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Abstract

:

This study was designed to elucidate the effects of arsenic (As) on the morpho-behavior, growth development and molecular mechanisms of a commercially important fish, rohu carp, Labeo rohita, in Bangladesh. Fish fry with an average weight of 387.5 ± 169.25 mg and an average length of 3.35 ± 0.37 cm were collected from a local hatchery in Mymensingh, Bangladesh and acclimatized for a week in the Department of Fisheries, University of Dhaka before starting the exposure with arsenic. Fishes were exposed for a period of 14 days with three treatments of NaAsO2, namely treatment 1(T1)—2.5 mg/L; treatment 2 (T2)—15 mg/L; and treatment 3 (T3)—30 mg/L, along with a control (C)—0.0 mg/L, with three replicates. These concentrations were determined based on the LC50 value for 96 h measured for this experiment. This study revealed remarkable morphological abnormalities and deformities in arsenic-exposed rohu carp. In fish exposed to 30 mg/L, caudal fin erosion was a frequent deformity. There was no significant difference in RNA:DNA ratio among the treatments. The overall weight of fish was decreased as the concentration of arsenic was increased. The T3 fish had a statistically significant negative weight gain (−0.05 ± 0.07 g), but the other treatments (T1 and T2) and control fish had no significant weight gain. Different types of histopathological changes were observed in the gills and intestines of arsenic-treated fish. Necrosis and severe damages were found in the secondary lamellae of gills at the highest arsenic concentration (30 mg/L). Epithelial lifting, irregular shape and damages in the gill raker were also observed in the primary lamellae of the gills for the same treatment. In this study, the expression of heat shock protein (HSP 60) and metallothionein (MT) genes was assessed by qPCR, and these genes were upregulated in different treatments compared to controls. The findings of the present study suggest that arsenic pollution significantly changes the morphology, behavior, growth, development, histopathology and molecular mechanisms of this economically important fish, rohu carp, in Bangladesh.
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1. Introduction


Environmental contamination, particularly water pollution, has become a major global issue [1]. Water pollution is not only seriously affecting the growth, survival and reproduction of aquatic animals but is also impacting human life through bioaccumulation [1]. Fish development, particularly early development, is very sensitive to water pollution. Heavy metal contamination (e.g., arsenic, cadmium, lead, mercury, etc.) in aquatic environments has a significant impact on fish developmental and physiological processes, such as organ development, breeding and spawning, resulting in a decrease in offspring quantity and quality [2]. The intake of waterborne heavy metals by a fish results in abnormalities and disruptions in the function and structure of many tissues and organs [3].



Among heavy metals, arsenic is one of the most prominent toxicants in the aquatic environment, polluting water severely [4,5]. It is a metalloid toxicant widely found in rivers, canals, ponds, groundwater, lakes and seawater due to the uncontrolled influx of industrial wastes and pesticides in the aquatic environment [6]. The World Health Organization (WHO) has classified arsenic as one of the most dangerous chemicals to public health [7]. Arsenic levels have been documented up to 800 and 2500 ppm in many countries, including Chile and Bangladesh [8]. High-level arsenic exposure is directly associated with many diseases, such as skin and lung cancer as well as cardiovascular disease and liver disorder [9,10,11,12]. Previous research has demonstrated the negative effects of arsenic on fish growth, mortality, development, RNA:DNA ratio, histopathology and genetic expression [13,14,15,16,17,18]. This toxicant can cause biochemical and physiological changes in fish, promoting a decrease in its growth and development to a greater extent [14,19]. Fish exposed to high concentrations of arsenic experience changes in body physiology, including effects on growth, mortality, ion exchange, immune system, reproduction, enzyme activity, histology and gene regulation [20,21,22].



Tissue histopathological investigation is a helpful approach for determining the impacts of environmental contaminants on the specific vital organs of fish in laboratory conditions [23,24]. However, the magnitude of the dose and duration of exposure to pollutants determines the degree of pathological changes in the different organs of fish. Histopathological studies are also helpful to determine the relationships between different biological processes and pollutant exposure [25]. Some researchers have explored the toxic histological effects of heavy metals (mercury, cadmium and iron) on numerous organs in fish, such as the gills, liver, kidneys and intestine [25,26,27]. Heavy metal exposure in fish, especially lethal and sub-lethal arsenic exposure, stimulates different histopathological injuries in various organs in the fish and impacts different physiological processes, such as the nervous, gastrointestinal, respiratory as well as cardiovascular systems [6]. Gills play an important role in fish by carrying out three important functions, viz. gas exchange, ion regulation and the emission of metabolic wastes. Fish gills are considerably infected by water pollutants as a result of continual contact with water, and respiratory problems are one of the major and early indications of pollution exposure [6]. Furthermore, lamellae fusion, epithelial cell hyperplasia, necrosis, cystic formations within secondary lamellae epithelium and secondary lamellae loss were found in gill tissue from heavy-metal-exposed Tilapia mossambica, Channa punctatus, Cyprinus carpio, Anguilla anguilla and Mastacembelus armatus [16,23,28,29].



Some researchers have described the molecular mechanisms in heavy-metal-induced fish. A researcher studied the effect of metal toxicity and the expression of the metallothionein gene in fish and found significant induction of mRNA levels in the liver and gill tissue of copper-, zinc- and cadmium-exposed tilapia [30]. The MT gene is not only responsible for the detoxification of heavy metals but is also involved in the homeostasis of some metals such as copper and zinc [31]. Therefore, the impact of heavy metal exposure can be assessed by the level of MT gene expression. Induction of mRNA synthesis is linked with increased aptitude for binding metals such as lead and safeguarding against the toxicity of metals.



Heat shock proteins (HSPs) are immune-responsive conserved cellular proteins involved in various types of proteome maintenance, such as protein transport, macromolecular complex congregation and apoptosis, as well as the immuno-modulation system [32,33,34]. They have been demonstrated to have a crucial role in the health of aquatic animals, particularly in connection to the host response to environmental contaminants and the production of inflammation [31]. The level of expression of HSPs increases when rebalancing protein homeostasis, to avoid the protein aggregation and misfolding that occurs because of stress. Moreover, the induction of HSP expression has been considered a common response to unfavorable situations; therefore, it works against diseases and is a possible target for new treatments [35].



The literature review revealed that there is a scarcity of scientific information on the overall effects of arsenic toxicity on commercially important and popular fish species rohu carp in Bangladesh. Therefore, the present study was conducted to identify the morphological, behavioral, growth and developmental changes due to arsenic stress on commercially important fish species rohu carp in Bangladesh. This study also revealed the effects of arsenic stress on histopathology, RNA:DNA ratio and different gene expression levels in rohu carp in Bangladesh.




2. Materials and Methods


2.1. Transportation


High-quality and healthy fish fry (Figure 1) of rohu carp (weight: 387.5 ± 169.25 mg, length: 3.35 ± 0.37 cm) were collected from Adarsha Hatchery and Fisheries Ltd., Trisal, Mymensingh, Bangladesh. Then, 5 L capacity oxygenated bags were used to transport fry from the hatchery to the Department of fisheries, University of Dhaka.




2.2. Acclimatization


Fish were acclimatized in a 35 L capacity tank (12 inch × 15 inch × 24 inch) for a period of one week. Acclimatization was performed according to a previous study, with a few modifications [36]. During acclimatization, fish were fed twice daily with floating carp feed (SMS Feeds Limited, Gazipur, Bangladesh) and fifty percent of water in the culture tank was exchanged daily to keep the water free of fish excreta and other wastes. The nutrient composition of SMS Feed was moisture 10%, protein 40%, lipid 7%, carbohydrate 21% fiber 4%, ash 16%, calcium 1.8% and phosphorus 0.7%. Continuous oxygenation was also performed in the tanks. During acclimatization, the physicochemical properties of the water were recorded. After acclimatization, only healthy fish were selected for experiments.




2.3. Stock Solution Preparation and LC50 Determination for Sodium Arsenite


Research-grade sodium arsenite (NaAsO2) (Mumbai, India) was collected from a local distributor. LC50 was determined according to the experiment conducted in an earlier study [16]. Before starting the acute test, a stock solution of sodium arsenite was prepared by adding 10 g of sodium arsenite to 1000 mL of distilled water. Then, an experiment was performed with different concentrations of metals (NaAsO2:0, 15, 30, 35, 40, 45, 50, 55, 70 and 150 mg/L) to identify the LC50 of 96 h. The stocking density of fish was 10 individual fish per 5 L of water in aquaria (12 inch × 8 inch × 8.5 inch) and the weight and length of fish were 171 ± 48.5 mg and 2.5 ± 0.2 cm, respectively. Fish mortality for each concentration was documented at logarithmic time intervals, namely at 6, 12, 24, 48, 72 and 96 h of fish exposure. During the experiment, no feed was given to fish; only aeration was provided in each tank. The physicochemical parameters of water were recorded using a Horiba U-50 series multi-parameter water quality meter (Tokyo, Japan), HACH pH meter and API fresh water master test kit (Ames, IA, USA).




2.4. Experimental Design for Exposure to Sodium Arsenite


Based on the LC50 value for 96 h of sodium arsenite, a total of three experimental groups were selected: treatment 1(T1)—2.5 mg/L; treatment 2 (T2)—15 mg/L; and treatment 3 (T3)—30 mg/L. A negative control group (0.0 mg/L) was maintained simultaneously. In every group, we randomly selected 10 healthy fish, which were placed in 5 L water in glass aquaria. Each group of treatments was maintained in triplicate and fish were fed daily, two times, at the rate of 3% of their body weight. On every alternate day, 50% of water in each aquaria was siphoned to remove wastes, feed and feces of fish. Subsequently, the same volume of water was added containing the assigned amount of sodium arsenite. The exposure experiment lasted for 14 days and the physicochemical properties of the water, such as temperature, DO, pH, salinity, conductivity, etc., were recorded carefully to maintain the optimum quality of water for fish culture.




2.5. Growth and Mortality Study


The growth of fish was studied by calculating the length, weight gain and condition factor of arsenic-exposed fish. At first, the initial length and weight of fish were recorded, and the final length and weight were recorded at the end of the study, after 12 days of exposure. Before measurement, fish were anaesthetized using 2-phenoxy ethanol anesthetic at the rate of 4 µL per 50 mL of culture water. Weight gain (a), length gain (b), condition factor (c) and mortality rate (d) of fish were calculated using the following formulas [36]:




	(a)

	
Weight gain = Mean final fish weight − Mean initial fish weight




	(b)

	
Length gain (cm) = Mean final length (cm) − Mean initial length (cm)




	(c)

	
   Condition   factor  ,  K    =    Fish   body   weight   in   gram      (  Fish   length   in   centimeter  )  3    × 100  




	(d)

	
Mortality rate (%) =      Number   of   fish   died       Number   of   fish   stocked     × 100










2.6. Morphological Observation


The morphological changes or any abnormalities in exposed fish were also observed and documented throughout the culture period. Photographs of abnormalities and morphological changes in fish were captured using a Samsung Galaxy camera.




2.7. Clinical Signs/Behavioral Changes


According to OECD guidelines, clinical signs of fish are categorized into several groups, including distribution, equilibrium, buoyancy, behaviors and appearance. Based on these clinical groups, the horizontal and vertical distribution, schooling or shoaling behavior, buoyancy control, erratic swimming, ventilation, gulping, etc., of exposed fish were observed at every six-hour interval.




2.8. Histopathology


The gills and intestines of 14-day arsenic-exposed fish were isolated to assess histopathological changes. After collection, tissue was preserved and processed according to the methods described in an earlier study, with minor modification [16]. At first, live fish were sacrificed and fresh gills and intestines were collected in 10 percent formalin immediately for subsequent processing. After fixation, tissue was gradually dehydrated in a serially rising concentration (50 to 90%) of absolute alcohol for a period of one hour. Then, the tissue was also dehydrated for 30 min in acetone. The dehydrated tissue was then properly washed in xylol-1 for 3 h and xylol-2 for 1 h. A paraffin bath was applied in a temperature range of 60 to 70 °C for the impregnation of tissue for 2 h. During embedding, metallic molds were used in melted paraffin. After embedding, the blocks of tissue were kept in the ice chamber of a refrigerator for some time before section cutting. Finally, 3 to 5 µm thick tissue sections were prepared using a microtome machine (Microm HM 325, Thermo Scientific, Waltham, MA, USA). After tissue sectioning, hematoxylin and eosin (H&E) staining was performed by using the Varistain 24-4 automatic slide stainer machine (Thermo Scientific). Finally, histopathological changes in gill and intestine specimens were checked and examined under a microscope with a photographic attachment (Nikon, AFX-DX, Tokyo, Japan)




2.9. Determination of RNA:DNA Ratio


The determination of the RNA:DNA ratio was performed according to [36] Rabbane et al. (2020), with minor modification. For the extraction of DNA and RNA from the target tissue (gill and muscle), the Wizard® Genomic DNA Purification Kit (Promega, Madison, WI, USA) was used. In brief, around 10 to 14 mg of fresh tissue was collected from fish and ground with a hand tissue homogenizer. Then, 650 μL of chilled Nuclei Lysis Solution was added to samples and they were transferred into 1.5 μL volume tubes; then, the samples were homogenized for 10 s. The samples were then incubated in a water bath for 20 min at (65 ± 1.5 °C) temperature. After ending incubation, 200 μL of Protein Precipitation Solution was added to the samples and they were kept on ice for 5 min. Then, the samples were centrifuged for 4 min at 14,000 rpm in a refrigerated centrifuge machine and the supernatant of each sample was collected very carefully in a fresh tube containing 600 μL of room-temperature molecular-grade isopropanol. The tube was then inverted gently to mix the sample with isopropanol. Again, the sample was centrifuged for 1 min at 14,000 rpm, supernatant was removed, and 600 μL of 70% ethanol was added and mixed gently. The sample was then centrifuged at 14,000 rpm for 1 min.



The ethanol was removed from the sample, and the pellet was left to dry for roughly 15 min. Finally, the pellet in the bottom of the tube was rehydrated by adding 40 μL of DNA Rehydration Solution for 1 h. Then, the sample was kept at −20 °C temperature for quantification with a spectrophotometer (Nanodrop one, Thermo Scientific) with 260/280 and 260/230 nm absorbance levels. Before determination, the NanoDrop was calibrated using DNA Rehydration Solution for DNA measurement and nuclease-free water for RNA measurement. Following calibration, 1 μL of each sample was used to determine RNA and DNA concentrations




2.10. Gene Expression Study


For the gene expression study, 14-day exposed gills and muscles of fish were collected and preserved for RNA extraction and further analysis. Several processes, including total RNA extraction, RNA quantification, cDNA synthesis, primer selection and qPCR analysis, were rigorously carried out for the gene expression study.



Total RNA of fish gill and muscle tissue was extracted using the SV Total RNA Isolation System (Promega, Madison, WI, USA). Approximately 20 mg of tissue was used to extract total RNA. After extraction, the quality and quantity of RNA was assessed using gel electrophoresis and a NanoDrop Spectrophotometer, respectively. The GoScriptTM Reverse Transcription System (Promega, Madison, WI, USA) was used for cDNA synthesis. Several procedures were adopted. For cDNA synthesis, we altered up to 5 μg of total RNA or up to 500 ng of poly (A) RNA into first-strand cDNA. For the gene expression study, the qTOWER3 real-time PCR thermal cycler (Analytic Jena, Jena, Germany) was used and fluorescent dye (Syber green) as well as GoTaq® qPCR Master Mix (Promega, Madison, WI, USA) were applied. In the gene expression study, three primers were used: housekeeping gene primer (β-actin), heat shock protein (HSP 60) and metallothionein (MT) gene. Table 1 presents the sequence of the target primers. The qPCR cycling program was 95 °C for 2 min, followed by 44 cycles at 95 °C for 15 s and 52 °C for 15 s. Dissociation curves and threshold cycles (Ct) were automatically calculated by qPCRsoft 3.2. The delta Ct method was applied to calculate the level of expression.




2.11. Data Analysis


The analysis of water quality and growth parameters such as weight gain, length gain and condition factor were carried out using IBM SPSS Statistics 20 software. One-way ANOVA and Tukey’s HSD post-hoc multiple comparison test was carried out to identify statistically significant differences among the treatments. Probit analysis was performed to determine the 96-h lethal concentration (LC) value of NaAsO2 using the same IBM SPSS Statistics 20 software. The Ct value obtained from qPCRsoft 3.2 was analyzed by the delta delta Ct method to determine the expression level of HSP 60 and the MT gene.





3. Results


3.1. Physicochemical Parameters of Culture Water


Different physicochemical parameters of the culture water were recorded to ensure optimum water quality for fish culture and treatment. Table 2 presents the properties of the water during acclimatization, LC50 determination and final exposure treatment. Almost all parameters indicated suitable conditions for fish culture. Considerable physicochemical parameter differences were not noticed during acclimatization, LC50 determination and the final exposure treatment period.




3.2. Cumulative Mortality and Determination of LC50


The cumulative mortality in percentage for rohu carp during the 96 h experiment is shown in Figure 2. Mortality was increased gradually with the increasing concentration of NaAsO2. No mortality was observed in control fish but up to 30 to 40% mortality was recorded at the 15 to 40 mg/L concentration of NaAsO2. Moreover, 80 to 90 percent mortality was calculated at 50 to 70 mg/L exposure of NaAsO2. Finally, 100% mortality occurred at the 150 mg/L concentration of NaAsO2. From the data of 96 h mortality, the lethal concentration (LC) value was calculated using probit analysis through SPSS software. The calculated LC50 and LC90 values for the 96 h study were 32.98 and 90.02 mg/L, respectively (Figure 3). The 95% confidence limit values for LC50 and LC90 were 23.28 to 41.33 mg/L and 65.05 to 205.49 mg/L, respectively.




3.3. Morphological Anomalies and Deformities


Remarkable morphological anomalies and deformities in arsenic-exposed rohu carp were observed in this study. Caudal fin erosion of some fish was a prominent deformity in 30 mg/L exposed fish (Figure 4b,c). In particular, the dorsal lobe of the caudal fin was strongly affected by arsenic. Some fish exhibited an irregular body shape with skin discoloration (Figure 4b,c). Other anomalies included outward protrusion of the eyes, a large head, a narrow posterior end and a split fin (Figure 4d–f).




3.4. Clinical Signs/Behavioral Changes


In this study, no significant clinical signs were recorded in control and T1 (3.00 mg/L) fish. However, different clinical and behavioral changes were detected in arsenic-exposed fish in the experiment. The clinical signs were increased with the increasing concentration of heavy metals, especially at 30 mg/L for NaAsO2-treated fish. The reaction of heavy metals started after only a few minutes of exposure. Initially, hyperactivity and jumping out from the water were observed in T2- and T3-stressed fish. Gulping, hyperventilation, abnormal swimming and appearance were not recorded in control fish throughout the study period. Hyperventilation, erratic swimming and gulping were increased with increasing arsenic concentration, particularly in T2 and T3 treatment fish. The fish did not show any significant schooling behavior variation among the treatments during the experimental period. Before death, the fish showed a loss of balance, heavy mucus secretion and were distributed at the near-surface of the water.




3.5. RNA and DNA Ratio


In the study, the RNA and DNA ratio of muscles and gills was calculated. Figure 5 presents a bar diagram of the calculated RNA and DNA ratio of muscles and gills. In muscle tissue, the highest ratio was recorded in control fish (0.96) and the lowest in T1 (0.72), whereas in gill tissue, the maximum ratio was found in control and T1 fish (0.78) and the lowest in T2 (0.35). An increasing or decreasing pattern was not observed in the RNA:DNA ratio for both muscle and gill tissue.




3.6. Growth Parameter Study


The growth of fish was studied by calculating the weight gain, length gain and condition factor. The overall weight of fish was decreased with increasing arsenic concentration. Statistically significant negative weight gain (−0.05 ± 0.07 g) was observed in T3 fish, whereas there was no significant weight gain difference among other treatments (T1 and T2) and control fish (Table 3). A similar result was obtained for length gain. Significantly, the lowest and most negative length gain (−0.35 ± 0.12 cm) was calculated for T3 fish when compared with control and other treatments. However, no significant length gain difference was observed among control, T1 and T2 fish. The condition factor of fish was estimated at the beginning (initial) and end (final) of the experiment by calculating the length and weight of fish. The highest initial condition factor (0.98 ± 0.07) was recorded in control fish and the lowest (0.82 ± 0.03) in T3 fish. The lowest final condition factor (0.86 ± 0.04) was observed in T1 fish and the highest (0.95 ± 0.06) in T2 fish. However, there was no statistically significant difference observed among treatments and control fish regarding the initial and final condition factor (Table 3).




3.7. Mortality Rate Study


The mortality of rohu carp was recorded for 14 days of exposure. Mortality was simultaneously increased with increasing arsenic concentration. No fish mortality was observed in the control and T1 groups. The highest fish mortality was recorded in T3 (16.66%) and the lowest was in T2 (3.33%) (Figure 6).




3.8. Histopathology


Different types of histopathological changes were observed in the gills of arsenic-treated rohu carp. Necrosis and severe damages were found in the secondary lamellae in T3-stressed fish (Figure 7A). Epithelial lifting was also observed in the primary lamellae of the gills of T3 fish (Figure 7A). Irregular shape and damages also occurred in the gill rakers of some T3 fish (Figure 7B). Fish treated with 30 mg/L sodium arsenite showed necrosis of primary lamellae, as well as fusion and hyperplasia in the secondary lamellae (Figure 7C). Vasodilation was also detected in the primary gill lamellae in T2-treated fish (Figure 7D). Moreover, edema and epithelial cell proliferation were found in the gill filaments of T2 fish. In addition, blood congestion was noticed in primary gill lamellae and proliferation of the vascular space also appeared toward the end of the primary gill lamellae in T1-treated fish (Figure 7E,F), whereas in control fish, no considerable histopathological changes were observed.



In this study, histopathological changes in the intestine were also evaluated at the end of the experiment. In rohu carp, the tissue of control fish intestines showed a normal shape, size and structure. Well-defined mucosa, submucosa, goblet cells and serosa were noticed in the control intestine tissue (Figure 8A). Minor hemorrhage and blood congestion in the blood vessels was noticed in the mucosa and submucosal layer of the intestines in T1-treated fish (Figure 8B). Degeneration and damages of the mucosal layer were found in the intestines of some T2-treated fish (Figure 8C). Significant exhaustion of intestinal villi was observed in T3-treated fish (Figure 8D), whereas fusion of the muscularis and submucosal layer was detected in the intestinal tissue of T3-treated fish (Figure 8E). Severe necrosis and disintegration of intestinal villi were also significantly observed in the T3 fish (Figure 8F).




3.9. Gene Expression Study


In this experiment, the relative gene expression of mRNA was assessed for some heavy-metal-induced genes such as MT and HSP 60. The impact of arsenic on the relative expression of MT and HSP 60 genes in the muscle and gill tissue of rohu carp is presented in Figure 9. Upregulation of mRNA expression of the MT gene was observed in both arsenic-exposed muscle and gill tissue. The highest MT gene expression was achieved in T1 and T2 for muscle and gill tissue, respectively, and the lowest relative expression was found in T3 and T1 in the muscle and gill tissue when compared with controls (Figure 9a,b). The relative expression of the HSP 60 gene was also upregulated compared with controls, but with the exception of T2 and T3 for arsenic-exposed muscle and gill tissue, respectively, where mRNA expression was downregulated (Figure 9c,d).





4. Discussion


Arsenic is a toxic element that is abundant in aquatic environments such as rivers, canals, lakes, groundwater and seawater [6]. Heavy metal bioaccumulation and transformation in fish tissue such as the liver, kidneys, muscle, and brain has emerged from the continuous input of industrial wastes, pesticides, mining wastes, pharmaceutical compounds and other contaminants into aquatic habitats [6,38]. The deleterious effect of heavy metals on fish, particularly on growth, survival, internal abnormalities, embryonic development and so on, has been widely investigated during the last few decades [39]. In this experiment, the 96 h LC50 value of NaAsO2 for rohu carp was calculated to be 32.98 mg/L. An earlier scientist reported that the 96 h LC50 value of arsenic trioxide for Catla catla was found to be 20.41 mg/L [40]. The 48 h LC50 was reported to be 8.4 mg/L in Clarias batrachus [41], 84 mg/L in C. batrachus [42] and 76 mg/L in Channa punctatus [43]. The estimated 96 h LC50 value for NaAsO2 was found to be 28.219 mg/L for tilapia and 18.211 mg/L for Climbing Perch [16,44].



The foregoing studies show that the level of toxicity of arsenic varies from one species to another, and even from one strain of the same species to another. A previous research work reported that arsenic toxicity depends on the exposure duration, dose, species, sex, life state and inorganic and organic forms of chemicals [45]. Likewise, the environmental condition is another factor that can affect the toxicity of arsenic [16].



Different morphological abnormalities and deformities were reported in arsenic-exposed fish in the present investigation, such as fin erosion, outward protrusion of the eyes, large head, narrow posterior end and split fin, etc. An earlier work reported that arsenic-exposed zebrafish larvae showed a significant increase in eye diameter at 14 days postfertilization [7]. A previous study reported that heavy metals may negatively impact different metabolic process in the embryonic development system of fish, resulting in functional and morphological abnormalities, growth retardation and even death in the most vulnerable fish [2]. Caudal fin malformation and degeneration, fin blistering, abnormal body posture, etc., were observed in cadmium-exposed zebrafish by some researchers [46,47].



Significant clinical and behavioral changes were observed in arsenic-exposed fish in the experiment, particularly at 30 mg/L in NaAsO2-treated fish. Gulping, inconsistent swimming and hyperventilation were increased with increasing levels of arsenic. Behavior, as a sole factor, relates the ecology and physiology of an individual to its environment. A small amount of pollutants can alter the physiology and behavior of fish [6]. Some previous works reported that exposure to sodium arsenate resulted in a loss of balance, irregular swimming, jumping out from the water, erratic swimming and hyperventilation [44,48]. The abnormal behavior of arsenic-exposed fish was caused by the neurotoxic impacts of pollutants and the frustration to the sensory organs [6]. Jumping out and erratic swimming are two indicators of the avoidance of arsenic exposure in fish. Excessive mucus secretion may be due to the direct contact of arsenic with the fish skin.



The analysis of the RNA:DNA ratio has been widely used as an indicator for the measurement of the condition and growth of larval and adult fish, macroinvertebrates, phytoplankton and zooplankton [36,49,50,51,52,53,54,55]. This method is based on the conception that the quantity of DNA is almost constant in the individual cell but the concentration of RNA is increased based on the synthesis of proteins [56,57]. In addition, some studies documented that the RNA:DNA ratio has a relationship with the chemical exposure of fish [15]. The RNA:DNA ratio has been shown to decrease when fish are exposed to different organic and inorganic chemicals, such as mercury, cadmium, methyl parathion, benzophenone, etc. However, no significant reduction in RNA:DNA ratio was determined in this experiment. Nonetheless, the value of the ratio was higher in control fish for both muscle and gill tissue compared to all treatments. According to a previous study, the RNA:DNA ratio has not yet been confirmed as a biomarker for environmental toxicants [58]. The RNA:DNA ratio was significantly inhibited when common carp juveniles were exposed to tributyltin (TBT) for a period of 60 days [58]. Some other studies also documented that the RNA:DNA ratio was significantly reduced when fish were exposed to organic contaminants and metals for a long period [59]. However, some other researchers did not find any statistical significant relationship between environmental pollutants (DDT, Al3+, Cu2+) and RNA:DNA ratio [60,61]. The measurement of the RNA:DNA ratio could be a useful indicator for monitoring aquatic pollutant or toxicants in the early life stages of fish, when RNA synthesis is high [62]. Moreover, the estimation of this index is necessary to investigate the effects of pollutants in the life stages of fish relative to their molecular mechanisms.



The effect of arsenic on fish growth parameters and mortality was clearly identified in the present investigation. Both the length and weight of fish were reduced with the increasing exposure time and concentration of the pollutant. A similar result was reported by some other researchers when fish were treated with different pollutants [13,17]. At 4 weeks, arsenic-exposed starry flounder Platichthys stellatus showed a decreased rate of daily weight gain, daily length gain, condition factor and feed efficiency [13]. Significant reductions in the growth of Labeo rohita, Catla catla and Cirrhina mrigala were determined when fish were exposed to a sublethal concentration of manganese for a period of 30 days [17]. In general, fish weight and heavy metal concentration show the opposite relationship, whereas mortality shows a positive relationship with heavy metal concentration [63]. Mercury, chromium and zinc are more effective in delaying the growth of fish than other metals [64]. The condition factor is another index that estimates the general wellbeing of fish. A higher value of the condition factor indicates a better environmental situation, whereas a lower value shows a poor environmental condition [23]. Nevertheless, very few researchers have used the condition factor as a biomarker of environmental pollution. No condition factor variation occurred when researchers studied the effect of heavy metals in Gobio gobio, Rutilus rutilus and Perca fluviatilis inhabiting the Scheldt River, Belgium [65]. In the study, no significant condition factor variation was measured among the treatments and control. A previous work also explained that the condition factor is not only affected by pollutants but also some other factors are also responsible, such as food availability, temperature, etc. [23]. Therefore, heavy metal toxicity may affect the growth, mortality, physiological functions and reproduction of fish [66]. Similarly, in this experiment, fish mortality was greatly affected by arsenic exposure because mortality was increased with the increasing arsenic concentration and we found the highest mortality in T3 (16.66%), followed by T2 (3.33%).



Tissue histopathology is an important tool for determining the effects of environmental pollutants. In this study, different histopathological changes were observed in the gill and intestine tissue of 14-day arsenic-exposed rohu carp. Necrosis, epithelial lifting, fusion, hyperplasia and blood congestion were observed in the primary and secondary gill lamellae of 30 mg/L arsenic-treated fish. Cell damages and epithelial cell proliferation were, respectively, noticed in the gill raker and gill filament. Almost similar histopathological changes were documented by some other researchers, where they investigated the effects of different heavy metals such as arsenic, copper, cadmium, mercury and chromium on the histopathology of the gills of tilapia, Catla catla, Cirrhinus mrigala, Ctenopharyngodon idella, etc. [16,24,26,27,66,67,68]. The gill is an important and major organ in fish for respiration, excretion and osmoregulation [6,69]. This organ also plays a vital role in the detoxification of pollutants or toxicants [23]. As a result, it is most susceptible to damage by pollutants. Among different signs, gill edema is the primary structural change caused by the pollution of heavy metals [70]. Therefore, other histopathological changes such as hyperplasia and lifting of epithelia occurred due to the response of the defense system in the bodies of fish.



The present study also revealed that the intestines of arsenic-exposed rohu carp showed severe necrosis, exhaustion and disintegration of intestinal villi, as well as fusion of the muscularis and submucosal layer. An earlier study observed severe histopathological changes including blood congestion, edema and hemorrhage in the intestinal tissue of rohu carp inhabiting industrial-waste-contaminated water in the River Ravi [71]. Metal absorption occurs mostly through the gills, but may also occur through the epithelium of the digestive tract [72]. The intestines of Oreochromis niloticus and Lates niloticus were shown to exhibit severe histopathological alteration, including necrosis and degeneration, due to heavy metal exposure. Toxic metal absorption may cause edema between the mucosa and the submucosal layer [73]. Moreover, the current findings of this experiment are similar to the results of other experiments conducted to observe the impacts of heavy metals on the histology of the fish intestine [73,74,75].



Following 14 days of exposure, the effects of arsenic on MT and HSP 60 gene expression levels were assessed in the present investigation. The level of expression of the MT gene in gill and muscle tissue was increased due to arsenic-induced stress. MT is a thiol-rich low-molecular-weight protein and plays a significant role against the toxicity of heavy metals. Some researchers reported that the level of MT expression is increased due the response to the toxicity of heavy metals as well as environmental stress [37,76,77]. Regarding metal toxicity and MT gene expression in tilapia, it was found that the MT gene was upregulated when fish were exposed to various sublethal concentrations of copper, zinc and cadmium for a period of 21 days [30]. The induction of MT synthesis is related to the increased capacity for binding heavy metals such as zinc, cadmium, lead and copper, as well as guarding against the toxicity of metals. According to a previous study, lead binds to the MT protein and is absorbed and transported to the liver, where it stimulates MT production [78].



The overall level of expression of the HSP 60 gene was increased compared to control fish in this study. However, downregulation was observed in T2 and T3 treatment muscle and gill tissue, respectively. Heat shock protein is a highly conserved cellular protein that is responsible for apoptosis, immunomodulation, proteome preservation and influencing the immune system [17]. The level of expression of some HSPs rises in order to avoid protein aggregation and misfolding caused by stress and, as a result, to reestablish protein homeostasis. A researcher found significant upregulation of HSP 60 and HSP 90 genes in Labeo rohita fingerlings when exposed to arsenic for 12 days [15]. They also observed higher expression of other HSPs, viz. HSP 47, HSP 70, HSP 71 and HSP 78 genes, following arsenic exposure, even at a low level of concentration. The higher HSP expression could be considered a universal response to a variety of stressors, suggesting that it might be a possible mechanism of disease defense and a possible target for new therapies [35,79]. It has also been documented that the expression of HSPs might have two roles depending on the exposure period of arsenic: a defensive or protective function when exposure to arsenic is acute and a deleterious role when the expression is downregulated during continuous exposure [79].




5. Conclusions


The findings of the present study prove that arsenic (As), as a heavy metal pollutant, has strong negative effects on the morphology, behavior, growth, histopathology and gene expression levels of fish. Therefore, the results of the present investigation might be applied as biomonitoring program guidelines for fish populations cultured in heavy-metal-polluted water.
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Figure 1. Rohu carp fry collection site in Trishal Upazila of Bangladesh. 
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Figure 2. Cumulative mortality of rohu carp exposed to sodium arsenite for a period of 96 h. 
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Figure 3. The calculated LC50 and LC90 values for 96 h study period. 
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Figure 4. Morphological anomalies and deformities of arsenic-exposed rohu carp. Protrusion eye (A), caudal fin erosion (B,C), irregular body shape (D,F), skin discoloration (E). 
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Figure 5. RNA and DNA ratio of 14-day exposed muscle and gills. Control: 0.0 mg/L, T1: 2.5 mg/L, T2: 15 mg/L and T3: 30 mg/L. 
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Figure 6. Mortality rate of arsenic-exposed rohu carp in different treatment groups. Column with (**) sign indicates significant difference (p < 0.01) compared to other groups. Control: 0.0 mg/L, T1: 2.5 mg/L, T2: 15 mg/L and T3: 30 mg/L. 
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Figure 7. Hematoxylin and eosin staining slide of arsenic-treated fish gill (400×). Arrowhead (→) sign indicates the change in gill structure due to arsenic treatment. (A): Necrosis and damages of secondary gill lamellae (T3). (B): Irregular shape and damage of gill rakers (T3). (C): Necrosis of primary gill lamellae and fusion and hyperplasia of secondary gill lamellae (T3). (D): Vasodilation in primary gill lamellae (T2). (E): Edema and epithelial proliferation. (F): Lamellar blood congestion and proliferation of vascular space toward the end of primary gill lamellae (T1). Photos were taken using Nikon AF-S DX, Japan. 
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Figure 8. Representative hematoxylin and eosin stain histopathological image of intestine of rohu carp (400×). (A): Normal intestine of control fish. (B): Hemorrhage in the mucosa and submucosal layer (T1). (C): Degeneration and damages of mucosal layer (T2). (D): Exhaustion of intestinal villi (T3). (E): Fusion of muscularis and submucosal layer (T3). (F): Necrosis and disintegration of intestinal villi (T3). Photos were taken using Nikon AF-S DX, Japan. 
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Figure 9. Effect of arsenic on relative mRNA expression of heavy-metal-induced genes (MT and HSP60). (a): Expression of MT gene in muscle tissue. (b): Expression of MT gene in gill tissue. (c): Expression of HSP 60 gene in muscle tissue. (d): Expression of HSP 60 gene in gill tissue. Expression values are presented as Mean ± SE (presented as bar diagram). Control: 0.0 mg/L, T1: 2.5 mg/L, T2: 15 mg/L and T3: 30 mg/L. 
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Table 1. List of gene with their primer sequences [37] for the assessment of gene expression.
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	Gene
	Primer

Code
	Primer Sequence
	GC Content (%)
	Tm (°C)





	β-actin
	β-actin-F
	5-GTCCCTGTACGCCTCTGGTCG-3
	66.7
	61.8



	
	β-actin-R
	5-GCCGGACTCATCGTACTCCTG-3
	61.9
	59.4



	Heat shock protein 60
	HSP 60-F
	5′-AAAGATGGTGTCACAGTTGC-3′′
	45.0
	53.4



	
	HSP 60-R
	5′-TGTTGAGGACCAGAGTGCTG-3
	55.0
	57.0



	Metallothionein
	MT-F
	5′-CTGCAACTGCGGAGGA-3′
	62.5
	55.1



	
	MT-R
	5′-GGTGTCGCATGTCTTTCCTT-3′
	50.0
	55.5
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Table 2. Physicochemical properties (Mean ± Std. error) of water during acclimatization, LC50 determination and final exposure period.
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	Water Quality Parameters
	Acclimatization Period
	LC50 Determination Period
	Final Exposure Period
	Test Kit/Equipment Used





	Temperature (°C)
	29.98 ± 0.39
	29.35 ± 0.09
	29.18 ± 0.02
	HACH pH Meter, thermometer



	PH
	7.7 ± 0.05
	8.32 ± 0.45
	8.19 ± 0.02
	HACH pH Meter



	Dissolved oxygen (ppm)
	5.98 ± 0.21
	7.57 ± 0.11
	7.42 ± 0.24
	HACH HQ30d Flexi DO Meter



	Salinity (ppt)
	0.15 ± 0.02
	0.12 ± 0.01
	0.15 ± 0.03
	Horiba U-50 series multiparameter



	Conductivity (mS/cm)
	0.28 ± 0.01
	0.28 ± 0.01
	0.32 ± 0.05
	Horiba U-50 series multiparameter



	Ammonia (ppm)
	<0.25
	<0.25
	<0.25
	API fresh water master test kit.



	ORP (Mv)
	105.50 ± 0.50
	105.33 ± 0.88
	177.33 ± 2.84
	Horiba U-50 series multiparameter



	Nitrate (ppm)
	<0.25
	<0.25
	<0.25
	API fresh water master test kit



	TDS (g/L)
	0.20 ± 0.04
	0.25 ± 0.13
	0.20 ± 0.03
	Horiba U-50 series multiparameter



	Nitrite (ppm)
	<0.50
	<0.50
	<0.50
	API fresh water master test kit



	Turbidity (NTU)
	26.3 ± 22.0
	9.911 ± 0.06
	26.03 ± 19.39
	Horiba U-50 series multiparameter
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Table 3. Growth parameters of arsenic-exposed rohu carp. Data represented as Mean ± Std. Error and analyzed by one-way ANOVA and Tukey’s HSD post-hoc test. Data with different subscript lowercase letters represent significant differences (p < 0.05) among treatments.
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	Growth Parameters
	Control
	T1
	T2
	T3





	Weight gain (g)
	0.18 ± 0.04 ab
	0.09 ± 0.05 b
	0.16 ± 0.06 b
	−0.05 ± 0.07 bc



	Length gain (cm)
	0.58 ± 0.11 a
	0.37 ± 0.11 a
	0.45 ± 0.19 a
	−0.35 ± 0.12 b



	Condition factor (initial)
	0.98 ± 0.07 a
	0.93 ± 0.05 a
	0.97 ± 0.05 a
	0.82 ± 0.03 a



	Condition factor (final)
	0.89 ± 0.03 a
	0.86 ± 0.04 a
	0.95 ± 0.06 a
	0.92 ± 0.07 a
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