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1. NewTechAqua at a glance
The main goal of the NewTechAqua project is to expand and diversify European aquaculture
production of finfish, molluscs and microalgae by developing and validating technologically
advanced, resilient and sustainable applications.
In that sense, researchers and partners from the NewTechAqua will test and develop new solutions to:
• Deliver solutions to improve fish and mollusc health and disease resistance: prediction
models for specific diseases, kits for disease’ detection, new breeding programs, and new diets.
• Increase the efficiency of aquaculture production systems via real-time management
systems, satellite systems, and recommendations.
• Make the aquaculture sector more sustainable and circular through different rearing systems
(RAS, biofloc technology, aquaponics) as well as new diets and feed products using fish byproducts, fish processing wastewaters, and microalgae, new organic diets using plant proteins to
produce more organic fish.
• Support diversification of fish species by studying the reproductive cycle of emerging fish
species to re-create the best conditions for raising these new species in aquaculture production
systems.
• Develop new eco-friendly fish and molluscs products with high nutritional value
• Raise awareness and train professionals from the aquaculture sector by creating training
programs and conducting studies on consumers’ preferences.
With this new set of solutions, NewTechAqua will demonstrate that investment in sustainable aquaculture
research and innovation leads to the creation of new value chains, markets, growth and jobs in coastal,
offshore and landlocked areas.
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2. Executive Summary
The here-presented report concerns the work produced by the Spanish Bank of Algae (Banco
Español de Algas – BEA) FPCT - ULPGC (Spain) for the H2020 NewTechAqua (NTA) project, in the
framework of the working package 3 (WP3, subtask 3.1).
Our research efforts focus on the development of microalgae strains with higher yields of biomass
and/or target metabolites for aquafeed applications, e.g. high-value fatty acids. Such development
is expected from genetic recombination through controlled sexual reproduction (i.e. selective
breeding), bypassing the controversial issue of genetic modified organisms (GMOs). The general
assumption is that genetic differences between individuals within a given species translate into
different biophysical and biochemical traits. Classical breeding approach is novel, and
undoubtedly the most underexplored strategy for strain improvement in microalgae.
Heterothallic diatoms are particularly suitable for controlled breeding programs based on pedigree
selection. In the framework of the H2020 NewTechAqua project, a total of 35 strains (eight putative
species) of heterothallic diatoms were screened for sexual activity at BEA. To date, crossbreeding
experiments were successful for the species Seminavis robusta exclusively. Our work at the
Spanish Bank of Algae (Banco Español de Algas – BEA) FPCT - ULPGC (Spain) is now focusing
on generating sexual descendants of S. robusta, with the aim of a potential application in the
aquaculture sector.
New monoclonal cultures of several sexual descendants (i.e. progeny or offspring) developed from
single-cell isolations of three breeding pairs. Parent and progeny strains have been being scaled
up for biomass harvesting and further studies. The potential of the progeny strains for
biotechnological applications will be assessed. The most performant offspring strains will be used
in new crossbreeding experiments in an iterative manner, using a pedigree-based approach. The
findings on S. robusta might pave the way to the implementation of classical breeding as a strategy
for strain improvement, and hopefully open unprecedented perspectives for other species as well.
To achieve the goals of the project, we also applied for two Transnational Access Programmes
offered by international consortium networks (Assemble Plus and IBISBA). Approval of the
proposals would allocate funding for visiting research stays in the Protistology & Aquatic Ecology
(PAE) Laboratory at UGENT (Belgium), and in HélioBiotec Laboratory at CEA (France). These
opportunities would open unexpected perspectives for the BEA team as well as will allow
strengthening international collaborations with the two research institutes.
Our work produced scientific contributions to two international conferences held online (YAS 2021
and AlgalBBB 2021), in the form of scientific posters and oral presentations.
Our findings will ultimately contribute to achieve a more sustainable, resilient and cost-effective
European aquaculture.
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3. Introduction
3.1. General introduction
Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are long-chain polyunsaturated fatty acids
(PUFAs) with high nutritional value. They are extensively used as ingredient for aquafeed in the
aquaculture industry, and, more recently, they are also used for human food in omega-3 (ω-3) products.
Nowadays, the main source of EPA and DHA is fish oil. In recent years, the availability of fish oil from
pelagic fisheries has been declining, and the demand from both the aquaculture sector and the emerging
ω-3 market has been rapidly increasing (Chauton et al., 2015).
Microalgae are a promising alternative source of ω-3 PUFAs as they constitute their primary producers in
marine food webs (Molino et al., 2020). The bottleneck of such application of microalgae resides into their
biological productivity. Their exploitation on industrial scale is scarce, mainly due to high processing costs
and lack of highly performant strains.
Nowadays, strain development in microalgae relies on two strategies: metabolic and genetic
manipulations. On the one hand, metabolic manipulations are a conventional strategy consisting in the
exposure to environmental stresses (e.g. nutrient starvation) (Gachelin et al., 2020; Gupta et al., 2019; J.
Sharma et al., 2018). Although effective, they usually have the drawback of decreasing growth and,
therefore, the overall productivity. On the other hand, genetic manipulations are more recent and use
different engineering technologies such as random mutagenesis, nuclear transformation and genome
editing (Chauton et al., 2015; Huang & Daboussi, 2017; Park et al., 2019). The use of these techniques
generate genetically modified organisms (GMOs) which are subject of controversy worldwide with regard
to both the environment and human health (Keatley, 2000; Kumar et al., 2020; Spicer & Molnar, 2018).
Also, application of the most advanced techniques is limited to very few species so far because they
require prior elucidation of the metabolic pathways and genome sequencing.
Classical breeding in microalgae needs to be further developed for future implementation in strain
improvement programs. It consists in the generation of recombinant strains through sexual
reproduction, thus bypassing the controversial issue of GMOs. Self-evidently, this approach only
applies for microalgae capable of undergoing sexual reproduction. From this perspective, diatoms
are interesting candidates because they have a characteristic diplontic life cycle that includes a phase of
sexual reproduction.
Diatoms are the most dominant microalgae worldwide due to their ability to grow in a wide range of
freshwater and marine environments. They account for about 40% of marine primary production and are,
alone, producers of one-fifth of the oxygen we breathe (Falkowski et al., 1998). In addition to their
ecological importance, diatoms attract increasing scientific interest for their high potential in biotechnology
(Sharma et al., 2021). Choosing the right species with relevant properties and products is essential for
successful algal biotechnology (Kroth, 2007). To date, the choice of diatom strains for biotechnology is
generally limited to few asexual species, because they are easier to manage in mass cultures.
Nevertheless, recent studies demonstrate that experimental control over sexual reproduction is feasible
and classical breeding should be considered as a promising perspective for practical applications
(Chepurnov et al., 2011, 2012).
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Several diatom species are heterothallic, i.e. they have separate male and female strains. For these
species, a male strain can produce sperm gametes only, and a female strain can produce egg gametes
only. Sexual reproduction between two compatible strains only occurs when they get physical contact
while they both are in the cell size range for sexualization. To date, scarce information is available on how
to stimulate sexual reproduction in the laboratory, and limited for few species (Mouget et al., 2009). The
constraint of physical contact makes heterothallic diatoms particularly suitable for controlled breeding
programs based on pedigree selection. This would lead to isolation of progeny strains with unique genetic
heritage and, potentially, improved biotechnological traits. To the best of our knowledge, evaluation of
phenotype improvement has not been evaluated yet.
Among the heterothallic species known to date, the marine benthic Seminavis robusta is considered as a
model species for sexual reproduction (Chepurnov et al., 2008). Its life cycle was described in detail by
Chepurnov et al. (2002). Several S. robusta strains were tested for sexual compatibility and mating
efficiency in a recent study (De Decker et al., 2018). It remains to be determined whether the recombinant
offspring might have improved biotechnological traits compared to their wild-type parents, and to what
extent.

3.2. Scientific approach and specific requirements for the NTA project
The scientific approach of the Spanish Bank of Algae (BEA) in the NewTechAqua project is to exploit the
genetic recombination issued from sexual reproduction as a novel strategy for strain improvement in
microalgae. An imperative prerequisite to carry out this research is to work with microalgae capable of
undergoing sexual reproduction. Among the major groups of microalgae, diatoms are well known for
having a diplontic life cycle (paragraph 3.3, Figure 1). In particular, heterothallic diatoms are sexually
polymorphic and need physical contact to breed. For a better control on sexual reproduction, benthic
species are preferred, in spite of their lower growth rates with respect to planktonic species.
In the laboratory, cultures of two selected strains can be mixed in the same culture vessel to trigger sexual
reproduction. When mixing two diatom strains, the requirements that need to be fulfilled for successful
crossbreeding can be divided into two groups: intrinsic and extrinsic.
Intrinsic requirements concern the choice of the strains themselves, which have to:
• (1) belong to the same species – taxonomic attributions are often complex for diatoms;
• (2) be sexually compatible (opposing mating types) – difficult to assess because male and female
clones appear often morphologically identical;
• (3) be in the adequate phase of their life cycle – each species have its specific cell size range for
sexualization, defined by thresholds called “cardinal points”;
• (4) “like” each other - two strains may not undergo sexual reproduction, even when points 1 to 3
are fulfilled.
Extrinsic requirements concern the composition of culture media and the experimental culture
conditions. Seasonality of auxosporulation in nature suggests significant control of sexual reproduction in
diatoms by factors such as irradiance, day length, or temperature (Chepurnov et al., 2004). To date,
environmental cues for triggering and/or stimulating sexual reproduction in diatoms are still poorly known.
Few experimental studies addressed this issue, information is scarce and limited to few species only
(Mouget et al., 2009).

Dr. Francesco Pisapia
8

D3.1 Protocol for gametogenesis
of microalgae
3.3. Life cycle of diatoms
A schematic representation of the life cycle of diatoms is presented in Figure 1, adapted from
Ferrante et al. (2019).

Figure 1. Schematic representation of the life cycle of most diatoms, adapted from Ferrante et al. (2019).
(1) When a vegetative cell (diploid) divides mitotically, each daughter cell (diploid) inherits one of the two
halves (thecae) of the rigid silica cell wall (orange and green lines) and builds a new smaller theca (purple
lines). (2) This mitotic process leads to a progressive reduction of the cell size of the cell population,
according to the MacDonald-Pfitzer rule. (3) Above a species-specific sexualization size threshold (upper
SST), diatom cells are incapable of performing sexual reproduction. (4) Below the upper SST, meiosis can
be induced, and cells can either produce eggs or sperms (haploid cells). (5) Conjugation of gametes
(syngamy) leads to the formation of a zygote that develops into an auxospore, a soft stage that can expand.
(6) A new cell wall is built inside the auxospore, which eventually becomes an initial cell (diploid) of the
maximum cell size, and the cycle begins again. (7) Cells that do not undergo sexual reproduction continue
dividing mitotically, and when their size is below the lower SST, they cannot undergo sexual reproduction
anymore and they exit the cycle. (8) Their size continue decreasing until death.

3.4. Nitzschia palea
Nitzschia palea (Smith William & West, 1853) is a pennate diatom species living in benthic habitats of
freshwater environments. Its lipid production was firstly described by Opute et al. (1974) and it has been
indicated as a species with high potential for biotechnology (Abdel-Hamid et al., 2013). Its life cycle was
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fully described by Bagmet et al. (2020), indicating the specific cardinal points (cell length thresholds) for
heterothallic sexual reproduction (Figure 2).

Figure 2. Representation of the cell size thresholds for the different stages of the life cycle of
Nitzschia palea, according to Bagmet et al. (2020). During the pre-reproductive stage, cells divide
vegetatively (i.e. asexually), gradually reducing their size, and cannot undergo sexual reproduction. During
the reproductive stage, cells continue dividing vegetatively and sexual reproduction can be triggered when
two strains of opposing mating types meet. During the post-reproductive stage, cells cannot undergo
sexual reproduction and divide vegetatively, gradually reducing their size until death.
Life cycle of N. palea can be summarized into three stages as follows:
• (1) Pre-reproductive stage (cell length range: 50.74 µm – 40.00 µm): cells divide vegetatively
(i.e. asexually), gradually reducing their size. Sexual reproduction cannot be triggered.
• (2) Reproductive stage (cell length range: 29.89 µm – 15.15 µm): cells continue dividing
vegetatively and sexual reproduction can be triggered when two strains of opposing mating types
meet. Sexual descendants restore the maximum cell length of the species (> 50 µm) and enter
the pre-reproductive phase to start a new cycle.
• (3) Post-reproductive stage (cell length range: < 15.15 µm): cells divide vegetatively, gradually
reducing their size until death. Sexual reproduction cannot be triggered.

3.5. Seminavis robusta
Seminavis robusta (Danielidis & Mann, 2002) is a pennate diatom species living in benthic habitats of
marine environments. It is considered as a model species for sexual reproduction of heterothallic diatoms
(Chepurnov et al., 2008).

Dr. Francesco Pisapia
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Figure 3. Schematic representation of sexual reproduction of Seminavis robusta (Figure 3, Chepurnov et
al., 2008). A: A cross (X) of two opposite mating type clones: changes in the mixed culture in an
experimental vessel during two days, as observed at low resolution under an inverted microscope. B:
Principal stages of sexual reproduction and the F1 development in a single pair of mating cells, seen by
high-resolution microscopy.
To the best of our knowledge, S. robusta has only been found in the coastal areas of Belgium and the
Netherlands. To date, isolated wild-type strains of this species are all deposited at the Belgian Diatom
Collection (BCCM/DCG) situated at Ghent University (UGENT, Belgium). Therefore, strains from
BCCM/DCG are all sympatric, i.e. they were isolated from different locations of the same coastal area
(Figure 5). Interestingly, phylogenetical analyses based on the rbcL gene differentiated the strains into
three distinct haplotypes (De Decker et al., 2018). Mating type and crossbreeding efficiency of several
strains of S. robusta were reported by De Decker et al. (2018) (Figure 4). To date, the BCCM/DCG dispose
of more than 250 cryopreserved strains of S. robusta (https://bccm.belspo.be). Some of the strains were
isolated from field samples (wild-type strains), some others were isolated from sexual reproduction induced
experimentally, until the VIII generation (recombinant progeny strains). Pedigree schemes are available at
https://bccm.belspo.be.
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Figure 4. Schematic representation of the efficiency of pairwise crosses between 110 wild-type Seminavis
robusta clones deposited at the BCCM/DCG (UGENT, Belgium). Red arrows indicate the eight strains
purchased by BEA for the H2020 NewTechAqua project. rbcL clades are indicated with the same color
scheme used for Figure 5. Intra-clade crosses are framed in red. This Figure was adapted from Figure 4
by De Decker et al. (2018).
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4. Materials and methods
4.1. Diatom strains used in this study
A total of 35 strains (eight putative species) of heterothallic diatoms deposited at the Spanish Bank of
Algae (BEA) were used in this study.
Among these, 27 strains originated from the Canary Islands, and belonged to the following seven putative
species: Climaconeis sp. (two strains), Haslea sp. (four strains), Nitzschia palea (eight strains), Nitzschia
ventricosa (five strains), Pleurosigma sp. (two strains), Sellaphora sp. (four strains), and
Toxarium undulatum (two strains) (Table I). Some strains were isolated from the BEA team, some others
were kindly provided by Prof. Jean-Luc Mouget, an external collaborator from University of Le Mans,
France. Information on mating type and breeding efficiency of these strains was not available in the
literature.
Table I. Twenty-seven diatom strains (seven putative species) used in our initial screening study for
sexual activity.
Genus

Species

Climaconeis
Climaconeis
Haslea
Haslea
Haslea
Haslea
Nitzschia
Nitzschia
Nitzschia
Nitzschia
Nitzschia
Nitzschia
Nitzschia
Nitzschia

sp.
TNF_80601_A JLM*
Nitzschia
ventricosa TNF_80601_G
sp.
TNF_80601_B JLM
Nitzschia
ventricosa TNF_E
sp.
A
JLM
Nitzschia
ventricosa TNF_80601
sp.
B1
JLM
Nitzschia
ventricosa TNF_80601_D
sp.
B2
JLM
Nitzschia
ventricosa TNF_80601_H
sp.
E
JLM
Pleurosigma
sp.
GC_E
palea
BEA 0166B
BEA**
Pleurosigma
sp.
GC_8326_H
palea
BEA 0255B
BEA
Sellaphora
sp.
BEA 0476B
cf. palea
BEA 0256B
BEA
Sellaphora
cf. sp.
BEA 0570B
palea
BEA 0260B
BEA
Sellaphora
cf. sp.
BEA 0641B
palea var. debilis BEA 0262B
BEA
Sellaphora
sp.
BEA 0642
palea
BEA 0264B
BEA
Toxarium
undulatum 90620_D
palea
BEA 0392B
BEA
Toxarium
undulatum 90618_E
palea
BEA 0394
BEA
* JLM: kindly provided by Prof. Jean-Luc Mouget (University of Le Mans, France)
** BEA: Spanish Bank of Algae (FPCT, University of Las Palmas de Gran Canaria, Spain)

Strain ID

Source

Genus

Species

Strain ID

Source
JLM
JLM
JLM
JLM
JLM
JLM
JLM
BEA
BEA
BEA
BEA
JLM
JLM

The other eight strains belonged to the species Seminavis robusta, all originating from the coastal area of
Belgium and the Netherlands (Figure 5; Table II). These strains were purchased from the Belgian
Collection of Diatoms situated at Ghent University (BCCM/DCG, UGENT, https://bccm.belspo.be). In
particular, these eight strains were chosen for the NTA project because they showed the best results in
terms of crossbreeding efficiency, allowing for successful intra-clade and inter-clade crosses (Figure 4).
Although the geographic distance between the sampling sites is not enough to consider them allopatric, it
is worth to notice that they were isolated from three different locations, one situated in Belgium (KOM1)
and the other two in the Netherlands (VM3, GM1) (Figure 5).
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Table II. Seminavis robusta strains purchased from the Belgian Collection of Diatoms at Ghent University
(BCCM/DCG, UGENT, https://bccm.belspo.be). Mating type, rbcL clade, geographical origin and isolation
date are also reported. Sampling sites are shown in Figure 5.
Genus

Seminavis
Seminavis
Seminavis
Seminavis
Seminavis
Seminavis
Seminavis
Seminavis

Species

robusta
robusta
robusta
robusta
robusta
robusta
robusta
robusta

Strain ID
BCCM/DCG
name

Alternative
name

Abbr.

DCG 0460
DCG 0462
DCG 0474
DCG 0457
DCG 0521
DCG 0455
DCG 0458
DCG 0700

PONTON34
PONTON36
PONTON39
PONTON26
KOM1-5
PONTON13
PONTON30
GM1-21

P34
P36
P39
P26
K5
P13
P30
G21

Mating
type (MT)

rbcL
clade

Geographic
al origin

Isolation
date

MT MT +
MT MT +
MT MT +
MT MT +

I
I
II
II
II
III
III
III

VM3 (NL)*
VM3 (NL)
VM3 (NL)
VM3 (NL)
KOM1 (BE)**
VM3 (NL)
VM3 (NL)
GM1 (NL)***

October 2012
October 2012
October 2012
October 2012
March 2014
October 2012
October 2012
October 2014

* VM3 (NL): Sampling site 3 in Veerse Meer, the Netherlands
** KOM1 (BE): Sampling site 1 in Spuikom, Oostende, Belgium
*** GM1 (NL): Sampling site 1 in Lake Grevelingen, Zeeland, the Netherlands

Figure 5. Overview of the sampling locations in Belgium and the Netherlands, with focus on the eight
strains of Seminavis robusta purchased from BEA for the H2020 NewTechAqua project. Pie charts indicate
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the total number of strains isolated from each location (central numbers) and the proportion of strains
belonging to each rbcL clade (colors). This Figure adapted from Figure 1 by De Decker et al. (2018).

4.2. Laboratory culture conditions
All diatom strains were maintained in Petri dishes in a thermostated culture chamber at 18 ºC, with a light
intensity of 20 µmol m-2 s-1 (light source placed above the cultures). Marine species (Climaconeis sp.,
Haslea sp., Nitzschia ventricosa, Pleurosigma sp., Seminavis robusta and Toxarium undulatum) were
cultured using an ASP-12 medium modified according to McLachlan et al. (1973), with the salinity adjusted
to 32. Freshwater species (Nitzschia palea and Sellaphora sp.) were cultured using FDMed medium (Gérin
et al., 2020).

4.3. Morphometric analysis
Morphometric analysis consisted in measuring the length of diatom cells to estimate the life cycle stage of
a given population, according to the information available in the literature. Length of a minimum of fifteen
cells per strain were measured using LAS V3.7.0 software (Leica Application Suite) coupled to an inverted
microscope with a 63x objective lens. Arithmetic mean and its standard deviation (SD) were calculated.

4.4. Crossbreeding experiments
4.4.1. Initial screening for sexual activity
A total of 53 pairwise co-cultures (Table III) were prepared mixing inocula of the 27 diatom strains of
Table I, two by two, into the same culture vessel with fresh culture medium. Three replicate wells were
prepared for each combination in 24-well plates. Monoclonal cultures of the strains were also inoculated
at the same time as control wells. The 24-well plates were maintained in the same culture conditions
described above (paragraph 4.2) and daily monitored under an inverted microscope.
4.4.2. Nitzschia palea
The potential influence of extrinsic factors (culture conditions) on sexual reproduction was evaluated using
four strains of Nitzschia palea in the sexualizable stage of their life cycle, i.e. BEA 0255B, BEA 0256B,
BEA 0392B and BEA 0394.
Indeed, temperature and light intensity might be environmental cues for the onset of sexual reproduction
and/or influence mating efficiency and frequency in diatoms (Mouget et al., 2009). Also, composition of
culture medium might be an environmental cue for triggering sexual reproduction in diatoms. In particular,
addition of 2 mg L-1 marine salt to the culture medium was reported to favor sexual reproduction in the
freshwater species N. palea (Bagmet et al., 2017).
Crossbreeding experiments were conducted using FDMed medium (Gérin et al., 2020) with and without 2
mg L-1 marine salt in two different culture rooms, one thermostated at 20 ºC, with a light intensity of 34-35
µmol m-2 s-1, and the other thermostated at 25 ºC, with a light intensity of 12-13 µmol m-2 s-1. Temperature
and light could not be manipulated separately in our facilities at BEA.
A total of four experimental conditions were obtained with temperature-light combination and culture
medium composition. After adaptation of the cultures (three months), strain inocula were mixed two by two
in all six pairwise combinations in 24-well plates, in three replicate wells per experimental condition.
Dr. Francesco Pisapia
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Monoclonal cultures of the strains were also inoculated at the same time as control wells. Co-cultures were
daily monitored under an inverted microscope.

4.4.3. Seminavis robusta

Crossbreeding experiments were conducted using the eight wild-type strains purchased from
BCCM/DCG (Table II) under the same culture conditions used for maintenance (paragraph 4.2).
Strains were inoculated in 24-well plates, two by two, in all pairwise combinations between
opposite mating types (16 combinations), in three replicate wells per combination. Monoclonal
cultures of the strains were also inoculated at the same time as control wells. Co-cultures were
daily monitored under an inverted microscope.
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5. Results and Discussion
5.1. Initial screening for sexual activity
The initial screening study for sexual activity concerned the 27 diatom strains listed in Table I, co-cultured
in 53 pairwise combinations.
Signs of sexual reproduction (presence of auxospore or mature progeny cells) were not observed for any
species in any pairwise combination (Table III). An example of co-culture without sexual activity is shown
in Figure 6.

Figure 6. Co-culture of Nitzschia palea BEA 0255B and BEA 0166B in the same culture vessel without
signs of sexual interaction. The two strains are easily distinguishable based on their cell size, BEA 0255B
(green oval) being considerably larger than BEA 0166B (red oval). Scale bar = 10 µm.
The reason why the crossbreeding experiments were not successful may reside into the non-compliance
of the specific requirements indicated above (paragraph 3.2). More in detail, the strains might:
(1) not belong to the same species – most of our strains were identified at the genus level only;
(2) belong to the same species, but not be sexually compatible (i.e. same mating type);
(3) not be in the adequate phase of the life cycle – knowledge on cardinal points is still limited to few
species;
(4) not “like” each other – potential existence of other unknown requirements.
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Table III. Results of the initial screening for sexual activity, concerning the 27 diatom strains listed in Table I in 53 pairwise combinations. Cross
symbol (X) indicates no sign of sexual reproduction.
Climaconeis sp.
TNF_80601_A

TNF_80601_B

TNF_80601_A

/

/

TNF_80601_B

X

/

A

B1

B2

E

A

/

/

/

/

B1

X

/

/

/

B2

X

X

/

/

E

X

X

X

/

BEA 0166B

BEA 0255B

BEA 0256B

BEA 0260B

BEA 0262B

BEA 0264B

BEA 0392B

BEA 0394

BEA 0166B

/

/

/

/

/

/

/

/

BEA 0255B

X

/

/

/

/

/

/

/

BEA 0256B

X

X

/

/

/

/

/

/

BEA 0260B

X

X

X

/

/

/

/

/

BEA 0262B

X

X

X

X

/

/

/

/

BEA 0264B

X

X

X

X

X

/

/

/

BEA 0392B

X

X

X

X

X

X

/

/

BEA 0394

X

X

X

X

X

X

X

/

Haslea sp.

Nitzschia palea
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Nitzschia ventricosa
TNF_80601_G

TNF_E

TNF_80601

TNF_80601_D

TNF_80601_H

TNF_80601_G

/

/

/

/

/

TNF_E

X

/

/

/

/

TNF_80601

X

X

/

/

/

TNF_80601_D

X

X

X

/

/

TNF_80601_H

X

X

X

X

/

GC_E

GC_8326_H

GC_E

/

/

GC_8326_H

X

/

BEA 0476B

BEA 0570B

BEA 0641B

BEA 0642

BEA 0476B

/

/

/

/

BEA 0570B

X

/

/

/

BEA 0641B

X

X

/

/

BEA 0642

X

X

X

/

90620_D

90618_E

90620_D

/

/

90618_E

X

/

Pleurosigma sp.

Sellaphora sp.

Toxarium undulatum
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5.2. Nitzschia palea
5.2.1. Morphometric analysis and life cycle stage
Average cell length of the eight N. palea strains (Table I) and their corresponding life cycle stage are
shown in Table IV.
Table IV. Average cell length of eight Nitzschia palea strains deposited at the BEA and their corresponding
life cycle stage according to Bagmet et al. (2020).

Genus

Species

Strain ID

Cell length
(µm) ± SD

Life cycle stage

Nitzschia

palea

BEA 0166B

12.5 ± 0.5

Post-reproductive

Nitzschia
Nitzschia
Nitzschia

palea
cf. palea
palea

BEA 0255B
BEA 0256B
BEA 0260B

29.2 ± 1.6
25.4 ± 1.4
14.3 ± 0.7

Reproductive
Reproductive
Post-reproductive

Nitzschia

palea var. debilis

BEA 0262B

12.8 ± 0.8

Post-reproductive

Nitzschia

palea

BEA 0264B

13.4 ± 1.1

Post-reproductive

Nitzschia

palea

BEA 0392B

16.0 ± 1.0

Reproductive

Nitzschia

palea

BEA 0394

20.5 ± 1.3

Reproductive

From the morphometric analysis, four of the strains (BEA 0260B, BEA 0264B, BEA 0262B and
BEA 0166B) fell into the post-reproductive group, thus explaining part of the unsuccessful crossbreeding
experiments of the initial screening study (paragraph 5.1). The other four strains (i.e. BEA 0255B, BEA
0256B, BEA 0392B and BEA 0394) were in the reproductive stage, and further trials of sexual reproduction
induced experimentally were performed (paragraph 5.2.2).
5.2.2. Crossbreeding experiments
The initial crossbreeding trial did not give any positive result for any of the pairwise combinations of
Nitzschia palea (paragraph 5.1, Table III). Nevertheless, four strains of Nitzschia palea (i.e. BEA 0255B,
BEA 0256B, BEA 0392B and BEA 0394) were in the reproductive stage according to the cell size
thresholds reported by Bagmet et al. (2020) (paragraph 5.2.1, Table IV). Crossbreeding experiments were
thus repeated using different culture conditions, in all the six pairwise combinations possible, to evaluate
whether sexual reproduction could be triggered. No signs of sexualization were observed for any of the
experimental conditions tested (Table V).
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Table V. List of the six breeding pairs issued from the eight Nitzschia palea strains in our laboratory.
Experimental conditions are indicated as follows: 1a room: T: 20 ºC and light intensity: 34-35 µmol m-2 s1
; 1b room: T: 25 ºC and light intensity: 12-13 µmol m-2 s-1; 2a medium: FDMed (Gérin et al., 2020); 2b
medium: FDMed supplemented with 2 mg L-1 marine salt. Cross symbol (X) indicates no sign of sexual
reproduction.

Breeding pair

Experimental conditions
1a room
1b room
2a
2b
2a
2b
medium
medium
medium
medium

BEA 0255B X BEA 0256B

X

X

X

X

BEA 0255B X BEA 0392B

X

X

X

X

BEA 0255B X BEA 0394

X

X

X

X

BEA 0256B X BEA 0392B

X

X

X

X

BEA 0256B X BEA 0394

X

X

X

X

BEA 0392B X BEA 0394

X

X

X

X

Negative results may indicate that either the strains are not sexually compatible (same mating type), or
other triggering cues are required. It is also worth to notice that molecular analyses of BEA 0256B actually
identified it as Nitzschia confronta palea, i.e. species-level identification for this strain cannot be certain.
This strain might not belong to the same species as the other three, thus not fulfilling requirement 1
(paragraph 3.2).
Despite the unsuccessful crossbreedings, studies on growth and lipid production of batch cultures of
N. palea have been being conducted in the framework of the M2 thesis of our visiting student Ana Merse,
from Internationales Hochschulinstitut (IHI) Zittau, Germany. Results are currently being processed and
will be presented at a later stage. We will evaluate the possibility to work with other strains from other
culture collections for new crossbreeding trials.

5.3. Seminavis robusta
5.3.1. Morphometric analysis and life cycle stage
Average cell length of the eight wild-type strains of Seminavis robusta (Table II) and their suitability for
sexual reproduction are shown in Table VI.
Table VI. Average cell length of the eight Seminavis robusta strains of this study and their corresponding
life cycle stage according to Chepurnov et al. (2002).
Genus

Species

Strain ID
(abbr.)

Cell length
(µm) ± SD

Suitability for
breeding

Seminavis
Seminavis
Seminavis
Seminavis
Seminavis
Seminavis
Seminavis
Seminavis

robusta
robusta
robusta
robusta
robusta
robusta
robusta
robusta

P34
P36
P39
P26
K5
P13
P30
G21

34.6 ± 2.6
37.2 ± 1.8
16.1 ± 1.2
34.4 ± 1.9
16.4 ± 2.2
30.1 ± 2.4
19.4 ± 0.9
19.9 ± 1.2

Yes
Yes
?
Yes
?
Yes
?
?
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Based on the morphometric analysis, strains can be divided into two groups: (i) one constituted of four
strains, i.e. P34, P36, P26 and P13, with average cell length above 30 µm; (ii) the other constituted of the
other four strains, i.e. P39, K5, P30 and G21, with average cell length below 20 µm. This data indicated
that the strains of the second group are undoubtedly “older” than the ones of the first group (Figure 1).
To the best of our knowledge, there is no precise indication on the lower SST (sexualization size threshold)
for this species in the literature. Studies on sexual reproduction of S. robusta by Chepurnov et al. (2002)
showed that new-born cells generated from a breeding event had lengths comprised in a range of 64 – 73
µm, and the intensity of sexualization increased as cells reduced in size below 50 µm. In that article, the
smallest strain tested for breeding experiments had an average cell length of 26.7 µm ± 2.21 (SD).
Based on the results by Chepurnov et al. (2002), in this study the strains of the first group showed cell
lengths in an adequate range for sexual reproduction, while it cannot be concluded whether the strains of
the second group were still sexualizable or were already in a “post-reproductive” stage, below the lower
SST.
5.3.2. Crossbreeding experiments
The eight wild-type strains of Seminavis robusta (Table II) purchased from the BCCM/DCG were cultured
at BEA facilities in small scale under the same culture conditions and crossbred, two by two, in the
framework of the H2020 NewTechAqua project. Crossbreeding experiments concerned all possible
pairwise combinations (16 in total) between strains of opposite mating types (MT – X MT +). Since the
strains belong to different genetic clades, a pairwise combination could be either intra-clade or inter-clade
(Table VI). Successful sexual events were observed for intra-clade I and III pairs only. An example of a
successful sexual event is shown in the micrographs of Figure 7.
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Figure 7. Micrographs of sexual reproduction stages in Seminavis robusta (P34 X P36) taken at the BEA
Laboratory using an inverted microscope (objective lens: 40X): (a) gametogenesis and formation of a
specialized zygote (auxospore); (b) and (c) bilateral expansion of two sibling cells in the auxospore; (d)
two mature sibling cells. Scale bar = 10 µm.
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Table VI. List of all the sixteen breeding pairs using the eight strains of Seminavis robusta purchased from
BCCM/DCG. This Table summarizes the results obtained by De Decker et al. (2018) and by our study.
The four strains belonging to mating type – are indicated in red (“MT –”); the four strains belonging to
mating type + are indicated in green (“MT +”). The rbcL clade of the strains and crossing type are specified.
The check mark symbol (✓) indicates successful sexual reproduction.
Breeding
pair
P34 X P36
P34 X P26
P34 X P13
P34 X P30
P39 X P36
P39 X P26
P39 X P13
P39 X G21
K5 X P36
K5 X P26
K5 X P13
K5 X G21
P30 X P36
P30 X P26
P30 X P13
P30 X G21

rbcL
clade
IXI
I X II
I X III
I X III
II x I
II x II
II x III
II x III
II x I
II x II
II x III
II x III
III X I
III X II
III X III
III X III

Crossing type

De Decker
et al. (2018)

Intra-clade
✓
Inter-clade
✓
Inter-clade
✓
Inter-clade
✓
Inter-clade
✓
Intra-clade
n.d.*
Inter-clade
✓
Inter-clade
✓
Inter-clade
✓
Intra-clade
✓
Inter-clade
✓
Inter-clade
n.d.*
Inter-clade
✓
Inter-clade
✓
Intra-clade
✓
Intra-clade
✓
*n.d.: not determined

This
study
✓
X
X
X
X
X
X
X
X
X
X
X
X
X
✓
✓

In our study, only three out of 16 combinations gave positive reproductive output in S. robusta, all the
three being intra-clade (P34 X P36, P30 X P13 and P30 X G21) (Table VI). De Decker et al. (2018)
indicated that intra-clade crosses are more fertile than inter-clade ones; this might partially explain our
results. Nevertheless, they also reported successful sexual events in the case of the inter-clade crosses
(Table VI), with similar frequency compared to intra-clade crosses (Figure 4). We are currently
investigating what could be the hindering factor in our laboratory.
Successful crossbreeding between P30 and P13 indicated that their cell size was sufficiently high to be
above the lower SST. Since all the crosses involving the strains P39 and K5 were unsuccessful, it might
indicate that the lower SST for S. robusta is in the range of 16 – 19 µm.
5.3.3. F1 progeny cultures
Successful crossbreeding experiments led to the obtention of mixed cultures constituted of: (i) new-born
cells of the recombinant F1 progeny, (ii) cells of the MT + and (iii) cells of the MT – parent clones which
did not undergo sexual reproduction. F1 cells were easily recognizable through simple observation under
a microscope in reason of their considerably higher length with respect to the parent clones, as expected
from the size-restitution mechanism underlying the completion of the diatom life cycle (Figures 1, 3).
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A total of 106 single cells of the F1 progeny were isolated using manual cell picking in 24-well culture
plates (Figure 8a). Successful cultures developed from 43 isolated cells (~ 40%) and transferred to Petri
dishes and Erlenmeyer flasks (Figure 8b).
To date, 27 offspring strains have been growing well, and being scaled up to 75 cm2 tissue culture flasks
(Figure 8c): 17 strains originated from P34 X P36 (I x I), four from P30 X P13 (III x III) and six from P30 X
G21 (III x III).

Figure 8. Monoclonal cultures of Seminavis robusta in a thermostatic laboratory incubator. Progressive
scale-up of the cultures from (a) single-cell isolation in multi-well plates, to (b) Petri dishes and Erlenmeyer
flasks, until (c) 75 cm2 tissue culture flasks.
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6. Conclusions and Perspectives
6.1. Conclusions
• Heterothallic breeding in diatoms is a complex process, which requires several specific conditions,
difficult to control experimentally. Availability of information on life cycle, sexual compatibility and
mating efficiency in the literature is crucial to avoid time and effort wastes in vain breeding trials.
• Among the eight putative species tested (35 strains in total), Seminavis robusta was the only
diatom species which gave birth to F1 progeny. To date, only three out of 16 combinations gave
positive reproductive output, all the three being intra-clade (P34 X P36, P30 X P13 and P30 X
G21).

6.2. Perspectives
• In the framework of the NewTechAqua project, we would ideally breed allopatric strains, because
we expect more genetic distance between them, and, potentially, more interesting research
outputs. To the best of our knowledge, no culture collection other than BCCM/DCG has strains of
Seminavis robusta so far, and all of them were isolated from the same coastal area.
Consequently, allopatric breeding is not feasible for this particular species. In the future, we would
search for another diatom species which is more widely distributed.
• Since our strains of Nitzschia palea did not undergo sexual reproduction, in the future we would
need to conduct new crossbreeding trials with more clones (bioprospecting, collaboration or
purchase). Ideally, we would work with strains from separate geographical areas to perform
allopatric breeding.
• Growth yields and biomass characterization of S. robusta will be performed on both parental and
F1 strains. Comparison of the data will indicate whether sexual descendants of intra-clade crosses
are “improved” with respect to their parents, and to which extent. The most performant F1 strains
will be used in new crossbreeding experiments in an iterative manner, using a pedigree-based
approach.
• From a theoretical presumption, we expect more genetic diversification in the case of inter-clade
crossings and, potentially, more interesting results in the phenotypes. Unfortunately, none of the
inter-clade crosses of S. robusta generated progeny in our laboratory. In order to overcome this
obstacle, we are setting up a collaboration with the research group of the Laboratory of
Protistology & Aquatic Ecology (PAE) at Ghent University (UGENT), Belgium. We hope that interclade breeding, although sympatric, will generate enough genetic and phenotypic variation in the
traits of interest for the NTA project.
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7. Annexes
7.1. Transnational Access
Transnational Access (TNA) is a mobility program open to all European researchers, both from public and
private sectors, and, to some extent, to researchers from non-EU countries. It ensures subsidized access
to a set of specialized research infrastructures located in countries other than that of the applicant. The
organizers of TNA programs are international consortia that gather facilities specialized in a common
research field. The TNA covers the costs of the research itself, and can include contribution to travel,
accommodation and subsistence costs.
Dr. Francesco Pisapia applied for two TNA calls offered by consortia in the field of marine biology and
biotechnology. Application consisted in the submission of a project proposal with structured and detailed
information about the research plan, methodologies and purposes. We are now waiting for the results of
the calls (more information in the following sub-paragraphs).
7.1.1. Assemble Plus (8th call)
Dr. Francesco Pisapia applied for the 8th call of the TNA organized by the ASSEMBLE Plus consortium
with the project proposal entitled: “SElective BREeding in DIatoms as a strategy to enhance production of
high-value Fatty ACids for European Aquaculture” (SEBREDIFACEA, PID: 13290). Approval of the
proposal would allocate funding for a one-month stay in the Laboratory of Protistology & Aquatic Ecology
(PAE) at Ghent University (UGENT), in Belgium.
• The Belgian Collection of Diatoms (BCCM/DCG) at UGENT benefits from a broad spectrum of
biodiversity, including strains of Haslea, Nitzschia palea, and more than 250 strains of Seminavis
robusta. Access to the strains deposited in BCCM/DCG collection would significantly increase the
value of our current researches within NTA, opening the door to potential experiments of
controlled allopatric breeding (e.g. Nitzschia palea).
• The research group at UGENT are world-renowned experts in sexual reproduction of many diatom
genera. They also have expertise in molecular biology techniques for phylogenetical studies (De
Decker et al., 2018; Trobajo et al., 2009), cryopreservation techniques specifically adapted to
diatoms (Stock et al., 2018), as well as lipidomics techniques for lipid and fatty acids’ analyses.
In spite of the limited period of 30 days, the visiting research stay at UGENT would considerably foster the
NTA work and would be an opportunity to settle the basis of a longer cooperation between BEA and PAE
research groups.
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7.1.2. IBISBA (5th call)
Dr. Francesco Pisapia applied for the 5th call of the TNA organized by the IBISBA consortium with the
project proposal entitled: “CLAssical BREeding in the DIatom Seminavis robusta to enhance production
of high-value Fatty ACids for European Aquaculture” (CLABREDIFACEA). Approval of the proposal would
allocate funding for a three-month stay in the HélioBiotec Laboratory at the French Alternative Energies
and Atomic Energy Commission (CEA), in France, under the supervision of Dr. Li-Beisson. The proposal
was structured into three subsequent steps, each one located in a different implementation platform at
HélioBiotec:
• Step 1, Phenotyping platform (30 days): growth studies on Seminavis robusta.
• Step 2, Screening platform (30 days): oil content comparison between strains.
• Step 3, Lipidomics platform (30 days): fatty acid compositional analysis of the strains.
Dr. Li-Beisson’s Laboratory has an international reputation for excellent research on microalgae lipids and
hosts the research platform HélioBiotec at the CEA in France as part of the IBISBA consortium. It provides
the complete infrastructure needed to achieve our research goal including microalgae cultivation platform
(phenotyping), screening and state-of-the-art lipidomics facility. Particularly, expertise in microalgae lipids
is very rare. This mobility is therefore very important for our current research project but also for broadening
Francesco’s research skills and strengthening his research results within NTA. This opportunity would
open unexpected perspectives for the BEA team as well as will allow strengthening research collaboration
between the two research institutes.

7.2. Scientific contributions
The tasks accomplished by the Spanish Bank of Algae in the framework of the H2020 NewTechAqua
project generated scientific contributions to the following international meetings held online:
• NewTechAqua 1 Year Meeting 2021 (NTA 1Y 2021)
2021, February 2nd – 3rd.
Oral presentation: “Classical breeding for microalgae improvement within the frame of the
NewTechAqua project (WP3 - Subtask 1)” (Pisapia, Francesco).
• 5th Young Algaeneers Symposium 2021 (YAS 2021)
2021, May 10th – 12th.
Virtual poster presentation: “Direct versus indirect methods for growth measurements in batch
cultures of Nitzschia palea” (Merse, Ana; Sánchez Humayor, Mireia; Medina Alcaraz, Carolina;
Martel Quintana, Antera; Gómez Pinchetti, Juan Luis; Pisapia, Francesco).
• 10th Algal Biomass, Biofuels and Bioproducts International Conference (AlgalBBB 2021)
2021, June 14th – 16th.
-

(1) Oral presentation: “Classical breeding in diatoms as a strategy to enhance production of
high value fatty acids for European aquaculture” (Pisapia, Francesco; Merse, Ana; Cruz Álamo,
Virginia; Suárez Lozano, Moneiba; Almeida Peña, Carlos; Martel Quintana, Antera; Gómez
Pinchetti, Juan Luis).

-

(2) Scientific poster: “Relevance of indirect methods for monitoring the growth of
Nitzschia palea in batch cultures” (Pisapia, Francesco; Merse, Ana; Sánchez Humayor, Mireia;
Medina Alcaraz, Carolina; Martel Quintana, Antera; Gómez Pinchetti, Juan Luis)
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