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1.1. The importance of the aquaculture industry

The global human population in 2019 is at 7.7 billion people and is expected to reach
over 9 billion by 2050, posing a huge challenge to the global food security (UN, 2019).
According to the Food and Agriculture Organization (FAO) the world’s per capita fish
and shellfish consumption has increased from an average of 9 kg in 1961 to 20.2 kg
in 2015, accounting for 17% of animal protein consumed by the global population
(FAO, 2018). Capture fishery production has, however, been relatively stagnant since
the late 1980s and the majority of marine fish stocks (subpopulations of a particular
species of fish, which can be commercially exploited) have reached their maximum

potential, some of which being already dangerously depleted (Fig. 1.1).
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Figure 1.1. Global trends in the state of the world’s marine fish stocks, 1975-2015
(FAO, 2018).

Therefore, the aquaculture sector, which includes the farming of all aquatic organisms
such as fish, shellfish and plants, has become a crucial element in the fish supply
(unless otherwise specified, the term “fish” indicates finfish, crustaceans and
molluscs), being also the fastest growing food-producing sector. The latest FAO
reports show that the global fish production peaked at about 171 million tonnes in
2016, with aquaculture representing 47% (80 million tonnes) of the total (Fig. 1.2). In
terms of economic importance, the first sale value of the world marine fisheries
production was USD 362 billion in 2016, of which USD 232 billion was from
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aquaculture production. With the demand for fish expected to increase, it is projected
that around 215 million tonnes of fish will be needed in order to supply 20% of the
dietary protein requirement to feed a 9 billion population by 2050 (Béné et al., 2015).
Since at the best case scenario wild caught fish production is estimated to remain
stable for the next years, the development, intensification and diversification of

aguaculture is a keystone in maintaining global food security.
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Figure 1.2. World capture fisheries and aquaculture production (FAO, 2018).

1.2. Role of Artemia in aquaculture

As opposed to farmed land animals that accept inert diets throughout their life cycle,
a live feed diet is important for the larval rearing of many aquaculture organisms, while
for others it contributes for faster growth and higher survival. Indeed, many cultured
species still have a rudimentary digestive tract at first feeding and are therefore in
many cases incapable of processing formulated diets in a manner that allows survival
and growth of the larvae comparable to those fed live feeds. Additionally, live feeds
are easily detected and captured, due to their swimming movements in the water
(Lavens and Sorgeloos, 1996). Among the live diets available on the international
market, the brine shrimp Artemia constitutes the most widely used organism due to its
nutritional quality, its availability and its convenience (Lavens and Sorgeloos, 1996;
Sorgeloos et al., 2001). Dehydrated Artemia cysts (diapausing embryos) can be stored
and commercialized from the Artemia producing regions to aquaculture hatcheries
around the globe, at a price range of USD 25 to USD 250 kg depending on the cyst

4



Chapter 1

quality (Le et al., 2018; Van Stappen et al., 2019). Only 24 h of hatching incubation of
cysts in seawater is necessary to obtain Artemia nauplii that successfully satisfy the
nutritional requirements of the larval stages of the majority of farmed species (Lavens
and Sorgeloos, 1996; Sorgeloos et al., 2001; Van Stappen et al., 2019). The current
market of Artemia cysts is almost 4,000 tons year?! and its demand is expected to
increase, roughly following the expansion of the aquaculture sector (FAO, 2011,
2017). In addition to freshly hatched nauplii, also decapsulated Artemia cysts, juvenile
and adult Artemia biomass have increasingly been used as diets for different finfish
and crustacean species in different phases of their life (Anh et al., 2009; FAO, 2011).

Besides their use as direct feed source, the feeding characteristics of Artemia
nauplii also enable their use as a vector for delivering different substances to aquatic
organisms. Since it is a non-selective filter feeder, Artemia consumes all particles of
appropriate size in the water column (Lavens and Sorgeloos, 1996; Fernandez, 2001).
Artemia nauplii can therefore be enriched with several nutrients, pigments,
antimicrobial agents or probiotic microbes using the bioencapsulation technique
before being fed to target farmed aquaculture animals (Touraki et al., 1996; Sorgeloos
et al., 2001). Fernandez (2001) defines bioencapsulation in aquaculture as a process
where a live organism incorporates a certain product modifying its original

composition. This organism becomes a live capsule. (Fig. 1.3).

| Essential nutrients |

\\
l Therapeutics

Figure 1.3. Scheme of the bioencapsulation process. Adapted from Lavens and
Sorgeloos (1996).

Artemia is also used as a model organism to study the modes of action of
probiotic and pathogenic bacteria in crustaceans. It offers a number of major

experimental advantages, such as the possibility to be cultured under axenic and
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gnotobiotic conditions through the use of a standardised protocol, a short generation
time, with adult females ovulating every ~140 h, high fecundity, storability of cysts,
ease of culture in large numbers, and levels of genetic variability that are among the
highest within crustaceans. Several studies have already used them as a model
organism for the toxicological screening of chemical substances, the effect of
chemotherapy agents against diseases occurring in penaeid shrimp, lobsters and
other crustaceans, the pathogenic effect of bacteria under gnotobiotic conditions and
the protective effect of specific compounds against vibriosis (Marques et al., 2006c;
Defoirdt et al., 2007; Baruah et al., 2011; Laranja et al., 2018).

1.3. Biology and ecology of Artemia

The genus of the brine shrimp Artemia presently includes seven bisexual species,
identified by reproductive isolation, and numerous parthenogenetic populations. The
bisexual species are generally categorized in two categories, firstly the so-called Old
World species: Artemia salina (Leach, 1819), Artemia urmiana (Gunther, 1890),
Artemia tibetiana (Abatzopoulos et al., 1998), Artemia sinica (Cai, 1989) and Artemia
sp. (Pilla and Beardmore, 1994) with populations found in Asia, Southern Europe and
Africa; and the New World species: Artemia franciscana (Kellogg, 1906) and Artemia
persimilis (Piccinelli & Prosdocimi, 1968), which refers to populations present in North
and South America (FAO, 2011; Gajardo and Beardmore, 2012). The systematic

classification of the genus is as follows:

Kingdom: Animalia

Phylum: Arthropoda

Subphylum: Crustacea

Class: Branchiopoda

Subclass: Sarsostraca

Order: Anostraca

Family: Artemiidae

Genus: Artemia, Leach 1819

All members of the Artemia genus are extremely osmotolerant and can survive in
habitats with a salinity ranging between 10 and 300 g L™ with diverse ionic composition

and temperature regimes (Triantaphyllidis et al., 1995; Gajardo and Beardmore,
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2012). The lower salinity threshold of a habitat is determined by its predators and
Artemia is thus only found at high abundance in areas where the salinity is high enough
so that no predator or competitor can survive. When under favourable environmental
conditions the fertilized eggs in the brood pouch of female Artemia develop into a free-
swimming nauplius, through ovoviviparous reproduction. However, another unique
property of Artemia is its ability to produce cysts (three-layer shell covering a dormant
embryo) through oviparous reproduction when the environmental conditions are
adverse (Van Stappen, 2002; FAO, 2011; Van Stappen et al., 2019). Females can
change in-between two reproduction cycles from oviparity to ovoviviparity or the other
way around, but the entire progeny in a specific brood will be either cysts or nauplii.
The cysts usually float in the high salinity waters and are blown ashore where they
accumulate and dry. These cysts can be collected in high quantities and stored for
several years at room temperature, remaining in diapause or staying dormant as long
as they are kept dry or under anaerobic conditions (Van Stappen, 2002). When under
optimal hatching conditions, the embryo becomes activated within the cyst shell and,
after 10 to 20 h, the shell breaks and an embryo with surrounding hatching membrane
(“umbrella stage”) emerges. After breaking from the membrane, the free-swimming
Artemia nauplius (instar I) can be observed. The early larval stage with a length of
about 400-500 um does not feed, but relies on the energy stored in the yolk, which
gives this stage of Artemia a brownish-orange colour. After about 8 h, the instar |
nauplius molts into the instar Il stage and is now able to take up exogenous particles.
Artemia larvae will go through 15 molts, reaching the adult stage in about two weeks
in optimal conditions. The maximum Artemia length is usually around 8-10 mm for
males and 10-12 mm for females. The sexes can be differentiated by the presence of
a brood pouch or uterus between cephalothorax and abdomen in females, and by the
presence of a paired penis in the posterior part of the trunk and muscular graspers in
the head region of males (Van Stappen, 2002; FAO, 2011) (Fig. 1.4). It is commonly
accepted that Artemia is a non-selective filter feeder grazing on small food patrticles,
mainly phytoplankton and particulate organic material, until a maximum particle size
of 25-30 ym for nauplii and 50 uym for adults (D'Agostino, 1980; Van Stappen, 2002).
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Figure 1.4. Life cycle of bisexual Artemia (Source: University of Utah, Genetic Science
Learning Center (https://learn.genetics.utah.edu/content/gsl/Artemia/).

1.4. Artemia production

1.4.1. Harvesting natural Artemia resources

The first true commercial supply of Artemia cysts came from coastal saltworks in the
San Francisco Bay Area, California, USA and later from the inland Great Salt Lake
(GSL), Utah, USA, which began being explored in the early 1950s (Lavens and
Sorgeloos, 2000). The latter remains one of the most important sources for Artemia
cysts up to this day, making up for about 1/3 of the supply in the international market
(FAO, 2017). Despite great efforts to sustainably manage the GSL cyst production,
mostly through the monitoring of cyst densities and phytoplankton abundance present
in the lake (Wurtsbaugh and Maciej Gliwicz, 2001; Belovsky and Perschon, 2019), it
is still a natural ecosystem subject to arbitrary climatic influences. Therefore, Artemia
cyst harvests have oscillated over the years, sometimes leading to cyst shortages with
direct impact on the expanding aquaculture industry. The need to explore new natural
sources of Artemia in order to supply the increasing demand of cysts has also led to
exploitation of many other small and medium inland salt lakes. These new sources
that are or have been exploited are situated mainly in Asia, namely in central Asia

8
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(primarily Turkmenistan, Siberia, Kazakhstan) and China (for example Aibi Lake and
Bohai Bay area). Presently the GSL, countries from central Asia and China each
contribute more or less equally, albeit with substantial annual fluctuations, to the cysts
supply in the international market (FAO, 2017). The unpredictability of these natural
cyst harvest yields and the variation of the quality of the harvested product in terms of
cyst size, hatching characteristics and nutritional composition of the hatched nauplii is
reflected on the prices, which normally range from USD 25 to USD 100 kg™ for this
type of Artemia product (Van Stappen et al., 2019).

1.4.2. Artemia production in solar salt ponds

In order to tackle both local cyst shortages and high international market prices,
Artemia cyst production integrated in solar salt ponds has been introduced in several
(sub)tropical countries such as in Brazil, the Philippines and Thailand in the end of the
1970s (Vos and Tunsutapanich, 1979; De Los Santos et al., 1980; Camara, 2001), in
Ecuador, Kenya, India and Vietnam in the 1980s (Sivagnanam et al., 2011; Ogello,
2013; Le et al., 2018) and in Pakistan in 2007 (Sultana et al., 2011). This has been
typically been conducted through the deliberate transplantation of Artemia, generally
San Francisco Bay (SFB)-type A. franciscana, to areas with seasonal salt production
where there was no natural occurrence of brine shrimp.

From all these regions, by far the most successful enterprises are located in
Vietnam (Le et al., 2018; Van Stappen et al., 2019). Since the first initiatives, interest
in the seasonal culture of Artemia in the Mekong Delta aimed at cyst production has
expanded and the know-how has gradually been transferred to artisanal salt farmers
via local cooperatives. The activity is now a crucial element in the development of the
regional aquaculture sector and in improving living standards of poor salt famers.
Artemia cyst production in Vietnam occurs during the dry season, when a salinity of
80 to 120 g L can be maintained through evaporation of saline water in the culture
ponds. These ponds are intensively managed and production conditions are organized
in a way targeting increasing cyst yields. Predators, such as fish or crab, and food
competitors such as copepods are removed from the culture ponds using a variety of
tools, including screening of intake water, use of chemicals, and by keeping the salinity
sufficiently high. These Artemia populations are fed with microalgae-rich water
produced in one or more separate fertilization ponds, as a main food source. Chicken

manure and pig dung are generally used as organic fertilizers in combination with
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inorganic fertilizers (urea, di-ammonium phosphate) in order to continuously stimulate
the development of microalgae in these fertilization ponds.

The present method of Artemia culture may at times, however, provide
insufficient microalgae to maintain the high densities of Artemia strived for, causing
chronical food deficiency (Le et al., 2018). In order to compensate for the lack of
microalgae biomass, locally available by-products from agriculture such as micronized
rice bran, corn meal and cassava powder are used as dietary supplements: these are
consumed directly by the brine shrimp population or may act as a substrate for
proliferation of heterotrophic prokaryotes, which might be consumed by Artemia (FAO,
2011; Le et al., 2018; Van Stappen et al., 2019). Fertilizer and feed costs typically
amount up to 30% of total production costs, excluding related labour costs (Anh et al.
2009). Lowering these production costs would therefore contribute to the sustainability
of the technique, and hence to the security of the Artemia supply. In recent years, the
application of biofloc technology in Artemia culture through the deliberate stimulation
of heterotrophic prokaryote biomass as a complementary food source to Artemia is
proposed as a viable complementary strategy to optimize cysts and biomass
production in Vietnamese solar salt ponds (Le et al. 2018, Van Stappen et al. 2019).
Bioflocs are aggregates of heterotrophic prokaryote biomass that are generally also
composed of microalgae, particulate organic matter and any occurring protozoa
(Avnimelech, 1999). By supplying organic carbon (tapioca, molasses) to culture ponds
to increase the C/N ratio, heterotrophic microbial growth is stimulated, through which
organic matter is metabolized, and nitrogen levels in ponds are significantly reduced
(Sui et al.,, 2013; Ronald et al., 2014). The idea is that the application of biofloc
technology in Artemia culture ponds would recycle nitrogenous waste released from
uneaten feed and faeces into consumable biomass, ultimately resulting in reduced
production costs, improved culture water quality and enhanced cyst yields. However,
these initiatives are still limited by the lack of scientific knowledge of trophic
interactions between Artemia and the halophilic microbial communities, other than the
phytoplankton species occurring in the Artemia production ponds.

Still in Vietnam, through intraspecific differentiation caused by environmental
factors, the originally inoculated A. franciscana has gone through microevolutionary
changes producing the so-called “Vinh Chau (VC) strain” (named after the Vinh Chau
district in the Mekong Delta, the center of Artemia production) with characteristics

different from the original wild strain (Kappas et al., 2004). These cysts are considered
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to be of excellent quality for their small size, high hatching percentage and nutritional
qualities, generally reaching prices in the range of USD 150 to 250 kg (Van Stappen
et al., 2019). Additionally, the high degree of pond management adopted in Vietnam
has also allowed for the conduction of breeding programs aimed at selecting desirable
traits in Artemia adding extra value to pond produced cysts (Nguyen et al., 2014).

1.5. Microbial life at high salt concentrations
1.5.1. Diversity of halophilic microorganisms
Hypersaline environments are typical extreme habitats. Indeed, although
microorganisms inhabiting these environments must be adapted to factors such as
anoxia, ultraviolet (UV) radiation, low nutrient availability and extreme temperatures
and pH, high salt concentration is key in determining biodiversity in these habitats.
Despite this high selective pressure, representatives from each of the three domains
of life, Eukarya, Bacteria and Archaea, can be found in these habitats (Oren, 20023,
b; Ventosa, 2006; Oren, 2015). Due to their physiological adaptations to grow in high
salt concentrations these microorganisms are classified as “halophilic”’. This term,
which can be translated as “salt-loving” in Greek, is not sharply defined in literature.
Within the microbial world, the minimum salt concentration required for growth, the
salinity optimum, and the upper limit of salt tolerance are often dependent on factors
such as the composition of the medium and ambient temperature, and makes it nearly
impossible to define with sharp boundaries what a halophile is (Ventosa, 2006). The
most widely used classification is the one proposed by Kamekura (1986) and defines
several categories of microorganisms on the basis of their optimal growth: non-
halophiles are microorganisms that grow best in media containing less than 12 g L™
salinity (dissolved inorganic salt content) (some of which, the halotolerant, can tolerate
higher salt concentrations), slight halophiles grow best in media with 12 to 30 g L*
salinity, moderate halophiles grow best at 30 to 146 g L salinity and extreme
halophiles show optimal growth in media containing 146 to 300 g L* (saturated)
salinity. In the present thesis we use a simpler operative definition, suggested by Oren
(2008): a halophilic microorganism is a microorganism that grows optimally at a salinity
of 50 g L' or higher, and tolerates at least 100 g L salt.

Within the domain Eukarya, halophilic microorganisms are mainly represented

in natural salt lakes by green algae; however, species of halophilic fungi (Gunde-
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Cimermana et al., 2000) and protozoa (Park et al., 2006) have also been described.
Among the halophilic microalgae the genus Dunaliella is the most ubiquitously present.
The most common species reported are Dunaliella salina and Dunaliella viridis: both
have a wide salinity tolerance, and are present in environments with salinities as low
as 10 g L* until concentrations of salt close to saturation (Oren, 2002a).

The Bacteria domain on its turn contains numerous halophilic microorganisms,
spread over a large number of phylogenetic subgroups, although most are considered
moderate rather than extreme halophiles. Representatives have been described within
the phyla Cyanobacteria, Proteobacteria, Firmicutes, Actinobacteria, Spirochaetes,
and Bacteroidetes (Ventosa, 2006). In hypersaline environments with a salinity of 100
- 150 g L1, representatives of extreme halophiles start co-occurring with the moderate
halophiles. Although some members of the Bacteria domain are extreme halophiles
(e.g. Salinibacter ruber), most of the microorganisms in this halophilic category belong
to the Archaea domain (Oren, 2002a; Ventosa, 2006). The Archaea are a unique
group of organisms that although sharing some traits with either Bacteria and Eukarya,
they are also characterized by several distinguishing traits (Cavicchioli, 2011) (Table
1.1). Within this domain, all halophilic organisms belong to the phylum Euryarchaeota
and although there are halophilic representatives in the methanogenic branch of this
phylum within the class Methanococci, the aerobic halophilic Archaea of the class
Haloarchaea are the halophiles par excellence. While between 15 and 20% of
prokaryote 16S ribosomal RNA gene sequences in water samples have been found
to belong to haloarchaea at salinities of 75 g L, they are frequently the main
component (reaching 98%) of the microbial biomass in hypersaline environments with
over 250 g L salinity (Oren, 2008; Kimbrel et al., 2018).
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Table 1.1. A comparison of a few traits of the Bacteria, Archaea and Eukarya*.
Adapted from Cavicchioli (2010).

Trait Bacteria Archaea Eukarya

Carbon Imka_g(_a of Ester Ether Ester
membrane lipids
Phosphate backbone of

membrane lipids Glycerol-3-phosphate Glycerol-1-phosphate Glycerol-3-phosphate

Metabolism Bacterial Bacterial-like Eukaryotic
Core transcription Bacterial Eukaryotic-like Eukaryotic
apparatus
Translatf|on elongation Bacterial Eukaryotic-like Eukaryotic
actors

Nucleus No No Yes
Organelles No No Yes
Methanogenesis No Yes No
Pathogens Yes No Yes

*The occurrence of a trait is stated in general terms (not necessarily absolute) — for
example, haloarchaea often possess organelles in the form of gas vesicles, but most
Archaea lack organelles.

1.5.2. Halophilic microorganisms associated with Artemia in hypersaline
environments

In natural environments Artemia populations are known to be sustained and ultimately
limited by the levels of phytoplankton available, which mainly belong to Dunaliella sp.
(Belovsky et al., 2011; Riddle et al., 2013). However, still little is known about the role
of the halophilic heterotrophic prokaryotes in the Artemia life cycle.

Few studies have identified the main Bacteria and Archaea naturally associated
with Artemia using culture independent techniques such as 16S ribosomal RNA gene
sequencing (Tkavc et al., 2011; Riddle et al., 2013; Quiroz et al., 2015). Tkavc et al.
(2011) investigated the bacterial community associated with Artemia nauplii and in
adult Artemia guts in solar saltern ponds ranging from 55 to 307 g L™ salinity located
in Eilat, Israel. The moderate halophilic genus Halomonas was found to be present in
relative abundance associated with both Artemia developmental stages in all sampled
ponds. In Artemia nauplii, the genus Halomonas represented 5, 18 and 4% of the 16S
rRNA gene sequences of bacteria at 55, 110 and 300 g L™ salinity, respectively (Tkavc
et al., 2011). In adult Artemia guts, the representation of Halomonas increased with
salinity, from 11% at 110 g L* salinity to 94% at 300 g L salinity (Tkavc et al., 2011).

The second most common group of microorganisms belonged to the Vibrionaceae
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family. Species of the genus Vibrio represented around 28% of the sequences
associated with Artemia nauplii at 110 g L salinity. However, the genus Salinivibrio
was the most abundant at higher salinities representing 78% of the sequences at 138
g L salinity (Tkavc et al., 2011). Although some species of Vibrio are known as
crustacean pathogens, Salinivibrio is known as being non-pathogenic (Defoirdt et al.,
2007; Tkavc et al., 2011). The genera Halomonas and Vibrio were also identified as
the most abundant Bacteria in close association with adult Artemia biomass in the
GSL, USA (representing 40 and 24% of the bacteria sequences, respectively) by
Riddle et al. (2013), who also found archaeal sequences belonging to five genera in
the same samples, of which the genera Haloterrigina and Haloarcula were the most
common (representing 54 and 35% of the archaeal sequences, respectively). Riddle
et al. (2013) also analysed the microbes associated with commercially harvested
Artemia cysts from GSL and San Francisco Bay, identifying the Bacteria genera
Idiomarina and Salinivibrio (representing 66 and 19% of the bacteria sequences,
respectively) and the Archaea genera Halorubrum and Haloarcula (representing 40
and 32 % of the Archaeal sequences, respectively) as the most abundant. However,
the authors highlighted that the processing of these cysts for commercial use may alter
their associated microbiota. Finally, Quiroz et al. (2015) investigated Bacteria in the
gut of Artemia collected from eight natural locations in Chile, ranging from 35 to 252 g
Lt salinity. From the many genera found, the authors highlighted the common
occurrence of Sphingomonas, Chromohalobacter and Psychroflexus.

It is however crucial to point out that these studies do not imply that these
microbes are in permanent association with Artemia. Indeed, Riddle et al. (2013)
described a seasonal variability in the detected microbial sequences, since variations
in environmental conditions such as water temperature and salinity during the year

impact the composition of the microbial populations.

1.6. The potential dietary role of halophilic Bacteria and Archaea to

Artemia

The nutritional value of members of the Bacteria domain for Artemia has been
guestioned in the past. Individual bacterial cells, due to their small size, are generally
thought to be taken up by Artemia with lower efficiency relative to larger microalgae

cells (Fernandez, 2001; Moore and Jaeckle, 2010). Additionally, previous studies
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indicated that bacteria largely possess low amounts of polyunsaturated fatty acids,
which are essential components in the diet of many aquatic organisms, including
Artemia (D'Agostino, 1980; Intriago and Jones, 1993; Napolitano, 1999; Martin-
Creuzburg et al., 2011). However, the ability of early stages of Artemia to survive and
grow on pure mono-diets of specific Bacteria has been demonstrated by several
authors (Marques et al., 2005; Soltanian et al., 2007; Toi, 2014). Bacteria biomass
was also shown to nutritionally compensate in Artemia for a suboptimal microalgae
supply (Toi et al.,, 2013). Moreover, even in the presence of adequate microalgae
levels, Bacteria have been demonstrated to have a positive effect compared to feeding
each food source alone, presumably as a result of the complementarity of nutrients
offered by each dietary source and by contributing to an easier digestion of microalgae
cells by providing active bacterial enzymes to Artemia (Intriago and Jones, 1993;
Marques et al., 2006b; Toi et al., 2014). Several studies have also investigated
Bacteria biomass as a source of protective compounds able to improve the health
status of Artemia nauplii (Verschuere et al., 2000; Marques et al., 2005; Halet et al.,
2007; Niu et al., 2014). These works mainly aimed at using Artemia as a model
organism in order to better understand how these Bacteria species or compounds may
be applied as probiotics in the aquaculture of for example penaeid shrimp or other
crustaceans. In the last years, special attention has been given to poly-3-
hydroxybutyrate (PHB), an intracellular polymer synthesized by Bacteria cells as a
carbon and energy reserve in conditions of nutrient limitations (Quillaguaman et al.,
2010). Bacteria rich in this compound have been demonstrated to significantly protect
Artemia from pathogenic Bacteria species belonging to the Vibrionaceae family (Halet
et al., 2007; Laranja et al., 2018). All these results have however been obtained in
marine culture media and with Bacteria species originating from marine environments
and not from the hypersaline environments where Artemia thrives. They are,
nonetheless, an indication of potential trophic interactions occurring in hypersaline
environments between Artemia and its associated halophilic Bacteria.

Much less information is available about any possible dietary role of members
of the Archaea domain to Artemia. In fact, scientific knowledge on trophic interactions
between these microbes and higher level organisms remains extremely limited. The
lack of studies investigating the Archaea cells as possible food sources to organisms
at higher trophic level is primarily due to the lack of scientific knowledge about the real

abundance and distribution of members of this domain among habitats. In addition,
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one important distinction between the Archaea and both Bacteria and Eukarya is the
chemical structure of their cell membrane lipids. The cell membrane is a biological
membrane that completely surrounds the cell. Its selectively permeable nature keeps
the cellular components and other molecules within the cell and prevents them from
diffusing into the extracellular environment, while other molecules may move through
the membrane. The general structure of a cell membrane is a phospholipid bilayer
composed of two layers of lipid molecules. In archaeal cell membranes, isoprene
(phytanyl) chains ether-linked to glycerol replace the fatty acids esterified to glycerol
as in Bacteria and Eukaryotic membranes. Additionally, some archaeal membranes
are lipid monolayers instead of bilayers (Valentine, 2007; Cavicchioli, 2011). It is
possible that these highly-stable archaeal cell membranes protect the cells from
digestive enzymes while failing to provide critical dietary fatty acids that most
metazoans need for survival (Mangold, 1983; Thurber et al., 2012). A major
breakthrough on the possible dietary role of the Archaea domain to metazoans was
however achieved when Thurber et al. (2012) found evidences that the marine
dorvilleid polychaete Ophryotrocha labronica could not only complete its life cycle
using mono-diets of two haloarchaea strains as food source when being cultured in
laboratory conditions, but also that it consumes methanotrophic archaeal-bacterial
aggregates in its natural habitat in marine methane seeps. Given the close
haloarchaea — Artemia association in hypersaline environments, it is therefore logical

to hypothesize the existence of trophic interactions between these organisms.

1.7. Analytical tools to assess the nutritional contribution of

microorganisms to Artemia nutrition

Performance criteria such as survival and growth are considered solid indirect
indicators to infer the effect of food on consumers and have been widely applied to
evaluate several microorganisms as food source to Artemia (Coutteau et al., 1990;
Intriago and Jones, 1993; Fabregas et al., 1996). However, under xenic conditions it
is difficult to distinguish the nutritional contribution of the tested microbial food sources
from the contribution supplied by the often prolific but arbitrary environmental
microbiological community. Marques (2005) developed, therefore, a model system in
order to evaluate the effect of specific microbial diets on the survival and development

of this crustacean using gnotobiotically grown Artemia. In this Artemia culture system,
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the culture of gnotobiotic Artemia nauplii can be prolonged to five days without
compromising survival of the animals due to the lack of natural microbiota (Marques,
2005; Vanmaele, 2015). This model has therefore been applied to accurately evaluate
mono-diets consisting of microalgae (Marques et al., 2004a), yeast (Marques et al.,
2004b), and marine bacteria strains (Marques et al., 2005; Toi, 2014) as food sources
for Artemia.

In addition to performance evaluation, biochemical tracers such as fatty acids
(FA) and isotopes have been successfully applied to study the assimilation of nutrients
from microbial diets by Artemia. The FA composition of aquatic consumers is highly
influenced by their diets and therefore the analysis of their FA profile provides
information on the dietary history of the animal (Chamberlain et al., 2005; Nevejan et
al., 2018). Intriago and Jones (1993) and Toi et al. (2013) used this methodology to
investigate the consumption of marine Bacteria and microalgae by Artemia. There are
however technical limitations in the use of FA markers since some FA are not
preserved unmodified, being bio-converted upon assimilation (De Troch et al., 2012).
Furthermore, the use of FA as biochemical tracers presents additional challenges
when investigating the assimilation of Archaea biomass since the archaeal cell
membrane lipids lack the FA that are commonly present in Bacteria and Eukarya
(Thurber et al. 2012).

The use of isotopic tracing, on the other hand, is currently considered one of
the most comprehensive methods to detect microbial uptake and assimilation by
aquatic animals (Fry, 2006; Middelburg, 2014). Most chemical elements have two or
more stable isotopes, although one isotope is usually present in far greater abundance
(Fry, 2006).The different isotopes occur naturally in organic tissues, but this natural
isotopic signature may be altered through the addition of a “label”’, which consists of
isotopically enriched compounds that have higher concentrations of the rarer isotope
than the natural background. Such isotopes may be stable or unstable (radioactive)
but compared to radioactive isotopes, stable isotopes are non-hazardous, non-
invasive and free of legal restrictions (Fry, 2006; Pascal et al., 2008; Middelburg,
2014). Carbon and nitrogen stable isotopes are the most commonly used in nutritional
and ecological studies. Delta values () in per mil (%o) are used to express the relative
difference between the isotope ratio of a sample and that of an international standard
with known isotopic composition (e.g. the standard for N is atmospheric nitrogen and

for C is Vienna Pee Dee Belemnite) (Fry, 2006). Since the isotope signature of a
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consumer reflects the isotopic signatures of the assimilated feed, isotope-labelled food
sources allow precise tracing of the food uptake. For example, Toi et al. (2013) used
5N stable isotope labelled marine bacteria to demonstrate that they can be an
important alternative food source for Artemia when fed at lower algal feeding rations.
The main disadvantages of the use of stable isotopes are the requirement for special
equipment and the minimum sample size of + 1 mg for analysing bulk carbon and
nitrogen isotopes (Gamboa-Delgado, 2009). Even though this sample size is relatively
small, it is still large when it comes to analysing larval organisms or samples of

unicellular organisms on a dry weight basis.

1.8. Rationale, objectives and outline of the study

The supply of Artemia cysts is one of the important challenges for the projected growth
of the global aquaculture industry. As the demand for cysts continues to increase, it
becomes imperative to optimize the management of its natural sources at salt lakes
and to intensify its farming in solar salt ponds. Given the importance of halophilic
Bacteria and Archaea in the microbial biomass composition of these hypersaline
environments, expanding our understanding on how they interact with Artemia,
particularly as part of its hypersaline food web, is essential to achieve these aims. This
is especially relevant for Artemia farming in solar salt ponds which constitutes an
extremely valuable tool to tackle local cyst needs and high international market prices.
The present Artemia feeding protocols mainly focus on stimulation of microalgae
blooms and supplementation of agricultural by-products to sustain dense Artemia
populations (Le et al., 2018). Ongoing research target the intensification of Artemia
pond production through the optimization of these feeding protocols and in contrast
with the empirical approaches of the past, these developments are based on scientific
experimentation (Van Stappen et al., 2019). The stimulation of growth of heterotrophic
prokaryotes in the Artemia culture ponds through the addition of carbohydrates is
proposed as one of the viable strategies to achieve this optimization. This technique
would recycle nitrogenous waste released from uneaten feed and faeces into
heterotrophic microbial biomass, valorising it as a complementary feed to microalgae
diets for Artemia while reducing the nitrogenous wastes in culture water (Sui et al.,
2013; Ronald et al., 2014; Van Stappen et al., 2019). The present thesis aimed

therefore to investigate the ability of Artemia to use halophilic Bacteria and Archaea
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as food sources and to evaluate the potential of these microbes to be valorised as
complements to microalgae biomass diets in Artemia culture. The overview of all
research questions put forward in the thesis can be observed in figure 1.5.

The first step of the thesis investigated the capacity of Artemia nauplii to use
biomass of halophilic Bacteria, belonging to genera commonly found in hypersaline
environments, as dietary source. Six selected halophilic bacterial strains were
evaluated as mono-diets for Artemia culture. The tested hypothesis was that halophilic
Bacteria constitute a viable food source to Artemia. The performance of Artemia in
terms of daily survival and final individual length after five culture days in gnotobiotic
conditions was used as criterion to assess their dietary value for Artemia (Chapter 2).

The knowledge of trophic interactions between the domain Archaea and
Artemia or other aquatic organisms remains extremely limited to this day. Since the
use of stable isotope labelling and tracing of live diets is currently considered one of
the most comprehensive tools to detect uptake and assimilation of nutrients by aquatic
organisms, the present research aimed to describe for the first time a halophilic
Archaea labelling procedure, using the stable isotopes '3C and *°N, in order to enable
the application of stable isotope tracing in studies of haloarchaea consumption by
aguatic metazoans (Chapter 3). This newly developed procedure was then applied in
combination with gnotobiotic culture tests to evaluate the ability of Artemia nauplii to
assimilate nutrients from mono-diets consisting of biomass of three haloarchaea
species in order to survive and grow (Chapter 4). The tested hypotheses of Chapters
3 and 4 were that stable isotopes can be used to label haloarchaea in order to trace
their consumption by metazoans, and that these haloarchaea constitute a viable food
source for Artemia.

In a subsequent experiment, it was investigated if these halophilic microbes
biomass could be used to nutritionally compensate for a sub-optimal microalgae
supply in the culture of Artemia during its full life cycle (Chapter 5). The tested
hypotheses were that halophilic Bacteria and Archaea biomass is a source of nutrients
for Artemia throughout its life cycle and that it may nutritionally compensate for a sub-
optimal microalgae supply during its culture. The performance of Artemia in terms of
survival, growth, and moreover its capacity to achieve sexual maturation and total
biomass production were assessed.

During Artemia larval development, good nutrition, health and resistance

against biotic and abiotic stressors are closely linked. Since specific compounds, such
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as PHB, that are known to convey protection against stressors in Artemia are also
accumulated by halophilic microbes, a preliminary study was conducted to investigate
if the presence of PHB-rich halophilic microorganisms could improve Artemia
resistance to pathogens (Chapter 6). The tested hypothesis was that PHB
accumulating halophilic Bacteria and Archaea display protective effects in Vibrio
challenged gnotobiotic Artemia.To this end strains with high PHB accumulation
capability were identified among halophilic Bacteria and Archaea that had shown
dietary value for Artemia in previous chapters, and subsequently tested for their
protective effects in gnotobiotic Artemia nauplii during a pathogenic Vibrio challenge.
This study constituted an important step to extend research lines investigating the use
of microorganisms as carriers of PHB and other potentially protective compounds in
the aquaculture industry to include prokaryotes of hypersaline origin.

Finally, the general discussion of the results obtained in the various chapters,

conclusions as well as possibilities for further research are presented (Chapter 7).

Halophilic microorganisms_associated with Arfemia in hypersaline environments 1

Bacteria Eukarya (microalgae) Archaea

Il

Are halophilic Bacteria a
viable food source for
Artemia?

Chapter 2

Key methodologies:
Gnotobiotic cultures
Mono-Diets

] -

Are halophilic Archaeaa
viable food source for
Artemia?

Chapter 3 & 4

Key methodologies:
Stable isotope tracing
Gnotobiotic cultures

Mono-Diets

Can halophilic Bacteria and Archaea biomass nutritionally compensate for a
sub-optimal microalgae supply during Arfemia culture?

Chapter 5

Key methodologies:

Conventional cultures (non-gnotobiotic)

Mix-Diets

Can Poly-B-hydroxybutyrate (PHB) accumulating halophilic Bacteria and Archaea biomass improve

Arfemia resistance to pathogens?

Chapter 6

Key methodologies:
Gnotobiotic challenge tests

Figure 1.5. Overview of the research chapters of the thesis.
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Abstract

Artemia cysts are highly demanded by the aquaculture industry to be hatched into
nauplii and used as live food for larvae of most farmed fish and shellfish species. In
recent years, pond production of Artemia cysts has been proposed as an effective
measure to reduce the high dependence of the industry on cysts harvested from wild
populations. Nonetheless, the feeding management strategies of this type of intensive
Artemia culture, focusing until now on costly phytoplankton boosting are still in need
of optimization. The growth stimulation of the naturally occurring halophilic bacterial
flora in the culture ponds, as a complementary food source for the Artemia nauplii, is
currently being considered as a viable way to improve Artemia biomass and cyst
production. Field studies conducted until now did not however, allow for patent
conclusions about the actual dietary value of this bacterial biomass to the Artemia diet,
hindering the widespread application of these practices. The purpose of this research
was therefore to investigate the capacity of Artemia nauplii to survive and grow on
diets consisting exclusively of mono-diets of live or dead biomass of six halophilic
Bacteria, belonging to genera commonly found in hypersaline environments where
Artemia occur. To this end, a standard gnotobiotic Artemia culture system was used
at a salinity relevant for a field situation (100 g L'!) and at seawater salinity (35 g L%).
The results showed that the addition of most tested halophilic Bacteria, either as live
or dead biomass, to the Artemia culture water, allowed for significantly superior nauplii
survival than the corresponding negative control (starvation treatment). Furthermore,
significantly higher individual length in comparison to the positive control (a standard
marine bacterial diet used in Artemia gnotobiotic tests) was also observed, especially
when feeding the nauplii with live halophilic Bacteria biomass. The success at both
salinities of the tested halophilic Bacteria mono-diets when compared to both controls,
clearly denoted that despite having a lower nutritional value as far as FA are
concerned, they can be an integral part of its diet during its first developmental stages.
Our findings are of importance for Artemia pond production as they confirm the
potential of these microorganisms to be used as a viable dietary source,
complementing the present focus on phytoplankton blooms to sustain Artemia

populations.
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2.1. Introduction

The brine shrimp Artemia is one of the scarce macrozooplankton organisms able to
thrive in the “extreme” conditions of hypersaline ponds and lakes, where they are a
major component of these ecosystems food webs (Van Stappen, 2002; Belovsky et
al., 2011; Gajardo and Beardmore, 2012). Its highly resistant cysts, produced by
female adults in response to these stressful conditions are of an immense value to the
ever growing aquaculture industry. Indeed, Artemia cysts are highly demanded by the
industry to be hatched into nauplii as live food for larvae of most farmed fish/shellfish
species (Sorgeloos et al., 2001; FAO, 2012).

Over the past years the world’s Artemia cysts supply has mainly been based
on the harvest of wild populations, being subject to substantial natural fluctuations.
Furthermore, the cysts fast growing demand has already overtaken its production
(Lavens and Sorgeloos, 2000). Consequentially, controlled pond production of
Artemia has been proposed as one of the measures to manage this significant
bottleneck. This type of Artemia production has been introduced since the mid-1980s
in several tropical countries, and has developed into a successful activity particularly
in the Mekong Delta in Vietham where it was integrated in solar salt production ponds
(Anh et al., 2009; Sui et al., 2013). This region is nowadays an important supplier of
high quality cysts for domestic use and to some extent for export, and clearly illustrates
the potential of pond based Artemia cyst production to reduce the world’s dependence
of natural sources. Recently, man managed cyst production is also receiving special
attention since it offers the opportunity to conduct breeding programs aimed at
selecting desirable traits in Artemia adding extra value to pond produced cysts
(Nguyen et al., 2014).

However, despite all the positive prospects of Artemia pond production, the
activity is still in severe need of optimization. Dense brine shrimp populations are
nowadays maintained in ponds at 80-120 g L salinity through a labour intensive and
economically costly stimulation of microalgae blooms, combined with supplementation
with inert feeds. It is estimated that purchase costs alone of fertilizers and feeds
typically amount up to 30% of production costs, excluding labour costs related to the
use of these products (Anh et al., 2009). Lowering these production costs would

greatly contribute to the sustainability of the technique, and hence to the security of
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the Artemia supply and ultimately to a sustainable aquaculture development and
progress.

Recent field studies are trying to enhance this Artemia pond based biomass
and cyst production by stimulating the naturally occurring halophilic bacterial flora, in
the form of bioflocs, as an additional food source for the Artemia nauplii,
consequentially lowering production costs. This technique recycles nitrogenous waste
released from uneaten feed and faeces into bacterial biomass, valorising it as a
protein-rich feed for the cultured animals and reducing N levels in culture water (Sui
et al., 2013; Ronald et al., 2014). Nevertheless, in these xenic and open culture
systems there is no way to identify the possible nutritional contribution of bacterial
biomass among a variety of available feeds (microalgae, diatoms, detritus particles...),
thus the results obtained from these field studies do not allow patent conclusions,
hindering the widespread application of such techniques. Laboratory studies, on the
other hand, have recently proven the nutritional value for Artemia of particular bacterial
strains, the presence of which may compensate for reduced available phytoplankton
levels (Marques et al., 2005; Toi et al., 2013, 2014). These results have been obtained
in marine culture media with Bacteria originating from marine environments that,
although common in aquaculture set-ups, are not normally present in the natural
environment or in the culture ponds of Artemia. They are however an indication that
Artemia may indeed take nutritional advantage of its naturally associated halophilic
bacterial community in ponds and lakes.

Studies on the taxonomy of this hypersaline bacterial flora are not uncommon.
Culture-independent surveys have identified the most common taxa associated with
Artemia. Among these, a variety of genera such as Halomonas, Idiomarina,
Chromohalobacter and Salinivibrio have shown prevalence (Tkavc et al., 2011; Riddle
et al., 2013; Quiroz et al., 2015). Even so, in spite of the increasing scientific interest
for the dynamics of these ecosystems, none of the recent studies on hypersaline food
webs (Pedros-Alio et al., 2000; Belovsky et al., 2011) have taken into account the
possible dietary contribution of these Bacteria to Artemia.

Hence, in the present research we aimed to use a standard small-scale gnotobiotic
(animals cultured in axenic conditions or with a known microflora) Artemia culture
system (Marques et al., 2006c; Defoirdt et al., 2007; Baruah et al., 2011) to investigate
for the first time the ability of Artemia nauplii to survive and grow on diets consisting

exclusively of halophilic Bacteria biomass. By eliminating the complex interactions
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between the environmental conditions, the unknown microbiological community and
Artemia, it is possible to focus on a single halophilic microorganism under strictly
controlled abiotic parameters. Thus the capacity of Artemia nauplii to feed on these
organisms during the early stages of its life cycle, can be clearly evaluated, with
enhanced reproducibility of results.

This work is therefore the first step to investigate the nutritional importance of
halophilic bacteria for the Artemia life cycle and as part of the hypersaline food web,
and sheds light on the potential of these microorganisms to be used as an additional
and cheaper food source for improved Artemia culture in salt ponds.

2.2. Materials and methods

2.2.1. Source of halophilic Bacteria strains used in Artemia feeding tests

Six halophilic Bacteria strains belonging to genera commonly found in hypersaline
environments were selected to be tested as mono-diets for Artemia. The isolates
Salinicoccus sp. 100-2-1, Halomonas sp. 100-16-2, Virgibacillus sp. KN-3 and
Chromohalobacter sp. IT-6 were obtained from Tianjin University of Science &
Technology (Tianjin, China) (Deng et al., 2015). The nucleotide sequences of these
four isolates were compared to the sequences in the GenBank database using the
Basic Local Alignment Search Tool (BLAST) in order to identify their nearest related
type strain. Additionally, the type strains Halomonas ventosae LMG 26187 and
Idiomarina fontislapidosi LMG 22169 were purchased from the BCCM/LMG Bacteria
Collection (Laboratory of Microbiology, Department of Biochemistry and Microbiology,
Faculty of Sciences of Ghent University, Belgium). All the halophilic Bacteria used
have a wide salinity tolerance, thriving in both 35 and 100 g L* salinity (Table 2.1).
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Table 2.1. Halophilic Bacteria isolates tested as feed for Artemia nauplii: isolate name, National Center for Biotechnology Information
(NCBI) GenBank accession number, isolation source and characterization of the nearest related type strain, including cell size and
salinity tolerance, based on literature sources.

GenBank Nearest related type strain Salinity
Isolate accession Isolation source Strain (GenBank Similarity ~ Size (pm) tolerance Type strain reference
no. accession no.) (%) (gL
- Solar salt ponds in  Salinicoccus roseus
Sallqgg?zc_uls SP- KF697249  Hangu saltworks, DSM 5351 99 éilgrr;ezt.esr © i)ir'r[]OuanS(i)OO) Ventosa et al. (1990)
Tianjin, China (NR_026311) P
Halomonas sp Solar salt ponds in th?)ldczrrg;?liis 0.8-1.3 by 0to 150
100-16-2 KF697248 H??f#jag‘ﬁ?r:gs NEAU-ST10-25 99 2.0-3.4 (optimum 30) Jiang et al. (2013)
I, (NR_125612)
o Solar salt ponds in  Virgibacillus salarius )
V'rg'bzfl'_'g‘s SP- Kx196806  Malindi area, SA-Vb1 w00 %003 5b " 6 §r§°ufn5§’oo) Hua et al. (2008)
Kenya (NR_041270) Sl P
Chromohalobacter Chromohalobacter
Solar salt ponds in israelensis 0.6-0.9 by 35 to 200
|§r?6 KX196805 Sicily, Italy Bal 100 1542 (optimum 80) Arahal et al. (2001)
(NR_025431)
Halomonas
ventosae AY268080  Hypersaline soils Is a tvoe strain 0.7-0.8 by 30 to 150 Martinez-Canovas et al.
LMG 26187 in Jaen, Spain P 1.2-1.4 (optimum 80) (2004b)
Idiomarina . . .
fontislapidosi AY526861 Hypersaline soils Is a type strain 0.75 by 3-4 5 to 250 Martinez-Canovas et al.

LMG 22169

in Malaga, Spain

(optimum 50)

(2004a)
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2.2.2. Experimental design

The six selected halophilic bacterial strains were evaluated as mono-diets for Artemia
culture, each of them in successive experiments, all in gnotobiotic conditions. In
addition to diets consisting of live halophilic Bacteria cells, the Bacteria were also
tested when provided as dead cells, obtained through autoclaving as Marques et al.
(2005) have reported that the thermal denaturation of proteins essential for cell wall
rigidity of Bacteria might improve their digestibility by Artemia enzymes. If better nauplii
performance is achieved with autoclaved cells than with the corresponding live cells,
it would indicate that despite a possible adequate nutritional composition of the
Bacteria cells, axenic Artemia lack the ability to digest and take maximal advantage of
the live bacterial biomass. Starving Artemia nauplii were used as negative control; this
allowed to assess how long the nauplii could survive exclusively on their yolk reserves
in the present gnotobiotic set up. As positive control, a pure diet of autoclaved cells of
the marine bacterial strain LVS3 - Aeromonas hydrophila was selected because of its
already well described nutritional value as standard diet in Artemia gnotobiotic tests
(Verschuere et al., 1999; Verschuere et al., 2000; Marques et al., 2005; Defoirdt et al.,
2007; Niu et al., 2014). The Artemia feeding tests were conducted at a salinity relevant
for a field situation (100 g L) and at seawater salinity (35 g L™!). The latter allowed for
comparison with laboratory Artemia feeding tests reported in literature, in which the
use of seawater salinity is the norm (Triantaphyllidis et al., 1995; Marques et al., 2005;
Marques et al., 2006c). The performance of Artemia in terms of daily survival and final
individual length (IL) after five culture days was used as criterion to assess the dietary

value of each diet on Artemia.

2.2.3. Growth conditions and preparation of bacterial food suspensions

The bacterial strains were stored in glycerol solution (20%) at —80°C. Before each
experiment the halophilic strains were streaked on halophilic culture medium (CM2100)
agar plates (Ventosa et al., 1990; Deng et al., 2015), containing yeast extract (10 g L
1, Carl Roth), peptone (7.5 g L, Carl Roth) and agar bacteriological grade (20 g L™,
Biokar diagnostics) dissolved in filtered (0.2um) 100 g L salinity water made from
Instant Ocean synthetic sea salt (Aquarium Systems, Sarrebourg, France), pH of the
medium was adjusted to 7.2-7.4. These plates were incubated for two days at 37°C.
For each strain a single colony was selected from the plates and incubated overnight
on shakers (150 rpm, 37°C) in liquid CM100 medium. In parallel, LVS 3 was streaked
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on marine agar (MA), containing marine broth (40.1 g L, Carl Roth) and agar
bacteriological grade (20 g L, Biokar diagnostics) and incubated for two days at 28°C
(Marques et al., 2006c). A single colony was equally selected from the plate and
incubated overnight on shakers (150 rpm, 28°C) in a liquid culture medium (CM35)
with the same concentration of yeast extract and peptone as used for CM100 but
dissolved into filtered (0.2um) 35 g L™ salinity water, in which pH was equally adjusted
to 7.2-7.4. All bacteria were harvested by centrifugation (10 min; 2200 g), cells were
washed twice and re-suspended in filtered and autoclaved artificial saline water
(FAASW), also made from Instant Ocean synthetic sea salt, at the appropriate salt
concentration. The bacterial densities were determined by spectrophotometry,
whereby ODss0=1.000 corresponds to 1.2x10° cells mL* according to the McFarland
standard (BioMerieux, Marcy L'Etoile, France). Dead Bacteria were fed to Artemia
using autoclaved Bacteria suspensions (autoclaving at 120°C for 20 min). Dead and

live bacterial suspensions were stored at 4°C until the end of each experiment.

2.2.4 Determination of bacterial cellular dry weight and fatty acid composition
The cellular dry weight (DW) of the selected bacterial strains was determined
according to the protocol described by Toi et al. (2014) in order to compare the quantity
of biomass present in suspensions of each strain when set to the same concentration
of cells per mL. Briefly, 25 mL of each bacterial suspension, set to the same
concentration of approximately 10° cells mL*?, was filtered through a pre-dried and
weighed 0.22 ym (Novolab) membrane (n=3) using a Buchner funnel connected to a
vacuum pump. The filters were then washed with ammonium formate solution (0.5 M)
to remove salts (Zhu and Lee, 1997), placed into an aluminium cup and dried in an
oven at 104 + 1 °C for 4 h. The membranes were later removed from the oven, placed
in a desiccator for cooling down, and weighed again. The DW of 10° cells of each
strain was calculated as the difference between the final and initial weight of each filter
divided by the volume filtered.

To determine the levels of fatty acids (FA) contained in halophilic bacterial
biomass, approximately 1-2 g wet weight of cells were harvested for fatty acid methyl
ester (FAME) extraction and analysis. FA analysis were performed following the
method Lepage and Roy (1984) and Coutteau et al. (1995) by direct acid-catalyzed
transesterification of the samples. An internal standard 20:2 (n-6) was added before

the reaction and FAME were extracted using hexane. Quantitative determination was
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done using a Chrompack CP9001 gas chromatograph equipped with a CP9010 liquid
autosampler and a TPOCI (temperature programmable on-column injector). Injections
were performed on-column into a 50 m long polar capillary column, BPX70 (forte-
series, SGE Australia), with a diameter of 0.32 mm and a layer thickness of 0.25 pm.
The BPX70 was connected to a 2.5 m long methyl deactivated precolumn. The carrier
gas was hydrogen, at a pressure of 100 kPa and the detection mode FID. The oven
was programmed to rise from the initial temperature of 85°C to 150°C at a rate of 30°C
min-t, from 150°C to 152°C at 0.1°C min‘t, from 152°C to 172°C at 0.65°C min™*, from
172°C to 187°C at 25°C min'! and to stay at 187°C for 7 min. The injector was heated
from 85°C to 190°C at 5°C sec! and stayed at 190°C for 30 min. A/D conversion of
the FID signal and subsequent data capture to a PC was with an Agilent 35900E A/D
converter. Integration and calculations were done with the software ChemStation
(Agilent Technologies). Identification was based on standard reference mixtures (Nu-
Chek Prep, Inc). The results of three injections are expressed as mg FAMES per gram

dry weight (mg g* DW).

2.2.5. Gnotobiotic Artemia cultures

2.2.5.1. Preparation of axenic Artemia nauplii

All culture experiments were performed with high-quality hatching cysts of Artemia
franciscana Kellogg, 1906 (EG® Type, batch 1768, INVE Aquaculture, Baasrode,
Belgium).

Axenic Artemia nauplii were obtained via decapsulation according to the protocol as
described by Sorgeloos et al. (1977) and Marques et al. (2006a). Briefly, 200 mg of
dry Artemia cysts were hydrated in 18 mL of distilled water during 1 h. Sterile cysts
and nauplii were obtained via decapsulation using 660 pL NaOH (32%) and 10 mL
NaOCl (50%). During the reaction, 0.22 ym filtered aeration was provided. The
decapsulation was stopped after 2 min by adding 14 mL of Na2S203 (10 g L1). The
aeration was then stopped and the decapsulated cysts were washed over a 100 um
sieve with FAASW at 35 g L salinity. All procedures were performed under a laminar
flow hood to maintain axenic conditions. All equipment was previously sterilised and
autoclaved at 120°C for 20 min. The cysts were then re-suspended in two sterile 50
mL Falcon tubes containing 30 mL of FAASW at 35 g L™ salinity and hatched for 20 h
on a rotor (4 mint) at 28°C with constant illumination (approximately 2000 lux).
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2.2.5.2. Feeding experiments

The gnotobiotic Artemia culture system, previously validated by Marques et al. (2006c¢)
as an effective tool to investigate microbiota—Artemia interactions, was used in the
present study. In this culture system, the culture period can be prolonged to about 5
days while maintaining healthy Artemia nauplii in axenic conditions (Vanmaele,
2015).Twenty axenic Artemia nauplii were transferred, immediately after hatching, to
a sterile 40 mL screw-cap glass tube containing 30 mL FAASW at 35 g L™ salinity or
at 100 g L. There were four tubes (replicates) for each culture treatment. Artemia
were fed daily with the corresponding bacterial strains according to the treatments at
a concentration of approximately 107 cells mL* over the 5 days culture period. All
procedures were performed under a laminar flow hood to maintain axenic conditions.
The daily feeding schedule was adapted from Marques et al. (2006c) and Defoirdt et
al. (2007). After feeding, the tubes were closed and placed on a rotator at 4 cycles per
min in a temperature-controlled room (28.0 + 1.0 °C).

The survival of Artemia nauplii was determined daily. For this purpose the
number of live Artemia was counted by exposing each transparent glass tube to an
incandescent light source. The screw caps remained closed during this procedure to
avoid contamination. At the end of each experiment (day 5 after hatching) live Artemia
were fixed with lugol solution (1%) to measure their IL, using a zoom stereomicroscope
(SMZ1270, Nikon®) connected to a lens of Nikon® (Plan Apo, 1x, WF WD: 70) and
using imaging software, NIS Elements (version 4.40, Nikon®).

2.2.6. Axenity confirmation

Axenity of all bacteria suspensions used as feed and of Artemia hatching and culture
waters were checked at the beginning and at the end of all treatments. This was done
by transferring 100 pL of the samples to MA plates or CM100 plates (n=2)
corresponding to the sample salinity. The plates were checked for absence of
contamination after incubation for 5 days. Data were not considered whenever a
culture tube was found to be contaminated and in this case the experiment was

repeated.

2.2.7. Statistical analysis
A general linear model (GLM) with binomial distribution and logit link was fitted to the

survival data of the eight tested cultures from each of the six individual experiments in
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order to estimate the effects and interactions over the full experimental period of the
variables “diet”, “salinity” and “time”. Survival differences between the cultures at the
end point, day 5, were tested for significance based on least significant differences
(LSD), significance level was set at p<0.05. Survival analysis was done using the
software GenStat 17.1 (VSN International). For analysing the data on IL of the animals,
a two-way analysis of variance (ANOVA) was performed in order to understand the
possible effect of the factors “diet” and “salinity” and their interaction in each
experiment. Tukey’s HSD post hoc test was carried out for pairwise comparison
between the cultures; the significance level was set at p<0.05. Prior to the ANOVA,
the Levene’s and Shapiro-Wilk test were used to confirm the assumptions of
homoscedasticity and normality. Cultures in which no animal survived were excluded
from the ANOVA. The IL analysis was carried out using the software Sigma plot v12

(Systat Software Inc.).

2.3. Results

2.3.1. Bacterial cellular dry weights and fatty acid composition

All the DW values obtained for the different bacterial cells were in the same order of
magnitude (Table 2.2). Thus, daily addition of each bacterial strain to the Artemia
culture water at the same concentration of cells per mL (approximately 107 cells mL™?)

should provide a similar amount of putative feed biomass to Artemia.

Table 2.2. Cellular dry weight (DW) of Bacteria used in the Artemia feeding
experiments. Data are presented as means * standard error of technical replicates
(n=3).

Bacteria DW (mg per 10° cells)
LVS3 0.20 £ 0.02
Saliniccocus sp. 0.23+0.01
Halomonas sp. 0.30 £ 0.07
Virgibacillus sp. 0.33+£0.02
Chromohalobacter sp. 0.27 £0.03
H. ventosae 0.26 + 0.003
. fontislapidosi 0.28 £ 0.02
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The FA composition of the halophilic bacterial strains was dominated by short-
chain saturated (especially palmitic acid, 16:0) and monounsaturated fatty acids
(Table 2.3). Indeed, excluding Chromohalobacter sp. biomass, which contained 13.78
+ 0.07 mg g' DW of linolenic acid (18:3n-6), all Bacteria contained just minor
polyunsaturated (PUFA) and highly unsaturated fatty acids (HUFA) contents (Table
2.3).
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Table 2.3. Fatty acid composition (mg g dry weight) of the tested halophilic Bacteria
and the marine Bacteria strain Aeromonas hydrophila (LVS3) used as control
treatment. Data represent means + standard error of technical replicates (n=3). Value
below detection limits is denoted by dash (-).

Fatty acid Salinicoccus Halomonas Virgibacillus Chromo Halomonas Idi‘omar‘ina _
- sp. sp. sp. halobacter ventosae fontislapidosi LVS3
composition sp.
Saturated
14:0 1.39+0.01 0.41 £ 0.00 0.31 £0.00 0.33£0.00 0.21+£0.00 1.39%£0.13 2.88£0.04
15:0 1.18 £ 0.00 0.03+0.00 0.15+0.01 0.08 £ 0.02 0.08 +£0.01 0.91+0.01 0.18 £ 0.02
16:0 408 +0.02 15.26+0.14 2.95+0.00 2257+0.27 1299+0.03 1437+0.09 17.34+0.12
17:0 0.37 £0.02 0.11 £0.01 0.04 £ 0.00 0.07 £0.01 0.10+0.01 0.89 £ 0.05 0.14 £ 0.03
18:0 1.32 £ 0.03 0.94 £ 0.09 0.31 £0.00 1.02+0.14 0.44 +£0.01 4.30 £0.02 0.38 £0.05
19:0 0.47 £0.03 0.04 £0.02 - 0.10 £0.02 0.04 £0.00 0.17£0.10 -
20:0 - 0.04 £0.00 - 0.09 £0.00 0.01 £0.00 0.04 £0.02 0.01+£0.01
21:.0 0.14 £0.04 - - - 0.04 £0.03 0.08 = 0.06 -
22:.0 0.10 £ 0.06 - - - - 0.09£0.04 -
23:0 0.11 +0.06 0.10+0.01 - - 0.08 + 0.07 0.20 £ 0.08 -
24:0 - - - - - - -
Sum 9.15+0.21 16.93 £ 0.01 3.76 £ 0.01 2426 £0.36 13.99+0.02 22.44+0.13 20.91+0.12
Monounsaturated
14:1(n-5) 8.72 £0.05 0.10 £ 0.05 13.98 + 0.04 0.08 £0.02 0.16 £ 0.01 27.54 £0.16 0.20 £0.07
15:1(n-5) 1.95+0.01 0.02 £0.01 3.88£0.01 0.02 £0.00 0.01 £0.00 1.62 +0.01 0.06 £0.02
16:1(n-7) 0.06 £0.03 4.01+£0.03 0.07 £0.00 3.86 £0.02 9.85+£0.04 7.08 £ 0.07 6.78 £ 0.05
17:1(n-7) 0.02 £0.01 3.14£0.04 0.02 £0.00 6.20 £ 0.04 0.43 £0.00 2.16 £ 0.05 4.60 £0.01
18:1(n-9) 0.07 +£0.02 0.06 +0.01 0.04 +0.00 0.05+0.01 0.08 +£0.01 1.04 £0.03 0.08 £ 0.02
18:1(n-7) 0.09 + 0.05 16.45 + 0.17 0.05+0.00 8.27 +0.01 14.36 £ 0.04 6.37 £0.13 6.19 + 0.02
19:1(n-9) 0.01 £0.00 0.17 £ 0.06 0.04 £0.00 0.10 £ 0.00 0.02 £0.00 0.07 £0.04 -
20:1(n-9) 0.01 £0.00 - - - - 0.06 £0.03 0.03+£0.03
20:1(n-7) 0.14 £ 0.07 0.05 £ 0.00 - 0.04 £0.00 0.02 £0.00 0.05+0.03 -
23:1(n-9) - - - 0.20£0.10 - - -
Sum 11.08+£0.10 23.99+0.15 18.09+£0.05 18.83+0.20 24.93+0.06 4599+£0.25 17.91+0.02
Polyunsaturated
18:2(n-6)-t 0.45 +0.00 0.09 +0.03 0.04 +0.00 0.04 +0.01 0.08 + 0.00 0.28+0.01 -
18:2(n-6)-c 0.03 £0.02 0.35+0.01 - 0.60 £0.23 0.05 +0.00 0.14+0.14 0.38 £0.03
18:3(n-6) 0.01+£0.01 0.09 £0.02 0.05 £ 0.00 13.78 £ 0.07 2.28£0.02 0.33+0.02 0.45+£0.03
18:3(n-3) 0.07 £0.00 0.03£0.01 0.06 £ 0.00 - 0.03 £0.02 0.10£0.04 -
20:3(n-6) - - - 0.32+£0.19 - 0.01+0.01 -
Sum 0.57 £0.02 0.56 £0.01 0.14 £ 0.00 14.73+ 0.40 2.44 £0.01 0.86 £ 0.16 0.82 £0.03
Highly unsaturated
18:4(n-3) 1.52 £ 0.00 0.03 +0.02 - - 0.03+0.01 0.11 +0.03 -
20:4(n-6) 0.03+0.01 - - - - - -
20:4(n-3) - - - 0.19 £0.02 0.09 £0.02 - -
22:5(n-6) 0.02 £0.01 - - - - 0.01+£0.01 -
22:4(n-3) 0.26 £0.03 0.09 £0.01 - 0.16 £ 0.00 - 0.38£0.11 -
22:6(n-3) - - - - 0.07 £0.01 0.07 £0.02 -
Sum 1.83+0.04 0.12 £0.02 - 0.35£0.02 0.2£0.02 0.55+£0.25 -
Total FA 31.97+£0.32 57.06+0.01 40.34+0.12 65.69+0.17 47.24+0.64 91.07+0.00 42.84+0.16

2.3.2. Feeding experiments

2.3.2.1. Survival of Artemia nauplii

With the exception of the feeding experiments with Salinicoccus sp. in which no effect

of salinity (p>0.05) was observed on the survival of Artemia nauplii, all experiments

showed a significant effect of the three experimental variables tested by GLM analysis,

i.e. diet (p<0.001), salinity (feeding experiments with Halomonas sp., p=0.037; all
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others, p<0.001) and time (p<0.001). Moreover, there was a significant interaction
between the factor diet with both salinity and time in all experiments (p<0.001).

The survival values of Artemia nauplii under each diet and salinity over the
entire experimental period can be seen in figure 2.1 and table 2.4. None of the starved
Artemia (negative control) were able to survive the full culture time of 5 days. At 35 g
L salinity a significant decrease of starved animals’ survival was always observed
from day 2 to day 3, reaching total mortality by day 4. At 100 g L* salinity the starved
animals always died out one day earlier reaching total mortality already by day 3.
Artemia fed with the reference LVS3 diet (positive control) always presented survival
percentages above 68% at the end of the experimental period, with the exception of
two positive controls at 100 g L salinity (experiment 5 and 6) in which the survival
was lower, but still above 30%.

Excluding the diet of dead Virgibacillus sp. cells, the addition of all tested
halophilic Bacteria, either live or dead to the Artemia culture water, at both salinities,
allowed for significantly superior (p<0.05) nauplii survival than the corresponding
negative control at the end of the experiment. Indeed despite Artemia dying at a slower
rate than starved animals when fed with dead Virgibacillus sp. cells, this was the only
tested diet that failed to sustain at least a small number of animals alive. Several test
diets showed even significantly higher survival at day 5 than the positive control at the
corresponding salinity: this was the case for the cultures fed with live H. ventosae cells
at 35 g L (p<0.05), with dead H. ventosae cells at 100 g L™ (p<0.05), and with dead
. fontislapidosi cells at 35 g L (p<0.05) and at 100 g L (p<0.001). When comparing
survival values at day 5 of brine shrimp nauplii fed with the same diet at different
salinities, live Chromohalobacter sp., H. ventosae and I. fontislapidosi cells allowed
for significantly more animals to survive at 35 g L than at 100 g L* salinity (p<0.001).
In contrast, live Salinicoccus sp., Halomonas sp. and Virgibacillus sp. cells diets had
significantly higher performance at 100 g L' (p<0.001, p<0.001 and p<0.01
respectively). On the other hand, when using dead cells, the pattern was different. In
this case, only H. ventosae cells resulted in higher (p<0.001) Artemia survival at the
higher salinity than at the lower, whereas the opposite was observed for dead
Salinicoccus sp. (p<0.001) and Chromohalobacter sp. cells (p<0.001). In case of dead
Halomonas sp. and I. fontislapidosi there was no significant difference between the
two salinities (p>0.05).
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2.3.2.2. Growth of Artemia nauplii

As for survival, a two way ANOVA indicated that the effect of the diet was significant
in all experiments (p<0.001). The effect of salinity on Artemia length was also
significant over all experiments (feeding experiments with H. ventosae, p=0.032; all
others, p<0.001), excluding when Salinicoccus sp. cells were used as diet (p>0.05).
Moreover there was a significant interaction between the diet and the salinity when
feeding nauplii with Halomonas sp. (p<0.001), Virgibacillus sp. (p<0.001),
Chromohalobacter sp. (p=0.005) or I. fontislapidosi (p<0.001). The IL of Artemia
nauplii from each tested diet and salinity at the end of the experimental period can be
seen in table 2.4. The average naupliar IL in the positive controls was consistent
across all experiments, ranging from 1.10 + 0.02 to 1.15 + 0.01 mm at 35 g L*! and
from 1.06 + 0.02 to 1.09 + 0.03 mm at 100 g L™ salinity. Significantly higher IL values
in comparison to the positive control diet were observed when feeding Artemia with
live Halomonas sp. and with dead I. fontislapidosi at 35 g L salinity, and when feeding
them with live H. ventosae and I. fontislapidosi at both salinities (p<0.001). Cultures
fed the same diets at different salinities always presented higher IL at 35 g L* salinity,
though the difference was not always statistically significant. Higher IL, but not always
statistically significant, was also obtained when feeding the nauplii with live cells than

when feeding with dead cells of the same halophilic Bacteria at the same salinity.
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Figure 2.1. Proportion of the survived Artemia nauplii over the entire experimental
period when fed with the different diets at two salinities (35 g L'* and 100 g L™). Data
are presented as means + standard error of biological replicates (n=4). NC, negative
control; PC, positive control.
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Figure 2.1 (Cont.). Proportion of the survived Artemia nauplii over the entire
experimental period when fed with the different diets at two salinities (35 g L't and 100
g L1). Data are presented as means + standard error of biological replicates (n=4).
NC, negative control; PC, positive control.
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Table 2.4. Proportion of the survived Artemia nauplii and individual length at the end
of the experimental period (day 5 after hatching) when fed with different diets at two
salinities (35 and 100 g L*!). Data are presented as means + standard error of
biological replicates (n=4). For each experiment (Exp.), different lower case
superscripts represent significant difference (p<0.05) between cultures with different
diets at the same salinity, and different upper case superscripts represent significant
difference (p<0.05) between cultures at different salinities with the same diet. NC,
negative control; PC, positive control; -, no survivors.

Experiment / Diet

Proportion of survived nauplii

Individual length (mm)

Salinity 35 Salinity 100 Salinity 35 Salinity 100
Exp. 1
NC 0 dA OcA _ _
PC 0.78 £0.053A  0.74 +0.05 234 1.10 £ 0.0223A 1.06 + 0.023A
Live Saliniccocus sp. 0.23+0.05°B  0.7+0.052A 0.99 +0.01bA 0.96 +0.01bA
Dead Saliniccocus sp. 0.63+0.05°A 0.3+0.05"B 1.03 +0.02°4 1.02+0.0234
Exp. 2
NC OdA OcA _ _
PC 0.78 +0.052A 0.74 +£0.05 2A 1.10 £ 0.02°A 1.06 +0.0223A
Live Halomonas sp. 0.08 +0.03°B  0.59 + 0.06°~ 1.40 +0.0523A 1.08 +0.032B
Dead Halomonas sp. 0.44 +0.06°~ 0.58 +0.06 P~ 1.06 +0.02°4 1.06 +0.0124
Exp. 3
NC 0 cA OcA _ _
PC 0.78 £+ 0.053A 0.79 £0.05 A 1.12 +0.013A 1.09 +0.033A
Live Virgibacillus sp. 0.06 +0.03P8  0.23+0.05°4 1.11 +0.033A 0.86 +0.03°8
Dead Virgibacillus sp. ocA 0cA — —
Exp. 4
NC OcA OdA - -
PC 0.78 +0.053% 0.79 £0.05 A 1.12 +0.01°4 1.09 +0.033A
Live Chromohalobacter sp. 0.65+0.052* 0.06 +0.03 ¢B 1.21 +0.013A 1.05 +0.0228
Dead Chromohalobacter sp. 0.60 +0.05°~ 0.24 +0.05P8 1.05+0.02¢A 0.93 +0.02P8
Exp. 5
NC OdA odA _ _
PC 0.69 +0.05°A 0.31+0.05"8 1.15+0.01°A 1.09 + 0.03°A
Live H. ventosae 0.84 +0.043~ 0.09 +0.03¢B 1.57 +0.023A 1.44 +0.0723A
Dead H. ventosae 0.06 £0.03°B  0.48 £ 0.06 3~ 1.12 +0.05°4 1.08 +0.03°4
Exp. 6
NC OcA OdA _ _
PC 0.69 +0.05°A 0.31+0.05°8 1.15+0.01¢A 1.09 + 0.03°A
Live I. fontislapidosi 0.69 +0.05°A 0.13+0.04°B 1.49 +0.0323A 1.24 +0.0228
Dead I. fontislapidosi 0.85+0.042A 0.70+0.05 2B 1.30 £ 0.02°4 1.12+0.01°8

2.4. Discussion

In the present study a 5-days gnotobiotic Artemia culture system, previously validated

by Marques et al. (2006c) as an effective tool to investigate microbiota—Artemia

interactions, was used to prove the ability of Artemia nauplii to survive and grow on

diets consisting of pure biomass of six halophilic Bacteria. During its early life cycle

Artemia will go through several consecutive molts, completely exhausting its yolk

nutrients after 2 to 3 days (Heath, 1924a; Perona et al., 1988), after which it depends

on the available food sources in the environment for its survival. Indeed, after 3 days
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at 100 g L't and 4 days at 35 g L%, none of the starved Artemia survived in any of the
conducted experiments, indicating that any survival or growth from that point was
sustained by nutrients absorbed from the tested halophilic bacterial diets.

Bacteria have an ideal particle size for newly-hatched Artemia, since at this
stage the nauplii do not have a fully developed filter feeding mechanism (Gorospe et
al., 1996a). However previous studies indicated that Bacteria generally lack PUFAS,
essential components in the diet of aquatic organisms, including Artemia (D'Agostino,
1980; Napolitano, 1999). This is corroborated by our results on the FA composition of
the tested strains, showing very few FA longer or more unsaturated than linolenic acid
18:3n-6 in their biomass and no clear relationship between the bacterial FA
composition and Artemia performance. In consequence, their role as feed for Artemia
in the hypersaline ecosystem has generally been overlooked in favour of PUFA-richer
phytoplankton organisms, for example in the comprehensive study by Belovsky et al.
(2011) on the Great Salt Lake trophic dynamics where the authors describe a “nutrient
— phytoplankton — brine shrimp — avian consumer” food web structure. Our findings,
without lessening the essential significance of phytoplankton in sustaining Artemia
populations, show however that despite having a lower nutritional value as far as FA
are concerned, halophilic Bacteria biomass still contribute to the Artemia nauplii
nutrition.

Our results also highlighted how the environmental salinity may affect Artemia
nauplii performance. At 35 g L salinity there were always starved Artemia nauplii
surviving for at least three culture days, in agreement with the observations made by
Marques et al. (2006c¢), also in gnotobiotic conditions, but at 100 g L™* no survivors
were found at that same day. These observations clearly suggest a faster depletion of
the nauplii yolk and energy reserves at the higher salinity resulting in earlier mortality.
In addition, when feeding Artemia with the different diets, the influence of salinity on
nauplii IL was also observed, with overall higher values being achieved at 35 g L
when compared to the corresponding culture at 100 g LX. Artemia, possessing a very
efficient osmoregulatory system, is highly adapted to extreme environmental salinity.
Its occurrence in the wild is only limited at higher salinities by the extreme physiological
stress and water toxicity occurring close to NaCl saturation, and at lower salinities by
the existence of predators or by its dependence for algae digestion on symbiotic
bacterial microbiota that do not tolerate low salinity (Triantaphyllidis et al., 1995;

Gajardo and Beardmore, 2012; Nougué et al., 2015). At the present experimental
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setup however, the main cause for limited Artemia growth and development at 100 g
L is possibly the significantly higher metabolic cost for the nauplii osmoregulation at
higher salinities (Croghan, 1958; Nougué et al., 2015). This hypothesis is also
corroborated by Barnes and Wurtsbaugh (2015), who observed maximum Artemia
length at salinities close to sea water as opposed to higher salinities.

According to Marques et al. (2005) thermal denaturation through autoclaving of
proteins essential for cell wall rigidity of bacteria and consequent lysis of the cells might
improve their digestibility of Bacteria by Artemia enzymes. According to our results,
while most autoclaved halophilic Bacteria diets did allow for the Artemia nauplii to
survive during the whole period of the experiments, the values of Artemia length
obtained with these diets were overall lower than the values obtained with live Bacteria
diets. Although autoclavation of the bacterial cultures might indeed improve the
digestion of bacterial biomass by Artemia, thermal treatments are on the other hand
known to cause the destruction of important nutritional compounds like vitamins,
amino acids and PUFAs (Sorgeloos et al., 1977; Chantachum et al., 2000; Neyens
and Baeyens, 2003; Marques et al., 2004). So, the higher length obtained with live
cells may be due to the higher nutritional quality of these diets counterbalancing the
possibly more limited digestibility of these intact cells.

The success at both salinities of the tested halophilic Bacteria mono-diets when
compared to both controls, clearly denoted their value as food item for Artemia,
illustrating that they can be an integral part of its diet during its first developmental
stages.The suitability of a particular dietary source for Artemia depends on Artemia’s
ability to efficiently ingest it, to properly digest it and also depends on the nutritional
composition of the dietary source (Coutteau et al., 1990; Marques, 2005). Further
investigation of these three aspects is therefore needed to better understand why
particular halophilic bacterial strains may constitute a better food for Artemia than
others. Future work should also investigate the optimal algae-bacteria biomass dietary
proportions for Artemia feeding in pond culture conditions; laboratory data are not to
be extrapolated as such to the field, where environmental conditions may interfere,
and laboratory findings thus need corroboration in field conditions. Yet our findings are
of immediate relevance to the industry of Artemia pond production and confirm that
the adoption of halophilic bacterial biomass stimulation protocols (see e.g. Sui et al.
(2013); Ronald et al. (2014)) can provide a viable dietary complement or alternative to

the present focus on costly phytoplankton boosting. For a full nutritional assessment
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of halophilic Bacteria as food for Artemia and to explore their full potential for Artemia
pond production, also ongrowing stages, including reproductive performance, should
be studied. Gnotobiotic tests should be complemented with more prolonged laboratory
tests in xenic conditions, in which mixed diets of microalgae and Bacteria are offered
to an ongrowing Artemia population, and ultimately with production runs in the field.
Furthermore, since good nutrition, healthiness and resistance against biotic and
abiotic stressors in Artemia may be closely linked during its larval development, our
results also raise questions about a putative probiotic or symbiotic characteristic of
halophilic Bacteria. Halophilic microbiota flourish in extreme environmental conditions
(of salinity, temperature, anoxia, UV). They have evolved to produce enzymes and
metabolites allowing them to develop biological activities while assuring cellular and
functional integrity in conditions in which their marine counterparts could not be
functional. As a result of this research, it would be fruitful that the research lines
already evaluating the probiotic potential of marine Bacteria for Artemia to be applied

in the aquaculture industry, are also extended to Bacteria from hypersaline origin.
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Abstract

The use of stable isotope (SI) labelling and tracing of live diets is currently considered
one of the most comprehensive tools to detect their uptake and assimilation by aquatic
organisms. These techniques are indeed widely used in nutritional studies to follow
the fate of specific microbial dietary components, unraveling trophic interactions.
Nevertheless, to the current date our understanding of aquatic trophic relationships
has yet to include a whole domain of life, the Archaea. The aim of the present research
was therefore to describe a halophilic Archaea (haloarchaea) labelling procedure,
using the SI13C and **N, in order to enable the application of Sl tracing in future studies
of haloarchaea consumption by aquatic metazoans. To this end, three 3C enriched
carbon sources and two '°N enriched ammonium salts were tested as potential labels
to enrich cells of three haloarchaea strains when supplemented to the culture medium.
Our overall results indicate *3C-glycerol as the most effective carbon source to achieve
an efficient 3C enrichment in haloarchaea cells in all tested haloarchaea strains. As
for 15N enriched ammonium salts, both (**NH4)2S04 and **NH4Cl resulted in efficient
N enrichment in haloarchaea cells. We believe that the proposed methodology will
allow for the use of Sl labelled haloarchaea biomass in feeding tests, potentially
providing unambiguous confirmation of the assimilation of haloarchaea biomass by

aguatic metazoans.
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3.1. Introduction

Archaea represent the third domain of life, evolutionarily distinct from the Eukarya and
Bacteria (Cavicchioli, 2011). Mainly thanks to cultivation-independent surveys,
Archaea are nowadays recognized to be widely spread in aquatic environments,
representing about 20% of all microbial cells in the oceans, a habitat that two decades
ago they were not thought to inhabit (Karner et al., 2001). Due to their occurrence in
a broad range of habitats, and as a relevant part of ecosystems worldwide (Adam et
al., 2017), symbiotic relationships between Archaea and metazoans are recently
receiving a lot of research attention (Preston et al., 1996; van Hoek et al., 2000; Patra
et al., 2017). Nevertheless, our current knowledge of key ecological interactions such
as trophic links between this abundant form of life and organisms at higher trophic
level remains very limited, with very few studies on this subject (Thurber et al., 2012).

Among the Archaea domain, the halophilic Archaea (also known as
haloarchaea) belonging to the phylum Euryarchaeota are promising organisms to
investigate the role of Archaea biomass in metazoan diets. So far the main
investigation addressing a possible nutritional value of Archaea biomass to metazoans
is the work of Thurber et al. (2012). They concluded that the marine dorvilleid
polychaete Ophryotrocha labronica can complete its life cycle when fed with two
haloarchaea strains, Halobacterium salinarium and Haloferax volcanii, although the
authors were not able to detect the used archaeal biomarkers (i.e. archaeal lipids) in
the consumer, highlighting the need for the development of protocols able to trace
archaeal biomarkers in the consumer.

Moreover, in highly saline aquatic environments, haloarchaea are important
components of the microbial biomass (Oren, 2002a, 2008) and because of the
relatively low biodiversity of these environments (Quiroz et al., 2015), it is highly likely
that trophic relationships exist between these organisms and the few metazoans co-
habiting these "extreme" habitats. A clear example of a potential consumer of
haloarchaea biomass is the non-selective filter-feeding brine shrimp Artemia
(Crustacea, Branchiopoda), as several haloarchaea species have been identified to
live in close association with this shrimp (Riddle et al., 2013; Rahmani et al., 2016).

Assimilation assessments using stable isotopes labelling (S, e.g. *3C, °N) are
undoubtedly one of the most comprehensive tools to detect microbial uptake and

assimilation by aquatic animals presently available (Fry, 2006; Middelburg, 2014). The
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isotopic labelling of live microbial biomass, through the use of isotope enriched
substrates, followed by a feeding experiment where the labelled microbial biomass is
available to potential consumers, allows to quantify the amount of microorganisms
ingested and assimilated through the quantification of the isotopic enrichment in its
consumer’s tissues over time. Additionally, this method gives insights on which tissues
mainly incorporate the microbial dietary nutrients. The Sl labelling technique has thus
been widely applied to evaluate the nutritional contribution of several types of
phytoplankton and bacterial biomass to metazoan diets (De Troch et al., 2007; Pascal
et al., 2008; Maria et al., 2011; Toi et al., 2013), but to our knowledge it has never
been applied to evaluate the transfer of any Archaea biomass.

A significant constraint that may hinder a straightforward use of Sl labelling
technique for haloarchaea are their distinctive metabolic pathways, which not only
display dissimilarities from those in Bacteria and Eukarya (Falb et al., 2008; Sato and
Atomi, 2011) but which also show variations between different species (Oren, 2002a).
For example, the haloarchaea species Halobacterium salinarum may not be able to
utilize glucose as a carbon source (Brasen et al., 2014). This can be a substantial
problem as 3C enriched glucose is one of the most widely used enriched substrates
in S| studies.

The aim of this paper is therefore to describe a haloarchaea labelling method,
using the stable isotopes *C and !°N, which can be applied in future studies of
haloarchaea consumption by metazoans. To this end, three commonly used 3C
enriched carbon sources and two °N enriched ammonium salts are tested as potential
labels to enrich haloarchaea cells and to be used as tracers in future feeding
experiments. We expect that this methodology will provide a valuable tool to
understand the role of the haloarchaea in metazoan diets and to clarify their role in

hypersaline ecosystem food webs.

3.2. Material and Methods

3.2.1. Haloarchaea strains selection and origin

The strain Halobacterium salinarum NRC-1 (Hbt. salinarum) was kindly provided by
Prof. Dr. Angela Corcelli, Department of Basic Medical Sciences, University of Bari,
Italy (Lobasso et al., 2003); the strains Haloferax volcanii DSM 3757 (Hfx. Volcanii)

and Haloferax mediterranei DSM 1411 (Hfx. mediterranei) were purchased from the
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DSMZ (German Collection of Microorganisms and Cell Cultures) (Table 3.1)
(Mullakhanbhai and Larsen, 1975; Rodriguez Valera et al., 1980). The choice of these
organisms is based on their potential nutritional value for metazoans (Thurber et al.,
2012), the common occurrence of these genera in a wide range of highly saline aquatic
environments where they co-habit with potential consumers (i.e the brine shrimp
Artemia) (Ventosa, 2006), and the availability of literature on their phylogeny,
physiology, and genomic information (Oren, 2002a, 2008, 2014b).
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Table 3.1. Haloarchaea isolates used in the experiment: isolate name, National Center for Biotechnology Information (NCBI)

GenBank accession number, isolation source and characterization of the nearest related type strain, including cell size and salinity
tolerance, based on literature sources.

GenBank Nearest related type strain Salinity
Isolate accession Isolation source Strain (GenBank Similarity Size (um) tolerance Type strain reference
no. accession no.) (%) (gL?
. Halobacterium
Halobacterium salinarum 100 to 350
salinarum AE004437 Unknown DSM 37 100 2.8t035 . Gruber et al. (2004)
NRC-1 o4 (optimum 200)
(AJ496185)
Haloferax . .
mediterranei D11107 S?Alﬁr salt pond§ in Is a type strain 0.25-20.50 100to 320 Rodrlguei Valera et al.
DSM 1411 icante, Spain y 2- (optimum 200) (1980)
Haloferax Bottom sediments .
volcanii CP001956 sampled at the Is a type strain 0'4'20_'3? by © i?mtgni’ol%o) MuLII:rI;r;?]n(blgaysnd
DSM 3757 Dead Sea, Israel P
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3.2.2. Haloarchaea culture and labelling technique

All three strains were routinely cultivated at 37°C in Halobacteria Medium (HM) as
recommended by the DSMZ, containing (per liter distilled water): yeast extract, 5.00 g
(Carl Roth, Germany); casamino acids, 5.00 g (Carl Roth, Germany); Na-glutamate,
1.00 g (Alfa Aesar, Germany); KCI, 2.00 g (Acros Organics, USA); Nas-citrate, 3.00
g (Carl Roth, Germany); MgS0a4.7H20, 20.00 g (ChemLab, Belgium); NaCl, 200.00 g
(VWR Chemicals, Belgium); FeCl2.4H20, 36.00 mg (JT Baker, Germany);
MnCl2.4H20, 0.36 mg (Carl Roth, Germany); pH adjusted to 7.2-7.4 (Atlas, 2010). For
the labelling experiments, 1.5 mL of a fresh culture of each haloarchaea strain was
inoculated into 100 mL of HM medium supplemented by 0.5 g L of one of the five
tested isotope enriched substrates in 250 mL erlenmeyer flasks, each substrate was
tested separately. Non-isotope enriched medium culture was always inoculated in
parallel as a control. Each treatment was conducted in triplicate resulting in 18
erlenmeyer flasks for each haloarchaea strain. Given the specificity of the
physiological and metabolic requirements of haloarchaea, the isotope enriched
substrates were selected among substrates that have already been used in several
haloarchaea growth media recipes (Dyall-Smith, 2009; Schneegurt, 2012). Three 13C
enriched carbon sources were used in this study to label the haloarchaea: glucose
(99% 3C-enriched); sodium acetate (99% 3C-enriched) and glycerol (99% *3C-
enriched), all three carbon sources supplied by Cambridge Isotope Laboratories, USA,
thus covering different metabolic pathways of carbon utilization (Falb et al., 2008). In
addition, two '*N enriched ammonium salts were tested: (NH4)2SO4 (99% *°N-
enriched) and NH4Cl (99% °N-enriched), both from Cambridge Isotope Laboratories,
USA, since ammonium is the preferred nitrogen source for most cells and both salts
are commonly used in different medias to cultivate haloarchaea (Wirén and Merrick,
2004; Schneegurt, 2012)

After 96 h of culture at 37°C and 160 rpm, the haloarchaea were washed and
separated from the culture medium by means of 3 centrifugation rounds (2200 g, 10
min, 20 °C, AWEL MF20-R) in 0.2 um filtered saline water (150 g L** NaCl) to remove
non-incorporated stable isotopes. The use of saline water is needed to ensure the cell
integrity, since haloarchaea cells may lyse when the salt concentration is lowered
below 100 g L* (Oren, 2008).
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To evaluate the incorporation of stable isotopes in the haloarchaea cells, an
aliquot (1 to 3 mg of dry weight) of concentrated cells was pipetted into 12x6 mm tin

cups (Elemental Microanalysis) and dried overnight at 60 °C prior to further analysis.

3.2.3. Isotope analysis and data treatment

All isotope measurements were performed on a PDZ Europa ANCA-GSL elemental
analyser interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon
Ltd., Cheshire, UK) by the UC Davis Stable Isotope Facility (University of California-
Davis, USA). A 8'3C was calculated as the difference between d'3C of each sample
of haloarchaea cultured in supplemented medium and &*3C of its respective control
treatment. The carbon in the haloarchaea derived from the labelled substrates (Cds)

was calculated as:

al3C labelled haloarchaea - al3C control haloarchaea

Cds =

al3C labelled substrate = al3C control medium

with a'3Ciabelled haloarchaea the 13C abundance in haloarchaea cells cultivated in medium
supplemented with the tested labelled substrates, a'3Ccontrol haloarchaca the 13C
abundance in haloarchaea cells cultivated in the control (non-isotope enriched)
medium, a'3Ciabelled substrate the 13C abundance in the tested labelled substrate (99% in
all labelled substrates) and a*3Ccontrol medium the 3C abundance naturally present in the
control medium (1.11%). The nitrogen in the haloarchaea derived from the labelled
substrates (Nds) was calculated analogously with at®Ncontrol medium being 0.37%.

(115N labelled haloarchaea - a15N control haloarchaea

Nds =

al>N labelled substrate - al>N control medium

Differences among the various treatments on endpoints: 3C abundance; A5'3C; Cds
or 15N abundance; A *°N; Nds, were tested by means of two-way analyses of variance
(ANOVA) in Sigma Plot 12.0 software (Systat Software, San Jose, CA) using “strain”
and “supplement” as variables. The assumption of homoscedasticity was confirmed
with the Levene's test. Although the data did not meet the assumption of normality
based on the Shapiro-Wilk test, the two-way ANOVA model was applied to the data
set since according to Zuur et al. (2009) the model is robust to violations of the
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normality assumption. Post-hoc comparisons were carried out with the Tukey test, and

the significance level was set at p<0.05.

3.3. Results

3.3.1. Haloarchaea *3C labelling

Two-way ANOVA of the three analyzed endpoint data (i.e. *C abundance; Ad'3C;
Cds) showed a significant effect of the two variables “strain” and “supplement” and of
their interaction. Furthermore, the applied two-way ANOVAs explained more than 90%

of the observed variations (R? (%)) on each endpoint (Table 3.2).

Table 3.2. Summary of the two-way analysis of variance of carbon uptake by
haloarchaea strains as a function of strain and supplement; with degrees of freedom
(df), percentage of explained variation by each variable (R? (%)), F-ratio and
significance (p-value). Significant results (p<0.05) are indicated in bold. Cds: carbon
in the haloarchaea derived from the labelled susbtrates.

df R? (%) F-ratio p-value

13C abundance

Strain 2 27.30 1354.83 <0.001

Supplement 3 52.40 2600.22 <0.001

Strain x Supplement 6 12.13 602.10 <0.001
AsC

Strain 2 44.26 1379.91 <0.001

Supplement 2 31.03 967.42 <0.001

Strain x Supplement 4 16.35 509.80 <0.001
Cds

Strain 2 44.06 1354.78 <0.001

Supplement 2 31.05 954.68 <0.001

Strain X Supplement 4 16.52 508.03 <0.001

All Archaea strains cultured on non-supplemented medium (control treatment)
had the same 3C abundance of 1.08%. Culturing Hbt. salinarum in medium
supplemented with '3C-glucose was the only treatment that did not result in a
significant 13C enrichment compared to the respective control (p>0.05). All other tested
treatments displayed a significant 13C enrichment compared to their respective control
(p<0.001), reaching values between 2.61 + 0.01% (mean * standard deviation) to
14.83 + 0.19% of 3C abundance (Fig. 3.1a).
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Hbt. salinarum and Hfx. volcanii exhibited their highest Ad '3C values when
cultivated in medium supplemented with *3C-glycerol, 7387 + 87%. and 14599 * 24%o
respectively, with these values being significantly higher than when using other
supplements in the same strains (p<0.001). In contrast, Hfx. mediterranei showed its
highest Ad'3C of 6414 + 65%0, when grown on 3C-sodium acetate supplemented
medium, significantly higher than other supplements on this strain (p<0.001) (Fig.
3.1b).

The two lowest A§*3C values from all tested treatments were both observed for
Hbt. salinarum, when grown on *3C-glucose and *3C-sodium acetate supplemented
medium, being the only treatments not exceeding 2000%. of AS*3C. It was further
observed that Hfx. mediterranei showed no significant difference in A5'3C between
the treatments supplemented with '3C-glucose or with 3C-glycerol (p>0.05). Hfx.
volcanii displayed at least a threefold lower A3*C value when grown on medium
supplemented with 3C-sodium acetate than with the other two enriched carbon
sources (Fig. 3.1b).

As for the Cds results, they showed the same pattern as Ad*3C with Hbt.
salinarum and Hfx. volcanii exhibiting the highest values when cultivated in medium
supplemented with *3C-glycerol, 7.63 + 0.08% and 14.05 + 0.19% respectively, with
these values being significantly higher than when using other supplements in the
same strains (p<0.001). Hfx. mediterranei in its turn showed the highest Cds when
grown on 13C-sodium acetate supplemented medium, 6.69 + 0.06%. This value was
significantly higher than when using other supplements for this strain (p<0.05) (Fig.
3.1c)
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Figure 3.1. Carbon uptake by haloarchaea strains Halobacterium salinarum (Hbt.
salinarum), Haloferax mediterranei (Hfx. mediterranei), Haloferax volcanii (Hfx.
volcanii) from the different treatments, expressed as: (a) 3C abundance; (b) Ad*3C
relative to control (x10%); and (c) the carbon in the haloarchaea derived from the
labelled susbtrates (Cds). Data are presented as means of the three biological
replicates per treatment and the error bar indicates the standard deviation. Different
lower case superscripts (a, b, ¢, d) on each graph represent significant difference
(p<0.05) between different supplements tested in the same strain. Different upper
case superscripts (A, B, C) on each graph represent significant difference (p<0.05)
between different strains enriched with the same supplement.
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3.3.2. Haloarchaea **N labelling

Two-way ANOVAs of the endpoint **N abundance showed a significant effect of the
two variables “strain” and “supplement” and of their interaction. As for the two-way
ANOVAs of the endpoints AN and Nds, it showed a significant effect of the two
variables “strain” and “supplement” but no significant interaction was observed. The
applied two-way ANOVAs also explained more than 90% of the observed variations
(R? (%)) on each endpoint (Table 3.3).

Table 3.3. Summary of the two-way analysis of variance of nitrogen uptake by
haloarchaea strains as a function of strain and supplement; with degrees of freedom
(df), percentage of explained variation by each variable (R? (%)), F-ratio and
significance (p-value). Significant results (p<0.05) are indicated in bold. Nds: nitrogen
in the haloarchaea derived from the labelled susbtrates.

df R? (%) F-ratio p-value

5N abundance

Strain 2 3.16 678.00 <0.001

Supplement 2 88.84 19066.08 <0.001

Strain x Supplement 4 0.79 170.12 <0.001
A6®N

Strain 2 60.07 717.87 <0.001

Supplement 1 30.87 368.94 <0.001

Strain x Supplement 2 0.03 0.35 0.711
Nds

Strain 2 59.81 678.73 <0.001

Supplement 1 31.16 353.65 <0.001

Strain X Supplement 2 0.01 0.09 0.910

Haloarchaea strains cultured on non-supplemented medium (control treatment)
had the same N abundance of 0.37%. When cultured on medium supplemented with
any of the two tested '°N labelled nitrogen salts, all strains were significantly enriched
compared to their respective control (p<0.001), to values over 7% (Fig. 3.2a).

All strains followed the same trend, denoting significantly higher A3*>N when
cultured on medium supplemented with *>N-NH4ClI than with 1°N-(NH4)2S04 (p<0.001).
The highest value of AS'°N was observed when culturing Hbt. salinarum on >N-NH4ClI
supplemented medium, i.e. 34352 + 165%. and the lowest when culturing Hfx.
mediterranei on ®N-(NH4)2S04 supplemented medium, 20908 + 18%. (Fig. 3.2b). Nds
results in all strains showed the same pattern as A3*®N displaying higher Nds when
cultured on medium supplemented with 1>N-NH4ClI than with °N-(NH4)2S04 (p<0.001).
The highest value of Nds was observed when culturing Hbt. salinarum on °>N-NH4Cl
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supplemented medium, i.e. 11.29 + 0.05% and the lowest when culturing Hfx.
mediterranei on ®N-(NH4)2S04 supplemented medium, 7.19 + 0.01% (Fig. 3.2c).
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Figure 3.2. Nitrogen uptake by haloarchaea strains Halobacterium salinarum (Hbt.
salinarum), Haloferax mediterranei (Hfx. mediterranei), Haloferax volcanii (Hfx.
volcanii) from the different treatments, expressed as: (a) *°N abundance; (b) A5'°N
relative to control (x10%); and (c) the nitrogen in the haloarchaea derived from the
labelled susbtrates (Nds). Data are presented as means of the three biological
replicates per treatment and the error bar indicates the standard deviation. Different
lower case superscripts (a, b, ¢) on each graph represent significant difference
(p<0.05) between different supplements tested in the same strain. Different upper
case superscripts (A, B, C) on each graph represent significant difference (p<0.05)
between different strains enriched with the same supplement.
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3.4. Discussion

Supplementing the culture medium with 0.5 g L? of the tested enriched 3C or *N
substrates was demonstrated as an effective tool to significantly enrich haloarchaea
cells in 14 out of the 15 tested treatments. Furthermore, our results highlighted the
capacity, or lack of it, of the tested haloarchaea to utilize commonly used *3C enriched
carbon sources. The lack of significant 13C uptake by Hbt. salinarum when cultivated
on medium enriched with 13C-glucose may derive from the inability of this species to
use glucose as carbon source. Glucose degradation has been recognized as deficient
in this species despite the fact that it possesses all required enzyme genes for the
semi-phosphorylated Entner-Douderoff pathway, which has been described for most
carbohydrate-utilizing haloarchaea (Severina et al., 1991; Falb et al., 2008; Brasen et
al., 2014). Hfx. mediterranei and Hfx. volcanii displayed a significant uptake of 13C-
glucose and these species are known to be able to degrade glucose and other sugars
using this particular metabolic pathway (Brasen et al., 2014). 13C-glycerol was the
most effective 13C enrichment carbon source for both Hbt. salinarum and Hfx. volcanii,
while also resulting in a significant 3C enrichment in Hfx. mediterranei, although
slightly less efficient than when using *C-sodium acetate. The universal capacity of
halophilic strains to readily assimilate glycerol may be explained by the fact that
glycerol is the major carbon source available to them in their natural ecosystems
(Oren, 2017). In hypersaline aquatic environments the main primary producers are
unicellular algae of the genus Dunaliella that use photosynthetically produced glycerol
as osmotic stabilizer. It has been suggested that glycerol leaking out of healthy or
decaying Dunaliella cells sustains the dense communities of haloarchaea that are
present in these saline waters and that metabolize glycerol mainly to glycerol 3-
phosphate and subsequently to dihydroxyacetone phosphate (Falb et al., 2008;
Brasen et al., 2014; Oren, 2017). Moreover, haloarchaea not only use glycerol as an
energy source, but also as building blocks for their lipids (Oren, 2017). The overall
results of our *3C labelling experiments indicate therefore that 13C-glycerol may be the
most effective carbon source for *C enrichment of haloarchaea cells in order to
conduct feeding experiments with metazoans.

Complex media for haloarchaea culture typically rely on both organic materials
and inorganic chemicals as sources of nitrogen. In defined media however, these are

commonly supplied as inorganic chemicals (Schneegurt, 2012). Depending on the
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defined media recipe being followed, ammonium salts NH4Cl or (NH4)2SO4 are
commonly used. Therefore, we explicitly tested both these salts. Our results
demonstrate that both salts resulted in >N enrichment in haloarchaea cells. Therefore,
media recipes containing either of the >N enriched ammonium salts can be used in
future haloarchaea labelling experiments. These results must however be interpreted
with caution when comparing the two salts. When dissolved in water, both 1>NH4Cl
and (**NH4)2S04 will completely dissociate, providing °>NHs* to the medium. The
difference between the use of these two salts resides mainly in the different amounts
of SO4% and CI- added to the medium, but since in the present experiment large
amounts of SO4? and CI- were already present in the medium, the influence of this
may be negligeble. We may therefore conclude that the difference in the N
enrichment observed in the haloarchaea was caused by the different nitrogen content
in the salts and not because one of the salts constitutes a more effective nitrogen
source for the tested haloarchaea. Indeed, while percentage of nitrogen in (NH4)2SO4
is 21%, the percentage of nitrogen in NH4Cl is 26%.

Similar to isotope labelling protocols for pure cultures of microalgae (Maria et
al., 2011) and Bacteria cells (Pascal et al., 2008), it is crucial that the labelling method
presented in our study is applied to pure cultures of haloarchaea as was ensured
during our study. To guarantee that Bacteria or phytoplankton contaminations are
absent is important, since these organisms would also be able to assimilate the tested
enriched substrates. However, given the extremely high salinity required to cultivate
haloarchaea, the risk of enriching non-target microorganisms with the proposed
method is much lower than for previously described labelling methods applied to other
domains (i.e. Bacteria and Eukarya).

We thus believe that our methodology will allow for the use of stable isotope
labelled haloarchaea biomass in future feeding tests, and has the potential to provide

unambiguous confirmation of the assimilation of this biomass by metazoans.
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Abstract

Archaea have been the most overlooked and enigmatic of the three domains of life for
decades. Knowledge of key ecological interactions such as trophic links between this
domain and higher level organisms remains extremely limited. The co-occurrence of
halophilic Archaea (haloarchaea) and the non-selective filter feeder, brine shrimp
Artemia under the unique ecological characteristics of hypersaline aquatic
environments, constitutes an excellent opportunity to further unravel the ecological
role of the Archaea domain as a source of food to zooplankton metazoans. In the
present study, we combine the use of haloarchaea biomass assimilation experiments
using 3C isotope as tracer, with gnotobiotic Artemia culture tests using haloarchaea
mono-diets, to investigate potential trophic links between the organisms. Our results
demonstrated the ability of Artemia to assimilate nutrients from mono-diets of
haloarchaea biomass in order to survive and grow, providing clear indications that
archivory may occur in hypersaline aquatic environments. Additionally, our study
highlights the use of stable isotopes labelling as a potential tool to further disentangle
the specific pathways by which archaeal cellular constituents are digested by

consumers.

65






Chapter 4

4.1. Introduction

Although previously regarded as life exclusive to extreme environments, in the last few
years the domain Archaea has been the subject of major breakthroughs in microbial
ecology. Indeed, thanks to the advance of cultivation-independent tools, Archaea are
nowadays recognized as an important fraction of the microbial communities present
in soils, ocean sediments and water column where they execute crucial roles in the
global carbon and nitrogen fluxes (Karner et al., 2001; Francis et al., 2005).
Furthermore, key ecological interactions such as trophic links between these Archaea
and metazoans, which over the decades have remained uncertain, have been proven
to occur (Thurber et al.,, 2012). The highly-stable cell membranes of Archaea,
containing isoprenoid carbon chains ether-linked to glycerol head groups rather than
the ester-bound fatty acids, as found in other domains, were presumed to offer
protection from digestion while failing to provide critical fatty acids that most
metazoans need for survival (van de Vossenberg et al., 1998; Cavicchioli, 2011;
Thurber et al., 2012). Hence, when Thurber et al. (2012) found evidences that the
marine dorvilleid polychaete Ophryotrocha labronica could complete its life cycle using
two halophilic Archaea (haloarchaea) strains, Halobacterium salinarum and Haloferax
volcanii as food source, coining the term “archivory”, the study was yet another major
scientific breakthrough in the ecological role of the Archaea domain. Although O.
labronica and these particular haloarchaea strains do not co-exist in their natural
environments, Thurber et al. (2012) also found clear indications that the consumption
of archaeal-bacterial aggregates by dorvilleid polychaetes species occur at marine
methane seeps.

Highly saline aquatic environments are inhabited by numerous haloarchaea
species and constitute therefore excellent ecosystems to further unravel the ecological
role of the Archaea domain as a source of food to metazoans. In these environments
UV radiation, anoxia and fluctuation of water temperature all contribute to the
exclusion of entire taxonomic groups (Baxter et al., 2007; Oren, 2011; Quiroz et al.,
2015). The haloarchaea can therefore be considered as important components of the
microbial biomass of these saline water bodies (Oren, 2002a, 2008). In view of this
reduced biodiversity we can hypothesise that there are trophic interactions between
haloarchaea and the typical metazoan co-occuring in these "extreme" habitats, the

non-selective filter feeder, brine shrimp Artemia (Crustacea, Branchiopoda) (Van
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Stappen, 2002; Gajardo and Beardmore, 2012). The brine shrimp Artemia is one of
the scarce macrozooplankton organisms that is able to successfully populate
hypersaline ponds and lakes around the globe. In Chapter 2 they were found to be
able to survive using other halophilic microbes, belonging to the Bacteria domain, as
sole food source during the early stages of their life cycle.

In order to determine whether haloarchaea can indeed be a source of nutrients
to Artemia, we combined two well-established techniques used to evaluate the
nutritional role of microbial diets but that have never been applied to members of the
Archaea domain. Firstly, we used assimilation assessments using stable isotope
labelling. The isotopic labelling of live microbial biomass, followed by a feeding
experiment where the labelled biomass is offered to potential consumers, allows to
prove the consumer’s ability to assimilate the tested microbe’s nutrients into their own
body. This is one of the most comprehensive tools to conclusively demonstrate
microbial biomass digestion and assimilation by aquatic animals currently available
(Fry, 2006; Middelburg, 2014). Secondly, we used a standard gnotobiotic Artemia
culture system over a rearing period of five days. Marques et al. (2006c) developed
and validated this culture system, which allows to eliminate the unknown
microbiological community associated with Artemia. It therefore allows to demonstrate
the capacity of Artemia larvae (nauplii) to survive and grow on a diet consisting of a
single tested microorganism without any other bacterial interference. This system has
already been used to prove the nutritional value of other microbes to Artemia (Marques
et al., 2006c; Soltanian et al., 2007; Toi, 2014). The present work aims to demonstrate
for the first time the ability of Artemia nauplii to assimilate nutrients from mono-diets of
haloarchaea biomass in order to survive and grow. This constitutes therefore the first
step to determine that the domain Archaea is not excluded from the food webs of
hypersaline aquatic ecosystems but that they may execute a role as food to higher

trophic level organisms in these environments.

4.2. Materials and Methods

4.2.1. Haloarchaea strains selection and origin
The strain Halobacterium salinarum NRC-1 (Hbt. salinarum),

Haloferax mediterranei DSM 1411 (Hfx. mediterranei) and Haloferax volcanii DSM
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3757 (Hfx. volcanii) were used in the present study. Information regarding selection

and origin of these strains is given in Chapter 3, section 3.2.1.

4.2.2. Growth conditions and preparation of food suspensions

The haloarchaea strains Hbt. salinarum, Hfx. mediterranei and Hfx. volcanii were
cultivated for 96 h at 37 °C in DSMZ Halobacteria Medium 372 (HM), containing (per
liter distilled water): yeast extract, 5.00 g (Carl Roth); casamino acids, 5.00 g (Carl
Roth); Na-glutamate, 1.00 g (Alfa Aesar); KCI, 2.00 g (Acros Organics); Nas-citrate,
3.00 g (Carl Roth); MgS0Oa4+7H20, 20.00 g (ChemLab); NaCl, 200.00 g (VWR
Chemicals); FeClz+4H20, 36.00 mg (JT Baker); MnCl2+4H20, 0.36 mg (Carl Roth), pH
adjusted to 7.2-7.4 (Atlas, 2010). After incubation, all haloarchaea were harvested by
centrifugation (2200 g, 10 min, 20 °C), cells were washed three times and re-
suspended in filtered and autoclaved artificial saline water (FAASW) prepared from
Instant Ocean synthetic sea salt (Aquarium Systems, Sarrebourg, France), at 100 g L
! salinity. Haloarchaea suspensions were stored at 4 °C until the end of each
experiment.

To obtain '3C labelled haloarchaea cells to be used in the assimilation
assessments, the haloarchaea labelling procedure described in chapter 3 was applied.
Briefly, an inoculum (1%) of a fresh culture of each haloarchaea strain was re-
inoculated into the same HM medium previously used for the original culture, but
supplemented with 0.5 g L of 13C enriched glycerol (99% *3C -enriched). After 96 h
of culture at 37°C, the haloarchaea cells were separated from the culture medium and
washed by means of 3 centrifugation rounds (2200 g, 10 min, 20 °C) in FAASW to
remove any non-incorporated stable isotopes. To evaluate the incorporation of stable
isotopes by the labelled haloarchaea cultures, an aliquot of washed and concentrated
cells was pipetted into 12x6 mm (Elemental Microanalysis) tin cups and dried
overnight at 60 °C prior to further analysis.

The marine bacterial strain LVS3 to be used as positive control in the
gnotobiotic Artemia cultures was cultivated in CM35 medium, containing yeast extract,
10 g L! (Carl Roth), peptone, 7.5 g L (Carl Roth) dissolved into filtered (0.2 ym) 35
g L? salinity water, pH adjusted to 7.2—7.4. The Bacteria cells were harvested by
centrifugation (2200 g, 10 min, 20°C), cells were washed three times and re-
suspended in FAASW at 35 g L, autoclaved and stored at 4 °C for the duration of the

experiment.
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In order to provide the Artemia with the same amount of food across the
treatments, the cellular ash free dry weight (AFDW) of all microbial strains was
determined according to the protocol described by Toi et al. (2014) and Soltanian et
al. (2007). Briefly, 25 mL of each suspension, set to the same optical density, were
filtered through a pre-dried and weighed 0.22 ym (Novolab) membrane (n=3) using a
Buchner funnel connected to a vacuum pump. The filters were then washed with a
isotonic ammonium formate solution to remove salts (Zhu and Lee, 1997) and dried in
an oven at 104 + 1 °C for 4 h. The membranes were later removed from the oven,
placed in a desiccator for cooling down, and weighed again. Afterwards they were
combusted at 600 °C for 6 h to determine the ash content. The AFDW was calculated
as the difference between dry weight (DW) and ash weight. The DW and AFDW of a
control (filter only) were subtracted from all samples. A correlation between optical
density and AFDW (in mg mL™') was established for each strain.

4.2.3. Axenic hatching of brine shrimp larvae

Experiments were performed with larvae of Artemia franciscana Kellogg, 1906 (EG®
Type, batch 1768, INVE Aquaculture, Baasrode, Belgium). Axenic Artemia nauplii
were obtained via decapsulation, according to the procedure described in Chapter 2,
section 2.2.5.1.

4.2.4. Experiment 1 — Haloarchaea biomass assimilation by Artemia

4.2.4.1. Experimental design

In order to prove the ability of Artemia nauplii to digest haloarchaea biomass and
assimilate its nutrients, pure biomass of strains Hbt. salinarum, Hfx. mediterranei and
Hfx. volcanii were labelled using '3C stable isotope and offered as feed to the nauplii.
Treatments using the same non-enriched Archaea biomass were included as controls.
The experiment was conducted at 100 g L salinity in order to guarantee the cellular
integrity of the tested haloarchaea strains in the culture water, which may be affected

when salt concentration is lowered below this point (Oren, 2008).

4.2.4.2. Artemia cultures for assimilation assessments
Five hundred Artemia nauplii were transferred immediately after hatching to sterile 500
mL screw-cap glass bottles containing 300 mL of aerated (0.2 um filtered air) FAASW

at 100 g L* salinity. The bottles were allocated to six treatments: (1) Artemia fed
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labelled Hbt. salinarum; (2) Artemia fed unlabelled Hbt. salinarum; (3) Artemia fed
labelled Hfx. mediterranei; (4) Artemia fed unlabelled Hfx. mediterranei; (5) Artemia
fed labelled Hfx. volcanii; and (6) Artemia fed unlabelled Hfx. volcanii. There were
three bottles (replicates) for each treatment. The experiment lasted for 3 days (72 h)
and the nauplii were fed daily, after water change to remove uneaten haloarchaea
cells.The water change was done using sterile sieves to collect the animals from each
bottle before replacing the water with fresh FAASW and putting the nauplii back. The
feeding regime was adapted from Soltanian et al. (2007), see table 4.1.

To prevent interference of undigested *3C labelled haloarchaea cells present in
the digestive tract of the nauplii with the results of 13C assimilation in Artemia tissue,
the undigested food was evacuated from the gut at the end of the rearing period.
Therefore all live nauplii from each replicate were transferred to clean 1 L bottles
containing 500 mL of aerated FAASW at 100 g L™* salinity and 20 um cellulose particles
(Sigma) at 1.5 g L according to Niu et al. (2012). Sampling for isotope analysis was
done when the digestive tract of the Artemia was completely purged and filled with
cellulose, as seen under the binocular microscope. At random handpicked and
counted Artemia nauplii (at least 300 individuals) from each replicate were sieved,
washed with saline water, put into 12x6 mm (Elemental Microanalysis) tin cups and

dried overnight at 60 °C prior to further analysis.

Table 4.1. Daily and total Ash free dry weight (AFDW), expressed in mg per replicate,
of haloarchaea or Aeromonas hydrophila (LVS3) offered to Artemia nauplii in
experiments 1 and 2.

Artemia AFDW offered per replicate Total AFDW
Experiment per Day Day Day Day Day offered per
replicate 0 1 2 3 4 replicate
1 500 6.15 123 123 - - 30.75
2 20 025 049 049 0.66 0.98 2.87

4.2.4.3. Stable isotope analysis

All isotope measurements were performed on a PDZ Europa ANCA-GSL elemental
analyser interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon
Ltd., Cheshire, UK) by the UC Davis Stable Isotope Facility (University of California-
Davis, USA); the long-term standard deviation of the measurements is 0.2%.. A3*3C

was calculated as the difference between 813C of Artemia fed labelled haloarchaea
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and freshly hatched Artemia nauplii. The carbon in the Artemia derived from the

labelled Archaea (Cda) was calculated as:

al3C art - al3C artTo
Cda =

a13C labelled Archaea - a13C unlabelled Archaea

with a'3C artthe 13C abundance in Artemia biomass fed labelled Archaea, a'3C artTothe
13C abundance in freshly hatched Artemia, a3Ciabelled Archaea the 13C abundance in 13C
labelled Archaea cells and a'*C uniabelled Archaea the 3C abundance in unlabelled
Archaea cells. Additionally, the archaeal carbon use efficiency (ACUE), expressed in
Hg of Archaea carbon assimilated by Artemia per mg Archaea carbon offered as feed

to Artemia was calculated as:

Cda x Carbon yield in Artemia biomass
ACUE =

Carbon added as Archaea feed

4.2.4.4. Statistical analysis

Differences in uptake among the treatments were tested by means of one-way
analysis of variance (ANOVA). Post-hoc comparisons were carried out with the Tukey
test, the significance level was set at p<0.05. Prior to the ANOVA, the Levene’s and
Shapiro-Wilk tests were used to confirm the assumptions of homoscedasticity and

normality.

4.2.5. Experiment 2 — Gnotobiotic Artemia culture using haloarchaea biomass
as diet

4.2.5.1. Experimental design

In the gnotobiotic Artemia culture system, previously validated by Marques et al.
(2006c¢), the culture of axenic Artemia nauplii can be prolonged to five days without
compromising survival of the animals due to the lack of natural microbiota (Marques,
2005; Vanmaele, 2015). Therefore, this culture system was applied to assess the
capacity of the nauplii to survive and grow on haloarchaea monodiets. The three
haloarchaea strains were evaluated in this study, each of them in parallel gnotobiotic
culture systems. In addition to diets consisting of live cells, the haloarchaea were also

tested when provided as dead cells obtained through autoclaving, a process which
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denaturates proteins from cell membranes strongly impacting membrane structure
and fluidity (Marques et al., 2005). If superior nauplii performance is achieved with
autoclaved cells than with the corresponding live cells, it would indicate that despite
Artemia nauplii’s ability to take advantage of haloarchaeal biomass, the highly-stable
cell membranes of Archaea may hinder optimal digestion when intact. Starving
Artemia nauplii were used as negative control allowing to assess how long the nauplii
could survive exclusively on their yolk reserves. As positive control, a pure diet of
autoclaved cells of the marine bacterial strain LVS3 - Aeromonas hydrophila was
selected since it was used before as standard diet in Artemia gnotobiotic tests
(Verschuere et al., 1999; Marques et al., 2005; Defoirdt et al., 2007). The performance
of Artemia in terms of daily survival and final individual length (IL) after the 5-day
culture period was used as criterion to assess the dietary value of each diet for
Artemia. The experiment was conducted at 100 g L™ salinity in order to guarantee the
cellular integrity of the tested haloarchaea strains in the culture water, which may be

affected when salt concentration is lowered below this point (Oren, 2008).

4.2.5.2. Artemia gnotobiotic culture

Twenty axenic Artemia nauplii were transferred, immediately after hatching, to sterile
40 mL screw-cap glass tubes containing 30 mL FAASW at 100 g L salinity. The
bottles were allocated to eight treatments: (1) negative control (starvation); (2) positive
control (Artemia fed dead LVS3) (3) Artemia fed live Hbt. salinarum; (4) Artemia fed
dead Hbt. salinarum; (5) Artemia fed live Hfx. mediterranei; (6) Artemia fed dead Hfx.
mediterranei; (7) Artemia fed live Hfx. volcanii; (8) Artemia fed dead Hfx. volcanii. Dead
haloarchaea were fed to Artemia using autoclaved haloarchaea suspensions
(autoclaving at 120 °C for 20 min). There were four tubes (replicates) for each culture
treatment. The experiment lasted for 5 days and the nauplii were fed daily. The feeding
regime was adapted from Soltanian et al. (2007), see table 4.1. After feeding, the tubes
were closed and placed on a rotor at 4 cycles per min in a temperature-controlled room
(28 = 1°C). The survival of Artemia nauplii was determined daily and the IL was
measured at the end of the experiment (see details in Chapter 2, section 2.2.5.2).

4.2.5.3. Axenity confirmation
Axenity of all feed suspensions and of Artemia hatching and culture media was

checked at the beginning and at the end of the experiment. This was done by
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transferring 100 yL of the sampled medium to Marine agar, HM agar plates and
CM100 plates containing yeast extract, 10 g L (Carl Roth), peptone, 7.5 g L™ (Carl
Roth) and bacteriological agar (20 g L™, Biokar diagnostics), dissolved into filtered (0.2
um) 100 g L salinity water, pH adjusted to 7.2—7.4. The plates were checked for
absence of contamination after incubation for 5 days. When a culture tube was found
to be contaminated, the obtained counts were not included and the experiment was

repeated.

4.2.5.4. Statistical analysis

A general linear model (GLM) with binomial distribution and logit link was fitted to the
survival data of the eight treatments in order to estimate the effects and interactions
over the full experimental period of the variables “diet” and “time”. Survival differences
between the cultures at the end point, day 5, were tested for significance based on
least significant differences (LSD), significance level was set at p<0.05. Survival
analysis was done using the software GenStat 17.1 (VSN International). For analysis
of the IL data, an ANOVA was performed and post-hoc comparisons were carried out
with the Tukey test; the significance level was set at p<0.05. Prior to the ANOVA, the
Levene’s and Shapiro-Wilk test were used to confirm the assumptions of
homoscedasticity and normality. Treatments in which no animal survived (negative
control) were excluded from the ANOVA. The IL analysis was carried out using the

software Sigma plot v12 (Systat Software Inc.).

4.3. Results

4.3.1. Experiment 1 — Haloarchaea biomass assimilation by Artemia

The used haloarchaea labelling technique allowed for an increase in 3C abundance
from 1.08 £ 0.00% (mean * standard error) to 8.93 £ 0.03% in Hbt. salinarum cells,
from 1.08 + 0.00% to 8.54 + 0.06% in Hfx. mediterranei cells, and from 1.08 = 0.00%
to 8.54 = 0.10% in Hfx. volcanii cells. The Artemia nauplii fed unlabelled biomass of
Hbt. salinarum, Hfx. mediterranei and Hfx. volcanii had *C abundance of 1.08 *
0.00%, 1.09 + 0.00% and 1.08 + 0.00%, respectively after 3 days of incubation. Apart
from the slightly higher *C abundance of the nauplii fed with unlabelled Hfx.
mediterranei, the values were not significantly different from the *3C abundance of 1.08

+ 0.00% measured for freshly hatched Artemia nauplii (p>0.05). Artemia were 3C
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enriched when fed all three labelled haloarchaea since the '3C abundance in their
biomass at the end of the experiment was significantly higher than the 13C abundance
in the biomass of freshly hatched Artemia nauplii, namely, 3.08 £ 0.01% for nauplii fed
labelled Hbt. salinarum, 1.86 = 0.01% for nauplii fed labelled Hfx. mediterranei and
3.83 = 0.04% for nauplii fed labelled Hfx. volcanii.

There was a significant difference among treatments in terms of AJ'3C
(p<0.001). Nauplii fed labelled Hfx. volcanii showed higher A3*3C than the other two
treatments, followed by nauplii fed labelled Hbt. salinarum. Artemia fed with 13C
labelled Hfx. mediterranei showed the lowest AS'3C (Fig. 4.1a). A similar pattern as in
AB*3C can be observed among treatments in terms of Cda. Nauplii fed labelled Hfx.
volcanii showed a significantly higher Cda than the other two treatments (p<0.001),
followed by nauplii fed labelled Hbt. salinarum. Artemia fed with 13C labelled Hfx.
mediterranei showed the lowest Cda (Fig. 4.1b). As for the ACUE, Artemia nauplii fed
Hfx. mediterranei also displayed a significantly lower value than nauplii fed with the
other diets (p<0.001) while no significant difference was observed between nauplii fed

with Hbt. salinarum or Hfx. volcanii (p>0.05) (Fig. 4.2).
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Figure 4.1. Archaea uptake by Artemia nauplii for the various treatments, expressed
as: a) Ad*3C; b) the carbon in the Artemia derived from the labelled Archaea (Cda).
Data are presented as means * standard error of biological replicates (n=3). Different
superscripts represent significant difference (Tukey post-hoc, p<0.05) between
treatments.
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Figure 4.2. Archaeal carbon use efficiency by Artemia for the various treatments,
expressed in pug of Archaea carbon assimilated by Artemia per mg Archaea carbon
offered as feed to Artemia. Data are presented as means + standard error of biological
replicates (n=3). Different superscripts represent significant difference (Tukey post-
hoc, p<0.05) between treatments.

4.3.2. Experiment 2 — Gnotobiotic Artemia culture using haloarchaea biomass
as diet

There was a significant effect of the two experimental variables (diet and time) and of
their interaction on the survival of the Artemia nauplii (p<0.001).

Artemia fed with the reference LVS3 diet (positive control) had a survival
percentage of 48 + 3% at day 5, while none of the starved nauplii (negative control)
were alive by day 3 (Fig. 4.3, table 4.2).

All tested haloarchaea diets, either live or dead, resulted in significantly superior
(p<0.05) nauplii survival than the negative control from day 2 until the end of the culture
incubation. By day 5, Hfx. mediterranei was the only haloarchaea strain of which the
dead cells diet resulted in a statistically different (p<0.001) survival of Artemia nauplii
than its corresponding live cells diet. The diet consisting of Hfx. mediterranei dead
cells resulted in the highest nauplii survival (more than 70%), whereas all the other
tested haloarchaea diets resulted in survival percentages between 10 to 24% at day
5.

As for the Artemia nauplii IL at the end of the experiment, the majority of
treatments allowed for similar growth to the positive control with significantly higher IL

values only observed when feeding Artemia with live Hbt. salinarum (p=0.011) and
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significantly lower values only observed when feeding Artemia with live Hfx.
mediterranei (p<0.001) (table 4.2).
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Figure 4.3. Proportion of the survived Artemia nauplii over the entire experimental
period when fed with the different diets. Data are presented as means + standard error
of biological replicates (n=4). NC, negative control (starvation); PC, positive control
(autoclaved cells of the marine bacterial strain Aeromonas hydrophila (LVS3).

Table 4.2. Proportion of the survived Artemia nauplii and individual length at the end
of the 5-day culture period when fed with different diets. Data are presented as means
+ standard error of biological replicates (n=4). Different superscripts within column
represent significant difference (p<0.05) between treatments. NC, negative control,
PC, positive control; —, no survivors.

Diet Proportion of survived nauplii Individual length

(mm)

NC 0@2 —

PC 0.48 £0.03 ¢ 1.08 +0.05°
Live Hbt. salinarum 0.18 + 0.02 b.cd 1.26 +0.03 ¢
Dead Hbt. salinarum 0.24 +0.054¢ 1.06 +0.03 P
Live Hfx. mediterranei 0.21 + 0.09 cd 0.83+0.042
Dead Hfx. mediterranei 0.74 +0.07f 0.95 + 0.02 ab
Live Hfx. volcanii 0.11 + 0.03 ¢ 1.08 +0.03 P
Dead Hfx. volcanii 0.10+0.01° 1.00 +0.01°

4.4. Discussion

Bacteria-sized particles like Archaea cells fall within the uptake range of Artemia
nauplii (Makridis and Vadstein, 1999) and because of the nauplii non-selective filter
feeding behaviour, they are inevitably ingested when present in the water column. Still,
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this does not necessarily imply that these cells are digested and assimilated. The
haloarchaea highly-stable cell membranes, characteristic to the Archaea domain, are
able to provide chemical and physical protection against many stresses (van de
Vossenberg et al., 1998; van Hoek et al., 2000; Siliakus et al., 2017). Archaea cell
membranes could potentially protect them from the Artemia digestive enzymes leading
to their undigested excretion. The use of biomarkers or tracers is therefore of major
importance to conclusively demonstrate archivory. Consequentially, when Thurber et
al. (2012) provided evidences of archivory for the first time, two biomarker approaches
were applied: firstly they investigated if key archaeal lipids such as hydroxyarchaeol,
archaeol, crocetane and pentamethylicosane were present in the tissue of metazoans
that consume Archaea; and secondly, if a naturally 3C depleted methanotrophic
Archaea diet would be detected in the consumer’s carbon isotope signature since the
isotopic signature of heterotrophic metazoans is derived from the isotopic signature of
their food sources. Only the latter was successful as Archaea consumption biomarker
in their study. The present study tested a new approach, using for the first time the
isotopic labelling of haloarchaea cells followed by offering them as food to Artemia.
The tested nauplii were *3C enriched when fed all three labelled haloarchaea strains,
successfully proving the capacity of Artemia to digest and assimilate haloarchaea
biomass and demonstrating the applicability of the isotopic labelling approach
suggested in chapter 3 for the study of haloarchaea consumption.

Our results from gnotobiotic Artemia cultures further corroborate our
observations. Newly hatched Artemia nauplii go through successive molts exhausting
their yolk and nutrient reserves, if not fed. Consequentially, starved nauplii are not able
to survive more than 2 to 3 days (Perona et al., 1988), as confirmed by our negative
control. The nauplii survival and growth beyond this critical point of the Artemia life
cycle observed in all test cultures were therefore sustained by nutrients provided by
the tested haloarchaea diets.

The results of both experiments also highlight that although Artemia nauplii are
able to consume haloarchaea cells, their ability to ingest, digest and assimilate these
prokaryotes biomass may not be the same for all haloarchaea strains.The diet
consisting of live Hfx. mediterranei cells resulted in the lowest carbon use efficiency
by Artemia nauplii in the assimilation experiment. Additionally, live Hfx. mediterranei
cells diet also resulted in the lowest nauplii growth, although it allowed for a nauplii

survival comparable to other diets in the gnotobiotic Artemia cultures. These results
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indicate therefore that the value of live haloarchaea cells as a food source for Artemia
might indeed be species-specific. When provided as dead (autoclaved) cells however,
Hfx. mediterranei allowed for the highest nauplii survival and it was the only strain for
which dead cells resulted in higher nauplii growth than live cells, although the
difference was not statistically significant. The thermal denaturation through
autoclaving of proteins essential for cell wall rigidity is known to cause cell wall damage
to prokaryotes, increasing the digestibility of their cells by Artemia enzymes (Marques
et al., 2005). We can, therefore, infer that although Hfx. mediterranei biomass does
possess nutritional value to Artemia, potentially due to its known ability to accumulate
considerable quantities of storage material to serve as carbon and energy reserves,
namely the storage polymer poly-(B-hydroxyalkanoate) (PHA) (Lillo and Rodriguez-
Valera, 1990; Quillaguaman et al., 2010), the nauplii are less able to ingest or digest
them when their cells are intact. Hfx. mediterranei cells are also known to secrete large
amounts of extracellular polysaccharides resulting in thick superficial layers in which
the live cells appear to be enclosed in an amorphous matrix when liquid cultures are
left unshaken (Anton et al., 1988; Parolis et al., 1996). Although fresh cultures were
used in all experiments and the haloarchaea cells were washed in saline water before
being offered to Artemia, we cannot exclude that this Hfx. mediterranei characteristic
may have negatively affected the ingestion or digestion of their live cells by Artemia
nauplii.

Trophic studies involving Artemia have so far mainly focused on phytoplankton
and Bacteria biomass (Intriago and Jones, 1993; Verschuere et al., 1999; Toi et al.,
2014). These studies indicate that Bacteria provide not only nutrients to Artemia nauplii
but also essential exogenous enzymes that facilitate digestive processes of
microalgae by Artemia. Vanmaele (2015) observed that in axenic conditions Artemia
was not able to survive for more than 4 days on a mono-diet of Tetraselmis suecica,
a microalga known to have a high nutritional value for Artemia, due to the lack of
exogenous digestive enzymes usually provided by the natural bacterial microbiota in
non-axenic conditions. In the present gnotobiotic system the nauplii under study could
only rely on their intrinsic ability to digest the haloarchaea without any of these bacterial
exogenous enzymes. Even so, the strains Hbt. salinarum and Hfx. volcanii that
resulted in higher uptake of archaeal carbon in the assimilation experiment, not only
allowed for the survival of a fraction of the tested nauplii after the 5 days gnotobiotic
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culture period, but also for growth similar or superior to the positive control. This clearly
denotes that in natural environments they can be a part of the Artemia diet.

In conclusion, our study significantly expands our knowledge on the existence
of trophic relationships between the domain Archaea and zooplankton metazoans. To
our understanding, haloarchaea biomass consumption by Artemia is the first
documented case of archivory outside marine methane seeps and constitutes a clear
indication that archivory may be a more widespread phenomenon among metazoan
organisms than we previously assumed. Our findings have therefore implications for
future studies on food webs and flow of energy in aquatic ecosystems. Additionally,
our study has shown that stable isotopes labelling constitutes a potential tool to further
study the archivory phenomenon. Future researches may apply this approach in
combination with compound specific isotope analysis to investigate the specific
metabolic pathways by which archaeal cellular constituents are digested and used by
consumers. Since the Artemia genome has been sequenced and annotated (De Vos
et al., in prep.), future studies may also apply advanced molecular tools like RNA-seq
technique (Kimbrel et al., 2011) followed by differential expression analysis in order to
identify genes involved in the metabolism of archaeal cellular constituents. As a result,
protocols may be developed to compare mRNA levels of target genes in Artemia fed
with Archaea biomass or with a control feed. This would allow for an even more

comprehensive insight into the specific metabolic pathways of Archaea digestion.
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Abstract

Recent work has shown that the brine shrimp Artemia is capable of taking
nutritional advantage of halophilic Bacteria and Archaea biomass during its early
developmental stages. In the present study this microbial biomass was evaluated as
complement for sub-optimal microalgae supplies in the culture of ongrowing Artemia.
Two halophilic Bacteria species, Halomonas ventosae and Idiomarina fontislapidosi,
and one halophilic Archaea species, Halobacterium salinarum were used. These were
fed in combination with microalgae Dunaliella tertiolecta. Each combination of algae
and tested halophilic Bacteria/Archaea was offered in a proportion of 25% microalgae
| 75% Bacteria/Archaea on a ash free dry weight basis, while the total amount of food
supplied, which was based on a reference algae mono-diet, was kept constant. Mono-
diets consisting of 100% microalgae and only 25% microalgae were used as controls.
The performance of Artemia in terms of survival, final individual length, sexual
maturation and total biomass production was used as criterion to assess the dietary
value of each diet for Artemia production. Although resulting in lower survival, the
tested microbial biomass was able to partially or completely compensate for the sub-
optimal microalgae supply in terms of growth and final Artemia biomass. Furthermore,
a significantly higher proportion of mature animals was obtained when using the mixed
diets. These findings indicate that halophilic Bacteria and Archaea continue to be a
potential source of nutrients for Artemia throughout its life cycle and may provide

additional advantages in terms of culture productivity.
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5.1. Introduction

Artemia cysts are extensively demanded by the ever growing aquaculture industry to
be hatched into nauplii as live food for larvae of most farmed fish/shellfish species
(Sorgeloos et al., 2001). Moreover, due to its high protein content, juvenile and adult
Artemia biomass is recommended as a potential protein source to replace fish meal
as aquafeed ingredient (Nguyen et al., 2009). Consequentially, man-managed pond
production of Artemia cysts and biomass integrated in solar saltworks has developed
into a viable economic activity in several tropical countries and with remarkable
success in South-East Asia (Anh et al., 2009; Sui et al., 2013; Le et al., 2018; Van
Stappen et al., 2019).

The management of this intensive type of Artemia production has so far mainly
focused on microalgae blooms stimulated by organic and inorganic fertilization to
sustain these dense Artemia populations. Since the naturally available microalgae
supply is generally limited, additional supplementation with agricultural waste
products, such as micronized rice bran or soybean meal is also commonly practiced
(Toi et al., 2014; Le et al., 2018). The fertilizers and supplement feed costs typically
amount up to 30% of total production costs (Anh et al., 2009; Nguyen, 2013). In recent
years, the controlled stimulation of the naturally occurring heterotrophic microbes
(halophilic Bacteria and Archaea biomass) in the hypersaline Artemia ponds through
the manipulation of the carbon/nitrogen ratio in the water has been suggested as
having the potential to lower these production costs and to reduce the ecological
footprint of this type of aquaculture (Sui et al., 2013; Ronald et al., 2014). This
technique would recycle nitrogenous waste released from uneaten feed and faeces
into microbial biomass, valorising it as a complementary feed to microalgae diets for
Artemia and improving culture water quality (Le et al., 2018; Van Stappen et al., 2019).

The ability of Artemia early stages to graze on bacterial biomass has been firmly
demonstrated (Marques et al., 2005; Toi et al., 2013, 2014; Nevejan et al., 2018) and
bacterial enzymes are believed to play a prominent role in breaking down larger food
particles like microalgae cells and make them easy to be absorbed by Artemia (Intriago
and Jones, 1993). However, it was only in the present thesis that the ability of Artemia
to use the halophilic Bacteria and Archaea naturally occurring in hypersaline

environments as food sources, was confirmed (chapters 2 and 4).
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Although of high relevance, the results of chapters 2 and 4 cannot be
extrapolated directly to a field situation where heterotrophic biomass is expected to
complement the microalgae supply, not only during Artemia naupliar stages but during
its full life cycle. Hence, in the present study, we conducted a laboratory culture
experiment where ongrowing Artemia was fed a sub-optimal microalgae supply,
supplemented with biomass of the halophilic strains identified in the chapters 2 and 4.
By evaluating these cultures in terms of Artemia survival, growth, capacity to achieve
sexual maturation and total biomass production we expected to further elucidate the
potential effects of the use of heterotrophic microbial biomass as an alternative dietary

source in Artemia pond culture.

5.2. Materials and Methods

5.2.1. Source of Bacteria, Archaea and microalgae used in Artemia feeding tests
Two halophilic Bacteria, one halophilic Archaea (haloarchaea) and one microalgae
species were used in this study. The halophilic bacteria Halomonas ventosae LMG
26187 and Idiomarina fontislapidosi LMG 22169 were purchased from the BCCM/LMG
Bacteria Collection (Laboratory of Microbiology, Department of Biochemistry and
Microbiology, Faculty of Sciences of Ghent University, Belgium) (for details about the
tested halophilic bacteria, see table 2.1). As for the haloarchaea, the strain
Halobacterium salinarum NRC-1 was kindly provided by Prof. Dr. Angela Corcelli,
Department of Basic Medical Sciences, University of Bari, Italy (Lobasso et al., 2003)
(for details about the tested haloarchaea, see table 3.1). The microalga Dunaliella
tertiolecta DT CCAP 19/6B (cell size 7-11 ym) was obtained from the Culture
Collection of Algae and Protozoa, Department (CCAP), Dunstaffnage Marine
Laboratory, Scotland, UK. This microalgae species has been demonstrated as a good-

quality food for Artemia (Marques et al., 2004a).

5.2.2. Experimental design

The two halophilic Bacteria H. ventosae and I. fontislapidosi and the haloarchaea Hbt.
salinarum were evaluated as dietary complement to a sub-optimal microalgae supply
for a 16 days Artemia culture. A total of 5 treatments were tested: a treatment where
Artemia was fed according to a standard D. tertiolecta feeding regime adapted from
Soltanian et al. (2007) and Coutteau et al. (1992) (table 5.1); a treatment where a sub-
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optimal microalgae supply corresponding to 1/4 (25%) of the standard D. tertiolecta
feeding regime in terms of ash free dry weight (AFDW) was offered to the animals;
and three mixed diet treatments where the sub-optimal microalgae diet was
complemented with one of the tested halophilic Bacteria and Archaea biomass to
achieve the same standard amount of food provided to Artemia as in the standard D.
tertiolecta feeding regime (in AFDW). The performance of Artemia in terms of survival,
final individual length (IL), sexual maturation and total biomass production was used

as criterion to assess the dietary value of each diet in Artemia production.

Table 5.1. Standard Dunaliella tertiolecta feeding regime in ash free dry weight
supplied daily per replicate. Adapted from Soltanian et al. (2007) and Coutteau et al.
(1992).

Standard D.
Day tertiolecta feeding
regime (mg)
2.46
2,3 4.92
6.56
9.84
10.62
14.16
17.70
28.80
10,11 34.00
12,13 42.50

14, 15,
16 51.00

H

©oo~NO O~

5.2.3. Growth conditions and preparation of food suspensions

The halophilic Bacteria were cultivated overnight at 37 °C in halophilic culture medium
(CM100) (Ventosa et al., 1990; Deng et al., 2015), containing (per liter): yeast extract,
10 g; peptone, 7.5 g dissolved in filtered (0.2 ym) 100 g L salinity water made from
Instant Ocean synthetic sea salt (Aquarium Systems, Sarrebourg, France), pH of the
medium was adjusted to 7.2—-7.4. The haloarchaea, in turn, was cultivated for 4 days
at 37 °C in Halobacteria Medium (HM) as recommended by DSMZ (German Collection
of Microorganisms and Cell Cultures), containing (per liter distilled water): yeast
extract, 5.00 g; casamino acids, 5.00 g; Na-glutamate, 1.00 g; KCI, 2.00 g; Nas citrate,
3.00 g; MgSO0s4 -7H20, 20.00 g; NaCl, 200.00 g; FeClz -4H20, 36.00 mg; MnClz -4Hz0,
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0.36 mg; pH adjusted to 7.0-7.2 (Atlas 2010). After incubation, all Bacteria and
haloarchaea were harvested by centrifugation (2200 g, 10 min, 20 °C), cells were
washed three times and re-suspended in filtered and autoclaved artificial saline water
(FAASW) prepared from Instant Ocean synthetic sea salt (Aquarium Systems,
Sarrebourg, France), at 100 g L salinity. The cell densities of the suspensions were
determined by measuring their optical density and stored at 4 °C. Every 5 days the
suspensions were renewed.

The microalga D. tertiolecta was grown in sterile 5 L bottles (10% inocula) with
0.22 um filtered aeration at 19°C, continuous light (+ 41yE/m?s), using a standard
Walne medium (Walne, 1967) and FAASW at 80 g L! salinity. The growth curve was
obtained by measuring daily the cell density using a Birker haemocytometer,
complemented with daily measurements of the optical density. Algal cells were
harvested in the exponential growth phase, after 7 days of culture, by centrifuging the
culture (800 g, 5 min). Cultures were re-suspended in FAASW at 100 g L™ salinity and
also stored at 4 °C. Every 5 days the suspension was renewed.

In order to provide the Artemia with the accurate amount of food (organic
material) across the treatments, the AFDW of all food items was determined according
to the protocol described by Toi et al. (2014) and Soltanian et al. (2007). Briefly, 25
mL of each suspension were filtered through a pre-dried and weighed membrane (pore
size: 0.22 um for Bacteria and Archaea; 0.45 pym for microalgae, n=3) using a Buchner
funnel connected to a vacuum pump. The filters were then washed with an isotonic
ammonium formate solution to remove salts (Zhu and Lee, 1997) and dried in an oven
at 104 £ 1 °C for 4 h. The membranes were later removed from the oven, placed in a
desiccator for cooling down, and weighed again. Afterwards they were combusted at
600 °C for 6 h to determine the ash content. The AFDW was calculated as the
difference between dry weight (DW) and ash weight. The DW and AFDW of a control

(filter only) were subtracted from all samples.

5.2.4. Fatty acids and protein analysis of the food items

Performance of Artemia depends amongst others on the nutritional quality of the diet.
Therefore, to determine the levels of fatty acids (FA) and protein contained in the food
items used, approximately 1-2 g wet weight of cells were harvested for fatty acid
methyl ester (FAME) and protein analysis. For details of the FA analysis, see chapter
2, section 2.2.4.
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Afer being washed with a isotonic ammonium formate solution to remove salts
(Zhu and Lee, 1997) and dried in an oven at 104 + 1 °C for 4 h, nitrogen content on
the biomasses were determined by combustion analysis using a Thermo Scientific™
FLASH™ 2000 Organic Elemental Analyzer (Gatune et al., 2012). Protein content was
estimated by multiplying nitrogen content (%) by 6.25.

5.2.5. Artemia culture

5.2.5.1. Axenic hatching of brine shrimp larvae

The experiment was performed with larvae of Artemia franciscana Kellogg, 1906 (EG®
Type, batch 1768, INVE Aquaculture, Baasrode, Belgium). Axenic Artemia nauplii
were obtained via decapsulation, according to the procedure described in Chapter 2,
section 2.2.5.1.

5.2.5.2. Feeding experiment

Two hundred Artemia nauplii were transferred immediately after hatching to sterile 500
mL screw-cap glass bottles containing 400 mL of aerated (0.2 um filtered air) FAASW
at 100 g Lt salinity. The bottles were allocated to 5 treatments in which food ratios are
expressed as percentage of the algal AFDW being replaced (see table 5.2). There
were three bottles (replicates) for each treatment and the animals were fed daily. Every
two days the culture water was changed and the number of living individuals was
counted. The water change was done using sterile sieves to collect the animals from
each bottle before replacing the water with fresh FAASW and putting the nauplii back.
The experiment lasted for 16 days and at the end of the experimental period the
number of mature (animals with full ovarian development for female or fully developed
clasper organ for male) and immature animals in each replicate were counted, and the
maturation rate was calculated as the number of mature animals, divided by the total
number of animals and multiplied by 100. Then 10 animals from each replicate were
randomly collected and fixed with Lugol's solution (1%) to measure their IL, using a
zoom stereomicroscope (SMZ1270, Nikon®) connected to a lens of Nikon® (Plan Apo,
1x, WF WD: 70) and using imaging software, NIS Elements (version 4.40, Nikon®).
After rinsing the animals several times in de-mineralized water on a sieve to remove
un-eaten food and waste and placing them on tissue paper to remove all excess water,

total biomass production in wet weight in each bottle was determined by weighing the

91



Chapter 5

total production (including the Artemia sampled for length measurement) and the

average per treatment was calculated.

Table 5.2. Experimental set up of the feeding experiment expressing different portions
(%) of each food item on the total ash free dry weight (AFDW).

Treatment code Treatment Description
. 5 _ _
AL 100% Artemia fed 100% of therzgailrr:]deard D. tertiolecta feeding
. 0 : .
AL 25% Artemia fed 25% of the rsetginrgzrd D. tertiolecta feeding

Artemia fed 25% of the standard D. tertiolecta feeding
regime complemented by 75% of H. ventosae biomass
Artemia fed 25% of the standard D. tertiolecta feeding

AL 25% + H. ven. 75%

AL 25% + I. fon. 75% regime complemented by 75% of I. fontislapidosi
biomass
Artemia fed 25% of the standard D. tertiolecta feeding
AL 25% + Hbt. sal. 75% regime complemented by 75% of Hbt. salinarum
biomass

5.2.6. Statistical analysis

A general linear model (GLM) with binomial distribution and logit link was fitted to the
survival data of the five treatments in order to estimate the effects and interactions
over the full experimental period of the variables “diet” and “time”. Survival differences
between the cultures at the end point, day 16, were tested for significance based on
least significant differences (LSD), significance level was set at p<0.05. Survival
analysis was done using the software GenStat 17.1 (VSN International). For analysis
of the IL, proportion of mature Artemia, and total biomass production data, one-way
analysis of variance (ANOVA) were performed and post-hoc comparisons were carried
out with the Tukey test using the software Sigma plot v12 (Systat Software Inc.), the
significance level was set at p<0.05. Prior to the ANOVAs, the Levene’s and Shapiro-

Wilk tests were used to confirm the assumptions of homoscedasticity and normality.

5.3. Results

5.3.1. Fatty acid and protein composition of the food items

Results of fatty acid analysis and protein content can be seen in table 5.3. FAME
analysis showed that the microalgae D. tertiolecta presented high levels of
polyunsaturated fatty acids (PUFA), especially of 18:2(n-6)-c and 18:3(n-3), but
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contained lower levels of monounsaturated fatty acids (MUFA), mostly 18:1(n-9). In
contrast, the tested halophilic bacteria H. ventosae and I. fontislapidosi were rich in
MUFA, with 16:1(n-7) and 18:1(n-7) found in both, while I. fontislapidosi also contained
high levels of 14:1(n-5), but minor levels of PUFA. Hbt. salinarum biomass presented
an extremely low content of total fatty acids with most of them being saturated. All the

food items displayed high protein content, in the range of 50 to 65%.
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Table 5.3. Fatty acid (mg g dry weight (DW)) and protein content (%) of the tested
food items. Data represent means * standard error of technical replicates (n=3). Value
below detection limits is denoted by dash (-).

(%)

Fatty acid Dunaliella Halomonas Idiomarina Halobacterium
(mg g DW) tertiolecta ventosae fontislapidosi salinarum
Saturated

14.0 0.41 £0.00 0.21 £0.00 1.39+0.13 0.04 £0.02
15:0 0.82+0.00 0.08 £ 0.01 0.91+0.01 -
16:0 22.29 £0.04 12.99 £ 0.03 14.37 £ 0.09 0.62 £ 0.00
17.0 0.12£0.01 0.10+£0.01 0.89 £ 0.05 -
18:0 0.58 £0.01 0.44 £0.01 4.30 £0.02 0.58 £0.01
19:0 0.07£0.0 0.04 £0.00 0.17£0.10 -
20:0 - 0.01 £0.00 0.04 £0.02 -
21.0 - 0.04 £ 0.03 0.08 + 0.06 -
22:0 0.15+0.01 - 0.09 £ 0.04 -
23.0 - 0.08 £ 0.07 0.20 £ 0.08 -
24:0 - - - -
Sum 24.44 + 0.07 13.99 £ 0.02 22.44 +£0.13 1.25+0.03
Monounsaturated

14:1(n-5) 0.02 +0.01 0.16 +0.01 27.54 +0.16 -

15:1(n-5) 0.43+0.00 0.01+£0.00 1.62+£0.01 0.08 £ 0.00

16:1(n-7) 1.44 £ 0.00 9.85+0.04 7.08 £ 0.07 0.03 £ 0.00

17:1(n-7) 0.59 £0.01 0.43 £0.00 2.16 £ 0.05 0.04 £0.00

18:1(n-9) 9.85+£0.01 0.08 £0.01 1.04 £ 0.03 0.01 £0.00
18:1(n-7) 1.61 £ 0.00 14.36 £ 0.04 6.37 £0.13 -
19:1(n-9) 2.95+£0.01 0.02 £0.00 0.07 £0.04 0.02 £0.00
20:1(n-9) - - 0.06 £ 0.03 -
20:1(n-7) - 0.02 £ 0.00 0.05+0.03 -
22:1(n-9) - - - -
22:1(n-7) - - - -
23:1(n-9) 0.43+0.02 - - -
24:1(n-9) - - - -

Sum 17.33 £0.02 24.93 £ 0.06 45,99 + 0.25 0.18 £ 0.00

Polyunsaturated
18:2(n-6)-t - 0.08 £ 0.00 0.28 +0.01 0.04 +0.00
18:2(n-6)-c 15.86 £ 0.02 0.05 £ 0.00 0.14£0.14 0.01 £0.00
18:3(n-6) 0.44 £ 0.00 2.28 £0.02 0.33£0.02 -
18:3(n-3) 35.04 £0.03 0.03 £0.02 0.10 £0.04 0.03 £0.00
19:2(n-6) - - - -
20:3(n-6) - - - -
20:3(n-3) - - - -
22:3(n-3) - - - -
Sum 51.34 £ 0.05 2.44 +0.01 0.86 +0.16 0.08 £ 0.00
Highly unsaturated
18:4(n-3) 0.31£0.00 0.03£0.01 0.11 £0.03 -
20:4(n-6) - - - -
20:4(n-3) - 0.09 £ 0.02 - ]
20:5(n-3) - - - -
21:5(n-3) - - - -
22:4(n-6) - - - -
22:5(n-6) - - 0.01+0.01 -
22:4(n-3) - - 0.38+0.11 -
22:5(n-3) - - - -
22:6(n-3) - 0.07 £0.01 0.05+0.02 -
Sum 0.31£0.00 0.19 £0.02 0.55+£0.25 -
Total FA 123.82 £ 0.17 47.24 £ 0.64 91.07 £0.24 2.41 £ 0.03
Protein content 49 67 + 3.65 60.10 + 1.33 64.14 + 3.63 56.76 + 1.59
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5.3.2. Artemia performance

5.3.2.1. Survival of Artemia

There was a significant effect of the two experimental variables, diet and time, and of
their interaction on the survival of the Artemia (p<0.001).

Artemia fed 100% of the standard D. tertiolecta feeding regime, treatment AL
100%, displayed significantly better survival percentages than all other treatments
during the whole experiment (p<0.05), with 88 + 4% of the animals alive by day 16.
Meanwhile, the treatment AL 25%, only allowed for 52 + 6% of the animals to survive
until the end of the experimental period.

In the treatments where Artemia were fed the sub-optimal D. tertiolecta feeding

regime complemented by the tested halophilic Bacteria and Archaea biomass, survival
at day 16 differed depending on the strain used. AL 25% + I. fon. 75% allowed for 67
+ 4% of Artemia to survive, a significantly superior value than treatment AL 25% and
other tested mixed diets (p<0.001).
AL 25% + H. ven.75% allowed for 58 = 2% of Artemia to survive, having no statistical
difference compared to AL 25% (p>0.05). Lastly, AL25% + Hbt. sal. 75% only allowed
for the survival of 35 £ 3% of the animals, statistically lower than all other treatments
(p<0.001) (Fig. 5.1, table 5.4).

1 -

0.8 -

== AL 100%
0.6 - - 0= AL25%
—— AL 25% + H. ven 75%

0.4 A —d— AL 25% + |.fon 75%

—k— AL 25% + Hbt. sal 75%

0.2 -

Proportions of the survived Artemia

0 2 4 6 8 10 12 14 16
Time (Days)

Figure 5.1. Proportion of the survived Artemia nauplii over the entire experimental
period when fed with the different diets. Data are presented as means + standard error
of biological replicates (n=3).
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5.3.2.2. Growth of Artemia

There was a significant effect of the diets on the Artemia nauplii IL (p<0.001). At the
end of the experiment, the IL values observed when feeding Artemia with the sub-
optimal diet AL 25% were significantly lower than the values presented by the AL 100%
treatment (p<0.001). All the Artemia fed the sub-optimal microalgae diets
complemented by the tested halophilic Bacteria and Archaea biomass achieved IL
values not only significantly superior than the AL 25% treatment (p<0.001), but even

slightly higher than AL 100% although not statistically different (p>0.05) (Table 5.4).

5.3.2.3. Artemia maturation rate

There was also a significant effect of the diets on the Artemia maturation rate
(p<0.001). After 16 days of culture only 30 + 2% of animals reached maturity in AL
100%, while no animal was able to mature on the AL 25% diet. On the opposite, the
three tested mixed diets displayed significantly higher values than both AL 25% and
AL 100% (p<0.001), with average proportions of mature animals superior to 80%
(Table 5.4).

5.3.2.4 Biomass production

There was also a significant effect of the diets on the Artemia biomass (p<0.001).The
treatment AL 100% allowed for the highest yield of Artemia biomass, 900.86 + 33.24
mg and AL 25% the lowest, 159.27 + 18.91 mg. As for the three tested mixed diets,
all of them produced significantly higher biomass than AL 25% (p<0.001) with AL 25%
+ 1. fon. 75% and AL 25% + H. ven.75% producing similar yields to AL 100% (p>0.05)
(Table 5.4).

Table 5.4. Proportion of the survived Artemia, individual length, proportion of mature
Artemia and total biomass production at the end of the experimental period (day 16
after hatching) when fed with different diets. Data are presented as means +* standard
error of biological replicates (n=3). Different superscripts within a column represent
significant difference (p<0.05).

Proportion of Proportion of Total biomass

Individual

Diet survived length (mm) mature production
Artemia Artemia
AL 100% 0.88 +0.04 ¢ 6.68 £0.17 ° 0.30 £0.02° 900.86 £ 33.24 ¢
AL 25% 0.52+0.06° 450+0.11¢2 0x0° 159.27 +18.912
AL 25% + H. ven 75% 0.58 £0.02° 6.77+0.1° 0.81+0.01°¢ 713.76 £35.71 ¢
AL 25% + |. fon 75% 0.67 £0.04°¢ 7.15+0.17°" 0.95+0.01¢ 826.17 £59.11 ¢
AL 25% + Hbt. sal 75% 0.35+0.032 6.83 £0.20° 0.86 + 0.04 446.74 £ 57.64°
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5.4. Discussion

In the present study a 16 days Artemia culture experiment was used to evaluate
Artemia performance in terms of survival, final IL, sexual maturation and total biomass
production when fed a sub-optimal microalgae supply supplemented with halophilic
Bacteria and Archaea biomass. In order to prolong the culture period beyond the 5
days used in chapter 2 and 4, this study was not performed under gnotobiotic
conditions. However, the high standardization of the experimental set-up, using axenic
Artemia nauplii and sterilized culture water reduced the risk of uncontrolled microbial
contaminations. Additionally, by conducting the experiment at a salinity of 100 g L*
we not only guaranteed the cellular integrity of the tested halophilic strains in the
culture water, which may be affected when salt concentration is lowered below this
point (Oren, 2008), but we also worked in salinity conditions as used in Artemia pond
production, allowing for better extrapolation of our results to a field situation.

It is known that PUFAs are essential in the diet of marine organisms. In the
specific case of Artemia, linoleic 18:2(n-6) and linolenic acid 18:3(n-3) are required for
a proper development (D'Agostino, 1980; Intriago and Jones, 1993). Furthermore,
according to D'Agostino (1980) protein is a key nutrient for Artemia, being not only
essential at the early developmental stages but also very important at the maturation
stages. Among the food items used, only the microalgae D. tertiolecta possess high
levels of the required PUFA. The halophilic Bacteria H. ventosae and I. fontislapidosi
contain very few FA longer or more unsaturated than 18:1(n-7). As for Hbt. salinarum,
as a member of the Archaea domain, its membrane possess lipid mono- or bilayers
composed of repeating isoprene units ether-linked to glycerol head groups rather than
FA esterified to glycerol head groups as in bacteria and Eukaryotic membranes (van
de Vossenberg et al., 1998), consequentially extremely low content of total FA were
found in its biomass. However, all food items have a high protein content, with higher
levels being displayed by the tested heterotrophic microbes. Despite their low
nutritional quality in terms of FA composition, the contribution of the tested halophilic
Bacteria and Archaea as supplemental food in the culture of Artemia is clearly
illustrated in this study.

The results obtained in the treatment AL 100% were in agreement with previous
Artemia laboratory culture experiments conducted at hypersaline salinities and with

satisfactory trophic conditions (Triantaphyllidis et al., 1995), while the treatment AL
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25% showed clear effects of food limitation. The results also showed that survival was
not always positively correlated to the biomass production in the treatments. For
instance, the treatment AL 25% + Hbt. sal. 75% resulted in a lower survival than
Artemia fed only AL 25%, but the final biomass produced by the first was more than
the double of the second. When considering this parameter, the heterotrophic strains
were always able to partially or fully replace the algae biomass when the sub-optimal
algae feed was provided.

Furthermore, the results showed that a very high proportion of the Artemia fed
the evaluated mixed diets were able to achieve sexual maturation within the
experimental period. These values were significantly higher even when compared to
the control animals receiving the standard microalgae diet AL 100%, although they
displayed similar IL. In fact, while riding Artemia couples were observed in all
treatments excluding AL 25%, animals from treatments AL 25% + H. ven. 75% and AL
25% + I. fon. 75% were also observed to produce live offspring during the experimental
period although this was not quantified. These beneficial effects of Bacteria and
Archaea biomass to Artemia maturation performance may be caused by their direct
contribution of extra proteins and amino acids to the animal's diet. According to
Fukuchi et al. (2003) the amino acid composition of proteins from halophilic
prokaryotes, due to their adaptation to high-salt and extreme environments, is unique
when compared to other organisms. Furthermore, both halophilic Bacteria and
Archaea are also known to be rich in pigments such as carotenoids, which are known
to be important for shrimp maturation (Wouters et al., 2001). Access to this higher
diversity of nutritional compounds coupled with the potential positive impact of these
microbes on the ability of Artemia to take advantage of the algae nutrients by providing
exogenous enzymes (Intriago and Jones, 1993; Toi et al., 2014) may explain the effect
of these microbes on sexual maturation observed when Artemia was fed with the
mixed diets.

In conclusion, our results demonstrate that Artemia can complete its life cycle
when fed a diet composed by a substantial amount of halophilic Bacteria and Archaea
biomass. To what extent the presence of these microorganisms may promote a faster
sexual maturation in Artemia, and may affect its fecundity, still remains to be
elucidated. Our findings are in agreement with chapters 2 and 4 and provide additional
evidence that the controlled stimulation of heterotrophic microbes in Artemia

production ponds can indeed provide a viable dietary addition to the present focus on
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boosting of the phytoplankton population for maximal Artemia growth and

reproduction.
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Abstract

The strategy of applying amorphous poly-B-hydroxybutyrate (PHB) contained in a
prokaryotic carrier is a possible alternative to conventional antibiotics in the
aguaculture industry. Here, we identify strains with high PHB accumulation capability
among halophilic Bacteria and Archaea which have shown dietary value for the brine
shrimp Artemia franciscana in previous studies. We subsequently test them for their
protective effects in gnotobiotic Artemia nauplii during a pathogenic Vibrio campbellii
challenge. The strain H. ventosae was the most efficient PHB accumulator among the
halophilic Bacteria tested, accumulating up to 53.6 = 1.2% of the cell dry weight (CDW)
as PHB. Inits turn, the strain Hfx. mediterranei was the most efficient PHB accumulator
among the tested halophilic Archaea, accumulating up to 33 = 1.9% on CDW as PHB.
The gnotobiotic Artemia challenge tests showed that the survival of the Artemia
receiving 1x107 cells mL?! of H. ventosae, with 51.5 + 1.3% PHB on CDW, was
significantly higher as compared with the challenged control. Challenged Artemia fed
1x107 cells mL?* Hfx. mediterranei, with 30.7 + 2.8% PHB on CDW, showed no
significant difference with the non-challenged Artemia, suggesting a complete
protection against Vibrio infection. The calculated amorphous PHB concentration
offered to Artemia from H. ventosae or Hfx. mediterranei can be estimated as 1.34
and 0.95 mg L, respectively. Our data demonstrate the protective effects of PHB
accumulating halophilic Bacteria and Archaea for Artemia, highlighting their potential

to be applied as an alternative strategy to control infections in aquaculture.
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6.1. Introduction

Hypersaline environments can be found on all seven continents of our planet. High
salt concentrations, UV radiation, anoxia and other extreme ecological characteristics,
contribute to the exclusion of whole taxonomic groups from these habitats (Oren,
2011, 2015; Quiroz et al., 2015). Nevertheless, during the past decades, the number
of identified Bacteria and Archaea species able to thrive in them have increased
tremendously (Oren, 2015; Adam et al.,, 2017). In response to the referred harsh
abiotic stressors, these halophilic microorganisms have evolved to produce and
accumulate a variety of compounds allowing them to develop biological activities while
assuring cellular and functional integrity (Oren, 2002a; Baxter et al., 2007). Ectoine,
carotenoid pigments, extracellular polysaccharides and poly-B-hydroxyalkanoates
(PHA) constitute some of the compounds that are presently attracting increasing
scientific interest due to their potential biotechnological applications. Among these,
poly-B-hydroxybutyrate (PHB) is a specific type of PHA and a prokaryaotic intracellular
energy and carbon storage compound, which under specific culture conditions can be
accumulated at quantities as high as 81% of CDW by halophilics (Quillaguaman et al.,
2010). This compound is being thoroughly investigated aiming at its use in the
production of bio-degradable plastic materials (Lillo and Rodriguez-Valera, 1990;
Quillaguaman et al., 2010).

However, crystalline PHB extracted from marine Bacteria has recently been
identified as a biocontrol agent and is being investigated as a possible alternative to
conventional antibiotics to be used in the culture of various farmed species, including
finfish, crustaceans and molluscs (Defoirdt et al., 2009). This biopolymer is degraded
in the intestinal tract of farmed animals into its water-soluble monomer -
hydroxybutyrate which inhibits the virulence of bacterial pathogens, especially through
the acidification of their cellular cytoplasm, forcing them to redirect their cellular energy
to maintain homeostasis (Defoirdt et al., 2009; Laranja et al., 2018). Latest studies
evaluating the protective effect of PHB using the aquaculture model organism Artemia
franciscana have found it to be more effective against Vibrio pathogens when applied
in its amorphous state (inside bacterial cells) than in its crystalline state (extracted from
bacterial cells) (Halet et al., 2007; Laranja et al., 2018). This led to the development of
strategies to provide PHB-containing marine bacteria cells to farmed aquaculture
organisms, namely through the enrichment of Artemia nauplii to be used as live feed
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(Thaietal., 2014), a process denominated as bioencapsulation, or by integrating these
PHB-containing bacteria on formulated feeds (Laranja et al., 2014). The identification
of suitable prokaryotic strains that are capable of accumulating a high amount of
amorphous PHB and that can be used as carriers, is therefore of crucial importance
to continue to explore the probiotic potential of this compound in the aquaculture
industry.

In the chapters 2 and 4 of the present thesis the ability of Artemia to ingest and
digest both halophilic Bacteria and Archaea was demonstrated. This suggests that, if
the halophilic cells contain PHB granules, these are available for Artemia upon their
digestion and hints for the possibility to use these halophilic microorganisms as
carriers of amorphous PHB to be applied in aquaculture. The use of halophilic
organisms as probiotics in aquaculture could have additional advantages. These
microorganisms are cultured on media containing extremely high salt concentrations.
Under these conditions very few microbial contaminants, if any, can grow. Therefore,
the requirement for sterilization is greatly reduced, and simple production systems can
be developed, reducing the inherent costs.

The present study aimed to: (1) identify strains with high PHB accumulation
capability among the halophilic Bacteria and Archaea that have already shown dietary
value for Artemia, by testing different culture conditions previously described as
optimal for PHB stimulation in halophilic microorganisms; and (2) to assess the
protective effects of these PHB accumulating halophilic strains in gnotobiotic Artemia
during a pathogenic Vibrio campbelli challenge. This study constitutes, therefore, an
important step to extend research lines investigating the use of microorganisms as

probiotics in the aquaculture industry to include prokaryotes of hypersaline origin.

6.2. Materials and Methods

6.2.1. Halophilic Bacteria and Archaea strains selection and culture

Three halophilic Bacteria and three halophilic Archaea (haloarchaea) were used in this
study. The halophilic bacteria Halomonas sp. 100-16-2 were obtained from Tianjin
University of Science & Technology (Tianjin, China) (Deng et al., 2015), while the other
two halophilic bacteria strains, Halomonas ventosae LMG 26187 and Idiomarina
fontislapidosi LMG 22169 were purchased from the BCCM/LMG Bacteria Collection

(Laboratory of Microbiology, Department of Biochemistry and Microbiology, Faculty of
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Sciences of Ghent University, Belgium) (for details about the tested halophilic bacteria,
see table 2.1). As for the haloarchaea, the strain Halobacterium salinarum NRC-1 was
kindly provided by Prof. Dr. Angela Corcelli, Department of Basic Medical Sciences,
University of Bari, Italy (Lobasso et al., 2003), while the strains Haloferax mediterranei
DSM 1411 and Haloferax volcanii DSM 3757 were purchased from the DSMZ
(German Collection of Microorganisms and Cell Cultures (for details about the tested
haloarchaea, see table 3.1) (Mullakhanbhai and Larsen, 1975; Rodriguez Valera et
al., 1980).

The halophilic Bacteria were routinely cultivated overnight at 37 °C in halophilic
culture medium (CM100) (Ventosa et al., 1990; Deng et al., 2015), containing (per liter
distilled water): yeast extract, 10 g; and peptone, 7.5 g dissolved in filtered (0.2 um)
100 g L* salinity water made from Instant Ocean synthetic sea salt (Aquarium
Systems, Sarrebourg, France), pH of the medium was adjusted to 7.2—7.4. The
haloarchaea, in turn, were routinely cultivated for 4 days at 37 °C in Halobacteria
Medium (HM) as recommended by the DSMZ, containing (per liter distilled water):
yeast extract, 5.00 g; casamino acids, 5.00 g; Na-glutamate, 1.00 g; KCI, 2.00 g; Nas
citrate, 3.00 g; MgSOs - 7H20, 20.00 g; NaCl, 200.00 g; FeClz -4H20, 36.00 mg; MnCl2
4H20, 0.36 mg; pH adjusted to 7.0-7.2 (Atlas 2010).

6.2.2. Screening for PHB production using Sudan black B staining

Halophilic Bacteria and Archaea were screened for PHB production by colony staining
technique using Sudan black B (SB). The lipophilic dye SB has high affinity for PHAs
and so will stain PHB granules inside the cells. After SB staining, prokaryotic colonies
containing PHB exhibit blue-black coloration. Therefore, SB staining is a very efficient
method to identify PHB accumulation (Wei et al., 2011).

The PHB polymer is synthetized by prokaryotes as a carbon and energy
storage compound in response to nutrient stress (Defoirdt et al., 2009). Consequently,
supplementation of complex culture media with an extra carbon source to create
nitrogen-limiting conditions, or the use of defined media to create a simultaneous
nitrogen and phosphorous limitation, have been described as efficient methods to
stimulate PHB accumulation. In the case of Bacteria, glucose has been reported as
the best carbon source to induce PHB accumulation, while for haloarchaea both
glucose and starch were reported as efficient (Lillo and Rodriguez-Valera, 1990;

Quillaguaman et al., 2010; Laranja et al., 2018). Therefore, each of the halophilic
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Bacteria were cultured in CM100 liquid medium as described above and 20 pL drops
were spotted on agar plates of three tested culture media: CM100; CM100
supplemented with 2% glucose; and a bacterial defined medium (BDM) with 2%
glucose as the carbon source, containing (per liter distilled water): NaCl, 45.0 g;
MgS0a4.7H20, 5.0 g; KaHPO4, 1.1 g; NH4Cl, 1.5 g; FeS0O4.7H20, 0.005 g; glutamine, 1
g; the pH was adjusted to 7.5 (Quillaguaman et al., 2008). All halophilic Bacteria
colonies were screened for PHB accumulation after 24 h and 48 h of incubation at 37
°C. As for the haloarchaea, they were cultured in HM liquid medium as described
before and 20 uL drops were spotted on agar plates of five tested culture media: HM,;
HM supplemented with 2% glucose (Merck); HM supplemented with 2% soluble starch
(Merck); an Archaea defined medium (ADM) with 2% glucose as the carbon source;
and ADM with 2% soluble starch as the carbon source. ADM contained (per liter
distilled water): NaCl, 194 g; NH4Cl, 2 g; MgCl2, 16 g; MgSQOa, 24 g; CaClz, 1 g; KClI,
5g; NaHCOs, 200 mg; KH2PO4, 37.5 mg; NaBr, 500mg; FeCls, 5 mg; The pH was
adjusted to 7.2 (Lillo and Rodriguez-Valera, 1990). All haloarchaea colonies were
screened for PHB accumulation after 4 days of incubation at 37 °C.

After the incubation periods the macro-colonies were stained by flooding the
plates with 0.02% (w/v) SB (Sigma-Aldrich) ethanolic solution, enough to cover all
colonies for 30 min. After 30 min of staining, the SB ethanolic solution was discarded
and the colonies were washed three times by pouring 10-15 mL of absolute ethanol to
remove excess stain. SB stained Bacillus sp. JL47 (Laranja et al., 2018) colonies were
used as positive reference of PHB accumulation. Presence of blue-black coloration in
the macro-colonies after the staining and washing was considered as indication of the

PHB accumulation.

6.2.3. Quantification of PHB accumulation by spectrophotometry

Halophilic Bacteria and haloarchaea that showed indications of PHB accumulation in
the SB staining experiment were cultured under the conditions conducive to PHB
production regarding to culture medium, carbon source and incubation period.
Measurements of PHB were quantified spectrophotometrically following a slightly
modified procedure described by Laranja et al. (2018). Briefly, after the incubation
period 2 mL aliquots were sampled in triplicates (technical replicates) into dried, pre-

weighed 2 mL Eppendorf tubes with safety locks. Microbial biomass was harvested by
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centrifugation at 18,000 g for 20 min. The supernatant was discarded and the pellet
was washed two times with an isotonic ammonium formate solution to remove salts
(Zhu and Lee, 1997). The resulting pellet was oven dried at 104 °C until constant
weight and the CDW was registered. The pellet was lysed in 1.5 mL of NaOCI (6%
active chlorine), vortexed and heated in a water bath for 1 h at 60 °C. The samples
were centrifuged at 18,000 g for 20 min and the NaOCI was carefully removed. The
remaining pellet was washed with distilled water, vortexed and centrifuged at 18,000
g for 20 min again. The supernatant was carefully removed and volumes of 750 pL of
ethanol and acetone were added. The samples were vortexed, centrifuged at 18,000
g for 20 min and the supernatant was carefully removed. The remaining pellet was
oven-dried at 40 °C overnight. The dried samples were then dissolved in 2 mL boiling
chloroform and heated in a water bath (65 °C to 70 °C) for 2 h to extract the PHB.
Aliquots of the chloroform samples (500 pL) were transferred into clean glass vials
and the chloroform was evaporated in a water bath (40 °C). After the extracts were
evaporated to dryness, 4 mL of concentrated sulphuric acid was added to the dried
sample and maintained at 100 °C in a water bath for 25 min to convert PHB to crotonic
acid. Samples were cooled to room temperature and two-fold diluted with 0.014 M
H,SO,. The crotonic acid was measured using a spectrophotometer (Infinite M200,
Tecan Deutschland GmbH, Germany) at 235 nm. The concentration of PHB in the
H,SO, aliquots was determined based on a standard curve constructed using
crystalline PHB (Sigma-Aldrich) (detection limit: 2.5 pg mLt). The PHB content in the

microbial biomass was then calculated by the formula:

PHB content (% CDW)=

_ [(Conc. of PHB in the aliquots (mg PHB mL") x 2 x 4 mL)/0.5 mL] x 2 mL y

Dry weight of the bacterial pellet (mg) 100
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6.2.4. Effects of PHB accumulating halophilic Bacteria and Archaea on the

survival of gnotobiotic Artemia challenged with pathogenic V. campbellii

6.2.4.1. Preparation of the Bacteria and Archaea suspensions for in vivo
experiments

Halophilic Bacteria H. ventosae and haloarchaea Hfx. mediterranei were selected to
be tested for their protective effect on Vibrio challenged Artemia since they
demonstrated higher efficiency to accumulate PHB. H. ventosae was cultured on
CM100 medium supplemented with 2% glucose for 24 h at 37 °C and 150 rpm
agitation. Hfx. mediterranei was cultured on HM medium supplemented with 2%
glucose for 4 days at 37 °C and 150 rpm. Samples of 2 mL of each culture were taken
in triplicate for PHB quantification. The grown cultures were harvested by
centrifugation (2200 g, 10 min, 20 °C), cells were washed three times and re-
suspended in filtered and autoclaved artificial saline water (FAASW) prepared from
Instant Ocean synthetic sea salt (Aquarium Systems, Sarrebourg, France), at 100 g L
! salinity.

The marine bacterial strain LVS3 - Aeromonas hydrophila was used as feed for
Artemia since it is a standard diet in Artemia gnotobiotic tests (Verschuere et al., 2000;
Defoirdt et al., 2007; Laranja et al., 2018). The bacteria strain was cultivated in CM35
medium containing (per liter distilled water): yeast extract, 10 g; peptone, 7.5 ¢
dissolved into filtered (0.2 ym) 35 g L! salinity water, pH adjusted to 7.2—7.4, for 24 h
at 28 °C and 150 rpm agitation. The bacteria cells were harvested by centrifugation
(2200 g, 10 min, 20 °C), cells were washed three times and re-suspended in FAASW
at 35 g L* salinity. The suspension was autoclaved prior to feeding.

Vibrio campbellii LMG 21363, a known pathogen in Artemia (Defoirdt et al.,
2007), was obtained from the BCCM/LMG. The pathogen was cultivated on Marine
Broth and incubated overnight at 28 °C and 100 rpm agitation. The grown culture was
re-inoculated at 1% (v/v) in fresh Marine Broth at the same conditions and incubated
for 6 h before being immediately used.

The cell densities of all suspensions were determined by spectrophotometry,
assuming that an optical density of 1.0 corresponds to 1.2x10° cells mL* according to

the McFarland standard (BioMerieux, Marcy L'Etoile, France).
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6.2.4.2. Preparation of axenic Artemia nauplii

The challenge tests were performed with larvae of Artemia franciscana Kellogg, 1906
(EG® Type, batch 1768, INVE Aquaculture, Baasrode, Belgium). Axenic Artemia
nauplii were obtained via decapsulation, according to the procedure described in
Chapter 2, section 2.2.5.1. Axenic instar Il nauplii were used for the challenge tests.

6.2.4.3. In vivo challenge test

Challenge tests were performed as described by Defoirdt et al. (2007), with slight
modifications. Briefly, groups of 20 axenic nauplii were transferred to sterile 40 mL
screw-cap glass tubes containing 10 mL of FAASW at 35 g L™ salinity. Halophilic
Bacteria H. ventosae and haloarchaea Hfx. mediterranei were added to the culture
water at a concentration of approximately 1x107 cells mL* as treatments. Tubes were
supplemented with autoclaved LVS3 at a concentration of approximately 1x107 cells
mL?* as food, with the nauplii in the control group which did not receive neither H.
ventosae nor Hfx. mediterranei receiving double the amount of LVS3 to compensate
for the extra biomass added to the other treatments. Then, for each treatment half of
the tubes were supplemented with the pathogen V. campbelli LMG 21363 at a
concentration of approximately 1x107 cells mL* 6 h after adding the halophilics (n=4).
This 6 h interval guarantees that the Artemia had enough time to ingest and start the
digestion of the provided microbial cells (Niu et al., 2014; Laranja et al., 2018). All
tubes were placed on arotor at 28 °C for 48 h with constant illumination (approximately
2000 Ix) after which survival of the Artemia was determined.

Survival data were arcsin transformed to satisfy normality and
homoscedasticity requirements and then subjected to one-way analysis of variance
(ANOVA), followed by Tukey's HSD post-hoc tests, using the software Sigma plot v12
(Systat Software Inc.), the significance level was set at p<0.05. The Levene’s and
Shapiro-Wilk tests were used to confirm the assumptions of homoscedasticity and

normality.
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6.3. Results

6.3.1. Screening for PHB production using Sudan black B staining

Among the screened halophilic Bacteria, only I. fontislapidosi did not show indications
of PHB accumulation in any of the tested culture conditions. Halomonas sp. colonies
cultured on BDM plates using glucose as carbon source showed indications of PHB
accumulation after 24 h and 48 h culture. H. ventosae also showed indications of PHB
accumulation when cultured on CM100 plates supplemented with glucose and on
BDM plates using glucose as carbon source after 24 h and 48 h culture (Table 6.1).

Table 6.1. Qualitative screening for poly-B-hydroxybutyrate (PHB) accumulation in
halophilic bacteria strains by colony staining technique using Sudan black B. The
presence or absence of blue-black coloration in the macro-colonies after the staining
and washing procedure is indicated by the symbols + or —, respectively.

CM100 Medium BDM Medium
) Supplementation Carbon Source
Strain
None Glucose Glucose

24h 48h 24h 48h 24h 48h
Halomonas sp. - - - - + +
H. ventosae - - + + + +
. fontislapidosi - - - - - -

As for the haloarchaea, indication of PHB accumulation was not observed in any
colony of Hbt. salinarum regardless of culture conditions. Hfx. volcanii showed
indications of PHB accumulation when cultured on HM plates supplemented with both
glucose and starch, and when cultured on ADM plates using glucose as carbon
source. Presence of blue-black coloration in the macro-colonies indicating PHB

accumulation was ubiquitous to all plates inoculated with Hfx. mediterranei (Table 6.2).

Table 6.2. Qualitative screening for poly-B-hydroxybutyrate (PHB) accumulation in
haloarchaea strains by colony staining technique using Sudan black B. The presence
and absence of blue-black coloration in the macro-colonies after the staining and
washing procedure is indicated by the symbols + or —, respectively.

HM Medium ADM Medium
Strain Supplementation Carbon Source
None Glucose Starch Glucose Starch
Hbt. salinarum - - - - -
Hfx. mediterranei + + + + +
Hfx. volcanii - + + + -
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6.3.2. Quantification of PHB accumulation by spectrophotometry

Quantitative determination of PHB content in cells of the halophilic Bacteria that were
investigated indicated a clear superiority of the H. ventosae strain in comparison to the
Halomonas sp. strain regarding their capacity to accumulate PHB under the tested
culture conditions. H. ventosae cells cultured in CM100 liquid media supplemented
with 2% glucose for 24 h showed the highest PHB content, being able to accumulate
53.6 = 1.2% on CDW (Table 6.3).

Table 6.3. Quantification of PHB accumulation in halophilic bacteria strains by
spectrophotometry. Data are presented as means + standard error of technical
replicates (n=3).

Strain Culture  Supplementation/ Incubation PHB content
Medium Carbon Source Time (% on CDW)
Halomonas 24h 26+0.2
sp. BDM Glucose 481 154002
24h 53.6+1.2
 venosac CM100 Glucose 48h 450+ 1.1
' BDM Glucose 24h 14.3+0.3
48h 11.1+0.3

The two haloarchaea also showed a 10-fold difference regarding their capacity to
accumulate PHB under the tested culture conditions. Hfx. mediterranei was able to
accumulate 33.0 + 1.9% of its CDW as PHB when cultured on HM liquid medium
supplemented with 2% glucose, while the highest PHB content in Hfx. volcanii was not
more than 3.0 £ 0.6% on CDW when cultured on ADM medium, using glucose as

carbon source (Table 6.4).
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Table 6.4. Quantification of poly-B-hydroxybutyrate (PHB) accumulation in
haloarchaea strains by spectrophotometry (expressed as cellular dry weight (CDW)).
Data are presented as means * standard error of technical replicates (n=3).

Strain Cult_ure Supplementation/ PHB content
Medium Carbon Source (% on CDW)

None 179+05

HM Glucose 33.0+1.9

Hfx. mediterranei Starch 8.8+0.8

Glucose 6.9+1.4

ADM Starch 1.9+0.6

HM Glucose 1.1+0.2

Hfx. volcanii Starch 25+05

ADM Glucose 3.0+£0.6

6.3.4. Effects of PHB accumulating halophilic Bacteria and Archaea on the
survival of gnotobiotic Artemia challenged with pathogenic V. campbellii

The effects of feeding the halophilic Bacteria H. ventosae and the haloarchaea Hfx.
mediterranei, cultured under the conditions conducive to PHB accumulation, to
gnotobiotic Artemia were investigated. Among the non-challenged treatments, no
significant difference in Artemia nauplii survival was observed (p>0.05). The survival
of the challenged Artemia receiving H. ventosae, with 51.5 + 1.3% PHB on CDW, was
significantly higher as compared with the challenged control (p=0.004). The results
further showed that challenged Artemia fed Hfx. mediterranei, with 30.7 £ 2.8% PHB
on CDW, showed no significant difference with the non-challenged Artemia (p>0.05),
suggesting a complete protection against Vibrio infection (Fig. 6.1). The calculated
amorphous PHB concentration offered to Artemia from H. ventosae containing 51.5 +
1.3% PHB on CDW or Hfx. mediterranei, with 30.7 + 2.8% PHB on CDW, can be
estimated as 1.34 and 0.95 mg L1, respectively (Table 6.5)
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Figure 6.1. Survival of gnotobiotic Artemia after 48 h of culture fed the poly-B-
hydroxybutyrate (PHB) accumulating halophilic Bacteria H. ventosae and haloarchaea
Hfx. mediterranei. Artemia were challenged with V. campbellii at approximately 107
cells mL1. Data are presented as means * standard error of biological replicates (n=4).
Different superscripts within a column represent significant difference (p<0.05).

Table 6.5. Estimated concentration of amorphous poly-B-hydroxybutyrate (PHB)
supplied to Artemia based on the PHB accumulation in H. ventosae and Hfx.
mediterranei. Calculation is based on the relation between number of cells supplied
and cellular dry weight (CDW), H. ventosae: 10° cells = 0.26 mg and Hfx. mediterranei:
10° cells = 0.31 mg.

Treatment PHB content Estimated amount of amorphous
(% on CDW) PHB supplied to Artemia (mg L)
Control - -
H. ventosae 515+1.3 1.34 +0.03
Hfx. mediterranei 30.7+2.8 0.95 + 0.09

6.4. Discussion

In the present study, in the first instance, different culture conditions were used to
identify strains with high PHB accumulation capability among the halophilic Bacteria
and Archaea that had previously shown dietary value for Artemia. The tested
conditions were conducive to PHB accumulation in two of the three evaluated
halophilic Bacteria. Indeed, only I. fontislapidosi did not seem able to accumulate PHB
in any of the tested culture conditions, which is in agreement with the morphological
description of the strain by Martinez-Canovas et al. (2004a) where no PHASs granules
were observed in the cells. As for the Halomonas sp. and H. ventosae strains, both
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were shown to be able to accumulate PHB. These strains belong to the
Halomonadaceae, a halophilic bacterial family of which the PHA accumulation
capacity has already been recognized as a useful phenotypic marker since several
species display it (Quillaguaman et al., 2010). However, H. ventosae showed to be a
far more efficient PHB accumulator, especially when cultured for 24 h on complex
media supplemented with glucose to induce nitrogen limitation. To our knowledge, this
is the first time that PHB content is quantified in this species.

Regarding the haloarchaea, similarly to the halophilic bacteria, one of the tested
strains, Hbt. salinarum, did not accumulate PHB in any of the tested culture conditions.
This result supports the study of Legat et al. (2010) who were also not able to detect
indications of PHB accumulation in Hbt. salinarum. The lack of capacity to accumulate
PHB in Hbt. salinarum may be explained by its inability to utilize the supplemented
carbon sources, glucose and starch (Severina et al., 1991), consequentially not being
subjected to the intended nitrogen-limiting conditions. Furthermore, Hbt. salinarum
seems to lack the gene phaC in its genome, coding for the production of the enzyme
poly-B-hydroxyalkanoate synthase, which together with the enzymes B-ketothiolase
(phaA) and acetoacetyl-CoA dehydrogenase (phaB) form the classical route for the
synthesis of PHB. Due to the absence of the gene phaC, Hbt. salinarum is considered
to be unable to synthetise PHB even if different carbon sources are supplemented
(Kalia et al., 2007; Legat et al., 2010).

Although both Hfx. volcanii and Hfx. mediterranei were shown to be able to
accumulate PHB, Hfx. mediterranei was able to accumulate the compound at much
superior levels when grown on complex media, even when cultivated without
promoting nutrient limitations. The capacity of Hfx. mediterranei to accumulate PHB
has been previously described by Lillo and Rodriguez-Valera (1990), who reported
values up to 60% of CDW when culturing the strain under nitrogen and phosphorous
limitation.

Both H. ventosae and Hfx. mediterranei, which demonstrated to be the most
efficient PHB accumulators among the tested strains, accumulated more PHB when
cultured under nitrogen limitation than when cultured under both nitrogen and
phosphorous limitation. Nevertheless, the latter is suggested by Lillo and Rodriguez-
Valera (1990) and Quillaguaman et al. (2008) as the optimal conditions for PHB
accumulation in halophilic organisms. A possible explanation may be the difference

between the culture conditions, with our set up (shake flasks) being very different from
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the fed-batch and continuous cultures used by those authors. Nevertheless, the values
of PHB quantified in both H. ventosae and Hfx. mediterranei further denoted the
potential of these strains to be applied as carriers of amorphous PHB to aquaculture
systems.

The gnotobiotic Artemia model was used to investigate possible beneficial
effects of the PHB accumulating halophilics on Vibrio challenged Artemia. The results
of the test show that both H. ventosae, containing 51.5 = 1.3% PHB of CDW and Hfx.
mediterranei containing 30.7 £ 2.8% PHB of CDW could significantly improve the
survival of V. campbellii challenged Artemia when added to the culture water at a
concentration of approximately 107 cells mL*. Additionally, challenged Artemia fed
Hfx. mediterranei cells displayed an increased survival in comparison to the
challenged Artemia fed H. ventosae cells, showing a survival not significantly different
from non-challenged Artemia. The amount of amorphous PHB administrated to the
Artemia culture water through the H. ventosae and Hfx. mediterranei cells can be
estimated based on their PHB percentage of CDW, as 1.34 + 0.03 mg L* and 0.95 +
0.09 mg L%, respectively. This denotes that despite the slightly lower amount of
amorphous PHB provided by the Hfx. mediterranei cells, a complete protection of
Artemia against V. campbellii infection could be obtained. Comparing our data with
results of previous studies testing PHB accumulating prokaryotes as amorphous PHB
carriers, we can observe that similar complete protection of Artemia nauplii against V.
campbellii infection could only be obtained by providing PHB amounts 10 times higher
(10 mg L1) using the Bacteria strain Brachymonas denitrificans (Halet et al., 2007) or
5 times higher (4.63 mg L) using the Bacteria strain Bacillus sp. JL47 (Laranja et al.,
2018). The efficiency of Hfx. mediterranei as probiotic for Artemia may be linked with
the biochemical characteristics of haloarchaea. The stability of haloarchaea cell
membranes is compromised due to osmotic shock when the salt concentration is
lowered below 100 g L salinity (Oren, 2008), and the challenge test was conducted
at 35 g L salinity. Consequently, the digestion of Hfx. mediterranei cells by Artemia
and access to the amorphous PHB granules still contained inside the cells may have
been facilitated at this salinity, allowing for a faster depolymerisation of the PHB into
the B-hydroxybutyrate monomer.

In conclusion, this study demonstrates the protective effects of PHB
accumulating halophilic Bacteria and Archaea for Artemia, highlighting their potential

to be applied as biocontrol agents in the aquaculture industry. The use of these
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halophilic prokaryotes may in fact not only be a biologically effective, but also an
economically beneficial approach due to the lower sterilization costs required for
halophilic cultures as compared to other microbial cultures.

However, one cannot rule out the possibility that apart from the PHB content,
other bioactive compounds might contribute to the observed probiotic properties. For
example, it has been reported that PHB accumulation in the bacterial species
Escherichia coli leads to the expression of heat shock proteins (i.e. Dnak proteins)
(Han et al., 2001). Halophilic prokaryotes are also known to be able to produce heat
shock proteins (Macario et al., 1999) and these proteins have been reported to behave
as immune stimulators for Artemia (Baruah et al., 2010). Future studies should
therefore also test the present halophilic prokaryotes, when cultured in non PHB
stimulating conditions, for their protective effect on Artemia. These treatments,
coupled with the measurement of both PHB levels and heat shock proteins expression
levels, would allow to assess if PHB presence is indeed the determinant factor
contributing to the observed probiotic properties, and will allow to properly explore the

potential use of these extremophile organisms for aquaculture applications.
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7.1. Framework of this research

The supply of Artemia cysts to be hatched into nauplii as live food for the larviculture
of fish and shellfish continues to be a bottleneck for aquaculture expansion and
diversification worldwide (FAO, 2017). A more thorough understanding of the trophic
interactions of Artemia in hypersaline ecosystems is therefore crucial to optimally
manage its natural resources and to intensify its farming in solar salt ponds and thus
guarantee and potentially expand the supply of cysts. However, the capacity of
Artemia to take advantage of the naturally occurring heterotrophic microbes in its
ambient hypersaline ecosystem as a complementary feed to microalgae is still not fully
understood. This assessment is difficult to perform directly in salt lakes or pond culture
set-ups, where not only the variety of available food items, but also abiotic factors may
interfere with experimental endpoints. It can nonetheless be obtained through the use
of validated gnotobiotic culture systems and standardised laboratory trials, which were
the focus of the present PhD study.

In this PhD research, the capacity of Artemia nauplii to survive and grow on
mono-diets consisting exclusively of halophilic bacteria was evaluated in gnotobiotic
culture conditions. Subsequently, the use of assimilation experiments using stable
isotopes as tracer and gnotobiotic cultures were combined to demonstrate for the first
time the ability of Artemia to assimilate nutrients from mono-diets of halophilic
Archaea. Both halophilic Bacteria and Archaea were then assessed as partial
substitutes for microalgae in prolonged conventional (non-gnotobiotic) Artemia
cultures. Finally, a preliminary study to investigate the potential positive role of these
halophilic prokaryotes and their intracellular compounds on Artemia’s health status
was conducted. The overview of all key findings of the thesis can be observed in figure
7.1. The present chapter aims to integrate and discuss the results obtained during this

PhD study and includes suggestions for potential pathways for future research.
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Figure 7.1. Overview of all key findings of the thesis

7.2. Challenges when studying the Artemia feeding process

Food ingestion by Artemia is a continuous process, being directly linked to its
locomotion. The swimming rhythm of the limbs produces a continuous water flow
which draws food into the filter system, concentrates particles and transports them
within a mid-ventral canal, named the food groove, to the mouth (Makridis and
Vadstein, 1999). The Artemia clearance rate (the volume of water cleared of particles
per unit of time) has been the subject of several studies, however the results are not
always consistent and vary to a certain extent according to the experimental set-up,
such as the age of Artemia, the type of food particles used, the food particles density
range considered etc. Estimations for appropriate particle size ranges for early
developmental stages of Artemia vary from 4 to 8 um (Makridis and Vadstein, 1999)
to 6.8-27.5 um, whereas an optimum of about 16.0 um is suggested by Fernandez
(2001). Artemia adults in turn have been demonstrated to be able to ingest all particles

less than 50 um in size, but are preferentially grazing on particles <30 um (Lavens and
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Sorgeloos, 1996). However, within these preferred ranges, bigger particles will have
a higher chance of being ingested than smaller particles (Makridis and Vadstein,
1999).

Short-term experiments such as the 5-days gnotobiotic Artemia culture tests
used in chapter 2 and 4 constitute excellent tools to evaluate Artemia ability to digest
and assimilate prokaryote food sources. Bacteria and haloarchaea have an adequate
particle size for early stages of Artemia, since at these stages the nauplii do not have
a fully developed filter-feeding mechanism (Gorospe et al., 1996b). Particles of
different sizes such as Bacteria/haloarchaea (1-5 ym) and microalgae cells (8-12 ym),
however, are taken up with different efficiency at all Artemia stages, resulting to a
certain extent in particle size selectivity. As Artemia increases in size, such as in the
long-term feeding experiments (until maturation) of Chapter 5, where the consumption
of these halophilic prokaryotes is evaluated in later life stages of Artemia, the dietary
value of such small food particles will decrease as they are ingested with less
efficiency. When comparing different food sources for Artemia, its feeding mechanism
will therefore inevitably have an impact on the performance of each diet, independently
of the food digestibility and nutritional composition.

In Chapter 2, following a daily feeding schedule adapted from Marques et al.
(2006c¢) and Defoirdt et al. (2007), we chose to offer Artemia different single-cell diets
based on equal amounts of cells: Artemia were fed daily with the halophilic bacterial
strains at a concentration of approximately 107 cells mL* over the 5 days culture
period. It is important to note that the applied method to measure bacterial densities,
the McFarland standard (OD = 1.000 corresponds to 1.2x10° cells mL?) has its
limitations. Different bacteria species have different dimensions and properties and
consequently disperse light in a different way. Although the method is widely applied
in aquaculture studies using bacterial strains as food for Artemia (Marques et al., 2005;
Soltanian et al., 2007; Niu et al., 2014; Toi, 2014; Toi et al., 2014; Laranja et al., 2018),
relating OD values to cell numbers is not absolutely precise and should be considered
with caution. Slight differences in densities, size and shape of the bacterial cells may
thus have caused dissimilar clearance rates by Artemia, affecting the nauplii
performance in this experiment.

In Chapter 4, another approach was followed and the different haloarchaea
mono-diets were provided to Artemia based on equal amount of biomass, derived from
the cellular ash free dry weight (AFDW) (Soltanian et al. 2007). Since all tested
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haloarchaea strains have very similar cell dimensions (see table 3.1), by providing the
diets based on AFDW, the issue of dissimilar clearance rates by Artemia in this
experiment was minimized. Finally in Chapter 5 the tested mixed diets were formulated
by complementing a sub-optimal D. tertiolecta diet with the tested Bacteria or
haloarchaea to achieve the same amount of food as provided in a reference D.
tertiolecta diet adapted from Soltanian et al. (2007) and Coutteau et al. (1992). Given
the size difference between D. tertiolecta cells (7-11 um) and the tested
Bacteria/haloarchaea (1-5 ym) cells, the tested mixed diets were not formulated by
replacing the microalgae on a cell to cell basis since this method would result in
different biomass available to Artemia across the treatments. We chose instead to
replace the microalgae by the prokaryotes on an AFDW basis, guaranteeing that
Artemia had access to the same amount of food biomass among the mixed diets and
the reference diet treatments. Since the AFDW of D. tertiolecta (around 118 mg per
10° cells) is much higher than the AFDW of the tested prokaryotes (around 0.28 mg
per 10° cells), the Artemia fed the full reference microalgae supply and the tested
mixed diets received the same amount of biomass as food in weight, but the food
particle density was much higher in the latter treatments. Artemia particle clearance
rate is known to be positively correlated to the particle density in the culture water
(Makridis and Vadstein, 1999; Fernandez, 2001; Nevejan et al., 2018). Therefore, this
higher density may have fully or partially compensated for the lower clearance rate
given the smaller size of the prokaryotic food items.

Ultimately, when designing comparative Artemia feeding experiments, the
impossibility to ensure that Artemia is ingesting exactly the same amount of different
food sources under study, interferes with the appreciation of the nutritional quality of
the food.

7.3 The dietary role of halophilic Bacteria and Archaea to Artemia

So far, the focus of most scientific studies in natural salt lakes and in pond production
systems has been on the importance of phytoplankton for the Artemia diet. However,
halophilic Bacteria and Archaea have now been recognized to be ubiquitous to all
environments where Artemia occurs. This leads to the assumption that they may be
involved in the Artemia life cycle through different types of ecological interaction, such

as mutualism, symbiosis or given Artemia’s non-selective filter feeding behaviour, also
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as part of its diet. To investigate this last hypothesis, the 5-days gnotobiotic Artemia
culture system previously validated by Marques et al. (2006c) constitutes an excellent
tool. During its early life stages, Artemia will go through several consecutive molts,
exhausting its yolk nutrients after 2 to 3 days and relying on the available food sources
in the environment for survival after that period (Heath, 1924b; Perona et al., 1988).
As the dietary influences of unknown microorganisms are excluded in the gnotobiotic
system, it is possible to focus on a single halophilic microorganism under strictly
controlled abiotic parameters. Thus the capacity of Artemia nauplii to feed on these
organisms during this critical stage of its life cycle can be clearly evaluated. Therefore,
the ability of Artemia nauplii to survive and grow on mono-diets of six halophilic
Bacteria strains, belonging to species naturally occurring in hypersaline aquatic
environments was tested using the reference gnotobiotic culture system (Chapter 2).
In a subsequent step, the same 5-days gnotobiotic Artemia culture system was used
in combination with haloarchaea biomass assimilation experiments using '°C isotope
as tracer to test the ability of Artemia to assimilate nutrients from mono-diets of
haloarchaea biomass in order to survive and grow (Chapter 4). The findings of
chapters 2 and 4 clearly demonstrated that Artemia nauplii are able to assimilate
sufficient nutrients from mono-diets of both halophilic Bacteria and haloarchaea
biomass to support their survival and development at least during the first days of its
life cycle.

Using the same gnotobiotic set-up as applied in the present study, Toi (2014)
conducted an extensive research where nine Bacteria strains isolated from a well-
performing conventional Artemia laboratory culture at marine salinity were also
evaluated as mono-diets for Artemia. His research demonstrated that four out of the
nine tested marine Bacteria could sustain the animals until the end of the 5 days
experimental period, indicating that Artemia may take nutritional advantage from its
associated bacteria within laboratory culture systems. In the present study, only one
diet, autoclaved Virgibacillus sp. cells, failed to sustain Artemia survival. All other
tested halophilic bacteria and haloarchaea diets did not only sustain nauplii survival
until the end of the 5 days experimental period, but in some cases even resulted in
higher individual length than the reference diet Aeromonas hydrophila - LVS3, a
bacterial strain isolated from a well-performing Artemia culture at marine salinity, of

which the nutritional value as diet in Artemia gnotobiotic tests has been extensively
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described (Verschuere et al., 1999; 2000; Marques et al., 2005; Defoirdt et al., 2007,
Niu et al., 2014).

It is also relevant to compare the results of the chapters 2 and 4 with the findings
of Vanmaele (2015), who conducted gnotobiotic feeding experiments evaluating
axenic microalgae Tetraselmis suecica as a potential feed for long-term Artemia
gnotobiotic culture. T. suecica was selected in the referred study because of its high
nutritional properties and known good performance in conventional (non-gnotobiotic)
Artemia cultures. However, Vanmaele (2015) observed that in axenic conditions
Artemia was not able to survive for more than 4 days on the tested mono-diet, despite
the high nutritional properties of the food source. The authors hypothesised that in
order to properly digest and assimilate microalgae biomass the presence of natural
bacterial microbiota is crucial in order to stimulate enzymatic activity in Artemia gut
and provide exogenous digestive enzymes. In the present thesis however, despite the
fact that the tested Artemia nauplii could only rely on their intrinsic ability to digest the
halophilic Bacteria and haloarchaea biomass, these food items successfully allowed
the survival of a fraction of the tested nauplii after the 5 days gnotobiotic culture period.

However, the suitability of a particular dietary source for Artemia not only
depends on Artemia’s ability to digest and assimilate nutrients from it but also, on the
nutritional composition of the particles, which should provide sufficient nutrients for
proper development, maturation and reproduction (Coutteau et al., 1990; Marques,
2005). For example, both Bacteria and Archaea have been reported to lack essential
polyunsaturated fatty acids required by most marine organisms (Martin-Creuzburg et
al., 2011; Thurber et al., 2012; Freese and Martin-Creuzburg, 2013). Consequently,
providing a nutritionally balanced and complete diet becomes more important as the
culture period is prolonged, especially up to the reproductive phase of the animal.

Therefore, in order to better extrapolate the results of the previous chapters to
a field situation, for example in man-managed ponds, where maximal cyst production
is strived for, and to elucidate if also adult Artemia are able to take dietary advantage
of halophilic microbial biomass, we conducted a conventional (non-gnotobiotic)
laboratory culture experiment where ongrowing Artemia were fed a mixed diet of
microalgae and biomass of the halophilic bacteria or haloarchaea (Chapter 5). These
diets were compared to a reference diet of Dunaliella tertiolecta adapted from
Soltanian et al. (2007) and Coutteau et al. (1992) and to a sub-optimal D. tertiolecta

diet without any complementation. Although resulting in lower survival, the tested
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microbial biomass could partially or completely compensate in terms of growth and
final Artemia biomass for a reduction of 3/4 of the reference microalgae supply.

The dietary value of these microbes for ongrowing Artemia was further
evidenced by the higher proportion of mature animals obtained when using the mixed
diets, not only when compared to the sub-optimal microalgae diet but even when
compared to the reference diet. As expected the tested halophilic Bacteria and
Archaea do not seem to be good sources of PUFAs to Artemia, however they are rich
in proteins. Previous studies have indicated that growth rates and maturation of
Artemia are positively correlated with the amount of protein in the diet (Sick and Lowell,
1976; Gorospe et al., 1996a; Gorospe et al.,, 1996b; D'Agostino, 1980). Moreover,
according to Fukuchi et al. (2003) the amino acid structure of proteins from halophilic
prokaryotes shows some unique characteristics, having for example higher
abundance of aspartic acid when compared to other organisms. Prokaryotes can also
be a source of important compounds for shrimp maturation such as carotenoid
pigments and vitamin B12 (Yu et al., 1989; Wouters et al., 2001; Rodrigo-Bafios et al.,
2015). Access to this higher diversity of nutritional compounds coupled with the
potential positive impact of these microbes on the ability of Artemia to take advantage
of the algae nutrients by providing exogenous enzymes (Intriago and Jones, 1993; Toi
et al., 2014) may explain the effect of these microbes on sexual maturation observed
when Artemia was fed the mixed diets.

The overall results of chapter 5 indicate that halophilic Bacteria and Archaea
are not only a source of nutrients to early Artemia stages, as demonstrated in chapters
2 and 4, but continue to be a source of nutrients for Artemia throughout its life cycle
and enable it to attain and even advance sexual maturation. This is of special
relevance for management strategies of Artemia populations in solar salt ponds, since
it indicates that the stimulation of heterotrophic microbes as an additional food source
may have a direct impact in terms of culture productivity. Also as a result of this study,
we recommend that research lines investigating possible maturation factors of
microbes for crustaceans in general should also be extended to Bacteria and Archaea
from hypersaline origin as these may be of great value for the shrimp aquaculture

industry.
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7.4 The use of stable isotope analysis in Archivory research

Until the pioneering study by Thurber et al. (2012) that demonstrated that Archaea
aggregates are being consumed by a dorvilleid polychaete species in marine methane
seeps, Archaea - Eukaryota trophic interactions were the missing link in the planet’'s
food chains. One of the main reasons for the dismissal of Archaea cells as possible
food sources to organisms at higher trophic level was the lack of scientific knowledge
about the real abundance and distribution of members of this domain among habitats
(Adam et al., 2017). Before they were finally recognized as an important fraction of the
microbial communities in a broad range of habitats, they were regarded as life
exclusive to extreme environments and consequentially not having many potential
consumers. In addition, it has been hypothesized that the highly-stable archaeal cell
membranes may offer protection from digestive enzymes while failing to provide
critical fatty acids that most metazoans need for survival (Thurber et al., 2012).
Scientific knowledge on the occurrence of this trophic process, coined as “archivory”,
remained in fact, until the present study, limited to deep-sea methane seeps.

The main tool applied by Thurber (2012) to document archivory was stable
isotope analysis. This was possible since methanotrophic Archaea from methane
seeps have a unique carbon isotopic signature due to the consumption of methane
which is depleted in 13C relative to *2C (Whiticar, 1998). These naturally *3C depleted
Archaea at methane seeps provided therefore an excellent model system for Thurber
(2012) and his collaborators to investigate the occurrence of archivory since the
isotopic signature of heterotrophic metazoans is derived from the isotopic signature of
their food sources. Consequentially when the analysed dorvilleid polychaete species
exhibited a '2C depleted carbon isotopic signature, this provided evidence for the
consumption of methanotrophic Archaea.

These trophic interaction studies using natural isotopic signatures are however
constrained to situations where isotopic differentiation occurs and may not be so
conclusive to investigate archivory outside these particular setting. The use of stable
isotope tracer experiments with pre-labelled microbial food sources is, on the other
hand, considered as one of the most comprehensive tools to investigate the fate of
live foods as part of the diet of metazoans. These enrichment studies are commonly
applied to study the consumption of phytoplankton or Bacteria by several filter-feeding

and grazing zooplankton species (De Troch et al., 2005; Pascal et al., 2008; Maria et
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al., 2011; Toi et al., 2013) but before the present study, had never been applied to
study the consumption of members of the Archaea domain.

The present research described a haloarchaea labelling method, using the
stable isotopes '3C and >N with the objective of using pre-labelled haloarchaea
biomass in laboratorial feeding tests and provide unambiguous confirmation of the
assimilation of Archaea cells biomass by aquatic metazoans outside methane seeps
(Chapter 3). Indeed, as opposed to performance criteria utilized in feeding tests, this
technique would allow to demonstrate the existence of trophic links even if the
haloarchaea cells, due to their very specific chemical membrane structure, would not
sustain the Artemia nauplii’s survival for long enough to be valid as an experimental
parameter. This methodology was then successfully applied to demonstrate
haloarchaea biomass assimilation by the brine shrimp Artemia using *C isotope as
tracer (Chapter 4).

In the present study the '3C isotope enrichment of Artemia fed with labelled
haloarchaea relative to Artemia fed with the respective unlabelled haloarchaea was
expressed in terms of A3*3C, following the methodology applied in the field of marine
food web studies (Middelburg et al., 2000; De Troch et al., 2005; De Troch et al., 2007;
De Troch et al., 2008; Maria et al., 2011; Cnudde et al., 2013). Fry (2006) recommends
the use of excess 3C abundance (also known as atom percent excess (Coplen, 2011))
to express 13C isotope enrichment when performing tracer studies because the
isotopic enrichment Ad is not exact at high enrichment levels (> 1000%o) as is the case
in those studies. Nevertheless, according to Middelburg (2014), the Ad presentation
has the advantage of being close to the original data; it is easily calculated and it
eliminates isotope fractionation (as both fractionations are subtracted from each
other).

Scientific interest in biological interactions of the domain Archaea with
metazoans has grown considerably in the last decades. Symbiotic relationships
between Archaea and ciliates (van Hoek et al. 2000), sponges (Preston et al. 1996)
and in terrestrial ruminants (Joblin 2005) are recently receiving much recognition. Our
study significantly expands our knowledge on a key biological interaction such as
trophic links between this domain and zooplankton metazoans. Haloarchaea biomass
consumption by Artemia is in fact the first documented case of archivory outside
marine methane seeps and constitutes a clear indication that archivory may be a more

widespread phenomenon among metazoan organisms than we previously assumed.
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Our findings have therefore large implications for future studies on food webs and flow
of energy in agquatic ecosystems, in particular in hypersaline systems.

In the present study the use of the 13C isotope as tracer allowed to achieve the
proposed objective of proving that Archaea strains commonly occurring in hypersaline
environments constitute a viable food source for Artemia and may therefore be part of
the hypersaline food web. However, given the fact that these haloarchaea showed to
be rich in protein, also the use of the 1°N isotope as tracer is advisable for future studies
to gain a more comprehensive insight into uptake processes of haloarchaea biomass
by higher organisms.

In the work of Thurber et al. (2012) the pathways by which archaeal cellular
constituents, specifically their biochemically unique lipids, are used by a consumer
were explored for the first time. Although the polychaete species consuming Archaea
biomass did not directly incorporate Archaea-specific lipids in its tissues, it did use
carbon derived from Archaea lipids for its own fatty acids biosynthesis (Thurber et al.,
2012). This finding was possible since the authors applied compound-specific isotope
analysis (CSIA). This technique measures isotope ratios of specific compounds (such
as individual fatty acids) and was used to trace the 3C depleted carbon signature from
metanotrophic Archaea lipids to the polychaete fatty acids. We believe that the
methodology applied in the present study allowing efficient labelling of haloarchaea
cells with either 13C or >N and providing this biomass to a consumer in a controlled
environment, may constitute a powerful tool to further advance scientific
understanding on how both Archaeal carbon and nitrogen are taken up by consumers,
since the isotopic signature of potential Archaea food resources is under experimental
control. Future research may apply this approach in combination with CSIA to
investigate the specific metabolic pathways by which archaeal cellular constituents are
digested and used by consumers.

7.5 Halophilic prokaryotes and Artemia health status

Due to the extreme ecological conditions faced by halophilic Bacteria and Archaea,
they have evolved to produce and accumulate specific compounds that may affect
different life aspects of a potential metazoan consumer. One of these compounds is
poly-B-hydroxybutyrate (PHB), an intracellular polymer synthesized by prokaryotes as

major carbon and energy reserve when nutrient limitations occur (Quillaguaman et al.,
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2010). Upon ingestion by aquatic animals this biopolymer is degraded in the intestinal
tract into its monomer B-hydroxybutyrate which is known to inhibit the virulence of
bacterial pathogens in aquatic organisms, including Artemia (Defoirdt et al., 2009;
Laranja et al., 2018). Consequentially, the existence of the trophic interactions
between Artemia and these halophilic microbiota leads us to hypothesize that in
addition to being a source of nutrients they may have an effect on Artemia health
status, specifically on its resistance to pathogenic bacteria. Therefore, inchapter 6 we
aimed firstly to identify strains with high PHB accumulation capability among the
halophilic Bacteria and Archaea that had shown dietary value for Artemia in Chapter
2 and 4, by testing different culture conditions previously described as optimal for PHB
stimulation in halophilic microorganisms. Secondly, we assessed the protective effects
of these PHB accumulating halophilic strains in gnotobiotic Artemia during a
pathogenic Vibrio campbellii challenge.

The results of the first set of experiments showed that the most efficient PHB
accumulators among the tested halophilic Bacteria and Archaea were H. ventosae
and Hfx. mediterranei, respectively. Both achieved their highest PHB accumulation
levels when cultured in the respective complex culture media supplemented with extra
carbon source, glucose, in order to create nitrogen-limiting conditions. H. ventosae
cells were shown to be able to accumulate 53.6 + 1.2% of its cellular dry weight (CDW)
as PHB, while Hfx. mediterranei cells were able to accumulate 33.0 = 1.9% of CDW.
The values of PHB quantified in both H. ventosae and Hfx. mediterranei were therefore
comparable to those reported in PHB producing non-halophilic bacteria that have been
already demonstrated to have protective effect in gnotobiotic Artemia during a
pathogenic Vibrio campbellii challenge, namely Brachymonas denitrificans (isolate-
PHB2) containing 32% of PHB on CDW (Halet et al., 2007) and Bacillus sp. JL47
containing 55% of PHB on CDW (Laranja et al., 2018).

In the second set of experiments the gnotobiotic Artemia challenge tests
showed that the survival of the Artemia receiving PHB enriched H. ventosae cells was
significantly higher than the challenged control, while challenged Artemia fed PHB
enriched Hfx. mediterranei showed no significant difference with the non-challenged
Artemia, suggesting a complete protection against Vibrio infection. Although both
tested PHB enriched halophilics demonstrated high protective effect towards Vibrio
challenged Artemia, the protective effect achieved by Hfx. mediterranei cells was

extremely promising. Complete protection of Artemia nauplii against V. campbellii
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infection has only been reported using non-halophilic Bacteria by providing PHB
amounts that are 10 times higher using the Bacteria strain B. denitrificans (Halet et al.,
2007) or 5 times higher using the Bacteria strain Bacillus sp. JL47 (Laranja et al.,
2018). The apparent efficiency of Hfx. mediterranei as probiotic for Artemia may be
connected to the biochemical characteristics of haloarchaea. Since the stability of
haloarchaea cell membranes is compromised due to osmotic shock when the salt
concentration is lowered below 100 g L salinity (Oren, 2008) and the challenge test
was conducted at 35 g L salinity, the digestion of Hfx. mediterranei cells by Artemia
and access to the amorphous PHB granules still contained inside the cells may be
facilitated, allowing for a faster depolymerisation of the PHB into the 3-hydroxybutyrate
monomer.

In larval development of aquatic metazoans, adequate nutrition, healthiness
and resistance against biotic and abiotic stressors are closely linked (Rojas-Garcia et
al., 2009). Our findings demonstrate that halophilic Bacteria and Archaea biomass
consumption may benefit Artemia not only by being a source of extra nutrients or
digestive enzymes but also by having a direct impact on their health status, increasing
their robustness to potential pathogens. In fact, apart from PHB, these heterotrophic
halophilic microbes may be a source of many other potentially beneficial compounds
for Artemia. For instance, several halophilic Bacteria also produce ectoine (or
hydroxyectoine), a compound protecting their proteins from degradation under
environmental stressors such as salinity changes, oxidative stress and high UV
radiation, allowing for their survival in saline environments (Oren, 2008; Czech et al.,
2018). It has been demonstrated that the exposure to ectoine diluted in the culture
water has thermoprotective effects in the aquatic crustacean Daphnia magna (Adam
et al., 2014), hinting that similar effects may be present in Artemia consuming ectoine-
rich halophilic microbes. Trophic interactions between Artemia and its associated
microbiota may therefore have a direct impact on its ability to respond to biotic and
abiotic stressors and consequentially on its ability to thrive in natural environments.

Our study opens new perspectives regarding the potential application of
Bacteria and Archaea originating from hypersaline environments as probiotics in the
aguaculture industry, specifically for the use of PHB as an alternative to antibiotics in
the culture of farmed animals (e.qg. fish, crustaceans). The use of PHB has been shown
to be more efficient when applied in its amorphous state (inside bacterial cells) than in

its crystalline state (extracted from bacterial cells) (Halet et al., 2007). This can be
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explained by the fact that amorphous PHB particles are much smaller inside the
microbial cells (typically< 0.5 ym in diameter) compared to crystalline PHB (~30 um),
which makes it easier to be degraded (Defoirdt et al., 2009). Consequentially, our
findings highlight the potential of halophilic Bacteria and Archaea to be used as
carriers for amorphous PHB.

These PHB containing halophilic microbes may therefore be administered to
target organisms through the enrichment of Artemia nauplii to be used as live feed, a
process denominated as bioencapsulation. This strategy has recently been tested by
Gao et al. (2019) who showed that white shrimp Litopenaeus vannamei postlarvae fed
with Artemia enriched with a PHB containing halophilic Bacteria belonging to the
Halomonas genus had better performance in terms of survival and growth when
challenged with osmotic stress or Vibrio anguillarum infection than a control group of
postlarvae fed non-enriched Artemia. Additionally, given the wide salinity tolerance of
Artemia, the bioencapsulation strategy may even allow for the Artemia enrichment with
the PHB containing halophilic Bacteria or Archaea step to be conducted in hypersaline
salinity before being offered to the target organisms at seawater salinity, greatly
reducing the risk of microbial contamination. These promising perspectives highlight
therefore the need for further investigations in order to properly explore the potential

use of these extremophile organisms for aquaculture applications.

7.6. Implications of the study and future perspectives for Artemia

population management

Our results significantly expanded our understanding of the relationships between
Artemia and its naturally associated heterotrophic microbiota at hypersaline
environments, not only demonstrating the existence of trophic interactions between
Artemia and halophilic Bacteria and Archaea, but also showing that these interactions
have a direct effect on Artemia fitness.

In hypersaline lakes such as Great Salt Lake (GSL), Urmia Lake, Iran and
Siberian lakes natural Artemia populations have been extensively proven to be
sustained and ultimately limited by the levels of phytoplankton available (Van Stappen
et al., 2001; Wurtsbaugh and Maciej Gliwicz, 2001; Van Stappen et al., 2009; Belovsky
et al., 2011). However, renewed efforts are being conducted in order to better monitor

and manage these populations (Litvinenko et al., 2015; FAO, 2017; Belovsky and

133



Chapter 7

Perschon, 2019). Optimal management can not be done when important fractions of
the naturally associated prokaryotic microbiota, such as halophilic Bacteria and
Archaea, and their trophic interactions with the brine shrimp population, are not or
hardly taken into account, as has been the case before our study. Most hypersaline
lakes are dynamic ecosystems, often subjected to variations in environmental
conditions such as water temperature and salinity during the year. In GSL for instance
the seasonal variations of water temperature range from 0.5 °C in January to 26.7 °C
in July and up to 45 °C in the shallow margins, which in turn affect the solute
concentrations and rates of evaporation (Crosman and Horel, 2009). These
parameters have a direct impact on the structure of the microbial populations of these
lakes (Riddle et al., 2013; Almeida-Dalmet et al., 2015; Quiroz et al., 2015). Future
research should evaluate how the phylogenetic diversity and abundance of Bacteria
and Archaea throughout the year influence the local Artemia population, possibly even
nutritionally compensating for seasonal phytoplankton shortages.

Our findings are also of immediate relevance to Artemia production integrated
in solar salt ponds where in order to complement microalgae biomass, locally available
by-products from agriculture are used as dietary supplements. This practice not only
ramps up the production costs but also creates problems due to the accumulation of
organic waste on the bottom of Artemia culture ponds, requiring daily raking of the
ponds in order to re-suspend this material and to avoid the degradation of water quality
(Le et al., 2018). As future aquaculture will need to profile itself as increasingly
sustainable, the interest of extractive forms of aquaculture such as Artemia production
is expected to grow. The stimulation of heterotrophic prokaryote biomass as part of
bioflocs (which are generally also composed of microalgae, particulate organic matter,
and any occurring protozoa) as a complementary food source for Artemia is attracting
special scientific interest. In recent years, few but relevant laboratory studies have
been conducted to better understand how variables such as oxygen levels,
carbon/nitrogen ratios and different types of carbon source may be manipulated in
order to produce bioflocs in hypersaline conditions and how these bioflocs may benefit
Artemia cultures (Gao et al., 2017; Nguyen et al., 2017; Wang et al., 2019). All these
studies reported that the stimulation of these bioflocs may indeed improve Artemia
culture water quality by recycling nitrogenous waste released from uneaten feed and
faeces into halophilic prokaryotic biomass. As for how these bioflocs directly affect

Artemia culture performance, the results have not been so congruent. Nguyen et al.
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(2017) reported that although bioflocs produced at 100 g L salinity seem to sustain
Artemia as sole feed source, their survival and length were slightly lower than a control
Artemia culture fed with algae collected from a fertilizer pond. Gao et al. (2017) and
Wang et al. (2019) reported that the stimulation of halophilic bioflocs as complements
to suboptimal (60% of the recommended dose) diets of algae and formulated feeds
respectively had a positive effect on Artemia survival and growth as compared to
control treatments fed the full recommended diets, suggesting therefore that Artemia
were taking nutritional advantage of them. The results of the present thesis provide
now conclusive evidence, through the use of gnotobiotic culture systems and
assimilation experiments using stable isotopes as tracer, that halophilic Bacteria and
Archaea constitute indeed viable food sources to Artemia, and may be valorized as
dietary complements to microalgae in Artemia culture. In order to apply these findings
in the optimization of Artemia production in salt ponds, future research should
therefore seek to expand the scientific knowledge of the impact of these prokaryotic
food sources on the reproductive behaviour of Artemia in terms of maturation rate,
mode of reproduction (ovoviviparity vs. oviparity) and reproductive output. Special
attention should also be provided to the hatching quality of cysts and the nutritional
composition of the nauplii hatching from them, since these factors are strongly

influenced by the diet of the parental generation
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Summary

The stagnation of capture fisheries, combined with the increasing demand of seafood
by the world’s growing population, urges for the sustained high growth of aquaculture
as a keystone in global food security. Yet, the production of sufficient live food for the
larviculture stage is still a bottleneck for aquaculture expansion and diversification. As
a substitute for the natural food, the larvae (nauplii) of the brine shrimp Artemia are
used as a universal live food source for many aquaculture organisms thanks to its
convenience, flexibility in use, and nutritional value. In order to match the increasing
demand for Artemia cysts, it is imperative to optimize the management of both its
natural sources at salt lakes and its farming in solar salt ponds. Management of
Artemia populations has until now mainly focused on the importance of microalgae to
nutritionally sustain high Artemia densities. However, given the significance of
halophilic Bacteria and Archaea in the microbial biomass composition of these
hypersaline environments (see Chapter 1), it becomes clear that a thorough
understanding of how Artemia takes dietary advantage of the various types of
microbiota present in its environment is essential for its optimal management. The
present thesis aimed therefore to investigate the ability of Artemia to use halophilic
Bacteria and Archaea as food sources and to evaluate the potential of these microbes
to be valorised as complements to microalgae biomass diets in Artemia culture.

Firstly, the capacity of Artemia nauplii to survive and grow on mono-diets
consisting exclusively of halophilic bacteria typical for the hypersaline environments
where it occurs was evaluated in gnotobiotic culture conditions (Chapter 2). The
utilization of gnotobiotic Artemia was important in this study since in this model culture
system any possible alternative food sources that are naturally present in conventional
culture systems are eliminated, and therefore more conclusive results can be
obtained. The overall positive performance of Artemia nauplii when fed with the tested
halophilic Bacteria demonstrated that they are a viable food source for Artemia and
suggests that these microorganisms may indeed be part of its diet in saline
environments.

The next step of this research investigated for the first time the existence of
trophic interactions between Artemia and the domain Archaea, more specifically with
the halophilic Archaea (haloarchaea), which are also present in the hypersaline
environment where Artemia occur. Firstly, a haloarchaea stable isotopes labelling
procedure, using the isotopes 2C and °N was tested in order to enable the application

of isotopic tracers in the investigation of haloarchaea consumption by Artemia or any
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other aquatic metazoan (Chapter 3). Among the three 3C enriched carbon sources
and two *N enriched ammonium salts tested as potential labels to enrich cells of
haloarchaea when supplemented to the culture medium, 3C-glycerol was the most
effective 13C label, while both ammonium salts, (*®*NH4)2SO4 and '>NH4Cl were
effective >N labels.

The haloarchaea stable isotopes labelling procedure using glycerol as 3C
enriched carbon source and subsequent haloarchaea biomass assimilation
experiments using 3C isotope as tracer were then applied in combination with
gnotobiotic culture tests to evaluate the ability of Artemia nauplii to assimilate nutrients
from mono-diets consisting of haloarchaea biomass (Chapter 4). The study
demonstrated the ability of Artemia to assimilate nutrients from the tested mono-diets,
providing clear indications that in addition to the consumption of phytoplankton and
bacteria, haloarchaea may also be part of the natural Artemia diet.

In order to evaluate the potential of these halophilic prokaryotes to be valorised
as complements to microalgae diets in the culture of Artemia during its full life cycle,
a conventional (non-gnotobiotic) 16-days laboratory culture experiment was
conducted where ongrowing Artemia was fed a sub-optimal microalgae supply,
supplemented with biomass of these microbes (Chapter 5). Each combination of algae
and tested halophilic Bacteria/Archaea was offered in a proportion of 25% microalgae
| 75% Bacteria/Archaea on an ash free dry weight basis, while the total amount of food
supplied, which was based on a reference algae mono-diet, was kept constant. Mono-
diets consisting of 100% microalgae and only 25% microalgae were used as controls.
Although resulting in lower survival, the tested microbial biomass was able to partially
or completely compensate for the sub-optimal microalgae supply in terms of growth
and final Artemia biomass. Furthermore, a significantly higher proportion of mature
animals was obtained when using the mixed diets. The study demonstrated therefore
that halophilic Bacteria and Archaea are not only a source of nutrients to early Artemia
stages, but continue to be a source of nutrients for Artemia throughout its life cycle
and enable it to attain and even advance sexual maturation. This is of special
relevance for management strategies of Artemia populations in solar salt ponds, since
it indicates that the stimulation of heterotrophic microbes as an additional food source
may have a direct impact in terms of culture productivity.

Since halophilic microbiota flourish in extreme environmental conditions, they

have evolved to produce enzymes and metabolites allowing to develop biological
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activities while assuring cellular and functional integrity, in conditions in which their
marine counterparts could not be functional. Several specific compounds, namely
poly-3-hydroxybutyrate (PHB), that are known to convey protection against stressors
in aquatic organisms, such as in Artemia, are believed to be accumulated in larger
amounts by these organisms. Therefore, this research also identified the strains with
high PHB accumulation capability among the halophilic Bacteria and Archaea that had
shown dietary value for Artemia in previous chapters, by testing different culture
conditions previously described as optimal for PHB stimulation in halophilic
microorganisms. The protective effects of these PHB accumulating halophilic strains
to gnotobiotic Artemia were then assessed during a pathogenic Vibrio campbellii
challenge (Chapter 6). The obtained results indicated the existence of promising
protective effects of PHB accumulating halophilic Bacteria and Archaea for Artemia.
This not only demonstrates that halophilic Bacteria and Archaea biomass consumption
may benefit Artemia by increasing their robustness to potential pathogens, but also
opens new perspectives regarding the potential application of Bacteria and Archaea
originating from hypersaline environments as probiotics in the aquaculture industry,
specifically for the use of PHB as an alternative to antibiotics in the culture of farmed
animals (e.qg. fish, crustaceans).

Finally, the General Discussion (Chapter 7) aimed to review and integrate these
results in a larger scientific framework. The referred section also highlights the
implications of this study and suggests potential perspectives to the future research.
In summary, our results significantly expanded our understanding of the relationships
between Artemia and its naturally associated prokaryotic microbiota at hypersaline
environments, not only demonstrating the existence of trophic interactions between
Artemia and halophilic Bacteria and Archaea, showing that they may be valorised as
dietary complements to microalgae in Artemia culture, but also indicating that these

interactions may have a direct effect on Artemia fitness.
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Samenvatting







De stagnering van de visvangst, gecombineerd met de toenemende vraag naar
seafood door de groeiende wereldbevolking, nopen tot een voorgezette snelle groei
van aquacultuur als hoeksteen voor de voedselveiligheid in de wereld. De productie
van voldoende levend voedsel voor het larvicultuurstadium is echter nog een knelpunt
voor de expansie en diversificatie van de aquacultuur. Als substituut voor het natuurlijk
voedsel worden larven (nauplii) van het pekelkreeftje Artemia gebruikt als universele
bron van levend voedsel voor veel aquacultuurorganismen. Dit is te danken aan het
feit dat het gemakkelijk en flexibel te gebruiken is, en aan zijn voedingswaarde. Om
tegemoet te komen aan de stijgende vraag naar Artemia-cysten, is het noodzakelijk
dat het beheer van zowel zijn natuurlijke bestanden in zoutmeren als van zijn van
productie in zoutvijvers wordt geoptimaliseerd. Management van Artemia-populaties
heeft zich tot nu toe vooral toegespitst op het belang van microalgen als voedsel om
hoge Artemia-densiteiten aan te houden. Nochtans, gezien het belang van halofiele
Bacterién en Archaea in de samenstelling van microbiéle biomassa in deze
hypersaliene milieus (zie Hoofdstuk 1), wordt het meer en meer duidelijk dat een
grondig begrip van de manier waarop Artemia nutritioneel voordeel haalt uit de
verschillende types van microbiota aanwezig in zijn omgeving, essentieel is voor het
optimaal beheer van de Artemia-populatie. Deze thesis had daarom als doel om te
onderzoeken of Artemia halofiele Bacteriéen en Archaea kan gebruiken als
voedselbronnen, en om te evalueren wat het potentieel is van deze micro-organismen
om gevaloriseerd te worden als aanvulling bij biomassa van microalgen in het dieet,
bij de kweek van Artemia.

In eerste instantie werd de capaciteit geévalueerd van Artemia-nauplii om te
overleven en te groeien op monodiéten die uitsluitend bestaan uit halofiele Bacterién
typisch voor zijn hypersaline milieu, en dit gebeurde in gnotobiotische
kweekomstandigheden (Hoofdstuk 2). Het gebruik van gnotobiotische Artemia was
belangrijk bij deze studie omdat in dit model-kweeksysteem alle mogelijke alternatieve
voedselbronnen die van nature aanwezig zijn in conventionele kweeksystemen
geélimineerd worden, en op deze manier kunnen meer eenduidige resultaten behaald
worden. Artemia-nauplii deden het in het algemeen goed wanneer ze gevoed werden
met de halofiele Bacterién die getest werden, en dit toont aan dat deze laatste een
reéle bron van voedsel zijn voor Artemia, en dit suggereert dat deze micro-organismen

inderdaad deel kunnen uitmaken van het dieet van Artemia in saliene biotopen.



De volgende stap van deze studie onderzocht voor de eerste maal mogelijke
trofische interacties tussen Artemia en het domein Archaea, meer specifiek halofiele
Archaea (haloarchaea), die ook voorkomen in het hypersaline milieu waar Artemia
leeft. Eerst werd een procedure ontwikkeld voor het labelen van haloarchaea met
stabiele isotopen, waarbij gebruik gemaakt werd van 13C en 15N. Dit had als doel om
de toepassing van isotopen-tracers mogelijk te maken bij het onderzoek naar de
consumptie van haloarchaea door Artemia of andere aquatische Metazoa (Hoofdstuk
3). Er werden drie koolstofbronnen getest, aangerijkt met 13C, en twee
stikstofbronnen, aangerijkt met 15N, als potentiéle labels om cellen van haloarchaea
aan te rijken via supplementatie in het kweekmedium. Hiervan bleek 13C-glycerol de
meest efficiénte koolstofbron, en ook (15NH4)2S04 en 15NH4CI, beide aangeboden
als stikstofbronnen, werden vlot geassimileerd. Vervolgens werd deze procedure, om
haloarchaea met stabiele isotopen te labelen, toegepast gebruik makend van glycerol
als koolstofbron aangerijkt met 13C, en dit werd gevolgd door assimilatie-
experimenten van haloarchaea-biomassa gebruik makend van de isotoop 13C als
tracer, in combinatie met gnotobiotische kweektests: dit alles had als doel de capaciteit
te evalueren van Artemia-nauplii om nutriénten te assimileren van monodiéten
bestaande uit biomassa van haloarchaea (Hoofdstuk 4). De studie toonde aan dat
Artemia in staat is om nutriénten van de uitgeteste monodiéten te assimileren. Dit is
een duidelijke aanwijzing dat in aanvulling van de consumptie van phytoplankton en
Bacterién, ook haloarchaea een onderdeel kunnen zijn van het natuurlijke Artemia-
dieet.

Vervolgens evalueerden we of deze halofiele prokaryoten potentieel kunnen
gevaloriseerd worden als aanvulling bij diéten bestaande uit microalgen bij de kweek
van Artemia over de volledige levenscyclus. Hiervoor werd een conventionele (niet-
gnotobiotische) kweektest van 16 dagen in het laboratorium uitgevoerd, waarbij
opgroeiende Artemia een suboptimaal dieet van microalgen werd aangeboden,
aangevuld met biomassa van deze micro-organismen (Hoofdstuk 5). Elke combinatie
van algen en geteste halofiele Bacterién/Archaea werd aangeboden in een
verhouding 25% microalgen versus 75% Bacteria/Archaea op basis van asvrij
drooggewicht. De totale hoeveelheid toegediend voedsel was gebaseerd op een
referentie-monodieet van algen, en werd constant gehouden. Monodiéten bestaande
uit 100% microalgen, en een monodieet van 25% microalgen werden gebruikt als

controle. Hoewel er lagere overleving werd opgetekend, kon de geteste microbiéle



biomassa gedeeltelijk of geheel compenseren voor het suboptimaal aanbod aan
microalgen, voor wat groei en uiteindelijk behaalde Artemia-biomassa betreft. Verder
werd een significant hogere verhouding aan geslachtsrijpe dieren gevonden bij
gebruik van de mengdiéten. De studie toonde dus aan dat halofiele Bacteria en
Archaea niet alleen een bron van nutriénten zijn voor de jongste stadia van Artemia,
maar dat dit ook het geval is doorheen de volledige levenscyclus, en dat ze Artemia
toelaten om sexuele maturatie te bereiken, en zelfs te vervroegen. Dit is zeer relevant
voor management-strategieén van Artemia-populaties in zoutvijvers, aangezien dit
aantoont dat het stimuleren van heterotrofe micro-organismen als bijkomende
voedselbron een directe impact kan hebben op kweekproductiviteit.

Halofiele microbiota floreren in extreme omgevingsomstandigheden, en
bijgevolg hebben ze doorheen de evolutie enzymen en metabolieten ontwikkeld die
hen toelaten biologische activiteiten te ontwikkelen en tegelijk cellulaire en functionele
integriteit te behouden, in dit in omstandigheden waar dit voor hun mariene
tegenhangers niet het geval is. Verscheidene specifieke componenten, namelijk poly-
beta-hydroxybutyraat (PHB), waarvan men weet dat ze aquatische organismen, zoals
Artemia, helpen te beschermen tegen stressoren, worden bij deze organismen in
grotere hoeveelheden geaccumuleerd, naar men aanneemt. Bijgevolg werden in deze
studie ook stammen geidentificeerd met capaciteit voor hoge accumulatie van PHB
onder de halofiele Bacteria en Archaea waarvan in de vorige hoofdstukken
aangetoond was dat ze een rol speelden in het Artemia-dieet. Dit werd gedaan door
verschillende kweekcondities te testen waarvan vroeger beschreven is dat ze optimaal
zijn voor stimulatie van PHB bij halofiele micro-organismen. De beschermende
effecten van deze PHB-accumulerende halofiele stammen voor gnotobiotische
Artemia werden dan geévalueerd door middel van blootstelling aan pathogene Vibrio
campbellii (Hoofdstuk 6). De resultaten toonden aan dat er veelbelovende
beschermende effecten zijn van PHB-accumulerende halofiele Bacteria en Archaea
voor Artemia. Dit toont aan dat consumptie van biomassa van deze halofiele micro-
organismen nuttig kan zijn voor Artemia doordat hierdoor zijn weerstand tegen
potentiéle pathogenen verhoogd wordt. Bovendien opent dit nieuwe perspectieven vor
de potenti€le toepassing van Bacteria en Archaea, afkomstig van hypersaliene
biotopen, als probiotica in de aquacultuur-industrie, en meer specifiek voor het gebruik
van PHB als een alternatief voor antiobiotica bij de kweek van bijvoorbeeld vis of

schaaldieren.



Tenslotte heeft de Algemene Discussie (Hoofdstuk 7) als doel om deze
resultaten te bespreken en te kaderen binnen een ruimere wetenschappelijke context.
Deze sectie belicht ook de implicaties van deze studie en suggereert potentiéle
perspectieven voor toekomstig onderzoek. Samengevat hebben onze resultaten ons
begrip van de verbanden tussen Artemia en de ermee van nature geassocieerde
prokaryotische microbiota in hypersaliene biotopen aanzienlijk verruimd: ten eerste
door het aantonen van trofische interacties tussen Artemia en halofiele Bacteria en
Archaea, aldus aantonend dat deze kunnen benut worden als supplementair aan
microalgen in het dieet bij de kweek van Artemia, en bovendien door het aantonen dat

deze interacties ook een rechtstreeks effect kunnen hebben op de fithess van Artemia.
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