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Abstract

Background: Halophilic organisms may thrive in or tolerate high salt concentrations. They have been studied for
decades and a considerable number of papers reporting new halophilic species are being published every year.
However, an extensive collection of these salt-loving organisms does not exist nowadays. Halophilic life forms have
representatives from all three life domains, Archaea, Bacteria and Eukarya. The purpose of this study was to search
for all documented halophilic species in the scientific literature and accommodate this information in the form of an

online database.

Results: We recorded more than 1000 halophilic species from the scientific literature. From these, 21.9% belong to
Archaea, 50.1% to Bacteria and 27.9% to Eukaryotes. Our records contain basic information such as the salinity that a
particular organism was found, its taxonomy and genomic information via NCBI and other links. The online database
named “HaloDom"can be accessed at http://www.halodom.bio.auth.gr.

Conclusions: Over the last few years, data on halophiles are growing fast. Compared to previous efforts, this new
halophiles database expands its coverage to all life domains and offers a valuable reference system for studies in bio-

technology, early life evolution and comparative genomics.
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Background

Halophiles are extremophile or extremotolerant organ-
isms that can survive in high salinity. They are catego-
rized as slight, moderate and extreme, depending on
their maximum salinity tolerance [1]. Halophilic spe-
cies exist across all life domains [2, 3] showing consider-
able diversity in metabolic strategies and physiological
responses, especially among microbes [1, 4—6]. Research
on halophiles has mainly focused on the specific adap-
tations and molecular mechanisms that enable them to
maintain their osmotic balance under salt-stress [7-9]. A
great deal of interest has also been channeled towards the
investigation of their diversity and phylogenetic relation-
ships as the highest majority of them constitute ancient
evolutionary lineages [10, 11]. On a different avenue,
biotechnology has recently decided to delve deep into

*Correspondence: ikappas@bio.auth.gr

*Alexios Loukas and llias Kappas contributed equally to this work
Department of Genetics, Development & Molecular Biology, School

of Biology, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece

( ) BiolVled Central

the survival kits of extremophiles in the hunt of biocata-
lysts functioning in hostile environments. All this inter-
est is reflected in the plethora of papers reporting new
halophilic species every year [12—14], a trend which is
expected to increase. As a consequence and due to the
large quantities of data produced by next-generation
sequencing, there is a need for a database repository of
extremophiles which will be regularly updated.

So far, there are three halophilic databases avail-
able online: HaloWeb [15], HaloBase [16] and HProtDB
[17]. HaloWeb focuses on genome information and pro-
vides complete genome sequences available for down-
loading. There are also features like blasting sequences
against a genome and genomic maps. There are 10
haloarchaeal species registered in total. HaloBase con-
tains more general information in 23 halophilic archaeal
and bacterial halophiles. GenBank sequence numbers,
number of chromosomes and plasmids, gene/protein
content and cellular features are among the database
entries. HaloBase provides user accounts, followed by

© The Author(s) 2018. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://www.halodom.bio.auth.gr
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40709-017-0072-0&domain=pdf

Loukas et al. J of Biol Res-Thessaloniki (2018) 25:2

the ability to add a new organism as a registered mem-
ber. In HProtDB, the first priority is protein content. The
resource contains physical and biochemical properties of
halophilic proteins for 21 strains of Archaea and Bacteria.
It also allows users to register as members and enter their
own halophilic data. All three databases are restricted to
information about halophilic Archaea and Bacteria, their
number of entries is limited to an average of 18, and are
irregularly updated.

In this work, we report on a new halophiles database
covering more than 1000 halophilic species and spanning
all life domains. This new resource named “HaloDom”
can be accessed at http://halodom.bio.auth.gr.

Methods
An extensive literature search has been carried out
through the Web of Science, Scopus, PubMed and
Google Scholar using appropriate keywords (i.e. haloph*,
salt, saline, hypersaline, extremophile) as well as combi-
nations of them. Ultimately, the Web of Science was cho-
sen as the primary source of literature as it provided a
sophisticated search/query engine that suited our meth-
odology and was proven to contain most of the papers
found in other literature databases. The keyword combi-
nation that returned most papers in Web of Science was
“sp nov haloph*” (on title section), returning 610 papers
reporting new halophilic species up to 2017. The same
keyword combination returned many results in Google
Scholar (2410), but not all of these papers contained the
desirable keywords in their titles making its search engine
unsuitable for our purposes. Scopus returned 615 results,
but the interface of Web of Science offered a more flexi-
ble environment. There was great overlap among all three
databases. Google Scholar however also returned a lot of
unrelated papers. Finally, a small number of books and
reports containing useful information about halophilic
species (albeit with no salinity data) were also included.
The obtained results were initially refined by topic and
document type and further filtered out manually. The
final dataset was retrieved as a tab-delimited format file
and then loaded to a spreadsheet organized in several col-
umns (i.e. full taxonomy of each species, salinity record
or range, halotolerance classification, genome availabil-
ity, bibliography, notes/other information). Several tax-
onomy databases were used for registering the taxonomy
of halophilic organisms (Table 1). “Salinity recorded or
range” column reports a single salinity value, a range of
salinities or both depending on the available information
from the scientific source. “Halotolerance classification”
included three halophilic categories: slight, moderate and
extreme. We searched for full genomes for all our entries
in NCBI genome database. The column “Genome avail-
ability” contained five possible states: complete genome,
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Table 1 Taxonomy databases that were used to record tax-
onomic information about halophiles in HaloDom

Taxonomy database Number of species

NCBI taxonomy browser 942
algaeBASE 49
World Register of Marine Species 32
Encyclopedia of Life 32
Integraded Taxonomic Information System 17
Atlas of Living Australia 11
Catalogue of Life 1
Global Biodiversity Information Facility 1
Global species 1
INPN—Inventaire National du Patrimoine Naturel 1
Marine species identification portal 1
Sum 1088

shotgun, mitochondrial genome, chloroplast genome and
no (not available). “Bibliography” contained the scien-
tific article/s from which the halophilic information was
extracted. “Notes/other info” is a complementary column
for any type of information or metadata gauged as neces-
sary to be documented.

The spreadsheet was converted to a comma separated
values file (csv) and uploaded to a local database with the
use of XAMPP and apache server [18]. PhpMyAdmin
was also used [19] which is a tool intended to handle the
administration of the MySQL database protocol locally
or in a webpage. Additionally, NetBeans 8.1 IDE (Inte-
grated Development Environment) [20] was installed for
creating the website with the use of HTML (HyperText
Markup Language) and the programming languages PHP
and Javascript. The user interface was created and modi-
fied using HTML and cascading style sheets (CSS) for the
visual parts, and both PHP and Javascript for all func-
tional parts regarding interactions between users and the
database.

After importing the spreadsheet to the database all data
were converted from a csv file to a table called “halodb”
The table was assigned with a primary key column called
“Species_ID”. A primary key in mySQL is a number for
each individual row of a table and it is unique. In this
case, every halophilic species has a unique primary key.
This primary key, or “Species_ID” column, always con-
tains an integer starting from 1 and set to “auto-incre-
ment”. As more species are added to the database, this
number is automatically increased providing every spe-
cies with its distinctive ID number.

HaloDom’s data structure started as one table that
contained all information. However, as data volume
increases it is necessary to break down the database into
several tables. This methodology improves the speed and
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efficiency of the database during user query. It is also a
way of organizing data, so that administrators can easily
check the data integrity, make changes and reduce redun-
dancy. The structure of the database was changed from
the table called “halodb’, containing all recorded informa-
tion, to three tables. The first information separated from
“halodb” was the “Bibliography” column, which moved
to a table called “Bibliography”. “Bibliography” table was
assigned a primary key called “Biblio_id” and four col-
umns: “pub_title” which contains the title of the study,
“authors” containing the study’s author/s, “journal” men-
tioning the name of the journal and “biblio_link” provid-
ing a direct link to the study.

The third table is called “genomes” and contains five
columns. “Genome_id” which is the primary key, “Spe-
cies_ID” which is a foreign key from “halodb” table, “Spe-
cies” which is the species name, “Genome_type” which
declares the type of genome and the “ncbi_link” which
contains the link to the genome details in the NCBI
genome database. A graph of the relationships between
all three tables can be found in Fig. 1.

The website project in NetBeans 8.1, written mostly
on HTML, CSS and PHP, was named “HaloDB” Sev-
eral .php files were created in order to design the user
interface and database functions. The home page con-
tains a welcoming text and a photo slide created with
the use of a jQuery script. Moreover, pie charts were
created with Google Charts [21] and the use of JavaS-
cript. These charts were embedded to the webpage

halodb
5 genomes
Species_ID E =
3 genome_id
Species
Genus
Family | = 5 -
= | enome e
Order | i P -
B = . ncbi_link
Class | =
Phylum |
Kingdom |
| e
Domain | bibliography )
——|Taxonomy_DB - Biblio_id F Tl
Genome_availability pub_title
Salinity_records_or_range authors
Halotolerance_classification journal
_|Biblio_id biblio_link
Notes

1

|

1 ‘
Fig. 1 HaloDom consists of three tables. Foreign key relationships
are shown with blue and green lines. Yellow cells are integer numbers
while pink cells are varchar, meaning mixed characters and numbers
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code and can be viewed through the user interface.
Halophilic entries are presented in a new page when
clicked, where all available information is listed. Addi-
tionally, if a full genome is available the user can be
redirected to the corresponding NCBI genome page.
Also users can perform a nucleotide or protein search.

Results

We designed HaloDom, an online database containing
more than 1000 halophilic species from all life domains.
Users are able to perform a keyword search in all col-
umns of the “halodb” table and retrieve all matching
entries in numbered order. The homepage of HaloDom
can be seen in Fig. 2.

The main menu contains four options: “Home’,
“Search’, “Contact” and “About” The search page, apart
from retrieving data entries, can also show all recorded
data, and several pie charts created for a better visual
interpretation of the listed halophilic data. The search
page prompts the user to choose a column and perform
a keyword search. When displaying the results, search
always displays “Species_ID’, “Species” and “Domain”
columns. The column that the user selected to perform
the keyword search is shown in parentheses inside the
“species” column. Exact or partial keyword matches are
highlighted as light-colored text. The results are dis-
played in several pages, if necessary. Users can choose
how many results per page should be displayed (10, 25,
50, 100). When a search is performed on “Bibliography”
field, the results are shown on a different table that con-
tains paper title, authors, journal and corresponding spe-
cies. Figure 3 shows the search results page for all fields
except “Bibliography” while Fig. 4 shows the results table
for “Bibliography” searches. The species name is always
clickable and leads to the corresponding entry. The entry
page contains all available information and can lead the
user to NCBI for more genomic information. Figure 5
displays an example entry page for Artemia tibetiana.

When showing all data from the search page, the user is
able to select ascending or descending order with respect
to a certain column. The pie charts visualize basic infor-
mation about the data. For example, the first chart cal-
culates the percentage of Archaea, Bacteria and Eukarya
in our database. When the user’s mouse hovers above a
certain piece, the frequency is shown first and then the
corresponding percentage enclosed in parentheses. The
first two pie charts are shown in Fig. 6.

“Contact” section lists the administrators and contact
information. “About” page shows the date of creation of
HaloDom, current number of registered halophilic spe-
cies and the database version.
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Clostridia
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Natrialbales Haloferacales Methanomicrobiales Methanosarcinales Crustaceans

Archaea Eukarea
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Contact About

c : 264 visits , 99 unique

Additional info
Home page
Other halophilic databases
Welcome to HaloDom ! This webpage is an effort to collect and organise all halophilic organisms recorded to date. So far we have « HProtDB
compiled data from 1121 species across all life domains. At this stage, useful information from genome and sequence data to : %
. oBase
envir 1p v etc. is included. We plan to expand to additional metadata and analytical tools. Do not hesitate to » eHALOPH

contact us if you have published new halophilic species. We will add it to the database as soon as possible !

Fig. 2 Homepage of HaloDom contains a welcoming text, a small tree graph and a photo slide

Hypersaline Environments

2016-2017 School of Biology, Aristotle University of Thessaloniki

Discussion
We present HaloDom, a database hosting information
on more than 1000 halophilic species. This new resource
expands considerably compared with previous databases
in terms of coverage (representatives from all life domains)
and number of entries. Periodical updates are scheduled
once every 2 months and as the database grows additional
metadata (e.g. geographic distribution, biochemical prop-
erties etc.) and analytical tools are planned to be incorpo-
rated. For database expansion, we envisage summoning
an international panel of experts on extremophiles and
engaging the international community from various fields.
Occasionally, during data curation and annotation,
species nomenclature proved to be a challenge. This
was especially true for Archaea and Bacteria given their
notoriously difficult taxonomy and the fast discovery of
new strains [22]. We invested considerable efforts into
resolving this issue by using several taxonomy databases
(see Table 1) but we also encourage user feedback. A

grey picture also exists in the literature regarding thresh-
old values in halophile classification (slight/moderate/
extreme). For example, in one study the copepod Cleto-
camptus retrogressus was found in 2-7.4% (w/v) salin-
ity, and thus categorized as slight to moderate halophile,
while in another study the recorded salinity range was
19.8-36% (w/v), characteristic of extreme halophiles.
This probably reflects the limited knowledge on the biol-
ogy of many species but as additional data are gathered
more accurate annotations are expected. Also, in the light
of idiosyncratic molecular mechanisms and signatures in
extreme halophilic Archaea [7, 23], criteria for halophile
classification could be refined.

The current database can be used as a useful repository
and starting point for a wide range of research topics. Over
the last few years, investigations have focused on the mech-
anisms responsible for modulating survival in hypersaline
settings [3, 24—28], on the biotechnological production of
halophile macromolecules [29, 30], on the phylogenetic



Loukas et al. J of Biol Res-Thessaloniki (2018) 25:2

Home Search Contact About
Search Database
LPhylum v] lEnter keyword ] ‘ Search ]
Click here to show all halophilic entries
Click here to show halophilic data charts
Results for "arthropoda™ in Phylum (141)
Page 1 of 15  results/page:
12 3 45 Next Last
Species ID Species Domain
158 Aeschnidae anax (arthropoda Eukarya
161 Artemia urmiana (arthropoda) Eukarya
162 Artemia tibetiana (arthropoda) Eukarya
163 Artemia franciscana (arthropoda) Eukarya
164 Artemia persimilis (arthropoda) Eukarya
165 Artemia parthenogenetica (arthropoda) Eukarya
166 Artemia monica (arthropoda) Eukarya
167 Artemia salina (arthropoda Eukarya
168 Artemia sinica (arthropoda) Eukarya
200 Branchinecta orientalis (arthropoda) Eukarya
123 45 Next Last
Fig. 3 The first 10 results for keyword “arthropoda”in the “Phylum” column
Home Search Contact About
Search Database
]Bibliography V\ lEnIer keyword H Search |
Click here to show all halophilic entries
Click here to show halophilic data charts
Results for "artemia™ in Bibliography (8)
Page 1 of 1 results/page:
Title Authors Journal Corr. species

General Aspects of the Ecology and
Biogeography of artemia

1ZWO Coll. Rep. 11(1981). IZWO

Guido Persoone, Patrick Sorgeloos Collected Reprints, 11: pp. chapter 17

Artemia franciscana

Bacteriological flora of the brine shrimp
(artemia franciscana) from a hypersaline
pond in San Francisco Bay, California

Aquaculture Volume 118, Issues 3-4, 15
December 1993, Pages 309-313
doi:10.1016/0044-8486(93)90465-B

David V. Straub, Beverly A. Dixon

Artemia franciscana

Genetic characterization of artemia

tibetiana (Crustacea: Anostraca

Biological Journal of the Linnean Society
Volume 75, p 333-344 ISBN Number
00244066

Abatzopoulos TJ, Kappas |, Bossier P,
Sorgeloos P, Beardmore JA

Artemia tibetiana

Molecular phylogenetics and asexuality
in the brine shrimp artemia

Mol Phylogenet Evol. 2006 Sep;40

Baxevanis AD, Kappas |, Abatzopoulos TJ (3):724-38. Epub 2006 Apr 28

Artemia urmiana

Artemia persimilis

A revision of artemia persimilis Piccinelli
& Prosdocimi, 1968 (Crustacea:
Anostraca) in Southern Chilean saline
lakes: a comparison with their northern
Chilean counterparts

International Journal of Artemia Biology

Patricio De los Rios-Escalante Vol. 1, No. 1, 2011 p 54-56

Artemia persimilis

Fig. 4 The displaying format of “Bibliography”field results for the keyword “artemia”
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Home Search Contact About

Artemia tibetiana

Species ID: 162

Species name: Artemia tibetiana
Halotolerance: Moderate

Salinity concentration/range(w/v): 5.5% - 6%

Genome availability: mitochondrial genome

Ncbi - nucleotide search || Ncbi - protein search

Taxonomy: Eukarya(Domain)>>Animalia(Kingdom)>>Arthropoda(Phylum)>>Branchiopoda(Class)>> Anostraca(Order)>>Artemiidae(Family)>>Artemia(Genus)
Taxonomy source: ncbi taxonomy browser
Notes: no notes yet

Bibliography:

« Title Genetic characterization of Artemia tibetiana (Crustacea: Anostraca;
Author/s Abatzopoulos TJ, Kappas I, Bossier P, Sorgeloos P, Beardmore JA

Journal Biological Journal of the Linnean Society Volume 75, p 333-344 ISBN Number 00244066

2016-2018 School of Biology, Aristotle University of Thessaloniki

Fig. 5 The entry page for Artemia tibetiana

Home Search Contact About

HaloDom data

Eukaryotes
313 (27.9%)

Fig. 6 Halophilic data pie charts. On the left side: frequency and percentage of Archaea, Bacteria and Eukaryotes. On the right side: frequency and
percentage of slight, moderate and extreme halophiles in the database
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position of halophiles in the tree of life [31], on climate
change [32, 33] and even on astrobiology [34]. It is there-
fore obvious that halophile research addresses appealing
questions to several fields of biology, especially in combina-
tion with the diverse spectrum of extremophile organisms.
As pointed out by de Lorenzo [35], extremophiles reframe
the window of viability. The answer to the basic question
whether sustaining life in physicochemical extremes is a
matter of entire adaptation or due to the action of a few
genes is crucial, multidisciplinary and influential.
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