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Abstract

:

Mesanophrys sp. is reported to be highly pathogenic to marine crustaceans. This study presents the first report of Mesanophrys sp. infection in the mud crab (Scylla paramamosain). In this study, we first recorded the survival rates of an experimentally infected group and a control group; the cumulative survival rate in the infected group was significantly lower compared to the control group after 72 h (73.20% vs. 94.19%), while the highest mortality of S. paramamosain occurred within the first 24 h post-infection. Then, we investigated the dynamic distribution and tissue tropism of the Mesanophrys sp. in the infected S. paramamosain by a quantitative real-time polymerase chain reaction (qPCR). The result showed that a significant increase in the number of Mesanophrys sp. could be detected in all tested tissues (obtained from the eyestalks, gills, heart, nerves, muscles and hepatopancreas) at 3 h post-infection. The numbers of Mesanophrys sp. in the gill, eyestalk and nerve tissues were relatively higher than in the other tissues. The gill tissue showed the highest numbers from 6 to 48 h. Histopathological observation found a severe collapse in the filament structure, which indicated tissue-specific pathogen infection. Furthermore, the antioxidant enzyme activity of superoxide dismutase (SOD), catalase (CAT) and peroxidase (POD) in three representative tissues (gill, muscle and hepatopancreas) were compared between the infected and control groups, and a significant increase in enzyme activity was observed in all three tested tissues in the infected group, indicating a relatively strong innate immune defense reaction that could have been induced by Mesanophrys sp. infection. These results will be helpful to Mesanophrys sp. pathogenicity-related research and the control of this pathogen in S. Paramamosain in the future.
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Key Contribution: (1) Most S. paramamosain mortality (22.88%) occurs within 24 h post Mesanophrys sp. infection. (2) A significant increase in the number of Mesanophrys sp. could be detected in all tested tissues, and the gill was the main target of Mesanophrys sp. (3) The activity of antioxidant enzymes was significantly increased in the infected group, indicating that the immune defenses of S. paramamosain had been triggered by Mesanophrys sp. infection. Mesanophrys sp. infection significantly increased POD, CAT and SOD activity in the three tissues.










1. Introduction


Mud crabs of the genus Scylla are an economically important crustacean species, with high demand in southeast Asian countries [1,2]. Currently, there are four known species in the genus Scylla: S. olivacea, S. paramamosain, S. serrata and S. tranquebarica, all of which have been commercially farmed [3,4]. Historically, S. paramamosain has been one of the most economically important marine crustaceans along the coastal provinces of southern China. However, with the rapid expansion of the mariculture industry, the outbreak of disease caused by pathogens has become more and more frequent, causing significant economic loss. A rising number of reports have shown that the S. paramamosain aquaculture industry is threatened by diseases caused by pathogens (such as white spot syndrome virus disease [WSSV], Vibrio alginolyticus) [5,6].



Mesanophrys ciliates belong to the Orchitophryidae family, which is widely distributed in marine environments. Most Mesanophrys ciliates feed on bacteria and organic debris [7] and grow quickly through a two-division proliferation mode. However, they can also invade the hemolymphs of crustaceans and consume the lysate there in order to proliferate; intense infection causes damage to the internal organs and finally leads to death, which may cause serious economic losses to local farmers and enterprises [8,9,10,11]. In early 2017, a new parasite, Mesanophrys sp., emerged in an artificial nursery farm of Portunus trituberculatus in Ningbo, Zhejiang Province, resulting in more than 80% mortality among the P. trituberculatus [12]. S. paramamosain is another of the major aquaculture crabs in Zhejiang Province; some P. trituberculatus pathogens such as Hematodinium sp. and Aquimarina hainanensis have been proven to be harmful to mud crabs. [13,14,15]. However, the infection effects and distribution dynamics of Mesanophrys sp. on S. paramamosain have not yet been evaluated.



The qPCR is one of the most effective methods for the sensitive detection of pathogens and has been widely used for pathogen diagnosis, including of viruses, bacteria, oomycetes and fungi from a wide variety of hosts [16,17]. In this study, we established a qPCR-based method to determine the dynamic distribution of Mesanophrys sp. in experimentally infected S. paramamosain; the activities of three antioxidant enzymes (POD, CAT and SOD) were also investigated in representative tissues (gill, muscle and hepatopancreas). These results could provide a theoretical basis for understanding the dynamic distribution of Mesanophrys sp. in S. paramamosain tissues and the relationship between this parasite and the antioxidant system.




2. Materials and Methods


2.1. Experimental Animals and Conditions


Three hundred and thirty S. paramamosain (body weight of 50 ± 5 g) were obtained from a farm pond in Fenghua City, Zhejiang Province, China. During the entire experiment, crabs were fed with fresh clams once a day at 7:00 p.m. (around 3% of the crabs’ body weight), and one third of the water was changed daily with the removal of uneaten feed. During the experiment, aeration and water exchange were applied to control water quality. The main physicochemical indicators of water quality were measured using a water quality meter (Horiba U54G; Horiba Instruments Limited, Kyoto, Japan) and maintained as follows: water temperature 22–25 °C, salinity 25 psu, pH 8.25 ± 0.25, water-dissolved O2 > 6.0 mg/L, ammonia nitrogen (NH3-N) < 0.05 mg/L.



Prior to the experiment, 20 crabs were randomly selected for Mesanophrys sp. detection using the qPCR method (see below); no evidence of infection was found.




2.2. Mesanophrys sp. Cultivation


The Mesanophrys sp. was provided by the Laboratory of Aquatic Animal Disease, Ningbo University, and was cultivated following Cain’s method [18]. Simply, the Mesanophrys sp. was cultivated in a sterile 25 cm2 tissue-culture flask (BD) 50 mL culture medium. The culture medium contained sterilized sea water (salinity = 25 psu), 10% (v/v) heat-inactivated fetal bovine serum (FBS, Gibco, Billings, MT, USA) and 5% crab soup (100 g crab muscle and 1000 mL water, boiled to 100 mL). The temperature was maintained at 12–14 °C. In order to observe its growth curve, the number of ciliates contained in 10 μL of the culture medium was counted three times at 0, 6, 12, 18, 24, 30, 36, 42, 48, 54, 60, 66, 72, 78, 84 and 90 h using light microscopy (Nikon Eclipse Ni–U) as described by Parama [19].




2.3. Infection of Experimental Animals


Three hundred crabs were randomly selected from the total three hundred and ten crabs and allocated into infected and control groups with three replicates in each group. Mesanophrys sp. infection was performed using the method described by Stentiford and Shields [20]. Simply, 70% ethanol was used to sterilize the surface of the crab. Then, Mesanophrys sp. (10 μL/g, diluted from 48 h cultivation) suspended in sterilized saline solution was injected into the infected group at the juncture of the fifth walking leg, while sterilized saline solution was injected into the control group.



The survival rate of the mud crabs was recorded at an interval of 12 h until 72 h post-infection. Five live crabs were randomly selected for tissue collection (including muscle, gill, heart, hepatopancreas, nerve and eyestalk) at 0, 3, 6, 9, 12, 24, 36 and 48 h. All the tissues were divided into three parts; two parts were stored in liquid nitrogen for enzyme activity determination, DNA extraction and qRT-PCR detection of Mesanophrys sp. The other part was fixed with Bouin’s solution for paraffin slices.



Tissues were first detected by qPCR to investigate the dynamic distribution of Mesanophrys sp. in the experimentally infected crabs; then, representative tissues were selected for antioxidant enzyme activity measurement and histology observation.




2.4. Detection and Quantification of Mesanophrys sp. in Tissues


Serial 10-fold dilutions containing copies of 10–105 cells/mL were used as templates to prepare the standard curve. DNA was extracted using DNA Kit (Axygen A Corning Brand, Suzhou, China); the target gene of Mesanophrys sp. was amplified using forward primer (ITS1-5.8s-ITS2F and ITS1-5.8s-ITS2R) [11] (Table 1). Quantitative real-time PCR assays were carried out in triplicate in a 20 µL final volume that included 1 µL of DNA template, 10 µL 2 × of MagicSYBR Mixture (CWBIO, Beijing, China), 0.4 µL of each primer (10 µM) and 8.2 µL of nuclease-free water. The qPCR reaction was conducted in an 8-tube strip using an LightCycler480 instrument (Roche, Switzerland) under the following conditions: 94 °C for 10 min, 40 cycles of denaturation for 30 s at 94 °C, annealing for 30 s at 65 °C and elongation for 10 min at 72 °C. The dilutions were tested in triplicate and used as quantification standards to construct the standard curve by plotting the copy number logarithm against the cycle threshold (Ct) values.



Total DNA was extracted from the muscle, gill, heart, hepatopancreas, nerve and eyestalk tissue of crabs. Generally, 0.1 g of each tissue specimen was weighed and added into 500 μL of phosphate buffered saline, and the sample was homogenized and centrifugated. DNA was extracted from a 200 μL supernatant of the tissue homogenates using DNA Kit (Axygen A Corning Brand, Suzhou, China) and stored at −80 °C. The parasite’s load was quantified by a qPCR using 2 μL of DNA per reaction. The DNA copy number was converted to copy number per gram using the calculated Ct-value determined from the standard curve. Each sample was tested in triplicate.




2.5. Histology Observation


Histology was used to determine whether any host response was present. The fixed tissue samples were dehydrated using 60%, 70%, 80%, 90%, 95% and 100% graded ethanol and clarified in a 1:1 mixture of absolute ethanol and xylene for 15 min. Then, the tissue was transparented using xylene for 15 min (this step needed to be repeated twice) and transferred into a 1:1 mixture of xylene and paraffin for 15 min, followed by transferal to liquid wax at 60 °C for 60 min (repeated twice). Later, the tissue was sliced with a table microtome (Leica RM2016, Leica Biosystems, Wetzlar, Germany) at a thickness of 5 μm; the cross sections were obtained and tiled onto glass slides then stained using hematoxylin and eosin (H.E). Finally, the slices were mounted using neutral gum and observed through light microscopy (OLYMPUS BX60, Olympus Optical Co., Tokyo, Japan), and digital images were taken using an imaging system (OLYMPUS DP72, Olympus Optical Co., Tokyo, Japan).




2.6. Antioxidant Enzyme Activity Analysis


The tissue was precisely weighed (0.1 ± 0.05 g) and diluted with 1 mL of physiological saline solution 0.9% (Sterile). Then, the supernatant was obtained after a 10 min centrifugation at 2500–3000 rpm (4 °C). Enzyme activity in the gill, muscle and hepatopancreas tissue was determined using commercial kits provided by Jiancheng Biotechnology Research Institute (Nangjing, China) in the following order: superoxide dismutase (SOD, A001-3-1), catalase (CAT, A007-1-1), peroxidase (POD, A084-1-1). They were measured using a UV-spectrophotometer (Beijing Purkinje General Instrument Co., Ltd. Beijing, China) at 550 nm, 405 nm and 420 nm, respectively, as described by the manufacturer’s protocols.




2.7. Statistical Analysis


Differences in the survival rate between the infected group and the control group were analyzed by the log rank test using the GraphPad Prism 8 software. A one-way ANOVA with Tukey’s multiple comparisons was conducted to compare the parasite load at different time points using the SPSS 22 software, and the Games–Howell test was performed when the assumption of homogeneity of variances was violated. The independent samples t-test was used to compare the activities of antioxidant enzymes between the control group and the infected group. p < 0.05 was considered to be a significant difference.





3. Results


3.1. Growth Curve of Mesanophrys sp. and Establishment of the Standard Curve for qPCR Detection


The results revealed that the number of Mesanophrys sp. rose rapidly from 24 h and reached its peak at 48 h. The number of ciliates remained above 60 cells/μL from 60 h to 72 h. (Figure 1A). At 48 h, ciliates were collected and diluted for the establishment of the standard curve for qPCR detection and injection into the infected group.



The qPCR amplification curves were generated using 10-fold dilutions of Mesanophrys sp. with specific primers (Figure 1B). A strong linear relationship was shown between Ct values and the log copy number of the standard controls (Figure 1C, D), with a correlation coefficient of R2 = 0.9918; the following formula: Y = −3.3327X + 31.773 was achieved (Y = threshold cycle, X = natural log of concentration (cells/mL), and concentration above 10 ind/mL was theoretically considered detectable.




3.2. Survival Curve of Crabs in Infected and Control Group


The average survival rate of mud crabs in the infected and control groups over 72 h are presented in Figure 2. The cumulative survival rate in the infected group was significantly lower compared to the control group after 72 h (73.20% vs. 94.19%, p < 0.05, log-rank test, degree of freedom (df = 1, p = 0.0005). Notably, the cumulative survival rate in the infected group decreased to 77.12% in the first 24 h post-infection, indicating that the highest mortality was found during 24 h. Comparison of survival rates at each time point demonstrated that the survival rate in the infected group reached a bottom at 24 h point (Figure 2B).




3.3. Tissue Distribution of Mesanophrys sp.


In the present study, an obvious increase in Mesanophrys sp. could be detected in all six tissues post-infection by the qPCR as early as 3 h. (Figure 3). In the gill, nerve and eyestalk tissues, the parasitic copy number was higher than that in the heart, muscle and hepatopancreas tissues. The highest load of Mesanophrys sp. in the six tissues according to the log copy number (from high to low) were as follows: gill (5.85 × 103 copies/g), eyestalk (4.56 × 103 copies/g), nerve (3.22 × 103 copies/g), heart (1.21 × 103 copies/g), muscle (3.85 × 102 copies/g) and hepatopancreas (2.06 × 102 copies/g). After infection, the parasitic DNA loads in the heart, hepatopancreas, gill, nerve, muscle and eyestalk tissues increased to a peak point at 3 h, 3 h, 6 h, 9 h, 9 h and 24 h, respectively, then decreased in the heart, nerve, muscle and eyestalk tissues but fluctuated in the gill and hepatopancreas tissues. The number of parasites was significantly different between time points in the heart (FA = 41.971, df1 = 7, df2 = 6.189, p = 0.035), nerve (F = 256.242, df1 = 7, df2 = 16, p < 0.001), gill (FA = 92.443, df1 = 7, df2 = 6.068, p = 0.018), muscle (FA = 83.806, df1 = 7, df2 = 6.578, p = 0.030), hepatopancreas (F = 8.341, df1 = 7, df2 = 16, p < 0.001) and eyestalk tissues (FA = 54.451, df1 = 7, df2 = 6.111, p < 0.001). In particular, the parasitic load in the gill tissue maintained a relatively high level from 6 to 48 h.




3.4. Histopathology


Histopathological observation of the gill tissue sampled at 9 h revealed an obvious difference between the control and infected groups (Figure 4). In the gill tissue of a healthy crab from the control group, the gill filaments were arranged in order with complete structure. In the haemal channel, there was a reticular trabecular cell structure formed by specialized pilaster cells. However, in the infected group, some pilaster cells were disrupted in the gill filaments, which caused a disarrangement of the secondary lamellae. The gill tissue in the infected group showed a detached cuticle, swelling at the end of the gill filament and disruption of the pilaster cells. Moreover, obvious hemocyte nodules appeared in the gill tissue of the infected group.




3.5. Antioxidant Enzyme Activity


Compared to the control group, the activities of three antioxidant enzymes (POD, CAT, SOD) in three tissues (gill, muscle and hepatopancreas) were upregulated in the infected group at certain time points (Figure 5).



POD activity in the hepatopancreas tissue of the infected group increased and was significantly higher than the control group from 3 to 9 h (df = 4, T3 h = −7.536, p3 h = 0.002; T6 h = −5.987, p6 h = 0.004; T9 h = −9.143, p9 h < 0.001); then, it decreased and maintained a low level from 12 h. In the gill tissue, it increased and was significantly higher than the control group from 3 to 24 h (df = 4, T3 h = 5.705, p3 h = 0.005; T6 h = 12.295, p6 h < 0.001; T9 h = 4.836, p9 h = 0.008; T12 h = 4.964, p12 h = 0.008; T24 h = 4.580, p24 h = 0.010); then, it decreased from 36 h. In the muscle tissue, it increased and was significantly higher than the control group from 12 to 36 h (df = 4, T12 h = −3.806, p12 h = 0.019; T24 h = −5.336, p24 h = 0.027; T36 h = −5.243, p36 h = 0.006) before decreasing at 48 h.



CAT activity in the hepatopancreas tissue of the infected group increased and was significantly higher than the control group from 3 to 6 h (df = 4, T3 h = −8.586, p3 h = 0.010; T6 h = −4.347, p6 h = 0.012), then decreased and maintained a low level from 9 h. In the gill tissue, CAT activity in the infected group sharply increased and was significantly higher than the control group from 9 to 24 h (df = 4, T9 h = 11.584, p9 h < 0.001; T12 h = 4.498, p12 h = 0.011; T24 h = 5.270, p24 h = 0.006), then decreased from 36 h. In the muscle tissue, it peaked at 9 h and was significantly higher than that of the control group (df = 4, T = −6.934, p9 h = 0.018), then decreased from 12 h.



SOD activity in the hepatopancreas tissue of the infected group increased and was significantly higher than the control group at 6 h (df = 4, T = −6.534, p6 h = 0.005), then decreased from 9 h. In the gill tissue, it increased from 3 to 48 h and was significantly higher than the control group (df = 4, T3 h = −10.821, p3 h < 0.001; T6 h = −6.369, p6 h = 0.003; T9 h = −5.543, p9 h = 0.005; T12 h = −7.386, p12 h = 0.002; T24 h = −5.356, p24 h = 0.006; T36 h = −5.458, p36 h = 0.005; T48 h = −11.010, p48 h < 0.001). In the muscle tissue, it increased significantly from 6 h (df = 4, T6 h = −4.198, p6 h = 0.014;) and maintained a higher level than the control group at 24, 36 and 48 h (df = 4, T6 h = −4.198, p6 h = 0.014; T24 h = −5.671, p24 h = 0.005; T36 h = −4.700, p36 h = 0.009; T48 h = −4.993, p48 h = 0.008).





4. Discussion


Mesanophrys sp. is one of the newest confirmed ciliated parasites infecting marine crabs and was responsible for the “parasitosis” outbreak in P. trituberculatus [21]. Our study appears to be the first to report the dynamic distribution of Mesanophrys sp. and tissue enzyme activities in the mud crab (S. paramamosain) and provides basic biological information for the prevention and control of Mesanophrys sp. infection in S. paramamosain.



According to the survival curve of S. paramamosain, the highest mortality of the infected group occurred during the first 24 h post-infection, and the total mortality rate was 26.80% over 72 h, which was lower than that of P. trituberculatus (mortality rate over 80%) [11], indicating a species-specific pathogen infection characteristic in Mesanophrys sp., which would also suggest that the first 24 h post-infection should be the key period for controlling the disease in S. paramamosain.



A qPCR provides a sensitive, easy-to-perform and rapid method for pathogen quantification in crustaceans [22,23]. In this study, we established a qPCR assay for the detection and quantification of Mesanophrys sp. in experimentally infected samples based on a primer set targeting the ITS1-5.8s-ITS2 region of the rRNA gene; the correlation coefficient of R2 was close to 1, indicating that this method is highly efficient, which provides a suitable approach for Mesanophrys sp. diagnosis.



In the present study, the loads of Mesanophrys sp. were found by the qPCR to be widely distributed in various tissues in the artificial infection samples as early as 3 h; the rapid spread of parasites may be have been through the circulatory system. In the gill, nerve and eyestalk tissues, the parasitic copy number was higher than that in the heart, muscle and hepatopancreas tissue, demonstrating a tissue-specific pathogen tropism. It is particularly worth noting that the parasitic loads in the gill tissue maintained a relatively high level from 6 to 48 h and exhibited the highest parasitic loads (5.85 × 103 copies/g) among all the tissues. Histopathological observation also found that the accumulation of a large number of Mesanophrys sp. caused obvious damage to the gill tissue, as shown by the detached cuticle, the swelling gill filament and hemocyte nodules. The expansion and deformation of the gill lamella caused by Mesanophrys sp. in P. trituberculatus was also reported by Liu et al. [11]. Based on these results, the gill tissue could be considered the main target of Mesanophrys sp. and the first choice of tissue for detecting Mesanophrys sp. in infected S. paramamosain.



Histopathology revealed that the gill filament of the infected S. paramamosain appeared slightly swollen, accompanied by a detached cuticle. These alterations in the gill surface architecture can reduce the gaseous exchange capacity of the gills [24]. It has been reported that some ciliates such as Synophrya sp. could infect the gills of its crustacean host and cause mortality at certain life-cycle stages, which is generally attributed to poor gas exchange across the gills [25,26]. In this study, the damage to the gill tissue caused by the accumulation of a large number of Mesanophrys sp. could also have been the main cause of the deaths of the S. paramamosain. Furthermore, relatively higher pathogen loads were detected in the nerve and eyestalk tissue, which may be conducive to Mesanophrys sp. pathogenicity-related research in the future.



Reactions which occur when a host is subjected to biotic or abiotic stresses often result in the production of reactive oxygen species (ROS) [including superoxide ion (O2−), hydroxyl radical (−OH) and hydrogen peroxide (H2O2)]; these cellular oxidants play an important role in antimicrobial cell defense, protecting the host against a large number of pathogenic microorganisms [27,28]. However, the excessive accumulation of ROS could cause serious oxidative damage to cell components including lipids, membranes, proteins and DNA, resulting in various diseases [29]. To ameliorate the danger posed by the presence of cellular oxidants, complex defense mechanisms have evolved, including the synthesis of antioxidants such as ascorbate and glutathione and an increase in the activity of antioxidant enzymes which play an important role as ROS-detoxifying proteins [e.g., superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), glutathione peroxidase (GPX) and peroxidase (POD)] [30,31,32].



In this study, according to the results of the tissue distribution of Mesanophrys sp., we selected gill tissue with relatively higher pathogenic accumulation and muscle tissue with lower pathogenic accumulation to investigate changes in antioxidant enzyme activity. Additionally, in crustaceans, the hepatopancreas (considered to be homologous to the mammalian liver and pancreas), which was also included in the analysis of antioxidant enzyme activity, plays a crucial role in the metabolism system and innate immunity [33] The results indicated that Mesanophrys sp. infection significantly increased POD, CAT and SOD activity in the three tissues (p < 0.05). In the antioxidant system, SOD and CAT work together protecting the cells from hydrogen peroxide poisoning: SOD catalyzes the dismutation of superoxide anions to hydrogen peroxide, which is subsequently detoxified to oxygen and water by CAT or GPX [34]. In our study, SOD and CAT showed significant upregulation in the three tissues compared to the control group, suggesting that they may clear superoxide free radicals and enhance the antioxidant capacity of cells instead of directly acting on the pathogen at the tissues. The significant up-regulation of SOD and CAT in the gill tissue lasted longer than that in the hepatopancreas and muscle tissue, which may be due to a large number of pathogens accumulated in the gill tissue, inducing a relatively strong innate immune defense reaction. The enzyme activity of CAT in the hepatopancreas tissue increased rapidly at 3 h post-infection and was almost 3-fold compared to the gill and muscle tissues. This may be due to the amount of CAT in the hepatopancreas being naturally higher than in other organs, which could enable it to decompose hydrogen peroxide more efficiently [35].



Peroxidases are enzymes capable of reducing hydrogen peroxide and other hydroperoxides to water, and they can be found in a wide variety of organisms [33]. In our study, POD activity in the three tissues of the infected group was significantly higher than in the control group at certain time points, indicating that defense against the pathogen was triggered in the infected crabs. Increased POD activity in the gill tissue of crayfish induced by WSSV was also observed by Wang et al. [36].




5. Conclusions


In conclusion, we established a qPCR-based method to quantify the number of Mesanophrys sp. An obvious increase in Mesanophrys sp. could be detected by the qPCR in all six of the tissues as early as 3 h post-infection, and the highest mortality of the infected S. paramamosain was found within the first 24 h following infection. The gill tissue was the main target of Mesanophrys sp. Infection, with the high parasitic DNA loads causing obvious damage to the filament structure. Meanwhile, the activity of antioxidant enzymes in three representative tissues was significantly increased in the infected group at certain time points, indicating the immune defenses of S. paramamosain had been triggered by Mesanophrys sp. infection. Our study provides useful information for further research on the mechanisms underpinning the pathogenesis of Mesanophrys sp. in S. paramamosain and may also contribute to the further control of Mesanophrys sp. However, these results were based on experimentally injected S. paramamosain, and further research will be needed to investigate the process and effect of Mesanophrys sp. on naturally infected S. paramamosain, which might yield different results.
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Figure 1. Culture and detection of Mesanophrys sp. based on the qPCR method. (A) Growth curve of Mesanophrys sp.; (B) Specificity and sensitivity quantitative detection of Mesanophrys sp. (Line 1, 2, 3, 4, 5, 6, 7, 8 representing Mesanophrys sp. of 108, 107, 106, 105, 104, 103, 102, 10 ind/mL, respectively; (C) Determination of Mesanophrys sp. copies using a qPCR. (Line 1, 2, 3, 4, 5 represent Mesanophrys sp. of 10, 102, 103, 104, 105 copies/mL, respectively; (D) Standard curve of the qPCR essay for the detection of Mesanophrys sp. 
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Figure 2. Summary of the survival rate of S. paramamosain. (A) Cumulative survival rate of S. paramamosain during 72 h; (B) Survival rate at each time point during 72 h. 
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Figure 3. The proliferation of Mesanophrys sp. in the (A) heart, (B) nerve, (C) gill, (D) muscle, (E) hepatopancreas and (F) eyestalk tissues. The results are based on three biological repeats and expressed as means ± SE. Different superscripts (i.e., a–e) represent significant differences at different time points at p < 0.05 level. 
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Figure 4. Alterations observed in a branch filament of S. paramamosain. (A,C,E,G) represent the infected group while (B,D,F,H) represent the control group. Arrows indicate (A) Detached cuticle; (C) Swelling of the gill filament; (E) Disruption of the pilaster cells; (G) Hemocyte nodules. Scale (A,B,G,H) = 50 μm, (C–F) = 100 μm. 
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Figure 5. Changes in CAT, POD and SOD activity in different tissues. POD activity in the (a) hepatopancreas, (b) gill and (c) muscle tissues; CAT activity in the (d) hepatopancreas, (e) gill and (f) muscle tissues; SOD activity in the (g) hepatopancreas, (h) gill and (i) muscle tissues. The results are based on three biological repeats and expressed as means ± SE. Statistically significant differences between the infected group and control group at the same time point are indicated by asterisks (* p < 0.05, ** p < 0.01). 
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Table 1. Primers used in this study.
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	Primer
	Sequence (5′–3′)
	PCR Objective





	ITS1-5.8s-ITS2F
	GTAGGTGAACCTGCGGAAGGATCATTA
	qPCR



	ITS1-5.8s-ITS2R
	TACTGATATGCTTAAGTTCAGCGG
	qPCR
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