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Abstract: Human microbiota refers to the trillions of microorganisms that inhabit our bodies and
have been discovered to have a substantial impact on human health and disease. By sampling the
microbiota, it is possible to generate massive quantities of data for analysis using Machine Learning
algorithms. In this study, we employed several modern Machine Learning techniques to predict
Inflammatory Bowel Disease using raw sequence data. The dataset was obtained from NCBI pre-
processed graph representations and converted into a structured form. Seven well-known Machine
Learning frameworks, including Random Forest, Support Vector Machines, Extreme Gradient Boost-
ing, Light Gradient Boosting Machine, Gaussian Naive Bayes, Logistic Regression, and k-Nearest
Neighbor, were used. Grid Search was employed for hyperparameter optimization. The performance
of the Machine Learning models was evaluated using various metrics such as accuracy, precision,
fscore, kappa, and area under the receiver operating characteristic curve. Additionally, Mc Nemar’s
test was conducted to assess the statistical significance of the experiment. The data was constructed
using k-mer lengths of 3, 4 and 5. The Light Gradient Boosting Machine model overperformed over
other models with 67.24%, 74.63% and 76.47% accuracy for k-mer lengths of 3, 4 and 5, respectively.
The LightGBM model also demonstrated the best performance in each metric. The study showed
promising results predicting disease from raw sequence data. Finally, Mc Nemar’s test results found
statistically significant differences between different Machine Learning approaches.

Keywords: microbiota; Machine Learning; bowel disease; bioinformatics

1. Introduction

Machine Learning (ML) is a subfield of Artificial Intelligence (AI) that focuses on
developing algorithms and statistical models that enable computer systems to learn and
improve from experience, without being explicitly programmed. ML algorithms can be
trained on large datasets to identify patterns and relationships that can be used to make
predictions or decisions about previously unseen data.

In the context of disease detection, ML can be used to analyze medical data, such as
medical images, electronic health records, or genetic data, to identify early signs of disease
or predict the likelihood of developing a particular disease. ML algorithms can also be
used to develop diagnostic tools that can accurately detect diseases in patients.

In the last 30 years, genetic sequences of numerous living organisms have been
discovered and uploaded to online databases. Therefore, it is now easier to analyze and
evaluate these organisms based on their sequences.
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The human microbiota, which consists of trillions of microorganisms that live in our
bodies, has been found to play an important role in human health and disease. Metage-
nomics and microbiome sciences have undergone a revolution thanks to high-throughput
sequencing. Moreover, analyzing microbiome data using ML algorithms can provide new
insights into the role of microbiomes in health and disease.

In this study, modern ML models were trained with genetic sequences obtained from
the human microbiota to predict whether individuals are healthy or not. For this purpose,
the sequence dataset of Gevers et al.’s [1] study which includes 16S rRNA amplicon
sequence of individuals with Inflammatory Bowel Disease (IBD) was downloaded from
the National Center for Biotechnology Information (NCBI) [2] database.

Firstly, De Bruijn graph representations were generated using the sequence dataset.
Secondly, these representations were converted to a structured form which is one of the
novel parts of this study. Afterwards, this structured data was used to train 7 widely-known
ML frameworks namely, Random Forest, Support Vector Machines, Extreme Gradient
Boosting, Light Gradient Boosting Machine, Gaussian Naive Bayes, Logistic Regression
and k-Nearest Neighbor. The hyperparameters of these models were optimized using
the Grid Search algorithm. The results were evaluated using accuracy, precision, fscore,
kappa and area under the receiver operating characteristic curve (AUC) metrics for each
model. Finally, Mc Nemar’s test was employed to assess the statistical significance of
the experiment.

In this study, we designed a novel way to represent the sequences in graph based
structured form and used this structured data to train state-of-the-art ML models like
Light GBM, XGBoost etc. We also evaluated the results with popular metrics and tested
the statistical significance with Mc Nemar’s test. This study also demonstrated that
raw sequences can be used without extracting OTUs (Operational Taxonomic Units) to
classify diseases.

The rest of the paper is constructed as follows. Section 2 demonstrates the literature of
ML algorithms and how they are used in sequence-based analysis of diseases. Section 3
presents the material and method of the study which includes a detailed examination of the
dataset, the data preprocessing phase and ML models and optimization method used in
the study. The prediction results of the ML models are presented and discussed in Section 4.
In Section 5, the study is concluded and future work is presented.

2. Literature Review

Microbiota refers to the community of numerous microorganisms, including viruses,
bacteria, and fungi, that use the human body as a host [3]. Because it affects metabolism
and immunity, microbiota is crucial for human development [4]. To provide and maintain
homeostasis within the human body, humans and their microbial community have evolved
together to be in constant communication and partnership [5]. The human microbiota is
in perpetual competition with pathogens to maintain a colonization resistance and help
regulate the immune response [6]. However, the issue of what ensures the longevity of a
healthy microbiota remains controversial.

Recently, many studies suggest that the risk of various disease like cancer [7],
diabetes [8], obesity [9], and autism [10] may be caused by imbalances in the gut mi-
crobiota. This imbalance in the gut microbiota is defined as dysbiosis [11]. As the human
microbiota play an essential role in disease and health, they can be used as biomarkers
and provide insight into the pathology of certain diseases [12]. Therefore, it is a significant
problem to predict diseases that may occur in the host with the data obtained from the
microbiota [13]. Machine Learning algorithms have proven to be effective in solving such
prediction problems [14].

Inflammatory Bowel Disease (IBD) is a group of disorders that are characterized by
chronic inflammation of the gut. Ulcerative Colitis (UC) and Crohn’s Disease (CD) are
the two main types of IBD. The imbalance in the gut microbiota may lead host-mediated
inflammatory responses and promote IBD development [15]. As differential diagnosis of
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IBD is challenging, ML models using microbiome data may be a promising approach for
the diagnosis.

It is also worth mentioning genetic sequences and next-generation sequencing. With
the development of next-generation sequencing technologies and the completion of the
Human Microbiome Project, a lot of new information has been gained regarding the
microbiota and its functional properties [16].

Due to little evolutionary change, 16s ribosomal RNA (rRNA) has become the most im-
portant DNA region for identifying microorganisms [17]. The 16S rRNA gene is comprised
of nine hypervariable regions (V1-V9) [18]. Targeting one to two hypervariable regions for
next-generation sequencing is a widely used approach in microbial community profiling.

The 165 rRNA gene sequences from microbiome studies are usually publicly available
in online databases such as the NCBI Sequence Database [19]. The NCBI database contains
millions of short sequences for many species in different formats [20].

In recent years, ML has been increasingly used to analyze amplicon-based and whole
genome shotgun sequencing microbiome data [21]. The first example of how sequences
from microbiota are used in ML includes microbial identification [22]. ML algorithms can
be trained on microbial DNA sequences to accurately identify the bacterial species present
in a given sample. This can help to understand the diversity and composition of bacterial
communities, and to identify potentially pathogenic bacteria [14].

Another example is treatment response which includes ML algorithms to analyze mi-
crobiota data to predict how patients will respond to certain treatments, such as antibiotics
or probiotics [23]. This can help to personalize treatment plans for patients and to optimize
therapeutic outcomes [24].

One of the most important usages of ML algorithm on sequence data is disease
prediction [25]. ML algorithms can be trained on microbiome data to predict the likelihood
of developing certain diseases or conditions, such as inflammatory bowel disease [25],
diabetes [26], or cancer [27]. These predictive models can be used to identify patients
who are at high risk for developing these diseases and to provide targeted preventive
interventions [28].

Literature presents different usage of 16s rRNA sequences with ML algorithms. Chaud-
hary et al. [29] developed a tool using the RF model for taxonomic classification of 165
rRNA sequence. The tool achieved over 99% accuracy for taxonomic prediction on both
the genus and phylum models.

Solis-Reyes et al. [30] developed an open-source k-mer based ML tool for subtyping of
HIV-1 sequences. The tool uses k-mer frequencies of the sequence reads without alignment
with Support Vector Machine, Multilayer Perceptron and Logistic Regression models to
determine the subtypes of HIV-1.

Nakano et al. [31] used samples obtained from oral mucosa to predict oral malodour
employing Deep Learning (DL) and SVM. These samples include Operational Taxonomic
Units (OTUs) of 16s rRNA sequences rather than raw sequences. The study uses samples
from only 90 individuals (45 of them marked oral malodour) which can be considered as
not enough data for DL models learn.

One of the first examples of using raw sequences rather than OTUs is Asgari et al.’s [32]
study. In this study, 16s rRNA sequences and OTUs were used to train ML models and
predict different diseases. The study proposed an alignment-free method for genetic
sequences to use in ML models. This k-mer based method utilized shallow sub-samples to
generate features which were later applied to train a Random Forest (RF) model. This study
also used Gevers et al.’s [1] Crohn’s Disease dataset and obtained 75% and 76% precision
for k-mer lengths of 5 and 6, respectively.

Topcuoglu et al. [33] designed a framework including RF, SVM, LR and XGBoost to
predict the presence of neoplasias. The study employed area under the receiver operating
characteristic curve (AUC) as the evaluation metric and RF demonstrated the best perfor-
mance regarding the 0.695 AUC score. The tool developed here also provided a pipeline to
train, test and interpret the results.
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Although literature presents many applications of ML based on OTUs, the studies
that use raw sequences based on k-mer representations are very rare.

3. Materials and Methods

In this study, we designed an ML system to detect IBD using genetic sequence data.
Firstly, the sequence dataset was downloaded from an open access NCBI database. The
fastq files were cleaned to obtain raw sequence files. These files contain thousands of raw
genetic sequences. In the third stage, these sequence reads were converted to the k-mer
based structured graph representation form. In the next stage, this structured dataset was
divided into train and test subsets. The Grid Search algorithm was used to optimize the
hyperparameters of the ML models. Then, ML models with optimized hyperparameters
were trained with a train subset of the dataset. Finally, the test subset was used to measure
the performance of the ML models.

This section contains detailed examination of the dataset, preprocessing stage and
employed ML models. The general framework of the study can be seen in Figure 1.

NCBI Cronhn's Disease
Sequence Dataset

]7Download4>{ Fastq Files J—Cleaning—){ Raw Sequence Files

Graphizing

Our Graph |‘
Representations "

& <—| Selected Parameters ‘\

]

redictions

IBD or Healthy ’

Figure 1. General scheme of the study.
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3.1. Sequence Dataset

The dataset used in this paper is the dataset of Gevers et al.’s [1] study which is
obtained from the NCBI database (Bioproject PRJEB13679 [1]). This dataset consists of V4
hypervariable region sequencing data from a total of 1359 samples. Each sample is stored in
this database in sra or fastq formats. The fastq format, which is easier to read and process,
is preferred.

The sequences in the dataset were obtained from biopsy and stool samples. The
distribution can be seen in Figure 2. Accordingly, 1075 (79%) of 1359 samples in the
dataset were obtained by biopsy and 284 (21%) were obtained from stool samples. IBD was
diagnosed in 746 (69%) of the people from whom biopsy samples were taken, while the
remaining 329 (31%) did not have this disease. In addition, 277 (97.5%) of the participants
whose stool samples were collected were diagnosed with IBD, while the number of those
who did not have the disease was limited to 7 (2.5%).

Figure 2. Distribution of the dataset over the method of obtaining.

The distribution of this dataset according to the diagnosis status can be seen in Figure 3.
Accordingly, 1023 (75%) out of 1359 people were diagnosed with IBD, while 336 (25%) were
healthy. Here, CD, UC, and IC are various forms of IBD. It should be mentioned here that
two of the 165 rRNA sequence files were not used in this study because they contain very
few reads.

Figure 3. Distribution of the dataset considering disease status.
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As mentioned earlier, each file in the dataset is in fastq format. A fastq file contains
4 lines of information for each sequence. The first line is the sequence identifier and starts
with the “@” symbol, the second line contains the raw sequence data, the third line starts
with the “+” symbol following same sequence identifier, and the quality scores is located in
the last line. The contents of a sample fastq file can be seen in Figure 4. Each of the 4 lines

contains information of one sequence read.

@ERR1368879.1 1939.100001_0 length=175
TACGGAGGATCCGAGCGTTATCCGGATTTATTGGGTTTARAGGGAGCGTAGATGGATGTTTAAGTCAGTCGTGAARAGTTTGCGGCT
+ERR1368879.1 1939.100001_0 length=175
CCCDCCDDAFFFGGGGGGGGGGHGGGGGHHHHHHHGGGHHHHHGHGGGGGGGHHHGHHHHHHHHHHGHHHGGGHEGGHHHHHGGGG
@ERR1368879.2 1939.100001 1 length=175
TACGTAGGGAGCAAGCGTTGTCCGGATTTACTGGGGGTAAAGGGTGCGTAGGCGGATTGGCAAGTCAGAAGTGAARATCCATGGGCT
+ERR1368879.2 1939.100001_1 length=175
CCCCCFFCCFACGGGGGGGGGGHGGGEGDHHGHHH2EFFHHHHGHGGGGGGGHGGGGGHHHHHGHHHHHHHHHHGHHHHHHHHHHEH
@ERR1368879.3 1939.100001_2 length=175
TACGTAGGGGGCAAGCGTTATCCGGATTTACTGGGTGTARAGGGAGCGTAGACGGCGCAGCAAGTCTGATGTGARAGGCAGGGGCT
+ERR1368879.3 1939.100001_2 length=175
AB3AAFFBAABDGGGFEGGGGGFEGGGGHHHHHHHGEEHAGHHEHGDEGG?AFE1>>>Q@EEHFGFGHHHHHGHHHHHFFFFGG/ />

Figure 4. Contents of sample fastq file.

3.2. Data Preprocessing

As can be seen in Figure 4, a fastq file contains not only raw sequence but also extra
information about the read. This study only uses the raw sequences, therefore the extra
information of each sequence in each file was removed and the file converted to a standard

text file. The final state of the raw sequence file can be seen in Figure 5.

TACGTAGGGAGCAAGCGTTGTCCGGATTTACTGGGTGTAAAGGGTGCGTAGGCGGATTGGCAAGTCGGAAGTGAAATCCATGGGCTTAACCCATGAACTGCTTTTGAAACTGTTAGTC
TACGTAGGGAGCGAGCGTTGTCCGGATTTACTGGGTGTAAAGGGTGCGTAGGCGGAAGAGCAAGTCAGTAGTGAAATCCATGGGCTTAACCCGTGAACTGCTATTGAAACTGTTTTTC
TACGTAGGGGGCAAGCGTTATCCGGATTTACTGGGTGTAAAGGGAGCGTAGACGGAGCAGCAAGTCTGATGTGAAAGGCGGGGGCTCAACCCCCGGACTGCATTGGAAACTGTTGATC”
TACGTAGGTGGCAAGCGTTATCCGGATTTACTGGGTGTAAAGGGCGTGTAGGCGGGATTGCAAGTCAGATGTGAAAACTGGGGGCTCAACCTCCAGCCTGCATTTGAAACTGTAGTTC
TACGTAGGTGGCAAGCGTTGTCCGGATTTATTGGGCGTAAAGCGAGCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCCCGGCTCAACCGGGGAGGGTCATTGGAAACTGGGAGAL”
TACGGAGGATCCGAGCGTTATCCGGATTTATTGGGTTTAAAGGGAGCGTAGGCGGGTGCTTAAGTCAGTTGTGAAAGTTTGCGGCTCAACCGTAAAATTGCAGTTGATACTGGGCGCC
TACGTAGGTGGCAAGCGTTATCCGGATTTACTGGGTGTACAGGGCGTGTAGGCGGCATTTTAATTCAGTTGTGAAAACCACGGGCTCAACCTTTGGCCTGCACTCGTAACTGTATGTC
TACGTAGGGGGCAAGCGTTATCCGGATTTACTGGGTGTAAAGGGAGCGTAGACGGATGGACAAGTCTGATGTGAAAGGCTGGGGCTCAACCCCGGGACTGCATTGGAAACTGCCCGTC
TACAGAGGATGCAAGCGTTATCCGGAATGATTGGGCGTAAAGCGTCTGTAGGTGGCTTTTTAAGTCCGCCGTCAAATCCCAGGGCTCAACCCTGGACAGGCGGTGGAAACTACCAAGC
TACGGAGGATCCGAGCGTTATCCGGATTTATTGGGTTTAAAGGGAGCGTAGATGGATGTTTAAGTCAGTTGTGAAAGTTTGCGGCTAAACCGTAAAATTGCAGTTGATACTGGATATC
TACGTAGGGGGCAAGCGTTATCCGGATTTACTGGGTGTAAAGGGAGCGTAGACGGCATGGCAAGCCAGATGTGAAAGCCCGGGGCTCAACCCCGGGACTGCATTTGGAACTGTCAGGL”
TACGTAGGGAGCGAGCGTTATCCGGATTCATTGGGCGTAAAGAGCGCGTAGGCGGCCTCTCAAGCGGGATCTCTAATCCGAGGGCTCACCCCCGGCCGGATCCCGAACTGGGAGGCTC!
TACGTAGGGGGCAAGCGTTATCCGGATTTACTGGGTGTAAAGGGAGCGTAGACGGATGGACAAGTCTGATGTGAAAGGCTGGGGCTCAACCCCGGGACTGCATTGGAAACTGCCCGTC
TACGGAGGATGCGAGCGTTATCCGGATTTATTGGGTTTAAAGGGTGCGTAGGTGGTGATTTAAGTCAGCGGTGAAAGTTTGTGGCTCAACCATAAAATTGCCGTTGAAACTGGGTTAC
TACGTAGGGAGCGAGCGTTGTCCGGATTTACTGGGTGTAAAGGGTGCGTAGGCGGAAGAGCAAGTCAGTAGTGAAATCCATGGGCTTAACCCGTGAACTGCTATTGAAACTGTTTTTC

Figure 5. Contents of a file after removing extra information.

In the second stage of the data processing, the raw data sequences in each file were
converted to the graph representations. This stage includes 2 sub-stages which convert
sequences to De Bruijn graphs by selecting k-mer lengths and converting these graphs to
our graph representation.

Here, it is useful to mention De Bruijn graphs. In a De Bruijn graph, the nodes
represented by subsequences of length k, called k-mers, are taken from the original se-
quence [34]. The edges in the graph connect two nodes if there is a k-1 overlap between the
corresponding k-mers.

To generate De Bruijn graph representations, k values 3, 4, and 5 have been selected.
Each file is converted to a single graph which is represented by source and destination
nodes with edge weight. The weight parameter corresponds to the number of times each
edge exists in a file.

For the next step, the separate graph representation is combined to generate a single
file for each k value. These new files contain four features namely, graph id, source id,
destination id, and weight. The first feature graph id corresponds to the id of the sequence
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AAAA

graph_id featl

0 0.7

1

feat2

0.05

file of an individual on the dataset. The source id and destination id represent the k-mer
nodes in related edge.

ML and DL models require structured files to be trained. For this purpose, the dataset
has to be converted to standardized structure. We designed a novel way to represent
sequence files in De Bruijn graphs. Due to the nature of the De Bruijn graph, there is only
one character change between its two edges. It is also worth remembering that there are
only 4 different characters in a sequence. Hence, there are only 4 different nodes to go after
each edge, and the last character added in these nodes can be one of the 4 bases (A, C, G, T).
Therefore, a structure with all possible nodes and 4 bases to represent the next node can be
used for training ML and DL models. This structure of the dataset can be seen in (3) and (4)
of Figure 6.

() 3)

AAAA
source (destination weight
kmer A C G T
AAAC AAAA | AAAA 70
AAAA 70 5 15 10
|:I1> AAAA | AAAC 5 |::>
AAAC 40 20 10 30
AAAG
AAAA | AAAG 15
AAAA | AAAT 10

AAAT U

kmer A C G T
feat3 featd featS feat6
0 0.7 0.05 0.15 0.1
0.15 @11 0.4 0.2 <}:|
1 0.4 0.2 0.1 0.3

(O] “@
Figure 6. One-line representation process of a sequence graph (k = 4 for k-mer).

This structure is also enhanced by flattening the sequence data of each individual and
combining all individuals’ data in one file for each k value ((5) of Figure 6).

In the final phase, the dataset was divided into training (80%) and test (20%) sets. The
training set will be used to train, and optimization of the ML models and the test set will
be used to demonstrate the performance of ML models on previously unseen data.

3.3. Machine Learning Analysis
3.3.1. Machine Learning Models

In this study, seven different ML methods were employed namely, Random Forest,
XGBoost, LightGBM, Support Vector Machine, Gaussian Naive Bayes, Logistic Regression,
and k Nearest Neighbor.

Random Forest (RF) [35] is a Machine Learning algorithm that belongs to the family of
ensemble learning methods, which combine the predictions of multiple individual models
to make more accurate predictions. RF creates an ensemble of decision trees, and each
decision tree is built using a random subset of the original features and a bootstrapped
sample from the training data. This random feature selection and sampling help introduce
diversity among the trees in the forest.
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XGBoost (Extreme Gradient Boosting) [36] is an advanced Machine Learning algo-
rithm that is based on the gradient boosting framework. The algorithm is known for
its exceptional performance and interpretability. XGBoost builds an ensemble model by
combining multiple weak learners, which are decision trees in the case of XGBoost. Initially,
the ensemble is empty, and it starts by creating the first decision tree. This tree is often a
simple shallow tree with a small number of levels. After the first tree is built, the residuals
are calculated. These residuals represent the errors made by the current ensemble model.
XGBoost is known for its exceptional performance due to its optimization techniques,
regularization methods, and ensemble learning approach.

LightGBM [37] is a gradient boosting framework that is specifically designed for
efficient and accurate classification tasks. It is known for its high speed and scalability,
making it a popular choice for handling large-scale datasets. Like the above algorithms,
LightGBM also builds an ensemble model by combining multiple decision trees. However,
it uses a different approach called gradient-based one-side sampling to select and train the
decision trees in a more efficient manner. LightGBM’s efficiency and scalability make it
particularly suitable for handling large datasets with a high number of features.

Support Vector Machine (SVM) [38] is powerful Machine Learning models that aim
to find an optimal hyperplane which separates the two classes in the feature space. SVMs
are known for their ability to handle high-dimensional data, handle non-linearly separable
cases through kernel functions, and have good generalization properties.

Gaussian Naive Bayes (GNB) [39] is a simple yet effective algorithm that is based on
the Bayes’ theorem and assumes that the features follow a Gaussian (normal) distribution.
GNB is known for its simplicity, speed, and ability to handle high-dimensional datasets.
However, it makes the strong assumption of feature independence, which may not hold in
all cases. Despite this limitation, GNB can still perform well in many practical scenarios.

Logistic Regression (LR) [40] is a popular Machine Learning algorithm which models
the relationship between the features and the binary outcome using a logistic function.
This function allows for the estimation of the probability of belonging to a particular class.
Logistic Regression is known for its simplicity and ability to handle both numerical and
categorical features.

k-Nearest Neighbors (kNN) [41] is a simple yet effective Machine Learning algorithm
which classifies new data points based on the majority vote of their k nearest neighbors
in the feature space. kNN is known for its simplicity, ease of implementation, and ability
to handle non-linear decision boundaries. However, it can be computationally expensive,
especially when dealing with large datasets, as it requires computing distances for each
new instance.

3.3.2. Hyperparameter Optimization

Each of the above-mentioned models has a different number and variety of hyperpa-
rameters. In order to produce results with higher accuracy, the best hyperparameters must
be found. For this purpose, hyperparameter optimization was performed using the Grid
Search algorithm.

Grid Search [42] is a technique used in Machine Learning to systematically search
for the best combination of hyperparameters for a given algorithm. Grid Search involves
defining a grid of hyperparameter values and then evaluating the performance of the
model for each combination of these values. The performance is typically measured using
a specific evaluation metric, such as accuracy, precision, recall, or F1-score, depending on
the nature of the problem.

4. Results and Discussion

In this section, the results of the ML analysis of this study will be presented. Seven ML
models are employed, and Grid Search is used to optimize these models. For evaluation
purposes, five metrics are used namely, accuracy, precision, fscore, kappa and Area Under
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the ROC (receiver operating characteristic). All metrics mentioned here are grouped based
on the k value of k-mers.

Firstly, the k-mer length is selected as 3 and the dataset has been processed using the
above-mentioned methods. When the k-mer length is 3 and 4 available bases (A, C, G, T), it
is clear that 64 different k-mers can be found in a sequence file. According to the processing
method in Figure 6, the length of the sequence representation of one individual is 256
(64 x 4). After the preprocessing stage, the dataset contains the data of 1357 individuals
with 256 features for a k-mer length of 3. From this it can be easily understood that the
number of features for k-mer lengths of 4 and 5 are 1024 and 4096, respectively.

The evaluation results of a k-mer length of 3 can be seen in Figure 7. Regarding
accuracy, the most successful result was obtained from the LightGBM model with 67%,
followed by RF model with 65%. These two models outperformed others in each metric.
Also, the AUC score of these two models is quite close. While the difference between the
success of the models in accuracy, precision and fscore metrics is small, the difference is
more clearly seen in the Kappa metric. On the other hand, the least successful result was
obtained from the SVM model with 57% which also shows worst performance regarding
other metrics.

In the second phase, the k-mer length set as 4 and the dataset is used to evaluate
the models all over again. As can be seen in Figure 8, The LightGBM model achieved
74.63% accuracy which is the best score amongst the chosen models. The accuracy score of
LightGBM is improved by approximately 7% regarding the k-mer length of 3. Also, the RF
is another model that exceeds 70% regarding accuracy. It can be seen that the model with
the most performance increase is SVM considering accuracy which increased from 57% to
68%. It should also be noted that the AUC score of LightGBM is over the 80%. On the other
hand, the Gaussian NB is the only model that decreased in every metric, especially in the
kappa score.

In the third phase, the above-mentioned process is completed for a k-mer length of 5.
The result can be seen in Figure 9. The LightGBM is the overachieving model regarding
every metric, again. The accuracy of the LightGBM model exceeds 76% which is the best
result among the all k-mer lengths. The RF model is also achieved over 75% accuracy.
LightGBM and RF show similar results on every metric including kappa and AUC scores.
Also, it can be seen that the XGB is the model whose performance has improved the most
in terms of accuracy, which is above 72%. On the other hand, GaussianNB demonstrates
the weakest performance on every metric including accuracy.

To sum up, increasing the k-mer length enhanced the accuracy on all models except
the GNB (Figure 10). While the LightGBM model outperformed other models for each
k-mer length with over 76% accuracy, RF, also provided similar results. As the k-mer length
was increased, the performance of XGBoost also showed a significant increase, reaching
above 72% accuracy.

Here, it is worth mentioning and comparing the results with OTU-based methods
because the majority of the IBD and other pathologies used OTU-based ML approaches.
In the literature, Gevers et al.’s [1] dataset is used in different OTU-based studies. Asgari
et al. [32] used 9511 OTU features to train RF and SVM to predict Crohn’s Disease. The
study demonstrated 0.74 & 0.04 and 0.68 £ 0.04 precision from RF and SVM models,
respectively. In our study, the RF model presented 0.7548 precision for a k-mer length of 5
which is similar to the results of Asgari et al.’s study.
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Manandhar et al. [43] used two datasets including Gevers et al.’s dataset and the
RF model to predict IBD. This study not only employs OTU-based features but also
50 differential bacterial taxa for this task. The RF model demonstrated 74 £ 2% for IBD
prediction task using the OTU-based approach which is again similar to our results.

Linares-Blanco et al. [44] used only fecal samples to generate metagenomic signatures
and tested ML models with two datasets. The RF model presented a 0.76 AUC score which
is below our RF and LGBM AUC scores.

In order to examine the results in more detail, Mc Nemar’s test is used. Mc Nemar’s
test is a statistical test used to analyze paired categorical data which can also be adopted
to evaluate binary classification results [45]. The test is commonly applied to determine
whether there is a significant difference in the proportions of a particular attribute be-
tween two conditions. This difference is named as the z score and is calculated using

Equation (1) below:
(Mo =5 1) @

,/st-i-Nfs

Here, Nss and Ny, correspond to the number of paired observations where one ML
model succeeds and the other one fails. If two ML models output the same prediction, the
z score will be zero which means there is no significant difference between performance
of the two models. Moreover, it is interpreted that the performance of the two models is
statistically different as the z score increases. z scores and corresponding confidence levels
for one-tailed and two-tailed predictions can be seen in Table 1. Here, one-tailed prediction
value is high when one ML model is overperforming than other, and two-tailed prediction
value shows the difference between two ML models.

z =
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Table 1. Some z scores and corresponding confidence levels [46].

Z Score One-Tailed Prediction Two-Tailed Prediction
1.645 95% 90%
1.960 97.5% 95%
2.326 99% 98%
2.576 99.5% 99%

In Table 2, Mc Nemar’s test results can be seen in which the ML model performed better
in the provided datasets and is indicated by the arrowheads. The statistical significance
results are indicated by the z scores that are provided next to the arrowheads. By examining
this table, we can once again see the superior performance of LGBM which is represented
by arrowheads in each comparison. LGBM demonstrates over 90% confidence compared
to SVM, XGB, GNB, LR and KNN. The lowest z-score of LGBM is generated comparing
RF which is 0.4. Furthermore, RF has also produced better results compared to all models
except LGBM. This table is further proof that this study produces statistically significant
results comparing these ML models on this dataset.

Table 2. Mc Nemar’s Test results for k-mer length of 5.

SVM XGB LGBM GNB LR KNN
RF +~1.95 +0.8571 10.4 —4.6368 <—2.7449 +3.1386
SVM 11.0846 12.1952 —2.6064 0 «—1.2247
XGB 11.3568 +3.6552 +—1.375 —2.1442
LGBM <—4.6705 <—2.8062 <—3.4641
GNB 12.7 11.5811
LR +0.9363

To further test the performance of the models a second dataset is employed. This
dataset is obtained from Jacobs et al.’s study and includes samples from 90 individuals [46]
(Bioproject PRJNA324147 [46]). These individuals are from 21 families with pediatric
inflammatory bowel disease. The dataset contains 26 Crohn’s Disease patients, 10 Ulcerative
Colitis patients, and 54 healthy siblings/parents. All of the data in the dataset were obtained
from stool samples. As mentioned before, the main dataset contains both stool and biopsy
samples. Moreover, the second dataset includes not only child samples, but also their
parents’ while the main dataset only includes child patients.

The new dataset was used to test the previously trained and optimized ML models. It
is important to note that the hyperparameters are optimized with the main dataset. The
accuracy of the results can be seen in Figure 11. As can be seen in the figure, the best result
was obtained as 64.44% accuracy using the RF algorithm with a k-mer length of 4. The
GNB algorithm demonstrated the second best results with 61.11% accuracy. The results
demonstrated that there is no correlation between k-mer length and accuracy for the second
database. There could be several reasons for these results. First, the second dataset contains
not only child patients but also adult patients. Also, two datasets consist of samples from
different geographical regions which can cause diversity in the microbiota. Lastly, the
dataset contains samples from only 21 family which can cause bias. For now, it is hard to
find samples of the V4 region of the 165 rRNA gene for IBD. The literature does not have
large datasets which are required for ML models to learn and to consistently distinguish
between diseased and healthy individuals.
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5. Conclusions

The use of microbiota data in ML has the potential to revolutionize our understanding
of the human microbiome and its role in health and disease. By enabling more accurate and
personalized care for patients, this approach could lead to improved health outcomes and
a better understanding of the complex interplay between microbiota and human health.

In this study, popular ML models were utilized to predict IBD from k-mer represen-
tations of 165 rRNA sequence data of patients. The dataset used in the study contains
microbiota samples taken from 1359 individuals. When compared with other ML ap-
proaches mainly based on OTU/ASV features, k-mer based ML tools are alignment-free
approaches which minimize the bioinformatics analysis steps including clustering and
taxa assignment. Moreover, unknown taxa or annotation errors may limit performance of
feature-based ML classification approaches.

In the preprocessing stage, sequence identifiers and quality scores were removed from
the fastq file so that only nucleotide sequences remain. Secondly, these raw sequences were
converted in De Bruijn graph representation form with k-mer lengths of 3, 4 and 5. Later,
these representations were converted into a structured form to train ML models.

Seven ML models including Random Forest, Support Vector Machines, XGBoost, Light
Gradient Boosting Machine, Gaussian Naive Bayes, Logistic Regression and k-Nearest
Neighbor were employed. The hyperparameter optimization was achieved using the Grid
Search algorithm. The evaluation metrics of accuracy, precision, fscore, kappa and area
under the receiver operating characteristic curve (AUC) were chosen.

The ML models were trained and tested with three sets of data. The best model was
LightGBM with 76.47% accuracy for a k-mer length of 5. Also, results were statistically
significant regarding Mc Nemar’s test results. In future work, larger k-mer lengths will be
chosen and Deep Learning models will be employed.

Analyzing microbiome data using ML techniques offers promising ways for enhancing
the diagnosis and treatment of IBD. The human microbiome plays a crucial role in maintain-
ing body health and changes in microbiome can be linked with various diseases. ML can
help resolve complex relationships within microbiome data to help the diagnosis of IBD.
By using different ML models forecasting disease progression, response to treatment based
on microbiome data can be possible. ML algorithms require large datasets to accurately
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predict the diseases. By using next generation sequencing techniques, more and more
sequence data will be uploaded to the open access databases, and using these large datasets
can elevate the performance of ML models.

Author Contributions: Conceptualization, E.B. and C.O.; methodology, M.S.G. and M.U.; soft-
ware, M.U,, E.B., KA. and T.A,; validation, T.A. and K.A.; formal analysis, M.U.; investigation,
C.O,; resources, M.U.; data curation, M.U.; writing—original draft preparation, M.U. and M.S.G.;
writing—review and editing, T.A. and K.A.; visualization, M.U.; supervision, E.B., M.S.G. and C.O.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available in a publicly accessible repository. The data pre-
sented in this study are openly available in reference number [1].

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Gevers, D.; Kugathasan, S.; Denson, L.A.; Vazquez-Baeza, Y.; Van Treuren, W.; Ren, B.; Schwager, E.; Knights, D.; Song, S.J.;
Yassour, M. The treatment-naive microbiome in new-onset Crohn’s disease. Cell Host Microbe 2014, 15, 382-392. [CrossRef]
[PubMed]

National Library of Medicine. National Center for Biotechnology Information (NCBI). Available online: https://www.ncbi.nlm.
nih.gov/ (accessed on 5 July 2023).

Varesi, A.; Pierella, E.; Romeo, M.; Piccini, G.B.; Alfano, C.; Bjerklund, G.; Oppong, A.; Ricevuti, G.; Esposito, C.; Chirumbolo, S.
The potential role of gut microbiota in Alzheimer’s disease: From diagnosis to treatment. Nutrients 2022, 14, 668. [CrossRef]
[PubMed]

Duttaroy, A K. Role of gut microbiota and their metabolites on atherosclerosis, hypertension and human blood platelet function:
A review. Nutrients 2021, 13, 144. [CrossRef]

Hou, K.; Wu, Z.-X,; Chen, X.-Y,; Wang, ].-Q.; Zhang, D.; Xiao, C.; Zhu, D.; Koya, J.B.; Wei, L.; Li, ]. Microbiota in health and
diseases. Signal Transduct. Target. Ther. 2022, 7, 135. [CrossRef] [PubMed]

Vannier, N.; Agler, M.; Hacquard, S. Microbiota-mediated disease resistance in plants. PLoS Pathog. 2019, 15, €1007740. [CrossRef]
[PubMed]

Cheng, Y.; Ling, Z.; Li, L. The intestinal microbiota and colorectal cancer. Front. Immunol. 2020, 11, 615056. [CrossRef]
Gholizadeh, P,; Mahallei, M.; Pormohammad, A.; Varshochi, M.; Ganbarov, K.; Zeinalzadeh, E.; Yousefi, B.; Bastami, M.;
Tanomand, A.; Mahmood, S.S. Microbial balance in the intestinal microbiota and its association with diabetes, obesity and allergic
disease. Microb. Pathog. 2019, 127, 48-55. [CrossRef]

Aron-Wisnewsky, J.; Warmbrunn, M.V.; Nieuwdorp, M.; Clément, K. Metabolism and metabolic disorders and the microbiome:
The intestinal microbiota associated with obesity, lipid metabolism, and metabolic health—Pathophysiology and therapeutic
strategies. Gastroenterology 2021, 160, 573-599. [CrossRef]

Liu, F; Li, J.; Wu, E; Zheng, H.; Peng, Q.; Zhou, H. Altered composition and function of intestinal microbiota in autism spectrum
disorders: A systematic review. Transl. Psychiatry 2019, 9, 43. [CrossRef]

Cheng, L.; Qi, C.; Zhuang, H.; Fu, T.; Zhang, X. gutMDisorder: A comprehensive database for dysbiosis of the gut microbiota in
disorders and interventions. Nucleic Acids Res. 2020, 48, D554-D560. [CrossRef]

Guo, X.; Huang, C; Xu, J.; Xu, H,; Liu, L.; Zhao, H.; Wang, J.; Huang, W.; Peng, W.; Chen, Y. Gut microbiota is a potential
biomarker in inflammatory bowel disease. Front. Nutr. 2022, 8, 818902. [CrossRef] [PubMed]

Pietrucci, D.; Teofani, A.; Unida, V.; Cerroni, R.; Biocca, S.; Stefani, A.; Desideri, A. Can gut microbiota be a good predictor for
Parkinson’s disease? A machine learning approach. Brain Sci. 2020, 10, 242. [CrossRef] [PubMed]

Marcos-Zambrano, L.J.; Karaduzovic-Hadziabdic, K.; Loncar Turukalo, T.; Przymus, P.; Trajkovik, V.; Aasmets, O.; Berland, M.;
Gruca, A.; Hasic, J.; Hron, K. Applications of machine learning in human microbiome studies: A review on feature selection,
biomarker identification, disease prediction and treatment. Front. Microbiol. 2021, 12, 313. [CrossRef]

Qiu, P; Ishimoto, T.; Fu, L.; Zhang, J.; Zhang, Z.; Liu, Y. The gut microbiota in inflammatory bowel disease. Front. Cell. Infect.
Microbiol. 2022, 12, 733992. [CrossRef] [PubMed]

Katongole, P.; Sande, O.].; Joloba, M.; Reynolds, S.J.; Niyonzima, N. The human microbiome and its link in prostate cancer risk
and pathogenesis. Infect. Agents Cancer 2020, 15, 53. [CrossRef] [PubMed]

Johnson, ].S.; Spakowicz, D.J.; Hong, B.-Y.; Petersen, L.M.; Demkowicz, P.; Chen, L.; Leopold, S.R.; Hanson, B.M.; Agresta, H.O.;
Gerstein, M. Evaluation of 165 rRNA gene sequencing for species and strain-level microbiome analysis. Nat. Commun. 2019,
10, 5029. [CrossRef]


https://doi.org/10.1016/j.chom.2014.02.005
https://www.ncbi.nlm.nih.gov/pubmed/24629344
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://doi.org/10.3390/nu14030668
https://www.ncbi.nlm.nih.gov/pubmed/35277027
https://doi.org/10.3390/nu13010144
https://doi.org/10.1038/s41392-022-00974-4
https://www.ncbi.nlm.nih.gov/pubmed/35461318
https://doi.org/10.1371/journal.ppat.1007740
https://www.ncbi.nlm.nih.gov/pubmed/31194849
https://doi.org/10.3389/fimmu.2020.615056
https://doi.org/10.1016/j.micpath.2018.11.031
https://doi.org/10.1053/j.gastro.2020.10.057
https://doi.org/10.1038/s41398-019-0389-6
https://doi.org/10.1093/nar/gkz843
https://doi.org/10.3389/fnut.2021.818902
https://www.ncbi.nlm.nih.gov/pubmed/35127797
https://doi.org/10.3390/brainsci10040242
https://www.ncbi.nlm.nih.gov/pubmed/32325848
https://doi.org/10.3389/fmicb.2021.634511
https://doi.org/10.3389/fcimb.2022.733992
https://www.ncbi.nlm.nih.gov/pubmed/35273921
https://doi.org/10.1186/s13027-020-00319-2
https://www.ncbi.nlm.nih.gov/pubmed/32884579
https://doi.org/10.1038/s41467-019-13036-1

Diagnostics 2023, 13, 2835 17 of 18

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Abellan-Schneyder, I.; Matchado, M.S.; Reitmeier, S.; Sommer, A.; Sewald, Z.; Baumbach, J.; List, M.; Neuhaus, K. Primer,
pipelines, parameters: Issues in 16S rRNA gene sequencing. Msphere 2021, 6, e01202-20. [CrossRef]

Schoch, C.L.; Ciufo, S.; Domrachev, M.; Hotton, C.L.; Kannan, S.; Khovanskaya, R.; Leipe, D.; Mcveigh, R.; O’'Neill, K.; Robbertse,
B. NCBI Taxonomy: A comprehensive update on curation, resources and tools. Database 2020, 2020, baaa062. [CrossRef]

Arita, M.; Karsch-Mizrachi, I.; Cochrane, G. The international nucleotide sequence database collaboration. Nucleic Acids Res. 2021,
49, D121-D124. [CrossRef]

Yang, A.; Zhang, W.; Wang, J.; Yang, K.; Han, Y.; Zhang, L. Review on the application of machine learning algorithms in the
sequence data mining of DNA. Front. Bioeng. Biotechnol. 2020, 8, 1032. [CrossRef]

Weis, C.V.; Jutzeler, C.R.; Borgwardt, K. Machine learning for microbial identification and antimicrobial susceptibility testing on
MALDI-TOF mass spectra: A systematic review. Clin. Microbiol. Infect. 2020, 26, 1310-1317. [CrossRef] [PubMed]

Cammarota, G.; Ianiro, G.; Ahern, A.; Carbone, C.; Temko, A.; Claesson, M.].; Gasbarrini, A.; Tortora, G. Gut microbiome, big data
and machine learning to promote precision medicine for cancer. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 635-648. [CrossRef]
[PubMed]

McCoubrey, L.E.; Gaisford, S.; Orlu, M.; Basit, A.W. Predicting drug-microbiome interactions with machine learning. Biotechnol.
Adv. 2022, 54,107797. [CrossRef] [PubMed]

Aryal, S.; Alimadadi, A.; Manandhar, I; Joe, B.; Cheng, X. Machine learning strategy for gut microbiome-based diagnostic
screening of cardiovascular disease. Hypertension 2020, 76, 1555-1562. [CrossRef] [PubMed]

Biassoni, R.; Di Marco, E.; Squillario, M.; Barla, A.; Piccolo, G.; Ugolotti, E.; Gatti, C.; Minuto, N.; Patti, G.; Maghnie, M. Gut
microbiota in TIDM-onset pediatric patients: Machine-learning algorithms to classify microorganisms as disease linked. J. Clin.
Endocrinol. Metab. 2020, 105, e3114-e3126. [CrossRef]

Konishi, Y.; Okumura, S.; Matsumoto, T.; Itatani, Y.; Nishiyama, T.; Okazaki, Y.; Shibutani, M.; Ohtani, N.; Nagahara, H.; Obama,
K. Development and evaluation of a colorectal cancer screening method using machine learning-based gut microbiota analysis.
Cancer Med. 2022, 11, 3194-3206. [CrossRef]

Lin, Y.C.; Salleb-Aouissi, A.; Hooven, T.A. Interpretable prediction of necrotizing enterocolitis from machine learning analysis of
premature infant stool microbiota. BMC Bioinform. 2022, 23, 104. [CrossRef]

Chaudhary, N.; Sharma, A K.; Agarwal, P.; Gupta, A.; Sharma, VK. 16S classifier: A tool for fast and accurate taxonomic
classification of 16S rRNA hypervariable regions in metagenomic datasets. PLoS ONE 2015, 10, e0116106. [CrossRef]
Solis-Reyes, S.; Avino, M.; Poon, A.; Kari, L. An open-source k-mer based machine learning tool for fast and accurate subtyping
of HIV-1 genomes. PLoS ONE 2018, 13, e0206409. [CrossRef]

Nakano, Y.; Suzuki, N.; Kuwata, F. Predicting oral malodour based on the microbiota in saliva samples using a deep learning
approach. BMC Oral Health 2018, 18, 128. [CrossRef]

Asgari, E.; Garakani, K.; McHardy, A.C.; Mofrad, M.R. MicroPheno: Predicting environments and host phenotypes from 16S
rRNA gene sequencing using a k-mer based representation of shallow sub-samples. Bioinformatics 2018, 34, i32-i42. [CrossRef]
Topguoglu, B.D.; Lesniak, N.A.; Ruffin, M.T., IV; Wiens, ].; Schloss, P.D. A framework for effective application of machine learning
to microbiome-based classification problems. MBio 2020, 11, e00434-20. [CrossRef]

Ekim, B.; Berger, B.; Chikhi, R. Minimizer-space de Bruijn graphs: Whole-genome assembly of long reads in minutes on a personal
computer. Cell Syst. 2021, 12, 958-968.e6. [CrossRef] [PubMed]

Speiser, ].L.; Miller, M.E.; Tooze, J.; Ip, E. A comparison of random forest variable selection methods for classification prediction
modeling. Expert Syst. Appl. 2019, 134, 93-101. [CrossRef] [PubMed]

Sagi, O.; Rokach, L. Approximating XGBoost with an interpretable decision tree. Inf. Sci. 2021, 572, 522-542. [CrossRef]

Wang, D.-N; Li, L.; Zhao, D. Corporate finance risk prediction based on LightGBM. Inf. Sci. 2022, 602, 259-268. [CrossRef]
Cervantes, J.; Garcia-Lamont, F; Rodriguez-Mazahua, L.; Lopez, A. A comprehensive survey on support vector machine
classification: Applications, challenges and trends. Neurocomputing 2020, 408, 189-215. [CrossRef]

Kamel, H.; Abdulah, D.; Al-Tuwaijari, ].M. Cancer classification using gaussian naive bayes algorithm. In Proceedings of the 2019
International Engineering Conference (IEC), Erbil, Iraq, 23-25 June 2019; pp. 165-170.

Zou, X.; Hu, Y,; Tian, Z.; Shen, K. Logistic regression model optimization and case analysis. In Proceedings of the 2019 IEEE
7th International Conference on Computer Science and Network Technology (ICCSNT), Dalian, China, 19-20 October 2019;
pp- 135-139.

Abu Alfeilat, H.A.; Hassanat, A.B.; Lasassmeh, O.; Tarawneh, A.S.; Alhasanat, M.B.; Eyal Salman, H.S.; Prasath, V.S. Effects of
distance measure choice on k-nearest neighbor classifier performance: A review. Big Data 2019, 7, 221-248. [CrossRef]
Liashchynskyi, P.; Liashchynskyi, P. Grid search, random search, genetic algorithm: A big comparison for NAS. arXiv 2019,
arXiv:1912.06059.

Manandhar, I.; Alimadadi, A.; Aryal, S.; Munroe, P.B.; Joe, B.; Cheng, X. Gut microbiome-based supervised machine learning for
clinical diagnosis of inflammatory bowel diseases. Am. J. Physiol.-Gastrointest. Liver Physiol. 2021, 320, G328-G337. [CrossRef]
Lifiares-Blanco, J.; Fernandez-Lozano, C.; Seoane, J.A.; Lopez-Campos, G. Machine learning based microbiome signature to
predict inflammatory bowel disease subtypes. Front. Microbiol. 2022, 13, 872671. [CrossRef] [PubMed]


https://doi.org/10.1128/mSphere.01202-20
https://doi.org/10.1093/database/baaa062
https://doi.org/10.1093/nar/gkaa967
https://doi.org/10.3389/fbioe.2020.01032
https://doi.org/10.1016/j.cmi.2020.03.014
https://www.ncbi.nlm.nih.gov/pubmed/32217160
https://doi.org/10.1038/s41575-020-0327-3
https://www.ncbi.nlm.nih.gov/pubmed/32647386
https://doi.org/10.1016/j.biotechadv.2021.107797
https://www.ncbi.nlm.nih.gov/pubmed/34260950
https://doi.org/10.1161/HYPERTENSIONAHA.120.15885
https://www.ncbi.nlm.nih.gov/pubmed/32909848
https://doi.org/10.1210/clinem/dgaa407
https://doi.org/10.1002/cam4.4671
https://doi.org/10.1186/s12859-022-04618-w
https://doi.org/10.1371/journal.pone.0116106
https://doi.org/10.1371/journal.pone.0206409
https://doi.org/10.1186/s12903-018-0591-6
https://doi.org/10.1093/bioinformatics/bty296
https://doi.org/10.1128/mBio.00434-20
https://doi.org/10.1016/j.cels.2021.08.009
https://www.ncbi.nlm.nih.gov/pubmed/34525345
https://doi.org/10.1016/j.eswa.2019.05.028
https://www.ncbi.nlm.nih.gov/pubmed/32968335
https://doi.org/10.1016/j.ins.2021.05.055
https://doi.org/10.1016/j.ins.2022.04.058
https://doi.org/10.1016/j.neucom.2019.10.118
https://doi.org/10.1089/big.2018.0175
https://doi.org/10.1152/ajpgi.00360.2020
https://doi.org/10.3389/fmicb.2022.872671
https://www.ncbi.nlm.nih.gov/pubmed/35663898

Diagnostics 2023, 13, 2835 18 of 18

45. Bostanci, B.; Bostanci, E. An evaluation of classification algorithms using Mc Nematr’s test. In Advances in Intelligent Systems and
Computing, Proceedings of the Seventh International Conference on Bio-Inspired Computing: Theories and Applications (BIC-TA 2012),
Guwalior, India, 14-16 December 2012; Springer: New Delhi, India, 2013; Volume 1, pp. 15-26.

46. Jacobs, ].P; Goudarzi, M.; Singh, N.; Tong, M.; McHardy, I.H.; Ruegger, P.; Asadourian, M.; Moon, B.-H.; Ayson, A.; Borneman, J.
A disease-associated microbial and metabolomics state in relatives of pediatric inflammatory bowel disease patients. Cell. Mol.
Gastroenterol. Hepatol. 2016, 2, 750-766. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jcmgh.2016.06.004
https://www.ncbi.nlm.nih.gov/pubmed/28174747

	Introduction 
	Literature Review 
	Materials and Methods 
	Sequence Dataset 
	Data Preprocessing 
	Machine Learning Analysis 
	Machine Learning Models 
	Hyperparameter Optimization 


	Results and Discussion 
	Conclusions 
	References

