +1 +1 +1 1.42 0.63
7 +1 −1 +1 +1 −1 −1 −1 +1 +1 −1 +1 1.11 0.20
8 −1 +1 −1 +1 +1 −1 +1 +1 +1 −1 −1 1.28 0.19
9 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 1.32 0.22

10 +1 +1 −1 −1 +1 +1 −1 −1 +1 −1 +1 1.35 0.43
11 +1 +1 +1 −1 −1 −1 +1 −1 +1 +1 −1 1.15 0.17
12 +1 −1 −1 −1 +1 −1 +1 +1 −1 +1 +1 1.19 0.24

1 Mean of three replicates.

2.5. One-Factor Design

The biomass production of G. diazotrophicus was evaluated in LGI-P medium with
different sucrose concentrations (in g/L), as follows: 15, 30, 45, 60, 75, 90, 105, 120, 135, and
150. For each culture medium (treatment), 10 repetitions were performed, inoculating them
with the strain G. diazotrophicus ATCC 49037 as described above. The response variable was
the concentration of cell biomass determined by the dry weight method. The inoculation
was conducted as described in Section 2.3.

2.6. Submerged Cultivation on a Bench Scale

In order to define the length of the batch submerged culture of G. diazotrophicus on
a bench scale, as well as to determine the final evaluation time of the cultures in the
experimental designs, preliminary cultivation was carried out in a 500 mL Erlenmeyer flask
containing 300 mL of LGI-P medium (Table 1) and 30 mL of inoculum in the exponential
growth phase (with an optical density between 0.9 and 1.0 corresponding to approximately
108 cells/mL). The inoculation concentration was increased up to 10% (by volume) to speed
up bacterial growth and development. The working suspension was stirred at 150 rpm
at 30 ◦C on an orbital shaker. During the evolution of bacterial growth, 10 mL samples
were taken every 24 h for 15 days (366 h), in which the concentration of cell biomass was
determined by optical density and dry weight.

The batch submerged cultivation on a bench scale was performed using the culture
medium defined in the one-factor design at 30 ◦C and 150 rpm, with an aeration rate
of 0.57 vvm (volumes of air per volume of broth in one minute) regulated with an Elite
air pump (Hagen, Mansfield, MA, USA). The time profile of cell biomass and substrate
concentration was experimentally determined using a 3 L stirred-tank bioreactor (Equipos
para Laboratorios, Colombia), with an initial working volume of 2000 mL seeded with 10%
(by volume) of the inoculum. Culture follow-up was performed by taking periodic samples
at 8 h intervals during the first 24 h and subsequently at 18 h intervals until completing
366 h. Samples were taken aseptically in triplicate.

2.7. Analytical Methods

The cell biomass concentration of G. diazotrophicus during the experiments to identify
the most relevant components of the culture medium, the one-factor design, and the follow-
up of the submerged cultivation on laboratory and bench scales was determined by the
method of dry weight [38]. For this, the samples were centrifuged at 3500 rpm for 30 min;
then, the centrifugate was resuspended with distilled water and filtered through 0.45 µm
Millipore® membranes using a vacuum pump. The biomass obtained was dried in an oven
at 105 ◦C until constant weight.
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During the submerged cultivation on a bench scale, two methods were applied to
evaluate bacterial growth: measurement of the dry weight and optical density. The calcu-
lation of biomass concentration (in g/L) was based on the correlation of the dry weight
and optical density data obtained from the preliminary cultivation performed in a 500 mL
flask through linear regression. Optical density measurement was performed to quickly
determine the cell biomass concentration. In this case, the optical density of the samples
from culture broth was determined at a wavelength of 600 nm in a Spectronic Biomate
5 pectrophotometer (ThermoFisher Scientific, Waltham, MA, USA).

Total sugars in the samples from the culture broth was determined by the sulfuric
phenol method [39] to quantify the concentration of the carbon source. Ammonium ion
concentrations were also determined to follow up on the nitrogen source (ammonium
sulfate) present in the broth [40,41]. The pH was measured in the samples as well.

3. Model Development

In this work, a model is proposed for representing the time course of biomass con-
centration of G. diazotrophicus in batch operation. It comprises a biomass balance in which
the specific growth rate is a function of hydrogen ion concentration [H+], and a relation-
ship between [H+] and biomass concentration is provided by the hydrogen model. The
hydrogen model is constructed by combining the mass balance for acid concentration, the
electroneutrality equation, and the ion dissociations, and applying a simplification. In
addition, the proposed model is compared with a basic model in which µ is a function of
biomass concentration, but the effect of hydrogen ions is disregarded. The two models are
fitted to the measurements of biomass concentration and pH over time from batch sub-
merged culture of G. diazotrophicus performed in a 3 L bioreactor. The proposed model has
several advantages. Firstly, it applies to the case of several unknown acid and buffer species.
Secondly, the number of parameters to be estimated and the order of the polynomial is
smaller than that in the rigorous classic model. Finally, the effect of adding acids and bases
can be incorporated, which is an advantage over common simplified models. The proce-
dure for model calibration and calculation of the time courses of pH and concentrations of
biomass and substrate is proposed as well.

3.1. Model Formulation

In this section, the proposed model (second model approach) is formulated, and the
other two models (the preliminary model and the first approach) are considered as well.
The preliminary model makes it possible to assess the convenience of accounting for the
effect of substrate concentration on the specific growth rate and the convenience of fitting
the substrate model. The first approach accounts for the effect of biomass concentration,
but it disregards the effect of substrate and hydrogen ion concentrations.

For model formulation, the batch submerged culture of G. diazotrophicus conducted
in a bench-scale bioreactor (see Section 2.6) was considered. The characteristics of such
culture relevant for modeling purposes (coded as Ci) are as follows:

C1: The tank is perfectly mixed and isothermal, and the liquid volume is constant;
C2: There are neither inlet nor outlet flows; acids, bases, or buffer substances are not

added, and pH is not controlled;
C3: The measurements of pH and concentrations of biomass and sucrose over time

are available;
C4: The culture medium is LGI-P, which includes KH2PO4 and K2HPO4.

3.2. Preliminary Modeling and Fitting

The preliminary model comprises the mass balances for biomass and substrate concen-
trations, whereas the expression for specific growth rate comprises the effect of substrate
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and biomass concentrations, but the effect of [H+] is disregarded. Considering characteris-
tics C1 to C4, the mass balances for biomass and substrate concentrations are as follows:

dX
dt

= µX (1)

dS
dt

= − 1
Yxs

µX−msX, (2)

where X is the biomass concentration (g/L), S is the substrate concentration (g/L), µ is the
specific growth rate (h−1), Yxs is the biomass yield coefficient (g biomass/g substrate), and
ms is the maintenance coefficient (g substrate/(g biomass × h)).

In microbial cultures, the decrease in the growth rate in the transition from the ex-
ponential to the stationary growth phase is considered to be caused by the presence of
excreted metabolites. If this product has not been identified, an inhibition term depending
on biomass can be incorporated [30,42,43]. For instance, the inhibition term 1/(1 + KxX)
was used by Belfares et al. [43]. Accounting for this, the following expression for the specific
growth rate was considered:

µ = µmax
S

(K + S)
1

(1 + KxX)
, (3)

where µmax is the maximum specific growth rate (h−1), K is the substrate half-saturation
constant (g/L), and KX is a proportional coefficient related to biomass (L/g).

Equations (1)–(3) are fitted by minimization of the sum of squared errors:

SSE = ∑nt
i=1

(
Xexp − Xmod

)2

X2
max

+ ∑nt
i=1

(
Sexp − Smod

)2

S2
max

, (4)

where nt is the number of data points; Xexp and Sexp are the measurements of biomass
and substrate concentrations, respectively; Xmod and Smod are the values of biomass and
substrate concentrations estimated by the model, respectively; and Xmax and Smax are the
maximum values of the experimental data of biomass and substrate, respectively [44]. It
was found that the term S/(K + S) is not suitable as the estimate of K exhibited overlarge
confidence interval. Then, that term was neglected, but a determination coefficient of
0.0887
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𝑆
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1
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where μmax is the maximum specific growth rate (h−1), K is the substrate half-saturation 
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𝑆𝑆𝐸 =  ∑
(𝑋𝑒𝑥𝑝−𝑋𝑚𝑜𝑑)

2

𝑋𝑚𝑎𝑥
2

𝑛𝑡
𝑖=1 + ∑

(𝑆𝑒𝑥𝑝−𝑆𝑚𝑜𝑑)
2

𝑆𝑚𝑎𝑥
2

𝑛𝑡
𝑖=1  , (4) 

where nt is the number of data points; Xexp and Sexp are the measurements of biomass and 

substrate concentrations, respectively; Xmod and Smod are the values of biomass and sub-

strate concentrations estimated by the model, respectively; and Xmax and Smax are the max-

imum values of the experimental data of biomass and substrate, respectively [44]. It was 

found that the term 𝑆 (𝐾 + 𝑆)⁄  is not suitable as the estimate of K exhibited overlarge con-

fidence interval. Then, that term was neglected, but a determination coefficient of  

0.0887⫷ 1.0 was obtained for substrate concentration (see Figure A1). Therefore, the effect 

of carbon source concentration on the specific growth rate was neglected, and further fit-

ting of the substrate model (2) was not performed. This neglection of the effect of the car-

bon source concentration was also undertaken in the modeling of Gluconobacter japonicus, 

as reported by Cañete-Rodríguez et al. [45]. 

3.3. First Modeling Approach 

The first modeling approach comprises the biomass model (1), whereas the specific 

growth rate expression involves the inhibition effect of high biomass concentration, but it 

disregards the effect of substrate concentration and [H+] [46]: 

𝜇 = 𝜇𝑚𝑎𝑥 (1 −
𝑋

𝑋𝑚𝑎𝑥
)

𝑓

, (5) 

where Xmax is the maximum biomass concentration achieved during the cultivation (g/L), 
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1.0 was obtained for substrate concentration (see Figure A1). Therefore, the effect
of carbon source concentration on the specific growth rate was neglected, and further fitting
of the substrate model (2) was not performed. This neglection of the effect of the carbon
source concentration was also undertaken in the modeling of Gluconobacter japonicus, as
reported by Cañete-Rodríguez et al. [45].

3.3. First Modeling Approach

The first modeling approach comprises the biomass model (1), whereas the specific
growth rate expression involves the inhibition effect of high biomass concentration, but it
disregards the effect of substrate concentration and [H+] [46]:

µ = µmax

(
1− X

Xmax

) f
, (5)

where Xmax is the maximum biomass concentration achieved during the cultivation (g/L),
and f is a constant that defines the degree of inhibition of biomass.

3.4. Second Modeling Approach

The second approach model comprises the mass balance for biomass production
(Equation (1)), the expression for specific growth rate that involves the effect of [H+] but
disregards the effect of substrate and biomass concentrations, and the hydrogen model
that describes the relationship between H+ concentration and biomass concentration. The
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hydrogen model is obtained by combining the mass balance for acid concentration, the
electroneutrality equation, and the equation for the ion dissociation of water, acid, and
buffer species.

For the specific growth rate expression, we consider that there is no substrate limitation
effect on the specific growth rate due to a high sucrose content in the growth medium
and that the transition from the exponential growth phase to the slow growth phase is a
consequence of high concentrations of hydrogen ions in the culture medium. Thus, we
disregard the effect of substrate, but we account for the effect of [H+] by using an inhibition
function [47,48] as follows:

µ = µmax

(
1− [H+]

Hmax

)d

, (6)

where Hmax is the proton concentration at which growth ceases; µmax, Hmax, and d are
parameters to be fitted.

In order to formulate the equations for electroneutrality and ion dissociation, the
following assumptions (As) were taken:

As1: The effect of the acid compounds on the hydrogen ion concentration can be
described as that of a single acid;

As2: The effect of buffering substances can be described as that of a single one, and its
concentration is constant and unknown;

As3: The ions are completely soluble.
For the acid mass balance, Luedeking–Piret kinetics for product formation [49–52] and

batch mode were considered:
dAtot

dt
= αµX + βX, (7)

where Atot is the total concentration of acid species, α is the constant of product formation
associated with microbial growth, and β is the constant of product formation associated
with microbial mass.

Combining with the biomass formation model (Equation (1)), integrating and arrang-
ing yield:

KA Atot = αX + ko + βz (8)

z =
∫ t

to
Xdt,

where KA, α, β, and k0 are constants. The acid (HA) is considered weak, so the correspond-
ing dissociation reaction is:

HA↔ A− + H+ ,

where A− is the dissociated acid, and H+ is the hydrogen ion. For the buffer (H2Bu), the
following dissociation reactions were assumed:

H2Bu ↔ HB−u + H+ HB−u ↔ B=
u + H+,

where HB−u and B=
u are buffer anions. The electroneutrality is described by the follow-

ing equation: [
H+
]
=
[
OH−

]
+
[
A−
]
+
[
HB−u

]
+ [B=

u ] , (9)

where OH− is the hydroxide ion, and [H+], [OH−], [A−], [HB−u ], and [B=
u ] are ion concen-

trations (mol/L). In the charge balance, also called electroneutrality or proton condition
equation, the sum of cations (in mol/L) equals the sum of anions (in mol/L) [26,32].

Stating the dissociation equations for H2Bu and HB−u and arranging yields:

[
HB−u

]
+ [B=

u ] =
(Kb1[H+] + Kb1Kb2)

[H+]2 + Kb1[H+] + Kb1Kb2
Bu|tot , (10)
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where Bu|tot is the total concentration of buffer, and Kb1 and Kb2 are dissociation constants
of H2Bu and HB−u . Stating the dissociation equations for acid and H2O and combining
Equations (9) and (10) yields:

[H+] = Kw
1

[H+]
+ Ka

1
Ka + [H+]

Atot +
(Kb1[H+] + Kb1Kb2)

[H+]2 + Kb1[H+] + Kb1Kb2
Bu|tot , (11)

where Kw is the water dissociation constant, Ka is the acid dissociation constant, and Bu|tot
is constant according to assumption As2. The following simplification is considered:

Kw
1

[H+ ]
+ Ka

1
Ka+[H+ ]

Atot +
(Kb1[H+]+Kb1Kb2)

[H+ ]2+Kb1[H+ ]+Kb1Kb2
Bu|tot

≈ K2
[H+ ]+K4

K1 Atot +
K2

[H+ ]+K4
K3

Substituting into Equation (11) yields:

[H+] =
K2

[H+] + K4
(K1 Atot + K3) , (12)

where K1, K2, K3, and K4 are constants that depend on the culture medium characteristics
and can be estimated by model fitting using measurements of acid (Atot) and pH and the
pH definition pH = − log10[H

+]. Equation (12) relates the hydrogen ion concentration
[H+] with the total acid concentration.

In what follows, the hydrogen model is generated by combining Equations (8) and (12).
Arranging Equation (12) yields:

[H+]
2
+ K4[H+]− (K2K3 + K2K1 Atot) = 0 (13)

That is a polynomial of order two with respect to [H+]. In the case that buffer, acid,
or base species are considered in addition to HA and H2Bu, the corresponding ion con-
centrations must be included in the electroneutrality equation. Since data from acid
measurements are not available, Equation (8) must be used, which expresses total acid con-
centration (Atot) in terms of biomass concentration (X). Combining Equations (8) and (13)
yields the following expression that relates the hydrogen ion concentration [H+] to the
biomass concentration (X):

X = −θ1z + θ2 + θ3
[
H+
]
+ θ4

[
H+
]2 (14)

z =
∫ t

to
Xdt.

The parameters θ1, θ2, θ3, and θ4 can be obtained by fitting. The following simplifica-
tion is considered:

|−θ1z| �
∣∣∣θ2 + θ3

[
H+
]
+ θ4

[
H+
]2∣∣∣

What is equivalent to:

−θ1z + θ2 + θ3
[
H+
]
+ θ4

[
H+
]2 ≈ θ2 + θ3

[
H+
]
+ θ4

[
H+
]2

Substituting into Equation (14) yields:

X = θ2 + θ3
[
H+
]
+ θ4

[
H+
]2 (15)

An alternative simplification is:

|X| � −θ1z + θ2 + θ3
[
H+
]
+ θ4

[
H+
]2,
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Or equivalently,
−θ1z + θ2 + θ3

[
H+
]
+ θ4

[
H+
]2 ≈ 0.

Substituting into Equation (14) and arranging yields:

z =
θ2

θ1
+

θ3

θ1

[
H+]+

θ3

θ1
[H+

]
+

θ4

θ1

[
H+
]2 (16)

In order to have a simpler nomenclature, the coefficients θ1, θ2, θ3, and θ4 in
Equations (15) and (16) are renamed as follows:

θ3
[
H+
]2

+ θ2
[
H+
]
+ θ1 = X (17a)

θ3
[
H+
]2

+ θ2
[
H+
]
+ θ1 = z. (17b)

where the coefficients θ1, θ2, and θ3 can be estimated by model fitting using measurements
of X, z, and pH over time. In summary, the second modeling approach is based on the
mass balances for acid and biomass concentrations, the electroneutrality equation, and the
ion dissociation equations. The hydrogen model (14) describes the concentration of H+ ion
as a function of biomass concentration; it is obtained by combining Equations (8) and (12),
using a simplification for the relationship between the concentrations of hydrogen ions and
acid, what greatly reduces the complexity for computing [H+]. The hydrogen model for the
case when an acid and a base are added is developed in Appendix B.

3.5. Statement of the Fitting Procedure

The parameters of the modeling approaches proposed are estimated using the mea-
surements of biomass concentration and pH over time resulting from the experiments
described in Section 2.6. For fitting the biomass model (1) and the specific growth rate
expression (5) or (6), its parameters are estimated on biomass measurements using the
ordinary least squares method, which is based on the minimization of the sum of squared
errors, which is defined as:

SSE =
nt

∑
i=1

(
Xexp − Xmod

)2

X2
max

, (18)

where nt is the number of data points, Xexp is the measurement of biomass concentration,
Xmod is the value of biomass estimated by the model, and Xmax is the maximum value of the
experimental data of biomass [53]. The fitting quality is assessed through the determination
coefficient (R2), and the precision of the estimates is evaluated through the width of the
95% asymptotic confidence intervals [54–56]. Matlab version 2014 (The MathWorks Inc.,
Natick, MA, USA) was used for these purposes. In particular, the fmin routine was used
for minimization.

The second approach also involves the fitting of hydrogen models (17a) and (17b),
which relate [H+] and biomass. This is performed via the least squares method:

θ =
(

ϕT ϕ
)−1

ϕTY , Ŷ = ϕθ , (19)

where θ is the parameter vector and ϕ is the regression vector, which is defined by arranging
the model as Y = ϕθ [57].

The whole fitting procedure for the second approach, considering biomass model (1),
µ model (5), and hydrogen models (17a) and (17b), comprises the following steps:

• The parameters of biomass and µ models are estimated on biomass measurements
by minimization of SSE (18); in the µ model (6), the [H+] values are obtained by
interpolation of the experimental [H+] data, and the signal z =

∫ t
to Xdt is computed as

well, whereas the pH definition is pH = − log10[H
+] [42];
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• The parameters of hydrogen models (17a) and (17b) are estimated on measurements of
pH and biomass concentration via least squares, using Equation (19), with the values
of z =

∫ t
to Xdt computed in the previous step;

• The parameters of the biomass model (1) and specific growth rate model (6) are
estimated on biomass measurements by minimization of the SSE (18); in the spe-
cific growth rate model (6), the [H+] values are obtained by using the hydrogen
models (17a) and (17b) fitted in the previous step, instead of using interpolation.

The determination coefficient and the width of the 95% confidence interval of its
parameters are determined at each of the above steps.

4. Results and Discussion
4.1. Cultivation of Gluconacetobacter Diazotrophicus on a Laboratory Scale

The preliminary evaluation of the growth of G. diazotrophicus was carried out in LGI-P
medium with sucrose as the only carbon source (Table 1) using an orbital shaker and flasks
with 330 mL of culture broth and evaluating the production of cell biomass both by optical
density and by dry weight. In the plot of the evolution of cell biomass during the time
elapsed after the inoculation of the bacteria (Figure 1), a clear correspondence between
the exponential phases of the two growth curves obtained by applying the two methods
is evidenced.
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Figure 1. Time profile of G. diazotrophicus ATCC 49037 growth (a) and correlation between biomass
concentration measured by dry weight and optical density (b). Cells were grown on LGI-P medium in
500 mL flasks at 150 rpm and 30 ◦C. The optical density of the initial inoculum was 1.0, corresponding
to about 108 cells/mL. OD: optical density at 600 nm; X: biomass concentration measured by dry
weight. Graphs built by using MS Excel (Microsoft Corporation, Redmon, IL, USA).

Figure 1 shows the growth curve of the bacteria obtained under the experimental
conditions evaluated, in which exponential growth was evidenced up to 240 h. From this
time, cell biomass began to stabilize, and the culture entered the stationary phase. The lag
phase was imperceptible under these conditions. The identification of the growth phases
during the bacterial growth allowed for establishing the times in which the pre-inocula
and inocula should be prepared for the evaluation of the most relevant components of the
culture medium, the one-factor design, and the cultivation in the bioreactor.
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In this way, from the kinetic data of the culture on a laboratory scale, the different
growth phases of the bacteria were identified using the LGI-P medium. This type of analysis
is important for determining the behavior of the microorganisms during the propagation of
cell biomass in response to different conditions of the culture medium with an assessment
of carbon, nitrogen, and pH sources, among other factors. In the present work, two growth
phases (exponential and stationary) were observed in G. diazotrophicus culture using 100 g/L
sucrose as the carbon source (Figure 1), in correspondence with the results obtained by
Attwood et al. [20] and Flores-Encarnación et al. [58], who observed this same biphasic
growth of G. diazotrophicus in the presence of glucose and sucrose, respectively.

4.2. Key Components of the Culture Medium

The evaluation of the effect of the eight components of the LGI-P medium on biomass
production was carried out through an experimental matrix of 12 treatments (each one
in triplicate) to identify the key components (factors) of the culture medium, i.e., those
whose variability exerts the highest influence on this response variable. Based on the
biomass growth curve obtained by dry weight (see Figure 1), the evaluation time for the
experimental design was defined at 160 h, taking into account that the difference in biomass
production related to the maximum growth peak at 240 h was only about 0.15 g/L and that
the optical density values were stabilized in a first moment at 160 h. In this way, it was
possible to reduce the length of the experimental work when the treatments of the design
were applied to identify the key components of the medium.

Based on the results obtained (see Table 3), the variability of the concentrations of the
culture medium components did not influence the biomass production of G. diazotrophicus
since no significant differences were evidenced during the analysis of variance (p < 0.05),
as shown in Table 4. This indicates that all the components of the medium were relevant
for the bacterial growth under the experimental conditions evaluated. Therefore, it was
decided to conduct a one-factor design in which different concentrations of the carbon
source of the LGI-P medium (sucrose) in a greater interval were assessed.

Table 4. Analysis of variance of the results of Plackett–Burman design.

Source Chi-Squared Degrees of
Freedom t-Value

Mean
Squared

Deviation
p-Value

Z1 1.370723 1 2.032245 7.097078 0.2416877
Z2 0.272593 1 2.032245 7.212022 0.6015979
Z3 2.604274 1 2.032245 6.965699 0.1065760
Z4 1.261836 1 2.032245 7.108559 0.2613038
Z5 0.002253 1 2.032245 7.240039 0.9621434
Z6 1.766220 1 2.032245 7.055222 0.1838505
Z7 0.361454 1 2.032245 7.202788 0.5476996
Z8 0.012265 1 2.032245 7.239003 0.9118151

The LGI-P culture medium includes components that favor the growth of G. diazotroph-
icus [11,12,59]. This medium has sucrose as a carbon source at a concentration of 100 g/L
and (NH4)2SO4 as a nitrogen source to promote the activation of bacterial reproduction
in the liquid medium; it also has salts that favor its development. According to the re-
sults obtained regarding the effect of the eight components of the medium on biomass
production, no statistically significant differences (p < 0.05) were detected between the
nutrients evaluated. That is, there were no significant differences in biomass production
when the different components of the medium were varied within the ranges predefined
in the Plackett–Burman experimental design. Considering the linear interaction model
implicit in this type of design, this outcome implies that it is not possible to select a group
of nutrients whose variability influences the formation of new cells of G. diazotrophicus
differently (to a greater degree) than the rest of the components of the medium.
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4.3. Definition of Carbon Source Concentration

According to the results obtained from the Plackett–Burman design, a subsequent
one-factor design for evaluating different concentrations of the carbon source (sucrose) in
the medium and their effect on the biomass production of G. diazotrophicus was proposed
and conducted. This one-factor design was aimed at determining a suitable sucrose
concentration in the medium from an economic viewpoint since the carbon source exhibits
the highest costs of all the medium components in this case. Figure 2 shows the behavior
of the production of G. diazotrophicus biomass during the evaluation of different sucrose
concentrations in the culture medium. The highest biomass value occurred when the
medium contained 30 g/L sucrose.
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Figure 2. Production of G. diazotrophicus ATCC 49037 biomass for different sucrose concentrations in
the culture medium. Biomass concentration values are the mean of 10 replicates. Standard deviations
of the ten replicates are shown as vertical error bars. X: cell biomass concentration. Graph built by
using MS Excel (Microsoft Corporation, Redmon, IL, USA); statistical package used to analyze the
obtained data: Statgraphics® (Statpoint Technologies, Warrenton, VA, USA).

Table 5 shows the estimated differences between each pair of means, in which the
related pairs present statistically significant differences with a confidence level of 95%.
Statistically significant differences (p < 0.05) were found for sucrose concentrations (in
g/L) of 30, 45, and 60 compared with concentrations of 15, 75, 90, 105, 120, 135, and 150.
Selection of the sucrose concentration in the medium to perform the subsequent follow-up
of the bacterial culture over time was made among the three best treatments (30, 45, and
60 g/L sucrose), taking into account economic criteria. Thus, a carbon source concentration
of 30 g/L sucrose in the medium was chosen for subsequent evaluations.
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Table 5. Estimated differences between treatments.

Contrast Difference +/− Limits Lower Limit Higher Limit

15–30 −0.22601 0.132147 −0.358157 −0.093863
15–60 −0.14268 0.132147 −0.274827 −0.010533
30–75 0.32433 0.132147 0.192183 0.456477
30–90 0.13634 0.132147 0.004193 0.268487

30–105 0.31333 0.132147 0.181183 0.445477
30–120 0.35267 0.132147 0.220523 0.484817
30–135 0.29701 0.132147 0.164863 0.429157
30–150 0.187 0.132147 0.054853 0.319147
45–75 0.20699 0.132147 0.074843 0.339137

45–105 0.19599 0.132147 0.063843 0.328137
45–120 0.23533 0.132147 0.103183 0.367477
45–135 0.17967 0.132147 0.047523 0.311817
60–75 0.241 0.132147 0.108853 0.373147

60–105 0.23 0.132147 0.097853 0.362147
60–120 0.26934 0.132147 0.137193 0.401487
60–135 0.21368 0.132147 0.081533 0.345827
75–90 −0.18799 0.132147 −0.320137 −0.055843

75–150 −0.13733 0.132147 −0.269477 −0.005183
90–105 0.17699 0.132147 0.044843 0.309137
90–120 0.21633 0.132147 0.084183 0.348477
90–135 0.16067 0.132147 0.028523 0.292817
120–150 −0.16567 0.132147 −0.297817 −0.033523

The results obtained from the one-factor design made it possible to identify the three
concentration levels of sucrose (30, 45, and 60 g/L) most suitable for G. diazotrophicus
production, considering the cost of the culture medium. Since the first report of this bac-
terium, Cavalcante and Döbereiner [11] observed the highest growth using a concentration
of 100 g/L sucrose in the medium. They even observed bacterial growth in a medium
containing up to 300 g/L. This demonstrates the ability of G. diazotrophicus to grow under
osmophilic conditions. Liquid media containing up to 150 g/L sucrose were assessed in
this work. Considering the data obtained, a relatively low sucrose concentration (30 g/L)
was chosen for subsequent cultivations.

4.4. Bench-Scale Submerged Cultivation

The bench-scale submerged batch cultivation was performed in a 3 L bioreactor where
G. diazotrophicus was grown using sucrose (in its commercial white sugar form) as a carbon
source and ammonium sulfate as a nitrogen source, according to the medium composition
defined from the results of the one-factor design. Figure 3 shows the behavior of pH,
biomass production, and carbon and nitrogen sources over time. The consumption of
ammonium sulfate (down to 0.147 g/L) is evident, as well as the decrease in the pH value
(down to 2.78). However, total sugars concentration presents noticeable fluctuations up
to 186 h. Afterward, a consumption trend of the carbon source is evident. This irregular
behavior may be associated with sucrose consumption, and concomitant production of ex-
opolysaccharides by the bacteria, which can be detected and quantified by the method used
for the determination of total carbohydrates. On the other hand, the biomass concentration
increased over time.
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Figure 3. Time profile of substrate, cell biomass, and ammonium nitrogen concentrations (a) and pH
(b) in the culture medium during batch submerged cultivation of G. diazotrophicus ATCC 49037 in a
3 L stirred-tank bioreactor. AN: ammonium nitrogen; TC: total carbohydrates; X: cell biomass. Values
of biomass and ammonium nitrogen concentrations are multiplied by 10. Graphs built using Matlab
(The MathWorks Inc., Natick, MA, USA).

The culture began with 0.08 g/L biomass and 46 g/L total sugars, which included
30 g/L sucrose from the LGI-P medium plus the total sugars from the inoculum added
at the time of inoculation (sucrose not consumed and exopolysaccharides produced by
the bacteria). The bacteria presented an exponential growth pattern, which began rapidly
and gradually increased until the end of the culture (from 0.08 to 0.35 g/L). There was
no evidence of a lag phase since the bacteria quickly adapted to the culture medium, a
condition that was favored in the inoculum production stage because the same culture
medium was used. There was also no evidence of a marked stationary phase under the
conditions evaluated, although a slight stabilization of the culture can be observed during
the last 18 h. Luna [21] obtained this same exponential growth but using media with 5 g/L
glucose and 0.264% ammonium sulfate.

In the present work, the initial growth phase was characterized by a rapid decrease in
pH and irregular behavior of the concentration of total sugars attributed to the production
of exopolysaccharides. The pH remarkably decreased between the time of inoculation and
186 h of cultivation (down to 3.02); however, between 204 and 366 h, it only decreased
by 0.24 units (down to 2.78). The pH decrease is explained by the production of organic
acids, resulting from the metabolism of the bacteria, since G. diazotrophicus has an oxidative
metabolism in which final products such as acetic acid, gluconic acid, keto acids, citric acid,
and lactic acid are released, among others [21]. These acids contribute to the expression of
the growth-promoting features of the bacterial strain, such as phosphate solubilization [60].
In fact, G. diazotrophicus has the ability to grow at low pH values due to the production
of organic acids, a physiological characteristic that was evaluated by Cavalcante and
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Döbereiner [11]. Regardless of the initial pH value of the medium, it rapidly changes to a
value of 3.0. In the assays conducted, this behavior was evidenced during the initial growth
phase, where the pH reached 3.02 at 186 h of cultivation.

These outcomes can be contrasted with the variable concentration of total sugars
between the time of inoculation and 186 h (Figure 3), where the carbon source was used
for primary metabolism with the subsequent production of organic acids (decrease in pH)
by G. diazotrophicus. This consumption overlapped with the production of extracellular
polysaccharides. In this case, the determination of pH could be used as an indirect measure
of the use of the carbon source.

The data resulting from the batch culture of G. diazotrophicus using sucrose as the
carbon source indicate that this bacterium grows at slower rates compared to other microor-
ganisms that possess similar sugar assimilation pathways. Pizarro [61] obtained the growth
curve of Gluconobacter spp. in a standard medium containing 100 g/L glucose and 10 g/L
yeast extract. The exponential phase was evidenced at 120 h of cultivation with a viable
cell count of 1 × 108 CFU/mL, unlike the present work, in which G. diazotrophicus reached
a count of about 7 × 108 CFU/mL at 294 h. For bacterial growth, sucrose hydrolysis is
required, which may imply an increase in the duration of the submerged culture compared
to the use of glucose as a carbon source [21]. However, it is important to consider the
use of sucrose instead of glucose for the design of culture media for the production of
G. diazotrophicus since it allows for the cost reduction of industrial culture media. For
these purposes, the use of low-cost agro-industrial by-products such as molasses or starch
hydrolyzates will be addressed in future work.

Under the conditions evaluated, there was no evidence of a marked decrease in the
concentration of total sugars. This can be explained by the fact that the determination
of total sugars was influenced by the production of exopolysaccharides by the bacteria,
which caused interference in the tests performed. This condition was also identified by
Molinari [23] during batch cultivations using culture media containing 10 and 100 g/L
sucrose. The production of extracellular polysaccharides by G. diazotrophicus has been
demonstrated in several works [35,59,62]. Stephan et al. [59] evidenced the formation of
polyhydroxybutyrate (PHB) for the first time in G. diazotrophicus after 9 h of incubation in a
liquid medium in a fermenter. Therefore, the use of other analytical methods (chromato-
graphic or enzymatic) is suggested for determining the carbon source concentration over
time, especially in the case of using sucrose. In this work, the quantification of the carbon
source was performed according to DuBois et al. [39]. Regarding this, the final sucrose
concentration is not quantified in the case of most related papers published in the available
literature addressing kinetic experimental studies on G. diazotrophicus [21,23]. In fact, the
estimation of the biomass yield in those works was calculated from the cell concentration
data obtained by optical density. This allows us to highlight the results obtained in the
present work since the determination of the dynamics of the carbon source consumption
by G. diazotrophicus based on direct spectrophotometric methods is not often disclosed in
the open literature. In this way, the knowledge of the time profile of total carbohydrates
during submerged cultivation of this type of microorganism is very useful despite the
interference caused by the presence of extracellular polysaccharides released by the bacteria
into the medium.

The addition of ammonium nitrogen in the form of ammonium sulfate is essential
for the propagation of G. diazotrophicus in a liquid culture medium because it has been
proven that there is no massive growth of this bacterium in the absence of the nitrogen
source [35,58]. In this work, consumption of ammonium nitrogen was evidenced down
to 0.147 g/L (see Figure 3). As an important amount of ammonium nitrogen remains in
the culture broth at the end of cultivation, it is recommended to evaluate the ammonium
dynamics under different conditions, for instance, by changing the aeration or agitation
rates to obtain higher biomass concentrations in less time, but with enhanced consumption
of the nitrogen source.
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Aeration of the culture broth is another factor that influences bacterial growth.
G. diazotrophicus is an aerobic bacterium; therefore, higher aeration rates could have a posi-
tive effect on its growth. In this work, the aeration rate was 0.6 vvm; with this rate, a growth
curve similar to that reported by Flores-Encarnación et al. [58], who used 0.5 vvm, was
obtained. Under these conditions, these authors reported slower growth of G. diazotrophicus
compared to aeration rates between 1 and 4 vvm. Thus, it is important to design future
experiments considering higher aeration rates in order to identify their effect on the biomass
production of G. diazotrophicus.

The concentrations of biomass obtained in the 3 L stirred-tank bioreactor expressed
in g/L (see Figure 3a) were low when compared to the biomass data obtained during the
evaluation of the concentration levels of sucrose of the culture medium in Erlenmeyer flasks,
which reached values as high as 1.3 g/L for some replicates (see Figure 2). This indicates
that the operating conditions defined for the bench-scale fermentation were not the optimal
ones for the biomass propagation of G. diazotrophicus. In particular, the aeration rate applied
(about 0.6 vvm) could not be enough to supply the appropriate levels of oxygen required
by the culture. Furthermore, the agitation rate and initial pH of the medium may exert a
significant influence on the values of biomass that can be obtained during the cultivations in
the 3 L bioreactor. Therefore, more research is needed to optimize the cultivation conditions
on a bench scale. In future work, the cultivation conditions will be assessed to increase
biomass production, particularly the agitation speed and the aeration rate.

As far as we know from the available literature, this is the only work that reports the
experimental kinetics of G. diazotrophicus grown in a sucrose-based medium in a bench-scale
stirred-tank bioreactor, including the time profiles of the biomass, carbon source, nitrogen
source, and pH. The few reports published on this matter employ the determination of
optical density as the main method for biomass quantification [35,58,59,63] or present the
dry weight data of biomass without the corresponding data of substrate consumption [13].
This kind of kinetic experimental study represents a fundamental input for the modeling
of G. diazotrophicus growth. In turn, mathematical modeling can provide the basis for
scaling up bacterial cultures on a pilot scale (between 10 and 1000 L). From subsequent
pilot-scale studies, the conditions required for the production of a microbial inoculant
based on G. diazotrophicus on an industrial scale may be established in order to widen
the spectrum of plant growth-promoting preparations in the framework of sustainable
agriculture.

4.5. Fitting of the Kinetic Model

In this section, the results of the model fitting to experimental data obtained from
G. diazotrophicus batch culture (shown in Figure 3) are presented. The estimated parameter
values are provided in Table 6.

Table 6. Estimated parameters with the width of the 95% confidence interval.

Modeling Approach and Model Parameter and R2 Value

First modeling approach; biomass model (1) and µ
model (20)

µmax 0.0093 ± 0.0017 h−1

Xmax 0.3578 ± 0.0503 g/L
R2 (for biomass concentration over time) 0.9364

Second modeling approach; hydrogen model (21)
θ1 0.0665 ± 0.0093
θ2 158.5 ± 9.1
R2 (for H+ concentration as a function of biomass
concentration) 0.9841

Second modeling approach; hydrogen model (22)
θ 29,449,609 ± 1,652,515
R2 (for H+ concentration as a function of the integral
of biomass concentration)

0.9811

Second modeling approach; biomass model (1) and
µ model (23), with [H+] provided by the hydrogen
model (21)

µmax 0.0076 ± 0.0012 h−1

Hmax 0.00184 ± 0.00032 mol/L (corresponds to
pHmin = 2.735)

R2 (for biomass concentration over time) 0.9364

Second modeling approach; biomass model (1) and
µ model (23), with [H+] provided by the hydrogen
model (22)

µmax 0.0078 ± 0.0010 h−1

Hmax 0.00181 ± 0.00027 mol/L
R2 (for biomass concentration over time) 0.9357
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4.5.1. Fitting of First Approach Models

A satisfactory description of the time course of biomass concentration was obtained, as
can be noticed from the modeling results (Figure 4) and the corresponding determination
coefficient (Table 6).
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Figure 4. Results of the first modeling approach for the kinetics of G. diazotrophicus batch cultivation.
Experimental data are represented by filled circles; the solid line is calculated by the model proposed.
Graph built using Matlab (The MathWorks Inc., Natick, MA, USA).

The µ model (5) resulted in an overlarge confidence interval of parameter f ; thus,
the following simplified form was used, resulting in adequate confidence intervals (see
Table 6):

µ = µmax

(
1− X

Xmax

)
, (20)

4.5.2. Fitting of Second Approach Models

A satisfactory description of the time course of biomass concentration and of the
relationship between [H+] and X was obtained, as can be noticed from the modeling
results (Figures 5 and 6) and the corresponding determination coefficients (Table 6). This
supports the assumptions made, including a single acid-like behavior and a single buffer-
like behavior. For the description of [H+] as a function of X and

∫ t
to Xdt, the parameter

θ3 of model (17a) and θ1 and θ2 of model (17b) exhibited overlarge confidence intervals.
Thus, the following simplified hydrogen models were applied, which achieved adequate
confidence intervals:

θ2
[
H+
]
+ θ1 = X (21)

θ
[
H+
]2

=
∫ t

to
Xdt , (22)
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Figure 5. Fitting of the hydrogen models for the kinetics of G. diazotrophicus batch cultivation.
Experimental data are represented by filled circles; the solid lines are calculated by the model
proposed. (a) Effect of biomass concentration (X) on the concentration of hydrogen ions [H+], with
fitting using linear hydrogen model (Equation (21)). (b) Effect of Ix =

∫ t
to Xdt on the concentration of

hydrogen ions, with fitting using a nonlinear hydrogen model (Equation (22). (c) Time course of the
concentration of hydrogen ions, with fitting using both hydrogen models. Graphs built using Matlab
(The MathWorks Inc., Natick, MA, USA).

The modeling results for [H+] as a function of X are shown in Figure 5a, and the corre-
sponding simulation of the time course of [H+] is presented in Figure 5c. The simulation
of [H+] as a function of

∫ t
to Xdt is shown in Figure 5b. A high correspondence between

simulated and experimental values was obtained.
The fitting of the µ model (6) resulted in an overlarge confidence interval of param-

eter d. Thus, the following simplified expression was used, which resulted in adequate
confidence intervals:

µ = µmax

(
1− [H+]

Hmax

)
. (23)

The fitting of the biomass concentration model (1) using hydrogen models (21) and (22)
is shown in Figure 6. A high correspondence between simulated and experimental values
was obtained.
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Figure 6. Comparison of the results of the first and second modeling approaches for the kinetics of
G. diazotrophicus batch fermentation. Experimental data are represented by filled circles; the solid
and dashed lines are calculated by the model proposed. The second approach involves the linear
hydrogen model (Equation (21)) and a nonlinear hydrogen model (Equation (22)). Graph built using
Matlab (The MathWorks Inc., Natick, MA, USA).

4.6. Comparison of Model Fitting via First and Second Approaches

A satisfactory description of the time course of biomass concentration was obtained
by both approaches, as can be noticed from the determination coefficients and the fitting of
models (see Table 6 and Figure 6). The parameter estimates are reliable, according to the
confidence intervals.

The main difference in the application of these approaches relies on the fact that the
second approach involves fitting the hydrogen model, using the measured concentrations
of hydrogen and biomass concentrations; in addition, the second approach comprises more
parameters to be estimated. For the first modeling approach and the second modeling ap-
proach with the hydrogen model described by Equation (21), the simulated curves overlap
(see Figure 6), and the determination coefficients coincide (see Table 6). For the second ap-
proach, the estimates of µmax and Hmax using the hydrogen models (Equations (21) and (22))
agree. This is because a satisfactory representation of [H+] is achieved by both hydrogen
models (see Figure 5).

The second modeling approach uses a hydrogen model that results from the ion
dissociation and electroneutrality equations and the acid and biomass mass balances.
In addition, the proposed model combines the mass balance for the produced acid and
biomass concentrations to tackle the lack of knowledge of the acid concentration. In
addition, a nonlinear relationship between the hydrogen ion and the acid concentration
was obtained by combining the dissociation and electroneutrality equations and applying
several simplifications. The effectiveness and adequacy of these simplifications concerning
the considered G. diazotrophicus measurements are due to the relatively simple behavior of
pH and the limited range of the operation conditions of the batch runs. However, other
types of simplifications can be applied to capture a more complex nonlinearity relationship
for other experimental conditions.

In the first modeling approach, the µ model (20) accounts for biomass concentration,
but it disregards the effect of pH, and no hydrogen model is used. In the second modeling
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approach, the µ model (23) accounts for the effect of pH, and the hydrogen model (14) is
used to this end. Thus, the second modeling approach is more convenient for considering
the dependence of biomass yield values on pH. Furthermore, the hydrogen model (14) can
be extended to include the effect of base and acid addition, which would make it possible
to test and calibrate different pH control strategies. If the production of microbial inoculant
of G. diazotrophicus is foreseen, it would be convenient to optimize biomass production
and biomass yield coefficient by several batch runs with different operating conditions.
In this case, the second modeling approach would allow accounting for the pH effect for
these conditions.

The proposed models allow the simulation of biomass and substrate concentrations
in case of varying pH with different initial concentrations of substrate and biomass in the
absence of pH control. Furthermore, the procedure for obtaining the pH models can be
extended to the case of pH control with acid/base addition.

5. Conclusions

In the present work, the composition of a sucrose-based culture medium was modified
to reach higher values of cell biomass concentration during batch submerged cultivations
performed on laboratory and bench scales. The modified culture medium was used to con-
duct an experimental kinetic study, comprising the aerobic cultivation of G. diazotrophicus
in a bench-scale stirred-tank bioreactor, including the time profiles of the biomass, carbon
source, nitrogen source, and pH. The kinetic experimental data obtained were a fundamen-
tal input for the modeling of G. diazotrophicus growth.

In this work, a model was proposed for representing the behavior of the biomass con-
centration over time for the batch submerged cultivation of G. diazotrophicus that considered
the inhibitory effect of hydrogen concentration. The model was applied to the experimental
data, achieving satisfactory agreement between modeling results and measurements, as
well as reliable parameter estimates. The hydrogen model allows future incorporation
of the effect of the addition of acids and bases, which is an improvement related to the
existing simplified models. The fitting results confirm that the effect of several acids and
buffer species on the hydrogen ion concentration can be described as that of a single acid
and a single buffer species; in addition, the hydrogen model is capable of capturing the
nonlinear relationship between the concentrations of hydrogen and biomass.

The results obtained in this work are relevant for the future development of a biotech-
nological process for the production of G. diazotrophicus, which could be offered to the
industrial sector. Further studies should be conducted to define the conditions of sub-
merged culture conditions that maximize G. diazotrophicus production both on bench and
pilot scales. For instance, it is recommended to evaluate the effect of higher aeration rates
on the biomass production of the bacterial strain used. In this way, future work will be
intended to intensify the propagation of G. diazotrophicus biomass, which will be used as
the main component of an alternative plant growth-promoting preparation for crops of
economic importance in the context of sustainable agriculture.
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Appendix A. Overview of Scientific Literature on Modeling Approaches for the
Relationship between Hydrogen Ions, Acids, Bases, and Buffer

Several modeling approaches for representing the dependence of hydrogen ions on
acids, bases, and buffer compounds have been published, including:

• The rigorous classic approach [26,32];
• The empiric nonlinear models [30,64,65];
• The fuzzy and neural network models [66,67];
• The Wiener models [24].

In particular, Wiener models combine one linear subsystem (e.g., autoregression with
extra inputs, known as ARX) and a static nonlinear function [24].

The rigorous approach is based on the electroneutrality equation and the ion dissocia-
tion of water, acid, and buffer substances [26]. It leads to a single algebraic equation that
relates the ionic hydrogen concentration with the total concentrations of acids, bases, and
buffer species [26,68]. This equation can be recast as a polynomial of n-th order with respect
to hydrogen ion concentration. The advantage of this model is that it allows accounting for
the addition of different bases, acids, and buffer substances. Nevertheless, its applicability
is hampered by: (i) unavailable measurements of one or more acids in some cases [69];
(ii) unavailable measurements of two or more buffer substances; (iii) the mathematical
complexity in determining the hydrogen ion concentration, as it requires either numerical
iterative methods or root finding methods; (iv) the complexity of the fitting the pH model
to experimental data and the computation of pH, which is related to the increase to the
number of parameters with the number of acids and buffer species [32,70].

The empiric models of Vereecken and Van Impe [30] and Ellouze et al. [65] overcome
the aforementioned drawbacks of the rigorous approach. The empiric model of Vereecken
and Van Impe [30] comprises a Dabies-type kinetic expression that describes the effect
of total acid and undissociated acid on pH. The buffer concentration is unaccounted for
in the pH equation, which amounts to consider it constant. The model coefficients are
estimated by fitting them to experimental data. The hydrogen ion can be computed
explicitly, and the model is capable of capturing the nonlinear relationship between pH and
acid concentration. This approach was used for the culture of lactic acid bacteria [30,47,71]
and Listeria innocua [47,71]. In addition, different amounts of the buffering agent KH2PO4
were used by Antwi et al. [47], and the pH model was fitted for each. However, the model
does not allow accounting for the future addition of bases or acids. The empiric model of
Ellouze et al. [65] is a modified logistic model representation of the relationship between
total acid concentration and pH. This approach was used for the culture of acid lactic
bacteria. However, the model does not allow accounting for the future addition of bases
or acids.

Appendix B. Equation of pH for the Case of External Addition of Acids/Bases/Buffer
Compounds

The electroneutrality equation, considering a strong acid and a strong base, is:[
H+
]
=
[
OH−

]
+
[
A−
]
+
[
B−u
]
+ [B=

u ] + Ca − Cb
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[H+] = Kw
1

[H+]
+ Ka

1
Ka + [H+]

Atot +
(Kb1[H+] + Kb1Kb2)

[H+]2 + K1[H+] + Kb1Kb2
Bu|tot + E

E = Ca − Cb ,

where Ca and Cb are the concentrations of the added acid and base in the tank. The
simplified form is:

[H+] =
K2

[H+] + K5
(K3 Atot + K4) + E

E = Ca − Cb.

Arranging yields a polynomial of order two with respect to [H+]:

[H+]
2
+
(
K5 − E

)
[H+]−

(
K2K4 + K2K3 Atot + K5E

)
= 0.

Differentiating with respect to time and arranging yields:

d[H+]

dt
=

([H+] + K5)
(
dE/dt

)
+ K2K3(dAtot/dt)

2[H+] +
(
K5 − K2 − E

) .

In the case that a base and an acid are added, assuming that water volume is not
constant and there are no outlet flows, the dynamics of Ē = Ca − Cb are provided by
McAvoy et al. [32]:

dE
dt

=
1
V
(

FaCai − FbCbi − (Fa + Fb)E
)

E = Ca − Cb.

In the above expression of d[H+]/dt, the dĒ/dt term is a function of the acid and base
flowrates (Fa and Fb), thus providing an input–output relationship with a relative degree
of one. Thus, a control law can be defined to control the hydrogen ion concentration by
manipulating the acid and base flowrates.

Appendix C. Fitting of Substrate Concentration
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