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ABSTRACT

5NosoAE is a webserver that can be used for nosoco-
mial bacterial analysis including the identification of
similar strains based on antimicrobial resistance pro-
files (antibiogram) and the spatiotemporal distribu-
tion visualization and phylogenetic analysis of identi-
fied strains with similar antibiograms. The extensive
use of antibiotics has caused many pathogenic bac-
teria to develop multiple drug resistance, resulting
in clinical infection treatment challenges and pos-
ing a major threat to global public health. Relevant
studies have investigated the key determinants of
antimicrobial resistance in the whole-genome se-
quence of bacteria. However, a web server is cur-
rently not available for performing large-scale strain
searches according to antimicrobial resistance pro-
files and visualizing epidemiological information in-
cluding the spatiotemporal distribution, antibiogram
heatmap, and phylogeny of identified strains. Here,
we implemented these functions in the new server,
referred to as 5NosoAE. This server accepts the
genome sequence file in the FASTA format of five
nosocomial bacteria, namely Acinetobacter bauman-
nii, Pseudomonas aeruginosa, Klebsiella pneumo-
niae, Enterococcus faecium and Staphylococcus au-
reus for query. All visualizations are implemented in
JavaScript and PHP. This server will be useful for
physicians and epidemiologists involved in research
on infectious disease. The 5NosoAE platform is avail-
able at https://nosoae.imst.nsysu.edu.tw.
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INTRODUCTION

The extensive use of various antibiotics in clinical prac-
tice and even agriculture and livestock breeding has led
to the development of various drug-resistant strains, with
some strains even being resistant to multiple antibiotics.
These drug-resistant bacteria pose a considerable threat
to global public health. In inpatients with relatively weak
immunity, infection with drug-resistant bacteria may pro-
long the course of hospitalization and increase the cost
and burden of medical care. Moreover, drug-resistant bac-
teria can cause nosocomial infections in the event of in-
appropriate infection control, exposing more hospitalized
patients to risk. Common multidrug-resistant nosocomial
bacteria are carbapenem-resistant Acinetobacter baumannii
(1,2), Pseudomonas aeruginosa (3,4), Klebsiella pneumoniae
(5,6), vancomycin-resistant Enterococcus faecium (7,8) and
Staphylococcus aureus (9,10), all of which pose a consider-
able threat to inpatients’ lives. Currently, most of the related
studies on drug resistance have focused on mechanisms un-
derlying the development of epidemic diseases caused by
last-line antibiotic-resistant strains (11,12), and molecular
testing methods for the rapid detection of drug resistance
(13,14). The advent of next-generation sequencing has en-
abled the use of the entire bacterial genome for the analysis
of drug-resistant strains that cause epidemic diseases, the
study of mechanisms underlying drug resistance, and the
development of rapid molecular diagnostics (15,16).
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Because of the limitations of existing tools, an inte-
grated platform that enables the visualization of drug-
resistant bacteria that cause nosocomial infections on a
global scale should be constructed. Currently, the Com-
prehensive Antibiotic Resistance Database (CARD, https:
/[card.mcmaster.ca/) (17) is the most reliable database avail-
able for antibiotic resistance gene searches using the Resis-
tance Gene Identifier (RGI) program. The results are pre-
sented as a pie chart divided into the three levels of ‘per-
fect’, ‘strict’ and ‘loose’ for comparing among antibiotic re-
sistance genes in the database. Another popular drug re-
sistance analysis tool is ResFinder (18), developed by the
Danish Institute of Technology, which is used for the de-
tection and comparison of antibiotic resistance genes as
well as the prediction of antibiotic resistance, and the re-
sults are presented in a tabular form. The aforementioned
two tools are mainly used by laboratory researchers who
are less familiar with command-line operations in the form
of website services (RGI and ResFinder can also be down-
loaded and executed on a local server). NCBI AMRFinder
(19) can be downloaded on a local server and is used for
large-scale drug resistance gene detection; however, its op-
eration threshold is relatively high and not suitable for gen-
eral public health laboratory researchers. PATRIC (20) is
a large-scale microbiological research integration website
that provides microbiological experimental data and anal-
ysis tools for download. Pathogenwatch (21,22) is a visu-
alization platform that enables users to analyze drug resis-
tance and query similar strain locations distributed globally
for several species. The main purpose of Pathogenwatch is
to collect genomes uploaded by users from across the globe
for the long-term monitoring of the drug resistance spec-
trum and the analysis of nosocomial bacteria. BacWGSTdb
(23) is a comprehensive whole-genome sequence typing and
source tracking tool and database that contains information
on 20 microorganisms. Users can upload a single genome
to perform 7-gene multilocus sequence typing (MLST) and
core genome MLST (cgMLST) and predict antimicrobial
resistance and virulence genes. In addition, BacWGSTdb
can be used to perform multiple genome analysis. Databases
such as BLDB (24) and CBMAR (25) are used for the detec-
tion of single-antibiotic resistance genes, and services such
as ITEGRALL (26) and ISfinder (27) are used to search
specific drug-resistance-related fragments.

The aforementioned platforms are well developed for
phylogenetic analysis and antimicrobial resistance gene pre-
diction. For example, BacWGSTdb is a comprehensive
database that can be used for conducting epidemiological
research based on the pathogenomic comparison and pre-
diction. However, for the investigation and surveillance of
the spread of certain critical antibiotic resistance patterns,
a platform that can perform the large-scale comparison of
antibiotic resistance profiles must be developed. In addi-
tion, to study the spread of antimicrobial resistance, the
global distribution of strains with similar drug resistance,
the timespan of strain isolation, and the source of strain
isolation should be determined; moreover, whether strains
with similar drug resistance are closely related and whether
drug resistance is spread across strains must be investi-
gated. Therefore, an integrated visualization platform is
required.

In this study, we developed a standardized method,
SNosoAE, for generating drug resistance profiles and a
method for calculating the similarity of strain resistance by
using drug resistance profiles. The results indicated that this
method enabled the rapid comparison of drug resistance
profiles to identify strains with similar drug resistance, and
the visualization provided more intuitive epidemiological
data. This platform will be useful for the monitoring and
clinical treatment of drug-resistant nosocomial bacteria.

METHOD AND IMPLEMENTATION

Figure 1 presents a schematic workflow of SNosoAE. The
SNosoAE server contains data on the five most crucial
nosocomial pathogens (Figure 1A) and can be used for
nosocomial bacterial resistance investigation and epidemi-
ology surveys. Users can upload a query genome sequence
or enter an NCBI Assembly ID (Figure 1B). The server
first identifies the taxonomy of organisms by searching the
SILVA (28) ribosomal RNA gene database and then detects
antibiotic resistance genes by searching the resfinder_db
database through ResFinder strategies (18) and mapping
them to the corresponding antibiotics (Figure 1C). The
largest evidence score (Sgy) of the corresponding resistance
genes is used to represent the intensity of the drug resistance
of an isolate for each antibiotic to construct antimicrobial
resistance profiles for the query isolate and the database
of five nosocomial pathogens (Figure 1D). The similarity
of antimicrobial resistance profiles is determined using the
similarity score (Spro), and the scores are then fit to a gen-
eralized extreme value (GEV) distribution (29) to determine
statistical significance (Figure 1E).

JavaScript libraries were used for the visualization of an-
timicrobial resistance profiles and geographical distribution
(Figure 1F). The cgMLST analysis in the SNosoAE server is
performed using our PGAdb-builder (30,31), where Python
and Perl scripts are used to integrate the analysis pipeline.
The webpage was constructed using HTML and PHP. This
web server runs on a Linux system with 2.30-GHz Intel
Xeon processors consisting of 48 cores.

Collection of the whole-genome sequences of five nosocomial
bacterial isolates

Genome sequences in the SNosoAE server contain data on
the five most common nosocomial pathogens, namely A.
baumannii, P. aeruginosa, K. pneumoniae, E. faecium and S.
aureus. The genome sequences and reads were downloaded
from the NCBI Assembly and Sequence Read Archive
(SRA) databases, respectively (Figure 1A). To collect high-
quality genome sequences, we applied the following filters
in the NCBI Assembly database: latest version file, exclude
anomalous, and taxonomy check. Furthermore, we used the
following filters in the NCBI SR A database: genome, paired
end, Illumina, and sequencing depth between 80x and
500x. Prefetch and fasterqg-dump, the components of the
SRA toolkit, were used to download the SRA file (in the
sra format) and convert it to the FASTQ format. Subse-
quently, the FASTQ reads were assembled into contigs by
using SKESA (32). Table 1 lists the detailed organisms and
number of isolates included in 5NosoAE. Each genome en-
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Figure 1. Schematic workflow of the SNosoAE server.

Table 1. Name of organisms and genome data distribution by source of
database

Organism Assembly? SRAP Total

Acinetobacter baumannii 9208 1574 10 782
Pseudomonas aeruginosa 8331 5626 13957
Klebsiella pneumoniae 14 766 9631 24397
Enterococcus faecium 11729 4506 16 235
Staphylococcus aureus 25000 17016 42016
Total 69 034 38353 107387

2 Assembly filter criteria: latest version file, exclude anomalous, and taxon-
omy check.

PSRA filter criteria: genome, paired end, Illumina and sequencing depth
between 80x and 500x .

try was mapped to the NCBI BioSample database to ob-
tain information on biological source materials used in ex-
perimental assays such as the collection date, geographical
location, and host.

Generation of the antimicrobial resistance profile

The antimicrobial resistance profile for the query isolate
and the database of the five nosocomial pathogens were gen-
erated by detecting resistance genes and mapping their cor-
responding antibiotics by using ResFinder and resfinder_db
(18) (Figure 1C and D). The antimicrobial resistance profile
included 91 antibiotics belonging to 24 classes (Supplemen-
tary Table S1). The largest evidence score (Sgy) of the cor-
responding resistance genes was used to represent the inten-
sity of the drug resistance of an isolate for each antibiotic to
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construct the antimicrobial resistance profile. The evidence
score (Sgv) was calculated as follows:

Spy = (ST + AC) /2 (1)

where ST is the sequence identity and AC is the alignment
coverage between the query and subject resistance genes.

Antimicrobial resistance profile comparison and statistical
significance

The profile similarity score (Spro) Was calculated by evalu-
ating the root mean square distance (RMSD) between two
antimicrobial resistance profiles (Figure 1E). The Spro was
calculated as follows:

Spro = 100 — RMSD ©)

RMSD = (|2 (% — xa)” /,, 3)

where x,is the Sgy score for each antibiotic of the query
genome, xyis the Sgy score for each antibiotic of the
database, nis the total number of antibiotics in an antimi-
crobial resistance profile, and RMSD is the measure of the
average distance between the profiles.

When compared, the similarity scores of the profiles fol-
lowed the extreme value distribution. To determine the sta-
tistical significance of a database search, all similarity scores
for each query were fit to a GEV distribution (29). The GEV
distribution is a family of continuous probability distribu-
tions that combine the Gumbel, Fréchet, and Weibull distri-
butions. The GEV is parameterized with location and scale
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Figure 2. Features of the SNosoAE web server. (A) Input page of the upload complete or draft genome file in the FASTA format or enter NCBI Assembly
ID. (B) Output page of detected resistance genes and their corresponding antibiotics. (C) Results of antimicrobial resistance profile search and statistical
significance. (D) Heatmap of antimicrobial resistance profiles. (E) Results of geographical distribution. (F) Results of cgMLST analysis.

parameters, p and o, and a shape parameter, k. The cumu-
lative distribution function (CDF) of the GEV distribution

is defined as

F(x;p,0,k)=exp —|:1+k<

X —

o

~1/k
“)] )

Finally, the P-value is given by the complementary CDF,

which is defined as

pvalue=Pr[X>x]=1- F(x)

)

Core genome multilocus sequence typing

The SNosoAE server can be used to perform cgMLST anal-
ysis to obtain a high-resolution phylogenetic relatedness
tree for the top 20 isolates with similar antimicrobial resis-
tance profiles. The cgMLST schemes for the five nosoco-
mial bacterial species were downloaded from the cgMLST
nomenclature server (https://www.cgmlst.org). The typing
schemes comprised 2390, 3867, 2358, 1423 and 1861 loci for
A. baumannii, P. aeruginosa, K. pneumoniae, E. faecium and
S. aureus, respectively. The construction of the core genome
database and the profiling of alleles were performed using
the PGAdb-builder (30,31). A genetic relatedness tree was
constructed from the established allelic sequence by using
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the clustering algorithm of the neighbor-joining method in
the PHYLIP v3.6 program (33). Bootstrap values in a den-
drogram were calculated using the ETE3 toolkit (34) (Fig-
ure 1F).

WEBSERVER
Input format

The 5NosoAE webserver accepts two types of input (Figure
2A): users can upload a genome sequence file in the FASTA
format or enter an NCBI Assembly ID. For a genome se-
quence with a size of ~5SMB, ~8 min are required for
taxonomy identification, resistance gene detection, antibi-
ogram and cgMLST profile construction and comparison,
and statistical significance evaluation. However, for a longer
genome, more than 20 min in run time is required. There-
fore, users are encouraged to enter their e-mail address, and
anotification is sent by e-mail when the analysis is complete.

Output format

After the analysis, the SNosoAE server returns five types of
results (Figure 2). (1) The server provides information on
detected resistance genes, Sgy, and their corresponding an-
tibiotics (Figure 2B). Different antibiotic classes are repre-
sented as different colors. (2) The analytical results include
a table listing the top 100 records of the isolates with simi-
lar antimicrobial resistance profiles based on the Spro score
(Figure 2C). Each record includes the genome ID, organ-
ism name, BioSample ID, collection date, geographical lo-
cation, host, allelic distance, Spro and P-value (Figure 2C).
The P-values are used to quantify the statistical significance
of the database search. The data can be sorted by clicking on
a specific column header and downloaded as a tab-delimited
file. (3) The antimicrobial resistance profile of the most sim-
ilar top 100 isolates is presented as a heatmap (Figure 2D).
Color ramps from green to red represent the resistance lev-
els of sensitive (), intermediate (/) and resistant (R). An-
tibiotic classes are marked with different colors to help dif-
ferentiate between various groups. The Sgy is shown when

the cursor is moved over it. (4) A world map is used to dis-
play the geographical distribution of the top 100 isolates
(Figure 2E). The pie chart/table is used to indicate the dis-
tribution of different organisms with similar antimicrobial
resistance profiles in the same geographical location. This
helps users to trace the transmission routes of the isolates.
(5) The results of the phylogenetic relatedness tree analysis
obtained through cgMLST are presented (Figure 2F). The
server allows users to download the phylogenetic related-
ness tree in the Newick and pdf formats.

EXAMPLE ANALYSIS

To examine the effectiveness of the SNosoAE server in com-
paring antimicrobial resistance profiles, a genome sequence
of A. baumannii (NCBI Assembly ID: GCA_019728755.1)
was used as the query in the example analysis. The strain
was isolated from Homo sapiens in 2019 in the United
States. The SNosoAE server first identified its taxonomy as
A. baumannii and then detected resistance genes by search-
ing the resfinder_.db database and mapping their corre-
sponding antibiotics to generate the antimicrobial resis-
tance profile for the query (Table 2). Nine resistance genes
were detected in the genome sequence, and they corre-
sponded to 22 antibiotics distributed in six classes. The re-
sults of the antimicrobial resistance profile search are shown
in Table 3, where the genome ID, collection date, geographi-
cal location, host, allelic distance, Spro, and p-value are in-
dicated. The 39 isolates had a significantly similar antimi-
crobial resistance profile with the query (P < le—3). The
heatmap of antimicrobial resistance profiles is presented in
Supplementary Figure S1. Further analysis revealed a time
span of >8 years and a spread across four countries (Figure
3A). The identified strains can be grouped by the geograph-
ical location and collection date with different leaf colors
(Figure 3B). This finding is consistent with the cgMLST
analysis, which indicated that the phylogenetic relatedness
could be divided into eight groups at an allelic distance
cutoff value of 50 (Figure 3B). This finding indicated that
these strains have undergone regional evolution. Although
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Table 3. Results of the antimicrobial resistance profile search of the Acinetobacter baumannii isolate (NCBI Assembly ID: GCA_019728755.1)

Geographical Allelic Similarity score
Rank Genome 1D Collection date location Host distance?® (Spro) P-value
1 GCA_019728755.1 2019-07-30 USA Homo sapiens 0 100.00 2.4e-4
2 GCA_019724715.1 2019-07-30 USA Homo sapiens 7 100.00 2.4e-4
3 GCA_019730295.1 2019-07-30 USA Homo sapiens 22 100.00 2.4e-4
4 GCA_001862455.1 2013-10-10 China Homo sapiens 69 100.00 2.4e-4
5 GCA_001863475.1 2014-04-23 China Homo sapiens 74 100.00 2.4e-4
6 GCA_011603725.1 2019 India Homo sapiens 186 100.00 2.4e-4
7 GCA_018285855.1 2021-04-22 USA Homo sapiens 245 100.00 2.4e-4
8 GCA_017836795.1 2021-03-07 USA Homo sapiens 249 100.00 2.4e-4
9 GCA_001276055.1 2014 India - 292 100.00 2.4e-4
10 GCA_018954415.1 2021 USA Homo sapiens 300 100.00 2.4e-4
11 GCA_019305625.1 2018-10-14 China Homo sapiens 329 100.00 2.4e-4
12 GCA_007113645.1 2018-08-13 China Homo sapiens 330 100.00 2.4e-4
13 GCA_016745515.1 2019 China Homo sapiens 330 100.00 2.4e-4
14 GCA_016745555.1 2019 China Homo sapiens 330 100.00 2.4e-4
15 GCA_016745655.1 2019 China Homo sapiens 330 100.00 2.4e-4
16 GCA_016745675.1 2019 China Homo sapiens 330 100.00 2.4e-4
17 GCA_016745735.1 2019 China Homo sapiens 330 100.00 2.4e-4
18 GCA_016745755.1 2019 China Homo sapiens 330 100.00 2.4e-4
19 GCA_016745775.1 2019 China Homo sapiens 330 100.00 2.4e-4
20 GCA_016745795.1 2019 China Homo sapiens 330 100.00 2.4e-4
21 GCA_016745915.1 2019 China Homo sapiens 330 100.00 2.4e-4
22 GCA_016745995.1 2019 China Homo sapiens 330 100.00 2.4e-4
23 GCA_016746035.1 2019 China Homo sapiens 330 100.00 2.4e-4
24 GCA_016746075.1 2019 China Homo sapiens 330 100.00 2.4e-4
25 GCA_016745475.1 2019 China Homo sapiens 331 100.00 2.4e-4
26 GCA_016745585.1 2019 China Homo sapiens 331 100.00 2.4e-4
27 GCA_016745625.1 2019 China Homo sapiens 331 100.00 2.4e-4
28 GCA_016746015.1 2019 China Homo sapiens 331 100.00 2.4e-4
29 GCA_008000275.1 2018-11-21 China - 332 100.00 2.4e-4
30 GCA_016745575.1 2019 China Homo sapiens 332 100.00 2.4e-4
31 GCA_016745805.1 2019 China Homo sapiens 332 100.00 2.4e-4
32 GCA_016745955.1 2019 China Homo sapiens 334 100.00 2.4e-4
33 GCA_900494465.1 2016 Thailand Homo sapiens 271 99.98 2.4e-4
34 GCA_002249605.1 2016-10-22 Thailand Homo sapiens 273 99.98 2.4e-4
35 GCA_900495075.1 2016 Thailand Homo sapiens 273 99.98 2.4e-4
36 GCA-900495055.1 2016 Thailand Homo sapiens 274 99.98 2.4e-4
37 GCA_900495155.1 2016 Thailand Homo sapiens 276 99.98 2.4e-4
38 GCA_010178955.1 2019 India Homo sapiens 204 98.43 3.1e-4
39 GCA_001863575.1 2014-08-20 China Homo sapiens 76 93.25 6.8¢e-4
40 GCA_017349175.1 2015 Malaysia Homo sapiens 76 89.52 1.19e-3
41 GCA_017349255.1 2015 Malaysia Homo sapiens 76 89.52 1.19¢-3
42 GCA_017349095.1 2015 Malaysia Homo sapiens 71 89.52 1.19e-3
43 GCA_016484155.1 2020-05-14 USA Homo sapiens 82 89.52 1.19¢-3
44 GCA_019506555.1 2021-07-05 USA Homo sapiens 84 89.52 1.19e-3
45 GCA_011602125.1 2019 India Homo sapiens 186 89.52 1.19e-3
46 GCA_002992305.1 2015-10-05 Kuwait Homo sapiens 212 89.52 1.19¢-3
47 GCA_006937715.1 2018-08-26 China Homo sapiens 331 89.52 1.19e-3
48 GCA_011601555.1 2019 India Homo sapiens 186 89.40 1.21e-3
49 GCA_011601575.1 2019 India Homo sapiens 186 89.40 1.21e-3
50 GCA_011602095.1 2019 India Homo sapiens 186 89.40 1.21e-3

4The allelic distance is calculated by performing cgMLST analysis.

their genomes are different (allelic distance of >300), their
drug resistance properties are conserved. These strains
can be identified using our method, indicating that the
5NosoAE server can be used for conducting drug resistance
surveys.

In summary, this example indicated that the SNosoAE
server not only provides information on the antimicrobial
resistance profile for the query genome but also demon-
strates the similarity of the antimicrobial resistance profile,
geographical distribution and cgMLST analysis for noso-
comial pathogens with similar antibiogram profiles, which
can be useful in epidemiological surveys.

CONCLUSION

Herein, we presented the SNosoAE web server for large-
scale antimicrobial resistance profile searching. A unique
feature of 5SNosoAE is its ability to quantify the difference
in antimicrobial resistance among bacterial strains, and
this quantification can help identify strains with the same
antimicrobial resistance properties. The example demon-
strated that the 5SNosoAE server is effective for large-scale
antimicrobial resistance profile comparison and provides a
new option to search strains with the same antimicrobial re-
sistance properties. The SNosoAE server can be useful for
general biologists.
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Figure 3. Analysis of the results of antimicrobial resistance profile search. (A) Stacked histogram of the frequency distribution of years partitioned by
country. (B) Dendrogram constructed using cgMLST profiles for the query and 39 hits for Acinetobacter baumannii isolates. Leaf colors indicate the
geographical location, which is consistent with the legend of (A). The numbers in the right panel indicate collection years.
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