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ABSTRACT

Transfer learning with deep neural networks has revolutionized the fields of computer vision

and natural language processing in the last decade. This is especially significant for fields such

as biology where we usually have small labeled data but an abundance of unlabeled data. Using

abundant unlabeled data to enhance performance on a small labeled dataset is the hallmark of

transfer learning. In this dissertation, I tap into the potential of transfer learning to solve critical

problems in the antibiotic resistance domain. Antibiotic resistance occurs when bacteria gain

functionality to thwart mechanisms through which antibiotics work to kill or inhibit bacteria. This

resistance is leading to alarming rates of mortality and morbidity among the world population.

Two critical aspects in combating antibiotic resistance is searching for novel sources of antibiotics,

and identifying genes that confer antibiotic resistance ability to a bacteria. As I show, in both

of these cases, we have small labeled datasets but large unlabeled data at our disposal. I have

incorporated transfer learning techniques in both cases, significantly improving on current state-of-

the-art performance typically achieved by alignment based approaches such as BLAST or HMMER.

I also introduce a novel optimization method to train neural networks that offer reliable uncertainty

estimates when the model is tested on Out-of-distribution (OoD) data. Finally, I offer future

directions on how transfer learning can be further utilized to solve these critical problems.
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CHAPTER 1. INTRODUCTION

Antibiotics are drugs used to treat bacterial infections. Since their introduction during the

1940s, they have saved millions of human lives (Sengupta et al., 2013). Antibiotics have played a

critical role in increasing life expectancy which has increased from 56.4 years to almost 80 years

(Shrestha et al., 2005) in the United States. These drugs also help people with chronic diseases

such as diabetes, renal diseases as well as people undergoing major surgery survive life threatening

infections (Ventola, 2015). Yet antibiotic resistance – the phenomenon when previously treatable

microbes gain the ability to resist antibiotics and survive – is threatening to ruin all medical

progress in today’s world. Overuse of antibiotics, over-zealous prescription of antibiotics, extensive

use in agriculture, release of antibiotics into environment without proper wastewater treatment

during production, patients not finishing their course etc are making the situation worse (Read and

Woods, 2014; for Disease Control and Prevention, 2018). In this chapter, I provide a brief history

of antibiotics and antibiotic resistance, an outline of problems I try to solve using machine learning,

and an introduction to such machine learning methods, and how this dissertation is structured.

1.1 Antibiotics and Antibiotic resistance

The term antibiotics, in its strict usage, refers to agents produced by microorganisms that kill

or inhibit other microorganisms. The term antimicrobials refers to a broader set of agents that can

include antibiotics as well as synthetic, semi-synthetic or natural agents originating from plants

and animals. Unlike antibiotics, antimicrobials may also inhibit or kill viruses, fungi or protozoa

along with bacteria. The term antibacterials is also often used interchangeably with the term

antimicrobials.

Antibiotics kill or inhibit growth of microbes by different mechanisms of targeting bacterial

physiology and biochemistry (Sengupta et al., 2013), and can be classified by their target site.
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For example, β-lactams, Glycopeptides, Fosfomycins attack cell wall formulation. Sulfonamides

and Trimethoprim disrupt nucleic acid synthesis. Macrolides, Streptpgramins, Amphenicol, Lin-

cosamide etc attack protein synthetic machinery by targeting ribosomal subunits (Boolchandani

et al., 2019). A few antibiotics like Lipopeptide and Polymyxin target cell membranes. Antibiotic

resistance happens when bacteria circumvent the mechanisms described above. More specifically,

resistance instantiate through reduced permeability, antibiotic efflux, antibiotic target site protec-

tion, and many other ways (Boolchandani et al., 2019).

Antibiotics and antibiotic resistance have developed mutually because of the production of an-

tibiotics in the biosphere by microorganisms, albeit the concentration is much lower than what is

used for therapeutic purposes (Sengupta et al., 2013). Use of these secondary metabolites as antibi-

otics by bacteria has naturally made some of them inherently resistant towards certain antibiotics

(Nicolaou and Rigol, 2018). Hence, there are resistance genes in these bacteria that confer the

functionality of antibiotic resistance upon them. However when discussing the problem of antibi-

otic resistance that is currently plaguing the world, we largely refer to the ability of a bacteria to

gain resistance against an antibiotic when it was previously susceptible to it. This can happen by

gaining resistance genes from another closely related strain or another species of bacteria. Figure

1.1 shows a brief history of antibiotics introduction for therapeutic use and subsequent development

of antibiotic resistance.

Figure 1.1 shows that whenever an antibiotic has been introduced, eventually resistance to it

has resulted in some bacteria. At the same time, after the 19880s, the antibiotic pipeline has largely

dried up. Hence, while development of resistance to antibiotics in some bacteria is natural, overuse

in human prescription as well as in agricultural use have led to many resistant bacteria that are

not susceptible to any of the antibiotics currently available.

Figure 1.2 shows a chart of number of antibiotics approved over the years. The number has

gradually decreased over the last three decades. There are three main obstacles towards developing

new antibiotics — regulatory barriers, fewer economic incentives, and scientific obstacles (Wright,

2014). Compared with other drug trials, antibiotics drug trials are significantly harder and expen-
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Figure 1.1: Brief history of antibiotic introduction and subsequent development of antibiotic resis-

tance. Image from (Ventola, 2015).
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sive as they require a large sample population (Piddock, 2012). Add to that complex bureaucracy,

lack of clarity, and communication in pursuing regulatory approval, and many pharmaceutical com-

panies have totally abandoned antibiotics development. Another major factor is the short term

economic profit from a new antibiotic. Compared to drugs for chronic diseases which are taken

for years, antibiotics cure diseases after a relatively short course. The low return on investment

means pharmaceutical industry is less inclined to develop novel antibiotics. Above all, the scientific

challenges in novel antibiotic discovery are not insignificant. Even though clinically used antibi-

otics have been traditionally from natural products which are genetically encoded small molecules,

synthetic chemical scaffolds constitute the majority of prescribed drugs in the twenty-first century

(Wright, 2014). In response, bacteria cells have evolved to grow resistance to these antibiotics

through various mechanisms such as resistance to penetration. Natural products, in contrast, are

also produced through selection that chooses for the ability to penetrate bacteria cells. With the

latest whole genome sequencing techniques, and latest bioinformatics tools, there have never been a

better time to look for natural products that might provide novel scaffolds for antibiotic production.

In this dissertation, I have developed computational tools for two specific problems - 1) search for

natural products as sources of antibiotics, and 2) predict functional antibiotic resistance genes.

1.2 Search for natural products

As mentioned, while antibiotic resistance increases, we have seen little introduction of novel

antibiotics (Ventola, 2015). Therefore, we must look for novel sources of antibiotics. One potential

source can be natural products genetically encoded by bacteria (Wright, 2014). These natural

products have the potential to become resistant to bacteria at a much slower rate. As a result,

they may lead to novel antibiotics which will function longer against their targeted bacteria. One

such category of natural products is bacteriocins. Bacteriocins are ribosomally synthesized peptides

produced by bacteria to kill bacteria from another strain or closely related species. Bacteriocins have

the potential to provide chemical scaffolds that can be the base for producing novel antibacterials,

and because of their narrow spectrum, they have the potential to have a much longer pharmaceutical
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Figure 1.2: Number of antibiotics approved over the years. There has been a steady decline. Image

from (Ventola, 2015).

shelf life. With the large amount of genomic data available today, the only limit in terms of finding

novel bacteriocins is our ability to comb through these data. In Chapter 2, I talk about the current

state-of-the-art computational tools for finding novel bacteriocins, and propose a novel machine

learning method that is more efficient than these tools.

1.3 Prediction of antibiotic resistance genes

Antibiotic resistance surveillance consists of constant monitoring and inspection of resistant

strains which enables early detection and efficient decision making to protect public health. An-

tibiotic Susceptibility Tests (AST) are a crucial part of antibiotic resistance surveillance where

microbiology laboratories test which antibiotics would be effective against bacteria isolated from

clinical samples (Johnson, 2015). This is especially critical when treating patients with serious

conditions. However, one of the drawbacks of AST is they take microbiology facilities and expert

personnel to derive useful information which might not be available everywhere. AST can also take

weeks for slow growing organisms such as Mycobacterium tuberculosis (Boolchandani et al., 2019).
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To speed up this process we ought to take advantage of modern computational approaches such

as bioinformatics and Artificial Intelligence (AI) techniques. In Chapter 3, I propose a machine

learning model with deep neural networks to predict the class of antibiotic resistance using pro-

tein sequences. This is specially significant when bacteria show secondary antibiotic resistance by

gaining resistance genes from other bacteria.

1.4 Machine learning in computational biology

Machine learning is a sub-field of computer science where algorithms attempt prediction by

learning from data. There are mainly two types of machine learning algorithm in practice - 1)

supervised learning and 2) unsupervised learning. In supervised learning, we have a dataset where

we also have the true answers, and the algorithm learns by trying to minimize its error comparing

with the true answers. In contrast, unsupervised learning is usually needed when we have datasets

where we do not know the true answers, and therefore, we are trying to capture some underlying

structure of the data. Deep learning is a sub-field of machine learning where artificial neural

networks with many hidden layers are used to learn from data, and predict on future unseen data

(LeCun et al., 2015). Deep learning is currently revolutionizing the field of computational biology

(Ching et al., 2018). It has been used in gaining biological insights from bacteria gene expression

data (Tan et al., 2016), to predict sequence specificities of DNA binding proteins (Alipanahi et al.,

2015), predict promoter sequences (Umarov and Solovyev, 2017), predict enhancers (Kelley et al.,

2016), protein secondary structure and contact map prediction (Wang et al., 2016a,b), protein-

protein interaction prediction (Du et al., 2017), protein family classification (Asgari and Mofrad,

2015), and in many other applications across different fields. In this dissertation, I am using deep

learning along with the transfer learning technique to predict function from protein sequences.

Transfer learning is helpful when we have a small dataset where we know the true answers but we

also have a large dataset where true answers are not available. In the next section I go into transfer

learning in more detail.
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1.5 Transfer learning

Transfer learning is a sub-field of machine learning where knowledge extracted from solving a

problem is used to solve a different problem more efficiently (Ruder et al., 2019). Formally, transfer

learning involves a source domain DS and related learning task LS . It also involves a target domain

DT and related learning task LT . Transfer learning’s goal is to improve the learning task LT using

the knowledge extracted from solving the learning task LS (Pan and Yang, 2009).

According to the taxonomy defined in Pan and Yang (2009), there are mainly two different

types of transfer learning.

• Inductive transfer learning: in this setting, the learning task in the target domain is different

from the learning task in the source domain. In this case, usually there is small labeled data

for the target domain learning task. That is why the source domain learning task is used to

boost the performance of the target domain learning task. An example would be training

a deep neural network as a language model (source domain learning task), and then use

the trained neural network to classify movie reviews as positive or negative (target domain

learning task).

• Transductive transfer learning: in this setting, the learning task in the target domain and the

source domain are same. But we do not have any labeled data for the target domain learning

task. An example would be training a deep neural network to do parts of speech tagging for

sentences in a language where lots of labeled data is available, and then use the trained model

to do parts of speech tagging in another language where no labeled data is available.

In this dissertation, the transfer learning methods mainly involve inductive transfer learning.

In Chapter 2, I use a shallow transfer learning method called word2vec to learn protein sequence

representation. Machine learning models need some kind of numeric representation as input for

the protein sequences. To acquire that representation, first, I use a word2vec learning algorithm

to learn a numeric vector representation of each 3-mers (contiguous size 3 amino acid words) using

lots of unlabeled protein sequences. Then I use these representations of 3-mers to represent both
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bacteriocin and non-bacteriocin protein sequences and classify them. The transfer of 3-mer repre-

sentations improves the performance of our final classification task significantly. Word2vec learns

numeric representation of each 3-mer by taking into account its surrounding 3-mers in all protein

sequences. This kind of contextual information helps capture meaningful relationship between dif-

ferent 3-mers which helps in distinguishing functionalities of individual protein sequences. Chapter

2 provides a detailed explanation of word2vec.

In Chapter 3, again, I use another transfer learning method based on language modeling to

learn numeric representations of protein sequences. We have a small labeled dataset of protein

sequences, labeled with their antibiotic resistance class. To boost the performance of the antibiotic

classification task, I trained a deep neural network as a language model on unlabeled protein

sequences, and learn numeric representations for them. Then, I used these representations to

represent protein sequences in our small labeled dataset of antibiotic resistance classification, and

try to classify. Language modeling learns the probability distribution over a sequence of amino acids

by trying to predict the next amino acid given some amino acids of the sequence. This task helps

the deep neural network learn numeric representation for individual protein sequences. Chapter

3 delves deep into how language models work, and how it can be used to learn protein sequence

representations.

1.6 Reliable uncertainty estimation

When a neural network classification model tries to classify an instance which does not belong

to any of the classes the model has been trained to predict, what does it do? Usually, the model

still classifies that instance into one of the classes it was trained to predict with a high probability.

This can be fatal in critical applications such as in self-driving cars. When a model receives an

instance that does not belong to any of the classes it was trained to predict, ideally, it needs to relay

that information by providing a low probability score. This kind of reliable uncertainty estimate

is also crucial for antibiotic resistance class prediction. In Chapter 4, I used a novel optimization
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algorithm to train a deep neural network which provides reliable uncertainty estimate faced with

genes that do not confer antibiotic resistance or might not even be from bacteria.

1.7 Dissertation structure

This dissertation has 5 chapters. Chapter 1 provides an overview of the problems the dissertation

is attempting to tackle, and the relevant machine learning techniques.

Chapter 2 is an accepted publication at Bioinformatics where I try to predict bacteriocins from

protein sequences. I use a word2vec algorithm to learn representations for our protein sequences,

and use these representations for our final classification task. I show that our transfer learning

approach performs better than traditional alignment based approaches such as BLAST or HMMER.

Chapter 3 is a soon to be submitted manuscript where I use a deep learning model to predict

antibiotic classes from protein sequences. Here, again, protein sequence representations are learnt

from a large number of unlabeled protein sequences using a deep neural network as a language

model. I use these learned representations in our final classification task, and show that this type

of transfer learning significantly improves the model’s performance.

Chapter 4 is also a soon to be submitted manuscript that introduces an orthogonal topic to the

transfer learning approach. In this chapter, I aim to provide a method to gain reliable uncertainty

estimates for antibiotic resistance gene classification when the model is tested on sequences that do

not confer antibiotic resistance or might not be even from bacteria. Specifically, I applied a novel

optimization algorithm to train our neural networks to gain better uncertainty estimate of our

predictions. Finally, in Chapter 5, I summarize the contribution of this dissertation, and discuss

future directions of my research.
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CHAPTER 2. IDENTIFYING ANTIMICROBIAL PEPTIDES USING
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2.1 Abstract

Antibiotic resistance constitutes a major public health crisis, and finding new sources of antimi-

crobial drugs is crucial to solving it. Bacteriocins, which are bacterially-produced antimicrobial

peptide products, are candidates for broadening the available choices of antimicrobials. However,

the discovery of new bacteriocins by genomic mining is hampered by their sequences’ low com-

plexity and high variance, which frustrates sequence similarity-based searches.Here we use word

embeddings of protein sequences to represent bacteriocins, and apply a word embedding method

that accounts for amino acid order in protein sequences, to predict novel bacteriocins from protein

sequences without using sequence similarity. Our method predicts, with a high probability, six yet

unknown putative bacteriocins in Lactobacillus. Generalized, the representation of sequences with

word embeddings preserving sequence order information can be applied to peptide and protein

classification problems for which sequence similarity cannot be used. Data and source code for this

project are freely available at: https://github.com/nafizh/Bacteriocin_paper

2.2 Introduction

The discovery of antibiotics ranks among the greatest achievements of modern medicine. Antibi-

otics have eradicated many infectious diseases and enabled many medical procedures that would

https://github.com/nafizh/Bacteriocin_paper
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Figure 2.1: Inset: sequence similarity network for all of the bacteriocins present in the BAGEL

dataset. Each node is a bacteriocin. There exists an edge between two nodes if the sequence

identity between them is ≥ 35% using pairwise all-vs-all BLAST. The bar chart shows cluster sizes.

have otherwise been fatal, including modern surgery, organ transplants, and immunosupressive

treatments. However, due to the prevalent use of antibiotics in healthcare and agriculture, antibi-

otic resistant bacteria have been emerging in unprecedented scales. Each year, 23,000 people in

the US alone die from infections caused by antibiotic resistant bacteria (for Disease Control and

(US), 2013). One strategy to combat antibiotic resistance is to search for antimicrobial compounds

other than antibiotics, and which may not be as prone to resistance. A promising class of such

compounds are the peptide-based antimicrobials known as bacteriocins (Willey and van der Donk,

2007; Guder et al., 2000). Bacteriocins comprise a broad spectrum of bacterial ribosomal products,

and with the increased sequencing of genomes and metagenomes, we are presented with a wealth

of data that also include genes encoding bacteriocins. Bacteriocins generally have a narrow killing

spectrum making them attractive antimicrobials that would generate less resistance (Riley and

Wertz, 2002).
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Several computational tools and databases have been developed to aid discovery and iden-

tification of bacteriocins. BAGEL (van Heel et al., 2013) is a database and a homology-based

search tool that includes a large number of experimentally verified annotated bacteriocin sequences.

BACTIBASE (Hammami et al., 2010) is a similar tool, which also contains predicted sequences.

AntiSMASH (Weber et al., 2015) is a platform for genome mining for secondary metabolite pro-

ducers, which also includes bacteriocin discovery. BOA (Bacteriocin Operon Associator) (Morton

et al., 2015) identifies possible bacteriocins by searching for homologs of context genes: genes that

are associated with the transport, immunity, regulation, and post-translational modification of bac-

teriocins. RiPPquest (Mohimani et al., 2014) is an automated mass spectrometry based method

towards finding Ribosomally synthesized and posttransationally modified peptides (RiPPs) which

may include bacteriocins. Recently, MetaRiPPquest (Mohimani et al., 2017) improved upon RiP-

Pquest by using high-resolution mass spectrometry, and increasing the search space for RiPPs.

However, bacteriocins are still hard to identify using standard bioinformatics methods. The chal-

lenge in detecting bacteriocins is twofold: first, a small number of positive examples of known

bacteriocin sequences, and second, bacteriocins are highly diverse in sequence, and therefore chal-

lenging to discover using standard sequence-similarity based methods, (Figure 2.1).

To address these challenges we present a novel method to identify bacteriocins using word

embedding. We represent protein sequences using Word2vec (Mikolov et al., 2013). Using this

representation, we use a deep Recurrent Neural Network (RNN) to distinguish between bacteri-

ocin and non-bacteriocin sequences. Our results show that a word embedding representation with

RNNs can classify bacteriocins better than current tools and algorithms for biological sequence

classification.
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2.3 Methods

2.3.1 The Representation of Proteins with Word Embedding Vectors

Word embedding is a set of techniques in natural language processing in which words from a

vocabulary are represented as vectors using a large corpus of text as the input. One word embedding

technique is Word2vec, where similar vector representations are assigned to words that appear in

similar contexts based on word proximity as gathered from a large corpus of documents. After

training on a large corpus of text, the vectors representing many words show interesting and useful

contextual properties. For example, after training on a large corpus of English language documents,

given vectors representing words that are countries and capitals,
−−−−−→
Madrid − −−−→Spain +

−−−−−→
France will

result in a vector that is similar to
−−−→
Paris, more than other vectors in the corpus (Mikolov et al.,

2013). This type of representation has led to better performance in downstream classification

problems, including in biomedical literature classification (Minarro-Giménez et al., 2014; Chen

et al., 2018), annotations (Zwierzyna and Overington, 2017; Duong et al., 2017), and genomic

sequence classifications (Mejia Guerra and Buckler, 2017; Dutta et al., 2018; Zhang et al., 2018;

Du et al., 2018).

The training for generating the vectors can be done in two ways: the continuous bag of words

(CboW) model, or the skip-gram model (Mikolov et al., 2013). We adapted Word2vec for protein

representation as in (Asgari and Mofrad, 2015), using the skip-gram model. Instead of the common

representation of protein sequences as a collection of counts of n-grams (also known as k-mers) using

a 20 letter alphabet, we represent protein sequences using embeddings for each n-gram, covering all

possible amino-acid n-grams (we used n = 3, leading to 203 = 8, 000 trigrams). Each trigram is a

“word”, and the 8,000 words constitute the vocabulary. The Uniprot/TrEMBL database (Apweiler

et al., 2004) constitutes the equivalent of the document corpus.

The skip-gram model is a neural network where the inputs and outputs of the network are one-

hot vectors with our training instance input word and output word. A one-hot vector is a boolean
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MKLIGPTFTNTSTLSNSVCorpus:

MKL

Figure 2.2: A simplified example showing representation learning for trigrams with skip-gram

training. For simplicity, in the example, the vocabulary comprises of 16 words, the context window

is ±2 (in our study, the vocabulary size was 8,000, and the context window ±5). (a) For each

sequence in the TrEMBL database we created 3 sequences by starting the sequence from the first,

second, and third amino acid as in (Asgari and Mofrad, 2015). This makes sure that we consider

all of the overlapping trigrams for a protein sequence. A protein sequence, is then broken into

trigrams, and training instances (input, output) are generated according to the size of the context

window for the subsequent step of training a neural network. (b) The neural network architecture

for training on all of the instances generated at (a). The diagram shows training on the instance

where MKL is input, and IGP is output which is the first instance generated at (a). At the end of

the training, for each trigram a dense word vector of size 200 is produced (center, purple circles).
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vector of the size of the vocabulary (8,000 in our case, six in Figure 2.2), in which only the entry

corresponding to the word of choice has a value of True. We generated the training instances using

a context window of size ±5, where we took a word as input (in this case, a word is a trigram),

and used the surrounding words within the context window as outputs. The process is explained

in Figure 2.2. At the end of the training, a 200 dimensional vector for each trigram was generated

by the neural network. The goal of this training was to have the 200 dimensional vectors capture

information about the surroundings of each trigram that they are representing. In this fashion, we

capture the contextual information for each trigram in our corpus of protein sequences. The size of

the vector is a hyper-parameter which we decided upon based on the final supervised classification

performance. Vectors of sizes 100, 200, and 300 were generated, and size 200 was chosen. Similarly,

context window sizes of 3, 5 and 7 were tested, and size 5 was chosen.

2.3.2 Word2vec with a Recurrent Neural Network

Taking the word-embedding representation for each trigram present in a protein sequence, we

used a Recurrent Neural Network (RNN) to take all trigram embedding vectors as its input to

represent a protein sequence (Figure 2.3). Since RNNs share the same weights for all inputs in a

temporal sequence, we took advantage of this architecture by using an embedding vector of size 200

for each overlapping trigram in a protein sequence. By using the embedding vectors of overlapping

trigrams as temporal inputs to an RNN, we preserved the order of the trigrams in the protein

sequence. Regarding the architecture of the RNN, we used a two-layer Bidirectional RNN with

Gated Recurrent Units (GRU) to train on our data. Our hyper-parameters of number of neurons,

network depth, and dropout (Srivastava et al., 2014b) rate were determined with nested cross-

validation. Since we had a small dataset, we used a dropout rate of 0.5 for the first layer, and 0.7

for the second layer. Both layers had 32 GRU units. We used a fixed number of 100 epochs for

training which was also decided by nested cross-validation. For optimization, the Adam (Kingma

and Ba, 2014) method was used.
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Figure 2.3: We used embedding vectors of each individual overlapping trigram present in a protein

sequence as input into a Recurrent Neural Network. X(t) is the input at time step t. In our case,

at each time step t, input is the embedding vector of the trigram at that time step. h(t) is the

hidden state at time step t. It contains information from the previous inputs as well as the current

input. This works like the memory of the network, and because of its mechanism, modern RNNs

can preserve information over long ranges unlike traditional models like hidden Markov models.

U , V , W are weights of the network. As they are being shared over all the inputs, this greatly

reduces the number of parameters of the network helping towards generalization. At the end of the

sequence, the network produces a prediction y of whether the sequence is a bacteriocin or not. In

practice, we used a bidirectional RNN (not shown in figure).
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2.3.3 Comparing with baseline methods

We compared the performance of our method with four baseline methods: (1) a simple trigram

representation, (2) an averaged word-embedding representation, (3) BLAST (Altschul et al., 1997),

and (4) HMMER3 (Eddy, 2011).

We used a trigram representation of sequences in bioinformatics to understand the gain of

accuracy, if any, of using word embedding over simple trigram based representation. To implement

the simple trigram representation, we created an 8,000 size vector for each sequence where the

indices had counts for each occurrence of a trigram in that sequence. In this representation, the

order of the trigrams is not preserved. Since the vector is sparse, we used truncated Singular Value

Decomposition (SVD) to acquire the most importance features, and reduce the size of the vector

(Figure 2.4). We tried vector sizes of 100 and 200, and used 200 as it led to better classification

performance. We then used these vectors with a support vector machine (SVM), logistic regression

(LR), decision tree (DT), and random forest (RF), to classify genes into bacteriocins and non-

bacteriocins.

We also used an averaged word-embedding representation, and evaluated its performance with

SVM, LR, DT, and RF. We summed the embedding vectors for each overlapping trigram in a

sequence, and divided the sum by the length of the sequence. We then used this new mean

embedding vector that is representative of the whole protein sequence with supervised learning

algorithms.

We compared the performance of our method with BLAST, the method of choice for sequence

similarity search and, by proxy, determination of gene and protein function. We use BLAST to see

if machine learning based, alignment free methods do indeed improve performance over alignment

based methods to identify potential bacteriocins. We used a 35% sequence identity score as a

threshold to assign a bacteriocin label to a protein sequence. This threshold was used to increase

BLAST’s recall even at the expense of precision, and was based on the finding that 35% ID is the

“Twilight Zone” of protein sequence alignments below which one cannot unambiguously distinguish

between true and false sequence alignment, using protein structure as a standard (Rost, 1999).
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Figure 2.4: We represented each protein sequence with the overlapping trigram counts present in

that sequence. This leads to a size 8,000 sparse vector. The vector was reduced to a vector of size

200 using Singular Value Decomposition. We used the size 200 vector as the baseline representation.

We also compared our performance with another popular alignment based method, HMMER3,

which constructs profile hidden Markov models or pHMMs from multiple sequence alignments.

In turn, the pHMMs serve as an accurate tool for sequence searching. Here we used bacteriocin

pHMMs which we constructed using BOA (Morton et al., 2015). BOA uses the BAGEL (van

Heel et al., 2013) dataset, and its homologs (BLAST e-value < 10−5) against GenBank (Benson

et al., 2014) bacterial database to build bacteriocin-specific pHMMs. We used the HMMSearch

functionality provided by HMMER3, and use the pHMMs from BOA to measure performance

against our test set in terms of precision, recall, and F1 score.

2.3.4 Building the training dataset

We used 346 experimentally determined bacteriocin sequences of lengths ≥ 30aa from the

BAGEL database as our positive bacteriocin training samples. For the negative training set, we

used sequences from the Uniprot-Swissprot (Boutet et al., 2007) database. We took all the bacterial

protein sequences from this database and used CD-HIT (Fu et al., 2012) with a 50% identity

threshold to reduce redundancy. Then, for the primary negative training set, we took 346 sequences

that had the keywords ‘not anti-microbial’, ‘not antibiotic’, ‘not in plasmid’, and that had the

same length distribution as our positive bacteriocin sequences. We also generated two additional
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negative datasets following the same steps as above, with no overlap in the sequences between the

three sets. Because identical length sequences were already exhausted by the first negative set, the

length distribution of the second and third negative sets are somewhat different than the positive

bacteriocin set. Figure 2.5 shows the length distribution of the positive, and all three negative

datasets.

2.3.5 Identifying genomic regions for novel putative bacteriocins

To search for genomic regions with a higher probability of containing novel bacteriocins, we

took advantage of the known proximity of context genes whose products assist in the transport,

modification, and regulation of bacteriocins. Many bacteriocins have some or all of four types of

context genes in proximity (de Vos et al., 1995; McAuliffe et al., 2001), (Figure 2.6). Having an

experimentally verified set of fifty-four context genes from (Morton et al., 2015), we now aimed to

expand it. To do so, we collected the annotation keywords for these context genes from the Refseq

database,

We ran BLAST using all 1294 (54 experimentally verified and 1240 newly found) putative

context genes against the whole bacteria RefSeq database (Pruitt et al., 2006) and we collected hits

with an e-value ≤ 10−6. We separated all the hits by organism, arranged them by co-ordinates, and

identified 50kb regions in the whole genome that have contiguous hits. We then ran our method

on the ORFs that were not identified as conext genes, to see if we could identify new bacteriocin

genes within these regions.

We used the following software tools in this study: Keras (Chollet et al., 2015), Scikit-learn (Pe-

dregosa et al., 2011), Gensim (Řeh̊uřek and Sojka, 2010), Matplotlib (Hunter, 2007), Jupyter note-

books (Kluyver et al., 2016), Biopython (Cock et al., 2009), Numpy, and Scipy (Walt et al., 2011).

We then took all the genes with similar keywords to our experimentally verified context gene

set surrounding the BAGEL bacteriocins within a region of ±25kb. After running CD-HIT (Li and

Godzik, 2006a) to remove redundancy, we had 1,240 new putative context genes.
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Figure 2.5: Sequence length distributions for the positive bacteriocin set, primary negative set, 2nd,

and 3rd negative sets respectively. Mean lengths of training sets were 63.57aa (with the primary

negative set), 63.53 (with second negative set) and 70.92 (with third negative set). See text for

details.
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Figure 2.6: Bacteriocins with context genes. After de Vos et al. (1995).

2.3.6 Datasets

We performed 10× cross-validations on the three datasets we built where the datasets consist of

positive bacteriocins from BAGEL, and the three negative datasets we built from Uniprot Swissprot

database.

The cross-validation itself was done 50 times with different random seeds for all cases except for

the RNN, BLAST, and HMMER for which it was done 10 times due to computational time demand.

For BLAST, a 35% sequence identity score was used as a threshold for calling a result positive. We

used the same cross-validation folds for BLAST as other algorithms where we BLASTed the test set

against the training set. For HMMER, an e-value of < 10−3 was used as the threshold for deciding

if a sequence is bacteriocin. The reported results are the mean of 10× nested cross-validation done

50 times (10 times for RNN, BLAST and HMMER), and the standard error is from those 50 (10

for RNN, BLAST and HMMER) mean values.

2.4 Results

Table 2.1 and Figure 2.7 show a comparison of Word2vec, trigram representation, BLAST, and

HMMER for predicting bacteriocins using the primary bacteriocin dataset in terms of precision,

recall, and F1 score.

Precision (Pr) Recall (Rc) and F1 are defined as:

Pr =
TP

TP + FP
; Rc =

TP

TP + FN
; F1 = 2× Pr ×Rc

Pr +Rc
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Figure 2.7: Mean F1 scores of different algorithms with both Word2vec (w2v) and baseline rep-

resentations. Error bars (using standard error) are too small to be shown. W2v + RNN (blue)

provides the best F1 score. See Table S1 for mean and standard errors values.

Where TP : True Positives, FP : False Positives, FN : False Negatives.

W2v+RNN provides the best recall, and F1 score. HMMER and BLAST have better precision

scores, which is expected as they only predict true positives by e-value and sequence identity

respectively but they have high false negative rate. Using a simple trigram representation,SVM

and LR perform similarly but with lower precision, recall, and F1 score than w2v+RNN. Using

mean Word2vec representation as input, LR, DT, and RF provides similar or worse F1 score than

the performances of those supervised methods with a simple trigram representation. Only mean

Word2vec representation as input to an SVM shows a competitive performance against W2v+RNN.

Still, the difference in F1 between mean w2v+SVM and Word2vec+RNN was statistically significant

and shows that Word2vec+RNN performs better (one sided t-test, p = 5.48× 10−8)

Figure 2.8 shows the precision-recall curves for w2v+RNN, averaged Word2vec representation

with SVM, LR, RF. Also, simple trigram representation with SVM (trigram+SVM), trigram+LR,

trigram+RF, and BLAST. RNN has the largest area under the curve. W2v+SVM is competitive
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Figure 2.8: Mean precision-recall curves of one run of 10× cross validation for Word2vec with

RNN, Support Vector Machine (SVM), Logistic Regression (Log-reg), Random Forest, and BLAST.

Number in legend is area under the curve. w2v+RNN performs better than all the other methods.
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Figure 2.9: Context genes found surrounding the predicted bacteriocins within ±25kb range. (a)

Lactobacillus acidophilus NCFM (Locus: NC 006814, putative bacteriocin: YP 193019.1, immu-

nity: YP 193020.1, regulator: YP 193018.1, transporters: YP 193025.1, YP 193026.1) (b) Lac-

tobacillus helveticus R0052 (GenBnk: NC 018528, putative bacteriocin: YP 006656667.1, immu-

nity: YP 006656674.1, regulator: YP 006656666.1, YP 006656664.1, YP 006656671.1) (c) Lac-

tobacillus helveticus CNRZ32 (GenBank ID: NC 021744, putative bacteriocin: YP 008236084.1,

regulators: YP 008236086.1, YP 008236087.1, transporters: YP 008236082.1, YP 008236080.1,

YP 008236079.1)

with w2v+RNN as was also seen in Figure 2.7. The curve for HMMER could not be shown as we

need a confidence value for each prediction which HMMER does not provide.

Table 2.2 and 2.3 show the performance differences using the two other training data sets. The

length distribution of the protein sequences in the positive and negative sets are different as men-

tioned in Methods. Looking at Table 2.2, the improvement in the w2v+RNN and the trigram based

methods is evident, as well as the precision of HMMER. We assume the length disparity between the

positive and negative sequences have helped in correctly classifying bacteriocins. Surprisingly, the

precision of BLAST has decreased compared with its precision in the primary bacteriocin dataset.

The performance of HMMER has largely remained the same over the different negative sets, with

its predictions remaining more or less the same because of its low false positive rate. Table 2.3

shows the performance comparison for the third bacteriocin dataset. The length disparity between

positive and negative sequences for the third dataset is even greater than the second bacteriocin

dataset. SVM, LR, DT, and RF have all improved performance. SVM’s precision is comparable

to that of w2v+RNN. RNN still has the best recall and F1 score. In contrast, BLAST’s perfor-

mance has significantly decreased indicating that somehow the length disparity is causing problems
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in identifying true bacteriocins. Just like the second bacteriocin dataset, HMMER’s performance

remains almost the same with a slight improvement on the precision score.

After evaluating all the methods, we trained the best performing method, w2v+RNN on the

whole dataset with the same hyper-parameters, and this final trained RNN was used to find new

bacteriocins in the 50kb genomic regions that are that were identified based on context genes and

are suspected of containing bacteriocin genes.

2.4.1 Results on 50kb Chromosomal Stretches

We applied our trained w2v+RNN model on the sequences identified from the 50kb regions

(see Methods) to predict putative bacteriocins. The w2v+RNN model predicted 119 putative

bacteriocins with a probability of ≥ 0.99. Figure 2.9 shows three of our predicted bacteriocins in

their genomic neighborhood in Lactobacillus. We found several context genes surrounding these

predicted bacteriocins, supporting our hypothesis that these bacteriocin predictions are valid.

2.5 Discussion

We developed a machine learning approach for predicting bacteriocins, a group of bacterial

toxins which are challenging to discover using sequence similarity as they are, in many cases, non-

homologous. Our approach does not require sequence similarity searches, and has discovered several

putative bacteriocins with a high probability. The Word2vec representation takes advantage of the

large volume of unlabeled bacterial protein sequences available, and can be used in other machine

learning tasks in computational biology to represent protein sequences for discovering functional

similarities that cannot be discovered from sequence similarity. We used the embedding vectors for

each overlapping trigram in a protein sequence, and used them as input in a temporal order for

an RNN, and with heavy regularization, it performed well. We hypothesize that the unsupervised

step helped transfer important information through the trigram vectors such that the RNN’s task

was made easier. Another reason we used RNN, is that we can represent each protein sequence

as overlapping trigrams. As a result, vectors of size 200 representing each subsequent trigram can
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be fed into the RNN without dramatically increasing the feature space as opposed to SVM or

Logistic Regression. For SVM or LR we would have needed to find another way to represent a

protein sequence from its overlapping trigram vectors, so that its feature size does not overpower

the number of training sequences available to us. For example, in the work by Asgari et al. (2015),

the researchers summed up all the overlapping trigram vectors to represent a protein sequence. In

this paper, we averaged the overlapping trigram vectors to represent a protein sequence, and used

that as a baseline. We also built three different datasets using different sets of negative bacteri-

ocin examples. All the methods except w2v+RNN and averaged w2v+SVM struggled to identify

true bacteriocins in the primary bacteriocin dataset where the length distribution for positive and

negative bacteriocins is exact. This is also the reason we used the primary bacteriocin dataset as

the final dataset to train our RNN model before applying it to find novel bacteriocins in Lacto-

bacillus. Compared with the primary bacteriocin dataset, the other methods except BLAST and

HMMER have had improved performance as the differences in length distribution of positive and

negative sequences increased in the second and third bacteriocin dataset. The BOA study (Morton

et al., 2015) supplied us with pHMMs that were built using many sequences including the BAGEL

dataset, and used with HMMER. Yet tested against the BAGEL sequences, HMMER’s precision

is high but the recall remained low compared with w2v+RNN.

Despite the training set being small, with proper regularization our RNN model provides a

better precision than all the other methods except BLAST and HMMER, and better recall than

all other methods. We argue that word embedding and RNN can be used to boost the prediction

powers of machine learning models in sequence-based classification problems in biology. Our models

also provide us with an associated confidence score, which is useful for experimentalists who wish

to apply this method towards genome mining. We chose a threshold of 0.99 for RNN to provide

the list of putative predictions. Although our training set is balanced in terms of bacteriocins and

non-bacteriocins, the number of bacteriocin sequences in the microbial sequence universe is much

lower. Finally, we provide six protein sequences that our model predicted to be bacteriocins, with

a probability of ≥ 0.99, where we could also find putative context genes. We also provide a set
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of total 119 sequences predicted by w2v+RNN with a probability of greater than 0.99. None of

these sequences could be detected against known bacteriocins when we used BLAST against the

nr database with an e-value ≤ 10−3.

Historically, the use of bioinformatics prediction methods has favored high precision over high

recall, as a large number of false positive findings can be costly for experiments that verify predic-

tions. However, there are cases where a high recall method is appropriate. For example, with the

need to cast a wider net in identifying potential drug candidates, driven by decrease drug scanning

costs. By employing a high recall method and choosing an appropriate accuracy threshold, exper-

imentalists can calibrate the precision / recall trade off needed to optimize the functional testing

of novel peptides.

Protein classification tasks are typically based on some form of sequence similarity as an indica-

tor for evolutionary relatedness. However, in many cases non-orthologous replacements occur, where

two non-homologous proteins perform the same function. Non-orthologous function replacements

have been detected using natural language processing (Verspoor et al., 2012), genomic context

methods (Overbeek et al., 1999; Huynen et al., 2000; Enault et al., 2005), and other combined

methods (Franceschini et al., 2013). However, such methods require associated metadata or con-

textual genomic information. Here we present a solution to find functionally similar non-orthologs

that does not require gathering these metadata, but does require a dataset of positive and negative

examples. We therefore recommend that word embedding be explored for function classification

involving dissimilar biological sequences.
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2.6 Appendix: supplementary material

Table 2.1: Primary Bacteriocin dataset. Comparison between word2vec and trigram representation. SVM:Support
Vector Machine; LogReg: logistic regression; DT: decision tree; RF: random forest, w2v + RNN: Recurrent Neural
Network with word2vec representation.

Mean Precision Mean Recall Mean F1

trigram+SVM 0.875 ± 0.001 0.808 ± 0.002 0.838 ± 0.001

trigram+LogReg 0.864 ± 0.002 0.837 ± 0.002 0.846 ± 0.001

trigram+DT 0.767 ± 0.002 0.735 ± 0.002 0.747 ± 0.001

trigram+RF 0.838 ± 0.001 0.791 ± 0.001 0.812 ± 0.001

w2v averaged+SVM 0.889 ± 0.0007 0.848 ± 0.001 0.867 ± 0.0008

w2v averaged+LogReg 0.848 ± 0.001 0.817 ± 0.001 0.831 ± 0.0009

w2v averaged+DT 0.825 ± 0.001 0.813 ± 0.002 0.738 ± 0.002

w2v averaged+DRF 0.838 ± 0.001 0.791 ± 0.001 0.817 ± 0.001

BLAST 0.972 ± 0.0006 0.506 ± 0.002 0.663 ± 0.002

HMMER 0.981 ± 0.0002 0.757 ± 0.0001 0.852 ± 0.0003

w2v + RNN 0.898 ± 0.003 0.883 ± 0.003 0.889 ± 0.001

Table 2.2: Second Bacteriocin dataset.

Mean Precision Mean Recall Mean F1

SVM 0.902 ± 0.001 0.835 ± 0.001 0.865 ± 0.0009

LogReg 0.891 ± 0.001 0.871 ± 0.001 0.878 ± 0.001

DT 0.806 ± 0.002 0.767 ± 0.002 0.782 ± 0.001

RF 0.858 ± 0.001 0.792 ± 0.001 0.822 ± 0.001

BLAST 0.909 ± 0.002 0.504 ± 0.002 0.645 ± 0.001

HMMER 0.985 ± 0.0001 0.757 ± 0.0001 0.854 ± 0.0003

w2v + RNN 0.924 ± 0.002 0.898 ± 0.001 0.909 ± 0.001

Table 2.3: Third Bacteriocin dataset.

Mean Precision Mean Recall Mean F1

SVM 0.938 ± 0.001 0.898 ± 0.001 0.916 ± 0.0009

LogReg 0.916 ± 0.001 0.891 ± 0.001 0.902 ± 0.0007

DT 0.887 ± 0.001 0.856 ± 0.001 0.869 ± 0.001

RF 0.889 ± 0.001 0.878 ± 0.001 0.882 ± 0.001

BLAST 0.747 ± 0.004 0.504 ± 0.002 0.599 ± 0.002

HMMER 0.992 ± 0.0001 0.757 ± 0.0001 0.857 ± 0.0003

w2v + RNN 0.937 ± 0.002 0.921 ± 0.002 0.928 ± 0.002
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3.1 Abstract

Antibiotic resistance happens when microbes that could previously be treated with antibiotic

drugs are no longer susceptible to them. While antibiotics and antibiotic resistance have always

been part of natural microbial physiology, the spread of life threatening antibiotic resistance has

been largely due to bacteria gaining resistance conferring genes from other bacteria. Therefore, it

is crucial to identify these genes for the purpose of antibiotic resistance surveillance. Predicting the

class of antibiotic that a gene confers resistant to can quickly lead to actionable guidance. There

are multiple tools available that predict antibiotic resistance class from genes. Yet, there is a lack

of benchmarks on the performances of these tools. In this paper, we first developed a dataset that

is curated from 15 available databases, and annotated with their antibiotic class labels. We also

developed a transfer learning approach with neural networks, TRAC, that outperforms all these

tools including a deep learning from scratch model that we developed ourselves. While TRAC

provides the current state-of-the-art performance, we hope our newly developed dataset will also

provide the community with a much needed standardized dataset to develop novel methods that

can predict antibiotic resistance class with superior prediction performance. TRAC is available at

https://github.com/nafizh/TRAC.

https://github.com/nafizh/TRAC
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3.2 Introduction

In the US, each year, at least 2 million people are affected by antibiotic resistance, and at least

23,000 fatally (for Disease Control and Prevention, 2018). In the European Union, around 30,000

people die each year from antibiotic resistance (Cassini et al., 2019). According to a study, without

a global response, 10 million people will die from antibiotic resistance infections each year by 2050,

and the total GDP loss resulting from antibiotic resistance will be equivalent to 100.2 trillion USD

(ONeill et al., 2016). Antibiotic resistance surveillance is an integral aspect of our response towards

mitigating clinical and environmental implications of antibiotic resistance. Therefore rapid identi-

fication of the antibiotic resistance class from clinical and environmental metagenomic samples is

critical. Currently, culture based techniques such as Antimicrobial Susceptibility Testing (AST) are

used to detect antibiotic resistance which provides important information to devise patient treat-

ment. While these methods are an important part of the clinical setting, they require microbiology

facilities and experts not available at every setting. They also do not work for uncultured bacteria

which usually constitute a large part of any complex microbial community (D’Costa et al., 2006).

Computational tools can complement these culture based techniques by identifying the antibiotic

resistance class from genomic sequences the come from a sample.

Bacteria have always produced antibiotics as secondary metabolites for the purpose of survival

(Sengupta et al., 2013). These metabolites are used against other bacteria to gain competitive

advantage within the microbial community. In response, other bacteria have developed resistance

against these antibiotics through various antibiotic resistance mechanisms (Boolchandani et al.,

2019). This phenomena is known as inherent antibiotic resistance. Yet, the rapid spread of antibi-

otic resistance because of overuse of antibiotics is largely through secondary antibiotic resistance.

Secondary antibiotic resistance happens when a bacteria previously susceptible to an antibiotic

gains resistance against it by acquiring a resistance conferring gene against an antibiotic from an-

other bacteria. Computational tools can greatly help identify these genes along with the antibiotic

class they confer resistant to. Yet, there is a dearth of datasets through which we can judge the

relative performance of these computational tools.
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In this study, first, we developed a dataset called COALA (COllection of ALl Antibiotic resis-

tance gene databases) from 15 antibiotic resistance databases available online. We also collected

the resistance class label for these sequences. We release 3 versions of this dataset. (1) COALA100,

the dataset as is, (2) COALA70, the dataset after doing a CD-HIT (Li and Godzik, 2006b) with

0.7 threshold on COALA100 dataset and (3) COALA40, the dataset after doing a CD-HIT with

0.4 threshold on COALA100 dataset.

We then developed a deep neural network based transfer learning approach TRAC (TRansfer

learning for Antibiotic resistance gene Classification) that can predict antibiotic classes which re-

sistance genes confer. This can be useful in identifying resistance conferring genes from clinical

samples for the purpose of providing a focused drug treatment. Current state-of-the-art tools such

as CARD-RGI (Jia et al., 2016), NCBI-AMRFinder(Feldgarden et al., 2019), SARGFAM (Yin

et al., 2018) use traditional alignment based methods such as BLAST (Altschul et al., 1990) or

HMMER (Potter et al., 2018) or an augmented version of these methods. Recently, a deep learning

based approach, DeepARG (Arango-Argoty et al., 2018) was developed that used normalized bit

scores as features that were acquired after aligning against known antibiotic resistant genes. In

contrast to DeepARG’s approach, TRAC tries to predict antibiotic resistance class just from the

amino acids of a protein sequence.

Transfer learning is a machine learning technique where a learning algorithm is first trained to

solve a task, and then use the trained algorithm to solve another task. Typically, the final task

to solve is a separated but related task. The idea is to use the knowledge gained from the first

task to boost performance of solving the final task. In contrast, with a typical supervised learning

approach, the algorithm is trained to solve a task, and then expected to solve the same task for

unseen data in future. This requires ample labeled data — where we know the ground truth for each

instance of the training data — to train the supervised learning algorithm. However, in Biology

it is quite normal that researchers do not have enough labeled data. Transfer learning allows us

to use labeled or more crucially, unlabeled data to train an algorithm, and use that algorithm to

train again on the small labeled data. For example, in any kind of image classification task, it is
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now common to use a pre-trained model trained on a huge labeled dataset such as Imagenet (Deng

et al., 2009), and then again train that model on a smaller labeled dataset of the final task (known

as fine-tuning) (Nguyen et al., 2018; Lei et al., 2018). This is an example where a large corpus of

labeled data is being used to augment the performance in a task where labeled data is of small

amount.

Another example comes from Natural Language Processing (NLP), where it is common these

days to use a pre-trained model that has been trained first as a language model on a huge corpus of

sentences. These pre-trained models are then used for further downstream supervised classification

tasks such as text classification (Howard and Ruder, 2018). Language modeling is the task of

assigning a probability to a sentence happening in that language (Ruder et al., 2019). These types

of language models are typically trained as to predict the next word in a sentence given some words

previously. After a language model learns a probability distribution over all possible sentences

in a language, the model is trained on a smaller task specific labeled dataset such as sentiment

classification e.g. predict from a given review if the review is positive or negative (Howard and

Ruder, 2018).

The Transfer learning approach has been shown to be effective in various tasks of protein

sequence classification (Alley et al., 2019; Rives et al., 2019; Bileschi et al., 2019; Rao et al., 2019)

where labeled data is of small amount. We have a large amount of unlabeled protein sequences

publicly available despite the small amount of labeled data for many crucial tasks, for exmaple,

Uniprot TrEMBL (Apweiler et al., 2004) has around 158M protein sequences. In the same vein

of the NLP example above, we then leverage this large number of unlabeled protein sequences to

learn a language model where we train a deep neural network to predict the next amino acid in a

protein sequence. This can be thought of a kind of unsupervised or self-supervised learning where

we create a label ourselves from the unlabeled data. For example, in our case, during language

model training, the neural network tries to predict the next amino acid in a protein sequence. Here,

we have created an artificial supervised task where the label is the next amino acid event though

the dataset is unlabeled in its true meaning. By training this way, the neural network learns the
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probability distribution of all possible protein sequences. We used the UniRef50 database (Suzek

et al., 2014) to train the neural network language model, and then used the trained neural network

to predict the antibiotic class the gene confers resistant to by training on a small labeled dataset

where the training data are protein sequences, and true labels are antibiotics against which the

gene confers resistance. As we will show, TRAC outperforms all state-of-the-art methods by a

large margin, and performs better than a deep learning method that was trained only on the small

antibiotic resistance labeled dataset.

3.3 Dataset

For our unlabeled dataset in the transfer learning approach, we used the UniRef50 database

(Suzek et al., 2014) which is a manually curated database of ˜24M protein sequences so that any

two sequences do not have more than 50% sequence identity. We only took the bacteria sequences

from Uniref50 as our goal is to train on a labeled dataset of antibiotic resistance bacteria protein

sequences. This resulted in having 7,34,948 protein sequences. This is our unlabeled dataset to

train a neural network on it as a language model.

For the labeled dataset on which we trained and tested TRAC and all other comparison methods,

we developed the COALA (COllection of ALl Antibiotic resistance gene databases) database. To

get a reliable estimate of the generalization ability of any machine learning task, it is essential that

the test set does not provide instances that are identical or similar to instances in the training

set. That is why we created two datasets, COALA70 and COALA40, by performing CD-HIT

with 0.7 and 0.4 identity threshold on the original COALA dataset. This discards sequences that

have higher than 70% and 40% identity respectively for COALA70 and COALA40. We report

all models’ performances on these two datasets, essentially turning this into a remote homolog

detection problem within the context of antibiotic resistance.

We went through all 15 available antibiotic resistance gene databases mentioned in (Boolchan-

dani et al., 2019). These databases are CARD (Jia et al., 2016), ResFinder (Zankari et al., 2012),

ResfinderFG (Munk et al., 2018), ARDB (Liu and Pop, 2009), MEGARes (Lakin et al., 2016),
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Figure 3.1: Different types of antibiotic resistance gene sequences in COALA100, COALA70, and

COALA40 dataset. COALA100 dataset has 55491 sequences from 58 classes, COALA70 has 11091

sequences from 16 classes, and COALA40 has 5133 sequences from 14 classes.
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NDARO, ARG-ANNOT (Gupta et al., 2014), Mustard (Ruppé et al., 2019), FARME (Wallace

et al., 2017), SARG(v2) (Yin et al., 2018), Lahey list of β-lactamases (Bush and Jacoby, 2010),

BLDB (Naas et al., 2017), LacED (Thai and Pleiss, 2010; Thai et al., 2009), CBMAR (Srivas-

tava et al., 2014a) , MUBII-TB-DB (Flandrois et al., 2014), and u-CARE (Saha et al., 2015). We

collected protein sequences from these databases with their annotations wherever they were avail-

able. In total, we collected 55491 protein sequences from 58 antibiotic classes which we named as

COALA100. COALA100 has a large number of overlapping sequences. Therefore, we used CD-HIT

to reduce redundancy. We used two thresholds of 70% and 40% to develop two databases named

COALA70 and COALA40. COALA70 has 11,091 protein sequences from 16 antibiotic classes,

and COALA40 has 5133 protein sequences from 14 antibiotic classes. The reduction in protein

sequences underscores the redundancy the COALA100 database has.

COALA70 and COALA40 datasets are our small labeled dataset where we have corresponding

antibiotic labels for each sequence. We show all models’ performances on both the COALA70 and

COALA40 dataset.

3.4 TRAC

To use transfer learning, we applied the ULMFit (Universal Language Model Fine-tuning)

(Howard and Ruder, 2018) approach used in natural language processing to perform various text

classification tasks. ULMFit uses the AWD-LSTM (Averaged stochastic gradient descent Weight-

Dropped LSTM) (Merity et al., 2017) architecture to train a language model on a large English

language corpus. This step is the General-domain language model pre-training. This trained

language model is then trained on the small labeled dataset on which the final text classification

task will be performed. This step is know as language model fine-tuning. Finally, the architecture

is modified to do classification on the labeled dataset.

In our case, we used the AWD-LSTM architecture to train a neural network on the UniRef50

Bacteria sequences as a language model (Figure 3.2a). The architecture takes each amino acid

represented as an embedding vector as input. It has 3 layers of LSTM (Long Short Term Memory)
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Figure 3.2: Different stages of training for TRAC. (a) We train the neural network on the UniRef50

dataset where the model is trying to predict the next amino acid in a protein sequence. (b) This is

the finetuning step of the pretraining where we train the model on COALA70 and COALA40 protein

sequences to predict the next amino acid. (c) The final classification task where the pretrained

model is now trained in a supervised way to do a multiclass classification of antibiotic resistance

classes.

(Hochreiter and Schmidhuber, 1997) units. LSTMs are special recurrent neural networks that can

capture long range dependency in sequential data. The AWD-LSTM model tries to predict the

next amino acid in the protein sequence. The output layer is a softmax layer where the model

assigns a probability to each amino acid of being the next amino acid in the protein sequence. This

parallels the General-domain language model pretraining. Next, we train a target task language

model (Figure 3.2b) pretraining over the COALA40 dataset before doing classification training on

COALA40, and this step parallels the language model fine tuning step in ULMFit. The target task

language model is trained similarly like the general domain language model in that we train the

model to predict the next amino acid in a protein sequence but on the small labeled dataset which

will be used for the final classification task. The language model fine-tuning is also done for the

COALA70 dataset.
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Finally, We took this pretrained language model, and used it to classify protein sequences

into antibiotics they are resistant to. For both COALA40 and COALA70 datasets, we report

the accuracy over a 10-fold cross validation. For both pretraining and classification, a 1-cycle

learning rate schedule (Smith, 2018) with the AdamW (Loshchilov and Hutter, 2017) optimizer

was used. For pretraining, categorical cross entropy, and for classification label smoothing cross

entropy (Szegedy et al., 2016) was used as loss function.

3.5 Methods for comparison

We use two criteria to select methods to which we compare TRAC. First, the method has

to predict antibiotic resistance classes from protein sequences (not DNA/RNA reads). Second,

the method has to be available as a software or as a web tool. We looked at all the methods

mentioned in (Boolchandani et al., 2019). Four current state-of-the-art methods - CARD-RGI,

NCBI-AMRFinder, DeepARG and SARGFAM match these two criteria. Besides these four meth-

ods, we developed a deep learning method that is only trained on the smaller labeled dataset as

well as a Random Forest (Breiman, 2001) machine learning method. The deep learning method

was developed to verify whether training on an unlabeled dataset before the final classification task

truly improves the performance on a labeled dataset. The Random Forest model was developed

to verify whether deep learning and transfer learning methods perform better than traditional ma-

chine learning approaches. All six of these methods were tested on the COALA70 and COALA40

datasets.

CARD-RGI CARD-RGI (Jia et al., 2016) integrates an antibiotic resistance ontology with

homology and Single Neucleotide Polymorphism (SNP) models, and uses these models with a

curated set of antimicrobial resistance sequences to identify antibiotic resistance from protein or

neucleotide data.



44

NCBI-AMRFinder NCBI-AMRFinder(Feldgarden et al., 2019) developed from NCBI uses

BLASTP (Altschul et al., 1990) and HMMER (Potter et al., 2018) against the NDARO (Feldgarden

et al., 2019) database to detect antibiotic resistance from in novel protein sequences.

SARGFAM SARGFAM(Yin et al., 2018) is a collection of profile HMMs built from more

than 12,000 antibiotic resistance genes collected from CARD, ARDB and NCBI-NR databases.

It runs a hmmsearch against these profile HMMs to detect antibiotic resistance in novel protein

sequences.

DeepARG DeepARG(Arango-Argoty et al., 2018) is a deep learning (LeCun et al., 2015)

based method to classify protein sequences into the antibiotics they are resistant against. The

authors created a dataset of antibiotic resistance genes from CARD, ARDB and UNIPROT. Se-

quences from UNIPROT were aligned against CARD and ARDB with Diamond (Buchfink et al.,

2015), and the normalized bit scores from the alignment were used as features for the deep learning

model.

Deep Learning (Ours) We developed a deep learning model that was trained on the COALA70

and COALA40 datasets. We used a self-attention based sentence embedding model introduced in

(Lin et al., 2017). Figure 4.1 shows a schematic of the architecture of the model we used for antibi-

otic resistant gene classification. For input, we represented each amino acid in a protein sequence

as an embedding vector which was randomly initialized, and then trained end-to-end. We used an

LSTM (Hochreiter and Schmidhuber, 1997) recurrent neural network which takes these embedding

vectors as input. Following that is the self-attention part which we can think of as a feed-forward

neural network with one hidden layer. This network takes the output from the LSTM layer as input,

and outputs weights which are also called attentions. We multiplied the outputs of the LSTM layer

with these attentions to get a weighted view of the LSTM hidden states. This multiplication result

gets passed onto the next layer of the network, and the final layer is a softmax layer which assigns

a probability to each class of antibiotics so that they sum to 1. In training, AdamW (Loshchilov
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Figure 3.3: Our self-attention model used for antibiotic resistance gene classification. Each amino

acid in a protein sequence is represented by a vector. These vectors are used as input for LSTM

neural networks (Hochreiter and Schmidhuber, 1997). Outputs of the LSTM network goes into a

simple feed-forward network, and the output of this feed-forward network are weights which sum to

1. These weights are multiplied with the outputs of the LSTM network to give them weights. This

mechanism lets the model learn which input from the protein sequence is crucial in classifying a gene

into its correct antibiotic class. Finally, there is a softmax layer, the size of which is corresponds to

the number of antibiotic classes we have. This layer assigns a probability to each class. The class

that is assigned the highest probability becomes the prediction for a certain protein sequence.

and Hutter, 2017) optimizer with a 1-cycle learning rate schedule (Smith, 2018) with a negative

loss likelihood loss function was used.

Random Forest (Ours) We applied a random forest model on the COALA70 and COALA40

datasets, and measure the performance. For features, we used the simple and popular k-mer count

for each protein sequences. The hyper-parameters of the random forest model were tuned with

random search using the popular Scikit-learn(Pedregosa et al., 2011) machine learning library.
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3.6 Results

Figure 3.4 shows a comparison between all the models on both COALA40 and COALA70

datasets. We use the accuracy metric to compare the models. For a set of predictions Ŷ =

(ŷ1, ŷ3, ...ŷN ) and a set of true labels Y = (y1, y3, ...yN ) accuracy is defined as:

Accuracy(Y, Ŷ ) =
1

N

N∑
n=1

I(y = ŷ) (3.1)

where I is an indicator function which is defined as:

I(y, ŷ) =


1, if y = ŷ

0, otherwise

The accuracy is the mean of 10-fold cross validation on both COALA40 and COALA70 datasets.

The hyper-parameters were chosen by nested cross validation so that we do not overestimate on

the final test set. For COALA40 dataset, we can see from the figure that TRAC outperforms

all other models with an accuracy of 0.52, and the next closest performing model is our own

deep learning model that we constructed without any pretraining (accuracy 0.43). Random forest

performs almost with a similar accuracy of 0.41. CARD-RGI (accuracy 0.26), DeepARG (accuracy

0.12), SARGFAM (accuracy 0.08) and NCBI-AMRFinder (accuracy 0.06) are behind in terms of

performance from the top 3 methods. In the COALA70 dataset, TRAC again outperforms all other

methods by a large margin (accuracy 0.69). Interestingly, again a well tuned random forest model

(accuracy 0.61) performs similarly to a deep learning model (accuracy 0.60) that was not pretrained.

With a bigger dataset of COALA70, performance of CARD-RGI comparatively increases (accuracy

0.54). In contrast, DeepARG, SARGFAM and NCBI AMRFinder still lags behind by some distance.

Performance of all the models on both COALA40 and COALA70 dataset can also be seen in Table

3.1.

3.7 Discussion

Identifying genes that confer resistance to antibiotics is crucial to track their presence in metage-

nomic and clinical samples. Current techniques such as AST takes a long time to come up with
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Figure 3.4: Comparison of performances of all models in terms of mean accuracy from 10-fold

nested cross validation on both COALA70 and COALA40 datasets.
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results as well as requires microbiology facilities and expertise which might not be scalable. Compu-

tational tools such as bioinformatics and machine learning can aid human experts in these settings.

In this study, we compare currently available computational tools to predict antibiotic class that a

gene might confer resistance to. Towards this end, we developed a dataset, COALA, that contains

protein sequences from 15 antibiotic resistance databases available online. We also curated the

antibiotic resistance class labels for these protein sequences from their respective databases. This

resulted in a dataset that has huge number of redundant and similar sequences. To gain reliable

estimate of how well all the computational methods perform, we trim down this dataset by CD-HIT

with 40% and 70% identity threshold, resulting in two datasets, COALA40 and COALA70. This

essentially turns this problem into a remote homolog prediction problem where we are trying to

gauge how good the models are in terms of finding sequence specificity for resistance conferring

functionality.

We can see from the performances of all models that TRAC, the transfer learning approach

performs better by a great distance in terms of accuracy. Even so, TRAC gains around 69% accuracy

for COALA70 and around 52% accuracy for COALA40. This indicates that multi-class classification

for antibiotic resistance class prediction is indeed a difficult task. However, the alignment free

approaches — TRAC, Deep learning without pretraining, and random forest all perform better

than the other 4 methods, namely, NCBI-AMRFinder, SARGFAM, CARD-RGI, DeepARG which

depend on alignment based approaches such as BLAST or HMMER completely or partially. This is

crucial with respect to the fact that performing CD-HIT with such low thresholds of identity turned

this problem into a remote homolog prediction problem. Within the alignment free approaches,

surprisingly, a deep learning model without pretraining did not perform better than a well tuned

random forest model that was trained on k-mer features. This leads to the question, why TRAC is

performing significantly better than the deep learning without pretraining model. We hypothesize

that by training on unlabeled bacteria sequences and trying to predict the next amino acid in a

sequence, TRAC gains an internal representation of bacterial sequences which helps it to identify

remote homologs in the downstream classification task. Another possible reason is the labeled
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datasets, especially, COALA40 do not have enough training sequences for a deep learning model to

learn without pretraining. TRAC mitigates this problem by shifting the burden of learning onto

the unlabeled dataset for pretraining.

We hope therefore COALA70 and COALA40 datasets will provide good test beds for developing

novel machine learning methods with superior accuracy performance equivalent to that provided

by the MNIST dataset (LeCun et al., 1998) for the deep learning community. The performance

of TRAC provides further proof that language model pretraining boosts model performance with

few labeled data (Strodthoff et al., 2019) which is the case in many bioinformatics tasks. For

future work, it will be interesting to unpack the internal representation of the protein sequences

learnt by TRAC, and how it compares with traditional hand crafted bioinformatics features such as

Position-Specific-Scoring-Matrices (PSSM). We are also excited with the prospects of integrating

latest advancements in the Natural language field such as Transformer (Vaswani et al., 2017)

inspired encoding techniques (e.g. BERT (Devlin et al., 2018)) into the pretraining step, and

improving antibiotic resistance class prediction towards complementing current clinical practices.

3.8 Appendix: supplementary material

Table 3.1: Mean accuracy from 10-fold nested cross validation for all methods over both COALA40

and COALA70 datasets. Standard deviation of accuracy is shown for our models where cross

validation is done.

COALA40 dataset COALA70 dataset

CARD-RGI 0.261 0.544

NCBI-AMRFinder 0.062 0.093

SARGFAM 0.085 0.110

DeepARG 0.126 0.330

Random Forest (Ours) 0.416 ± 0.007 0.614 ± 0.065

Deep Learning (Ours) 0.436 ± 0.018 0.609 ± 0.097

Transfer Learning (Ours) 0.520 ± 0.084 0.696 ± 0.078
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4.1 Abstract

Antibiotic resistance monitoring is of paramount importance in the face of this ongoing global

epidemic. Using traditional alignment based methods to detect antibiotic resistant genes result

in huge number of false negatives. In this paper, we introduce a deep learning model based on a

self-attention architecture that can classify antibiotic resistant genes into correct classes with high

precision and recall only taking protein sequences as input. Additionally, deep learning models

trained with traditional optimization algorithms (e.g. Adam, SGD) provide poor posterior esti-

mates when tested against Out-of-Distribution (OoD) antibiotic resistant/non-resistant genes. We

train our model with an optimization method called Preconditioned Stochastic Gradient Langevin

Dynamics (pSGLD) which provides reliable uncertainty estimates when tested against OoD data.

All code for the project can be found at https://github.com/nafizh/OoD_AMR.

4.2 Introduction

Antibiotic resistance is a global scourge that is taking an increasing toll in mortality and mor-

bidity, in both nosocomial and community acquired infections(Neu, 1992; Organization, 2014). A

growing number of once easily treatable infectious diseases such as tuberculosis, gonorrhea, and

pneumonia are becoming harder to treat as the scope of effective drugs is shrinking. The CDC

https://github.com/nafizh/OoD_AMR
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estimates that 2,000,000 illnesses and 23,000 people die annually from antibiotic resistance in the

US alone(for Disease Control and Prevention, 2018). The overuse of antibiotics in health care and

agriculture is exacerbating the problem to the point that the World Health Organization is con-

sidering antibiotic resistance “one of the biggest threats to global health, food security and human

development today”. Identifying genes associated with antibiotic resistance is an important first

step towards dealing with the problem(Brown and Wright, 2016), and providing a narrow-spectrum

treatment, targeted solely against the types of resistance displayed. This statement is especially

true when dealing with genes acquired from human or environmental metagenomic samples(Perry

et al., 2014). A rapid identification of the class of antibiotic resistance that may exist in a given

environmental or clinical microbiome sample can provide immediate guidance to treatment and

prevention.

In this study, we developed a deep neural network that can predict antibiotic resistance genes

into 15 classes of antibiotics from protein sequences as well as detect Out-of-Distribution (OoD)

data — genes that confer resistance against antibiotic classes that were not included during training,

or non-antibiotic resistance genes. This property can be useful in identifying metagenomic sample

with resistance conferring genes for the purpose of providing a focused drug treatment. Traditional

methods (Kleinheinz et al., 2014; Davis et al., 2016; Pal et al., 2016) to identify antibiotic resistance

genes usually take an alignment based best-hit approach which causes the methods to produce

many false negatives (Arango-Argoty et al., 2018). Recently, a deep learning based approach was

developed that uses normalized bit scores as features that were acquired after aligning against

known antibiotic resistance genes (Arango-Argoty et al., 2018). In contrast, our model only uses

the amino acids of protein sequence as its input, and as such doesn’t need do any kind of alignment

against a set database.

However, neural networks are known for providing high confidence scores on inputs that are

from a different probability distribution than what the model was trained on (Palacci and Hess,

2018; Choi and Jang, 2018). This can result in disastrous consequences in sensitive applications

such as health care or self-driving systems. Here, we develop deep learning models trained with
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an optimization method not commonly used called Preconditioned Stochastic Gradient Langevin

Dynamics (pSGLD) (Li et al., 2016) as well as a traditional optimization method known as ADAM

(Kingma and Ba, 2014). Both models provide significant accuracy on the test set in terms of

predicting antibiotic resistance solely from the protein sequence. But we show that the model

trained with pSGLD is better equipped to predict OoD data i.e., it assigns a low probability to

sequences from proteins that are not related to antibiotic resistance or are from antibiotic classes

that were not included in training.

4.3 Detection of Out-of-distribution data with Preconditioned Stochastic

Gradient Langevin Dynamics (pSGLD)

Typically, neural networks are trained with optimization methods such as Stochastic gradient

descent (SGD) (Robbins and Monro, 1985) or its variants such as Adam (Kingma and Ba, 2014),

Adagrad (Duchi et al., 2011), RMSprop (Tieleman and Hinton, 2012) etc. In SGD, for each iteration

a mini-batch from the dataset is used to update the parameters of the neural network. For each

iteration t, training data Xt = {xt1, ..., xtn} is provided, and for parameters θ, the update ∆θt is:

∆θt =
εt
2

(
∇ log p(θt) +

N

n

n∑
i=1

∇ log p(xti|θt)
)

(4.1)

However, SGD or its variants do not capture parameter uncertainty. In contrast, Bayesian

approaches such as Markov Chain Monte Carlo (MCMC) (Robert and Casella, 2004) techniques

do capture uncertainty estimates. One such class of techniques are Langevin dynamics (Roberts

and Stramer, 2002) which inject Gaussian noise into Equation 4.1 so that the parameters do not

collapse into the Maximum a posteriori (MAP) solution:

∆θt =
ε

2

(
∇ log p(θt) +

N

n

n∑
i=1

∇ log p(xti|θt)
)

+ ηt, where, ηt ∼ N(0, ε) (4.2)

MCMC techniques require that the algorithm go over the entire dataset per iteration before

making a parameter update. This slows down the model training process, and also requires huge

computational costs. To remove this problem, Stochastic Gradient Langevin Dynamics (SGLD)
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was introduced (Welling and Teh, 2011), which combined the best of both worlds i.e. inserting

Gaussian noise into each mini-batch of training data. In SGLD, during each iteration for SGD,

Gaussian noise is injected which has a variance of the step-size εt:

∆θt =
εt
2

(
∇ log p(θt) +

N

n

n∑
i=1

∇ log p(xti|θt)
)

+ ηt, where, ηt ∼ N(0, εt) (4.3)

This injection of Gaussian noise has an advantageous side-effect as it also provides a better

calibration of confidence scores of predictions on OoD data. For example, (Palacci and Hess, 2018)

showed that an SGLD trained neural network provides low confidence scores when trained on the

MNIST (LeCun et al., 2010) dataset (a dataset of images of numbers) but tested on the NotMNIST

(a dataset of images of letters) dataset (Bulatov, 2011); whereas an SGD trained neural network

still naively provides high confidence scores when tested on NotMNIST dataset.

We used preconditioned SGLD (pSGLD) (Li et al., 2016) - a variation of SGLD where we

introduce noise to RMSprop, a modification of the SGD algorithm - to train a neural network

to classify protein sequences into their resistant antibiotic classes. In the experiment section, we

show that a pSGLD trained network provides really high accuracy when classifying antibiotic

resistance genes for the classes it was trained on while providing low confidence scores when doing

prediction on OoD protein sequences. In contrast, an ADAM trained model provides high accuracy

when classifying antibiotic resistance genes for the classes it was trained on as well as when doing

prediction on OoD protein sequences.

4.4 Experimental setup

Dataset We used a modified version of the dataset curated in the DeepARG study (Arango-

Argoty et al., 2018). Briefly, The dataset was created from the CARD (Jia et al., 2016), ARDB

(Liu and Pop, 2008) and UNIPROT (Consortium et al., 2018) databases with a combination of

computational and manual curation. The original dataset has 14974 protein sequences that are

resistant to 34 different antibiotics (our classes in the multi-class classification task). There were
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19 classes that had training samples of 11 sequences or less. We discarded these classes and were

left with 15 classes with a total of 14907 protein sequences.

Model We used a self-attention based sentence embedding model introduced in (Lin et al.,

2017). Figure 4.1 shows a schematic of the architecture of the model we used for antibiotic resistant

gene classification. For input, we represented each amino acid in a protein sequence as an embedding

vector which was randomly initialized, and then trained end-to-end. We used Long short term

memory (LSTM) (Hochreiter and Schmidhuber, 1997) recurrent neural network which takes these

embedding vectors as input. Following that is the self-attention part which we can think of as a

feed-forward neural network with one hidden layer. This network takes the output from the LSTM

layer as input, and outputs weights which are also called attentions. We multiplied the outputs

of the LSTM layer with these attentions to get a weighted view of the LSTM hidden states. This

multiplication result gets passed onto the next layer of the network, and the final layer is a softmax

layer which assigns a probability to each of the 15 classes of antibiotics that add upto 1.

The model that is trained with Adam has one bi-directional LSTM layer of size 64. The

embeddings for each amino acid are of size 10. Dropout of 0.4 was used for regularization. We used

a learning rate of 0.001 with a weight decay value of 0.0001 for ADAM. For pSGLD, the model has

one bi-directional LSTM layer of size 128. Embedding vectors for amino acids are of size 400. A

learning rate of 0.001, and dropout of 0.4 was also used for pSGLD.

We divided our dataset into a 70/20/10% training, validation, and test set split. We trained

our model with Adam and pSGLD on the training dataset, and tuned the hyper-parameters by

checking the performance on the validation dataset. We report both models’ performances on the

test set.

4.5 Results

Figure 4.2 shows the performance of Adam and pSGLD trained models on the test set in terms

of Precision, Recall and F1 for each class and overall.
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Figure 4.1: Our self-attention model used for antibiotic resistance gene classification. Each amino

acid in a protein sequence is represented by a vector. These vectors are used as input for LSTM

neural networks (Hochreiter and Schmidhuber, 1997). Outputs of the LSTM network goes into a

simple feed-forward network, and the output of this feed-forward network are weights which sum to

1. These weights are multiplied with the outputs of the LSTM network to give them weights. This

mechanism lets the model learn which input from the protein sequence is crucial in classifying a gene

into its correct antibiotic class. Finally, there is a softmax layer, the size of which is corresponds to

the number of antibiotic classes we have. This layer assigns a probability to each class. The class

that is assigned the highest probability becomes the prediction for a certain protein sequence.
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Figure 4.2: Precision, Recall, and F1 score for Adam and pSGLD. Our deep learning models have

a high accuracy for antibiotic resistance gene classification without using any kind of alignment,

and just using the amino acids in protein sequences as features.
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Figure 4.3: Probability assigned to the class predicted by the pSGLD, and ADAM models. (a)

Probability assigned to a class when the models are correctly predicting. (b) Probability assigned

to a class when the models are incorrectly predicting. Scale of the y-axis in (a) and (b) are different

for ease in visibility.

Precision (Pr), Recall (Rc), and F1 are defined as:

Pr =
TP

TP + FP
; Rc =

TP

TP + FN
; F1 = 2× Pr ×Rc

Pr +Rc

Where TP : True Positives, FP : False Positives, FN : False Negatives.

We can see that overall the performance of both models are comparable. Adam has a 96%

precision, 95% recall, and 96% F1 score whereas pSGLD has a 96% precision, 96% recall, and 96%

F1 score.

Figure 4.3 shows a histogram distribution of probability assigned to a class predicted for a

protein sequence by both models. Figure 4.3a shows the distribution of probability of a predicted

class when both models are correct. Figure 4.3b shows the distribution of probability of a predicted

class when both models are incorrect. We can see that when the models are predicting correctly,

the probability assigned to the correct class by both models are high. In contrast, when the models

are incorrect, pSGLD tends to assign somewhat lower probability to the predicted class signalling

its uncertainty.
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Result on OoD data Next, we tested both models on OoD samples. For this we used three

datasets - (i) The 19 classes we discarded out of the 34 antibiotic classes from the DeepARG dataset.

We did not include protein sequences from these classes in training and testing our models. These

19 classes have a total of 67 protein sequences. (ii) 19,576 human genes collected from UNIPROT

(Apweiler et al., 2004) that we can confidently assume do not confer antibiotic resistance. (iii)

480 bacteria genes that are involved in the metabolism pathway were curated from the KEGG

(Kanehisa, 2002) database. These have very low chances of involvement in conferring antibiotic

resistance.

Before testing on these sequences, our expectation is that an ideal model trained to do multiclass

classification on a set of classes should provide low probabilities for its prediction on sequences that

belong to classes not included in this set. The model should also provide low probabilities for

human genes and bacteria metabolism genes that do not confer antibiotic resistance.

Figure 4.4 shows a histogram distribution of probability assigned to the predicted class for

both models on these sequences. We can see from the figure that in all three cases the probability

distribution for pSGLD is centered around 0.5 or left whereas for ADAM the distribution is heavily

right skewed. The ADAM trained model is still predicting these OoD sequences to be one of the

15 classes it was trained on with high confidence. In contrast, the pSGLD model is conveying its

uncertainty over its predictions.

Next, we tested both models in a binary classification setting where our positive class includes

the test set of the 15-class dataset from DeepARG. This test set has 1491 genes. For our negative

dataset, we used the three OoD datasets mentioned previously. We tested both models, and

measured their performance in terms of classifying the negative class from the positive class. The

models were not trained to do this binary classification. They were still only trained to predict an

antibiotic class from the 15 classes. But we are testing them to see how good they are when facing

negative data just like in a real world scenario. Training to do a specific task, and then testing

to detect OoD data is also used in computer vision to measure the performance of a system on

identifying OoD data (Liang et al., 2017; DeVries and Taylor, 2018).
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Figure 4.4: Probabilities assigned to the predicted class by both pSGLD and ADAM trained models.

The pSGLD trained model has left-skewed probability distribution on the OoD protein sequences

while the ADAM trained model has right-skewed probability distribution implying high confidence

in its predictions. Scale of the y-axis in (a), (b), and (c) are different for ease in visibility.
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Figure 4.5 shows the Precision-Recall (PR) curves and Receiver Operating Characteristic (ROC)

curves for the binary classification task. We can see that pSGLD model has PR and ROC curves

that cover a greater area than the ADAM model when negative data are the human and bacteria

genes. Specially, for human genes, performance of pSGLD is significantly better indicating pSGLD

is more capable of detecting data it has not seen in training. pSGLD also performs better when

negative data are bacteria genes not involved in antibiotic resistance. Performance of pSGLD and

ADAM is almost similar when tested on the 67 genes from antibiotic classes that were not included

in the training dataset.

4.6 Discussion

In summary, the contributions of this paper are as follows:

1. The self-attention based deep learning model provides extremely high accuracy in terms

of precision, recall, and F1 for antibiotic resistance gene classification. This is of crucial

importance in many clinical settings. Additionally, the model only uses amino acids of protein

sequences as its input removing any necessity for additional feature processing. In contrast,

the DeepARG (Arango-Argoty et al., 2018) method first creates a similarity distance matrix

by aligning sequences against CARD and ARDB datasets. This similarity matrix is used as

features for the deep neural network.

2. The self-attention based deep learning model trained with pSGLD provides reliable confidence

scores for OoD gene detection. In the real world, we cannot expect that a model will see only

antibiotic resistance genes that belong to one of the antibiotic classes that were included

in its training. The model may encounter antibiotic resistance genes that confer resistance

to antibiotics not included in its training set, or genes that do not have functionality of

conferring antiobitc resistance at all. We need the model to provide low confidence scores

when it encounters one of these two scenarios.
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Figure 4.5: Precision-Recall (PR) curves and Receiver Operating Characteristic (ROC) curves for

our binary classification task where for all cases positive data consists of the test set from our

modified DeepARG dataset. These are 1491 genes that belong to one of the 15 antibiotic classes

from the modified DeepARG dataset. For a and b, negative data is 19,576 Human genes that do

not possess antibiotic resistance. For c and d, negative data is 480 Bacteria genes involved in the

metabolism pathway, and do not possess antibiotic resistance. For e and f, negative data is 67

genes that are antibiotic resistant to 19 classes that were not included in the training and testing

of our models.
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3. De-novo antibiotic resistance gene classification overcomes the weakness of lots of false nega-

tives resulting from alignment based methods such as BLAST (Altschul et al., 1990). This can

be seen from the high recall score of our models. We refer to the DeepARG (Arango-Argoty

et al., 2018) paper for a detailed expound on the weakness of predicting a high number of

false negatives by BLAST.

4. With the self-attention based model, we present a viable use case of using entity embeddings

(Guo and Berkhahn, 2016) as inputs for categorical variables. Amino acids are categorical

variables, and usually represented in machine learning by one-hot vectors - vectors of size 20

where all indexes are zeros except the index of the amino acid we are representing which is 1.

We show that, instead of using a one-hot vector, if we use a dense vector - a vector which has

all non-zero real values - that is randomly initialized at the beginning, and then trained end-

to-end inside the neural network, we can gain significant stride in terms of accuracy. These are

known as entity embeddings in the literature. Also, there has been a trend on using word2vec

type unsupervised learning to learn dense vectors for protein k-mers in biology (Asgari and

Mofrad, 2015). Our results show that there is a need to consider end-to-end learning of dense

vectors like in our model which can save precious time and computing that is needed for

unsupervised learning.

5. DeepARG is based upon the Theano (Bergstra et al., 2010) deep learning framework which

has been deprecated recently, and no longer being developed. This makes it difficult for new

users to use the software. In contrast, our model is developed with the Pytorch (Paszke

et al., 2017) deep learning framework which is being actively developed, and is used by a

huge number of deep learning researchers. This will make it easier for new users to adopt the

software which will be released soon.

In this study, we applied a self-attention based deep learning model to a multi-class classification

task of predicting antibiotic class that a gene can confer resistance against. We trained our model

with two different optimization algorithms, ADAM and pSGLD. The overall F1 score for both
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the ADAM and pSGLD trained models are 96%. Both models predict the antibiotic class of

resistance genes with high accuracy. Comparison with the DeepARG model was not feasible as

they use the CARD and ARDB protein sequences for generating features by aligning them against

the UNIPROT protein sequences they curated. We could not find out, specifically, which protein

sequences they used as their test data. Our model used all of the protein sequences from CARD,

ARDB, and UNIPROT, and divided them into training, validation, and test set after shuffling

them. Moreover, the test set performance reported in the DeepARG model suffers from data

leakage. They selected protein sequences from UNIPROT by using an alignment threshold against

the CARD and ARDB dataset when creating the complete dataset. Afterwards the same selected

UNIPROT sequences were aligned against CARD and ARDB using Diamond (Buchfink et al.,

2015), and bit scores from the result were used to make a similarity distance matrix. This matrix

was used as features for a neural network to predict on test data that were previously selected from

UNIPROT by alignment threshold against CARD and ARDB.

We also tested both of our models on three datasets of protein sequences that we know either

belong to classes of antibiotic resistance that were not part of our training and testing, or are

not antibiotic resistance associated. The ADAM trained model predicted them to be of the 15

classes with high confidence scores. In contrast, the pSGLD trained model provided predictions

with a lower probability distribution for the proteins not associated with antibiotic resistance. We

hypothesize that the Gaussian noise introduced in the pSGLD training scheme impedes the neural

networks to completely collapse on the Maximum Likelihood solution. Therefore, a pSGLD trained

model lets a discriminative model detect OoD data points, and provide lower probabilities in its

predictions for them. This is an important property, especially when we consider the open world

problem in biology where for any classification task it is hard to collect negative training samples

to train the machine learning algorithm (Dessimoz et al., 2013). Future research might involve

improving our neural network training methods so that the probability distribution of prediction for

in-distribution and out-of-distribution data has much less overlap than what we could manage with
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pSGLD. For that, we can take inspiration from the research on detection of adversarial instances

(Szegedy et al., 2013) done by the computer vision community.
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CHAPTER 5. DISCUSSION AND FUTURE DIRECTIONS

5.1 Discussion

In this dissertation, I tackled the problem of antibiotic resistance using two broad approaches:

looking for novel natural sources of antibiotics, and making antibiotic resistance gene classification

more efficient. In Chapter 2, I raise the issue of the urgent necessity of novel antibiotics. I

showed that bacteriocins, peptide-based antimicrobials, can be a natural source of novel antibiotics.

Because of their narrow killing spectrum, potential antibiotics generated from bacteriocins can also

be effective against their target microbes for longer without them gaining resistance. However,

since bacteriocins are sequentially diverse, alignment based algorithms such as BLAST or HMMER

are limited in detecting novel bacteriocins from protein sequences.

To overcome this limitation, I proposed a machine learning based alignment free approach to

predict bacteriocins from protein sequences. I collected 346 bacteriocin protein sequences, and

developed a negative dataset of 346 non-bacteriocin protein sequences. As this is a relatively small

labeled dataset, I decided to augment the model with a transfer learning approach. Vector represen-

tations of 3-mers of amino acids were learnt using the large Uniprot TrEMBL dataset of unlabeled

protein sequences. For this purpose, the word2vec algorithm from natural language processing was

used which takes into account the neighboring words of a word to learn its representation. This

method takes the neighboring context of a word, and embeds it into the representation of the word.

In this case, for each 3-mer, the word2vec algorithm took into account its neighboring 3-mers in all

protein sequences to learn its vector representation.

After learning these representations, we represented each protein sequence of our original small

labeled dataset as the summation of all overlapping 3-mers in that sequence. Then we tried various

supervised algorithms such as RNN, SVM, and others with these representations to measure their

performance in terms of classifying a positive bacteriocin from a negative one. We also compared
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their performances against alignment based approaches such as BLAST and HMMER. Addition-

ally, we measured the performances of the above mentioned supervised learning algorithms with

a simple trigram representation of the protein sequences. From all the comparisons in terms of

F1 score and precision-recall curve, we show that a word2vec representation with either RNN or

SVM significantly improves performance of the classifier compared to all the other methods and

representations.

Consequently, we used the best performing method, word2vec representation with RNN on all

protein sequences from Lactobacillus which resulted in the identification of 119 putative bacteriocins

which could not be found by using BLAST. By using a transfer learning approach of learning

representations of 3-mers from unlabeled protein sequences, and using these representations in our

labeled dataset, we transferred knowledge of the surroundings of individual 3-mers into our small

labeled dataset. This added knowledge enhanced the performance of the downstream classifier. By

showing an effective use case in terms of finding novel bacteriocins, we also show the efficacy of

word embedding representations to find functionally similar but non-homologous protein sequences

which cannot be found by homology search methods such as BLAST or HMMER.

In Chapter 3, we denote the critical need of finding the antibiotic class genes from a clinical

or environmental sample can confer resistance against. This can be crucial to gain guidance for

patient treatment or for antibiotic resistance surveillance. Efficient computational tools that can

provide such critical information can greatly complement traditional experimental culture based

techniques by reducing wait time as well as providing added certainty. For this purpose, we created

a benchmark dataset, COALA, that comprises protein sequences and the antibiotic class label they

confer resistance to, from 15 antibiotic resistance databases. We also propose a transfer learning

approach with deep neural networks, TRAC, and compare it with six other methods for antibiotic

resistance gene classification. All the methods are tested on COALA40 and COALA70, two datasets

that are trimmed down from the original COALA dataset by removing similar sequences with a

CD-HIT threshold of 0.4 and 0.7 respectively.
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Our proposed method, TRAC, consists of three steps with a deep recurrent neural network.

In the first step, we train the deep recurrent neural network to predict the next amino acid in

a protein sequence. For this purpose, we train the model with all bacteria protein sequences

from the UniRef50 dataset. This is inspired by the language modeling technique used in natural

language processing. A language model learns a probability distribution over all possible sentences

in a language by trying to predict the next word in a sentence during training. In our case, the

language model tries to learn the probability distribution over all possible protein sequences by

trying to predict the next amino acid in a protein sequence. In the second step, we take the trained

language model over UniRef50, and train it again on our COALA40 and COALA70 dataset protein

sequences. This helps the neural network learn the probability distribution of amino acids relevant

to our antibiotic resistance classification task. In the final step, we add a final layer on the trained

neural network so that it can predict the antibiotic resistance class from a protein sequence.

We compare TRAC with 4 currently used tools in the field, CARD-RGI, NCBI-AMRFinder,

SARGFAM, and DeepARG. We also develop another deep learning model ourselves that is only

trained on the labeled COALA40 and COALA70 dataset without any previous language modeling.

This is to find out whether the transfer learning approach of pretraining enhances classification

performance. We also develop a machine learning approach, a random forest classifier with a sim-

ple trigram representation of protein sequences to compare performances against the deep learning

approaches. We performed a 10-fold nested cross validation on both COALA40 and COALA70

with all the methods. In terms of mean accuracy, TRAC performs significantly better than all

other methods. Performance of the deep learning model from scratch clearly shows that language

model pretraining helps the neural network augment its accuracy. We hypothesize that learning

a probability distribution over all bacteria genes, and then over antibiotic resistance protein se-

quences helps the neural network recognize essential signals for downstream antibiotic resistance

classification task. Surprisingly, a random forest model with basic trigram representation of pro-

tein sequences perform similarly to a deep learning model without any pretraining. Among the 4

methods currently used in literature, CARD-RGI performs best. We hypothesize that CARD-RGI
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does better because it uses other models together with a homolog model such as a protein variant

model. Methods such as SARGFAM and NCBI-AMRFinder do worse as their methods are limited

to homology search methods such as BLAST and HMMER. Surprisingly, DeepARG, a deep learn-

ing based model has the poorest performance, which might be due to the case that their training

and testing dataset contains significant overlap in terms of sequence similarity. As a result, the

DeepARG model might be significantly overfitting showing a good performance in the test set used

in their work but performing worse in wild.

In Chapter 2 and 3, we have used two different types of transfer learning approaches. In Chapter

2, we used the word2vec algorithm to learn static vector representations of 3-mers from unlabeled

protein sequences that takes into account their surrounding 3-mers. We used these representations

to represent protein sequences in the small labeled dataset of positive and negative bacteriocins.

In contrast, in Chapter 3, we used a language model trained on unlabeled protein sequences, and

finally added a classification layer over the language model neural network to predict antibiotic

resistance class. In natural language processing, the language modeling type deep transfer learning

has almost completely replaced the word2vec type shallow transfer learning because of its superior

performance. As such, we hypothesize that, a language model pretrained with unlabeled protein

sequences might increase the prediction performance of bacteriocins which might be an avenue

of future research. But in both chapters we show that transfer learning approaches significantly

outperform alignment based approaches such as BLAST and HMMER. This further strengthens the

argument that deep learning based approaches can find functionally similar but non-homologous

sequences more efficiently. This should excite us as there are many areas in computational biology

where biologists still rely on alignment based approaches to find functionally similar genes. Transfer

learning based approaches might radically change the landscape of functional genomics by finding

novel genes of both known and unknown functions.

In Chapter 4, we try to approach the problem of antibiotic resistance gene classification from an

orthogonal way to our approach in Chapter 3. While in Chapter 3, we try to maximize the accuracy

of the model to predict a gene’s antibiotic resistance class, in Chapter 4, we try to incorporate the
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model’s ability to say ‘I don’t know’ when it encounters a gene that does not possess the functionality

of conferring antibiotic resistance or a gene that is not from bacteria at all. The model does this

by producing a low probability with its prediction when it encounters such an instance. This

is critical because we cannot always be sure of what input a model will get when deployed in

the wild. To this end, we train our neural network model with an optimization algorithm called

pSGLD. This optimization algorithm introduces gaussian noise into the backpropagation algorithm.

Backpropagation algorithm is what allows a neural network to correct its mistakes which it knows

in turn by comparing with the true label. By introducing this noise, the neural network becomes

more conservative in its prediction probabilities, and even more so when encountering data that

is out of distribution of the data it was trained on. We compare the performances of our neural

network by training the same model with two different optimization algorithms, pSGLD, and the

popular ADAM algorithm that is available in every deep learning framework. Their performances

in terms of precision, recall and F1 score are comparable. But when tested with out of distribution

data such as bacteria genes that do not possess antibiotic resistance functionality or genes from

human, the pSGLD trained model outputs a low prediction probability compared to an ADAM

trained model. The pSGLD trained neural network is much more efficient in relaying its uncertainty

when it gets data from a distribution it has not seen in training. In contrast, the ADAM trained

model still provides prediction probability for such data that is not much different to its prediction

probabilities for antibiotic resistance genes.

By integrating the work in Chapter 4 with the work in Chapter 3, we can get a classifier that

not only performs well in terms of accurately predicting antibiotic resistance class but also conveys

its uncertainty when it detects non-antibiotic resistance genes. This can be an exciting avenue for

future research. Combining transfer learning and reliable uncertainty estimation is in fact the holy

grail of many critical applications such as medical prognosis.
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5.2 Future directions

The work in this dissertation is the first time transfer learning has been introduced to tackle

problems in the antibiotic resistance domain in my knowledge. The potential of different kinds

of transfer learning is still waiting to be explored. To make the bacteriocin hunting process more

efficient, there is the potential of semi-supervised learning with graph neural networks (Kipf and

Welling, 2016) which are neural networks that use graph structured data. As we saw from Chapter

2, we have a small labeled set of positive bacteriocins. Can we use gene regulatory networks

from bacteria, and turn this problem of finding bacteriocins into a network problem? Can we

use the vast unlabeled and small labeled data to perform semi-supervised learning with graph

neural networks? Another exciting and challenging task would be to predict secondary structures

of bacteriocins from their protein sequences. We know very little about the secondary and tertiary

structures of bacteriocins (Van Belkum et al., 2011; Daw and Falkiner, 1996; Ennahar et al., 2000;

Aleksandrzak-Piekarczyk, ). Learning about their secondary and tertiary structures might reveal

potential insights that would help us find them more efficiently, and even produce novel synthetic

antibiotics. Transfer learning can take advantage of the great number of labeled structure data, and

the smaller number of structure data of bacterial antimicrobial peptides available from the protein

data bank (Burley et al., 2018). Especially since deep neural networks are currently performing

the best for the protein structure prediction task (AlQuraishi, 2019), there has never been a more

exciting time for structure prediction problems where there are few labeled data.

For the antibiotic resistance classification task, while TRAC performs much better than current

methods in the area, there is still serious room for improved performance as can be seen from its

accuracy. Can we use all UniRef50 sequences instead of just bacteria sequences for pretraining, and

find out if that improves downstream classification performance in a notable way? We used a deep

recurrent neural network based architecture for the language modeling task. In natural language

processing, the language modeling task has now been taken over by attention based models such as

Transformers (Vaswani et al., 2017). Will the use of Transformers for language modeling in protein

sequences take our classification performance to the next level? These are some exciting future
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directions for this task that can be undertaken. For the uncertainty estimation task, there is the

potential of novel techniques introduced in the field of deep learning for out of distribution data

detection (Liang et al., 2017; Frosst et al., 2019; DeVries and Taylor, 2018). The task of integrating

properly calibrated uncertainty estimation with superior accuracy on the COALA40 and COALA70

datasets can be of immediate undertaking.
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