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Oral microbial diversity plays an important role on oral health maintenance. However, there are only few kinds of substrates
available for the microbial flora in oral cavity, and it still remains unclear why oral microbial diversity can be formed and sustained
without obvious competitive exclusion. Based on experimental phenomena and data, a new hypothesis was proposed, namely, the
decomposition product negative feedback regulation on microbial population size and microbial delay responses including
reproductive, reaction, interspecific competition, and substrate decomposition delay responses induced by oral immunity.
According to hypothesis and its cellular automata (CA) model, the CA simulation results sufficiently proved that the de-
composition product negative feedback regulation and four microbial delay responses could significantly alleviate the interspecific
competitions and inhibit the emergence of dominant species, causing the formation and sustenance of oral microbial diversity.

This study could also offer effective guidance of prevention and treatment of oral cavity diseases.

1. Introduction

As is known, oral microorganisms are one of the five major
microbial florae of the human body, oral microbial diversity
is an important indicator to evaluate the oral health status of
people, and simultaneously, it also closely related to systemic
diseases occurrence, such as digestive system [1], movement
system [2], nervous system [3, 4], and circulatory system [5],
playing a significant role in our health care [6].

Oral microorganisms come mainly from outside envi-
ronment through the air, water, and food and colonize
different places of oral cavity, such as saliva, gingiva, and oral
walls. Compared with substrates in natural environments,
however, the types and amounts of substrates in oral cavity
can provide for microbial growth is extremely limited.
According to the competitive exclusion principle in ecology,
microbial species would have to compete fiercely over few

varieties of substrates under this circumstance, and only a
few microbial species can coexist via substrate niche dif-
ferentiation, which is unfavorable for microbial diversity
[7, 8]. Why oral microbial diversity can be formed and
maintained in a way apparently violating competitive ex-
clusion principle remains mysterious so far [9].

In the research, 50 mixed-gender athletes with healthy
oral cavity were randomly selected as testers, and the
abundance, intracellular triglycerides, and specific growth
rates of the five common genera, Streptococcus, Prevotella,
Haemophilus, Rothia, and Veillonella were analyzed and
obtained through periodical sampling from their oral floras.
The results show that intracellular triglycerides of all genera
were significantly higher than their homogenous genera in
natural environment, and it has been reported that the
microbial species could only utilize the intracellular energy
substances to grow independent of ambient substrates
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(Wilkinson, 1963). Nevertheless, there were quite different
specific growth rates between genera, and the abundances
consistently stayed in unstable states with a tendency of
asynchronously convergent fluctuations and low Simpson «
diversity index. Through these experimental phenomena
and data, two fundamental oral microbial delay responses
including reproductive delay and reaction delay were
identified based on delay logistic equation and digital
simulation, which are inevitably accompanied by other two
delay responses, i.e., interspecific competition delay and
LMOM decomposition delay according microbial ecology.

As we know that microbes need to break down large
molecular organic matters (LMOMs) into small molecular
organic matters (SMOM:s) that can be directly absorbed and
assimilated by cells, such as starches and celluloses were
broken down into monosaccharides and oligosaccharides,
proteins into oligopeptides and amino acids, fat into glycerol
and fatty acids. The processes of decomposing LMOM:s into
SMOMs need to greatly consume metabolic energy and
often take place in the extracellular environments, whereas
SMOMs are absorbed and assimilated inside the cells.
Hence, SMOM:s could be considered as the public goods that
could directly be utilized by all microbial species [10, 11].

Therefore, in the article, a new dynamic mechanism of
oral microbial diversity formation and maintenance was put
forward as follows:

According to adaptabilities to the oral environment, the
oral microbial species could be divided to two types, col-
laborators and scammers. As colonized in oral cavity, col-
laborators could well adapt to oral environment and get an
enhanced LMOM decomposition ability, resulting in
accelerated growth of collaborator populations, and simul-
taneously more SMOM:s can also be produced. In contrast,
scammers cannot acclimate to the oral environment without
enhancement of LMOM decomposition capacities. As the
collaborators and scammers are combined into an oral mi-
crobial flora, the scammers might be more prone to utilizing
these ready-made SMOMs produced by collaborators. Since
the collaborators would have to entail the high cost of
LMOM decomposition, the scammers would pay nothing to
obtain SMOMs; hence, scammers could easily win in the
interspecific competition and competitively exclude col-
laborators gradually [12]. Once the population of collabo-
rators drops drastically, however, SMOM decrease would
ensue to undoubtedly hinder the further growth of the
scammer population due to starvation. Hence, an SMOM-
based negative feedback regulation on microbial population
size might exist in oral microbial community. If the col-
laborators went extinct and scammers would be eradicated
inexorably, the oral microbial diversity could not be formed
and sustained in oral cavity at all. Owing to existence of
abovementioned four delay responses, however, both col-
laborators and scammers would not go extinct at all. The
SMOM-based negative feedback regulation and delay re-
sponses would drive the oral microbial flora succession with
asynchronously convergent fluctuations of populations.
Referring to the classic Lotka-Volterra equations, the in-
terspecific competition intensity mainly depends on the
product of population size, and the asynchronously
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convergent fluctuations of microbial populations could
significantly alleviate the interspecific competitions and
inhibit the emergence of dominant species, forming and
maintaining the oral microbial diversity by a strategy of
species-for-quantity exchange.

Based on the assumptions and experimental data, a
highly valid cellular automata (CA) model was established to
describe oral microbial community succession, and its local
rules could sufficiently represent the SMOM-based negative
feedback regulation on microbial population size and the
four delay responses. The digital simulation results con-
firmed the hypothesis proposed undoubtedly from the view
of time and space dimensions simultaneously, and this study
can lay the theoretical foundation to understand the
mechanism of the forming and maintenance of microbial
diversity in oral cavity, offering effective guidance of pre-
vention and treatment of oral cavity diseases.

2. Materials and Methods

2.1. Source of the Samples. The 50 students with mixed-
gender and aged 18 to 25 were randomly selected from
undergraduates and postgraduates in Shandong Sport
University.

All participants should meet the following inclusion
criteria during the experiment:

Without periodontitis, oral mucosal diseases, dental
caries, and other oral diseases

Without systemic diseases and behavioral disorders

Physical and psychological indicators were basically
normal

Nonsmoking and alcohol-free
No drug dependence or history of drug addiction
Not using antibiotics in the past 3 months

No more than 2 missing teeth with the exception of
extracted third molars

Mean clinical attachment level (CAL) <0.5mm, no
interproximal sites with CAL > 3 mm [13]

Besides, all participants were asked to rinse their mouths
with sterile saline (0.9%) for 1 to 2 min to remove the debris.
No eating, drinking, smoking, or chewing gum during this
period. Each participant kept saliva in the mouth for at least
1 min, chewed the swab from a saliva sampling tube (Sal-
ivette®, SARSTEDT) and placed the swab back into the tube.
The entire tubes were then centrifuged at 10,000 rpm for
5min. After discarding the supernatant, the collected cells
were used as samples for measurement and analysis of the
relative abundances, intracellular triglycerides, and specific
growth rates of the five most common genera, Streptococcus,
Prevotella, Haemophilus, Rothia, and Veillonella.

2.2.  Determination of Intracellular Lipids of Oral
Microorganisms. To compare of the intracellular storage
substance content of oral microorganisms in the external
and oral environment, the cells in above samples were
resuspended in 1 ml of 0.1 mol L™ phosphate buffer. The test
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solution was again centrifuged with the above parameters
after ultrasonic fragmentation. The intracellular lipid con-
tent was determined using a triglyceride assay kit and an-
alyzed by a UV spectrophotometer at 420 nm.

2.3. Determination of Specific Microbial Growth Rate. The
cells in above samples were also resuspended in 2mL of
sterile saline (0.9%), for high-throughput sequencing to
obtain relative changes in the numbers of different pop-
ulations. The main steps are as follows: (1) DNA extraction,
the genome DNA was extracted by column genomic DNA
extraction kit, and the integrity of the extracted genomic
DNA was tested using 1% agarose gel electrophoresis. (2)
16S rDNA amplification, then, the primers were obtained
according to the conserved region design, and sequencing
barcodes were added at the end of the primers for PCR
amplification. The PCR amplification primers used were
515F: GTGCCAGCMGCCGCGG and 907R:
CCGTCAATTCMTTTRAGTT. PCR reaction conditions
were a: 2 min, 95°C; 1 time cycle; b: 30's, 95°C; 305, 55°C; 45 s,
72°C; 28 cycles; and ¢: 10 min, 72°C, 4°C until termination.
(3) After recovery and purification of amplified products,
DNA libraries were constructed and their quality was
evaluated, and sequencing of the qualified libraries was
performed on the platform Illumina HiSeq 2500. The
original image data files were converted into sequenced
reads by base calling analysis, and the results were stored in
FASTQ file format, which contained the sequence infor-
mation of reads and the corresponding sequencing quality
information [14].

Based on the experimental data of exponential growth
stage, the growth rate of microbial population could be
defined as follows:

dx
_= 1
; Ux, (1)

where x is the microbial population at t, y is the specific
growth rate, and the y could be calculated by u = Ax/xAt
from the corresponding discrete form of equation (1).

2.4. Delay Response Identification. The delay logistic equa-
tion equation (2) was used to identify the fundamental delay
responses (Ellermeyer et al, 2003):

dx x(t—1,)
dt—#x(t—ﬁ)[l—K], (2)

where x and y have the same meaning as they are in equation
(1) and 7, and 7, are microbial reproductive delay and
reaction delay, respectively. In the research, dynamic re-
sponse optimization was used to identify these two funda-
mental delay responses, based on experimental data and
digital simulation on the platform of Matlab/Simulink.

2.5. CA Modeling and Simulation. Because oral cavity is
peculiar ecosystem, the relationships and interactions be-
tween microbial species and their biotic/abiotic environ-
ment are extremely complicated with strong nonlinearity

and uncertainty, and it is difficult to carry out prototype
experiments or analytical and numerical methods for in-
vestigation and elucidation of the dynamic mechanisms to
drive oral microbial flora succession. The CA modeling and
simulation has been extensively applied for theoretical in-
vestigation of complex systems, such as medicine, biology,
and sociology. Based on local rules, CA can simulate ex-
tremely complicated structure and dynamic behaviors to
predict the unexpected holistic emerging characteristics
which cannot be realized by traditional ordinary and partial
differential equation modeling at all [15]. Therefore, a highly
valid CA models were developed and digital simulations
were conducted to obtain the general pattern of spatio-
temporal succession in combination with system cluster
analysis, since its local update rules could fully embody
preceding two decisive succession mechanisms, ie., the
decomposition product negative feedback regulation on
microbial population size and four microbial delay re-
sponses induced by oral immunity.

3. Results and Discussion
3.1. Microbial Response Characteristics to Oral Environment

3.1.1. Relative Abundances and Diversity Dynamic
Characteristics. The relative abundances of Streptococcus,
Prevotella, Haemophilus, Rothia, and Veillonella in oral
cavity and corresponding Simpson « diversity were obtained
via periodical samplings and analyses (Figure 1).

As illustrated in Figure 1, these time-series data showed
apparently the oral microbial flora consistently stayed in
unstable states with asynchronous convergent fluctuations
of microbial populations and high evenness [16].

3.1.2. Intracellular Triglycerides and Specific Growth Rate.
As illustrated in Figure 2, the intracellular triglycerides of all
oral microbial genera were significantly higher than their
homogenous strains existing in natural environment. In
terms of specific growth rate, however, compared with their
counterparts in natural environment, Haemophilus and
Veillonella are significantly higher, Prevotella is significantly
lower, and Streptococcus and Rothia have no significant
difference.

3.1.3. Identification of Microbial Delay Responses.
Generally, along with the reproductive delay (7,) and the
reaction delay (r,) increase in delay logistic equation
(Equation (1)), the population dynamic characteristics vary
from asymptotical stabilization to convergent fluctuation
(Figure 3).

Based on experimental data (Figure 1), delay logistic
equation (Equation (1)), and digital simulations (Figure 3),
the 7, and 7, of Streptococcus, Prevotella, Haemophilus,
Rothia, and Veillonella were precisely identified through
dynamic response optimization (Table 1).

3.1.4. Hypothesis of Formation and Maintenance of Microbial
Diversity in Oral Cavity. Based on oral microbiology,
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FIGURE 2: Variation of intracellular triglyceride content and specific growth rate of microbial populations in natural environment and oral

cavity.

microbial ecology, phenomena observed, and experimental
data (Figures 1-3), a new assumption of oral microbial
diversity formation and maintenance was proposed as
follows.

Although microbial species have capabilities to de-
compose LMOM:s into SMOMs for survival in natural en-
vironment, as colonized in oral cavity, some microbial
species (called collaborators), such as Haemophilus and

Veillonella, could well adapt to oral environment and get an
enhanced LMOM decomposition ability resulting in
accelerated growth and simultaneously more SMOM:s could
be produced. In contrast, other species (called scammers),
such as Streptococcus, Rothia, and Prevotella, do not have
such adaptively physiological and behavioral response
characteristics to oral environment, which reflected in the
specific growth rate of Streptococcus and Rothia had no
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TaBLE 1: Point estimation and 95% interval estimation of reproductive delay and reaction delay of the microbial population in oral cavity

(unit: h).

Strains Reproductive delay Reaction delay

Streptococcus 2.85¢€[1.72, 3.92] 2.95 € [1.88, 3.57]

Prevotella 2.45€[1.29, 3.98] 5.29 € [4.50, 8.05]

Haemophilus 4.02 €[2.18, 5.56] 8.53 € [6.38, 10.07]

Rothia 2.85¢[2.12, 3.92] 2.17 € [1.88, 3.57]
[

Veillonella

3.28 €[2.20, 4.18]

7.04 € [4.50, 8.15]

change, and Prevotella growth was significantly inhibited,
and it also indicated that their LMOM decomposing capacity
could not be strengthen in oral environment.

Since the collaborators would have to entail the high cost
of LMOM decomposition, they would benefit more from
cooperation than competition, and interspecific cooperation
begins to dominate. However, the scammers would pay
nothing to obtain SMOMs, so scammers could easily win in
the interspecific competition to competitively exclude col-
laborators [12]. Once the collaborator population drops
drastically, the accompanying decrease of SMOMs appears
inexorably and would undoubtedly hamper the further
growth of the scammer population due to starvation. If the

collaborators went extinct, scammers would be extirpated,
and oral microbial diversity could not be formed and sus-
tained at all.

From Figure 2, we might speculate that, as SMOM is
plentiful, both collaborators and scammers could assimilate
SMOMs which could convert into intracellular energy
substances such as triglycerides, in order to overcome ad-
versity in the future. At this time, microbial species might
stay in time-lag state of reproduction and reaction [17, 18],
and microbial cells did not divide until environmental
factors such as SMOM amount and interspecific competi-
tion strengths were suitable for them in the oral
environment.



Based on the above analysis, two crucial fundamental
succession mechanisms might exist in oral microbial flora as
follows:

(1) The SMOM-based negative feedback regulation on
microbial population size: as the population of the
collaborators increases, which is followed by accu-
mulation of SMOMs, the scammer population will
also grow and inevitably exert competitive exclusion
against collaborators, causing the collaborator pop-
ulation drop drastically and the accompanying de-
crease of SMOMs appears, which undoubtedly
hinders the further growth of the scammer pop-
ulation and reduce the intraspecific competition
between scammers and the strength of competitive
exclusion to collaborators. Since the scammer pop-
ulation declines, the collaborator population re-
bounds. At this time, the microbial community
succession seems to return to the original point and
completes a cycle. Hence, SMOMs might play a role
on a negative feedback regulation of microbial
population to cause collaborator and scammer
population fluctuation.

(2) The delay responses of microbial species: the re-
productive and reaction delay responses were pro-
duced to acclimate for oral environment mainly by
intracellular energy substance storage. Theoretically,
these two fundamental delays must be accompanied
by interspecific competition delay and LMOM de-
composition delay. These four delay effects would
further exacerbate population fluctuations [18, 19].

Referring to the classic Lotka-Volterra equations, the
interspecific competition intensity only depends on the
product of their population size in the case of the compe-
tition coeflicient unchanged; hence, these two decisive dy-
namic mechanisms could give rise to asynchronously
convergent fluctuations of microbial populations, which can
significantly alleviate the interspecific competitions and
inhibit the emergence of dominant species, causing for-
mation and maintenance of the microbial diversity with
higher richness and evenness by a strategy of species-for-
quantity exchange.

Based on preceding hypotheses, a valid CA model de-
scribing oral microbial flora spatiotemporal succession was
developed and a great number of digital simulations were
conducted to confirm proposed hypotheses.

3.2. CA Modeling and Simulation of Oral Microbial Flora
Spatiotemporal Succession

3.2.1. Cells. A cell represents a microbial individual of a
certain species with 4 states as follows:

S = (Pos, Spe, isLag, Lat, Clr), (3)

where

(1) Pos (i, j) denotes whether or not a position (i, j) was
occupied by a microbial individual, and 1 and 0
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represent “occupied” and “unoccupied”,

respectively.

(2) Spe (i, j) denotes the type of a microbial individual at
position (i, j), and 1 and 0 represent “collaborators”
and “scammers”, respectively.

(3) isLag (i, j) denotes whether or not a microbial in-
dividual at position (i, j) stays in time-lag state, and 1
and 0 represents “yes” and “no”, respectively.

(4) Lat (4, j) records the lag time of a microbial individual
at position (i, j).

(5) Clr (i, j) denotes the color of a microbial individual at
the position (i, j), specified by an RGB value.

3.2.2. Cellular Space and Boundary Conditions

(1) Lattice: 2D domain with 10°>x 10’ uniform square
meshes.

(2) Neighbor type: Moore-type was applied for CA
modeling and simulation (Figure 4), each cell has 8
neighboring cells.

(3) Boundary conditions: periodic boundary.

In order to obtain a general pattern of microbial com-
munity spatiotemporal succession in oral cavity, periodic
boundary was used for CA simulation, indicating cellular
space was connected up and down and left and right to form
a torus structure, which could be considered as an infinite
cellular space extensively applied for theoretical
investigation.

3.2.3. Update Rules. The key part of the CA modeling is
update rules sufficiently embodying the two fundamental
dynamic mechanisms driving oral microbial community
succession as follows:

(1) Delay Response Rules. For a microbial individual at
position (I, j) and time ¢, its delay response is de-
pendent on the total sum, MLL (I, j), of collaborator

and scammer individuals in the nearest
neighborhood:
MLL (i, j) = Spe (i— 1, j — 1) + Spe (i, j — 1)
+Spe (i+1,j—1)+Spe (i—1,5)
(4)

+Spe (i+1,j)+Spe (i—-1,j+1)
+Spe (i, j+1)+Spe (i+1,j+1).

For a collaborator individual at position (i, j), if its
neighboring scammer individuals meet 6 < MLL (i, j)
<8,3 <MLL (4, ) <5,0 <MLL (i, ) < 2, then it would
enter lag phase with probability a;, a,, a3, respec-
tively, satisfying a; > a, > as.

For a scammer individual at position (i, j), if its
neighboring collaborator individuals meet 6 < MLL
(1,j) < 8,3 <MLL (i, j) <5,0 < MLL (4, j) <2, then it
would enter lag phase with probability f;, 2, B3,
respectively, satisfying ; < 8, < 3.
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It is also worth pointing out that a microbial indi-
vidual staying in lag phase is similar as the dead one,
except for the former needs to occupy a position (Pos
(i, j) = 1), and the latter will release space (Pos (i, j) =
0). Once collaborator and scammer individuals stay
in lag phase, they would not decompose LMOMs,
absorb and assimilate SMOMs, compete or coop-
erate with other neighboring individuals, and divide
to create offspring to occupy other positions. The
microbial individual would recover from the lag
phase; however, the microbial individual would
come to death with a probability p as long as the lag
time exceeds maximum time-lag phase, Lat (i, j) x 1,
where 7 is an integer, for depletion of intracellular
energy substance storage.

(2) Rule of Birth and Death. Although the life and death
of microbial individuals is mainly dependent on the
interspecific competition intensity of the nearest
neighboring individuals, the collaborator and
scammer individuals would die off naturally with
probability d (d <p) at each time step.

(3) Rule of Move. This rule expresses microbial cell
proliferation with the moving radius of 3. If a po-
sition, Pos (i, j), is vacant, its neighboring 48 indi-
viduals of three layers centered on Pos (i, j) could
move to this position with the same probability m.

3.3. CA Simulation of Oral Microbial Flora Spatiotemporal
Succession

3.3.1. Spatial Pattern of Oral Microbial Flora Succession.
The N kinds of microbial species including #; kinds of the
collaborators and N-n; kinds of the scammers are com-
puter-generated to completely random seeding on the
grids of cellular space. Since a microbial species could be

considered as a characteristic parameter vector with set
intervals (Table 2), hence N kinds of microbial species
could be obtained by uniformly and independently ran-
dom selection from these parameter intervals through
Monte Carlo experiments and set to the CA model for
simulation. For example, a collaborator species could be
defined as a parameter vector [«;, &y, a3, B1, B2, B3, m, p, d,
Lat, n] whose magnitude was mapped into interval of [0,1]
and then assigned to Clr (i, j), causing color change of a
grid in lattice occurred.

Driven by SMOM feedback regulation of microbial
population and microbial delay responses, the spatial pattern
of oral microbial flora succession is illustrated in Figure 5.
Because the relatedness of the microbial individuals is
embodied in color similarity between them, they showed
apparently a specific spatial pattern of aggregated
distributions.

Therefore, system cluster analysis was conducted to
investigate the similarity of microbial individuals in these
patches, and the Minkowski method and Centroid method
were used to measure the distance of two microbial
characteristic vectors and generate a hierarchical cluster
tree (Figure 6), respectively, since these two methods
corresponded to maximum cophenetic correlation coef-
ficient (0.97). Hence, it was concluded that the microbial
individuals were randomly scattered on the grids in the
beginning stage of succession, while microbial individuals
with closer affinities began to gradually aggregate to form
patches, along with succession process.

The CA simulation results were highly similar to the
phenomena observed in the experiments [20], i.e., mi-
crobial species with a close relationship locally tended to
aggregate in patches, which could effectively ease the
interspecific competitions to be propitious to form and
maintain the microbial diversity.
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TaBLE 2: Parameters in the CA model of microbial community succession in oral cavity.
Name Parameter Range
Probability of entering lag phase o (0.7, 1]
Probability of entering lag phase o [0.3, 0.7]
Probability of entering lag phase o [0, 0.3]
Probability of entering lag phase B [0, 0.3]
Probability of entering lag phase B> [0.3, 0.7]
Probability of entering lag phase Bs (0.7, 1]
Probability of move m [0, 0.2]
Probability of death exceeding lag phase [0.8, 1]
Probability of natural death d [0.1, 0.3]
Lag phase time Lat [6, 10]
Maximum factor n (1, 3]
Initial kinds of microbial species N [5-10% 10°]
Ration of collaborator richness to richness of initial microbial community N, [0.4, 0.6]
Initial population of each microbial species M [10% 10°]
Ration of collaborator cells to the total number of microbial cells M, [0.3, 0.7]

t=100d

t=110d

t=120d

FIGURE 5: Pattern of microbial community spatiotemporal succession process in oral cavity.

3.3.2. Time-Domain Response Characteristics of Oral Mi-
crobial Flora Succession. In order to confirm the role of
microbial delay responses on formation and maintenance of
oral microbial diversity, parameters closely relevant to time-
lags, such as a;, a, a3, B, B2, B3, were set to very small. In this
case, the lag effects could not be generated via Monte Carlo
simulation at all.

The time-domain response characteristics of oral mi-
crobial flora succession without and with lag effects could be
obtained through accumulation of all individuals of the same
species at different positions at the same time, similar to
double integral in 2D cellular space (Figure 7).

From Figure 7 (top), all populations would grow ex-
ponentially at the beginning of microbial community
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FiGURE 6: Cluster analysis of climax microbial community resulting from CA simulation in oral cavity.

succession, but their growth rates would have to slow down
inevitably as niches are continuously filled up in oral cavity,
and a turning point would appear sooner or later due to
species differences in intrinsic growth rates, competitive
capabilities, and carrying capacities. Some species would
stop growing, whereas other species would keep increasing,
and the latter would further exclude the former to make
them extinct eventually (Hardin, 1960; Ives and Carpenter,
2007); eventually, only a few kinds of dominant species
could coexist via transient responses, and their populations
would asymptotically stabilize at a fixed level. For most oral
microbial species, however, it would go extinct due to
competitive exclusion and oral microbial diversity could not
be formed and maintained at all.

From Figure 7 (bottom), the digital simulation results
illustrated that the most of oral microbial species could
coexist, and their populations appeared periodical vibrations
with shifted phases via unordered transient responses,
forming an oral microbial climax community with higher
richness and evenness (Figure 8). Because the microbial
populations are asynchronously convergent fluctuations, as
one species population is at a relatively high level, the other
species populations might at relatively low levels due to
phase differences, and these dynamic response character-
istics could effectively reduce their interspecific

competitions through minimization of interspecific com-
petitive strengths which are mainly dependent on the
product of microbial populations size, according to the
classic Lotka—Volterra equations.

It is worth mentioning that the spatiotemporal succes-
sion patterns (Figures 5 and 7) of oral microbial flora were
quite general and universal, this is because these emerging
spatiotemporal patterns were insensitive to initial values of
state variables and parameters in the CA model.

4. Discussion

Generally speaking, oral microbial delay responses are
mainly caused by the oral immunity [16]. For example, the
lysozyme and salivary cytokines such as IL-6, IL-17, IL-10,
and TNF-a adversely influenced microbial cell division
[21, 22]. From an ecological point of view, the oral immunity
could be considered as an intermediate disturbance factor
for the oral microbial community, which could effectively
inhibit the overgrowth of dominant species and prevent
nondominant species from going extinct. Hence, the in-
termediate disturbance could greatly increase evenness of
oral microbial flora to enhance the microbial diversity.
However, oral immunity did not kill oral microbial indi-
viduals directly but induced them to produce delay
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FIGURE 7: Dynamic response characteristics of oral microbial populations without (top) and with (bottom) delay effect community

spatiotemporal succession process in oral cavity.

responses. Driven the decomposition product negative
feedback regulation and delay responses, the microbial
populations could present the asynchronously convergent
fluctuations to effectively alleviate interspecific competition.

In such circumstance, each microbial population would stay
in a nonequilibrium state, and the microbial populations
would start a new round of fluctuation to avoid going extinct
due to competitive exclusion.
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In the future research, oral microbial flora will need to be
cultivated in the laboratory, and in-depth research studies
will be carried out to elucidate the mechanism of microbial
delayed responses from physiological, biochemical, and
genetic levels in the emulated oral environment. Based on
this study, specific medicines might be developed to enhance
the oral immunity for promotion of the delayed responses of
oral microorganisms [23].

5. Conclusion

Based on oral microbiology, microbial ecology, and ex-
perimental phenomena, a new hypothesis on formation
and maintenance mechanism of oral microbial diversity
was put forward and sufficiently confirmed by CA
modeling and simulation in combination with experi-
mental data, which demonstrated some oral microbial
species such as Haemophilus and Veillonella, which could
acclimate for oral environment with higher specific
growth and substrate decomposition capability, while
other species such as Streptococcus, Rothia, and Prevotella
have no or weak adaptability with lower higher specific
growth and substrate decomposition capability, which
could form the decomposition product negative feedback
regulation on microbial population size. In addition, the
intracellular triglyceride accumulation of microbial spe-
cies could produce reproductive and reaction delay re-
sponses in adversity, accompanying with interspecific
competition and substrate decomposition delay
responses.

Driven by decomposition product feedback regulation
on microbial population sizes and four microbial delay
responses, (1) from the view of time, oral microbial pop-
ulations show asynchronously convergent fluctuations,
significantly alleviating the interspecific competitions and
inhibiting the emergence of dominant species. The oral
microbial diversity could be formed and maintained by a
strategy of species-for-quantity exchange; (2) from the view
of space, the closely related microbial species would tend to
aggregate in patches with different sizes, which also helped
to further alleviate the interspecific competition strengths.

Hence, this study could not only lay the theoretical
foundation for understanding of oral microbial diversity
formation and maintenance but also offer effective guidance
of prevention and treatment of oral cavity diseases.

Data Availability

The data used to support the findings of this study are
available from the corresponding author on request.

Ethical Approval

This study was carried out in strict accordance and com-
pliance with the Statement on Ethical Conduct in Research
Involving Humans Guidelines of the Science and Ethics
Committee of the Shandong Sport University (No.
SD2020010).

Consent

Informed consent was obtained from all individual partic-
ipants included in the study.

Conflicts of Interest

The authors declare no conflicts of interest in this article.

Acknowledgments

This work was supported by the National Social Science
Fund of China (18ATY002) and the Foundation for the
Excellent Youth Scholars of Shandong Educational Com-
mittee (72).

References

[1] L. Feller, M. Altini, R. A. G. Khammissa, R. Chandran,
M. Bouckaert, and J. Lemmer, “Oral mucosal immunity,” Oral
Surgery, Oral Medicine, Oral Pathology and Oral Radiology,
vol. 116, no. 5, pp. 576-583, 2013.

[2] M. Gleeson, D. C. Nieman, and B. K. Pedersen, “Exercise,

nutrition and immune function,” Journal of Sports Sciences,

vol. 22, no. 1, pp. 115-125, 2004.

F. S. Dhabhar and B. S. Mcewen, “Acute stress enhances while

chronic stress suppresses cell-mediated immunityin vivo:A

potential role for leukocyte trafficking,” Brain, Behavior, and

Immunity, vol. 11, no. 4, pp. 286-306, 1997.

[4] A.]. Dunn, Nervous and Immune System Interactions Ency-
clopedia of Life Sciences, John Wiley & Sons, Chichester, UK,
2005.

[5] D. Silberman, “Acute and chronic stress exert opposing effects
on antibody responses associated with changes in stress

[3



12

(6]

(7]

(8]

[9]

(10]

(11]

[12

(13]

(14

(15]

(16]

[17

(18

(19]

(20]

[21

(22]

hormone regulation of T-lymphocyte reactivity,” Journal of
Neuroimmunology, vol. 144, no. 1-2, pp. 53-60, 2003.

J.He, Y. Li, Y. Cao, J. Xue, and X. Zhou, “The oral microbiome
diversity and its relation to human diseases,” Folia Micro-
biologica, vol. 60, no. 1, pp. 69-80, 2015.

S. Roy and J. Chattopadhyay, “Towards a resolution of ’the
paradox of the plankton a brief overview of the proposed
mechanisms,” Ecological Complexity, vol. 4, no. 1-2,
pp. 26-33, 2007.

J. M. Levine and J. HilleRisLambers, “The importance of
niches for the maintenance of species diversity,” Nature,
vol. 461, no. 7261, pp. 254-257, 2009.

D. Belstrom, P. Holmstrup, A. Bardow, A. Kokaras,
N.-E. Fiehn, and B. J. Paster, “Temporal stability of the salivary
microbiota in oral health,” PLoS One, vol. 11, no. 1, Article ID
e0147472, 2016.

Q. Ren and I. T. Paulsen, “Comparative analyses of funda-
mental differences in membrane transport capabilities in
prokaryotes and eukaryotes,” PLoS Computational Biology,
vol. 1, no. 3, p. €27, 2005.

J. Tang and W. J. Riley, “Competitor and substrate sizes and
diffusion together define enzymatic depolymerization and
microbial substrate uptake rates,” Soil Biology and Bio-
chemistry, vol. 139, Article ID 107624, 2019.

M. Layer, A. Adler, E. Reynaert et al., “Organic substrate
diffusibility governs microbial community composition, nu-
trient removal performance and kinetics of granulation of
aerobic granular sludge,” Water Research X, vol. 4, Article ID
100033, 2019.

G. C. Armitage, Y. Wu, H. Wang, J. Sorrell, F. S. Giovine, and
G. W. Duff, “Low prevalence of a periodontitis- associated
interleukin-1 composite heritage,” Journal of Periodontology,
vol. 71, no. 2, pp. 10-12, 2000.

L. Wong and C. H. Sissions, “A comparison of human dental
plaque microcosm biofilms grown in an undefined medium
and a chemically defined artificial saliva,” Archives of Oral
Biology, vol. 46, no. 6, pp. 477-486, 2001.

K. Rohde, “Cellular automata and ecology,” Oikos, vol. 110,
no. 1, pp. 203-207, 2005.

J. D. Oliver, “The public health significance of viable but
nonculturable bacteria,” in Nonculturable Microorganisms in
the Environment, R. R. Colwell and D. J. Grimes, Eds.,
Springer, Boston, MA, USA, 2000.

S. Ellermeyer, J. Hendrix, and N. Ghoochan, “A theoretical
and empirical investigation of delayed growth response in the
continuous culture of bacteria,” Journal of Theoretical Biology,
vol. 222, no. 4, pp. 485-494, 2003.

F. Hartung, T. Krisztin, H.-O. Walther, and J. Wu, “Chapter 5
functional differential equations with state-dependent delays:
theory and applications,” Handbook of Differential Equations:
Ordinary Differential Equations, pp. 435-545, 2006.

S. A. Campbell and R. Jessop, “Approximating the stability
region for a differential equation with a distributed delay,”
Mathematical Modelling of Natural Phenomena, vol. 4, no. 2,
pp. 1-27, 2009.

O. X. Cordero and M. S. Datta, “Microbial interactions and
community assembly at microscales,” Current Opinion in
Microbiology, vol. 31, pp. 227-234, 2016.

L. Ruokolainen, L. Hertzen, N. Fyhrquist et al., “Green areas
around homes reduce atopic sensitization in children,” Al-
lergy, vol. 70, no. 2, pp. 195-202, 2015.

N. M. Moutsopoulos and J. E. Konkel, “Tissue-specific im-
munity at the oral mucosal barrier,” Trends in Immunology,
vol. 39, no. 4, pp. 276-287, 2018.

Evidence-Based Complementary and Alternative Medicine

[23] K. Winglee, A. G. Howard, W. Sha et al., “Recent urbanization

in China is correlated with a Westernized microbiome
encoding increased virulence and antibiotic resistance genes,”
Microbiome, vol. 5, no. 1, p. 121, 2017.



