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Editorial on the Research Topic
 Women in infectious agents and disease: 2024




Only a third of the researchers in the science, technology, engineering, and mathematics (STEM) fields are women. Women remain underrepresented in many fields of science, including Microbiology. The higher rate of male compared to female corresponding authors in manuscripts published in the American Society for Microbiology (ASM) journal was shown by Hagan et al. (2020). Also, only 18% of Editors-in-Chief of all ASM journals were women. Additionally, authors indicate that the outcome of submission is less favorable for women than for men. In another study, Nelson and Rogers (2003) indicate that the representation of women drops from 50% receiving the doctorate degree to 30% holding tenure-track positions. This makes women less likely to obtain the grant funding for the research, which could impact their research career success. Our Research Topic aims to address this discrepancy by providing women a platform for publishing high-quality research, which will boost their careers and improve their visibility in the research field.

The present Research Topic, focusing on microbial pathogenesis, includes 12 publications (9 original research articles and 3 reviews). By providing open-access, cutting-edge original research and comprehensive reviews, this Research Topic serves to further support and promote women in microbiology research.

In the original research, Bok et al. addressed the role of the commensal Escherichia coli population in the pathogenesis of extraintestinal infections. E. coli is the most common pathogen, which can cause a diverse range of diseases (Pitout et al., 2015). This bacterium can cause bacteremia in older adults and urinary tract infections in young women (Nguyen and Götz, 2016; Yahav et al., 2016). Also, E. coli is a frequent cause of meningitis in neonates (Kim, 2016). Extraintestinal E. coli infection morbidity and mortality rates are increasing worldwide (Rosenberg et al., 2021; Russo and Johnson, 2003). Also, the emergence of multidrug-resistant E. coli represents a significant challenge for healthcare providers (Ohmagari et al., 2023). However, there are still gaps in our understanding of the genetic and phenotypic variations of E. coli associated with extraintestinal infections. In this study, genotypic and phenotypic characteristics of two commensal E. coli isolates from adults and children were examined. A higher frequency of pathogenicity islands and virulence genes was found in isolates from adults compared to those from children. The dominant phylogroup was B2, with sequence types ST73, ST59, ST131, ST95, ST141, and ST69 being more prevalent in adult isolates. Conversely, a different subset, ST10, ST155, ST59, and ST1823, was found in isolates from children. Crucially, the hemolytic activity and siderophore receptor expression were more common in these adult-derived isolates. Traits not associated with phylogroup B2, such as adhesion abilities mediated by type 1 and P fimbriae and biofilm formation propensities, were similar in isolates from both adults and children. The importance of monitoring the genetic and phenotypic profiles of commensal E. coli was indicated.

Another original research by Chen et al. evaluated Human papillomavirus (HPV) competition in unvaccinated women. Human papillomavirus infection is linked to 90% of cervical cancer (WHO, 2024b). The incidence and mortality rates remain on the rise worldwide. According to the WHO, there were 660,000 new cases diagnosed in 2022, with around 350,000 fatalities (WHO, 2024a). There are several vaccines available on the market to prevent HPV infection (Cheng et al., 2020). These vaccines target HPV-16, 18, 6, and 11, which are responsible for most cervical cancer cases (Petrosky et al., 2015). It should be noted that the vaccine can prevent infection with the targeted HPV; however, commonly used vaccines do not target all high-risk HPV types. Therefore, there is a concern of the “type replacement after HPV vaccination (Man et al., 2019). The “type replacement” refers to an increased infection rate of certain HPV types due to the elimination of vaccine-targeted HPV types (Tota et al., 2017). The Authors addressed the “type replacement” concern in this study. Of 159,049 women, 19.8% tested positive for HPV, with 5.1% exhibiting multiple type infections. Significant negative associations were observed between HPV-6 and HPV-72, HPV-18 and HPV-72, HPV-31 and HPV-83, HPV-33 and HPV-26, HPV-45 and HPV-55, HPV-56, and HPV-26, as well as HPV-59 and HPV-69, suggesting potential type competition. However, no type competition pair was found in the cohort study. Conversely, women with vaccine-targeted types had a higher risk of acquiring other types (HR > 1.0).

The study by Diaz-Navarro et al. assessed the association between recurrent vulvovaginal candidiasis (RVVC), biofilm-forming capacity, and clinical symptoms. RVVC can be attributed to an imbalance between Candida spp. and vaginal biota, which could be caused by long-term antibiotic treatment, age of the patients and use of contraceptives (Díaz-Navarro et al., 2023). Also, Candida spp. virulence factors could contribute to the adhesion of the microbe to the vaginal epithelium (Kalia et al., 2020; Li et al., 2022). This multifactorial nature of pathogenesis makes the treatment of RCCV challenging. Improving our understanding of the role of these factors in the pathogenesis of RCCV will facilitate the selection of the best treatment for the disease. A total of 271 patients were positive for Candida spp. in vaginal swabs. During 1 year of observation, 55 (20.3%) patients experienced at least one recurrence, with 19 (7.0%) meeting the criteria for RVVC (≥3 episodes/year), accounting for 65 episodes in total. Most isolates were Candida albicans (90.0%). The authors concluded that RVVC had high biomass production. Additionally, RVVC clinical isolates tended lower metabolic activity, which may contribute to treatment failure.

An original work by Gohain et al. aimed to identify targets against Streptococcus pneumoniae (S. pneumoniae) using an in silico subtractive genomics approach. S. pneumoniae is a significant community health concern. This bacterium can cause meningitis, pneumonia and bacteriemia, characterized by high morbidity and mortality rates (Shami et al., 2023). Antibiotic resistance of S. pneumoniae is on the rise and reported globally (Cillóniz et al., 2018; Cools et al., 2021). This has become a significant health care issue and poses an urgent need for new treatments for drug-resistant S. pneumoniae. 2,000 out of the 2,027 proteins from S. pneumoniae were non-homologous to human proteins. After screening against the Database of Essential Genes (DEG) and human gut microflora, 21 essential genes were prioritized, with Key hub genes such as gpi, fba, rpoD, and trpS associated with 20 pathways. Screening of 2,509 FDA-approved compounds identified Bromfenac as a leading candidate, exhibiting a binding energy of −26.335 ± 29.105 kJ/mol. Bromfenac, particularly when conjugated with AuAgCu2O nanoparticles, has demonstrated antibacterial and anti-inflammatory properties against Staphylococcus aureus. This suggests that Bromfenac could be repurposed as a potential therapeutic agent against S. pneumoniae, pending further experimental validation.

The original research conducted by Aswal et al. focused on identifying pathogenicity proteins in Escherichia coli. Multidrug-resistant (MDR) E. coli can cause high morbidity and mortality (Daneman et al., 2023). Microbial drug resistance is a complex phenomenon influenced by an interplay of several genomic, transcriptomic and proteomic factors. Through integrated RNA-Seq and SWATH-LC MS/MS analyses, 763 genes and proteins were found to have differential expression. Of these, 52 genes showed differential expression in MDR E. coli. The majority of these proteins were associated with secondary metabolites, aminoacyl-tRNAs and ribosomes. Among these, multiple hub proteins were involved in aminoacylation of tRNA, lysyl-tRNA and translation. Three hub proteins were involved in several biological pathways directly and/or indirectly related to antibiotic stress. The authors suggest that these proteins could serve as potential future therapeutic targets for the treatment of MDR E. coli.

The study by Kukovica et al. aimed to determine the efficacy of self-collection of rectovaginal swabs as a valid alternative to collection by healthcare workers (HCWs) during pregnancy. Group B streptococcus (GBS) was found to be associated with up to 50% of invasive infections in newborns (Madrid et al., 2017). Prevention of GBS is the most effective approach to protect newborns, which could be done by the collection of intravaginal and colorectal swabs during the third trimester of pregnancy (Verani et al., 2010). However, limitations in healthcare resources and the COVID-19 pandemic made it challenging to collect swabs by medical personnel. Self-collection has emerged as a complementary approach to better accessibility, convenience, and privacy (Smith et al., 2024; WHO, 2024c). This approach could also improve compliance with screening programs. The authors analyzed the efficacy of GBS isolation in samples collected by patients and by HCWs. The authors reported that GBS was detected in 18% collected by HCWs, whereas the self-collection method yielded a GBS positivity rate of 19%. It was concluded that self-collection had a trend for a higher diagnostic yield. It was demonstrated that the most sensitive method was PCR after enrichment from self-collected samples. The authors concluded that self-collection of rectovaginal swabs during pregnancy could be an alternative to collection by HCWs. Also, PCR from enrichment showed better detection of GBS compared to enrichment culture.

Original research by Ali et al. focused on demonstrating that isothermal recombinase DNA amplification coupled with lateral flow (LF) chromatography on a PCRD cassette is a simple and rapid molecular diagnostic test to detect and identify Leishmania major. Cutaneous leishmaniasis (CL) can cause disfiguring lesions, scars and psychological distress and social stigma (Chahed et al., 2016). The diagnosis is based on microscopic direct examination of Giemsa-stained smears (Khademvatan et al., 2011). This approach is laborious, time-consuming and requires highly trained and experienced personnel. Microscopic examination has low sensitivity and cannot be used to identify Leishmania spp. Currently, only DNA assays accurately identify Leishmania spp. (Salotra et al., 2001). These methods require equipment and trained personnel. The authors developed an L. major species-specific RPA-LF assay and computational analysis. This novel assay was tested using 86 human cutaneous samples, demonstrating 100% specificity.

Nicholson and Shore studied whether Bordetella bronchiseptica (B. bronchiseptica) could contribute to the transfer of antimicrobial resistance genes in the swine production environment. B. bronchiseptica is a highly contagious respiratory pathogen (Vötsch et al., 2021). This bacterium has a broad host range, including wild and domestic mammals (Miguelena Chamorro et al., 2023). B. bronchiseptica increases colonization of the respiratory tract with Glaesserella parasuis, Pasteurella multocida, and Streptococcus in swine (Loving et al., 2010; Vötsch et al., 2021). Some of these co-colonizing microbes could harbor antimicrobial resistance genes (Hau et al., 2018; Nicholson and Bayles, 2022), which could be transferred to B. bronchiseptica. Therefore, it is important to analyze the genetic diversity and antimicrobial resistance genes in B. bronchiseptica isolates from swine. The authors identified a high degree of genomic conservation in swine B. bronchiseptica isolates. The majority of B. bronchiseptica isolates had resistance to four antibiotic classes. However, only three antimicrobial resistance genes were identified. Data suggest that B. bronchiseptica isolates are not serving as a source of antimicrobial resistance gene transference.

Gao et al. investigated the incidence, clinical characteristics, risk factors, microbiological features, and antibiotic resistance patterns of maternal peripartum bloodstream infection (BSI). Over half of intrahospital death is accounted for by infection-related maternal deaths, according to the Global Maternal Sepsis Study group (Bonet et al., 2020). Maternal BSI remains a significant health care problem characterized by high morbidity and mortality (Surgers et al., 2013; Zou et al., 2021). However, our understanding of the microbiological characteristics, clinical features, and prognoses is limited. This study focused on understanding the roles of premature rupture of membranes (PROM) and fever in BSI. Authors included BSI (n = 85) and non-BSI (n = 361) groups. It was demonstrated that spontaneous rupture of membranes (PROM, vaginal examinations >5 times, and cesarean sections during labor were more common in the BSI group. Escherichia coli (58.1%) was the major causative pathogen, followed by Enterococcus faecalis (7.1%). The BSI group exhibited higher rates of maternal sepsis and Apgar scores ≤ 7 at 1 min. Furthermore, PROM, fever ≥38.9 °C (102°F), and fever within 24 h after delivery were risk factors for postpartum BSI in the adjusted analysis. The authors conclude that the maternal BSI is associated with PROM. Early identification of pathogens and antimicrobial resistance can prevent adverse outcomes.

In the review, Huang et al. summarized diagnostic methods for Bovine rotavirus (BRV), discussed their advantages, and presented future perspectives on BRV diagnosis. This review aims to provide references for the effective diagnosis and control of BRV-related diseases. BRV can cause diarrhea in calves, profoundly impacting the cattle industry, resulting in substantial economic losses (Geletu et al., 2021). The diagnostic approaches for BRV primarily include etiological methods, such as electron microscopy, virus isolation, and culture (Cho and Yoon, 2014). Serological methods such as enzyme-linked immunosorbent assay (ELISA), latex agglutination test (LAT), and immunofluorescence techniques are widely utilized for BRV diagnosis. Additionally, molecular methods, including reverse transcription-polymerase chain reaction (RT-PCR), real-time quantitative PCR (qPCR), and loop-mediated isothermal amplification (LAMP), as well as next-generation sequencing (NGS) technology, are also used to diagnose BRV (Irehan et al., 2025).

The systematic review by Ji et al. compared the accuracy and acceptance of self-sampling to clinician sampling for Human papillomavirus (HPV) testing in Asia. The authors included 67 studies, revealing that the sensitivity and specificity of HPV self-sampling for detecting cervical intraepithelial neoplasia were higher than 80% and 70%, respectively, consistent with clinician sampling results. The consistency between self-sampling and clinician-sampling was high in most studies, with kappa values exceeding 0.7. Women had high acceptance of self-sampling but expressed some concerns. The authors conclude that self-sampling for HPV testing can significantly improve cervical cancer screening coverage. This is especially important in areas with limited medical resources or reluctance to accept physician sampling. However, the diagnostic criteria and HPV detection methods need to be adjusted due to the low sensitivity of HPV self-sampling in studies from China and India.

The review by Chen et al. addressed the impact of climate change on the spread of severe fever with thrombocytopenia syndrome (SFTS) and its biological vectors. SFTS caused by Dabie bandavirus, transmitted by ticks (Kim and Park, 2023). This disease emerged in 2009 in Hubei and Henan provinces of Central China and spread over East and Southeast Asia (Cui et al., 2024). H. longicornis tick species are the principal vector for the Dabie bandavirus (Luo et al., 2015). The prevention and control strategies for SFTS include tick' control and public education (Centers for Disease Control Prevention (CDC), 2024). Public health policies also aimed to reduce contact between ticks and animals and alleviate the disease's impact on human health. SFTS is an emerging tick-borne zoonotic disease (USDA, 2024).

In conclusion, this Research Topic highlights a collection of research articles authored by women, focusing on some of the most pressing challenges in infectious disease. These studies explore novel pathogenicity markers of infectious agents, uncover host risk factors, and investigate mechanisms of antibiotic resistance. Collectively, this Research Topic underscores the vital contributions of women to advancing research in the field.
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Objective: Bloodstream infection (BSI) during the peripartum period is a major cause of maternal morbidity and mortality. However, data on maternal BSI during hospitalization for delivery are limited. This study aimed to investigate the incidence, clinical characteristics, risk factors, microbiological features, and antibiotic resistance patterns of maternal peripartum BSI, with a focus on understanding the role of premature rupture of membranes (PROM), fever, and other risk factors in its development.
Methods: We investigated the clinical characteristics associated with maternal BSI during the peripartum period. This study included febrile women with blood cultures obtained during hospitalization for delivery. We analyzed the clinical characteristics, pathogenic microorganisms, antibiotic resistance, and maternal and neonatal outcomes of these patients. Participants were divided into BSI (n = 85) and non-BSI (n = 361) groups.
Results: Spontaneous rupture of membranes, PROM, PROM >24 h before labor, vaginal examinations >5 times, and cesarean sections during labor were more common in the BSI group. Escherichia coli (51.8%; 44/85) was the predominant causative pathogen, followed by Enterococcus faecalis (7.1%, 6/85). Approximately 31.2% of E. coli were resistant to levofloxacin, and 38.6% were extended-spectrum β-lactamase-producing bacteria. The BSI group had higher rates of maternal sepsis and Apgar scores ≤ 7 at 1 min than the non-BSI group. Furthermore, PROM, fever ≥38.9°C (102°F), and fever within 24 h after delivery were risk factors for postpartum BSI in the adjusted analysis.
Conclusion: Maternal BSI is a potentially life-threatening disease associated with PROM and the timing and severity of fever. Early identification and surveillance of pathogen composition and antimicrobial resistance can help prevent adverse outcomes.
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Introduction

Despite global efforts to improve maternal outcomes, pregnancy-related infection remains a major clinical issue with high morbidity and mortality. The Global Maternal Sepsis Study group reported that infection-related maternal deaths accounted for over half of intrahospital deaths (Aman et al., 2020). Bloodstream infection (BSI) is a common and serious cause of maternal mortality, ranking among the top seven in Europe (Van Dillen et al., 2010) and 11th in the United States (Lapinsky, 2013). Notably, maternal BSI during the peripartum period remains a substantial clinical problem with high morbidity and mortality rates in healthcare (Surgers et al., 2013; Zou et al., 2021). However, data on microbiological characteristics, clinical features, and maternal and fetal prognoses are limited owing to scarce research on maternal BSI.

BSI is a type of sepsis-related infection (Guo et al., 2023) with varied, non-specific symptoms such as fever and chills. However, organ dysfunction occurs once the infection progresses to sepsis (Huerta and Rice, 2019). Furthermore, BSI can be definitively diagnosed using blood culture, and identifying its risk factors is crucial for assessing the risk of adverse outcomes in peripartum women with suspected infections (Easter et al., 2017). Therefore, this retrospective study aimed to investigate the clinical characteristics of peripartum women using blood cultures obtained during hospitalization for delivery. This investigation was conducted with the goal of preventing or reducing the occurrence of BSI and improving maternal and neonatal outcomes from fever onset or earlier. Furthermore, we analyzed microbiological characteristics, antibiotic susceptibility, and risk factors in BSI cases, using maternal BSI as definitive evidence of significant infection, to provide a theoretical basis for preventing peripartum infections.



Materials and methods


Study design

This retrospective cohort study of obstetric patients was conducted using blood cultures at Tianjin Medical University General Hospital between January 2018 and August 2023. This study was approved by the Ethical Review Board of our hospital (Approval number: IRB2024-YX-101-01). Overall, 19,157 obstetric patients were screened and enrolled in the study. The criteria for selecting the participants include: (1) patients hospitalized for delivery, (2) having a blood culture (our institution collected blood samples when patients had peripartum fever >38°C [100.4°F] and met one of the following conditions: maternal heart rate exceeding 100 bpm, fetal heart rate exceeding 160 bpm, uterine tenderness, foul-smelling amniotic fluid, or maternal white blood cell count over 15 × 109/L (Mohn et al., 2024), and (3) at least 28 weeks of gestational age up to 7 days after birth. We excluded women with contaminated blood cultures, including coagulase-negative Staphylococcus species, Cutibacterium acnes, Micrococcus, Streptococcus viridans, Corynebacterium, Aerococcus, or Bacillus (Clinical and Laboratory Standards Institute, 2022), and fetal anomalies.



Data collection

We extracted demographics, clinical characteristics, infection features, laboratory test results, and outcomes from patients' medical records. Demographic and clinical characteristics included age, gravidity, parity, pre-gestational body mass index (BMI), maternal comorbidities, and other obstetric variables. Additionally, the clinical features of being infected included temperature, time of fever, duration of fever, and infection sources. Furthermore, laboratory test results included blood cultures, antibiotic resistance patterns, and microbial testing of other samples. Lastly, maternal and neonatal outcomes included neonatal and maternal and intensive care unit (ICU) admission, maternal sepsis, Apgar scores at 1 and 5 min, neonatal bacteremia or sepsis.



Blood collection, processing, and antimicrobial susceptibility testing

We aseptically collected two aerobic and anaerobic blood samples (8–10 mL each) from two peripheral veins and incubated them in the BactecTMFX (BD Company, USA) blood culture system. If blood cultures were positive, subcultures were prepared on blood agar plates (Antubio, Zhengzhou, China) in a biosafety cabinet. Subsequently, gram staining was performed, and critical values were reported. The plates were incubated overnight in a Thermo 371 microbiological incubator (Thermo Fisher Scientific, USA). We used the VITEK MS microbial mass spectrometry identification system (bioMérieux, France) to rapidly identify pure colonies and performed susceptibility testing using either the VITEK-2 compact system (bioMérieux, Marcy-l'Étoile, France) or the Phoenix automated microbiological identification system (BD Company, USA).



Intrauterine collection and identification of microorganisms

Microbial samples were collected using swabs via swirling on the amniotic surface adjacent to the fetal side after ensuring the maternal blood was cleared and carefully avoiding contamination from the maternal side. The samples were cultured on blood and chocolate agar plates. Subsequently, we isolated single suspected colonies from the mixed cultures on the media surface, re-streaked on blood and chocolate agar plates, and incubated at 35°C for 24–48 h in a carbon dioxide incubator. Furthermore, individual colonies were identified after purification and subjected to antimicrobial susceptibility testing using the same methods used for blood samples.



Definitions

BSI was defined as positive blood cultures in patients showing systemic signs of infection, including primary (without an identified origin) and secondary BSI (Centers for Disease Control and Prevention, 2023). Fever during pregnancy and peripartum was defined as temperature ≥38°C (100.4°F). Furthermore, polymicrobial infections were defined as the isolation of two or more strains from maternal blood cultures. Maternal sepsis is a life-threatening condition defined as organ dysfunction resulting from infections during pregnancy, childbirth, post-abortion, or the postpartum period (World Health Organization, 2017). Organ dysfunction was assessed using the quick Sequential Organ Failure Assessment criteria as follows: systolic blood pressure ≤ 100 mmHg, respiratory rate ≥22 per min, and altered mental status. A score of ≥2 indicated a poor prognosis (Shields et al., 2023). Antibiotics were defined as J01 in the World Health Organization (WHO) anatomical therapeutic chemical/defined daily dose (ATC/DDD) classification (WHO Collaborating Centres, 2024). Prophylactic antibiotic use differs from treatment with antibiotics in that the former is intended to prevent infection, whereas the latter is intended to resolve an established infection, typically requiring a longer course of therapy.



Statistical analysis

Statistical analyses were performed using the statistical package for social sciences (SPSS) 27.0 (IBM Corp., Armonk, NY, USA). The Chi-square or Fisher's exact test was used for categorical variables, and the Student's t-test or Wilcoxon Rank-sum test was used for continuous variables. Statistical significance was set at p < 0.05. Logistic regression was used to examine the associations between various exposures and postpartum BSI while controlling for potential confounders. We selected confounders based on their association with the outcomes of interest or a change in the effect estimate >10%. Stepwise backward elimination was performed to create the final model. All variables with p < 0.05 in the final model were considered significant independent risk factors for postpartum BSI.




Results

Of the 19,157 pregnant women who delivered during hospitalization between January 2018 and August 2023, 35 were excluded: 26 for delivery before 28 weeks of pregnancy, five for fetal anomalies, and four for contaminated blood cultures. In total, 85 and 361 eligible women with positive and negative blood cultures, respectively, were enrolled in the study. Figure 1 presents a flowchart of the study.


[image: Flowchart detailing blood culture analysis of 481 patients. From 19,157 deliveries, 481 had blood cultures; 35 were excluded. Of 446 analyzed, 85 had positive cultures, and 361 negative. Positive cases: 2.4% antepartum, 5.9% intrapartum, 91.8% postpartum. Negative cases: 3.9% antepartum, 7.8% intrapartum, 88.3% postpartum.]
FIGURE 1
 Flow diagram of inclusion criteria, time of blood culture sampling of peripartum women.



Demographic and clinical characteristics

The demographic and clinical characteristics of eligible patients are presented in Table 1. Age, pre-pregnancy BMI, and the percentage of comorbidities and preterm birth did not significantly differ between the groups (p > 0.05). Patients in the BSI group had a higher incidence of spontaneous rupture of membranes (47.1% vs. 28.5%; p < 0.001) and premature rupture of membranes (PROM) (37.6% vs. 19.1%; p < 0.001) than those in the non-BSI group. The median (interquartile range) duration of rupture membranes was 24.0 (10.0–48.0) h in the BSI group and 10.0 (3.0–27.0) h in the non-BSI group (p = 0.003). Furthermore, differences were found in the proportion of PROM >24 h before labor between the groups (p = 0.003). Patients in the BSI group were more likely to undergo vaginal examinations >5 times and cesarean section during labor (p < 0.05). The cervical ligation, placenta previa, retained products of conception, episiotomy or laceration, postpartum hemorrhage, epidural analgesia, or indwelling bladder catheterization did not significantly differ between the groups (p > 0.05).


TABLE 1 Demographic and clinical characteristics of the BSI and non-BSI groups.

[image: A table summarizes characteristics of patients divided into total, BSI group, and non-BSI group with corresponding p-values. Categories include age, pregestational BMI, medical conditions, delivery details, and more. Data are shown as medians with interquartile ranges or numbers with percentages. Specific variables like diabetes, hypertension, mode of delivery, neonatal birth weight, and others are compared. Statistical significance is indicated where p-values are below 0.05. Footnotes explain the acronyms and conditions included in the data.]



Infection features and laboratory test results

Table 2 presents a comparison of the temperature, timing of fever, duration of fever, and infection sources between the BSI and non-BSI groups. Peripartum women in the BSI group had higher body temperatures (median, 39.4 vs. 38.7°C; p < 0.001) and longer duration of fever (2.0 vs. 1.0 days; p < 0.001) than patients in the non-BSI group. The highest fever onset rate appeared postpartum, which accounted for up to 89% of the study population. Fever within 24 h postpartum was more common in the BSI group (42.3% vs. 26.3%; p = 0.006). Furthermore, the infection sources were recorded according to the initial related symptoms and laboratory test results. In addition, the most common cause in the BSI group was genital tract infections (71.8%; 61/85), followed by mixed infections (11.8%; 10/85), which were both significantly higher than those in the non-BSI group (71.8% vs. 26.3% and 11.8% vs. 4.7%; p < 0.05). Unknown infections accounted for the highest proportion in the non-BSI group (up to 37.1%).


TABLE 2 Infection features of BSI and non-BSI groups.

[image: Table comparing characteristics between groups with and without bloodstream infections (BSI) in a study of 446 participants. Categories include temperature, fever duration, timing, time from delivery to postpartum fever, COVID-19, infection types, and duration of antibiotic treatment. Key findings: higher temperature and fever duration in BSI group, and notable differences in infection types and antibiotic duration. Statistical significance is indicated by p-values.]

Escherichia coli was the most frequently isolated pathogen among women with positive blood cultures (51.8%; 44/85), followed by Enterococcus faecalis (7.1%; 6/85) (Figure 2). Hence, we analyzed the antibiotic resistance patterns of these two most common pathogenic microorganisms isolated from blood cultures (Table 3). The results showed that the drug resistance rate of E. coli to levofloxacin was 31.2%, and the proportion of extended-spectrum β-lactamase (ESBL)-producing isolates was 38.6%. Of the six E. faecalis isolates, five (83.3%) were resistant to clindamycin, five (83.3%) to tetracycline, four (66.7%) to erythromycin, and two (33.3%) to levofloxacin. Preventive antibiotics were more likely to be used (54.1% vs. 41.3%; p = 0.032), and therapeutic antibiotics were used for a longer period (9.0 vs. 5.0 days; p < 0.001) in the BSI group than in the non-BSI group (Table 2). The therapeutic antibiotics used are shown in Supplementary Figure 1. The BSI group used penicillin and/or β-lactamase inhibitors most frequently, accounting for 67.1% (57/85) of the patients. Simultaneously, second-generation cephalosporins were most frequently used in the non-BSI group, accounting for 31.0% (112/361) (Supplementary Figure 1).


[image: Pie chart showing bacterial species distribution. Escherichia coli dominates at 51.8%, followed by Enterococcus faecalis at 7.1%. Other species include Streptococcus anginosus, Bacteroides, and Klebsiella pneumoniae each under 6%.]
FIGURE 2
 Pathogenic microorganisms of the BSI group. aOther gram-positive species included Gardnerella vaginalis, Group B streptococcus, Finegoldia magna, Clostridium perfringens, and Clostridium difficile. bOther gram-negative species included Enterobacter aerogenes, Enterobacter cloacae, Morganella morganii, and Citrobacter koseri.



TABLE 3 Antibiotic resistance of the two most common pathogenic microorganisms of the BSI group.

[image: Table showing antibiotic resistance in *E. coli* and *Enterococcus faecalis*. For *E. coli* (n=44), resistances are Levofloxacin 31.2%, ESBL 38.6%, and zero for others. For *Enterococcus faecalis* (n=6), resistances are Tetracycline 83.3%, Levofloxacin 33.3%, Erythromycin 66.7%, Clindamycin 83.3%, and zero for others. Percentages are provided in parentheses.]



Maternal and neonatal outcomes

Table 4 presents the maternal and neonatal outcomes in the study population. The proportions of peripartum women admitted to the ICU or the length of stay in the ICU did not differ significantly between the two groups (p > 0.05). Eleven cases (12.9%) in the BSI group progressed to sepsis; however, no patients in the non-BSI group did. We analyzed the outcomes of neonates, including 43 born to mothers with BSI before delivery or within the first 24 h postpartum and 134 born to mothers with non-BSI with initial fever in the same period. Neonates in the BSI group had a lower gestational age at delivery compared to those in the non-BSI group (p = 0.045). However, no differences in the percentage of preterm births were observed between the two groups (p = 0.194). The incidence of an Apgar score of ≤ 7 at 1 min was higher in the BSI group than in the non-BSI group (14.0% vs. 3.7%, p = 0.040). The proportion of neonates who developed bacteremia or sepsis was 27.9% in the BSI group and 29.1% in the non-BSI group, with no significant difference (p = 0.880). Of the 18 neonates with sepsis, eight had positive blood cultures. Results from blood cultures in neonates and mothers are presented in Supplementary Table 1. The microbiological profiles of 50% of neonates matched those of their mothers. Univariate analysis revealed significant differences in premature birth, multiple gestation, and preterm premature rupture of membranes with regard to neonatal bacteremia/sepsis. Multivariate analysis identified premature birth as a risk factor, increasing the incidence of neonatal bacteremia/sepsis by seven times (adjusted odds ratio [aOR]: 7.042, 95% confidence interval [CI]: 2.611–18.991; p < 0.001).


TABLE 4 Maternal and neonatal outcomes in BSI group and non-BSI group.

[image: Table comparing maternal and neonatal outcomes between BSI and non-BSI groups. Outcomes include ICU admission, length of stay, sepsis, and gestational age. Notable differences are higher sepsis incidence in the BSI group (12.9% vs 0%) and lower gestational age (38.7 vs 39.4 weeks) with p-values indicating statistical significance for certain outcomes, such as sepsis and Apgar score at 1 minute.]



Risk factors of postpartum bloodstream infections

In total, 397 (89.0%) patients with postpartum fever who underwent blood culture tests were reported, including 78 and 319 postpartum patients in the BSI and non-BSI groups, respectively. Most cases of fever were postpartum fever cases. Different risk factors may be associated with antepartum, intrapartum, and postpartum fever (Ngonzi et al., 2018; Megli and Coyne, 2022). Risk factors for antepartum or intrapartum BSI were not analyzed because of the limited number of cases of antepartum and intrapartum fever. The univariate analysis results are presented in Supplementary Table 2. In the multivariable logistic regression analysis (Table 5), PROM (aOR: 2.234; 95% CI: 1.214–4.110; p = 0.010), fever ≥ 38.9 °C (102°F) (aOR: 9.452; 95% CI: 4.702–18.999; p < 0.001), and fever within 24 h after delivery (aOR: 2.347; 95% CI: 1.302–4.232; p = 0.005) were independent risk factors for developing postpartum BSI after adjustment for parity, pre-gestational BMI, pre-gestational medical conditions (diabetes and hypertension excluded), gestation age at delivery, and use of preventive antibiotics.


TABLE 5 Unadjusted and adjusted odds ratios of women with postpartum BSI, OR, odds ratio.

[image: Table displaying odds ratios (OR) with 95% confidence intervals (CI) for three characteristics. PROM: unadjusted OR 2.540 (1.490–4.328), adjusted OR 2.234 (1.214–4.110). Fever of ≥38.9°C (102°F): unadjusted OR 9.089 (4.624–17.865), adjusted OR 9.452 (4.702–18.999). Fever within 24 hours after delivery: unadjusted OR 2.052 (1.227–3.429), adjusted OR 2.347 (1.302–4.232). Adjustments include parity, pre-gestational BMI, specific medical conditions, gestational age, and antibiotic prophylaxis.]




Discussion


Principal findings

This retrospective cohort study found differences between the BSI group and non-BSI in modes of membrane rupture, duration of membrane rupture, delivery methods, and whether the vaginal examination was performed more than five times. Patients in BSI experienced more severe fever, typically within the first 24 h postpartum, and had longer-lasting fever compared to those in the non-BSI group. Genital tract infections were more common in patients with BSI, followed by mixed, respiratory, and urinary tract infections, whereas 37.1% of infections in non-BSI patients were of unknown origin. Patients with BSI were often treated with penicillin and/or β-lactamase inhibitors (67.1%), while non-BSI patients were predominantly treated with second-generation cephalosporins (31.0%). The BSI group had higher rates of maternal sepsis and neonates with Apgar scores ≤ 7 at 1 min compared to the non-BSI group. Patients with BSI received prophylactic antibiotics more frequently and for a longer duration than patients without BSI. Furthermore, PROM, fever ≥38.9 °C (102°F), and fever within 24 h after delivery were independent risk factors for postpartum BSI.



Morbidity

Previous studies of maternal BSI have reported an incidence rate over the decade ranging from 21/10,000 in the United States (2009–2016) (Wilkie et al., 2019), 27/10,000 in Canada (2010–2018) (Mohn et al., 2024), 10/10,000 in China (2013–2022) (Guo et al., 2023), and 37/10,000 in the United States (2014–2018) (Mohn et al., 2024). The wide range of incidences may be related to differences in the study design, survey period, and background population characteristics. However, the incidence rate identified in our study (44/10,000) was slightly higher than that reported in most of the aforementioned studies. In addition, the higher morbidity observed in our study may be because our study was conducted at a single center, and the study institution was a critical maternity care center. Currently, there is no uniform standard for indicating blood culture in obstetric BSI (Evans et al., 2021; Shields et al., 2023). This lack of standardization leads to variations in collection methods and timing across regions, potentially contributing to significant differences in peripartum BSI morbidity. In addition, comorbid medical conditions such as gestational diabetes mellitus and gestational autoimmune disorders were highly prevalent in this setting, which may increase the susceptibility to infections. Furthermore, our study had different inclusion and exclusion criteria compared to similar research; we excluded cases of fetal anomalies but did not exclude patients who used antibiotics or those who were preterm, aiming to accurately represent the clinical characteristics of febrile peripartum women. We excluded fetal anomalies because maternal infections such as TORCH (Toxoplasma gondii, other, rubella virus, cytomegalovirus, and herpes simplex virus) can have teratogenic effects leading to congenital anomalies, influencing microbial characteristics and neonatal outcomes (Megli and Coyne, 2022). Furthermore, the investigation period was relatively brief (2018–2023), and the coronavirus disease 2019 pandemic increased the risk of infection. In addition, the higher morbidity rate in our study may have resulted from various factors, including study design and methodology, demographic factors, and survey period, limiting the generalizability of the results. Future research should address these factors more comprehensively and in diverse populations.



Risk factors

Previous studies have noted that 47.4% of patients with postpartum BSI have PROM, which is considered a risk factor for postpartum BSI (Zou et al., 2021). Several studies have demonstrated that obesity, gestational diabetes, multiparity, fever during labor, and fever ≥38.9°C (102°F) increased the risk of maternal BSI during the peripartum period (Surgers et al., 2013; Easter et al., 2017). In addition, PROM and preterm birth increase the risk of neonatal infection (Guo et al., 2023). Notably, studies on the risk factors of peripartum BSI are scarce and show significant heterogeneity, possibly because of differences in BSI definition, study populations, sample sizes, and research designs. In this study, we identified PROM, fever ≥38.9°C (102°F), and fever within 24 h postpartum as independent risk factors for postpartum BSI. PROM may lead to chorioamnionitis, with the risk increasing with prolonged membrane rupture. The incidence of PROM and PROM >24 h before labor was significantly higher in the BSI group than in the non-BSI group. In addition, the incidence of BSI increased with prolonged PROM. Notably, spontaneous membrane rupture was more common in the BSI group than in the non-BSI group. Furthermore, careful monitoring of labor and vital signs and reducing the frequency of vaginal examinations can help prevent maternal BSI for patients with PROM.

There is an association between fever severity and maternal BSI, with significant maternal fever defined as 39.0°C (102.2°F) (Higgins et al., 2016; Molina et al., 2015). Molina et al. (2015) found that a maximum fever exceeding 38.9°C (102 °F) was closely related to the odds of peripartum BSI (aOR: 3.37; 95% CI: 1.61–7.06; p = 0.001). We observed that in the population of postpartum febrile women, 85.9% (67/78) of women in the BSI group had a fever of >38.9°C (102°F); however, the proportion in the non-BSI group was only 40.1% (128/319). This was consistent with the findings from Molina's study (Molina et al., 2015). We further reported that maternal temperatures >38.9°C (102°F) were significantly associated with postpartum BSI. These findings suggest that patients with risk factors should be closely monitored after delivery, and BSI should be highly suspected when maternal body temperatures exceed 38.9°C (102°F). Furthermore, fever within 24 h of delivery was identified as an independent risk factor for BSI. A maternal temperature >38.9°C (102°F) within 24 h of delivery this timeframe can serve as an early warning for BSI, warranting timely initiation or escalation of antibiotics, even in the absence of other risk factors.



Infection sources

Several studies have shown that most cases of antepartum sepsis are caused by genitourinary infections and that pyelonephritis is the most common cause of infection in antepartum non-obstetric hospitalizations (Hensley et al., 2019; Knowles et al., 2015; Bauer et al., 2013). The majority of intrapartum and postpartum sepsis occur secondary to genitourinary or respiratory infections (Hensley et al., 2019; Knowles et al., 2015). However, a retrospective case-control study in Italy found that respiratory and urinary tract infections were the most common sources of infection in antepartum sepsis, and genital tract infections were the most common sources of infection in postpartum sepsis (Ornaghi et al., 2022). Furthermore, Guo et al. (2023) found that the urinary and reproductive tracts were the predominant sources of postpartum BSI, accounting for 13% and 28%, respectively, consistent with previous studies. The highest onset rate was in the postpartum period (89.0%; 397/446), and the main source of infection was genital tract infections, followed by mixed, respiratory, and urinary tract infections for the BSI cases in our study.

Notably, non-infectious peripartum fever is common, particularly during labor, leading to either overtreatment with antibiotics or undertreatment of patients with suspected non-infectious fever (Riley et al., 2011; Zhao et al., 2022). Approximately a third of the population in the non-BSI group had no specific symptoms and lacked identifiable sources of infection. However, not all causes of fever during labor are associated with bacterial infections, according to some studies. For example, epidural anesthesia has been associated with intrapartum hypothermia, thought to be caused by non-infectious inflammation (Higgins et al., 2016; Sharma et al., 2014). Additionally, exposure to prostaglandins, hyperthyroidism, dehydration, and excess ambient heat are other causes of non-bacterial maternal fever (Higgins et al., 2016). In this retrospective study, 37.1% of the non-BSI population had an unexplained fever, which may be because of a recording bias or this portion of the population was indeed non-infectious. These findings may assist clinicians in achieving an optimal balance between early diagnosis and treatment of febrile peripartum women while reducing the non-essential use of antibiotics.

Must there be BSI in a patient with sepsis? The answer is no. Patients with sepsis may lack a source of infection or positive blood cultures (Kinasewitz et al., 2004; Plante et al., 2019). Ornaghi et al. (2022) reported that the source of infection could not be identified in 18.3% of patients, and 32.4% had negative blood cultures. In addition, neither the source of infection nor the causative organism was identified in 10% of cases. Furthermore, Acosta et al. reported similar findings, in which the source of infection could not be identified in 26% of cases, blood cultures were negative in 36.2%, and 16.4% had neither a source of infection nor an identified causative microorganism (Acosta et al., 2014). Notably, BSI causes sepsis in only 25–30% of cases, with no definitive test to distinguish sepsis from BSI; therefore, a comprehensive clinical assessment is required to differentiate between the two conditions (Huerta and Rice, 2019). We found that the proportion of patients with sepsis in the BSI group was 12.9%; however, there were none in the non-BSI population. There may still be cases of BSI and sepsis that were not recorded because of normal temperatures or neglected symptoms. Another possible explanation is that our study population was limited to patients hospitalized for delivery, and no follow-up was performed.



Pathogenic microorganisms and antibiotics

Under certain conditions, the normal flora of the genital tract may spread upward. Common pathogenic bacteria of genital tract infections include E. coli, Group B Streptococcus (GBS), Klebsiella, Enterococcus, and anaerobes (Knowles et al., 2015; Acosta et al., 2014). E. coli was the most common bacterium causing BSI, which is consistent with the results of other studies (Knowles et al., 2015; Ornaghi et al., 2022; Abir et al., 2017; Vasco et al., 2019). Additionally, Knowles et al. reported that the second most common pathogen was GBS (Knowles et al., 2015). In contrast, of the 40 cultured microorganisms from the placental swabs in our study, five were GBS, and none of them spread upwards and developed into BSI. In 12 BSI cases with placental swab cultures, six BSI cases were positive for E. coli, of which five were positive for E. coli in blood culture, and one had puerperal sepsis. Furthermore, two cases were positive for Listeria monocytogenes after placental swab cultures, both of which were complicated by BSI and sepsis caused by L. monocytogenes. Three women in our cohort had positive blood cultures for L. monocytogenes, with an incidence of 15.9 per 100,000, consistent with other studies (Khsim et al., 2022; Zhang et al., 2023; Ke et al., 2022). Due to the limited sample size, we did not analyze the correlation and causality of the co-culture of placental swabs and blood. However, microbial culture from placental swabs cannot be interpreted as indicative of genital tract infection; the gold standard for determining maternal-fetal interface infections is generally considered to be placental histopathology (Goldstein et al., 2020). Because only 27 placentas underwent pathological examination, identifying two cases of chorioamnionitis, both in the BSI group, whether uterine microorganisms can cross the maternal-fetal interface to cause maternal-fetal infections needs to be validated in a larger sample population.

A comprehensive investigation of perinatal infection with L. monocytogenes would be appropriate for future studies. “Chinese Experts Consensus on Prevention of Perinatal Group B Streptococcal Disease,” published in 2021, proposed that all pregnant women in China should undergo antepartum screening for GBS at 35–37 weeks of gestation for the first time. The 317 pregnant women enrolled in our study between 2018 and 2023 did not undergo the GBS screening; however, 129 pregnant women did, with 22 (17.1%) testing positive for GBS colonization, thus preventing further analysis of the effects of GBS status on maternal BSI. Overall, the GBS colonization rate was 17.9–18.0% (Kwatra et al., 2016; Russell et al., 2017). Notably, a meta-analysis of 30 Chinese studies conducted between 2000 and 2018, including 44,716 pregnant women, revealed a GBS colonization rate of 11.3% among Chinese women (Ding et al., 2020). The variation in colonization rates, both locally and internationally, may be attributed to differences in sampling sites, methods, gestational age of testing, and testing techniques. However, our population's GBS colonization rate is closely aligned with the global average but higher than the local rate, likely because of the broader implementation of the GBS screening.

Previous studies have demonstrated that severe infections during pregnancy and labor are the main risk factors for adverse perinatal outcomes. Blauvelt et al. (2021) found that sepsis during pregnancy is associated with placental dysfunction. A review of previous literature on peripartum women with suspected or confirmed infections revealed that a third of newborns had adverse outcomes (Baguiya et al., 2021). Another study conducted in the United Kingdom also reported similar results: the rates of maternal ICU and neonatal ICU (NICU) admissions were 31.2% and 42.3%, respectively (Acosta et al., 2014). We did not observe any maternal and neonatal deaths in the population; however, in the BSI group, 20% of the women had severe adverse outcomes, 12.9% developed sepsis, and 7.1% were admitted to the ICU. Of these, 66.7% were admitted because of sepsis or BSI. Moreover, no patients with sepsis were recorded in the non-BSI group, while 10 patients were admitted to the ICU for medical or surgical comorbidities. Additionally, 48.8% (21/43) of neonates in the BSI group were admitted to the NICU, and 14.0% (6/43) had an Apgar score of ≤ 7 at 1 min. Furthermore, the rates of neonatal sepsis did not differ between the groups, with no significant difference in the incidence of premature infants and the time of retention of blood culture. Similarly, 94.1% of the blood cultures were taken within 7 days of birth, indicating that most of the neonatal sepsis was of early onset. Although maternal BSI is associated with neonatal infection, and intra-amniotic infection and chorioamnionitis have been confirmed to be associated with early-onset sepsis (EOS) (Shane et al., 2017), there is no difference in the incidence of early-onset neonatal sepsis between the BSI and the non-BSI groups. This may relate to the high rates of postpartum infection after the neonate is delivered; at our institution neonatal blood cultures are not collected in the setting of maternal infection; the placental defenses against infection remain intact in the setting of intrapartum bacteremia. Eight neonates had positive blood cultures among the 18 with sepsis. The microbiological profiles of 50% of neonates matched those of their mothers, suggesting that maternal bacteremia may have crossed the maternal-fetal interface, resulting in neonatal infection. However, further data are needed to establish this connection. The limited number of episodes and observed variables, in addition to unrecorded factors, such as maternal comorbidities and gestational age, may have affected the outcomes. Nevertheless, the timely prevention, early diagnosis, and treatment of infections during pregnancy can improve maternal and neonatal outcomes. In 2023, the Society for Maternal-Fetal Medicine recommended empiric broad-spectrum antibiotic therapy within 1 h of identifying infection in pregnant women or postpartum patients with septic shock or suspected sepsis (Grade 1C) (Shields et al., 2023). Hence, patients with isolated fever would benefit from antibiotic treatment during labor despite potential non-bacterial sources of infection (Bank et al., 2022). The population with BSI in this study used antibiotics prophylactically and for longer durations. Based on our findings, uncovering the outcomes of the population receiving antibiotic prophylaxis remains a challenge; therefore, further research should assess the efficacy of prophylactic antibiotics.

Our results showed that 31.2% of E. coli strains were resistant to levofloxacin, while 38.6% were identified as ESBL-producing bacteria. Similar studies on maternal BSI caused by E. coli reported that the drug resistance rate of E. coli against levofloxacin ranges from 16%−21% (Guo et al., 2023; Wen et al., 2021), and the proportion of ESBL-producing isolates ranges from 47.6%−50% (Guo et al., 2023; Wilkie et al., 2019). Differences in E. coli resistance may be related to contingency, epidemiological, and geographical characteristics or increased antibiotic exposure during pregnancy.

We did not identify penicillin- or vancomycin-resistant E. faecalis isolates from blood cultures. In addition, ampicillin or vancomycin monotherapy remains effective for BSI caused by Enterococci (Rosselli Del Turco et al., 2021). Hence, Obstetricians must strictly control the indications for vancomycin and rationally select antibiotics. Furthermore, penicillin and/or β-lactamase inhibitors were the most commonly used antibiotics in the BSI group, which was consistent with the antibiotic resistance patterns. In contrast, penicillin and second-generation cephalosporins were most commonly used in the non-BSI group, indicating a preventive effect of penicillin and second-generation cephalosporins against BSI; however, this effect may be influenced by local antibiotic usage patterns. Based on the results of microbial antibiotic resistance from this study, previous empirical antibiotic protocols should be re-evaluated. Penicillins or second- and third-generation cephalosporins may be considered as the first-line empirical antibiotic choice for pregnant women with suspected urinary and genital tract infections or suspected BSI. Presumed sources of infection, microbial species, and local antibiotic resistance patterns affect the choice of empirical antibiotics. Hence, the evolution of antibiotic resistance patterns may be clinically significant in determining antibiotic selection in febrile women during the peripartum period.



Strengths and limitations

This study is one of the few studies on maternal BSI during delivery hospitalization from a microbiological perspective. We analyzed the demographic and clinical characteristics of 446 peripartum febrile women, with a sample size significantly larger than that of previous studies (Easter et al., 2017; Molina et al., 2015). In addition, we performed a detailed chart review covering all medical records in our institution over 5 years, providing relatively complete and accurate data on patients admitted for delivery and a comprehensive description of the clinical characteristics, microbiological features, antibiotic resistance, use of antibiotics, and risk factors for maternal peripartum BSI. Notably, we identified PROM, fever ≥38.9°C (102°F), and fever within 24 h after delivery as independent risk factors for postpartum BSI, which has received little attention.

However, the study had some limitations. This study was conducted at a single center, which limits the generalizability of the results at the regional or national level. The 95% CIs of some aORs were too wide, leading to a low certainty of the results. Moreover, our research may not have included all eligible febrile women because of missing data. It is also possible that false-negative culture results were obtained in the non-BSI group. Furthermore, the outcomes and clinical significance of over-testing and overtreatment in the non-BSI population were not assessed. Therefore, a multicenter, large-scale study would be appropriate to fully understand the underlying intricacies of the epidemiological, clinical, microbiological, and antibiotic molecular resistance mechanisms. These results provide a valuable framework for the development of effective infection control strategies.
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Introduction: Bordetella bronchiseptica is bacterial pathogen that is pervasive in swine populations and serves multiple roles in respiratory disease.
Methods: This study utilized whole-genome sequencing (WGS) analysis to assess the sequence type (ST), identify the genetic diversity of genes predicted to encode regulatory and virulence factors, and evaluated any potential antimicrobial resistance harbored by B. bronchiseptica isolates obtained from swine within the U.S.
Results: While a generally high degree of genomic conservation was observed among the swine B. bronchiseptica isolates, genetic diversity was identified within the fimNX locus and among the sequence type six (ST6) isolates. The majority of B. bronchiseptica isolates exhibited phenotypic resistance to four antibiotic classes, however, only three antimicrobial resistance genes were identified.
Discussion: Combined the data suggests that B. bronchiseptica isolates are not serving as a source of antimicrobial resistance gene transference in the swine production environment.
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Introduction

Bordetella bronchiseptica is a highly contagious bacterial respiratory pathogen with a broad host range of wild and domesticated mammals, consisting of both companion and livestock animals (Mattoo and Cherry, 2005; Brockmeier et al., 2019; Chambers et al., 2019). B. bronchiseptica colonization is pervasive in swine herds and causes a spectrum of clinical disease outcomes ranging from asymptomatic carriage to severe bronchopneumonia (Brockmeier et al., 2019). It is the primary etiologic agent of nonprogressive atrophic rhinitis, a mild to moderately severe, reversible condition, and it promotes colonization by toxigenic strains of Pasteurella multocida, producing severe, progressive atrophic rhinitis (Cross, 1962; Duncan et al., 1966b; Pedersen and Barfod, 1981; Rutter, 1983; Chanter et al., 1989; de Jong and Nielsen, 1990). In young pigs, B. bronchiseptica is the primary cause of severe bronchopneumonia and in older pigs B. bronchiseptica contributes to secondary bacterial pneumonia and/ or porcine respiratory disease complex (PRDC) (Dunne et al., 1961; Duncan et al., 1966a; Brockmeier et al., 2002; Palzer et al., 2008; Brockmeier et al., 2019). Numerous studies have demonstrated that B. bronchiseptica colonization increases the ability of Glaesserella parasuis, Pasteurella multocida, and Streptococcus suis to colonize the respiratory tract of swine, while additionally increasing the severity of respiratory disease associated with these bacterial pathogens as well as viral pathogens including swine influenza virus (SIV), porcine reproductive and respiratory syndrome virus (PRRSV), and porcine respiratory coronavirus (PRCV) (Vecht et al., 1989; Vecht et al., 1992; Brockmeier et al., 2000; Brockmeier et al., 2001; Brockmeier, 2004; Brockmeier and Register, 2007; Brockmeier et al., 2008; Loving et al., 2010). Regardless of the clinical outcome, B. bronchiseptica infections universally result in long-term to life-long carriage (Goodnow, 1980; Akerley et al., 1995; Mattoo and Cherry, 2005; Nicholson et al., 2009; Nicholson et al., 2012; Nicholson et al., 2014; Nicholson et al., 2017).

The majority of B. bronchiseptica virulence gene expression is regulated by a two-component sensory transduction system encoded by the bvg locus (Nicholson, 2007; Nicholson et al., 2012; Nicholson et al., 2024). This locus contains BvgS, a histidine kinase sensor protein, and BvgA, a DNA-binding response-regulator protein. In response to a variety of environmental cues, BvgAS controls the expression of phenotypic phases transitioning between a virulent (Bvg+) phase and a non-virulent (Bvg–) mode. During the virulent Bvg+ phase, the BvgAS system is fully active and virulence-activated genes (vags), such as filamentous haemagglutinin (FHA), pertactin (PRN), fimbriae, dermonecrotic toxin (DNT), adenylate cyclase toxin (ACT), and a type III secretion system (T3SS), are fully expressed (Cotter and Jones, 2003; Nicholson, 2007; Nicholson et al., 2024).

The U.S. swine industry is the third largest producer of pork in the world and respiratory disease in pigs is the most important health concern for swine producers today (USDA-APHIS-VS-CEAH-NAHMS, 2017; FAS-USDA, 2024). Treating respiratory disease, specifically bacterial pneumonia, accounts for the highest use of antimicrobials given to both nursery-age and grower/ finisher-age pigs in the U.S. (USDA-APHIS-VS-CEAH-NAHMS, 2019). B. bronchiseptica is generally regarded as having a low prevalence of antimicrobial resistance (AMR) (Kadlec and Schwarz, 2018). However, swine harbor many bacterial species such as livestock-associated methicillin-resistant Staphylococcus aureus (LA-MRSA) and Streptococcus suis that are both regarded as reservoirs for AMR dissemination (Hau et al., 2018; Nicholson and Bayles, 2022). Thus, it is essential to evaluate the genetic diversity and AMR harbored by B. bronchiseptica isolates obtained from swine. Currently, there is limited publicly available genomic sequencing data for B. bronchiseptica isolates obtained from swine. Of the limited genomic sequences that are available, only one is derived from a swine isolate obtained within the U.S. The goals of the current study were to fill this gap by utilizing whole-genome sequencing (WGS) analysis to evaluate the sequence type (ST), genetic diversity of genes predicted to encode regulatory and virulence factors, and any potential AMR harbored by these isolates.



Materials and methods


Bordetella bronchiseptica isolates and culture conditions

A total of 137 B. bronchiseptica isolates obtained from across 20 states in the U.S. between 2015 and 2017 submitted from routine diagnostic cases were selected for the project (Supplementary Table S1). All isolates were either obtained from samples collected as part of previous studies or were obtained from samples submitted as part of field case investigations and did not require Institutional Animal Care and Use Committee (IACUC) approval. Frozen stocks (−80°C in 30% glycerol) of B. bronchiseptica isolates were streaked onto tryptic soy agar containing 5% sheep blood (Becton, Dickinson and Co. Franklin Lakes, NJ) and incubated overnight at 37°C with 5% CO2. Single colonies were inoculated into Lysogeny broth (LB) and grown aerobically at 37°C overnight in a shaking incubator (250 rpm). The previously characterized B. bronchiseptica strain KM22 (Nicholson et al., 2020) was included in the analyses (Supplementary Table S1).



Whole-genome sequencing, assembly, and annotation

Genomic DNA extraction was extracted using High Pure PCR Template Preparation Kit (Roche Diagnostics Corp., Indianapolis, IN) from 500 μL broth cultures inoculated from a single colony and grown overnight aerobically at 37°C. The Qubit 1X dsDNA BR Assay Kit (Life Technologies, Eugene, OR) was used to determine DNA concentration. WGS assemblies for isolates were obtained using Illumina short read data. Library preparation was performed using a custom Illumina TruSeq-style protocol (Arbor Biosciences, Ann Arbor, MI) and sequenced on an Illumina NovaSeq 6,000 in 150 bp paired-end mode. The Illumina datasets were assessed for quality using FastQC1 and adapter trimming performed using BBduk2. De novo genome assembly was performed using SPAdes v. 3.15.4 in --careful mode (Bankevich et al., 2012). The resulting assemblies were filtered to retain only contigs greater or equal to 1,000 bp in length and annotated using the NCBI Prokaryotic Genome Annotation Pipeline (PGAP) v. 6.7 (Tatusova et al., 2016).

After the Illumina short read sequencing was completed, isolates D16-049392 (ST7) and D16-047428 (ST6) were chosen to have additional long-read sequencing performed with the goal of obtaining complete closed genome sequences. These isolates were chosen to represent each of the two sequence types identified in the swine isolate draft genome assemblies and represent different geographic locations (Kansas and Iowa, respectively). Short read Illumina data was obtained using the same library preparation and sequencing as described above. Genomic libraries for Nanopore sequencing were prepared with the SQK-RBK004 Rapid Barcoding Kit (Oxford Nanopore, Oxford, UK), following the manufacturer’s instructions. Sequencing was performed using a MinION Mk1C instrument with a MIN106D flow cell (version R9). The run length was 72 h and base calling was performed using Guppy v. 6.2.11 (high-accuracy mode, minimum read length of 200 bp, minimum Q score of 9). Long read data was assembled using Flye v. 2.9.1 with settings --nano-raw -g 5.3 m (Kolmogorov et al., 2019) followed by error-correction with Medaka v. 1.11.1 (Oxford Nanopore, Oxford, UK). This resulted in a single closed circular chromosome for both isolates. The Illumina short read data was then used to polish the long read assemblies using Polypolish v. 0.5.0 and POLCA v. 4.1.0 (Wick and Holt, 2022; Zimin and Salzberg, 2020, p. 208). The resulting assemblies were rotated to start at the dnaA gene and annotated using the NCBI Prokaryotic Genome Annotation Pipeline (PGAP) v. 6.7 (Tatusova et al., 2016). Unless otherwise specified, default software settings were used.



Comparative genomic analysis

Multi-locus sequence typing (MLST) was performed in silico utilizing the BIGSdb-Pasteur databases hosted by the Institut Pasteur3. Average nucleotide identity (ANI) values were calculated using FastANI v. 1.33 (Jain et al., 2018), which uses a MinHash mapping-based algorithm to calculate pairwise genome-to-genome ANI values. In addition to the genome assemblies from the current study, 11 additional genomes downloaded from NCBI were included in the comparisons and are listed in Supplementary Table S1 (Parkhill et al., 2003; Okada et al., 2014; Register et al., 2015; Nicholson et al., 2020). The additional genomes included 10 swine isolates, which were publicly available assemblies in the NCBI RefSeq Database as of September 2024. Virulence-associated genes were identified by BLASTN (Altschul et al., 1997) searches and the percent identity for each gene relative to a reference gene from B. bronchiseptica strain KM22 was determined. Further curation for determination of a gene designation was not present, not found, or incomplete within a genome assembly was performed in Geneious Prime 2023.0.14. Hierarchical clustering by isolate utilizing a complete linkage method based on Euclidean distance was performed in R using the ComplexHeatmap package (Gu et al., 2016). An in silico PCR based on PCR typing schemes described by Buboltz et al. was used to screen genomes for known O-antigen type O1 or O2 (Buboltz et al., 2009). To determine the presence of the cya or ptp loci, in silico PCR was performed in Geneious Prime 2023.0.1 (see footnote 4) using the primer sets described in Buboltz et al. (2008) to identify the respective operons. Comparison of genes encoding fimbrial protein subunits within the fimNX region was performed by BLASTN search (Altschul et al., 1997) to identify the region and MAFFT alignment (Katoh and Standley, 2013) to categorize the gene families.



Phenotypic and genomic AMR analysis

Phenotypic antibiotic resistance was determined using the broth microdilution method by National Veterinary Services Laboratories (Ames, IA) following standard operating procedures. Minimum inhibitory concentrations (MICs) were determined for each isolate using the Trek BOPO7F plate (Thermo Fisher Scientific Inc., Oakwood Village, OH) with Escherichia coli ATCC 25922 (ATCC, Manassas, VA) serving as the quality control strain. MICs were evaluated in accordance with Clinical Laboratory Standards Institute (CLSI) recommendations based on the VET09 and M100 standards for resistance interpretations after incubation for 24 h (Pruller et al., 2015; CLSI, 2024a,b). An in silico search for antimicrobial resistance (AMR) genes was performed using AMRFinderPlus v. 3.12.8 with database version 2024-05-02.2 (Feldgarden et al., 2019). The input option --nucleotide was used to analyze the assembled genome FASTA sequences with default settings. Result interpretation breakpoints used for B. bronchiseptica were values provided by the CLSI guidelines when available (CLSI, 2024a,b). Since breakpoints specific to B. bronchiseptica are limited, breakpoints used for treating any infections in dogs and humans caused by Staphylococcus spp. or Streptococcus spp. were used for clindamycin, breakpoints used for treating respiratory infections in swine caused by Actinobacillus spp. were used for gentamycin and tiamulin, and breakpoints used for treating respiratory infections in swine and/ or cattle caused by Pasteurella multocida and/or Mannheimia haemolytica were used for penicillin, ceftiofur, tetracycline, gamithromycin, neomycin, spectinomycin, danofloxacin, enrofloxacin, tilmicosin (CLSI, 2024a). Isolates were considered resistant to sulfadimethoxine when MIC was equal to or exceeded 256 μg/mL, and isolates were considered resistant to trimethoprim / sulfamethoxazole when MIC exceeded 2 μg/mL (Vilaro et al., 2023). No interpretation breakpoints were available for tylosin. Antimicrobial susceptibility data (AST), along with test ranges and clinical breakpoints used interpretations, for all isolates are listed in Supplementary Table S2. Comparison of the association of phenotypic resistance between isolates harboring the sul2 gene and not harboring the sul2 gene was performed by Fisher’s exact test a using GraphPad Prism v 10.1.0 (GraphPad Software, La Jolla, CA) and p < 0.05 was considered significant.



Data availability

The genome assemblies and sequencing read data have been deposited at DDBJ/ENA/GenBank under BioProject accession number PRJNA1079785. The sequencing data has been deposited in the Sequence Read Archive (SRA) under the following accession numbers SRP222122 and SRP520970. Genbank accession number for the pBORD-sul2 plasmid is PQ352461. Detailed information regarding assembly statistics, BioSample, GenBank, and SRA accession numbers is provided in Supplementary Table S1.




Results


Sequence type (ST) distribution

MLST was performed to begin characterizing the B. bronchiseptica isolates obtained from swine from across the U.S. Only two sequence types (STs) were identified with ST7 observed as the most prevalent, accounting for 95% (n = 130) of the isolates analyzed (Supplementary Table S1). Seven isolates were identified as ST6, accounting for 5% of the isolates (Supplementary Table S1). The ST6 isolates were not from a similar geographical location or year of isolation (Supplementary Table S1). Based on the STs, all the B. bronchiseptica isolates group into lineage I-1 based on the phylogenetic tree from the cgMLST-based typing method developed by Bridel et al. (2022).



Average nucleotide identity (ANI) distribution

Whole genome ANI values were compared among the B. bronchiseptica swine isolates from the current study, all B. bronchiseptica swine isolates previously deposited in the NCBI RefSeq database (n = 10), and the commonly used laboratory reference strain RB50, which was isolated from a rabbit (Table 1). The STs of the isolates obtained from NCBI were ST7 (n = 9; swine), ST6 (n = 1; swine), and ST12 (n = 1; rabbit, RB50) (Table 1). The means of pairwise ANI values obtained when comparing the ST7 isolate D16-049392 to all other isolates from the current study and to all selected isolates sourced from NCBI were all greater than 99 (Table 1). Similarly, the means of pairwise ANI values obtained when comparing the ST6 isolate D16-047428 to all other isolates from the current study and to all selected isolates sourced from NCBI were also all greater than 99 (Table 1). The highest ANI values were observed among isolates with the same ST for every comparison (Table 1). Specifically, the mean of pairwise ANI values obtained when comparing the ST7 isolate D16-049392 to other ST7 isolates within the current study was 99.91 (Table 1). In contrast, the mean of pairwise ANI values obtained when comparing the ST7 isolate D16-049392 to other ST6 isolates within the current study was 99.76, which was slightly lower than the ANI values obtained from comparing among isolates of the same ST (ST7) (Table 1). The same trend of higher ANI values attained among isolates with the same ST is observed for all comparisons (Table 1).



TABLE 1 Pairwise ANI values calculated from comparing all isolates from the current study and selected isolates sourced from NCBI.
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The lowest ANI values were observed when comparing the ST12 laboratory reference strain RB50 to all other isolates from the current study and to all selected isolates sourced from NCBI (Table 1). However, despite these comparisons resulting in the lowest observed ANI values, the mean values were greater than 99 (means of 99.52–99.58), indicating a high degree of sequence similarity among all compared genomes (Table 1). The low standard variation of pairwise ANI values both within the current study and compared to previously sequenced swine isolates from five countries (USA, Hungary, the Netherlands, Japan, and China) and isolation dates ranging from 1988 to 2022 indicates a low genetic diversity among B. bronchiseptica isolates obtained from swine.



AMR distribution

Phenotypic antimicrobial resistance was determined, and the majority of the isolates were resistant to four out of the eight antibiotic classes tested (Table 2 and Supplementary Table S2). The highest frequencies of resistance were observed for β-lactams, both penicillin and cephalosporin (100%, n = 137), macrolide/lincosamide/streptogramin (MLSb) (100%, n = 137), sulfonamide (100%, n = 137), and pleuromutilin (99%, n = 135) antibiotic classes (Table 2 and Supplementary Table S2). In contrast, the lowest frequencies of resistance were observed for tetracycline (0%, n = 0), aminoglycoside (0%, n = 0), and phenicol (<1%, n = 1) antibiotic classes (Table 2 and Supplementary Table S2).



TABLE 2 Phenotypic AMR prevalence among swine B. bronchiseptica isolates.
[image: Table displaying antibiotic resistance across various antibiotic classes. β-lactam/Penicillin: Ampicillin and Penicillin show 137 (100%) resistance. β-lactam/Cephalosporin: Ceftiofur at 137 (100%). Tetracycline class shows 0 (0%) resistance. Macrolide class: Clindamycin at 137 (100%), while others like Gamithromycin, Tildipirosin show 0 (0%). Aminoglycoside class shows 0 (0%) resistance. Phenicol class: Florfenicol at 1 (<1%). Fluroquinolone class: Danofloxacin 9 (7%), Enrofloxacin 1 (<1%). Sulfonamide class: Sulfadimethoxine 137 (100%), Trimethoprim/Sulfamethoxazole 5 (4%). Pleuromutilin class: Tiamulin at 135 (99%).]

Focusing on specific antibiotics tested, no isolates were found to be phenotypically resistant to the following antibiotics: tetracycline, gamithromycin, tildipirosin, tulathromycin, gentamicin, and neomycin (Table 2). One hundred and thirteen isolates (83%) exhibited intermediate resistance to danofloxacin, and 77 isolates (57%) exhibited intermediate resistance to enrofloxacin (Supplementary Table S2). Although specific breakpoints are unavailable for tylosin, all isolates tested except one exhibited high MIC values of equal to or greater than 32 μg/mL (Supplementary Table S2). Resistance to sulphadimethoxine was tested only at a MIC of 256 μg/mL and all isolates exhibited a MIC equal to or greater than 256 μg/mL and were considered resistant (Supplementary Table S2). Five isolates exhibited resistance to trimethoprim / sulfamethoxazole (Supplementary Table S2). The interpretation breakpoints used for spectinomycin were MIC values less than or equal to 32 μg/mL were considered susceptible, MIC values equal to 64 μg/mL were considered intermediate, and MIC values greater than or equal to 128 μg/mL were considered resistant (Supplementary Table S2). The highest MIC value tested for spectinomycin was 64 μg/mL (Supplementary Table S2). Given that a MIC value of >64 μg/mL was observed for all isolates, which is above the intermediate interpretation breakpoint MIC value and the resistant MIC value was not tested, no interpretation was used to classify the isolates (Supplementary Table S2).

Genomes were screened for chromosomal mutations and genes conferring AMR and three AMR genes, the Bordetella-specific β-lactamase gene blaBOR (Lartigue et al., 2005), the sulfonamide resistance gene sul2, and the aminoglycoside resistance gene aph(3″)-Ib or strA, were identified among the B. bronchiseptica swine isolates (Supplementary Table S2). All of the swine isolates harbored the β-lactamase gene blaBOR (Supplementary Table S2). The sulfonamide resistance gene sul2 was also highly prevalent and identified in 128 of the 137 isolates analyzed (Supplementary Table S2). Additionally, a statistically significant association was detected between sulfonamide resistance and the presence of the sul2 gene among the analyzed isolates (p = 0.0002). In contrast the aminoglycoside resistance gene aph(3″)-Ib or strA was harbored by only one isolate, D17-015854 (Supplementary Table S2). While the isolate harboring the aph(3″)-Ib gene did not exhibit resistance to any aminoglycoside class of antibiotics tested, the isolate did exhibit intermediate resistance to spectinomycin (Supplementary Table S2).

The chromosomal location of the aph(3″)-Ib gene was investigated further in isolate D17-015854 and a gene predicted to encode a recombinase followed by a gene predicted to encode a Tn3 family transposase gene were identified directly next to the aph(3″)-Ib gene, indicating that the chromosomal region could possibly be a mobile element. The chromosomal location of the sul2 gene was also investigated and a predicted transposase gene of the IS91-like element ISVsa3 family transposase was identified along with predicted mobile element related genes, recombinase/integrase and conjugation related genes were identified in close proximity to the sul2 gene in the majority of the isolates that harbored sul2. The close proximity of the transposase suggests that the chromosomal region in these isolates could possibly be a mobile element. In contrast, for three isolates, D16-039234, D17-011401, and D17-019744, the sul2 gene was located on a contig of approximately 16 kb in size that also contained the plasmid replication genes parA and parC. Further analyses revealed that the ends of the contig sequence overlap and resulted in a circularize plasmid sequence that was identical among all three isolates (Figure 1). The plasmid was named pBORD-sul2 (accession number PQ352461) and harbors an approximately 5 kb region containing the rep, parA, and parC genes with 99.47% nucleotide sequence identity to a previously reported 11 kb B. bronchiseptica plasmid pKBB4037 harboring tetA gene (Kadlec et al., 2006) (Figure 1).
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FIGURE 1
 Map of the plasmid found in B. bronchiseptica swine isolates D16-039234, D17-011401, and D17-019744. Nucleotide sequences for plasmid pBORD-sul2 (accession #PQ352461) correspond to contig 33 for D16-039234, contig 92 for D17-011401, and contig 79 for D17-019744. Dark blue arrows are annotated CDSs with predicted functions. Grey arrows are CDSs with unknown function, annotated by PGAP as “hypothetical protein CDS.” The light blue arrow is a predicted pseudogene (truncated CDS). The yellow arrow is the sul2 antimicrobial resistance gene. The orange arc indicates the portion of the plasmid sequence highly conserved with B. bronchiseptica plasmid pKBB4037 (accession # AJ877266.1).




Diversity of regulatory and virulence-associated genes

To further examine genomic diversity among the B. bronchiseptica swine isolates, we compared the nucleotide sequences of genes encoding well-characterized regulatory factors and virulence factors. The percent identity for each gene was determined for each isolate relative to the KM22 orthologue. Overall, a high degree of nucleotide sequence identity was observed for all analyzed genes encoding regulatory and virulence factors. The nucleotide sequence identity for regulatory genes bvgA and bvgR was 100%, the identity for bvgS ranged from 99.97 to 100% (Supplementary Table S3). With the exception of predicted fimbrial and adhesin genes, the nucleotide sequence identity for all other genes encoding well-characterized virulence factors were highly conserved and ranged from 99.22 to 100% with lower identity observed for cyaC, prn, and fhaL genes among ST6 isolates (Figure 2 and Supplementary Table S3).
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FIGURE 2
 Hierarchical cluster heatmap displaying the relatedness of B. bronchiseptica swine isolates based on the nucleotide percent identity of analyzed virulence genes. Nucleotide percentage identity values for analyzed genes were used to generate a distance matrix heatmap clustered by hierarchical clustering using a complete linkage method with Euclidean distance. Gene names are provided at the top of heatmap, and isolate names are provided at the left side of heatmap. Nucleotide percentage identity is represented using the color scale shown to the right side of heatmap. ST is provided at the left side of heatmap and is represented using the colors shown left of heatmap. Genes designated as not present, not found, or incomplete are represented using the colors shown right of heatmap. Dendrogram is on the right side of the heat map.


It’s has been previously demonstrated that the cya operon, comprising genes that encode, activate, and the secrete adenylate cyclase toxin, was replaced by an operon predicted to encode peptide transport (ptp) proteins in B. bronchiseptica ST37 isolates (Buboltz et al., 2008). Genes cyaA, cyaB, cyaC, cyaD, and cyaE of the cya operon were all present and highly conserved among the B. bronchiseptica swine isolates analyzed (Figure 2 and Supplementary Table S3).

The wbm locus contains genes required for expression of three antigenically distinct O-antigen types defined as O1- or O2- or O3 serotype (Preston et al., 1999; Buboltz et al., 2009; Vinogradov et al., 2010; Hester et al., 2013). An in silico PCR based on PCR typing schemes described by Buboltz et al. was used to screen the genomes of all isolates (Buboltz et al., 2009). Similar to KM22, all swine isolates harbored a wbm locus encoding genes for an O-antigen serotype O2 (data not shown).

The greatest nucleotide sequence divergence was observed for predicted fimbrial and adhesin genes putative-adhesin 2 (put-ad2), fimbrial protein 1, fimN, and fimX (Figure 2 and Supplementary Table S3). The putative-adhesin 2 (put-ad2) gene was the most divergent of all genes analyzed with nucleotide sequence identity that ranged from 72.34 to 100% (Figure 2 and Supplementary Table S3). The nucleotide sequence identity for fimbrial protein 1 ranged from 94.29 to 100% (Figure 2 and Supplementary Table S3). The nucleotide sequence identity for fimN ranged from 96.86 to 100% and fimX ranged from 89.34 to 100% (Figure 2 and Supplementary Table S3).

In addition to having lower nucleotide sequence identity compared to all other virulence-associated genes analyzed, the predicted fimbrial and adhesin genes fimN, fim2, fimbrial protein 1, and bcfA/putative adhesin 1 (bcfA) were absent from the genomes of some isolates. The absence of bcfA and fimbrial protein 1 genes from ST6 isolates were the most notable (Figure 2 and Supplementary Table S3). The bcfA gene was absent from genomes of all seven ST6 isolates (Figure 2 and Supplementary Table S3). The fimbrial protein 1 gene was absent from genomes of eleven isolates, four ST7 isolates and all seven ST6 isolates (Figure 1 and Supplementary Table S2). The fimN gene was absent from genomes of four ST7 isolates and the fim2 gene was absent from genomes of two ST7 isolates (Figure 2 and Supplementary Table S3).

Further focusing on the diversity within the fimNX locus, the number of genes harbored within this locus varied from two to five among the B. bronchiseptica swine isolates (Figure 2 and Supplementary Table S4). In addition to the number of number of genes harbored within this locus, the type of predicted fimbrial genes located within this locus also varied among the B. bronchiseptica swine isolates (Figure 3 and Supplementary Table S4). Despite the diversity in the number and type of predicted fimbrial genes harbored, the fimNX locus was located in the same genomic location flanked by tripartite ATP-independent periplasmic (TRAP) transporter and phenylacetate-CoA ligase gene (paaK) genes in all swine isolates and in KM22 (Figure 3 and Supplementary Table S4).
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FIGURE 3
 Organization of fimNX locus. Predicted fimbrial protein genes are represented as arrows. Gene names refer to names used in Supplementary Table S4 and color-coded by gene family, which is defined by nucleotide sequence identity.


Ninety swine isolates were observed to harbor five predicted fimbrial genes within the fimNX locus. The five predicted fimbrial genes harbored by these isolates were fimbrial protein 3, fimbrial protein 1, fimN, fim2-like and fimX (Figure 3 and Supplementary Table S4). The predicted fimbrial gene fimbrial protein 3 was originally named based on the draft annotation of KM22, which harbors four predicted fimbrial genes within this locus: fimbrial protein 1, fimN, fim2-like and fimX (Figure 3 and Supplementary Table S4) (Nicholson et al., 2016). An orthologous gene to RB50 fimbrial protein gene BB3193 was identified and located in a different chromosomal location in the draft annotation of KM22 and named fimbrial protein 2 (locus_tag KM22_03128) (Nicholson et al., 2016). The locus_tag was subsequently changed to CJ015_08855 in the closed KM22 genome annotation (Nicholson et al., 2020). Since the name “fimbrial protein 2” was assigned to the predicted fimbrial protein gene (locus_tag CJ015_08855) located in a different chromosomal location, the name fimbrial protein 3 was assigned to the additional predicted fimbrial gene located in the fimNX locus of the 90 swine isolates that were observed to harbor it (Figure 3 and Supplementary Table S4).

Thirty-one swine isolates, including KM22, harbored four predicted fimbrial genes (fimbrial protein 1, fimN, fim2-like and fimX) within the fimNX locus (Figure 3 and Supplementary Table S4). Four other swine isolates also harbored four predicted fimbrial genes, but different types of predicted fimbrial genes were observed within the fimNX locus (Figure 3 and Supplementary Table S4). Two isolates harbored fimbrial protein 3, fimN, fim2-like and fimX, while two other isolates harbored fimbrial protein 3, fimbrial protein 1, fim2-like and fimX (Figure 3 and Supplementary Table S4). Eight swine isolates harbored three predicted fimbrial genes, which included fimN, fim2-like and fimX (Figure 3 and Supplementary Table S4). One isolate harbored three predicted fimbrial genes, which included fimbrial protein 3, fim2-like and fimX (Figure 3 and Supplementary Table S4). One isolate also harbored three predicted fimbrial genes, which included fimbrial protein 1, fim2-like and fimX, and another isolate was also observed to harbor three predicted fimbrial genes, which included fimbrial protein 1, fimN, and fimX (Figure 3 and Supplementary Table S4). Two swine isolates harbored two predicted fimbrial genes within the fimNX locus. One isolate harbored fim2-like and fimX, while the other isolate harbored fimbrial protein 4 and fimX (Figure 3 and Supplementary Table S4). The gene fimbrial protein 4 was annotated as a newly identified predicted fimbrial gene within the fimNX locus due to its low nucleotide sequence identity to the other known predicted fimbrial genes (Figure 3 and Supplementary Table S4).




Discussion

An overall high degree of genomic conservation was observed among the swine B. bronchiseptica isolates analyzed despite the wide variation in geographical location, encompassing 20 different states within the U.S., and time frame in which the B. bronchiseptica isolates were acquired. Specifically, out of 137 isolates analyzed, only two STs were identified, ST6 and ST7. ST7 accounted for 95% (n = 130) of the isolates analyzed. Additionally, the high ANI values combined with the low standard variation attained by comparing all isolates from the current study, along with selected isolates sourced from NCBI from five countries and isolation dates ranging from 1988 to 2022, indicates an extremely low genetic diversity among B. bronchiseptica isolates obtained from swine. Apart from fimbrial and adhesin genes, the nucleotide sequence identity for all other genes encoding well-characterized regulators and virulence factors were highly conserved and ranged from 99.22 to 100%. Additionally, every B. bronchiseptica swine isolate harbored a wbm locus encoding genes for the same O-antigen serotype O2.

When evaluating the genes encoding regulators and virulence factors, the most genetic diversity observed was among the ST6 isolates and within the fimNX locus. The diversity observed for ST6 isolates included the lowest nucleotide sequence identity detected for cyaC, prn, and fhaL genes among ST6 isolates compared to other isolates and ST6 isolates additionally did not harbor genes bcfA and fimbrial protein 1. Only two other genome sequences are available for ST6 B. bronchiseptica isolates. These isolates are S798 (accession # GCA_000829175.1), isolated from a pig in Japan in 1988, and MBORD731 (accession # GCA_000698985.1), isolated from a horse in Denmark with no isolation date provided. Similar to the ST6 isolates in this study, both S798 and MBORD731 do not harbor genes bcfA and fimbrial protein 1. Due to the low number of ST6 B. bronchiseptica isolates available for examination so far, it is unclear if the absence of these genes is specific to ST6 isolates. The diversity observed within the fimNX locus includes both the number of genes harbored within this locus and the type of predicted fimbrial genes located within this locus. Additionally, a newly identified predicted fimbrial gene was detected within the fimNX locus of one of the swine B. bronchiseptica isolates.

A generally regarded universal trait of B. bronchiseptica isolates is that they tend to be resistant to β-lactam, both penicillins and cephalosporins, and macrolide antibiotic classes (Woolfrey and Moody, 1991; Mattoo and Cherry, 2005; Kadlec and Schwarz, 2018; Reagan, 2021). While information on the genetic basis of these resistances is sparse, low permeability to cephalosporins as well as the Bordetella-specific β-lactamase gene blaBOR have been shown to contribute to resistance to the β-lactam classes (Lartigue et al., 2005; Kadlec et al., 2007). Prior to the emergence of macrolide-resistant B. pertussis isolates, macrolide resistance was an important clinical distinction between B. pertussis and B. bronchiseptica (Woolfrey and Moody, 1991; Mattoo and Cherry, 2005). When the swine B. bronchiseptica isolates were evaluated for phenotypic antimicrobial resistance, most of the isolates were resistant to, β-lactam, macrolide, and pleuromutilin antibiotic classes. Prior susceptibility testing has reported high MIC values for pleuromutilins, specifically tiamulin (Pruller et al., 2015). In swine, tiamulin is commonly used to treat dysentery caused by Brachyspira hyodysenteriae and bacterial pneumonia caused by Actinobacillus pleuropneumoniae and/or Mycoplasma hyopneumoniae (Maes et al., 2020). While no pleuromutilin-inactivating enzymes have been described to date, collateral sensitivity from lincosamide genes lnuB and lsaE have been reported to confer resistance to pleuromutilins (Sharkey et al., 2016; Hawkins et al., 2017). However, none of the B. bronchiseptica isolates examined in this study harbored the lincosamide genes lnuB or lsaE. In contrast, the Bordetella-specific β-lactamase gene blaBOR (Lartigue et al., 2005), was found in all B. bronchiseptica isolates examined in this study, which is likely the genetic basis underpinning the observed β-lactam resistance. It is worth noting that the classification of phenotypic resistance based on clinical breakpoints used in this study has some limitations, such as increasing the difficulty in associating phenotypic resistance to genotypic resistance mechanisms.

When the genomes of the B. bronchiseptica isolates were screened for AMR elements, only three AMR genes were identified. As previously mentioned, the Bordetella-specific β-lactamase gene blaBOR (Lartigue et al., 2005) was found in all B. bronchiseptica isolates examined in this study. Many of the isolates were also found to harbor the sulfonamide resistance gene sul2, and a statistically significant association was detected between sulfonamide resistance and the presence of the sul2 gene. Previous studies have described co-selection due observed linkage of aminoglycoside resistance gene aph(3″)-Ib or strA and sulfonamide resistance genes (Kehrenberg and Schwarz, 2001; Pruller et al., 2015). However, the B. bronchiseptica isolate harboring the aph(3″)-Ib or strA gene did not harbor the sul2 gene. Predicted transposase genes were identified located in close proximity to the aph(3″)-Ib or strA gene and the sul2 gene, for the isolates that harbored a chromosomally located sul2 gene. The close proximity of the predicted transposases indicated that those genomic regions could possibly function as mobile genetic elements (MGEs). However, no additional indicators suggesting that these regions function as MGEs were identified. Three isolates were found to harbor the sul2 gene on an identical 16 kb plasmid. The plasmid identified among these three isolates was the only MGE carrying an AMR gene identified in this study. Given the relatively ease of transferase of bacterial plasmids, it was unexpected that either this plasmid or other similar plasmids were not found in more B. bronchiseptica isolates examined in this study.

Overall, very few AMR elements were identified among the swine B. bronchiseptica isolates examined in this study. In fact, only three isolates were identified to harbor one AMR gene on a defined MGE. Additionally, a high degree of genomic conservation of analyzed genes was observed among the swine B. bronchiseptica isolates analyzed. Combined, the genotypic and phenotypic data reported here for B. bronchiseptica isolates is in stark contrast to similar data previously reported for other bacterial species known for colonizing swine, such as LA-MRSA and S. suis (Hau et al., 2018; Nicholson and Bayles, 2022). Both LA-MRSA and S. suis are regarded as reservoirs for AMR dissemination because they are typically resistant to multiple classes of antibiotics and harbor numerous AMR genes on MGEs (Hau et al., 2018; Nicholson and Bayles, 2022).

The lack of genomic diversity observed among the swine B. bronchiseptica isolates, including only two STs identified, high ANI values among analyzed isolates, the high degree of sequence conservation of analyzed genes, along with the few AMR elements harbored by these isolates, indicates that B. bronchiseptica swine isolates are not readily sharing genes or exchanging DNA with other bacterial community members in their environment. Collectively, the data reported in this study deriving from a broad inclusion of B. bronchiseptica isolates obtained from across 20 states in the U.S. supports previous findings showing a low prevalence of AMR genes among B. bronchiseptica isolates (Kadlec and Schwarz, 2018), while also indicating that B. bronchiseptica is not serving as a source of antimicrobial resistance and MGEs in the swine production environment.
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Introduction: Cutaneous leishmaniases (CL), a wide range of cutaneous diseases caused by diverse species of Leishmania genus parasites, are among the most neglected infectious diseases. While they are non-fatal, CL are highly morbid with disfiguring lesions, which could be chronic, leaving lifelong unsightly scars; they are combined with psychological distress and social stigma. The efficiency of treatment highly depends on the infecting Leishmania species. Diagnosis is mainly based on microscopic direct examination (DE) of Giemsa-stained smears needing experienced microscopists. It can be laborious and time-consuming when the parasite load is low. DE is poorly sensitive and does not identify Leishmania species. So far, only DNA assays accurately identify the species. Despite their wide use for generic detection, PCR methods also require equipment and additional steps to identify causal Leishmania species. L. major is hyperendemic in many countries in Africa, the Middle East, and Asia, where other species co-occur with different endemicity levels according to the situations. This complicates disease management and treatment, particularly as distribution and epidemiology of leishmaniases remain poorly understood. Here, we aimed for a simple and rapid molecular diagnostic test to detect and identify L. major, a predominant CL causal species, which could be prone to become a control tool at the point of care, in endemic areas, using isothermal recombinase DNA amplification (recombinase polymerase amplification, RPA, or recombinase aided amplification, RAA) coupled to detection by the lateral flow (LF) chromatography on a PCRD cassette.
Methods: To develop an L. major species-specific RPA-LF assay, computational analysis of 70 Leishmania DNA targets, identified through bibliography and database searches, selected five targets. We designed and tested 7 primer pairs/probe sets to specifically amplify L. major DNAs. First, the primers were tested for species specificity and sensitivity using basic RPA chemistry. Then, to develop RPA-coupled LF detection, we shifted to the nfo chemistry.
Results: This way, we retained one set for further investigation, which confirmed it is L. major species-specific. Tested on 86 human cutaneous samples, this selected set was able to detect 100% of L. major infections in confirmed CL patients. We did not observe any cross-reactivity with lesions due to L. infantum or L. tropica.
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 cutaneous leishmaniases; molecular diagnosis; RPA/RAA; Leishmania major; lateral flow chromatography; point of care diagnosis


Introduction

Cutaneous leishmaniases (CL) constitute a wide range of cutaneous vector-borne diseases caused by diverse species of Leishmania genus parasites. This group represents one of the most neglected infectious diseases. In Old World, more than 1 million CL cases are reported each year, of which 80% occur in the Middle East and North Africa (MENA) region. Moreover, the MENA is at increased risk of emergence and epidemics due to the changes in epidemiological trends related to environmental or climate changes, migrations, or conflicts (reviewed by Tabbabi, 2019). Indeed, CL in MENA, caused by four species (L. major, L. tropica, L. infantum, and L. donovani), have complex epidemiology due to species diversity and co-endemicity and even co-sympatry, their different levels of prevalence, microfocal distribution, and many unknowns in transmission cycles.

Zoonotic cutaneous leishmaniasis (ZCL) due to L. major is endemic in all countries in the MENA region (reviewed by Tabbabi, 2019). It has diverse clinical manifestations and is known to be epidemic to hyperendemic in these countries while the transmission of other species encountered is less frequent to sporadic, with exceptions of Syria or Sudan where L. tropica and L. donovani are highly endemic respectively, and Morocco where L. tropica is increasingly prevalent (El Idrissi Saik et al., 2022). Furthermore, while several Sub-Saharan African countries face gaps in identifying the etiology of Leishmania species responsible for CL, others, such as Burkina Faso, Nigeria, Niger, and Cameroon, have reported L. major as the sole species causing CL in these regions (reviewed by Blaizot et al., 2024), a statement that may be revised by the increasing use of DNA assays for species detection and identification.

While CL is not fatal, it is highly morbid with disfiguring and/or lifelong scars leading to social stigma and psychological distress (Chahed et al., 2016; Elfaki et al., 2024). Furthermore, CL was recently called “the great imitator” (Gurel et al., 2020) as it could mimic a wide range of skin diseases, which makes it difficult to diagnose on the sole base of clinical manifestation. CL diagnosis is mainly done by microscopic direct examination (DE) of smears of Giemsa-stained lesion that requires experienced microscopists, time-consuming, and laborious when parasite loads are low. DE is 100% specific but is poorly sensitive (43%) (Mouttaki et al., 2014) and does not identify Leishmania species given the similar morphology of their amastigote forms. Only molecular DNA assays accurately identify the species. Etiologic diagnosis of CL is crucial as it is known that treatment protocols depend on the species (Arevalo et al., 2007; Mosimann et al., 2013); efficiency of CL treatment is also highly dependent on Leishmania species (Madusanka et al., 2022).

Several PCR-based methods have been developed for the specific and sensitive detection of Leishmania parasites responsible for CL (Table 1). These include conventional PCR assays (Rostami et al., 2020), real-time PCR, PCR-RFLP, and PCR sequencing, among others. While these methods can detect Leishmania parasites, species identification often requires complementary techniques, such as RFLP (Schönian et al., 2003; Bel Hadj Ali et al., 2021) or sequencing (Stevenson et al., 2010), to enable species identification. Real-time PCR is among the most highly sensitive methods for detecting Leishmania DNA (Stevenson et al., 2010; Nath-Chowdhury et al., 2016). However, the requirement for specialized equipment, such as real-time PCR machines, can limit its accessibility in resource-limited settings.



TABLE 1 Commonly used methods for CL diagnosis: examples of performances.
[image: Table displaying sensitivity and specificity percentages for various diagnostic tests including DE, Culture, kDNA PCR, ITS1 PCR, 18S qPCR, hsp70 qPCR, L. infantum DNA repeat region real-time RPA, kDNA LAMP, and m22-RPA/LF. Sensitivity ranges from 29% to 100% and specificity from 60.6% to 100%. References are provided for each test.]

In low-resource or remote settings where there is a lack of equipped laboratories, molecular diagnostics with a point-of-care (POC) format would guarantee an accurate diagnosis and equitable and better access of patients to health care wherever they are. Actually, healthcare challenges in such settings mainly relate to infrastructure and budget (Maphumulo and Bhengu, 2019). This emphasizes the importance of point-of-care molecular diagnostics for prevention, timely patient management, and disease control.

Over the last decade, the POC format has been given a special attention, and a broad spectrum of technologies, reagents, test kits, and equipment were developed (Kozel and Burnham-Marusich, 2017). With the advent of PCR as the gold standard technology in molecular diagnostics for pathogen detection, a range of DNA amplification technologies have been developed to expand their use at the POC, thus allowing to address the need for POC CL testing, requiring minimal equipment while being fast in delivering DNA products. The most commonly used are the loop-mediated isothermal amplification (LAMP) (Erber et al., 2022; Soares et al., 2024; Taye et al., 2024) and the recombinase-based amplification [recombinase polymerase amplification (RPA) or recombinase-aided amplification (RAA)] (Bharadwaj et al., 2021; Khan et al., 2021; Travi et al., 2021; Mondal et al., 2016). RPA/RAA is an isothermal DNA amplification technology with a simple experimental design, by contrast to LAMP that requires four to six primer pairs, to amplify one DNA target. Indeed, RPA operates at low temperatures (37°C–42°C) and requires only two primers or two primers and a probe depending on the used chemistry (Piepenburg et al., 2006). RAA is another designation for this technology (Xue et al., 2020). Using RPA or RAA (according to the kit supplier) to develop molecular diagnostics potentially overcomes current limitations of cost, complexity, and resources while ensuring rapidity, efficiency, and accuracy of the results (Ghosh et al., 2021).

In this study, we aimed to develop a simple, rapid sensitive, and cost-effective L. major-specific DNA-based assay. The test based on an isothermal recombinase-based amplification coupled to lateral flow immuno-assay detection would contribute to diagnosing L. major-infected patients or their screening in remote areas.



Materials and methods


Ethical statement

The study was conducted after obtaining the ethical approval from Ethic Committees of: Institut Pasteur de Tunis (Ref:2016/24/I/LRIPT04), Rafic Hariri University Hospital Lebanon (Ref: INV-2017-324) and Faculty of Medicine and Pharmacy University Mohamed V Rabat, Morocco Faculty of Medical Sciences (Ref: 51/17). All study participants provided signed informed consent. The collected samples and data were codified and treated anonymously.



Leishmania parasites

Sequencing surveys and RPA assays were set up and optimized using characterized strains belonging to L. major (N = 14), L. infantum (N = 11), L. donovani (N = 5) L. tropica (N = 11), and other Old World Leishmania species including L. aethiopica (N = 1), L. arabica (N = 1), L. turanica (N = 1), and the Sauroleishmania L. tarentolae (N = 1). The corresponding strains were isolated from a range of hosts including human cases, sandflies, and reservoirs from various geographical origins in Africa, the Middle East, or Asia. Tunisian and Sudanese strains were obtained from field studies or health centers in Tunisia and Sudan. All the other strains were obtained from reference centers in Montpellier, London, or Rome. Details describing these strains are shown in Table 2.



TABLE 2 Description of the studied strains.
[image: Table listing various strains of *Leishmania* with columns showing WHO code, strain name, pathology, species, and zymodeme. The species include *L. major*, *L. tropica*, *L. infantum*, *L. donovani*, *L. aethiopica*, *L. arabica*, *L. turanica*, and *L. tarentolae*. Pathologies are categorically marked as cutaneous leishmaniasis, visceral leishmaniasis, and not applicable. Zymodemes vary across strains. Some entries are marked with asterisks indicating strains used for sequencing and validation.]



Collection of study sites, data, and clinical samples

The sample and data collection were undertaken in different study sites, including Tunisia, Lebanon, and Morocco. In Tunisia, we collected, in total, 55 samples from informed and consented patients referred for routine diagnosis to the parasitology departments of Farhat Hached Hospital in Sousse (N = 49) and La Rabta Hospital in Tunis (N = 6). Patient recruitment in these departments mainly reflect the different levels of CL endemicity and distribution of parasites in the different regions of Tunisia (Central vs. Northern Tunisia). In Lebanon, we collected eight CL samples from consented patients having consulted at the Rafic Hariri Hospital; two of whom were Lebanese, and the six others were Syrian refugees. In Morocco, we conducted a field study in the Azilal Province and Ouarzazate/Zagora where we collected samples from 23 consented patients. Patients were sampled by dermal scraping of the lesions in Tunisia and Morocco, and by swabs of lesions following lesion scrapping in Lebanon. Demographic and clinical data of the collected samples are provided in Supplementary Table S1. It also includes the country or city of patient recruitment. The nucleic acid extraction method was harmonized by using the QIAamp DNA Kit (Qiagen, Germany) at the different study sites. We used microscopic direct examination as the reference method for parasitological diagnosis by the visual detection of amastigotes. We followed the criteria suggested by the WHO (WHO, 2010) for the parasitic load classification reported in Supplementary Table S1. Detection and identification of etiological agents in lesions were carried out by ITS1 PCR-HaeIII RFLP as described by Schönian et al. (2003). Epidemiological and clinical data were collected using a harmonized questionnaire that was digitalized as described by Preprint Harigua et al. (2020).



Target identification and screening

We used different approaches to identify species-specific targets for the recombinase amplification-based assays. First, we used a set of Leishmania coding sequences (CDS) in a range of species, available in our laboratory, as potential targets. Then, a second screen included a bibliography search of known targets described by other studies for their species specificity (Rogers et al., 2011) and species differentiation ability (Zelazny et al., 2005). The third screen included a computational screening of all known CDS in the L. major genome against the whole genomes of L. infantum and L. tropica available in the public databases selecting those that presented less than an 80% similarity rate. Within all the studied targets, those presenting high interspecies polymorphism rates or sequence gaps were retained for the design of RPA primers.



RPA primer design and validation by a sequencing survey

We designed RPA primers according to the TwistDx guidelines [twistamp-assay-design-manual_rev1_v3.pdf (twistdx.co.uk)]. They are 30–35 bases long with 30–70% of GC content. The primers were designed to produce 100-bp to 400-bp L. major-specific amplicons. A fragment of at least 52 bp was maintained between the primer pairs to allow for internal probe design for lateral flow detection. The specificity of primer pairs was tested using RPA basic chemistry for the amplification and detection of products by the agarose gel electrophoresis.

In order to verify sequence conservation within Leishmania species and validate the designed RPA primers, for each selected target, we designed external PCR primers to survey conservation of the priming and probing sites through sequence analyzes of the targeted fragments across strains and species (Supplementary Table S2). Sequencing was performed on both strands using the BigDye Terminator v3.1 Cycle Sequencing Kit and an ABI 3500 sequencer (Applied Biosystems). The chromatograms were visualized and manually adjusted using the DNA Baser sequence assembler v4 program (Heracle BioSoft, www.DnaBaser.com). Multiple sequence alignment was performed using ClustalW, and the UPGMA tree was constructed using the Tree Builder tool, both integrated into Geneious 3.6.3 software.



Setup of RPA basic assays

Reactions were set up following the TwistDx™ Basic RPA protocol; each reaction contained 29.5 μL rehydration buffer, 2.4 μL of each forward and reverse primers (10 μM), 11.2 μL dH20, and 2 μL of Leishmania genomic DNA (20 ng/μl) for each reaction mix. A negative control (no template) reaction was included in each set of reactions. The reaction mix was then added to the dried RPA pellets containing a mix of enzymes and dNTPs, supplied as strips. Then, 2.5 μL of magnesium acetate (280 mM stock) was added to each lid making a total reaction volume of 50 μL. The strips were spun down and immediately placed into a thermoshaker (Neobiotech, France) for reaction initiation. Incubation was performed at 40°C for 30 min and under 600 rpm agitation, instead of manual shaking to ensure experiment reproducibility. Amplification products were next purified using the QIAquick PCR Purification Kit (Qiagen, Germany) and run on a 2% agarose gel. The primer pairs that showed positive L. major-specific amplification and negative results with L. tropica and L. infantum/L. donovani species were selected for further investigations.



RPA using nfo chemistry coupled with LF detection assay

Multiple sequence alignment and experimental validation of the primers/probe sets were used to set up RPA under nfo chemistry to be coupled with LF detection assay. RPA reactions were performed in a 50 μL volume using an RAA amplification Kit—test strip method (Jiangsu Qitian Gene Biotechnology Co., Ltd. Wuxi, China). A master mix containing 420 nM of each forward and biotinylated reverse RPA primer, 120 nM FAM-tagged RPA probe, 25 μL of rehydration buffer, and DNase-free water was prepared and distributed into each reaction tube containing the dried enzyme pellet. Sample DNA (2 μL) was then added into each tube, and finally, a volume of magnesium acetate (280 mM) was pipetted into the tube lids and then centrifuged to allow initiation of the isothermal amplification reactions. Optimizations of RPA reaction were performed in order to determine the optimal conditions of reactions. Different magnesium acetate final concentrations ranging from 14 mM to 30 mM were tested. We also assessed different reaction times (10, 15, 20, 30, 35, and 40 min) and incubation temperatures (37, 39, 40, and 42°C).

Lateral flow detection was performed using generic 2 test lines PCRD cassettes (Abingdon Health, UK). Different dilution factors of the RPA products were tested involving 6, 10, 15, and 20 μL in a final volume of 90 μL with the supplied PCRD extraction buffer (provided with the kit by Abingdon Health). A volume of 75 μL was pipetted into the sample well of the PCRD test cassette and left for 5–10 min before it was imaged using a smartphone camera.

We performed the RPA and LF reactions in a unidirectional workflow using separated laboratory work areas for each step to prevent amplicon carryover contamination.



Analytical sensitivity

To determine the analytical sensitivity, we used 10-fold serial dilutions of L. major DNA (R44) ranging from 20 ng/μl to 2 × 10−5 ng/μl where 2 μL was added in the reaction. Three independent experiments were performed to define the limit of detection of our assay.



Performance evaluation of RPA-LF assays on clinical samples

A total of 86 DNAs extracted from skin lesion samples of 86 patients from the different study sites described above were tested blindly in order to evaluate our test performances. Sample status (positive/negative) was elaborated using the microscopy direct examination (DE) and ITS1 PCR (Schönian et al., 2003). In the case of samples with negative ITS1 PCR and positive RPA, DNA quality and/or the presence of PCR inhibitors was assessed by amplifying the human beta-globin gene (β-globin) as described by Bauer et al. (1991). In case of discordant results between the two reference tests (DE and ITS1 PCR), Lei70 PCR (Spanakos et al., 2002; Haouas et al., 2017) was used for confirmation of results. Species assignment was assessed using the ITS1 PCR-HaeIII RFLP (Schönian et al., 2003). Results were kept unknown from the user in order to eliminate the bias due to human behavior influenced by what is already known (Day and Altman, 2000).




Results


Selection of targets presenting potential priming and probing sites for Leishmania major DNA-specific amplification and detection

In total, we worked on 63 nuclear and 7 kinetoplast DNA targets presenting a percentage of pairwise similarity ranging between 94.7 and 76.3% among the different species of relevance: L. major, L. infantum, L. donovani, and L. tropica. These targets were also analyzed considering multiple sequence alignments to identify L. major-specific fragments as potential priming and probing sites, taking into account the recommendations for the design of primers and probes (size of segments and spacing), and the number of mismatches in these sites occurring between the different Leishmania species. In fact, available sequences of each target were retrieved from our data and the public databases aligned and the SNPs were identified for each species (L. major, L. infantum/L. donovani, and L. tropica) and manually screened for the criteria of specificity to L. major established above. We selected five DNA markers to target RPA development as the most interesting in terms of sequence specificity to L. major. Criteria for their selection were the presence of no less than four mismatches in at least one of the identified primers/probe sites when compared to the sequences of L. tropica and L. infantum/L. donovani strains and no more than one mismatch at the intraspecific level in each primer/probe site identified. We refined manually the design of the primers and probe sets. Positions of polymorphisms of the designed primers and probes are presented in Supplementary Table S3.

Given the number of targets investigated, to be cost-effective and productive, we have elaborated a decision-making tree for the selection of targets and primers and their validation through an iterative approach (Figure 1). Experimental validation of the primers was first done using the basic amplification kit for the detection of agarose gels. Then, the most interesting primers were labeled and tested for amplification including in the reaction mix the labeled internal probe (that acted as a semi-nested amplification primer) for more specific amplification, and sensitive and specific detection of the amplified products by lateral flow chromatography using a PCRD cassette.

[image: Flowchart illustrating DNA analysis procedure, comprising nuclear and kinetoplastic DNA targeting. Steps involve database searches, PCR primer design, sequencing, sequence alignment, target and primer selection, RPA primer design, screening assay setup, primer selection, and evaluation of RPA/RAA-LF methodologies.]

FIGURE 1
 Decision tree for selection of targets and primers and their validation through an iterative approach for species-specific RPA/LF assays.




Validation of the RPA targets by sequencing analysis of the priming and probe sites across different Leishmania strains and species

To validate the primers and probe design, we surveyed the sequences selected for the occurrence of interspecies and intraspecies polymorphisms for five targeted markers (m30 (Genbank accession numbers PQ472465-PQ472485), m22 (Genbank accession numbers PQ538791-PQ538551 & PQ538541-538551), m27, m02 and m31) for which this information was missing for the studied Leishmania species (L. major, L. infantum/L. donovani, and L. tropica). The primers that showed intraspecies polymorphisms were rejected and other primers were designed using these sequence data, in regions conserved for L. major, but variable for the other Leishmania species. In total, we designed seven primer pairs and seven probes in five targets. Description of designed primers and probes is shown in Supplementary Table S4.



Two-step establishment of recombinase-based amplification tests using the designed primers retains only one primer/probe set

As a first step, we screened the primers for specific amplification of L. major using RPA basic chemistry and agarose gel electrophoresis detection. Among the designed primers, we selected four primer pairs (m30_1, m30_2, m27, and m22) that gave specific amplifications of DNAs of L. major strains (Figure 2). The remaining primer sets showed cross-reactivity with other Leishmania species DNAs (m_02) or did not show amplification (m31 and m_30_3) with L. major DNA.

[image: Five gel electrophoresis images show DNA bands for primers m02F/R, m22F/R, m27F/R, m30F2/R2, and m30F1/R1. Each image includes markers (MW) and non-template controls (NTC). Bands are visible at different positions, highlighting sizes from 100 to 500 base pairs, associated with different species labeled as L.i, L.d, and L.m.]

FIGURE 2
 Screening assays and selection of L. major specific targets: agarose gel electrophoresis of targets that gave specific amplifications of DNA of L. major strains. L. i: L. infantum; L. d: L. donovani; L. t: L. tropica; L. m: L. major; NTC: no-template control; MW: 100-bp molecular weight.


As a second step, the retained primers and their corresponding probes were tested using the RPA nfo chemistry Kit (TwistDx, UK), and when not anymore available on the market, the RAA test strip Kit (Qitian, China) was used to confirm the reproducibility of the results obtained. Amplified products were visualized on PCRD cassettes (Abingdon, UK). The selection criteria at this step were the specificity of results with the primers/probe sets used, and the absence of background noise with the no-template control in the PCRD test. Among the tested primers, only one (m22) gave the aimed result. Optimizations with this set allowed us to select incubation temperature of 40°C for 40 min and an Mg2+ concentration of 14 mM as optimal conditions for RPA or RAA (Figure 3). We selected 6 μL as amplification product input for the PCRD detection as higher reaction volumes have led to the appearance of background noise in the negative control tests.

[image: Panel A shows reaction time at 12°C, progressing from five to forty minutes, marked by red arrows. Panel B depicts magnesium ion concentration ranging from fourteen millimolar to thirty millimolar at 12°C. Panel C illustrates the effect of temperature, showing images at 37°C, 39°C, 40°C, and 42°C, each marked by a red arrow.]

FIGURE 3
 RPA reaction optimizations for the specific and sensitive detection of L. major species by varying: (A) time of reaction. (B) Magnesium concentration. (C) Temperature of reaction. Arrow: positive test line.


Consistent reactivity of the m22 primer set was assessed using a panel of DNAs of Leishmania species and strains. We have observed that our test yielded specific amplification of Leishmania major DNAs, consistently reacting with all the L. major representative strains DNA tested (N = 14) having different host and geographical origins. There was no cross-reactivity of the primers with L. tropica strains DNA (N = 8) nor with L. infantum strains DNA (N = 10) (Figure 4A) as demonstrated by the lack of amplified products for the DNAs of these species. Other species, including L. donovani, L. aethiopica, L. turanica, L. arabica, and the Sauroleishmania L. tarentolae, were also tested and showed no reaction with the m22 target (Figure 4B). This result is supported by the sequence alignment and analysis showing a pairwise similarity of less than 80% (Figure 5) and the UPGMA phylogenetic analysis (Figure 6).

[image: Panels A, B, and C display lateral flow tests with different labeled samples, marked '12C' vertically. Panel A shows tests for L. major, L. infantum, L. tropica, and NTC with orange arrowheads. Panel B displays tests for various Leishmania species with a red arrowhead on the L. major sample. Panel C shows tests with decreasing concentrations from 20 nanograms per microliter to 2x10⁻⁵ nanograms per microliter, ending with NTC, all marked by orange arrowheads.]

FIGURE 4
 Test of the analytical specificity and sensitivity of m22-RPA/LF assays. (A) Test of species specificity of the selected m22-RPA/LF L. major-specific assay using different strains belonging to L. major, L. infantum, and L. tropica species. (B) Test of the reactivity of the m22-RPA/LF with other species. No cross-reactivity was observed with any of the species tested. The arrowhead indicates the positive test line. (C) Test of the analytical sensitivity of the selected m22-RPA/LF L. major-specific assay: We used serial dilutions of L. major strain DNA starting from 20 ng/μl to 2 × 10−5 ng/μl, using 2 μL as input for each reaction and 6 μL of the amplification product for LF detection. Arrow: Positive test line, NTC: no-template control. The test line corresponding to a DNA concentration of 2 × 10−4 ng/μL is visible to the naked eye but does not clearly appear in the smartphone photograph.


[image: Genetic sequence alignment diagram showing various strains of *Leishmania*: *L. donovani*, *L. infantum*, *L. aethiopica*, *L. arabica*, *L. turanica*, *L. tropica*, and *L. major*. Colored dots represent sequence differences: red, green, yellow, and blue. The alignment includes RPA-F and RPA-R regions, with "Probe" marked in the center.]

FIGURE 5
 Sequence alignment of the selected target showing differences between Leishmania species/strains. Single nucleotide polymorphisms (SNPs) are shown in colored dots. RPA-F, Forward RPA primer; RPA-R, Reverse RPA primer.


[image: Phylogenetic tree illustrating relationships among various strains of Leishmania species. Species groups are labeled: L. aethiopica, L. turanica, L. tropica, L. arabica, L. major, L. infantum, and L. donovani. Branch lengths represent genetic distances with a scale of 0.03.]

FIGURE 6
 UPGMA phylogenetic tree based on the Jukes–Cantor genetic distance model. The tree illustrates the evolutionary relationships between the analyzed sequences, with branch lengths proportional to genetic distances. The Jukes–Cantor model was used to correct for multiple substitutions, ensuring an accurate representation of sequence divergence.


The analytical limit of detection of the m22 set of primers was also tested using serial dilution of one L. major strain DNA starting from 20 ng/μl to 2 × 10−5 ng/μl, using 2 μL as input for each reaction and 6 μL of the amplification product for LF detection. We noticed that we were able to detect up to an input concentration of 2 × 10−4 ng/μl when we used RPA/LF analysis using the kits supplied from TwistDx (UK) or Qiagen (China) (Figure 4C), which here (4 × 10−4 ng) could correspond to 2.5 parasites considering that the average of diploid genome mass is 80 fg (Tupperwar et al., 2008).



Application of the m22-RPA/LF assay to human cutaneous samples demonstrates its relevance for Leishmania major identification in CL lesions

To evaluate the use of the m22-RPA/LF assay for L. major detection in clinical samples, we tested 86 DNAs extracted from cutaneous scrapings and swabs taken from patients seeking diagnosis of cutaneous lesions. We used microscopic direct examination and ITS1 PCR for Leishmania detection and ITS1 PCR-HaeIII RFLP for identification of parasites as the classical methods. The samples provided blindly to the experimenter include infections due to L. major (N = 38), infections due to L. infantum (N = 6), infections due to L. tropica (N = 10), infections due to unknown species with positive direct examination and negative ITS1 PCR (N = 3) and negatives for Leishmania infections (N = 29) (Table 3).



TABLE 3 RPA-LF evaluation on cutaneous lesions’ samples.
[image: A data table shows results from patients in various locations: Sousse, Tunisia; Morocco; Tunis, Tunisia; and Lebanon. Columns include patient details, direct examination, several PCR tests, and outcomes such as "L. major," "L. infantum," and "L. tropica." Positive, negative, and not available results are marked with "+" and "−", respectively, while "NA" indicates data not available. Some entries have faint positive results. Results vary across patients with genetic testing for leishmaniasis.]

Using our assays, we were also able to detect 100% of L. major infections (38/38) within L. major CL patients having different parasite loads (Table 3; Figure 7), with 22 of them (58%) having a low parasite load (1–10 amastigotes/1,000 fields) (Table 3; Supplementary Table S1). The three patients with positive direct examination and negative ITS1 PCR results (PER340204, PER340223, and PER340286) were assigned to L. major when tested by our m22-RPA/LF tool. They were also positive when tested with the Lei70 PCR. No cross-species reactivity was seen when CL patients infected with L. tropica and L. infantum were tested. Among the 29 negative samples (DE-, ITS1-), seven gave positive results with our RPA/LF test. They were also tested with the generic Lei70 PCR (Spanakos et al., 2002; Haouas et al., 2017) to confirm their positivity. Among the seven samples, four were also positive with the Lei70 PCR (PER340295, PER340337, PER570110, and PER570107) (Supplementary Figure S1A). The remaining three samples were negative (PER340294, PER570106, and PER570104), with two showing a faint β-globin amplification band on upon agarose gel electrophoresis (Supplementary Figure S1B).

[image: Test strips arranged in a row showing results for positive samples, negative samples, a positive control (PC), and no template control (NTC). Positive samples display two lines, while negative samples and NTC show one line.]

FIGURE 7
 Test of L. major-specific target on CL samples using the m22-RPA/LF improved protocol. All L. major-infected patients were positive with our assay. PC: positive control, NTC: no-template control.





Discussion

Cutaneous leishmaniases represent a wide range of cutaneous diseases characterized by their diverse clinical manifestations. These diseases are not fatal, but they are highly morbid and have a negative psychological impact on patients due to the lesions, the disfiguring scars, and subsequent stigma (Chahed et al., 2016; Pires et al., 2019).

CL are poverty-related infections that occur mainly in low-income and middle-income countries (Moya-Salazar et al., 2021) where health centers lack essential equipment for their diagnosis. Routinely Leishmania parasites from CL lesions are detected by direct microscopy examination, a laborious technique that lacks sensitivity. In addition, this technique is not able to identify Leishmania species, an important step that should be taken into consideration to guide CL treatment and patient management (Arevalo et al., 2007; Mosimann et al., 2013). This highlights the need for POC CL diagnostics to ensure healthcare equity for patients wherever they are.

The World Health Organization’s (WHO) roadmap to 2030, in terms of Research and Development on diagnostics needs to cover all NTDs, pointed to inadequate existing tools. Concurrently, in this study, we aimed to enhance access to CL diagnosis in endemic areas by developing an isothermal amplification coupled with lateral flow detection of L. major-infecting parasites. This test intends to improve CL diagnosis in low-resource settings where infections due to L. major are predominant like, for instance, in North African countries, or highly endemic like in other countries in Africa, the Middle East, and Asia. According to WHO, an ideal POC test should be affordable, sensitive, specific, user-friendly, and equipment-free and delivered to patients (ASSURED) (Kosack et al., 2017). In this study, we provided a proof of concept in a laboratory environment that RPA/LF assays are suitable for the detection and identification of L. major in clinical samples. The method has several inherent advantages; it is simple, rapidly processed, and needs low-cost basic laboratory equipment. The time to result delivery is 1 h, and it includes amplification, detection, and identification of L. major parasites. The RPA ready-to-use lyophilized reagents provided in a single tube make the reactions simple and rapid to perform without any expertise needed. In addition, the design of the assay is simpler than LAMP, an isothermal amplification technology that requires four to six primer pairs. It is also known that RPA tolerates PCR inhibitors (Kersting et al., 2014; Krõlov et al., 2014; Rosser et al., 2015; Tan et al., 2022), so it could be coupled to minimally processed and simplified methods for DNA extraction (Saldarriaga et al., 2016; Moore and Jaykus, 2017; Munawar et al., 2020). All these advantages are favoring factors for the widespread adoption of the RPA/LF platform to support POC diagnosis of cutaneous leishmaniases.

RPA technology was used for the detection of diverse pathogens including bacteria, viruses, and parasites (Kersting et al., 2014; Krõlov et al., 2014; Rosser et al., 2015; Munawar et al., 2020). During the last decade, many studies reporting RPA assays for the detection of Leishmania parasites were published (Mondal et al., 2016; Saldarriaga et al., 2016; Gunaratna et al., 2018; Cossio et al., 2021; Ghosh et al., 2021; Khan et al., 2021; Mesa et al., 2021). These assays use protocols with different end-point readouts including LF (Saldarriaga et al., 2016) or real-time portable tubes scanner (Mondal et al., 2016) to detect, namely, L. donovani (Mondal et al., 2016) and L. viannia parasites (Cossio et al., 2021; Travi et al., 2021; Saldarriaga et al., 2016). A recent study evaluated a mobile laboratory suitcase that includes an RPA method for the detection of L. donovani parasites in VL and PKDL cases in a multi-country phase 2 study and demonstrated the accuracy of this test for VL and PKDL diagnosis (Ghosh et al., 2021). However, investigations using RPA technology for CL diagnosis were lacking. Thus, we intended to develop a CL RPA test that could be used as a screening assay to complement other DNA methods in countries/regions where L. major is highly prevalent. To our knowledge, this is the first report describing an RPA test that specifically detects L. major parasites. It is known that L. major infections occur mostly in rural arid areas of North Africa and the Middle East where it frequently causes epidemics (Gradoni, 2017). L. major is also a widespread species across Africa and Asia. All these transmission areas typically lack healthcare infrastructure; point-of-care diagnostics that could be deployed as portable solutions, relying on basic equipment, is therefore needed for timely patient management and early alert on emergence. However, it is clear that a cost-effectiveness analysis of the RPA/LF assays is requested as it is another crucial factor for diagnostics scalability and implementation in resource-limited settings (Aerts et al., 2019).

In this study, we report on the development of an L. major RPA/LF assay in which we encountered two major challenges. The first one was the design of primers/probes that selectively detect L. major strains. RPA is known to tolerate mismatches in priming sites (Boyle et al., 2013; Daher et al., 2015). However, Boyle et al. (2013) were unable to amplify one HIV variant using an RPA reaction because of the presence of six nucleotide changes and one insertion in the primer/probe binding sites (Boyle et al., 2013). Thus, our strategy has relied on selecting an extensive number of mismatches between L. major and other Leishmania DNAs, flanking our target fragment, to maximize the chances to amplify selectively L. major DNA. In fact, the finally retained assay, m22-RPA, targeted a non-coding fragment in L. major, originally identified as an L. infantum-specific coding gene. In L. major, the selected primers/probe sites include five mismatches in the forward primer, nine in the reverse one, and nine in the probe when compared to L. infantum or L. tropica DNA sequences. These mismatches are specific to L. major strains and are present in all sequenced L. major DNA fragments amplified covering strains from North Africa, Asia, and the Middle East and in the sequences extracted from the database of two Middle Eastern (Friedlin and LV39) and one African strains (SD75). This confirms the relevance of the primers and probe set for a consistent reactivity within the species. In addition, in the cases of L. aethiopica and L. donovani, the priming site for the reverse primer was absent, while for the other species, the priming sites exhibited significant divergence from the L. major sequence, with less than 80% similarity. The UPGMA tree is consistent with these results, further highlighting the taxonomic potential of the selected m22 target. It was further confirmed experimentally with the panel of Leishmania species and strains tested. In addition, our results corroborated that efficient RPA reaction leading to species-specific amplification may depend on the number and positions of mismatches (Daher et al., 2015). The type of nucleotide involved in the mismatch was also shown to significantly impact RPA reaction efficiency, with primers’ terminal cytosine–thymine and guanine–adenine mismatches having the most detrimental effects (Higgins et al., 2022).

The second challenge was the formation of primers and probe/primer dimers during the RPA reaction. Indeed, the length of the primers/probes together with the low reaction temperature contribute to primer dimers noise that could appear in the LF-negative tests and lead to confusing results. Some studies opted for a post-RPA heating step (Liu et al., 2017) or used self-avoiding molecular recognition systems (SAMRS) oligonucleotides (Sharma et al., 2014) to overcome this noise issue. In our case, we have aimed at delivering simple assays performing at a single and low temperature. Therefore, to resolve this problem, we have designed and tested many primers to produce reliable assays and clear negative results in the LF device with the negative samples and the control samples without template DNA. We also carefully selected the oligonucleotides after checking their in silico properties (secondary structure, GC content, and repeats) but also their specificity, by performing a blast analysis with all DNA sequences available in NCBI and TritrypDB databases. It was reported that the non-specific background DNA could interfere with RPA reactions and diminish its efficiency depending on the primers/probes used and their level of interaction with the background DNA (Rohrman and Richards-Kortum, 2015). In this study, we used CL samples during the whole process of development in order to verify potential cross-reactivity of the tests under development with the human DNA and other pathogens that could be present in cutaneous lesions. Then, we extended the study by evaluating our assays on a larger number of DNAs extracted from cutaneous samples from different geographic origins in countries from MENA, including Tunisia, Morocco, and Lebanon. We used harmonized protocols for sampling. Tunisian, and Moroccan teams succeeded in using lesions scrapping for the detection and identification of parasites. However, the Lebanese team performed DNA extraction on swabs taken on the scrapped lesions. As standard techniques for RPA assay validation, we used the combination of direct examination and ITS1 PCR for the detection of Leishmania parasites, and ITS1 PCR-HaeIII RFLP for parasites identification. Our L. major RPA-/LF-specific test was able to detect 100% of L. major infections within CL patients, independently of the parasite load estimated by microscopy on the slides. Importantly, the test performed well in all cases where the parasite load was low, highlighting the relevance of the assay to support diagnosis as a complement or alternative to microscopy. Among the negative samples, seven showed positive results. These samples belong to patients with CL-like clinical features.

Four of them (PER340295, PER340337, PER570110, and PER570107) showed positive results with the generic Lei70 PCR. These samples are considered true positive. The three remaining samples (PER340294, PER570106, and PER570104) were negative with the generic Lei70 PCR. Two of these patients (PER570106 and PER570104) exhibited a faint β-globin amplification band, suggesting poor DNA quality or the presence of PCR inhibitors in the extracted DNA. Unlike PCR, however, it is well documented that a wide range of inhibitors in the reaction can be tolerated, making it a more robust method for challenging samples (Kersting et al., 2014; Krõlov et al., 2014; Rosser et al., 2015; Tan et al., 2022). For patient PER340294, the parasite load in the lesion sampled may be very low and therefore not detectable by the standard molecular tests used nor by microscopic direct examination. Two hypotheses could be stated in this case. The first one is that these samples are false positives, and then, our test is not 100% specific (Sp = 88%). The second hypothesis is that these samples are true positive, and then, our test is more sensitive than the used reference diagnosis tests.

Given the ongoing climatic change impacting the complex epidemiology of Leishmaniases, particularly in Africa and the Middle East, there is a growing risk of the emergence of new Leishmania species in areas where L. major is prevalent, which may lead to co-sympatry, mixed infections, and generation of interspecific hybrids. Expansion of L. major into other areas so far free of leishmaniases could also occur. Accurate diagnosis of leishmaniases, L. major cases in particular, is therefore increasingly important. In instances where the developed test is negative for L. major, additional tests should be considered to confirm whether the sample is truly negative or is infected with another Leishmania species. It was shown that using multiple diagnostics tests achieves a greater specificity than any single test (Gass, 2020). In addition, establishing an algorithm to guide diagnosis should be envisaged as it may depend on the tested population, disease prevalence, and specimens (Hurt et al., 2017). Developing a simple and rapid molecular test to screen L. major CL infections in regions where this species is predominant is in line with such a purpose.

Expanding the RPA-LF platform to encompass CL cases due to other Leishmania species of relevance is in our perspectives, permitting us to detect and identify all CL cases including those that are caused by mixed infections or by natural interspecific hybrids such as the ones recently reported in Ethiopia (Hadermann et al., 2023). As a Leishmania infantum RPA/LF assay has already been developed and validated for the diagnosis of visceral leishmaniasis (Castellanos-Gonzalez et al., 2015), it would be worthwhile to explore its potential application for cutaneous leishmaniasis caused by this species, and the closely related L. donovani. Furthermore, as a future direction, the development of L. tropica and L. aethiopica species-specific RPA/LF assays could address a critical diagnostics gap, particularly in the African and Middle Eastern region, where L. major, L. tropica, L. aethiopica, and L. infantum/L. donovani are the most prevalent species causing cutaneous leishmaniases. Expanding the RPA/LF platform to cover these key species would greatly enhance diagnostics capacity in these endemic areas. Moreover, incorporating into the assays an internal control for human DNA compatible with an LF detection will enhance the reliability of the test by verifying its validity and confirming negative results.

Additional developments to our current RPA/LF assay and future platform should be considered, bringing them closer to the point of care by shortening further the timeline of the workflow, reducing the costs, and automating the readouts. Indeed, the current DNA extraction step presents a challenge for implementing the test in resource-limited settings and its scalability. Therefore, the integration of an upstream simple DNA extraction and a less costly method within the workflow, as described by Mondal et al. (2016), will enhance the feasibility and usability of the test at the point of care. Moreover, developing and using a lateral flow smartphone reader application could significantly enhance test interpretation and minimize observer bias. This technology is particularly valuable for resolving ambiguities associated with faint bands and overcoming challenges like the one we encountered during our evaluation of the analytical limit of detection of assay.



Conclusion

We have developed a platform of an L. major-specific and sensitive RPA/LF assays. Through this proof-of-concept study, we have provided evidence of the efficacy of our RPA-LF assays for the detection and identification of L. major species in CL lesions. Our tests could be expanded/used to complement other recombinase-based amplifications to detect and identify Leishmania parasites in a point-of-need context.
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Introduction: Universal screening for the detection of group B streptococcus (GBS) colonization in pregnant women was recently introduced in Slovenia. The aim of our study was to determine whether self-collection of rectovaginal swabs is a valid alternative to collection by healthcare workers (HCWs).
Methods: A prospective, multicenter study was conducted between June and November 2023. A total of 227 pregnant women (aged 20 to 44 years) from the University Medical Center Ljubljana (n = 136), the Novo mesto Community Health Center (n = 48) and the Trebnje Community Health Center (n = 43) were included. Two swabs were taken: swab A by the HCWs using standard semi-solid Amies transport medium (Meus; current standard) and swab B by the pregnant woman following visual instructions using a commercial LIM Broth (Copan). Swabs were inoculated onto ChromID Strepto B (STRB) agars directly and after overnight enrichment in LIM broth. The NeuMoDx GBS assay was performed from the enrichment broth. A self-assessment questionnaire was completed after sampling. Performance characteristics were calculated and compared between different diagnostics test algorithms using McNemar’s test for paired samples.
Results: Overall, GBS was detected in 18% (95% CI 13–23%; n = 40) of swabs A and 19% (95% CI 14–25%; n = 43) of swabs B. PCR was superior in both groups. In the group of swabs collected by HCWs, 4 (40 vs. 36; 11.1% difference; p = 0.046) and 3 (40 vs. 37; 8.1% difference; p = 0.083) additional positives were detected with PCR compared to direct and enrichment culture, respectively; in the group of self-collected swabs, 4 (43 vs. 39; 10.3% difference; p = 0.046) and 6 (43 vs. 36; 16.2% difference; p = 0.014) additional positives were detected with PCR compared to direct and enrichment culture, respectively. Self-collection showed a trend towards a higher diagnostic yield. PCR after enrichment from self-collected samples was found to be the most sensitive method overall. 58.5% (n = 124/212; 95% CI 52–65%) of women would prefer the swabs taken by HCWs.
Discussion: Self-collection of rectovaginal swabs during pregnancy is a good alternative to HCW-collected swabs. PCR from enrichment broth was better for the detection of GBS compared to enrichment culture. Majority of women preferred swabs taken by HCWs.
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1 Introduction

Invasive neonatal infections (i.e., sepsis, meningitis and pneumonia) are a major cause of morbidity and mortality in newborns worldwide and can have long-term health consequences for the child, despite appropriate treatment. Group B streptococcus (GBS) is the leading causative agent, responsible for up to 50% of invasive infections in this population (Madrid et al., 2017). GBS infections are categorized as early-onset (0–7 days of age) and late-onset (8–90 days of age). Early-onset neonatal infections are most commonly the result of vertical transmission of the pathogen from mother to newborn during childbirth, while the majority of late-onset neonatal infections are due to transmission of the pathogen through caregivers and environmental contact (Cortese et al., 2016). Before the introduction of prevention strategies, the incidence of early-onset GBS infections was 2–3 times higher than the incidence of late-onset GBS infections, and this is still the case to some extent in areas before the systematic introduction of prevention strategies (Verani et al., 2010; Lasič et al., 2018). Prevention of early-onset GBS is possible with intrapartum antibiotic prophylaxis (IAP) and is most effective when IAP is administered based on the GBS colonization status of the pregnant woman in the late third trimester of pregnancy, usually between the 35–37 weeks of gestation (Boyer et al., 1983; Boyer and Gotoff, 1986; Verani et al., 2010). Penicillin is the drug of choice for IAP as GBS remains almost universally susceptible to this antibiotic. Penicillin-allergic women require alternative agents such as cefazolin, clindamycin or vancomycin, which can be used depending on the type of allergic reaction to penicillin and the susceptibility phenotype of the GBS (Verani et al., 2010). Approximately 15–20% of pregnant women are colonized with GBS worldwide (Russell et al., 2017).

In Slovenia, invasive infections are responsible for about one fifth of neonatal deaths. The incidence of neonatal GBS infections was estimated at 0.53 per 1,000 births, which is more than 30% higher than the global and European average (Edmond et al., 2012; Lasič et al., 2018). In addition, the prevalence of colonization in pregnant women was 17.1%, and the most recent national study found that 52% of affected infants had no perinatal risk factors, confirming the inadequacy of GBS prevention based solely on the presence of risk factors during pregnancy (Lasič et al., 2018; Lučovnik et al., 2016). In 2019 the Health Council of the Republic of Slovenia adopted a proposal to introduce universal screening for GBS at 35 to 37 weeks of gestation using the PCR-based enrichment culture approach, however, due to COVID-19 pandemic it was not enacted until 2023 (Official Gazette of the Republic of Slovenia, 2023).

The collection of rectovaginal swabs for GBS colonization detection is traditionally performed by healthcare workers (HCWs). However, due to resource limitations and broader societal changes, particularly following the COVID-19 pandemic, self-collection has emerged as a complementary strategy in prevention strategies of many infection diseases as it offers improved accessibility, convenience, and privacy, which may enhance compliance with screening programs (Arbyn et al., 2014; Smith et al., 2024; World Health Organization, 2024). Additionally, collection devices have undergone significant advancements recently, replacing traditional transport media with enrichment broth. This modification enables the enrichment process to begin immediately after sample collection and, to some extent, even during transport under suboptimal conditions for bacterial growth. These devices can also streamline laboratory workflows by eliminating the need to inoculate enrichment broth and can be utilized directly for downstream molecular testing. While existing studies suggest that HCW-collected samples achieve diagnostic accuracy comparable to self-sampling, data on the performance of combined collection-enrichment devices are limited (The American College of Obstetricians and Gynecologists, 2020; Odubamowo et al., 2023). Moreover, no pragmatic studies have directly compared these two approaches.

The aims of our study were to (a) assess the diagnostic performance of self-collected and HCW-collected rectovaginal swabs for detecting GBS colonization in pregnant women at 35–37 weeks of gestation, using different diagnostic protocols: direct culture, enrichment culture, and PCR from overnight enrichment; and (b) evaluate participant feedback on the self-collection protocol in our clinical setting.



2 Methods


2.1 Clinical setting and sample collection

We conducted a prospective cohort, multicenter study between June and November 2023. Three gynecology and obstetrics departments were included in the study. The University Medical Center Ljubljana (UMC Ljubljana) in the Central Slovenia region, which is a tertiary care teaching hospital that also offers regular outpatient programs for pregnant women. The Novo mesto Community Health Center (CHC Novo mesto) and the Trebnje Community Health Center (CHC Trebnje), both located in the Southeast Slovenia region, are primary care facilities. All centers are part of the public healthcare system in Slovenia and were included in the study as a major prenatal healthcare providers of the two regions. Screening for GBS colonization is part of routine prenatal care, which is entirely covered by publicly funded basic health insurance.

Consecutive pregnant women in the 35–37 weeks of pregnancy were included. After an informed consent to participate in a study was obtained, two rectovaginal swabs were obtained from each participant with the same technique except that, swab A was taken by HCWs using a sterile UNI-TER swab with Amies transport medium (Meus, Piove di Sacco, Italy), which is currently the standard method of GBS prenatal screening in Slovenia; swab B was collected by the pregnant woman herself using a sterile FLOQSwab with LIM broth enrichment transport medium (Copan, Brescia, Italy) according to the visual instructions (Supplementary Figure S1) in a separate room without the presence of the HCW at the end of the same office visit. Both swabs were transported and plated the same day in the microbiology laboratory. After sampling, all study participants received an anonymous and de-identified questionnaire with additional demographic and self-assessment questions (Supplementary Table S1).

The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee of the Ministry of Health of the Republic of Slovenia (No. 0120-98/2023/5; 30.5.2023). The study was not registered on EU Clinical Trials Register or ClinicalTrials.org.



2.2 Microbiological methods and testing algorithm

Laboratory analyses were performed at the National Laboratory of Health, Environment and Food, Novo mesto, Slovenia. Upon arrival at the laboratory, both swabs A and B were first plated directly onto ChromID Strepto B (STRB) agar (bioMérieux, Marcy-l’Etoile, France) using the standard manual four-quadrant streaking method. Swab A was then used to inoculate 2 mL of in-house LIM broth prepared from dehydrated Todd-Hewitt broth (Oxoid, Basingstoke, United Kingdom) supplemented with colistin (10 μg/mL) and nalidixic acid (15 μg/mL) (Oxoid, Basingstoke, United Kingdom), while swab B was already in the original LIM broth (Copan, Brescia, Italy). Both LIM broths were mechanically shaken for 5–10 s to release the bacteria from the tip of the swab and incubated overnight in an aerobic atmosphere without the swab for at least 18 h (Verani et al., 2010).

On the day 2, 100 μL of the LIM broth was inoculated to the second STRB agar for a further 48-h incubation (Rosa-Fraile and Spellerberg, 2017). During the incubation, all agar plates, i.e., those inoculated directly and those inoculated after enrichment, were examined daily for the appearance of typical pale pink to red colonies, all of which were confirmed for identification using the MALDI Biotyper Compass, Library revision K (Bruker Daltonics, Bremen, Germany).

Molecular detection of GBS was performed on the second day from the enriched LIM broth after at least 18 h of incubation. We used the FDA-approved NeuMoDx GBS assay with the NeuMoDx 96 Molecular System (Qiagen, Hilden, Germany). This fully automated, random access molecular system combines automated nucleic acid extraction, amplification and detection with Taqman chemistry and an advanced microfluidic cartridge design (Emery et al., 2019). The NeuMoDx GBS assay amplifies an 88 bp fragment of the pcsB gene from the GBS chromosome and uses 25 μL of LIM broth as a starting sample volume. The laboratory workflow diagram is presented in Supplementary Figure S2.

In case of repetitive discrepant results between culture and NeuMoDx GBS assay, the discrepancy was resolved with a second molecular assay, the Xpert GBS assay (Cepheid, Sunnyvale, CA, United States), which amplifies and detects the cfb gene of GBS, i.e., a different molecular target than the NeuMoDx GBS assay. The Xpert GBS assay was performed with 200 μL of LIM broth added to the sample chamber of the test cartridge (Buchan et al., 2015).

Samples that were (a) positive by culture and NeuMoDx GBS assay (cycle threshold, Ct <35) or (b) negative by culture but positive by both molecular assays (both Ct <35) were classified as true positive for the presence of GBS, and this result was used as a reference standard for calculating test performance and sample collection performance (Tables 3, 2). Index and reference test results were available to the obstetrician on request. The laboratory staff were unaware of the clinical information when the test was performed. If one of the tests were positive, the IAP was administered during delivery self-assessment questionnaire.



TABLE 1 Demographic characteristics and questionnaire-based data.
[image: A table summarizing data from 227 patients, including demographics, site distribution, education levels, previous pregnancies, and perceptions of self-collection. Most patients have a university education (66.5%) and prefer healthcare worker collection over self-collection. Responses indicate variability in the acceptability and simplicity of self-collection.]



TABLE 2 Performance of GBS detection with direct culture, enrichment culture and enrichment PCR using two collection strategies.
[image: Table comparing the performance and contingency tables of different methods: direct culture (24 and 48 hours), enrichment culture (48 and 72 hours), and enrichment PCR (24 hours). Performance metrics include sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) for healthcare-worker (HCW) and self-collection protocols. Sensitivity ranges from 69.8 to 93.0, specificity is 100.0 across all methods, PPV is 100.0, and NPV ranges from 93.4 to 98.4. Contingency table data includes true positives (TP) and true negatives (TN) for both collection methods.]



TABLE 3 Comparison between effectiveness of colonization detection using two collection strategies and different detection algorithms included in the study.
[image: Comparison table showing the difference in positives between self-collection and HCW collection protocols over various culture and enrichment times. Differences (Δn) and p-values are presented, with significant differences indicated. Methods include culture at 24 and 48 hours, enrichment culture at 48 and 72 hours, and enrichment PCR at 24 hours. Notable differences are seen in Enrichment PCR (24 h) with a Δn of +13 and p-value <0.001. Significance calculated with McNemar’s test.]



2.3 Self-assesment questionnaire

Participants completed a self-assessment questionnaire after sampling (Supplementary Table S1) to provide structured feedback on self-collection. Data collected included demographics (e.g., age, pregnancies, education, income), self-collection performance difficulty, acceptability versus standard collection, and participant preferences. Questionnaire data were not linked to test results.



2.4 Statistical analysis

Descriptive statistics were used for the demographic parameters of the sample. Data were presented with proportions and 95% confidence intervals. Performance characteristics were calculated for combinations of sampling method and diagnostic test algorithm. Positive and negative predictive values were calculated based on the prevalence of colonization in the sample. The McNemar’s test was used to compare different methods within the paired samples. Statistical analyses was performed using the statistical package JASP (version 0.19) (JASP Team, 2024).

A sample size of at least n = 221 paired measurements was set to achieve a power of 80% with a two-sided significance of 5%, assuming that up to 3% of pairs change from positive to negative and 10% from negative to positive, i.e., to detect a difference of 0.07 between the discordant proportions, values expected from previous comparative studies (Dhand and Khatkar, 2014).




3 Results

A total of 227 pregnant women (mean age 30.8 years; range 20 to 44) from the UMC Ljubljana (n = 136), the CHC Novo mesto (n = 48) and the CHC Trebnje (n = 43) were included. Most women had a university degree (66.5%) and were nulliparous (43.6%). The demographic data are presented in Table 1.

Overall, GBS was detected in 18% (95% CI 13–23%; n = 40) of swabs A and 19% (95% CI 14–25%; n = 43) of swabs B. Three additional colonized women were detected in the self-collected group by either method. Table 2 shows the performance characteristics of detection methods within two groups of swab collection. Briefly, in the HCW-collected swabs, direct culture on selective STRB agar had a sensitivity of 69.8 and 83.7% after one and two days of incubation, respectively. This was only slightly less than the sensitivity of the enrichment culture, which was 83.7 and 86.1% after one- and two-day incubation, respectively (Table 2). A similar pattern was observed in self-collected swabs, where the additional enrichment step was not associated with better performance characteristics. In fact, the sensitivity of the direct culture showed a trend towards higher sensitivity after 2 days of incubation compared to the enrichment culture (90.7% vs. 86.1%, p = 0.317).

The PCR results were superior to both culture methods in both groups. In the group of swabs collected by HCWs, 4 (40 vs. 36; 11.1% difference; p = 0.046) and 3 (40 vs. 37; 8.1% difference; p = 0.083) additional positives were detected with PCR compared to direct and enrichment culture, respectively; in the group of self-collected swabs, 4 (43 vs. 39; 10.3% difference; p = 0.046) and 6 (43 vs. 37; 16.2% difference; p = 0.014) additional positives were detected with PCR compared to direct and enrichment culture, respectively. For samples collected by HCWs, the difference in sensitivity was 93.0% vs. 83.7% (p = 0.046) for direct culture and 93.0% vs. 86.1% (p = 0.083) for enrichment culture as compared to PCR. For the self-collected samples, the difference in sensitivity reached statistical significance for both the direct culture (100.0% vs. 90.7%; p = 0.046) and the enrichment culture (100.0% vs. 86.1%; p = 0.014).

Table 3 shows the comparison of the different detection methods between HCW-collected and self-collected samples. As observed, self-collection showed a trend towards a higher diagnostic yield in head-to-head comparisons of all diagnostic methods, albeit without statistical significance (diagonal in Table 3). Nevertheless, PCR after enrichment from self-collected samples was the most sensitive method overall and reached statistical significance for all detection methods, except for PCR from HCW-collected samples. A difference of 16.2% (43 vs. 37) was observed when comparing the PCR of self-collected swabs with the enrichment culture collected by the physician, a current reference standard in Slovenia.

Specificity was 100% both for culture and PCR detection. For culture, this was because we confirmed identification of all typical colonies with MALDI-TOF. Altogether, 13 women in both types of samples grew suspicious pale pink to red colonies that were identified as Streptococcus oralis (n = 10), Streptococcus parasanguinis (n = 2) and Streptococcus salivarius (n = 1). As for the PCR detection, all NeuMoDx positive samples were confirmed to be positive also with the confirmatory GenXpert GBS PCR.

Although majority of women found self-collection of swabs simple (79.4%) and acceptable (61.2%), 58.5% (n = 124/212; 52–65%) of pregnant women would prefer the collection of rectovaginal swabs by HCWs.



4 Discussion

GBS is a leading cause of early neonatal sepsis, largely preventable through active screening and IAP. The typically low bacterial load in colonized pregnant women highlights the need for high detection sensitivity, as most invasive infections, after the introduction of screening programs, occur in women with negative screening results (Dyke et al., 2009; Mirsky et al., 2020). In Slovenia, one of the most important improvements in prevention was the introduction of universal GBS screening with PCR after enrichment at 35–37 weeks of pregnancy. The rectovaginal swab is taken as standard by HCWs, mostly by gynecologists using traditional swabs with semi-solid transport media. In our study, we tested whether self-collection with the commercial LIM broth flocked swabs using a fully automated FDA-approved PCR test could improve detection. We have shown that improvements in pre-analytical and analytical processing are possible in our clinical setting. In addition, our results emphasize that swab collection must be quality-assured, regardless of whether it is performed by medical personnel or by a self-collection protocol. We have also shown that commercial LIM broths and flocked swabs may be a better collection tool compared to standard swabs, albeit possibly slightly higher price. We also confirmed that PCR from enrichment broth is more sensitive than direct culture or enrichment culture, although direct culture using LIM broth and flocked swabs instead of standard swabs was also excellent.

Sample collection by medical personnel offers several advantages, such as better access to vaginal and rectal sites and visual control. However, for some pregnant women, swabs collection by a doctor may be perceived as unpleasant or intrusive and cause discomfort. Self-collection could be an alternative that increases patient engagement with screening and allows healthcare providers to spend more time on other tasks during the office visit. In our study, self-collection provided better results than the control group.

Several other studies have compared these two strategies in different clinical settings. As early as 1995, Mercer et al. (1995) reported higher detection of GBS when patients collected their own separate vaginal and anal swabs, with a combined sensitivity of 91.7% versus 70.8% in favor of self-collection. Hicks and Diaz-Perez (2009) compared the results of GBS cultures in community health centers with self-collection and physician-collection. The self-collection centers had a higher positivity rate (13.3%) than the physician-collection centers (10.6%), and the study was conducted in a predominantly Hispanic, lower socioeconomic population. Our results are in line with findings of these studies indicating a higher diagnostic accuracy when samples are collected by pregnant women themselves as compared to HCWs.

Some studies, however, yielded contrasting results compared to the present study. Torok and Dunn (2000) reported higher positivity in rectovaginal swabs collected by a physician compared to self-collected swabs, but with no statistically significant difference. Similarly, a 2006 Canadian study reported a higher GBS colonization prevalence in the physician-collected swab group of 18.8% compared to 17.0% in the self-collection swab group and sensitivities of 96.9 and 87.5%, respectively (Price et al., 2006). In this study, 27.3% of pregnant participants preferred self-collection, 56.3% had no preference and 22.7% preferred collection by a service provider. The same pattern was found in an Irish study by Arya et al. (2008). GBS prevalence was 11.7% in the group collected by healthcare professionals versus 9.8% in the self-collected group, with a sensitivity of 97.5% versus 94.3%. The agreement of the results was 97.5% with a kappa value of 0.87, indicating excellent comparability between the groups. Nevertheless, most participants were in favor of collection by medical personnel (Arya et al., 2008).

Finally, in a systematic review and meta-analysis from 2023, the authors summarized the results of 10 studies comparing the concordance of self-collected vaginal and rectal swabs with those collected by healthcare personnel (i.e., the gold standard). The overall sensitivity and specificity of self-collection were 90 and 98%, respectively. The authors concluded that the results of swabs taken by the women themselves for the detection of GBS carriage were comparable to those taken by healthcare professionals (Odubamowo et al., 2023). The American College of Obstetricians and Gynecologists (ACOG) does not directly recommend self-collection but states, that pregnant women can take a rectovaginal swab themselves if they are given clear and understandable instructions (The American College of Obstetricians and Gynecologists, 2020). The varying results of studies on the accuracy and acceptability of self-collection for GBS detection indicate that these findings cannot be universally applied, as they differ significantly across different groups of pregnant women. Therefore, it is crucial to assess whether self-collection is both reliable and acceptable for GBS screening in each specific population before adopting this method.

Molecular methods have significantly improved diagnostic microbiology. There are numerous FDA-approved molecular tests for the detection of GBS colonization in pregnant women, although most require a prior enrichment step for accurate GBS confirmation (Perme et al., 2021). Only one test currently supports direct detection during labor. Enrichment is essential for detection, as the bacterial load of GBS in colonized women may be low. Molecular GBS detection after overnight enrichment in a liquid culture improves sensitivity and shortens test duration. In several previous studies, 20–40% more cases of colonization were identified within 24 h than with the standard CDC method, which represents an advantage in terms of sensitivity and time to detection of 1–2 days compared to conventional methods (Couturier et al., 2014; Miller et al., 2015; Hernandez et al., 2018; Shin and Pride, 2019; Emery et al., 2019). Therefore, the combination of enrichment and molecular detection is increasingly seen as a potential new gold standard for GBS screening (Rosa-Fraile and Spellerberg, 2017).

In our study, we used chromogenic agar that was inoculated directly and after enrichment. The main advantage of chromogenic agars is the ability to detect both non-hemolytic and non-pigmented GBS strains, which are present in 2–5% of positive samples (Rosa-Fraile and Spellerberg, 2017). We found a minimal advantage between enrichment culture on day 2 after sample collection and direct culture on day 2 after 48 h of incubation. This is most likely due to better color development over a longer period of time and the lack of overgrowth with enterococci in the case of lower GBS colonization. However, on day 2, several suspicious colonies had to be properly identified by MALDI-TOF due to the light red to pink color development, most of which turned out to be other Streptococcus species (Rosa-Fraile and Spellerberg, 2017; Joubrel et al., 2014).

We used a combination of flocked swabs and liquid enrichment broth as a transport medium for self-collected swabs. To the best of our knowledge, there are no studies evaluating this combination for self-collection, however, a combination of flocked swabs and a liquid transport medium has been shown to increase the recovery of bacteria from clinical sites compared to standard fiber-coated swabs used in the control group (Silbert et al., 2016; Nys et al., 2010).

Our study has several limitations. (i) Although we have achieved statistical power, the small sample size makes it difficult to generalize the results to the broader population, which would require larger studies. (ii) The study was pragmatic in nature, and the two testing algorithms differed in several parameters that could influence the recovery and detection of GBS, particularly the collection device. (iii) For molecular detection, we used the NeuMoDx system, which at the time of testing was one of the most promising PCR systems for mid-sized laboratories as it was fully automated, allowed random access, and performed FDA-approved tests, but at the time of writing this system has been discontinued. The molecular results can therefore only be used as a general concept. (iv) We did not specifically ask about antibiotic consumption among participants, which could be a potential factor contributing to false-negative culture results. (v) We could not link the test results and the questionnaire results individually for ethical reasons, so we could only analyze the questionnaire as a group.

The results of our study have reinforced the case for molecular testing in the GBS screening programs. In addition, we have gathered solid data supporting both self-collection for screening and the use of commercial collection-enrichment device such as the one tested here, which have also proven to be practical in the laboratory.



5 Conclusion

Self-collection of rectovaginal swabs during pregnancy is a valid alternative to swabs taken by medical personnel. PCR was better than enrichment culture for the detection of GBS. PCR results were available within 24 h. Nevertheless, the majority women preferred swabs taken by HCWs. Commercial liquid-based enrichment swabs simplified laboratory workflows, but their impact on results could not be determined in this study design. Quality-assured sample collection is of great importance for both HCW-collected and self-collection of rectovaginal swabs for the detection of GBS colonization.
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Infections due to multidrug-resistant (MDR) Escherichia coli are associated with severe morbidity and mortality, worldwide. Microbial drug resistance is a complex phenomenon which is conditioned by an interplay of several genomic, transcriptomic and proteomic factors. Here, we have conducted an integrated transcriptomics and proteomics analysis of MDR E. coli to identify genes which are differentially expressed at both mRNA and protein levels. Using RNA-Seq and SWATH-LC MS/MS it was discerned that 763 genes/proteins exhibited differential expression. Of these, 52 genes showed concordance in differential expression at both mRNA and protein levels with 41 genes exhibiting overexpression and 11 genes exhibiting under expression. Bioinformatic analysis using GO-terms, COG and KEGG functional annotations revealed that the concordantly overexpressed genes of MDR E. coli were involved primarily in biosynthesis of secondary metabolites, aminoacyl-tRNAs and ribosomes. Protein–protein interaction (PPI) network analysis of the concordantly overexpressed genes revealed 81 PPI networks and 10 hub proteins. The hub proteins (rpsI, aspS, valS, lysS, accC, topA, rpmG, rpsR, lysU, and spmB) were found to be involved in aminoacylation of tRNA and lysyl-tRNA and, translation. Further, it was discerned that three hub proteins - smpB, rpsR, and topA were non homologous to human proteins and were involved in several biological pathways directly and/or indirectly related to antibiotic stress. Also, absence of homology ensures a little cross-reactivity of their inhibitors/drugs with human proteins and undesirable side effects. Thus, these proteins might be explored as novel drug targets against both drug-resistant and -sensitive populations of E. coli.
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Introduction

Escherichia coli are common gut bacteria which are frequently reported from medical and veterinary clinics (Croxen et al., 2013; Nhung et al., 2015). The soaring use of antibiotics in agriculture, veterinary, poultry and clinics has increased the incidence of antimicrobial resistant bacteria, including E. coli. Several reports have indicated that E. coli have become resistant to many antibiotics of the beta-lactam, aminoglycoside, (fluoro) quinolone classes and also to the newer antibiotics like colistin, which is a matter of grave concern (Liu et al., 2016; Peng et al., 2021; Singh et al., 2022). Antimicrobial resistant infections have not only escalated the costs of medical treatment, in many cases it might lead to treatment failures (Dadgostar, 2019). According to an estimate, by the year 2050 antimicrobial resistant infections might lead to 10 million human deaths (de Kraker et al., 2016).

Antimicrobial resistance (AMR) is a complex phenomenon. Several mechanisms underlying bacterial AMR have been explained, including genetic change(s) or mutations in the target genes, horizontal acquisition of AMR genes, reduced cell wall permeability, efflux pumps etc. (Reygaert, 2018; Martinez and Baquero, 2000). Most of these mechanisms are linked with changes in the bacterial genomes and have been extensively studied using PCR-amplification of the resistance gene(s) and, more recently by whole genome sequencing. However, genomic analyses cannot predict the levels of expressed genes and proteins. Genomes express themselves via the transcriptomes and proteomes, which are the ultimate functional moieties of the cell. But their expression levels fluctuate with external stimuli like environmental stresses and drug exposure (Freiberg et al., 2004; Martínez and Rojo, 2011). Recent reports have shown that alterations in the metabolic pathways is a widely used strategy adopted by bacteria to exhibit drug tolerance, persistence and resistance (Martínez and Rojo, 2011; Bhargava and Collins, 2015; Meylan et al., 2017; Koeva et al., 2017; Goossens et al., 2020). However, the specific metabolism-related protein profiles of drug-resistant bacteria are still poorly understood. During drug exposure, bacteria might adopt alternative cellular functions and/or over- or under express various genes to overcome the drug effect. Thus, the knowledge of transcriptome and proteome of drug-resistant pathogens is necessary for a comprehensive understanding of microbial drug resistance, identification of novel drug targets and for development of new drug molecules. Studies based on elucidating the role of microbial transcriptomes and proteomes in drug resistance are quite less (Singhal et al., 2012; Chopra et al., 2013; Thai et al., 2017; Shen et al., 2021; Pan et al., 2023). Analysis of differentially expressed genes and proteins of drug-resistant bacteria can reveal novel strategies adopted by the bacteria to overcome the effects of drugs.

Thus, the aim of this study was to conduct a combined comparative transcriptomic and proteomic analyses of drug sensitive and -resistant strains of enteropathogenic E. coli to understand the mechanisms and biological pathways underlying bacterial multidrug resistance. Two strains of phylogroup D of E. coli isolated earlier by us and preserved as glycerol stocks (50% v/v) in a −80°C deep refrigerator were investigated (Bajaj et al., 2015). Molecular typing of these strains in our laboratory had revealed that these strains belonged to the same genomic clade (Bajaj et al., 2015). Also, whole genome analysis of these strains revealed that they were genetically similar as their average nucleotide identity (ANI) was 97.21% (Aswal et al., 2023). E. coli IP9 was drug-sensitive while E. coli IPE was multidrug resistant exhibiting resistance for many β-lactams, fluoroquinolones and kanamycin (Bajaj et al., 2015; Singh et al., 2022). The differentially expressed genes (DEGs) and differentially expressed proteins (DEPs) of multidrug resistant (MDR) E. coli were discerned using RNA-sequencing (RNA-Seq) and SWATH-LC MS/MS, respectively. The genes which were observed to be differentially expressed at both mRNA and protein levels were identified and their biological functions and metabolic pathways were elucidated with help of ontological analysis using GO-term enrichment, Cluster of Orthologous Genes (COG)-classification and Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway analysis. Protein–protein interaction (PPI) networks of the proteins corresponding to these genes were determined to discern their interactome, followed by identification of the hub proteins. To the best of our knowledge, this is the first study which has used an integrated proteomics, transcriptomic and bioinformatics approach to understand the mechanistic details of drug resistance and identify novel drug targets against MDR E. coli.



Materials and methods


Bacterial strains

In this study, E. coli strains - E. coli IP9 and E. coli IPE isolated earlier from an urban river of India and preserved as glycerol stocks (50% v/v) in a −80°C deep refrigerator were investigated (Bajaj et al., 2015). Triplex-PCR based typing had revealed that these strains belonged to phylogroup D and were of the same genomic clade as revealed by REP-, ERIC- and BOX-PCR based genotypic fingerprinting (Bajaj et al., 2015). E. coli IP9 was a drug sensitive isolate while E. coli IPE was a MDR strain exhibiting resistance for many β-lactams, fluoroquinolones and kanamycin (Bajaj et al., 2015; Singh et al., 2022). The antibiotic susceptibilities of these strains were earlier determined by the Kirby-Bauer disk diffusion susceptibility test and confirmed by PCR-amplification of the relevant genes (Bajaj et al., 2015; Singh et al., 2022). Recently, whole genome sequences of these strains were determined and submitted to the NCBI genome database with accession numbers: GCA_026183935.1 for E. coli IPE and GCA_026183955.1 for E. coli IP9 (Aswal et al., 2023). The ANI of E. coli IP9 and IPE was 97.21%, indicating a significant similarity in their genomes. These strains were revived in our laboratory by overnight incubation in LB broth at 37°C, 200 rpm. The cells were harvested by centrifugation at 8000 rpm for 10 min (at 4°C) from the exponential phase (OD600 = 0.8) cultures.



Transcriptomic analysis


RNA isolation, library preparation, and sequencing

Bacteria were collected by centrifugation at 4, 472 x g followed by washing the bacterial pellet with 1X PBS solution. RNA was isolated from both the strains using the Qiagen RNeasy mini kit following the manufacturer’s instructions. Briefly, a cell lysis buffer was added to the cell pellet, mixed by vigorous shaking for 10 min followed by addition of an equal volume of 100% ethanol. The samples were then transferred on a RNeasy micro column for “on-column” DNase treatment. The RNA was then eluted in 20 μL of nuclease-free water. The library preparation was performed using Illumina specific adaptors. The adaptor ligated products were barcoded and 12 cycles of PCR was performed. The PCR products were cleaned using AMPure XP beads. The final enriched library was eluted in 15 μL of 0.1X TE buffer. Sequencing was performed on a Novaseq 6,000 using 150PE chemistry. Paired end sequencing of the transcriptomes of the three biological replicates of the MDR (E. coli IPE) and drug sensitive (E. coli IP9) strains was done with a read length of 150.



Analysis of RNA-Seq data

Nf-core/rnaseq (ver. 3.11.2)1 module of the nf-core project was used to analyze the transcriptomics data. Nf-core/rnaseq incorporates several tools for analysis. FastQC (ver. v0.11.9) was used to determine the quality of the sequencing reads. Adapter trimming was done using Trim Galore (ver. 0.6.7). SortMeRNA (ver. 4.3.4) was used to remove ribosomal RNA reads. RSEM (ver. 1.3.1), SALMON (ver. 1.10.1) and HISTAT2 (ver. 2.2.1) were used to map the sequencing reads on the reference genome of E. coli K-12 substrain MG1655 (RefSeq assembly; accession GCF_000005845.2). Since this study involved analysis of prokaryotic RNA-Seq data, the parameters used were --featurecounts_feature_type = CDS, −-featurecounts_group_type = gene and --skip_rseqc. RNA-Seq data quality control was performed using RSeQC (ver. 3.0.1). RNA-Seq specific quality control (QC) metrics, such as sequencing depth, read distribution and coverage uniformity was performed with RSeQC (ver. 3.0.1) and feature-wise read counting was done using subread feature Counts (ver. 2.0.1). The comprehensive QC report was prepared using MultiQC (ver. 1.13).2

Analysis of the DEGs of the MDR and -sensitive strain was performed using the R language and iDEP RNA-Seq differential gene expression pipeline (release 0.96) of the DESeq2 (ver. 1.36.0). Genes were considered differentially expressed when the Benjamini–Hochberg multiple testing adjusted p-value was lesser than 0.05 (padj ≤0.05). Genes whose log2 fold change (log2FC) values were > 1.0 or < −1.0 were considered as Differentially Expressed Genes (DEGs).




Proteomic analysis


Protein sample preparation

Bacterial cells were washed with normal saline solution and dispersed in sonication buffer containing 50 mM Tris–HCl,10 mM MgCl2, 0.1% sodium azide, 1 mM phenylmethylsulphonyl fluoride and 1 mM; pH 7.4 (Singhal et al., 2012). Cells at a concentration of 1 g wet weight /5 mL of lysis buffer were broken down using a sonicator at 35% amplitude for 10 min at 4°C. The homogenate was centrifuged at 12,000 xg for 30 min at 4°C and the clear supernatant was overnight precipitated at -20ο C with chilled acetone. The precipitated protein was collected by centrifugation (12,000 xg, 20 min), air dried and suspended in appropriate volume of protein dissolving buffer. Protein concentration was determined using the Bradford assay (Bradford, 1976).



Separation and identification of proteins by nanoLC AB Sciex Triple TOF 5600-MS

Equal amount of protein samples was digested with trypsin and analyzed using a Triple TOF 5600 mass spectrometer (AB Sciex, USA) equipped with Eskigent MicroLC 200 system (Eskigent, Dublin, CA) with an Eskigent C18 - reverse phase column. 1 microgram of digested proteins was desalted online using the online C18 trap column with 98% water, 2% acetonitrile and 0.1% formic acid at flow rate of 5 μL/min for 10 min. The desalted peptides were eluted on a C18 reverse phase analytical column for separation and analysis. A 120 min gradient in multiple steps (ranging from 5–50% acetonitrile in water containing 0.1% formic acid) was set for eluting the peptides from the ChromXP analytical column. The separated peptides were ionized and entered into the mass spectrometer and multiply charged molecules were fragmented using the IDA™ (information dependent data acquisition) criteria of the analyst software for library generation. In brief, 500 ng of all the samples were pooled together and run using IDA criteria of the mass spectrometer for library generation in triplicate. Mass spectrometric data for the first quadrupole was acquired in the range of 350 Da to 1,250 Da whereas 20 most abundant multiply charged peptides were fragmented in the mass range of 150 Da to 1,500 Da in the second quadrupole or collision induced dissociation cell. The accumulation time for each MS/MS experiment was 50 ms. The ionization potential for the turbo V ion source was kept at 4500 V and temperature for source was set 150°C, GS1 and GS2 were at 19 and 15 L/min, respectively. Declustering potential (DP) was set at 80 V. The resultant IDA data files were analyzed in ProteinPilot™ (Sciex software) for identification of peptides and proteins against E. coli proteome using Paragon algorithm and the pooled peptide list was used as the spectral library for SWATH analysis. Experiments were performed in technical replicates.



SWATH parameters for label free quantification

In SWATH™ Sciex (Sequential window acquisition of all theoretical Spectra) DIA (Data independent acquisition) acquisition method, fixed value Q1 transmission window was kept at 12 Da for the mass range of 350–1,250 Da. Total 75 sequential windows were acquired independently with an accumulation time of 62 ms, along with three technical replicates for each of the sets. Total cycle time was kept constant at <5 s. For label free quantification, peak extraction and spectral alignment was performed using PeakView® 2.2 software with the following parameters: number of peptides selected for quantitation 2, confidence of peptide identification was set as more than 95%, number of fragment ions for each peptide was set as 5, extraction ion chromatogram (XIC) peak width was fixed 30 ppm for matching the RT whereas the XIC extraction window set for matching the peptide across the different samples was set at 5 min. For statistical interpretation, MarkerView software™ (ver. 1.3. 1; AB Sciex) was used. The SWATH acquisition data was processed using SWATH™ Acquisition MicroApp (ver. 2.0) in PeakView® software.




Data analysis

Raw data was search processed with ProteinPilot™ using the Paragon and Progroup Algorithms for protein and peptide identification. Analysis was also done using the integrated tools in Protein Pilot at 1% false discovery rate (FDR). The identification file was used as spectral library in the quantitation experiment for SWATH/DIA. Retention time calibration was performed using the most abundant peptide across all the samples. Proteins whose log2 fold change (log2FC) values were > 0.5 or < −0.5 (padj ≤0.05) were considered as differentially expressed proteins (DEPs). Both DEGs and DEPs were visualized using ggVolcanoR.3


GO-term enrichment analysis of DEGs and DEPs

To elucidate the functions of DEGs and DEPs, GO-term enrichment analysis was performed with ShinyGO4 using E. coli K-12 MG1655 as the reference strain. The enrichment analysis was done at all the three levels of GO-terms: biological process (BP), cellular component (CC) and molecular function (MF). Gene sets that ranked in the top ten for BP, CC and MF were individually enriched for DEGs and DEPs. This data was used to construct GO plots, which show the number of genes and their relative enrichment significance for each enriched category.



Identification of the genes differentially expressed at both mRNA and protein levels, GO-term enrichment, COG and KEGG pathway analysis

The concordance in differentially expressed mRNA transcripts and proteins of the MDR strain was evaluated by creating a nine-quadrant correlation plot for DEGs with log2FC expression >0.1 or < −0.1 and for DEPs with log2FC expression >0.5 or < −0.5 (p ≤ 0.05). The biological functions and metabolic pathways of the concordantly differentially expressed genes were determined using the GO-term enrichment, COG classification and KEGG pathway analysis. For GO-term enrichment ShinyGO (p ≤ 0.05) was used, for COG classification COGclassifier (v1.0.5) was used and for KEGG pathway analysis Database for Annotation, Visualization and Integrated Discovery (DAVID) was used.



Protein–protein interactions of the genes differentially expressed at both mRNA and protein levels and identification of the hub proteins

The protein–protein interactions (PPIs) in the concordantly differentially expressed genes were discerned using STRING database (ver.12.05) with ≥0.3 as the threshold strength. The top ten hub proteins were identified using the Maximal Clique Centrality (MCC) algorithm which is reportedly the most effective method of finding hub nodes. The hub proteins were discerned from the PPI network using cytoHubba plugin of Cytoscape ver. 3.9.1.6



Validation of hub proteins as probable drug targets against MDR Escherichia coli

The similarity of the hub proteins with the human proteins was determined using NCBI-BLAST. Hub proteins exhibiting ≥30% sequence identity and ≥ 80% coverage with human proteins, were considered as homologs of the human proteins and were removed from further analysis. The remaining hub proteins were considered as non-homologous to human proteins (NHHPs; Garg et al., 2020).



PPI interaction network of antibiotic resistance genes of MDR Escherichia coli and the hub proteins

The antibiotic resistance genes of MDR E. coli were discerned using the Comprehensive Antibiotic Resistance Database (CARD; McArthur et al., 2013). A PPI network of the proteins encoded by the antibiotic resistance genes and the hub proteins was generated using the STRING database to generate their interactome (at an interaction score of 0.3). The interactome was analyzed using k-mean clustering and the clusters were enriched for biological functions at FDR < =0.05.





Results


RNA-Seq data analysis

Analysis of RNA-Seq data of the MDR and drug-sensitive E. coli strains revealed that 4,101 genes were differentially expressed. Of these, the log2FC value of 2,127 genes was beyond the defined threshold (log2FC > 0.1 for overexpressed genes and log2FC < −0.1 for unexpressed genes; p ≤ 0.05). Hence, 2,127 genes were considered as DEGs and analysed further. Of these, 982 genes were found to be overexpressed, while 1,145 genes were found to be under expressed by the E. coli MDR strain (Figure 1A; Supplementary Table S1).
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FIGURE 1
 Volcano plots depicting differential gene/protein expressions at log2FC beyond the defined threshold; p-value ≤0.05: (A) DEGs with log2FC values beyond the range −1 to 1, (B) DEPs with log2FC values beyond the range − 0.5 to 0.5. The over- and under-expressed genes/proteins are shown in red and blue color, respectively. The plots were generated using ggvolcanoR (https://ggvolcanor.erc.monash.edu/).




SWATH-LC MS data analysis

Analysis of the SWATH-LC MS data of the MDR and drug-sensitive E. coli strains revealed that 770 proteins were differentially expressed. Of these, the log2FC values of 270 proteins were beyond the defined threshold (log2FC > 0.5 for upregulated proteins and log2FC < −0.5 for downregulated proteins; p ≤ 0.05) hence, only these proteins were considered as DEPs and included in further analysis. Of these, 89 proteins were found to be upregulated, while 187 proteins were found to be downregulated by the E. coli MDR strain (Figure 1B; Supplementary Table S2).



GO-term enrichment analysis of the DEGs and DEPs

The overexpressed DEGs were found to be involved in the biological processes related to amide biosynthesis (112 proteins), peptide metabolic process (100 proteins), translation (97 proteins), peptide biosynthesis (96 proteins), ribonucleoprotein complex biogenesis (69 proteins), organelle assembly (53 proteins), ribosome assembly (48 proteins) and ribonucleoprotein complex (43 proteins). The overexpressed DEGs were located within the ribosome (59 proteins), ribonucleoprotein complex (56 proteins), ribosomal subunit (54 proteins), large ribosomal subunit (32 proteins), small ribosomal subunit (22 proteins) and exonuclease repair complex (4 proteins). The molecular functions of the overexpressed DEGs were primarily related to structural molecular activity (59 proteins), structural constituent of ribosome (56 proteins), rRNA binding (52 proteins), tRNA binding (31 proteins), aminoacyl-tRNA ligase activity (20 proteins), ribosome binding (20 proteins), translation regulator activity (18 proteins) (Supplementary Figure S1A). The under expressed DEGs were found to be involved in biological processes related to carboxylic acid catabolic process (100 proteins), carbohydrate transport (79 proteins), monocarboxylic acid catabolic process (58 proteins), response to xenobiotic stimuli (26 proteins) and primary amino acid metabolic processes (18 proteins). They were located within the cell projection (46 proteins), bacterial-type flagella (24 proteins), pilus (22 proteins), bacterial-type flagella basal body (18 proteins), and type II protein secretion system (11 proteins). Their molecular functions were primarily related to carbohydrate transmembrane transporter activity (52 proteins), protein-phosphocysteine-sugar phosphotransferase activity (18 proteins), carbohydrate cation symporter activity (15 proteins), motor activity (8 proteins) and CoA-transferase activity (7 proteins) (Supplementary Figure S1B).

Overexpressed DEPs were found to be involved in biological processes related to amide biosynthesis process (12 proteins). They were located in intracellular regions (56 proteins), cytoplasm (55 proteins) and cytosol (53 proteins). Their molecular functions were related to RNA binding (11 proteins), OB-fold nucleic acid binding domain (3 proteins), polyketide sugar unit biosynthesis (3 proteins) and tRNA synthetase class II (3 proteins) (Supplementary Figure S1C). Under expressed DEPs were involved in biological processes related to organonitrogen compound biosynthesis process (49 proteins), cellular protein metabolic process (33 proteins), small molecule biosynthesis process (31 proteins), cellular amide metabolic process (28 proteins), amide biosynthesis (23 proteins), peptide metabolic process (21 proteins), peptide biosynthesis (19 proteins), translation (19 proteins), fatty acid biosynthesis (7 proteins) and mannose transmembrane transport (3 proteins). They were located within the ribosomal subunit (11 proteins), cytosolic ribosome (11 proteins), large ribosomal unit (6 proteins), small ribosomal subunit (5 proteins), NADH dehydrogenase complex (4 proteins), respiratory chain complex (4 proteins), ATPase complex (3 proteins) and acetyl-CoA carboxylase (2 proteins). Their molecular functions were related to protein binding (51 proteins), ligase activity (18 proteins), rRNA binding (11 proteins), iron ion binding (14 proteins), structural constituent of ribosome (10 proteins), ferrous ion binding (8 proteins) and mannose transmembrane transporter (3 proteins) (Supplementary Figure S1D).



Discerning the concordance in transcriptomics and proteomics data

A total of 763 genes/proteins were discerned which exhibited the log2FC differential expression values within the defined thresholds (Supplementary Table S2). The Pearson’s correlation coefficient in the log2FC expression values of transcriptomics and proteomics datasets was 0.078 (p-value = 0). Of these 763 genes/proteins, 101 genes/proteins were present in 1st and 9th quadrants suggesting a non-concordance in the expression levels of mRNA and their corresponding proteins. The expression of the genes present in the 1st quadrant was upregulated at mRNA level but downregulated at the protein level. While the expression of the genes present in the 9th quadrant was upregulated at protein level but downregulated at the mRNA level. In the 2nd and the 8th quadrants, 283 genes were present which were significantly differentially expressed at the mRNA level but did not exhibit any differential expression at the protein level. In the 4th and the 6th quadrants, 120 genes were present which did not exhibit any significant differential expression at mRNA level but a significant differential expression at the protein level. In the 3rd and the 7th quadrants, 52 genes were present which exhibited a positive correlation at both transcription and translation levels (Figure 2). Thus, 52 genes were discerned in the E. coli MDR strain which were differentially expressed at both mRNA and protein levels. Of these, 41 genes were found to be overexpressed (3rd quadrant, Table 1) and 11 genes were under expressed (7th quadrant, Table 2).
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FIGURE 2
 The nine-quadrant plot showing concordance in the log2FC values of differentially expressed genes (DEGs) and differentially expressed proteins (DEPs). Genes which show positive correlation at both mRNA and protein levels are present in 3rd and 7th quadrants and are shown in blue color.




TABLE 1 Details of the concordantly overexpressed genes of E. coli MDR strain discerned by combined transcriptomics and proteomics.
[image: A table displaying information on various genes and proteins, including serial number, name, function, and Log2FC for gene and protein expression. The table has four columns, labeled as follows: Function, Name of the Gene and Protein, Log2FC (Gene Expression), and Log2FC (Protein Expression). Each row lists details for different proteins and genes, such as rfbD involved in NAD binding, and LysU with lysine-tRNA ligase activity.]



TABLE 2 Details of the concordantly under-expressed genes of E. coli MDR strain discerned by combined transcriptomics and proteomics.
[image: Table showing gene and protein information with columns for serial number, gene and protein names, function, Log2FC (gene expression), and Log2FC (protein expression). Eleven entries detail specific genes and their activities, such as methionine synthase activity and zinc ion binding, with corresponding expression values.]



Functional analysis of the genes exhibiting concordance in differential expression at both mRNA and protein levels


GO-term enrichment analysis

GO-term enrichment analysis of the 41 genes which exhibited overexpression at both mRNA and protein levels revealed that these were primarily involved in biological processes related to cellular amide metabolic biosynthesis (11 proteins), amide biosynthesis (10 proteins), ncRNA metabolic process (9 proteins), translation (8 proteins), peptide biosynthesis (8 proteins) and tRNA aminoacylation for protein translation (4 proteins). At the molecular functional level, they exhibited nucleic acid binding (16 proteins), RNA binding (12 proteins), tRNA binding (5 proteins), aminoacyl-tRNA ligase activity (4 proteins) and lysine-tRNA ligase activity (2 proteins). They were located in cytoplasm (28 proteins), non-membranous bound organelle (5 proteins) and intracellular organelle (5 proteins) (Figure 3A).
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FIGURE 3
 GO-enriched terms associated with the genes exhibiting differential expression at both mRNA and protein levels in E. coli MDR strain: (A) GO-terms associated with the 41 concordant overexpressed genes (B) GO-terms associated with the 10 concordant under-expressed genes. The X-axis shows the GO-terms and the Y-axis shows the fold enrichment values associated with each GO-term.


GO-term enrichment analysis of the 11 genes which exhibited under expression at both mRNA and protein levels revealed that these were primarily involved in biological processes related to maltodextrin transport (2 proteins), polysaccharides transport (2 proteins) and oligosaccharide transport (2 proteins). At the molecular functional level, they exhibited transition metal binding activities (5 proteins) and ferric ion binding (2 proteins). All the proteins were located on the ATP-binding cassette transporter complex (Figure 3B).



COG classification and KEGG pathway analysis

COG classification of the 41 genes which exhibited overexpression at both mRNA and protein levels revealed that they belonged to 15 functional categories. Of these, 11 genes were involved in translation, ribosomal structure and biogenesis, six genes in cell wall/membrane/envelope biogenesis, five genes in post-translational modification, turnover and chaperon, three genes in coenzyme transport and metabolism, two genes each in replication, recombination and repair, energy production and conversion, carbohydrate transport and metabolism and unknown function. One gene each was involved in transcription, signal transduction mechanism, intracellular trafficking, secretion and vesicular transport, amino acid transport and metabolism, nucleoside transport and metabolism, lipid transport and metabolism, and inorganic ion transport and metabolism (Figure 4A). The 11 genes which exhibited similarity in under expression at both mRNA and protein levels were classified into seven COG functional categories. Three genes were involved in carbohydrate transport and metabolism, two in inorganic ion transport and metabolism, one each in energy production and conversion, in amino acid transport and metabolism, coenzyme transport and metabolism, lipid transport and metabolism and general function (Figure 4B).
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FIGURE 4
 COG-based functional classification of the genes exhibiting differential expression at both mRNA and protein levels in E. coli MDR strain: (A) overexpressed genes (B) under-expressed genes.


The KEGG pathway enrichment analysis of the 41 genes which were overexpressed at both mRNA and protein levels revealed that seven of these genes were involved in biosynthesis of secondary metabolites (enrichment score 1.485704), four genes in aminoacyl-tRNA biosynthesis pathway (enrichment score 2.608108) and three genes in ribosome biosynthesis (enrichment score 2.783654) (Figure 5). The KEGG pathway enrichment analysis of the 11 genes concordantly under expressed at both mRNA and protein levels did not yield any result.

[image: Dot plot illustrating up-regulated pathways with enrichment scores indicated by dot colors. Pathways include aminoacyl-tRNA biosynthesis, ribosome, secondary metabolite biosynthesis, carbon metabolism, and microbial metabolism. Dot sizes represent count, ranging from three to seven.]

FIGURE 5
 KEGG-enriched pathways and enrichment score associated with the concordantly overexpressed genes in E. coli MDR strain.




PPI network analysis and identification of the hub proteins

Analysis of the PPI network of the proteins corresponding to the 41 genes concordantly overexpressed at both transcription and translation levels revealed that they were involved in 81 PPIs (Figure 6). On the basis of the maximal clique centrality (MCC) score, ten proteins were identified as the hub proteins of these interaction networks. These were: aspS (aspartate-tRNA ligase/ aspartyl-tRNA synthetase), valS (valine-tRNA ligase/ valyl-tRNA synthetase), lysS (lysine-tRNA ligase/lysyl-tRNA synthetase), lysU (lysine-tRNA ligase/lysyl-tRNA synthetase), rpmG (large ribosomal subunit protein bL33 (50S ribosomal protein L33)), rpsI (small ribosomal subunit protein uS9/30S ribosomal protein S9), rpsR (small ribosomal subunit protein/30S ribosomal protein S18), spmB (small protein B/SsrA-binding protein), topA (DNA topoisomerase 1) and accC (biotin carboxylase). The hub proteins and their MCC scores have been detailed in Table 3. The hub proteins were found to be primarily involved in tRNA and lysyl-tRNA aminoacylation, and translation. At the molecular level they were involved in tRNA and RNA binding and were located in ribosomal subunits and cytosol. However, no PPI networks were discerned for the proteins corresponding to the concordant under expressed genes.

[image: Protein-protein interaction network diagram showing three stages: concordantly overexpressed genes, top ten hub proteins, and non-homologous hub proteins. Nodes are colored based on log2 fold change scale from yellow to red, indicating expression levels.]

FIGURE 6
 Schematic representation of the PPI networks of the concordantly overexpressed genes, identification of the hub proteins and potential drug targets against MDR E. coli.




TABLE 3 Details of the top ten hub proteins discerned from the PPI networks of concordantly overexpressed genes of MDR E. coli strain.
[image: Table listing hub proteins with attributes including Uniprot ID, percentage identity and alignment with human proteins, homology status, Log2FC based on SWATH-LC MS/MS, and whether they are potential drug targets. Proteins RpmG, RpsR, LysU, and SmpB are indicated as potential drug targets.]



Identification of potential drug target(s) from the hub proteins

To avoid cross-reactivity of the potential inhibitors of the hub proteins with the human proteins, human homologs of the hub proteins were discerned in the human proteome using NCBI-BLAST. Of the ten potential hub proteins which could be potential drug targets, seven hub proteins (rpsI, aspS, valS, lysS, accC, rpmG and lysU) showed homology with the human proteins with identity ranging between 39 to 47% and alignment coverage ranging from 81 to 99%. Two hub proteins rpsR and smpB did not show any homology with the human proteins, while topA showed 25.28% identity and 65% alignment coverage with the human proteins (Table 3).



Interactome of the antibiotic resistance genes of MDR Escherichia coli with the hub proteins

CARD analysis revealed 69 genes whose products were related to antibiotic resistance in MDR E. coli (Supplementary Table S3). Of these, 47 genes could be mapped by STRING on the PPI network along with the hub proteins - topA, smpB and rpsR. Three prominent clusters were observed in the interactome: cluster 1 composed of 39 proteins involved in antibiotic detoxification (acrA, acrB, acrD, acrE, acrF, acrR, acrS, baeR, cpxA, crp, emrA, emrB, emrK, emrY, evgA, evgS, gadX, hha, kdpE, leuO, marA, marR, mdfA, mdtA, mdtB, mdtC, mdtE, mdtF, mdtG, mdtH, mdtM, mdtN, mdtO, mdtP, mprA, soxR, soxS, tolC and ybiH). Cluster2 contained 7 proteins involved in lipid A biosynthesis (eptA, ugd, arnT, arnC, bacA, yojI and msbA) and cluster 3 contained 4 proteins involved in RNA binding (rpsR, smpB, topA and rsmA). The complete interactome has been depicted in Supplementary Figure S2.





Discussion

An in-depth understanding of AMR is paramount for development of new antibiotics/drugs, vaccines and diagnostic tools. AMR has been mainly studied using standard microbiological growth-inhibition methods, PCR-amplification of the AMR genes, gene sequencing for mutation detection and more recently by whole genome sequencing (Boolchandani et al., 2019). Recently, several studies have indicated that bacteria withstand antibiotic stress by modifying their metabolic pathways (Richter et al., 2017; Stokes et al., 2019). However, the role of microbial metabolic pathways and other proteins in the context of bacterial drug resistance is inadequately understood. In the present study, we have used transcriptomics, proteomics and bioinformatics approaches to identify differentially expressed genes and proteins of MDR E. coli followed by extensive bioinformatics-based studies to discern novel drug targets against antibiotic resistant E. coli.

The differentially expressed genes of the MDR E. coli were inferred by integrating RNA-Seq and SWATH-LC MS/MS datasets to identify genes exhibiting concordant differential expression at both transcriptomics and proteomics levels. Thus, 763 genes/proteins were discerned whose log2FC differential expression values attained the defined thresholds. The results from both the technologies were integrated for unambiguous and technical artifact-free interpretations. The Pearson’s correlation coefficient between the log2FC expression values of transcriptomics and proteomics datasets was 0.078 (p-value = 0), which is low. This is, however, not very surprising because several studies have reported that mRNA expression levels and protein level abundance do not necessarily correlate, due to biological differences between transcription and translation processes and, also due to experimental limitations (Gygi et al., 1999; Brötz-Oesterhelt et al., 2005). Moreover, the correlation between mRNA and protein abundance was reportedly not very strong in bacteria (Gygi et al., 2000). From the biology viewpoint, differential RNA and protein turnover, post-translational modifications, proteolytic processing events and allosteric protein interactions might result in a low concordance in mRNA and protein levels. From the technological viewpoint, challenges in the experimental design and data interpretation methods might be responsible for non-concordance in mRNA and protein levels.

On the basis of the nine-quadrant correlation plot, it was discerned that 52 genes of the MDR E. coli showed a positive correlation in differential gene expression at both transcription and translation levels. Of these, 41 genes were overexpressed and 11 genes were under expressed by MDR E. coli at both mRNA and protein levels. GO-term enrichment analysis of these 41 overexpressed genes revealed that they were primarily involved in biological processes related to amide/peptide/protein biosynthesis and translation. KEGG pathway enrichment analysis of the 41 overexpressed genes revealed that they were primarily involved in biosynthesis of aminoacyl-tRNA, ribosomes and secondary metabolites. Thus, our results are similar to a recent study which reported that proteins predominantly related to metabolism, transcriptional and translational regulation, and stress response showed differential expression in drug resistant E. coli and other bacteria (Mehrotra et al., 2023). Thus, inhibitors of amide/peptide/protein biosynthesis and translation can be suitable candidates against drug resistant E. coli. However, such drug molecules which inhibit bacterial translation and related processes are available (e.g., aminoglycosides, tetracyclines macrolides etc.) but increasing instances of bacterial resistance against these antibiotics are being reported. Thus, alternative drug targets/strategies need to be discovered.

Investigating the PPIs/interactome not only helps in understanding the function(s) of individual protein(s), it also helps in characterizing the various pathways in which proteins might be involved. Analysis of the PPI networks of the proteins corresponding to the 41 concordantly overexpressed genes of the E. coli MDR strain revealed that they were involved in 81 PPI networks. Ten proteins were identified as the hub proteins of these PPI networks. These were: aspS (aspartate-tRNA ligase/ aspartyl-tRNA synthetase), valS (valine-tRNA ligase/ valyl-tRNA synthetase), lysS (lysine-tRNA ligase/lysyl-tRNA synthetase), lysU (lysine-tRNA ligase/lysyl-tRNA synthetase), rpmG (large ribosomal subunit protein bL33 (50S ribosomal protein L33)), rpsI (small ribosomal subunit protein uS9/30S ribosomal protein S9), rpsR (small ribosomal subunit protein/30S ribosomal protein S18), spmB (small protein B/SsrA-binding protein), topA (DNA topoisomerase 1) and accC (biotin carboxylase). At the functional level, the majority of the hub proteins were involved in aminoacylation of tRNA and protein-translation.

It is well known that hub proteins can interact with multiple proteins and they are critically important for the whole biological system due to their high connectivity (Higurashi et al., 2008; Ota et al., 2016). Inhibition/elimination of the function of a hub protein can influence multiple downstream pathways and biological networks which also affects the organismal fitness (He and Zhang, 2006). Thus, blocking the activity of hub proteins with appropriate inhibitors/drugs can be a useful strategy against a pathogen (Garg et al., 2020). This implies that the hub proteins discerned in this study might be explored as potential drug targets against MDR E. coli. However, if a homolog of a potential drug target is present in the host, it might lead to cross-reactivity of the inhibitor/drug with the host protein and, consequently undesirable side effects. Therefore, to avoid cross-reactivity of the potential inhibitors of the hub proteins with the host proteins, homology between the human and the hub proteins was discerned by NCBI-BLAST. Of the ten hub proteins, seven hub proteins (rpsI, aspS, valS, lysS, accC, rpmG and lysU) exhibited homology with the human proteins, their identity ranging between 39 to 47% and alignment coverage ranging between 81 to 99%. However, two hub proteins - smpB and rpsR and did not show any homology with the human proteins, while topA showed 25.28% identity and 65% alignment coverage with the human proteins. Hence, the hub proteins smpB, rpsR and topA might be explored as potential drug targets against MDR E. coli.

SmpB is reportedly a small protein (B) which along with ssrA (small stable RNA A) is required during the process of bacterial trans-translation for recycling of ribosomes stalled on defective mRNA (Li et al., 2013). In Neisseria gonorrhoeae, Mycobacterium tuberculosis, and Staphylococcus aureus trans-translation was reportedly essential for viability and virulence of bacteria (Personne and Parish, 2014; Liu et al., 2018; Aron et al., 2021). Also, disruption of the trans-translation pathway was reported to result in increased sensitivity of bacteria for antibiotics (Huang et al., 2019; Campos-Silva et al., 2021). Thus, SmpB has been proposed as a potential drug target against several bacteria (Alumasa and Keiler, 2015).

RpsR is a small ribosomal subunit (30S) protein which is an essential component of the protein biosynthetic machinery of E. coli (Shoji et al., 2011). Previous studies have reported that the expression of the gene encoding rpsR was greatly enhanced during biofilm formation in E. coli (Schembri et al., 2003; Beloin et al., 2004). A PPI network based study based on integration of differentially expressed genes of E. coli during stress conditions implicated that many RNA binding proteins (including rpsR) played an important role in bacterial response to stress (Nagar et al., 2016). In Deinococcus radiodurans, a highly upregulated expression of the ribosomal proteins rplB, rpsL, rpsR was reported in response to oxidative stress (Gao et al., 2020).

TopA is a DNA topoisomerase I enzyme which regulates global and local DNA supercoiling. DNA supercoiling affects many DNA centred processes such as, DNA replication, recombination, transcription and transposition (Drlica, 1992; Usongo and Drolet, 2014). Interestingly, the levels of DNA supercoiling are dependent on processes like transcription (Liu and Wang, 1987), nutrient availability and growth environment (Goldstein and Drlica, 1984; Balke and Gralla, 1987; Cheung et al., 2003). TopA activity has been reportedly essential for bacterial response to acid exposure, heat shock and antibiotics (Qi et al., 1996; Weinstein-Fischer et al., 2000; Stewart et al., 2005; Yang et al., 2015). Also, topA activity has been shown to be important for adaptation of E. coli for high temperature and oxidative stress (Qi et al., 1999; Tse-Dinh, 2000; Weinstein-Fischer et al., 2000).

To summarize, integrative proteo-transcriptomics revealed several genes which were differentially expressed by MDR E. coli. Bioinformatic analysis using GO-terms, COG and KEGG annotations revealed that the 41 overexpressed genes were primarily involved in tRNA aminoacylation and peptide and amide biosynthesis. Analysis of the PPI networks of the upregulated proteins revealed ten hub proteins of which, three hub proteins viz. smpB, rpsR and topA were non-homologous to human proteins. Several published reports have indicated an important role of these proteins in resistance for antibiotics and stress adaptation in E. coli. Moreover, inhibitors of these hub proteins would exhibit novel mechanisms of action hence, emergence of resistance against these seems unlikely in the near future. Further PPI network studies of the antibiotic resistance genes of MDR E. coli with the hub proteins also confirmed that smpB, rpsR and topA interacted with several antibiotic resistance genes. Since these hub proteins regulate several biological pathways of E. coli, directly and/or indirectly related to antibiotic stress, inhibitors of these proteins can be effective against both drug-resistant and -sensitive populations of E. coli. Moreover, non-homology of these proteins with the host proteins, leaves little scope for cross-reactivity with human proteins and undesirable side effects. However, further experiments including a greater number of drug-resistant and -sensitive strains of E. coli are required to understand the complex phenomenon as microbial drug resistance and explore the utility of the hub proteins smpB, rpsR and topA as novel drug targets against E. coli. Also, a judicious use of inhibitors of these novel drug-targets is warranted to minimize the possibility of resistance emergence against them, in future.



Data availability statement

The transcriptomics datasets of this study are accessible as BioProject PRJNA1066082. E. coli IPE (MDR) and E. coli IP9 (drug sensitive) raw reads are available with SRA accessions SRR27601718 and SRR27601719, respectively. Proteomics datasets of this study are available via ProteomeXchange with identifier PXD048998. R script to generate 9 quadrant plot to integrate transcriptomics and proteomics data is available in Figshare (Kumar et al., 2024).



Author contributions

MA: Formal analysis, Methodology, Writing – original draft, Data curation, Investigation. NiS: Data curation, Formal analysis, Writing – review & editing. NeS: Formal analysis, Writing – review & editing, Methodology, Writing – original draft. MK: Data curation, Project administration, Resources, Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. The work was funded by the Indian Council of Medical Research [grant no: ISRM/12 (38)/2022], Faculty Research Programme Grant of Delhi University under Institute of Eminence (grant no: IoE/2021/12/FRP) and Department of Biotechnology (grant nos. BT/PR40180/BTIS/137/59/2023 and BT/PR40160/BTIS/137/64/2023). MA was supported by the CSIR-JRF scheme [grant number: 09/045/(1637)/2019-EMR-1] and ICMR [grant no: ISRM/12 (38)/2022]. NeS was supported by ICMR-Research Associateship [BMI/11 (29)/2022].



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.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Generative AI statement

The authors declare that no Generative AI was used in the creation of this manuscript.



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1531739/full#supplementary-material



Footnotes

1   https://github.com/nf-core/rnaseq, accessed on 13 May 2023.

2   http://multiqc.info/
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4   http://bioinformatics.sdstate.edu/go/

5   https://cn.string-db.org/

6   https://cytoscape.org
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Bovine rotavirus (BRV) is a significant pathogen that causes diarrhea in calves, profoundly impacting the cattle industry and resulting in substantial economic losses. Currently, the established diagnostic approaches for BRV primarily include etiological methods, such as electron microscopy, virus isolation, and culture; serological methods, including enzyme-linked immunosorbent assay (ELISA), latex agglutination test (LAT), and immunofluorescence techniques; and molecular biological methods, such as reverse transcription-polymerase chain reaction (RT-PCR), real-time quantitative PCR (qPCR), and loop-mediated isothermal amplification (LAMP), as well as next-generation sequencing (NGS) technology. This review summarizes the current diagnostic methods for BRV, discusses their advantages and disadvantages, and presents future perspectives on BRV diagnosis, aiming to provide valuable references for the effective diagnosis and control of BRV-related diseases.
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1 Introduction

Rotavirus is a zoonotic pathogen recognized as the predominant cause of severe diarrhea in children under the age of five, and in various young animal populations globally (Reactions Weekly, 2024). Additionally, rotavirus frequently serves as a contributing factor to, or a complication of, other diarrheal diseases (Alkoshi et al., 2014), thereby significantly affecting both human health and animal husbandry and garnering considerable attention from the scientific community. World Health Organization (2021) advocated the inclusion of rotavirus vaccines in all national immunization programs, prioritizing them.

Bovine rotavirus disease is an acute gastrointestinal infectious condition that significantly affects the global cattle industry, leading to substantial economic losses. The causative agent of this disease, bovine rotavirus (BRV), is classified within the Reoviridae family. This pathogen predominantly impacts calves, manifesting symptoms such as vomiting, diarrhea, and dehydration (Miyabe et al., 2020; Barsoum, 2022). The primary pathological findings associated with BRV infection include the presence of curd and milk in the stomachs of young animals, thin and translucent walls of the small intestine, liquid intestinal contents that are gray–yellow or gray–black in color, enlarged mesenteric lymph nodes, and atrophy and shortening of the small intestinal villi. BRV is transmitted primarily via the fecal-oral route and is located predominantly within the intestinal tract. Following extensive replication in the intestines, the virus is excreted in feces, leading to contamination of drinking water, feed, utensils, and soil, which can subsequently infect healthy cattle through the digestive system upon contact (Santiana et al., 2018). Some research has suggested that BRV may also be transmitted through small-particle aerosols in the air; however, there is currently no direct evidence to substantiate this hypothesis (Dennehy, 2000). Rotavirus was discovered in 1973, when Australian researcher Bishop identified it in ultrathin sections of the duodenum of patients suffering from gastroenteritis, thereby establishing its association with the disease (Bishop et al., 1973).

BRV is classified as an RNA virus characterized by the absence of an envelope, icosahedral symmetry, a diameter of approximately 70 nm for the complete viral particle, and a double-layered capsid. Its nomenclature is derived from its resemblance to a wheel (Männikkö, 2011; Yan et al., 2024). The cultivation and replication of this virus in cell culture present significant challenges, as proliferation is typically restricted to certain animal strains, and the cytopathic effects observed during the replication process are relatively mild. Notably, the rotavirus responsible for diarrhea in neonatal calves can replicate in MA-104 cells derived from rhesus monkey fetal kidneys, resulting in pronounced lesions (Bohl et al., 1984). The rotavirus genome consists of 11 segments of double-stranded RNA, which encode six structural proteins (VP1–VP4, VP6, and VP7) and six nonstructural proteins (NSP1–NSP6) (Vlasova et al., 2017). The VP6 protein serves as the inner capsid protein of rotavirus and functions as the group-specific antigen across various animal species and humans. It is recognized as the most conserved sequence among the 11 rotavirus gene segments, making it a preferred target for detection studies (Possatti et al., 2016). The outer capsid proteins of the rotavirus particle, VP7 and VP4, are responsible for inducing neutralizing antibodies and determining the G and P genotypes of the virus, respectively, and are thus extensively utilized in vaccine research. Currently, 42 G genotypes and 58 P genotypes of group A rotavirus have been identified (Cheng et al., 2021; Aksoy and Azkur, 2023). Given that the viral genome consists of multiple segments, coinfection of cells by viruses from different sources can lead to reassortment, particularly among viruses within the same serogroup. This genetic recombination has the potential to give rise to novel viral strains.

Bovine rotavirus disease represents a significant infectious threat to animal health and has considerable repercussions for the cattle industry. The prompt and precise diagnosis of BRV infection is crucial. To date, a variety of diagnostic techniques have been developed, encompassing etiological, serological, and molecular biological methods for the identification of BRV. This article offers a thorough examination of the different detection methods for BRV, highlighting their respective characteristics, advantages, and limitations (Table 1), with the objective of providing essential support for the diagnosis, prevention, and management of BRV (see Figure 1).



TABLE 1 Comparison of currently available diagnostic methods for BRV.
[image: Comparison table of diagnostic tests for detecting a pathogen. It shows sensitivity, specificity, positive rate, sample source, and references for each method: EM, TEM, virus isolation, ELISA variants, LAT, immunofluorescence, PCR methods, LAMP-LFD, NGS, and biosensor. Specific data points are provided for sensitivity and specificity, with some showing no data. Sample sources are mostly fecal samples, and references are listed for each test method.]

[image: Flowchart of diagnostic methods for bovine rotavirus, categorized into etiological, serological, molecular, and other methods. Etiological includes EM and virus isolation. Serological includes ELISA, LAT, and immunofluorescence. Molecular includes RT-PCR, qPCR, and LAMP. Other methods include NGS and biosensors.]

FIGURE 1
 Schematic representation of currently available diagnostic methods for BRV. Various diagnostic methods available for BRV have been established, which include etiological methods, such as electron microscopy observation (EM) and virus isolation and cultivation; serological methods, such as enzyme-linked immunosorbent assay (ELISA), latex agglutination test (LAT), and immunofluorescence techniques; molecular methods, such as reverse transcription-polymerase chain reaction (RT-PCR), real-time quantitative PCR (qPCR), and loop-mediated isothermal amplification (LAMP); other methods, such as next-generation sequencing (NGS) and biosensors.




2 Etiological methods for the diagnosis of BRV


2.1 Electron microscopy observation

Under electron microscopy, BRV exhibits a characteristic “wheel” morphology. Currently, two primary techniques of electron microscopy are employed: direct electron microscopy and immunoelectron microscopy. Chasey and Labram (1983) observed fecal samples from naturally infected cattle using electron microscopy and identified three distinct assemblies with regular structures, which they designated rotatube 1, rotatube 2, and rotatube 3. Subsequent analysis revealed that these assemblies were composed of the capsid proteins of rotavirus, thereby establishing their association with the virus. However, this study also has certain limitations. The analysis was solely conducted via electron microscopic observation, lacking direct evidence of the components of these assemblies. de Beer et al. (1997) evaluated the efficacies of three detection methods, electron microscopy, enzyme-linked immunosorbent assay (ELISA), and latex agglutination test (LAT), for the identification of bovine rotavirus in the feces of young calves exhibiting diarrhea. In this study, electron microscopy was utilized as the gold standard and was compared with polyacrylamide gel electrophoresis (PAGE), underscoring the significance of electron microscopy in the detection of BRV and its distinctions from other diagnostic techniques. Although electron microscopy serves as a unique method for the direct observation of viral particles, its application in large-scale detection is hindered by certain limitations. Li et al. (2024) identified BRV-like particles, approximately 80 nm in diameter, in MA-104 cell suspensions infected with the BRV DQ2020 strain through transmission electron microscopy (TEM) But electron microscopic observation is merely employed to confirm that this strain possesses typical morphological characteristics of rotavirus and cannot serve as a direct identification basis. Despite the advantages of directness, accuracy, and rapidity associated with electron microscopy, its high operational costs, complex procedures, and there are other viruses that can have similar capsid organization and there is no way to definitively confirm it is a rotavirus in theory. Moreover, electron microscopy can suffer from poorer analytical sensitivity and throughput, thereby limiting its capacity to fulfill the demands for rapid diagnostic capabilities. Electron microscopic observation was once a crucial method for the diagnosis of bovine rotavirus and was frequently employed in the early stage of virus discovery. With the advancement of technology, its application frequency has declined in the proportion of overall diagnostic methods, yet it is still applied in specific circumstances. In scientific research endeavors such as the study of the morphological variations of the virus and the discovery of new strains, electron microscopic observation still holds an irreplaceable position. It can visually display the morphological changes of the virus and furnish an important basis for the study of virus evolution and variation.



2.2 Virus isolation and cultivation

Virus isolation and cultivation represent the most straightforward and effective methodologies for pathogen identification. Currently, the cell lines used for the isolation of BRV include MA-104 (rhesus monkey fetal kidney cells), CaCo-2 (human colon adenocarcinoma cells), ST (porcine testicular cells), and Marc-145 (African green monkey embryonic kidney cells). Notably, MA-104 cells are sensitive to BRV, allowing for viral replication and the manifestation of cytopathic effects. In practice, diarrheal fecal samples are inoculated into MA-104 cells, which are then subjected to continuous subculture and microscopically monitored daily until cytopathic changes are observed. Typically, after several passages, distinct and regular cytopathic effects can be identified. Using primary fetal bovine kidney cells, Theodoridis et al. (1979) successfully isolated and cultured BRV from the diarrheal feces of calves and observed cytopathic effects indicative of BRV infection. Similarly, Castells et al. (2018) isolated rotavirus A (RVA) from five out of 10 cell cultures derived from water samples collected from dairy farms, confirming the activity of the detected RVA particles. Elkady et al. (2021) inoculated treated fecal samples into MA-104 cells, observed characteristic cytopathic effects, and successfully isolated both group A and group B BRVs from fecal samples of Chinese calves. Ates and Yesilbag (2023) also inoculated treated fecal samples into the MA-104 cell line and reported that 2 out of 20 samples produced cytopathic effects, leading to the successful isolation of BRV. However, these scholars were not compared to a gold standard method. Isolation and culture can only detect infectious live viruses and cannot detect viral nucleic acids or protein fragments that are non-infectious yet still present in the samples. In some cases, the virus may be inactivated and unable to grow after isolation and culture, but its presence can still be detected through nucleic acid testing or immunoassay, which is crucial for comprehending the transmission and infection range of the virus. At the same time, it typically takes several days or even weeks from sample inoculation to the observation of obvious CPE. For situations where rapid diagnosis results are urgently required to adopt prevention and control measures, isolation and culture cannot meet the demand for rapid diagnosis, cannot provide a basis for disease prevention and control promptly during an outbreak, and hinder the provision of real-time results for clinical cases. Consequently, the clinical applicability of these methods is limited.




3 Serological methods for the diagnosis of BRV


3.1 Enzyme-linked immunosorbent assay

The enzyme-linked immunosorbent assay (ELISA) is a diagnostic technique predicated on the specific interaction between antigens and antibodies, with results quantified through the measurement of sample absorbance. Presently, various ELISA methodologies exist, including direct, indirect, double-antibody sandwich, and competitive approaches. Kharalambiev et al. (1983) developed an ELISA detection method utilizing the double-antibody sandwich principle for the identification of BRV antigens in fecal samples, facilitating rapid rotavirus diagnosis and offering a dependable means for detecting BRV infections. Bertoni et al. (2021) employed polyclonal indirect ELISA (iELISA) (Garaicoechea et al., 2006; Badaracco et al., 2013) to detect RVA antigens in fecal samples and utilized double-antibody sandwich ELISA (Fernandez et al., 1996; Parreno et al., 2004) to determine the IgG1 antibody titer for RVA. These findings indicated that various rearing practices significantly influence BRV infection rates in newborn calves during the initial 2 months of life, thereby providing valuable insights for cattle farms in selecting appropriate calf rearing methods. However, in this study, only ELISA was employed to detect the viral antigens and antibodies in fecal and serum samples, which might lead to false positive or false negative results. Moreover, for calves with low-level infections or in the early stage of infection, ELISA may fail to detect the viral antigens, resulting in missed detections and influencing the judgment of the true situation of viral infection. Abdou et al. (2021) conducted a prevalence study of RVA in 400 cattle fecal samples using an immunochromatographic assay (IC) and direct sandwich ELISA, revealing prevalences of 5.3% via IC and 4.3% via ELISA. This study demonstrated that IC is more sensitive than ELISA for detecting RVA antigens in fecal samples. Seid et al. (2020) performed BRV screening on 83 fecal samples from diarrheal calves under 4 weeks of age, alongside 162 nondiarrheal samples. Among the diarrheal samples, 6 (7.2%) tested positive for BRV antigens by Ag-ELISA, whereas all nondiarrheal samples tested negative. Tatte et al. (2019) collected 300 fecal samples from both diarrheic and healthy animals on farms in western India and detected RVA antigens in 3.1 to 25% of cattle using ELISA. Debelo et al. (2021) analyzed fecal samples from 110 calves aged 30 days or younger across 57 dairy herds in Addis Ababa, Ethiopia, using sandwich ELISA. Among the 110 calves, 42 (38.18%) exhibited diarrheal symptoms during the study, with a BRV prevalence of 3.64% (4/110). Niu et al. (2024) expressed the BRV VP6 protein in a eukaryotic expression system, immunized BALB/c mice to obtain serum, and established an indirect ELISA for the BRV VP6 protein. This method is characterized by its specificity and high sensitivity, thereby providing technical support for effective BRV detection and epidemiological investigations. Given its high accuracy, sensitivity, rapidity, and capacity for high-throughput sample analysis under less stringent biosafety conditions, ELISA has become widely adopted in the clinical detection and epidemiological research of BRV. Nevertheless, ELISA also has certain limitations. If an epidemic breaks out on a farm and timely prevention and control measures need to be implemented, the detection speed of ELISA is difficult to meet the requirement. However, some rapid detection techniques, such as immunochromatographic test strips, are simple and quick to operate and can obtain test results within a short period, which are more suitable for on-site rapid detection. ELISA is mainly utilized to detect the antigen or antibody of the virus and can only determine whether there is a viral infection in the sample and the general situation of the infection but cannot conduct genotyping and variation analysis of the virus. However, nucleic acid sequencing technology can sequence the nucleic acid of the virus and precisely determine the genotype and variation sites of the virus, providing more detailed information for the research and prevention and control of the virus.



3.2 Latex agglutination test

The latex agglutination test (LAT) employs latex particles in conjunction with specific antibodies to detect the presence of antigens. In instances where bovine rotavirus (BRV) antigens are present in a sample, a latex agglutination reaction is initiated. Sukura and Neuvonen (1990) conducted a study involving 375 fecal samples obtained from 62 calves at various ages (1, 3, 5, 7, 10, and 20 days). Their findings revealed that 45 samples (12%) tested positive for BRV using LAT, whereas 10 samples (2.7%) were confirmed to be positive through electron microscopy (EM). Notably, all samples identified as positive by EM were also positive by LAT. Among the 62 calves, 26 (42%) were positive by LAT, and 8 (13%) were positive by EM. The study concluded that LAT was straightforward to perform and demonstrated greater sensitivity than did EM and thus may serve as a specific method for the detection of BRV infection. Al-Yousif et al. (2001) collected 63 fecal samples from diarrheic calves between November 1999 and May 2000, employing various detection methods, including LAT, the Rotazyme II enzyme-linked immunosorbent assay (ELISA), and the anti-rotavirus fluorescent antibody (FA) test following virus isolation. This evaluation aimed to assess the efficacy of the Virogen Rotatest latex agglutination test kit in identifying BRV antigens. The results indicated that LAT, as a rapid screening method, offers several advantages, including ease of operation, the absence of a requirement for costly equipment and specialized personnel, and a prolonged shelf life for reagents. But for samples with a low virus content, the detection sensitivity of this method is suboptimal, and there is a certain degree of false positive occurrence. Moosai et al. (1985) assessed a commercial latex agglutination test known as Rotalex (Orion Diagnostics, Finland) and compared its performance with those of four widely utilized laboratory detection methods: electron microscopy, immunofluorescence, polyacrylamide gel electrophoresis, and enzyme-linked immunosorbent assay. Their evaluation revealed that when Rotalex was conducted according to the manufacturer’s guidelines, it exhibited deficiencies in both specificity and sensitivity. However, following modifications, its performance aligned more closely with those of the other methods. In summary, although LAT is characterized by its simplicity and rapidity, making it suitable for onsite screening, its specificity and sensitivity are relatively low and warrant further enhancement. When the virus content in the sample is low, the agglutination phenomenon resulting from antigen-antibody binding may not be conspicuous, and false negative results are prone to occur. In the early stage of virus infection, the viral load in cattle is relatively small, and the latex agglutination test may not be capable of effectively detecting the presence of the virus, resulting in missed detections. However, nucleic acid detection techniques such as reverse transcription-polymerase chain reaction (RT-PCR) can significantly enhance the detection sensitivity through the amplification of viral nucleic acids and can effectively detect even when the virus content in the sample is extremely low, greatly reducing the risk of missed detections. And LAT generally can only provide qualitative or semi-quantitative results and cannot precisely determine the content of the virus in the sample. While real-time fluorescent quantitative PCR technology can not only detect the presence of the virus but also accurately determine the content of viral nucleic acids, providing more valuable data support for disease assessment and treatment decision-making.



3.3 Immunofluorescence techniques

Immunofluorescence techniques are categorized into two main types: direct and indirect immunofluorescence. Direct immunofluorescence involves the application of fluorescently labeled specific antibodies that bind directly to viral antigens present in fecal samples, which are subsequently examined using a fluorescence microscope. In contrast, indirect immunofluorescence entails the initial binding of unlabeled antibodies to viral antigens, followed by the application of fluorescently labeled secondary antibodies for detection purposes. Mitov et al. (1984) conducted a study on the intestinal mucosa of 100 diseased calves utilizing direct immunofluorescence, which revealed the presence of BRV antigens in 38.0% of the examined cases. Parwani et al. (1996) collected fecal samples from diarrheal adult dairy cows, inoculated the filtrates into sterile calves, and successfully identified BRV-B or antigens in intestinal epithelial cells through immunofluorescence staining, but this method may have cross-reactions, leading to false positive or false negative results. These findings underscore the high specificity and sensitivity of this methodology; however, the requirement for specialized fluorescence microscopy equipment limits its widespread adoption in veterinary clinics. And for samples with a low viral load, immunofluorescence detection may not be capable of effectively detecting viral antigens, prone to false negative results, resulting in missed detections and delays in the diagnosis and prevention and control of the disease. The interpretation of the test results has a certain degree of subjectivity. Especially when the fluorescence signal is weak or atypical, interpretation errors are prone to occur, affecting the accuracy and consistency of the diagnosis.




4 Molecular biological methods for the diagnosis of BRV


4.1 Reverse transcription-polymerase chain reaction

Reverse transcription-polymerase chain reaction (RT-PCR) is a molecular biology technique that effectively amplifies RNA fragments in vitro and is extensively utilized in the regulation of specific genes. Basera et al. (2010) conducted a study involving the collection of 128 fecal samples from diarrheal calves in northern India, where they identified BRV infection through RNA polyacrylamide gel electrophoresis (RNA-PAGE) and RT-PCR. They specifically targeted the group-specific VP6 gene in 13 samples (11.81%) that tested positive for BRV by RNA-PAGE, confirming that 10 of these samples were classified as BRV-A. Uddin Ahmed et al. (2022) collected 200 fecal samples from diarrheal calves across three regions in Bangladesh between January 2014 and October 2015, reporting a BRV positivity rate of approximately 23%. They further characterized the G and P genotypes of the BRV-positive samples through RT-PCR and sequencing, identifying G6P[11] (94.4%) and G10P[11] (5.6%) as the predominant genotypes. Ates and Yesilbag (2023) collected 20 fecal samples from diarrheal calves on a farm in Turkey and used RT-PCR to detect BRV nucleic acids in the cell supernatants of two samples (RV-36 and RV-38) that exhibited cytopathic effects (CPEs) in the MA-104 cell line and tested positive for rotavirus A (RVA) antigen by ELISA. RT-PCR targeting the VP6 gene region yielded a 379 bp amplicon for both positive samples, confirming the presence of BRV. Pedroso et al. (2023) developed an endpoint multiplex PCR/RT-PCR for diagnosing neonatal calf diarrhea (NCD). After optimizing the assay conditions and validating its specificity, sensitivity, and reproducibility, 95 samples were analyzed, of which 50 were positive for at least one target pathogen, with 35 representing single infections and 15 indicating mixed infections. Among the single infections, BRV was the most frequently detected pathogen (16/35). Nevertheless, in multiplex PCR reactions, the simultaneous presence of multiple primers may give rise to non-specific binding and generate non-specific amplification products, thereby interfering with the interpretation of the results and causing false positives. Especially when there are other microorganisms or nucleic acid fragments with similar nucleic acid sequences to the target pathogen in the sample, it is more prone to cause specificity issues. In summary, RT-PCR offers several advantages, including the requirement for minimal sample volume, high specificity, rapid execution, simplicity, and elevated sensitivity. This method is particularly advantageous for the screening of clinical diseases, as it can significantly reduce costs and expedite diagnosis. For cattle farmers, RT-PCR provides timely confirmation of herd health status, thereby minimizing unnecessary examinations and treatments and increasing the survival rates of affected cattle. However, impurities present in the sample, inhibitors, or differences in nucleic acid extraction methods may all impact the extraction efficiency of nucleic acids, resulting in insufficient or poor-quality viral nucleic acids extracted, thereby affecting the subsequent PCR amplification and leading to false negatives; while insufficient primer specificity and extremely trace amounts of nucleic acid contamination during the operation can give rise to false positive results.



4.2 Real-time quantitative PCR

Real-time fluorescence quantitative PCR (qPCR) integrates reverse transcription PCR (RT-PCR) with fluorescent dyes, enabling not only the detection of bovine rotavirus (BRV) infection but also the quantitative analysis of viral loads. Castells et al. (2020) conducted an analysis of 833 samples from dairy and beef calves in Uruguay using RT-qPCR and sequencing techniques and revealed that rotavirus A (RVA) was present in 57.0% of the samples. Notably, the detection rate in dairy calves (59.5%) was significantly greater than that in beef calves (28.4%). In a separate study, de Barros et al. (2018) collected 648 fecal samples from various animal species in northeastern Pará State, Brazil, between October 2014 and April 2016, targeting the NSP3 gene for RT-qPCR analysis of RVA. Their findings indicated that 27.5% (178/648) of the samples tested positive for RVA, with positive samples identified across multiple species, including birds, canids, bats, cattle, horses, small rodents, pigs, and felines; the positive rate in cattle was recorded at 14.6%. These findings suggest that RVA has the potential to disseminate among diverse animal populations, potentially facilitating cross-species transmission and genomic recombination. Furthermore, Benito et al. (2020) examined 237 fecal samples from diarrheal calves under 2 months of age in Spain and detected the presence of bovine group A rotavirus (RVA), Cryptosporidium parvum, and bovine coronavirus (BCoV) through RT-qPCR. Among these samples, 188 (79.3%) were positive for at least one pathogen, with 101 samples (42.6%) exhibiting mixed infections, and the RVA infection rate was determined to be 50.6%. Additionally, Punia et al. (2023) developed and optimized a sensitive, specific, and reliable TaqMan probe-based RT-qPCR method for the rapid detection and quantification of enteric viruses in fecal samples. This method demonstrated amplification capabilities for RVA, bluetongue virus (BTV), and bovine coronavirus (BoCV) RNA that were 1,000 times more sensitive than those of traditional gel-based RT-PCR, exhibiting excellent repeatability and the ability to accurately quantify viral RNA loads in clinical samples. However, these scholars did not compare this method with the gold standard method. In summary, qPCR eliminates the need for electrophoresis, as the entire procedure is conducted in a closed-tube format, thereby minimizing the risk of false-positive results due to sample contamination. Compared with conventional RT-PCR, qPCR offers increased specificity and sensitivity, making it particularly suitable for the rapid detection of BRV. However, this method imposes more stringent requirements for primer design and experimental conditions, necessitating a higher level of technical expertise from operators (Ward et al., 2013). This indicates that this detection method, in comparison with other methods, has advantages as well as certain limitations. qPCR can only detect the nucleic acid of the virus and cannot determine whether the detected viral nucleic acid is from infectious viral particles or inactive viral fragments, etc., whereas virus isolation and culture can directly determine whether the virus could infect cells and reproduce. In the early stage of infection, the virus may not have replicated or released nucleic acids in large quantities. At this time, qPCR may not be able to detect viral nucleic acid, and there is a certain window period. Serological detection can shorten the detection window period to a certain extent by detecting early antibodies such as IgM and detect the infection earlier. qPCR has relatively high requirements for the quality of samples, while the colloidal gold immunochromatography method has relatively low requirements for the quality of samples. It can directly detect viral antigens in samples such as feces, and the processing of samples is relatively straightforward.



4.3 Loop-mediated isothermal amplification

Loop-mediated isothermal amplification (LAMP) employs specific primers and enzymes to facilitate nucleic acid amplification at a constant temperature. Xie et al. (2012) developed and optimized a reverse transcription loop-mediated isothermal amplification (RT-LAMP) method for the rapid detection of BRV, which demonstrated good specificity and sensitivity. This method is anticipated to serve as a rapid and straightforward diagnostic tool for identifying BRV infections in calves. Additionally, Xu et al. (2024) introduced a triple loop-mediated isothermal amplification-lateral flow immunochromatographic dipstick (LAMP-LFD) detection method, which enables the simultaneous detection of three viruses: bovine viral diarrhea virus (BVDV), BRV, and bovine papillomavirus (BPV). This method was further evaluated using 156 anal swab samples, which yielded results that were consistent with over 99% of those obtained through quantitative polymerase chain reaction (qPCR). Given its high sensitivity and specificity, along with its independence from laboratory equipment or specific conditions, this detection method is poised for application in the rapid onsite identification of triple virus infections. Consequently, the LAMP reaction is characterized by its rapidity, lack of requirement for specialized instruments, and suitability for onsite detection. However, in comparison with qPCR, LAMP is challenging to provide accurate copy number of viral nucleic acids. In the event of an extremely low viral load, there may be a certain risk of missed detection. Moreover, LAMP is relatively more influenced by inhibitors in the sample, such as impurities in feces, which may inhibit the reaction and reduce the reliability of the detection. Serological methods such as ELISA and immunofluorescence can directly detect the antigen of the virus and can be employed to analyze information such as the antigenic characteristics and serotype of the virus, which is beneficial to understanding the immunogenicity and epidemiological characteristics of the virus. And LAMP cannot detect the antigenic characteristics of the virus. Compared with gene sequencing, LAMP cannot obtain complete gene information and has a narrower detection range.




5 Other methods for the diagnosis of BRV


5.1 Next-generation sequencing

Next-generation sequencing (NGS) technology is mainly founded on the sequencing analysis of viral nucleic acids. Firstly, viral nucleic acids are extracted from the samples infected with bovine rotavirus. The cDNA after reverse transcription is fragmented by techniques such as PCR to generate short fragments suitable for sequencing. Then, specific adapters are added to these fragments to construct a sequencing library. Subsequently, the DNA fragments in the library are loaded onto the sequencing platform. Through different sequencing technologies and in accordance with the principle of base complementary pairing, the base sequence of each fragment is determined successively. Finally, a considerable amount of short sequence data obtained by sequencing is compared, spliced, and analyzed with the known genomic sequences of bovine rotavirus with the assistance of bioinformatics software. Based on information such as sequence similarity and coverage, it is determined whether bovine rotavirus exists in the samples and its genotype, genetic variation, etc. are ascertained, thereby achieving an accurate diagnosis of bovine rotavirus. NGS enables comprehensive sequencing of all nucleic acids present in a sample, facilitating the detection of BRV while concurrently analyzing other pathogens. This capability enhances the understanding of the disease’s etiology. In a study conducted by Minami-Fukuda et al. (2013), the sensitivities of human rotavirus rapid antigen detection (RAD) kits, reverse transcription-polymerase chain reaction (RT-PCR), and next-generation sequencing (NGS) for identifying BRV-A were evaluated. NGS was applied to 13 fecal samples that tested negative by RT-PCR, yielding reads from all samples, with two samples encompassing all 11 genomic segments. This finding underscores the sensitivity of NGS and its utility in analyses that are less reliant on specific primers and genotype screening. Additionally, Dennis et al. (2014) utilized NGS to characterize a novel Ghanaian human-bovine reassortant rotavirus strain of the G8P[6] type, which has significant implications for understanding the evolution and interspecies transmission of BRV. Furthermore, Li et al. (2024) employed Illumina next-generation sequencing (NGS) to sequence the complementary DNA (cDNA) derived from the supernatant of a cell culture medium and successfully obtained the complete genome of the BRV strain DQ2020. However, NGS technology may produce false negative results. For instance, failure to collect adequate viruses during the sample collection process, improper sample preservation and transportation leading to the degradation of viral nucleic acids, and unreasonable parameter settings during the bioinformatics analysis process may all influence the recognition and judgment of viral sequences. Nonetheless, the complexity and high cost associated with NGS limit its application primarily to scientific research and extensive epidemiological surveillance.



5.2 Biosensors

Biosensors fix the specific antibody or nucleic acid aptamer against bovine rotavirus on the sensor. When the sample containing bovine rotavirus encounters the sensor, the virus antigen or aptamer specifically binds to the virus, inducing a change in the sensor signal, thereby achieving qualitative or quantitative detection of bovine rotavirus. Biosensors have high specificity, can precisely identify bovine rotavirus, reduce cross-reactions with other pathogens, and meanwhile can achieve quantitative analysis of bovine rotavirus, accurately determine the virus content, which is conducive to assessing the severity of the disease and the infection process. Moreover, some biosensors are small, convenient to carry and operate, and can be used for on-site detection without sending samples to professional laboratories. They can detect epidemics in a timely manner and adopt prevention and control measures. Cho et al. (2022) introduced an electrochemical biosensor utilizing affinity peptides for the rapid detection of BRV. This system demonstrated low limits of detection and quantification, suggesting its potential as an effective sensor platform for monitoring BRV and investigating novel detection methodologies for this virus. However, the preparation process of biosensors frequently involves intricate techniques and procedures, rendering their production costs high and restricting large-scale applications. Currently, biosensors for bovine rotavirus might not fully attain the level of traditional gold standard detection methods in terms of detection accuracy, with certain false positive or false negative rates, influencing the reliability of the diagnosis.




6 Conclusions and perspectives

BRV can be identified through various diagnostic methodologies. Traditional techniques such as electron microscopy and virus isolation and culture serve as foundational approaches for BRV diagnosis. Electron microscopy allows for direct visualization of viral morphology; however, it requires high sample concentrations and sophisticated equipment. Conversely, virus isolation and culture are regarded as the gold standard for diagnosis, although they are characterized by time- and labor-intensive processes. Serological methods, including enzyme-linked immunosorbent assay (ELISA), lateral flow assays (LAT), and immunofluorescence techniques, offer relatively straightforward operational procedures for detecting antibodies or antigens. Nonetheless, these methods may exhibit limitations in terms of sensitivity and specificity. Molecular biological techniques, such as reverse transcription-polymerase chain reaction (RT-PCR), quantitative PCR (qPCR), and loop-mediated isothermal amplification (LAMP), demonstrate enhanced specificity and sensitivity. Notably, LAMP facilitates rapid and efficient detection; however, it is susceptible to false-positive results. Additionally, next-generation sequencing (NGS) provides extensive genomic insights, aiding in the investigation of viral evolution and epidemiology, and holds potential for application in BRV diagnosis.

The precise diagnosis of BRV is essential for the effective management of neonatal calf diarrhea (NCD) and for the surveillance of viral variations. Despite the availability of several diagnostic approaches for BRV, considerable variability in their sensitivity and specificity and certain inherent limitations exist. Future efforts should focus on the optimization of these diagnostic techniques to increase their accuracy, sensitivity, and specificity. Additionally, there is a pressing need to develop more rapid, precise, and specific diagnostic methodologies, such as next-generation sequencing (NGS), which can yield comprehensive genomic information regarding BRV strains and facilitate a deeper understanding of viral evolution and epidemiology.

Subsequently, Sudan Guray et al. (2021) introduced an innovative, rapid, and pen-sided diagnostic test for the detection of bluetongue virus (BTV) utilizing a multiwalled carbon nanotube (MWCNT)-based immunosensor. This development serves as a prototype for the creation of straightforward and cost-effective diagnostic tools. Sahoo et al. (2023) engineered a lateral flow device (LFD) employing secondary antibody-derived gold nanoprobes for the swift and sensitive identification of bluetongue (BT). Compared with indirect ELISA, this device demonstrates enhanced sensitivity and specificity, facilitating prompt and precise onsite diagnosis of BT. Given that both BTV and BRV are members of the Reoviridae family and share fundamental characteristics, the MWCNT-based immunosensor and LFD utilizing secondary antibody-derived gold nanoprobes may also be relevant for the detection of BRV. Lin et al. (2023) provided a comprehensive overview of the detection methodologies for SARS-CoV-2 using microfluidic technology. They highlighted the integration of a microfluidic digital chip with CRISPR/Cas12a-assisted RT-PCR. Furthermore, the microfluidic device is designed to interface with smartphones, enabling the reporting and tracking of test results while facilitating rapid detection and high-throughput analysis. This presents new avenues and references for the advancement of diagnostic methodologies for BRV.

The existing multiplex PCRs employed for the detection of BRV primarily target the virus itself, along with one or more additional pathogens associated with bovine diarrhea. Future advancements may involve the development of multiplex PCR assays capable of identifying various serogroups (particularly groups A and B), as well as recombinant genotypes of BRV.

In summary, forthcoming investigations into BRV should prioritize the examination of viral variations, the ongoing enhancement of diagnostic methodologies, the establishment of more efficient strategies for the prevention and management of BRV, and the advancement of the overall health of the cattle industry.
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Background: Human papillomavirus (HPV) self-sampling may be an accurate and effective alternative sampling method to conventional cervical cancer screening methods. This systematic review compares the accuracy and acceptance of self-sampling to clinician sampling for HPV testing in Asia.




Methods: The PubMed, Cochrane Library, Cumulative Index to Nursing and Allied Health, and Web of Science databases were searched for publications published from the establishment of the database to 2023. The risk of bias was assessed using the QUADAS-2 tool for studies included in this review. All studies evaluating the accuracy and acceptance of HPV self-sampling, and agreement of self- and clinician-collected samples in Asia were included. The accuracy of each study was demonstrated through the sensitivity and specificity in diagnosing cervical intraepithelial neoplasia or cancer, as well as the detection rate of HPV. The agreement between the two sampling methods was assessed based on the detection outcomes of HPV. Acceptance was indicated by women’s preferences for HPV self-sampling.
Results: Sixty-seven studies including 117,279 adult, female participants were included in this review. The type of HPV screening, other intervention components, study design, sample size, follow-up period, analysis method, numerical outcomes, results, and limitations were extracted from each study. The sensitivity and specificity of HPV self-sampling in detecting cervical intraepithelial neoplasia were higher than 80% and 70%, consistent with the results of HPV clinician sampling. The consistency between self-sampling and clinician-sampling was high in most studies, and the kappa value was more than 0.7. Women had high acceptance of self-sampling but expressed some concerns.
Conclusion: Self-sampling for HPV testing can significantly improve cervical cancer screening coverage, especially in areas with limited medical resources or reluctance to accept physician sampling. In most studies, the accuracy and acceptance of HPV self-sampling was comparable to clinician sampling. However, the diagnostic criteria and HPV detection methods still need to be adjusted due to the low sensitivity of HPV self-sampling in some studies in China and India. Targeted health education should be carried out to improve the acceptance of HPV self-sampling in women.
Systematic review registration: https://inplasy.com/?s=INPLASY202520107, INPLASY202520107.
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Introduction

Cervical cancer is the fourth most common cancer in women, leading to approximately 661,021 cases and 348,189 deaths in 2022 (Bray et al., 2024). Most cervical cancers develop due to persistent high-risk human papillomavirus (HR-HPV) infections (Schiffman et al., 2011). Although vaccines that protect against infections and diseases associated with specific types of HPV exist, many women in low- and middle-income countries do not have access to HPV immunization and die of this preventable cancer (Gallagher et al., 2018). Secondary prevention measures include the early detection and treatment of precancerous lesions (Arbyn et al., 2012). Population-based cervical cancer screening via Papanicolaou testing every three to 4 years has successfully reduced the incidence and mortality of cervical cancer (Bouvard et al., 2021). In organized screening programs, most new cases of cervical cancer are detected in women who have never been screened or are under-screened (Spence et al., 2007). Cervical cancer screening programs, including cervical cytology (Pap smear), visual inspection with acetic acid (VIA), and HPV testing, must be applied to reduce the occurrence of cervical cancer.

Currently, national screening programs for cervical cancer are widely provided in Asian countries including China, India, Japan, and Thailand (Aoki et al., 2020). However, the uptake rates of these programs remain low, indicating that personal barriers hamper the participation of female patients (Chorley et al., 2017; Cremer et al., 2021). It has been hypothesized that offering HR-HPV self-sampling may increase the participation rate compared to clinician sampling (Arbyn et al., 2018; Harding-Esch et al., 2017; Racey et al., 2013; Snijders et al., 2013; Verdoodt et al., 2015). HPV self-sampling may be a more acceptable option for patients in Asia who have never been screened or who are under-screened for cervical cancer. While there have been several systematic reviews on HPV self-sampling globally, there is a notable gap in the literature regarding studies focused specifically on Asian populations. Existing reviews have primarily addressed global or African cohorts, and their findings may not be fully applicable to Asian patients due to differences in cultural, economic, and healthcare factors (Sy et al., 2022). Notably, we have found only one study that has systematically reviewed HPV self-sampling outcomes within India (Hariprasad et al., 2023), but this study did not provide a comprehensive analysis of HPV self-sampling across diverse Asian countries. To our knowledge, no systematic review has reported the sensitivity, specificity, and acceptance of HPV self-sampling in Asia. This systematic review examined the accuracy, agreement, and acceptability of self-sampling for HPV DNA testing in Asian countries.



Methods

This systematic review was registered with INPLASY (INPLASY202520107, doi: 10.37766/inplasy2025.2.0107), and was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (the PRISMA checklist is supplied in Supplementary Table 1) (Page et al., 2021). No funding agency played any role in the study design, data collection, data analysis, data interpretation, or report writing. The review protocol was not registered prospectively.


Inclusion and exclusion criteria

Articles were included in the review if they included participants who underwent cervicovaginal self-sampling for HPV DNA testing; measured the accuracy, concordance, and acceptability of cervicovaginal self-sampling and clinician sampling for HPV; focused on Asian patients; were conducted in Asian countries and were in English. The included studies were randomized controlled trials, prospective cohort studies, cross-sectional studies, comparative studies, and other non-randomized controlled trials. Studies that did not use vaginal or cervical specimens for examination were excluded from the review. Studies that focused on non-Asian populations, or did not report relevant outcomes related to the accuracy of self-sampling, concordance with clinician-collected samples, or women’s acceptance of self-sampling, were excluded.



Search strategy

The PubMed, Cochrane Library, Cumulative Index to Nursing and Allied Health Library (CINHAL), and Web of Science databases were searched for studies reported from the establishment of the database to 31 October 2022. A final update of the search was completed before the final extraction and synthesis of the results on 23 February 2023. The reference lists of the included articles were also screened to identify publications that met the eligibility criteria. Database-specific Boolean operators (AND, OR, NOT) and truncation symbols (* and “ “) were used.

The following search terms were used to identify eligible studies:

1. Cervical dysplasia OR cervical intraepithelial neoplasia OR cervix neoplasms OR papillomavirus OR papillomavirus, human OR human papillomavirus OR papillomavirus, infections

AND

2. Self-collected OR self-test OR self-obtained OR self-sampling

AND

3. Asia OR Asian OR Afghanistan OR Armenia OR Azerbaijan OR Bahrain OR Bangladesh OR Bhutan OR Brunei OR Cambodia OR China OR Cyprus OR Georgia OR India OR Indonesia OR Iran OR Iraq OR Israel OR Japan OR Jordan OR Kazakhstan OR Korea, North OR Korea, South OR Kuwait OR Kyrgyzstan OR Laos OR Lebanon OR Malaysia OR Maldives OR Mongolia OR Myanmar OR Nepal OR Oman OR Pakistan OR Palestine OR Philippines OR Qatar OR Saudi Arabia OR Singapore OR Sri Lanka OR Syria OR Tajikistan OR Thailand OR Timor-Leste OR Turkmenistan OR Turkey OR United Arab Emirates OR Uzbekistan OR Vietnam OR Yemen.

The more detailed search strategies of each database were shown in Supplementary Table 2.



Data collection and analysis

Descriptive data were extracted independently by two authors, and a third reviewer was consulted to resolve any differences in data collection. The citation, objectives, location, population characteristics, description of the type of HPV screening, description of any additional intervention components, study design, sample size, numerical outcomes, results, and limitations were extracted from each included study.

After finalizing the data extraction, two authors reviewed the data and the full texts to accurately classify HPV self-sampling.

The reported data regarding screening accuracy, participation, attendance, response, and compliance were combined to determine the cervical cancer screening outcomes. Conventional cytology (Pap smears), VIA, or colposcopy data were also gathered. When more than one control group was reported, the intervention group was compared to the least intensive sampling strategy group.

Two independent reviewers evaluated the risk of bias for all included studies by using the Quality Assessment Tool for Diagnostic Accuracy Studies-2 (QUADAS-2).

Heterogeneity was assessed using Cochran’s Q test and the I2 statistic. Begg’s rank correlation test was performed to further assess publication bias. A funnel plot was used to visualize publication bias.

Human papillomavirus self-sampling was defined as the process in which women insert a self-sampler into their vagina to collect isolated cells. In contrast, HPV clinician sampling involved clinicians or healthcare workers inserting a vaginal speculum into the woman’s vagina to obtain a cervical smear using a sampler.

The diagnostic test sensitivity and specificity were based on colposcopy-confirmed cases of high-grade squamous intraepithelial lesion (HSIL), previously called cervical intraepithelial neoplasia 2+ (CIN2+) or CIN3+, and detection of cervical cancer and HPV infection. The sensitivity was defined as the number of identified cases of HSIL and cervical cancer (positive for both HPV and colposcopy) divided by the total number of colposcopy-confirmed cases. Specificity was defined as the number of cases without HSIL or cervical cancer (negative on both HPV and colposcopy) divided by the total number of colposcopy-negative cases. The HPV detection rate was defined as the HPV-positive cases divided by the total number of women enrolled. Agreement was defined as the concordance between self-sampled HPV tests and clinician-sampled HPV tests (the percentage of agreement with positive test results and the percentage of agreement with negative test results). Acceptability was defined as the percentage of women willing to participate in the HPV test and their preference between HPV self-sampling and clinician sampling.




Results


Selection of relevant studies

A total of 573 articles were retrieved, comprising 124 studies from PubMed, 215 from Web of Science, 26 from the Cochrane Library, and 208 from CINAHL, including 135 duplicate titles. Therefore, 438 articles were screened against the eligibility criteria. Following the exclusion of 241 articles based on their titles and abstracts, the full texts of 195 articles were read, and 67 studies were ultimately included in the systematic review (Figure 1).
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FIGURE 1
Study selection flow-diagram based on PRISMA guidelines. HPV, human papillomavirus.




Study characteristics

Most of the included studies were cross-sectional studies (n = 62). The remaining studies were randomized controlled trials (n = 1), prospective cohort studies (n = 1), prospective population-based studies (n = 1), and prospective randomized crossover studies (n = 2) (Supplementary Table 3).

The patient populations of the included studies were women in China (28 studies) (Belinson et al., 2001; Belinson et al., 2003; Belinson et al., 2010; Belinson et al., 2012; Chang et al., 2002; Chen S. et al., 2014; Chen W. et al., 2014; Chen K. et al., 2016; Chen Q. et al., 2016; Chou et al., 2016; Du et al., 2021; Goldstein et al., 2020; Guan et al., 2012; Guan et al., 2013; He and He, 2020; Li et al., 2022; Ngu et al., 2022; Qiao et al., 2008; Qin et al., 2016; Tisci et al., 2003; Twu et al., 2011; Wang et al., 2014; Wang et al., 2017; Wong et al., 2016; Wong et al., 2018; Wong et al., 2020; Zhang et al., 2020; Zhao et al., 2013), Thailand (nine studies) (Gottschlich et al., 2019; Kittisiam et al., 2016; Nilyanimit, 2014; Nutthachote et al., 2019; Oranratanaphan et al., 2014; Phoolcharoen et al., 2018a; Phoolcharoen et al., 2018b; Ploysawang et al., 2023; Trope et al., 2013), Japan (seven studies) (Aiko et al., 2017; Hanley et al., 2016; Onuma et al., 2020; Ozawa et al., 2023; Satake et al., 2020; Terada et al., 2022; Yoshida et al., 2011), Malaysia (seven studies) (Abdullah et al., 2018; Ahmad et al., 2021; Khoo et al., 2021; Latiff et al., 2015a; Latiff et al., 2015b; Ma’som et al., 2016; Tan et al., 2021), India (six studies) (Anand et al., 2022; Asthana and Labani, 2015; Bhatla et al., 2009; Kuriakose et al., 2020; Madhivanan et al., 2021; Sowjanya et al., 2009), Korea (three studies) (Cho et al., 2019; Seo et al., 2006; Shin et al., 2019), Nepal (two studies) (Johnson et al., 2014; Shrestha et al., 2021), Singapore (Lim et al., 2022), Mongolia (Tsedenbal et al., 2022), Cambodia (Thay et al., 2019), Vietnam (Hanh, 2006), and Brunei (Chaw et al., 2022).

A total of 19 studies evaluated the sensitivity and specificity of clinician-collected and self-collected HPV testing for diagnosing CIN. A total of 35 studies reported the detection rates of HPV using both self-sampling and clinician sampling methods. A total of 29 studies examined concordance between clinician-collected and self-collected HPV testing. A total of 33 studies assessed women’s acceptance and preference rates for HPV self-sampling.



HPV detection methods of included studies

A total of 13 HPV detection methods are discussed in this review, including seven WHO-approved testing methods: HC2 (Qiagen, Germantown, MD, United States), careHPV (Qiagen, Gaithersburg, MD, United States), AmpFire (Atila BioSystems, United States), SeqHPV (BGI Shenzhen, Shenzhen, China), Cervista (Hologic, Marlborough, MA, United States), matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF, BGI Shenzhen, Shenzhen, China), and Cobas HPV test (Roche Molecular Systems, Inc., United States). Additionally, six other methods are introduced, including HPVDNA Chip™ (Biomedlab Co., Seoul, South Korea), PGMY PCR (Roche Molecular Systems, Inc., United States), Easy-Chip HPV Blot (King Car Yuanshan Research Institute, Taiwan, China), RealTime High Risk HPV assay (Abbott Molecular Inc., Abbott Park, IL), Anyplex II HPV kit assay (Seegene, Seoul, South Korea), and Linear Array HPV Genotyping test (Roche Diagnostics, United Kingdom). HC2, Cobas HPV test, and Cervista have received FDA/CE-IVD approval. HC2 test detects the presence of 13 HR-HPV types using full genome probes complementary to HPV DNA, specific antibodies, signal amplification, and chemiluminescent detection (Belinson et al., 2001). HPVDNA Chip uses HPV and β-globin primers to amplify the target HPV DNA through PCR under specific conditions, and the amplification products are labeled with Cy5-dUTP, which could contain 22 type-specific probes (15 for the high-risk group and seven the low-risk group) (Seo et al., 2006). PGMY PCR uses the PGMY09/11 L1 consensus primer system for PCR amplification and a reverse line blot detection strip that individually identifies 22 high-risk types (Bhatla et al., 2009). The careHPV assay, adapted from the HC2 assay, is a qualitative test for HR-HPV detection, targeting 14 HR-HPV types through hybridization of HR-HPV DNA with a cocktail of RNA probes and chemiluminescence signal amplification (Qiao et al., 2008). Easy-Chip HPV Blot contains 39 type-specific probes that are immobilized on a 14.4 mm × 9.6 mm nylon membrane, which is used for reverse-blot hybridization and detects HPV DNA in a single assay (Twu et al., 2011). Cervista is a signal-amplification method for the qualitative detection of 14 HR-HPV types (Belinson et al., 2012). MALDI-TOF is a mass spectrometry method that uses a multiplex primary PCR also for the same 14 HR-HPV types detected by Cervista (Belinson et al., 2012). Cobas HPV test is a real-time PCR assay that detects 14 HPV types, with HPV16 and HPV18 detected individually and the other 12 HPV types detected as a pooled group (Chen Q. et al., 2016b Terada et al., 2022). The AmpFire method is a nucleic acid amplification technique for qualitative detection of HR-HPV, using HR-HPV-specific primers and fluorescent probes to amplify the viral genomic DNA (including the E6/E7 region) under isothermal conditions. This method does not require DNA extraction or purification and can directly detect HPV from lysed clinical samples in one step (Zhang et al., 2020). The SeqHPV assay is a high-throughput HPV genotyping method based on multiplex PCR and next-generation sequencing, capable of detecting 14 HR-HPV types (Du et al., 2021). The Abbott m2000rt automatic biochemical analyzer was used for real-time fluorescence quantitative PCR detection. The detection boundary value of cycle threshold (CT) was 32.0, and the internal quality control target boundary value of CT was 35.0. Abbott HR-HPV assay could detect 14 HR HPV types (Abdullah et al., 2018; Aiko et al., 2017; Chen W. et al., 2014; Chen K. et al., 2016; Chou et al., 2016; Hariprasad et al., 2023; Li et al., 2022; Nutthachote et al., 2019; Page et al., 2021; Phoolcharoen et al., 2018a; Satake et al., 2020; Tan et al., 2021; Wong et al., 2020; Yoshida et al., 2011) simultaneously, and specifically identifies HPV16 and HPV18 (Qin et al., 2016). Anyplex^TM II HPV 28 real-time PCR test simultaneously detects 19 HR-HPV and 9 low-risk HPV types, using dual priming oligonucleotides and a melting curve analysis method of tagging oligonucleotide cleavage and extension (Cho et al., 2019). Linear Array HPV Genotyping test (Roche Diagnostics, United Kingdom) combines consensus PCR and reverse-hybridization amplification products to detect 36 genital HPV genotypes. Because it has been clearly defined and validated in research and clinical applications, it is often considered the reference method for genital HPV genotyping (Yoshida et al., 2011).



Quality assessment of included studies

All the studies included in this systematic review were assessed for risk of bias (Figure 2). The Cohen’s kappa value between two independent reviewers was 0.839. Most of the studies included in the analysis were cross-sectional and did not employ random patient selection or allocation. As a result, the risk of bias in several domains was found to be high or unclear. Specifically, 21 studies were assessed as having a high risk of bias in the “Patient Selection” domain (Aiko et al., 2017; Chen Q. et al., 2016; Goldstein et al., 2020; Gottschlich et al., 2019; Hanh, 2006; Hanley et al., 2016; Johnson et al., 2014; Kuriakose et al., 2020; Madhivanan et al., 2021; Nilyanimit, 2014; Oranratanaphan et al., 2014; Ozawa et al., 2023; Phoolcharoen et al., 2018a; Qin et al., 2016; Seo et al., 2006; Shrestha et al., 2021; Thay et al., 2019; Twu et al., 2011; Wang et al., 2014; Wong et al., 2018; Yoshida et al., 2011). This high risk was attributed to the non-random selection of participants, which could introduce selection bias and limit the generalizability of the findings. One study was considered to have a high risk of bias in the “Index Testing” domain (Kittisiam et al., 2016), due to the use of a non-standardized or poorly validated diagnostic test, which could affect the accuracy of the results. In the “Reference Standard” domain, only one study was deemed to have an unclear risk of bias (Shrestha et al., 2021), due to a lack of detailed information regarding the reference standard used. In the “Flow and Timing” domain, four studies were assessed as having an unclear risk of bias (Hanh, 2006; He and He, 2020; Ngu et al., 2022; Shrestha et al., 2021), which was due to incomplete reporting of participant flow or unclear timing of tests, potentially leading to attrition or measurement bias. Notably, all studies were judged to have a low risk of diagnostic bias, as the diagnostic criteria were predefined prior to the availability of results, ensuring the objectivity of the assessment.
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FIGURE 2
Quality assessment of included studies. Green, low risk of bias; red: high risk of bias; yellow, not reported/unclear risk of bias.




Assessment of publication bias

The Cochran’s Q statistic was highly significant (Q = 1.8 × 106, P = 0.000), indicating substantial heterogeneity among the studies. Additionally, the I2 statistic was calculated to be 100%, suggesting that nearly all of the variability in effect sizes across studies could be attributed to differences between studies rather than random error. Begg’s test yielded a significant p-value (P < 0.05), further suggesting the presence of potential publication bias. This finding implies that smaller studies or studies with non-significant results may be underrepresented or unpublished, which could have influenced the overall effect size observed in the meta-analysis. The funnel plot (Figure 3) exhibited signs of asymmetry, suggesting the presence of publication bias. Specifically, there appears to be an over-representation of studies with larger effect sizes, while smaller studies with negative or null results may be underrepresented.
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FIGURE 3
Funnel plots.




Diagnostic accuracy of self-sampled HPV tests

Two studies found that the accuracy of HPV self-sampling is comparable to that of physician sampling (Aiko et al., 2017; Belinson et al., 2012). In the study of Belinson et al. (2012) when using the MALDI-TOF mass spectrometry system for HPV detection, the sensitivity of self-sampling for identifying CIN 3+ was equivalent to that of clinician sampling. However, when utilizing Cervista, the sensitivity for detecting CIN 3+ in self-collected specimens was only 70.9%, compared to 95.0% for clinician-collected samples (Belinson et al., 2012). In the study of Onuma et al. (2020) the sensitivity of HPV self-sampling and clinician sampling for the detection of CIN 2+ were both 100% (Aiko et al., 2017). In studies of Du et al. (2021), Zhang et al. (2020), the sensitivity for detecting CIN 2+ was higher in self-sampling than in clinician sampling. While in the other three studies of Belinson et al. (2001) the sensitivity for detecting CIN 3+ was 81% and 98% in self- and clinician-collected samples. In the remaining 12 studies, the sensitivity of HPV self-sampling was slightly lower than physician sampling, with values ranging from 59.4% to 87.5%, while the specificity of HPV self-sampling was identical to clinician sampling (Table 1).


TABLE 1 Sensitivity and specificity of two sampling methods in the diagnosis of CIN2+/CIN3+.
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[image: A table presenting data from various studies on HPV sampling methods. It includes authors, year, sample size, type of sampler, assay used, and sensitivity percentages with confidence intervals. Specific methods include careHPV, Cobas 4800, and AmpFire, among others. Sensitivity values vary across studies, demonstrating different performance levels. Notes at the bottom define abbreviations like HPV, HC2, PCR, and CIN, highlighting data not reported (NR) and confidence intervals (CI).]


In the detection of HPV, 17 studies reported the detection rates were higher in clinician sampling (Anand et al., 2022; Asthana and Labani, 2015; Belinson et al., 2001; Chang et al., 2002; Chen K. et al., 2016; Kuriakose et al., 2020; Latiff et al., 2015a; Madhivanan et al., 2021; Ma’som et al., 2016; Satake et al., 2020; Seo et al., 2006; Singh et al., 2023; Terada et al., 2022; Thay et al., 2019; Twu et al., 2011; Wang et al., 2014; Wang et al., 2017), while in 15 studies this rate was higher in self-collected samples (Belinson et al., 2003; Cho et al., 2019; Du et al., 2021; Latiff et al., 2015a; Nutthachote et al., 2019; Qin et al., 2016; Satake et al., 2020; Seo et al., 2006; Terada et al., 2022; Thay et al., 2019; Wong et al., 2016; Wong et al., 2018; Yoshida et al., 2011; Zhang et al., 2020; Zhao et al., 2013). Two studies evaluated that detection rates of both sampling methods were the same (Anand et al., 2022; Nilyanimit, 2014). In 13 studies, the difference in detection rates was not more than 1% (Aiko et al., 2017; Asthana and Labani, 2015; Belinson et al., 2001; Bhatla et al., 2009; Chang et al., 2002; Chen W. et al., 2014; Hanh, 2006; Kuriakose et al., 2020; Lim et al., 2022; Satake et al., 2020; Wang et al., 2017; Zhang et al., 2020; Zhao et al., 2013; Table 2). In the studies by Wong and Yoshida et al., multiple types of HPV infections were found to occur more frequently with self-sampling compared to clinician sampling (Wong et al., 2016; Yoshida et al., 2011).


TABLE 2 HPV detection rate of two sampling methods.

[image: A table listing studies on HPV detection comparing self and clinician methods. Columns include references, sample size, methods of collection and tests, and HPV detection rates with confidence intervals. Detection rates vary across studies and methods.]

[image: A table summarizing various studies on HPV diagnostic tools, including details such as sample size, sampling methods, and sensitivity percentages. The sensitivity data spans different HPV assays, such as careHPV, Cobas 4800, and AmpFire HPV assay. Methods include brushes and swabs, with sensitivity rates varying across different studies and tools. NR indicates data not reported.]




Concordance between self-sampling and clinician sampling or cytology for HR-HPV

A total of 29 studies reported an agreement between HPV self-sampling and clinician sampling. A total of 24 reported a high or nearly perfect agreement between self-sampling and clinician sampling for the detection of HPV DNA. Specifically, 18 studies demonstrated an agreement exceeding 90% (Anand et al., 2022; Bhatla et al., 2009; Chen K. et al., 2016; Chen Q. et al., 2016; Du et al., 2021; Johnson et al., 2014; Kuriakose et al., 2020; Latiff et al., 2015a; Madhivanan et al., 2021; Ngu et al., 2022; Nilyanimit, 2014; Nutthachote et al., 2019; Satake et al., 2020; Seo et al., 2006; Sowjanya et al., 2009; Tsedenbal et al., 2022; Wang et al., 2014; Wong et al., 2016). Three studies assessed the agreement in both collecting methods samples using two assays for the detection of HPV (Chen W. et al., 2014; Du et al., 2021; Sowjanya et al., 2009), and one study evaluated the concordance of both sampling methods in three HPV testing assays (Cho et al., 2019). Some new HPV assays such as SeqHPV and careHPV showed higher agreement in self- and clinician-collected samples. In studies of Chen W. et al. (2014), Du et al. (2021) when the same sample was tested using different detection methods, the consistency of clinician-sampled samples was higher than that of self-sampled samples.

However, three studies have reported poor agreement between self- and clinician sampling results for the detection of HPV. Twu et al. (2011) reported low agreement between vaginal and cervical specimens using the EasyChip HPV Blot (k = 0.37) (Table 3).


TABLE 3 Concordance between HPV results from self-collected and clinician-collected samples.

[image: A table comparing studies on HPV sample collection methods. Columns include references, number of patients, self and clinician methods, agreement rate, and Cohen's kappa. Methods vary from swabs to brushes, with agreement rates and kappa values showing the level of reliability and agreement of the test methods.]

[image: Table comparing different studies on sampling devices for HPV detection. Columns list the study authors and year, sample size, sampling method, sensitivity percentages with confidence intervals, and kappa statistics with confidence intervals. Methods include Digene HC2 NA Collection, “Just For Me” brush, swabs, and HPV self-sampling kits. Data shows variation in sensitivity from 58.67% to 95.13% and kappa values from 0.57 to 0.91. Terms include Pap, HC2, PCR, and confidence interval definitions.]




Acceptability of self-collection for HPV testing

A total of 29 studies have assessed women’s overall acceptance of HPV self-sampling. The lowest reported acceptance was 40.3% (95% CI: 38.49%–42.11%) (Trope et al., 2013), while the highest reached 100% (Anand et al., 2022; Ploysawang et al., 2023). In 27 of the 29 studies, acceptance exceeded 60% (Abdullah et al., 2018; Ahmad et al., 2021; Aiko et al., 2017; Anand et al., 2022; Chen S. et al., 2014; Cho et al., 2019; Chou et al., 2016; Goldstein et al., 2020; Gottschlich et al., 2019; Guan et al., 2012; Hanley et al., 2016; Khoo et al., 2021; Kittisiam et al., 2016; Li et al., 2022; Ma’som et al., 2016; Ngu et al., 2022; Oranratanaphan et al., 2014; Phoolcharoen et al., 2018b; Ploysawang et al., 2023; Shrestha et al., 2021; Singh et al., 2023; Sowjanya et al., 2009; Thay et al., 2019; Tisci et al., 2003; Trope et al., 2013; Wong et al., 2016; Wong et al., 2020). A total of 13 studies indicated that women preferred self-sampling over clinician sampling (Goldstein et al., 2020; Gottschlich et al., 2019; Hanh, 2006; Khoo et al., 2021; Li et al., 2022; Lim et al., 2022; Madhivanan et al., 2021; Ploysawang et al., 2023; Shin et al., 2019; Shrestha et al., 2021; Trope et al., 2013; Wong et al., 2016; Wong et al., 2018), however, three studies found a preference for clinician sampling instead (Aiko et al., 2017; Ngu et al., 2022; Tsedenbal et al., 2022; Table 4).


TABLE 4 Acceptability of self-collection for HPV testing.

[image: A table with columns for references, sample size, acceptability (with 95% confidence intervals), and preferences for self-sampling and physician-sampling. Some entries include "NR" indicating data not reported. The data includes statistical information on the acceptability and preference between self-sampling and physician-sampling in various studies, with sample sizes ranging from 55 to 2,810.]

When asked about their preferred location for self-sampling, four studies found that participants preferred to perform the test at the clinic rather than at home (Belinson et al., 2001; Chen K. et al., 2016; Kittisiam et al., 2016; Zhang et al., 2020). In contrast, three studies reported a preference for sampling at home (Onuma et al., 2020; Seo et al., 2006; Tan et al., 2021).




Discussion

Cervical cancer remains the leading cause of cancer death in Asia, especially South-Eastern Asia. China and India account for more than 50% of new cases of cervical cancer globally (Singh et al., 2023). Given that most cervical cancers are caused by persistent infection with high-risk HPV types, increasing participation in HPV-based cervical cancer screening is essential to reduce cervical cancer incidence. As a major screening method for cervical cancer, HPV self-sampling was recommended by WHO and other organizations (Simelela, 2021). However, the participation rate of cervical cancer screening in Asian women is still far below 70% and varies widely among different regions (Ong et al., 2023).

This systematic review analyzed the accuracy, agreement, and acceptability of HPV self-sampling in Asia. Though remains slightly lower than that of clinician sampling, the sensitivity and specificity of HPV self-sampling to detect CIN2+ is high, ranging from 60% to 100%. However, in some studies, the sensitivity of self-sampling was identical to or higher than that of clinician sampling for DNA testing, especially when researchers used new collection devices, such as the “JustForMe” brush and Dacron polyester swab. There was excellent agreement between the two sampling methods in the majority of studies, which was the same to the results of two systematic reviews in Africa and low-income countries (Kamath Mulki and Withers, 2021; Nodjikouambaye et al., 2020). These observations suggest that the quantity and quality of cervicovaginal exfoliated cells obtained by patients themselves are comparable to those obtained by physicians. In a study conducted in India, the sensitivity of self-sampling was found to be only 40.6%, while the specificity was 97.3%. Besides, the concordance between the two sampling methods, were notably low in some studies. This phenomenon may be attributed to various factors, including whether women correctly understood the process of self-sampling, differences in sampling techniques, sample quality and collection methods, HPV testing methods and diagnostic thresholds. While methods such as SeqHPV, careHPV, and RealTime HR-S have demonstrated high detection rates in some studies, the EasyChip HPV Blot has shown lower detection rates in self-collected samples. We recognize that non-standardized methods may not provide the same level of reliability and performance as WHO-approved tests. Specifically, these methods can present challenges related to sensitivity, specificity, reproducibility, and ease of use. In the absence of extensive validation and standardization, such methods may exhibit significant variability in results, which can undermine diagnostic accuracy. Therefore, standardized testing methods are essential to ensure that cervical cancer screening remains both accurate and reliable across different healthcare settings. It is expected to improve the accuracy of self-sampling by enhancing sampling instruments and testing methods, as well as increasing women’s understanding of the self-sampling process.

The study participants reported broad acceptance of self-sampling, and preferred self-sampling over clinician sampling, particularly among women with higher education and greater knowledge of HPV. Asia, comprising 44 countries, is characterized by its diverse cultures, religious beliefs, economic conditions, and medical practices. Factors such as a lack of understanding of HPV, cultural barriers, and limited economic and medical resources may hinder women’s participation in screening programs. Many women expressed a lack of confidence in self-sampling at home due to concerns about the reliability of self-collected samples without a doctor’s guidance and misunderstandings regarding the results. They also emphasized the need for timely follow-up and explanations of HPV test results. By promoting awareness of HPV and cervical cancer and educating patients about the importance of cervical cancer screening, we can improve the acceptance of HPV self-sampling among patients.

Human papillomavirus self-sampling can effectively increase cervical cancer screening participation rates among women, especially among women who have never been screened or are under-screened due to feeling embarrassed. The main reasons for low acceptability were that the participants were unaware of the relationship between HPV and cervical cancer, worried that self-sampling was not reliable, did not have access to consult a doctor, or did not understand the procedure of self-sampling. Women are more willing to perform self-HPV sampling at clinics or community health centers, highlighting a significant need for professional health workers to explain the self-sampling process, interpret test results, and provide follow-up support. Nevertheless, only ten countries in Asia have reported results from studies on HPV self-sampling, indicating that the coverage of this practice remains low. In addition, HPV vaccination rates are closely associated with cervical cancer screening uptake. HPV-unvaccinated women are generally less engaged in screening compared to those who have been vaccinated (Taniguchi et al., 2019). Moreover, inadequate healthcare infrastructure remains a significant barrier to the effective implementation of cervical cancer screening, particularly in many parts of Asia (Rajkhowa et al., 2024). Increased financial support, improved HPV vaccination rates, and healthcare professionals and infrastructures are essential to advance the cervical cancer elimination plan proposed by the WHO.

Currently, the use of urine and menstrual blood self-sampling for cervical cancer screening has been explored (Martinelli Li et al., 2022; Wong et al., 2010), but the available data are still insufficient. Efforts to enhance participation in cervical cancer screening and ensure timely treatment of precancerous lesions will contribute to reducing and ultimately eliminating cervical cancer.


Limitations

This review is not without limitations. The characteristics of the participants enrolled in the primary studies differed, as did the sample sizes. In addition, the methods for HPV testing and sampling devices were not described in several studies. The diagnostic accuracy of the HPV tests was not uniform across the studies, and the intervals between self-sampling and clinician sampling were also inconsistent. Another limitation of this review is that only studies conducted in East Asia, Southeast Asia, and South Asia were included. Finally, gray literature and conference abstracts were not included in this review, and the exclusion of non-English articles may have limited the comprehensiveness of the analysis. These exclusions could introduce potential bias, as studies published in languages other than English or in gray literature might have different characteristics or findings compared to those published in peer-reviewed journals. Consequently, the findings of this review may not fully represent the entire body of literature, and future research should consider including non-English studies and gray literature to provide a more comprehensive understanding of the topic.




Conclusion

Self-sampling for HPV detection can significantly improve cervical cancer screening coverage, especially in regions with limited medical resources or among individuals unwilling to undergo physician-collected sampling. However, its effectiveness varies across regions due to cultural, infrastructural, and healthcare factors. In rural areas of China and India, studies show that self-sampling accuracy is lower than physician-collected samples, likely due to differences in viral load capture and diagnostic thresholds. The diagnostic criteria and HPV testing methods for self-collected samples still need to be adjusted. Additionally, acceptance of self-sampling is low in China and Thailand, particularly among older women in these regions, due to concerns about procedure discomfort, infection, and reliability. To address these issues, targeted education and awareness campaigns are essential. Given these regional differences, self-sampling should be integrated into screening programs based on local contexts: in high-resource settings, physician-collected samples may remain preferred, while in low-resource areas, self-sampling can play a crucial role in expanding coverage. Policymakers should consider regional variations in healthcare infrastructure, cultural factors, and screening barriers to effectively reduce cervical cancer burden across diverse populations.
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Introduction: Streptococcus pneumoniae is a Gram-positive bacterium responsible for severe infections such as meningitis and pneumonia. The increasing prevalence of antibiotic resistance necessitates the identification of new therapeutic targets. This study aimed to discover potential drug targets against S. pneumoniae using an in silico subtractive genomics approach.
Methods: The S. pneumoniae genome was compared to the human genome to identify non-homologous sequences using CD-HIT and BLASTp. Essential genes were identified using the Database of Essential Genes (DEG), with consideration for human gut microflora. Protein-protein interaction analyses were conducted to identify key hub genes, and gene ontology (GO) studies were performed to explore associated pathways. Due to the lack of crystal structure data, a potential target was modeled in silico and subjected to structure-based virtual screening.
Results: Approximately 2,000 of the 2,027 proteins from the S. pneumoniae genome were identified as non-homologous to humans. The DEG identified 48 essential genes, which was reduced to 21 after considering human gut microflora. Key hub genes included gpi, fba, rpoD, and trpS, associated with 20 pathways. Virtual screening of 2,509 FDA-approved compounds identified Bromfenac as a leading candidate, exhibiting a binding energy of −26.335 ± 29.105 kJ/mol.
Discussion: Bromfenac, particularly when conjugated with AuAgCu2O nanoparticles, has demonstrated antibacterial and anti-inflammatory properties against Staphylococcus aureus. This suggests that Bromfenac could be repurposed as a potential therapeutic agent against S. pneumoniae, pending further experimental validation. The approach highlights the potential for drug repurposing by targeting proteins essential in pathogens but absent in the host.
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1 Introduction

Streptococcus pneumoniae, also known as pneumococcus, is a significant global community health concern. This pathogen is the chief cause of: meningitis, bacterial pneumonia, and febrile bacteremia, and is linked to conditions such as otitis media, sinusitis, and bronchitis (Shami et al., 2023). In developing countries, it mainly affects young children and the elderly, resulting in an estimated one million child deaths annually from pneumococcal disease. The WHO emphasizes the urgent need for better vaccines and treatments to combat this pathogen and rising antimicrobial resistance. In 2024, S. pneumoniae was added to the WHO's updated Bacterial Priority Pathogens List (BPPL) as a medium-priority pathogen because of its significant disease burden (https://www.who.int/publications/i/item/9789240093461). This inclusion highlights the critical need for enhanced research and development of new therapeutic strategies to address infections caused by this virulent microorganism. Lower respiratory infections resulted in 2.6 million deaths globally in 2013, with a notable increase to 2.74 million in 2015 (McMichael et al., 2006). Beginning in the 1980s, a significant increase in antibiotic intolerance across various regions has been shown by S. pneumoniae. Although antibiotics and conjugate vaccines are available, bacterial otitis media remains a leading cause and pre-clinical visits and antibiotic failure are majorly influenced by pneumococcus in the United States. The issue is exacerbated by the prevalence of resistant strains, with resistance to penicillin being displayed by over 40%, which often leads to resistance against other antibiotics such as macrolides and tetracyclines, posing a global health challenge (Musher, 1992). In the United States, the upper respiratory tracts of children are found to contain more than 40% of penicillin-resistant pneumococcal strains (Panwhar and Fiedler, 2018). The growing antibiotic resistance is considered a significant global concern (O'Brien et al., 2009). Additionally, resistance traits and pathogenic factors are capable of being disseminated by S. pneumoniae through competence-dependent horizontal gene transfer (McIntosh, 2002). Continuous serotype monitoring and an understanding of the prevalence of drug-resistant strains in the general population are required for effective management of this issue (Sharew et al., 2021).

Invasive Pneumococcal Disease (IPD) is predominantly associated with serotype 14 among the 101 recognized serotypes of S. pneumoniae (Geno et al., 2015). The development of conjugated pneumococcal vaccines targeting S. pneumoniae infections is based on polysaccharide capsular serotypes (Chiba et al., 2014). For instance, serotype 14 was addressed by the design of the 23-valent Polysaccharide Pneumococcal Vaccine (PPV) for the management of IPD. However, limited immunogenicity against pneumococci has been demonstrated by PPSV23 (Cilloniz et al., 2016). Currently, the Pneumococcal Polysaccharide Vaccine (PPSV23), the 10-valent Pneumococcal Conjugate Vaccine (PCV10), the 7-valent Pneumococcal Conjugate Vaccine (PCV7), and the 13-valent Pneumococcal Conjugate Vaccine (PCV13) are in use. Despite the introduction of multi-valent PCV7, a noted increase in serotype 14 infections over time has been observed, which has been attributed to the rise in drug resistance (Al-Jumaili et al., 2023).

The gold standard methods used to study outbreaks and identify pneumococcal isolates, such as MultiLocus Sequence Typing (MLST) and Pulse-Field Gel Electrophoresis (PFGE), are molecular serotyping (Enright and Spratt, 1998), but high associated costs are encountered. Thus, a challenge has been presented by the accurate determination of the serotypes (Hu et al., 2014). It is therefore imperative that a new novel therapeutic drug target against S. pneumoniae is identified (Khan et al., 2022). Better therapeutics may be led to by the discovery of a new drug target (Lodha et al., 2013). Fortunately, new strategies have been introduced through advancements in the post-genomic era and whole-genome sequencing of pathogens, including comparative subtractive genomics, for developing novel drugs and vaccine candidates. Additionally, potential drug targets against these pathogens can be identified using computational approaches (Fair and Tor, 2014).

The subtractive genomic approach is used to compare host and pathogen genomes to identify essential pathogen-specific proteins that are absent in the host (Barh et al., 2011; Bottacini et al., 2014; Uddin et al., 2015, 2020; Uddin and Saeed, 2014). Genes critical for pathogen survival, replication, and sustainability are highlighted, enabling the identification of therapeutic targets that do not affect host biology. By focusing on non-host genes involved in distinct metabolic pathways, pathogen function can be disrupted while minimizing potential side effects (Uddin et al., 2020; Wadood et al., 2018). Computational studies are utilized to prioritize target genes, streamline experimental efforts, and reduce the need for extensive research. The integration of multi-omics data with structural and functional analysis is employed to refine target selection, ensuring a systematic approach that filters out paralogous and homologous sequences while focusing on non-paralogous sequences essential for pathogen viability. Overall, subtractive genomics is recognized as a valuable tool for identifying promising therapeutic targets and facilitating efficient drug development.

The current strategy for combating resistant pathogens focuses on identifying unique and innovative drug targets within the bacterial genome. Various methodologies, particularly computational subtractive genomics analysis, are employed to pinpoint these new drug targets effectively (Barh et al., 2011; Uddin et al., 2015; Wadood et al., 2018). In this research, a computational subtractive genomics approach was utilized to discover novel targets against S. pneumoniae. This involved high-throughput screenings of the S. pneumoniae genome and human gut bacteria genome against the human genome to identify non-homologous sequences using CD-HIT. The Database of Essential Genes (DEG) was integrated into the analysis to detect potential drug targets, alongside differential pathway analysis and subcellular localization assessments. This process revealed druggable, non-homologous essential proteins of S. pneumoniae, providing valuable insights through GO and metabolic pathway evaluations (Ali et al., 2023). Additionally, a drug repurposing approach consisting of structure-based virtual screening was applied to potentially inhibit the target protein.



2 Materials and methods

The current methodology consists of two stages, as illustrated in Figure 1. In the first stage, distinctive and potentially druggable targets in S. pneumoniae were identified using a subtractive genomics approach, which involved the analysis of metabolic pathways and gene ontology (GO), followed by homology modeling of the target protein. This approach has been effectively used to prioritize potential drug targets (Khan et al., 2022). Various databases and computational tools were utilized to identify therapeutic targets against S. pneumoniae.
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FIGURE 1
 Workflow of the study.


In the second stage, virtual screening of 2,509 FDA-approved compounds was performed using ADMET prediction, molecular docking, and Density Functional Theory (DFT) to identify potential repurposed inhibitors. Molecular docking and molecular dynamics simulations were then conducted to determine the most potent repurposed inhibitor.


2.1 Obtaining genomes of both the bacteria and the host organism

The complete genome assemblies of S. pneumoniae (GCF_002076835.1_ASM207683v1_protein.fasta) and humans (GCF_000001405.40_GRCh38.p14_protein.fasta) were accessed from the National Center for Biotechnology Information (NCBI; Sayers et al., 2022) website (https://www.ncbi.nlm.nih.gov/). Essential protein sequences for prokaryotic organisms were retrieved from DEG (Zhang, 2004; http://origin.tubic.org/deg/public/index.php).



2.2 Elimination of duplicate sequences

The genome of S. pneumoniae was processed using CD-HIT (version 4.8.1) with a 90% identity threshold (Fatoba et al., 2021; Fu et al., 2012). This tool, which is commonly used for clustering and comparing protein and genomic sequences, was employed to remove redundant or duplicate proteins (Huang et al., 2010). As a result, duplicate protein sequences were filtered out, leaving only the unique sequences for subsequent analysis.



2.3 Recognition of non-similar proteins and assessment of gut microbiota

Protein sequences in S. pneumoniae lacking homologs in human proteins were identified using a BLASTp search against the Homo sapiens genome (Fatoba et al., 2021), with an E-value cut-off of 10−5. Sequences with notable similarity to human proteins were excluded, while non-homologous sequences were retained for further analysis.

Since the gut microbiota plays a crucial role in maintaining health and influencing disease states, interactions between humans and their gut microorganisms are predominantly mutualistic and symbiotic rather than merely commensal (Savage, 1977; Sears, 2005). These microorganisms offer numerous benefits, such as preventing pathogen proliferation, fermenting inactive energy substrates, modulating immune responses, regulating gastrointestinal growth, synthesizing essential vitamins (e.g., vitamin K and biotin), producing fat storage-related hormones, and providing disease protection (Guarner and Malagelada, 2003). However, unintended inhibition of key microbial proteins could be detrimental. To assess this, the selected non-human S. pneumoniae proteins were compared with the genomes of human gut microorganisms, obtained from various literature sources (Anis Ahamed et al., 2021) and the mBodyMap Database (Jin et al., 2022), using a BLASTp search with an E-value cut-off of 10−5. Additionally, a BLASTp analysis of S. pneumoniae non-homologous proteins were performed against the DEG database, identifying essential proteins with an E-value threshold of 10−100.



2.4 Recognition of vital non-similar genes

Proteins crucial to cellular metabolism are present in all organisms (Deng et al., 2011). Therefore, a BLASTp analysis was performed on the non-homologous proteins of S. pneumoniae against the DEG database. Proteins deemed essential in S. pneumoniae were identified by applying a stringent E-value threshold of 10−100. A minimum cut-off score of 100 was used to select essential genes (Fatoba et al., 2021). This approach yielded a dataset of proteins that are both non-homologous to humans and essential for S. pneumoniae.



2.5 Analysis of UniProt ID mapping and evaluation of drug potential in selected sequences

The UniProt ID Mapper facilitates the conversion of protein identifiers across biological databases (Zaru et al., 2023), providing a centralized platform for data integration and standardization. By automating this process, it efficiently links identifiers from diverse databases, enhancing interoperability, and supporting bioinformatics analyses. To identify potential new drug targets, all critical, unique, and predicted protein sequences were cross-referenced with the DrugBank database (Knox et al., 2011), which contains targets for FDA-approved drug molecules.



2.6 Analysis of sequence alignment using the EMBOSS needle tool for pairwise comparisons

Pairwise sequence alignment analysis was conducted using EMBOSS Needle to compare two biological sequences for the identification of regions showing similarity or homology (Ionescu, 2019; Panwar et al., 2015). This tool, which is part of the EMBOSS suite (Rice et al., 2000), employs the Needleman-Wunsch algorithm for aligning sequences, facilitating the exploration of evolutionary relationships, functional similarities, and structural motifs.



2.7 Subcellular localization identification

Proteins are classified into various subcellular regions, such as the cytoplasm, inner membrane, periplasmic space, and outer membrane, using localization prediction methods. Potential drug and vaccine targets are identified among proteins located in the cytoplasm and outer membrane, respectively. Accurate localization is deemed essential for understanding protein function and interactions, thereby aiding the development of targeted therapies. The function of specific proteins is regarded as critical for identifying therapeutic targets, as proper subcellular localization is necessary for protein activity. UniProt was employed for this analysis, and the results were validated using the CELLO v.2.5 online tool (Shami et al., 2023). It has been demonstrated that, due to the ability of proteins to localize in multiple cellular compartments, understanding their localization is vital for the design of effective therapeutic strategies.



2.8 Exploration of protein connectivity in networks

Protein-protein interaction (PPI) networks for the proteins were sourced from STRING database version 12.0 (https://string-db.org/; Szklarczyk et al., 2011). PPIs are fundamental to cellular signaling and transduction, marking them attractive therapeutic drug development targets (Nada et al., 2024). Recent technological advances have made targeting these interactions increasingly feasible. These networks were constructed and visualized using Cytoscape 3.7.2 (Shannon et al., 2003). After merging the networks of the targets to illustrate the interactions among all selected proteins, a topological analysis was conducted. The central node within the network was identified using the cytohubba plugin (Chin et al., 2014).



2.9 Gene ontology analysis and pathway analysis using ShinyGo

Functional enrichment of gene lists was assessed using ShinyGO 0.80 (Ge et al., 2020; Hannan et al., 2024). Enrichment was evaluated across three GO categories: biological processes (BP), molecular functions (MF), and cellular components (CC). Pathway analysis was also performed to identify significantly enriched pathways using resources such as KEGG (Kyoto Encyclopedia of Genes and Genomes) and Reactome. Default parameters were applied for the analyses, and results were visualized through bar charts and dot plots, which displayed relevant GO terms and pathways along with their p-values and enrichment scores. Insights into the biological functions and interactions of the gene sets were provided by this combined approach.



2.10 Protein framework development and assessment

Due to the lack of an experimentally determined crystal structure for rpoD, the 3D model of the protein was created using homology modeling. The rpoD sequence from S. pneumoniae was sourced from UniProt (https://www.uniprot.org/) with the ID WP_000201898 and was used to build the model via Swiss Model (Schwede, 2003). Refinement of the initial models was performed with the Galaxy web server (Ko et al., 2012). The models' quality was evaluated through tools such as Verify3D, ERRAT, and Procheck (https://saves.mbi.ucla.edu/; Shami et al., 2023), and secondary structure predictions were made using PSIPRED (McGuffin et al., 2000). Stability and conformational dynamics of the model were examined with molecular dynamics (MD) simulations over a 100 ns timeframe (Khataniar et al., 2023).



2.11 Binding site prediction

Structural pockets and cavities are often associated with the binding and active sites of proteins. In this study, the binding site of the modeled protein was predicted using UniProt (https://www.uniprot.org/) and the Motif search tool (https://www.genome.jp/tools/motif/), along with the FTMap server (Das et al., 2024; Kozakov et al., 2015) and the CASTp server (http://sts.bioe.uic.edu/castp/; Tian et al., 2018). Additionally, a comprehensive review of the relevant literature was conducted. The identified active sites were utilized for Molecular docking studies with ligands and the respective protein targets.



2.12 Virtual screening of FDA-approved compounds
 
2.12.1 ADMET

A collection of 2,509 FDA-approved drugs was obtained from the DrugBank database, and ADMET screening was carried out using Discovery Studio to filter out undesirable ligands. This screening included evaluations of parameters such as aqueous solubility, blood-brain barrier permeability, CYP2D6 binding, hepatotoxicity, intestinal absorption, and plasma protein binding. Further toxicity predictions were made using the Ames mutagenicity model to exclude unsuitable ligands.



2.12.2 Molecular docking

The protein was refined based on the subtraction genomics study, and molecular docking of the ligands that qualified the ADMET were docked with the target using the LibDock module (Tai et al., 2023) within Discovery Studio. LibDock is extensively used for the virtual screening of compound libraries to identify potential drug candidates. This high-throughput docking approach facilitates the rapid screening of large chemical libraries by assessing ligand binding poses and interactions within a target protein's active site.



2.12.3 Density Functional Theory

Properties such as electron affinities, ionization potentials, orbital energies, and molecular structures were assessed through DFT analysis (Rajkhowa et al., 2022). This analysis focused on HOMO-LUMO frontier orbitals, which indicate the chemical reactivity of the compounds. A higher EHOMO value indicates a greater tendency for a molecule to donate electrons, while the ELUMO value reflects its electron-accepting ability. A smaller HOMO-LUMO gap (δE) was associated with increased molecular reactivity and decreased stability of the compound. These calculations were executed in Discovery Studio using DMol3 with the B3LYP functional and the DNP basis set. Ligands were selected based on energy gap, ensuring optimal stability and binding affinity for the target protein.




2.13 Protein-drug complexes: molecular dynamics simulations

MD simulations were carried out to evaluate the stability and conformational changes of the proposed model, as well as to examine protein-ligand interactions over various time frames (Rajkhowa et al., 2017). The model protein underwent MD simulation for 100 ns, while the ligand-protein complex was simulated for 50 ns using the GROMACS package version 2021.4 with the GROMOS54a7 force field. The protein was placed within a cubic periodic box and was solvated using the SPC water model, with a separation of ~1.0 nm between the solute molecules and the boundaries of the box. Energy minimization was followed by a 50 ns equilibration phase at a pressure of 1 bar and a temperature of 298 K, employing Berendsen coupling. The production dynamics simulation was subsequently conducted in an NVT ensemble at 298 K.

The RMSD (root mean square deviation) was calculated to determine the average positional deviation between atom groups in the protein-ligand complex relative to the protein frame, providing insights into complex stability. The RMSF (root mean square fluctuation) was used to analyze the average deviation of individual residues from their reference positions, highlighting regions of the protein with the greatest variability compared to the reference structure. To assess the compactness of the protein structure, the radius of gyration (Rg) was measured, which indicates the distance of protein residues from the center of mass, thus providing insights into the overall compactness and folding state of the protein structure (Gl et al., 2020). Using the Automated Topology Builder (version 3.0) online tool (https://atb.uq.edu.au/; Stroet et al., 2018), the topology of selected ligands was generated (Saha and Jha, 2024).



2.14 Calculations of binding-free energy

The binding free energy was assessed through the Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) approach within GROMACS (Manhas et al., 2019; Rajkhowa et al., 2022). This technique combines molecular mechanics energy with solvation energy derived from the Poisson-Boltzmann equation and the solvent-accessible surface area (SASA).

Molecular mechanics energies, including bond, angle, torsional, and non-bonded interactions, were computed from MD trajectory. Solvation-free energies were estimated using the Poisson-Boltzmann equation, with SASA contributions for non-polar interactions.

MM-PBSA were chosen for its efficiency and accuracy in evaluating binding energies. It effectively analyzes protein-ligand, protein-protein interactions, and conformational changes, providing insights into the energetic contributions and forces driving molecular recognition and stability.




3 Results

The study was conducted to identify novel drug targets in S. pneumoniae, a bacterium responsible for severe infections such as meningitis, bacteremia, and pneumonia. In developing nations, it is associated with acute lower respiratory tract infections, causing ~5 million deaths annually among children under five (Sheoran et al., 2022). Increasing penicillin resistance and limited vaccine efficacy have led to rising morbidity and mortality, while drug development remains slow due to high costs and the requirement for specialized expertise, further complicated by emerging drug-resistant strains.

Advancements in bioinformatics have facilitated drug discovery, with subtractive genomics widely utilized to identify pathogen-specific targets through in silico proteome analysis. This approach allows for the selection of essential bacterial proteins without affecting the host genome, thereby minimizing toxicity. In this study, subtractive genomics was employed to identify potential drug targets in S. pneumoniae, a method previously applied to characterize unique targets in human pathogens (Wadhwani and Khanna, 2016).


3.1 Paralogous protein sequence elimination

The complete proteome of S. pneumoniae, comprising 2027 protein sequences, was retrieved from the NCBI database in FASTA format. The aim of the study was to identify unique, essential proteins specific to the pathogen that could be potential therapeutic targets. After retrieving the proteome, paralogous sequences were removed to improve the precision of subsequent analyses. This task was performed using the CD-HIT tool, which reduced the proteome to 2016 proteins by eliminating 11 redundant sequences.



3.2 Profiling of non-homologous proteins

Similarity between the pathogen's proteins and those of the host may be observed. Therefore, it is necessary to identify and exclude these homologous host protein sequences from the pathogen's proteome to mitigate potential toxicity to host cells. This was accomplished by using BLASTp with an E-value cutoff of 10−5. Following the BLASTp analysis, 2000 non-homologous sequences were identified.



3.3 Identification of crucial genes that are non-homologous

The development and growth of pathogens are significantly influenced by essential proteins. These proteins are deemed highly promising and secure targets for drug development. DEG was employed to pinpoint these crucial proteins, leading to the identification of 48 essential proteins vital for the pathogen's survival.



3.4 Screening of human gut metagenomes

Antibiotics, which often impact both pathogenic and beneficial bacteria in the human microbiota, can lead to prolonged disruption of normal gut flora (Willing et al., 2011). To reduce the risk of broadside effects, pathogen proteins similar to gut flora proteins were identified and excluded as potential drug targets. The complete genome of S. pneumoniae was used as a query against reference genomes of gastrointestinal flora using BLASTp within the mBodyMap Database. Of 2,087 gut bacterial sequences, 87 were found to be homologous to gut flora, while 2,000 sequences were classified as non-homologous. A BLASTp search against the human genome revealed 1,981 proteins with similarities to human proteins, leaving 27 proteins (with an E-value of 10−5) as dissimilar to the human genome. Additionally, a BLASTp search against DEG identified 21 essential genes for the survival of S. pneumoniae (with an E-value of 10−100), indicating their potential as effective drug targets.



3.5 UniProt ID mapper analysis

The UniProt ID mapper was used to analyze the 21 essential proteins, resulting in 168 mapped entries: eight were reviewed (Swiss-Prot) and 160 were unreviewed (TrEMBL). This mapping revealed that the reviewed proteins were associated with two S. pneumoniae strains: serotype 4 (ATCC BAA-334/TIGR4; Williams et al., 2012) and strain ATCC BAA-255/R6. Key proteins identified included RNA polymerase sigma factor SigA, oligopeptide transport system permease protein AmiD, fructose-bisphosphate aldolase, and tryptophan—tRNA ligase. These proteins were found in both S. pneumoniae serotype 4 and strain R6, indicating their conservation across these strains. Valuable insights into the molecular biology and potential therapeutic targets of this important human pathogen are provided by the detailed data from the ID mapping resource, as presented in Table 1.


TABLE 1 UniProt ID mapper result.

[image: A table displays information on various proteins. It includes columns for sequence number, sequence ID, entry, protein names, gene names, organism, and length in amino acids. Organisms listed are strains of *S. pneumoniae*. Protein names include RNA polymerase sigma factor SigA, oligopeptide transport system permease protein AmiD, fructose-bisphosphate aldolase, and tryptophan-tRNA ligase. Lengths range from 293 to 369 amino acids.]



3.6 Potential for drug development in selected sequences

The potential for drug development targeting essential proteins in S. pneumoniae was assessed, leading to the identification of eight proteins that correspond to targets of FDA-approved drugs as listed in the DrugBank database (Table 2). Based on literature evidence (Williams et al., 2012) indicating the avirulence of strain ATCC BAA-255/R6, serotype 4 (strain ATCC BAA-334/TIGR4) was selected, and four proteins, including the RNA polymerase sigma factor SigA, Oligopeptide transport system permease protein AmiD, Fructose-bisphosphate aldolase, and Tryptophan—tRNA ligase, were chosen for further investigation.


TABLE 2 Findings from comparative sequence alignment evaluation.

[image: Table listing proteins of *S. pneumoniae* with details. Columns include SL_no, protein names, gene names, S. pneumoniae strain, organism reported in DrugBank, identity percentage, and sub-cellular localization. Information details eight proteins, their genes, associated strains, reported organisms, identity percentages, and cellular localization (cytoplasmic or cell membrane).]

To identify and evaluate druggable proteins in S. pneumoniae, the DrugBank database was utilized. Four unique, essential, and non-homologous proteins were examined, with three proteins associated with serotype 4 (strain ATCC BAA-334/TIGR4) and one associated with strain ATCC BAA-255/R6. Table 2 provides detailed information on drug targets identified, highlighting three proteins with potential as drug targets. Of these, three proteins are localized in the cytoplasmic region, while one is associated with the cell membrane. Cytoplasmic proteins are often considered favorable therapeutic targets (Khan et al., 2022).



3.7 Pairwise sequence alignment analysis

The sequence identity between S. pneumoniae proteins and their homologs in other organisms (such as Clostridioides difficile, Thermus thermophilus, Plasmodium falciparum, and Geobacillus stearothermophilus) represents the percentage of identical amino acids in aligned regions of their protein sequences. In this study, sequence identity values ranged from 7.76% to 56.7% (Table 2), reflecting varying evolutionary and functional diversity among the proteins. Higher identity values indicate conserved regions crucial for protein function, while lower values suggest divergence and potential functional differences. Despite their presence in other organisms, the low sequence identity makes these proteins suitable candidates for further investigation.

The identified target was re-evaluated applying the BRENDA enzyme database (https://www.brenda-enzymes.org; Chang et al., 2021). Among the three targets of interest, Fructose-bisphosphate aldolase was found in Homo sapiens. The results showed a sequence identity of only 14.4% (Table 3). This confirms that these targets are viable for drug development. Additionally, the low sequence identity implies minimal cross-reactivity, reducing the risk of off-target effects. Further studies will explore the therapeutic potential of these targets.


TABLE 3 Summary of sequence similarity.

[image: Table comparing proteins from *S. pneumoniae* and *Homo sapiens*. It lists RNA polymerase sigma factor SigA and tryptophan–tRNA ligase with identifiers POA4I9 and P67595, respectively, having no human equivalent. Fructose-bisphosphate aldolase, identifier POA4S1 for *S. pneumoniae*, matches human proteins P05062 and P04075 with 14.4% sequence identity and 22.7% similarity.]

The RNA polymerase sigma factor SigA in S. pneumoniae was selected due to its critical role in bacterial transcription regulation. Unlike fructose-bisphosphate aldolase, which shares 22.7% sequence similarity with its human homolog, SigA and tryptophan-tRNA ligase (TrpS) do not exhibit such similarity. Transcription initiation is critically dependent on SigA, which directs RNA polymerase to specific promoter sequences and facilitates the transcription of housekeeping genes essential for cellular growth and maintenance (Kazmierczak et al., 2005; Paget, 2015). Insights into SigA's structure and function are crucial for developing targeted antibacterial therapies (Feklístov et al., 2014).

Although TrpS plays a vital role in protein synthesis by charging tRNA with tryptophan, its impact is narrower compared to SigA. The focus on SigA underscores the importance of targeting bacterial transcription mechanisms. Expression of various crucial genes can be impaired by the inhibition of SigA, potentially resulting in more effective antibacterial strategies (Murakami and Darst, 2003).

The primary sigma factor, σ70 (SigA), is encoded by the rpoD gene in bacteria. Essential for initiating transcription, SigA binds to RNA polymerase (RNAP) and recognizes promoter sequences (Große et al., 2022; Miura et al., 2015). The transcription of housekeeping genes necessary for bacterial growth and survival is facilitated by SigA. Additionally, the expression of horizontally acquired genes, including those related to antibiotic resistance and virulence, is regulated by SigA. Multiple critical genes can be disrupted simultaneously by targeting SigA, making it a promising target for broad-spectrum antibacterial strategies. In contrast, trpS is involved in tryptophan biosynthesis (Martins et al., 2024), which is a more specific function. Therefore, the importance of targeting bacterial transcription mechanisms is highlighted by focusing on rpoD (SigA), as interfering with SigA can impact a wide range of essential genes, making it a more significant target compared to trpS.



3.8 Structure of protein-protein interaction networks

Interactions among proteins (Schwartz et al., 2009), including RNA polymerase sigma factor SigA, fructose-bisphosphate aldolase, and tryptophan-tRNA ligase, were obtained from the STRING database with a confidence score of 0.007. These interactions were used to construct a protein-protein interaction network, as illustrated in Figure 2. The network was analyzed to examine the relationships between the proteins. The oligopeptide transport system permease protein AmiD was not included in the STRING database, so it was omitted from the analysis, leaving the remaining three proteins for further study.


[image: Network diagram showing interconnected nodes labeled with gene names like corA-2, dnaG, trpS, and others. Nodes are connected by lines, illustrating relationships between genes.]
FIGURE 2
 Merged PPI of RNA polymerase sigma factor SigA, fructose-bisphosphate aldolase, and tryptophan–tRNA ligase.




3.9 Assessment of crucial genes

The Protein-Protein Interaction network was displayed and examined with Cytoscape (Figure 3). To pinpoint hub genes, or proteins with the highest connectivity in the network, the CytoHubba plugin of Cytoscape version 3.7.2 was utilized. These hub genes were considered critical components of the S. pneumoniae genome, indicating their potential as targets for selective antibacterial therapies. As illustrated in Figure 3, the top 20 core targets identified were gpi, fba, rpoD, trpS, gapA, tpi, eno, gpmA, tktA, gapN, pgk, thrS, metS, pfKA, rpoB, rpoA, tyrS, and pheT. Four genes—gpi, fba, rpoD, and trpS—were identified as key hub genes due to their high connectivity, which is determined by the number of nodes associated with each protein. Of these four hub genes, fba, rpoD, and trpS were selected for further investigation due to their significant involvement in relevant pathways, whereas gpi was excluded, as it was not detected in the UniProt ID analysis.


[image: Network diagram illustrating connections among nodes labeled with different ranks, indicated by colored dots. A table on the right lists nodes with ranks from one to fourteen, colored from red to yellow.]
FIGURE 3
 Displaying the significant hub genes along with their rank scores, with red indicating the most important hub genes, orange signifying moderate importance, dark orange representing average importance, and yellow denoting the lowest importance.




3.10 Gene ontology evaluation and pathway exploration

The GO evaluation was performed with ShinyGO version 0.80 (Ge et al., 2020; Ramesh Babu, 2023) revealed significant insights into gene pathways associated with the studied genes. Various sorting criteria were employed to identify the most relevant pathways, including fold enrichment, false discovery rate (FDR), the average of FDR and fold enrichment, the number of genes, and a combined metric of FDR and fold enrichment. Notably, pathways were identified by sorting with Avg_rank (FDR and fold enrichment), resulting in a total of 211 pathways, indicating a comprehensive range of BP, MF, and CC. In contrast, sorting by rpoD yielded only 41 pathways, highlighting a more focused selection based on specific gene associations as shown in Supplementary Table 2.

These results underscore the effectiveness of ShinyGO in GO analysis, as significant biological insights were derived through customizable sorting and filtering capabilities tailored to the research objectives. The findings also illustrate the potential for ShinyGO to enhance data visualization and facilitate integration with other bioinformatics tools, thereby establishing it as a valuable resource for diverse genomic studies.

Figure 4 displays the results of an enrichment analysis of various BP, MF, and CC with their statistical significance and the number of associated genes highlighted. The X-axis is used to indicate fold enrichment, reflecting the frequency of each BP in the dataset compared to what would be expected by chance. The fold enrichment value is represented by the length of each bar, and BP are depicted on the Y-axis. The colors of the bars, ranging from blue to red, represent –log10 (FDR) values, with red hues indicating higher statistical significance. The number of genes linked to each process is indicated by the size of the circles at the end of the bars. High fold enrichment and significance are observed for processes such as “RNA metabolic process,” “Carboxylic acid metabolic process,” and “Oxoadic acid metabolic process,” as indicated by long red bars with large circles. In contrast, lower fold enrichment and significance are exhibited by processes like “Catalytic activity” and “Metabolic process,” represented by shorter blue bars with smaller circles. A detailed summary of the BP most prominently represented in the dataset is provided by this visual depiction, which aids in understanding gene functions and their interactions.


[image: Bar chart showing gene ontology terms with fold enrichment and number of genes involved. Processes like RNA metabolic process and carboxylic acid metabolic process have high fold enrichment. Bars are colored by -log10(FDR) value, ranging from red to purple. Dots next to bars indicate the number of genes, with larger dots representing more genes.]
FIGURE 4
 Functional enrichment analysis using ShinyGO ontology.


The hierarchical clustering dendrogram is used to visualize relationships among BP, MF, and CC identified through gene enrichment analysis (Figure 5). Each process is represented by a node marked with a blue circle and labeled accordingly. The degree of relatedness is indicated by branch lengths, with shorter branches representing closer associations. Statistical significance is denoted by p-values in scientific notation adjacent to each node (Ramesh Babu, 2023). A p-value of 3.6 × 10−6 for the “Heterocycle metabolic process” indicates strong enrichment. Closely related processes, such as “Heterocycle metabolic process,” “Nucleobase-containing compound metabolic process,” and “Cellular aromatic compound metabolic process,” are grouped on shorter branches, while less related processes, like “Catalytic activity” and “Metabolic process,” are connected by longer branches. The use of this dendrogram is significant as enriched processes are identified and highlighted, gene functions and interactions are clarified, and hypotheses are generated. It also supports the discovery of novel biological connections and guides research toward potential therapeutic targets.


[image: Dendrogram displaying hierarchical clustering of various metabolic processes. Processes include heterocycle, nucleobase, cellular aromatic compound, organic cyclic compound, primary metabolic process, and others, with associated numerical values beside each item.]
FIGURE 5
 A hierarchical clustering tree illustrating the correlation among significant pathways of the top 20 genes was generated in ShinyGO. Pathways with numerous shared genes were clustered, with larger dots representing more significant p-values.


Pathway analysis was conducted on the top 20 hub genes using ShinyGO (version 0.80; Zhuang et al., 2022). An overview of the most enriched pathways and their associated genes is presented in Figure 6, which displays the enriched pathways and their associated genes from a given gene set. Pathways are ranked by the number of genes involved, with those having the highest counts emphasized. Most input genes are linked to metabolic pathways, including nucleobase, heterocycle, aromatic compound, and organic substance metabolism, each involving about 14–15 genes. Biosynthetic pathways, such as organic substance biosynthesis and general biosynthesis, are highlighted with ~11 genes. Cellular localization pathways are also shown, with 13 genes related to intracellular processes and 10 to the cytoplasm. The Figure details specific genes in these pathways, providing insights into their roles and relationships within the biological context.


[image: Sankey diagram illustrating metabolic processes linked to genes. Processes, listed on the left, connect via colored lines to specific genes on the right. Thickness of lines indicates the number of processes related to each gene. Each line and process is color-coded for clarity.]
FIGURE 6
 Pathway analysis using ShinyGO 0.80.




3.11 Homology modeling of the identified target

In S. pneumoniae, the RNA polymerase sigma factor SigA (rpoD) is crucial for transcription, yet its crystal structure is not present in the Protein Data Bank (PDB). Despite the availability of an AlphaFold-predicted structure on UniProt, a homology model was constructed using Swiss Model (Supplementary Figure 1) to facilitate additional analysis and validation (Rajkhowa et al., 2017). From the UniProtKB database, the primary sequence of SigA, which comprises 369 amino acids, was retrieved (sequence ID: POA4I9, entry WP_000201898.1). The modeling was focused on the sigma-70 factor domain-2, specifically targeting amino acid residues from M1 to I206. This approach was informed by literature and bioinformatics tools, which identified several domains in rpoD, but domain 2 (Region-2; Guo et al., 2018; Lonetto et al., 1992) is defined as conserved binding site so we have considered domain 2 but as the stretch is very small so we have considered from residue no 1–206 to design our model. Structural insights into the conserved domains of the sigma factor, particularly the binding site, are offered by the homology model, which is considered essential for understanding its interactions within the transcription machinery.



3.12 Modeled structure validation

In this study, the structural models of the target protein were optimized using the GALAXY refinement tool (Ko et al., 2012), leading to notable improvements across several evaluation metrics. The initial model showed a RMSD (Root Mean Square Deviation) of 0 Å, but refinement quality was lacking. Following the refinement, the lowest RMSD of 0.708 Å was achieved by MODEL 4, indicating a closer alignment with the reference structure. The MolProbity score improved from 0.984 in the initial model to 0.755 in MODEL 4, reflecting enhanced stereochemical quality. The clash score decreased from 1.2 to 0.8, indicating a reduction in steric clashes, and the number of poor rotamers was eliminated, demonstrating optimal side-chain conformations in MODEL 4. The proportion of residues situated in favorable regions of the Ramachandran plot was elevated to 99.5%, and the GALAXY energy decreased to −5794.77, indicating enhanced stability. Therefore, MODEL 4 was identified as the most refined and accurate structure, making it the preferred candidate for further studies, as shown in Table 4.


TABLE 4 Selection of the optimal model after refinement.

[image: Table comparing different models with columns for RMSD, MolProbity, Clash score, Poor rotamers, Rama favored, and GALAXY energy. MODEL 4 has bolded values indicating the best scores with RMSD of 0.708, MolProbity 0.755, Clash score 0.8, Poor rotamers 0.0, Rama favored 99.5, and GALAXY energy −5794.77.]

The structure verification process is described in the subsequent sections, following the employment of various tools for model validation.



3.13 Protein confirmation using PSIPRED

Figure 7 shows that a higher prevalence of alpha helices compared to beta sheets was indicated in the RNA polymerase sigma factor SigA by the PSIPRED analysis (Ashraf et al., 2022). Further validation of the predicted secondary structural elements, including the formation of alpha helices and beta sheets, was performed through modeling with the Modeler tool.


[image: A sequence alignment map displaying amino acids, each labeled with different colors to represent specific features. Pink indicates helices, yellow shows strands, and gray marks coils. Other features include disordered protein binding, transmembrane helices, and signal peptides. A legend beneath the sequence explains the color coding.]
FIGURE 7
 This sequence plot provides a comprehensive overview of the secondary structure elements and functional annotations of the protein, which is valuable for both structural biology studies and functional analysis.




3.14 Validation of the modeled protein using PROCHECK, ERRAT, and verify 3D

Protein models were assessed using ERRAT, Verify 3D, and Ramachandran plot analyses (Ashraf et al., 2022). The evaluation identified MODEL 4 as the most optimal. ERRAT scores were consistently close to 100, reflecting minimal errors in atomic interactions and confirming high structural reliability. In the Verify 3D analysis, compatibility percentages were observed to range from 67.48% to 100%, with MODEL 4 achieving full compatibility at 100%, demonstrating complete consistency between its three-dimensional structure and one-dimensional sequence. According to the Ramachandran plot analysis, the percentage of residues in favored regions was found to range from 67.48% to 100%, with ~3%−4% located in allowed regions and few or no residues identified as outliers. Notably, 100% of residues in MODEL 4 were found in favored regions, suggesting that all residues adopted energetically favorable conformations, indicative of a highly refined structure. Collectively, these metrics confirm that the refined models, particularly MODEL 4, exhibit high quality and structural integrity, rendering them suitable for further analysis and potential experimental validation, as presented in Table 5.


TABLE 5 PROCHECK, ERRAT, and verify 3D analysis.

[image: A table presents validation data for ten models. Columns include ERRAT, Verify 3D percentage, 3D-1D criteria, and Ramachandran plot distributions. Most models show ERRAT of one hundred and Verify 3D percentages around seventy. The 3D-1D criterion is consistent at greater than or equal to zero point one. Ramachandran plot values indicate favored regions at approximately ninety-six percent, with allowed regions around three percent, and minimal or zero outliers. Model 3 and Model 7 show a slight increase in outliers at zero point five percent.]



3.15 Active site identification

The protein analysis identified key domains, including the Sigma-70 factor domain-2 (residues 135–205), a conserved binding site, and additional domains involved in transcriptional regulation and DNA binding. Annotations on domain structures and functional sites were obtained from UniProt, and motif search tools identified conserved sequences and motifs, allowing precise characterization of the protein's interactive regions and regulatory elements, as detailed in Supplementary Tables 1A, B.

Domain 2 of the sigma factor σA was found to be essential for transcription initiation (Guo et al., 2018; Lonetto et al., 1992). Specific promoter sequences, particularly the −10 region (Pribnow box), are recognized and bound by this domain, facilitating the formation of the RNA polymerase-promoter complex. The transcription complex is stabilized by Domain 2, ensuring that RNA polymerase remains bound to the promoter. The transition from the closed to the open complex, allowing DNA strand unwinding for RNA synthesis, is promoted by this domain. Interactions with regulatory proteins are mediated by Domain 2, influencing transcriptional responses to environmental changes and regulating gene expression.

Using the FTMap server, key amino acid residues in the protein involved in both hydrogen-bonded and non-bonded interactions with the ligand were identified, as shown in Figures 8A, B (Pagare et al., 2021). Residues involved in high-frequency hydrogen-bonded interactions include LYS_23, ARG_54, GLN_56, ASP_57, GLY_67, ASN_76, GLU_77, GLU_78, GLU_79, ARG_149, TYR_150, GLN_193, GLN_202, and THR_205, which are crucial for stabilizing the ligand-protein complex and determining binding specificity. Non-bonded interactions, including hydrophobic contacts and van der Waals forces, are mediated by residues such as ALA_16, ILE_19, ARG_54, GLN_56, ASP_57, ALA_58, GLY_59, ASN_76, GLU_77, GLU_78, GLU_79, ASP_86, LEU_87, ARG_149, TYR_150, PHE_157, TRP_189, TRP_190, ARG_192, THR_205, and ILE_206. These residues are identified as significant contact points that contribute to the enhancement of binding affinity. Interactions of moderate and low frequency also contribute to the overall stability of the binding. Valuable insights into the binding mechanism are provided by this detailed analysis, which also serves as a foundation for designing molecules that target these specific interactions.


[image: Bar charts labeled (A) and (B) compare "H-bonded" and "Non-bonded" categories. Chart (A) has orange bars with peaks at GLY_16. Chart (B) has green bars with peaks at ASN_11 and TYR_16. Both charts display data for various labels on the x-axis.]
FIGURE 8
 Figure showing the key amino acid residues in the modeled protein using FTMap (A) H-bonds; (B) non-bonded interactions.


To elucidate the surface topology and functional regions of the protein structure, the CASTp (Computed Atlas of Surface Topography of Proteins) tool was utilized for analysis. A three-dimensional representation of the protein is provided in Supplementary Figure 2, with the backbone displayed in a ribbon format, and various surface pockets are highlighted by colored spheres. Different active sites are marked by these spheres, which identify key binding pockets essential for the protein's function. Four distinct pockets were identified, each characterized by its solvent-accessible surface area (SA) and volume, as shown in Supplementary Figure 2 and Supplementary Table 3. The measurements of solvent-accessible surface area indicate that Pocket 1 has the largest area and volume, suggesting a prominent role in ligand binding or enzymatic activity, while Pocket 4, despite being smaller, may still have functional significance.



3.16 Molecular dynamic simulation of the native protein

All-atom MD simulations were conducted on the native SigA protein model for 100 ns to evaluate its structural changes and dynamics using root-mean-square deviation (RMSD) analysis (Jairajpuri et al., 2021; Rajkhowa et al., 2017, 2022). Insights into the structural stability of the SigA protein over time were provided by the RMSD graph. An initial rapid increase in RMSD from 0 to ~0.4 nm indicated significant conformational changes as the protein underwent equilibration. Following this phase, the RMSD values fluctuated between 0.4 and 0.6 nm, as shown in Figure 9A, suggesting that various conformations were explored while the protein remained relatively stable. After 50 ns, a mean RMSD value was stabilized, with no significant upward or downward trends detected, indicating that an equilibrium state was reached and a stable conformation was maintained for the remainder of the simulation. The final RMSD values, ranging from 0.5 to 0.6 nm, were observed to indicate that substantial deviation from the reference structure was not present after the initial equilibration phase. This stability suggests that the functional conformation of the SigA protein was preserved under the simulated conditions, which is essential for its biological role in S. pneumoniae. Understanding the structural stability of SigA helps provide insights into its potential interactions with other molecules and its overall function in the bacterial cell.


[image: Three graphs are presented: (a) RMSD over time in nanoseconds showing a green line with values rising gradually, (b) RMSF across residues using a yellow line with fluctuating values, and (c) Radius of gyration over time with a cyan line, showing slight variations between 1.85 and 2.05. Each graph is titled with a legend indicating "StpA."]
FIGURE 9
 Structural behavior and density of the native protein. (A) RMSD plot; (B) RMS fluctuation plot; and (C) Radius of gyration with time evolution plot.


Insights into the structural dynamics of the SigA protein were provided by the root mean square fluctuation (RMSF) analysis, with values ranging from ~0.5 to 1.5 nm observed across different residues. Moderate fluctuations (0.5–1.0 nm) were observed in the first 50 residues, indicating relative stability with some flexibility. Higher fluctuations, peaking at around 1.5 nm, were seen in residues 50–100, suggesting increased dynamics likely associated with flexible loops or functional sites. In contrast, residues 100–150 exhibited lower RMSF values (0.5–1.0 nm), indicating greater stability, while residues 150–200 showed slight increases (around 1.0 nm), suggesting some flexibility that may be relevant for interactions, as illustrated in Figure 9B. Overall, these results suggest that while most of SigA maintains a stable structure, certain regions exhibit significant dynamics, which may be important for its biological function and interactions.

The radius of gyration (Rg) plot illustrated how the protein's structure evolved during the 100 ns simulation period. Rg values fluctuated between ~1.8 and 2.05 nm, with most values stabilizing around 1.95 nm, as presented in Figure 9C. These fluctuations indicate that the protein underwent conformational changes, reflecting its dynamic nature. Compact structure retention, essential for the protein's biological activity, was indicated by the stable Rg values. Overall, the plot demonstrates a balance between flexibility and stability in the protein's conformation, indicating that although some degree of motion was present, a predominantly compact and functional structure was retained throughout the simulation.



3.17 Virtual screening of the ligands

To determine safety and non-carcinogenic potential, compounds from the DrugBank database were evaluated based on their ADMET (absorption, distribution, metabolism, excretion, and toxicity) characteristics and their carcinogenicity profile. Detailed ADMET profiles and toxicity predictions for these compounds are provided in Supplementary Table 4. Out of 2,509 compounds retrieved, 2,328 were eliminated based on toxicity predictions. Additionally, 1,303 compounds were selected according to hydrophilicity criteria, as detailed in Supplementary Table 5. The protein was determined to be hydrophilic, with a hydropathy index of −0.307; thus, compounds with higher lipophilicity were excluded, while those with hydrophilicity values ranging from +3 to −2 were considered for further analysis.

LibDock (Alam and Khan, 2018) molecular docking was applied to refine the selection process, resulting in the identification of the 471 top-scoring compounds, detailed in Supplementary Table 6. Density Functional Theory (DFT) analysis was performed on these compounds, revealing that 22 had negative binding energies, as determined using the Discovery Studio module. Six compounds—Famotidine, Nitrendipine, Proguanil, Ceforanide, Bromfenac, and Ceftibuten-were identified through further DFT analysis as having the smallest HOMO-LUMO energy gaps, as presented in Supplementary Table 7 and Figures 10A–F.


[image: Molecular orbital diagrams showing six different compounds with labeled energies for the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). Each structure is represented with colorful electron density clouds in blue and purple. The energy gaps (E<sub>g</sub>) are indicated below each compound, ranging from 0.10 to 0.14.]
FIGURE 10
 Showing HOMO-LUMO of the six compounds with lowest Eg. (A) Famotidine; (B) Nitrendipine; (C) Proguanil; (D) Ceforanide; (E) Bromfenac; (F) Ceftibuten.


Following the evaluation of hydrogen bond interactions, as detailed in Figure 11 and Supplementary Table 8, Bromfenac (Lee et al., 2023; Ye et al., 2020) and Ceftibuten (Karlowsky et al., 2022; Wiseman and Balfour, 1994) were selected for further analysis. Due to the formation of three hydrogen bonds and the presence of unfavorable steric interactions, Famotidine was excluded. Nitrendipine and Proguanil were dismissed because of insufficient experimental evidence. Additionally, Ceforanide was eliminated for forming only a single hydrogen bond.


[image: Diagram of two molecular interactions with labeled amino acids. Panel (a) shows a molecule interacting with ASP, ASN, GLN, ALA, ARG, GLY, and TRP. Panel (b) displays a molecule interacting with ASP, PHE, GLN, ASN, ARG, and additional labeled amino acids, indicating a more complex binding. Both use colored lines for interaction types.]
FIGURE 11
 H-bond interaction of (A) Bromfenac and (B) Ceftibuten with the receptor.




3.18 Molecular dynamics simulation of the protein-ligand complex

Bromfenac and Ceftibuten, when bound to the RNA polymerase sigma factor SigA, underwent 50 ns of all-atom MD simulations. To evaluate the stability and dynamics of the SigA-Bromfenac and SigA-Ceftibuten complexes, systematic and structural parameters were computed (Rajkhowa et al., 2022). Stability was assessed using the RMSD plot, with Bromfenac and Ceftibuten depicted by green and purple lines, respectively. Both complexes exhibited an initial rise in RMSD, with SigA-Bromfenac reaching around 0.2 nm and SigA-Ceftibuten reaching ~0.25 nm. During the mid-phase (10–30 ns), stabilization around 0.3 nm was noted for the SigA_Bromfenac complex, while greater fluctuations were exhibited by the SigA_Ceftibuten complex, reaching up to 0.4 nm. In the final phase (30–50 ns), the RMSD of the SigA_Bromfenac complex was maintained at ~0.3–0.4 nm, whereas the SigA_Ceftibuten complex increased to about 0.5 nm. This indicated greater stability for the SigA_Bromfenac complex, suggesting a more stable interaction with SigA compared to Ceftibuten, as shown in Figure 12A.


[image: Three scientific plots are shown. (a) RMSD plot, displaying two line graphs over time: purple representing StpA_Bromelain and green for StpA_Cellulase, highlighting structural deviation. (b) RMSF plot showing two fluctuating line graphs by residue: blue and red for the same enzymes, illustrating flexibility. (c) Radius of gyration plot, with purple and green lines for the enzymes, showing structural compactness over time. Each plot includes a legend identifying the enzymes.]
FIGURE 12
 (A) RMSD plot of SigA with Bromfenac and Ceftibuten; (B) RMS fluctuation plot of SigA with Bromfenac and Ceftibuten; (C) Radius of gyration (Rg) plot of SigA with Bromfenac and Ceftibuten.


The residue flexibility within the two SigA complexes, bound to Bromfenac (depicted by the red line) and Ceftibuten (depicted by the blue line), was illustrated using a plot of root-mean-square fluctuation (RMSF). A lower degree of flexibility was noted in the SigA_Bromfenac complex, indicating a more rigid conformation. Increased flexibility was observed around residues 40–60 and 90–110 in both complexes, with higher peaks recorded in the SigA_Ceftibuten complex. Enhanced fluctuations were also noted around residues 120–140 in the SigA_Ceftibuten complex. These results indicated that a more stable structure was maintained by the SigA_Bromfenac complex, reinforcing that Bromfenac interacted more stably with SigA, as depicted in Figure 12B.

During the 50 ns MD simulation, the compactness of the SigA complexes with Bromfenac (indicated by the purple line) and Ceftibuten (indicated by the green line) was demonstrated through a plot of the radius of gyration (Rg). Initial Rg values of ~1.95 nm were recorded for both complexes, suggesting similar compactness. Over time, stabilization around 1.9 nm was observed for the SigA_Bromfenac complex, indicating increased compactness. In contrast, fluctuations between 1.85 and 1.95 nm were exhibited by the SigA_Ceftibuten complex, indicating less consistent compactness. Overall, the findings demonstrated that a more stable and compact structure was maintained by the SigA_Bromfenac complex compared to the SigA_Ceftibuten complex, further supporting that Bromfenac formed a more stable interaction with SigA, as presented in Figure 12C.



3.19 Assessment of binding energy

The binding interactions of Bromfenac and Ceftibuten were evaluated using MM-PBSA (Molecular Mechanics Poisson-Boltzmann Surface Area) analysis based on data from MD. The van der Waals energy for Bromfenac was measured at −80.983 ± 20.129 kJ/mol, while Ceftibuten was found to be −99.688 ± 26.800 kJ/mol, indicating favorable interactions with a stronger affinity observed for Ceftibuten. The electrostatic energy values were recorded as −75.863 ± 40.066 kJ/mol for Bromfenac and −199.464 ± 43.954 kJ/mol for Ceftibuten, suggesting attractive interactions, with significantly stronger electrostatic interactions attributed to Ceftibuten.

The polar solvation energy for Bromfenac was determined to be 141.547 ± 54.370 kJ/mol, whereas Ceftibuten exhibited a higher value of 325.643 ± 62.032 kJ/mol, indicating unfavorable solvation effects for Ceftibuten. The solvent-accessible surface area (SASA) values were measured for Ceftibuten −11.036 ± 1.771 kJ/mol for Bromfenac and −15.474 ± 2.672 kJ/mol for Ceftibuten, suggesting favorable interactions regarding surface exposure.

The binding energy for Bromfenac was calculated as −26.335 ± 29.105 kJ/mol, indicating favorable binding, while a positive binding energy of 11.016 ± 26.392 kJ/mol was observed for Ceftibuten, suggesting reduced binding efficacy. Overall, it was concluded that while stronger interaction energies were exhibited by Ceftibuten, Bromfenac was identified as better candidate for effective binding, as shown in Table 6. Although antimicrobial activity is not directly exhibited by Bromfenac alone, antibacterial and anti-inflammatory effects are demonstrated when it is combined with nanoparticles. For example, endophthalmitis can be treated by AuAgCu2O-bromfenac sodium nanoparticles (Ye et al., 2020; AuAgCu2O-BS NPs) through the combination of antibacterial and anti-inflammatory actions. MRSA (methicillin-resistant Staphylococcus aureus) is eradicated by these nanoparticles through photodynamic effects and the release of metal ions, with the bacterial membrane being disrupted and cell death being caused. Therefore, the potential of Bromfenac as a repurposed drug against S. pneumoniae may be explored experimentally.


TABLE 6 Binding free energy calculation of the protein and ligand complexes.

[image: Table comparing various energy components between SigA_Bromfenac and SigA_Ceftibuten, measured in kilojoules per mole. Energy types include van der Waals, electrostatic, polar solvation, SASA, and binding. Values are presented with standard deviations.]




4 Discussion

High rates of meningitis, lobar pneumonia, otitis media, and bacteremia are caused by S. pneumoniae. The potential increase in pneumococcal infections is suggested by the rising resistance to penicillin and the limited availability of pneumococcal vaccines, highlighting the urgent need for the identification of new therapeutic targets. The subtractive genomics method is employed in bioinformatics to identify pathogen-specific targets. This in silico approach involves a thorough examination of the pathogen's genome to identify key proteins involved in the disease, with the host genome excluded from consideration.

Although previous studies have explored subtractive genomics in S. pneumoniae (Khan et al., 2022; Sheoran et al., 2022; Wadood et al., 2018), the TIGR4 strain remains highly prevalent. Over the past decade, this specific serotype has been the leading cause of childhood meningitis, pneumonia, and bacteremia in developing countries. Sequencing and publication of the complete genome for the virulent serotype 4 strain TIGR4 were accomplished by The Institute for Genomic Research (TIGR) in 2001. Despite its identification over 20 years ago, the TIGR4 strain still shows significant virulence in murine models (Tettelin et al., 2001) and continues to be a key focus in pneumococcal pathogenesis research. Thus, the current study is directed at identifying new drug targets within the S. pneumoniae TIGR4 strain.

Analysis was conducted on 2,027 proteins from the complete proteome of S. pneumoniae. To improve computational efficiency and resource management in large datasets, paralogous sequences were identified and removed. Using the CD-HIT tool with a 90% similarity threshold, 11 paralogous sequences were filtered out, leaving a final dataset of 2,016 proteins.

Given that many antibiotics inadvertently target beneficial human gut microbiota alongside pathogens, the exclusion of pathogen proteins homologous to gut flora proteins from the drug target pool could mitigate adverse side effects. The evolutionary relationship with gut flora was assessed by querying the entire genome of S. pneumoniae against gastrointestinal flora reference genomes using BLASTp via the mBodyMap Database. Of the 2,087 gut bacterial sequences, 87 showed homology with gut flora, whereas 2,000 were non-homologous. A BLASTp search against the human genome identified 1,981 homologous proteins, leaving 27 proteins (E-value ≤ 10−5) that did not exhibit similarity to the human genome. Through a BLASTp search against DEG, 21 genes essential for the viability of S. pneumoniae (E-value ≤ 10−100) were identified, suggesting their potential as drug targets.

Genes essential for cellular survival cannot sustain bacterial life if they are disrupted or degraded. Therefore, a strategic approach for bacterial eradication and disease treatment is provided by targeting these vital proteins, which are considered excellent candidates for the development of vaccines and antibiotics. A total of 69 essential proteins were identified, with 48 shared between host and pathogen and 21 specific to host gut bacteria and pathogen. However, it should be noted that therapeutic applications may not be suitable for all essential genes due to their potential involvement in host metabolic pathways.

Subcellular localization prediction provides a cost-effective means to infer protein function and guide therapeutic development. Since proteins may localize in multiple cellular compartments, localization data are critical for the rational design of therapeutic agents. Due to the challenges associated with purifying and studying membrane proteins, drug targets are generally selected from cytoplasmic proteins.

For drug screening purposes, the DrugBank database was queried using BLASTp to compare all essential non-homologous proteins involved in distinct bacterial pathways. This comparison led to the identification of four proteins with potential for drug targeting: RNA polymerase sigma factor SigA, Oligopeptide transport system permease protein AmiD, Fructose-bisphosphate aldolase, and Tryptophan-tRNA ligase. The primary focus was placed on RNA polymerase sigma factor SigA (Große et al., 2022; Martins et al., 2024), while the other proteins were excluded based on the reasons outlined in the manuscript.

The Swiss-Model was utilized to predict the three-dimensional structures of the selected target proteins through a homology modeling approach. For molecular docking analysis, which is essential in drug discovery for predicting interactions between proteins and ligands, compounds from DrugBank (FDA-approved) were employed. Molecular docking using LibDock identified 471 compounds with the highest docking scores. Density Functional Theory (DFT) analysis further refined this list to 22 compounds with negative binding energies. Of these, six compounds-Bromfenac, Ceftibuten, Famotidine, Nitrendipine, Proguanil, and Ceforanide- exhibited the smallest HOMO-LUMO energy gaps. Bromfenac and Ceftibuten were prioritized for further analysis based on favorable hydrogen bonding interactions. Famotidine was excluded due to unfavorable steric interactions, Nitrendipine and Proguanil were removed due to insufficient experimental evidence, and Ceforanide was excluded due to limited hydrogen bonding (one bond). The stability and dynamics of these interactions over time were assessed through MD simulations.

For ensuring effective metabolism and therapeutic efficacy, the absorption and distribution of an ideal drug candidate throughout the body should be readily achieved. High costs can be incurred when drug candidates are rejected during clinical trials due to adverse side effects. Therefore, ADMET (absorption, distribution, metabolism, excretion, and toxicity) profiling, an essential phase in drug discovery, was carried out using Discovery Studio, which showed favorable pharmacokinetic properties for specific compounds. Of 2,509 compounds screened, 2,328 were excluded based on toxicity. Compounds with hydrophilicity values between +3 and −2 were retained for further analysis, given the hydrophilic nature of the target protein (hydropathy index −0.307).

The MM-PBSA method was used to calculate the binding free energies of the docked complexes, offering quantitative assessments of interaction strength. More stable and compact binding with RNA polymerase sigma factor SigA was demonstrated by Bromfenac compared to Ceftibuten among the compounds tested, indicating its potential as a promising drug candidate.

The time and cost associated with drug development can be significantly reduced through drug repurposing. In this study, existing drugs were screened for interactions with identified targets, and Bromfenac, a non-steroidal anti-inflammatory drug, was recognized as a potential candidate for repurposing against S. pneumoniae. Although no reports have indicated antimicrobial activity for Bromfenac, some studies propose that it possesses antibacterial and anti-inflammatory properties, supported by experimental evidence. While Bromfenac does not exhibit direct antibacterial action, antibacterial and anti-inflammatory effects relevant to our research are observed when it is combined with nanoparticles.

For instance, AuAgCu2O-bromfenac sodium nanoparticles (AuAgCu2O-BS NPs; Ye et al., 2020) are utilized to combine antibacterial and anti-inflammatory effects for the treatment of endophthalmitis after cataract surgery. The ability to eradicate methicillin-resistant Staphylococcus aureus (MRSA) is attributed to these nanoparticles due to their photodynamic properties and the release of metal ions. It should be noted that the antibacterial effect of AuAgCu2O NPs is not directly influenced by Bromfenac sodium alone. However, a bactericidal function is demonstrated by AuAgCu2O-BS NPs through the disruption of the bacterial membrane, leading to its shrinkage. Interaction with the cell membrane occurs via the nanoparticles, which may affect its permeability, while metal ions are released that penetrate the bacteria.

Significant antibacterial effects in the treatment of endophthalmitis have been observed in studies involving AuAgCu2O-BS NPs used alongside laser treatment. Investigating the efficacy of Bromfenac against S. pneumoniae would be worthwhile. Therefore, it can be suggested that Bromfenac might serve as a potentially effective repurposed drug against S. pneumoniae.

The identification of key hub genes and their associated pathways offers significant insights into the molecular biology of S. pneumoniae and establishes a foundation for novel therapeutic strategies. The structural integrity and reliability of the refined protein models further support their potential for experimental validation. The speed of discovering new drug targets for drug-resistant pathogens is enhanced by the use of bioinformatics tools, as demonstrated by the results of this study. The potential for addressing bacterial infections through both new drug development and drug repurposing is emphasized.



5 Conclusion

The drug discovery process has been significantly advanced through the utilization of genome and proteome sequence analysis of various pathogens with bioinformatics tools. The use of in silico methods has been prompted by the increasing incidence of drug resistance to identify therapeutic targets that are not homologous with the host proteome. To enhance this process, a subtractive genomics approach has been employed to identify essential proteins that are non-homologous and not part of gut flora, which can be explored for developing new therapeutic agents against S. pneumoniae. The targeting of strain-specific, non-homologous essential bacterial proteins is anticipated to facilitate disease eradication while minimizing adverse effects on the host. The impact of these targets on the survival and pathogenicity of S. pneumoniae is required to be evaluated through additional in vivo and in vitro studies.

Despite its many benefits, this approach has limitations due to the predictive nature of the tools used. The tools are based on algorithms, and errors may occur, as these algorithms are designed and coded by humans and may have limited specificity for certain tasks.
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Background: Despite the pathogenesis of vulvovaginal candidiasis (VVC) is multifactorial, this study aimed to assess whether phenotypic characteristics, such as biofilm production and quality, along with clinical symptoms, are associated with recurrent VVC (RVVC).
Methods: Over 1 year (Oct 2021–Oct 2022), we prospectively included 271 patients ≥18 years who attended our institution, had Candida spp. isolated in vaginal swabs, and provided informed consent. Patients were followed for 1 year. Candida spp. isolates were tested by the following techniques: crystal violet (CV) for biomass quantification, XTT for metabolic activity quantification, and microscopy for biofilm area quantification. Clinical and microbiological data were also collected.
Results: Overall, 55 (20.3%) patients experienced at least one recurrence, with 19 (7.0%) meeting the criteria for RVVC (≥3 episodes/year), with 65 episodes in total. Demographic and clinical characteristics were similar in both study groups. Most isolates were C. albicans (90.0%). Median (interquartile, [IQR]) absorbance values for CV and XTT in 18/19 RVVC and 238/252 non-RVVC isolates were as follows: CV, 1.850 (1.578–2.156) vs. 1.426 (1.081–1.823), p = 0.005; XTT, 0.184 (0.116–0.293) vs. 0.228 (0.147–0.331), p = 0.253. Median (IQR) biofilm occupation area percentage in 16/19 RVVC and 16/252 non-RVVC isolates was, respectively: 13.15 (8.54–16.9) and 10.73 (5.88–17.73), p = 0.710.
Conclusion: RVVC was associated to high biomass production. Additionally, RVVC clinical isolates exhibited a tendency toward lower metabolic activity, which may contribute to treatment failure.
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Introduction

Vulvovaginal Candidiasis (VVC) affects about 75% of women at least once in their lifetime and is characterized by Candida spp. overgrowth, often associated with non-specific bacterial vaginosis symptoms (Arechavala et al., 2021; Kalia et al., 2020). Recurrent vulvovaginal candidiasis (RVVC) affects about 4–9% of women and is defined as three or more symptomatic episodes of VVC per year, with at least two confirmed by microscopy or culture (Lines et al., 2020; Workowski et al., 2021; Yazdy et al., 2024; Neal and Martens, 2022). The dysbiosis caused by an imbalance between Candida spp. and vaginal microbiota is affected by several factors, including prolonged antibiotic usage, childbearing age, and use of contraceptives (Arechavala et al., 2021; Kalia et al., 2020; Neal and Martens, 2022; Brown et al., 2022; Díaz-Navarro et al., 2023; McKloud et al., 2021; Rodríguez-Cerdeira et al., 2020; Tits et al., 2020).

In addition, several Candida virulence factors contribute to its ability to infect the vaginal epithelium, particularly biofilm formation (Kalia et al., 2020; Mayer et al., 2013; Iliev and Underhill, 2013; Monfredini et al., 2018; Li et al., 2022; Roudbarmohammadi et al., 2016; Gonçalves et al., 2020; Wu et al., 2020). Another important aspect is the local immune response, where both a deficient immune response to Candida, allowing fungal proliferation, and an exaggerated inflammatory reaction against Candida are implicated in pathogenesis. These mechanisms have been linked to genetic polymorphisms, including NLRP3 gene variants, and alterations in innate immunity. Besides, it has been suggested that a tightly regulated fungus-host-microbiota interplay might exert a protective role against RVVC (Czechowicz et al., 2022; Rosati et al., 2020; Wang et al., 2024).

VVC treatment typically involves topical antifungal agents or single-dose or two-dose oral antifungal therapy. However, suppressive therapy is required in RVVC patients to achieve full symptom resolution (Denning et al., 2018). Moreover, resistance to conventional antifungals is an increasing problem in recent years, particularly in RVVC (Arechavala et al., 2021; Mesquida et al., 2021). The prevalence of RVVC is expected to rise rather than decline in the future (Denning et al., 2018). Therefore, there is an urgent need to search for alternative treatments that improve patient outcomes (Wang et al., 2024).

However, a deeper understanding of the key factors driving RVVC pathogenesis is essential to identify patients at risk and predict treatment success.

Therefore, the aim of our study was to identify phenotypic and clinical characteristics closely related to RVVC.



Methods

The study was carried out at a tertiary Teaching Hospital in Madrid (Spain).


Definitions


RVVC

≥3 symptomatic episodes of VVC per year, at least 2 of them confirmed by either microscopy or culture (Workowski et al., 2021; Yazdy et al., 2024; Neal and Martens, 2022).



Symptoms

Severity of symptoms (asymptomatic, mild, moderate, and severe) was assessed based on the presence of one or more of the following: vulvar erythema, vaginal itching, leukorrhea, vulvar lichenification.




Design

Prospective study based on the analysis of Candida spp. clinical isolates isolated from vaginal exudate samples of patients with one or more episodes of VVC who attended the Sexually Transmitted Diseases consultation of the Clinical Microbiology Department of our institution.

Vaginal swabs were cultured in CHROMagar™ (BioMérieux, Spain) to isolate yeasts, while MacConkey agar (BioMérieux, Spain) was used to recover lactose-positive Gram-negative bacilli. Clinical isolates were then identified using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). Clinical isolates were stored at −70°C for use in in vitro studies.



Follow-up

Over 1 year (Oct 2021-Oct 2022), patients in whom the presence of Candida spp. was detected in vaginal culture were enrolled in the study, with an additional 1-year follow-up (Oct 2022-Oct 2023). Since the presence or absence of VVC was unknown at the time of consultation, informed consent was obtained via telephone once a positive culture was detected. Additionally, patients who returned for follow-up and had initially provided consent by telephone were subsequently given written informed consent during their visit.



Sample collection

Candida spp. clinical isolates from enrolled patients were stored in the mycology laboratory for genotyping and antifungal susceptibility studies.

Once patient follow-up was completed, they were classified into two groups: non-RVVC (patient reporting <3 episodes/year) and RVVC (patient reporting ≥3 episodes/year). Classification was primarily based on the symptomatology reported by the patient, since it was not always possible to isolate the clinical strains for each episode by microbiological culture. Current guidelines do not require confirmation by culture (the British guidelines define that, if there is symptomatology, at least 1 or 2 is enough in order to identify the species) (Workowski et al., 2021). Symptom severity was categorized as mild, severe or asymptomatic.

For the analysis of variables in patients with multiple VVC episodes, the first isolated strain was selected.



Study variables

The first Candida spp. isolate from each patient in both study groups was tested for the following characteristics as previously described (24, 25): biomass production using the crystal violet (CV) assay, metabolic activity using the tetrazolium salt (XTT) assay, and biofilm occupation area using confocal laser scanning microscopy (CLSM). Clinical symptoms were also collected.

For the isolation of E. coli in the vaginal swabs, 81 out of 271 samples were available for testing, as its isolation in McConkey agar plates was only performed for a limited period.



In vitro biofilm model for biomass and metabolic activity testing

A 24-h mature biofilm in vitro model on 96-well plates. Briefly, a 24-h culture of Candida spp. was grown in 20 ml of tryptic soy broth (TSB) at 37°C for 24 h under shaking. The pellets were centrifuged three times, washed with phosphate-buffered saline (PBS), and adjusted to 108 cfu/ml in TSB. Suspensions (100 μl) were inoculated into 96-well plates and incubated overnight at 37°C. The wells were then washed three times with PBS before staining. All assays were performed in triplicate.

For the CV assay, wells were fixed with 125 μl of 99% methanol for 15–20 min at room temperature. Methanol was then removed, and 125 μl of CV was added for 10–15 min at room temperature. After staining, wells were washed with sterile water, and 125 μl of 30% acetic acid was added at room temperature for 10–15 min. Finally, the solubilized CV solution was transferred to a new plate, and absorbance at 550 nm was measured using a spectrophotometer. Results were expressed as the median (interquartile range, [IQR]) of three replicates of biomass absorbance, corrected for the negative control (Høiby et al., 2015; Coenye and Nelis, 2010).

For the XTT assay, 100 μl of XTT (with menadione 1:1000) was added to each well and incubated for 3 h in the dark. Absorbance at 492 nm was measured using a spectrophotometer. Results were expressed as the median (IQR) of three replicates of metabolic activity absorbance value relative to the negative control.

The total number of clinical isolates to be tested was 256/275 (18/19 in RVVC group and 238/252 in non-RVVC group).



Biofilm occupation area by confocal laser scanning microscopy (CLSM)

For these experiments, 16 clinical isolates from the RVVC group were included (3 out of 19 were not available), including 11 C. albicans, 3 C. glabrata, and 2 C. krusei isolates. Additionally, 16 clinical isolates from the non-RVVC group were arbitrarily selected to match the same species distribution. In vitro biofilm models of 24-well plates were used. Biofilms were formed on glass slides (Labolan, Spain) previously coated with poly-L-lysine for 24 h at 37°C. Then, 300 μl of 108 cfu/ml fungal suspension was added to the coated slides placed in the wells, followed by incubation for 24 h at 37°C. Slides were then washed three times with PBS, and 300 μl of formaldehyde was added to each well. The slides were observed under a 20× objective (Leica Geosystems AG, Heerbrugg, Switzerland), and images were processed using FIJI/ImageJ software (National Institute of Health, Bethesda, MD, USA). The median (IQR) percentage of area occupied by Candida spp. from the three different surfaces of the slides was calculated (Olson et al., 2018).

In addition, one C. parapsilosis strain (arbitrarily selected) and the only C. orthopsilosis strain were included for a qualitative assessment of the biofilm structure, allowing for comparison with the biofilms of other species.



Statistical analysis

Qualitative clinical variables were expressed as counts and percentages and compared using the chi-square test. Quantitative clinical variables were expressed as mean (standard deviation, [SD]) or median (IQR) and compared using the median test.

For the comparison of variables involving 3 or more groups, either the Kruskal-Wallis test or ANOVA was used, depending on data distribution.

Statistical significance was set at p < 0.05. All tests were performed using SPSS Statistics for Windows, v.21.0 (IBM Corp, Armonk, New York, USA).




Results

A total of 271 patients were included in the study, 55 (20.3%) of whom experienced at least one recurrence (≥1 episode/year). Among them, 19 (7.0%) met criteria for RVVC (≥3 episodes/year), accounting for a total of 65 episodes. Particularly, 12 patients had 3 episodes, 6 patients had 4 episodes, and 1 patient had 5 episodes (Table 1). The median (IQR) age of patients was 34.00 (26.00–45.00) years, with no significant differences between study groups (Table 1). Overall, 27.7% of patients had at least one vaginal isolation of Candida spp. in the previous year, with a mean (SD) of 1.60 (1.04) episodes, most with no apparent association with specific factors (67.2%). Only 7.7 and 7.4% of previous episodes were related to the menstrual cycle and sexual activity, respectively, and only 0.7% antimicrobial use (Table 1).



TABLE 1 Clinical and microbiological characteristics of the participating patients.
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Despite not being statistically significant, patients with RVVC had a higher prior use of antifungals than those with non-RVVC (26.3% vs. 13.1%, p = 0.160).

Distribution of Candida species in each study group was as follows: RVVC: C. albicans, 73.7%; C. glabrata, 15.8%; and C. krusei, 10.5%; non-RVVC: C. albicans, 91.3%; C. glabrata, 5.2%; C. parapsilosis, 1.6%; C. krusei, 1.6%, and C. orthopsilosis, 0.4%. A significantly higher prevalence of C. albicans was observed in the non-RVVC group compared to the RVVC group (91.3% vs. 73.3%, p = 0.029). Moreover, patients with non-RVVC were more frequently attended at Gynecology/Obstetrics Departments (25.8% vs. 5.3%, p = 0.029), whereas patients with RVVC were more frequently seen at the Dermatology Department (21.1% vs. 5.2%, p = 0.023) (Table 1).

Regarding symptom severity, most patients presented with mild disease (47.2%), followed by asymptomatic cases (16.6%) and those with moderate disease (15.1%), with no statistically significant differences between groups (p = 0.258). The most frequently reported symptoms were vulvar erythema and/or vaginal itching (62.7%) and leucorrhea (54.6%) (Table 1).

Although E. coli presence in vaginal swabs could only be analyzed in 81 out of 271 patients, it was exclusively found in the non-RVVC group (18.5%).


Biomass and metabolic activity production

Analysis was performed on 18/19 RVVC and 238/252 non-RVVC clinical isolates. Median (IQR) CV absorbance was significantly higher in the RVVC group (1.850 [1.578–2.156] vs. 1.426 [1.081–1.823], p = 0.005). Despite it did not reach statistical significance, median (IQR) XTT absorbance was slightly higher in the non-RVVC group (0.228 [0.147–0.331] vs. 0.184 [0.116–0.293], p = 0.253) (Figure 1).
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FIGURE 1
 Description of clinical isolates in both study groups. (A) Candida spp. distribution according to species. * statistical significance p = 0.029. (B) Median crystal violet absorbance. * Statistical significance p = 0.005. The total available number of clinical isolates to be tested was 256/275 (18/19 in RVVC group and 238/252 in non-RVVC group). (C) Median metabolic activity absorbance (XTT). NS, non-significant. The total available number of clinical isolates to be tested was 256/275 (18/19 in RVVC group and 238/252 in non-RVVC group). (D) Median percentage of biofilm occupation area. NS, non-significant. The total number of selected and available clinical isolates tested were 32 (16 from RVVC group and 16 from non-RVVC).




Biofilm occupation area by CLSM

Analysis was performed in 16/19 RVVC and 16/252 non-RVVC isolates. Median (IQR) percentage of biofilm occupation area was similar between both study groups: 13.15 (8.54–16.49) and 10.73 (5.88–17.73) in RVVC and non-RVVC, respectively (p = 0.710). In contrast, when biofilm morphology and structure were analysed according to Candida species, we C. albicans showed the highest hyphal formation, whereas C. glabrata was the one displaying higher density and extracellular matrix (Figure 2). Although only one episode of VVC caused by C. orthopsilosis was collected, it showed the lowest biofilm production (Figure 2E).

[image: Microscopic images of five Candida species are shown with green fluorescence. A displays C. albicans with branching patterns. B shows C. parapsilosis with scattered forms. C presents C. glabrata, densely packed. D illustrates C. krusei with clusters. E shows C. orthopsilosis with dispersed forms.]

FIGURE 2
 Biofilm structure according to species. We selected a representative image of each Candida species. Biofilm formation was performed on 12 mm circular glass slides pre-treated with Poly-L-lysine (1:100) for 24 h at 37°C and observed using confocal laser scanning microscopy (CLSM, Leica Geosystems AG, Heerbrugg, Switzerland) and the APO 63X glycerol immersion objective. Biofilm images (280×280 μm) were captured from three different areas of the slide in triplicate and then processed using the FIJI/ImageJ software (National Institute of Health, Bethesda, MD). The percentage of area occupied by yeasts and hyphae was calculated for each sample. (A) Candida albicans; (B) Candida parapsilosis; (C) Candida glabrata; (D) Candida krusei; (E) Candida orthopsilosis.





Discussion

Considering that RVVC is common condition among women and significantly impacts their sexual health, fertility and reproductive capacity, it is important to investigate the factors contributing to its occurrence to identify effective solutions (Yazdy et al., 2024). Various predisposition factors act as molecular drivers that lead to dysbiosis of the normal vaginal microbiota. Therefore, understanding the molecular mechanisms underlying the virulence pathways driven by these factors is crucial for identifying potential drug targets (David and Solomon, 2023).

In the present study, 20.3% of patients experienced at least one recurrence, and 7.0% were classified as RVVC, having ≥3 episodes/year. Our findings indicate that Candida species isolated from women with RVVC had higher biomass and lower metabolic activity. This suggests that sessile cells not only form thicker and denser biofilms but also avoid antifungal action without being fully eradicated. In their dormant state, these cells can persist and later re-infect the vaginal site under conditions of dysbiosis that favor regrowth. In RVVC, dormancy of Candida species plays a crucial role in the antifungal treatment failure and subsequent reinfection. Dormant fungal cells, such as persister cells and biofilm-associated Candida, exhibit a slowed metabolic state that reduces their susceptibility to antifungal treatments, which primarily target actively growing cells. This resistance mechanism allows Candida to survive treatment and later reactivate, leading to reinfection. Additionally, biofilms provide a protective environment that shields the fungus from antifungal agents and immune responses, further contributing to therapeutic failure. As a result, even after apparent resolution, Candida can persist in the vaginal mucosa or recolonize from the gut or sexual partners, leading to recurrent episodes despite treatment (Muzny and Schwebke, 2015).

It was also observed that most patients with non-RVVC were diagnosed in the Gynecology/Obstetrics department, while patients with RVVC were mainly diagnosed and followed up in the Dermatology department. This suggests that non-RVVC cases were often incidentally detected during routine pregnancy exams, whereas more complicated, symptomatic and recurrent cases were intentionally monitored by dermatologists. This was corroborated by the higher proportion of moderate-to-severe episodes in the RVVC group (31.6%) compared to the non-RVVC group (14.7%), although this difference was not statistically significant (p = 0.258).

Another interesting finding in our study was that biofilm morphology varied depending on the Candida species, being C. albicans the one that exhibited the highest hyphal formation and C. glabrata the one with the lowest hyphae formation, consistent with previous studies (Olson et al., 2018; Ferreira et al., 2009; Pierce et al., 2017). However, these morphological differences were not observed according to biofilm occupation area, as median (IQR) percentage of occupation was similar between RVVC and non-RVVC groups (13.15 [8.54–16.49] vs. 10.73 [5.88–17.73], p = 0.710).

Regarding the simultaneous presence of E. coli in vaginal cultures, we observed that E. coli was only present in non-RVVC patients. This finding warrants further investigation, as it suggests that the simultaneous presence of E. coli may protect against recurrence, as we previously demonstrated (Díaz-Navarro et al., 2023).

Moreover, it is important to highlight the need for further research into potential therapeutic strategies for VVC, particularly those targeting probiotics and vaginal microbiota transplantation as means to restore the balance of dysbiotic vaginal microbiota (Wang et al., 2024).

One of the main limitations of the study is that we were not able to recover all clinical isolates for experimental analysis. However, the sample size was high enough to yield reliable results. In addition, we did not included information on the use intrauterine devices. Thus, future studies should evaluate the association between Candida biofilms on IUDs and their potential role as reservoirs for reinfection. Moreover, a more in-depth investigation into the role of genetic and immune factors in the pathogenesis of RVVC is necessary.



Conclusion

RVVC was associated to high biomass production. Although no statistically significant difference was observed, there was a tendency for RVVC clinical isolates to exhibit lower metabolic activity. This may contribute to treatment failure, as antifungal agents have limited efficacy against metabolically inactive cells. We suggest that quantifying biofilm production in Candida spp. clinical isolates causing RVVC could provide a better understanding of treatment failures and improve therapeutic strategies.
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Background: Human papillomavirus (HPV) vaccination is expected to reduce the burden of cervical cancer and other HPV-related diseases. However, if competition exists among HPV types, type replacement may occur following the reduction of vaccine-targeted types. Here, we conducted the study to explore natural HPV type competition in unvaccinated women.
Methods: HPV DNA test results from cervical samples collected between January 2013 and July 2023 at Xiamen University's Women and Children's Hospital were analyzed. In cross-sectional study, first-visit HPV genotyping results were used, and logistic regression model was constructed to evaluate interactions between vaccine-targeted and other HPV types. In cohort of women with multiple visits, the risk of acquiring other HPV types was compared between women infected with vaccine-targeted types and those HPV-negative using Cox proportional hazards model.
Results: Among 159,049 women, 19.8% tested HPV-positive, with 5.1% having multiple types. Significant negative associations were observed between HPV-6 and HPV-72 (OR: < 0.01; 95%CI: < 0.01–0.03), HPV-18 and HPV-72 (OR: < 0.01; 95%CI: < 0.01–0.02), HPV-31 and HPV-83 (OR: < 0.01; 95%CI: < 0.01–0.55), HPV-33 and HPV-26 (OR: < 0.01; 95%CI: < 0.01–0.81), HPV-45 and HPV-55 (OR: < 0.01; 95%CI: < 0.01– < 0.01), HPV-56 and HPV-26 (OR: < 0.01; 95%CI: < 0.01–0.09), as well as HPV-59 and HPV-69 (OR: < 0.01; 95%CI: < 0.01–0.68), suggesting potential type competition. However, no type competition pair was found in the cohort study. Conversely, women with vaccine-targeted types had a higher risk of acquiring other types (HR > 1.0).
Conclusions: Our findings suggested that HPV-6 and HPV-72, HPV-18 and HPV-72, HPV-31 and HPV-83, HPV-33 and HPV-26, HPV-45 and HPV-55, HPV-56 and HPV-26, HPV-59 and HPV-69 were potential type competition pairs.
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human papillomavirus (HPV), infection, type competition, cervical cancer, HPV vaccine


1 Background

Human papillomavirus (HPV) is a pathogenic microorganism primarily transmitted through sexual contact. Currently, over 200 types have been identified, with more than 40 types associated with genital infections that can be transmitted through sexual contact (Chiarini et al., 2019; Nguyen et al., 2022). Currently, 13 HPV types are classified as high-risk: HPV-16, −18, −31, −33, −35, −39, −45, −51, −52, −56, −58, −59, and−68 (Kreimer et al., 2013). Up to 70% of cervical cancers are attributed to HPV-16 and HPV-18, while collectively, HPV-16, −18, −31, −33, −45, −52, and−58 account for ~90% of cervical cancer cases (Bruni et al., 2021). In recent years, the incidence and mortality rates of cervical cancer in China have shown an upward trend, rising from 3.8/100,000 person-years and 1.2/100,000 person-years in 2003 to 12.3/100,000 person-years and 3.5/100,000 person-years in 2016 (Chen et al., 2013, 2015, 2018a; Di et al., 2015; Zhang et al., 2018; Zheng et al., 2019, 2023). According to the 2023 ICO report (Bruni et al., 2023), in 2020, there were ~110,000 new cases of cervical cancer and about 59,000 deaths in China, accounting for 20% of the global total. Cervical cancer has become one of the significant public health threats to women's health in China.

There are currently six vaccines available worldwide, since the prophylactic vaccine became available in 2006, including the three bivalent vaccines, Cervarix® (GlaxoSmithKline; Wavre, Belgium), Cecolin® (Xiamen Innovax Biotech Co Ltd; Xiamen, Fujian Province, China), and Walrinvax® (Walvax Biotechnology Co; Kunming, Yunnan Province, China) which target the 2 most carcinogenic types, HPV-16 and HPV-18, two quadrivalent vaccines, Gardasil® (Merck & Co, Kenilworth, NJ, USA) and Cervavac® (Serum Institute of India (SII), Pune, India), which target HPV-16, −18, −6, and−11, the later 2 types responsible for ~90% of genital warts (condyloma acuminata), and one nonavalent vaccine Gardasil®9 (Merck & Co, Kenilworth, NJ, USA), which targets HPV-6, −11, −16, −18, −31, −33, −45, −52, and−58 (Petrosky et al., 2015; Castle, 2023). The effectiveness of HPV vaccines has been widely proven, and 141 (72.7%) countries have introduced HPV vaccine into their national immunization programs (World Health Organization, 2024). With the implementation of the HPV vaccine immunization program and high coverage, studies have shown a significant reduction in the prevalence of HPV infection and high-grade cervical precancerous lesions (Dong et al., 2021). The domestically developed nonavalent HPV vaccine by Xiamen University has successfully concluded Phase II clinical trials, showing promising immunogenicity, and Phase III clinical trials are currently in progress (Hu et al., 2023).

The preventive HPV vaccine holds the promise of ultimately reducing or even eliminating the burden of cervical cancer and other related diseases caused by HPV infection. However, the vaccine can only prevent infection and lesion related to the vaccine-targeted types, and the current vaccines do not target all high-risk HPV types. It is of great concern whether the “type replacement” would occur after the implementation of HPV vaccination (Man et al., 2019). Type replacement is defined as an increase in the infection rate of certain HPV type due to the elimination of some HPV types (Tota et al., 2017). In previous studies, type replacement has been observed in post-pneumococcal vaccination (Weinberger et al., 2011), raising concerns that a similar phenomenon could occur with HPV vaccine, potentially hindering the success of vaccination in reducing the incidence and mortality of HPV-related diseases. As the HPV vaccination rate will greatly increase with the nationwide promotion of HPV vaccination pilot programs in China, it is crucial to explore the possible of HPV type replacement to evaluate the impact of HPV vaccination on the disease burden of cervical cancer comprehensively, and thereby provide a scientific basis for the formulation of cervical cancer prevention and control strategies in China. The best way to evaluate HPV type replacement is the comparison of infection with non-vaccine-targeted types in vaccinated population vs. unvaccinated population or the comparison of those in post-vaccination vs. pre-vaccination period by long-term surveillance. However, the introduction of HPV vaccine is late and the coverage of HPV vaccine is low in China. It is difficult to directly observe whether HPV type replacement occurs after vaccination. Previous research has proposed that the potential for type replacement after HPV vaccination depends on the competitive interactions between HPV types. Therefore, it is possible to study HPV type competition by evaluating the interactions between HPV types in unvaccinated population (Tota et al., 2013). Recently, Yingying Su et al. explored HPV type competition in an unvaccinated population, and the results suggested the possibility of type competition between HPV-16 and HPV-52, HPV-18 and HPV-51, −52, −58, HPV-31 and HPV-39, −51, −52, −53, −54, −58, HPV-33 and HPV-52, −58, HPV-58 and HPV-52, HPV-6 and HPV-39, −51, −52, −53, −54, −56, −58. However, this study was based on cross-sectional data with a limited sample size (Su et al., 2024). In this study, we plan to evaluate the interactions between HPV types through cross-sectional and cohort studies with a larger sample size to assess the potential for HPV type competition and type replacement.



2 Methods


2.1 Subject population and specimen collection

The subjects in the study were women who underwent HPV testing at the Women and Children's Hospital, School of Medicine, Xiamen University, China from January 2013 to July 2023. Participants lacking age and identity information were excluded from the study. Gynecologists collected cervical exfoliated cells from outpatient women strictly following standard procedures, which were then preserved in a solution for HPV DNA analysis. The study was approved by the Ethics Committee of Women and Child's Hospital, School of Medicine, Xiamen University (approval number KY-2024-025-K02).



2.2 HPV DNA testing

Two commercial HPV GenoArray Diagnostic kits, HBGA-21PKG and HBGA-37PKG, were used for HPV DNA typing, detecting 21 and 37 types, respectively. The HBGA-21PKG kit (2013-2017) identified 13 HR-HPV (HPV-16, −18, −31, −33, −35, −39, −45, −51, −52, −56, −58, −59, and−68) and 8 LR-HPV (HPV-6, −11, −42, −43, −44, −53, −66, and−81) types, while the upgraded HBGA-37PKG kit (since 2018) can detect other 16 types (HPV-26, −34, −40, −54, −55, −57, −61, −67, −69, −70, −71, −72, −73, −82, −83, −84). By using polymerase chain reaction (PCR) to amplify HPV DNA extracted from cervical samples, the resulting amplicons are hybridized with specific HPV probes within the patented “HybriMem” system, utilizing our US-patented flow-through hybridization technology. The results are obtained through a colorimetric detection method using enzyme immunoassay. Both kits were approved by the National Medical Products Administration (NMPA) and have high sensitivity and specificity (>95%) compared to FDA approved HPV Genotyping assay (Liu et al., 2010; Yang et al., 2016). They are widely recognized in medical institutions and scientific research (Hybribio, 2012; Baloch et al., 2016; Li et al., 2016; Luo et al., 2020; Gao et al., 2021). The tests were performed according to the manufacturer's protocol, which has been detailed in our previous publication (Yao et al., 2024). Briefly, the experimental protocol includes DNA extraction using magnetic beads, PCR amplification, hybridization using the HPV GenoArray Diagnostic Kit, and signal processing. Extracted DNA was subjected to PCR amplification using HPV L1 consensus primers, followed by flow through hybridization on a probed membrane for the detection of HPV types. The results were manually interpreted using the provided guide, the blue dot on the probed membrane indicated a positive result, multiple dots showed multiple infections. Controls were included for quality assurance in each test (Ajenifuja et al., 2018; Wang et al., 2018; Wüstenhagen et al., 2018; Shen et al., 2023; Yao et al., 2024).



2.3 Statistical analysis

Firstly, we included HPV genotyping result from the first visit for cross-sectional study (Figure 1). Difference in positive rate of HPV infection among different age, marital status and nationality groups were analyzed using χ2 test. Binary logistic regression was constructed to evaluated the association between infection with the HPV vaccine-targeted types (Models for HPV-6, −11, −16, −18, −31, −33, −45, −52, and−58) and infection with each of other types. Of note, all women were included in the analysis of common 21 types detected by 21 and 37 genotyping kits, while women presenting from 2018 to 2023 were further selected for the analysis of 16 additional types, HPV-26, −34, −40, −54, −55, −57, −61, −67, −69, −70, −71, −72, −73, −82, −83, and −84. HPV type-type interactions were assessed by calculating the odds ratios (OR) and 95% confidence intervals (CI) using a logistic regression model, with age as a covariate.


[image: Flowchart of a study design. It begins with women who underwent HPV testing at a hospital, divided into those with and without complete information. The study follows two paths: a cross-sectional study using first visit records and a cohort study with single record per woman. Data analysis includes logistic regression on first visit and survival analysis on multiple visits. Women are categorized into exposed (infected with specific HPV) and non-exposed groups. Final steps involve constructing a model to evaluate association between HPV types and incidents.]
FIGURE 1
 A flow diagram summarizing the study steps and data analysis procedures. a. Exposed group: baseline positivity for specific HPV (HPV-6/11/16/18/31/33/45/52/58/35/39/51/56/59/68).


To further explore the association between HPV vaccine-targeted types and other types, we conducted an analysis of women with multiple visits (Figure 1). Due to the low prevalence of the newly added 16 HPV types, only the 21 types from 2013 to 2023 were included in the analysis. We compared the risk of sequential acquisition of non-vaccine-targeted HPV types between women infected with HPV vaccine-targeted types and women with negative for HPV. Considering that the majority of cervical HPV infection will clear within 2 years, the study allowed for a maximum follow-up duration of 2 years to assess acquisition (Wüstenhagen et al., 2018; Zhou et al., 2019) (if the subject was persistent infection, continue to observe for 2 years from the last detection of the HPV type). A sensitivity analysis was also conducted with an extended follow-up period of up to 3 years. Cox proportional hazards regression was used to estimate hazard ratios (HR) and 95% confidence intervals (CI) for analyses of interaction of HPV vaccine-targeted types and other HPV types. Women with vaccine-targeted types as the exposed group, and women with negative for HPV as the non-exposed group, HRs of <1.0 indicate that the risk of becoming infected with a specific non-vaccine-targeted HPV types was lower among those infected with a vaccine-targeted HPV types, thus implying potential type competition between these types.

In addition, we also analyzed the interactions between the remaining six high-risk HPV types (HPV-35, −39, −51, −56, −59, −68) and other types. The significance threshold was set at P < 0.05. Statistical analyses were performed using R version 4.3.2.




3 Results


3.1 Cross-sectional study

Among 159,049 women, with a median age of 35 (range, 15–92), 19.8% were positive for HPV (n = 31,502). The prevalence of HPV in women aged <35 years and women aged 35–65 years were 19.7% and 19.9%, respectively, and both lower than those aged >65 years (25.0%). The HPV infection rate is relatively higher in unmarried women (23.7%) compared to married women (17.8%), and women from minority nationalities (27.2%) have a higher HPV infection rate than Han women (19.7%) (P < 0.001). Single HPV type was detected in 74.3% (n = 23,419) and multiple HPV types were detected in 25.7% (n = 8,083) of positive population. Single HPV infection was the most common pattern across different age groups, marital statuses, and nationalities (Table 1). The analysis of HPV type distribution of single and multiple infections was conducted in women who underwent testing with the HBGA-37 PKG kits (N = 83191). As we have reported previously (Yao et al., 2024), HPV-52 (3.5%), −58 (2.1%), −16 (2.0%), −51 (1.6%), and−39 (1.6%) were the five most common types and were primarily single infections (Figure 2).


TABLE 1 Characteristics of participants at baseline.

[image: A table showing HPV infection data by total, age, marital status, and nationality. It details the number of cases, positive percentages with 95% confidence intervals, and proportions for all, single, and multiple infections. Significant differences appear in the P values for each category, with values under 0.001 indicating strong statistical significance. The groups are broken into subcategories such as age ranges and marital statuses, with variations in positive percentages and proportions.]


[image: Bar chart showing the prevalence of single and multiple HPV infections across different HPV types with a sample size of 83,191. Prevalence percentage is on the y-axis, HPV types on the x-axis. Types with higher prevalence include HPV-52, HPV-58, and HPV-16, with both multiple and single infections shown in different colors.]
FIGURE 2
 HPV types distribution of single and multiple infections. The colors purple and pink indicate single and multiple infections.


As shown in Figure 3 and Supplementary Figure 1, in the pairwise comparisons of 15 HPV types (the current 9 vaccine-targeted types and other 6 high-risk types) and other 20 types, no significant negative association was observed. Further analysis of the association between these 15 types and the other 16 types introduced in 2018, statistically significant negative correlation were observed between several pairs of types: HPV-6 and HPV-72 (OR: < 0.01; 95%CI: < 0.01–0.03), HPV-18 and HPV-72 (OR: < 0.01; 95%CI: < 0.01–0.02), HPV-31 and HPV-83 (OR: < 0.01; 95%CI: < 0.01–0.55), HPV-33 and HPV-26 (OR: < 0.01; 95%CI: < 0.01–0.81), HPV-45 and HPV-55 (OR: < 0.01; 95%CI: < 0.01– < 0.01), HPV-56 and HPV-26 (OR: < 0.01; 95%CI: < 0.01–0.09), as well as HPV-59 and HPV-69 (OR: < 0.01; 95%CI: < 0.01–0.68).


[image: Grid displaying twelve bar charts, each representing gene expression levels for different samples labeled with identifiers. Horizontal bars indicate expression quantities on the X-axis, with gene names on the Y-axis. Charts are organized in a three-by-four format, showcasing diverse data sets.]
FIGURE 3
 Age-adjusted odds ratios (ORs) for coinfections involving vaccine-targeted HPV types and other HPV types. (a) HPV-6 and other HPV types, (b) HPV-11 and other HPV types, (c) HPV-16 and other HPV types, (d) HPV-18 and other HPV types, (e) HPV-31 and other HPV types, (f) HPV-33 and other HPV types, (g) HPV-45 and other HPV types, (h) HPV-52 and other HPV types, and (i) HPV-58 and other HPV types.




3.2 Cohort study

Among women with type-specific negative for HPV at baseline, 1,348 women acquired any HPV infection during follow-up, with the incidence of 41.29/1,000 person-years, and the risk of acquisition of HR-HPV and LR-HPV were 32.51/1,000 person-years and 19.99/1,000 person-years, respectively. Similarly, HPV-52 was the most commonly acquired type, with the incidence of 8.39/1,000 person-years, followed by HPV-51, −58, −39 and−16, with the incidence of 5.98/1,000 person-years, 5.71/1,000 person-years, 4.88/1,000 person-years and 4.21/1,000 person-years, respectively. Most HPV types are prone to multiple infections, while HPV-53 is less likely to be detected in co-infections with other types (Table 2).


TABLE 2 Prevalence at enrollment and incidence of HPV infection in cohort of 20,038 women.

[image: Table showing HPV infection data categorized by HPV type, detailing prevalence at study entry, number of participants, follow-up person-years, and incidence rates per 1,000 person-years for all infections, with and without coinfections. Categories include high-risk and low-risk HPV types, alongside specific species categories with corresponding data.]

In the subsequent analysis, women were grouped according to the presence of HPV infection, exposed group: women who were infected with 15 types, respectively, non-exposed group: women who were negative for HPV, and HPV type-specific incidence between two groups during follow-up period was compared. We found that prior infection with HPV-18 seemed to reduce the risk of acquiring HPV-6 (HR: 0.69, 95%CI: 0.10–4.96), however, the difference was not significant. Similar patterns were observed between HPV-31 and HPV-39 (HR: 0.62, 95%CI: 0.09–4.45), HPV-31 and HPV-53 (HR:0.53, 95%CI: 0.07–3.78), HPV-52 and HPV-6 (HR: 0.15, 95%CI: 0.02–1.05), HPV-58 and HPV-44 (HR: 0.32, 95%CI: 0.04–2.30), HPV-51 and HPV-6 (HR: 0.50, 95%CI: 0.07–3.58). Other results did not suggest that prior infection with any vaccine-targeted types (HPV-6, −11, −16, −18, −31, −33, −45, −52 and−58) inhibited acquisition of other types. Rather, the presence of preexisting infection with vaccine-targeted types actually increased the risk of acquiring other types (HR > 1.0, Figure 4 and Supplementary Figure 2).


[image: Graphical data visualization displaying hazard ratios for different HPV types across multiple panels. Each panel includes bars representing HPV types with corresponding hazard ratios and confidence intervals. The layout consists of twelve panels arranged in a grid, each labeled with specific identifiers related to study data. The panels are uniformly formatted with axes indicating hazard ratios and HPV type labels, demonstrating the variation in risk associated with each type.]
FIGURE 4
 Hazard ratios and 95%CI for acquisition of non-vaccine-targeted HPV types in 2 years: women infected with HPV vaccine-targeted types (6, 11, 16, 18, 31, 33, 45, 52, and 58) vs. women with negative for HPV. (a) HPV-6 and other HPV types, (b) HPV-11 and other HPV types, (c) HPV-16 and other HPV types, (d) HPV-18 and other HPV types, (e) HPV-31 and other HPV types, (f) HPV-33 and other HPV types, (g) HPV-45 and other HPV types, (h) HPV-52 and other HPV types, and (i) HPV-58 and other HPV types.


To avoid underestimating the incidence of HPV infection, we further performed a sensitivity analysis by extending the follow-up period to 3 years. Although the differences were not statistically significant, we also found that prior infection with HPV-18 had reduced the risk of acquiring HPV-6 (HR: 0.70, 95%CI: 0.10–5.04), and similar trends were observed between HPV-31 and HPV-39 (HR: 0.59, 95%CI: 0.08–4.21), HPV-52 and HPV-6 (HR: 0.16, 95%CI: 0.02–1.17), HPV-58 and HPV-44 (HR: 0.58, 95%CI: 0.14–2.36), HPV-51 and HPV-44, −66 (HR: 0.62, 95%CI: 0.09–4.48; HR: 0.79, 95%CI: 0.11–5.71; respectively), HPV-68 and HPV-18(HR: 0.77, 95%CI: 0.11–5.51). In conclusion, no evidence was found that infection with HR-HPV types or HPV6/11 would reduce the risk of acquisition of other types (Supplementary Figures 3, 4).




4 Discussion

With the wide application of HPV vaccine, a concern has been raised that it may lead to HPV type replacement. It can provide insights concerning natural HPV type competition and potential for type replacement to assess pre-vaccine epidemiological data. In this study, we studied the possibility of HPV type competition using regression and cohort approach. We observed a large number of positive associations, while a few negative associations in HPV co-infection patterns among women from Xiamen, China in cross-sectional study, and we did not observe any statistically significant HR < 1.0, conversely, several statistically significant HR > 1.0 were observed in cohort study.

In general, our results were consistent with prior studies, which suggested null or positive associations between HPV types (Plummer et al., 2007; Vaccarella et al., 2010; Rositch et al., 2012; Vaccarella et al., 2013; Su et al., 2024). Two studies based on women undergoing cervical cancer screening at New Mexico and Shengjing Hospital of China Medical University, respectively, using logistic regression, reported significant negative associations between HPV-72 and HPV-84 (Yang et al., 2014) and between HPV-16 and HPV-52 (Nie et al., 2016). Consistent with study conducted by Elizabeth Louise Dickson (Dickson et al., 2013), negative association was also observed between HPV-31 and HPV-83 in our study. Moreover, negative associations were observed between HPV-6 and HPV-72, HPV-18 and HPV-72, HPV-33 and HPV-26, HPV-45 and HPV-55, HPV-56 and HPV-26, as well as HPV-59 and HPV-69, suggesting the possibility of type competition between these paired types. Although HPV-55, −69, −72 and−83 are considered as low-risk types, research shows that their risk is increasing (Brown et al., 1999; Kantathavorn et al., 2015; Shea et al., 2020; Gao et al., 2024). According to recent studies, HPV-26 was considered as high-risk types that may play a significant role in the development of cancer (Handisurya et al., 2007; Chen et al., 2018a,b; Zhou et al., 2019; Zhong et al., 2022). With the increasing coverage of HPV vaccine, infection with HPV-26, −72, −83 and −55 need to be monitored.

Few cohort studies were performed to explore HPV type competition. Previous natural history studies have not found that prior infection with one or more HPV types can inhibit infection with other types or promote the clearance of other types, but these studies did not specifically analyze vaccine-targeted types. Tota et al. (2016) conducted a cohort study to compare the incidence and clearance of over 30 non-vaccine-targeted types between the women who were positive for HPV vaccine-targeted types and women who were negative for HPV. The results showed that women infected with HPV vaccine-targeted types had a higher risk of infection with other types (HR > 1.0). Similarly, we also found that women infected with vaccine-targeted types had a higher risk of acquiring other types compared to uninfected women (HR > 1.0). Although not statistically significant, lower HPV incidence point estimates of HPV-6/18/39/44/66 were observed in women with prior HPV-18/31/51/52/58/68 infection vs. in women with negative for HPV. However, our cohort population consisted of patients who had visited the hospital multiple times, women with negative for HPV were less likely to follow up. Moreover, the number of incident infections (especially for less common HPV types) was low. Considering the differences of follow-up interval and follow-up frequency in the study population, and the confounding factors, such as sexual behavior, the finding needs further exploration in large sample population with regular follow-up cohort.

The strength of our study is its assessment of HPV type competition using regression and cohort approach simultaneously in a large sample size of Chinese women, which provide insights concerning natural HPV type competition and HPV type replacement. However, there are some limitations: (1) We did not collect high-risk behavioral factors for confounding analysis, such as the number of sexual partners, age of first sexual activity, smoking, and other details; (2) The limited sample size in the cohort follow-up population, especially the small number of HPV-negative women, may reduce the statistical power; (3) Only 21 types were included in the cohort study due to the small number of 37 types data. However, the types (HPV-26, −55, −69, −72, −83) showing negative associations in the cross-sectional analysis were the additional types detected in the 37-type assay, whereas these types were not analyzed in the cohort study. And further accumulation of 37 type data is required to corroborate the type competition between several pairs of HPV types in cohort studies.

In summary, the large sample cross-sectional study found that there is possibility of type competition between HPV-6 and HPV-72, HPV-18 and HPV-72, HPV-31 and HPV-83, HPV-33 and HPV-26, HPV-45 and HPV-55, HPV-56 and HPV-26 and HPV-59 and HPV-69. Future prospective studies are needed to assess the long-term potential for HPV type competition.
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Background: The commensal Escherichia coli population may significantly influence the pathogenesis of extraintestinal infections. The assignment to specific sequence type (ST) lineages and the presence of particular combinations of virulence genes are characteristic features of extraintestinal pathogenic E. coli (ExPEC)—although not exclusively. Extraintestinal virulence genes are also identified among commensal E. coli. This study aimed to examine the genotypic and phenotypic characteristics of the extraintestinal virulence potential of two populations of commensal E. coli isolates from adults and young children.
Methods: Genotypic traits were detected using polymerase chain reaction (PCR). Appropriate phenotypic assays and real-time PCR were used to analyze the expression of virulence factors. Multilocus sequence typing was performed using the seven-loci Achtman scheme.
Results: Genotypic studies revealed the virulence potential of the commensal isolates, and phenotypic analyses confirmed whether the genes are expressed. E. coli from adults carried pathogenicity islands and virulence genes in significantly higher proportions, resulting from the dominance of phylogroup B2 in this set of isolates. The hemolytic activity and higher levels of siderophore receptor expression were more common in E. coli from adults and were closely related to the dominance of phylogroup B2. Other traits not associated with phylogroup B2, such as adhesion abilities mediated by type 1 and P fimbriae and strong biofilm formation propensities, were detected with similar frequencies in both pools of isolates. E. coli harboring pathogenicity islands were subjected to multilocus sequence typing analysis. Sequence types ST73, ST59, ST131, ST95, ST141, and ST69 were most common in isolates from adults, whereas ST10, ST155, ST59, and ST1823 from children. In our collection of E. coli, the ST73 exhibited the highest potential for extraintestinal virulence.
Conclusion: A significant proportion of E. coli from adults compared to young children exhibited considerable virulence potential, which may enable them to function as endogenous pathogens. Our research highlights the significant accumulation of extraintestinal pathogenicity features in commensal E. coli, indicating the need to monitor genetic and phenotypic profiles in “silent” potential pathogens.
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Introduction

Escherichia coli is one of the most genetically diverse microorganisms, capable of colonizing and thriving in various vertebrate host niches or environmental habitats (Braz et al., 2020; Denamur et al., 2021). In humans, it is a member of the physiological gut microbiota (Tenaillon et al., 2010; Martinson and Walk, 2020). However, some commensal E. coli can cause infections outside the gastrointestinal tract, such as urinary tract infections (UTIs), sepsis, neonatal meningitis, pulmonary infections, and constitute a rather specific group of opportunistic pathogens (Dobrindt et al., 2013; Frankel and Ron, 2018; Pokharel et al., 2023). Such E. coli strains are called Extraintestinal pathogenic E. coli (ExPEC) (Kaper et al., 2004; Dale and Woodford, 2015). Global morbidity and mortality rates due to ExPEC infections are significant and increasing over time, leading to economic losses for health systems (Poolman and Wacker, 2016; Frankel and Ron, 2018). The urinary tract is the most common extraintestinal site infected by E. coli, and consequently, a common source of bloodstream infections (Russo and Johnson, 2003; Paramita et al., 2020). ExPEC strains isolated from clinical cases show significant differences in genome size, phylogenetic affiliation, and serotypes (Moreno et al., 2008; McLellan and Hunstad, 2016). This significant diversity results from the plastic structure of the genome, which is influenced by horizontal gene transfer (HGT) or homologous recombination, enabling bacteria to adapt to new environments (Dobrindt et al., 2003, 2013). The characteristic feature of ExPEC is the carriage of numerous specific virulence genes (VGs) encoding adhesins, iron acquisition systems, protectins, and toxins on larger genetic platforms termed pathogenicity islands (PAIs) (Östblom et al., 2011; Dobrindt et al., 2013; Sarowska et al., 2019; Denamur et al., 2021). Clinical ExPEC strains are often defined by their number and constellation of VGs; however, a precise characterization is not possible because they lack a distinct and unique set of VGs specific to a particular disease type. Various combinations of VGs can lead to the same extraintestinal disease outcome, which defines an ExPEC pathotype (Köhler and Dobrindt, 2011; Dobrindt et al., 2013; Manges et al., 2019).

Numerous reports mention the presence of ExPEC virulence genes in commensal E. coli (Nowrouzian et al., 2003; Vollmerhausen et al., 2011; Starčič Erjavec and Žgur-Bertok, 2015; Bok et al., 2018). These strains commonly harbor genes that encode P fimbriae, type 1 fimbriae, capsular antigens (K1 and K5), α-hemolysin, and aerobactin, and often belong to phylogroups B2 and D, which are associated with extraintestinal pathogenicity. It was hypothesized that these factors might primarily be related to fitness, with extraintestinal pathogenicity serving as a secondary effect. Regarding the prevalence of these virulence or fitness-associated genes and their phylogroup classification, these strains resemble typical ExPEC isolates (Nowrouzian et al., 2001b, 2001a; Dobrindt et al., 2013). It was also reported that commensal E. coli often carry PAIs associated with the aforementioned VGs. This suggests that the intestinal microbiota may act as a reservoir for bacteria that can cause extraintestinal infections (Sabaté et al., 2006; Li et al., 2010). Such strains can exist asymptomatically for a long time in the intestines, making the line between commensalism and pathogenicity very thin and rendering it nearly impossible to distinguish commensals from these pathogens (Tenaillon et al., 2010; Köhler and Dobrindt, 2011; Dobrindt et al., 2013).

The presence of virulence genes among E. coli strains in the colonic microbiota has been confirmed in many studies (Nowrouzian et al., 2003; Gordon et al., 2005; Moreno et al., 2009; Vollmerhausen et al., 2011; Al Mayahie, 2014; Starčič Erjavec and Žgur-Bertok, 2015; Bok et al., 2018). Nevertheless, the extent to which these genes are expressed and may reveal virulence characteristics remains uncertain. There are a limited studies concerning phenotypic analysis of ExPEC-related virulence factors. Commensal E. coli strains have been reported to exhibit adhesion to the colonic cell line HT-29 (Nowrouzian et al., 2006). Another comparative study showed that fecal E. coli display higher mannose-sensitive (MS) hemagglutination but lower mannose-resistant (MR) hemagglutination and hemolysis than pathogenic strains (Shruthi, 2012). The analysis of biofilm formation indicated a strong ability to form biofilm in 33% of commensal E. coli strains (Raimondi et al., 2019). Some reports indicated that fecal and rectal E. coli strains could produce siderophores associated with extraintestinal virulence (Henderson et al., 2009; Searle et al., 2015).

Multilocus sequence typing (MLST) is becoming increasingly important in characterizing ExPEC strains to identify clonal complexes gene lineages (Riley, 2014; Manges et al., 2019). The analyses of ExPEC associated with both community-onset and healthcare-associated infections, particularly urinary tract infections and bloodstream infections, from various continents have demonstrated that lineages including sequence types (STs): ST131, ST95, ST73, ST69, ST393, ST10, ST12, ST38, and ST405, are globally disseminated and responsible for the majority of ExPEC infections (Riley, 2014; Manges et al., 2019; Denamur et al., 2021; Manges et al., 2019). A limited number of studies focused on E. coli stool isolates, which may explain why many STs had low detection rates (Massot et al., 2016; Manges et al., 2019; Marin et al., 2022).

Considering that ExPEC strains originate from intestinal E. coli and can exist asymptomatically in the human intestine for years as commensals, it is unlikely that these strains can be eradicated. Hence, their monitoring is critical to obtain the widest possible knowledge about the spread of such strains in different populations of healthy individuals. In this study, a collection of fecal E. coli from healthy adults and young children was characterized to estimate the proportion of strains exhibiting ExPEC features. We examined the extended phylogenetic structure, presence of PAIs, VGs, the structure of the two fimbrial operons for type I and P fimbriae, and the ability to undergo MS and MR agglutination, hemolysis, biofilm formation, and expression of siderophore receptors. In addition, MLST was performed, and STs were determined.



Materials and methods


Sample collection, E. coli identification, and study design

In this study, we analyze the set of 143 commensal E. coli isolates from adults aged 18–54 years and 50 from young children aged 0.5–3 years. These isolates complement the broader collection described in detail in a previous study (Bok et al., 2018). Briefly, fecal samples from adults and young children were collected in 2018–2020. Each sample was represented by a single colony showing a typical E. coli morphology on MacConkey agar, randomly selected and identified using MicroScan AS4 (Beckman Coulter). In doubtful cases, the species E. coli was additionally confirmed by the BD™ Bruker MALDI Biotyper. E. coli isolates were frozen as a glycerol stock at −80°C until further analysis. The DNA extraction was carried out using the thermal cell lysis method; 3–6 μL of the boiled bacterial supernatant was used as a template in all the PCR reactions.

The experimental design is presented in the supplementary material (Supplementary Figure S1).



Extended phylogenetic typing

The phylogenetic designations of the E. coli isolates were determined by following the revised phylogenetic typing method described by Clermont et al. in 2013. E. coli isolates were classified into phylogroups A, B1, B2, D, and F using a new quadruplex PCR. Additional specific PCR screening was performed to assign E. coli into phylogroups C, E, and clade I (Clermont et al., 2011, 2013). E. coli reference (ECOR) collection strains (Institut Pasteur Collection, Paris, France) were examined as positive and negative controls, respectively, in all PCR reactions.



Pathogenicity islands, virulence genes, and fimbrial operons genotyping

The E. coli isolates were screened for the presence of the five most prevalent PAIs typical for uropathogenic E. coli: PAI I CFT073, PAI II CFT073, PAI I 536, PAI IV 536, and PAI II J96. The virulence determinants encoded on these different PAIs are listed as follows: PAI I CFT073—α-hemolysin, P-fimbriae and aerobactin; PAI II CFT073—P-fimbriae and iron-regulated genes; PAI I 536—α-hemolysin, CS12 fimbriae, and F17-like fimbrial adhesin; PAI IV 536—yersiniabactin siderophore system; PAI II J96—α-hemolysin, Prs-fimbriae, and cytotoxic necrotising factor 1 (Koga et al., 2014). The E. coli isolates were examined also for the presence of the following extraintestinal VGs, representing five functional categories: (1) adhesins: the genes essential for expression of two fimbrial operons, type 1 fimbriae: fimB, fimE, fimA, fimI, fimC, fimH, and fim switch region; P fimbriae: papAH, papC, papEF, and papG and its variants (GI, GII, and GIII) and sfaS (S fimbriae); (2) biofilm formation:, agn43a, agn43b, and agn43K12 (antigen 43 alleles a, b, and K12); (3) iron acquisition: fyuA (yersiniabactin siderophore receptor), iutA (aerobactin siderophore receptor), iroN (salmochelin siderophore receptor), ireA (iron-regulated element, siderophore receptor); (4) protectins: kpsMTII K1, kpsMTII K2, kpsMTII K5 (group II capsule with K1, K2, and K5 variants), kpsMTIII (group III capsule), ompT (outer membrane protein, protease), traT (serum resistance-associated outer membrane protein), and iss (increased serum survival); and (5) toxins: cnf1 (cytotoxic necrotizing factor 1) and hlyA (α-hemolysin). Multiplex or simplex PCR-based genotyping was performed with primers and conditions previously described (Johnson and Stell, 2000; Janben et al., 2001; Schwan et al., 2002; Landraud et al., 2003; Johnson and O’Bryan, 2004; Blumer et al., 2005; Chapman et al., 2006; Sabaté et al., 2006; Nowrouzian et al., 2007; Restieri et al., 2007; Hernandes et al., 2011). The PCR amplification mixture in a volume of 25 μL contained buffer solution (Thermo Scientific, Waltham, MA, USA), 2.5-mM MgCl2 (Promega, Madison, WI, USA), 0.5 mM of each deoxynucleotide triphosphates (dNTP) (Promega, Madison, WI, USA), 0.2 μM of each primer (Genomed, Warszawa, Poland), 1 U of Dream Taq Green DNA Polymerase (Thermo Scientific, Waltham, MA, USA), and 3 μL of DNA template. Uropathogenic E. coli strain CFT073 American Type Culture Collection (ATCC) 700,928 (Argenta, Poznań, Poland), E. coli strains from the ECOR collection (Institut Pasteur Collection, Paris, France) and from our collection of human fecal strains, known to possess (validated by sequencing) or lack the genes of interest, were examined in all PCR reactions as positive and negative controls, respectively. The PCR products were separated in a 1.5 or 2% agarose gel electrophoresis and stained with ethidium bromide.



Determination of the type 1 fimbria phase switch orientation (ON/OFF)

The orientation (ON or OFF) of the invertible fim switch was determined by PCR amplification of a 559 bp region containing the switch. The PCR products were then cleaved by the endonuclease HinfI, which cuts the invertible DNA element asymmetrically, resulting in different-sized fragments depending on whether bacteria had the switch in the ON or OFF orientation. When the switch element is in the “ON” orientation, the promoter is active and the fimbrial genes are transcribed; when the element is in the “OFF” orientation, the promoter is inactive and the fimbrial genes are not transcribed. Bacterial culture conditions were described previously (Nowrouzian et al., 2007). The PCR products were digested by HinfI (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions, separated electrophoretically on a 2% agarose gel, and stained with ethidium bromide.



Agglutination of yeast cells

The binding activity of FimH was evaluated by a mannose-sensitive yeast agglutination (MSYA) assay according to the method described in a previous study (Scribano et al., 2020) with some modifications. The E. coli isolates positive for all the tested type 1 fimbria operon genes and with the fim switch region in the ON orientation were tested. The E. coli isolates were grown in the Luria-Bertani (LB) medium for 48 h at 37°C in static conditions to enhance the expression of type 1 fimbriae. Yeasts were grown in YPG broth for 72 h at 25°C in static conditions. An aliquot of the bacterial cultures was washed twice with phosphate-buffered saline (PBS). Bacteria were resuspended in PBS or PBS with 3% D-mannose (Sigma, St. Louis, MO, USA) to an optical density of a sample measured at a wavelength of 600 nanometers (OD600) of approximately 1 and incubated for 2 h to bind mannose. S. cerevisiae cells were resuspended in PBS to an OD600 of approximately 4. On a standard microscope slide, 50 μL of the E. coli suspension in the absence or presence of D-mannose was mixed with 50 μL of the yeast cell suspension, and incubated for 1 h at room temperature. After incubation, each suspension was gently rocked until the agglutination was assessed visually. The yeast agglutination was determined to be mannose-sensitive when D-mannose inhibited it in a final concentration of 1.5%. All assays were conducted in triplicate. The E. coli ATCC strain (type 1 fimbriae positive) was used as a positive control.



Hemagglutination assay

The determination of the presence of P fimbriae was based on the ability of the strains to agglutinate the sheep erythrocytes by the mannose-resistant hemagglutination assay (MRHA) according to the method described previously (Shah et al., 2019) with some modifications. The E. coli isolates positive for all the tested P fimbriae operon genes were examined. The bacteria were grown on BHI agar at 37° C for 24 h, and these growth conditions provided maximum expression of MR fimbriae. Bacteria obtained by scraping growth from a solid culture with a loop were suspended in PBS or PBS with 3% D-mannose (Sigma) to an OD600 of approximately 1 and incubated for 2 h to bind mannose. 50 μL of the bacterial suspension in the absence or presence of D-mannose was mixed with 50 μL of the 5% suspension of the sheep erythrocytes sensitized by tannic acid in PBS. The assays were performed on a microscope slide for 1 h. After incubation, each suspension was gently rocked until the hemagglutination was visually assessed. The hemagglutination was considered mannose-resistant when it occurred in the presence of D-mannose. All assays were conducted in triplicate. The E. coli ATCC strain (P fimbriae positive) was used as a positive control.



Biofilm formation analysis

Biofilm formation was evaluated by a crystal violet assay according to the method described in a previous study (Hou et al., 2014) with some modifications. Overnight cultures in LB medium were diluted in fresh M9 medium to an OD600 of 0.12. 200 μL of diluted cultures were placed in a flat-bottomed 96-well polystyrene microtiter plate (Nunc, Denmark) and incubated for 48 h at 37°C without shaking. After incubation, the OD of the cultures was measured at 630 nm. The medium was removed, and the wells were gently washed twice with PBS to remove unbound cells. The wells were dried for 20 min at 42°C. The adhered bacteria were stained with 1% crystal violet for 15 min. Crystal violet was removed, and the wells were washed twice with PBS to eliminate unbound dye. The plates were air-dried. The dye incorporated by the adhered cells was solubilized in 200 μL of 95% ethanol. After 5 min at room temperature, the OD of the stained attached bacteria and control wells was read at 570 nm. The tests were carried out in quadruplicate. E. coli ATCC 25922, previously characterized as a strong biofilm producer, was used as a control strain in all experiments (Naves et al., 2008). The extent of biofilm formation was determined by using the formula SBF = (AB − CW)/G, in which SBF is the specific biofilm formation, AB is the OD570 nm of the attached and stained bacteria, CW is the OD570 nm of the stained control wells containing only bacteria-free medium (to eliminate unspecific or abiotic OD values), and G is the OD630 nm of cells growth in broth. The SBF value obtained for the control strain was assumed to be 100%, and the values for the individual tested strains were compared to this value. The degree of biofilm production was classified into three categories: strong—SBF ≥ 100% of the positive control strain value; moderate—100% > SBF ≥ 50%; and weak—SBF < 50%.



Hemolytic activity evaluation

Hemolytic activity was detected on Columbia Agar with 5% Sheep Blood (Graso Biotech, Jabłowo, Poland), according to the method previously described (Murase et al., 2012). The E. coli isolates positive for the hlyA gene were tested. Bacterial cells were grown aerobically in LB medium overnight with shaking at 140 rpm and then were collected by centrifugation, washed once with fresh LB medium, and resuspended in the same medium to an OD600 of approximately 0.8. One microlitre of the bacterial suspension was spotted on Columbia Agar plates. After incubation at 37°C for 24 h, the size of the hemolytic zone, defined as the distance from the colony’s border to the end of the hemolytic zone, produced by each strain was measured. The hemolytic activity was graded as follows: -, no hemolysis; +, less than 1 mm; ++, 1–5 mm; and +++, more than 5 mm. Tests were conducted twice. The E. coli ATCC 35,218 strain (with hemolytic activity) was used as a positive control.



RNA extraction

For the expression analysis, isolates carrying three or four siderophore receptor genes fyuA, iutA, iroN, and ireA were selected. LB medium (BTL, Łódź, Poland) overnight cultures were diluted 100-fold in 25 mL of fresh M63 minimal medium and cultured at 37°C with agitation at 140 rpm until the OD600 was approximately 0.9. The RNA was purified using the Promega SV total RNA purification kit (Promega, Madison, WI, USA) according to the manufacturer’s instructions. The RNA was quantified by measuring the 260 nm absorbance on a NanoPhotometer N60 (Implen, Munich, Germany). According to the manufacturer’s instructions, all RNA samples were digested with DNase I (Roche, Basel, Switzerland) to eliminate contaminating genomic DNA.



cDNA synthesis and real-time PCR

To determine the expression level of four siderophore receptor genes, fyuA, iutA, iroN, and ireA, reverse transcription was performed using the Maxima First Strand cDNA Synthesis Kit (Thermo Scientific,Waltham, MA, USA) according to the manufacturer’s protocol. Reaction mixture in a volume of 20 μL contained: 0.5 μg of DNase-treated RNA, 5 × Reaction Mix (reaction buffer, dNTPs, oligo (dT)18, and random hexamer primers), Maxima Enzyme Mix (Maxima Reverse Transcriptase and Thermo Scientific RiboLock RNase Inhibitor) (Thermo Scientific, Waltham, MA, USA), RNase-free water. A no-reverse transcriptase control (−RT) was prepared for each DNase-treated RNA sample. Real-Time PCR was performed using Maxima SYBR Green qPCR Master Mix (Thermo Scientific, Waltham, MA, USA) 2× Master Mix (PCR buffer, Maxima Hot Start Taq DNA polymerase, dNTPs, SYBR Green I dye) following the manufacturer’s instructions. The reaction mixture in a volume of 25 μL contained 2 × Master Mix (PCR buffer, Maxima Hot Start Taq DNA polymerase, dNTPs, SYBR Green I dye), 0.3 μM of forward and reverse primers, 2-μL cDNA, and nuclease-free water. Previously established primers were used (Alteri and Mobley, 2007; Han et al., 2013). Real-time PCR was performed under the following cycle conditions: denaturation/polymerase activation at 95°C for 10 min and 45 cycles of denaturation at 95°C for 15 s, annealing at 59°C (fyuA) or 55°C (iutA, iroN, and ireA) or 58°C glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for 30 s, extension at 72°C for 30 s. Specificity for all amplicons was confirmed via melting curves and electrophoresis in 2% agarose gels. No-template control (NTC) and RT controls were included in each assay. The reference gene encoding GAPDH was used to normalize the expression level of the analyzed genes. Relative expression values were measured using a standard curve analysis for each gene. The normalization values for the individual samples were compared to the control uropathogenic Escherichia coli (UPEC) strains CFT073 and CIP 105986 and expressed as the fold change. For the ireA gene, a commensal strain, showing expression levels for the remaining genes (fyuA, iutA, and iroN) similar to the control UPEC strains, was used as a control for normalization. Each cDNA synthesis and real-time PCR was performed in triplicate.



Multilocus sequence typing

The E. coli isolates that contained at least one PAI were characterized by MLST. Analysis was performed using the seven-locus Achtman scheme. The internal fragments of seven housekeeping genes (adk, fumC, gyrB, icd, mdh, purA, and recA) were amplified by PCR with primers previously described (Wirth et al., 2006). The reaction conditions were as follows: 3 min at 94°C, 30 cycles of 1 min at 94°C, 1 min at annealing temp, 1 min at 72°C, followed by 5 min at 72°C. The PCR reaction mixture in a volume of 50 μL contained: buffer solution (Thermo Scientific, Waltham, MA, USA), 2.5-mM MgCl2 (Promega, Madison, WI, USA), 0.5 mM of each dNTP (Promega), 0.2 μM of each primer (Genomed, Poland), 1 U of Dream Taq Green DNA Polymerase (Thermo Scientific), and 6 μL of DNA template. The amplicons were purified and analyzed by Sanger sequencing (Genomed, Warszawa, Poland). The amplification primer pairs were used for the sequencing step. The resultant sequences were imported into the E. coli MLST database website (https://pubmlst.org/bigsdb?db=pubmlst_escherichia_seqdef&page=sequenceQuery) to determine sequence types (STs) and clonal complexes (ST Cplx) (Jolley et al., 2018) and confirmed on the website (https://enterobase.warwick.ac.uk/species/ecoli/search_strains?query=st_search).



Statistical analysis

The classification to phylogroups (in categories A, B1, B2, C, D, E, F, clade I, and NT) presence of the PAIs, ability to biofilm formation (in categories S, M, and W), and hemolystic activity were categorized as 1 = present and 0 = absent. To determine whether there was a significant association between the phylogroups distribution, prevalence of the PAI, ability to form biofilm, hemolytic activity, and the host (adults vs. young children) Pearson’s chi-squared test for independence or Fisher’s exact test was used. The Fisher’s exact test was used if more than 20% of the cells in the contingency table have expected frequencies below five.

The evaluations of the frequency of the PAIs combinations, siderophore receptor genes combinations, and gene combinations within type 1 and P fimbriae operons among the E. coli isolates from adults and young children were tested using the chi-squared test for proportions or Fisher’s exact test for proportions. Fisher’s exact test was used when the assumptions of the chi-squared test did not hold. The null hypothesis assumes that the proportions in isolates from adults and young children are equal. The alternative hypothesis is one-sided and assumes that the proportion in one group of humans (adults or young children) was lower or higher than in the other, as appropriate. To control the number of false positive results in a series of tests for comparing two proportions, the method of false discovery rate (FDR) was used. The FDR Benjamini-Hochberg procedure (1995) allowed us to adjust the p-value in multiple testing (Benjamini and Hochberg, 1995).

For all the statistical tests, the level of statistical significance was defined as 0.05. The statistical analyses were performed using the program R (R Core Team, Vienna, Austria) (The R Core Team, 2024).

The distributions of relative expression of siderophore receptor genes fyuA, iutA, iroN, and ireA among E. coli isolates collected from adults in ST groups were presented using box plots.

A maximum-likelihood tree, depicting the phylogenetic relationships among the E. coli isolates from adults and young children, based on the nucleotide sequences of seven housekeeping genes: adk, fumC, gyrB, icd, mdh, purA, and recA. The tree was reconstructed with Randomized Axelerated Maximum Likelihood (RAxML), using a general time-reversible nucleotide substitution model GTRGAMMA and 1,000 bootstrap replicates (Chevenet et al., 2006; Kozlov et al., 2019; Guangchuang, 2022).




Results


Extended phylogenetic assignment of E. coli

An extended phylogenetic group classification indicated a significant difference in the phylogenetic structure of E. coli isolates from adults compared to those from young children (p < 0.001) (Supplementary Figure S2). Phylogroup B2 isolates were dominant among E. coli from adults (49.7%), followed by group A (17.5%) and D (13.3%); the phylogroups B1, C, E, and F occurred with a lower frequency. 1.4% of the isolates did not belong to any known phylogroup and, therefore, were assigned as not typeable (NT). Phylogroup A (68%) was the most frequent in the isolates from young children, followed by B1 (12%), while phylogroups B2, F, and clade I were identified at a lower frequency. 2% of isolates were classified as NT. Phylogenetic groups B2 and D were significantly more common among the isolates from adults than young children, p < 0.0001 and p = 0.008, respectively. Phylogenetic group A was significantly more frequent in isolates from young children than adults (p < 0.0001).



Distribution of PAIs

All five tested PAIs, PAI I CFT073, PAI II CFT073, PAI I 536, PAI IV 536, and PAI II J96, were identified in E. coli isolates from adults and young children. Each of the PAIs was significantly more common in E. coli from adults than from children, with p < 0.001 for PAI I CFT073, PAI II CFT073, and p < 0.05 for PAI I 536, PAI IV 536, and PAI II J96 (Figure 1A). Overall, significantly more E. coli isolates from adults (73.4%) than from young children (54%) harbored PAIs (p < 0.05). All these isolates carried PAI IV 536, the most frequently detected PAI in this study. Single PAI was present more regularly among isolates from young children (30%) than from adults (11.2%) (p < 0.01). Conversely, multiple PAIs were significantly more prevalent in E. coli from adults (62,2%) than from young children (24%) (p < 0.0001). Among isolates positive for multiple PAIs, the most frequent were E. coli carrying three PAIs simultaneously from adults (23.1%) (Figure 1B).
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FIGURE 1
 Analysis of the prevalence of PAIs (A) and the number of PAIs (B) among commensal Escherichia coli from adults and young children. *Statistically significant.


Among E. coli from adults, all isolates (100%) were classified into phylogroups B2 and F, which accumulated PAIs. The majority of phylogroup D isolates (73.3%) carried PAIs, whereas among the isolates of phylogroups A, B1, and E, the presence of PAIs was less frequent (44, 25, and 10%, respectively). The PAIs were not identified in phylogroup C and NT isolates. PAI I CFT073 and PAI IV 536 occurred in all E. coli isolates of phylogroups B2 and F from adults (Table 1).



TABLE 1 Distribution of PAIs among commensal Escherichia coli isolates from adults and young children, classified according to phylogenetic group.
[image: Table comparing phylogenetic groups and numbers and percentages of isolates with PAIs among adults and young children. Groups include A, B1, B2, C, D, E, F, Clade I, and NT. PAIs measured are PAI I CFT073, PAI II CFT073, PAI I 536, PAI IV 536, and PAI II J96. Values differ across rows, showing variability in isolate percentages across groups and age categories.]

In E. coli from young children, all isolates (100%) assigned to phylogroups B1, B2, F, and clade I harbored PAIs. The only isolate classified as NT contained PAI IV 536. However, PAIs were less frequent in phylogroup A (32.4%). PAI I CFT073 and PAI IV 536 were found in all E. coli phylogroups B2 and clade I isolates from young children (Table 1). All five tested PAIs occurred in phylogroups B2 and E (Table 1).



Genotypic and phenotypic examination of the type 1 and P fimbria operons

The complete set of six tested genes (fimB, fimE, fimA, fimI, fimC, and fimH) of the type 1 fimbrial operon was detected in 54.5 and 40% of E. coli isolates from adults and young children, respectively. The isolates with complete operon and switch element in the “ON” orientation occurred with similar frequencies, 39.2 and 38%, among E. coli from adults and young children, respectively. The incomplete operon of the type 1 fimbria was identified in 43.4 and 52% of E. coli from adults and young children, respectively. The isolates without one gene were the most common in both groups, with 33.6 and 38% rates. The absence of the fimA gene was most frequently identified. E. coli isolates without two, four, and five genes within the type 1 fimbrial operon occurred less frequently (Supplementary Figure S3).

91.1 and 89.5% of isolates from adults and young children, with complete operon and switch element in the “ON” orientation, revealed mannose-sensitive yeast agglutination (MSYA).

Analysis of the P fimbria operon revealed a complete set of four tested genes (papAH, papC, papEF, and papG) in 13.3% of E. coli from adults and 12% from young children. The P fimbria operon was incomplete in 5.6% of E. coli isolates from adults; the absence of one or two genes was observed (Supplementary Figure S4). Among isolates with a complete operon from adults, the papGIII variant was dominant (78.9%), whereas in children, both the papGI and papGIII variants occurred with a frequency of 50% (Table 2).



TABLE 2 Prevalence of P fimbriae papG variants among commensal Escherichia coli isolates from adults and young children.
[image: Chart showing the percentage of Escherichia coli with complete P fimbriae operon. For papG variants: in adults (n=19), papGI has 0%, papGII 21.1%, papGIII 78.9%. In young children (n=6), papGI has 50%, papGII 0%, papGIII 50%.]

Expression of P fimbriae was monitored by agglutination of sheep erythrocytes among isolates with a complete P fimbriae operon. Mannose-resistant hemagglutination (MRHA) was detected in 78.9 and 50% of E. coli from adults and young children, respectively. All the E. coli isolates carrying the papGIII variant were positive in the MRHA test, whereas the isolates with papGI and papGII variants were negative.



Biofilm formation and hemolytic activity

The majority of the E. coli isolates, 54.6% from adults and 68% from young children, showed moderate to strong biofilm formation ability. Strong biofilm producers were detected at similar frequencies, 19.6 and 22%, among E. coli isolates from adults and young children, respectively (Supplementary Figures S5A,B).

The hlyA gene was detected in 30 (21%) of E. coli isolates from adults and 3 (6%) from young children. Significantly more E. coli from adults 29 (20.3%) than from young children 2 (4%) showed hemolytic activity on blood agar (p < 0.01) (Supplementary Table S1).



Evaluation of the simultaneous presence of several siderophore receptor genes

Genotypic screening of four siderophore receptor genes: yersiniabactin (fyuA), aerobactin (iutA), salmochelin (iroN) and TonB-dependent receptor (ireA) revealed that E. coli isolates with concurrent presence of two and three receptor genes was the most common among adults with frequency of 38.5 and 24.5%, respectively, compared to 8 and 4% among isolates from young children (p < 0.0005, p < 0.005). The isolates carrying one receptor gene were the most frequent (32%) among E. coli from young children, compared to adults (12.6%) (p < 0.005) (Supplementary Figure S6).



Siderophore receptors expression

Isolates with three siderophore receptor genes (35 and 2) or four (15 and 2) from adults and young children, respectively) were selected for this study. E. coli isolates revealed simultaneous expression of several siderophore receptor genes. The expression was characterized by varying levels, depending on the gene analyzed and the reference to the control UPEC strain. Three E. coli isolates from adults showed simultaneous expression of three receptor genes at levels higher than in control UPEC strains. Analysis revealed a higher expression level of the fyuA gene in 48,9% of E. coli from adults compared to the control UPEC CIP 105986 strain (Figure 2A). In the case of iutA and iroN genes, the expression was higher in 25.5 and 5.1% of isolates from adults, respectively, compared to the control UPEC CFT073 strain (Figures 2B,C). The expression of the ireA gene was higher compared to the commensal control strain in 26.9% of E. coli from adults (Figure 2D). Among the isolates from young children, lower expression of the fyuA, iroN, and ireA genes was observed compared to the control UPEC strains (Figures 2A,C,D). 25% of E. coli from young children showed a higher expression level of the iutA gene than the control UPEC CFT073 strain (Figure 2B).
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FIGURE 2
 Analysis of the relative expression level of the siderophore receptor genes fyuA (A), iutA (B), iroN (C), ireA (D) among Escherichia coli isolates from adults and young children. E. coli 85—an isolate of commensal E. coli from our collection, showing expression levels for the remaining genes (fyuA, iutA, and iroN) similar to the control UPEC strains—was used as a control for normalization.




MLST analysis

Our MLST analysis included E. coli isolates containing at least one PAI. We examined 105 isolates from adults, which were distributed among 27 STs. The most frequent STs were ST73, ST59 (both 13.3%), ST131 (11.4%), ST95 (9.5%), ST141 (7.6%), and ST69 (6.7%). The remaining STs occurred with a frequency below 5% (Figure 3A). We also analyzed 27 isolates from young children, which were assigned to 9 STs. The most common were ST10 (25.9%), ST155 (18.5%), ST59, and ST1823 (both 11.1%) (Figure 3B).

[image: Two bar charts depicting the percentages of E. coli isolates by sequence types. Chart A shows percentages from ST73 at 13.3% down to multiple sequence types at 0.95% among 105 types. Chart B highlights ST10 at 25.9% down to ST93 at 3.7% among 27 types.]

FIGURE 3
 Distribution of the STs among commensal Escherichia coli isolates from adults (A) and young children (B).




Associations between ST and the level of siderophore receptor expression

The highest level of fyuA gene expression was detected for ST978, ST73, ST95, ST7346, ST93, ST9698, and ST162. The iutA receptor high expression correlated with ST162, ST69, ST73, ST93, ST95, ST9698, and ST117. Significant expression level of the iroN receptor gene revealed only ST93 isolates. The highest expression of the ireA receptor gene was associated with ST131, ST117, ST73, ST95, and ST9698 (Figure 4).

[image: Box plots illustrating the relative expression of siderophore receptor genes (fyuA, iutA, iroN, ireA) across various strains (e.g., ST1057, ST117, ST131). Each panel represents a different strain, showing variation in gene expression levels indicated by colored lines and boxes. The y-axis displays the expression level, and the x-axis lists gene names.]

FIGURE 4
 Associations between ST and relative expression of siderophore receptor genes fyuA, iutA, iroN, and ireA among Escherichia coli isolates from adults.




Relationships between sequence type lineages (ST), phylogeny, and genotypic and phenotypic traits of virulence

Escherichia coli isolates from adults carrying PAIs were mainly classified as phylogroup B2. The maximum likelihood tree based on the nucleotide sequences of seven housekeeping genes saw the isolates of phylogroup B2 cluster in several STs, with the most numerous being ST73, ST95, ST978, ST12, ST141, ST1057, and ST131 (Figure 5A). All ST73 and ST12 isolates carried five PAIs, a complete type 1 fimbria operon with switch ON and the ability to MSYA, and the toxins cnf1 and hlyA genes with the ability to hemolyze. ST73 isolates stand out among other STs regarding the presence and phenotypic expression of the most extraintestinal virulence factors. ST73 E. coli also harbored agn43a or a and b variants (most of them with strong or moderate biofilm formation ability), kpsMTII variants K1, K2, and K5, three or four siderophore receptor genes (78.6%), some of them with a significant level of expression. The part of ST141 (37.5%) and ST131 (25%) isolates carried five PAIs, toxins cnf1 and hlyA, with the ability to hemolyze. Two ST131 isolates (16.7%) revealed similar to ST73 E. coli extraintestinal virulence potential with the presence of genes involving adhesion, biofilm formation (agn43b), iron acquisition, and capsular antigens-related genes, as well as the ability to MSYA, strong/moderate biofilm formation, and high ireA expression. The isolate ST7346 is also interesting in terms of its extraintestinal virulence potential (5 PAIs, sfaS fimbriae gene, all protectins and toxins genes) with moderate ability to form biofilm, high level of fyuA expression, and hemolytic activity. The last isolate with five PAIs was classified as phylogroup E, represents ST10, and revealed hemolytic activity without MSYA ability. The remaining PAIs harboring E. coli isolates from adults were grouped into several ST clusters. Phylogroup A was represented mainly by ST10, ST93, and ST1429, the majority of them carrying one PAI. Phylogroup D gathered E. coli isolates of ST69 and ST59 with one or two PAIs. Isolates assigned to phylogroup F were represented by ST59 and loaded by two PAIs (Figure 5A).
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FIGURE 5
 A maximum-likelihood tree depicting the phylogenetic relationships based on the nucleotide sequences of seven housekeeping genes: adk, fumC, gyrB, icd, mdh, purA, and recA among the Escherichia coli isolates from adults (A) and young children (B). The tree was reconstructed with RAxML, using a general time-reversible nucleotide substitution model (GTRGAMMA) and 1,000 bootstrap replicates. The isolates’ names are indicated at the tip of the tree. Next, the phylogroups with the color displayed in the legend, STs, and clonal complexes are presented. A parts heat map is given on the right side of the figure. The first part, designated as genotype, encompasses PAIs and the VGs clustered according to their function and marked with different colors displayed in the legend. The second part, designated as phenotype, presents phenotypic traits of virulence, marked with colors corresponding to the genotype in the legend. The degree of biofilm formation was classified into three categories: S, strong; M, moderate; and W, weak.


PAIs harboring E. coli isolates from young children cluster in nine STs, with the dominance of phylogroup A (Figure 5B). Four isolates of ST372 and ST131 represented phylogroup B2. E. coli ST372 revealed the highest extraintestinal virulence potential, carrying four PAIs, a complete type 1 fimbria operon with switch ON, toxins cnf1 and hlyA genes, and showed the ability to MSYA, strong biofilm formation, and hemolysis. ST131 E. coli contained three PAIs and showed the ability to MSYA but lacked toxin genes. Isolates classified to phylogroup F belonged to ST117 and ST59 and carried two PAIs. Phylogroup A was mainly represented by ST10 isolates with one PAI and showed MSYA ability. Phylogroup B1 mainly gathered isolates of ST155, carrying one PAI, and showed MSYA ability. Two isolates of ST59 with two PAIs and the ability to MRHA were assigned to clade I (Figure 5B).




Discussion

This study represents an essential contribution to understanding the genetic structure and the relationship between genetic background and phenotypic profile of selected virulence factors in two collections of commensal E. coli isolates from healthy adults and young children. The analyses revealed the associations between the ST and extraintestinal virulence traits. Commensal E. coli constitute the primary reservoir of opportunistic extraintestinal pathogens, and our study enabled us to monitor the share of strains with ExPEC features in the population. The phylogenetic structure analysis revealed complex phylogeny in both groups of isolates from adults and young children. The main phylogenetic pattern of this classification, with significant dominance of phylogroup B2 in isolates from adults and phylogroup A in young children, is consistent with our previous study of similar populations of E. coli isolates (Bok et al., 2018). The presence of phylogroups C, D, and E only among isolates from adults and clade I in young children further emphasized the complexity. It was reported that between 1980 and 2010, the proportion of phylogroup B2 isolates in many industrialized countries increased significantly (Tenaillon et al., 2010; Marin et al., 2022). We observed a similar tendency in the increase of B2 phylogroup rates, comparing our previous research (Bok et al., 2018), where 46.6% of E. coli were assigned to phylogroup B2 (2015), to 49.7% in this study. The predominance of phylogroup A among young children probably results from differences in the dietary habits between adults and children. The diet of young children aged 0.5–3 years is relatively simple and primarily consists of organic, less processed foods than the adult diet.

PAIs are considered essential elements in the bacterial genome, playing a significant role in the pathogenicity and evolution of ExPEC (Brzuszkiewicz et al., 2006; Desvaux et al., 2020), though they have received little attention in commensal strains (Sabaté et al., 2006; Li et al., 2010; Östblom et al., 2011). This study showed that all five tested PAIs: PAI I CFT073, PAI II CFT073, PAI I 536, PAI IV 536, and PAI II J96 occurred among E. coli isolates from adults and young children. Significantly more E. coli isolates from adults (73.4%) than young children (54%) carried PAIs. Our investigation also revealed that all E. coli representing phylogroups B2 and F harbored PAIs in adults and young children. In contrast, PAIs were less frequent in phylogroup A (44 and 32.4%, respectively). Earlier studies indicated lower rates, 40% (Sabaté et al., 2006) and 46.8% (Li et al., 2010) of PAI occurrence in commensal E. coli, which agrees with the proportion of PAIs in our isolates from young children. This resulted from the lower share of phylogroup B2 in these E. coli populations compared to the adult population in this study. Moreover, it was also reported that the prevalence of virulence genes increased between 1980 and 2010, driven by the rise in frequency of phylogroup B2, carrying numerous virulence factors (Marin et al., 2022). The most prevalent PAI in our study was PAI IV 536, similar to other works’ results (Sabaté et al., 2006; Li et al., 2010; Östblom et al., 2011). This PAI was also frequently found alone in isolates from non-B2 groups and has been the most widespread PAI in Enterobacteriaceae, more linked to fitness than pathogenicity (Schubert et al., 2004). It has been documented that the accumulation of PAIs, with their virulence factors, in individual isolates is positively associated with their duration of persistence in the colon (Nowrouzian et al., 2001b, 2001a; Östblom et al., 2011).

Among the genes collected on PAIs, fimbria genes are one of the most pervasive. Type 1 and P fimbriae are the primary virulence factors of UPEC strains. Type 1 fimbriae are responsible mainly for bladder infection; in turn, P fimbriae are related to pyelonephritis (Desvaux et al., 2020). Our study indicated that 97.9 and 92% E. coli isolates from adults and young children carried genes from the type 1 fimbria operon region. Still, deletion of one or more genes was found in many isolates. Complete operon was identified in 54.5 and 40% of isolates from adults and young children, respectively, with the promoter in the “ON” position (active promoter) in 39.2 and 38%. Our earlier results indicated a similar proportion (56.7%) of commensal E. coli with complete type 1 fimbria operon and 41.7% with switch element in the “ON” orientation (Pusz et al., 2014). Phenotypic analysis of type 1 fimbriae expression showed that not all, but the vast majority (91.1 and 89.5% from adults and children, respectively) of these isolates were positive in the MSYA test. These results indicated that the presence of the fimH gene (often used as a marker of type 1 fimbriae) does not reflect the expression status of type 1 fimbriae, because in the case of some isolates, part of the type 1 fimbria operon is often deleted, which prevents the expression of this trait. The complete P fimbriae operon proportion was much lower than in type 1 fimbriae (13.3 and 12% of E. coli from adults and young children, respectively). Notably, 78.9 and 50% of these isolates were positive in the MRHA test, which shows that the presence of a gene/genes in an operon may not always indicate that a given feature will be subject to phenotypic expression. Only the E. coli isolates carrying the papGIII variant were positive in the MRHA test. The GIII allele is found mainly in strains isolated from cystitis (Desvaux et al., 2020). The ability to adhesions (MSYA and MRHA) was not correlated with specific phylogroups. The presence of fimbriae can be considered an adaptation of commensal strains within the intestinal microbiome community (Nowrouzian et al., 2001b, 2001a; Dobrindt et al., 2013). Interestingly, it was reported that expression of type 1 fimbrial genes was among the most highly expressed genes during murine experimental UTI. Still, only 25% of E. coli isolates expressed type 1 fimbrial genes in urine collected from cystitis patients. Despite the lack of type 1 fimbrial expression in the urine samples, these E. coli isolates were generally capable of expressing type 1 fimbriae in vitro, possibly because adhering bacteria are not released into the urine. Adhesin genes encoding P fimbriae were expressed at very low levels during in vitro culture and infection (Hagan et al., 2010; Sintsova et al., 2019).

In our study, we observed similar frequencies of E. coli from adults and young children in three categories of biofilm formation: weak, moderate, and strong. The strong biofilm formation ability was observed with 19.6 and 22% rates among isolates from adults and young children, respectively, and this feature is not correlated with a specific phylogenetic group. The biofilm formation depends on many factors, like type 1 fimbriae and P fimbriae, which play a crucial role in the initial adhesion to surfaces, as well as flagella, Ag43, and exopolymeric substances. Moreover, environmental conditions such as nutrient availability can enhance biofilm formation by providing the necessary resources for bacterial growth. There was no association of increased biofilm formation in vitro with a strain collection representing pathogenic E. coli strains. The genetic and environmental factors influencing the biofilm phenotype in E. coli are very complex (Reisner et al., 2006). Unlike biofilm formation, hemolytic activity correlated strongly with the B2 phylogroup, with the difference in hemolysis ability between adults (20.3%) and children (4%) arising from the distribution of phylogenetic groups. The majority of the E. coli positive for the hlyA gene (29/30 and 3/4 from adults and young children, respectively) showed hemolytic activity on blood agar. Producing α-hemolysin requires the coordinated expression of several genes within the hlyCABD operon. Thus, the lack of hemolytic activity may be related to deletions or point mutations in one of these genes (Sobieszczańska, 2007; Burgos and Beutin, 2010).

This study showed that the presence of siderophore receptor genes is a common feature of isolates from adults (86%). In contrast, in E. coli from children, it occurs with about twice the lower frequency (48%). It was also revealed that several receptor genes often occurred simultaneously among isolates from adults (38.5 and 24.5% with two and three genes, respectively). Our earlier study indicated that the occurrence of genes for siderophore receptors was strongly associated with the B2 phylogroup in both adult and young children isolates and also with B1 and D in children (Bok et al., 2018). In this study, the differences in the frequencies of siderophore receptor genes in isolates from adults and young children result from the much lower share of phylogroup B2 in children. The fyuA gene was observed to be the most prevalent siderophore receptor gene among E. coli from adults and young children. The frequencies of occurrence of the fyuA approximately corresponded to the proportions of the PAI IV 536, which harbors the yersiniabactin iron acquisition system.

Our research indicates that when multiple siderophore receptor genes are present simultaneously, none are preferentially selected; all of them can be expressed in individual isolates, even though the metabolic cost of generating siderophores is significant and has a noticeable impact on the E. coli metabolome. Depending on the specific isolate and analyzed gene, expression occurred at different levels. The fyuA gene represents the broadest range of expression levels. Moreover, most commensal isolates exhibited higher expression of the fyuA gene (48.9%) than the UPEC control strain. In turn, iutA and iroN genes were less frequently expressed (25.5 and 5.1%, respectively) above the UPEC control. Other studies comparing siderophore production among fecal and plant-associated strains showed a wide range of siderophore production levels, with significant differences in enterobactin production, observable between plant-associated and fecal isolates at the population level (Searle et al., 2015). In contrast to our results in the mentioned study, low yersiniabactin gene expression level was detected. This indicated considerable differences in siderophore expression regulation among individual E. coli isolates, influenced by genetic background and environmental factors such as nutrient availability. The other reports also showed that rectal E. coli isolates can simultaneously produce more than one siderophore and have been observed to produce yersiniabactin, salmochelin, and aerobactin. Two siderophores, yersiniabactin and salmochelin, were produced more significantly among UTI strains compared to rectal, whereas aerobactin production was not preferentially associated with urinary strains (Henderson et al., 2009). We are aware that in vitro assays never fully reflect in vivo conditions. The host environment, including immune responses, nutrient availability, and physical interactions, often influences gene expression in ways that cannot be entirely replicated in vitro. Nevertheless, in vitro studies are usually the first step before more advanced research and can provide valuable information on the expression of virulence factors. As previously reported, the genes involved in iron acquisition in UPEC were highly expressed during both in vitro urine culture and in vivo during murine and human UTI. There was also a very good correlation comparing relative expression of iron acquisition genes during human versus murine UTI, which are highly expressed (Hagan et al., 2010; Subashchandrabose et al., 2014; Mobley, 2016; Sintsova et al., 2019). Although we cannot directly compare our results to those obtained from urine samples of patients with UTI (Hagan et al., 2010; Mobley, 2016), a specific trend regarding gene expression of individual siderophores is evident from the available data and the results presented here, namely the fyuA gene is most frequently expressed at the highest levels, followed by the iutA gene, while high expression of the iroN gene is rarely observed.

Many studies on ExPEC lineages focus on isolates from UTI or bloodstream infections, while only a few involve E. coli isolates from colonization. Therefore, our results will help supplement the information regarding the global distribution of commensal E. coli ST lineages and, for the first time, provide data from Poland (Central Europe region). A recent systematic review indicated that a subset of 20 pathogenic E. coli lineages: ST131, ST69, ST10, ST405, ST38, ST95, ST648, ST73, ST410, ST393, ST354, ST12, ST127, ST167, ST58, ST617, ST88, ST23, ST117, and ST1193 are responsible for the majority of ExPEC infections. MLST is the most widely used method for identifying them (Manges et al., 2019). Referring to the mentioned 20 STs closely related to ExPEC, among our isolates from adults, seven of them were identified: ST131, ST69, ST10, ST95, ST73, ST12, and ST117, which constituted 49.6% of the analyzed isolates. 27.6% of E. coli from adults belonged to STs, less common among ExPEC: ST59, ST141, ST93, ST491, ST162, and ST404. Strong ExPEC-associated ST10, ST131, and ST117 were identified in the collection of isolates from young children (40.7%). Types that are less common among ExPEC were: ST59, ST155, ST372, and ST93, which represented 40.7% of these E. coli isolates. We are aware of the limitations of these studies because only isolates carrying pathogenicity islands were analyzed. Nevertheless, these results provide important information regarding the commensal E. coli populations and allow for the analysis of the spreading of STs specific for ExPEC. The results of the present study point to ST73 as particularly distinguished from other STs in terms of extraintestinal virulence potential and being one of the most common in the adult commensal E. coli population. It carried the largest pool of virulence genes. Also, it exhibited phenotypic traits such as adhesion ability, moderate to strong biofilm formation ability, and hemolytic activity. Some ST73 isolates showed high-level expression of siderophore genes, particularly fyuA. The other STs with a slightly lower virulence potential but still significant were ST131, ST12, and ST141. An interesting case is ST7346 isolate, carrying five PAIs, sfaS fimbriae gene, all protectin and toxin genes, and revealed moderate ability to biofilm formation, high level of fyuA expression, and hemolytic activity, but so far not reported as ExPEC. As mentioned earlier, ST73, ST131, ST12, and ST141 are all strongly associated with UTI and bloodstream infections, but they also were identified in colonization studies (Manges et al., 2019; Bogema et al., 2020; Marin et al., 2022; Li et al., 2023). An extensive population analysis of 403 commensal strains from healthy adults in France showed the five most frequent STs were ST10, ST73, ST95, ST69, and ST59. ST141 and ST131 were also identified but less frequently (Marin et al., 2022). In our study, the most prevalent were ST73, ST59, ST131, ST95, ST141, and ST69 with frequencies above 5% among the E. coli from adults, and ST10, ST155, ST59, and ST1823 with proportions above 10% in isolates from young children. The greatest extraintestinal virulence potential among isolates from children was found for ST372, associated with adhesion ability (MSYA), strong biofilm formation, and hemolysis. It has been reported that this ST was isolated from newborns with early-onset sepsis and meningitis (Weissman et al., 2016). Among E. coli isolates from young children also identified ST131 as the second ST representing higher virulence potential than other STs.

It has been shown that the diversity of STs among commensal E. coli increased over time. This rise in ST diversity was attributed not to the increased frequency of B2 strains, but to the higher frequency of rare STs from 2001 to 2010. Moreover, higher virulence gene frequency evolved due to increased virulence gene frequency within STs and the clonal expansion of more virulent STs (Marin et al., 2022). VGs equip ExPEC for survival outside the gastrointestinal tract and contribute to its persistence in the human gut. Our study indicated that there is no difference between commensal isolates and ExPEC in terms of sequence type and the presence of virulence genes. Moreover, commensal E. coli showed phenotypic characteristics typical of ExPEC. These results confirm that the human gastrointestinal tract is the major reservoir of the ExPEC, and there may not be an absolute distinction between commensal E. coli and ExPEC. Moreover, they reveal interrelationships between ST, genetic background, and phenotypic expression of ExPEC virulence traits in commensal E. coli, and constitute the first such study for the Polish populations.



Conclusion

Our results compared the virulence potential relevant for extraintestinal pathogenicity in two collections of commensal E. coli isolates from adults and young children. These two populations differ significantly regarding phylogeny and phenotypic expression of some extraintestinal virulence traits. E. coli from adults carried PAIs and VGs in a significantly higher proportion, resulting from the dominance of phylogroup B2 in this set of isolates. More common hemolytic activity and higher levels of the expression of siderophore receptors in E. coli from adults are closely related to the dominance of phylogroup B2. The other traits not associated with phylogroup B2, such as the ability to adhesion and strong biofilm formation tendency, were detected with similar frequency in both pools of isolates from adults and young children. The results indicated that during adolescence in humans, the commensal E. coli population inhabiting the digestive tract tends to change its phylogenetic structure toward the dominance of group B2 with its numerous virulence factors. STs associated with extraintestinal pathogenicity, such as ST73, ST131, ST10, and ST95, indicate these isolates as a potential source of endogenous infections. Our results highlight ST73 isolates from adults as possessing a distinct virulence potential. The similarities in phylogeny and virulence potential between commensals and ExPEC strains make it difficult to draw a clear boundary between these two groups. Further whole genome sequencing analysis and in vivo studies of the sepsis model of selected STs with the highest virulence potential would be advisable, especially isolates such as ST7346, which are not yet known as ExPEC and have shown high virulence potential in our studies. This study completes the map of the global distribution of ExPEC-typical STs in two commensal E. coli populations from adults and young children from Poland, which is essential for monitoring the geographic diversity of these strains. It is important to limit their spread by evaluating the transmission rate of these E. coli strains with ExPEC pathogenicity potential are also a part of the intestinal microbiome. Therefore, they cannot be eliminated; they can be only monitored.
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Severe fever with thrombocytopenia syndrome (SFTS) is an emerging tick-borne zoonotic disease. Since its identification in China in 2009, reports of SFTS cases have steadily increased, posing a significant threat to public health. This review summarizes the epidemiological characteristics of SFTS and its biological vectors, with a particular emphasis on the role of the tick vector Haemaphysalis longicornis in disease transmission. We also addressed the impact of climate change on the spread of SFTS and its biological vectors. With continued climate change, the spread of SFTS is likely to increase, consequently heightening the risk of infection. Furthermore, this review explores the prevention and control strategies for SFTS as well as future research directions, summarize the public health policies and the alleviation of the disease's impact on human health.
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1 Introduction

In recent years, severe fever with thrombocytopenia syndrome (SFTS), caused by Dabie bandavirus, represents the most severe novel acute tick-borne disease. This disease primarily emerged in East and Southeast Asia, including China, South Korea, Japan, Vietnam, Thailand, and Myanmar (Cui et al., 2024; Chiho Kaneko, 2023; Kim and Lee, 2023; Rattanakomol et al., 2022, 2023; Lin et al., 2020; Kobayashi et al., 2020; Guo et al., 2016; Kim et al., 2013; Yu et al., 2011). The principal clinical feature of SFTS is fever, typically with body temperatures exceeding 38°C, accompanied by thrombocytopenia, which can lead to hemorrhages such as skin petechiae, ecchymosis, epistaxis, and gingival bleeding. Additionally, patients may have general malaise symptoms such as fatigue, nausea, vomiting, diarrhea and muscle aches. In the severe stage of the disease, multiple organ dysfunction could be present, including liver and kidney impairment as well as cardiac insufficiency, which can pose life-threatening risks. In 2017, the World Health Organization (WHO) listed it as one of the top ten infectious diseases requiring priority attention (Mehand et al., 2018).

Dabie bandavirus belongs to the order Bunyavirales, the family Phenuiviridae, and the genus bandavirus, which was formerly known as severe fever with thrombocytopenia syndrome virus (SFTSV; Hu et al., 2024). The virus is primarily transmitted by ticks, which become infected after biting host animals (wild and domestic animals) carrying the virus, and subsequently transmit it to humans. Additionally, human-to-human transmission may occur through contact with infected patients' blood or bodily fluids. In investigations, Dabie bandavirus and its antibodies have been detected in sheep, goats, cattle, and rodents, which could transmit the virus to humans (Wang J. N. et al., 2021). It was reported that two patients in Beijing, China, were infected with Dabie bandavirus through exposure to the blood of infected camels (Sun et al., 2024). Additionally, two workers at a Weihai farm were suspected of contracting the Dabie bandavirus while skinning infected animals (Li et al., 2024). Cases of direct transmission of the virus to humans by cats and dogs infected with the Dabie bandavirus have been reported in Japan (Kobayashi et al., 2020). In recent years, there have been numerous reports of clustering outbreaks of SFTS resulting from interpersonal transmission. More than 80 cases of interpersonal transmission of the Dabie bandavirus have been documented in South Korea and China (Hu et al., 2024).

Ticks, as biological vectors, have a significant influence on the transmission dynamics and epidemiological characteristics of Dabie bandavirus (Luo et al., 2015). The tick species Haemaphysalis longicornis was identified as the principal vector for the Dabie bandavirus, although other tick species or blood-sucking insects also contribute to its transmission. The incidence of SFTS is closely related to the habitat suitability of H. longicornis (Ding et al., 2023; Du et al., 2014; Zhang et al., 2022). For every 10% increase in its habitat suitability, the number of human SFTS cases will increase by 1.26 times (Ding et al., 2023). Additionally, in the context of climate change, H. longicornis populations are expected to exhibit one of the most significant responses among tick species, with measurable impacts on their geographical distribution, behavioral patterns, and population dynamics. Global warming is anticipated to drive northward expansion, and upward elevation shifts in their habitats, with models projecting a substantial increase in suitable areas by the 2080s (Ding et al., 2023). Furthermore, climate change is expected to alter both the seasonal distribution and spatial patterns of SFTS transmission (Ding et al., 2023; Du et al., 2014). Therefore, this review will focus on the epidemiological and biological characteristics of SFTS and its primary vector, H. longicornis, as well as emerging development trends. With great vigilance and attention, efforts should be made to effectively mitigate the ongoing spread of the disease and establish a solid line of defense to protect public health and ecological balance.


1.1 Epidemiology of SFTS

SFTS is a zoonotic disease that emerged in 2009 in Hubei and Henan provinces of Central China (Yu et al., 2011). Dabie bandavirus was first isolated from blood samples of patients and ticks in China in 2010. The disease has an incubation period of 7–14 days, followed by initial flu-like symptoms (Liu et al., 2014). Clinical symptoms of SFTS are fever, gastrointestinal symptoms, leukocytopenia and altered mental status (Liu et al., 2014; Seo et al., 2021). One of the most prominent laboratory findings are thrombocytopenia and leukopenia (Liu et al., 2014; Yu et al., 2011). In severe cases, patients could have acute kidney failure, encephalitis, respiratory failure and shock (He et al., 2021). There are four risk factors, such as older age, multiorgan dysfunction, elevated activated partial thromboplastin time and D-dimers, which were identified as contributing to patients' death (Fang et al., 2024). A similar conclusion was made in a study by Gai et al. (2012), in addition to four factors, elevated serum aspartate aminotransferase, lactate dehydrogenase, creatine kinase, and creatine kinase fraction, as well as the appearance of neurological symptoms were also named as contributing to patient's death. It is believed that the severity of the disease depends on the viral load, with fatal SFTS exhibiting the strongest correlation with high levels of viremia (Kim et al., 2024; Li et al., 2018). Also, the old age of the patient is a risk factor for severe and fatal SFTS (Liang et al., 2023; Zhao et al., 2022).

During the first outbreak in 2009, SFTS was diagnosed in two provinces, Hubei and Henan, in Central China (Yu et al., 2011). However, the disease spread rapidly, and it was diagnosed in 14 provinces in 2017 (Silvas and Aguilar, 2017). By 2018, SFTS was endemic in 25 provinces (Miao et al., 2021) with 7,721 total cases. Between 2010 and 2019, the majority of cases, 83.47%, were diagnosed in Lai Zhou, Penglai, Zhaoyuan, Haiyang, and Qixia (Hou et al., 2023). The number of cases increased after the outbreak in 2009. Between 2011 and 2016, 5,360 cases of SFTS were reported (Sun et al., 2017). In contrast, cases increased more than 3 times, to 18,902, from 2011 to 2021 (Liu et al., 2014).

Cases of SFTS are diagnosed between April and October (Chen et al., 2022; Cui et al., 2024). The highest incidence rate is documented in May, June, and July (Sun et al., 2017). There appears to be an early peak and longer duration of outbreak in the Southern provinces of China (Sun et al., 2017) compared to those in the North of China. Ticks could explain the seasonal pattern of SFTS, the primary vector transmitting the virus lifecycle. According to a study by Kang et al. (2022), the earliest time when H. longicornis ticks were captured was March, when they emerged from winter hibernation. This tick species could be captured until November when many tick larvae were found between September and October. These seasonal changes in the tick's lifecycle could explain the high incidence rate of SFTS between April and October.

SFTS is diagnosed in several countries such as China, South Korea, and Japan (Kim et al., 2013; Takahashi et al., 2014; Yu et al., 2011). By September 2018, 13,259 SFTS cases were reported in these countries (Miao et al., 2020). In 2017, the emergence of SFTS in Vietnam was reported (Tran et al., 2019). The spread of the disease is linked to the habitat of the H. longicornis ticks, native to Eastern Asia (Zhao et al., 2020). This tick species is also reported in Australia and New Zealand (Hoogstraal et al., 1968). In 2018, H. longicornis ticks were found on a sheep with no history of being outside the United States (Rainey et al., 2018). These data indicate a significant gap in our understanding of the longhorn tick habitat, which could extend beyond eastern Asia. This tick species could threaten livestock and humans around the globe.

In a study by Cui et al. (2024), an increased notification rate was documented in all endemic countries between 2009 and 2021; however, it was found significant only in China. It is believed that the Summer-Fall outdoor activities, such as farming and traveling, could contribute to outbreaks in those countries (Huang et al., 2021; Liu et al., 2023).

SFST clinical manifestation differ in China, South Korea and Japan. Variations in SFST symptoms and mortality rate could be explained by genotype of the circulating virus. There are six genotypes of Dabie bandavirus (A-F; Casel et al., 2021). Genotype B was found dominant in South Korea and Japan (Yun et al., 2020; Fu et al., 2016). In contrast, genotypes F, A, and D were shown dominant in mainland China (Fu et al., 2016). It should be noted that B genotype Dabie bandavirus identified in Zhoushan Islands, China, suggesting that virus origin could be Japan or South Korea (Fu et al., 2016). It was suggested that the Dabie bandavirus genetic variants could explain lower mortality rate in China compared to that in South Korea and Japan. The mortality rate associated with SFST in South Korea is 21.6%, while in Japan, the rate is 27% (Zhan et al., 2017; Yun et al., 2020). In contrast, the mortality rate from SFST in China is lower ranging from 5.3 to 16.2% (Hou et al., 2023; Huang et al., 2021).

Analysis of Dabie bandavirus genotypes in South Korea patients revealed high mortality rate among patients infected with B variant (44.4%) compared to that of A variant (10%; Yun et al., 2020). Similarly, B genotype was more frequently isolated from SFST patients compared to A genotype. Interestingly, a high mortality rate was found in patients infected with F genotype (44.4%), although the incidence rate was lower than that of B genotype. The higher severity and mortality of B genotype of Dabie bandavirus was confirmed using ferret model. The study demonstrated hospitalization rates of 50–51% and mortality rates ranging from 26.8 to 40%. Additionally, viral load is observed at 3.59–3.64 log copies/mkL. Levels of interferon α (IFNα), interleukin-10 (IL-10), interferon γ-induced protein 10 kDa (IP10) have been closely related to mortality (Kwon et al., 2024).

The B-2 genotype showed the highest incidence (48 of 133 cases) and a significantly higher mortality rate (21 of 48 patients, 43.8%) than the other genotypes. The F genotype also showed a high mortality rate (4 of 9 cases, 44.4%), although the incidence rate was lower than that of B-3 (8 of 28 cases) and B-1 (3 of 16 cases) genotypes. In addition, the A genotype showed the lowest mortality rate (1 of 10 cases) compared with the other genotypes (Yun et al., 2020). Also, The B-1 virus showed the most efficient replication compared with the other viruses in young ferrets and 100% mortality in old ferrets. In contrast, no mortality in young and 40% mortality in ferrets infected with A virus (Yun et al., 2020).

The genotypes F, A, and D were dominant in mainland China. Additionally, seven types of Dabie bandavirus genetic reassortants (abbreviated as AFA, CCD, DDF, DFD, DFF, FAF, and FFA for the L, M, and S segments) were identified from 10 strains in mainland China. Genotype B was dominant in Zhoushan Islands, Japan and South Korea, but not found in mainland China. Phylogeographic analysis also revealed South Korea possible be the origin area for genotype B and transmitted into Japan and Zhoushan islands (Fu et al., 2016).

Another mortality risk factor for SFST is linked to a patient's status. Older age, APACHE II score and use of vasopressive therapeutics are identified as independent factors for fatal SFST outcome (Yang et al., 2023). Also, significantly low platelet counts, high serum creatine kinase-MB, ALT and AST were commonly found in fatal SFST (Fei et al., 2023; Yang et al., 2023; Gai et al., 2012). It was indicated that the fatal SFST is characterized by deterioration of clinical and laboratory parameters in the late stage of the disease, when patients present with disturbed hemostasis, disseminated intravascular coagulation and multi-organ failure (Gai et al., 2012). The older age is a consistent risk factor for SFST mortality (Fang et al., 2024; Nie et al., 2020). It was suggested that the decline in the immune system function could contribute to fatality (Fang et al., 2024). Age being an important risk factor was also confirmed using ferret model, where old had substantially higher mortality rate compared to young mammals (Park S. J. et al., 2019). Similar to fatal SFST, old Dabie bandavirus infected ferrets had high serum levels of AST and ALT. Additionally, aged mammals presented with multiorgan virus dissemination.

Dabie bandavirus can contribute to the severity of the disease and fatal outcome. It was shown that nucleocapsid protein (NP) can suppress the interferon γ (IFN-γ) response (Wu et al., 2014; Ning et al., 2015). Additionally, the Dabie bandavirus could interfere with autophagy using it to facilitate virus replication (Yan et al., 2022). SFST infection can cause lymphopenia (Yang et al., 2023). Interestingly, the differential analysis revealed that the number of CD4+ lymphocytes was substantially lower in fatal SFST (Li et al., 2018). Among these leukocytes, the T helpers (Th) 1 and 2 as well as regulatory T cells were lower in deceased patient (Li et al., 2018). In contrast, Th17 lymphocyte counts were higher in fatal compared to non-fatal SFST.

Excessive activation of proinflammatory cytokines could contribute to pathogenesis of fatal SFST infection. Increased serum levels of several cytokines, including tumor necrosis factor (TNF-α), IFN-γ, IP-10, IL-10, IL-6, macrophage Inflammatory Protein-1 alpha (MIP-1α), IL-8, IL-15, granzyme B, heat shok protein 70 (HSP70), granulocyte colony stimulating factor (G-CSF), IL-1-RA, and monocyte chemoattractant protein-1 (MCP-1) in severe compared to mild forms of the disease were demonstrated in multiple studies (Song et al., 2017). The role of TNF-α and IL-6 is pathogenesis of fatal SFST is supported by finding that high viremia, low platelet counts and multiorgan failure correlate with high cytokine serum levels (Song et al., 2017). Elevated serum levels of TNF-α, IP-10, and IL-6 suggest a “cytokine storm”, condition characterized by over activation of pro-inflammatory cytokines which could damage tissues (Chen et al., 2021).



1.2 Biological vectors of SFTS

Biological vectors are the primary transmitters of the Dabie bandavirus. Vectors can affect the transmission process and epidemiological characteristics of SFTS (Luo et al., 2015). They significantly influence the transmission dynamics and epidemiological characteristics of SFTS (Luo et al., 2015). The tick species H. longicornis is identified as the principal vector for the Dabie bandavirus, although other tick species may also contribute to its transmission. In recent years, global climate change and human activities have expanded the habitat of H. longicornis, further increasing the risk of SFTS transmission (Ding et al., 2023). Its three-host life cycle and wide adaptability to hosts make controlling its population and transmission very difficult. Traditional control measures such as chemical pesticides require to be improved and often disrupt ecological balance. In this context, it is essential to strengthen biological and ecological research on vectors. This helps to understand the transmission mechanism of SFTS and provides a scientific basis for formulating effective control strategies.


1.2.1 Haemaphysalis longicornis
 
1.2.1.1 Ecological and biological characteristics of Haemaphysalis longicornis

Haemaphysalis longicornis, also called the Asian longhorned tick is a major vector and natural host for the Dabie bandavirus. This is an invasive tick species originating from East Asia, including China, Japan, South Korea, Vietnam and North Korea. In the mid-twentieth century, this species spread to other regions, such as Australia and Oceania (Hoogstraal et al., 1968). In 2017, the longhorned tick was first identified in the Americas, specifically in New Jersey, USA, and has rapidly dispersed to multiple states (Haddow, 2019; Pritt, 2020; Rainey et al., 2018; Wormser et al., 2020). This tick may have spread rapidly in the eastern United States through wild animals and livestock hosts (Stanley et al., 2020; Tufts et al., 2021). Individual parthenogenetic ticks have the capability to establish new populations, demonstrating a significantly higher reproductive efficiency compared to sexual reproduction. Evidence indicates that most long-distance invasions of longhorned ticks, such as those recorded in Australia, New Zealand, and the United States, are attributed to parthenogenetic populations (Egizi et al., 2020; Hoogstraal et al., 1968; Hyeon et al., 2021; Zhang et al., 2022).

Since 2007, this species has drawn the scientific community's attention as an essential vector for the emerging SFTS. The onset period of SFTS coincides with the peak activity period of H. longicornis. Haemaphysalis longicornis can thrive over a broad temperature range of −2 to +40°C and primarily inhabits secondary forests, mountainous areas, or the edges of hills. This tick species parasitizes a variety of hosts, including domestic animals such as cattle, horses, sheep, and goats, as well as wild animals such as deer, bears, badgers (Meles meles) and water deer (Hydropotes inermis). Moreover, this tick species can also infest humans. Larvae are mainly found on small wild animals such as Siberian chipmunks (Eutamias sibiricus) and birds such as the ring-necked pheasant (Chen and Yang, 2021).

This species undergoes four life stages: egg, larva, nymph, and adult. Except for the egg stage, it must feed on blood in each subsequent stage before molting into the next one or before laying eggs. Haemaphysalis longicornis exhibits both sexual reproduction and parthenogenesis. Parthenogenesis is a form of asexual reproduction that enables female ticks to establish new populations without fertilizing embryos, resulting in a more rapid population expansion than sexually reproducing ticks. Some data suggest a correlation between parthenogenetic populations and the transmission of Dabie bandavirus (Zhang et al., 2022).

It has a complex three-host life cycle. This tick can complete one generation in a typical year. The seasonal abundance studies on the bisexual population of H. longicornis in Hebei province, northern China, indicate that nymphs are primarily active from March to September, peaking in late April and early May. In contrast, adult ticks are most commonly found from April to September, peaking in late June to July. Females lay eggs predominantly in the warm summer months, leading to high rates of larval infestation between June and October, with peaks observed in mid-August to early September (Zheng et al., 2011). The oviposition period of female ticks is significantly shorter in May and June compared to July and August. The average daily rates of egg-laying during these months show a distinct difference, with lower daily oviposition rates observed in May and June, while the peak of oviposition in July occurs on the fourth day following oviposition (Zheng et al., 2011). Starving nymphs and adults survive the winter in nature.

Under standard laboratory conditions (23–28°C), the developmental cycle of H. longicornis is 83–144 days, and colder temperatures prolong its development period (Chen et al., 2024). Chen et al. (2012) synchronously studied several characteristics of parthenogenetic and bisexual populations of H. longicornis. The results suggested that most features of the two groups were similar, with only a few differences in characteristics. Parthenogenetic individuals have a wider genital apron, greater weight (excluding engorged females), and a longer development cycle of 134 days compared to bisexual individuals, which have a development cycle of 129 days. They also exhibit a lower hatch percentage and significant differences in nymphal premoulting, female feeding, preoviposition, and egg incubation periods.

Under laboratory conditions, the susceptibility of parthenogenetic and sexually reproducing female ticks to Dabie bandavirus is similar (Zhang et al., 2022). However, the distribution of parthenogenetic ticks strongly correlates with Dabie bandavirus, while bisexual ticks do not show the same correlation. The parthenogenetic ticks can reproduce rapidly and spread more widely compared to the bisexual ticks, allowing the SFTS virus to propagate quickly in East Asia. Overall, the unique reproductive biology of the Asian longhorned tick, particularly its parthenogenetic capability, is a crucial factor contributing to the rapid regional transmission of the Dabie bandavirus. A high proportion of parthenogenetic ticks were detected in migratory birds captured in Dabie bandavirus epidemic area, indicating that they may be transmitted through long-distance migration of these birds (Zhang et al., 2022). This assumption is supported by phylogeographic analysis of ticks collected from migratory birds (Zhang et al., 2022).



1.2.1.2 The role of H. longicornis in the transmission of SFTS

Dabie bandavirus can be transmitted horizontally (from infected animals to ticks or from infected ticks to hosts) and vertically (from female ticks to their offspring; Zhuang et al., 2018). The virus can persist throughout the entire lifespan of the H. longicornis. Notably, this virus can be maintained in adult H. longicornis for up to 21 days, which is longer compared to persistence in other tick species (Zhuang et al., 2018). This extended retention of virus is crucial for the transmission of Dabie bandavirus.

Zhuang et al. (2018) demonstrated that after injection, Dabie bandavirus can be detected in salivary glands and ovaries of H. longicornis ticks for 12 days. These data indicate that Dabie bandavirus can infect and translocate within ticks. Moreover, this virus copies in the second generation of eggs were shown higher than that in the first generation of adult ticks prior to blood feeding. This could be explained by the blood feeding promoting the replication of Dabie bandavirus within the ticks. Viral RNA was detected in first- and second-generation ticks, indicating that Dabie bandavirus can be transmitted transovarially and transstadially. It was found in the tick's salivary glands and saliva, indicating that it could be transmitted through the host bites (Zhuang et al., 2018). These results significantly improve our understanding of the relationship between this tick species and Dabie bandavirus dissemination.

Additionally, the virus must evade the tick's innate immune response to persist and replicate in its vector. The antiviral innate immune response of ticks does not eliminate the virus. However, persistent viral infection does not have a significant impact on ticks when it comes to mitigating the negative effects of the infection (Talactac et al., 2021). Haemaphysalis longicornis can produce 22-nucleotide long virus-derived siRNAs (vsiRNAs) in response to infection by Dabie bandavirus (Xu et al., 2021). Xu et al. (2021) found that the tick Dicer2-like protein regulates the antiviral RNAi response, as knocking down this gene enhanced viral replication. Furthermore, authors demonstrated that viral suppressors of RNAi (VSR) proteins inhibit the production of vsiRNAs. These data indicate that ticks have an antiviral RNAi pathway that viruses managed to evade. This study suggests that the antiviral RNAi pathway of the long-horned tick is a target of virus evolutionary adaptations.

In conclusion, the transmission dynamics of Dabie bandavirus in H. longicornis include following steps: (1) During the bite, H. longicornis injects saliva while simultaneously absorbing blood through its mouthparts. Ticks can acquire the Dabie bandavirus by feeding on the blood of infected hosts or through transovarial and transstadial routes. (2) Initially, the virus persists within the tick's midgut, subsequently crossing the digestive epithelium to enter the hemocoel. (3) Later, it moves into the salivary glands by crossing the epithelium and invades the acini. (4) During the subsequent feeding period, Dabie bandavirus can be transmitted to new hosts via the saliva, which counteracts host hemostasis, inflammation and immune responses, thus facilitating pathogen infection of the host.

Despite the important insights provided by laboratory research on the transmission dynamics of Dabie bandavirus, there are limitations to its findings in relation to real-world observations, primarily in several aspects: laboratory environments are typically subject to strict control, which does not reflect the complexity of natural environments; the animal models used in experiments, such as mice and guinea pigs, differ from the natural hosts of Dabie bandavirus (such as cattle and sheep) in physiological and immunological characteristics, which may affect the replication and transmission of the virus within the host; the viral dosage under experimental conditions is usually artificially controlled, while the viral load in actual environments is dynamically variable. Therefore, when interpreting laboratory research findings, it is essential to consider these limitations and analyze them in conjunction with actual data. Future studies should place greater emphasis on simulating natural environments and employ animal models that are closer to natural hosts to enhance the reliability and applicability of research outcomes (Figure 1).
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FIGURE 1
 The transmission dynamics of Dabie bandavirus in Haemaphysalis longicornis. (1) Ticks become infected with Dabie bandavirus while taking blood meal from reservoir animals. Viruses enter the tick's gastro-intestinal tract; (2) The viruses initially replicate in the gastro-intestinal tract; (3) The viruses migrate from gastrointestinal tract to salivary glands where they continue to propagate; (4) The viruses are injected with saliva into the bloodstream during the feeding process. Created with BioRender.com.





1.2.2 Other potential biological vectors

In addition to H. longicornis, Dabie bandavirus has been detected in various other biological vectors (Table 1). Through experimental transmission study by artificial infection, it was shown that the transmission capacity of Dabie bandavirus varies not only among different tick species but also across different periods and physiological states within the same species (Hu et al., 2020): (1) The duration of Dabie bandavirus carriage in Ixodes sinensis is 18 days, while it is 9 days for Dermacentor silvarum and 6 days for I. persulcatus. In contrast, the longest persistence of infection was 21 days in H. longicornis. (2) Five days after the injection of Dabie bandavirus in adult ticks, 100% of I. sinensis and H. longicornis ticks were found positive. In contrast, a significantly lower percentage of I. persalcatus ticks (66.7%) and D. silvarum ticks (33.3%) were positive for Dabie bandavirus RNA. (3) Although adult D. silvarum and I. persulcatus can carry Dabie bandavirus, they lack the capacity to transmit this virus via eggs and from nymphs to adults. Interestingly, D. silvarum capable of transstadial transmission of Dabie bandavirus in 81.25% cases, while I. persulcatus cannot. (4) The natural infection rate among free-living H. longicornis ticks is relatively low, while the infection rate of parasitic blood-sucking H. longicornis ticks is relatively high.

TABLE 1  Species detected with Dabie bandavirus.


	Tick species
	Country
	References





	A. testudinarium
	ROK, Japan
	Suh et al., 2016; Jo et al., 2019; Sato et al., 2021

 
	H. concinna
	China
	Meng et al., 2015; Tian et al., 2017

 
	H. flava
	ROK, ROK, Japan
	Yun et al., 2016; Jo et al., 2019; Sato et al., 2021

 
	H. formosensis
	Japan
	Sato et al., 2021

 
	H. hystricis
	Japan
	Sato et al., 2021

 
	H. megaspinosa
	Japan
	Sato et al., 2021

 
	H. longicornis
	China, ROK
	Liu et al., 2012; Jiang, 2012; Park et al., 2014; Xu et al., 2015; Luo et al., 2015; Meng et al., 2015; Wang et al., 2015, 2016; Liu et al., 2016; Xing et al., 2016; Yun et al., 2016; Jo et al., 2019; Yang et al., 2019; Shao et al., 2020; Zhang et al., 2022

 
	Ixodes nipponensis
	ROK
	Ham et al., 2014; Yun et al., 2016; Suh et al., 2016; Jo et al., 2019

 
	I. sinensis
	China
	Hu et al., 2020

 
	Rhipicephalus microplus
	China
	Wang et al., 2015

 
	R. sanguineus
	China
	Xu et al., 2015

 
	Ticks unidentified
	ROK
	Yun et al., 2016; Lee et al., 2021; Seo et al., 2021

 
	Laelaps echidninus
	China
	Wang et al., 2012

 
	Leptotrombidium scutellare
	China
	Wang et al., 2012

 
	Gadflies
	China
	Liu et al., 2012






Dabie bandavirus has also been detected in gamasid mites Laelaps echidninus, chigger mites Leptotrombidium scutellare and gadflies (Liu et al., 2012; Wang et al., 2012). However, viral RNA was not found in other blood sucking insects, such as mosquitoes, midges and sandflies (Liang et al., 2017; Tian et al., 2017; Yu et al., 2011). No viral RNA was detected in 5,900 mosquitoes collected from the SFTS patient's home (Yu et al., 2011). Also, it was shown that Culex pipiens pallens, Aedes aegypti, and Anopheles sinensis mosquitoes do not support virus replication (Liang et al., 2017).




1.3 The impact of climate changes on SFTS and its biological vectors

SFTS is a climate-sensitive infectious disease, as climate change has a profound impact on the biological vectors as well as the epidemic and transmission (Wang et al., 2024). Studies have confirmed that meteorological variables have nonlinear, delayed, and interactive effects on the incidence of SFTS (Zhang et al., 2019; Liu and Zhu, 2024; Wang et al., 2024; Zhan et al., 2017).

Liu et al. (2015) conducted a comprehensive analysis of the epidemiological characteristics, geographical variations, spatiotemporal clustering, and risk factors associated with SFTS in China from 2010 to 2013. Utilizing spatial scan statistics and the Boosted Regression Tree (BRT) model, they identified climate factors such temperature, rainfall, relative humidity, and sunshine hours as significant risk factors. Subsequently, Sun et al. (2018) employed various predictive models, including ARIMA, NBM, and GAM, to forecast the incidence of SFTS and determined a notable influence of temperature and relative humidity on the disease's occurrence. Among these models, the NBM demonstrated the most effective predictive performance. Their findings indicated that a unit increase in last month's SFTS cases leads to a 1.17% rise in occurrence, a unit increase in maximum temperature correlates with a 25.68% increase, and a unit increase in mean relative humidity results in a 10.31% increase in SFTS cases (Sun et al., 2018). Ding et al. (2023) used BRT and GAM models to forecast an increase in SFTS cases in mainland China from 2030 to 2089 compared to the 2010s, with regional variations. Specifically, the provinces of Liaoning and Shandong are expected to increase, whereas a decline may occur in Henan. Furthermore, potential outbreak zones are anticipated to emerge in Xinjiang and Yunnan (Ding et al., 2023). Additionally, Miao et al. (2020) utilized the ecological niche model alongside the BRT model to evaluate the global distribution of the tick species H. longicornis and identify potential hotspots for SFTS. Their analysis revealed that, beyond the established endemic areas, this tick species exhibits high suitability in regions such as the northeastern United States, New Zealand, parts of Australia, and several Pacific islands. Consequently, high-risk SFTS areas are primarily concentrated in east-central China, most of the Korean Peninsula, southern Japan, and northern New Zealand (Miao et al., 2020).

The dependance of SFTS incidence rate on meteorological factors could provide crucial information for resource allocation, planning the disease control in the context of climate change. The most critical factors will be discussed in this section.


1.3.1 Temperatures

Among many factors, temperature is a crucial environmental factor influencing the incidence rate of ticks and SFTS. Both low and high temperatures inhibit tick host-seeking activities, affecting their habitat and duration of activity. When environmental temperatures decrease significantly, ticks respond behaviorally by withdrawing to the litter area to avoid freezing (Gray, 2008), entering states of quiescence and diapause (Gray et al., 2016) or synthesizing cryoprotectants, which may enhance their ability to tolerate cold and improve their survival during the winter (Neelakanta et al., 2010). Therefore, lower temperatures extend the developmental cycle duration, consequently increasing tick mortality rates (Estrada-Peña et al., 2012). However, rapid cold hardening (RCH), a type of phenotypic plasticity that enables ectotherms to quickly enhance their cold tolerance in response to brief chilling (lasting minutes to hours), improves cold survival but shortens lifespan due to increased metabolic costs (Teets et al., 2020; Wang et al., 2017b). This relationship explains why warmer climate conditions generally favor the establishment of permanent tick populations (Estrada-Peña et al., 2012).

However, the relationship between temperature and tick populations is not linear (Estrada-Peña et al., 2012). While moderate temperature increases may initially benefit ticks by accelerating development and extending their active periods, extreme heat can significantly hinder survival and reproductive success through accelerated water loss, especially for certain life stages. Laboratory research of Ixodes scapularis indicates that temperatures surpassing 32°C can adversely affect tick survival, hindering the molting process of larvae and nymphs into the next life stages (Eisen and Eisen, 2024). The mortality effect of high temperatures is particularly pronounced when combined with low humidity conditions, resulting in a dual stress environment that further reduces survival potential (Eisen and Eisen, 2024). The relationship between thermal stress and survival is particularly important when considering climate change projections, as expanding periods of elevated temperatures could substantially impact tick population dynamics across various regions (Bouchard et al., 2019).

Studies have demonstrated that there is also a complex nonlinear relationship between temperature and SFTS (Wang et al., 2024; Zhang et al., 2019; Wang et al., 2017a). Feng et al. (2017) isolated Dabie bandavirus strain ZJ2013-06 from a patient with SFTS who did not exhibit fever symptoms in Zhejiang, China. This strain exhibited significant genetic divergences from the predominant strains circulating in China. Temperature sensitivity tests found that compared to 37°C, ZJ2013-06 had limited replication at 39°C, with a significant decrease in viral load (about 100-fold). Through adaptive culture at 39°C, they successfully obtained the ZJ2013-06-P7 strain, which exhibited a reverse mutation at the 1616th amino acid residue (transitioning from aspartic acid to serine). This mutation enabled ZJ2013-06-P7 to lose the temperature sensitivity characteristic of the original strain, restoring its replication capability to levels similar to those of the typical strain NB24/CHN/2013. Consequently, the reverse mutation is the key to the temperature sensitivity of the ZJ2013-06 strain (Feng et al., 2017). Analysis by Du et al. (2014) indicated that the annual mean temperature favorable for the outbreak of SFTS ranges from 11.6 to 12.8°C. The majority of SFTS cases are reported between May and October. This period coincides with optimal temperature conditions for tick activity, thereby indirectly indicating the role of temperature in promoting Dabie bandavirus transmission. In regions characterized by elevated temperatures and humidity, ticks are prevalent for extended periods, and cases of SFTS documented longer. For instance, in Jiangsu Province, SFTS cases typically emerge between March and April, reach their peak from May to August, and subsequently decline and ultimately vanish by November (Zhang et al., 2019), suggesting that warmer months are more favorable to spread of H. longicornis and the transmission of the disease. Studies have shown that a temperature range of 18–35°C may increase tick population density and facilitate further reproduction of their offspring (Heath, 2016).

The maximum temperature of the warmest month is also a key environmental factor, with a suitable range between 32.8 and 34.2°C (Zhang et al., 2019). The exposure-response curve with an inverted “U” shape indicates that the risk of SFTS natural foci presence increases initially followed by decline as temperature changes.

In summary, temperature is a crucial factor influencing Dabie bandavirus infection and pathogenesis. The sensitivity of Dabie bandavirus to temperature may be related to its pathogenic mechanism and clinical manifestations. Elevated temperatures within an appropriate range enhance the replication and transmission efficiency of this virus within its vector (Zhang et al., 2019). Elevated temperatures also contribute to a higher survival and reproductive success rate of H. longicornis and accelerate metabolism leading to a shorter life cycle and a growth in population size, which further influences the transmission dynamics of Dabie bandavirus. Moreover, the temperatures that favor tick growth also promote increased human activities, resulting in a higher likelihood of human-tick interactions and, consequently, an elevated incidence of SFTS.



1.3.2 Precipitation

Precipitation is another crucial climatic factor that significantly influences SFTS and H. longicornis. Moderate levels of precipitation create an environment favorable for ticks' survival and facilitate the Dabie bandavirus transmission. In contrast, excessive or insufficient precipitation may negatively affect tick activity and reproduction. An optimal range of precipitation (100–400 mm), combined with abundant vegetation, creates ideal living conditions for H. longicornis. The amount of precipitation during the dry season serves as a significant driving factor for the transmission of Dabie bandavirus (Liu et al., 2014). The influence of precipitation on SFTS and ticks can be understood through the following several interconnected aspects.

First, precipitation directly affects the habitat suitability and survival strategies of ticks, which in turn influences the spread of SFTS. The influencing mechanism varies across different regions (Ding et al., 2023; Duan et al., 2023; Mo et al., 2025; Wu et al., 2020). Favorable humidity conditions enhance the survival and reproduction rates of ticks, thereby facilitating the establishment of their populations (Berger et al., 2014; Tsunoda, 2008; Yoder et al., 2008). For instance, I. ricinus requires >92% relative humidity (RH) for off-host survival, while desert-adapted Hyalomma asiaticum tolerates 80% RH (Lees, 1946; Balashov, 1960). Precipitation sustains these thresholds through microhabitat exploitation, such as I. ricinus alternates between dry vegetation and moist ground litter to rehydrate (Lees and Milne, 1951), whereas Hy. asiaticum retreats to rodent burrows (84–100% RH) during droughts (Balashov, 1960). Ticks also absorb atmospheric water vapor above their critical equilibrium humidity (CEH: 75–94% RH), a process accelerated by precipitation-driven humidity (Rudolph and Knülle, 1974, 1978). These adaptations—coupled with physiological mechanisms like cuticular waterproofing and water vapor absorption via mouthparts—enable ticks to balance hydration across life stages, from parasitic phases (excreting excess blood meal water via salivary glands or coxal organs) to prolonged fasting periods (Gassner et al., 2011; Medlock et al., 2013).

Second, precipitation directly affects the ticks' biogeographic constraints. Behavioral plasticity and evolutionary adaptations to humidity gradients ultimately define tick biogeography. Species like I. ricinus exhibit vertical migration between vegetation and humid litter layers to mitigate moisture loss during host-seeking (Medlock et al., 2013), while desert species avoid daytime aridity by sheltering in burrows (Balashov, 1960). Crucially, distribution limits are dictated not by CEH thresholds but by cuticular permeability—a trait determining interspecies tolerance to environmental humidity. These patterns underscore how precipitation-driven humidity interacts with species-specific physiological and behavioral traits to shape global tick distributions (Milne, 1943).

Third, precipitation indirectly affects the habitats of small animals, such as rodents, which are essential hosts for ticks (Agulova et al., 2016; Gubler et al., 2001). Fluctuations in rainfall correlate closely with the population dynamics of these small mammals (Barros et al., 2018; Dhawan et al., 2018). Increased precipitation can lead to higher breeding rates among hosts, offering more opportunities for ticks to infest, which can result in an elevated risk of SFTS transmission (Agulova et al., 2016; Wang et al., 2024). Moreover, the incidence rate of SFTS demonstrates distinct seasonal variations, typically peaking during periods with increased precipitation and elevated temperatures (Wu et al., 2020). Data suggests that higher rainfall creates optimal conditions for tick survival and may also enhance the SFTS transmission potentially through an increase in host animal populations.

Lastly, it is important to note that the effects of precipitation are related to the occurrence of SFTS. Numerous studies demonstrated that humidity significantly influences on SFTS (Duan et al., 2023; Mo et al., 2025; Sun et al., 2018; Wang et al., 2024). Conversely, Wu et al. (2020) found that the occurrence of SFTS was relatively insensitive to precipitation, suggesting that the influence of precipitation may be affected by geographical location and time period. Furthermore, the relationships between precipitation and infection rate of SFTS are non-linear and SFTS may exhibit delayed consequences (Wang et al., 2024). This suggests that the impact of rainfall may not be immediately reflected in the number of SFTS cases. Humidity and precipitation affect the survival activities of ticks and the spread of SFTS under extreme conditions, and the specific influencing mechanism varies from region to region (Deng et al., 2022).

In conclusion, humidity plays a crucial role in the occurrence of SFTS, with a generally positive correlation but also showing non-linear relationships and varies regionally. It indirectly influences the transmission of SFTS by affecting ticks. Additionally, humidity is also related to the incidence rate of SFTS cases, but this relationship is influenced by a variety of other factors, including temperature, geographical location, and seasonal variations. Understanding these relationships is crucial for predicting and preventing the spread of SFTS.



1.3.3 Climate-induced ecological landscape alterations

Climate-driven ecological changes are expected to significantly alter the natural hosts and transmission pathways of the Dabie bandavirus. Notably, climate-induced alterations in ecological landscapes are likely to impact the geographical distribution of H. longicornis. Furthermore, the effects of climate change on habitats will influence tick populations, host animals, and the overall transmission dynamics of SFTS (Okely et al., 2025).

Collected data highlights key elements regarding how climate factors affect SFTS transmission dynamics. First, climate conditions and tick density significantly influence the transmission ecology of SFTS (Deng et al., 2022). Shifts in temperature and precipitation patterns can result in considerable habitat alterations (Weiskopf et al., 2020). Warmer temperatures and increased rainfall create more favorable environments for tick proliferation, expanding tick habitats into previously inhospitable regions, which subsequently increases their geographical range and capacity to transmit pathogens (Dantas-Torres, 2015). Additionally, rising temperatures accelerate the life cycle of ticks, lengthening their active seasons and consequently elevating tick populations. Resulted an increased tick population heightens the likelihood of encounters between ticks and their host animals, amplifying the risks of disease transmission (Chen et al., 2024).

Second, tick-host dynamics are critically intertwined with climatic changes. Ticks are parasites of various hosts, which can increase the chances of Dabie bandavirus transmission to humans. The distribution patterns of these host species may be altered by climate change, impacting SFTS transmission rates (Iijima et al., 2025).

Geographical factors, such as altitude, also influence Dabie bandavirus transmission by affecting the living conditions of ticks and the virus's transmission dynamics within these vectors (Liu et al., 2015; Sun et al., 2021). The interplay among ticks, hosts, and environmental changes creates complex transmission pathways for diseases such as SFTS. Expanding tick and host populations can elevate the frequency of transmission events, increasing the risk of SFTS in previously unaffected regions (Wang J. N. et al., 2021). Habitat disturbances resulting from climate fluctuations may alter host behavior and distribution, further complicating transmission dynamics (Wang J. N. et al., 2021). In summary, climate change can profoundly affect SFTS transmission pathways and associated risks by modifying the distribution of ticks, host animals, and their interactions. Further investigation into these intricate ecological processes is vital for predicting and responding to the repercussions of climate change on SFTS transmission.

Lastly, environmental changes driven by climate are affecting the seasonal patterns of tick activity and SFTS outbreaks. Longer and warmer seasons lead to higher survival rates for both ticks and their hosts, prolonging transmission seasons (Jang et al., 2024). Such shifts may result in increased incidents of SFTS during atypical months that extend beyond traditional peak seasons, posing challenges for public health monitoring and response efforts. Adaptation and dispersal of H. longicornis to changing ecological landscapes was reported correlating with the increased spread of SFTS in Southeast Asia (Pérez et al., 2024). Furthermore, the genetic and ecological diversity of H. longicornis plays a crucial role in its capacity to transmit SFTS. Recent studies demonstrated that ecological landscape factors, with significant public health implications, influence this virome diversity (Ye et al., 2024). Variability in environmental conditions affects the interactions between viruses and their vectors, underscoring the importance of landscape genetics in understanding transmission dynamics (Ye et al., 2024; Kim et al., 2022).

Environmental factors such as temperature, precipitation, and habitat type can establish ecological niches favorable to tick survival and proliferation, increasing the risk of SFTS transmission (Pérez et al., 2024). Additionally, understanding the overwintering ecology of H. longicornis is critical for managing SFTS risks. Jung and Lee (2023) found that the unique characteristics of overwintering habitats influence tick survival and the potential for virus transmission in subsequent seasons. It appears that climate change will continue to reshape habitats suitable for H. longicornis. Various climate scenario forecasts a shift in the geographical distribution of these ticks, potentially expansion into new regions (Pérez et al., 2024). Overall, the interplay between ecological landscape changes and the biology of H. longicornis is essential for understanding and mitigating SFTS impacts. Further research into these complex interactions and the anticipated effects of climate change will be crucial for public health preparedness and response strategies.




1.4 Prevention and control strategies in the context of climate change

Mitigating the potential impacts of climate change on SFTS and its vectors necessitates coordinated efforts from various stakeholders.


1.4.1 Public health departments

Public health agencies are crucial in monitoring and responding to emerging infectious disease threats, such as SFTS, exacerbated by climate change.

Asian longhorned ticks feed on multiple hosts, such as livestock, white-tailed deer, sheep, goats, hares, and dogs (Maestas et al., 2020). Also, ticks were found on birds (Pandey et al., 2022). This wide range of hosts makes H. longicornis highly adaptive to a changed environment and extremely mobile. Management of this tick species presents a challenge as these ticks can propagate using parthenogenesis (Wang T. et al., 2021). Also, they have a complex lifecycle which includes several stages with different susceptibility to control measures. The current tick control approaches aim to map the tick's spread and use acaricides and personal protection. The tick map is a tracking system led by Agricultural Research Service (ARS) to identify the area where ticks are endemic (Baldwin et al., 2022). This map allows ARS to investigate the tickborne disease outbreaks and predict the location of the next one. It can also help identify farms at risk before ticks get there. This map is an excellent tool for the United States Department of Agriculture (USDA), a leading office to monitor and control tickborne diseases. This effort involves the Partnerships for Data Innovations (PDI) team, which connects technology leaders, researchers, and USDA to address the challenges in the agricultural community. The result of this effort, a tick map, becomes a powerful new tool that provides real-time awareness of the efforts to fight the tick.

Surveillance is a powerful tool for analyzing ticks' distribution in different habitats and the presence of various stages of the arthropod lifecycle. Two commonly used methods are “dragging” and “flagging”. For “dragging”, a white cloth is dragged behind a researcher walking through a habitat, while a white cloth is waved on the ground when “flagging”. When ticks are identified near the farm, livestock or human settlements, a chemical control could be used to manage the arthropods. Several pesticides were found to be effective in a study by Park G. et al. (2019). Studies also demonstrated pyrethroids' efficacy in controlling ticks' nymphal stage (Lee et al., 2015; Park G. et al., 2019). Also, continued use of acaricides was suggested to target nymphal and adult stages, which could reduce the number of females laying eggs. Several acaricides could be used as dips and sprays for animals (Mutavi et al., 2021; Oda et al., 2019; Watts et al., 2016).

Tick bite prevention reduces human exposure, which is essential to control the spread of infectious diseases. The Centers for Disease Control and Prevention recommendations include using Environmental Protection Agency (EPA)-registered insect repellents (Centers for Disease Control and Prevention, 2024). The efficacy of CDC-suggested repellents against nymph was confirmed in a study by Foster et al. (2020). Wearing light-colored cloth preventing tick attachment is also recommended to prevent tick bites (Stjernberg and Berglund, 2005; US Environmental Protection Agency, 2024). Additionally, CDC recommendations state that showering and body inspection are required every time after having an outdoor activity (Centers for Disease Control and Prevention, 2024).



1.4.2 Environmental and climate scientists

Global warming increases the risk of tick bites for humans and animals. This could result from the spreading of animals into new habitats and increased human activities such as travel, tourism and trade. The rising temperature is the main factor contributing to the increased risk of tick exposure (Ogden and Lindsay, 2016). Higher temperatures support the growth of the tick population (Gasmi et al., 2018). The warmer temperature was shown to expedite oviposition, egg development and interstadial development rate in ticks (Li et al., 2016; MacLeod, 1935; Randolph et al., 2002). Increased temperature also prolongs the seasonal activity of ticks (Gilbert et al., 2014). Climate changes also promote the growth of the tick population by providing an abundance of additional hosts in new habitats.

One of the most pressing challenges for environmental researchers is to predict changes in the suitable area for tick propagation. In a study by Namgyal et al. (2020), the East Coast and West Coast states were found suitable for the H. longicornis habitat. These findings are supported by data collected by using maximum entropy distribution modeling (Raghavan et al., 2019; Rochlin, 2019). Haemaphysalis longicornis appears highly adaptive and can survive in various climates. They can sustain a wide range of temperatures (Heath, 2016; Zhao et al., 2020). However, low humidity could limit ticks' survival as larva and adult stages require moisture (Knülle and Rudolph, 1982; Zhao et al., 2020). Another factor contributing to H. longicornis spread is the presence of tall grass and meadows (Schappach et al., 2020).

Tick control measures were tested in multiple studies. For example, a randomized, replicated, fully crossed, placebo-controlled, masked test was conducted by Keesing et al. (2022) to evaluate the efficacy of two environmentally safe interventions. The Tick Control System (TCS) and Met52 fungal spray were used separately or combined to measure the reduction of risk for and incidence of tick-borne diseases in humans and pets in 24 residential neighborhoods. Authors stated that these approaches were effective only to reduce the risk of tick-borne disease in pets, while having limited effect on risk of human exposure. Similarly, limited effect of bifenthrin on risk of tik-borne disease in human was reported by Hinckley et al. (2016) in 2-year, randomized, double-blinded, placebo-controlled trial conducted in 3 northeastern states. It was suggested that these acaricides could have limited effect on ticks exposure because of human awareness of that risk and taking precautions.

Study using ecotonal woodchip borders reduce the density of host-seeking ticks along recreational trails in Ottawa, Canada was reported by McKay et al. (2020). It was reported that this ecologically friendly method reduced the abundance of questing ticks reducing the risk of human exposure. The efficacy of acaricide Ecotix was tested by Hezron et al. (2012) in Tanzanian short horn Zebu, Tanzania. Authors reported the efficacy of the treatment as well as economic benefits for farmers.

In 2007, the Center for Disease and Prevention established a TickNet, a public health network which includes academic institutions and state health departments to coordinate the surveillance, research, education and prevention of tick-borne diseases (Mead et al., 2015). This initiative partners with emerging infections programs from Massachusetts, Minnesota, New York and Connecticut to conduct a survey or commercial, clinical and state laboratories to evaluate the practices used to test for tick-borne diseases (Mead et al., 2015). Also, these partners quantify current costs for diagnosis and treatment of Lyme disease, a most common tick-born disease.

Tick surveillance program was established and funded by CDC in 2018 (https://www.cdc.gov/ticks/data-research/facts-stats/?CDC_AAref_Val=https://www.cdc.gov/ticks/surveillance/index.html). At that time states, counties and tribes used different approaches for tick surveillance, which affected the coordination of tick control measures. To improve the tick control practices CDC implemented a cooperative agreement to support five regional Center of Excellence in Vector-Borne Disease, in 2017 (https://www.cdc.gov/vector-borne-diseases/what-cdc-is-doing/centers-of-excellence-in-vector-borne-diseases.html?CDC_AAref_Val=https://www.cdc.gov/ncezid/dvbd/about/prepare-nation/coe.html). To continue this effort, CDC awarded four universities to serve as Centers of Excellence: University of Massachusetts Amherst, University of California-Davis, University of Florida, and University of Wisconsin-Madison. These Centers are conducting research to prevent tick bites and suppress the acari population. Also, they train public health entomologists to become experts in vector-borne diseases. Additionally, they become a center for gathering information on tick-borne diseases and acari control.

The Federal Framework on Lyme Disease Act, which was approved on December 16, 2014, is aimed to develop a Federal Framework on Lyme disease, which is an emerging tick-borne infection in Canada (https://www.canada.ca/en/public-health/services/diseases/lyme-disease/surveillance-lyme-disease.html). This framework is based on three principles: (1) surveillance, (2) education and awareness, and (3) guidelines and best practices. The initiative identifies a tick surveillance in public places as one of the essential elements in prevention of Lyme disease. The integrated surveillance data will provide timely updates on the changing distribution of tick vectors. Also, Regulatory Proposal PRO2018-01 was developed by the Government of Canada to update recommendations in the Pest Control product Act (https://laws-lois.justice.gc.ca/eng/acts/P-9.01/) on use of products applied on skin of pets to control ticks (https://www.canada.ca/en/health-canada/services/consumer-product-safety/pesticides-pest-management/public/consultations/regulatory-proposals/2018/pesticide-products-used-companion-animals/document.html). The Government of Republic of China released “Regulations on the Management of Pesticides” (State Council Decree 677). These Regulations concern the registration, production, distribution, and use of pesticides to control ticks (https://apps.fas.usda.gov/newgainapi/api/report/downloadreportbyfilename?filename=China%20Released%20the%20Regulations%20on%20the%20Management%20of%20Pesticides_Beijing_China%20-%20Peoples%20Republic%20of_4-19-2017.pdf). Also, Chinese Center for Disease Control and Prevention published guidelines to educate population on steps to reduce tick's exposure (https://en.chinacdc.cn/in_focus/202204/t20220412_258378.html). European Center for Disease Control and Prevention (ECDC) published personal protection measures against tick bites (https://www.ecdc.europa.eu/en/disease-vectors/prevention-and-control/protective-measures-ticks). Also, detailed information generated in collaboration with the VectorNet Entomological Network on biocide resistance in wild vector population is summarized on the ECDC site (https://www.ecdc.europa.eu/en/publications-data/biocide-resistance-wild-vector-populations-eu).



1.4.3 Decision-makers and legislators

Decision-makers and legislators play a pivotal role in addressing the climate-SFTS-vector relationship.

Control of H. longicornis distribution is an important healthcare issue because they can be vectors for zoonotic diseases (Luo et al., 2015; Zhao et al., 2020). One of the most severe zoonotic viral infections transmitted by this tick species is SFTS. This disease can have a mortality rate of up to 35% (Yokomizo et al., 2022). STPS is endemic in Asia. However, the spread of tick vectors to North America makes SFTS a potential threat on the continent. This potential for an outbreak of SFTS in new areas requires attention from decision-makers. Haemaphysalis longicornis can also be a vector for livestock diseases. This tick species can transmit T. orientalis Ikeda, causing bovine theileriosis in Asia and North America (Butler and Fryxell, 2023; Egizi et al., 2020). Haemaphysalis longicornis is reported in the northeast, mid-Atlantic, and southeast of the US (Beard et al., 2018). This tick spreads rapidly due to the diverse host range and high reproduction rate (Ronai et al., 2020; Tufts et al., 2021). Currently, H. longicornis is not reported in Texas as a major livestock producer; however, the rapid spread of this species requires serious constant attention. The USDA Animal and Plant Health Inspection Service developed a “Complex Program for Monitoring Haemaphysalis longicornis, the Asian Longhorned Tick, Populations in the United States” (USDA, 2024). Monitoring is based on analysis of the status of occurrence. This could be done by tick identification using reference laboratories such as USDA National Veterinary Services Laboratories (NVSL). Also, state laboratories specializing in tick identifications can do additional identifications. Surveillance and distribution of ticks could be completed by active and passive techniques with GPS locations recorded. Collected data could be used for the analysis of outbreaks by state agriculture and public health agencies. Also, these data could be used to assess the risk and potential impact of H. longicornis on disease introduction and spread in the United States.

Initial detection of H. longicornis by state laboratories should be confirmed at the NVSL. During the investigation, a local USDA Veterinary Medical Officer (VMO) should provide a copy of the pest alert fact sheet to the concerned citizen, landowner, or producer. Measures of tick control should be identified and provided to local authorities. These measures include: (1) modification of landscape, (2) use of acaricides, and (3) repellents as well as biosecurity. Habitat modification is part of the integrated pest management plan for tick control. Since H. longicornis habitat in high grass and meadow areas (Schappach et al., 2020). Therefore, trimming grasses, removing trees, and placing mulch and surface barriers could reduce the survival of ticks. Additionally, temporal removal of the livestock could reduce the survival of all states of tick development. Several tick control acaricides are approved by the Environmental Protection Agency (EPA) and the Food and Drug Administration (FDA). Permethrins, phosmet, diflubenzuron, and lambda-cyhalothrin effectively killed exposed H. longicornis (Butler et al., 2021). The biosecurity includes personal protective equipment (PPE) to minimize exposure to ticks. These measures focus on protecting property from entry and spread of pests.

Biological control is an essential component of the integrated pest management (IPM) program (Samish et al., 2004). This approach utilizes pathogenic microbes to control ticks' population. Among these pathogens, fungi species were used to test acaricidal efficacy in vitro and in vivo (Alonso-Díaz and Fernández-Salas, 2021; Wadaan et al., 2023; Sullivan et al., 2022). The Metarhizium anisopliae and Beauveria bassiana species are most commonly used for pests control (Rajula et al., 2020; Bukhari et al., 2011). Biocontrol has multiple advantages compared to other types of acaricides. This form of control is targeted with limited toxic effect to the environment and other species (Graf et al., 2004; García-García et al., 2000). Microbes could remain in the environment providing sustainable tick's control (Estrada-Peña et al., 1990; Mesquita et al., 2023). Also, pathogenic microbes could target nymph and larvae stages of tick life cycle, which explains the high efficacy of tick's control (Wassermann et al., 2016; Alonso-Díaz and Fernández-Salas, 2021; Bonnet et al., 2021). Biocontrol approach could be an additional tool used by heath care departments to control tick's population and prevent the spread of infections.

A novel approach for ticks control based on gene editing was proposed (Nuss et al., 2021). Genetic manipulation could be used to affect the male-to-female ratio which was demonstrated in experiments using mosquito (Galizi et al., 2016). Similar approach could be used to control tick's population.

Public education is crucial for the surveillance effort. Increased public awareness of tick habitats and the diseases they transmit could reduce the risk of outbreaks. This information could be provided to veterinarians and pet owners through press releases and broadcasts. Also, information could be provided to the public on information sheets, distribution maps, etc.





2 Conclusions

Tick spread due to climate change is a significant challenge. The combined effects of epidemiologists, researchers, healthcare providers and legislature are essential to control the tick's population and reduce the risk of human and animal exposure. Global climate change adds more challenge to tick control efforts are acaridae are spreading into new habitat following their hosts. Also, ticks develop resistance to commonly used acaricides. Therefore, research for novel approaches for acaridae control is the most urgently needed.

The collaborative efforts could include:

	1. Funding research for developing and testing novel approaches for tick control (biocontrol, genetic control, etc.).
	2. Constant updating the regulatory framework to expedite the approval and implementation of novel effective measures for tick control.
	3. Improve collaborative efforts between agencies in charge of tick control.
	4. Engage tick controlling agencies in neighboring countries to synchronize their efforts.
	5. Engage the custom/trade controlling agencies in controlling the export/import of products having high risk of tick exposure.
	6. Advance the efficacy of public education by establishing the state/county legislative initiatives.
	7. Engage the local veterinarian and physician in the public education programs. Promote public education through workshops, conferences and flyers.
	8. Funding the research to develop vaccines against tick-borne diseases in human and animals.
	9. Funding studies to better understand ticks' life cycle to identify novel targets for acaricides.
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Nationality <0.001 <0.001 <0.001
Han 157,621 | 31,115 19.7 (19.5,19.9) 23,150 14.7 (14.5,14.9) 74.4 (73.9,74.9) 7,965 5.1(4.9,5.2) 25.6 (25.1,26.1)
Minority 1,422 387 27.2 (24.9,29.5) 269 189 (16.9,21.0) 69.5 (64.9,74.1) 118 83(6.9.9.7) 30.5 (25.9,35.1)
Unknown 6 0 0.0 (0.0,0.0) 0 0.0 (0.0,0.0) 0.0 (0.0,0.0) 0 0.0 (0.0,0.0) 0.0 (0.0,0.0)

HPV, human papillomavirus; CI, confidence interval.
“The proportion of single or multiple infections among all HPV positive cases.
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HPV category = Prevalence at entry No. of Follow-up. All incident infectious no coinfections 2 One or more coinfections 2
into study no. (%) of participants person-years - — S
women n incidence/1,000 n incidence/1,000 n incidence/1,000
person-years person-years (95%Cl) person-years (95%Cl)
(95%Cl)
Any 10,062 (50.3) 9,950 32,645 1,348 41.29 (40.76,41.83) 1,001 3066 (30.16,31.16) 347 10.63 (10.3,10.96)
High risk 8,340 (41.7) 18,443 37,225 1210 3251 (32.03,32.98) 770 20.69 (20.27,21.1) 440 11.82 (11.49,12.15)
HPV-16 1,565 (7.8) 18,444 55,825 235 421 (4.04,4.38) 92 1.65 (1.54,1.75) 143 2.56 (2.43,2.69)
HPV-18 658 (3.3) 19,697 58,528 186 3.18 (3.04,3.32) 80 1,37 (1.27,1.46) 89 152 (1.42,1.62)
HPV-31 388 (1.9) 19,624 59,128 81 1.37 (1.28,1.46) 28 0.47 (0.42,0.53) 53 0.90 (0.82,0.97)
HPV-33 488 (2.4) 19,924 58,957 113 1.92 (1.81,2.03) 52 0.88 (0.81,0.96) 61 1.03 (0.95,1.12)
HPV-35 112 (0.6) 19,900 59,987 48 0.80 (0.73,0.87) 23 038 (0.33,0.43) 25 0.42 (0.37,0.47)
HPV-39 916 (4.6) 19,096 58,005 283 488 (4.70,5.05) 139 240 (2.27,2.52) 144 2.48 (2.36,2.61)
HPV-45 128 (0.6) 19,884 59,928 50 083 (0.76,0.91) 19 032 (0.27,0.36) 31 0.52 (0.46,0.57)
HPV-51 979 (4.9) 19,033 57,878 346 5.98 (5.78,6.17) 135 233 (2.21,2.46) 211 3.65 (3.49,3.80)
HPV-52 2,286 (11.4) 17,726 53,654 450 8.39 (8.15,8.62) 201 3.75(3.59,3.91) 249 464 (4.46,4.82)
HPV-56 373 (1.9) 19,639 59,263 151 2.55 (2.42,2.67) 48 0.81(0.74,0.88) 103 174 (1.63,1.84)
HPV-58 1,497 (7.5) 18,515 55,894 319 571 (5.51,5.90) 147 2,63 (2.50,2.76) 172 3.08(2.93,3.22)
HPV-59 288 (1.4) 19.724 59,560 93 1.56 (1.46,1.66) 2 0.40 (0.35,0.45) 69 1.16 (1.07,1.24)
HPV-68 554 (2.8) 19,458 58,820 169 2.87 (2.74,3.01) 65 111 (1.02,1.19) 104 1.77 (1.66,1.87)
Low risk 3,025 (15.1) 16,987 51,986 1,039 19.99 (19.64,20.33) 523 10.06 (9.8,10.32) 516 9.93 (9.67,10.18)
HPV-6 404 (2.0) 19,608 59,250 122 2,06 (1.94,2.17) 56 095 (0.87,1.02) 66 1.1 (1.03,1.20)
HPV-11 294 (1.5) 19,718 59,494 68 1.14 (1.06,1.23) 31 052 (0.46,0.58) 37 0.62 (0.56,0.69)
HPV-42 157 (0.8) 19,855 59,964 156 2,60 (2.47,2.73) 44 0.73 (0.67,0.80) 112 1.87 (1.76,1.98)
HPV-43 99(0.5) 19913 60,057 98 1.63 (1.53,1.73) 36 0.60 (0.54,0.66) 62 1.03 (0.95,1.11)
HPV-44 182 (0.9) 19,830 59,822 183 3.06 (2.92,3.20) 77 1.29(1.20,138) 106 1.77 (1.67,1.88)
HPV-53 953 (4.8) 19,059 57,497 311 5.41 (5.22,5.59) 172 299 (2.85,3.13) 139 2.42(2.29,2.54)
HPV-66 414 21) 19,598 59,155 117 1.98 (1.87,2.09) 49 0.83 (0.76,0.90) 68 1.15 (1.06,1.24)
HPV-81 805 (4.0) 19,207 57,975 361 623 (6.03,6.42) 136 235(2.22,2.47) 25 388 (3.72,4.04)
Species >
-7 species 2,402 (12.0) 17,610 54,067 640 11.84 (11.56,12.11) 310 5.73(5.54,5.93) 330 6.10 (5.9,6.31)
-9 species 5,707 (28.5) 14,305 43,818 851 19.42 (19.05,19.79) 466 10.63 (10.35,10.92) 385 8.79 (8.52,9.05)
0-10 species 868 (4.3) 19,144 58,014 352 6.07 (5.87,6.26) 159 274 (2.61,2.87) 193 333 (3.18,3.47)

HPV, human papillomavirus; CI, confidence interval.

“Other HPV genotype detected at time of acquisition of the index infection.

ber-papillomavirus species: -7 species comprises types 18, 39, 45, 59 and 68; a-9 species comprises types 16, 31, 33, 33, 35, 52, and 58 a-10 species comprises types 6, 11, and 44.
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D16-049392 (ST7)

Current study: all 99.90 0.0645 99.6371 100
ST6 99.76 0.0801 99.6371 99.8514
ST7 99.91 0.0543 99.7245 100
NCBI: all selected 99.90 0.1071 99.5941 99.9749
ST6 99.84 NA 99.8407 99.8407
ST7 99.94 00196 999115 99.9749
ST12 9959 NA 99.5941 99.5941
D16-047428 (ST6)

Current study: all 9980 00537 99,6307 100
ST6 99.90 0.0651 99.8073 100
ST7 99.79 0.0465 99.6307 99.8576
NCBI: all slected 981 00923 995737 999745
ST6 99.97 NA 99.9745 99.9745
ST7 99.82 0.0164 99.7864 99.8412
ST12 99.57 NA 99.5737 99.5737
KM22 (ST7)

Current study: all 99.90 0.0578 99.6923 99.9692
ST6 979 00577 996923 998506
ST7 99.90 0.0515 99.7199 99.9692

NCBI: all selected

ST6 99.84 NA 99.8448  99.8448
sT7 99.94 0.0284 99.8944 100
sT12 99.59 NA 995875 995875
RB50 (ST12)

Current study: all 99.52 00538 993284 99.6017
ST6 99.53 00541 994612 99.5937
sT7 99.52 00539 993284 99.6017
NCBI: all selected 99.60 01376 99.4913 100
ST6 99.58 NA 99.578 99.578
sT7 99.55 00329 99.4913 99.588
ST12 100 NA 100 100

‘Mean ANI values, standard deviation, minimum ANI values, and maximum ANI values of
pairwise ANI comparisons of closed assemblies of isolates D16-049392 (ST7), D16-047428
(ST6), KM22 ($T7),and RBSO (ST12) to all assemblies from the current study (n=137), 5T6
assemblies from the current study (1=7), ST7 assemblies from the current study (#=130),
all selected NCBI assemblies (1= 11), ST6 NCBI swine assembly (n=1), ST7 NCBI swine
assemblies (1=9), and RB50 (ST12) NCBI assembly (n=1).






OPS/images/fmicb-15-1501373/fmicb-15-1501373-t002.jpg
Antil

iotic class

p-lactam/Penicillin

f-lactam/Cephalosporin

Tetracycline

Macrolide/Lincosamide/

Streptogramin (MLSb)

Aminoglycoside

Phenicol

Fluroquinolone

Sulfonamide

Pleuromutilin

Antibiotic
Ampicillin
Penicillin
Cefiofur
Tetracycline
Clindamycin
Gamithromycin
Tilmicosin
Tildipirosin
Tulathromycin
Tylosin
Gentamicin
Neomycin
Spectinomycin
Florfenicol
Danofloxacin
Enrofloxacin
Sulfadimethoxine
“Trimethoprim/Sulfamethoxazole

Tiamulin

mber (%
137 (100%)
137 (100%)
137 (100%)
0(0%)
137 (100%)
0(0%)
3(2%)
00%)
0(0%)
0(0%)
0.0%)
0(0%)
0(0%)
1(<1%)
9(7%)
1(<1%)
137 (100%)
5(4%)

135 (99%)

* Number of isolates resistant to indicated antibiotic (percentage of isolates tested).





OPS/images/fmicb-15-1514684/crossmark.jpg
©

2

i

|





OPS/images/fmicb-15-1501373/crossmark.jpg
©

2

i

|





OPS/images/fmicb-15-1501373/fmicb-15-1501373-g001.jpg
Recombinase parA

family toxin

Type | ptaRNAL S
family toxin

rep

trbL

pPBORD-sul2

DNA-binding
16,608 bp protein
trb)
Stabilization,
protein sul2
glmMm
(truncated)

tral

tra Transposase





OPS/images/fmicb-15-1501373/fmicb-15-1501373-g002.jpg





OPS/images/fmicb-16-1579685/fmicb-16-1579685-t002.jpg
Number (%) of Escherichia coli with complete P fimbriae

operon
P fimbriae papG Adults
variant n=19
papGI 0

PpapGIl 4(211)

papGIIl 15(78.9)

Young children
n=6

3(50)

3(50)





OPS/images/fmicb-16-1544427/crossmark.jpg
©

|





OPS/images/fmicb-16-1544427/fmicb-16-1544427-g001.gif
- 4 g9
m 42 v
2 3 - 3 ‘





OPS/images/fmicb-16-1579685/fmicb-16-1579685-g004.jpg
erophore

Relative expression of

receptor genes

ST1057

3-
2=
e
=
fyuA iutA iroN
ST1452
0.20- -
0.15-
0.10- J—
0.05-_:
fyuA iutA iroN
ST491
04-
03-
02~ —_—
0=
fyuA iutA iroN
ST7346
2-
4=
0 = ==
fyuA iutA iroN
ST978
20-
10-
0- p—

fyuA iutA iroN

—

ireA

ireA

ireA

ireA

ireA

ST117
20- s
15-
1.0- biciacs
05-
0.0- e
fyuA iWtA iroN ireA
ST162
25- =
2.0-
15-
1.0-
B8~ T ey
fyuA iutA iroN ireA
ST59
06-
04-
0.2-
0.0- i "
fyuA iutA iroN ireA
ST93
2-
“$$
fYUA TUtA iroN ireA

ST131
N =
2-
i
0= —_—
fyuA A iroN ireA
ST2613
04-
03- $
02- $
01-83
(yl'JA \uluk \n;N iréA
ST69
20- T
157
1.0=
05- s

fyuA iutA iroN ireA
ST95

éé+§

fYUA iUA N ireA

ST1429

0.05- —

0.04-
0.03-
0.02-
0.01-
0.00-

0.12-
0.08-
0.04-

20-
15-
1.0-
0.5-
0.0-

fyuA iutA iroN
ST428

fyuA iutA iroN
ST73

fyuA iutA iroN

ST9698

fyuA it iroN

ireA

ireA

ireA

ireA





OPS/images/fmicb-16-1579685/fmicb-16-1579685-g005.jpg
Genotype

i

Genotype.

Phenanye
e
A

o,

BB @v%@wﬁ&a‘g;f{;ﬁy&:@@f AT S, ;‘“"
S \('\r‘ o ¢ V.
SIS 0 s
P
B Genotype Phenotype
Phylogroup £ sT10 sTI0Cm I
- oo socu
.
e . so smoce
4 w s omocm
= oo srocs
r “ o stioce ]
Dude] 15 sTi0 sTI0Cp
e - st soce [ [}
M o smoom
Genote « o sseom ‘ .
[y w N
[ [ ——, " R
Kesrs ) o smisso
o - o smsson
» R
o s
e m riem asto ]
R Iy o esron
Aoks Ty o hestom ]
- e
rton 4 Ll e ol
s s o s
wsva S — i destom
—1 o s ostom
» N
ar st sTisicm | ]
“ oz hestom
- = s estom
= o i posegiacs g
s \;\ % “w \u o/ M ,,-g/
oo € PSS
&





OPS/images/fmicb-16-1579685/fmicb-16-1579685-t001.jpg
Phylogenetic group Number (%) of isolates with PAls

PAI | CFT073 PAI Il CFT073 PAI | 536 PAI'IV 536 PAI I J96

Adults

A 11 (44) 1(40) 2(8) - 11 (44) -

BI 2(25) - - . 2(25) N

B2 71(100) 71(100) 52(73.2) 28 (39.4) 71(100) 24(338)
14(733) 4Ly 5(263) - 14(737) -

E 1(10) 1(10) 1(10) 1(10) 1(10) 1(10)

F 6(100) 6(100) - - 6(100)

NT - - - - - -

YYoung children

A 11(324) 129) 3(88) - 11(324)

Bl 6(100) - - - 6(100) -

B2 4(100) 4(100) 2(50) 2(50) 4(100) 2(50)

F 3(100) 1(333) 2(66.7) - 3(100)

Clade 2(100) 2(100) - - 2(100)

NT 1(100) - - - 1(100) =





OPS/xhtml/Nav.xhtml


Contents



		Cover


		Women in infectious agents and disease: 2024

		Editorial: Women in infectious agents and disease: 2024

		Author contributions


		Conflict of interest


		Generative AI statement


		Publisher's note


		References







		Clinical characteristics associated with peripartum maternal bloodstream infection

		Introduction


		Materials and methods

		Study design


		Data collection


		Blood collection, processing, and antimicrobial susceptibility testing


		Intrauterine collection and identification of microorganisms


		Definitions


		Statistical analysis







		Results

		Demographic and clinical characteristics


		Infection features and laboratory test results


		Maternal and neonatal outcomes


		Risk factors of postpartum bloodstream infections







		Discussion

		Principal findings


		Morbidity


		Risk factors


		Infection sources


		Pathogenic microorganisms and antibiotics


		Strengths and limitations







		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher's note


		Supplementary material


		References







		Comparative analysis of antimicrobial resistance and genetic diversity of Bordetella bronchiseptica isolates obtained from swine within the United States

		Introduction


		Materials and methods

		Bordetella bronchiseptica isolates and culture conditions


		Whole-genome sequencing, assembly, and annotation


		Comparative genomic analysis


		Phenotypic and genomic AMR analysis


		Data availability







		Results

		Sequence type (ST) distribution


		Average nucleotide identity (ANI) distribution


		AMR distribution


		Diversity of regulatory and virulence-associated genes







		Discussion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		Supplementary material


		Footnotes


		References







		Recombinase-based amplification coupled with lateral flow chromatography for the specific and sensitive detection and identification of Leishmania major in cutaneous leishmaniasis patients

		Introduction


		Materials and methods

		Ethical statement


		Leishmania parasites


		Collection of study sites, data, and clinical samples


		Target identification and screening


		RPA primer design and validation by a sequencing survey


		Setup of RPA basic assays


		RPA using nfo chemistry coupled with LF detection assay


		Analytical sensitivity


		Performance evaluation of RPA-LF assays on clinical samples







		Results

		Selection of targets presenting potential priming and probing sites for Leishmania major DNA-specific amplification and detection


		Validation of the RPA targets by sequencing analysis of the priming and probe sites across different Leishmania strains and species


		Two-step establishment of recombinase-based amplification tests using the designed primers retains only one primer/probe set


		Application of the m22-RPA/LF assay to human cutaneous samples demonstrates its relevance for Leishmania major identification in CL lesions







		Discussion


		Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Generative AI statement


		Publisher’s note


		Supplementary material


		References







		Comparison of self-collected and healthcare worker-collected rectovaginal swabs for group B streptococcus detection in pregnancy using PCR with a commercial collection-enrichment device

		1 Introduction


		2 Methods

		2.1 Clinical setting and sample collection


		2.2 Microbiological methods and testing algorithm


		2.3 Self-assesment questionnaire


		2.4 Statistical analysis







		3 Results


		4 Discussion


		5 Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Generative AI statement


		Publisher’s note


		Supplementary material


		References







		An integrated proteo-transcriptomics approach reveals novel drug targets against multidrug resistant Escherichia coli

		Introduction


		Materials and methods

		Bacterial strains


		Transcriptomic analysis

		RNA isolation, library preparation, and sequencing


		Analysis of RNA-Seq data







		Proteomic analysis

		Protein sample preparation


		Separation and identification of proteins by nanoLC AB Sciex Triple TOF 5600-MS


		SWATH parameters for label free quantification







		Data analysis

		GO-term enrichment analysis of DEGs and DEPs


		Identification of the genes differentially expressed at both mRNA and protein levels, GO-term enrichment, COG and KEGG pathway analysis


		Protein–protein interactions of the genes differentially expressed at both mRNA and protein levels and identification of the hub proteins


		Validation of hub proteins as probable drug targets against MDR Escherichia coli


		PPI interaction network of antibiotic resistance genes of MDR Escherichia coli and the hub proteins












		Results

		RNA-Seq data analysis


		SWATH-LC MS data analysis


		GO-term enrichment analysis of the DEGs and DEPs


		Discerning the concordance in transcriptomics and proteomics data


		Functional analysis of the genes exhibiting concordance in differential expression at both mRNA and protein levels

		GO-term enrichment analysis


		COG classification and KEGG pathway analysis


		PPI network analysis and identification of the hub proteins


		Identification of potential drug target(s) from the hub proteins


		Interactome of the antibiotic resistance genes of MDR Escherichia coli with the hub proteins












		Discussion


		Data availability statement


		Author contributions


		Funding


		Conflict of interest


		Generative AI statement


		Publisher’s note


		Supplementary material


		Footnotes


		References







		Diagnosis of bovine rotavirus: an overview of currently available methods

		1 Introduction


		2 Etiological methods for the diagnosis of BRV

		2.1 Electron microscopy observation


		2.2 Virus isolation and cultivation







		3 Serological methods for the diagnosis of BRV

		3.1 Enzyme-linked immunosorbent assay


		3.2 Latex agglutination test


		3.3 Immunofluorescence techniques







		4 Molecular biological methods for the diagnosis of BRV

		4.1 Reverse transcription-polymerase chain reaction


		4.2 Real-time quantitative PCR


		4.3 Loop-mediated isothermal amplification







		5 Other methods for the diagnosis of BRV

		5.1 Next-generation sequencing


		5.2 Biosensors







		6 Conclusions and perspectives


		Author contributions


		Funding


		Conflict of interest


		Generative AI statement


		Publisher’s note


		References







		Human papillomavirus self-sampling in Asia: a systematic review

		Introduction


		Methods

		Inclusion and exclusion criteria


		Search strategy


		Data collection and analysis







		Results

		Selection of relevant studies


		Study characteristics


		HPV detection methods of included studies


		Quality assessment of included studies


		Assessment of publication bias


		Diagnostic accuracy of self-sampled HPV tests


		Concordance between self-sampling and clinician sampling or cytology for HR-HPV


		Acceptability of self-collection for HPV testing







		Discussion

		Limitations







		Conclusion


		Data availability statement


		Author contributions


		Funding


		Conflict of interest


		Generative AI statement


		Publisher’s note


		Supplementary Material


		References







		Subtractive genomics and drug repurposing strategies for targeting Streptococcus pneumoniae: insights from molecular docking and dynamics simulations

		1 Introduction


		2 Materials and methods

		2.1 Obtaining genomes of both the bacteria and the host organism


		2.2 Elimination of duplicate sequences


		2.3 Recognition of non-similar proteins and assessment of gut microbiota


		2.4 Recognition of vital non-similar genes


		2.5 Analysis of UniProt ID mapping and evaluation of drug potential in selected sequences


		2.6 Analysis of sequence alignment using the EMBOSS needle tool for pairwise comparisons


		2.7 Subcellular localization identification


		2.8 Exploration of protein connectivity in networks


		2.9 Gene ontology analysis and pathway analysis using ShinyGo


		2.10 Protein framework development and assessment


		2.11 Binding site prediction


		2.12 Virtual screening of FDA-approved compounds

		2.12.1 ADMET


		2.12.2 Molecular docking


		2.12.3 Density Functional Theory







		2.13 Protein-drug complexes: molecular dynamics simulations


		2.14 Calculations of binding-free energy







		3 Results

		3.1 Paralogous protein sequence elimination


		3.2 Profiling of non-homologous proteins


		3.3 Identification of crucial genes that are non-homologous


		3.4 Screening of human gut metagenomes


		3.5 UniProt ID mapper analysis


		3.6 Potential for drug development in selected sequences


		3.7 Pairwise sequence alignment analysis


		3.8 Structure of protein-protein interaction networks


		3.9 Assessment of crucial genes


		3.10 Gene ontology evaluation and pathway exploration


		3.11 Homology modeling of the identified target


		3.12 Modeled structure validation


		3.13 Protein confirmation using PSIPRED


		3.14 Validation of the modeled protein using PROCHECK, ERRAT, and verify 3D


		3.15 Active site identification


		3.16 Molecular dynamic simulation of the native protein


		3.17 Virtual screening of the ligands


		3.18 Molecular dynamics simulation of the protein-ligand complex


		3.19 Assessment of binding energy







		4 Discussion


		5 Conclusion


		Data availability statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Generative AI statement


		Publisher's note


		Supplementary material


		References







		New insights in the role of Candida biofilm in the pathogenesis of recurrent vulvovaginal candidiasis: a prospective clinical study

		Introduction


		Methods

		Definitions

		RVVC


		Symptoms







		Design


		Follow-up


		Sample collection


		Study variables


		In vitro biofilm model for biomass and metabolic activity testing


		Biofilm occupation area by confocal laser scanning microscopy (CLSM)


		Statistical analysis







		Results

		Biomass and metabolic activity production


		Biofilm occupation area by CLSM







		Discussion


		Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Generative AI statement


		Publisher’s note


		References







		Epidemiologic evaluation of human papillomavirus type competition in unvaccinated women from Xiamen, China

		1 Background


		2 Methods

		2.1 Subject population and specimen collection


		2.2 HPV DNA testing


		2.3 Statistical analysis







		3 Results

		3.1 Cross-sectional study


		3.2 Cohort study







		4 Discussion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Generative AI statement


		Publisher's note


		Supplementary material


		References







		Extraintestinal traits of pathogenicity and sequence type lineages in commensal Escherichia coli from adults and young children: genotypic and phenotypic profiles

		Introduction


		Materials and methods

		Sample collection, E. coli identification, and study design


		Extended phylogenetic typing


		Pathogenicity islands, virulence genes, and fimbrial operons genotyping


		Determination of the type 1 fimbria phase switch orientation (ON/OFF)


		Agglutination of yeast cells


		Hemagglutination assay


		Biofilm formation analysis


		Hemolytic activity evaluation


		RNA extraction


		cDNA synthesis and real-time PCR


		Multilocus sequence typing


		Statistical analysis







		Results

		Extended phylogenetic assignment of E. coli


		Distribution of PAIs


		Genotypic and phenotypic examination of the type 1 and P fimbria operons


		Biofilm formation and hemolytic activity


		Evaluation of the simultaneous presence of several siderophore receptor genes


		Siderophore receptors expression


		MLST analysis


		Associations between ST and the level of siderophore receptor expression


		Relationships between sequence type lineages (ST), phylogeny, and genotypic and phenotypic traits of virulence







		Discussion


		Conclusion


		Data availability statement


		Ethics statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Generative AI statement


		Publisher’s note


		Supplementary material


		References







		Alarming implications: severe fever with thrombocytopenia syndrome and its biological vectors in the context of climate change

		1 Introduction

		1.1 Epidemiology of SFTS


		1.2 Biological vectors of SFTS

		1.2.1 Haemaphysalis longicornis

		1.2.1.1 Ecological and biological characteristics of Haemaphysalis longicornis


		1.2.1.2 The role of H. longicornis in the transmission of SFTS







		1.2.2 Other potential biological vectors







		1.3 The impact of climate changes on SFTS and its biological vectors

		1.3.1 Temperatures


		1.3.2 Precipitation


		1.3.3 Climate-induced ecological landscape alterations







		1.4 Prevention and control strategies in the context of climate change

		1.4.1 Public health departments


		1.4.2 Environmental and climate scientists


		1.4.3 Decision-makers and legislators












		2 Conclusions


		Author contributions


		Funding


		Conflict of interest


		Generative AI statement


		Publisher's note


		References


















OPS/images/fmicb-15-1454907/fmicb-15-1454907-g002.gif
TR
g
o

[P b

[

S g

pR——






OPS/images/fmicb-16-1534659/fmicb-16-1534659-g013.gif
Q. ©O  FoAspproved 2509
o ompounds
o TEEBY sveptococcus

preamonae P
e E o Ye S,
o T &5
o0
Sobncion p
i
A Y
[ 20c0potens | Ponsor g S, ot
ey
[ ) g
Comparison with /) I
R
Sameroten R4

. V4

N

21 protens ound tobe
essentalto .

preumoniae, absent in Molecular Dockir = N O
e P = Y
icobers; Molecular Dynamics. - -
Pk





OPS/images/fmicb-15-1454907/fmicb-15-1454907-t001.jpg
Characteristic tal (n =446) BSIgroup (n=85) Non-BSI|group (nh=361) p Value

Age (years) 32.0 (29.0-34.0) 32.0 (29.0-35.0) 32,0 (29.0-34.0) 0.769
Pregestational BMI (Kg/m?) 22.73 (2045-26.04) 23.44 (21.33-26.35) 22.55 (20.31-25.96) 0.070
Pregestational medical 218 (48.9) 41 (48.2) 177 (49.0) 0.895
conditions * (diabetes and
hypertension excluded)
Diabetes mellitus 128 (28.7) 22(25.9) 106 (29.4) 0.523
Hypertension 75 (16.8) 12 (14.1) 63(17.5) 0.460
Nulliparous 374 (83.9) 75(88.2) 299 (82.8) 0223
Multiple gestations 23(5.2) 5(5.9) 18(5.0) 0.949
Gestation age at delivery (weeks) 39.14 (37.71-40.14) 39.14 (37.43-40.14) 39.14 (37.71-40.14) 0.864
Preterm birth 79 (17.7) 14 (16.5) 65 (18.0) 0739
Mode of membranes rupture <0.001

Spontaneous 143 (32.1) 40 (47.1) 103 (28.5)

Artificial 303 (67.9) 45 (52.9) 258 (71.5)
PROM 101 (22.6) 32 (37.6) 69 (19.1) <0.001
Duration of ruptured membrane (hours) 13.5(4.0-31.8) 24.0(10.0-48.0) 10.0 (3.0-27.0) 0.003
PROM >24 h before labor 57 (12.8) 19 (22.4) 38(10.5) 0.003
ART 51(11.4) 10 (11.8) 41(11.4) 0915
GBS positive 22(17.1) 2(6.9) 20(20.0) 0.170
Cervical ligation 9(2.0) 3(3.5) 6(1.7) 0.501
Placenta previa 18 (4.0) 4(47) 14(3.9) 0.966
Vaginal examinations >5 times 207 (46.4) 50 (58.8) 157 (43.5) 0.011
Mode of delivery

Spontaneous vaginal 41(9.2) 4(4.7) 37(10.2) 0.112

Assisted vaginal 7(1.6) 1(1.2) 6(1.7) >0.99

Cesarean during labor 132 (29.6) 33(38.8) 99 (27.4) 0.038

Elective cesarean 266 (59.6) 47 (55.3) 219 (60.7) 0.364
Neonate birth weight (g) 3,260 (2,825-3,630) 3,310 (2,900-3,765) 3,255.0 (2,825.0-3,627.5) 0.351
Retained products of 19 (4.3) 4(47) 15 (4.2) >0.99
conception
Episiotomy or laceration 48 (10.8) 5(5.9) 43(11.9) 0.107
Postpartum hemorrhage 15 (3.4) 3(3.5) 12(3.3) >0.99
Epidural analgesia 137 (30.7) 32 (37.6) 105 (29.1) 0.124
Indwelling bladder catheterization 412 (92.4) 82 (96.5) 330 (91.4) 0.114

Data are presented as median (interquartile range) or n (%). *Pregestational medical conditions: cardiac disease, liver disease, renal disease, endocrine disorders, mental health
disorder/psychiatric disease, hematological conditions, autoimmune conditions, and cancer. ®317 patients were missing for GBS status. BSI, bloodstream infection; BMI, body mass index;
ART, artificial reproductive technique; GBS, Group B Streptococeus.
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1 WP_000201898.1 POA4I9 RNA polymerase sigma factor SigA sigA, rpoD, SP_1073 S. pneumoniae serotype 4 (strain ATCC 369 AA
BAA-334/TIGR4)
2 WP_000201898.1 | POA4JO | RNA polymerase sigma factor SigA | sigA, rpoD, spr0979 S. pneumoniae (strain ATCC 369 AA
BAA-255/R6)
3 WP_000103700.1 | POA4M9 | Oligopeptide transport system amiD, SP_1889 S. pneumoniae serotype 4 (strain ATCC | 308 AA
permease protein AmiD BAA-334/TIGR4)
4 WP_000103700.1 | POA4NO | Oligopeptide transport system amiD, spri705 S. pneumoniae (strain ATCC 308 AA
permease protein AmiD BAA-255/R6)
5 WP_001019003.1 | POA4S1 Fructose-bisphosphate aldolase fba, SP_0605 S. pneumoniae serotype 4 (strain ATCC 293 AA
BAA-334/TIGR4)
6 WP_001019003.1 POA4S2 Fructose-bisphosphate aldolase fba, spr0530 S. pneumoniae (strain ATCC 293 AA
BAA-255/R6)
7 WP_000165444.1 | P67595 Tryptophan—tRNA ligase ps, SP_2229 . pneumoniae serotype 4 (strain ATCC | 341 AA
BAA-334/TIGR4)
8 WP_000165444.1 P67596 Tryptophan—tRNA ligase trpS, spr2034 S. pneumoniae (strain ATCC 341 AA

BAA-255/R6)
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Outcomes tal (n =446) BSIgroup (n=85) Non-BSIgroup (nh=361) p Value

Maternal outcomes
ICU admission 16 (3.6) 6(7.1) 10 (2.8) 0.112
ICU length of stay (days) 3.5(3.0-4.8) 3.5(3.0-4.8) 3.5(2.0-5.0) 0738
Sepsis 11(2.5) 11 (12.9) 0 <0.001

Neonatal outcomes *
Gestation age at delivery (weeks) 39.3 (37.2-40.1) 38.7 (36.0-40.0) 39.4 (37.4-40.3) 0.045
Preterm birth 37 (20.9) 12 (27.9) 25(18.7) 0.194
Apgar score of <7 at 1 min 11(6.2) 6(14.0) 5(37) 0.040
Apgar score of <7 at 5 min 3(1.7) 2(4.7) 1(0.7) 0.147
Umbilical cord pH < 7.0 2(2.5) 1(4.8) 1(1.7) 0459
NICU admission 80 (45.2) 21 (48.8) 59 (44.0) 0.582
NICU length of stay (days) 10.0 (6.0-14.0) 11.0 (7.0-22.5) 8.0 (6.0-13.0) 0.121
Neonatal bacteremia/sepsis 51(28.8) 12 (27.9) 39(29.1) 0.880
Bloobd culture samples obtained at less than 7 days of 48 (94.1) 12 (100) 36(92.3) >0.99
age

* Neonatal outcomes were presented for the 43 neonates born to mothers with BSI before delivery or within the first 24 h postpartum and 134 born to mothers with negative blood cultures
with initial fever in the same period. ® Fifty one nconates received blood cultures, of which 12 from maternal BSI group and 39 from maternal non-BSI group. ICU, intensive care unit; NICU,
neonatal intensive care unit.
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aracte ad ed Ad ed OR
OR (9 959
PROM 2.540 (1.490-4.328) 2.234(1.214-4.110)
fever of >38.9°C (102°F) 9.089 9.452 (4.702-18.999)
(4.624-17.865)
Fever within 24 h after 2.052 (1.227-3.429) 2.347 (1.302-4.232)
delivery

*Adjusted for parity, pre-gestational BMI, pre-gestational medical conditions (diabetes
mellitus and hypertension excluded), gestational age at delivery, and antibiotic prophylaxis.
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Characteristic Total (n = 446) BSl group (n =85) Non-BSI group (n

Temperature (°C) 38.8 (38.5-39.2) 39.4 (39.0-39.8) 38.7 (38.5-39.0) <0.001
Duration of fever (days) 1.0 (1.0-2.0) 2.0 (1.0-3.0) 1.0 (1.0-2.0) <0.001
Timing of fever
Antepartum 16 (3.6) 2(23) 14 (3.9) 0.722
Intrapartum 33(7.4) 5(59) 28 (7.8) 0553
Postpartum 397 (89.0) 78 (91.8) 319 (88.3) 0.367
Time from delivery to
postpartum fever *
within 24h 117 (29.5) 33 (42.3) 84(26.3) 0.006
24-48h 132 (33.2) 26 (33.3) 106 (33.2) 0.986
48-72h 96 (24.2) 14 (18.0) 82(25.7) 0.152
after 72h 52 (13.1) 5(6.4) 47 (14.8) 0.051
COVID-19 3(0.7) 0 3(0.8) >0.99
Infection types
Genital tract 156 (35.0) 61(71.8) 95 (26.3) <0.001
Urinary tract or kidney 11(2.4) 1(47) 7(2.0) 0275
Respiratory tract 46 (10.3) 6(7.0) 40 (11.1) 0273
Gastrointestinal 4(0.9) 0 4(L1) >0.99
Breast 60 (13.4) 3(35) 57 (15.8) 0.003
Skin, wound, and catheter 3(0.8) 0 3(08) >0.99
infection
Mixed infection 27(6.0) 10(11.8) 17 (4.7) 0.014
Other 4(09) 0 4(1.1) >0.99
Unknown 135 (30.3) 1(1.2) 134 (37.1) <0.001
Preventive antibiotics 195 (43.7) 16 (54.1) 149 (41.3) 0.032
Duration of therapeutic 5.0 (4.0-8.0) 9.0 (7.0-12.0) 5.0 (3.0-6.0) <0.001
antibiotic treatment (days) *

Data are presented as the median (interquartile range) or # (%). *Time from delivery to postpartum fever in 78 postpartum BSI cases and 319 postpartum non-BSI cases. ®73 patients were
missing because of the duration of therapeutic antibiotic treatment (days). COVID-19, Corona Virus Disease 2019.
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Orga a ofloxa o da B
E. coli (n = 44) 0(0) 0(0) 14 (31.2) 0(0) 0(0) 17 (38.6)
Enterococcus faccalis (n = 6) 0(0) 5(833) 2(333) (66.7) 5(833) 00

ESBL, extended-spectrum B-lactamase. Data are presented by 1 (%).
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Characteristic, N (%) Group Overall (N = 271)

RWC, N =19 Non-RVVC, N = 252

Median (IQR) age, years 42.00 (27.00-54.00) 33.00 (26.00-44.00) 3400 (26.00-45.00) 0,079
Candida spp. isolation in the previous year 6(316) 69 (27.4) 75(27.7) 0791
Mean (SD) of previous episodes 1.67(1.03) 159 (1.05) 1.60 (1.04) 0871
Previous episodes related to 0946
No apparent relationship 14(737) 168 (66.7) 182 (67.2)
Menstrual cycle 2(105) 19(7.5) 21(7.7)
Use of antimicrobials 0(0.0) 2(08) 2(07)
Sexual activity 2(105) 18(7.1) 20(74)
Previous use of antifungals for VVC 5(26.3) 33(13.0) 38 (14.0) 0.160
No. of recurrent episodes NA NA
3 12(63.2) 12(21.8)
4 6(36.1) 6(10.9)
5 1(53) 1(1.8)
Mean (SD) no. recurrent episodes 342 (0.607) 197 (0.167) 247(0.79) <0.001
Site of attendance 0.002
Outpatient 10(526) 148 (58.7) 159 (58.7) 0.387
Genecology/obste 1(53) 65(25.8) 66(24.4) 0029
Microbiology/infectious diseases 411 25(9.9) 29(10.7) 0311
Dermatology 411 13(52) 17(63) 0023
Level of symptomatology* 0.258
Mild 6(316) 122(48.4) 128 (47.2)
Asymptomatic 3(158) 42(167) 45(166)
Moderate 6(3L6) 37(14.7) 42(15.5)
Unknown 5(26.3) 51(20.2) 56 (20.7)
Symptoms
Valvar erythema/vaginal itching 12(632) 158 (62.7) 170(627) 0739
Leucorrhea 11(57.9) 137 (54.4) 148 (54.6) 0557
Vulvar lichenification 0(00) 5(20) 5(18) 1.000
Escherichia coli co-isolation* 0/0(0.0) 15/81 (18.5) 15/81 (18.5) 0.662

RVVC, recurrent vulvovaginal candidiasis; IQR, interquartile range; SD, standard deviation. Values in bold correspond to statistical significance.
Level of symptomatology was based on the presence of one or more of the folowing: vulvar erythema, vaginal itching, leucorrhoea, vulvar lichenification.
“The otal available number of samples to be tested for . col presence was 81/271.
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Protein names

Organisms (Brenda and UniProt)

S. pneumoniae

Homo sapiens

Seq identity

Seq similarity

RNA polymerase sigma factor SigA POA4I9 No - -
Fructose-bisphosphate aldolase POA4S1 P05062, P04075 14.4% 22.7%
P67595 No - -

Tryptophan—tRNA ligase
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Model RMSD  MolProbity Clash score or rotamers Rama favored XY energy
Initial 0.000 0.984 12 12 97.5 343322
MODEL 1 0853 0814 11 06 99.5 —5813.14
MODEL 2 1502 0.866 14 00 99.5 —5807.18
MODEL 3 0.829 0755 08 0.6 99.0 —5799.21
MODEL 4 0.708 0.755 0.8 0.0 99.5 —5794.77
MODEL 5 0.846 0755 08 0.0 99.5 —5787.65
MODEL 6 0.739 0814 L1 00 99.5 —5787.58
MODEL 7 0.800 0.866 14 06 99.0 —5783.87
MODEL 8 0.736 0814 11 06 99.5 —5783.26
MODEL9 0.881 0.755 0.8 0.0 99.5 —5782.61
MODEL10 | 0862 0.866 14 00 99.5 —5782.48

Values of MODEL 4 has been made bold to show the best values as compared to the other models.
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ERRAT

Verify 3D (%)

Favored (%)

Ramachandran plot
Allowed (%)

Ouitliers (%)

MODEL 1 100 70.39 >=0.1 96.80 3.20 0.00
MODEL 2 100 67.48 >=0.1 95.70 3.70 0.00
MODEL 3 99.49 70.39 >=0.1 96.30 3.20 0.50
MODEL 4 100 70.87 >=0.1 96.80 3.20 0.00
MODEL 5 100 69.90 >=0.1 95.70 430 0.00
MODEL 6 100 70.39 >=0.1 96.30 3.20 0.00
MODEL 7 100 69.42 >=0.1 96.30 3.20 0.50
MODEL 8 100 70.39 >=0.1 96.30 3.20 0.00
MODEL 9 100 70.39 >=0.1 96.30 3.20 0.50
MODEL 10 100 68.93 >=0.1 96.80 3.20 0.00
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gy SigA_B fenac SigA_Ceftibuten
(kJ/mol) (kJ/mol)
van der Waals —80.983 £ 20.129 —99.688 =+ 26.800
Electrostattic —75.863 =+ 40.066 —199.464 + 43.954
Polar solvation 141.547 £ 54.370 325.643 £ 62.032
SASA —11.036 + 1.771 —15474 + 2,672
Binding —26.335 % 29.105 11.016 % 26.392
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Protein names S Name of the organism Identity Sub-cellular

pheumoniae in which reported (from (in %) localization
DrugBank) UniProt and
CELLOVv.2.5
1 RNA polymerase sigma sigA, rpoD, S. pneumoniae Clostridioides difficile (strain 630) 56.7 Cytoplasmic
factor SigA SP_1073 serotype 4 (strain
ATCC
BAA-334/TIGR4)
2 RNA polymerase sigma sigA, rpoD, S. pneumoniae Thermus thermophilus (strain 44 Cytoplasmic
factor SigA spr0979 (strain ATCC HB8/ATCC 27634/DSM 579)
BAA-255/R6)
3 Oligopeptide transport amiD, S. pneumoniae - B Cell membrane
system permease protein | SP_1889 serotype 4 (strain ‘multi-pass membrane
AmiD ATCC protein
BAA-334/TIGR4)
4 Oligopeptide transport amiD, sprl705 | S. pneumoniae = - Cell membrane
system permease protein (strain ATCC multi-pass membrane
AmiD BAA-255/R6) protein
5 Fructose-bisphosphate fba, SP_0605 S. pneumoniae Plasmodium falciparum 7.7 Cytoplasmic
aldolase serotype 4 (strain
ATCC
BAA-334/TIGR4)
6 Fructose-bisphosphate fba, spr0530 S. pneumoniae - B Cytoplasmic
aldolase (strain ATCC
BAA-255/R6)
7 Tryptophan—tRNA tpS, SP_2229 | S. preumoniae Geobacillus stearothermophilus 336 Cytoplasmic
ligase serotype 4 (strain
ATCC
BAA-334/TIGR4)
8 Tryptophan—tRNA tpS, spr2034 | S. pneumoniae = = Cytoplasmic
ligase (strain ATCC

BAA-255/R6)
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Effect %

study id (95% CI) Weight
Belinson, 2001 ' 0.79 (0.72, 0.87) 3.55
Chang, 2002 ' 2.32(2.27, 2.38) 8.68
Belinson, 2003 / 2.07 (2.03, 2.10) 19.91
Seo, 2006 3 23.32(23.23,23.41)  2.85
Bhatla, 2009 0.32 (0.20, 0.44) 1.61
Qiao, 2009 : 0.93 (0.84, 1.03) 2.69
Belinson, 2010 0.09 (-0.02, 0.20) L.77
Twu, 2011 : 0.96 (0.75, 1.17) 0.50
Belinson, 2012 0.39 (0.29, 0.49) 2.28
Zhao, 2013 b 0.72 (0.65, 0.78) 5.83
Wang, 2014 f 0.53 (0.28, 0.79) 0.34
Asthana, 2015 : 0.02 (-0.15, 0.19) 0.77
Chen, 2016 f ® 50.90 (50.83, 50.98)  4.03
Wang, 2017 : 0.35 (0.22, 0.48) 1.33
Zhang, 2020 ‘E 3.44 (3.41, 3.48) 17.77
Du, 2021 . 2.79 (2.76, 2.83) 17.58
Terada, 2022 E’ 5.86 (5.80, 5.92) 6.22
Ozawa, 2023 . 0.20 (0.10, 0.30) 2.27
Overall, IV (F = 100.0%, p < 0.001) | 4.93 (4.91, 4.94) 100.00
| | |
-50 0 50
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References

Number
of
patients

Methods of collection

Methods
of test

Sensitivity% (95%Cl)

Specificity% (95%Cl)

Sensitivity% (95%Cl)

Specificity% (95%Cl)

Clinician Self Clinician Self Clinician Self Clinician Self Clinician
Hariprasad 1,997 Dacron Endocervical HC2 82.56 95.35 85.92 85.24 (83.68- 81.39 97.67 (97.01- 84.39 (82.80- 83.52 (81.89-
etal, 2023 swab brush (80.90-84.22) (94.43-96.27) (84.39-87.45) 86.80) (79.68-83.10) 98.33) 85.98) 85.15)
Page et al., 2021 1,194 NR NR HC2 96.30 100 91.80 91.06 (89.44— NR NR NR NR
(95.23-97.37) (0.849819-100) (90.24-93.36) 92.68)
Belinson et al., 8,497 Conical Conical-shaped HC2 87.50 96.80 77.20 79.70 (78.84- NR NR NR NR
2001 shaped brush (86.80-88.20) (96.43-97.17) (76.21-78.09) 80.56)
brush
Madhivanan 1,18 Dacron Dacron HPVDNAChipT NR NR NR NR 90.50 88.10 (82.26— 29.00 (20.81- 32.90 (24.42-
etal., 2021 polyester polyester swab (85.21-95.79) 93.94) 37.19) 41.38)
swab
Tan etal., 2021 512 Digene Cervical brush HC2, PGMY 82.50 87.50 93.64 93.22 (91.04- NR NR NR NR
HPV sampler PCR (79.21-85.79) (84.64-90.36) (91.53-95.75) 95.40) for
collection for PGMY PCR, for PGMY PCR, for PGMY PCR, PGMY PCR,
tube 80.00 90.00 88.14 91.74 (89.36-
(84.64-90.36) (87.40-92.60) (85.34-90.94) 94.12) for
for HC2 for HC2 for HC2 HC2
Belinson et al., 2,388 Vaginal- Cervical brush careHPV 81.40 90.50 82.40 84.20 (82.74~ 82.60 87.00 (85.65— 81.10 (79.53— 82.70 (81.18-
2003 brush (79.84-82.96) (89.32-91.68) (80.87-83.93) 85.56) (81.08-84.12) 88.35) 82.67) 84.22)
specimen
Tisci et al., 2,653 Conical- Conical-shaped HC2 80.90 88.60 97.90 90.20 (89.07- NR NR NR NR
2003 shaped brush (79.40-82.40) (87.39-89.81) (97.35-98.45) 91.33)
brush
Qiao et al., 252 Cytobrush Endocervical EasyChip NR NR NR NR 75.00 87.50 (83.42- 75.80 (70.51— 73.70 (68.26—
2008 brush HPV Blot (69.65-80.35) 91.58) 81.09) 79.14)
Belinson et al., 8,556 POI/NIH Rovers Cervex Cervista, NR NR NR NR 70.92 95.04 (94.58- 86.13 (85.40- 90.29 (89.66—
2010 self- brush MALDI-TOF (69.96-71.88) 95.50) for 86.86) for 90.92) for
sampler, for cervista, cervista, cervista, cervista,
conical- 94.33 94.33 (93.84- 87.58 (86.88— 89.44 (88.79-
shaped (93.84-94.82) 94.82) for 88.28) for 90.09) for
brush for MALDI-TOF | MALDI-TOF | MALDI-TOF
MALDI-TOF
Guan et al., 7,543 NR Polyester swab careHPYV, 82.6 (75.4-88.4) 95.8 (91.2-98.5) 86.9 (86.1-87.7) 87.3 83.8 97.0 86.5 86.8
2012 HC2 for careHPV, for careHPV and for careHPV, (86.5-88.1) (75.1-90.5) (91.4-95.8) (85.7-87.2) (86.0-87.6)
91.7 (85.9-95.6) HC2 83.6 (82.7-84.4) for careHPV, for careHPV, for careHPV for careHPV, for careHPV,
for HC2 for HC2 87.1 90.9 and HC2 83.1 86.6
(86.3-87.9) (83.4-95.8) (82.2-83.9) (85.8-87.4)
for HC2 for HC2 for HC2 for HC2
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Chen S. et al.,, 396 Conical NR careHPV 66.70 83.30 79.00 77.90 (73.81- NR NR NR NR
2014 Cervical (62.06-71.34) (79.63-86.97) (74.99-83.01) 81.99)
Sampler
Bhatla et al., 4,658 care HPV care HPV careHPV 40.60 53.10 97.30 97.75 (97.32- 53.80 84.60 (83.56— 97.55(97.11- 97.30 (96.83~
2009 sampler sampler (39.19-42.01) (51.67-54.53) (96.83-97.77) 98.18) (52.37-55.23) 85.64) 97.99) 97.77)
Ngu et al., 2022 197 Cone- Cone-shaped Cobas 4800 92.86 95.24 20.35 16.81 (11.59- 96.00 98.00 (96.04- 18.37 (12.96— 14.97
shaped brush HPYV assay (89.26-96.46) (92.27-98.21) (14.73-25.97) 22.03) (93.26-98.74) 99.96) 23.78) (9.99-19.95)
brush
Chen K. etal., 2,337 Vaginal- Cervical brush careHPV 72.10 83.80 88.20 88.10 (86.79- NR NR NR NR
2016 brush (70.28-73.92) (82.31-85.29) (86.89-89.51) 89.41)
specimen
Terada etal., 100 Evalyn Rovers Cervex Cobas 4800 100 100 58.10 57.00 (47.30~ NR NR NR NR
2022 Brush brush HPV assay (48.43-67.77) 66.70)
Goldstein et al., 6,042 “JustForMe” | Broom sampler AmpFire 96.81 95.74 89.81 90.77 (90.04— 100 100 89.01 (88.22— 89.98 (89.22—
2020 brush HPYV assay (96.37-97.25) (95.23-96.25) (89.05-90.57) 91.50) 89.80) 90.74)
He and He, 10,339 “JustForMe” |  Broom sampler Cobas 4800 95.07 95.07 87.35 90.38 (89.81- 96.30 100 for 86.65 (85.59— 89.69 (89.10-
2020 brush HPV assay, (94.65-95.49) (94.65-95.49) (86.71-87.99) 90.95) for (95.94-96.66) Cobas 4800, 87.31) for 90.28) for
SeqHPV for Cobas 4800, for Cobas 4800, for Cobas 4800, Cobas 4800, for Cobas 100 Cobas 4800, Cobas 4800,
assay 96.48 93.66 89.53 90.25 (89.68- 4800, 100 (91.73-100) 88.82 (88.22- 89.57
(96.12-96.84) (93.19-94.83) (88.84-90.02) 90.82) for (91.73-100) for Seq HPV 89.44) for (8.98-90.16)
for Seq HPV for Seq HPV for Seq HPV Seq HPV for Seq HPV Seq HPV for Seq HPV
Aiko et al., 300 Evalyn NR Cobas 8800 84.80 89.10 48.77 38.89 (33.37- 89.61 90.91 (87.66— 44.39 (38.77- 31.84 (26.57-
2017 Brush system (80.74-88.86) (85.57-92.63) (43.11-54.43) 44.41) (86.16-93.06) 94.16) 50.01) 37.11)
Satake et al., 165 Home Cervex brush Cobas 4800 81.40 89.80 NR NR NR NR NR NR
2020 Smear Set HPV assay (75.46-87.34) (85.18-94.42)
Plus

HPV, human papillomavirus; HC2, hybrid capture II; PCR, polymerase chain reaction; CIN, cervical intraepithelial neoplasia; NR, data not reported; CI, confidence interval.
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Sensitivity Specificity Positive rate Sample source  References

in the literature

22/28 (79%) compared to | 100% compared to

EM No data Fecal samples de Beer etal. (1997)
ELISAs and LATs ELISAs and LATS
MA-104 cell
TEM No data No data No data suspensions infected  Li etal. (2024)
with BRV DQ2020
Virus isolation and cultivation | No data No data 2120 (10%) Fecal samples Ates and Yesilbag (2023)
Direct sandwich ELISA No data No data 17/400 (4.3%) Fecal samples Abdou etal. (2021)
21/24 (87.5%) compared
Indirect ELISA ok 100% compared to PCR | 21/24 (87.5%) Fecal samples Niu etal. (2024)
o
26/62 (42%) compared to Sukura and Neuvonen
No data 45/375 (12%) Fecal samples
EM (1990)
LAT
100% compared to 26127 (96.3%) compared
No data Fecal samples Al-Yousif etal. (2001)
ELISA to ELISA
Immunofluorescence
No data No data 38/100 (38%) Intestinal membrane | Mitov etal. (1984)
techniques
RT-PCR No data No data 451200 (22.5%) Fecal samples Uddin Ahmed etal. (2022)
End-point multiplex PCR/
101U No data 16/35 (45.7%) Fecal samples Pedroso etal. (2023)
RT-PCR
RT-qPCR No data No data 475/833 (57%) Fecal samples Castels et al. (2020)
155/156 (99.3%)
Triplex LAMP-LED 243 % 10 copies/pl. No data Anal swab samples Xuetal. (2024)
compared to QPCR
Minami-Fukuda et al.
NGS Nodata No data No data Fecal samples

(2013)

Biosensor 5 copies/mL 2.14 % 107 copies/mL No data No data Cho etal. (2022)
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Records identified through
database searching
(n=583)

l

Records after duplicates
removed
(n=438)

Records excluded (n=197)

-Not English (n=8)

-Without full text article(n=22)
-Not in Asian countries (n=108)
-Not research article (n=59)

l

Records screened
(n=241)

|

Records excluded (n=44)

-Not about cervical screening
(n=36)

-Repeated studies (n=6)

-Not only conducted in Asian
countries (n=1)

-Not only about women (n=1)

Full text articles assessed for
eligibility
(n=197)

l

Studies included in narrative
synthesis
(n=67)

Records excluded (n=130)
-Not about accuracy,
concordance or acceptability
(n=121)

-Not using self-collected
vaginal samples (n=7)

-Not available getting original
data is not available (n=2)
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Hub protein Uniprot ID % identity % alignment Homologous with Log2FC Potential drug

with human with human the human (based on target
proteins proteins proteins SWATH -LC
MS/MS)
Rpst POATX3 39.02 9 Yes 104 No
AspS P21889 4019 9 Yes 166 No
Vals PO7118 40,08 98 Yes 259 No
Lyss POASN3 335 97 Yes 062 No
AccC P24182 47.69 9 Yes 062 No
TopA PO6612 2528 65 No 0.60 Yes
RpmG POATN9 4444 81 Yes 052 No
RpsR POATT7 - - No 073 Yes
LysU POASNS 4407 97 Yes 455 No

SmpB. POAS32 - - No 231 Yes
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using sponge device
(HSD-ST)

(Becton, Dickinson,

and Company)

Asthana and 120 Digene HC2 NA Digene HC2 NA 94.12% (89.91-98.33%) 0.73 (0.34-1.00)

Labani, 2015 Collection device Collection device

He and He, 2020 10,339 “Just For Me” brush Broom sampler 95.13% (94.72-95.54%) 0.91 (0.89-0.92) for SeqHPYV, 0.77
(CE-marked; Preventive (Rovers Medical for SeqHPYV, 95.13% (0.76-0.79) for Cobas 4800
Oncology International, Devices, Oss, (94.72-95.54%) for
Inc, Cleveland Heights, Netherlands) Cobas 4800
OH).

Zhang et al., 2020 121 Dacron swab Cervex-brush 90.2% (85.1-93.8%) 0.59 (0.42-0.75)

Shrestha et al., 171 Flocked swab NR 92.33% (88.34-96.32%) 0.77 (0.67-0.86)

2021

Kuriakose et al., 1,000 NR NR 95.11% (93.77-96.45%) 0.57 (0.40-0.73)

2020

Aiko etal., 2017 300 NR NR 58.67% (53.10-64.24%) 0.77 (0.69-0.85)

Satake et al., 2020 165 HPV self-sampling kit Cervex Brush® 88.48% (82.6-92.9%) 0.76 (0.66-0.86)

HPV, human papillomavirus; Pap, Papanicolaou cytology; HC2, hybrid capture II; PCR, polymerase chain reaction; NR, data not reported; CI, confidence interval.
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References Sample size Acceptability Preference for Preference for
(95% Cl) self-sampling (95% Cl) physician-sampling (95% ClI)

Chang et al., 2002 1,560 100% NR NR

Tsedenbal et al., 2022 1,216 NR 42.08% (39.31-44.85%) 41.04% (38.27-43.80%)

Shin et al,, 2019 432 99.96% (99.77-100.14%) NR NR

Belinson et al,, 2012 174 86.60% (81.54-91.66%) NR 74.00% (67.48-80.52%)

Li et al,, 2022 431 90.50% (87.73-93.27%) 71.30% (67.03-75.57%) 9.80% (6.99-12.61%)

Guaneetal, 2013 297 66.00% (60.61-71.39%) NR NR

Chen Q. et al,, 2016 100 79.00% (71.02-86.98%) NR NR

Chen W. etal,, 2014 282 90.80% (87.43-94.17%) 65.20% (59.64-70.76%) NR

Latiff et al., 2015a 839 91.80% (89.94-93.66%) 68.20% (65.05-71.35%) NR

Phoolcharoen et al., 200 90.00% (85.84-94.16%) NR NR

2018b

Oranratanaphan 2,810 40.30% (38.49-42.11%) NR NR

etal, 2014

Wang et al,, 2014 392 77.00% (83.34-90.06%) 56.90% (52.00-61.80%) 37.80% (33.00-42.60%)

Yoshida et al., 2011 136 86.70% (80.99-92.41%) 45.70% (37.33-54.07%) 54.30% (45.93-62.67%)

Qin et al, 2016 64 NR 65.60% (53.96-77.24%) 34.40% (22.76-46.04%)

Latiff et al., 2015b 164 93.20% (89.35-97.05%) NR NR

Nilyanimit, 2014 247 80.80% (75.89-85.71%) NR NR

Phoolcharoen et al., 264 100% 69.86% (64.32-75.40%) 2.74% (0.77-4.71%)

2018a

Seo etal., 2006 728 93.41% (91.61-95.21%) 51.99% (48.36-55.62%) 24.07% (20.96-27.18%)

Ma'som etal., 2016 725 99.90% (99.67-100.13%) 83.00% (80.27-85.73%) 5.00% (3.41-6.59%)

Wang et al., 2017 177 72.88% (66.33-79.43%) 69.35% (61.24-77.46%) NR

Wong et al., 2018 600 96.83% (95.43-98.23%) 64.83% (61.01-68.65%) 35.17% (31.35-38.99%)

Wong et al., 2020 1,810 42.32% (40.04-44.60%) NR NR

Abdullah et al,, 2018 55 NR 40.00% (9.64-70.36%) NR

Khoo et al,, 2021 220 84.54% (79.76-89.32%) NR NR

Choetal., 2019 30 NR 56.67% (38.94-74.40%) 43.33% (25.60-61.06%)

Asthana and Labani, 120 100.00% 59.30% (50.51-68.09%) 28.00% (19.97-36.03%)

2015

Johnson et al., 2014 175 88.89% (84.23-93.55%) 36.00% (28.89-43.11%) 64.00% (56.89-71.11%)

Thay et al., 2019 97 94.80% (90.26-99.34%) NR 54.60% (44.69-64.51%)

Zhang et al., 2020 316 89.20% (85.78-2.62%) 32.80% (27.62-37.98%) 39.52% (34.13-44.91%)

Shrestha etal., 2021 300 90.00% (86.61-93.39%) 84.00% (79.85-88.15%) 13.00% (9.19-16.81%)

Kuriakose et al., 2020 1,000 97.00% (95.94-98.06%) NR NR

Du etal,, 2021 8,136 95.97% (95.54-96.40%) 62.37% (61.32-63.42%) 37.63% (36.58-38.68%)

Nutthachote etal., 265 93.58% (90.63-95.53%) 66.42% (60.73-72.11%) 33.58% (27.89-39.27%)

2019

NR, data not reported; CI, confidence interval.
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References

Methods of collection

Methods of
test

HPV detection rate(95% Cl)

Self Clinician Clinician
Hariprasad et al,, 1997 Dacron swab Endocervical HC2 17% (15.35-18.65%) 18% (16.31-19.69%)
2023 brush
Belinson et al., 8,497 Conical shaped Conical-shaped HC2 25.60% (24.67-26.53%) 23.71% (22.81-24.61%)
2001 brush brush
Wang et al,, 392 Dacron swab Cytobrush PCR 11.70% (8.52-14.88%) 7.70% (5.06-10.34%)
2014
Qin et al., 2016 68 Dacron swab Dacron swab PGMY PCR 39.70% (28.07-51.33%) 36.80% (25.34-48.26%)
Lim et al., 2022 250 NR NR careHPV 22.40% (17.23-27.57%) 18.00% (13.24-22.76%)
Kittisiam et al., 400 Brush type Broom type HC2 10.00% (7.06-12.94%) 7.50% (4.92-10.08%)
2016 collecting system | cervicalbrush
Hanley et al,, 300 Home Smear Set Rovers Cervex Cobas 4800 HPV 14.70% (10.69-18.71%) 13.70% (9.81-17.59%)
2016 brush assay
Ahmad et al,, 432 Vaginal Digene cervical HC2,PCR 14.1% (10.82-17.38%) with 20.1% (16.32-23.88%) with
2021 self-swab sampler HC2, 16.4% (12.91-19.89%) HC2, 20.6% (16.79-24.41%)
sample with PCR with PCR
Qiao et al., 2008 252 Cytobrush Endocervical EasyChip HPV 27.40% (21.89-32.91%) 30.20% (24.53-35.87%)
brush Blot
Ozawa et al., 486 Kato self- Cytobrush PCR 17.30% (13.94-20.66%) 23.90% (20.11-27.69%)
2023 samplingdevise
Onuma et al,, 258 Cervisafe Endocervical PGMY PCR 5.81% (2.96-8.66%) 3.87% (1.52-6.22%)
2020 Self-sampling brush
device
Shrestha et al., 300 NR NR Cobas 6800 HPV 20.00% (15.47-24.53%) 21.00% (16.39-25.61%)
2021 assay
Asthana and 120 Broom-type Brush-like HC2 10.10% (4.71-15.49%) 12.60% (6.66-18.54%)
Labani, 2015 collection device collection device
Tan et al., 2021 512 Digene HPV Cervical brush HC2, PGMY 12.30% (9.46-15.14%) with 13.10% (10.18-16.02%) with
collection tube sampler PCR PGMY PCR, 14.60% PGMY PCR, 17.20%
(11.54-17.66%) with HC2 (13.93-24.07%) with HC2
Phoolcharoen 136 Evalyn brush Cytopic device HC2 40.40% (32.15-48.65%) 61.00% (52.80-69.20%)
etal., 2018b
Satake et al., 165 Home Smear Set Cervex brush Cobas 4800 HPV 59.39% (51.90-66.88%) 62.42% (55.03-69.81%)
2020 Plus assay
Ploysawang 50 Rovers Rovers Cervex Linear array 82.00% (71.35-92.65%) 74.00% (61.84-86.16%)
etal, 2023 Viba-brush brush HPV
Genotyping test
Terada et al., 100 Evalyn brush Rovers Cervex Cobas 4800 HPV 50.00% (40.20-59.80%) 51.00% (41.2-60.8%)
2022 brush assay
Sowjanya et al., 114 Sterile swab with NR PGMY PCR 77.20% (69.5-84.9%) 78.10% (70.51-89.69%)
2009 ascrew cap
Trope et al,, 101 Flexible minitip Flexible minitip PGMY PCR 40.60% (31.02-50.18%) 40.60% (31.02-50.18%)
2013 flocked swab flocked swab
Zhao et al., 2013 7,541 NR NR careHPV 14.69% (13.89-15.49%) for 14.97% (14.16-15.78%) for
careHPYV, 15.05% careHPV, 18.53%
(14.24-15.86%) for HC2 (17.65-19.41%) for HC2
Page et al,, 2021 1,194 NR NR HC2 12.10% (10.25-13.95%) 13.00% (11.09-14.91%)
Tsedenbaletal, | 1238 NR NR NR 3.86% (2.79-4.93%) 4.05% (2.95-5.15%)
2022
Madhivanan 118 Dacron Dacron HPVDNAChipTM 90.50% (85.21-95.79%) 88.10% (82.26-93.94%)
etal, 2021 polyester swab polyester swab
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Guan et al., 2012 7543 NR Polyester swab careHPV 14.5% (13.71-15.29%) for 14.4% (13.61-15.19%) for
careHPV, 17.9% careHPV, 14.5%
(17.03-18.77%) for HC2 (13.71-15.29%) for HC2
Chen S. et al., 396 Conical cervical NR careHPV 22.49% (18.38-26.60%) 24.01% (19.80-28.22%)
2014 sampler
Bhatla et al., 4,658 care HPV care HPV careHPV 2.40% (1.96-2.84%) 2.90% (2.42-3.38%)
2009 sampler sampler
Ngu et al., 2022 197 Cone-shaped Cone-shaped Cobas 4800 HPV 85.28% (80.33-90.23%) 88.32% (83.83-92.81%)
brush brush assay
Wong et al,, 291 Conical brush Broom brush RealTime high 42.61% (36.93-48.29%) 36.86% (31.32-42.40%)
2016 risk HPV assay
Chen K. et al., 2337 Vaginal-brush Cervical brush careHPV 13.60% (12.21-14.99%) 14.00% (12.59-15.41%)
2016 specimen
Anand et al., 101 Flocked swab Cervical brush Anyplex II HPV 86.10% (79.35-92.85%) for 83.20% (75.41-90.49%) for
2022 28, Cobas 4800, RealTime HR-S, 88.10% RealTime HR-S, 80.20%
RealTime HR-S (81.79-94.41%) for Anyplex (72.43-87.97%) for Anyplex
HPV 11, 88.10% (81.79-94.41%) for 11, 78.20% (70.15-86.25%) for
Cobas 4800 Cobas 4800
Goldstein et al., 6,042 “TustForMe” Broom sampler AmpFire HPV 11.50% (10.70-12.30%) 10.60% (9.82-11.38%)
2020 brush assay
He and He, 2020 10,399 “TustForMe” Broom sampler Coba$ 4800 HPV 13.80% (13.14-14.46%) for 10.80% (10.20-11.40%) for
brush assay, SeqHPV Cobas 4800, 11.60% Cobas 4800, 10.90%
assay (10.98-12.22%) for Seq HPV (10.30-11.50%) for Seq HPV
Kuriakose et al., 1,000 NR NR HC2 2.70% (1.70-3.70%) 2.70% (1.70-3.70%)
2020
Aiko etal., 2017 300 Evalyn brush NR Cobas 8800 74.00% (69.04-78.96%) 66.67% (61.34-72.00%)
system

HPV, human papillomavirus; HC2, hybrid capture II; PCR, polymerase chain reaction; NR, d

ata not reported; CI, confidence interval.
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References

Number of
patients

Method of collection

Clinician

Agreement rate

Cohen's kappa (95% Cl)

Anand etal,, 118 Dacron polyester swab Dacron polyester 93.22% (88.68-97.76%) 0.82 (0.69-0.94) for HPVDNAChip™
2022 swab for HPVDNAChip™
Tan et al., 2021 512 Pre-labeled Digene HPV Endocervical brush 93.75% (91.65-95.85%) 0.76 (0.64-0.82)
collection tube
Ahmad et al,, 432 Vaginal self-swab sample Digene cervical 92.59% (90.12-95.06%) 0.76 (0.72-0.89)
2021 sampler
Ploysawang et al., 50 Rovers Viba-brush Rovers Cervex-brush 84.00% (72.93-95.07%) 0.54 (0.24-0.83)
2023 vaginal sampler
Qiao et al., 2008 252 Cytobrush Endocervical 74.20% (68.80-79.60%) 0.37 (0.25-0.50)
cytobrush
Shin et al., 2019 261 APTIMA Cervical APTIMA Cervical 95.02% (92.38-97.66%) 0.62 (0.43-0.81)
Specimen Collection and Specimen Collection
Transport (CSCT) kit and Transport
(CSCT) kit
Trope et al.,, 2013 101 Flexible minitip flocked Flexible minitip 92.08% (86.81-97.35%) 0.83 (0.72-0.95)
swab flocked swab
Zhao et al., 2013 7,543 NR NR 90.31% (89.64-90.98%) 0.65 (0.63-0.67) for HC2, 0.64 (0.61-0.67)
for HC2, 91.08% for for careHPV
careHPV
Ozawa et al., 226 Kato self-sampling Pap smear cytobrush 86.28% (81.79-90.77%) 0.64 (0.53-0.75)
2023 device
Onuma et al., 258 Cervisafe® device Endocervical brush 98.06% (96.38-99.74%) 0.71 (0.44-0.98)
2020 with detachable tip
‘Wang et al., 2014 392 Dacron swab Pap smear cytobrush 93.88% (95.02-99.76%) 0.65 (0.51-0.78)
Chou et al,, 2016 202 Evalyn Brush Digene Female Swab 97.52% (95.38-99.66%) 0.95(0.91-0.99)
Specimen Collection
Kit
Ngu et al,, 2022 197 Cone-shaped brush Cone-shaped brush 94.92% (91.85-97.99%) 0.78 (0.65-0.91)
(Qiagen, Venlo, (Qiagen, Venlo,
Netherlands) Netherlands)
Wong et al,, 2016 291 Conical brush (Qiagen, Broom brush 86.94% (83.07-90.81%) 0.73 (0.65-0.81)
Gaithersburg,
United States)
Yoshida et al., 136 Evalyn Brush Digene HC2 DNA 77.94% (67.04-81.50%) 0.59 (0.46-0.72)
2011 Collection device
Qin et al., 2016 68 Dacron swab Dacron swab 85.29% (76.87-93.71%) 0.69 (0.51-0.87)
Nilyanimit, 2014 247 Evalyn brush Rovers Cervex-brush 74.49% (69.05-79.93%) 0.46 (0.36-0.56)
Kittisiam et al., 400 Brush type collecting Broom type 95.50% (93.47-97.53%) 0.73 (0.60-0.86)
2016 system (QIAGEN cervicalbrush
Gaithersburg, Inc.) (Surepath®)
Anand et al., 101 Flocked Swab (Noble Cervical Brush 89.1% (83.02-95.18%) 0.58 (0.36-0.80) for RealTime HR-S, 0.49
2022 Biosciences, Inc., (Noble Biosciences, for RealTime HR-S, (0.26-0.71) for AnyplexII, 0.51
Gyeonggi-Do, Inc., Gyeonggi-Do, 86.1% (79.35-92.85%) (0.30-0.73) for Cobas 4800
South Korea) South Korea) for AnyplexII, 73.3%
(64.67-81.93%) for
Cobas 4800
Terada et al., 100 Evalyn brush Rovers Cervex-brush 88.00% (81.63-94.37%) 0.76 (0.69-0.82)
2022
Hanley et al., 300 Rovers Cervex-brush Rovers Cervex-brush 96.33% (94.20-98.46%) 0.85 (0.76-0.94)
2016
Sowjanya et al., 114 Sterile swab with screw NR 93.85% (89.44-98.26%) 0.82 (0.64-1.00)
2009 cap.
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Patients Number Proportion

n (95% CI)
Al 227 100 /
Mean age 308(30.21031.4) / /
Minimum age 20 / /
Maximum age 4 / /
Site*
Site A 136 599 /
Site B 48 211 /
Site C a3 189 /
Education (n = 218)°
Primary school 1 05 (0.1-2.6)
Secondary school 67 307 (250-37.1)
University 145 665 (60.0-72.4)
Doctoral degree 5 23 (10-53)

Previous pregnancies (n = 218)°

0 95 436 (37.2-50.2)
1 2 317 (25.8-38.1)
2 2 133 (9.4-185)
>3 25 1ns (7.9-16.4)
Acceptability of self-collection (n = 219)°

1 (acceptable) 6 27 (13-59)
2 35 160 (117-21.4)
3 a4 201 (153-25.9)
4 67 306 (24.9-37.0)
5 (unacceptable) 67 306 (249-37.0)
Simplicity of self-collection (n = 219)°

1 (simple) 3 14 (05-3.9)
2 15 68 (42-113)
3 27 123 (8.6-17.3)
4 59 269 (215-33.2)
5 (difficult) 115 525 (459-59.0)
Preference (n = 212)°

HCW-collection 124 585 (51.8-64.9)
Self.collection 7 354 (293-420)
No preference 13 61 (3.6-10.5)

Site A University Medical Center Ljubljana, Site B Novo mesto Community Health Center,
Ste C Trebnje Community Health Center.
"Questionnaire-based data, the number of responses is shown in brackets.
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Method Performance Contingency tables

HCwW HCW
Sensitvity 693 767 Pos Neg Total Pos Neg Total
Specificity 1000 1000 ™ 30 13 g 3 10 5
Direct cilltire PPV 1000 100.0 ™ 0 184 184 0 184 184
(24h)y NPV 934 949 Total 30 197 27 3 194 27
Sensitvity 87 907 Pos Neg Total Pos Neg “Total
Specificity 1000 100.0 ™ 36 7 43 39 4 IS
Direct culture PPV 1000 1000 ™ 0 184 184 0 184 184
(8h) NPV 963 979 Total 36 191 27 39 188 27
Sensitvity 87 6.1 Pos Neg Total Pos Neg Total
Specificity 1000 100.0 L 36 7 43 37 6 43
Briichnien. PPV 1000 1000 ™ 0 184 184 0 184 184
culture (48 h) NPV 963 9.8 Total 36 191 27 37 190 27
Sensitvity 86.1 6.1 Pos Neg Total Pos Neg Total
Specificity 1000 1000 ™ 37 6 I 37 6 5
Enrichment PPV 1000 1000 ™ 0 184 184 0 184 184
culture (72h) NPV 968 9.3 Total 37 190 27 37 19 27
Sensitvity 930 100.0 Pos Neg Total Pos Neg Total
Specificity 1000 1000 ™ I 3 43 5 0 5
EnrichmentPCR | PPV 1000 100.0 ™ 0 184 184 0 184 184
(24h) NPV 984 100.0 Total 40 187 27 4 184 27

HCW, healthcare-worker-collection protocol; self, self-collection protocal; PPY, positive predictive value: NPV, negative predictive value Pos, positives Neg, negatives TP, true positive [samples
positive by (2) culture and NeuMoDx GBS assay or (b) negative by culture but positive by both molecular assays; NeuMoDx GBS assay and GXpert GBS assays); TN, true negative.
“Hours in brackets represent time from collection of sample to result.





OPS/images/fmicb-15-1514684/fmicb-15-1514684-t001.jpg
DE

Culture

KDNA PCR

ITS1PCR

183 gPCR

hsp70 qPCR

L. infantum DNA repeat region real-time RPA
KDNA LAMP

m22-RPA/LF

DE, direct examination; Se, sensitivity; Sp, specificity.

29

100

90-100

9.9

836

100

48.4-86.7

100

Sp (%)
100
100
7

93-100
818
60.6
100

87.9-100
88

References

Mouttaki et al. (2014)
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WHO code Spe Zymodem
MPSA/TN/87/Rond4* Ra4. NA L. major MON-25
MPSA/TN/87/Ron99* R99 NA L. major MON-25
MPSA/TN/87/Ron102 RI02 NA L. major MON-25
MPSA/TN/87/Ron 114* RIl4 NA L. major MON-25
MPSA/TN/ 87/Ron155* RISS NA L. major MON-25
MPSA/TN/89/Psal Psal NA L major NT
MPSA/TN/89/Psa5 Psas NA L major NT
ISAL/IN/73/STDBM* STDBM NA L. major LON-6
MHOM/IL/80/Friedlin® 13171 cL L. major MON-103
MHOM/IL/83/1L32* 132 cL L. major MON-68
MHOM/IL/67/Jericho 1t Jericho 11 cL L. major MON-26
MHOM/IL/83/1124* 124 cL L. major MON-66
MHOM/IL/83/1L53* 153 cL L. major MON-67
MRHO/SU/59/P-Strain* Pstrain NA L. major MON-4
MHOM/GR/00/LA28* LA28 cL L. tropica LON-16
MHOM/IQ//73/Bumm30* Bumm3o VL L. tropica LON-17
MHOM/IQ/76/BAG 17 Bagl7 cL L. tropica LON-24
MHOM/IQ/73/A Sinai III* AssTIL CLR L. tropica LON-11
MCAN/IN/71/DBKM* DBKM NA L. tropica MON-62
MRAT/IQ/73/ Adhanis T Adhanis NA L. tropica MON-5
MHOM/IQ/76/BAG 9* BAGY cL L. tropica MON-53
MHOM/IQ/65/175% 175 cL L. tropica MON-6
MHOM/SU/74/SAF K27 K27 cL L. tropica MON-60
MHOM/TN/06/AM* AM cL L. tropica NT
MHOM/TN/09/Leep0920* Leep0920 cL L. tropica NT
MHOM/IL/00/Gabai159* Gabai 159 cL L. tropica LON-9
MHOM/IL/78/Rachnan* Rachnan cL L. tropica MON-60
MHOM/TN/SO/IPT1* ®TI VL L infantum MON-1
MHOM/TN/94/VL49* 49 VL L infantum MON-24
MHOM/TN/96/Drep08 Drep 08 cL L infantum MON-1
MHOM/TN/98/Drepl6 Drep 16 cL L infantum MON-24
MCAN/TN/89/AIm220 ALM220 Canl. L infantum NT
MHOM/TN/88/Aymen AYMEN VL L infantum MON-1
MHOM/TN/88/Nabil NABIL VL L. infantum MON-1
MHOM/TN/92/LV08* Lvos VL L infantum NT
MHOM/TN/93/LV10* io VL L infantum MON-80
MHOM/TN/SS/KA 439 KA139 VL L infantum MON-1
MHOM/TN/94/LV50* V50 VL L. infantum MON-1
MHOM/TN/97/Drep1 3* Drep 13 cL L infantum MON-24
MHOM/TN/97/Drep14* Drep 14 cL L infantum MON-24
MHOM/TN/97/Drepl5* Drep 15 aL L infantum MON-24
MHOM/TN/96/Drep5* Drep 05 cL L infantum MON-1
MHOM/SD/00/MW111% MWL VL L infantum MON-30
MHOM/ET/67/HU3 1698 VL L donovani MON-18
MHOM/ET/72/1L100 1100 cL L. aethiopica MON-14
MPSA/SA/84/Jisha238 Jisha238 NA L arabica MON-64
MRHO/SU/74/95A 954 NA L turanica MON-64
IMIN/IT/S6/MINI Min NA L. tarentolae -

“Strains used for sequencing surveys and primers/probe design validation.
CL, cutancous leishmaniasis; VL, visceral leishmaniasis; NT, not typed; NA, not applicable.
unknown.
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Geographic Patient Patient ITSIPCR  ITS1PCR- m22-RPA- Lei70 PCR p-globin

origin Code Haelll e PCR
Sousse, Tunisia 1 PER340239 + + L major +

2 PER340247 - + L. major +

3 PER340208 + + L major +

4 PER340213 + + L major +

5 PER340205 + + L major +

6 PER340203 + + L. major +

7 PER340231 + + L major +

8 PER340204 + - + + +

9 PER340241 - - -

10 PER340226 + + L major +

n PER340217 - - -

12 PER340250 - N .

13 PER340219 + + L. major +

14 PER340220 + + L. major +

15 PER340242 + + L major +

16 PER340202 + + L. major +

17 PER340214 + + L. major +

18 PER340243 + + L major +

19 PER340225 - - -

20 PER340223 + - + + +

2 PER340218 + + L major +

2 PER340273 + + L. major +

2 PER340308 + + L major +

2 PER340269 - - -

2 PER340306 - - -

2 PER340301 - - -

27 PER340261 - - -

23 PER340349 - - -

2 PER340256 + + L. tropica -

30 PER340336 - - -

31 PER340294 - - + - -

2 PER340277 - - -

3 PER340257 - - -

3 PER340295 - - + + +

35 PER340332 + + L major +

36 PER340322 + + L major +

37 PER340315 + + L. major +

38 PER340290 + + L major +

39 PER340310 + + L major +

4 PER340282 - - -

4 PER340286 + - + + +

2 PER340325 + + L. major +

a3 PER340284 + + L. major +

4 PER340311 + + L major +

4 PER340267 + + L. major +

46 PER340283 + + L infantum -

47 PER340345 + + L. major +

8 PER340333 + + L major +

4 PER340337 - - + + +
Morocco 50 PER620249 + + L. infantum -

51 PER620240 + + L. infantum -

52 PER620229 + + L infantum -

5 PER620237 + + L. infantum -

54 PER620216 + + L infantum -

55 PER620250 + + L. tropica -

56 PER620234 + + L. tropica -

57 PER620225 + + L. tropica -

58 PER620220 + + L. tropica -

59 PER620238 + + L. tropica -

60 PER620156 + + L major +

61 PER620134 + + L major +

62 PER620155 + + L. major +

6 PER620160 + + L major +

64 PER620122 + + L major +

65 PER620125 + + L. major +

66 PER620163 + + L major +

67 PER620161 + + L. major +

68 PER620143 + + L. major +

6 PER620140 + + L major +

70 PER620223 + + L. tropica -

7 PER620243 + + L. tropica -

7 PER620211 + + L. tropica -
“Tunis, Tun 7 PER570052 - - -

7 PER570100 - - -

75 PER570110 - - + + &

76 PER570106 - - + - + (faint)

77 PERS570104 - - + - + (faint)

78 PER570107 - - + + +
Lebanon 7 PER520118 + + L. tropica -

80 PER520106 - - - -

81 PER520110 - - - -

8 PER520114 - - - -

8 PER520109 + - - -

8 PER520115 NA - - -

85 PER520108 NA - - -

86 PER520107 NA - - -

ion; NA, not available, +: positive, —: negative.
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Name of the gene and Function Log2FC (gene Log2FC (protein

protein expression) expression)

1 metE (5-methylietrahydropteroyltrighut | Methionine synthase activity ~26135055 18460639
amate--homocysteine methyltransferase
(EC 2.1.1.14) (Cobalamin-independent
methionine synthase) (Methionine
synthase, vitamin-B12 independent

isozyme))
2 yrdA (Protein YrdA) Zinc ion binding —19251177 12546857
3 Bi (Bacterioferritin (BER) (EC Ferric ron binding ~12901495 ~12.63613

1.16.3.1) (Cytochrome b-1)
(Cytochrome b-557))

4 malE (Maltose/maltodextrin-binding | Maltose binding ~12432956 ~15255921
periplasmic protein (MMBP)
(Maltodextrin-binding protein)
(Maltose-binding protein) (MBP))

5 YiiY (Pyruvate/proton symporter BIST | Symporter activity ~09818285 ~12231589
(Brenztraubensaure transporter)

(Pyruvate/H(+) symporter)

6 yahK (Aldehyde reductase YahK (EC Alcohol dehydrogenase —0.8786242 —1.0459354
1.1.1.2) (Zinc-dependent alcohol (NADP+) activity
dehydrogenase YahK))

7 YhbW (Luciferase-like monooxygenase) | Oxidoreductase acti 08385109 ~19618579

8 cya¥ (Iron-sulfur cluster assembly Ferric iron binding ~07704802 ~1.409128
protein CyaY (Bacterial frataxin
ortholog))

9 malM (Maltose operon periplasmic Carbohydrate transport ~07482777 ~ 11703698
protein)

10 malK (Maltose/maltodextrin import | ABC-type maltose transporter ~07322275 16484885
ATP-binding protein MalK (EC activity
75.2.1))

n €1pQ (Glycerophosphodiester Calcium ion binding ~05756688 ~1.1040456

phosphodiesterase, periplasmic
(Glycerophosphoryl diester
phosphodiesterase, periplasmic) (EC
3.1.4.46))
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Name of the gene and protein

£fbB (dTDP-glucose 4,6-dehydratase 1 (EC
4.2.1.46))

£fbA (Glucose-
thymidylyltransferase 1 (GIP-TT 1) (EC
2.7.7.24) (dTDP-glucose pyrophosphorylase
1) (dTDP-glucose synthase 1))

phosphate

IysU (Lysine-~tRNA ligase, heat inducible
(EC6.1.16) (Lysyl-tRNA synthetase)
s

yagU (Inner membrane protein YagU)

b (3,4-dihydroxy-2-butanone 4-phosphate
synthase (DHBP synthase) (DHBPS) (EC
4.1.99.12))

sodB (Superoxide dismutase [Fe] (EC
1.15.1.1))

rpsR (Small ribosomal subunit protein bS18
(305 ribosomal protein S18))

purU (Formylietrahydrofolate deformylase
(EC3.5.1.10) (Formyl-FH(4) hydrolase))

acrA (Multidrug efflux pump subunit AcrA
(ArAB-TolC multidrug efflux pump subunit
AcrA) (Acridine resistance protein A))

rpsl (Small ribosomal subunit protein us9

(308 ribosomal protein $9))
YhbY (RNA-binding protein YhbY)

eno (Enolase (EC 4.2.1.11) (2-phospho-D-
glycerate hydro-lyase) (2-phosphoglycerate
dehydratase))

ginH (Glutamine-binding periplasmic
protein (GInBP))

greA (Transcription elongation factor GreA.

(Transcript cleavage factor GreA)

£pmG (Large ribosomal subunit protein
bL33 (508 ribosomal protein L33))

dacA (D-alanyl-D-alanine carboxypeptidase
DacA (DD-carboxypeptidase) (DD-
peptidase) (EC 3.4.16.4) (Beta-lactamase)
(EC3.5.2.6) (Penicillin-binding protein 5)
(PBP-5))

nuoB (NADH-quinone oxidoreductase
subunit B (EC 7.1.1.-) (NADH
dehydrogenase I subunit B) (NDH-1 subunit
B) (NUO2))

accC (Biotin carboxylase (EC 6.3.4.14)
(Acetyl-coenzyme A carboxylase biotin
carboxylase subunit A))

topA (DNA topoisomerase 1 (EC 5.6.2.1)
(DNA topoisomerase I) (Omega-protein)
(Relaxing enzyme) (Swivelase) (Untwisting
enzyme))

olB (Tol-Pal system protein TolB)

sdhB (Succinate dehydrogenas
subunit (EC 1.3.5.1))

n-sulfur

gexD (Glutaredoxin 4 (Grxd) (Monothiol
glutaredoxin)

thil (tRNA sulfurtransferase (EC 2.8.1.4)
(Sulfur carrier protein This
sulfurtransferase) (Thiamine biosynthesis

protein Thil) (tRNA 4-thiouridine synthase))

rAmB (23 rRNA (guanosine-2-0-)-
methyltransferase RimB (EC 2.1.1.185) (235
FRNA (guanosine2251 2-0)-
methyltransferase) (233 rRNA Gm2251
2-O-methyltransferase)

Hlu (Ribosomal large subunit
pseudouridine synthase D (EC 5.4.99.23)
(235 rRNA pseudouridine(1911/1915/1917)
synthase) (rRNA pseudouridylate synthase
D) (rRNA-uridine isomerase D))

bamA (Outer membrane protein assembly
factor BamA (Ompss))

smpB (SsrA-binding protein (Small protein
B)

seqA (Negative modulator of initiation of
replication)

gstA (Glutathione S-transferase GstA (EC
25.1.18) (GST B1-1))

nagA (N-acetylglucosamine-6-phosphate
deacetylase (GleNA 6-P deacetylase) (EC
35.1.25))

val$ (Valine--tRNA ligase (EC 6.1.1.9)
(Valyl-tRNA synthetase) (ValRS))

degP (Periplasmic serine endoprotease DegP
(EC 3.4.21.107) (Heat shock protein DegP)
(Protease Do)

asps$ (Aspartate--tRNA ligase (EC 6.1.1.12)
(Aspartyl-tRNA synthetase) (AspRS))

ydcH (Uncharacterized protein YdcH)

yhb] (RNase adapter protein RapZ)

resF Outer membrane lipoprotein ResF

ppiB (Peptidyl-prolyl cis-trans isomerase B
(PPlase B) (EC 5.2.1.8) (Rotamase B))

IysS (Lysine--tRNA ligase (EC 6.1.1.6)
(Lysyl-tRNA synthetase) (LysRS))

heml (Glutamate-1-semialdehyde
2,1-aminomutase (GSA) (EC 5.4.3.8)
(Glutamate-1-semialdehyde
aminotransferase) (GSA-AT))

rlml (Ribosomal RNA large subunit
methyltransferase I (EC 2.1.1191) (23
RNA m5C1962 methyltransferase) (FRNA
(cytosine-C(5)-)-methyltransferase RimI)

yeeZ (Protein YeeZ)

Function

NAD binding

Metal ion binding

Lysine-tRNA ligase activity

Response to acidic pH

Protein homodimerization activity

Superoxide dismutase activity

‘Small ribosomal subunit FRNA

binding

Formylietrahydrofolate deformylase

activity

‘Transmembrane transporter act

tRNA binding

RNA binding

Protein homodimerization activity

Glutamine binding

Bacterial-typeRNA polymerase

holoenzyme binding

Structural constituent of ribosome

Beta-lactamase activity

Quinone binding

Acetyl-CoA carboxylase activity

DNA binding

Protein-containing complex

binding
Succinate dehydrogenase
(ubiquinone) activity

Disulfide oxidoreductase activity

{RNA U4 sulfurtransferase

RNA binding
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Culture Culture Enrichment Enrichment Enrichment PCR
(24 h) (48 h) culture (48 h) culture (72 h] (24 h)
Culture (24 h) +3(0.083) +9(0.003) +7(0.008) +7(0.008) +13(<0.001)
Culture (48 h) ~3(0.180) +3(0.083) +1(0317) +1(0317) +7(0.008)
HCW-
Enrichment culture (48 h) ~3(0.180) +3(0.083) +1(0317) +1(0317) +7(0.008)
collection
Enrichment culture (72 h) ~4(0.102) +2(0317) 0 (nd) 0(nd) +6(0.014)
Enrichment PCR (24 h) -7 (0.008) -1(0317) ~3(0.083) -3 (0.083) +3(0.083)

Difference () in a number of positives is expressed as positives following self-collection protocol subtracted by positives following HCW collection protocol.Significance i calculated with
McNemar' test.





