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Abstract: The structure of mixed microbial cultures—such as the human gut microbiota—is
influenced by a complex interplay of interactions among its community members. The objective
of this study was to propose a strategy to characterize microbial interactions between particular
members of the community occurring in a simulator of the human gastrointestinal tract used as
the experimental system. Four runs were carried out separately in the simulator: two of them were
fed with a normal diet (control system), and two more had the same diet supplemented with agave
fructans (fructan-supplemented system). The growth kinetics of Lactobacillus spp., Bifidobacterium spp.,
Salmonella spp., and Clostridium spp. were assessed in the different colon sections of the simulator for
a nine-day period. The time series of microbial concentrations were used to estimate specific growth
rates and pair-wise interaction coefficients as considered by the generalized Lotka-Volterra (gLV)
model. A differential neural network (DNN) composed of a time-adaptive set of differential equations
was applied for the nonparametric identification of the mixed microbial culture, and an optimization
technique was used to determine the interaction parameters, considering the DNN identification results
and the structure of the gLV model. The assessment of the fructan-supplemented system showed
that microbial interactions changed significantly after prebiotics administration, demonstrating their
modulating effect on microbial interactions. The strategy proposed here was applied satisfactorily
to gain quantitative and qualitative knowledge of a broad spectrum of microbial interactions in the
gut community, as described by the gLV model. In the future, it may be utilized to study microbial
interactions within mixed cultures using other experimental approaches and other mathematical
models (e.g., metabolic models), which will yield crucial information for optimizing mixed microbial
cultures to perform certain processes—such as environmental bioremediation or modulation of gut
microbiota—and to predict their dynamics.
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1. Introduction

1.1. Microbial Interactions

Mixed microbial cultures are widely present in nature and participate in important processes, such
as environmental bioremediation and wastewater treatment; production of solvents, hydrogen and
bioplastics from waste; food production by fermentation; and, remarkably, they play a critical role in
facilitating human metabolism, contributing to the regulation of host physiology [1–5]. Mixed cultures
are more versatile, tolerant and adaptable and can carry out many functions that pure cultures
cannot [2–4]. Evidence shows that microscale interactions between and within populations affect the
macroscale properties of the mixed culture, such as resistance to perturbations, substrate consumption
efficiency and biomass production yield [6].

The interactions between microorganisms in a mixed culture may have a positive, negative
or neutral impact on each of them. Interactions can be bidirectional (→←), unidirectional (→) or
nondirectional (←→). Bidirectional relationships may be mutualistic (if the impact is mutually positive,
+/+); competitive (if the impact is mutually negative, −/−) or antagonistic (positive on one side but
negative on the other, +/−). In unidirectional relationships, the impact on one of the two is neutral,
regardless of whether the impact on the other is positive (commensalism, +/0) or negative (amensalism,
−/0). In nondirectional relationships, the impact they have on each other is negligible (neutralism,
0/0) [7,8]. Interactions can be caused by direct mechanisms, as a result of physical contact, or by
indirect mechanisms, when the physical or chemical properties caused in the environment by one
strain triggers a response in another strain or when a compound produced by one strain is metabolized
by another (i.e., cross-feeding) [8–11]. Furthermore, taxon interactions are not equally stable and may
vary in their strength over time [12].

1.2. Microbial Interactions in the Human Colon

In comparison to other regions of the gastrointestinal tract, the four sections of the colon host
a large and diverse community of microorganisms known as the gut microbiota, which includes
all three domains of life (Archaea, Bacteria and Eukarya) [13,14]. The gut microbiota regulates the
metabolic output of various nutrients that have important effects on human physiology [15]. Moreover,
it aids in the development of the immune system [16]. The concentration of bacteria in the different
sections of the gastrointestinal tract is dependent on several factors, such as acidic condition, presence
of bile or pancreatic enzymes, bacterial adhesion, nutrient availability and diet, among others [17].

Interactions between colonic microbes directly influence the structure and evolution of the
resident gut microbial community. Colonic microbes survive and grow by consuming diet-derived
and host-derived chemical compounds. Including the import of metabolic nutrients and export of
metabolic byproducts in the model gives rise to both competition and cooperation. Microbial groupings
commonly assemble in communities called biofilms. There are two types of cooperative relationships
within these networks: (i) interspecies cross-feeding, wherein a metabolic byproduct of one microbe
is a nutrient for another microbe, and (ii) macromolecule degradation, wherein a microbe degrades
macromolecules and releases products into the environment that benefits both it and the rest of the
members [18]. Additionally, microbial residents exhibit interactions that result in shared benefits
(such as enhanced protection from host defenses and nutrient acquisition). Community-wide changes
in gene expression are driven by quorum sensing—a communication process that allows bacterial
cells to coordinate cooperative behaviors—which involves the production, detection and response to
signaling molecules called autoinducers [19].



Processes 2020, 8, 593 3 of 28

Prebiotics have been traditionally defined as nondigestible but fermentable foods that beneficially
affect the host by selectively stimulating the growth and activity of a limited number of health-promoting
species of bacteria residing in the colon—especially, but not exclusively, Bifidobacterium spp. and
Lactobacillus spp. [20,21]. More recently, this definition has been expanded to “any substrate that is
selectively utilized by host microorganisms conferring a health benefit,” and it has been recognized
that prebiotic effects probably extend beyond Lactobacillus spp. and Bifidobacterium spp. [22].

The prebiotic effect of fructans has been documented by several authors [23,24]. The most
researched and widespread type of fructans are inulin-type fructans [25]. Inulin-type fructans are
soluble dietary fibers that are linear and characterized by β (2→1) linkages between fructose molecules
and may have different degrees of polymerization [24,26,27]. Prebiotics synthesized by agave plants are
characterized by having fructoses linked by β- (2→1) and β- (2→6) glucosidic bonds [28]. It has been
reported that prebiotics can modulate the intestinal microbiota differently depending on the degree of
polymerization [27,29]. Fructans with a high degree of polymerization can be easily metabolized by
species of the genus Lactobacillus spp. [24,30], while low-polymerization fructans have shown the so
called “bifidogenic effect” [31].

The effect of fructans on the growth of gut microorganisms has been studied in well-controlled
in vivo human studies, which are well-suited for testing prebiotic functionality [32], but they do not
allow for the monitoring of microbial growth and activity over a period of time in different regions of
the colon [27,33]. In vitro experiments are suited for observing the growth of different species or genus
within pure and mixed cultures; however, only mixed cultures make it possible to acquire detailed
knowledge of the microorganisms’ growth and behavior in the presence of other microorganisms [33].
In vitro models inoculated with human microbiota, referred also as ex vivo systems, such as the TNO
In Vitro Model of the Colon (TIM-2) [34], the Simulation of the Human Intestinal Microbial Ecosystem
(SHIME) [27] and Automatic Robotic Intestinal System (ARIS) [35,36], seek to reproduce the conditions
of the human gastrointestinal tract as closely as possible under well-controlled conditions [33], where
the growth of the microorganisms, substrates and metabolites in the different sections of the colon can
be quantified, allowing for the analysis of community dynamics under controlled conditions.

1.3. Mathematical Models Describing Microbial Interactions

In its standard form, the generalized Lotka-Volterra model describes the temporal evolution of
microbial abundances as a function of growth rates and interaction strengths between community
members, while ignoring the mechanisms behind microbial interactions such as the exchange of
metabolites [33–38]. The limitations of the gLV model were thoroughly described by Gonze et al. [38].
In an effort to develop a more realistic version of the gLV model, Vet et al. [36] included coefficients to
model the concentration of input nutrients and taxon-specific death rates and demonstrated qualitative
agreement between the extended gLV and the Chemostat model, as they both captured the occurrence
of interactions such as mutualism and competition. Mechanistic counterparts of the gLV model have
also been applied or developed to provide better insight into the dynamics of the human colon.
For instance, Muñoz-Tamayo et al. [39] developed a mechanistic model for carbohydrate degradation
in the human colon derived from mass-balance equations incorporating the physiology of the intestine,
metabolic reactions and transport phenomena. Additionally, D’hoe et al. [33] validated a mechanistic
model for a mixed culture using mono-, bi- and tricultures composed of human strains typical of adult
gut microbiota under in vitro conditions.

1.4. Differential Neural Networks for Model Approximation

Artificial neural networks (ANNs) are mathematical tools that can approximate the underlying
relationships between independent and dependent variables adapting to the behavior of a system
through training. ANNs can handle the uncertainty and variability found when analyzing the growth
of microorganisms [40,41]. They can be classified as static (feedforward) or dynamic (recurrent or
differential). Static networks, such as other machine learning algorithms, have some disadvantages:
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slow learning rates, high sensitivity to the function that approximates the training data and the
possibility of overfitting or underfitting approximation, for example. This last issue involves the
incorrect selection of the model structure based on the available training dataset, failing to fit additional
data or failing to predict future observations reliably [42]. Strategies for cross-validation, such as
the k-fold algorithm, can be used to reduce overfitting [43]. Differential neural networks (DNNs),
which are a type of dynamic neural networks, can overcome these challenges, because their structure
incorporates feedback [44]. The main advantage of DNNs is their ability to approximate the behavior
of dynamic nonlinear systems by using time-adaptable nonlinear differential equations (for continuous
time) or difference equations (for discrete time). This kind of neural network structure, known as
Hopfield’s Neural Network [45], is an approach that transforms the original function approximation
problem into a nonlinear robust adaptive feedback design. DNNs make it possible to circumvent issues
related to a global extremum search—which are common when using classical algorithms to train
neural networks—and to transform the learning process into an adequate feedback design derived by
Lyapunov’s second method for stability [46]. DNNs reduce the risk of overfitting and underfitting
by the continuous-time adaptation of their inner synaptic weights, the learning laws of which are
also a set of continuous differential equations. In DNNs, there is not a training stage but, rather,
a constant adaptation of dynamic datasets [45]. ANNs have been applied to mixed culture systems
already. As an example, Kana et al. [47] modeled and optimized biogas production by mixed cultures
that utilized mixed substrates; additionally, Jorjani et al. [48] predicted the reduction of organic and
inorganic sulfur from coal using a mixed culture. More recently, Gradilla-Hernández et al. [49] applied
a DNN for the nonparametric identification of a mixed microbial culture system with two genera. As of
this writing, DNNs have not been utilized as a means to determine the parameters in more complex
mixed culture systems

1.5. The Objective of the Study

The present work aimed to characterize microbial interactions (e.g., mutualism) occurring between
the community members of the human gut microbiota in a gastrointestinal tract simulator. To that
end, a DNN was applied for nonparametric identification of the dynamic behavior of the microbial
consortium, followed by an optimization estimation technique based on the comparison of the error
between the trained DNN and the gLV model structure to determine the parameters. This method was
applied to gain quantitative and qualitative knowledge of the microbial interactions between particular
populations as a subsample of the microbial gut community. Additionally, the effect of the continuous
administration of agave fructans on microbial interactions was evaluated.

This study analyzed the dynamics of a subsample of the human gut microbiota, including four
genera—Lactobacillus spp., Bifidobacterium spp., Salmonella spp. and Clostridium spp.—as it is difficult to
track each member of the community in fecal samples. There are studies that demonstrate that the
alteration in number and composition of bacteria belonging to the genus Lactobacillus spp. [50] and
Bifidobacterium spp. [51] play an important role in the health or disease of the host. Likewise, bacterial
species of the Salmonella spp. genera [52] and the Clostridium spp. genera [51] also have significant
effects. While these genera are representative of gut microbiota, the dynamics of other important
populations within the community were not observed.

The strategy proposed here, combining a nonparametric system identification and an optimization
technique, was applied satisfactorily to gain quantitative and qualitative knowledge of a broad
spectrum of microbial interactions in the gut community as described by the gLV model. Future studies
should seek to apply this strategy in conjunction with high-throughput sequencing in order to infer
microbial metabolic interactions in the human gut.

A modeling-based approach is an effective way to study the gut microbial metabolic
interactions [53]. Metabolic models that integrate transcriptomics, proteomics and metabolomics data
have been developed to describe microbial cultures that integrate microbe-metabolite associations,
including macromolecule degradation reactions, as well as the resulting products [18,53]. However,
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because of the complexity of the gut microbiome, where numerous microbe–microbe and microbe–host
interconnections weave together a complex ecological network, most current metabolic models have
not yet reached the scale of diversity existing in the human gut community [18]. Furthermore, metabolic
models require a finite number of parameters to be determined in order to define the model. These
parameters may have biological significance (e.g., specific growth rate or reaction rate constants) or
may be coefficients or other constants in a functional relationship that describes a biological process.
The strategy proposed here to determine these parameters within metabolic models (including the
DNN identifier and the optimization algorithm) could be applied to extend the study of metabolic
interactions. Lastly, further efforts using this strategy should study the metabolic interactions of simpler
communities of known compositions created from monocultures using representative members of the
colonic microbial community.

2. Results and Discussion

2.1. The Growth Kinetics of Four Microbial Populations

Within-run reproducibility and between-run repeatability of the ARIS system were tested by
carrying out four runs in twin systems (two supplemented with fructans and two using the control
setup). Additionally, all plate counts (within a system) were performed in triplicate. As shown in
Figure 1, comparable results were obtained between runs when calculating the average value for the
plate count replicates within systems for all the compartments (ascending colon, transverse colon and
descending colon), and initial counts were proven to be comparable.
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The time-series data obtained provided a snapshot of the composition of the community at discrete
points in time. Figure 2 shows the growth curves of Lactobacillus spp., Bifidobacterium spp., Salmonella
spp. and Clostridium spp., and the box plots of the time-series data. The results suggest stimulation
of Lactobacillus spp. following agave fructans administrations in all colon sections, as significantly
higher counts were observed in all colon sections of the fructan-supplemented system compared to
the control system (p < 0.05). García-Gamboa et al. [54] reported a colon section-specific modulating
effect, as Lactobacillus spp. increased in the ascending and in the transverse colon sections following the
administration of fructans with intermediate polymerization degree fructans (10–22 fructose molecules)
using the same experimental system. It is also worth noting that the fructans administered showed
a limited effect in the stimulation of Lactobacillus spp., which was not extended throughout the entire
administration period, as the numbers of Lactobacillus spp. in the fructan-supplemented system
decreased in the ascending and the transverse colon sections after reaching a peak at time = 138 h
(Figure 2). Furthermore, the counts of Lactobacillus spp. in the ascending colon section of the
fructans-supplemented system were comparable to those of the control system at the final measurement
(time = 210 h). Similar results were found by Cardarelli et al. [55], who reported on the numbers
of Lactobacillus spp. during fermentations inoculated with human fecal samples in the presence of
fructooligosaccharides. These results have implications for assessing the longevity of prebiotic effects.

Higher counts of Bifidobacterium spp. were also observed in the ascending and transverse colon
sections of the fructan-supplemented system in comparison to the control system (p < 0.05). Inulin-type
fructans are known for their so-called bifidogenic effect [56], due to the tendency to selectively
increase the number of Bifidobacterium spp. in the human colon, as they are able to ferment this
type of fructans [57,58]. The study performed by García-Gamboa et al. [54] using the ARIS ex vivo
system also demonstrated a bifidogenic response specific to the colon sections, as Bifidobacterium spp.
counts increased in the ascending and descending colon sections after the administration of higher
polymerization degree fructans (22–60 fructose molecules). As shown in Figure 2, changes in the
population sizes of Lactobacillus spp. and Bifidobacterium spp. did not last for the full duration of
the intervention.

Salmonella spp., on the other hand, presented higher counts in the ascending and transverse colon
sections (p < 0.05) of the control system in comparison to the fructan-supplemented system, showing
that the fructans did not stimulate the growth of this genus. Clostridium spp. was stimulated by fructan
administrations, as higher counts of it were observed in the fructan-supplemented system in the
ascending and transverse colon sections. These results match the definition of prebiotics, since fructans
stimulated Lactobacillus spp. and Bifidobacterium spp. in the experimental system, while the growth
of pathogenic Salmonella spp. was not stimulated [59]. Nevertheless, it is important to mention that
the results of this study suggest there was also stimulation of Clostridium spp. following fructan
administrations. Research has shown that Clostridium spp., traditionally considered a pathogenic
genus, is involved in the production of butyrate and propionate from lactate, which are beneficial to
human health through cross-feeding interactions [60].

Gibson [21] also reported the evolution of the Lactobacillus spp., Bifidobacterium spp. and Clostridium
spp. mixed culture after inulin-type fructans were administered. They reported a marked increase in
Bifidobacterium spp. and a decrease in Clostridium spp., whereas Lactobacillus spp. remained unchanged.
Different results may be expected because a different prebiotic was used, and the study performed by
Gibson [21] used an in vivo experimental approach using a mixed culture with a completely know
composition, while the present study analyzed only four genera within the fecal microbial community,
and the remaining populations that were not observed might also impact community dynamics.
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Figure 2. Growth curves and box plots for Lactobacillus spp., Bifidobacterium spp., Salmonella spp. and
Clostridium spp. for each colon section of the experimental system and the control system (ascending,
transverse and descending).
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2.2. Nonparametric Identification of the Experimental Data by the DNN Identifier

For the nonparametric identification, the fitted time series of each component was used to define
the state vector x(t) with the following components: x1(t) = Lactobacillus spp. abundance, x2(t) =
Bifidobacterium spp. abundance, x3(t) = Salmonella spp. abundance and x4(t) = Clostridium spp.
abundance. Considering the DNN identifier in Equation (3) and its adaptation law in Equation (4),

the set of ordinary differential equations dx̂(t)
dt εR

4, with components dx̂1(t)
dt , dx̂2(t)

dt , dx̂3(t)
dt and dx̂4(t)

dt
corresponding to the identified rate of change of the abundance of Lactobacillus spp., Bifidobacterium
spp., Salmonella spp. and Clostridium spp. were obtained, respectively. The set of parameters for the
DNN identifier are selected as: linear part A = −60× I4×4, the adaptable weight matrix as a diagonal
array W1(t) = [w11(t) 0 0 0; 0 w22(t) 0 0; 0 0 w33(t) 0 ; 0 0 0 w44(t)] and the vector of sigmoid functions
σ(x̂(t)) = [σ1(x̂1(t)) σ2(x̂2(t)) σ3(x̂3(t)) σ4(x̂4(t))]; then, the particular nonparametric identification
structure for every experiments is:

dx̂1(t)
dt

dx̂2(t)
dt

dx̂3(t)
dt

dx̂4(t)
dt

 =

−60 0 0 0

0 −60 0 0
0 0 −60 0
0 0 0 −60




x̂1(t)
x̂2(t)
x̂3(t)
x̂4(t)

+


w11(t) 0 0 0
0 w22(t) 0 0
0 0 w33(t) 0
0 0 0 w44(t)



σ1(x̂1(t))
σ2(x̂2(t))
σ3(x̂3(t))
σ4(x̂4(t))

 (1)

The rate of learning P in the adaptation law given by Equation (4) was fixed as P = 100× I4×4.
This structure is used for each segment of the colon; trajectories of adaptable weights W(t) are the
difference between each section of the colon. Figure 3 shows the comparison between the original data
and the identified system in the case of the descending colon section of the fructan-supplemented system.
Figure 4 shows the trajectories of the adaptable weights as well as the norm of the nonparametric
identification error for the descending colon section fed with the fructan-supplemented diet. Equivalent
results were obtained for each segment of the colon.
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Figure 4. Trajectories of the adaptable weights and of the norm of the identification error for the
descending colon for the fructan-supplemented system; convergence was obtained in a period shorter
than 0.25 h.

Given that the objective of this study was to determine the microbial indication parameters as
described by the gLV model structure applying the DNN for nonparametric identification of the

dynamic behavior of the microbial consortium, the identified set of equations dx̂(t)
dt = f (x̂(t),

∣∣∣W1(t))
and considering the structure of the gLV in Equation (6), the optimization problem given in Equation (7)
was solved for each colon segment and for both the control and the fructan-supplemented system,
at point in time (t), creating a time series for the estimated parameters αi(t), βi j(t). A solution for
the optimization problem was found for every integer value of time t of the experiment; therefore,
211 solutions were found for the 210 h of the experiment for each colon segment and for both the
control and the fructan-supplemented system (See Table 1).

2.3. Analysis of Microbial Interaction Parameters

As stated above, the parameters were determined as time series vectors. Table 1 shows the
mean values for the time series vectors of the estimated taxon-specific growth rates αi, as well as
the intraspecific (βii) and interspecific (βij) gLV impact coefficients for all genera analyzed. Different
values were observed for the gLV model coefficients when agave fructans were administered; therefore,
prebiotics not only stimulated the growth of probiotics but also modulated microbial interactions,
as previously suggested by Medina et al. [61].

Section 2.3.1 focusses on the evolution of the gLV coefficients for Lactobacillus spp. and examines
unidirectional impacts of the four genera on Lactobacillus spp. (the β1j for j = 1,2,3,4) as an example,
as well as analyzing the modulating effect of agave fructans on these microbial interactions. Specifically,
Figure 4 exemplifies the variation of the gLV coefficients over time by presenting the evolution trend
and the box plot of the specific growth rates (αi) for Lactobacillus spp. for the different colon sections of
the control system and the fructan-supplemented system.

Since the gLV model considers the impact of one population on another using pairwise
unidirectional impact coefficients but cannot explicitly capture the type of interaction occurring
between community members, Section 2.3.2 presents the analysis of bidirectional microbial interactions
by comparing the respective βij and βji coefficients (Table 2) in order to determine the type of interaction
between genera.

Section 2.3.3 presents a graphical representation of bidirectional interactions between Lactobacillus
spp. and the other genera (Bifidobacterium spp., Salmonella spp. and Clostridium spp.). As an example,
each of the five terms of the gLV differential equation describing the growth of Lactobacillus spp. in the
ascending colon section following the administration of inulin-type fructans are presented.
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2.3.1. Unidirectional Impact Analysis

The mean specific growth rates of Lactobacillus spp. α1 were significantly higher (p < 0.05) in the
transverse and descending colon sections of the fructan-supplemented system in comparison to the
control system, as shown in Figure 5. The mean specific growth rates of Lactobacillus spp. for all colon
sections were within the range of 1.788 < α1 < 3.642 1 when no fructans were supplied and within the
range 1.864 1 < α1 < 5.201 when fructans were supplied (Table 2). Higher values were obtained when
agave fructans were administered, meaning that, in the absence of interactions, a higher growth rate
can be expected for Lactobacillus spp. following fructan administrations. These results match what is
set out in the literature reporting the prebiotic effect of inulin-type fructans [23] and agave fructans [34].

The analysis of the β11 coefficients revealed that Lactobacillus spp. experienced intraspecific
cooperation, since β11 > 0 for all cases (Table 2), although the strength of intraspecific cooperation in
all colon sections was observed to be significantly higher (p < 0.05) for the control system (0.553 < β11 <

1.459) in comparison to the fructan-supplemented system (0.008 < β11 < 1.039). Inulin-type fructans
are known to have a prebiotic effect, as they selectively stimulate the growth of Lactobacillus spp. and
Bifidobacterium spp. [23]. Therefore, a lower intraspecific cooperation strength would be expected when
these carbohydrates are added to a mixed culture where they have a specific colonic fermentation
directed toward these genera.

The gLV impact coefficients also showed Bifidobacterium spp. having a positive impact on
Lactobacillus spp., as shown by the values of β12 > 0 in Table 1. The impact of Bifidobacterium spp. on
Lactobacillus spp. was significantly higher in the ascending colon section for the fructan-supplemented
system in comparison with the control system (p < 0.05). Conversely, this impact was higher
in the transverse and descending colon sections of the control system in comparison to the
fructan-supplemented system (p < 0.05). It has been suggested that Bifidobacterium spp. shows
no degradation of long-chain inulin-type fructans, and Lactobacillus spp. might be responsible for the
degradation of such fructans, leading to the extracellular accumulation of shorter fractions that can
then be degraded by Bifidobacterium spp. [30]. In this sense, most of the fermentative metabolism that
took place in the ascending colon was associated with Lactobacillus spp., which in turn degraded the
longer chain fructans for further metabolization by Bifidobacterium spp.

The impact that Salmonella spp. had on Lactobacillus spp. was positive (β13 > 0) and close to
neutral, in some cases (β13 ≈ 0). A significantly stronger impact β13 (p < 0.05) was found for the
fructan-supplemented system in comparison to the control system in the ascending colon section,
while the opposite was found for the transverse colon. No significant differences were found when
comparing the descending colon section in the control and experimental systems. The impact of
Clostridium spp. on Lactobacillus spp. was negative, according to the values of β14 < 0, although a more
neutral impact (closer to 0) was observed as the digestion progressed along the colon sections when agave
fructans were administered. The transverse and descending colon sections of the fructan-supplemented
system presented lower (negative) impacts (β14) in comparison to those observed for the control system
(p < 0.05).
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Table 1. Mean values for the estimated taxon-specific growth rates αi, as well as the intraspecific (βii)
and interspecific (βij) interaction coefficients of the generalized Lotka-Volterra (gLV) model.

Colon Section Ascending Colon Transverse Colon Descending Colon

Treatment Control Fructans Control Fructans Control Fructans

Lactobacillus spp.

α1 1.788 ± 0.797 1.864 ± 0.667 1.331 ± 1.304 3.142 ± 2.962 * 3.642 ± 1.265 5.201 ± 4.747 *
β11 0.929 ± 0.281 * 0.620 ± 0.141 0.553 ± 0.280 * 0.008 ± 0.015 1.459 ± 0.439 0.039 ± 1.928 *
β12 1.318 ± 0.913 1.565 ± 0.325 * 1.576 ± 1.645 * 0.010 ± 0.008 0.406 ± 0.132 * 0.237 ± 0.202
β13 1.163 ± 0.516 1.328 ± 0.290 * 2.362 ± 2.296 * 0.029 ± 0.337 0.188 ± 0.051 0.170 ± 0.190
β14 −0.374 ± 0.125 * −0.493 ± 0.136 −0.452 ± 0.182 −0.001 ± 0.018 * −0.379 ± 0.130 −0.079 ± 0.151 *

Bifidobacterium spp.

α2 1.152 ± 0.380 2.068 ± 0.612 2.158 ± 1.102 3.317 ± 4.295 2.743 ± 0.770 3.295 ± 3.542
β21 1.064 ± 0.313 0.511 ± 0.129 0.681 ± 0.392 0.077 ± 0.092 1.555 ± 0.437 0.336 ± 0.368
β22 1.218 ± 0.379 1.461 ± 0.336 1.085 ± 0.523 0.279 ± 0.316 0.252 ± 0.068 0.066 ± 0.118
β23 1.109 ± 0.364 1.209 ± 0.315 1.453 ± 0.533 0.861 ± 1.193 0.167 ± 0.062 0.097 ± 0.060
β24 −0.378 ± 0.143 −0.430 ± 0.125 −0.350 ± 0.144 −0.083 ± 0.069 −0.312 ± 0.075 −0.023 ± 0.050

Salmonella spp.

α3 1.869 ± 0.697 2.313 ± 0.738 1.051 ± 0.635 2.800 ± 9.005 2.052 ± 0.753 2.678 ± 4.782
β31 0.936 ± 0.294 0.227 ± 0.089 0.567 ± 0.277 0.094 ± 0.084 1.709 ± 0.497 0.121 ± 0.708
β32 1.226 ± 0.383 1.382 ± 0.310 0.452 ± 0.174 0.198 ± 0.822 0.369 ± 0.101 0.051 ± 0.045
β33 1.203 ± 0.353 1.382 ± 0.429 1.203 ± 0.553 1.452 ± 1.557 0.193 ± 0.057 0.043 ± 0.082
β34 −0.372 ± 0.119 −0.322 ± 0.104 −0.246 ± 0.140 −0.176 ± 0.137 −0.400 ± 0.106 0.013 ± 0.018

Clostridium spp.

α4 1.607 ± 1.607 2.302 ± 0.592 2.657 ± 0.966 2.665 ± 3.124 2.802 ± 0.782 2.088 ± 4.116
β41 1.326 ± 0.0.554 0.865 ± 0.366 1.063 ± 0.458 0.360 ± 0.679 1.827 ± 0.561 0.341 ± 0.810
β42 1.894 ± 0.622 1.399 ± 0.449 0.831 ± 0.523 1.674 ± 1.986 0.776 ± 0.247 0.510 ± 0.921
β43 0.944 ± 0.469 1.417 ± 0.396 1.208 ± 0.544 1.465 ± 3.279 0.518 ± 0.154 0.489 ± 0.583
β44 −0.481 ± 0.0.194 −0.336 ± 0.158 −0.370 ± 0.160 −0.451 ± 0.459 −0.015 ± 0.259 −0.685 ± 0.517

αi are reported in h−1, and βii and βij are reported in mL UFC−1 h−1. * Significant difference between the mean
estimated parameter when fructans WERE administered, and the mean estimated parameter when fructans WERE
NOT administered for a specific colon section. * denotes the largest parameter in absolute values.
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Table 2. Average difference of the parameters βij- βji between every pair of genera i and j in each colon section, type of bidirectional interaction and the genus that was
most benefited or affected by the interaction.

Colon Section Ascending Colon Transverse Colon Descending Colon

Interaction
Parameters Difference Average Difference Interaction Observation Average Difference Interaction Observation Average Difference Interaction Observation

β12-β21 1.054 * Mutualism
(+/+)

Lactobacillus spp.
(most benefited) −0.067 * Neutralism

(0/0)
Both effects are
negligible <0.1 −0.099 * Mutualism

(+/+)
Bifidobacterium spp.

(most benefited)

β13-β31 1.101 * Mutualism
(+/+)

Lactobacillus spp.
(most benefited) −0.084 * Neutralism

(0/0)
Both effects are
negligible <0.1 −0.049 Neutralism

(+/+) Equally benefitted

|β14|-β41 −0.372 * Antagonism
(−/+)

Clostridium spp.
(is benefited) −0.359 * Commensalism

(0/+)
Clostridium spp.

(is benefited) −0.262 * Commensalism
(0/+)

Clostridium spp.
(is benefited)

β23-β32 −0.173 * Mutualism
(+/+)

Salmonella spp.
(most benefited) 0.663 * Mutualism

(+/+)
Bifidobacterium spp.

(most benefited) 0.046 * Neutralism
(0/0)

Both effects are
negligible <0.1

|β24|-β42 −0.969 * Antagonism
(−/+)

Clostridium spp.
(is benefited) −1.591 * Commensalism

(0/+)
Clostridium spp.

(is benefited) −0.487 * Commensalism
(0/+)

Clostridium spp.
(is benefited)

|β34|-β43 −1.095 * Antagonism
(−/+)

Clostridium spp.
(is benefited) −1.289 * Antagonism

(−/+)
Clostridium spp.

(is benefited) −0.476 * Commensalism
(0/+)

Clostridium spp.
(is benefited)

* Significant differences determined by the time-paired t-test.
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2.3.2. Analysis of Bidirectional Microbial Interactions for the Fructan-Supplemented System

The analysis of the difference between pair-wise interaction coefficients, β12 and β21, revealed
a mutualistic relationship (+/+) between Lactobacillus spp. and Bifidobacterium spp. for the ascending
and transverse colon sections of the fructan-supplemented experimental system (Table 2). No negative
impacts were observed for this pair of genera in any colon section as shown by the values of
β12 and β21. This mutualistic relationship has been previously suggested for this pair of genera
that have been reported to cooperate for the degradation of inulin-type fructans and carry out
cross-feeding interactions [30,62]. The ability of specific strains of Lactobacillus spp. to degrade
inulin-type fructans has been suggested to be an important competitive advantage for surviving in
the colon environment [30,63,64]. It has also been suggested that Bifidobacterium spp. are able to
break down and utilize inulin-type fructans because they possess the β-fructofuranosidase enzyme,
which provides a competitive advantage in a mixed culture environment such as the human gut [25].
This might be the reason why, in this study, as the digestion progressed along the colon sections,
the mutualistic interaction between Lactobacillus spp. and Bifidobacterium spp. became more neutral.

A mutualistic relationship (+/+) was also found between Lactobacillus spp. and Salmonella
spp., and between Bifidobacterium spp. and Salmonella spp., in the ascending colon section of the
fructan-supplemented system—as shown by the differences β13-β31 and β23-β32 (Table 2)—although
these interactions evolved into neutralism (0/0) as digestion progressed throughout the colon sections.
Therefore, agave fructans modulated microbial interaction to foster conditions that were less favorable
for Salmonella spp. proliferation. Other studies have suggested that specific strains of Lactobacillus spp.
and Bifidobacterium spp. exert an antagonistic pressure against intestinal pathogens [65–69]. Similarly,
the antagonistic relationship (+/−) exerted by Clostridium spp. on Lactobacillus spp. and Bifidobacterium
spp. was modulated to commensalism (+/0), which affects the growth of the probiotic Lactobacillus spp.
and Bifidobacterium spp. genera to a lesser degree.

The results obtained here may vary from those found in the literature, because in this study,
a more complex mixed culture was used (microbiota present in human feces), but only four particular
populations and the interactions between them were analyzed, whereas the cited studies used cocultures
of only two species. As suggested by Smid and Lacroix [4] and Garcia [1], more complex mixed cultures
perform more complex activities as compared to less complex cultures, as a result of the intricate
interactions among the community members.

While microbial interactions are one of the primary factors shaping the structure, function and
dynamics of microbial communities, these are mediated by complex mechanisms [35]. The analysis
of interaction mechanisms was outside the scope of this study. However, the mechanisms used
by Lactobacillus spp. and Bifidobacterium spp. to produce antimicrobial gastrointestinal activity
against pathogenic Salmonella spp. and Clostridium spp. have been suggested to be multifactorial,
including mediation by metabolites such as acetic and lactic acid (which modify the pH of the
gastrointestinal environment), modification of the oxidation-reduction potential, production of
bacteriocin-like inhibitory substances, competitive inhibition of epithelial and mucosal adherence and
competition for substrates, among others [67–70].

2.3.3. Graphical Representation of Bidirectional Interactions

As an example of a bidirectional interaction, Figure 6 shows the evolution of parameters β12 and
β21, which are the interspecific interaction parameters representing the effect of Bifidobacterium spp. on
Lactobacillus spp. and the effect of Bifidobacterium spp. on Lactobacillus spp. in the fructan-supplemented
system, respectively. Both parameters are generally greater than 0 throughout the full experimental
period in all colon sections (β12 and β21 > 0); therefore, there was a mutualistic relationship, although
Bifidobacterium spp. was found to have a higher positive impact on Lactobacillus spp. (β12 > β21) in the
ascending colon section. The opposite was found for the transverse and descending colons, where
Lactobacillus spp. had a higher positive impact on Bifidobacterium spp. (β21 > β12). These findings might
be related to the fact that fructan fractions with higher degrees of polymerization are more likely to reach
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the transverse and descending colon section than fructans with lower degrees of polymerization. It has
been suggested that Lactobacillus spp. is useful in increasing substrate availability for Bifidobacterium
spp., as the latter displays no degradation of long-chain inulin-type fructans [30].
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Figure 6. β12 (blue) and β21 (red) parameter trends.

Figure 7 shows the evolution of the different terms of the nonlinear differential equation that
together describe the population dynamics of the Lactobacillus spp. counts over time for each of the
analyzed genera and for all colon sections of the fructan-supplemented experimental system. Each of
the five terms has a simple and intuitive interpretation: they represent the specific growth of genera i
(αixi), the intraspecific interactions (βiixixi) and the interspecific interactions (βi jxix j). This graphical
representation illustrates how the growth dynamics are significantly impacted by microbial interactions.

The specific growth rate was found to have the smallest contribution to the population growth
dynamics of Lactobacillus spp. The intraspecific cooperation of Lactobacillus spp. (β11x1x1) had a higher
contribution to the change in abundance of Lactobacillus spp. than the interspecific cooperation
between Lactobacillus spp. and Bifidobacterium spp. (β12x1x2) and the interspecific cooperation
between Lactobacillus spp. and Salmonella spp. (β13x1x3) (β11x1x1 > β12x1x2 > β13x1x3). Additionally,
Figure 7 shows the contribution of the antagonistic interaction between Lactobacillus spp. and
Clostridium spp. (β14x1x4).

dx1(t)
dt

= α1x1(t) + β11(x1(t))
2 + β12x1(t)x2(t) + β13x1(t)x3(t) + β14x1(t)x4(t) (2)
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3. Materials and Methods

3.1. Agave Fructans

Agave fructans from Agave tequilana Weber var. azul (Nutriagaves de México SA de CV,
Guadalajara, Mexico) were used in this study. Olifructine is a mixture of 67% fructans with a degree of
polymerization of 16% and 23% fructooligosaccharides. The remaining 10% consists of monosaccharides
(8%) and disaccharides (2%).

3.2. Conditioning the Experimental System

The gastrointestinal tract simulator ARIS (Automatic and Robotic Intestinal System) was used
to examine the microbial interactions (Figure 8). It consists of five reactors representing the different
sections of the digestive tract: stomach, small intestine, ascending colon, transverse colon and
descending colon [54]. The pH was adjusted before the evaluation and throughout the whole experiment
for all five reactors of the system, as previously described by García-Gamboa et al. [54]. The system
was conditioned by adjusting the pH in each section with 3-M NaOH or 0.5-M HCL. The temperature
was kept at 37 ◦C, and the vessels were stirred magnetically at 120 rpm.
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Fresh fecal microbiota from 20 healthy volunteers between 18 and 55 years of age was inoculated
to the ascending, transverse and descending colon sections of the ARIS system. The volunteers had
no history of antibiotic treatment within the three months preceding sample collection. Samples
were processed and inoculated into each reactor vessel of the colon sections, as previously described
by García-Gamboa et al. [54]. Since the microbial community had to differentiate in each colon
section according to its environmental conditions, a two-week stabilization period was allowed after
inoculation [54].

Reactor volumes and residence times in each section were established according to human
physiology [27,44,54,71]. All conditions are shown in Figure 8.

The stability of the various compartments was maintained throughout the whole experiment.
Heating plates were used to keep all vessels at a constant 37 ◦C, and agitation was carried out using
magnetic stirring. The stomach section was continuously stirred at 120 rpm, and pH was adjusted to
a range of 2.0–2.5. For the small intestine, the pH was adjusted to 5.0–5.5 and continuously stirred at
60 rpm. For the three following sections (ascending colon, transverse colon and descending colon),
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pH was adjusted to the ranges of 5.5–6.0, 6.0–6.5 and 6.5, respectively. Stirring in these sections was at
120 rpm. [54,71–73].

3.3. Ex-Vivo Simulations

To evaluate the within-run reproducibility, as well as the between-run repeatability of the ARIS
system, two runs (biological replicates) fed with a standard diet (200 mL/day; control system) and two
more runs fed with the standard diet supplemented with agave fructans (1 g/day; fructan-supplemented
system) were carried out in parallel in four twin systems, and all plate counts were performed in
triplicate (technical replicates). To ensure the results would be comparable across the four different
runs, reactors were inoculated with bacteria from the same fecal sample, respectively (ascending colon,
transverse colon and descending colon), and initial counts were carried out to establish comparable
initial conditions.

The composition of the standard diet was 65% carbohydrates (50% sucrose and 50% corn
starch), 15% protein (casein peptone) and 20% lipids (corn oil), as previously reported by
García-Gamboa et al. [54].

Both the control system and the fructan-supplemented system were fed every 24 h. Both the
standard diet (in the case of the control system) and the standard diet supplemented with fructans
(for the experimental system) were fed to the stomach reactor together with a pepsin solution (0.33-g
porcine gastric enzyme/200-mL feed; Sigma-Aldrich, St. Louis, MO, USA) to start the digestion process
in the stomach; there, the sample was continually stirred for two hours. When the digestion in the
stomach was completed, its contents were fed to the small intestine reactor together with 100 mL of
a solution of pancreatic enzyme mixture (0.0001-g lipase/200-mL feed and 0.19-g protease/200-mL
feed; Sigma Aldrich, St. Louis, MO, USA) and 1 g of bile salts extract/200-mL feed (Sigma Aldrich,
St. Louis, MO, USA). The mixture was stirred for 4 h. Afterward, the contents of the small intestine were
administered to the colon sections. The complete digestion lasted 72 h [38]. Nine complete digestions
were carried out for each experimental run. The reactors—the ascending, transverse and descending
colon sections—were kept on a fed-batch regime, since the feed was added to each fermenter every
24 h throughout the whole fermentation process. Every 24 h, 300 mL of the culture suspension were
removed. The volumes of these reactors were kept constant throughout the whole experiment, as the
amount of feed was equal to the effluent (300 mL). Samples were taken every 24 h from the ascending,
transverse and descending colons for 216 h (9 days) just before each reactor was fed. The entire
experiment lasted 11 days. The sampling procedure is shown in Figure 9.
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The gut microbiota subsystem that was analyzed consisted of four microbial genera; therefore,
there are four time series vectors (×1, ×2, ×3 and ×4), each with a length of 10 values, resulting
from the growth experiments for each colonic section and for both the control system and the
fructan-supplemented system. In total, 24 vectors were obtained. The colony-forming units (CFU) of
bacteria of the genera Lactobacillus spp., Bifidobacterium spp., Salmonella spp. and Clostridium spp. were
quantified by doing plate counts. Selective or differential medium was used for all cases, as previously
reported by García-Gamboa et al. [38]. In the case of Lactobacillus spp., bacterial counts were done using
DeMan, Rogosa and Sharpe (MRS) media (BIOXON) (24 h, microaerophilic). For Bifidobacterium spp.
counts, selective medium was used (BSM) (Sigma Aldrich) (48 h, anaerobic). In the case of Salmonella
spp., the medium used was lysine iron agar (LIA) (Sigma Aldrich) (24 h, microaerophilic). Finally,
tryptose Sulfite cycloserine (TSC) (Sigma Aldrich) was used for Clostridium spp. (48 h, anaerobic).
Each plate count was performed in triplicate, and the mean value of six measurements (three replicates
for each of the duplicate fermentations) was reported.

3.4. Analysis of Microbial Interactions

This section describes the procedure for applying a DNN for the nonparametric identification
of the gLV model for the microbial genera. First, the class of nonparametric continuous nonlinear
system is presented. Then, the common DNN identifier structure depending on an adaptation law
is given, in order to obtain an approximation of the state x̂(t) (the populations at time t) and its

respective derivative dx̂(t)
dt (the growth rate or dynamic behavior). The gLV model is then considered to

describe the microbial dynamics by means of a set of interaction coefficients that are estimated using
the Nelder-Mead optimization algorithm.

3.4.1. General Dynamic System Structure for the Dynamic Microbiota

For the nonparametric identification of the dynamic microbial interactions, the gut microbiota
subsystem was represented by the general class of continuous nonlinear systems, set out by the
following set of ordinary differential equations:

dx(t)
dt = f (x(t), u(t)) + ξ(t)

y(t) = Cx(t) + η(t)
(3)

With a given initial condition x(t0) and where x(t)εRn is the state vector at time t ≥ t0, for our
case, x(t)εR4 with components, x1(t) = Lactobacillus spp. abundance, x2(t) = Bifidobacterium spp.
abundance, x3(t) = Salmonella spp. abundance and x4(t) = Clostridium spp. abundance, at current time
t. For the general case (fed-batch and continuous configurations), u(t)εRr(r ≤ n) is the input vector
and belongs to the admissible set Uadm =

{
u(t) :‖ u(t) ‖≤ Υu < ∞

}
. In the case reported in this study,

the experimental set-up corresponds to a batch culture, where no input-output flow was considered;
as has been explained, the volume was kept constant, as the feed was equal to the effluent (300 mL)
exclusively at t0 at the feed time of each section according to the procedure set out in Figure 8. For that
reason, we have set u(t) ≡ 0 ∀ t, considering measurable the initial conditions of state vector x(t0).
The ξ(t)εRn is an additive bounded vector of deterministic noise affecting the state vector. y(t)εRm is
the system output, with known matrix CεRm×n defining the state-output transformation, and η(t)εRm

is an additive noise affecting the output. In the case of the nonparametric identification of this system,
the full state vector was available after the experiment; then, C = IεR4×4, where I is the identity matrix.

3.4.2. Nonparametric System Identification of the Dynamic Microbial Behavior by a Differential
Neural Network

Nonparametric identification by a differential neural network approach implies that the
right-hand side f (x(t), u(t)) of the nonlinear dynamic system (Equation (3)) can be approximated by
f (x(t), u(t)

∣∣∣W(t)), where fεRn defines the approximation mapping depending on the time-varying
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parameters W(t) (weights), which must be adjusted by a concrete adaptation law. This approximation
of f (x(t), u(t)

∣∣∣W(t)) involves two parts: the first one is approximated by a Hurwitz matrix, AεRn×n,
with constant components, and W1(t)σ(x(t)) are variable time parameters, W1(t), with sigmoid
multipliers σ(x(t)); and the second part is approximated by variable time parameters, W2(t);
with multipliers, ϕ(x(t)) [45], this is:

f (x(t), u(t)
∣∣∣W1,2(t))Ax(t) + W1(t)σ(x(t)) + W2(t)ϕ(x(t))u(t) (4)

where AεRn×n, W1(t)εRn×p, σ(·)εRp×1, W2(t)εRn×q and ϕ(·)εRq×r. The activation vector function σ(·)
and matrix-function ϕ(·) are usually selected as functions with sigmoid-type components; however,
different families of orthogonal functions can be considered. The constant parameters A, as well
as the time-varying parameters Wi(t), i = 1, 2, should be properly adjusted to guarantee a correct
state approximation. For the case of our experimental setup (batch), considering u(t) ≡ 0 and
x̂(t)εR4, the DNN identifier has the following structure:

dx̂(t)
dt

= f (x̂(t),
∣∣∣W1(t)) = Ax̂(t) + W1(t)σ(x̂(t)) (5)

where x̂(t)εR4 is the identified state vector, where each element is the identification of the current
abundance at time t for each microorganism. Matrix, W1(t), provides the adaptation of the nominal
dynamics and is given by the solution of the following set of differential equations (adaptation law).
Such a structure is derived by the stability analysis of identification error [74].

.
W1(t) = −(2k)−1PΩ1(x̂(t), x̂(t− h(t)))σ(x̂(t))ᵀ + (2k)−1Ŵ1(t)

Ω1(x̂(t), x̂(t− h(t))) = 2δ(t− h(t)) + Ŵ1(t) σ(x̂(t))
(6)

where δ(t)x̂(t) − x(t) is the identification error, Ŵ1(t) = W1(t) − Ŵ1, for a given constant Ŵ1,
the adaptation rates k > 0εR and PεRn×n, P = Pᵀ.

3.4.3. Study of Microbial Interactions with Generalized Lotka-Volterrra Model

The generalized Lotka-Volterra model Equation (7) was used to model the changes of genera
abundances over time, as its structure makes it possible to analyze microbial community interactions.

dxi(t)
dt

= xi(t)

αi +
n∑

j=1

βi jx j(t)

 (7)

The αi coefficients denote the taxon-specific growth rate functions of genus i in the absence of the
effects of other microbial genera. The βii coefficients express the impacts of genera i on other members of
the same genera. The βij impact coefficients express the impact of genus j on genus i (between genera),
thus representing the impact of the presence of one genus on the growth of another [75]. The set of
coefficients (αi, βi j) were derived from the experimental data, following the approach implemented by
Gradilla-Hernández et al. [49].

3.4.4. Identification of the gLV Model Parameters Applying the DNN Identifier and the Nelder-Mead
Optimization Algorithm

Experimental time series representing the genera abundances were used for the DNN identification.
After the process given by Equation (5) and the adaptation law given by Equation (4), the following set
of differential equations representing the dynamic change of abundances were obtained:

dx̂(t)
dt

= f (x̂(t),
∣∣∣W1(t)). (8)
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As can be seen, the gLV model satisfies the general dynamic system structure set out by Equation (1);
considering u(t) ≡ 0 and noise absence ξ(t) = 0, this is:

f (x(t)) = xi(t)

αi +
n∑

j=1

βi jx j(t)

 (9)

In order to obtain the set of parameters (αi, βi j), the following optimization problem was set:

k∗ =
argmin
αi, βi j

‖ f (x̂(t),
∣∣∣W1(t)) − f (x(t)) ‖22 (10)

where k∗ is the vector of the estimated parameters. To solve the optimization problem, the Nelder-Mead
algorithm was applied. This algorithm has been widely used to solve parameter estimation problems,
since it minimizes a nonlinear function of n variables. It has proved to be a robust method with respect
to the local minima and has reasonable convergence speed [76,77].

3.4.5. Unidirectional Impact Analysis

The gLV model coefficients were estimated for both the control system and the
fructan-supplemented system for each of the colon sections. This method allowed for the quantification
of unidirectional microbial impacts that describe community dynamics. These interaction coefficients
characterize the impact of genera j on i. Specifically, βij > 0 stands for stimulation, and βij < 0 stands
for inhibition [75]. A neutral or negligible impact is indicated by βij = 0. In this study, whenever the βij
mean values were below 0.1 in the absolute value, the impact was regarded as neutral.

3.4.6. Bidirectional Interaction Analysis

Mutual impacts—βij and βij—were analyzed in conjunction in order to determine the types of
bidirectional interaction occurring in the mixed culture (mutualism, competition, commensalism,
amensalism or antagonism). Whenever the mean values of βij and βji were both below 0.1 (in the
absolute value), the relationship was regarded as neutralism (0/0). Conversely, if only one of these
coefficients was higher than 0.1 (in absolute value) and the other one was below 0.1 (in absolute value),
the association was regarded as unidirectional: (commensalism +/0 or amensalism −/0). If both βij
and βij were higher than 0.1 (in absolute value), the interaction was regarded as bidirectional, and the
average difference between coefficients βij and βij was used to determine which of the genus benefitted
the most from a mutualistic (+/+) relationship or was most affected by a competitive (−/−) relationship.
Finally, if an antagonistic (+/−) interaction was found (βij > 0 and βji < 0 or vice versa), the genus that
received the impact of greatest strength was identified. Figure 10 synthesizes the analysis performed
for unidirectional impacts and bidirectional interactions.
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3.4.7. Statistical Analysis

Time paired t-tests were performed at two different moments during the overall analysis.
First, plate counts were compared between the fructan-supplemented system and the control
system for each genus and each colon section, and boxplots were used to visualize this comparison.
Then, bidirectional microbial interactions were compared using the βij and βji time-paired values
(i, j = 1,2,3,4 I , j) for all genera. These coefficients were directly compared given that they multiply
the same population species functions (xi(t) and xj(t)). To compare these time paired values, a t-test
was performed assuming that the means of βij and βji were equal. The difference Dij = βij − βji at each
time was calculated, and Dij was assumed to be a random variable normally distributed with mean 0.
The hypothesis about this mean value was then tested using a one-sample t-test.

MATLAB R2019a was used to fit the growth curve for each genus (using the Curve Fitting toolbox),
as well as to develop the DNN algorithm (using the Simulink toolbox) and to estimate interaction
parameters (using the fminsearch function). The statistical analysis was performed using R version
3.6.2 and RStudio version 1.2.5033 (using the RcmdrMisc, dplyr, ggplot2 and tidyverse packages).
A personal computer (Intel i7-4500 CPU at 2.4 GHz, RAM 8GB) was used.

In order to reach the numerical solution of the system involved in the DNN identifier
Equations (3) and (4), the Runge-Kutta 4th order method was used, with a fixed step of size 0.001.
The nonparametric identification of the system took on average two minutes for each colon section of
the control and the fructan-supplemented system (giving a total of 6 DNN identifiers). For optimization,
it took about 8 h for each of the 6 colon section-control system and colon section-fructan-supplemented
system combinations. The time interval from 0.5 to 21 h was subdivided into 204 subintervals of length
0.1 in order to estimate the parameters at each moment in time. Figure 11 summarizes the complete
experimental set-up and modeling approach for examining microbial interactions.
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4. Conclusions

In this study, a novel strategy to characterize microbial community dynamics was proposed.
The growth kinetics of four representative human gut genera were followed as a subsample of the gut
microbiota, and their interactions were examined under controlled conditions in a gastrointestinal
gut simulator. The strategy proposed here, combining a nonparametric system identification and
an optimization technique, was applied satisfactorily to gain quantitative and qualitative knowledge
of a broad spectrum of microbial interactions in the gut community, as described by the gLV model.
Furthermore, this strategy makes it possible to ascertain that microbial interactions were modulated
when agave fructans were administered.

This strategy for parameter estimation may be further used to gain knowledge of microbial
interactions in mixed cultures—using the gLV model or other microbial interaction models and
experimental approaches—as this information is crucial for optimizing mixed microbial cultures to
perform certain processes, such as environmental bioremediation or modulation of gut microbiota,
and to predict their dynamics.

Further studies using this strategy should also focus on the quantification of microbial abundances
and metabolites and the application of mechanistic models based on material balances, like the
Chemostat equations, which account for the underlying interaction mechanisms and describe more
complex dynamic behavior. Additionally, the strategy proposed here could be used to estimate the
parameters of metabolic models (e.g., specific growth rate or reaction rate constants).

This study analyzed the dynamics of a subsample of the human gut microbiota, as it is difficult to
track each member of the community in fecal samples. While these genera are representative of gut
microbiota, the dynamics of other important populations within the community were not observed.
Additionally, this study worked at genera-level, and there is still a need to account for behavior
at the species-level. Further efforts should use similar ex vivo approaches to fit the gLV model or
other mathematical models for high-resolution time-series sequencing data and to investigate the
dynamics of the gut microbial community in its entirety. Alternatively, future research should use
similar strategies to examine microbial interactions within simpler communities of known composition
created from monocultures using representative members of the colonic microbial community to gain
more knowledge about the metabolic interactions of gut populations and how they shape the dynamics
of the entire community.
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