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Editorial on the Research Topic
 Advances in the diagnosis and genomic research of surveillance-response activities in emerging, re-emerging, and unidentified infectious diseases




Six pandemics of public health emergencies were announced as a global concern, causing numerous deaths and economic losses in this century (1). Strikingly, more than 3.5 million people died from COVID-19 in 2021, exceeding the combined number of deaths resulting from HIV, malaria, and tuberculosis in 2020 (2). The delayed diagnosis and inadequate surveillance of infectious diseases may indirectly lead to ineffective responses, making it harder to control the development of pandemics. Despite advances in health science, infectious diseases, including emerging, re-emerging, and unidentified infectious diseases, remain a major threat to human beings, particularly in low-resource settings.

Recent studies has been made in understanding infectious diseases transmission and dynamics (3). However, there are still gaps between diagnostic capacity and dynamic surveillance of infectious diseases. Nowadays, researchers have made significant efforts to optimize surveillance performance to emerging, reemerging, and unidentified infectious diseases, including diagnosis and genomic research (4, 5). However, increasing efforts are highly required to develop a more effective surveillance technique to continuously monitor, early warning and predict infectious diseases.

Therefore, we focused on the advances in the diagnosis and genomic research of surveillance-response activities in emerging, re-emerging, and unidentified infectious diseases in this Research Topic, which will contribute to infectious disease prediction and the effective decision making. Eleven papers were published worldwide, including opinion articles, original research, and case reports.


Apply metagenomics and molecular methods to combat infectious diseases

Currently, metagenomic surveillance provides an opportunity to improve the detection and prevention of pathogens by conducting epidemiological investigations (Zhang T. et al.), limiting clonal transmission of bacteria (Chen et al.), and ensuring the effectiveness of interventions (Zeng et al.). Padilla-Blanco et al. described a new variant of SARS-CoV-19 that emerged in Sicily in late 2020. It showed that continuous monitoring of SARS-CoV-2 varirants is helpful in understanding virus evolution and provides timely information on sudden pathogen emergence, especially in times and places where epidemic virus pedigree is seldom explored. More importantly, monitoring viral variants by molecular biology technology can play an significant role in developing appropriate rapid detection tools and predicting potential vaccine escapes in emerging variants. For example, Feng et al. reported a case of Parvimonas micra pneumonia in a patient without obvious underlying disease and distal site of infection, expanding the etiology of pneumonia. It demonstrated that metagenomic sequencing allows rapid screening for rare pathogens, especially when regular strategy is ineffective. In addition, Tian et al. continuously monitored the changes in pathogenic bacteria by sequencing and drug sensitivity tests in a case of intracranial infection caused by multidrug-resistant Acinetobacter baumannii. As a complication of a series of invasive operations, the infection may seriously affect the prognosis of patients, in which it is necessary to monitor the pathogens in the patients' blood.



Data-based approaches to combat infectious disease

Rapid advances in Big Data and machine learning provide opportunities to collect and deeply utilize epidemiological data for combating infectious diseases (6–9). Hand-foot-and-mouth disease (HFMD) is a common infectious disease in children caused by a variety of enteroviruses. Yang et al. explored the interaction between multiple viruses and the regular patterns of HFMD in different regions using the susceptibility-exposure-infection-asymptomatic-rehabilitation (SEIAR) model. HFMD is a common infectious disease in children caused by a variety of enteroviruses. The results showed that the incidence of HFMD increased with temperature risk, and the interaction of different pathogens strongly depended on geographic locations. Compared with the transmission of only one major subtype, there was a dilution effect when multiple subtypes of pathogens were transmitted simultaneously. Andagalu et al. conducted a cohort study to evaluate the efficacy of two antimalarial drugs, artemether-lumefantrine (AL) and artesunate-mefloquine (ASAQ), while developing predictive models of treatment outcomes based on immune profile data. Using machine learning to assess humoral immunity to malaria to predict the effectiveness of treatment, the researchers found that ASAQ was more effective. The investigators applied computational methods for the first time to show that serologic immune profiles differentially affect treatment outcomes based on artemisinin-based combination therapies (ACTs), providing an integrated approach to data integration, machine learning, and modeling.



Promote the diagnosis and response to infectious diseases

Some rapid testing techniques, which have the advantage of rapid, low-cost, and user-friendly, are suitable for epidemiologic studies and show the potential as high-throughput screening tools. A recent study evaluated the rapid detection of anti-Trypanosoma cruzi antibodies, providing recommendations balanced between sensitivity and operability for large-scale investigations (Iturra et al.). In addition, based on previous research, two opinion articles provided some optimization suggestions for antigen detection of SARS-CoV-2 (Zhang J. et al.), and discussed the methods to treat or alleviate the symptoms of infectious diseases (Aydemir and Ulusu).

To effectively address the challenges from infectious disease outbreaks and public health emergencies, we need to strengthen surveillance on unexplained infectious diseases, improve the sensitivity and accuracy of diagnostic assessment, and enhance the capacity for in situ analysis and treatment. We expect that further studies on infectious diseases will lead to more cost-benefit programs that improve wellbeing and sustainability in diverse socio-ecological settings and ultimately throughout the world.

Thank all authors who contributed to this research theme, and we invite readers to explore the excellent articles in this compilation.
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Enterocytozoon bieneusi is a zoonotic pathogen commonly found in humans and animals all over the world. Here, we investigated the occurrence and genotype constitute of E. bieneusi among the individuals from Haikou city of Hainan, China. A total of 1,264 fecal samples of humans were collected, including 628 samples from patients with diarrhea (325 adults and 303 children) and 636 samples from the asymptomatic population (383 college students and 253 kindergarten children). E. bieneusi was detected using nested polymerase chain reaction (PCR) amplification of the internal transcribed spacer (ITS) region. A phylogenetic tree was constructed using a neighbor-joining tree construction method. The overall prevalence of E. bieneusi was 3.7% (47/1,264), while it was 5.6% in the patients with diarrhea (5.8% in adults and 5.3% in children) and 1.9% in the asymptomatic population (2.9% in college students and 0.4% in kindergarten children). The prevalence of E. bieneusi in humans with diarrhea was significantly higher than that in the asymptomatic population (χ2 = 36.9; P < 0.05). A total of 28 genotypes were identified, including ten known genotypes: CHG2 (n = 3), CHG3 (n = 5), CHG5 (n = 10), CM21 (n = 1), EbpA (n = 1), EbpC (n = 1), PigEBITS4 (n = 1), PigEBITS7 (n = 1), SHR1 (n = 4), Type IV (n = 2), and 18 novel genotypes (HNH-1 to HNH-18; one each). All these genotypes were categorized into three groups, including group 1 (n = 6), group 2 (n = 14), and group 13 (n = 8). This was the first study on the identification of E. bieneusi among humans in Hainan, China. The correlation between E. bieneusi infection and diarrhea was observed. The high diversity and distinctive distribution of E. bieneusi genotypes found in this study reflected the unique epidemic genetic characteristics of E. bieneusi in humans living in Hainan.

KEYWORDS
 Enterocytozoon bieneusi, genotype, human, zoonotic, Hainan


Introduction

Phylum Microsporidia is recognized as a group of opportunistic infectious agents worldwide and comprises more than 1,500 species, belonging to 160 genera (1, 2). They are intracellular pathogens, infecting the members of every phylum of the animal kingdom (2). The identification of Microsporidia species in water sources led to their inclusion in the Category B list of biodefense pathogens by the National Institutes of Health (NIH) and microbial contaminant candidates list of concern for waterborne transmission by the Environmental Protection Agency (EPA) (2). To date, a total of 17 species, belonging to the nine genera of Microsporidia, have been identified as opportunistic human pathogens (2). Among them, Enterocytozoon bieneusi is the most frequently identified species, which was first found in an AIDS patient in France in 1985 (3). E. bieneusi, as an opportunistic pathogen infecting the alimentary tract of hosts, causes a wide spectrum of clinical symptoms in humans, ranging from asymptomatic or self-limiting symptoms in immunocompetent individuals to severe and life-threatening symptoms in the immunocompromised person (4). Humans can acquire E. bieneusi infection through several transmission routes, including direct contact with the infected persons (anthroponotic transmission) or animals (zoonotic transmission) and the ingestion of contaminated water or food (4).

E. bieneusi is a complex species, having multiple genotypes and diverse host ranges and pathogenicity (4). Many molecular epidemiologic studies have determined the distribution of E. bieneusi genotypes in different hosts and have inferred the possible routes of transmission and source of infections (1). To date, more than 685 genotypes of E. bieneusi have been identified using PCR analysis of the internal transcribed spacer (ITS) region of the rRNA gene of E. bieneusi (1). Among these, at least 33 genotypes have been found in both humans and animals, supporting the presumption of their zoonotic potential (4, 5). On the other hand, all the identified genotypes can be grouped into thirteen different clades, which are named groups 1–13 based on their phylogenetic analysis (6). Groups 1 and 2 are the two largest groups, accounting for 94% of the total genotypes, and are called zoonotic groups (4). These two groups contain almost all the genotypes detected in humans and also contain a vast majority of genotypes from various animal hosts; some genotypes are detected both in humans and animals (4). In contrast, the genotypes, belonging to the remaining 11 groups, are found mostly in the specific hosts and wastewater (4, 7). Understanding the source of E. bieneusi infection to cut off its route of transmission is important in adequately controlling its infection in humans due to the lack of effective vaccines and drugs.

Hainan, the only tropical island province in China, has a unique geographical landform, ecological environment, living customs, and culture of Li nationality. It has a wide variety of wild animals and arthropods, thereby having a high incidence of tropical infectious diseases. E. bieneusi was primarily detected in the farmed and wild animals in Hainan with a reported prevalence of over 10% (5, 6, 8–10). These data showed that E. bieneusi has been widely distributed in Hainan, China. However, the prevalence of this pathogen, causing human infections, has not been reported yet. Therefore, the present study aimed to determine the prevalence and genotypes of E. bieneusi among humans in Hainan, China by sequencing and analyzing the ITS region of the rRNA gene. This study also assessed the possible transmission patterns and infection sources of this pathogen by homology and phylogenetic analyses. The results might contribute to developing the control strategies of E. bieneusi in Hainan Province, China.



Materials and methods


Ethics approval and consent to participate

Approvals for these studies were obtained from the Ethics Committees of Hainan Medical University. Written informed consent was signed by each of adult participants and guardians of minors under 17 years of age after the purposes and procedures of the study were explained to them.



Specimens

From July 2018 to December 2019, a total of 1,264 fecal samples were collected from Hainan Province of China. Among them, 628 were from patients with diarrhea in the Second Affiliated Hospital of Hainan Medical University, comprising 325 adults and 303 minors. 636 were from asymptomatic people, including 383 college students from Hainan Medical University and 253 children from Shan'gao kindergarten (Table 1). Only one fecal sample per participant was included in the present study. The samples (formed stool: 20 g; watery stool: 30 mL) were placed in a plastic fecal collection box, with collection date, stool characteristics (liquid stool or formed stool) and patient identity (age and gender) being recorded. The collected samples were immediately stored at 4°C and sent to our laboratory for parasite testing within 24 h. The doctors communicated and provided consulting services, a voluntarily participated in the survey and signed a written informed consent form. All the participants did not undergo the antiparasitic treatment.


TABLE 1 Prevalence and distribution of E. bieneusi genotypes in humans in Hainan Province of China.

[image: Table 1]



DNA extraction

Genomic DNA was extracted from ~200 mg of each fecal sample using a QIAamp DNA Stool Mini Kit (QIAgen, Hilden, Germany), following the manufacturer's instructions. In order to obtain a high yield of DNA, the lysis temperature was increased to 95°C according to the manufacturer's suggestions. The extracted DNA samples were eluted in 200 μl of AE buffer and stored at −20°C in a freezer prior to PCR analysis.



PCR amplification

The presence of E. bieneusi-positive DNA was detected using nested PCR amplification of a 410 bp nucleotide fragment of the rRNA gene including 243 bp of the ITS region. The primers and PCR conditions have been previously described (11). TaKaRa Taq DNA Polymerase (TaKaRa Bio Inc., Tokyo, Japan) was used in all the PCR reactions. A negative control without DNA and a positive control with DNA of the E. bieneusi BEB6 genotype from goat were included in all the PCR tests. All the secondary PCR products were run on a 1.5% agarose gel and visualized by staining the gel with Goldenview.



Nucleotide sequencing and analysis

All the secondary PCR products of the expected size were directly sequenced with the same set of primers, which was used for the secondary PCR by Life Technologies (Guangzhou, China), using a Big Dye1 Terminator v3.1 cycle sequencing kit (Applied Biosystems, Carlsbad, CA, USA). The obtained nucleotide sequences were aligned with each other and compared to the reference sequences downloaded from GenBank using the Basic Local Alignment Search Tool (BLAST) (http://www.ncbi.nlm.nih.gov/BLAST/) and ClustalX 1.83 (http://www.clustal.org/) in order to determine the genotypes. According to the established nomenclature system, the nucleotide sequences of the ITS region identical to known genotypes were given the first published name; the nucleotide sequences with single nucleotide substitutions, deletions, or insertions as compared to the known ITS genotypes were considered novel genotypes (12). Meanwhile, the novel genotypes were confirmed by sequencing another two separate PCR products of the same preparations.



Phylogenetic analysis

In order to better assess the genetic diversity of E. bieneusi genotypes in the present study and to determine the genetic correlations of novel genotypes to the known ones, a neighboring-joining phylogenetic tree was constructed using Mega X software (http://www.megasoftware.net/). The phylogenetic tree was based on the evolutionary distances calculated using a Kimura 2-parameter model and analyzed using bootstrap analysis with 1,000 replicates for reliability.



Statistical analyses

Chi-square analysis was performed to assess the correlations of the prevalence of E. bieneusi by group: between diarrheal patients and asymptomatic populations and between adult group and minor group using SPSS (Statistical Package for the Social Sciences) version 17.0. The difference was considered statistically significant when the P < 0.05.



Nucleotide sequence accession numbers

The nucleotide sequences of novel genotypes of E. bieneusi obtained in the present study were deposited in the GenBank database under accession numbers: MT193627 to MT193644.




Results


Prevalence of E. bieneusi

E. bieneusi was detected in 3.7% (47/1,264) of the feces samples (Table 1). The E. bieneusi prevalence was significantly higher in patients with diarrhea (5.6%) than that in the asymptomatic populations (1.9%) (χ2 = 36.9; P < 0.05). Different prevalences of E. bieneusi were observed between adults and minors: 5.8 and 5.3% in diarrheal patients and 2.9 and 0.4% in asymptomatic populations. However, by χ2-test, significant difference in prevalence was only observed in college students and kindergarten children (χ2 = 5.6; P = 0.02).



Characterization and distribution of E. bieneusi genotypes

The sequence analysis of 47 E. bieneusi isolates obtained in this study identified a total of 28 genotypes, including ten known genotypes (CHG2, CHG3, CHG5, CM21, EbpA, EbpC, PigEBITS4, PigEBITS7, SHR1, and Type IV) and 18 novel genotypes (HNH-1 to HNH-18). Among them, CHG5 accounted for the largest proportion (21.3%, 10/47), followed by CHG3 (10.6%, 5/47), SHR1 (8.5%, 4/47), CHG2 (6.4%, 3/47), Type IV (4.3%, 2/47), and the remaining 23 genotypes (each 2.1%, 1/47). Genotype distribution of E. bieneusi in different groups could be seen in Table 1. Genotype CHG5 was the most widely distributed in humans in the investigated areas, which was detected in both the diarrhea patients and the asymptomatic populations. Meanwhile, result of the homology analysis of the novel genotypes of E. bieneusi showing in Table 2.


TABLE 2 Homology analysis of the novel genotypes of E. bieneusi identified in this study.

[image: Table 2]



Phylogenetic analysis

The phylogenetic analysis of the ITS region of E. bieneusi divided the genotypes, which were identified in humans in this study, into three groups. Five known genotypes (EbpA, EbpC, PigEBITS4, PigEBITS7 and Type IV) and one novel genotype (HNH-14) were categorized into group 1. Four known genotypes (CM21, CHG5, CHG3, and CHG2) and ten novel genotypes (HNH-1, HNH-4, HNH-6, HNH-9 to HNH-11, HNH-13, and HNH-16 to HNH-18) were categorized into group 2. The remaining one known genotype (SHR1) and seven novel genotypes (HNH-2, HNH-3, HNH-5, HNH-7, HNH-8, HNH-12, and HNH-15) were categorized into group 13 (Figure 1).


[image: Figure 1]
FIGURE 1
 Phylogenetic relationship of the genotypes of E. bieneusi in humans. The tree was constructed by a neighboring-joining phylogenetic analysis of ITS sequences using the Kimura-2-parameter model and with 1,000 replicates. Each sequence is identified by its accession number, host origin, and genotype designation. The square and circle filled in black indicate known and novel genotypes, respectively.





Discussion

Since its first report on humans in China in 2011, a total of 14 epidemiological studies on the prevalence of E. bieneusi have been performed in ten provinces/municipalities of China, including Xinjiang, Yunnan, Shanghai, Henan, Heilongjiang, Jilin, Chongqing, Shandong, Guangxi, and Hubei Provinces (13–16). The highest prevalence was 22.5% in Changchun (17) and the lowest prevalence was 0.2% in Wuhan (18). The overall prevalence was 6.4, 8.1, and 3.6% among diarrhea patients, HIV patients, and healthy individuals in China, respectively (15). In the present study, a total of 3.7% (47/1,264) of the human fecal samples from Hainan province were tested positive for E. bieneusi using PCR and sequencing analysis of the ITS gene region. Overall, this prevalence was lower than the average prevalence, especially among the kindergarten children with diarrhea, among whom, the prevalence was only 5.3%, which was not higher than that in the adults. Previous studies have shown that the prevalence of E. bieneusi was high up to 78% in children in Uganda (19). About 22.5% of diarrhea infection in children was caused by E. bieneusi in northeast China (17), which might be due to the regional differences because, in Hainan, the kindergarten children are less exposed to animals due to the fewer pets in the families.

In the present study, the prevalence of E. bieneusi in diarrhea patients (5.6%) was significantly higher than that in the asymptomatic population (1.9%) (χ2 = 36.9; P < 0.05). In China, two previous studies revealed significantly higher prevalence of E. bieneusi in children with diarrhea than in children without diarrhea: 4.9% (11/223) vs. 3.7% (13/350) in Shanghai (20); 25.0% (1/4) vs. 7.2% (18/251) in Heilongjiang (21). Besides, researchers from other study also reported that children with diseases or diarrhea were more susceptible to E. bieneusi infection (22). Therefore, E. bieneusi infection might be an important factor causing diarrhea. Therefore, it is necessary to monitor the infection of E. bieneusi among patients with diarrhea especially in the immunocompromised populations in order to avoid patient death due to misdiagnosis.

Among the known genotypes identified in this study, the genotypes Type-IV, EbpC, EbpA, and PigEBITS7 have been previously reported in humans and animals in several provinces of China and other countries (4). The remaining six known genotypes (CHG2, CHG3, CHG5, CM21, PigEBITS4, and SHR1) and 18 novel genotypes (HNH-1 to HNH-18) were reported for the first time in humans. This not only enriched the E. bieneusi genotypes, which can infect humans, and expanded the host range of these genotypes but also suggested that the ruminant-specific genotypes (CHG2, CHG3, and CHG5) could also infect humans. Therefore, the zoonotic risk of these genotypes should also be reevaluated. Actually, the 10 known genotypes (CHG2, CHG3, CHG5, CM21, EbpA, EbpC, PigEBITS4, PigEBITS7, SHR1, and Type IV) were all identified in a large number of farm animals in Hainan province (5, 6, 8–10). Therefore, it was speculated that these genotypes, infecting humans in this region, might have come from animals.

In this study, the 18 novel genotypes identified belonged to three groups: genotype HNH-14 in group 1; genotypes HNH-1, HNH-4, HNH-6, HNH-9 toHNH-11, HNH-13, and HNH-16 to HNH-18 in group 2; genotypes HNH-2, HNH-3, HNH-5, HNH-7, HNH-8, HNH-12, and HNH-15 in group 13. Prior to this study, a total of 66 genotypes have been identified in humans, among which, 48, 12, 2, and 4 genotypes belong to Groups 1, 2, 5, and 6, respectively (1, 4). The genotypes identified in humans, belonging to Group 1, might have zoonotic potential due to their close relation to a wide range of hosts and the lack of geographic segregation among humans (4). The identification of the previously considered ruminant-adapted group 2 genotypes (notably BEB4, BEB6, CHN3, I, and J) in the humans, residing in the Czech Republic and China, indicated a possibility of zoonotic transmission for these genotypes (4, 17, 23). The genotypes in groups 5, 6 had a relatively narrow host range and robust geographic specificity because the genotypes, such as Nig3, Nig4, Nig6, and Nig7, have been identified in humans only in Africa (24, 25). The fact of 50% (14/28) and 28.6% (8/28) of the genotypes of groups 2 and 13, respectively, revealed unique epidemic genetic characteristics of E. bieneusi in humans living in Hainan, China.

In conclusion, this was the first study on the identification of E. bieneusi in humans in Hainan, China. The prevalence of E. bieneusi was 3.7% (47/1,264). The prevalence of E. bieneusi in humans with diarrhea was significantly higher than that in the asymptomatic population. The high diversity and distinctive distribution of E. bieneusi genotypes found in this study reflected the unique epidemic genetic characteristics of E. bieneusi in humans living in Hainan.
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Human non-typhoidal salmonellosis is among the leading cause of morbidity and mortality worldwide, resulting in huge economic losses and threatening the public health systems. To date, epidemiological characteristics of non-typhoidal Salmonella (NTS) implicated in human salmonellosis in China are still obscure. Herein, we investigate the antimicrobial resistance and genomic features of NTS isolated from outpatients in Shaoxing city in 2020. Eighty-seven Salmonella isolates were recovered and tested against 28 different antimicrobial agents, representing 12 categories. The results showed high resistance to cefazolin (86.21%), streptomycin (81.61%), ampicillin (77.01%), ampicillin-sulbactam (74.71%), doxycycline (72.41%), tetracycline (71.26%), and levofloxacin (70.11%). Moreover, 83.91% of isolates were resistant to ≥3 categories, which were considered multi-drug resistant (MDR). Whole-genome sequencing (WGS) combined with bioinformatic analysis was used to predict serovars, MLST types, plasmid replicons, antimicrobial resistance genes, and virulence genes, in addition to the construction of phylogenomic to determine the epidemiological relatedness between isolates. Fifteen serovars and 16 STs were identified, with the dominance of S. I 4, [5], 12:i:– ST34 (25.29%), S. Enteritidis ST11 (22.99%), and S. Typhimurium ST19. Additionally, 50 resistance genes representing ten categories were detected with a high prevalence of aac(6')-Iaa (100%), blaTEM−1B (65.52%), and tet(A) (52.87%), encoding resistance to aminoglycosides, β-lactams, and tetracyclines, respectively; in addition to chromosomic mutations affecting gyrA gene. Moreover, we showed the detection of 18 different plasmids with the dominance of IncFIB(S) and IncFII(S) (39.08%). Interestingly, all isolates harbor the typical virulence genes implicated in the virulence mechanisms of Salmonella, while one isolate of S. Jangwani contains the cdtB gene encoding typhoid toxin production. Furthermore, the phylogenomic analysis showed that all isolates of the same serovar are very close to each other and clustered together in the same clade. Together, we showed a high incidence of MDR among the studied isolates which is alarming for public health services and is a major threat to the currently available treatments to deal with human salmonellosis; hence, efforts should be gathered to further introduce WGS in routinely monitoring of AMR Salmonella in the medical field in order to enhance the effectiveness of surveillance systems and to limit the spread of MDR clones.
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Introduction

Gastroenteritis is a common disease in both developing and developed countries and is considered a significant economic burden leading to high financial loss for worldwide health care systems. Most gastroenteritis cases are self-limited in immunocompetent patients. At the same time, it can persist for a long time with severe symptoms and diarrhea in immunocompromised patients, including young children and the elderly. According to recent data, over 1.7 billion global cases of diarrheal disease are reported annually, leading to about 2.2 million deaths (1). In China, infectious diarrhea, excluding cholera, dysentery, and enteric fever, caused more than one million cases annually from 2014 to 2019, which the National Notifiable Diseases Reporting System classified as Category C infectious disease (2). Bacteria take second place among the agents causing gastroenteritis after viruses (3).

Non-typhoidal Salmonella (NTS) are among the most common etiological agents causing acute gastroenteritis worldwide. It is estimated that Salmonella species were responsible for about 180 million (9%) of the diarrheal diseases that occur globally each year, leading to 298,000 deaths, representing 41% of all diarrheal disease-associated deaths (4, 5). In China, the incidence of non-typhoidal salmonellosis was estimated at 626.5 cases per 100,000 persons (6). Salmonella is a Gram-negative, rod-shaped, non-spore-forming, and facultatively anaerobic bacterium, belonging to the Enterobacteriaceae family. To date, more than 2,600 Salmonella serovars have been described (7), where only some of them were reported to cause human salmonellosis (8–17). The digestive tract of vertebrates is considered the main reservoir of Salmonella species, and animal farms are the primary source for the development and dissemination (6, 18–22). Salmonella might contaminate animal carcasses during transport, slaughtering, and then transmitted to humans via the farm-to-fork route (23–30), causing severe infections and threatening public health systems.

Antibiotics have been widely used to treat salmonellosis in the veterinary or medical fields. However, since the 1950s, resistance to the usual antimicrobial agents has appeared and increased until rising the threatened limits. Currently, the third-generation cephalosporins and quinolones are used as the last line of defense to treat salmonellosis in both adult and young patients, while polymyxins are used to treat the cases of multidrug resistance Enterobacteriaceae (31, 32). However, recent investigations have reported the resistance of Salmonella isolates recovered from animal farms, food chain processes, foods, and humans to different antibiotics, including the third-generation cephalosporins, quinolones, polymyxins, aminoglycosides, and others (18, 31, 33), with the usual detection of superbug isolates which further complicates the epidemiological situation and is considered a serious threat to public health by limiting choices for therapeutic treatment of patients (34).

In this regard, the earlier detection and accurate diagnosis of multidrug-resistant (MDR) isolate based on high throughput surveillance are the key solutions to limit the spread and dissemination of harmful superbug clones. Today the advance in high throughput sequencing encourages the use of WGS on a large scale for the epidemiological investigation to monitor MDR pathogens (23, 35). Additionally, the ongoing decreases in sequencing costs and the increase of online platforms available for analyzing, sharing, and comparing genomic data, enormously helped the harmonization use of WGS in different areas (36–38). In China, several cases of human salmonellosis were recorded each year, however, the in-depth analysis of the implicated Salmonella isolates is still obscure. To proof of concept, this study aims to use WGS as a cost-effective method to provide genomic features, including MLST patterns, antimicrobial resistance and virulence genes, plasmid replicons, and genetic diversity of Salmonella isolates recovered from outpatients in Shaoxing city, Zhejiang province, China.



Materials and methods


Sample collection and Salmonella identification

A total of 87 Salmonella isolates were collected from outpatients in different counties (Zhuji, Shengzhou, Xinchang, Keqiao, Shangyu, and Yuecheng) of Shaoxing city, Zhejiang province, China (Supplementary Table S1). During the year 2020, diarrheal samples were collected from outpatients having gastroenteritis. Salmonella isolates were isolated, identified, and characterized according to the previously described methods (11, 12, 14, 16). Briefly, a 10 mL buffered peptone water was used for the pre-enrichment of human fecal samples (Oxoid, United Kingdom), then 0.1 mL of the pre-enriched samples were added to 10 mL of Rappaport Vassiliadis broth (Oxoid, United Kingdom) and incubated at 42°C for 24 h. After incubation, the samples were streaked onto Xylose Lysine Desoxycholate (XLD) (Oxoid, United Kingdom) and incubated at 37°C for 18–24 h. The suspected colonies of Salmonella on XLD were round, transparent red or pink with or without typical black centers. The suspected colonies were confirmed using matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) and polymerase chain reaction (PCR) to amplify the invA gene using specific primers as described previously (5, 16, 39). Furthermore, The PCR-confirmed Salmonella isolates were serotyped by slide agglutination method to define O and H antigens using commercial antisera (SSI Diagnostica, Hillerød, Denmark) according to White–Kauffmann–Le Minor scheme (40).



Antimicrobial susceptibility testing

The antimicrobial susceptibility of the studied Salmonella isolates was evaluated toward a panel of 28 different antimicrobial agents belonging to 12 categories by using the broth dilution method. The tested antimicrobial agents were as follow: Penicillins (Ampicillin, AMP), β-lactam combination agents (Amoxicillin-clavulanic acid, AMC; Ampicillin-sulbactam, SAM), Aminoglycosides (Amikacin, AMK; Gentamicin, GEN; Kanamycin, KAN; Streptomycin, STR), Tetracyclines (Tetracycline, TET; Minocycline, MIN; Doxycycline, DOX); Phenicols (Chloramphenicol, CHL), Folate pathway inhibitors (Trimethoprim-sulfamethoxazole, SXT; Sulfafurazole, SIZ); Cephems (Cefazolin, CFZ; Cefoxitin, FOX; Cefotaxime, CTX; Ceftazidime, CAZ; Cefepime, FEP); Carbapenems (Imipenem, IPM; Meropenem, MEM); Quinolones (Nalidixic acid, NAL; Ciprofloxacin, CIP; levofloxacin, LVX; Gemifloxacin, GEM); Macrolides (Azithromycin, AZM); Lipopeptides (Colistin, CST; Polymyxin B, PMB); Monobactams (Aztreonam, ATM) (Table 1). The interpretation of results was performed according to the recommendation of the Clinical Laboratory Standard Institute guidelines (CLSI), and the European Committee for Antimicrobial Susceptibility Testing (EUCAST) (41, 42), and the isolates presented intermediate resistance were considered resistant for the ease of analysis. However, isolates that are non-susceptible to at least one antimicrobial agent in three or more than three antimicrobial categories were considered multidrug-resistant (MDR) (43). Escherichia coli ATCC 25922 was used as a control strain.


TABLE 1 Antimicrobial susceptibility percentage of Salmonella (n = 87) isolated from outpatients.
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Genomic DNA extraction and sequencing

The genomic DNA of all the studied isolates were extracted using TIANamp bacteria DNA kit (Tiangen Biotech, China) according to the manufacturer's instructions, from overnight cultures in Luria–Bertani (LB) broth incubated at 37 °C. The obtained genomic DNA was quantified using a Qubit 2.0 fluorometer (Invitrogen, USA) and then sequenced by using Illumina NovaSeq 6000 platform as previously described (14, 20, 35).



Bioinformatic analysis

The obtained raw reads were checked for sequencing quality using FastQC and trimmed using Trimmomatic (44), in which the low-quality sequences and joint sequences were removed. The clean data were then assembled using SPAdes 4.0.1 (45) with “careful” correction option to reduce the number of mismatches in the final assembly and annotated by using the Rapid Annotation Subsystem Technology (RAST) server (https://rast.nmpdr.org/) and Prokka v.1.14 (46). The assembled contigs were then used to predict plasmid replicons and antimicrobial-resistance genes using PlasmidFinder 2.1 (https://cge.cbs.dtu.dk/services/PlasmidFinder/) and ResFinder 3.2 tools (https://cge.cbs.dtu.dk/services/ResFinder/), respectively, with a similarity cut-off of 90%. The prediction of serovar and sequence type were performed using SeqSero 1.2 (https://cge.food.dtu.dk/services/SeqSero/) and MLST 2.0 (https://cge.food.dtu.dk/services/MLST/) available on the Center for Genomic Epidemiology (CGE) platform. The genomic mutations affecting the quinolone resistance-determining region (QRDR) were detected by using Staramr software against PointFinder v1.9 (https://github.com/phac-nml/staramr). Additionally, virulence genes were predicted using the virulence factors database (VFDB) (47). All bioinformatic analyses were conducted on our in-house Galaxy platform as previously described (20). On the other hand, the association between antimicrobial resistance genes and the corresponding plasmid replicons has been investigated according to the method described previously (18).



Phylogenomic analysis

The core single-nucleotide polymorphism (SNP) of all the studied Salmonella strains was analyzed using Snippy v4.4.4 against the reference strain S. Typhimurium SL 1344. The phylogenetic tree was constructed using IQ-TREE v.1.6.12 with TVM + F + ASC model and 1,000 bootstraps, as previously described (13, 22). Moreover, the whole-genome multilocus sequence typing (wgMLST) was used to conduct wgMLST phylogenomic tree by using cano-wgMLST_Bac Compare software as described recently (20, 48), with default parameters and S. Typhimurium strain SL 1344 as reference strain.




Results


Distribution of Salmonella serovars

In this study, 87 Salmonella isolates have been isolated and identified, including 26 from Keqiao county (29.88%), 25 from Xinchang (28.74%), 12 from Zhuji (13.79%), 12 from Shengzhou (13.79%), ten from Shangyu (11.49%), and two from Yuecheng (2.30%) (Figure 1A). These isolates have been shared between male (44/87; 50.57%) and female (49.43%) patients (Supplementary Table S1). The serotyping method has identified 15 different serovars with the dominance of the monophasic variant I 4, [5], 12:i:– (22/87; 25.29%), followed by Enteritidis (20/87; 22.99%), and Typhimurium (Figure 1B). Additionally, allelic profiles analysis showed the identification of 16 sequence types (STs) with the dominance of ST34 (22/87; 25.29%), ST11 (20/87; 22.99%), and ST19 (19/87; 21.84%) (Figure 1C). All serovars presented one ST, except S. Typhimurium, which was divided into ST19 (n = 19) and ST1544 (n = 1).
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FIGURE 1
 The distribution of different serovars among six counties in Shaoxing city, Zhejiang province, China. (A) The geographical distribution of the Salmonella isolates in Shaoxing with six counties which were examined in current investigations. N.B., The number indicates the numbers of isolates collected from individual county. (B) The distribution of fifteen serovars of Salmonella isolates. The dominant serovars are S. I 4, [5], 12:i:-, S. Enteritidis, and S. Typhimurium. (C) The prevalence of individual serovar with their sequence type (ST) detected in this study.




Phenotypic antimicrobial resistance

Phenotypic antimicrobial susceptibility of the 87 isolates has been evaluated toward 28 antimicrobial agents representing 12 different categories by broth dilution method according to CLSI and EUCAST recommendations. The highest resistance was observed against cefazolin (75/87; 86.21%), streptomycin (71/87; 81.61%), ampicillin (67/87; 77.01%), the combination of ampicillin-sulbactam (65/87; 74.71%), doxycycline (63/87; 72.41%), tetracycline (62/87; 71.26%), and levofloxacin (61/87; 70.11%), while all isolates were susceptible to cefoxitin and amikacin (Table 1, Figure 2B). Based on serovars distribution, our results showed that the abundant serovars (>3 isolates), especially the monophasic variant I 4, [5], 12:i:–, Enteritidis, Typhimurium, London, and Derby, present high resistance to multiple antimicrobial agents (Figure 2A). Additionally, we detected 57 different antimicrobial resistance patterns, in which 85/87 (97.70%) of isolates presented resistance to at least one category, 73/87 (83.91%) given resistance to three or more than three categories which were considered MDR. In contrast, 67/87 (77.01) isolates were resistant to five or more antimicrobial categories (Supplementary Table S2).


[image: Figure 2]
FIGURE 2
 Antimicrobial resistance of Salmonella isolates. (A) Resistance of isolates grouped by serovars to the tested antimicrobial agents. (B) Prevalence of resistance against 28 antimicrobial agents belonging to 12 categories.




Genotypic antimicrobial resistance

In order to understand the genetic arsenal behind the acquisition of antimicrobial resistance. The whole genome sequences of all isolates (n = 87) were screened for the detection of antimicrobial determinants encoding resistance to different antimicrobial categories, in addition to genomic mutations in the quinolone resistance-determining region (QRDR) affecting the DNA gyrase and DNA topoisomerase IV genes. The results showed the detection of 50 determinants encoding resistance to 11 different antimicrobial categories, in addition to four different mutations on the gene gyrA encoding resistance to quinolone (Supplementary Table S1). The most prevalent antimicrobial determinants were aac (6')-Iaa_1 (100%), aph (6)-Id_1 (52.87%), and aph (3”)-Ib_5 (50.57%) encoding resistance to aminoglycosides, blaTEM−1B_1 (65.52%) encoding resistance to β-lactams, and tet (A)_6 (52.87%) encoding resistance to tetracyclines (Supplementary Table S1). The monophasic variant of S. Typhimurium I 4, [5], 12:i:– harbors more diversified resistance genes (36 genes) followed by serovars London and Derby (22 genes for each one), while serovars Typhimurium and Enteritidis harbor 18 and 15 resistance genes, respectively (Figure 3). Additionally, genomic mutations conferring resistance to quinolones were only detected in serovars I 4, [5], 12:i:–, Enteritidis, and Typhimurium, where single and double mutations in the gene gyrA were observed (Figure 3).


[image: Figure 3]
FIGURE 3
 The heatmap of antimicrobial resistance genes (ARGs) and chromosomic mutations in the studied Salmonella isolates.




Virulence genes prediction

To provide accurate data about the virulence of studied isolates, we conducted an in-depth analysis to predict virulence genes implicated in the virulence and pathogenicity mechanism of Salmonella based on WGS, and the results were presented in Figure 4 and Supplementary Table S1. We detected 117 different virulence genes and the number of genes per isolate varies between 92 and 112. In addition to the typical virulence genes carried on Salmonella pathogenicity islands (SPIs), we detected cdtB gene encoding typhoid toxin production in one isolate of S. Jangwani. The spv locus that clustered genes implicated in the virulence system of non-typhoid Salmonella, the pef locus clustered genes encoding fimbriae, and rck gene encoding serum resistance, were only detected in Salmonella serovars Typhimurium and Enteritidis. Furthermore, sodCI gene encoding for stress adaptation was detected in the monophasic variant I 4, [5], 12:i:–, S. Typhimurium, S. Enteritidis, S. London, and S. Bovismorbificans. While the gene grvA encoding for anti-virulence was detected in serovars London, Typhimurium, and Bovismorbificans.


[image: Figure 4]
FIGURE 4
 The combinatorial graph of the wgMLST phylogenomic evolutionary tree and virulence genes in the studied Salmonella isolates. The presence of virulence gene was marked with blue color while the absence was marked with white color. The tree was rooted by using S. Typhimurium SL 1344.




Plasmid replicons

The distribution of plasmid replicons among the studied Salmonella isolates was performed by screening the whole genome sequences in the PlasmidFinder tool. In this study, 18 different plasmids were detected where the plasmids IncFIB (S)_1 and IncFII (S)_1 were the most prevalent (34/87; 39.08% for each one), followed by IncX1_4 (13/87; 14.94%), and IncHI2A_1, IncHI2_1 and IncFIB(K)_1_Kpn3 (6/87; 6.90% for each one) (Supplementary Table S1). Additionally, we reported that the monophasic variant I 4, [5], 12:i:– harbors more diversified plasmids (n = 9) compared with other serovars, followed by Enteritidis (n = 5); However, isolates belonging to serovars Rissen, Bovismorbificans, Infantis, Jangwani, Stanley, and Uganda didn't harbor any plasmid (Figure 5).


[image: Figure 5]
FIGURE 5
 The heatmap of plasmids distribution in different Salmonella isolates. The strength of the colors corresponds to the numerical value of the prevalence of the plasmids. Dark blue color indicates high prevalence and white color for gene absence.




Association of plasmids and antimicrobial resistance genes

The association between plasmid replicons and antimicrobial resistance genes has been investigated and the results are presented in Supplementary Table S3. We demonstrated that the plasmid type IncX1 was the main carrier of antimicrobial resistance, carrying multiple resistance genes like sul2, aph (3”)-Ib, aph (6)-Id, tet (A) encoding resistance to sulphonamides, aminoglycosides, and tetracyclines, respectively. However, the plasmid types IncFII(S) and IncFIB(S) were the leading carriers of the gene blaTEM−1B encoding resistance to β-lactam. Notably, the co-occurrence between plasmid replicons and antimicrobial resistance genes was mainly observed in serovar Enteritidis.



Phylogenomic analysis

The sequenced and assembled genomes have been first checked for quality assessment and results were presented in Supplementary Table S4. The results showed that the number of contigs (≥300 bp) varies between 30 and 117 contigs while the average genomes size of draft assemblies was 4,920,864 bp and the average N50 was 320,121 bp. Moreover, to determine the epidemiological relatedness between the studied Salmonella isolates, we conducted a phylogenomic analysis based on core single-nucleotide polymorphism (SNP) and whole-genome multilocus sequence typing (wgMLST) (Figure 4, 6). The results showed that isolates belonging to the same serovar are very close to each other and clustered together in the same clade. A substantial similarity has been seen between isolates of the monophasic variant I 4, [5], 12:i: and Typhimurium, which were grouped in the same clade. Moreover, isolates of serovars Enteritidis, London, and Stanley have been grouped in the same clade indicating a high association between them. Furthermore, the association between phylogenomic tree and distribution of virulence factors showed few differences in the patterns of virulence factor cassettes between different serovars (Figure 4).
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FIGURE 6
 The core genome SNP-based phylogenomic tree by maximum likelihood (TVM+F+ASC) of 87 Salmonella isolates. The tree was rooted by using S. Typhimurium SL 1344.





Discussion

Non-typhoidal salmonellosis is a common disease caused by the bacteria Salmonella, leading to a huge economic burden, which threatens healthcare systems worldwide (49–51). Salmonella originated from animal reservoirs are transmitted to humans via the food chain causing gastroenteritis and sometimes invasive infections. Generally, the consumption of food or water contaminated with NTS is the leading cause of human salmonellosis. In this study, we presented the epidemiological characteristics of NTS isolates recovered from outpatients in Shaoxing city based on WGS combined with accurate bioinformatics tools and in-depth phenotypic methods, these results may provide the scientific background about the MDR Salmonella circulated in Chinese hospitals and may help health service authorities to implement effective programs to limit the spread and dissemination of MDR clones in medical field.

In this study, 87 Salmonella isolates were identified, these isolates belonged to 15 different serovars and 16 STs. The dominant serovar was the monophasic variant I 4, [5], 12:i:– ST34, followed by S. Enteritidis ST11, and S. Typhimurium ST19. These serovars are currently considered the most common serovars implicated in human salmonellosis (52, 53). Since the mid-1990s, the implication of the monophasic variant I 4, [5], 12:i:– in human salmonellosis has significantly increased, which is currently classified among the most five predominant serovars in NTS infections (52, 54). However, S. Enteritidis is well known as a worldwide foodborne pathogen and is widely linked to the consumption of egg-derived products (55, 56). In China, S. Typhimurium is considered the most common serovar causing NTS infections. Ke et al. reported that S. Typhimurium was the most predominant serovar (62.6%) among isolates recovered from children between 2012 and 2019 in a tertiary hospital in Ningbo, Zhejiang, China (57). Similarly, Wu et al. showed the dominance of S. Typhimurium (79.2%) among isolates recovered from children with NTS infections between 2009 and 2018 in Chongqing, China (58). Another Chinese study carried out in the Conghua district of Guangzhou, between June and October 2020 isolated S. Typhimurium as the most common serovar in hospitalized patients (59). Moreover, in Vietnam S. Typhimurium dominated NTS isolates (41.8%) from hospitalized children in Ho Chi Minh city, Vietnam (60). In Thailand, Sinwat et al. reported S. Typhimurium as the major serovar for diarrhoeal patients (61). The wide spread of S. Typhimurium among patients in Southeast Asian countries could be due to the common source of contamination, especially with the high trading exchange between these countries.

In order to provide accurate epidemiological information about the current antimicrobial susceptibility situation of clinical NTS, all the isolated strains were tested against a panel of 28 different antimicrobial agents belonging to 12 categories. The common resistance was observed against cefazolin (1st generation of cephalosporin), streptomycin (aminoglycoside), ampicillin (penecillins), the combination of ampicillin-sulbactam, doxycycline and tetracycline (tetracyclines), and levofloxacin (quinolones). The high resistance to these categories has becoming frequently observed in Salmonella isolates recovered from food, human, and animal samples (6, 19, 25, 26, 58, 62). Moreover, we reported a high incidence of MDR among isolates (83.91%) which was higher than that found in Salmonella recovered from hospitalized patients in the Conghua district of Guangzhou, China (47.06%) (59), and from children with NTS infections in Chongqing, China (13.7%) (58). Indeed, the extensive and continued use of antibiotics in medical and veterinary fields has led to the development of MDR strains which threaten public health by limiting the effectiveness of available antimicrobials for therapeutic usage. Hence, infections with these MDR isolates may lead to therapeutic failure, especially with the limit in alternative antibiotics able to treat these cases.

The screening of antimicrobial resistance genes was performed based on WGS and results showed the detection of 50 genes encoding resistance to 11 categories in addition to 4 mutations affecting the gene gyrA. All isolates (100%) were positive for the genes aac (6')-Iaa encoding resistance to aminoglycosides, while 65.52% contain blaTEM−1B encoding resistance to β-lactams and 52.87% contain tet (A) gene encoding resistance to tetracyclines. Generally, resistance to aminoglycosides is associated with enzymatic modification by using certain enzymes, including aminoglycoside phosphotransferases, aminoglycoside acetyltransferases, and aminoglycoside adenyltransferases encoded by the genes aphA, aacC, and aadA, respectively (63, 64). Resistance to β-lactams is mediated by bla genes encoding enzymes (β-lactamases) capable of hydrolyzing the β-lactam ring of β-lactam antibiotics. In this study, we detected bla genes in predominant serovars, including the monophasic variant I 4, [5], 12:i:–, Enteritidis, Typhimurium, in addition to serovars London, Rissen, Derby, Anatum, and Thompson. Thus, it has been reported that different types of blaTEM are mostly linked with ampicillin-resistant Salmonella serovars (65), which may explain the high incidence of ampicillin resistance. We also detected the tet genes encoding resistance to tetracyclines, in addition to different genes encoding resistance to chloramphenicol. Resistance to tetracyclines and chloramphenicol is often associated with efflux pumps mechanisms encoded by tet and floR genes, respectively; yet, resistance to chloramphenicol may also be associated with modification of the antibiotic target by chloramphenicol acetyltransferases encoded by cat genes (66). Moreover, the genes sul1-3, mediating resistance to sulphonamides, have been detected in all predominant serovars, while genes dfrA encoding resistance to trimethoprim were only detected in the monophasic variant I 4, [5], 12:i:–, Enteritidis, London, and Thompson. Furthermore, the genes qnr encoding decreased susceptibility to quinolones were detected in the monophasic variant I 4, [5], 12:i:–, Typhimurium, London, Derby, Anatum, Meleagridis, and Thompson. The resistance to quinolones could be due to the acquisition of resistance genes carried on mobile plasmids as well as the presence of chromosomic mutations affecting gyr and par genes (18, 67).

The virulome analysis of the studied isolates showed the detection of the typical genes implicated in the virulence and pathogenicity mechanisms of Salmonella. In addition, the gene cdtB encoding typhoid toxin production was detected in one isolate of S. Jangwani. In fact, cdtB gene has become commonly detected in NTS isolates from different sources (5, 12, 14, 18, 20, 23). It is noted that typhoid toxin was first found in S. Typhi and then several NTS serovars have been reported to carry genes encoding the production of this toxin, especially cdtB, suggesting the implication of this gene in the development of invasion non-typhoidal salmonellosis. Moreover, we reported the detection of spv, pef, and rck genes in isolates belonging to serovars Typhimurium and Enteritidis. The genes clustered in the spv locus have been demonstrated to possess an essential role in the virulence pathway of NTS (68, 69). The pef fimbrial operon mediates adhesion to the murine small intestine (70), while rck gene enhances bacterial adhesion and invasion and confers resistance to antimicrobial agents (71). On the other hand, sodCI confers resistance to oxidative burst inside macrophages (72, 73). Interestingly, these genes are carried on mobile genetic elements, including plasmids and phages, horizontally transferred between serovars, which may confer a virulence potential to new serovars that have not been reported to cause human gastroenteritis.

Mobile genetic elements are the leading factors for the high spread of antimicrobial resistance by transferring resistance and virulence genes between bacteria. In this study, we detected 18 different plasmids with the dominance of IncFIB(S) and IncFII(S). These plasmids may carry pef genes mediated adhesion to the murine on intestine (74), and spv genes necessary to the virulence pathway of NTS (75), in addition to their ability to confer hypervirulence and bacterial fitness (76). As known, the distribution of some plasmids is serovar dependent. In this study, we reported the detection of plasmids IncFIB(S) and IncFII(S) in S. Enteritidis and S. Typhimurium, while the plasmids IncHI2A and IncHI2 were only detected in S. I 4, [5], 12:i:–. Moreover, the association between plasmids and antimicrobial resistance genes showed that the plasmid type IncX1 is the leading carrier of the resistance genes sul2, aph (3”)-Ib, aph (6)-Id, tet (A) in S. Enteritdis. These results are in accord with those reported by Li et al. showing that the plasmid IncX1 is the key carrier of antimicrobial resistance determinants like blaTEM−1B, sul1, sul2, aph (6)-Id, ant (3”)-Ia, aadA5, dfrA17, dfrA1, and tet(A) in S. Enteritidis (18). Otherwise, Elbediwi et al. reported a strong positive correlation between the plasmids IncHI2 and IncHI2A and the resistance genes sul1, dfrA12, armA, and blaTEM−1B (20). Therefore, the detection of Salmonella isolates harboring plasmids carrying virulence and resistance genes is a significant threat to public health.



Conclusion

To date, few studies have investigated the epidemiological characteristics of NTS isolated from outpatients in China. Herein, we presented accurate information about the epidemiology of NTS implicated in human salmonellosis in Shaoxing city, Zhejiang province, China, by using whole-genome sequencing combined with in-depth bioinformatics analysis and cutting-edge phenotypic methods. Fifteen different serovars and 16 STs have been identified with the dominance of S. I 4, [5], 12:i:– ST34, S. Enteritidis ST11, and S. Typhimurium ST19, which were considered the leading cause of non-typhoidal salmonellosis in China and elsewhere. Interestingly, we showed that most isolates are MDR (83.91%) and harbor different antimicrobial genetic determinants carried on transferable plasmids, in addition to critical virulence genes implicated in the pathogenicity pathways of NTS. Hence the high incidence of MDR isolates in clinical NTS is a real issue for public health, threatening the current therapeutic procedures, which requires continuous monitoring of “superbugs” isolates using whole-genome sequencing.
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Objectives: This study aims to explore the interaction of different pathogens in Hand, foot and mouth disease (HFMD) by using a mathematical epidemiological model and the reported data in five regions of China.

Methods: A cross-regional dataset of reported HFMD cases was built from four provinces (Fujian Province, Jiangsu province, Hunan Province, and Jilin Province) and one municipality (Chongqing Municipality) in China. The subtypes of the pathogens of HFMD, including Coxsackievirus A16 (CV-A16), enteroviruses A71 (EV-A71), and other enteroviruses (Others), were included in the data. A mathematical model was developed to fit the data. The effective reproduction number (Reff) was calculated to quantify the transmissibility of the pathogens.

Results: In total, 3,336,482 HFMD cases were collected in the five regions. In Fujian Province, the Reff between CV-A16 and EV-A71&CV-A16, and between CV-A16 and CV-A16&Others showed statistically significant differences (P < 0.05). In Jiangsu Province, there was a significant difference in Reff (P < 0.05) between the CV-A16 and Total. In Hunan Province, the Reff between CV-A16 and EV-A71&CV-A16, between CV-A16 and Total were significant (P < 0.05). In Chongqing Municipality, we found significant differences of the Reff (P < 0.05) between CV-A16 and CV-A16&Others, and between Others and CV-A16&Others. In Jilin Province, significant differences of the Reff (P < 0.05) were found between EV-A71 and Total, and between Others and Total.

Conclusion: The major pathogens of HFMD have changed annually, and the incidence of HFMD caused by others and CV-A16 has surpassed that of EV-A71 in recent years. Cross-regional differences were observed in the interactions between the pathogens.

KEYWORDS
  HFMD, interaction, transmissibility, pathogens, mathematical model


Introduction

Hand, foot and mouth disease (HFMD) is a common infectious disease in children that is caused by a variety of enteroviruses. HFMD was first reported in New Zealand on 19 April, 1957 (1), with eight cases noted in children, and has since emerged in other parts of the world. The HFMD was first reported in China in 1974 (2) and formally included in the management of category C statutory infectious diseases in May 2008. Multiple pathogens of enteroviruses can cause HFMD, and the most common causative agents are Coxsackievirus A16 (CV-A16) and Enteroviruses A71 (EV-A71) (3, 4). CV-A16 was first isolated in South Africa in 1955 (5), and can be divided into genotypes A, B1, and B2. EV-A71 was first reported in California in 1969 (6), and usually causes severe cases in large outbreaks.

Currently, the incidence rate of HFMD is on a highly increasing epidemic trend, and the report and fatality rates rank first among Class C infectious diseases throughout the year (7). At the same time, it imposes a heavy disease burden on the patient's family and the socio-medical system, especially in severe cases of premature death. Losses and socioeconomic burden due to premature death increased 2.0 times to 85.104 million yuan from 2013 to 2015 (8). Studies have shown that EV-A71 was the leading pathogen detected in 2009 and 2010, accounting for 63 and 82%, respectively. Since 2011, the proportion of EV-A71 has dropped to 11%; however, the proportion of CV-A16 HFMD has increased to 51%, and the proportion of HFMD caused by other enteroviruses has also risen to 38% (9). To date, other enteroviruses (such as Coxsackievirus A10) have replaced EV-A71 and CV-A16 as the main pathogens in new cases of HFMD in mainland China (10). China launched two inactivated monovalent EV-A71 vaccines in 2016, with other types of viral vaccines still under development (11). The use of the EV-A71 vaccine can provide infants and young children with at least 1 year of protection against moderate and severe diseases of the EV-A71 virus, with an effectivity rate of 97.4% (12). However, it does not provide immunity to other serological viruses. The current National Immunization Program vaccine in China do not include the monovalent EV-A71 vaccine, and the vaccine coverage rate for children aged 6 months to 5 years is <10–50% (13). The application of the EV-A71 vaccine in China may change the trend of the HFMD virus classification. Exploring the interactions between multiple viruses and their regular patterns can provide more accurate decision-making suggestions for the prevention and control of HFMD, and vaccination coverage.

There have been many studies on the different pathogens of HFMD, but most of them have used traditional epidemiological methods, mainly to describe the incidence of different pathogens of HFMD and the detection rates of different virus types (7, 14, 15). Several studies have used mathematical models to calculate transmissibility of HFMD, as well as study seasonal epidemiological trends (16–18). These studies focused on HFMD caused by EV-A71 alone or HFMD related to all pathogens, and did not consider the potential impact of specific pathogen infections on the transmissibility of other pathogens. Few studies have used transmission dynamics models to explore the transmissibility of different subtypes of HFMD and their interactions. Previous studies have used the susceptible–infectious–recovered (SIR) model to study different pathogens to explore the transmission dynamics of HFMD by city (19), and the results showed that there was an interaction between pathogens (CV-A16 and other enterovirus, EV-A71 and other enterovirus). However, other previous studies have shown that the epidemiological characteristics of HFMD and the early warning times of different regions in China are quite different (20–22). The differences in epidemiological characteristics of HFMD among each regions are multiple and may be related to environmental factors, hosts, and pathogen interactions. Some studies have pointed out that meteorological factors such as daily average pressure, daily average relative humidity, daily average temperature were associated with the incidence of HFMD (23). Socioeconomic and population may also have an impact on morbidity of HFMD (24). In addition, differences in the interaction patterns between pathogens need to be considered. We observed interactions between the different types in one city in China, but it is unclear whether there are interactions between pathogens in other regions and whether they follow the same rules of interaction.

In this study, we chose the susceptible–exposed–infectious–asymptomatic–recovered (SEIAR) model with seasonal characteristics and selected a total of 3,336,482 HFMD case data from four provinces and one municipality, which included East China (Fujian Province and Jiangsu Province), the Central of China (Hunan Province), Southwest China (Chongqing Municipality), and Northeastern China (Jilin Province) to conduct a study on the transmission dynamics of different pathogens. This study had a wide range of research areas and a large sample size of research data, which were distributed across several regions of China. The transmissibility of different pathogens and their interactions among different regions were analyzed. We provided countermeasure suggestions for the prevention and control measures of HFMD in various regions of China.



Methods


Research design

Based on the literature review, we selected the SEIAR model, and evaluated viral interactions among different pathogens for the purpose of the study. The research design is illustrated in Figure 1.


[image: Figure 1]
FIGURE 1
 Study design on interaction study of major pathogens of HFMD [(A) We selected five study areas from four administrative regions. (B) Collection of basic information, HFMD incidence and pathogen data. (C) A SEIAR model was constructed based on the natural history of HFMD, and incidence rate of HFMD were fitted. (D) Clues to pathogen interactions were obtained by comparing the Reff in seven scenarios. Illustrations from https://www.dreamstime.com/stock-illustration-enterovirus-which-causes-hand-foot-mouth-disease-hfmd-colorful-background-d-illustration-model-built-using-data-image81638134, EV-A71; https://www.dreamstime.com/stock-illustration-coxsackievirus-virus-which-causes-respiratory-enteric-brain-infections-enterovirus-isolated-white-background-d-image82681501, CV-A16; https://www.dreamstime.com/stock-illustration-enterovirus-d-which-causes-respiratory-infections-children-isolated-white-background-illustration-model-built-using-image81605888, other enterovirus].




Research objects

Fujian Province, Jiangsu Province, Hunan Province, Chongqing Municipality and Jilin Province were selected as the study areas. The time scale of data sets for each region is as follows: January 2008 to December 2020 in Fujian Province (685,463), January 2015 to December 2019 in Jiangsu Province (642,689), January 2008 to December 2018 in Hunan Province (1,364,315), January 2009 to December 2020 in Chongqing Municipality (476,969), and January 2008 to December 2019 in Jilin Province (167,046). A total of 3,336,482 reported cases of HFMD in the five study regions were used as the research objects.

The study consisted of two main datasets, one included the daily reported number of HFMD cases and deaths in five regions. The second dataset was based on laboratory pathogen examinations. Pathogens (CV-A16, EV-A71, and other enteroviruses) were identified by analysis in the Centers for Disease Control and Prevention (CDC) laboratory using polymerase chain reaction.Both datasets were collected from surveillance data of CDC. Data were collected according to the guidelines for the treatment of HFMD, and the pathogens were classified into three categories (EV-A71, CV-A16, other enterovirus) in the data set. To improve the accuracy of the data, Chinese infectious diseases reporting system conducts regular under-reporting surveys and the data was revised in a timely manner when omissions or false positives were detected.



Transmission model

In this study, the SEIAR model with seasonal characteristics was selected to fit the daily reported HFMD data in the five study regions. We obtained the transmission rate coefficient (β) by model fitting and further evaluated the transmissibility of the different pathogens. Model construction and parameter estimation methods were obtained from Huang et al. (25). The natural history of the disease in HFMD and the model hypotheses and model framework is shown in the Additional file 1.



The model equations for the SEIAR model

[image: image]
 

Estimation of parameters

The definitions and values of the parameters are shown in Table 1.


TABLE 1 Parameter definitions and values.
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The seasonality of the transmission

According to the SEAIR model, the seasonality of HFMD should be dynamic and centered on β and the trigonometric functions was adopted for the seasonality in our study with the following equations:

[image: image]In the equation, β0, t, α and T refer to the baseline of the transmission rate, time, a constant which adjusts the position of time, and the time span of the season cycle, respectively.



Assessment of transmissibility

The transmissibility of an infectious disease is usually assessed quantitatively using the basic reproduction number (R0), which is defined as the number of new cases expected to be generated during the communication period when one case is imported into a susceptible population (34). However, R0 quantifies the transmissibility of a disease in an ideal state. In cases where the population is not fully susceptible or is under intervention, the transmissibility of an infectious disease should be expressed as the effective reproduction number (Reff). The Reff was defined as the average number of actual secondary cases for a single case at any time during the epidemic period (35). The formula for calculating the value of Reff for the SEIAR model is as follows:

[image: image]
 

Interaction of different pathogens

Seven scenarios were set up in this study based on serological surveillance data: (1) EV-A71 individual transmission (EV-A71), (2) CV-A16 individual transmission (CV-A16), (3) other enterovirus (others), (4) EV-A71 and CV-A16 co-transmission (EV-A71&CV-A16), (5) EV-A71 and other enterovirus co-transmission (EV-A71&others), (6) CV-A16 and other enterovirus co-transmission (CV-A16&others), (7) All-pathogen co-transmission (Total). The above seven scenarios are not real world scenarios, they are simulated scenarios based on laboratory data. The number of daily incidences for different scenarios = Average monthly composition ratio * daily incidence of HFMD. The Reff was estimated for each city and district in the five study areas to quantify the transmissibility of each subgroup.

The interaction pattern between pathogens can be classified as follows (Take pathogen A and pathogen B for example):

1. Reff-A < Reff-A+B; Reff-B = Reff-A+B: Pathogen B and pathogen A have a higher transmissibility when present together than when pathogen A was present alone, and did not differ from pathogen B when it was present alone.

2. Reff-A > Reff-A+B; Reff-B = Reff-A+B: Pathogen B and pathogen A have a lower transmissibility when present together than when pathogen A was present alone, and did not differ from pathogen B when it was present alone.

3. Reff-A < Reff-A+B; Reff-B < Reff-A+B: Pathogen B and pathogen A have a higher transmissibility when present together than when pathogen A or pathogen B was present alone.

4. Reff-A > Reff-A+B; Reff-B < Reff-A+B: Pathogen B and pathogen A have a lower transmissibility when present together than when pathogen A or pathogen B was present alone.



Statistical analysis

Model fitting was performed using Berkeley Madonna software 8.3.18 (developed by Robert Macey and George Oster of the University of California at Berkeley) to analyse the daily incidence rate of HFMD. The fourth-order Runge–Kutta method, with tolerance set at 0.001, was used to perform curve fitting. When the curve is fitted, Berkeley Madonna shows the root mean square deviation between the data and the best run so far. The optimal results were tested for goodness of fit with the actual data, and quantified using the coefficient of determination (R2). SPSS 13.0 (IBM Corp, Armonk, NY, USA) was employed to calculate the R2. The Reff averages for the different scenarios were compared using analysis of variance, with P < 0.05 being a statistically significant difference.




Results


Composition ratio of different pathogens of HFMD

A total of 3,336,482 reported cases of HFMD in the five study regions were used as the research objects. As the Figure 2 shows the composition ratio of EV-A71 have a significant decrease after 2018 in all regions. And the composition ratio of other enteroviruses has increased in recent years. However, the composition ratio of CV-A16 have not changed.


[image: Figure 2]
FIGURE 2
 The composition ratio characteristics of different pathogens in the five regions (The composition ratio of EV-A71 = Number of EV-A71 tests per month / Total number of laboratory tests per month, The composition ratio of CV-A16 = Number of CV-A16 tests per month / Total number of laboratory tests per month, The composition ratio of Others = Number of Others tests per month / Total number of laboratory tests per month. F1, Fuzhou City; F2, Xiamen City; F3, Putian City; F4, Sanming City; F5, Quanzhou City; F6, Zhangzhou City; F7, Nanping City; F8, Longyan City; F9, Ningde City; Js1, Nanjing City; Js2, Wuxi City; Js3, Xuzhou City; Js4, Changzhou City; Js5, Suzhou City; Js6, Nantong City; Js7, Lianyungang City; Js8, Huaian City; Js9, Yancheng City; Js10, Yangzhou City; Js11, Zhenjiang City; Js12, Taizhou City; Js13, Suqian City; H1, Changsha City; H2, Zhuzhou City; H3, Xiangtan City; H4, Hengyang City; H5, Shaoyang City; H6, Yueyang City; H7, Changde City; H8, Zhangjiajie City; H9, Yiyang City; H10, Chenzhou City; H11, Yongzhou City; H12, Huaihua City; H13, Loudi City; H14, Xiangxi Prefecture; C1, The central urban area of Chongqing; C2, The new area of Chongqing city proper; C3, The city cluster of three gorges reservoir area in northeast Chongqing; C4, The city cluster of Wuling mountain area in southeast Chongqing; Jl1, Changchun City; Jl2, Jilin City; Jl3, Siping City; Jl4, Liaoyuan City; Jl5, Tonghua City; Jl6, Baishan City; Jl7, Songyuan City; Jl8, Baicheng City; Jl9, Yanbian Prefecture).


The laboratory results of HFMD in different regions (Figure 2) show that, during the years of this study, HFMD cases in the southeastern coastal region of East China were mainly caused by EV-A71 and other enterovirus, while fewer were caused by CV-A16. The disease was mostly induced by EV-A71 in the first 5 years, and the composition ratio of other enterovirus increased significantly after 2016. Similarly, the Central of China had a larger composition ratio of EV-A71 and other enterovirus. In Southwest China and the Yellow Sea region of East China, HFMD is mainly caused by other enterovirus. The disease-causing pathogen of HFMD in Northeastern China is mainly CV-A16.

The composition ratios of the different pathogens in the five regions showed certain trends over time. In general, the composition ratio of CV-A16 did not change significantly and was relatively stable, with only a small increase in the Yellow Sea coastal region of East China after 2018. The composition of EV-A71 showed a clear trend over time. At the national level, a relatively large proportion of the composition of EV-A71 was shown until 2016, with a trend of decreasing year by year thereafter.In contrast, the composition ratio of other enterovirus showed an opposite trend over time, with a lower composition of <40% in the initial years and a gradual increase in the proportion since 2015.



Transmissibility of the different pathogens of HFMD

The coefficient of determination (R2) represents the goodness-of-fit of the model used, which is shown in Additional file 2 with a well-fitted effect (R2 in most cities was > 0.5, and P < 0.05). The Reff values calculated for different scenarios are shown in Figure 3. Overall, the Reff values of HFMD in Jiangsu Province (in the Yellow Sea region of East China) were higher than those in the Central of China, Southwest China and Northeastern China.
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FIGURE 3
 The Reff of HFMD in each city, autonomous prefecture, and district [(A) Reff average of EV-A71; (B) Reff average of CV-A16; (C) Reff average of Others; (D) Reff average of EV-A71&CV-A16; (E) Reff average of EV-A71&Others; (F) Reff average of CV-A16&Others; (G) Reff average of Total] (F1, Fuzhou City; F2, Xiamen City; F3, Putian City; F4, Sanming City; F5, Quanzhou City; F6, Zhangzhou City; F7, Nanping City; F8, Longyan City; F9, Ningde City; Js1, Nanjing City; Js2, Wuxi City; Js3, Xuzhou City; Js4, Changzhou City; Js5, Suzhou City; Js6, Nantong City; Js7, Lianyungang City; Js8, Huaian City; Js9, Yancheng City; Js10, Yangzhou City; Js11, Zhenjiang City; Js12, Taizhou City; Js13, Suqian City; H1, Changsha City; H2, Zhuzhou City; H3, Xiangtan City; H4, Hengyang City; H5, Shaoyang City; H6, Yueyang City; H7, Changde City; H8, Zhangjiajie City; H9, Yiyang City; H10, Chenzhou City; H11, Yongzhou City; H12, Huaihua City; H13, Loudi City; H14, Xiangxi Prefecture; C1, The central urban area of Chongqing; C2, The new area of Chongqing city proper; C3, The city cluster of three gorges reservoir area in northeast Chongqing; C4, The city cluster of Wuling mountain area in southeast Chongqing; Jl1, Changchun City; Jl2, Jilin City; Jl3, Siping City; Jl4, Liaoyuan City; Jl5, Tonghua City; Jl6, Baishan City; Jl7, Songyuan City; Jl8, Baicheng City; Jl9, Yanbian Prefecture).


The results of the study in Table 2 show that, the Reff of HFMD differed significantly between regions. The difference in Reff values between the two provinces in East China was smaller (0.395), but this difference was not statistically significant (P > 0.05). The differences in Reff between the two regions of the Central of China, Southwest China and Northeastern China were not statistically significant (P > 0.05). In contrast, Reff was significantly different between each of the two provinces in East China and the other three regions (P < 0.05).


TABLE 2 Comparison of the transmissibility of HFMD in the study regions.
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Interaction of different pathogens

In this study, we analyzed the interaction between pathogens by comparing the Reff values of different scenarios (Figure 4; Table 3). The results from Fujian Province, the southeastern coastal region of East China, showed that the differences in Reffbetween CV-A16 (mean of Reff = 4.13) and EV-A71&CV-A16 (mean of Reff = 3.20), as well as that between CV-A16 (Mean of Reff = 4.13) and CV-A16&others (mean of Reff = 3.20) scenarios was statistically significant (P < 0.05). This significant difference was not observed in the comparison between the other scenarios (P > 0.05). In Jiangsu Province, the Yellow Sea region of East China, there was a significant difference in Reff (P < 0.05) between the CV-A16 (mean of Reff = 5.27) and total (mean of Reff = 4.13) scenarios.
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FIGURE 4
 Schematic diagram of the interaction among different pathogens of HFMD. (A) (Fujian Province) indicates EV-A71 has negative inhibition on CV-A16, while others have negative inhibition on CV-A16. (B) (Jiangsu Province) shows that EV-A71 and others are present together to produce negative inhibition of CV-A16. (C) (Hunan Province) indicates EV-A71 has negative inhibition on CV-A16. There is negative inhibition of CV-A16 when EV-A71 and others are transmitted simultaneously. In addition to this, others have negative inhibition on EV-A71. (D) (Chongqing Municipality) indicates a bidirectional negative inhibition between CV-A16 and other. (E) (Jilin Province) indicates that when all-pathogen co-transmission, EV-A71, and other enterovirus get some increase in transmissibility.



TABLE 3 Interaction pattern of different pathogens of HFMD.
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In the Central of China (Hunan Province), the difference in Reff between CV-A16 (mean of Reff = 4.82) and EV-A71&CV-A16 (mean of Reff = 2.69), as well as between CV-A16 (mean of Reff = 4.82) and total (mean of Reff = 2.64) were statistically significant (P < 0.05). The differences in Reff between EV-A71 (mean of Reff = 3.71) and EV-A71&CV-A16 (mean of Reff = 2.69), EV-A71 (mean of Reff = 3.71) and EV-A71&others (mean of Reff = 2.55), EV-A71 (mean of Reff = 3.71) and total (mean of Reff = 2.64) were statistically significant (P < 0.05). However, none of the differences among the other scenarios were statistically significant (P > 0.05).

Chongqing Municipality, which is located in Southwest China, found statistically significant differences in the Reff between CV-A16 (Mean of Reff = 2.71) and CV-A16 & others (Mean of Reff = 1.81), as well as between others (Mean of Reff = 3.30) and CV-A16 & others (Mean of Reff = 1.81) (P < 0.05).

On the other hand, in Jilin Province, Northeastern China, statistically significant (P < 0.05) differences in Reff were found between EV-A71 (mean of Reff = 2.94) and total (mean of Reff = 4.13), as well as between others (mean of Reff = 2.81) and total (mean of Reff = 4.13).




Discussion

Multiple pathogens of enterovirus can cause HFMD, and are co-transmitted in the population. Previously, in our group's study on different pathogens of HFMD in Changsha City, the reproduction number was used to measure the transmissibility of different pathogens and their interactions (19); however, it was only analyzed for one city in the Central of China. In previous studies, high prevalence of HFMD was found in southwestern and central as well as eastern China (36), differences between regions may be due to different geographical environments (37). The geographical distribution of China varies widely among different regions, with the eastern region dominated by plains, the southeastern coastal cities with higher temperatures, and the southwestern region dominated by mountainous regions with a subtropical monsoon climate, factors that may favor the outbreak of HFMD (38). In this study, four provinces and one municipality were selected to further exploration of the transmissibility and interaction of different pathogens on a larger scale, including analyse the possible geographical differences. This study was the first to examine the transmission dynamics of different subtypes of HFMD at the provincial level, with a wide study area covering four of the seven administrative regions in China, namely the East China, the Central of China, Southwest China, and Northeastern China. In this study, we analyzed the transmissibility of sub-pathogens based on reliable laboratory results and explored possible interactions between different pathogens of enteroviruses.

The study showed that the predominant pathogen causing the occurrence of severe cases of HFMD in China was overall dominated by EV-A71, but after 2013 and 2015 the percentage of EV-A71 showed a decreasing trend, and in 2018 other enteroviruses became the dominant pathogen (36). In addition, another study showed that during 2008–2016 in China, most EV-A71 was endemic in the eastern, northern, central, and southwestern regions, most CV-A16 was endemic in eastern, southern, and northern China, and other viruses (e.g., CV-A6) were scattered in various regions (39). In this study, a significant trend in the composition ratio of different pathogens over time was observed in all the five study areas. After 2016, there was a significant decrease in the composition ratio of EV-A71 and an increase in the composition ratio of HFMD caused by other enterovirus. This may be because the monovalent EV-A71 virus vaccine was launched in 2016, indicating that the population acquired immunity against EV-A71 with the administration of the vaccine (40). However, other pathogens still have a high transmission rate, which are even higher than that at other time periods.

In China, EV-A71 vaccine is a national class II vaccine, not a mandatory vaccination, and requires self-payment. The optimal age for EV-A71 vaccination is from 6 months to 71 months of age, and full vaccination is encouraged to be completed before the infant reaches 12 months of age (41). The current coverage of EV-A71 vaccine in China is not very high as the previous researches showed that the vaccination coverage rate in Guangdong Province was rose from 3.82 to 10.07% in 2016 and 2017 (42), and the EV71 vaccination rate in Ningbo City was 24.05% among 716,178 children born from 2012 to 2018, with a timely vaccination rate of only 8.61% (43). In Kunming, a central city in southwest China, about 19.16% of children were vaccinated in 2018. Compared to 2015–2016, the number of EV-A71 HFMD cases in Kunming City decreased significantly in 2018 (44). Despite the low vaccination coverage, EV-A71 vaccine implementation continues to have a significant impact on the epidemiological trend of EV-A71 HFMD. In the previous study, we found a significant decrease in the proportion of EV-A71 infections after 2018 in our study of Nanchang City. Correlation analysis showed that EV-A71 vaccination was negatively associated with the incidence of EV-A71 infection (45). Some clinical trials have shown that the EV-A71 vaccine is not protective against HFMD caused by other pathogens (46). In addition, studies have indicated that when vaccination coverage reaches 80–90%, adequate herd immunity can be generated, creating additional social benefits as well (47, 48). Declining vaccination rates can lead to disease outbreaks and epidemics (49, 50). Improving the coverage and timeliness of EV-A71 vaccination is important for disease prevention and control. Meanwhile, it has been suggested that the development of a multivalent HFMD vaccine may be the best strategy, considering the combination of epidemiological, technical, immunological, and economic challenges associated with HFMD (51). Additionally, there are no pharmaceutical interventions for HFMD. Prevention and control is focused on preventing the spread of the virus in the population. Other HFMD prevention and control measures should be given more attention, such as the establishment of a clean, well-hygienic environment in the population, as well as and the timely implementation of isolation of infected cases.

The SEIAR model fitted well with the reported data and the results had good validity. Based on the comparison of HFMD Reff, we found that the transmissibility of HFMD was closer between the two provinces in East China, as well as between the Central of China, Southwest China, and Northeastern China. In contrast, there was a significant difference in the Reff values between East China and the other three regions, with the transmissibility of HFMD being higher in East China. The spread of HFMD is closely related to temperature and humidity, and some studies have shown that the incidence rate of HFMD increases with higher average temperatures (52). East China, which has high temperature and humidity, as well as a high population density, may be conducive to the sharp spread of HFMD.

The interaction patterns among the HFMD pathogens differed among the five study regions. In the southeastern coastal region of East China (Fujian Province), CV-A16 has a higher transmissibility when transmitted alone than when transmitted with EV-A71 or other enterovirus together. Similarly, in the Yellow Sea region of eastern China (Jiangsu Province), the transmissibility when CV-A16, EV-A71 and other enterovirus are present together is lower than when CV-A16 is present alone. The interactions between different HFMD pathogens in the Central of China are more complex. When CV-A16 and EV-A71 are present together the transmissibility is lower than when they are each present alone. Also, EV-A71 is more transmissible when present alone than when other enterovirus and EV-A71 are present together. All-pathogen co-transmission conditions have a lower transmissibility than CV-A16 or EV-A71 alone. This result was generally consistent with the interactions between various pathogens in Changsha City during the rising phase of the disease. In Southwest China, CV-A16 and other enterovirus have a much lower transmissibility when present together. Completely different results were observed in Northeastern China. In the case of all-pathogen co-transmission, EV-A71, and other enterovirus increased in transmissibility, whereas CV-A16 did not.

These results show that the interaction of different pathogens varies greatly with geography. There is empirical evidence that infection with a multi-pathogen viral pathogen (e.g., influenza virus) confers transient immunity against other pathogens of the same infection (53). For HFMD, the incidence rate of patients infected with both pathogens is low and there may be a short-term cross-protective effect (54). Although studies have presented evidence for interactions between different HFMD pathogens in terms of transmission dynamics (19), the complexity of these interactions is not known. This may be related to differences in climate (temperature, relative humidity, rainfall, etc.) and cultural and social factors between the regions. The former has a limiting effect on the activity of pathogens, whereas the latter may influence individual lifestyle, hygiene habits, and human contact patterns (55). In conclusion, the interaction between different HFMD pathogens may be highly variable with geography and the mechanisms are complex. Overall, there is a dilution effect of transmission when multiple subtypes of pathogens are transmitted simultaneously, compared to the circulation of just a single predominant subtype. Further studies are required to determine relevant issues.

Of notes, there are several limitations in this study. Firstly, due to the limitations of the data source, this study could only explore the relationship between the three subtypes of HFMD (CV-A16, EV-A71 and other enterovirus). Other enterovirus were not further classified for analysis, which may have prevented meaningful effects of other subtypes from being observed. Analysis of interactions between more pathogens could be considered in future studies. Secondly, although Chinese infectious diseases reporting system provides some control over underreporting and misreporting of HFMD, the possible underreporting and misreporting can have some impact on the analysis of the results. Thirdly, immunity plays an important role in the prevalence of HFMD, but model was not considered due to the unavailability of accurate vaccination rate data for EV71 vaccine in all study areas, which may have an impact on the results of the study. If accurate vaccination rate data are available in the future, immunological issues can be taken into account in future studies. In conclusion, the major pathogens of HFMD have changed annually, with the incidence of HFMD caused by others and CV-A16 surpassing that of EV-A71 in recent years. More attention should be paid to East China because of the high transmissibility of HFMD. Cross-regional differences were observed in the interactions between the pathogens. In most regions of China (East China, the Central of China, and Southwest China), the transmissibility of HFMD was reduced when multiple subtypes of virus were transmitted simultaneously in the population compared with single virus transmission. In contrast, in Northeastern China, an increase in subtype transmissibility was rarely observed.
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Challenges and strategies for SARS-CoV-2 diagnosis

COVID-19 pandemic over the past years has shown a great need for rapid, low-cost and on-site detection of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). At present, polymerase chain reaction (PCR) based nucleic acid test (NAT) has been a gold standard in clinical practice (1), which has high sensitivity and high throughput. It is capable of providing quantitative results (with qRT-PCR), and recognizing viral mutations with short turnaround (2–4). While NAT plays an irreplaceable role in epidemic prevention around the world, the associated high equipment-cost, the need to operate in a laboratory setting and the longer than desired turnaround time are driving the research effort to achieve low-cost and point-of-care testing of viral infections.

Besides nucleic acids, antibodies and antigens are the two other types of targets for SARS-CoV-2 diagnosis (1). Antibodies such as IgM and IgG are often evaluated using established assays as an auxiliary to NATs, but the appearance of antibodies in the body is a lagging indicator for infection and does not always correlate with the presence of viruses (5). Therefore, antibody tests alone are not reliable for accurate detection of viruses, particularly in the early stage of infection before antibody appearance. Clinically, they have been used for immune evaluation after vaccination and postmortem analysis in asymptomatic individuals (6). To increase the reliability of detection, NAT can be combined with antibody tests to cover a wider range of disease progression. This approach has been employed to detect a variant of SARS-CoV-2 (7), which in fact illustrates that antibody cannot act as an independent indicator for virus presence.

To make the diagnosis more affordable, more convenient and more rapid, antigens from viruses have been attracting attention as biomarkers for SARS-CoV-2 identification (8–10). Generally, there are three common antigens for SARS-CoV-2 detection, i.e., live virion (8), spike (S-) (9) and nucleocapsid (N-) proteins (10) (Figure 1). The latter two are both important structural proteins of the virion. S-protein on the virion surface is responsible for binding to the host cell receptor and fusing the membranes of virus and cell (11), and N-protein is an abundant RNA-binding protein for viral genome assembly and release (12). Focusing on emerging diagnostic tools, this opinion highlights and summarizes the recent advances in antigen detection techniques, in hope of providing a strategic reference for real-time and high throughput detection of SARS-CoV-2.


[image: Figure 1]
FIGURE 1
 SARS-CoV-2 diagnosis via antigen test. Antigen detection toward POCTs commonly uses virion, N-protein, and S-protein as targets, potentially integrating with target enrichment, antigen recognition, signal amplification as well as innovative sensing mechanisms. Antigen-based detection strategies may be applicable for various types of body fluids, food, and environmental samples, and are broad-spectrum for SARS-CoV-2 variant recognition. It is also an enabler of real-time self-tests for infectious diseases.




Representative emerging techniques for antigen detection

Few methods have been reported to directly detect live virions of SARS-CoV-2 until a unique aptasensor is developed (8), which can accurately recognize the surface of live virions from the altered surface of inactivated virions. It reaches a limit of detection (LOD) of 104 copies/ml, and the test time is from 30 min to 2 h. This detection is easy to operate with a simple protocol since sample pretreatment is not required. In comparison, some biosensors have been reported with S-protein as the target, such as the one employing human angiotensin-converting enzyme 2 (ACE2) as a probe (9), which successfully recognizes the SARS-CoV-2 UK variant 1.1.7. B. It yields a result within 6.5 min, meeting the requirement of on-site diagnosis, and the cost of this biosensor is only 1.5 US dollars. Another impressive immunosensor is for food quarantine (13), with an ultralow LOD of 10−6 ng/ml acquired in 20 s. The cost of this sensor is about 1 US dollar. The rapid response and low cost make it possible to realize large-scale and real-time virus screening in food and environmental media.

Due to the long-term preservation of N-proteins in the body, more emerging strategies are based on N-protein detection. One representative technique is a mass spectrometry-based system (14). Although this platform is relatively complex and expensive, it allows multiplexed analysis of four samples within 10 min, enabling the processing of more than 500 samples per day. This method has also been qualitatively and quantitatively validated using 985 specimens previously analyzed by real-time RT-PCR, with an accuracy of 84% and a specificity of 97%. Another typical immunosensor is based on magnetic nanobeads (15), which achieves a LOD of pg/ml level in serum within 1 h. In this research, a smartphone-based diagnostic system has also been developed for point-of-care tests (POCTs). Recently, an aptasensor for ultrasensitive N-protein detection is reported (16) achieving an ultralow LOD of 10−6 ng/ml, a response time of 15 s, and a cost below 1 US dollar. The matrices include water, saliva, even serum and plasma. This sensor is competitive for low-cost screening and POCT applications.



Merits of antigen detection

Herein, some prospects of antigen detection strategies are explored based on limited investigation. It is worth noting that ingenious approaches for antigen-based SARS-CoV-2 detection have been extensively researched in the last 2 years. With immunoreactions and key-lock space conformations, the process of recognizing antigens by antibodies, aptamers or enzymes is very fast owing to the binding in several seconds between probes and targets. As a result, antigen detection is rapid, and can even be shortened to dozens of seconds (13, 16). Small, inexpensive, and simple-to-use sensors, as well as innovative sensing mechanisms, make compact platforms possible (9, 13, 16) (Figure 1). Among the antigens, widely adopted N- and S-proteins are of high abundance in not only the respiratory tract, but also blood and other body fluids, and even external matrices (Figure 1), supporting more medium types and analytical methods (8, 9, 16). As we have seen, these studies are forming a hotspot due to the strengths of antigen detection in realizing POCT and large-scale environmental screening of SARS-CoV-2.

Another issue is the quantification of viral load, which is essential to evaluating disease course and infectivity. The samples for SARS-CoV-2 detection are typically collected by swabs, which does not correspond to a well-defined sampling volume. According to existing reports, the viral RNA can hardly be detected in blood in most infected patients (six of 57 patients) (17), while antigen is always found in blood or other body fluids (10). Using suitable protocols, antigen-based detection has been reported to be quantitative and of a wide linear range covering at least three orders of magnitude (8, 9, 13–16).

Over just 2 years, many SARS-CoV-2 mutations, such as Delta and Omicron, have appeared around the world, as expected for an RNA virus, which poses new challenges to their detection, particularly at the beginning of a mutation emergence. In contrast to accurate recognition by RNA sequencing, antigen detection cannot easily distinguish congeneric proteins from different variants. On the other hand, the structural proteins are usually well-preserved, particularly for N-protein (12, 16). Based on this, antigen-testing strategies are capable of broad-spectrum recognition of these variants (Figure 1), which has been verified by many clinical sample tests (9, 18). Due to the lack of specific medicine for particular variants, identifying which mutated strains cause the spread of Covid is of limited importance. In this context, broad-spectrum detection of the virus will be an efficient strategy to screen and identify the infectors.

Similar to all the bioassays, the key figure of merit for SARS-CoV-2 detection should be the accuracy. Presently, a common perception is that the accuracy of antigen tests is low despite these tests being rapid (1). However, this view may not be supported by solid evidence. The accuracy of antigen detection depends on the specific and reliable binding between probe and biomarker, and specific probes can be identified through established antibody and aptamer screening methods. As a result, the reported accuracy of COVID-19 diagnosis using antigen-positive samples has been demonstrated to be good (84%−100%) (9, 14, 15).

As a matter of fact, a variety of techniques have been implemented for antigen-based detection, which invariably leads to a large variation in sensitivity. Many research groups are working diligently to enhance the detection sensitivity. Advanced techniques, such as microfluidics, have successfully demonstrated enrichment of ultra-trace antigens in unprecedented ways, achieving ultralow LODs of 10−6 ng/ml for S- and N-proteins (13, 16), i.e., the concentrations of 104 molecules/mL. Assuming that every virion corresponds to 20 protein molecules, the virion concentration is roughly estimated to be 500 #/ml, which is on par with PCR based NATs. Other technological advances, including innovative sensing mechanisms and signal amplifications (13, 15, 16), also contribute to improved sensitivity of sensors and assays.

To concisely and clearly illustrate the main features of antigen tests for SARS-CoV-2 detection, Table 1 presents a summary of the targets, specimens, turnaround time, LOD, time window for test, and brief comments.


TABLE 1 Features of antigen tests for SARS-CoV-2 detection.
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Summary and prospect

Some prospects of antigen detection strategies have been explored based on the limited investigation. First of all, the advantages and importance of NATs are undeniable, which is supported by world-wide adoption of NATs as the primary detection tool of COVID-19. At the same time, considerable efforts have been dedicated to the research and development of a variety of improved or new detection approaches. Only by balancing the advantages and disadvantages of various detection assays according to specific purposes can we obtain the most economical and optimal option. Antigen tests are becoming a promising strategy owing to their merits of rapid response, low cost and simple operation. With the integration of emerging technologies, antigen tests are conducive to be implemented as POCTs on a large scale and as a strong auxiliary test to NATs. Of course, there are still limitations and shortcomings with antigen based techniques at the present stage. One is the large variation in sensitivity from various research groups and developers. The most sensitive technique reports comparable sensitivity to NATs, while the majority of techniques have much higher LODs. Another one is a lack of standard for viral load calibration compared with NATs, which is due to the insufficient products for clinical applications.

Currently, antigen detection technology is undergoing a period of rapid development. Although they have not been popularized around the world, antigen tests hold great promise for low-cost and on-site SARS-CoV-2 screening and diagnosis, particularly in communities and regions with limited resources. We anticipate revolutionary breakthroughs in both academic and clinical fields in near future. In practical applications, multiple methods are often combined to minimize the drawbacks of a single method, and antigen tests can be expected to act as a preliminary screening tool, even by self-test, prior to NATs results. With the rapid development of new technologies and methods, we believe that more sensitive, efficient and mature antigen detection methods and products will appear in the near future, which would provide powerful tools for public health.
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The impact of pre-existing immunity on the efficacy of artemisinin combination therapy is largely unknown. We performed in-depth profiling of serological responses in a therapeutic efficacy study [comparing artesunate-mefloquine (ASMQ) and artemether-lumefantrine (AL)] using a proteomic microarray. Responses to over 200 Plasmodium antigens were significantly associated with ASMQ treatment outcome but not AL. We used machine learning to develop predictive models of treatment outcome based on the immunoprofile data. The models predict treatment outcome for ASMQ with high (72–85%) accuracy, but could not predict treatment outcome for AL. This divergent treatment outcome suggests that humoral immunity may synergize with the longer mefloquine half-life to provide a prophylactic effect at 28–42 days post-treatment, which was further supported by simulated pharmacokinetic profiling. Our computational approach and modeling revealed the synergistic effect of pre-existing immunity in patients with drug combination that has an extended efficacy on providing long term treatment efficacy of ASMQ.
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Introduction

Therapeutic efficacy studies (TESs) are used to monitor efficacy of antimalarial drugs including assessment of clinical and parasitological outcome for artemisinin-based combination therapies (ACTs), the first-line treatment for uncomplicated Plasmodium falciparum malaria. TESs conducted at regular intervals in the same location can be used for the detection of the decline of drug efficacy over time. Key indicators monitored during ACTs TESs include proportion of patients who are parasitemic on day 3, and treatment failure by days 28 or 42 (1). Naturally acquired immunity is a key determinant of antimalarial therapeutic response (2), which is highly influenced by transmission intensity (3), and age of the patient (4). Pharmacokinetics (PK) and pharmacodynamics of artemisinin derivatives and partner drugs in ACTs are also important when interpreting TES data.

Artemether-lumefantrine (AL) is the most widely used ACTs in sub-Saharan Africa (sSA), followed by artesunate-amodiaquine (ASAQ) (5). A study that investigated clinical determinants of early parasitological response to ACTs in African patients found that risks of persistent parasitemia on the first and the second day were higher in patients treated with AL compared to those treated with dihydroartemisinin-piperaquine (DP) and ASAQ (6). However, on the third day, the difference was not apparent. Artesunate-mefloquine (ASMQ) has been extensively used in Asia and Latin America but not in sSA because of the availability of other more affordable ACTs (7), concerns for mefloquine resistance seen in Southeast Asia (SEA) (8), and side effects such as excessive vomiting in children (9).

The power of computational tools and mathematical modeling in resolving complex biological questions such as identifying correlates of protection (10–12) or biomarkers of disease (13–16) is now apparent. We have previously used computational integration of immunoprofiling data and modeling to identify immune signature of vaccine adjuvants (10, 17) and vaccine-induced immune correlates of protection (12, 18). In a previous study, we explored the association between the antibody profiles to five Plasmodium antigens and parasite clearance kinetics using part of the TES data presented here (19). Although the scope of this pilot study was limited to five Plasmodium antigens and focused on parasite clearance kinetics in the first 3 days of treatment, it revealed that pre-existing immunity does play a role in treatment outcome thus laying the foundation for the present work. The present, in-depth report on the TES data demonstrates the power of bioinformatics by integrating microarray data and clinical drug and modeling that led to the identification of biomarkers (antigens) associated with a specific treatment outcome within the context of ACTs TES following natural infections.



Materials and methods


Study design and participants

This was a randomized, open-label, two-cohort trial, each with two arms conducted in western Kenya, a high transmission, holoendemic region. The study was approved by Institutional Review Boards (IRBs) and Human Subjects Protection Branch, and was registered at clinicaltrials.gov (NCT01976780). Cohort I study was conducted between June 2013 and November 2014, and assessed ASMQ and AL, while cohort II study was conducted between December 2014 and July 2015, and assessed DP and AL. Potential study participants (age 6 months- 65 years) with uncomplicated malaria were identified using malaria rapid diagnostic test (mRDT). Informed consent/assent from the participants, parents or legally authorized representatives was obtained prior to screening procedures. Study details are described in Supplementary material.



Study procedures

Enrolled participants were randomized for malaria treatments and treated with DP (Duo-cotecxin®—Holly Cotec Pharmaceuticals, China), ASMQ or AL (Coartem®—Novartis Pharma Ag, Switzerland). Details of drug treatment scheduling, dosing, and administration are provided in Supplementary Method.

During the treatment phase of the studies, blood samples were collected at hours 0, 4, 8, 12, 18, 24, and thereafter, every 6 h until two consecutive negative smears for malaria were obtained. Upon completion of study treatment, participants were followed up weekly from day 7 through day 42.



Study outcomes

WHO definitions for treatment outcomes in malaria drug efficacy studies were used (1). Parasite clearance rates were calculated using the WWARN, PCE tool located at http://www.wwarn.org/toolkit/data-management/parasite-clearance-estimator. Log transformed parasite density was plotted against time in hours to generate the slope half-life which is defined as the time needed for parasitemia to be reduced by half.



Laboratory procedures

Malaria microscopy was performed using standardized procedures. In vitro drug sensitivity testing was conducted on day 0 (pre-treatment samples) as well as on samples collected from participants who had reappearance of parasites on follow-up visits as previously described (20). Molecular testing was performed as previously described (20).



Protein microarrays and antibody profiles

A protein microarray containing a total of 1,087 P falciparum antigens [3D7 proteome (Antigen Discovery Inc., USA)] was used as previously described (21) to establish the antibody profile of pre-treatment sera for cohort I (ASMQ and AL arms) and perform bioinformatics, data analysis, and modeling. Details on the methodology are provided in Supplementary material.



Bioinformatics, data analysis, and modeling

Detailed bioinformatics, data analysis, and modeling methods can be found in Supplementary material. Briefly, to identify antibody signal intensities that differed with respect to different treatment outcomes, univariate analysis was conducted for each antibody signal in the immunoprofile. ASMQ and AL study arms were analyzed separately. Within each arm, participants were further classified as treatment success or treatment failure based on non-PCR-corrected Adequate Clinical and Parasitological Response (nPC-ACPR) on day 28 and 42 per World Health Organization (WHO) definition and guidance for the treatment of malaria (1). Each antibody signal was compared between treatment success (nPC-ACPR = 1) and treatment failure (nPC-ACPR = 0). Random forest and logistic regression were applied to build machine learning models using all antibody signals to predict individual participants’ treatment outcome (nPC-ACPR). To evaluate the predictive accuracy of random forest models, cross-validation was utilized, where data samples were subsampled by up-sampling. This aggregation for training and prediction performance was evaluated on data samples that were not used in training. Models’ performance was expressed as both a percentage of correctly predicted outcomes with a Cohen’s kappa value, and as the area under the curve of the receiver operating characteristic (AUCROC). Cohen’s kappa statistic is a measure that can handle imbalanced class problems. A kappa value larger than 0.4 can indicate that the classifier is performing better than a classifier that guesses at random according to the frequency of each class. To assess the statistical significance of the models and check the overfitting that might occur in the machine learning process, AUCROC-based permutation tests were carried out. Relative importance scores of each antibody signal were calculated using random forest models. Principal component analysis (PCA) was applied to all the antibody signals with relative importance scores higher than 50. Antibody signal intensities of participants in the ASMQ arm were plotted using principal component (PC)1 and PC2. We constructed one-compartment PK models for artemether, artesunate, lumefantrine and mefloquine, respectively, using the linpk R package. The values of PK parameters, including bioavailable fraction, central clearance, central volume, and first-order absorption rate, were obtained from a previous study (22). All statistical analyses were performed using the R stats package and STATA version 13 (StataCorp) while machine learning was carried out using the R caret package. The R codes are available in GitHub1 and datasets are available on request.




Results


Differences in anti-parasitic efficacy of the drug combinations

A total of 236 study participants (n = 118 in each cohort) were enrolled of which 200 (84.7%) participants completed 42-day follow-up, 100 from each cohort; 52 in ASMQ arm and 48 in AL arm in cohort I and 50 in each arm in cohort II (Supplementary Figure 1 for study disposition chart). There were no notable differences in the baseline characteristics of the enrolled participants (Supplementary Table 1), and no cases of early treatment failure (Figure 1). All study participants achieved 100% PCR-corrected ACPR (PC-ACPR) rates at day 28 and 42 (Table 1). There were no significant differences in the parasite clearance half-lives between the study arms (Table 2). The maximum parasite clearance slope half-lives observed for both cohorts were 4.2 (AL arm in cohort I) and 4.3 (AL arm in cohort II) hours falling within the WHO recommended cut-off for suspected artemisinin resistance (1). However, PC50 and PC99 data (time for the initial parasite density to fall by 50 or 99%) revealed ASMQ and DP outperformed AL by clearing parasites faster (Table 2). Further, participants who received ASMQ and DP achieved better nPC-ACPR at day 28 and 42 compared to those who received AL (Table 1), with significant difference present in cohort I for ASMQ vs. AL on day 28 (p = 0.042) but not on day 42 (p = 0.280), and in cohort II, a significant difference was present for DP vs. AL on day 28 (p = 0.001) and on day 42 (p = 0.008). Of note, none of the study participants developed side effects including those in ASMQ arm.
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FIGURE 1
Kaplan-Meier survival estimate for time to malaria infection following ACT treatment. Survival curves are shown for Cohort 1, AL subjects (blue), ASMQ subjects (red) and Cohort II AL subjects (orange), and DHA-PPQ subjects (purple) as a function of days post-treatment.



TABLE 1    Rates of adequate clinical and parasitological response (ACPR) with and without PCR corrections.
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TABLE 2    Parasite clearance rates.
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In vitro and molecular analyses

In vitro susceptibility testing to AL component drugs (artemether and lumefantrine) was successfully performed in some of the parasite isolates (Supplementary Figure 2). The parasite isolates IC50 values for both drugs remained unchanged, similarly to the published IC50 (17). K13 mutations were present, but none of the K13 mutations identified as markers of artemisinin resistance in SEA. We investigated the polymorphisms in pfcrt (K76) and pfmdr1 (N86, 184F and D1246), and pfmdr1 copy numbers, which are associated with AL selection in sSA parasites (17). The frequencies of these mutations and pfmdr1 copy number variation were similar in both cohorts and to the previously published data (17).



Wider breadth of humoral immunity confers better non-PCR-corrected adequate clinical and parasitological response outcome in artesunate-mefloquine arm

Since the variances in the response to drug treatment were not due to differences in parasite genetic diversity profiles, we sought to determine whether distinct immunoprofiles in participants treated with the different drug combinations impacted the clinical and parasitological outcome in cohort I. Although there were no significant differences in the parasite clearance half-lives between the study arms regardless of the treatment used, the parasite clearance kinetics based on PC50/PC99 clearly demonstrated there was a lag phase in AL treatment compared to ASMQ and DP (Table 2). We used nPC-ACPR as endpoint data to dichotomize study participants’ response to treatment regardless of whether it was reinfection or recrudescence because it indicated differences in the ability of the study participants to control parasites likely due to existing anti-Plasmodial antibodies. Microarrays analyses to establish the Plasmodium-specific antibody profiles were successfully performed for 91 (46 in ASMQ and 45 in AL) of the 104 participants who completed day 28 follow-up, and 87 (45 in ASMQ and 42 in AL) of 100 participants who completed day 42. We carried out univariate analyses to compare the antibody profiles established by the microarrays between participants in ASMQ and AL arms who achieved nPC-ACPR vs. those who did not, on day 28 and 42. Significant nPC-ACPR associated differences were present in the ASMQ arm (Figures 2A,B), but not in the AL arm (Figures 2C,D). In the ASMQ arm, antibody responses to 277 antigens with P < 0.05 and adjusted P < 0.1 (Figure 2A) were significantly different between participants that showed nPC-ACPR on day 28 compared to those who did not. On day 42, significant differences were observed for antibody responses to 10 antigens with P < 0.05 and adjusted P < 0.1 (Figure 2B). The right-skewed pattern in the volcano plots (Figures 2A,B) indicates that participants maintaining nPC-ACPR in the ASMQ arm had higher humoral immunity to P falciparum antigens compared those who did not. The specific antigens that correspond to these antibody responses are listed in Supplementary Table 2, ranked by corresponding Benjamini-Hochberg adjusted P-values. To determine whether distinct immunoprofiles are associated with parasitological outcome, microarray and treatment outcome data were integrated and a PCA was performed. In the ASMQ arm, participants clustered separately based on their treatment outcome, showing clear systematic differences in immune responses (Figures 3A,B). However, there was no separation in the AL arm (Figures 3C,D).
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FIGURE 2
nPC-ACPR-associated differences in subjects’ humoral immunity to malaria in the ASMQ and AL arms. Univariate analyses were applied to identify differences in subjects’ humoral immunity associated with ASMQ outcomes on day 28 (A) and day 42 (B), and with AL outcomes on day 28 (C) and day 42 (D), respectively. Volcano plots were used to present analysis results. The x-axis is log2 ratio of malaria antigen-specific antibody signals of subjects presenting nPC-ACPR to those of subjects not presenting nPC-ACPR. The y-axis is P-values based on –log10. The green dots represent the antibody responses with P < 0.05 and Benjamini-Hochberg adjusted P < 0.1.
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FIGURE 3
Principal Component Analysis (PCA) plots of treatment outcome-specific differences. (A,B). PCA used antibody signals with adjusted P < 0.1 to visualize treatment outcome-specific differences in the ASMQ arm, which were identified by univariate analyses applied to identify differences in subjects’ humoral immunity associated with ASMQ outcomes on day 28 and 42, respectively. (C,D). PCA used the same antibody signals as (A,B) to visualize treatment outcome-specific differences in the AL arm.




Antibody responses associated with non-PCR-corrected adequate clinical and parasitological response are age dependent

To investigate the magnitude of immune responses with age, we compared antibody signal intensities of the study participants in different age groups (5 or younger, 5–12, and 12 or older) in the ASMQ arm. Normalizing the mean signal intensities to P falciparum proteins from participants at varying ages against the mean intensities for the oldest study participant group revealed that the magnitude of antibody responses to these antigens increased with age (Figure 4). Among antibody responses associated with nPC-ACPR on day 28, children (participants < 12 years) showed approximately half the magnitude of antibody responses as older participants (≥12 years), as indicated by the slope. This effect was more pronounced in antibody responses associated with nPC-ACPR on day 42, where children showed approximately a third of the magnitude of responses as older participants.
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FIGURE 4
Comparison of malaria antigen-specific antibody responses of subjects in different age groups. The mean antigen-specific antibody signal intensities to P falciparum proteins (identified through univariate analyses) from subjects in varying ages (y-axis) were plotted against the mean intensities for the oldest subject group (x-axis). (A) Scatterplot of mean antibody signal intensities of 277 P falciparum proteins associated with ASMQ outcomes on day 28. (B) Scatterplot of mean antibody signal intensities of 10 P falciparum proteins associated with ASMQ outcomes on day 42.




Machine learning can predict treatment outcome for artesunate-mefloquine using humoral immunity data

Machine learning methods (random forest models confirmed by logistic regression models) were used to assess the degree to which humoral immunity to malaria could predict treatment outcome. For the ASMQ arm, 100 random forest models were built for predicting treatment outcome using antibody signals that were significantly different between participants that showed nPC-ACPR compared to those who did not. Models built for predicting treatment outcomes on day 28 achieved 85% accuracy (Kappa: 0.40) with an average AUCROC of 0.85 (Figures 5A,E), and on day 42, the accuracy was 72% (Kappa: 0.43) with an average AUCROC of 0.83 (Figures 5B,F). Randomly shuffled nPC-ACPR outcomes across participants to remove any possible link between humoral immunity and outcome were used as negative control for the machine learning analysis to test for overfitting. The average AUCROC for using the randomly shuffled data for day 28 and 42 in ASMQ arm were 0.54 and 0.53, which were significantly lower than the average AUCROC of actual models (Figures 5A,B). In the AL arm, machine learning models could not predict nPC-ACPR outcome on day 28 or 42, achieving accuracies of 53% (Kappa: 0.02) and 61% (Kappa: 0.05), respectively, with an average AUCROC of 0.51, indicating an accuracy no better than random chance (Figures 5C,D,G,H). Relative importance scores of each antibody signal were calculated only for the ASMQ arm using random forest models, which could not only help get a better understanding of the model’s logic, but also help identify antibody signals more related to the therapeutic efficacy of ASMQ (Supplementary Table 3).
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FIGURE 5
Performance evaluation of random forest models predicting ASMQ outcomes on day 28 and 42 (A–D). Prediction accuracy, kappa, and confusion matrices. The rows of confusion matrices represent the actual treatment outcomes, whereas the columns indicate the predicted treatment outcomes (E–H). Comparison of AUCROC values from 100 repetitions of 100 times repeated fivefold cross-validation using actual (blue) vs. permutated (yellow) nPC-ACPR labels. Dashed line represented the mean AUCROC values. Significance is determined using Mann-Whitney-Wilcoxon test.




Simulation of artesunate-mefloquine and artemether-lumefantrine pharmacokinetics profiles

To explore how humoral immunity and treatment interact, we simulated PK profile of ASMQ and AL out to day 28 and 42. The PK profiles of both regimens show that the concentration of artemisinin derivative drugs clears within 6 days post-treatment. In the AL regimen, lumefantrine is cleared by day 11 post-treatment, therefore is unlikely to have a major impact on day 28 and 42 outcomes (Figure 6A and Supplementary Figure 3). By comparison, in the ASMQ regimen, mefloquine has a much longer apparent half-life, with concentrations relative to peak concentration of 30.9% at day 28, and 3.3% at day 42 (Figure 6A), representing 3- and 30-fold reductions from the peak concentrations.
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FIGURE 6
PK profile of ASMQ and estimation of MIC of mefloquine. (A) Simulated PK profile of ASMQ for artesunate (blue) and mefloquine (green). Estimated peak concentration, and average concentration between day 7 and 28, and day 28 and 42 are shown for mefloquine are labeled. (B) Estimated disease-free probability for all ASMQ subjects classified as “susceptible,” “intermediate,” and “immune” based on humoral immunity using the day 28 and 42 predictive models. (C) Relationship between humoral immunity and MIC of mefloquine based on ACPR outcome, univariate analysis, and simulated PK profiles.


Based on this data we formulated the hypothesis that humoral immunity augments the efficacy of mefloquine when it is at sub-therapeutic concentrations. The minimum inhibitory concentration (MIC) of the drug required to be effective is likely to vary between individuals. Given that all participants showed nPC-ACPR at day 7, for participants that showed nPC-ACPR failure by day 28, it is plausible the drug concentration fell below individual’s MIC between day 7 and 28. Based on our simulated PK profiles, the average mefloquine concentration during that time span was 2.35 mg/l. Likewise, for participants that showed nPC-ACPR at day 28, but nPC-ACPR failure by day 42, the mefloquine concentration fell below their MIC within the time span of day 28 and 42, during which an average concentration was estimated to be 0.25 mg/l. Therefore, based on our estimates, “vulnerable” participants who had nPC-ACPR failure by day 28 have an average MIC > 2.35 mg/l, while immune participants who show nPC-ACPR even out to day 42 have an average MIC of < 0.25 mg/l. In addition, Cox regression analysis showed a strong association (P < 0.01) between the time to malaria re-infection and classes of participants identified by machine learning models (Figures 6B,C).




Discussion

Our study provides crucial findings on the efficacy of ACTs in treatment of uncomplicated P falciparum in high transmission settings. To the best of our knowledge, this is the first study to demonstrate divergent impact of serological immune profiles on treatment outcomes based on ACT treatment using a computational approach. Machine learning approaches identified P falciparum antigens that are highly predictive of successful ASMQ treatment outcome. Our modeling data suggest that at sub-therapeutic concentrations, mefloquine acts synergistically with Plasmodium-specific antibody responses to provide extended protection against clinical and parasitological failure. In sSA, there is a need to deploy additional ACTs or new class of antimalarial drugs to avoid development of resistance to the current first-line treatments. By identifying specific antigens associated with, and predictive of treatment outcome for specific antimalarial drugs, our data support the notion of smart deployment of new ACTs and other antimalarial drugs, where decisions are informed by individual and population immune profiles, and therefore strategically prioritized for each region or a country.

The high efficacy of all the ACTs tested in this study can be attributed to high transmission rates and prevalent immunity. We showed ASMQ and DP outperformed AL on day 28, as well as day 42, corroborating other studies (6, 23). This has previously been attributed to the long half-lives of mefloquine and piperaquine, which are thought to provide 4–6 weeks prophylaxis after treatment compared to 3–4 days for lumefantrine (24). Using PK modeling, we estimated mefloquine concentrations to be at 30% of peak concentration on day 28, while lumefantrine was completely cleared by 14 days, confirming the persistence of mefloquine and its role in the apparent post-treatment prophylaxis observed in the ASMQ cohort.

Host immunity is an important determinant of treatment outcome in P falciparum malaria infections (2), with the magnitude of immunological response increasing with age (4). In this study, we show that the interaction between humoral immunity and residual mefloquine concentration is important in providing protection and predicting treatment outcome. This is supported by the following observations: First, if humoral immunity alone was sufficient for nPC-ACPR out to day 28 and 42, then immunity would have predicted protection in AL arm as well; second, if residual mefloquine concentration alone was sufficient to determine nPC-ACPR outcome, then humoral immunity wouldn’t have predicted outcome in ASMQ; and third, immunity is likely the only explanation for differences in nPC-ACPR based on age, as age-specific differences in PK profiles of AL and ASMQ have not been reported. Machine learning identified three classes of patients (vulnerable, susceptible, and immune) in the ASMQ arm based on immune data (Figure 6B). Our findings suggest that general humoral immunity to a wide range of Plasmodium antigens is sufficient to provide protection in the presence of residual mefloquine concentrations out to day 28, while specific immunity to a handful of select antigens is necessary to provide protection in very low residual mefloquine concentrations out to day 42.

Reports of mefloquine side-effects including early vomiting, mental and neurological concerns might be contributing to the poor scale-up of ASMQ in Africa (9, 23, 25). Dosing and timing of when mefloquine is administered as a combination therapy is important, impacts drug efficacy, and the side effects experienced by the patients. Ter Kuile et al., showed that in children ≤ 2 years, vomiting was reduced by 40% when mefloquine dose of 25 mg/kg was split over 2 days, and by 50% when given on the second day (9). By administering artesunate first, and then mefloquine 24 h later, this reduced vomiting because the patients had recovered clinically and were more likely to tolerate mefloquine. Further, delaying the dose of mefloquine for 24 h after artesunate administration increases mefloquine oral bioavailability substantially probably due to rapid clinical improvement (26). In our study, administration of three doses of artesunate in the first 48 h, and then mefloquine at 72 and 96 h eliminated vomiting and dramatically reduced side effects. As a fixed-dose or non-fixed-dose combination therapy, ASMQ is given over a 3-day period once or twice daily (25, 27–29). Since fixed-dose medication improved compliance, we propose creation of a fixed-dose ASMQ combination that delivers mefloquine after the first 24 or 48 h to allow ample time for clinical recovery of the patient.

This study has limitations: (1) relatively small sample size; our univariate analysis statistical test accounts for sample size and utilizes a multiple test correction to account for the large number of parameters being measured. The immune correlates of outcome were identified in ASMQ cohorts, but not in AL cohorts. This would not have been possible in an under-powered study. (2) The small number of correlates identified in the ASMQ Day 42 cohort could be the result of the waning impact of immunity over time, post-treatment, as the mefloquine concentration decreases. In the future, it will be important to repeat these analyses using other ACTs especially DP due to its high efficacy and the long prophylactic life-span of piperaquine.



Conclusion

In conclusion, we have demonstrated that data integration, machine learning, and modeling provide a comprehensive approach capturing the underlying complexity of malaria control in sSA. Further, we have shown ASMQ is a highly effective drug, making it an appropriate choice of possible first-line treatment in western Kenya, a region which account for most malaria transmission in the country.
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Introduction

The world has been struggling with a major public health problem since December 2019: an infectious disease caused by a novel coronavirus called severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Despite vaccination, people are still infected and die because of COVID-19 since the virus mutates very quickly (1, 2). While the world is struggling with the COVID-19 pandemic, a new virus called Monkeypox (MPXV) alerts scientists about whether a new pandemic will arise. Monkeypox is a zoonotic, neglected, and emerging disease caused by the MPXV belonging to the Orthopoxvirus genus of the Poxviridae family. MPXV was first identified in Macaca irus wild monkeys in 1958 in Denmark; it was the first time specified in humans in 1970 in the Democratic Republic of the Congo in a 9-month-old boy (3, 4). However, several rodent species were also reported as reservoirs of this virus (5). Monkeypox disease has been reported as an emerging outbreak affecting 43 countries with 2103 confirmed cases (6).

The transmission ways of MPXV are direct contact with an infected animal or infected person via body fluids, using contaminated objects, and inhaling virus-containing respiratory droplets. The incubation time of the disease takes 5–21 days, where the symptoms of MPXV infection are reported as headache, fever, muscle pain, back pain, swollen lymph nodes, chills, adenopathy, maculopapular rash, especially on the palms, and exhaustion. Lesions such as macules, papules, vesicles, pustules, and scabs have been reported mainly in the palms of the hands and the soles of the feet. There is no treatment for MPXV infection; however, smallpox vaccination is considered a treatment option (7, 8). The MPXV infection begins like other viral infections with the entry of the virus into the cells and replication, leading to the immune response in the host cells, such as blocking the antiviral T-cell activation and inflammatory cytokine production. However, cellular mechanisms of MPXV infection, host cell interactions, immune responses, and destruction are not fully understood in humans despite animals (9).



Metabolism of virally infected cells

Viral infection and replication are tightly associated with the dysregulated immune system and inflammatory response. Since humans have complicated defense mechanisms against pathogens, viruses can quickly adapt to changing conditions such as the host's immune system and drug treatments. For instance, viruses deregulate cellular signaling pathways, including oxidative stress metabolism and cell death mechanisms, to escape the host's immune system (10, 11). The crucial step for virus replication is escaping from the cellular defense mechanism of the host cell (12, 13). Viruses are disparate from all living things; they don't inherently have their metabolism. Major cytosolic and mitochondrial metabolic pathways are altered in virus-infected cells (14, 15). Specific anabolic pathways such as glycolysis, glycogenolysis, pentose phosphate pathway (PPP), lipogenesis, cholesterol synthesis, one-carbon metabolism, and various transporters such as glucose and glutamine transporters are upregulated in virally infected cells (16, 17). It has also been investigated that the Warburg effect, which can be seen in cancer cells using glucose and producing lactate under normoxia conditions, can also be in the virus metabolism (18).



Importance of the antioxidant defense and antioxidant molecules in the viral infections

Various intrinsic and extrinsic factors regulate oxidative stress metabolism by balancing reactive oxygen species (ROS) and antioxidant capacity. Antioxidant metabolism is one of the major defense systems in many pathological conditions, including viral infections. PPP plays a vital role in antioxidant defense by regulating different enzymes. Glucose 6-phosphate dehydrogenase (G6PD) is the rate-limiting enzyme in the PPP involved in glutathione metabolism, antioxidant response, and bioenergetic and biosynthetic pathways (19–22).

The cytosolic hexokinase enzyme rapidly converts glucose to glucose-6-phosphate (G6P) to trap the glucose inside the cell by using an ATP molecule. This enzymatic reaction is not just specific to glucose; the hexokinase enzyme phosphorylates all the six-carbon sugars. After the phosphorylation of these sugar phosphates, many cellular conditions, such as hormones, energy status, infections, and all cellular signals, determine the fate of the phosphorylated molecule. It would enter breakdown or synthesis pathways according to the metabolic signals (23–30). G6PD enzyme is found in all cells and regulates the NADP+/NADPH ratio involved in fatty acid, cholesterol, and neurotransmitter biosynthesis. Additionally, NADPH is the essential coenzyme in detoxification reactions via regulation of the balance between the oxidized glutathione (GSSG)/reduced glutathione (GSH) by involving in the glutathione reductase (GR)-catalyzed enzymatic and non-enzymatic reactions (31–34).

Furthermore, the reduced form of NADPH is also vital in cytochrome p450 superfamily-catalyzed reactions, such as cytochrome p450 monooxygenases and NADPH-cytochrome P450 reductase responsible for the xenobiotic detoxification, antioxidant-defense system, and cellular redox homeostasis. Since GSH/GSSG ratio is the major biomarker for oxidative stress, preserving the GSH pool is vital to maintaining antioxidant defense in the cell (35). Virus-infected cells also affect the mitochondrial pathways due to the high demand for biosynthetic processes such as the proliferation of virions. Mitochondria is the major source of ROS and enhanced ROS induces mitochondrial dysfunction leading to impaired electron transport chain (ETC) and energy metabolism (36). However, NADPH also protects mitochondria stress via a mitochondrial membrane from the effects of ROS via NADPH-dependent antioxidant enzymes (37). Human viral diseases, including COVID-19, increase the production of ROS and impair antioxidant mechanisms leading to the impairment of the immune system (38). On the other hand, virus-induced immune response contributes to oxidative stress as well, where oxidative stress increases inflammation, leading to enhanced oxidative stress as a vicious cycle (39). Danger signals trigger the immune system through pattern recognition receptors (PRRs) belonging to the Toll-like (TLRs) and the NOD-like (NLRs) families, where oxidative stress involves in these processes at several levels, including the release of danger molecules, activation by PRRs, and their downstream pathways (40). All viral infections cause redox imbalance in the host; for instance, prototypic poxvirus vaccinia virus (VACV) enhances ROS production at the side of the infection to promote viral replication. Additionally, high levels of ROS are required for VACV infection (41).

Antioxidant administration has been reported to ameliorate virus-induced side effects or to reduce viral replication yield, according to various studies. For instance, N-acetyl-L-cysteine (NAC) inhibits pro-inflammatory mediators in the alveolar cells infected with influenza virus A and B and with the respiratory syncytial virus (RSV) (42). The antioxidant molecule butylated hydroxyanisole (BHA) treatment ameliorates RSV-induced lung inflammation (43). Terameprocol (TMP) is a methylated derivative of nordihydroguaiaretic acid, which is a phenolic antioxidant derived from creosote bush. TMP showed antiviral and anti-inflammatory effects via potently inhibiting the growth of both cowpox virus and vaccinia virus in vitro, where TMP treatment effectively reduced the infectious virus yield (44). On the other hand, resveratrol altered genome replication and post-replicative gene expression of MXPV (45). Resveratrol (RV) is a natural polyphenol non-flavonoid compound found in grapes, berries, and several other plants. RV is accepted as one of the powerful polyphenols with many positive effects on metabolism and health and significantly reduces the replication of MPXV (46, 47). No studies reveal the antioxidant's impact on the MPXV infection in humans since monkeypox is an emerging disease worldwide. Thus, the possible effect of the antioxidants on the MPXV infection in humans can be investigated to develop antioxidant-based therapeutic approaches to ease the severe symptoms.



Conclusion

All viruses depend entirely on the host's cell cellular metabolism, and every virus family has different molecular machinery to enter, using the host cells' energy and metabolic pathways multiplication and all steps in viral infection. However, we need novel studies to increase our knowledge on virus and virus-infected host cell metabolism, especially during the pandemic and the Monkeypox outbreak. Since antioxidants can reduce MPXV replication in vitro, according to the studies, antioxidant molecules can be investigated to develop therapeutic approaches or to ease the symptoms of MPXV infection.
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Background: Central nervous system (CNS) infection is one of the most serious complications after neurosurgery. Traditional clinical methods are difficult to diagnose the pathogen of intracranial infection. Due to recent advances in genomic approaches, especially sequencing technologies, metagenomic next-generation sequencing (mNGS) has been applied in many research and clinical settings.

Case presentation: Here, we report a case of CNS infection with Acinetobacter baumannii in a 15-year-old woman, who previously underwent surgery for recurrence of ependymoma in the fourth ventricle. On the eleventh postoperative day, the patient had a high fever and leukocytosis in the cerebrospinal fluid (CSF). mNGS using CSF rapidly and accurately identified the causative pathogen as A. baumannii with carbapenem resistance genes blaOXA-23 and blaOXA-51, which were confirmed by subsequent culture and susceptibility tests within 5 days. During the disease, mNGS, culture, and drug susceptibility testing were continued to monitor changes in pathogenic bacteria and adjust medication. At present, there are no case reports on to the use of mNGS for detecting pathogens in postoperative infection with ependymoma and guide medication.

Conclusion: mNGS has great advantages in pathogen identification and even pathogen resistance prediction. Multiple mNGS examinations during the course of the disease play an important role in the dynamic monitoring of pathogens.

KEYWORDS
 Acinetobacter baumannii, central nervous system infections, metagenomic next-generation sequencing, cerebrospinal fluid, resistance genes


Background

Central nervous system (CNS) infection is caused by pathogenic microorganisms invading the CNS, manifesting as a class of inflammatory or non-inflammatory diseases with acute or chronic symptoms. The pathogenic microorganisms of CNS infection mainly include viruses, bacteria, fungi, and parasites. CNS infections can be community-acquired or hospital-acquired. Patients with a history of neurosurgery, severe neurotrauma, or indwelling cerebrospinal fluid (CSF) drainage experience a high risk for hospital-acquired CNS infections (1). Despite current advances in clinical diagnosis and treatment, CNS infections still have a high morbidity and mortality, with an estimated 320,000 deaths due to meningitis worldwide in 2016 (2).

Metagenomic next-generation sequencing (mNGS) technology, capable of deciphering millions of DNA and RNA sequences in parallel, has shown promise for detecting pathogens in clinical samples (3). A major advantage of mNGS is the unbiased simultaneous detection of multiple pathogens, its broad identification of known and unexpected pathogens, and the discovery of new organisms (4). The unbiased nature of mNGS aids neurologists in evaluating complex clinical cases with incomplete information. Another advantage of mNGS is that it can provide auxiliary genomic information needed for evolutionary tracking, strain identification, and resistance prediction (5–8). mNGS can quantify or semi-quantify the concentration of organisms in a sample, which is useful for multiple microbial samples or when more than one pathogen is involved in the disease process (9).

Acinetobacter baumannii (A. baumannii) is a non-enteric gram-negative bacillus characterized by low virulence. As an opportunistic nosocomial pathogen, A. baumannii has been one of the most important multidrug-resistant (MDR) microorganisms in hospitals worldwide. This human pathogen causes a variety of infections, of which ventilator-associated pneumonia and bloodstream infections are the most common, with a mortality rate of 35% (10). A. baumannii associated CNS infection is common in patients with brain surgery and extra ventricular drainage through a catheter (11). The ability of A. baumannii to develop resistance to currently used antibiotics is quite high compared to other bacteria (12). Intrathecal or intracerebroventricular administration of colistin has become an increasingly common approach for the treatment of MDR or extensive drug-resistant (XDR) A. baumannii associated CNS infections (13–15).



Case presentation

Here, we report a 15-year-old female patient who was presented to a local hospital in 2018 due to headache and vomiting (Supplementary Figure 1). Magnetic resonance imaging (MRI) showed an intracranial occupying lesion. Subsequently, she underwent a quadruple ventricular tumor resection in a Beijing hospital. The pathology report of the tumor was WHO grade II ventricular meningioma. The patient recovered well after the operation.

However, in June 2021, the patient developed pulsating headaches with dizziness and vomiting again, and the symptoms gradually worsened. Therefore, she came to Beijing Tiantan Hospital for further treatment. MRI (Figure 1) of the head at our hospital showed bilateral cerebellopontine angle (CPA) and fourth ventricle occupying lesions with a high likelihood of ventricular meningioma recurrence and hydrocephalus. After a series of preoperative examinations, the patient underwent a posterior median craniotomy and artificial dural repair under general anesthesia. Postoperatively, she was kept in the intensive care unit with tracheal intubation and mechanical ventilation to assist breathing, followed by airway care, hormones, dehydration, rehydration, and symptomatic treatment.


[image: Figure 1]
FIGURE 1
 Head MRI of the patient before surgery. (A) coronal view; (B) sagittal section view; (C) axial view; (D) ventricular enlargement in coronal view


Postoperative cranial Computed Tomography (CT) showed a “post-occipital craniotomy” status, enlargement of the ventricular system, and a slight intracerebroventricular hyperintensity (Figures 2A,B). The patient was conscious on the first postoperative day, with a temperature of 39°C, absolute white blood cell (WBC) value of 20.99 × 109/L, and granulocyte (GR) value of 96.9%. Considering that the elevated body temperature and absolute WBC values might be related to postoperative stress, the patient was given physical cooling and anti-infective treatment with cefuroxime (1.5 g, q12h). After symptomatic treatment, the patient's vital signs were stable, the temperature dropped to 36.5°C, and the inflammatory indexes gradually decreased to normal levels on the sixth postoperative day. Therefore, ventilator withdrawal was attempted on the sixth postoperative day, and transoral tracheal intubation was removed, but the patient's blood oxygen level decreased, and her respiratory rhythm was irregular. So, transnasal tracheal intubation with continuous T-tube oxygenation was performed again.


[image: Figure 2]
FIGURE 2
 Brain CT of the patient in different stages of the disease. (A, B): Postoperative CT of the patient. (C) On the 17th postoperative day, the patient's head CT after left ventriculocentesis. (D) On the 27th postoperative day, the patient's head CT after left ventriculocentesis.


On the eleventh postoperative day, the patient's consciousness was clear, but the body temperature rose to 39.5°C, with the pulse rate of 130 beats/min and WBC of 33.08 × 109/L. Infection of the patient was considered. CSF and blood were drawn from the patient for routine testing and cultures. CSF routine results revealed orange-red, cloudy CSF in appearance with total cells of 3,585/μl, pericytes of 1,085/μl, multinucleated cells ratio of 97.9%, mononuclear cells ratio of 2.1%, glucose of 0.68 mmol/L, protein of 413.6 mg/dL, chloride of 106 mmol/L, and Lactate of 18.6 mmol/L. The presence of intracranial infection in the patient could not be excluded. The patient was given an antibiotic regimen of vancomycin hydrochloride (1000 mg, q12h) and meropenem (2 g IV q8h). On the twelfth day after surgery, the patient's temperature and pulse decreased (37.5°C and 110 beats/min), but the WBC was still high (64.58 × 109/L). The patient's vital signs were assessed by a neurosurgeon, and then a lumbar pool tube was placed to drain CSF on the same day, which was immediately sent for mNGS by illumina's NextSeq550DX (Hugobiotech, Beijing, China). On the fourteenth postoperative day, the CSF mNGS results revealed 99,343 specific sequences of A. baumannii, with a coverage of 54.3% (Figure 3A). Carbapenem resistance genes blaOXA-23 (36 reads) and blaOXA-51 (15 reads) were also detected (Table 1). We discontinued vancomycin and added polymyxin (500,000 units, q12h) following the guidelines for the treatment of A. baumannii in The Sanford Guide to antimicrobial therapy. The CSF culture and drug susceptibility test on the sixteenth postoperative day confirmed the mNGS results, indicating intracranial reinfection caused by MDR A. baumannii (Table 1). Her blood culture was negative. Therefore, we stopped using meropenem and added tigecycline injection (50 mg, q12h), along with intrathecal polymyxin (50,000 units, q12h). The dynamic monitoring of CSF-related indicators continued in this patient.
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FIGURE 3
 A. baumannii coverage map of mNGS detection in different periods. (A) The first mNGS of CSF: 99,343 specific sequences of A. baumannii, with a coverage of 54.3%; (B) The second mNGS of CSF: 88,618 specific sequences and 68.32% coverage; (C, D) The third mNGS of CSF and blood: 857 (coverage 1.66%) and 446 (coverage 0.93%) specific reads, respectively.



TABLE 1 Drug resistance results of culture and mNGS.
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On the seventeenth postoperative day, the conditions of the patient improved but were still higher than the normal range, with a body temperature of 37.6°C, WBC of 14.19 × 109/L, and GR of 86.4%. CSF routine showed pale yellow and clear in appearance, with total cells of 1137/μl, pericytes of 237/μl, multinucleated cells of 85.6%, mononuclear cells of 14.4%, glucose of 1.19 mmol/L, protein of 100.9 mg/dL, chloride of 119 mmol/L, and lactate of 7.8 mmol/L. To further monitor the progression, mNGS and culture using CSF and blood samples were performed again on the seventeenth postoperative day. The second CSF mNGS result still revealed A. baumannii with 88,618 specific sequences and 68.32% coverage (Figure 3B). Besides, drug-resistant genes, including blaOXA-23 (56 reads), blaOXA-51 (34 reads), parC (98 reads), gyrA (93 reads), oprD (17 reads) and ampC beta-lactamase (9 reads), were detected, suggesting they might resist to both fluoroquinolones and carbapenems, consistent with the results of subsequent CSF culture (Table 1). By contrast, mNGS and culture of blood were negative. Therefore, the current treatment regimen was continued.

A left ventricular puncture and drainage procedure was performed due to the progressive hydrocephalus (Figure 2C) on the seventeenth postoperative day. Postoperative monitoring showed the patient's body temperature, blood routine, CSF routine, and biochemistry were slightly better than before. However, right ventricular puncture and drainage was performed on the twenty-seventh postoperative day due to suspected hydrocephalus according to head CT, which showed an enlarged right ventricle (Figure 2D). The patient's temperature was 37.8°C, with WBC of 12.36 × 109/L and GR of 74%. Right ventricular drainage CSF routine revealed yellowish in appearance, cloudy in nature, total cells of 2231/μl, pericytes of 331/μl, multinucleated cells of 71.3%, mononuclear cells of 28.7%, glucose of 3.07 mmol /L, protein of 363.19 mg/dL, chloride of 115 mmol/L, and lactate of 4.6 mmol/L. The third mNGS using blood and right ventricle CSF was performed on the twenty-seventh postoperative day, revealing 857 (coverage 1.66%) and 446 (coverage 0.93%) specific reads of A. baumannii, respectively. Drug-resistant genes (gyrA by CSF, and parC and gyrA by blood, all were 1 sequence) were also detected by both blood and CSF mNGS (Figures 3C,D). The current anti-infective treatment regimen continued.

Two days later, the patient was transferred to a local hospital according to her family's request. She received conservative treatment and was discharged with stable vital signs. The patient was followed up 3 months after discharge with a Glasgow Outcome Scale (GOS) score of 4.



Discussion and conclusions

Ventricular meningioma is a glioma with ventricular meningeal cell differentiation that can occur in the ventricles and spinal cord. It can be classified into three grades according to 2016 WHO classification criteria, including subventricular and mucinous papillary ventricular meningiomas (grade I), ventricular meningiomas (grade II), and mesenchymal ventricular meningiomas (grade III). Recurrence of primary ventricular meningioma after surgery is common, and younger age, incomplete tumor resection, and high-grade or mucinous papillary ventricular meningioma are the risk factors (16). Surgery for tumors presenting in the fourth ventricle is more challenging, with a probability of postoperative infection of approximately 4.5% (17). The current case is a WHO grade II ventricular meningioma in the fourth ventricle, which recurred 3 years after total tumor resection. There were no metastases elsewhere, but respiratory and circulatory failure and infection after reoperation.

A. baumannii is a Gram-negative ESKAPE microorganism with MDR due to widespread antibiotic abuse and mismanagement (18). Immunocompromised and severely ill hosts are susceptible to invasive infections by A. baumannii. Carbapenems were once considered the drugs of choice for the empirical treatment of A. baumannii infections. However, previous studies have shown that most MDR A. baumannii strains (98.1%) were resistant to imipenem, and about 50% were resistant to meropenem, amikacin, and gentamicin. Potent carbapenemase genes were detected in almost all strains, such as blaOXA-51 (89.3%) and blaOXA-23 (68.9%) (19). In this case, the patient was in a postoperative state for ventricular meningioma and was vulnerable to XDR A. baumannii. The carbapenem resistance gene of A. baumannii was detected in the first and second CSF mNGS, suggesting that the strain may be resistant to imipenem and meropenem. And the second and third CSF mNGS also detected the gene encoding DNA gyrase (gyrA) and the gene encoding topoisomerase IV (parC) at the target site of fluoroquinolone drug action, and mutations at different sites, suggesting that the strain may escape from fluoroquinolones (20). However, these mutations have not yet been reported in the literature on whether they are related to fluoroquinolone resistance. Therefore, we did not adjust the antibiotic treatment plan according to the resistance genes detected by mNGS.

An accurate etiologic diagnosis is important for the treatment of postoperative complications, including serious infections and infections caused by drug-resistant organisms. Raper et al. reported a rare case of herpes simplex virus encephalitis after ventriculotomy, the rapid detection of HSV infection by mNGS played a key role in the timely antiviral treatment of the patient (21). Farrell et al. reported a case of Enterococcus faecalis infection detected by polymerase chain reaction (PCR) combined with Electro Spray Ionization-Mass Spectroscopy (ESI-MS) in CSF from a patient with concurrent bacterial meningitis after ventriculoma resection, and emphasized the importance of accurate pathogenic diagnosis and dynamic monitoring of ongoing infection in postoperative CNS infections (22). In this case, the patient had a significantly elevated CSF leukocyte 11 days after ventricular meningioma surgery. We took CSF for culture and mNGS testing at the same time. The mNGS results reported MDR A. baumannii 2 days later, while the CSF culture results returned MDR A. baumannii 5 days later. Interestingly, the drug resistance genes by mNGS and the phenotypes of the drug susceptibility test were essentially identical. This demonstrates the ability of mNGS to detect pathogens and predict drug resistance factors rapidly and accurately. The progressive decrease of specific reads of the pathogen detected by mNGS during the course also indirectly indicated the effectiveness of adjusted anti-infective therapy. It is worth noting that the third CSF cultures were negative compared to mNGS, possibly since cultures are more susceptible to antibiotic use.

Interestingly, the third blood mNGS on the twenty-seventh postoperative day was positive for A. baumannii, which was negative in previous blood mNGS detections. One possible reason is that the blood-brain barrier was damaged due to the patient's multiple open cranial surgeries or other factors, such as inflammation and tumors (18). Pathogens enter the blood through the damaged blood-brain barrier. However, the patient had no obvious signs of systemic infection by A. baumannii. It may be because the antibiotics given to the patient also inhibited the growth of A. baumannii in the blood. Another possible reason is that the nucleic acids of the pathogen entered the blood via the damaged blood-brain barrier. Nevertheless, this case reminds us real-time monitoring of blood pathogens in patients after craniotomy is necessary.

Intravenous and intrathecal polymyxin and tigecycline are often the choices of MDR/XDR A. baumannii CNS infection (23). Maintaining patency of CSF drainage and ventricular lavage is also crucial in the treatment of A. baumannii intracranial infections. Intrathecal injection of drugs combined with continuous drainage of the lumbar pool is more clinically effective than treatment with intravenous antibiotics only (24). In this case, the patient was treated with both intrathecal polymyxin and tigecycline injections immediately after the pathogenetic evidence was clarified.

In conclusion, infection remains one of the most important complications after ventricular meningioma surgery, seriously affecting the patient's prognosis. mNGS allows early and accurate identification of the responsible causative agent and prediction of drug resistance or virulence factors. In addition, the application of multiple mNGS tests during the course can monitor the state of illness and assess the treatment efficacy.
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Primaquine, the only licensed antimalarial drug for eradication of Plasmodium vivax and Plasmodium ovale malaria, may cause acute hemolytic anemia in individuals with glucose-6-phosphate dehydrogenase deficiency (G6PDd) during treatment. The different prevalence and distribution patterns of G6PDd in Hainan, the ancient malaria-endemic area, are unclear. This study included 5,622 suspected malaria patients between 2009 and 2011 in 11 counties of Hainan. Glucose-6-phosphate dehydrogenase deficiency prevalence was determined using the fluorescent spot test (FST) and malaria patients was confirmed by a positive light microscopy. The G6PDd prevalence for different ethnic groups, genders, and counties were calculated and compared using χ2-test. Spatial cluster and Spearman rank correlation of G6PDd prevalence and malaria incidence were analyzed. The overall G6PDd prevalence of study population was 7.45%. The G6PDd prevalence of males, Li ethnic minority, and malaria patients was significantly higher than that of females, Han ethnic majority, and non-malarial patients (p < 0.01), respectively. The spatial cluster of G6PDd and malaria located in south-western and central-southern Hainan, respectively, with no significant correlation. The study provides essential information on G6PDd prevalence in ancient malaria-endemic areas of Hainan Province. We also highlight the need for a better understanding of the mechanisms underlying the relationship between G6PDd prevalence and malaria incidence. These findings provide a reference for the safety of the primaquine-based intervention, even after malaria elimination.

KEYWORDS
 G6PD, primaquine, vivax malaria, spatial cluster, prevalence


Introduction

The malaria elimination program started in 2010 (1) and succeeded in 2021 in China. Throughout the journey, Hainan Province, the most southern province of China and the most seriously affected malaria-endemic area was always the hot spot for the campaign. Since 2010, no falciparum malaria cases have been reported in the area. However, Plasmodium vivax malaria sustained endemic for another 2 years, presenting a critical barrier to elimination in Hainan Province and other countries planning to eliminate malaria. Notably, P. vivax malaria often occurs with low parasitemia and can be missed under routine surveillance. Furthermore, it has gradually become a consensus that P. vivax malaria can be as debilitating as falciparum malaria. Recently, imported P. vivax malaria has been documented and accounted for more than 80% of reported malaria cases. Therefore, additional measures are still needed to extend the comprehensive response to P. vivax malaria control by reducing P. vivax transmission/relapse, and meanwhile, protecting the most vulnerable populations.

There is increasing use of chemopreventive agents for the eradication of malaria toward malaria-free status. In China, primaquine is the only drug approved by the State Food and Drug Administration (SFDA) of China to prevent malaria relapse. It is one of the critical components of the nationwide malaria elimination program (2). Therefore, a massive primaquine administration was expected and applied in malaria-endemic regions. However, primaquine may cause acute hemolytic anemia in individuals with glucose-6-phosphate dehydrogenase deficiency (G6PDd), a common congenital X-linked hereditary enzyme deficiency widespread across most malaria-endemic countries (3). In order to improve the compliance rate of primaquine for the radical cure of malaria, it is urgent to understand better the distribution pattern of G6PDd in main malaria-endemic areas in China.

Previous studies have revealed a relatively low incidence of G6PDd, about 3–7% in China (3); however, there may still be a large number of people with G6PDd in the country, considering its large population. In addition, G6PDd prevalence varied significantly among ethnic groups (4–6). For example, the G6PDd prevalence of the ethnic minorities is different from that of the Han ethnic majority in Yunnan Province, one of the ancient malaria-endemic areas in China (7, 8). Hainan Province still has a multi-ethnic population, but the G6PDd prevalence of its various ethnic minorities remains unclear.

Generally speaking, G6PDd confers a protective effect against both falciparum malaria and vivax malaria episodes (9), lending to a presumptive consensus that wide geographical distribution of G6PDd in human populations is derived by the epidemic (9). Interestingly, there is ecological overlap between G6PDd and malaria endemic areas, as shown in Africa, southern Europe, the middle east, southeast Asia, and the central and southern Pacific islands (10, 11). Therefore, information on the prevalence of G6PDd is critical to optimize the malaria elimination strategy, especially for radical treatment of P. vivax malaria using primaquine. It is necessary to determine the G6PDd distribution patterns in malaria-endemic areas and further analyze the unveiled relationship between malaria incidence and the G6PDd prevalence.

The present study presented the most recently updated information on G6PDd in Hainan, China. We also analyzed and compared the G6PDd distribution patterns among different counties, ethnic groups, and genders and explored the relationship between the spatial distribution of malaria cases and G6PDd status in the minority area. These results would be beneficial for optimizing existing tools against P. vivax, and deploying more effective measures for protecting the most vulnerable populations.



Materials and methods


Study area

The study areas were located on the main island of Hainan Province, 18°10′-20°10′ north latitude and 108°37′-111°03′ east longitude, in southern China. This region has a land area of 33,900 km2 with a population of 8.26 million. There are multi-ethnic populations, including Li, Miao, and Hui ethnic minorities living together in the central and southern mountainous areas. The Han ethnic majority distributes throughout the island. The Li ethnic minority is one of the earliest inhabitants and the most populous ethnic minority in Hainan.



Ethics statement

This clinical study protocol was reviewed and approved by the Ethics Review Committee of the Hainan Center for Disease Control and Prevention. Each participant provided informed consent (in Chinese) before participating in this study. In most cases, the participants provided their written informed consent. The consent was verbal for patients who could not read or write standard Chinese. In these cases, the research nurse documented the participant's consent in writing, including the contents and methods of information provided to the participant and the date and time of the verbal consent, which was then witnessed and signed by another nurse who was not in the research team. The informed consent record, either written or verbal, was kept in the participant's hospital chart. The Ethics mentioned above Committee reviewed and approved this consent procedure.



Participants and data collection

We selected 11 malaria-endemic counties (Baisha, Baoting, Changjiang, Dongfang, Ledong, Lingshui, Qionghai, Qiongzhong, Sanya, Wanning, and Wuzhishan) in Hainan according to the reported malaria incidence in the previous 5 years (2004–2009). We selected one comprehensive county-level hospital in each county as the investigation sites. Patients with malaria-like symptoms such as fever, shivering, and perspiring seeking medical service in these 11 hospitals between January 1, 2009 and December 31, 2011 were enrolled. Each participant's demographic and clinical information was collected, including the ethnic group, sex, age, location of residence, clinical symptom, and the routine test.



Procedure for detection of G6PDd

The peripheral blood sample (5 ml) was obtained from each participant by forearm venipuncture and tested for G6PDd using the fluorescent spot test (FST) method as previously described (12, 13). Briefly, 10 μl of blood sample was added to 100 μl test reagents and incubated at 37°C for 30 min; a spot was made on ordinary filter paper and was permitted to dry; the spots were then visualized under an ultraviolet (UV) light. Spots that showed fluorescence were classified as normal G6PD, and spots that failed to show fluorescence were classified as G6PDd. After being used for G6PDd test, microscopy test, and blood routine test, the remaining blood samples were stored in Hainan CDC for further confirmation assays. The microscopy examined all patients to confirm or rule out a malaria diagnosis.



G6PDd prevalence and spatial distribution analysis

The G6PDd prevalence for various groups, including different ethnic groups, genders, counties, malaria patients, and patients without malaria, were calculated and compared using the χ2-test. In order to avoid the confounding effects caused by ethnicity in different counties, we calculated the ethnic-standardized G6PD prevalence. The ethnic-standardized G6PDd prevalence of the study area and each county were calculated and compared with their corresponding general G6PDd prevalence using the χ2-test. The malaria incidence of the study participants in each county were calculated.

The G6PDd prevalence of each county were first categorized into three levels, i.e., 0–5.00%, 5.01–10.00%, and 10.01–15.00%, respectively, and then geo-coded and matched to the corresponding polygon on a digital map of Hainan, which was marked with different colors to represent the different levels of the G6PDd prevalence. The spatial autocorrelations of the G6PDd prevalence and ethnic-standardized G6PDd prevalence across the study area was estimated using Moran's I statistic program to determine whether G6PDd was randomly distributed among the counties. The spatial analyses were conducted using the Spatial Analyst Model with ArcGIS 9.2 software (ArcGIS 9.2, Environmental Systems Research Institute, Redlands, CA, USA).



Cluster analysis

The spatial cluster analyses of malaria incidence and G6PDd prevalence were conducted between 2009 and 2011. In order to detect and compare the counties with a high risk of malaria and G6PDd at different spatial scales, maximum spatial cluster sizes of 20%, 30%, and 40% of the entire population were specified for both malaria incidence and G6PDd prevalence. The cluster window with the highest likelihood ratio (LLR) was the most likely cluster to have the highest risk of malaria or G6PDd. The cluster window with the next to maximum LLR was the secondary likely cluster with the second-highest risk of malaria or G6PDd. The relative risks of malaria or G6PDd within and outside these windows were calculated to evaluate the degree of risk. The cluster analysis was performed using SatScan 7.0.3 (SatScan 7.0.3, Information Management Services Inc., Boston, MA, USA). Clustering was performed using purely spatial and a Poisson model was used during the analysis.



Correlation analysis

Spearman rank correlation analysis was conducted to detect the relationship between G6PDd prevalence and malaria incidence in the study areas. The index r > 0 denoted a positive correlation, while r < 0 denoted a negative correlation. The correlation was considered significant when P < 0.05.




Results


Characteristics of the participants

Among the 5,622 participants in the present study, 3,444 were Han Chinese and 2,178 were Li Chinese, including 3,009 males and 2,613 females, and 670 were malaria patients (including 667 P. vivax malaria patients and 3 Plasmodium falciparum malaria patients) and 4,952 were patients without malaria (Supplementary Table S1). The age of the 5,622 participants ranged from 19 to 72 years old (median = 39 years, IQR 26–52 years). There were 634 (94.63%) malaria patients with a body temperature higher than 37.5°C, 571 (85.22%) with shivering, 595 (88.81%) with perspire, 206 (30.75%) with abdominal pain, 113 (16.87%) with nausea, and 105 (15.67%) with vomiting. The median WBC, RBC, and hemoglobin of the 670 malaria patients were 8.2 × 109/L (4.6–11.3 × 109/L), 4.3 × 1012/L (3.5–5.2 × 1012/L), and 121 g/L (102–139 g/L).



G6PDd prevalence

The overall G6PDd prevalence was 7.45% (419/5,622). The G6PDd prevalence of males was significantly higher than that of females (8.91% vs. 5.78%; χ2 = 19.84, P < 0.01, Table 1). The G6PDd prevalence of the Li ethnic minority was significantly higher than that of the Han ethnic majority (12.03% vs. 4.56%; χ2 = 107.96, P < 0.01, Table 1). The G6PDd prevalence of malaria patients was significantly higher than that of patients without malaria (12.39% vs. 6.79%; χ2 = 26.86, P < 0.01, Table 1). The G6PDd prevalence of male patients was significantly higher than that of patients without malaria (12.88% vs. 8.36%; χ2 = 8.07, P < 0.01). After a careful comparative analysis of the subgroups, Li ethnic group, male gender, and G6PDd were at risk of malaria. There was no significant difference between the G6PDd prevalence and the ethnic-standardized G6PDd prevalence of the entire study population (7.45% vs. 8.29%; χ2 = 3.55, P > 0.05).


TABLE 1 The G6PDd prevalence in different groups in Hainan, China, 2009–2011.
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Spatial distribution pattern of G6PDd

The G6PDd prevalence varied from 2.96% in Qionghai County to 14.48% in Dongfang County, and the ethnic-standardized G6PDd prevalence varied from 2.11% in Wuzhishan County to 14.82% in Dongfang County (Table 2). There were significant differences in both G6PDd prevalence and ethnic-standardized G6PDd prevalence among the 11 counties (Table 2, χ2 = 121.16, P < 0.01; χ2 = 110.65, P < 0.01). In addition, significantly positive spatial autocorrelations of G6PDd prevalence and ethnic-standardized G6PDd prevalence across the 11 counties [Moran's I = 0.49, Z (I) = 2.62, P < 0.05; Moran's I = 0.53, Z (I) = 2.71, P < 0.05] was observed. However, there was no significant difference between the G6PDd prevalence and the ethnic-standardized G6PDd prevalence in each county. The spatial distribution pattern of the G6PDd prevalence of the 11 counties was heterogeneous (Figure 1).


TABLE 2 The G6PDd prevalence, ethnic-adjusted G6PDd prevalence, and malaria incidence in 11 counties in Hainan, China, 2009–2011.
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FIGURE 1
 Spatial distribution of clusters with high G6PDd risk and high malaria risk in Hainan, China, 2009–2011. (A,B) is the spatial distribution of clusters with high G6PDd risk and high malaria risk, respectively. The risk of G6PDd and malaria were ordered using the likelihood ratio (LLR). The most likely cluster indicates the area with the highest risk of G6PDd and malaria, and the secondary likely cluster indicates the area with the second highest risk of G6PDd and malaria.




Spatial clusters of G6PDd prevalence and malaria incidence

We limit the maximum spatial cluster size to 20% of the population size at risk, three counties constituted the most likely cluster of G6PDd (Baisha Changjiang and Dongfang) and one county constituted the secondary likely cluster (Lingshui) (Figure 1A). When the maximum spatial cluster size was 20% of the population size, four counties constituted the most likely cluster of malaria (Lingshui, Qiongzhong, Wuzhishan, and Baoting), and one county constituted the secondary likely cluster (Baisha) (Figure 1B). These results further indicated that the distribution patterns of G6PDd and malaria were significantly different among the studied counties.



Correlation between G6PDd prevalence and malaria incidence

Correlation analysis indicated no significant correlation between the G6PDd prevalence and malaria incidence during 2009–2011 in the study areas (r = 0.46, P > 0.05).




Discussion

It has been estimated that more than 400 million people are affected by G6PDd in malaria-endemic regions worldwide (10). Moreover, G6PDd prevalence in the ethnic minority areas is most likely underestimated due to no universal access to diagnosis or high expenditure (7, 14–18). So, the actual G6PDd prevalence may need continuous updates leading to additional difficulty in combating malaria (3, 19). The present study demonstrated that the population in Hainan has a significantly higher G6PDd prevalence compared with other areas in China (8, 9, 20).

Though currently, Hainan has eliminated P. vivax malaria, the current undated data on G6PDd prevalence has important implications for treating imported P. vivax malaria and preventing re-transmission in the future.

Glucose-6-phosphate dehydrogenase (G6PD) deficiency is a common X-linked genetic trait, and thus affects mainly males. Link between G6PDd and gender revealed that the prevalence in males is usually higher than that of females. The G6PD test classifies the heterozygous females as normal because they have both normal and deficient G6PD red blood cells. From the genetic point of view, our result confirmed that the G6PDd prevalence of males is significantly higher than that of females overall (12.03% vs. 4.56%) or at the group level (both in Li ethnic group and Han ethnic group). On the other hand, males are more likely to become infected with malaria because of some social and behavioral characteristics. For example, males are more likely exposed to the environment of Anopheles mosquitoes, and females are more likely to use mosquito nets than males as they tend to protect their young children. Where feasible, particular attention should be paid to the males, especially in the endemic area or where an outbreak happens when massive primaquine is used.

Knowing the G6PDd prevalence is crucial to determining whether primaquine is contraindicated in patients (21, 22). Hainan Province is multi-ethnic with variant genetic backgrounds, while Han and Li are the two main ethnic groups. According to a national survey, the G6PDd prevalence among ethnic groups is usually greater than among ethnic Han Chinese. In the present study, we also found the different G6PDd prevalence among ethnic groups. For example, the G6PDd prevalence (8.91%) of the Li ethnic minority was significantly higher than that of the Han ethnic majority and was also higher than that of other ethnic minority populations reported from other areas in China (8, 20, 23). Li ethnic minority group was the second largest population with unique genetic traits on Hainan Island. However, the G6PDd studies on Hainan Li population are still insufficient because Li populations live in remote or hard-to-reach areas and have limited access to health facilities. Particular attention should be paid to high-risk groups vulnerable to drug reactions, especially when their genetic variants are unknown.

Glucose-6-phosphate dehydrogenase deficiency can provide protection from severe malaria (24). There is significant selective pressure on the G6PD gene in malaria-endemic areas resulting G6PDd prevalence is exceptionally high in some areas of Africa, the Middle East, and South Asia (25). The present study also found that the G6PDd prevalence in malaria patients was more remarkable when compared with that in the non-malaria patient. However, its protective effect on preventing severe malaria needs further evaluation because we did not find such patients in our investigation period. Additionally, the relationship between parasite density and G6PDd status has yet to be explored.

We also found that the distribution patterns of G6PDd were not consistent with the malaria incidence by cluster analysis. These results suggest that the spatial correlation between G6PDd prevalence and malaria incidence is not evident in our study. Similarly, Rosalind et al. established a geostatistical model based on G6PDd prevalence, estimated affected populations, and found that G6PDd was spatially heterogeneous. However, cluster analysis revealed that malaria patients were mainly distributed in the central-southern counties of Hainan, consistent with the epidemic situation during the study period (26). Identification of distribution pattern of G6PD and malaria incidence can provide valuable insights for deliberating the relatedness.

Of note, the present study also has some limitations. Firstly, we only included a small number of participants from 11 counties, which may not reflect the true representative of the overall demographic sample. Secondly, we only focused on the two largest ethnic groups but not include other ethnic minorities. The G6PDd patterns and factors influencing the associations with malaria incidence are needed to examine in a stratified sampling method. Thirdly, the enrolled participants were selected from the hospital instead of the community, which may lead to bias.



Conclusion

In summary, the results of this study represent the actual G6PDd status in malaria-endemic areas of Hainan. The Li ethnic minority had a higher G6PDd prevalence, especially in males and malaria patients. The G6PDd prevalence was not spatially correlated with the malaria incidence. Thus, in order to mitigate the risk of primaquine-induced hemolysis, special attention should be paid to minority populations in Hainan. More efficient and convenient diagnostic testing tools, such as point-of-care field tests, are expected to inform the potential risk of primaquine-associated harm.
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Parvimonas micra is an anaerobic Gram-positive coccus frequently found in the oral cavity and gastrointestinal tract, but rarely in the lung. Therefore, pneumonia caused by P. micra is also rare. Although there are some reports of P. micra related pneumonia due to aspiration or blood-borne infection with definite remote infection source, there are no reported cases of hematogenous P. micra pneumonia in healthy adults lacking a remote source of infection. Herein, we described the intact disease of P. micra-related pneumonia mimicking hematogenous Staphylococcus aureus pneumonia in terms of chest imagery and diagnosed via metagenomic next-generation sequencing (mNGS). Interestingly, there was no clear remote pathogenic source identified in the patient. Microbiome analysis revealed dysbiosis of the oral flora possibly related to poor oral hygiene and a long history of smoking. The patient was treated with moxifloxacin for 3 months. Ultimately, computed tomography (CT) of the chest showed total resolution of the lung lesion. Clinicians need to update the etiology of community-acquired pneumonia. When antibiotic therapy is not effective, pathogen examination becomes very important. New methods of pathogen detection such as mNGS should be employed to this end. For the treatment of P. micra pneumonia, no standardized course of treatment was reported. Imaging absorption of lung infections may provide a more objective guidance for the duration of antibiotics in P. micra pneumonia.
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P. micra pneumonia, dysbiosis, oral flora, poor oral hygiene, new etiology


Introduction

Parvimonas micra, previously known as Peptostreptococcus micros and Micromonas micros, is commonly found on human skin, in oral cavity, and among gastrointestinal flora (1). It is an anaerobic Gram-positive coccus with a diameter of 0.3–0.7 μm. This opportunistic pathogen is frequently isolated from infected root canals of teeth with chronic apical periodontitis, whereas remote infections are rare (2). A few sporadic cases of remote infection in patients with underlying diseases or a recent oral operation have been reported (3–6).

Because it is anaerobic, P. micra is not a dominant bacterium in aerobic environments, including the lung. Although there are some reports of P. micra pneumonia due to aspiration, hematogenous P. micra pneumonia is rare (7–9). Moreover, to the best of our knowledge, there are no reports of P. micra-related pneumonia induced by bloodstream infection without a definitive, remote pathogenic source.

The gold standard method of diagnosing P. micra infection is microbiological examination. However, it is difficult to detect using traditional cultural methods (10). Recently developed non-culture methods, such as metagenomic next-generation sequencing (mNGS), provide an alternative for the identification of unknown pathogens (11). As a new tool, mNGS is any of several high-throughput sequencing methods whereby billions of nucleic acid fragments can be simultaneously and independently sequenced. It can be used to precisely and rapidly identify potential pathogens regardless of pathogen type (bacterium, virus, fungus, parasite, and so on) (12). The mNGS is a promising method for diagnosing sophisticated infections, especially severe pneumonias require stay in the intensive care units (13, 14).

Herein, we describe P. micra pneumonia mimicking hematogenous Staphylococcus aureus pneumonia in terms of chest imagery and diagnosed via mNGS in pleural effusion. Interestingly, there was no definitive, remote pathogenic source identified in the patient. A cautious approach to diagnosis is necessary for rare cases such as this to avoid misdiagnosis, and clinical knowledge of P. micra-related pneumonia should be updated.



Case presentation

A 74-year-old man was admitted to the Department of Respiratory and Critical Care Medicine of the First Affiliated Hospital of Chongqing Medical University on 25 March 2022 with a complaint of dry cough, fever, and intermittent chest pain for 17 days and shortness of breath after activity for 4 days. He denied night sweats and weight loss. There was no history of hemoptysis, recent contact with tuberculosis or irritant gas, or any other underlying health conditions, except for 20-year smoking history. When the symptoms first occurred, the patient underwent a series of computed tomography (CT) scans. At that time, he was treated with amoxicillin clavulanate potassium for 4 days and with levofloxacin for 6 days (Figure 1). His chest pain was significantly relieved and his temperature returned to normal. However, the patient continued to cough intermittently and experience shortness of breath after activity. As shown in Figure 2, consecutive CT images showed an increasing number of nodules and exudative inflammatory lesions with a newly emerged pleural effusion. Physical examination indicated normal vital signs (Body temperature: 36.2°C, Pulse rate: 70/min, Respiratory rate: 20/min, Blood pressure: 146/74 mmHg) but asymmetric breath sounds without rales or wheezing. Blood gas analysis indicated a Pondus Hydrogenii (PH) of 7.48, a Partial Pressure of Carbon Dioxide (PCO2) of 37 mmHg, Oxygen Permeance (PO2) of 73 mmHg, Bicarbonate (HCO3–) of 27.6 mmol/L, and oxygen saturation (SO2) of 96%. His leukocyte levels were normal, but his erythrocyte sedimentation rate was elevated, at 61 mm/h.
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FIGURE 1
Timeline of the clinical course and duration of treatment.
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FIGURE 2
Serial chest computed tomography (CT) scans of the patient with Parvimonas micra pneumonia. (A–C) The initial CT scan on 9 March 2022 (2 days after symptom onset) shows subpleural nodules in both lungs, some nodules with ground glass appearance, and a few exudative inflammatory lesions in both lower lungs. (D–F) A CT on the next day (10 March 2022) showed more nodules and exudative lesions in both lungs and some enlarged nodules. (G–I) A follow-up scan (21 March 2022) after treatment with amoxicillin clavulanate potassium and levofloxacin showed multiple subpleural nodules with newly emerged bilateral pleural effusion and an exudative lesion in the right lung. (J–L) Another CT (4 April 2022) showed complete absorption of the pleural effusion and a reduced exudative lesion. (M–O) Another CT after moxifloxacin treatment for 3 months (15 June 2022) exhibited an almost normal chest image.


According to his clinical symptoms and the dynamic changes observed in chest CT, we highly suspected an infectious lung disease. Because of the non-specific clinical manifestations, pathogenetic examination was very important for this patient. Therefore, we collected microbiological samples and performed routine bacteria culture. The GeneXpert MTB/RIF assay and mNGS were performed on 29 March 2022, 4 days after admission, in an attempt to identify pathogenic bacteria. Meanwhile, his antibiotic treatment was switched to moxifloxacin to better fight against Gram-positive bacteria and covered the antibacterial spectrum of anaerobic bacteria. As shown in Table 1, the laboratory tests, such as Galactomannan Antigen Testing (GM), β-D-glucan fungal antigen test (G test), and tests for cryptococcal pod antigen, were negative; however, the patient was positive for mycoplasma antibody (IgM). The pleural effusion was exudate consisting of 44% leukocyte. Samples of it were sent for routine bacteria culture and were analyzed using the GeneXpert MTB/RIF assay and mNGS. BALF samples were also subjected to routine bacteria culture and GeneXpert MTB/RIF assay. All samples returned negative in all of the tests except mNGS, which identified four specific reads of P. micra with 9% relative abundance from pleural effusion samples.


TABLE 1    Laboratory tests for clinical pathogen identification.
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To search for the source of infection, enhanced CT of the oropharyngeal and abdomen as well as cardiac ultrasound were conducted. A medical history inquiring about toothache, periodontitis, and oral invasive operations was conducted, and the patient denied underlying oral diseases. No abscesses were detected in any CT image, and cardiac ultrasound revealed a lack of bacterial emboli. However, an examination of the oral cavity indicated that most tooth crowns of this patient were missing, while the roots remained. Oropharyngeal CT also suggested multiple root remnants with partial alveolar bone resorption. Further inquiries revealed that the patient wore dentures for an extended period of time; these were cleaned and soaked in normal tap water that was not changed every day. Based on the poor oral hygiene and colonization of the oral cavity with P. micra, we intended to conduct mNGS to analyze oral and lung pathogens. However, because of the high cost of mNGS, we had to analyze the oral and lung microbiome by 16s rRNA gene sequencing. Interestingly, the results identified Parvimonas not only in the oral cavity but also in the BALF (Figure 3). Compared to the oral flora of healthy men (15), the patient’s α diversity of the oral cavity was significantly reduced (Figure 3). Based on these factors, we speculated that the oral cavity could have been the potential infection source. Moxifloxacin treatment was continued. Fortunately, a follow-up chest CT on 4 April 2022 showed complete absorption of pleural fluid and significant resolution of the exudative lesions (Figure 2). Given that the adjusted treatment was effective, moxifloxacin was continued for 3 more months. Finally, a chest CT on 15 June 2022 showed almost total resolution of the lung lesion (Figure 2).
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FIGURE 3
Comparison of the oral and lung microbiome (heatmap). (A) No significant differences were found in P. micra between oral wash and BALF samples (0.11% in BALF vs. 0.13% in oral wash). (B,C) The α diversity of the oral microbiome comparing the patient to a healthy man. Both the Chao1 and Shannon indexes were lower in the patient (Chao1: 986 vs. 3,079, Shannon index: 4.244 vs. 4.829).




Discussion

Parvimonas micra is part of the normal microbiome of the oral cavity, gastrointestinal tract, and skin. However, it can be a pathogen in patients with impaired immune function or with underlying disease. Cases of P. micra infection of the hip joint, pericardium, cervix, liver, and brain have been reported (4, 16–18). However, because of the aerobic environment of the lung, this pathogen is not common in the lung and it rarely causes pneumonia. Tsyshi et al. (19) reported a case of hematogenous lung abscess caused by P. micra in an 85-year-old male with diabetes. In that case, remote sites of infection were detected: apical periodontitis and an infratemporal fossa abscess.

Here, we report a case of P. micra pneumonia mimicking hematogenous Staphylococcus aureus pneumonia in terms of chest imagery without a definitive remote site of infection. There was no direct evidence of blood-borne infection, but we still highly suspected hematogenous infection based on the chest imagery. According to microbiome analyses of the oral cavity and lung by 16s rRNA gene sequencing, the patient’s poor oral hygiene was suspected to be related to the infection. However, as mentioned above, P. micra is a normal component of the oral and intestinal flora in healthy people. The patient in our case denied any underlying disease, except for a long history of heavy smoking. It has been reported that smoking tobacco disrupts immune homeostasis, resulting in a variety of illnesses (20). It also affects oral microbiota composition (21). The level of P. micra and other bacteria in the oral cavity is higher in smokers than in non-smokers (8). We also noted poor hygiene with suspected periodontitis and decreased α diversity in the oral microbiome of our patient, accompanied by similar copies of P. micra between oral wash and BALF samples. Therefore, we speculate that our patient’s P. micra pneumonia may have been induced by dysbiosis of his oral microflora and tobacco smoking.

Common hematogenous lung abscesses always present with high fever, cough with or without sputum, and multiple small subpleural nodules with dynamic change in CT scans. According to a previous systematic review (22), the common pathogens of hematogenous lung abscesses are methicillin-sensitive Staphylococcus aureus (MSSA) and methicillin-resistant Staphylococcus aureus (MRSA). Isolation of P. micra as the causative pathogen of a hematogenous lung abscess is rare. Little is known about the clinical characteristics of P. micra hematogenous lung infections. In our case, the patient showed the much similar manifestations to hematogenous lung infection. Because there are no known specific symptoms of hematogenous P. micra pneumonia, it was extremely critical to conduct a microbiological examination. Unfortunately, however, it is difficult to detect this microbe using conventional culture methods. Hence, we used the mNGS technique, which has a wide detection range and does not need to specify the suspected causative microorganism in advance. In addition, comparing to conventional culture methods, the results are obtained very quickly (2–3 days vs. 5–7 days for conventional methods) and the positive rate of identified pathogens is much higher (95 vs. 54%) (23).

Mycoplasma pneumoniae IgM is an early antibody that appears after infection, and it usually appears only after 4–5 days and lasts 1–3 months or more. A positive IgM for Mycoplasma pneumoniae may indicate current infection with Mycoplasma pneumoniae or it may not, as some patients may show prolonged IgM seropositivity caused by prior Mycoplasma pneumoniae infection (24). So, in our case, the patient was thought to be a false positive Mycoplasma pneumoniae IgM and diagnosed with P. micra detection in pleural effusion with mNGS in our case. Normal pleural effusion fluid is sterile, and it can be identified as pathogenic if bacteria are detected in it. Therefore, we confirmed that P. micra was the pathogen causing the pulmonary infection in our patient rather than Mycoplasma pneumoniae.

Although P. micra is typically susceptible to antibiotics such as penicillin, clindamycin, metronidazole, and imipenem, drug-resistant strains may also exist (9, 25). In this case, amoxicillin clavulanate potassium and levofloxacin were administered successively. Unfortunately, the clinical symptoms of the patient remained poorly controlled and the lesions in the lung became exacerbated. So we highly suspected that the patient suffered from drug-resistant strains, even P. micra was theoretical sensitivity to penicillin (26). Hence, if possible, we recommend acquiring drug sensitivity test along with the pathogenic cultures or drug-resistant gene test, which may provide us with the necessary information to develop precise treatments.

The previous studies have suggested that the durations of antibiotic therapy for P. micra pneumonia are highly variable (8) and there is little evidence of hematogenous P. micra pneumonia. Watanabe et al. (7) reported a case of P. micra-related hematogenous lung abscess in which chest CT showed that the lung lesions resolved after 1 month of antibiotic treatment with ampicillin sulbactam. Ubukata et al. (19) reported a similar case where antibiotics were continuously administered for 3 months. Similarly, we administered moxifloxacin for 3 months in our patient. Considering the large variation in antibiotic duration to treat P. micra pneumonia, we recommend using lung imaging instead to guide the antibiotic regimen.

There were some limitations to this study. Due to the usage of antibiotics prior to admission and the relatively high cost of mNGS in the clinical setting, blood samples were not used for mNGS tests. In addition, the patient’s oral and pulmonary flora were not analyzed after treatment, and thus any differences pre- and post-treatment with moxifloxacin could not be determined.



Conclusion

In summary, we report a case of P. micra pneumonia in a patient without any apparent underlying diseases and no remote site of infection. Clinicians need to update the etiology of community-acquired pneumonia, especially in smoking patients with poor oral hygiene. When antibiotic therapy is ineffective, early initiation of mNGS is critical for the rapid screening of rare pathogens such as P. micra. If possible, we recommend choosing a reasonable antibiotic based on drug sensitivity tests of P. micra to avoid possible drug resistance. Finally, lung infection absorption as determined via imaging may provide more objective guidance of treatment than the duration of antibiotic treatment.
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To investigate the influence of geographic constrains to mobility on SARS-CoV-2 circulation before the advent of vaccination, we recently characterized the occurrence in Sicily of viral lineages in the second pandemic wave (September to December 2020). Our data revealed wide prevalence of the then widespread through Europe B.1.177 variant, although some viral samples could not be classified with the limited Sanger sequencing tools used. A particularly interesting sample could not be fitted to a major variant then circulating in Europe and has been subjected here to full genome sequencing in an attempt to clarify its origin, lineage and relations with the seven full genome sequences deposited for that period in Sicily, hoping to provide clues on viral evolution. The obtained genome is unique (not present in databases). It hosts 20 single-base substitutions relative to the original Wuhan-Hu-1 sequence, 8 of them synonymous and the other 12 encoding 11 amino acid substitutions, all of them already reported one by one. They include four highly prevalent substitutions, NSP12:P323L, S:D614G, and N:R203K/G204R; the much less prevalent S:G181V, ORF3a:G49V and N:R209I changes; and the very rare mutations NSP3:L761I, NSP6:S106F, NSP8:S41F and NSP14:Y447H. GISAID labeled this genome as B.1.1 lineage, a lineage that appeared early on in the pandemic. Phylogenetic analysis also confirmed this lineage diagnosis. Comparison with the seven genome sequences deposited in late 2020 from Sicily revealed branching leading to B.1.177 in one branch and to Alpha in the other branch, and suggested a local origin for the S:G118V mutation.

KEYWORDS
  SARS-CoV-2, B.1.1 variant, new sequence, virus monitorization, Sicily, COVID-19, novel SARS-CoV-2 genome sequence


Introduction

From the time of its emergence in late 2019 in China (1) and along the nearly 3 years of pandemic with a toll of >635 million cases and > 6.5 million deaths (2), the SARS-CoV-2 virus has evolved, accumulating mutations in its genome. This genome is a positive-sense single-stranded RNA (+ssRNA) that encodes four structural proteins (spike, S; envelope, E; matrix, M; and nucleocapsid, N), sixteen non-structural proteins (NSP1 to NSP16, all derived from the ORF1ab gene), and nine putative accessory factors (ORFs 3a, 3b, 6, 7a, 7b, 8, 9b, 9c, and 10) (3) (see Figure 1 for a non-exhaustive scheme of the viral genome). Insertions, deletions, and particularly amino acid substitutions in the encoded proteins are the main actors of viral evolution, a process which is largely shaped by selection toward increased viral transmissibility, fitness and escape from antiviral challenges (antibodies and vaccines) (4). The D614G amino acid substitution in the S protein was one of the first changes that succeeded in being fixed in subsequent viral lineages since it increased viral transmissibility (5, 6) (reported up-to day in >13 million genome sequences deposited in GISAID, Figure 1). In the summer of 2020, the B.1.177 variant spreading from Spain incorporated another mutation, A222V, in the viral S protein, a change generally considered neutral (7), although such view might be challenged by the repeated events of independent re-emergence of this mutation (8). Variants B.1.160 and B.1.258 appeared approximately simultaneously with the B.1.177 variant and coexisted with it in some countries, (7, 9). They, respectively, hosted in the S protein the S477N and N439K substitutions (4), both of them mapping in the receptor binding domain (RBD) of the S protein, the part of S that mediates virus attachment to its cellular receptor (the angiotensing-converting enzyme 2, ACE2). Both mutations apparently enhanced slightly the affinity of the RBD for ACE2 (10), although these variants did not outperform B.1.177. Since then, and particularly after November 2020, new SARS-CoV-2 variants have appeared with significantly increased fitness relative to previous variants, not only in terms of transmissibility, but also in terms of evasion of neutralizing antibodies and vaccine-mediated immunity (11). Presently the World Health Organization (WHO) designates variants as Variants Being Monitored (VBMs), Variants of Interest (VOIs; presently none) or of Concern (VOCs, three in October 27, 2022, all from the Omicron lineage) for which there is either potentiality (VOIs) or clear evidence (VOCs) for increased transmissibility, severity or escape from diagnosis or from antibodies/vaccination; and, finally, Variants of High Consequence (VOHCs, presently none) which are of obligatory declaration and that are really those causing a severe and highly dangerous pandemic or highly epidemic situation [(12); and https://www.ecdc.europa.eu/en/covid-19/variants-concern].


[image: Figure 1]
FIGURE 1
 Deepness of sequencing (DS) along the viral genome and sequence variations identified. In the lower part, SARS-CoV-2 genomic coverage obtained by next-generation sequencing (NGS). The horizontal axis corresponds to positions in the SARS-CoV-2 Wuhan-Hu-1 consensus genome sequence (GenBank ID: NC_045512.2) and the vertical one to the depth of the sequence (DS) at a given position. The dashed horizontal line marks the NGS filter (DS ≥ 50). Above this, aligned over the nucleotide positions, the viral genome is schematized as a horizontal bar, with identification of the genes hosting nucleotide substitutions in our reported genome. Gene boundaries are marked with vertical lines crossing the bar, giving their corresponding nucleotide position in the sequence. Gene names are inscribed into the bar or placed under it, with indication with horizontal short lines or double-pointed arrows, of their spans (including the one of ORF1ab, which is a polyprotein-encoding gene). The part of the S gene that encodes the Receptor Binding Domain (RBD) is marked within the genome bar using transversal broken lines to indicate its boundaries. The amplicons used in Sanger sequencing (Table 1) are marked as magenta-colored rectangles within the genome bar, with their abbreviated names given below in magenta. Blue and red vertical lines emerging up from the genome bar, respectively, mark synonymous and non-synonymous sequence variants, described in the corresponding banners (equally colored). For non-synonymous changes the banners inscribe the nucleotide change (nucleotide numbering is that for the complete genome) and the amino acid substitution (amino acid numbering is that for the sequence of the mature protein), also numbering in black the amino acid changes from 1 to 11 as they occur along the genome from 5′ to 3′. A double frame in black and red indicates that the amino acid change belongs to the canonical set for the B.1.1. lineage. The background color of the banner is orange for amino acid changes reported in millions of sequences, deep yellow for tens of thousands, light yellow for thousands, and white for smaller numbers. These numbers are given in Table 2.


As a part of the effort to monitor novel viral variants (13), we report here a unique variant identified by us in a retrospective study of samples collected in December 2020 in the island of Sicily (14). Among ~60 samples analyzed, a sample revealed a novel variant that we feel merits report, as it adds substantial information in an insular area (Sicily) that hosts a relatively large population (~5 million inhabitants) for which whole genome sequencing studies for the period of sample collection (September to December 2020) were extremely scarce (seven found in our search of GISAID: EPI_ISL_ values 2308744, 2308745, 2308746, 2308747, 2308749, 3274295, and 910332) despite the fact that >85,000 cases of COVID-19 had been diagnosed in the island by December 2020 (14). Monitoring of viral variants is an important task not only for tracing viral evolution, but also for health reasons that include the development of appropriate fast diagnostic tools and to anticipate possible vaccine evasion events in emerging variants. In addition to VOIs and VOCs, minority variants also are relevant, especially in terms of virus monitorization. In fact, some of the substitutions described for less prevalent variants have later on been reported in VOCs (13), some of them via independent events of re-emergence as observed for the A222V mutation in the S protein (8).


TABLE 1 Nucleotide and amino acid substitutions found after Sanger sequencing of the four PCR-amplified viral genomic regions.
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TABLE 2 Base substitutions found by NGS of the viral genome, and corresponding amino acid substitutions, indicating the abundance and frequency of each amino acid change among the genome sequences deposited in the GISAID database on December 4, 2020 and, after the slash, on November 2, 2022.
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The unique SARS-CoV-2 genome sequence reported here was first identified by us by Sanger sequencing of limited regions of the genome, and then was fully confirmed as novel by next generation sequencing (NGS) of 99.7% of the viral genome. We found that the genomic sequence of this virus derives from a B.1.1 variant, but that it diverts from the canonical blueprint for this variant in an important number of changes. Thus, the viral genomic sequence reported here hosts 20 single-base substitutions (two on two adjacent bases of the same codon) resulting in 11 amino acid substitutions, of which only 4 are present in the canonical B.1.1 variant. Furthermore, the particular combination of genome sequence changes reported here has not been identified until now. Relations of the genomic sequence with the few sequences reported for that period in Sicily, and with other full genomic viral sequences are also reported here.



Methods


Sample procurement, processing and molecular techniques including Sanger sequencing of selected-regions, and whole-genome sequencing

The nasopharyngeal swab sample in which the present viral variant was found was procured in Palermo (Sicily, Italy) by the Virology Department of the Istituto Zooprofilattico Sperimentale della Sicilia “A. Mirri” (Palermo, Italy). This is a diagnostic center of SARS-CoV-2 and other emerging viruses that was routinely collecting nasopharyngeal swab samples for the detection of SARS-CoV-2. The collection date of our study's sample was December 4, 2020. The total RNA of our study's sample was positive for SARS-CoV-2 infection using a commercial real-time reverse transcription polymerase chain reaction assay (rRT-PCR) (14). It was sent, preserved in dry ice, for detailed molecular studies to the Health Sciences Faculty of UCH-CEU University (Valencia, Spain).

All steps involved in the molecular studies leading to Sanger sequencing of selected amplicons (Figure 1) have been reported previously by us (14). In short, following retrotranscription to cDNA, four qPCR assays were routinely carried out that provided a shortcut to typing the SARS-CoV-2 virus by using very limited automated Sanger sequencing of the four amplicons (bases 22160-22239 and 22728-23124 of the S gene, the longest of the two encoding part of the RBD; and bases 28871-28964 and 29558-29704 from the N and ORF10 genes, respectively, Table 1). The amplicons were sequenced in a core gene sequencing facility (Príncipe Felipe Research Center of Valencia, Spain) using an ABI Prism 3730 sequencer, from Applied Biosystems (Foster City, CA, USA).

As the analysis of the sequences obtained in the Sanger approach using the Bioedit ver. 7.2.5 software (15) suggested a novel viral variant, we performed Next Generation Sequencing (NGS) of the entire viral genome by the approach described in detail in (16), in which Sequencing Multiplex SL (Valencia, Spain; a spinoff of the Health Research Institute of the Hospital Clínico de Valencia, INCLIVA) utilized Illumina NGS on cDNA retrotranscribed from the total RNA in our sample using random hexameric oligonucleotides and SuperScript IV reverse transcriptase (ThermoFisher). With this approach, 516,308 reads were obtained, and were submitted to the NCBI Sequence Read Archive (SRA) repository, under the BioProject accession number PRJNA900410. For analysis and reconstruction of the whole genome sequence, the Galaxy platform (17) was used to carry out the bioinformatic analysis of the raw reads. Quality of reads was visualized using FASTQC and, using the Cutadapt software, reads with less than Q20 of quality and smaller size than 100 bp were removed, yielding 307,219 high quality sequences mapping to the SARS-CoV-2 consensus genome (Figure 1). These reads were aligned against the SARS-CoV-2 reference genome using the Burrows-Wheeler algorithm (BWA-MEM), obtaining the corresponding aligned file in BAM format, which was converted to the respective SAM binary file utilizing SAMtools. Finally, by the combination of SAMtools and BCFtools, we obtained a VCF file which contained not only the genomic positions which appeared mutated in our sample, but also the depth sequence (DS, number of times each genomic position was read by sequencing) of the vast majority of SARS-CoV-2 genomic positions. Positions which presented a DS higher than 50 and which were different to the consensus sequence in at least 75% of the reads that covered these positions were classified as mutated ones. Furthermore, the presence of these mutated positions was visualized using the Integrative Genomics Viewer (IGV) (18).

The final aligned sequence covered 99.7% of the entire viral genome, with only 90 positions of the 29,903 nucleotides of the whole reference viral genome (GenBank identifier NC_045512.2) not properly covered (positions 1–39 and 29,853–29,903) (Figure 1).

The obtained sequence was submitted to the GISAID database (19) (Accession ID: EPI_ISL_13157456). The sequence was used for BLASTN analysis (20) of GISAID and NCBI databases to test whether the obtained sequence had been reported previously. It was aligned with the consensus genome sequence and with the most relevant SARS-CoV-2 variants (including past and present VOCs). Following the alignment conducted with MAFFT aligner version 7 (21), aligned sequences were subjected to phylogenetic analysis using the MEGA11 software (22), as previously reported (16). In brief, distance matrices were calculated, and tree topology was inferred by the maximum likelihood method based on p-distances (bootstrap on 2,000 replicates, generated with a random seed). This process was done, too, with the seven viral sequences from Sicily deposited in GISAID for the period of September to December of 2020.




Results

As a shortcut to differentiate among major pre-existing variants, and particularly to identify B.1.177, a variant which was highly prevalent in Europe at the time of collection of this sample (7), we first PCR-amplified and Sanger-sequenced four genomic regions (Figure 1 horizontal bar; and Table 1). Analysis of three regions corresponding to the part of the S gene that encodes the N-terminal domain (NTD) of the S protein and two regions within the coding sequences of the N and ORF10 genes (Table 1) did not uncover any characteristic B.1.177 substitutions, revealing instead in the N gene six nucleotide substitutions clustered in a group of two adjacent ones (affecting the same codon and constituting a synonymous change); in another group of three adjacent ones (affecting two successive codons, causing the two amino acids substitution R203K/G204R in the N protein) and a third isolated substitution also causing a non-synonymous change in the N protein (R209I). The R203K and G204R substitutions in the N protein are observed in the Alpha (B.1.1.7) and Gamma (P.1) variants, two variants that in December 2020 were increasing their prevalence and were of concern (9). For differentiation between Alpha and Gamma variants we used the fourth Sanger-sequenced amplicon. This amplicon encompasses a central region of the S gene that encodes a part of the receptor binding domain (RBD) of the S protein. Alpha and Gamma variants contain therein a unique combination of marker substitutions (Table 1) (9). To our surprise, we did not find in this amplicon any amino acid substitutions characteristic of these variants, failing to support the identification of our viral sample as belonging to the Alpha, Gamma or to the B.1.177 lineages. This strongly suggested that the virus in this sample represented a different, perhaps new variant, prompting us to use whole-genome sequencing by NGS to try to characterize it.

Of the 29,903 nucleotides of the complete reference sequence of the SARS-CoV-2 genome, our NGS approach generated high-quality sequence of appropriate deepness (see Methods) for nucleotides 40 to 29,853, corresponding to 99.7 % of the whole genome viral reference sequence (Figure 1). The sequence was assembled with appropriate bioinformatics tools (see Methods), identifying 20 base substitutions relative to the reference sequence, of which 12 were nonsynonymous substitutions (11 amino acid substitutions) and 8 were synonymous changes (Figure 1 and Table 2). Based on the SARS-CoV-2 variant classification of GISAID, the virus was automatically assigned by the GISAID server to the B.1.1 lineage, a European lineage traced back to the 4th of January of 2020 with 3 clear single nucleotide substitutions, 28881 G>A, 28882 G>A and 28883 G>C (23), all three present in our genomic sequence (Figure 1). The COV-LINEAGES organization webpage, visited on November 1, 2022 (23), gives 22,790 and 50,400 viral genomes designated and adscribed, respectively, to the B.1.1 lineage. Our sequence carries four of the five changes given in (23) as present in at least 75% of the sequences corresponding to the B.1.1 lineage: NSP12:P323L (equivalent to ORF1b:P314L; mapping in the NSP12 protein), S:D614G (S protein), and N:R203K and N:G204R (N protein) (Figure 1 and Table 2, banners with an inner black frame), only lacking the lineage marker mutation ORF8:S84L (ORF8 protein). The occurrence in our genomic sequence of four of the 5 marker sequence changes shared by 75% of the viral isolates ascribed to the B.1.1 lineage reinforce the adscription of our viral sample to that lineage. This adscription is supported, too, by the results of phylogenetic analysis that showed (Figure 2A) that our genome sequence clusters together with B.1.1 viral sequences (for simplicity, only one shown in Figure 2A).
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FIGURE 2
 Maximum Likelihood Trees based on complete SARS-CoV-2 genomes. Evolutionary analyses were conducted in MEGA (see Methods), inferring the histories using the neighbor-joining method. Optimal trees are shown. The percentage of replicate trees in which the associated taxa clustered together is shown next to the branches. The scale bars measure phylogenetic distances as the indicated nucleotide substitutions per site. Optimal trees are shown. Trees are drawn to scale, with branch length in the same units as those of the evolutionary distance used to infer the phylogenetic tree. (A) Phylogenetic relations of our new B.1.1 sequence in the context of the most relevant SARS-CoV-2 variants, including variants which during the pandemic have been considered at least once as VOCs (Alpha, Beta, Gamma, Delta and Omicron) or VOIs (Epsilon, Mu, Iota, Eta, Kappa, Zeta, Theta, and Lambda), and also including the most prevalent variants (B.1, B.1.177, B.1.160, and B.1.258) that were circulating in Europe before the collection date of our study's sample. This analysis involved 21 nucleotide sequences, with a total of 29,919 position in the final dataset. (B) Phylogenetic relations of our new B.1.1 sequence with the seven previously reported SARS-CoV-2 sequences from Sicily in the time spanning between September and December 2020. Sequence lineage and GISAID ID are given for each genome, giving it an arbitrary number (1–8). Our new B.1.1 sequence is highlighted in bold in (A, B).


In addition to the presence of four of the five “marker” mutations of the lineage, our genome sequence revealed seven additional non-synonymous sequence variations that are not characteristic of the B.1.1 lineage and that affect proteins NSP3, NSP6, NSP8, NSP14, S, ORF3a and N (abbreviated as mutations 1, 2, 3, 5, 6, 8, and 11, respectively; Figure 1 and Table 2). None of these amino acid changes was unreported, as shown by their occurrence in sequences previously deposited in the GISAID database (Table 2). All of them had already been reported by the date of collection of our sample in early December 2020 (Table 2), although two of them, 1 and 5 (affecting NSP3 and NSP14, respectively), had only been reported in very few sequences (< 20 genomes) (Table 2). None of these two variants as well as the non-synonymous changes 2 (in NSP6) and 3 (in NSP8) has spread much, having been reported in < 0.025% of the >13.6 million viral genomic sequences now deposited in GISAID. This low frequency does not support a substantial effect of these mutations on viral fitness. Variants 6, 8, and 11 (affecting S, ORF3a and N proteins, respectively; Figure 1, banners in deep yellow color) appear to have been somewhat more successful in spreading, as they have been found in, respectively, 40,256, 38,461, and 12,880 viral genomes deposited in GISAID. Only 11 genomic sequences deposited up to now in GISAID combine these three last sequence variants with the four highly prevalent sequence variants (sequence variants in orange and in deep yellow in Figure 1, giving the combination of variants, 4, 6, 7, 8, 9, 10, and 11). This occurrence is lower (8 instances) when mutation 1 is added to the above set of non-synonymous substitutions. Addition of any other of the three remaining variants, 2, 3, or 5, reduces the number of sequences to 1, our own sequence, that thus, it is unique in the database. This last result agrees with our independent BLASTN analysis carried out with the entire databases of full genome sequences deposited in GISAID and GenBank, which failed to identify any sequence with the full set of non-synonymous mutations identified in our genomic sequence.

We also investigated by phylogenetic analysis (Figure 2B) the degree of closeness of this novel viral genome sequence with the other seven SARS-CoV-2 genomic sequences reported in the period of September to December of 2020. Two of these genomes (labeled 3 and 4 in Figure 2B) belong to the B.1 lineage and can be considered the stem from which all other sequences in this group of eight sequences have evolved. This diversification occurred in two separate branches (Figure 2B). One branch encompasses four viral isolates (sequences labeled 5, 6, 7, and 8 in Figure 2B), which belong to the B.1.177 and B.1.177.75 lineages. The other branch encompasses the viral genome reported here and the one labeled 1 in Figure 2B, respectively belonging to B.1.1 and B.1.1.7 (Alpha) lineages. This phylogenic tree, which is based on the alignment of the entire genome sequences, thus taking into consideration synonymous and non-synonymous sequence changes, is confirmed by just looking at the non-synonymous changes observed in these eight sequences (Supplementary Table 1). Only two amino acid changes, NSP12:P323L and S:D614G, are common to all eight sequences of Figure 2B. The top branch exhibits the S:A222V sequence that was very prevalent in Europe after the summer of 2020, having apparently spread from Spain, while the lower branch exhibits the characteristic N:R203K and N:G204R variants that emerged much earlier, in January 2020, in the B.1.1 lineage.



Discussion

This study characterizes a novel SARS-CoV-2 variant that occurred in Sicily in the second wave of COVID-19, when the B.1.177 variant was the predominating lineage circulating through the island (14). Our novel variant has not been reported anywhere else, judged from its lack of deposit into the GISAID and GenBank databases, but it can be classified as belonging to lineage B.1.1. This last lineage had emerged very early on in the pandemic and incorporated the most successful [in terms of spreading (24)] combination of non-synonymous variants NSP12:P323L and S:D614G (Table 2). The mechanism of the effects of the NSP12 protein mutations P323L that led it to cosegregate with the S protein mutation D614G remain uncertain. NSP12 is the catalytic, major component of RNA-dependent RNA polymerase (RdRp) (25, 26), and the P323L substitution maps in the interaction domain of this polymerase (27). It is tempting to speculate that this mutation could favor the emergence of novel viral variants by impairing the 3′ to 5′ exonuclease proofreading activity of RdRp thus decreasing replication fidelity. This would agree with the observation of rapid generation of novel variants that occurred after the B.1 variant emerged and that accelerated later on (see the Introduction), although it is true that the appearance of novel variants must have also been favored by the increase of the number of infections occurring worldwide as COVID-19 crossed country boundaries and became a pandemic. In addition, this mutation may have helped the virus escape from antibodies raised in patients previously infected by the original Wuhan variant (28). This advantage should not be diminished by the fact that remdesivir, widely used in the treatment of severe COVID-19, appears to exhibit more affinity for the mutant form of RdRp than for the previous form of this enzyme not hosting this mutation (29), since only a minority of the infected population is treated with remdesivir (possibly < 10% of the infected people).

In any case, our variant characterization and its comparison with the other seven viral specimens characterized in Sicily by having their whole genome sequenced in late 2020, help recreate a scenario in which two separating lineage branches were largely imported. Nevertheless, our viral isolate might attest some degree of local evolution toward the Alpha (B.1.1.7) lineage represented in one of the 8 sequenced genomes studied from late 2020 (Figure 2B). The uniqueness of the sequence reported here suggests some limited local evolution from the imported parental B.1.1 lineage. Whichever the level of local evolution, the main message of the observation of these 8 fully characterized Sicilian viral sequences is that variants roaming though continental Europe were also circulating in the island. This agrees with our previous conclusion based on the study of 54 viral samples obtained in Palermo (14), that isolation due to the insularity of Sicily was not an important factor, at least for the second-wave period of the pandemic, a period that did not show founder effects that could reveal the potential isolation due to insularity. Nevertheless, given the fact that S protein mutations are particularly prone to impact on virus fitness and on its escape from pre-existing antibodies (30), it is interesting that, of the two S protein amino acid variants observed in our viral genome, the G181V substitution has had modest but substantial success (Table 2) and appears to have a local origin. Thus, this mutation was found in the second half of year 2021 in 7 of 252 genotypes of the then dominant Delta lineage in the Italian mainland region of Calabria (31), which is the closest part of peninsular Italy to Sicily (from which it is separated only by the Messina straight) supporting the regional origin of this mutation. These facts render desirable the experimental investigation of the effects of this mutation on viral infectivity and sensitivity to antibodies.

Also interesting for its potential consequences is the G49V mutation in ORF3a, since G49 sits in the center of the hydrophobic cluster that seals the pore formed by the homodimer of this channel protein (Protein Databank entry 7KJR, https://www.rcsb.org/structure/7KJR) (32). ORF3a is emerging as a key element in the pathogenicity of COVID-19, mediating apoptotic and autophagy-related proinflammatory effects of the viral infection (33, 34) possibly by allowing Ca2+influx into the cell, as this cation has been shown to be channeled across membranes by the ORF3a dimer (32). The ORF3a transmembrane pore is sealed at membrane level by a hydrophobic patch of residues that glues together its six (three per subunit) transmembrane helices. This patch centrally includes G49 (belonging to transmembrane helix 1). The replacement by valine of G49 in the G49V mutant might distort the 6-helix bundle of the dimer that constitutes the closed pore, possibly increasing the frequency of the opening and Ca2+ passage, thus increasing disease severity by enhancing the proinflammatory and apoptotic potential of the virus. This possibility, and the modest but substantial success (Table 2) of this ORF3a variant, possibly justifies the experimental testing of the consequences of this amino acid substitution.

Of the other substitutions in our viral genome, the NSP12:P323L and S:D614G mutations are well-known for being epidemiologically very successful (24) but also for having been found more frequently in patients suffering severe COVID-19 than in those patients with milder COVID-19 (35). Similarly, the epidemiologically highly successful double substitution in the N protein R203K/G204R, has been reported to increase viral infectivity, fitness, and virulence and to promote a subgenomic RNA promoting recombination (36, 37). These effects of the N:R203K/G204R mutations might be further enhanced in the present virus by the coexistence of N:R209I, a drastic amino acid substitution just five amino acids downstream from the N:G204R mutation.

In contrast to the above-mentioned substitutions, amino acid changes 1, 2, 3, and 5 appear of little concern, given their very low representation in the mutational universe of SARS-CoV-2. In particular, the L761I substitution in NSP3 is chemically trivial and thus probably neutral, and the S106F substitution in NSP6, although chemically drastic, affects a site that may be tolerant to sequence variation since S106 sits in an extracellular loop of the NSP6 membrane protein (38) in a site of lesser conservation where it is flanked by large hydrophobic residues (LSGF; hydrophobic residues underlined; S in bold-type).

In conclusion, this study retrospectively characterizes a unique viral variant found in Sicily in late 2020 that belongs to the B.1.1 lineage but which also exhibits a relatively large constellation of amino acid substitutions additionally to lineage marker mutations. Our sequence exemplifies the convenience of continuous monitoring SARS-CoV-2 sequences to understand virus evolution. This provides much needed information for a period and location for which the circulating viral lineages were very scarcely explored. The comparison of this genome sequence with the few other whole genome sequences of SARS-CoV-2 obtained at the same location and time supports a dynamic interaction of the island with continental Italy and Europe, but does not exclude some contribution of founder effects, exemplified here in an S protein mutation found in significant but not majority ratios 6 months later in Calabria, just across the Messina straight.
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Diagnosis of Trypanosoma cruzi (T. cruzi) infection in the chronic phase of Chagas disease (CD) is performed by serologic testing. Conventional tests are currently used with very good results but require time, laboratory infrastructure, and expertise. Rapid diagnostic tests (RDTs) are an alternative as the results are immediate and do not require specialized knowledge, making them suitable for epidemiologic studies and promising as a screening tool. Nevertheless, few studies conducted comparative evaluations of RDTs to validate the results and assess their performance. In this study, we analyzed four trades of rapid tests (OnSite Chagas Ab Combo Rapid Test-United States, SD Bioline Chagas AB-United States, WL Check Chagas-Argentina, and TR Chagas Bio-Manguinhos-Brazil) using a panel of 190 samples, including sera from 111 infected individuals, most of whom had low T. cruzi antibody levels. An additional 59 samples from uninfected individuals and 20 sera from individuals with other diseases, mainly visceral leishmaniasis, were included. All tests were performed by three independent laboratories in a blinded manner. Results showed differences in sensitivity from 92.8 to 100%, specificity from 78.5 to 92.4%, and accuracy from 90.5 to 95.3% among the four assays. The results presented here show that all four RDTs have high overall diagnostic ability. However, WL Check Chagas and TR Chagas Bio-Manguinhos were considered most suitable for use in screening studies due to their high sensitivity combined with good performance. Although these two RDTs have high sensitivity, a positive result should be confirmed with other tests to confirm or rule out reactivity/positivity, especially considering possible cross-reactivity with individuals with leishmaniasis or toxoplasmosis.

KEYWORDS
 Chagas disease, serology, rapid diagnostic tests, performance, screening


1. Introduction

Chagas disease (CD) is a life-threatening, neglected tropical disease caused by the hemoflagellate Trypanosoma cruzi (T. cruzi). This parasite is responsible for an average of 12,000 deaths per year, and it is estimated that between 6 and 7 million people are infected worldwide (1, 2). However, despite the high mortality and morbidity, only 7% of T. cruzi carriers in Latin America are diagnosed and only about 1% receive etiologic treatment (3). T. cruzi is responsible for the highest parasitic disease burden in 21 Latin American countries, with a high prevalence in the southern Cone (4), where it is transmitted to humans mainly through contact with contaminated feces or urine from bloodsucking triatomine insects, also known as kissing bugs. Other routes of infection include congenital transmission, oral ingestion of contaminated food or beverages, transfusion of blood or blood products, and organ donation. Increasing international migration flows to non-endemic regions have led to the spread of T. cruzi infection beyond the borders of Latin America and have become a global health problem (5–7).

Successful diagnosis of CD depends on the stage of the disease, as different approaches (in vitro diagnostic (IVD) techniques) are used for each phase: an initial acute phase and a lifelong chronic phase. In the acute phase, which lasts up to two/three months, parasitological or molecular biology-based methods are typically used, while indirect serological methods such as indirect hemagglutination (IHA), enzyme-linked immunosorbent assay (ELISA), indirect immunofluorescence (IIF), chemiluminescence (CLIA), and electrochemiluminescence immunoassay (ECLIA) are used in the lifelong chronic phase (8). Although serological tests currently have high diagnostic performance, they require complex, specialized infrastructure and qualified personnel to perform. Therefore, IVD serological tests can be a significant barrier to access to diagnosis. The development of point-of-care (POC) devices such as rapid diagnostic tests (RDTs) has highlighted a way to circumvent the need for specialized infrastructure and personnel. These devices are designed to be simple, convenient, and intuitive to use. They require no refrigeration, no specialized infrastructure, no trained personnel, and no further processing by the user to obtain a result. Therefore, POC tests can be used to screen CD affected individuals, especially those living in rural or remote areas with limited access to health care. A negative RDT result excludes the disease, while positive results should be forwarded for diagnostic confirmation with other serological tests to exclude or confirm CD as recommended by the World Health Organization (WHO) (9, 10). Particular attention should be paid to the sensitivity of RDTs used as screening tests. A test with higher sensitivity (100%) is advisable because low sensitivity of the first level of testing in a screening algorithm may lead to excessive false-negative results and exclude people from accurate diagnosis, thereby underestimating the number of infected individuals. This strategy may improve access to diagnosis and treatment. Recently, the Pan American Health Organization (PAHO) recommended the use of ELISA or RDT as the sole test for seroepidemiologic testing (11).

Regarding the inconsistent diagnostic performance when using serological tests in different settings, some differences have been reported in the literature with respect to the parasite and the seven discrete typing units (DTUs) recognized today (12–14). However, other reports have found similar results when using conventional serology with samples from Mexico (mainly lineage TcI) (15) and also when using a single RDT with sera from different countries with lineages TcI, II and V, the main DTUs from endemic regions (16). In this study, samples from one region (Brazil) were used.

Considering the predicaments herein set forth, we endeavored to perform a multicenter systematic evaluation of the diagnostic performance of RDT kits available in Brazil. This is the first study comparing the performance of RDTs in Brazil for the diagnosis of chronic Chagas disease.



2. Materials and methods


2.1. Selection of RDTs

All commercial RDTs registered with the Brazilian Health Regulatory Agency (ANVISA) were included in this study. A total of four RDTs from four different manufacturers were available: OnSite Chagas Ab Combo Rapid Test® (CTK Biotech, United States), SD Bioline Chagas AB® (Abbott, USA), WL Check Chagas® (Wiener lab., Rosário, Argentina), and TR Chagas Bio-Manguinhos® (Bio-Manguinhos, Fiocruz, Rio de Janeiro, Brazil). The RDTs were sent by the General Coordination of Public Health Laboratories (CGLAB, Ministry of Health, Brazil) to each participating reference laboratory via a commercial shipping service. Importantly, RDTs from each brand were from the same batch.



2.2. Participating reference laboratories

The study was conducted in three participating Brazilian reference laboratories: The Advanced Public Health Laboratory (LASP) at the Gonçalo Moniz Institute (FIOCRUZ) in Salvador, Bahia; the Parasitic Diseases Service of the Ezequiel Dias Foundation (FUNED) in Belo Horizonte, Minas Gerais; and the Chagas Disease Study Center (NEDoC) at the Federal University of Goiás (UFG) in Goiânia, Goiás. All three participating reference laboratories performed the four RDTs with the same sample set. All participating laboratories adhered to Good Laboratory Practice and sample reactivity was repeated using conventional serology after the serum samples were thawed in the laboratory that provided the samples.



2.3. Sample collection

With an expected error of 2%, sensitivity of 99%, specificity of 99.5%, and confidence interval of 95%, the minimum sample number was 48 sera from negative individuals and 96 sera from T. cruzi-positive individuals. We included 59 sera from T. cruzi-negative and 111 sera from T. cruzi-positive individuals from the existing sera bank at NEDoC. The T. cruzi-positive samples were previously collected from individuals with the chronic phase of CD with known epidemiological and clinical data (usually heart disease and/or megacolon and/or megaesophagus). These infected and uninfected individuals were tested in the laboratory at the request of Goias State physicians to confirm or exclude the diagnosis. This sample group consisted predominantly of samples with low or moderate reactivity in the serological tests: titration of less than 1:640 in IIF and IHA; reactivity indices between 1.2 and 2.0 (low reactivity) and 2.1 to 3.0 (moderate reactivity) in conventional ELISA. In addition, positive sera for visceral leishmaniasis (VL; n = 10), mucocutaneous leishmaniasis (CL; n = 6), and toxoplasmosis (TOX; n = 4) from the FUNED serum bank were included to evaluate cross-reactivity. All samples were thawed at −20°C without additional preservatives and previously tested for T. cruzi infection: indirect immunofluorescence (IIF; Anti-human IgG conjugated to fluorescein, Biomerieux® Marcy L’Etoile), indirect hemagglutination (IHA; Chagatest HAI screening A-V®, Wiener lab, Rosario, Argentina), ELISA with crude antigens (Teste ELISA para Chagas III®, Grupo Bios, Santiago, Chile), recombinant ELISA (Chagatest ELISA, recombinant v.3.0®, Wiener lab, Rosario, Argentina), chemiluminescence microparticle immunoassay (CMIA; Architect Chagas, Abbott Laboratories, Abbott GmbH, Wiesbaden, Germany), enzyme-linked immunosorbent assay (ELISA) with lysate/recombinant antigens (Gold ELISA Chagas®, REM Industry and Commerce Ltd., São Paulo, Brazil). Samples were aliquoted and coded so that members of the participating reference laboratory teams had no knowledge of their reactivity. Serum aliquots stored in dry ice were shipped by CGLAB to each participating reference laboratory using a commercial shipping service. The serological results for each serum using each of the serological techniques are shown in a Supplementary Table S1.



2.4. Immunochromatographic assays

RDTs were performed according to the technical instructions of the respective manufacturer. In each participating reference laboratory, the same sera were evaluated for all four RDTs. The results were read by two independent observers from each participating institution. In cases of doubt or disagreement, a third observer was consulted and the tests were repeated if consensus could not be reached. Final results were sent to the serum bank supervisor, who was the only person who knew the serological profile of the samples. A test was considered invalid if the control line was missing. After completion of the laboratory analysis, a consensus result between the three participating reference laboratories was compared with the serological profile of the samples and the performance of each RDT was determined.



2.5. Usability assessment

The criterion of ease of use in performing RDTs was quantified and compared. At the end of the study, the technical staff responsible for conducting the tests for the study were asked to complete a usability questionnaire for each RDT. This questionnaire was adapted from a conventional format used in several similar studies led by WHO/Foundation for Innovative New Diagnostics (FIND)/Médecins Sans Frontières (MSF)/Epicenter in 2001 (17, 18) and also in another international study on RDTs (19). The questionnaire was used to distinguish and evaluate the general characteristics of the tests and to assess the perception of the technical staff regarding the ease of use in performing each test. The questionnaires included information on the number of invalid tests, shelf life, storage temperature, amount of blood/serum/plasma required, number of steps and time required to perform the test, stability of results, additional material required, ease of opening the package, ease of performing the test, ease of identifying reagents, quality of instructions for use, and cost. Each item of the questionnaire was assigned an individual score, with a higher score indicating a more positive response. A total of 26 items could be evaluated.



2.6. Statistical analysis

To obtain a robust assessment of the performance of each kit, statistical tools were used by calculating the following diagnostic test parameters: Sensitivity (the probability of a test being positive in the presence of infection), Specificity (the probability of a test being negative in the absence of infection), Accuracy (the ability of a test to discriminate between target disease and health status), and Predictive Values (20, 21) using a dichotomous approach (2 × 2 contingency table). Confidence intervals (CI) were determined at a 95% confidence level (95% CI), and the absence of overlapping 95% CI bars was used to infer statistical significance (22). Positive and negative predictive values were estimated for different prevalence scenarios. The chance of false-positive versus true-positive and false-negative versus true-negative results were calculated for the following prevalence values of chronic Chagas disease: 0.1, 1, 5, and 10%. The strength of agreement between the results of the RDTs and the serological profile of the samples was assessed using the Cohen’s kappa coefficient (κ) and interpreted as follows: poor (κ = 0), slight (0 < κ ≤ 0.20), fair (0.21 < κ ≤ 0.40), moderate (0.41 < κ ≤ 0.60), substantial (0.61 < κ ≤ 0.80), and almost perfect (0.81 < κ ≤ 1.0) agreement (23). Performance parameters were obtained using MedCalc for Windows v. 20.190 (MedCalc Software, Ostend, Belgium), whereas graphs were generated using GraphPad Prism 9 graphing software (San Diego, CA, United States). A study flowchart (Figure 1) and checklist were prepared according to STARD guidelines (24).
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FIGURE 1
 Flowchart depicting study design in accordance with the Standards for Reporting of Diagnostic Accuracy Studies (STARD) guidelines.





3. Results

A total of 190 serum samples were tested with four IgG T. cruzi RDTs (Supplementary Table S1). IgG survey in serum samples from 111 T. cruzi-positive samples showed variable values of sensitivity, ranging from 92.8% for OnSite Chagas Ab Combo Rapid Test, 95.5% for SD Bioline Chagas AB, and 97.3% for WL Check Chagas to 100% for TR Chagas Bio-Manguinhos (Table 1). For T. cruzi-negative samples, the highest value of specificity was obtained with WL Check Chagas (92.4%). A lower value was observed for SD Bioline Chagas AB, OnSite Chagas Ab Combo Rapid Test, and TR Chagas Bio-Manguinhos, which had specificity values of 89.9, 87.3, and 78.5%, respectively. Accuracy reached the highest value when samples were tested with WL Check Chagas (95.3%). A lower value was observed for SD Bioline Chagas AB (93.2%), TR Chagas Bio-Manguinhos (91.1%) and OnSite Chagas Ab Combo Rapid Test (90.5%).



TABLE 1 Diagnostic performance and strength of agreement of four rapid diagnostic tests for the detection of Trypanosoma cruzi IgG.
[image: Table1]

Qualitative evaluation of the results using Cohen’s Kappa method showed substantial agreement between the OnSite Chagas Ab Combo Rapid Test and the reference tests. For all other RDTs, qualitative evaluation of the results showed almost perfect agreement with the reference tests. Considering the 95% CI overlap, sensitivity, specificity, accuracy, and Cohen’s Kappa index showed no differences among the four RDTs (Table 1).

The positive and negative predictive values were also estimated. Because the true prevalence of chronic CD varies from region to region, we used a hypothetical prevalence range to evaluate different scenarios. Figure 2 summarizes the association between the predictive values and the hypothetical prevalence scenarios. Decreasing prevalence resulted in low positive predictive values for all RDTs. Regarding the ratio of false-positive/negative to true-positive/negative, hypothetical prevalence values were used to represent most scenarios in which testing is performed. The chance of false-negative results relative to true-negative results was low for all tests and prevalence values (Table 2). On the other hand, the chance of false-positive results was predominantly high for any true-positive result, especially for low prevalence values (0.1 and 1%).

[image: Figure 2]

FIGURE 2
 Positive and negative predictive estimates for different prevalence scenarios of chronic Chagas disease. NPV, negative predictive value; PPV, positive predictive value.




TABLE 2 Chance of false positive in relation to true positives and of false negatives in relation to true negatives for different prevalence values of chronic Chagas disease.
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Regarding usability assessment, all RDTs were found to have the same storage conditions (room temperature ≤ 30°C), require the same biological sample (whole blood, plasma, or serum), and results are stable for up to 30 min. Invalid tests were reported for <0.5% of RDTs performed. For all four RDTs, ease of performance, ease of opening the package, and interpretation of results were described as “very easy.” The quality of the RDT instructions was described as “very good” for all RDTs. Some differences in the amounts of blood or serum/plasma required were noted for all four tests: OnSite Chagas Ab Combo Rapid Test and WL Check Chagas require 40 μl of blood, TR Chagas Bio-Manguinhos requires 10 μl, while SD Bioline Chagas AB requires 100 μl, the largest amount among them. None of the RTD assays require a device to read the results, so they can be used in field studies. OnSite Chagas Ab Combo Rapid Test, WL Check Chagas, SD Bioline Chagas AB and TR Chagas Bio-Manguinhos are one-step assays. As shown in Figure 3, TR Chagas Bio-Manguinhos and OnSite Chagas Ab Combo Rapid Test scored the highest (= 26), followed by SD Bioline Chagas AB and WL Check Chagas (score = 25).

[image: Figure 3]

FIGURE 3
 Validity and inter-reader reliability of four rapid diagnostic tests for the detection of IgG anti-Trypanosoma cruzi. RT (room temperature).




4. Discussion

RDTs represent an interesting strategy for screening at-risk populations for acquisition of CD in low-resource and high-risk settings in endemic countries. WHO has set global targets and milestones for 2030 to eliminate transmission of T. cruzi through four modes of transmission (vectorial, transfusion, transplantation, and congenital) and achieve 75% coverage of the target population with antiparasitic treatment in 15 endemic countries in Latin America (25). This is an ambitious goal, as only 7% of T. cruzi carriers have been diagnosed and about 1% receive etiologic treatment (3). Thus, improving access to and demand for effective diagnosis, treatment, and care for CD is critical to controlling CD. Unfortunately, access to CD diagnostics remains one of the main barriers to control of this disease, as diagnosis in the chronic phase depends on laboratory infrastructure and qualified personnel. In vitro diagnostic tests at the point of care, such as RDTs, offer a promising strategy to address the gap in access to diagnosis that exists in many limited and isolated communities in endemic areas. However, similar to the enzyme-linked immunosorbent assay (ELISA), the performance of POC-IVD devices depends on the antigen preparation used, which warrants a systematic evaluation of their diagnostic performance (13). In this article, we evaluated the performance of four RTDs in the diagnosis of CD using samples from different Brazilian endemic areas.

In a comparative evaluation of 11 commercially available RDTs conducted by several national reference laboratories worldwide using a diverse panel of 474 samples, OnSite Chagas Ab Combo Rapid Test achieved a sensitivity of 90.1% and a specificity of 91%. In the same study, SD Chagas Ab Rapid showed a sensitivity of 90.7% and a specificity of 94% (19). Interestingly, WL Check Chagas showed a sensitivity of 88.7% and a specificity of 97%. Except for the sensitivity of WL Check Chagas, the sensitivity and specificity values of the other RDTs in the present study were within the 95% CI (19). According to the manufacturer, the sensitivity of WL Check Chagas was evaluated using four commercial serological panels with a total of 62 positive sera, and 61/62 (~98%) samples were correctly identified. However, the manufacturer reports a lower sensitivity (93.9%; 95% CI 91.1–96.6%) when the test was evaluated using a panel of 326 samples characterized by ELISA and IHA. Considering the confidence interval, both evaluations were consistent with the sensitivity observed in the present study (97.3%; 95% CI 92.3–99.4%). Similar sensitivity values were observed when serum samples were used during a WL Check Chagas field study (95.7%), although sensitivity was lower when the test examined whole blood (87.3%) (26). Accordingly, the manufacturer reported lower sensitivity (91.5%) when this RDT analyzed whole blood rather than plasma/serum. A possible interpretation for these differences in sensitivity is that different batches were used and the possibility exists that manufacturers changed the composition and proportions of the different antigens originally used after the results of the first reported studies (19) with lower sensitivity eight years ago. Information on which T. cruzi antigens were used in WL Check Chagas, SD Chagas Ab Rapid, and OnSite Chagas Ab Combo Rapid Test was not disclosed by the manufacturers.

In the present study, TR Chagas Bio-Manguinhos, using two recombinant T. cruzi-chimeric antigens deposited in different lines (27), correctly identified all positive samples and achieved a sensitivity of 100% (95% CI 96.7–100%) and a specificity of 78.5 (95% CI 68.2–86.1). This test is the most recent addition to the repertoire of available POC tests for CD, so there is a lack of independent studies evaluating its diagnostic performance. However, there are numerous studies evaluating the performance of these antigens in other IVD systems (27–35) and mammalian hosts (36–38). In a study of 280 CD-positive samples, IBMP-8.1 antigen showed a sensitivity of 98.9% (95% CI 96.9–99.6%) when used in an ELISA format and 98.6% (95% CI 96.4–99.4%) in a liquid microarray system, while IBMP-8.4 showed a sensitivity of 99.6% (95% CI 98–99.9%) in ELISA and 98.9% (95% CI 96.9–99.6%) in a microarray system (39). Similar results were obtained in a phase II study in Brazil (40), and the antigens maintained their performance in other studies in Argentina (41) and Spain (30). Moreover, no cross-reactions with visceral and mucocutaneous leishmaniasis were observed with IBMP-8.4 under ELISA or liquid microarray systems, while IBMP-8.1 in liquid microarray did not cross-react with visceral leishmaniasis, but cross-reactions for mucocutaneous leishmaniasis were observed in an IBMP-8.1 ELISA (0.7%) (32). Interestingly, the structural stability of IBMP chimeric antigens over time, pH and temperature variations, and in buffer systems was investigated. The structure and diagnostic performance were maintained under adverse conditions, suggesting a robust design (32). This robustness favors use in POC assays, as these devices must withstand harsh environments and be reliable enough to be easily used, interpreted, and stored.

The usability evaluation showed that no invalid result was obtained when T. cruzi-positive and negative samples were tested with all four RTDs. In terms of storage temperature, shelf life in months, stability of results, ease of reagent identification, ease of package opening, ease of performance, and quality of instructions, all four RTDs achieved similar results. OnSite Chagas Ab Combo Rapid Test, WL Check Chagas, and TR Chagas Bio-Manguinhos require volumes of up to 40 μl of whole blood, whereas SD Bioline Chagas AB requires 100 μl, a volume that is difficult to obtain by digital puncture, making this test unusable for epidemiological studies and as a screening tool. No RDT requires equipment to read results, making it feasible to use in the field. In addition, no assessed assay requires more than two steps to perform. For the WL Check Chagas, the test took more than 20 min to perform. WL Check Chagas and SD Bioline Chagas AB were the most complex tests (score = 25), while the highest score was achieved by TR Chagas Bio-Manguinhos and OnSite Chagas Ab Combo Rapid Test (score = 26). Of the four assays evaluated, the WL Check Chagas and TR Chagas Bio-Manguinhos were considered the most suitable for use in screening studies because they are reliable and highly sensitive for the diagnosis of CD. According to the instructions of all four kits evaluated, the test result is independent of the type of biological sample used for the immunoassay, whether blood, serum, or plasma.

The main limitation of this study was the restriction on the use of samples with low or moderate reactivity in the serological tests (titration of less than 1:640 for IIF and IHA; reactivity indices between 1.2 and 2.0 (low reactivity) and 2.1 to 3.0 (moderate reactivity) for conventional ELISA). The selection of samples with low or moderate reactivity may lead to a decrease in the sensitivity values of the evaluated RDTs, which may not correspond to their use in a real population. However, the predominance of samples with these characteristics was propositaly intended to detect infected individuals with low titers, as in conventional serology, and to avoid the possible loss of infected individuals. Another limitation concerns the lack of band intensity analysis. This would be particularly important to verify the intensity of false-positive bands. However, visual analysis revealed bands of varying intensity for false-positive lines. Despite a consistent detection pattern of the control lines, we observed that false-positive results exhibited whitish spots over the antigen reaction area, while others showed bright to almost faint colors as a positive sign of detection. The presence of these whitish spots or faint bands over the antigen reaction area led to an increase in the number of false-positive results in low CD prevalence scenarios. Indeed, at prevalence values of 0.1 and 1%, the chance of false-positive results was predominantly high for each true-positive result, whereas false-negative results were low relative to true-negative results for all tests and all prevalence values.

The results presented here show that all four RDTs have high overall diagnostic ability. We believe that the antigenic variability of T. cruzi did not affect the performance evaluation of the RDTs, since we used only Brazilian samples. Indeed, sera from individuals infected in Mexico (a region with TcI) have shown similar reactivity on conventional serology (15). Also, previous studies using other RDT (Chagas Stat-Pak), that was not included in this study because it does not have a current registration with ANVISA, performed with sera from different countries showed no differences in terms of different DTU (Tc I-II-V) in different regions of Latin America (16). Due to the overlap of 95% CI values, no differences were observed between the results for sensitivity, specificity, and accuracy. The high sensitivity values ensure that most (if not all) positive individuals are correctly diagnosed and referred to medical care. In the absence of laboratory facilities, the increased use of these rapid tests, which are reliable, cheap, and simple enough to be used by non-laboratory personnel, should contribute significantly to the effective control of CD and improve diagnosis and treatment, especially in remote and rural areas in endemic countries.



Data availability statement

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



Ethics statement

The studies involving human participants were reviewed and approved by Institutional Review Board (IRB) for Human Research of the Gonçalo Moniz Institute (CAAE 67809417.0.0000.0040), the Ezequiel Dias Foundation (CAAE 21538619.4.2002.9507), and the Federal University of Goiás (CAAE 21538619.4.2001.5078). The ethics committee waived the requirement of written informed consent for participation.



Author contributions

AL and FS designed the experimental procedure. JI, LL, FM, JF, and LS performed the RDT assays. VB and FS performed the statistical analysis. LL and FS wrote the article. JI, FM, JF, LS, ST, AL, VB, and AS helped to write the article. JI, LL, FM, JF, LS, ST, and FS performed data collection, analysis, and interpretation. AL provided the biological samples. FS prepared the illustrations and supervised the work. JI, AL, and FS provided the laboratory space. AS and FS obtained funding for this study. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by the Coordination for the Improvement of Higher Education Personnel in Brazil (CAPES; Finance Code 001 award to LL and FS). FS is a research grantee of the National Council for Scientific and Technological Development-Brazil (CNPq; grant number 309263/2020–4). The funders had no influence on the study design, data collection and analysis, decision to publish, or preparation of the manuscript.



Acknowledgments

We thank Debbie Vermeij for assistance in revising the manuscript in English and proofreading. We also thank the Oswaldo Cruz Foundation (Fiocruz) for providing the commercial tests and the General Coordination of Public Health Laboratories (CGLAB, Ministry of Health, Brazil) for sending the commercial kits for each participating reference laboratory.



Conflict of interest

AS and FS are employees of FIOCRUZ and one of the RDTs was produced by a subsidiary of FIOCRUZ (Bio-Manguinhos), but they are not involved in the production of this kit (TR Chagas Bio-Manguinhos).

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



Publisher’s note

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



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2023.1031455/full#supplementary-material



References

 1. WHO. Chagas disease in Latin America: an epidemiological update based on 2010 estimates. Wkly Epidemiol Rec. (2015) 90:33–43.

 2. Lee, BY, Bacon, KM, Bottazzi, ME, and Hotez, PJ. Global economic burden of Chagas disease: a computational simulation model. Lancet Infect Dis. (2013) 13:342–8. doi: 10.1016/S1473-3099(13)70002-1 

 3. Chaves, GC, Abi-Saab Arrieche, M, Rode, J, Mechali, D, Reis, PO, Alves, RV , et al. Estimating demand for anti-Chagas drugs: a contribution for access in Latin America. Rev Panam Salud Publica. (2017) 41:e45. doi: 10.26633/RPSP.2017.45 

 4. Pérez-Molina, JA, and Molina, I. Chagas disease. Lancet. (2018) 391:82–94. doi: 10.1016/S0140-6736(17)31612-4

 5. Strasen, J, Williams, T, Ertl, G, Zoller, T, Stich, A, and Ritter, O. Epidemiology of Chagas disease in Europe: many calculations, little knowledge. Clin Res Cardiol. (2014) 103:1–10. doi: 10.1007/s00392-013-0613-y 

 6. Bern, C, and Montgomery, SP. An estimate of the burden of Chagas disease in the United States. Clin Infect Dis. (2009) 49:e52–4. doi: 10.1086/605091

 7. Schmunis, GA, and Yadon, ZE. Chagas disease: a Latin American health problem becoming a world health problem. Acta Trop. (2010) 115:14–21. doi: 10.1016/j.actatropica.2009.11.003 

 8. Rassi, A, Rassi, A, and Marin-Neto, JA. Chagas disease. Lancet. (2010) 375:1388–402. doi: 10.1016/S0140-6736(10)60061-X

 9. World Health Organization. WHO Consultation on International Biological Reference Preparations for Chagas Diagnostic Tests. Geneva: World Health Organization (2007). https://www.who.int/bloodproducts/ref_materials/WHO_Report_1st_Chagas_BRP_consultation_7-2007_final.pdf

 10. World Health Organization. Control of Chagas Disease. Second Report of the WHO Expert Committee. Geneva, Switzerland: World Health Organization (2002). Available at: https://apps.who.int/iris/handle/10665/42443

 11. PAHO. Guidelines for the Diagnosis and Treatment of Chagas Disease. Washington DC: Pan American Health Organization. (2019). Available at: https://iris.paho.org/bitstream/handle/10665.2/49653/9789275120439_eng.pdf?sequence=6&isAllowed=y

 12. Zingales, B. Trypanosoma cruzi genetic diversity: something new for something known about Chagas disease manifestations, serodiagnosis and drug sensitivity. Acta Trop. (2018) 184:38–52. doi: 10.1016/j.actatropica.2017.09.017 

 13. Truyens, C, Dumonteil, E, Alger, J, Cafferata, ML, Ciganda, A, Gibbons, L , et al. Geographic variations in test reactivity for the serological diagnosis of Trypanosoma cruzi infection. J Clin Microbiol. (2021) 59:e0106221. doi: 10.1128/JCM.01062-21 

 14. Santos, FLN, Souza, WV, Barros, MS, Nakazawa, M, Krieger, MA, and Gomes, YM. Chronic Chagas disease diagnosis: a comparative performance of commercial enzyme immunoassay tests. Am J Trop Med Hyg. (2016) 94:1034–9. doi: 10.4269/ajtmh.15-0820 

 15. Luquetti, AO, Espinoza, B, Martínez, I, Hernández-Becerril, N, Ponce, C, Ponce, E , et al. Performance levels of four Latin American laboratories for the serodiagnosis of Chagas disease in Mexican sera samples. Mem Inst Oswaldo Cruz. (2009) 104:797–800. doi: 10.1590/S0074-02762009000500023 

 16. Luquetti, AO, Ponce, C, Ponce, E, Esfandiari, J, Schijman, A, Revollo, S , et al. Chagas’ disease diagnosis: a multicentric evaluation of Chagas stat-Pak, a rapid immunochromatographic assay with recombinant proteins of Trypanosoma cruzi. Diagn Microbiol Infect Dis. (2003) 46:265–71. doi: 10.1016/s0732-8893(03)00051-8 

 17. Guthmann, JP, Ruiz, A, Priotto, G, Kiguli, J, Bonte, L, and Legros, D. Validity, reliability and ease of use in the field of five rapid tests for the diagnosis of Plasmodium falciparum malaria in Uganda. Trans R Soc Trop Med Hyg. (2002) 96:254–7. doi: 10.1016/S0035-9203(02)90091-X 

 18. Roddy, P, Goiri, J, Flevaud, L, Palma, PP, Morote, S, Lima, N , et al. Field evaluation of a rapid immunochromatographic assay for detection of Trypanosoma cruzi infection by use of whole blood. J Clin Microbiol. (2008) 46:2022–7. doi: 10.1128/JCM.02303-07 

 19. Sánchez-Camargo, CL, Albajar-Viñas, P, Wilkins, PP, Nieto, J, Leiby, DA, Paris, L , et al. Comparative evaluation of 11 commercialized rapid diagnostic tests for detecting Trypanosoma cruzi antibodies in serum banks in areas of endemicity and nonendemicity. J Clin Microbiol. (2014) 52:2506–12. doi: 10.1128/JCM.00144-14 

 20. Akobeng, AK. Understanding diagnostic tests 2: likelihood ratios, pre-and post-test probabilities and their use in clinical practice. Acta Paediatr Int J Paediatr. (2007) 96:487–91. doi: 10.1111/j.1651-2227.2006.00179.x 

 21. Ouchchane, L, Rabilloud, M, and Boire, J-Y. Sensibilité, spécificité et valeurs prédictives In: R Beuscart, J Bénichou, P Roy, and C Quantin, editors. Évaluation des Méthodes D’analyse Appliquées Aux Sciences de la Vie et de la Santé–Biostatistique. Paris, France: Omniscience (2009). 49–78.

 22. Payton, ME, Greenstone, MH, and Schenker, N. Overlapping confidence intervals or standard error intervals: what do they mean in terms of statistical significance? J Insect Sci. (2003) 3:34. doi: 10.1093/jis/3.1.34 

 23. Landis, JR, and Koch, GG. The measurement of observer agreement for categorical data. Biometrics. (1977) 33:159–74. doi: 10.2307/2529310

 24. Cohen, JF, Korevaar, DA, Altman, DG, Bruns, DE, Gatsonis, CA, Hooft, L , et al. STARD 2015 guidelines for reporting diagnostic accuracy studies: explanation and elaboration. BMJ Open. (2016) 6:e012799. doi: 10.1136/bmjopen-2016-012799 

 25. WHO. Ending the Neglect to Attain the Sustainable Development Goals: A Road Map for Neglected Tropical Diseases 2021-2030. (2020) Available at: https://www.who.int/publications/i/item/WHO-UCN-NTD-%0A2020.01 (Accessed September 15, 2021).

 26. Mendicino, D, Stafuza, M, Colussi, C, Del, BM, Streiger, M, and Moretti, E. Diagnostic reliability of an immunochromatographic test for Chagas disease screening at a primary health care Centre in a rural endemic area. Mem Inst Oswaldo Cruz. (2014) 109:984–8. doi: 10.1590/0074-0276140153 

 27. Silva, ED, Silva, ÂAO, Santos, EF, Leony, LM, Freitas, NEM, Daltro, RT , et al. Development of a new lateral flow assay based on IBMP-8.1 and IBMP-8.4 chimeric antigens to diagnose Chagas disease. Biomed Res Int. (2020) 2020:1803515. doi: 10.1155/2020/1803515 

 28. Santos, FLN, Campos, ACP, Amorim, LDAF, Silva, ED, Zanchin, NIT, Celedon, PAF , et al. Highly accurate chimeric proteins for the serological diagnosis of chronic Chagas disease: a latent class analysis. Am J Trop Med Hyg. (2018) 99:1174–9. doi: 10.4269/ajtmh.17-0727 

 29. Cordeiro, TAR, Martins, HR, Franco, DL, Santos, FLN, Celedon, PAF, Cantuária, VL , et al. Impedimetric immunosensor for rapid and simultaneous detection of Chagas and visceral leishmaniasis for point of care diagnosis. Biosens Bioelectron. (2020) 169:112573. doi: 10.1016/j.bios.2020.112573 

 30. Dopico, E, Del-Rei, RP, Espinoza, B, Ubillos, I, Zanchin, NIT, Sulleiro, E , et al. Immune reactivity to Trypanosoma cruzi chimeric proteins for Chagas disease diagnosis in immigrants living in a non-endemic setting. BMC Infect Dis. (2019) 19:251. doi: 10.1186/s12879-019-3872-z 

 31. Santos, FLN, Celedon, PAF, Zanchin, NIT, Leitolis, A, Crestani, S, Foti, L , et al. Performance assessment of a Trypanosoma cruzi chimeric antigen in multiplex liquid microarray assays. J Clin Microbiol. (2017) 55:2934–45. doi: 10.1128/JCM.00851-17 

 32. Daltro, RT, Leony, LM, Freitas, NEM, Silva, ÂAO, Santos, EF, Del-Rei, RP , et al. Cross-reactivity using chimeric Trypanosoma cruzi antigens: diagnostic performance in settings co-endemic for Chagas disease and American cutaneous or visceral leishmaniasis. J Clin Microbiol. (2019) 57:e00762–19. doi: 10.1128/JCM.00762-19 

 33. Santos, EF, Silva, ÂAO, Freitas, NEM, Almeida, MCC, Araújo, FLV, Celedon, PAF , et al. Performance of chimeric Trypanosoma cruzi antigens in serological screening for Chagas disease in blood banks. Front Med. (2022) 9:852864. doi: 10.3389/fmed.2022.852864 

 34. Celedon, PAF, Leony, LM, Oliveira, UD, Freitas, NEM, Silva, ÂAO, Daltro, RT , et al. Stability assessment of four chimeric proteins for human Chagas disease immunodiagnosis. Biosensors. (2021) 11:289. doi: 10.3390/bios11080289 

 35. Freitas, NEM, Santos, EF, Leony, LM, Silva, ÂAO, Daltro, RT, Medrado, LCV , et al. Double-antigen sandwich ELISA based on chimeric antigens for detection of antibodies to Trypanosoma cruzi in human sera. PLoS Neglected Trop Dis. (2022) 16:e0010290. doi: 10.1371/journal.pntd.0010290 

 36. Leony, LM, Freitas, NEM, Del-Rei, RP, Carneiro, CM, Reis, AB, Jansen, AM , et al. Performance of recombinant chimeric proteins in the serological diagnosis of Trypanosoma cruzi infection in dogs. PLoS Negl Trop Dis. (2019) 13:e0007545. doi: 10.1371/journal.pntd.0007545 

 37. Santos, F, Magalhães-Junior, JT, Carneiro, IO, Santos, FLN, Silva, ÂAO, Silva, JMC, Novais, , et al. Eco-epidemiology of vectorial Trypanosoma cruzi transmission in a region of Northeast Brazil. Acta Trop. (2022) 225:106184. doi: 10.1016/j.actatropica.2021.106184 

 38. Costa, TF, Rocha, AVV, Miranda, LM, Lima, LFS, Santos, FLN, Silva, ÂAO , et al. Seroprevalence and detection of Trypanosoma cruzi in dogs living in a non-endemic area for Chagas disease in the legal Amazon region. Brazil Vet Parasitol Reg Stud Rep. (2021) 26:100648. doi: 10.1016/j.vprsr.2021.100648 

 39. Santos, FLN, Celedon, PAF, Zanchin, NIT, Brasil, TAC, Foti, L, Souza, WV , et al. Performance assessment of four chimeric Trypanosoma cruzi antigens based on antigen-antibody detection for diagnosis of chronic Chagas disease. PLoS One. (2016) 11:e0161100. doi: 10.1371/journal.pone.0161100 

 40. Santos, FLN, Celedon, PA, Zanchin, NI, Souza, WV, Silva, ED, Foti, L , et al. Accuracy of chimeric proteins in the serological diagnosis of chronic Chagas disease–a phase II study. PLoS Negl Trop Dis. (2017) 11:e0005433. doi: 10.1371/journal.pntd.0005433 

 41. Del-Rei, RP, Leony, LM, Celedon, PAF, Zanchin, NIT, Reis, MG, Gomes, YM , et al. Detection of anti-Trypanosoma cruzi antibodies by chimeric antigens in chronic Chagas disease-individuals from endemic South American countries. PLoS One. (2019) 14:e0215623. doi: 10.1371/journal.pone.0215623 




[image: image]


OPS/images/fpubh-10-970880/fpubh-10-970880-g003.gif
Reglon

B
HH

W EN-ATE

=

i

REETEEREETER

DEV-ATL&CV-AIE[eEV-A71 & Others

[ m]]]lm
il

- o

Ji

1 FF
IREREET TR
Reff (MeantSD)






OPS/images/fpubh-10-970880/fpubh-10-970880-g004.gif
T %-_-?






OPS/images/fpubh-10-970880/fpubh-10-970880-t001.jpg
Parameters

br

dr

he . 4

Description

Birth rate
Death rate

Transmission rate coefficient
Relative transmissibility rate of
asymptomatic to symptomatic
individuals

Proportion of the symptomatic
Incubation relative rate

Recovery rate of the infectious
Recovery rate of the asymptomatic

Fatality rate of HEMD cases

Unit

individual ' -day~"

1

Range of value

0-1

0-1

Value

0.4423
02
0.07143
0.04762
0.0003

Method

From National Statistical
Yearbook
From National Statistical
Yearbook

Curve fitting

References (7, 26, 27)
References (26, 28)
References (17, 29)
References (7, 28, 30)
References (31-33)





OPS/images/fpubh-10-988317/fpubh-10-988317-t001.jpg
Antimicrobial Code Concentration  Breakpoint interpretive criteria (ng/mL)* Results in percentage (%)
agent range (ng/ mL)

S I R S R**
Aminoglycosides
Amikacin AMK 0.5-128 =16 32 =64 87 (100%) 0(0%)
Gentamicin GEN 0.12-128 =4 8 >16 77 (88.519%) 10(11.49%)
Kanamycin KAN 05-128 <16 32 >61 82 (94.25%) 5(5.75%)
Streptomycin® STR 05-128 =8 16 =3 16 (18.39%) 71(81.61%)
B-lactam combination agents
Amoxicillin- AMC 0.25/0.12-128/64 <8/4 16/8 >32/16 65 (74.71%) 22(25.29%)
clavulanic
acid
Ampicillin- SAM 0.25/0.12-128/64 <8/4 16/8 >32/16 22(25.29%) 65 (74.71%)
sulbactam
Tetracyclines
Tetracycline TET 0.12-128 <4 8 =16 25 (28.74%) 62(71.26%)
Minocycline MIN 0.12-128 <4 8 216 40 (45.98%) 47 (54.02%)
Doxycycline DOX 0.12-128 =4 8 =16 24 (27.59%) 63 (72.41%)
Folate pathway inhibitors
Trimethoprim- SXT 0.25/4.75-32/608 <238 - 24/76 63 (72.41%) 24 (27.59%)
sulfamethoxazole
Sulfafurazole® Siz 16-512 <256 - =512 32(36.78%) 55 (63.22%)
Cephems
Cefazolin CFZ 0.032-64 =<2 4 =8 12 (13.79%) 75 (86.21%)
Cefoxitin FOX 05-128 =8 16 =3 87(100%) 0.(0%)
Cefotaxime crx 0.032-64 =1 2 =4 78 (89.66%) 9(10.34%)
Ceftazidime cAzZ 0.032-64 =4 8 =16 81(93.10%) 6(6.90%)
Cefepime FEP 0.032-64 < - =16 85 (97.70%) 2(2.30%)
Carbapenems
Imipenem PM 0.12-64 =1 2 =4 86 (98.85%) 1(1.15%)
Meropenem MEM 0.12-64 =1 2 =4 86 (98.85%) 1(1.15%)
Quinolones
Nalidixic acid NAL 05-128 <16 - =3 51 (58.629%) 36 (41.38%)
Ciprofloxacin ar 0.004-16 <006 0.12~05 =1 28 (32.18%) 59(67.82%)
Levofloxacin VX 0.004-16 <012 0.25~1 =2 26 (29.89%) 61(70.11%)
Gemifloxacin GEM 0.004-16 <025 05 =1 72 (82.76%) 15.(17.24%)
Macrolides
Azithromycin AZM 05-128 <16 - >3 81(93.10%) 6(6.90%)
Lipopeptides
Colistin csT 0.12-32 2 - =4 67 (77.01%) 20 (22.99%)
Polymyxin B PMB 0.12-32 <2 - >4 73 (83.91%) 14(16.09%)
Monobactams
Aztreonam ATM 0.25-64 =4 8 216 79 (90.80%) 8(9.20%)
Penicillins
Ampicillin AMP 05-64 =8 16 23 20 (22.99%) 67(77.01%)
Phenicols
Chloramphenicol CHL 05-128 =8 16 =3 59 (67.829%) 28 (32.18%)

ssistance; R, resistant.
Intermediate results were merged with res
r streptomycin, we used the same MIC breakpoints as for netilmicin.
Sulfafurazole, we used the same MIC breakpoints as for sulfonami

nt results.
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Clinical No. Known genotype (1) Novel genotype (1)
symptoms positive/No.
examined (%)

Diarrhea

Adults 19/325 (5.8) CHGS (4), CHG3 (3), CHG2 (1), EbpA (1), HNH-1t0 6 (1 each)
SHRI (1), Type-1V (1), PigEBITS4 (1),
cM21 (1)

Children 16/303 (5.3) SHRI (3), CHG5 (2), CHG2 (2), CHG3 (2), HNH-7 to 11 (1 each)
EbpC (1), Type-IV (1)

Subtotal 35/628 (5.6) CHG5 (6), CHG3 (5), SHRI (4), CHG2 (3), HNH-1to 11 (1 each)
Type-1V (2), EbpA, PigEBITS4, CM21, EbpC
(1 each)

Non-Diarrhea

Adults 11/383 (29) CHGS (4), PigEBITS7 (1) HNH-12t0 17 (1 each)

Children 11253 (04) / HNH-18 (1)

Subtotal 12/636 (1.9) CHGS (4), PigEBITS7 (1) HNH-12 to 18 (1 each)

Total 47/1,264 (3.7) CHGS (10), CHG3 (), SHRI (4), CHG2 (3), HNH 1 to 18 (1 each)

Type-IV (2), EbpC, EbpA, PigEBITS7,
PigEBITS4, CM21 (1 each)
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Genetic group Genotype (accession no)® Genotype (accession no)® Nucleotide (site)

Group 1 HNH-14 (MT193640) EbpC (MH024028) Insertions T (52); G (53)

Group2 HNH-1 (MT193627) CHG3 (KP262362) Co TE3)
HNH-4 (MT193630) A= G(164)
HNH-10 (MT193636) A= G(108)and T — A (182)
HNH-13 (MT193639) T— C(99)
HNH-17 (MT193643) T— C(79)
HNH-18 (MT193644) C— T(153)
HNH-6 (MT193632) CHG2 (KP262366) G— A(82)
HNH-9 (MT193635) T—> A(72)
HNH-11 (MT193637) CHG5 (KP262365) G- T(10)
HNH-16 (MT193642) Co TER)

Group 13 HNH-2 (MT193628) SHRI (MN523336) T— A(52)
HNH-3 (MT193629) T— c(1in
HNH-5 (MT193631) A— G(101)
HNH-7 (MT193633) T— C(13)
HNH-8 (MT193634) T— C(99)
HNH-12 (MT193638) A= GIET— C(105)
HNH-15 (MT193641) Deletion A (143)

on nos. of the novel IS genotypes obtained in this study.

n nos. of the known genotypes having the largest homology with the novel ones obtained in this study.
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Performance parameters  OnSite Chagas Ab WL check Chagas =~ SD ne Chagas TR Chagas
combo rapid test Manguinhos
SEN % (95%CI) 928 (86.3-96.8) 97.3(923-99.4) 955 (89.8-98.5) 100 (96.7-100)
SPE % (95%CI) 87.3(78.0-93.8) 92.4(84.2-97.2) 899 (81.0-95.5) 78.5 (68.2-86.1)
ACC % (95%C1) 905 (85.5-93.9) 95.3(912-97.5) 93.2 (88.6-96.0) 91 (86.1-943)
k(95% CI) 0,80 (0.72-0.89) 0.90 (0.84-0.96) 0.86 (0.78-09%) 081 (0.72-090)
SEN, sensitivity; SPE, specificity; ACC, accuracy; k, Cohen's Kappa coefficient; CI, confidence interval,
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Prevalence OnSite Chagas Ab WL check Chagas SD Bioline TR Chagas Bio-Manguinhos

Combo rapid test Chagas
False positives: true positives
0.1% 1364 783 105.1 2148
1% 135 77 105 23
5% 26 15 20 41
12 07 09 19
<0001 <0.001 <0.001 NS
1% <0.001 <0.001 <0.001 NS
5% 0,004 0.002 0.003 Ns

10% 0.009 0.003 0.006 NS
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County Number Number Malaria Number G6PDd x2 P Ethnic-adjusted x2 P ¥ P

of study of malaria incidence of G6PDd prevalence G6PDd prevalence
participants cases (%) cases (%) (%)
Baisha 423 102 24.11 60 14.18 121.16 <0.01 1133 11065 <0.01 153 0.22
Baoting 469 126 26.87 29 6.18 5.03 0.50 0.48
Changjiang 566 58 10.25 43 7.60 894 0.74 0.39
Dongfang 504 70 13.89 73 14.48 14.82 0.03 0.86
Ledong 485 42 8.66 22 4.54 497 0.09 0.76
Lingshui 388 59 15.21 49 12.63 10.56 0.80 0.37
Qionghai 608 36 592 18 296 4.88 312 0.08
Qiongzhong 460 79 17.17 29 6.30 517 0.50 0.48
Sanya 489 20 4.09 40 8.18 855 0.05 0.82
‘Wanning 450 2 9.33 25 5.56 7.19 0.92 0.34
‘Wuzhishan 780 36 4.62 31 3.97 211 4.94 0.03

st of the difference between the G6PDd prey nce in each county

lence and the ethnic-adjusted G6PDd preval
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Variable

Ethnicity

Gender

Malaria status.

Subgroup (N)

Han (N =2,613)

Male (N = 2,178)
Female (N = 3444)
Malaria (N = 670)
Non-malaria (N = 4,952)

G6PDd (%)

268
151
262
157
83

336

Prevalence (%) x?
891 19.84
5.87
12.03 107.96
4.65
1239 26.86

<001

<001

<001
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Base change? Encoding Amino acid substitutiol ¢Change present in

mature protein canonical B.1.1?
Abundance Frequency in
in GISAID® GISAID (%)©

41C>T 5 UTR - - - NT NT NO
877T>C ORFlab NSP2 - - NT NT NO
3037C>T NsP3 - - NT NT NO
5000C > A i NSP3:L7611 19/1,196 0.003/0.009 NO
11289C > T NSP6 2 NSP6:S106F 180/847 0.032/0.006 NO
11497C > T - - NT NT NO
1213C>T NSP8 3 NSP:SA1F 208/3,111 0.037/0.023 NO
14322C>T NSP12 - - NT NT NO
14408C > T 4 NSPI12:P323L | 0.5/133 (x10°) 93.21/97.25 YES
19378T > C NSP14 5 NSP14:Y447H | 15/556 0.003/0.004 NO
2104G>T s s 6 S:GI81V 758/40,256 0.135/0.295 NO
23403A> G 7 $:D614G 0.5/13.3 (x10°) 93.96/99.19 YES
25485T > A ORF3a ORF3a - - NT NT NO
25538G > T 8 ORF3a:G49V | 229/38,469 0.041/0.283 NO
28877A>T N N - - NT NT NO
28878G > C* - - NT NT NO
28881G > A¢ 9 N:R203K 0.16/7.6 (x10°) 29.55/56.27 YES
28882G > A¢

28883G > C* 10 N:G204R 0.16/7.6 (x10°) 29.30/55.72 YES
28899G > T9 11 N:R2091 2,693/12,880 0.481/0.094 NO

“Nucleotide position, and substitution relative to the consensus SARS-CoV-2 Wuhan-Hu-1 genome (GenBank NC_045512.2). As the sequencing was based on the genome retrotranscribed to DNA,
thymine should correspond to uracil in the viral RNA genome.

b Amino acid positions are those for the mature proteins.

€On December 4, 2020/November 2, 2022. N'T; not tested.

dDetected by both Sanger sequencing of amplicons and by NGS of the whole genome.
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OnSite Chagas Ab Rapid

H -T. cruzi-positive samples (n = 103)

-T. cruzi-negative samples (n = 8)

SD Bioline Chagas AB

H -T cruzi-positive samples (n = 8)
-T. cruzi-negative samples (n = 71)

SD Bioline Chagas AB

I -T. cruzi-positive samples (n = 106)

-T. cruzi-negative samples (n = 5)

WL Check Chagas

H -T cruzi-positive samples (n = 6)

-T. cruzi-negative samples (n = 73)

WL Check Chagas

I -T. cruzi-positive samples (n = 108)

-T. cruzi-negative samples (n = 3)

TR Chagas Bio-Manguinhos

L] -T. cruzi-positive samples (n = 17)

-T. cruzi-negative samples (n = 62)

TR Chagas Bio-Manguinhos

L -T. cruzi-positive samples (n = 111)

-T. cruzi-negative samples (n = 0)
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qPCR Genomic target Nucleotide Amino acid GenBank  Amino acid Known SARS-CoV-2
reaction region/amplicon®  substitution substitution®  accession  substitution variants that could
number searched for® be detected
1 S (NTD)/22160-22239 None found None 0P618232 5:A222V B.1.177
2 N/28871-28964 28877 28878 AG> | Synonymous 0P620391 N:A220V
TC
28881 28882 GG > | N:R203K
AA
28883G > C N:G204R
28899G > T N:R2091
3 ORF10/29558-29704 None found None OP618233 ORF10:V30L
4 S (RBD)/22728-23124 None found None OP618234 SN501Y B.1.17 (Alpha)
SK417T P.1 (Gamma)
SE484K
SINS01Y

The sequences obtained have been submitted to GenBank with the Accession Numbers given (column 5). The qPCR reactions were carried out to detect the changes causing the amino acid
substitutions indicated in column 6 in order to identify the SARS-CoV-2 variants indicated in the last column.
“Figures refer to nucleotide positions in the whole genome reference sequence NC_0455.12.
bSubstitution relative to the base in the consensus genome. As the sequencing was based on the genome retrotranscribed to DNA, thymine should correspond to uracil in the viral RNA genome.

©Amino acid positions are those for the encoded protein.
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SARS-
CoV-2
detection
strategy

Targets

Antigen test Live virion,
N-protein,

and S-protein

Specimens

Upper respiratory
secretion, saliva,
serum, plasma,
other body fluids,

water, food

Turnaround LOD
time

Minutes to fg/ml to ng/ml

hours

Time
window
for test

Whole disease

course

Comments

o Easier to implement outside laboratory with
portable sensors and apparatuses

o Rapid and low-cost assays enabling POCT and
large-scale screening

o Capable for virus presence test in various
matrices

o Broad-spectrum response to variants

 Lack of direct correlation with viron load

« Weak ability to identify specific variants

‘ot enough products for clinical applications
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Compare regions

Region A

East China (Fujian Province) vs.

East China (Jiangsu Province) vs.

The Central of China (Hunan Province) vs.

Southwest China (Chongging) vs.

Northeastern China (Jilin Province) vs.

“The stat

ical methods is Analysis of Variance. P < 0.05 indicates the difference of Ry between two rey

Region B

East China (Jiangsu Province)
Northeastern China (Jilin Province)
the Central of China (Hunan Province)
Southwest China (Chongging)
Northeastern China (Jilin Province)
the Central of China (Hunan Province)

East China (Fujian Province)

Southwest China (Chongqing)

East China (Jiangsu Province)
Northeastern China (jilin Province)
East China (Fujian Province)
Southwest China (Chongqing)

East China (Jiangsu Province)
Northeastern China (Jilin Province)
the Central of China (Hunan Province)
East China (Fujian Province)

East China (Jiangsu Province)

the Central of China (Hunan Province)
East China (Fujian Province)

Southwest China (Chongqing)

“Difference of Ry is the Ry mean of region A minus the Rz mean of region B,

Difference of Ry

(A-B)*

0395
1621
1,096
1198
2016
1.492
0395
1,593
1492
0525
~1.096
0.101
~1.593
0424
—0.101
~1.198
~2016
—0525
—1621
—0.424

s was statistically sgnificant.

P-value

0574
0.000
0.000%
0.000%
0.000%
0.000%

0574
0.000%
0.000%

0202
0.000*
0994
0.000*
0.426
0994
0.000%
0.000%
0202
0.000*
0426
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Region Scenarios Difference P-value

of Regy
A B (A-B)?
East China CV-Al6 EV-ATI&CV-AL6 0931 0039
(Fujian Province)  CV-Al6  CV-A16&Others 0929 0.044*
CV-Al16 Total 0.390 0.898
EV-A71  EV-AI&CV-AL6 0075 1,000
EV-A71  EV-A71&Others 0.226 0.969
EV-A71 Total ~0.466 0.594
Others  CV-A16&Others. 0.451 0.705
Others  EV-A71&Others 0.605 0.356
Others  Total —0.088 1.000
East China CV-Al6 EV-ATI&CV-AL6 0399 0.947
(Jiangsu Province)  CV-AI6  CV-Al6&Others 0773 0.361
CV-Al6 Total 1140 0.009°
EV-A7I CV-AIGREV-A7L  —0350 0.981
EV-A7I EV-A71&Others 0274 0.989
EV-A71 Total 0390 0934
Others  CV-A168Others 0439 0.860
Others  EV-A71&Others 0.689 0237
Others ~ Total 0,806 0.088
The Central of CV-Al6 EV-ATI&CV-AL6 2122 0001
China CV-AI6 CV-Al6&Others 1394 0.435
(Hunan Province)  CV-Al6  Total 2175 0.001
EV-A71  EV-AI&CV-ALG 1015 0.050°
EV-A71  EV-A71&Others 1.160 0.017*
EV-A71 Total 1.068 0.020°
Others  CV-A16&Others. —0.594 0.941
Others  EV-A71&Others 0279 0.978
Others  Total 0.187 0.996
Southwest China  CV-Al6  EV-A71&CV-Al6 0398 0777
(Chongqing) CV-Al6 CV-A168Others 0898 0.008°
CV-Al6 Total 0.168 0.99
EV-A71  EV-ATI&CV-AL6 2422 0531
EV-A71 EV-A71&Others 2215 0.637
EV-A71  Total 2192 0.646
Others  CV-A16&Others 1.491 0.000*
Others ~ EV-A71&Others 0784 0327
Others  Total 0.761 0.329
Northeastern China  CV-A16  EV-A71&CV-Al6 1757 0479
(jlin Province) CV-Al6 CV-A16&Others 1453 0715
CV-Al6 Total ~0201 1.000
EV-A71  EV-ATI&CV-Al6 0765 0.340
EV-A71  EV-A71&others 0.885 0.161
EV-A71 Total —1192 0012
Others ~ CV-Al6&others 0331 0979
Others  EV-A71&others 0755 0295
Others ~ Total —1323 0002

“The statistical methods is Analysi

s of Variance. P < 0.05 indicates the difference of Ry
betsween two scenarios was statistically significant.
“Difference of Ryg is the Ry mean of scenario A minus the Ry mean of scenario B.
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45 (84.9%)

AL
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48 (100%)
21 (43.8%)

n=>51
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32 (62.8%)

Difference%
(95% CI)

~13.9% (-33.4 to 5.5)
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Parameters
Total analyzed for Ty >

Slope half-life median (IQR)
Slope half-life mean (range)
PC50 median (IQR)
PC50 mean (range)
PC99 median (IQR)
PC99 mean (range)

ASMQ
58

23(1.8-2.7)
22 (0.98-3.6)

40 (2.6-6.0)
42(0.28-11.1)
17.0 (13.4-19.2)
16.6 (6.5-25.6)

AL-1

50

2.5(2.2-3.0)
2.6(1.5-4.2)
7.4(4.8-9.6)
7.4(0.5-15.3)
21.5 (18.3-24.8)
21.9 (10.0-33.0)

57

22(1.9-2.5)

22(1.2-3.6)

41 (3.2-6.0)
46(0.27-11.3)

16.8 (14.6-19.5)

17.0 (7.3-27.9)

Data shows parasite slope half-lives and parasite clearance rates for cohort I (ASMQ and AL-I) and cohort IT (DP and AL-II) in hours.

AL-II

53

2.3(2.0-2.9)

2.4(14-43)

6.7 (4.4-8.8)
6.5(0.24-11.6)
20.1 (17.5-22.1)
20.0 (9.1-30.5)
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