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Turbot (Scophthalmus maximus) is an important commercial fish in China that can be infected by a series of bacterial pathogens, leading to great economic losses. In this study we focused on the epidemiology of turbot bacterial diseases in the major farming areas in China for three years. A total of 155 cases with 446 diseased turbots were investigated, and dominant bacterial pathogens were isolated from 137 cases (344 turbots). Thus, bacteria are the major threat to farming turbot in China. Edwardsiella piscicida was the major pathogen, which isolated as the dominant colony in 62 cases (40.00%) with 151 turbots (33.85%). Aeromonas salmonicida was isolated in 57 cases (36.77%) with 116 turbots (26.01%). Vibrio anguillarum was isolated in nine cases (5.81%), and Streptococcus parauberis in five cases (3.23%). Photobacterium damselae and Mycobacterium marinum were also isolated from one or two diseased fish. Other Vibrio spp. were isolated in 15 cases (9.68%). Two species of pathogen were isolated in 13 cases, and three species (E. piscicida, A. salmonicida, and S. parauberis) in one case. In 19 cases, no bacteria were isolated. Based on the annual disease analysis, we found that the E. piscicida infection proportion of total cases was greatly decreased, which may be caused by the attenuated vaccine inoculated in 2018. The antibiotic resistance of E. piscicida strains isolated in Weifang city was also determined. We found that the resistance to ceftriaxone, doxycycline, and SMZ/TMP were significantly increased from October 2016 to June 2018, and all the E. piscicida isolates exhibited resistance to SMZ/TMP in June 2018. These results indicated that E. piscicida is the major threat to turbot farming in China, and the attenuated E. piscicida vaccine exhibits effective protection. The usage of antibiotics may induce resistance quickly. Thus, development of vaccines is an important work for sustainable development of turbot farming in the future.
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1 Introduction

Turbot (Scophthalmus maximus), which is cultured in Liaoning, Shandong, Hebei, and Jiangsu provinces, is an important commercial fish and the leader of industrial aquaculture in China. Considering the growth of yield and density, fish diseases have become a limiting factor of turbot farming, which leads to great economic losses. According to the China Fishery Statistical Yearbook, 480.84 million juvenile flatfish (mainly turbot) were breeding in 2019, but only 110.984 thousand tons of flatfish were produced in 2020. The commercial size of flatfish is about 500 g, thus 480.84 million juveniles provide more than 200 thousand tons of fish. Only one-half of the flatfish grow to commercial size, indicating that diseases may be serious in turbot farming.

At present, several pathogens of turbot have been reported in China, including Vibrio anguillarum (Zou et al., 2004), V. harveyi (Fan et al., 2005), V. alginolyticus (Zhang et al., 2006), Edwardsiella piscicida (Li et al., 2006), Aeromonas salmonicida (Lv et al., 2009), Mycobacterium marinum (Li et al., 2019), Streptococcus parauberis (Gao et al., 2021), iridovirus (Shi et al., 2005), and scuticociliate (Wang et al., 2005). The variety of pathogens increases the complexity of disease control in turbot farming. Vaccination has been shown as an effective method to control fish diseases and is widely used in Salmo salar (Adams, 2019), while only two turbot monovalent vaccines have been approved in China (E. piscicida in 2015 and V. anguillarum in 2019), which rarely used until 2018. Most of the S. salar vaccines are multivalent, which protect fish against a variety of diseases with a single dose.

Epidemiologic investigation is essential for vaccine development, especially multivalent vaccine. In this study we focused on the epidemiology of turbot bacterial diseases in China from October 2016 to December 2019. A total of 155 cases with 446 diseased turbots were investigated and analyzed to determine the major pathogens. Antibiotic resistance of E. piscicida isolated in Weifang city was also tested in this study. This investigation could provide important information for turbot disease control, and some evidences for antimicrobial resistance.




2 Materials and methods



2.1 Diseased fish and bacteria isolation

The samples of diseased turbot were collected from the turbot farm located in the major farming area of 8 cities in Liaoning, Shandong, and Jiangsu provinces, as shown in Figure 1, with 96.77% production in China. The moribund fish or fish dead less than six hours were sampled, and the liver, spleen, and kidneys were collected and cultured on brain-heart infusion (BHI), 2216e, and trypticase soy agar (TSA) plates at 20°C. If nodules were found in the viscera, the sample was also cultured on Middlebrook 7H10 containing 10% OADC. If numerous homogeneous colonies were observed on the plates, the colonies were purified. The isolates were stored at − 80°C with glycerol.




Figure 1 | Distribution of sampling farms.






2.2 Bacteria identification

The isolates were identified by 16S rRNA gene sequencing. The 16S rRNA genes were amplified with primers 27F (5`-AGAGTTTGATCCTGGCTCAG-3`) and 1492R (5`-TACGGCTACCTTGTTACGACTT-3`) as described before (Lane et al., 1991). The PCR products were sequenced and analyzed with Basic Local Alignment Search Tool (BLAST) in GenBank, EzTaxon, and Mega 5 to identify the species. The isolated Vibrio spp. strains were checked by empA gene with primers empAF (5′-CAGGCTCGCAGTATTGTGC-3′) and empAR (5′-CGTCACCAGAATTCGCATC-3′) to identify V. anguillarum (Xiao et al., 2009).




2.3 Antibiotic resistance

Six kinds of antibiotics (ceftriaxone, doxycycline, ofloxacin, florfenicol, enrofloxacin, and SMZ/TMP) resistance of E. piscicida strains isolated in Weifang city from October 2016 to June 2018, was carried out with K-B methods as described previously (Wang et al., 2021). Briefly, the clinical E. piscicida isolates were cultured in TSB, adjusted to 108 cfu/ml, and coated on TSA plates. The pieces with different antibiotics were placed onto plates. The plates were cultured at 28°C for 24 h and the antibiotics resistances were measured. This experiment was carried out in triplicate and the results are expressed as the mean ± SD. Statistical differences between different groups were tested by the LSD Duncan method (p < 0.05).





3 Results and discussion



3.1 Analysis of bacteria diseases

From October 2016 to December 2019, a total of 155 cases were investigated with 446 turbots (Table S1). Dominant homogeneous colonies were obtained from 137 cases with 344 turbots. The isolates were identified by 16S rRNA gene analysis and listed in Table 1. No mixed infections in one fish were observed.


Table 1 | Pathogens isolated from turbots from 2016 to 2019 (number of turbots).



Based on our results, pathogens were isolated from 137 of 155 cases (88.39%), indicating that bacterial infections were the major cause of disease in farming turbot from 2016 to 2019. Edwardsiella piscicida infection was detected in 62 cases, accounting for 40.00% of all investigations (Table 2). Aeromonas salmonicida infection was detected in 57 cases (36.77%). In 5.81% farm cases, E. piscicida and A. salmonicida infections were both detected. In our previous study, we found that A. salmonicida chronic infection, which caused cutaneous nodules on the ocular side of the turbot (Coscelli et al., 2014), may facilitate the infection of E. piscicida (Yan et al., 2021). Although no mixed infection in one fish was observed, we supposed that some of the fish detected with E. piscicida infection, may be with A. salmonicida chronic infection, which could not be detected by bacterial isolation (Coscelli et al., 2014). These results indicated that E. piscicida and A. salmonicida infections, which were detected in 70.97% of 155 cases, are a great threat to turbot farming. Both A. salmonicida and E. piscicida are the traditional pathogens in aquaculture, which have been reported to cause disease in fish (Stéphanie et al., 2014; Cao et al., 2021). The E. piscicida live vaccine was approved in China in 2015, and we also developed the A. salmonicida subsp. masoucida vaccine for turbot in our previous study (Yan et al., 2021). Considering there is no commercial vaccine against A. salmonicida for turbot in China, the commercialization of the vaccine is urgently needed.


Table 2 | Pathogens isolated from turbots from 2016 to 2019 (number of cases).



Vibrio anguillarum has been reported as an important pathogen of turbot for many years (Austin and Austin, 2007). In this investigation V. anguillarum was only detected in nine cases. Based on our experience, V. anguillarum infections in turbot are much easier to control by disinfectants and antibiotics than other pathogens. Other Vibrio spp. were also detected in our investigation with lower outbreak rates and could not be identified by 16S rRNA gene sequence analysis.

Mycobacterium marinum infections were detected in two cases when the water temperature was higher than 20°C. Because the turbot is cultured with underground seawater in China, the water temperature in major farming areas is usually < 20°C. Therefore, M. marinum infections are only found in the southern areas with higher temperatures.

Streptococcus parauberis infection was not detected in our previous 10-year investigation (Lan et al., 2020), and had not been reported to be isolated from fish in China until 2019 in turbots (Gao et al., 2021). In the current study, five cases of S. parauberis infection were detected, accounting for 3.23% of the total number of cases. Interestingly, the S. parauberis from turbots was identified as serotype III, which is different from strains isolated from flounder in South Korea and Japan, but similar to the pathogens from turbot in Spain and striped bass in the USA (Gao et al., 2021). Considering that turbot importation has been eliminated from the list of China customs for 10 years, the origin of S. parauberis may be from freshwater fish importation.

Infections by two species of pathogen were detected in 12 cases, which were mainly caused by E. piscicida and A. salmonicida. Infection by three species of pathogens was observed in one case in Yantai city, and E. piscicida, A. salmonicida, and S. parauberis were isolated. No bacterial infections were detected in 16 cases, which may have reflected viral or parasitic infections, or other reasons (Figure 2).




Figure 2 | The percentage of pathogens isolated from turbot farm cases from 2016 to 2019.



The same results were obtained by analysis of the number of diseased fish. A total of 446 diseased turbots were analyzed in this investigation. According to the bacterial analysis, 151 diseased fish were infected with E. piscicida, which is a major threat accounting for 33.86%. The A. salmonicida infections were detected in 116 fish (26.01%). These results indicated that over 50% of disease were caused by E. piscicida and A. salmonicida. Vibrio anguillarum infections were detected in 29 fish (6.50%), and S. parauberis infections were detected in nine fish (2.02%). In 102 fish (22.87%), no dominant bacteria was isolated, higher than the proportion of farm cases. We speculate that some of the diseased fish may be caused by disease control, such as the use of antibiotics or disinfectants. During disease outbreaks antibiotics or disinfectants may be used by farmers, which may be toxic to fish (Table 1; Figure 3).




Figure 3 | The percentage of pathogens isolated from turbots from 2016 to 2019.



The epidemiologic data from different years was also analyzed in this study. Because the investigation was carried out from October 2016, the data from 2016 and 2017 were merged. When focusing on E. piscicida, a very interesting decline was noted. Compared with 2016-2017 (48.39%) and 2018 (51.02%), the E. piscicida infection rate was only 24.18% in 2019, approximately one-half of the last 2 years (Figure 4). The same results were also obtained following an analysis of the number of diseased fish. Edwardsiella piscicida infections affected 44.95% of diseased fish in 2016-2017, 48.78% in 2018, but only 19.63% in 2019 (Figure 5). In 2018, the E. piscicida attenuated vaccine was widely used in breeding farms via the immersion route, and most of the investigated farms received vaccinated juvenile turbot. We tracked a batch of vaccinated juvenile turbot 4 months post-vaccination in 11 farms, and none of these fish were infected by E. piscicida, while the unvaccinated fish from other breeding batches in the same farms had edwardsiellosis. These results indicated that the E. piscicida attenuated vaccine is an effective route to prevent E. piscicida infection, even via the immersion route.




Figure 4 | Comparison of disease etiologies of turbot farm cases between 2016-2019.






Figure 5 | Comparison of the number of diseased turbots between 2016-2019.



Aeromonas salmonicida infection, which was the second major threat to turbot culture in China, affecting 35.48% of cases in 2016-2017, 28.57% in 2018, and 35.16% in 2019 (Figure 4). Based on the number of diseased fish, A. salmonicida infection affected 22.02% in 2016-2017, 29.27% in 2018, and 26.17% in 2019 (Figure 5). The rate of A. salmonicida infections did not change significantly and was less than the rate of E. piscicida infections in 2016-2017 and 2018, but greater in 2019. Considering the losses caused by A. salmonicida infection, vaccine against A. salmonicida is urgently needed.

The rate of V. anguillarum infection also increased from 3.23% of cases in 2016-2017, to 7.69% of cases in 2019, and 4.59% of diseased fish in 2016-2017, to 9.81% of diseased fish in 2019. The increase of V. anguillarum infection rate may have been caused by the decline in E. piscicida infections. Outbreaks of edwardsiellosis and vibriosis usually occur in summer at high temperature. Edwardsiella piscicida infections were prevented by vaccination, while Vibrio spp. may have had a greater probability to infect fish.




3.2 Symptoms and experience of epidemics

In this study, we found that E. piscicida infection usually occurred when the water temperature was above 16°C and affect fish of all sizes (juveniles to commercial-size fish). Edwardsiellosis was rarely found when the water temperature was below 14°C. Ascites is the main symptom of edwardsiellosis, but is not observed in all diseased fish. In the early stage of E. piscicida infection, hemorrhage occurs in the mouth, eyes, and head, and pus in the eyes could be found (Figures 6A-C). In juveniles, or fish cultured at about 20°C, severe septicemia could be observed during E. piscicida infections, thus causing hemorrhage in fish abdomens, which is similar to vibriosis, and leading to enormous losses during a short period.




Figure 6 | Symptoms of diseased fish. (A, B, C) show turbot infected with Aeromonas salmonicida, with symptoms of cutaneous nodules ((A); Wang et al., 2020), hemorrhage in the abdomen and rotten fins (B), hemorrhage in the mouth (C); (D, E, F) show turbot infected with Edwardsiella piscicida with symptoms of ascites (D), rectal prolapse (E), and pale livers (F); (G) shows turbot infected with Vibrio anguillarum with rotten tail and fins; (H) shows turbot infected with Mycobacterium marinum with renal granulomas (Li et al., 2019).(I) shows turbot infected with Streptococcus parauberis with bilateral exophthalmus and pus in the eyes and pus in fins (Gao et al., 2021). The red arrows mean typical symptom.



Aeromonas salmonicida infection usually occurs in winter when the water temperature is below 16°C, especially below 14°C. For all sizes of fish, the main symptom of A. salmonicida infection was hemorrhage in the mouth (Figures 6D–F). For commercial-size fish, cutaneous nodules were observed in A. salmonicida-infected fish, which may be caused by chronic infection (Coscelli et al., 2014), especially when the water temperature is below 10°C during the winter in northeast China. In our investigation we found that the mortality associated with A. salmonicida infection was usually less than E. piscicida. But cutaneous nodules on the fish surface reduces the commercial value of turbot by approximately 50%. We have developed an inactivated vaccine which could protect turbot against A. salmonicida for 24 weeks (Yan et al., 2021). The commercialization of A. salmonicida vaccine is our following work.

Vibriosis, which is a traditional disease in aquaculture, was also detected during our investigation, but was much less than E. piscicida and A. salmonicida infections. The low water temperature of turbot culturing may reduce the morbidity associated with vibriosis. Vibriosis usually occurred in juvenile turbot in the summer when the water temperature was above 18°C, with hemorrhage in fins and abdomen (Figure 6G). The pathogens included V. anguillarum and other Vibrio spp. that could not be identified by 16S rRNA gene sequence analysis. Culture management is also an important factor of vibriosis. During our investigation we found that vibriosis usually occurred in small farms with lower water supplies or dissolved oxygen. In 2019, with the reduction of edwardsiellosis, the rate of vibriosis increased. We supposed that the vibriosis may be obscured by highly-virulent pathogens, such as E. piscicida and A. salmonicida. If these pathogens were prevented by vaccines or other special treatments, vibriosis may become the dominant disease in turbot culture.

Streptococcus parauberis infection had not been reported in China until 2021. The isolates were classified as serotype III by cps gene analysis (Gao et al., 2021). The sick fish exhibited hemorrhage and pus in the fins, bilateral exophthalmus with hemorrhage, and pus in the eyes (Figure 6H). Streptococcus parauberis infection can be found in all sizes of fish, including commercial size. Usually, the daily mortality of S. parauberis-infected fish was not high, but could last months with high cumulative loss. Streptococcus parauberis infections were first observed in Shandong province in 2019, and we also found S. parauberis infections in Liaoning in the winter of 2020 with water temperatures below 10°C. The symptom of turbot infected with M. marinum is showed as Figure 6I.




3.3 Antibiotic resistances of E. piscicida isolated in Weifang

Antibiotic resistance of E. piscicida strains isolated in Weifang city from October 2016 to June 2018 was assessed with ceftriaxone, doxycycline, ofloxacin, florfenicol, enrofloxacin, and SMZ/TMP (Figure 7). Antibiotic resistances to ceftriaxone, doxycycline, ofloxacin, and SMZ/TMP were significantly increased from October 2016 to June 2018 (p < 0.05). All of the E. piscicida isolates had complete resistance to SMZ/TMP from March 2018. Edwardsiellosis became a major threat in this area from 2016, and the veterinary pharmacy in this area sold antibiotics according to our results. The farms we sampled were customers of the pharmacy. Therefore, our results may have reflected the relationship between the use of antibiotics and the resistances of pathogens. SMZ/TMP is the cheapest antibiotic and was widely used from 2016. The continuous use of SMZ/TMP may results in significant antibiotic resistance.




Figure 7 | Antibiotic resistance of Edwardsiella piscicida strains isolated in Weifang city from October 2016 to June 2018. a, b: Differences letters indicate significant differences between different groups (P < 0.05).



In this study we found that the bacteria were still the major pathogens affecting turbot farming in China, and E. piscicida and A. salmonicida caused substantial losses compared to other pathogens, which accounted for approximately 70%. We also found that E. piscicida live vaccine significantly reduced the percentage of edwardsiellosis in production. The antibiotics could only control the disease for a short period, but led to antibiotic resistance. Based on our results, we suggest that the multivalent vaccine, which prevented E. piscicida, A. salmonicida, V. anguillarum, and S. parauberis, should be an effective route for the sustainable development of turbot farming in China.
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