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Large-scale screening of genomic data identifies novel mobile colistin resistance genes
and reveals high over-representation in Pseudomonadota

ALICE SCHILLER

Department Mathematical Sciences

Chalmers University of Technology

Abstract

The emergence of antibiotic-resistant bacteria is a health problem of great concern.
Antibiotic resistance development is driven by selection pressure and the environ-
ment is believed to be the origin of most antibiotic resistance genes, from where
they can mobilize into pathogens. In order to be prepared when novel antibiotic
resistance genes reach pathogens and prevent further transmission, early detection
and knowledge about the spread is of high importance. One specific type of an-
tibiotic that is of high interest to characterize is colistin. Colistin is an antibiotic
that targets gram-negative bacteria and is sometimes seen as the last alternative to
treat dangerous infections caused by multi-drug resistance gram-negative bacteria.
The emergence of mobile colistin resistance genes hence threatens the efficiency of
treating these types of infections. The aim of this thesis is to identify potential novel
colistin resistance genes and evaluate them in terms of gene mobility and phylogeny.

In order to achieve this, a gene model optimized for colistin resistance genes has
been created with fARGene. This model was then used to screen large-scale bacte-
rial genomic data for potential novel colistin resistance genes. The predicted genes
were analyzed in terms of mobility and phylogeny. This resulted in 680 257 pre-
dicted genes, over-represented in the class Gammaproteobacteria within the phylum
Pseudomonadota, that could be summarized into 1611 clusters. Out of these clus-
ters, 104 showed signs of mobility, and many were closely related to the already
known mobile colistin resistance genes. Additionally, 13 clusters comprising poten-
tial mobile novel colistin resistance genes that are present, or at risk of ending up,
in pathogenic hosts could be identified.

Keywords: antibiotic resistance, colistin, profile HMM, gene mobilization, horizontal
gene transfer
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ICE integrating conjugative element
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Introduction

Antibiotic resistance is a growing health problem all over the world, causing bacterial
infections that are difficult, or in the worst case impossible, to treat [1]. According
to the World Health Organization (WHO), even infections that today are easy to
treat can become deadly in the future, thus putting humanity in a similar situation
as before antibiotics were discovered. In 2019, antibiotic resistance was estimated
to be associated with 4.95 million deaths whereas 1.27 million of these were directly
caused by resistant bacterial infections [2].

Some of the most common infections caused by resistant bacteria are lower res-
piratory infections and bloodstream infections such as pneumonia and blood poi-
soning [2]. Up to 80 % of these cases were caused by only 6 different bacteria; Es-
cherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, Streptococcus pneumo-
niae, Acinetobacter baumannii, and Pseudomonas aeruginosa. Particularly alarming
is multi-drug resistance gram-negative bacteria, which in the worst case can be re-
sistant to almost all available antibiotics. Multi-drug resistance has been detected in
common pathogenic gram-negative bacteria such as Klebsiella pneumoniae, Acine-
tobacter baumannii, and Pseudomonas aeruginosa [3],[4].

The last alternative antibiotic to treat some of these dangerous infections is colistin
[3], [4]. Colistin is a polypeptide antibiotic that targets the membrane of gram-
negative bacteria. It was used in clinics during the 1950s-1960s but was later replaced
by other antibiotics due to its severe side effects. However, from the beginning of
the 21st century, the emergence of multi-drug resistance gram-negative bacteria has
required the use of colistin once again. Resistance to colistin has previously been
restricted to mutations in chromosomal genes that can not be transmitted between
bacteria, but in 2015 the first mobile colistin resistance (MCR) gene, MCR-1, was
detected [5]. Since then, nine additional MCR genes (MCR-2 up to MCR-10) have
been discovered [6], threatening the efficiency of colistin as an alternative to treat
multi-drug resistant gram-negative bacterial infections.

Mobilization of resistance genes constitutes a major problem since it enables them
to be transmitted between bacteria and eventually end up in pathogens. Due to the
huge genetic reservoir found in the environment, most antibiotic resistance genes
(ARGs) are believed to originate from environmental bacteria where the genes ini-
tially had other functions [7]. The genes are transferred from environmental bacteria
into pathogens, either entirely within the environment or via the microbiota of an-
imals or humans, accelerated by the selection pressure caused by the heavy use of



1. Introduction

antibiotics. The transfer of mobile resistance genes into pathogens is a process of
several steps. First, chromosomal encoded ARGs develop the ability to move within
the genome. This is followed by horizontal gene transfer (HGT), which is the process
of transferring genetic elements between bacteria in a population.

In order to limit this spread and be prepared when novel ARGs reach human
pathogens, it is essential to identify possible future ARGs that risk mobilizing from
the environment [7]. Thanks to the rapid development of next-generation sequenc-
ing methods, large amounts of bacterial genomic data are available for analysis.
This enables effective computational methods to be used in comparison to classical
laboratory analysis, which is hampered by difficulties with cultivating many envi-
ronmental bacteria [8]. One such method is Fragmented Antibiotic Resistance Gene
idENtifiEr (fARGene) which uses Hidden Markov models (HMMSs) to identify novel
ARGs from bacterial genomic data [8].

1.1 Aim

This project aims to perform a large-scale characterization of colistin resistance
genes. The goal of the characterization is to identify potential novel colistin re-
sistance genes and analyze them in terms of gene mobility and phylogeny. More
specifically, the mobility analysis aims to investigate the risk of mobilization of novel
colistin resistance genes and the goal of the phylogenetic analysis is to reveal which
type of bacteria carry colistin resistance genes and how both known and predicted
resistance genes are related to each other.

To achieve the aim of this project, probabilistic gene models optimized for colistin
resistance genes will be constructed with fARGene and be used to screen databases
with bacterial genomes for potential novel colistin resistance genes. Mobilization will
be evaluated by searching for mobile genetic elements in the regions surrounding the
resistance genes predicted by the model. A phylogenetic tree of the resistance genes
will be created to investigate both the relationship between the predicted genes and
their relationship to the already-known colistin resistance genes. In order to decide
which type of bacteria harbor these types of genes, and if the predicted genes are
found in pathogens, the bacterial host of the predicted colistin resistance genes will
be determined.
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Theory

The information given in this section will explain the mode of action of colistin and
how the resistance mechanism works. It will also cover the status of the resistance
today and how the current MCR genes are related to each other. The mechanisms
behind mobilization, both within the genome and HGT, will also be explained.
Lastly, the theory behind fARGene will be explained, with emphasis on probabilistic
gene models based on profile HMMs.

2.1 Colistin resistance

2.1.1 Mode of action

Colistin, or polymyxin E, is a member of the polymyxin antibiotic family [4]. Tt is
a cationic polypeptide antibiotic that targets the outer membrane of gram-negative
bacteria. Gram-negative bacteria’s cell envelope consists both of an inner mem-
brane and an outer membrane, which are separated by a periplasmic space with
peptidoglycan. The outer membrane is asymmetric and consists of an inner layer of
phospholipids and an outer layer of lipopolysaccharide (LPS) [9]. LPS consists of
lipid A, which is anchored to the outer membrane, as well as an oligosaccharide and
an antigen. The structure of the outer membrane and LPS can be seen in Figure
2.1.

D LPS
OM E81

Figure 2.1: The cell envelope of gram-negative bacteria and the structure of LPS.

The lipid A part of LPS is the exact target of colistin. Colistin consists of one
hydrophobic and one polar part [10]. The polar part of colistin targets the LPS on
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2. Theory

the outer membrane through electrostatic interaction between the cationic colistin
and the negatively charged phosphate groups on the lipid A domain of LPS. This
interaction makes it possible for the hydrophobic part of colistin to interact with the
fatty acid chains in the outer membrane and increase its permeability. This way,
colistin can reach the inner cell membrane and eventually cause cell lysis and death.

2.1.2 Resistance mechanism

Common mechanisms of gram-negative bacteria used to adapt to the surrounding
environment or protect from antibiotics is to modify the lipid A domain of the LPS
[9]. One such mechanism that gives resistance to colistin is performed by the inner
membrane enzyme lipid A phosphoethanolamine transferase (EptA). EptA modifies
the LPS by adding phosphoethanolamine (PEA) to the phosphate group of lipid A
[11], thus decreasing the negative charge. This way, the bacterium is protected from
colistin since the electrostatic interaction can not occur.

EptA is regulated by two different two-component regulatory systems; PmrA /PmrB
and PhoP/PhoQ (Figure 2.2) [11]. A two-component regulatory system consists of
a sensor kinase that reacts to outer stimuli and a response regulator that controls
gene transcription based on signals from the sensor kinase [9]. This way, bacteria
can change their gene expression based on outer stimuli. For example, different
ions, changes in pH, and cationic polypeptide antibiotics such as colistin stimulate
PmrA/PmrB and PhoP/PhoQ [11]. Outer stimuli, together with mutations in the
PmrA/PmrB and PhoP/PhoQ systems, upregulates EptA and can cause resistance
to colistin.

Outer stimuli

Voo
SO

eptA upregulated

Figure 2.2: The PmrA/PmrB and PhoP/PhoQ two-component regulatory systems that
control the expression of the chromosomal colistin resistance gene EptA. Here it can be
seen that PhoP/PhoQ is indirectly controlling EptA via the activation of PmrD.



2. Theory

2.1.3 DMobile colistin resistance

The resistance mechanism used by EptA is also used by the more recently discovered
MCR genes [12]. Ten different mobile colistin resistance genes are identified today
(MCR-1 up to MCR-10), which all give resistance by adding PEA to lipid A. It is
believed that all MCR proteins, as well as EptA, are structurally and functionally
unified [12]-[14]. The enzyme consists of two domains with a catalytic site in the
interface. In the catalytic site, a PEA is cleaved from a phosphatidylethanolamine
(PE) lipid. Then, the PEA can be transferred to the lipid A domain of the LPS
and change the charge of the membrane. Although the structures and functions of
the enzymes are conserved between MCR proteins, the group is still very phyloge-
netically diverse, meaning that not all the sequences in the MCR family share high
similarity to each other. The phylogenetic relationship between the MCR genes can
be seen in Figure 2.3.

MCR-5.1
MCR-1.1
MCR-6.1
— MCR-2.1
MCR-8.1
L MCR-4.1

f MCR-7.1
MCR-3.1

MCR-10.1
MCR-9.1

Figure 2.3: Phylogentic relationship of the ten MCR genes. Two distinct groups are
marked in blue and green. MCR-5 is marked in yellow since it is very distantly related to
both groups.

MCR-1, MCR-2, and MCR-6 (previously denoted MCR-2.2) form one group of
phylogenetically close genes (marked in blue in Figure 2.3). It is believed that
Morazella species are a common progenitor for the genes [15], [16]. MCR-1 is the
first MCR gene that was identified and was found in Escherichia coli [5]. Today,
MCR-1 has been observed in many other pathogens such as Klebsiella pneumoniae,
Salmonella enterica, and Enterobacter [17], [18]. MCR-2, which also was detected in
FEscherichia coli, shows 81 % sequence identity to MCR-1 [19]. Additionally, MCR-6
that was found in Morazella sp. [20] shows above 80 % amino acid identity to both
MCR-1 and MCR-2 [21]. There are also intrinsic colistin resistance genes (ICR)
from Morazella that are closely related to this group of MCR genes [22].

The other group of resistance genes comprises MCR-3, MCR-4, MCR-7, MCR-8,
MCR-9, and MCR-10 (marked in green in Figure 2.3). Within this group, MCR-3
and MCR-7 are closely related with 70 % amino acid identity and are believed to
originate from Aeromonas species 23], [24]. Further, MCR-9 and MCR-10 are phy-
logenetic close to each other with 83 % amino acid identity and are believed to have
Buttiauzella species as progenitors [12]. There are also ICR genes from Buttiauzella

5



2. Theory

that are closely related to MCR-9 and MCR-10 [12]. MCR-4 and MCR-8 are also
placed in this group of MCR genes. However, they are more distantly related. MCR-
4 is most closely related to MCR-3, with 49 % amino acid identity [25]. MCR-4 was
initially found in Escherichia coli and Salmonella enterica and its believed progen-
itor is Shewanella species. MCR-8, first discovered in Klebsiella pneumoniae [26],
are most closely related to MCR-9 with 44 % amino acid identity and are believed
to originate from Stenotrophomonas [27]. MCR-5 has been suggested also to be
included in this group of resistance genes [14]. However, other studies place MCR-5

in a completely separate clade from all MCR genes [21], and the gene shows only
around 35 % amino acid identity to MCR-1, MCR~2, MCR-3, and MCR-4 [28].

2.2 Gene mobilization

As mentioned in the introduction, bacteria possess the ability to transfer genetic
material within a population [29]. Driven by selection pressure, chromosomal ARGs
often located in environmental bacteria can move into pathogens [7]. This process
can occur both within the environment and via the microbiota of humans and ani-
mals. The development from a chromosomal immobile ARG to a mobile ARG that
can transfer between bacteria can be divided into two main steps. Initially, mobi-
lization within the genome occurs which means that the ARG acquires the ability
to move from one place in the genome to another. This ability is essential for the
second step to occur; reallocation to a mobile element that can move between bac-
teria. When the ARG is located in a mobile element, such as a plasmid, it can be
transferred between bacteria through HGT. The following sections will explain the
two steps of mobilization, as well as HGT in more detail.

2.2.1 Mobilization within the genome

One genetic element that is essential for mobilization and involved in the spread of
antibiotic resistance is transposons [30, p. 288]. A transposon is a DNA segment
with the ability to move between positions in the genome. This process is called
transposition and is used to move genetic elements within the genome [29, p. 321-
325]. The transposon carries two elements that are required for transposition: the
transposase enzyme and the inverted repeats (IR) flanking the transposon. The role
of the transposase enzyme is to recognize the sequence of the IRs. IRs are DNA
segments where the 5-3’ sequences of their opposite strands are almost the same.
This makes it possible for one transposase enzyme to bind to each IR and also to
each other, to form an excised transposon. Through this process, the transposon can
"cut and paste" from one part of the genome to another. The process of transposition
can be seen in Figure 2.4.

The smallest transposon is called insertion sequence (IS) element. IS elements con-
sist only of the transposase and IRs and their only function is therefore to move
within the genome [29]. However, a transposon can also carry passenger genes and
therefore carry and move one or several ARGs. One way that ARGs inserts into
the transposon is the formation of a composite transposon. A composite transpo-

6
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IR Transposase IR

Donor DNA < | | >
o0

Transposase protein

Exicesed
transposon

|

IR Transposase IR
Recipient DNA < | |

Figure 2.4: The process of transposition. Here, the IRs of the transposon bind to the
transposase protein to form an excised transposon. This way, the excised transposon can
insert into another part of the DNA and move between locations in the genome.

son consists of two IS elements that flank other genes and is created when two IS
elements of the same type insert close to each other in the genome. The difference
between an IS element and a composite transposon can be seen in Figure 2.5.

IR Transposase IR

<1 >

IS element IS element

f ) :
I [ SO |

Figure 2.5: An IS element and a composite transposon that consists of an ARG flanked
by two IS elements.

Another possibility for ARGs to integrate into a transposon is by the integration
of gene cassettes [29]. A gene cassette is a circular, non-replicating, DNA segment
that has excised from the genome. It consists of one or more ARGs and their
attachment sites. The integration of a gene cassette requires that the transposon
carries an integron. An integron is a DNA segment that consists of an integrase
gene and an attachment site. The integrase recognizes the attachment site of the
gene cassette, and through recombination with the attachment site of the integron,
the gene cassette can be integrated into the transposon.

ARGs located in a transposon, either via the formation of a composite transposon

7



2. Theory

or by integration of gene cassettes, can reallocate to a mobile element through trans-
position. The mobile element can transfer between bacteria and thereby spread the
ARGs within a population. There are two types of mobile elements mainly utilized
in the transfer of ARGs between bacteria: plasmids and integrating conjugative el-
ements (ICEs) [29, p.215-240]. ICEs, in contrast to plasmids, are not free from the
chromosomal DNA but integrated into it. They can excise from the chromosomal
DNA as free circular elements and transfer into other bacteria. The next section
will explain how these elements can be transferred between bacteria through HGT.

2.2.2 Horizontal gene transfer

HGT is the transfer of DNA within a bacterial population and makes it possible
for bacteria to share genetic material by other means than reproduction [29, p.215-
240]. There are three types of HGT: transformation, transduction, and conjugation.
Transformation means that bacteria take up free DNA from the environment such
as genetic material from dead bacteria. Transduction is the process of transferring
DNA through a bacteriophage between bacteria.

Out of these three mechanisms, conjugation is the most prevalent in the transfer of
ARGs. Conjugation is the ability to transfer DNA between two bacteria through
a protein channel [29, p.215-240]. The formation of the protein channel and other
necessary transferring functions requires a conjugation system which can be found
in ICEs and self-transmissible plasmids. A self-transmissible plasmid is a plasmid
that contains all genes necessary to transfer itself to other bacteria. There are also
mobilizable plasmids, that contain parts of the conjugation system and with help
from a self-transmissible plasmid can conjugate to another bacteria.

The essential part of the conjugation system is the transfer (¢ra) genes that code
for two components required for the conjugation; the DNA transfer and conjugal
replication (Dtr) component and mating pair formation (Mpf) component [29, p.215-
240]. Here, the Mpf component is responsible for the formation of the protein
channel and for holding the donor and recipient cells together during the conjugation.
This component also codes for a coupling protein whose function is to contact the
Dtr component when the bacteria is ready for conjugation. The Dtr component is
responsible for the preparation of the DNA that should be transferred in the donor
cell as well as the ligation in the recipient cell. For this, the Dtr component includes
the relaxase protein that cleaves the plasmid at the origin of transfer (oriT) which
creates the DNA strand to be transferred through the channel [31]. It also contains
one or more nicking proteins that ligate the DNA strand in the recipient cell. A
mobilizable plasmid carries only the tra genes that code for the Dtr component
[29, p.215-240]. Another name that is commonly used for the genes coding for
the Dtr component is mob genes. In the case of a mobilizable plasmid, the self-
transmissible plasmid is responsible for the connection to the recipient bacteria and
the formation of the channel. The coupling protein of the self-transmissible plasmid
then contacts the mobilizable plasmid that can prepare for conjugation through its
own Dtr system.

When the donor and recipient cell are connected through the protein channel, DNA

8



2. Theory

from the plasmid, or ICEs, can be transferred [29, p.215-240]. A single strand is
transferred from the donor to the recipient which then can act as a template during
DNA replication in the recipient cell. If the DNA came from ICEs, the circular
element can be integrated into the chromosome of the recipient cell. This way,
ARGs can both transfer as plasmids from the donor bacteria as well as integrate
into the chromosomal DNA of the recipient bacteria.

2.3 Hidden Markov models

This section is based on the theory about HMMs and profile HMMs described in
[32]. A Hidden Markov model (HMM) is a probabilistic model. Saying that a
model is probabilistic means that the model produces different outputs with certain
probabilities. In this case, the output is protein sequences and the model can be
seen as a probability distribution over all possible sequences which has its peak for
sequences belonging to the protein family of interest.

An HMM consists of states and symbols. In the case of protein sequences, the states
are positions in the sequence and symbols are amino acids at each position. Saying
that the model is hidden, means that only the sequence of symbols can be observed,
not the states visited to produce it. The sequence of states visited in the model is
called a path and is denoted w. The probability of moving to state m; from state
m;_1 is called transition probability and is denoted

CLkl:P<7Ti:l|7TZ‘_1:]€), (21)

where the probability only is dependent on the previous state. Moreover, the prob-
ability of observing a certain symbol (amino acid) in a state is called emission
probability and is denoted

er(b) = P(x; = b|lm; = k) (2.2)

, where e, (b) is the probability of observing the symbol b in state k.

2.3.1 Profile Hidden Markov Model

A Profile HMM is a specific type of HMM with the purpose to search databases
for sequences that belong to a protein family. The model is built from a Multiple
sequence alignment (MSA) which shows how sequences in a family are related to
each other. In an MSA, each position of the sequence is represented by a column,
where each row corresponds to a single sequence. An example of an MSA can be
seen in figure 2.6.



2. Theory

Seql A E - C E
Seg2 A E - C -
Seq3 A - - C A
Seq4¢ A E D - E
Segp A C D A E

X % k S

Figure 2.6: A multiple sequence alignments of five sequences. The letters are amino
acids and the lines are gaps. Columns marked with a star can be seen as more conserved
between the sequences.

Protein families often have parts of the protein sequences that are more conserved.
It is desirable to capture these parts in order to identify new sequences that belong
to the family. To capture the variations of conservation three different states are
needed in the Profile HMM; match states, insertion states, and deletion states. The
conserved parts are used to build the match states and the number of columns from
the MSA used for this is called the length of the model. In Figure 2.6, the conserved
parts are marked with a star. A rule of thumb is to include columns where less
than 50 % of the rows are gaps. However, this can also be decided by a dynamic
programming algorithm that will not be covered here. Figure 2.7 shows the structure
of the match-part of the profile HMM.

Figure 2.7: Match states in a profile HMM of length 4. The boxes correspond to states
and the arrows are transition probabilities a;_1 ;.

The match part consists of match states and transition probabilities between matches.
When only looking at the match-part, all transition probabilities are 1 since there are
no other possible transitions than M;_; — M;. Using only this part of the model,
the probability of a sequence x is therefore the sum of the emission probabilities and
can be written as

L

P(z) =[] ei() (2.3)

=1

, where L is the length of the model and e;(z;) is the probability to observe symbol
x; in position i. However, more interesting is to evaluate the log-odds ratio. The
log-odds ratio is the logarithm of the ratio of the probability of x being produced
by the model to the probability of x being produced by a random model. Taking
the logarithm of the product of the probabilities gives a sum that can be written as

S = ilogei(xi), (2.4)

i=1 i

10



2. Theory

where ¢,, is the probability of the symbol x; being produced by a random model at
position i.

As mentioned, only parts of the protein family are conserved. To handle parts of
the sequence that do not match the match-part of the model, as well as gaps in the
match-part, insertion, and deletion states are added. Insertions are handling gaps
that correspond to part of the MSA that is not included in the match-part while
deletions are handling gaps within the match-part of the model. The log-odds score
for the insertions are

log(anIj) + log(anMj+1) + (k - 1)log(a‘IjIj) (25)

where k is the length of the insertion. The cost corresponds to the transition M; —
I, k-1 transitions Ij — Ij, as well as the transition Ij — Mj+ 1. There are
emission probabilities within the insertion states as well, but these are assumed to
be distributed the same way as a random model, thus the log-odds score for this
is zero (log% = 0 ). The log-odds score for the deletions is the sum of transition
probabilities M — D, a number of D — D transitions, and one D — M transition.
The deletion states have no emissions and can be seen as silent states between match
states. The structure of a profile HMM with all states included can be seen in Figure
2.8.

Start I I I I I End

M M\\‘M\\‘M

Figure 2.8: Complete profile HMM. The arrows correspond to transition probabilities
between states. Match states are represented by squares, insertion states by diamonds,
and deletion states by circles.

In order to peak the probability distribution of the model for proteins belonging to
the protein family, the transition and emission probabilities need to be estimated.
There are many possible ways to estimate the probabilities, and all of them will not
be covered here. One possible way is simply to count the number of occurrences of
each transition and emission given the protein sequences in the MSA. However, if
the dataset is small, there is a risk that some transmission and emission never occur
and therefore the probabilities will be zero. One approach to solve this is to add
1 pseudo count to each transition and emission. There are other methods to add
pseudo-counts as well, that will not be covered here.

When the model is built, it can be used to decide if a new sequence x belongs
to the protein family or not. As mentioned, the scoring is based on additive log-
odds scoring that evaluates the match of sequence x to the model in comparison
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to a random sequence model. In the profile HMM used in this project, the scoring
considers all possible alignments of the sequence x to the model [33]. This gives a
score based on the relative likelihood of each possible alignment of x to the profile
in comparison to other scoring systems where the score only considers the optimal
alignment.

2.4 Fargene

fARGene (Fragmented Antibiotic Resistance Gene idENtifiEr) is a tool that predicts
ARGs from bacterial genomic input data [8]. The genomic input data can be either
metagenomes or longer sequences. In this thesis, fARGene was used to predict
colistin resistance genes from whole genomes, thus the theory will focus on how the
tool can be used for longer sequences.

The overall workflow of fARGene can be seen in Figure 2.9. A probabilistic gene
model is used to classify genes from the input data as potential ARG or non-ARG
[8]. The probabilistic gene model used for the classification is a profile HMM that
captures the patterns of the conserved parts of resistance genes. This means the
gene model needs to be optimized specifically for each group of antibiotic resistance
genes to capture the conserved sequences. In this thesis, the gene model will be
optimized for colistin resistance genes.

s Antibiotic resistance

Genomic data et genes
O ARG classification —
— (Profile HMM) _—

O = Non antibiotic

- resistance genes
L]

Figure 2.9: The overall function of fARGene. Genes from bacterial genomic data are
classified as ARG or non-ARG by an optimized Profile HMM.

There are two parameters that are important when optimizing the Profile HMM
for the antibiotic of interest: sensitivity and specificity [8]. Sensitivity is the ability
to correctly detect all functional ARGs. Specificity is defined as the ability to not
classify evolutionary close genes, without the resistance mechanism, as ARGs. Thus,
a model with high specificity minimizes the false positives.

Optimizing the model means that a log-odds threshold score is chosen based on
estimated sensitivity and specificity [8]. Then, when screening the genomic data for
resistance genes, sequences given a log-odds score above the threshold score will be
classified as ARGs, and sequences with a log-odds score under the threshold will be
classified as non-ARGs. The sensitivity of the model is estimated using leave-one-
out cross-validation of the known ARGs. This means that one sequence at a time is
removed from the set of known resistance genes and a profile HMM is created based
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on the remaining sequences, followed by applying the model to the removed sequence.
To estimate the specificity, the model is applied to a negative dataset consisting of
genes evolutionary close to the ARGs but without the resistance mechanism.

The sensitivity and specificity are based on the fraction of correctly classified se-
quences [8]. Here, a correctly classified sequence is based on a significance threshold
score (E-value), which is a predefined setting in fARGene. An optimal log-odds
threshold score is then chosen so that both sensitivity and specificity are high. This
way, the model can separate ARGs from closely related genes without the resistance
phenotype.
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Methods

3.1 Model creation

In the following section, the process of creating the Profile HMM will be described.
First, the data used to build and estimate the performance of the model will be
presented followed by the model optimization.

3.1.1 Data

In total, 49 sequences of known resistance genes were used to build the model. 43
out of these were colistin resistance genes retrieved from Comprehensive Antibiotic
Resistance Database (CARD) (accessed January 2023) whereof 41 MCR genes and 2
intrinsic resistance genes from Morazella (ICR-M) [34]. The additional 6 sequences
were intrinsic resistance genes from Buttiauzella (ICR-B) that were retrieved from
National Center for Biotechnology Information (NCBI) [35]. All 49 sequences come
from Gammaproteobacteria. A full list of the resistance genes used to build the
profile HMMs can be seen in Appendix A.

The negative dataset used to estimate the specificity consists of sulfatases from the
protein family PEA transferases (accessed from InterPro January 2023) [36]. This
family consists of around 21 000 proteins and to get a smaller negative dataset
the sequences were clustered at 70% amino acid identity. This was done using
USEARCH v.8.0.1445 with the parameters "-cluster_fast -id 0.7" [37]. This resulted
in 1595 sulfatase sequences as the negative dataset.

3.1.2 Model optimization

The model optimization was performed with fARGene v.0.1 using the tool "far-
gene__model creation" with the parameter '- -only-full-length" [8]. Since the resis-
tance genes are phylogenetically separated into two groups, it was decided that both
separating the resistance genes into two models and combining all sequences into
one model should be tested. The separated Profile HMMs were based on the two
groups of resistance genes: MCR-1, MCR-2, MCR-6, and ICR-M in one group, and
MCR-3, MCR-4, MCR-7, MCR-8, MCR-9, MCR-10, and ICR-B in the other group.
As mentioned in the theory, the placing of MCR-5 into one of the groups is not
evident. Considering this, two different separations were tested; one where MCR-5
was grouped together with MCR-1, MCR-2, MCR-6, and ICR-M, and one where
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MCR-5 was grouped with the other known resistance genes. In the combined Pro-
file HMM all 49 resistance gene sequences were included. For all three models, the
sensitivity was estimated with cross-validation and the specificity with the negative
dataset, as described in the theory about fARGene. The same negative dataset was
used to estimate the specificity of all models. A log-odds threshold score was then
chosen so that both sensitivity and specificity were high.

In order to validate the different models further before performing the large-scale
screening for resistance genes, a small subset was used in an initial screening. The
subset consisted of 31 187 genomes from NCBI Reference Sequence Database (Ref-
Seq) (accessed February 2023) [35]. RefSeq is a part of NCBI GenBank, which is
the database used for large-scale screening.

There was no considerable difference in performance between the separated models
and the combined model in terms of sensitivity and specificity. Additionally, the
sum of the number of predicted genes from the separated models was almost the
same as the total from the combined model, thus only the combined Profile HMM
was used in the following large-scale screening.

3.2 Screening and phylogenetic analysis

1 018 179 genomes from NCBI GenBank (accessed January 2022) were screened for
novel colistin resistance genes using the combined Profile HMM built with fARGene
[35]. A cut-off score of 500 was used, which means that sequences given a score over
500 are classified as resistance genes, and sequences given a score less than 500 are
classified as non-resistance genes. The genes classified as colistin resistance genes
were clustered at 70% amino acid identity using USEARCH v.8.0.1445 with the pa-
rameters "-cluster_fast -id 0.7" [37]. The centroids of each cluster were aligned using
MAFFT v.7.515 [38] and a phylogenetic tree was created with FastTree v.2.1.11 [39].
The tree was midpoint rooted and visualized with Interactive Tree of Life (iTOL)
[40].

To understand which type of bacteria carries the predicted colistin resistance genes
the taxonomy was determined. Each sequence predicted by the model has a contig
accession number, representing the contig carrying the gene. The genome assemblies
from NCBI GenBank consist of multiple contigs that have unique contig accession
numbers. In order to map the sequences to their corresponding genome assembly,
the contig accession numbers were mapped to assembly accession numbers. The
taxonomic ID for each sequence was then retrieved from the assembly summary file
at NCBI, where each assembly accession number is mapped to a taxonomic ID [41].
The function "getTaxonomy" of the R-package taxonomizr was then used to get full
lineage taxonomy (kingdom, phylum, class, order, family, genus, and species) from
the taxonomic ID [42], [43]. An example, that shows the flow from contig accession
number to full linage taxonomy, can be seen in figure 3.1.
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Kingdom: Bacteria
Phylum: Pseudomonadota

Class: Betaproteobacteria

Contig accession number: Assembly accession number: Taxonomic ID: Order: Burkholderiales
CP040017.1 GCA_005280315.1 864828
Family: Oxalobacteraceae

Genus: Pseudoduganella

Species: Pseudoduganella
umbonata
Figure 3.1: The flow from contig accession number to full linage taxonomy. Each
contig accession number is mapped to its assembly accession number. Each assembly
accession number is mapped to a taxonomic ID. The taxonomic ID is used to get full
lineage taxonomy.

The taxonomy of the clusters was summarized based on taxonomic class. The
dominating class of each cluster was used to represent the taxonomy of each cluster.
From this, five clusters were distinctive since they consisted of sequences from three
or more classes, while the others consisted of sequences from only one or two classes.
However, only a few sequences in these clusters came from a divergent class than
the dominating, thus it was decided to verify the taxonomy of these sequences. The
verification was performed with MeTaxa2 which assigns taxonomy based on small
and large TRNA subunits [44]. From the MeTaxa results, it could be concluded
that some of the sequences from divergent classes were miss classified in NCBI
and others were assumed to be contaminated since rRNA subunits from multiple
classes were found within the same genome. Therefore, no clusters were assumed to
include sequences from 3 or more classes and all clusters could be represented by its
dominating class.

From the results of the taxonomy assignment, it seemed like the class Gammapro-
teobacteria was over-represented in bacteria that carry a resistance gene. To con-
trol this, Fischer’s exact test was performed to investigate the over- and under-
representation of Alpha-, Beta-, Gamma-, Delta-, and Epsilonproteobacteria. The
over- and under-representation of the phyla Pseudomonadota, Bacillota, Actino-
mycetota, and Bacteroidota were also controlled. A test was considered significant
if the p-value < 0.001.

To understand how the predicted resistance genes are related to the known resistance
genes the clusters with the highest amino acid identity to the known resistance genes
were determined. This was done using the tool "blastp" in Blast v.2.5.0 [45]. The
resistance genes used to build the model as well as the chromosomal gene EptA were
used in the blast database.

3.3 Mobility analysis

In order to analyze the risk of horizontal gene transfer of the predicted resistance
genes, a mobility analysis was carried out. 10 000 base pairs upstream and down-
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stream of the predicted resistance genes were screened for conjugative elements, IS
elements, and integrons. The analysis was done for all clusters. However, if a cluster
contained more than 1000 sequences, only 1000 random sequences were screened to
reduce the time required for the analysis. First, GEnView v0.1.1 was used to retrieve
and screen the genetic regions of 10 000 base pairs upstream and downstream of the
predicted resistance genes [46]. GEnView searches for genes that are associated with
mobile elements and integrons which can be used in further analysis.

To find conjugative elements, the genes found by GEnView were first translated in
all six reading frames using EMBOSS Transeq v6.5.7.0 [47]. Then, HMMER v3.1b2
[48] was used to screen for conjugative elements using 124 different HMMs from
MacSyfinder Conjscan v2.0 [49]. The HMMs represents mob genes, genes from eight
different conjugating Mpf systems, and coupling proteins. The eight different Mpf
systems are named B, C, F, FA, FATA, G, I, and T. The genes found by GEnView
were also screened for IS elements and integrons. IS elements were searched for
in the reference database ISFinder [50] using BLASTx v2.10.1 [45]. For a genetic
element to be classified as an IS element >50 % coverage and >90 % amino acid
identity to a known IS transposase is required. It also has to be located within 1000
base pairs from the predicted resistance gene. To find integrons Integron Finder
v.1.5.1 was used [51].
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Results

In this chapter, the results will be presented. They will then be further analyzed
in the Discussion. Initially, Section 4.1 covers the results of the model creation
and optimization. Section 4.2 will present the results from the large-scale screening
and the taxonomy of the predicted genes. Section 4.3 will present the phylogenetic
relationship between the identified genes and the known resistance genes. Last,
Section 4.4 will present the phylogenetic and mobility analysis, first in general and
then some interesting parts more thoroughly.

4.1 Gene models optimized for colistin resistance

From the 49 sequences of known colistin resistance genes, three different approaches
to building the profile HMM were tested. Two different separated models where the
difference was the placing of MCR-5 and one combined model with 49 sequences
were created. The separated Profile HMMs were based on the two groups: MCR-1,
MCR-2, MCR-6, and ICR-M in one group, and MCR-3, MCR-4, MCR-7, MCR-8,
MCR-9, MCR-10, and ICR-B in the other group. The sensitivity and specificity as
a function of the domain score for the combined model can be seen in Figure 4.1.
For the separated models, the sensitivity and specificity as a function of the domain
score can be found in Appendix B.

Table 4.1: Number of input sequences for each model together with sensitivity, and
specificity at the optimized threshold. Here, G1 denotes MCR-1, MCR-2, MCR-6 and
ICR-M and G2 denotes MCR-3, MCR-4, MCR-7, MCR-8, MCR-9, MCR-10, and ICR-B.
The total number of genes predicted from the initial screening of RefSeq genomes can be
seen in the right-most column.

Model Input sequences | Sensitivity | Specificity | RefSeq
Combined 49 1.000 0.9975 12 382
G1 4+ MCR-5 21 1.000 1.000
G2 28 1.000 0.9994 12 363
G1 19 1.000 1.000 12 160
G2 + MCR5 30 1.000 0.9975

The sensitivity and specificity at the optimized threshold score for each model can be
seen in Table 4.1. All models showed a sensitivity of 1.0 and a specificity very close
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to 1.0 at the optimized threshold score, thus the models can successfully separate
colistin resistance genes from closely related genes without a resistance mechanism.
The specificity was slightly lower for the G2 part of the separated models than the
G1 part, both with and without MCR~5. The combined model also showed a small
decrease in specificity in comparison to the G1 part of the separated models.

Combined model
1.0 .

| — Sensitivity
I — ].Specificity
0.8 :
g I
B I
=0.6 |
|
g I
£ 0.4 |
|
= I
0.2 |
I
[
0.0 ‘ —
0 200 400 600 800

Domain score

Figure 4.1: Sensitivity and 1 - specificity as a function of the domain score for the
combined model with all 49 reference sequences. The sensitivity and specificity are based
on the fraction of correctly classified sequences. The used threshold score of 500 is marked
with a dashed line.

The initial smaller screening with 31 187 sequences from RefSeq gave almost the
same sum of predicted genes from the separated models as the total from the com-
bined model, as can be seen in the right-most column in Table 4.1. Additional
results from this screening are not shown since RefSeq is a subset of GenBank used
in the large-scale screening. Considering the small difference both in performance
and predicted genes, together with the time requirements that come with large-scale
screening with multiple models, only the combined model was used in the following
large-scale screening.

4.2 Screening and taxonomic over-representation

From the screening of 1 018 179 NCBI GenBank genomes, 680 257 genes were
classified as colistin resistance genes by the model. Clustering the identified genes
at an amino acid identity of 70 % gave 1611 clusters. Interestingly, one of the clusters
consists of 517 332 sequences which correspond to 76 % of all predicted sequences.
The 680 257 predicted genes come from 593 447 unique genomes which means that
a potential resistance gene could be identified in nearly 60 % of the NCBI GenBank
genomes.
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The taxonomic analysis showed that the phylum Pseudomonadota is significantly
over-represented (p-value = 2.2 x 1071%) and 99.67 % of the predicted genes are
carried by bacteria from the phylum. The other phyla that were investigated (Bacil-
lota, Actinomycetota, Bacteroidota) were all significantly under-represented (p-value
= 2.2 x 1071%).  Among Pseudomonadota, the class Gammaproteobacteria is sig-
nificantly over-represented (p-value = 2.2 x 1071%) and the classes Beta-, Alpha-
, Epsilon-, and Deltaproteobacteria are significantly under-represented (p-value =
2.2 x 1071%). The log-transformed ratios of the over- and under-representation for
the taxonomic classes can be seen in figure 4.2.

10 4
5 1 Class
. Alphaproteobacteria
-.% S iallatatateltetetnteietutetutatat ety Betaproteobacteria
%‘5 Deltaproteobacteria
Epsilonproteobacteria
5. Gammaproteobacteria

Figure 4.2: Over- and under-representation of taxonomic classes in the predicted colistin
resistance genes. All results are significant with a p-value = 2.2 x 10716, A log(ratio)
above zero indicates an over-representation and a ratio below zero indicates an under-
representation.

4.3 Phylogentic relationship to known resistance
genes

To investigate the phylogenetic relationship between the predicted genes and the
known resistance genes, the amino acid identity of the 1611 clusters in relation
to the known colistin resistance genes was determined. The clusters showing the
highest amino acid identity to each of the resistance genes (closest homolog) can
be seen in Table 4.2. The span of amino acid identity corresponds to the lowest
and highest amino acid identity to the known resistance gene within the closest
homolog cluster. The rightmost column shows the number of genes in the cluster
that corresponds to the known resistance gene, assuming that > 90% amino acid
identity is required.
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Looking at the number of genes in each cluster that have an amino acid iden-
tity above 90 % of the known resistance gene, it can be seen that the model finds
all known resistance genes except MCR-6 and MCR-7. It can also be seen that
the model finds MCR-1 and MCR-9 to a greater extent than the other resistance
genes. Additionally, the biggest cluster containing 517 332 (out of 680 257) se-
quences showed the highest amino acid identity to the chromosomal gene EptA and
156 426 sequences in the cluster had an amino acid identity >90 % to the gene.

Table 4.2: Closest homolog cluster to each resistance gene. The table shows the cluster
name, cluster size, the span of amino acid identity to the known resistance genes, and the
number of genes with an amino acid identity > 90%.

K id %AA # genes in
resir;):::;:e Closest 7# genes in ! i?:;lgnto cluste:r wit.h
gene homolog cluster resistance %AA identity
>90%
gene
MCR-1 cluster 23 4566 97 - 100 % 4563
MCR-2 cluster 23 4566 97 - 100 % 3
MCR-3 cluster 8 882 66 - 100 % 391
MCR-4 cluster 42 159 76 - 100 % 54
MCR-5 cluster 81 114 100 % 114
MCR-6 cluster 1478 1 63 % 0
MCR-7 cluster 9 831 64 - 80 % 0
MCR-8 cluster 157 7 96 - 100 % 7
MCR-9 cluster 7 4025 79 - 100 % 3883
MCR-10 cluster 7 4025 79 - 100 % 117
ICR-Mc cluster 195 200 97 - 100 % 200
ICR-Mo cluster 87 56 95 - 100 % 56
ICR-B cluster 7 4025 79 - 100 % 14

4.4 Phylogentic and mobility analysis

A phylogenetic tree, visualizing the relationships between the predicted genes can be
seen in Figure 4.3. The tree represents the centroid sequences of the 1611 clusters (70
% clustering of the predicted genes) and each leaf is colored based on the dominating
taxonomic class within the cluster. The clusters which showed the highest similarity
to genes used to build the model, as well as EptA, are marked with the name of
the corresponding gene. Additionally, conjugative- and IS elements are annotated
binary, where a black annotation means that an element could be found in the
cluster. Smaller clades in the tree where the known resistance genes are located are
marked with A1 - A5. Clusters, where both conjugative elements and pathogens are
found, are marked with black circles. These clusters, as well as clade A1-A5, will be
described more thoroughly later in this section.
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As shown in Figure 4.3, the tree is separated into three major clades. The clusters
with the highest similarity to the known resistance genes separate into three different
clades in accordance with the two distinct groups of resistance genes. MCR-1, MCR-
2, MCR-6, and ICR-M are located in the same clade while MCR-3, MCR-4, MCR-7,
MCR-8, MCR-9, MCR-10, and MCR-B as well as EptA are in another clade. MCR-5
is located in a separate clade, which reinforces the uncertainty of grouping MCR-5.
The known resistance genes are distributed over the tree which indicates a high
diversity of the predicted colistin resistance genes. Additionally, it can be seen that
sequences belonging to the same class cluster together, given the distinction between
colors in the tree.

-MCR-6
Tree scale: 1 .

/;IC’R-MC
_#MCR-1, MCR-2

IS elements /' / //
Conjugative elements

D Alphaproteobacteria D Betaproteobacteria I:] Gammaproteobacteria

[ ] Deltaproteobacteria  [_| Epsilonproteobacteria [ Other [ | NA

Figure 4.3: Phylogentic tree of centroids from each cluster of predicted resistance genes.
The tree is annotated based on taxonomic class as well as the presence of mobile elements.
The clusters with the highest similarity to the known resistance genes are marked, as well
as clusters with conjugative elements and pathogens. A1-A5 represents clades where the
known resistance genes are located. The black circles represent clusters comprising both
conjugative elements and pathogens.
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In order to identify clusters that potentially consist of mobile resistance genes, 10
000 base pairs downstream and upstream of each predicted gene were screened for
conjugative elements, IS elements, and integrons. The conjugative elements searched
for were mob genes, genes from eight different Mpf components (B, C, F, FA| FATA,
G, I, and T) as well as coupling proteins. In total, conjugative elements could be
found in 104 clusters and IS elements in 27 clusters. 12 of the clusters carry both
conjugative elements and IS elements. In 2 of these 12 clusters, integrons are present
as well. The conjugative elements identified were both mob genes, coupling proteins,
and genes from Mpf systems. Remarkably, genes from Mpfrara and Mpfr,4, which
are Mpf systems normally not found in Pseudomonadota [31], were found in 38 of
the clusters. The other genes from Mpf system come from Mpfr, Mpfr, Mpf;, and
Mpfs which are Mpf typically found in Pseudomonadota.

4.4.1 Clade A1l

The tree structure of clade A1 can be seen in Figure 4.4. In general, sequences in this
part of the tree do not have pathogenic hosts, except in the clade with the known
resistance genes. In addition, Morazella sp. was found in these clusters, which is
expected since it is the progenitor of MCR-1, MCR-2, and MCR-6.

As expected, many different mobile elements are associated with MCR-1 and MCR-
2 while no mobile elements are associated with the chromosomal resistance genes
ICR-M. No mobile elements were found in the MCR-~6 cluster. However, as can be
seen in table 4.2, the sequence in this cluster only shares 63% amino acid identity
with MCR~6. Further, mobile elements were found in seven clusters in addition
to the cluster with MCR~1 and MCR-2. The hosts of these mobile elements were
the non-pathogenic Methylotenera sp., Methylophliyus sp, Psychrobacter sp., and
Paraglaciecola sp.. A trend that can be seen in these clusters is the presence of the
conjugative elements from the systems Mpfra74 and Mpfr.
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Table 4.3: Summary of mobile elements found in clade Al. t4cp denotes a coupling
protein and virb4 denotes an ATPase that is a part of the conjugation system. The top
three species in the cluster (or less if only one or two species) can be seen in the rightmost
column. Pathogens are marked in bold.

Cluster Size Conjugative IS elements Species
ID elements
cluster 1145 1 Mpfrara (1) - Pseudomonadota
bacterium

cluster 516 3  Mpfr (3) - Methylotenera sp.
cluster 127 9  Mpfpara (6) - Methylophilus sp.
cluster 23 4566 Mpfpy (1) ISApll IS30 (137) Escherichia coli
(MCR-1, Mpfrara (1) ISSpu2_IS630 (2) Salmonella en-
MCR-2) Mpfr (5) [S1294 1591 (2) terica

Mpf; (4) IS1S_1IS1 (2) Klebsiella pneu-

Mpfr (10) IS1X2 1IS1 (2) moniae

MOBH (3)  ISKpn26_ IS5 IS5 (1)

MOBP1

(368)

tdcp (66)

virb4 (2)

cluster 346 7 [SPsspl 1S3 1S3 (2) Psychrobacter san-
quinis
Psychrobacter sp.

cluster_151 132 MOBF (1) ISPssp3_1S1595 1S1016  Psychrobacter im-

Mpfr (2) (1) mobilis
Psychrobacter sp.
cluster 1385 1  Mpfr (1) - Paraglaciecola  hy-
drolytica
cluster 282 1  Mpfr (1) - Paraglaciecola sp.
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cluster_1409 Bdellovibrionales bacterium CG11 big fil rev 8 21 14 02038 13 1,
cluster_475 Gammaproteobacteria bacterium 18, Limnobacter sp. 3, Sutterellaceae bacterium 3
cluster_1075 Gammaproteobacteria bacterium 2, Limnobacter thiooxidans 1,
cluster_1064 Burkholderiales bacterium 1,
cluster_1542 Pseudomethylobacillus aquaticus 1,
cluster_1145 Pseudomonadota bacterium 1,
cluster_516 Methylotenera sp. 2, Methylotenera sp. RIFCSPLOWO2 02 FULL 45 14 1,
cluster_253 Methylovorus glucosotrophus 2, Methylovorus sp. MP688 1,
cluster_1452 Methylobacillus sp. MM3 1, Methylotenera mobilis 1,
cluster_1266 Methyloversatilis universalis 3,

cluster_126 Methylophilus sp. 2, Methylophilus sp. TWE?2 2, Methylophilus methylotrophus 2, ...

cluster_1422 Methylotenera sp. 2, Betaproteobacteria bacterium HGW-Betaproteobacteria-22 1, Methylotenera oryzisoli 1,
cluster_1198 Methylobacillus rhizosphaerae 1,

cluster_254 Methylovorus glucosotrophus 2, Methylovorus sp. MP688 1,
cluster_1290 Methylotenera sp. 1P/1 1, Methylophilaceae bacterium 11 1, Methylotenera sp. N17 1, ...
cluster_1161 Methylophilus rhizosphaerae 1, Methylophilus sp. Leaf414 1,
cluster_1314 Methylophilus sp. 5 1,

cluster_127 Methylophilus sp. 1, Methylophilus sp. 13 1, Methylophilus sp. 14 1, ... .

cluster_1344 Methylotenera versatilis 1,

cluster_653 Methylotenera sp. 1, Gammaproteobacteria bacterium 1,

cluster_65 Methylotenera sp. 2, Methylophilaceae bacterium 1,

cluster_1004 Methylophilaceae bacterium 1,

cluster_1431 Methylotenera sp. 1,

cluster_1430 Methylotenera sp. 1,

cluster_1343 Methylotenera sp. N17 1, Methylotenera sp. G11 1, Methylophilus sp. Q8 1, ...

cluster_1396 Spor aceae k ium 2, i

’7 cluster_1207 Moraxella atlantae 5,
ICR-Mc catarrhalis 193, Neisseria meningitidis 5, Moraxella sp. HMSC061H09 1, ...

MCR-1 MCR-2 Escherichia coli 3515, enterica 762, Klebsi iae 89, ... I

MCR-6 Moraxella porci 1

cluster_751 Dichelobacter nodosus 4,

ICR-Mo 33, p ia bacterium 2,
cluster_345 Psychrobacter frigidicola 1, Psychrobacter urativorans 1,

aceae bacterium UBA5047 1,

y 2,
cluster_344 Psychrobacter aestuarii 1, Psychrobacter sp. bablab jr014 1, Psychrobacter sp. bablab jr012 1,
cluster_1586 Psychrobacter pygoscelis 1,

cluster_347 Psychrobacter arenosus 1,

cluster_1042 Psychrobacter sp. 1,

cluster_346 Psychrobacter sanguinis 4, Psychrobacter sp. 1501(2011) 1, Psychrobacter sp. UBA5114 1, ...
cluster_225 Psychrobacter phenylpyruvicus 2, Psychrobacter sanguinis 1, Psychrobacter sp. H7-1 1, ...

cluster_1389 Psychrobacter sp. UBA6684 1,

cluster_343 Psychrobacter immobilis 6, Psychrobacter cibarius 4, Psychrobacter glacincola 2, ...

cluster_151 Psychrobacter immobilis 15, Psychrobacter sp. 9, Psychrobacter glaciei 4, ...
cluster_1078 Gammaproteobacteria bacterium 2,

cluster_233 Gammaproteobacteria bacterium 2,
cluster_252 Pseudomaricurvus sp. HS19 1,
cluster_1282 Dasania marina 1,
cluster_858 Rhodocyclales bacterium 1,
cluster_768

algicola 1,
cluster_995 Spongiibacter tropicus 3, Spor
cluster_763 Spongiibacter pelagi 1,

sp. 2, Spongil sp. UBAB593 1,

cluster_634 Zhongshania antarctica 2, gamma proteobacterium BDW918 1, Zhongshania aliphaticivorans 1,
cluster_1239 Zhongshania aliphaticivorans 1, Marortus luteolus 1, Zhongshania marina 1,

cluster_1074 Gammaproteobacteria bacterium 2, Zhongshania sp. CAU 1632 1, Zhongshania aliphaticivorans 1,
cluster_838 Neptunomonas gingdaonensis 2,

cluster_1559 Hwanghaeella grinnelliae 1,
cluster_260 Sneathiella sp. 2, Sneathiella litorea 1, Sneathiella sedimenti 1, ...
cluster_1385 Paraglaciecola hydrolytica 1,
cluster_282 Paraglaciecola sp. 2,
cluster_1455 Alteromonadaceae bacterium XY-R5 1,
cluster_1255 Pseudoalteromonas atlantica 1,
cluster_245 Paraglaciecola sp. L1A13 1, Paraglaciecola sp. 20A4 1,
cluster_1082 Zooshikella sp. WH53 1,
cluster_445 Gammaproteobacteria bacterium 1,
cluster_1482 Magnetofaba australis 1,
cluster_804 Magr cales bacterium 1,
cluster_1483 Magnetofaba australis 1,
cluster_1256 Magnetococcus marinus 1,

cluster_1522 Gammaproteobacteria bacterium 2, Gammaproteobacteria bacterium UBA6940 1,
cluster_1005 Hali bacterium 1,

cluster_1000 Pseudomonadales bacterium 4, Gammaproteobacteria bacterium 3,

cluster_1055 Nitrosomonadales bacterium 1, Rhodospirillaceae bacterium 1, Methylophilales bacterium HTCC2181 1,
cluster_530 Methylophilales bacterium 1,
cluster_943 Bowmanella dokdonensis 1,
cluster_670 Bowmanella yangjiangensis 2, Bowmanella pacifica 1, Bowmanella denitrificans 1,
cluster_902 Paraglaciecola sp. 1,

cluster_97 Pseudoalteromonas porphyrae 2, Pseudoalteromonas neustonica 1, Pseudoalteromonas sp. NEC-BIFX-2020 002 1, ...
cluster_94 Pseudoalteromonas sp. 3, Pseudoalteromonas arctica 2, uncultured Colwellia sp. 2, ...
cluster_1350 Thalassomonas viridans 1,

cluster_398 uncultured Colwellia sp. 1, Colwellia sp. ESRF-bin12 1, Colwellia psychrerythraea 1,

Figure 4.4: Structure of clade Al. The three dominating species of each cluster can
be seen at the tips. The clusters corresponding to the known resistance genes are marked

in bold. The same annotations (taxonomic class, conjugative elements, IS elements) as in
the big tree can be seen to the right.
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4.4.2 Clade A2

The tree structure of clade A2 can be seen in Figure 4.5. In order to get a better
overview, this part stretches from MCR-8 to EptA. In general, this part of the tree
does not contain sequences from pathogens, except in the MCR-8 and EptA clusters.
As expected, Klebsiella pneumoniae is found in the MCR-8 cluster since it is the
believed progenitor. Additionally, one cluster (cluster_24) close to the EptA cluster
contains many sequences from the pathogen Klebsiella pneumoniae.

Clade A2 also includes a remarkable clade of 18 clusters where conjugative elements
from Mpfrara and Mpfrs could be found in all clusters. As mentioned, these ele-
ments are normally not found in the phylum Pseudomonadota. The mobile elements
found in the other clusters are summarized in Table 4.4. In the cluster correspond-
ing to MCR-8, two IS elements but no conjugative elements could be found. In the
other clusters, elements from Mpfr could be found in the hosts Saezia sanguinis,
Pelistega europaea, and Pectobacterium sp..

Table 4.4: Summary of mobile elements found in clade A2. The top three species in the
cluster (or less if only one or two species) can be seen in the rightmost column. Pathogens
are marked in bold.

Cluster Size Conjugative IS elements Species
ID elements

cluster 157 77 - ISEcll_IS3 IS2 (11) Klebsiella pneu-

(MCR-8) ISKpn26_ IS5 IS5 (9) moniae
Raoultella or-
nithinolytica
Klebsiella
quasipneumo-
niae

cluster 1557 1  Mpfr (1) - Saezia sanguinis

cluster 513 1  Mpfr (1) - Pelistega europaea

cluster 109 302 Mpfr (1) - Pectobacterium
brasiliense
Pectobacterium
versatile
Pectobacterium
carotovorum
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cluster_1443 Dongshaea marina 1,
cluster_1334 Candidatus Paracaedimonas acanthamoebae 1,

cluster_1250 Alpt ia bacterium 2,
cluster_300 ia bacterium 11, Pset ium 1,
cluster_17 a 637, NA 204, Stenotrophomonas indicatrix 14, .
cluster_1593 Stenotrophomonas sp. ATCM1 4 1,
cluster_1329 avenae 11, oryzae 1, C UBA4962 1,
cluster_56 8, Stenotr rhizophila 4, Kosakonia sacchari 4, ...

cluster_1602 L aestuarii 1,

cluster_611 ium carotovorum 3, C piscis 1, Xanthomonas sp. XNMO1 1, ...

MCR-8 Klebsiella iae 73, ornithinolytica 2, i i jae 1, ... ||
cluster_1603 Lampropedia puyangensis 1,
cluster_1349 i i 1, ( ium UBA6314 1, ium UBA3233 1,
cluster_833 Rubrivivax gelatinosus 7, Acidovorax avenae 1, Acidovorax oryzae 1, ...

cluster_1021 Vitreoscilla sp. 2, Vitreoscilla massiliensis 2,

cluster_1475 Wohlfahrtimonas larvae 1,
cluster_676 Ignatzschineria ureiclastica 2, Ignatzschineria larvae 1,
cluster_675 cameli 5, iaindica 2, iasp. F8392 1,
cluster_1557 Saezia sanguinis 1,
cluster_1174 Thorsellia anophelis 1,

cluster_1015 Neisseriaceae bacterium 3,

cluster_513 Pelistega europaea 1,
cluster_1215 Leminorella grimontii 4, Leminorella richardii 2,
cluster_48 Pragia fontium 5, Insectihabitans xujiangingii 4, Budvicia aquatica 3, ...
cluster_47 xujiangingii 4, Budvicia diplopodorum 1, Limnobaculum parvum 1, ...
cluster_1041 Chimaeribacter arupi 4, Nissabacter archeti 2, Yersinia entomophaga 2, ...
cluster_38 Serratia marcescens 1297, Yersinia pestis 602, Yersinia enterocolitica 391, ...
cluster_1316 Serratia fonticola 3, Chania multitudinisentens 2, Serratia sp. H1n 1, ...

cluster_694 Mar i 1, Mar i sp. MFBO70 1, Mangrovibacter phragmitis 1,
cluster_66 Cronobacter sakazakii 649, Cronobacter 80, Ci is 56, ...
cluster_561 i bacterium BIT-123 1, Jejubacter calystegiae 1,

cluster_288 4M9 1, Er LSJC71,
cluster_39 Cedecea davisae 6, Cedecea lapagei 2, Buttiauxella noackiae 2, ...
cluster_15 cloacae 353, asburiae 191, 188, ...

cluster_757 Pantoea septica 9, Pantoea sp. 4, uncultured Pantoea sp. 2, ...
cluster_1 Pantoea dispersa 26, Kalamiella piersonii 9, Pantoea eucrina 4, ..
cluster_1468 Pantoea sp. 1.19 1,
cluster_1418 Enterobacterales bacterium CwR94 1,
cluster_91 Mixta calida 5, Mixta theicola 2, Mixta gaviniae 2, ...
cluster_478 Erwinia amylovora 23, Erwinia pyrifoliae 3, Pantoea coffeiphila 2, ...
cluster_112 Erwinia amylovora 121, Erwinia persicina 11, Erwinia rhapontici 7, ...
cluster_216 [Pantoea] beijingensis 2, Pantoea sp. 201603H 1,
cluster_1535 Orbus hercynius 1,
cluster_1459 Gilliamella apicola 1,
cluster_1458 Gilliamella apicola 1,
cluster_1605 Martelella alba 1,

luster_292 Ei bacterium 2, i arboris 1, Sodalis sp. dw 96 1, ...
cluster_109 92, jum versatile 42, 37, . .
cluster_76 Dickeya dianthicola 50, Dickeya solani 37, Dickeya dadantii 15, ...
cluster_834 Candidatus Symbiopectobacterium sp. PLON1 1, Candidatus Symbiopectobacterium endolongispinus 1, Candidatus Symbiopectobacterium sp. Dall1.0 1, ...

cluster_1052 Rosenbergiella 1,R i is 1, jiella sp. S61 1, ...

cluster_1309 Tatumella citrea 2, Tatumella saanichensis 1, Tatumella morbirosei 1,
cluster_41 Pantoea agglomerans 27, Pantoea vagans 12, Kalamiella piersonii 9, ..
cluster_53 Pantoea agglomerans 74, Pantoea brenneri 18, Pantoea vagans 14, ...

cluster_699 Frar pulveris 6, 5, uncultured i sp. 1, ..
cluster_1337 Erwinia sp. 9145 1, Erwinia oleae 1,
cluster_466 Pantoea sp. Acro-835 1, Nissabacter sp. SGAir0207 1, Pantoea sp. A4 1,
cluster_2 Kalamiella piersonii 9, Pantoea septica 7, Erwinia billingiae 6, ..

luster_1274 bacterium B14 1,

EptA Salmonella enterica 358346, Escherichia coli 134549, Shigella sonnei 12067, €
cluster_138 Atlantibacter hermannii 10, Atlantibacter subterranea 3, Citrobacter freundii 2, ...
cluster_24 Klebsiella pneumoniae 15048, Klebsiella quasipneumoniae 658, Klebsiella variicola 512, ...

luster_865 iae 23, Scandinavium 3, Pl il is 2, ...
cluster_1360 Superficieibacter electus 2, Klebsiella sp. RIT-PI-d 1, Enterobacteriaceae bacterium UBA5654 1, ...
cluster_1346 Kosakonia cowanii 4, Kosakonia radicincitans 2, Kosakonia sacchari 2, ...

cluster_90 kobei 4, sp. DE0047 1, UBA2077 1, ...

Figure 4.5: Structure of clade A2. The three dominating species of each cluster can
be seen at the tips. The clusters corresponding to the known resistance genes are marked
in bold. The same annotations (taxonomic class, conjugative elements, IS elements) as in
the big tree can be seen to the right.

4.4.3 Clade A3

The structure of clade A3 can be seen in Figure 4.6. This clade nearly exclusively
consists of sequences from the non-pathogenic genus Shewanella, except in the MCR-
4 cluster where Salmonella enterica could be found as well. This correlates well
with the literature since Shewanella is believed to be the progenitor of MCR-4. The
mobile elements found in A3 are summarized in Table 4.5. In the MCR-4 cluster,
multiple mob genes and IS elements could be found. IS elements could also be found
in one additional cluster with Shewanella as host.

28



4. Results

cluster_279 Gammaproteobacteria bacterium 1, Tolumonas osonensis 1, Tolumonas auensis 1, ...

cluster_1035 Pseudoalteromonas ostreae 1, Pseudoalteromonas sp. HM-SA03 1,
cluster_539 Alteromonadaceae bacterium 1,

cluster_1325 Shewanella marina 1,

cluster_493 Shewanella salipaludis 1,

MCR-4 enterica 21, i is 18, St baltica 15, ...
cluster_1315 Shewanella fidelis 1,

cluster_905 Shewanella schlegeliana 2, Shewanella sp. MBTL60-007 1, Shewanella sp. c952 1, ...
cluster_75 Shewanella woodyi 3, Shewanella hanedai 2, Shewanella nanhaiensis 1, ...
cluster_71 Shewanella benthica 2, NA 1, Shewanella eurypsychrophilus 1, ...

cluster_1117 Shewanella algidipiscicola 2,

cluster_55 Shewanella colwelliana 3, Shewanella marisflavi 2, Shewanella sp. ECSMB14101 1, ...
cluster_80 Shewanella algae 108, Shewanella chilikensis 6, Shewanella carassii 3, ...
cluster_964 Shewanella avicenniae 1, Shewanella mangrovi 1,

cluster_673 Shewanella fodinae 2, Shewanella sp. 4t3-1-2LB 1, Shewanella yunxiaonensis 1,
cluster_747 Shewanella corallii 1,

cluster_54 Shewanella sp. SNU WT4 1, Shewanella sp. NIFS-20-20 1,

cluster_963 Shewanella cyperi 2, Shewanella sedimentimangrovi 1,

cluster_1054 Shewanella jiangmenensis 1,

cluster_925 Shewanella litorisediminis 1, Shewanella sp. FJAT-52076 1, Shewanella sp. FJAT-52072 1, ...

|

Figure 4.6: Structure of clade A3. The three dominating species of each cluster can
be seen at the tips. The clusters corresponding to the known resistance genes are marked
in bold. The same annotations (taxonomic class, conjugative elements, IS elements) as in

the big tree can be seen to the right.

Table 4.5: Summary of mobile elements found in clade A3. The top three species in the
cluster (or less if only one or two species) can be seen in the rightmost column. Pathogens

are marked in bold.

ISSod4_ 18256 (1)
ISSball IS21 (1)

Cluster Size Conjugative IS elements Species
1D elements
cluster 42 151 MOBH (1) IS1I0R_IS4_IS10 (2) Salmonella en-
(MCR~4) MOBP1 (1)  ISKpn26_1S5_1IS5 (3) terica
MOBQ (36)  IS26_IS6_unknown (9)  Shewanella ziame-
IS5 IS5 1S5 (1) nensis
ISAbal6_1S66 (1) Shewanella baltica

cluster 963 3 - [SSham1 15200/ Shewanella cyperi
IS605_1S200 (1) Shewanella  sedi-
mentimangrovi

4.4.4 Clade A4

The structure of clade A4 can be seen in Figure 4.7. In contrast to the other clades,
many pathogens are found in the clade. In the region of known resistance genes,
pathogens from the genus Aeromonas as well as the pathogens Salmonella enterica,
Enterobacter hormaechei, and FEscherichia coli can be observed. The presence of
Aeromonas species is expected since MCR-3 and MCR-7 are believed to originate
from this genus. Additionally, the pathogen Plesiomonas shigelloides can be found

in several clusters in clade A4.
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The mobile elements in clade A4 are summarized in Table 4.6. Many different
mobile elements, both conjugative elements and IS elements, are associated with
the MCR-3 cluster and MCR-9/MCR-10/ICR-B cluster. In the MCR-7 cluster only
IS elements could be found. However, it should be noted that the model only could
find sequences with a maximum of 80 % amino acid identity to MCR-7, which can be
seen in Table 4.2. In the other clusters IS elements, elements from Mpfr, mob genes,
and coupling proteins could be found. In cluster 998 and cluster 384, conjugative
elements in pathogens could be found. This is an indication of novel MCR genes in
pathogens with the ability to transfer horizontally to other bacteria.

cluster_186 Plesiomonas shigelloides 28, Enterobacterales bacterium 2, Plesiomonas sp. ZOR0011 1,

cluster_1292 Plesiomonas shigelloides 1,

cluster_187 Plesiomonas shigelloides 25, Enterobacterales bacterium 1, Plesiomonas sp. ZOR0011 1,
cluster_1543 Sinobacterium caligoides 1,

cluster_439 Rouxiella badensis 3, Rouxiella silvae 2, gamma proteobacterium WG36 1, ...

cluster_44 Rahnella aquatilis 10, Ewingella americana 7, Rahnella aceris 7, ...

cluster_150 Hafnia alvei 34, Hafnia paralvei 28, Obesumbacterium proteus 5, ...

cluster_170 Edwardsiella tarda 20, NA 19, Edwardsiella piscicida 9, ...

cluster_163 Affinibrenneria salicis 1,

cluster_1484 Thalassospira mesophila 1, Thalassospira sp. MCCC 1A01428 1,

cluster_403 Thalassospira xiamenensis 10, Thalassospira sp. 5, Thalassospira lucentensis 4, ...
cluster_391 Thalassospira sp. 7, Thalassospira profundimaris 5, Thalassospira tepidiphila 2, ...
cluster_1392 Sneathiella sp. 1, Alphaproteobacteria bacterium UBA3994 1, Alphaproteobacteria bacterium UBA5086 1,
cluster_741 Thalassospira marina 2, Thalassospira profundimaris 1, Thalassospira sp. TSL5-1 1,
cluster_740 Thalassospira xiamenensis 5, Thalassospira sp. A3 1 1, Thalassospira sp. 1, ...
cluster_1291 Aeromonas molluscorum 1,

MCR-7 Aeromonas hydrophila 218, Aeromonas veronii 161, Aeromonas caviae 146, ...

cluster_781 Aeromonas schubertii 6, Aeromonas simiae 2, Aeromonas diversa 2, ...

cluster_1191 Aeromonas sp. RU39B 1,

cluster_637 Aeromonas enteropelogenes 10, Aeromonas jandaei 3, Aeromonas sp. FDAARGOS 1407 1,
cluster_1414 Aeromonas lusitana 1,

MCR-3 Aeromonas hydrophila 242, Escherichia coli 159, Salmonella enterica 143, ...

MCR-9 MCR-10 ICR-B Salmonella enterica 2410, Enterobacter hormaechei 620, Escherichia coli 290, ...
cluster_998 Escherichia coli 1,

cluster_384 Escherichia coli 9,

cluster_85 Escherichia coli 60349, NA 86, Shigella sonnei 55, ...

Figure 4.7: Structure of clade A4. The three dominating species of each cluster can
be seen at the tips. The clusters corresponding to the known resistance genes are marked
in bold. The same annotations (taxonomic class, conjugative elements, IS elements) as in
the big tree can be seen to the right.

Table 4.6: Summary of mobile elements found in clade A4. t4cp denotes a coupling
protein and virb4 denotes an ATPase that is a part of the conjugation system. The top
three species (or less if only one or two species) can be seen in the rightmost column.
Pathogens are marked in bold.

Cluster Size Conjugative IS elements Species
1D elements
cluster_9 826 - IS5D_IS5 IS5 (1) Aeromonas hy-
(MCR-7) ISAemelO IS1595 ISPna2 drophila
(2) Aeromonas
ISAhyl 1S1595 ISPna2 (1) veronii
Aeromonas
caviae
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cluster 637 14

ISApu2 IS4 ISHS (1)

Aeromonas en-
teropelogenes
Aeromonas jandaei
Aeromonas sp.

cluster 8 Mpfr (2) ISKpn40_IS3 IS150 (88) Aeromonas hy-
(MCR-3) Mpfr (26)  IS15DI IS6 (15) drophila
MOBC (1) IS15 1S6(4) Escherichia coli
MOBF (21)  1S4321 IS110_IS1111 (1) Salmonella en-
MOBPI (3)  IS4321R_IS110 IS1111 (1)  terica
MOBQ (2)  IS15DIV_IS6 (1)
tdep (2) [SSen9_1IS1 (1)
virb4 (21) IS5_IS5_1S5 (5)
IS5D_IS5_IS5 (2)
ISApu2 IS4 ISHS (1)
ISKpn26 IS5 1S5 (27)
ISAs17 1S3 IS2 (9)
ISAecab 151595 151595 (1)
ISKpnl0_IS3 IS407 (1)
[SAhyl IS1595 ISPna2 (1)
ISKpnl5_ IS66_ISBst12 (1)
ISAs18_ IS4 IS10 (2)
ISAs7 1S3 _1S51 (4)
ISAs6_IS3 1S3 (1)
cluster 7 1567  Mpfp (1) IS903B__ IS5 _1S903 (194) Salmonella en-
(MCR-9, Mpfr (11) IS1B_IS1 (66) terica
MCR-10, MOBEF (3) IS26_1S6 (81) Enterobacter  hor-
ICR-B) ISIR_IS1 (4) maechei
ISEspl IS66 (1) Escherichia coli
ISEc36 1S3 1S2 (13)
ISIA IS (1)
1S903 IS5 18903 (1)
ISKox1 IS66 (2)
cluster 998 1 Mpfr (1) - Escherichia coli
tdep (1)
cluster 384 9 MOBH (3) Escherichia coli

cluster 85 60 502

1S1203_1S3_IS51(6)
15629 1S3 _IS51(1)
ISEc8_ 1566 (1)

Escherichia coli
Shigella sonnei

4.4.5 Clade A5

The structure of clade A5 can be seen in Figure 4.8. Pathogens can be found in the
MCR-5 cluster as well as some clusters with species from the genus Legionella. How-
ever, the pathogenicity of the other clusters is difficult to verify since many bacteria
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only are annotated based on class (for example Gammaproteobacteria bacterium).
The mobile elements found in clade A5 can be seen in Table 4.7. Multiple mob genes
and IS elements, as well as a coupling protein could be found in the MCR-5 cluster.
Additionally, elements from Mpfr, coupling protein, and the ATPase virb4 could be
found in two other clusters.

cluster_1578 Pigmentiphaga kullae 1,

cluster_1235 Alcaligenaceae bacterium 1, Pigmentiphaga sp. NML030171 1, Pigmentiphaga sp. D-2 1,
cluster_960 Burkholderiales bacterium 1, Pigmentiphaga humi 1, Burkholderiales bacterium 67-32 1,
cluster_1231 Legionella rowbothamii 1, Legionella saoudiensis 1,

cluster_955 Legionella sainthelensi 5, Fluoribacter dumoffii 4, Legionella cherrii 4, ...

cluster_927 Betaproteobacteria bacterium 1,

cluster_799 Gammaproteobacteria bacterium 1,

cluster_240 Betaproteobacteria bacterium 2,

MCR-5 Escherichia coli 63, Salmonella enterica 38, Cupriavidus gilardii 4, ...

Figure 4.8: Structure of clade A5. The three dominating species of each cluster can
be seen at the tips. The clusters corresponding to the known resistance genes are marked
in bold. The same annotations (taxonomic class, conjugative elements, IS elements) as in
the big tree can be seen to the right.

Table 4.7: Summary of mobile elements found in clade A5. tdcp denotes a coupling
protein and virb4 denotes an ATPase that is a part of the conjugation system. The top
three species (or less if only one or two species) can be seen in the rightmost column.
Pathogens are marked in bold.

Cluster Size Conjugative IS elements Species
ID elements
cluster 1235 3  Mpfr (3) - Alcaligenaceae bac-
tdcp (3) terium
virb4 (3) Pigmentiphaga sp.
Pigmentiphaga sp.
cluster 960 3  Mpfr (3) - Burkholderiales
tdep (3) bacterium
virb4 (3) Pigmentiphaga
humi
cluster 81 123 MOBF (5) IS26_1S6 (1) IS15 _IS6 Escherichia coli
(MCR-5) MOBP1 (4) (1) ISPa96_IS5 IS5 (1) Salmonella en-
MOBQ (2) terica
MOBYV (5) Cupriavidus gi-
tdep (1) lardii

4.4.6 Horizontal gene transfer and pathogens

As a final summary of the results, the clusters comprising both conjugative elements
and pathogens can be seen in 4.8. In total, 13 clusters (in addition to clusters
corresponding to known resistance genes) could be found. The leaves of the clusters
in 4.8 are marked with a black circle in the phylogenetic tree in Figure 4.3. Here,
it should be noted that is not possible to say if the conjugative elements actually
are located in pathogens or other non-pathogens in the same cluster, since this is a
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limitation in the mobility analysis. However, these results still point out potential
new MCR genes that are located in pathogens or risk transferring to pathogens in
the future.

Additionally, cluster 998 and cluster 384 (which also can be seen in clade A4)
consist solely of pathogens, thus here it is safe to say that potential new MCR
genes that can transfer horizontally are found in pathogens. Moreover, four of the
clusters, cluster 38, cluster 66, cluster 15, and cluster 1, are found in the clade
with Mpfrara and Mpfr, mentioned in the section about clade A2.

Table 4.8: Clusters comprising both pathogens and conjugative elements. The
pathogens found in the clusters can be seen in the rightmost column.

Cluster || Size Conjugative Species

name elements

cluster_508| 5  MOBF (3) Vibrio cholerae

cluster_4 | 4401 Mpfra (1) Neisseria meningitidis
Mpfrara (1) Neisseria gonorrhoeae

cluster_383| 35 Mpfrara (1) Aggregatibacter

actinomycetemcomitans
cluster_38 || 3257 Mpfra (865) Yersinia pestis

Mpfrara (865) Yersinia pseudotuberculosis
Shigella boydit
Yersinia enterocolitica
Yersinia kristensenii
cluster 66 841 Mpfra (823) Cronobacter sakazakii
Mpfrara (823) Cronobacter turicensis
Cronobacter malonaticus
Cronobacter dublinensis
Cronobacter universalis
Cronobacter condimenti
cluster 15 || 1646 Mpfra (987) Enterobacter cloacae
Mpfrara (985) Escherichia coli
Klebsiella pneumoniae
Salmonella enterica

cluster 1 124 Mpfpa (987) Enterobacter cancerogenus
Mpfrara (985)
cluster_998| 1  Mpfs (1) FEscherichia coli
tdep (1)
cluster_384|| 9  MOBH (3) FEscherichia coli
cluster 11 || 241 Mpfrara (2) Vibrio cholerae
MOBEF (1) Vibrio parahaemolyticus
cluster_246| 226 Mpfr (1) Pseudomonas fluorescens
cluster 18 || 1329 Mpfr (1) Pseudomonas aeruginosa
cluster 215( 116 Mpfy (114) Burkholderia cenocepacia
tdep (115)

virb4 (110)
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Discussion

In this thesis, a profile HMM optimized for colistin resistance genes was created with
fARGene. The model performed well in terms of sensitivity and specificity, meaning
that it can successfully separate resistance genes from closely related genes without
a resistance mechanism. Large-scale genomic data were screened for novel resistance
genes, which identified 680 257 genes, over-represented in Pseudomonadota. From
these genes, a large cluster of 517 332 genes could be connected to the chromosomal
gene EptA. Moreover, a mobility analysis was performed to evaluate the mobility of
colistin resistance genes and investigate the risk of HGT. From the mobility analysis,
it could clearly be seen that there is an ongoing spread of MCR genes and that there
are signs of novel MCR genes detected in the screening. In this chapter, a more in-
depth discussion about the results and how they can be interpreted will follow.

5.1 Model creation and optimization

Initially, three different models were created. However, despite the two phylogenet-
ically diverse groups of resistance genes, the combined and separated model per-
formed with similar sensitivity and specificity, which can be seen in Table 4.1 as
well as in Figure 4.1 and Appendix B. Probably, this can be explained by the active
site that is conserved throughout all MCR genes and the property of profile HMMs.
Since the objective of profile HMMs is to capture the conserved parts of a group of
proteins, it is likely that the active site is captured by the model which describes
why the models perform equally, despite the phylogenetic difference between the
known resistance genes.

Further, the sensitivity (ability to find all ARGs) can be analyzed by Table 4.2 which
shows the closest homolog to the known resistance genes and how many genes with
an amino acid identity >90 %. Here it could be noted that the model correctly finds
all resistance genes except MCR-6 and MCR-7 and that MCR-1 and MCR-9 are
found to a greater extent than the other genes. This could potentially be explained
by the difference in the number of input genes, giving a model more sensitivity to
certain genes. The model was built with 14 different variants of MCR-1 but only one
MCR-9. Additionally, six ICR-B sequences were used in the model which is very
similar to MCR-9, which could explain why the model finds MCR-9 to a greater
extent. In comparison to this, only one sequence from MCR-6 and MCR-7 was used
in the model. However, by arguing this way, the model would also identify MCR-3
to a greater extent (13 variants of MCR-3 in the input data) and potentially missing
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MCR-8 with only one input sequence and which also is relatively phylogenetically
far away from the other resistance genes. More likely, this can be explained by the
prevalence of the different resistance genes in the database, rather than a lack of
model performance. This theory is also supported by the spread of the different MCR
genes globally [21]. It has been shown that MCR~1 and MCR-9 are disseminated to
a greater extent than the other MCR genes and that MCR-6 only has been found
once as well as MCR-7 which is only identified in a few places in the world.

5.2 Analysis of phylogeny and mobility

One interesting result is the large amount of identified genes. It could be seen that
the model found a gene in nearly 60 % of the screened genomes. However, it is safe to
say that all of these genes are not of clinical relevance and will not give a resistance
phenotype, otherwise colistin resistance would be observed to a much larger extent.
As mentioned in the results, one dominant cluster with 517 332 (76 % of the predicted
genes) could be identified. This cluster could be connected to the chromosomal
resistance gene EptA and 156 426 genes in the cluster showed an amino acid identity
>90 % to the gene. Many of the genes in this cluster have Salmonella enterica
and Fscherichia coli from the phylum Pseudomonadota as hosts, which correlates
well with the literature about EptA. As mentioned in the theory, modification of
the outer membrane is a common defense mechanism of gram-negative bacteria to
protect from antibiotics as well as other stresses in the surrounding environment, so
it is expected to find these EptA-like genes in many of the genomes. However, it
should be noted that finding these many genes is not a sign of a lack of performance
of the model. EptA also has the conserved active site and we want the model to find
these genes to not hamper in sensitivity to find the clinically relevant MCR genes
with similar conserved sites.

However, despite that these genes most probably do not give resistance phenotype
due to low expression, this is still alarming. The mobility analysis reveals several
mobile elements distributed in the phylogenetic tree, indicating that mobilization of
these EptA-like chromosomal genes can be a future problem. Additionally, MCR-9
has been identified in a colistin-susceptible strain (strain without colistin resistance
phenotype) and MCR-10 was first identified from colistin-susceptible Enterobacter
strains [12], which indicates that the resistance can develop silently and cause resis-
tance phenotype first when exposed to colistin or other outer stimuli.

Another interesting result is the strong over-representation of hosts from the phylum
Pseudomonadota and the class Gammaproteobacteria, which is represented in Figure
4.2. One possible explanation for this is that all sequences used to build the model
come from Gammaproteobacteria and that the model, therefore, is more sensitive
for detecting sequences from Gammaproteobacteria. However, it is also likely that
the colistin resistance mechanism is more prevalent in Gammaprotebacteria due to
some biological reason and that this explains the over-representation both in the se-
quences used to build the model and the predicted genes. This could for example be
membrane properties that are unique for Gammaprotebacteria or that Gammapro-
tebacteria are more prevalent in some environments with high selection pressure for
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colistin resistance. Here, a further literature study about the difference in outer
membrane properties of different bacteria within the phylum Pseudomonadota as
well as additional studies including the environmental factor are needed to better
understand these results.

Moreover, it can be seen that the phylogeny of the tree corresponds well with the
literature about the MCR genes. MCR-1, MCR-2, and MCR-6 are found in one
part of the tree while MCR-3, MCR-4, MCR-7, MCR-8, MCR-9, and MCR-10 are
found in another part. Here, MCR-3 and MCR-7, together with MCR-9 and MCR-
10 form a tighter group, and MCR-4 and MCR-8 are more diverse, as expected
from the literature. In addition, MCR-5 is distant from the other genes, which also
correlates well with the uncertainty of grouping this gene.

In addition, the species found in the clusters with the highest similarity to the known
MCR genes confirm what is known from the literature. MCR~1, MCR-2, and MCR-
6 are found in Morazella species. MCR-3 and MCR-7 are found in Aeromonas
and many of the clusters in their clade (A4) include genes from this genus. MCR-
9 and MCR-10 are found in Buttiauzella species from where they are believed to
originate. MCR-4 is found in its believed progenitors Shewanella and almost all
clusters in this clade (A3) comprises genes from this genus. MCR-8 is found in
Klebsiella pneumoniae, where it was first detected, and in neighboring clusters,
its believed progenitor Stenotrophomonas can be found. The origin of MCR-5 is
not known, but it has been proven that closely related sequences to MCR-5 have
been found in Legionella and Burkholderiales [27], which also is found in clade A5.
Moreover, multiple sequences from Cupriavidus are found in the MCR-5 cluster,
which indicates that MCR-5 might originate from these species. However, MCR-5
has been identified in Cupriavidus gilardii before, but from this no conclusion about
the origin of MCR-5 could be made [28].

As pointed out in the results, one unexpected result was the presence of Mpfrara
and Mpfr4 since they are not typically found in Pseudomonadota. It is difficult
to tell why these elements were found, but they could potentially be false positive
results. In many of the clusters comprising both pathogens and conjugative elements
(Table 4.8), Mpfrara and Mpfry4 are present, thus it will be important to look more
into this in the future. In general, it would be interesting to do a more thorough
mobility analysis to get a more comprehensive understanding of the mobility of
colistin resistance genes. Here, it would be interesting to expand the search to more
than 10 000 base pairs upstream and downstream since it is likely that additional
mobile elements will be found. For example, a plasmid can be much longer than 10
000 base pairs.

The mobility analysis clearly shows that there is an ongoing spread of colistin resis-
tance genes and that many mobile elements are associated with the genes. Looking
into the clades (A1-Ab) it could be seen that conjugative elements were found close
to most of the known resistance genes, indicating that there are novel MCR genes
with the ability to transfer horizontally, both in non-pathogenic and pathogenic
hosts. Additionally, multiple clusters with IS elements could be found. This is a
sign of ongoing mobilization of colistin resistance genes, that risks ending up on
conjugative element and possess the ability to transfer horizontally in the future.
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Particularly interesting are the 13 clusters that comprise both conjugative elements
(that are required for HGT) and pathogenic hosts. Potentially, these clusters corre-
spond to novel MCR, genes with the ability to transfer between bacteria and already
are present in pathogenic hosts or risk ending up in pathogens in the future. Inter-
estingly, most of these clusters are located in the big clade with MCR-3, MCR-4,
MCR-7, MCR-8, MCR-9, and MCR-10, and some are located in the MCR-5 clade,
while no such clusters could be found in the neighborhood of MCR-1, MCR-2, and
MCR-6. Here, it would be interesting to see if the reservoir for MCR-1, MCR-2, and
MCR-6 type of resistance genes for example are more connected to non-pathogenic
environments, in contrast to the other MCR genes. To evaluate this, an analysis of
the isolation source of the samples, or developing a model for metagenomes would
be a suitable next step. In addition to this, it would be interesting to verify if the
conjugative elements are found in pathogens, or non-pathogens in the same cluster.
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Conclusion and Future Outlook

This project aimed to perform a characterization of colistin resistance genes with
the main goal to identify potential novel colistin resistance genes and evaluate them
in terms of phylogeny, taxonomy, and mobility. A profile HMM was optimized
using fARGene and through a large-scale screening, potential colistin resistance
genes could be identified and analyzed. This project could identify several clusters
of potential novel MCR genes and pointed out 13 clusters of particular interest,
with genes possessing the ability to transfer between bacteria that at the same
time are associated with pathogens. Identifying novel resistance genes, both already
mobilized and future threats is of great importance to understanding and preventing
the spread of antibiotic resistance. This knowledge can for example be used in the
clinic to detect resistant infections at an early stage or in the development of new
effective treatments.

It should however be noted, that the potential novel MCR genes found in this thesis
are computational predictions. To confirm the resistance to colistin this needs to be
evaluated in a wet lab. In addition to this, another important step in the future is
to investigate which type of environments harbor these types of genes. This enables
us to further understand colistin resistance and can answer questions such as how
the genes transfer from the environment to pathogens and which actions that are
necessary to prevent further spread.
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Appendix A

Name Accession number Name Accession number

MCR-1.1 AKF16168.1 MCR-3.9 AST36144.1
MCR-1.2 ANR95875.1 MCR-3.10 ATQ63376.1
MCR-1.3 ANJ15621.1 MCR-3.11 AUNR87920.1
MCR-1.4 APMRT7143.1 MCR-3-12 AVZ747168.1
MCR-1.5 APM84488.1 MCR-4.1 ASR73329.1
MCR-1.6 AQK48217.1 MCR-4.2 AVK94777.1
MCR-1.7 AQQ11622.1 MCR-4.3 AUI38915.1
MCR-1.8 AQY61516.1 MCR-4.4 AVK94779.1
MCR-1.9 AVA31022.1 MCR-4.5 AVK94778.1
MCR-1.10 ASK49940.1 MCR-5.1 ASK40551.1
MCR-1.11 ATM29809.1 MCR-5.2 AVMS85875.1
MCR-1.12 BBB21811.1 MCR-6.1 ASK49942.1
MCR-1.13 AVM85874.1 MCR-7.1 AURS0098.1
MCR-1.33 UGY30527.1 MCR-8.1 AVX52225.1
MCR-2.1 SBV31106.1 MCR-9.1 WP_001572373.1
MCR-2.2 ASK49941.1 MCR-10.1 QDO66747.1
MCR-3.1 ASF81896.1 ICR-Mc EGE18576.1
MCR-3.2 OYN70668.1 ICR-Mo WP_082741435.1
MCR-3.3 ASU10319.1 ICR-Ba WP 034495833.1
MCR-3.4 SBZ31568.1 ICR-Bb WP 064558897.1
MCR-3.41 MBA2799562.1 ICR-Bf WP 064546189.1
MCR-3.5 ASU04896.1 ICR-Bg WP 064511805.1
MCR-3.6 AST36140.1 ICR-BIi WP_ 120062886.1
MCR-3.7 AST36141.1 ICR-Bn WP 064554336.1
MCR-3.8 AST36143.1

Table A.1: Protein names and accession numbers for the resistance genes used to build

the Profile HMM.
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Figure B.1: Sensitivity and 1 - specificity as a function of the domain score for the
separated model where MCR-5 is grouped with MCR-1, MCR-2, MCR-6, and ICR-M.
The sensitivity and specificity are based on the fraction of correctly classified sequences.
The used threshold score of 500 is marked with a dashed line.
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Figure B.2: Sensitivity and 1 - specificity as a function of the domain score for the
separated model where MCR-5 is grouped with MCR-3, MCR-4, MCR-7, MCR-8, MCR-9,
MCR-10, and ICR-B. The sensitivity and specificity are based on the fraction of correctly
classified sequences. The used threshold score of 500 is marked with a dashed line.
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