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Abstract Background: In COVID-19 patients, information regarding superinfection, antimi-
crobial assessment, and the value of metagenomic sequencing (MS) could help develop antimi-
crobial stewardship.
Method: This retrospective study analyzed 323 laboratory-confirmed COVID-19 patients for co-
infection rate and antimicrobial usage in the Shanghai Public Health Clinical Center (SPHCC)
from January 23rd to March 14th 2020. The microbiota composition was also investigated in
patients with critically severe COVID-19.
Results: The total population co-infection rate was 17/323 (5.3%) and 0/229 (0), 4/78 (5.1%),
and 13/16 (81.3%) for the mild, severe, and critically severe subgroups, respectively. Proven
fungal infection was significantly associated with a higher mortality rate (p Z 0.029). In crit-
ically severe patients, the rate of antimicrobials and carbapenem usage were 16/16 (100%) and
13/16 (81.3%), respectively, in which the preemptive and empiric antimicrobial days ac-
counted for 51.6% and 30.1%, respectively. Targeted therapy only accounted for 18.3%. MS
was implemented to detect non-COVID-19 virus co-existence and the semi-quantitative surveil-
lance of bacteremia, with clear clinical benefit seen in cases with MS-based precision antimi-
crobial management. Airway microbiome analysis suggested that the microbiota compositions
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in critically severe COVID-19 patients were likely due to intubation and mechanical ventilation.
Conclusions: In the SPHCC cohort, we observed a non-negligible rate of super-infection, espe-
cially for the critically ill COVID-19 patients. Fungal co-infection requires intensive attention
due to the high risk of mortality, and the clinical benefit of MS in guiding antimicrobial man-
agement warrants further investigation.
Copyright ª 2021, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction

According to the Surviving Sepsis Campaign guidelines, in-
formation regarding bacterial co-infection or secondary
infection in COVID-19 patients is currently limited. The
recommendation for empirical antimicrobials use remains
unestablished.1,2 A recent meta-analysis of 22 studies re-
ported that overall bacterial co-infection rates in COVID-19
were 7% and 14% in the intensive care unit (ICU). On the
contrary, the prevalence rate of antibiotics prescription to
COVID-19 patients was 70%e100% with different severity.3

Therefore, further studies focusing on super-infection and
antibiotic usage are needed to improve COVID-19 antimi-
crobial stewardship.

Novel techniques for pathogen detection in COVID-19
cases could be critical for versatile co-infection surveil-
lance and appropriate antimicrobial therapy. Microbial
metagenomic next-generation sequencing (MS) emerges as
a fast-evolving technology, which allows the identification
of pathogens and microbiome information simultaneously
within 24 h. Based on previous research4,5 and our experi-
ence, MS has a superior detection sensitivity than conven-
tional microbial testing methods, thus being more
advantageous in the present-day microbial surveillance and
antimicrobial appraisals.

In this Shanghai cohort of 323 COVID-19 patients, we
aimed to evaluate the pathogens of co-infection, antimi-
crobial usage, and airway microbiome characteristics with
MS testing.
Materials and methods

Study population

This observational study was carried out at the Shanghai
Public Health Clinical Center (SPHCC), the referral hospital
for all laboratory-confirmed COVID-19 patients in Shanghai.
Medical history of consecutive COVID-19 cases between
January 23rd and April 28th, 2020, were collected and
stratified as mild, severe, and critically severe according to
the Diagnosis and Treatment of Novel Coronavirus Pneu-
monia Guidelines.6 The conventional method for pathogen
identification was applied in all patients with suspected co-
infection. Starting from February 22nd, plasma and airway
samples of 10 critically severe cases were tested with MS
according to clinical practitioners’ judgment, with MS-
based microbial surveillance conducted in approximately
809
5-day intervals. Co-infection incidence rates, as well as the
pathogen distribution, were compared in cases with
different severity. Additionally, microbe-based antimicro-
bial evaluation and MS-based airway microbiome assess-
ment were studied in critically severe patients. The study
protocol was approved and supervised by the institutional
ethics board of SPHCC.

Metagenomic next-generation sequencing and
analysis

Plasma and airway samples were both tested by MS. The
experiment process was illustrated in our former research.5

Briefly, RNA and DNA were extracted using a TIANamp Micro
DNA Kit (DP316, Tiangen Biotech). RNA reverse transcrip-
tion and DNA libraries construction through an end-repair
method were processed. Then, the procedure for DNB
was used before analysis using the BGI Sequencer platform
(BGI Genomics, Shenzhen, China). High-quality sequencing
data were generated by removing low-quality, low-
complexity, and short (length <35 bp) reads, followed by
computational subtraction of human host sequences map-
ped to the human reference genome (hg19) using Burrows-
Wheeler alignment. The filtered data were classified by
simultaneous alignment to 4 microbial genome databases
consisting of viruses, bacteria, fungi, and parasites. As for
criteria for a positive MS result, coverage rate and abun-
dance were used as the measurement parameter.

Definition

Co-infection
According to criteria of the International Sepsis Forum,7 low
or moderate clinical suspicion of infection with microbio-
logical evidence by either culture or MS was defined as co-
infection, and cases with definite symptoms of infection
and isolation of likely pathogens by culture were classified
as proven infections. Some of the critically ill patients
might experience multiple co-infection events. Indicators
of clinical suspicion based on infectious symptoms such as
purulent sputum, significant procalcitonin (PCT) elevation,
recurrent fever, worsened oxygenation index, radiology
signs, and so on.

Virus colonization and activation
Virus activations were diagnosed if viral load by MS
increased 5 times in less than 1 week, or the virus de-
tections were considered colonization.8
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Statistical analysis

Comparative analysis was conducted by Fisher exact test or
KruskaleWallis test for variables where appropriate. From
sequencing reads obtained from MS, we calculated alpha
diversity by Shannon index. Principal coordinate analysis
plots were applied for visualization of Unifrac distances
between groups. We selected bacterial genera that rank
top 90% accumulative abundance from each sample and
performed samples clustering using Euclidean distances
with heatmap package in R (ggplot 2). Permutational
multivariate analysis of variance (PERMANOVA) was used for
comparing the contribution of various factors to the airway
microbiome difference among various groups.
Results

Co-infection rate in mild, severe, and critically
severe cases

Among 323 patients with COVID-19 pneumonia enrolled in
our study, 17/323 (5.3%) were diagnosed with co-infection.
Co-infection rates in mild, severe, and critically severe
groups were 0/229 (0), 4/78 (5.1%), and 13/16 (81.3%),
Figure 1. Information on co-infection and antimicrobial usage.
critically severe cases. B. Pathogens of co-infection events detect
positive only by MS, doubleþ: positive by both culture and MS, CNS:
A. baumannii. C. Positive pathogen number along with hospitaliz
between 40 and 60 hospitalized days. D. Rate of overall antibioti
cases. E. Antibiotic days for different purposes of antibiotic usage
were hospitalized for a prolonged time and received frequent antim
various therapeutic purposes. Gþ, gram-positive microbes; G-, gra
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respectively (Fig. 1A). In 16 critically severe cases, de-
mographic information and clinical parameters, such as
extracorporeal membrane oxygenation (ECMO), mortality,
and glucocorticoid usage are also described in Table 1.
Pathogens of co-infection by culture and MS

In all the 17 co-infection patients, pathogen detection was
achieved by culture method. In 10 of 17 cases, MS was also
applied for comprehensive microbial screening. The highest
microbe yield was from the airway, followed by urinary
tract and plasma (Fig. S1).

Bacteria
For bacterial infection, Klebsiella pneumonia was most
frequently detected, followed by Enterococcus and
Coagulase-negative Staphylococcus. Fastidious pathogens
co-infection such as S.wiggsiae and M. hominis were also
revealed by MS.

Fungi
As for the fungal infection events, we found a total of 7
Candida, 2 Aspergillus, and 1 Cryptococcus co-infection
event (Fig. 1B). Six patients were diagnosed with candi-
duria, and all survived. The other 3 patients all died in ICU:
A. Incidence rate of co-infection events in mild, severe, and
ed by MS or culture. culture þ: positive only by culture, MSþ:
coagulase-negative staphylococcus. * Acinetobacter other than
ation day. The peak time of bacterial co-infection events was
c and carbapenem usage in mild, severe, and critically severe
in critically severe cases. *Because critically severe patients
icrobial modulation, antimicrobials days were used to compare
m-negative microbes.



Table 1 Demographic data.

Total,
n Z 16

Die,
n Z 7

Survive,
n Z 9

p value

Males, No(%) 13 (81.3) 4 (57.1) 9 (100) 0.247
Age, median (IQR), y 70.5 (25e88) 79 (25e88） 68 (57e80) 0.186
Median (IQR), day
Length of hospital stay 50.5 (4e98) 49 (4e69) 52 (26e98) 0.203
Ventilation 35.5 (3e87) 49 (3e60） 23 (8e87) 0.916
ECMO 39 (22e47) 37.5 (26e47) 40 (22e47) 0.858
Glucocorticoids usage 15 (0e63) 16 (0e63) 14 (5e40) 1
Duration of positive MERS-COV2 36 (13e53) 38.5 (36e41) 30 (13e53) 0.354
Infection indicators, median (IQR)
Significant PCT elevation 1.5 (1e3) 1 (1e3) 2 (1e3) 0.954
Fever 1 (0e5) 1.5 (0e5) 1 (0e3) 0.583
Decreasing oxygenation index 1 (1e4) 1 (1e2) 1 (1e4) 0.641
CT indication of superinfection 0 (0e4) 0 (0e1) 0 (0e4) 0.953
CD4 count<500 2 (1e6) 2 (1e6) 2 (1e5) 0.584

No.(%)
Comorbiditiesa 11 (68.8) 4 (57.1) 7 (77.8) 1
Coinfection eventb 12 (75) 5 (71.4) 7 (77.8) 1
Proven infection 5 (31.3) 4 (57.1) 1 (11.1) 0.049
Pathogen of improven infection
Enterobacteriaceae 2 (40) 1 (25) 1 (100) 0.849
Gþ microbe 1 (20) 1 (25) 0 (0) 0.242
Fungus 3 (60) 3 (75) 0 (0) 0.029

Anti-CD treatmentc 0 (0e24) 0 (0e24) 0 (0e8) 0.274
a Comorbidities listed here are hypertension，cerebral infarction，hypothyroidism, cardiovascular disease, kidney disease, cardio-

vascular disease, cancer, pulmonary disease, schizophrenia, diabetes.
b Criteria based on the International Sepsis Forum definitions.
c Empirical treatment according to clinical sign.

Abbreviations: ECMO, extracorporeal membrane oxygenation; NFB,nonfermentative bacteria; IQR,interquartile range; CD, Clostridium
difficile;Gþ, gram positive microbe; G-, gram negative microbe; MS, metagenomic sequencing.
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one patient was diagnosed with invasive pulmonary Asper-
gillus, one patient with candidemia, and one patient with
bloodstream infection of Cryptococcus and Aspergillus. The
latter 3 cases were considered proven fungal co-infection
events, significantly associated with the mortality rate as
revealed by the univariate analysis (p Z 0.029, Table 1).

Virus
MS revealed a surprisingly high prevalence of virus coloni-
zation (8/10, 80%) and activation (5/10, 50%), including
cytomegalovirus (CMV), herpes simplex virus (HSV),
EpsteineBarr virus (EBV), Torque teno virus (TTV), Human
Parvovirus B19 (HPVB19), and JC polyomavirus (JCV) (Figs.
1B and 2A). Interestingly, MS showed that 5 patients had
experienced multiple episodes of virus activation during
the prolonged ICU stay (Fig. 2B and C).

Pathogen distribution along with hospitalization days
We found that bacterial co-infection events’ peak time was
between 40 and 60 hospitalized days, while fungal and virus
infection events occurred in a sporadic manner (Fig. 1C).
Assessment of antimicrobial usage

The rate of all antimicrobials and carbapenem usage were
48/229 (21.0%) and 0% in mild patients, 60/78 (76.9%) and
811
3/78 (3.8%) in severe patients, 16/16 (100%) and 13/16
(81.3%) in critically severe cases (Fig. 1D).

According to the treatment purpose, antimicrobial usage
in critically ill cases was classified into preemptive,
empiric, and target therapy. Preemptive and empiric anti-
microbial days accounted for 51.6% and 30.1%, while tar-
geted therapy days only accounted for 18.3% of the
antimicrobial usage (Fig. 1E).

The clinical benefit of MS testing for guiding
antimicrobial therapy

Due to the high sensitivity and semi-quantitative nature of
MS, we observed a potential clinical benefit of the MS-
guided strategy for bloodstream infection surveillance and
antimicrobial decision in the abovementioned 10 critically
severe patents. For instance, in a patient (PT3) with
elevated procalcitonin level on ventilator day 12th, the
airway detection of E. faecium, S. maltophilia, and K.
pneumonia by both culture and MS failed to clarify whether
these bacteria were colonization or pathogenic. Despite
the negative result from multiple blood cultures, MS of
plasma suggested a pronounced elevation of E. faecium
relative abundance, followed by a drop-down after vanco-
mycin target therapy. A relief of the patient’s symptoms
and procalcitonin level (red zone in Fig. 3A) was also
noticed. Conversely, in another patient (PT2) with elevated



Figure 2. Virus prevalence in 10 critically severe cases. A. Virus prevalence in 10 critically severe patients by MS technique.
BVirus colonization,Cvirus activation, PT: patient number. B, C. Moreover, MS showed that 5 patients had experienced multiple
episodes of virus activation during prolonged ventilation. *RPKM: reads number/(gene length/1000*total numbers/1000000). RPKM
can be statistically compared among different virus types. Abbreviation. CMV: cytomegalovirus, HSV: herpes simplex virus, EBV:
EpsteineBarr virus, TTV: Torque teno virus, HPVB19: Human Parvovirus B19, and JCV: JC polyomavirus.
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procalcitonin and recurrent airway A. baumanii detections,
we observed a low plasma level of A. baumanii by MS,
which remained minimally changed at least two weeks. The
procalcitonin then gradually alleviated following a simple
wait-and-see strategy, preventing broad-spectrum antibi-
otics’ unnecessary use (red zone in Fig. 3B).

MS also confirmed multiple virus activation in 5 patients
(Fig. 2B and C). The presence of fever and/or elevated
inflammatory biomarkers in these patients might otherwise
lead to empirical antibiotic use, commonly seen in the
ICUs.

Comparative analysis of airway microbiome by MS

MS analysis of 50 COVID-19 airway samples demonstrated
minimal differences in the microbiome between patients
with different prognoses and patients with a different num-
ber of ventilator days (Fig. S2). Further comparison of bron-
choalveolar fluid (BALF) and endotracheal aspiration (ETA)
showed no difference in the diversity profile and microbiome
composition of airway genera between the two sample types
(pZ 0.77), indicating that sampling of BALF is not superior to
ETA as a non-invasive procedure (Fig. S3 and S4).

Furthermore, we sought to explore the similarity in
airway microbiomes of critically severe COVID-19 (all with
intubation) patients with those of other patients, including
those intubated for non-COVID-19 diseases (n Z 20) or non-
incubation viral pneumonia (n Z 31), and non-incubation
non-infectious diseases (n Z 23). Hierarchical clustering
analysis demonstrated that the microbial composition of
the critically severe COVID-19 was closely clustered and
812
was dissimilar to the microbiomes of other types of viral
pneumonia (non-incubation) or non-infectious diseases
(non-incubation). In contrast, the latter two were inter-
leaved without obvious segregation (Fig. 4A). Therefore,
we hypothesized that the airway microbiome of critically
severe COVID-19 patients’ airway microbiome was domi-
nated by intubation, rather than the COVID-19 per se. As
expected, the alpha diversity of critically severe-COVID-19
patients was significantly lower than that of non-intubated
patients (other viral pneumonia and non-infectious disease
groups combined) (p < 0.001, p Z 0.0044); however, it was
similar to that of the intubated non-COVID-19 group
(p Z 0.75) (Fig. 4B). Similarly, PCoA analysis indicated that
there was a significant difference between the three groups
(p < 0.001), with the greatest difference observed between
the non-intubated patients versus the other two groups
with intubation (Fig. 4C). Using the PERMANNOVA test, we
found that the R-square between COVID-19 patients and
intubated non-COVID-19 patients was 0.095 (p Z 0.001),
significantly lower than that between COVID-19 patients
and non-intubated patients (R-square Z 0.173, p Z 0.001).
Furthermore, the comparison of the relative abundance
composition at the genera level revealed a higher relative
abundance of Acinetobacter (p < 0.001), Klebsiella
(p Z 0.001), Pelomonas (p Z 0.005), Ralstonia
(p < 0.0001), and Sphingomonas (p Z 0.005) in COVID-19
patients. Conversely, the relative abundance of Actino-
myces (p Z 0.002), Haemophilus (p Z 0.002), Neisseria
(p < 0.0001), Prevotella (p < 0.001), Streptococcus
(p < 0.001) and Veillonella (p < 0.001) was less in the
COVID-19 samples.



Figure 3. Clinical benefit of MS in typical patients. A. PT3. The red arrow indicates the time point at which procalcitonin is
elevated. On this point, airway pathogens identified by MS and culture were Enterococcus, Stenotrophomonas, and Klebsiella (red,
green, and yellow zone in MS). Blood pathogens by culture were negative, while MS surveilled increment of Enterococcus abun-
dance (red zone), which may be the culprit of procalcitonin elevation. Target therapy of vancomycin decreased procalcitonin level.
B. PT2. Conversely, A. baumanii was continuously detected in the airway by culture and MS (red zone). However, MS surveilled a
stably low level of blood abundance (red zone), which restrained from using unnecessary broad-spectrum antibiotics despite
procalcitonin fluctuation. *The bacteria loads were described as relative abundance in MS. Some pathogens, such as Burkholderia,
Ralstonia and Delftia, were considered contamination rather than true pathogens.
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Discussion

To the best of our knowledge, this is the first report
focusing on super-infection in COVID-19 patients with the
application of MS and evaluating the underlying pathogens
and antimicrobial strategy comprehensively and systemat-
ically. MS is an unbiased tool for detecting versatile mi-
crobes, providing more comprehensive information for co-
infection and antimicrobial evaluation.

We found that overall super-infections occurred in 5.3%
of the general patient cohort and were commonly seen in
critically ill patients with an infection rate of 81.3%. Addi-
tionally, our study included a prolonged follow-up duration;
for the first time, it proposed 40 to 60 hospitalization days
as the peak time of common bacteria detection, unlike the
sporadic incidence of viral or fungal co-infection. Thus,
antimicrobials were mainly reserved for critically ill pa-
tients on mechanical ventilation (100% for overall antibi-
otics and 81.3% for carbapenem), with the rate significantly
lower in mild-severe patients (35.2%). Furthermore, in
critically severe cases, target therapy with definite micro-
bial evidence accounted for a small fraction of antibiotic
days. Our results, combined with other reports about co-
infection of COVID-19,9e13 reinforced the challenge of
appropriate antibiotics use for critically ill cases and the
need for a more precise antimicrobial strategy for these
patients.
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Notably, we found an incidence rate of proven fungal
infection in our cohort (3/16) was relatively lower than that
in previous studies (26%e33% in ICU patients),14,15 which
may be potentially attributable to the frequent pre-
emptive antifungal therapy in our cohort. Besides, we
observed a significant association of fungal coinfection with
unfavorable survival prognosis in the critically ill COVID-19.
However, the potential causal relationship between fungal
co-infection and mortality needs to be interpreted with
caution since fungus detection might indicate extremely
immunocompromised status with a poor prognosis in such
patients. Therefore, whether active antifungal therapy
could improve the prognosis warrants further investigation.

Due to the invasive support system, immunocompro-
mised status, and frequent glucocorticoid usage in the
critically ill COVID-19 patients, the prescription and esca-
lation of broader antimicrobial were frequent in ICUs. Due
to the relatively low sensitivity of microbial culture, it is
common to implement a procalcitonin-based strategy for
infection assessment and antimicrobial (de)escalation.
However, such a strategy is empirical and has been chal-
lenged by some authors,16,17 due to the potential biases led
by various factors, such as simultaneous supportive care,
self-limitation of the disease, and inter-individual hetero-
geneity. In our study, we proposed, as a proof-of-concept,
that combining procalcitonin and MS detection of multiple
bio-specimens in short intervals is a feasible and efficient



Figure 4. Comparative analysis of airway microbiome. A. The heatmap visualization of relative abundance at the genera level.
Unsupervised hierarchical clustering reflected high relative abundance (red) of genera (rows) for each patient (columns). Column
colors above the heatmap indicate whether a patient belonged to the COVID-19 (red), intubation-non-COVID-19 (green) or non-
COVID-19 cohort (other viral pneumonia with blue and non-infectious disease with purple). Hierarchical clustering analysis
demonstrated that the microbial composition of the critically severe COVID-19 was closely clustered, dissimilar to the other viral
pneumonia or non-infectious disease. In contrast, the latter two were interleaved without obvious segregation. B. comparison of
airway microbiome a-diversity. Shannon diversity index was used in subjects. Alpha diversity of critically severe-COVID-19 was
significantly lower than the non-intubation cases (p < 0.001, p Z 0.0044), but similar to the intubation non-COVID-19 group
(p Z 0.75). C. Principal coordinate analysis based on unweighted UniFrac distance. Separation among three groups was distinct
(p < 0.001), while 2 intubation groups were much closer to each other than to the non-COVID-19 group.
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approach for the decisions of initiation or withdrawal of
antimicrobial in critically severe patients. In our cohort, we
reported the successful management of multiple cases. The
semi-quantitative surveillance of microbes by MS enabled
“timely initiate” or “rule out” antibiotic prescription for
secondary bloodstream infection. In this setting, MS is
specifically advantageous to traditional microbial culture,
which has limited sensitivity in detecting fastidious or low
viable microorganisms in the bloodstream.18

Consistent with our former study,5 MS revealed a sur-
prisingly high rate of non-COVID-19 viral infection events in
prolonged ICU dwellers. In addition to HSV and CMV viruses,
we also detected TTV and HPVB19 activation, which is
seldomly covered by commercially available molecular
panels, and might be underestimated in previous reports.
Notably, our results also suggested that patients might
experience multiple viral activation periods in the ICUs,
which has never been reported before. However, more
studies are needed to clarify the significance and optimal
management of non-COVID-19 viral infection in critically
severe COVID-19 patients.
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Lung microbiota alteration has recently gained
increasing popularity due to its mechanistic implication in
the pathogenesis of pneumonia,19 and its association with
prognostic outcomes in mechanically ventilated ICU pa-
tients.20 Our study is the first report of the airway micro-
biome in critically ill COVID-19 patients on the
metagenomic level. We found that such patients’ micro-
biome was characterized by low diversity and more richness
in non-ferment bacteria (Acinetobacter, Pelomonas, Ral-
stonia, and Sphingomonas). Remarkably, we proposed that
these changes might be attributed to intubation and me-
chanical ventilation rather than COVID-19 pneumonia per
se. This highlights the importance of reducing and/or
shortening mechanical ventilation duration for maintaining
normal airway microbiome characteristics, thus potentially
preventing co-infections in COVID-19 patients.

Conclusion

In the SPHCC cohort, we observed a non-negligible rate of
super-infection, especially for the critically ill COVID-19
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patients. Specifically, fungal co-infection requires intensive
attention due to the high risk of mortality in critically se-
vere cases. Additionally, MS might be a feasible and effi-
cient adjunctive tool for precision antimicrobial
management in mechanically ventilated COVID-19 patients
in ICUs.
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