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Hospital-acquired infections caused by antibiotic-resistant
opportunistic pathogens are on the rise worldwide and represent one of the greatest challenges to modern medicine. Infections
due to antibiotic-resistant pathogens cause suffering, incapacity
and death, and impose an enormous ﬁnancial burden both on
healthcare systems and on society in general. In 2019, the WHO
estimated that each year 700 000 deaths are a direct consequence
of multidrug-resistant infections [1].
The management of hospital-acquired infections caused by
multidrug-resistant bacteria requires a multi-pronged strategy.
This includes the development of new antimicrobials and the
rational use of current ones. However, early diagnosisdfollowed by
targeted treatment and the implementation of infection control
measuresdis a powerful weapon on the battleﬁeld of multidrugresistant infections.
Despite the clinical need, microbiological diagnostics has not
changed fundamentally over the last decades. Identiﬁcation of bacterial species and resistance testing still rely predominantly on
culture-dependent methods. As a result, and certainly in comparison

to other areas of laboratory medicine, clinical microbiology is labourintensive and slow. Future diagnostic microbiology faces two
important challenges: it must have more impact on the management of infectious diseases, and it should accommodate the general
drive for more cost-effective medicine.
It seems fascinating that the identiﬁcation of biomarkers (such
as genomic, transcriptomic, proteomic or metabolomic biomarkers), and thus objective measurement parameters, can increase diagnostic precision in many diseases, and, based on this, a
therapy can be developed that is tailored to the individual with
improved efﬁcacy and chances of cure. The transfer of this concept
of individualized medicine to clinical microbiology means that with
the decoding of the genetic imprint of the individual pathogen, the
individual resistance (and also virulence) characteristics can be
identiﬁed and, thus, a therapy adapted to the individual pathogen
proﬁle becomes possible.
Innovations in diagnostics will create important prerequisites for
the successful implementation of individualized medicine in dealing
with antibiotic resistance. In this context, molecular methods based
on gene detection will play a particularly important role. The ability
to compare the genome of a newly sequenced bacterial strain with
a reference has led to unprecedented discoveries in the genomic
era. Whole-genome sequencing (WGS) allowed genomic-informed
high-resolution pathogen surveillance and was the basis for much
work uncovering the molecular mechanisms of antibiotic resistance
[2]. Today, relatively inexpensive next-generation sequencing (NGS)
technologies can produce large amounts of sequencing data, so that
genomic analysis is no longer limited to comparing sequence variation between two or a few strains, but examines global genetic
variation within bacterial species.
Taking advantage of the advances in sequencing technology and
the associated cost reductions, studies are increasingly focusing on
predicting antimicrobial resistance using genomic data [2e6]. The
GEMARA-SEIMC/REIPI Pseudomonas study group aimed at systematically identifying the genetic markers that explain Pseudomonas
aeruginosa resistance against ﬁve commonly used antipseudomonal
antibiotics [3]. P. aeruginosa can cause severe nosocomial infections,
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and this pathogen is particularly feared due to commonly found
multidrug resistance. In the two-step approach, the Pseudomonas
study group ﬁrst determined natural genetic variation in 40 chromosomal resistance genes, and then combined this information with
information on the presence of horizontally acquired resistance
cassettes. In a second step, knowledge-based scores were assigned
individually to each resistance marker in respect of its expected
contribution to a resistance phenotype. This represents an essential
step in the clinical implementation of a diagnostic assay, as transparency and traceability of how diagnostic decisions are made are
inevitable for the establishment of a diagnostic tool.
The authors demonstrate that resistance phenotypes can be
reliably predicted with very high accuracy based on the P. aeruginosa
genomic sequence information. However, molecular prediction of
antibiotic resistance and susceptibility can only be as good as the
underlying genomic reference databases. This, in turn, depends on
the current state of knowledge about which (combination of) genetic determinant(s) contribute to antimicrobial resistance. While
today existing knowledge is able to reliably predict resistance phenotypes with high accuracy for some antibiotics in some species
[5,6], predicting resistance in P. aeruginosadand here particularly
against b-lactam antibiotics (such as meropenem)dremains challenging [3e6]. Additional information on the expression status of
individual genes (e.g. efﬂux pumps) is needed [4,7,8]. Nevertheless,
while today's existing knowledge cannot explain all resistance
phenotypes, it is clear that as more bacterial genomes are
sequenced, more information on genetic determinants of resistance
will become available. The use of machine learning for qualitative
and quantitative phenotype prediction from genotype data might
facilitate the discovery of genomic mutations underlying transcriptional proﬁles that confer a resistance phenotype. Furthermore,
prediction of the evolution of antimicrobial resistance might
become possible and thus might spare repetitive sampling of
patients to monitor resistance development during antibiotic
treatment.
Similar to the interpretation of sequence variants in molecular
pathology [9], a need arises for standardized guidelines for clinical
diagnostic microbiology to assist in the interpretation of genetic
variation in bacteria. The scoring system developed by the GEMARASEIMC/REIPI Pseudomonas study group is a good start to establish a
weighted decision matrix to meet this need. The authors highlight
the fact that prediction of the intermediate phenotype classiﬁcation
(e.g. for meropenem) is a challenge that can as yet hardly be
mastered [3]. Nevertheless, WGS in combination with a scoring
system for data interpretation holds the potential to resolve the
ambiguity of results obtained by applying either the EUCAST or the
CLSI system for resistance breakpoint determinations. The idea of
using a scoring system to evaluate not only resistance markers but
also markers for phenotypes with increased susceptibility is interesting [3]. Furthermore, the approach of the GEMARA-SEIMC/REIPI
Pseudomonas study group considers contributions of different
markers and how these confer clinically relevant resistance phenotypes singularly and in combination. This is an important point,
since the genomic context of a resistance marker may inﬂuence to
what extent a resistance phenotype is expressed, and thus inﬂuences the decision which antibiotic to choose. As mentioned by
the authors, further studies on international cohorts will be essential to truly capture all genomic variations of a species, to adjust the
scoring system and thus to initiate the next step towards using WGS
as a global standard.
The implementation of molecular-based assay systems in clinical microbiology diagnostics will, however, face additional challenges. While obtaining WGS information even from a large
number of clinical isolates does not seem to be a major hurdle, the
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readout and interpretation of the individual genetic sequences will
remain difﬁcult. Due to the enormous complexity of genetic
variation, bioinformatics analyses require appropriate expertise.
Currently, capturing all genetic variations (i.e. gene-presenceabsence, insertions/deletions, single nucleotide polymorphisms
(SNPs)) is a labour-intensive process requiring the use of different
combination of tools, each of which has its strengths and weaknesses (reviewed in [10]). In the future, high-quality pan-genomic
reference databases that capture the sequence variation landscape
within the pan-genes of bacterial species promise to fulﬁl the needs
for a high-quality standard in data analysis (reviewed in [11e14]).
New tools that allow read mapping to those pan-genomic references will pave the way for a fast and easy readout of all genetic
variants over a plethora of genomes [15]. In the end, these tools
need to be optimized for routine use without expert-level knowledge, and they will have to fulﬁl the needs for a high-quality
standard in data analysis workﬂows in order to ensure reliability
and patient safety.
It will be important, furthermore, to make the complex WGS
data available to clinicians in the context of a more intuitively
interpretable report, as well as to discuss the many new possibilities with clinical colleagues. Close collaboration and mutual
communication with clinicians could reveal whether timely availability of information on the molecular mechanisms of resistance as
well as pathogenicity proﬁles can inﬂuence clinical action to the
beneﬁt of patients. Moreover, deep diagnosing offers the unique
opportunity to move from the search for a one-size-ﬁts-all
approach to an individualized antimicrobial therapy. Possibly,
problematic infections characterized by the expression of particular
pathogenicity traits or tolerance phenotypes might also become
treatable, when a critical subgroup-speciﬁc target is identiﬁed in a
companion diagnostic approach.
In summary, the implementation of bacterial genome
sequencing in routine practice promises more detailed clinical
microbiology diagnostic reports, which are based on objective
metrics. In an iterative process of exchange with clinical disciplines, genomic sequencing information can be understood in an
individualized context. The association of genomic sequence information with a disease picture could become the basis for
individualized management of severe infectious diseases. The
application of WGS technologies may also aid in the development
of more rapid and cost-effective diagnostic microbiology. The expected further developments in sequencing technologies, as well
as sequencing of large amounts of bacterial DNA in centralized
structures, will further decrease costs, and (for example) direct
sequencing of clinical samples using third-generation sequencing
technologies will allow faster availability of data. This would set
the stage for fundamental changes in diagnostic microbiology.
Transparency declaration
The authors declare that there is no conﬂict of interest. SuH
received funding from the Novo Nordisk Foundation (NNF
18OC0033946).
Author contributions
Conceptualization: SuH and SaH; Writing - original draft, review
and editing: SuH and SaH.
References
[1] World-Health-Organisation. New report calls for urgent action to avert antimicrobial resistance crisis. 2019. https://www.who.int/news/item/29-04-

1564

[2]

[3]

[4]

[5]

[6]

[7]

€ussler / Clinical Microbiology and Infection 27 (2021) 1562e1564
S. Haag, S. Ha
2019-new-report-calls-for-urgent-action-to-avert-antimicrobial-resistancecrisis. [Accessed 31 May 2021].
raspe M, McLaughlin RE, Whiteaker JD, Roy PH, Alm RA, et al. The
Kos VN, De
resistome of Pseudomonas aeruginosa in relationship to phenotypic susceptibility. Antimicrob Agents Chemother 2015;59:427e36.
Cortes-Lara S, Barrio-Toﬁno ED, Lopez-Causape C, Oliver A, Group G-SRPs.
Predicting Pseudomonas aeruginosa susceptibility phenotypes from whole
genome sequence resistome analysis. Clin Microbiol Infect 2021;27:
1631e7.
Khaledi A, Weimann A, Schniederjans M, Asgari E, Kuo TH, Oliver A, et al.
Predicting antimicrobial resistance in Pseudomonas aeruginosa with machine
learning-enabled molecular diagnostics. EMBO Mol Med 2020;12:e10264.
Ferreira I, Beisken S, Lueftinger L, Weinmaier T, Klein M, Bacher J, et al. Species
identiﬁcation and antibiotic resistance prediction by analysis of wholegenome sequence data by use of ARESdb: an analysis of isolates from the
Unyvero Lower Respiratory Tract Infection Trial. J Clin Microbiol 2020;58.
e00273-20.
Walker GT, Quan J, Higgins SG, Toraskar N, Chang W, Saeed A, et al. Predicting
antibiotic resistance in Gram-negative bacilli from resistance genes. Antimicrob Agents Chemother 2019;63. e02462-18.
Khaledi A, Schniederjans M, Pohl S, Rainer R, Bodenhofer U, Xia B, et al.
Transcriptome proﬁling of antimicrobial resistance in Pseudomonas aeruginosa. Antimicrob Agents Chemother 2016;60:4722e33.

[8] Bhattacharyya RP, Bandyopadhyay N, Ma P, Son SS, Liu J, He LL, et al. Simultaneous detection of genotype and phenotype enables rapid and accurate
antibiotic susceptibility determination. Nat Med 2019;25:1858e64.
[9] Li MM, Datto M, Duncavage EJ, Kulkarni S, Lindeman NI, Roy S, et al. Standards
and guidelines for the interpretation and reporting of sequence variants in
cancer: a joint consensus recommendation of the association for molecular
pathology, American society of clinical oncology, and college of American
pathologists. J Mol Diagn 2017;19:4e23.
[10] Boolchandani M, D'Souza AW, Dantas G. Sequencing-based methods and resources to study antimicrobial resistance. Nat Rev Genet 2019;20:356e70.
[11] Sherman RM, Salzberg SL. Pan-genomics in the human genome era. Nat Rev
Genet 2020;21:243e54.
[12] Hickey G, Heller D, Monlong J, Sibbesen JA, Siren J, Eizenga J, et al. Genotyping
structural variants in pangenome graphs using the vg toolkit. Genome Biol
2020;21:35.
[13] Sheikhizadeh S, Schranz ME, Akdel M, de Ridder D, Smit S. PanTools: representation, storage and exploration of pan-genomic data. Bioinformatics
2016;32:i487e93.
[14] Colquhoun RM, Hall MB, Lima L, Roberts LW, Malone KM, Hunt M, et al.
Nucleotide-resolution bacterial pan-genomics with reference graphs. bioRxiv
2020:380378. 2020.11.12.
[15] Anari SS, de Ridder D, Schranz ME, Smit S. Pangenomic read mapping. bioRxiv
2019:813634.

