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Abstract. As a key representative of intestinal symbiotic bacteria, Bifidobacteria occupy a central
place in the regulation of the nitrogen balance of the host organism. However, the mechanism of
bilateral interaction between microflora and protein exchange of the organism is not yet clear. The
lack of this knowledge prevents the development of appropriate intervention strategies, and
optimizing protein use and improving metabolism also pose challenges. This study combines deep
learning image recognition technology and visual metabolite analysis technology for in-depth
analysis of the complex relationship between them. Thanks to the fluorescent marking of
Bifidobacterium long using GFP - and using the ResNet50 model for microscopic examination to
assess their reproduction and binding status, a high classification accuracy of over 94% was
obtained, and based on 8,000 training samples, their real-time colonization process was monitored.
Studies have shown that the use of chromatographic scanners and other instruments allows to
determine which substances associated with casein are determined by the host organism, which
reflects the high efficiency of the long-term metabolic link between the host organism and
Bifidobacteria, and the dynamic response associated with physiological performance can be
improved. Omics-based imaging technology allows accurate imaging of the characteristics of the
interaction between probiotics and the carrier body. The development of the analysis platform
contributes to the research of mechanisms, precise nutrition and the development of Clinical
Interventions and is of enormous importance. The goal is to optimize the balance of nitrogen in the
body and overall metabolic health.
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1. Introduction

As a common gut probiotic, Bifidobacterium spp. has irreplaceable roles for host protein
metabolism. Bifidobacteria serete extoracellular proteinase and a large numbers of pepidase, which
can take on the key role of first breakdown in dietary protein breakdown, also they take amino acid
and small peptide as main nitrogen sources and energy sources [1,2]. In this interaction, it is a
“bidirectional promotion” relationship between “protein-derived metabolites” and “bifidobacterium”.
On the one hand, protein-derived metabolites will sustain the growth of bifidobacterium and maintain
its ecological dominance in the gut microbiota, on the other hand, the metabolism of bifidobacterium
can promote the digestion and absorption of protein in the hosts, and the product such as short chain
fatty acid (SCFA), which are bioactive signals, will promote nitrogen balance, immune metabolism
equilibrium [2-4]. Nevertheless there are still limits inherent with using traditional molecular biology,
metabolomics, culturing - dependent methods to truly appreciate this complexity Like, looking at
quantified metabolites alone doesn't give the whole picture of how bifidobacteria shape up inside
living things, and knowing what microbes are around by checking their genetic bits doesn’t always
show how well they make proteins or use them [1,5].

Recent developments in artificial intelligence and image recognition technology in this area have
provided new insights for problem solving. Convolutional neural networks allow the analysis of
fluorescent microscopic images of bifidobacteria, full monitoring, classification, detection of
colonization and examination of reproductive morphology. Electrophoresis, thin-layer
chromatography and other methods help to improve the technology of recording metabolites by

49



allowing accurate measurement of the content of peptides, amino acids and other substances. After
the integration of multimodal bioinformatic Technologies, dynamic analysis of metabolic pathways
and mechanisms of interaction of microorganisms can be performed, showing the synergy between
Bifidobacteria and molecular expression. In this context, the benefits of image recognition technology
not only offset some of the limitations of classical molecular omics technology, but also open a new
path of research to explain the interaction between nutrients, bacterial communities, and proteins in
a wider area.

2. Research into the Protein Metabolic Mechanisms of Bifidobacteria Based on
Image Recognition and Quantitative Modelling

2.1. Image Recognition of Morphological Dynamics in Bifidobacterium

Image recognition’s applications to the study of Bifidobacterium morphology have expanded
swiftly because of the progress in deep learning algorithms as well as high-resolution microscopy.
Computational model’s recognition of a very slight form change showing different metabolic states
is also part of the key area of focus [5]. in order to better comprehend the connection between bacterial
phenotype and functionally adaption in terms of gut environment. Deep-learning-based models
especially the convolutional neural networks and vision transformers (ViT). The importance of the
task of analyzing the image of bacteria is becoming increasingly apparent [6-8]. CNNs can capture
local spatial information well such as cell shape, size and density of their arrangement. Thanks to the
self-observation mechanism, wit can take into account the dependence of the entire image on distance
and has performed well in determining the large organizational structure of microbial communities.
There are obvious differences between these two trait isolation strategies: CNNs often classify
individual cells well, while Vits are more suitable for identifying patterns at the community level,
such as aggregation dynamics and adhesion to the mucosal surface [8].

The reliability of the model is particularly closely related to the learning process. Determining the
labels and morphological categories of images is an important step, and the impact of deviations
caused by the labeling data set should be minimized [5]. Improving data quality can change the
characteristics of the data set, alternately increasing the diversity of samples by amplifying or turning
on noise to improve the more robust learning capabilities of the model. This approach can not only
reduce the risks that can be caused by retraining, but also allow the algorithm to deeply analyze
different scenarios, and it is not difficult to measure the efficiency of the model with the precision of
successful classification, and the specificity makes it possible to effectively detect differences
between barely noticeable changes in similar conditions. Testing the effectiveness of model responses
in complex situations is the main focus of assessing resistance to external factors. For example,
prediction accuracy is especially important in the case of complex and diverse microbial populations
in the intestines. In Bifidobacteria with flexible morphological characteristics, this tendency to change
is gradually integrated into their dynamic process of functional metabolism and is manifested by
performing alternative metabolic reactions such as transformation of protein precursors. When the
cell volume changes or the structural surface becomes uneven, it is possible that the answer to the
differences in nutrient sources is in the transition period. The results of the study suggest that these
differences may cause regulation of protein functions, and detailed working responses, such as the
participation of multiple amino acids, may be involved in the exchange of Bee Family data [9,10].
Such complex and systematic changes in functional metabolism also show that the environment as a
whole has potential factors that have little effect on bacterial growth and reproduction and deeply
penetrate the overall metabolic network. Therefore, relying only on a detailed analysis of the
components of the biochemical response, it may not be possible to accurately predict the global
behavioral dynamics and the tendency to change the protein transformation mechanism itself,
suggesting that the phase of intuitive design based on physiological changes has become a unique
basis for decision-making.
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From a biological point of view, morphological changes in bifidobacteria are mainly due to the
flexible expression of mechanisms of regulation of synthesis and division of their cell walls [5].
Changes in peptidoglycan are regulated by specific enzymes and are directly involved in the process
of cell cycle and protein metabolism. Changes in the availability of nitrogen sources affect the rate of
cracking and will contribute to the dynamic rearrangement of the structure [1,10]. The arrangement
of bacteria in space is of great importance and often rely on the aggregation or formation of biofilms
to increase the efficiency of resource use; for example, to make protein hydrolysates more aggregated
and optimize their use, thus facilitating molecular exchange between cells [2]. In addition, other
environmental factors are also crucial in the process of its development. When acidity fluctuates, the
enzyme and electrical charge change, and the change in oxygen content in the air affects metabolic
processes. Different effects cause the relationship between appearance and body function to manifest
itself in different ways. Despite the constant development of image recognition technologies, it is still
difficult to identify the morphology of bifidobacteria in different parts of the intestine. There are
imaging artifacts which are formed owing to residual food items, co-existant micro-organic entities,
or various techniques of dyeing - all things which cause inaccuracies in classification process. It also
is not easy to keep bacteria working so long for an extended period image tracking as a long-time
dynamic change detection [5]. The recent advancement try to fix this by upgrading to real-time
imaging resolution and incorporating many scale. Single-cell imagining is combined with spatial
analysis of community-level organization, expected to plug the gap in between single bacterial
physiology and ecosystem-level behavior [8]. Combination to make a better interpretation of the
correlation between morphological traits and metabolism of proteins under different gut environemts
[1].

Morphokinetics provides an effective basis for establishing a link between structural
characteristics and functional status of bifidobacteria in the study of pattern recognition [5]. The
results of the development of convolutional neural networks (CNNs) and visual converters (Wits)
have allowed morphological classification to be more accurate, and rigorous training programs ensure
the repeatability and reliability of the results. Protein metabolism involving cell wall recombination,
population organization, and environmental regulation is closely associated with morphological
plasticity [1,8,10]. Although technical difficulties still exist., with advances in visualization
technology and Model Integration, these challenges can be overcome in the future. All these show
imaging technology aids further analysis of bacterial morphological characteristics, which are key to
colony energy state and provide a solid basis for probiotic research and application.

2.2. Protein Metabolite Visualization and Image-Based Detection

The registration of protein metabolites faces many challenges [2]. The study of the functional
properties of these metabolites is complex but very important in this area [2]. Traditional biochemical
methods such as thin-layer chromatography (TLC), electrophoresis, and mass spectrometry have long
dominated, but their productivity, repeatability, and data integration are not enough. With the
advancement of computer vision technology and the ability to recognize an image, these old methods
are gradually losing their advantages; the introduction of new technologies has enabled intelligent
selection of visual characteristics and enabled the development of a more accurate system of
quantitative classification and analysis of visualized data that meets the current needs of scientific
research. transformation and technological development to a certain extent. During this process, the
relationship between the targeted initial information and the ecological protein is further improved,
as is the optimized efficiency of modeling the network of group structures, but the benefits are not
only reflected at the data level.

2.3. Enhancing Traditional Detection with Image Recognition

Image recognition technology has significant advantages over older methods. This method makes
it possible to convert the contents into quantitative values such as TLC points or fine lines that appear
under the action of an electric field. The importance of artificial interpretation was reduced, the impact
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of observer bias was significantly reduced and the experimental level was increased. In terms of
accuracy, methods of metabolite Detection, Image measurement and quality control have been
improved [2]. It is a capacity that permits high-throughput analysis in which a lot of different data
analysis can be analyzed at one time, which turns out to be very important to take complex
Microorganism-Host Interactions into account [6]. The use of automated algorithms provides a few
benefits. first is the throughput can go up by a ton, there can be a few thousand metabolites in a single
experiment processed [2]. Second, controlling errors are reduced by having standards on how much
band intensity, migration distance, or spot area we accept as acceptable for all the biological repeats.
Third is that feature extraction gets to a finer grain than humans do, because machines can see
differences in little shifts in the way bright and dark mix around each other, or in the way things are
scattered about, that no human could spot. Together, these changes not only raise the likelihood of
being right, but they also make it possible to design experiments on more different subjects and
conditions, so you could do a long-term study over time or compare different things against each
other [2].

Due to the use of different visualizations methods will be formed different picture structures and
need different algorithm to be interpreted. In TLC the emphasis of Feature Extraction is on spotting,
shape uniformity, and distance from standards. Patterns are evaluated in electrophoresis based on
band sharpness, resolution, and relative densities in lanes. Mass spectrometry analysis includes
integration of multidimensional data, spectral deconvolution, and location of metabolites. To ensure
comparability of different methods, a separate image recognition model for the features of each
platform must be developed and standard feature coding unified. Establishing a uniform standard for
mapping metabolites is of great importance to increase the repeatability of experiments. At the data
analysis stage, it is necessary to compare the indicators of the detected characteristics with the
Reference Library in order to create a consistency map. Changes in results caused by sample
preparation or differences in morphology will lead to deviation, and these effects must be controlled
by sequentially adjusting the brightness and bias of the image. By optimizing the local reference
database, consistency between laboratories is increased, which allows the use of relevant data in
different systems for comparative studies. This standardized processing process can not only reflect
the reliability of the experiment, but can also contribute to the cross-application of multiple
independent results and support the research goal of generalized meta-analysis.

Image-based recognition allows static detection and indication of dynamically variable metabolites,
which makes it possible to observe the rate of formation and decay of metabolites in the time
dimension. This method helps to understand the mechanism by which Bifidobacteria regulate the
process of protein exchange when the medium changes [1]. Spatial distribution analysis shows
differences in the arrangement of different metabolites that may reflect the natural habitat of bacteria.
Depending on the group of nutrients, the pathways of protein formation are different, and the levels
of produced metabolites are different. For example, animal and plant proteins release ammonia.

Despite the many advantages, there are still some limitations. A diverse intestinal environment
creates noise disturbance from other coexisting intestinal organisms and host molecules, which affects
the accuracy of metabolite determination [2]. In terms of image resolution, comparing low-content
metabolites is not enough, and the scan time will damage the signal. To solve this problem, efforts
are made to optimize the method. Using real-time images combined with high sensitivity detection
improves time resolution in monitoring metabolism, and using machine learning to reduce noise
levels reduces background interference. In addition, a multi-scale system is being developed that
combines monitoring of individual cell metabolism and population-level analysis to obtain a more
general presentation [8]. Studies have shown that the method of protein determination using
metabolite images exceeds the existing level in terms of efficiency, accuracy and repeatability.
Automated analysis also makes it possible to obtain key information that reflects barely noticeable
changes in the body; it has a wide viewing angle, can be focused locally and is suitable even for a
variety of needs in harsh conditions. The study of protein metabolism of bifidobacteria has fully
revealed its characteristics in terms of spatial, temporal and substrate dependencies [1]. At the same
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time, it became possible to use multiomic settings to model the biochemical pathway and the
interaction of host microorganisms [10]. With the advent of new developments, the standardization
of image processing technologies and the constant improvement of computer tools, methods have
become more accurate and advanced, which has contributed to the basic process of microecosystem
research and the development of individual food.

2.4. Quantitative Coupling Between Abundance and Metabolic Efficiency

The relationship between the number of microorganisms and the efficiency of metabolism is a key
issue, especially important is the participation of bifidobacteria in protein metabolism. Traditional
concepts consider the diversity of microorganisms an independent variable, while the efficiency of
metabolism is considered an outcome variable. However, recent developments based on quantitative
image analysis and computer simulations show that the two processes are closely related and are
dynamically influenced by different internal and external factors [10]. Understanding this relationship
provides new insights into the study of the interaction between host organisms and microorganisms
and provides theoretical support for the development of more accurate dietary exposure programs.
To construct a quantitative model of this relationship, the starting point is to accurately measure the
number of microorganisms. There are two main paths of implementation: one is the use of high-
resolution microscopy and image segmentation technology to complete an absolute number of cells;
the other is the use of population-level imaging data to estimate relative abundance [8]. Each strategy
has a unique value. Absolute counting can directly show the total population, while relative
representation helps compare the viability of bacteria to the total population. In terms of metabolism,
efficiency can be measured by the intensity of the metabolite range on the electrophoretic gel, the
number of points on the TLC plate, or the concentration gradient on image mass spectrometry (IM-
MS) [2]. To connect the two areas, some statistical and computational integration between abundance
exponents and metabolite excretion must be achieved to obtain functional associations.

In terms of multivariate statistics, the relationship model is robust. Correlation analysis initially
established a link between bacterial load and protein metabolites [2]. Regression models are based on
such relationships to examine factors that affect the metabolic efficiency of different types of feeding.
More advanced models, such as partial least squares regression and structural equation simulation,
may include many interactive variables such as environment and host [10]. Additional machine
learning algorithms provide greater predictive capabilities, especially to identify nonlinear
connections that traditional models may miss: using these techniques to analyze images helps us
create functionality. models that explain the current situation and predict the behavior of future
generations after a change in diet. Bond strength and stability of abundance and productivity are
controlled by various regulatory elements; the physiological state of the host organism is the main
factor. Protein intake, changes in immune status, and metabolic activity in the human body change
the way Bifidobacteria use food. There is also another level of control at the intestinal level: the
interaction of the rest of the flora that provides nutrition to bacteria can contribute or block the
effectiveness of bifidobacteria; physical elements, such as the internal movement of the sugar layer
structure, etc. Short-term and long-term changes in nutrition will lead to a rapid change in the amount
and stability of the diet. Tracking the number of intestinal microorganisms and metabolic pathways
in Capture requires a longitudinal testing method, number with scan.

The quantitative conjugation model shows broad application prospects. For the evaluation of
probiotics, the image-based measurement method makes it possible to identify strains that show better
at a certain level of prevalence, set functional standards and select specific strains on this basis. In the
field of precise nutrition, related models provide the possibility of personalized prediction, such as
the way some proteins are used in the human body, and based on the microbiota of the organism, a
diet suitable for each person can be recommended. For example, when there are more Bifidobacteria
in the population, but they have a low ability to transform, it is necessary to try to help them more
efficiently convert food into energy. If Flora has a good enough effect on this treatment, then there
may be no need for excessive intervention. Currently, the results can be estimated by combining
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different characteristics, so the estimate of the energy conversion of food tends to "allocate". Despite
certain achievements, there are still many problems that need to be solved to create a universally
applicable combination model. Quantitative image-based connectivity must take into account the
influence of the intestine, because the intestinal environment consists of many overlapping
communities and signals. At the same time, the differences between different populations are very
complex, making it extremely difficult to generalize and analyze factors such as genes and eating
habits. To this end, researchers began trying to combine and map on different scales in different ways,
looking for technological breakthroughs [7,8]. New technologies are still emerging.

Overall, the bifidobacteria study suggests a quantitative matching of the number of
microorganisms and metabolic indicators. Image recognition and computer modeling continue to
evolve, and with these technologies it is possible to more accurately measure and integrate appropriate
parameters, and then move from descriptive correlation to predictive models [10]. The regulation of
environmental factors is analyzed, which includes the composition of the host organism,
microenvironment and spacetime elements and shows the relationship and interaction between these
elements. Its applied value is evident in probiotic assessment and rational nutrition. Despite existing
technical and biological barriers, ongoing advances in visualization, data integration, and cross-
species modeling are enhancing research methods. Leveraging the latest achievements of the
"resource efficiency improvement"” system, it has become a key tool for advancing research on species
populations and transformation mechanisms, with many proven achievements.

3. Conclusion

Image recognition technology has changed how Bifidobacteria interact in protein production.
Evolving deep learning models (e.g., CNNs, visual converters) enable accurate bacterial morphology
recognition, providing much information on structural changes that reflect metabolic states. Since
environmental factors (cell wall recombination, population aggregation, nitrogen intake) link to
morphological plasticity, morphology serves as an indirect metabolic indicator. Ultimately, these
morphological changes are closely related to metabolic states. Imaging techniques can be used to
identify protein-produced metabolites. Compared to traditional biochemical methods, they have
higher productivity, repeatability and precision. Thanks to automated operations, even very subtle
metabolic characteristics can be identified and standardized. By combining several omics data it is
possible to model proteins as metabolites. Analysis of time, location and substrate dependence shows
that the metabolic activity of bifidobacteria is indeed regulated by many factors. In addition, a
quantitative binding model has been constructed that links the abundance of bacteria with the
efficiency of metabolism, which provides the basis for predicting the contribution of microorganisms
to the nitrogen balance of the host organism. These models take into account regulatory factors such
as the physiological state of the host organism, the microcirculation of the intestines, and nutrition
that change over time and show obvious characteristics in terms of complexity and adaptability. The
transformation application is designed to evaluate strains of probiotics and develop a nutrition
program based on the characteristics of the microbiome. Although problems such as image distortion,
community-level factors, and interdividual variability still exist, thanks to constant innovations in
image resolution, multi-scale integration, and real-time tracking technology, these problems can be
gradually addressed in the future. The combination of image recognition, metabolite imaging and
quantitative modeling techniques enabled a comprehensive system for analyzing the specific
contribution of Bifidobacteria to protein metabolism. This comprehensive method shows great
potential, provides strong support for microbiological research, and can have a profound impact on
Functional Food Research and development, the use of precision nutrition, and the clinical practice
of metabolic health management technologies.
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