creative
commons

C O M O N § D

Ol2Xt= otele =2E 2= R0l 8ot 7S

o Ol == SH, HE, 85, Al S L 58 = U
o OIXH MHEZSE HdE = UsLICH
Ol HE=Z2E gl SH2=2 0188 & UASsLIT

MNETEHAl Fotes BHMEHNE HEAIGHAHOF SLICEH

o 7lot=, Ol M&A =2 MOISOILE HHESl F<, 0] A =0 HE= 0SS
S T E 6t LIEHLH O OF & LICH
o MNAEAXNZRE EE2 5lIIE 28 0l2lg £2HSE2 HEL KX ZSLICH

AEAG CHE 0182 Hele f128 LWS0ll 26t gets 2 X ZSLICH

01X 2 0l Ed = 772 (Legal Code)S OloiolIl &l kst 23 & LICY.

Disclaimer |:|._'|

Collection



http://creativecommons.org/licenses/by/2.0/kr/legalcode
http://creativecommons.org/licenses/by/2.0/kr/

Thesis for the Degree of Master of Science

Diversity of bacteria and viruses in

sea cucumbers and shrimps

by
Eun Soo Noh

Department of Microbiology
The Graduate School

Pukyong National University

February 2013



Diversity of bacteria and viruses

in sea cucumbers and shrimps

(2t A 9-of] A= Al vpol 2] thedA)

Advisor: Prof. Gun Do Kim

by
Eun Soo Noh

A thesis submitted in partial fulfillment of the requirements

for the degree of

Master of Science

In Department of Microbiology, The Graduate School,

Pukyong National University

February 2013



Diversity of bacteria and viruses

In sea cucumbers and shrimps

A dissertation

by

~ 2 "RUHLSHOWNDL

Approved by:
i

(Member) Tae Jin Cl6i

February 22, 2013



CONTENTS

I . Introduction ------------- - - - ------------- 1
II . Materials and Methods ~——————"—""-""-""""--———- 6
2.1 Sample preparation ——————————————————————————\——"—\—"—————— 6
2.2 Bacterial DNA extraction and 16S rRNA gene amplification ————-- 8
2.3 Analysis of bacterial 16S rRNA gene sequences ————————————- 8
2.4 Viral purification and concentration ——————————=====—————————— 9
2.5 Counting of viral particles using-epi=fluorescence microscopy ——-- 10

2.6 DNA extraction and multiple displacement amplification (MDA) method —— 10

2.7 Analysis of viral metagenomic sequences ————————=s——————————— 11
IIl . Results/ et~ ——— —agr= —auil- e g — ———r s —————— 13
3.1 Bacterial metagenomic analysis =—————=——————————=——>—————— 13
3.2 Phylogenetic relationship of bacterial samples —~———-=———————- 13
3.3 Abundance of viruses from sea cucumbers and shrimps ——~———-——-— 18
3.4 Pyrosequencing of viral metagenomes ———————~-—————-——————— 20
3.5 Comparison with viromes from different environments ——-—------ 23
3.6 Virus composition-based on the database-comparison ————————-——-— 25
3.7 Phylogenetic diversity of viral genes =——=——=-————-—-————————— 32
IV . Discussion ——===—=—=====—————————————————————— 35

V. 3Tz

It
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

>

—

VI . Acknowledgement --———————-—---"""""""""—————— 43

VIl. References ------------------- - - - - - - - ———————- 44



Diversity of bacteria and viruses in sea cucumbers and shrimps

Eun Soo Noh

Department of Microbiology, The Graduate School

Pukyong National University
ABSTRACT

Various studies-have been conducted about the diversity of both
bacteria and viruses from marine environment. However, diversity of
microbes in marine invertebrates has.not been greatly explored. Being
genetically diverse, both bacteria and viruses from marine invertebrates can
be promising biological resources. In this study, the diversity and genetic
resources of such microbes in intestine samples of sea cucumbers and
shrimps were investigated by metagenomics. Bacterial DNA was isolated
using the Power Soil DNA Extraction Kit (MOBIO) and the extracted DNA
was amplified using barcoded primers (27F and 518R). PCR products were
subjected to 454 pyrosequencing and the resulting sequences were analyzed
using QIIME. Various analyses revealed that sea cucumbers and shrimps
have different bacterial composition. Viruses were collected through
sequential filtration and their abundance ranged from 10° to 10° per gram of
intestine. Viral DNA was extracted and was amplified via the multiple
displacement amplification (MDA) method using the phi29 polymerase, and
was analyzed by 454 pyrosequencing. Results showed that three wviral
families with double stranded DNA genomes including Siphoviridae (14.2%,
33.2%), Podoviridae (11.3%, 5.2%) and Myoviridae (8.9%, 9%), and three
viral families with single stranded DNA genomes including Microviridae

(52.5%, 29.7%), Circoviridae (6.3%, 10.2%), Nanoviridae (3.4%, 9.2%)
ii



dominated in sea cucumbers and shrimps, respectively. Phylogenetic
analyses revealed that a huge part of viromes are novel sequences and that
most of the isolated viromes are distantly related to the previously known
viruses. Thus, this study showed that the microflora in the intestine of both

sea cucumbers and shrimps consisted of unknown bacteria and viruses.



INTRODUCTION

It is well known that oceans occupy more than 70% of the Earth (28).
However, the fact that almost 99% of organisms inhabit oceans is the most
important (6). The reason for this is the presence of various life forms
extending towards the deep portions of the sea, while on land, organisms
like plants and animals only inhabit a shallow vertical zone way below the
land surface. The marine system is an extremely complex environment
having an enormous diversity of life assemblages. Thus, marine living
resources are very important for genetic resource-studies (19).

The marine environment 1S immensely diverse, ‘considering viruses
as one of the/most important sources for genetic studies (43). Marine
microorganisms play a key role in marine food webs'and biogeochemical
cycling in marine ecosystems. This makes them an interesting subject in the
field of biotechnology as they are |also found out to be potential and
significant ‘sources of novel enzymes and metabolites, important in
biotechnological applications (43).

Bacteria- are ‘essential organisms for mankind. They take part in
various biological cycles, cause infectious diseases and play significant roles
in biotechnological production—Thus, understanding bacterial diversity is
important (10). Most bacteria and archaea from the environment are found to
be unculturable and a large part of thembelong to previously unidentified
groups of both Bacteria and Archaea domains. These unculturable bacteria
have some ecological functions and biotechnological applications unidentified
so far (31).

Microbes are known to be ubiquitous, hence, the marine
environment, as well, possesses a number of microorganisms that are
possible sources of bioactive compounds. Some have bioremediation abilities,
and some contribute to organic matter decomposition and nutrient cycling.

-1 -



They also serve as food sources to other marine organisms such as marine
invertebrates (40). As the oceanic biomass is mostly made up of a huge
number of bacteria, archaea, protists and unicellular fungi, the occurrence of
mutations has been rampant, leading to very high levels of genetic and
phenotypic variations (37). With this, molecular ecology methods have been
proposed for the culture—-independent characterization of complex bacterial
communities associated with various habitats, revealing the extent of their
diversity (38).

Metagenomics is a new approach used to discover novel microbial
products from unculturable microorganisms (21). Complex microbial
communities inhabit the surfaces and gastrointestinal tract of mammals
including humans..The intestine has a high microbial diversity and the human
intestinal microbiota is known to function for host nutrition, epithelial
development regulation, intestinal angiogenesis stimulation, inflammatory
immune responses and pathogen resistance (44).

This complex microbiota is considered to be critically important for
various gut, functions, such as host nutrition, regulation of epithelial
development (3), regulation of-host fat storage (4), stimulation of intestinal
angiogenesis (5), inflammateory-immune responses (6) and-pathogen resistance

As for marine. microorganisms, ‘the gastrointestinal (GI) microbiota
also participates in several physiological~functions of their host. Thus,
studying the microbial diversity of the GI microbiota might lead to the
understanding of the functional mechanisms of their host (36).

As it has been believed that microbes run the world and that viruses
control other microbes most of the time, it can then be assumed that viruses
run the world (24). Viruses are considered to be the most abundant
biological entities on Earth, having an estimated number of 10°'(29), with the
bacteriophages alone at an estimated total abundance of 10*°(24). The same
thing goes for the marine ecosystems as they were also dominated by

viruses, serving as an important part of the marine microbial loop (3). In
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oceans, marine viruses, bacteriophages, in particular, killing both
heterotrophic and autotrophic microbes are present in most number (1).
Viruses also are copious and significant members of marine habitats, which
control microbial abundance, influence community composition through lysis
of specific host organisms and are a critical link in global biogeochemical
cycles. Through transduction and lysogenic conversion, phages contribute to
bacterial diversity (43). Phages and nanoflagellates, a group of marine
microbes that prey on other microbes, regulate the number of marine
microbes in oceans (1). It has been known that virus-like particles are
dominated by double-stranded DNA (dsDNA) viruses that contain genomes
ranging from 25 to 70_kilobases (kb) in length, through direct counts with
epifluorescence microscopy and flow cytometry (43). Previous studies using
electron and fluorescence microscopy regarding marine viruses showed an
unexpected number. of viral particles with values of 10% to 10° per milliliter
of seawater. This reveals that viruses are the most abundant microbes not
only in marine environments, but also in the whole biosphere (41).

The, immense abundance of viruses is known to be a significant
cause of microbial mortality in oceans. Some viruses are pathogens that
infect heterotrophic bacteria and cyanobacteria; as well as photosynthetic
and non-photosynthetic protists. It has 'been known that marine viral
communities are comprised almost entirely of double-stranded DNA viruses.
Accordingly, natural communities of RNA viruses have not been greatly
explored (7).

Viruses have no inherent metabolic activities, requiring them to
interact with the replication machinery of their host organisms. Viruses also
serve as by-products of intimate intracellular interactions, making them
major drivers of evolutionary changes for cellular life. Access to sequence
information harbored in environmental viral assemblages has become of
interest, because it provides insight into the types of viruses present in

different habitats, and reveals the wealth of extracellular genetic information
-3-



with which planktonic organisms are in constant communication (39).

The development of advanced molecular techniques provides
additional information regarding the diversity of viruses. Viral studies have
gained focus in the recent years due to the innovations associated with them.
Multiple displacement amplification (MDA) with phi29 polymerase has been
widely used to study single stranded DNA viruses (ssDNA), especially
microphages. It has also given way to study ssDNA viruses by making use of
random-priming and preferential amplification of circular genomes. With this,
investigations on the genotypic diversity of ssDNA viruses have been
conducted from environments such as paddy soil (19), the sea (1), fresh
water (33), Antarctic lake (23) and microbialites (9).

Invertebrates such -as sea cucumbers were ‘discovered to be
significant sources of bioactive compounds. One of. which is lectin (HSL)
from Holuthuriascabra, which has a strong broad spectrum of ‘antimicrobial
activity against bacteria. Aside from being edible food sources, sea
cucumbers | and their commensals were found to also ' exhibit medicinal
properties (13).

Other' invertebrates like sea squirts were also known sources of
biologically active cempounds such 'as didemnin® B, a metabolite which
functions as a strong- antiviral agent and.displays’ cytotoxic effects on
leukemic cells. It has also demonstrated antineoplastic activity against a
variety of murine tumor models (17).

Halichondrin B is also a known bioactive from invertebrates, mostly
sponges. This compound was proven to have anti-cancer effects (16). The
red alga, Portieria homemannii, was also found to contain a bioactive
compound called halomon that is against tumors(35).

The culturing of invertebrates has been a worldwide economic
activity specifically in intertropical developed and developing countries.
However, along with the intensification of farming comes the development of

many infectious diseases, mostly of viral origin, causing a decrease In
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growth of production, eventually resulting in vast economic losses (29).
Likewise, considering how rich and diverse the marine environment is and as
viruses are more diverse than bacteria, only a few studies have been
conducted about the viral diversity in oceans. Herewith, this study was
conducted and aims to determine the diversity and abundance of sea
cucumber and shrimp samples since this field of study remained greatly
unexplored.

Aquatic invertebrates were known to possess gut bacteria that gives
mutual benefits from the association of the host with these microbes. Such
bacteria, as ingested, can provide food or enzymes to their host, supplying
essential nutrients that the host is lacking. Gut bacteria can also aid on the
process of ion transport across the gut wall of the host, enriching its
resistance to toxic chemicals and out. competing opportunistic pathogens.
The abundance and species composition of gut bacteria inhabiting aquatic
invertebrates are influenced by several factors, relating to the anatomy and
physiology of the invertebrate host. Conditions of the external environment
such as water salinity and temperature, the presence of toxicants in the
water column} and food availability have also great effects on gut bacteria

(26).



MATERIALS AND METHODS

Sample preparation

Sea cucumber (Apostichopus japonicus) sampling was performed
twice in the same area in Busan, South Korea and samples were taken from
the wild. Fresh samples were processed accordingly and their intestines
were used for further processing. As for shrimps (Litopenaeus vannamel),
samples were collected from six different shrimp farms in close areas
located in Sinan—gun, Jeollanam=do, South Korea. Intestine samples were
taken from deep-frozen shrimps collected previously. The size of each

sample was then.recorded in table 1.



Table 1. Sampling details.

Size
Sample Target Sample name Data
(mm)
Sea BSC1 8.5
cucumber BSC2 8.0 10.14.2011
Bacteria BSC3 7.8
BSC4 14.0
BSC5H 9.0 11.08.2011
B3N 10.5
VSC1 &5
Viruses VS 9.0 01.13.2012
VSC3 10.5
Shrimp SH?2 13.0
SH4 15.0
Bacteria S He 14.5 10:10.2011
and SH12 140
Viruses SH16 1876
SH18 14.0




Bacterial DNA extraction and 16S rRNA gene amplification

Extraction of bacterial DNA from 500 mg of wet intestine samples
from each of the six sea cucumbers and six shrimps was performed using
the Power Soil DNA Extraction Kit (MOBIO). Extracted DNA was amplified
using barcoded primers. The forward primer 27F (5'-
AGAGTTTGATCCTGGCTCAG-3') and the reverse primer 518R (5'-
WTTACCGCGGCTGCTGG-3") were utilized for amplification. A 20 ul PCR
mix (Accupower PCR premix, Bioneer) was used with each barcoded primer
set and 1 pl of the extracted DNA template was added. The following
conditions were employed-for PCR: 94°C for 7 min;-32 cycles; 94°C for 30 s,
60°C for 30 s, 72°Cfor 45 s, final extension at72°C for 10.min. PCR products
were subjected to 454 pyrosequencing using Genome Sequencer FLX

titanium.

Analysis of bacterial 16s'rRNA gene sequences

The ‘QUME (Quantitative Insights Into Microbial Ecology) pipeline
was used to precess data from the high—-throughput+16S rRNA sequencing
studies (reference for QIME): The DNA sequence reads were filtered for
quality and multiplexed reads were ‘assigned to starting samples by
nucleotide barcode. Operational Taxonomic Units (OTUs) were picked based
on sequence similarity within the reads and a representative sequence from
each OTU was picked. The OTU was then assigned to a taxonomic identity
based on the Silva databases with BLAST (E value, <10™°). The OTU
sequences were aligned and a phylogenetic tree was created. Diversity
metrics were calculated for each sample and the types of communities were
compared using the taxonomic and phylogenetic assignments. PCoA analysis
was performed to visually depict the differences between the samples using

the Fast Unifrac web server. (reference for Fast UniFrac) Publication quality
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figures were then generated by dynamically working with such graphs.

The QIIME pipeline was used to generate images of the OTU table.
The OTU table was utilized to make a heatmap. A graphic was generated and
for each sample, the number of times each OTU was found in that sample
was shown in the heatmap. OTU counts were filtered by 49, representing 0.1%
of the total count. Thus, counts were adjusted to percentage values to show

the corresponding ratio and proportion.

In this study, the beta diversity was computed using the default beta
diversity metrics of weighted-—and—unweighted unifrac, which are
phylogenetic measures used extensively in recent-.microbial community
sequencing projects. Beta diversity plots were also generated. In performing
the analysis, the OTU table was rarified to remove ‘sample heterogeneity.
Preferences were made to define the colors for each of the samples or for a
particular category within a mapping column. Beta diversity was then
computed 'to assess the differences between microbial communities.
Principal coordinates were generated as 2D PCoA plots. Distance histograms
were then made to compare samples from different categories‘and see which

categories tend to.have-larger or smaller beta diversity than others.

Viral purification and concentration

Viruses were extracted from intestines of three sea cucumber
samples (Table 1). Isolation of viruses was conducted individually for each of
the three samples. As for shrimps, six intestine samples were combined
prior to the extraction. Every sample was mixed with 10 ml SM buffer
containing 0.1 M NaCl, 50 mM Tris-HCI [pH 8.0] and 10 mM MgSO, for
resuspension. Viruses were extracted from intestines by vortexing twice for
10 min. The suspension was centrifuged at 10,000 X g for 10 min to remove

unnecessary sedimentary particles. The suspension was transferred to a

-9-



clean tube and was centrifuged at 10,000 X g for 10 min prior to a series of
filtration. The suspension was passed through a 0.45 pum (Pall, USA)
membrane filter paper disk, respectively. Samples were then resuspended
into a fresh eluent and the extraction was done twice by filtration through a
0.20 pym syringe filter (Millipore, USA) to remove bacteria and other small
particles. Intestine pellets were resuspended in SM buffer and the extraction
procedure was repeated one more time. The filtrate was concentrated using
a centrifugal concentration filter (Vivaspin—20, 50 kDa, Biotech) and the
supernatant was then concentrated 20ml to 1ml for each sample. The filtrate
was treated with DNase I (with a final concentration of 0.1 pg/ml) at 37°C for
30 min and was incubated at-80°C for 10 min for-the inactivation of DNase I,

prior to the extraction of nucleic acids.

Counting of viral particles using epi-fluorescence microscopy

Quantitative analysis of viruses was done by epifluorescence
microscopy (EEM) with SYBR Gold (Molecular Probes) staining. An Anodisc
filter (0.02 nm) was placed over a pre-wetted 0.45 num Millipore filter. Two
hundred microliter of ‘concentrate sample was passed through an Anodisc
filter with vacuum-.préssure and 1X SYBR Gold staining solution was dropped
to the filter for 10 min-.in the-dark. After "staining, the excess SYBR Gold
staining solution was removed. A drop of ProLong Gold Antifade was placed
on the filter and a piece of portion of the filter was put on a glass slide. Then,
quantitative analysis was performed using epifluorescence microscopy at

480-495nm.

DNA extraction and multiple displacement amplification (MDA) method

Purified and concentrated viruses from three individual sea
cucumber samples and one combined sample from shrimps were used to

extract DNA. Viral DNA extraction for both sea cucumber and shrimp
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samples was then conducted. Two hundred microliter of concentrated
viruses from each of the samples was subjected to viral DNA extraction
using the QIAamp MinElute Virus Spin Kit (QIAGEN) according to the
manufacturer’s instructions. After extraction, the DNA extracted from the
combined shrimp sample was divided into three aliquots prior to the process
of wviral DNA amplification. To amplify DNA, the Genomiphi V2 DNA
amplification kit (GE Healthcare, Piscataway, NJ) was used. From the kit, 9
ul of the sample buffer was added to 1ul of the DNA and the mixture was
heated for 3 min at 95 °C. As also provided in the kit, 9 ul of the reaction
buffer and 2 pl of phi 29 DNA polymerase were added to the previous
mixture. The resulting mixture was incubated for 1°5.h at 30 °C. The mixture
was further incubated for 10 min at 65°C to inactivate polymerase (17,21,36).
After the amplification process, three sea cucumber and:. three shrimp
amplified DNA samples adjusted to have same concentration were combined,
respectively. DNA amplified through this method was further digested with
5U/ul S1 nuclease in 1x buffer for 1 h at 30°C prior to 454 pyrosequencing

using Genome Sequencer FLX titanium.

Analysis of viral metagenomic sequences

To analyze the viral metagenomic sequences, CAMERA 2 web
server (http://portal.camera.calit2.net), specifically the 454 Duplicate
Clustering with the CH-HIT-454 4.5.3 program, was used (11, 27).
Sequence identity and alignment coverage were set to 0.96 and 0.9,
respectively. To check for sequence anomalies, quality control, sequence
manipulation and the Galaxy (https://main.g2.bx.psu.edu) web server were
used. The minimal quality score were set to 10, while the minimal length of
contiguous segment was set to 100 (5, 20). Resulting sequences after data

deduplication and quality control processes were compared to that of the
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previously recorded databases such as the NCBI non-redundant database
and the CAMERA viral protein database. The Metavir web server was used
to analyze the obtained viral metagenomes from both sea cucumber and
shrimp samples. Metagenomic reads were inserted in phylogenetic trees
containing reference sequence marker genes. As for the Rep marker gene,
the viral diversity of Lake Pavin freshwater was compared to that of sea
cucumbers and shrimps. While for VP1 - a type of capsid protein -
comparison of both samples was done by comparing their viral diversity to
that of other communities — Lake Pavin freshwater, British Columbia

seawater and the microbialites (34).
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RESULTS

Bacterial metagenomic analysis

Bacterial metagenomic sequences from both sea cucumber and
shrimp samples were analyzed to check for sequence anomalies using Silva
RDP database (Table 2). After the quality check, 539 OTU groups were
found to be of high quality. Only OTU groups with more than 5% dominance
were used for further analysis. Results then revealed a total of 21 OTU
groups after the final checking (Figure 1).

Each type of samples is known to have a different bacterial
composition as revealed by the heatmap analysis results. In the phylogenetic
tree, red and- green were used to represent sea-cucumber and shrimp
samples, respectively. Sea cucumbers are dominated. by Propionigenium
except in BSC4, wherein Bacteroidetes are much greatly found. Great
dominance is denoted by values highlighted in red and slight dominance in

vellow (Figure 1).
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Table 2. The number of metagenomic reads analyzed using QIIME.

Sample Reads

BSC1 5014

BSC2 5289

Sea BSC3 7285
cucumber BSC4 4745
BSC5 4001

BSC6 1950

SHO2 2443

SHO4 2129

Shrimp SHO6 2301
SH12 3310

SH17 723

SH18 2550

Total 51740
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ot Genus sct | sca | ses | sca | scs | sce | sHoa | sHo4 [ shos | smiz | sHa7 [ smis
1428 8d2-2 054 134 60% 380K 264 634 064 004 014 024 00d 00%
1963 8d2-2 034 064 234 1024 124 094 00% 00% 00 00% 004 00%
920 Uncultured 024 024 15% 564 024 024 004 004 004 00% 00% 00%
444 Uncultured 004 004 01% 094 024 04x 40W 054 40d 89d 01% 18%
1427 Lutibacter 80% 1004 103% 00% 03% 004 004 004 024 004 00% 00%
1730 | Nsi0.marine.group | 004 00% 00% 00W 00X 00% 00 22% 36% 00W 944 05%
1163 ﬁﬁmﬂ OIH 00%_00% 00 004 004 00%
1677 Uncultured 00% 00% 00% 00X 00% 004 00% 00% 004 00% 88% 01%
664 Lactococcus 01% 004 024 054 01% 004 664 194 334 404 1668 90%
523 |Candidatus bacilloplasma| 00% 004 00% 004 00% 004 024 084 00% 024 287H 4%
545 Fusobacterium 00% 004 00% 00% 00% 00% 14 004 024 344 30%
1327 Vibrio 004 024 01% 004 01% 004 019 04 019 02 107 84%
594 Vibrio 00% 00 00% 00% 00§ 004 00% 01 00% 01% 274 5%
121 Marinicella 004 004 016 024 019 024 374 024 184 714 019 20%
1051 Thalassobius 109 01% 06% 07% 02% 104 164 014 044 S8d 00d 18%
1741 Crenothrix 46% 28% 1204 02% 32% 034 00% 00% 00 00% 00% 00%
1636 Subsectionii 004 00% 004 00% 00% 008 00% 00% 1248 00% 004 00%
1579 Merismopedia e%ooﬂ 00W 004 004 00% o7 0% 84 00¥ 049 0%
139 00% 00K 00-00% 00% 198 01% 824 024 024 00%
Ta 009 00 00% 00% 00% 00d 386% 254 819 024 26 20%

1 00%-00%_ 014 07%_ 00% 024 00%_00% 27 117% 00% 10%
3884 8369 409%

L1

shrimp samples. Sea cu
s |

ber is in red a

- 15 -

7883 845% 700% 61438449 623% 597 87 531



Phylogenetic relationship of bacterial samples

The phylogenetic relationship of both samples to determine the
bacterial diversity was exhibited in Figure 2. The abundance and type of
bacteria were considered in weighted unifrac, while only the type of bacteria
was considered in unweighted unifrac. Bacterial clusters were formed in sea
cucumber samples, except for BSC4, and the relationship of bacteria among

shrimp samples was found be distant from each other.
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Abundance of viruses from sea cucumbers and shrimps

Direct counting of virus-like particles was done using epifluorescence
microcopy (EFM) after sequential filtration to estimate the abundance of viruses
in sea cucumber and shrimp samples. About 4.08 X10° and 2.7 X 108 viruses per

1 g (wet weight) of samples were obtained, respectively (Figure 3).
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(a) (b)

Figure 3. Viral particles (VLPs) stained with SYBR Gold ‘and observed under
an epifluorescence microscope (1000x). Viral particles from sea cucumbers

are shown in (a) and viral particles from shrimps are shown in (b).
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Pyrosequencing of viral metagenomes

Initially, a total of 106,034 reads for sea cucumber and 128,800
reads for shrimp were obtained from MDA libraries. After which, the pre-
processing of the sequences such as data deduplication and quality control,
was done using CAMERA and GALAXY web servers, respectively. Results
show that a total of 84,620 and 76,340 reads, respectively, remained in MDA
libraries (Table 3). Also, based on the NCBI non-redundant database, sea
cucumber and shrimp sequences, respectively, were found to be 29.7% and
23.4% similar (Fig 4a). In this partition, 0.44% and 2.58% similarities were
observed for the domain Archaea, 37.2% and 52.3%.for the domain Bacteria,
and 0.74% and 0.68% for the domain Eukarya, with regards to the sea
cucumber and.shrimp sequences, respectively (Fig 4b). Additionally, the
CAMERA viral protein database was also used in comparing viral sequences
from sea cucumber and 'shrimp sequences. Results reveal that the obtained
viral sequences were classified into about 23 to 27 viral families, depending
on the type, of sample. However, in |[sea cucumber, most sequences were
concerted only in seven families. dsDNA viruses from sea cucumber samples
belong mostly “.to .Siphoviridae (14.22%), Podoviridae® (11.37%) and
Myoviridae (8.88%)families, - while nssDNA' viruses belong mostly to
Microviridae (52.52%), Circoviridae (6.30%), Nanoviridae (3.43%) and
Geminiviridae (1.20%). As for shrimp samples, most sequences were
concerted only in six families. dsDNA viruses belong to Siphoviridae
(833.17%), Myoviridae (9.04%) and Podoviridae (5.17%), while ssDNA viruses
belong to Microviridae (29.67%), Circoviridae (10.20%) and Nanoviridae
(9.23%) (Fig 40).
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Table 3. The number of reads obtained from MDA libraries after

pyrosequencing.
Processing SC SH
Initial reads 106,034 128,800

After deduplication

96,290  90.8%

84,669  65.7%

QC_ql0 longest

91,479  86.3%

80,459  62.5%

QC_ql0 longest longer than 100

84,620  79.8%

76,340  59.3%
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Comparison with viromes from different environment

The viromes of both sea cucumber and shrimp samples were
compared to the viral diversity of other communities such as Antarctic Lake

freshwater and microbialites using Metavir (http://metavir—-meb.univ-

bpclermont.fr). These communities are divided into five groups: freshwater,
seawater, two eukaryotes and this study group (34). Sea cucumber and
shrimp samples have a slightly close relationship with microbialites and the
Antarctic Lake(Figure 5). However, they still exhibit distant relationship

from each other.
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Virus composition based on the database comparison

The viral composition of samples from microbialites, freshwater,
seawater, and sea cucumber and shrimp samples was shown in Figure 6. It
could then be observed that all samples possess both double stranded and
single stranded DNA viruses. However, most part is dominated by single
stranded DNA viruses. The individual composition of dsDNA and ssDNA
viruses in both sea cucumber and shrimp samples were also exhibited in

Figures 7 and 8, respectively.
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The viral composition of sea cucumber and shrimp samples was
compared using the MEGAN software. The blue color represents sea
cucumber, while the red color represents shrimp. Figure 9 shows the
distribution of single stranded DNA viruses between sea cucumber and
shrimp samples. Four viral families dominate both samples, including
Circoviridae, Geminiviridae, Microviridae and Nanoviridae. 1t could be seen
from the figure that a greater percentage of single stranded DNA viruses is
from shrimp samples, as dominated by the family Circoviridae and
unclassified ssDNA viruses. However, circoviruses were found mostly in sea
cucumber samples and not in shrimp samples, while the other members of
the family Circoviridae dominating in shrimp samples remain unclassified. As
for the family Gemuniviridae, viruses from sea cucumber samples exhibit a
larger part than shrimp samples. Same goes- for the. viral families
Microviridae ‘and Nanoviridae. The figure also shows that the unassigned
members of family Nanoviridae were found only in shrimp samples, while
Densovirinae. members were found only in sea cucumber samples. As for
double stranded DNA viruses, it could be noticed from figure 10 that most
viruses found in both sea cucumber and shrimp samples belong to the order
Caudovirales, mostly from the viral families Myoviridae, Fodoviridae and
Siphoviridae. Viruses from Myoviridae and Podoviridae were dominating in
sea cucumber samplesiAs. for the family 'Siphoviridae, almost equal
distribution for both samples could be observed. But most of virus was
present in the shrimps except unclassified Siphoviridae. Additionally, most of

virus occupied the unassigned and unclassified members of the family.
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Phylogenetic diversity of viral genes

Different marker genes were used to determine the phylogenetic
relationship of the viral diversity observed in both sea cucumber and shrimp
samples. Analysis of the phylogenetic diversity of viruses using Metavir
revealed distant relationship among viruses. The viral diversity in Lake
Pavin freshwater was used for comparison since the composition of both
British Columbia seawater and microbialites has less double stranded DNA
viruses, which is contradicting to that of Lake Pavin freshwater. It was
known that the viral families Circoviridae and Nanoviridae were not reported
in British Columbia seawater and microbialites- Thus, only Lake Pavin
freshwater was available for Rep like gene comparison. The VP1 marker
gene was used to determine the phylogenetic relationship of both sea
cucumber and  shrimp + samples, Lake. Pavin, ' British Columbia,
Mic.PozasAzules and Mic.Highborne Cay with the other previously known
viral groups (Fig 12). The blue color represents sea cucumber and the red
color represents shrimp. The VP1 marker gene is basically for the family
Microviridae.”, With this, it “eould be observed that all viruses in the
phylogenetic tree belong to the Microviridae family.~Figure ‘9 represents the
phylogenetic relationship of-viruses from ‘Sea cucumber, shrimp and Lake
Pavin with previously known viruses using-the Rep-like marker gene. The
Rep marker gene can detect viruses belonging to three viral families

including Circoviridae, Nanoviridae and Geminiviridae.
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DISCUSSION

The diversity of both bacteria and viruses in marine invertebrates,
particularly sea cucumbers and shrimps, were studied using metagenomic
analyses. Much information remains unknown about the composition and
diversity of both bacteria and viruses in marine invertebrates, thus, this
study was conducted.

Sea cucumbers were found to be dominated by Propionigenium,
excluding BSC4 which was dominated by Bacteroidetes. It can be seen from
Table 1 that BSC4 has-a much bigger size than the other sea cucumber
samples. As BSC4 has a different bacterial composition. compared to the
other sea cucumber samples, it can be assumed that the sample size greatly
contributes to the differences in bacterial composition and diversity among
the samples. Moreover, as the size of the sample could be a great factor to
the composition and diversity of bacteria, this assumption is not limited to
marine invertebrates and may be applied to other organisms, as well.
According to ‘previous researches, some members of the bacterial genus
Propionigenium were-found in mud lcrabs (HE611102, NCBI), lugworms,
marine sponges and sea urchins (2, 22, 25).-Also, an uncultured bacterium
with the strain name Bd2-2 dwelt in mariné sponges and sediments (18, 22,
42).Strain Tal8, another uncultured bacterium, was known to inhabit in mud
crab (HE186766) and a marine bacterioplanktons (GU170743). Furthermore,
the bacterial genus Fusobacterium was isolated from white shrimps
(EF186766). One of the samples used in this study is white shrimp,
suggesting that the results obtained from this study are, by some means,
matching to that of the previous studies.

The default beta diversity metrics of weighted and unweighted
unifrac are phylogenetic measures used extensively In recent microbial

community sequencing projects. The abundance and type of bacteria were
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considered in weighted unifrac, while only the type of bacteria was
considered in unweighted unifrac. In sea cucumber samples, bacterial
clusters were formed, except in BSC4. In unweighted unifrac, sea cucumber
shows differences in bacterial composition, while in weighted unifrac, close
relationship was observed in connection to both bacterial diversity and
abundance. This can be attributed to the fact that these samples were taken
from the wild and they all belonged to the same environment. As for the
relationship of bacteria among shrimp samples, it was found that bacteria
isolated from shrimps form distinct assemblages based from the unweighted
unifrac. For the weighted unifrac, in relation to bacterial diversity and
abundance, it was found-that bacteria from shrimp-samples are distant from
each other. This can be accounted to the fact that shrimp samples were
taken from six different shrimp farms. Thus, the various environments they
came from also differ from each other. Also, the growth conditions in these
environments may 'also vary, mostly depending on the feeds that the shrimps
rely on for food sources.

SYBR Gold. staining was performed to count viral particles (VLPs)
directly. The stained viruses were observed under epifluorescence
microscopy (EFM) at-480-495nm. Around 4.08 X10” and 2.7 X 10° viruses
per g (wet weight) of samples were obtained, respectively (Figure 1).
Different studies have previously reported about the abundance of viruses
from other communities. In aquatic environments, around 2.5 X 108 VLPs per
milliliter of natural waters was counted (4). Consequently, around 1.2 X 10°
VLPs per milliliter of seawater was observed in marine waters (15).
Successively, in human feces, about 1.2 to 3.5 X 10° VLPs per gram of wet
sample was noted (20).

With this, it can be observed that more viruses were isolated from
marine invertebrates than in humans, considering that the intestine of marine
invertebrates 1s much smaller than that of humans. In general, sea

cucumbers are scavengers which feed on debris in the benthic zone of the
- 36 -



ocean. The diet of most sea cucumbers typically includes planktons, and
dead and decaying organic matter found in the ocean. On the other hand,
most shrimps are omnivorous which consumes a variety of materials as
significant food sources in their natural diet. Also, some filter feeding
shrimps use their setose (bristly) legs to gather phytoplanktons, while some
scrape algae from rocks. With this, as sea cucumbers and shrimps are known
to be filter feeders that sieve suspended particles matter and food particles
from water (usually by passing the water over a specialized filtering
structure), and as they inhabit the marine environment which is an open
system consisting of a wide range of species, they eventually take in the
species richness of this.ecosystem.

Comparison of the sample sequences to that of NCBI non-redundant
database revealed that sea cucumber and shrimp sequences, respectively,
has a similarity of 29.7% and 23.4% (Figure 4a). In addition, more than half
of sequences are unknown like in previous studies of viral metagenomics (19,
20, 32). Also, these results show that more research is needed to/ understand
the problem in the partition of unknown sequences. In this partition, 0.44%
and 2.58% similarities. were observed for the domain Archaea, 37.2% and
52.3% for the domain+Bacteria, and 0.74% and 0.68% for the domain Eukarya,
with regards to the“sea cucumber and 'shrimp sequences, respectively
(Figure 4b). This result shows consistency with previous studies as it points
out a strong implication about the lack of viral gene annotation and horizontal
gene transfer between viruses and host genomes (8, 30).

Likewise, the CAMERA viral protein database was also used to
compare sample sequences, showing that the obtained viral sequences
belong to about 23 to 27 viral families (Fig 4c¢). Based on results, viral
families isolated from invertebrates include Iridoviridae, Parvoviridae,
Polydnaviridae and Baculoviridae for both sea cucumber and shrimp
sequences. However, sequences happen to appear only in small counts since

MDA generally provides an even representation of genomes except at the
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ends certain genomes such as those which are small and circular, or large
and linear. With this, sequences may be preferentially amplified (30, 45).

Comparison was done among the viromes of samples to that of other
communities (Antarctic Lake and microbialites) using Metavir. The samples
how a slightly close relationship with microbialites and the Antarctic Lake
(Fig 5), but still, exhibit distant relationship from each other. Moreover, it
could be seen that viruses in hypersaline salterns and seawater somehow
possess similarity to the samples. Hypersaline salterns and the Antarctic
lake freshwater are also known to be extreme environments, which is
contradicting to the environments where sea cucumber and shrimp samples
were taken from. Antarctic lake freshwater is known to have an extreme
cold temperature,”while hypersaline salterns contain high concentration of
sodium chloride or mineral salts, surpassing that of the ocean 'water (12, 14).
Therefore, [Lake Pavin and British Columbia were used to compare the
diversity of wviruses /from freshwater and seawater environments,
respectively.

The, viral composition of the samples was compared to that of the
microbialites, freshwater, and seawater (Fig 6). All samples aré composed of
both double stranded and -single stranded DNA" viruses, as dominated by
single stranded DNA™“wiruses.. Figure 7 shows the-distribution of double
stranded DNA viruses found in—different communities. Viral families
Siphoviridae, Podoviridae and Myoviridae, respectively, seem to occupy a
large part in the viral diversity of all samples, exhibiting almost similar
proportions. As for single stranded DNA viruses in Figure 8, the viral
composition of microbialites and British Columbia seawater seem to be
similar, and the viral composition of Lake Pavin freshwater tends to be
different since microbialites and British Columbia seawater are both marine
related environments, while Lake Pavin is a freshwater environment, which
is not of the environment as the other two. With this, both sea cucumber and

shrimp samples exhibit distant similarity with the viral composition of the
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microbialites and British Columbia seawater since they are all related to the
marine ecosystem.

The distribution of single stranded DNA viruses between sea
cucumber and shrimp samples were analyzed using the MEGAN software
(Figure 9). However, this result does not represent the exact distribution of
viruses in both samples, suggesting that there could be a probable presence
of host specific virus in sea cucumbers and shrimp samples, respectively.
Four wviral families dominate both samples, including Circoviridae,
Geminiviridae, Microviridae and Nanoviridae. It could be seen from the figure
that a greater percentage of single stranded DNA viruses is from shrimp
samples, as dominated. by the Family Circoviridae-and unclassified ssDNA
viruses. However, circoviruses were found mostly in seacucumber samples
and not in shrimp samples, while the other members ‘of the Family
Circoviridae/dominating in.:Shrimp samples remain unclassified. As for Family
Geminiviridae, viruses from sea cucumber samples exhibit a larger part than
shrimp samples. Same goes for the wviral families ' Microviridae and
Nanoviridae! The figure also shows that the unassigned members of Family
Nanoviridae were found only in shrimp samples, while/ Densovirinae
members were found- eonly-in sea cucumber samples. However, this result
does not represent the exact distribution. of viruses in both samples,
suggesting that there could be a probable presence of host specific virus in
sea cucumbers and shrimp samples, respectively. As for double stranded
DNA viruses, it could be noticed from Figure 10 that most viruses found in
both sea cucumber and shrimp samples belong to Order Caudovirales, mostly
from the viral families Myoviridae, Podoviridae and Siphoviridae. Viruses
from Myoviridae and Podoviridae were dominating in sea cucumber samples.
As for Family Siphoviridae, almost equal distribution for both samples could
be observed. But most of virus was present in the shrimps except
unclassified Siphoviridae. Additionally, most of virus occupied the

unassigned and unclassified members of Family.
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To determine the phylogenetic diversity of viruses from both samples,
different marker genes were used using Metavir, exhibiting distant
relationship among viruses. The VP1 marker gene is used to study Family
Microviridae (Fig 12). It can be noticed from the phylogenetic tree that all
viruses are members of the Microviridae family. It could be noted how
diverse viruses are, considering a small amount of samples examined in this
study. Also, the phylogenetic tree shows that the relationship of viruses is
not close, although they have almost similar characteristics. Additionally, it
could be stated that viruses isolated from both sea cucumber and shrimp
samples are suspected to be new viral species. Likewise, the Rep marker
gene was used to determine the phylogenetic relationship of viruses from
sea cucumber, shrimp and Lake Pavin. Three viral families (Circoviridae,
Nanoviridae and Geminiviridae) are detected using the Rep gene marker (Fig
9). Only small amount of samples were used in this study. However, diversity
of viruses based from the results is unexpected, such as in VP1 and as
exhibited in the figure. In addition, it can be noticed that some viruses
isolated from the samples do not belong to the three existing families,
suggesting that these-viruses *eould be under new groups, which have not
been studied previously:Thus, it can be assumed.that marine invertebrates
can have a great value as:genetic resources that can be used in further

studies.
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