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Abstract 21 

Co-infection with diverse bacteria is commonly encountered in patients infected with 22 

the novel coronavirus, SARS-CoV-2. This type of co-infection significantly impacts 23 

the occurrence and development of the novel coronavirus infection. Bacterial co-24 

pathogens are typically identified in the respiratory system and in blood culture, 25 

which complicate diagnosis, treatment, and prognosis of COVID-19, and even 26 

exacerbate the severity of the disease symptoms and increase mortality rates. 27 

However, the status and impact of bacterial co-infections during the COVID-19 28 

pandemic have not been properly studied. Recently, the amount of literature on the 29 

co-infection of SARS-CoV-2 and bacteria has gradually increased, enabling a 30 

comprehensive discussion on this type of co-infection. In the present review, we focus 31 

on bacterial infections in the respiratory system and blood of patients with COVID-32 

19, because these infection types significantly affect the severity and mortality of 33 

COVID-19. Furthermore, the development of COVID-19 has significantly increased 34 

the drug-resistance rates of bacteria. Understanding the drug-resistance rates of 35 

various bacteria is fundamental for the optimal utilization and management of 36 

antibiotics. 37 
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Introduction 44 

Since December 8, 2019, several cases of pneumonia of unknown etiology have been 45 

reported in Wuhan, Hubei province, China(Huang et al., 2020; Lu et al., 2020). The 46 

disease, identified as being caused by a novel coronavirus strain, severe acute 47 

respiratory syndrome coronavirus 2 (SARS-CoV-2), was named coronavirus disease 48 

2019 (COVID-19)(WHO, 11 february 2020). On Jan 30, 2020, the World Health 49 

Organization (WHO) declared the COVID-19 outbreak as a Public Health Emergency 50 

of International Concern (PHEIC)(WHO, 30 January 2020). In May 2023, WHO 51 

announced that COVID-19 was no longer a public health emergency(WHO, 5 may 52 

2023). However, although isolated COVID-19 infections will no longer pose a serious 53 

threat to human life, this perspective should be re-assessed in the presence of bacterial 54 

co-infections.  55 

A bacterial co-infection is a common complication of many respiratory viral 56 

infections, which leads to a significant increase in the incidence and mortality 57 

rates(Bakaletz, 2017; Westblade et al., 2021). During the 1918 influenza pandemic, 58 

bacterial co-infection was an important cause of most influenza-related deaths. 59 

Common upper respiratory tract bacteria, such as Streptococcus pneumoniae, β-60 

Hemolytic Streptococcus, Haemophilus influenzae, and Staphylococcus aureus, were 61 

the most common pathogens(Morens et al., 2008; Chien et al., 2009). During the 62 

2009 influenza pandemic, 18-30% of all intensive care unit (ICU) patients with this 63 

disease developed bacterial co-infections (MacIntyre et al., 2018). Other respiratory 64 

viruses, such as seasonal/pandemic influenza, Middle East Respiratory Syndrome 65 

Coronavirus (MERS-CoV), and SARS-CoV-1, also exhibit varying levels of 66 

bacterial/fungal mixed infections(Zahariadis et al., 2006; Assiri et al., 2013; Joseph 67 
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et al., 2013). In comparison, the infection and mortality rates of COVID-19 have far 68 

exceeded any other common influenza pandemics(Li et al., 2020). 69 

The co-infection with the novel coronavirus and other microorganisms is a critical 70 

factor in the pathogenesis of COVID-19. Clinical trials and metagenomic studies 71 

show that, in patients with COVID-19, other viruses, bacteria, and fungi, coexist with 72 

the novel coronavirus(Chen et al., 2020; Shen et al., 2020; Hoque et al., 2021), About 73 

50% of all patients who died of COVID-19 suffered from secondary bacterial 74 

infections(Chen et al., 2020; Zhou et al., 2020). Therefore, a bacterial co-infection 75 

may have additive effects on the pathophysiological progress of COVID-19. These 76 

additive effects may result in more difficult diagnosis and treatment, increased risk of 77 

shock and respiratory failure, prolonged hospitalization in an ICU, and even increased 78 

mortality rates(Ruuskanen et al., 2011; Li et al., 2020; Zhou et al., 2020; Hoque et al., 79 

2021). In addition, evidence shows that, due to COVID-19, an increased number of 80 

hospitalized patients have received an empirical antimicrobial treatment, potentially 81 

increasing the number of drug-resistant infections worldwide(Chen et al., 2020; Zhou 82 

et al., 2020). A recent special report from the US Centers for Disease Control and 83 

Prevention found a 15% increase in drug-resistant microorganisms associated with the 84 

epidemic(CDC,2022). Therefore, co-infection of drug-resistant bacteria not only 85 

brings difficulties to the treatment of COVID-19, but also challenges the management 86 

of antibiotics. However, and unfortunately, during the pandemic, these issues did not 87 

receive proper research and discussion. 88 

In the present review, we collect and discuss the research on bacterial co-infections 89 

published since the outbreak of COVID-19. We focus on bacterial co-infections of the 90 

respiratory system and bloodstream, because they greatly aggravate the development 91 

of COVID-19, increasing the rates of incidence and mortality of patients. In addition, 92 
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we also discuss drug resistance of related bacteria. The purpose of this review is to 93 

emphasize that microbial co-infection is a factor that cannot be ignored in COVID-19. 94 

Furthermore, we provide valuable references for clinicians, concerning the diagnosis 95 

or treatment of patients with COVID-19 and a bacterial co-infection. 96 

Survey methodology 97 

The search engines we employed included PubMed 98 

(https://pubmed.ncbi.nlm.nih.gov/), ScienceDirect (https://www.sciencedirect.com/), 99 

Scopus (http://www.scopus.com/), and Google Scholar (https://scholar.google.com/). 100 

We conducted keyword searches that centered around, but were not limited to, the 101 

terms COVID-19, SARS-CoV-2, bacterial co-infection and COVID-19, risk 102 

factors for bacterial co-infection, pulmonary function and COVID-19, ventilator-103 

associated pneumonia and COVID-19, bloodstream infections and COVID-19, 104 

and antibiotic resistance during COVID-19.  105 

To address potential bias or low-quality articles, we applied a rigorous screening 106 

process. First, we conducted a title and abstract review to identify articles that were 107 

clearly irrelevant or did not meet our research criteria. Next, we undertook a full-text 108 

review to assess the methodological quality and scientific validity of the remaining 109 

articles. Articles were only included if they provided credible and unbiased evidence 110 

on the topic, had low risk of bias, and were of high quality according to our pre-111 

specified criteria. If articles were found to have significant bias or low quality, they 112 

were excluded from the review. Additionally, we performed sensitivity analyses to 113 

account for any potential bias introduced by including or excluding individual studies. 114 

Early evidence on COVID-19 and bacterial infections 115 
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Although there are limited data on bacterial infections in COVID-19 patients in the 116 

early stages of the outbreak, potential links between the two infection types have been 117 

investigated. Guan and colleagues evaluated the medical records of 1099 adult 118 

patients with laboratory-confirmed COVID-19, which were reported between 119 

December 11, 2019 and January 29, 2020. Many of these patients were admitted 120 

without sputum bacteriological or fungal assessments, possibly due to the 121 

overwhelmed state of many hospital resources at the time of the outbreak (Guan et al., 122 

2020).  123 

With a large number of studies, reports of COVID-19 and bacterial infections have 124 

increased, and potential links have been discovered. Zhou and colleagues analyzed 125 

191 adult COVID-19 hospitalized patients in Wuhan and found that sepsis was the 126 

most prevalent complication, both among non-survivors and survivors.(Zhou et al., 127 

2020). However, whether sepsis was caused by viral or bacterial infections in those 128 

patients still needs further studies. A study conducted at Zhongnan Hospital in Wuhan 129 

revealed that among the 221 adult COVID-19 patients, the incidence of mixed 130 

bacterial infections was significantly higher in severe cases, such as those requiring 131 

ICU and mechanical ventilation, compared to non-severe cases (25.5% vs. 1.8%; p < 132 

0.001)(Zhang et al., 2020). This difference suggests that bacterial infections may play 133 

a less relevant role in the early, non-severe stages of COVID-19. In fact, a UK study 134 

involving 836 patients with the novel coronavirus infection reported a relatively low 135 

frequency of bacterial co-infection during the early hospitalization for COVID-19 136 

(3.2%, 0-5 days after admission)(Hughes et al., 2020). Similarly, Rawson et al. 137 

analyzed a survey from China and the United States and reported that 8% of 806 138 

COVID-19 patients had a mixed bacterial or fungal infection(Rawson et al., 2020). 139 

Among 712 hospitalized adult COVID-19 patients at the Valladolid football Club in 140 
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Spain, 16% were reported to have a bacterial/fungal infection or co-141 

infection(Nebreda-Mayoral et al., 2022). Another study reported that the rates of co-142 

infection and secondary infection in patients with COVID-19 ranged from as low as 143 

0.6% to as high as 45%(Lai et al., 2020). 144 

Together, these early reports suggest that bacterial infections are present in COVID-19 145 

patients. Given the limited medical resources available in many hospitals in the early 146 

stages of the outbreak, information on the microbial causes and effects on COVID-19 147 

patients has been limited. This limitation reinforces the need to further study the 148 

effects of bacterial infections on COVID-19 patients, which we will focus of the 149 

following sections. 150 

Main bacterial species associated with co-infection in COVID-19 patients  151 

The global leading culprits in the cause of a hospital-acquired infection (HAI) or a 152 

community-acquired pneumonia (CAP) are the so-called ESKAPE pathogens: E. 153 

faecium, S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa and Enterobacter 154 

species(Rice, 2008). A recent microbiological study on patients with COVID-19 155 

showed that, in the COVID-19 infected patients, specific genera including 156 

Staphylococcus, Nostoc, Anabaena, Mycobacterium, Cyanothece, Bradyrhizobium, 157 

Actinomyces, Pseudomonas, Propionibacterium, Corynebacterium, 158 

Rhodopseudomonas, Nodularia, Burkholderia, Micrococcus, Acinetobacter, 159 

Methylobacterium, Streptomyces, Rhodococcus, and Rhodobacter had higher relative 160 

abundances, in comparison with the non-COVID samples(Hoque et al., 2021). 161 

Specifically, among the bacterial species reported to co-infect with COVID-19, 162 

Streptococcus pneumoniae, Staphylococcus aureus, Klebsiella pneumoniae, 163 

Haemophilus influenzae, Mycoplasma pneumoniae, Acinetobacter baumannii, 164 

Legionella pneumophila and Clamydia pneumoniae appear to be the most 165 
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common(Khatiwada & Subedi, 2020; Peddu et al., 2020; Hoque et al., 2021). The 166 

research by Sang et al. showed that, when patients with COVID-19 stayed in the ICU 167 

for more than 72 hours, a secondary infection became very common (86.6%). The 168 

most common bacteria involved in these secondary infections were Klebsiella 169 

pneumoniae (24.5%), Acinetobacter baumannii (21.8%), Stenotrophomonas 170 

maltophilia (9.9%), Candida albicans (6.8%), and Pseudomonas spp. (4.8%)(Sang et 171 

al., 2021). In a retrospective, single-center study held by Chen et al., among the 99 172 

cases of 2019 novel coronavirus pneumonia in Wuhan, the co-infected bacterial 173 

species included Acinetobacter baumannii and Klebsiella pneumoniae(Chen et al., 174 

2020). In another retrospective cohort study, Garcia-Vidal et al. studied the 175 

community-acquired infection and HAI of patients with COVID-19(Garcia-Vidal et 176 

al., 2021). In these community-acquired co-infections, thirty community-acquired 177 

bacterial co-infections were documented in 25 patients (2.5%). S. pneumoniae and S. 178 

aureus were the most common bacteria in this scenario. For HAI, a total of 51 179 

hospital-acquired infections were recorded among the 43 patients. Of these, 44 were 180 

bacterial and diagnosed in 38 patients (3.8%). The most commonly isolated 181 

microorganisms were P. aeruginosa (n = 8), E. coli (n = 6), Klebsiella spp. (n = 5), 182 

and S. aureus (n = 5)(Garcia-Vidal et al., 2021). In another study on the lung 183 

microbiome of 20 deceased COVID-19 patients by post-mortem biopsies, the most 184 

common bacterial genera identified were Acinetobacter, Chryseobacterium, 185 

Burkholderia, Brevundimonas, Sphingobium, and Enterobacteriaceae(Fan et al., 186 

2020).  187 

Concerning fungal infections, Aspergillus flavus, Candida glabrata, and Candida 188 

albicans were the most common co-infecting fungi(Bassetti et al., 2020; Sang et al., 189 

2021). In patients with COVID-19, Zuo et al. observed remarkable enrichments of 190 
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opportunistic fungal pathogens, specifically belonging to the Candida and Aspergillus 191 

lineages, during the course of the disease. Among them, C. albicans was represented 192 

excessively in COVID-19 patients(Zuo et al., 2020). In addition, a descriptive study 193 

by Chen et al. showed that Aspergillus flavus, Candida glabrata, and Candida 194 

albicans were the most common coinfecting fungi(Chen et al., 2020). Similarly, 195 

Salehi et al. analyzed 53 hospitalized COVID-19 patients with oropharyngeal 196 

candidiasis (OPC). These researchers found that C. albicans was the most prevalent 197 

pathogen, accounting for 70.7% of all infections, followed by C. glabrata (10.7%), C. 198 

dubliniensis (9.2%), C. parapsilosis sensu stricto (4.6%), C. tropicalis (3%), and C. 199 

krusei (1.5%)(Salehi et al., 2020).   200 

In conclusion, there is a growing number of reports of bacterial infections in patients 201 

with COVID-19. Although the main types of bacterial infection in different regions of 202 

the world are different, it is clear that the rate of SARS-CoV-2 co-infection is in direct 203 

proportion to the severity of the disease(Denina et al., 2020). It is also clear that co-204 

infection increases COVID-19 mortality rates(Bengoechea & Bamford, 2020). 205 

Therefore, carefully monitoring whether COVID-19 patients also have bacterial 206 

infections will help prevent and treat these patients. 207 

Impact of the combination of COVID-19 with bacterial infections on lung 208 

function 209 

In recent years, a large body of evidence has indicated that the lungs are the organs 210 

most severely affected by COVID-19, undergoing a series of pathophysiological 211 

events including diffuse alveolar epithelium destruction, hyaline membrane 212 

formation, capillary damage and bleeding, alveolar septal fibrous proliferation, and 213 

pulmonary consolidation(Mo et al., 2020; Shi et al., 2020; Torres-Castro et al., 2021; 214 

Steinbeis et al., 2022). An important characteristic of COVID-19 is the extensive 215 
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injury of alveolar epithelial cells and endothelial cells with secondary 216 

fibroproliferation(Venkataraman & Frieman, 2017; Wendisch et al., 2021). This type 217 

of injury indicates a potential for chronic vascular and alveolar remodeling, which can 218 

lead to lung fibrosis and/or pulmonary hypertension(Frija-Masson et al., 2020; 219 

Wendisch et al., 2021). These changes in the lungs directly lead to the degradation of 220 

their function. According to statistics, 15-20% of ICU inpatients affected by COVID-221 

19 received ventilation support(Karagiannidis et al., 2020; Grasselli et al., 2021; 222 

Strålin et al., 2021). However, whether bacterial infection in COVID-19 played an 223 

important role in this process has not been discussed.  224 

COVID-19 and ventilator-associated lower respiratory tract infections 225 

Ventilator-associated pneumonia (VAP) is an important factor affecting the lung 226 

respiratory function. VAP that complicates COVID-19 infections has often occurred 227 

in late stages of mechanical ventilation(Luyt et al., 2020; Blonz et al., 2021; Maes et 228 

al., 2021). Some studies have proved that the respiratory dysfunction of patients with 229 

COVID-19 has an important connection with bacterial ventilator-associated lower 230 

respiratory tract infections (VA-LRTIs)(Luyt et al., 2020; Blonz et al., 2021; COVID-231 

ICU Group on behalf of the REVA Network and the COVID-ICU Investigators, 2021; 232 

Rouzé et al., 2021; Razazi et al., 2023). Previous studies have found an increased risk 233 

of VAP and VA-LRTI in critically ill patients with COVID-19, with incidence rates 234 

ranging from 29% to 86%(Razazi et al., 2020; Blonz et al., 2021; Giacobbe et al., 235 

2021; Maes et al., 2021). In a retrospective study involving 91 patients with COVID-236 

19 respiratory failure (81 on a ventilator for > 48 h), Maes et al. reported a hazard 237 

ratio of 2.1, compared to non-COVID-19 patients, and an incidence of VAP of 238 

79%(Maes et al., 2021). In another study of 568 COVID-19 patients, 29% had VAP, 239 

with a higher incidence than that observed in influenza pneumonia or non-viral 240 
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pneumonia(Giacobbe et al., 2021). Additionally, Hedberg et al. compared the VA-241 

LRTIs of the first and second waves of the epidemic. They reported that the duration 242 

of mechanical ventilation was shorter during the second wave (8 days; interquartile 243 

range [IQR]: 5–16 days) compared with the first wave (11 days; IQR: 6–19 days). The 244 

mortality rate within 24 hours after extubation in the second wave (32%, 30/93) was 245 

significantly higher than that in the first wave (20%, 76/381) (Hedberg et al., 2022). 246 

Bacteriology analysis of alveolar lavage fluid from VAP patients revealed that, at the 247 

ICU admission moment, the incidence of VA-LRTI was significantly higher in 248 

patients with COVID-19 pneumonia, than in patients with influenza pneumonia or no 249 

viral infection. Gram-negative bacilli, primarily P. aeruginosa, Enterobacter spp., and 250 

Klebsiella spp., were the causative agents in the majority of the first VA-LRTI 251 

episodes, while gram-positive bacteria were mainly Staphylococcus aureus(Giacobbe 252 

et al., 2021; Grasselli et al., 2021; Rouzé et al., 2021; Wicky et al., 2021; Hedberg et 253 

al., 2022). Additionally, a considerably higher rate of Extended-spectrum Beta-254 

lactamase-producing Enterobacterales (ESBL-PE) has been reported, compared to 255 

historical non-COVID-19 controls (72% vs 47%). Aspergillus appeared to be more 256 

common in COVID-19 respiratory failure patients than in other populations(Razazi et 257 

al., 2020).  258 

Taken together, existing evidence suggests that COVID-19 is associated with 259 

exceptionally long durations of mechanical ventilation treatment and high VA-LRTI 260 

occurrence proportions. Compared to patients with influenza-induced pneumonia or 261 

those hospitalized in ICUs without viral infections, individuals infected with SARS-262 

CoV-2 are significantly more likely to develop VA-LRTI. Therefore, understanding 263 

the pathophysiology of VA-LRTI in patients with COVID-19 infection is very 264 

important for epidemic prevention, as well as for the control and treatment of the 265 
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disease. 266 

Tuberculosis and COVID-19 co-infection: a double blow to lung function 267 

In addition to the above-mentioned bacteria, Mycobacterium tuberculosis combined 268 

with COVID-19 infection also has an important impact on lung function. On the one 269 

hand, the lung is the main infection site of both COVID-19 and M. tuberculosis. As 270 

such, M. tuberculosis can also affect lung function during COVID-19 infection. On 271 

the other hand, lung damage caused by severe COVID-19 and the subsequent 272 

vulnerability to tuberculosis (TB) is also a significant concern(Mousquer et al., 2021). 273 

The first cohort evaluating the association between TB and COVID-19 consisted of 274 

international cooperation, grouping 49 cases of co-infection, from 8 different 275 

countries. This study identified a higher mortality rate among elderly people (12.3%) 276 

with a previous history of TB(Tadolini et al., 2020). Another study conducted in the 277 

Philippines has provided further clarity on the detrimental impact of TB on COVID-278 

19, establishing a correlation between co-infection and a heightened risk of increased 279 

incidence and mortality(Sy et al., 2020). Furthermore, a meta-analysis of co-infection 280 

with SARS-CoV-2 and M. tuberculosis has shown a two-fold increase in mortality 281 

among co-infected patients, and multiple case-control studies have confirmed the 282 

changes in disease pathology associated with co-infection(Sarkar et al., 2021).  283 

M. tuberculosis seriously interferes with the pulmonary microenvironment. During a 284 

latent tuberculosis infection, the persistent presence of mycobacteria can induce 285 

chronic pro-inflammatory reactions in the lung parenchyma, leading to lung 286 

injury(Mousquer et al., 2021; Shah et al., 2022). The results from previous studies 287 

showed that a large proportion of patients with COVID-19 further complicated by 288 

tuberculosis branch infection needed ventilation (18%, of which 7.4% needed 289 
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intubation). 32% of these patients needed supplemental oxygen, and the hospital stay 290 

was significantly prolonged. In addition to the time required for tuberculosis healing, 291 

61.7% of the patients needed an average of 14 days of hospital stay due to COVID-292 

19(Motta et al., 2020; Tadolini et al., 2020; Migliori et al., 2021; Visca et al., 2021). 293 

In a comprehensive view, the pulmonary cavitation caused by TB fundamentally 294 

alters the architecture of the lungs. The necrotic, thin-walled tissue is replaced by 295 

fibrous epithelial tissue, diminishing the available surface for gas exchange. 296 

Moreover, the bronchiectasis and bronchostenosis that were formed restrained the 297 

airflow, while obstructed capillaries compromised the lung fluid drainage(Dheda et 298 

al., 2005; Kılıç et al., 2022; Shah et al., 2022). Imaging findings reported in TB 299 

patients with COVID-19 revealed the development of a multiple and bilateral ground 300 

glass opacity, and consolidations with the air bronchogram(Lal et al., 2020; Motta et 301 

al., 2020; Tadolini et al., 2020; TB/COVID-19 Global Study Group, 2022). Unilateral 302 

pulmonary infiltrates were seen in 33% of patients with TB and COVID-19, while 303 

bilateral infiltrates were reported in 19% of the patients. Chest CT images suggesting 304 

the diagnosis of pulmonary TB have been obtained in cavitating lung lesions. Among 305 

TB patients, bilateral cavitary lesions have been reported more often (27%) than 306 

unilateral cavitary lesions (21%)(Motta et al., 2020; Tadolini et al., 2020; TB/COVID-307 

19 Global Study Group, 2022). 308 

In general, the macro-structural changes caused by TB have damaged the function and 309 

defense capacity of the lower respiratory tract. Its consequences made the lungs more 310 

prone to severe complications, such as pneumonia and respiratory failure. In addition, 311 

M. tuberculosis infection is an inducer of the development of severe COVID-19. The 312 

lung injury caused by severe COVID-19, and the subsequent susceptibility to TB, is 313 

also a matter of concern. Understanding how pathogens affect lung function in the 314 
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lung microenvironment, and clarifying the mechanisms of susceptibility and 315 

prognosis of the two infections, will be the basis for developing new strategies to 316 

prevent and treat the tuberculosis/COVID-19 dual infection. 317 

COVID-19 complications in the presence of bloodstream co-infection 318 

A bloodstream infection (BSI) refers to the presence of viable microorganisms in the 319 

bloodstream(Laupland & Church, 2014). BSI may lead to sepsis, defined as a life-320 

threatening organ dysfunction caused by a dysregulated host response to 321 

infection(Singer et al., 2016). In patients receiving hemodialysis, BSI is an important 322 

cause of hospitalization, morbidity, and mortality. In all hospitalized patients, the BSI 323 

incidence rate is about 6%, and the associated mortality rate is about 15%, which 324 

affects 10-20% of all intensive care patients, and causes a three-fold increase in the 325 

mortality rate of this patient population(Rhee et al., 2017; Pijl et al., 2021). Although 326 

it has been observed that some COVID-19 patients have BSI(Giacobbe et al., 2020; 327 

He et al., 2020; Kokkoris et al., 2021; Patton et al., 2023), its co-occurrence has 328 

rarely been systematically discussed since the COVID-19 outbreak. 329 

Incidence of BSI and pathogens 330 

Current research has shown that BSI is one of the main types of acquired infection in 331 

ICU patients with COVID-19, and has a high mortality rate(Giacobbe et al., 2020; He 332 

et al., 2020; Grasselli et al., 2021; Kokkoris et al., 2021). In a recent meta-analysis, 333 

BSI occurred in 7.3% of all hospitalized patients with COVID-19, and in 29.6% of 334 

those admitted to the ICU(Ippolito et al., 2021). It should be noted that the incidence 335 

rates of BSI vary among different regions, exceeding 30% in some research 336 

reports(Giacobbe et al., 2020; Grasselli et al., 2021; Kokkoris et al., 2021). This 337 

variability may be related to the severity of the epidemic, the timing of data statistics, 338 
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and the local medical conditions(Goyal et al., 2020; Langford et al., 2020; Kokkoris 339 

et al., 2021; Soriano et al., 2021). During the early phases of the pandemic, a study by 340 

Giacobbe et al. involving 78 critically ill COVID-19 patients, concluded that 45 ICU-341 

acquired BSI episodes were recorded in 31 patients, with an incidence of 47 episodes 342 

per 1000 risky patients, per day. This incidence rate is significantly higher than that of 343 

5‐19 episodes per 1000 patient‐days registered in other heterogeneous, non‐COVID‐344 

19 ICU patient populations(Giacobbe et al., 2020). Similarly, Grasselli et al. observed 345 

that, out of the 774 patients included, 359 patients (46%) experienced 759 hospital 346 

infections, with BSIs accounting for 44% (including catheter-related BSIs)(Grasselli 347 

et al., 2021). This BSI rate was significantly higher than that reported in the largest 348 

study published so far in the general population of ICU patients. It was even higher 349 

than that observed in patients undergoing extracorporeal membrane oxygenation for 350 

refractory respiratory failure(Vincent et al., 2009; Grasselli et al., 2017). Additionally, 351 

different types of COVID-19 may have different effects on the incidence of BSI; 352 

however, relevant literature is still limited in this field. Kang et al. reported that, 353 

during the surge of the Omicron variant, the incidence of central venous catheter-354 

related BSI increased, which might be due to the increased workload of the attending 355 

nurses(Kang et al., 2023). Regarding the mortality rates of BSI, they greatly varied 356 

among COVID-19 patients in ICUs, with BSI rates from 39% to 100%, in different 357 

studies(Buetti et al., 2021; Grasselli et al., 2021; Kokkoris et al., 2021; Massart et al., 358 

2021; Kurt et al., 2022; Torrecillas et al., 2022; Strelkova et al., 2023). These 359 

relatively high mortality rates may be due to a larger median age of the patients (in 360 

most studies, patients were 60-73 years old)(Buetti et al., 2021; Grasselli et al., 2021; 361 

Kokkoris et al., 2021; Massart et al., 2021; Kurt et al., 2022; Torrecillas et al., 2022; 362 

Strelkova et al., 2023). In addition, infection with multidrug-resistant bacteria may be 363 
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an important factor leading to high mortality rates in BSI patients. The study of Kurt 364 

et al. suggests that the high mortality rate of BSI (83%) may be related to the high 365 

comorbidity and incidence of multidrug-resistant Acinetobacter baumannii and 366 

carbapenem-resistant Klebsiella pneumoniae (60%)(Kurt et al., 2022). Similar to the 367 

study by Palanisamy et al., Acinetobacter baumannii and Klebsiella pneumoniae 368 

dominate, with a total mortality rate of 100%(Palanisamy et al., 2021). 369 

Regarding pathogens, most studies have shown that Gram-positive bacteria accounted 370 

for a large proportion, mainly Enterococcus faecalis, coagulase-negative 371 

staphylococci, Staphylococcus aureus, and Candida spp.(Giacobbe et al., 2020; He et 372 

al., 2020; Bonazzetti et al., 2021; Grasselli et al., 2021; Kokkoris et al., 2021; Buetti 373 

et al., 2022; Gago et al., 2022; Mormeneo Bayo et al., 2022; Bonazzetti et al., 2023). 374 

Enterococci were more frequently isolated in BSI of COVID-19 patients, ranging 375 

from 10% to 50% of all cases(Giacobbe et al., 2020; Bonazzetti et al., 2021; Grasselli 376 

et al., 2021; Kokkoris et al., 2021; Buetti et al., 2022; Gago et al., 2022; Bonazzetti et 377 

al., 2023), which may be related to the imbalance of the intestinal microbiota and 378 

bacterial translocations into the blood during COVID-19(Prasad et al., 2022; Venzon 379 

et al., 2022). It should be noted that, although coagulase-negative Staphylococcus also 380 

accounts for a reasonable proportion of these infections, it needs to be ruled out when 381 

the infection is caused by blood culture contamination(Hughes et al., 2020; 382 

Mormeneo Bayo et al., 2022). Other studies have also shown that the main pathogens 383 

were Gram-negative bacteria(Kokkoris et al., 2021; Buetti et al., 2022; 384 

Andrianopoulos et al., 2023; Aslan et al., 2023; Strelkova et al., 2023), including 385 

Acinetobacter spp., Klebsiella spp., Escherichia coli and Pseudomonas spp. which 386 

may be related to the use of immunosuppressants and bacterial resistance. It is worth 387 

noting that, although most studies have shown that Gram-negative bacteria were not 388 



17 

 

the main isolates, they could lead to high mortality rates in ICU patients, which could 389 

be related to their elevated drug resistance(Palanisamy et al., 2021; Gago et al., 2022; 390 

Kurt et al., 2022; Aslan et al., 2023; Strelkova et al., 2023). 391 

Risk factors of BSI 392 

The number of studies on the risk factors of BSI in COVID-19 patients is limited, 393 

but growing. According to existing reports, the incidence of BSI is mainly related to 394 

specific factors, such as the use of immunosuppressants (mainly corticosteroids and 395 

tocilizumab)(Kurt et al., 2022; Nakagawara et al., 2023) and antibiotics(Massart et 396 

al., 2021; Gago et al., 2022), invasive interventions (including mechanical 397 

ventilation, central venous catheter placement, extracorporeal membrane oxygenation, 398 

and others)(Gragueb-Chatti et al., 2021; Palanisamy et al., 2021; Kurt et al., 2022), 399 

comorbidities (such as hypertension, type 2 diabetes, chronic kidney disease, 400 

malignancy, and other conditions)(Bonazzetti et al., 2023; Strelkova et al., 2023), the 401 

length of the ICU stay(Grasselli et al., 2021; Khatri et al., 2021), and any anti-402 

inflammatory effects(Giacobbe et al., 2020; Kurt et al., 2022). However, there are 403 

some controversies on the risk factors of BSI in COVID-19 patients, especially 404 

concerning immunosuppressive agents. Some studies have shown that corticosteroids 405 

and interleukin inhibitors (mainly tocilizumab and anakinra) were associated with an 406 

increased probability of BSI development(Giacobbe et al., 2020; Buetti et al., 2021; 407 

Cona et al., 2021; Meynaar et al., 2022; Nakagawara et al., 2023), while others 408 

described that this increase only occurred in patients receiving combination 409 

therapy(Giacobbe et al., 2020; Khatri et al., 2021; Kurt et al., 2022; Meynaar et al., 410 

2022). Moreover, several researchers found no connection between 411 

immunosuppressive therapy and BSI occurrence(Abelenda-Alonso et al., 2021; 412 

Kuwahara et al., 2022; Bonazzetti et al., 2023). In the study by Strelkova et al, an 413 
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immunosuppressive therapy during a previous hospitalization and a higher total dose 414 

of dexamethasone before transfer to the ICU were both risk factors for BSI. The 415 

patients included in this study received higher daily doses of dexamethasone, which 416 

were administered for longer time periods, being the use of interleukin inhibitors also 417 

very common(Strelkova et al., 2023). This finding indicates that the accumulation of 418 

high-dose corticosteroids with tocilizumab may lead to immune suppression and 419 

promote the occurrence of BSI (Kurt et al., 2022; Strelkova et al., 2023). Additionally, 420 

the presence of comorbidities also brings additional uncertainty factors to the 421 

therapeutic effects of immunosuppressants(Bonazzetti et al., 2023). On the one hand, 422 

the different comorbidities may result in different immune environments in different 423 

patients, which may lead to different therapeutic effects of the 424 

immunosuppressants(Palanisamy et al., 2021; Kurt et al., 2022; Bonazzetti et al., 425 

2023). On the other hand, the severity of the disease in different patients may require 426 

different invasive interventions, which further increase the complexity of the interplay 427 

between immunosuppressants and BSIs(Grasselli et al., 2021; Kurt et al., 2022).  428 

There are additional controversial aspects in this field. For example, most studies 429 

showed that the risk of BSI increased with the duration of hospitalization(Giacobbe et 430 

al., 2020; Kokkoris et al., 2021), however, other studies showed that a prolonged ICU 431 

hospitalization was an independent protective factor(Kurt et al., 2022) or had a 432 

negative correlation with the occurrence of SBI(Gago et al., 2022). In another study, 433 

Strelkova et al. found that stronger respiratory support during the first 48 hours of 434 

ICU had a protective effect on BSIs (Strelkova et al., 2023). On the other hand, Cona 435 

et al. reported that both non-invasive mechanical ventilation (NIMV) and invasive 436 

mechanical ventilation (IMV) were independent risk factors for BSI(Cona et al., 437 

2021). The reasons for these differences could be related to the timing of BSI 438 
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occurrence, antibiotic use, underlying diseases, and the types of invasive 439 

interventions. 440 

Taken together, the risk factors of BSI are diverse and complex. The prevalence of the 441 

local COVID-19 epidemic, medical conditions, health measures, and the 442 

comorbidities of the patients are factors that pose challenges to the co-infection 443 

assessment. Moreover, for the assessment of risk factors, more details may need to be 444 

considered, including the immortal time bias and the classification of the 445 

comorbidities(Abelenda-Alonso et al., 2021; Vail et al., 2021). These issues still 446 

require more extensive research for a systematic elucidation. 447 

Antimicrobial resistance associated with COVID-19 infection 448 

Growing evidence shows that antimicrobial resistance (AMR) may be increased in 449 

patients with COVID-19 under excessive use of antibiotics(Bengoechea & Bamford, 450 

2020; Council of Canadian Academies, 2021; WHO, 20 September 2021). The 451 

overuse of antibiotics can lead to antibiotic-resistant microorganisms that have a 452 

negative impact on humans. AMR is known as one of the top ten threats to the global 453 

public health. The frequent use of antibiotics in patients with COVID-19 may 454 

aggravate antibiotic resistance. A systematic analysis published in 2022 shows that 455 

between 900,000 and 1.7 million deaths in 2019 can be attributed to bacterial 456 

resistance, making it one of the main causes of global mortality(Antimicrobial 457 

Resistance Collaborators, 2022). Additionally, according to the previous analysis of 458 

COVID-19, it is estimated that, in the next 30 years, AMR will cause about 10 million 459 

deaths worldwide, which is higher than the predicted number of deaths caused by 460 

cancer (8.2 million), diabetes (1.5 million), and other conditions(Rizvi & Ahammad, 461 

2022). Later, the outbreak of COVID-19 has led to changes in the global antibiotic 462 
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consumption patterns, and the number of people who die from AMR is expected to 463 

reach higher numbers in the future. 464 

Recent evidence suggests that, due to the COVID-19 pandemic, an increasing number 465 

of hospitalized patients have been receiving empirical antimicrobial treatments, 466 

potentially increasing the worldwide number of AMR infections(Nori et al., 2021; 467 

Rawson et al., 2021; Kariyawasam et al., 2022). Noteworthy data from a study shows 468 

that, even without overlapping bacterial infections, the broad-spectrum antibiotic 469 

administration rates of patients with severe COVID-19 infections are of about 470 

71.8%(Rawson et al., 2020; Goncalves Mendes Neto et al., 2021). A systematic 471 

review of 24 studies and 3506 patients showed that 71.8% (95% confidence interval  472 

[CI]: 56.1%-87.7%) of patients received antibiotic treatment at hospital 473 

admission(Langford et al., 2020). In Wuhan, China, Zhou et al. reported observations 474 

of 191 hospitalized patients and found that even 95% of those patients received 475 

antibiotics(Zhou et al., 2020). Overall, more than one half of COVID-19 patients 476 

received antibiotic treatment. Among the antibiotics used, the most common drugs 477 

were fluoroquinolones, cephalosporins, carbapenems, azithromycin, vancomycin, and 478 

linezolid(Langford et al., 2021; Antimicrobial Resistance Collaborators, 2022; Wu et 479 

al., 2022).  480 

Of note, compared with pneumonia caused by other respiratory pathogens, pneumonia 481 

caused by SARS-CoV-2 usually leads to a longer course of the disease(Budinger et 482 

al., 2021). Patients with bacterial infections have longer hospital stays(Cheng et al., 483 

2020; Baskaran et al., 2021). Therefore, long-term hospitalized patients have an 484 

increased risk of hospital-acquired AMR bacterial infections. As an aggravating 485 

factor, the widespread use of antibiotics during the epidemic has led to an increase in 486 

the prevalence of multidrug-resistant (MDR) bacteria(Hsu, 2020; Lai et al., 2021). A 487 



21 

 

recent special report from the US Centers for Disease Control and Prevention 488 

demonstrates that the COVID-19 epidemic has led to an increase in the incidence of 489 

AMR. Moreover, the drug-resistant microorganisms associated with the COVID-19 490 

epidemic have increased by 15%(CDC,2022). Therefore, this cascade amplification 491 

effect must attract and deserve our attention. 492 

The data from two recent systematic reviews showed that, among patients with 493 

COVID-19 complicated with bacterial infections, the proportion of drug-resistant 494 

strains accounted for 29% and 37.5% respectively(Kariyawasam et al., 2022; 495 

Langford et al., 2023). The proportion of patients infected with drug-resistant bacteria 496 

was as high as 60%(Langford et al., 2023). Most studies have shown that, among 497 

drug-resistant bacteria, the most common resistant Gram-negative bacteria were 498 

Acinetobacter baumannii, Klebsiella pneumoniae, Escherichia coli, and Pseudomonas 499 

aeruginosa(Li et al., 2020; Tiri et al., 2020; Clancy et al., 2021; Gomez-Simmonds et 500 

al., 2021; Gysin et al., 2021; Kariyawasam et al., 2022; Pourajam et al., 2022; Wu et 501 

al., 2022). Among them, Acinetobacter baumannii and Klebsiella pneumoniae were 502 

one of the most common drug-resistant bacteria. Research has concluded that 503 

Acinetobacter baumannii had high resistance to carbapenems and quinolones, ranging 504 

from 90% to 100%, with carbapenem-resistant A. baumannii accounting for 91.7%(Li 505 

et al., 2020; Rawson et al., 2020; Sharifipour et al., 2020; Bazaid et al., 2022; 506 

Sulayyim et al., 2022). Additionally, one study reported the highly increased 507 

resistance rates of A. baumannii to all tested antibiotics, except colistin(Sharifipour et 508 

al., 2020). Overall, according to current evidence, Acinetobacter baumannii exhibits 509 

high resistance rates to amikacin, cefepime, ceftazidime, gentamicin, meropenem, 510 

imipenem, ciprofloxacin, and piperacillin/tazobactam(Li et al., 2020; Rawson et al., 511 

2020; Sharifipour et al., 2020; Bazaid et al., 2022). Among drug-resistant bacteria, 512 
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the proportion of carbapenem-resistant Klebsiella pneumoniae remains high, 513 

exceeding 70%(Li et al., 2020; Tiri et al., 2020; Sang et al., 2021; Kariyawasam et 514 

al., 2022; Sulayyim et al., 2022). A systematic review by Sulayyim et al. showed that 515 

the resistance rates of Klebsiella pneumoniae to ampicillin, cefazolin, and ceftazidime 516 

were M 100% (IQR: 90.5-100%), M 93% (IQR: 78-95.5%), and M 93.5% (IQR: 517 

83.7-97.9%), respectively(Sulayyim et al., 2022), which are much higher than their 518 

corresponding values from studies published in 2019 and previous years(Azimi et al., 519 

2019; Effah et al., 2020). It is worth noting that colistin, as an important antibiotic for 520 

various types of Gram-negative bacteria, has also been observed in several studies to 521 

significantly increase the resistance of Klebsiella pneumoniae, with its resistance rate 522 

increasing from 5% to 50%(Gaspar et al., 2021; de Carvalho Hessel Dias et al., 523 

2022; Sulayyim et al., 2022).  524 

Compared with Acinetobacter baumannii and Klebsiella pneumoniae, although 525 

Pseudomonas aeruginosa is not the most detected drug-resistant bacterium, its drug 526 

resistance rate is still higher than before the COVID-19 epidemic(Subedi et al., 2018; 527 

Kariyawasam et al., 2022; Wu et al., 2022; Langford et al., 2023). The research report 528 

by Sulayyim et al. shows that their resistance to imipenem and ciprofloxacin has 529 

twice increased(Sulayyim et al., 2022). In addition, the resistance rate of ESBL-530 

producing Escherichia coli has also increased, in comparison with the time period 531 

before the epidemic, currently accounting for 75%(Azimi et al., 2019; Despotovic et 532 

al., 2021; Wardoyo et al., 2021; Kariyawasam et al., 2022). It shows high resistance 533 

to ampicillin, amoxicillin. clavulanic acid, levofloxacin, ceftriaxone, ciprofloxacin, 534 

and cefuroxime(Wardoyo et al., 2021; Sulayyim et al., 2022). 535 

For Gram-positive bacteria, methicillin-resistant Staphylococcus aureus (MRSA), 536 

coagulase-negative Staphylococcus, and vancomycin-resistant Enterococcus genus are 537 
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the most common resistant bacteria in current reports(Li et al., 2020; Tiri et al., 2020; 538 

Caruso et al., 2021; Gysin et al., 2021; Saini et al., 2021; Jamnani et al., 2022; 539 

Pourajam et al., 2022). A study by Li et al. found that 100% Staphylococcus aureus 540 

and coagulase-negative Staphylococcus had methicillin resistance; however, no 541 

vancomycin resistance was detected(Li et al., 2020). This observation indicates that, if 542 

a secondary infection occurs, vancomycin can be used as an empirical choice for 543 

Gram-positive bacteria. In addition, Staphylococcus aureus also has high resistance 544 

rates to oxacillin and clindamycin(Li et al., 2020; Sulayyim et al., 2022). 545 

Enterococcus mainly includes Enterococcus faecalis and Enterococcus faecium, 546 

which are mainly resistant to ampicillin, erythromycin, ciprofloxacin, vancomycin, 547 

and tetracycline(Li et al., 2020; Gisselø et al., 2022; Kariyawasam et al., 2022; 548 

Sulayyim et al., 2022). In addition, there are few reports on fungal resistance. In a 549 

systematic review by Kariyawasam et al., three types of fungal resistance were 550 

described, including resistant Candida auricula, Candida albicans, and an 551 

unidentified Candida spp.(Kariyawasam et al., 2022). 552 

Collectively, the evidence shows that AMR is common and has significantly increased 553 

during the COVID-19 epidemic, which is related to the use of a large number of 554 

antibiotics. In current reports, the most commonly found drug resistance appears in 555 

Acinetobacter baumannii, Klebsiella pneumoniae, and MRSA. It is worth noting that 556 

there is a significant heterogeneity among different research reports, concerning the 557 

type of pressure-resistant bacteria or the resistance rates. On the one hand, this 558 

heterogeneity is related to the local medical conditions and health management 559 

measures in different countries or regions. On the other hand, there are inherent 560 

difficulties in the statistical analysis of data, mainly due to the lack of relatively 561 

comprehensive implementation guidelines. From the literature we currently review, 562 
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less than 40% of all studies have used clear explanatory standards and guidelines, 563 

such as the European Committee on Antimicrobial Susceptibility Testing (EUCAST) 564 

or the Clinical and Laboratory Standards Institute (CLSI). In addition, there is 565 

currently a lack of risk factor assessment for AMR, with only a few studies evaluating 566 

its risk factors, which include self-antibiotic medication, antibiotic prescription by 567 

general practitioners, and empirical antibiotic treatment before admission to the 568 

ICU(Caruso et al., 2021; Temperoni et al., 2021; Pourajam et al., 2022). Therefore, 569 

more scientific research guidelines and more comprehensive antibiotic management 570 

plans are crucial, in order to reduce the incidence of AMR. 571 

Concluding remarks 572 

Mixed infection with various microorganisms is often found in patients infected with 573 

the novel coronavirus, SARS-CoV-2. Here, we focused on infections in the 574 

respiratory system and in the bloodstream, because they significantly affect the 575 

severity and mortality rates of COVID-19. However, our understanding of the co-576 

infected microorganisms, as well as their interactions with other microorganisms and 577 

with the host, is limited. Existing evidence shows that bacterial infections are 578 

common in patients with COVID-19, especially in ICU patients. Staphylococcus 579 

aureus, Klebsiella pneumoniae, Streptococcus pneumoniae, Pseudomonas 580 

aeruginosa, and Haemophilus influenzae are the most common pathogens in mixed 581 

infections. Moreover, Acinetobacter baumannii, Klebsiella pneumoniae, and 582 

Staphylococcus aureus account for a large proportion of drug-resistant bacteria. In 583 

addition, Staphylococcus aureus and Enterococcus are the main Gram-positive 584 

bacteria that cause bloodstream infections.  585 

It is worth noting that there is significant heterogeneity among multiple studies, 586 
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especially in the meta-analysis of bacterial mixed infections, which did not consider 587 

the age groups, the eternal time bias, and environmental factors. This unexplained 588 

heterogeneity may be due to the disease severity, patient comorbidities, treatment 589 

differences (such as corticosteroid administration and other procedures), differences 590 

between studies using antibiotics before and during hospitalization, and other 591 

unknown covariates. Therefore, further research should focus on the epidemiological, 592 

clinical, and laboratory characteristics of co-infected pathogens in different COVID-593 

19 patient groups, from different geographical and environmental areas. It is also 594 

necessary to evaluate the impact of co-infected microorganisms on the treatment and 595 

prognosis of COVID-19 patients. In addition, as discussed above, there is still the lack 596 

of more scientific or comprehensive guidelines as a reference, including data 597 

statistics, health management, and antibiotic use guidelines. Notably, careful 598 

antibiotic management is highly recommended. Optimizing the management of 599 

antibiotics is very important for the antibacterial treatment of COVID-19 patients and 600 

for minimizing the increase in the risk of antibiotic resistance. 601 

It is also worth noting that most of the current data refers to the first wave of the 602 

epidemic. Concerning the second wave, there are still relatively scarce data statistics. 603 

In addition, most of the included studies refer to the α and δ variats. The Omicron 604 

variant was first discovered in November 2021(Viana et al., 2022). Up to now, no 605 

research has focused on the epidemiology of Omicron variants co-infected with 606 

bacteria associated with COVID-19, for which further research is needed. We believe 607 

that, in the subsequent epidemic wave, the evaluation of bacterial co-infections is also 608 

crucial, especially considering that the treatment procedure of these patients has 609 

changed, due to factors, such as the routine use of corticosteroids and the emergence 610 

of new novel coronavirus variants. 611 
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Finally, we would like to emphasize that, although COVID-19 is no longer a public 612 

health emergency, according to the data from the World Health Organization, since 613 

May 2023, more than 300,000 people around the world are still being infected with 614 

COVID-19, every week(World Health Organization: https://covid19.who.int/). 615 

Importantly, the co-infection of COVID-19 and bacteria is still common. Therefore, 616 

we should not underestimate the serious threat of the COVID-19 infection to human 617 

health and its associated global burden. 618 
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