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Abstract: This work deals with the identification of a predominant thraustochytrid strain, the
optimization of culture conditions, the synthesis of nanoparticles, and the evaluation of antioxidant
and antimicrobial activities in biomass extracts and nanoparticles. Thraustochytrium kinnei was
identified as a predominant strain from decomposing mangrove leaves, and its culture conditions
were optimized for maximum biomass production of 13.53 g·L−1, with total lipids of 41.33% and
DHA of 39.16% of total fatty acids. Furthermore, the strain was shown to synthesize gold and silver
nanoparticles in the size ranges of 10–85 nm and 5–90 nm, respectively. Silver nanoparticles exhibited
higher total antioxidant and DPPH activities than gold nanoparticles and methanol extract of the
strain. The silver nanoparticles showed higher antimicrobial activity than gold nanoparticles and
petroleum ether extract of the strain. Thus, Thraustochytrium kinnei is proven to be promising for
synthesis of silver nanoparticles with high antioxidant and antimicrobial activity.

Keywords: mangroves; thraustochytrids; DHA; nanoparticles; antimicrobials; antioxidants

1. Introduction

Thraustochytrids are important fungus-like protists of class Labyrinthulomycetes and
family Thraustochytriaceae. They are unicellular and heterotrophic protists, abundantly
present in decomposing mangrove litter [1]. The thraustochytrids are known to produce
polyunsaturated fatty acids (PUFAs), such as docosahexaenoic acid (DHA) and eicosapen-
taenoic acid (EPA), which are promising for pharmaceutical and industrial applications,
especially in aquaculture [2–4]. They contain 10–50% lipids, of which 30–70% is DHA [5].
The DHA plays a vital role as a component of phospholipids in cell membrane structure
and function [6]; it is essential for development of neural, retinal and immune systems in
fetal life and infants [7] as well for the prevention of asthma, arthritis, and neural, cardio-
vascular and skin diseases in adulthood [8,9]. In thraustochytrids, up to 5% of lipids occur
as phospholipids, while 70–90% of lipids are present as neutral lipids or triacylglycerols.
The accumulation of DHA in the form of neutral lipids is essential for the metabolic process
of thraustochytrids [10].

The culture conditions of thraustochytrids must be optimized to obtain maximum
biomass with a high yield of omega-3 fatty acids. This can be done either through modifi-
cation of carbon and nitrogen sources in the culture media or manipulation of the physico-
chemical conditions such as pH, salinity and temperature of the culture media [4,11–13].
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Nanoparticles are the starting point for preparing many nano-structured materials
and devices [14]. Since noble metal nanoparticles such as gold, silver and platinum are
widely applied, there is a growing need to develop eco-friendly protocols for nanopar-
ticle synthesis [15]. The applications of nanotechnology are fast growing in the areas of
agriculture, aquaculture and pharmaceuticals [16]. The synthesis of nanoparticles using
biological entities has generated great interest due to their unusual optical, chemical, photo
electrochemical and electronic properties [17,18]. Biological methods for nanoparticle syn-
thesis using microorganisms, enzymes and plant extracts have been suggested as possible
eco-friendly alternatives to chemical and physical methods [19,20].

Thraustochytrids are explored for the production of a wide range of bioactive com-
pounds as a supplement for the production of animal feed [21], antimicrobials [2], antiox-
idants [3], biodiesel [22], enzymes [23], carotenoids [24], squalene [25], exopolysaccha-
rides [26], vaccines [27], and cancer drugs [28]. There are no reports of thrautochytrids
producing toxic chemicals [29]. In spite of various potential applications, the utilization
of thraustochytrids in synthesis of silver and gold nanoparticles has not been properly
attempted [30,31]. Therefore, the present work was undertaken to isolate a predominant
thraustochytrid strain from decomposing mangrove leaves of Rhizophora annamalayana, to
optimize its culture conditions and to evaluate its efficacy in the synthesis of nanoparticles
with antioxidant and antimicrobial activities.

2. Materials and Methods
2.1. Isolation and Maintenance of Thraustochytrids from Decomposing Mangrove Leaves

Thraustochytrids were isolated from decomposing mangrove leaves of Rhizophora
annamalayana Kathir., collected from a mangrove forest in Pichavaram on the southeast
coast of India, by the pour plate method on GPYAS culture medium containing Glucose
(3 g·L−1), Peptone (1.25 g·L−1), Yeast extract (1.25 g·L−1), and Agar (12 g·L−1) in sterile nat-
ural seawater with the addition of antibacterial (streptomycin 100 µg·L−1) and antifungal
(fluconazole 100 µg·L−1) agents to prevent contaminations, adjusted to a pH of 7.2 and incu-
bated at 28 ◦C for 2–7 days [2,3]. The pure cultures were found after 3 repeated sub-cultures
in 2–7 days, and culture stocks were maintained on agar slants. Then, the predominant
thraustochytrid strain TSKK1 was selected for morphological and molecular identifications.

2.2. Morphological Identification of Thraustochytrids Species

Thraustochytrid strain TSKK1 was morphologically identified [32] after acriflavine
staining at a concentration of 0.02 µg·mL−1 and by observing under a light microscope,
followed by a Scanning Electron Microscope.

2.3. Genomic DNA Extraction and PCR Amplification of Thraustochytrids

Genomic DNA was extracted by the method of [33], with slight modification. Briefly,
3 mL of thraustochytrid strain TSKK1 cell culture (4–7 days) was centrifuged at 10,000 rpm
for 5 min at 4 ◦C. Cells were lysed using lysis buffer (0.25 M Tris-HCl with pH 8.2, 0.1 M
EDTA, 2% Sodium Dodecyl Sulfate, 0.1 M NaCl) and then kept in a water bath at 55 ◦C
for 30 min for efficient homogenization. Chloroform-isoamyl alcohol was added (24:1),
and the DNA was precipitated with chilled isopropanol. Extracted DNA was dissolved
with 30 µL of TE buffer and kept at −20 ◦C for further use. The small subunit rRNA
gene was amplified in a thermal cycler (Tech GeneTM, South San Francisco, California,
USA) using 18S rDNA specific primers 18S001 (5′AACCTGGTTGATCCTGCCAGTA3′) and
18S13 (5′CCTTGTTACGACTTCACCTTCCTC T3′) [34]. The amplification cycle consisted
of an initial denaturation step of 94 ◦C for 5 min, followed by 35 cycles of denaturation
(94 ◦C for 60 s), annealing (50 ◦C for 60 s), elongation (72 ◦C for 120 s) and a final 10 min
elongation step at 72 ◦C. The molecular weight was determined using the molecular weight
marker (100 bp ladder). The amplicons were tested in 1.5% agarose gel.
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2.4. Sequencing and Phylogenetic Analyses of 18S rRNA Gene

PCR product purification and DNA sequencing were carried using a high throughput
Mega Bace sequencer (YAAZH XENOMICS, Chennai, India). The obtained sequences
were edited based on the electropherogram peak clarities in MEGA 6.0 software [35].
Sequences with noisy peaks were excluded from the analysis. The amplified sequences
belonging to 18S rRNA gene were confirmed by the percentage of similarity in the NCBI’s
BLAST program. The species identity was confirmed based on 95–100% similarity with the
reference sequences.

The sequence was submitted to NCBI Genbank (Accession No. KT716334). The
evolutionary analysis was conducted in MEGA6 software. The successfully sequenced
rDNA region of thraustochytrids was blasted against the complete non-redundant NCBI
Genbank database and aligned using the CLUSTAL W Multiple Sequences Alignment
Program and analyzed. The phylogenetic tree was constructed, including the reference
thrausochytrids gene sequences along with the sequences determined in this study by using
the maximum likelihood method. Species relations were evaluated with statistical analysis
through the bootstrap protocol. To group the phylogenetic analysis, the labyrinthula genus
was used as the out group.

2.5. Mass Production of Thraustochytrid

The Erlenmeyer flasks containing GYPS broth medium were inoculated with thraus-
tochytrid strain TSKK1 and incubated in an orbital shaker and agitated at 150 rpm (Orbit
Shaker, Labline Instrument Incorporated, Dubuque, Iowa, USA) at 28 ◦C for 2–7 days.
The experimental condition of the biomass production was adopted from the industrial
statistical model of response surface methodology [13]. Biomass production was estimated
as milligram of dry weight biomass per one liter of medium. The biomass was filtered
through filter paper (Whatman No. 1) and washed with distilled water to remove medium
components from the biomass and then freeze-dried. Biomass was weighed and stored in
a sealed container at −4 ◦C for further study.

2.6. Prediction of Important Factors for Biomass Production Using Plackett-Burman Design

Biomass production depends on basal media composition and environmental factors,
and hence these factors were studied for biomass production in thraustochytrid strain
TSKK1 by using 2 phases of the response surface methodology (RSM) method (Plackett-
Burman and Central Composite Design). In the first phase, 16 runs of Plackett-Burman
design were maintained. The factors studied were temperature, pH, salinity, carbon
sources (glucose, sugarcane molasses, bread crumbs) and nitrogen sources (yeast extract,
peptone, monosodium glutamate). The Plackett-Burman design was used to determine
the important factors that influenced the biomass production, using statistical modeling
and the actual and coded values. After selection of the important factors for the biomass
production, further optimization was continued for the second phase.

The Plackett-Burrman experimental design is based on the first order model, as given
in Equation (1).

Y = β0 + Σ βii Xi (1)

where Y is the response, β0 is the intercept coefficient, βi is the variable estimate, and Xi is
the independent variable.

All experiments were carried out in triplicate and the average was taken as a response.

2.7. Optimization of Media Components for Maximm Biomass Production by Using Central
Composite Design (CCD)

The important factors (temperature, pH, salinity, carbon and nitrogen sources) for
biomass production were optimized using CCD [11]. For the optimization of the specific
level, different concentrations, individuals and interaction effect of the factors were tested
using the 30 runs batch experimental technique as derived from RSM. The experimental
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and predicted responses are in grams of dry weight biomass production. The coded values
and actual factor values were calculated using the following equations.

Thraustochytrid strain Y = β0 + Σ βi Xi + Σ βii Xi
2 + Σ βijXiXj (2)

where Y is the predicted response, Xi and Xj are independent variables, β0 is the interception
coefficient, βi is the linear coefficient, βii is the quadratic coefficient and βij is the interaction
coefficient. In this study, the independent variables were coded as X1, X2 and X3. Thus, the
second order polynomial equation could be presented as Equation (3):

Y = β0 + β1 X1 + β2 X2 + β3 X3 + β4 X4 + β11 X1
2 + β22 X2

2 + β33 X3
2 + β44 X4

2 + β12

X1X2 + β13 X1X3 + β14 X1X4 + β23 X2X3 + β24 X2X4 + β34 X3X4
(3)

The fit of the Central Composite Design (CCD) with the multi-factorial depth model
was tested, and it was used for determination of fit of the statistical model. The variables of
individual and interaction were significant. This revealed that the model was fit to analyze
the interaction and individual effect on biomass production. Therefore, the 3D surface plot
and perturbation plot was drawn further for optimization of the factors. The statistical
program package Design Expert 8.0.6 was used for regression analysis and to estimate the
coefficient of the regression equation. The equations were analyzed using ANOVA.

2.8. Lipid and Fatty Acid Methyl Ester (FAME) Extraction and Analysis

Total lipid content in thraustochytrid strain TSKK1 biomass was analyzed by the
method specified in [36]. The freeze-dried thraustochytrid sample was ground finely
using a mortar and pestle. Preparation and analysis of fatty acid methyl ester (FAME)
in the sample was performed according to the method described earlier [37], with some
modifications. In brief, 1 g of powder sample was added to 1 mL of 1.2 M NaOH in 50%
aqueous methanol in a screw cap tube and then incubated at 100 ◦C for 30 min in a water
bath. The saponified sample was cooled at 30 ◦C for 25 min and methylated by adding
2 mL of 54% 6 N HCl with 46% aqueous methanol and incubated at 80 ◦C for 10 min in a
water bath. After rapid cooling, the methylated fatty acids were extracted with 1.25 mL of
50% diethyl ether in hexane. Each sample was mixed for 10 min; the bottom phase was
removed using a glass syringe, and the top phase was washed with 3 mL of 0.3 M NaOH
for 5 min and collected. The FAMEs were cleaned in anhydrous sodium sulphate, and
then the sample was transferred to Gas Chromatography Mass Spectroscopy (GC Clarus
500 Perkin Elmer, Waltham, Massachusetts, USA) for fatty acid analysis. The FAMEs were
identified according to their retention time and area of percentage. The FAME peaks were
identified and quantified using MS Library and NIST Version-Year 2005.

2.9. Biosynthesis of Silver Nanoparticles

Ten grams of fresh wet biomass was harvested from 96-hour-old culture of thraus-
tochytrid strain TSKK1 and agitated with 200 mL of Milli-Q deionized water for 72 h
at 25 ◦C in an Erlenmeyer flask at 120 rpm. The filtered cells were obtained by passing
through a Whatman No. 1 filter paper and washed twice with distilled water to remove
medium components from the aqueous methanol biomass. This cell filtrate was further
used for silver and gold nanoparticle synthesis. For the synthesis of silver nanoparticles,
50 mL of 1 mM of silver nitrate was mixed with 50 mL of cell filtrate in a 250 mL Erlen-
meyer flask and agitated at 25 ◦C in darkness at 120 rpm. Then, the whole mixture was
centrifuged at 5000 rpm for 30 min and 1 mL of the sample was withdrawn for measuring
its optical density at different wavelengths of broad range 300 to 800 nm and a narrow
range 400 to 500 nm using UV-visible spectrophotometer (Elico, Chennai, India), values
were plotted on a graph.
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2.10. Biosynthesis of Gold Nanoparticles

An aliquot of 50 mL of cell filtrate of thraustochytrid strain TSKK1 was transferred
to 50 mL of 1 mM chloroauric acid solution, and the whole mixture was kept in a shaker
at 28 ◦C at 120 rpm. During the process of biosynthesis, flasks were observed for visual
color change from yellow to pinkish purple. Then, the whole mixture was centrifuged at
5000 rpm for 30 min and 1 mL of sample was taken and measured for its optical density at
different wavelengths (300–800 nm).

For purification of nanoparticles, the suspended solution was again centrifuged at
5000 rpm for 20 min. The resulting pellet was removed and resuspended in double
distilled water. The supernatant was again centrifuged at 5000 rpm for 20 min. Finally, the
nanoparticles were washed with distilled water, and the pure particles were separated and
dried in vacuum and stored in a dark bottle at 4 ◦C.

2.11. Characterization of Nanoparticles: SEM and Dynamic Light Scattering (DLS) Analysis

SEM analysis of silver and gold nanoparticles synthesized by thraustochytrid strain
TSKK1 was carried out. SEM observation was performed under a JEOL JEM IT-200SX
Scanning Electron Microscope with the accelerating voltage at 15 Kv. The dynamic light-
scattering (DLS) measurement was performed 24 h after preparation of the nanoparticle
suspension for analyzing size group using a nano ZS apparatus at 25 ◦C.

2.12. In Vitro Antioxidant Assays of Nanoparticles

The silver and gold nanoparticles synthesized from thraustochytrid strain TSKK1
were freeze-dried and extracted in aqueous solution, following centrifugation at 8000 rpm
for 5 min. The extraction procedure was repeated three times, and all supernatants were
combined. Subsequently, the lyophilized thraustochytrid strain TSKK1 was extracted
with 80% methanol. Then, these methanolic and aqueous extracts, prepared separately in
different concentrations of 50, 100, 150, 200, and 250 µg·mL−1, were tested using standard
antioxidant assay methods. Each experiment was done in triplicate.

2.12.1. Total Antioxidant Capacity (TAC)

Total antioxidant capacity (TAC) of the methanolic extract of thraustochytrid strain
TSKK1 and the silver and gold nanoparticle synthesized extract of thraustochytrid strain
TSKK1 was estimated by the method specified [38], with modification. An aliquot of
0.3 mL was taken separately for different concentrations of the extract. To this, 3 mL of
reagent solution, containing 0.6 M sulfuric acid, 28 mM sodium phosphate and 4 mM
ammonium molybdate, was added. The reaction mixture was incubated at 95 ◦C for 90 min
in a water bath and then cooled to room temperature. Absorbance of the sample mixtures
was measured at 695 nm. Total antioxidant activity is expressed in percent, as butylated
hydroxyl toluene (BHT) equivalent in mg/g of extract.

2.12.2. DPPH Radical Scavenging Activity

Free radical scavenging activity of methanolic extract of thraustochytrid strain TSKK1
and silver and gold nanoparticle synthesized thraustochytrid strain TSKK1 extracts was
analyzed using the DPPH (1,2-diphenyl-1-picrylhydrazyl) free radical method, modified
from Yu et al. [38]. An amount of 0.1 mL of the extract at different concentrations was
mixed separately in 0.9 mL methanolic solution of DPPH solution (120 µM). DPPH is a
stable, nitrogen-centered free radical that produces violet color in methanol solution. When
a substrate that can donate a hydrogen atom is added to DPPH solution, it is reduced to a
yellow colored product, diphenylpicryl hydrazine. The reaction mixture was incubated in
darkness at 37 ◦C for 30 min, and its absorbance was measured at 517 nm. DPPH radical
scavenging activity is expressed in percent, as butylated hydroxyl toluene (BHT) equivalent
in mg/g of extracts.
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2.13. In Vitro Antibacterial Activity of Nanoparticles

The lyophilized silver and gold nanoparticles synthesized from thraustochytrid strain
TSKK1 were extracted in aqueous solution. The aqueous extract was filtered in Whatman
No. 1 filter paper and centrifuged at 5000 rpm for 10 min. Supernatant of the extract was
collected and tested for antibacterial activity by the agar disc diffusion method [2] against
10 clinical bacterial strains: Proteus mirabilis (P. mirabilis), Staphylococcus aureus (S. aureus),
Streptococcus pyogens (S. pyogens), Vibrio cholerae (V. cholerae), Vibrio parahaemolyticus (V. para-
haemolyticus), Escherichia coli (E. coli), Klebsiella pneumonia (K. pneumonia), Klebsiella oxytoca
(K. oxytoca), Salmonella typhi (S. typhi), and Salmonella paratyphi (S. paratyphi), obtained from
Raja Muthiah Medical College, Annamalai University, India. The 24-hour-old bacterial
culture cell suspension (100 µL) of each of the strains was poured onto the nutrient agar
plates and spread using a glass spreader aseptically. A sterile disc (6 mm) was soaked with
100 µL of silver and gold nanoparticle extract of thraustochytrid strain TSKK1 separately.
Lyophilized thraustochytrid strain was extracted with petroleum ether and tested for
antibacterial activity [2] separately for the comparison of synthesized nanoparticles and
normal solvent extract. Ampicillin antibiotic was used as a positive control and distilled
water as a negative control. The discs were then placed on inoculated agar plates and
incubated at 37 ◦C for 24 h. Antimicrobial activity was measured as the diameter of the
zone of inhibition in mm, excluding the paper disc diameter. All the experiments were
performed in triplicate.

3. Results
3.1. Morphological and Molecular Identification

The thraustochytrid strain TSKK1 was identified as Thraustochytrium sp., as shown in
Figure 1, according to its size, shape and zoospore formation, when visualized under a light
microscope under 4×, 10×, 40× and 100× illumination (Figure 1a,b,d–f) and also under a
Scanning Electron Microscope (Figure 1c), referring to morphological characters as pro-
posed by [4,39]. The cytoplasmic content of the cell acted as sporangia to release zoospores
and intracellular organelles such as vacuoles, nucleus, Golgi bodies and lipids (Figure 1d–f).

To evaluate the phylogenetic relationship, a search of homologous sequences (Megablast
algorithm) was performed. The 18S region of rRNA from thraustochytrid strain TSKK1
was sequenced as a result of the final alignment of 1796 bp, which was used for further
comparison and conformation in NCBI analysis. Based on the NCBI BLAST analysis,
the thraustochytrid strain TSKK1 (Genbank No. KT716334) was 100% similar to Thraus-
tochytrium kinnei (Genbank No. DQ367053), confirming a close taxonomic classification to a
member of the thraustochytrids family (Figure 2).

3.2. Selection of the Important Factors and Their Optimization for Biomass Production

The Plackett-Burman design was used to determine the important factors that influ-
enced the biomass production using statistical modeling, and the actual and coded values
are presented in Table 1. The factors that influenced biomass production were detected
based on the coefficient value resulting from the two-level factorial design. The important
factors of Thraustochytrium kinnei were found to be pH, days of incubation, bread crumbs
and peptone (Table 2).
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Table 1. Experimental range and levels of independent variables.

Factor
Range and Coded Value

−2 −1 0 1 2

Temperature (◦C) 25 27.5 30 32.5 35
pH 5 6 7 8 9

Salinity (ppt) 20 25 30 35 40
Days of incubation 2 4 6 8 10

Glucose 10 15 20 25 30
Sugarcane molasses 10 15 20 25 30

Bread crumbs 10 15 20 25 30
Yeast extracts (g·L−1) 5 7.5 10 12.5 15

Peptone (g·L−1) 5 7.5 10 12.5 15
Monosodium glutamate (g·L−1) 5 7.5 10 12.5 15

Table 2. Selection of the important biomass production influencing factors for the strains of Thraus-
tochytrium kinnei (SE Coefficient = 1).

Factors
Biomass Production by Thraustochytrid Strain

TSKK1 (g·dry wt·L−1)

Coefficient Actual Probability

Intercept 3.66 3.05 0.1150
Temperature (◦C) −0.090 0.37 0.5676

pH 0.14 0.87 0.3926
Salinity (ppt) −0.43 8.79 0.0314

Days of incubation 0.25 2.85 0.1519
Glucose −0.046 0.097 0.7684

Sugarcane molasses −0.062 0.18 0.6915
Bread crumbs 0.50 11.52 0.0194

Yeast extracts (g·L−1) −0.29 3.90 0.1054
Peptone (g·L−1) 0.12 0.72 0.4342

Monosodium glutamate (g·L−1) −0.16 1.22 0.3201

The application of RSM was based on the estimates of the parameters for biomass
production in the strain as indicated as an experimental relationship between the response
and input variables, expressed by the following quadratic model equation.

Y— Thraustochytrium kinnei biomass (g · dry wt · L−1) = 13.53 − 0.311A + 0.476B
− 0.208C + 0.485D − 0.381AB − 0.086AC + 0.058AD + 0.173BC − 0.041BD −

0.088CD − 3.113A2 − 2.566B2 − 1.868C2 − 1.965D2
(4)

where Y is response of biomass production, A is pH, B is days of incubation, C is bread
crumbs and D is peptone.

The above selected factors were further optimized for maximum biomass production
using 30 runs of Central Composite Design. The data are presented as experimental values
along with predicted values of biomass production (Table 3) and tested by a quadratic
model (Figure 3A–D).

Analysis of variance (ANOVA) of the regression model and interaction and combined
effects of the factors on the biomass production is given in Table 4. The graphic representa-
tion of the interaction effects of the factors on biomass production is shown in Figure 4A–F.
The maximum biomass production could be attained at the following optimal conditions:
7.16 pH, 6.22 days of incubation, 20.54 g·L−1 of bread crumbs and 10.14 g·L−1 of peptone.
Under these optimized conditions, a maximum biomass of 13.53 g·L−1 was produced. The
biomass was harvested through centrifugation, freeze-dried and stored at −4 ◦C until fatty
acid analysis.
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Table 3. Central composite design for the optimization of factors for biomass production by Thraustochytrium kinnei.

Run Order (A) pH (B) Days of
Incubation

(C) Bread Crumbs
(g·L−1)

(D) Peptone
(g·L−1)

Biomass of Thraustochytrid
Strain TSKK1 (g·dry wt·L−1)

Experimental Predicted

1 7 6 40 10 3.25 3.393
2 9 2 30 15 3.43 3.587
3 9 2 10 15 4.79 4.844
4 5 2 10 5 3.59 3.513
5 5 2 30 15 2.77 2.624
6 7 6 20 10 2.49 2.473
7 7 6 20 20 4.83 4.769
8 5 2 10 15 2.78 3.094
9 5 10 10 15 4.34 4.152
10 5 10 30 15 4.43 4.581
11 9 2 0 5 5.33 5.438
12 5 2 30 5 4.07 4.342
13 9 10 10 15 3.57 3.738
14 7 −2 20 10 3.75 3.822
15 9 10 30 5 5.75 5.719
16 9 2 30 5 4.33 4.278
17 9 10 10 5 1.62 1.705
18 9 10 30 15 0.76 0.458
19 7 6 20 10 2.38 2.318
20 11 6 20 10 4.38 4.225
21 3 6 20 10 6.68 6.478
22 7 6 20 10 5.66 5.645
23 7 6 20 10 4.78 4.705
24 5 10 10 5 6.79 6.648
25 7 6 20 10 13.68 13.537
26 5 10 30 5 13.59 13.537
27 7 6 20 0 13.59 13.537
28 7 6 20 10 13.51 13.537
29 7 6 0 10 13.49 13.537
30 7 14 20 10 13.36 13.537

Table 4. Analysis of variance for response of biomass production by Thraustochytrium kinnei.

Source Sum of
Squares Df Mean

Square F Value p-Value Prob > F

Model 484.295 14 34.592 848.3758 0.0001 ***
A—pH 2.331 1 2.331 57.17392 0.0001 ***

B—Days of incubation 5.453 1 5.453 133.735 0.0001 ***
C—Bread crumbs 1.041 1 1.042 25.546 0.0001 ***

D—Peptone 5.664 1 5.664 138.928 0.0001 ***
AB 2.325 1 2.325 57.035 0.0001 ***
AC 0.119 1 0.119 2.919 0.1081 NS
AD 0.055 1 0.055 1.354 0.2627 NS
BC 0.483 1 0.483 11.846 0.0036 **
BD 0.027 1 0.027 0.667 0.4266 NS
CD 0.126 1 0.126 3.090 0.0991 NS
A2 265.932 1 265.932 6521.939 0.0001 ***
B2 180.634 1 180.634 4430.035 0.0001 ***
C2 95.786 1 95.786 2349.155 0.0001 ***
D2 105.907 1 105.907 2597.373 0.0001 ***

Residual 0.611 15 0.040
Lack of Fit 0.551 10 0.055 4.568 0.0537
Pure Error 0.0603 5 0.012
Cor Total 484.906 29

*** p < 0.001, ** p < 0.01 and NS—not significant.
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3.3. Lipid and Fatty Acid Profiles of Thraustochytrid

The freeze-dried biomass of Thraustochytrium kinnei was analyzed for fatty acid profile
using gas chromatography and mass spectrum (GC-MS). The total lipid (TL) of the strain
was 41.33%. The major fatty acid component was palmitic acid (16:0), a saturated fatty acid
(SFA) making up 31.81% of total fatty acids (TFA). The omega-3 poly unsaturated fatty
acids (PUFAs) were eicosapendaenioc acid comprising up to 7.76%, docosapentaenoic acid
comprising up to 2.09%, and docosahexaenoic acid comprising up to 39.16% (Table 5).

Table 5. Fatty acid composition (expressed as % of the total fatty acids) of Thraustochytrium kinnei.

Carbon Atom of Fatty Acid Name of the Fatty Acid Content (%)

C11:0 cis-10-undecanoic acid, methyl ester 0.08
C12:0 cis-10-dodecanoic acid, methyl ester 0.02
C13: cis-12-tridecanoic acid, methyl ester 0.11
C14: Tetradecanoic acid, methyl ester 5.31
C14:1 cis-13-Tetradecanoic acid, methyl ester 0.48
C15: Pentadecanoic acid, methyl ester 1.15
C16: Hexadecanoic acid, methyl ester 31.81
C16:1 9-Hexadecenoic acid, methyl ester 0.79
C16:3 cis-7,10,13-Hexadecatrienoic acid, methyl ester 0.06
C17:1 cis-16-heptadecanoic acid, methyl ester 0.67
C18: Octadecanoic acid, methy ester 4.82
C18:1 cis-13-octadecenoic acid, methy ester 2.96
C18:3 cis-9,12,15-Octadecatrienoic acid, methyl ester 0.33
C20: Eicosanoic acid, methyl ester 0.38
C20:3 Methyl 7,11,14-eicosatrienoic acid, methyl ester 0.33
C20:4 cis-8,11,14,17-eicosatetraenoic acid, methyl ester 1.67
C20:5 cis-5,8,11,14,17-eicosapentaenoic acid, methyl ester 7.76
C21:5 cis-20-heneicosanoic acid, methyl ester 0.02
C22:5 cis-7,10,13,16,19-docosapentaenoic acid, methyl ester 2.09
C22:6 cis-4,7,10,13,16,19-Docosahexaenoic acid, methyl ester 39.16

3.4. Synthesis and Characterization of Silver and Gold Nanoparticles

The color change of silver and gold nanoparticles was noted by visual observation in
Thraustochytrium kinnei culture broth when incubated with solutions of silver nitrate and
chloroauric acid in darkness. The solution showed a change in color to yellowish brown
for silver and pinkish for gold, with intensity increasing during the period of incubation
up to 16 days for silver nanoparticles (AgNPs) and 12 days for gold nanoparticles (AuNPs)
(Figure 5a,b). The absorbance peak for the nanoparticles was observed at 430 nm for AgNPs
and around 600 nm for AuNPs (Figure 6a,b). The shape and size of nanoparticles were
confirmed by SEM. The micrograph showed nanoparticles that were cubical in nature. The
particle size of AgNPs ranged from 5 to 90 nm, and AuNPs from 10 to 85 nm (Figure 7a,b).
Dynamic light scattering (DLS) also revealed the size of nanoparticles in the range of
5–85 nm for AgNPs and 10–78 nm for AuNPs (Figure 8a,b).

3.5. Antioxidant Activity

The nanoparticles synthesized from Thraustochytrium kinnei exhibited a high total
antioxidant capacity (TAC) of 86.37 ± 1.52% for silver and 84.09 ± 2.39 for gold at higher
concentrations of the extract (Figure 9a). The decrease in absorbance of the radical was due
to hydrogen donation. It was visible, with color change from purple to yellow. DPPH-free
radical scavenging activity was higher (87.27 ± 2.08%) for silver than that (85.54 ± 1.73)
for gold at 500 µL/mL (Figure 9b). The methanolic extract of Thraustochytrium kinnei
exhibited maximum total antioxidant capacity (TAC) (81.45 ± 2.03%), and DPPH-free
radical scavenging activity (82.29 ± 1.73) (Figure 9a). All antioxidant activities were
significant between the concentrations (p < 0.05) as compared with butylated hydroxyl
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toluene (BHT) as a control. Thus, the antioxidant activity was recorded as the highest for
silver nanoparticles, followed by gold nanoparticles and petroleum ether extract.
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3.6. Antibacterial Activity

The nanoparticles synthesized from Thraustochytrium kinnei showed antibacterial
activity against 10 clinical pathogens. Among the nanoparticle extracts, the antibacterial
activity was found to be high with silver nanoparticles compared to gold nanoparticles.
The maximum (22.16 ± 1.52 mm) and the minimum activities (9.28 ± 1.36) were recorded
against Klebsiella pneumonia (Figure 10) and Escherichia coli, respectively.
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The gold nanoparticle extract showed the maximum activity (21.84± 2.00 mm) against
Klebsiella pneumonia (Figure 10) and the minimum activity (8.06 ± 1.00 mm) against Es-
cherichia coli. Interestingly, both the nanoparticles showed maximum and minimum activity
for the same bacterial species. The antibacterial activity of Thraustochytrium kinnei extracted
with petroleum ether showed maximum activity (13.10 ± 1.00 mm) against Staphylococcus
aureus and minimum (6.69 ± 0.57 mm) against Escherichia coli (Figure 10). Ampicillin was
used as a positive control, and it exhibited the maximum activity against Salmonella typhi
(21 ± 1.52 mm) and the minimum activity against Streptococcus pyogens (14 ± 1.52 mm)
(Table 6). Thus, the antibacterial activity was recorded as the highest for silver nanoparticle
extract, followed by gold nanoparticle extract and petroleum ether extract.
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Table 6. Antibacterial activity (as indicated by inhibition zones) of nanoparticles and extracts of
Thraustochytrium kinnei against clinical pathogens.

Clinical Pathogen TS AgNPs AuNPs Ampicillin
+ ve (C)

Proteus mirabilis 10.33 ± 1.52 14.05 ± 1.00 11.23 ± 1.15 19 ± 0.57
Staphylococcus aureus 13.10 ± 1.00 16.07 ± 2.00 19.78 ± 2.08 17 ± 1.15
Streptococcus pyogens 7.62 ± 1.52 10.41 ± 1.15 9.31 ± 0.57 14 ± 1.52

Escherichia coli 6.69 ± 0.57 9.28 ± 1.36 8.06 ± 1.00 20 ± 2.08
Vibrio parahaemolyticus 8.32 ± 1.15 12.65 ± 1.43 12.11 ± 1.15 17 ± 1.15

Vibrio cholera 7.00 ± 2.30 9.60 ± 2.08 9.87 ± 1.52 16 ± 1.00
Klebsiella pneumonia 12.87 ± 1.13 22.16 ± 1.52 21.84 ± 2.00 19 ± 2.00

Klebsiella oxytoca 7.66 ± 0.57 12.10 ± 2.00 13.73 ± 2.08 16 ± 1.00
Salmonella typhi 8.61 ± 1.73 9.69 ± 2.36 12.66 ± 1.52 21 ± 1.52

Salmonella paratyphi 11.22 ± 2.00 17.33 ± 0.57 14.17 ± 2.81 20 ± 1.73
TS—Thraustochytrium kinnei, AgNPs—silver nanoparticles, AuNPs—gold nanoparticles, Ampicillin—positive
control, C—Negative control data not shown.

4. Discussion

Thraustochytrid taxonomy is generally based on morphology and lifecycle [39]. The
identification of thraustochytrids is very difficult at the species level, due to the morpho-
logical similarities among them. Many morphological characters that are used for their
classification overlap with each other [4]. In this regard, 18S rDNA sequences are important
in understanding the taxonomy of thraustochytrids [32]. Moreover, the non-availability
of much reference gene sequence data in Genbank is also a major drawback. Hence, the
present study used both morphological and molecular techniques and identified the marine
thraustochytrid strain as Thraustochytrium kinnei (NCBI Accession No. KT716334). The blast
results showed high 18S sequence similarity with sequences of other thraustochytrids avail-
able in the Genbank database. The phylogenetic analyses confirmed that thraustochytrid
strain TSKK1 was closely related to Thraustochytrium kinnei (Genbank No. DQ367053),
Thraustochytrium aff. kinnei (Genbank: HQ228970), Thraustochytrium sp. KL1 (Genbank:
FJ821498) and Thraustochytrium sp. EMRG523 (Genbank: KM374696).

Biomass productions of thraustochytrids are dependent on media composition and
environmental conditions. Morphological characteristics of thraustochytrids are also
changed by growth conditions, including nutrients, temperature, pH and salinity [40].
The statistically optimized conditions for maximum biomass production were pH of
7.16, 6.22 days of incubation and the media composition of bread crumbs (20.54 g·L−1) and
peptone (10.14 g·L−1) (Table 3). The present study is in accordance with earlier reports
that the biomass production of thraustochytrid species is highly dependent on carbon
and nitrogen sources in the culture medium as well pH and days of incubation [12]. The
maximum biomass production of 13.53 g·L−1 recorded in Thraustochytrium kinnei falls
within the range of 0.8–48 g·L−1 under the temperature of 25–28 ◦C and incubation time of
4–12 days, as earlier reported [10,41].

The total lipid content in Thraustochytrium kinnei was found to be 41.33%, which is
comparable with other reports on lipid content of thraustochytrids, ranging from 16 to 50%
based on the dry biomass [42,43]. The present study recorded 43.68% saturated fatty acid,
4.90% monounsaturated fatty acid, and 51.42% polyunsaturated fatty acids in Thraus-
tochytrium kinnei, in addition to better fatty acid profile in terms of essential fatty acids such
as alpha-linolenic acid (ALA) (0.33%), eicosapentaenoic acid (EPA) (7.76%), docosahex-
aenoic acid (DHA) (39.16%), arachidonic acid (1.67%) and docosapentaenoic acid (DPA)
(2.09%) (Table 5). Thus, thraustochytrids are promising for the production of essential fatty
acids, in accordance with earlier reports [1,44].

While microorganisms such as bacteria, actinomycetes, and fungi continue to be
investigated in metal nanoparticle synthesis, the use of their marine counterparts is lim-
ited [19,45]. The mangrove-derived bacteria, fungi and thraustochytrids were capable of
reducing the silver ions at a faster rate with various antimicrobial applications [30]. The
present study proved the potential of thraustochytrids for the synthesis of silver and gold
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nanoparticles. Similarly, Thraustochytrium sp. isolated from mangrove habitat is reported
to be efficient in the biosynthesis of silver nanoparticles with the size of 50–100 nm [46].
The shape and size of silver (AgNPs) and gold (AuNPs) nanoparticles produced by Thraus-
tochytrium kinnei were mostly cubical in nature with the size range of 5 to 90 nm. This range
of size is in agreement with earlier work on soil fungi, reporting the silver nanoparticle
size of 5–50 nm for Trichoderma reesei and gold nanoparticle size of 5–10 nm for Trichoderma
koningii [47].

The antioxidant activity of silver and gold nanoparticles synthesized from Thraus-
tochytrium kinnei was found to increase in a dose-dependent manner, which is congru-
ent to the earlier findings with other species of thraustochytrids [3,26,48]. The present
study observed DPPH radical scavenging activity of the silver (87.27 ± 2.08%) and gold
(85.54 ± 1.73%) nanoparticles and also the total antioxidant capacity (TAC) for silver
(86.37 ± 1.52%) and gold (84.09 ± 2.39%) nanoparticles. A similar observation was pre-
viously made with mangrove-derived marine thraustochytrids, with the highest activity
being 78.95% [3]. Similarly, Schizochytrium sp., and Thraustochytrium striatum, rich in an-
tioxidative components, are proven to be promising for application as health products
or cosmetics [26,38]. The antioxidant activity is attributed to polyunsaturated fatty acid
derivatives, which help to eliminate toxic free radicals [48]. To the best of our knowledge,
this is the first study to evaluate the antioxidant capacity of two nanoparticle synthesized
from thraustochytrid strain TSKK1 (Thraustochytrium kinnei) extracts. This result gives
some insight into and guidance on the comprehensive and high-value-added utilization of
these two nanoparticle synthesized Thraustochytrium kinnei extracts. Further studies need to
be conducted to identify which potent antioxidant compounds present in Thraustochytrium
kinnei can be further used for appropriate nutraceutical applications.

The silver nanoparticles in the present study showed antibacterial activity with the
highest inhibition zone (22.16± 1.52 mm) against Klebsiella pneumonia (Table 6); this finding
is in agreement with earlier work [49]. The gold nanoparticles also exhibited the maximum
activity (21.84 ± 2.00 mm) against Klebsiella pneumonia (Table 6). This inhibitory activity is
due to the destruction of the bacterial cell wall, as a result of hydrolytic enzymes produced
by thraustochytrids [2,50]. The antibacterial activity is also attributed to fatty acids such as
linoleic acid, which are proven to have antibacterial, antiviral, antitumor, anti-inflammatory,
anti-proliferative and antioxidant activities [51]. Thraustochytrium striatum is reported to
have antibacterial activity against Pseudomonas aeruginosa [26]. The activity varies with
the crystallographic nature of nanoparticles [52]. However, the antimicrobial activities of
silver and gold nanoparticles synthesized from Thraustochytrium kinnei were compared
with distilled water as a negative control, which had no bacterial inhibition (data not
shown). Our results recommend that nanoparticle synthesized from thraustochytrium
kinnei extract exhibited the greatest inhibition activity when compared with petroleum
ether extract. The nanoparticles synthesized from thraustochytrid extract could inhibit
the growth of pathogenic bacteria. Further studies will be needed for the bioprospecting
potential of thraustochytrids. As a final point we concluded that thraustochytrids from
the decomposing mangrove leaves are future sources of DHA as well as antioxidant and
antimicrobial compounds and could be considered for nutraceuticals.

5. Conclusions

The present study highlights the importance of mangrove-derived Thraustochytrid
strain TSKK1 (Thraustochytrium kinnei) as a potential source for DHA production and
nanoparticle synthesis. This work standardized the optimal culture conditions for high
biomass production with a high yield of omega-3 fatty acids. Silver and gold nanoparticles
synthesized from the strain showed good antioxidant and antibacterial activities. Further
studies are required on possible use of Thraustochytrium kinnei in medical applications for
omega-3 fatty acid production and as antioxidant and antimicrobial agents.
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