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This study investigated seasonal variations of thraustochytrids in rhizosphere soil collected from two 

mangrove species Rhizophora apiculata and Avicennia marina in natural and planted mangrove stands. 

Thraustochytrid counts were higher in the natural mangrove stand than in the planted site. The counts 

varied seasonally, being highest in the post-monsoon season followed by summer, monsoon, and 

pre-monsoon. Thraustochytrid counts exhibited positive correlations (p < 0.01) with counts of Total 
heterotrophic bacteria (THB), azotobacters, actinobacteria, fungi, yeasts, and Trichoderma. However, 

a negative correlation was observed with cyanobacteria. The counts also had positive correlation 

with silt, clay, nitrogen, phosphorus, potassium, chromium, copper, magnesium, cadmium, zinc and 

redox potential, but, negative correlations with temperature, pH, pore water salinity, total organic 

carbon and sand content of the soil samples. In the present study, 113 thraustochytrid strains were 
isolated from mangrove habitats. However, only 48 pure cultures survived after being sub-cultured 
three times. Based on survivability, color, and shape, two isolates from each sampling site in each 

season were selected. The predominant 24 isolates were identified based on their morphological, and 
molecular characteristics and were classified under five genera: Thraustochytrium, Schizochytrium, 

Botryochytrium, Parietichytrium, and Aurantiochytrium. Among the isolates, Aurantiochytrium sp. 

(AKTSK-06) produced the highest biomass of 15.71 g/L in the post-monsoon season (January-March, 
2023), and Aurantiochytrium sp. (PVTSK-03) accumulated the highest lipid content of 61.33%. 
Thraustochytrids were found to contain Omega-3 poly unsaturated fatty acids (PUFAs), such as EPA 
up to 8.89% in Aurantiochytrium sp. (VRTSK-01), DPA up to 9.65% in Aurantiochytrium sp. (AKTSK-03), 
and DHA up to 47.46% in Aurantiochytrium sp. (AKTSK-06). Thus, mangroves provide an ideal 
ecological niche for thraustochytrids with an abundant supply of omega-3 fatty acids for potential 
industrial applications.
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�raustochytrids are marine eukaryotic stramenopile protists, abundant in association with decomposing litter, 
sediments, and waters of mangrove biotopes1,2. �raustochytrids, along with other saprophytic microbes, play a 
vital role in decomposing organic matter in the mangrove habitat. �is not only enriches the environment with 
nutrients but also converts litter into detritus food for �shes, making the mangrove habitats highly productive 
and operating the marine food chain3–5. �raustochytrids are extensively studied in estuarine, coastal, and 
mangrove habitats in various countries, including Chile6, China7, Sweden8, Malaysia9, Korea10, �ailand11, 
Italy12, Taiwan13, and Vietnam14. However, limited studies on thraustochytrids are available from Indian 
mangrove habitats in Mumbai5, Goa15, Kerala16, Tamil Nadu17, and Andaman18.
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�raustochytrids are known for their fast cell growth rate, and high production of lipids and fatty acids, 
including myristic acid, and palmitic acid, which are potentially useful as a sustainable feed stock and in the 
biodiesel sector5,19. �ey are rich in Omega-3 polyunsaturated fatty acids (PUFAs), particularly docosahexaenoic 
acid (DHA), which is essential for the brain, retina, new tissue formation, foetal neural development, and 
visual sensory development in humans and �sh larvae20,21. DHA is primarily derived from �sh or �sh oils. 
However, it is important to note that �sh oil contains relatively low levels of DHA18. Depletion of �sh stock and 
bioaccumulation of toxins such as polychlorinated biphenyls (PCBs), dioxins, and toxic heavy metals in �sh 
pose a serious threat, preventing the ful�lment of the growing need for DHA in the market5. �raustochytrids 
have the potential to overcome these challenges by serving as an alternative source for producing toxin-free 
PUFAs through bioprocess technology. However, there is limited work on seasonal changes in the biomass 
production, lipid content and fatty acid composition of thraustochytrids. �ese studies are largely available for 
natural mangrove stands but not for planted mangrove habitats. To address the gaps in knowledge, the present 
work was undertaken to understand spatial and temporal variations in thraustochytrids isolated from root-soil 
samples of two mangrove species (Rhizophora apiculata and Avicennia marina) in natural or restored mangrove 
areas for microbial counts, biomass, lipid content, fatty acid composition, in�uenced by the physicochemical 
conditions of mangrove soils.

Materials and methods
Study area
Soil samples were collected around the roots of two predominant mangrove namely, Avicennia marina (Forsk.) 
Vierh, and Rhizophora apiculata Blume, from one natural mangrove forest site and two planted sites, along the 
Bay of Bengal on the southeast coast of India. �e former site is located at Lat. 11° 42’45.59 N; Long. 79º 79’ 51.87 
E in Pichavaram, and the latter two sites are located at Lat. 11° 54’ N; Long. 79º 50’ E in Ariyankuppam estuary 
and at Lat. 11° 29’ N; Long. 79º 47’ E in Vellar estuary (Fig. 1). �e study area map was developed using ArcMap 
so�ware, version 10.8 (Esri, Redlands, California, U.S.). �e Vellar river, originating from the Servarayan hills 
and �owing 480 km to the Bay of Bengal, features 15–20-year-old mangrove vegetation. �is estuary connects 
to Pichavaram via a backwater channel, which is blocked by a sandbar in summer. Pichavaram is an estuarine 
mangrove habitat with 51 islets ranging from 10 m2 to 2 km2, linked by intricate waterways. It is in�uenced 
by neritic, brackish, and fresh waters, covering approximately 1100 ha. It covers approximately 1100 ha, with 

Fig. 1. Study area, located along the Bay of Bengal on the southeast coast of India (a. Ariyankuppam Estuary 
(Planted) b. Vellar Estuary (Planted) and c. Pichavaram (natural mangrove forest).
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50% forest, 40% waterways, and the remainder sand and mud-�ats. Tides are semi-diurnal, varying from 15 to 
100 cm, with depths ranging from 0.3 to 3 m. Ariyankuppam estuary, in southern Pondicherry, is seasonally bar-
built and �ows eastward into the Bay of Bengal, features 15- 18-year-old mangroves. �e estuary bene�ts from 
agricultural, industrial, and municipal waste, contributing to its lush vegetation. All the three sampling sites were 
rise and fall of the tidal waters is through a direct connection with the sea at a river mouth and also through the 
two adjacent estuaries.

Seasonal soil sample collection, physio-chemical parameters, texture, nutrient analysis
Surface soil samples (0–10 cm) were collected manually around the mangrove roots using a 1.5 m long, 50 cm 
diameter stainless-steel corer during low tide, when the substrate was completely exposed, from three sampling 
sites. At each site, 100  g of mangrove root-associated soil was collected at 1–5  m intervals, with the same 
mangrove species sampled at each location. �e sampling was conducted in all four seasons: pre-monsoon (July-
September 2022), monsoon (October-December 2022), post-monsoon (January-March 2023), and summer 
(April-June 2023). Triplicate samples were collected during each season. �e soil samples were analysed in-
situ for temperature, pH, pore-water salinity (‰), and redox potential (Eh). A hand refractometer (Erma INC, 
Tokyo) was used to test salinity, a millivoltmeter (Wissenscha�lich-Technische Werkstatten, Germany) were 
used to measure pH and redox potential (Eh), and a thermometer was used to measure temperature with an 
precision of 0.5 °C. Additionally, the samples were analysed for the percentage composition of sand, silt, and 
clay particles using a sieve shaker, as well as the total organic carbon content22. �e soil samples were dried in an 
oven at 110 °C until they reached a constant weight. A�er that, they were ground into a �ne powder and analyzed 
for their total carbon content, and C/N ratio using a CHN/O analyzer (Perkin Elmer-series II 2400). �e soil 
samples were analyzed for nitrogen (N), and phosphorus (P)23, and potassium (K)24. �e soil samples were also 
analysed for metal content using an inductively coupled plasma emission spectrometer (JOBIN YVON–JY 24, 
France) for zinc (Zn), magnesium (Mn), copper (Cu), cadmium (Cd) and chromium (Cr) with the help of the 
calibration curves25. All media components, chemicals, and analytical reagents were obtained from Hi-Media, 
BioScience (Mumbai, India).

Soil microbiological analysis
Soil samples were collected in sterile zip-lock bags, and immediately transported to the laboratory, where they 
were kept at 4 °C. �ey were then examined for microbial counts within 4–6 h of collection. One gram of soil was 
transferred aseptically to a sterile conical �ask containing 99 ml of sterile natural seawater (30 ppt). �is mixture 
was mechanically shaken for approximately 5–10 min before being serially diluted up to 10− 5 with sterilized 
natural seawater. �e dilutions were then plated on speci�ed culture medium using the spread plate method 
to enumerate various microbial counts: Total heterotrophic bacteria (THB) were cultured on Zobell marine 
agar (ZMA)26, cyanobacteria on salt nutrient media (SNM)27, lactobacillus on deMan rogosa and Sharpe agar 
(MRSA)28, actinobacteria on actinobacteria isolation agar (AIM)29, azotobacters on Winogradsky agar (WA)30, 
yeasts on yeast malt agar (YMA)31, Trichoderma on Trichoderma selective agar (TSA)32, fungi on potato dextrose 
agar (PDA)33 and glucose yeast peptone agar (GYPA) medium was used for �raustochytrids18. All these culture 
media were prepared in 30 ppt natural seawater with the addition of nutrient components, along with antifungal 
and antibacterial agents (Hi-Media, India) to prevent contaminations during the isolation process without 
a�ecting the microbial growth. �e antibiotics and their concentrations used were as follows: for heterotrophic 
bacteria (�uconazole 100 µg L-1 and nystatin 50 µg L-1); Actinobacteria (�uconazole 100 µg L-1 and nalidixic acid 
25 µg mL-1); Lactobacilli (�uconazole 100 µg L-1 and nalidixic acid 25 µg mL-1); Azotobacters (�uconazole 100 µg 
L-1 and erythromycin 100 µg L-1); Cyanobacteria (�uconazole 100 µg L-1 and erythromycin 100 µg L-1); fungi 
(streptomycin 100 µg L-1 and ampicillin 100 µg L-1); yeasts (streptomycin 100 µg L-1 and ampicillin 100 µg L-1); 
Trichoderma (streptomycin 100 µg L-1 and ampicillin 100 µg L-1); and �raustochytrids (streptomycin 100 µg L-1 
and �uconazole 150 µg L-1). �ese agents were selected to inhibit unwanted microorganisms while allowing the 
growth of the target species. During microbial isolation, the culture plates were incubated in an incubator set to 
the temperature of the sampling site. Samples were collected across di�erent seasons, and the pure colonies were 
subsequently maintained at 28 ± 2 °C. All determinations were performed in triplicates. Microbial colonies were 
counted a�er incubation periods of 2–3 weeks for cyanobacteria; 7–10 days for Trichoderma, actinobacteria, 
azotobacters, and lactobacilli; 2–7 days for yeasts, and thraustochytrids; and, 2–3 days for THB. �e microbial 
colony forming unit (CFU) was calculated and then expressed as CFU per gram of soil.

Morphological and molecular identification of thraustochytrids
�raustochytrid isolates/colonies were identi�ed based on their morphological characteristic, including color, 
shape, and margin of colonies, cellular structures, ecoto-plasmic network, binary divisions, cluster formation, 
amoeboid cells, and zoospore production, as observed under a light microscope (Olympus, Japan) at 40× 
and 100× magni�cations34. �e culture plates were examined daily to monitor the growth, development, and 
presence of any contamination of colonies. A�er 3–4 subcultures, the pure axenic colonies from the mother 
cultures were preserved in 20% (v/v) glycerol stocks at -80 °C for further use. �e molecular identi�cation of 
thraustochytrids was carried out using a modi�ed version of the method described by Kalidasan et al. (2023)35. 
Initially, 5 mL of a 48-hour-old cell culture was centrifuged at 8,000 × g for 10  min at 4  °C. �e pellet was 
resuspended in 200 µl of lysis bu�er (0.1 M EDTA, 0.25 M Tris-HCl, pH 8.2), 0.1 M NaCl, and 2% sodium 
dodecyl sulfate, and then incubated in a water bath at 55 °C for 65 min for homogenization. DNA was extracted 
using chloroform-isoamyl alcohol and precipitated with chilled isopropanol. �e puri�ed DNA was dissolved 
in 30 µl of TE bu�er and stored at -20 °C until further use. Gene ampli�cation was performed using primers 
18S001 (5’- A A C C T G G T T G A T C C T G C C A G T A-3’) and 18S13 (5’- C C T T G T T A C G A C T T C A C C T T C C T C T-3’). 
A molecular weight marker (100 bp ladder) was used to determine the size of the amplicons. �e PCR products 
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were analyzed by electrophoresis on a 1.2% agarose gel and visualized with ethidium bromide staining. PCR 
product puri�cation and DNA sequencing were performed using the MegaBace high-output sequencer (Yaazh 
Xenomics, Coimbatore, India). �e raw sequences obtained were processed using MEGA 6.0 so�ware (Mega 
Version 6, Pennsylvania, USA), with unreliable peaks excluded from analysis. �e ampli�ed 18 S rDNA gene 
sequences were compared against reference sequences using the BLAST program on the NCBI website, with a 
similarity threshold of 95–100% indicating species identi�cation. All sequences were submitted to GenBank via 
Bankit following NCBI procedures. �e thraustochytrid rDNA sequences were successfully sequenced, aligned, 
and analyzed using the CLUSTAL W Multiple Sequence Alignment Program.

Biomass production and determination of dry cell weight
�e pure colonies of thraustochytrids isolates were cultured individually in a medium comprising glucose (5 g 
L− 1), peptone (1.25 g L− 1), yeast extract (1.25 g L− 1), agar (12 g L− 1) in natural seawater with the addition of 
antibacterial (streptomycin 100 µg L− 1), and antifungal (�uconazole 150 µg L− 1) agents to prevent contamination. 
In order to conduct further studies, two isolates were selected from each season, resulting in a total of 24 
predominant isolates were chosen based on better survival, and high growth rates. �e selected isolates were 
cultured in basal media prepared in a sterile 1000 mL natural seawater production broth medium containing 
glucose (10 g L− 1), yeast (1.25 g L− 1), peptone (3 g L− 1), and monosodium glutamate (1.25 g L− 1), in an Orbitek 
shaker at 150 rpm (Scigenics Biotech, Tamil Nadu, India), covered with a sterile cotton plug and aluminium foil 
to avoid light exposure18. Biomass production was conducted in culture �asks under controlled environmental 
conditions to determine the lipid and fatty acid content of thraustochytrids. �e conditions in the culture �asks 
were set to match the environmental parameters from which samples were collected during di�erent seasons such 
as Pre-monsoon: Salinity at 26.16 ± 1.13, pH at 7.65 ± 0.35, and temperature at 25.43 ± 1.10 °C. Monsoon: Salinity 
at 24.60 ± 1.20, pH at 7.34 ± 0.13, and temperature at 23.96 ± 1.20  °C. Post-monsoon: Salinity at 28.53 ± 1.66, 
pH at 7.65 ± 0.28, and temperature at 25.68 ± 1.50 °C. Summer: Salinity at 31.64 ± 1.55, pH at 7.87 ± 0.24, and 
temperature at 27.90 ± 0.73 °C. A�er 7 days of incubation, biomass was collected by centrifugation in a conical 
bottom centrifuge tube (50 mL) at 8000 × g for 10 min. To remove any remaining medium component, the cell 
pellet was washed thrice using sterile distilled water. �e cell pellet was washed three times with sterile distilled 
water to eliminate any residual medium components. A�erward, the cell pellet samples were freeze-dried at 
-49 °C for 2 days to determine the biomass per liter in grams of dry weight. �e resulting biomass was stored in 
airtight containers at -80 °C for future analysis.

Total lipid and fatty acid analysis
A 200 mg aliquot of lyophilized biomass cells was extracted for total lipids using a 2:1 ratio of chloroform and 
methano36. �e extracted lipids were transferred to an air-tight vial and dried using nitrogen gas to remove the 
solvent. �e dried lipid was then mixed with 1 ml of 3% methanolic hydrochloric acid, and incubated at 60 °C for 
18 h to undergo trans-esteri�cation37. �e upper organic phase was carefully transferred to a chromatographic 
vial and then evaporated using nitrogen gas until dry. A�erwards, 1 ml of ethyl acetate was added to the vial and 
the content was then analyzed for fatty acid methyl esters (FAME) using GC-MS (Agilent 7890 A − 240). �e 
GC-MS was equipped with a silica capillary column (Agilent J&W, HP-5ms; Agilent Technologies). Helium was 
used as the carrier gas, �owing at a rate of 1 ml/min), with nitrogen serving as the mobile phase at a �ow rate of 
35 ml/min. �e oven-temperature was programmed to start initially at 140 ºC for 1 min, then increased at a rate 
of 2 ºC/min until reaching the �nal temperature of 220 ºC, which was held for 1 min. �e injector temperature 
was set at 260 ºC and 1 µl of the sample was injected with a split ratio of 100:1. An external standard mix (FAME 
Mix C4 - C24, Sigma Aldrich) was used to standardize the composition of fatty acid methyl esters in the sample. 
�e FAME compounds were identi�ed using the built-in NIST library so�ware.

Statistical analysis
�e data was analysed by using IBM-SPSS 16.0. �ree-way ANOVA, Duncan multiple range test and Pearson’s 
correlation were evaluated to compare the thraustochytrids in between soil sites, seasons, and mangrove species.

Results and discussion
Thraustochytrids and other microbial counts
�e present work focuses on thraustochytrids on the southeast coast of India along with THB, lactobacillus, 
actinobacteria, azotobacter, fungi, Trichoderma, yeasts, and thraustochytrids, in�uenced by two mangrove species 
across three sampling sites for four di�erent seasons. �e results are presented in Table 1; Fig. 2. �raustochytrid 
count were higher in the natural mangroves at Pichavaram (4.58 × 103 CFU/g) than in the planted mangrove 
sites at Ariyankuppam (4.15 × 103 CFU/g), and Vellar (3.95 × 103 CFU/g) (Table  1; Fig.  2a). �e count was 
highest (4.26 × 103 CFU/g) in R. apiculata and lowest (4.20 × 103 CFU/g) in A. marina (Table 1; Fig. 2b). �e 
count varied seasonally, with the highest count in the post-monsoon season (5.40 × 103 CFU/g), followed by 
summer (4.91 × 103 CFU/g), monsoon (3.43 × 103 CFU/g), and pre-monsoon (3.17 × 103 CFU/g) (Table  1; 
Fig. 2c). �raustochytrid count showed statistically signi�cant di�erences (p < 0.01) between sites or seasons, 
but not between mangrove species (Table 1). In our study, we observed notable di�erences in bacterial counts 
between A. marina (4.20 × 103 CFU/g) and R. apiculata (4.26 × 103 CFU/g). �ese di�erences can be attributed 
to various factors, including the distinct root structures, leaf litter composition, and the speci�c microhabitats 
created by these mangrove species. A. marina, known for its pneumatophores, provides a more oxygenated 
environment in the rhizosphere, which may support a di�erent bacterial community composition compared to 
R. apiculata, which has prop roots that contribute to a di�erent soil and nutrient dynamic. �e di�erences in 
organic matter, nutrient availability, and root exudates (sugars, amino acids and phenolics) between the habitats 
of these two species likely in�uence the types and quantities of bacteria present. �is allelopathic e�ect is already 
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found in our laboratory38. Natural mangrove forest supported higher thraustochytrids counts (4.58 × 103 CFU/g) 
compared to planted mangroves. �is spatial variation can be attributed to soil conditions, especially texture, 
composition, solar radiation, and organic matter of the sites39. �raustochytrid count exhibited a high positive 
correlation (p < 0.01) with the counts of other microbial groups - THB, azotobacter, actinobacteria, fungi, yeasts, 
lactobacillus, and Trichoderma - but, a negative correlation with cyanobacterial count (Table  1; Fig.  3). �is 
supports the idea that saprophytic microbes with similar activities in decomposing organic matter colonize 
synergistically, while cyanobacteria, as autotrophs, behave di�erently from other saprophytes4,39.

�e THB count was higher in the natural mangroves at Pichavaram (18.82 × 103 CFU/g) than in the planted 
mangroves at Ariyankuppam (18.12 × 103 CFU/g), and Vellar (17.82 × 103 CFU/g) (Table 1). �e THB count was 
high in R. apiculata (18.29 × 103 CFU/g) followed by A. marina (18.21 × 103 CFU/g) (Table 1). �e THB count 
varied seasonally, with the highest in the monsoon (24.79 × 103 CFU/g) followed by post-monsoon (22.00 × 103 
CFU/g), pre-monsoon (13.23 × 103 CFU/g), and summer (13.00 × 103 CFU/g) (Table 1). �e THB count was 
found to be statistically signi�cant (p < 0.01) between sites or seasons, but not between mangrove species. 
Mangroves are detritus-based ecosystems, that support a diverse population of saprophytic microorganisms that 
facilitate litter decomposition. Fungi are the major colonizers in mangrove habitat, generally peaking during 
the early stages of litter decomposition. A�er fungal colonization in the mangrove litter, bacteria grow rapidly 
to reach high densities, three times that of �lamentous fungi40,41. �e THB count is generally higher than other 
microbial �ora in the mangrove biotope. �is is due to the litter decomposition process, which releases nutrients 
and helps in the multiplication of microorganisms in the mangrove soil4. �e present study also recorded 
signi�cantly higher total heterotrophic microbial counts (18.82 ± 5.68 × 103 CFU/g) in the natural mangrove 
soil than in the planted mangrove soil (17.82 ± 5.38 × 103 CFU/g). Moreover, the natural mangrove forest 
accumulates a greater amount of nutrients and undergoes remineralization through microbial processes, which 
further increases the microbial counts. As a result, natural mangrove habitats have higher microbial counts of 
lactobacillus, actinobacteria, azotobacter, fungi, yeasts and thraustochytrids than planted mangrove habitats. 
However, the counts of cyanobacteria, and azotobacter were recorded maximum in planted mangroves than in 
natural mangroves.

Cyanobacterial count was found to be higher in the planted mangroves at Ariyankuppam (1.33 × 103 CFU/g) 
than in the natural mangroves at Pichavaram (1.13 × 103 CFU/g), and Vellar (1.05 × 103 CFU/g) (Table 1). �e 
count was highest in R. apiculata (1.20 × 103 CFU/g) followed by A. marina (1.14 × 103 CFU/g) (Table 1). �e count 
varied seasonally, with the highest count in summer (2.45 × 103 CFU/g) followed by post-monsoon (1.56 × 103 
CFU/g), monsoon (1.04 × 103 CFU/g), and pre-monsoon (0.81 × 103 CFU/g) (Table 1). Cyanobacterial count 
was found to be statistically signi�cant (p < 0.01) between sites or seasons, but not between mangrove species. 
Cyanobacteria are an essential component of the microbiota in mangrove ecosystems providing an oxygen-rich 
and phosphorus-storing environment, contributing to carbon and nitrogen �xation, and facilitating resilience to 
extreme environmental stressors42. In the present study, the cyanobacterial count was high in the Ariyankuppam 
mangrove site (1.33 ± 0.4 ×  103 CFU/g) during summer, consistent with a previous report43.

Lactobacillus count was found to be high in the natural mangroves at Pichavaram (4.89 × 103 CFU/g) 
compared to the planted mangroves at Vellar (4.87 × 103 CFU/g), and Ariyankuppam (3.66 × 103 CFU/g) 
(Table 1). �e count was higher in R. apiculata (4.50 × 103 CFU/g) followed by A. marina (4.44 × 103 CFU/g) 
(Table 1). �e Lactobacillus count varied seasonally, with the highest count in the post-monsoon (6.03 × 103 
CFU/g) followed by summer (4.07 × 103 CFU/g), pre-monsoon (4.05 × 103 CFU/g), and monsoon (3.72 × 103 
CFU/g) (Table 1). �e Lactobacillus count was found to be signi�cant between sites or seasons (p < 0.01), but not 

Source

Microbial counts (CFU x 103 g− 1 of soil)

Cyanobacteria THB Lactobacillus Azotobacter Actinobacteria Fungi Yeasts Trichoderma �raustochytrids

Mangrove site

Vellar 1.05 ± 0.1 17.82 ± 5.38 4.87 ± 1.47 4.44 ± 0.82 5.32 ± 1.46 6.13 ± 1.74 3.56 ± 0.88 3.95 ± 1.12 3.95 ± 0.99

Pichavaram 1.13 ± 0.1 18.82 ± 5.68 4.89 ± 1.50 3.25 ± 0.92 5.54 ± 2.00 6.57 ± 2.08 3.89 ± 0.89 4.74 ± 1.52 4.58 ± 1.45

Ariyankuppam 1.33 ± 0.4 18.12 ± 7.04 3.66 ± 1.12 2.92 ± 0.87 4.98 ± 1.42 6.08 ± 2.18 2.84 ± 0.93 4.51 ± 1.19 4.15 ± 1.02

Mangrove species

R.apiculata 1.20 ± 0.29 18.29 ± 6.03 4.50 ± 1.48 3.57 ± 1.09 5.31 ± 1.65 6.29 ± 2.01 3.46 ± 1.00 4.44 ± 1.29 4.26 ± 1.20

A.marina 1.14 ± 0.29 18.21 ± 6.06 4.44 ± 1.48 3.51 ± 1.09 5.25 ± 1.65 6.23 ± 2.01 3.40 ± 1.00 4.74 ± 1.52 4.20 ± 1.19

Season of analysis

Pre-monsoon 0.81 ± 0.1 13.23 ± 1.97 4.05 ± 0.98 2.66 ± 0.70 3.31 ± 0.54 3.71 ± 0.40 2.37 ± 0.6 3.79 ± 0.89 3.17 ± 0.62

Monsoon 1.04 ± 0.3 24.79 ± 2.55 3.72 ± 1.62 3.71 ± 1.16 6.57 ± 1.61 7.21 ± 2.03 4.48 ± 0.79 3.13 ± 1.10 3.43 ± 0.65

Post-monsoon 1.56 ± 0.3 22.00 ± 3.28 6.03 ± 0.86 3.32 ± 0.70 6.34 ± 0.84 7.89 ± 0.83 3.77 ± 0.52 5.31 ± 0.45 5.40 ± 0.88c

Summer 2.45 ± 0.1 13.00 ± 3.67 4.07 ± 1.08 3.19 ± 1.03 4.90 ± 0.71 6.24 ± 1.02 3.10 ± 0.46 5.41 ± 0.80a 4.91 ± 0.70b

Site ** ** ** ** ** NS ** NS **

Species NS NS NS NS NS NS NS NS NS

Season ** ** ** ** ** ** ** NS **

Table 1. Microbial counts in soil samples of two mangrove species from three di�erent sites under four 
seasons in the year 2022–2023. Values not sharing a common superscript di�er signi�cantly at p > 0.05; ** = 
p < 0.01;* = p < 0.05; NS = Not Signi�cant.
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between mangrove species. Lactobacilli are gram-positive and non-spore forming cocci. �ey are highly diverse 
and productive, occurring in large quantities in soil especially around roots, utilizing plant-root exudates44. 
Lactic acid bacteria were always higher in mangrove environment compared to other ecosystem. In a recent 
study, a total of 386 isolates of lactic acid bacteria were reported, collected from soil, water, leaves, twigs, 
and fruit in mangrove forests of southern �ailand45. Similarly, the bacterial �ora of mangrove litter fall and 
underlying sediments from South Andaman was investigated. �irty-eight bacterial isolates were obtained from 
Rhizophora, Avicennia, and Nypa species. Cultural, morphological, and biochemical analyses revealed that most 

Fig. 2. �raustochytrids count in relation to (a) Sites (b) Species (c) Seasons.
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isolates belonged to Bacillus spp. (50%). Speci�cally, 20 isolates came from Rhizophora, 13 from Avicennia, and 
5 from Nypa-dominated areas. �is indicates that Rhizophora sp. has higher microbial diversity, likely due to 
its greater annual litter fall compared to Avicennia sp., which promotes increased microbial degradation and a 
more productive mangrove environment46. �e current study observed high counts during the post-monsoon 
in the Pichavaram natural mangrove forest (4.89 ± 1.50  x 103 CFU/g) compared to the planted mangrove sites, 
similar to our earlier study44.

Azotobacter count was higher in the planted mangroves at Vellar (4.44 × 103 CFU/g) than in the natural 
mangroves at Pichavaram (3.25 × 103 CFU/g), and Ariyankuppam (2.92 × 103 CFU/g) (Table 1). �e count was 
maximum in R. apiculata (3.57 × 103 CFU/g) followed by A. marina (3.51 × 103 CFU/g) (Table 1). �e count varied 
seasonally, with the highest count in the monsoon (3.71 × 103 CFU/g), followed by post-monsoon (3.32 × 103 
CFU/g), summer (3.19 × 103 CFU/g), and pre-monsoon (2.66 × 103 CFU/g) (Table 1). Azotobacter count was 
found to be signi�cant (p < 0.01) between sites or seasons, but not between mangrove species. Azotobacter plays 
a vital role in nitrogen �xation by facilitating nutrient remineralization, providing essential nutrients to plants, 
and ultimately increasing plant growth47. �e present work observed high count of Azotobacter in the monsoon 
(3.71 ± 1.16  x 103 CFU/g), in contrast to our earlier report that recorded high count in the post-monsoon48.

Actinobacterial count was found to be high in the natural mangroves at Pichavaram (5.54 × 103 CFU/g) 
compared to that in the planted mangroves at Vellar (5.32 × 103 CFU/g), and Ariyankuppam (4.98 × 103 CFU/g) 
(Table 1). �e count was higher in R. apiculata (5.31 × 103 CFU/g) followed by A. marina (5.25 × 103 CFU/g) 
(Table 1). �e count varied seasonally, with the highest count in the monsoon (6.57 × 103 CFU/g), followed by 
post-monsoon (6.34 × 103 CFU/g), summer (4.90 × 103 CFU/g), and pre-monsoon (3.31 × 103 CFU/g) (Table 1). 
Actinobacterial count was found to be signi�cant (p < 0.01) between sites or seasons, but not between mangrove 
species. Actinobacteria are distributed widely in both terrestrial and marine environments, and are widely 
recognized for their potential to decompose litter and produce novel bioactive metabolites such as antimicrobial, 
anticancer, antiviral, insecticidal, and enzyme inhibitory activities. It is worth noting that mangroves are the most 
fertile and productive marine ecosystem due to high microbial diversity and eco-physiological conditions29,49. 
�e present study recorded a high count of actinobacteria especially in the monsoon season (6.57 ± 1.61  x 
103 CFU/g).

Fungal count was high in the natural mangroves at Pichavaram (6.57 × 103 CFU/g) compared to that in the 
planted mangroves at Vellar (6.13 × 103 CFU/g), and Ariyankuppam (6.08 × 103 CFU/g) (Table 1). �e count 
was high in R. apiculata (6.29 × 103 CFU/g) followed by A. marina (6.23 × 103 CFU/g) (Table  1). �e count 
varied seasonally, with the highest count in post-monsoon (7.89 × 103 CFU/g) followed by monsoon (7.21 × 103 
CFU/g), summer (6.24 × 103 CFU/g), and pre-monsoon (3.71 × 103 CFU/g) (Table 1). Fungal count was found to 
be signi�cant (p < 0.01) only between seasons, but not between mangrove sites and species. Fungi are organisms 
that feed on dead organic matter in mangrove environments, and play an signi�cant role in nutrient cycling. 
�ey are among the �rst organisms to colonize mangrove litter, and are most abundant during the early stages of 
litter decomposition. Fungal colonization in mangrove litter occurs more rapidly than bacterial colonization41, 

Fig. 3. Correlation between thraustochytrids count and other microbial group in mangrove soil.
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and the present study also found a high number of fungi particularly in the post-monsoon season (7.89 × 103 
CFU/g). Fungi were the predominant microorganisms in the mangrove sediments, with a higher count recorded 
in the natural mangroves at Pichavaram (3.89 × 103 CFU/g). �is increase in fungi in the mangrove sediment 
highlights their crucial role in the decomposition of organic matter, the production of protein-rich detritus to 
feed aquatic animals, and the increase of microbial carbon biomass4,40.

Yeast count was found to be higher in the natural mangroves at Pichavaram (3.89 × 103 CFU/g) than in the 
planted mangroves at Vellar (3.56 × 103 CFU/g), and Ariyankuppam (2.84 × 103 CFU/g) (Table 1). �e count 
was highest in R. apiculata (3.46 × 103 CFU/g) followed by A. marina (3.40 × 103 CFU/g) (Table 1). �e count 
exhibited seasonal variation, with the highest count during the monsoon (4.48 × 103 CFU/g), followed by post-
monsoon (3.77 × 103 CFU/g), summer (3.10 × 103 CFU/g), and pre-monsoon (2.37 × 103 CFU/g) (Table 1). Yeast 
count was found to be signi�cant (p < 0.01) between sites or seasons, but not between mangrove species. Marine 
yeasts are ubiquitous in marine and estuarine environments, and are known for their saprophytic nature. �ey 
can play multiple roles in marine environments such as decomposition, nutrient cycling, biodegradation, and are 
used in a range of industrial, environmental and medical applications50,51. �e present study recorded high yeast 
counts during the monsoon (4.48 ± 0.79  x 103 CFU/g), due to the variety of substrates available in the mangroves 
especially during the monsoon, to support yeast growth41,52.

Trichoderma count was higher in the natural mangroves at Pichavaram (4.74 × 103 CFU/g) than in the 
planted mangroves at Ariyankuppam (4.51 × 103 CFU/g), and Vellar (3.95 × 103 CFU/g) (Table 1). �e count 
was highest in A. marina (4.74 × 103 CFU/g) followed by R. apiculata (4.44 × 103 CFU/g) (Table 1). �e count 
showed seasonal variation with the highest count in summer (5.41 × 103 CFU/g), followed by post-monsoon 
(5.31 × 103 CFU/g), pre-monsoon (3.79 × 103 CFU/g), and monsoon (3.13 × 103 CFU/g) (Table 1). Trichoderma 
count was not found to be signi�cant between sites, species, or seasons (p < 0.01). Trichoderma is a group of 
soil fungi, that play a vital role in soil fertility by decomposing dead plant material in mangrove forests and 
conserving nutrients. �ey can also be used as biological agent to control soil pathogens and as bio-e�ectors to 
improve plant growth in areas with high soil salinity53. When associated with mangroves, Trichoderma species 
are known to help dissolve phosphate in the soil and promote the growth of A. marina, a species of mangrove54. 
Additionally, these species have the potential to be used in bioremediation treatments55.

Microbial counts showed seasonal variation. �e counts were recorded as high during the wet-seasons. For 
instance, the monsoon was found to be favorable for THB, azotobacter, actinobacteria, and yeasts whereas the 
post-monsoon period favored lactobacillus, fungi, and thraustochytrids. �is highlights the importance of 
wetness in regulating the microbial cycling of organic matter in mangrove soil and the �ushing of land-based 
organic matter into mangrove habitats56. On the other hand, the count was high in summer for cyanobacteria, 
and Trichoderma, indicating their need for high temperature and salinity for the multiplication of these microbial 
groups.

Thraustochytrids and other microbes in relation to physical conditions of soil
Commonly, microbial counts have increased with soil pH, salinity, temperature, and compositions of silt and 
clay signi�cantly proved by the correlations among them. �is showed that soil microbes were tolerant of 
tolerant of temperature, pH, and salinity. Hence, the microbial density changes are una�ected by sea level rise 
and temperature rises in mangrove soil. However, cyanobacteria were sensitive to temperature, as proved by a 
negative correlation between in the present study results.

�raustochytrids are able to withstand �uctuating temperatures that prevail in the mangrove environment. 
�ey can grow within a temperature range of 0–35 °C and have a maximum temperature tolerance of up to 35 °C. 
However, their optimum temperature range for vegetative cell growth under culture conditions is 15–30 °C16,18. 
�e present study observed high counts of thraustochytrids in summer (27.90 ± 0.73  °C), followed by post-
monsoon (25.68 ± 1.50 °C), pre-monsoon (25.43 ± 1.10 °C) and in monsoon (23.96 ± 1.20 °C), indicating their 
ability to tolerate a range of temperatures. Soil temperature showed a negative correlation with thraustochytrid 
count (p < 0.01) (Fig. 4a). It varied signi�cantly between seasons, but did not vary between mangrove species or 
sampling sites (Table 2).

�raustochytrids are marine obligate microbes that can grow in a wide pH range of 4–9, temperature range 
of 0–35 ºC, and salinity of 10–70 PSU. However, they prefer neutral substrates with an optimal pH range of 6.5–
7.518, but the marine derived forms are stable with alkaline pH due to their facultative adaptation as evidenced 
by the negative correlation obtained between pH and thraustochytrid counts in the present study (p < 0.01) 
(Fig. 4b). Soil pH varied between seasons and sites, but not between species. It also varied with seasons, with 
values of 7.87 ± 0.24 in summer, 7.65 ± 0.35 in pre-monsoon, 7.65 ± 0.28 in post-monsoon, and 7.34 ± 0.13 in 
monsoon. Soil pH varied between sampling sites, with the highest in Ariyankuppam (7.73 ± 0.35), followed by 
Pichavaram (7.66 ± 0.34), and Vellar (7.50 ± 0.22) (Table 2).

In general, microbes isolated from the mangrove environment are highly salinity tolerant due to the �uctuating 
saline environment, as it is evidenced by the negative correlation between thraustochytrid, and pore-water 
salinity recorded in the present study, However, a positive correlation prevails with redox potential (p < 0.01) 
(Fig. 4c, d). �is is in accordance with the report of earlier workers that thraustochytrids are euryhaline, isolated 
from salinities as low as 12 PSU57. �raustochytrids generally prefer salinities greater than 20 PSU, and less than 
35 PSU for their absolute requirement of sodium ion that is not replaceable by potassium ion16,18. �e pore-water 
salinity varied between seasons and sites, but not between species. It was recorded as maximum in summer 
(31.64 ± 1.55 ppm) followed by post-monsoon (28.53 ± 1.66 ppm), pre-monsoon (26.16 ± 1.13 ppm), and the 
monsoon season (24.60 ± 1.2 ppm). �e salinity was highest in Ariyankuppam (28.29 ± 2.96 ppm), followed 
by Pichavaram (27.54 ± 3.32 ppm), and Vellar (27.36 ± 2.78 ppm) respectively (Table  2). Soil redox potential 
varied between seasons and sites, but not between species. �e redox potential of the soil varied with sampling 
sites: highest in the natural mangroves at Pichavaram (111.91 ± 15.70 mV) followed by the planted mangroves at 
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Ariyankuppam (97.56 ± 12.16 mV) and Vellar (106.76 ± 11.95 mV). �e redox potential varied between seasons: 
highest in the post-monsoon (117.42 ± 11.97 mV) followed by monsoon season (110.99 ± 8.97 mV), summer 
(102.27 ± 10.87 mV), and pre-monsoon (90.95 ± 10.83 mV) (Table 2).

�raustochytrid count showed a positive correlation with silt, clay, and negative correlation with sand 
(p < 0.01) (Fig. 5). Sand, silt, and a clay varied only between seasons and sites, but not between mangrove species. 
Sand content varied between sampling sites, and it was with the highest in the planted mangroves at Vellar 
(58.04 ± 9.5%) followed by Ariyankuppam (57.46 ± 6.9%) and Pichavaram (56.96 ± 6.8%). �e sand content was 
highest in the pre-monsoon (67.86 ± 3.6%) followed by summer (60.36 ± 1.2%), post-monsoon (53.31 ± 1.5%), and 
monsoon (48.41 ± 2.4%) (Table 2). Silt content varied between sampling locations, and it was high in the planted 
mangroves at Vellar (16.88 ± 5.3%) followed by Pichavaram (16.60 ± 5.8%) and Ariyankuppam (16.46 ± 4.4%). 
�e silt content was recorded maximum in monsoon (23.30 ± 1.1%) followed by post-monsoon (18.79 ± 1.5%), 
summer (14.46 ± 1.2%), and pre-monsoon season (10.03 ± 2.0%) (Table 2). Clay content varied with sampling 
locations, with the highest in the natural mangroves at Pichavaram (26.37 ± 1.4%) followed by Ariyankuppam 
(26.37 ± 3.0%) and Vellar (24.88 ± 4.2%). �e clay content was highest in the monsoon (28.15 ± 1.2%) followed by 
post-monsoon (27.81 ± 1.7%), summer (25.08 ± 0.9%), and pre-monsoon (21.96 ± 3.2%) (Table 2).

Soil texture is essential for the health of aquatic ecosystems, providing nutrients for vegetation growth and 
habitats for micro and macro-organisms58 In mangroves, soil fertility comes from organic material in sediment. 
�e abundance of �ne particles with smaller diameters of silt and clay results in higher water and nutrient 
retention ability, as they are more active in bio-geochemical processes in soil. In contrast, sand particles with 
large surface areas have a de�cient ability to absorb ions and water, which certainly a�ects the soil’s ability to 
store water reserves and nutrients. �is study shows that mangrove soil texture contains a high percentage of 
clay and silt, which gives it greater cohesiveness and is important from a carbon storage point of view. If the 
mangrove lacks water and nutrients, the plants wither, dry up and may even die59,60. �e grain size distribution 

Fig. 4. Correlation between thraustochytrids count and salinity, temperature, pH and redox potential of 
mangrove soil.
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di�ered among the three samples of sediment from mangrove-vegetation. In this study area, the mangrove 
sediments were primarily composed of clay particles, which accounted for 26.37 ± 1.4% in Pichavaram, whereas 
sand and silt particles dominated the Vellar sediment, constituting 58.04 ± 9.5% and 16.88 ± 5.3% (Table 2). �e 
Zhangjiang Estuary mangrove wetland in China had high silt content (61−72%) and low sand content (< 16%) in 
its sediment61. Mangrove sediment has higher concentrations of silt and clay than barren sandy soil, facilitating 
nutrient adsorption, microbial colonization, increasing soil fertility, and enhancing mangrove growth. �e 
densities of all microbes increased as silt and clay levels increased, while they decreased as sand sand levels 

Fig. 5. Correlation between thraustochytrids count and soil texture and nutrients of mangrove soil.

 

Source
Temperature 
(º C) pH

Pore water 
Salinity 
(ppt)

Redox 
potential 
(mV)

Total 
Organic 
Carbon 
(mgC.g− 1 
soil) Sand (%) Silt (%) Clay (%)

Nitrogen 
(g.m− 2)

Phosphorus 
(g.m− 2)

Potassium 
(g.m− 2)

Mangrove site

Vellar 25.45 ± 1.8 7.50 ± 0.22 27.36 ± 2.78 106.76 ± 11.95 2.66 ± 0.37 58.04 ± 9.5 16.88 ± 5.3 24.88 ± 4.2 9.93 ± 1.69 3.72 ± 0.89 112.70 ± 4.82

Pichavaram 26.14 ± 1.6 7.66 ± 0.34 27.54 ± 3.32 111.91 ± 15.70 2.70 ± 0.38 56.96 ± 6.8 16.60 ± 5.8 26.37 ± 1.4 10.27 ± 1.9 4.11 ± 0.80 114.47 ± 5.46

Ariyankuppam 25.63 ± 1.9 7.73 ± 0.35 28.29 ± 2.96 97.56 ± 12.16 3.07 ± 0.59 57.46 ± 6.9 16.46 ± 4.4 26.00 ± 3.0 9.06 ± 1.51 2.59 ± 0.49 86.21 ± 9.28

Mangrove species

R. apiculata 25.80 ± 1.84 7.66 ± 0.32 27.68 ± 3.32 105.45 ± 14.58 2.84 ± 0.37 57.53 ± 7.80 16.69 ± 5.21 25.78 ± 3.20 9.79 ± 1.80 3.50 ± 0.98 104.51 ± 4.75

A. marina 25.68 ± 1.83 7.60 ± 0.34 27.77 ± 2.78 105.37 ± 14.59 2.78 ± 0.38 57.45 ± 7.82 16.60 ± 5.24 25.71 ± 3.20 9.72 ± 1.80 3.44 ± 0.99 104.42 ± 4.74

Season of analysis

Pre-monsoon 25.43 ± 1.10 7.65 ± 0.35 26.16 ± 1.13 90.95 ± 10.83 2.61 ± 0.30 67.86 ± 3.6 10.03 ± 2.0 21.96 ± 3.2 8.33 ± 0.58 2.82 ± 0.69 101.05 ± 14.65

Monsoon 23.96 ± 1.20 7.34 ± 0.13 24.60 ± 1.2 110.99 ± 8.97 2.39 ± 0.35 48.41 ± 2.4 23.30 ± 1.1 28.15 ± 1.2 10.84 ± 1.7 3.16 ± 0.86 98.76 ± 15.44

Post-monsoon 25.68 ± 1.50 7.65 ± 0.28 28.53 ± 1.66 117.42 ± 11.97 2.93 ± 0.26 53.31 ± 1.5 18.79 ± 1.5 27.81 ± 1.7 11.29 ± 1.2 3.66 ± 0.82 112.52 ± 11.27

Summer 27.90 ± 0.73 7.87 ± 0.24 31.64 ± 1.55 102.27 ± 10.87 3.30 ± 0.47 60.36 ± 1.2 14.46 ± 1.2 25.08 ± 0.9 8.57 ± 1.03 4.26 ± 0.93 105.52 ± 14.09

Site NS * * ** ** NS NS ** ** ** **

Species NS NS NS NS NS NS NS NS NS NS NS

Season ** ** ** ** ** ** ** ** ** ** **

Table 2. Physical and chemical characteristics of soil samples from two mangrove species of three di�erent 
areas under four seasons in the year 2022–2023. Values not sharing a common superscript di�er signi�cantly 
at p > 0.05; ** = p < 0.01;* = p < 0.05; NS = Not Signi�cant.
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increased62. �e concentration of silt and clay in the sediments enhances soil fertility and promotes mangrove 
growth. Mangrove sediments play a vital role in nutrient biogeochemical cycles, serving as a source and sink 
for nutrients and organic matter owing to the activity of mangrove-associated microorganisms63. �e microbial 
population including thraustochytrids and other microbes in mangrove environments is related to the presence 
of organic matter in soil texture in the form of sand, silt and clay. Similarly, nutrient remineralization is based 
on the presence of microbial populations around the mangrove environment. �is supports the present results 
showing higher microbial counts in the Pichavaram natural mangrove forest than the Vellar and Ariyankuppam 
planted mangrove sites.

Thraustochytrids and other microbes in relation to soil nutrients
�raustochytrid count showed a negative correlation with total organic carbon (TOC) (p < 0.01) (Fig.  4e). 
Total Organic Carbon (TOC) varied between seasons, with the recorded in summer (3.30 ± 0.47 mgC.g− 1) 
followed by post-monsoon (2.93 ± 0.26 mgC.g− 1), pre-monsoon (2.61 ± 0.30 mgC.g− 1), and monsoon season 
(2.39 ± 0.35 mgC.g− 1). TOC also varied between sampling locations, with higher levels in the planted mangroves 
at Ariyankuppam (3.07 ± 0.59 mgC.g− 1) compared to Pichavaram (2.70 ± 0.38 mgC.g− 1) and Vellar (2.66 ± 0.37 
mgC.g− 1). TOC of soil varied signi�cantly between seasons and sites, but not between species (Table 2).

Soil microbial carbon constitutes the living organic matter in the soil, and also serves as the foundation for 
nitrogen, phosphate, and potassium. �e present study found a positive correlation between total micro�oral 
counts and microbial carbon, which is consistent with a prior �nding64. �e soil carbon was recorded to be 
higher (3.07 ± 0.59 mgC.g− 1) in planted mangroves at Ariyankuppam than in the natural mangrove stand. �is is 
due to the input of organic matter from the litter fall of mangrove trees which host an array of microorganisms63. 
Additionally, to this, the high soil carbon around the Ariyankuppam mangrove habitat can be attributed to 
the inputs of sewage, and industrial discharges. Generally, planted mangroves are fast growing with an 
accumulation of microbes in the soil in the early stages of colonization to adjust to their new surroundings54. 
Soil microorganisms are crucial for storing carbon in mangrove habitats, and hence soil organic carbon is an 
indicator of productivity64. �erefore, it is important to maintain a high density of these microbes by preserving 
dense mangrove forests.

In the present study, thraustochytrid counts positively correlated with soil nutrients such as nitrogen, 
potassium, and phosphorus (Fig. 5). Levels of N, P, K in the soil varied signi�cantly between sites and seasons, 
but not between mangrove species (Table 2). Soil nitrogen was high in the natural mangroves at Pichavaram 
(10.27 ± 1.9 g.m− 2) followed by the planted sites at Vellar (9.93 ± 1.69 g.m− 2), and Ariyankuppam (9.06 ± 1.51 g.
m− 2). �e soil nitrogen was also high in the post-monsoon season (11.29 ± 1.2 g.m− 2) followed by monsoon 
(10.84 ± 1.7 g.m− 2), summer (8.57 ± 1.03 g.m− 2), and pre-monsoon season (8.33 ± 0.58 g.m− 2). Soil phosphorus 
was high in the natural mangroves at Pichavaram (4.11 ± 0.80 g.m− 2) followed by planted mangroves at Vellar 
(3.72 ± 0.89  g.m− 2), and Ariyankuppam (2.59 ± 0.49  g.m− 2). �e soil phosphorus was also high in summer 
(4.26 ± 0.93  g.m− 2) followed by post-monsoon (3.66 ± 0.82  g.m− 2), monsoon (3.16 ± 0.86  g.m− 2), and pre-
monsoon season (2.82 ± 0.69 g.m− 2). Soil potassium was maximum in the post-monsoon season (112.52 ± 11.27 g.
m− 2), followed by summer (105.52 ± 14.09 g.m− 2), pre-monsoon (101.05 ± 14.65 g.m− 2), and minimum in the 
monsoon season (98.76 ± 15.44  g.m− 2). Soil potassium was higher in the natural mangroves at Pichavaram 
(114.47 ± 5.46  g.m− 2) than in the planted mangroves at Vellar (112.70 ± 4.82  g.m− 2), and Ariyankuppam 
(86.21 ± 9.28 g.m− 2).

�e high levels of N, P, K in the soil may be due to the presence of nitrogen �xing microbes such as cyanobacteria, 
azotobacters, and phosphate solubilising fungi, and Trichoderma in the natural mangroves, as compared to the 
planted mangroves. �is is similar to an earlier �nding that soil nutrients are several folds higher in planted 
mangroves due to the abundance of nutrient �xing microbes than in barren habitat41. Mangrove biotopes are 
generally nutrient-limited due to high salinity that interferes with the availability of soluble nutrients to plants56. 
Mangrove associated soil microbes are important contributors to nutrient cycles for N, P, Sulphur, and Carbon in 
mangrove habitats. In the present study, the planted mangroves exhibited higher levels of K (114.47 ± 5.46 g.m− 2) 
and P (4.11 ± 0.80 g.m− 2) than the natural mangroves. Microbial communities contribute signi�cantly to nutrient 
enrichment in mangrove biotopes by increasing soil carbon and nitrogen levels by up to 49%65. Moreover, the 
microbes convert insoluble nutrients into soluble ones to enhance the bioavailability of nutrients for the better 
growth of mangrove plants54. �e bioavailability of nutrients in the soil is controlled by factors such as pH, 
redox potential, and salinity62. �e present work recorded temporal variation in, thraustochytrids being high in 
the post-monsoon season, followed by monsoon, summer and pre-monsoon. �is microbial abundance in the 
post-monsoon can be attributed to the availability of organic substrates for decomposition by the saprophytic 
microbes and higher availability of nutrients (N, P, K) in support of mangroves and associated organisms.

Levels of Cu, Zn, Mn, Cr and Cd in the soil varied signi�cantly between sites and seasons, but not between 
mangrove species (Table 3). Soil Cu was found higher (20.90 ± 1.86 µg.g− 1) in Vellar than that (10.98 ± 2.34 µg.
g− 11) in Ariyankuppam site. Soil Cu ranged between 13.06 ± 4.38, and16.42 ± 5.40 µg.g− 11 at di�erent seasons: 
supreme in summer and least in pre-monsoon (Table 3). Soil Zn was higher (51.83 ± 2.65 µg.g− 1) in Vellar than 
(34.79 ± 2.99 µg.g− 1) in Ariyankuppam. Soil Zn ranged between 40.78 ± 7.40 and 47.04 ± 8.96 µg.g− 1 at di�erent 
seasons: highest in post-monsoon and lowest in pre-monsoon (Table  3). Soil Mn was found to be higher 
(583.76 ± 21.64 µg.g− 1) in Vellar than that (389.44 ± 31.50 µg.g− 1) in Ariyankuppam. Soil Mn ranged between 
477.25 ± 2.69 to 512.81 ± 8.60  µg.g− 1 at di�erent seasons: highest in monsoon and lowest in pre-monsoon 
(Table 3). Soil Cr was higher (4.64 ± 0.56 µg.g− 1) in Vellar than in Ariyankuppam (2.02 ± 0.55 µg.g-1). Soil Cr 
varied between 3.34 ± 1.30 and 3.98 ± 1.45 µg.g− 1 during di�erent seasons. �e Cr concentration was observed 
uppermost during post-monsoon, least during pre-monsoon (Table 3). Soil Cd was higher (5.30 ± 0.71 µg.g− 1) 
in Vellar than in Ariyankuppam (2.43 ± 0.66  µg.g− 1). It ranged between 3.58 ± 1.21 and 4.72 ± 1.20  µg.g− 1 at 
di�erent seasons: highest in post-monsoon and lowest in pre-monsoon (Table 3).
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Microbial communities are highly dependent on soil conditions. In the present study, thraustochytrid 
counts positively correlated with micronutrients of Cr, Cu, Mg, Cd, and Zn (Table 2; Fig. 5). �e micronutrients 
accumulated at higher levels in natural mangroves than in planted mangroves. �e micronutrients get accumulated 
in the mangrove soil during the litter decomposition process41. In addition to this natural process, industrial 
discharges are likely to contaminate the mangrove habitat, as is true with the planted site at Ariyankuppam that 
exhibited higher levels of micronutrients (Cu, Zn, Mn, Cr, and Cd) than other sites (Table 3).

In general, micronutrients showed a positive e�ect on the growth enhancement, cell proliferation, and 
morphological changes of thraustochytrids and these e�ects varied with the microbial strains and concentration 
of micronutrients. �e concentration of Cu (II) from 2 to 16 ppm is reported to support the sporulation and 
growth of thraustochytrids but to have a strong negative e�ect at higher concentrations. For instance, at 512 
ppm, thraustochytrids do not produce zoospores66. �raustochytrids are shown to have positive cell growth and 
cell proliferation in the existence of heavy metals such as Mn, Zn, Ni, Cu, Cd, and Cr at concentrations below 
500 ppm, but at higher concentrations the metals reduce colony size along with depression or holes in the cell 
wall15. �us, the micronutrients are a potential nutrient source for the growth of thraustochytrids, revealing 
their potential for heavy metal bioremediation. In addition, the trace elements did not a�ect the thraustochytrid 
count, indicating their potential for metal tolerance (Fig. 6).

Morphological and molecular identification of thraustochytrids
�raustochytrids were observed to grow as white, pale white, light pink, or cream-colored colonies in GYPA 
media. In this study, 113 thraustochytrid strains were isolated from mangrove habitats. Of these, only 48 pure 
cultures survived a�er three rounds of sub-culturing. Based on survival, color, and shape, two isolates from 
each sampling site in each season were selected. �e 24 predominant isolates were then identi�ed based on 
their morphological features such as colour, shape, single cells, triploid, tetrapod, or cluster of cells and various 
forms of cell structure, observed under a light and scanning electron microscope as shown in Figs. 7, 8 and 9. 
Additional observations were also recorded for the presence of motile zoospores, amoeboid cells, formation of 
an ectoplasmic network, and binary cell division (Table 4; Figs. 7, 8 and 9). Reproduction was observed once 
cells had fully developed and undergone successive sequential binary division. Based on these morphological 
features, the isolates were identi�ed under �ve genera viz., �raustochytrium, Aurantiochytrium, Botryochytrium, 
Parietichytrium, and Schizochytrium (Fig. 6)1. Identi�cation at the species level is challenging due to overlapping 
morphological characteristics. Hence, we employed the 18  S rDNA sequencing as it is crucial for accurate 
identi�cation. However, a signi�cant limitation is in the molecular identi�cation is the lack of comprehensive 
reference for a comprehensive gene sequence in the GenBank.

In the present study, 24 thraustochytrid isolates were molecularly identi�ed using 18 S rRNA sequencing 
(Table 4). �e partial 18 S rRNA sequences, analyzed using NCBI BLAST, con�rmed the systematic positions 
of the isolates with similarity ranging from 93.36 to 99.09% to known thraustochytrid sequences. �ese 
sequences were submitted to the NCBI GenBank with accession numbers PQ213052, PQ213058, PQ213062, 
PQ213067, PQ213090, PQ213092, PQ213097, PQ213099, PQ213100, PQ213360, PQ213261, PQ213441, 
PQ213443, PQ213444, PQ213448, PQ213449, PQ213450, PQ213451, PQ213453, PQ213454, PQ213455, 
PQ213456, PQ213460, and PQ213461 (Table  1). �e results indicated that the mangrove soil associated 
thraustochytrid strain, �raustochytrium sp. PVTSK-01 (Accession No. PQ213092), exhibited 96.51% similarity 
to �raustochytrium sp. PJA10 (DQ834734), and 93.56% similarity with �raustochytriidae sp. MBIC11074 
(AB290579). �raustochytrium sp. PVTSK-02 (Accession No. PQ213099), exhibited 98.52% similarity to 

Source

Micro nutrients (µg.g− 1)

Cu Zn Mn Cr Cd

Mangrove site:

Vellar 10.98 ± 2.34 34.79 ± 2.99 389.44 ± 31.50 2.02 ± 0.55 2.43 ± 0.66

Pichavaram 14.48 ± 2.42 47.24 ± 3.98 526.06 ± 21.88 4.54 ± 0.33 4.64 ± 0.48

Ariyankuppam 20.90 ± 1.86 51.83 ± 2.65 583.76 ± 21.64 4.64 ± 0.56 5.30 ± 0.71

Mangrove species:

R.apiculata 15.48 ± 4.71 44.66 ± 7.98 499.78 ± 86.40 3.76 ± 1.32 4.15 ± 1.39

A.marina 15.42 ± 4.71 44.59 ± 7.98 499.72 ± 86.40 3.70 ± 1.32 4.09 ± 1.39

Season of analysis:

Pre-monsoon 13.06 ± 4.38 40.78 ± 7.40 477.25 ± 2.69 3.34 ± 1.30 3.58 ± 1.24

Monsoon 16.01 ± 4.00 44.55 ± 8.21 512.81 ± 8.60 3.84 ± 0.90 3.85 ± 1.21

Post-monsoon 16.31 ± 4.34 47.04 ± 8.96 509.31 ± 2.14 3.98 ± 1.45 4.72 ± 1.20

Summer 16.42 ± 5.40 46.12 ± 5.99 499.64 ± 1.70 3.78 ± 1.52 4.34 ± 1.63

Site ** ** ** ** **

Species NS NS NS NS NS

Season ** ** ** ** **

Table 3. Levels of micronutrients in mangrove soil of two mangrove species from three di�erent sites under 
four seasons in the year 2022–2023. Values not sharing a common superscript are di�er signi�cantly at p > 0.05; 
** = p < 0.01;* = p < 0.05; NS = Not Signi�cant.
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�raustochytrium aureum strain BT6 (OP177664), and 98.24% similarity with �raustochytrium aureum N5998 
(OQ514335). Aurantiochytrium sp. VRTSK-01 (Accession No. PQ213455), exhibited 97.03% similarity to 
Aurantiochytrium sp. TK7 (OK244291), and 86.19% similarity with Aurantiochytrium sp. TK7 (OK244288). 
�raustochytrium sp. VRTSK-02 (Accession No. PQ213097), exhibited 97.83% similarity to �raustochytrium 
sp. LY-2012 (JX847374), and 97.08% similarity with �raustochytrium sp. BL8 (FJ821488). Aurantiochytrium sp. 
AKTSK-01 (Accession No. PQ213360), exhibited 94.59% similarity to Aurantiochytrium sp. TK2 (OK244286), 
and 87.11% similarity with Aurantiochytrium sp. TK9 (K244293).

Aurantiochytrium sp. AKTSK-02 (Accession No. PQ213441), exhibited 95% similarity to Aurantiochytrium 
sp. UMACC-T005 (KP015179), and 94.79% similarity with Aurantiochytrium limacinum (AB810940). 

Fig. 7. Developmental stages of thraustochytrids observed under light microscopy, (a) Clusters of vegetative 
cells (40 ×), (b) Clusters of vegetative cells dividing through binary �ssion, with 4, 6, and 8 cells (40 ×), 
(c) Clusters of vegetative cells containing numerous intracellular zoospores (40 ×), (d) Many spherical or 
limaciform amoeboid cells, (40 ×), (e) Filamentous ectoplasmic net elements around the vegetative cells (4 ×), 
(f) �laments of the ectoplasmic network surrounding larger vegetative cells undergoing binary division with 
the visible ectoplasmic network (100 ×).

 

Fig. 6. Pure colonies of thraustochytrids taken with light microscopy (a) Colony morphology of 
thraustochytrid under 4 × magni�cation, (b) Schizochytrium (PVTSK-06), (c) Aurantiochytrium (AKTSK-06), 
(d) �raustochytrium (VRTSK-08), (e) Parietichytrium (VRTSK-06), and (f) Botryochytrium (PVTSK-07) 
under 40 × magni�cations.
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Aurantiochytrium sp. VRTSK-03 (Accession No. PQ213456), exhibited 97.96% similarity to Aurantiochytrium 
sp. TK2 (OK244286), and 88.61% similarity with Aurantiochytrium sp. TK9 (K244293). Aurantiochytrium 
sp. VRTSK-04 (Accession No. PQ213461), exhibited 97.03% similarity to Aurantiochytrium mangrovei strain 
BT3 (OP175985), and 96.96% similarity with Schizochytrium mangrovei (DQ367049). Aurantiochytrium sp. 
AKTSK-03 (Accession No. PQ213444), exhibited 96.36% similarity to Aurantiochytrium sp. T7(LC651621), 
and 96.24% similarity with Aurantiochytrium limacinum (AB810938). �raustochytrium sp. AKTSK-04 
(Accession No. PQ213090), exhibited 99.09% similarity to �raustochytrium sp. MBT12 (MK615598), and 
98% similarity with �raustochytrium sp. AR2-19 (AB810951). Aurantiochytrium sp. PVTSK-03(Accession No. 
PQ213454), exhibited 93.36% similarity to Aurantiochytrium sp. MBT03A (MH595610), and 92.84% similarity 
with Aurantiochytrium acetophilum (MH319333). Schizochytrium sp. PVTSK-04 (Accession No. PQ213062), 
exhibited 98.94% similarity to Schizochytrium sp. isolate TK10 (OK244294), and 88.01% similarity with 
Schizochytrium sp. ABC101 (MK265698). �raustochytrium sp. VRTSK-05 (Accession No. PQ213100), exhibited 
97.61% similarity to �raustochytrium kinnei (KF460465), and 96.22% similarity with �raustochytriidae 
sp. MBIC11093 (AB183664). Parietichytrium sp. VRTSK-06 (Accession No. PQ213058), exhibited 98.32% 
similarity to Parietichytrium sp. TF79 (KM023708), and 97.21% similarity with �raustochytriidae sp. 
MBIC11085(AB290580).

Aurantiochytrium sp. AKTSK-05 (Accession No. PQ213443), exhibited 98.29% similarity to Aurantiochytrium 
sp. CMFRIMBTDJMVL7 (MH059484), and 97.91% similarity with Aurantiochytrium limacinum (AB810939). 
Aurantiochytrium sp. AKTSK-06 (Accession No. PQ213448), exhibited 97.63% similarity to Aurantiochytrium sp. 
MBT03A (MH595610), and 97.15% similarity with Aurantiochytrium limacinum (AB810939). Aurantiochytrium 

Fig. 9. Developmental stages of thraustochytrids seen under scanning electron microscopic observation, 
(a) Mature vegetative cells, (b) Mature zoosporangium releasing zoospores, (c) Filaments of the ectoplasmic 
network, (d) Clusters of vegetative cells dividing through binary �ssion, forming diad cells, (e). Clusters of 
vegetative cells dividing through binary �ssion, forming groups of 4, 6, and 8 cells, (f) Clusters of vegetative 
cells with reniform or ovoid shape of zoospore and amoeboid cells.

 

Fig. 8. Developmental stages of thraustochytrids observed under light microscopy, (a) Clusters of vegetative 
cells (40 ×), (b) Mature zoosporangium (40 ×), (c) Mature with active zoospores about to release (40 ×), (d) 
Release of zoospores from zoosporangium, (e). Many active zoospores (40 ×), (f) Young vegetative cells formed 
by encystment of zoospores (40 ×).
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sp. PVTSK-05 (Accession No. PQ213451), exhibited 95.35% similarity to Aurantiochytrium sp. ICTFD5 
(MK547272), and 95.16% similarity with Aurantiochytrium sp. KRS101 (HM126528). Schizochytrium sp. 
PVTSK-06 (Accession No. PQ213067), exhibited 97.30% similarity to Schizochytrium sp. KK-2016 (KT716338), 
and 96.76% similarity with Schizochytrium sp. LU310 (KM245569). Aurantiochytrium sp. VRTSK-07 (Accession 
No. PQ213460), exhibited 94.60% similarity to Aurantiochytrium sp. TK7 (OK244291), and 84.61% similarity with 
Aurantiochytrium sp. TK4 (OK244288). �raustochytrium sp. VRTSK-08 (Accession No. PQ213261), exhibited 
94.60% similarity to Aurantiochytrium sp. TK7 (OK244291), and 84.61% similarity with Aurantiochytrium sp. 
TK4 (OK244288). Aurantiochytrium sp AKTSK-07 (Accession No. PQ213449), exhibited 97.64% similarity to 
Aurantiochytrium sp. CMFRIMBTDJMVL7 (MH059484), and 97.51% similarity with �raustochytriidae sp. 

Isolate No Colony morphology
Cell 
wall

Binary 
cell 
division

Amoeboid 
cell

Ectoplasmic 
network Organism’s name

NCBI 
accession 
number

VRTSK-01
Creamy white, larger spherical shape colonies, cluster of vegetative cells, 
bi�agellate zoospores

�in Present Present Well developed
Aurantiochytrium 
sp.

PQ213455

VRTSK-02
Creamy white, medium oblong shape colonies, Internal proliferation with 
motile zoospore formation

�ick Absent Absent Absent
�raustochytrium 
sp.

PQ213097

AKTSK-01
Creamy orange, moderate round shape thallus, 2,4,8 and di�erent numbers 
of vegetative cells

�in Present Present Well developed
Aurantiochytrium 
sp.

PQ213360

AKTSK-02
White, medium globes, and spherical shape colonies, bi-partition cleavage, 
diads, tetrads, and di�erent numbers of vegetative cells, ovoid zoospores

�in Present Present Well developed
Aurantiochytrium 
sp.

PQ213441

PVTSK-01
Orange, small to large globes and sub- globes colonies, motile zoospore 
formation

�in Absent Present Un developed
�raustochytrium 
sp.

PQ213092

PVTSK-02
White, small spherical or sub-spherical thallus, zoosporangia contain large 
vesicle, many active zoospore

�ick Present Present Well developed
�raustochytrium 
sp.

PQ213099

VRTSK-03
Pale white, globes, and sub-globes thallus, 2,4,7 and di�erent numbers of 
vegetative cells present, amoeboid cells present

�ick Absent Present Absent
Aurantiochytrium 
sp.

PQ213456

VRTSK-04
Creamy orange, small to very large round colonies, 2,4, and di�erent numbers 
of vegetative cells present,
oval shape active zoospore

�in Present Present Poorly developed
Aurantiochytrium 
sp.

PQ213461

AKTSK-03
Pale white, medium globes or sub-globse or round
colonies, bi-partition cleavage, tetrads, spherical shape zoospores

�in Present
some cell 
present

Well developed
Aurantiochytrium 
sp

PQ213444

AKTSK-04
Creamy white, moderate round shape colonies, zoosporangia contain large 
vesicles, and multiproliferous bodies many active zoospore

�in Present Present Absent
�raustochytrium 
sp.

PQ213090

PVTSK-03
White, small to medium globes or sub- globes shape of cell, diads, tetrads, 
and di�erent numbers of cells division stage present

�in Present Present Well developed
Aurantiochytrium 
sp.

PQ213454

PVTSK-04
Pale white, medium spherical or pseudopodia shape of cell, bi-partition 
cleavage, 2,4, and di�erent numbers of vegetative cells present, reniform or 
ovoid shape zoospores

�in Present Present Well developed Schizochytrium sp. PQ213062

VRTSK-05
Pale white, medium oblong or sub-oblong shape cells, Internal proliferation 
with motile zoospore formation, presence of bi�agellate zoospores

�in 
and 
�ick

Present Present Well developed
�raustochytrium 
sp.

PQ213100

VRTSK-06
Creamy white, large globes and sub globes thallus. binary cell division and 
active zoospores present

�ick Absent Absent Absent Parietichytrium sp PQ213058

AKTSK-05
Orange, larger thin wall globes or spherical shape of thallus, binary cell 
partition, 2, 4, 8 cluster of vegetative cells, bi�agellate zoospores

�in Present Present Well developed
Aurantiochytrium 
sp.

PQ213443

AKTSK-06
White, medium round or globes or sub-globse, bi-partition cleavage, tetrads, 
spherical shape zoospores

�in Present Present Well developed
Aurantiochytrium 
sp.

PQ213448

PVTSK-05
Creamy white, medium to large pseudopodia or spherical shape of cell, 
zoosporangia contain large vesicle, many active zoospore

�ick Absent Present Un-developed
Aurantiochytrium 
sp.

PQ213451

PVTSK-06
Orange, small to large globes and sub-globes thallus, 2,4 and di�erent 
numbers of vegetative cells present, reniform or ovoid shape active zoospores 
present

�in Present Present Well developed Schizochytrium sp. PQ213067

VRTSK-07
Creamy orange, small to large round shape thallus,
Pseudopodia or Spherical shape of cell, oval shape zoospores actively present

�ick Absent Present Absent
Aurantiochytrium 
sp.

PQ213460

VRTSK-08
White, small round or spherical thallus, Multiproliferous bodies, 
zoosporangia contain large vesicles

�in Present Absent Poorly developed
�raustochytrium 
sp.

PQ213261

AKTSK-07
Pale white, medium to large round shape colonies, bi-partition several times 
before heterokont zoospores formed

�in Present
some cell 
present

Well developed
Aurantiochytrium 
sp

PQ213449

AKTSK-08
Orange, small to medium globes or sub- globes shape of cell, bi-partition 
cleavage present, diads, tetrads, and di�erent numbers of cells present

�ick Absent Present Un-developed
Aurantiochytrium 
sp.

PQ213450

PVTSK-07
Creamy orange, larger spherical or sub-spherical shape thallus, Internal 
proliferation with motile and bi�agellate zoospore formation

�in 
and 
�ick

Absent Present
Un branched 
and not well 
developed

Botryochytrium 
sp.

PQ213052

PVTSK-08
Pale white, medium spherical or pseudopodia shape of cell,
2,4, and di�erent numbers of vegetative cells present,
di�erent shape of zoospores cells presents

�in Present Present Well developed
Aurantiochytrium 
limacinum

PQ213453

Table 4. Morphological characters of the newly isolated thraustochytrids from mangrove soil and accession 
number used in 18 S rRNA gene sequences.
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NIOS-1 (AY705776). Aurantiochytrium sp. AKTSK-08 (Accession No. PQ213450), exhibited 94.03% similarity to 
Aurantiochytrium sp. DDH7 (ON128279), and 94.02% similarity with Aurantiochytrium limacinum (AB810940). 
Botryochytrium sp. (PVTSK-07 (Accession No. PQ213052), exhibited 98.95% similarity to Botryochytrium sp. 
MBT01 (MH349018), and 98.64% similarity with Botryochytrium sp. TMR16-11 (AB810986). Aurantiochytrium 
limacinum PVTSK-08 (Accession No. PQ213453), exhibited 95.14% similarity to Aurantiochytrium sp. TF93 
(KM023704), and 94.58% similarity with Aurantiochytrium limacinum (KM023701) (Table 4).

�e BLAST results revealed high 18 S rRNA sequence similarity with other thraustochytrid strains in the 
GenBank database. �e high sequence similarity suggests a ubiquitous nature of thraustochytrids. Phylogenetic 
analysis supported the taxonomic positions of these species with identities ranging from 93.43 to 100%. 
Strains with full-length 18 S sequence identities below 92% may represent distinct genera, those between 92% 
and 97% are likely congeneric species, and identities exceeding 97% support species-level identi�cation34,67. 
Further research, including whole-genome sequencing, is necessary for clearer taxonomic resolution at 
the species level. Among the genera, Aurantiochytrium was the predominant genus across all sampling sites 
and seasons, followed by �raustochytrium. �e high sequence similarity indicates the widespread presence 
of thraustochytrids. Botryochytrium (PVTSK-07) was found to be present in Pichavaram during summer, 
Parietichytrium (VRTSK-06) was found to be present in Vellar during post-monsoon, while Schizochytrium 
(PVTSK-04, PVTSK-06) in Pichavaram during the monsoon and post-monsoon.

�raustochytrids are abundant for di�erent seasons from coastal waters of southern China68. Aurantiochytrium 
species are reported to be predominant in decomposing leaves in Malaysian mangroves9. �e same species is 
observed more frequently (57.50%) in mangrove habitats during the summer and monsoon seasons in �ailand11 
(Jaritkhuan and Suanjit 2018). Similarly, Aurantiochytrium is reported to be the most dominant and fast-growing 
genus of thraustochytrids in Kerala, Mumbai and Andaman mangrove regions of India5,16,18. �e present work 
recorded that Aurantiochytrium was abundant by 61% of thraustochytrids, which is similar to a recent report on 
six closely related genera of labyrinthulomycete, discovered from coastal mangrove habitats of ChinaChina7. �e 
morphological and molecular features of all isolates are detailed in Table 4. Most isolates accumulated relatively 
low levels of arachidonic acid, but strains PVTSK-02 and AKTSK-04 had concentrations of less than 1%, which is 
characteristic of �raustochytrium species. �e genus-level phylogenetic groups within the Labyrinthulomycetes 
are distinguished by a combination of morphological and molecular features, although identifying each group 
based on a single feature remains challenging. �e cultured diversity represents only a fraction of their actual 
diversity, highlighting the need for novel culture methods and studies of uncultured thraustochytrid diversity.

Biomass production and total lipid content in thraustochytrids
Data on biomass and lipid content of thraustochytrids are shown in Fig. 10a, b and the values varied between 
isolates or seasons. Biomass production ranged from 4.35 to 15.71  g/L with a high range of values (8.46 to 
15.71 g/L) in the post-monsoon season compared to other seasons: summer (8.53 to 13.68 g/L) and monsoon 
(7.76 to 14.74 g/L). Among the isolates, Aurantiochytrium sp. (AKTSK-06) produced the highest biomass of 
15.71 g/L while �raustochytrium sp. (VRTSK-02) had the lowest biomass of 4.35 g/L.

Total lipid ranged from 26.78 to 61.33% of dry cell weight, as shown in Fig. 10b. �e total lipid content was in 
a high range of 39.87–61.33% in the strains isolated in the monsoon, followed by post-monsoon (31.78–57.24%), 
summer (34.33–48.14%), and pre-monsoon isolates (26.78–45.46%). Among the isolates, Aurantiochytrium sp. 
(PVTSK-03) accumulated the highest lipid content of 61.33%, while �raustochytrium sp. (VRTSK-02) had the 
lowest lipid content of 26.78%. �e lipid content was higher in Aurantiochytrium than in Schizochytrium and 
�raustochytrium, which is similar to previous reports18,69. In general, thraustochytrids exhibited high biomass 
and lipid content in all four seasons of the year due to their fast-growing nature.

�e present work recorded high levels of biomass and lipid in thraustochytrids, compared to earlier reports of 
the Indian subcontinent. Gupta et al., recorded biomass of 1.10–3.64 g/L with a lipid content of approximately 30% 
in 19 strains of thraustochytrid strains from Goa69. Similarly, Jaseera et al., reported biomass of 7.3–10.6 g/L with 
a lipid content of 12% in 11 strains isolated from Kerala16. However, some earlier studies reported higher values, 
comparable to the present work. �e biomass production ranged from 6.88 to 22.49 g/L for Aurantiochytrium 
mangrovei and 9.39 to 20.71 g/L for A. limacinum isolated from �ailand11. Similarly, biomass production was 
reported in a range of 14.12 ± 0.69–22.98 ± 0.53 g/L with lipid content in a range of 42.65–58.86% for strains 
isolated from Mumbai5. �e biomass production in 33 Malaysian strains of thraustochytrids reportedly varied 
from 1.07 to 5.82 g/L, and the lipid content from 3.29–15.76%9. A recent study recorded the highest biomass of 
5.42 g/L in ANVKK-06 and lipid content of 71.03% in ANVKK-03 among 127 strains isolated from Andaman 
mangroves18.

�raustochytrids require suitable nutrients (carbon and nitrogen) to achieve high levels of biomass and lipid, 
under optimal conditions of pH, temperature, salinity and incubation time. �e present study used glucose, 
peptone, and yeast extract as sources of carbon and nitrogen to enhance biomass and lipid production, based 
on earlier works18,70. �e strain A. limacinum SR21 is reported to produce a biomass of 3.4 ± 0.4 g/L in a fed-
batch culture. However, when grown under optimized culture conditions for 7 days, the same strain yields 4.2-
fold higher biomass of 14.3 ± 0.5 g/L71. �erefore, biomass yield may vary with thraustochytrid strains, optimal 
growth conditions, and nutrient sources.

Fatty acid composition in thraustochytrids
�e fatty acid pro�les of thraustochytrids exhibited signi�cant variations with di�erent seasons, as shown 
in Fig.  11a, b, c, and d. Two main types of fatty acids, namely, saturated fatty acids (SFAs) and long-chain 
polyunsaturated fatty acids (LC-PUFAs) were present. �e most abundant SFAs was palmitic acid (C16:0) 
(26.15–44.21%), followed by pentadecanoic acid (C15:0), myristic acid (C14:0), arachidic acid (C20:0), 
and stearic acid (C18:0), with relative abundance of 3.29–10.89%, 1.02–9.08%, 0.14–6.34% and 0.08–3.23%, 
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respectively (Fig. 12a). �e most abundant LC-PUFA was DHA (C22:6, n-3), with a relative amount of 23.77–
47.46% followed by docosapentaenoic (DPA) (C22:5, n-3) with a relative abundance of 5.83–9.65%. Other LC-
PUFAs were eicosapentaenoic acid (EPA) (C20:5, n-3), and arachidonic acid (ARA, C20:4, n-6) with relative 
abundance of 0.19–9.71% and 0.11–1.28% respectively (Fig. 12b). �e strains were found to produce relatively 
low amount of monounsaturated fatty acids (MUFAs), with Gamma- linolenic acid (C18:3 n-6) ranging from 

Fig. 10. (a) Biomass and (b) total lipid production of thraustochytrids isolates during di�erent seasons (1. Pre-
monsoon, 2. Monsoon, 3. Post-monsoon, 4. Summer).
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Fig. 11. Fatty acid compositions of thraustochytrid isolates (expressed as % of total fatty acids) during 
di�erent seasons (a. Pre-monsoon, b. Monsoon, c. Post-monsoon, and d. Summer) in Pichavaram, Vellar and 
Ariyankuppam mangrove habitats.
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0% to 0. 72%. �e odd chain fatty acids o�er several medicinal bene�ts, including a reduced the risk of type 2 
diabetes, cardiovascular disease, and certain forms of cancer72,73.

Seasonal variation of SFAs and PUFAs composition in thraustochytrids is depicted in Fig. 12a and b. SFAs 
was recorded to be high in pre-monsoon (52.58–60.91%) and post-monsoon (40.78–57.31%), with palmitic acid 
speci�cally in the range of 26.15–44.11% and 32.11–40.73%, in those seasons, respectively (Fig. 12a, b, c, and d). 
Similarly, SFAs was in the range of 42.83–54.91% in monsoon, and 44.50–54.04% in summer with palmitic acid 
speci�cally in the range of 27.41–41.06%, and 30.76–44.21% in those seasons respectively. DHA was found to 
be high in post-monsoon (31.27–47.46%), followed by summer (26.26–43.64%), monsoon (33.59–44.07%), and 
pre-monsoon (23.77–38.29%) (Fig. 12b). Total PUFA content was high in post-monsoon (42.69–59.22%) and 
low in pre-monsoon (39.09–47.42%).

DHA is in�uenced by a number of factors, including water temperature, sunlight, and nutrients. 
�raustochytrids from colder places are known to contain more DHA than those from tropical coastal areas. 
Australian strains have higher DHA content (up to 40%) than Indian strains69. However, it is worth noting 
that the Australian strains have lower biomass production (0.67–3.07 g/L) compared to the Indian strains (7.3–
10.6 g/L)16. In the present study, we recorded the thraustochytrids with high biomass enriched with DHA. It is 
important to note that the lipids and fatty acids in any organism vary depending on species, season, genetics, and 
environmental conditions of locations74.

�raustochytrids with high DHA content are shown experimentally to survive in low-temperatures6. �e 
cold temperature increases oxidative stress and reduces dissolved oxygen levels, but Aurantiochytrium species 
can maintain cell membrane �uidity which is activated at low temperatures to produce DHA via the polyketide 
synthase (PKS) metabolic pathway. �erefore, temperature variations lead to the genetic and environmental 
evolution of various PUFA pathways, such as the PKS pathway in stressful conditions and the traditional fatty 

Figure 11. (continued)
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acid synthase (FAS) pathway under aerobic conditions6. Recent transcriptomic studies have shown that under 
cold conditions, thraustochytrids express many genes involved in the PKS pathway for the synthesis of DHA, 
DPA, as well as sterols and phosphatidylinositol, which are essential for membrane �uidity6,75.

Carbon and nitrogen play a role in altering the fatty acid composition of thraustochytrids70. �raustochytrium 
kinnei is reported to produce high biomass production of 13.53  g/L, with a total lipid of 41.33% under 
optimized contents of carbon and nitrogen (Kalidasan et al., 2021a). Similarly, Aurantiochytrium ANVKK-06 
accumulates high lipid (71.03%) and DHA content of 47.19% of total fatty acids18. Being a potential source 
of DHA, thraustochytrids �nd applications in the nutraceutical, biofuel, and livestock industries2. �e present 

Fig. 12. (a) Fatty acids production of thraustochytrids isolates during di�erent seasons, (b) Seasonal variations 
of Omega-3 fatty acids context (1. Pre-monsoon, 2. Monsoon, 3. Post-monsoon, 4. Summer).
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study observed that the thraustochytrid isolates accumulated DHA in a range of 23.77–47.46% during the post-
monsoon. Further research is needed to optimize the culture conditions for the growth of thraustochytrids for 
commercial PUFAs production.

Conclusion
�is study investigated thraustochytrids in the root-soil of two mangrove species (A. marina and R. apiculata) 
from natural and planted mangrove sites for four di�erent seasons. �raustochytrid counts were signi�cantly 
maximum in natural mangroves than in planted mangroves. �e count was also maximum in the post-
monsoon season than in other seasons. �e count exhibited positive correlations with other microbial �ora, 
including lactobacillus, THB, actinobacteria, fungi, Trichoderma, azotobacters and yeasts. Similarly, the count 
of thraustochytrids displayed positive correlations with the presence of N, P, K, Cr, Cu, Mg, Cd, Zn, silt, clay, 
and redox potential. �is suggests that thraustochytrids, in association with other saprophytic microbes, play 
a role in enriching soil nutrients. Five genera of thraustochytrids, namely �raustochytrium, Schizochytrium, 
Botryochytrium, Parietichytrium, and Aurantiochytrium were identi�ed based on their morphological 
and molecular features. �e study also recorded the highest biomass of 15.71  g/L in Aurantiochytrium sp. 
(AKTSK-06), lipid content of 61.33% in Aurantiochytrium sp. (PVTSK-03), and the maximum DHA of 47.46% 
in Aurantiochytrium sp. (AKTSK-06). �is study revealed mangroves as an important ecological niche for DHA-
rich thraustochytrids. Further studies on the metagenomics of rhizosphere soil will provide more insights into 
the connections between diverse microbial �oras and thraustochytrids in mangrove environments.

Data availability
�e datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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