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Summary

Background Nosocomial infections pose a considerable risk to patients who are susceptible, and this is particularly
acute in intensive care units when hospital-associated bacteria are endemic. During the first wave of the COVID-19
pandemic, the surge of patients presented a significant obstacle to the effectiveness of infection control measures.
We aimed to assess the risks and extent of nosocomial pathogen transmission under a high patient burden by
designing a novel bacterial pan-pathogen deep-sequencing approach that could be integrated with standard clinical
surveillance and diagnostics workflows.

Methods We did a prospective cohort study in a region of northern Italy that was severely affected by the first wave of
the COVID-19 pandemic. Inpatients on both ordinary and intensive care unit (ICU) wards at the San Matteo hospital,
Pavia were sampled on multiple occasions to identify bacterial pathogens from respiratory, nasal, and rectal samples.
Diagnostic samples collected between April 7 and May 10, 2020 were cultured on six different selective media
designed to enrich for Acinetobacter baumannii, Escherichia coli, Enterococcus faecium, Enterococcus faecalis, Klebsiella
pneumoniae, Pseudomonas aeruginosa, Staphylococcus aureus, and Streptococcus pneumoniae, and DNA from each
plate with positive growth was deep sequenced en masse. We used mSWEEP and mGEMS to bin sequencing
reads by sequence cluster for each species, followed by mapping with snippy to generate high quality alignments.
Antimicrobial resistance genes were detected by use of ARIBA and CARD. Estimates of hospital transmission
were obtained from pairwise bacterial single nucleotide polymorphism distances, partitioned by within-patient and
between-patient samples. Finally, we compared the accuracy of our binned Acinetobacter baumannii genomes with
those obtained by single colony whole-genome sequencing of isolates from the same hospital.

Findings We recruited patients from March 1 to May 7, 2020. The pathogen population among the patients was large and
diverse, with 2148 species detections overall among the 2418 sequenced samples from the 256 patients. In total,
55 sequence clusters from key pathogen species were detected at least five times. The antimicrobial resistance gene
prevalence was correspondingly high, with key carbapenemase and extended spectrum f-lactamase genes detected in at
least 50 (40%) of 125 patients in ICUs. Using high-resolution mapping to infer transmission, we established that hospital
transmission was likely to be a significant mode of acquisition for each of the pathogen species. Finally, comparison with
single colony Acinetobacter baumannii genomes showed that the resolution offered by deep sequencing was equivalent to
single-colony sequencing, with the additional benefit of detection of co-colonisation of highly similar strains.

Interpretation Our study shows that a culture-based deep-sequencing approach is a possible route towards improving
future pathogen surveillance and infection control at hospitals. Future studies should be designed to directly compare
the accuracy, cost, and feasibility of culture-based deep sequencing with single colony whole-genome sequencing on a
range of bacterial species.
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Introduction
Nosocomial infections caused by multidrug-resistant
bacterial pathogens are a major cause of mortality and

on intensive care units (ICUs) had a nosocomial infection.!
Another European study, which used data from 2015,
estimated that 63-5% of all infections with antimicrobial

morbidity among patients in hospital and add a significant
economic and management burden to health-care systems.
According to estimates of infection prevalence in Europe
from 2016 t0 2017, 5-9% of all patients and 19-2% of patients
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resistant (AMR) bacteria were associated with health care.?
This threat is potentially elevated under circumstances
where the inflow of critically ill patients is rapidly increased,
such as during the COVID-19 pandemic. Pathogen
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Research in context

Evidence before this study

Soon after the emergence of SARS-CoV-2, multiple clinical studies
established that mortality from severe infection was highest
among older, immunocompromised individuals and patients with
severe comorbidities. Several follow-up studies investigating the
association between bacterial co-infections and COVID-19
mortality concluded that the effect of co-infections tends to be
minimal. However, it is expected that in regions with a high burden
of endemic nosocomial pathogens, there is an elevated risk of
hospital transmission of virulent and multidrug-resistant bacterial
strains during invasive procedures, such as ventilator treatment.
We first searched PubMed from database inception to Aug 7, 2023,
with the search terms “SARS-CoV-2" AND “bacterial” AND
“co-infections”, which resulted in 636 publications, including
reviews and meta-analyses. We then searched for “SARS-CoV-2"
AND “co-infection” AND “whole-genome sequencing”, which
returned only seven publications, five of which focused on
SARS-CoV-2. This indicates a paucity of studies relying on
whole-genome sequencing of bacterial pathogens that were
circulating in health-care settings during the pandemic-driven
disruption of infection control. Both searches were restricted to
articles published in English.

surveillance is key to managing the burden of nosocomial
infections, and in the last 15 years genomics has become
a powerful tool for tracking pathogen evolution and
transmission.>*

Whole-genome sequencing (WGS) of DNA from a pure
colony identified after culturing is considered the gold
standard for pathogen surveillance.** However, this
approach has a major limitation: it only provides a partial
snapshot of the bacterial diversity that can be present in a
clinical sample. This limitation can, in principle, be
remedied by picking and sequencing multiple colonies per
sample, but this is, in practice, both expensive and
time-consuming. Shotgun metagenomics has the
advantage of being able to capture all microbial diversity
present in a sample and has been applied clinically, for
example to establish the aetiology of conditions with
unknown cause, but with variable success.”” However,
this approach is not generally suitable for genomic
epidemiology and transmission analysis which require
strain-level resolution, owing to the high sample biomass and
sequencing depth required.

These issues have motivated the development of
culture-based metagenomic profiling, whereby bacteria of
interest are first enriched by culturing on selective media,
followed by deep sequencing of the total DNA present.”
This approach maintains the genetic diversity present
within the taxa of interest, while eliminating the problems of
low biomass samples, contamination with host DNA, or low
abundance of taxa of interest. Because the selected taxa are
typically closely related, potentially including several closely

Added value of this study

Our study presents the first attempt to recover bacterial strains at
single nucleotide polymorphism-level resolution, while
simultaneously capturing most clinically relevant major bacterial
pathogens present in the gut, upper airways, or lungs of the
patients. The deep-sequencing approach used in the study enabled
quantification of antimicrobial resistance prevalence and
estimation of hospital transmission. By sampling patients within a
region severely affected by both the COVID-19 pandemic and
endemic circulation of nosocomial bacterial pathogens, we were
able to assess transmission in a high-risk setting.

Implications of all the available evidence

Our study serves as a proof-of-concept of how to use the power of
deep sequencing to investigate multiple relevant pathogenic
organisms simultaneously instead of a siloed approach based on
whole-genome sequencing of single isolates of individual species.
The approach we describe could facilitate the development of
improved future guidelines for assessing and managing the risk of
nosocomial infections for different patient populations,
particularly on intensive care units.

related strains, sequence types (STs), or sequence clusters
(SCs) from the same species, standard metagenomics
methods do not provide sufficient resolution to separate
strains, especially from short-read sequencing data. To
overcome this limitation, we developed a reference-based
deconvolution algorithm (implemented in mSWEEP" and
mGEMS®) that can accurately reconstruct individual
bacterial genomes from metagenomic sequencing data.'*™
This culture-based, deep-sequencing approach has been
used to study the major community-acquired pathogen
Streptococcus pneumoniae, showing that the richer data
facilitated finer-scale resolution in both transmission and
evolutionary analyses than by using a single colony-based
approach.™

In this study, we used deep sequencing after culturing,
combined with ST-level deconvolution with mSWEEP and
mGEMS, to characterise the bacterial pathogen population
within a single hospital in Pavia, northern Italy, during the
first wave of the COVID-19 pandemic. Northern Italy
has a high burden of AMR infections and was the first
region in Europe to be severely affected by COVID-19;
such conditions presented serious challenges to infection
control, risking increased nosocomial transmission of
bacterial pathogens. We focused on Acinetobacter
baumannii, Klebsiella pneumoniae, Pseudomonas aeruginosa,
Enterococcus faecium, Enterococcus faecalis, Escherichia coli,
and Staphylococcus aureus as these species contribute the
most to the overall burden of AMR and nosocomial infec-
tions according to recent estimates.? The aims of the study
were to identify the bacterial pathogens and AMR-associated
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genes present in the hospital, assess their distribution
according to ward and sample type, characterise the
pathogen genetic diversity, and infer transmission,
and compare the deep-sequencing data with existing
single-colony whole-genome sequence data.

Methods

Study design and participants

This prospective cohort study was done in an 800-bed
teaching hospital serving the Lombardy region in
northern Italy (Fondazione IRCCS Policlinico San Matteo,
Pavia, Italy) during the first wave of the COVID-19
pandemic in the spring of 2020. Nasal, rectal, and
respiratory samples collected according to the routine
screening and diagnostic protocols at the hospital were
used, and no exclusion was applied on the basis of hospital
ward, diagnosis or patient characteristics. For each patient,
we recorded the dates of admission and discharge, hospital
ward, age, and sex (appendix 1 p 1).

The study was designed and conducted in accordance
with the Helsinki Declaration and approved by the
Ethics Committee of Fondazione IRCCS Policlinico
San Matteo in Pavia, Italy (2023-3.11/105). The work
described herein is a prospective study done on bacterial
isolates from human samples that were obtained as part of
routine hospital care and hence the requirement for patient
informed consent was waived.

Culturing
Samples were cultured on six different media to select
for pathogen species of interest. Chocolate agar plus
PolyViteX (PVX), and Columbia agar plus 5% sheep blood,
(COS), were used to select for all bacteria and fungi.
Columbia Colistin-Nalidixic Acid agar plus 5% sheep blood
(CNA), was used to select for Gram-positive bacteria.
McConkey agar (MCK), was used to select for Gram-
negative bacteria. Mannitol Salt Agar (MSA), was used to
select for Staphylococcus spp. CHROMID Candida Agar
(CAN), was used to select for Candida spp. All agar was
purchased from Biomerieux, Marcy I’Etoile, France. Nasal
swabs were plated on PVX, CNA, and CAN; rectal swabs
were plated on CNA, CAN, and MCK; and respiratory
samples were plated on PVX, COS, MCK, MSA, and CAN.
All samples were cultured for 48 h (at 37°C, PVX at
5% CO,), and plates were swept to collect all microorganisms,
and material was dissolved in saline buffer, pelleted, and
frozen (appendix 1 pp 1-2, 7).

DNA extraction, library preparation, and sequencing
DNA was extracted by use of the QTAGEN DNeasy 96 Power
Soil Kit (QIAGEN, Hilden, Germany) according to the
manufacturer’s instructions. DNA sequencing library
preparation was done with the QIAseq FX DNA Library Kit
(QIAGEN, Hilden, Germany). WGS was done on the
[umina Novaseq 6000 platform (Illumina, San Diego, CA,
USA) with 150 bp paired-end reads (appendix 1 p 2).
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Reference database construction

We built two sets of reference databases for use with the
mSWEEP-mGEMS!"*2 pipeline; the first contained a broad
set of species, and the second consisted of detailed
databases of the pathogen species of interest. To build the
broad reference, we used Kraken version 1.1.1% to identify
the species present within the sequencing read sets
(appendix 1 p 3). We identified 101 species and down-
loaded their genomes from the National Center for Bio-
technology Information and subjected them to quality
control (appendix 1 pp 20-21). For each pathogen species
of interest we used high-quality, detailed sets of genome
assemblies from curated collections to enable SC-level
identification.’*® Each of these reference sets
was clustered into SCs by use of PopPUNK.* Each SC
was additionally labelled by the most common ST
contained within it, as these are widely recognised
groups (for example K pneumoniae SC1_ST307). The
two sets of reference genomes were combined to give a
database of 10993 genomes representing 101 species
(appendix 1 pp 2-3, 21-29).

Species and sequence cluster detection

We used a reference-based, hierarchical approach to detect
species and SCs accurately (appendix 1 p 10). Themisto
version 0.2.0” was used to pseudoalign the sequence reads to
the combined reference database, mSWEEP version 1.4.0"
was used to estimate species abundances, and mGEMS
version 1.0.0'2 was used to bin the reads into species bins.
For each pathogen species of interest, the species-binned
reads were used as input to a second round of the pipeline,
with detailed species-specific reference databases, to esti-
mate SC abundances and bin the reads into SC bins. To
ensure that species and SC assignments were accurate,
we used Mash version 2.3% to check that the genetic
distances were within the expected range for each cluster
(appendix 1 pp 3-4).

Antimicrobial resistance gene detection

We used ARIBA version 2.14.6** with the CARD
version 3.2.8% database to identify AMR genes in the
sequence read sets (appendix 1 p 4).

Mapping and single nucleotide polymorphism calling
Mapping was done with Snippy version 4.6, and
Snippy-core was used to generate whole-genome and
core-genome alignments. We then used snp-dists
version 0.7 to calculate pairwise single nucleotide poly-
morphism (SNP) distances from these alignments. For
the analysis of A baumannii SC1_ST2, we followed the
same procedure, but we also incorporated the
single-colony whole-genome sequence reads from
Petazzoni and colleagues.® We did phylogenetic
analysis by use of FastTree version 2.1.10 Double precision”
(using the generalised time-reversible plus CAT model;
appendix 1 pp 4-5).

See Online for appendix 1

The code for our demix
checking pipeline is available at
https://github.com/harry-thorpe/
demix_check

Code available at https://github.
com/tseemann/snippy

Code available at https://github.
com/tseemann/snp-dists
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See Online for appendix 3

See Online for appendix 5

See Online for appendix 6

See Online for appendix 4

See Online for appendix 2

Transmission analysis

We used the within-patient binned mapped genome (BMG)
SNP distance distributions to identify the between-patient
BMG pairs that were likely to be the result of transmission,
assuming that pairs of isolates resulting from either recent
transmission or repeated sampling of the same patient
would be indistinguishable. For each SC, we used the
95th percentile within-patient BMG SNP distance as a
threshold, and then selected the between-patient BMG pairs
with SNP distance of no more than the threshold as putative
transmission events (appendix 1 p 5).

Statistical analysis

The presence of pathogen species in ICUs versus ordinary
wards was compared by use of Fisher’s exact tests, whereas
the presence of species versus sample types was compared
by use of Chi squared tests. A two-sample ¢ test was used to
compare the mean number of pathogen species carried by
patients between ICUs and ordinary wards. All tests were
done by use of R version 4.3.3. Significant difference was
considered at p<0-05, and p values were adjusted for
multiple comparisons with Bonferroni correction where
appropriate.

Role of the funding source

The funders of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of the
report.

Results

We applied a novel culture-based deep-sequencing
approach to a set of 1130 clinical samples (497 rectal swabs,
439 nasal swabs, and 194 respiratory samples), which were
collected for diagnostic purposes and processed in parallel
to do this study (appendix 1 p 7). The enrolled cohort
consisted of 256 patients who were admitted to the
San Matteo hospital between March 1 and May 7, 2020
(169 men and 87 women; median age 63 years [IQR 51-72]),
of whom 143 were on ordinary wards and 125 on ICUs
(12 patients were present on both at some point). 45 (18%)
patients died during the course of the study. The number of
admissions per day, age distribution by sex, hospital stay
duration, and sampling times per patient are shown in
appendix 1 (p 8). The 1130 clinical samples were cultured on
six different media types to select for pathogens of interest
(appendix 1 p 7), resulting in growth on 2681 of 3786 plates
(median positive samples per patient 2 [IQR 1-6]).

We sequenced the total DNA from 2418 plate sweeps to
high depth (mean 30 million reads; appendix 4), and used
mSWEEP and mGEMS, with a broad reference database of
10993 genomes (appendix 1 pp 10, 20-21; appendix 2),
chosen after an initial scan of the reads with Kraken
(appendix 1 p 9), to identify species and bin reads into
species bins. These steps resulted in 3233 high-confidence
assignments to 52 different species (appendix 1 pp 11-12;
appendix 4), of which 2148 (66%) were assigned to seven of
the eight pathogen species of interest: A baumannii, E coli,

E faecium, E faecalis, K pneumoniae, P aeruginosa, or S aureus
(appendix 1 pp 11-12). For these pathogen species, we used
the species-binned reads as input to a second round of the
binning pipeline, with detailed species-specific reference
databases (appendix 1 pp 10, 22-29; appendix 3), resulting in
2238 high-confidence assignments to 132 different SCs
(figure 1; appendix 4).

The number of patients carrying each SC is shown in
figure 1. All A baumannii assignments were identified as
ST2 (global clone 2),** in agreement with single colony
whole-genome sequences collected from the same hospital
during a nosocomial outbreak that overlapped the time
period covered by this study.”® In total, 15 E coli SCs were
identified, of which the most common (SC2_ST131)
corresponded to ST131, an ST which has been frequently
reported in screening of nosocomial colonisation.”
22 E faecium and 39 E faecalis SCs were identified, includ-
ing the hospital-associated E faecium ST117" and E faecalis
ST6 and ST28."* The most common of the 19 K pneumoniae
SCs corresponded to the hospital-associated clones ST307,
ST392, and ST45.”%* Of the 23 P aeruginosa SCs detected,
the most common corresponded to ST253, also known as
PA14, which is the most common clone in Pseudomonas
group 2.%! For S aureus, the most common of the 15 detected
SCs corresponded to the hospital-associated ST22* and the
livestock-associated ST398.3*** Aside from these pathogen
species of main clinical interest, the most common species
identified from the samples were other Staphylococcus,
Streptococcus, and Enterococcus spp (appendix 1 p 13).

The number of species detected in an individual patient
was significantly higher in ICUs (mean 3-8 [SD 1-8]) than in
ordinary wards (mean 1-6 [SD 1-2]) (t test, p<0-0001). We
then tested the association between each pathogen species
and ward type, revealing that the presence of A baumannii,
K pneumoniae, P aeruginosa, and E faecium was significantly
associated with ICUs for both nasal and rectal samples and
E faecalis was associated with ICUs for nasal samples,
whereas E coli from rectal samples was associated with
ordinary wards (figure 2A and appendix 5). When this
analysis was done at the level of individual SCs (but without
considering sample types separately), nine SCs were
significantly associated with ICUs after multiple correction
(appendix 6).

We screened for AMR-associated genes within the read
sets using ARIBA with the CARD database, focusing on
carbapenemase and extended spectrum f3-lactamase (ESBL)
genes, and genes conferring vancomycin resistance
(figure 2B). The most common carbapenemase genes were
blaoxa.23, blaxpc.y, and the blagxa.si-like blagxa.es; these
genes were detected in 77 (62%) of 125, 76 (61%), and
62 (50%) patients on ICUs, respectively, and in lower
numbers on ordinary wards 19 (14%) of 138 patients,
31 (23%), and 12 (9%), respectively. We detected a large
number of ESBL genes, of which the most common were
blaoxa.1, blactsa.1s, blatem.1s7, and blactxm.14; these were
presentin 81 (65%) of 125,77 (62%), 64 (51%), and 47 (38%)
patients on ICUs, respectively. We detected genes from both
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Figure 1: The prevalence of pathogen species and SCs among the patients

The percentage of patients who were colonised by each SC is shown, calculated separately for each sample type. The numbers above each bar indicate the corresponding numbers of patients with positive
samples. Within each species, the SCs are ordered by overall prevalence. SC=sequence cluster. ST=sequence type.

the vanA and vanB vancomycin resistance operons, with the
vanA operon being more common (50 [40%)] patients on
ICUs) than the vanB operon (nine [7%)] patients on ICUs).
Deep sequencing and accurate read binning enabled us to
do whole-genome mapping and SNP calling, but to
differentiate our samples from traditional single colony
samples we refer to ours as BMGs; mapping quality shown
in appendix 1 (pp 14-15). We first investigated within-
patient diversity for each SC that was detected at least five
times (n=55) (figure 3; appendix 1 p 16). The core-genome
SNP diversity was extremely low; 46 (84%) of 55 SCs had
a median SNP distance of 0, and 49 (89%) contained no
BMG pairs with a distance of ten or more SNPs (figure 3).
More diversity was observed when whole-genome SNPs
were considered, but this was still relatively low; 40 (73%) of
55 SCs had a median SNP distance of no more than three,
and 50 (91%) had a median SNP distance of no more than
eight (appendix 1 p 16). This suggests that the patients
generally carried only one major lineage from each SC
(along with some minor strain variation), even if they carried
multiple SCs from the same species. Notable exceptions to
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this observation were found for A baumannii SC1_ST2,
whereby one patient carried two sublineages of this SC,
with BMGs differing by 510-13 core-genome SNPs
(807-94 whole-genome SNPs), and S aureus SC33_ST398,
whereby one patient carried two sublineages with BMGs
differing by 224-26 core-genome SNPs (262-331
whole-genome SNPs).

We then investigated between-patient diversity in the
same SCs (figure 3; appendix 1 p 16), which was overall
much more extensive than the diversity within patients but
with considerable differences between the species in their
patterns of diversity. For the notorious hospital-associated
species and lineages, a low amount of diversity was
observed even between patients. A baumannii SC1_ST2
BMGs had a median pairwise distance of two core-genome
SNPs (IQR 0-2) and five whole-genome SNPs (3-9), with
25% of pairs being identical according to the core-genome
SNPs. There were also several much more divergent pairs,
separated by 509-16 core-genome SNPs (626-954
whole-genome SNPs), and these were explained by the two
separate sublineages of this SC described above.
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Figure 2: Pathogen and AMR gene distribution among patients and within the hospital

(A) Pathogen prevalence and distribution. The percentage of patients who were colonised by each pathogen species is shown, calculated separately for different ward and
sample types. The numbers above each bar indicate the corresponding numbers of patients with positive samples, and the p values show the results of a Fisher’s exact test
of association between species prevalence and ward type. (B) AMR gene prevalence and distribution. AMR genes were detected in the raw deep sequencing reads, and the
percentage of patients carrying each gene on ICU and ordinary wards is shown. The numbers to the right of each bar indicate the corresponding numbers of patients with
positive samples. The three most important resistance classes among the pathogen species of interest are shown (genes conferring resistance to carbapenems,
cephalosporins, and vancomycin). For carbapenem and cephalosporin resistance genes, the different bla types are separated by dashed lines, and ordered by prevalence
within each group. For vancomycin resistance genes, the vanA and vanB operons are separated by a dashed line. AMR=antimicrobial resistance. ICU=intensive care unit.

K pneumoniage also showed minimal diversity, with four of
five SCs having a median distance of 0 core-genome SNPs,
corresponding to no more than ten whole-genome SNPs.
For E faecium, seven of 12 SCs had a median pairwise

distance of 0 core-genome SNPs, and three of 12 had dis-
tances between one and five SNPs. When whole-genome
SNPs were considered, the distances were considerably
greater, suggesting that the number of non-core SNPs was
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Figure 3: Pairwise core-genome SNP distances among the SCs

Core-genome pairwise SNP distances were calculated from mapping-based alignments for each SC. Each point shows a comparison between a pair of binned mapped genomes, and the comparisons are
separated into those from the same patient (top), and different patients (bottom). The distributions are shown by violin scatter plots, with additional information given by the horizontal black bars: long bars
depict medians, short bars depict 25th and 75th percentiles. SNP distances (y-axis) are displayed on a log; ¢ scale; 0 has been included to ensure that identical genomes are present, with the red dashed lines

indicating the break in the scale. Only SCs that were detected in at least five patients are shown. SC=sequence cluster. SNP=single nucleotide polymorphism. ST=sequence type.

significant. The SNP distances observed among P aeruginosa
SCs were more variable, with six of 11 SCs having median
distances of no more than two core-genome SNPs (<6 whole-
genome SNPs), and four of 11 having distances of more than
90 SNPs (for both core and whole genome).

For E coli SCs, the median SNP distance was more than
90 SNPs for eight of ten SCs in both core and whole genome,
with the majority of SCs having SNP distances in the
hundreds, indicating extensive between-patient diversity
(figure 3; appendix 1 p 16). The exceptions were identical
isolates, according to core-genome SNPs, of SC2_ST131
(carried by four patients), SC20_ST131 (two patients),
SC40_ST410 (three patients), and SC4_ST95 (three patients).
ST131 is a known health-care-associated clone,**” and
ST410 has previously been described as an emerging prob-
lem in hospitals.*® S aureus also showed high diversity, with
median distances of more than 100 SNPs for five of six SCs
(both core-genome and whole-genome SNPs). However,
there were a small number of identical BMGs (core-genome
SNPs) shared between 24 patients in these SCs. E faecalis
similarly showed considerable, albeit lower, diversity,
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with median distances of more than 32 core-genome
SNPs for seven of nine SCs (>108 whole-genome SNPs).
Identical BMGs were present in eight of nine SCs from this
species according to both core-genome and whole-genome
SNPs, and in two SCs these made up 25% of the pairs
(core-genome SNPs).

The very low BMG SNP distances observed among the
pathogen species strongly indicated hospital transmission,
so we used the sequence data to estimate this burden
for each pathogen. For each SC, we identified patients who
were linked by at least one pair of BMGs, and then
partitioned these occurrences into those that were
putatively transmission-linked and those that were
not. Putative transmission was highest within and
between ICUs, followed by ICU-ordinary ward links
(appendix 1 pp 17-18). The species with the highest
percentage of transmission-linked occurrences were
A baumannii, K pneumoniae, P aeruginosa, and E faecium,
with more than 75% occurrences being putatively
transmission-linked when calculated from core-genome
SNPs (>81% from whole-genome SNPs; figure 4;
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Figure 4: The burden of hospital

transmission based on estimates from core-genome SNP distances

Core-genome SNP distances were used to infer networks of patients who carried binned mapped genomes that were closely related enough to be linked by transmission, according to SC-specific thresholds
obtained from within-patient samples. For each SC, the occurrences of the binned mapped genomes among patients were partitioned into those that were transmission-linked (eg, those that were closely
related enough to another binned mapped genome from a different patient; dark colour) and those that were not (light colour). As the height of the bar indicates the total number of patients from whom
high-quality binned mapped genomes were obtained, the dark portion of the bar shows the proportion of these occurrences that were probably the result of hospital transmission. Only SCs that were detected
in at least five patients are shown. SNP=single nucleotide polymorphism. ST=sequence type.

For more on the microreact
project see https://microreact.
org/project/7kCEtVolpo9Mb2
vTxfX4uM-abau-demixed-single-
colony-reads-core-sites-fasttree

appendix 1 p 19). Within these species, the dominant
SCs were E faecium SC1_ST117 and SC30_ST117,
A baumannii SC1_ST2, and K pneumoniae SC1_ST307
and SC11_ST392, each with at least 25 linked patients.
Approximately half of occurrences in E faecalis
and S aureus were putatively transmission-linked
(figure 4; appendix 1 p 19). E coli was least associated
with transmission, with a few scattered examples of
linked patients contributing to 17 (17%) of 98 occur-
rences (both core-genome and whole-genome SNPs).
The results were highly concordant when calculated
from core-genome and whole-genome SNPs, indicating
that both measures captured similar information.

Motivated by the pattern of within-patient and between-
patient diversity of A baumannii SC1_ST2, we compared
all the A baumannii BMGs identified by mSWEEP-mGEMS
with the reads from single-colony A baumannii isolates
obtained previously from the same hospital and period? by
combining them in a core-genome SNP phylogeny
(figure 5A; microreact project). This showed two clearly
separated clades of nearly identical genomes, belonging to
the two SC1_ST2 subclones previously identified by
Petazzoni and colleagues,? and both clades included sam-
ples from the two approaches (single colony and deep
sequencing).

Additionally, deep sequencing yielded reads from both
subclones in samples from a single patient, whereas single
colony whole-genome sequencing only identified one of the
two, although colonies from multiple clinical samples were
sequenced from this same patient. We therefore did a third
round of the binning pipeline with a reference database
consisting of the 91 single colony genomes belonging to
SC1_ST2, labelled by subclone (SC1_1, n=68; SC1_2, n=23;
figure 5B). This confirmed that both subclones were carried
by the patient.

Discussion

Applying our deep-sequencing after culturing method to a
cohort of hospital patients during the first COVID-19
wave in spring 2020, we discovered and characterised a
substantial pathogen burden in the patient population,
with 55 of 132 SCs being detected at least five times. The
pathogen burden was highest in the ICUs, with
A baumannii, K pneumoniae, P aeruginosa, and E faecium
being significantly associated with ICUs. These pathogens
were found to be colonising multiple body sites in a typical
ICU patient; this is probably due to the high hospital
prevalence of the pathogens and severely ill state of
the patients, but it might also have been a consequence of
the difficult situation regarding infection control during the
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Figure 5: Fine scale analysis of the Acinetobacter baumannii SC1_ST2 subclones
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(A) Phylogenetic tree of the two SC1_ST2 subclones. Single-colony whole-genome sequence data corresponding to Acinetobater baumannii from the same hospital as the current study (grey) was combined
with the demixed deep sequencing reads from the current study (red). Reads were mapped to a common reference (SAMN07258611) by use of Snippy, and FastTree was used to generate a phylogenetic tree
from the core-genome alignment (generalised time-reversible plus CAT model). The two SC1_ST2 subclades are labelled, and the scale bar indicates SNPs per site. (B) Reanalysis of the A baumannii SC1_ST2
subclones from a single patient who was found to carry both subclones. Each bar shows a single sequencing sample, and the bars are coloured by the subclone detected. The samples are grouped by the original
swab sample (as one swab sample resulted in multiple sets of sequencing reads) and ordered by date of sample collection. This information, along with the sample type and culture media is shown above the
bars. CAN=CHROMID Candida Agar. COS=Columbia agar + 5% sheep blood. MCK=McConkey agar. MSA=Mannitol Salt Agar. PVX=Chocolate agar + PolyViteX. SC=sequence cluster. ST=sequence type.

early pandemic. AMR gene prevalence was also very high,
with several carbapenemase and ESBL genes being present
in over 40% of patients on ICUs. Previous research from the
same hospital with single colony whole-genome sequencing
identified blagpc, and blagxa,z as the dominant
carbapenemase genes carried by K pneumonige and
A baumannii, respectively.””* Such systemic presence of
AMR bacteria highlights their ability to sustain themselves
successfully in various niches in the hospital, as has been
shown by other studies where sampling of the hospital
environment was done.* We observed considerable differ-
ences in the genetic diversity among the pathogen species:
A baumannii and K pneumoniae were dominated by very
closely related BMGs; E coli, E faecalis, and S aureus were
dominated by distantly related BMGs; and P aeruginosa and
E faecium exhibited a mixture of both. Using these
distances to infer transmission, we estimated that hospital
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transmission was likely to be a significant mode of acqui-
sition for each of the pathogen species. For A baumannii,
K pneumoniage, P aeruginosa, and E faecium, this was
particularly significant with more than 75% of occurrences
being potentially linked by transmission. These results
emphasise the need for more comprehensive approaches to
tracking the dissemination and evolution of these
pathogens.

By comparing our results for A baumannii with the single
colony-based whole-genome sequencing surveillance done
during the same period at the study hospital,** we showed that
our approach is able to detect and distinguish highly related
strains with the sensitivity of the single-colony approach, and
has the important added benefit of being able to delineate
co-infections or co-colonisation within single patients.

Our study has some important limitations. Sequencing
was done only on samples available through standard
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diagnostic procedures, thus providing uneven sampling.
Approximately one-third of the patients had already been
admitted to the hospital when the sampling started, patients
were not always sampled on admission, and we did not have
access to samples taken before the start of the pandemic.
Additionally, we did not perform power calculations before
starting the sampling due to uncertainties about sample and
personnel availability as a result of the COVID-19 pandemic.
Another limitation is that although we detected AMR genes,
we did not attempt to link them to their host species or
strains. This was because many of these genes are known to
Dbe carried on plasmids and are present in multiple species,
for example the blacrxas.1s ESBL gene is common in both
K pneumoniae and E coli. It would be attractive to extend the
methodology to work with both long-read and short-read
data in the future, as this would enable mobile genomic
elements such as plasmids to be tracked. It is also possible
that the thresholds used to validate the SC-level assignments
by mSWEEP were too conservative, leading to missed
assignments. However, we maintain that this step was key
to ensure that incorrect assignments were not included.

The wealth of data generated by deep sequencing is an
increasingly accessible way to explore bacterial variation in
several ecological niches. Our study shows that this
approach is also feasible for scrutiny of clinically relevant
nosocomial bacteria, serving as a first step towards its
further development and use as a research tool in clinical
microbiology.
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