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Coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus, has emerged as a global pandemic worldwide. In this study, we used ARTIC primers–based amplicon sequencing to profile 225 SARS-CoV-2 genomes from India. Phylogenetic analysis of 202 high-quality assemblies identified the presence of all the five reported clades 19A, 19B, 20A, 20B, and 20C in the population. The analyses revealed Europe and Southeast Asia as two major routes for introduction of the disease in India followed by local transmission. Interestingly, the19B clade was found to be more prevalent in our sequenced genomes (17%) compared to other genomes reported so far from India. Haplotype network analysis showed evolution of 19A and 19B clades in parallel from predominantly Gujarat state in India, suggesting it to be one of the major routes of disease transmission in India during the months of March and April, whereas 20B and 20C appeared to evolve from 20A. At the same time, 20A and 20B clades depicted prevalence of four common mutations 241 C > T in 5′ UTR, P4715L, F942F along with D614G in the Spike protein. D614G mutation has been reported to increase virus shedding and infectivity. Our molecular modeling and docking analysis identified that D614G mutation resulted in enhanced affinity of Spike S1–S2 hinge region with TMPRSS2 protease, possibly the reason for increased shedding of S1 domain in G614 as compared to D614. Moreover, we also observed an increased concordance of G614 mutation with the viral load, as evident from decreased Ct value of Spike and the ORF1ab gene.
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a betacoronavirus belonging to the Coronaviridae family. The first occurrence of this novel coronavirus was observed in Wuhan, China, in late December 2019, which later spread globally via human-to-human contact transmission (Lu et al., 2020). According to the World Health Organization (WHO) weekly epidemiological update until September 14, 2020, the virus has spread to more than 180 countries with 28.6 million total confirmed cases and 0.9 million deaths worldwide (World Health Organization, 2020). The first occurrence of a coronavirus case in India was observed in mid-January, but the number of cases started to increase from the first week of March. According to the WHO, the number of cases in India has reached 4.7 million with 78,500 deceased (World Health Organization, 2020).

Genomic studies performed to understand the origin of SARS-CoV-2, a positive single-stranded RNA virus, unraveled that it has a zoonotic origin and is transmitted to humans from bats via Malayan pangolins (Zhang T. et al., 2020). The nucleotide sequence of SARS-CoV-2 is ∼79% similar to SARS-CoV-1 and about 50% with MERS-CoV (Middle East respiratory syndrome coronavirus) (Lu et al., 2020). Approximately 30-kb genome of SARS-CoV-2 features a cap structure in 5′ and 3′ poly (A) like other members of the coronavirus family. A major portion of the genome is covered by two ORFs (ORF1a and ORF1b), which code for 15 non-structural proteins, including crucial proteins required for viral replication, such as viral proteases nsp3, nsp5, and nsp12, also known as RNA-dependent RNA polymerase (RdRP) (Kim et al., 2020). The genomic RNA (gRNA) also codes for structural proteins like Spike protein (S), nucleocapsid protein (N), membrane protein (M), and envelope protein (E), which are required for packaging of the virus and at least accessory proteins, but their ORFs are still not experimentally validated (Kim et al., 2020).

The entry of viral particles in the human body occurs through binding with angiotensin I–converting enzyme 2 (hACE2) receptor present on lung epithelial cells (Hoffmann et al., 2020). The predominant infection site is the respiratory tract due to the route of infection. Other than the lungs, it is known to infect other organs of the body, such as the kidney, liver, and intestine, as ACE2 expression is found to be quite high. After the viral entry into host cells, to initiate viral replication, negative-sense RNA intermediates are first synthesized by RdRP activity; these templates are then utilized for synthesis of gRNA and subgenomic RNAs (Kim et al., 2020). Because of the low fidelity of RdRP, mutations are incorporated with high frequency in gRNA, and such mutations are often known to increase the pathogenicity and fitness of the virus (Graepel et al., 2017; Ferron et al., 2018; Korber et al., 2020).

Recently, a predominant mutation, i.e., D614G in Spike protein, has been identified in virus strains sequenced from European population (Korber et al., 2020). There are several reports depicting that D614G mutation in Spike protein is associated with enhanced infectivity and spread of the virus owing to increased interaction with ACE2 receptor present on host cells (Korber et al., 2020). It has also been indicated that this mutation is present on the S2 domain of the Spike protein that is important for cleavage by TMPRSS2 enzyme for cleavage of S1 to facilitate the fusion of the viral Spike with the host cell membrane (Korber et al., 2020; Zhang L. et al., 2020). It is indeed interesting to understand further at a molecular level the changes in the protein structure induced by this mutation and its functional association with the infectivity and disease severity.

At the same time, it has been reported that D614G mutation co-occurs with three more mutations, i.e., 241 in UTR, 3307, and 14408 (Korber et al., 2020). The functional significance of these co-occurring mutations in evolution and virus selectivity is interesting to understand.

In the present study, we have sequenced 225 COVID-19 isolates from patient samples from the state of Odisha, those migrated from the 13 most affected Indian states as a part of DBT’s PAN-India 1000 SARS-CoV-2 RNA genome sequencing consortium, using an amplicon sequencing–based methodology. The travel history of these patients was collected along with their symptomatic and asymptomatic behavior. We performed phylogenetic analysis from sequenced data to understand the genetic diversity and evolution of SARS-CoV-2 in the Indian subcontinent. From the sequenced isolates, we have identified 247 single-nucleotide variants; most of them are observed in ORF1ab, Spike and nucleocapsid protein coding region. Moreover, we have analyzed the D614G mutations in the samples to obtain information on its evolution in Indian population. Protein-modeling analysis of D614G mutation was carried out to identify the impact on structural changes at protein levels. We further performed protein–protein docking simulation to predict the impact of D614G mutation on the interaction between of wild-type and mutated Spike protein with TMPRSS2 enzyme to assess its impact on binding and perhaps viral infectivity.



MATERIALS AND METHODS


Sample Collection

All hospitalized and quarantined patients (March 2020 to June 2020), based on their clinical symptoms (fever or respiratory symptoms) or travel history, were preliminarily involved in this study. We received throat swabs in viral transport media samples of these patients used for SARS−CoV−2 detection. Patients with missing or with negative SARS−CoV−2 test results were excluded from this study based on Ct values obtained by quantitative polymerase chain reaction (qPCR) of isolated RNA. All patients involved in this study were residents of Odisha, India, during the outbreak period of COVID−19. The samples were collected and processed as per the guidelines of the Institutional Ethics and Biosafety Committee. Institutional Biosafety Committee (IBSC) approval (IBSC file no. V-122-MISC/2007-08/01) was taken before processing the samples in BSL3 laboratory.



Viral Load Detection

RNA isolation for all the 248 human patients was performed using QIAamp Viral RNA Mini Kit (Qiagen, cat. no. 52906). The isolated RNA was subjected to qPCR for determining viral load by Ct values. For qPCR, we performed one-step multiplex real-time PCR using TaqPathTM 1-Step Multiplex Master Mix (Thermo Fisher Scientific, cat. no. A28526), targeting three different gene-specific primer and probe sets—envelope glycoprotein Spike (S), nucleocapsid (N), and open reading frame 1 (ORF1).



Viral RNA Library Preparation and Sequencing

We prepared amplicon libraries for viral genome sequencing using QIAseq FX DNA Library Kit and QIAseq SARS-CoV-2 Primer Panel (Qiagen, cat. no. 180475, cat. no. 333896) as instructed by the manufacturer’s manual, and the library was subsequently sequenced using Illumina platform. The adapter sequence used for each sample was compatible with Illumina sequencing instrument with 96-sample configurations (Qiaseq unique dual Y-adapter kit). The average insert length was in the 250–500 bp range. Prepared libraries were then pooled as a batch of 96 samples and sequenced using Illumina NextSeq 550 platform in 150 × 2 layout.



Raw Data Preprocessing

Quality of the sequenced files was checked using FastQC tool (0.11.9) (Andrews, 2010), followed by removal of low quality bases (–nextseq-trim, Q < 20), Illumina Universal adapter sequence and reads with less than 30-bp length using Cutadapt (2.10) (Martin, 2011). To access the quantity of host genomic DNA and other contaminants, Kraken (2.0.9-beta) (Wood et al., 2019) was used, and the reports were summarized using Krona (2.7.1) (Ondov et al., 2011). All the files were then aligned to human genome (assembly version GRCh38) using HISAT2 (2.2.0) (Kim et al., 2015), and unmapped reads were extracted using SAMTOOLS (1.10) (Li et al., 2009) and converted to FASTQ format using BEDTOOLS (2.29.2) (Quinlan and Hall, 2010) bamToFastq option.



Alignment With Viral Genome

The unmapped reads were then aligned to SARS-CoV-2 reference assembly (NCBI accession NC_045512) using HISAT2 (2.2.0) (Kim et al., 2015). Amplicon primes from the aligned file were removed using iVar (1.2.2) (Grubaugh et al., 2019) guided by Artic Network V3 primer scheme1. The aligned files were then deduplicated using Picard Tools (2.18.7)2. Alignment quality was checked using SAMTOOLS (1.10) (Li et al., 2009) flagstat option.



Consensus Sequence Generation and Variant Calling

A consensus sequence for each isolate was generated using Bcftools (1.10) (Li, 2011) and SEQTK3. After generating a reference-based consensus sequence, we selected 202 genomes with less than 5% N’s and more than 10× coverage for phylogenetic and mutation analysis. Single-nucleotide variants were called and filtered (QUAL > 40 and DP > 20) using Bcftools (1.10) (Li, 2011). Effects of the filtered variants were annotated using SnpEff (4.5) (Cingolani et al., 2012). All of the consensus sequences were deposited in GISAID (Shu and McCauley, 2017); accession IDs are provided in Supplementary Table 2.



Phylogenetic Analysis

Phylogenetic tree analyses of all the samples were performed using SARS-CoV-2 analysis protocol standards and tools provided by Nextstrain (Hadfield et al., 2018) pipeline. First, all the sequences are aligned against the WH01 reference genome using Augur wrapper of MAFFT (Katoh and Standley, 2013), and low-quality variant sites are masked from the alignment. The initial maximum likelihood tree was generated by the IQTREE2 tool (Nguyen et al., 2015) with 1,000 bootstraps. We have provided the maximum likelihood tree with bootstrap percentage marked for branches with ≥ 60 support and clade information in Supplementary Figure 3. Further refinement of the tree was done using the Augur refine command, and the tree was rooted using the reference sequence with timeline information incorporation using TimeTree (Kumar et al., 2017). To finalize the tree for Nextstrain auspice visualization the tree was annotated using ancestral traits, clades, nucleotide mutation and amino acid mutation. The resulting tree was visualized using an Auspice instance, and the visualization was refined using the ggtree R package.

We have used Nextstrain year-letter clade nomenclature that started with 19A and 19B branched by C8782T and T28144C nucleotide changes and was initially prevalent in Asia during initial outbreak. Later, 20A emerged in European outbreak from 19A parents having C3037T, C14408T, and A23403G as distinctive features. 20B emerged as a distinct clade in Europe with three consecutive mutations, e.g., G28881A, G28882A, and G28883C. Further the 20C emerged as a North America–specific clade with C1059T and G25563T nucleotide changes.



Haplotype Network Analysis

For haplotype network analysis, we took a total of 287 (China 15, Germany 23, Italy 25, Saudi Arabia 23, Singapore 14, and South Korea) SARS-CoV-2 whole-genome sequences with less than 1% N and with collection date of March, April, and May from GISAID database. The selected samples are then aligned to the WH01 reference genome using MAFFT (Katoh and Standley, 2013). After filtering aligned sequences, we used POPART (Leigh and Bryant, 2015) software to generate haplotype network using a median joining method with 2,000 iterations.



Modeling of the Protein Structures

The sequences of SARS-CoV-2 proteins (NPS3, NSP4b, NSP6, nucleocapsid, and Spike) were retrieved from NCBI. As most of the proteins do not have a three-dimensional (3D) structure in protein data bank (PDB), they were modeled using Modeler 9.21 (Webb and Sali, 2016). The suitable templates for modeling of the proteins (Supplementary Table 1) were selected by DELTA-BLAST (Boratyn et al., 2012) against the PDB proteins. One hundred models were generated for each of the proteins. The best model was selected based on the lowest DOPE score (Shen and Sali, 2006). The D614G mutant of the Spike protein was generated by Modeler 9.21. The loop in Spike protein (670–690) was refined using loop modeling procedure in Modeler by generating 100 loop models. The model with the lowest dope score was finally chosen for both the mutant and wild-type protein. Similarly, the host transmembrane serine protease 2 (TMPRSS2) was also modeled using Modeler. The PROCHECK (Laskowski et al., 1993) server was used to assess the stereochemistry of the generated models.



Protein–Protein Docking

The standalone version of HADDOCK2.2 (van Zundert et al., 2016) was used to perform protein–protein docking with SARS-CoV-2 Spike protein with human TMPRSS2. The docking was conducted by the restraining of the receptor (Spike) and ligand (TMPRSS2) residues known to be at the interface Spike-TMPRSS2 interface. Specifically, residues within 5 Å of the reported cleavage site (Arg685, Ser686) (Hoffmann et al., 2020) of the Spike and catalytic triad of TMPRSS2 (H296, D345, and S441) and binding residue D435 were restrained to be at the docking interface. A total of 100 docking poses were generated and ranked based on the HADDOCK2.2 docking score (van Zundert et al., 2016), which is composed of van der Waals energy, electrostatic energy, restraints energy, etc. The best-ranked docking pose was visualized using Pymol.



Statistical Analysis and Plotting

All the statistical analysis and plots were generated in R (3.6.1) statistical programming language using ggplot2, dplyr, reshape2, lubridate, ggsci, and ggpubr package available from CRAN and Bioconductor4 repository.



RESULTS


Demographics, Clinical Status, and Travel History

The average age of the 225 patients was 30.98 ± 11.79 years with age range 1–75 years and median age of 30 years. The overall gender ratio of male-to-female was 201:24 with median age of male patients 31.75 and 24.5 years for female patients (Supplementary Figures 1A,B). Almost every female patient in this study reported no strong symptoms during sample collection, whereas in case of the male patients, we found that the numbers of symptomatic cases were almost the same with the number of asymptomatic cases (Supplementary Figure 1C). For the samples in our study, we did not observe any fatality in the patient group to our knowledge.

The majority of the patients (89%) disclosed their travel history during the sample collection procedure. We found that the majority of the patients included in the study were found to migrate from Gujarat, West Bengal, Tamil Nadu, Maharashtra, Delhi, Kerala, and Andhra Pradesh state in India (Supplementary Figure 1D). As most of the patients did not have any direct foreign travel (n = 1) history, the primary source of infection is local contacts in their workplaces, and this helped us to understand the COVID-19 strain diversity in the most affected states of India (Supplementary Figure 1D).



Phylogenetic Analysis

The phylogenetic analysis was carried out with 202 high-quality (<5% N’s) SARS-CoV-2 sequences that revealed presence of four major clades, i.e., 19A (n = 39), 19B (n = 36), 20A (n = 73), 20B (n = 60), and one minor clade 20C (n = 4) (Figure 1A). To understand the abundance of clades with time, we plotted cumulative counts of clades against the sample collection date and observed the introduction of clade 20A occurred in April 2020 with parallel emergence of 19A, 19B, and 20B in May (Figure 1B). After May, no new occurrence of clade 19A or 19B was observed in our data, but in mid-June, we started to observe emergence of 20C clade (Figure 1B). When we overlaid the clinical status information (asymptomatic vs. symptomatic), we observed that isolates from clade 20A, 20B, and 20C depicted a higher number of symptomatic patients (Figure 1C). Although without the information about predisposition of complication in patients, it is hard to establish an association between the mutations and the clinical manifestations.
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FIGURE 1. Phylogenetic analysis of the SARS-Cov genomes and their distribution into different Nextstrain defined new clades. (A) A donut chart representing the sequenced sample (n = 202) distribution across the clades (clade nomenclature obtained using Nextstrain). (B) Cumulative count of clades plotted against sample collection date showing abundance of clades with time. (C) Time tree (1,000 bootstraps) of the sequenced samples (n = 202) generated using Nextstrain time-tree pipeline overlaid with clinical status (condition, inner circle) of the patients during sample collection, place of migration (state, outer circle), and clade information (clades).


To further understand the transmission of the virus in our patients, we performed phylogenetic analysis of our dataset with 1,042 high-coverage Indian SARS-CoV-2 whole-genome sequences (N < 1%) obtained from GISAID on July 12, 2020 (Supplementary Figure 1F). From the transmission map generated using Nextstrain, we observed that most of the sequences in 20A clades share sequence similarity with samples from Gujarat, which has very high prevalence of this clade (Supplementary Figure 1E). The 19A clade is very prevalent in Delhi and Telangana region and Tamil Nadu, but the 20B clade is only prevalent in the southern parts of India (Supplementary Figure 1E). Both 20A and 20B clades predominantly contain a mutation in protein coding sequence 23403A > G, and the mutation is traced back to the West European region in late January (Korber et al., 2020). The missense mutation in Spike protein coding gene causes a change in 614 D > G position of Spike protein and reported to increase the shedding of S1 subunit of the protein, which leads to the increased infectivity (Korber et al., 2020).



Mutation Analysis

After filtering out low-quality genomes with <5% N’s in the assembly and at least 10 × average coverage, we observed a total of 247 single-nucleotide variants from 202 SARS-CoV-2 isolates. Of these variants, 156 variants observed only in single isolates, 25 variants were classified as common variants with occurrence of more than 5% and 19 variants as rare with 2–5% occurrence (Supplementary Table 1). Among the common variants, the most frequent mutations are 23403 A > G (D614G, S gene), 241 C > T (5′ UTR), 14408 C > T (P4715L, RdRP gene), 3037 C > T (F942F, NSP3), 28881 G > A (R203K, N gene), 28882 G > A (R203R, N gene), 28883 G > C (G204R, N gene), and 28144 T > C (L84S, ORF8) with presence in more than 15% of all of our sequenced genomes (Supplementary Table 1). Plotting mutation diversity (>2%) in a clade-wise manner, we observed distinct mutation signatures in different clades. The isolates that were grouped in 19A clade depicted prevalence of mostly ORF1ab mutations with one distinct N gene C > T mutation at 28311 position (Figure 2C). In clade 19B samples, we observed a very distinct ORF8 T > C mutation at 28144 position, two N gene mutations at positions 28326 and 28878 with some ORF1ab mutation in lower frequency (Figure 2C). Clades 20A and 20B have almost similar mutation profile with major mutated positions 241 C > T mutation in leader sequence, ORF1ab 3037 C > T, ORF1ab 14408 C > T (RdRP), and S gene 23403 A > G mutations. The very distinct characteristic that we observed for 20B clade is three consecutive N gene mutations at positions 28,881, 28,882, and 28,883 (Figure 2C). Of these three mutations, two are missense mutations resulting in change of protein sequence. In clade 20A, we observed two mutations at ORF3a and M protein coding gene at position 25,563 G > T, 26,735 C > T but in less frequencies in comparison with other mutated sites (Figure 2C). Overall, to conclude, we summarized all the mutated sites present in all the samples and observed ORF1ab is the most mutated region, followed by N gene, S gene, and ORF8 in SARS-CoV-2 samples from India (Figure 2A). Among the ORF1ab mutations, 4,715 P > L change in nsp12, also known as RdRP (the viral RNA dependent RNA polymerase), was the most common one followed by a synonymous change (F924F) in nsp3 protein (Figure 2B).
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FIGURE 2. SARS-CoV-2 clade distribution and their prevalent mutation profiles. (A) Dot plot representing the number of single-nucleotide mutation (occurred in more than 2% of the samples) present in different genomic segments of SARS-CoV-2 genome. (B) The ORF1ab region codes for a polypeptide are later cleaved to several mature peptides. The dot plot represents the amino acid changes (location of amino acid acids as per location in polypeptide sequence) in the mature peptides of ORF1ab. (C) Clade-wise occurrence of nucleotide mutations with presence in more than 2% of sequenced samples (n = 202). Color of the dots represents the clade and size of the dots represents number of the samples showing presence of the single-nucleotide variant. (D–I) The mutation sites on the modeled structures of the SARS-CoV-2 proteins. The mutation site(s) of the NSP3, NSP4b, NSP6, RdRP, and nucleocapsid proteins are marked as sphere, while the rest of the structure is shown in cartoon representation.


To understand the impact of identified prominent missense mutations (present on > 10% of the samples) on the annotated viral proteins in our sequenced population, we used protein crystal structures and protein models as crystal structures were not available. The PROCHECK (Laskowski et al., 1993) results showed that the generated models have acceptable stereochemistry. First, we looked into the location of the mutated amino acid with respect to its functional domains as any change in the functional domain has high probability to perturb the protein function. The sites of mutation on the modeled protein structures (nucleocapsid, NPS3, NSP4b, NSP6, ORF8, and RdRP) are marked to indicate their location (Figures 2D–I).



Haplotype Network Analysis

First, we created a median-joining haplotype network to look for transmission within India, and we observed two major branches (Supplementary Figure 2A). When we colored the sequences with clade information, the branches represented 19A and 20A, which later furcate into 19B, 20B, and 20C (Supplementary Figure 2A). When we overlaid migration information in the network, we observed the majority of 19A and 19B isolates migrated from Gujarat (Figure 3A). Migration of isolates identified in newly prevalent clades occurred from the southern path of India (Figure 3A). To understand the transmission source of SARS-CoV-2 infection in India, we constructed haplotype network using our sequencing data combined with genome sequences obtained from GISAID (China 15, Germany 23, Italy 25, Saudi Arabia 23, Singapore 14, and South Korea). From the haplotype network, we observed distinct clusters of genome sequences that were grouped in four major nodes. A large group of sequences clustered in two major haplotype clusters, one with genome sequences from China, Singapore, and South Korea and the other one with Italy, Saudi Arabia, and Germany with 2- to 4-nucleotide substitutions (Figure 3B). From the collection date, we observed that 20A clade, which is prevalent in Europe, became abundant in Odisha from April, representing the top cluster, whereas the bottom cluster represents samples belonging to clades 19A and 19B having a common origin in Southeast Asia (Figure 3B).
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FIGURE 3. Haplotype network analysis of SARS-CoV-2 sequences. (A) Haplotype network of 202 SARS-CoV-2 whole-genome sequences from our dataset colored by their respective place of migration. (B) Haplotype network of 100 high-coverage SARS-CoV-2 genomes obtained from GISAID (China 15, Germany 23, Italy 25, Saudi Arabia 23, Singapore 14, South Korea 17) combined with 170 samples sequenced from Odisha with less than <5% N’s present in consensus sequence.




Effect of D614G on Viral Load

To understand the prevalence and effect of G614 in our sequencing dataset, we plotted week-wise count (based on collection date) of D614 and G614 and observed that the occurrence of the mutation has been observed in early March (12th week), and the cumulative frequency increased over time (Figure 4A). We also assessed the frequency of D614G mutation from Covid19 Beacon database (CSIRO and CSIR-IGIB, access date: February 8, 2020) in global and all the SARS-CoV-2 sequence published from India, and the occurrence of G614 in Indian genomes is 76.31% where the global frequency is 43.8% (Supplementary Figure 2C). Every sample we sequenced as a part of the study was also checked for the levels of ORF1 and S gene using qPCR. The Ct obtained is also a direct indicator of viral load (lesser the Ct, higher the viral load) in the individual. When we plotted the Ct values of all sequenced samples, we observed that except week 21, the Ct values of the isolates having G614 mutation are less in comparison to isolates having D614 (Figures 4B,C). We also had Ct values (ORF1, S gene) of 637 positive isolates available as a partner institute of the COVID19 surveillance program in Odisha, India. Plotting the data against the date of sample collection for testing, we observed a sharp and significant (p < 0.05) decline (median ∼5 Ct change) in the Ct values (Figure 4E) from April 2020 to May 2020, and there was median ∼1 Ct change of S gene, as well as ORF1ab (Figures 4D–F) from the month of May to June 2020. In the case of ORF1 expression, we also observed a sharp change between April and May, but there is almost no change between May and June 2020 (Supplementary Figure 2A).
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FIGURE 4. D614G in Spike gene increases infectivity portrayed by Ct values as a surrogate for viral load. (A) Cumulative count of the occurrence of D and G in 614 position of Spike protein in sequenced genomes (n = 202). (B,C) Ct value distribution of S gene and ORF1ab for the sequenced genomes (n = 202). (D–F) Ct value distribution of S gene and ORF1ab in all the positive samples tested at Institute of Life Sciences until June 17, 2020. (G–I) The superimposed 3D structures G614 mutant and wild-type Spike protein. (G) The mutant site is highlighted with a circle at 614 position. (H) The hydrogen bond (D614-T859) shown as dotted line between Spike S1 and S2 domain in wild type. (I) The hydrogen bond is lost as a result of D614G mutation.




Molecular Modeling Depicted Enhanced Interaction of D614G-Mutated Spike Protein With TMPRSS2 Protease

As reported in earlier publications, we also noticed D614G as a highly prevalent mutation in highly transmitted and evolved strains belonging to clades 20A and 20B in the Indian scenario; therefore, we carried out molecular modeling analysis. It was observed that the wild-type (D614) and mutated form (G614) of Spike protein showed a slightly different arrangement of structural elements near the mutation site, which is present in hinge region linking S1 and S2 domain, i.e., S1 furin cleavage site (Figure 4G). The S2 domain of the Spike protein is reported to interact with TMPRSS2 protease necessary for shedding of S1 domain for viral entry inside the host cells by facilitating the merging of virus with the host cell membrane. The proteolytic cleavage of Spike protein by TMPRSS2 results in the shedding of S1 domain, which is one of the key steps of the virus infection in host cells. Cryo–electron microscopy structures indicated that side chains of D614 protomer and T859 of the neighboring protomer form a hydrogen bond in between bringing together S1 domain with S2 (Lu et al., 2020; Walls et al., 2020). This substitution could modulate the glycosylation at N616 site as well, perturbing the interaction between the neighboring protomer. Our Spike protein model depicted this hydrogen bonding between D614-T859 of S1 and S2 domain (Figure 4H). The mutation of D614 to G614 eliminates this side-chain hydrogen bonding between S1 and S2 domain (Figure 4I), leading to increased main-chain flexibility enabling a more favorable orientation of Q613, possibly facilitating cleavage by TMPRSS2 by perturbing its affinity with the S1-furin cleavage site. It has also been proposed that D614 forms an intrasalt bridge with R646, which makes the conformation unfavorable for S1 association with S2 domain (Zhang L. et al., 2020). Interestingly, the protein docking analysis depicted better hydrogen bonding interactions between the Spike protein cleavage sites (Arg685, Ser686) with the catalytic triad of TMPRSS2 in mutant condition as compared to wild-type. In the case of mutant Spike protein, the Arg682 and residues at primary cleavage site of Spike protein (Arg685 and Ser686) formed six hydrogen bonding interactions with Glu299, Lys300, Asp338, and Gln438 residues of TMPRSS2 (Figures 5A,B), whereas in the D614 wild-type form there were five hydrogen bonds observed between the cleavage site of Spike protein S2 domain and TMPRSS2 (Figures 5C,D). The binding energy was observed to be better for the G614 mutant (-143.03 kcal/mol) as compared to that of the wild type (−113.67 kcal/mol), indicating better binding of TMPRSS2 with the mutated Spike protein (Figure 5E).
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FIGURE 5. D614G change in Spike protein enhanced TMPRSS2 protease interaction that might be responsible for increased virus infectivity. (A–D) The docking study of TMPRSS2 with the wild-type (D614) and mutant (G614) Spike protein. The interaction site and the mutation position (614) is marked with an arrow. The hydrogen bond interactions are shown in pink dotted lines with distance marked in Å. (A) The overview of the docking site location on WT Spike protein, (B) the interactions between TMPRSS2 and wild type, (C) the overview of the docking site location on WT Spike protein, (D) the interactions between TMPRSS2 and mutant Spike protein, and (E) the average binding energy (kcal/mol) values for the top poses selected from five different clusters.




DISCUSSION

The pattern of COVID-19 pandemic spread in India is quite different from all over the world in terms of slow transmission and lower mortality rates in the beginning. Therefore, it was extremely important to understand the transmission dynamics of SARS-CoV-2 and its evolution during different phases of disease in India. The mutations that accumulate in the virus genome with time act as a molecular clock that can provide insight into emergence and evolution of the virus. These analyses could be helpful to prevent or control the transmission of the virus. To track the COVID-19 outbreak and understand the genomic clades of SARS-CoV-2 prevalent in India as compared to rest of the world, we performed the genome sequencing of oropharyngeal and nasopharyngeal swabs samples collected from individuals migrated from different regions of India to the state of Odisha after the reported incidences of COVID-19 pandemic in India.

For SARS-CoV-2 genome sequencing, we did amplicon-based sequencing for 225 SARS-CoV-2 genomes to capture the major clade diversity in India, of which we selected 202 SARS-CoV-2 sequences based on their assembly coverage (<5% gap) for further detailed analysis. We selected migrant groups from different parts of the country so that diversity of COVID-19 prevalent in the country could be captured in the phylogenetic analysis to understand disease transmission and virus evolution with time. The sequenced samples represent migratory populations from North, East, West, and Southern parts of India. Our analysis depicted that all the genomes analyzed in our study were grouped into four major clades, 19A, 19B, 20A, and 20B, according to the new Nextstrain clade nomenclature. Clade 19A is the Wuhan clade from China. Interestingly, we were able to capture occurrence of a rare clade with very less occurrence in India, i.e., 19B with 17% (n = 36) in our samples. This clade was found to be prevalent in East and Southeast Asia during the early outbreak of the pathogen. This confirmed that the foundation of the source of early outbreak infection in India also came from Southeast Asian countries. The migration information for these early collected samples were not well defined; therefore, it was difficult for us to pinpoint exactly which Southeast Asian country the transmission of 19B started. The mutation analysis depicted that both 19A and 19B clades almost evolved in parallel as prevalent mutations in both the clades are highly variable. On the other side, the phylogenetic analysis showed that clades 20A and 20B evolved quite rapidly in the Indian population and are a major source of disease transmission in the country, whereas the 20C strain is rarely detected and appeared to be less adapted or somehow contracted by contact tracing at early stages of infection. The haplotype network construction also pointed to the later strains belonging to 20A; 20B clades originated from Western Europe and transmitted directly or via Saudi Arabia are mostly prevalent in the southern and western part of India. In the clade, we also observed a very less frequent clade 20C, prevalent only in a handful of the Middle Eastern countries making up a marginal portion (n = 4) of our sequenced samples. This suggests the requirement of constant monitoring of SARS-CoV-2 with sequencing technology to understand the source of infection and design prevention mechanisms such as strategic lookdowns and region specific travel restrictions.

The fitness of the virus strain and its transmission depend on the adaptive mutations that it acquires with time. From initial observation, we have seen a 10.34% occurrence of C6312A, which has been associated with an India-specific clade called I/A3i (Banu et al., 2020). The mutation is dominant only India as the global frequency of the mutation is around 1.2% according to the Covid19 Beacon database. We found that four common variants, i.e., 241 C > T in the UTR region, 3,037 C > T in NSP3 gene, 14,408 C > T in the NSP12, and 23,403 A > G in S gene coevolved mostly in the 20A and 20B clades. As 20A and 20B clade frequency increased with time in the population, which indicates that these strains have some selective advantage with time for increased transmission. It has been reported that the leader sequence present in the UTR region of positive strand RNA viruses like SARS-CoV is important for the replication and strand switching to generate negative strands (Kim et al., 2020). This mutation in leader sequence is 20 nucleotides upstream of translation start site of ORF1ab gene. Therefore, it might be providing an advantage to virus in preventing stem-loop generation required during strand switching by RdRP, which needs further experimental evaluation. At the same time, several reports documented that 23,403 A > G (D614G) missense mutation in the Spike protein enhanced the infectivity rate of the virus. One of the reports showed that the shedding of S1 domain of Spike protein changes due to change in the hydrogen bonding between S1 and S2 domains. We observed in our protein modeling analysis that TMPRSS2 binding to Spike protein is enhanced by this mutation of aspartic acid to glycine (D614G) as it resulted in increased hydrogen bonding interactions. This change enhances the interaction of TMPRSS2 with the S2 domain, which is important for the cleavage of the S1 domain and virus entry into cells by facilitating its entry into the host cells. The overall primary in silico docking study showed that mutant Spike protein has a greater number of hydrogen bonds with TMPRSS2 at the cleavage site as compared to the wild type, resulting in better docking energy. Overall analysis indicates that the breakage of a hydrogen bond as a result of the mutation may facilitate greater cleavage of the mutant Spike protein as compared to the wild type. All the sequenced genomes were submitted in the GISAID database.
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Introduction

COVID-19 is raising with a second wave threatening many countries. Therefore, it is important to understand COVID-19 characteristics across different countries.



Methods

This is a cross-sectional descriptive study of 525 hospitalized symptomatic COVID-19 patients, from the central federal hospital in Dubai-UAE during period of March to August 2020.



Results

UAE’s COVID-19 patients were relatively young; mean (SD) of the age 49(15) years, 130 (25%) were older than 60 and 4 (<1%) were younger than 18 years old. Majority were male(47; 78%). The mean (SD) BMI was 29 (6) kg/m2. While the source of contracting COVID-19 was not known in 369 (70%) of patients, 29 (6%) reported travel to overseas-country and 127 (24%) reported contact with another COVID-19 case/s. At least one comorbidity was present in 284 (54%) of patients and 241 (46%) had none. The most common comorbidities were diabetes (177; 34%) and hypertension (166; 32%). The mean (SD) of symptoms duration was 6 (3) days. The most common symptoms at hospitalization were fever (340; 65%), cough (296; 56%), and shortness of breath (SOB) (243; 46%). Most of the laboratory values were within normal range, but (184; 35%) of patients had lymphopenia, 43 (8%) had neutrophilia, and 116 (22%) had prolong international normalized ratio (INR), and 317 (60%) had high D-dimer. Chest x ray findings of consolidation was present in 334 (64%) of patients and CT scan ground glass appearance was present in 354 (68%). Acute cardiac injury occurred in 124 (24%), acute kidney injury in 111 (21%), liver injury in 101 (19%), ARDS in 155 (30%), acidosis in 118 (22%), and septic shock in 93 (18%). Consequently, 150 (29%) required ICU admission with 103 (20%) needed mechanical ventilation.



Conclusions

The study demonstrated the special profile of COVID-19 in UAE. Patients were young with diabetes and/or hypertension and associated with severe infection as shown by various clinical and laboratory data necessitating ICU admission.





Keywords: COVID-19, acute respiratory distress syndrome, clinical characteristics, laboratory features, organ failure, mechanical ventilation



Introduction

Corona virus disease -2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), was first detected in Wuhan-China on December 31st, 2019 (Wang C et al., 2020). Shortly after, the World Health Organization (WHO). declared COVID-19 as a global pandemic on March 2020 (Mahase, 2020). As on January 19th, 2021 the total global number of affected cases was 96,073,719 million and 2,051,377 deaths Available at: https://www.worldometers.info/coronavirus/. In UAE A Chinese family on holiday in the UAE were the first people in the country to be given positive coronavirus diagnoses on January 23rd, 2020 (Zaatar, ), Thereafter, the cases increased to reach 63,819 as on August 14th 2020 (The Supreme Council for National Security, ).

SARS-CoV-2 is highly contagious (Mohapatra et al., 2020) and one of way to control the pandemic is through preventive methods, sensitive diagnostic approaches, and using accessible drugs, in a view of understanding the characteristics of COVID-19 among different population (Lotfi et al., 2020).

Although the majority of the patients have mild symptoms, COVID-19 can be fatal and require intensive medical care (Sheleme et al., 2020). COVID-19 severity and fatality have been found to be associated with many host factors, including age, gender, race, ethnicity and presence of other comorbidities (Biswas and Mudi, 2020). Moreover, it had been reported that COVID-19 mortality rates differ between countries and between geographical areas within the same country with genetic factors and climates differences as an etiology for this variation (Biswas and Mudi, 2020; Al-Tawfiq et al., 2020). Report showed that Asian individuals had an increased risk of infection and worse clinical outcomes and higher mortality (Pan et al., 2020). Therefore, this study aimed at studying the clinical and the laboratory characteristics of symptomatic hospitalized COVID-19 patients that had been admitted to the main federal hospital in Dubai, United Arab Emirates (UAE). Understanding COVID-19 profile in each country will help in containing the disease and to set proper guidelines and strategies to deal with any subsequent waves.



Methods


Study Design

This clinical observational study included 525 hospitalized symptomatic confirmed COVID-19 patients admitted to Al Kuwait-Dubai hospital (AKH), Dubai, United Arab Emirates (UAE) between February until August, 2020. The AKH is the only federal hospital operated by the Ministry of health and Prevention (MOHAP) in Dubai, and it is the first hospital in the UAE that had been evacuated from all other cases and had been declared as a COVID-19 center. Up to the date of writing this manuscript, AKH is still function as a COVID-19 center.



Data Collection

COVID-19 had been confirmed using polymerase chain reaction (PCR) from nasal swab sample. The laboratory used Sacace Real Time Reverse Transcription Polymerase Chain Reaction (rRT-PCR) test to diagnose COVID-19 disease. The test was performed on patients’ nasopharyngeal swabs. RNA was extracted using SaMag Viral Nucleic Acid Extraction system. Extracted RNA was amplified using BGI-Real Time Fluorescent RT-PCR kit for the detection of COVID-19. Suspected cases were admitted to a different specialized hospital devoted for unconfirmed cases.

MOHAP hospitals use electronic medical file system where all clinical, laboratory, radiological and management data are collected prospectively.

Collected data included (1) demography; age, gender, body mass index (BMI); calculated as weight(KG)/height(m2), (2) source of infection; travel to overseas, contact with another COVID-19 patient, or unknown source (identified as either no travel history and no contact with another known positive case of COVID-19), (3) smoking status (current or ex-smoker), (4) comorbidities; diabetes mellitus (DM), hypertension, cardiovascular disease (CVD), chronic lung disease, chronic kidney disease (CKD), stroke/transient ischemic attack (TIA), cancer, and any other documented comorbidities (5) COVID-19 symptoms; (A) duration of symptoms (days), (B) upper respiratory tract infection symptoms; headache, fever, fatigue, myalgia, rhinorrhea, and sore throat (C) lower respiratory tract infection symptoms; cough, shortness of breath (SOB), sputum production, and hemoptysis, (D) other symptoms; ageusia, anosmia, anorexia, nausea, vomiting, diarrhea, and confusion, (6) radiological features; chest X-ray consolidation and computed tomography (CT) ground glass appearance, (7) clinical complications such as (A) presence of organ failure; (i) acute cardiac injury (defined as at least one documented elevated high-sensitivity troponin-I) (ii) acute kidney injury; defined as a raise in the serum creatinine of ≥26.5 µmol/liter within 48 h.; or increase in serum creatinine ≥1.5 times than the baseline that occurred within the preceding 7 days; or if there were reduction in the urine volume <0.5 ml/kg/hr. for 6 consecutive h, and (iii) acute liver injury; defined as presence of high alanine transaminase (ALT) and/or high aspartate aminotransferase (AST) by more than 5 times the upper limit of normal range, (iv) acute respiratory distress syndrome (ARDS); using Berlin definition (Force et al., 2012), acidosis, (5) septic shock; defined as per the Third International Consensus Definitions for Sepsis and Septic Shock (Singer et al., 2016), (6) need for intensive care unit (ICU) medical care, (7) need for mechanical ventilation, and (8) death rate.

We followed the Chinese CDC report in categorizing the COVID-19 clinical manifestations to 3 levels of severity; (1) Mild disease; if there were non-pneumonia or if there were mild pneumonia, (2) Severe if there were dyspnea, respiratory rate ≥ 30/min, blood oxygen saturation (SpO2) ≤ 93%, PaO2/FiO2 ratio [the ratio between the partial pressure of oxygen (PaO2) and the fraction of inspired oxygen (FiO2)] < 300, and/or lung infiltrates > 50% within 24 to 48 h, and (3) Critical, if there were respiratory failure, septic shock, and/or multiple organ dysfunction/failure (Wu and McGoogan, 2020).

The medications used in treating COVID-19 during their admission are as follow: Chloroquine/Hydroxychloroquine, Lopinavir/Ritonavir, antibiotics, Steroid, Interferon, Tocilizumab, and anti-fungal.

The laboratory tests were collected and include: (1) blood rheology; hemoglobin (Hb) (normal reference range; NR: male: 12.0-15.5 g/dl, and female: 13.5 -17.5 g/dl), total white cell count (WCC) (NR: 4,000 -11,000 x10(3)/mcl), lymphocyte count (NR: 1,000 and 4,800 x10(3)/mcl), neutrophil count (NR: 1.5-4 x10(3)/mcl), and platelet count (NR: 150,000 - 400,000 x10(3)/mcl), (2) inflammatory markers; ferritin (NR: males: 26-388 ng/mL, and female: 8-252 ng/mL), C-reactive protein (CRP) (NR: 0.0-5.0 mg/liter), procalcitonin (NR < 0.1 ng/mL), lactate dehydrogenase (LDH) (NR: Male: 85 – 227 U/liter, and Female: 81 – 234 U/liter) and lactic acid (NR: 0.4 – 2.0 mmol/liter), (3)glucose status; glycosylated hemoglobin; HbA1C (NR: 4.8 - 6.0%), (3) liver function test; ALT (NR: males: 16 – 63 IU/liter, and females:14 – 59 IU/liter), AST (NR: 15 – 37 U/liter), albumin (34 – 50 g/liter), bilirubin (NR: 0-3 µmol/liter), and alkaline phosphatase level (NR: 46-116 U/liter) (4) renal function test, included, blood urea (NR: 0.0-8.3 mmole/liter), and creatinine (NR: 44-133 µmole/liter). Estimated glomerular filtration rate (eGFR) (NR: 90 to 120 mL/min/1.73 m2) had been calculated using Modification of Diet in Renal Disease (MDRD) equation, 186 × (SCr mg/dl)-1.154 × (age)−0203 × 0.702 [if Female] x 1.212[if Black], (5) Coagulation profile included International normalized ratio (INR) (NR <1.1), and D-dimer (>55 mg/liter considered positive) (6) electrolytes included sodium (Na) level (NR: 135-145 mEq/liter) and potassium (K) level (NR: 3.6 to 5.2 mmol/liter), and (7) indicator of cardiac injury; troponin level (NR: 0 to 60.4 ng/liter).

Further, laboratory parameters had been categorized based on the upper and lower limits of the normal reference ranges to lymphopenia if lymphocyte count was < 1 x103/mcL, neutrophilia if neutrophil counts were >14 x10(3)/mcL, high ALT if were > 63 IU/liter for male and >59 IU/liter for female, high AST if were > 37 U/liter, high LDH if were > 227 IU/liter for males and > 234 IU/liter for females, high ferritin if were > 388 ng/ml for males and were > 252 ng/ml for female, high D-dimer if were > 0.5 mg/liter, high troponin if were > 60 ng/liter, high lactic acid if were >2.0 mmol/liter, and high procalcitonin if were > 0.1 µg/liter.



Statistical Analysis

Data had been presented as mean and standard deviation for continuous variables and frequency (number and percentage; %) for categorical variables. To assess the differences between COVID-19 patients needed ICU admission vs. no ICU admission Student’s t-test was used for the continuous variables and Chi-square test was used for the categorical variables. P value <0.05 had been considered significant. All the analysis had been carried out using STATA 9/SE statistical software (Stata Corp, College Station, Texas, USA).



Ethical Approval

The study was approved by the Scientific Research Committee. Approval Number. MOHAP/DXB-REC/MMM/NO.44/2020 and certify that the study was performed in accordance with the ethical standards as laid down in the 1964 Declaration of Helsinki and its later amendments ethical standards.




Results


Demography

The basic clinical and epidemiological features of this cohort is shown in Table 1. While the majority of the patients were from the indicant subcontinent; 332 (63%), the UAE citizens made 53 (10%) and the other Arabs were 75 (14%). The mean (SD) of the age was 49 ± 15 years, with only 130 (25%) of the patient were older than 60 years old, and 4 (0.76%) were younger than 18 years old. Male composed the majority of the patients with ratio of female to male was 118: (22%) to 407 (78%). The mean (SD) of the BMI was 29 ± 6 kg/m2 for all COVID 19 patients.


Table 1 | Demography of 525 symptomatic COVID-19 patients.



The source of infection transmission was unknown for the majority of the patients 369 (70%) with only 29 (6%) and 127 (24%) had history of travel to foreign overseas country and history of contact with another COVID-19 patient, respectively. Smoking history; either current smoking or history of smoking presented in 25 (5%) of patients. At presentation to the hospital the mean (SD) of COVID-19 symptoms duration was 6 ± 3 days.



Comorbidities

While 284 (54%) of the patients had at least one comorbidity, 241 (45%) had none. The most common comorbidities were DM (177; 34%) and hypertension (166; 32%). CVD was present in 27 (5%) of patients. Small percentage of patients had thyroid dysfunction (16; 3%), chronic lung disease (14; 3%), and chronic kidney disease (13; 2%), as shown in Table 2.


Table 2 | Comorbidities of 525 symptomatic COVID-19 patients.





Clinical Symptoms

The most common symptoms were fever (340; 65%), cough (296; 56%), and SOB (243; 46%). The cough was mainly dry with only 10 (2%) had sputum production with no hemoptysis. Small percentage of patients had myalgia (62; 12%), sore throat (44; 8%), headache (30; 6%) and fatigue (34; 6%). Less than and/or equal to 5% of patients had anorexia (14; 3%), rhinorrhea (18; 3%), nausea (11; 2%), vomiting (10; 2%), and diarrhea (27; 5%). 2 (0.4%) of patients had anosmia, and 4(1%) had ageusia. None of the patients had confusion, as shown in Table 3 and in Figure 1.


Table 3 | Symptoms of 525 symptomatic COVID-19 patients.






Figure 1 | The distribution of the 525 symptomatic COVID-19 patients on admission.





Laboratory Parameters and Radiological Features

While most of the blood rheology parameters values (Hb, WCC, and platelet count) were within normal range at time of first encounter to the hospital,184 (35%) of the patients had lymphopenia and 43 (8%) had neutrophilia. The coagulation profile showed 116 (22%) of the patients had prolonged INR, and 317 (60%) had high D-dimer.

Radiological investigations at admission showed bilateral chest x ray consolidation was present in 334 (64%) of patients and CT scan ground glass appearance was present in 354 (68%), as shown in Table 4 and Figure 2.


Table 4 | Laboratory features of 525 symptomatic COVID-19 patients.






Figure 2 | Bilateral multilobar ground-glass opacification and consolidations, preferentially peripheral and subpleural.





Clinical Complications and Outcome

Despite that most of renal and liver function tests were within normal range, 111 (21%) had acute kidney injury and 101 (19%) had liver injury. Also, 124 (24%) of COVID-19 patients had acute cardiac injury. In addition, ARDS developed in 155 (30%), acidosis in 118 (22%) and septic shock in 93 (18%) of patients. As a result, 150 (29%) required ICU admission with 103 (20%) needed mechanical ventilation. Eventually, 93 (18%) of the patients deceased, as shown in Table 5 and Figures 3 and 4.


Table 5 | Clinical complications and clinical outcomes of 525 symptomatic COVID-19 patients.






Figure 3 | Clinical complications of the 525 symptomatic COVID-19 patients.






Figure 4 | Clinical severity of the 525 symptomatic COVID-19 patients.





Medications Used in the Treatment of COVID-19 Patients

Drugs used to treat patients as per National (UAE) Guidelines for Clinical Management and Treatment of COVID-19. 20 April 2020, version 3.1. The guidelines recommend different classes of drugs according to the clinical status. For laboratory-confirmed COVID-19 patients without pneumonia, hydroxychloroquine/chloroquine with lopinavir-ritonavir is recommended. In the presence of radiological evidence of pneumonia, favipiravir and remdesivir is considered additionally. In case of critical illness, tocilizumab and interferon-alfa 2 is considered additionally. Steroids are used in the presence of significant hypoxia with high inflammatory markers. Antibiotics are added when a super-added bacterial infection is suspected either clinically or positive cultures with high lab markers like CRP and procalcitonin. Antifungals are used if clinical suspicion of fungal infection or positive cultures.

This study showed that Chloroquine or hydroxychloroquine were the most commonly used medications in 493 (94%) of patients, followed by anti-viral; lopinavir/ritonavir in 380 (72%). Another anti-viral treatment used was Favipiravir which was used in 181 (34%) of patients. Anti-biotics had been prescribed in 372 (71%) of patients. Steroid used in over half of the patient; 298 (57%). Interferon, Tocilizumab (IL-6 inhibitor) and anti-fungal medications had been used in a smaller number of cases; 137 (26%), 105 (20%), and 59 (11%), respectively, as shown in Table 6.


Table 6 | Treatment of 525 symptomatic COVID-19 patients.





COVID-19 Patients Needed ICU Care vs. COVID-19 Patients Did Not Need ICU Care

Among all the COVID-19 patients 150 (29%) required ICU admission without any prediction for any nationality to be admitted to the ICU. COVID-19 patients who needed ICU admission were older in age 55 ± 13 vs. 46 ± 15 years (p < 0.001), with 53 (35%) were older than 60 years compared to 77 (21%) of patients who did not required ICU care. Although male gender was the majority of COVID-19 patient but the percentage was higher among the group that required ICU care; 139 (93%) vs. 268 (21%), p < 0.001. More, they were more diabetic; 79 (53%) vs. 98 (26%) and hypertensive; 74 (49%) vs. 92 (25%) (p value < 0.001 for both) (Tables 7 and 8).


Table 7 | Nationalities of the 525 symptomatic COVID-19 patients and admission to the intensive care unit (ICU).




Table 8 | Age, gender, body mass index, symptoms duration and comorbidities of 150 symptomatic COVID-19 patients needed Intensive care unit (ICU) admission vs. 375 did not need ICU admission.






Discussion

To the best of our knowledge, this is the largest study from our region of the Gulf Cooperation Council (GCC) to examine both the clinical and laboratory features of admitted COVID 19 patients. It showed that patients were young, mostly male and overweight or obese. Majority were teetotal and their infection source was unknow in majority of patients with average symptoms duration of 6 days. More than 50% had either diabetes or hypertension or both as a medical comorbidity. Majority had typical LRTI symptoms and signs at presentation. Also, radiological findings were very common including ground glass appearance. Multi organ failure was noted and mostly include AKI, ALI, and ACI with almost a third needed ICU management. Management strategies were instituted as experience progressed with majority received including Chloroquine or hydroxychloroquine, anti-viral, antibiotics, steroids, and various biological medications.

The excess number of males in our sample is ongoing with what had been reported of increase vulnerability of men to COVID-19. Bwire et al. attributed this to the different ability of each gender to fight SARS-2-CoV-2 as a result of biological differences in the immune systems between men and women (Bwire, 2020). As well, it had been reported that females are more resistant to infections than men, and this is mediated by several factors including sex hormones and high expression of coronavirus receptors (ACE 2) in men (Bwire, 2020). More, life style differences between men and women such as smoking and drinking that are more common among men. As well, women have more responsible attitude toward the Covid-19 pandemic than men. Others reported that as men show higher mortality from diseases including heart disease and diabetes, then these diseases which are known to show sex-specific occurrence could be contributing factors for the sex-biased mortality from COVID-19 (Pradhan and Olsson, 2020).

Despite older age had been related to worse clinical outcomes in COVID-19 (Liu Y et al., 2020), the average age of our COVID-19 showed that they are relatively young (37.0 ± 13.0 years) compared to what had been reported in Oman (Khamis et al., 2020) and 41 years in Kuwait (Singh, 2020). As well, there were only 4 (0.76%) of our study patients below the age of 18 years which is close to what had been observed from the first cases reported in Wuhan where they reported no clinical cases in children below 15 years of age (Li et al., 2020). Further, other reports showed that COVID-19 appears to be less severe in children (Rezaei, 2020). UAE is a young nation with majority of its population between age 25 to 54 years (Statistic center D, ).

A systemic review demonstrated that proportion of male patients ranged from 29.0% to 77.0 (Fu et al., 2020). Other studies showed that there were no significant gender differences in prevalence of COVID-19 (Li et al., 2020), but men are more at risk for worse COVID-19 outcomes and death, independent of their age (Jin et al., 2020). In our study the majority of cases were male; 407 (78%). This could be explained by having in our study symptomatic COVID-19 patients who had been admitted to the hospital, therefore, our sample sized represent the worst sector of patients who required medical care for their disease.

Among our patients 5% had a history of smoking; either current or past. This is going with what had been reported in systemic review that the proportion of COVID-19 patients who were current smokers ranged from 0.0% to 18.0% (median 7.2%; nine studies) (Fu et al., 2020). Further, smoking is culturally not accepted in our region and is faced by a stigma in a conservative culture (Saravanan et al., 2019; Ayalon, 2019). Or, because of the stigma patients were not truthful revealing their smoking status.

The mean BMI of COVID-19 patients were 29 ± 6 kg/m2, which lies within the overweight class as per the WHO classification (Pi-Sunyer, 2000). Population and patients with high BMI have moderate to high risk of medical complications with COVID-19 (Malik et al., 2020), with increased adiposity destabilizes the pulmonary function and contribute to viral pathogenesis (Dorner et al., 2010).

The source of infection was known in about quarter of our COVID-19 patients while the majority of our symptomatic patients had no known source of infection. The unknown source of infection in the majority of our patient is in line with our previous finding (under review) that highlighted the adopted policy of paying attention to patients with travel or contact history resulted in unintentional negligence of other COVID-19 patients who had no history of travel or history of contact with another COVID-19 case. This strategy contributed to a worse clinical outcome among the COVID-19 patients with no obvious source of contracting the disease.

Additionally, the unknown source of infection can be explained by the transmission efficiency of SARS-CoV-2 that had proved to be high (Fauci et al., 2020). An infected individual can release aerosols and droplets containing SARS-CoV-2 by coughing, sneezing, speech and breathing (Chao et al., 2009; Tang et al., 2011). More, Aerosols (< 10-μm diameter) and droplets (> 10-μm diameter) can promote infection through deposition on surfaces and subsequent hand-to-mouth/nose/eye transfer, and through inhalation (van Doremalen et al., 2020).

Previous publications from other parts of the world revealed that pre-existing conditions (e.g., cardiovascular, pulmonary, and renal diseases) render a person more vulnerable to more severe COVID-19 infection (Zhou et al., 2020). Among our patient the most common comorbidities were DM and hypertension. Indeed, DM, hypertension and obesity are the most prevalent comorbidities in the UAE and its neighboring countries (Alharbi et al., 2014; Tailakh et al., 2014).

The most common symptoms among our patients were fever (65%), cough (56%), and SOB (46%). This is contradicting the results of a systemic review which showed fever, sore throat, and muscle soreness or fatigue as the most common symptoms (Sun et al., 2020). This might raise the alert that the manifestations of COVID-19 vary across different countries and different nations. Therefore, in our region more attention might be needed to be paid to LRTI symptoms than to the URTI symptoms.

In the early stage of COVID-19, decreased lymphocyte count had been reported and had been demonstrated as a negative prognostic factor (Cascella et al., 2020). The presence of lymphopenia had been seen in more than third of our patients; precisely in 35%. The relatively high procalcitonin level in 39% of our patients might indicate the presence of secondary bacterial infection. Presence of high CRP in 85%, high LDH in 75%, and high ferritin in 55% going with the inflammatory status of the disease. As well, presence of the high ALT, AST, and troponin level is aligned with the presence of the underlying organ dysfunction.

Although at early stage of COVID-19, the chest x ray might be normal, the presence of bilateral changes in 334 (64%) of our COVID-19 patients could be because of presence of patients to the hospital after 6 days of disease onset. And hence the CT scan ground glass appearance was seen in 354 (68%) of the patients. Yet, the CT changes are less than what had been reported in other studies where it was found to be 96.6% (Sun et al., 2020).

Up to the time of writing this manuscript, there is no specific antiviral treatment recommended for COVID-19. Yet, several medications have been proposed such as Lopinavir/Ritonavir (Bimonte et al., 2020) that we used in 94% of our patients. Despite that Lopinavir/Ritonavir showed some benefit is some studies, other demonstrated no benefit with Lopinavir/Ritonavir treatment compared to standard care (Cao et al., 2020). Favipiravir is another anti-viral agent that demonstrated efficacy, improve the discharging rate and decrease the mortality rate of COVID-19 patients (Wang Z et al., 2020), and had been used in 34% of our patients. Chloroquine and hydroxychloroquine were proposed as immunomodulatory therapy in COVID-19 and it was the most commonly used treatment in our patients; 94%. Chloroquine/hydroxychloroquine had been used massively in our patients despite the conflict results about its efficacy, with some studies support its use (Liu J et al., 2020) and other studies antagonize it use in COVID-19 (Kim et al., 2020). Corticosteroids is another drug that introduced as COVID-19 therapy; corticosteroid dexamethasone was suggested to have anti-inflammatory and immunosuppressive roles (Selvaraj et al., 2020; Theoharides and Conti, 2020). Steroid had been used in about in 57% of our patients.

Antibiotic is another medication that had been used in 71% of our patients based. The excess use of antibiotics in our patients is a reflection of anxiety, fear, and uncertainty surrounded the pandemic and the absence of anti-viral medication with proven efficacy. As well, AKH was the first hospital in UAE to be declared as a COVID-19 center, therefore, employee of AKH were at the frontline of fighting the first reported cases of COVID-19 in the UAE. More, fever and cough were the most common symptoms in our patients and the presence of the radiological infiltrates presented in more than 60% of the patients. Fever, cough and radiological infiltrate are hallmarks of bacterial community-acquired pneumonia which requires antibiotic treatment (Huttner et al., 2020), Hence, this contributed to excess use of antibiotics and some other medications in our COVID-19 patients.

The excess use of antibiotics is supported by the fact that literature does not indicate that antibiotics are effective in treating COVID-19 (Zhou et al., 2020), and the incidence of bacterial coinfections appears low among COVID-19 (Rawson et al., 2020). Rawson et al. reported that although among their COVID-19 patients only 8% experienced a bacterial or fungal coinfection, 72% received antibiotics. a percentage that is similar to what we found in our COVID-19 patients (Rawson et al., 2020).

Older age, hypertension and diabetes were the risk factor for ICU admission is aligned with what had published previously that showed that the same risk factors more common among ICU patients (Hachim et al., 2020) and it contribute to the development of acute cardiac injury among COVID-19 patients (Naeem et al., 2020).


Strength and Limitations

Although the study is a single center and it lack the social determinants of the patients but it included the first cases affected by COVID-19 in the UAE and the sample size is fairly good with wide range clinical and laboratory data.




Conclusion

Our patients are younger and mainly male, DM and hypertension were the most common comorbidities. The clinical symptoms are mainly of LRTI and there were considerable percentage of clinical complications and organ dysfunction. The treatment showed excess use of antibiotics.
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Background

Sex and gender are crucial variables in coronavirus disease 2019 (COVID-19). We sought to provide information on differences in clinical characteristics and outcomes between male and female patients and to explore the effect of estrogen in disease outcomes in patients with COVID-19.



Method

In this retrospective, multi-center study, we included all confirmed cases of COVID-19 admitted to four hospitals in Hubei province, China from Dec 31, 2019 to Mar 31, 2020. Cases were confirmed by real-time RT-PCR and were analyzed for demographic, clinical, laboratory and radiographic parameters. Random-effect logistic regression analysis was used to assess the association between sex and disease outcomes.



Results

A total of 2501 hospitalized patients with COVID-19 were included in the present study. The clinical manifestations of male and female patients with COVID-19 were similar, while male patients have more comorbidities than female patients. In terms of laboratory findings, compared with female patients, male patients were more likely to have lymphopenia, thrombocytopenia, inflammatory response, hypoproteinemia, and extrapulmonary organ damage. Random-effect logistic regression analysis indicated that male patients were more likely to progress into severe type, and prone to ARDS, secondary bacterial infection, and death than females. However, there was no significant difference in disease outcomes between postmenopausal and premenopausal females after propensity score matching (PSM) by age.



Conclusions

Male patients, especially those age-matched with postmenopausal females, are more likely to have poor outcomes. Sex-specific differences in clinical characteristics and outcomes do exist in patients with COVID-19, but estrogen may not be the primary cause. Further studies are needed to explore the causes of the differences in disease outcomes between the sexes.
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Introduction

Coronavirus disease 2019 (COVID-19) has been reported in 223 countries and regions, with a cumulative total of 131,837,512 confirmed cases and 2,862,664 deaths as of April 7, 2021, according to the World Health Organization. COVID-19 pandemic has posed a serious threat to global health and economy. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the pathogen that causes COVID-19 via using angiotensin converting enzyme 2 (ACE2) as a receptor (Zhao et al., 2020). It is a member of the beta coronavirus genus along with severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-CoV) (DiMaio et al., 2020). The typical clinical manifestations of patients with COVID-19 are fever, dry cough, fatigue, and in severe cases, dyspnea (Guan et al., 2020; Hu et al., 2021). In previous epidemics of coronavirus-induced diseases, infected populations have shown gender differences in clinical outcomes. Studies related to SARS-CoV showed that males were more susceptible to infection and had a significantly higher case fatality rate than females (Karlberg et al., 2004; Leung et al., 2004; Leong et al., 2006). Among patients infected by MERS-CoV, morbidity and mortality were higher in males than females (Alghamdi et al., 2014). Similar to these respiratory diseases caused by coronaviruses, sex and gender are crucial variables in COVID-19 (Channappanavar et al., 2017; Kadel and Kovats, 2018; Guan et al., 2020). Epidemiologic data suggested that males may be more susceptible to COVID-19 and have higher clinical severity and mortality, especially older males with chronic illnesses (Epidemiology Working Group for NCIP Epidemic Response and Chinese Center for Disease Control and Prevention, 2020; Guan et al., 2020; Onder et al., 2020). Such sex-specific differences are probably attributed to sex hormones, different copy numbers of immune response genes on X chromosomes, and the presence of disease susceptibility genes in females and males (Sue, 2017; Kadel and Kovats, 2018; Schurz et al., 2019). Behavioral and cultural factors may also be involved (Suen et al., 2019; Cai, 2020).

Sex- and gender- specific epidemiologic observations would help deepen our understanding towards COVID-19 and make sex- or gender- specific recommendations (Bhopal, 2020; Wenham et al., 2020). Although current studies have reported the impact of sex on patients with COVID-19, studies based on Chinese populations are scarce and limited in small sample sizes (Sha et al., 2021). Estrogen has been reported to play a crucial role in disease outcomes in COVID-19 patients, attributed to its ability to reduce inflammatory IL-6, IL-8 and TNF-α levels (Alwani et al., 2021). However, this conclusion is not consistent (Alwani et al., 2021; Sha et al., 2021). This study aimed to provide information on differences in clinical characteristics and outcomes between male and female patients and explore the effect of estrogen on disease outcomes.



Materials and Methods


Study Design and Participants

This multi-center retrospective study analyzed information on hospitalized patients with COVID-19 admitted to four hospitals (the Central Hospital of Wuhan, Wuhan Red Cross Hospital, the Central Hospital of Enshi Tujia and Miao Autonomous Prefecture and Lichuan People’s Hospital) in Hubei Province, China. All these hospitals are government-appointed hospitals dedicated to the treatment of COVID-19. The diagnosis of COVID-19 was confirmed according to the WHO interim guidance and the Diagnosis and Treatment Protocol for Coronavirus Pneumonia (trial version 7) released by National Health Commission of China (National Health Commission of the People’s Republic of China; World Health Organization). A total of 2501 patients with COVID-19 admitted to these hospitals from 31st December 2019 to 31st March 2020 were enrolled. This study was approved by the Medical Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology (Number: 2020IECA252) and complied with the principles of the Declaration of Helsinki. The requirement for informed consent from patients was waived by the ethics committee due to the retrospective nature of the study. The data are anonymous, and all authors could only use the anonymized data for statistical analysis, with no direct interaction with patients or patient samples.



Data Collection

The demographic characteristics, medical history, laboratory findings, chest computed tomography (CT) on admission, and outcome data were extracted from electronic medical records. Laboratory assessments comprised complete blood count, coagulation test, biochemical test (including liver and renal function, cardiac enzymes), and infection-related indices. The laboratory findings presented in the study were collected at hospital admission of COVID-19 patients. The primary outcome variables of the study were disease severity and in-hospital mortality. The secondary outcomes were complications, which included shock, acute respiratory distress syndrome (ARDS), acute cardiac injury, acute kidney injury (AKI), secondary bacterial infection, and urinary tract infection. ARDS and shock were defined in term of the interim guidance of WHO for novel coronavirus (World Health Organization). Cardiac injury was diagnosed when serum levels of cardiac biomarkers (e.g., high-sensitivity troponin I, hs-TNI) were above the 99th percentile upper reference limit (Shi et al., 2020). Acute kidney injury was identified according to the kidney disease: Improving Global Outcomes definition (Kellum et al., 2012). Secondary bacterial infection was confirmed if the patients had symptoms or signs of nosocomial pneumonia or bacteremia, and a positive culture of a new pathogen from a lower respiratory tract specimen or from blood samples taken after admission (Garner et al., 1988). Urinary tract infection was determined by an abnormally elevated leukocyte count in the urine (Long and Koyfman, 2018). The severity of COVID-19 (severe vs. non-severe) was assessed at admission according to the Diagnosis and Treatment Protocol for Coronavirus Pneumonia (trial version 7) released by National Health Commission of China (National Health Commission of the People’s Republic of China). The clinical outcomes were categorized into discharges and mortality and monitored up to Apr 5, 2020.

To explore the effects of estrogen, female patients with COVID-19 were divided into two groups (premenopausal and postmenopausal female patients) according to whether they are menopausal, and male ones were classed into two groups based on their age (male patients <50 years and ≥50 years), which refer to the median age of female menopause.



Statistical Analysis

In this study, continuous variables were represented by median and interquartile range (IQR), and categorical variables were presented as frequencies and percentage (%). Comparison of parameters between two groups were conducted with the Wilcoxon-Mann-Whitney-Test for continuous variables. Pearson’s χ2 test or Fisher’s exact tests were used for categorical variables. The risk of outcomes of interest was calculated by multivariable logistic regression. Hospital was modeled as a random effect in the random effect logistic regression. Adjusted odd ratios (ORs) and 95% confidence intervals (CIs) were calculated for different groups. Multivariate analyses were all adjusted for age and comorbidities (hypertension, diabetes, coronary heart disease, cerebrovascular disease, COPD, malignancy, chronic liver disease, and chronic kidney disease). Propensity score-matched analysis was used to balance the age between premenopausal and postmenopausal females. Two cohorts were matched at a ratio of 1:1 with a caliper width of 0.2. For all comparisons, differences were tested using two-tailed tests and p-values less than 0.05 were considered statistically significant. Statistical analysis was performed using SAS version 9.4.




Results


Clinical Characteristics and Radiographic Parameters of Female and Male Patients

A total of 2501 hospitalized patients with COVID-19 were included in the analysis. Of these, 1305 were females and 1196 were males. The features of the study population are shown in Table 1. The median age was 56 years (IQR, 40-67 years) for females and 59 years (IQR, 44-69 years) for males. The clinical manifestations of male and female patients were similar. Fever and dry cough were the major common symptoms, whereas myalgia, diarrhea, and vomiting were rare. Fever was present more in male patients (795[66.5%] vs. 806[61.8%], P=0.0142). Diarrhea was present more in female patients (75[5.7%] vs. 45[3.8%], P=0.0204). Male patients had more comorbidities, including hypertension (457[38.2%] vs. 418[32.0%], P=0.0012), coronary heart disease (145[12.1%] vs. 90[6.9%], P<0.0001), cerebrovascular disease (107[8.9%] vs. 62[4.8%], P<0.0001), COPD (109[9.1%] vs. 64[4.9%], P<0.0001), and chronic kidney disease (87[7.3%] vs. 50[3.8%], P=0.0002).


Table 1 | Clinical characteristics on admission and outcomes in male and female patients with COVID-19a.



Supplementary Table 1 further showed the subgroup analysis of clinical characteristics. The prevalence of coronary heart disease, cerebrovascular disease, COPD, and chronic kidney disease among postmenopausal female patients were significantly lower than that of their age-matched male patients. There was a significant difference in the prevalence of hypertension between premenopausal female and their age-matched male patients. Females in postmenopausal group reported significantly higher prevalence of hypertension, diabetes, coronary heart disease, cerebrovascular disease, COPD, malignancy, chronic liver disease, and chronic kidney diseases compared to the premenopausal group. Propensity score matching (PSM) was performed to avoid age interference in the association between estrogen and disease outcomes. After PSM, 74 females in premenopausal group were matched at a 1:1 ratio to 74 females in postmenopausal group. There was no significant difference between the two groups in terms of clinical characteristics (Supplementary Table 2).

Of 2259 patients who underwent chest CT on admission, 165(13.9%) of females and 145(13.5%) of males showed ground-glass opacity, 162(13.6%) of females and 114(10.6%) of males showed unilateral pneumonia, and 861(72.5%) of females and 812(75.8%) of males showed bilateral pneumonia. There was no difference between the female and male groups (P=0.0810) (Table 1).



Laboratory Findings of Female and Male Patients

In terms of laboratory findings on admission, male patients had more lymphopenia (455[38.2%] vs. 410[31.8%], P=0.0008) and thrombocytopenia (145[12.2%] vs. 87[6.7%], P<0.0001) as compared with female patients. Male patients also showed a higher inflammatory response (C-reactive protein: 710[61.1%] vs. 624[49.5%], P<0.0001; procalcitonin: 62[8.3%] vs. 28[3.3%], P<0.0001; interleukin-6: 123[45.2%] vs. 99[30.9%], P=0.0003) and were more prone to have hypoproteinemia (albumin: 568[48.0%] vs. 544[42.4%], P=0.0054) and extrapulmonary organ damage, such as cardiac injury (creatine kinase: 193[18.4%] vs. 103[9.0%], P<0.0001; high-sensitivity troponin I: 119[15.6%] vs. 99[12.0%], P=0.0394; myohemoglobin: 77[19.3%] vs. 48[11.7%], P=0.0028) and liver injury (alanine aminotransferase: 258[21.8%] vs. 152[11.9%], P<0.0001; aspartate aminotransferase: 173[17.7%] vs. 130[12.3%], P=0.0006; total bilirubin: 95[8.1%] vs. 42[3.3%], P<0.0001) (Table 2). The absolute values of the median and interquartile range (IQR) of laboratory findings were also shown in Supplementary Table 3. Normal ranges of each laboratory findings were listed in Supplementary Table 4.


Table 2 | Laboratory findings in female and male patients with COVID-19 on admission.



Subgroup analysis of laboratory findings indicated that postmenopausal females had a lower incidence of lymphopenia, thrombocytopenia, and hypoproteinemia than age-matched males. The serum markers indicated that postmenopausal females are less likely to have elevated inflammatory response, disturbed coagulation function, and extrapulmonary organ damage, including cardiac injury and liver injury, than age-matched males. Premenopausal female showed weaker inflammatory response and liver injury than age-matched male patients (Supplementary Table 5).



Complications and Outcomes of Female and Male Patients

Compared to female patients, male patients had a higher proportion of severe cases (656[54.9%] vs. 562[43.1%], P <0.0001) and deaths (128[10.7%] vs. 67[5.1%], P<0.0001). During hospitalization, male patients were more likely to have shock (25[2.1%] vs. 13[1.0%], P=0.0255), ARDS (135[11.3] vs. 99[7.6%], P=0.0015), acute cardiac injury (165[21.6%] vs. 127[15.4%], P=0.0015), secondary bacterial infections (370[39.8%] vs. 303 [30.2%], P<0.0001). Female patients were more prone to have acute kidney injury (369[28.7%] vs. 271[22.9%], P=0.0009) and urinary tract infection (116[22.9%] vs. 75[17.4%], P=0.0365) (Table 1)

Multivariable logistic regression analysis indicated that males were more likely to progress into severe type (OR=1.46; 95%CI: 1.24-1.73) and prone to ARDS (OR=1.37; 95%CI: 1.03-1.83), secondary bacterial infections (OR=1.39; 95%CI: 1.14-1.69) and death (OR=1.90; 95%CI: 1.36-2.66), but had a lower probability of acute kidney injury (OR=0.57; 95%CI: 0.47-0.70) and urinary tract infection (OR=0.60; 95%CI: 0.43-0.85) (Table 3). After further subgrouping the patients by disease severity, the incidence of secondary bacterial infections was also significantly higher in male patients with severe type of COVID-19 than in females (Supplementary Table 6)


Table 3 | Multivariable logistic regression analysis of associations of groups with outcomesa.



In the subgroup analysis, male patients age-matched with postmenopausal females were more likely to progress into severe type (OR=1.37; 95%CI: 1.11-1.68), and prone to ARDS (OR=1.36; 95%CI: 1.00-1.83), secondary bacterial infection (OR=1.67; 95%CI: 1.31-2.12), and death (OR=1.89; 95%CI: 1.34-2.67) than postmenopausal females. But they had lower risk of acute renal injury (OR=0.59; 95%CI: 0.46-0.75) and urinary tract infection (OR=0.43; 95%CI: 0.29-0.66). Male patients age-matched with premenopausal females were more likely to progress into severe type (OR=1.65; 95%CI: 1.23-2.22), but were less likely to prone to renal injury (OR=0.54; 95%CI: 0.37-0.77) than premenopausal females. The postmenopausal females were more likely to have urinary tract infection (OR=2.33; 95%CI: 1.14-4.75), but had a lower probability of secondary bacterial infections (OR=0.46; 95%CI: 0.30-0.70) compared with premenopausal female patients (Table 3). However, these differences were not observed after PSM between premenopausal and postmenopausal females by age (Supplementary Table 7).




Discussion

In the present study, we reported detailed sex-disaggregated data on COVID-19 and explored the effect of estrogen in the disease outcomes. We found differences in clinical characteristics and outcomes do exist between male and female patients. These sex-dependent differences were more pronounced in males who were age-matched to postmenopausal. Sex is a crucial variable in the prognosis of COVID-19.

Significant sex difference in severe disease and death of COVID-19 were observed in this study. Male patients were more likely to be severe cases and had a significantly higher proportion of death than females, which is consistent with the findings of SARS-CoV (Channappanavar et al., 2017) and the MERS-CoV (Matsuyama et al., 2016). This may be related to the different respond of females and males to many virus infections (Kadel and Kovats, 2018). Females usually have stronger innate and adaptive immune responses and are relatively resistant to viral infections. Instead, males generate less robust immune responses and are more susceptible to infection (Bouman et al., 2005; Rettew et al., 2008; Klein and Flanagan, 2016). The X chromosome, sex hormones and differential expression of disease susceptibility genes between sexes may be involved in these sex-specific differences following virus infections (Schurz et al., 2019). The X chromosome contains a large number of immune-related genes. Therefore, females can clear pathogens faster and induce vaccine effectiveness greater than males (Schurz et al., 2019). Moreover, as a functional receptor for SARS-CoV-2, ACE2 plays an important role in the pathogenesis. Plasma concentrations of ACE2, have been found higher in male than in female with heart failure (Sama et al., 2020). This may be the addition reason for the differences in virus loads, tissue damage and outcomes between the sexes. In a mouse model of SARS-CoV infection, oophorectomy or estrogen receptor antagonist treatment increased mortality in female mice (Channappanavar et al., 2017). However, there was no significant difference in disease severity and mortality between postmenopausal and premenopausal females after eliminating the confounding of age in this study. A retrospective study in patients with COVID-19 in China also reported that estrogen might not be directly related to the lower mortality in females (Sha et al., 2021). Due to the small sample size after PSM, large sample investigations are still needed to verify this conclusion.

Male patients were also more prone to severe complications. Besides more severe inflammatory immune response aforementioned, more pre-existing diseases (i.e., hypertension, coronary heart disease, cerebrovascular disease, COPD, and chronic kidney disease) in male patients may be an additional reason. Current evidence from Wuhan, China has shown that the COVID-19 mortality rate is comorbidity-dependent, and the crude case mortality rate increased to 10.5%, 7.3% and 6.3% in patients with cardiovascular disease, diabetes mellitus or hypertension, respectively (Epidemiology Working Group for NCIP Epidemic Response and Chinese Center for Disease Control and Prevention, 2020). The presence of these comorbidities may put male patients in weaker immune functions and further aggravated hyperinflammatory state after SARS-CoV-2 infection, leading to more severe multiple organ damage. Pre-existing diseases usually cause organs damage, which are also more likely to deteriorate when SARS-CoV-2 infection occurs. Furthermore, effects of comorbidities on ACE2 expression and activities should be considered (Sama et al., 2020). We also found secondary infection was more common in male patients than in females, and the sex difference remained significant in severe cases. The results of a recent study also showed that males in severe illness were more likely to develop secondary infection (Su et al., 2020). It is suggested that the incidence of secondary infection in severe cases should be closely monitored by clinicians and reported as a complication, especially in male patients.

Previous studies showed that AKI was more common in male patients compared to females (Su et al., 2020; Vahidy et al., 2021). However, our study found that the incidence of AKI was higher in females than males. The reason may be due to the fact that on the one hand, gastrointestinal symptoms, especially diarrhea, are more common in females, and differences in care for dehydration will affect the frequency of AKI. Therefore, the higher incidence of AKI in females may be related to pre-renal acute kidney injury. On the other hand, urinary tract infections were more common in females, which may also contribute to the higher incidence of AKI in females than males in this study. Furthermore, since the incidence of AKI may vary depending on the diagnostic criteria (Luo et al., 2014), this may also be one reason why the present findings differ from other studies. Clinical trials with large samples are still needed to explore the causes of the different incidence of AKI in male and female patients with COVID-19.

The subgroup results showed that males that age-matched with postmenopausal females were more common in severe illness and prone to death. Data from Global Health 5050 also indicated that the overall case fatality ratio in males is indeed higher than females (Global Health 50/50). Thus, combined with recent studies (Chen et al., 2020; Dangis et al., 2020; Guan et al., 2020), we believed that sex is a crucial variable in the prognosis. Male sex, especially those aged over 50 years old, is related with the severe disease and death from SARS-Cov-2 infection.

Our study has several limitations. First, some laboratory tests (i.e., high-sensitivity troponin I, N-terminal pro-brain natriuretic peptide, creatinine, and cytokine level measurements) were not done in all the patients, and missing data might lead to bias of results. Second, due to all patients included in this study being adults, it was hard to assess whether sex-specific differences in clinical characteristics and disease outcomes also existed among younger age groups. Future studies should pay more attention to COVID-19 patients younger than 18 years, such as adolescents, to fill these gaps.



Conclusions

In conclusion, collecting sex-disaggregated data is essential to understanding the feature of COVID-19, the risk factors of poor prognosis, and developing the strategy of treatment. Here, we reported detailed sex-disaggregated data on SARS-CoV-2 infection and confirmed that sex is a crucial variable in the clinical characteristics and outcomes. A comprehensive management plan with a sex perspective is necessary. Males, especially those age-matched with postmenopausal females, require additional prevention, surveillance, or earlier intensive intervention. Estrogen may not be the primary reason to the sex-specific differences in disease outcomes.
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Objective

To investigate the presence of bacteria and fungi in bronchial aspirate (BA) samples from 43 mechanically ventilated patients with severe COVID-19 disease.



Methods

Detection of SARS-CoV-2 was performed using Allplex 2019-nCoV assay kits. Isolation and characterisation of bacteria and fungi were carried out in BA specimens treated with 1X dithiothreitol 1% for 30 min at room temperature, using standard culture procedures.



Results

Bacterial and/or fungal superinfection was detected in 25 out of 43 mechanically ventilated patients, generally after 7 days of hospitalisation in an intensive care unit (ICU). Microbial colonisation (colony forming units (CFU) <1000 colonies/ml) in BA samples was observed in 11 out of 43 patients, whereas only 7 patients did not show any signs of bacterial or fungal growth. Pseudomonas aeruginosa was identified in 17 patients. Interestingly, 11 out of these 17 isolates also showed carbapenem resistance. The molecular analysis demonstrated that resistance to carbapenems was primarily related to OprD mutation or deletion. Klebsiella pneumoniae was the second most isolated pathogen found in 13 samples, of which 8 were carbapenemase-producer strains.



Conclusion

These data demonstrate the detection of bacterial superinfection and antimicrobial resistance in severe SARS-CoV-2-infected patients and suggest that bacteria may play an important role in COVID-19 evolution. A prospective study is needed to verify the incidence of bacterial and fungal infections and their influence on the health outcomes of COVID-19 patients.
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Introduction

In the current era of multi-drug-resistant bacteria, a new viral pandemic due to the SARS-CoV-2 virus began near the end of 2019. SARS-CoV-2 is the cause of coronavirus disease 2019 (COVID-19), which had infected 113 472 187 people and resulted in 2 520 653 deaths worldwide as of 02 March 2021 (WHO website). Coronaviruses are an important viral family composed of seven viruses: four of these (HKU1CoV, OC43CoV, NL63CoV, and 229ECoV) are related to mild respiratory diseases, whereas the other three (SARS-CoV, SARS-CoV-2, and MERS-CoV) are associated with severe pneumonia. In particular, SARS-CoV induced severe acute respiratory syndrome (SARS) outbreaks in 2002 and 2003, with 10% mortality (Drosten et al., 2003; Ksiazek et al., 2003), while MERS-CoV caused severe respiratory disease outbreaks in 2012 in the Middle East, with 36% mortality (Zaki et al., 2012).

SARS-CoV-2 was first isolated in several cases of pneumonia of unknown origin in Wuhan, China; three months later, WHO declared a SARS-CoV-2 pandemic. The origin of SARS-CoV-2 is not fully understood, but the high genome sequence homology with bat and pangolin coronaviruses suggests a possible spillover from bats to humans through pangolins, with the acquisition of an essential basic amino acid sequence in the viral S protein (Letko et al., 2020). The spread of SARS-CoV-2 infection occurred quickly and the clinical impact was dramatic, especially in comorbid patients >65 years old. Notwithstanding the viral damage to pulmonary structures, SARS-CoV-2-induced alteration of the immune response has also been observed in critically ill COVID-19 patients (Pedersen and Ho, 2020; Bost et al., 2021).

In this paper, we investigated the co-occurrence of bacterial superinfections in severe COVID-19 patients. It is well known that the patients at the greatest risk for multi-drug-resistant infections are those who are already more vulnerable to viral lung infections (McCullers, 2014). This association has severe implications for global health, as bacterial co-infection and/or superinfection leads to both increased morbidity and mortality (Smith and McCullers, 2014; Morris et al., 2017). While the impacts of co-infection with bacteria and COVID-19 have not been well studied, people who are already immunocompromised by one organism are usually much more susceptible to a secondary infection and increased mortality. Interestingly, superinfection is also considered an important risk factor for COVID-19-related mortality (Mirzaei et al., 2020; Zhang et al., 2020).

Several antivirals and antimicrobials have been suggested for the management of COVID-19, with contrasting and unclear results (Morris et al., 2017; Rawson et al., 2020). Select antimicrobial therapy appears to be effective in the treatment of suspected or confirmed bacterial respiratory co-infection or superinfection; this therapy may be empiric or targeted and be conducted in patients presenting to the hospital or for the management of nosocomial infections. Recently, Cox et al. (Cox et al., 2020) highlighted the importance in the analysis and management of COVID-19 patients’ co-infections of determining whether these induce disease progression and appropriately tailoring antimicrobial stewardship. It is vital that we understand whether the COVID-19 pandemic may have contributed to an increase in antimicrobial resistance, since this is a growing problem with implications for both global health and the world economy (NoAuthor, 2020).

In order to pinpoint the dynamics of bacterial and/or fungal superinfection in SARS-CoV-2 patients, we investigated the presence of bacteria and fungi in bronchial aspirate (BA) samples of mechanically ventilated patients with severe COVID-19 disease.



Materials and Methods


Sample Population and Data Collection

We analysed BA samples obtained during routine clinical specimen collection from 43 hospitalised patients with confirmed SARS-CoV-2 infection who were subjected to mechanical ventilation (MV) between March and April 2020. BA samples were collected as part of the normal diagnostics routine from 43 patients with clinical symptoms of SARS-CoV-2 infection that required mechanical ventilation.



Viral Infection Determination

The samples were transferred using viral SARS-Cov-2 extraction kits, and amplification was performed using Allplex 2019-nCoV assay kits (Seegene Inc., Seoul, South Korea). This multiplex real-time RT-PCR assay is based on simultaneous amplification of three viral target genes (E, N, and RdRP).

At admission, multiplex Allplex respiratory panel assays (Seegene Inc.) for the detection of 17 viruses (influenza virus A [H1, H3] and B; RSV A and B; adenovirus; enterovirus; rhinovirus; coronavirus [OC43, 229E, NL63]; bocavirus, metapneumovirus, and parainfluenza virus [PIV 1, 2, 3, 4]) were performed using nasopharyngeal swab samples.



Bacterial Cultures

The BA samples were cultured to determine the presence of bacterial or fungal co-infections/superinfections. We considered superinfection a bacterial/fungal infection acquired after 48 h after admission of a COVID-19 patient (Garcia-Vidal et al., 2021). Samples appearing viscous were treated with 1X dithiothreitol 1% (Sigma, St Louis, USA), a reducing mucolytic agent, for 30 min at room temperature. Twenty microliters (20 µl) of treated samples were streaked out on various agar media—namely, blood agar, chocolate agar, Columbia Nalidixic acid agar, McConkey agar, mannitol salt agar, and Sabouraud dextrose agar—in order to identify all pathogens. Samples were incubated at 37°C for 18–24 h, and semi-quantitative analysis of bacterial and fungal growth was performed. Bacterial/fungal load of 105–106 colony forming units (CFU)/ml was considered as infection, while bacterial/fungal load lower than 103 CFU/ml was considered as coloniser.



Bacteria Identification and Antimicrobial Susceptibility Tests

All isolated strains were identified using a VITEK MS MALDI-TOF system (BioMérieux, Marcy L’Etoile, France). Antimicrobial susceptibility was determined using an agar diffusion test, and the results were interpreted following the EUCAST 2019 criteria https://eucast.org/clinical_breakpoints/.



Resistance Tests

The presence of carbapenemase enzymes was investigated using i) the NG-Test CARBA 5 (NG-Biotech, Guipry, France), an immunochromatographic assay that uses a multiplex lateral flow immunoassay (LFIA) to detect NDM, KPC, VIM, IMP, and OXA-48-like enzymes, and ii) specific PCR to determine the presence of the blaKPC gene (Mazzariol et al., 2012), with the amplicons sequenced (MWG Operons, Ebersberg, Germany) as indicated in the subsequent sections. OprD porin that is involved in the carbapenem resistance of P. aeruginosa strains was also investigated. Deletions or mutations of the oprD gene were analysed by PCR (Ocampo-Sosa et al., 2012) and sequenced.




Results


Cohort Characteristics and Infection Data

We studied 43 severe COVID-19 patients. All patients were hospitalised between March and April 2020 and exhibited positive detection of viral genes through a SARS-CoV-2 RT-PCR assay. The average age of the patients was 61.4 years, and 21% of the patients were female.



Analysis of Microbiological Samples

All patients were followed for SARS-CoV-2 infection during the clinical course of the disease. The RT-PCR determination of three major viral target genes (E, N, and RdRP) demonstrated the presence of viral infection through BA samples. The data in Figure 1 show when bacterial colonization/infection started after admission to the intensive care unit (ICU) and demonstrate that positive test results were obtainable from patients for a variable number of days. Bacteria were typically detected 5–15 days after hospital admission. Figure 2 represents the relationship between the presence of SARS-CoV-2 and bacterial load. It is noteworthy that while all patients started with viral infections, the Ct value of viral gene amplification decreased in all patients until it was no longer detectable. Meanwhile, in the BA samples of these patients, increasing loads of P. aeruginosa and/or K. pneumoniae were recovered. When the bacteria reached a high load, the virus was usually no longer detectable, at least in the BA samples; the bacteria took over and constituted the major actors in the evolution of the infectious process.




Figure 1 | Virus (blue lines) and bacteria (red line if high load, yellow line if in low load) detection over the time starting from day 0 that represent the admission in intensive care unit. Virus and bacteria were detected in the BA of the 43 patients with COVID-19 disease. Blue line: days of virus detection. Red line: days of bacteria detection in high load. Yellow line: days of bacteria detection in low load.






Figure 2 | Evolution of SARS-CoV-2 c/t detection (black line) and bacteria load (red line) over the time of hospitalization in six representative patients.



Interestingly, bacterial and/or fungal superinfection was detected in 25 out of 43 patients (58.13%), generally after 7 days in the ICU with MV. Microbial colonisation (CFU <1000 colonies/ml) in BA samples was observed in 11 out of the 43 patients, whereas only seven patients did not show any signs of bacterial or fungal growth. Table 1 reports the bacterium and fungus species isolated from BA samples, with the semi-quantitative load and the detection of SARS-CoV-2.


Table 1 | SARS-CoV-2 and bacteria detection for each patient with superinfection are reported with the SARS-CoV-2 gene N c/t and the bacterial identification and load at the corresponding day of hospitalization.





Analysis of the bacteria and fungi involved in these superinfections showed that the most frequently isolated bacterial species was P. aeruginosa, which was found in 17 out of 43 patients (39.53%), all of whom had bacterial superinfections (68% of superinfected patients). Eleven out of 17 isolates were carbapenem-resistant P. aeruginosa, considered to be multi-drug-resistant strains. Nine of these 11 carbapenem-resistant P. aeruginosa strains were detected in sequential BA samples with a high load, ranging from 105 to 106 CFU/ml. The remaining six (i.e., non-carbapenem-resistant) P. aeruginosa isolates produced antibiotic-susceptible strains. However, only one of these susceptible P. aeruginosa strains played a role as an infective agent; the other five isolates can be considered simply as coloniser strains. It is noteworthy that in one patient (number 7, Table 2), P. aeruginosa infection started with a susceptible strain that subsequently acquired resistance to antibiotics.


Table 2 | Antimicrobial profile, mechanisms of resistance, and load of the two main pathogens recovered in superinfected patients.



We also investigated the characteristics of antibiotic resistance in P. aeruginosa strains. Resistance to carbapenems in multi-drug-resistant P. aeruginosa isolates was related to oprD mutation or deletion (Table 2), not the detection of carbapenemases. Five out of 11 carbapenem-resistant P. aeruginosa strains involved in infection showed oprD gene deletion and produced a negative result following oprD-specific PCR amplification. The other six resistant strains showed successful oprD gene amplification; however, after sequencing, the gene displayed insertions, deletions, or mutations with amino acid substitution, with deleterious consequences for OprD expression and synthesis. As expected, all six susceptible strains presented an oprD gene encoding for a functional porin that facilitates carbapenem entry into the cell.

As reported in Table 2, the second most isolated pathogen was K. pneumoniae, detected in samples from 13 out of 43 patients (30.23%) and representing 52% of the superinfected patients (13 out 25). The phenotypic distribution of the 13 K. pneumoniae strains consisted of two susceptible strains, three ESBL-producer strains, and eight carbapenemase-producer strains. All the carbapenemase-producer strains harboured a blaKPC gene and expression was confirmed by CARBA 5 immunochromatographic tests. Both ESBL and carbapenemase producers were multi-drug resistant, with few therapeutic choices. In addition, 8 out of the 13 (61.53%) K. pneumoniae isolates exhibited high loads and were isolated in multiple BA samples from these patients, while 6 were KPC producers.

Nine patients were infected with both P. aeruginosa and K. pneumoniae; in four of these individuals, high loads of both strains were detected. In these high-load patients, the P. aeruginosa strains always showed a resistant pattern, while the K. pneumoniae strains exhibited variable patterns of susceptibility—namely, one susceptible, one ESBL producer, and two KPC producers. Other bacteria that were isolated and play a role as an infectious agent were Stenotrophomonas maltophilia and Escherichia coli, which were each detected only in one case. High loads of fungi were detected in just one patient, together with E. coli superinfection; otherwise, fungi were found only as colonisers at very low loads (less than 103 CFU/ml).




Discussion

The SARS-CoV-2 virus is the etiological agent of COVID-19. This airborne infection can present as a SARS with the need for MV. WHO reported mortality rates ranging from less than 0.1% to over 25% in different countries, while reports from Johns Hopkins University estimated a mortality rate of 3–4% for COVID-19 patients. Pedersen et al. (Pedersen and Ho, 2020) reported studies showing increased levels of IL-6, IL-10 and TNF-α in SARS-CoV-2-infected individuals. The concentrations of these inflammatory cytokines, which are also involved in other systemic inflammatory syndromes such as cytokine storms, declined during patients’ recovery from SARS-CoV-2 infection (Liu and Hill, 2020; Liu et al., 2021). Interestingly, bacterial superinfection plays a very important role in influenza virus infection and other respiratory virus infections. A review by McCullers (Bost et al., 2021) reported the complex interaction between bacterial and influenza viruses in pulmonary pathogenesis, indicating that bacterial superinfections might promote severe disease and mortality.

Cox et al. (2020) underlined the importance of the accurate management of co-infections and the evaluation of related antimicrobial resistance. To elucidate this aspect, we collected microbiologic data from 43 severe COVID-19 patients. Diagnosis was performed using real-time PCR, and all patients showed SARS-CoV-2 target amplification at early Ct values. All patients were admitted to the ICU and required MV. BA samples were analysed for SARS-CoV-2, and some were also cultured to investigate the presence of bacteria and fungi. Over half (58.13%) of patients showed the presence of high loads of bacteria. These data might indicate an important role of bacterial secondary infection. The occurrence of bacterial co-infections/superinfection reported in COVID-19 patients ranges from 5.1% (Chen et al., 2020) to 29.8% (Zhang et al., 2020). Interestingly, as shown in Figure 2, SARS-CoV-2 Ct values always progressively declined until becoming undetectable, while bacterial load simultaneously increased.

P. aeruginosa, which was isolated from 68% of patients showing bacterial infection, played a very important role in superinfection. High loads of carbapenem-resistant P. aeruginosa were detected in 10 out of 11 patients. These data are intriguing as they increase our knowledge about SARS-CoV-2 bacterial superinfections. Indeed, Mirzaei et al. (Mirzaei et al., 2020) reported the known microorganisms that co-infected and/or were responsible for pneumonia in SARS-CoV-2-infected patients. They listed atypical pneumonia agents such as Mycoplasma pneumoniae and Legionella pneumophila that were not found in our patients, along with bacteria such as Staphylococcus aureus, K. pneumoniae, Enterobacter cloacae, and Acinetobacter baumannii. This discrepancy between Mirzaei et al.’s findings and our study could be related to differences in epidemiology. The second most frequently detected microorganism was K. pneumoniae, another classic pathogen responsible for nosocomial pneumonia. In this case as well, multi-drug-resistant microorganisms were predominant. Eight out of 13 strains were KPC-producer strains that are endemic in Italy (Giani et al., 2013). Six patients exhibited high loads of these strains.

Both multi-drug-resistant P. aeruginosa and K. pneumoniae showed carbapenem resistance, although this was supported by different mechanisms. Our investigation showed that KPC production by K. pneumoniae and oprD gene deletion or mutation in the case of P. aeruginosa results in a non-functional outer membrane channel are responsible of carbapenem resistance. These data support the idea that we are faced with hypermutable strains of P. aeruginosa. This hypothesis must be investigated further, together with the possible genetic relatedness of isolates.

This work analysed the impact of SARS-CoV-2 infection on antimicrobial resistance. Concerns about antimicrobial resistance did not disappear during the pandemic; rather, it has become a pivotal concern in the management of SARS-CoV-2-infected patients. The use of antibiotics to treat pneumonia caused by COVID-19 must take into account the fact superinfection could, in many cases, be sustained by multi-drug-resistant microorganisms with a substantial impact on therapeutic choices. This is even more important when patients are admitted to the ICU, a ward where antimicrobial resistance can develop and spread easily, especially if there is normally a high incidence of resistance. In our study, we documented a 58.13% incidence of superinfection in SARS-CoV-2-infected patients admitted to the ICU. Most of the patients in our study were infected with carbapenem-resistant P. aeruginosa, followed by multi-drug-resistant K. pneumoniae.

Rhee et al. (2020) recently reported clinical evidence suggesting increased mortality related to inadequate empiric antibiotic treatment. In this scenario, the microbiology laboratory would play a pivotal role both in identifying bacterial superinfections and determining resistance patterns and the underlying mechanisms of resistance, so as to enable health care providers to make the appropriate choices concerning antimicrobial treatments.



Conclusions

These data suggest that bacteria may play an important role in COVID-19 evolution and that antimicrobial resistance might negatively impact outcomes for affected patients. A prospective study will be necessary to verify the incidence of bacterial and fungal infections and their influence on COVID-19 outcomes.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.



Author Contributions

AM and DG: conceptualization. IU, RN, and MS: investigation. AM, ABen, and IU: formal analysis. AM and ABen: data curation. ABen, FDS, SU, KD, and EP: resource. AM, ABen, and DG: writing original draft. AM, FS, SU, KD, EP, and DG: writing review and editing. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the Cariverona Foundation, ENACT project VIRO-COVID.



Acknowledgments

Results were partially presented at the 48th Virtual SIM (Italian Society of Microbiology) on November 18th, 2020.



References

 No Author. (2020). Antimicrobial Resistance in the Age of COVID-19. Nat. Microbiol. 5, 779. doi: 10.1038/s41564-020-0739-4

http://www.eucast.org/clinical breakpoints/.

 Bost, P., De Sanctis, F., Canè, S., Ugel, S., Donadello, K., Castellucci, M., et al. (2021). Deciphering the State of Immune Silence in Fatal COVID-19 Patients. Nat. Commun. 12 (1), 1428. doi: 10.1038/s41467-021-21702-6

 Chen, N., Zhou, M., Dong X Qu, J., Gong, F., Han, Y., et al. (2020). Epidemiological and Clinical Characteristics of 99 Cases of 2019 Novel Coronavirus Pneumonia in Wuhan, China: A Descriptive Study. Lancet 395, 507–513. doi: 10.1016/S0140-6736(20)30211-7

 Cox, M. J., Loman, N., Bogaert, D., and O’Grady, J. (2020). Co-Infections: Potentially Lethal and Unexplored in COVID-19. Lancet Microbe 1, e11. doi: 10.1016/S2666-5247(20)30009-4

 Drosten, C., Gunther, S., Preiser, W., van der Werf, S., Brodt, H. R., Becker, S., et al. (2003). Identification of a Novel Coronavirus in Patients With Severe Acute Respiratory Syndrome. N Engl. J. Med. 348, 1967–1 76. doi: 10.1056/NEJMoa030747

 Garcia-Vidal, C., Sanjuan, G., Moreno-García, E., Puerta-Alcalde, P., Garcia-Pouton, N., Chumbita, M., et al. (2021). Incidence of Co-Infections and Superinfections in Hospitalized Patients With COVID-19: A Retrospective Cohort Study. Clin. Microbiol. Infect. 27 (1), 83–88. doi: 10.1016/j.cmi.2020.07.041

 Giani, T., Pini, B., Arena, F., Conte, V., Bracco, S., Migliavacca, R., et al. (2013). Epidemic Diffusion of KPC Carbapenemase-Producing Klebsiella Pneumoniae in Italy: Results of the First Countrywide Survey, 15 may to 30 June 2011. Euro Surveill. 18, 20489. doi: 10.2807/ese.18.22.20489-en

 Ksiazek, T. G., Erdman, D., Goldsmith, C. S., Zaki, S. R., Peret, T., Emery, S., et al. (2003). A Novel Coronavirus Associated With Severe Acute Respiratory Syndrome. N Engl. J. Med. 348, 1953–1966. doi: 10.1056/NEJMoa030781

 Letko, M., Seifert, S. N., Olival, K. J., and Plowright, R. K. (2020). Bat-Borne Virus Diversity, Spill Over and Emergence. Nat. Rev. Microbiol. 18, 461–471. doi: 10.1038/s41579-020-0394-z

 Liu, B. M., and Hill, H. R. (2020). Role of Host Immune and Inflammatory Responses in COVID-19 Cases With Underlying Primary Immunodeficiency: A Review. J. Interferon Cytokine Res. 40 (12), 549–554. doi: 10.1089/jir.2020.0210

 Liu, B. M., Martins, T. B., Peterson, L. K., and Hill, H. R. (2021). Clinical Significance of Measuring Serum Cytokine Levels as Inflammatory Biomarkers in Adult and Pediatric COVID-19 Cases: A Review. Cytokine 142:155478. doi: 10.1016/j.cyto.2021.155478

 Mazzariol, A., Lo Cascio, G., Ballarini, P., Ligozzi, M., Soldani, F., Fontana, R., et al. (2012). Rapid Molecular Technique Analysis of a KPC-3-Producing Klebsiella Pneumoniae Outbreak in an Italian Surgery Unit. J. Chemother. 24, 93– 96. doi: 10.1179/1120009X12Z.00000000020

 McCullers, J. A. (2014). The Co-Pathogenesis of Influenza Viruses With Bacteria in the Lung. Nat. Rev. Microbiol. 12, 252–262. doi: 10.1038/nrmicro3231

 Mirzaei, R., Goodarzi, P., Asadi, M., Soltani, A., Aljanabi, H. A. A., Jeda, A. S., et al. (2020). Bacterial Co-Infections With SARS-CoV-2. IUBMB Life 72, 2097–2111. doi: 10.1002/iub.2356

 Morris, D. E., David, W., and Cleary DW and Clarke, S. C. (2017). Secondary Bacterial Infections Associated With Influenza Pandemics. Front. Microbiol. 8, 1041. doi: 10.3389/fmicb.2017.01041

 Ocampo-Sosa, A. A., Cabot, G., Rodríguez, C., Roman, E., Tubau, F., Macia, M. D., et al. (2012). Spanish Network for Research in Infectious Diseases (REIPI). Alterations of Oprd in Carbapenem-Intermediate and -Susceptible Strains of Pseudomonas Aeruginosa Isolated From Patients With Bacteremia in a Spanish Multicenter Study. Antimicrob. Agents Chemother. 56, 1703–1713. doi: 10.1128/AAC.05451-11

 Pedersen, S. F., and Ho, Y. C. (2020). SARS-CoV-2: A Storm is Raging. J. Clin. Invest. 130, 2202–2205. doi: 10.1172/JCI137647

 Rawson, T. M., Moore, L. S. P., Zhu, N., Ranganathan, N., Skolimowska, K., Gilchrist, M., et al. (2020). Bacterial and Fungal Coinfection in Individuals With Coronavirus: A Rapid Review to Support COVID-19 Antimicrobial Prescribing Clin Infect Dis. 71, 2459–2468. doi: 10.1093/cid/ciaa530

 Rhee, C., Kadri, S. S., Dekker, J. P., Danner, R. L., Chen, H. C., Fram, D., et al. (2020). Prevalence of Antibiotic-Resistant Pathogens in Culture-Proven Sepsis and Outcomes Associated With Inadequate and Broad-Spectrum Empiric Antibiotic Use. AMA Netw. Open 3, e202899. doi: 10.1001/jamanetworkopen.2020.2899

 Smith, A. M., and McCullers, J. A. (2014). Secondary Bacterial Infections in Influenza Virus Infection Pathogenesis. Curr. Top. Microbiol. Immunol. 385, 327–356. doi: 10.1038/nrmicro3231

 Zaki, A. M., van Boheemen, S., Bestebroer, T. M., Osterhaus, A. D., and Fouchier, R. A. (2012). Isolation of a Novel Coronavirus From a Man With Pneumonia in Saudi Arabia. N Engl. J. Med. 367, 1814–1820. doi: 10.1056/NEJMoa1211721

 Zhang, G., Hu, C., Luo, L., Fang, F., Chen, Y., Li, J., et al. (2020). Clinical Features and Short-Term Outcomes of 221 Patients With COVID-19 in Wuhan, China. J. Clin. Virol. 127, 104364. doi: 10.1016/j.jcv.2020.104364




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Mazzariol, Benini, Unali, Nocini, Smania, Bertoncelli, De Sanctis, Ugel, Donadello, Polati and Gibellini. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 18 August 2021

doi: 10.3389/fcimb.2021.670823

[image: image2]


Research on Influencing Factors and Classification of Patients With Mild and Severe COVID-19 Symptoms


Xiaoping Chen 1†, Lihui Zheng 1†, Shupei Ye 2†, Mengxin Xu 3, YanLing Li 3, KeXin Lv 3, Haipeng Zhu 4, Yusheng Jie 5* and Yao-Qing Chen 3*


1 College of Mathematics and Statistics & FJKLMAA, Fujian Normal University, Fuzhou, China, 2 Pulmonary and Critical Care Medicine, The Third People’s Hospital of Dongguan City, Dongguan, China, 3 School of Public Health (Shenzhen), Sun Yat-sen University, Shenzhen, China, 4 Department of Infectious Diseases, The Ninth People’s Hospital of Dongguan City, Dongguan, China, 5 Department of Infectious Diseases, The Third Affiliated Hospital of Sun Yat-sen University, Guangzhou, China




Edited by: 

Ian George Barr, VIDRL, Australia

Reviewed by: 

Shashank Ganatra, Texas Biomedical Research Institute, United States

Mohamed Gomaa Kamel, Minia University, Egypt

*Correspondence: 
Yao-Qing Chen
 chenyaoqing@mail.sysu.edu.cn
 Yusheng Jie
 jieyush@mail.sysu.edu.cn 



†These authors have contributed equally to this work and share first authorship


Specialty section: 
 This article was submitted to Clinical Microbiology, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 22 February 2021

Accepted: 25 June 2021

Published: 18 August 2021

Citation:
Chen X, Zheng L, Ye S, Xu M, Li Y, Lv K, Zhu H, Jie Y and Chen Y-Q (2021) Research on Influencing Factors and Classification of Patients With Mild and Severe COVID-19 Symptoms. Front. Cell. Infect. Microbiol. 11:670823. doi: 10.3389/fcimb.2021.670823




Objective

To analyze the epidemiological history, clinical symptoms, laboratory testing parameters of patients with mild and severe COVID-19 infection, and provide a reference for timely judgment of changes in the patients’ conditions and the formulation of epidemic prevention and control strategies.



Methods

A retrospective study was conducted in this research, a total of 90 patients with COVID-19 infection who received treatment from January 21 to March 31, 2020 in the Ninth People’s Hospital of Dongguan City were selected as study subject. We analyzed the clinical characteristics of laboratory-confirmed patients with COVID-19, used the oversampling method (SMOTE) to solve the imbalance of categories, and established Lasso-logistic regression and random forest models.



Results

Among the 90 confirmed COVID-19 cases, 79 were mild and 11 were severe. The average age of the patients was 36.1 years old, including 49 males and 41 females. The average age of severe patients is significantly older than that of mild patients (53.2 years old vs 33.7 years old). The average time from illness onset to hospital admission was 4.1 days and the average actual hospital stay was 18.7 days, both of these time actors were longer for severe patients than for mild patients. Forty-eight of the 90 patients (53.3%) had family cluster infections, which was similar among mild and severe patients. Comorbidities of underlying diseases were more common in severe patients, including hypertension, diabetes and other diseases. The most common symptom was cough [45 (50%)], followed by fever [43 (47.8%)], headache [7 (7.8%)], vomiting [3 (3.3%)], diarrhea [3 (3.3%)], and dyspnea [1 (1.1%)]. The laboratory findings of patients also included leukopenia [13(14.4%)] and lymphopenia (17.8%). Severe patients had a low level of creatine kinase (median 40.9) and a high level of D-dimer. The median NLR of severe patients was 2.82, which was higher than that of mild patients. Logistic regression showed that age, phosphocreatine kinase, procalcitonin, the lymphocyte count of the patient on admission, cough, fatigue, and pharynx dryness were independent predictors of COVID-19 severity. The classification of random forest was predicted and the importance of each variable was displayed. The variable importance of random forest indicates that age, D-dimer, NLR (neutrophil to lymphocyte ratio) and other top-ranked variables are risk factors.



Conclusion

The clinical symptoms of COVID-19 patients are non-specific and complicated. Age and the time from onset to admission are important factors that determine the severity of the patient’s condition. Patients with mild illness should be closely monitored to identify those who may become severe. Variables such as age and creatine phosphate kinase selected by logistic regression can be used as important indicators to assess the disease severity of COVID-19 patients. The importance of variables in the random forest further complements the variable feature information.





Keywords: COVID-19, mild and severe, clinical characteristic, Lasso-Logistic regression, random forest



Introduction

Coronavirus disease 2019 (COVID-19) is an ongoing pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Zhu et al., 2020). The virus was isolated and the whole genome sequenced in a short time, and was further found to have high homology with SARS coronavirus and bat coronavirus sequences through phylogenetic analysis (Lu et al., 2020; Wu et al., 2020; Zhou et al., 2020). The emergence of SARS-CoV-2 caused a profound change all over the world.

SARS-CoV-2 is an enveloped-RNA coronavirus. Symptoms of COVID-19 are highly variable, from none to severe illness. The symptoms are primarily fever, fatigue and dry cough, while gastrointestinal symptoms are not common. Most severe cases develop dyspnea after one week, and rapidly progress to acute respiratory distress syndrome, septic shock, coagulation dysfunction, and metabolic acidosis that are difficult to correct (Guan et al., 2020; Huang et al., 2020a).

Therefore, learning from the clinical characteristics and influencing factors of patients with mild and severe COVID-19, monitoring the changes in the patient’s condition, and providing strategies for severe patients entering the intensive care unit (ICU) as soon as possible, which may contribute to reduce mortality and deliver proper care.



Research Objects and Methods


Research Objects

This study retrospectively included 90 COVID-19-infected patients admitted to the Ninth People’s Hospital of Dongguan City from January 21 to March 31, 2020.All patients were confirmed in accordance with the protocol of “Diagnosis and Treatment Plan for COVID-19 (Trial Version 7)” issued by the General Office of the National Health Commission and the Office of the State Administration of Traditional Chinese Medicine on February 19, 2020, and were detected by quantitative reverse transcription PCR (RT-QPCR), and both chest radiographs and nasopharyngeal swabs and were performed for all patients upon admission. This study was approved by the Ethics Committee of the Ninth People’s Hospital of Dongguan, China.



Data Set Processing

The severity (mild and serious) of COVID-19 patients is defined according to the diagnosis and description of the disease course in the electronic medical record. The laboratory values of heart rate, the white blood cell count of the patient on admission (white blood cell count 1), the lymphocyte count of the patient on admission (lymphocyte count 1), the platelet count of the patient on admission (platelet count 1), and white blood cell count after admission (white blood cell count 2), lymphocyte count after admission (lymphocyte count 2), platelet count after admission (platelet count 2), NLR(Neutrophil to lymphocyte ratio), prothrombin time, phosphocreatine kinase, phosphocreatine kinase isoenzyme, procalcitonin, D-dimer were all measured. Some indexes lack data, so the random forest method is used for interpolation. The outcome of the patients were discharged from hospital.

The proportion of mild and severe patients is unbalanced (79 mild patients and 11 severe patients). The imbalance of categories will affect the modeling effect, the prediction effect of the classification model will be reduced, and the prediction result tends to favor the majority category. Therefore, the synthetic minority sample oversampling method (SMOTE) was used to balance the data. The SMOTE method is a data preprocessing technique applied to imbalance problems proposed by (Chawla et al., 2002). It uses the K-nearest neighbors and linear interpolation to add artificially synthesized minority class samples to the data, combined with the under-sampling method in the majority class, to balance the class distribution and reduce the possibility of overfitting. The SMOTE method operates in the feature space, so that the minority decision-making regions become more general. The SMOTE method can make the classifier build a larger decision-making area, including nearby minority class points, so it can improve the classification performance (Chawla et al., 2002). At present, SMOTE algorithm has been widely used in many fields, and SMOTE can effectively speed up classification, such as random forest, decision tree, Bayesian network, etc. Some studies have shown that the accuracy of these classification models using SMOTE training models is better than that of models not using SMOTE training (Alahmari, 2020).

The parameter percent.over in the minority sample was set to 1000, and percent.under for the majority sample was set to 100. This parameter setting means that the minority class will eventually generate 1+ percent.over/100 times the original, and the majority class will eventually be generated as (percent.under/100)*(percent.over/100) times the minority class. Finally got 110 mild cases and 121 severe cases in the model. Since the algorithm needs to extract samples from most types of samples, the data of mild and severe cases after balancing has increased.



Research Methods

In this paper, descriptive statistical methods are used to study the clinical characteristics of mild and severe patients. A T-test was used for the data subject to normal distribution, a Wilcox rank sum test was used for the continuous skewed data, and a chi-square test was used to compare the differences between the two groups of data for the classified data. After the data is balanced, based on the Lasso-Logistic regression model to screen the risk factors and symptoms related to severe illness, a P value of less than 0.05 is considered statistically significant. This article use the Shapiro-Wilk (S-W) method to judge the normality of continuous variables.

Lasso regression is a kind of machine learning regression, which is used to select the important factors influencing the results. Leucopenia was defined as a white blood cell count below 4×109/L; lymphocytopenia was defined as a lymphocyte count below 1×109/L. The software used in this article is R 3.6.2, where the balance data is the SMOTE function in the DMwR package in the R language. The Lasso regression model uses the gelnet function in the R language. This paper also uses random forest for classification modeling. The model is a classification tree-based algorithm proposed by Breiman and Cutler, which improves the prediction accuracy of the model by summarizing a large number of classification trees. Compared with general regression, it is not sensitive to multivariable collinearity, and it is more robust to missing data and unbalanced data. At the same time, it can give the importance of variables, evaluate the role of each variable in classification, and make good predictions (Yang et al., 2020b). The model is implemented using the Random Forest function in R language.




Results


Basic Information, Epidemiological History and Clinical Manifestations

Among the 90 confirmed COVID-19 patients (49 males and 41 females), 79 patients were mild and 11 patients were severe. The average age of all patients was 36.1 years, the median was 36.5 years, and 50% of patients were between 21.3-47 years old. The age quartile of mild patients ranged from 19 to 45 years, while the severe patients ranged from 46 to 59.5 years. The mean age of severe patients was 53.1 years, which is significantly higher than the mean age of mild patients (33.7 years). With the increase of age, the proportion of serious patients with increased (P < 0.05). The average time from onset to admission was 4.1 days, with a median of 2.5 days. The average actual hospital stay was 18.7 days, with a median of 18 days. And the above two for severe patients were both longer compared to mild patients. Forty-eight of 90 patients (53.3%) had family cluster infections in severe patients, which was similar among in mild patients. Nearly half of the patients suffered from basic diseases [40 (44.4%)], mainly including hypertension [11 (12.2%)], chronic liver disease [7 (7.8%)] and other basic diseases [25 (27.8%)]. Basic diseases were more common in severe patients than mild ones, while hypertension, diabetes and other diseases were also more obvious. Eleven of the 90 patients were seriously ill, 8 of whom had underlying diseases, accounting for 72.7%. There were 79 patients with mild disease, among which 32 patients had underlying disease, accounting for 40.5%. On admission, most patients had fever [43 (47.8%)] or cough [45 (50%)]. Among them, 36(45.6%) of the mild patients had fever and 7(63.6%) of the mild patients had fever. There were 37 mild patients with cough (46.8%) and 8 severe patients with cough (72.7%). A total of 29 patients (32.2%) presented with both cough and fever. Other symptoms included dyspnea [1 (1.1%)], diarrhea [3 (3.3%)], emesis [3 (3.3%)], headache [7 (7.8%)]. (Table 1; Figure 1). This suggested that elderly patients with delayed diagnosis and admission for treatment were more likely to develop severe illnesses after being infected with COVID-19. (The continuous variables in the table have been tested for normality. Among them, age and actual hospital stay follow a normal distribution. Other variables use the median (quartile).




Figure 1 | Age distribution of patients.




Table 1 | Demographic and clinical characteristics of COVID-19 infected patients.



Table 1-2 showed the demographic and clinical characteristics of the patients after the SMOTE balance. In terms of the difference indicators of the patients with mild and severe diseases, the significant variables, except age and the time from onset to admission, were newly added with basic diseases, fever, cough, expectoration, fatigue and pharynx dryness.


Table 1-2 | The demographic and clinical characteristics of patients infected with COVID-19 after SMOTE balance data.





Laboratory Examination Indexes

The statistical results of laboratory examination indexes of 90 patients were shown in Table 2. There was no significant difference in the heart rate among with mild to severe cases upon admission. On admission, the blood count of the patients showed leukopenia in 13 of them (14.4%), lymphocytosis in 16 of them (17.8%), and thrombocytopenia in 0. After a period of treatment, the blood count of the patients measured during the hospitalization showed that there were 6 patients with leukopenia (6.67%), 4 patients with lymphopenia (4.44%), and 2 patients with thrombocytopenia (2.22%). These indicators were not statistically significant between mild and severe patients (P>0.05). The median time of development of prothrombin was 12.5 in both mild and severe cases, and the level of procalcitonin was also similar. Levels of phosphocreatine kinase were low in critically ill patients (The median of creatine phosphokinase was 40.9). The D-dimer level was higher in severe patients than in mild patients, but there was a difference in severe patients (P < 0.05). The NLR level of severe patients is higher than that of mild patients. The median NLR of severe patients was 2.82, which was higher than the median of 2.44 for mild patients. There is no significant difference between the two groups in the original data. After class-balanced data, NLR is significant(P=0.048). The treatment plan was based on antiviral and anti-infective treatment, and severe patients used oxygen therapy more than mild patients. Table 2-2 showed the results of laboratory examinations and treatment plans for patients after the class balance. In terms of different indicators for mild and severe patients, in addition to D-dimer, the newly added (just admitted) lymphocytes count, procalcitonin, NLR, (after admission) platelet count, creatine phosphate kinase.


Table 2 | Laboratory test results and treatment regimens for COVID-19 patients during hospitalization.




Table 2-2 | Laboratory test results and treatment plan of COVID-19 patients during hospitalization after SMOTE algorithm balancing data.





Lasso-Logistics Regression Model

The dependent variable was severity. Severe was 1 and mild was 0. There were a total of 30 independent variables, including population basic information (age, gender), hospital medical detection (heart rate), time from onset to admission, actual number of days hospitalized, blood routine examination on admission (white blood cell count 1, lymphocyte count 1, platelet count 1), hospitalization, blood routine examination (white blood cell count 2, lymphocyte count 2, platelet count 2) and blood coagulation (prothrombin time, D-dimer), NLR(Neutrophil to lymphocyte ratio), myocardial enzymes including creatine phosphate kinase (CK) and creatine phosphate kinase isoenzyme (CK-MB), myocardial markers (calcitonin former), underlying disease, family gathering infection, and symptoms (fever, cough, expectoration, fatigue, dyspnea, diarrhea, poor appetite, emesis, headache, muscle aches, pharynx dryness). Some variable names are abbreviated as follows: Time from onset to admission (onset time), actual number of days hospitalized (Actual days), Family gathering infection (FG infection), Have underlying disease (HU disease), White blood cell count 1 (WBC1), Lymphocyte count 1 (LYMBH1), Platelet count 1 (PLT1), White blood cell count 2 (WBC2), Lymphocyte count 2 (LYMBH2), Platelet count 2 (PLT2), creatine phosphate kinase (CK), creatine phosphate kinase isoenzyme (CK MB).

The significance of the variables under the univariate logistic regression was calculated first. The results were shown in Table 3. The significant variables were age, underlying disease, fever, cough, expectoration, fatigue, pharynx dryness, time from onset to admission, creatine phosphate kinase, procalcitonin, D-dimer, lymphocyte count 2 and lymphocyte count 1.


Table 3 | Significance of single-factor logistic regression variables.



The above variables were substituted into the Lasso regression. The complexity of Lasso was controlled by lambda, and the model obtained by different lambda was different. Figure 2A showed that the best lambda value can be selected according to the AUC value when compressing different variables. In Figure 2B, each colored line represented one variable, and the horizontal axis represented the L1 norm, which was the sum of the absolute values of the regression coefficients. The vertical axis represented the coefficient. If a vertical dashed line was drawn in the figure, the vertical line represented a penalty value, and the variable that intersects the color line was the selected variable.




Figure 2 | (A) Select the best λ value for the AUC value when compressing different variables. (B) The degree of compression of each variable under different penalty parameters λ.



According to the results of Lasso, the variables including age, CK, procalcitonin, D-dimer, LYMBH1, LYMBH2, underlying disease, fever, cough, expectoration, fatigue, pharynx dryness were selected as important variables. These variables were classified into the logistics model, and variables with insignificant P values were eliminated according to significance. The results were obtained (Table 4). Age, CK, procalcitonin, LYMBH1, cough, fatigue, and pharynx dryness were important variables.


Table 4 | Logistics model results.



It can be seen from the results that, except for the constant term and LYMBH1, the coefficients of the other variables were all positive. Among them, age, CK, LYMBH1 and procalcitonin were continuous variables. Cough, fatigue and pharynx dryness were categorical variables. The results were tested for collinearity. VIF values were all less than 5. And there was no collinearity among the variables.

The logistic regression model was obtained according to the balanced data, and prediction accuracy was 81.1% when the original data was substituted into the model. The ordinate of ROC curve (Figure 3) was the true positive rate (sensitivity), and the abscissa was the false positive rate (1-specificity). The ideal point on the ROC curve was (0,1), which means all positive classes were correctly classified and all negative classes were not mistakenly classified as positive classes. Therefore, the closer the ROC point was to the upper left corner, the better the performance. In this article, the abscissa of the ROC graph is specific, and the ideal point is (1,1). The closer the AUC value of the area under the ROC curve to 1, the better the diagnostic effect. The coordinates of the best critical point on the curve in Figure 3 were (0.823, 0.727), and the threshold was 0.5. It has high sensitivity and specificity at this point. The AUC value in the figure was 0.775. It showed that the accuracy of the model is good 




Figure 3 | ROC curve of prediction based on raw data.





Random Forest

Random forest was used to extract a certain number of self-service samples from the original data using the bootstrap method with replacement and a decision tree was built for each sample. At each node, among all competing independent variables, several random competitive split variable were selected. Each tree in the random forest was left unpruned and allowed to grow fully. The final prediction result was a simple average of the results of all decision trees (Moghadas et al., 2020). In this paper, the random forest method was used to classify variables, give the importance of variables, and make prediction.

The data was extracted by 7:3 for the training set and the test set. For the node binary tree parameter mtry, the loop statement was used to calculate the mean value of the misjudgment rate of all models, and the optimal mtry was 6. It can be seen from Figure 4 that when the number of decision trees contained in the random forest ntree was about 1300, the three lines tended to be stable, that is, the error within the model was basically stable, so ntree=1300. At this time, the OOB error is 5.45%. It can be seen from Table 5 that 74 patients with mild illness and 82 patients with severe illness were judged correctly, but still with a certain probability of misjudgment, and 6 patients with mild illness were judged as severe. In general, the correct rate of the model, that was, the proportion of samples that were correctly identified by all samples was (74 + 82)/165 = 94.54%; the accuracy mild rate indicates how many of the guessed positive samples are correct, and the mild disease was regarded as the positive sample. The precision rate was 74/(74 + 3)=96.1%; the recall rate indicates how many positive samples were recalled among all the positive samples, so the recall rate was 74/(74 + 6)=92.5%.




Figure 4 | The false positive rate of each tree in the random forest.




Table 5 | Confusion matrix.



Table 6 showed the importance of variables, in which Mean Decrease Accuracy represents an average Decrease in Accuracy, and Mean Decrease Gini represents an average Decrease in node unpurity. A larger value indicates a stronger importance of variables. It can be seen from the table that age, D-dimer, time from onset to admission and other large values were important variables.


Table 6 | Importance of variables.



After sorting the Mean Decrease Accuracy and Mean Decrease Gini of the variables, Figure 5 showed the visualization results of the variable importance ranking. According to the results of MeanAccuracy, we can see that the top 10 important variables were age, D dimer, onset time, Actual days, NLR, WBC1, procalcitonin, expectoration, CK, heart rate. According to the results of MeanDecreaseGini, we can see that the top 10 important variables were age, D dimer, onset time, expectoration, procalcitonin, cough, NLR, heart rate, PLT2, WBC1. Important variables in these two selection criteria include 8 variables: age, D dimer, onset time, procalcitonin, NLR, WBC1, expectoration, heart rate.




Figure 5 | Ranking chart of importance of variables.



The prediction function was further used to verify the test set, and the model accuracy was 96.97%, the Sensitivity rate was 93.33%, and the recall rate was 93.3%. Figure 6 was a random forest ROC curve and AUC evaluation graph. The optimal critical point threshold of the ROC curve was 1.5, and the coordinates are (0.933, 1), very close to the upper left. The AUC score under the ROC curve was 0.967 and the overall area of the curve was close to 1, indicating a strong recognition ability. All these indicate that the random forest method has a good effect.




Figure 6 | ROC curve and AUC area of random forest.






Discussion

Looking back on the past 20 years, the world has experienced two severe beta coronavirus pandemics, SARS-CoV in 2002-2003 and MERS-CoV in 2012. They had a fatality rate of 10% and 35% respectively (Drosten et al., 2003; Chen B. et al., 2020), which dealt a huge blow to public health. In early 2020, SARS-CoV-2 causing COVID-19 spread rapidly worldwide. At the same time, we need to be wary of the superposition of influenza and COVID-19 in the winter.

In this study, the epidemiological history, clinical characteristics and laboratory test indicators of 90 SARS-COV-2 nucleic acid positive patients with severe and mild illness were analyzed. The clinical manifestations are non-specific, mainly fever and cough. A small number of patients appeared breathing difficulties. Gastrointestinal symptoms are not common, which has also been confirmed by similar studies (Chen N. et al., 2020; Li et al., 2020). The incubation period of SARS-CoV-2 infection is longer than that of SARS and MERS. The viral load of asymptomatic infected patients is similar to that of symptomatic infected patients, which may lead to the underestimation the potential transmissibility of SARS-CoV-2 among people (Zou et al., 2020). More studies have shown that the invisible transmission of the COVID-19 is caused by the incubation period and asymptomatic infection (Moghadas et al., 2020; Wang et al., 2020). This is also one of the reasons why it is difficult to effectively control asymptomatic infection in the COVID-19 epidemic. Our data suggested that clinical monitoring should not just focus on fever symptoms. Otherwise, it will increase the missed diagnosis rate. It is necessary to strictly implement nucleic acid testing and be assisted by comprehensive judgment on clinical chest radiographs (Ai et al., 2020). Tracing and early isolation of asymptomatic infected persons are two of the key points for pandemic control (Grasselli et al., 2020). In addition, there is a serious family cluster infection in this study, which also suggests that we should be on guard against human-to-human transmission of the virus in families and hospitals, even inter-city and overseas transmission. It also reflects the importance of timely isolation of the source of infection and isolation at home in the early stage of the epidemic.

In this study, logistic regression presents seven important factors that influence the risk of severe COVID-19, which may be of great value in screening patients with mild or severe disease. Clinicians can quickly assess what kind of risk a patient is at. The seven variables are age, creatine kinase, procalcitonin, lymphocyte count 1, cough, fatigue and pharynx dryness.

In the COVID-19 epidemic, the high-risk groups affected are mainly the elderly and people with underlying diseases. Taking into account the decline in the rehabilitation ability of the elderly, the older patients are more likely to develop into severe patients (Hendren et al., 2020). The myocardial enzymes of patients with severe COVID-19 increased significantly, and the abnormal rate of myocardial enzymes of severe COVID-19 was higher than other groups (Babapoor-Farrokhran et al., 2020). Creatine phosphokinase is a kind of myocardial enzymes. Myocardial enzymes refer to a class of enzymes that catalyze the metabolism of myocardial cells and regulate the electrophysiological activities of myocardial cells. Once the cardiomyocytes are ruptured and necrotic, these enzymes are released into the blood and their values increase. Therefore, the changes in the myocardial enzyme indicators can measure the degree of damage to the cardiomyocytes. Especially in the early stage of myocardial infarction, when the myocardium has not yet undergone extensive necrosis, creatine kinase can be detected in human blood. Therefore, if this index is elevated, the degree of myocardial damage can be diagnosed in time (Babapoor-Farrokhran et al., 2020). Procalcitonin (PCT) is a biological marker that can be used to assess the possibility of bacterial infection, reflecting the severity of bacterial infection (Dymicka-Piekarska and Wasiluk, 2015). Different diseases have different concentrations of procalcitonin. The higher the concentration of procalcitonin, the higher the possibility of organ failure and the higher the risk of death. Severe disease in patients with COVID-19 is also closely related to lymphocytes. Studies have shown that lymphocytes in patients with COVID-19 show a significant decreasing trend, among which CD4+ and CD8+T lymphocytes are the most obvious. Therefore, CD4+ and CD8+T lymphocytes can be considered as early warning signals and prognostic indicators to judge the severity of COVID-19 patients (Huang et al., 2020b; Zhang et al., 2020). Three clinical symptoms, including cough, fatigue and pharyngeal dryness can be used as important clinical symptoms to judge the degree of disease development. Combined with the patient’s laboratory indicators, they have a certain reference.

The random forest classification method solves the problem of variable collinearity, and has a better prediction effect. At the same time, it also provides important predictors in the method, such as the age, D-dimer, time from onset to admission, procalcitonin, NLR, heart rate, white blood cell count. Among these variables, in addition to the age and procalcitonin variables explained above, D-dimer and NLR also have an important position. In this epidemic, some severe patients died because of an inflammatory storm, which is an overreaction of the human immune system. D-dimer is one of the markers for detecting thrombus, and the rise of D-dimer can also be seen when the human body undergoes inflammation (Shah et al., 2020). NLR is the ratio of neutrophils to lymphocytes. Neutrophils are the main component of the white blood cell population. After microbial pathogens invade the body, they will quickly reach the inflammation site and exert phagocytosis. In addition, the human immune response triggered by viral infections mainly relies on lymphocytes. In the previous logistic regression, it was also analyzed that the lymphocytes decreased, the higher the possibility of the patient being severely ill (Yang et al., 2020a; Kerboua, 2021). Therefore, elevated D-dimer and NLR indicate that the patient’s condition is getting worse. In this article, the D-dimer and NLR of severe patients are higher than those of mild patients. Random forests can still maintain accuracy for data with unbalanced classification and have a strong anti-overfitting ability. Therefore, the importance of variables given by random forests is further added to the variable information in addition to the logistics model. In the future, it can be considered as a direction in which to continue to look for key variables to distinguish the mild and severe diseases.

In this study, the clinical characteristics and modeling significant variables of patients with mild and severe diseases are of great value, and can help to identify whether or not the patients are at risk of critical illness in the early stage. However, there are some limitations in this study. Firstly, the clinical symptoms or signs and laboratory test results of patients extracted from electronic medical records lack some data, and some cases are incomplete. Secondly, because the research subjects are all hospitalized patients, the actual research lacks those with asymptomatic infections and mild patients who are not treated in hospital, causing the research results may be more inclined to serious outcomes. Thirdly, the sample size is limited, so the results may not be robust enough. The SMOTE algorithm performs class balancing and has certain errors. For example, it may repeatedly use outliers or wrong values in the data, or may incorrectly strengthen the local chance, thereby increasing the risk of overfitting. In addition, during the data collection period of this article, the Ninth People’s Hospital of Dongguan City had no moderate cases, so patients were divided into two types.

To sum up, the COVID-19 outbreak in 2020 is a huge public health crisis to the whole world. In the context of the pandemic, early detection, early isolation and early intervention have always been the basic strategies for epidemic prevention and control. The data shows that we need to closely monitor patients with mild COVID-19, reduce the transformation from mild to severe, and rationally allocate medical resources in a scientific and efficient way to improve the cure rate of COVID-19.
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As per the 2019 report of the National Health Portal of India, 41,996,260 cases and 3,740 deaths from respiratory infections were recorded across India in 2018. India contributes to 18% of the global population, with severe acute respiratory infection (SARI) as one of the prominent causes of mortality in children >5 years of age. Measures in terms of the diagnosis and surveillance of respiratory infections are taken up globally to discover their circulating types, detect outbreaks, and estimate the disease burden. Similarly, the purpose of this review was to determine the prevalence of respiratory infections in various regions of India through published reports. Understanding the pattern and prevalence of various viral entities responsible for infections and outbreaks can help in designing better strategies to combat the problem. The associated pathogens comprise respiratory syncytial virus (RSV), rhinovirus, influenza virus, parainfluenza virus, adenovirus, etc. Identification of these respiratory viruses was not given high priority until now, but the pandemic of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has sensitized our system to be alert about the burden of existing infections and to have proper checks for emerging ones. Most of the studies reported to date have worked on the influenza virus as a priority. However, the data describing the prevalence of other respiratory viruses with their seasonal pattern have significant epidemiological value. A comprehensive literature search was done to gather data from all geographical regions of India comprising all states of India from 1970 to 2020. The same has been compared with the global scenario and is being presented here.
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INTRODUCTION

The National Health Portal of India reported in 2019 that there were 41,996,260 cases and 3,740 deaths from respiratory infections in India in 2018. Acute respiratory infections (ARI) accounted for 69% of the total cases of communicable diseases, and this scenario is before the era of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). After the coronavirus disease 2019 (COVID-19) pandemic, the total number of infected numbers rose to millions and cases are still getting added while this review was being written. The spread of the virus was so fast and wide that the World Health Organization (WHO) had to declare this infection as a global pandemic on March 11, 2020. The United States, India, Brazil, France, Russia, Spain, Argentina, the United Kingdom, Colombia, and Mexico were the countries that were impacted severely. The United States has been reporting the largest number of cases with 35,283,729 and over 626,668 deaths, followed by India with 31,341,507 and over 420,196 deaths as per data until July 24, 2021 (Worldometer, 2021).

India hosts a population of 1.3 billion people distributed in states having diverse geographical and cultural makeup. In India, the eight states with the highest total cases of SARS-CoV-2 infections are in Maharashtra, with over 3.84 million confirmed cases, followed by Karnataka, Andhra Pradesh, Tamil Nadu, Kerala, Delhi, Uttar Pradesh, and West Bengal. As expected, with the huge population of the country, these states also have a huge population. Variations in the environmental conditions, food habits, and social practices all contribute to the diversity in the distribution of respiratory infections in different ways and with different intensities (Salvi et al., 2018). The global figures indicate that acute lower respiratory infection (ALRI) is the single largest infectious cause of death among children. In India, pneumonia itself causes 17% of all deaths in children >5 years. This leads to the initiation of multiple health measures and guidelines for infants and younger children. However, being such a vast and diverse country, there remain so many gaps in the treatment, vaccination, empirical use of available antimicrobials, etc. (Krishnan et al., 2019).

Leaving aside the influence of COVID-19, the world has always been struggling with the prevalence and the diversity of respiratory infections. These are highly dependent on seasonality and the change in climatic conditions. Hence, they visit again and again in the form of epidemics in sporadic regions in the world, sometimes crossing boundaries and becoming pandemics as well. The world faces more than 2–5 million cases every year, with deaths ranging from 290,000 to 650,000 (World Health Organization, 2021). The exact cause of such a large number has not been fully understood, but 99% of cases are reported in children below 5 years and are occurring in developing countries. Hence, it has something to do with nourishment and the availability of medical facilities along with sophistication.


Diagnostic Scenario and Prevalence of Respiratory Viruses

Diagnosing a particular respiratory viral infection based on the symptoms is difficult as all respiratory viral infections have overlapping symptoms. Testing for the presence of viruses in human samples using specific nucleic acid sequence detection is the only way to confirm diagnosis. Polymerase chain reaction (PCR) and its variants are the mainstream diagnostic modalities available, and the same is done with a single set of primers or multiplex formats after the design of specific probes and primers and optimization in the laboratory. Immunofluorescence assays are also in use, but suffer issues like sensitivity. Confirmation by culture has other issues, such as the availability of sophisticated cell culture laboratories and the containment levels available at different resource settings (Malhotra et al., 2016). Surveillance for influenza has been taken up by many countries wherein the use of multiplex real-time PCR assays has helped in detecting circulating viruses and outbreaks and estimating the disease burden. Following the development of newer methods and their optimization, more and more viruses are being diagnosed routinely or as and when suspected in many countries now. The following viruses are being detected for respiratory infections using multiplex real-time PCR methods.



Human Respiratory Syncytial Virus

Human respiratory syncytial virus (HRSV)/RSV is considered to be the most common viral cause of ALRI-related death. It is estimated to have 33.1 million cases globally, with about 10% hospitalizations and death of 59,600 children below 5 years of age every year. This amounts to about 22% of all episodes of ALRI and is the cause of the highest childhood mortality in low- and middle-income countries among all respiratory viral infections (Broor et al., 2018). RSV infections follow a distinctive seasonal pattern, but differ according to the geographical location. The tropical or warm climate of the Southeast Asian region allows it to stay longer, with a few areas harboring the virus and its outbreaks all through the year. India is also witnessing an increase in RSV infections in infants and children below 5 years of age. Hospital-based reports indicate that RSV is detected in around 16% of children presenting acute lower respiratory tract infections (Kini et al., 2019).



Human Parainfluenza Virus

Human parainfluenza virus (HPIV) is a virus from the family Paramyxoviriae with two genera: Respirovirus (HPIV-1 and HPIV-3) and Rubulavirus (HPIV-2 and HPIV-4). Not much could be found in the literature about the global burden estimates for the parainfluenza virus. Literature from Asia reported a variable prevalence of HPIV ranging from 1 to 66%, with 6.95% as the Indian average prevalence (Rafeek et al., 2020).



Human Metapneumovirus

Respiratory virus infections are highly prevalent in Southeast Asian countries, but the discovery of metapneumovirus occurred in 2001 in patients from the Netherlands (van den Hoogen et al., 2001). This virus was detected from all continents and in all age groups. Reports from Hong Kong, Japan, Korea, Thailand, etc., also described detections of human metapneumovirus (hMPV) after 2001. Rao et al. (2004) have presented a preliminary report on the first detection of hMPV in India from a pediatric patient in July to August 2003 by reverse transcription PCR.



Influenza Virus

Infection with the influenza virus is prevalent worldwide and is known to cause around 39 million episodes annually. India, with a tropical climate and variable hygiene practices, experiences a significant number of cases every year. Two strains of this virus are mainly detected: influenza A (INF-A) and influenza B (INF-B). Multiple strains of influenza have emerged in due course, and subtypes H3N2 and H1N1, belonging to INF-A, are the significant ones. Although influenza virus infections are reported throughout the year, a higher number of cases are reported during the rainy season in India. Hence, the higher relative humidity has a role to play in its incubation and spread (Narayan et al., 2020). Influenza B, which is diverse from INF-A virus, comprises two antigenically distinct lineages (“B/Victoria/2/87-like” and “B/Yamagata/16/88-like,” termed Victoria and Yamagata, respectively). This virus has also caused a few major pandemics in known history and is supposed to have appeared before the period of reporting.



Human Rhinovirus

Rhinovirus, although belonging to the Enterovirus family, causes respiratory infections along with gastroenteritis and has been a causal factor for community outbreaks and pediatric respiratory infections in many countries across the globe. Molecular analysis of the collected strains has revealed their presence for the last 250 years all around the world (Briese et al., 2008).



Human Adenovirus

Adenoviruses are not often reported to cause severe illnesses in normal or healthy individuals; however, they cause a wide range of illnesses in children and immunocompromised individuals. They start from respiratory symptoms such as the common cold, sore throat, bronchitis, and pneumonia to gastrointestinal disorders such as diarrhea, vomiting, nausea, and stomach pain. They are also known to cause conjunctivitis in children. Not many epidemiological reports are available from India. A report describing pediatric gastroenteritis caused by adenovirus was found in Kolkata, India. This study described the testing of 1,562 stool specimens in 2013–2014 and reported an 11.8% prevalence of enteric HAdV (Banerjee et al., 2017).

There are limited reports available regarding the global and regional burdens of all these respiratory virus infections. For instance, reports on the influenza virus and respiratory syncytial virus (RSV) are available for the global scenario, but not much could be found on the prevalence and coverage of the health system of the parainfluenza virus and metapneumovirus. Availability of reliable data is a primary requirement for the assessment of medical needs and also in the field of prediction for respiratory viral infections. Unfortunately, this is lacking in most countries, including India. We tried to assess this data gap and, hence, reviewed the literature from 1970 to 2020 mentioning cases of respiratory virus infections in India and from a global perspective. This review is all about the respiratory infections that occurred due to virus infections. It is high time that we should take some measures to manage these infections. Currently, every researcher is compelled by the circumstances to look at COVID-19 infections, although other respiratory infections should also be taken care of to avoid similar situations to other viral entities. With the COVID-19 pandemic, it has become clear that there exist deficiencies in the system and planning at a larger scale to address population-level needs. This broad evaluation of the burden of respiratory viruses in India from 1970 to 2020 points to the clear need for better and conclusive diagnostics for respiratory viruses and also for plans in controlling the spread and reemergence of infections. To our knowledge, this is the first systematic analysis of the prevalence of multiple respiratory viruses such as influenza virus, RSV, parainfluenza virus, metapneumovirus, adenovirus, rhinovirus, etc. covering all geographical regions and states of India. We also tried to cover the situation on a global scale in comparison with the Indian scenario.



MATERIALS AND METHODS


Search Strategy

We conducted data gathering of peer-reviewed papers indexed in PubMed and available search engine reports for estimations of the burden of chronic respiratory diseases; the prevalence of respiratory viruses; and viral infection throughout the country using the keywords “prevalence,” “burden,” “respiratory viruses,” “chronic respiratory disease,” “co-infection,” “epidemiology,” “India,” “morbidity,” “mortality,” and “trends” from December 2020 to April 2021. We also tried to look for the diagnostic scenario of the virus by going through the number of publications and the types of virus reported. Our search remains restricted to the English language only. Studies with overlapping populations were sorted, and the ones with the largest and inclusive data were chosen to have conclusive outcomes.



Eligibility Criteria

Studies with cross-sectional, prospective, and cohort designs were all included. The objective of these studies was about detailing the prevalence of respiratory viruses and respiratory viral infections. Also, studies with diagnostic intent for viral infections describing PCR, real-time PCR, and cell culture-based detection were considered. Most of the studies with pediatric respiratory infections were given priority, but infections reported in adult populations were also considered. Studies reporting on the diagnosis of multiple viral species were also given priority as they have good coverage of all respiratory viruses. Reports describing the detection of individual respiratory viruses were considered for adding the counts to the overall prevalence. Studies with animal experiments and ex vivo and toxicological perspectives were excluded, along with non-peer-reviewed articles and reports.



RESULTS


Prevalence of Respiratory Viruses in India Based on Reported Cases

During our literature survey, we decided to gather data on reviews regarding the combined prevalence of respiratory viruses in India; however, no recent data could be found on Google Scholar, PubMed, and other search engines accessible to us. Hence, segregated data from different regions and states or cities in India were gathered and combined. A total of 35 research articles from 1970 to 2020 were considered significant, with around 22,000 cases examined (Table 1). The reports in terms of reliable publications did not emerge in a sustained fashion. Rather, there have been gaps in reporting. This was due to the unavailability of a program that could have monitored the prevalence of these viruses on a yearly basis. As apparent from Table 1, not many reliable reports could be found describing viral prevalence during 1970–2000. A similar trend was found from 2001 to 2007. However, with the availability and affordability of PCR and other detection modalities, regular reporting was observed after 2007. The two peaks in numbers, as observed in 2009 and 2012, were due to outbreaks, and hence there was enhanced diagnosis during those periods. This change in number was found to be an outcome of a change in the diagnostic rate. Earlier diagnoses or surveys did not have a comprehensive panel of viruses, and therefore the trend shows no detection of a few viral entities such as rhinovirus and hMPV in initial reports. Influenza, being an annual affair and better known to diagnostic systems, was always included in the diagnosis and was always detected in higher numbers.


TABLE 1. Summary of cases studied from various states/cities of India.
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Table 1 and Figure 1 summarize the above findings with details of the type and number of viruses, their area of reporting, and the time durations from the overall findings of India. In total, RSV was found to be highly prevalent at all times with a percent contribution of 29%. Influenza A was the second most prevalent virus with a 16% share in all the detected viruses. The other viruses are also shown with their percent prevalence.
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FIGURE 1. Comparison of the prevalence rates of viral infections between India and the rest of the world.


The reports were also classified based on the geographical regions as divided into four major zones, i.e., East, West, North, and South India. Table 2 and Figure 2 give an overview of the type and number of viruses and their prevalence based on the studied reports. The regions mentioned do not mean every part of the region, but that the area of the report falls under that geographical region. In brief, East India has reports from West Bengal and Odisha, and West India included reports from Maharashtra with independent reports from Mumbai and Pune along with Rajasthan. Reports from Ballabgarh, rural Ballabgarh, Chandigarh, Lucknow, J&K, Delhi, New Delhi, and Haryana were included in North India, while South India included reports from Karnataka with independent reports from Bengaluru, Puducherry, Telangana, and Tamil Nadu including Chennai and Coimbatore.


TABLE 2. Prevalence of virus infections based on the geographical regions in India (1970–2020).
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FIGURE 2. Prevalence of viral infections based on the geographical regions in India.


The reports were further classified based on the prevalence of respiratory viruses in those regions considering the differences in climatic conditions and the chance of finding a higher number of infections with a particular virus (Table 2 and Figure 2).


North India

The North India region is a large area with cold temperatures and chilling conditions in the winter. This could be the reason behind influenza and parainfluenza having detection rates of 27 and 14%, respectively. The 2,085 reported cases had 747 positive detections for upper respiratory tract infection (URTI; Jain et al., 2001; Broor et al., 2014; Singh et al., 2014; Saha et al., 2015; Sachdev and Gupta, 2018; Krishnan et al., 2019; Meena et al., 2019). Parainfluenza and INF-B cases were reported to be higher here.



East India

It was found that publications are mostly available for West Bengal, only Kolkata and Odessa. In total, these studies have examined 12,875 patients for respiratory tract infection, of which 4,548 were detected positive for viral infections. East India is the only region from which relatively lower reported cases of RSV (20%) were found. INF-A and INF-B show the highest prevalence rates in India, i.e., 22 and 25%, respectively (Kloene et al., 1970; Agrawal et al., 2009; Mazumdar et al., 2013; Roy Mukherjee et al., 2013; Mishra et al., 2016; Panda et al., 2017). Data analysis revealed that the number of reported cases and the prevalence of influenza are higher compared to those of other regions in India.



West India

Reports from this region were mostly from Pune and Rajasthan, while other regions barely reported the viral diagnosis. As per these reports, 8,448 cases were studied and 1,315 samples were found positive for respiratory virus infections. Rhinovirus has a higher infection rate (18%) than in other regions and is detected regularly (Figure 3; Yeolekar et al., 2008; Choudhary et al., 2013; Chavan et al., 2015; Malhotra et al., 2016; Swamy et al., 2018; Sonawane et al., 2019). This region has reported the highest prevalence of rhinovirus: the cause of the common cold. RSV was also found to be higher in this region.
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FIGURE 3. Detection rate of rhinovirus from 1964 to 2020. The number of reports included in the study during this period is indicated in brackets.




South India

The South India region with 2,298 cases reported 1,013 positive detections for respiratory virus, and around 50% of the cases detected were RSV, which is higher than that in any other region in the country (Akila, 2019; Kini et al., 2019; Abinaya et al., 2020; Anand and Nimmala, 2020; Hindupur et al., 2020; Palani and Sistla, 2020).

The very first report that we considered has summarized data from four villages in West Bengal, and the sampling duration was from 1964 to 1966. More than 4,000 samples were collected and 625 viruses were isolated. These included all types of respiratory viruses, with parainfluenza, RSV, adenovirus, rhinovirus, and influenza virus types. It was discussed that there were waves of rising infections during this period, while the persistence of these viruses was also noted. The results of other studies, as described in Table 1 and Figure 4, can be discussed based on individual viruses, and their trend of detection in a given period is as described below.
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FIGURE 4. Prevalence of respiratory viruses from 1969 to 2020 in India. This figure shows the total prevalence of respiratory viruses in India from 1969 to 2020. The number of cases is reported on the Y-axis and the year of reporting is presented on the X-axis, while the number in brackets indicates the number of papers published in that period, with papers published in the same year being merged. The tabular format below the graphical presentation includes the number of viruses studied along with the year-wise reported positive cases.




Respiratory Syncytial Virus

From 1969 to 2001, reported cases of RSV were comparatively less than those of other viruses, but after 2007, the detection rate increased gradually, taking the total count of RSV-infected patients to 1,625 as calculated with the data included in this study. RSV has a higher prevalence rate in India than any other respiratory viruses, as shown in Figure 2. As compared regionally, South India showed a bit higher infection rate. This is the trend not only in India but also in other parts of the world (Figure 1). RSV has always been a part of the diagnostic machinery and was initially detected in moderate numbers routinely, except in 2009–2010 and 2012–2014 when its detection rate reached as high as 25% (Choudhary et al., 2013) and 41% (Krishnan et al., 2019), respectively, of the total positive cases. The prevalence took an upward trend afterward, and very high number of cases were reported until the recent time, except in 2020 when COVID-19 shadowed all detections and outnumbered all.



Human Adenovirus

Detection of adenovirus was available since the earlier period of the reporting in this study, and its prevalence was reported in higher numbers initially. In later publications, this was not given a high priority due to the non-severe outcomes of the infection and was not included routinely while diagnosing other respiratory viruses in many studies. After 2011, the availability of multiplex testing again allowed including adenovirus in the diagnostic panel; since then, it has been reported routinely, with moderate counts (Table 1 and Figure 4). Regional comparison showed its lower prevalence in South India, while the other three regions have a higher prevalence of this virus (Figure 2).



Human Parainfluenza Virus

Human parainfluenza viruses, a member of the Paramyxoviridae family, is classified as HPIV-1 to HPIV-4 based on the serotypes. In most cases of serious infections, HPIV-3 is diagnosed as a causal entity followed by HPIV-1 and HPIV-2, while HPIV-4 is associated with milder symptoms and is not included in the diagnosis for routine assays. The incidence rates of HPIV have always been higher whenever detected. The literature reported a higher incidence in colder temperatures; hence, more cases were recorded in North India and during the winter season compared to the other parts of the country and in other seasons (Table 1 and Figure 2).



Influenza Virus

In some of the papers, influenza virus was diagnosed and reported as influenza only and was not further classified into its subtypes; hence, it has been depicted as a separate row in Table 1, along with INF-A and INF-B. It has been reported to have moderate to high counts, except in 2011–2012 when there was an influenza outbreak and a higher number of samples were collected. As per the published literature, influenza was found to be one of the highly prevalent infections after 2001.



Influenza A

After RSV, influenza A shows a higher detection rate in India, and in the current review, a total of 929 confirmed cases are included (Figure 2). INF-A is highly detected in East and South India, maybe because of the pandemic. The counts of influenza viruses remain very high, as reported in various studies so far, despite the availability of the vaccine in 2015. However, there was a gradual decline observed after this period.



Influenza B

The detection rate of INF-B is relatively low as compared to other viruses, although a peak was detected in 2010–2011 due to the enhanced detection during the outbreak of H1N1. At that time, a total of 4,064 patients were tested under routine diagnosis, whereas 675 cases were detected positive for INF-B.



Human Metapneumovirus

In India, hMPV has been taken into consideration in routine diagnostic tests since 2009. Before that, no cases of hMPV have been detected, as depicted in Figure 4. The prevalence of hMPV in India remained low compared to the other viruses until 2012; thereafter, the number of positive cases rose slightly each year. The detection rate is higher in warmer regions, i.e., South and West India, compared to colder regions, i.e., North and East India (Figure 2).



Rhinovirus: Is the Prevalence Increasing?

During our analysis, it was very apparent that rhinovirus has always been present in regional outbreaks or epidemics. Increased numbers of rhinovirus cases are being reported with improved diagnostics and better medical coverage. Although timelines could not be drawn with the limited data, we could observe a pattern that indicates increasing number of cases of rhinovirus infection in India, which is in line with global reports. Figure 3 shows the pattern of cases during the period from 1969 to 2020, leaving those years in which there were no reports published.



The Scenario in Other Parts of the World

We also tried to compare our findings with reports from other parts of the world. We went through the literature available from other parts of the world and focused on studies reporting larger number of samples. Reports from five continents—Asia, Australia, Africa, Europe, and the United States—were found to be useful. At the same time, we included individual reports from the countries such as Bangladesh, China, Kenya, Thailand, Egypt, Italy, the Netherlands, Hong Kong, and Sweden, with 1971–2015 as the period of the research (Table 3). Overall, these case studies reported 36,559 cases. Cases from the different continents showed a diversity of regions, weather conditions, gender, race, age, religion, etc. (Henrickson et al., 2004; Farha and Thomson, 2005; Esposito et al., 2013; Zheng et al., 2018; Milucky et al., 2020). The reports that were picked up for this study gave cumulative data for a certain period and a larger coverage in terms of spread. Sporadic reports are not considered here as we aimed to get a generalized picture of the global scenario of all the respiratory viruses. WHO has conducted global surveillance of the important respiratory pathogens such as influenza and RSV. The Global Influenza Surveillance and Response System (GISRS) is one of the examples of the global surveillance of influenza, which has been done for more than 60 years and is still going on. Similarly, an RSV surveillance system is proposed using the GISRS platform. The National Respiratory and Enteric Virus Surveillance System (NREVSS) in the United States also conducts surveys of most of the respiratory viruses to understand the temporal and geographic circulation patterns by focusing on each virus individually. The patterns obtained from the published literature are shown in Table 4 and Figure 1. After analysis, it was observed that India and other regions of the world follow a similar trend of prevalence of viral infection. Rhinovirus is the most prevalent virus with 35% of cases worldwide, whereas in India rhinovirus has a detection rate of 11%, but the trend line shows that its prevalence is increasing (Figure 3). The prevalence of RSV was found to be very similar in India compared to other parts of the world. In India, RSV is the most prevalent virus, whereas it is the second most prevalent virus in other parts of the world. In India, influenza and its INF-A subtype show almost similar detection rates (influenza: 11% in India and 9% in other parts of the world; INF-A: 15% in India and 10% in other parts of the world). INF-B and hMPV have higher prevalence rates in India of 12 and 8%, respectively, whereas the worldwide incidence rate is only 3% for both INF-B and hMPV. The prevalence rates of ADV and PIV were found to be almost similar in India to other parts of the world. However, their detection rates are also low, as per the reviewed literature (Table 4).


TABLE 3. Representative studies from the rest of the world to compare the scenario of viral disease prevalence in India.
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TABLE 4. Comparison of the detection rates of viruses in India with those of other parts of the world.
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DISCUSSION

Although previous attempts have been made to estimate the prevalence rates of respiratory viruses or specific viruses in some states of the country, there have been no report summarizing the burden of respiratory viruses or infectious diseases, deaths, across all states of India for a long time. In total, the scenario of the whole country can be discussed as depicted in Figure 2 and Table 1. RSV remained the most prevalent respiratory virus in India for the whole duration of the study period. If we add up all the influenza types together, we may find it to be the most prevalent viral cause of respiratory infections. Parainfluenza has also been a significant one, with rhinovirus as an emerging viral pathogen during this period, which may be due to improved diagnostics. At the same time, the prevalence rates of adenovirus and hMPV remained on the lower side.

RSV was the dominant one in all regions, except for East India that has variable percent contributions of all the other viruses, while influenza was highest in East India, followed by North India, compared to the other geographical regions. Reports from East India show higher numbers of influenza B, followed by influenza A, and a few reports indicating influenza as one group without details about its types. Also, this region has a higher prevalence of parainfluenza virus compared to all other regions. The higher prevalence rates of influenza and parainfluenza viruses in North and East India could be due to the extreme cold weather during the winter season and also to the drastic temperature variability in different seasons. Most of the studies considered all types of influenza in one group for reporting purposes; however, their subtypes may vary in occurrence and also may not be classified further due to resource constraints.

Human metapneumovirus had the lowest prevalence in all the regions, with the least prevalence in North India. West and South India have relatively higher prevalence rates of this virus. The higher percentages of hMPV in West and South India may be due to the relatively hot and humid climate in the majority of the areas, being in the coastal region. As reported earlier, infections with hMPV peak during the rainy season, and hence its higher prevalence in humid regions can be correlated (Evelyn et al., 2019). The western region has a relatively lower prevalence of influenza and other viruses compared to the other regions, while it has the highest number of reported cases of rhinovirus. The southern region was found to report the highest number of RSV cases, which also contributes to the overall high number of this virus in India.

The distribution of adenovirus was found to be uneven, with high prevalence in North India while very low in South India. A reason for this may be its moderate symptoms and low severity. Another possibility is that the infected individuals are normally not subjected to diagnosis, and hence many cases remain undiagnosed. In most cases, it was detected during surveys or after an attempt to detect other viral infections.

Rhinovirus has been the most prevalent virus in most parts of the world and is now also being reported frequently in India. The reason for the lower prevalence of rhinovirus in India may be its underdiagnosis in the earlier phase of infection (Figure 3). With improved and wide-ranging diagnostic procedures, it now seems that the pattern of its prevalence is similar to that of the rest of the world. The observation in this study also points toward an increase in prevalence from 2012 to 2019, after which COVID-19 has taken over and not many reports could be found. This also points toward the long persistence of this virus and a need to work in this area to avoid any major epidemic due to its variants or larger spread.



CONCLUSION

The outcomes of this study have projected an excessive load of disability-adjusted life years (DALYs; 32% of the global count) due to respiratory infections compared to the total population of the country, which is 18% of the global population. We provided a broad evaluation of the burden of respiratory viruses and diseases in different states of India, as classified under four geographical regions from 1970 to 2020, based on all accessible data. An important finding of this study is that most states in India have higher rates of infections of RSV, influenza, and parainfluenza. These are the top three infectious viruses as per the studied reports. Also, it was found that from 2016 to 2017, infection of rhinovirus has increased at a higher rate. The exercise was done during the collection of data, and its compilation also indicated the unavailability of a systematic centralized database of respiratory viruses and their regional prevalence and cumulative yearly incidences. The inferences drawn out from the prevalence data can help in deciding the diagnostic priorities in these regions and devising local protocols for routine diagnosis. In conclusion, the review points toward the need for improved detection of multiple viruses and informed management of their infections. Another key finding during our data analysis was that most of the reports were originated from areas where research facilities are established. Hence, either the coverage of these research facilities may be expanded or a few more diagnostic research laboratories may be established in those areas that are remote and not accessed by the public so far for the diagnosis of these viruses. Also, routine surveillance of such viruses may be added to their mandate. A new ray of hope has been seen with the decision for the establishment of VRDLs in 2016 by the Department of Health Research (DHR)/Indian Council of Medical Research (ICMR). This is a network of laboratories to enhance the country’s capacity for the early diagnosis of all viral infections with public health importance in the Indian context. The target is to establish 160 such laboratories all over the country; 106 of such laboratories are already established and are either functioning or being made functional.
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Background

The severities of human adenovirus (HAdV) infection are diverse in different areas of Tibet, China, where a large altitude span emerges. Serious consequences may be caused by medical staff if the clinical stages and immunological conditions of patients in high-altitude areas are misjudged. However, the clinical symptoms, immunological characteristics, and environmental factors of HAdV infection patients at different altitude areas have not been well described.



Methods

In this retrospective, multicenter cohort study, we analyzed the data of patients who were confirmed HAdV infection by PCR tests in the General Hospital of Tibet Military Command or CDC (the Center for Disease Control and Prevention) of Tibet Military Command from January 1, 2019, to December 31, 2020. Demographic, clinical, laboratory, radiological, and epidemiological data were collected from medical records system and compared among different altitude areas. The inflammatory cytokines as well as the subsets of monocytes and regulatory T cells of patients were also obtained and analyzed in this study.



Results

Six hundred eighty-six patients had been identified by laboratory-confirmed HAdV infection, including the low-altitude group (n = 62), medium-altitude group (n = 206), high-altitude group (n = 230), and ultra-high-altitude group (n = 188). Referring to the environmental factors regression analysis, altitude and relative humidity were tightly associated with the number of infected patients (P < 0.01). A higher incidence rate of general pneumonia (45.7%) or severe pneumonia (8.0%) occurred in the ultra-high-altitude group (P < 0.05). The incubation period, serial interval, course of the disease, and PCR-positive duration were prolonged to various extents compared with the low-altitude group (P < 0.05). Different from those in low-altitude areas, the levels of IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, G-CSF, GM-CSF, IFN-γ, IP-10, MCP-1, TNF-α, TNF-β, and VEGF in the plasma of the ultra-high-altitude group were increased (P < 0.05), while the proportion of non-classical monocytes and regulatory T cells was decreased (P < 0.05).



Conclusions

The findings of this research indicated that patients with HAdV infection in high-altitude areas had severe clinical symptoms and a prolonged course of disease. During clinical works, much more attention should be paid to observe the changes in their immunological conditions. Quarantine of patients in high-altitude areas should be appropriately extended to block virus shedding.
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Introduction

Since the discovery and isolation of adenovirus in the 1950s, more than 100 serotypes had been identified. There are 52 kinds of human adenoviruses (HAdVs), which could be divided into six subgroups: A, B, C, D, E, and F (Greber and Flatt, 2019). HAdVs are able to infect the human respiratory tract, gastrointestinal tract, urethra, bladder, eye, and liver. The typical symptoms of respiratory tract infection caused by HAdVs are cough, nasal obstruction, and pharyngitis, accompanied by fever, chills, headache, and muscle pain at the same time (Ison and Hirsch, 2019). Sporadic cases and outbreaks of HAdVs have been recorded in both USA and China, with cases totaling in hundreds, especially for children and military recruits. Fortunately, mortality has been estimated at a relatively low level (Gautret et al., 2014). It had been reported that HAdV pneumonia accounted for about 10% of childhood pneumonia, which was mostly caused by HAdV types 3 and 7 (Zou et al., 2021). In adolescence, the mortality of HAdV pneumonia is 8%–10% (Scott et al., 2016; Kujawski et al., 2020). Notably, due to the highly infectious and rapid spreading of HAdVs, military recruits are a special group at high risk during endemic outbreaks (Vento et al., 2011; Hang et al., 2020). In 2006, HAdV-14 caused abrupt epidemics among US military trainees in five states at least: California, Georgia, Illinois, Montana, and Texas (Tate et al., 2009). In 2011, 43 children, attending primary school beside an air force military center, were proved to be infected by HAdV-14 in the Tongwei County of Gansu, China (Huang et al., 2013). Therefore, military hospitals and CDC have always been paying particular attention to the control and prevention of HAdVs for fear of virus shedding.

Studies had reported that the chance of residents suffering from respiratory diseases in high-altitude areas was more likely to be increased. Vargas et al. found that the incidence rate of asthma was higher if the residents lived above 1,500 m (Vargas et al., 2018). Khan et al., through a long-term cohort study of 5,204 children in Pakistan, confirmed that the risk of pneumonia in children was closely related to the altitude they lived (Khan et al., 2009). In addition, during the global outbreak of new coronavirus pneumonia in 2019, higher altitude usually indicates more severe clinical symptoms and worse outcomes in patients (Zeng et al., 2020; Woolcott and Bergman, 2020). Tibet, located in the southwest of China, is impressed by the broad area, complex terrain and vast altitude span. For example, the altitude of Pali County of Shigatse is more than 5,000 m, while Motuo County of Nyingchi is not enough to even 500 m (Ni et al., 2021). However, there have not been reports on the clinical and immunological characteristics of HAdV infection in different areas of Tibet.

Although most HAdV infectious patients have the respiratory disease with mild or asymptomatic clinical manifestations, multisystem illnesses are also reported occasionally (Ison and Hirsch, 2019). Since lung physiology is heavily affected by the atmospheric pressure that decreases with altitudes, it is generally believed that respiratory diseases might be more serious in high-altitude areas (Truog et al., 2020). However, many medical staff still might not have a clear idea about the state of patients in high-altitude areas, without the preparations for the rapid changes of illness or the prolonged course of disease and incubation period. Especially for referral patients from high-altitude areas, medical staff in low-attitude areas are more likely to misjudge their clinical stage, miss the best opportunity for treatment, and even result in serious HAdV outbreaks in the local areas. This study aims to reveal the epidemiological, clinical, laboratory, radiological, and immunological characteristics of patients with HAdV infection as well as the environmental risk factors in different altitude areas, to provide scientific proof for the diagnosis and treatment of HAdV infections in high-altitude areas.



Methods


Study Design and Participation

This retrospective, multicenter cohort study included four cohorts of patients from the General Hospital of Tibet Military Command in Lhasa, 954 Hospital of Army in Lhoka, 956 Hospital of Army in Nyingchi, and CDC of Tibet Military Command in Lhasa. All of the patients with confirmed HAdV infection who were admitted to the General Hospital, 954 Hospital, and 956 Hospital, as well as who were reported to CDC, were retrospectively enrolled from January 1, 2019, to December 31, 2020. This study was approved by the Research Ethics Commission of the General Hospital and the requirement for informed consent was waived by the Ethics Commission.



Data Collection

Epidemiological data were collected through interviews and field investigation. Environmental data were obtained in CDC of Tibet Military Command. Demographic, clinical, laboratory, and radiologic data were extracted from electronic medical records by a standard data collection form that was a modification of the World Health Organization (WHO)/International Severe Acute Respiratory record form (Zhou et al., 2020). All data above were verified by two physicians and a third researcher adjudicated any differences in interpretations between them.



Epidemiological Data Collection

The number of acute respiratory tract infections in military units of Tibet was reported to the CDC every month since January 1, 2019. Once clusters of cases emerged or suspected individuals were identified, the epidemiology team with members from the CDC of Tibet Military Command would be informed to initiate detailed field investigations and collect specimens including swabs, blood, stools, and urines at the acute phase for further tests.

Information about the date of illness onset, clinical symptoms, laboratory results, and the date of cure were collected through detailed interviews with infected persons, close contacts, and medical staff. Epidemiological data were acquired through interviews and field investigations. If necessary, the investigators interviewed each infected patient to verify the contact history within 2 weeks before the onset of the illness. Information about contact with other people with similar symptoms was also included. All of the data collected during the field survey, including contact history, the timeline of events, and identification of close contacts, had been cross-checked from multiple sources. The data were entered into the central database of the CDC and verified by EpiData Association.



Environmental Data Collection

In a previous study, high altitude was defined as a geographic elevation of ≥1,500 m (Woolcott et al., 2015). Here, altitude was divided into four categories: 0–1,500, 1,500–3,000, 3,000–4,500, and ≥4,500 m. The average altitude of each region in Tibet was obtained from the CDC of Tibet Military Command and verified by Google Earth. All of the study groups were divided based on the altitude of the residence of patients. Besides, the average temperature, relative humidity, and oxygen content of each month in different areas of Tibet were acquired from the local CDC.



Clinical Data Collection

The recent exposure history, clinical symptoms or signs, and results of laboratory tests on admission of inpatients and outpatients were obtained from the hospital electronic medical records. These data of the non-referral patients, if they had, were collected from the local medical systems. Radiologic evaluation including chest X-ray or computed tomography (CT), as well as laboratory testing, was performed according to the clinical needs of patients. Referring to the documents or descriptions in the medical record system, we determined whether the patient had radiologic abnormalities; if image scanning can be carried out, the attending physician of the respiratory department would review and extract the data. Disagreements between the two reviewers were resolved through negotiation with a third reviewer. Laboratory evaluation consisted of whole blood count, blood chemistry analysis, coagulation test, liver and kidney function evaluation, and measurement of electrolyte, C-reactive protein, procalcitonin, lactate dehydrogenase, and creatine kinase. Treatment data consisted of antiviral therapy, antibiotic therapy, use of corticosteroid, nasal cannula, non-invasive ventilation, and invasive mechanical ventilation. Prognosis of the infection could be divided into hospitalization, recovery, and discharge from hospital at the end of observation. All of the data mentioned above were entered into a computerized database and cross-checked in the CDC of Tibet Military Command. If the core data were lost, a request would be sent to the coordinator, who subsequently contacted the attending physician for further clarifications.



Laboratory Procedures

The nasopharyngeal swabs, blood, and fecal specimens during the acute phase of HAdV infection were subsequently sent to the central laboratory of the General Hospital or CDC for etiological detection. Blood samples were centrifuged at 500×g and the upper plasma was collected for following nucleic acid extraction experiments. Each 1 g fecal sample was added to 10 ml of 0.9% normal saline. Then, the samples were centrifuged at 500×g and the supernatant was collected for the following nucleic acid extracting tests. Nucleic acids of pathogens were extracted from different specimens using a QIAamp Viral RNA Mini Kit (Qiagen) according to the recommended protocol of the manufacturer. A diagnostic kit for HAdVs (Beijing Kinghawk) was applied for HAdV nucleic acid detection referring to the recommended protocol of the manufacturer. Briefly, the presence of HAdV nucleic acids in samples was detected by real-time PCR. The primer and probe sequences of the target were listed as follows: forward primer 5′-GCCACGGTGGGGTT TCTAAACTT-3′, reverse primer 5′-GCCCCAGTGGTCTTAC ATGCACATG-3′, and the probe 5′-FAM-TGCACCAGAC CCGGGCTCAGGTACTCCGA-3′-BHQ. Conditions for amplification were 95°C for 5 min, followed by 40 cycles of 95°C for 10 s and 58°C for 40 s. A cycle threshold value (Ct-value) of each specimen less than 37 was defined as a positive test, while a Ct-value of 40 or more was defined as a negative test. A medium viral load with a Ct-value of 37 to 40 required confirmation by retesting.



Case Definitions

A confirmed case of HAdV infection was defined as that whose respiratory, blood, or fecal specimens were positive for HAdVs by real-time PCR. A new identified case was in contact with or epidemiological association with a confirmed patient within 14 days before the onset of the disease. The definition of pneumonia cases with HAdV infection was based on the definition of community-acquired pneumonia cases recommended by the WHO (Metlay et al., 2019): fever, with or without temperature records; radiographic evidence of pneumonia; low or normal white blood cell count or low lymphocyte count; no remission of symptoms after 3 days of antimicrobial treatment; and etiological evidence. Diagnosis for severe pneumonia with HAdV infection also followed the WHO criteria (Jain et al., 2015): one primary criterion or more than three secondary criteria were met. Primary criteria were mechanical ventilation with tracheal intubation or vasoactive drugs required for septic shock after active fluid resuscitation. Secondary criteria were respiratory rate ≥30 times/min, oxygenation index ≤250 mmHg, multiple lobar infiltrations, disturbance of consciousness or disorientation, blood urea nitrogen ≥7.14 mmol/L, systolic blood pressure <90 mmHg, and requiring active fluid resuscitation.



Cytokine and Chemokine Measurement

The plasma cytokines and chemokines, interleukin (IL)-1β, IL-2, IL-4, IL-6, IL-8 (also known as CXCL8), IL-10, IL-12, IL-13, IL-15, granulocyte colony-stimulating factor (G-CSF, also known as CSF3), granulocyte–macrophage colony-stimulating factor (GM-CSF, also known as CSF2), interferon γ (IFN-γ), induced protein 10 (IP-10, also known as CXCL10), MCP-1 (also known as CCL2), monocyte chemoattractant protein 1 (MIP-1, also known as CCL3), tumor necrosis factor α (TNF-α), tumor necrosis factor β (TNF-β), and vascular endothelial growth factor (VEGF), were measured in the acute phase of illness. According to the instructions of the manufacturer, the inflammatory factors and chemokines of all patients were detected using ELISA kit (R&D System). The optical density (OD) value of the experimental results was read on a microplate reader (Bio-Rad).



Flow Cytometry

The blood samples during the acute phase of HAdV infection were collected and sent to the central laboratory of the General Hospital or CDC for flow cytometry. Total peripheral blood mononuclear cells (PBMCs) were separated from blood samples in the acute phase of illness. Then, PBMCs were stained with conjugated antibodies against the following proteins: CD45-PerCp (2D1), CD4-PE/Cy7 (OKT4), CD14-FITC (63D3), CD16-APC (3G8), CCR2-APC/Cy7 (K036C2), CX3CR1-PE/Cy7 (2A9-1), and CD86-PE (BU63) (all from Biolegend). While the intracellular detection of Foxp3 with Foxp3-PE (295D) (Biolegend) was performed on fixed and permeabilized cells using FOXP3 Fixation/Permeabilization Buffer (Biolegend) according to the instructions of the manufacturer. The lymphocyte and monocyte gates were both based on CD45. Regulatory T cells (Tregs) were defined as CD4+ and Foxp3+ among lymphocytes. The subsets of monocytes were recognized by both CD14 and CD16 (Cros et al., 2010). In addition, the expression of CCR2, CX3CR1, and CD86 was determined in different subsets of monocytes, respectively.



Statistics

The epidemic curve of HAdV and acute respiratory tract infections in Tibet was drawn according to the number of incident cases and month of diagnosis. Sensitivity analysis was also carried out to include the important outbreak events in the epidemic curve. In the infectious population, multilevel mixed-effect Poisson regression analysis was applied to estimate the correlation of altitude, temperature, relative humidity, and oxygen content with the number of patients. The incubation period distribution (the time delay from infection to illness onset), course of disease, and PCR-positive duration were estimated by fitting the log-normal distribution to the data of exposure history and onset date. The serial interval (the delay between illness onset dates in successive cases in a transmission chain) is estimated by fitting the gamma distribution of cluster survey data. Continuous variables and categorical variables were expressed as median (IQR) and n (%), respectively. We applied the Kruskal–Wallis test (followed by post-hoc analysis with Dunnett’s t-test with Bonferroni adjustment when appropriate) to compare the continuous variables among different altitudes, while the χ2 test or Fisher exact test was employed for the comparison of categorical variables. The Kruskal–Wallis test was also used to compare the changes of leukocyte count, lymphocyte count, platelet count, D-dimer, urea nitrogen, and creatinine at different days after disease onset. Dunnett’s t-test was used to compare plasma inflammatory factors, Tregs, and monocyte subsets between the middle-altitude group, high-altitude group, ultra-high-altitude group, and low-altitude group. Statistical analyses were performed using SPSS Version 22.0. Two-tailed P-values less than 0.05 were considered statistically significant unless there are special explanations.




Results


Epidemic Curve and Environmental Factors of HAdV Patients in Tibet

There were 70.63% of acute respiratory tract infections in Tibet that concentrated from September to March of next year (Supplementary Figure 1). The epidemic curve of HAdV infection suggested that the number of cases reached a peak in December and January (Supplementary Figure 1). However, epidemic curves of HAdV infection and respiratory diseases did not coincide completely due to a small fluctuation of HAdV cases in April and May. Despite gathering in spring and winter, some sporadic HAdV cases also emerged all around the year. The majority of the HAdV outbreaks occurred in Lhasa, accounting for 50% of the total incidents. Field investigations demonstrated that HAdV infections might spread across the areas due to the mobility of patients.

Generally speaking, environmental factors have vital roles in the onset, transmission, and maintenance of HAdV infections (Gautret et al., 2014; Yao et al., 2021). Here, we took the four environmental factors involving the altitude of residence of the patients, temperature, relative humidity, and oxygen content into account (Figure 1). Different from the traditional concepts, the temperature and oxygen content were not related to the number of HAdV patients (P > 0.05). However, altitude and relative humidity were the environmental factors affecting the number of patients (P < 0.01). Furthermore, altitude was positively correlated with the number of patients (Figure 1A), while a negative correlation was recognized between relative humidity and the number of patients (Figure 1C).




Figure 1 | Correlations of the number of patients with various environmental factors. The correlations of the number of HAdV infections with various environmental factors are shown in altitude (A), temperature (B), relative humidity (C), and oxygen content (D), respectively. The curves in the figure are derived from the Poisson regression model. The equation, correlation coefficient, and P-value of the curves are marked at the top right of every image.





Demographic, Clinical, and Epidemiological Characteristics of HAdV Patients at Different Altitude Areas

Six hundred eighty-six patients had been identified by laboratory-confirmed HAdV infection, consisting of the low-altitude group (n = 62), medium-altitude group (n = 206), high-altitude group (n = 230), and ultra-high-altitude group (n = 188). The demographic and clinical characteristics of the patients are shown in Table 1. The median age of all patients was 26 years (interquartile range, 19–32), and 93.4% of the patients were male. There was no significant difference in age and gender among the groups (P > 0.05). A total of 2.6% of the patients were medical staff, and 38.9% of them were in the ultra-high-altitude group (Table 1).


Table 1 | Demographics and clinical characteristics of study patients.



Current smoking accounted for 66.0% of all patients with HAdV infection (Table 1). Compared with the low-altitude group (51.6%), the proportion of current smoking in the high-altitude group (70.4%) and the ultra-high-altitude group (76.6%) was significantly higher (P < 0.01). Among all the clinical symptoms, the most common were cough (77.4%), fever (45.5%), fatigue (38.5%), and sputum (30.5%), and these symptoms seemed to be more obvious in the high-altitude group and ultra-high-altitude group (P < 0.05). Other relatively rare symptoms, such as shortness of breath (20.0%) and sore throat (18.7%), also increased in both high-altitude areas and ultra-high-altitude areas (P < 0.05). In addition, there were significant differences in respiratory rate, heart rate, and mean arterial pressure with the comparison of the high-altitude group and ultra-high-altitude group to the low-altitude group (P < 0.05). Notably, the incidence of general pneumonia (45.7%) and severe pneumonia (8.0%) in the ultra-high-altitude group was significantly higher than that in the low-altitude group (P < 0.05). Similar to the severity of disease, patients in ultra-high-altitude areas had a higher percentage in receiving antiviral therapy (90.4%), a corticosteroid to restrict inflammation (48.9%), and invasive mechanical ventilation (6.9%) (P < 0.05). Although the majority of patients recovered after treatment, patients at ultra-high-altitude areas showed a higher hospitalization rate (5.3%) while a lower recovery rate (79.3%) at the end of observation (P < 0.05).

Referring to field investigation of clusters of cases, we found that the epidemiological characteristics of HAdV patients at different altitude areas were far from the same (Figure 2). By statistical estimation, the median incubation period of the low-altitude group (3.5 days, 95% CI 2.7–4.3), middle-altitude group (4.4 days, 95% CI 4.2–4.6), high-altitude group (5.2 days, 95% CI 4.9–5.5), and ultra-high-altitude group (6.2 days, 95% CI 5.5–6.8) were described. In addition, 95% of the incubation period distribution in the low-altitude group was 11.3 days (95% CI 8.9–16.1), while that in the ultra-high-altitude group was 14.9 days (95% CI 10.3–21.5) (Figure 2A). Similarly, serial interval (Figure 2B), course of the disease (Figure 2C), and PCR-positive duration (Figure 2D) of HAdV patients also increased with altitude. For the duration of disease, the difference between the groups was particularly huge (Figure 2C). The median duration of disease in the low-altitude group was 6.1 days (95% CI 5.8–6.3), while that in the ultra-high-altitude group was significantly prolonged (18.3 days, 95% CI 17.2–19.4).




Figure 2 | Key time-to-event distributions. The estimated incubation period distribution (i.e., the time from infection to illness onset) is shown in (A). The estimated serial interval distribution (i.e., the time from illness onset in successive cases in a transmission chain) is shown in (B). The estimated course of disease (i.e., the time from illness onset to the disappearance of symptoms) is shown in (C). The estimated PCR-positive duration (i.e., the time from the first PCR positive to PCR negative) is shown in (D).





Cytokines and Immunocytes of HAdV Patients at Different Altitude Areas

Initial plasma levels of IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-13, IL-15, G-CSF, GM-CSF, IFN-γ, IP-10, MCP-1, MIP-1, TNF-α, TNF-β, and VEGF were detected to compare the cytokines and chemokines of HAdV patients at different altitude areas (Figure 3). Plasma levels of IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, G-CSF, GM-CSF, IFN-γ, IP-10, MCP-1, TNF-α, TNF-β, and VEGF of the ultra-high-altitude group were significantly higher than those of low-altitude group (P < 0.05). Meanwhile, a slight rise of IL-2, IL-6, IL-8, IL-10, G-CSF, IP-10, MCP-1, TNF-α, TNF-β, and VEGF was observed in the high-altitude group compared with the low-altitude group (P < 0.05). However, there were no differences between the middle-altitude group and the low-altitude group except for IL-6, G-CSF, IP-10, TNF-α, TNF-β, and VEGF (P < 0.05).




Figure 3 | Plasma level of cytokines and chemokines among HAdV infectious patients at different altitudes. Comparison of cytokine and chemokine levels among HAdV infectious patients at different altitudes. The vertical axes differ for each of the mediators to accommodate the extreme variation in the normal distributed range of cytokine concentrations. Data represent median and interquartile range. The Kruskal–Wallis test (followed by post-hoc analysis with Dunnett’s t-test with Bonferroni adjustment) is applied to compare the differences between the low-altitude group (<1,500 m) and the other groups. IL, interleukin; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte–macrophage colony-stimulating factor; IFN-γ, interferon γ; IP-10, induced protein 10; MCP-1, monocyte chemoattractant protein 1; MIP-1, macrophage inflammatory protein 1; TNF-α, tumor necrosis factor α; TNF-β, tumor necrosis factor β; VEGF, vascular endothelial growth factor. *P < 0.05, **P < 0.01, ***P < 0.001.



Monocytes could be divided into classical monocytes (CD14++ CD16−), intermediate monocytes (CD14++ CD16+), and non-classical monocytes (CD14+ CD16++) according to the expression of CD14 and CD16 (Figure 4A) (Cros et al., 2010; Shi and Pamer, 2011). Our results indicated that with the elevation of altitude, the proportion of non-classical monocytes and intermediate monocytes gradually decreased (P < 0.05), while classical monocytes increased (P < 0.05) (Figure 4B). Especially, the median proportion of non-classical monocytes in the ultra-high-altitude group was merely 5.5% (interquartile range, 2.8–8.9). In addition, the expression of CCR2, CX3CR1, and CD86 on the surface of non-classical monocytes in the ultra-high-altitude group was significantly lower than that in the low-altitude group (P < 0.05) (Table 2). Similarly, we calculated the proportion of Tregs (CD4+ Foxp3+) of patients at different altitude areas (Figure 5A). Compared with the low-altitude group, the proportion of Tregs in the high-altitude group and ultra-high-altitude group was reduced significantly (P < 0.05) (Figure 5B).




Figure 4 | Proportion of monocyte subsets among HAdV infectious patients at different altitudes. Comparison of monocyte subsets among HAdV infectious patients at different altitudes. (A) Representative FACS plots of the distributions of monocyte subsets distinguished by CD14 and CD16. (B) Comparison of monocyte subset distributions among HAdV infectious patients at different altitudes. The Kruskal–Wallis test (followed by post-hoc analysis with Dunnett’s t-test with Bonferroni adjustment) is applied to compare the differences between the low-altitude group (<1,500 m) and the other groups. *P < 0.05, **P < 0.01, ***P < 0.001.




Table 2 | The receptor expression on the surface of monocyte subsets.






Figure 5 | Proportion of Tregs among HAdV infectious patients at different altitudes. Comparison of Tregs among HAdV infectious patients at different altitudes. (A) Representative FACS plots of the Tregs distinguished by CD4 and Foxp3. (B) Comparison of Tregs among HAdV infectious patients at different altitudes. The Kruskal–Wallis test (followed by post-hoc analysis with Dunnett’s t-test with Bonferroni adjustment) is applied to compare the differences between the low-altitude group (<1,500 m) and the other groups. **P < 0.01, ***P < 0.001.





Radiologic and Laboratory Findings of HAdV Patients at Different Altitude Areas

Radiology examinations, including chest radiograph and CT scan, were carried out for hospitalized patients and severe patients. Among all of the chest radiographs, 17.2% of HAdV patients had ground-glass opacity and 14.9% had patch shadowing. Compared with the low-altitude group (8.7%), the proportion of patchy shadowing in the high-altitude group (18.3%) and ultra-high-altitude group (20.2%) was significantly higher (P < 0.05) (Supplementary Table 1). Chest CT was much more sensitive in detecting abnormalities of HAdV infections. The typical manifestation of HAdV infection in chest CT was bilateral multiple lobar and subsegmental areas of consolidation. After a period of treatment, the consolidation would be gradually absorbed and ground-glass opacity would be more apparent (Supplementary Figure 2). Different from the results of chest radiographs, the most common abnormality in chest CT was patch shadowing (31.0%), followed by ground-glass opacity (26.1%). Ground-glass opacity (35.6%), patch shadowing (38.8%), vascular enlargement (34.6%), interlobular septal thinning (31.9%), and air bronchogram sign (28.7%) in the ultra-high-altitude group were significantly higher than those in the low-altitude group (P < 0.05) (Supplementary Table 1).

Despite within the normal range, the white blood cell count of patients was still at a relatively low level (4.9 × 109/L, interquartile range, 3.8–5.8) (Supplementary Table 2). Compared with the low-altitude group (5.5 × 109/L, interquartile range, 4.8–6.0), the white blood cell count level of the high-altitude group (4.5 × 109/L, interquartile range, 3.7–5.5) and ultra-high-altitude group (3.9 × 109/L, interquartile range, 2.8–5.3) was significantly lower (P < 0.05) (Supplementary Table 2). Equally, this feature was also suitable for lymphocyte count and platelet count. Furthermore, the lymphocyte counts of the high-altitude group (1.0 × 109/L, intermediate range, 0.6–1.3) and the ultra-high-altitude group (0.9 × 109/L, intermediate range, 0.5–1.2) were lower beyond the normal range. However, D-dimer, creatine kinase-MB (CK-MB), lactate dehydrogenase (LDH), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and blood urea nitrogen (BUN) were significantly increased in the high-altitude group and the ultra-high-altitude group (P < 0.05) (Supplementary Table 2).

Subsequently, major laboratory markers were tracked from illness onset (Supplementary Figure 3). On the whole, the levels of white blood cell count, lymphocyte count, and platelet count were significantly decreased with the elevation of altitude, while D-dimer, BUN, and creatinine were increased. Although the white blood cell count and lymphocyte count in the low-altitude group reached the bottom at 6 days after disease onset, the decline was more likely to be extended in other groups. Especially, the decline in the ultra-high-altitude group lasted until 18 days and followed by slow recovery. BUN and creatinine levels in the low-altitude group almost did not change during the observation. However, visible variations were obtained in both the middle-altitude group and the high-altitude group. Notably, a rapid rise of BUN and creatinine in the ultra-high-altitude group was continued as long as 18 days after disease onset.




Discussion

HAdVs, a common cause of acute respiratory diseases, is a double-stranded linear DNA virus with a diameter of 70–90 nm. Life-threatening HAdV pneumonia has been recorded in military employees, AIDS patients, and transplant recipients (Chen et al., 2020). Due to the innate characteristics of DNA, HAdVs are strongly resistant to general environmental changes and are difficult to inactivate. In addition, HAdVs are highly infectious transmitting directly from person to person and indirectly from the surrounding environment to a person (Bremner et al., 2009). A large number of epidemic episodes appeared in the community, demonstrating that proximity was the key factor for outbreaks (Bremner et al., 2009; Greber and Flatt, 2019). Our findings showed that HAdV epidemics might be not as optimistic as we thought in Tibet. During the 2 years of observation, six relatively large-scale HAdV outbreaks were recorded. However, we must emphasize that the HAdV epidemics are able to be effectively controlled and prevented if proper measures are carried out. After outbreaks, under the guidance of experts from the CDC and the General Hospital, the administrative departments quickly took vigorous and multifaceted measures, such as traffic restrictions, cancellation of gatherings, centralized quarantine, strengthening disinfection, and universal symptom survey. Confirmed cases, suspected cases, and close contacts were identified for quarantine or medical observation.

Environmental factors play an important role during the transmission of respiratory viruses. Our results indicated a positive correlation between the number of HAdV infections and altitude. HAdV susceptibility of residents in Tibet was described previously even though similar mutation patterns and closer genetic evolutionary distance were confirmed in the sequences of HAdVs isolated from Lhasa (3,650 m) and Chengdu (520 m) (Wang et al., 2017), which was partly attributed to the dysfunctions of the immune system at high altitude (Rijssenbeek-Nouwens et al., 2012; Boonpiyathad et al., 2020). Humidity was a vital environmental factor related to seasonal variation, especially in plateau climate. Our study found that the number of HAdV infections was negatively correlated with relative humidity, which was consistent with previous studies (Xu et al., 2021). Interestingly, the number of patients had nothing to do with temperature or oxygen content. It is traditionally believed that people were more likely to be infected in winter and spring when the ambient temperature and oxygen content were extremely low (Cao et al., 2014). However, our findings seemed to be discordant with the concepts. First of all, temperature of the plateau climate that consists of the rainy season and the dry season is relatively low all around the year. Therefore, the influence of temperature may be partly comprised of climatic characteristics. Secondly, although oxygen content is lower with the elevation of altitude, plants seem to provide additional oxygen to partly improve the anoxic situation. Thus, oxygen content and altitude have opposite effects on the number of patients. Finally, due to the small number of patients enrolled, statistical errors cannot be neglected.

Because the relationship of altitude and relative humidity with the number of patients has been revealed in our study, reducing the altitude and increasing the humidity may provide effective measures to relieve the symptoms and promote recovery in the process of clinical treatment. Especially for severe patients in high-altitude areas, transferring to a lower altitude may accelerate the cure rate of patients. If patients are not able to be transferred immediately, increasing the relative humidity appropriately in the dormitory and ward, such as the use of a humidifier, seems to help treatment and avoid virus spreading (Zhou et al., 2020). However, the effect of these measures on patients still needs further clinical trials to confirm in the future.

Field investigation found that some HAdV patients, despite only a few, still caused virus spread after discharge or quarantine. Due to the disorder and abnormality of the immune system at high altitude, the course of the disease might be longer than that at low altitude, which was also consistent with previous studies (Murray, 2014; Brakema et al., 2019). On the other hand, a prolonged course of infection might be assumed to result in the changes of the incubation period, serial interval, and PCR-positive duration. Therefore, especially in high-altitude areas, only those who have been confirmed both clinical remission and negative PCR tests are able to be released from the quarantine. However, the real reasons for this phenomenon have not been clearly explained. Further research should be carried out to ensure whether the alteration for natural characteristics of HAdVs or the dysfunctions of the immune system matters in the process of the epidemiological changes along with the altitude.

Similarities of clinical characteristics after HAdV infection at different altitude areas have been noted. In this cohort, most patients presented with fever, dryness, sputum, and fatigue. The proportion of current smoking in the high-altitude group and the ultra-high-altitude group was significantly higher. This situation may indicate that smoking is more likely to cause HAdV infections in high-altitude areas. Previous studies showed that a greater proportion of smoking in high-altitude areas may be partly attributed to social aspects of low education attainment, poverty, and lack of health insurance coverage (Mercado et al., 2021; Reitsma et al., 2021). In the chest CT scans, the main manifestations were patchy shadow and bilateral ground-glass shadow. Laboratory results showed that white blood cell count and lymphocyte of patients at high-altitude areas decreased more significantly. Medical staff should be alert enough to the possibility of co-infection with other microbes for HAdV infections. Overall, the higher the altitude is, the worse the clinical symptoms and laboratory results are. However, we also found that most of the patients (54%) were asymptomatic, which might contribute greatly to the virus epidemics around the camp and hospital. It is strongly recommended that precautions against airborne transmission should be taken, such as fit-tested N95 masks and other personal protective equipment. To prevent the further spread of the disease, the fever and respiratory symptoms of the infected patients should be closely monitored. Once the diagnosis is suspected, the respiratory tract specimens should be tested immediately. Both pathogen detection and exposure history should be taken into consideration for the identification of asymptomatic infection.

The analysis of cytokines and immunocytes in patients with acute respiratory infectious diseases has always been the research hot spot. Early studies had shown that the increase of serum proinflammatory cytokines (such as IL-1β, IL-6, IL-12, IFN-γ, IP-10, and MCP-1) was associated with extensive lung injury in SARS (Wong et al., 2004). SARS-CoV-2 infectious patients also had the promotion of IL-1β, IFN-γ, IP-10, and MCP-1 (Fajgenbaum and June, 2020). Our study found that a variety of cytokines including IL-1β, IL-2, G-CSF, GM-CSF, IFN-γ, IP-10, MCP-1, and TNF-α in the serum of patients at the highland were significantly increased, which might lead to the activated T helper cell-1 (Th1) response. Therefore, cytokine storms were more likely to occur at higher altitude areas. At the same time, the proportion of non-classical monocytes and Tregs, as well as the chemokine receptors expressed on the monocytes, was appropriately decreased in HAdV patients at high altitude. Previous studies had demonstrated that non-classical monocytes and Tregs played a critical role in antivirus and the maintenance of immune balance (Munoz-Rojas and Mathis, 2021; Robinson et al., 2021). Serious conditions and a prolonged course in the high-altitude area might be partly attributed to the decline of these two subsets. Non-classical monocytes play a great role in both antiviral effects. A previous study demonstrated that non-classical monocytes promoted neutrophil adhesion at the endothelial interface via the secretion of TNF-α and strengthened lymphocytes to produce a specific antibody for the virus (Chimen et al., 2017). In spite of only a few studies toward intermediate monocytes, this subset has the highest capacity to present antigen to T cells and induce the highest IL-10 and IFN-γ production when the body is infected by pathogens (Zawada et al., 2011; Hussen et al., 2020). Here, the decrease of non-classical monocytes and intermediate monocytes in high-altitude areas may result in a susceptibility to HAdVs. Besides, patients in high-altitude areas showing a higher possibility to suffer from severe pneumonia may be partly attributed to the decrease of these two subsets. However, further studies are needed to describe the pathogenesis and mechanisms of immune disorders. A biopsy study will be the key to understand this phenomenon.

Our study still has some limitations. First of all, HAdVs were not typed when PCR tests were performed on the respiratory specimens. Therefore, we had no idea about the type of HAdVs in our cohort. Considering the various clinical symptoms caused by different types of HAdVs, non-typing might be one of the most important defects in this study. Moreover, considering the limitations of the diagnostic kit, the exact viral load of HAdVs may be unavailable in the current study. Secondly, most patients in our study were primary men age 20–30. We must admit the selection bias that existed in our study. Thirdly, with the limited number of cases, it was inevitable to avoid certain statistical errors for the small number of groups. Larger cohort data would provide more meaningful results to further determine the clinical symptoms, environmental factors, and epidemiological characteristics of patients at different altitude areas. At the same time, the outcome of the statistical test and the P-value should be carefully explained. Non-significant P-value did not necessarily exclude the differences among groups. Fourth, the epidemiological resources and laboratory test records of some cases were not able to be extracted completely. Some cases were diagnosed in the local outpatient settings, where the information was just briefly documented and incomplete laboratory tests were carried out. Compared with the integrated documents, some of these local outpatient data are missing although great efforts have been made to contact the attending physicians at that time. Last but not least, no doubt, we had missed some asymptomatic or mild patients. The majority of samples were nasopharyngeal swabs, despite few blood and fecal specimens. Blood and fecal specimens were only applied when the oropharyngeal region was injured or the patient cannot tolerate the swab collections. However, we must admit that blood and fecal specimens may result in the missing of low viral load patients because of the relatively low detection rates of these two specimens (Lam et al., 2021). Therefore, our cohort is more likely to represent typical HAdV cases.



Conclusions

Here, we provide an initial assessment of clinical and epidemiological characteristics of HAdV patients at different altitude areas. Unexpectedly, the number of infected patients was correlated with altitudes and relative humidity rather than temperature and oxygen content. Thus, patients are more likely to benefit from the implementation of transference to a lower altitude or more humid areas. Secondly, the epidemiological characteristics of patients in high-altitude areas are varied from those in low altitude. Patients at high-altitude areas may need longer treatment and quarantine to guarantee a cure and avoid virus shedding. Thirdly, there are significant differences in clinical symptoms and laboratory and imaging findings among HAdV patients in Tibet, where a vast altitude span emerges. Diagnosis of this disease seemed to be complicated by the diversity in symptoms, radiological results, and severity of diseases. During the clinical works, much more attention should be paid to observe changes in the conditions of patients to help them recover, especially for those in high-altitude areas.
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Genomic Epidemiology Reveals Multiple Introductions of Severe Acute Respiratory Syndrome Coronavirus 2 in Niigata City, Japan, Between February and May 2020
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The coronavirus disease 2019 (COVID-19) has caused a serious disease burden and poses a tremendous public health challenge worldwide. Here, we report a comprehensive epidemiological and genomic analysis of SARS-CoV-2 from 63 patients in Niigata City, a medium-sized Japanese city, during the early phase of the pandemic, between February and May 2020. Among the 63 patients, 32 (51%) were female, with a mean (±standard deviation) age of 47.9 ± 22.3 years. Fever (65%, 41/63), malaise (51%, 32/63), and cough (35%, 22/63) were the most common clinical symptoms. The median Ct value after the onset of symptoms lowered within 9 days at 20.9 cycles (interquartile range, 17–26 cycles), but after 10 days, the median Ct value exceeded 30 cycles (p < 0.001). Of the 63 cases, 27 were distributed in the first epidemic wave and 33 in the second, and between the two waves, three cases from abroad were identified. The first wave was epidemiologically characterized by a single cluster related to indoor sports activity spread in closed settings, which included mixing indoors with families, relatives, and colleagues. The second wave showed more epidemiologically diversified events, with most index cases not related to each other. Almost all secondary cases were infected by droplets or aerosols from closed indoor settings, but at least two cases in the first wave were suspected to be contact infections. Results of the genomic analysis identified two possible clusters in Niigata City, the first of which was attributed to clade S (19B by Nexstrain clade) with a monophyletic group derived from the Wuhan prototype strain but that of the second wave was polyphyletic suggesting multiple introductions, and the clade was changed to GR (20B), which mainly spread in Europe in early 2020. These findings depict characteristics of SARS-CoV-2 transmission in the early stages in local community settings during February to May 2020 in Japan, and this integrated approach of epidemiological and genomic analysis may provide valuable information for public health policy decision-making for successful containment of chains of infection.
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INTRODUCTION

Since the first report of the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in Wuhan, China at the end of 2019, the coronavirus disease 2019 (COVID-19) pandemic has become an unprecedented threat to public health on a global scale (Heymann and Shindo, 2020; Wang et al., 2020). As of early June 2021, more than 170 million cases have been reported worldwide, with over 3.6 million fatalities, resulting in a significant disease burden (World Health Organization, 2021).

In Japan, the COVID-19 epidemic began on January 16, 2020, with the first confirmed case being a returnee from Wuhan, China (Furuse et al., 2020a; Muto et al., 2020). Subsequently, the number of cases increased during January and April, reaching the first peak of 720 new cases in a day on April 11. The Japanese government declared a nationwide state of emergency between April 16 and May 25, 2020, in Japan.

In the early stages of Japan’s response to the COVID-19 outbreak, the Japanese government assigned COVID-19 as a designated infectious disease within the framework of the Infectious Diseases Control Law, which requires physicians to immediately report diagnosed COVID-19 cases to the public health center in their jurisdiction, on February 01, 2020 (Ministry of Health Labour and Welfare, 2020a). The recognition of the disease as a designated infectious disease enabled the respective administrations to conduct active epidemiological surveillance and make recommendations and measures for mandatory hospitalization for quarantine purposes. Subsequently, based on the framework of the Infectious Disease Control Law, the Japanese government began implementing a cluster-based approach based on active epidemiological surveillance as part of the response to control the spread of the virus (Oshitani, 2020; Imamura et al., 2021). The aim of this strategy is to conduct intensive tracing of super-spreading events (i.e., clusters) of COVID-19 cases to investigate the activities of multiple infected individuals and to identify common sources of infection. In particular, it aims to identify cluster-borne occasions and to control transmission by restricting these occasions and encouraging behavioral changes in the general public. Preliminary epidemiological investigations by the National Task Force for COVID-19 outbreak in Japan identified hospitals and other medical facilities, as well as nursing homes and other social care facilities, as the main sources of clusters; at the individual level, many of the clusters were associated with karaoke parties, clubs, bars, and gyms, which were identified as being associated with high-risk behaviors in close proximity (Furuse et al., 2020a,b). By the end of April 2020, the Task Force reported three situations that could increase the risk of COVID-19 and started to advise the public to avoid the “three Cs”: closed spaces with poor ventilation, crowded places, and close-contact settings, which led to the initial successful containment of many chains of infection in Japan (Oshitani, 2020).

On the other hand, owing to the virus spreading from Wuhan to various countries across the world in a relatively short period of a few months, there was a need to develop a genomic analysis based on whole-genome sequencing of SARS-CoV-2 in Japan to track the transmission routes of the virus (Sekizuka et al., 2020a,b, c). This approach to genomic epidemiology has been reported in many countries, including the United States of America (United States) (Deng et al., 2020; Laiton-Donato et al., 2020), the United Kingdom (United Kingdom) (da Silva Filipe et al., 2021), China (Lu et al., 2020; Geidelberg et al., 2021), New Zealand (Geoghegan et al., 2020), Italy (Alteri et al., 2021), Scotland (da Silva Filipe et al., 2021), Austria (Popa et al., 2020), Russia (Komissarov et al., 2021), Morocco (Badaoui et al., 2021), and Brazil (Faria et al., 2021), and has proven to be a useful tool for investigating outbreaks and tracking the evolution and spread of the virus. In particular, understanding the evolution and transmission patterns of viruses after they enter new populations is important for developing effective strategies for disease prevention and control. However, to date, only a limited number of studies have evaluated the viral genome information of SARS-CoV-2 combined with epidemiological studies at a local level (prefectural-level or city-level) in Japan as a whole (Seto et al., 2021).

In this study, we report the clinical characteristics of 63 COVID-19 cases, including ribonucleic acid (RNA) viral load over the course of the disease, as well as an integrated approach of epidemiological and virological genomic data to investigate the transmission dynamics and patterns of SARS-CoV-2 in a local city, Niigata City (Niigata Prefecture, Japan), between February and May 2020. Specifically, we performed phylogenetic and phylogeographic analysis and examined the temporal changes of genotypes to identify multiple introductions of SARS-CoV-2 over time in Niigata City. These results provide insights into the use of the genomic epidemiology approach in addition to the active epidemiological surveillance for the monitoring of COVID-19 in local clusters and may provide valuable information for public health policy decision-making.



MATERIALS AND METHODS


Study Location

Niigata City is located in the northern area of the main island on the coast of the Japan Sea and is the capital of Niigata Prefecture, Japan (Supplementary Figure 1) (Ogushi, 2021). In 2020, it had a population of approximately 800,000. Niigata City is well connected to the capital of Japan, Tokyo, with a bullet train that takes passengers to the capital in approximately 2 h.



National Active Epidemiological Surveillance

In Japan, the national active epidemiological surveillance of COVID-19 was created based on the Infectious Diseases Control Law following the declaration of the COVID-19 as a “designated infectious disease” (National Institute of Infectious Diseases, 2020). Health authorities in 47 prefectures and 20 major cities throughout Japan take the responsibility for identifying cases, as well as putting in place various control measures to stop viral transmission within the community, including: (a) isolate patients in hospitals or hotels until qualitative reverse transcription polymerase chain reaction (RT-qPCR) test results became negative (this policy was valid from February 03 to May 29, 2020), (b) find the secondary cases and clusters by implementing active epidemiological investigation and RT-qPCR testing, and (c) identify infection sources to help prevent the spread of the virus and form clusters. The target of this active epidemiological surveillance was laboratory-confirmed cases and their close contacts.



Definitions of Case and Contacts in Epidemiological Investigation

In March 12, 2020, a “suspected case” of COVID-19 was defined by the Ministry of Health, Welfare, and Labor in Japan as a person with common cold-like upper respiratory symptoms and/or fever ≥37.5°C, and general fatigue or breathing difficulties lasting 4 days or longer (National Institute of Infectious Diseases, 2020). For individuals in high-risk groups, such as the elderly and patients with diabetes mellitus, cardiac failure, respiratory illness, hemodialysis, immunosuppressants, or undergoing chemotherapy for cancer, the definition was adapted to those presenting symptoms and signs for 2 days or longer. Contact history to a known or suspected COVID-19 case or travel history to endemic areas before 14 days was also counted when assessing the possibility of COVID-19 infections. Laboratory-confirmed cases were defined as those with a positive test result by RT-qPCR for SARS-CoV-2 with or without the above symptoms. Close contact was defined as a person who had contact with the confirmed cases in the following conditions: (a) persons who are living or staying closely with the confirmed cases including cars or air crafts, (b) persons who consulted or took care of the confirmed cases without appropriate personal protection, (c) persons who had direct contact with contaminants, such as respiratory secretions or the body fluid of the confirmed case, and (d) persons who touched or had a conversation within the confirmed case with 2 m. Initially, tracing of close contacts was advised to start from the day of symptom onset in the confirmed case by the Ministry of Health, Welfare and Labor in Japan (National Institute of Infectious Diseases, 2020). However, in Niigata city, contact tracing was started 2 days before the onset of symptoms in confirmed cases from early March 2020 to facilitate the detection of cases of pre-symptomatic transmission. Epidemiological links were categorized into four categories: (i) epidemiological links, (ii) possible links, (iii) no epidemiological links, and (iv) imported. An “epidemiological link” was defined as a case with a close contact history, as mentioned above, with a confirmed case and for whom the infection route was identified or estimated. A “possible link” was defined as one with no close or direct contact between the patients proved, but in which a weak link existed, such as using the same facility or living in the same community. “No epidemiological link” was defined by a lack of known contact or no possible link with a confirmed case. Imported cases were defined as those with a history of travel abroad up to 1 week before the onset of illness.



Patient Clinical Data Collection and Discharge Criteria

The Niigata City Public Health Center conducted active epidemiological surveillance based on the Infectious Diseases Control Law and collected clinical data of 63 symptomatic patients within the framework of the Nationwide Active Epidemiological Surveillance. Specifically, age, sex (male or female), presence of clinical symptoms (fever, malaise, cough, sore throat, taste and smell disturbances, runny nose, chills, loss of appetite, and diarrhea), days of hospitalization, and behavioral history (e.g., close contact or travel history) were recorded. All 63 cases identified in the present study were hospitalized for quarantine purposes under the regulations of the Infectious Diseases Control Law. The criteria for discharge of symptomatic patients in Japan from February 03 to May 29, 2020, stipulated that symptoms after admission improved, they were afebrile <37.5°C for more than 24 h, and their respiratory symptoms subsided, in addition to two negative RT-qPCR tests performed at least 24 h apart (Ministry of Health Labour and Welfare, 2020b). Therefore, multiple RT-qPCR tests were performed on a single patient at intervals of 24 h or more until two negative RT-qPCR results were confirmed.



Collection of Clinical Specimens and Reverse Transcription Polymerase Chain Reaction Testing

A total of 247 nasopharyngeal specimens were collected from 63 symptomatic patients in Niigata City between February and May 2020, and RT-qPCR testing targeting the nucleocapsid protein of the viral genome of SARS-CoV-2 was performed at the Niigata City Institute of Public Health and Environment (Niigata City Institute of Public Health and Environment, 2020), based on laboratory protocols by the National Institute of Infectious Diseases in Tokyo, Japan (Ministry of Health Labour and Welfare, 2020b). The positive RNA samples were subjected to whole-genome sequencing. The cycle threshold (Ct) value of an RT-qPCR run was inversely correlated with the copy number of the viral RNA. A Ct value higher than 40 (i.e., the limit of detection) was considered negative for SARS-CoV-2. Days from onset to sampling collection, days from onset to two negative RT-qPCR results, and the number of RT-qPCR tests per case were analyzed.



Whole Genome Sequencing of Severe Acute Respiratory Syndrome Coronavirus 2

The whole genome sequences of SARS-CoV-2 were obtained using the PrimalSeq protocol to enrich complementary deoxyribonucleic acid (cDNA) of the SARS-CoV-2 genome by multiplex RT-qPCR amplicons using a multiplexed PCR primer set that was proposed by the Wellcome Trust ARTIC Network (2021). Two amplicons with low or zero coverage owing to the dimerization of the primers were identified. Therefore, we modified the protocol for SARS-CoV-2 genome sequencing produced by the ARTIC Network and exchanged some of the primers for multiplex PCR (Itokawa et al., 2020). Detailed information of multiplexed RT-qPCR primer sets was described in Supplementary Table 1 (Itokawa et al., 2020). The PCR products from the same clinical sample were pooled, purified, and subjected to Illumina library construction using the QIAseq FX DNA Library Kit (QIAGEN, Hilden, Germany). The NextSeq 500 or iSeq100 platform (Illumina, San Diego, CA, United States) was used to sequence the indexed libraries. Next-generation sequencing (NGS) reads were mapped to the SARS-CoV-2 Wuhan/WIV04/2019 reference genome sequence [29.9-kb single standard RNA (ss-RNA)] (GenBank ID MN908947), resulting in the specimen-specific SARS-CoV-2 genome sequence by full mapping to the reference genome. The mapped reads of the SARS-CoV-2 sequences were assembled using A5-miseq version 20140604 or SKESA version 2.3.0 to determine the full genome sequence (Coil et al., 2015). Single nucleotide variation (SNV) sites and marked heterogeneity were extracted by read mapping at a depth of ≥10× and from the region spanning nucleotides (nt) 99 to 29,796 of the Wuhan/WIV04/2019 genome sequence. The lineage or clade classification of SARS-CoV-2 was performed using those of the Global Initiative on Sharing All Influenza Data (GISAID) database1, PANGOLIN (version 2.02 (Rambaut et al., 2020) and Nextstrain team version 8.03 (Hadfield et al., 2018) (Supplementary Table 2).



Phylogenetic and Phylogeographic Analysis and Haplotype Network

The full genome sequences of SARS-CoV-2 were downloaded from the Global Initiative on Sharing All Influenza Data (GISAID) database (see Text Footnote 1) (Shu and McCauley, 2017). For phylogenetic analysis, we used a total of 1,374 genomic sequences, including 781 global strains, 546 Japanese strains, and 47 strains from Niigata City obtained in this study. Global strains in the present study were collected from December 2019 to May 2020, which is used in the global phylogenetic tree, constructed by Nextstrain team version 8.0 (see Text Footnote 3) (Hadfield et al., 2018), and the Japanese strains from January to May 2020 excluding clade O (other) and airport quarantine isolates in Japan downloaded on December 04, 2020. As a reference sequence, Wuhan/WIV04/2019 (GISAID ID, EPI_ISL_402124), the official reference sequence from the GISAID database, was used. Multiple alignments for the full-length genome sequences of SARS-CoV-2 were performed using MAFFT version 7.475 (Katoh and Standley, 2013). The removal of spurious sequences or poorly aligned regions from a multiple sequence alignment was performed using trimAl version 1.4.rev22 (Capella-Gutiérrez et al., 2009). The maximum likelihood (ML) phylogenetic analysis was performed using IQ-TREE version 2.1.2 with Model Finder and ultrafast bootstrap test parameters (Nguyen et al., 2015; Kalyaanamoorthy et al., 2017; Hoang et al., 2018), and visualized by iTOL version 6.0 (Letunic and Bork, 2021).

Haplotype networks from genomic SNVs (HN-GSNV) for Niigata City isolates were conducted using median joining network analysis (Bandelt et al., 1999) by PopART version 1.7 (Leigh and Bryant, 2015) against the SNV created by aligning the sequences by MAFFT and excluded the gap containing sequences. SNV detection was performed using snp-sites version 2.5.1 (Page et al., 2016) after multiple alignment based on the reference sequence by MAFFT version 7.475. The annotation of the detected SNV was added by SnpEff version 5.0e (Cingolani et al., 2012).

Retrospectively trace the dispersal dynamics of SARS-CoV-2 transmission patterns in Niigata City and other global/local areas, phylogeographic analysis was performed by Nextstrain team version 8.0 (see Text Footnote 3) (Hadfield et al., 2018) against 292 global strains, 3,968 Japanese strains, and all 47 strains obtained in this present study, which had accurate collection date information. Global strains in the present study were collected from December 2019 to May 2020 and were used to construct the global phylogenetic tree using Nextstrain team version 8.0 (see Text Footnote 3) (Hadfield et al., 2018) and all Japanese strains from January to May 2020 downloaded on August 31, 2021.



Statistical Analysis

Data were described as the mean ± standard deviation (SD) and/or median [interquartile range (IQR)] for continuous variables and frequency (%) for categorical variables. Age (years) was divided into ten categorical variables (0–9, 10–19, 20–29, 30–39, 40–49, 50–59, 60–69, 70–79, 80–89, and 90–100 years) and time from onset to sampling collection (days) into four categorical variables (≤9, 10–20, 20–30, and ≥30 days) for analysis. The Kruskal–Wallis rank-sum test was used to compare the median values of Ct values of RT-qPCR (cycles) by the four categorical variables of time from onset to sample collection. Bonferroni correction was applied as a post hoc test for each pair. Spearman’s rank-order correlation coefficient (ρ) was used to investigate the association between the time from onset to sample collection and the Ct values of RT-qPCR. Statistical significance was set at p < 0.05, using a two-tailed test. All analyses were performed using EZR version 1.27 (Kanda, 2013) and STATA version 15.1 (Stata Corp., College Station, TX, United States).



Ethical Approval and Consent to Participate

This study was conducted in accordance with the Nationwide Active Epidemiological Surveillance under the Infectious Diseases Control Law in Japan. Therefore, the approval of the ethical review board was waived, as well as the need for written consent from the patients and close contacts to collect the epidemiological and clinical data, viral sample collection, and analysis. The personal data of patients used in this study were anonymized.



RESULTS


Epidemiological Dynamics

The epidemic curve of the initial 63 cases of COVID-19 in Niigata City by symptom onset date was characterized by two distinct peaks, corresponding to the first wave (between February 22 and March 22, 2020) and the second wave (between April 01 and May 03, 2020) (Figure 1). Overall, 47 (75%) of 63 patients had an epidemiological link, 13 (20%) had no apparent epidemiological links, and the remaining three (5%) were imported cases (Figure 1A and Table 1). Specifically, in the first wave, almost all cases (96%, 26/27) had epidemiological links, whereas in the second wave, less than half of the cases (36%, 12/33) had apparent epidemiological links. Between the two epidemic waves, three imported cases from Brazil, Czechia, and United States, were identified from March 24 to March 26, 2020 (Figure 1A and Table 1). The second wave of Niigata city corresponded to an increase of patients nationwide from the end of March 2020, and the first declaration of the state of emergency for seven prefectures (e.g., Tokyo and Osaka) announced on April 07, 2020 and subsequently, it was expanded to all 47 prefectures on April 16, 2020 mandating soft lockdown including Niigata (Figure 1B).


TABLE 1. Epidemiological characteristics of patients with COVID-19 in Niigata City, Japan between February and May 2020 (n = 63).
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FIGURE 1. Epidemiological dynamics of SARS-CoV-2 Niigata City and nationwide in Japan. (A) Epidemic curve of daily cases of laboratory-confirmed SARS-CoV-2 infection in Niigata City, Japan, by symptom onset date and colored as per epidemiological linkage, between 22 February and May 03, 2020 (n = 63). (B) Epidemic curve of daily cases of laboratory-confirmed SARS-CoV-2 infection in nationwide in Japan, by reporting date and colored as purple, between 22 February and May 03, 2020 (n = 14,915). The purple dotted line represents the first wave by the date of onset (between 29 February and March 22, 2020) and the light blue dotted line represents the second wave by the date of onset (between 01 April and May 03, 2020). Data on the daily number of new confirmed cases in nationwide in Japan were retrieved from the website of the Ministry of Health, Labour and Welfare, Japan (https://www.mhlw.go.jp/stf/covid-19/open-data.html).




Demographic and Clinical Characteristics

Under Japan’s Infectious Disease Control Law, all the patients were quarantined and hospitalized. Of the 63 patients who tested positive for SARS-CoV-2 by RT-qPCR between February and May 2020, 32 (51%) were female, with a mean age of 47.9 years (SD, 22.3 years), ranging from 0–9 to 90–100 years old (Table 1). All 63 patients were symptomatic, and no asymptomatic cases were found. Fever was the most common clinical symptom (41/63, 65%), followed by malaise (32 cases, 51%) and cough (22 cases, 35%). Loss of taste or smell was reported in 14 cases (22%) (Table 1). The time from onset to sample collection was 7.4 days (SD, 6.5 days). One 60-year-old patient (P5-2) developed severe pneumonia under ventilator control, however, he recovered and was discharged almost 4 months after his onset (Supplementary Table 3). No deaths occurred during the study period.



Time-Series of Hospitalization and Negative Reverse Transcription Polymerase Chain Reaction Tests

Among the 63 cases, the mean time from onset to two negative RT-qPCR results was 19.0 days (SD, 7.98 days) (Supplementary Table 3). One case with subsequent RT-qPCR negative results after confirmation was excluded from this calculation (P5-2). In all 63 patients, the mean number of tests was 6.8 times (SD, 4.2 times) and the mean length of hospitalization was 24.2 days (SD, 15.0 days).



Relationship Between Days Post-symptom Onset and Ct Value

The relationship between days post-symptom onset and Ct values is shown for 247 samples obtained from the 63 cases by RT-qPCR (Figure 2). The median Ct values were 20.9 cycles (IQR, 17–26 cycles; n = 52) for ≤9 days post-symptom onset, 33.0 cycles (IQR, 30.4–34.5 cycles; n = 84) for 10–20 days, 34.1 cycles (IQR, 32.9–35.7 cycles; n = 87) for 20–30 days, and 34.4 cycles (IQR, 32.3–35.6 cycles; n = 24) for ≥30 days, respectively. A significant difference in the median Ct values was observed between the groups ≤9 days and >10 days after the onset of symptoms (Kruskal–Wallis rank-sum test, p < 0.001) (Figure 2). The days post-symptom onset and Ct values showed a significant positive correlation (Spearman’s rank-order correlation coefficient ρ = 0.56, p < 0.001), suggesting an attenuation of the viral load over time. However, detailed clinical information on the relationship between viral load and severity of illness in the patients by present official surveillance framework were not available, thus, we were not able to fully assess these associations.


[image: image]

FIGURE 2. Relationship between days post-symptom onset and Ct value of SARS-CoV-2 in Niigata City, Japan, between February and May 2020 (n = 247). Kruskal–Wallis rank-sum test was used to compare the median values of Ct values of RT-qPCR (cycles) by the four categorical variables of time from onset to sample collection (≤9, 10–20, 20–30, and ≥30 days) (days). Bonferroni correction was applied as a post hoc test between each pair. A significant difference in median Ct values was observed between the groups ≤9 and >10 days after the onset of symptoms (Kruskal–Wallis rank-sum test, p < 0.001): ≤9 days vs. 10–20 days (Bonferroni correction, p < 0.001), ≤9 days vs. 20–30 days (Bonferroni correction, p < 0.001), and ≤9 days vs. ≥30 days (Bonferroni correction, p < 0.001). The lower and upper limits of boxes indicate the 25th and 75th percentiles, respectively; lines within boxes indicate the median values. The lines extending from the boxes indicate the range of non-outlying values. The dots represent individual points that fall outside this range (dots).




Transmission Chain

We plotted all 63 symptomatic patients in the first and second waves in Niigata City in 2020, and presented a transmission chain showing the relationship between the cases and the exposure histories (Figure 3 and Supplementary Table 4). Niigata City reported the first confirmed case of SARS-CoV-2 on February 29, 2020 (P1-1), almost one and a half months after the first case was reported in Japan. P1-1 was a domestically imported case, with a symptom onset of malaise and cough on 22 February, and fever on 23 February, 2020. The case had a history of travel to an endemic area outside Niigata prefecture (Tokyo metropolitan area) within 1 week before the onset to join a social gathering. It was not clear whether P1-1 had a contact with the known COVID-19 patient at the gathering. Subsequently, a cluster of four cases (P1-2, P1-3, P1-6, and P1-E) occurred indoor sports at Facility A in February 2020 (Figure 3 and Supplementary Table 4), P1-1 played the indoor sports together with the other four on February 20, 2 days before symptom onset. Thus, it was speculated as pre-symptomatic infections. From this initial cluster of cases, subsequent infections occurred in multiple secondary clusters, resulting in the first wave in Niigata City (22 February to 22 March, 2020) (Figure 1). One of the secondary infections spread from the initial patient group, namely from patient P2-1, who played a different indoor sport in the same facility (facility A) where P1-1 participated in an indoor sport activity the previous day. Although whether they shared the same locker room, athletic room, or toilet is not certain, contact infection is highly likely because they were infected despite not meeting each other and playing different sports. From P2-1, the infection spread to friends and a colleague by direct contact (P2-2, P2-3, and P2-4). P1-3 infected two family members (P1-4 and P1-5) in their household. P1-E is assumed to have infected P3-1 after both used a sports facility at the same time (facility E); however, the two patients did not see each other and played different sports, suggesting that the route of transmission may be contact infection. P1-E belongs to the first sport cluster, despite the patient living in a different city; therefore, precise clinical and virological information, including genome sequence data, was not included in this study. P3-1 spread the infection within an elderly daycare center, where P3-1 worked, to a colleague and an elderly individual (P3-3 and P3-6), then to their family members (P3-2, P3-4, and P3-5). For P1-1, the infection was spread to P4-1 and P5-1 while they participated in indoor sports activities on different days in different facilities (Facilities B and D). Case P4-1 infected two colleagues (P4-3 and P4-2) and a child (P4-4) at a children’s daycare center (Facility G), where P4-1 worked. Then, a tertiary infection occurred from P4-2 to a friend (P4-5). P5-1 caused subsequent infections in the workplace (company H) to colleagues (P5-2 and P5-3). Although direct contact with patients was not confirmed, P5-6 developed COVID-19 infection after the visit to Company H for business.
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FIGURE 3. Transmission chain of the COVID-19 outbreak, Niigata City, Japan, between February and May 2020 (n = 63). Diagram showing the contact relationships of patients, including the 63 symptomatic cases in this study. The purple dotted box represents the first wave by the date of onset (between 22 February and March 22, 2020) and the light blue dotted box represents the second wave by the date of onset (between 01 April and May 03, 2020). The circles indicate each patient and are assigned a case ID. Gray circles indicate cases for which no genomic information was available, dotted circles indicate cases with negative qualitative reverse transcription polymerase chain reaction (RT-qPCR) results or unidentified cases. A large pale blue frame indicates common indoor environment, facility of transmission patients (e.g., family, colleagues, friends, and faculties), or community transmission. Arrows indicate established link and dotted arrows represent the most plausible link, both based on contact tracing. The case ID of each patient corresponds to the haplotype network in Figure 5 and detailed epidemiological information of Supplementary Table 4.


In the second wave in Niigata City, tracking the epidemiological links between patients was more difficult than in the first wave (Figure 3 and Supplementary Table 4). While several small clusters, comprised of family members and colleagues, were observed, as well as sporadic cases, the links among the clusters were difficult to confirm, unlike in the first wave. The index cases of the small clusters (P11-1, P13-1, P16-1, and P20-1) were not epidemiologically linked to each other. In addition, there was a lack of self-reported contact with persons in an endemic area (e.g., Tokyo Metropolitan area). One cluster (P9-1, P9-2, and P9-3) occurred by an extended family gathering, infected from a family member returned from another prefecture. Three cases (P10, P14, and P18) had no apparent link to the known cases or each other, while one case (P12) had a history of contact with a confirmed case in another prefecture. In addition, small clusters and sporadic cases occurred in a local area in one of the districts of Niigata City from mid-April to May. Individuals in this locality were seemingly infected through contacts that occurred during social activities, including drinking and singing karaoke with friends, neighbors, and family members (from P15-1 to -3, from P17-1 to -7, P21-1, and P21-2). However, the direct epidemiological links among these clusters in the community remain unclear. Two cases (P19 and P22) resided in the same district but had no apparent epidemiological links to others. Between the two waves, three imported cases resulting from international travels were identified (P6, P7, and P8).



Genomic Analysis

The whole viral genome was available in 47 (75%) of 63 cases. Specifically, ML phylogenetic analysis showed that the 47 isolates from Niigata City were different in the first and second wave clusters (Figure 4 and Supplementary Table 5). The first wave cluster was found to be generated by clade S, attributed to the Wuhan/WIV04/2019 haplotype, the ancestor of the global pandemic. In contrast, all isolates in the second wave cluster belonged to clade GR, the main lineage circulated in Europe, strongly suggesting that the introduction of SARS-CoV-2 in Niigata City was associated with two different SARS-CoV-2 lineages. The three imported cases belonged to GH (P6), and GR (P7 and P8), respectively.


[image: image]

FIGURE 4. Maximum likelihood phylogenetic analysis of SARS-CoV-2 in Niigata City, Japan, between February and May 2020 (n = 47). This phylogenetic tree was based on the GISAID sequences of 781 global strains, 47 Niigata City strains, and 546 strains from other cities of Japan. The purple dotted circle represents the first wave by the date of onset (between 22 February and March 22, 2020) and the light blue dotted circle represents the second wave by the date of onset (between 01 April and May 03, 2020). Red squares indicate the strains detected in Niigata City, blue squares the L clade, mouse-colored squares the O clade, brown squares the V clade, dark green squares the S clade, light blue squares the G clade, dark purple squares the GH clade, and light brown squares the GR clade.


Haplotype network analysis of the whole genome showed that P1-1, P1-2, and P1-6, who were exposed to infection at Facility A during the indoor sports, had identical genome sequences, while P1-3 in the same cluster had an SNV (Figure 5 and Supplementary Table 5). In the first wave, patients with secondary, tertiary, or quaternary infections (i.e., P2-2, P2-4, P3-6, P5-2, P5-3, P5-4, P3-6, and P5-6) were closely associated with two or three SNVs around the P1 index patient group (Figures 3, 5 and Supplementary Table 5). Many of the major clusters identified in the first wave had lower SNV rates than the isolates collected in the second wave, and four common nucleotide changes, T4402C, G5062T, C8782T, and T28144C, were seen from Wuhan/WIV04/2019 (Figure 5 and Supplementary Table 5), suggesting that they were closely related to the prototype SARS-CoV-2 strain. In contrast, the genome sequences of SARS-CoV-2 from the second wave possessed eight common nucleotide changes, C241T, C313T, C3037T, A14408T, A23403T, G28881A, G28882A, and G28883C from the reference, and more than 20 individual SNVs with diversified haplotype patterns (Figure 5 and Supplementary Table 5). Of note, the strains in the second wave were characterized by A23403T, Asp614Gly in spike protein that was reported to increase infectivity compared to prototype SARS-CoV-2 strain (Plante et al., 2021).


[image: image]

FIGURE 5. Haplotype network using genome-wide SNVs (HN-GSNVs) in Niigata City, Japan, between February and May 2020 (n = 47). The purple dotted circle represents the first wave by the date of onset (between 22 February and March 22, 2020) and the light blue dotted circle represents the second wave by the date of onset (between 01 April and May 03, 2020). Red circles indicate the reference sequence (Wuhan/WIV04/2019), green circles the S clade, dark purple circles the GH clade, and yellow circles the GR clade. Pink circles indicate the clusters of Kanto area prefectures isolates (Tokyo, Chiba, Kanagawa, Saitama, Gunma, and Tochigi), dark red circles the clusters of Kansai area prefectures isolate (Osaka, Kyoto, Hyogo, Shiga, Nara, and Wakayama), purple circles the clusters of Asia region isolate, and dark pink circles the clusters of other regions isolate. Haplotype clusters including each patient are represented as n01 to n26, respectively. Branches are labeled with SNVs. The case ID of each patient corresponds to the transmission chain in Figure 3 and detailed epidemiological information of Supplementary Table 4. Detailed list of nucleotide substitutions found in each haplotype constructed in Niigata City isolates compared to reference strain Wuhan/WIV04/2019 is presented in Supplementary Table 5.


To further explore the dispersal dynamics of SARS-CoV-2 transmission patterns in Niigata City and other global/local areas, we also employed a phylogeographic inference analytic approach, using Nextstrain team version 8.0 (see Text Footnote 3) (Hadfield et al., 2018), on the whole genomes of all 47 isolates from Niigata that had accurate collection date information (Supplementary Figure 2 and Supplementary Table 5). The results indicated that the initial COVID-19 outbreak in Niigata City belonged to 19B (clade S) by Nexstrain and formed a monophyletic group that supported the epidemiological information suggesting a single introduction to the city (Supplementary Figure 2). The strains were closely related to strains in Tokyo during the same period (data not shown). In contrast, the strains in the second wave belonged to 20B (clade GR), showing polyphyletic distributions in the time-aware phylogeny by Nexstrain, and showed strong relationship with the strains mainly in Tokyo (Supplementary Figure 2). These results are indicative of the existence of multiple untraced introduction pathways in the second wave in Niigata City. Genome analysis provides useful information with which to assess where the SARS-CoV-2 strains originated from and can be used as Supplementary Information to identify and confirm epidemiological links.



DISCUSSION

In the present study, both epidemiological and genome-wide analyses were used to elucidate the transmission dynamics of SARS-CoV-2 in a local area of Japan during the early stages of the COVID-19 pandemic in 2020. Two waves of infection were identified in Niigata City, Japan between February and May 2020, with different patterns of infection in each wave. In the first wave, all of the cases identified were infected with the Clade S (19B) virus from China, which was prevalent in Japan in February and March (Wagatsuma et al., 2021), with the majority of these patients spreading the infection from a single index group to their family members or colleagues. Interestingly, the first wave was characterized by a local epidemic that occurred in a closed environment, namely a sports facility, which resulted in a chain of cluster-mediated infections, as described above. On the other hand, the second wave was characterized by the clade GR (20B) virus from Europe, which was prevalent in Japan since mid-March (Sekizuka et al., 2020a), with an increased number of cases with unknown routes of infection compared to the first wave. There was no commonality in age, sex, or behavior of the patients in the second wave, indicative of multiple routes of entry. Similar to our study, this type of genomic epidemiological analysis has been widely used in various local communities in other countries (Deng et al., 2020; Geoghegan et al., 2020; Laiton-Donato et al., 2020; Lu et al., 2020; Popa et al., 2020; Sekizuka et al., 2020a; Alteri et al., 2021; Badaoui et al., 2021; da Silva Filipe et al., 2021; Faria et al., 2021; Geidelberg et al., 2021; Komissarov et al., 2021). In support of the literature, our results highlight the benefits of genome surveillance to complement epidemiological surveillance and further support a comprehensive country-wide study of SARS-CoV-2 epidemiology and transmission patterns in Japan.

The most common clinical symptoms reported in the patient population included in the present study were almost identical to those of previous studies. In this study, the most common symptoms were fever (65%), followed by malaise (51%), cough (35%), and sore throat (27%). The largest Japanese registry study describing the clinical epidemiological characteristics of 2,638 hospitalized COVID-19 patients enrolled from 227 healthcare facilities in Japan as of July 07, 2020, showed similar results, with fever, cough, dyspnea, fatigue, and olfactory and gustatory disturbances in a large proportion of patients (Matsunaga et al., 2020). On the other hand, the demographic characteristics of the present study population showed a broadly uniform age distribution and an almost equal ratio of males to females. It should be emphasized that this is contradictory to the Japanese registry study, which reported a median age of 56 years (IQR, 40–71 years) for COVID-19 inpatients, with more than half of the cases comprised of male patients (58.9%, 1542/2619). The reason for this difference compared to the previous literature may be that the epidemiology in the early stages of the initial epidemic in Niigata City may not have been captured owing to the small number of cases (i.e., 63 cases). Therefore, there is a need to increase the number of cases studied in the future, as well as clarify the patient characteristics because disease severity changes over time, owing to surveillance capacity and circulating genotypes, in the case of COVID-19.

The results of the analysis of the Ct values of the initial 63 symptomatic individuals detected in Niigata City showed that the highest viral load was recorded after the onset of symptoms, and that the viral load decreased steadily after the onset of symptoms, with Ct values > 30 at 10–20 days (He et al., 2020; Singanayagam et al., 2020). Notably, our results showed a relatively large median difference of approximately 10 cycles between Ct values ≤ 9 days and >10 days after the onset of symptoms, which is consistent with the findings of several previous studies (Arons et al., 2020; Bullard et al., 2020; Perera et al., 2020; Singanayagam et al., 2020). On the other hand, many previous studies have reported that SARS-CoV-2 is likely to be transmitted from pre-symptomatic or asymptomatic patients. Although this pre-symptomatic infection was not well known at the beginning of epidemic in Japan, we checked the contact histories of patients from 2 days prior to the onset through the information of literatures and the thorough examinations of epidemiological information of the first cluster of patients in Niigata City. P1-1 seemed to have transmitted to others in the pre-symptomatic period. The previous studies in Singapore and Tianjin City in China, where active case-finding was carried out, an estimated proportion of pre-symptomatic transmission of 48% (95% credible interval [CrI], 32–67%) and 62% (95% CrI, 50–76%), were observed, respectively (Ganyani et al., 2020). The proportion of asymptomatic infections tended to be higher in areas where active case-finding was undertaken. However, in our analysis, asymptomatic patients were not detected. It is possible that several asymptomatic infections were missed owing to the limited capacity of RT-qPCR and case tracing at the beginning of the epidemic in 2020.

The results of our epidemiological analysis in Niigata City are consistent with the results of a large epidemiological study of COVID-19 clusters previously conducted using nationwide data in Japan in the early stages of the epidemic, from January to April 2020 (Furuse et al., 2020b). Furuse et al. (2020b) found that many of the COVID-19 clusters were associated with heavy breathing in closed environments, such as singing at karaoke parties, cheering in clubs, talking in bars, and exercising in gyms, with several studies characterizing these activities as the three Cs: closed spaces, crowded places, and close-contact settings (Furuse et al., 2020a,b; Muto et al., 2020). These conditions are characterized by infection via droplet or aerosol dispersion (Jayaweera et al., 2020; Morawska and Milton, 2020; Tang et al., 2021). In the present study, we found that the initial cluster of epidemics in Niigata City between February and May 2020 was also characterized by closed environments, including indoor sports activities, between relatives and colleagues, confirming the findings of previous studies. A thorough epidemiological investigation conducted by the Niigata City Public Health Center revealed that almost all secondary infections occurred via droplet or aerosol infections. Surprisingly, at least two cases were seemingly infected by contact infections since the patients of the index cases and secondary cases did not come into direct contact. Previous studies have reported that care should be taken to avoid contact infections through common areas, such as toilets and locker rooms (Huang et al., 2020; van Doremalen et al., 2020; Groves et al., 2021). On the one hand, the Centers for Disease Control and Prevention (CDC) have recently reported that the risk of contact transmission of COVID-19 is quite low (Centers for Disease Control and Prevention, 2021). However, we would like to emphasize again that the infection risk associated with this type of transmission is not zero, and that measures, such as surface disinfection of objects, are essential, especially in areas where clusters are likely to occur, such as hospitals and sports facilities.

The results of a genealogical network study using SARS-CoV-2 genomic data in Niigata City suggested that the impact of the influx of strains from abroad may have a direct influence on local epidemics in regional cities over a short period of time. Importantly, haplotype network analysis of SARS-CoV-2 suggested that the second wave of COVID-19 in early April had a distinctly different origin from the first wave of strains. This suggests that strains that subsequently spread domestically in Japan may have entered the city via multiple routes (the haplotype network includes strains from other prefectures). Additionally, a detailed assessment of potential inter-cluster variation in SNVs showed that higher nucleotide changes were observed in the second wave than in the first wave in Niigata City further highlighting the possibility of multiple sources of importation from other regions in the second wave. Furthermore, phylogeographic inference indicates the dispersion dynamics of SARS-CoV-2 transmission patterns suggested in the first wave were monophyletic from a single source, but that of the second wave were polyphyletic with multiple sources, and Tokyo was an important central transmission hub for Niigata City. In view of the increasing number of COVID-19 cases in Europe and the detection of imported cases in Japan, the Japanese government decided to suspend the entry of European travelers into Japan on March 27, 2020 (Furuse et al., 2020a; Wagatsuma et al., 2021). Local restriction measures were only weakly imposed in Japan, and more prolonged and rigid self-restraint measures could have been more effective in mitigating the increase in COVID-19 cases until mid-March. However, owing to the lack of strict measures, an increase in the number of cases occurred in Japan after April. A recent report on the impact of local and national travel restrictions on COVID-19 in Japan strongly suggests that restrictions on domestic travel by public transport are quite effective in preventing the spread of infection (Murano et al., 2021). Given the fact that large numbers of people move at the local level, local cities are likely to be immediately affected by outbreaks in densely populated areas (e.g., Tokyo, Osaka, and Aichi). However, the rapid application of travel restrictions (especially domestic) could help delay the widespread transmission of COVID-19.

This study should be interpreted in the context of several limitations. Primarily, the present surveillance and contact-tracking data only account for the early phase of the COVID-19 epidemic in Niigata City, presenting the epidemiology of only 63 initial cases in this city. Therefore, our results may not be representative of the period of sustained local transmission following the introduction of SARS-CoV-2 into Niigata City; in addition, they do not represent the whole picture of Niigata Prefecture, which has a larger population (more than double). In future studies, the sample size must be increased to analyze the association between imported events and national and/or global pandemics through social events and variations in the viral loads. A detailed analysis is critically needed to fully assess these associations. However, because COVID-19 transmission is likely to start in populated areas (Furuse et al., 2020a; Wagatsuma et al., 2021), we believe that our study is sufficient to depict the early pictures of COVID-19 in Niigata Prefecture. Additionally, literature describing the transmission dynamics of SARS-CoV-2 at the local level (prefectural-level or city-level) during the early stages of the COVID-19 pandemic by combining epidemiological analysis and genomic information are quite limited, and the authors believe that the present study has a decent value to elaborate active surveillance by public health centers in Japan. Second, within the framework of an active nationwide epidemiological surveillance, especially in early 2020, the identification of infection contacts relies on self-reported information by index cases, which may have led to the occurrence of unconfirmed cases or routes, and a degree of incompleteness, and, therefore, bias. This may have led to an underestimation of the initial epidemiology of COVID-19 infection in Niigata City. Third, in the present study, our analysis did not consider symptomatic or asymptomatic cases. In particular, it should be noted that some cases may have been missed in our study, especially in view of previous literature, which has shown that over half of all infections caused by COVID-19 can be traced back to asymptomatic individuals (Ganyani et al., 2020; He et al., 2020; Johansson et al., 2021). Fourth, during the study period, tests were only offered to patients who met the epidemiological and clinical criteria, which was initially strict owing to the low capacity of RT-qPCR. Fifth, in the present study, only the whole viral genomes of 47 (75%) out of the 63 cases were analyzed, such that not all eligible cases were analyzed. Sixth, it was difficult to conduct a detailed analysis of the initial viral load, severity of patients’ illness, and the other potential epidemiological information associated with hospitalization and negative RT-qPCR tests. Of note, assessment of the association between these epidemiological indicators may provide useful information for better clinical impact on patient management and treatment in the early stage of emerging and reemerging infectious disease outbreaks including COVID-19 pandemic and detailed analysis is a key topic for future study. Furthermore, it is fruitful to understand the differences in patient outcomes by region and country attributable to these epidemiological factors. Finally, the relatively small sample size in the present study may have underestimated the circulation of viral strains in the surrounding areas. To explicitly characterize the dispersal dynamics of SARS-CoV-2 transmission patterns in Niigata City and other global/local areas, further phylogeographic studies are critically needed to increase the sample size. Lastly, owing to the protection of privacy, it was not possible to include detailed information, such as the date of onset and date of confirmation of individual cases or types of sports activities, owing to the need to avoid disclosing personal information.

Despite the number of limitations noted above, it should be stressed that the first 4 months of the COVID-19 outbreak in Niigata City were associated with multiple introductions associated with people returning or visiting from other prefectures in which COVID-19 was more prevalent, as well as imported cases from overseas, early community transmission, and clusters associated with large indoor events, families, and workplaces. At the same time, however, Niigata City was able to control the spread of the disease better than other prefectures in Japan in the early stages of the epidemic because of its rapid epidemiological investigations in both the first and second waves (cumulative number of COVID-19 cases in neighboring prefectures as of May 2020, approximately 200 in Toyama Prefecture and approximately 150 in Gunma Prefecture vs. approximately 70 in Niigata Prefecture) (Ministry of Health Labour and Welfare, 2020c). This led to the identification of close contacts, a 2-week stay-at-home order, and prompt testing of those with symptoms. Additionally, measures such as early restrictions on in-country movement from high-risk areas with high numbers of infected people, such as Tokyo, to regional cities would have better ensured that outbreaks did not spread in the early stages of the epidemic and that multiple clusters of ongoing community transmission were prevented. The COVID-19 epidemic in Niigata City was brought briefly under control when a state of emergency was declared in Niigata Prefecture in late April 2020. Given that Japan did not adopt a strict lockdown policy to weaken the spread of the disease, it is worth noting that restricting human movement may have been effective in preventing the spread of COVID-19. Particularly in the early stages of an emerging infectious disease outbreak, including SARS-CoV-2, protecting vulnerable local and regional health systems, and securing time for these areas to prepare for an epidemic can reduce the economic impact of a pandemic. As demonstrated in this preliminary study, combining epidemiological and genomic data is likely to provide useful insights for use in future public health intervention policies, with the possibility of applying these policies to other affected regions.
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Infectious bronchitis (IB) virus (IBV) causes considerable economic losses to poultry production. The data on transmission dynamics of IBV in China are limited. The complete genome sequences of 212 IBV isolates in China during 1985–2020 were analyzed as well as the characteristics of the phylogenetic tree, recombination events, dN/dS ratios, temporal dynamics, and phylogeographic relationships. The LX4 type (GI-19) was found to have the highest dN/dS ratios and has been the most dominant genotype since 1999, and the Taiwan-I type (GI-7) and New type (GVI-1) showed an increasing trend. A total of 59 recombinants were identified, multiple recombination events between the field and vaccine strains were found in 24 isolates, and the 4/91-type (GI-13) isolates were found to be more prone to being involved in the recombination. Bayesian phylogeographic analyses indicated that the Chinese IBVs originated from Liaoning province in the early 1900s. The LX4-type viruses were traced back to Liaoning province in the late 1950s and had multiple transmission routes in China and two major transmission routes in the world. Viral phylogeography identified three spread regions for IBVs (including LX4 type) in China: Northeastern China (Heilongjiang, Liaoning, and Jilin), north and central China (Beijing, Hebei, Shanxi, Shandong, and Jiangsu), and Southern China (Guangxi and Guangdong). Shandong has been the epidemiological center of IBVs (including LX4 type) in China. Overall, our study highlighted the reasons why the LX4-type viruses had become the dominant genotype and its origin and transmission routes, providing more targeted strategies for the prevention and control of IB in China.
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INTRODUCTION

Avian infectious bronchitis (IB) is an economically critical poultry disease worldwide. IB virus (IBV) is a member of the Coronaviridae family. Coronavirus infects humans and many other animals. Since the beginning of this century, three coronaviruses (SARS-CoV, MERS-CoV, and SARS-CoV-2) have infected humans and caused death (Drosten et al., 2003; Zaki et al., 2012; Lauer et al., 2020). In particular, the COVID-19 outbreak caused by SARS-CoV-2 in late 2019 has created a serious public health problem worldwide. Since people have close contact with animals, and coronavirus is prone to mutation and recombination, it is unpredictable whether recombination will occur between SARS-CoV-2 and animal coronavirus. Therefore, it is necessary to strengthen the prevention and control of animal coronavirus infections, including IB.

Infectious bronchitis virus has a single-stranded positive-sense RNA genome of approximately 27.6 kilobases (kb) in length encoding four structural proteins: spike (S) glycoprotein, envelope (E) protein, membrane (M) glycoprotein, and nucleocapsid (N) protein (Cavanagh, 2007; Fan et al., 2019). The S protein is cleaved into S1 and S2 subunits by furin-like host cell proteases (Cavanagh et al., 1992). The S1 protein mediates the binding of the virus to host cells and is the most variable region, which contains serotype-specific and virus-neutralizing epitopes (Ignjatovic and Sapats, 2005). Therefore, the sequence characteristics and evolution rules of S1 gene are often used for molecular epidemiological analysis of IBV.

Multiple IBV genotypes, serotypes, or variants have been identified globally. IBV strains worldwide are classified into seven genotypes comprising thirty-five distinct viral lineages based on the complete S1 gene sequences (Molenaar et al., 2020). In China, the IBV strains are divided into multiple distinct groups, and the LX4 type (QX or GI-19) appears to be the dominant genotype (Xu et al., 2018). The LX4-type strain was first isolated in China in 1996 (Wang et al., 1997) and has spread to several neighboring countries and even to Europe (Liu et al., 2006; Huang et al., 2019). At present, LX4-type viruses have already become the dominant epidemic strains in the world (Zhao et al., 2017; Huang et al., 2019). However, where did the LX4 type come from? Why did the LX4 type evolve into a major dominant epidemic strain in the world? These problems still remain unclear. Further investigation is needed.

As mentioned above, many molecular epidemiological studies based on S1 gene of IBV have been reported (Valastro et al., 2016; Bande et al., 2017; Huang et al., 2019; Molenaar et al., 2020). However, these studies could not fully explain the changes in the pathotypes and serotypes of IBV variants (Lin and Chen, 2017; Fan et al., 2019). Recently, there have been some studies based on the variation of other structural proteins of IBV (Finger et al., 2018; Yuan et al., 2018; Liang et al., 2019; Wu et al., 2019), indicating that these proteins also play important roles in the evolution of IBV. However, the abovementioned studies mainly focused on S1 gene, occasionally M and N genes, but rarely analyzed all the four structural protein genes and the full-length genome. In order to obtain comprehensive genetic information and molecular mechanism of variation of circulating isolates, it is necessary to analyze all the structural proteins of IBV simultaneously and even the whole genome.

Recombination is an important contributing factor in the emergence and evolution of IBV or even the emergence of new coronaviruses or novel diseases (Jackwood et al., 2010). Recombination events could occur between the field and vaccine viruses or between the field viruses (Fan et al., 2019). So far, the recombinants between the field and vaccine viruses were common. However, there are multiple live-attenuated vaccines used in the field in China, and little attention has been paid to which live vaccine is more likely to participate in the recombination. In addition, many previous recombination descriptions merely analyzed the recombination of the S1 or S genes, but the S1 or S genes were only a small part of the IBV genome and could not represent all the biological characteristics and recombination events of the whole genome, resulting in the failure to fully understand the evolution rules of IBV. Moreover, few studies on recombination hotspots are available. Hence, a thorough and comprehensive recombination analysis using the full genome sequences of as many strains as possible is needed.

China is the major producer of poultry worldwide with so many chicken breeds, differing ages, and a wide variety of rearing patterns (Huang et al., 2019). Yellow chickens are the major local breeds in southern China where about 5 billion birds were produced in 2019 (Deng et al., 2021). Compared to the white-feather chickens, the yellow chickens have a long raising time (about 120 days), and the free-range style is used with ineffective biosecurity measures due to the open fields and mountainsides (Wei, 2019; Deng et al., 2021). Moreover, some other inadequate biosecurity measures were applied in these flocks, such as lack of following the all-in, all-out basis, multi-age chicken farming, close distance between different-age flocks, different vaccination programs, and incomplete disinfection between each batch of the birds (Deng et al., 2021), which increase the odds of multiple infections of several IBV strains. In recent years, due to the frequent vaccination failure, many chicken farms tended to administer more frequent immunization and simultaneous administration of multiple-type live-attenuated vaccines, which promoted more frequent recombinations and mutations. Therefore, the prevention and control of IB are facing greater challenges and difficulties. In order to provide more targeted strategies to prevent and control IB, a whole-genome sequence analysis with longer time spans, that is more comprehensive, and with more isolates is needed.

Although there were many previous studies that focused on the genetic analysis of IBVs, most of the studies focused on the phylogenetic and recombination analyses of S1 gene (Yan et al., 2019; Ren et al., 2020; Zhang et al., 2020). The number of IBV strains and the spanning time were limited. There were few studies on the issues of defining the history of IBV and the spread trajectories in China. There was little information about its population dynamics over time and the major routes of its domestic spread at the national level. It is necessary to carry out long-term, in-depth, systematic epidemiological monitoring of IBVs in China. Hence, we conducted the analyses of phylogenetic, recombination, dN/dS ratios, temporal dynamics, phylogeographic analysis, and demographic history of 212 IBV strains isolated in China during the years 1985–2020 in the present study, aiming to obtain a comprehensive insight into the evolution and spread of IBV in China and provide more targeted strategies for the prevention and control of IB in China and even around the world, as well as a reference for the prevention and control of other animal coronavirus diseases and even the COVID-19 pandemic.



MATERIALS AND METHODS


Infectious Bronchitis Virus Isolates and Sequence Data

All complete genome sequences of Chinese IBV isolates were downloaded from the GenBank database on December 31, 20201. Only the complete genome sequences with known sampling information, including dates (years) and locations (provinces) were selected from the GenBank database. On this basis, those sequences with a length greater than 27,000 nt were further selected for analysis to ensure robust statistical support. The complete genome sequences of 212 IBV isolates from 1985 to 2020 were available for analysis after the abovementioned screening (Supplementary Tables 1, 2). According to the GenBank database, the whole-genome sequences of 212 Chinese IBV isolates were obtained by Sanger dideoxy sequencing technology. The earliest eligible IBV strain sequence available from the GenBank database was GX-C isolated in 1985, which was sequenced and submitted to the GenBank database by our group (Mo et al., 2013; Fan et al., 2019). The digital map (Supplementary Figure 1) was obtained from the Institute of Geographic Sciences and Natural Resources Research in China (resource and environment data cloud platform2). These 212 IBV isolates were isolated in 22 provinces or autonomous cities (zones) with a wide geographical range in China (Supplementary Figure 1). The available complete sequences of 33 reference IBV strains (Supplementary Table 3) included the commonly used live vaccine strains in China, and the dominant genotypes and serotypes around the world (Thor et al., 2011; Mo et al., 2013; Zhao et al., 2016, 2017; Fan et al., 2019; Huang et al., 2020). Among all complete genome sequences of IBV isolates from other countries retrieved from the GenBank database, 68 IBV isolates with known sampling dates and geographic locations were chosen for analysis together (Supplementary Tables 4, 5). Different datasets, including the sequences of the S1, S2, E, M, and N structural genes, were extracted from the complete genome sequences and used for analyses.



Gene Alignment and Phylogenetic Analysis

The complete genome sequences and structural genes S1, S2, E, M, and N of 212 Chinese isolates and 33 reference strains were aligned using the Mafft version 73 (Katoh and Standley, 2013). The lowest Bayesian information criterion (BIC) was calculated using Jmodeltest4 (Darriba et al., 2012). The best-fitting substitution model (GTR + G + I) was selected. Phylogenetic trees based on 212 Chinese isolates and 33 reference strains were constructed using MEGA version 6.06 according to the previous description (Tamura et al., 2013). Phylogenetic trees based on the complete genome sequences of 68 IBV isolates from other countries were also constructed as the above method.

Alignment of the deduced amino acid (aa) sequences of the S1 protein was performed for the 212 Chinese isolates by comparing with the vaccine strains M41, H120, 4/91, QXL87, and LDT3-A, which were commonly used in China, and a field strain LX4, representing the dominant IBV genotype circulating in China. The minimal receptor-binding domain (RBD) and three hypervariable regions (HVRs) were compared by the aa sequences of S1 protein.



Recombination Detection

Two different approaches were used to identify the potential recombination events that happened among the IBV complete genomes, S1, S2, E, M, and N genes of the 212 Chinese isolates. First, the complete genomes and the five genes were detected for potential recombinants in the sequence alignment using seven methods (RDP, GENECONV, BOOTSCAN, MAXCHI, CHIMAERA, SISCAN, and 3SEQ) available in the Recombination Detection Program (RDP4, Version 4.95, Simmonics, University of Warwick, Coventry, United Kingdom) (Martin, 2009). To minimize false positives for the complete genomes, recombination events were only considered to be significant if they were supported by at least four of the seven methods with a significance value lower than 10–12 (p-value < 10–12) (Thor et al., 2011). To minimize false positives for the S1, S2, E, M, and N genes, recombination events were only considered to be significant if they were supported by at least four of the seven methods with a significance value lower than 10–6 (p-value < 10–6) (Franzo et al., 2017). Second, the complete genomes and the five genes further verified the potential recombination events and the breakpoints by similarity plots (SimPlots) analysis in SimPlot version 3.5.1 (Fan et al., 2019), with a window of 200 bp and step size of 20 bp. Both Simplot and RDP4 statistically identified each of the beginning and ending breakpoints (with no gaps) of the recombinant strains.



Estimation of dN/dS Ratios

The dN/dS ratios within the proteins S1, S2, E, M, and N from the 212 Chinese IBV isolates were analyzed by the SLAC, FEL, and IFEL methods of Datamonkey version5 (Jackwood and Lee, 2017). The dN/dS ratios of the S1 protein of different genotypes of IBV were also analyzed as the abovementioned method. The maximum likelihood (ML) phylogenetic trees and the best-fit model (GTR + G + I) of nucleotide substitution were used for analyzing all the proteins. The recombinants were excluded in order to reduce false detection of the dN/dS ratios.



Temporal Dynamics of Infectious Bronchitis Virus

To infer the evolutionary rate, the time to the most recent common ancestor (tMRCA), and population dynamics of the Chinese IBV, the Bayesian Markov chain Monte Carlo (MCMC) implemented in BEAST version 1.10.4 package6 (Suchard et al., 2018) was used. The recombinants were excluded in order to reduce the effect of evolutionary parameter estimation. To test the temporal signal in the dataset, a regression of root-to-tip genetic distances against the year of sampling in TempEst v 1.5.17 (Rambaut et al., 2016) was performed using the unrooted ML tree generated with IQ-TREE v1.6.12 (Nguyen et al., 2015). The best-fitting root of the tree that optimizes the temporal signal was selected. The GTR + G + I substitution models were used for the complete genome sequences based on the result of jModelTest. BEAST version 1.10.4 package was set to both the strict molecular clock model and the uncorrected lognormal relaxed molecular clock model with two demographic models (constant size and Bayesian skyline). Four pairs of models were generated, and each pair was run for 5 million generations with every 50,000 cycles sampled to ensure the convergence of relevant parameters (i.e., effective sample sizes [ESSs] > 200) using Tracer v1.7 (Rambaut et al., 2018). The fitting clock rate and virus population evolutionary model were compared using ACIM, and a strict molecular clock and Bayesian skyline were selected (Supplementary Table 6). The MCMC was run for at least 500 million generations, allowing 10% burn-in and sub-sampling every 5 million steps. Convergence was evaluated by calculating the ESS of the parameters with ESS > 200 using Tracer v1.7 (Rambaut et al., 2018). The tree was summarized as maximum clade credibility (MCC) tree using Tree Annotator v1.10.4, and then the created MCC tree was visualized using FigTree v1.4.3. The change of effective population size over time was inferred by Bayesian skyline plots (Rambaut et al., 2018).



Phylogeographic Analysis and Demographic History of Infectious Bronchitis Virus

To gain insight into the circulation of IBV across the poultry producing regions in China, the spatial transmission patterns were reconstructed using a phylogeographic analysis (Baele et al., 2012) in BEAST 1.10.4, based on the dataset of complete genome sequences of Chinese IBV isolates. To infer the diffusion rates among geographic locations, the asymmetric substitution model with the Bayesian stochastic search variable selection (BSSVS) was selected in BEAST v1.10.4, also allowing Bayes factors (BF) calculations to test for significant diffusion rates in SPREAD3 v0.9.7 (Bielejec et al., 2016). Spread pathways were considered to be important when they yielded a BF greater than 3 and when the mean posterior value of the corresponding was greater than 0.50. The MCMC simulations for 500 million steps across three independent Markov chains were run, and samples of every 50,000 steps were collected. The ESS of each parameter was also required to be more than 200.

In order to further explore the evolutionary origin of the LX4 type of IBV, phylogeographic analysis of the LX4-type viruses was performed based on the complete genome sequences of IBV from China and other countries. The MCMC analysis was run for 300 million steps with a sampling of every 30,000 steps. Other parameters were the same as the above method.




RESULTS


Phylogenetic Analysis

Based on the phylogenetic tree analyses of the complete genome and S1, S2, E, M, and N genes, the 212 Chinese IBV isolates were segregated into 6, 7, 7, 6, 6, and 5 distinct groups, respectively (Figures 1A–F). There were 71.70% (152/212), 56.60% (120/212), 63.68% (135/212), 64.62% (137/212), 64.62% (137/212), and 66.04% (140/212) of the IBV isolates clustered in the LX4 type, respectively according to the complete genome and S1, S2, E, M, and N genes. The LX4 type has been the predominant genotype since 1999 (Supplementary Figure 2). Among the complete genome sequences of 68 IBV isolates from other countries, 15 isolates (22.06%) belonged to the LX4 type (Supplementary Figure 3). The phylogenetic tree based on the complete genome sequences showed that all the Chinese IBV isolates were segregated into the LX4 type, Mass type, 4/91 type, Peafowl/GD/KQ6/2003 type, Taiwan-I type, and CK/CH/LSC/99I type, except a unique isolate GX-C (Figure 1A). According to the phylogenetic tree characteristics of the complete genome sequence of 212 Chinese IBV isolates analyzed in this study, the LX4 type was the predominant genotype since 1999; the Mass type, 4/91 type, and Taiwan-I type were the second, third, and fourth most dominant genotypes, respectively, but the Mass type and 4/91 type nearly disappeared after 2015. The phylogenetic tree based on S1 gene sequences (Figure 1B) showed that all the Chinese isolates were segregated into the LX4 type (GI-19, 56.60%, 120/212), Mass type (GI-1, 18.87%, 40/212), 4/91 type (GI-13, 11.32%, 24/212), Taiwan-I type (GI-7, 5.19%, 11/212), New type (GVI-1, 3.77%, 8/212), CK/CH/LSC/99I type (GI-22, 2.36%, 5/212), and LDT3-A type (GI-28, 1.4%, 3/212), respectively, except for the unique isolate GX-C. The LX4 type was the predominant genotype since 1999. The Mass type and the 4/91 type were the second and third most dominant genotypes, and their change trends were similar to those based on the complete genome sequences. However, the Taiwan-I type (GI-7) has increased since 2011, and the New type (GVI-1) increased since 2015.
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FIGURE 1. Phylogenetic trees of the complete genome (A) and genes S1 (B), S2 (C), E (D), M (E), and N (F) of infectious bronchitis viruses (IBVs). Each type of IBV was highlighted in different colors. The 33 IBV reference strains were marked with filled •. IBV isolates isolated during 1985–1998 were marked with filled [image: image]. The 69 IBV isolates isolated during 1999–2010 were marked with filled [image: image]. The 128 IBV isolates isolated during 2011–2014 were marked with filled [image: image], and the 14 IBV isolates isolated during 2015–2020 were marked with filled [image: image]. Phylogenetic trees were constructed with the maximum likelihood method using MEGA version 6.06. The bootstrap clade support values were computed based on 1,000 bootstrap replicates. The number represents the percentage of times that the clade appeared in the bootstrap tree distribution. Bootstrap values greater than 50% are shown.


The alignment results of S1 gene sequences with those of the vaccine strain M41, H120, 4/91, QXL87, LDT3-A, and the reference field strain LX4 revealed the presence of multiple mutations (Supplementary Figure 4). There was a 5-aa-insertion (FFLII), located in the HVR I found in S1 genes of 11 isolates.



Analysis of Recombinants

The recombination analysis showed that recombination events were found in the complete genome of 59 isolates (27.83%, 59/212), and 16 of them (7.55%, 16/212) were found in S1 gene (Figure 2 and Supplementary Tables 7, 8). The recombination regions were distributed throughout the entire genome. Based on the complete genome of 59 recombinant isolates, nsp3 and S genes were found to have the greatest number of recombination regions, with 28 and 26 recombination regions, respectively (Figure 2A). nsp16 (19 recombination regions) and N (17 recombination regions) genes were found to have the third and fourth greatest number of recombination regions. Based on S1 gene of 16 isolates, the midstream (600–700 bp) of S1 gene (9 recombination regions) was found to have the greatest number of recombination regions (Figure 2B). The downstream (1,500–1,611 bp) of S1 gene (8 recombination regions) was found to have the second greatest number of recombination regions. The detectable recombination breakpoint positions were located throughout the genome (Supplementary Figure 5A). A large number of breakpoints were observed in the 5′UTR, 1a, nsp3, nsp5, N, and 3′UTR. 5′UTR, nsp3, nsp16, S, and N genes were found to have the greatest number of transferred fragments (Table 1), which was consistent with the location and number of breakpoints in Supplementary Figure 5A. Moreover, the recombination breakpoint positions clustered in nsp3 and S genes. Thus, nsp3 and S genes were associated with the greatest number of transferred fragments. There was no breakpoint in the nsp8, nsp9, nsp10, and 3a regions. In addition, the detectable recombination breakpoint positions of S1 gene were shown in Supplementary Figure 5B. The recombination breakpoint positions were clustered within the midstream (600–700 bp) and downstream (1,500–1,611 bp) of S1 gene. In order to confirm the results of the RDP analysis, genomic sequence analyses of the complete genome of 59 isolates and S1 gene of 16 isolates were carried out by the Simplot software, and the results were consistent with those of the RDP analysis (Supplementary Figures 6, 7).
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FIGURE 2. The vaccine strain H120 was used as the reference strain. (A) The virus genome of the coronavirus avian infectious bronchitis showing the locations of 5′ and 3′ UTRs and the coding regions. (B) Recombination regions identified across S1 gene. Recombinant regions detected by RDP4 are highlighted in the line. The green, yellow, blue, red, dark brown, pink, dark green, black, and gray lines indicate the recombinant regions that belong to the genotype of LX4, CK/CH/LSC/99I, 4/91, Mass, Conn, Peafowl/GD/KQ6/2003, Taiwan-I, Lowa, and Georgia, respectively.



TABLE 1. Number of transferred fragments associated with individual areas of the genome for all of the isolates in China.

[image: Table 1]
In addition, based on the complete genome sequences, a total of 52 of 59 (88.14%), 14 of 59 (23.73%), and 11 of 59 (18.64%) recombinants were likely from the LX4-type, 4/91-type, and Mass-type isolates, respectively (Supplementary Figure 5A and Supplementary Table 7). There were 20 recombinants formed by two major parents and two minor parent strains. There were four recombinants formed by three major parents and three minor parent strains. So multiple recombination events between the field and vaccine strains might occur in a total of 24 of the recombinant isolates (40.68%, 24/59) (Supplementary Table 7). Based on S1 gene, a total of 11 of 16 (68.75%) and 8 of 16 (50%) recombinants were likely from the LX4-type and 4/91-type isolates, respectively (Supplementary Figure 5B and Supplementary Table 8).



Estimation of dN/dS Ratios on the S1, E, M, and N Proteins of Infectious Bronchitis Viruses

The results showed that the ratios of the mean substitution rates at the non-synonymous sites over those at the synonymous sites (dN/dS) for S1, S2, E, M, and N proteins of the 212 isolates were 0.301, 0.136, 0.225, 0.168, and 0.159, respectively (Supplementary Table 9). The dN/dS ratios for S1 protein of the LX4 type, New type, Taiwan-I type, Mass type, CK/CH/LSC99I type, 4/91 type, and LDT3-A type were 0.369, 0.358, 0.308, 0.307, 0.267, 0.239, and 0.174, respectively.



Evolutionary Rates and Population Dynamics Analysis

The temporal signal was assessed using TempEst software via root-to-tip regression analysis for the IBV isolates (correlation coefficient = 0.6576; R2 = 0.4325). In this test, the dataset was considered to have a relatively strong temporal signal for the sampling year. The evolution rate of IBVs was estimated to be 3.15 × 10–3 nucleotide substitutions/site/year (95% highest posterior density [HPD] 3.01E–3 to 3.29E–3). The IBVs in the last 35 years were classified into 6 main clusters by plotting the MCC tree (Figure 3). The estimated tMRCA of all the IBVs in China was the year 1901.94 (95% HPD [1885.44 to 1910.84]) found in Liaoning province, and the times of origin (95% HPD) of the major branch of viruses (LX4 type) in China was 1955.98 (95% HPD [1948.06 to 1960.31]) in Liaoning province also (Figure 3). A Bayesian skyline plot coalescent model was used to assess the reconstruction of population history. Figure 3 shows temporal changes in the effective population size of the viruses. Initially, the population diversity of the viruses showed a slow reduction before the 1980s. By 1980, the effective population size of the viruses had increased and undergone an upward trend after having fluctuated. The genetic diversity of the isolates increased rapidly and peaked until 2006 and a sudden and sharp decline in the effective population size was observed after 2006; thereafter, it persisted for 2 years. But since late 2008, the viral population has been rapidly rising again.
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FIGURE 3. The maximum clade credibility tree and Bayesian skyline plot (BSP) of full-length genome sequences of infectious bronchitis viruses (IBVs) (see section “Materials and Methods” for further details). The maximum clade credibility (MCC) tree was constructed with 10% burn-in by Tree Annotator version 1.10.4 implemented in the BEAST software package. The color of the branches corresponds to geographical areas. A change in branch color indicates a time and geographical area change during the genotype’s evolutionary history. The scale bar represents the unit of time (year). Bayesian skyline plot (BSP) is superimposed to the tree in the same time-scale (x-axis). The y-axis represents the effective population size (log10 scale). The black line represents the effective population size through time, and the orange area around the line represents the 95% highest posterior density (HPD) of the estimates.




Phylogeography Analyses of Infectious Bronchitis Virus in China

The spatial dispersion patterns of IBVs in China during 1985–2020 were reconstructed. Figure 4 and Supplementary Table 10 show the major spread links of IBV. Generally, they spread between northern and southern China. The first transmission route was between the northern provinces Shandong, Hebei, and Beijing and the northeastern provinces Liaoning and Heilongjiang, with decisive support (BF > 100). The second transmission route was from Jiangsu to Shanxi with decisive support (BF > 100). The third transmission route was from Hebei to Henan and Inner Mongolia (BF > 30). The fourth transmission route was a long-distance movement event, notably from Heilongjiang to Guangdong and Guangxi (BF > 30). The fifth transmission route was from Hebei to Jilin, Hunan, Liaoning to Shandong, Shandong to Jilin, and Jiangsu (BF > 10). A long-distance movement event was from Shandong to Gansu (BF > 3). In accordance with the major spread links of IBV, Liaoning was the origin, which then propagated outwards in the early 1900s (Figure 4A). The directions of virus spread occurred predominantly from Liaoning to Heilongjiang in the late 1950s (Figure 4B), from the northeastern to northern in the early 1980s (Figure 4C), and from the northern to eastern and southern from 1980s to 2020 (Figure 4D). It is indicated that Shandong has been the epidemiological center of IBVs in China from the 1980s to 2020 (Figure 4E and Supplementary Table 10), based on the decisive spread routes from Shandong to Heilongjiang and Shandong to Hebei (BF > 1,000).
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FIGURE 4. The dynamics analysis of geographical regions of the full-length genome sequences of field isolates from China sampled during the years 1985–2020 (A–D). Spatiotemporal dynamics of the full-length genome gene sequences of infectious bronchitis virus (IBV) among 20 localities. Bayes factor (BF) test for significant non-zero rates and regional transmission analysis (E). Curves show the among-country virus lineage transitions statistically supported with Bayes factor > 3 for all the IBV isolates in China. Curve colors represent corresponding statistical support (Bayes factor value) for each transition rate (inset).


An additional temporal signal of the dataset (152 LX4-type isolates in China based on Figure 1A and 15 LX4-type isolates in other countries based on the Supplementary Figure 3) was assessed. The results of the MCC tree (Figure 5A) showed that the sequences of the LX4-type IBV isolates in China were closely related to the early isolates of Liaoning in the late 1950s (correlation coefficient = 0.5945; R2 = 0.3534). The results of the BF value and the major spread links showed that the LX4-type isolates had multiple transmission routes in China (Figure 6 and Supplementary Table 11). The first transmission route was between Shandong and Liaoning, and Jilin and Heilongjiang (BF > 100). The second transmission route was between Shandong, Hebei, Shanxi, and Jiangsu (BF > 100). The third transmission route was between Shandong and Beijing (BF > 30). The fourth transmission route was between Shandong, Hebei, and Anhui, Zhejiang (BF > 3). The fifth transmission route was a long-distance movement event, notably from Heilongjiang, Jilin to Guangxi and Guangdong (BF > 3), Liaoning to Xinjiang, Shandong to Gansu, and Hebei to Hunan (BF > 10). Besides, a short-distance movement event was also observed from Guangxi to Guangdong (BF > 3). In accordance with the major spread links of the LX4 genotype, Liaoning was the origin of LX4 genotype IBV, which then propagated outwards in the late 1950s (Figures 3, 5A, 6). The directions of virus spread occurred predominantly from Liaoning to Heilongjiang in the early 1960s (Figure 6B), from the northeastern to northern regions in the early 1980s (Figure 6C), and from northern to eastern and southern regions (Figure 6D). Similarly, it is indicated that Shandong has been the epidemiological center of the LX4 genotype (Figure 6E and Supplementary Table 11), based on the decisive spread routes from Shandong to Heilongjiang, Shandong to Hebei, and Shandong to Jiangsu (BF > 1,000).
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FIGURE 5. The maximum clade credibility tree of LX4-type full-length genome sequences of infectious bronchitis virus (IBV) isolates in China (A) and the world (B). The color of the branches corresponds to geographical areas.
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FIGURE 6. The dynamics analysis of geographical regions of the LX4 genotype isolates from China (A–D). Spatiotemporal dynamics of the full-length genome gene sequences of LX4 genotype infectious bronchitis virus (IBV) among 18 localities. Bayes factor (BF) test for significant non-zero rates and regional transmission analysis (E). Curves show the among-province virus lineage transitions statistically supported with Bayes factor > 3 for all the LX4 genotype IBV isolates in China.


The results of the MCC tree (Figure 5B) showed that the sequences of Europe’s LX4-type isolates were closely related to the early isolates of China in the 1980s, which were in group 2. South Korea’s LX4-type isolates were closely related to the late isolates of China in the 1980s, which were in group 1 (correlation coefficient = 0.612; R2 = 0.3746). The results of BF value and the major spread links (Figure 7) showed that the LX4-type IBVs had two major transmission routes in the world: from China to Europe (Poland, Sweden, and so on) (BF > 10) and from China to South Korea (BF > 100).
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FIGURE 7. Spatiotemporal dynamics of LX4-type infectious bronchitis virus (IBV) isolates among different localities (A–D). Bayes factor (BF) test for significant non-zero rates and regional transmission analysis (E). Curves show the among-country virus lineage transitions statistically supported with Bayes factor > 3 for all the LX4 genotype IBV isolates in the world.





DISCUSSION

The co-circulation of multiple IBV genotypes and the ongoing emergence of IBV variants have the greatest epidemiological challenges in China. In our study, a total of 6, 7, 7, 6, 6, and 5 genotypes were identified based on the sequences of the full-length genome and structural genes S1, S2, E, M, and N, respectively. According to the phylogenetic trees of both the whole genome and S1 gene, the top four dominant genotypes were the LX4 type, Mass type, 4/91 type, and Taiwan-I type, respectively. Therefore, our results showed that China was still in a state of coexistence of multiple genotypes with the LX4 type as the dominant genotype, which agreed with many previous descriptions (Liu et al., 2009; Zou et al., 2010; Li et al., 2012; Huang et al., 2019). We found that the LX4-type isolates have been dominant since 1999 in our study, which was earlier than those previous descriptions (Zhao et al., 2017; Jiang et al., 2018; Ren et al., 2020). The possible explanations are as follows: first, the isolates in our study were collected from 1985, while those in the previous studies were collected later than 1985. Second, the previous studies focused on the S1 gene sequences rather than the whole genome, but it is impossible to get a comprehensive understanding of the origins and evolutionary processes of those emerging viruses only by analyzing this small portion of the genome. In addition, the LX4 genotype was found to have the highest dN/dS ratios compared with other genotypes. High dN/dS ratios may promote the viral fitness in the infected hosts (Zhao et al., 2016). Thus, this is an explanation for why LX4 was the dominant genotype in recent years. Besides, we found that the Taiwan-I-type and New-type isolates showed an increasing trend since 2011 and 2015, respectively, in the country, which agreed with other previous studies (Xu et al., 2018; Fan et al., 2019; Huang et al., 2020), indicating that the commonly used commercial vaccines could not provide complete protection against these two genotype isolates. The development of new vaccines targeting Taiwan-I-type and New-type isolates should be of practical significance currently.

Recombination among coronaviruses could decrease mutational load, create genetic variation, and lead to the appearance of new isolates (Worobey and Holmes, 1999; Thor et al., 2011). Another study showed that some “hot spots” for recombination were in the regions of 1a (nsp2 and nsp3) and 1b (nsp16) of the genome and the upstream of the S gene based on the analysis of 25 America IBV isolates, and there were a high number of breakpoints in these three areas (Thor et al., 2011). However, our results showed that most of the breakpoints of recombination events may be located in nsp3 (1a region) and S gene (midstream and downstream) based on the 212 IBV isolates in China. Therefore, the breakpoints of recombination events of the IBV isolates in China were unique. Interestingly, no breakpoint in the regions of nsp8, nsp9, nsp10, and 3a was found. Areas that have the highest occurrence of recombination are located in regions of the genome that code for non-structural proteins 3 and the structural spike glycoprotein. A previous study showed that nsp3 encodes the protease PLP2, which is a type I interferon (IFN) antagonist and has a deubiquinating-like activity (Thor et al., 2011). Changes in the amino acid composition of the area in nsp3 could affect the ability of the virus to replicate in a variety of cell types (Thor et al., 2011). Moreover, the recombination in the area of nsp3 could alter the pathogenicity of the virus by modulating host cytokine expression (Eriksson et al., 2008; Thor et al., 2011). The spike glycoprotein exerts influence in attachment to host cell receptors, membrane fusion, and entry into the host cell (Thor et al., 2011). The spike glycoprotein has conformationally dependent epitopes that induce virus-neutralizing and serotype-specific antibodies (Cavanagh, 2007; Thor et al., 2011). Hence, the degree of recombination observed in the spike glycoprotein may be one of the principal mechanisms for generating genetic and antigenic diversity within IBV. The recombination regions within or near the S1 protein can lead to the emergence of new coronaviruses or new IBV serotypes (Thor et al., 2011). Our research showed that the recombination regions within S1 gene may be clustered in the midstream (600–700 bp) and downstream (1,500–1,611 bp) of the gene. The RBD was located in the midstream of S1 gene. The RBD was very important for the biological implications of genetic variation in circulating IBV genotypes (Bouwman et al., 2020). It was found that the amino acids 99–159 of RBD in the nephropathogenic IBV strain QX were required to establish kidney binding, and the reciprocal mutations in QX-RBD amino acids 110–112 could abolish kidney binding completely (Bouwman et al., 2020). Thus, more attention should be paid to these regions. In addition, the results of recombination analysis based on the whole genome and S1 gene would not be always consistent (Thor et al., 2011; Franzo et al., 2017). For example, based on the analysis result of recombination events in the complete genomes, there was a recombination region detected in the S1 region in EU637854 too. However, the p-value of S1 gene in EU637854 was lower than 10–6 but higher than 10–12 (10–12 < p-value < 10–6). We did not show such a result in Figure 2A.

China is the major producer of chickens worldwide. In spite of the widespread use of Mass type (H120, H52, Ma5, 28/86, M41, and W93), 4/91 type (NNA), LDT3-A, QXL87, and other vaccines, IB has been a continual problem in vaccinated flocks in China (Fan et al., 2018; Yan et al., 2019; Ren et al., 2020; Zhang et al., 2020). To obtain a comprehensive understanding of the epidemiological situation, evolutionary trend, and spatiotemporal diffusion of IBVs in China, a 35-year epidemiological analysis of a total of 212 IBV isolates from the years 1985 to 2020 on a national scale was performed here.

So far, there are three sequencing technologies, namely, Sanger dideoxy sequencing, next-generation sequencing (NGS), and third-generation sequencing (single molecular sequencing). The Sanger sequencing is read in longer sequences (800–1,000 bp), with high accuracy and ease of use, and its disadvantages were the limited capacity and relatively high costs (Heather and Chain, 2016). The low-fidelity polymerase errors could affect the result of genome sequences during the PCR, and the errors can be reduced by using a high-fidelity polymerase. The NGS allowed the sequencing of multiple genes, exomes, or genomes in a single experiment, which is far quicker and cheaper than the Sanger sequencing, but its operation processes require more steps and read in shorter sequences (400–500 bp) (Diekstra et al., 2015). The third-generation sequencing technology is developed rapidly with lower cost and more reads in long sequences, but it has more proportion of the wrong bases (Heather and Chain, 2016). According to the GenBank database, all the whole-genome sequences of 212 Chinese IBV isolate for analysis were obtained by Sanger dideoxy sequencing technology. Therefore, the sequencing method used for the sequences analyzed in the present study has little effect on the results.

Recent studies revealed that the 4/91-type strains have become an important gene donor to variants in the genetic evolution of IBV in China (Zhao et al., 2016; Fan et al., 2019; Xu et al., 2019; Huang et al., 2020). Our studies showed that the percentage of 4/91-type recombinants (23.73 and 50% recombinants based on the full-length genome and S1, respectively) may be higher than that of Mass-type recombinants (18.64 and 12.50% recombinants based on the full-length genome and S1, respectively) in the present study, which agreed with our previous reports (Mo et al., 2013; Fan et al., 2019). In the previous study, we analyzed several reasons why the 4/91-type strains were more prone to recombination than other vaccine-type strains (Fan et al., 2019). Given the infrequent prevalence of the 4/91-type isolates since 2015, it is recommended that the 4/91-type vaccine is to be used sparingly or with caution, but continued monitoring is needed. In addition, we found that multiple recombination events between field and vaccine strains may have occurred in the 24 recombinant isolates based on the complete genomes of the 212 Chinese isolates, suggesting the complexity of the recombination mechanism of IBV. Our results also suggest that genome-wide recombination analysis, not just S1 gene recombination analysis, should be performed in order to have a comprehensive understanding of recombination events of IBV isolates.

Bayesian phylodynamic models have not been widely used for disease surveillance in the poultry industry. However, they have been used widely to analyze the evolution and spatial spreading of SARS-CoV (Rest and Mindell, 2003), MERS-CoV (Breban et al., 2013), and SARS-CoV-2 (Li et al., 2020). In our study, the abovementioned models were used for analyzing the domestic history of IBVs in China to serve as a real-time early warning monitoring system and help the managers to make the correct decisions to reduce the risk of infection. According to our results, the Liaoning isolates were at the root of the tree, with the highest root state posterior probability in the 1900s. Thus, Liaoning was the origin of IBV in China in 1901. To our knowledge, this is the first report referring to the origin of the Chinese IBV on both the exact time and place by the Bayesian phylodynamic models. However, the inferred past geographical locations are heavily limited by the input data. All sequences were from provinces in China, and thus the inferred origin of the virus in the dataset would undoubtedly be one of the provinces of China. In China, Liaoning used to be one of the major provinces of poultry production and has a close relationship with live bird trading with other provinces. In addition, based on the MCC tree, the LX4-type isolates were first found in Liaoning in the late 1950s and then spread to other provinces. Franzo et al. (2017) found that the QX genotype (LX4 type, GI-19) originated from China in the late 1970s, and the GI-19 lineage circulated within the country until it migrated to Europe in the late 1990s, based on the analysis of S1 gene of total of 807 strains from 18 countries by plotting the MCC tree. The first LX4-type isolate (QX strain) was reported in Qingdao, Shandong province, in 1996 (Wang et al., 1997). The first case reported in Qingdao in 1996 did not mean that the virus first appeared in that time and area. Zhao et al. found that many LX4-type IBVs disappeared before 2005 because they were not “fit” for adaptation in chickens, but those “fit” LX4-type IBVs continued to evolve and have become widespread and predominant in commercial poultry after 2005 (Zhao et al., 2017). The LX4 (GI-19) lineage had circulated for a long time in China before its recognition as a distinct genotype in 1996 (Franzo et al., 2017). Hence, our result first demonstrated that Liaoning province was the origin of LX4-type IBV in the late 1950s. Besides, in order to get a full picture of the virus evolution, we try to divide the alignment into several recombination-free regions such as S and E genes and do a separate analysis on each of them instead. However, different genomic regions have different evolutionary histories. Therefore, in order to obtain comprehensive genetic information and molecular mechanism of variation of IBV isolates and mapped to the S gene (the greatest number of recombination regions and the very strong signal), we excluded the complete genome of 16 isolates, which were the potential recombinant sequences in S gene, and used the dataset to analyze the evolution and spatial spreading of viruses.

A previous report showed that the avian influenza virus’s transmission occurred along the poultry industry trade routes (Yang et al., 2020). Interestingly, a similar phenomenon appeared in our study based on the IBV trade routes. In our study, five trade routes for both IBV and LX4-type isolates in China were strongly indicated with high BF values. Moreover, the first transmission route (from Shandong to Heilongjiang and Jilin), the second one (from Jiangsu to Shanxi, from Shandong to Jiangsu and Hebei), the fifth one (from the northeastern province Heilongjiang and Jilin to the southern provinces Guangxi and Guangdong), and the long-distance movement events (from the northern province Shandong to the northwestern province Gansu and from Hebei to the southern province Hunan) of the LX4-type isolates were similar to those of the IBVs in China. The northern region including Shandong and Liaoning provinces is the biggest region of white chicken production in China with annually 1.8 and 0.8 billion birds, respectively, while Guangxi and Guangdong had the biggest production of the local breeds of chickens (1.9 billion birds) in 2019 (Wei, 2019; Deng et al., 2021). Hence, the five transmission routes were basically consistent with poultry industry trade routes.

In order to provide more targeted strategies for the prevention and control of the disease, we employed a Bayesian phylogeographic approach. Based on the IBV spread routes, all IBVs especially the LX4-type isolates in China exhibited evidence of a continuous process of geographic spread. Nowadays, northeastern, northern, and southern regions of China were the most frequent places of the viral output and input, indicating that these three areas have been the epicenter of the LX4 genotype in China. A previous report showed that the intensity of the poultry trade among locations and the migration of wild birds among locations in China were positively associated with avian influenza virus lineage spread, and the distances along the road network in China were strongly inversely associated with viral lineage spread (Yang et al., 2020). We found that the IBVs (including LX4 type) spread routes and that the live poultry trade network was positively associated with the viral lineage spread. Hence, the IBVs in the Chinese mainland were mainly spread through the transport and trade of live birds, while the long-distance spreads, which were from the northeastern Liaoning province to northwestern Xinjiang province and the northeastern provinces Heilongjiang, and Jilin to the southern provinces Guangxi and Guangdong, were more likely through migratory wild birds. These data on mode of geographic spread would play a critical role in the prevention and control of IB.

To further investigate the source of the LX4-type isolates in the world, we also conducted phylogeographic inference. The full-length genome sequences of the early LX4-type isolates during 2004–2018 in other countries were found to be closely related to the early isolates in China during 1995–2016, as they were at the lower level of the node in the tree, which means that the LX4-type isolates were likely to have originated from China. In addition, tMRCA of the earliest LX4-type isolates was estimated to be in the late 1950s according to the Bayesian analyses. The LX4-type isolates had spread from China to Europe in the early 1980s and spread from China to South Korea in the late 1980s based on the Bayesian analyses. Of course, the inferred transmissions of LX4-type IBV might not be direct, but the virus may have gone unobserved through multiple countries before entering Europe/South Korea. Other researchers reported that the LX4-type strain was from South Korea based on the analysis of S1 genotype, the time of isolating, and the geographical distance between Shandong province and South Korea (Liu et al., 2006; Huang et al., 2019). However, analysis of S1 gene alone had a limitation. The Bayesian phylodynamic models have been used widely to analyze the evolution and spatial spreading of SARS-CoV-2 (Li et al., 2020). Hence, a thorough and comprehensive Bayesian analysis using as many strains across the world with the entire genome sequences could contribute to a greater understanding of the spread of IBV. Of course, our research also had some data limitations. For example, the number of samples was inhomogeneous in different countries.

The generation, maintenance, and distribution of genetic variation of the virus can be affected by a sudden change in population size (Gao et al., 2019). Indeed, our demographic analyses reveal that IBV populations in China had been small before the 1980s but have undergone expansion since the 1980s, possibly associated with a capacity expansion of chicken in China after China adopted the reform and opening-up policy. However, a sudden and sharp decrease in genetic diversity was observed after 2006, probably due to an outbreak of the H5N1 virus in migratory waterfowl in Qinghai in 2005 and spread to other areas (Chen et al., 2005), which had brought substantial damage to the poultry industry. A large number of farms were closed due to being affected by the pandemic avian influenza (Wei, 2019). At that time, the inter-provincial trade of live poultry was banned, which was in accordance with our result that the IBV population declined in size from 2006. However, since late 2008, a sharp increase was observed in viral population size. There may be two main reasons to explain this phenomenon. First, new farms were increasing because of the successful control of the avian influenza outbreak. The inter-provinces’ live poultry trade was allowed. Second, the LX4-type isolates had become the predominant IBVs since 2008 based on the analysis of S1 gene (Mo et al., 2013; Fan et al., 2019), and the implementation of the current vaccines could not provide good protection against the circulating strains. Other studies indicated that the change of viral population size had a strong association with the vaccine administration/withdrawal (Franzo et al., 2014, 2016). However, the protection provided by the new commercial LX4-type vaccine (QXL87) on the market against the LX4-type isolates has not been studied yet, which needs further investigation.



CONCLUSION

In conclusion, Chinese IBV was still in a state of coexistence of multiple genotypes, the LX4 type with the highest dN/dS ratios has been the most dominant genotype since 1999, and the Taiwan-I type and New type showed an increasing trend recently. A high frequency of recombination and multiple recombination events have occurred in the complete genome, and the 4/91-type strains were more prone to be involved in the recombination. The Chinese IBV originated from Liaoning in the early 1900s and has three main clusters: the northeastern cluster, the northern cluster, and the southern cluster. In particular, the LX4 type originated from Liaoning in the late 1950s and had multiple transmission routes in China plus two major transmission routes to other countries. Shandong has been the epidemiological center of IBVs (including LX4 type) in China. These data extend our insight into the evolution and spread of IBV in China and provide more targeted strategies for the prevention and control of IB in China.
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Objective: We aimed to evaluate the performance of nanopore amplicon sequencing detection for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in clinical samples.

Method: We carried out a single-center, prospective cohort study in a Wuhan hospital and collected a total of 86 clinical samples, including 54 pharyngeal swabs, 31 sputum samples, and 1 fecal sample, from 86 patients with coronavirus disease 2019 (COVID-19) from Feb 20 to May 15, 2020. We performed parallel detection with nanopore-based genome amplification and sequencing (NAS) on the Oxford Nanopore Technologies (ONT) minION platform and routine reverse transcription quantitative polymerase chain reaction (RT-qPCR). In addition, 27 negative control samples were detected using the two methods. The sensitivity and specificity of NAS were evaluated and compared with those of RT-qPCR.

Results: The viral read number and reference genome coverage were both significantly different between the two groups of samples, and the latter was a better indicator for SARS-CoV-2 detection. Based on the reference genome coverage, NAS revealed both high sensitivity (96.5%) and specificity (100%) compared with RT-qPCR (80.2 and 96.3%, respectively), although the samples had been stored for half a year before the detection. The total time cost was less than 15 h, which was acceptable compared with that of RT-qPCR (∼2.5 h). In addition, the reference genome coverage of the viral reads was in line with the cycle threshold value of RT-qPCR, indicating that this number could also be used as an indicator of the viral load in a sample. The viral load in sputum might be related to the severity of the infection, particularly in patients within 4 weeks after onset of clinical manifestations, which could be used to evaluate the infection.

Conclusion: Our results showed the high sensitivity and specificity of the NAS method for SARS-CoV-2 detection compared with RT-qPCR. The sequencing results were also used as an indicator of the viral load to display the viral dynamics during infection. This study proved the wide application prospect of nanopore sequencing detection for SARS-CoV-2 and may more knowledge about the clinical characteristics of COVID-19.

Keywords: severe acute respiratory syndrome coronavirus 2, nanopore amplicon sequencing, RT-qPCR, viral detection, genome coverage


HIGHLIGHTS


-Reference genome coverage was a prior indicator in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) detection applying nanopore amplicon sequencing (NAS) compared with viral read number.

-Based on the reference genome coverage, a higher sensitivity and specificity of NAS in detecting SARS-CoV-2 was revealed through its comparison with reverse transcription quantitative polymerase chain reaction (RT-qPCR).

-Some long-term stored samples with negative RT-qPCR results tested positive using the NAS approach.

-Sequencing results using the NAS approach revealed that dynamic variations in both pharyngeal swabs and sputum samples had potential to evaluate disease progression, especially for patients diagnosed as coronavirus disease 2019 within 4 weeks after the first clinical manifestations exhibited.





INTRODUCTION

The sudden emergence of the coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has rapidly spread globally (Pollard et al., 2020; Zhu et al., 2020). Strengthening the national and regional laboratory diagnostic capacity for COVID-19 was one of the key measures to counter this global public health crisis (Tang Y. W. et al., 2020). Specifically, a rapid and accurate nucleic acid test method for SARS-CoV-2 detection and COVID-19 diagnostics is critical for disease control and patient treatment.

The COVID-19 outbreak was followed by the characterization of the whole viral genome, which helped to develop several molecular diagnostic methods (Tang X. et al., 2020). On February 4, 2020, real-time reverse transcription polymerase chain reaction (RT-PCR) assay for COVID-19 was authorized by the Centers for Disease Control and Prevention (FDA, 2020). Till now, the RT-PCR is considered as the most conclusive molecular diagnostic approach. In addition, the cycle threshold (Ct) value of reverse transcription quantitative polymerase chain reaction (RT-qPCR) is also used as an indicator of the viral load in samples to estimate the viral dynamics in different periods or body sites during the infection. However, it suffers from high false-negative rates due to variations in the viral ribonucleic acid (RNA) sequences in the ORF1ab and N genes, which the primers target, raising the call for more sensitive methods (Wang Y. et al., 2020).

Next-generation sequencing (NGS) has been used for SARS-CoV-2 detection and research as early as its emergence. However, the higher costs, longer detection periods, and complicated operating steps have limited its application, even that several improved protocols based on library capture or viral genome amplification have been proposed (Chen et al., 2020; Nasir et al., 2020; Xiao et al., 2020). Oxford nanopore sequencing is a promising new generation of sequencing technology that features real-time data generation and long read length (Gu et al., 2021). Therefore, SARS-CoV-2 detection combining viral genome amplification and nanopore sequencing provides comprehensive genome coverage and lower time cost (Wang M. et al., 2020). Our team reported a patient finally confirmed as a COVID-19 case using nanopore-based genome amplification and sequencing (NAS), while the routine RT-qPCR was negative due to a viral mutation within the primer region (Mehta et al., 2020). Furthermore, this method allows a more convenient and efficient SAR-CoV-2 genomic surveillance, helping to identify mutations that have an impact on virulence and transmissibility (Bull et al., 2020; Lu et al., 2020). However, the performance of this approach has not been widely evaluated, particularly using clinical samples and in comparison with RT-qPCR.

We obtained NAS data from a cohort including hospitalized COVID-19 patients with mild (or moderate) or severe (or critical) disease and healthy controls to gain insight into the identification of SARS-CoV-2-specific genome compared with RT-qPCR, which may further serve as a better method for SARS-CoV-2 detection and an indicator of the viral load dynamics during infection.



MATERIALS AND METHODS


Specimen Collection

We carried out a single-center, prospective cohort study in a Wuhan pulmonary hospital. Eighty-six patients with a minimum age of 18 years and were confirmed as having COVID-19 were consecutively enrolled from Feb 20 to May 15, 2020. On the other hand, 27 patients who tested negative for COVID-19 were recruited into the control group. Patients were diagnosed with COVID-19 according to the Diagnosis and Treatment Protocol of COVID-19 (the 6th–8th tentative version1) issued by the National Health Commission of the People’s Republic of China; if they had any epidemiological history plus any two clinical manifestations (fever and/or respiratory symptoms; the aforementioned imaging characteristics of COVID-19; normal or decreased white blood cell count, and normal or decreased lymphocyte count in the early stage of onset) or all three clinical manifestations if there was no clear epidemiological history; and if the etiological evidence was confirmed as a positive result for new coronavirus nucleic acid detected using RT-qPCR (positive was defined as Ct ≤ 35 according to the protocol offered by the clinical laboratory center). Patients were then classified into two groups: mild (or moderate) (fever, respiratory symptoms, etc., with or without abnormal lung imaging) and severe (or critical) (respiratory rate ≥ 30 per min, oxygen saturation ≤ 93% on room air at rest, arterial oxygen pressure/fraction of inspiration oxygen ≤ 300 mmHg, or progressive clinical symptoms and lung imaging showing >50% significant progression of the lesion within 24–48 h; even cause an aggravation of respiratory failure requiring mechanical ventilation, shock, or combined with other organ failure and requiring intensive care unit supervision). In addition to discarded pharyngeal swab, 5 ml discarded sputum sample or discarded fecal sample was collected from each patient during hospitalization and stored at −80°C after nucleic acid isolation. The demographic data were recorded. All of the clinical specimens and demographic data were obtained in accordance with the study protocol, which was approved by the Ethical Review Board of Peking University Third Hospital in March 2020, with informed consent from participants being exempted (IRB00006761-M2020083).



Ribonucleic Acid Extraction and Routine Reverse Transcription Quantitative Polymerase Chain Reaction Detection of Severe Acute Respiratory Syndrome Coronavirus 2

We performed parallel detections, one applying RT-qPCR and the other one applying SARS-CoV-2 genome amplification and sequencing using the Oxford Nanopore Technologies (ONT) platform based on the ARTIC protocol2. Firstly, total RNA was extracted from 200 μl specimen with an automatic nucleic acid extractor (EXM3000; Zybio Inc., Chongqing, China) according to the manufacturer’s instructions. A 60-μl elution volume was obtained for each sample in total after three extractions in parallel. Five microlters total RNA was used for real-time RT-qPCR, which targeted the ORF1ab and N genes using the Novel Coronavirus (2019-nCoV) nucleic acid detection kit (ZC-HX-201-2; BioGerm, Shanghai, China). RNase P was used as the endogenous internal standard. Real-time RT-qPCR was performed in the following conditions: 50°C for 10 min and 95°C for 5 min, then 40 cycles of amplification at 95°C for 10 s and 55°C for 40 s with the 7,500 Real-Time PCR System (Applied Biosystems, Bedford, MA, United States). The criteria for evaluation of the results were as follows: Ct value ≤ 38 as positive and simultaneous positive determination of both ORF1ab and NP genes.



Severe Acute Respiratory Syndrome Coronavirus 2 Detection by Nanopore Amplicon Sequencing

During SARS-CoV-2 genome amplification and library construction, 16 μl total RNA was used as a template for reverse transcription with the LunaScript RT SuperMix kit [E3010L; New England Biolabs (NEB), Ipswich, MA, United States] according to the manufacturer’s instructions. A 5-μl cDNA production was then used as a template for targeted amplification of the SARS-CoV-2 genome with the Q5 Hot-Start High-Fidelity 2x Master Mix (M0494; NEB, Ipswich, MA, United States) and primer pools A and B (PCR tiling of COVID-19 virus, version 4; ONT, Didcot, United Kingdom). PCR was performed in the following conditions: 98°C for 30 s, followed by 30 cycles of amplification at 98°C for 15 s and 65°C for 2 min with the Veriti DX 96-well Thermal Cycler (Applied Biosystems, Bedford, MA, United States). DNAse/RNAse-free water was assayed in each batch as a negative control. A synthetic double-strand SARS-CoV-2 sequence with a length of 820 bp (NC_045512.2: nt 13,005–13,824) was used as a positive control. PCR products were cleaned up with the same volume of Agencourt AMPure XP beads (A63881; Beckman, Brea, CA, United States). In the next stage, the Ultra II End-Repair/dA-Tailing Module (E7546; NEB, Ipswich, MA, United States) was used for end-prep reaction and the Next Ultra II Ligation Module (E7595; NEB, Ipswich, MA, United States) used for barcode ligation with Native Barcoding Expansion 96 (NBD-196; ONT, Didcot, United Kingdom). MinION library preparation was performed according to the manufacturer’s instructions in the Ligation Sequencing Kit (SQK-LSK109; ONT, Didcot, United Kingdom). Different barcoded samples were pooled with equal masses. The concentration of each library was measured using Qubit 4.0 Flurometer (Invitrogen, Carlsbad, CA, United States), and the volume of each library was then calculated to make an equimolar pool of libraries. The pool of libraries was finally sequenced using the ONT MinION platform (MinKNOW 19.12.5).



Sequencing Data Analysis

After Nanopore sequencing, the raw data were filtered using NanoFilt software3. High-quality reads (Q ≥ 10) were retained. The clean data were mapped to the reference genome of SARS-CoV-2 isolate Wuhan-Hu-1 (accession no. NC_045512.2) using Minimap2 software (Li, 2018). The reads that could be mapped to the reference with a ≥ 50 mapping quality score (MAPQ) were then compared with the reference using BLAST software (Altschul et al., 1990). When the alignment of a read with reference by BLAST covered >80% of the whole read and the sequence identity was ≥90%, this read was recognized as a SARS-CoV-2 read. For each sample, the sequencing depth of each position and the number of times that position was read were calculated with SAMtools mpileup. The calculation was based on the mapping results of the confirmed SARS-CoV-2 reads (Li et al., 2009). Genome coverage was determined using the proportion of sequenced genome position. It was calculated based on the number of sequenced reference position, which was divided by the reference genome size (29,903 bp).



Statistical Analysis

To evaluate the detection ability of NAS for SARS-CoV-2 in clinical samples, we calculated the sensitivity and specificity of both the sequencing and the RT-qPCR results. Samples collected from COVID-19 patients were considered positive, while the nasopharyngeal swabs from others were considered negative for the virus. The cutoff of the RT-qPCR outputs was followed by the instruction of 2019-nCoV nucleic acid detection kit used (Ct ≤ 38). The cutoff values of the read number and genome coverage from NAS were estimated by calculating the receiver operating characteristic (ROC) curve and the area under the curve (AUC) generated using the pROC package in R (Robin et al., 2011). Using different parameters of sequencing results, the sensitivity and specificity were then calculated once the maximum AUCs were obtained. Comparison of the Ct values and the genome coverage between the two groups was performed with a non-parametric comparison using the wilcox.test() function in R package. A p-value < 0.05 was considered statistically significant.




RESULTS


Rapid Severe Acute Respiratory Syndrome Coronavirus 2 Whole-Genome Detection by the Nanopore Amplicon Sequencing Approach

We enrolled 86 hospitalized patients diagnosed with COVID-19, with a median age of 65 years [interquartile range (IQR) = 50–76 years], with 52.3% being men (45 patients). There were 86 clinical samples collected from these patients, including 54 pharyngeal swabs, 31 sputum samples, and 1 fecal sample. To test the SARS-CoV-2 detection performance, we carried out a parallel design based on the NAS and RT-qPCR approaches for 86 clinical samples from COVID-19 patients (COVID-19 group) and 27 negative controls (NC group). In total, the detection of all 113 samples was performed in three R9.4 chips, which was completed in 8 h (Figure 1A).
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FIGURE 1. Results of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) NAS. (A) Detection time of NAS and RT-qPCR. (B) Viral read number of samples in the COVID-19 and NC groups. (C) Reference genome coverage of samples in the COVID-19 and NC groups. (D) ROC curve based on the viral read number. (E) ROC curve based on the reference genome coverage. NAS, nanopore amplicon sequencing; RT-qPCR, reverse transcription quantitative polymerase chain reaction; ROC, receiver operating characteristic; NC, negative controls; COVID-19, coronavirus disease 2019.


After filtering low-quality data and carrying out the two-step identification of reads from SARS-CoV-2, the median number of viral read was 585.5 (IQR = 384–2,755) in the 86 clinical samples. According to the ARTIC protocol, the overlapping amplicons covered nearly the whole viral genome, except for the 3′ and 5′ untranslated regions, and the median size of amplicons was 392 bp (IQR = 383–400). Among the high-quality clean data, the median length of nanopore reads was 495 bp (IQR = 346–532). Surprisingly, viral reads were also identified in all 27 samples of the NC group, with a median number of 20 (IQR = 8–64). Based on the mapping results of the viral reads to the reference genome of SARS-CoV-2 isolated from Wuhan-Hu-1, the median reference genome coverage was 30.5% (IQR = 21.4–40.0%) in the COVID-19 group and was 5.2% (IQR = 4.0–6.5%) in the NC group. Both the read number and the genome coverage of the virus for the COVID-19 group were significantly higher than those of the NC group (Figures 1B,C).



High Sensitivity and Specificity of Nanopore Amplicon Sequencing

The sensitivity and specificity of NAS were then estimated by drawing the ROC curve and calculating the AUC based on the viral read number and reference genome coverage in the COVID-19 and NC groups (Figures 1D,F). Two samples from COVID-19 patients were determined as negative, with a read number cutoff of 123. Three NC samples were then determined as positive. Subsequently, we obtained the highest sensitivity of 97.7% (84/86), along with a specificity of 88.9% (24/27) and an AUC of 0.983 (95% CI = 0.9626–1). With the genome coverage cutoff set as 9.005%, three samples from COVID-19 patients were determined as negative, while none of the NC samples were determined as positive. The highest AUC of 0.994 (95% CI = 0.9862–1) was then obtained, along with a sensitivity of 96.5% (83/86) and a specificity of 100% (27/27). These results revealed the high sensitivity and specificity of NAS for the detection of SARS-CoV-2 (Table 1).


TABLE 1. Sensitivity and specificity of nanopore amplicon sequencing (NAS) and reverse transcription quantitative polymerase chain reaction (RT-qPCR).

[image: Table 1]
We next performed parallel RT-qPCR detection of SARS-CoV-2 in these samples to compare the efficiency of both two methods. With the standard Ct value cutoff set as 38, 17 samples from COVID-19 patients were negative and one NC sample was positive. A sensitivity of 80.2% (69/86) and a specificity of 96.3% (26/27) were obtained (Figure 1E). Compared with the performance of RT-qPCR, NAS showed obviously higher sensitivity and specificity. In addition, the genome coverage generated by the NAS method was in line with the Ct value of RT-qPCR, with an R2 of 0.382 with the Ct value of the ORF1ab gene amplification and an R2 of 0.311 with the Ct value of the N gene amplification (Figure 2).
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FIGURE 2. Consistency of the genome coverage of NAS and the Ct value of RT-qPCR detection of the ORF1ab and N genes. NAS, nanopore amplicon sequencing; Ct, cycle threshold; RT-qPCR, reverse transcription quantitative polymerase chain reaction.




The Viral Load in Sputum Estimated by the Nanopore Amplicon Sequencing Approach Might Be Related With the Severity and Duration of Infection

The Ct value of RT-qPCR has been widely applied as a surrogate indicator for viral load. However, the sensitivity of RT-qPCR was markedly lower than that of NAS in the detection of the long-term stored samples in this study (80.2% vs. 96.5% as reference genome coverage). The reference genome coverage calculated from the NAS detection and the Ct value of RT-qPCR were highly consistent. We therefore estimated the viral load of the samples using both values (the Ct value of the ORF1ab gene was applied due to its higher consistency with the genome coverage generated by the NAS approach) and then compared their estimated efficiency, followed by analysis of the variations in the viral loads of COVID-19 patients during the period of infection.

Among the 54 pharyngeal swabs, 35 samples were from patients within less than 4 weeks after onset of clinical manifestations (hereinafter referred to as “≤4w AFS”) and 18 samples were from patients within longer than 4 weeks after the first clinical manifestations exhibited (hereinafter referred to as “>4w AFS”) (the confirmed time of a patient was missing; Figure 3A). For these two groups, the median Ct values were 29.95 and 28.75 and the median genome coverage values were 28.77% and 28.31%, respectively (Figures 3B,C). Neither the reference genome coverage nor the Ct value in pharyngeal swabs was significantly different between the two groups of patients (Figures 3B,C). Thirty-two pharyngeal swabs were from mild or moderate patients (mild group) and 22 samples were from severe or critical patients (severe group). In these two groups, the median Ct values were 28.8 and 29.4 and the median genome coverage were 30.2% and 23.8%, respectively (Figures 3D,E). There was also no significant difference in both Ct values and genome coverage in the pharyngeal swabs between the two groups. We then divided the 54 pharyngeal swabs into four groups based on both the onset of clinical manifestations and the severity of disease: ≤4w AFS and mild (19 samples), ≤4w AFS and severe (16), >4w AFS and mild (12), and >4w AFS and severe (6). For these four groups, the median Ct values were 30.6, 29.2, 28.7, and 29.9 (Figure 3F) and the median genome coverage values were 29.5%, 26.1%, 35.1%, and 23.7%, respectively (Figure 3G). No significant difference was observed between any two groups.
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FIGURE 3. Ct value of ORF1ab and reference genome coverage in pharyngeal swabs from COVID-19 patients. (A) Number of pharyngeal swabs from mild or moderate patients (mild group) and critical or severe patients (severe group) within less or longer than 4 weeks after onset of clinical manifestations (≤4w AFS or >4w AFS, respectively). (B,C) Ct value and reference genome coverage in pharyngeal swabs from patients with ≤4w AFS or >4w AFS. (D,E) Ct value and reference genome coverage in pharyngeal swabs from mild or severe groups. (F,G) Ct value and reference genome coverage in pharyngeal swabs in four groups based on both the time of diagnosis and the severity of patients. COVID-19, coronavirus disease 2019; AFS, after first showing clinical manifestations; Ct, cycle threshold.


In contrast, of the 31 sputum samples, 8 samples were from patients within ≤4w AFS and 23 samples were from patients within >4w AFS (Figure 4A). For these two groups, the median Ct values were 25.2 and 28.6 and the median genome coverage values were 50.4% and 31.3%, respectively (Figures 4B,C). The Ct values in the sputum were not significantly different between the two groups (Figure 4B); however, the median genome coverage values in the sputum from patients within ≤4w AFS were markedly higher than those from patients >4w AFS, but the difference was not significant (Figure 4C). Twenty-three sputum samples were from the mild group and 8 samples were from the severe group. For these two groups, the median Ct values were 28.1 and 25.5 and the median genome coverage values were 31.5% and 30.3%, respectively (Figures 4D,E). There was also no significant difference in both Ct values and genome coverage in the sputum between these two groups (Figures 4D,E). We then divided the 31 sputum samples into four groups based on both the time diagnosis and the severity of the disease: ≤4w AFS and mild (5 samples), ≤4w AFS and severe (3), >4w AFS and mild (18), and >4w AFS and severe (5). For these four groups, the median Ct values were 26.7, 24.6, 28.6, and 27.7 and the median genome coverage values were 34.7%, 82.8%, 31.4%, and 28.6%, respectively (Figures 4F,G). The genome coverage in ≤4w AFS and severe group was dramatically higher than those of the other groups, although the difference was not significant due to the limited number of samples, which was also in line with the feature of the Ct value (Figures 4F,G). Therefore, the viral load in sputum samples instead of that in pharyngeal swabs might be related to the severity of infection, particularly in patients with ≤4w AFS, which could be used as a secondary tool to evaluate the severity of SARS-CoV-2 infection.
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FIGURE 4. Ct value of ORF1ab and reference genome coverage in sputum samples from COVID-19 patients. (A) Number of sputum samples from mild or moderate patients (mild group) and critical or severe patients (severe group) within less or longer than 4 weeks after onset of clinical manifestations (≤4w AFS or >4w AFS, respectively). (B,C) Ct value and reference genome coverage in sputum samples from patients with ≤4w AFS or >4w AFS. (D,E) Ct value and reference genome coverage in sputum samples from mild or severe groups. (F,G) Ct value and reference genome coverage in sputum samples in four groups based on both the time of diagnosis and the severity of patients. COVID-19, coronavirus disease 2019; AFS, after first showing clinical manifestations; Ct, cycle threshold.





DISCUSSION

In this study, we detected SARS-CoV-2 in 86 clinical samples from COVID-19 patients using the NAS method on the Nanopore minION sequencing platform. We calculated the viral read number and reference genome coverage in each sample to evaluate the detection results. We estimated the sensitivity and specificity of this method using these results and those from 27 negative control samples. Our analysis revealed both a higher sensitivity and a better specificity (96.5% and 100%, respectively) of NAS (based on genome coverage) compared with RT-qPCR (80.2% and 96.3%, respectively). The reference genome coverage of the viral reads was in line with the Ct value of RT-qPCR, which revealed that the reference genome coverage could also be used as an indicator of the viral load in samples. In addition, the total time cost was less than 15 h, which was also acceptable compared with that of RT-qPCR (∼2.5 h). These results showed that the NAS method was accurate and rapid for SARS-CoV-2 detection in clinical samples.

Our results revealed that the NAS detection approach used in this study would be more sensitive and accurate than that based on PCR alone. Firstly, dozens of positions along the viral genome were detected by overlapping amplification, whereas only one or two loci were detected by RT-qPCR. Secondly, the amplicons were sequenced and validated by subsequent sequence comparison. This whole viral genome detection led to a high sensitivity and a good specificity simultaneously. This approach was used to diagnose a COVID-19 patient, in which the routine RT-qPCR was negative due to a viral mutation on the primer site and only one read was obtained by NGS detection (Mehta et al., 2020).

The NAS approach might also be more valuable than those based on NGS for the detection of SARS-CoV-2. Numerous studies performed SARS-CoV-2 detection and research based on NGS and revealed great valuable knowledge about the genomic characteristics and transmission of the virus (Gudbjartsson et al., 2020; Lu et al., 2020; Rambaut et al., 2020). However, due to the fixed and prolonged run time of the NGS platform, the detection results are usually obtained in 2–3 days, which limited its application in clinical tests and rapid screening. In contrast, sequencing using the ONT minION platform is flexible due to its real-time nature. With the NAS method, we performed SARS-CoV-2 genome amplification firstly to enrich the viral nucleotide fragments. Therefore, the data required would be moderate in the subsequent sequencing, by which the detection time (15 h, or even shorter) would be reduced significantly compared to deep sequencing using the NGS platform. Meanwhile, a high accuracy was also achieved due to the subsequent data analysis based on the long sequencing read compared with NGS (400 bp for NAS vs. 75–250 bp for NGS).

Our results showed the low Ct value of RT-qPCR and high genome coverage in sputum samples than in pharyngeal swabs from both mild (or moderate) and severe (or critical) COVID-19 patients within ≤4w AFS. The results of the two methods revealed consistent trends of the viral load difference between the two types of samples and the two periods. It has been reported that the viral load in pharyngeal swabs was lower than that in sputum samples, and the Ct value of RT-qPCR in pharyngeal swabs decreased more rapidly than that in sputum samples (Huang et al., 2020). The significant difference revealed by the genome coverage of NAS indicated that this method and the genome coverage data might make a better tool to evaluate the viral load and perform quantitative monitoring of clinical samples. In addition, the detection and quantitative monitoring of sputum might be more sensitive than pharyngeal swabs, which have been reported to be helpful in evaluating disease progression (Yu et al., 2020).

There are several advantages of this study. Firstly, we performed whole-genome amplification of SARS-CoV-2 and sequencing with ONT real-time sequencing technology, which allowed highly sensitive detection in samples for which the RT-qPCR results were false negative. Secondly, as the Ct value of RT-qPCR could be a relatively accurate parameter for the viral load, which was highly correlated with the copy number of droplet digital PCR (Yu et al., 2020), we analyzed the correlation of the Ct value with the genome coverage from our data and found consistency in the two values. We evaluated the performance of NAS based on the viral read number and also found a high sensitivity and an acceptable specificity (97.7 and 88.9%, respectively). Thirdly, we analyzed the time-varying characteristics of the sputum samples and pharyngeal swabs. Although the viral load in a clinical sample taken from a specific site may not be representative of the overall viral burden in SARS-CoV-2-infected carriers, pharyngeal swabs collected from patients confirmed to have COVID-19 beyond 4 weeks should be interpreted with caution (Thi et al., 2020). This method would also be valuable in the detection of other critical clinical pathogens, in particular those that cannot be well tested using routine methods, such as virus and fungi.

This study has a few limitations. Firstly, we only collected clinical samples from one hospital in Wuhan during the COVID-19 epidemic. Moreover, the quality of sample collection was limited to discarded samples, and there was about 6 months between RNA extraction and the RT-qPCR or NAS test. These partly explain the several COVID-19 patients showing negative results, with RT-qPCR showing a much worse performance in terms of sensitivity. On one hand, the storage time of the samples could negatively affect the RNA integrity, then causing failure of primer binding or PCR extension. On the other hand, the kits for reverse transcription and amplification were also different during the RT-qPCR detection and generation of the Nanopore library. Therefore, the differences in the sensitivity could also be partially explained by the differences in kits used for reverse transcription and amplification. Furthermore, the numbers of the different types of samples were not balanced; however, it was consistent with clinical practice. In addition, we did not obtain complete genome from any sample. On one hand, the samples were stored for months from the collection to the RNA extraction; therefore the RNA might have degraded partly. On the other hand, the amplification efficiencies of the primers covering the whole viral genome were not equal; therefore, parts of the genomes would not have been amplified and sequenced well.

Here, we evaluated a detection solution based on Oxford nanopore sequencing that showed increased accuracy and sensitivity, as well as saving time, by performing viral genome amplification and nanopore sequencing on SARS-CoV-2 detection. Our results showed the high sensitivity and specificity of this method compared with RT-qPCR. However, the higher costs and longer detection time limited its application at present. It is more suitable as a supplementary method for RT-qPCR now, e.g., while facing the emergence of a new Omicron variant. The sequencing results were also used as an indicator of viral load to display the viral dynamics during infection. This study proved the wide application prospect of nanopore sequencing detection of SAR-CoV-2 and provided more knowledge about the clinical characteristics of COVID-19. This approach would also be suitable for the development of more rapid and sensitive detection methods for critical clinical pathogens to improve the infectious disease diagnostics and disease control measurements.
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Characteristics Mean + SD [Median,IQR] n %
Age, years 47.9 +£22.3[45.0, 30.0-70.2]

Age categories

0-9 years 3 5
10-19 years 0 O
20-29 years 9 14
30-39 years 17 27
40-49 years § B8
50-59 years 7 11
60-69 years 7 1
70-79 years 9 14
80-89 years 5 8
90-100 years 1 2
Sex

Male 31 49
Female 32 51
Clinical symptom

Fever (>37.5°C at the onset symptoms) 41 65
Malaise 32 51
Cough 22 35
Sore throat 17 27
Loss of taste or smell 14 22
Runny nose 14 22
Chills 1 17
Loss of appetite g 9
Diarrhea 2 2
Days from onset to sample collection 7.4 +6.5[6.0,6.0-9.0]
Epidemiologic linkage

Epidemiologically linked 47 75
Not epidemiologically linked 13 20
Imported 3 5

SD, standard deviation; IQR, interquartile range. Note that P1-E is not included
in this table because the patient lived in a different city, and precise clinical and

virological information is not available.





OPS/images/fmicb-11-594928/fmicb-11-594928-g001.jpg
B == 19A == 19B ==20A == 20B == 20C

Clade
60
. 20B g
S 40
I 200 2
o
g
2
o
20
0 i
¢ @ S
Sample collection date
Clades
e 19A
© 19B
© 20A
© 20B
4
S
£CL, e 20C
£g,CL7 85, R AR
LaoSoy 7823 %%
//LSC[/‘; 7 4¢C;V7&5§§ 5 é%"? 5
n Sccvl,esgzsg Siet States
/LSCV;Q%‘.;e,O O Andhra Pradesh
2 Delhi
ILch32007 RMRC . Foreign
RMF@Z’g s A . Goa
\LSCV B cujarat
g J RVRC1O% L scvazses | Karnataka
ILSCV24694 RM| V26793
ILSCV30141 ILSC
ILSCV30140 Wuhan/WH01/2019 . Kerala
RMRC112 ILScya982  Maharashtra
RMRC165 illlscv33971
\/29666 SCV34478 Rajasthan
\\_50"302223 ’[—ggv32892 . Tamil Nadu
\Lso\li‘\géc\mmo“ ,Lsg3§§g9 Telangana
’LSC\/ 72
50\13530856 \1261'?659 ’LSCV§228896 . Uttar Pradesh
v ooNoae 1LLSCy 55993  West Bengal
LSNPl o LScy, 32895
\\%610 o12e l/7‘5‘6’0 ILSCV332872
LN 8, s
\e© \\%So\ﬂjﬂ /, Condition
B . Asymptomatic

Il Not Available
. Symptomatic

S P
(] B = P z
g PESN[ a8 S9gLeresh AT )
N FSoN ]IS 2832 era_ @
Sos Sy ool 85 BRI555589% 282\e2
<~ > NN <N PR S, 2
SLEe I552 5552322832 =088 050%
O 7% 2 BLO=T==933 T 022830050 % ©
N I 2aaq aRBpaB P390 BC LY,
X o == R7T=20Q8 % 2D B
S5 29 Y
S = & 5
2 ) °
= E






OPS/images/fmicb-11-594928/fmicb-11-594928-g002.jpg
leader

@ nsp2 () nsps @ nspb

protein (nsp1)

© nsp3 @ Mpro (nsp5)

@ nspi4

@ RARP (nsp12) @ nsp16

R_START-ORF1ab ¢ ORF10 @ ORF6&

@CH

@®ORF1ab @S

A

@ ORF8 @ M @ ORF3a  @ORF7b

@N

¥S§102s
MES0LY
40.€94
NI6ZEN
04680
vvi8l
A9VLYA
NEZLIN
S6159
NOZOSN
d¥919d
N68YYY
S6€£8¢S
416¢6d
VSroev
d9z9d
150291
acisiv
1911
M9l0cL
4909¢€7
Nzvoed
4¥8824d
dvc6d
a§kLvd

pp1ab amino acid changes

)
IS)
=

v o
N ®

JunNoo [j0

251

q.4d0
9440
eg4d0
01440

W
gel440-18VLS H¥HO
8440

S

N

qeLdd0

o]
N

o
N

'3} o

=i —~

sa)is pajeniy

w

Nucleotide changes(freq > 2%)

Sample count

- 0@ 20@ w0 @ oo

Clade

20A e 20B e 20C

19B e

19A o

L v68€69 | qeL4H0
- 171680 | qeL440
L 128280 | qeL440
F v21€90 | geL440
L v01€90 | geL4H0
L 0050 | qeL4H0
L 17€9€0 | qBL440
L 1£L€0 | qeL4H0
L 12£0€0 | qeL4H0
L 1659629 | 04440
L 0£88829 | N

L v2e88zo IN

- 188829 | N

L 828829 | N

L 1768820 N

L 19€820 | qeL440
L 1926829 |N

L 111820 IN

L 1122829 | 8440
L OvyL821 | 8440

L 1208220 | 42440
L 0zzz/21 19440
L og0/2v | qeL440
L 1662920 |

L 1£96629 | BEHHO
L vesereo | s

L ocovezy | s

L 1894229 | S

L 1pv1220 | S
14120 | qeL4H0
L veeyrizo | ger440
L 14/€6L0 | qeL440
L 1278810 | geL4HO
L 1957819 | qeL440
L 02819 | geL440
L 1200910 | geL4HO
L 1426510 | qeL440
L 1005719 | qeL440
L 1804710 | geL4H0O
L 10€2€L0 | qeLAHO
L 1002110 | geL4HO
L 1£80LL9 | qBL4H0
L 18€L0LD | qeL4HO

20C 1

208 1

20A 1

1981 @ o

19A 1

- 11#20 | qeL4HO-1HVLS HHD

D279N

G110X(Stop)

Nucleotide changes(freq > 2%)

R203K

Nucleocapsid

P13L






OPS/images/fcimb.2021.632965/fcimb-11-632965-g001.jpg
o oot s pcobionk dniaibl

-—ves

sisodousy
woisyuo)
eusovy
asanby
funuon
46003 wonpor
casnen
oy
capuouyy
eayieg
apepeay
anbies
seongaios
el
405
46103 g
oo

00
300
200

H

Suaneq J0 Jaquny





OPS/images/fmicb-12-749149/fmicb-12-749149-g001.jpg
Epidemic curve of SARS-CoV-2 outbreak in Niigata City, Japan
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Number (%) P-value
Total Low-altitude group ~ Medium-altitude group High-altitude group Ultra-high-altitude P4 P2 Ps
(n = 686) (<1,500 m) (n = 62) (1,500-3,000 m) (3,000-4,500 m) group (24,500 m)
(n =206) (n =230) (n =188)
Age (IQR) 26 (19-32) 26 (21-30) 25 (19-30) 25 (19-31) 27 (20-33) 0.521 0.534 0.462
Sex
Male 641 (93.4) 58 (93.5) 192 (93.2) 214 (93.0) 177 (94.1) 5099 >099 068
Female 45 (6.6) 4(6.5) 14 (6.8) 16 (7.0) 1 (5.9
Infected
Patients 668 (97.4) 61 (98.4) 201 (97.6) 225 (97.8) 181 (96.3) 058 0.63 0.37
Medical staff 18 (2.6) 1(1.6) 5(2.4) 5(2.2) 7@.7)
Current smoking 453 (66.0) 32 (51.6) 115 (65.8) 162 (70.4) 145 (76.6) 056 0.007 <0.001
Comorbidity
Hypertension 37 (5.4) 3(4.8) 8(3.9 13 (6.7) 13 (6.9) 072 >099 077
Cardiovascular 12(1.7) 1(1.6) 3(1.5) 3(1.3) 5(2.7) >0.99 >099 >0.99
disease
Diabetes 18 (2.6) 2(3.2) 5(2.4) 6(2.6) 5(2.7) 066 068 >099
Cerebrovascular 9(1.3) 0 2(1.0) 4(1.7) 3(1.6) 5099 058 >0.99
diseases
COPD 32 (4.7) 2(38.2) 629 939 15 (8.0) >099 >099 0.26
Chronic kidney 8(1.2) 0 1(0.5) 2(0.9) 5(2.7) >0.99 >099 >0.99
disease
Chronic liver 48 (7.0) 2(3.2) 9(4.4) 13 (6.7) 24 (12.8) >099 075 003
disease
Other 32 (4.7) 5(8.1) 6(2.9 9(3.9) 12 (6.4) 013 019 077
Signs and symptoms
Fever 312 (45.5) 22 (38.7) 65 (31.6) 116 (50.4) 109 (58.0) 064 0.045 0.003
Fatigue 264 (38.5) 8(12.9) 34 (16.5) 107 (46.5) 115 (61.2) 056 <0.001 <0.001
Cough 531 (77.4) 39 (62.9) 152 (73.8) 178 (77.4) 162 (86.2) 0.11  0.032 <0.001
Sputum 209 (30.5) 10 (16.1) 28 (13.6) 74 (32.2) 97 (51.6) 068 0.037 <0.001
production
Shortness of 137 (20.0) 5(8.1) 19 9.2) 54 (23.5) 59 (31.4) >0.99 0.007 <0.001
breath
Sore throat 128 (18.7) 5(8.1) 14 (6.8) 48 (20.9) 61 (32.4) 078 0025 <0.001
Abdominal pain 42 (6.1) 3(4.8) 10 (4.9) 18 (7.8) 11 (6.9 >0.99 0.083 >0.99
Diarrhea 35 (5.1) 3(4.8) 8(3.9 14 (6.1) 10 (6.3 073 0277 >0.99
Nausea 38 (5.6) 465 8(3.9) 15 (6.5) 1.9 048 >099 >0.99
Vomiting 26 (3.8) 232 6(2.9) 10 (4.3) 8(4.9) 5099 >099 >0.99
Respiratory rate 23 (20-27) 20 (19-22) 22 (20-24) 24 (21-26) 25 (22-29) 075 0043 0014
(IQR)
Heart rate (IQR), 86 (77-97) 80 (73-88) 85 (79-92) 89 (80-101) 92(82-103)  0.83 0.004 <0.001
bpm
Mean arterial 88 (81-96) 85 (78-91) 86 (81-92) 91 (83-100) 95 (88-104) >0.99 0.036 <0.001
pressure (IQR),
mmHg
Pneumonia
General 214 (31.2) 10 (16.1) 47 (22.8) 71 (30.9) 86 (45.7) 029 0025 <0.001
Severe 29 (4.2) 0 2(1.0) 2(5.2) 15 (8.0) >0.99 0.077 0.026
Treatment
Antiviral therapy 628 (91.5) 48 (77.4) 192 (93.2) 218 (94.8) 170 (90.4) 0.001 <0.001 0.014
Antibiotic 665 (96.9) 58 (93.5) 202 (98.1) 221 (96.1) 184 (97.9) 0.086 0.49 011
therapy
Use of 223 (32.5) 8(12.9) 45 (21.8) 78 (33.9) 92 (48.9) 0.15 <0.001 <0.001
corticosteroid
Nasal cannula 378 (55.1) 30 (48.4) 117 (56.8) 120 (62.2) 111 (59.0) 025 067 018
Non-invasive 172 (25.1) 12 (19.4) 41 (19.9) 62 (27.0) 57 (30.3) 5099 025 0.10
ventilation
Invasive 26 (3.8) 0 2(1.0) 11 (4.8) 13 (6.9) >099 013 0042
mechanical
ventilation
Prognosis
Hospitalization 19 (2.8) 0 1(0.5) 8(3.5) 10 (6.3) 084 016 0026
Recovery 593 (86.4) 58 (93.5) 190 (92.2) 196 (85.2) 149 (79.3) - - -
Discharge from 74 (10.8) 4(6.5) 15(7.3) 26 (11.3) 29 (15.4) - - -
hospital

Data are median (IQR), n (%), or n/N (%), where N is the total number of patients with available data. P-values comparing among different altitude areas are from f test, Fisher’s exact test,
or Kruskal-Wallis test (followed by post-hoc analysis with Dunnett’s t-test with Bonferroni adjustment). P; refers to the comparisons between the low-altitude group and medium-altitude
group. P refers to the comparisons between the low-altitude group and high-altitude group. P refers to the comparisons between the low-altitude group and ultra-high-altitude group.
IQR, interquartile range; COPD, chronic obstructive pulmonary disease.
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Receptor Monocytes Percentage of monocyte subsets (IQR) P-value
subsets
Low-altitude group Medium-altitude group High-altitude group Ultra-high-altitude group P, P, Ps
(<1,500 m) (1=35)  (1,500-3,000 m) (n = 109)  (3,000-4,500 m) (n = 94) (24,500 m) (n = 60)
CCR2 CD14** 84.8 (79.2-91.1) 82.6 (76.3-89.4) 81.3 (74.2-88.9) 789 (71.5-86.3) 078 0.15 0.073
CD16~
CD14** 74.1 (69.2-79.8) 72.5 (67.6-78.2) 70.4 (64.3-77.9) 68.9 (63.1-74.8) >099 034 013
CcD16*
CD14* 97.4 (95.2-99.7) 94.3 (91.7-97.9) 92.3 (89.4-96.3) 89.2 (86.9-93.4) 0.48 0.11  0.046
CD16**
CX3CR1 CD14** 63.7 (569.8-68.1) 61.2 (57.3-67.8) 59.6 (54.3-65.9) 56.5 (52.3-61.8) 052 0.15 0.084
CD16~
CD14** 96.7 (95.2-98.1) 94.4 (89.7-98.2) 91.3 (86.8-95.4) 87.5 (83.2-92.7) 035 0.065 0.013
CcD16*
cD14* 97.5 (96.3-98.8) 92.4 (88.1-96.7) 89.9 (86.5-95.1) 86.1 (82.8-91.2) 046 017 0034
CD16**
CD86 CD14%* 17.4 (14.8-21.6) 16.3 (14.2-20.9) 14.7 (11.5-17.9) 11.2 (8.9-16.4) 073 054 0.18
CD16~
CD14** 97.2 (95.7-98.4) 95.8 (93.3-97.5) 93.9 (91.8-96.2) 90.1 (86.5-94.8) 087 025 0.11
CD16*
CD14* 81.5 (77.9-86.3) 78.2 (73.7-84.5) 76.8 (70.2-82.9) 73.3 (68.2-78.7) 0.29 0.045 <0.001
CD16*"

Data are median (IQR), n (%), or n/N (%), where N is the total number of patients with available data. P-values comparing among diifferent altitudes are from ) test, Fisher's exact test, or
Kruskal-Wallis test (followed by post-hoc analysis with Dunnett’s t-test with Bonferroni adjustment). P; refers to the comparisons between the low-altitude group and medium-altitude
group. P; refers to the comparisons between the low-altitude group and high-altitude group. Ps refers to the comparisons between the low-altitude group and ultra-high-altitude group.
IQR, interquartile range; CCR2, chemokine C-C receptor 2; CX3CR1, chemokine C-X3-C receptor 1.
-, negative; +, positive; ++, strong positive. The different monocyte subsets are shown in Figure 4A.
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Sequence Variable name Mild Severe Mean Decrease Accuracy Mean Decrease Gini
1 Gender 0.000842276 0.000304033 0.000571913 0.148250306
2 Age 0.114189754 0.147716116 0.130207653 18.01285314
3 HU_disease 0.002974213 0.003116931 0.003079772 0.367923962
4 Heart rate 0.012114962 0.019990241 0.016000088 2.846081568
5 Fever 0.003780202 0.000847247 0.002318694 0.389517379
6 Cough 0.017572645 0.015699049 0.016538291 3.237108144
7 Expectoration 0.03154458 0.015864688 0.023332413 3.984819339
8 Fatigue 0.001708698 0.001729405 0.001704126 0.338710957
9 Dyspnea 0.000337112 0.000361101 0.000348378 0.198804768
10 Diarrhea 0.00045062 0.000512224 0.000479591 0.133668522
1 Poor appetite 0.0017915 0.001509113 0.001652048 0.273898309
12 Emesis 0.000103448 -2.91E-05 4.04E-05 0.02585151
13 headache 0.000741436 0.000554534 0.000661425 0.280146418
14 Muscle ache 0.000738661 0.00234859 0.001551771 0.328014275
15 FG_infection 0.00134232 0.000961904 0.001115436 0.196406068
16 pharynx dryness 0.013076183 0.012061961 0.012526584 2197295907
17 Onset_time 0.027652778 0.05316072 0.040377103 6.231243065
18 WBC2 0.006230574 0.010898642 0.008580465 2.048265
19 LYMBH2 0.009000937 0.016263749 0.012845822 2.371037233
20 PLT2 0.013663865 0.017568322 0.015517789 2663186165
21 Prothrombin_time 0.009546072 0.019385667 0.014444887 2.49562609
22 cK 0.012179427 0.02243054 0.017384287 2.454430363
23 cK-MB 0.008558614 0.019866388 0.014431234 2.067444666
24 Procalcitonin 0.016416281 0.033016345 0.024915001 3.630346879
25 D-dimer 0.063398879 0.089809009 0.076390526 12.2980474
26 Actual days 0.011318214 0.020510316 0.015964144 2.433158984
27 WBC1 0.013069936 0.019856579 0.016628493 2610376896
28 LYMBH1 0.008186132 0.015641668 0.011974092 1.797733889
29 PLT1 0.012741624 0.021607278 0.017247375 2606923867
30 NLR 0.012406788 0.025559522 0.019054742 3.198992108
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Basic characteristics All patients (n=231) Mild (n=110) Severe (n=121) P value
Gender [n]
Female 130 57 73 0.242
Male 101 538 48
age(years) 45.00[35.00,56.14] 35.00[20.00,41.00] 53.43[47.52,59.23] <0.001
Time from onset to admission (d) 3.00 [2.00, 6.32] 2.00 [1.00, 4.00] 4.00[2.51,8.83] <0.001
Actual number of days hospitalized (d) 19.00[14.00,23.00] 18.00[13.00,23.00] 20.36[14.56,23.28] 0.697
Family gathering infection [n(%)] 125 (54.1) 57 (51.8) 68 (56.2) 0.593
Comorbidities [n(%)]
Have disease 134 (58.0) 46 (41.8) 88 (72.7) <0.001
hypertension 52 (22.5) 3(2.7) 49 (40.5) -
diabetes 16 (6.9) 327 13(10.7) L
Cardiovascular diseases 8(3.5) 2(1.8) 6 (5.0 ——
Chronic liver disease 24 (10.4) 7 (6.4) 17 (14.0) ——
Respiratory disease 12(6.2) 6 (5.5) 6 (5.0 ——
Nervous system disease 0 0 0 ——
Metabolic diseases 4(1.7) 4 (3.6) 0(0.0 -
Blood system diseases 0 0 0 -
Chronic kidney disease 3(1.3) 3(2.7) 0(0.0) -
Tumor 9(3.9) 3.7 6 (6.0 i
other 100 (43.3) 29 (26.4) 71 (68.7) ==
Signs and symptoms [n(%)]
Fever 109 (47.2) 40 (36.4) 69 (57.0) 0.003
Cough 149 (64.5) 44 (40.0) 105 (86.8) <0.001
Expectoration 93 (40.3) 18 (16.4) 75 (62.0) <0.001
Fatigue 33(14.3) 8(7.3) 25 (20.7) 0.007
Dyspnea 6(2.6) 0(0.0) 6(5.0) 0.051
Diarrhea 11(4.8) 327 8(6.6) 0.282
Poor appetite 39 (16.9) 16 (14.5) 23(19.0) 0.466
Emesis 8(3.5) 2(1.8 6 (5.0) 0.345
headache 22 (9.5) 6 (5.5) 16 (13.2) 0.074
Muscle ache 16 (6.9) 11 (10.0) 5(4.1) 0.135
pharynx dryness 64 (27.7) 10(9.1) 54 (44.6) <0.001
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Laboratory index All patients (n = 231) Mild(n = 110) Severe (n = 121) P value
Heart rate (Times/min) 88.74 [82.00, 98.00] 90.00[82.00,103.75] 86.91(81.98,94.42] 0.075
white blood cell count 1 (x10%/L) 5.11[4.27,6.01] 5.03 [4.23, 6.01] 5.21[4.44,5.99] 0.799
<4 41(17.7%) 21(19.1%) 20(16.5%)
4-10 185(80.1%) 87(79.1%) 98(81.0%)
10 5(2.2%) 2(1.8%) 3(2.5%)
Lymphocyte count 1 (x10%L) 1.28 [1.05, 1.74] 1.45 [1.05, 2.03] 1.23(1.05, 1.60] 0.038
<1.0 48(20.8%) 21(19.1%) 27(22.3%)
>1.0 183(79.2%) 89(80.9%) 94(77.7%)
Platelet count 1 (x10%L) 179.00[168.80,216.93] 174.50[170.00,237.00] 184.86 [168.64, 208.51] 0.689
<100 0 0 0
>100 231(100%) 110(100%) 121(100%)
white blood cell count 2 (x10°/L) 5.35[4.78, 6.76] 5.39 [4.82, 6.76] 5.26 [4.74,6.74] 0315
<4 15(6.5%) 2(1.8%) 13(10.7%)
4-10 215(93.1%) 107(97.3%) 108(89.3%)
>10 1(0.4%) 1(0.9%) 0
Lymphocyte count 2 (x10%/L) 153 [1.36, 1.89] 1,54 [1.37, 1.94] 1.50 [1.35, 1.89] 0.101
<1.0 3(1.3%) 1(0.9%) 2(1.7%)
>1.0 228(98.7%) 109(99.1%) 119(98.3%)
Platelet count 2 (x10%/L) 229.20 [212.57, 283.81] 224.00 [198.75, 273.50] 233.61 [215.42, 288.51] 0.016
<100 3(1.3%) 3(2.7%) 0
>100 228(98.7%) 107(97.3%) 121(100%)
Prothrombin time (s) 12,51 [12.31, 12.95] 12.48 [12.31, 12.89] 1257 [12.31, 12.95] 0.703
Creatine phosphate kinase 44.71 [38.12, 68.08] 43.00 [37.51, 62.97] 45.19 [38.88, 76.26] 0.035
<50 131(56.7%) 65(59.1%) 66(54.5%)
>50 to <350 100(43.3%) 45(40.9%) 55(45.5%)
Creatine phosphate kinase isoenzyme 8.47 [7.81, 10.07] 8.58 [7.43, 10.97] 8.44 [8.03, 9.38] 0.735
Procalcitonin (ng/mi) 0.12[0.09, 0.17] 0.11[0.08, 0.14] 0.14 [0.10,0.18] <0.001
<0.1 63(27.3%) 39(35.5%) 24(19.8%)
20.1 t0<0.25 165(71.4%) 68(61.8%) 97(80.2%)
>0.25 t0<0.5 3(1.3%) 3(2.7%) 0
D - dimer (ug/L) 0.62 [0.46, 0.95] 0.47 [0.29, 0.62] 0.90 [0.61, 1.10] <0.001
NLR 2.55 [2.07, 3.39] 2.46 [1.84, 3.46] 2.62 [2.12,3.36] 0.048
Treatment programs
Antiviral infection 225 (97.4) 104 (94.5) 121 (100.0) ==
Anti-infective treatment 172 (74.5) 51 (46.4) 121 (100.0) -
Chinese medicine treatment 66 (28.6) 37 (33.6) 29 (24.0) -
oxygen therapy 135 (58.4) 33 (30.0) 102 (84.3) -

The data were median.
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Variable name Gender (Female) Age Underlying disease Heart rate Fever Cough

P value 0.193 5.54e-14"* 3.11e-06™* 0.0635 0.00182** 5.27e-12"**
Variable name Expectoration Fatigue Dyspnea Diarrhea Poor appetite Emesis

P value 2.83e-11" 0.0053** 0.987 0.180 0.367 0.211
Variable name headache Muscle ache FG_infection Pharynx dry onset_time WBC2

P value 0.0513 0.0888 0.505 3.59e-08"* 0.00857** 0.230
Variable name LYMBH2 PLT2 Prothrombin time CK CK-MB Procalcitonin
P value 0.0355* 0.0737 0.0784 0.00156™ 0.824 2.94e-06"*
Variable name D-dimer Actual_days WBC1 LYMBH1 PLT1 NLR

P value 5.96e-07"** 0.832 0.488 0.01005* 0.1224 0.804

“indlicates that the P value of the variable is less than 0.05.

“indicates that the P value is less than 0.01.
=*imAicates that the P value is less than 0.001.
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Estimate Std. Error P value
(Intercept) -13.42683 2.34558 1.04e-08"**
Age 0.14735 0.02545 7.08e-09"*
CK 0.06749 0.01521 9.17e-06"*
Procalcitonin 24.92632 6.64398 0.000176***
LYMBH1 -1.62463 0.76513 0.033727*
Cough 1.84101 0.54942 0.000806***
Fatigue 1.64915 0.73679 0.025201*
Pharynx dryness 2.84222 0.76075 0.000187**

‘indicates that the P value of the variable is less than 0.05.
*indicates that the P value is less than 0.001.
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Area of reporting hADV RSV Influenza FLU.A FLU.B Rhino PIV hMPV Year(s) of Total no. No. of
hADV research of samples  positive cases

Wisconsin, United States 27 778 - 241 45 30 226 - 1996-1998 3,325 1,347

Finland, United States, 95 572 - 285 270 74 211 63 1986-2003 9,768 1,059

Australia, Switzerland, the

Netherlands, Hong Kong,

Sweden

Europe, Asia, America, 126 561 246 - - 2,330 150 90 1971-2014 20,486 3,503

Oceania, Africa

Milan, Italy 11 188 a7 6 8 144 11 49 2007-2014 592 435

Bangladesh, China, Guatemala, 27 72 417 327 127 272 70 36 2013-2015 2,388 1,815

Kenya, Thailand, Egypt

Total no. of cases 286 2171 720 859 450 2,850 668 238 19712015 36,559 8159

hADV, human adenovirus; RSV, respiratory syncytial virus; FLU.A, influenza A; FLU.B, influenza B; Rhino, rhinovirus; PIV, parainfluenza virus; hMPV, human

metapneumovirus.
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Prevalence in India (%) Virus Prevalence in the rest of the world (%)

26 RSV 25
7 ADV 4

10 PIV 8

11 Rhino 356
11 Influenza

15 INF-A 10
12 INF-B

8 hMPV 3

RSV, respiratory syncytial virus; ADV, human adenovirus; PIV, parainfluenza
virus; Rhino, rhinovirus; INF-A, influenza A; INF-B, influenza B; hMPV, human
metapneumovirus.
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Detection of other Respiratory viruses in India from 1964-2020.
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Year(s) of study  Area RSV hADV  PIV  Rhino Inflienza INF-A INF-B hMPV  No.of No.of  References
samples  cases

1964-1970 West Bengal 4771 483 Koeneetal, 1970
2001 New Dehi 832 317 Jainetal., 2001
2008 West India 385 143 Yeolekar et al., 2008
2007-2008 Kolkata 1001 275  Agrawal etal, 2009
2009-2011 North India 1043 74 Guptaetal,2013
2009-2011 North India 245 98 Brooretal, 2014
2009-2011 Pune 843 503  Choudharyetal,
2013
2010-2011 Kolkata 2737 1616 Roy Mukherieo
etal, 2018
2010-2011 West Bengal 880 232 Mazumdar etal.
2013
2010-2011 Kolkata 447 35 RoyMukherieo
etal, 2013
2011-2012 Mumbai 200 78 Chavanetal, 2015
2011-2012 Lucknow 188 86 Singhetal, 2014
2012 North India 508 82 Sahaetal, 2015
2011-2013 East India 358 248 Mishraetal, 2016
2013-2014 Chennai 200 8 Ramyaetal, 2017
2012-2014 North India 875 335 Krishnan etal, 2019
2012-2014 Rajasthan 155 136 Malhotra etal., 2016
2014-2015 Chandigarh 23 15 Singhetal., 2018
2012-2015 Pondicherry 648 287 Palaniand Sistla,
2020
2012-2016 Rajasthan 907 747 Swamyetal., 2018
2016-2017 Odessa 382 108 Pandaetal, 2017
2017 J8K 233 46 Kouletal,2017
2017-2018 South India 69 33 Abinayaetal, 2020
2017-2018 Dehi 118 81 Meenaetal., 2019
2016-2018 Chennai 350 185 Hindupuretal,
2020
2018 Delhi 306 224 Sachdev and Gupta,
2018
2017-2019 Telangana 5 2 513 261 Anand and
Nimmala, 2020
2019 Coimbatore L 185 84 Akia, 2019
2019 Westinda 29 18 11 100 82 Sonawaneetal,
2019
2019 SouthIndia 94 6 383 180 Kinietal, 2019
2020 Pune 4 13 2 362 84 Potdaretal, 2020

The number of cases detected (Green to Orange Shading indicate increasing numbers) in the given study for a particular virus is listed under the virus name. RSV,
respiratory syncytial virus; RADV, human adenovirus; PNV, parainfiuenza virus: Rhino, rhinovirus; INF-A, influenza A: INF-B, influenza B: hMPV. human metapneumovirus.
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Region Virus type

RSV ADV PIV RHINO INFV INF-A INF-B hMPV Total no. of cases No. of positive cases
North India 232 83 102 59 195 40 12 11 2,085 747
East India 468 193 320 144 34 532 584 111 1,2875 4,548
West India 469 118 138 230 37 139 44 115 2,448 1,351
South India 324 10 54 76 18 89 o 56 2,298 1,013
Total cases 1493 404 614 509 284 800 684 293 1,9706 7,659

RSV, respiratory syncytial virus; ADV, adenovirus; PIV, parainfluenza virus; Rhino, rhinovirus; INFV, influenza virus; INF-A, influenza A; INF-B, influenza B; hMPV, human
metapneumovirus.
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Variables Female (n = 1305) Male (n = 1196) P value
Age, median (IQR), year 56(40-67) 59(44-69) 0.0002°
Days from symptom onset to admission, median (IQR), (Missing=20) 9(5-15) 9(5-15) 02708
Length of stay, median (IQR) 16(11-25) 16(11-26) 0.5095°
Comorbidities
Any 588(45.1) 646(54.0) <0.0001
Hypertension 418(32.0) 457(38.2) 0.0012
Diabetes 204(15.6) 213(17.8) 0.1445
Coronary heart disease 90(6.9) 145(12.1) <0.0001
Cerebrovascular disease 62(4.8) 107(8.9) <0.0001
COPD 64(4.9) 109(9.1) <0.0001
Malignancy 90(6.9) 67(5.6) 0.1824
Chronic liver disease 78(6.0) 89(7.4) 0.1428
Chronic kidney disease 50(3.8) 87(7.3) 0.0002
Signs and symptoms
Fever 806(61.8) 795(66.5) 0.0142
Dry cough 661(50.7) 562(47.0) 0.0673
Shortness of breath 284(21.8) 255(21.3) 0.7886
Fatigue 239(18.3) 224(18.7) 0.7896
Chest stuffiness 233(17.9) 217(18.1) 0.8507
Expectoration 184(14.1) 171(14.3) 0.8873
Anorexia 144(11.0) 120(10.0) 0.4157
Myalgia 71(5.4) 63(5.3) 0.8478
Diarrhea 75(5.7) 45(3.8) 0.0204
Vomiting 26(2.0) 26(2.2) 0.7506
Chest computed tomography findings (Missing=242) 0.0810
Ground-glass opacity 165(13.9) 145(13.5)
Local patchy shadowing 162(13.6) 114(10.6)
Bilateral patchy shadowing 861(72.5) 812(75.8)
Complications
Shock 13(1.0) 25(2.1) 0.0255
Acute respiratory distress syndrome 99(7.6) 135(11.3) 0.0015
Acute cardiac injury (Missing=913) 127(15.4) 165(21.6) 0.0015
Acute kidney injury (Missing=31) 369(28.7) 271(22.9) 0.0009
Secondary infection (Missing=568) 303(30.2) 370(39.8) <0.0001
Urinary tract infection 116(22.9) 75(17.4) 0.0365
Disease severity
Severe 562(43.1) 656(54.9) <0.0001
Clinical outcome <0.0001
Discharged 1238(94.9) 1068(89.3)
Died 67(5.1) 128(10.7)

COPD, Chronic obstructive pulmonary disease.
“Unless otherwise indlicated, values shown are n(%).

bThese P values are associated with Wilcoxon-Mann-Whitney-Test: all other P values are associated with f tests.
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Variables Female (n = 1305) Male (n = 1196) P value®
Hematologic
Blood leukocyte count >10x10%L. 94(7.3) 105(8.8) 0.1630
Lymphocyte count <1.1x10%L 410(31.8) 455(38.2) 0.0008
Neutrophil count >6.3x10%/L 151(11.7) 154(12.9) 0.3533
Platelet count <125x10%/L 87(6.7) 145(12.2) <0.0001
Biochemical
Hemoglobin <110 g/L. 292(22.6) 269(22.6) 0.9675
Alanine aminotransferase >50U/L 152(11.9) 258(21.8) <0.0001
Aspartate aminotransferase >40U/L 130(12.3) 173(17.7) 0.0006
Lactate dehydrogenase >225U/L 247(24.4) 242(25.9) 0.4458
Total bilirubin >21umol/L 42(3.3) 95(8.1) <0.0001
Albumin <35g/L 544(42.4) 568(48 0) 0.0054
Blood urea >8.2mmol/L 95(7.4) 139(11.7) 0.0002
Creatinine >133umol/L 208(16.2) 186(15.7) 0.7394
Creatine kinase >190U/L 103(9.0) 193(18.4) <0.0001
Creatine kinase-MB >6.73ng/ml 10(4.3) 14(6.3) 0.3424
High-sensitivity troponin | >0.014ng/ml (99" percentile) 99(12.0) 119(15.6) 0.0394
Myohemoglobin >75ng/ml 48(11.7) 77(19.3) 0.0028
Brain natriuretic peptide >100pg/ml 157(30.2) 169(35.7) 0.0670
Coagulation test
Prothrombin time >15s 146(12.0) 228(20.0) <0.0001
Activated partial thromboplastin time >40s 51(4.2) 58(5.1) 0.2939
D-dimer >1ug/mi 476(38.7) 457(40.5) 03773
Infection-related indices
C-reactive protein >5 mg/L 624(49.5) 710(61.1) <0.0001
Procalcitonin >0.5 ng/ml 28(3.3) 62(8.3) <0.0001
Interleukin-6 >7pg/ml 99(30.9) 123(45.2) 0.0003

Al p-values are associated with 2 tests.
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Variables Male vs. Female' Postmenopausal females vs. Males >50 years vs. Males <50 years vs.
Premenopausal females® Postmenopausal females® Premenopausal females®
Complications
Shock 1.68(0.81-3.47) 0.66(0.06-6.98) 1.75(0.82-3.73) 0.91(0.06-15.00)
Acute respiratory distress syndrome 1.37(1.03-1.83)* 1.82(0.83-4.01) 1.36(1.00-1.83)* 1.42(0.61-3.34)
Acute cardiac injury (Missing=913) 1.25(0.94-1.68) 0.87(0.43-1.74) 1.36(0.99-1.86) 0.74(0.34-1.64)
Acute kidney injury (Missing=31) 0.57(0.47-0.70)™ 0.91(0.61-1.36) 0.59(0.46-0.75)™* 0.54(0.37-0.77)*
Secondary infection (Missing=568) 1.39(1.14-1.69)" 0.46(0.30-0.70)* 1.67(1.31-2.12)** 0.97(0.69-1.37)
Urinary tract infection 0.60(0.43-0.85)** 2.33(1.14-4.75) 0.43(0.29-0.66)** 1.35(0.72-2.51)
Disease severity
Severe 1.46(1.24-1.73)"** 1.09(0.77-1.56) 1.37(1.11-1.68)* 1.65(1.23-2.22)*
Clinical outcome
Died 1.90(1.36-2.66) 2.05(0.59-7.15) 1.89(1.34-2.67)* 1.46(0.33-6.46)

*P < 0.0001, **P < 0.01, *P < 0.05.

“Adjusted for age and comorbidities including hypertension, diabetes, coronary heart disease, cerebrovascular disease, chronic obstructive pulmonary disease, malignancy, chronic liver
disease, and chronic kidney disease. Hospital was modeled as a random effect in the multivariable logistic regression.

bThe reference.
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Laboratory index All patients (n = 90) Mild (n = 79) Severe (n=11) P value
Heart rate (mean (SD))(Times/min) 90.68 (12.98) 90.73 (12.83) 90.27 (14.66) 0.923
white blood cell count 1 (x10%/L) 5.26 [4.60, 6.38] 5.25 [4.61, 6.39] 5.75 [4.64, 6.21] 0.936
<4 13(14.4%) 11(13.9%) 2(18.2%) v
4-10 74(82.2%) 66(83.5%) 8(72.7%) ==
>10 3(3.33%) 2(2.5%) 1(9.1%) —
Lymphocyte count 1(x10%L) 1.33 [1.05, 1.98] 1.39 [1.06, 2.00] 1.11[0.89, 1.52] 0.128
<1.0 16(17.8%) 13(16.5%) 3(27.3%) s
>1.0 74(82.2%) 66(83.5%) 8(72.7%) —
Platelet count 1(x10%L) 179.00 [164.00, 237.00] 179.00 [162.00, 237.00] 201.00 [171.00, 224.00] 0.54
<100 0 0 0 .
>100 90 79 " ==
White blood cell count 2(x10%/L) 5.49 [4.92, 6.78] 5.52 [4.96, 6.78] 5.04 [4.74,6.75] 0.378
<4 6 (6.67%) 4(5.1%) 2(18.2%) e
4-10 83(92.2%) 74(93.7%) 9(81.8%) —r—
>10 1(1.11%) 1(1.3%) 0 e
Lymphocyte count 2 (x10%/L) 157 [1.37,1.97) 1,58 [1.38, 1.98] 1.46 [1.23, 1.73] 0.232
<1.0 4(4.44%) 3(3.8%) 1(9.1%) i
>1.0 86(95.6%) 76(96.2%) 10(90.9%) =
Platelet count 2 (x10%/L) 221.34 [198.75, 271.25] 221.54 [196.00, 273.00] 217.20 [211.30, 233.64] 0.966
<100 2(2.22%) 2(2.5%) 0 =
>100 88(97.8%) 77(97.4%) 11(100%) ——
Prothrombin time (s) 12.50 [12.30, 12.99] 12.50 [12.30, 13.11] 12.50 [12.31, 12.86] 0.777
Creatine phosphate kinase 43.86 [37.59, 59.90] 44.74 [37.98, 61.00] 40.91 [36.51, 51.56] 0.542
<50 54(60%) 46(58.2%) 8(72.7%) e
>50 to <350 36(40%) 33(41.8%) 3(27.3%) ——
Creatine phosphate kinase isoenzyme 8.58 [7.39, 11.63] 8.90 [7.35, 12.05] 8.35 [7.45, 8.54] 0.254
Procalcitonin (ng/mi) 0.11 [0.08, 0.15] 0.11[0.08, 0.14] 0.12[0.10,0.18] 0.158
<0.1 34(37.8%) 32(40.5%) 2(18.2%) ——
20.1 to <0.25 52(57.8%) 43(54.4%) 9(81.8%) -
>0.25 t0 <0.5 4(4.44%) 4(5.1%) 0 ——
D - dimer (ug/L) 0.47 [0.28, 0.67] 0.44 [0.24, 0.65] 0.75 [0.57, 1.04] 0.002
NLR 2.47 [1.84,3.38] 2.44[1.82, 3.38] 2.82 [2.34, 3.58] 0213
Treatment options
Antiviral infection 86(95.6%) 75(94.9%) 11(100%) ==
Anti-infective treatment 51(56.7%) 40(50.6%) 11(100%) ——
Chinese medicine treatment 31(34.4%) 28(35.4%) 3(27.3%) -
oxygen therapy 38(42.2%) 28(35.4%) 10(90.9%) -

The data were median.
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Basic characteristics Al patients (n=90) Mild (n=79) Severe (n=11) P value
Gender [n]

female al 36 5 il
male 49 43 6

age (mean (SD))(years) 36.07 (18.36) 33.70 (17.69) 53.09 (13.99) <0.001
Time from onset to admission (d) 2.50 [1.00, 4.00] 2.00 [1.00, 4.00] 4.00 [2.50, 9.00] 0.016
Actual number of days hospitalized (mean (SD))(d) 18.67 (7.49) 18.583 (7.30) 19.73 (9.08) 0.682
Family gathering infection [n(%)] 48 (53.3) 41 (51.9) 7 (63.6) 0.683
Comorbidities [n(%)]

Have disease 40 (44.4) 32 (40.5) 8(72.7) 0.091
Hypertension 11(12.2) 6(7.6) 5 (45.5) —
Diabetes 4 (4.4) 1(1.3) 3(27.3 s
Cardiovascular diseases 3(3.3) 2 (2.5) 19.1) —_
Chronic liver disease 7(7.8) 6 (7.6) 1(9.1) ——
Respiratory disease 5(5.6) 4(5.1) 1(9.1) ——
Nervous system disease 1(1.1) 1(1.3 0 -
Metabolic diseases 4 (4.4) 4(5.1) 0 -
Blood system diseases 0 0 0 -
Chronic kidney disease 2(2.2) 2(2.5) 0 -
Tumor 3(3.3) 2(25) 10.1) i
other 25 (27.8) 19 (24.1) (54.5) =
Signs and symptoms [n(%)]

Fever 43 (47.8) 36 (45.6) 7 (63.6) 0.423
Cough 45 (50) 37 (46.8) (72.7) 0.198
Expectoration 23 (25.6) 18 (22.8) (45.5) 0213
Fatigue 10 (11.1) 8(10.1) 2(18.2) 0.776
Dyspnea 1(1.9) 0 1(9.1) 0.246
Diarrhea 333 2(2.5) 1(9.1) 0.811
Poor appetite 12 (18.3) 10 (12.7) (18.2) 0.975
Emesis 3(3.3) 2(2.5) 10.1) 0.811
headache 7(7.8) 6 (7.6) 19.1) il
Muscle ache 10 (11.1) 9(11.4) 1(9.1) 1
Pharynx dryness 13 (14.4) 9(11.4) (36.4) 0.080
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Patient P. aeruginosa K. pneumoniae Outcome
N.
Antimicrobial profile Resistance Load Antimicrobial profile Resistance Load
mechanisms mechanisms
MPM CAZ  CIP AK MPM  CAZ CIP AK
2 R S S S OprD MUT S R R S ESBL * Other ICU
3 R S R S OprD DEL s R R S ESBL - DEAD
4 - - - - - - S S S S - ® Pneumology
5 S S S S = - S S S S = * Infectioous
disease
6 S S S S - - R R R S KPC - Pneumology
7 S—R S—R S—R S OprD DEL S S S S = = DEAD
9 R S S S OprD MUT - R R R S KPC - DEAD
10 R S S s OprD MUT * - - - - - - Pneumology
12 R S S = OprD MUT * S | s S ESBL " DEAD
13 = = = B - - R R R S KPC o Other ICU
15 R R S S OprD MUT % - - - - - - Pneumology
1L R R S S OprD DEL o R R R R KPC - Pneumology
19 S S S S = * = = = - - DEAD
20 - - - - - - R R | KPC = Other ICU
22 S S S S - o - - - - - - Pneumology
24 R R R S OprD DEL = = = - & = s Other ICU
28 = = = = = = R R R R KPC - Other ICU
35 S S S S - R R R S KPC - Medicine
39 S R S S - e - - - Pneumology
43 R S—R S S OprD DEL . = - - = = - Pneumology
46 R R S S OprD MUT e R R R S KPC Pneumology
*10'; 107 10°

108 105 106

MPM, Meropenem; CAZ, ceftazidime; CIP, Ciprofloxacin; AK, Amikacin; R, Resistant; S, Susceptible; OPR D MUT, mutations present in the Porin D of P. aeruginosa affecting meropenem
resistance; OPR D DEL, deletion of the porin D gene in P. aeruginosa affecting meropenem resistance; ESBL, Extended Spectrum Beta-Lactamase; KPC, Klebsiella pneumoniae

carbapenemase; ICU, intensive care unit.





