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Abstract 24 

Diatoms, a unique class of microalgae, are pivotal in global ecosystems due to their 25 

photosynthetic abilities and adaptability to diverse aquatic environments. Composed of opaline 26 

silica, they serve as sensitive indicators for water quality monitoring. This review addresses 27 

various diatom research techniques, including sampling and isolation. It highlights methods for 28 

different substrata, such as epiphyton, epipelon, and epipsammon, as well as traditional 29 

isolation techniques, such as agar plate methods and serial dilution. Automation techniques, 30 

such as flow cytometry (FACS), are also discussed. The review emphasizes the potential of 31 

diatoms for pollutant removal, particularly heavy metals, and presents various diatom-based 32 

indices for water quality assessment. Future research is encouraged to refine isolation 33 

techniques, enhance the effectiveness of indices, and explore biochemical pathways that could 34 

improve diatoms’ bioremediation capabilities, thereby leveraging their potential for 35 

environmental monitoring and remediation. 36 
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1. Introduction 48 

Diatoms are unicellular eukaryotic microalgae that exhibit remarkable diversity in both 49 

morphology and ecology, with over 200,000 estimated species thriving in marine, freshwater, 50 

and brackish ecosystems (Rinku et al., 2024). These organisms possess frustules made of 51 

opaline silica, which serve multiple functions: they provide mechanical protection and enable 52 

regulated nutrient exchange. Furthermore, diatoms exhibit a rapid sensitivity to environmental 53 

changes in pH, nutrient levels, temperature, and salinity, rendering them effective ecological 54 

indicators (Saxena et al., 2021). Their unique characteristics make them significant in 55 

understanding ecological dynamics and monitoring aquatic health. 56 

Diatoms are crucial not only for primary productivity and carbon cycling but also for aquatic 57 

bioassessment. Changes in species composition of diatoms serve as reliable indicators of 58 

environmental stressors, which can be both short- and long-term, including eutrophication, 59 

organic pollution, and toxic contamination (Costa & Schneck, 2022; Kiran Marella et al., 60 

2020).  Consequently, diatom-based biotic indices such as the EPI-D and TDI have gained 61 

widespread use in evaluating the ecological status of freshwater systems globally (Blanco, 62 

2024; Saxena et al., 2021).  63 

Despite the established significance of diatoms in biomonitoring, ongoing methodological 64 

constraints affect the accuracy and repeatability of studies. The processes of isolating and 65 

identifying diatom taxa remain notably labor-intensive and heavily reliant on the operator's 66 

skill, mainly due to the morphological similarities among species and the intricate challenges 67 

encountered during sample preparation (Mora et al., 2019). However, recent technological 68 

advancements are making a substantial impact on the field. Innovations such as high-resolution 69 

microscopy techniques, including Scanning Electron Microscopy (SEM), Transmission 70 

Electron Microscopy (TEM), and confocal microscopy, are enhancing observation capabilities. 71 



 
 

Additionally, the implementation of automated cell isolation methods, such as 72 

micromanipulation and Fluorescence-Activated Cell Sorting (FACS), along with 73 

advancements in metabarcoding and AI-driven taxonomic analysis, is streamlining research 74 

processes and alleviating operational bottlenecks in diatom studies (Tapolczai et al., 2019; 75 

Percopo et al., 2022; Yu et al., 2022).  76 

This review offers a thorough evaluation of recent methodological advances in diatom research, 77 

with a focus on key areas. It discusses improved sampling strategies that enhance the collection 78 

of diatom samples and emphasizes the significance of physicochemical analyses in 79 

understanding diatom environments. Additionally, the review highlights innovations in 80 

isolation techniques and microscopic tools, which are essential for accurate diatom 81 

identification and study. A key aspect of this review is the emerging integration of molecular 82 

techniques and bioinformatics, which are revolutionizing the field. Together, these 83 

methodological innovations are poised to advance diatom-based ecological biomonitoring, 84 

setting the stage for more effective environmental assessments. 85 

2. Background and Ecological Relevance of Diatoms 86 

Diatom-based paleolimnology in Lake Michigan provides insights into historical ecological 87 

conditions by analyzing diatom remains in sediment cores. This approach helps reconstruct 88 

past environmental changes, contributing to a better understanding of freshwater ecosystems 89 

over time (Reavie et al., 2025). In Tursujuq Park, Nunavik, Canada, the diatom biogeography 90 

reveals diverse species distributions influenced by varying environmental parameters such as 91 

water chemistry and climate (Alibert et al., 2025). Additionally, examining patterns and drivers 92 

of diatom diversity and abundance in the global ocean highlights significant trends related to 93 

anthropogenic impacts and natural variability, shedding light on broader ecological dynamics 94 

within aquatic environments (Pierella Karlusich et al., 2024). Overall, these studies underscore 95 



 
 

the importance of diatoms as key indicators of ecological health and change across diverse 96 

aquatic systems. 97 

Diatoms contribute significantly to Earth's primary production, atmospheric oxygen, and 98 

carbon fixation, accounting for 20-25% of the global output. In oceans, they account for up to 99 

40% of primary production, comparable to terrestrial rainforests. They support diverse animal 100 

populations, including fish, seabirds, and marine animals, by serving as a primary food source 101 

(Serôdio & Lavaud, 2022). As a species-rich biological group, diatoms contribute to 102 

biodiversity and genetic resources in fluvial ecosystems (Tréguer et al., 2018). They are 103 

responsive to organic contaminants, making them suitable for bioremediation (Kiran Marella 104 

et al., 2020). Benthic diatoms have become a prominent tool for ecological bioindication due 105 

to their sensitivity to changes in environmental conditions (Costa & Schneck, 2022; Kiran 106 

Marella et al., 2020). 107 

3. Sampling and Preservation Strategies 108 

3.1 Site selection and substratum types (epiphyton, epipelon, epilithon, epipsammon, 109 

artificial substrates) 110 

Diatoms, a group of microalgae, inhabit a variety of marine environments, including soil, rock 111 

surfaces, and aquatic plants. They are commonly found in benthic and planktonic habitats, with 112 

benthic diatoms residing on submerged surfaces and planktonic varieties thriving in open 113 

waters (Agarwal, 2025; Lewandowicz et al., 2025). Unique habitats also include attachment to 114 

seabird feathers (Croll & Holmes, 1982). Effective sampling is crucial for the successful 115 

isolation of diatom species, making it imperative to collect diatom and water samples 116 

throughout different seasons to ensure representativity. Prompt collection and isolation of 117 

viable cells are essential, as dead or damaged cells may compromise sample quality (Saxena et 118 

al., 2021). Long-term water sample storage is discouraged due to potential environmental 119 



 
 

changes that can lead to cell death, and meticulous site documentation, including location and 120 

physical characteristics, is essential (British Standard, 2003; Saxena et al., 2021). For sampling 121 

site selection, several scales are considered: broad (catchment area), intermediate (designated 122 

areas), and fine (specific locations). Physicochemical conditions significantly influence 123 

community structure and aquatic ecosystems, affecting diatom community composition and 124 

distribution, thereby necessitating careful consideration during site selection (Karthick & 125 

Taylor, 2010).  126 

Diatoms thrive on various substrate types, and selecting the appropriate surface is vital as 127 

different substrate support specific diatom communities. Four primary diatom assemblages 128 

(Figure i) are recognized (i) Epiphyton: This group thrives on macrophytes such as Nymphoides 129 

sp. and Typha sp. Sampling involves cutting plants and scraping the stems to collect the brown 130 

diatom film, which should be stored in sterile containers with methanol for preservation 131 

(Karthick & Taylor, 2010), (ii) Epipsammon: For sampling this assemblage, surface sediment 132 

from lake edges is collected using small tubes. Unwanted materials are removed by shaking 133 

and allowing the sand to settle, effectively isolating diatoms attached to the substrate 134 

(Lewandowicz et al., 2025), (iii) Epipelon: Sampling epipelon can be challenging, requiring 135 

methods that distinguish between live and dead diatoms. A technique using a Perspex cylinder 136 

for shallow waters and mechanical corers for deeper waters is recommended (Videska, 2025), 137 

(iv) Epilithons: These include submerged rocks, pebbles, and cobbles, which are favorable for 138 

diatom sampling due to their extensive diatom communities. Sampling involves scrubbing the 139 

upper surface of the rocks while avoiding the lower surfaces to prevent contamination (Car & 140 

Kaleli, 2025; Lewandowicz et al., 2025). Lastly, when suitable natural substrates are lacking, 141 

artificial substrates with rough or smooth surfaces can be used. It is recommended that these 142 

be submerged for approximately 4 weeks before sampling to allow diatom communities to 143 

establish, with longer periods in shaded or cooler environments to ensure equilibration with 144 



 
 

local conditions (British Standard, 2003; Taylor et al., 2007).  Another critical factor, seasonal 145 

variations, significantly affects diatom communities, with various ecological factors such as 146 

temperature, rainfall, nutrient levels, etc., influencing species dominance at different times of 147 

year (Hamid et al., 2023).  For instance, a study in China found that in the Danjiangkou 148 

Reservoir, Discostella was most abundant in summer and winter, accounting for 98.84% and 149 

62.71% of the diatom abundance, respectively. At the same time, Aulacoseira was most 150 

abundant in winter and spring, comprising 60.90% and 60.62%, respectively (C. Zhang et al., 151 

2022). Studies have observed that during winter, epilithic and epiphytic substratum types are 152 

the most abundant due to their high attachment and stable communities (Lu et al., 2007). While 153 

epipelic diatoms are also most abundant during the winter and monsoon seasons, these taxa 154 

disappear due to monsoon floods (Aykut et al., 2025). Having described sampling methods, the 155 

next step is proper preservation to maintain the integrity of diatom communities. 156 

 157 

Figure i: Overview of various substrate categories for diatom sample collection and analysis 158 

3.2 Sample collection, preservation, and transport techniques 159 



 
 

If samples are processed within a few hours, no preservation is required, and they can be stored 160 

in a cool, dark place (Karthick & Taylor, 2010). Otherwise, allow the sample to settle for 24 161 

hours or centrifuge it (British Standard, 2003). For short-term preservation, Lugol's iodine 162 

solution is recommended, while 20% ethanol (by volume) is suitable for longer durations 163 

(Karthick & Taylor, 2010). Alternatively, 4% formaldehyde (formalin) can also be used for 164 

preserving diatom samples (Table i) (El Amin & Prihantini, 2023). 165 

Table i. Comprehensive techniques employed for effective long-term preservation and 166 

integrity of biological samples for microscopic and molecular analysis 167 

Preservation 

solutions 

Recommended 

Concentration 
Advantages Disadvantages References 

Lugol’s Iodine 1% 

Increases the 

organism’s 

weight which 

reduces the time 

of the 

sedimentation 

and has instant 

effect on the 

samples 

 

Cause 

discoloration, 

which makes the 

identification hard. 

(El Amin & 

Prihantini, 

2023) 

Ethanol 20% 

After preserving 

the samples in the 

ethanol, it can be 

used for 

molecular 

analysis 

Cannot be used for 

Samples which are 

in situ sediment 

trap 

(Sano et al., 

2020) 

Formalin 

(Formaldehyde) 
4% 

Good preserving 

and fixing agents 

make cell 

characteristics 

more visible, 

Unsuitable for 

molecular analysis 

after preservation 

(Anderson 

& Karlson, 

2017; Sano 

et al., 2020) 



 
 

Good for long 

time preservation 
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4. Processing and Microscopic Characterization 169 

4.1 Cleaning and oxidation procedures (peroxide, acid, incineration) 170 

The processing and preparation of diatom samples is crucial for accurate identification and 171 

analysis. Upon laboratory return, an initial microscopic examination of collected samples is 172 

recommended to ascertain the presence of live cells; samples comprising primarily dead cells, 173 

characterized by empty frustules devoid of chloroplasts, should be discarded (Karthick & 174 

Taylor, 2010). Diatom identification requires cleaning cells to ensure clear morphology for 175 

observation under a microscope (Table ii) (Trobajo & Mann, 2019). One of the prominent 176 

cleaning techniques is the hydrogen peroxide method, particularly advantageous for samples 177 

laden with organic matter that necessitate potent oxidizing agents (British Standard, 2003). 178 

This method, favored for scanning electron microscopy (SEM) studies, offers a gentler 179 

alternative compared to more corrosive reagents. It can be executed through two techniques: 180 

the hot method and the cold method. In the hot method, 20 ml of H2O2 is added to 5-10 ml of 181 

the diatom sample, heated to 90°C for 1-3 hours, followed by the addition of hydrochloric acid 182 

(HCl) and subsequent washing with hot HCl. Conversely, the cold method involves directly 183 

adding H2O2 to the sample and allowing it to stand for four days (Karthick & Taylor, 2010). 184 

Ensuring proper ventilation is crucial during these procedures (Taylor et al., 2007). 185 

Acid Oxidation (HCl + KMnO₄, Nitric + Sulfuric Acid) method incorporates adding 10 ml of 186 

potassium permanganate (KMnO₄) to 5-10 ml of diatom suspension for 24 hours, then 187 

introducing concentrated hydrochloric acid (32%) under fume hood conditions. The mixture is 188 

subsequently heated to 90°C for 1-2 hours, with oxidation monitored by the addition of 189 

hydrogen peroxide. The final steps include cooling, rinsing with distilled water, and 190 



 
 

centrifugation at 2500 rpm for 25 minutes, repeating the washing process four times. 191 

Alternatively, the Nitric + Sulfuric Acid method can be used post-decalcification by heating a 192 

strong acid mixture (2:1 nitric and sulfuric acid) with the sample. Decalcification is typically 193 

performed before nitric or sulfuric acid treatment to prevent insoluble calcium precipitates 194 

(Taylor et al., 2007). To perform decalcification, hydrochloric acid is incrementally added to 195 

the sample in a fume hood until effervescence indicates carbon dioxide release. Once 196 

effervescence ceases, the sample is centrifuged with distilled water at 2500 rpm for 10 minutes, 197 

and this washing step is repeated four times to eliminate residual acid (Karthick & Taylor, 198 

2010). The incineration method is suitable for delicate or weakly silicified diatoms, reducing 199 

the risk of damage from other cleaning techniques. It involves placing 2-3 drops of diatom 200 

suspension on a cover slip, covering it with distilled water, and heating it on a hot plate until 201 

the moisture evaporates. The sample is then heated to 350°C, transforming from brown 202 

(organic burn-off) to black (carbon formation) and eventually to white (remaining material). 203 

Post-cooling, the cover slip is rinsed to remove precipitates and reheated to eliminate moisture 204 

(Taylor et al., 2007). Once the diatom frustules are prepared, the following procedure is the 205 

slide preparation for microscopy imaging  206 

Table ii. Methods for cleaning diatom frustules: Techniques to remove biological residues 207 

for accurate microscopic examination 208 

S.No Technique Advantages Disadvantages References 

1 
Hydrogen 

Peroxide Method 

- Suitable for SEM 

- Less corrosive than 

other methods 

- Time-consuming 

(especially cold 

method) 

-  Forms bubbles 

which can affect the 

diatom frustules 

(Karthick & Taylor, 

2010) 



 
 

2 
Hot HCl and 

KMnO₄ Method 

- Effective for organic 

matter removal 

- Requires fume 

hood 

- Involves strong 

acids which can over 

clean the samples 

and affect diatom 

frustules 

 

 

(Karthick & Taylor, 

2010; Taylor et al., 

2007) 

3 
Decalcification 

Method 

- Removes calcium 

carbonate 

- Prevents unwanted 

precipitations in later 

steps 

- Only needed if 

carbonates are 

present 

- Acid exposure 

affects the diatom 

frustules 

 

(Karthick & Taylor, 

2010) 

4 

Nitric and 

Sulphuric Acid 

Method 

- Strong oxidizing mix 

- Very effective for 

high organic content 

- Highly corrosive 

and can dissolve the 

frustules 

- Requires careful 

handling and 

ventilation 

(Taylor et al., 2007) 

5 
Incineration 

Method 

- Ideal for delicate or 

lightly silicified 

diatoms 

- Avoids chemical 

exposure 

- Heat may affect the 

diatom morphology  

- Needs precision in 

temperature control 

(Taylor et al., 2007) 

 209 

4.2 Slide preparation for light and electron microscopy 210 

When preparing diatom slides, a high-refractive-index mounting medium is used to enhance 211 

visibility. Common media include Pleurax (RI 1.73), Naphrax (RI 1.69), Hyrax (RI 1.71), and 212 

ZRAX (RI 1.7) (Taylor et al., 2007). To prepare a slide, place 0.2 ml of diatom sample on a 213 

cover slip, evaporate the water at room temperature, and mount with a high refractive index 214 

medium like Naphrax. Heat the slide to 130°C for 15 minutes, then reheat if the cover slip 215 



 
 

moves after cooling. Check the slide under a microscope, aiming for 3-4 diatoms per field of 216 

view. Finally, store the slides in a glass container with methanol. For SEM analysis, the diatom 217 

sample suspension is dried onto a specimen stub with a coverslip attached using resin. Silver 218 

paint is applied to the stub's edge for good electrical conductivity, and the sample is then coated 219 

with gold. For TEM analysis, formvar-coated grids are used, onto which the sample suspension 220 

is dried before observation (Battarbee et al., 1990). 221 

4.3 Advanced imaging tools for diatom characterization (SEM, TEM, CLSM, AFM, DHM) 222 

Diatomsare microscopic organisms which, are analyzed using various microscopy and imaging 223 

techniques that enhance taxonomic studies and diversity assessments. The identification of 224 

diatoms heavily relies on their morphological features, specifically the frustule shape and 225 

structure (Fig. ii) (Burfeid-Castellanos et al., 2022; Kutako et al., 2023; Salido et al., 2020). 226 

Light Microscopy is a traditional method for diatom observation, utilizing immersion oil to 227 

enhance contrast and resolution, and typically achieving 100X magnification. While it 228 

effectively reveals characteristics such as striae and shape, it suffers from limited resolution 229 

due to diffraction, limiting the observation of intricate details (Kaur et al., 2024; Piper, 2011). 230 

Transmission Electron Microscopy (TEM) offers high-resolution two-dimensional imaging of 231 

diatom frustules and intracellular organelles. This technique involves transmitting electrons 232 

through a sample, which requires a vacuum to prevent interference from air particles. The 233 

capability of TEM to produce detailed images is marked by its importance in diatom research 234 

(Kaur et al., 2024; Tang & Yang, 2017). Scanning Electron Microscopy (SEM) provides high-235 

resolution three-dimensional images of diatom structures by directing an electron beam onto 236 

the sample surface. This results in detailed imagery that reveals complex patterns that light 237 

microscopy or TEM cannot. Nevertheless, SEM faces challenges such as sample 238 

contamination, vacuum requirements, the inability to analyze live cells, and higher operational 239 

costs (Jiang et al., 2015; Kaur et al., 2024). Fluorescence Microscopy utilizes the unique 240 



 
 

fluorescence emitted by diatoms' pigments (e.g., chlorophyll a, c, and fucoxanthin) when 241 

exposed to electromagnetic radiation. This method helps identify diatoms by the specific colors 242 

and wavelengths emitted as the pigments' electrons return to the ground state (Kaur et al., 2024; 243 

Millie et al., 2002). Confocal Laser Scanning Microscopy (CLSM) facilitates non-destructive 244 

imaging of living specimens by enabling optical sectioning to produce in-focus images. It is 245 

particularly beneficial for observing organisms enveloped in biofilms without disturbance and 246 

can differentiate between living and non-living samples. CLSM's ability to capture 3D 247 

visualizations enhances the understanding of biofilm structures (Norton et al., 1998). Atomic 248 

Force Microscopy (AFM) provides not only high-resolution three-dimensional images but also 249 

measures molecular interactions within diatoms. AFM is instrumental in exploring diatom 250 

structure, morphology, and biomineralization, as well as in taxonomical classification. Proper 251 

sample preparation is crucial, involving diatom cleaning and substrate attachment for practical 252 

imaging (Chakraborty et al., 2022; Mišić Radić et al., 2023). Digital Holographic Microscopy 253 

(DHM) emerges as an efficient means of monitoring living diatom cells, capturing phase and 254 

light-intensity information. This method enables quantitative phase imaging and unique 255 

identifiers for diatom analysis while also assessing lipid content through specific holographic 256 

sequencing. Innovative sample preparation strategies involve transferring treated diatom 257 

frustules to designated environments for imaging (Saito et al., 2022; Yourassowsky et al., 2024; 258 

Zetsche et al., 2016).  259 

 260 

Light Microscopy, lacks the resolution which leads to taxonomic implications such as 261 

misidentification, overestimated distribution etc. Hence, to overcome these implication and 262 

better resolution advanced techniques like SEM, TEM, DHM etc have been introduced which 263 

not only enhanced the resolution of the images but also helps in better identification (Table iii)  264 

(Morales et al., 2009).  Methodological errors can be occurred while sample processing and 265 



 
 

microscopic characterization which can affect the diatom identification. Errors like operator 266 

variation which include sample focusing, recognition of morphological features etc, which 267 

collectively affect the taxonomy identification (Taylor et al., 2007). Other errors can be 268 

occurred during preservation such as damage to frustules, morphological distortion etc which 269 

can hinder the sample identification (El Amin & Prihantini, 2023). Also, during slide 270 

preparation various error can be occur such as bubble formation, unevenly spread of sample 271 

etc which affect microscopic imaging. Hence, it is necessary to address these errors for 272 

effective diatom analysis (Clason et al., 2017).   After processing the sample and identifying 273 

the species, the next step is to isolate the species, cultivate them, and assess their biomass. 274 

 275 

 276 

Figure ii. Advanced imaging techniques used for morphological observation and diversity 277 

of diatoms 278 

Table iii. Comparative assessment of advanced imaging techniques 279 

Techniques Resolution  Advantages Limitations References 



 
 

Light 

Microscopy 

- Low - Resolution 

upto 100x 

- Characteristi

cs features 

are visible 

- Limited 

resolution 

compared to 

advanced 

microscopy 

- Due to 

diffraction 

fine details of 

diatoms are 

not visible 

(Kaur et al., 

2024) 

Scanning 

Electron 

Microscopy 

- Very 

High 

resolutio

n (nm) 

- Visualizes 3D 

structure of 

sample 

- Fine details 

are visible  

- If organic or 

inorganic 

materials are 

present it will 

hinders the 

image 

(Jiang et al., 

2015) 

Transmissio

n Electron 

Microscopy 

- Very 

High 

resolutio

n 

- Provides 2D 

image of 

diatom outer 

shell and cell 

organelles 

- Fine details 

are not 

visible 

(Kaur et al., 

2024) 

Confocal 

laser 

scanning 

Microscopy 

- Moderat

e 

resolutio

n 

- Allows 250 

nm Z-axis 

scans 

- Shows 3D 

structure at 

tissue and 

cellular level   

- Expensive 

- Time 

consuming 

(Kus, 2015) 

Atomic 

Force 

Microscopy 

- High 

resolutio

n 

- Used in 

studying 

topography of 

diatom 

frustules 

- Allows high 

image 

resolution 

- Probe can 

affect the 

sample 

- Time 

consuming 

(Gebeshube

r et al., 

2003; Kaur 

et al., 2024) 



 
 

Fluorescenc

e 

Microscopy 

- Moderat

e 

resolutio

n 

- Helps in 

visualizing 

the pigments 

- Live cells 

cisualization 

- Morphologic

al details are 

limited 

(Kaur et al., 

2024) 

Digital 

Holographic 

Microscopy 

- Moderat

e 

resolutio

n 

- Current 

spatial 

resolution of 

DHM is 

approximatel

y 100 nm 

- 3D structure 

can easily 

visualize 

without pre 

treatment 

- No sample 

preparation 

for biological 

sample has 

been 

established 

yet 

(Saito et al., 

2022) 

 280 

5 Isolation, Cultivation, and Biomass Assessment 281 

5.1 Isolation and purification methods (micropipetting, dilution, FACS, 282 

micromanipulation) 283 

The isolation and purification of diatoms are critical for obtaining specific species from 284 

samples. Key methods include: Micropipetting, known as the Zumstein single-cell method, 285 

improved by Pringsheim in 1946, which uses a heated Pasteur pipette to create a thin tube, 286 

allowing effective cell separation (Vu et al., 2018). Centrifugation utilizes gravitational forces 287 

to separate organisms by size, with smaller cells remaining in the supernatant and larger ones 288 

settling at the bottom. Filtration is a pre-isolation technique that classifies particles by size and 289 

shape. Filtration can involve organic fibers such as cellulose acetate or uniform-diameter 290 

circular holes in polycarbonate. The streaking and Pour Plate Method uses solid agar plates; 291 

this traditional method involves streaking samples with a bacterial loop or mixing them with 292 

agar before incubation, thereby allowing direct cultivation of diatoms. The Atomized Cell 293 



 
 

Spray Technique inoculates agar plates with a fine mist of liquid suspension generated by 294 

forced sterile air, emphasizing the need for a clean, sterile environment (Andersen, 2005). 295 

Serial dilution is effective for isolating specific species from contaminated samples. This 296 

technique involves multiple dilution steps until no cells are left for transfer (Saxena et al., 297 

2021). FACS (Fluorescence-Activated Cell Sorting) is an advanced automated method that 298 

sorts cells based on their light scattering properties and fluorescent signals, capable of sorting 299 

thousands of cells within seconds (Vu et al., 2018). The micromanipulator method enhances 300 

isolation precision by using a micromanipulator attached to an inverted microscope, allowing 301 

careful selection of single cells and reducing contamination risks (Saxena et al., 2021; Snelling 302 

et al., 2013). Phototaxis-based isolation utilizes the natural movement of organisms towards 303 

light. This method uses an apparatus that separates cells based on their phototactic responses, 304 

effectively isolating targeted diatoms (Andersen, 2005; Yim & Lee, 2005). These techniques 305 

(Figure iii) illustrate the diverse approaches available for diatom isolation and purification, 306 

each tailored to specific challenges in obtaining pure cultures (Table iv).307 

 308 

Figure iii. Isolation strategies employed for culturing and purifying diatom 309 



 
 

Table iv. Advantages and disadvantages of isolation techniques (Andersen, 2005; Vu et al., 310 

2018) 311 

Techniques Advantages Disadvantages Techniques most 

appropriate for 

Micropipetting Highly specific Time 

consuming  

Ideal for single cell 

isolation 

Centrifugation  Concentrate large 

cells 

Difficult to 

obtain single 

species 

Ideal for segregating 

smaller and larger 

organisms 

Filtration  Rapid and 

convenient technique 

Cannot isolate 

single species 

Ideal for size-based 

separation  

Streaking and pour plate 

method 

Easy and simple 

method 

Many species 

do not grow 

on agar 

Suitable for rapid 

growing culture and for 

obtaining axenic culture 

Atomized Cell Spray Samples are evenly 

spread on agar plates 

Risk of 

Contaminatio

n from air 

Ideal for isolating 

cultures with agar 

Phototaxis based isolation Non-invasive process 

and segregates motile 

and non-motile 

sample 

It’s a steady 

process  

Ideal for sample which 

exhibits phototaxis 

Micromanipulator Highly precise and 

low contamination 

Expensive and 

low 

throughput 

Ideal for precise 

isolation of single 

species  

FACS Rapid and provide 

pure cultures 

Highly 

expensive and 

may damage 

cells 

Ideal for fluorescence or 

cell size-based cell 

sorting  

Serial Dilution Cost-effective and 

simple process 

Slow process 

and sometime 

diluting may 

eliminate 

target species 

Ideal for single species 

isolation from mixed 

population by diluting 

 312 



 
 

5.2 Establishment of axenic cultures 313 

Axenic cultures are pure cultures containing a single species or strain, free of contamination. 314 

To achieve axenicity, various techniques can be employed, including antimicrobial agents like 315 

potassium tellurite and antibiotics. Antibiotics work either by inhibiting bacterial growth 316 

(bacteriostatic) or killing bacteria by damaging cell walls or contents. However, antibiotics may 317 

hinder the diatom growth and can trigger mutations posing risk to culture integrity and 318 

promoting antibiotic resistance. Alternative techniques like lysozyme treatment, sodium 319 

hypochlorite, sulfonamides, and UV irradiation helps in achieving the axenic cultures. 320 

Maintaining axenic cultures of diatoms can be challenging due to the possibility of 321 

contamination especially robust bacteria (Parikh et al., 2025).  Methods such as serial transfer, 322 

cryopreservation, and specific treatments (e.g., 0.1% I2 solution for Chaetoceros) help 323 

maintain and purify axenic cultures (Andersen, 2005; Vu et al., 2018).  324 

5.3 Growth and biomass estimation: Cell count, dry weight, metabolite profiling 325 

Culture media are critical for the growth and metabolism of microorganisms, particularly 326 

diatoms, as they provide essential nutrients under controlled in-vivo conditions (Gautam et al., 327 

2013). These media are categorized into three types: solid, liquid, and semi-solid. Solid media, 328 

exemplified by agar, support diatom attachment and colony formation, while liquid media, 329 

such as nutrient-enriched broths, allow for cell suspension and nutrient absorption. Semi-solid 330 

media utilize lower agar concentrations for specific applications, including culture transfers 331 

(Saxena et al., 2021).  332 

Diatom cultivation necessitates specialized media tailored to their physiological needs, such as 333 

WC, PM, Chu, and F/2-Si media. For instance, PM medium is designed for diatoms in acidic 334 

environments, whereas WC medium is intended for diatoms in alkaline environments. F/2-Si 335 

medium is a versatile option, enhanced with silicate to promote frustule biosynthesis. The 336 



 
 

biochemical components of these media—including nitrogen, phosphorus, silicon, iron, and 337 

trace elements—play pivotal roles in processes such as amino acid synthesis, protein synthesis, 338 

ATP synthesis, and nucleic acid synthesis. Diatoms exhibit diverse trophic strategies—339 

photoautotrophy, heterotrophy, and mixotrophy — that enable them to adapt to varying 340 

environmental conditions. The careful selection of culture media and growth methodologies is 341 

essential for maximizing diatom biomass growth, yield, lipid accumulation, and metabolic 342 

diversity, thereby enhancing their utility in sectors such as biofuel production and aquaculture 343 

(Yang et al., 2014; Yodsuwan et al., 2017).  344 

To assess diatom growth, metrics such as cell counts and biomass measurements can be used. 345 

Cell counting, often conducted using hemocytometers, is typically performed in triplicate to 346 

minimize errors, with immobilization techniques used for motile cells and proper 347 

homogenization to avoid clumping (Reza Moheimani et al., 2013; Bhattacharjya et al., 2020). 348 

Biomass and ash-free dry weight are standard methods for quantifying biomass. Dry weight is 349 

calculated post-filtering and drying biomass on a pre-weighed filter, whereas ash-free dry 350 

weight calculations involve adjusting for weight loss after combustion at high temperatures. 351 

Biomass productivity is expressed in grams per liter per day (gL-1d-1), while lipid productivity 352 

combines specific growth rates with lipid yields to measure metabolic output (Indrayani et al., 353 

2020; Reza Moheimani et al., 2013; Wang et al., 2014). Finally, diatoms produce both primary 354 

and secondary metabolites: primary metabolites comprise proteins, lipids, sterols, and 355 

carbohydrates; secondary metabolites include polyphenols and carotenoids (Table v). Accurate 356 

estimation of these products is key for evaluating the potential commercial applications of 357 

diatom cultures (Nieri et al., 2023). 358 

Table v. Overview of various diatom-derived metabolites and their estimation techniques 359 

Metabolites 
Estimation 

Method 

Analysis 

Technique 
References 



 
 

Primary Metabolites 

Lipids 

 

 

Bligh and Dyer 

Method 

NMR 

spectroscopy 

provides 

structure of 

lipids with 

quantitative and 

qualitative 

analysis; while 

MS is used for 

identification 

and quantifying 

of lipids, it 

includes GC-

MS, LC-MS etc.    

(Bligh & Dyer, 

1959; Thien Do 

NGUYEN et al., 

2017; Gerhardtova 

et al., 2024 ) 
 

Fatty Acids 

Triacylglycerols 

Polar Lipids 

Oxylipins 

 

Carbohydrates 

Chrysolaminarin 

 

 

 

 

GC-MS is used 

for identification 

 

 

 



 
 

Exopolysaccharides 

(EPS) 

Anthrone Method and 

quantification of 

monosaccharides 

and EPS 

analysis;NMR 

spectroscopy is 

used in the 

studies of 

chrysolaminarin 

and 

polysaccharides 
 

(Koehler, 1952; 

Templeton et al., 

2012; Alothman et 

al., 2024) 

Proteins 
Bradford Method, 

Lowry Method 

UV-

Spectroscopy 

helps in 

quantification of 

protein at 

specific 

wavelength (600 

nm for Bradford 

and 500 to 750 

nm for Lowry 

method) 

(Barbarino & 

Lourenço, 2005) 

Sterols 
Saponification 

Method 

GC-MS used for 

identification 

and 

quantification of 

sterols. 

(Fagundes et al., 

2021) 

Amino Acids Ninhydrin Assay 

HPLC widely 

used for amino 

acids profiling, 

GC-MS used for 

quantification of 

amino acids 

(Zhang et al., 

2016) 



 
 

Secondary Metabolites 

Carotenoids 

Spectrophotometric 

Assay 

UV- Vis 

spectroscopy 

measures 

absorbance of 

pigments at 

specific 

wavelengths; 

HPLC separates 

and quantify 

chlorophyll and 

carotenoids 

(Sudhakar M P et 

al., 2013; 

Kuczynska et al., 

2015) 

Chlorophyll a & c 

Fucoxanthin 

β-Carotene 

Diadinoxanthin, 

Zeaxanthin, 

Antheraxanthin, 

Diatoxanthin, 

Violaxanthin 

Polyphenols 

UV-

Spectroscopy 

estimates 

polyphenols, 

HPLC quantifies 

and separates 

polyphenols 

(Hajimahmoodi et 

al., 2010) 

Flavonoids 
Aluminum 

Chloride Method 

UV-

Spectroscopy 

screens 

flavonoids, 

HPLC separates 

and quantifies 

flavonoids 

(Ghasemzadeh et 

al., 2015) 



 
 

Phenolic Acids 
Folin-Ciocalteu 

Method 

HPLC quantifies 

and separates 

phenolic acids, 

GC-MS 

measures 

volatile phenolic 

acids 

(Singleton et al., 

1999) 

 360 

6. Diatom-Based Indices and Statistical Approaches 361 

Diatoms serve as biological indicators for assessing aquatic habitat conditions and are widely 362 

used as Biological Quality Elements (BQEs) for water biomonitoring. Diatom-based indices, 363 

such as the Specific Pollution Sensitivity Index (SPI), Watanabe's Index (WAT), and Biological 364 

Diatom Index (BDI), provide a steady approach to monitoring water quality and detecting 365 

ecological pollution. These indices are based on principles like saprobic systems (Table vi), 366 

autecology, and community structure analysis, allowing researchers to understand ecological 367 

conditions and responses to environmental stress (Table vii)  (Blanco, 2024; Méndez-368 

Zambrano et al., 2024; Musa & Greenfield, 2018).  369 

The development of diatom-based indices for water quality assessment has expanded 370 

considerably, particularly across the temperate regions of the Northern Hemisphere (Birk et al., 371 

2012). Commonly used European indices include the Trophic Diatom Index (TDI), the 372 

Pampean Diatom Index (IDP), the Biological Diatom Index (IBD), and the Pollution Tolerant 373 

Index (Besse-Lototskaya et al., 2011), while in North America, diatom indices such as the 374 

Indices of Biotic Integrity and the Eastern Canadian Diatom Index (IDEC) are commonly used 375 

(Potapova & Charles, 2007). Because these indices were developed under temperate Northern 376 

Hemisphere conditions and the research has suggested that their applicability often declines 377 

when used in rivers from different climatic and biogeographical regions (Bere, 2016). Various 378 

studies have suggested that regional or catchment-specific indices provide more accurate 379 

assessments than nationally or internationally derived indices. Although diatoms were 380 

traditionally viewed as cosmopolitan with consistent ecological tolerances, recent research 381 

indicates that many species exhibit regionally variable responses shaped by climate, soils, 382 

geographical morphology, vegetation, and catchment characteristics. As a result, there is a 383 

growing need to recalibrate existing indices to local conditions or to develop region-specific 384 



 
 

indices that more accurately reflect taxa–environment relationships, thereby improving 385 

monitoring sensitivity and reliability (Oeding & Taffs, 2017). 386 

Table vi. Various classes based on diatom index score 387 

Class Diatom Index Score Trophic State References 

Bad quality Less than 9 Eutrophy (Eloranta & 

Soininen, 2002; 

Venkatachalapathy 

& Karthikeyan, 

2015) 

Poor quality Between 9 to 12  Meso-eutrophy 

Moderate quality Between 12 to 15 Mesotrophy 

Good quality Between 15 to 17 Oligo-mesotrophy 

High quality More than 17 oligotrophy 

 388 

Diatom indices are calculated by the formula developed by Marvan and Zelinka in 1961, and 389 

calculated by a software called OMNIDIA (Karthick & Taylor, 2010; Musa & Greenfield, 390 

2018): 391 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
∑j
n = 1ajsjvj
∑j
n = 1ajvj

 392 

Where, 393 

aj = species (j) abundance in sample 394 

vj = indicator value as per the species 395 

sj = species pollution sensitivity 396 

Table vii. Various Diatom-based indices 397 

Diatom 

Based 

indices 

Origin Taxonomy Interpretati

on  

Significanc

e 

Limitation

s 

References 

Watanabe

’s Index 

(WAT) 

Japan Species Organic 

Pollution 

level 

Signifies 

higher levels 

of nutrient 

enrichment 

of the 

species 

Limited to 

specific 

species 

 (SUMITA 

& 

WATANA

BE, 1983) 

Biological 

Diatom 

Index 

2006 

France Species Water 

Quality 

Signifies 

sensitivities 

to different  

pollution 

Might not 

cover all 

types of 

pollution 

(Coste et 

al., 2009) 



 
 

(BDI-

2006) 

Trophic 

Diatom 

Index 

(TDI) 

England Species Inorganic 

Pollution 

Signifies 

tolerance to 

organic 

pollution of 

the species 

Limited to 

specific 

trophic 

levels 

(Musa & 

Greenfield, 

2018; 

Norian et 

al., 2022) 

Specific 

Pollution 

Index (SPI) 

France Specie

s 

Organic 

Pollution 

Signifies species 

tolerance to 

organic pollution 

May not 

account for 

all types of 

organic 

pollution 

(Musa & 

Greenfield, 

2018) 

Generic 

Diatom Index 

(GDI) 

France Gener

a 

Inorganic 

Nutrient 

Contaminati

on 

Signifies genera 

tolerance to 

inorganic 

nutrient 

contamination  

Might fail 

to account 

for the 

sensitivity 

of 

particular 

species to 

specific 

contaminan

ts 

(Musa & 

Greenfield, 

2018) 

Sladecek 

Saprobic 

Index (SLA) 

Czechia Taxon 

level 

Organic 

Pollution 

Signifies the 

effect of organic 

pollution 

May get 

influenced 

by other 

environme

ntal factors 

(Dalkıran & 

Zünbülgil-

Ünsal, 

2024) 

Diatom 

Pollution 

Tolerance 

Index (PTI) 

Central 

Europe  

Taxon 

level 

Water 

Quality 

Signifies the 

assessment of the 

water quality 

Not ideal 

for 

assessing 

all aquatic 

ecosystem 

(Méndez-

Zambrano 

et al., 2024) 

Pampean 

Diatom Index 

(IDP) 

United 

States 

of 

Specie

s 

Organic 

Pollution 

It represents 

organic 

contamination as 

I, II, III and IV 

Might not 

cover all 

ecological 

conditions 

(Méndez-

Zambrano 

et al., 2024) 



 
 

Americ

a 

Descy’s 

pollution 

metric 

(DESCY) 

France Specie

s 

Pollution 

level 

It signifies the 

sensitivity of 

diatom species 

towards the 

nutrient 

enrichment 

May vary 

in non-

european 

regions 

(Descy, 

1979) 

Eutrophicatio

n/ diatom- 

based 

pollution 

index (EPI- D) 

Italy Specie

s 

Organic 

Nutrients 

It signifies the 

sensitivity of 

species towards 

the organic 

nutrients 

Gets 

influenced 

by regional 

environme

ntal 

conditions 

(Torrisi & 

Dell’Uomo, 

2006) 

Steinberg and 

Schiefele 

trophic metric 

(SHE) 

German

y 

Specie

s 

Eutrophicati

on level 

It classifies the 

aquatic habitat 

into three sites: 

heavily polluted 

sites, poor 

nutrient sites and 

unpolluted sites 

It does not 

specify 

other 

pollution 

types such 

as organic 

pollution, 

inorganic 

pollution 

etc. 

(Steinberg 

& 

Schiefele, 

1988) 

DAIpo index Japan No 

Taxon 

level 

Organic 

Nutrients 

It signifies by the 

values in which 

higher the level, 

greater the 

amount of 

saprophytic 

soecies 

Might not 

account for 

various 

environme

ntal 

conditions 

affecting 

saprophytic 

species 

(Méndez-

Zambrano 

et al., 2024) 

 398 



 
 

Principal Component Analysis (PCA) and Canonical Correspondence Analysis (CCA) are 399 

statistical tools used in biomonitoring to understand how ecological factors influence diatom 400 

communities. PCA simplifies large datasets by identifying patterns, while CCA directly 401 

correlates species data with environmental variables. Studies of rivers such as the Chambal 402 

River in India and South African rivers have used these methods to link diatom communities 403 

to variables such as phosphate, pH, and conductivity. These analyses support the development 404 

of diatom-based indices that calculate optimal environmental conditions for each species using 405 

weighted-average regression (Costa & Schneck, 2022; Solomon et al., 2025; Srivastava et al., 406 

2017). 407 

𝑢𝑢𝑘𝑘 =
⅀𝑦𝑦𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖
⅀𝑦𝑦𝑖𝑖𝑖𝑖

 408 

Where, 𝑢𝑢𝑘𝑘 is the species’ optimum, 𝑦𝑦𝑖𝑖𝑖𝑖 is its abundance in sample 𝑖𝑖, and 𝑥𝑥𝑖𝑖 is the environmental 409 

value in that sample. 410 

Diatom indices, such as the Trophic Diatom Index (TDI) and Specific Pollution Sensitivity 411 

Index (IPS), use species optima and pollution sensitivity to produce a single score reflecting 412 

water quality. These indices have been effective in tracking human impacts on water quality in 413 

various ecosystems, including tropical reservoirs. By combining PCA and CCA with diatom 414 

indices, researchers can identify key ecological factors and assess diatom responses, providing 415 

a powerful tool for evaluating and monitoring water quality in rivers, lakes, and reservoirs 416 

(Blanco, 2024; da Silva-Lehmkuhl et al., 2022; Yu et al., 2021). 417 

6.1 Integration with physicochemical parameters 418 

Physicochemical parameters of water are critical for evaluating its quality and health, 419 

encompassing factors such as color, temperature, and various contaminants, including 420 

microorganisms and chemicals. According to Sharma et al., (2020), these contaminants can be 421 



 
 

characterized using specific measurement parameters including pH, temperature, electrical 422 

conductivity (EC), turbidity, total alkalinity, total dissolved solids (TDS), total hardness, total 423 

suspended solids (TSS), biochemical oxygen demand (BOD), dissolved oxygen (DO), and 424 

chemical oxygen demand (COD) . The choice of these parameters depends on the water's 425 

intended use—drinking, domestic, agricultural, or industrial. 426 

Physical parameters such as pH, temperature, color, turbidity, odor, and TDS are measured 427 

using various instruments. For example, pH levels can be determined with a pH meter or strip, 428 

temperature with a thermometer, TDS with a TDS meter, and turbidity with nephelometers 429 

(Bhat et al., 2018). Each parameter plays a unique role: pH indicates hydrogen ion 430 

concentration, while temperature influences biological activity and the solubility of gases such 431 

as oxygen. Electrical conductivity reflects water's electrical conductivity, and turbidity reveals 432 

water clarity based on suspended particles. Total alkalinity measures acid-neutralizing capacity, 433 

and total hardness—linked to calcium and magnesium salts—affects scaling in pipes and 434 

industrial systems (Kumar et al., 2020; Rout et al., 2021; Upadhyay et al., 2011)(Kumar et al., 435 

2020; Rout et al., 2021; Upadhyay et al., 2011). 436 

(APHA, 1998; Bhavan et al., 2012; CCME, 2001; CPCB, 1993; WHO, 2017)Heavy metal 437 

assessments are crucial for determining water quality due to the harmful effects these metals—438 

such as cadmium (Cd), copper (Cu), chromium (Cr), lead (Pb), iron (Fe), manganese (Mn), 439 

cobalt (Co), nickel (Ni), zinc (Zn), and mercury (Hg)—have on human health and aquatic 440 

ecosystems. These metals typically originate from industrial discharge, agricultural runoff, and 441 

mining operations (Sehgal et al., 2012). Advanced analytical techniques such as atomic 442 

absorption spectroscopy (AAS) and inductively coupled plasma mass spectrometry (ICP-MS) 443 

are used to detect these metals. Nitrogen levels are measured via spectroscopic analysis using 444 

Nessler’s reagent, while sulfate concentrations are assessed using the nephelometric method. 445 

Magnesium is quantified by EDTA titration in buffered conditions, whereas calcium is 446 



 
 

determined by complexometric titration with specific indicators at high pH. Additionally, 447 

silicates and phosphates are estimated spectroscopically with molybdate ions under acidic 448 

conditions. Sodium and potassium concentrations are analyzed by flame photometry, with 449 

dilution factors applied to samples exceeding standard limits (Tomar & Upadhyay, 2018). 450 

Overall, a comprehensive assessment of physicochemical water parameters is vital for safety, 451 

regulatory compliance, ecological balance, and the health of aquatic systems. This necessitates 452 

the use of advanced analytical instruments and proficient expertise to detect and mitigate 453 

potential water quality risks, underscoring the importance of water quality assessments in 454 

environmental management and public health (Suthar et al., 2010). 455 

Recent studies underscore the potential of diatoms in phycoremediation, particularly their 456 

ability to bio-accumulate heavy metals from wastewater (Marella et al., 2020). . For instance, 457 

the diatom species Navicula pelliculosa has been experimentally shown to effectively uptake 458 

and detoxify cadmium (Cd), lead (Pb), and zinc (Zn) from aquatic environments, suggesting 459 

its viability for heavy-metal remediation applications (Irving et al., 2009). Furthermore, in 460 

marine ecosystems, diatoms are implicated in hydrocarbon bioremediation. Research indicates 461 

that specific diatom species promote the degradation of aliphatic and aromatic hydrocarbons 462 

found in oil-contaminated seawater by secreting exopolysaccharides and engaging with 463 

associated microbial communities (Paniagua-Michel et al., 2024). Notably, cultivating the 464 

model diatom Phaeodactylum tricornutum in wastewater produced from oil fields has led to a 465 

significant reduction of both inorganic and organic pollutants while also facilitating substantial 466 

biomass production. This highlights the dual advantages of employing diatoms not only for 467 

bioremediation but also for biomass valorization, demonstrating their multifaceted role in 468 

environmental cleanup initiatives (Gillard et al., 2021). These findings suggest that diatom-469 

based strategies can extend beyond simple bioindication to remove pollutants and enhance 470 

ecosystem health actively. 471 



 
 

7. Applications and Future Perspectives 472 

7.1 Diatom as bioindicator for aquatic health 473 

Diatoms are vital components of aquatic ecosystems, playing significant roles in water quality 474 

monitoring and assessment, as well as in reconstructing paleoenvironments (Xin, 2011). Their 475 

morphological diversity, particularly the silicified cell walls of various diatom species, 476 

contributes to the biotic characterization of environmental samples (Carvalho et al., 2011). 477 

Diatom indices obtained through microscopic methods are widely accepted and can effectively 478 

correlate with eutrophication levels and pollution conditions (Yogeshwaran et al., 2025). As 479 

bioindicators, diatoms are sensitive to various ecological conditions and can reveal changes in 480 

water quality in streams and rivers (Glevitzky et al., 2025). For instance, studies in the 481 

Locumba River in Peru indicated that a decrease in diatom diversity, coupled with increased 482 

contaminant levels, occurred downstream, demonstrating their utility for water quality 483 

assessment (Calizaya-Anco et al., 2013). Similarly, in Ecuador’s Jimbitono River, epilithic 484 

diatoms were used to assess water quality, revealing varying contamination levels across 485 

monitoring stations (Heredia et al., 2024). Diatoms also serve as early indicators of changes in 486 

relatively undisturbed lakes. Furthermore, beyond their monitoring capabilities, diatoms offer 487 

a sustainable solution for municipal wastewater treatment, adept at removing nutrients, heavy 488 

metals, and emerging pollutants (Rahman et al., 2024; Ramstack Hobbs et al., 2022). Diatoms 489 

can adsorb, oxidize, decompose, and precipitate toxic substances, including heavy metals. 490 

Their presence thus reduces ecological stress in aquatic systems and maintains. Because 491 

diatoms respond sensitively to changes in nutrient and chemical composition, they are also 492 

widely recognized as bioindicators of water quality in marine, brackish, and freshwater 493 

environments (Pandey et al., 2018). Moreover, they contribute to water quality improvement 494 

through their fast nutrient uptake ability, utilizing excess nitrogen, phosphorus, and trace metals 495 

present in wastewater effluents. Their unique cellular structure, particularly the siliceous 496 



 
 

frustule and large central vacuole, supports their capacity to absorb and detoxify pollutants 497 

(Marella et al., 2020) 498 

7.2 Molecular and bioinformatics integration 499 

Molecular-based diatomic indices are set to supersede traditional indices due to their improved 500 

sensitivity (Carvalho et al., 2011. Recent advances in omics technologies, along with advanced 501 

bioinformatics tools for analyzing complex omics data, facilitate the use of diatoms as key 502 

organisms for water quality evaluation via molecular biomarkers. Fully sequenced diatom 503 

species are currently utilized in toxicological studies to investigate the effects of pollutants. 504 

The use of molecular studies with diatoms is anticipated to become fundamental for ecological 505 

assessment of environmental samples (Carvalho et al., 2011; Villar et al., 2025). 506 

The drive to incorporate molecular methods into bioindicator research is fueled by the potential 507 

to enhance understanding and accuracy (Livingstone, 1993). Molecular biomarkers, including 508 

mRNA probes, are likely to promote the broad adoption of these tools (Hoshi et al., 2025). 509 

Significant advancements in bioinformatics have occurred across various fields, particularly in 510 

molecular biology, proteomics, genomics, metabolomics, biotechnology, and agriculture 511 

(Hodgman, 2006; Villar et al., 2025). Furthermore, assessing microbial presence and 512 

abundance associated with disease can support monitoring of marine environmental health, 513 

with bioinformatics contributing to the assessment of potential interferences. Increasing 514 

research is being conducted to compare molecular and morphological techniques for examining 515 

communities, such as nematode communities (Chen et al., 2010; Domingues et al., 2025)(Chen 516 

et al., 2010; Domingues et al., 2025). 517 

In recent years, significant methodological advancements have revolutionized the analysis of 518 

diatom communities, moving beyond traditional molecular biomarker techniques. High-519 

throughput metabarcoding using markers such as 18S rRNA, rbcL, and ITS has emerged as an 520 



 
 

effective means to assess diatom community composition directly from environmental 521 

samples, eliminating the need for culturing. This approach enables the detection of both 522 

abundant and rare taxa, thereby providing a comprehensive overview of ecological status 523 

(Apothéloz‐Perret‐Gentil et al., 2021; Vlaović et al., 2025; Vasselon et al., 2025). In 524 

conjunction with metabarcoding, environmental DNA (eDNA) methodologies are gaining 525 

traction for water-quality monitoring. These non-invasive and expedient techniques enable 526 

rapid assessments of diatom biodiversity and hold promise for early-warning systems across 527 

aquatic ecosystems, including lakes, rivers, and coastal areas (Wang et al., 2024).  Furthermore, 528 

advancements in automated image analysis and deep-learning-based taxonomy represent a 529 

transformative shift in the field. Machine-learning tools, notably convolutional neural networks 530 

(CNNs), exhibit proficiency in recognizing frustule morphology with accuracy that rivals that 531 

of seasoned taxonomists. This technology significantly minimizes the time and subjectivity 532 

associated with microscopic identification, positioning it to become essential within diatom-533 

based biomonitoring frameworks (Keck et al., 2023). The synthesis of bioinformatics 534 

workflows that amalgamate omics data, eDNA metabarcoding, and AI-driven image analysis 535 

is paving the way for the creation of next-generation diatom indices. These indices promise 536 

improved reproducibility, scalability, and suitability for high-frequency monitoring, aligning 537 

well with the tenets of circular and digital environmental management. 538 

To quantitatively assess the relative effectiveness of molecular and bioinformatics approaches 539 

in diatom-based biomonitoring, it is essential to understand the performance of various metrics 540 

reported across multiple studies. These metrics include the number of taxa detected, sensitivity, 541 

specificity, throughput, and congruence with classical microscopy. Metabarcoding and eDNA 542 

approaches generally detected 15–35% more taxa than traditional microscopy, particularly 543 

capturing rare or cryptic species (Apothéloz‐Perret‐Gentil et al., 2021; Vlaović et al., 2025). 544 

Automated image analysis and machine-learning-assisted taxonomy achieved classification 545 



 
 

accuracies of 85–95% compared with expert taxonomists, while significantly reducing operator 546 

time (Keck et al., 2023). Despite these promising developments, several technical constraints 547 

remain. Primer bias, incomplete reference databases, and discrepancies between morphological 548 

and molecular identifications can limit the accuracy of metabarcoding and eDNA approaches 549 

(Apothéloz-Perret-Gentil et al., 2021; Vasselon et al., 2025). Similarly, machine-learning-based 550 

automated taxonomy requires high-quality training datasets and computational resources, 551 

which may restrict routine application in some contexts. Acknowledging these limitations is 552 

crucial for developing robust, reproducible, and globally comparable diatom-based 553 

bioassessment frameworks. 554 

7.3 Future directions for bioindicator research 555 

Future research in bioindicators, particularly diatoms, is expected to expand with a focus on 556 

the correlation between bioindicator monitoring and its impact on communities, interspecies 557 

comparisons for identifying effective bioindicators, and assessing community proficiency in 558 

using these organisms (Fahmi et al., 2025). This review is essential for advancing bioindicator 559 

research and applications in environmental monitoring. Concurrently, ecotoxicology research 560 

aims to enhance the utility of bioindicators and biomarkers. There is also a growing emphasis 561 

on innovative adsorbents for pollutant removal, such as nanocellulose, metal-organic 562 

frameworks (MOFs), graphene-based composites, and biochar (Fahmi et al., 2025; Feodorov 563 

et al., 2024). Future efforts will focus on developing scalable production methods, improving 564 

material stability, and establishing sustainable regeneration techniques. Moreover, integrating 565 

bioinformatics with green technologies is seen as a promising avenue for bolstering 566 

environmental protection initiatives (Akhtar et al., 2024; Kruthi et al., 2024). 567 

 568 

Diatom-based bioindicator research will necessitate global standardization of bioassessment 569 

indices, including consistent protocols for sampling, slide preparation, sequencing workflows, 570 



 
 

and data reporting. The creation of inter-laboratory calibration initiatives and shared reference 571 

libraries, encompassing both morphological traits and DNA barcodes, will facilitate uniform 572 

interpretation of ecological status across different geographic regions, as highlighted in 573 

relevant studies (Vasselon et al., 2025). A key priority is integrating morphological and 574 

molecular methodologies, moving beyond a competitive perspective toward a complementary 575 

approach. The combination of classical microscopy with techniques such as metabarcoding, 576 

environmental DNA (eDNA) assays, automated image analysis, and machine-learning-assisted 577 

taxonomy is expected to enable the development of hybrid diatom indices. These indices will 578 

harness both ecological accuracy and taxonomic sensitivity, showcasing findings from multiple 579 

studies that eDNA-based diatom indices reliably correlate with environmental quality in 580 

contrast to traditional methods. Additionally, machine-learning strategies applied to 581 

metabarcoding data can significantly enhance predictive power for bioassessment tasks (Kerk 582 

et al., 2023). Future research should prioritize the application of molecular datasets to 583 

regulatory frameworks, emphasizing the validation of threshold values and ecological status 584 

classifications derived from high-throughput sequencing methods. Recent studies also indicate 585 

the practicality of employing eDNA-based diatom monitoring in freshwater quality assessment 586 

programs, underscoring its potential for environmental monitoring and regulatory applications 587 

(Kutty et al., 2022).  588 

8. Conclusion 589 

Diatoms have recently garnered global interest for their multifaceted applications across fields 590 

such as pharmaceuticals, nutraceuticals, and nanotechnology. Additionally, they are recognized 591 

for producing valuable compounds, including lipids, fucoxanthin, and polysaccharides. 592 

Moreover, diatoms are utilized as effective tools for water biomonitoring, offering insights into 593 

the quality of various aquatic ecosystems. Although various diatom-based indices have been 594 

developed to assess water quality, these tools are often limited to specific geographic regions, 595 



 
 

necessitating the creation and validation of new indices to broaden their applicability. 596 

Furthermore, isolating diatoms is crucial for establishing axenic cultures, which are essential 597 

for understanding their diversity. Ongoing research is imperative to sustain and enhance axenic 598 

culture maintenance. Therefore, a comprehensive study of diatoms is essential to harness their 599 

full potential in scientific and practical applications. 600 
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