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The present work aimed to investigate the causes of summer mortality syndrome affecting cultured European seabass (Dicentrarchus labrax) by examining physiochemical farm water characteristics, isolation, and identification of recovered bacterial pathogens from diseased fish studying the effect of water temperature on stress biomarkers and disease severity. Studied water parameters were normal except ammonia and dissolved oxygen was higher and lower than the standard value. Sixty-two bacterial isolates were recovered from moribund fish and identified as 31 Vibrio fluvialis, 23 Pseudomonas aeruginosa and 8 Staphylococcus aureus isolates. The calculated LD50 of V. fluvialis, P. aeruginosa and S. aureus for D. labrax fingerlings were 4.67 × 107, 2.37 × 106 and 1.38 × 107, respectively. There was a direct correlation between water temperature and mortality rate of fish challenged with V. fluvialis as the mortality rate was 44.44, 50, 66.66, and 83.33% for fish maintained at 27, 30, 33, and 36°C. Plasma cortisol, superoxide dismutase, catalase and malondialdehyde significantly increased when the water temperature exceeded 30°C. The experimentally infected fish showed similar clinical signs and postmortem lesions of naturally diseased fish with no boundary between different pathogens. Antibiogram test indicated that florfenicol was the most effective antibiotic against all the recovered bacterial isolates while all isolates resisted sulfamethoxazole-trimethoprim. Massive degenerative changes observed in the hepatopancreas, posterior kidney and gill tissues of experimentally infected fish.
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HIGHLIGHTS

– Automatic biochemical identification of 62 bacterial isolates are: 31 Vibrio fluvialis, 23 Pseudomonas aeruginosa and 8 Staphylococcus aureus for the first time in Egypt from diseased farmed seabass (Dicentrarchus labrax).

– Isolated bacteria were highly pathogenic for D. labrax fingerlings with LD50 estimated by 4.67 × 107, 2.37 × 106 and 1.38 × 107 for V. fluvialis, P. aeruginosa and S. aureus, respectively.

– Water temperature higher than 30°C plays a critical role as a primary stress factor by increasing stress biomarkers (cortisol and oxidative stress markers) and increasing disease susceptibility and mortality rates.

– Florfenicol was the most effective antibiotic against all the isolated pathogens.

– High toxic ammonia and low dissolved oxygen have a potential role in summer mortality syndrome.



INTRODUCTION

European seabass (Dicentrarchus labrax) is considered the most economically important fish in Mediterranean mariculture (Vandeputte et al., 2019). Egyptian production of cultured D. labrax has reached 24,914 thousand tons in 2018 (GAFRD, 2020). Egypt produces 14% of cultured D. labrax and Sparus aurata in the Mediterranean region, and it is considered the third major producer after Turkey and Greece (Muniesa et al., 2019). Many bacterial pathogens are responsible for severe diseases affecting farmed seabass in the Mediterranean. Muniesa et al. (2019) reported that Vibriosis was the most frequently reported bacterial infection in D. labrax, followed by tenacibaculosis and photobacteriosis. Uzun and Ogut (2015) isolated Aeromonas veronii, Photobacterium damselae subsp. damselae, Vibrio vulnificus, V. harveyi and V. rotiferianus from cage cultured D. labrax. V. anguillarum, V. harvey, Photobacterium damsela subsp. piscicida, Tenacibaculum, Aeromonas spp. and Mycobacterium spp. represents the primary pathogens in European seabass aquaculture in Europe (Zrncic, 2020).

The optimum water temperature for European seabass growth is between 22 and 28°C, as reported by Barnabe (1990), Requena et al. (1997), and Lanari et al. (2002). They also recorded a sharp increase in the metabolic rate above 28°C due to high energy requirements for ventilation and blood circulation.

All marine fish farms rely on semi-intensive aquaculture, which is the most dominant system in Egypt. The semi-intensive system represents about 80% of the total production (Soliman and Yacout, 2016; Kaleem and Sabi, 2021), while the other systems represent only 20%.

Egyptian mariculture farms have suffered from annually disease attacks, mainly during the summer season, termed summer mortality syndrome. Each outbreak is characterized by appearance of general signs of septicemia on affected fish (Ali et al., 2019). The estimated direct economic losses in cultured sea bass were 163, 146 and 544 million Egyptian pounds during 2017, 2018, and 2019. The mortality rate ranged between 30 and 70%; in some cases, it reached up to 100% of stocked fish (Ali and Aboyadak, 2021).

Summer mortality syndrome was the common name used to characterize the unknown phenomenon affecting cultured Nile tilapia (Oreochromis niloticus) in Egyptian. This phenomenon occurred during the summer season and was characterized by a high mortality rate and general signs of septicemia on moribund and dead fish (Nicholson et al., 2017; Shaalan et al., 2018; Ali et al., 2020). The first scientific reporting of summer mortality syndrome was performed by Fathi et al. (2017), while this phenomenon started to hit tilapia farms in 2012. Mass mortalities were first observed in affected marine fish farms in 2014; meanwhile, the outbreak that hit farms in 2019 was the severest one (Eissa et al., 2021). The present work is considered the first scientific reporting of summer mortality syndrome in the Egyptian cultured sea bass farms.

Climate change, particularly global warming, negatively affects fish productivity through extreme temperature events like heatwaves that induce thermal stress with acute physiological consequences (Levitus et al., 2012; Currie and Schulte, 2014).

Cortisol is the principal glucocorticoid in fish; it is secreted by the steroidogenic cells present in the anterior kidney of the teleost fish; under stress conditions, cortisol is released through activation of the hypothalamus-pituitary inter renal axis (Martinez-Porchas et al., 2009). Cortisol is released in response to acute or chronic exposure to high temperatures in many fish species, including D. labrax (Alfonso et al., 2020).

Thermal stress-inducing reactive oxygen species (ROS) production ROS is responsible for oxidative damage in different biomolecules and tissues (Kamyab et al., 2017). Superoxide dismutase (SOD), malondialdehyde (MDA) and catalase are the most crucial oxidative stress markers. They act as a good indicator for monitoring the oxidative stress response induced by thermal stress.

Dissolved oxygen is considered one of the main limiting factors in fish farming; low dissolved oxygen negatively affects fish behavior, physiology and immunology (Abdel-Tawwab et al., 2019). There is a direct relationship between metabolic rates in fish and water temperature; increased water temperature results in the activation of many cellular enzymes responsible for most fish species physiological function and biochemical processes with a subsequent increase in oxygen demand (McNally and Mehta, 2004).

Cheng et al. (2015) reported that toxic ammonia induces intracellular reactive oxygen species and subsequently induces oxidative stress. Ammonia also interrupts intracellular calcium homeostasis and lead to DNA damage and cell apoptosis.

The present research aimed to identify the bacterial pathogens responsible for summer mortality syndrome affecting cultured seabass farms in Egypt, clarify the potential role of global warming and the physiochemical farm water characteristics as a predisposing factor for this syndrome.



MATERIALS AND METHODS


Statement of Compliance With Ethics Guidelines

Fish samples and the experimental fish used in the present research were handled, transported, examined and euthanized following the National Advisory Committee for Laboratory Animals Research (NACLAR, 2004) and CCAC (2005) guidelines for the care and use of fish in teaching and research. NIOF Committee for Institutional Care of Aquatic Organisms and Experimental Animals (NIOF-IACUC) has approved this work under certificate number (NIOF-AQ2-F-21-P-001).



Study Area (Studied Farms)

Three European seabass (D. labrax) fish farms suffering from a high mortality rate reached up to 70% of the stocked fish. Studied farms located at Barbahary, Burullus district, Kafrelsheikh governorate closed to the Mediterranean Sea coast. All the studied farms used the semi-intensive fish culture system; each farm was about 2.5 ha; stocking density ranged between 16,000–20,000 fish in each farm.



Naturally Diseases Fish

Clinically diseased fish collected live (10 fish from each farm); each was rinsed with sterile water and packed in a sterile polystyrene bag. After that, collected samples were immediately transported in an icebox to the fish diseases Lab., National Institute of Oceanography and Fisheries, Alexandria branch. Fish samples were ranged between (380–433) g in body weight and (34.5–37) cm in total length.



Physiochemical Water Parameters

Physiochemical water parameters were analyzed immediately during farm visits. According to the manufacturer's instructions, the multi-parameter electrochemical analyzer model, C6030 Consort, Belgium, was used to determine water temperature, hydrogen ion concentration, dissolved oxygen, and salinity. Total ammonia, nitrite, total hardness and alkalinity level were assayed using HI83399 photometer, HANNA instruments, Italy. The assay was performed using ammonia low range (HI93700-1), Nitrite low range (HI93707-01), total hardness low range (HI93735-00) and marine alkalinity (HI755-26) test kits according to the reference methods indicated by APHA (2018). The unionized (toxic) ammonia level was calculated using online the free ammonia-nitrogen calculator (Alleman, 1998).



Initial Bacterial Isolation

Bacterial isolation was performed as described by El-Bahar et al. (2019) with some modification. Briefly, in the microbiological safety cabinet, each fish sample was rinsed with sterile normal saline; after that the external surface was disinfected with a large cotton piece soaked in 70% ethyl. Small piece of hepatopancreas, spleen, heart and a posterior kidney scrap were taken in a sterile falcon tube, tissue samples homogenized with 10 ml−1 of 0.1% peptone water at 6,000 rpm for 5 min. After homogenization, the falcon tube was centrifuged at 3,000 rpm for 2 min. One milliliter from the supernatant of each tube was added to 9 ml of sterile brain heart infusion broth and incubated at 35°C for 18 h. A single lopeful from each broth tube was streaked carefully over a brain heart infusion agar plate to obtain a single pure colony; plates were incubated at 35°C for 18 h.



Pure Bacterial Culture

Each single morphologically characteristic colony was picked up from the agar plate then incubated in brain heart infusion broth; after that, it was re-cultured on brain heart infusion agar; this process repeated till all the recovered isolates became in a pure form.



Automated Biochemical Identification of the Recovered Bacterial Isolates by VITEK 2 System

The recovered bacterial isolates were identified by VITEK 2 system as described by Ali et al. (2018) with few modifications. Briefly, a single colony was picked up and subjected to Gram staining (Black and Black, 2015) for determining the suitable identification card (GP or GN).

Few bacterial colonies were picked up using a sterile glass rod from fresh bacterial culture during the lag phase (about 12 h). Colonies were suspended in 5 ml of 0.5 % sodium chloride by vortex mixer; after that, the optical density of the solution was adjusted to 0.6 McFarland standards using the DensiCHEK Plus calibrator.

The identification cards were placed in VITEK 2 system cassette together with bacterial suspension tubes, and then the system logged for data entry of each isolate. Identification cards were automatically inoculated with bacterial suspension by the integrated vacuum apparatus, followed by automatic incubation and monitoring of the biochemical profile for each isolate.



Confirmation of the Recovered Isolates Using the Selective Differential Media

The recovered V. fluvialis, P. aeruginosa and S. aureus isolates were cultured on thiosulphate citrate bile salts sucrose agar (TCBS), Pseudomonas agar base medium and mannitol salt agar for confirmation.



Experimental Fish

Five-hundred D. labrax fingerlings were used in the pathogenicity and challenge test; experimental fish were transported to the wet laboratory (NIOF) under the optimum condition as mentioned by Bosworth and Small (2004). During fish transportation, water temperature is reduced by 5° than the ambient using ice to reduce fish metabolic rate and activity. TRICAINE-S® (Tricaine methanesulfonate) is used for fish tranquillization at a dose of 25 mg L−1 as indicated by Wang et al. (2019). Continuous aeration was maintained during fish transportation using pure oxygen cylinders. Experimental fish were ranged between (14–16) cm in the total length and (27.8–30) g in body weight.

After transportation, fingerlings were kept in 5,000 L fiberglass aquaria and maintained off-food for 24 h. Fish were observed for 15 days for acclimatization with continuous water change at a rate of 1,000 L per day.



Pathogenicity Test

Pathogenicity test was performed according to Saleh et al. (2021) for a single randomly selected isolate from each recovered bacterial species to satisfy Koch's postulates and ensure the virulence for D. labrax fingerlings.

A single bacterial colony was picked up from specific media, then incubated on brain heart infusion broth at 35°C for 12 h. Bacterial growth was harvested by centrifugation at 5,000 rpm for 3 min. The bacterial pellet was suspended in 0.1% peptone water and adjusted to the absorbance of 0.451 at 600 nm equivalent to the second McFarland standard (6 × 108) CFU ml−1. One ml of sterile phosphate buffer saline was added to 5 ml of bacterial suspension to achieve a final concentration of (5 × 108) CFU ml−1. Tenfold serial dilution was performed three consecutive times to obtain the following concentrations (5 × 107, 5 × 106 and 5 × 105) CFU ml−1.

Two-hundred and seventy fish were used in the pathogenicity test. Each 90 fingerlings were challenged with a particular bacterial isolate after being randomly divided into five groups in triplicates (18 fish in each group and 6 fish per replicate). Fish in the first group were received 0.2 ml of normal saline and maintained as a negative control; fish in the remaining four groups were intraperitoneally inoculated with 0.2 ml of bacterial suspension as presented in Table 3. Each replicate was maintained in 100 L capacity glass aquarium; water temperature was thermostatically controlled at 24°C with continuous water change at a rate of 5 L h−1. Feeding was restricted for 24 h before infection and resumed at 12 h post-infection. All fish groups were kept under observation for 7 days to record abnormal clinical signs, postmortem lesions and mortality rate; each dead fish was considered only after re-isolation of the challenged bacterial isolate. Lethal dose fifty (LD50) was calculated as described by Aboyadak and Ali (2021).



Challenge With V. fluvialis for Determining the Role of Water Temperature in Disease Severity

Seventy-two healthy fingerlings were intraperitoneally inoculated with bacterial suspension containing 4.5 × 107 CFU of V. fluvialis fish−1. Inoculated fish were subdivided into four equal groups in triplicates, each subgroup maintained at a different water temperature in which groups 6, 7, 8 and 9 were maintained at 27, 30, 33, 36°C, respectively as shown in Table 4. For simulating the fluctuations in water temperature throughout the day, the aquarium water temperature was increased from 27°C by 0.1°C min−1 to reach 30, 33 and 36°C after that it was maintained constant for 6 h then left to decrease normally and kept at 27°C. Fish groups were observed for 5 days (the average heatwave period) with daily monitoring of the mortality rate and disease signs.



Effect of Water Temperature on Stress Biomarkers

For estimating the effect of thermal stress on normal healthy D. labrax fingerlings maintained at different water temperatures, stress markers including plasma cortisol and oxidative stress markers were assayed. Seventy-two healthy fingerlings were subdivided into four equal groups in triplicates, each subgroup maintained at a different water temperature in which groups 10, 11, 12 and 13 were maintained at 27, 30, 33, 36°C, respectively as shown in Table 5. Aquarium water temperature was increased from 27°C by 0.1°C min−1 to reach 30, 33 and 36°C; after that it was maintained constant for 6 h.



Blood Sampling

Blood samples were collected from 6 fish in each group at 6-h post-application of thermal stress and under anesthesia (water temperature remains peaked in summer months at least for 6 h each day). Blood samples were collected via caudal venipuncture using 25-gauge needle. The needle was inserted with 45° slope, and blood was drowned slowly to avoid hemolysis. Half ml of the blood sample was placed in a heparinized tube for cortisol determination, while the other part was placed in Eppendorf tubes and kept at 8°C in the refrigerator for 30 min for clotting. Samples were centrifuged at 3,000 rpm for 15 min till complete separation, collected plasma and serum samples were preserved frozen at −85°C.



Plasma Cortisol

Plasma cortisol was extracted according to Fatira et al. (2014) with some modifications. Briefly, 150 μl of plasma sample was vortex mixed with 1.5 ml of diethyl ether for 2 min, the mixture was left for separation. Then 150 μl of the organic layer was evaporated in a test tube at 45°C; after that, residue was reconstituted in 150 μl of 1X EIA extraction buffer (bioPLUS™). The sample was further diluted 50 times before analysis; the obtained result was multiplied by 500. Plasma cortisol assayed by Ao Microplate Reader, Azure Biosystems, USA; absorbance was measured at 415 nm using 96 well cortisol ELISA kit, Cayman Chemical, USA.



Oxidative Stress Markers

Superoxide dismutase (SOD), catalase, and malondialdehyde (MDA) were assayed using V-750 UV-Visible spectrophotometer, Jasco, Japan, according to the methods described by Ghneim et al. (2016), Hadwan (2018), and Leon and Borges (2020), respectively.



Clinical and Internal Examination

Naturally infected fish were examined on the farm to determine any external abnormalities. The challenged fish were observed twice daily throughout the experiment period according to the method described by Austin and Austin (2016). Naturally infected and challenged fish were dissected during the microbiological examination as described by El-Bahar et al. (2019), any gross internal lesions were reported.



Antimicrobial Susceptibility Test

The antimicrobial susceptibility test was performed for three randomly selected isolates from each type of the identified bacteria. Bacterial susceptibility was investigated for doxycycline (DO 30 μg), oxytetracycline (OTC 30 μg), sulfamethoxazole-trimethoprim (STX 25 μg), florfenicol (F 10 μg), amoxicillin (AX 25), spiramycin (SP 100 μg) and erythromycin (E 15 μg). Agar disk diffusion test performed on Mueller-Hinton agar, Oxoid® according to the method described by Clinical and Laboratory Standards Institute (CLSI) (2016). Overnight seeded Mueller-Hinton broth was adjusted to 1.5 × 108 CFU/ml−1 by spectrophotometer. Two milliliters were spread on the agar plate surface with rotation movement to ensure the even distribution; then, the excess fluid was removed. The agar plate was allowed to stand in an inverted position on a flat surface for 10 min to absorb the excess moisture. Antimicrobial discs were gently fixed into the agar surface by fine forceps. The agar plates were incubated at 35°C for 24 h; Escherichia coli ATCC 25922 was used as a control strain. The inhibition zone was measured to the nearest mm using a digital caliper and interpreted according to breakpoints mentioned by Clinical and Laboratory Standards Institute (CLSI) (2016) and shown in Table 6.



Histopathological Investigation

The histopathological examination was performed as described by Suvarna et al. (2018). Small tissue pieces from the hepatopancreas, gills and posterior kidney of V. fluvialis infected fish were fixed in buffered formalin 10% solution then dehydrated in ascending grade ethyl alcohol; after that, was cleared in xylene. The cleared samples were impeded in soft then hard paraffin wax, sectioned to 5 μm thickness using Leica RM2235 microtome (Lecia, Germany). Tissue sections were mounted over glass slides and stained with hematoxylin and eosin. Stained sections were examined and photographed by Olympus microscope with digital camera.



Statistical Analysis

Plasma cortisol and oxidative stress markers values were checked for normality by the Shapiro-Wilk test using the online version implemented by Simon (2009). After that, data were statistically analyzed for variance (ANOVA) at least significant difference (LSD) as described by Snedecor and Cochran (1989) using IBM SPSS Statistics for Windows, Version 22 (2013), Armonk, NY: IBM Corp, Data were considered statistically significant at P ≤ 0.05.




RESULTS


Physiochemical Water Parameters

The tested water parameters were in the acceptable range for European seabass aquaculture except, dissolved oxygen was lower than the optimum concentration (5 mg L−1) and unionized (toxic) ammonia was higher than the acceptable value (0.05 mg L−1) as presented in Table 1.


Table 1. Physiochemical water parameters of the studied farms.
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Automated Biochemical Identification of the Recovered Bacterial Isolates by VITEK 2 System

A total of 62 pure isolates were identified biochemically as 31 V. fluvialis, 23 P. aeruginosa and 8 S. aureus using Vitek 2 system, the biochemical profile of recovered isolates represented in Table 2.


Table 2. The biochemical profile of Vibrio fluvialis, Pseudomonas aeruginosa and Staphylococcus aureus isolates.
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Confirmation of the Recovered Isolates Using Selective Differential Media

Thirty-one V. fluvialis isolates were grown on TCBS as yellow, medium-size colonies about 2–3 mm in diameter. All the 23 P. aeruginosa isolate appeared as yellowish-green colonies on pseudomonas selective agar. On mannitol salt agar, eight isolates appeared as small yellowish colonies characteristic for S. aureus confirming the automated biochemical identification results (Figure 1).


[image: Figure 1]
FIGURE 1. (A) Yellow colonies of Vibrio fluvialis on TCBS about 2–3 mm in diameter. (B) Yellowish green colonies of Pseudomonas aeruginosa on pseudomonas selective agar. (C) Small yellow colonies characteristic for Staphylococcus aureus on mannitol salt agar. (D) Antibiogram of Vibrio fluvialis indicated susceptibility to doxycycline, florfenicol and erythromycin. (E) Antibiogram of Pseudomonas aeruginosa showing high susceptibility to doxycycline and florfenicol. (F) Antibiogram of Staphylococcus aureus revealed good susceptibility to florfenicol.




Pathogenicity Test

The cumulative mortalities during the pathogenicity test are presented in Table 3. P. aeruginosa was the most virulent pathogen, followed by S. aureus then V. fluvialis with calculated LD50 equals 2.37 × 106, 1.38 × 107 and 4.67 × 107 CFU/fish, respectively.


Table 3. Pathogenicity test results showed the cumulative mortality.
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Effect of Water Temperature on Mortality Rate in D. labrax Challenged With V. fluvialis

Challenge test results indicated a direct correlation between water temperature and the mortality rate induced by V. fluvialis infection; the mortality rate dramatically increased when water temperature exceeds 30°C, as observed in Table 4.


Table 4. Effect of water temperature on the cumulative mortality induced by experimental infection with Vibrio fluvialis.
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Stress Biomarkers


Plasma Cortisol

Plasma cortisol values significantly increased when the water temperature exceeded 30°C, as represented in Table 5.


Table 5. Effect of water temperature on Cortisol and other oxidative stress markers.
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Oxidative Stress Markers

Superoxide dismutase and catalase values were significantly increased when the water temperature exceeded 30°C. Malondialdehyde significantly increased when the water temperature exceeds 33°C, as presented in Table 5.




Clinical and Internal Examination

The first clinical sign observed on naturally and experimentally infected fish was decreased feed intake followed by complete cessation. In the affected farms, fish accumulated at the water surface for air gasping, particularly in the afternoon due to low dissolved oxygen concentration. Diseased fish showed haemorrhagic ulcerations on the external body surface, eroded haemorrhagic pectoral, pelvic and tail fin. Internally the diseased fish showed congested and haemorrhagic internal organs mainly, the liver and posterior kidney, while the stomach and intestine were mostly empty. All the experimentally infected fish with V. fluvialis, P. aeruginosa and S. aureus showed the same clinical signs.



Antimicrobial Susceptibility Test

V. fluvialis was susceptible to doxycycline, florfenicol, and erythromycin; it was also intermediately sensitive to spiramycin, but resisted oxytetracycline, sulfamethoxazole-trimethoprim, and amoxicillin. P. aeruginosa was susceptible to doxycycline and florfenicol, intermediately sensitive to oxytetracycline, but resisted sulfamethoxazole-trimethoprim, amoxicillin, spiramycin and erythromycin. S. aureus was susceptible only to florfenicol, intermediately sensitive to amoxicillin, spiramycin and erythromycin, but resisted doxycycline, oxytetracycline and sulfamethoxazole-trimethoprim. Antimicrobial susceptibility test results are represented in Table 6.


Table 6. Results of antimicrobial susceptibility test.
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Histopathological Investigation

Histopathological examination of D. labrax fingerlings experimentally infected with V. fluvialis showed massive degenerative changes in all studied tissues, as presented in Figure 2. Hepatopancreas showing diffused hepatic cell vacuolation and congestion in the pancreatic blood vessels. Inflammation, necrosis, mononuclear cell infiltrations and nuclear pyknosis were also dominant in the hepatic tissues of diseased fish. The posterior kidney showed diffuse mononuclear cell infiltration, abundant melanomacrophage centers activation, glomerular hypertrophy with the absence of bowman's space and degenerated renal tubules. The normal gill tissue architecture was absent due to severe hyperplasia, diffusion and curling of the secondary gill lamellae. Epithelial lifting with the detachment of some secondary gill lamellae was also prominent.


[image: Figure 2]
FIGURE 2. Tissue sections of Dicentrarchus labrax fingerlings experimentally infected with Vibrio fluvialis, (A) Hepatopancreas showing diffused hepatic cell vacuolation (black asterisk), congested engorged pancreatic blood vessels (brown asterisk) with the presence of leucocytic infiltration (black arrow), H&E, X = 100. (B) Hepatopancreas showing necrosis (N), mononuclear cell infiltration (gray arrow) and pyknotic hepatic cell nuclei (black arrowhead), H&E, X = 400. (C) Posterior kidney with diffused mononuclear cell infiltration (brown arrow head), abundant melanomacrophage centers (M) activation glomerular hypertrophy (blue arrow), H&E, X = 100. (D) Posterior kidney with diffused mononuclear cell infiltration (brown arrowhead), melanomacrophage centers activation (M) glomerular hypertrophy with a complete absence of bowman's space (blue arrow), degenerated renal tubules (D), H&E, X = 400. (E) Gill tissues demonstrating curling of the secondary gill lamellae (black arrowhead) hyperplasia of the secondary gill lamellar epithelium with the absence of normal tissue architecture due to severe diffused hyperplasia (black arrow), area of detached secondary gill lamellae (gray arrow) and presence of abundant inflammatory cells (black asterisk), H&E, X = 100. (F) Epithelial lifting (blue arrow), complete lamellar fusion with marked epithelial hyperplasia.





DISCUSSION

Summer mortality syndrome is considered the most serious challenge for the Egyptian freshwater and mariculture sector (Jansen et al., 2019; Ali et al., 2020; Adeleke et al., 2021). The mortality percent in affected farms ranged between 30 and 100%, with estimated annual financial losses exceeding 1 billion and 25 million USD in freshwater and mariculture farms, respectively.

Climate change represents the most dangerous environmental challenges for fish farming (Olsvik et al., 2013); global warming is recognized as the most significant environmental problem affecting the earth in the last decade. It has been implicated in mass mortalities of several aquatic species, including plants, fish, corals and mammals (Handisyde et al., 2006; Mohanty et al., 2010; Barange et al., 2018).

Egypt is considered a potential hot-spot of climate warming; the frequency of exposure to extreme temperatures became more familiar in Egypt (Mostafa et al., 2019). Saleh et al. (2017) reported that the maximum air temperature was ranged between 37 and 41°C during July and August (2005–2015) at the Nile Delta (the main center of aquaculture in Egypt).

Dissolved oxygen in all studied farms was markedly lower than the comfortable level for fish culture (5 mg L−1); fish suffered from signs of hypoxia and accumulation at the water surface for air gasping. Oxygen solubility is reversely proportional to water temperature, so dissolved oxygen significantly decreased with increased water temperature (Quinn et al., 2011). Water temperature fundamentally impacts fish physiology and biochemistry by activating many enzymatic systems at higher water temperatures (Somero, 2004). Hypoxia directly affects fish immune responses and increases diseases susceptibility (Abdel-Tawwab et al., 2019).

Toxic ammonia was 2–3 folds higher than the acceptable value in all of the studied seabass farms, indicating exposure of fish to chronic ammonia toxicity. Tested farms fed on trash fish directly elevated the toxic ammonia value; moreover, decreased dissolved oxygen enhanced ammonia toxicity. Chronic ammonia toxicity directly affects the survival rate, inducing skin, fin and tail erosions also acts as a direct cause of immune suppression and high mortality (Li et al., 2014).

Thirty-one V. fluvialis, 23 P. aeruginosa and 8 S. aureus isolates were identified from diseased fish. This work is considered the first recorded for the recovered bacterial pathogens from cultured seabass in Egypt. Vibrio was the most abundant bacterial pathogen affecting marine fishes; this result was also mentioned by Muniesa et al. (2019). Ayaz and Karatas (2008) and Kapetanovic et al. (2019) have also isolated V. fluvialis from farmed diseased D. labrax. P. aeruginosa induced a severe septicaemic disease in cultured S. aurata (Khalifa et al., 2016), S. aureus was responsible for a severe infection affecting farmed D. labrax in Turkey (Canak and Timur, 2020).

P. aeruginosa was the most virulent pathogen affecting D. labrax with the lowest LD50. P. aeruginosa possesses a wide range of virulence factors responsible for pathogenicity including, lipopolysaccharide, flagellum and Pili, and these virulence factors have a role in attachment and adhesion to the different cell types. P. aeruginosa also has type III and VI secretion system, exotoxin A and proteases, which have a role in local tissue damage and invasion. Quorum sensing and biofilm formation are considered among the most important virulence factors of P. aeruginosa; they protect against phagocytosis and promote host tissue invasion. Finally, pyocyanin pigment is responsible for tissue damage during disease progression (Hossain, 2014; Wu et al., 2015; Rocha et al., 2019).

S. aureus was highly pathogenic for D. labrax; it has two main mechanisms of virulence, the first is avoiding phagocytic killing, and the other is tissue invasion and destruction. Cheung et al. (2021) reported that S. aureus evades the phagocytic killing mechanism of the host through aggregation, inhibiting the opsonization and biofilm formation. Shettigar and Murali's (2020) recorded that S. aureus has an excellent ability for tissue invasion colonization and destruction by the aid of several exoproteins (enterotoxins). The epidermal cell differentiation factor produced by S. aureus favoring bacterial dissemination and arginine catabolic mobile provides bacteria with the ability to colonies the skin. Extracellular adherence protein and biofilm formation also play a role in tissue attachment and invasion.

V. fluvialis was the most abundant type of isolated bacterial pathogen, but it was the least in virulence, as V. fluvialis has the highest LD50 (4.67 × 107 CFU/fish). Liu et al. (2021) identified two quorum-sensing systems and type VI secretion systems from V. fluvialis; quorum sensing systems are responsible for producing extracellular enzymes, pigments, toxins and expression of virulence genes. The VI secretion systems play a critical role in bacterial virulence by injecting toxic effector proteins into the target cells. Type VI secretion systems activated under warm temperatures and high osmolarity conditions explain why V. fluvialis the most dominant type between the isolated pathogens affecting cultured D. labrax in the studied farms. Confirming this hypothesis, Ramamurthy et al. (2014) reported that a rise in seawater temperature had increased V. fluvialis identification rate considerably by 29%. The potential pathogenicity of V. fluvialis could be attributed to expression of many putative virulence factors, including cytolysin, heat-labile cytotoxin, cytotonic, hemolysin and mucinase; also, V. fluvialis has excellent capacity for cell adherence and inducing cell vacuolation.

The mortality rate of D. labrax fingerlings challenged with V. fluvialis was proportionally related to water temperature. The group reared at 33 and 36°C are showed the highest mortality rate compared to other groups maintained at 27 and 30°C; the former findings can explain this difference. Exposure to thermal stress has resulted in a series of biochemical and physiological changes, including high plasma cortisol and oxidative stress, which subsequently resulted in immune suppression (both cellular and humeral) and increased susceptibility to bacterial pathogens as V. fluvialis.

Thermal stress associated with heatwaves is the leading cause of summer mortality syndrome affecting cultured D. labrax. High plasma cortisol and oxidative stress markers indicated the direct effect of thermal stress on fish physiology and biochemistry as a body compensation mechanism to alleviate thermal stress's deleterious effect and reach homeostasis. High plasma cortisol and oxidative stress markers resulted in decreasing the immune response of fish increasing disease susceptibility. The high temperature also induced high toxic ammonia and decreased dissolved oxygen level makes fish conditions more worth.

Oxidative stress resulted from the imbalance between the production of oxidant and antioxidants; antioxidant enzymes are the first line of defense against the oxidative damage of cells as they are a part of the enzymatic mechanisms involved in the detoxification of the reactive oxidative species (ROS). Superoxide dismutase converts the superoxide radicals to oxygen and hydrogen peroxide; after that catalase converts hydrogen peroxide to oxygen and water (Howcroft et al., 2009). SOD and CAT provide the first line of defense against oxidative damage in animals and fish. The present research results showed that SOD and CAT significantly increased at 33 and 36°C in comparison with fish maintained at 27°C, which indicated that high water temperature exceeding 30°C accompanied with oxidative stress in D. labrax, in harmony with the present results. Nakano et al. (2014) reported increased SOD of salmon subjected to thermal stress.

Malondialdehyde (MDA) significantly increased in the fish group subjected to 33°C and sharply increased at 36°C, elucidating peroxidation of the plasma membrane in repose to thermal stress. The present findings coincided with Nakano et al. (2014) they recorded increased MDA after short term thermal stress in salmon. MDA is a final product of the lipid peroxidation process; it is considered one of the best indicators of cell membrane injury due to oxidative stress (Del Rio et al., 2005; Ayala et al., 2014).

Increased oxidative stress markers are considered a defiance mechanism against oxidative stress associated with thermal stress; through the oxidative stress response, the body tries to maintain internal homeostasis and restore body cells' normal physiological function. The present results showed that water temperature above 30°C induces oxidative stress in D. labrax accompanied by ROS production. This finding is supported by the research conducted by Kamyab et al. (2017) and Do et al. (2019).

Biller and Takahashi (2018) reported that oxidative stress limits the immune response by impairing the defense mechanism associated with ROS production to decrease ROS production. High oxidative stress markers are accompanied by reducing the immune response and so promote disease susceptibility in fish.

The present work has proved the harmful effect of thermal stress (increased water temperature) on both healthy and experimentally infected D. labrax fingerlings. Plasma cortisol is the major stress indicator in fish (Schreck and Tort, 2016). Plasma cortisol level was significantly increased in response to water temperature exceeding 30°C; moreover, the plasma cortisol level was duplicated by more than seven-folds when the water temperature reached 36°C, which confirms the subjection of fish to severe stress. Person-Le Ruyet et al. (2004) recorded that the suitable farming temperature for D. labrax is between 22 and 26°C. High cortisol level negatively affects the tissue inflammatory response through the inhibitory effects on cytokine production, lysozyme and complement activities decreasing the immune response increased susceptibility to different pathogens (Aluru and Vijayan, 2009; Cortes et al., 2013). Cortisol also suppresses the cellular immune response in fish through decreasing phagocytic responses, lymphocyte numbers and antibody production (Nardocci et al., 2014).

Diseased fish were accumulated on the water surface of the affected farm to compensate decreased dissolved oxygen concentration. Signs of septicemia observed on infected fish were associated with expressing the different virulence factors of the invading bacterial pathogens. In harmony with the present results; Austin (2019) reported that signs of septicemia are the most prominent indicator of bacterial fish diseases.

Antibiogram indicated that all the recovered bacterial isolates were highly susceptible to florfenicol. Florfenicol is considered the most effective antibiotic that must use in controlling such infection. FDA approved florfenicol to treat the susceptible bacterial diseases in aquaculture (Zeng et al., 2019). Many studies indicated the efficacy of florfenicol in treating bacterial fish diseases (Gaunt et al., 2010; Aboyadak et al., 2016; Abdelhamed et al., 2019). Florfenicol is one of the most recent antibiotics currently used in veterinary medicine, so bacterial resistance is unfamiliar.

To our knowledge, this is the first work proving the pathogenicity of V. fluvialis for D. labrax. Histopathological examination indicated the presence of many degenerative changes affecting the hepatopancreas, kidney and gills of infected fish as inflammation, congestion and necrosis. These findings confirm the virulence of V. fluvialis for D. labrax. The recorded gross and microscopic pathology could be attributed to the invasion of V. fluvialis to diseased fish tissues during septicemia and the expression of different virulence-associated factors produced by this pathogen.



CONCLUSION

Multi stress factors are responsible for summer mortality syndrome affecting cultured D. labrax in Egypt; thermal stress associated with heatwaves is the main predisposing factor. Thermal stress initiates a cascade of subsequent stress responses, including increasing plasma cortisol, oxidative stress, decreased dissolved oxygen level, and elevated toxic ammonia levels. Under this multifactor stress, fish were severely suffering, turned immune-compromised and subsequently highly susceptible to infectious diseases. On the other hand, high water temperature enhanced bacterial bacteria growth, multiplication and expression of their virulence factors, so the commensals and environmental bacteria turned pathogenic.
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