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Background

The impact of COVID-19 on the world is still ongoing, and it is currently under regular management. Although most infected people have flu-like symptoms and can cure themselves, coexisting pathogens in COVID-19 patients should not be taken lightly. The present study sought to investigate the coexisting pathogens in SARS-CoV-2 infected patients and identify the variety and abundance of dangerous microbes to guide treatment strategies with a better understanding of the untested factors.





Methods

We extracted total DNA and RNA in COVID-19 patient specimens from nasopharyngeal swabs to construct a metagenomic library and utilize Next Generation Sequencing (NGS) to discover chief bacteria, fungi, and viruses in the body of patients. High-throughput sequencing data from Illumina Hiseq 4000 were analyzed using Krona taxonomic methodology for species diversity.





Results

We studied 56 samples to detect SARS-CoV-2 and other pathogens and analyzed the species diversity and community composition of these samples after sequencing. Our results showed some threatening pathogens such as Mycoplasma pneumoniae, Klebsiella pneumoniae, Streptococcus pneumoniae, and some previously reported pathogens. SARS-CoV-2 combined with bacterial infection is more common. The results of heat map analysis showed that the abundance of bacteria was mostly more than 1000 and that of viruses was generally less than 500. The pathogens most likely to cause SARS-CoV-2 coinfection or superinfection include Streptococcus pneumoniae, Haemophilus influenzae, Staphylococcus aureus, Klebsiella pneumoniae, and Human gammaherpesvirus 4.





Conclusions

The current coinfection and superinfection status is not optimistic. Bacteria are the major threat group that increases the risk of complications and death in COVID-19 patients and attention should be paid to the use and control of antibiotics. Our study investigated the main types of respiratory pathogens prone to coexisting or superinfection in COVID-19 patients, which is valuable for identifying and treating SARS-CoV-2.
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Introduction

Globally, as of December 2022, over 650 million confirmed cases of COVID-19, including 6.65 million deaths (WHO, 2020). SARS-CoV-2 is mainly transmitted by respiratory droplets and is usually characterized by fever, cough, fatigue, and dyspnea after infection (Xie et al., 2021). Because of the similarity with the clinical symptoms of other respiratory tract infections, especially bacterial infections, the coexisting pathogens in COVID-19 patients should not be ignored in prevention and treatment (Morris et al., 2017; Alshaikh et al., 2022). Elderly patients with underlying medical conditions are at risk of SARS-CoV-2 infection (Chen et al., 2021). Due to the relatively low immune function, these patients are more likely to have coinfection and secondary infection.

The widespread presence of pathogens in the respiratory tract is not conducive to rehabilitating COVID-19 patients. Secondary infection in COVID-19 patients is a key risk factor affecting disease severity and mortality (Mirzaei et al., 2020). Studies have shown that about 1/5 of COVID-19 patients require hospitalization due to clinical complications, including coinfection, hyperinflammatory response, or tissue pneumonia (Musuuza et al., 2021). In addition, although the prevalence of bacterial coinfection in infected patients is relatively low, the widespread practical use of antibiotics in hospital and community environments poses new challenges in managing antibiotics (Rothe et al., 2021). Distinguishing between viruses and secondary or concomitant bacteria and fungi infections remains challenging for clinicians. This diagnostic uncertainty leads to blind and excessive dependence on antibiotics in COVID-19 patients. It triggers the potential for adverse reactions related to bacterial resistance that may be caused by excessive use of antibiotics. In addition, the widespread use of empirical antibiotics, corticosteroids, and inflammatory inhibitors may mask the underlying symptoms of infection and lead to delays and inadequate diagnosis of secondary infections (Stasi et al., 2020). The co-infectious pathogens that have been reported include Human Metapneumovirus (Touzard-Romo et al., 2013), Influenza A virus (Wu et al., 2020), Legionella sp (Arashiro et al., 2020)., and HIV (Zhu et al., 2020).

The impact of SARS-CoV-2 infection on the nasopharyngeal microbiome has not yet been well described. As is well known, the upper respiratory microbiota located in the human nasopharynx is a key guardian of respiratory health and can help prevent or resist the invasion of easily infectious respiratory pathogens (Gao et al., 2014). The various microbial species in the upper respiratory tract microbiota form their unique microbial environment and in most cases, exist in a harmless symbiotic form. Some of these microbial species also belong to opportunistic pathogens, which can become pathogenic when the nasopharyngeal microbiota is imbalanced (de Steenhuijsen Piters et al., 2016). Most of the previously published studies only focused on SARS-CoV-2, ignoring other pathogens coexisting with SARS-CoV-2.

Examining co-exiting pathogens is beneficial to better understanding microbes in SARS-CoV-2 infected patients and to guide treatment strategies against those coexisted pathogens. In the present study, we conducted a metagenomic analysis of pathogens coexisting in the respiratory tract of SARS-CoV-2 infected patients, aiming to identify threatening pathogens and improve specific treatment plans for COVID-19 patients, which will help optimize treatment and minimize the negative impact of excessive use of antibiotics.





Methods

Metagenomics is an emerging technology developed on the basis of of next-generation sequencing (NGS) technology (Voelkerding et al., 2009). It can study the genomes of microbial populations in specific environments, generating millions to billions of readings in one run, allowing for rapid and accurate analysis of the entire genetic content of clinical or environmental samples (Chiu and Miller, 2019). Compared to traditional microbial research methods, rapid turnover is a major advantage of metagenomic sequencing technology. This study uses NGS as the main method and focuses on the microbial community of nasopharyngeal swabs from patients infected with SARS-CoV-2. Further analysis was carried out by constructing a database, and the sample and data processing flowchart is shown in Figure 1.




Figure 1 | Sample and data processing flowchart of nasopharyngeal swabs from SARS-CoV-2 infected patients.






Research object

From February 2 through March 20, 2020, we collected samples of oropharynx swabs from SARS-CoV-2 infected-confirmed patients in the Public Health and Clinical Center of Chengdu, China. There was no death in all the cases. In this study, we always observe the privacy rights of human subjects, and all the individuals had given informed consent before enrollment to this study, and samples were obtained.





Nucleic acid preparation and construction of metagenomic libraries

Total RNA was extracted by TRIzol LS Reagent (ambion®, Thermo Fisher Scientific, USA). Reverse Transcription-Polymerase Chain Reaction (RT-PCR) was applied using cDNA Synthesis Kit (Transcriptor First Strand, Roche, Inc., German), and afterward, we constructed a library by Universal V6 RNA-seq library Prep Kit (VAHTS®, Vazyme, China) for sequencing.

We extracted total DNA in tested specimens using a TIANamp Swab DNA kit (TIANGEN®, TIANGEN, China) and constructed a metagenomic library using KAPA HyperPlus Kit (KAPA, Roche, Inc., German) with dual-indexed Adapters. The DNA was fragmented to approximately 250 bp by the enzyme at 37°C for 20 min. After end repair and A-tailing, adapter ligation, post-ligation Cleanup, library amplification, and post-amplification Cleanup, the library was constructed. Agilent DNA 1000 kit (Agilent, Agilent Technology, Inc., USA) was used for library quality control.





Sequencing and bioinformatics analysis

The qualified DNA library was sent to the Novogene company for high-throughput sequencing with Illumina Hiseq 4000 (Illumina, USA), and all raw data were trimmed to remove adapter sequence, low-quality reads (bases with a quality value of < 5 accounts for > 50% of the total reads) and duplicate reads. The threshold for the minimum number of reads required to identify microbes is 20. After filtering out the human genome and plasmid genome, microbiological information is obtained. Based on the Krona algorithm, homology comparisons with reference sequences of bacteria, fungi, parasites, and viruses are carried out to identify the classification of microorganisms and draw a complete picture of species composition (Ondov et al., 2011; Wood and Salzberg, 2014). Finally, Heatmaps were generated for non-scaled, non-normalized titer data using a Pearson distance function with average linkage clustering using the program Heml (version 1.0), and statistics features in the study were calculated by IBM SPSS Statistical 21.






Results

We studied 56 specimens tested for SARS-CoV-2 and other pathogens from 42 patients. All of the samples were detected with SARS-CoV-2. Our study obtained 308.6 GB of data (https://www.ncbi.nlm.nih.gov/sra/?term=SRP273396). After homology comparison, we spotted dangerous respiratory pathogens such as Mycoplasma pneumoniae, Klebsiella pneumoniae, Legionella pneumophila, Streptococcus pneumoniae, Staphylococcus aureus, Haemophilus influenzae and Human gammaherpesvirus 4.




Clinical information

Most of the 42 patients exhibited symptoms of fever and cough, while 5 patients were asymptomatic carriers. As shown in Table 1, the majority are middle-aged and elderly, with an average age of approximately 51 years and a female population of 17 (40%). Twenty-one patients were accompanied with basic diseases such as diabetes and hypertension. Among them, a total of 11 (21%) patients had a history of antibiotic use.


Table 1 | Basic information statistics of patients with COVID-19.







Analysis of species diversity of samples

The results of pathogen analysis except SARS-CoV-2 showed that the respiratory tract microorganisms of 56 samples were mainly bacteria and viruses, and there were relatively many bacterial pathogens. The most common bacteria were Klebsiella pneumoniae, Legionella pneumophila, Streptococcus pneumoniae, Staphylococcus aureus, Haemophilus influenzae, and Bordetella bronchiseptica, and the positive rate was 100% (Table 2).


Table 2 | Proportions of Specimens Positive for Non–SARS-CoV-2 Respiratory Pathogens.







Analysis of community composition of samples

The community composition of oropharyngeal swab samples from patients with SARS-CoV-2 infection was analyzed. The pathogens in COVID-19 patients included bacteria, fungi, and viruses. In this study, the relative abundance sum of all samples was sorted, and the top ten pathogens in each sample were observed. As shown by Table 3, the relative abundance of bacteria (top 10 > 1%) and viruses (top 4 < 0.1%) are relatively high in oral and pharyngeal swab samples of patients with SARS-CoV-2 infection.


Table 3 | The principal bacteria, fungi, and viruses existed in the tested COVID-19 patients.



The bacterial community composition of all samples in the phylum, class, order, family, genus, and species is shown in Figure 2. The largest proportion of phylum bacteria is Proteobacteria (47.6%), Firmicutes (18.3%), and Actinobacteria (15.5%). The largest proportion of species of bacteria is Escherichia coli (9.5%), Salmonella enterica (7.6%), and Bacillus cereus (4.6%).




Figure 2 | Composition of the bacterial community in patients with SARS-CoV-2 infection. The bacterial communities of all samples in the phylum, class, order, family, genus, and species are (A-F) respectively.



The virus community composition of all samples is shown in Figure 3. Phylum in the virus is all of Negarnaviricota (100%). The largest proportion of viral species is Avian leukosis virus (16%), Pandoravirus inopinatum (9.7%), and Pandoravirus neocaledonia (9.7%).




Figure 3 | Composition of the virus community in patients with SARS-CoV-2 infection.



The abundance of bacteria in different dimensions of nasopharyngeal swabs is shown in Figure 4. It further quantifies the specific number of pathogens in these 56 test samples. The numerical values in the figure represent the abundance of pathogens. From the figure, it can be seen that Proteobacteria has the highest proportion among different bacterial groups, followed by Gammaproteobacteria.




Figure 4 | Statistical testing of the abundance and diversity of pathogenic bacteria.



The data of reads from the analytical outcome of Krona was integrated and then drew heat map that directly demonstrates an abundance of information on respiratory pathogens about bacteria (Figure 5) and viruses (Figure 6). In our study, the abundance of the above bacteria is mostly more than 1000, and the abundance of these viruses was generally smaller than 500. As shown by Figure 4, the relative abundance of Streptococcus pneumoniae, Haemophilus influenzae, Staphylococcus aureus, and Klebsiella pneumoniae was higher in the main co-infected bacterial communities in patients with SARS-CoV-2 infection. Among the main co-infected virus communities in patients with SARS-CoV-2 infection, the relative abundance of Human gammaherpesvirus 4 was the highest.




Figure 5 | Heat map of the co-infected bacteria abundance from SARS-CoV-2 infected patients.






Figure 6 | Heat map of the co-infected virus abundance from Sars-CoV-2 infected patients.







Difference analysis

To observe the differences in nasopharyngeal microbiota between patients with and without symptomatic symptoms and the use of antibiotics, the samples were divided into groups with and without antibiotic use, as well as symptomatic and asymptomatic groups. Plot the abundance data of each species at the phylum level into a column chart. We found that, consistent with the results of the combined analysis of all samples, the nasopharyngeal microbiota of patients with or without antibiotic use and without symptoms were mainly Proteobacteria, Firmicutes, and Actinobacteria. The comparison of differences shows that the main microflora in the nasopharynx of patients with COVID-19 infection in the antibiotic group was not significantly changed compared with those in the non antibiotic group (Figure 7). In the other group of comparison, we found that Cyanobacteria, Spirochaetes and Tenericites were significantly higher in symptomatic infected people than in asymptomatic COVID-19 infected people (Figure 8).




Figure 7 | Comparison of nasopharyngeal microbiota in COVID-19 patients with or without antibiotic. A refers to the group of COVID-19 patients without antibiotics, and B refers to the group of COVID-19 patients with antibiotics. The figure mainly shows bacteria with a proportion greater than 1%.






Figure 8 | Comparison of nasopharyngeal microbiota between symptomatic and asymptomatic COVID-19 patients. A refers to the asymptomatic COVID-19 patient group, and B refers to the symptomatic COVID-19 patient group. The figure mainly shows bacteria with a proportion greater than 1%.








Discussion

The current COVID-19 pandemic has entered a stable period under the effective control of government departments and has gradually become a “normal” existence similar to influenza viruses. However, deaths after COVID-19 infection still occur from time to time, and states should take appropriate measures to reduce the number of hospitalizations and deaths. Coinfections and superinfections are common in respiratory viral infections (McArdle et al., 2018; Paget and Trottein, 2019). It has been reported that coinfection caused by opportunistic pathogens in the host may significantly inhibit the immune system and adversely affect the prognosis (Li and Zhou, 2013), which may increase the mortality rate of patients infected with the virus (Beadling and Slifka, 2004; Metzger and Sun, 2013). In addition to coronaviruses, infections caused by opportunistic pathogens can also increase the burden on the host (Bengoechea and Bamford, 2020).

In this study, the frequently identified bacteria among COVID-19 patients were K. pneumoniae, S. pneumoniae, and S. aureus, which was in line with other studies. Consistent with the results of other studies, SARS-CoV-2 has a threatening coinfection with K. pneumoniae, L. pneumophila, and S. pneumoniae (Zhu et al., 2020; Musuuza et al., 2021). Despite low rates of coinfection bacteria and fungus among COVID-19 patients (Rawson et al., 2020), the detrimental impact of coinfection is a delicate issue in public health. That is because the knowledge of SARS-CoV-2 was yet to be fully understood, and relevant research revealed potential detriment, such as SARS-CoV-2 associated infection in patients with TB and various bacteria were identified in various samples among SARS patients (Tan et al., 2005; Motta et al., 2020; Tadolini et al., 2020). Some investigators also speculated that some patients die from bacterial coinfection rather than the virus (Mirzaei et al., 2020).

Some identified bacteria in our study, mostly conditional pathogens, are presented below. They might become pathogenic when the immune function is weakened (Zhu et al., 2020). K. pneumoniae and H. influenza were some of the most frequent co-infecting pathogens (Lansbury et al., 2020), and these bacteria were found similarly in our study. K. pneumoniae is one of the important pathogens for clinical isolation and nosocomial infection, which exists in the human body’s upper respiratory tract and intestines. Under the condition of dysbacteria by abusing antibiotics or impaired function of immunity, K. pneumoniae might cause Klebsiella pneumonia with the symptom of acute onset, high fever, cough, and purulent sputum.

Among Pathogeniccoccus, S. pneumoniae is one of the severest pathogens in pathogenicity and a frequent cause of superinfection in the respiratory tract (Klein et al., 2016). Through pneumococcal hemolysin and capsule, S. pneumoniae can cause lobar pneumonia, cephalomeningitis, bronchitis, and so forth (Musher, 1992). Pneumonia caused by S. pneumoniae is a sudden onset, fever, chills, severe pectoralgia, and rusty sputum. Because S. pneumoniae is sensitive to various antibiotics, penicillin G is the preferred remedy.

S. aureus is the most common pathogenic bacterium in human suppurative infections. S. aureus can cause local pyogenic infection, also causing pneumonia, pseudomembranous enteritis, pericarditis, and sepsis. The pathogenicity depends on the toxins and invasive enzymes. Staphylococcal pneumonia is characterized by repeated chills, tissue necrosis with abscess formation, and pulmonary cysts (mainly in infants); empyema and purulent sputum are more common (Cheung et al., 2021). Studies have shown that the rate of S. aureus infection in COVID-19 patients is significantly higher than in uninfected SARS-CoV-2 patients (Singh et al., 2021).

Influenza A virus (IAV) is highly pathogenic and mutates readily. The respiratory illnesses caused by IAV usually occur in winter and have been associated with disease outbreaks in several countries (Lafond et al., 2016). There have been many reports about infection of SARS-CoV-2 and IAV (Alshaikh et al., 2022). In a study by Xiang et al (Mirzaei et al., 2020), compared with SARS-CoV-2 infection, many patients co-infected with SARS-CoV-2, and IAV had severe dyspnea on admission. Coinfection of SARS-CoV-2 and IAV may develop more severe clinical conditions.

Human herpesvirus 4 (HHV4), or EB Virus (EBV), is the causative agent of infectious mononucleosis and is associated with nasopharyngeal carcinoma and childhood lymphoma. Infectious mononucleosis displays as fever, enlargement of lymph nodes, pharyngalgia, and hepatosplenomegaly (Nowalk and Green, 2016). The early treatment of ganciclovir and interferon can relieve symptoms, but it is noneffective for latent infection of EBV. EBV infection is widespread in the population. We also detected other viruses, such as Rhinovirus/enterovirus, Adenovirus, Human Respiratory Syncytial Virus, and Human retrovirus, consistent with previous studies (Kim et al., 2020; Lin et al., 2020). Studies have shown that the coinfection rate of EBV in SARS-CoV-2 positive samples is higher than that of other respiratory viruses, which is related to the immune status of the host (Singh et al., 2021).

Apart from these, some pathogenetic pathogens were tested by metagenomics sequencing, and these causative agents account for a large part of total pathogens. For instance, bacteria such as P. melaninogenica, R. mucilaginosa, S. mitis and fungi such as C. albicans, C. dubliniensis are opportunistic pathogens, which are fatal for critically ill patients with frequently taking antibacterial agents, impaired immunity, and long-term hospitalization. If these pathogens are found clinically, they will be a deadly threat to COVID-19 patients with severe illness.

Our research has linked the presence or absence of symptoms of COVID-19 infected people with the ecological imbalance of nasopharynx microorganisms, including the changes in microbial abundance and specific taxon abundance. It is worth noting that Cyanobacteria, Spirochaetes, and Tenericutes have a relatively high abundance in symptomatic patients, while only a few are in asymptomatic patients. This indicates that the presence of Cyanobacteria, Spirochaetes and Tenericutes may be related to the symptoms of patients with COVID-19. Cyanobacteria exists in all aquatic ecosystem of the earth, and can enter the human nasopharynx through the mucosal surface. It can cause pneumonia and liver damage by producing a variety of secondary metabolites (Buratti et al., 2017). Spirochaetes is a kind of bacteria with very special characteristics, which can move by virtue of the twisting movement generated by its unique “axoneme”. Borrelia burgdorferi is one of the more important members (Paster and Dewhirst, 2000). The presence of SARS-CoV-2 combined with Spirochaetes may be one of the reasons for relatively severe symptoms. The study proved that there was a significant correlation between the serum level of anti Spirochaetes antibodies observed in the same individual and the severity of COVID-19, and the serum level of anti Spirochaetes antibodies was closely related to the severity of COVID-19 and the risk of hospitalization (Szewczyk-Dąbrowska et al., 2022). Tenericutes have a single membrane and lack a cell wall, and can form a close relationship with humans in a symbiotic or parasitic state (Razin et al., 1998). Mycoplasma, as one of the important branches of Tenericutes, may also be the cause of the difference in symptoms among COVID-19 patients. A study reported differences in the microbial structure and composition of the nasopharynx between SARS-CoV-2 infected and uninfected pregnant women. The results showed that compared to uninfected individuals, SARS-CoV-2 infected individuals showed changes in their nasopharyngeal microbiota, with a higher relative abundance of Tenericutes (Crovetto et al., 2022).

In this study, the pathogens in COVID-19 patients were detected by metagenome sequencing and analysis, providing data support for the rapid identification of coexisting pathogens in COVID-19 patients (including potential patients). Besides, the outcome of this method is quite instructive for the treatment of subsequent COVID-19 patients. The situation that secondary bacterial infections lead to severer clinical outcomes should arouse increasing public concern. To prevent secondary infection caused by coexisting pathogens, it is important to comprehend how viruses and bacteria interact, enabling the development of more effective diagnostic and treatment approaches. However, this study is limited to a single district. The metagenomic analysis has some limitation because of the given sample size and spatiotemporal variation in viral epidemiology.





Future work

In the future, researchers will find out which pathogens are easy to induce related geriatric diseases in the elderly according to the analysis of coexisting pathogens in the positive patients, and the experimental results will guide clinical adjustment of COVID-19 treatment and medication programs for elderly patients.
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