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SELECTION

Description

Combination of structural variations and single nucleotide
changes 1in one statistical model for improved therapy selec-

tion

The present invention relates to a method of determining an
antimicrobial drug resistance profile for a microorganism,
wherein nucleic acid sequences of the microorganism are ana-
lyzed for structural variations of the genome comprising at
least a change in the genome comprising more than one base,
as well as for single nucleotide polymorphisms (SNPs), re-
spectively single nucleotide variants, as well as a, e.g. di-
agnostic, method of determining an infection of a patient
with a microorganism potentially resistant to antimicrobial
drug treatment and a method of selecting a treatment of a pa-
tient suffering from an infection with a potentially re-
sistant microorganism, wherein the data of the antimicrobial

drug resistance profile are applied.

Antibiotic resistance i1s a form of drug resistance whereby a
sub-population of a microorganism, e.g. a strain of a bacte-
rial species, can survive and multiply despite exposure to an
antibiotic drug. It is a serious health concern for the indi-
vidual patient as well as a major public health issue. Timely
treatment of a bacterial infection requires the analysis of
clinical isolates obtained from patients with regard to anti-
biotic resistance, in order to select an efficacious therapy.
Generally, for this purpose an association of the identified
resistance with a certain microorganism (i.e. ID) is neces-

sary.

Antibacterial drug resistance (ADR) represents a major health
burden. According to the World Health Organization’s antimi-
crobial resistance global report on surveillance, ADR leads
to 25,000 deaths per year in Europe and 23,000 deaths per

year in the US. In Europe, 2.5 million extra hospital days
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lead to societal cost of 1.5 billion euro. In the US, the di-
rect cost of 2 million illnesses leads to 20 billion dollar
direct cost. The overall cost is estimated to be substantial-
ly higher, reducing the gross domestic product (GDP) by up to
1.6%.

In general the mechanisms for resistance of bacteria against
antimicrobial treatments rely to a very substantial part on
the organism’s genetics. The respective genes or molecular
mechanisms are either encoded in the genome of the bacteria
or on plasmids that can be interchanged between different

bacteria. The most common resistance mechanisms include:

1) Efflux pumps are high-affinity reverse transport systems
located in the membrane that transports the antibiotic out of

the cell, e.g. resistance to tetracycline.

2) Specific enzymes modify the antibiotic in a way that it
loses its activity. In the case of streptomycin, the antibi-
otic is chemically modified so that it will no longer bind to

the ribosocme to block protein synthesis.

3) An enzyme 1s produced that degrades the antibiotic,
thereby inactivating it. For example, the penicillinases are
a group of beta-lactamase enzymes that cleave the beta lactam

ring of the penicillin molecule.

In addition, some pathogens show natural resistance against
drugs. For example, an organism can lack a transport system
for an antibiotic or the target of the antibiotic molecule is

not present in the organism.

Pathogens that are in principle susceptible to drugs can be-
come resistant by modification of existing genetic material
(e.g. spontaneous mutations for antibiotic resistance, hap-
pening in a frequency of one in about 100 mio bacteria in an

infection) or the acquisition of new genetic material from
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another source. One example 1is horizontal gene transfer, a
process where genetic material contained in small packets of
DNA can be transferred between individual bacteria of the
same speciles or even between different species. Horizontal
gene transfer may happen by transduction, transformation or
conjugation. Usually, the expression of resistance imparting

markers 1s induced only by presence of a drug.

Generally, testing for susceptibility/resistance to antimi-
crobial agents is performed by culturing organisms in differ-

ent concentrations of these agents.

In brief, agar plates are inoculated with patient sample
(e.g. urine, sputum, blood, stool) overnight. On the next day
individual colonies are used for identification of organisms,
either by culturing or using mass spectroscopy. Based on the
identity of organisms new plates containing increasing con-
centration of drugs used for the treatment of these organisms
are inoculated and grown for additional 12 - 24 hours. The
lowest drug concentration which inhibits growth (minimal in-
hibitory concentration - MIC) 1is used to determine suscepti-
bility/resistance for tested drugs. The process takes at
least 2 to 3 working days during which the patient is treated
empirically. Automated systems exist from several companies,
e.g. Biomeriux (Vitek), Beckman Coulter (Microscan). A sig-
nificant reduction of time-to-result is needed especially in
patients with life-threatening disease and to overcome the

widespread misuse of antibiotics.

Recent developments include PCR based test kits for fast bac-
terial identification (e.g. Biomerieux Biofire Tests, Curetis
Unyvero Tests). With these test the detection of selected re-
sistance loci is possible for a very limited number of drugs,
but no correlation to culture based AST is given. Mass spec-

troscopy is increasingly used for identification of pathogens

in clinical samples (e.g. Bruker Biotyper), and research is
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ongoing to establish methods for the detection of suscepti-

bility/resistance against antibiotics.

The use of molecular techniques for direct detection of MRSA
has become more commonplace especially for screening purpos-
es. Resistance to methicillin is mediated via the mec operon
which is part of the staphylococcal cassette chromosome mec
(SCCmec). Recently PCR tests were introduced that are based
on the detection of the right extremity seguence of the
SCCmec in combination with S. aureus specific marker. Initial
reports exist that describe culture based susceptibility re-
ports despite detection of the presence of a resistance con-

ferring gene.

For some drugs such it is known that at least two targets are
addressed, e.g. in case of Ciprofloxacin (drug bank ID 00537;
http://www.drugbank.ca/drugs/DB00537) targets include DNA
Topoisomerase IV, DNA Topoisomerase II and DNA Gyrase. It can
be expected that this is also the case for other drugs alt-
hough the respective secondary targets have not been identi-
fied yet. In case of a common regulation, both relevant ge-
netic sites would naturally show a co-correlation or redun-

dancy.

It is known that drug resistance can be associated with ge-
netic modifications such as polymorphisms or gene duplica-
tions/deletions. This holds for viruses, where resistance
testing 1s established clinical practice (e.g. HIV genotyp-
ing). More recently, it has been shown that resistance has
also genetic causes in bacteria and even higher organisms,
such as humans where tumors resistance against certain cyto-

static agents can be linked to genomic mutations.

Wozniak et al. (BMC Genomics 2012, 13(Suppl 7):523) disclose
genetic determinants of drug resistance in Staphylococcus
aureus based on genotype and phenotype data. Stoesser et al.

disclose prediction of antimicrobial susceptibilities for
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Escherichia coli and Klebsiella pneumoniae isolates using
whole genomic sequence data (J Antimicrob Chemother 2013; 68:
2234-2244) .

Chewapreecha et al (Chewapreecha et al (2014) Comprehensive
Identification of single nucleotid polymorphisms associated
with beta-lactam resistance within pneumococcal mosaic genes.
PLoS Genet 10(8): el1004547) used a comparable approach to

identify mutations in gram-positive Streptococcus Pneumonia.

In recent studies, genetic tests are taken into account that
consider variations in the genocme of a microorganism, e.g. a
bacterial microorganism. In previous works it could be shown
that a faster decision for a treatment could be made using

changes in single bases. However, this does not necessarily

apply teo all antimicrobial drugs, e.g. antibiotics, tested.

For genetic diagnosis and prognosis in human pathologies (in-
cluding diagnosis, predicting response to therapies of hu-
mans, prediction of drug response of bacteria and viruses and

many similar tasks) different “scales” can be considered.

First, it is possible to consider structural wvariations in
genomes. This includes inclusion of repetitive elements, copy
number variations (gains and losses of single genes or larger
parts of chromosomes), gene fusions, translocations, inclu-
sion/addition of new genes, and other more rare events. Re-
spective diagnostic means are used e.g. for fragile X syn-
drome or in different cancers where gene amplification is
known to be closely related to the prognosis of patients. As
an example of a structural variation, an efflux pump can be
present on a plasmid additionally in a genome. Such efflux
pump then can transport a medicine/drug like an antibiotic
out of the organism, so that it cannot be effective. Thus, a

bacterium having such efflux pump on a plasmid is resistant.
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Secondly, beyond the structural variations we can on a higher
resolution scale interpret single nucleotide variations. The-
se can include besides the actual exchange of a single base
in the genetic code also the gain or loss of one base in the
genetic code (denoted as small insertion or deletion). Re-
spective single nucleotide variants are used in many research
areas such as oncology for predicting the effectiveness of
therapies. Among the most popular examples are mutations in
the gene KRAS.

Besides oncology, neurology and cardiology, genetic testing
is increasingly applied to infectious diseases. Here, the ge-
netic code of the pathogenic organism can be investigated in-
stead or in addition to the genetic code of the host. While
therapies for the human immunodeficiency virus are already
frequently determined using sequencing of the virus, the
field for the more complex bacteria is currently emerging.
The question 1s now whether for pathogens the first or second
variant, i.e. structural variations or single nucleotide pol-
ymorphisms, leads to more accurate therapy predictions. This
is especially important since for antimicrobial treatment a
very large number of different therapies exist that belong to

various drug classes with different modes of action.

The fast and accurate detection of infections with microor-
ganisms, particularly microbial species, and the prediction
of response to anti-microbial therapy represent still a high

unmet clinical need.

Summary of the invention

The inventors found out that a combination of structural var-
iations in the genome that relate to more than one base, par-
ticularly at least one gene or more genes in an open reading
frame, with single nucleotide polymorphisms (SNPs) can im-

prove the diagnosis of resistant / susceptible microorgan-



10

20

25

30

35

WO 2019/048068 PCT/EP2017/072757

isms, particularly bacterial microorganisms, to antimicrobi-

al, e.g. antibiotic, drugs.

According to a first aspect the present invention relates to
a method of determining an antimicrobial drug, e.g. antibi-
otic, resistance, respectively susceptibility, profile for a
microorganism, particularly a bacterial microorganism, com-
prising:

obtaining or providing a first data set of nucleic acid se-
guences of a plurality of clinical isolates of the microor-
ganism, wherein optionally at least a part of the nucleic ac-
id sequences of the first data set are assembled; and/or ob-
taining or providing a first data set of nucleic acid se-
quences of a plurality of clinical isclates of the microor-
ganism and aligning the nucleic acid sequences of the first
data set to at least one, preferably one, reference sequence,
e.g. also a pan genome;

analyzing the nucleic acid sequences of the first data set
for structural variations of the genome comprising at least a
change in the genome comprising more than one base, and ana-
lyzing the nucleic acid sequences of the first data set for
single nucleotide polymorphisms (SNPs) to obtain a third data
set of structural variants;

providing a second data set of antimicrobial drug, e.g. anti-
biotic, resistance and/or susceptibility of the plurality of
clinical isolates of the microorganism;

correlating the third data set with the second data set and
statistically analyzing the correlation; and

determining the structural variations in the genome of the
microorganism associated with antimicrobial drug, e.g. anti-

bictic, resistance.

Furthermore discloses is - in a second aspect - a, e.g. diag-
nostic, method of determining an infection of a patient with
a microorganism, particularly a bacterial microorganism po-

tentially resistant to antimicrobial drug treatment, compris-

ing the steps of:
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a) obtaining or providing a sample containing or suspected
of containing a microorganism, particularly a bacterial mi-
croorganism, from the patient;

b) determining the presence of at least one structural var-
iation of the genome comprising at least a change in the ge-
nome comprising more than one base, and at least one single
nucleotide polymorphism (SNP) in at least one genetic se-
quence of the microorganism, particularly bacterial microor-
ganism, as determined by the method of the first aspect,
wherein the presence of said at least one structural varia-
tion and said single nucleotide polymorphism is indicative of
an infection with an antimicrobial drug resistant microorgan-

ism in said patient.

In addition, a method of selecting a treatment of a patient
suffering from an infection with a potentially resistant mi-
croorganism, particularly bacterial microorganism is dis-
closed in a third aspect, comprising the steps of:

a) obtaining or providing a sample containing or suspected
of containing a microorganism, particularly a bacterial mi-
croorganism, from the patient;

b) determining the presence of at least one structural var-
lation of the genome comprising at least a change in the ge-
nome comprising more than one base, and at least one single
nucleotide polymorphism (SNP) in at least one genetic se-
quence of the microorganism, particularly bacterial microor-
ganism, as determined by the method of the first aspect,
wherein the presence of said at least one structural varia-
tion is indicative of a resistance to one or more antimicro-
bial drugs;

c) identifying said at least one or more antimicrobial
drugs; and

d) selecting one or more antimicrobial drugs different from
the ones identified in step c¢) and being suitable for the
treatment of the infection with the microorganism, particu-

larly the bacterial microorganism.
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In a further aspect the present invention is directed to a
computer program product comprising computer executable in-
structions which, when executed, perform a method according

to either of the first, second and third aspect.

Even further aspects and embodiments of the invention are
disclosed in the dependent claims and can be taken from the
following description and examples, without being limited
thereto.

Detailed description of the invention
Definitions

Unless defined otherwise, technical and scientific terms used
herein have the same meaning as commonly understood by one of

ordinary skill in the art to which this invention belongs.

Susceptibility herein means that isolates are inhibited by a
certaln concentration of an antimicrobial agent, whereas re-

sistance means that isolates are not inhibited

An “antimicrobial drug” in the present invention refers to a
group of drugs that includes antibiotics, antifungals,
antiprotozoals, and antivirals. According to certain embodi-

ments, the antimicrobial drug is an antibiotic.

The term "nucleic acid molecule" refers to a macromolecule

comprising nucleotides, particularly a polynucleotide mole-
cule having a defined sequence. It comprises DNA molecules,
RNA molecules, nucleotide analog molecules and combinations
and derivatives thereof, such as DNA molecules or RNA mole-

cules with incorporated nucleotide analogs or cDNA.

The term “nucleic acid sequence information” relates to in-
formation which can be derived from the sequence of a nucleic

acid molecule, i.e. the nucleic acid sequence, such as the
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sequence litself or a variation in the sequence as compared to
a reference sequence. A genetic sequence can thereby encom-

pass coding as well as non-coding parts.

The term “mutation” relates to a variation in the sequence as
compared to a reference sequence. Such a reference sequence
can be e.g. determined in a predominant wild type organism or
another reference organism, e.g. a defined and known bacteri-
al strain or substrain. A mutation is for example a deletion
of one or multiple nucleotides, an insertion of one or multi-
ple nucleotides, or substitution of one or multiple nucleo-
tides, duplication of one or a sequence of multiple nucleo-
tides, translocation of one or a sequence of multiple nucleo-
tides, e.g. also a single nucleotide polymorphism (SNP). The
term “single nucleotide polymorphism” (SNP) is thereby synon-
ymous to the term “single nucleotide variant” (SNV), and both

refer to the same.

In the context of the present invention a “sample” is a sam-
ple which comprises at least one nucleic acid molecule from a
bacterial microorganism. Examples for samples are: cells,
tissue, biopsy specimens, body fluids such as blood, urine,
saliva, sputum, plasma, serum, cell culture supernatant, swab
sample and others. According to certain embodiments, the sam-

ple is a patient sample (clinical isolate).

New and highly efficient methods of sequencing nucleic acids
referred to as next generation sequencing have opened the
possibility of large scale genomic analysis. The term “next
generation sequencing” or “high throughput sequencing” refers
to methods achieving a higher throughput in sequencing, e.g.
high-throughput sequencing technologies that parallelize the
sequencing process, producing thousands or millions of se-
guences at once, or methods producing longer reads and are
read out faster. Examples include Massively Parallel Signa-
ture Sequencing (MPSS), Polony sequencing, 454 pyro-

sequencing, Illumina (Solexa) sequencing, SOLiD sequencing,
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Ion semiconductor sequencing, DNA nanoball sequencing,
Helioscope (TM) single molecule sequencing, Single Molecule
SMRT (TM) sequencing, Single Molecule real time (RNAP) se-
quencing, Nanopore DNA seqguencing, Sequencing By Hybridiza-

tion, Amplicon Sequencing, GnuBio.

Within the present description the term “microorganism” com-
prises the term microbe. The type of microorganism is not
particularly restricted, unless noted otherwise or obvious,
and, for example, comprises bacteria, viruses, fungi, micro-
scopic algae und protozoa, as well as combinations thereof.
According to certain aspects, it refers to one or more bacte-
rial species, being either Gram-negative or Gram-positive,
e.g. one or more of Acinetobacter, Escherichia, e.g. E.coli,
Enterobacter, Klebsiella, Proteus, Pseudomonas, Salmonella,

Serratia, Shigella and/or Staphylococcus species.

A reference to a microorganism or microorganisms in the pre-
sent description comprises a reference to one microorganism
as well a plurality of microorganisms, e.g. two, three, four,

five, six or more microorganisms.

A vertebrate within the present invention refers to animals
having a vertebrae, which includes mammals - including hu-
mans, birds, reptiles, amphibians and fishes. The present in-
vention thus is not only suitable for human medicine, but al-

so for veterinary medicine.

According to certain embodiments, the patient in the present
methods is a vertebrate, more preferably a mammal and most

preferred a human patient.

Before the invention is described in exemplary detail, it is
to be understood that this invention is not limited to the

particular component parts of the process steps of the meth-
ods described herein as such methods may vary. It is also to

be understood that the terminology used herein is for purpos-
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es of describing particular embodiments only, and is not in-
tended to be limiting. It must be noted that, as used in the
specification and the appended claims, the singular forms
"a," "an" and "the" include singular and/or plural referents
unless the context clearly dictates otherwise. For example,
the term "a" as used herein can be understood as one single
entity or in the meaning of "one or more" entities. It is al-
so to be understood that plural forms include singular and/or
plural referents unless the context clearly dictates other-
wise. It is moreover to be understood that, in case parameter
ranges are given which are delimited by numeric values, the

ranges are deemed to include these limitation values.

Regarding the dosage of the antimicrobial, e.g. antibiotic,
drugs, it is referred to the established principles of phar-
macology in human and veterinary medicine. For example,
Forth, Henschler, Rummel "Allgemeine und spezielle
Pharmakologie und Toxikologie", 9th edition, 2005 might be
used as a guideline. Regarding the formulation of a ready-to-
use medicament, reference is made to "Remington, The Science

and Practice of Pharmacy", 22" edition, 2013.

Assembling of a nucleic acid, e.g. gene, sequence can be car-

ried out by any known method and is not particularly limited.

According to certain embodiments, mutations that were found
using alignments can also be compared or matched with align-
ment-free methods, e.g. for detecting single base exchanges,
for example based on contigs that were found by assemblies.
For example, reads obtained from sequencing can be assembled

to contigs and the contigs can be compared to each other.

In the descripticon, the term “structural variations” is used
equivalently to the term “structural changes”, and both refer

to the same phenomenon within the scope of this invention.
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A structural variation comprising a change in the genome com-
prising more than one base refers to a structural variation
wherein at least two bases, preferably at least four bases,
in a nucleic acid sequence of a genome of a microorganism
that are adjacent are changed, and can refer to e.g. a dele-
tion of multiple (2, e.g. 4, or more) nucleotides, an inser-
tion of multiple (2, e.g. 4, or more) nucleotides, a substi-
tution of multiple (2, e.g. 4, or more) nucleotides, a dupli-
cation of a seqguence of multiple (2, e.g. 4, or more) nucleo-
tides, or a translocation of a sequence of multiple (2, e.g.
4, or more) nucleotides. According to certain embodiments, a
structural variation affects a sequence length of at least
about 50 bases, preferably at least about 100 bases, further
preferably at least about 1 Kb (= 1000 bases). According to
certain embodiments, a structural variation affects a se-
quence length of at most 300 Mb (Mega base = 1000000 bases),
e.g. of at most 30 Mb, e.g. of at most 3Mb. In case the term
“structural variation refers to a change in the genome of 4
or more bases, e.g. at least about 50 bases, preferably at
least about 100 bases, further preferably at least about 1
Kb, the term single nucleotide polymorphism can be understood
to include also small indels (insertions or deletions) of up
to at most 3 bases, e.g. up to two bases. According to cer-
tain embodiments, a structural variation can comprise bigger
parts sections of the genome, e.g. at least one whole gene in
the genome of the microorganism, or even more genes in an
open reading frame. According to certain embodiments, struc-
tural variations refer to inclusion of repetitive elements,
copy number variations (gains and losses of single genes or
larger parts of chromosomes), gene fusions, translocations
and other more rare events. According to certain embodiments,
at least one inclusion of repetitive elements, one copy num-
ber variation (gains and losses of single genes or larger
parts of chromosomes), one gene fusion, and/or translocation
of single genes or larger parts of chromosomes is observed in

the present methods as a structural variation.
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A single nucleotide polymorphism (SNP) refers within the

scope of the invention to a variation in a single nucleotide
within a genome, which can result from e.g. an addition, de-
letion, substitution, insertion or translocation of a single

nucleotide.

In the present invention, a reference sequence is not partic-
ularly limited, as long as it is useful as a reference for
one or more unknown nucleic acid seguences in one or more
samples. It can, for example, be one or more reference ge-
nomes, a pan genome Or one or more centroids. A pan genome,
also referred to as supra-genome, can describe the full com-
plement of genes in a clade, e.g. a certain species in bacte-
ria, which can vary among related strains. According to cer-
tain embodiments, the reference seguences comprise one or
more centroids, wherein a centroid is a representative of a
gene group/family/cluster of a genome, e.g. of a microorgan-
ism. Centroids can be for example extracted from the database
MetaRef (http://metaref.org/), which was used in the present
examples, with the extraction from the data base being car-
ried out particularly on November 24, 2014. After the extrac-
tion the data from the MetaRef database can be updated con-
tinually for further experiments. A list of centroids can be
extracted for each organism separately or as a whole. The
centroid information, e.g. for annotation, can be extracted
from databases like IMG (http://img.]jgi.doe.gov/), as in the
present case, or NCBI. According to certain embodiments,

alignment is carried out using a pan genome.

According to a first aspect, the present invention relates to
a method of determining an antimicrobial drug, e.g. antibi-
otic, resistance/susceptibility profile for a microorganism,
particularly a bacterial microorganism, comprising:

obtaining or providing a first data set of nucleic acid, e.g.
gene, sequences of a plurality of clinical isoclates of the
microorganism, wherein optionally at least a part of the nu-

cleic acid, e.g. gene, sequences of the first data set are
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assembled; and/or obtaining or providing a first data set of
nucleic acid, e.g. gene, sequences of a plurality of clinical
isolates of the microorganism and aligning the nucleic acid,
€.g. gene, sequences of the first data set to at least one,
preferably one, reference sequence;

analyzing the nucleic acid, e.g. gene, sequences of the first
data set for structural variations of the genome comprising
at least a change in the genome comprising more than one
base, and analyzing the nucleic acid, e.g. gene, sequences of
the first data set for single nucleotide polymorphisms (SNPs)
to obtain a third data set of structural variants;

providing a second data set of antimicrobial drug, e.g. anti-
biotic, resistance and/or susceptibility of the plurality of
clinical isolates of the microorganism;

correlating the third data set with the second data set and
statistically analyzing the correlation; and

determining the structural variations in the genome of the
microorganism associated with antimicrobial drug, e.g. anti-

biotic, resistance.

In this method, as well as the other methods of the inven-
tion, the first data set of nucleic acid, e.g. gene, sequenc-
es of a plurality of clinical isclates can be provided or ob-
tained in any way, preferably non-invasive, and can be e.g.

provided from in vitro samples.

According to certain embodiments, the obtaining or providing
of nucleic acid, e.g. gene, sequences of a plurality of clin-
ical isoclates in this method - as well as the other methods

of the invention - can comprise the following:

A sample of a vertebrate, e.g. a human, e.g. is provided or
obtained and nucleic acid sequences, e.g. DNA or RNA sequenc-
es, are recorded by a known method for recording nucleic ac-
id, which is not particularly limited. For example, nucleic
acid can be recorded by a sequencing method, wherein any se-

quencing method is appropriate, particularly sequencing meth-
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ods wherein a multitude of sample components, as e.g. in a
blood sample, can be analyzed for nucleic acids and/or nucle-
ic acid fragments and/or parts thereof contained therein in a
short period of time, including the nucleic acids and/or nu-
cleic acid fragments and/or parts thereof of at least one mi-
croorganism of interest, particularly a bacterial microorgan-
ism. For example, sequencing can be carried out using poly-
merase chain reaction (PCR), particularly multiplex PCR, or
high throughput sequencing or next generation sequencing,
preferably using high-throughput sequencing. For sequencing,

preferably an in vitro sample is used.

The data obtained by the sequencing can be in any format, and
can then be used to identify the nucleic acids of the micro-
organism to be identified, by known methods, e.g. finger-
printing methods, comparing genocmes and/or aligning to at
least one, or more, reference sequences of one or more spe-
cies of the microorganism of interest, e.g. a reference ge-
nome and/or centroids, etc., forming a third data set of, op-
tionally aligned, nucleic acid sequences, e.g. genes, for a
microorganism - discarding additional data from other
sources, e.g. the vertebrate. For the present method, also
the raw data can be used and/or assemblies, at least in part,
can be used for forming the third data set. Thus, according
to certain embodiments, at least a part of the nucleic acid,
€.g. gene, sequences of the first data set can be assembled,
wherein assembly can be carried out by any known method and
is not particularly limited. In addition, also data from ref-
erence sequences, e.g. centroids and/or genomes of known spe-
cies, e.g. from bacterial species that are already known,
e.g. using databases like MetaRef - which can provide pan ge-
nomes - and/or at the NCBI, can be used in the first data set

and/or for evaluation of the first data set.

For some organisms, it might be useful in genome-wide associ-
ation studies to reference the points of interest, e.g.

structural wvariations and/or SNPs, to one constant reference
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for enhanced standardization. In case of the human with a
high consistency of the genome and 99% identical sequences
among individuals this is easy and represents the standard,
as corresponding reference genomes are available in data-

bases.

In case of organisms that trigger infectious diseases (e.g.
bacteria and viruses) this is much more difficult, though,
and particularly also genetic variations like structural var-
iations and/or SNPs that are not on genes, particularly known
genes, can be missed when aligning segquence data to a refer-
ence genome. One possibility to overcome this is to fall back
on a virtual pan-genome which contains all sequences of a
certain genus or to perform reference free variation calling.
A further possibility is the analysis of a huge amount of
reference sequences, e.g. using MetaRef, and even all availa-
ble references, which is much more complex. Therein all n
references from a database (e.g. RefSeqg) are extracted and
compared with the newly sequenced bacterial genomes k. After
this, matrices (% of mapped reads, % of covered genome) can
be applied and the data can be compared to several reference
sequences. In such a case, n x k complete alignments are car-

ried out. Having a big number of references, stable results

can be obtained.

In the present method, nucleic acid, e.g. gene, sequence of
the first data set can also be assembled, at least in part,
according to certain embodiments with known methods, e.g. by
de-novo assembly or mapping assembly, reference guided assem-
bly. The sequence assembly is not particularly limited, and
any known genome assembler can be used, e.g. based on Sanger,
454, Solexa, Illumina, SOLid technologies, etc., as well as

hybrids/mixtures thereof.

According to certain embodiments, the data of nucleic acids
of different origin than the microorganism of interest, e.g.

a bacterial microorganism, can be removed after the nucleic
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acids of interest are identified, e.g. by filtering the data
out. Such data can e.g. include nucleic acids of a patient,
e.g. the vertebrate, e.g. human, and/or other microorganisms,
etc. This can be done by e.g. computational subtraction, as
developed by Meyerson et al. 2002. For this, also aligning to
the genome of the vertebrate, etc., is possible. For align-
ing, several alignment-tools are available. This way the
original data amount from the sample can be drastically re-

duced.

After such removal of “excess” data, obtaining the third data
set can be carried out for the microorganism, e.g. a bacteri-

al microorganism, as described above.

Using these techniques, structural variations and SNPs in the
genome, e.g. in the gene sequences, of the microorganism of
interest, e.g. a bacterial microorganism, can be obtained for

various species.

When testing these same species for antimicrobial drug, e.g.
antibiotic, susceptibility of a number of antimicrobial
drugs, e.g. antibiotics, e.g. using standard culturing meth-
ods on dishes with antimicrobial drug, e.g. antibiotic, in-
take, as e.g. described below, the results of these antimi-
crobial drug, e.g. antibiotic, susceptibility tests can then
be cross-referenced/correlated with the structural variations
in the genome of the respective microorganism. Using several,
e.g. 50 or more than 50, 100 or more than 100, 200 or more
than 200, 400 or more than 400, 800 or more than 800, 900 or
more than 900, 1000 or more than 1000, or 1100 or more than
1100 different isolates of the same or different species of a
microorganism, statistical analysis can be carried out on the
obtained cross-referenced data between genetic variations and
antimicrobial drug, e.g. antibiotic, susceptibility for these

microorganisms, using known methods.
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Regarding culturing methods, which are nor limited, samples
of microorganisms can be e.g. cultured overnight. On the next
day individual colonies can be used for identification of or-
ganisms, either by culturing or using mass spectroscopy.
Based on the identity of organisms new plates containing in-
creasing concentration of antibiotics used for the treatment
of these organisms are inoculated and grown for additional 12
- 24 hours. The lowest drug concentration which inhibits
growth (minimal inhibitory concentration - MIC) can be used
to determine susceptibility/resistance for tested antibiot-

ics.

Also, resistance testing can be carried out by determining
€.g. known resistance genes in the different isolates, like
in case of methicillin resistant Staphylococcus aureus (MRSA)
and methicillin susceptible Staphylococcus aureus (MSSA). For
determining resistances, respectively susceptibility, the da-
ta from culturing methods and/or from determining known re-
sistance genes, as well as data obtained in different ways,
e.g. based on mass spectrometry (possibly also in connection

with culturing) can be used.

Correlation of the genetic variations with antimicrobial
drug, e.g. antibiotic, resistance can be carried out in a
usual way and is not particularly limited. For example, re-
sistances can be correlated to structural variations and SNPs
in the whole genome of the respective microorganism or only
parts thereof, for example only coding parts of the genome.
In some cases even only genetic variations, i.e. structural
variations and SNPS in nucleic acid molecules with certain
nucleic acid sequences, e.g. genes, e.g. certain genes, or
certain mutations in nucleic acid molecules with certain nu-
cleic acid sequences, e.g. genes, can be determined. After

correlation, statistical analysis can be carried out.

According to certain embodiments, the data of the first data

set, particularly structural variations and/or SNPs, can be
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filtered prior to a possible annotation to a pan-genome
and/or reference genome(s) and the correlation with the re-
sistance/susceptibility data, e.g. when determining structur-

al variations.

For example, to reduce the number of similar annotations,
e.g. for structural variations and/or SNPs, they can be fil-
tered and aggregated by one or more of the following:

e Only annotations for which the considered structural
variation and/or SNP lies on a protein can be kept and the
further data discarded

. Only annotations which do not contain “hypothetical pro-
teins” can be kept

. Annotations can be sorted by identification number (ID),
e.g. for SNPs and/or structural variation, and nucleic acid
seguence, e.g. gene product

. For a unique pair of IDs and nucleic acid sequences,
e.g. gene products, only the first annotation can be kept,
e.g. in case of multiple nucleic acid sequences, e.g. coding

certain genes, in a genome

Also, according to certain embodiments, the following struc-
tural variations and/or SNPs can be excluded:

1. Constant features and phenotypes (same value or only NA
(not applicable)) can be removed (e.g. centroids present in
all samples or phenotypes with the result “resistant” for all
samples)

2. Almost constant features and phenotypes can also be re-
moved, e.g. features whose most frequent value was in >=95%
of all samples, ignoring NA values, can be removed (e.g. a
centroid is present in >=95% of all samples)

° Also phenotypes whose most fregquent value was in >=90%
of all samples, ignoring NA values, can be removed (e.g.
>=90% of all samples are resistant)

3. In addition, only drugs with non-missing data for at

least 10% of the samples can be kept.
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4, Mutations, e.g. SNPs, without any annotation or muta-
tions, e.g. SNPs, whose all annotations contain flag “synony-
mous”, so that only mutations, e.g. SNPs, with at least one
non-synonymous annotation, e.g. a non-synonymous cocding, are

considered

For statistical analysis, as in the examples, e.g. Fisher's
exact two-sided test can be applied with subsequent p-value
adjustment over all phenotypes together using e.g. familywise
error rate (FWER) or FDR (false discovery rate) and p-value
threshold of 0.01 (corresponding to 107%, respectively le-2).
Additionally, 10 permutation tests can be performed by per-
muting each phenotype separately and applying Fisher's exact
test, e.g. to the centroid presence matrix and permuted phe-

notypes. Regarding centroids, the results then can be further

filtered by centroid annotation, 1i.e.

1. Centroids without a gene product name can optionally be
removed

2. Centroids whose gene product name contains “putative”,

“predicted” or “hypothetical” can be removed
3. If there are centroids with same gene product name and
gene symbol than only the first one can be kept

4. Centroids without GeneBank accession can be removed

According to certain embodiments, the structural variations
and/or SNPs can be annotated to a pan-genome of the microor-
ganism and/or annotated to one or more reference sequences,
e.g. centroids, of the microorganism. The construction of a
pan-genome is not particularly limited and can be done using

known methods.

However, other suitable reference genomes (e.g. used in the
Examples, but also for other microorganisms) can be found at
publicly available data bases like at the NCBI or from
MetaRef.
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Statistical analysis of the correlation of the nucleic acid,
e.g. gene, mutations with antimicrobial drug, e.g. antibi-
otic, resistance is not particularly limited and can be car-
ried out, depending on e.g. the amount of data, in different
ways, for example using analysis of variance (ANOVA), Stu-
dent’s t-test or Fisher’s exact test, for example with a sam-
ple size n of 50, 100, 200, 300, 400, 500, 600, 800, 1000 or
1100, and a level of significance (a-error-level) of e.g.
0.05 or smaller, e.g. 0.05, preferably 0.01 or smaller. A
statistical value can be obtained for each structural wvaria-
tion and/or each nucleic acid / genetic sequence in the ge-
nome as well as for all antibiotics tested, a group of anti-
biotics or a single antibiotic. The obtained p-values can al-

so be adapted for statistical errors, if needed.

For statistically sound results a multitude of individuals
should be sampled, with n = 50, 100, 200, 300, 400, 500, 600,
800, 1000, or 1100 and a level of significance (a-error-
level) of e.g. 0.05 or smaller, e.g. 0.05, preferably 0.01 or
smaller. According to certain embodiments, particularly sig-
nificant results can be obtained for n = 200, 300, 400, 500,
600.

For statistically sound results a multitude of individuals
should be sampled, with n = 50 or more, 100 or more, 200 or
more, 300 or more, 400 or more, 500 or more, 600 or more, 800
or more, 1000 or more, or 1100 or more, and a level of sig-
nificance (a-error-level) of e.g. 0.05 or smaller, e.g. 0.05,
preferably 0.0l or smaller. According to certain embodiments,
particularly significant results can be obtained for n = 200
or more, 300 or more, 400 or more, 500 or more, 600 or more,

800 or more, 1000 or more, or 1100 or more.

When referring to the second data set, wherein the second da-
ta set e.g. comprises, respectively is, a set of antimicrobi-
al drug, e.g. antibiotic, resistances of a plurality of clin-

ical isolates, this can, within the scope of the invention,
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also refer to a self-learning data base that, whenever a new
sample 1s analyzed, can take this sample into the second data
set and thus expand its data base. The second data set thus
does not have to be static and can be expanded, either by ex-
ternal input or by incorporating new data due to self-
learning. This is, however, not restricted to the first as-
pect of the inventiocn, but applies to other aspects of the
invention that refer to a second data set, which does not
necessarily have to refer to antimicrobial drug resistance.
The same applies, where applicable, to the first data set,

e.g. 1in the first aspect.

According to certain embodiments of the first aspect, the
structural variations are detected alignment-free. According
to certain embodiments, the structural variations are anno-
tated to a pan-genome of the microorganism and/or annotated

to one or more reference sequences.

According to certain embodiments, statistical analysis in the
present methods is carried can be carried using Fisher’s test

with p < 107%, preferably p < 107%, further preferably p < 107
9

The method of the first aspect of the present invention, as
well as related methods, e.g. according to the 2™ and 3% as-
pect, can, according to certain embodiments, comprise corre-
lating different genetic sites to each other. This way even

higher statistical significance can be achieved.

According to certain embodiments of the method of the first
aspect and related methods - as above, the second data set
can be provided by culturing the clinical isolates of the mi-
croorganism on agar plates provided with antimicrobial drugs,
e.g. antibiotics, at different concentrations, and the second
data can be obtained by taking the minimal concentration of
the plates that inhibits growth of the respective microorgan-

ism.
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According to certain embodiments the antimicrobial drug, e.g.
antibiotic drug, is selected from the group consisting of B-
lactams, PB-lactam inhibitors, guinolones and derivatives
thereof, e.g. fluoroquinolones, aminoglycosides, glycopep-
tides, lincosamides, macrolides, nitrofuranes,
oxazolidinones, polyketides, respectively tetracyclines, and
folate synthesis inhibitors, e.g. benzene derived/sulfonamide
antibiotics. According to certain embodiments, the antimicro-
bial drug, e.g. antibiotic drug, is selected from the group
consisting of Amoxicillin/K Clavulanate (AUG), Ampicillin
(AM), Aztreonam (AZT), Cefazolin (CFZ), Cefepime (CPE),
Cefotaxime (CFT), Ceftazidime (CAZ), Ceftriaxone (CAX), Ce-
furoxime (CRM), Cephalotin (CF), Ciprofloxacin (CP),
Ertapenem (ETP), Gentamicin (GM), Imipenem (IMP), Levofloxa-
cin (LVX), Meropenem (MER), Piperacillin/Tazobactam (P/T),
Ampicillin/Sulbactam (A/S), Tetracycline (TE), Tobramycin
(TO), and Trimethoprim/Sulfamethoxazole (T/S). According to
certain embodiments, the microorganism is a Gram-positive or

a Gram-negative bacteria, e.g. a Gram-negative bacteria.

In the methods of the invention, the resistance of the micro-
organism, particularly the bacterial microorganism, to one or

more antimicrobial, e.g. antibiotic, drugs can be determined.

According to certain embodiments, the resistance of a micro-
organism, particularly bacterial microorganism, against 1, 2,
3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15 or 1le6, 17, 18,
19, 20, 21 or more antibiotic drugs is determined. According
to certain embodiments, the resistance of a microorganism,
particularly bacterial microorganism, against 1, 2, 3, 4, 5,
6, 7, 8, 9, 10, 11, 12, 13, 14, 15 or 16, 17, 18, 19, 20 or

21 antibiotic drugs is determined.

A second aspect of the present invention relates to a diag-
nostic method of determining an infection of a patient with a

microorganism, particularly a bacterial microorganism poten-
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tially resistant to antimicrobial drug treatment, comprising
the steps of:

a) obtaining or providing a sample containing or suspected
of containing a microorganism, particularly a bacterial mi-
croorganism, from the patient;

b) determining the presence of at least one structural var-
iation of the genome comprising at least a change in the ge-
nome comprising more than one base, and at least one single
nucleotide polymorphism (SNP) in at least one genetic se-
guence of the microorganism, particularly bacterial microor-
ganism, as determined by the method of the first aspect,
wherein the presence of said at least one structural varia-
tion and said single nucleotide polymorphism is indicative of
an infection with an antimicrobial drug resistant microorgan-

ism in said patient.

An infection of a patient with a microorganism, preferably a
bacterial microorganism, e.g. one or more of Acinetobacter,
Escherichia, e.g. E.coli, Enterobacter, Klebsiella, Proteus,
Pseudomonas, Salmonella, Serratia, Shigella and/or Staphylo-
coccus species, potentially resistant to antimicrobial drug
treatment herein means an infection of a patient with a mi-
croorganism, preferably a bacterial microorganism, particu-
larly one as noted above, wherein it is unclear if the micro-
organism, preferably bacterial microorganism, is susceptible
to treatment with a specific antimicrobial drug or if it is

resistant to the antimicrobial drug.

With this method, any mutations in the genome of a microor-
ganism, e.g. bacterial microorganism, e.g. a clinical isolate
with an unknown strain of the microorganism, particularly
bacterial microorganism, correlated with antimicrobial drug,
€.g. antibiotic, resistance can be determined and a thorough
antimicrobial drug, e.g. antibiotic, resistance profile can
be established comprising structural variations as well as
SNPs.
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Again, the different steps can herein be carried out as de-
scribed with regard to the first aspect of the present inven-

tion.

According to this aspect, an infection with a microorganism,
particularly a bacterial microorganism, in a patient can be
determined using sequencing methods, as well as a resistance
to antimicrobial drugs, e.g. antibiotics, of the microorgan-
ism can be determined in a short amount of time compared to
conventional methods, and a more thorough diagnostic is pos-
sible compared to a determination of only structural varia-
tions or SNPs, leading to improved results for determining
the resistance and/or susceptibility of the microorganism,

particularly bacterial microorganism.

In a third aspect, the present invention relates to a treat-
ment of a patient suffering from an infection with a poten-
tially resistant microorganism, particularly bacterial micro-
organism, comprising the steps of:

a) obtaining or providing a sample containing or suspected
of containing a microorganism, particularly a bacterial mi-
croorganism, from the patient;

b) determining the presence of at least one structural var-
iation of the genome comprising at least a change in the ge-
nome comprising more than one base, and at least one single
nucleotide polymorphism (SNP) in at least one genetic se-
gquence of the microorganism, particularly bacterial microor-
ganism, as determined by the method of the first aspect,
wherein the presence of said at least one structural varia-
tion is indicative of a resistance to one or more antimicro-
bial drugs;

c) identifying said at least one or more antimicrobial
drugs; and

d) selecting one or more antimicrobial drugs different from
the ones identified in step c¢) and being suitable for the
treatment of the infection with the microorganism, particu-

larly the bacterial microorganism.
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This method can be carried out similarly to the second aspect
of the invention and enables a fast way to select a suitable
treatment with antibiotics for any infection with an unknown
microorganism, particularly bacterial microorganism, with im-
proved results compared to a determination of only structural

variations or SNPs.

In this method, as well as similar ones, no aligning is nec-
essary, as the unknown sample can be directly correlated, af-
ter the genome or genome sequences are produced, with the se-
cond data set, and thus genetic variations and antimicrobial
drug, e.g. antibiotic, resistances can be determined. The
first data set can be assembled, for example, using known

techniques.

According to certain embodiments, statistical analysis in the
present method is carried out using Fisher’s test with p <
1073, preferably p < 107, preferably p < 107°. Also, according
to certain embodiments, the method further comprises corre-

lating different genetic sites to each other.

According to certain aspects, structural variations and/or
SNPs in at least two, three, four, five, six, seven, eight,
nine or ten positions, respectively sequences, are determined
in any of the methods of the present invention, e.g. in at
least two positions, respectively sequences, or in at least
three positions, respectively sequences. Instead of testing
only single positions, respectively sequences, the combina-
tion of several variant positions, respectively sequences,
can improve the prediction accuracy and further reduce false
positive findings that are influenced by other factors.
Therefore, it is in particular preferred to determine the
presence of structural variations and SNPs in 2, 3, 4, 5, 6,

7, 8 or 9 (or more) seqguences.
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The identification of the at least one or more antimicrobial,
e.g. antibiotic, drug in step c) is then based on the results
obtained in step b) and corresponds to the antimicrobial,
e.g. antibiotic, drug(s) that correlate(s) with the structur-
al variations and SNPs. Once these antimicrobial drugs, e.g.
antibiotics, are ruled out, the remaining antimicrobial
drugs, e.g. antibiotic drugs/antibiotics, can be selected in

step d) as being suitable for treatment.

According to certain embodiments in the second or third as-
pect, step b) 1is carried out using a classification ap-
proach/method like a decision tree, random forest, neural
network, bayesian classification, support vector machine,
etc. wherein at first the presence of a single nucleotide
polymorphism is determined, e.g. a decision tree, wherein in
the decision tree at first the presence of a single nucleo-
tide polymorphism is determined. A classification approach
can be suitably selected and applied, e.g. a decision tree
can pbe generated using known methods, e.g. within the scope
of the statistical analysis, and i1s otherwise not particular-
ly restricted. According to certain embodiments, a resistance
in the microorganism can be determined using a decision tree,
corresponding to a statistical analysis, wherein one or more
SNPs are determined prior to determining one or more struc-
tural variants. This way the diagnosis of a resistant micro-

organism, e.g. bacterial microorganism, can be optimized.

According to certain embodiments, determining the nucleic ac-
id sequence information or the presence of a genetic varia-

tion in the present methods comprises using a next generation
sequencing or high throughput sequencing method, e.g. as men-

tioned above.

According to certain embodiments, the antibiotic is choses
from Ampicillin-sulbactam (A/S) and Levofloxacin (LVX). Ac-
cording to certain embodiments, the microorganism, particu-

larly bacterial microorganism, in the present methods is cho-
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sen from bacterial microorganisms from the genus Escherichia
and/or Klebsiella, particularly E. coli and/or K. pneumoniae.
According to certain embodiments, the antibiotic is chosen
for Escherichia, particularly E. coli, from the group con-
sisting of Amoxicillin-clavulanate (AUG), Ampicillin-
sulbactam (A/S) and Levofloxacin (LVX), particularly Ampicil-
lin-sulbactam (A/S) and Levofloxacin (LVX). According to cer-
tain embodiments, the antibiotic is chosen for Klebsiella,
particularly K. pneumoniae, from the group consisting of Am-

picillin-sulbactam (A/S) and Levofloxacin (LVX).

A fourth aspect of the present invention relates to a method
of determining structural variations and SNPs of a genome of
a microorganism for a clinical isolate of the microorganism,
particularly a bacterial microorganism, comprising:

obtaining or providing at least one nucleic acid, e.g. gene,
sequence of the clinical isolate of the microorganism, par-
ticularly the bacterial microorganism; and

determining the presence of structural variations and SNPs in
the at least one nucleic acid, e.g. gene, sequence of the
clinical isolate of the microorganism, particularly bacterial
microorganism, as determined by the method of the first as-

pect.

With this method, antimicrobial drug, e.g. antibiotic, re-
sistances in an unknown isolate of a microorganism, e.g. bac-

terial microorganism, can be determined.

A simple read out concept for a diagnostic test as described

in this aspect can be as follows.

A sample, e.g. blood from a patient, is used for molecular
testing, e.g. using next generation sequencing (NGS), and
then a molecular fingerprint is taken, e.g. in case of NGS a
sequence of selected genomic/plasmid regions or the whole ge-
nome is assembled. This is then compared to a reference 1li-

brary containing several reference seguences and/or a pan-
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genome, 1i.e. selected sequences or the whole sequence are/is
compared to one or more reference sequences and/or a pan-
genome, and structural variations ( sequence / gene addi-
tions/deletions, etc.) and SNPs are correlated with suscepti-
bility/resistance profiles of reference sequences of the ref-
erence library. The reference library herein contains many
genomes and/or one or more pan-genomes and is different from
a reference genome. Then the result is reported, which can
comprise ID (pathogen identification), i.e. a list of all
(pathogenic) species identified in the sample, and AST (anti-
microbial susceptibility testing), i.e. a list including a
susceptibility /resistance profile for all species listed,

based on structural variations.

According to certain embodiments, statistical analysis in the
present method is carried out using Fisher’s test with p <
1073, preferably p < 107°, preferably p < 107°. Also, according
to certain embodiments, the method further comprises corre-

lating different genetic sites to each other.

Again, in the second, third and fourth aspect, the different
steps herein can be carried out as described with regard to

the first aspect of the present invention.

According to certain embodiments, the obtaining or providing
of a sample containing or suspected of containing at least
one microorganism, preferably a bacterial microorganism, e.g.
one or more of Acinetobacter, Escherichia, e.g. E.coli,
Enterobacter, Klebsiella, Proteus, Pseudomonas, Salmonella,
Serratia, Shigella and/or Staphylococcus species, from the
patient in the methods of the invention can comprise the fol-
lowing:

A sample of a vertebrate, e.g. a human, e.g. is provided or
obtained and nucleic acid sequences, e.g. DNA or RNA sequenc-
es, are recorded by a known method for recording nucleic ac-
id, which is not particularly limited. For example, nucleic

acid can be recorded by a sequencing method, wherein any se-
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quencing method is appropriate, particularly sequencing meth-
ods wherein a multitude of sample components, as e.g. in a
blood sample, can be analyzed for nucleic acids and/or nucle-
ic acid fragments and/or parts thereof contained therein in a
short period of time, including the nucleic acids and/or nu-
cleic acid fragments and/or parts thereof of the microorgan-
ism. For example, sequencing can be carried out using poly-
merase chain reaction (PCR), particularly multiplex PCR, or
high throughput sequencing or next generation sequencing,
preferably using high-throughput sequencing. For sequencing,

preferably an in vitro sample is used.

The data obtained by the sequencing can be in any format, and
can then be analyzed as described with regard to the first to

fourth aspect of the present invention.

In a fifth aspect the present invention relates to one or
more computer program products comprising computer executable
instructions which, when executed, perform a method according
to any one of the first to the fourth aspect of the present

invention.

In certain embodiments the computer program product is one on
which program commands or program codes of a computer program
for executing said method are stored. According to certain
embodiments the computer program product is a storage medium.
As noted above, the computer program products of the present
invention can be self-learning, e.g. with respect to the

first and second data sets.

In order to obtain the best possible information from the
highly complex genetic data and develop an optimum model for
diagnostic and therapeutical uses as well as the methods of
the present invention - which can be applied stably in clini-
cal routine - a thorough in silico analysis can be necessary.
The proposed principle is based on a combination of different

approaches, e.g. assembly of the nucleic acid, e.g. gene, se-
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quences and/or genome of the microorganisms, at least in part
and optionally annotating the sequences to one or more refer-
ence sequences and/or one or more pan-genomes, and/or align-
ment of the sequence data of the clinical isclate to be de-
termined with one or more reference sequences and/or one or
more pan-genomes, and correlation of structural variations
and SNPs found in every sample, e.g. from each patient, re-
spectively an unknown clinical isolate, with all references
and drugs, e.g. antibiotics, or only one or some of them, and
search for structural variations and SNPs which occur in one

or several drugs and one or several strains.

Using the above steps a list of structural variations and
SNPs with regard to one or more reference sequences and/or
one Oor more pan-genomes 1is generated. These can be stored in
databases and statistical models can be derived from the da-
tabases. The statistical models can be based on at least one
or more structural variations and at least one or more SNPs
in at least one or more sequences. Statistical models that
can be trained can be combined from structural variations,
SNPs and sequences. Examples of algorithms that can produce
such models are association Rules, Support Vector Machines,
Decision Trees, Decision Forests, Discriminant-Analysis,

Cluster-Methods, and many more.

The goal of the training is to allow a reproducible, stand-

ardized application during routine procedures.

For this, for example, nucleic acid, e.g. gene, sequences or
parts thereof can be sequenced from a patient to be diag-
nosed. Afterwards, core characteristics can be derived from
the sequence data which can be used to predict resistance.
These are the points in the database used for the final mod-
el, i.e. at least one structural variation and one SNP, but
also combinations of one or more structural variations and

one or more SNPs, etc.
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The corresponding characteristics can be used as input for
the statistical model and thus enable a prognosis for new pa-
tients. Not only the information regarding all resistances of
all microorganisms, against all or only some or one drugs,
e.g. antibiotics, can be integrated in a computer decision
support tool, but also corresponding directives (e.g. EUCAST)
so that only treatment proposals are made that are in line

with the directives.

A sixth aspect of the present invention relates to the use of
the computer program product according to the fifth aspect,
e.g. for determining structural variations and SNPs of a ge-
nome of a microorganism for a clinical isolate of the micro-
organism in the fourth aspect of the invention and/or for use
in the diagnostic method of the second method of the inven-
tion and/or for selecting a treatment in the third aspect of
the present invention and/or in the method of the first as-

prect of the present invention.

A seventh aspect of the present invention is directed to a
method of treating a patient suffering from an antimicrobial
drug, e.g. antibiotic, resistant infection with a microorgan-
ism, preferably a bacterial microorganism, e.g. one or more
of Acinetobacter, Escherichia, e.g. E.coli, Enterocbacter,
Klebsiella, Proteus, Pseudomonas, Salmonella, Serratia,
Shigella and/or Staphylococcus species, comprising the steps
of:

a) obtaining or providing a sample containing or suspected
of containing at least one microorganism, preferably a bacte-
rial microorganism, from the patient;

b) determining the presence of at least one structural var-
iation of the genome comprising at least a change in the ge-
nome comprising more than one base, and at least one single
nucleotide polymorphism (SNP) in at least one genetic se-
guence of the microorganism, particularly bacterial microor-
ganism, as determined by the method of the first aspect,

wherein the presence of said at least one structural varia-
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tion is indicative of a resistance to one or more antimicro-
bial drugs;

c) identifying said at least one or more antimicrobial,
e.g. antibiotic, drugs;

d) selecting one or more antimicrobial, e.g. antibiotic,
drugs different from the ones identified in step c) and being
suitable for the treatment of the infection with the microor-
ganism, preferably a bacterial microorganism; and

e) treating the patient with said one or more antimicrobi-

al, e.g. antibiotic, drugs.

Herein, steps a) to d) can be carried out as described with
respect to the fourth aspect. Step e) can be sufficiently
carried out without being restricted and can be done e.g.

non-invasively.

Examples

The present invention will now be described in detail with
reference to several examples thereof. However, these exam-
ples are illustrative and do not limit the scope of the in-

vention.

In the following Example, two different microorganisms, name-
ly Escherichia coli and Klebsiella pneumoniae, were tested
for identification of antibiotic resistances using structural
variations and SNPs separately, respectively, as well as
tested for identification of antibiotic resistances using a

combined approach using structural variations and SNPs.

In the Example, the consideration of structural variations in
the genomes is also referred to as “approach A”, and the con-
sideration of single nucleotide variations, i.e. SNPs, is al-

so referred to as “approcach B”.

To test both approaches, we evaluated pathogenic E. coli and

K. pneunomiae bacteria as proof-of-concept. Specifically, we
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generated genetic profiles for 1,161 pathogenic E. coli and
1,171 K. pneumoniae isolates by using whole genome deep se-
quencing. For the isolates, we performed standard culture-
based resistance tests for 21 different drugs, Amoxicillin/K
Clavulanate (AUG), Ampicillin (AM), Aztreonam (AZT),
Cefazolin (CFZ), Cefepime (CPE), Cefotaxime (CFT),
Ceftazidime (CAZ), Ceftriaxone (CAX), Cefuroxime (CRM),
Cephalotin (CF), Ciprofloxacin (CP), Ertapenem (ETP), Gen-
tamicin (GM), Imipenem (IMP), Levofloxacin (LVX), Meropenem
(MER), Piperacillin/Tazobactam (P/T, or P T), Ampicil-
lin/Sulbactam (A/S, or A S), Tetracycline (TE), Tobramycin
(TO), and Trimethoprim/Sulfamethoxazole (T/S, or T S). These
drugs belong to five different drug classes, i.e. B-lactam
antibiotics, guinolone antibiotics, aminoglycoside antibiot-
ics, polyketide antibiotics, and benzene derived/sulfonamide
antibiotics. For both approaches computer-aided analysis and

machine learning technologies have been employed.

For approcach A the following procedure has been carried out:
First, a pan genome for E. coli and K. pneumoniae was defined
respectively using the database MetaRef. Lists of centroids
(gene cluster representatives) for E. coli (20,639 unique
centroids) and K. pneumoniae (5,860 unique centroids) were
used and their nucleotide sequences were extracted. Then, the
centroids were aligned against the de novo assemblies of the
1,161 and 1,171 bacteria samples using BLASTn with the fol-
lowing parameters: word size = 11, gap open = 3, gap extend =
2, penalty = -2, reward = 1. For each alignment result the
matches were sorted by centroid ID, centroid alignment
length, identity and E-value to extract best hits for each
centroid and each isolate. A centroid was considered as pre-
sent in an isolate 1f its best hit had at least 80% identity
and at least 80% of the centroid sequence length was aligned.
In that we generated a structural information map, defining
for each sample, which nucleic acid sequences, e.g. genes, on
the core and pan genome were present or not in the respective

samples. These binary matrices (one for E. coli and one for
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K. pneunomiae) were subjected to different statistical learn-
ing approaches. In this analysis the maximum tree depth was
set to 10, no pruning was performed, no surrogate splits were
used, and the complexity parameter was set to 0.01, the mini-
mal split number was set to 2. To account for class imbalance
a loss matrix was used where the penalty for predicting re-
sistance instead of susceptibility was defined as the ratio
of resistant samples in the data set (the penalty for pre-
dicting susceptibility instead of resistant was defined anal-
ogously). To test for potential over-training of the models
non-parametric permutation tests were done.

For approach B, 40 representative samples of E. coli and of
K. pneumoniae were randomly selected and matched against all
currently available reference genomes. In the analysis no
substantial variations between the reference genomes were ob-
served. The best of all reference genomes was then used to
align all E. coli and K. pneunomiae samples against it
(Klebsiella pneumoniae subsp. pneumoniae MGH 78578; Esche-
richia coli str. K-12 substr. DH10B chromosome). From these
alignments, single nucleotide variants (SNPs) were calculated
and the respective matrices containing the genetic variations
were subjected to the same statistical learning approach as

for approcach A.

The results of both approaches are presented in detail in Ta-
bles 1 and 2. The tables present the mean accuracy, sensitiv-
ity, specificity, PPV (positive predictive value) and ROC
curve (receiver operating characteristic) AUC (area under
curve) value. The upper numbers in each table denote the re-
sults from approach B and the lower numbers in each column of
approach A for the respective antimicrobial drug. The bold,
underlined numbers highlight the better performing approach.
The average accuracy of approach A was for E. coli 80% and
for approach B 87%. For K. pneunomiae, approach A had an av-

erage performance of 87% and approach B of 87.3%.
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Table 1: Test results for E. coli, with the upper line for
each antibiotic representing approach B (SNPs), and the lower

line representing approach A (structural variations)

Drug Abbr. | Accuracy | Sensitivity | Specificity | PPV | AUC
Ampicillin- A S so 93 S0 90.2|92.9
sulbactam 67 68 65.8 68 70.5
Ampicillin AM 93.9 92.6 95.3 95.896.1
69.4 70.4 68.3 73 73.3
Amoxicillin- AUG 74.3 82.2 70.8 56.7179.5
clavulanate 66.1 59.2 69.4 49 65
Aztreonam AZT 89.6 80 90.6 47.2 | 86.3
85.3 60.8 87.8 34.3 (72
Ceftriaxone CAX 89.4 76.9 90.9 49.5 |82
83.1 57 86.1 32.4172.9
Cefotaxime CFT 89.1 76.6 90.6 51 84.2
83.7 58 86.8 34.9172.5
Ciprofloxacin | CP 89.6 82.9 91.1 68.1|87.9
Cefuroxime CRM 79.86 67.7 82.3 47.4 |79
73.8 59 77.1 37.8| 68
Gentamicin GM 82.4 77.2 83.1 37.5|77.6
83.9 50 88.6 35.2]65.1
Levofloxacin LVX 90 84.6 92.2 71.1189.4
97 96.6 98 91.9(97.4
Trimethoprim- | T_S S0 92.9 88.8 77.9 192
sulfamethoxaz 68.6 61.9 71.6 48.9 170
ole
Tobramycin TO 83.2 74.9 84.2 35.4176.2
83.9 66.5 86 36.5|74.9
Abbr. = abbreviation; PPV = positive predictive value; AUC = area

under curve
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with the upper line
and the

(SNPs),

(structural variations)

Drug Abbr. | Accuracy | Sensitivity | Specificity | PPV | AUC
Ampicillin- A S 80 73.1 88.7 86.6 | 83.6
sulbactam 76 68.9 82.9 79.9(79.6
Amoxicillin- AUG 86.6 85.9 86.9 72.8 189.3
clavulanate 83.3 74.6 87.1 70.9 1 82.1
Aztreonam AZT 89.4 89.2 89.6 76.7192.5
91.6 86.9 93.4 84 91.4
Ceftriaxone CAX 89.5 80.3 89.2 77.31892.4
90.9 86.2 92.8 82.9]90.9
Ceftazidime CAZ 89.3 87.9 89.9 78.1192.5
80.9 85.4 93.2 84.2189.9
Cefotaxime CFT 90.2 91.1 89.8 77.6]92.3
91.3 84.8 93.7 83.9189.9
Ciprofloxacin | CP 85.6 77.8 88.1 68.2|84.3
Cefepime CPE 88.1 83.3 8s.1 60.9|86.5
88.3 81.2 89.7 62.6 186.1
Cefuroxime CRM 82.9 74.4 87.9 78.8 | 83
81.8 74.7 86 76.8 | 83.7
Ertapenem ETP 94.1 84.8 95.2 67.5188.3
94.7 82.3 96.3 73.688.8
Gentamicin GM 83.6 88.2 82. 53.6 186.8
79.8 55.5 85.4 46.1170.3
Levofloxacin LVX 84.8 77.7 86.9 62.92185.1
0 86.7 92.9 78.2 [ 91.3
Piperacillin- | P T 83.7 83.2 83.8 62.9186.1
tazobactam 85.1 76.9 87.8 67.9183.3
Trimethoprim- | T_S 88.5 94.8 86.1 71.1192.2
sulfamethoxaz 80.4 72.7 83.2 61.6]79.7
ole
Tobramycin TO 91.6 81.8 91.5 79.6 1 85.5
88.1 79.5 91.2 77.4187.5




10

15

20

25

WO 2019/048068 PCT/EP2017/072757

39

We observed highly wvariable results that indicated that in
certain cases approach A and in other cases approach B were
coli

more accurate. This was even not concordant between E.

and K. pneunomiae. Since in many indications the resistance /
sensitivity for a broad number of drugs is required, we con-
cluded that a combination of approach A and B, i.e. combining
the structural genomic information on structural variations,
e.g. gene presence and absence, combined with the genetic

variants on single nucleotide level, i.e. SNPs, has a sub-
stantially higher performance and enables accurate genetic

resistance testing.

For E. coli a combined decision tree analysis according to
the one in approach A and B (initial performance 80% and 87%)
(+1.4%) .
formance for K. pneunomiae was increased by 1.4% from 87.3%
to 88.7%. Further, For E.
the minimal performance of the single approaches was 66.1%
(AUG) .

the performance jumped by 8.2% to 74.3%. Likewise,

increased the accuracy to 88.4% Likewise, the per-

extreme cases were observed. coli

for Amcxicillin-clavulanate For the combined approach
for K.

pneunomiae the
(A S) from 76%

ble results of

performance increased for Ampicillin-sulbactam
to 80.9%.

Table 3 were achieved.

In addition, the following remarka-

Table 3: Selected results from combined approach
Organism Drug Accuracy Accuracy Accuracy
SNPs Structural | Combined Mo-
Variations | del
E. coli Ampicillin- 67 90 95
sulbactam (A/S)
E. coli Levofloxacin 97 20 99
(LVX)
K. Ampicillin- 76 80 30
pneumoniae | sulbactam (A/S)
K. Levofloxacin 920 85 95
pneumoniae | (LVX)
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These numbers impressively demonstrate on a large data set
that the combination of single nucleotide level information
with larger genetic variations has a substantial potential to
improve diagnosis, prognosis and therapy stratification in

human pathology.
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Claims

1. A method of determining an antimicrobial drug resistance
profile for a microorganism, comprising:

obtailning or providing a first data set of nucleic acid se-
quences of a plurality of c¢linical isolates of the microor-
ganism, wherein optionally at least a part of the nucleic ac-
id sequences of the first data set are assembled; and/or ob-
taining or providing a first data set of nucleic acid se-
quences of a plurality of clinical isolates of the microor-
ganism and aligning the nucleic acid seguences of the first
data set to at least one reference sequence;

analyzing the nucleic acid sequences of the first data set
for structural variations of the genome comprising at least a
change in the genome comprising more than one base, and ana-
lyzing the nucleic acid sequences of the first data set for
single nucleotide polymorphisms (SNPs) to obtain a third data
set of structural variants;

providing a second data set of antimicrobial drug, e.g. anti-
biotic, resistance and/or susceptibility of the plurality of
clinical isclates of the microorganism;

correlating the third data set with the second data set and
statistically analyzing the correlation; and

determining the structural variations and SNPs in the genome
of the microorganism associated with antimicrobial drug, e.g.

antibiotic, resistance.

2. The method of claim 1, wherein the structural variations
and the SNPs are annotated to a pan-genome of the microorgan-

ism and/or annotated to one or more reference genomes.

3. The method of one or more of the preceding claims,
wherein the method involves determining the resistance of the

microorganism to one or more antimicrobial drugs.

4. The method of one or more of the preceding claims,

wherein the antimicrobial drug is selected from the group
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consisting of Amoxicillin/K Clavulanate (AUG), Ampicillin
(AM), Aztreonam (AZT), Cefazolin (CFZ), Cefepime (CPE),
Cefotaxime (CFT), Ceftazidime (CAZ), Ceftriaxone (CAX), Ce-
furoxime (CRM), Cephalotin (CF), Ciprofloxacin (CP),
Ertapenem (ETP), Gentamicin (GM), Imipenem (IMP), Levofloxa-
cin (LVX), Meropenem (MER), Piperacillin/Tazobactam (P/T),
Ampicillin/Sulbactam (A/S), Tetracycline (TE), Tobramycin
(TO), and Trimethoprim/Sulfamethoxazole (T/S).

5. The method of one or more of the preceding claims,
wherein the resistance of the microorganism against 1, 2, 3,
4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15 or 16, 17, 18, 19,

20 or 21 antibiotic drugs is determined.

6. A method of determining an infection of a patient with a
microorganism, comprising the steps of:

a) obtaining or providing a sample containing or suspected
of containing a microorganism from the patient;

b) determining the presence of at least one structural var-
iation of the genome comprising at least a change in the ge-
nome comprising more than one base, and at least one single
nucleotide polymorphism (SNP) in at least one genetic se-
guence of the microorganism, as determined by the method of
any one of claims 1 to 5, wherein the presence of said at
least one structural variation and said at least one single
nucleotide polymorphism is indicative of an infection with an

antimicrobial drug resistant microorganism in said patient.

7. The method of claim 6, wherein the microorganism 1is a
bacterial microorganism potentially resistant to antimicrobi-

al drug treatment.

8. A method of selecting a treatment of a patient suffering
from an infection with a potentially resistant microorganism,
comprising the steps of:

a) obtaining or providing a sample containing or suspected

of containing a microorganism from the patient;
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b) determining the presence of at least one structural var-
iation of the genome comprising at least a change in the ge-
nome comprising more than one base, and at least one single
nucleotide polymorphism (SNP) in at least one genetic se-
quence of the microorganism, as determined by the method of
any one of claims 1 to 5, wherein the presence of said at
least one structural variation and said at least one single
nucleotide polymorphism is indicative of a resistance to one
or more antimicrobial drugs;

c) identifying said at least one or more antimicrobial
drugs; and

d) selecting one or more antimicrobial drugs different from
the ones identified in step c¢) and being suitable for the

treatment of the infection with the microorganism.

9. The method of one or more of claims 6 to 8, wherein step
b) 1s carried out using a classification approach, wherein at
first the presence of a single nucleotide polymorphism is de-

termined.

10. The method of one or more of claims 6 to 9, wherein de-
termining the nucleic acid sequence information or the pres-
ence of a genetic variation comprises using a next generation

sequencing or high throughput sequencing method.

11. The methcod of one or more of the preceding claims,
wherein the microorganism is chosen from bacterial microor-

ganisms from the genus Escherichia and/or Klebsiella.

12. Computer program product comprising computer executable
instructions which, when executed, perform a method according

to any one of claims 1 to 11.
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