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DeepARG+ - A Computational Pipeline for the Prediction of An-

tibiotic Resistance Genes

Rutwik Shashank Kulkarni

(ABSTRACT)

The global spread of antibiotic resistance warrants concerted surveillance in the clinic and
in the environment. The widespread use of metagenomics for various studies has led to the
generation of a large amount of sequencing data. Next-generation sequencing of microbial
communities provides an opportunity for proactive detection of emerging antibiotic resis-
tance genes (ARGs) from such data, but there are a limited number of pipelines that enable
the identification of novel ARGs belonging to diverse antibiotic classes at present. Therefore,
there is a need for the development of computational pipelines that can identify these puta-
tive novel ARGs. Such pipelines should be scalable, accessible and have good performance.
To address this problem we develop a new method for predicting novel ARGs from ge-
nomic or metagenomic sequences, leveraging known ARGs of different resistance categories.
Our method takes into account the physio-chemical properties that are intrinsic to differ-
ent ARG families. Traditionally, new ARGs are predicted by making sequence alignment
and calculating sequence similarity to existing ARG reference databases, which can be very
time consuming. Here we introduce an alignment free and deep learning prediction method
that incorporates both the primary protein sequences of ARGs and their physio-chemical
properties. We compare our method with existing pipelines including hidden Markov model
based Resfams and fARGene, sequence alignment and machine learning-based DeepARG-
LS, and homology modelling based Pairwise Comparative Modelling. We also use our model

to detect novel ARGs from various environments including human-gut, soil, activated sludge



and the influent samples collected from a waste water treatment plant. Results show that
our method achieves greater accuracy compared to existing models for the prediction of
ARGs and enables the detection of putative novel ARGs, providing promising targets for

experimental characterization to the scientific community.



DeepARG+ - A Computational Pipeline for the Prediction of An-

tibiotic Resistance Genes

Rutwik Shashank Kulkarni

(GENERAL AUDIENCE ABSTRACT)

Various bacteria contain genes that allow them to survive and grow even after the application
of antibiotics. Such genes are called antibiotic resistance genes (ARGs). Each ARG has
properties that make it resistant to a particular class of antibiotics. This class is called the
resistance class/category of the gene. Antimicrobial resistance (AMR) is one of the biggest
challenges to public health in recent times. It has been projected that a large number of
deaths might occur due to AMR in the future. Therefore, there is a need for monitoring
AMR in various environments. Currently, developed methods use the sequence’s similarity
with the existing database as a feature for ARG prediction. Some tools also use the 3D
structure of proteins as a feature for ARG prediction. In this thesis, we develop a tool that
incorporates both the sequence similarity and the structural information of proteins for ARG
prediction. The structural information is encoded with physio-chemical properties (such as
hydrophobicity, molecular weight etc.) of the amino acids. Our results show the efficacy of
the pipeline in various environments. Results also show that our method achieves accuracy
greater than existing models for the prediction of ARGs from metagenomic data. It also
enables the detection of putative novel ARGs, providing promising targets for experimental

characterization to the scientific community.
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Chapter 1

Introduction

Bacteria can survive and multiply despite the use of antibiotics. This phenomenon is called
antibiotic resistance (AR). AR is one of the biggest challenges to public health in recent
times. According to the Centers for Disease Control and Prevention (CDC), at least 2.8
million people get infected with AR bacteria every year in the US [4]. More than 35,000
people die annually due to an AR infection [4]. The appearance of new AR bacteria in the
environment typically follows the release of novel antibiotics. For example, penicillin was
discovered in 1928 and released in 1941. In 1942, researchers identified penicillin-resistant
Staphylococcus aureus bacteria for the first time [71]. It is difficult to treat AR infections.
According to a recent study [54], more than 4.6 billion dollars will be required annually to
treat AR infections caused by multidrug resistant bacteria. The rise of AR is due to the

overuse and misuse of antibiotics for the treatment of bacterial infections.

1.1 Rise of Antibiotic Resistance

The rise of antibiotic resistance in parallel with the development of antibiotics can be seen
from figure 1.1. After the discovery of penicillin and the consequent resistance, antibiotics
were developed in response to the resistance problem. In the golden age of antibiotics (1950-
1970), about 20 new antibiotics were discovered. Antibiotics such as methicillin, sulfonamide

and tetracyclines were developed in this period. However, bacteria resistant to each of the

1
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newly discovered antibiotic were soon found [66]. In 2008, a super bug called NDM-1 (New
Delhi metallo-B-lactamase-1) was discovered [57]. This bacteria is resistant to the strongest
and most commonly used beta-lactam antibiotics. In 2017, scientists developed Teixobactin
[2] that kills superbugs. In recent times, the development of antibiotics has slowed down and

therefore AR has become a big threat [37] [3].

1928 Penicillin invented
1948 Penicillin resistant ™
History of Antibiotic :Eap”?"’::“"s
i iscover
Resistance \ Mare than 20
. AirTC T = new classes of
Methicillin invented ' antibiotics are
1960 Methicillin resistance developed

discovered (MRSA)

1970 \
1022 Vancomycin invented | More than 60
> variations of

| antibiotics
discovered

Vancomycin resistance
discovered

2008 BLA NDM-1 discovered Surerbug resistant to strongest
antiDiotcs
207 Teixobactin discovered " 9= superbugs
Everyone working to fight
AR

Figure 1.1: Brief History of Antibiotic Resistance

1.2 Transfer of Antibiotic Resistance

Bacteria mutate and acquire genes that confer AR either horizontally (transfer from bacteria
to bacteria), or vertically (by evolution). Horizontal Gene Transfer (HGT) is the most

common route of AR transfer [53]. HGT occurs by 4 routes [36] [58].

o Transportation: The plasmids containing the DNA of a resistant bacterium are trans-
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mitted to another bacterium.

o Transduction: Bacteriophage infects bacteria and in the course of that infection it
can insert some of its own DNA which might contain an ARG, making the bacteria

antibiotic resistant.

e Conjugation: Bacterial “sex” which leads to the transfer of antibiotic resistance from

one bacteria to another.

o Transformation: It is the ability of bacteria to take naked DNA from the environment

and develop antibiotic resistance.

1.3 Antibiotic Resistance in the Environment

Daves [16], in his work, stated that the resistance in bacteria is not restricted to pathogens.
Resistance is also present in environmental microbes. Bacteria interact with various chemi-
cals in their respective environments and act as a reservoir of antibiotic resistance. Studies
such as [27] and [28] study the antibiotic resistance in the soil environment. Additionally,
water has also been screened for antibiotic resistance by studies including [75] and [12].
ARGs have also been found in animals, human guts and even insects [72]. As AR bacteria

are prevalent in all environments we need to effectively monitor their spread.

1.4 Metagenomic Sequencing Data

The study of AR in bacteria has been greatly promoted by the development of next-

generation sequencing (NGS) technology that allows scientists to rapidly sequence bacterial
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genomes. Metagenomic sequencing can generate tens of millions of sequences from many bac-
terial genomes and has allowed researchers to explore AR in various environments. In order
to identify ARGs, researchers collect samples from the environment, extract DNAs, prepare
a library and then use a sequencing platform for metagenomic sequencing [22]. DNAs are
fragmented and sequenced to produce short reads/sequences ranging from 75 bps to 400 bps.
These short reads can be assembled into contigs by various short read assembly algorithms
[22]. However, with the rise of the third generation sequencing, sequences up to 30 kilobase
pairs can be generated [6]. Both Oxford Nanopore sequencing technology [21] and Pacbio

[64] can produce longer reads but have high sequencing error rates [7].

After generating metagenomic sequencing data or genomic sequences, researchers will ap-
ply computational pipelines for annotating or predicting ARGs in the data. The detailed

algorithms and tools are reviewed next.

1.5 Computational Pipelines for ARG Prediction

1.5.1 Alignment based tools

Computational tools such as BLAST [43] and DIAMOND [23] use the ‘best-hit’ approach
for annotation of new sequences. This approach calculates similarity of the new sequence
to existing sequences and uses this to predict the resistance category of the new sequence.
One of the main reasons for the lack of good prediction is that this technique considers only
the sequence similarity for annotation. Best-hit approaches require sequence alignment, a
very time-consuming process. Alignment based algorithms use a “seed-and-extend” strategy,
which involves an exact match/search of the seed DNA sequence in the reference database

(a database with known ARGs) as the first step and then extension of the match to the
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entire input string using a sequence alignment algorithm such as Smith-Waterman [68] as
the second step. Widely used computer programs such as BLAST [43] and FASTA [61] [60]
[63] fall into this category. BLAST has grown to become the most trusted tool for sequence
search and alignment. However, BLAST, like all other alignment-based algorithms, does not
scale well when comparing hundreds of thousands of sequences. This is because the sequence
alignment step uses dynamic programming, which takes O(n?) time, where n is the length
of the sequences aligned. As a result, variants of BLAST-type tools have been developed
such as DIAMOND |[23], BLAT [41], USEARCH [30], and RAPSearch [74] [76]. Particularly,
the dramatic speed up of DIAMOND (20,000 ) is achieved using a double indexing/hashing
strategy (hashing both input sequences and reference database sequences), spaced seeds
(longer seeds where not all positions are used), and a reduced alphabet. Comparatively,
these newer tools run much faster than the BLAST family of tools, but with some loss of

sensitivity.

1.5.2 Alignment Free Tools

Alignment free tools do not use sequence alignment for ARG prediction. These pipelines
are based on Hidden Markov Models (HMMs) and deep learning. Some of them concentrate
on the annotation of resistant genes belonging to specific classes of interest. For instance,
Berglund et al. [18], developed a Hidden Markov Model (HMM)-based system (fARGene)
to predict genes resistant to various subclasses of beta-lactam antibiotics. HMMs were
optimized for the prediction of the resistant class from the short read metagenomic data.
Other pipelines such as Resfinder [42], SEAR [65] and Mykrobyobe predictor [20] are used
to annotate genes from plasmids, and various resistance classes. Such specific-annotation
models provide better sensitivity compared to generic models. Recently developed pipelines

such as DeepARG [10] and Resfams [33] annotate genes conferring resistance to up to 30
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antibiotic classes. Resfams uses a database of HMMs each optimized for annotation of
genes conferring resistance to different antibiotic classes. DeepARG generates a feature
vector for a new sequence based on its similarity to known sequences belonging to 30 classes
of antibiotics. A deep neural network predicts the class of resistant genes based on this
feature vector. DeepARG also consists of different models optimized for annotation of short
read metagenomic data (DeepARG-SS) and full length genomic sequences (DeepARG-LS)
[10]. All the pipelines discussed above annotate the genes based on sequence similarity with
known genes in existing databases. A different approach, exemplified in PCM (Pairwise
Comparative Modelling) [67], a pipeline developed by Ruppe et al., used the 3D structure of
proteins to annotate ARGs in the intestinal gut microbiota. Their results show an improved
accuracy over the similarity based models. PCM also found new gene sequences that have
less than 40 percent identity to the known sequences. Thus, the structural properties help the
identification of the unknown resistant gene sequences. However, the process of modelling

3D structure of proteins is computationally expensive.

1.6 Protein Structure

Proteins are evolutionarily conserved more at a structural level than the primary amino acid
sequence level [39]. Therefore, structural information as expressed in the physio-chemical
properties of the protein should retain useful information relevant to annotation. Other
studies such as [59] have been conducted that utilize the physio-chemical properties of the
amino acids to predict the antimicrobial activity of a drug. Additionally, the classification of
drugs into known classes based on these properties has also been demonstrated. Therefore,
we hypothesized that any model employing physio-chemical properties retains the value of

the technique introduced in PCM. Most studies [10] assume percentage identity as the basis
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of similarity in homology. However, according to the study [14] homology is not merely
related to percentage identity. Studies such as [62] indicate that homologous sequences can

have less than 30 percent sequence identity with known sequences.

1.7 NLP in Bioinformatics

The representation of a word in a vector format is called word embedding. Word embed-
dings are commonly used as features in many NLP tasks such as text classification. Neural
Probabilistic Language model (NPLM) [13] developed by Bengio, et al. uses a single layer
feed forward neural network for the generation of word embeddings. To avoid the computa-
tional cost, Mikolov, et al. [51] removed the hidden layer in NLPM and added a hierarchical
softmax layer in order to develop the word2vec [51] model. Words that appear in the same
context and can be used interchangeably is the basic principle of these models. A DNA or
protein sequence can be viewed as a sentence with each kmer as a word [8] [73]. Therefore,
we can represent each kmer as a vector. DNA2vec [55], a model based on word2vec, gen-
erates distributed representations of variable length kmers. These representations correlate
with the results of time consuming sequence alignment process. ProtVec,[11] developed by
Asgari et al. represents a sequence by a vector created from overlapping kmers of length 3.
These features of protein can be used for protein family classification. All these methods fol-
low an unsupervised way of embedding generation. However, some techniques like fastText
developed by Facebook allows us to train word embeddings in a supervised way. Supervised

learning gives higher accuracy for tasks like text classification.
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1.8 Validation of predicted ARGs

In tandem with robust detection of novel ARGs in genomic data, it is essential to provide
biological context to the detected genes in order to better inform action strategies. Avail-
able knowledge bases such as the CARD [50] provide centralized, well-curated sources for
ARG research. However, while the CARD ontologies are important resources, they are not
generally rooted in the molecular sequence evolution of ARGs, and, therefore, cannot be
used to rigorously classify novel ARGs. In contrast, phylogenetics, the process of inferring
the evolution of bacterial taxa or gene/protein sequences, constitutes the most rigorous and
fundamental method for constructing biological classification systems. Phylogenetic recon-
struction within a gene family typically proceeds in the following steps. First, homologs of
the gene family are identified in public databases. Homologs are genes that are present in at
least two different organisms and have a shared evolutionary history. Once acquired, repre-
sentative sequences are selected from the list of homologs (typically hundreds of thousands
of sequences) to extract the major subfamilies of the gene family. These representative
sequences are then aligned to one another using one of many available multiple sequence
alignments (MSA) algorithms, and a phylogenetic tree is reconstructed using an appropriate
algorithm. Depending on the research objectives, different stochastic models of sequence
evolution can be used to explain the observed patterns of gene family evolution. Multiple
models and model parameters are typically evaluated to identify the combination that best
explains the data. Finally, overlaying the phylogenetic tree with knowledge of gene function
allows for the transfer of functional knowledge from characterized genes to putative novel
genes, or even the detection of novel clades (evolutionary distinct clusters of genes) with

uncertain function.
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Based on the two approaches used in prior work, we hypothesized that a computationally effi-
cient method (fast text embedding) that also leveraged signatures of protein structure would
enable rapid and accurate detection of novel ARGs. In this work we propose DeepARG+, a
tool that uses embedding-based sequence similarity and also incorporates the physio-chemical
properties of amino acids for feature vector generation, and consequently, for ARG annota-
tion. In our model, we use the hydrophobicity of amino acids (a physio-chemical property) to
encode structural information. Hydrophobicity helps understand protein folding, secondary
structures and membrane associated regions [34]. We found that the use of hydrophobicity
helped us better understand the structure of the protein and also its chemical properties.
Section B.3.4 discusses the experiments and results with encoding by other physio-chemical
properties such as molecular weight, isoelectric point etc. Thus, addition of such features
provided us improved models for resistant gene annotation. We use our method to analyze
genome sequences in multiple environments and identify novel (previously unknown) ARGs.
Thus, DeepARG+ facilitates the effective monitoring of ARGs and also contributes to the

identification of previously undiscovered ARG sequences.



Chapter 2

Methods

2.1 Database Curation

The ARG database was created by merging publicly available resistance gene databases like
CARD [50], ARDB [49] and ARGMiner[9]. The model must classify a sequence as an ARG
or negative sequence before eventually classifying it into resistance classes. The negative
sequences are functional proteins which do not confer resistance to any antibiotic. Negative
reference gene sequences were included in our dataset by performing sequence alignment on
human based proteins in UNIPROT [25] [26]. The negative subset we use has 19,773 human
based proteins.

The merged dataset has some duplicate sequences. Therefore CD-HIT [48], a fast clustering
algorithm is used to remove redundancy in our genomics dataset. CD-HIT [48] with param-
eter c=1 was used to remove duplicate sequences in the dataset. c=1 indicates the grouping
of identical sequences in single clusters.

Apart from duplicates, another major problem in database curation is the lack of consistent
ARG nomenclature [29]. For example, a gene resistant to diaminopyrimidine antibiotics
may have been documented as a gene resistant to trimethoprim (an alias for diaminopy-
rimidine). Additionally, some databases might annotate sequences to a sub class level. For
example, the aminoglycoside gene [70] aadA1 can be documented as ANT(3 )-1, aadAl-pm,
ANT3-DPRIME, or ant3 in different ARG databases. Similar patterns are observed for

10



2.2. WORKFLOW FOR TRAINING THE DEEP NEURAL NETWORKS MODEL 11

beta-lactamase and tetracycline gene nomenclature [45] [35]. Therefore, manual curation of
the sequences was done in order to create a consistent database annotated at a resistance

class level. We curated the dataset to obtain 36,792 gene sequences belonging to 16 antibi-

5 Human homolog
{ CARD } { ARD } { ARGminer } { Negative/ }

CD-HIT to remove
identical genes
20% 20%
¥

Figure 2.1: Database Curation

60%

otic classes, including MLS, Negative, aminoglycoside, bacitracin, beta-lactam, diaminopy-
rimidine, fosfomycin, fosmidomycin, glycopeptide, multidrug, peptide, phenicol, polymyxin,
quinolone, rifamycin, sulfonamide, and tetracycline. Sequence alignment was done against
the list of efflux pumps and all ARGs having greater than 90% identity with these inserts
were removed from the database. The distribution of ARGs in the database is shown in
figure B.1. This curated dataset is split into training, validation and testing datasets in a
60:20:20 proportion, which were used for building and testing our model. Figure 2.1 shows

the process of database curation.

2.2 Workflow for training the deep neural networks

model

In order to perform antibiotic resistance gene annotation, we generate feature vectors that

incorporate both the similarity with known sequences and physio-chemical properties of
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amino acids. Figure 2.2 shows the workflow for training the model. The input to the
system is a fasta file consisting of sequences. These sequences are passed through 2 pipelines
for feature vector generation. The first feature vector is formed by generating sequence
embeddings using the fastText library. A feed-forward neural network is used to extract
patterns from the word vectors of the sequences. The second feature vector is formed by
converting the original amino acid sequence to a sequence of the values of the physio-chemical
properties of the corresponding amino acids. A 1D convolutional neural network is used to
extract the patterns from the physio-chemical property vector. Concatenating these models
helped us perform a combined analysis for the better annotation of new sequences. The

generation of feature vectors is described in detail in consequent sections.

Sequence vectors

Conversion of

—™ Sequence into » Feed forward NN
Word vectors
Concatenation
o] followed by dense
L B
Fasta file with Ial‘; elr and so?m?x
sequences ayer as outpu
Hydrophobicity
Encode Sequences
by using the i
L3 physiochemical o 1D Conr:rglutlonal
properties of h 4
amiono acids Training and
Encoded Sequences Validation
¥
Prediction

Figure 2.2: Workflow for training DeepARG+

2.2.1 fastText

fastText [19] is a popular model to learn the distributed representation of the words. it was

developed by a research group at Facebook. fastText not only uses the entire word and con-
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text but also uses the subwords or characters for word embedding generation. For example,
a fasText model would use characters such as ”"Bio”,”iol” etc , for generating embedding
for the word Biology. This technique is useful in genomics as the word that we consider
is a kmer and it does not have any literal meaning. As fastText considers the subwords,
we can also consider variable length kmers, that can identify locally conserved patterns in
the sequence. Additionally, it is a light-weight model and improves the performance of the

pipeline.

2.2.2 Sequence Embedding Generation

The fastText [19] library was used for sequence embedding generation. In order to generate

the sequence embeddings, the following steps were followed:

1. Initially, we split gene sequences into non-overlapping kmers of size 20. The kmer size
was decided as an hyperparamter after parameter tuning. Results for different kmer

sizes are shown in section B.3.5.

2. We generate kmer number of sentences for a sequence using the sliding window tech-

nique as shown in figure.

3. Now each sequence can be considered as a document with kmer number of sentences

and a label of the resistant antibiotic associated with it
4. Supervised fastText model is trained on these generated documents.

5. This trained model is used to further create 300 dimensional word embeddings for each

sequence in the training data.

A similar process is followed to generate embeddings of the test data.
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| Sequence: [VOWKLCNKDNV |
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Figure 2.3: Steps for creating model based on fastText word embeddings

Figure 2.4 shows word embeddings generated from the test data. TSNE [69] algorithm is used
to reduce dimensionality to facilitate the 2D visualization of embeddings. Figure 2.4 shows
the separation among the embeddings of sequences belonging to different classes. Therefore,

we can say that our embeddings are powerful enough to get separation of the classes.

2.2.3 Generation of Feature vector based on Physio-chemical Prop-

erties

In order to incorporate physio-chemical properties into our model we encode each letter (pro-
tein) in the sequence with corresponding physio-chemical property value (e.g. hydrophobicity
value). The Kyle and Doolittle [44] scale was used for the generation of the feature vectors.
Any machine learning algorithm requires a feature vector of the same length as an input;
therefore, the vector length for each sequence was extended to 1000 positions by inputting
a 0 where there was not a corresponding amino acid. To decide the optimal length of the

input vector we performed analysis of the lengths of the sequences in the data. Most of the
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Figure 2.4: Word embeddings on test data

sequences have lengths less than 1000, the input length was chosen to be 1000. Section B.2
shows the distribution of lengths of all sequences in our data. However, some kind of data
loss takes place in this step as certain sequences have length greater than 1000. We assume
that this data loss is handled by the feed forward network based on feature embeddings.
This method encodes physio-chemical properties that also capture the structural variation
among the protein sequences. The feature vector is passed to a 1D convolutional neural
network. The 1D CNN is used to identify the locally conserved patterns at different sites in

the sequence.

2.3 Novel Database Creation

DeepARG+ aims to identify the novel antibiotic resistance genes from the samples provided
by the user. Novel ARGs have very less sequence similarity with the genes in existing

database. After the prediction pipeline of DeepARG+ is executed, we use DIAMOND to
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find the percentage identity of the predicted sequences to the existing sequences. Finally, we
apply the cut-off of 60% to the percentage identity of the obtained hits. The 60% identity
cutoff is obtained empirically. The genes that have less identity that this probability cut-off
are stored in a novel-database file. These sequences can be used for further analysis and

validation in the laboratory.

2.4 Prediction Pipeline of DeepARG+

A trained model is deployed for the prediction of ARGs. Given a fasta file as a input the

prediction pipeline performs following steps.

1. Test the validity of the input file

2. If the sequences in the file is DNA, check whether it’s already gene sequence or not. If

it is gene sequence, or a coding sequence, then translate it into protein sequence.
3. If it is simply a DNA string, use prodigal to predict ORFs on it
4. Generate features and predict the sequences.

5. Pass the predicted sequence through the pipeline discussed in 2.3 to get the required

files for prediction.

2.5 Phylogenetic Analysis

An elongation factor Tu outgroup from Bacteroides was combined with 84 verified sequences

from our validation dataset, 20 sequences identified by both DeepARG+ and the best-hit
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Figure 2.5: Prediction Pipeline of DeepARG+
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approaches, were aligned using mafft [40] with parameters mafft —localpair —maxiterate 1000.

Sequences were then trimmed using the heuristic setting in trimal (automatedl) (Trimal)

[24]. Finally, we used iqtree2 [52] [56] to select the best model (LG+F+R4) by the Bayesian

Information Criterion using the following settings: —alrt 1000 -B 1000. software and default

parameters. The tree was visualized with FigTree [1] software 2.6.

The models are built using tensorflow 1.3 [5] library and keras [32] API. These models were

optimized by the accuracy, precision and recall metrics.
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Figure 2.6: Maximum likelihood phylogeny of TetO-, TetP-, TetS-, TetM-, and TetQ-type
tetracycline resistance proteins. Highlighted sequences represent known ARG protein se-
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Chapter 3

Results

3.1 Evaluation on Test Data

We use the holdout method for the evaluation on test data, where data is split into indepen-
dent training and testing datasets. The training and testing data consisted of 23,758 and
7,359 independent sequences belonging to 16 antibiotic classes and a negative class. We also
use a standard cut-off for each class, to filter out non-confident predictions. our model gave
an accuracy of 97.41%, precision of 97%, recall of 97% and F1l-score of 97%. These metrics
can be biased towards the majority class in an imbalance-multiclass classification problem
as shown in figure B.1. Therefore, we also evaluated the model on metrics like weighted
precision (94%), weighted recall (90%) and weighted F1-score (92%). The values of metrics
indicate a good performance of the model across classes. From the confusion matrix (Figure
3.1) we can see that performance of the model is not good on the polymyxin class. Most
of the polymyxin resistance genes are classified as genes resistant to the sulfonamide class
initially with a low confidence. However, after applying the probability cut-off they are
classified into negative class. This might be due to the alpha-helix rich structure of both
polymyxin class and sulfonamide class resistance proteins (e.g., Sull PDB structure and

polymyxin PDB structure).

Any machine learning model assumes that the training and testing data come from the same

distribution. The comparison of other approaches on this test data would impute some bias
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in our analysis. Therefore, the comparison of pipelines was done on the independent datasets

discussed in the consequent sub sections.

Confusion matrix, without normalization
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Figure 3.1: Confusion matrix on test data

3.2 Evaluation on Novel beta-lactamases

We evaluated our model against 77 metallo-beta lactamase genes obtained from the study by
Berglund et al. [17]. Berglund et al. have experimentally validated these genes to confer re-

sistance to carbapenem antibiotics in Escherichia coli. Out of the 77 Novel beta-lactamases,
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DeepARG+ was able to predict 71 (92.2%) of the genes correctly while DeepARG-LS was
able to predict 65 of these beta-lactamases correctly. It is important to compare with
DeepARG-LS as these pipelines are not the class-specific pipelines like fARGene (used to
annotate only beta-lactams). We use the best hit approach to find similarity of these beta-
lactam resistant sequences with existing sequences in our training dataset. All sequences
had less than 50% identity with the existing data. These results indicate that along with
the samples in the same distribution (test data) we were also able to identify samples that
are very different from our data, demonstrating the ability of DeepARG+ to identify novel
ARGs.

3.3 Evaluation on Soil Dataset

DeepARG+ was compared against existing pipelines for validation on the functional metage-
nomic dataset. Forsberg et al. [31], provide the data of assembled metagenomic gene se-
quences obtained from soil. The samples are present in the Genbank [15]database with
accession codes KJ691878-KJ696532. There are a total 4655 genome sequences in the
dataset. Prodigal [38] with default parameters was used to obtain 12,711 open reading
frames (ORFs) from the sequences. Foresberg et al. [31] in their work have functionally vali-
dated 2895 ARGs. The functionally resistant DNA fragments were sequenced and assembled
using PARFuMs [31]. They predicted the ORFs using MetaGeneMark [77]. The final class
annotation was done using either profile HMMs or the ORF was subcloned and confirmed
to confer resistance when expressed in FE. coli. This data consists of ARGs belonging to the
classes on which DeepARG+ was not trained. Therefore, it is necessary to curate the data to
find relevant ARGs in the data. We remove genes that have been annotated to efflux pumps

and the classes not present in DeepARG from the dataset. After curation we found 1661
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insert sequences belonging to 9 ARG families relevant for our analysis with the pipelines.
Detailed results are disccused in section B.4. We get an accuracy of 94.94% on these 1661

sequences.

Different pipelines curate the data in their own way to assess the performance of the model.
Therefore, the comparison of pipelines like PCM, DeepARG+, DeepARG, fARGene and

Resfams was done on the classes common between them.

DeepARGH PCM DeepARG-LS fARGene

beta-lactam
aminoglycoside
glycopeptide
fetracycline

diaminopyrimidine

Figure 3.2: Precision on different pipelines (NA part indicates absence of the class in data
of pipeline)

DeepARG-LS fARGene

DeepARG+  PCM

beta-lactam
aminoglycoside
glycopeptide
tetracycline
diaminogyrimidi L .0t TalE

Figure 3.3: Recall on different pipelines (NA part indicates absence of the class in data of
pipeline)

From the results in figures 3.2, 3.3, we can see that DeepARG+ has a good recall on the
pipelines stringent for false positives. It is encouraging to see that even though fARGene
[18] is a pipeline for classification of beta-lactams, we identify more beta-lactams than fAR-
Gene, without compromising on false positives. Precision is also comparable with all other

pipelines, which proves the superiority of our model.
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3.4 Evaluation on Human Gut Data

DeepARG+ was also used to find novel ARG sequences in the 3.9M MetaHIT gene catalogue
[47]. These genes are built from the metagenomic sequencing of the faeces of 396 subjects
from Denmark and Spain. The nucleotide sequences were converted into protein sequences.
Prodigal[38] was used to obtain around 3.9M ORFs from the data. We also compared
our methods against the homology, HMM and best-hit based pipelines. The number of

predictions by each pipeline according to the class is given in the figure 3.4. In order to

ARGs predicted

aminoglycoside W rcu
beta-lactam B DeepARG+
glycopeptide
MLS DeepARG
tetracycline B BLAST

diaminopyrimidin
sulphonamides
quinolone
fosfomycin
bacitracin
phenicol
rifamycin —=
peptide
fosmidomycin
polymyxin
mupirocin
unclassified

1 10 100 1000 10000

Figure 3.4: Number of sequences predicted by different pipelines on the gutdata)

minimize the number of false positives predicted by the best-hit approach, we curated the
results of the BLAST pipeline to filter out the genes that have percentage identity less
than 60% and e-value greater than 10e-5. DeepARG+ predictions were also analyzed after

applying a class specific threshold as discussed above. We can observe that PCM (a homology
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based method) is able to predict only 6095 genes as ARGs from the dataset, while the HMM
based approach captures a lot more (157,729) gene sequences from the dataset. It is highly
possible that one of the pipelines is very conservative and has a lot of false negatives while
the other approach produces a lot of false positives. It is known that the best hit approach
identifies a lot of false negatives but less false positives [10]. Therefore, we can assume
that the genes predicted by the best hit approach are correct positives, if appropriate cut-
off is applied. As the results on this data is not functionally validated it is important to
find the sequences that are common between the pipelines. We can see from figure 3.5

DeepARG+ intersection with other pipelines  BLAST intersection with other pipelines

DeepARG _ BLAST DeepARG - DeepARG+

6006 12712 3343 12712

| DeepARG+ | | BLAST
5929 14445 5798 6303

PCM L RESFAMS PCM _ RESFAMS

Figure 3.5: Intersection of DeepARG+ and BLAST with different pipelines

that DeepARG+ has the maximum intersection with the best-hit approach, indicating its
correctness in identifying the positives. Additionally, from the figure 3.5 we can see that
DeepARG+ is able to capture most of the sequences predicted by all pipelines. This proves
that we are able to capture and combine the advantages of different approaches for ARG

prediction.

3.4.1 PCM based predictions

PCM [67] functionally validated 71 genes having different percentage identity with the ex-
isting genes in the dataset. The genes were categorized according to the percentage identity

with the known sequences . Categories were sequences having
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e >80 %

« 30-80 %

o« <30%

identity with known genes. We perform the analysis of different pipelines on this functionally
validated dataset. The accuracy, precision,recall and F1 score of each of pipeline on this data

is shown in figure 3.6.

Results on functionally tested data by Ruppe et.al,

B Accuracy [ Precision Recall [l F1-score
1.00
Metric
0.75
0.50
0.25
0.00
PCM DeepARG+ DeepARG-LS Resfams

Pipeline

Figure 3.6: Metrics on functionally tested data by PCM

From figure 3.6, we can see that DeepARG-LS (a sequence similarity based deep learning
approach) with default parameters is not able to capture a lot of the true positive genes in
the dataset. It is not able to classify most genes having identity less than 30 percent with
the sequences in the database (Figure B.9). On the contrary, DeepARG+ is able to identify
these ‘novel’ gene sequences obtained and shows performance similar to PCM. We cannot
completely disregard the performance of DeepARG-LS , since most of the misclassified ARGs

belong to the sulfonamide class [10]. DeepARG mentions its lack of good performance on
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sulfonamide due to lack of enough sequences in their training dataset.

Additionally, Ruppe, et al. [67] also provide a list of 16 ARG sequences that have greater
than 40% identity with the reference gene sequence. PCM failed to capture these sequences
as ARGs. DeepARG+ identified 12 out of these 16 sequences correctly as ARG classes,
while DeepARG-LS with default parameters identified 11 of these ARGs. Thus, considering
both the situations discussed above DeepARG+ was able to predict well where homology
modelling fails and has an advantage over PCM, retaining the advantages of DeepARG (i.e.
sequence similarity). This can be attributed to the use of physio-chemical properties, which
identify the local structures of the protein sequences. This can be helpful in identifying the

intended novel sequences.

3.5 Analysis of Nanopore Sequences in Influent and

Activated Sludge data

Influent and activated sludge samples were collected from five waste water treatement plants
(WWTPs) located in India (IND), Hong Kong (HKG), Switzerland (CHE), United States
of America (USA), and Sweden (SWE). DNA was extracted with a FastDNA SPIN soil kit
(MP Biomedicals, Solon OH), purified with Zymo DNA clean kit (Zymo Research, Irvine
CA), prepped with a 1D native barcoding genomic DNA kit (SQK-LSK108, EXP-NBD103,
Oxford Nanopore Technologies), and sequenced with a flow cell (R9.0 or 9.4) in a MinION.
Sequences were base-called using Albacore (v2.3.1). More details of data acquisition can be

found in previous publications [46] [22].

Figure shows the results on the influential data in different countries. We can see that
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DeepARG+ captures less number genes than the best-hit approach with no identity cut-off
and an e-value of 0.001. Surprisingly, the HMM based approach, gave very few hits on the
nanopore assembled sequences contrary to its large number of predictions on the human gut

data. Similar pattern is observed on Activated Sludge data as shown in figures 3.7 and 3.8.

Percentage ARG classified from Sludge

[ DeepARG+
IND B BLAST

Resfams

HKG =
CHE =
UsA =
SWE =

Figure 3.7: Percentage of ARGs predicted by DeepARG+ in total genes present in sludge
samples (grouped by region)

We also perform inter-region analysis of ARGs in activated sludge and influents. Across all
the pipelines, we can see the similar trend that the percentage of ARGs in activated sludge

is less than the percentage of ARGs in the influent. This analysis can be seen in figure 3.9.
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Percentage ARG classified in influent
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Figure 3.8: Percentage of ARGs predicted by DeepARG+ in total genes present in influent
samples (grouped by region)

3.6 Performance Analysis of DeepARG-+

Analysis of large scale data requires good accuracy as well as the speed with which the pre-
dictions can be obtained, we compare the performance of DeepARG-LS and DeepARG+ on
the time in which it can classify the data of different sizes. We can see the improved per-
formance of DeepARG+ over DeepARG-LS on large scale data. The increased performance

can be seen in table 3.1

Table 3.1: Time Analysis of DeepARG+

Number of Sequences | DeepARG | DeepARG—+
12711 4m 20 sec | 1m 30 sec
400000 11m 34 sec | 11m 25 sec
3.9M 90m 19 sec | 56m 20 sec
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Percentage of ARGS classified in Sludge and influent according to
countries

B sludge (D=

M0 B Influent{D+)
Sludge (B)
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CHE B Influent(R)

SWE

Figure 3.9: Percentage of ARGs predicted by all the pipelines in total genes present in
influent and sludge samples (grouped by region)

3.7 Phylogenetic Analysis

To provide an example verification, we inferred a phylogeny of TetO-, TetS-, TetP-, TetQ-,
and TetM-type tetracycline resistance genes in order to detect potential evolutionary relat-
edness between the novel sequences with well characterized ARGs. This revealed several
putative novel tetracycline resistance proteins that were monophyletic with TetP and TetO

family proteins.

Thus, in order to validate the pipeline we compared the predictions of our model on 4
different datasets. These datasets contain samples from soil, human gut, activated sludge and
influents. The evaluation was done against the pipelines like fARGene, Resfams, DeepARG,

PCM on these datasets. The results were evaluated on metrics like accuracy, precision, recall
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and Fl-score.



Chapter 4

Discussion

A large number of unknown ARGs are present in various environments such as waste-water,
soil and human gut. DeepARG+ provides a comprehensive pipeline for finding such novel
full-length gene sequences present in these environments. We validated our results on the
known test data as well as the beta-lactams that have very low percentage identity with the
ARGs seen by our model. The model shows high accuracy on these labelled datasets. On the
test data our model does not perform well on the polymyxin class. Most of the polymyxin
class ARGs in the test data are classified into sulfonamide class. We also compared our results
with the existing pipelines such as fARGene, Resfams, DeepARG and a homology based
method PCM. On the data obtained from soil samples we can see an improved performance of
DeepARG+ over class-specific pipelines such as fARGene. DeepARG+ gives a high precision
and recall as compared to most of the pipelines. From the functionally validated results on the
human gut samples, we can see a comparable performance of our model to homology based
methods. Additionally, the DeepARG+ model captures advantages of sequence similarity
as well as homology based methods. We can also see that DeepARG+ is able to identify a
higher number of ARGs as compared to other pipelines from the nanopore data while showing
similar trends. It shows the ability of DeepARG+ to capture relevant novel sequences from
any dataset. DeepARG+ also models negative sequences in its training dataset, most of
the existing pipelines ignore negative sequences. Modelling negative sequences gives a clear

understanding of the decision boundary between positive and negative classes, irrespective
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of the sequence alignment. This helps capture the correct positives and negatives from
any dataset. The performance of DeepARG+ is dependent on the training dataset used to
develop the model. It is also dependent on the physio-chemical property used for encoding the
sequences. The performance of different models can be seen in Supplementary Information
in the appendix B. Our phylogenetic analysis supports the preliminary identification of many
potential novel tetracycline resistance proteins 2.6. This revealed a monophyletic relationship

between a confirmed resistance protein TetM.



Chapter 5

Conclusion

Annotation and validation of novel ARGs is a challenging task. Most developed pipelines use
the sequence similarity based approach for ARG annotation. Protein structural homology
modeling has been developed as an alternative. However, this approach is limited to study
only those ARGs that have structural references. In this thesis, the physio-chemical proper-
ties are used as a proxy to the structural information of the proteins. Results have shown that
the use of similarity based word-embeddings and physio-chemical properties based vectors

together yields an improved accuracy over existing models.
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Future Work

Validating predicted ARGs is a challenging task. For future work, we plan to incorporate
additional validation procedures into the ARG prediction pipeline. Specifically, we envision
a system that incorporates both literature mining and user or expert feedback into the
prediction workflow. Figure 6.1 shows such a prototype of the system, where users will play
an important role in accepting or rejecting the prediction of the models based on a variety
of information provided by the system (e.g., probability scores that the gene belonging to a
certain ARG class and relevant literature on the genes). The feedback provided by the users

will in turn be fed back into deep neural networks to further improve the prediction models.
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Appendix A

DeepARG+ implementation

A.1 Setting up the requirements

1. Run python setup.py build command to build the files
2. Run python setup.py install command to install the requirements

3. Run deepARG+ - - help to check whether everything is correctly installed

A.2 Training the model

A.2.1 Training fastText model

1. Run deepARG+ train_word__vectors command to get the fastText model for generat-

ing word vectors

2. Run deepARG+ fastaZvec to create wordvectors for your training, validation and test-

ing. model.bin will be the output
3. Use deepARG+ train command to train the model

(a) Input: Training and validation fasta files
(b) Output: Trained model.hdf5 and parameters.json file
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A.3 Prediction

1. Use deepARG+ predict command to get the predictions

(a) Input: fasta file of test sequences

(b) Output: 2 text files for novel ARGs and all predictions



Appendix B

Supplementary Results

B.1 Distribution of ARG classes

As discussed in section 2.1, we curated the dataset to have 36,792 sequences. The sequences
were curated in a way that there are equal number of ARG and negative sequences in the

data. The distribution of ARG classes in data is shown in figure B.1
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Figure B.1: Distribution of classes in database
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B.2 Distribution of lengths of sequences

As discussed in section 2.2.3, we analyzed the lengths of all sequences in the database to
decide the optimal length of the vector to be fed to a 1D CNN. The distribution lengths
is shown in figure B.2. We can see that most sequences have length less than 1000 amino

acids. Therefore, 1000 is chosen as the optimal length.

Distribution of sequence lengths in Database
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Figure B.2: Distribution of lengths of all sequences in database

B.3 Experiments

B.3.1 Independent feature vector based models

In order to assess the quality of feature vectors based on fastText word embeddings and

different physio-chemical properties, we built models having input only of either of the em-
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beddings. Convolutional neural networks were used for the models based on embeddings of
physio-chemical properties. Models based on embeddings based on physio-chemical prop-
erties like hydrophobicity, molecular weight, isoelectric point and EIIP were built and the
results were evaluated on the 77 novel beta lactams as discussed in section 3.2. Feed forward

neural networks were used to test the fastext embedding based model.

B.3.2 Ensemble based models

Each physio-chemical property has its own advantage and helps in predicting resistance
classes. In order to utilize the advantage of all the physio-chemical properties, we built
models based on different physio-chemical properties and ensembled them using the voting
classifier. A hard voting classifier, polls each of these individual models and predicts the
output class that is predicted by most the individual models. A soft voting classifier polls
the individual models and predicts class based on probabilities predicted by the individual

model.

B.3.3 Multichannel CNNs

A single convolutional neural network (CNN) can be used to build models that encode only
one physio-chemical property. Different physio-chemical properties capture different aspects
of the sequence and are helpful for classification. Therefore, to incorporate more features in
data we need to either build more 1D CNNs (one for each CNN) or build a multichannel
CNN. A multichannel CNN is a network in which each channel represents one encoding
based on the physio-chemical property of the sequence. Such a technique helped us build

simpler and flexible models in which features can be added easily for expansion.
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Table B.1: Model Optimization

Model Physio-chemical Architecture | Prediction
Property
Only fastText embeddings based model | None 4D 11
Only 1 physiochemical property H 4C 64
Only 1 physiochemical property MW 2C 70
Only 1 physiochemical property PKa 2C 70
Ensemble Model- Hard voting H, MW, PKa NA 67
Ensemble Model- Soft voting H, MW, PKa NA 28
Multimodal Analysis H 4C, 1D 51
Multimodal Analysis H,EIIP [4C*2], 1D |51
Mulichannel Analysis h,EITP 6C, 1D 68

B.3.4 Model optimization

As discussed in the preceding sections we built various models that incorporate physio-
chemical properties. We used these models for resistant gene annotation and got interesting
results. All the models discussed here were optimized using the Adam optimizer with 0.001
learning rate. In the below table ‘C’ stands for convolutional layers used for embeddings
of physio-chemical properties while ‘D’ stands for dense layers used for fastext embeddings.
Only the results of the best models of each category are described in this section. The
model optimization is described in table B.1. In table B.1 H stands for hydrophobicity,

MW for molecular weight, PKa for isoelectric point and EIIP for Electron ion interaction

potential. The prediction is from 77 novel beta-lactams discussed in chapter 3

B.3.5 Analysis of fastText Feature Vectors

fasText has some hyperparameters like word size (kmer size in our domain) and embedding
size. These parameters need to be tuned to obtain the best set of feature vectors that can

achieve maximum initial separation between class vectors. Figure shows the word embed-
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Figure B.3: fastText vectors on validation data for kmer size 20

dings generated from the test data. TSNE [69] algorithm is used to reduce dimensionality
to facilitate the 2D visualization of embeddings (kmer size 20, 8 and 6). Figures B.3, B.4,
B.5 shows the separation among the embeddings of sequences belonging to different classes.
Therefore, we can say that our embeddings of kmer size 20 are powerful enough to get

separation of the classes.

B.4 Results on soil data

As discussed in section 3.3, DeepARG+ predicted 1661 ARGs belonging to 9 classes from
the data collected in the soil environment. In the section 3.3 we discussed evaluation on

DeepARG+ against all the pipelines. The results were shown in figures 3.2 and 3.3. Here,
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we will discuss the detailed analysis of the soil data. The confusion matrix of the results is

as shown in figure B.6.

Table B.2: Metrics for soil data

Accuracy | 94.94%
Precision | 97%
Recall 95%
Fl-score | 96%

B.5 Evaluation on 71 validated ARGs by Ruppe et al.

[67]

As discussed in section 3.4.1, Ruppe et al. validated 71 genes from their predictions in the

laboratory. These genes had varying percentage identity to the existing genes in the database.

In this section, we discuss about percentage identity of the correctly classified genes by

DeepARG+, DeepARG-LS [10] and PCM [67] from the 71 validated genes. DeepARG+ and

PCM take the structure of protein in account, while DeepARG-LS is a sequence similarity

based method. From figures B.7 and B.8 we can see that the structure based methods are

able to classify genes irrespective of the identity with existing database. On the other hand

figure B.9 shows the inability of sequence similarity based method to predict genes having

less than 30 percent identity with existing databases. Thus, the use of structural properties,

help in improving the accuracy of prediction
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Figure B.7: Percentage Idenity of correctly classified genes by Deep ARG+
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