


A Review of Helminthological Studies in Wallago attu from the Godavari River, Nashik District, India

Abstract
This review highlights helminthological studies conducted on Wallago attu, a commercially and ecologically important catfish in the Godavari River, Nashik, India. As a key species in the local fishery, W. attu serves as a bioindicator of the health of the aquatic ecosystem. The Godavari River, a crucial freshwater habitat threatened by human activities, highlights the importance of studying parasitism in resident fish to guide conservation and management efforts. We reviewed journals, theses, and reports (2000 to 2024) to identify helminth diversity, infection patterns, and ecological impacts. Results reveal a diverse parasitic fauna infecting W. attu, dominated by nematodes (Procamallanus spp.), trematodes (Euclinostomum spp.), cestodes (Senga spp.), and acanthocephalans (Pallisentis spp.), which most often infect the gastrointestinal tract, liver, and muscles. Seasonal prevalence and intensity varied, linked to monsoon-driven hydrological shifts, decreased water quality, and a piscivorous host diet, supporting trophic transmission. High parasite burdens are related to histopathological damage, growth delays, and weakened immunity, which are risk factors that impact the sustainability of populations and fish health. This review emphasizes the importance of incorporating parasitological data into aquatic health monitoring to mitigate human impacts on the Godavari ecosystem. Future research should prioritize eco-epidemiological surveys, experimental studies on host-parasite interactions, and community awareness programs to promote ecological resilience and livelihood security. These actions are essential for developing evidence-based policies in sustainable fisheries management and biodiversity conservation within India's rapidly changing freshwater ecosystems.
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Research highlights:
· Wallago attu in the Godavari River hosts a diverse range of helminths, predominantly including nematodes, trematodes, cestodes, and acanthocephalans.
· Parasites primarily infect the gut, liver, and muscles, transmitted via W. attu's piscivorous diet.
· Infection levels show significant seasonal fluctuation, linked to monsoon, water quality, and host feeding.
· High parasite loads cause histopathological damage, stunted growth, and weakened immunity in W. attu.
· Parasitological data are crucial for monitoring Godavari River health and informing sustainable fisheries management.
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1. Introduction
India's freshwater bodies support a diverse flora and fauna, as well as an ecologically complex network, which is not only the lifeline of aquatic life but also of human life. India is home to numerous species of fish found in their freshwater ecosystem, and the freshwater catfish, Wallago attu (locally known as 'mulley' or 'boal'), holds significant ecological as well as economic value [1]. A productive predator of the family Siluridae, it has a vast range in South and Southeast Asia, primarily inhabiting rivers, lakes, reservoirs, and canals. The relatively large size, flesh quality, and commercial value have made W. attu commercially important as a food fish throughout its sector, from production to distribution. As an apex predator, W. attu has a significant impact on the structure and dynamics of the fish community [2], [3]. Moreover, as a large fish, it can serve as an indicator species to illustrate the overall health of its ecosystem. Changes in its population structure signal ecosystem degradation of the integrity of the watercourse ecosystem itself. However, like all other living creatures, fish populations are susceptible to a range of parasitic infections, including those caused by helminth parasites [4]. Helminths, a highly diverse group of parasitic worms, can invade virtually every organ and tissue of fish, influencing their health, growth, reproduction, and survival. The importance of helminth parasites extends beyond the host organism, encompassing other potential impacts on both aquaculture and the health of the aquatic ecosystem. In aquaculture, parasitic diseases can result in substantial economic losses, including decreased growth rates, increased susceptibility to other diseases, and mortality, which can impact both production and profitability within the industry. In wild fish populations, a high parasite burden can debilitate and kill fish. Consequently, they are vulnerable to predation, elements, and other pathogens, which could disrupt the delicate balance of the ecosystem [4], [5], [6].
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Figure 1: Wallago attu [Adapted from wikipedia.org]
The Godavari River, one of the largest rivers in peninsular India, begins in the Western Ghats and flows east across the Deccan Plateau, forming one of the country's largest river basins before entering the Bay of Bengal. It supports a variety of commercially important fish species. 'The Godavari River Sector in Nashik District, Maharashtra, is known for its unique hydrological regime caused by monsoon rains, along with other artificial activities [7], [8]. The fish fauna is diverse, and the population of W. attu is sufficient in the area. Understanding the parasitic fauna of fish species in the Godavari River ecosystem is essential for several reasons [9]. It informs us about the health status of these fish communities and the overall health of the river itself. The abundance and diversity of parasites can also serve as bioindicators of pollution, habitat disturbance, and other human-related influences in the ecosystem. Additionally, for Wallago attu, one of the most common species in certain areas, identifying the definitive helminth parasite and parasitic load is valuable for accurately assessing potential threats to aquaculture and for developing control measures against parasitic infestations [10]. Third, examining the host-parasite interactions in this specific area can offer insights into broader aspects of parasite ecology, biogeography, and the factors influencing parasite distribution and prevalence. From both ecological and economic viewpoints, W. attu has been the focus of numerous helminthological studies; however, there have been few reviews of helminthological research on W. attu in the Nashik District. Studies have been conducted on specific aspects of parasite infestations in W. attu within this region, but a comprehensive compilation and analysis of the literature is necessary to provide an overview of the overall knowledge [11], [12].
Accordingly, this review has synthesized and critically analyzed the current literature on the helminth parasites of W. attu, specifically in the Godavari River system ecosystem in Nashik District, India. This review presents findings on helminth parasite infections and a description of parasites from W. attu reported from this region, based on prevalence, intensity of infection, and site distribution of helminths in hosts. Additionally, the review would emphasize the role of environmental and ecological factors, as described in the literature, as drivers of the dynamics of helminthiasis in this fish species [11], [13]. This review aims to summarise the reported data, providing a comprehensive checklist of helminth parasites documented for W. attu in the Godavari River (Nashik District). Review the prevalence and intensity of helminth infections as reported in other studies. Examine the influence of host-specific factors (such as sex and body size) and environmental factors (including season and water quality) on the presence of parasites [14], [15]. Identify areas where current knowledge is lacking and determine the gaps for further research. Emphasize the significance of fish parasitism knowledge in understanding ecosystem health and sustainable fisheries management within the Godavari River. Finally, it serves as a valuable resource for researchers, fisheries biologists, environmental managers, and policymakers involved in the health and ecological functioning of the Godavari River's ecosystem, as well as the role played by parasitic infections within its fisheries, particularly to W. attu. By presenting a comprehensive overview of current helminthological data, this article aims to stimulate further research and contribute to the formulation of relevant actions for the conservation and utilisation of this valuable aquatic resource. 
2. Methodology for Literature Review
This review provides information on helminthological studies concerning W. attu from the Godavari River, especially in Nashik District, India. To provide a thorough overview, methods were used to search and extract data from the literature. The primary search involved querying indexed and online databases such as PubMed, Google Scholar, ScienceDirect, Scopus, and repositories of Indian universities. Search keywords were carefully selected to be as relevant and broad as possible, thereby eliminating irrelevant results. The review primarily concentrated on literature from 2000 to 2024, although seminal older works were included when relevant and widely cited. Included articles had to meet specific criteria: they needed to be related to the helminth fauna of W. attu. Geographic proximity was a key consideration, prioritising studies conducted in, or directly relevant to, the Godavari River basin, particularly the Nashik District. Priority was given to research on the prevalence, intensity, and diversity of helminth parasites. Studies were excluded if they focused on fish species other than W. attu, were conducted outside the specified geographical area, or concentrated solely on new species without relevant epidemiological data for the review. Conference abstracts, short communications, and non-peer-reviewed reports were screened for relevance, primarily to locate full-text articles when available. Since estimates of the number of infected hosts were unavailable, preventing meta-analysis, estimates of worm burden or intensity were obtained whenever detailed information in the selected literature included the recorded species, infected hosts, geographical distribution, and other pertinent parameters. Data on host biology (size, sex, and diet) and environment (seasonality, water quality), along with infection patterns and any accompanying gross or histopathological observations of hosts, were also collected. Methodological aspects of the primary studies, such as how the collections were made, identified, and quantified, were also considered to facilitate later discussions about limitations and improvements. The findings were extracted and organised systematically and qualitatively synthesised. Common themes, recurring parasites, and trends in infection dynamics were identified. When applicable, comparisons were made, taking into account the heterogeneity of reporting across different study results. The strengths and limitations of the methodology used in the original research were critically reviewed to identify common issues and gaps in knowledge, which in turn informed recommendations for future research. This organised approach provides a broad but selective overview of the helminthological profile of W. attu from the region in question. It serves as a foundation for understanding the available information and guiding future research. There are several serious limitations to modern helminthological research. Of particular concern is the dependence on traditional morphological identification without the necessary molecular confirmation, which opens the possibility of misidentification, especially in cryptic species like Thaparocleidus. Furthermore, there is a notable lack of data, with irregular reporting of prevalence and intensity, often missing details on location and time (for example, exact sampling sites or detailed seasonal information from places such as Nashik). Methodologically, a major shortcoming in many published studies is the failure to mention ethical permits or IRB/ethics committee approval for fish collection, raising concerns about animal welfare and research ethics standards.
3. The Godavari River and its fish fauna in Nashik District
The Godavari River, sometimes respectfully referred to as the "Ganga of the South," is a vital source for millions of people in the peninsular region, supporting diverse ecosystems and economies. Originating at Trimbakeshwar in the Nashik District of Maharashtra, this mighty river embarks on an extraordinary journey eastward over the Deccan Plateau before finally reaching the Bay of Bengal. The Nashik District section of the Godavari River holds special ecological significance, as it is the river's birthplace and headwaters, characterized by unique hydrological features and hosting a diverse, though increasingly endangered, aquatic life [16], [17].
3.1. Description of the Godavari River system
The origin of the Godavari at Trimbakeshwar holds pious importance, attracting pilgrims and travellers. From here, the river moves eastward in the Nashik District, crossing diversified landscapes. The upper part of the basin in the district is narrow, with a rocky and sandy bottom, and features rocky areas with pools and rapids (Fig. 2). As it continues further downstream, it flows out of Nashik city and then passes through the Nashik district, where it originates. A combination of natural and human factors has contributed to the river's instability and flow. Hydrologically, the Godavari at Nashik is rain-fed, and it often swells to high levels during the monsoon period (June to September), when the depth can exceed 3 m (10 ft) [17], [18]. This seasonal fluctuation in water levels and discharge has a significant impact on freshwater ecosystems, affecting water temperature, dissolved oxygen concentration, turbidity, and the quality of fish spawning and feeding habitats. The Nashik District is the drainage basin of several smaller rivers and some tributaries of the Godavari, all of which contribute to keeping the river filled and maintaining its high quality. 
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Figure 2: Godavari basin map [19]
Foremost among them is the Darna River, which joins the Godavari beneath Nashik city. The river's course through Nashik is largely shored up by the barrages and small check dams that have been erected on it with the purpose of water supply and irrigation. Necessary for human purposes, these structures regulate river flow, fragment habitats and disrupt flow regimes, and separate river habitats, potentially limiting fish migration and connectivity within the river system. From an ecological perspective, Nashik’s Godavari is a lively fresh water ecosystem [20]. The riparian zone, although under pressure from urbanisation and agriculture, continues to provide critical habitat, bank stabilisation, and organic input into the river. The substrate in the riverbed is variable, providing a range of microhabitats for fish and benthic organisms. Aquatic vegetation, where it occurs, gives refuge and food. The river, however, in and around Nashik city suffers from major ecological problems in the form of pollution from urban areas' sewage, industrial effluents, and agricultural runoff. These pollutants can lead to lower dissolved oxygen levels, increased nutrient loads (eutrophication), and the presence of toxic substances, all of which stress the aquatic system and impact fish health and diversity. The environmental health of the riverine system is a crucial factor in determining the distribution and abundance of fish parasites, as degraded habitats increase the susceptibility of fish hosts to parasites [16], [17], [20], [21].
3.2.  Fish biodiversity in the area

The Godavari River system, which includes the stretch within the Nashik District, is said to support rich freshwater fish faunal diversity from several families and orders. The ichthyofauna is a reflection of the biogeographic nature of the Deccan Plateau rivers, comprising a combination of indigenous species, including some endemic to the Western Ghats, as well as prevalent Indian species. Planktonic fish families that occur in the Godavari River within Nashik are typically Cyprinidae (carps, minnows), Bagridae (bagrid catfishes), Siluridae (sheatfishes), Clariidae (air-breathing catfishes), Channidae (snakeheads), and Perciformes (perches, cichlids) [22] [23]. The variety encompasses diverse trophic levels, ranging from herbivores and detritivores to omnivores and piscivores, thereby forming the rich food web of the riverine ecosystem. Traditionally, Nashik's Godavari has sustained healthy populations of large carps, such as the Labeo species and Catla, as well as several catfish species and other economically valuable fish. However, due to factors such as habitat degradation, pollution, overfishing, and the introduction of invasive species, the composition and abundance of the fish community have changed over time. However, the river continues to harbour a good number of fish species crucial for maintaining ecological equilibrium as well as local fisheries. Investigations of the fish fauna in the area are underway, intending to document the current status of biodiversity and identify species of conservation interest. The presence of a rich fish community suggests a complex host-parasite association network; therefore, investigating helminths within this ecosystem is particularly interesting [21], [23], [24], [25].
3.3. Emphasis on Wallago attu as a priority fish species
Among the diverse fish species, W. attu stands out as particularly important for different reasons and is therefore the most relevant for helminth studies in the Godavari River, Nashik District. As previously mentioned, W. attu is a large predatory catfish with a wide distribution in the region and is highly valued commercially. Its top trophic level exposes it to a variety of parasites from its prey, potentially leading to a greater diversity of parasites than fish lower in the food chain. Additionally, its larger size facilitates the collection and examination of different organs and tissues, offering abundant material for parasitological research. Since it has significant economic importance, understanding its health and the prevalence of parasitic infections directly impacts local fisheries and aquaculture projects. Heavy helminth infestations can decrease marketability by causing external lesions or reducing flesh quality and may also pose zoonotic risks, as some parasites can be transmitted to humans [26], [27]. W. attu serves as a host to a diverse range of helminth parasites across its extensive geographical range. In surveys from other parts of India and Southeast Asia, a varied helminthic fauna comprising trematodes, cestodes, nematodes, and acanthocephalans has been reported to parasitise this host. A unique helminth parasite assemblage may be expected for W. attu from this region due to its specific environmental parameters and the composition of the fish community in the Godavari River, Nashik. A study of this particular host-parasite relationship in the Godavari ecosystem offers valuable insights into the ecological factors influencing parasite transmission, distribution, and host specificity within this particular river stretch. Thus, focusing the helminthological survey on Wallago attu in the Godavari River, Nashik District, can enhance our understanding of the parasitic relationships of a key species in this important river system. This approach allows for consolidating existing knowledge, pinpointing specific parasite risks to this commercially significant fish, and improving our overall understanding of the health and ecological dynamics of the Godavari River in this upper riparian zone. Such targeted research can deliver a deeper analysis of the findings and their biological significance than what is achievable through studies involving multiple host species. The follow-up parts of this review will merge the reported literature in this review on these helminth parasites in W. attu in the named geographical region (parasite diversity recorded, prevalence, intensity, association, if any, with the host or the habitat) and thereby maintain the faunistic and biological significance built up in this review [9], [17], [22].

4. Historical overview of helminthological studies in Wallago attu
Studies on Wallago attu, an air-breathing freshwater catfish, have been stimulating due to its ecological and economic importance. The work has primarily involved identifying and describing various parasites, assessing the impact of parasitism on the host, and examining the geographic distributions of the parasites. The following sections provide a detailed overview of the historical aspects of helminthological studies on Wallago attu, including chronological studies, areas of focus, and patterns in the methods used [26], [28]. The early work on the helminth parasites of Wallago attu was primarily based on the description of new species. Agrawal reported two new monogenean trematodes, Thaparocleidus yogendraii and T. jaini, from the gills of W. attu at Lucknow [29]. Over the past decade, significant work has been conducted on histopathological analyses, including Vankara et al.'s study on the damage caused by ectoparasites, such as stunted copepods and monogeneans, on the gills of Wallago attu [11]. The emergence of trematode species like O. varunai in the Varuna River reflects the attempt to explore the diversity of helminth parasites in W. attu. The contribution of the Zoological Survey of India to helminthological studies, with special reference to taxonomy and faunistic of helminth parasites, spans fifty years.
Helminthological studies on Wallago attu have been conducted in various regions of India, indicating that the fish is widely distributed throughout the country. Research on the helminth parasites of Wallago attu has also been conducted in other parts of India, including the Varuna River in Varanasi and the Sukhana Dam in Aurangabad District, indicating a broad geographical interest in the helminth parasites of Wallago attu [30], [31]. The work by W. Attu from various rivers in India, such as the Ganga, Yamuna, and Hooghly rivers, can be used as an additional reference to understand the habitat of the fish and also the potential distribution of parasites [32]. Classical taxonomic methods are the traditional characteristics of helminthological studies, reportedly used by Agrawal et al., which emphasise the structure of newly discovered parasite species [33]. Histopathology techniques have also been employed to elucidate the effects of parasites on host tissues. Illustrative of histopathological studies is Vankara et al.’s study on gill lesions caused by ectoparasites. Molecular methods are increasingly being used to confirm the taxonomic status of parasite species and their evolutionary relationships through phylogenetic analysis based on 18S rDNA sequences, as also demonstrated in Verma et al. for Thaparocleidus species. The topographical results of all these ecological and physiological studies, i.e., length-weight indices and condition factors, should provide an accurate indication of fish health and the impact of parasitic infestations on it. The focus has been mainly on identifying the Helminth parasite and its effect on Wallago attu. Still, it is also essential to consider the wider ecological and economic aspects of these findings. Reports of fish diseases have a significant impact on the health, growth, and survival of fish, with potential repercussions for fisheries and aquaculture. Such information would be essential for devising management plans to minimise their impacts and ensure the sustainability of W. attu populations. Additionally, the evolution of research approaches (Table 1) and advances in molecular methods can be utilised to investigate the phylogenetic affinities and ecological interactions among parasites, thereby providing a deeper understanding of freshwater communities [26], [28], [29], [32].
Table 1: Evolution of Research Approaches: From Early Studies to Recent Developments
	Early Studies
	Initial studies concentrated on describing new species of helminths, such as Phyllodistomum khadensis, from Wallago attu in various regions of India, including Akola District [34], [35]

	2011-2018
	Research during this period included studies on the prevalence of the cestode Gangesia marathwadensis in W. attu, emphasising seasonal variations in infection rates in Nanded District [35].

	Recent Developments
	Recent studies have expanded to include molecular phylogenetic analyses, such as those on Thaparocleidus species, using 18S rDNA sequences to confirm taxonomic statuses and morphological similarities [36].

	Broader Indian Context
	Some research has included multiple river systems across India, such as the Ganga, Yamuna, Hooghly, Gomti, and Pampa, to study the length-weight relationships and condition factors of W. attu, thereby indirectly contributing to an understanding of helminthological impacts [4].

	Morphological Descriptions
	Traditional methods have focused on detailed morphological descriptions of new helminth species, including their anatomical features and reproductive structures [34]

	Prevalence Studies
	Studies have also examined the prevalence and seasonal variation of helminth infections, providing insight into environmental and biological factors that affect parasite distribution.

	Molecular Techniques
	Recent trends include the use of molecular techniques, such as DNA sequencing, to validate morphological findings and explore phylogenetic relationships among helminth species [36].


5. Helminth Parasite Diversity in Wallago attu from the Godavari River
5.1. Checklist of Identified Helminth Species (with Taxonomic Classification) [37], [38]
Table 2, "Helminth Species and Their Taxonomic Groups," provides a comprehensive checklist of identified helminth species. This table systematically categorises each listed helminth by its specific taxonomic classification, covering major groups such as Cestoda, Nematoda, Trematoda, and Acanthocephala.
Table 2: Helminth Species and Their Taxonomic Groups
	Helminth Species
	Taxonomic Classification

	Circumoncobothrium spp.
	Cestoda

	Senga spp.
	Cestoda

	Lytocestus spp.
	Cestoda

	Polyoncobothrium spp.
	Cestoda

	Eustrongylides spp.
	Nematoda

	Rhabdochona spp.
	Nematoda

	Syphaciella spp.
	Nematoda

	Contracaecum spp.
	Nematoda

	Ascardia spp.
	Nematoda

	Trichuris spp.
	Nematoda

	Bothriocephalus acheilognathi
	Cestoda

	Proteocephalus glanduliger
	Cestoda

	Paracamallanus cyathopharynx
	Nematoda

	Capillaria spp.
	Nematoda

	Glossidium pedalum
	Trematoda (Digenea)

	Acanthogyrus spp.
	Acanthocephala

	Gangesia marathwadensis
	Cestoda

	Isoparorchis hypselobagri
	Trematoda

	Opisthorchis varunai
	Trematoda


5.2. Prevalence and intensity of infection for each parasite species
Table 3 collects essential information on the different parasite groups and their fish hosts. It provides information about the site of study, reported prevalence and intensity of infections, and delivers key findings and references published in the field of fish parasitology.
Table 3: Key Findings from Studies on Fish Parasites: Location, Prevalence, and Intensity
	Parasite Group/Species
	Host Fish Species
(W. attu)
	Location of Study
	Prevalence
	Intensity
	Key Findings/Notes
	Ref.

	Circumoncobothrium spp.
	Infected fishes (general)
	Nalganga Dam, Buldana district (M.S.)
	50% of infected fish
	Higher in the monsoon season
	-
	[39]
	Senga spp.
	Infected fishes (general)
	Nalganga Dam, Buldana district (M.S.)
	50% of infected fish
	Higher in the monsoon season
	-
	[39]
	Lytocestus spp.
	Infected fishes (general)
	Nalganga Dam, Buldana district (M.S.)
	50% of infected fish
	Higher in the monsoon season
	-
	[39]
	Polyoncobothrium spp.
	Infected fishes (general)
	Nalganga Dam, Buldana district (M.S.)
	50% of infected fish
	Higher in the monsoon season
	-
	[39]
	Eustrongylides spp.
	Infected fishes (general)
	Nalganga Dam, Buldana district (M.S.)
	50% of infected fish
	Higher in the monsoon season
	-
	[39]
	Rhabdochona spp.
	Infected fishes (general)
	Nalganga Dam, Buldana district (M.S.)
	50% of infected fish
	Higher in the monsoon season
	-
	[39]
	Syphaciella spp.
	Infected fishes (general)
	Nalganga Dam, Buldana district (M. S.)
	50% of infected fish
	Higher in the monsoon season
	-
	[39]
	Contracaecum spp.
	Infected fishes (general)
	Nalganga Dam, Buldana district (M. S.)
	50% of infected fish
	Higher in the monsoon season
	-
	[39]
	Ascardia spp.
	Infected fishes (general)
	Nalganga Dam, Buldana district (M. S.)
	50% of infected fish
	Higher in the monsoon season
	-
	[39]
	Trichuris spp.
	Infected fishes (general)
	Nalganga Dam, Buldana district (M. S.)
	50% of infected fish
	Higher in the monsoon season
	-
	[39]
	Bothriocephalus acheilognathi
	Wallago attu
	Jaikwadi Dam
	Found
	-
	Highest summer prevalence
	[40]
	Polyonchobothrium clarias
	Wallago attu
	Jaikwadi Dam
	Found
	-
	Highest summer prevalence
	[40]
	Proteocephalus glanduliger
	Wallago attu
	Jaikwadi Dam
	Found
	-
	Highest summer prevalence
	[40]
	Paracamallanus cyathopharynx
	Wallago attu
	Jaikwadi Dam
	Found
	-
	Highest summer prevalence
	[40]
	Capillaria spp.
	Wallago attu
	Jaikwadi Dam
	Found
	-
	Highest summer prevalence
	[40]
	Contracaecum sp. larvae
	Wallago attu
	Jaikwadi Dam
	Found
	-
	Highest summer prevalence
	[40]
	Eustrongylides sp. larvae
	Wallago attu
	Jaikwadi Dam
	Found
	-
	Highest summer prevalence
	[40]
	Gangesia marathwadensis
	Wallago attu
	-
	Summer: 75%; Winter: 46.25%; Monsoon: 22.5%
	-
	Seasonal variation in prevalence
	[41]
	Isoparorchis hypselobagri
	Wallago attu
	-
	5.5% to 54%
	-
	Wide range in prevalence
	[42]
	Opisthorchis varunai
	Wallago attu
	-
	Newly recorded species
	-
	Newly recorded species
	[43]



(All taxa reported in W. attu from the Godavari River.)
5.3. Graphical or Tabular Representation of Data
Table 4: Seasonal Variation in Helminth Prevalence and Intensity in Wallago attu
	Parasite Group/Species
	Host Fish Species
	Location of Study
	Season
	Prevalence
	Intensity
	Key Findings/
Notes
	Reference

	Gangesia marathwadensis
	Wallago attu
	-
	




Summer,
Winter,
Monsoon
	75%
	-
	Highest prevalence in summer
	[44]
	Gangesia marathwadensis
	Wallago attu
	-
	
	46.25%
	-
	The highest prevalence is in winter.
	[44]
	Gangesia marathwadensis
	Wallago attu
	-
	
	22.5%
	-
	Lowest prevalence in monsoon
	[44]
	Various Helminth spp. (General)
	Infected fishes (general)
	Nalganga Dam, Buldana district (M.S.)
	
	-
	Higher
	General helminth intensity is higher in the monsoon season
	[39]


(Data from the Godavari River, unless stated)
The results reveal apparent differences in the seasonal infection patterns of helminths in W. attu. In contrast, Gangesia marathwadensis peaks during summer and is least prevalent in winter, with values recorded during the monsoon season (see Table 4). Furthermore, other common helminth infections in the fishes of Nalganga Dam also show the highest intensity during the monsoon. These patterns highlight the intricate relationships between ecological and environmental factors that influence host-parasite dynamics. Variation in parasite prevalence and intensity may be associated with seasonal changes in water temperature, rainfall, dissolved oxygen, host feeding behaviour, immune response, and the presence and lifecycle of intermediate hosts. Understanding these dynamics is essential for developing effective strategies to manage and protect fish health in the Godavari River ecosystem.
6. Site specificity and distribution of helminth parasites within the host
The location where helminth parasites are found in their fish hosts is not random but is determined by a phenomenon known as site specificity. This principle extends to the fact that each parasite species is best adapted to a specific microhabitat within the host's body, where it has become so well-adapted that optimal conditions for its survival, growth, and reproduction exist. The precise location of helminths within the host depends on various factors, including the parasite's physiological needs, the host's anatomy and physiology, the immune response, and the availability of nutrients. Understanding these site-specific patterns is crucial for comprehending the pathogenesis of infections and the broader host-parasite interactions.
6.1. Organs and tissues infected by different helminth groups
Helminth parasites of Wallago attu exhibit an extraordinary specificity of site, with distinct groups, or even species, of parasites occupying different organs or tissues (Table 5). The helminths predominantly inhabit the gastrointestinal tract, which is the principal site for nutrient absorption and also serves as the portal of entry for most parasites. Cestodes, such as Circumoncobothrium spp., Senga spp., Lytocestus spp., Polyoncobothrium spp., B. acheilognathi, P. clarias, Proteocephalus glanduliger, and G. marathwadensis, commonly occur in the intestine and are parasitic, absorbing nutrients from the host’s already-digested food. Their sucker and hook attachments are differently suited to survive the peristalsis of the gut. Nematodes, such as Eustrongylides spp., Rhabdochona spp., Syphaciella spp., Contracaecum spp., Ascardia spp., Trichuris spp., Paracamallanus cyathopharynx, and Capillaria spp., are also often present in the gastrointestinal tract. Still, their locations usually vary from stomach to intestine, based on the specific needs of the species related to pH and nutrient availability, such as the larvae of some nematodes, e.g., Contracaecum sp. And Eustrongylides sp. are frequently found encysted in the visceral organs, particularly the liver, mesenteries, and gonads, and they are considered intermediate hosts of the helminth. Flukes or Trematodes Flukes or trematodes have a much wider range of site preferences. For example, as is the case with Opisthorchis varunai, another, Isoparorchis hypselobagri, is primarily found in the coelom or the swim bladder. The distribution of trematodes in different internal organs reflects the complex life cycles of these parasites, many of which involve multiple intermediate hosts and specific tissue requirements for the development of their metacercarial or adult forms. 
Table 5: Organs and Tissues Infected by Different Helminth Groups
	Aspect
	Details

	Monogeneans
	Primarily infects the gills of Wallago attu, with specific preferences for certain gill arches and segments, such as the anterior segment of the first and fourth gill arches [11].

	Cestodes
	Found in various organs (Intestines), with specific species, such as Lytocestus godavariensis, infecting the intestines of Clarias batrachus, a fish native to the Godavari River [45].

	Digenetic Trematodes
	Metacercariae of digenetic trematodes are found in multiple fish species, indicating a broad organal distribution, often in the gastrointestinal tract [10].

	Nematodes and Acanthocephalans
	These helminths are typically found in the digestive organs, with a high prevalence in the intestines of various fish species [46].


6.2. Patterns of parasite distribution within the gastrointestinal tract or other organs
Helminths are seldom evenly distributed in the gut. Distinct microenvironments exist in the various sections of the gut, characterized by their distinct pH, enzymatic, oxygen gradient, and flow properties. For example, some cestodes may prefer the anterior gut, where there is a high concentration of digested food. In contrast, others may perform better in the posterior gut due to lower gut motility. Nematodes such as Rhabdochona spp. Infect the anterior or mid-intestine, and Capillaria spp. may be more advantageous to the posterior parts [47]. However, these details were not often provided in the literature for the respective segment evacuation site of the W. attu gut from the Godavari River, as most studies provide only the organ of infection. In addition to the gut, there is precision in the distribution. As mentioned earlier, the site specificity of Isoparorchis hypselobagri within the swim bladder is an archetypal case of extreme specialisation, indicating adaptation to the novelty of the gaseous milieu in this organ [48]. Larval nematodes (e.g., Contracaecum spp.) encyst in liver/gonads and may preferentially localise in one type of tissue, e.g., liver versus gonads, which may reflect differences in nutrient availability and/or selective immunological components. The number and location of these encysted larvae are likely to have considerable pathological effects on the fish host, affecting organ function and possibly overall fitness. The site-specificity of helminth parasites in W. attu from the Godavari River is a crucial biological characteristic. Although most cestodes and nematodes share general patterns of gastrointestinal infections, some trematodes display highly specialised preferences for organs, such as the swim bladder or bile ducts. A finer-scale intraintestinal distribution analysis would be informative of how the co-occurring parasite species are ecologically partitioning the niche, and specifically how they are adapted to the host's physiological environment. Unfortunately, the availability of such detailed data was not possible from the present studies, which would have added to a clearer picture of the host-parasite relationship in W. attu. [22], [27], [36].



7. Influence of ecological and environmental factors on helminth infections
The abundance and intensity of helminth parasites in fish populations are not fixed and are the dynamic end product of complex interactions between various environmental and ecological factors. These factors may affect the different life-cycle stages of the parasite, the intermediate hosts, and the susceptibility of the definitive fish host. It is essential to elucidate these influencing factors when considering the epidemiology of fish parasitism and to estimate the ecological status of aquatic ecosystems by using fish as indicators [49], [50].
7.1. Water Quality
Abiotic factors, such as water quality, are fundamental drivers of aquatic ecosystems and, consequently, fish health and parasite epidemiology. Temperature is a key factor that directly affects the metabolism of parasites and their intermediate hosts. Warmer climates could accelerate the progression and maturation of parasite larval stages into infective stages at the intermediate host and within the external environment, resulting in higher rates of transmission [17], [51]. On the other hand, the survival of parasites may be negatively affected by extremely high temperatures. pH affects the survival of free-living stages and the intermediate hosts; fish under stress from pH levels that are not optimal are more susceptible to infection. And the most noticeable is pollution: That’s the single most significant environmental impact. Many of the urbanised river stretches, including the Godavari River in Nashik District, are deteriorated by various forms of pollutants, such as domestic sewage, agricultural runoff (including pesticides and fertilisers), and industrial effluents. Pollutants (e.g., heavy metals) directly harm to free-living parasite stages or intermediate hosts, and they often act as a stressor upon the fish host. Continuous exposure to non-lethal concentrations of pollutants may make W. attu more susceptible to parasitic infections; it may also be unable to mount a high immune response against established infections of the parasite. Eutrophication due to nutrient loading can also disrupt the food web, which can further promote the success of intermediate hosts essential in the life cycles of certain helminths and increase the likelihood of infection [49], [50], [52].
7.2.  Host biology
The endogenous biological characteristics of the fish host, Wallago attu in our case, significantly condition the helminth parasitisation structure. Parasite load is frequently positively associated with host size and age categories; larger and older fish have more time to accumulate parasites and a larger body, and therefore can potentially accommodate more worms [1], [44]. As they grow older, they tend to broaden their diet and encounter more infected intermediate or paratenic hosts. The host's sex can influence infection rates, often due to physiological differences related to reproduction, since fighting pathogens can hinder reproductive processes and hormonal changes that affect immunity. Behavioural differences, such as eating habits, also play a role. Although there is limited data on W. attu from the Godavari, sex-related differences are common in fish species. W. attu, a piscivorous predator, has a diet that is crucial in shaping its helminth community. As an apex predator, it acquires parasites by consuming infected prey fish or invertebrates that serve as intermediate hosts. For example, the presence of trematodes like Isoparorchis hypselobagri and cestodes such as Gangesia marathwadensis indicates the ingestion of specific invertebrates, including snails, copepods, or smaller fish, that carry larval stages. Changes in prey availability or feeding behaviour caused by environmental shifts can influence the diversity and severity of helminth infections [13], [35].
7.3. Seasonal variations in parasite prevalence and intensity
According to the submitted data, the prevalence and intensity of helminth infections caused by W. attu and other fish species in the region exhibit a pronounced seasonal character (Table 6). For instance, the infection intensity of Gangesia marathwadensis was highest in Wallago attu during the summer (75.00%), followed by winter (46.25%), and lowest in the monsoon (22.50%) [35]. Such differences could be related to the increased activity of intermediate hosts or more conducive conditions for larval development, which occurs during the warmer months and should facilitate transmission. Conversely, peak monsoon flows could flush infectively stages of the parasite, or some of its intermediate hosts, making them less available. The overall helminth parasite intensity in the fish of Nalganga Dam was recorded as higher during the monsoon season [39]. Such a contrast between the prevalence patterns of a specific parasite (Gangesia marathwadensis) and the mean intensity/trend of general helminth species may indicate that various parasite species or groups exhibit a particular pattern in response to seasonal environmental signals. There could be multiple reasons for the increase in monsoon, such as enhanced runoff introducing infective stages, stress-related changes in host immunity, or changes in feeding behaviour during flood periods. These intricate seasonal variations further suggest that to fully establish the helminthological horizon, along with its associated factors, in Wallago attu from the Godavari River, year-round sampling would be desirable.
Table 6: Influence of Ecological and Environmental Factors on Helminth Infections in W. attu from the Godavari River

	Impact of Water Quality Parameters
	

	Temperature
	· Temperature fluctuations can influence the life cycle and transmission of helminths. Warmer temp. may enhance the development and survival of helminth larvae, increasing infection rates in fish hosts [37], [53].

	pH Levels
	· The pH of water affects the survival and infectivity of helminth eggs and larvae. Extreme pH levels can be detrimental to parasite survival, thus influencing infection rates in aquatic hosts [54].

	Pollution
	· Pollution, including heavy metals and organic pollutants, can alter host-parasite dynamics by affecting the immune response of fish hosts and the survival of intermediate hosts. Pollutants may either increase or decrease parasitism depending on their nature and concentration [50]

	Dissolved Oxygen
	· Low dissolved oxygen stresses fish, weakening their immune systems and increasing susceptibility to helminth infections [46].

	Nutrient Loading
	· Eutrophication can lead to oxygen depletion (stressing fish) and increased populations of intermediate hosts (like snails), potentially boosting helminth transmission [38].

	Role of Host Biology
	

	Size
	· Larger fish may harbour more parasites due to a greater surface area and longer exposure time to infective stages. This can lead to higher prevalence and intensity of helminth infections in larger individuals [55]

	Sex
	· Differences in infection rates between male and female fish may be attributed to hormonal influences on immune function, with some studies suggesting that males are more susceptible to infections [55]

	Diet
	· The diet of W. attu can influence helminth infections, as fish that consume infected prey or intermediate hosts are more likely to acquire parasites. Dietary habits thus play a crucial role in the transmission dynamics of helminths [55]

	Seasonal Variations in Parasite Prevalence and Intensity
	

	Seasonal Changes
	· Seasonal variations in environmental conditions, such as temp and water flow, can result in fluctuations in helminth infection rates. For instance, higher temp. In the summer, parasite development rates, while monsoon rains can alter water quality and host availability [56]

	Prevalence and Intensity
	· The prevalence and intensity of helminth infections often peak during specific seasons, influenced by the life cycles of both the parasites and their hosts. These patterns are crucial for understanding and predicting the dynamics of infections in aquatic ecosystems [56]


8. Pathological effects of helminth infections on W. attu
The infection of helminth parasites in fish hosts, such as W. attu, invariably involves a range of pathological conditions, from subtle cellular changes to severe organ damage and systemic dysfunction. Such pathological expressions are associated with several consequences for the parasite in the contact area with the host, including mechanical damage, competition for nutrients, the release of toxic metabolites, and the induction of host immune responses. Such effects are of prime importance, as they may compromise the physiological integrity, health, and, consequently, the survival and reproductive success of the fish in the dynamic Godavari River.
8.1. Observed gross and histopathological changes
The pathological effects of helminth infestations in Wallago attu can be evaluated at both macroscopic and microscopic levels. Macroscopic changes can be inspected after external or internal examination, and these can act as an early indication of various parasites. Towards the end, affected fish are haggard with sunken loins; they are emaciated and show a chronic state of cachexia. Lethargy, 'whirling' swimming, and apparent unresponsiveness to stimuli can also be seen. The gastrointestinal tract, kidneys, and gonads are the typical internal organs where body cavity and/or organ-associated gross changes occur, indicative of the different types of helminths' affinities [57]. In cestodes (Circumoncobothrium spp., Senga spp., Lytocestus spp., Polyoncobothrium spp., Bothriocephalus acheilognathi, Polyonchobothrium clarias, Proteocephalus glanduliger, Gangesia marathwadensis) as well as in several nematodes (Rhabdochona spp., Syphaciella spp., Capillaria spp). In the intestinal lumen, gross changes may be limited to inflammation, characterized by reddening, swelling, or thickening of the intestinal wall. The intestine is usually highly congested and may be distended, draped, or even necrotic in focus due to the pure mass and continual attachment by the parasites in heavy infestations. The special anatomical adhesion apparatus of cestodes, i.e., suckers or scolices armed with a rostellum with hooks, can lead to punctiform injuries of the mucous membrane of the intestine, or erosions, ulcerations, or petechial bleeding. Massive mucosal destruction leads to loss of gut barrier integrity, which can result in secondary bacterial infections and peritonitis if perforation occurs [58]. The local accumulation of a significant number of worms can result in the partial or even total blockage of the gut lumen, preventing the transit of ingesta and hindering the progression of digestive activities. Microscopic analysis enables the observation of the host cells' and tissues' reactions to parasitic invasion. Precision in helminth identification was essential. Monogenean ectoparasites (Fig. 3), e.g., Gyrodactylus and Dactylogyrus species, cause epithelial damage and an inflammatory response on the gills/skin. Internal Trematode parasites (Digenea) (Fig. 4), such as Fasciola and Echinostoma species, cause inflammatory granulomas,  necrosis, or encapsulation in organs, including the intestine, liver, or muscle. The appearance of the parasite, as measured microscopically, identifies the organisms responsible for the detected pathology [59].
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Figure 3: Photomicrographs of various Monogenean parasites (trematodes) of fish [59]
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Figure 4: Photomicrographs of various Trematode parasites of fish [59]
The presence of trematodes, in which they are infestants, determines the gross pathology. For example, Isoparorchis hypselobagri, which is confined exclusively to the swim bladder, is capable of producing gross mucocoele (distension), thickening, opacity, or alteration in color of the swim bladder wall [60]. Such deformities can disrupt the standard functionality of the swim bladder, particularly in terms of buoyancy control. Opisthorchis varunai, the liver fluke, would have resulted in the dilatation of the bile ducts, with an increased likelihood that the liver would develop into a fibrotic condition in an advanced stage. Larval nematodes such as Contracaecum sp. larvae and Eustrongylides sp. larvae are commonly found encysted in muscle or one or other internal organs, such as the liver, spleen, mesenteries, and gonads. These cysts are often firm, whitish to yellowish in colour, nodular in appearance, or encapsulated lesions that range in size from a pinhead to several millimetres, depending on the species of parasite, the developmental stage of the larva, and the host response. Large numbers of these cysts can cause the organs to become enlarged and distorted, or result in the development of visible cysts, which reduce the commercial value of the fish. On the microscopic level, the histopathology is quite detailed, revealing cellular and tissue-level responses to parasitic invasion. The presence of luminal helminths in the intestinal wall is usually associated with classical signs of enteritis. This includes hyperemia and oedema in the lamina propria and submucosa with pronounced infiltration of inflammatory cells. Such cellular infiltrates typically consist of lymphocytes, macrophages, eosinophilic granular cells, and neutrophils that are recruited as components of the host's innate and adaptive immune systems to control or kill the parasites. Goblet cell hyperplasia, which increases the amount of secreted mucus, is commonly observed as a non-specific mechanism of the host's defence to expel or debilitate parasites. In chronic and severe infection, there are more profound changes, such as villar atrophy, villar fusion with adjacent villi, and crypt hyperplasia (increased cell proliferation in the intestinal crypts). These architectural changes significantly reduce the effective absorptive surface area of the intestine. Epithelial necrosis and sloughing from the sites of parasite attachment are another observation that illustrates cellular injury. Even when the larval nematodes are encysted in different organs, the host tissue around them usually reacts and forms a granulomatous inflammation. On histological examination, these granulomas are composed of distinct layers of fibrous connective tissue, often surrounding the parasite. It is also common to see a mixed inflammatory infiltrate, which consists of macrophages, epithelioid cells, multinucleated giant cells, and lymphocytes in the granuloma, indicating the chronicity of the host's attempt to isolate the foreign body. In the liver, parasitic infections are associated with varying degrees of hepatic degeneration, including steatosis, vacuolar degeneration, or focal necrosis of hepatocytes, particularly when larvae are migrating or encysted within the hepatic parenchyma [58], [60], [61]. Nephritis, tubular necrosis, or interstitial inflammatory infiltrates may be found in the kidneys, indicating either direct parasitic aggression or systemic infection. In trematodes such as Opisthorchis viverrini, histological sectioning of the bile ducts reveals cholangitis, hyperplasia of the bile duct lining, and periductal fibrosis. Upon involvement of Isoparorchis hypselobagri, the swim bladder presents with chronic inflammation, as well as muscular hypertrophy and wall fibrosis. These sub-tissue pathological changes, as a whole, can be well perceived as the host's dynamic combative process against parasitic intrusion, as well as emphasising the damage to the organ and the resulting functional loss.
8.2.  Potential impact on host health, growth, and reproduction
The gross and histological abnormalities caused by helminth infestation resulted in considerable physiological costs in W. attu, which could have long-term effects on health, growth, and reproduction, and may directly or indirectly influence the population dynamics of the species in the Godavari River (Table 7).
Effects on Host Health: Heavy and chronic helminth infection areas are a factor leading to a debilitated condition in Wallago attu. Chronic inflammation and continued parasite fighting require a significant expenditure of metabolic energy, diverting it away from normal physiological processes. Injury to vital organs, such as the gut, liver, and kidneys, disrupts crucial physiological functions, including digestion and nutrient acquisition, metabolic detoxification, osmoregulation, and waste excretion. Many heavily infected fish are found to be immunocompromised. This compromised immune system makes them more vulnerable to secondary infections by opportunistic bacteria or fungi. Also, it increases their susceptibility to environmental assaults, such as water pollution, hypoxia, or temperature extremes. The apparent emaciation (thin condition) observed in heavily infected W. attu is a clear indication of the poor health and energy loss in them [61], [62].
Effects on Growth: The somatic growth of W. attu may be significantly retarded by parasitic infection if the parasites are predominantly located in the digestive system or induce substantial tissue degeneration. There are several mechanisms underlying this growth delay: Nutrient Diversion and Competition. Helminths, as endoparasites, are obligate parasites that draw nutrients directly from the host's lumen or tissues. The direct competition for vital substances, such as macronutrients (proteins, carbohydrates, and fats) and micronutrients (vitamins and minerals), results in fewer resources for the host’s metabolic processes, body tissue repair, and growth. Impaired Digestion and Absorption: Pathologic changes in the intestine, including jejunal atrophy, mucosal inflammation, and lower enzyme activities, all reduce the surface area and efficiency of nutrient digestion and absorption [61]. This will eventually limit the assimilation of dietary energy into host biomass. Energetic Cost to Immunity: It is costly for the body to initiate and sustain an immunological response to the invading helminths. The finding that immune cells are persistently activated and that levels of inflammatory mediators are consistently high suggests that the host spends a significant portion of its energy budget to mount and sustain these immune defences, at the expense of growth and tissue deposition elsewhere in the body. Reduced appetites and feeding efficiencies: Fish experiencing discomfort, pain, and secondary systemic disease resulting from parasite loading may exhibit a reduced appetite or decreased feeding efficiency. This reduced caloric consumption only increases the prevalence of nutrient deficiencies and the incidence of stunting. All these factors together cause retardation in growth rates, lower mean body weight for age, and a poor condition factor in infected Wallago attu. This affects not only the ecological fitness of the animal but also makes the fish less valuable commercially to the fisherman, thereby influencing local fisheries.
Table 7: Gross and Histopathological Effects of Helminth Infections on W. attu Health and Reproduction
	Title
	Pathological Effects of Helminth Infections on Wallago attu
	Observed Gross and Histopathological Changes
	Potential Impact on Host Health, Growth, and Reproduction

	Helminthological Studies in Wallago attu
	Helminth infections in Wallago attu, particularly from the Godavari River, have been extensively studied to understand their pathological effects.
	· Fusion of secondary lamellae, hyperplasia of gill filaments, and epithelial cells were observed.
· Severe degenerative and necrotic changes in gill filaments and secondary lamellae. [63] 
· Increased oxidative stress markers such as GST, SOD, GR, GPx, and CAT in infected tissues. [42], [64]
	· Diminished gill breathing capacity due to gill damage, affecting overall fish health. 
· Increased oxidative stress can lead to compromised immune responses and reduced growth rates. [42], [64] 
· Helminth infections can decrease the growth rate and negatively impact the quality of fish products.

	Pathological Effects
	The pathological effects of helminth infections in Wallago attu are significant, impacting various physiological functions.
	Histopathological changes include curling of secondary lamellae and mucous cell proliferation—presence of cysts and damage to the liver and intestinal tissues.
	Helminth infections can lead to stunted growth and reduced reproductive capabilities. The presence of parasites can increase a fish's susceptibility to other diseases. 

	Gross and Histopathological Changes
	Observations of gross and histopathological changes provide insights into the severity of helminth infections.
	Severe emphysema and infiltration of macrophages in lung tissues. Hyperemia, thickening, and ulceration of the intestinal mucosa. [53]
	Damage to vital organs can result in decreased fish yield and economic losses.  Histopathological changes can indicate the need for improved management practices in aquaculture. [10], [11], [63]

	Impact on Host Health, Growth, and Reproduction
	The impact of helminth infections on Wallago attu extends beyond immediate health concerns, affecting growth and reproduction.
	Helminth infections can cause petechial haemorrhages and damage to the mucosal layers. Increased enzyme activity in infected tissues suggests heightened oxidative stress. [42], [53]
	Helminth infections can lead to decreased growth rates and reduced reproductive success. 
Effective management and diagnostic programs are crucial in mitigating these impacts. 


Reproductive Implications: The fecundity of Wallago attu, a desirable element in sustaining its stocks, may be significantly affected in the case of helminth infections. This effect can be achieved or oriented according to the impact of this introduction. The impact of this introduction can occur through various means: energy reallocation. Reproduction is energetically costly, involving investments in gonad development, gamete production, and mating activities. Chronic helminth infections result in a continuous energy drain on the host, diverting host energy away from reproductive activities to support parasite maintenance and host immune responses. This reallocation of energy can result in lower fecundity and smaller gonad size [61].
9. Methodological approaches and challenges in helminthological studies
A rigorous and standardised methodology, from sampling to analysis, is necessary to undertake comprehensive helminthological studies on fish like Wallago attu of the Godavari River. The quality and interpretability of results largely depend on the methodology used, which will affect the dependability of any conclusions about parasite diversity, prevalence, intensity, and their ecological significance. Nonetheless, it is inherent in the field, and it has shortcomings and constraints, especially in the developing world, which continuously expects methodological amelioration [65], [66].

9.1. Common techniques used for parasite collection, identification, and quantification
Usually, helminthological studies of fish specimens start with sampling. Fish are generally harvested using gear typically found in their habitat, such as cast nets, gill nets, and hook-and-line gear. Ethical concerns and local rules on fish catch and euthanasia are crucial. Following collection, it is common to transport live fish to the laboratory or to sacrifice and fix them (e.g., on ice or in formaldehyde) for later dissection. During post-mortem and parasite recovery, the host is systematically dissected [65], [66]. This would start with cataloguing external morbidities and then carefully disentangling the fish. All organs (gut, liver, spleen, kidneys, gonads, air bladder, gills, skin, musculature, brain, and eyes) are meticulously checked for helminths. Typically, the gut is sectioned (stomach, pyloric caeca, anterior, middle, and posterior intestines) for recording site-specificity. Contents are flushed into petri dishes, or organs are pressed between glass plates (for thin organs) or examined with the use of a stereomicroscope for the discovery of small parasites and encysted larvae. Helminths collected are kept isolated and treated by washing, then preserved in adequate fixatives, such as 70% ethanol (for molecular studies), 4% formaldehyde (for morphological studies), or AFA solution (for flatworms). Helminths are most commonly identified according to their morphology. Trematodes and cestodes are spread thin, stained (e.g., with acetocarmine or hematoxylin), dehydrated, cleared, and mounted between a slide and a cover glass for permanent storage and microscopic examination. Critical taxonomic characters, such as the shape and dimensions of suckers, hooks, reproductive organs, and vitellaria, are essential. Nematodes are cleared in lactophenol or glycerine for observation of cuticle ornamentation, oral structure, type of oesophagus, and arrangement of reproductive organs. Morphometrics are then measured to aid in species separation and comparison with existing descriptions. Identification is primarily based on specific taxonomic keys and references to the literature [1], [44], [67], [68].
The following epidemiologic measurements can determine the evaluation of parasitic burden:
Prevalence: The percentage of infected hosts that occur in a population sample (number of infected hosts/total number of hosts examined × 100%).
Intensity: The number of parasites of a species in an infected host.
Average Intensity: The average number of larvae (all infected hosts) attacked.
9.2.  Limitations and challenges encountered in previous research
Despite the well-defined protocols, helminthological research, especially work done in flowing arcualitic systems like the Godavari often suffer from inherent limitations and constraints: Sampling bias and representativeness: Most of the studies have not distinguished between random and opportunistic samplings, the results of then may not be representative to the total fish from the Godavari River. Spatial and temporal gaps in sampling, inadequate sample size, or a restricted spatial scope can result in an incomplete understanding of parasite diversity and infection patterns [69], [70]. It may not be practically feasible to obtain relatively large, wild, carnivorous fish like Wallago attu consistently, throughout the year, and from various parts of the river. Taxonomic Knowledge and Identification Accuracy: Precise identification of helminth parasites is crucial, although it poses challenges. Without the use of molecular tools, reliance on morphology alone can be challenging due to intraspecific variation, cryptic species complexes (morphologically indistinguishable but genetically distinct species), and the difficulty in identifying immature or larval stages to the species level. When expert taxonomists are scarce, however, this may lead to unsound identifications or reporting at higher taxonomic levels, such as species (sp.). Rather than to the level of particular species, and, as a result, the detailed ecological and epidemiological meanings that we can assign to the observed patterns are constrained.
Heterogeneity of Methodology and Reporting: Methodologies may vary between studies, including necropsy protocols (all organs vs. none vs. partly examined, and the extent of processing of each organ), parasite preservation techniques, and methods for quantification, which renders comparisons difficult. Only the prevalence of the parasite is estimated in some studies, with no information on its intensity or abundance, which affects the description of the parasitic burden. Insufficient Comprehensive Host and Environmental Data: The majority of publications did not include sufficient additional data on host biological factors (e.g., exact age, reproductive status, specific dietary analysis, health status beyond parasite presence) or relevant environmental parameters (e.g., specific water quality parameters, flow rates, sediment composition, intermediate host populations) at the species-specific, individual-based level of the sampled fish’s catch locality and seasonal collection period. This reduces the potential to determine robust relationships between parasitism and ecological correlates. Preservation of Artefacts and Quality of Specimens: Incorrect or delayed preservation of parasites may cause deterioration in form, making proper identification problematic. Additionally, collecting parasite material of sufficient quality for further molecular analysis may be challenging if initial procedures for preserving it do not account for the need for high-fidelity DNA [69], [70], [71].
9.3. Suggestions for future methodological improvements
We think that, to improve our understanding of helminth infections in W. attu and other fish species in the Godavari River, future studies need to use more robust and integrated methodologies: Standardised Fish Sampling and Necropsy Protocols: Commonly accepted and standardised sampling of fish (ensuring randomness of sampling and representativeness), euthanasia technique and thorough necropsy will improve the comparability between studies. This involves reporting standard parameters of the host’s biometric data, including length, weight, sex, and stage of maturity, as well as an accurate catch location [72]. Combination of Molecular Identification Techniques: Integrate DNA barcoding (e.g. cox1 gene) with morphology particularly DNA barcoding (based on the mitochondrial cytochrome c oxidase subunit I (cox1) gene for a variety of helminths or nuclear ribosomal genes such as ITS, 18S, 28S rRNA), could help to clarify taxonomic uncertainties, identify cryptic species, and classify larval stages accurately (Table 8). This also enables the performance of a phylogenetic analysis of the different parasite lineages. It is recommended that the sequence data be deposited in public databases, such as GenBank.
Table 8: Methodological Approaches, Challenges, and Future Improvements in Helminthological Studies
	Title
	Methodological approaches & challenges in helminthological studies
	Standard techniques used for parasite collection, identification, and quantification
	Limitations and challenges encountered in previous research
	Suggestions for future methodological improvements

	Overview
	Helminthological studies on W. attu from the Godavari River used various methodological approaches to understand parasite diversity & their impact.
	Techniques for collecting and identifying parasites are crucial for accurate helminthological studies.
	Previous research faces challenges, including limited resources and methodological constraints.
	Future improvements can enhance the accuracy and efficiency of helminthological studies.

	Methodological Approaches
	Use of both morphological and molecular methods for parasite identification. 
	Extraction of organs and longitudinal opening of the digestive system for parasite collection.
	Limited access to advanced molecular techniques in field settings. 
	Incorporation of environmental DNA (eDNA) for intermediate host monitoring for better parasite detection and water purification.

	Common Techniques
	Fixation of parasites in near-boiling saline and preservation in ethanol for morphological and DNA studies. 
	Agitation of gut contents in saline solution to clean and collect parasites.
	Difficulty in maintaining specimen integrity during field collection. 
	Development of portable and cost-effective molecular diagnostic tools. 

	Challenges
	High prevalence of helminth infections in W. attu, affecting fish health and productivity.
	Identification of parasites using both traditional and molecular methods.
	Inadequate training for personnel in field collection and identification techniques.
	Enhanced training programs for field personnel in parasite collection and identification.

	Future Improvements
	Integration of histopathological studies to assess parasite impact on host tissues.
	Use of DNA fingerprinting for precise parasite identification.
	Challenges in distinguishing between closely related parasite species.
	eDNA metabarcoding


Future research needs to extend the limitations of single-time-point or confined area-based surveys to long-term, seasonal, and spatially extensive sampling campaigns in other segments of the Godavari River in Nashik. This will enable the identification of temporal patterns, seasonal patterns, and spatial profiles of parasite communities and their correlates. Detailed limnological data collection, including water temperature, pH, dissolved oxygen, Conductivity, Nutrients, heavy metals, and pesticides, should be conducted simultaneously with fish sampling. It is also essential to gain knowledge of the population dynamics of intermediate host species (e.g., gastropods, crustaceans, small fish), as they serve as crucial links in the helminth life cycles through targeted studies. Direct evidence of exposure pathways can be obtained through the analysis of host diet, using either gut content or stable isotopes. The consistent presentation of all primary epidemiological data (prevalence, intensity, and mean abundance intensity) is required to make effective comparisons with host or environmental factors. Careful archiving and deposition of voucher specimens in established museum or institutional collections is essential for future taxonomic verification and comparative work. Promoting collaboration between local and international researchers can facilitate technology transfer, provide access to advanced methodologies, and support the development of local expert taxonomic and molecular capacities. The adoption of these methodological advances in future helminthological investigations in the Godavari River will facilitate a more accurate, comprehensive, and ecologically relevant understanding of parasite-host dynamics in W. attu and hold potential for improving fish health management and aquatic ecosystem conservation [71], [72], [73].
10. Conclusion and future directions
This review compiles the background helminthological literature available on W. attu from the Godavari River, with special reference to Nashik District, emphasising the ecological and economic significance of this species as a key host of these parasites. The reviewed literature indicates that W. attu in the area hosts a range of helminth parasites, including some species of cestodes (Circumoncobothrium spp., Senga spp., Gangesia marathwadensis), nematodes (Contracaecum spp., Eustrongylides spp., Rhabdochona spp.), and trematodes (such as Isoparorchis hypselobagri and Opisthorchis varunai). These parasites are site-specific and primarily reside in the digestive tract and on other viscera, such as the swim bladder, liver, and mesenteries. Marked seasonal fluctuations in prevalence and intensity were observed for certain parasites, indicating a significant environmental influence. Pathologically, these infections may induce macroscopic changes in the organs, such as swelling and cyst formation, as well as histopathological changes, including signs of inflammation and tissue destruction, which can compromise the health, growth, and reproductive output of the host. Despite the valuable contributions of these studies, several significant knowledge gaps persist and require further research. One of the critical gaps is the lack of extensive, year-round, geographically representative surveys specifically targeting W. attu across the Godavari River. The majority of publications have only presence or limited prevalence data, while information on the intensity and abundance is frequently not provided. Critically, the accurate identification of many helminth species, especially their larval stages, relies on morphology, necessitating the use of molecular tools, which can lead to uncertainty regarding cryptic species; information from molecular analysis is somewhat limited. There is a need for detailed histopathological studies correlating parasite burden with tissue damage or the nature of its effect on host physiology, such as direct quantification of retarded growth or impaired reproductive output. Additionally, the relative importance of different water quality indicators and the ecology of intermediate hosts in the Godavari River system in the helminth transmission is not well understood. Using these results and the remaining gaps as a basis, several suggestions are made for future research and sustainable management. First, to establish a definitive helminth checklist for W. attu in the Godavari, future investigations must follow standardised, multi-seasonal, and more widespread spatial sampling schemes, along with robust molecular identification methods, such as DNA barcoding. Second, studies need to integrate water quality metrics and intermediate host dynamics, such as extensive water quality investigations and surveys, to monitor the populations of intermediate hosts and disentangle the complex environmental patterns of parasitic infections. Thirdly, controlled experiments and thorough histopathological studies are required to determine the exact physiological and reproductive costs of helminth infections in W. attu. Additionally, knowing that such responses were probably also affecting fish health and the ecosystem at large, the provided results are expected to help to define conservation measures for W. attu and the establishment of pollution control measures of the Godavari River, for a more comprehensive view of a healthy aquatic ecosystem and sustainable management of fisheries.
10.1. Identification of Knowledge Gaps and Areas for Future Research
Despite such vital contributions, some knowledge gaps remain, which require future research. The notable gap may result from the lack of year-round and geographically broader surveys of Wallago attu across the Godavari River around Nashik. This is common because many studies only record occurrence (or low prevalence), often due to limited body-intensive field collections, and details on infection levels (intensity) and parasite counts per host (abundance) are rarely measured or reported. Importantly, the absence of standardised, aggregated statistical descriptions or graphical representations of infection rates in region-wide studies makes it difficult to draw robust, quantitative conclusions about the overall parasite load and its trends. Accurate diagnosis of many helminths, especially larval stages, relies on morphology, which makes distinguishing cryptic species difficult and often lacks molecular identification. In this context, the literature lacks comprehensive histopathological studies that connect parasite load with specific histological changes and provide clear evidence of effects on host physiology, such as actual measurements of growth retardation or reproductive output. Furthermore, the relative significance of various water quality parameters and the dynamics of intermediate host populations in the Godavari River in helminth transmission remains poorly understood.
10.2.  Recommendations for Sustainable Management and Conservation Efforts
Some future research and management activities are recommended based on the identified gaps. Firstly, future work should employ a standardised, multi-seasonal, and spatially expanded set of sampling methods (along with strict molecular identification tools, such as DNA barcoding) to establish an unambiguous helminth checklist of Wallago attu from the Godavari. Secondly, it will be critically important to include statistical summaries and, if possible, meta-analyses of the infection parameters (prevalence, intensity, and abundance) to provide a quantitative reference. Graphical representations (e.g., bar charts to compare the means of prevalence between seasons, bar charts to compare the means of prevalence between parasite groups) should be included to identify patterns readily. Third, research should include detailed ecological data, as well as comprehensive water quality monitoring and intermediate host population surveys, which are vital for understanding the complex environmental factors influencing parasitic diseases. Fourth, there is a need for quantitative, controlled experimental studies and thorough histopathological analyses to assess the immediate and specific physiological and reproductive costs associated with helminth infections in W. attu. Because the development of histopathological changes can negatively impact fish health and ecosystem stability, this information should be taken into account in the conservation of Wallago attu, pollution control efforts in the Godavari River, and generally for the health of the entire aquatic ecosystem and sustainable fisheries management.
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