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Objective: To investigate prevalence of acute diarrhea in Shanghai and analyze virulence associated-genes and antibiotic resistance of major enteropathogens using combination of conventional and molecular epidemiology methods.

Method: The 412 stool specimens were obtained by systematic sampling from diarrhea patients throughout entire year 2016. Bacterial and viral pathogens were identified and bacterial isolates were cultured and screened for antibiotic resistance profiles. Two most prevalent bacteria, Vibrio parahaemolyticus and Salmonella were further typed by multi-locus sequence typing (MLST) and analyzed for presence of virulence-associated genes. The association between virulence genes, resistance phenotypes and genetic diversities was analyzed.

Results: Among stool specimens testing positive for pathogens (23.1%), 59 bacterial and 36 viral pathogens were identified. V. parahaemolyticus (27/412, 6.6%), Salmonella (23/412, 5.6%) and norovirus GII (21/412, 5.1%) were three most-commonly found. Most bacterial isolates exhibited high levels of antibiotic resistance with high percentage of MDR. The drug resistance rates of V. parahaemolyticus and Salmonella isolates to cephalosporins were high, such as 100.0 and 34.8% to CFX, 55.6 and 43.4% to CTX, 92.6 and 95.7% to CXM, respectively. The most common resistance combination of V. parahaemolyticus and Salmonella was cephalosporins and quinolone. The dominant sequence types (STs) of V. parahaemolyticus and Salmonella were ST3 (70.4%) and ST11 (43.5%), respectively. The detection rates of virulence genes in V. parahaemolyticus were tlh (100%) and tdh (92.6%), without trh and ureR. Most of the Salmonella isolates were positive for the Salmonella pathogenicity islands (SPIs) genes (87–100%), and some for Salmonella plasmid virulence (SPV) genes (34.8% for spvA and spvB, 43.5% for spvC). In addition, just like the drug resistance, virulence genes exhibited wide-spread distribution among the different STs albeit with some detectable frequency linkage among Salmonella STs.

Conclusion: Bacterial infections are still the major cause of severe diarrheas in Shanghai. The most common bacteria V. parahaemolyticus and Salmonella show molecular characteristics consistent with preselection of highly virulent types with exceedingly high level of antibiotic resistance.
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INTRODUCTION

Diarrheal diseases are serious global public health problem (Guerrant et al., 2002). The World Health Organization’s Global Burden of Disease study reported that diarrheal diseases were the seventh leading cause of death in 2010, worldwide (Lozano et al., 2012). In 2015, diarrheal diseases caused globally 1.32 million deaths (GBD 2015 Mortality and Causes of Death Collaborators, 2016). In China, about 700000 cases of diarrheal diseases are reported annually (Zhu et al., 2008). Among the diarrheal diseases, acute diarrhea occurs most commonly and has most serious impact on human health in terms of mortality and medical costs (Das and Bhutta, 2016; Riddle et al., 2016).

Most of the causative agents of acute diarrheas are bacteria and viruses, among which Salmonella, Shigella, Vibrio parahaemolyticus, rotavirus, and norovirus account for a largest proportion of cases worldwide (Farthing et al., 2013). Studies report that the prevalence and composition of diarrheal pathogens varies from region to region. For example, rotavirus and diarrheagenic Escherichia coil (DEC) were the leading pathogens in Bangladesh in 2011 based on culture, polyacrylamide gel electrophoresis (PAGE) and Multiplex polymerase chain reaction (PCR) detections (Kabir et al., 2012). Rotavirus and Shigella were the main cause of diarrhea in western Kenya from 2009 to 2011 by culture and enzyme immunoassay (Swierczewski et al., 2013), while norovirus and Clostridium difficile were the most commonly detected pathogens in Australia in 2007 by culture, ELISA, reverse-transcription PCR (RT-PCR) and immunochromatography (Huhulescu et al., 2009). Calicvirus, rotavirus and Campylobacter jejuni were the most commonly detected pathogens in a Nordic country epidemiological survey from 2003 to 2007 by culture, RT-PCR and immunochromatography (Hilmarsdottir et al., 2012), while norovirus and Salmonella were the major pathogens for foodborne illness in the United States from 2000 to 2008 reported in a data estimate research (Scallan et al., 2011). However, the detailed etiological reports of acute diarrhea in a specific area are rare and these studies should be conducted to ensure proper epidemiological control and effective treatment, especially in densely populated areas. Shanghai is the largest urban agglomeration, which encompasses over 50 million people living at the highest population density in the world and experiencing huge amount of national and international traffic. From this perspective epidemiological surveillance of this area is particularly important to the global health.

Increasing occurrence of pathogenic V. parahaemolyticus and Salmonella promoted studies dissecting genetic typing of these pathogens and associations between their virulence factors and their pathogenicity (Scallan et al., 2011). The pathogenesis of V. parahaemolyticus is mainly attributed to the presence of thermostable direct hemolysin (TDH), thermolabile hemolysin (TLH) and TDH-related hemolysin (TRH), which are encoded by the tdh, tlh, and trh genes, respectively (Taniguchi et al., 1986). The pathogenicity of Salmonella is linked to a variety of virulence factors present in the chromosomal Salmonella pathogenicity islands (SPIs) and the Salmonella plasmid virulence (SPV) operon (Groisman and Ochman, 1996, 1997). Except for bacteria gastroenteritis, viral gastroenteritis is also one of the most common illnesses in human worldwide (Mo et al., 2015). Previous studies showed that the pathogenesis of viruses was due to viral genome types and environmental factors (Aly et al., 2007; Vidovic et al., 2011). Thus, analysis of the specific-virulence related genes is needed for better understanding the mechanisms of pathogenicity and to predict possible risks and outcomes of infection with various substrains.

Since, bacterial pathogens are the major cause of diarrheal diseases, ever-increasing antibiotic resistance is one of the most serious consideration in choice for their treatment (Arias and Murray, 2009). Thus analysis of antibiotic resistance is the crucial component of bacteriological diagnostics. Epidemiological studies of several hospitals in different cities of China revealed that resistance especially, multi-drug or pan-drug resistance kept increasing with the alarming rate (Gong et al., 2017; He et al., 2017; Hu et al., 2017; Yang et al., 2017). Thus, the investigation of antibiotic resistance spectrum of diarrheal bacteria may provide important information for healthcare providers in proper treatments and taking measures to reduce drug resistance of bacteria.

Finally, studies increasingly demonstrated the associations between most prevalent genotypes with particular virulence attributes and types of antimicrobial drug resistance in the clinical bacterial isolates. Such relationships were reported in Listeria monocytogenes, Klebsiella pneumoniae, V. parahaemolyticus and Salmonella (Campioni et al., 2012; Luo et al., 2014; Wu et al., 2016; Li et al., 2017). However, the study of genetic diversity of enteric bacterial pathogens has become a great challenge due to the high rates of recombination and mutation resulting from rapid selection and microevolution of prevalent microbial sub-strains (Denamur and Matic, 2006). Compared to other typing methods, including serotyping and pulsed-field gel electrophoresis (PFGE), MLST was proposed to provide one of the most effective tools for investigating the prevalence and genetic diversity of pathogenic bacteria at multiple levels (Achtman et al., 2012; Jones et al., 2012).

The aim of our study was to analyze the clinical epidemiology of infectious acute diarrhea, explore the seasonality and distribution of the pathogens and to gain insight into antimicrobial resistance, prevalence of virulence genes and genetic diversities. Considering Shanghai is one of the greatest international metropolis in the world with a huge flow of people, the study of the epidemiological characteristics and pathogen features of acute diarrhea have important local and global implications in understanding pathogens epidemiology and evolution.

MATERIALS AND METHODS

Ethics Statement

This study has been approved by Ethics Committee of Huadong Hospital. Verbal informed consent was obtained from every participant and all personal information was de-identified to protect patient privacy. The Ethics Approval Number: [2013-077].

Inclusion and Exclusion Criteria

Inclusion Criteria

Both male and female, with symptoms of acute diarrhea were included, without age limitation. According to the American College of Gastroenterology (ACG) Clinical Guideline from World Gastroenterology Organization (WGO) (Riddle et al., 2016), diarrhea was defined as the defecation frequency three or more times per 24 h, with abnormal fecal characteristics, such as loose, watery, mucous or bloody stool. Acute diarrhea was defined as the course of disease lasted for less than 14 days.

Exclusion Criteria

Diarrhea caused by medicine, poison, food allergy or food intolerance; diarrhea caused by other gastrointestinal diseases; diarrhea caused by irritable bowel syndrome (IBS); persistent diarrhea (lasting for more than 14 days); systemic use of antibiotics after diarrhea.

Clinical Specimen Collection

All patients eligible for enrollment in the Center Hospital of Songjiang District were numbered according to the registration order from January to December in 2016, and one from each five patients was selected into the research by systematic sampling. Stool specimens were collected from each patient at the time of enrollment. For viral testing, fresh whole stool was collected in sterilized containers with normal saline and RNase inhibitor and stored at -20°C for further detection. For bacterial testing, fresh whole stool was inoculated onto Salmonella-Shigella (SS) agar, Columbia blood agar, charcoal cefoperazone deoxycholate agar (CCDA) and selective enrichment broth (3% NaCl alkaline peptone water) within 2 h. Each participant’s clinical characteristics, epidemiological information and laboratory results were recorded using a standardized patient reporting form.

Nucleic Acid Extraction and Sequencing

Total nucleic acid was extracted from 200 μL of 10% fecal suspension prepared in normal saline using the QIAsymphony Virus/Bacteria Mini kit (Qiagen, United Kingdom) according to the QIAsymphony SP instrument (Qiagen, United Kingdom). Genomic DNA of the isolates was extracted using the TIANamp bacteria DNA Kit (Tiangen Biotech Beijing Co., Ltd, Beijing, China). The extract was eluted in 50 μL DNase-free and RNase-free water and stored at -80°C. The quality of the DNA extract was assessed using a NanoDrop spectrophotometer (ND-1000; Thermo Fisher Scientific Inc., Waltham, MA, United States). All procedures were conducted following the manufacturers’ instructions. PCR products were purified using the high pure PCR product purification kit (Roche, Basel, Switzerland) according to the manufacturer’s instructions. The sequencing was performed by Sanger method using the ABI 3730XL automated DNA analyzer (Applied Biosystems Inc., Foster City, CA, United States). The information of primers for sequencing was listed in the Supplementary Table 1. The DNA sequence analysis was performed using the DNAStar Lasergene software (DNAstar Inc., Madison, WI, United States).

Bacterial Culture and Identification

Stool specimens were inoculated on SS agar and Columbia blood agar at 37°C for 24 h; CCDA under micro-aerophilic culture at 37°C for 24 h; selective enrichment broth at 37°C for 18–24 h, followed by subculture on thiosulphate citrate bile salt sucrose (TCBS) agar at 37°C for 24 h. According to the 11th Manual of Clinical Microbiology in 2015 (Jorgensen and Pfaller, 2015), colonies of suspected Salmonella and Shigella (with colorless transparent or black colonies on SS agar) were identified by VITEK-2 Compact (BioMerieÌux, Lyon, France) and serotyping (SSI Diagnostica, Hillerod, Denmark), colonies of suspected C. jejuni (with gray-white colonies and about one millimeter in diameter on CCDA agar), Vibrio cholerae (with yellow colonies on TCBS agar) and V. parahaemolyticus (with blue-green colonies on TCBS agar) were identified by Matrix-Assisted Laser Desorption Ionization time-of-flight mass spectrometry (BioMerieÌux, Lyon, France). V. parahaemolyticus was further analyzed by serotyping using respective antisera (Denka Seiken CO., LTD., Japan).

Antimicrobial Susceptibility Testing

The antibiotic sensitivities of all isolates were tested by the standard disk diffusion method according to the Clinical and Laboratory Standards Institute (CLSI) guidelines (2016), using Mueller Hinton agar (Chromagar, Paris, France) to culture Salmonella, Shigella and V. parahaemolyticus and Mueller Hinton agar medium with 5% sheep blood to culture C. jejuni. Resistance spectra for Salmonella, Shigella and V. parahaemolyticus were established based on susceptibility to 11 antimicrobials belonging to six classes: β-lactam (cefoxitin: CFX, cefotaxime: CTX, cefuroxime: CXM), quinolone (ciprofloxacin: CIP, levofloxacin: LVX, norfloxacin: NOR, nalidixic acid: NAL), aminoglycoside (gentamicin: GEN), tetracycline (tetracycline: TCY), sulfonamides (compound sulfamethoxazole: CO-SMZ) and chloramphenicol (chloramphenicol: CHL). Four antibiotics reported in CLSI guidelines were used to test the antibiotic susceptibilities of C. jejuni, which belong to three classes: macrolides (erythromycin: ERY), quinolone (CIP) and tetracycline (TCY, doxycycline: DOX). Multidrug-resistant (MDR) was defined as acquired non-susceptibility to at least one agent in three or more antimicrobial categories (Magiorakos et al., 2012). E. coli ATCC 25922 was used as the quality control bacterium for the antimicrobial susceptibility testing.

Virus Detection

Quantitative PCR was used to analyze total nucleic acid samples for detection of five viruses, including: norovirus, sapovirus, rotavirus, astrovirus and adenovirus using their respective real-time PCR kits (BioPerfectus Technologies, Taizhou, China) in the Applied Biosystems real-time PCR system (7500 real-time PCR system, ABI, Foster City, CA, United States) with 7500 system software v2.3. The reaction conditions for the amplifications were as follows: 95°C for 5 min, followed by 45 cycles of denaturation at 95°C for 10 s, annealing, extension and fluorescence detection at 55°C for 40 s. All the procedures were conducted according to the instructions.

Detection of Virulence-Associated Genes

Vibrio parahaemolyticus isolates were tested for the presence of virulence genes tlh, tdh, ureR, and trh. Salmonella isolates were tested for the presence of virulence genes SPI-1(invA, hilA), SPI-2 (ssaQ, ssrB, spiA), SPI-3 (mgtC), SPI-4 (orfL), SPI-5 (sopB), SPI-6 (safB), spvA, spvB and spvC. The virulence genes of each isolate were amplified individually using Taq PCR MasterMix (Tiangen Biotech Co., Ltd.) on a GeneAmp 9700 thermal cycler (Applied Biosystems, Foster City, NY, United States). DNase-free and RNase-free water was used as negative control and 16S rDNA gene as positive control. The specific primers were listed in Supplementary Table 1. The PCR fragments were analyzed by agarose gel electrophoresis.

MLST Analysis

Vibrio parahaemolyticus and Salmonella isolates were analyzed using MLST to detect the following seven housekeeping genes: recA, dnaE, gyrB, dtdS, pntA, pyrC and tnaA for V. parahaemolyticus; thrA, purE, sucA, hisD, aroC, hemD and dnaN for Salmonella. MLST were carried out in accordance with the criteria published in the corresponding MLST database websites (1 for V. parahaemolyticus;2 for Salmonella). The sequences were compared and identified with the existing sequences available from the MLST websites. The information of the primers was listed in Supplementary Table 1. The minimal spanning trees (MST) were generated using BioNumerics 7.5 (Applied Maths, Belgium).

Statistics

All statistical analyses were performed using Stata/SE 14.0 (Stata Corp, College Station, TX, United States) for Mac. Differences between the groups were compared by Chi-square tests or Person Chi-square tests. Statistical significance was defined at a P < 0.05.

RESULTS

Clinical Characteristics and Isolation Rates of Enrolled Patients with Acute Diarrhea

A total of 412 patients (204 females and 208 males) with acute diarrhea were selected out of 2059 outpatients by systematic sampling in 2016 upon application of strict inclusion and exclusion criteria (Table 1). Most cases of acute diarrhea occurred in summer (39.3%) and autumn (26.7%), and fewer in spring (17.5%) and winter (16.5%). The median age was 37 years [Interquartile Range (IQR): 28–56 years] and the median frequency of diarrheal episodes was 6 times per day (IQR: 4-8 times). Watery stool was the most common symptomatic characteristics (59.7%), followed by loose stool (28.6%), mucous stool (10.0%) and bloody stool (1.7%).

TABLE 1. Clinical characteristics and isolation rates of enrolled patients with acute diarrhea.
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Major Acute Diarrheal Pathogens Were Confirmed in Stool Specimens

Infectious diarrhea (with confirmed etiological cause) occurred in 93 out of 412 patients. A total of 95 pathogens including 59 bacteria and 36 viruses were identified in these stool specimens (Table 2). The single pathogen infection was observed in 91 cases and polymicrobial infection in two cases. Viral pathogens were detected in 8.7% of all the specimens. Norovirus was the most common virus and the detection rate was 5.3%. The GII was the predominant Norovirus type detected, accounting for 95.5% of all cases, including one case of norovirus GII and GI co-infection. Eight cases of sapoviruses (1.9%) and four cases of rotavirus infection (1.0%) were also confirmed. All four rotavirus enteritis cases were caused by Group A rotavirus. Bacterial pathogens were identified in 14.3% of all the patients, and the two predominant bacteria were V. parahaemolyticus (6.6%) and Salmonella (5.6%), including one case of V. parahaemolyticus and Salmonella co-infection. There was no significant difference in the positive detections among age groups (p = 0.664), gender (p = 0.993) and other aspects of patient clinical characteristics (p = 0.110) (Table 2). The two dominant pathogen V. parahaemolyticus and Salmonella isolates were further analyzed by MLST and serotyping. MLST classified these 27 V. parahaemolyticus isolates into seven STs with high genetic diversity (Figure 1A). ST3 was the most commonly found isolate type of V. parahaemolyticus (70.4%), followed by ST88 (11.1%). Individual cases of infections (amounting to 3.7%) were represented by ST332, ST479, ST610, ST839 and ST846. MST analysis of V. parahaemolyticus isolates mainly showed the distinct but not apparent clustering patterns (Figure 2A). The predominant serotype of V. parahaemolyticus was O3:K6 (51.9%) (O: somatic antigen; K: capsular antigen), followed by O4:K68 (18.5%) and O4:K8 (11.1%) (Table 3). Remarkably, all O3:K6 isolates were ST3. For the 23 Salmonella isolates, eight distinct STs were identified (Figure 1B), and the ST11 (43.5%) was the most frequently detected type, followed by ST19 (17.4%), ST34 (13.0%) and ST26 (8.7%). Other detected STs: ST115, ST155, ST358 and ST516 represented individual cases (4.3%). Furthermore, MST analysis of Salmonella isolates showed ST19 and ST34 clustered in the same complex (Figure 2B). Besides, Salmonella isolates were classified into eight serotypes, the dominant types were Salmonella enteritidis (43.5%) and Salmonella typhimurium (26.1%). All Salmonella enteritidis isolates were ST11, all Salmonella typhimurium isolates were ST19 or ST34.

TABLE 2. Distribution of pathogens in stool samples varied from patients with acute diarrhea.

[image: image]


[image: image]

FIGURE 1. Sequence types (STs) of the V. Parahaemolyticus and Salmonella diarrheal isolates. The 412 stool specimens were obtained by systematic sampling from diarrhea patients in Shanghai throughout entire year 2016. STs of 27 V. parahaemolyticus isolates (A), and of 23 Salmonella isolates detected in this study (B) were analyzed and their relative frequencies within each species calculated.
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FIGURE 2. Minimal Spanning Trees of the V. parahaemolyticus and Salmonella isolates. Minimal spanning tree (MST) generated from MLST data of V. parahaemolyticus (A) and Salmonella (B) isolates. The color indicates the serotypes of isolates. The sizes of the nodes represent the numbers of isolates of each ST. The distance (connecting lines) between STs depict the number of allelic differences between them. Note that the MST analysis does not show much clustering patterns.



TABLE 3. The association of virulence genes and resistance phenotype with genetic diversity and serotypes of the V. parahaemolyticus and Salmonella isolates.
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Acute Diarrheal Pathogens Presented Differential Seasonal Distribution

Our findings indicated that the incidence of infections with specific pathogens showed very strong seasonal trends and different groups of pathogens showed distinct distribution patterns (Figure 3). Bacterial pathogens were more frequently detected in summer and early autumn, while viral pathogens were more commonly detected in winter and spring (Figure 3A). The bacterial infections were prevalent during hot months of the year (Figure 3B) but each of the bacterial species causing infections followed its own specific seasonal distribution. V. parahaemolyticus was detected from May to September, peaking in August, while C. jejuni was causing infections only in May through July. In contrast Salmonella was detected in most months of the year, with some increase in September. The peak of viral infections was in March, both with respect to overall number of cases and diversity of viruses causing infections. However, Norovirus was detected in more than half of the months of the year while Rotavirus, Astrovirus, and Sapovirus infections were mostly found only in late winter/spring.
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FIGURE 3. Acute diarrheal pathogens presented seasonal distribution. Numbers of cases for bacterial (red) and viral (blue) diarrheal infections confirmed by laboratory detections of pathogens in stool samples summarized on monthly basis (A). Note distinct, non-overlapping peaks of occurrence of bacterial versus viral infections. Cumulative, monthly detections of individual bacterial and viral pathogens throughout year 2016 are shown on (B).



Bacterial Pathogens Associated with Acute Diarrhea Showed High Level of Antimicrobial Resistance

The resistance against antimicrobial agents was high among all bacterial pathogens (Figure 4). All of the clinical V. parahaemolyticus isolates exhibited high resistance rates to cephalosporins, including second-generation cephalosporins cefoxitin (CFX, 100%), cefuroxime (CXM, 92.6%) and third-generation cephalosporins cefotaxime (CTX, 55.6%) (Figure 4A). The resistance rates of V. parahaemolyticus isolates to quinolone (CIP) and gentamicin (GEN) were 33.3 and 22.2%, respectively. By contrast, V. parahaemolyticus showed low resistance rates to levofloxacin (LVX, 0), norfloxacin (NOR, 3.7%), chloramphenicol (CHL, 7.4%), tetracycline (TCY, 7.4%), nalidixic acid (NAL, 11.1%) and compound sulfamethoxazole (CO-SMZ, 3.7%). In addition, 65.1% V. parahaemolyticus isolates were resistant to one antibiotic class, all of which belong to cephalosporins; 14.8% isolates were resistant to two classes of antibiotic, cephalosporins combined with quinolone; 25.9% isolates were resistant to three classes of antibiotic, 85.7% of which were cephalosporins, quinolone combined with aminoglycoside; 3.7% isolates were resistant to four classes of antibiotic (Figure 3B). Finally, 29.6% V. parahaemolyticus isolates were MDR.
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FIGURE 4. Resistance profiles of the V. parahaemolyticus and Salmonella isolates to different antibiotics. For each culture isolate of bacterial EP antibiotic resistance was evaluated using the standard disk diffusion method. Resistance rates of V. parahaemolyticus isolates to 11 antibiotics and drug resistance profile of V. parahaemolyticus isolates are shown in (A,B), respectively. Resistance rates of 23 Salmonella isolates to 11 antibiotics and drug resistance profile of Salmonella isolates are shown in (C,D). CFX, cefoxitin; CTX, cefotaxime; CXM, cefuroxime; CIP, ciprofloxacin; LVX, levofloxacin; NOR, norfloxacin; CHL, chloramphenicol; GEN, gentamicin; TCY, tetracycline; NAL, nalidixic acid; CO-SMZ: compound sulfamethoxazole.



The drug resistance rates of Salmonella to cephalosporins were also high, including CXM (95.7%), CTX (43.4%) and CFX (34.8%) (Figure 4C). In addition, 78.3% of Salmonella isolates were resistant to TCY and NAL, and 73.9% were resistant to LVX. Salmonella isolates also exhibited resistance to CIP (30.4%), NOR (17.4%), CHL (30.4%), GEN (13.0%) and CO-SMZ (34.8%). Besides, 39.1% Salmonella isolates were double resistance to cephalosporins combined with quinolone; 26.1% isolates were triple resistance, among which the most common combination (83.3%) were cephalosporins, quinolone and tetracycline; 4.3% isolates were resistant to four classes of antibiotic; 26.1% isolates were resistant to five classes of antibiotic except for aminoglycoside; 4.3% isolates were resistant to all six classes of antibiotic. Altogether, the results showed that 60.9% Salmonella isolates were MDR (Figure 4D).

Among all five Shigella isolates, four were resistant to GEN, TCY, NAL, CO-SMZ, CTX, CXM and CIP, and one was resistant to GEN, TCY, NAL and CO-SMZ, and thus the MDR rate for Shigella isolates in this study was 100%. All four C. jejuni isolates were resistant to TCY, three were resistant to CIP, and two were resistant to erythromycin (ERY) and doxycycline (DOX). Two MDR C. jejuni isolates were detected in this study.

Distribution of Virulence-Associated Genes of the Dominant Bacterial Pathogens

To analyze the pathogenicity of V. parahaemolyticus, four known virulence-associated genes including tlh, tdh, trh and ureR were detected by PCR sequencing (Table 3). The tlh gene was detected in all V. parahaemolyticus isolates, and tdh gene was detected in most of the isolates (92.6%). Interestingly, variable hemolysin gene trh was undetected in all the isolates, and ureR gene expected to be found upstream of trh in V. parahaemolyticus genome was also undetected.

Twelve virulence genes including nine genes located in six SPIs and three SPV genes were selected to screen for pathogenicity of Salmonella. SPI-1 genes invA and hilA were detected in all Salmonella isolates; 22 isolates (95.7%) were positive for the presence of SPI-2 genes (ssaQ, ssrB and spiA) and SPI-3 gene mgtC (Table 3). Furthermore, 21 isolates (91.3%) were positive for SPI-4 gene orfL, while 20 (87.0%) isolates were positive for SPI-5 gene sopB and 21 isolates (91.3%) were positive for SPI-6 gene safB. Notably, only nine isolates (34.8%) were positive for the plasmid genes spvA and spvB, and ten isolates were positive for spvC.

The Associations of Virulence Genes and Resistance Phenotypes with Serotypes and Genetic Diversities

The association of virulence with STs and serotypes of V. parahaemolyticus and Salmonella isolates was analyzed (Table 3). We found that tlh was detected in all STs, tdh in most, while trh and ureR were undetected in all STs of V. parahaemolyticus isolates, suggesting that tlh is the most important factor required for virulence and thr and ureR are dispensable. The predominant ST of Salmonella isolates was ST11, most of them posed the SPI genes (70.0–100.0%) and almost half of them posed SPV genes, while one isolate was found positive for only two SPI-1 genes, invA and hilA (Table 3B). Remarkably, almost all the virulence genes were detected among ST19 isolates (97.9%), while all SPI genes but none SPV genes were detected among ST34, ST26, ST115, ST155, ST358 and ST516 isolates. In term of the association with serotypes, the virulence genes posed in Salmonella enteritidis were totally consistent with ST11 isolates, while Salmonella typhimurium isolates were positive for most SPI genes (98.1%) and part of SPV genes (66.7%), which was different with ST19 and ST34 isolates.

Regarding association of antibiotic resistance with STs and serotypes (Table 3), there was not any major resistance patterns associated with specific ST and serotypes in V. parahaemolyticus isolates. In ST3 V. parahaemolyticus, 30% of isolates were MDR and this frequency was similar in ST88, however the ST88 was only represented by three isolates. Interestingly, all the ST3 V. Parahaemolyticus isolates exhibited resistance to cefuroxime (CXM), which belongs to β-lactam antimicrobial agents. For Salmonella isolates, 68.4% of the ST11 (also Salmonella enteritidis) was MDR (Table 3). None apparent association between genetic diversities with its resistance phenotypes was detected in our results, consistent with uniformly wide-spread resistance among all most prevalent STs. In fact, no significant difference in the MDR rates among different STs and serotypes was found in both of V. parahaemolyticus and Salmonella isolates.

DISCUSSION

Shanghai is a “gateway to China” and the largest agglomeration worldwide experiencing huge amount of national and international traffic. From the epidemiological stand point updates on the epidemiological status need to be reported and recorded on regular basis. This in comparison with other major urban centers in the world will allow to better track the spread of GI infections and to observe local and global microevolution of GI pathogens. In this study, microbiological surveillance of 412 stool specimens from total of 2059 diarrhea patients has been conducted between January and December in 2016 in Shanghai. The enteric pathogens were confirmed via successful isolation in 93 out of the 412 stool specimens. Fifty-nine bacteria and thirty-six viruses were detected, among which V. parahaemolyticus, Salmonella and noroviruses were the leading etiologic agents. Among different pathogens many showed unique seasonal distribution, while others were common throughout the year. The two most common bacterial pathogens showed exceedingly high level of antimicrobial drug resistance. Finally, we found linkage of V. parahaemolyticus and Salmonella ST genetic variants and frequencies of specific virulence genes but not with drug resistance, further suggesting very wide spread of resistance genes across different unrelated strains of these pathogens.

The predominant enteric diarrheal pathogens detected in this study were V. parahaemolyticus (6.6%), Salmonella (5.6%) and Norovirus (5.3%). The isolation rate of V. parahaemolyticus was close to the 8.0% reported for southeastern China in previous years (Chen et al., 2016) and consistent with earlier report from Shanghai, in which V. parahaemolyticus was the most commonly detected bacterial pathogen (Zhang et al., 2014). However, Lei Jia’s study, which identified pathogens in almost 40% of patients in Beijing, reported calicivirus (16.1%) as the most prevalent pathogen, followed by rotavirus (11.3%), V. parahaemolyticus (5.1%) and Salmonella (3.9%) (Jia et al., 2016). Salmonella was the second most commonly detected EP in our studies and the isolation rate was 5.6%, which was higher than the previous study from Shanghai (0.9%) (Zhang et al., 2014) and Beijing (3.9%) (Jia et al., 2016), however, in all these studies Salmonella remained 2nd most common bacterial EP. Outside of China, comparative epidemiology shows even greater divergence. A Nordic country reported calicivirus, rotavirus and Campylobacter jejuni as the most common pathogens from 2003 to 2007 (Hilmarsdottir et al., 2012). Kenya reported rotavirus and Shigella as the main cause of diarrhea in 2009 to 2011 (Swierczewski et al., 2013). Australian report, ranks norovirus, followed by C. difficile and rotavirus as the most frequent causes of infectious diarrhea in 2007 (Huhulescu et al., 2009). These differences demonstrate that the pathogen spectrum significantly varies in different areas, the possible cause of these differences maybe the different races, diets and sanitation. However, these disparities were likely influenced by different research periods and variety of methods applied for detection. Thus, surveillance of GI pathogens implemented regularly at different study centers around the world will continue provide important updates regarding pathogen distribution.

Our results showed that in Shanghai norovirus remains the leading etiologic agent of viral diarrhea. Specifically, Norovirus GII accounted for 95.5% among the virus positive specimens in our study, consistent with the notion that GII viruses became established as the predominant type responsible for the majority of norovirus gastroenteritis in recent years worldwide (Estevez et al., 2013). Noroviruses cause nearly 200,000 deaths each year among children less than 5 years old in developing countries and efforts are being made to introduce preventative vaccines (Patel et al., 2009; Kim and Kim, 2014). Since, experimental norovirus vaccine studies show strong association between viral genotype and effectiveness of vaccine-induced protection (Atmar et al., 2011), our results support that the focus of vaccine development efforts should be on GII Norovirus group.

The analysis of seasonal distribution of etiological causes showed that there was strong seasonal dependence of enteric pathogen incidence. The epidemic peak of viral infections occurred mainly in winter/early spring whereas the peak of bacterial diarrheas occurred in summer and autumn, which was similar to the studies from other cities in China (Jia et al., 2016; Chi et al., 2017). Interestingly, peak of viral infection corresponded to lowest level of bacterial infections and vice versa, with the exception of November–January, during which incidences of both viral and bacterial infection levels were at their lowest points. The analysis of the seasonal distribution of viral pathogens showed that most outbreaks with low frequency viruses were restricted to a short period of time, which could be a result of a specific viral gene mutation that exploited the gap in population immunity, as typically seen with influenza viruses (Carter and Sanford, 2012; Reperant et al., 2015). In contrast, norovirus was detected in most months of the year; consistent with findings in multiple centers, which showed indiscriminately high frequencies of norovirus infections worldwide (Ahmed et al., 2014).

Among bacterial species we also found some interesting differences in seasonal distribution patterns. V. parahaemolyticus was only found from May to September contrasting with Salmonella detected in most months of the year. Since V. parahaemolyticus is often isolated from seawater and seafood, the consumption of contaminated seafood appears to be one of the leading causes of summer diarrheas in Shanghai and likely other coastal regions. On the other hand Salmonella, as an important foodborne pathogen with wide array of contamination sources accounting for its broad distribution (Campioni et al., 2012; Jackson et al., 2013).

In recent years, increasing antibiotic resistance of clinical isolates, especially MDR has been a major concern for human health, as it often results in prolonged illness and greater risk of death (Canton and Ruiz-Garbajosa, 2011). In this study, we analyzed the resistance profile of the diarrheal bacteria to 11 common antibiotics. All V. parahaemolyticus isolates showed a high level of resistance to cephalosporins (55.6–100.0%), contrary to the results of 2015 Shanghai study, which showed a low drug resistance rate to cephalosporins (Li et al., 2017). Also investigation of V. parahaemolyticus in southeastern China from 2009 to 2013 reported most isolates were sensitive to common antimicrobial agents apart from ampicillin (Chen et al., 2016). Thus, our results indicated the resistance rate to cephalosporins had markedly increased in Shanghai (Elmahdi et al., 2016). Salmonella exhibited high resistance rates to cefuroxime (CXM) and levofloxacin (LVX). However, CXM and LVX are still commonly used in treatment of acute infectious diarrhea. Remarkably, we found the MDR rates were high in all bacteria isolates, including Shigella which demonstrated 100% MDR frequency. The most common resistance combination of V. parahaemolyticus and Salmonella was cephalosporins and quinolone, which are also the most commonly used antibiotics in our region. The bacteria may acquire resistance to antibiotics via mutations in chromosomal genes or by horizontal gene transfer induced by excess antibiotic application. In addition, the spread of drug-resistant genes mediated by plasmids or bacteriophage may also be a potential cause (Blair et al., 2015; Lekunberri et al., 2017). While our study could not identify mechanisms by which the isolates acquired resistance, they showed that the drug resistance was widely and quite uniformly spread across multiple genotypic variants (Table 3), and thus no statistically significant association was found between resistance and ST strain classification. Together, our findings support that antibiotic resistance reached critical level and this needs to be addressed in clinical practice.

The final group of conclusions pertains to genetic diversity and distribution of common virulence genes critical for pathogenicity of V. parahaemolyticus and Salmonella across their different STs. This data set only marks the beginning of longitudinal studies that will help us to dissect trends pathogens’ genetic microevolution overtime. While, ST3 presented the most dominant ST in V. parahaemolyticus, consistent with previous study in Asian countries (Han et al., 2016), it strikingly differs from the predominant types in Maryland, United: ST631 and ST36 (Haendiges et al., 2015) not found in our study. This is not surprising since the origins of V. parahaemolyticus at both sites are linked to Pacific and Atlantic Ocean, respectively, and involve different continents. Future studies, especially from the American West Coast may provide further insights, if the divergence of ST type is linked more to the aquatic or continental location (local micro evolution) and also how this may be further affected by globalization of the seafood industry. The pandemic serotype of V. parahaemolyticus were O3:K6, consistent with the findings from other places worldwide (Ceccarelli et al., 2013; Velazquez-Roman et al., 2014). In terms of virulence, human V. parahaemolyticus isolates detected in this study contained tlh gene a hallmark of virulent V. parahaemolyticus (Banerjee et al., 2014; Chen et al., 2016) and almost equally and uniformly common across STs gene. The ureR gene and trh were both collectively absent. Since, ureR is located immediately upstream of trh, our results further support that while not necessary for virulence, these two virulence-associated genes are genetically linked, and complications introduced by inter-strains sequence heterogeneity might be avoided by detection of the ureR gene (Nilsson and Turner, 2016). Overall, conclusion is that V. parahaemolyticus is largely dominated by one or two STs and serotypes, the serotypes were generally associated with STs of V. parahaemolyticus, none apparent association between genetic diversities, serotypes with its resistance phenotypes was detected in our results, consistent with uniformly wide-spread resistance among all most prevalent ST types found in Shanghai.

Among the 23 Salmonella isolates, the most frequently detected was ST11, followed by ST19 and ST34 in contrast with reported predominant STs of Salmonella isolates were ST8, ST4 and ST3 in America (Dutta et al., 2014). These outcomes reveal important regional differences in Salmonella STs. Serovar Enteritidis was the most frequently isolated followed by Typhimurium, consistent with the data from foodborne outbreaks in America (Andino and Hanning, 2015). Regarding Salmonella virulence genes distribution, SPIs genes were present in almost all isolates, while SPV genes only occurred in 35–44% of the isolates, which demonstrated that the significant variations in pathogenicity among isolates were mainly attributed to the spread of plasmid genes. Furthermore, genetic distribution of virulence factors appears to show stronger link with STs compared with V. parahaemolyticus, consistent with previous reports linking STs with virulence and resistance (Luo et al., 2014; Li et al., 2017). In our study, most ST19 Salmonella isolates were positive for SPV and SPI genes, corresponding patients’ information showing more severe symptoms in ST19-infected patients. This was in contrast with Salmonella typhimurium, which was corresponding to ST19 and ST34 isolates. Meanwhile, all other STs except for ST11 were negative for all SPV genes but all SPI genes, similar to serovars Newport, Thompson, Montevideo, London, Grampian and Give. Finally, the very broad resistance to multiple antibiotics was uniformly spread across various STs and serotypes indicating that the rate of acquiescence of drug resistance is very fast and occurs independent of STs and serotypes. Based on these findings, we recommended the further longitudinal and multi-center studies monitoring the virulence along with genotype of ST classification.

CONCLUSION

Our study systematically explored the distribution, seasonality, STs, serotypes, antimicrobial susceptibility phenotype and distribution of virulence genes of the pathogens from patients with acute diarrhea in Shanghai in 2016. The results highlighted the regional difference of diarrhea pathogens, confirmed that V. parahaemolyticus, Salmonella and norovirus still presented as the most prevalent pathogens in the region, exhibited the main STs, serotypes, emphasized the serious antibiotic resistance, explored the association of virulence with genetic diversity and serotypes of V. parahaemolyticus and Salmonella isolates. This study would provide useful information for comparing of molecular epidemiology in our region over time and among different regions to guide appropriate therapeutic strategies and monitoring the variation of genotypes of pathogens causing acute diarrheas.
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V. parahaemolyticus 27 (8.6) 1(4.0) 15(7.5) 5(4.6) 683) 0 13(6.3) 14(8.9) 4(3.4) 21(8.5) 2(49) 0
V. cholerae 0O o 00 00 00 0o 00 0O 0 (0) 0(0) 0 0 (0)
C. jgjuni 4(1.0) 0 2(1.0) 2019 000 00O 1(0.5) 3(1.5) 2017y 2(08) 00 00

Viruses 36 8.7) 2(80) 13(65) 12(11.1) 8(11.1) 1(12.5) 21(10.1) 15(7.4) B(5.1) 28(11.4) 1(24) 1(14.3)

Norovirus (G, Gll) 22 (5.3) 2(80) 1(558) 5(4.6) 3(42) 1(12.5) 15(7.2) 7(3.4) 3(25) 17(6.9) 124 1(14.3)
‘Sapovirus 8(1.9) o 1(0.5) 3(2.8) 4(56) 0 4(1.9) 4200 108) 7(28) 00 0O
Rotavirus 4(1.0) 0O 00 3(2.8) 1(1.4) 0O 1(0.5) 3(1.5) 1(0.8) 3(1.2) 0 00
Astrovirus 2(05) 010 1(0.5) 109) o 0O 1(0.5) 1(0.5) 1(0.8) 1(04) 00 0O
Adenovirus 00 00 0@ 00 00 00 00 00 0@ 0 00 00

Total 95 (23.1) 4 (16) 43(216) 26 (24) 19 (264) 3 (375)  48(231) 47 (280) 20 (169) 67 (27.2)  T(I7.1)  1(143)
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Summary of viulence genes, resistance phenotype and genetic types (ST), serotypes of V. parahaemolyticus (A) and Salmonela (B) isolates was conducted. Presence
(magenta) or absence (blug) of four virulence-associated genes of each V. parahaemolyticus and twelve virulence-associated genes of Salmonella including six SPIs and
'SPV, was established by PCR sequencing for each isolated organism. Note that there was o statistical difference in the MDR rates among different STs and serotypes.
0, somatic antigen; K, capsular antigen; KUT, K antigen un-typeable.
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