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Unravelling the physiological adaptations that enable fish to thrive under diverse environmental 
stressors is crucial for predicting their resilience to climate change. However, linking molecular 
mechanisms to ecological contexts remains a significant challenge and such studies are greatly 
lacking. To close this data gap, we conducted a physiological and molecular mechanisms-integrated 
comparative study of representative fish species from two ecologically contrasting regions: the 
Indian Sundarban mangrove estuary and the Sub-Himalayan Terai-Dooars hill streams. We assessed 
erythropoietic activity, cell cycle dynamics, reactive oxygen species levels, and the expression of 
genes integral to hypoxia response, electron transport chain regulation, adaptive remodeling, and 
stress modulation. Our results demonstrate that fish inhabiting the Terai-Dooars region exhibit 
substantially higher erythropoietic efficiency, elevated reactive oxygen species levels, and significant 
upregulation of hypoxia-inducible and adaptive remodeling genes as compared to their Indian 
Sundarban counterparts. These findings suggest that the challenging environmental conditions of the 
Terai-Dooars—characterized by low temperatures, high water velocities, and physiological hypoxic 
stress—drive distinctive physiological and genetic adaptations in fish populations. Analysis of variance 
(ANOVA) on Principal Components (PCs) revealed species-specific cellular variability modulated 
by regional environmental pressures, emphasizing the interaction of intrinsic and extrinsic factors 
in shaping adaptive responses. This study bridges critical knowledge gaps by linking physiological 
traits to ecological contexts, providing insights into community-level adaptation mechanisms. The 
findings highlight convergent evolutionary strategies and propose molecular and cellular biomarkers 
for assessing resilience under future climate scenarios. Finally, these ecophysiological insights will 
enhance the comprehensive understanding of species responses to environmental heterogeneity, with 
implications for conservation and ecosystem management in the face of global environmental change.
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The adaptive capacity of organisms is governed by a combination of evolutionary history and physiological 
plasticity, enabling them to survive in diverse and often challenging environmental conditions. Understanding 
adaptation strategies also requires an integrated exploration of the genetic basis underpinning plasticity 
and the environmental pressures that shape their evolutionary trajectories1,2. As emphasized by Schulte1,2, 
this interplay underscores the role of both phenotypic plasticity and local adaptation in shaping organismal 
responses to changing environment. Aquatic environments are inherently dynamic, exhibiting significant spatial 
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and temporal variations in dissolved oxygen and temperature3–5. Populations worldwide exhibit remarkable 
physiological and genetic adaptability to diverse environments, a key factor in their resilience against the 
backdrop of climate change3,6–8. Oxygen availability and temperature fluctuations represent two of the most 
critical environmental variables influencing fish physiology9, directly impacting erythropoiesis10, oxidative stress 
regulation11, metabolic function12, and cellular homeostasis13. In particular, the varied responses to hypoxia 
and thermal stress across species offer a window into the evolutionary strategies that underpin survival and 
adaptation8,9,13–19. Consequently, unravelling these adaptive responses is key to understanding how fish thrive 
under varying environmental conditions7,8,12,15,20–22, which, in turn is essential for predicting their resilience to 
future climatic shifts7,8.

Thermal stress induces a cascade of physiological and molecular responses in fish, facilitating survival across 
dynamic environmental conditions. These responses encompass thermoregulatory acclimation, metabolic 
reprogramming, and behavioural adjustments aimed at optimizing oxygen utilization and energy balance. 
Under fluctuating thermal regimes, such as those driven by climate variability, fish must dynamically adjust 
their metabolic pathways to maintain cellular homeostasis and mitigate oxidative stress. Moreover, on similar 
lines, exposure to hypoxia often drives fish to seek cooler microhabitats, a behavioural thermoregulation 
strategy that alleviates metabolic strain and enhances survival in energetically demanding conditions. Among 
them, erythropoiesis, the process of red blood cell formation, is a critical survival mechanism modulated by 
temperature, oxygen levels, and other environmental factors10,23–25. Variations in erythrocyte abundance 
and cell-cycle progression are tightly regulated, reflecting the adaptive capacity of fish to maintain oxygen 
homeostasis under stress10,24–29. Hypoxic environments trigger metabolic adjustments mediated by hypoxia-
inducible factors (HIFs), which regulate downstream genes involved in mitochondrial biogenesis, adipogenesis, 
and stress responses22,30–33. These include the NRF-1 (Nuclear Respiratory Factor-1), PGC (Peroxisome 
Proliferator-Activated Receptor (PPAR) γ Coactivator), PPAR-γ (Peroxisome Proliferator-Activated Receptor 
(PPAR)-Gamma), and the myocyte enhancer factor-2 (MEF-2), which collectively drive adaptive remodeling 
processes both at a cellular and molecular level32–39. Additionally, ROS and nitric oxide (NO) act as signaling 
molecules, orchestrating mitochondrial maintenance and adaptive responses, often mediated by LON protease 
and cytochrome c oxidase subunit IV (COX-IV) isoforms i1 and i240–45.

Research gaps
While fish exhibit well-documented physiological plasticity, the molecular underpinnings driving their adaptive 
responses across environmental gradients remain insufficiently understood. Although hypoxia- and temperature-
induced stress responses in fish have been extensively studied, the majority of investigations have tended to 
isolate either physiological or molecular mechanisms in separate scenarios, often within controlled experimental 
frameworks rather than integrated ecological contexts. Hence, it limits a comprehensive understanding of their 
integrative roles in adaptation. Addressing this gap requires a holistic approach that bridges molecular and 
physiological frameworks to elucidate mechanisms driving adaptive plasticity in contrasting environments. 
Previous studies have also advocated the need to elucidate the adaptive significance of physiological traits across 
taxa and environmental gradients, bridging the gap between physiology, ecology, and adaptation46. This gap 
is particularly evident in eco-sensitive regions, such as the Indian Sundarbans and the Sub-Himalayan Terai-
Dooars, where fish populations experience contrasting environmental conditions. The mangrove estuaries of 
the Sundarbans, characterized by differential tidal dynamics and fluctuating oxygen levels, imposes different 
physiological demands as compared to the varying altitudinal geographical terrain, cold, high-velocity streams 
of the Terai-Dooars, where hypoxia and thermal stress dominate. A comparative study integrating cellular and 
molecular responses is crucial for deciphering region-specific adaptation strategies. This research endeavour 
aims to address this gap by integrating cellular physiology with mechanistic molecular analysis, providing a 
comparative framework for understanding adaptive mechanisms in fish exposed to region-specific environmental 
pressures.

Objectives
This study hypothesizes that fish species inhabiting environmentally contrasting ecoregions—namely, the Indian 
Sundarban mangrove estuary and the Sub-Himalayan Terai-Dooars torrential hill streams—exhibit distinct 
cellular and molecular adaptative traits towards hypoxic and thermal stress. To elucidate the interplay between 
cellular and molecular adaptation, the current research integrates physiological assessments with gene expression 
analyses, aiming to uncover region-specific and convergent adaptive responses. Specifically, our study sought to:

	i.	 Characterize erythropoietic dynamics, cell cycle progression, and oxidative stress regulation across fish spe-
cies from these ecologically divergent environments to determine how oxygen availability and temperature 
fluctuations shape hematopoietic and metabolic pathways.

	ii.	 Quantify differential gene expression patterns of key molecular regulators—including hypoxia-inducible 
factors (HIFs), electron transport chain (ETC) modulators, and stress-responsive transcription factors—to 
delineate the transcriptional landscape governing physiological resilience.

By linking cellular physiology with molecular regulation, this comparative analysis aims to provide novel 
insights into how fish populations optimize oxygen transport, mitigate oxidative damage, and modulate 
metabolic functions in response to distinct environmental pressures. These findings will contribute to a broader 
understanding of vertebrate adaptation mechanisms and offer potential biomarkers for assessing species 
resilience in the face of climate-driven environmental change.
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Materials & methods
Study design
Study area

	(i)	 Indian Sundarbans: The Indian Sundarbans, being in the delta region of the Bay of Bengal is the largest 
mangrove forest and coastal wetland47. The Matla and the Bidyadhari are the two primary tidal rivers form-
ing this estuarine system and owing to its complex topography, this intricate network of upstream rivers is 
characterized by the spatial and seasonal variations of hydrological parameters. The study area consisted 
of twenty-five (25) sites randomly selected along the eighty (80) kilometres (km) stretch of the Matla and 
Bidyadhari rivers along with the Herobhanga rivulet and their adjacently located mudflats (Fig. 1).

	(ii)	 Sub-Himalayan Terai-Dooars: The Eastern Himalayan region is considered as one of the premiere ‘crisis 
ecoregions’ and ‘biodiversity hotspots’, being listed in the global 200 ecoregions48. Among the rivers, Murti 
and Jaldhaka form a riverine network, draining the southern Himalayan slope and eventually debouching 
on the plains of Terai–Doors49. These torrential hill streams are characterized by tempestuous flow over 
coarse substratum comprising cobbles, pebbles, sand grains, rocks, etc. and in turn corresponds with the 
degree of altitudinal slope or gradient with an apparent temperature gradient permitting a significant as-
semblage of warm and cold-water species49. Fish sampling was performed in nineteen (19) sites along a 
forty (40) kilometres (km) altitudinal stretch across the gradient of River Murti and Jaldhaka (Fig. 1) that 
circumambient both the pool and riffle conditions respectively.

Notably, the Sub-Himalayan Terai-Dooars and the Indian Sundarbans represent two hydrographically and 
physicochemically distinct ecosystems, shaped by contrasting environmental conditions. The Terai-Dooars hill 
streams (e.g., Murti and Jaldhaka Rivers) are characterized by fast-flowing, freshwater, high-altitude torrents 

Fig. 1.  Study & sampling sites: Indian (A) and West Bengal (B) Map showing the study areas, Terai-Dooars 
(C) and Indian Sundarbans (D) region with their respective sampling sites, (E & F).[Software Source: Google 
Earth Pro: V 7.3.3.7786. Eye alt 78.92 km (Elevation: 143 m) & 93.4 km (Elevation: 23 m). SIO, NOAA, U.S. 
Navy, NGA, GEBCO. CNES/Airbus 2023, Landsat/Copernicus 2023, Maxar Technologies & TerraMetrics 
2023.]
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with low salinity, high dissolved oxygen, and coarse substrates comprising gravel and boulders. These streams 
exhibit significant seasonal variations, influenced by monsoonal precipitation and steep altitudinal gradients, 
resulting in cold water temperatures and moderate alkalinity50–53. Conversely, the Sundarbans estuaries (e.g., 
Matla and the Bidyadhari rivers) form a low-velocity, brackish water network governed by semi-diurnal 
tides, fluctuating salinities, reduced oxygen levels, and fine silt-clay sediments. The higher water temperature, 
coupled with estuarine stratification and saline incursions, creates a nutrient-rich and ecologically productive 
environment54–57. The Sundarbans also show a higher alkalinity, acidity, and nutrient influx, driven by tidal 
mixing, compared to the relatively stable ionic composition of the Terai-Dooars. These differences fundamentally 
influence ichthyofaunal diversity, physiological adaptations, and ecosystem functioning, with fast-swimming, 
oxygen-demanding species in Terai-Dooars and euryhaline estuarine specialists in the Sundarbans, underscoring 
their ecological divergence47,51,52,54,57–63.

Sampling
The sampling methodology was tailored to account for the distinct ecological and geomorphological 
characteristics of the Indian Sundarbans and Sub-Himalayan Terai-Dooars, ensuring effective representation of 
fish assemblages across contrasting aquatic environments.

In the Indian Sundarbans, a tidal estuarine system with soft mudflat substrates, fluctuating salinity, and 
variable water depths, a multi-gear approach was employed. Cast nets, effective for shallow, low-velocity 
waters, targeted smaller, mobile species, while gill nets, with optimized mesh sizes, sampled species of varying 
morphologies and swimming behaviors. Hook nets facilitated the capture of benthic and demersal species, 
ensuring a broad taxonomic representation54,57,64,65. In contrast, the Terai-Dooars hill streams, characterized 
by fast-flowing waters, rocky substrates, and steep altitudinal gradients, required single-pass electrofishing 
due to the inefficacy of traditional passive and active netting methods under strong currents and variable flow 
conditions. Electrofishing, widely recognized for its efficacy in lotic systems, generated controlled electrical 
fields to temporarily immobilize fish, enabling non-destructive collection while preserving the fragile streambed 
ecosystem. This approach is well-established for reliable fish population assessments in hydrodynamically 
complex streams51–53,59,66,67. The sampling period and intervals were designed to capture ecological variability 
across both ecoregions. In the Indian Sundarbans, monthly sampling across tidal cycles accounted for salinity 
fluctuations, tidal inundation, and seasonal shifts, ensuring representation of transient and resident species. 
In the Sub-Himalayan Terai-Dooars, the sampling regime accommodated monsoonal flow variations. Multi-
year sampling minimized interannual biases, while single-pass electrofishing with removal-based estimation 
provided reliable data in hydrodynamically complex streams, ensuring ecological validity and robust population 
assessments. Following previous studies51,52,54,59, we conducted samplings at the two ecoregions through the 
following methods:

	(i)	 Indian Sundarbans: The samplings were conducted five times per month between March 2019 and Feb-
ruary 2022. The fishes were sampled on small boats and trawlers with the help of cast net (with a radius 
of 1.2 m), gill net (20-metre length with 3 centimeters spacing between two adjacent knots) and hook net 
(50 m with 50 hooks, each at one metre interval) during high tide. On the contrary, during the times of low 
tide, transects measuring 100-m were prepared and used at each study site in addition to hand nets (dot net) 
for sampling amphibious fishes.

	(ii)	 Sub-Himalayan Terai-Dooars: The samplings were conducted five times per month for a period ranging 
between March 2019 and February 2022. Moreover, for every single sampling attempt made within a single 
range of 90 m both upstream and downstream from the singular sampling focal point, three consecutive 
efforts were made which was further followed up by a method of removal based on estimation68. Sampling 
was conducted using both a cast net and a unified single-pass electrofishing (Apparatus: 1020 NP Ultrason-
ic Inverter Electro Fisher-Fish Machine Shocker) which was attached to a 12 V power system and a current 
net (mesh size = 2.5 cm x 2.5 cm) by following methods outlined by Bohlin, et al.68.

Following sampling, euthanization with MS-222 (Tricaine Methanesulfonate) in accordance with AVMA 
guidelines69, the gill, muscle and head kidney tissues were dissected out and subsequently preserved in: (i) RPMI 
(Roswell Park Memorial Institute)70 to maintain cellular integrity for cellular analysis and flow cytometric studies 
and (ii) were immediately flash frozen in liquid nitrogen (liq. N₂) to ensure RNA stability for gene expression 
analysis.

Species selection criteria for cellular and molecular analysis
Given the ecological nature of our study, the selection of species was primarily guided by their relative 
abundance, dominance, and availability across our various sampling sites. To rigorously maintain consistency 
among sampled individuals, all cellular and genetic data were derived from the same individual. Consequently, 
for molecular data collection, five adult individuals/replicates (n = 5) from each of the 18 representative species 
(i.e., nine from each ecoregion) were taken. The individuals encompassed both males and females and the timing 
of the specimen collection was kept consistent throughout the year to avoid any potential bias. This comparative 
arrangement was employed with goal of highlighting the local scale differences, allowing us to emphasize the 
disparities present in them.

Flow cytometric analysis
A flow cytometric study was employed to investigate the fraction of the erythropoietic cell populations at each 
cell cycle phase and to quantify the production of reactive oxygen species (ROS) in the gill epithelium. This 
analysis could provide relevant baseline information about erythropoietic cell development within the head 
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kidney of fishes, as well as the amount of physiological stress (in the form of ROS generation) that is being 
imparted on the inhabiting fishes across the two ecoregions.

Preparing single cell suspension
An overall generalized procedure (Supplementary File: Sect.  3) was followed as outlined in Reichard and 
Asosingh71.

Cell cycle analysis
The corresponding cell cycle phases (namely, the Sub-G0, G0/G1, S, G2/M) were identified based on the cell 
distribution percentages following procedures (Supplementary File: Sect.  3) and interpretations outlined in 
earlier studies27,29,72.

Reactive oxygen species (ROS) estimation
ROS levels in selected fish species were assessed via DCFH-DA (2′-7′- Dichlorodihydrofluorescein diacetate) 
probe-based fluorescence, widely used in prior studies73,74. Samples were analyzed using a flow cytometer, with 
fluorescence proportional to hydrogen peroxide quantity. Unstained cells served as negative controls, while 
tert-butyl hydroperoxide-treated cells acted as positive controls. Data analysis employed BD FACSuite™ and R 
software, with 10,000 events analyzed. Histograms depicted cell counts versus DCFDA fluorescence (485 nm 
excitation, 530 nm detection), enabling ROS quantification.

Erythropoietic study
For erythropoietic investigations, the tissue imprint or impression method was used and improved upon based on 
earlier related studies72,75,76. Following this, an assessment of the erythropoietic efficiency across selected species 
was conducted with the help of Nauber’s double hemocytometer as outlined by Homechaudhuri and Jha77. This 
study primarily focused on the abundance of four erythropoietic developmental stages: SLH (Small Lymphoid 
haemoblast), BE (Basophilic Erythroblast), YE (Young Reticulocyte), and ME (Mature Erythrocyte)27,29,72,75.

Comparative gene expression analysis
Standardized protocols were followed for total RNA isolation, cDNA synthesis, and subsequent quantitative 
real-time PCR (qRT-PCR).

RNA isolation and cDNA synthesis
Following the euthanization of fish specimens, gill, head kidney and muscle tissues were dissected and flash-
frozen in liquid nitrogen and brought to the laboratory. Subsequently, RNA was extracted from these tissues 
following which it was reverse transcribed to cDNA following standard protocols (Supplementary File: Sect. 3).

Gene selection
Thirteen genes were selected to explore the molecular and physiological mechanisms underlying fish adaptation 
based on established roles in critical adaptive pathways, each directly linked to hypoxia and thermal stress 
responses (see Supplementary File: Sect. 3 & Supplementary Table S4 for more information).

Quantitative PCR (qPCR)
Primers for the respective genes were designed for amplicons ranging from 100 to 200 bp (Supplementary Table 
S1) (Integrated DNA Technologies, USA) following previous literature44,45,78–84. Each qRT-PCR reaction had an 
initial denaturation step of 15 min at 95 °C, followed by an amplification of the target cDNA for 40 cycles, each 
cycle consisting of denaturation at 95 °C for 15 s, annealing at the appropriate annealing temperature (ranging 
from 52.5 °C to 55.5 °C depending on the primer combinations as represented in Supplementary Table S1) for 
50 s, and elongation at 72 °C for 15 s. In this study, a 21-day acclimatized Labeo rohita specimen, maintained 
in an experimental aquarium at 25 °C, was utilized as the control (or calibrator) (For additional information 
see Supplementary File: Sect. 3). Calculations were made in terms of changes in the relative expression (that 
were expressed as cycle threshold values, i.e., Ct values) which were normalized by taking the geometric mean 
of two reference/housekeeping genes85, β-actin and Ribosomal protein L-13 (RPL-13) by utilizing the 2−ΔΔCt 
method86–90. No-template and reverse transcription negative (no-RT) controls were also included to rule out 
genomic DNA contamination. All samples were run in technical triplicates. Inter-assay calibration was achieved 
by including the L. rohita calibrator sample on every plate, allowing for correction of plate-to-plate variations 
and ensuring comparability across all experimental samples.

A comprehensive analysis of differential gene expression was conducted to assess the adaptive physiological 
and molecular responses of fish populations inhabiting two contrasting ecoregions—the Indian Sundarbans and 
the Sub-Himalayan Terai-Dooars. This analysis was structured in two key phases:

	(a)	 Fold-change (FC) analysis: This was derived from cycle threshold (Ct) values to estimate the relative upreg-
ulation or downregulation of specific genes across the two populations.

	(b)	 Statistical validation using ANOVA: The Ct values were subjected to an analysis of variance (ANOVA) to 
determine whether the observed differential expression patterns were statistically significant.

While fold-change values provided insights into the relative magnitude of gene expression changes, ANOVA was 
employed to rigorously evaluate whether the Ct values for each gene exhibited significant differences between 
populations, thereby establishing the robustness of these transcriptional variations.
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Statistical analyses
Statistical analyses, modelling, and graph generation were performed in R statistical platform (v4.2.1)91. 
Analyses in the R software were done using the “ggstatsplot”92 package. Additionally, for exploring cellular 
variability across fish species and ecoregions, a multivariate statistical framework was employed, using Python 
(Version 3.8)93. Key libraries included “pandas”94 for data handling, “scikit-learn”95 for Principal Component 
Analysis (PCA), “statsmodels”96 for ANOVA, “matplotlib”97 and “seaborn”98 for data visualizations. In order 
to establish a comparative association of the cellular and genetic traits across different guilds and ecoregions, 
we employed Welch’s Analysis of Variance (Welch’s ANOVA) (followed by a Games-Howell post-hoc test), 
Welch’s t-test, and Yuen-Welch’s t-test respectively for understanding the same. The Welch’s ANOVA is slightly 
different from the traditional Fischer’s ANOVA and in recent times, the former test has been most popularly 
considered and recommended by many statisticians and researchers99. While the primary goal of identifying 
significant differences among three or more groups remains, the test has been adapted to reduce reliance on strict 
assumptions, making it more flexible and broadly applicable—even in complex or less ideal data conditions. One 
of the crucial advantages of Welch’s ANOVA is that it performs quite well under heteroscedasticity (or unequal 
variance), while also serving as the foundation strategy for addressing the issue of non-normality that is present 
in most of the real-world data100. This is followed by a Games-Howell post-hoc test for testing the significant 
differences between combinations of various groups (i.e., in this case, this post-hoc test was performed between 
guilds and ecoregions). This test, while being conceptually similar to the widely used Tukey’s test, does not 
mandate the requirement of either the equal variance or sample sizes respectively as it was strategically 
formulated for a non-parametric design thereby aiding its flexibility. It was originally conceived with Welch’s 
degrees of freedom correction in mind, and it employs the studentized range distribution devised by Tukey 
(being designated “q”). The Games-Howell test, like other nonparametric tests, is run on the ranking variables 
and is frequently preferred over other procedures such as Tukey’s test due to its flexibility and self-reliance 
over the mandatory statistical pre-requisites of the parametric tests101,102. To counteract the problem of multiple 
comparisons during the Games-Howell post-hoc test we had applied the Holm-Bonferroni Method (also called 
Holm’s Sequential Bonferroni Procedure). We chose this method over the other tests as it balances stringent Type 
I error control with higher statistical power than Bonferroni, ensuring robust significance detection. Moreover, 
unlike Benjamini-Hochberg, it controls family-wise error rate (FWER), suiting ecological and physiological 
studies rigorously103–105. Next, when comparing the Welch’s and Yuen-Welch’s t-tests with the classic Student’s 
t-test, the former measures are most robust, being non-sensitive towards either unequal variance (Welch) or both 
heteroscedasticity and non-normality (Yuen-Welch) respectively while comparing for significant differences of 
the means between two groups106,107. The latter Yuen-Welch’s t-test is an extension of the traditional trimmed 
means t-test whereby not only data sets having low levels of kurtosis (i.e., having a relatively flatter distribution 
when compared to the normal distribution) can be evaluated for unequal population variances but can also 
be employed in cases where there has been a violation of the normality rule108. Subsequently, An Analysis of 
Variance (ANOVA) based Principal Component Analysis (PCA) was performed109–111 for understanding the 
variation accounted for by the different species and the ecoregion-species interaction effect on the cellular 
parameters.

Results
Species identification & selection
Representative species (as explained earlier in sub-Sect.  2.1.3) were identified50–54,59,112–115 in the Indian 
Sundarbans, and Sub-Himalayan Terai Dooars regions, respectively and were subsequently selected for the 
cellular and molecular analysis (Supplementary Table S2).

Evaluating cellular traits across ecoregions
Haematopoietic profiling & analysis
Firstly, across ecoregions, there was a significantly higher population of SLH (p(SLH) = 1.26 × 10− 49) and BE 
(p(BE) = 1.52 × 10− 39) within the representative fish assemblages of the Indian Sundarbans region while on the 
contrary, the cell populations of YE (p(YE) = 6 × 10− 8) and ME (p(ME) = 3.08 × 10− 36) dominated the Terai-Dooars 
region (Fig. 2A). Additionally, in terms of erythropoietic efficiency, the inhabiting fishes of the Terai-Dooars 
region showed a significantly higher trend (p = 7.37 × 10− 27) as compared to the Indian Sundarbans (Fig. 2B).

Cell cycle & ROS analysis
T-test results showed a significant difference (p < 0.05) with respect to all the cell cycle phases across the two 
ecoregions. There was a contrasting trend among the cell population distribution patterns with the cell populations 
across the S (p = 3.27 × 10− 22) and G2/M (p = 1.69 × 10− 13) phase being significantly higher within the fish species 
of the Terai-Dooars region. However, in contrast, the fishes of the Indian Sundarbans showed a significantly 
higher cell population within the Sub-G0 (p = 0.001) and G0/G1 (p = 2.98 × 10− 4) phases, respectively. In terms 
of ROS production, t-test results showed significant variation across the two ecoregions (p = 5.3 × 10− 6) with the 
representative ichthyofauna of the Sub-Himalayan Terai-Dooars region bearing a higher ROS as compared to 
the Indian Sundarbans (Fig. 2C,D).

Comparative gene expression analysis between populations
The trends across the different gene classes are as follows:

	(i)	 ETC Regulatory Genes: The expression of cytochrome c oxidase subunit IV (COX-IV) isoforms showed 
distinct ecoregion-specific trends such that COX-IV i1 was upregulated (FC = 2.55) within the Indian 
Sundarban fishes, and downregulated in the Terai-Dooars fishes (FC = 1.05). In contrast, COX-IV i2 was 
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markedly upregulated (FC = 7.59) in Terai-Dooars fish compared to its 2.49 times FC rise within the Sund-
arban fishes. The ANOVA results confirmed that the observed differences in Ct values for COX-IV i1 and 
COX-IV i2 were highly significant (F(2,83.71) = 132.95, p = 1.04 × 10⁻²⁶ for COX-IV i1; F(2,84.89) = 280.32, 
p = 4.02 × 10⁻³⁸ for COX-IV i2) (Fig. 3 & Supplementary Fig.  S1A,B).

	(ii)	 Hypoxia Inducible Genes: Key hypoxia-responsive transcription factors exhibited pronounced ecoregional 
differences. Fold change analysis indicated that in Terai-Dooars fish, HIF-1α and HIF-2α were upregu-

Fig. 2.  Comparing cellular traits across ecoregions: Welch’s t-test showing the comparative differences of (a–d) 
Erythropoietic Cell Abundance; (e) Erythropoietic Efficiency; (f–i) Cell Cycle Phases and (j) ROS production 
across the two ecoregions.
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lated (FC = 5.21 and FC = 5.52), respectively, whereas their expression in Sundarbans fish was compara-
tively lower (FC = 1.89 and FC = 1.18). Similarly, EPO expression was significantly upregulated (FC = 4.07) 
in Terai-Dooars, compared to a lower increase (FC = 1.41) within the Sundarban fishes. NRF-1, a key 
mitochondrial biogenesis regulator, demonstrated markedly elevated expression (FC = 2.89) within the 
Terai-Dooars fish species, in contrast to a comparatively modest upregulation observed within the Sun-
darban fish species (FC = 1.42). ANOVA results validated the significance of these expression differenc-
es, with HIF-1α (F(2,87.56) = 330.47, p = 1.59 × 10⁻⁴¹), HIF-2α (F(2,87.49) = 402.79, p = 7.32 × 10⁻⁴⁵), EPO 
(F(2,87.43) = 267.54, p = 5.4 × 10⁻³⁸), and NRF-1 (F(2,87.58) = 150.04, p = 5.12 × 10⁻²⁹) showing highly sig-
nificant differences between the two populations (Fig. 4 & Supplementary Fig.  S1C-F).

	(iii)	 Adaptive Remodelling Genes: Genes encoding stress-induced transcription factors (PGC-1α and PGC-1β) 
and tissue remodeling regulators (PPAR-γ and MEF-2) followed a similar expression pattern. Fold change 
analysis showed that PGC-1α and PGC-1β were significantly upregulated in Terai-Dooars fish (FC = 3.52 
and FC = 3.61, respectively), while in Sundarbans fish, their expression levels were comparatively lower 
(FC = 1.38 and FC = 2.14). Similarly, PPAR-γ and MEF-2 were upregulated (FC = 2.53 and FC = 2.92) in 
Terai-Dooars respectively, whereas in Sundarbans, they exhibited a lower (FC = 1.29 and FC = 1.34) fold 
change. Statistical validation via ANOVA confirmed that the Ct values of these genes differed significantly 
across ecoregions (F(2,87.66) = 214.96, p = 1.58 × 10⁻³⁴ for PGC-1α; F(2,87.67) = 212.99, p = 2.2 × 10⁻³⁴ for 
PGC-1β; F(2,87.64) = 106.28, p = 3.71 × 10⁻²⁴ for PPAR-γ; F(2,87.55) = 153.96, p = 2.15 × 10⁻²⁹ for MEF-2) 
(Fig. 5 & Supplementary Fig. S1G–J).

	(iv)	 Stress Modulatory Genes: Genes encoding antioxidant and stress-mitigating proteins exhibited significant-
ly higher expression in Terai-Dooars fish, as indicated by fold-change analysis: SOD-2 (FC = 4.73), iNOS 
(FC = 4.45), and LON (FC = 2.43), compared to Sundarbans fish, which showed 1.25, 1.23, and 1.17 increase, 
respectively. ANOVA confirmed that these genes exhibited statistically significant differences in Ct values 
across populations (F(2,87.51) = 324.83, p = 3.19 × 10⁻⁴¹ for SOD-2; F(2,87.47) = 297.36, p = 9.67 × 10⁻⁴⁰ for 
iNOS; F(2,87.66) = 108.84, p = 1.76 × 10⁻²⁴ for LON) (Fig. 6 & Supplementary Fig. S1 K–M).

Cellular variability
The PCA yielded four primary components (PC 1 to PC 4), collectively explaining 95% of the total cellular 
variance, with the first component (PC 1) alone capturing 65.4% of the variance (Fig. 7). Subsequently, based on 
the ANOVA on the PCA scores, PC 1 emerged as the predominant axis of variation, where species identity was 
the primary determinant (F = 627.2; p < 0.001), further influenced by a significant species-ecoregion interaction 
(F = 127.7; p < 0.001), suggesting species-specific cellular traits modulated by environmental factors. PC 2 (12%) 
revealed an additional axis of variability, capturing species-driven differences (F = 4.36; p = 0.003) and significant 
species-ecoregion interaction (F = 4.29; p < 0.001), indicating that certain cellular traits exhibit plasticity in 
response to environmental conditions. PC 3 (10.5%) and PC 4 (7.3%) lacked strong species effects but showed 
significant interaction-driven cellular adaptations (F = 6.0; p < 0.001; F = 4.14; p < 0.001) (Fig. 8).

Discussion
As per our results, the general trend of cellular traits among the representative fish species varied significantly 
along the different sites across the two ecoregions.

Fig. 2.  (continued)
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Mechanistic insights into cellular and molecular adaptations
Haematopoietic patterns and cell cycle regulation
Fish species from the Terai-Dooars region exhibited a significantly higher abundance of mature erythrocytes 
(YE and ME), reflecting an elevated erythropoietic turnover likely driven by the dual challenge of reduced 
oxygen partial pressure and increased metabolic demand in cold, fast-flowing hill streams. Conversely, 
Sundarbans species predominantly displayed immature erythropoietic forms (SLH and BE), suggesting a 
strategy of maintaining hematopoietic reserves to cope with intermittent hypoxia events. As described in 
earlier studies72,75,76,116,117, the primary immature stages especially the SLH act as a storage type/precursor cell 
being housed within the primary erythropoietic tissue of the head kidney whereas the finally differentiated 
forms (ME) enter circulation to facilitate oxygen transport in response to metabolic demands. Many previous 
studies27,29,77,118 have suggested the likely cause of this physiological trigger process being attributable to two 
factors namely, (i) inability to maintain a resting rate of O2 consumption (VO2) that is independent of the 
ambient [O2] due to a higher physiological oxygen demand118 and (ii) the habitat complexities arising from the 
differential substratum characteristics coupled with variable water velocity that are being experienced by the fish 
species of these regions50,52,59,114. At high altitudes, reduced atmospheric pressure lowers the partial pressure 
of oxygen, limiting its biological availability despite high dissolved concentrations, thereby inducing a chronic 
physiological hypoxic state within the inhabiting fishes of the Terai-Dooars region17,119–122. The significantly 

Fig. 3.  Comparative gene expression patterns across ecoregions I: Evaluating comparative gene expression 
patterns of Electron Transport Chain (ETC) genes within the representative fish species across different 
ecoregions (with reference to the control group) through Welch’s One-Way ANOVA.
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higher proportion of mature erythrocytes in Terai-Dooars fish suggests an increased hematopoietic turnover, 
ensuring a steady supply of oxygen carriers to compensate for the low oxygen partial pressure and high metabolic 
oxygen demand. These findings along with observation made by Jacobsen, et al.17 suggest that while structural 
adaptations may provide some advantages, physiological modifications such as erythropoietic adjustments are 
crucial for survival in high-altitude, fast-flowing waters.

This condition in turn triggers a surge in the erythropoietic activity of the inhabiting fishes of the Terai-
Dooars region, as is indicated by the predominance of cells in the S and G2/M phases of the cell cycle. This 
suggests that the primary erythroblasts within these fishes are either in the preparatory or active phases of mitotic 
division, reflecting a higher level of erythropoiesis27,75. In contrast, fish from the Sundarbans exhibit a higher 
proportion of cells in the Sub-G0 and G0/G1 phases, reflecting reduced mitotic activity and a correspondingly 
lower physiological demand under less demanding environmental conditions. Hence, it implies that most of 
the erythropoietic progenitor cells (for e.g., SLH) stay in an undifferentiated (or immature) state, being rarely 
induced for mitosis within these resident fish assemblages27,29,72,75.

Patterns of reactive oxygen species (ROS) generation across ecological groups
ROS production was substantially elevated in fish species from the Terai-Dooars region, largely due to elevated 
metabolic activity coupled with chronic hypoxic exposure in cold, fast-flowing streams49,50,52,53,58,59,114,118. This 
physiological constraint triggers cellular stress responses aimed at maintaining metabolic homeostasis and 
ensuring sustained oxygen supply under challenging conditions123. To counteract this hypoxic stress, fish in the 
Terai-Dooars activate molecular pathways that regulate oxygen utilization and mitochondrial efficiency. Notably, 
HIF-1α and HIF-2α, which are key regulators of hypoxic response, are significantly upregulated. HIF-1α facilitates 
the degradation of COX-IV i1 via LON protease, causing a temporary disruption in the electron transport chain 
(ETC) and leading to transient bursts of ROS generation. This initial ROS production subsequently stimulates a 
complex regulatory cascade, involving the activation of PGC-1β, MEF-2, and NRF-1, which work cooperatively 
to upregulate COX-IV i2 expression- an isoform more efficient under hypoxic conditions. The induction of 
COX-IV i2 re-establishes the ETC, restores mitochondrial function, enhances ATP production, and mitigates 
excessive ROS accumulation by improving oxidative phosphorylation efficiency. These regulatory cascades are 

Fig. 4.  Comparative gene expression patterns across ecoregions III: Evaluating comparative gene expression 
patterns of Hypoxia Inducing genes within the representative fish species across different ecoregions (with 
reference to the control group) through Welch’s One-Way ANOVA.
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Fig. 6.  Comparative gene expression patterns across ecoregions V: Evaluating comparative gene expression 
patterns of stress modulatory genes within the representative fish species across different ecoregions (with 
reference to the control group) through Welch’s one-way ANOVA.

 

Fig. 5.  Comparative gene expression patterns across ecoregions IV: Evaluating comparative gene expression 
patterns of adaptive remodelling genes within the representative fish species across different ecoregions (with 
reference to the control group) through Welch’s one-way ANOVA.
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consistent with earlier studies124–129demonstrating a strong link between heightened mitochondrial activity, 
antioxidant defense enzyme expression, and physiological adaptation to hypoxia in aquatic organisms.

Hence, our findings indicate that hypoxia-induced ROS generation in the Terai-Dooars fish populations 
serves as both a physiological challenge and a regulatory signal for cellular adaptation. The interplay between 
oxygen availability, metabolic demand, and mitochondrial remodeling highlights how fish optimize energy 
efficiency and oxidative stress mitigation to survive in environmentally complex habitats. These mechanisms 
reinforce the broader ecological principle that physiological plasticity is a key determinant of species resilience 
in fluctuating environments.

Functional divergence in electron transport and hypoxia-responsive genes under ecoregional stressors
The differential expression of cytochrome c oxidase subunit 4 (COX-IV) isoforms—COX-IV i1 and COX-IV 
i2—across the two ecoregions provides critical insights into the physiological and molecular adaptations of their 
respective ichthyofaunal communities. Fish inhabiting the Indian Sundarbans exhibited a higher expression of 
COX-IV i1, which correlates with lower physiological oxygen demands and reduced ROS levels in this relatively 
stable estuarine environment. In contrast, COX-IV i2 was significantly upregulated in Terai-Dooars fish, 
aligning with the increased physiological stress imposed by high-altitude, fast-flowing streams. These results 
are fairly consistent with an earlier study by Semenza, et al.130 that highlighted the role of COX-IV i2 in hypoxia 
which has been subsequently worked upon by future studies43,131. The differential expression of cytochrome c 
oxidase subunit 4 isoforms highlights divergent metabolic strategies employed by fish across the two ecoregions. 
In Terai-Dooars fish, the significant upregulation of COX-IV i2 indicates a physiological shift toward sustaining 
ATP production under chronic hypoxic conditions, facilitated by enhanced mitochondrial efficiency and 
remodeling. In contrast, Sundarbans fish exhibited predominant expression of COX-IV i1, aligning with their 
relatively stable, oxygen-fluctuating estuarine environment and reduced metabolic strain34,43,132.

Furthermore, the concurrent elevation of hypoxia-responsive transcription factors—HIF-1α, HIF-2α, EPO, 
and NRF-1—in Terai-Dooars species also underscores a comprehensive transcriptional program tailored for 
hypoxic adaptation. These factors collectively promote erythropoiesis and stimulate mitochondrial biogenesis, 
reinforcing systemic and cellular resilience under sustained oxygen limitation as has been evidenced by earlier 
studies22,25,32,33,132–138.

Functional remodeling of mitochondrial dynamics and stress response pathways
The significant upregulation of adaptive remodeling transcription factors—namely PPARγ, PGC-1α, PGC-
1β, and MEF-2—in fish populations from the Terai-Dooars region indicates a finely coordinated molecular 
adaptation to sustained environmental stressors such as low temperatures, hypoxia, and fluctuating metabolic 
demands. This expressional elevation coincides with the upregulation of hypoxia-inducible genes, suggesting a 
concerted physiological response to the complex ecophysiological pressures of cold, fast-flowing hill streams. 
PPARγ, a central regulator of lipid metabolism, glucose homeostasis, and inflammatory pathways, was markedly 

Fig. 7.  Principal component analysis with cumulative variance and species clusters: (A) PCA Biplot showing 
species clustering by ecoregion with variable vectors representing cellular traits, indicating major contributors 
to cellular differentiation. (B) Cumulative explained variance across principal components, highlighting the 
proportion of variance captured by each component. For species abbreviations see supplementary table S2.
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Fig. 8.  Distribution of principal components and interaction effects: (A) Boxplot of PC-1 scores across species 
grouped by ecoregion, illustrating species-specific cellular variability influenced by regional factors. (B) 
Boxplot of PC-2 scores across species grouped by ecoregion, highlighting secondary species and ecoregion-
specific effects. (C) Interaction effect of ecoregion and species on PC-1 scores, showing how environmental 
context modifies species-specific cellular characteristics. For species abbreviations see supplementary table S2.
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expressed, highlighting its role in initiating metabolic adjustments under cold stress by promoting adipogenesis, 
brown fat recruitment, and glucose utilization—mechanisms consistent with prior findings across diverse 
vertebrate models45,139–142. As a master regulator, PPARγ also activates downstream genes such as UCP-1, 
thereby enhancing thermogenic output and energy balance in response to environmental cues142–144.

Parallel upregulation of PGC-1α and PGC-1β further supports this thermogenic remodeling. These co-
activators are key orchestrators of mitochondrial biogenesis, facilitating enhanced oxidative capacity and 
energy production within gill epithelia, a phenomenon widely documented in thermally stressed vertebrates35. 
Additionally, elevated expression of MEF-2 points to its synergistic role with PGC-1 isoforms and NRF-1 in 
regulating myocyte differentiation and mitochondrial efficiency under thermal and hypoxic conditions, thereby 
reinforcing physiological resilience in high-altitude environments45,145–148.

Complementing these remodeling factors, the stress modulatory genes iNOS, SOD-2, and LON also exhibited 
significant upregulation in Terai-Dooars fishes relative to Sundarbans counterparts. iNOS and SOD-2 play key 
roles in managing oxidative damage arising from increased ROS production under metabolic strain, consistent 
with findings from prior stress-response studies in both vertebrate and invertebrate systems40,149. The heightened 
expression of LON, a mitochondrial protease with critical chaperonic functions, likely reflects an adaptive 
response to protein misfolding and mitochondrial dysfunction under prolonged hypoxic and thermal stress, as 
supported by experimental evidence on its role in the proper functioning and maintenance of the mitochondrial 
electron transport pathway under hypoxic or thermally stressed conditions132,150,151.

Physiological hypoxic stress and adaptive mechanisms
Despite high dissolved oxygen levels, Terai-Dooars fish experience physiological hypoxia due to lower oxygen 
partial pressure at high altitudes. The upregulation of HIF-1α and HIF-2α indicates a molecular response to 
sustain oxygen homeostasis, activating EPO for enhanced erythropoiesis and COX-IV i2, which optimizes 
electron transport under hypoxic conditions. The higher prevalence of mature erythrocytes supports efficient 
oxygen transport to meet metabolic demands. Increased ROS production, a byproduct of hypoxia-driven 
mitochondrial activity, necessitates antioxidant responses, evident from the upregulation of SOD-2 and LON, 
which counteract oxidative stress while preserving mitochondrial function. In contrast, Indian Sundarbans fish 
exhibit a hematopoietic reserve strategy, with higher proportions of SLH and BE, ensuring a rapid response to 
episodic hypoxia. Their reliance on COX-IV i1 and lower ROS levels reflects adaptation to fluctuating oxygen 
conditions with minimal oxidative stress (Figs. 9 and 10).

Thermal stress and its implications
Terai-Dooars fish face significant thermal stress, reflected in the upregulation of PPARγ, PGC-1α, PGC-1β, 
and MEF-2, which regulate mitochondrial biogenesis, metabolic remodeling, and adipogenesis. Increased 

Fig. 9.  Schematic illustration of underlying physiological mechanisms regulating physiological hypoxia & 
thermal stress in fishes: Figure illustrating the overall mechanism of aquatic adaptation in response to hypoxic 
and thermal stress through the regulation of several genes that promote adipogenesis (hence as a result 
boosting mitochondrial biogenesis), myocyte differentiation, ETC regulation by degrading temperature-
sensitive COX-IV isoform and inhibiting free radical formation.
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PGC-1α and PGC-1β expression suggests enhanced mitochondrial proliferation, ensuring metabolic efficiency 
for thermal acclimation. The activation of PPARγ highlights its role in lipid metabolism and adipose tissue 
remodeling, critical for energy balance under cold stress, mirroring adaptation mechanisms seen in mammals 
and amphibians. MEF-2 and NRF-1 upregulation further underscores transcriptional regulation supporting 
stress adaptation. The elevated NRF-1 expression, a key mitochondrial regulator, reinforces the hypothesis that 
cold-induced stress necessitates robust mitochondrial function for metabolic sustainability. These findings align 
with previous studies emphasizing mitochondrial efficiency as a core mechanism of thermal acclimation (Figs. 9 
and 10).

Based on our results, we summarize the major contributing factors for understanding the possible mechanism 
of physiological adaptation under hypoxic and thermally stressed conditions. Thermal stress upregulates PGC-
1α and 1β, leading to PPAR-γ activation, promoting adipogenesis and mitochondrial biogenesis. Hypoxia 
activates HIF-1α and 2α, inducing LON protease, degrading COX-IV i1, disrupting ETC, and generating ROS 
and NO. PGC proteins activate MEF-2 and NRF-1, along with HIF-2α, initiating COX-IV i2, reinstating ETC, 
mitochondrial replication, and inhibiting free radicals. Finally, in terms of haematopoiesis, PGC-1α, NRF-1, and 
HIF activate EPO-I genes, initiating erythropoiesis, leading to the differentiation of SLH to mature erythrocytes 
during hypoxic conditions.

Integrated physiological adaptation and evolutionary convergence across ecoregions
This study highlights the dynamic and integrative nature of physiological adaptations in freshwater fish species 
across two contrasting ecoregions—the high-altitude, fast-flowing Terai-Dooars streams and the lowland, 
tidally influenced Indian Sundarbans. Principal Component Analysis (PCA) revealed strong interspecies 
clustering along PC1, which accounted for 65.4% of the total variance, emphasizing that species-specific traits 
predominantly drive physiological differentiation. PC2 through PC4, while accounting for smaller portions of 
variance, revealed significant species-ecoregion interactions, indicating that environmental context modulates 
physiological expression beyond intrinsic genetic factors. Species from the Terai-Dooars exhibited elevated 
erythropoietic efficiency, increased ROS modulation, and a predominance of cells in mitotically active phases, 
likely reflecting their physiological demand for enhanced oxygen transport under hypobaric and high-velocity 
stream conditions. Conversely, Sundarbans fish displayed traits optimized for coping with episodic hypoxia, 
including hematopoietic reserve maintenance and reliance on less energetically demanding pathways. These 
findings underscore how regional environmental pressures sculpt adaptive strategies, reinforcing the role of 
cellular plasticity as a critical determinant of survival. Importantly, the convergence of adaptive mechanisms—
such as upregulation of HIFs, ROS modulation, and mitochondrial remodeling—across taxonomically diverse 
species suggests that these are not merely species-specific idiosyncrasies but represent functional adaptations 
driven by shared ecological stressors thereby supporting the broader ecological theory that species occupying 

Fig. 10.  Schematic illustration of underlying physiological mechanisms regulating erythropoiesis in fishes in 
response to physiological hypoxia: Figure illustrating the overall mechanism of aquatic adaptation in response 
to hypoxic stress through the increased differentiation of the erythropoietic cell lineage starting from the SLH 
to ME that are eventually released into the blood circulation (in response to a high oxygen demand that forms 
a characteristic feature of hill stream environment).
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similar environmental niches often evolve parallel physiological traits, regardless of phylogenetic lineage152,153. 
Moreover, while long-term evolutionary processes undoubtedly underpin species differentiation, acute 
physiological mechanisms such as HIF activation, oxidative stress regulation, and metabolic remodeling serve 
as immediate buffers against environmental fluctuations154–157. The expression of erythropoietic markers, 
mitochondrial regulators, and stress-response genes such as SOD-2, iNOS, and LON—particularly in Terai-
Dooars populations—demonstrates how functional convergence emerges from shared adaptive demands. 
These findings provide a valuable framework for identifying biomarkers of resilience and forecasting species 
vulnerability under climate-induced stressors156,158–160. Our findings, consistent with Schulte1,2, highlight an 
interplay of evolutionary history and ecological pressures in shaping adaptive mechanisms. The differential 
expression of erythropoietic markers, mitochondrial regulators, and stress-modulatory genes underscores 
functional convergence in response to environmental constraints. These insights emphasize the need to integrate 
physiological traits into conservation strategies, ensuring the protection of vulnerable populations and ecosystem 
resilience.

From a conservation standpoint, understanding the ecological and evolutionary underpinnings of such 
physiological traits is pivotal. Ecosystems like the Eastern Himalayas and Indian Sundarbans represent 
biodiversity hotspots where regional heterogeneity plays a vital role in sustaining adaptive capacity. Protecting 
these habitats ensures the preservation of physiological diversity critical for population persistence under future 
environmental change. Future research should expand this eco-physiological framework by incorporating multi-
omics data and cross-ecoregion comparisons to disentangle species-specific responses from community-level 
convergence. This will enhance our predictive understanding of how environmental pressures shape adaptation 
across temporal and spatial scales.

Limitations and future directions
While this study provides key insights into fish adaptation to environmental stressors, its correlative approach 
limits causative inference. The examined conditions offer only a snapshot of adaptation, potentially missing long-
term ecological and evolutionary dynamics. Future research should integrate longitudinal environmental data, 
multi-omics approaches, and controlled experiments to validate observed physiological and genetic responses.

Conclusion
This study establishes a comparative framework for understanding how fish communities adapt to distinct 
environmental constraints, emphasizing community-level physiological responses over purely phylogenetic 
influences. By identifying key physiological pathways as potential biomarkers for resilience, we provide a 
predictive model for assessing species vulnerability under future climate scenarios161. By doing so, we highlight 
physiological pathways that could serve as predictive markers for assessing vulnerability or adaptability under 
future climate scenarios. Our findings underscore the interplay between environmental heterogeneity and 
species-specific physiological traits, highlighting their role in shaping adaptation strategies. This could lead 
to direct implications for conservation efforts, particularly in biodiversity-rich yet vulnerable regions such as 
the Eastern Himalayas and coastal mangroves of the Indian Sundarbans. Given the increasing threats posed 
by climate change, integrating cellular, genetic, and ecological insights is crucial for predicting environmental 
consequences and identifying vulnerable habitats, such as the Indian Sundarbans and the Terai-Dooars hill 
streams.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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