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Abstract: Thraustochytrids are fungoid protists ubiqui-
tous in the marine environment and found to be associated
with decaying macroalgae. Not much is known about their
association with living macroalgae. Hence in the present
study, different macroalgal samples were collected from
various beaches of Goa to examine the presence of
thraustochytrids during a four-year-long study. Brown, red
and green algae were found to be substrata of thraus-
tochytrids. Thraustochytrids were isolated on pine pollen
baiting from 17 to 58% of the specimens. Thraustochytrids
isolated from various macroalgae belonged to the genera
Oblongichytrium, Schizochytrium, Ulkenia, and Thraus-
tochytrium. Labyrinthula sp. was also found once on the
green alga Bryopsis hypnoides. These were generally found
during dry seasons rather than in monsoons. The seasonal
occurrence of thraustochytrids was found to be associated
with temporal variation in macroalgal diversity. The sta-
tistical analysis supported individual or interactive effects
of both factors viz, seasons and macroalgal diversity, on
the occurrence of thraustochytrids. Thraustochytrids were
alsoisolated from seawater adjoining macroalgae and from
estuarine water at all times of the year. Oblongichytrium sp.
was isolated from the green alga Ulva compressa and
Anjuna seawater samples at the same time, thus indicating
that thraustochytrids from seawater could inhabit the
macroalgae.
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1 Introduction

Seaweeds play a vital role in constructing intertidal com-
munities and are known as ecosystem engineers (Jones
et al. 1994). The microbial communities associated with
seaweeds are crucial in determining seaweed morphology
and their growth stages (Ghaderirdakani et al. 2020). These
microbial communities include diverse groups of micro-
organisms such as fungi, protozoa, bacteria, larvae of
marine invertebrates and diatoms (Singh and Reddy 2014).
In some instances, bacterial communities associated with
seaweeds are so specific that they are observed at all times
of the year irrespective of the season as well as geologic
habitats (Lachnit et al. 2011). In contrast, an individual
seaweed species may show completely different bacterial
communities in different seasons or different habitats
(Singh and Reddy 2014).

Thraustochytrids are eukaryotic microorganisms that
are scavengers in the marine environment (Raghukumar
and Damare 2011). These are economically important or-
ganisms in the biotechnology industry owing to their pro-
duction of polyunsaturated fatty acids (PUFAs), especially
w-3 docosahexaenoic acid and eicosapentanoic acid
(Raghukumar 2008; Raghukumar and Damare 2011). These
organisms are ubiquitous in the marine environment
(Raghukumar 2002) and can be associated with marine
animals such as tunicates, mollusks, etc. (Azevedo and
Corral 1997; Rabinowitz et al. 2006). Thraustochytrids are
found abundantly in mangrove environments and form an
essential component of mangrove habitats (Raghukumar
2002). These protists are saprophytic in nature, bearing an
osmoheterotrophic mode of nutrition similar to bacteria
and fungi. They obtain nutrition by producing extracellular
enzymes via the extensions of their plasma membrane
called ectoplasmic net (EN) elements (Porter 1990). By
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virtue of these EN elements, they can attach to any sub-
stratum and absorb nutrition (Raghukumar 2002).
Thraustochytrids reproduce by means of motile biflagellate
zoospores, which settle on any surface and round up to
form young cells that multiply and colonize the surface, a
characteristic similar to chytrid fungi (Gleason et al. 2018).
These were earlier classified under oomycetan fungi
(Sparrow 1973) and are now known as fungal-like organ-
isms (Leafio and Damare 2012).

Despite the widespread occurrence of thraustochytrids
in mangroves (Raghukumar 1988; Raghukumar et al.
1995), and their importance in the marine environment as
decomposers, pathogens (Raghukumar 2002; Schérer et al.
2007) and as a source of nutrition to zooplankton (Damare
and Raghukumar 2015; Damare et al. 2013), their associa-
tions with macroalgae are not well-studied. The few studies
on the existence of thraustochytrids in the detritus of
macroalgae (Sathe-Pathak et al. 1993; Sharma et al. 1994),
and parasitic association of Labyrinthula (sister clade
of thraustochytrids) with the green algae Chaetomorpha
media, Rhizoclonium and Cladophora (Raghukumar 1987a, b)
did not establish their contribution as a holobiont of
macroalgae. The seaweed holobiont comprises a macro-
algal host and microorganisms associated with it which
help in maintenance of health, performance and resilience
of the macroalga (Egan et al. 2013). There is a plethora of
information on the role of epiphytic bacteria on macro-
algae (Ghaderiardakani et al. 2020; Selvarajan et al. 2019).
Fungal associations with macroalgae were also studied
(Singh et al. 2018; Vallet et al. 2018). However, there is
dearth of knowledge about thraustochytrids associated
with living macroalgae. One-time sampling revealed a few
thraustochytrids from Centroceras clavulatum, Gelidium
pusillum, Sargassum cinereum and Padina tetrastomatica
but further investigation showed growth inhibition in the
presence of living algae (Raghukumar et al. 1992). Another
one-time study revealed few thraustochytrids from drifting
Sargassum cinereum (Damare 2015). The factors that drive
the occurrence of these protists on macroalgae will remain
ambiguous till a detailed study at a temporal scale is car-
ried out. It is unclear whether thraustochytrids are a reg-
ular member of the seaweed holobiont or are sporadically
found on macroalgae.

This study, therefore, investigated the diversity of
thraustochytrids on brown, red and green macroalgae
in different months in Goa to find a possible association
between thraustochytrids and the macroalgae. Goa is in the
tropical zone located on the southwest coast of India with
the Arabian Sea at its west. Its area encompasses coastal
plains, plateaus and hills, and is separated from the Dec-
can highlands by the Western Ghats, which is a global
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biodiversity hotspot (Myers et al. 2000). The Western Ghats
block the southwest monsoon winds causing heavy rainfall
in Goa from June to September, which is called the summer
monsoon. Runoff during monsoons flows through several
streams, rivers, and estuaries carrying it to the Arabian Sea.
The estuaries are monsoonal in nature as their circulation
is controlled by runoff during monsoons and by tides
during the dry season. The dry season spreads from hot
October and November (day time temperatures 28-32 °C),
to winter with low humidity from December to February
(day time temperatures 25-31 °C) and extremely hot and
humid summer from March to May (day time temperatures
of over 35 °C). The present study had two objectives: the
first was to isolate thraustochytrids from macroalgae found
on various beaches of Goa to check for spatial variation if
any, and further study their temporal variation in associ-
ation with macroalgae on one of the beaches. The second
objective was to investigate the occurrence of thraus-
tochytrids in the seawater surrounding the macroalgae and
estuarine waters to study the factors responsible for
thraustochytrid occurrence with the macroalgae.

2 Materials and methods

2.1 Isolation of thraustochytrid protists from seaweeds
and seawater

Seaweed or macroalgal samples were collected at low tide from
intertidal zones during four time periods (August-December 2015;
August 2016-April 2017; August 2017-March 2018; and September
2018-February 2019) from the coastal belts of north and south Goa
(Figure 1). Details of the beaches and sampling period are given in
Table 1. Different macroalgal samples were collected in clean zip-lock
plastic bags. The samples were transported to the laboratory on ice.
Macroalgae were identified on the basis of morphology (Dhargalkar
and Kavlekar 2004; Kamboj et al. 2019; www.algaebase.org), and
Simpson’s Diversity Index (D) and Margalef Species Richness (S) were
calculated for the samples collected using the following formulae (De
Jong 1975; Gamito 2010; Okpiliya 2012).

n(n-1)

D:l_N(N—l)

and S =

s-1
nn

The macroalgal samples (Table 2) were washed with sterile
seawater 4-5 times in a laminar flow hood and processed further for
isolation of thraustochytrids. While collecting macroalgae from
Anjuna beach, surface seawater was also collected in sterile 50-mL
Falcon tubes for isolation of thraustochytrids. Surface seawater was
collected also from Dona Paula, Ribandar jetty and Divar island along
the Mandovi estuary, and Madkai and Durbhat jetty along the Zuari
estuary in Goa, India, from September to November 2018 during high
tide. Dona Paula lies at the mouth of both the Mandovi and Zuari
estuaries, the monsoonal estuaries in Goa (Figure 1).

Macroalgal samples were cut into small pieces of 25 mm? and put
in small Petri dishes or multiwell plates containing sterile seawater.
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Figure 1: Map showing locations in Goa, India, where sampling was
carried out. Closed circles: Beaches where macroalgae were
obtained. Open stars: The estuarine locations (Divar, Ribandar,
Durbhat and Madkai) and Dona Paula.

The seawater samples from various locations were also placed in
separate multiwell plates. Sterile pine pollen was used as a bait and
added to each Petri dish and/or well. These were incubated for
3-4 days at room temperature and monitored daily by microscopy for
thraustochytrid growth. The pine pollen baited macroalgal samples
that showed thraustochytrid cells on microscopy were streaked on MV
(modified Vishniac) agar plates (0.001% liver infusion powder, 0.01%
yeast extract, 0.15% peptone, 0.4% dextrose, 0.8% agar in natural
seawater), supplemented with AMPILOX-c containing 500 mg Ampi-
cillin and 500 mg Cloxacillin per 100 mL. The plates were incubated at
room temperature for 1-2 days. The colonies obtained were purified by
sub-culturing at an interval of 4-5 days on MV agar plates without the
antibiotics.

All the seawater samples were tested for total viable count (TVC) of
bacteria, and various physicochemical parameters such as pH, salinity,
nitrates and phosphates. TVC was carried out by spread plating 0.1 mL
of seawater dilutions on Zobell Marine Agar. pH and salinity of water
samples were checked soon after collection using pH-indicator strips
(HiMedia) and a portable refractometer (RHS-10ATC), respectively.
Nitrates were determined by the spectrophotometric method of Howse
(1997). Ten ml of each water sample were added to volumetric flasks. A
pinch of zinc dust was added with 80 mL of distilled water. Later 1 mL of
sulfanilamide solution (1%) was added and mixed, and after 3—-4 min,
1 mL of 0.1% N-(1-naphthyl)-ethylene-diamine dichloride (NED) was
added. The pink-coloured complex produced was measured at 543 nm.
Phosphate analysis was done by the Murphy and Riley (1962) method.
Eight ml of reagent mix (containing sulphuric acid, ascorbic acid,
ammonium molybdate and potassium antimonyl tartarate) were added
to 40 mL of water sample and topped up to 50 ml with distilled water.
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Table 1: Details of time period during which seaweed samples were
collected from various beaches of Goa.

Sampling  Beach Geographical District Seaweeds
period location found
Aug-Dec Anjuna 15.573418°N, North  +
2015 73.740785°E Goa
Vainguinim  15.455658°N, North +
Valley 73.813388°E Goa
Siridao 15.445130°N, North +
73.855871°E Goa
Cabo de 15.193606°N, South  +
Rama 73.925520°E Goa
Aug 2016- Anjuna 15.573418°N, North  +
Apr 2017 73.740785°E Goa
Aug 2017- Anjuna 15.573418°N, North  +
Mar 2018 73.740785°E Goa
Miramar 15.483093°N, North -
73.807399°E Goa
Odxel 15.453517°N, North -
73.830257°E Goa
Cacra 15.450988°N, North -
73.837641°E Goa
Siridao 15.445130°N, North -
73.855871°E Goa
Betalbatim  15.293586°N, South -
73.907732°E Goa
Colva 15.281209°N, South -
73.911641°E Goa
Benaulim 15.257193°N, South -
73.918688°E Goa
Mobor 15.156811°N, South -
73.945616°E Goa
Betul 15.146801°N, South  +
73.948175° Goa
Rajbagh 14.985055°N, South -
74.038474°E Goa
Sep 2018- Anjuna 15.573418°N, North +
Feb 2019 73.740785°E Goa

‘+’ represents occurrence of seaweeds in that location; ‘-’ represents
no seaweeds.

Blue-coloured phosphomolybdic acid was formed and the optical
density was measured at 882 nm within 30 min. The standard curves
for nitrates and phosphates were constructed using sodium nitrate
(0.5-5 uM) and potassium dihydrogen orthophosphate (0.5-5 pM),
respectively.

2.2 ldentification of thraustochytrid isolates

Identification of the isolates was carried out by examining their life
cycle morphology (Bennett et al. 2017; Leafio and Damare 2012). Each
culture was grown in MV broth (without the addition of agar), and a
loopful was placed on a glass slide of a continuous flow chamber
(Raghukumar 1986). Life cycle was monitored under the microscope
for two days (Damare and Raghukumar 2006). A continuous flow of
MV broth was maintained to provide nutrients to the growing cultures.
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Table 2: Macroalgae collected at different sampling sites and during different seasons positive for thraustochytrid cells on pine pollen and on
modified Vishniac (MV) agar.

Season Location Sample Thraustochytrid cells on pine Thraustochytrid cells on MV
pollen agar
Oct 2015 Siridao Sargassum sp. + -

Vainguinim Sargassum tenerrimum |. Agardh
Sargassum cinereum ). Agardh - -
Sargassum polycystum C. Agardh

Sargassum ilicifolium (Turner) C. Agardh + +
Anjuna Lomentaria hakodatensis Yendo + +
Sargassum tenerrimum -
Sargassum sp. + -
Stoechospermum marginatum (C. Agardh)  + +

Kiitzing

Spatoglossum asperum |. Agardh - -
Cheilosporum spectabile Harvey ex Grunow  + -
Laminaria sp. - -

Padina tetrastomatica Hauck + -
Dec 2015 Cabo de Cutleria multifida (Turner) Greville - -
Rama Ulva lactuca Linnaeus + -

Caulerpa peltata ).V.Lamouroux - -
Caulerpa racemosa (Forsskal) J. Agardh +
Sargassum sp. + -
Padina tenuis Bory +
Aug 2016  Anjuna Chaetomorpha sp. - -
Ulva intestinalis Linnaeus - -
Ulva compressa Linnaeus - -
Ulva flexuosa Wulfen - -
Sep 2016  Anjuna Ulva intestinalis - -
Ulva compressa - -
Ulva flexuosa - -
Ulva fasciata Delile - -
Oct 2016 Anjuna Padina gymnospora (Kiitzing) Sonder
Hypnea valentiae (Turner) Montagne
Gracilaria sp.
Hypnea sp. - -
Sargassum tenerrimum
Sargassum cinereum
Ulva intestinalis
Ulva clathrata (Roth) C. Agardh - -
Nov 2016  Anjuna Padina gymnospora - -
Gracilaria sp. - -
Caulerpa sertularioides (S.G. Gmelin) M. - -
Howe
Chaetomorpha media (C. Agardh) Kiitzing - -
Sargassum cinereum + -
Dec 2016  Anjuna Chaetomorpha media - -
Caulerpa sertularioides - -
Stoechospermum marginatum - -
Sargassum cinereum +
Padina gymnospora +
Jan 2017 Anjuna Caulerpa peltata + -
+
+

+ + o+
I

+ o+ o+
I

Sargassum tenerrimum
Padina gymnospora
Ulva faciata - -
Feb 2017 Anjuna Caulerpa peltata - -
Sargassum tenerrimum + -
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Table 2: (continued)

Season Location Sample Thraustochytrid cells on pine Thraustochytrid cells on MV
pollen agar

Sargassum cinereum
Padina gymnospora
Caulerpa sertularioides
Gracilaria corticata (). Agardh) J. Agardh
March 2017 Anjuna Dictyota dichotoma (Hudson) J.V. Lamouroux
Asparagopsis taxiformis (Delile) Trevisan
Sargassum cinereum
Caulerpa peltata
Hypnea cervicornis J. Agardh
Bryopsis hypnoides ).V. Lamouroux
Padina gymnospora
Caulerpa sertularioides
Gracilaria corticata
Apr 2017 Anjuna Ulva flexuosa - -
Sargassum cinereum
Hypnea cervicornis
Asparagopsis taxiformis
Caulerpa sertularioides
Gracilaria corticata
Oct 2017 Betul Sargassum cinereum - -
Ulva fasciata - -
Padina gymnospora - -
Stoechospermum marginatum - -
Jan 2018 Anjuna Sargassum sp. - -
Stoechospermum marginatum - -
Ulva fasciata + +
Stoechospermum sp. - -
Sargassum cinereum
Ulva compressa
Padina gymnospora - -
Feb 2018 Anjuna Ulva fasciata - -
Padina gymnospora - -
Sargassum cinereum - -
Stoechospermum sp. - -
Feb 2018 Betul Ulva fasciata - -
Sargassum cinereum + -
Stoechospermum sp. - -
March 2018 Anjuna Padina gymnospora - -
Gracilaria spp. - -
Sargassum cinereum + -
Ulva fasciata +
Sep 2018  Anjuna Chaetomorpha sp. - -
Ulva fasciata + +
Ulva intestinalis - -
Oct 2018 Anjuna Asparagopsis taxiformis - -
Ulva fasciata - -
Gracilaria corticata - -
Padina gymnospora - -
Dictyota dichotoma - -
Chaetomorpha media - -
Caulerpa peltata - -
Lomentaria sp. + +
Nov 2018  Anjuna Caulerpa sertularioides - -
Caulerpa peltata - -
Hypnea valentiae - -

I+ o+ o+ o+ o+
I

I+ o+ o+ o+
[ +

+
|

+ 4+ + o+ o+
I
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Table 2: (continued)
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Season Location Sample

Thraustochytrid cells on pine
pollen

Thraustochytrid cells on MV
agar

Padina gymnospora
Gracilaria corticata
Sargassum tenerrimum
Asparagopsis taxiformis
Lomentaria hakodatensis
Ulva fasciata
Chaetomorpha media
Sargassum tenerrimum
Ulva fasciata

Caulerpa peltata
Caulerpa sertularioides
Dictyota dichotoma

Jan 2019 Anjuna

Feb 2019 Anjuna

+ +
+ +

‘+” indicates positive sample; ‘-’ indicates no thraustochytrids obtained.

Identification of some of the isolates was confirmed by molecular
analysis (Damare et al. 2020). This involved 18S rRNA gene amplifi-
cation using two sets of universal primers NS1-NS4 and NS3-NS8
(White et al. 1990). Amplification conditions were the same as
mentioned in Damare and Raghukumar (2010). The PCR products were
sequenced by the 3130XL Genetic Analyser (ABI Sequencer 2200) after
purification with PCR Clean Up kit (Promega Cat. No. A9282).

2.3 Effect of seasons and type of macroalgae on
occurrence of thraustochytrids

Macroalgae collected from the intertidal region of Anjuna beach
during the second and fourth sampling period corresponded to the
following seasons, summer monsoon (August—September), summer
post-monsoon (October), autumn post-monsoon (November), winter
post-monsoon (December—February), and summer pre-monsoon
(March-April). Five pieces of 25 mm® each of different seaweeds
(Table 2) were incubated in separate wells of 24-well plates along with
sterile pine pollen. The wells were observed after 3-5 days under a
microscope for the presence of thraustochytrid-like cells. Wet mounts
of the pollen grains in the wells were prepared and observed under
10x magnification of bright field microscopy. Thirty pollen grains with
cells were observed (Supplementary Figure S1), and the number of
cells found attached to them was recorded with an average taken.

2.4 Statistical analysis

Effects of seasons and type of macroalga (substratum) on the occur-
rence of thraustochytrids were analysed statistically by a non-
parametric test to check which of the two factors affected thraus-
tochytrid isolation. At first, Friedman’s test was carried out with all the
factors together, i.e., seasonality and macroalgal diversity, to examine
multiple dependent factors. Single-factor influence was analysed by
Kruskal-Wallis test. Friedman’s test represents a non-parametric
version of two-way ANOVA, and the Kruskal-Wallis test represents a
non-parametric version of one-way ANOVA.

The effect of different physicochemical parameters of the
seawater samples on the presence of thraustochytrids was also ana-
lysed by non-parametric Friedman’s test because the data did not

follow a normal distribution. All statistical analysis was carried out
using Statistica 8 (Weif3 2007). The data were also correlated by
multidimensional scaling (MDS) using Primer 6 software (Clarke and
Gorley 2006). The data was log-transformed prior to MDS analysis. The
original distance between the samples was measured as Euclidean
distance.

3 Results

3.1 Diversity of macroalgae and their
associated thraustochytrids

Aug-Dec 2015: different beaches sampled during this
period showed different macroalgal diversity (Table 2). The
most common macroalgae found in the intertidal zone of
all the beaches were Sargassum spp. In addition, Lomen-
taria hakodatensis, Stoechospermum marginatum, Spato-
glossum aspermum, Cheilosporum spectabile, Laminaria
sp., Padina tetrastomatica were present at Anjuna beach.
Cutleria multifida, Ulva sp., Caulerpa spp. and Padina
tenuis were found on Cabo de Rama beach. No thraus-
tochytrid cultures were isolated from the macroalgae of
Siridao and Cabo de Rama beaches. One culture was ob-
tained from Sargassum ilicifolium from Vainguinim beach.
Two cultures were recovered from Anjuna beach, one from
Lomentaria hakodatensis and the other from Stoecho-
spermum marginatum. However, only the culture from
Lomentaria hakodatensis survived after subsequent sub-
culturing and this isolate A1 was identified as Oblongichy-
trium sp. based on its life cycle (Figure 2a).

Aug 2016-Apr 2017: thraustochytrid cells were
observed on pine pollen baiting of macroalgae from
October 2016 onwards till April 2017, i.e., post-monsoon to
pre-monsoon, excluding the monsoon period. Three
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thraustochytrid isolates were obtained in culture, one
during December (isolate SAC1) and two during February
(isolates B6 and C1). Isolates B6 and C1 were obtained from
the red alga Gracilaria corticata and were identified as
Oblongichytrium sp. (Figure 2b and c) and Ulkenia sp.
(Figure 2d, Supplementary Figure S2), respectively. Isolate
SAC1 was obtained from the brown alga Sargassum ciner-
eum and identified as Thraustochytrium sp. based on its life
cycle (Figure 2e and f).

Aug 2017-Mar 2018: no seaweeds were found on the
beaches of Cacra, Siridao, Colva, Benaulim, RajBagh and
Mobor during August—September (monsoon) and October
(post-monsoon) 2017. Sargassum, Ulva, Padina and Stoe-
chospermum marginatum were recorded during October
2017 on Betul beach, but none of them revealed thraus-
tochytrid cells on incubation with pine pollen. However,
only Sargassum cinereum collected from the same beach in
February 2018 showed thraustochytrids on incubation.
Ulva fasciata and Stoechospermum sp. from the Betul beach
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Figure 2: Micrographs of thraustochytrid
isolates: (a) colonies of Oblongichytrium
sp. A1; (b) mature cell and zoosporangia of
Oblongichytrium sp. Bé; (c) a colony of
Oblongichytrium sp. Bé; (d) colony of
Ulkenia sp. C1; (e-f) cells of
Thraustochytrium sp. SAC1 showing
emergence of ectoplasmic net element
from one point on the cell wall and
apophysis beneath; (g) cells of
Oblongichytrium sp. #VD4; (h) cells and
oblong zoospores of Oblongichytrium sp.
#VD4; (i) cells of Parietichytrium sp. #VD12
on maturity become amoeboid; (j) mature
sporangium of Parietichytrium sp. #VD12
showing radiated cell division; (k) colonies
of Ulkenia sp. AUS obtained from Ulva;

(1) colonies of Schizochytrium sp. ALN
obtained from Lomentaria; (m)
Labyrinthula cells obtained after baiting
green alga Bryopsis hypnoides in sterile
seawater and pine pollen collected in
March 2017. Scale bars: (a) 100 pm; (b), (c),
(), () 20 pm; (d) 50 pm; (e), (g), (h), (m)

10 pm; () 5 pm; (k), (1) 200 pm.

in February 2018 did not produce any thraustochytrids on
pine pollen baiting. Macroalgae found on Anjuna beach
during this study period were Sargassum cinereum, Padina
gymnospora and Ulva fasciata (during January—March
2018), Stoechospermum sp. (during January-February
2018) and Gracilaria sp. only (in March 2018). Amongst the
macroalgae from Anjuna beach, only Sargassum cinereum
and U. fasciata showed the presence of thraustochytrids in
January and March but not in February. Thraustochytrid
cells were also seen in pollen baiting samples of the stem
and air bladders of Sargassum cinereum and other sea-
weeds such as Stoechospermum marginatum and Padina
gymnospora. However, these lost their viability during sub-
culturing. The isolates obtained from Anjuna beach during
January 2018 were #VD4 obtained from U. compressa
identified as Oblongichytrium sp. (Figure 2g and h) and
isolate #VD12 obtained from U. fasciata identified as Pari-
etichytrium sp. (Figure 2i and j) based on their life cycle and
18S rDNA sequencing (Damare et al. 2020).
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Sep 2018-Feb 2019: only the green algae Ulva and
Chaetomorpha were found in September 2018. A higher
diversity of algae as compared to September was seen from
October 2018 onwards up to February 2019 (Table 2). Two
thraustochytrid isolates were obtained during this period,
Ulkenia sp. (isolate AUS, Figure 2k) from Ulva and Schizo-
chytrium sp. (isolate ALN, Figure 21) from Lomentaria dur-
ing September and November 2018, respectively, as
identified by their life cycle studies.

3.2 Occurrence of thraustochytrids on
macroalgae and seawater

Of the 19 macroalgal samples collected during the first
study period (August—December 2015), 58% of the samples
were positive for thraustochytrids: 2 of 3 green algae, 2 of
the two red algae and 7 of 14 brown algae (Figure 3). Out of
50 macroalgal samples collected during the second study
period (August 2016—April 2017), 48% of the samples were
positive for thraustochytrids. Almost 82% of the brown
algae were positive for thraustochytrids. During the third
study period (August 2017-March 2018), only 24% of
samples showed the presence of thraustochytrids: 3 of 17
brown algae, 4 of 10 green algae and none for the red algae.
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During the fourth study period (September 2018—-Februrary
2019), only 17% of seaweed samples gave rise to thraus-
tochytrid cells after incubation: 2 of 15 green algae, 2 of 8
red algae, and 1 of 6 brown algae. The number of seaweed
specimens positive for thraustochytrids correlated with
high Simpson’s Diversity Index (D) and Species Richness
(S) values of the seaweed samples (Table 3).

Pine pollen baiting of seawater from all the locations
in Mandovi and Zuari estuaries, and at Dona Paula
showed the presence of thraustochytrids. The seawater
collected from Anjuna beach along with seaweeds also
revealed the presence of thraustochytrids. Isolate #VD6
obtained from the seawater at Anjuna during January 2018
was identified molecularly and based on its life cycle as
Oblongichytrium sp., which was the same as that obtained
from Ulva compressa from Anjuna during the same period
(Damare et al. 2020). The other isolates were #RBSS
(Botryochytrium sp.) obtained from Ribandar (Mandovi
estuary) and #MSS (Thraustochytrium sp.) obtained from
Madkai (Zuari estuary) in September. Isolate #DPSO
(Thraustochytrium sp.) was isolated from Dona Paula and
#DBSO (Thraustochytrium sp.) from Durbhat (Zuari estu-
ary) in October. The isolates from estuarine waters were
identified based on their life cycle and morphology
(Supplementary Figure S3).

Table 3: Diversity indices and isolation frequency of thraustochytrids on macroalgal samples collected during the four time periods.

Aug-Dec Aug 2016-March Sep 2017- March Sep 2018-Feb

2015 2017 2018 2019

Simpson’s diversity index (D) 0.977 0.952 0.837 0.941
Margalef species richness (S) 5.094 5.087 2.079 3.86
Percentage of seaweed samples positive for 58 48 24.14 17.24

thraustochytrids
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Figure 3: Presence of thraustochytrids on
the three different macroalgal types in
different sampling periods. T.P.,
thraustochytrid-positive specimens.
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Physicochemical properties and TVC counts of bacte-
ria in seawater (Table S1) clearly differentiated between
estuarine and beach waters as seen by the clustering
pattern in multidimensional scaling (Supplementary
Figure S4). Except for the October seawater sample of Dona
Paula and December’s sample of Anjuna, all the samples
from these two sites formed one cluster. Salinity at Anjuna
and Dona Paula ranged from 35 to 44 which was higher
than the estuarine waters (14—28 in Mandovi and 20-34 in
Zuari estuary). The pH of all these locations was between
6.5 and 8. Similarly, phosphates ranged from 0.36 to
5.04 pM, and nitrates ranged from 0.11 to 2.09 pM in all the
samples. The TVC of bacteria ranged between 40 and
242.5 x 10° cfu (colony forming unit) mL™".

3.3 Effect of seasons and type of macroalgae
on occurrence of thraustochytrids

Temporal variation in the diversity of macroalgae was
observed in the intertidal region of Anjuna beach. Species
richness was lowest during the monsoon of both study
periods, i.e., the monsoons of 2016 and 2018 (Table 4).
Monsoon samples did not yield thraustochytrids except for
one instance, from Ulva fasciata during Sep 2018 (Figure 4).
The highest diversity was observed in summer pre-monsoon
(March and April) and summer post-monsoon (October)
(Table 4), followed by post-monsoon November and winter
months (December—February). MDS reflected the clustering
of monsoon samples together (Figure 5). The post-monsoon

Table 4: Margalef species richness (S) of macroalgal specimens
collected every month during two sampling periods August
2016—April 2017 and September 2018-February 2019.

Sampling period Species richness (S)
Aug 2016 2.16
Sep 2016 2.16
Oct 2016 3.37*
Nov 2016 2.49
Dec 2016 2.49
Jan 2017 2.16
Feb 2017 2.79
Mar 2017 3.64*
Apr 2017 3.35*
Sep 2018 1.82
Oct 2018 2.92
Nov 2018 2.79
Jan 2019 2.16
Feb 2019 2.49

Higher richness indices were observed during post-monsoon
(October) and pre-monsoon (March and April) (marked by an
asterisk) than in other months.
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samples of October and pre-monsoon samples of March and
April dispersed far away from the rest of the samples,
standing clearly from the rest, as reflected in their high
seaweed diversity. The number of seaweed types observed
was 21 during 20162017 and 14 during 2018-2019; out of
these, only a few produced thraustochytrid cells on pine
pollen, i.e., 10 during the former and only four during the
latter period (Figure 6). Padina, Sargassum, and Caulerpa
were obtained consistently from October onwards till April,
and all these showed the presence of thraustochytrids
in 2016 (Figure 6) but no thraustochytrids in 2018. In
2016-2017, Asparagopsis taxiformis was observed in March—
April, while in 2018-2019, it was observed in January.
Dictyota dichotoma was observed only during March in 2017
and in February 2019. Both A. taxiformis and Dictyota
dichotoma showed the presence of thraustochytrids on pine

Aug 2016-April 2017
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Figure 4: Box plots showing the effect of seasons on the presence of
thraustochytrids in association with macroalgae.
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Figure 6: Box plots showing the presence of thraustochytrids in
association with macroalgae during two sampling periods.
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pollen in the first temporal study (2016-2017) but not in the
second (2018-2019). Bryopsis hypnoides and its associated
thraustochytrids were observed only during March 2017
and not during 2018-2019. This green alga also revealed
Labyrinthula-like cells on baiting during March 2017
(Figure 2m).

3.4 Factors governing thraustochytrid
occurrence

Temporal variation in the macroalgae-thraustochytrid as-
sociation was confirmed by non-parametric statistical
analysis (Table 5). The ANOVA Chi-Square value by
Friedman test and Kendall’s coefficient of concordance
were significant during both sampling periods indicating
that seasons and macroalgal type together influenced the
occurrence of thraustochytrids. When these two parame-
ters were analysed separately by Kruskal-Wallis test, both
were found to significantly affect thraustochytrid occur-
rence separately as seen by their p-values <0.05. However,
this significance was found only during the 2016-2017
study period. During 2018-2019, the Kruskal-Wallis test
showed no significant effect of any of the two parameters,
seasons or macroalgae type.

In the estuarine water samples, it was difficult to
determine if any physicochemical factors or bacterial
counts influenced thraustochytrid occurrence as thraus-
tochytrids were present in all samples despite varied
physicochemical properties and TVC of bacteria. Significant
ANOVA Chi Square value by Friedman test and Kendall’s
coefficient of concordance indicated the cumulative effect
of all these parameters on thraustochytrid occurrence
(Table 6).

4 Discussion

Thraustochytrids were found to be associated with sea-
weeds (macroalgae) in the present study. Temporal vari-
ation in the association between thraustochytrids and
macroalgae was studied at the rocky beach of Anjuna, as
macroalgae were consistently found there. Monsoons were
generally marked by the presence of green algae only.
Monsoon samples never produced thraustochytrids after
pine pollen baiting except in September 2018 from Ulva
fasciata. An Ulkenia isolate was cultured successfully from
Ulva fasciata. Many other specimens of Ulva gave rise to
thraustochytrids on pine pollen though not in culture.
Green algae were found during other seasons also, but
only 25% of them recovered thraustochytrids on baiting.
Caulerpa spp. and Ulva spp., though frequently found
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Table 5: Results of nonparametric statistical analyses (i.e. Friedman’s test and Kruskal-Wallis tests) to analyse two different parameters
(seasons and macroalgal diversity) influencing thraustochytrid numbers (average number of thraustochytrid cells per pollen).

Sampling period Interaction effect of macroalgal type and seasons on thraus- Individual effect on thraustochytrid cell numbers per
tochytrid cell numbers per pollen pollen
N ANOVA Chi-square pvalue df Kendall’s coefficient of Effect of Kruskal-Wallis (H) p value df
concordance (W)

2016-17 51 101.0297* 0.000001 2 0.99049 Macroalgal type 31.81663* 0.0453 20
Seasons 16.86812* 0.0002 2

2018-19 29 53.22124*  0.00001 2 0.91761 Macroalgal type 17.43275 0.1803 13
Seasons 3.091239 0.2132 2

Significant H statistic values are marked by an asterisk; df, degrees of freedom.

Table 6: Results of Friedman’s test to check the effect of physico-
chemical parameters of seawater and estuarine water samples and
their bacterial counts on the presence of thraustochytrids.

N  ANOVA Chi-square pvalue df Kendall’s coefficient of
concordance (W)
15 69.42748 0.00001 5 0.9257

The p value shows the significant Chi-square value; df, degrees of
freedom.

across beaches and seasons, produced thraustochytrids
on baiting only at a few instances. In the study by
Raghukumar et al. (1992), no thraustochytrids were
isolated from Ulva fasciata.

A higher percentage of red algae than of green algae
was positive for thraustochytrids (41%). Raghukumar
(1987a) also observed the association of thraustochytrids
with red algae. Red algae deposit fatty acid derivatives on
cell wall surfaces as an antifouling strategy (Paradas et al.
2016). Thraustochytrids could use the osmolytes produced
by red algae to build up their metabolites similar to algae-
associated bacteria (Ramanan et al. 2016) and, in turn, help
the alga by controlling fouling, probably due to their fatty
acids. Epibiotic thraustochytrids may protect the algae
from biofouling by serving as prey to zooplankton that
prefer the algal habitat and feed on all biofouling organ-
isms (Damare and Raghukumar 2015; Damare et al. 2013;
Eereveld et al. 2013).

As compared to green and red algae, a greater per-
centage of brown algae showed the presence of thraus-
tochytrid cells on pine pollen baiting during the post-
monsoon and pre-monsoon period (46%). Brown algae
were not found during monsoons. Live brown algae have a
lower percentage of phenolics than red and green algae
(Raghukumar et al. 1992). Hence brown algae would serve
to be a good niche for survival and multiplication of
thraustochytrids. In this study, Sargassum spp. showed

greater incidence of thraustochytrid cells on pine pollen
baiting followed by Stoechospermum, Padina spp., and
Dictyota dichotoma. In culture, only one Thraustochytrium
sp. was recovered from Sargassum during December 2016.
Previous studies showed isolation of different thraus-
tochytrid species such as Ulkenia visurgensis, Schizochy-
trium sp., Thraustochytrium motivum and one species of
aplanochytrid (Aplanochytrium minuta) from Sargassum
cinereum and Padina tetrastomatica (Raghukumar et al.
1992).

Labyrinthula sp., belonging to sister clade of thraus-
tochytrids, was recovered during pine pollen baiting of
the green alga Bryopsis hypnoides during March 2017.
Labyrinthula is the causative agent of wasting disease of
eelgrass Zostera marina (Miller and Jones 1983; Sullivan
et al. 2013). The nature of association between Labyrinthula
sp. and B. hypnoides could not be deduced as the former
could not be cultured for further studies. Raghukumar
(1987b) also observed Labyrithula sp. growing inside
Rhizoclonium sp. and Cladophora sp.

In January 2018, Oblongichytrium sp. was isolated from
the green alga Ulva compressa and the seawater of Anjuna.
The presence of the same culture in seawater and in
association with the macroalga indicated that thraus-
tochytrids present in the seawater inhabit the algae and
could therefore be cultured from them. Thus, the seasonal
occurrence of thraustochytrids with macroalgae could be
related to the seasonal incidence of macroalgae in nature.
The statistical analysis gave further evidence that both the
seasons and the type of macroalgae affected the occurrence
of thraustochytrids. Pine pollen baiting of macroalgal
specimens giving rise to thraustochytrids in post-monsoon
and pre-monsoon seasons but not in monsoons during the
first three study periods pointed towards the seasonal
occurrence of thraustochytrids in association with sea-
weeds. In order to determine if the seasonal occurrence is
not restricted to the macroalgal association but is prevalent
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in other habitats as well, seawater from various locations
was sampled during different seasons in 2018 to study the
presence of thraustochytrids. Seawater from Mandovi and
Zuari estuaries, Dona Paula and Anjuna beach revealed
thraustochytrid cells in pine pollen baiting at all the times
sampled showing no seasonal occurrence.

Thus seasonal variation was observed only in
macroalgae-associated thraustochytrids. This agrees with
the observations on other macroalgae-associated organ-
isms, such as mollusks, limpets, mussels (Antit et al. 2013;
Benedetti-Cecchi et al. 1996; Cox et al. 2017). The season-
ality of thraustochytrids observed in macroalgae follows
that of their macroalgal hosts. Moreover, the sporadic
occurrence of thraustochytrids with macroalgae during
one monsoon contrasts with their higher frequency of
occurrence during the dry season than the rainy season
(Jaritkhuan and Suanjit 2018).

Interestingly, about 88% of thraustochytrid isolates
cultured from the macroalgae were pigmented, whereas
only 40% of those cultured from the seawater were pig-
mented. Pigments are usually secondary metabolites
produced by microorganisms in response to stress, as
protection against UV radiation and as virulence factors
(Liu and Nizet 2009; Moss 2002). Macroalgae found in the
intertidal region are subjected to intense solar radiation
during low tide, thus pigment formation in macroalgae-
associated thraustochytrids may be a defense strategy
against UV exposure since pigments are known to be
UV-protectant (Boulay et al. 2008; Bori¢ et al. 2011).

5 Ecological implications of
thraustochytrid-seaweed
associations

The present study showed that thraustochytrids were
associated with living algae. The greater the species rich-
ness of the macroalgae, the higher was the percentage
occurrence of thraustochytrids on them. The presence of
thraustochytrids in seawater determines the health of that
environment since they are a rich source of PUFAs to the
plankton and fish (Atienza et al. 2012; Castillo et al. 2009;
Damare and Raghukumar 2015; Kumar et al. 2018; Song
et al. 2007). In addition to that, their occurrence indicates
organic matter in the environment, since thraustochytrids
are known to produce various degradative enzymes to
obtain nutrition by decomposing organic matter (Raghu-
kumar 2002). Macroalgae harbour a variety of fauna in their
habitat (Bhaduri and Wolf 2017; Hinz et al. 2019).
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Thraustochytrids are one of the groups of organisms found
in this habitat. These will therefore serve to be an important
component of the seaweed ecosystem. More environmental
studies are necessary to probe into the presence of
thraustochytrids in and among seaweeds, as well as lab-
oratory studies to elaborate on their association.

Acknowledgements: The authors are thankful to the Head
of the Department of Microbiology, Goa University for
providing necessary facilities and to Dr. S. Raghukumar for
providing pine pollen for this study. We would also like to
extend thanks to Dr. Vishal Gupta for guidance in the
identification of seaweeds.

Author contributions: The idea was conceived, implemented
and the manuscript was written by VSD. Sample collection
and laboratory analysis were carried out by ETF, AAN, SPC,
VB and PP. Identification and statistical analysis were
carried out by VSD.

Research funding: None declared.

Conflict of interest statement: The authors declare no
conflicts of interest regarding this article.

References

Antit, M., Daoulatli, A., Rueda, J., and Salas, C. (2013). Temporal
variation of the algae-associated molluscan assemblage of
artificial substrata in Bay of Tunis (Tunisia). Mediterr. Mar. Sci.
14: 390-402.

Atienza, G.A.M.V., Arafiles, K.H.V., Carmona, M.C.M., Garcia, J.P.C.,
Macabago, A.M.B., Pefiacerrada, B.).D.C., Cordero, P.R.F.,
Bennett, R.M., and Dedeles, G.R. (2012). Carotenoid analysis of
locally isolated thraustochytrids and their potential as an
alternative fish feed for Oreochromis niloticus (Nile tilapia).
Mycosphere 3: 420-428.

Azevedo, C. and Corral, L. (1997). Some ultrastructural observations of
a thraustochytrid (Protoctista, Labyrinthulomycota) from the
clam Ruditapes decussatus (Mollusca, Bivalvia). Dis. Aquat. Org.
31: 73-78.

Benedetti-Cecchi, L., Nuti, S., and Cinelli, F. (1996). Analysis of spatial
and temporal variability in interactions among algae, limpets
and mussels in low-shore habitats on the west coast of Italy. Mar.
Ecol. Prog. Ser. 144: 87-96.

Bennett, R.M., Honda, D., Beakes, G.W., and Thines, M. (2017).
Labyrinthulomycota. In: Archibald, J.M., Simpson, A.G.B.,
Slamovits, C.H., Margulis, L., Melkonian, M., Chapman, D.J., and
Corliss, ).0. (Eds.), Handbook of the protists. Cham: Springer,
pp. 1-36.

Bhaduri, R.N. and Wolf, M. (2017). Saccate thallus of the red alga
Halosaccion glandiforme. Int. Aquat. Res. 9: 169-176.

Boulay, C., Abasova, L., Six, C., Vass, |., and Kirilovsky, D. (2008).
Occurrence and function of the orange carotenoid protein in
photoprotective mechanisms in various cyanobacteria. Biochim.
Biophys. Acta 1777: 1344-1354.



DE GRUYTER

Bori¢, M., Danev¢ic, T., and Stopar, D. (2011). Prodigiosin from Vibrio
sp. DSM 14379; a new UV-protective pigment. Microb. Ecol. 62:
528-536.

Castillo, C.E., Gapasin, R.S., and Leafio, E.M. (2009). Enrichment
potential of HUFA-rich thraustochytrid Schizochytrium
mangrovei for the rotifer Brachionus plicatilis. Aquaculture 293:
57-61.

Clarke, K. and Gorley, R.N. (2006). PRIMER vé: user manual/tutorial.
PRIMER-E. Plymouth. 29: 1060-1065.

Cox, T.E., Spalding, H.L., and Foster, M.S. (2017). Spatial and temporal
variation of diverse inter-tidal algal assemblages in Southwest
0’ahu. Mar. Ecol. 38: 12429.

Damare, V.S., D’Costa, P.M., Shivaramu, M.S., Borges, V., Fernandes,
M., Fernandes, C., and Cardozo, S. (2020). Preliminary study on
the response of marine fungoid protists, the thraustochytrids, to
lipid extracts of diatoms. Aquat. Ecol. 54: 355-367.

Damare, V. and Raghukumar, S. (2006). Morphology and physiology
of the marine straminipilan fungi, the aplanochytrids isolated
from the equatorial Indian Ocean. Ind. J. Mar. Sci. Special Issue
Mar. Mycol. 35: 326-340.

Damare, V.S. (2015). Diversity of thraustochytrid protists isolated from
brown alga, Sargassum cinereum using 18S rDNA sequencing
and their morphological response to heavy metals. ). Mar. Biol.
Assoc. U. K. 95: 265-276.

Damare, V.S. and Raghukumar, S. (2010). Association of the
stramenopilan protists, the aplanochytrids, with zooplankton of
the equatorial Indian Ocean. Mar. Ecol. Prog. Ser. 399: 53-68.

Damare, V.S. and Raghukumar, S. (2015). Apparent grazing losses of
Labyrinthulomycetes protists in oceanic and coastal waters: an
experimental elucidation. Ecol. Res. 30: 403-414.

Damare, V.S., Damare, S., Ramanujam, P., Meena, R.M., and
Raghukumar, S. (2013). Preliminary studies on the association
between zooplankton and the stramenopilan fungi,
aplanochytrids. Microb. Ecol. 65: 955-963.

De Jong, T.M. (1975). A comparison of three diversity indices based on
their components of richness and evenness. Oikos 26: 222-227.

Dhargalkar, V.K. and Kavlekar, D. (2004). Seaweeds - a field manual.
Dona Paula, Goa: National Institute of Oceanography.

Eereveld, P., Hiibner, L., Schaefer, G., and Zimmer, M. (2013).
Herbivory on macro-algae affect colonization of beach-cast algal
wrack by detritivores but not its decomposition. Oceanologia 55:
339-358.

Egan, S., Harder, T., Burke, C., Steinberg, P., Kjelleberg, S., and
Thomas, T. (2013). The seaweed holobiont: understanding
seaweed-bacteria interactions. FEMS Microbiol. Rev. 37:
462-476.

Gamito, S. (2010). Caution is needed when applying Margalef diversity
index. Ecol. Indicat. 10: 550-551.

Ghaderiardakani, F., Quartino, M.L., and Wichard, T. (2020).
Microbiome-dependent adaptation of seaweeds under
environmental stresses: a perspective. Front. Mar. Sci. 7:
575228.

Gleason, F.H., Lilje, O., and Lange, L. (2018). What has happened to
the “aquatic phycomycetes” (sensu Sparrow)? Part Il: shared
properties of zoosporic true fungi and fungus-like
microorganisms. Fungal Biol. Rev. 32: 52-61.

Hinz, H., Refiones, 0., Gouraguine, A., Johnson, A.F., and Moranta, J.
(2019). Fish nursery value of algae habitats in temperate coastal
reefs. Peer) 7: e6797.

V.S. Damare et al.: Seaweed/macroalgae-associated thraustochytrids —— 473

Howse, F. (1997). The determination of nitrate in sea water. In:
Bermuda Atlantic Time-series Study (BATS) Methods. Bermuda
Biological Station for Research, Inc., pp. 61-66, Available at:
http://bats.bios.edu/wp-content/uploads/2017/07/chapter9.
pdf.

Jaritkhuan, S. and Suanjit, S. (2018). Species diversity and
polyunsaturated fatty acid content of thraustochytrids from
fallen mangrove leaves in Chon Buri province, Thailand. Agric.
Nat. Resour. 52: 24-32.

Jones, C.G., Lawton, J.H., and Shachak, M. (1994). Organisms as
ecosystem engineers. Oikos 69: 373-386.

Kamboj, R.D., Das, L., and Palanisamy, M. (2019). Pictorial guide to
seaweeds of Gulf of Kachchh, Gujarat. Gandhinagar: Gujarat
Ecological Education and Research (GEER) Foundation.

Kumar, V., Habte-Tsion, H.-M., Allen, K.M., Bowman, B.A., Thompson,
K.R., El-Haroun, E., Filer, K., and Tidwell, J.H. (2018). Replacement
of fish oil with Schizochytrium mealand its impacts on the growth
and lipid metabolism of Pacific white shrimp (Litopenaeus
vannamei). Aquacult. Nutr. 24: 1769-1781.

Lachnit, T., Meske, D., Wahl, M., Harder, T., and Schmitz, R. (2011).
Epibacterial community patterns on marine macroalgae is host-
specific but temporally variable. Environ. Microbiol. 113: 655-665.

Leafio, E.M. and Damare, V. (2012). Labyrinthulomycota. In:

Jones, E.B.G. and Pang, K.L. (Eds.), Marine fungi and fungal-like
organisms. Berlin: Walter de Gruyter GmbH., pp. 215-243.

Liu, G.Y. and Nizet, V. (2009). Color me bad: microbial pigments as
virulence factors. Trends Microbiol. 17: 406-413.

Miller, ).D. and Jones, E.B.G. (1983). Observations on the association
of thraustochytrid marine fungi with decaying seaweed. Bot.
Mar. 26: 345-351.

Moss, M.0. (2002). Bacterial pigments. Microbiologist 3: 10-12.

Murphy, J. and Riley, J.P. (1962). A modified single solution method for
the determination of phosphate in natural waters. Anal. Chim.
Acta 27: 31-36.

Myers, N., Mittermeier, R.A., Mittermeier, C.G., da Fonseca, G.A.B.,
and Kent, J. (2000). Biodiversity hotspots for conservation
priorities. Nature 403: 853-858.

Okpiliya, F.l. (2012). Ecological diversity indices: any hope for one
again? J. Environ. Earth Sci. 2: 45-52.

Paradas, W.C., Salgado, L.T., Pereira, R.C., Hellio, C., Atella, G.C.,
de Lima Moreira, D., do Carmo, A.P.B., Soares, A.R., and Amado-
Filho, G.M. (2016). A novel antifouling defense strategy from red
seaweed: exocytosis and deposition of fatty acid derivatives at
the cell wall surface. Plant Cell Physiol. 57: 1008-1019.

Porter, D. (1990). Phylum Labyrinthulomycota. In: Margulis, L.,
Corliss, J.0., Melkonian, M., and Chapman, D.J. (Eds.), Handbook
of protoctista. Boston: Jones and Bartlett Publishers,
pp. 388-398.

Rabinowitz, C., Douek, J., Weisz, R., Shabtay, A., and Rinkevich, B.
(2006). Isolation and characterization of four novel
thraustochytrid strains from a colonial tunicate. Indian ). Mar.
Sci. 35: 341-350.

Raghukumar, S. (1986). A device for continuous microscopic
observations of aquatic microorganisms. Indian J. Mar. Sci. 16:
132-133.

Raghukumar, C. (1987a). Fungal parasites of the marine green algae,
Cladophora and Rhizoclonium. Bot. Mar. 29: 289-297.

Raghukumar, C. (1987b). Fungal parasites of marine algae from
Mandapam (South India). Dis. Aquat. Org. 3: 137-145.


http://bats.bios.edu/wp-content/uploads/2017/07/chapter9.pdf
http://bats.bios.edu/wp-content/uploads/2017/07/chapter9.pdf

474 —— V.S.Damare et al.: Seaweed/macroalgae-associated thraustochytrids

Raghukumar, S. (1988). Schizochytrium mangrovei sp. nov, a
thraustochytrid from mangroves in India. Trans. Br. Mycol. Soc.
90: 627-631.

Raghukumar, S. (2002). Ecology of the marine protists, the
Labyrinthulomycetes (thraustochytrids and Labyrinthulids). Eur.
J. Protistol. 38: 127-145.

Raghukumar, S. (2008). Thraustochytrid marine protists: production
of PUFAs and other emerging technologies. Mar. Biotechnol. 10:
631-640.

Raghukumar, S. and Damare, V.S. (2011). Increasing evidence for the
important role of Labyrinthulomycetes in marine ecosystems.
Bot. Mar. 54: 3-11.

Raghukumar, C., Nagarkar, S., and Raghukumar, S. (1992).
Association of thraustochytrids and fungi with living marine
algae. Mycol. Res. 96: 542-546.

Raghukumar, S., Sharma, S., Raghukumar, C., Sathe-Pathak, V., and
Chandramohan, D. (1995). Thraustochytrid and fungal
component of marine detritus. IV. Laboratory studies on
decomposition of leaves of the mangrove Rhizophora apiculata
Blume. J. Exp. Mar. Biol. Ecol. 183: 113-131.

Ramanan, R., Kim, B.-H., Cho, D.-H., Oh, H.-M., and Kim, H.-S. (2016).
Algae-bacteria interactions: evolution, ecology and emerging
applications. Biotechnol. Adv. 34: 14-29.

Sathe-Pathak, V., Raghukumar, S., Raghukumar, C., and Sharma, S.
(1993). Thraustochytrid and fungal component of marine
detritus. I. Field studies on decomposition of the brown alga
Sargassum cinereum ). Ag. Ind. J. Mar. Sci. 22: 159-167.

Scharer, L., Knoflach, D., Vizoso, D.B., Rieger, G., and Peintner, U.
(2007). Thraustochytrids as novel parasitic protists of marine
free-living flatworms: Thraustochytrium caudivorum sp. nov.
parasitizes Macrostomum lignano. Mar. Biol. 152: 1095-1104.

Selvarajan, R., Sibanda, T., Venkatachalam, S., Ogola, H.J.0.,
Obieze, C.C., and Msagati, T.A. (2019). Distribution, interaction
and functional profiles of epiphytic bacterial communities from
the rocky intertidal seaweeds, South Africa. Nat. Sci. Rep.

9: 19835.

Sharma, S., Raghukumar, C., Raghukumar, S., Sathe-Pathak, V., and
Chandramohan, D. (1994). Thraustochytrid and fungal
component of marine detritus Il. Laboratory studies on
decomposition of the brown alga Sargassum cinereum |. Ag.

J. Exp. Mar. Biol. Ecol. 175: 227-242.

Singh, R.P. and Reddy, C.R.K. (2014). Seaweed-microbial
interactions: key functions of seaweed-associated bacteria.
FEMS Microbiol. Ecol. 88: 213-230.

Singh, V.K., Dwivedy, A.K., Singh, A., Asawa, S., Dwivedi, A., and
Dubey, N.K. (2018). Chapter 22 Fungal endophytes from
seaweeds: an overview. In: Patra, J.K., Das, G., and Shin, H.S.
(Eds.), Microbial biotechnology. Singapore: Spinger,
pp. 483-498.

Song, X., Zhang, X., Guo, N., Zhu, L., and Kuang, C. (2007).
Assessment of marine thraustochytrid Schizochytrium
limacinum OUC88 for mariculture by enriched feeds. Fish. Sci.
73: 565-573.

Sparrow, F.K. (1973). Mastigomycotina (zoosporic fungi). In:
Ainsworth, G.C., Sparrow, F.K., and Sussman, A.S. (Eds.), The
fungi, an advanced treatise, Vol. IV B. New York: Academic Press,
pp. 64-73.

Sullivan, B.K., Sherman, T.D., Damare, V.S., Lilje, O., and Gleason,
F.H. (2013). Potential roles of Labyrinthula species in global
seagrass population declines. Fungal Ecol. 6: 328-338.

DE GRUYTER

Vallet, M., Strittmatter, M., Murda, P., Lacoste, S., Dupont, J., Hubas,
C., Genta-Jouve, G., Gachon, C.M.M., Kim, G.H., and Prado, S.
(2018). Chemically-mediated interactions between macroalgae,
their fungal endophytes, and protistan pathogens. Front.
Microbiol. 9: 3161.

WeiB, C.H. (2007). STATISTICA, version 8. AStA, Vol. 91. Tulsa, OK:
StatSoft, Inc., pp. 339-341.

White, T.J., Bruns, T.D., Lee, S.B., and Taylor, J.W. (1990). Analysis of
phylogenetic relationships by amplification and direct
sequencing of ribosomal DNA genes. In: Innis, D.H., Sninsky, J.J.,
and White, T.). (Eds.), PCR protocols: a guide to methods and
applications. New York: Academic Press, pp. 315-322.

Supplementary Material: The online version of this article offers
supplementary material (https://doi.org/10.1515/bot-2021-0052).

Bionotes

Varada S. Damare

Department of Microbiology, Goa University,
Taleigao Plateau, Goa 403206, India
vdamare@unigoa.ac.in
https://orcid.org/0000-0001-7666-3968

Varada S. Damare received her PhD from Goa University in 2009. She
served as a post-doctoral researcher at the University of Greifswald,
(Germany) and CSIR-National Institute of Oceanography (India). She
was the recipient of the SERC-DST Fast Track Proposal for Young
Scientists (2011-2014). Presently, she is an Assistant Professor at the
School of Earth, Ocean & Atmospheric Sciences, Goa University
wherein her research focuses on the microbial ecology of marine
protists, trophic interactions, bioprospecting and bioremediation.

Estha T. Fernandes
Department of Microbiology, Goa University,
Taleigao Plateau, Goa 403206, India

Estha T. Fernandes received Bachelor’s and Master’s degrees in
Microbiology and Marine Microbiology, respectively from Goa
University. She did research on microorganisms associated with
seaweeds from Anjuna Beach, Goa with an emphasis on
thraustochytrids’ during her Master’s program. Her educational
background also includes a Bachelor’s degree in Education from
Nirmala Institute of Education (Goa, India). She holds two years of
experience in teaching Mathematics and Science to students of fifth to
tenth grades.


https://doi.org/10.1515/bot-2021-0052
mailto:vdamare@unigoa.ac.in
http://orcid.org/https://orcid.org/0000-0001-7666-3968

DE GRUYTER

Anjita A. Naik
Department of Microbiology, Goa University,
Taleigao Plateau, Goa 403206, India

Anjita A. Naik obtained her Bachelor’s degree in Microbiology from
PES College (Goa) and her Master’s degree in Marine Microbiology
from Goa University. A keen interest in the microscopic domain of life
made her choose “thraustochytrids” for her Master’s thesis.
Currently, she works as an R&D officer at a reputed diagnostic
company in Verna (Goa). She hopes to pursue a PhD alongside whilst
working in Microbiology.

Svetlana P. Cardozo
Department of Microbiology, Goa University,
Taleigao Plateau, Goa 403206, India

Svetlana P. Cardozo obtained her Bachelor’s degree in Microbiology
and a Master’s degree in Biochemistry from Goa University. She has
one publication to her credit on the response of marine fungoid
protists, the thraustochytrids, to lipid extracts of diatoms, in which
she contributed to the lipid analysis of thraustochytrid isolates. She is

V.S. Damare et al.: Seaweed/macroalgae-associated thraustochytrids —— 475

currently working at Italab Goa (industrial training and analytical
testing laboratories).

Vilda Borges
Department of Microbiology, Goa University,
Taleigao Plateau, Goa 403206, India

¥ 4

Vilda Borges completed her Bachelor’s degree in Microbiology at St.
Xavier’s College (Goa) and her Master’s degree in Marine Microbiology
at Goa University. Her Master’s thesis, which included physiological
studies of thraustochytrids isolated from coastal habitats, led to one
publication in a peer-reviewed journal. Currently, she works as a lab
technician in a hospital.

Pramod Phuge
Department of Microbiology, Goa University,
Taleigao Plateau, Goa 403206, India

Pramod Phuge completed his post-graduation in Marine Microbiology
with a first class from Goa University in 2016. At present, he works in
the pharmaceutical industry. He has four years of experience in the
science field.



	Occurrence of thraustochytrids: the fungoid protists vis-a-vis marine macroalgae (seaweeds) along the coast of Goa, India
	1 Introduction
	2 Materials and methods
	2.1 Isolation of thraustochytrid protists from seaweeds and seawater
	2.2 Identification of thraustochytrid isolates
	2.3 Effect of seasons and type of macroalgae on occurrence of thraustochytrids
	2.4 Statistical analysis

	3 Results
	3.1 Diversity of macroalgae and their associated thraustochytrids
	3.2 Occurrence of thraustochytrids on macroalgae and seawater
	3.3 Effect of seasons and type of macroalgae on occurrence of thraustochytrids
	3.4 Factors governing thraustochytrid occurrence

	4 Discussion
	5 Ecological implications of thraustochytrid-seaweed associations
	Acknowledgements
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


