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Abstract

Understanding the symbiotic relationships between benthic foraminifera
and diatoms is crucial for ecological studies, particularly in environmental
changes. In this study, DNA barcoding, targeting the rbcL gene, was applied
to identify diatoms and evaluate their diversity within the foraminiferal shells
in Thondi, Palk Bay. Foraminifera were isolated from the sediment samples
collected using grab samplers at six different locations. The separated
benthic foraminifera were then used for DNA barcoding. The obtained DNA
sequences were aligned and analyzed comprehensively using Geneious Pro
v5.1. A higher population of Ammonia parkinsoniana was observed in March
2023 compared to May 2023, with a notable presence of algal symbionts.
Seasonal temperature fluctuations exhibited a strong positive influence on
the abundance of A. parkinsoniana. Changes in salinity and temperature
were suggested to induce species shifts within the intertidal foraminiferal
community. The symbiotic diatoms within the A. parkinsoniana shells were
confirmed through rbcL gene sequencing and Scanning Electron Microscope
(SEM) imaging. Phylogenetic analysis indicated a 50% similarity between
the foraminifera and diatoms. SEM imagery displayed diatoms attached to
the surface of A. parkinsoniana cells, while Energy Dispersive X-ray (EDX)
analysis detected silica content at the diatom sites. This study highlights the
potential of DNA barcoding to identify and develop novel chloroplast markers
to elucidate foraminiferal symbiotic relationships.
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Introduction

The shells of foraminifera, single-celled marine
organisms with calcareous shells, are widely distributed
and sensitive to environmental changes.' Due to this
sensitivity, variations in foraminiferal population and
species assemblages are widely used as proxies

for paleoclimatic and palaeoceanographic
reconstructions.? Several biological factors, including
photosynthesis by symbionts, have been reported
to contribute to the large variation observed in
the disequilibrium of 8'® O values.?* The diversity
of foraminifera and their symbiotic relationships
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with various groups of marine microorganisms
have been extensively explored.5® Studies have
examined the planktonic foraminifera, benthic
foraminifera, and large benthic foraminifera
(LBF).”"® Additionally, several researchers have
investigated the cell wall morphology, mineral
composition, and agglutination of foraminifera using
scanning electron microscopy (SEM) and energy-
dispersive X-ray (EDX) analysis.""'* The mineral
content has been analyzed to provide insight into
their adaptations. Symbiosis, observed when two
or more species of organisms interact closely, is
known to confer mutual benefits, including nutrient
exchange and protective mechanisms provided by
the host." Certain species of foraminiferal have a
symbiotic relationship with diatoms and microalgae,
offering advantages to both partners. These
symbiotic interactions have been demonstrated
to influence the response of foraminifera to
climate change, as the symbionts exhibit varied
sensitivities to temperature, light, and pH."® Through
photosynthesis, energy and nutrients are obtained,
which enhance growth, calcification rates, and
survival in oligotrophic environments. Environmental
stress, such as thermal stress, bleaching, and
disease, is resisted by providing protection, antioxi-
dants, or heat shock proteins and adapting to
changing environmental conditions.'”'® Therefore,
understanding the role of symbiosis in foraminiferal
ecology and evolution is essential for interpreting their
fossil record and reconstructing past environmental
changes.

The extraction of DNA from foraminifera was first
attempted in studies,®-?' and the first  DNA sequence
was reported in research.?? The LSU rDNA tree
was confirmed by analyzing complete and partial
sequencing of SSU rDNA sequences from benthic
and planktonic foraminifera.?*2> DNA barcoding,
a technique that does not depend on the species
morphological characteristics, can accurately
identify species.?® DNA barcoding employs short,
standardised gene regions as internal species tags
to enable rapid, precise, and automated species
identification.?” Additionally, this molecular technique
can facilitate diatom identification and diversity
assessment using standardized genetic markers.
Research on the foraminiferal barcode database
includes not only DNA sequences but also taxonomic
references, visual documentation, and metadata
associated with the sequenced species.?®? Initially,
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the mitochondrial Cytochrome c oxidase subunit
1 (CO1) gene was identified as a key marker for
foraminifera. These foraminiferal CO1 give a better
understanding of mitochondrial diversity and species
morphology.°

Plant DNA barcoding studies examine chloroplast
genome sequence variation in both coding and
noncoding regions.?! The rbcL gene is widely used as
a molecular marker in phylogenetic and taxonomic
studies of diatoms and other photosynthetic
organisms. Diatoms are important primary producers
in aquatic ecosystems and serve as bioindicators
of water quality. However, their identification based
on morphology is often challenging and time-
consuming. Moreover, the phylogenetic relationships
among closely related diatom species may not be
sufficiently resolved by the rbcL gene, as it exhibits
a high homoplasy rate and a low variation level.??
This approach aims to enhance our understanding
of foraminiferal taxonomy and has potential
applications in areas such as diversity assessment,
ecology, biogeography, and biomonitoring.2¢
This research found that important to study the
biodiversity of both foraminifera and algae involved
in these relationships and to understand whether
certain species have specific partners.

The study aims to identify the symbiont relationship
between algae in foraminifera. We present the
first symbiont relationship rbcL gene sequence of
Benthic foraminifera (Ammonia parkinsoniana or
A. parkinsoniana) in Palk Bay.

Materials and Method

Study Area

The Palk Bay region is located between Mandapam
and Thondi in Tamil Nadu, India (Fig 1). This region,
characterized by seagrasses colonization, supports
arich and diverse fauna, such as corals.®® Common
foraminifera associated with the seagrass meadows
include species from the genera Amphistegina,
Rotaliidae, Spirillinidae, Trichohyalidae, Rosalinidae,
and Elphidiidae.?* The mutualistic link between
corals and their symbiotic algae permits coral reefs
to exist. The region receives moderate freshwater
input enriched with nutrients, enhancing productivity.
During the summer, the maximum surface water
temperature was 32°C, while the minimum was
27.5°C.
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Fig. 1: A map depicting the study area located in Thondi, Palk Bay.

Table 1: Shows details about different
sampling points in the study area

Site Latitude Longitude @ Water Depth
(Meters)
S1 9043'48”N  790°02'19”E 5
S2 9042'54”N  79°04'46"E 4
S3 9040'38”"N  790°03'29"E 5
S4 9038’'06"N  79°01'57E 5
S5 9039'20"N  79059'37E 4
S6 9041’53”"N  79°01"11”E 6

Sample Collection

During the pre-summer monsoon and summer
monsoon, we collected sediment samples at six
different latitudes and longitude coordinates in
Thondi, Palk Bay, Tamil Nadu, India (Fig 1, Table 1).
Table 1 shows the sample location’s latitude,
longitude, and water depth collected from Thondi.
We used a grab sampler for the sediment collection,
50ml of wet sediment was taken from each location
and was preserved in a 10% solution of neutralized
formaldehyde for the foraminifera study. The surface
water salinity and temperature at each station
were measured using a reflectometer and a digital
thermometer. After collection, the sediment was

subsequently sieved through a 0.63 ym mesh in tap
water and treated with sodium hexametaphosphate.
Living foraminifera and their distribution were
examined under a stereo-zoom microscope.®%

An SEM was used to examine A. parkinsoniana
images, magnified at a 15mm working distance
with increasing magnifications.™ Additionally, EDX
analysis was performed to assess the variations
in elemental composition on the surface of the
foraminifera. For molecular analysis, 100 mg of
foraminiferal powder was homogenized using
liquid nitrogen in a microcentrifuge tube. Table 2
lists the forward and reverse primers used in the
present study. PCR amplification was carried out
using a GeneAmp PCR System 9700 thermal
cycler. Sequencing was performed with the BigDye
Terminator v3.1 kit, using a GeneAmp PCR System
9700. The sequencing mix included distilled water,
sequencing buffer, primers, and ExoSAP-treated
PCR product. Sample were prepared with EDTA,
sodium acetate, and ethanol, and sequenced using
the ABI 3500 DNA Analyzer. Sequences quality
was assessed with Sequence Scanner Software
v1 (Applied Biosystems), and the sequences were
aligned and edited using Geneious Pro v5.1.%7
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Table 2 : Shows details of primers used for DNA barcoding studies
from foraminifera.

Target Primer Name  Direction Sequence (5’ —3’)
Dt-RbcL  F56 Forward AGTGACCGTTACGAATCTGG
R1010 Reverse AGGATCACCTTCTAATTTACC

Result

Seasonal Variation of Primary Parameter

The seasonal variation of A. parkinsoniana (Fig. 2)
in the Thondi region was studied. Changes in
A. parkinsoniana abundance with temperature
and salinity across the two seasons (2023) are
shown in Figure 3. During the pre-summer season,
A. parkinsoniana abundance was higher in the
region, measured at 88 individuals in station 1.
Temperature is recorded at 28 °C, and the salinity
level was 25 ppt (Fig. 3). In the summer season,
benthic foraminifera (A. parkinsoniana) abundance in
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the region is measured at six individuals in station 4.
The temperature was recorded at 30.1 °C, and
the salinity level was 30 ppt (Fig. 3). During the
pre-summer season, multiple regression analysis
revealed a relationship between A. parkinsoniana
and temperature with an R?=0.47, and between
A. parkinsoniana and salinity with an R?=0.075. In the
summer season, the analysis showed an R?=0.69
for the relationship between A. parkinsoniana and
temperature, and an R?=0.30 for the relationship
between A. parkinsoniana and salinity (Fig 4).
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Fig. 2: SEM imaging showing the surface of (a) Ammonia parkinsoniana,
and (b, c & d) the Diatom attached layer.
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3: Graphical representation of Ammonia parkinsoniana abundance, temperature,

and salinity variation during the study period.
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Fig. 4: Multiple regression analysis of A. parkinsoniana in relation to temperature
and salinity during the pre-summer and summer monsoon seasons.

SEM EDX

SEM images of A. parkinsoniana revealed a clear
indication of diatom species attachment on the
surface (Fig 2). A tooth-like diatom attachment is
shown in Figures 2c and 2d. Simultaneously, EDX
analysis was used to detect significant changes
in the elemental composition of foraminifera on
both diatom-attached and non-attached surfaces.
The EDX analysis of the non-attached area of A.
parkinsoniana is illustrated in Figure 5, where a
higher atomic percentage of carbon (35.34%) and an

absence of silica were observed. The chamber walls
of A. parkinsoniana specimens were found to be
dominated by carbon (C), oxygen (O), and calcium
(Ca). In the diatom-attached spot, a higher atomic
percentage of oxygen (34.03%) and the presence
of silica (1.46%) were detected. The diatom-identified
area exhibited oxygen (O), calcium (Ca), carbon (C),
and phosphorus (P). The findings suggest that
diatoms significantly influence the elemental
composition of A. parkinsoniana.
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Fig. 5: Elemental composition of (a) Foraminiferal shell (Ammonia parkinsoniana)
of diatom non-attached layer, (b) Diatom attached layer.

DNA Barcoding

The substantial genetic diversity among the
specimens with diatom attachments was uncovered
through additional DNA barcoding using the rcbL
gene, subsequent to the preliminary SEM analysis
of foraminifera. We isolated and amplified genomic
DNA from A. parkinsoniana using a universal rbcL
primer, and then sequenced the amplified DNA. We
utilized BioEdit software version 5.0.6 to analyze the
nucleotide composition of the rbcL gene sequence
for Minutocellus sp. The sequence comprised 436
bp in the reverse direction and 700 bp in the forward
direction, resulting in a total length of 1136 bp. Our
result demonstrated that many diatom species taxa
were consistent with the rbcL gene. The rbcL gene
sequence of Minutocellu sp. was deposited in the
GenBank of NCBI and assigned the accession
number OR621302.

In this study, the rbcL gene of Minutocellu sp., a
common marine planktonic diatom species that
forms harmful algal blooms in coastal waters,
was isolated and sequenced. The sequence was
compared with other available rbcL sequences of
Minutocellu sp. from different geographic regions,
revealing high genetic variation within this species
complex. Phylogenetic analysis was performed
using rbcL sequences of other related diatom
genera, and the evolutionary relationships were
revealed. The results indicate that rbcL is an effective
marker for diatom barcoding and phylogenetic
studies, and suggest that Minutocellus sp. may
represent a cryptic species complex, warranting
further taxonomic revision.
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Phylogenetic Tree

Phylogenetic trees are branch diagrams representing
kinship relationships within a population or group.3
The phylogenetic tree was generated using MEGA
11.0 software, and various bootstrap analyses of
the rbcL gene sequence were conducted employing
both the Neighbor-Joining and UPGMA methods.
A high similarity of 79% among the diatoms, with a
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neighbor-joining distance of 0.1 mm, was shown by
the phylogenetic analysis (Fig. 6). A genetic distance
of 25% between the foraminifera and diatom
species is indicated by the scale height of 0.41 in
the phylogenetic tree. The interspecific distance
between all species was found to range from a
higher distance scale of 0.41 to a lower distance
scale of 0.001.

Minutocellus sp. P1 12-8-13 FL LS-H1 rbcL MF001969

72%
Minutocellus polymorphus SZCZP72 rbcl MFO01968
75%
Arcocellulus sp. AJAD20-4 rbel OP297427
HEYE 2%
Arcocellulus mammifer CCMP132 rbcl HQ912433
20%
= Minutocellus sp. 17734 ORB21302
t———— Ammonia parkinsoniana Amm p 2 (from Long Island USA) LSU rRNA Z77825
—— Cedhagenia saltatus 10172.59 185 rRNA FN995350
EE Fararotalia calcariformata C161 MH721032 uncultured eukaryote
22%
Pararotalia calcariformata C258 MH721170
———

0.40.20.20.10.00

Fig. 6: Phylogenetic tree showing the evolutionary relationship of foraminifera and diatom.

Electropherogram Report

The electropherogram data report reveals that the
highest peak corresponds to adenine (A) in the
forward primer sequence. In contrast, the smallest
peak is associated with guanine (G). Conversely,
in the reverse primer sequence, the highest peak
corresponds to guanine (G), with the smallest

peak attributed to cytosine (C). Figure 7 indicates
that adenine is the predominant base at a specific
position in the DNA sequence, and guanine is the
least frequent base at that location. Similarly, in the
reverse primer, guanine is the most prevalent base,
and cytosine is the least prevalent at that specific
position in the sequence (Fig 8).
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Fig. 8: The electropherogram data for the reverse primer and identified
the peaks with the highest and lowest signal intensities.
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Discussion

Our result confirms the presence of a symbiont
relationship between algae and the foraminiferal
shell. Using DNA barcoding to sequence genetically
understudied taxonomic groups, we identified and
developed chloroplast markers.

The present study demonstrates that (Table. 3)
when temperature and salinity increase, the
abundance of foraminifera decreases, indicating
sensitivity to environmental changes. It is evident
from these results® that local habitat plays a crucial
role in shaping LBF's tolerance of changing
environmental conditions, populations in stable
environments show greater sensitivity to elevated
temperatures and nitrate than populations in
fluctuating environments, regardless of their funda-
mental tolerance ranges. Initial confirmation of
the presence of diatom in foraminiferal studies
was obtained using SEM analysis. This finding is
consistent with the results of," who presented SEM
images of fixed slides containing both foraminifera
and diatoms. Additionally, they observed that
individual foraminifera predominantly selected
P. angulatum when introduced onto the slides as the
dominant diatom species. Other studies revealed
that the energy dispersive spectroscopy elemental
analysis of Eggerella shells shows a dominated Ca:C
molar ratio of 0.36." Additionally, we observed the
same dominant element (Fig 8).

The symbiotic relationship between A. parkinsoniana
benthic foraminifera and Minutocellu sp. diatoms holds
promising implications for the survival and adaptation
of these organisms in rapidly changing environments.
A. parkinsoniana enhances an individual’s reactivity
to environmental stimuli throughout all stages of
development. Using biometric measurements along
with qualitative traits enables a reliable classification
of ammonia species.*® Two picoplanktonic diatoms
were studied to examine how ecological niche
adaptation relates to the ability and efficiency of
photosynthetic regulation. One was found in the
Pacific Ocean's upwelling zone (Minutocellus sp.,
strain RCC967) and the other in the Indian Ocean's
open waters (Minutocellus sp., strain RCC703).4
The symbiotic relationship provides energy through
the photosynthetic activity of diatoms and promotes
calcification in foraminifera.*! Our result shows benthic
foraminifera and confirms the relationship with
diatoms, consistent with some other results in the
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Israel coastal line.’® The diversity and flexibility of
the algal symbiont community in globally distributed
Amphistengina sp., a group of LBF widely used
as bioindicators of environmental conditions.?
Various symbiont communities were found across
geographical regions and environmental gradients,
including rhodophytes, chlorophytes, diatoms, and
dinoflagellates.*

Several studies have examined the relationship
between foraminifera species and their
symbionts.”'%'® Genotyping and symbiont cultures
reveal that P. calcariformata hosts multiple diatom
symbionts, which play a functional role throughout its
life cycle, allowing the species to adjust its symbionts
in response to stress.' It was also suggested
that changes in the types and quantities of algal
symbionts over time in reaction to stress events
could explain the unique thermal tolerance observed
in P. calcariformata to date.*

The biology of symbiont-bearing foraminifera
and discussed their potential as harbingers of
global change, as well as the evolutionary history
and biogeography of these associations.* Many
studies have investigated the symbiotic relationship
between LBF and their algal partners, but few
studies have performed experimental and cultured
work on other benthic foraminifera species to
confirm the symbiotic relationship in foraminifera.
However, host adaptations and insights into the
symbiosis in benthic environments. Foraminiferal
symbionts are located just under the side walls,
he concluded.” In recent research, several diatom
species have been found to associate with one
individual of P. calcariformata, including species
line Minutocellus polymorphus and Navicula sp.'
According to our study, the capacity to host various
symbionts may enable shifts in symbiont community
composition (symbiont shuffling), thereby enhancing
foraminifera’s ecological success in dynamic
environments. Additionally, specific dynamics between
A. parkinsoniana and Minutocella sp. would require
a full understanding of their unique interaction. This
symbiotic association can lead to enhanced growth
rates for the foraminifera due to the additional energy
sources provided by the diatom. A. parkinsoniana
provides habitat and carbon dioxide for Minutocella
sp., which in turn, through photosynthesis, produces
oxygen and organic compounds that the foraminifera
can use.
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The present study approach will enhance our compre-
hension of chloroplast diversity and evolution within
these organisms facilitating the faster identification
of species within this crucial yet insufficiently studied
taxonomic group and other symbiont species. The
symbiotic relationships will evolve or transform into
new interactions if the environmental conditions
change significantly and unpredictably. This may
lead to new adaptations or innovations that enhance
the survival or fitness of both foraminifera and
diatom.

Conclusion

The results show the abundance of benthic
foraminifera in both pre-summer and summer
monsoon seasons, and how the abundance
varies in each monsoon period in Palk Bay.
Temperature significantly increased the abundance
of the dominant A. parkinsoniana throughout the
seasonal variations. A. parkinsoniana is commonly
used as a bioindicator of environmental conditions,
particularly in coastal and estuarine ecosystems.
Furthermore, this study confirms the symbiotic
relationship between benthic foraminifera
(A. parkinsoniana) and diatoms (Minutocellus sp.).
The symbiotic relationship between A. parkinsoniana
and Minutocellus sp. holds promising implications
for the survival and adaptation of these organisms
in rapidly changing environments. This kind of study
can help to understand the evolution of new adaptations
and enhance the conservation of foraminifera and
diatoms.
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