Kozlova Tatiana A Thesis - BioSystems Engineering

The influence of plant and animal hormones on growth and accumulation of
pigments and fatty acids in the microalgae Scenedesmus quadricauda (CPCC-158)
and the duckweed Lemna minor (CPCC-490).

by

Tatiana A. Kozlova
A Thesis Submitted to the Faculty of Graduate Studies of

The University of Manitoba

In Partial Fulfillment of the Requirements for the Degree

Doctor of Philosophy

Department of Biosystems Engineering
University of Manitoba

Winnipeg

Copyright © 2019 by Tatiana A. Kozlova



Kozlova Tatiana A Thesis - BioSystems Engineering

Abstract

The production of biofuels and high commercial value biochemical commodities from microalgae
may be considered “third generation biofuel”. One of the promising ways to improve the feasibility of
third generation of biofuel and bioproduct economy is the integration of biomass production on the basis
of maximum energy and nutrient recycling. Integration of the biomass production also offers significant
reduction of environmental emissions due to the energy- and nutrient-recycling strategies. Interest in the
use of wastewaters of different origins for the industrial production of microalgae biomass for biofuels
and bioproducts has stimulated the studies on the influence of a variety of compounds in wastewaters on
microalgae physiology. In this study the influence of four phytohormones (brassinolide, BL; 24-epi-
brassinolide, EBL; 3-indole acetic acid, IAA, and abscisic acid, ABB) singularly and in some
combinations, and two animal sex hormones (17p-estradiol, E2 and 17,20B-dihydroxy-4-pregnen-3-one,
17,20B-P), on the physiology of Scenedesmus quadricauda was tested. The influence of 17p-estradiol
on physiology of S. quadricauda and the Duckweed Lemna minor grown in three different media (Bolt
Basal Medium, natural Fishery Wastewater, and Reconstituted Fishery Wastewater) was also
investigated. All the hormones tested had positive stimulatory effects on the growth and biosynthetic
activity of S. quadricauda. Phytohormones stimulated algae growth, and biosynthesis of chlorophyll-a,
carotenoids, and lipids when the co-influence of the solvent (DMSO) was taken in account. Among the
phytohormones the most powerful inducers of growth, chlorophyll-a, and carotenoid biosynthesis were
EBL and IAA, while the phytohormone effect on fatty acids (FAS) biosynthesis followed the order of:
ABA =~ IAA > EBL > BL. Both the quantities of FAs and their profiles depended on the phytohormone
type and the specific concentrations tested. FAs profiles also were dependent on the time of harvesting.
Synergistic increases in S. quadricauda biomass production, chlorophyll-a accumulation, total

carotenoid accumulation, as well as total and major neutral lipid (triacylglyceride) accumulation were
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observed when EBL and IAA were assessed in combined-hormones trials. The stimulatory effect was
maximum - 1.7-, 2.7-, and 3.3-fold greater for chlorophyll-a, total carotenoids, and fatty acids,
respectively - compared with single hormone treatments. Both animal steroids tested, E2 and 17,20p-P,
demonstrated positive stimulatory effects on S. quadricauda cell growth, biomass production,
chlorophyll-a, carotenoid, and lipid biosynthesis. E2 was a more effective promoter of all the parameters
tested compared to 17,20B-P with one exception: chlorophyll-a biosynthesis was more affected by
17,20B-P. Moreover, the lag phase of algal growth was clearly shorter in the E2 trial resulting in
enhancement of both, biomass yield and the rate of biomass production. Both animal steroids stimulated
significant increases in the bioaccumulation of major, minor, and total FAs. However, the lowest
17,20B-P concentrations of 1 and 5 ng/L, did not increase total FAs accumulation. A comparison of E2
performance in three types of growth media (BBM, FWW and RFWW) revealed clear differences in the
ability of E2 to induce growth and biosynthesis of both S. quadricauda and L. minor. The most effective
E2 concentrations were also evidently different for the algae and the plant when they were grown in the
same type of medium. Our results highlight the need for further investigations of the relationships
between physicochemical parameters of growth media, the particular organism to be cultured, and any
additional stressor or chemical inducer that may be applied to stimulate biomass production and
biosynthesis of the molecules of interest. Our results also highlight the possibility that hormones could
be used as a tool for algal biosynthesis and, particularly, for fatty acids profile manipulation in the

biofuel, pharmaceutical and cosmetic industries.
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Chapter 1

Literature Review and Project Objectives

1.0  Preface

This review will focus on the most important challenges and the newest achievements in the field
of industrial production of microalgal biomass for renewable biofuels, valuable bioproducts for food and
animal feed. It will introduce an approach biomass production that integrates microalgae production with
aquaponics in a single industrial unit that maximizes energy- and nutrient recycling, and gives an
opportunity of using naturally occurring phyto- and fish hormones in microalgae production units.

1.1 Introduction

Without any doubt, the expansion of the global population to over 7 billion will increase the demand
for food, fuel, and energy. Together with significant increases in atmospheric carbon dioxide (COy)
concentrations and the resulting global, greenhouse gas-mediated climate change, our species now faces
one of the greatest challenges to our survival (Parry, 2007). Petroleum, which is partially derived from
ancient algae deposits, is a limited resource that will eventually run out or become too expensive to recover
(Schindler and Zitel, 2008; EIA IEO, 2009). The production of agricultural biomass for the pharmaceutical
and animal feed industries is suffering because the growing demand for biomass has resulted in
significantly increased costs. Survival of our civilization will depend on innovative technologies that can
provide sustainable and renewable sources of non-crop related biomass for biofuels, pharmaceuticals, and
animal feed.

First-generation biofuels (bioethanol and biodiesel from grain and oil seeds, respectively) have
proven to be marginally viable economically, due to large fluctuations in commodity prices. Additionally,
the use of food/feed crop sources of fuels has resulted in a fierce global “food/feed versus fuel” debate
(DEFTA, 2008). Second-generation (lignocellulosic) biofuels, based on decomposition of lignocellulosic

biomass to sugar monomers, is not dependent on food crop production, but this technology is not yet
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competitive economically with either petroleum-based fuels or even with first generation biofuels.

Moreover, one of the many lessons learned from first and second-generation biofuel production is
that production of biofuels alone is still not economically viable (Benemann, 2010). Fuels are high-
volume, low-value commodities. For viable industrial-scale production, biofuels must be produced in
large amounts with low production costs, and sold at prices that are competitive with petroleum-derived
fuels. The production of high-value, low volume co-products is essential for the economic success of
companies producing biomass-based fuels.

The disadvantages of crop-related and lignocellulosic biofuel production stimulated the search for
alternative biomass for biofuel and other bioproducts. The employment of microalgae for production of
biofuels and bioproducts is one of the most promising alternative sources of biomass. Biofuel production
from microalgae may be considered as “third generation biofuels”.

Microalgae are among the most diverse organisms on our planet. Beside high growth rates,
microalgae can synthesize an astonishing variety of molecules that have great economic value. The list of
the commercially used molecules includes anti-oxidants (such as astaxanthin), vitamins, proteins, and oils
(such as omega-3 fatty acids) that can be used for the production of cosmetics, pharmaceuticals, or
biofuels (Olaizola, 2000; Adarme-Vega, 2012). Not all the lipids synthesized by microalgae cells are
useful for biofuel production. The primary substrates for production of biodiesel are neutral lipids, and
particularly triglycerides (TAGs). TAG biosynthesis is species specific and greatly depends on growth
conditions. The remainder of the biomass could have other uses, including other energy products such as
methanol from gasification of microalgal biomass residues, or ethanol from fermentation of the
carbohydrates. Alternatively, proteins can be extracted from the residual microalgal biomass, or it may be
used as animal feed. Other lipids also have potential applications as fuel feed-stocks, but would require
additional treatments and/or something other than simple trans-esterification as a part of the production

pathway. Investigation of TAG biosynthesis and accumulation in the microalgae under various stress
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conditions could be regarded as a topical problem.

Another very promising source of biomass for biofuels and valuable co-products is Duckweed,
(Family: Lemnaceae), an aquatic plant with the highest growth rate of all vascular plants (Landolt and
Kandeler, 1987). Duckweed produces large amounts of molecules of commercial interest (Xu et al, 2011).
The most valuable bio-products that Duckweed can produce starch (40-70 % of cell dry weight, dcw) for
bioethanol or biobutanol production (Bergmann et al., 2000), proteins (20-45 % of dcw) for poultry and
livestock feed (Haustein et al., 1990), and lipids (3-8 % of dcw) with high percent of omega-3 fatty acids
(Davis and Arnold, 2000). Importantly, the Duckweed production does not require great investment.
Beside the low-costs of indoor biomass production, these approaches also provide recycling of external
and internal industrial emissions, enabling concomitant reduction in atmospheric CO», waste-heat, and
remediation of wastewaters. The residual of microalgae and plant biomass or whole plant biomass
(Duckweed) may be used fresh or in a form of pellets as fish feed or feed-supplement ensuring local,
fresh, enriched with proteins and carotenoids source of feed.

Despite the intensive research efforts and remarkable amount of academic, government, and
industrial institutions involved in biofuels research in recent decades, the industrial-scale production of
algae and Duckweed, especially in cold climates, still faces a number of serious challenges. Canada is one
of the world leaders in research and commercial innovations in the lignocellulosic-biofuels industry
(Logen Ink, Enerkem Inc.; Nexerra Systems Corp., etc.), yet industrial production of microalgal biomass
remains underdeveloped. Thus, the development of new technologies and novel approaches for scale-up
production of microalgae in cold climate conditions is vital to the economic sustainability of Canada, and
leadership in this industry.

One of the promising ways to improve the economic feasibility of third-generation biofuels and
bioproducts is integration of the biomass production into one industrial unit on a basis of maximum

energy- and nutrient recycling, supported by modeling work and Life Cycle Analyses. Integration of the
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biomass production also offers significant reduction of environmental emissions due to the improved
energy- and nutrient-recycling system, and due to the use of industrial flue-gas CO and wastewater as
the sources of nutrients.

The use of different types of wastewater and industrial CO> for microalgae biomass production has
been studied in recent decades. For example, a cost-effective method for the improved wastewater
application to grow microalgae has been shown to enable the scale-up production of microalgae in
Canada’s cold climate (McGinn et al., 2012). The use of wastewaters in closed indoor reactors makes it
easier to monitor nutrient loading and contaminations.

Beside the use of wastewater, factors that can enhance the production of single-cell oils (TAGS),
starch, and other valuable biomolecules by microalgae include, but are not restricted to, altered ambient
temperature, nutrients depletion, and light spectrum. A relatively novel approach of improving microalgae
biomass production, and/or stimulating neutral lipid accumulation that has gained attention in recent
decades is the use of plant and/or animal hormones. Swine hormones in agricultural wastewater have been
shown to have a positive effect on algae growth and lipid yield (Zhong et al., 2013). Phytohormones are
known to enhance plant growth, organs differentiation and stress tolerance (Osborne and McManus, 2005;
Peleg and Blumwald, 2011; Davies, 2013; Vidhyasekaran, 2015). Microalgae also contain essentially all
known phytohormones (Stirk and Van Staden, 1996; Kiseleva et al., 2012; Romanenko et al., 2015), but
not much is studied about their effects on algal physio logy and stress tolerance.

In recent decades the attention of numerous investigators has been focused on the feasibility of the
industrial-scale of microalgae production. This question is highly imperious in a view of indoor biomass
production in cold climates. Current knowledge on the positive influence of wastewaters and hormones
on microalgae metabolism supports an entirely novel technology that integrates aquaponics, and
microalgal biomass productions, where the algae, plants, and fish share space, nutrients, and light, in one

industrial unit. Only the combined efforts of science (investigation), industry (implementation), and
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government (legislation) can enable the feasibility of industrial establishment of third generation of
biofuels and expedite commercialization of microalgae and Duckweed production under Canadian
conditions, positively impacting both the economy and the environment.

This review is focused on the most important challenges and the newest achievements in the field
of industrial biomass production for renewable biofuels, valuable bioproducts, and food and animal feed
summarizing third generation of the production.

1.2 Industrial biomass production for biofuels and bioproducts
1.2.1 From first- to next-generation biofuels

The biofuel industry, as a part of the overall bio-economy, has been recognized since the 1970s
when the Organization for Economic Co-operation and Development (OECD) International Energy
Agency (IEA) established the IEA-Bioenergy Organization. To address to the suitability of different types
of feedstock and their conversion processes for biofuels production, the term of “drop-in biofuels” was
introduced. Biologically synthesized fatty acids suitable for use as a power source can be classified as:
“green gasoline” (C4 to C6 molecules), biojet fuels (C8 to C12 molecules), and biodiesel equivalents (C14
to C18 molecules). However, the development of “drop-in” fuels based on the carbon chains of fatty acids
derived from TAGs (regardless the feedstock used for production), presents an additional technical
challenge. Petroleum-derived fuels like gasoline, aviation fuels, and diesel, consist of complex mixtures
of alkanes, alkenes, and cyclic aromatic compounds with a range of carbon lengths that are similar to, but
not identical with bio-synthesized fatty acid molecules. Moreover, unsaturated fatty acid methyl esters
(biodiesel) derived from C16/C18 TAGs have cloud-points (the temperature at which precipitation begins
to occur) that are unsuitable for cold temperatures, especially those that occur in northern countries in
winter, and at high altitudes. These major challenges can be overcome by subjecting the C16/C18 fatty
acids to hydrothermal cracking. Other technological resolutions include: the conversion of bioethanol to

ethyl tertiary butyl ether (ETBE) which can be blended with petroleum-derived gasoline (Malca and
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Freire, 2006; Petrus and Noordermeer, 2006); genetic engineering of microalgae cells by the cloning and
expression of bacterial genes responsible for biosynthesis of branched fatty acids (BFAs) which have
physical and chemical properties that are desirable for fuel molecules (Machida and Suzuki, 2017).
Developming of other technologies, which offer production of more seutable for biofuels microalgal
TAGs are in high demand.

Microalgae biomass as a feedstock for third-generation biofuels has some profound advantages
compared to first- and second-generation feedstocks (Figure 1). Microalgae biomass is not-food-related
and does not require requires high amount of pesticides and fertilizers and agricultural land as it does of

first-generation feedstock.

N

Starch &
rccrﬂp;ugar Feedstock for the
Food-related crops biofuels of the
Oil seeds first generation
”
Municipal &
Industrial waste (" )
: Feedstock for the
Agricultural waste Recycled biomass biofuels of the
second generation
Forestry waste L y
Grass,
wood-grass p .
Feedstock for the
A tic plants
Lol Non-food crops biofuels of the
Algae third generation
L >
Microorganisms

Figure 1. Classification of biomass with the consideration of the biofuel generations. The lignocellulose
related biomass is in orange color and the biomass with low % of lignocellulose is in light-orange
(designed by Kozlova T.A.)

Third-generation biofuels from microalgae and other microorganisms has some advantages over

second-generation biofuels. Microalgal biomass does not require extensive and expensive pre-treatment
6
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consisting of chemical, thermo-chemical, or physico-chemical processing followed by enzymatic
hydrolysis as the second=generation feedstock does The biomass production cycles of microalgae is much
shorter compared to woody biomass feedstocks which take several years to reach harvesting density (Chin,
2009, Moon et al., 2010). In fact, microalgae and aquatic plants, such as Duckweed and water hyacinth,
have high rates of production, and require low inputs (Figure 1). Microalgae are single cell photosynthetic
microorganisms that can use light and CO> for growth (An et al., 2003; James et al., 2011). Some
microalgae can grow in the dark (Perez-Garcia et al., 2011) in the presence of organic carbon sources such
as sugars, like glucose, or organic acids, like acetate (Bibeau, 2009). Many microalgae can have
acceptable for the industrial scale specific growth rates and biomass productivities (up to 8.5 g/L/day
dcw), with high oil (neutral lipid = TAGSs) loading (up to 85% of dcw) (Table 1) that enable them to
provide yields of biofuel production up to 9000 gallons per acre per year in open pond systems (Naik et
al., 2010; Jarvis et al., 2013). The yield of biofuels could be increased, theoretically, to about 270,000
gallons per acre per year (empirically calculated, see Table 2). To achieve this value, new technologies
have to be developed to enhance both biomass production and biosynthesis of valuable molecules. ,
Microalgae can synthesize an astonishing variety of molecules that have a great economic value, including
anti-oxidants such as astaxanthin and B-carotene, vitamins, proteins, and oils (e.g., omega-3 fatty acid)
that can be used for the production of cosmetics, pharmaceuticals or biofuels (Olaizola, 2000; Adarme-
Vega, 2012). Moreover, microalgae have high CO. fixation rates and can grow on waste streams taking
their abundant nutrient as food. Thus, microalgae industrial production can remediate environmental

impact of CO. emission and wastewater effluents.
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Table 1. Biomass and oil production on current commercially cultivated algae species (maximum known values)

. Biomass, SGR, Total TAGS
Species Substrate References
(mg/L/day) * (h) ** (% dcw) ***
Chlorella sorokiniana *(***)Nigam et al., 2011
. 355 1.7 85 wastewater
(pyrenoidosa) **Makarevidiené et al., 2011
. *Widjaja et al., 2009

Chlorella vulgaris 860 15 32 -- )
***Metting, 1996
*Goswami, 2011

Scenedesmus quadricauda 1260 0.8-1.2 56-80 CO, **Makareviéiené et al., 2011
***| jetal., 2011

Scenedesmus obliquues 8000 1.9 55 swine wastewater  *Kimet al., 2010

Nannochloropsis sp 800 0.7 68 wastewater ***Metting, 1996
*Sydney et al., 2011

Botryococcus braunii 346 0.56 75 wastewater **Qrpez et al., 2009
***Metting, 1996

iruli i *(**)Leema et al., 2010
Spirulina (Arthrospira 3100 0.6 20 B ( )_
platensis) ***Yilmaz, 2012
) ) **Spolaore et al., 2006
Dunaliella salina 2300 0.88 55 CO;

*** Tornabene et al., 1980

Note: SGR, specific growth rate; dcw, dry cell weight
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Table 2. Calculations of oil yields for different biomass production system, with percent of intracellular oil.

Outdoor production

(gaizc:;f;gar) Bloma(lzilf’/:j%?/licuon’ ol ((:oo/:)tent, Species References
1,500** ~0.1 30 Chlorella sp Sapphire Inc., Cellana LLC
2,000** ~0.1 60 Chlorella sorokiniana Wan et al., 2011

5,000 0.38 30 Chlorella sp empirical

10,000 0.38 60 Chlorella vulgaris empirical
Indoor production

2,770 0.1 60 Scenedesmus sp. McGinn et al., 2012

Scenedesmus sp. )
4,550(5,000%) 0.35 (0.36) 30(32) _ Rodolfi et al., 2009
Nannochloropsis sp

10,000* 0.36 60 Nannochloropsis sp Rodolfi et al., 2009
104,085 8 30 Botryococcus braunii Anetal., 2003
277,380 8 80 Chlorella pirenoidosa ~max empirical

Note: *Numbers are calculated from the data of Rodolfi et al., 2009. **Qil yield that has been proven in outdoor industrial-scale growth
facilities; Note that some data have no indication of how they were measured (as wet weight or dry mass). This bias can significantly alter the
calculations.
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The practical efforts of the recent decades in bringing microalgae production to the industrial scale
demonstrated that production of algae biomass for biofuels only could not reach its acceptable cost
efficacy. It is vital for the industrial sector to achieve enhanced yield of high-value biomolecules from the
same biomass which was grown for biofuels production (Briens and Piskorz, 2008; Benemann, 2010).
Carotenoids are among the most valuable products derived from microalgae. They have broad applications
in the production of food, animal feeds, dietary supplements and pharmaceuticals. Particularly, the greatly
beneficial and protective role of the non-photosynthetic carotenoid astaxanthin has been recognized for
human and animals health and its industrial production is a high priority internationally.

Another fast growing feedstock for biofuels, bio-products and animal feed as such Duckweed
biomass has been gained more attention in recent decades. Duckweed has been farmed as a feed source
for animals including farmed fish for years (Leng et al., 1995; Hanexakowski et al., 1995). Beside high
concentrations of starch, protein and lipid, Duckweed is also capable of producing high levels of dextrose,
a form of glucose (10 % per gram of biomass), which can be easily converted to biofuel (Barett et al.,
2012; Cui and Cheng, 2014; Yu et al, 2014).

1.2.2 Industrial-scale microalgae biomass production

General goals of commercialization of microalgae production could be described as finding way(s)
of 1) increasing of biomass and valuable molecules yield, while 2) decreasing the cost of production.
Enhanced yield depends on optimization of growth conditions, improving the species/strains used for
production, and improving bioreactors, harvesting, and conversion technologies. Integration of biomass
production based on maximum recycling of water and industrial wastes such as flue-gas COa,
wastewaters, and industrial heat greatly decreases the cost of production. Each of these strategies of

reducing the cost has multifunctional role in biomass production, which will be discussed further.
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1.2.2.1  Microalgal biofuels

The use of microalgae for biofuel production has been a high priority by governments, scientific
and engineering societies, and industrial stockholders of many countries around the globe, including
Canada. However, there are some substantial obstacles on the way of bringing the microalgae biofuel
production to industrial level. The problems can be classified as technological (insufficient quantity and
quality of microalgal biomass and production/conversion facilities), economical (high cost of production),
and communicative (insufficient coordination of the research, expertise, and industrial efforts in the field).
In attempt to coordinate the existing research programs, knowledge and the efforts of industrial units in
biofuel sector of the Canadian economy, the Canadian BioFuel Research Network (BioFuelNet, 2011-
2015), funded by the Canadian federal government through the NSERC Networks Centers of Excellence
program. The general objective of BioFuelNet was “to use a stage-gate approach to facilitate development
of biofuels and valuable co-products and to create a realistic roadmap (over a 10-20 year timeline) for the
rapid deployment of these technologies to produce 25 % of the fuels and a substantial quantity of the
chemicals used in Canada” (BioFuelNet, 2011).

However, to date, the demand in microalgal biomass price reduction is still very high and is
estimated as 4-5 fold for biomass contained 60%, w/w of oil (Chisti, 2007) and up to 20-50 fold for
biomass contained 30-40%, w/w of oil (Ruiz et al., 2016). It should be noted though that these numbers
are estimated without consideration of the cost of co-products and/or application of recycling strategy.

In cold climat such as Canadian, only indoor industrial-scale production of microalgal biomass is
possible. PhBRs have been used successfully, when housed within greenhouses and provided with
artificial lighting (Roquette, Germany). Air Hydroponic Technology Ltd. of UK went further establishing
a novel technology of combining the microalgae production with hydroponic plants cultivation. They
embedded medium-size raceways for algae production into greenhouses, passing the hydroponic
wastewaters to the raceways for maximum nutrients recycling.

11
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Certainly, the development of new technologies and novel approaches of industrial integration for
the algae scale-up production in cold climate is vital to Canadian economy and leadership in the industry.
The most important microalgal commodidies beside lipids for biofuels are carotenoids.
1.2.2.2  Carotenoids

Carotenoids are natural anti-oxidants with many high-value industrial applications in the production
of animal feed, as well as human dietary supplements and drugs. Carotenoids are fat-soluble pigments
produced by all photosynthetic organisms and many heterotrophic bacteria and fungi (Martin et al., 2008;
Lemoine and Schoefs, 2010). In plants and algae, carotenoids play an essential role as accessory pigments
of the photosynthetic apparatus (PSA) (Grunewald et al., 2001) but in two distinct ways. Primary
carotenoids such as B-carotene and lutein function as accessory pigments in the photosystems, as structural
components of light harvesting complexes in chloroplasts, as well as photoprotective agents being directly
involved in photosynthesis Il stage. Secondary carotenoids (non-photosynthesic), such as astaxanthin,
canthaxanthin, and zeoxanthin, accumulate in large quantities in lipid bodies outside the chloroplasts, after
cells are subjected to stress conditions (Ye et al., 2009). The role of secondary carotenoids in algal cells
is not fully understood. They could function as photoprotective filters and as antioxidants preventing
accumulation of oxygen radicals (Di Mascio et al., 1991). Non-photosynthetic carotenoids do not
participate directly in photosynthesis, but play a role in shielding the photosynthetic apparatus from
excessive photosynthetically active radiation (PAR) (Ben-Amotz et al., 1989; Hagen et al., 1994). It has
been demonstrated that many non-photosynthetic carotenoids act as strong antioxidants when consumed
by animals (Lignell and Inborr, 2000). Animals metabolize dietary carotenoids to produce compounds
such as retinal, the light-absorbing prosthetic group of visual opsins, or retinoic acid, a critical morphogen
in vertebrate development (Guerin et al., 2003).

In recent decades, astaxanthin has been identified and recognized as a non-photosynthetic
carotenoid that is greatly beneficial for human and animal health (Maiani et al., 2009; Fiedor and Burda,

12
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2014). Astaxanthin is used as a coloration-feed supplement (Inborr, 1998; Bjerkeng et al., 1999; Ye et al.,
2006) for salmon, crabs, and shrimp, and provides chicken eggs with greater nutritional value (as well as
creating eggs with more strongly coloured yolks). It also has been shown that astaxanthin-enriched feed
increases survival, success in reproduction, and general wellness of animals (Guerin et al., 2003). The
anti-oxidation properties of astaxanthin are nearly 500-times greater than that of vitamin-E (Guerin et al.,
2003).

Dietary consumption of astaxanthin has been shown to benefit the immune system, eyes, joints,
bones, skin, as well as the cardiovascular nervous systems of human and animals (Nishino et al., 2002;
Guerin et al., 2003; Kim et al., 2010). The greatest amount of astaxanthin is produced by a microalga
species H. pluvialis. AstaFactor Ltd. of Hawaii and Algaetech Inc. of Israel have reported yields of 40 g
and 50 g of astaxanthin per kilogram (kg) of dry biomass, respectively. Astaxanthin is synthesized from
a precursor, -carotene, with conversion efficiencies between 40% and 60% (Chumpolkulwong et al.,
1997). Importantly, synthesis and accumulation of carotenoids and in particular astaxanthin tightly
connects to lipids biosynthesis. Induction of astaxanthin biosynthesis in H. pluvialis and other microalgae
is accompanied by an intense TAG accumulation (Grunewald et al., 2001; Zhekisheva et al., 2002;
Lemoine and Schefs, 2010). However, the inhibition of astaxanthin biosynthesis does not lead to a
decrease of TAG accumulation (Zhekisheva et al., 2005). This may be due to the fact that TAG synthesis
precedes carotenoid synthesis: only after the lipid depots are formed and carotenogenic enzymes are
synthesized on its surface, the biochemical equilibrium in the cells shifts toward carotenoids production.

Another valuable for the industrial production carotenoid is lutein. Lutein demand in United States
is estimated to be nearly $150,000,000 per year (Fernandez-Sevilla et al., 2010) with the number growing
in recent years. Lutein content in S. quadricauda can be as high as 0.54% dcw when temperature induction
(44 °C) is applied (Sa’'nchez et al., 2008a), while total carotenoids induced by FeSO4 can reach 45 ng/ml
(El-Sayed, 2010). Under certain growth conditions S. quadricauda carotenoid content is very unusual,
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especially in lutein, reaching a very high concentration of 500 mg of lutein per 100 grams of dry weight
(or 18 kg/m?/year), more than 5-times the lutein concentration, obtained from the petals of marigold
(Martinez et al., 1999).

Lutein has a surplus value as an important ingredient in feed additives for fishery, pigs, and poultry
industries improving meet/flesh quality, coloration, and bringing additional health benefits to the fed
animals and, consequently, to humans (Sun et al., 2016). Lutein products have already been introduced
into the pharmaceutical industry for production of infant formulas and vitamin supplements with high
anti-oxidative properties (Guedes et al., 2011).
1.2.2.3  Other commodities

Microalgae protein, including commercially produced enzymes such as Ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) are important high-value commodities for pharmaceutical and
agricultural (animal feed) industries (Colla et al., 2007). Compared with other microalgal species,
Scenedesmus sp. synthesizes elevated amounts of RuBisCO, and distinctive bioavailable selenium in the
form of the amino-acid, seleomethonine (Kim et al., 2007; Makareviciené et al., 2011). Some unusual
proteins, such as radial spoke proteins harvested from flagellated algae Chlamidomonas sp. and
Haematococcus sp. (Taylor et al., 2001), play an important role in human health research (Yang et al.,
2006). Importantly, algae protein from residual biomass can be utilised after the extraction of lipids and/or
carotenoids, which lowers the cost of downstream processing (Vardon et al., 2012; Laurens et al., 2015).
For example, residual H. pluvialis biomass contains 20-25 mg/g dcw digestible protein (Boussiba and
Vonshak, 1991; Panis and Carreon, 2016). Protein concentrations in algae cells vary among species. One
of the highest concentrations of protein, 70 % of dcw, was reported in Spirulina sp, with most of its protein
being digestible (Becker, 2007). Commercial species for protein production, such as Chlorella vulgaris,
S. obliquus, Dunaliella salina, and Spirulina sp, contain between 50 and 70 mg/g dcw protein (Um and
Kim, 2009; Sydney et al., 2010). The protein content of Duckweed is also high, easily digestible, and
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varies by species and growth conditions, ranging from 15 to 45 % of dcw (Landolt and Kandeler, 1987;
Piotrowska, 2005). These values place the protein content of dry Duckweed biomass between alfalfa meal
(20 %) and soybean meal (41.7 %), and suggest that this high protein content could generate post-
fermentation residues with high protein concentrations, which could be valuable as an animal feed
(Hillman and Culley, 1978).

Non-biofuel oils from microalgae are important commodities, which are in high demand in
pharmaceutical, cosmetic and agricultural industries. Omega-3 FAs, the so-called group of
polyunsaturated fatty acids (PUFAs) which includes docosahexaenoic acid (DHA: C22:6),
eicosapentaenoic acid (EPA: C20:5), arachidonic acid (ARA: C20:4) and y-linolenic acid (GLA: C18:3)
is a group of industrially produced microalgae oils. The commercial microalgae for PUFA production
are: Crypthecodinium cohnii, Nannochloropsis and Schizochytrium being rich feedstocks for DHA, EPA
(Kyle, 2001; Priyadarshani and Rath, 2012; Collins et al., 2014); Parietochloris incisa and Mortierella
alpina for ARA (Bigogno et al., 2002; Sakuradani et al., 2009), Spirulina platensis and P. incisa for GLA
(Sajilata, 2008; Iskandarov et al., 2011). A great potential for industrial scale omega-3 FAs production is
also demonstrated in Chlorella sorokineana, Chl. vulgaris and Scenedesmus sp (Converti et al., 2009;
Adarme-Vega et al., 2012, 2014; Salama et al., 2013). Omega-3 fatty acids provide substantial health
benefits and have a high market price as dietary supplements. However the solitary production of this co-
product from microalgae biomass still is not economically viable (Li et al., 2009).To date, omega-3 fatty
acids are typically extracted from fatty fish, putting additional pressure on the global fish stocks (Adarme-
Vega, 2012).

Numerous studies have demonstrated high loading of various vitamins in microalgae species.
Besides having the highest known concentration of astaxanthin, Haematococcus cells synthesize a broad
variety of vitamins (C, E, B1, B2, B3, B5, B6, B7, and B12), which gives this microalgal species an
exceptional status for industrial production (Boussiba and VVonshak, 1991; Metting, 1996; Chekanov et
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al., 2014).

Commercial algae species for vitamin extraction are: Spirulina sp (A > B2 > B6 > K > Bl > B12),
D. salina (A > C > E), Ch. vulgaris, Ch. sorokineana and S. quadricauda (B12 > folates > B1 > A > B2
> B7, C, B5, K), Euglena gracilis (C, E, B6, B2) (Pratt and Johnson, 1977; El Baz et al., 2002; Colla et
al., 2007; Ogbonda et al., 2007; Li et al., 2008; Avagyan, 2008; Kumunda and Sarada, 2016).

In addition, some microalgae species contain unique compounds, such as the pigment scytonemin
and the biopolymer sporopollenin which are highly valuable in cosmetic industry for UV-screening;
antioxidants (e.g., polyphenols, tocopherols), antimicrobial, antifungal, antiviral agents, toxins and bio-
available selenium with great benefits for animal and human health (Becker 2004; Challouf et al., 2011;
Colla et al., 2007; Krittaphol et al., 2011). For instance, S. quadricauda biomass contains great amounts
of L-selenomethionine (SeMet), which is a highly digestible and health-beneficial form of selenium
(Krittaphol et al., 2011). Umysova et al. (2009) reported that wild-type S. quadricauda accumulated
300 mg/kgSeMet in the presence of 50 mg/Lof selenite (Skiivan et al., 2010). Authors suggested that the
algae tolerance mechanism is an internal way to detoxify Se inside the cell which was demonstrated in
studies conducted on S. quadricauda (Skiivan, 2010) and Ch. sorokiniana (Gojkovic et al., 2014).
Considering its elevated ability for lipid accumulation and easiness to grow on wastewaters, S.
quadricauda is on the priority list for industrial scale production (Table 1).

1.2.3 Commercial Duckweed production for biofuels and animal feed

The first industrial-scale production of Duckweed was initiated in 1989 in Bangladesh by a non-
governmental organization based in Columbia, Maryland. The PRISM Group developed farming systems
for Duckweed growing plants on hospital wastewater and tested its value as a fish feed (Skillicon et al.,
1993). The system has been proven as self-sustaining many times over, and is still working today. The
results of this pioneering initiative greatly exceeded expectations: biomass production as high as 80
tons/h/y on a pilot-scale experiment, and as high as 35 tons/h/y on industrial-scale production; protein
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loading up to 45 % of dcw, starch loading up to 70 % and carotenoid loading up to 1.25 mg/g of fresh
biomass were reported (Table 3).

Thus, Duckweed biomass has a great potencial for an industrial scale production as a feedstock for
biofuels and agricultural industries.
1.2.3.1 Properties of Duckweed

Duckweed (Lemnaceae) is an aquatic plant with the highest rate of growth of known vascular plants
(Landolt and Kandeler, 1987), and has a very high protein and starch content (Xu et al, 2011, 2012).
Duckweed species are small, floating aquatic plants naturally found in still, nutrient-rich fresh and
brackish waters. The family consists of four genera - Lemna, Spirodela, Wolffia, and Wolffiella - among
which about 40 species have been identified so far. The chemical and nutritional properties of Lemnaceae
species are similar in natural environments, although some differences have been recognized (Table 3, 4).
For any Duckweed species, fluctuations in the chemical composition are simply dependent on the
chemical composition of the water and bioavailability of the aqueous compounds. Duckweed production
systems do not require great investment, and consequently have gained interest for production of biofuels
and bio-products. Until recently, Duckweed had been used only in commercial applications to treat
wastewater in North America, and as additional feed for poultry in Asia.
1.2.3.2 Duckweed as a feedstock for biofuels and bioproducts

Compared with most plants, Duckweed fronds have low fiber content (Table 3), as low as 5 % in
cultured plants while wild types have up to 15 % of fiber (Leng et al, 1995), because they do not need
structural tissue to support leaves or stems. As a result, almost all tissue is metabolically active and easily
digestible as an animal feed product. In a view of biofuel (bioethanol) production, this feature enables to
consider Duckweed biomass as highly efficient for conversion processing not only due to its high starch
loading (up to 70 % of dcw in optimized conditions, Bergmann et al., 2000), but also due to low percent
of residual mass. This important characteristic contrasts favourably with many terrestrial crops such as
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soybeans, rice, or corn used for the first generation of bioethanol production. Terrestrial crops have a large

amount of residual biomass after the conversion and extraction processes. Importantly, Duckweed is

capable of producing high levels of dextrose (10 % on average; Barett et al., 2012).

Table 3. Comparison of key-nutrients composition of two Duckweed species, % of total dry weight.

Plant species Lemna minor? Lemna giba? Rice3
NFE 8-20 10-30 8
Ether extract 5-10 10-15 1.4
Fiber 5-20 5-15 2
Ash 20 20 1.1
TC*, mg/g fwt 1.25 0.4 0
TDM**, % 1.25 0.4 0
Starch 45-60 % 60-70 % 50-72 %
Ca 0.2-45 0.3-0.7
Mg 0.04-28 01-04
P 0.03-3.0 0.5-0.9
N 0.8-8.0

K 0.3-7.0 35-46
Na 01-13 0.1-04
Fe 0.01-3.2

Mn 3x103- 6.5

Zn 4x1073-0.14

Cu 0.2x1073-3.2

Note: NFE- Nitrogen free extract (90 % as starch); * - TC is total carotenoids as concentration in fresh
biomass weight (fwt); ** - TDM is total dry matter; 1, 2- data shown from Halver, 1972, Ogino, 1980,
Leng et al, 1995, Landolt and Kandeler, 1987, Guimaraes et al., 2012; 3- data from Fageria, 1976; Wang
and Wang (2001); Litskas et al, 2014 and Arns et al., 2015.
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Duckweed biomass is used for fermentation to produce glucose and ethanol (Yu et al., 2014;
Toyama et al., 2018). The target bio-products from Duckweed biomass are omega-3 fatty acids,
pharmaceutical proteins consisting a vast variety of amino acids (Table 4), and carotenoids (Landesman,
2011; Cui and Cheng, 2014). There are some clear advantages of Duckweed proteins for pharmaceutical
usage, including inexpensive technology, easy scale-up production, and the absence of potentially
hazardous animal proteins, cells, and viruses. Thus, many of the challenges of producing
biopharmaceuticals are vastly simplified and the cost of production is reduced accordingly. Synthon Inc.
is the first pharmaceutical company to employ a novel technology developed by Anne-Marie Stomp
(North Carolina State University, USA), to produce therapeutic proteins using genetically engineered
Duckweed.
1.2.3.3 Duckweed for animal feed

The crude protein content, which closely resembles animal protein (Hillman and Culley, 1978) in
terms of microelements, carotenoids (Table 3), and the amino acid composition (Table 4), suggests that
Duckweed biomass could serve as a nourishing and highly digestible feed for poultry, livestock, and
farmed fish (Leng et al., 1995; Fasakin et al, 1999). The main challenge of Duckweed as feed biomass is
a relatively high (2-4 % dry weight) percent of calcium oxalate. Calcium oxalate is not a nutrient (nor a
beneficial source of calcium), is indigestible, and can be toxic in large doses. However, the concentration
of calcium oxalate in Duckweed can be controlled by adjusting the water chemistry (Mazen et al., 2003;
Landesman, 2011).

Duckweed protein has higher concentrations of the essential amino acids lysine and methionine
(Table 4) than most plant proteins, and more closely resembles animal protein in that respect (Hillman
and Culley, 1978). Cultured Duckweed also has high concentrations of trace elements and pigments,
particularly B-carotene and xanthophylls (mostly in form of zeaxanthin and canthaxanthin) that make
Duckweed meal an especially valuable supplement for poultry, salmonid fish farming, and other animal
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feeds. The total content of carotenoids in fresh Duckweed feed is roughly 10-times higher than that of
terrestrial leaf-plants (Leng et al., 1995; Fasakin et al., 1999). Xanthophyll concentrations of over 1,000
ppm were documented in Duckweed grown agriculturally for poultry feed in Peru (Journey et al., 1991).
This is economically important because of the relatively high cost of the pigment supplement, which

improves quality and colorations of meat and eggs, in poultry feed (Haustein et al, 1988).

Table 4. Composition of amino acids (% of crude protein) of two aquatic plants grown on swine
wastewater compared with soybean (Rusoff et al., 1980).

Species: Duckweed Azolla Soybean
Crude protein,

(malg frw) 25-45 31 a4
Amino Acid

(ma/g frw)

Lysine 3.7/11° 3.4 6.6
Histidine 1.7 1.7 2.5
Agrinine 5.1 4.6 7.3
Threonine 4.9 35 39
Valine 5.8 5.1 4.6
Methionine 1.5 1.4 1.2
Isoleucine 4.3 3.8 4.5
Leucine 7.8 7.1 7.7
Tryptophane 4.2 3.5 3.6

Note: * average/max found in literature (max value from Yilmaz et al., 2004).

Freshly harvested Duckweed plants can be used without further processing as a complete feed for
fish (Hillman and Culley, 1978; Gaigher et al., 1984). It also was reported that a monoculture of Nile

tilapia and a poly-culture of Chinese and Indian carp species were observed to feed readily on fresh
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Duckweed and dry Duckweed pellets (Robinette et al., 1980; Hassan and Edwards, 1992). The results
showed that a diet consisting of up to 20 % content could be used as a complete replacement for
commercial feed in diet formulation for common carp and tilapia (Wee, 1991; Yilmaz et al., 2004).
Importantly, Duckweed grown as a fish-farm co-product can be used as an in-house source of feed for
fish drastically decreasing the cost of fish production while increasing nutritional quality of fish.
1.2.4 Altering biosynthesis in microalgae: increasing yield vs. decreasing production costs
1.2.4.1 The goals of altering biosynthesis

The development of new technologies and novel approaches for scale-up production of microalgae
and Duckweed biomass in cold climates is vital to Canadian economic sustainability and leadership in the
industry. To achieve the cost-efficient production, the most suitable operating conditions for production,
the co-products of interest, and the species/strains with optimal for production characteristics must be
determined. Advanced technologies to improve bioreactors, harvesting, and conversion processes have to
be designed in greatly contributing to cost-efficient operation. Application of genetic engineering is a
powerful tool to achieve one of the prime goals of alterning biosynthesis patterns of high-value
biomolecules in microalgae (and perhaps even Duckweed). Integration of biomass production based on
maximum recycling of water and industrial wastes such as flue-gas CO», wastewaters, and heat is a
relatively novel approach of bringing algae and Duckweed biomass production to the industrial scale
reducing the investment for both a biomass production and a plant operation.
1.2.4.2 The tools of alteration

To date, valuable algae molecules production is based on induction of biosynthesis under extreme
growth conditions. It is well known that lipid and carotenoid accumulate under the influence of various
adverse conditions (stressors) and especially their combinations (Jin et al., 2003; Lemoine and Schefs,
2010). The most studied and therefore extensively employed stressors can be classified into two groups:
extreme values of growth conditions and additional physico-chemical stressors. The first group is
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represented by light intensity and quality, nutrients depletion, temperature, and pH. The second group
includes, but is not restricted to trace metals, herbicides, salt-stress, additional organic compounds (such
as hormones, organic carbon), ultrasound and artificial UV radiation (Alfalo et al., 1999; Boussiba, 2000).
An outstanding tool of biosynthesis alteration is transgenics and this way of alteration will be discussed
separately. Also separately will be conferred the powerful tool of hormones application, as the main
subject of the presented project.

12421 Growth conditions and carbon sources

Algae biosynthesis and synthesized molecules accumulation depend on growth conditions.
Alteration of growth conditions can be used as a tool for induction of biosynthesis and/or accumulation
of molecule of interest. It was recently hypothesized that the physiological role of TAG accumulation in
oil bodies, is not limited to storing carbon and energy (Bigogno et al., 2002). A number of researchers
showed that, in addition to traditional and most studied function of energy storage, microalgal TAG can
also accomplish other important intracellular functions such as adaptation to environmental changes or
membrane repair after the damaging effects of light or temperature (Alonso et al., 1998; Allakhverdiev
and Murata, 2004; Mohanty et al., 2007; Khozin-Goldberg et al., 2006; Sforza et al., 2012).

TAG accumulation in microalgal cells occurs in two stages. First, when all elements required for
culture growth are available in the medium, microalgal cells divide rapidly and synthesize mainly
membrane lipids and chloroplast lipids in particular. Second, when any growth factor, such as nitrogen
becomes limiting but photosynthetic CO; fixation continues, the lipogenic phase takes place as a reaction
to an adverse condition. This phase can be characterized by the cessation of cell division and by
accumulation of non-polar carotenoids and neutral lipids, TAG in particular (Leman, 1997; Guschina and
Harwood, 2009) which are stored to support cell growth once normal growth conditions are restored

(Harwood and Jones, 1989). Light regime, nutrient loading, the pH of growth medium, and temperature
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are the key factors affecting lipid accumulation and their composition in microalgal cells (Harwood and
Jones, 1989; Christi, 2007).

Carotenoid and protein accumulation also greatly depends on ambient conditions. Temperature,
elevated to the upper biomass limited threshold level, benefits the accumulation of different carotenoids
which has being proven for many algae species (Garcia-Gonzalez et al., 2005; Ip and Chen, 2005; Sanchez
et al., 2008b; Fernandez-Sevilla et al., 2010). The influence of flue-gas CO> application and the pH
influence on algal carotenogenesis are more species specific and also depend on the mode of production
(Fernandez-Sevilla et al., 2010). High irradiation is another universal strategy for inducing carotenoid
production (Ip and Chen, 2005; Imamoglu et al., 2009). However, a number of species-specific, reactor-
specific and modes of growth-specific alterations of ambient conditions, including the combination of
strategies, are in use at the industrial scale of algal carotenoids production (Kobayashi et al., 1990; Zhu et
al., 2000; Kim et al., 2006; Fabregas et al., 2003; Sun et al., 2016).
1.2.42.1.1  Lightintensity

Intensity, spectrum, and the photoperiod of light affect the metabolism of microalgae and
Duckweed. Light induced changes in the lipid composition are related mainly to changes in chloroplast
development (Harwood, 2004). Excess of light frequently results in fatty acid photo-oxidation
(Richardson et al., 1983; Harwood, 1998) and suppresses TAG accumulation in algae (Solovchenko et
al., 2014). Insufficient light induces the formation of polar lipids over neutral lipids (Brown et al., 1996),
while already synthesized TAGs are used as an alternative source of energy and are metabolized
(increased isocitratelyase activity) via the p-oxidation pathway. However, some microalgae species
display the opposite relationship between light intensity and degree of TAG accumulation (e.g.,
microalgae P. incisa and Porphyridium cruentum) which highlights species-specific metabolism of

neutral lipid in algae (Bigogno et al., 2002). Light intensity also affects the pigment composition of cells.
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High light intensity usually increases the carotenoid content, especially that of f-carotene and lutein (Ip
and Chen, 2005; Solovchenko et al., 2014), which serve to prevent photo-bleaching.

Several studies have demonstrated a positive correlation between light intensity and Lemnaceae
biomass production (Landolt and Kandeler, 1987). It was demonstrated that the faster growth (evaluated
as doubling-time) was obtained with Duckweed grown under red and blue wave-lengths of light, while
the slowest growth was observed under green light (Tat et al., 2011). This observation is supported by
the fact that photosynthetic rate has two peaks in red and blue spectrum (Moor et al., 1995).
1.2.4.2.1.2  Nutrition deficiency

Availability of mineral nutrients exerts a great influence on biomass production and lipid
metabolism in microalgae (Harwood and Jones, 1989). In almost all cases, the decrease in the availability
of nutrients results in the slowdown of cell division and the increase of TAG accumulation. Nutrient
starvation is one of the most widely used lipid induction techniques for microalgal TAG production and
has been reported for many species (Lynn et al., 2000; Rodolfi et al., 2009). However, recently it was
demonstrated that negative effect of nutrients starvation on algae biomass production can be mitigated by
applying organic carbon (Fan et al., 2012) or growth regulation substances such as 3-indoleacetic acid
(IAA) and diethyl aminoethyl hexonate (Babu et al., 2017). Similar to microalgae, nutrient starvation
stress triggers the starch accumulation in Duckweed plants with the starch content increased by 29.8 %
after the Duckweed (Landoltia punctata) was grown in well-water for eight days (Xu and Shen, 2011).
However, the protein content of Duckweed decreases in the water with low nutrients loading (Fasakin et
al, 1999).
1.2.42.1.3  Effect of pH

Another factor that greatly affects microalgae growth and valuable molecules accumulation is pH
of growth medium. Algae and Duckweed species are known to live in a very wide range of pH from 4 to
10 in nature (McLay, 1976; Lee, 2012). Optimal pH is highly species-specific and thus, the rule of pH-
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dependence of lipids accumulation in microalgae and Duckweed cells can be defined as the following:
species will accumulate neutral lipids or starch when the pH is shifted toward the opposite condition that
is normal for the species — i.e. either alkaline or acidic (McLay, 1976; Wijanarko et al., 2008; Fernandez-
Sevilla et al., 2010). Some algae species (e.g., Scenedesmus sp) can grow without significant change in
production rate when pH shifts between 6 and 9.5 pH with no acclimatisation period needed (Martinez et
al., 1999). It easies wastewater application for these species biomass production.
1.2.4.2.1.4  Dissolved carbon

In natural water ponds, the concentration of dissolved inorganic and organic carbon and their ratios
vary greatly (Lower, 1999). When it comes to growth media used in industrial units, the combination of
different dissolved carbon compounds (before CO- gas application) and its influence on growth and lipid
yields in microalgae is often overlooked. The presence of organic sources of carbon stimulates TAG
accumulation, shifting the C:N ratio toward carbon, which was found to be more pronounced under
nitrogen starvation conditions (Cohen and Khozin-Goldberg, 2011). In E. gracilis, the addition of organic
carbon to the medium under conditions of nitrogen deficiency enhanced the storage of TAGs enriched in
C14:0 and C16:0 fatty acids (Regnault et al., 1995). Importantly, the recent research showed that under
the excess carbon (acetates) condition and without nutrient deficiency, microalgae cells are kept growing
while producing high percent of oil (Wang et al., 2011b; Fan et al., 2012). This finding rules out the
previously held dogma that algae growth and increased oil production are mutually exclusive.
1.2.4.2.15  Effect of temperature

Growth rate of algae normally slows down as the temperature of medium lowers. However, some
species important for industrial production are resist to wide-range of temperature changes. For example,
Scenedesmus sp. can reach high biomass production with a little change in growth between 14 and 30 °C
(Xu et al., 2012). Elevated neutral lipid synthesis (total TAG and omega-3 fatty acid) has been shown in
several investigations when the temperature of growth medium is lowered (Tatsuzawa and Takizawa,
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1995; Jiang and Gao, 2004; de Castro and Garcia, 2005; Ward and Singh, 2005). Hovewer, temperature
affects TAG synthesis and accumulation in a species-dependent manner and the opposite effect of
temperature also could be observrd (Converti et al., 2009).

For Duckweed, although lower water temperatures negatively affect biomass production (Leng et
al., 1995; Skillicorn et al., 1993), it favours the accumulation of starch due to reduced respiration of
Duckweed plants at night, when starch consumption is substantial. For instance, starch content can
increase by approximately 59 % when growth temperature decreases from 25 °C to 5 °C (Cui et al., 2011).
1.24.2.2 Stress-induction strategies
124221  Metals

Essential for living cells metals such as copper, iron, zinc stimulate microalgae growth rate (Fisher
et al., 1984; Crist et al., 1994) and neutral lipids production. Importantly, metals can induced endogenous
phytohormones biosynthesis (BL, IAA, abscisic acid (ABA) and zeatin (Zt)) with the result of further
protein and monosaccharides biosynthesis and their accumulation enhancement (Bajguz, 2011).

However, the main problem in using metals as inductive factors is their high ability to intracellular
accumulation. It brings up an issue of bio-products contamination.
1.2.4.2.2.2  Herbicides

Some evidence suggests that inhibiting glutamine synthase, and thereby obstructing nitrogen
assimilation by herbicides (glufosinate), induced astaxanthin accumulation in H. pluvialis and provoked
nitrogen starvation due to high efflux of intracellular ammonia (Alfalo et al., 1999). Similar to metals, the
use of such toxic compounds for bio-products production is questionable. However, as well as for metals,
assessment of herbicide influence on microalgae lipids and co-products yield is important when

wastewater is applied for microalgae biomass production.
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1.2.4.2.2.3  Combination of stresses

The combination of stress factors has different, sometimes controversial influence on algae
biosynthesis and valued molecules accumulation. For example, extreme temperature in combination with
high light intensity has synergistic effect on astaxanthin production while slowing down cell division of
H. pluvialis (Collins et al., 2011). In the work conducted by Domiani et al. (2010) both single stress (high
light) and combined stress (high light + low nitrogen) significantly and similarly increased TAG
accumulation (Table 5). However, this work is an example in which the combined stress, enhancing TAG
production compare to the control, greatly slows down biomass production resulting in overall loss in
TAG production (Figure 2, Table 5). Interestingly, Li et al. (2008) observed significant increase in TAGs
(3.5-fold), astaxanthin (7.8-fold) production and not greatly suppressed algae growth (Table 5).

Lemoine and Schefs (2010) explained such differences in outcome of combined astaxanthin-
induction factors as the fact that under multiple stresses several defense pathways can be activated, each

contributing to the overall protection or, at some degree, mediating each other.
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Table 5. Combined data from two investigations on the influence of single versus multiple induction
factors on astaxanthin and lipids production.

Domiani et al., 2010 Lietal., 2008*
Haematococcus pluvialis Control HL HL+LN Control HL HL+SA+FE
Doubling time (h) 21 30 246 25 46 36
TAGS (% dcw) 9.2+0.67 198+0.14 16.6+0.41 8 155 28
Phospholipid (% dcw) 1.87+0.05 95+0.0 9.8+ 1.84 n/a n/a n/a
,Cb\;rt(?;(ea:]notirg)n (% total n/a n/a n/a 12 57 93

Note: FE, ferrous sulfate; HL, high light; SA, sodium acetate; LN, low nitrogen; dcw —dry cell weight;
*, data is transferred from the graphs by Kozlova T.A.
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Figure 2. Growth of Haematococcus pluvialis in control cultures, in A-stress condition (continuous light

with high intensity) and in B-stress-combined condition (continuous light with high intensity and without
nitrogen) (after Domiani et al., 2010).
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1.2.4.2.3 The application of hormones

Research on influence of hormones on microalgae physiology was initiated nearly 80 years ago, and
focused primarily on the effect of growth regulator substances on cell growth and algae biomass
production (Pratt, 1938; Conrad et al., 1959; Ahmad and Winter, 1968). More rigorous attention to the
role of exogenous phyto- and animal hormones in algae physiology has been reported by numerous studies
in recent decades, which have shown that hormones can significantly increase microalgal cell growth and
biomass production (Zhou et al., 2012; Tate et al., 2013; Kozlova et al., 2017, 2018; Han et al., 2018), as
well as accumulation of intracellular lipids (Liu et al., 2016; Babu et al., 2017; Park et al., 2013; Kozlova
etal., 2017, 2018), protein (Hunt et al., 2010; Bajguz and Piotrowska, 2014; Salama et al., 2014; Talarek-
Karwel et al., 2018), and pigments (Cowan and Rose, 1991; Bajguz and Piotrowska, 2014; Talarek-
Karwel et al., 2018; Kozlova et al., 2017, 2018).

The most important achievement of hormone application for microalgae biomass production is that,
similar to the effect of dissolved organic carbon from acetate (Wang et al., 2011b; Fan et al., 2012), phyto-
and animal hormones clearly demonstrated an ability to simultaneously promote both microalgal cell
growth and accumulation of secondary metabolites (Bajguz and Czerpak, 1996 a, b; Babu et al., 2017;
Kozlova et al., 2017, 2018).

Hormone applications not only stimulate increases in total lipid accumulation, but can also alter
fatty acids profiles of different algae species (Salama et al., 2014; Babu et al., 2017; Kozlova et al., 2017,
2018). Thus, hormones could be used as a tool for fatty acid profile manipulation in the biofuel and
pharmaceutical industries. Another commercially valuable algal co-product, carotenoids, can accumulate
to high concentrations in the presence of exogenous hormones. Significantly high levels of induction have
been reported for total carotenoids (Czerpak and Bajguz, 1997; Kozlova et al., 2017, 2018), p-carotene

(Cowan and Rose, 1991; Czerpak and Bajguz, 1997; Talarek-Karwel et al., 2018) and
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astaxanthin/xanthophyll (Kobayashi et al., 1997; Czerpak and Bajguz, 1997; Gao and Mang, 2007) in the
studies conducted on algae species of industrial interest.

Remarkably, plant and algae species can synthesize not only phytohormones (Tarakhovskaya et al.,
2007; Kiseleva et al., 2012), but also trace concentrations of animal steroids (Zhang et al., 1991,
Finsterbusch et al., 1999, Janeczko and Skoczowski, 2005). All three groups of animal sex steroids,
androgens, estogens and progesterons, were detected in a number of plant species (Saden-Krehula et al.,
1979; Stohs and EI-Olemy, 1972; Simons and Grinwich, 1989; Maier et al., 1995; Lindemann and
Luckner, 1997), and the enzymes responsible for biosynthesis and metabolism of these animal sex
hormones have also been detected in plants (Brzostek et al., 1998; Rosati et al., 2003). Importantly, the
distribution of sex hormones in plant tissues depends on location and gender of a plant (Zhang et al., 1991;
Zhong-han et al., 1994). For instance, testosterone was found in pollen of some plants and the bulk
hormone activity increases immediately before and during flowering (Zhong-han et al., 1994). In Juglans
regia and a Taiwanese yam cultivar, progesterone- and progesterone-like hormones have been detected
(Pauli et al., 2010; Yang et la., 2003). Thus, it was a logical finding that fishery wastewaters, which bear
nano- to microconcentrations of fish hormones, can greatly induce agricultural plant growth and biomass
production (Takeda et al., 1997; Rakocy et al., 2004, 2007; Bansal et al., 2005; Bailey and Ferrarezi,
2017).

Being an aquatic plant, Duckweed has been shown to be close to microalgae in its response to both
phytohormones (McLaren and Smith, 1976; Czerpak et al., 2004) and fish steroids (Czerpak and Szamrej,
2003; Szamrel and Czerpak, 2004). In particular, the doubling-time of Lemna minor fronds was reduced
by low concentration (10® M) of ABA, while relative growth rate of fronds was elevated (McLaren and
Smith, 1976). Remarkably, and similar to algae, low ABA concentration enhanced biosynthesis and
accumulation of all tested molecules, carbohydrates, and chlorophyll in Duckweed (McLaren and Smith,
1976). Auxin demonstrated a lower influence on Duckweed growth than that what has typically been
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observed for vascular plants (Moon and Stomp, 1997; Czerpak et al., 2004). Animal sex steroids are
capable of increasing soluble protein, sugars, photosynthetic pigments and carotenoids in Duckweed
(Czerpak and Szamrej, 2003; Szamrel and Czerpak, 2004). However, animal sex hormones fall under the
category of Endocrine Disruption Chemicals (EDC), which makes the applied concentrations and the
algae growth units operating conditions are crucial in term of the synthesized bioproducts application for
pharmaceutical, cosmetic industries andas animal feed. More study is needed for clarification of a
possibility of animal steroid accumulation in algae cells and Duckweed tissue.

Industrial-scale hormone application is restricted by high cost of manufactured hormones into
growth medium. Opportunely, it has been proven that hormones are effective to promote algae growth
and biosynthesis in considerably low nanomolar concentrations (Bajguz and Czerpak, 1998; Nobel et al.,
2014; Kozlova et al., 2017, 2018; Talarek-Karwel et al., 2018). Although naturally occurring hormones
normally could be found in surface and well water in trace concentrations (Shore and Shemesh, 2003;
Kashian and Dodson, 2004; Brennan et al., 2006), only a few studies have observed hormone loading in
well waters at uM concentrations (Silva et al., 2012; Jobling & Owen, 2013). Agricultural wastewaters,
such as those derived from hydroponic cultivation in greenhouses, agricultural run-off from crops treated
with plant growth substances or hormone-herbicides (Cobb, 1992; Khripach et al., 2000; Crossmann,
2007), or effluences of fish and animal farms can bear significantly high concentrations of hormones,
reaching hundreds of uM (Lopez et al., 2005; Silva et al., 2012; Jobling and Owen, 2013).

Thus, the sources of phytohormones in agricultural effluents are naturally produced plant hormones,
as well as hormone contamination from agricultural fields. In vascular plants, phytohormones play crusial
role in physiology as growth regulators, tissue and organs diferentiators and stress mitigators upon variety
of environmental stressors. Most of the time phytohormones work synergistically or antagonistically on
the same physiological functions creating signalling network (Verhage et al., 2010; Yang et al., 2013). In
particular, brassinosteroids are growth-inducing agents also working with other hormones to modulate
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plant disease resistance (De Vleesschauwer et al., 2012). Most common and well-studied auxin 1AA
coordinates cell division and elongation and plays important role in organs and tissue diffenciation in
vascular plants (Zhao, 2010; Ludwig-Muller, 2011) often working synergistically with brassinolides on
plant growth regulation (Katsumi, 1985; Sala and Sala, 1985; Vidhyasekaran, 2015). Envirinmental
stresses affect the plant immune signalling system (Vidhyasekaran, 2015). While all the phytohormones
play their role in protection against stresses and pathogens, ABA is a prime mitigator, which plays a
multiple role in imunoregulation of of vascular plant. As a stress mitigator, ABA can work synergistically
(with SA and ethylene) or antagonisticcaly (with JA and SA) with other phytohormones, which depends
on a stress and ambient conditions (Pastori and Foyer, 2002; Chen et al., 2012; Sanchez-Vallet et al.,
2012; Alazem et al., 2014). Oppositely, auxin works as a secondary factor affecting antagonistically or
synergisticcaly powerful stress mediators such as SA or JA (Peer et al., 2013; Tatsuki et al., 2013). In
addition to environmental stress mitigation, ABA plays an important role in carotenogenesis in vascular
plants (Zeevaart and Creelman, 1989; Parry et al., 1990). More detales on phytohormones functions and
their crosstalk in vascular plants and microalgae will be discussed in the following chapters.

Fishery wastewater bears sex and stress animal hormones released by fish first due to their
reproductive activities. In fish physiology, 17,20p3-P and its major metabolites have an internal role as the
hormone that induces final oocyte maturation, and an external role as the pheromone that stimulates milt
production, sperm motility, and behavioral spawning competence in males (Sorensen et al., 1995;
Vermeirssen et al. 1996; Scott et al., 2010). In both genders E2 plays an important role for reproductive
system development and motivation of sexual activity (Chaves-Pozo et al., 2007; Guiguen et al., 2010).
E2 is mostly produced by females during final oocyte maturation and ovulation, although small amounts
of E2 are synthesized by mature male fish (Sorensen and Scott, 1994; Van Weerd et al., 1991). From here,
it could bee seen the importance of release of the steroids into surrounded water for motivation of sexual
activity. Therefor, the sufficient amount of naturally occurring animal and plant hormones is expected in
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the effluents from spawning tanks and hydroponics. Application of naturally occurring hormones from
fishery and hydroponic wastewaters could be one of the solutions to reduce the cost of industrial scale
microalgal production. The detailed assessment of the influence of phyto- and fish hormones on
microalgae growth and biosynthesis will be discussed further in the following chapters.

1.2.4.2.4 Transgenics

One of the most powerful tools for modifying microalgal bio-production is genetic engineering.
Currently, the efforts in the field are focused on increasing oil yield by overexpression of native genes,
identification of transcriptional control factors or introduction of novel genes from exotic or native, robust
algae species (Hannon et al., 2010).

Recently a novel genetic method of an active CO>-concentrating mechanism (CCM) alteration was
developed to increase biomass yield by 50 to 80 % (Fang et al., 2012). Another tendency in genetic
engineering of microalgal strains is introduction of bacterial or even animal (Nematoda, protozoa) genes
for modification of chemical structure of microalgal FAs to branched-chain fatty acids (BFASs) for biofuel
production (Kniazeva et al., 2004; Machida et al., 2016, 2017). in Duckweed research the recent genome
sequencing and the development of genetic engineering methods provide valuable technological resources
for genetic modification of target molecules (Soltis et al., 2003; Mardanov et al., 2008; Wang and
Messing, 2011).

1.24.25 Integration of biomass production

The novel and one of the most powerful ways to bring biofuel & bioproducts economy to the
industrial-scale producing competitive to the current market bio-commodities is integration of biomass
production on the basis of maximum nutrients and energy recycling, sharing space, and lighting. Thus,
integration of biomass production could be categorized into two major types: 1) integration of two or more
biomass production in one industrial unit; 2) and integration of different industrial companies on purpose
of maximum waste recycling and end-products cross-utilisation. In particular, application of industrial
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CO2 emissions and wastewaters as nutrients sources and industrial waste-heat as an energy source coupled
with integrated production of two or more types of biomass in one industrial unit can greatly improve the
feasibility of production. These methods of integration could not only support alternative industrial
production of biofuel and valuable co-products, but also provide concomitant reduction in atmospheric
CO: and remediation of wastewaters.

1.3 Systems integration

1.3.1 Different types of integration

Industrial integration has proved to be an asset in a new world development (EC, SEC 1272, 1276,
2010; Navarri, 2015). In the field of biomass production the efforts of integration have been made in the
last decade (McKendry, 2002; EC, 1997, 2004; DOE, 2010). The tactics of the integration can be
organized into three sections: 1) Integrative production of biofuels and valuable co-products from one
type of biomass; 2) Integrative production of biomass of different types for different applications; and 3)
Integrative production of biomass with wastewater and other industrial wastes treatment;

The combination of the above methods accomplished with the involving of non-biomass production
industrial companies. This classification is flexible. For example the first section can be combined with
the following. The first method of integration is extensively used at most of the existing companies, which
produce biofuels. Thus, the combination of biofuels and valuable molecules production by one company
is vital for its persistence in the business. These new technologies allow widening the assortment of co-
products from a biomass processing adding for example animal feed supplements and high quality
fertilizers made from the residual mass (Mulbry et al., 2005; Brady and Weil, 2007).

1.3.2 Current progress of integrative production of biomass

One of the most established integrative production system is aquaponics: the combined production
of fish and plants. This type of integration is based on the idea of sharing nutrients including dissolved in
fish tanks CO> and to some degree sharing energy, to remediate and recycle water used in the system
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(Figure 3). In particular, the wastewater from one type of biomass production (fish tanks) is used as a
fertilizer for another type of biomass production (e.g., vegetables, Duckweed) while, in turn, the residues
of the second biomass (e.g., Duckweed) is used as a feed supplement for fish or dry fertilizer for external

application (agricultural crop) (Bansal et al., 2005; Diver and Rinehart, 2010).

Plants are floating in water or Hydroponic upper-system develop

planted in rocks as shown with natural bacterial community which
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NS

Aquaponics System

\W & O S

Plants imboddad into the Gaiery
wastewater

Water recycling system: plants absorb
and utilize nutrients dissolved in fishery
wastewater ; theremediated water is

paespad Bck o thacBsis Fizh tank with a water-pump
Inorganic and organic compounds in Fish consume dissolved axygenand
water come from residual of fish feed and release CO, in respiratory activity. Water
fish bodies as products of metabolism enriched with CO, pumpedto plant-tank

Figure 3. A schematic description of an aquaponics system designed by Kozlova T. A. at the Red River

College, Winnipeg; photo by Kozlova T. A.

The combination of fish farming and hydroponics systems is a relatively new method however has
been demonstrated good success in the combined production of both types of biomass (Rakocy et al.,
2006; Bernstain, 2011). To date, a number of small farms and scientific pilot facilities have built to study
the effects of such combination on fish and plant production and their biomass quality (Figure 4).
Aquaponics have also been adapted to Duckweed biomass production (Figure 4). The main principles of
aquaponics and other integrative biomass, such as microalgal, production can be summarized as: 1) Water
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recycling: reduces water consumption and its effluences to environment; 2) Utilisation of dissolved in fish
effluences nutrients as fertilisers for plants or algae; 3) Utilization of industrial CO> in form of flue-gases
which, in addition to promoting biomass production, provides concomitant reduction in atmospheric CO2;
4) Utilization of industrial waste heat; 5) Conversion of ammonia of fish wastes to the nitrogen compounds
(nitrite and nitrate) bioavailable and beneficial for plant; 6) consumption of exsess of oxygen from algae
production units by fish; 7) Combination of different biomass and a variety of the target molecules

production; 8) In-house source of fish feed (residual of plant biomass or whole biomass in form of pellets).
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Figure 4. Profitability of an integrated system for duckweed and herbivore/mesocarnivore fish biomass

production.

However, aquaponic systems face some challenges, which could be listed as following: a) water
reuse may result in the accumulation and biomagnification of fish and/or plant metabolites (e.g.,
hormones); b) additional investments in bio-filtration may be necessary when plants are produced; c) fish

and/or plants may not be treated for disease in the way as they are in single use (fish only or plant only)
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production facilities. The second issue is not the case when microalgae production is combined with fish
farming.

The use of a combined technology for microalgae biomass production is a completely novel
approach. In recent years PhBRs have been used successfully for indoor, industrial scale hydroponic
facilities, when reactors were housed within greenhouses, which allowed sharing artificial lighting and
heat (Roquette, Germany). In 2011, Air Hydroponic Technology Ltd. of the United Kingdom established
the technology of embedding medium-size raceways into greenhouses, passing the hydroponic
wastewaters to the raceways for algae production. After the algae are harvested, water enriched with
commercial fertilizers is pumped to the hydroponic cultures. For the industrial production of Duckweed,
a successful attempt to combine plant and fish (common carp, Cyprinus carpio) cultivation was
established in Bangladesh (Skillicorn et al., 1993). Comprehensive analyses of plant (Duckweed) and
tilapia co-culture technology, and the benefits and bottlenecks of this co-culture system, have been
published recently (Basco, 2012; Rosagast, 2012). Clearly, this approach offers significant reduction of
an initial investment in the unit development as well as for its operating and maintenance.

The integration of biomass production, especially when water is recycled between the cultures of
different origin (algae, plants, fish) brings the likelihood of co-influences of the culture’s metabolites,
competition for nutrient uptake and other possible competitive or symbiotic character of their interactions.
The mechanism of such co-influences has to be carefully studied and taken in account for an accurate
prediction of long-term cultures coexisting in an industrial unit.

1.3.3 Tools of integrated production of biomass
1.3.3.1 Wastewaters as a source of nutrients: pros and cons

In microalgae biomass-production research, attention is given to both the use of different types of
wastewaters as a cheap source of nutrients, and to using microalgae as a highly efficient method for
wastewater remediation. Most of the wastewater treatment plants have an open-pond concept, which
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creates a problem of significant release of CO2 and N2 produced by bacterial communities (Benemann,
2013). Thus, the use of wastewaters of different origins for the microalgae biomass production not only
supplies the algae population with a low-cost nutrient source, but also contributes to wastewater treatment
and decreases the release of the gases produced by bacterial communities to the atmosphere. It was shown
that microalgae were capable of easily cleaning wastewater with organic loadings of 100-150 kg
BODs/ha/day while nutrient assimilation rates reached 600 kg CO./ha/day, 24 kg N/ha/day, and 3 kg
P/ha/day giving biomass productivity up to 30 g/m?/day (Cragg et al., 2011).

Despite the bright picture of wastewater applications and nutrient recycling for microalgae biomass
production, this approach has some challenges. First, there is a high risk of algae culture contamination
either by bacterial and planktonic wastewater communities, or by toxic compounds (metals, herbicides,
detergents, etc.). Second, bacterial communities in wastewater will compete with the microalgae for
nutrients, reducing algae biomass productivity (Benemann, 2013). To resolve these problems, additional
wastewater treatments (filtration, sanitation) are necessary prior using the wastewater for algae culture.
Additional treatments, however, increase the cost of wastewater application and may eliminate the
positive effects of some organic compounds of the wastewaters, such as enzymes and hormones.

There still is a rather scattered knowledge of the influence of organic compounds of wastewaters on
microalgae (or plant) physiology. The combined effect of dissolved organic compounds and their products
of degradation is even less known. Thus, before to apply a particular wastewater to algae growth unit,
scrupulous investigation of the water chemistry must be accomplished to avoid toxic or undesirable for
algae biosynthesis effect. For example, high concentrations of animal steroids are toxic to algae and bring
a risk of intracellular hormone accumulation. Thus, nanoconcentrations of sex hormones from fishery
wastewater have been considered as a safer and cheaper source of hormones compared to those of
commercial nature. The use of fishery wastewater for microalgae production has some advantages
compared to other agricultural and municipal effluences. This type of wastewater normally has relatively
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low chemical oxygen demand (COD), biological oxygen demand (BOD), and turbidity/total suspended
solids (TSS) (Rakocy et al., 2005). Effluents from salmonid fish farming also have low HPC
(heterotrophic plate counts) due to relatively low organics and low water temperature (4 to 15 °C). This
eases the pretreatment of the wastewaters prior to pumping it to the algae production units.

Thus, the development of effective methods for the improvement of wastewater application to grow
microalgae (and plant) biomass for biofuels and bioproducts will enable its use on industrial scale of
production (McGinn et al., 2011). Another important point has to be considered for bringing wastewaters
application to a feasible level is use of robust to wastewater algae species. For example, microalgae S.
quadricauda can be characterized as a species which can be successfully grown on different types of
wastewater first of all due to high tolerance to change in pH, temperature and nutrients fluctuation
(Martinez et al., 1999; Xu et al., 2012) showing good adaptation ability to ambient conditions. Successful
implementation of different types of wastewaters for Scenedesmus sp scale-up production was
demonstrated in several studies (Kim et al., 2007; Hodaifa et al., 2008, 2009; Mata et al., 2013). A cost-
effective method for the improved wastewater application to grow Scenedesmus sp has been shown to
enable the scale-up algae production in the cold Canadian climate (McGinn et al., 2012). Growing on
agricultural wastewaters Scenedesmus can reach biomass production of 1260 mg/L/day (Goswami, 2011)
with specific growth rate up to 0.4/h (Makareviciené et al., 2011).
1.3.3.2  Other wastes: industrial flue-gas CO2 and heat

Microalgae and plants naturally sequester CO, from the atmosphere during photosynthetic
reactions. Algae are capable of fixing several-fold more CO: per unit area than trees or crops and, hence,
are considered as the greatest producers of oxygen on Earth (Steinman, 2000). However, to support the
rapid growth and significant increase in biomass for industrial scale production, additional amounts of
CO; are necessary (Wang et al., 2011b; Benemann, 2013). Thus, the use of industrial CO. emissions as
an additive source of carbon can be considered as one of the most promising alterations of the microalgae
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biomass production. In addition, this approach has the great potential of reduction of “greenhouse gas” in
atmosphere due to negative emitted to consumed gas balance and prolonged period of decomposition of
the pharmaceuticals and cosmetics products acquired from such biomass (de Morais and Costa, 2007,
Vijayakumar and Menakha, 2015; Santhosh et al., 2016). Industrial flue-gas emissions contain 10-20 %
of CO2 on average (Ho et al., 2011). The tolerance of algae species to flue-gas CO- is wide and ranges
from about 1-5 % (Synechocystis sp) to 80 % (S. quadricauda), and even 100 % (Cyanidium caldarium,
Chlorella sp. T-1 — strain), without crucial compromising of their biomass production (Ono and Cuello,
2003; Salih, 2011). However, optimal biomass production rate normally occurs at lower percent of CO>
application and flue-gas CO2 influence also depends on the growth medium composition (Salih, 2011, Liu
etal., 2013).

Not all the species that have high tolerance to flue-gas have sufficient ability to capture CO2 and
use it for biosynthesis of molecules. The best scenario is when a species keeping high production rate can
demonstrate high rate of carbon fixation. For example, Ch. vulgaris was reported to achieve biomass
production of 1060 mg/L/d and CO. fixation rate of 1992 mg/L/d (Zhao and Su, 2014). For Duckweed,
elevated CO> concentrations have shown to increase their photosynthetic rates (Loats and others, 1981;
Campbell and others, 1988; Baker and Allen, 1994) and reduce respiration rates (Baker and Allen, 1994).
However, the study of CO; influents on Duckweed performance is usually conducted in short term
experiments.

In North America the loss of heat per year is estimated at 20-50 % of industrial energy input (USA
Department of Energy report, 2011). It is a significant waste of energy and money. This highlights the
importance of industrial integration and supports companies focused on waste heat utilization. For algae
production indoor facilities in a cold climate, utilization of waste heat is a great potential for cost reduction
of biomass production. The modelling work and Life Cycle Assessment (LCA) are an important part of
waste heat recycling in algae production (Lardon et al., 2009; Slade and Bauen, 2013).
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1.3.3.3 Combined production of algae species

Two types of combined growth of microalgae could be distinguished: two or more species of algae
grown in one production unit; a microalgae species with symbiotic bacteria. The purposes of co-culturing
for both types are: retrenchment of production space; sharing nutrients and metabolites that could be
beneficial to one or all the co-growing species; enhancement of harvesting biomass with combined
synthesized by all co-cultured species molecules (Smith et al., 2010; Shurin et al., 2013). There is also
opinion that mixed algae species accomplished with a symbiotic bacteria, alike in nature, develop more
stable, balanced ecosystem in a production unit and as a result, more robust for contaminations
(Novoveska et al., 2016).

For example, it was demonstrated that symbiotic bacteria Azospirillum brasilense grown with three
strains of one genus Chlorella (Ch. vulgaris UTEX 2714; Ch. vulgaris UTEX 395; Ch. sorokiniana UTEX
1602) synergistically affected biomass production, chlorophyll, lutein, violaxanthin and lipid
accumulation modifying the FAs profiles of all the tested strains (de-Bashan et al., 2002; Devi et al.,
2012). Yet, notable differences in influence of co-culture on growth parameters were observed among the
strains (de-Bashan et al., 2002). Importantly, significantly elevated number of valued for biofuel FAs
could be harvested form mixed algae biomass (Mohan et al., 2011). The application of mixed algae-
bacteria cultures for water treatment is well known technology; yet, recently, the technology has been
improved with some novel features such as Microbial Fuel Cell (MFC) method which aimed for both,
water treatment enhancement and production of algae-bacterial biomass for biofuels (Huarachi-Olivera et
al., 2018).
1.3.3.4 The physiology of co-cultures
13341 Competition for nutrients

In the case of water recycling between hydroponics and algae production units, the co-influence of
vascular plants and algae metabolism has to be taken in account. Vascular plants and algae will compete
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for bioavailable nutrients in media. However, the degree and the character of this competition depend on
certain circumstances. Microalgae are less depend on dissolved inorganic compounds for photosynthesis
than plant (Landolt and Kandeler, 1987). Sequentially, hydroponic (floating) plants are less dependent on
the dissolved compounds than terrestrial plants (Ansari and Lanza, 2010). From here, the nutrient removal
rate is different between these two groups of photosynthetic organisms when they would grow in the same
media.

For algae grown on wastewater, the highest corresponding NHs—N and POs—P removal rates are 2.4
g/m?/day and 0.3 g/m?/day (Cragg et al., 2011). Exceptionally high total P removal rate of 70 g/m?/day
was calculated by Dixner, 2013 when mixed phytoplankton of a eutrophic river in China was studied. For
vascular plant grown in rich wastewater media the corresponding NHs—N and PO4—P removal rates can
be as high as 1.3 g/m?/day and 0.6 g/m?/day , respectively (Cheng et al., 2002). This data shows difference
in nitrogen to phosphorus demand between algae and vascular plant cultures. It gives 70-95 % of nutrients
depletion in 3-4 days (Korner and Vermaat, 1998; Smith, 2007), where nitrogen and phosphorus removal
ratio is usually 1:3 for algae and 2:1 for Duckweed. The ratio and removal rates can be altered by water
physico-chemical parameters as such pH, light, temperature and initial N:P ratio in the water (Borowitzka,
1998; Adamsson, 2000; Larsdotter, 2004).

The preferences in ions of each macro- and micronutrients also differ among the algae, Duckweed
and hydroponic plants. Ammonium ion is the preferred form of nitrogen for hydroponics plant (Skillicon
et al., 1993). The main source of ammonium for wild colonies of Duckweed is from fermentation of
organic material by anaerobic bacteria. Duckweed plants reportedly utilize all available ammonium before
beginning to assimilate nitrate, and appear to grow more quickly in the presence of ammonium than with
nitrate. In contrast to plant, unicellular algae prefer nitrate (Skillicon et al., 1993).

There are, however, differing opinions on microalgal preferences for nitrogen consumption. Bhaya
et al. (2000) stated that ammonium is the preferred compound, and when this is available, no alternative
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nitrogen sources are be assimilated. Other authors determined that nitrate uptake is greater by microalgae
compared to other nitrogen sources (Halterman and Toetz, 1984). Dortch (1990) proposed the terms “ion
preference” and “ion inhibition” and highlighted the strong dependence of both processes (in particular
inhibition of nitrate uptake by ammonium) on the physico-chemical parameters of water. This study
clearly indicated that although ammonium was the preferred nitrogen source for uptake, growth rates on
nitrate usually equalled or exceeded those on ammonium, and emphasized the necessity of modeling work
on this subject. Thus, modeling work on nutrient uptake is vital for co-culture production, as differences
in ion preferences and the possibility of manipulation by their uptake coupled with the use of ammonium
rich fishery wastewaters may provide a rational basis for co-culture technology with respect to ion
competition and reduce the cost of production.

1.3.34.2 Oxygen

There are two main controversial processes in aqueous environments that can affect oxygen
concentrations when plants and algae share the water. A dense crop cover on the surface of water reduces
dissolved oxygen in the water column and suppresses nitrifying bacteria. An increase in anaerobic bacteria
enhances the denitrification process and swings the nitrogen balance further in favor of ammonium over
nitrate (Skillicon et al., 1993). This tends to lower pH as ammonium ions are assimilated by plant.

When algae present in the water column, they assimilate plant metabolites and supply water with
oxygen which promotes growth of the bacterial community of the plants roots. The bacteria in turn, break-
down organic compounds in the wastewater to bioavailable inorganic ions (Gallert, 2005; Svistoonoff et
al., 2013). The first results concerning the interaction of aerobic bacteria with the root system of plant
were presented in several reports from Japan. Yamaga et al. (2010) clearly demonstrated growth
promotion and metabolic enhancement Duckweed in co-culture with specific species of bacteria. In one
case, the signalling compound was identified to be a carbohydrate and was shown to stimulate growth of
different Duckweed species as well as some other hydroponic plants.
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1.3.3.4.3 Hormones and enzymes co-influence

Aqueous environments facilitate the interactions of metabolites released by co-cultured species.
Combinations of phytohormones known to enhance growth and stress tolerance of algae species, but the
effect of mixed hormones on microalgae biomass production and accumulation of synthesized molecules
is not well studied. This subject will be discussed in details further. Another interesting challenge is the
high probability that animal hormones can interact with phytohormones when hydroponics and fishery
wastewaters are used as the sources of nutrients for algae and Duckweed production. There is deficiency
of data on the subject of interactions of animal and plant hormones in aqueous solutions.
13344 Co-culturing algae with vascular plants

In natural ponds Duckweed and microalgae interact with the aquatic biota. As in any ecosystem,
such interactions can be symbiotic, antagonistic, or synergistic in nature. The production system at Air
Hydroponic Technology Ltd. in the UK can be considered a co-culture system between microalgae and
vascular plants, since wastewater from hydroponic vegetable tanks loaded with remained nutrients and
enriched with plant hormones and enzymes is pumped to microalgae culture raceways. However, this
unique system has no, or at best, a weak reverse link from algae to plant, since the water is filtered and
then vigorously mixed with commercial fertilizers. This processing likely destroys plant hormones and
enzymes, greatly changes physico-chemical parameters of water and also breaks a link of oxygen
enrichment by algae metabolism. Usually microalgae are considered as unwelcome competitors in
aqueous plant production systems (rice and lotus fields, hydroponics).

However, the possibility of beneficial relationship between plants grown in aqueous environment
(hydroponics, rice) and algae has been discussed. For example, in rice agriculture blue-green algae has
been considered as a symbiotic organism similar to the nitrification bacteria of soil (Roger and

Kulasooriya, 1980; Mishra and Pabbi, 2004).
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1.3.4 Modeling work for Integrated Systems

The majority of microalgae and Duckweed research for biofuel and other commodities production
has been done at the laboratory scale and lacks validation at industrial scale. The 2-3 times difference in
biomass production between the laboratory and industrial production (Skillicon et al., 1993) highlights
the need for an accurate prediction of actual biomass productivity of Duckweed on industrial scale.

Because of the cost of implementing the laboratory results on even pilot scale systems, the scale-up
of microalgae biofuel production has been estimated by computational modeling. An important part of
these models is systems analyses to derive energy inputs and mass balances, in other words, Life Cycle
Energy Assessment (LCEA). In recent decades the attention of investigators has been focused on the
feasibility of the algae indoor biodiesel production in cold climates, based on LCEA and environmental
impact parameters, a concept which allows for the quantification of mass and energy streams such as
energy consumption, material usage, waste production, and generation of co-products (Baliga and Powers,
2010). This modeling work was considered as an approach of using greenhouse facilities, flue-gas CO-
supplement and waste heat in attempt to the scale—up algae biomass production significantly lowering the
cost of the indoor PhBR operation. The findings of this work demonstrated lower energy consumption
and air emissions for the algae biodiesel production when compared to soy biodiesel under equal growth
conditions.

Another trend of developing a model, which is flexible to be used for different types of facilities
(open ponds, indoor and outdoor bioreactors), is presented by work of Fernandez et al. (2012). The
flexibility of application is one of the advantages of their model. Other advantages are: incorporation into
the model of comprehensive biological, ecological (e.g., seasonal changes or stress-induction strategies),
chemical (e.g., water chemistry, additional compounds and their metabolism in medium) and physical
parameters (e.g., fluid-dynamic, solar radiation) of a production unit ecosystem. A comprehensive model
can be developed for a particular production unit with no option to adjust to other units. However, some
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of these types of models incorporate a number of parameters for maximum accuracy of prediction and are
also designed to predict the outcomes of downstream processes as well as the economics of production
(Davis et al., 2016; Del Rio-Chanona et al., 2018).

More simple models, which incorporate a few parameters (Munoz-Tamayo et al., 2013) or
developed for one particular facility (Malek et al., 2015), are designed to optimise the production process,
usually are more accurate to predict the outcomes of alteration of the incorporated parameters. However,
they are not flexible in adjusting to other production units and give a weak prediction of the unit ecosystem
in time.

To date, there is a deficiency of data on modeling work for Duckweed biomass and target molecule
production. Importantly, for the subject of this report, a model for Duckweed production with agricultural
wastewater as a source of nutrients application was developed (Landesman et al., 2005). Another
important for industrial production model was developed on the mat-density management (Monett et al.,
2007). A significant gap in the microalgae biofuel production is that the majority of the studies have not
been based on the detailed engineering designs and validated on the designed industrial units.

1.3.5 The probability of success

According to the Energy Efficiency & Renewable Energy (EERE) division of the United Sates
Department of Energy, more than 1 billion gallons per year of cost-competitive algal biofuels can be
achieved by 2022, if an algal biofuel intermediate yield of 2,500 gallons of crude algae oil (or equivalent
dry weight basis) per acre per year can be harvested by 2019.

With wastewater or/and CO. application, the biomass production in open ponds typically lies in the
range of 300-380 mg/L/d, but can be as high as to 8 g/L/d (see Tables 1 and 2), while lipids can be
enhanced from 30-50 % to 70-80 % of biomass dry weight applying N-starvation (Borowitzka, 1988). In
PhBRs and indoor raceways the biomass production is about ten to fifteen times higher than in open ponds
due to more stable and easily manageable environment (Gardner et al., 2011). The most successful
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companies in US (e.g., Cellana LLC, Sapphire Inc.) have achieved oil production of 1,500 gal/acre/year
on average (see Table 2) with the goal to increase the oil production up to 5,000-6,500 gal/acre/year in
two to three years. For 1 acre of 1 dm (100 cm) depth, a biomass production of 350 mg/L/d gives 51.7
tons/acre/year (density of crude oil for 20 °C is p = 900 kg/m®). If the oil content is 30 %, it gives 15.5
tons/acre/year, or 17.2 m® oil, or 4,544 gal/acre/year. The results of this calculation support the probability
of the goal to achieve oil yield as 2,500 gal/acre/year in outdoor facilities (Table 2). The use of cold-
adaptive species/strains and different species for different seasons coupled with the use of the cold-climate
conditions as an advantage for the biofuel production bring the probability of sucsess in production of
microalgae biomass in cold climat to high level (McGinn et al., 2011; Park et al., 2012).
1.4 General goals of the project and the research objectives
1.4.1 General goals

This PhD research project is connected with the goals of Myera Nu-Agrinomics Group Canada
Inc and the Canadian Model Aquaculture Farm (CMAF). It is designed to assess the development of new
technologies and approaches for scale-up production of microalgae and Duckweed in a cold climate. The
general goal of this study was to determine the favorable conditions for enhanced microalgae production
for accumulation of specific molecules of interest (neutral lipids and carotenoids). The project was aimed
to elucidate an influence of wastewater organic compounds such as hormones on microalgae physiology.
1.4.2 Objectives

From the general goals, the following objectives were addressed in this research: 1) Clarification
of the possible influence of aquaponics/hydroponics wastewater components such fish hormones, and
phytohormones on the metabolic processes in the selected microalgae Scenedesmus quadricauda cultured
under the optimal growth conditions; 2) Assessment of influence of waterborne phytohormones Abscisic
acid (ABA), 3-Indoleacetic acid (IAA) and two types of brassinosteroids [brassinolide (BL) and 24-
epibrassinolide (EBL)] singularly and in some combinations on growth parameters, biomass production,
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pigment and lipid accumulation of microalgae S. quadricauda; 3) Comparison of influence of waterborne
fish steroids 17p-estradiol (E2) and progesterone 17,20B-dihydroxy-4-pregnen-3-one (17,208-P) on
growth parameters, biomass production, pigment and lipid accumulation of microalgae S. quadricauda;
4) Assessment of influence of waterborne fish steroid estradiol (E2) on growth parameters, biomass
production, pigment and protein accumulation of microalgae S. quadricauda; and Duckweed Lemna
minor; and 5) Assessment of influence of the chemistry of a growth medium on a hormone ability to alter

physiology of S. quadricauda; and Lemna minor.

1.4.3 Hypotheses

This PhD research is hypothesis driven, and the following hypotheses were tested:
Hypothesis 1: Phytohormones (ABA, I1AA, BL and EBL) will stimulate microalgae growth and biomass
production;
Hypothesis 2: Fish steroids (17p-estradiol and 17,20B-P) will stimulate microalgae growth and lipid
accumulation;
Hypothesis 3: Two aquatic organisms, microalgae S. quadricauda and Duckweed L. minor, growth will
be positively affected by nano-concentrations of 17p3-estradiol;
Hypothesis 4: Microalgae S. quadricauda and Duckweed L. minor, will have significantly greater growth
and valuable molecules accumulation in natural fish wastewater (FWW) with or without 17p-estradiol
presence compared to synthetically reconstituted fish wastewater (RFWW) or standard Bold’s Basal

Medium (BMM).
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Chapter 2

Methods and Experimental Approaches

2.0  General methodological approach

In this study, scrupulous attention was given to the relevancy of the analytical methods completing
all appropriate quality assurance (QA) and quality control (QC) standards. After the live culture materials
(algae and Duckweed species) were delivered to the laboratory, they underwent the acclimatisation period.
The microalgae were grown on BBM medium for a minimum one month before they were used for all the
tests under optimised growth conditions. After the acclimatisation period, microalgae and Duckweed
species were assessed for health criteria identified by Environment Canada (Biological Test Method, EC,
EPS1/RM/25, 2007) prior to the tests. All the analytical instruments that were used for this study were
calibrated and internal/external standards and reference solutions were employed for quality control.
Sufficient data with adequate amount of replicates (minimum four biological and minimum six technical)
were collected in all the trials for comprehensive statistical analysis. Prior to the start the experimental
work, key-protocols were created on the basis of appropriate Standard Methods to insure precision and
consistency of the conducted assays.
2.1 Materials and Methods
2.1.1 Strain and culturing conditions

Scenedesmus quadricauda (CPCC-158) and Lemna minor (CPCC-140) were obtained from the
Canadian Phycological Culture Centre (CPCC; Waterloo, Ontario). S. quadricauda was chosen because
it is known to grow well on wastewaters, and exhibits high biomass, lipid, and carotenoid production (Kim
et al., 2007; Dev Goswami, 2011; Mata et al., 2013). L. minor was selected as a model plant in this study
due to its high growth rate, and its ability to accumulate high concentrations of protein, carotenoids, and

lipids (Leng et al., 1995; Landolt and Kandeler, 1987; Guimaraes et al., 2012).
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A stock culture of algae was grown aseptically in standard Bold’s Basal Medium (BBM) (Stein,
1973) with some modifications (NHsCl was added to 4.5 ppm) for at least two months prior to the
experiment at 23 °C, pH 6.9 + 0.1, with a Plant Growing fluorescent Lamp at 5000 lux (100 umol/m?/s)
measured with a CalRight CI-1010 digital lux-meter (CalRight Instrument Inc.). Stock cultures of S.
quadricauda and L. minor were maintained in 500 mL flasks agitated at 95 rpm in a chamber shaker (New
Brunswick, Innova-44R) (Figure 5).

Prior to the experiments with altered ambient conditions (e.g., lighting in walk-in growth chamber,
aeration) all cultures were acclimated to the experimental conditions for minimum one month. Before
starting the experimental work, the status of the cultures was checked using the health criteria identified
by Environment Canada (Biological Test Methods, EC EPS1/RM/25, 2007). This ensures the quality and
relevance of the obtained data. All experimental trials with phytohormones, and the 20 days steroid
hormone experiments were conducted in 250 mL flasks with 150 mL of culture in each, using the same
growth conditions and growth chamber as the stock cultures where no aeration of the medium was
provided for either the stock cultures or experimental flasks (Figure 5).

However, in the 11 days 17p—estradiol (E2) experiment, aeration was applied aseptically to 250 mL
beakers containing S. quadricauda and L. minor (Figure 6A & 6B). The air bubbled through the cultures
was dispersed through the plastic discs with 2 mm pores situated at the bottom of the culture flasks (Figure
6A). This experiment was conducted in a walk-in growth chamber with controlled lighting (Plant Growing
fluorescent Lamp at 4000 lux (80 pmol/m?/s) and temperature (23 °C + 1) (Figure 6A and 6B). The seeding
density of S. quadricauda cells in all trials was 6.0 = 1.0 x 10* cell/mL. The initial density of L. minor

culture was ten plants with 3 fronds on each.
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Figure 5. The experimental set-ups for algae trials in all phytohormones and 20 days steroids 17§-
estradiol (E2) and 17,20B-dihydroxy-4-pregnen-3-one (17,20p3-P) experiments (photo by Kozlova T.A).

A

Figure 6. The experimental set-up for duckweed (A) and algae (B) grown in a walk-in chamber with

aeration and flow control manifold (photo by Kozlova T.A).

2.1.2 Water chemistry
Monitoring of general water chemistry and ambient conditions was performed daily: temperature,
pH, and conductivity were measured using an Orion pH-meter 420 (ThermoFisher Scientific Ltd). The

composition of dissolved nutrients (phosphate, nitrate, nitrite, ammonium ions) and their depletion was
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monitored using a HACH DR-900 colorimeter (HACH Co., Canada). Analysis of water ions (Ca, Mg, K,
P, metals) was conducted by inductively coupled plasma mass spectrometry (ICP-MS) at the Manitoba
Chemical Analysis Laboratory (MCAL) of the University of Manitoba. Water samples for ions analysis
were acidified with 16N HNOs (1 % acidification).

2.1.3 The range of hormone concentrations and preparation of working solutions

The range of hormone concentrations used in each experiment was chosen based on the reported
concentrations of each compound in surface and ground water in North America, as well as in aquaponics
and hydroponic wastewaters of the same region (Hala et al., 2012; Beecher, 2013; Tate et al., 2013; Mota
etal., 2014). All the tested hormones were purchased from Sigma Aldrich Inc. (Oakville, ON). A control-
blank (no hormone) was assessed in each trial.

All stock solutions for the tested hormones were prepared in dimethyl sulfoxide (DMSO), except
for E2, which is water-soluble. The working solutions for the tests were prepared in the modified BBM.
The influence of the solvent, DMSO, on cell growth and other physiological parameters was evaluated
using the following equation proposed in this study (see Table S1 in the Supplementary Matherials):

N = Xi — (Xs - Xc), 1)
where N = final cell density, Xi = cell density in a hormone-solvent trial, Xs = cell density in a solvent
only trial, and Xc = cell density in the control of the DMSO trial.
2.1.3.1 The ranges of single phytohormones concentrations

The ranges of hormone concentrations tested were: EBL - 0.5, 5, 10, 50, and 100 nM; BL - 0.5, 5,

50, 100, and 300 nM; IAA -1, 5, 10, 50, 100, and 1000 nM; ABA - 5, 10, 50, 100, and 500 uM (Table 6).

52



Kozlova Tatiana A Thesis — BioSystems Engineering

Table 6. The ranges of the tested hormone concentrations.

Hormone Concentrations tested

Single hormones trials

EBL 0, 0.5, 5, 10, 50, 100 nM

BL 0, 0.5, 5, 50, 100, 300 nM
IAA 0,1,5, 10, 50, 100, 1000 nM
ABA 0, 5, 10, 50, 100, 500 nM

E2 0, 5, 15, 50, 100, 300 ng/L*
17,20B-P 0, 1,5, 15, 50, 100, 500, 1000 ng/L*
Mixed trials

0.5 EBL + 5, +100, 1000 IAA nM

2 EBL +5, +100 IAA nM

Note: The unit ng/L was used in the steroids trials because this unit usually can be seen in the literature

cites we used for comparison of the results.

2.1.3.2  The range of mixed phytohormone concentrations

Based on the theory of one-way communication between brassinosteroid hormones (BRs), like 24-
epi-brassinolide (EBL) and Auxins, like Indole-3-acetic Acid (IAA) (Davies, 2013; Nakamura et al.,
2003), EBL was used as a matrix hormone in this study. The two matrix concentrations of the EBL, 0.5
and 2 nM, were chosen accordingly to the reported optimal concentrations of this hormone in previous
studies (Bajguz and Piotrowska-Niczyporuk, 2013; Nakamura et al., 2003). A range of IAA
concentrations (5, 100, and 1000 nM) was mixed with 0.5 nM matrix EBL concentration, and 5 and 100
nM IAA were mixed with 2 nM matrix EBL (Table 6). The IAA concentrations were within the range of
the hormone concentrations tested in single phytohormone experiments, which has been published

(Kozlova et al., 2017). All the mixed EBL and IAA concentrations were also tested singularly as the
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controls. The single phytohormone trials (reported in Chapter 3) were conducted simultaneously with the
mixed hormone trials (reported in Chapter 4). The influence of the solvent (DMSQO) on cell growth and
other physiological parameters was taken in account as previously described (Kozlova et al., 2017).
2.1.3.3 The range of E2 and 17,208-P concentrations

The range of E2 was chosen accordingly to the previously reported steroid loading in waste- and
surface-waters (Beecher, 2013) and the reported impact of E2 on vascular plants and algae (Lai et al.,
2002; Beecher, 2013). The range of 17,20B-P was wider, taking in account elevated 17,20B-P
concentration in surface waters compared with the concentrations of E2 (Hala et al., 2012; Mota et al.,
2014; Esteban et al., 2014). The range of E2 concentrations tested was 5, 15, 50, 100, and 300 ng/L. The
range of 17,20B-P concentrations tested was 1, 5, 15, 50, 100, 500, and 1000 ng/L (Table 6). The working
solutions for the test were prepared in natural fish wastewater (FWW). The same hormone concentrations
were tested at the same time on synthetically reconstituted fish wastewater (RFWW), on FWW, and on
BBM.
2.1.4 Sampling and Analytical methods
2.1.4.1 Algae cell counting

Cell density was determined for each culture by counting individual cells with a Bright-Line
haemacytometer (Hausser Scientific) using a Nikon-Eclipse-Tt microscope (Nikon Inc.), taking 7 to 10
technical replicates. Cell size was assessed using the NIS-Elements-D3.1 software program of the
microscope. Damaged cells were visualized by observation under Nikon-Eclipse-Tt1 microscope. Tose
cells in which cytoplasma was shrinked or shifted to one side of a cell for about 50 % or more.

As the seeding density in each trial could not be absolutely identical, the proportional rate of increase
between each time point was used to assess cell growth, using the following formula:

Na = (Nt — No)/t, (2)
where Na = the calculated cell density, No = initial cell density, and Nt = cell density on day t.
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2.1.4.2  Assessment of biomass production

To determine total dry cell weight (dcw), a 20 mL aliquot of well shaken culture was taken at the
end of experiment from each flask, washed with 0.9 % NaCl and oven-dried (Zhu and Lee, 1997). The
cells were pelleted using a Thermo Scientific™ Sorvall™ RC 6 Plus centrifuge at 4500 rpm (2,000 x g)
for 15 minutes (min.).
2.1.4.3 Assessment of chlorophyll-a and total carotenoids concentrations

To determine concentrations of chlorophyll-a and carotenoids, samples were collected according to
the sampling schedule, placed on ice, centrifuged, resuspended in 99.8 % methanol (Sigma Aldrich Inc.)
and stored in the dark for a minimum of 24 hours. Aliquots of each extract were transferred into wells of
a 96 well plate and measured for optical density using a microplate spectrophotometer (BioTek Synergy
4-Hybrid). Chlorophyll-a and total carotenoids were calculated using the method for methanol extraction
as described by Eaton and Franson (2005). Chlorophyll and carotenoid concentrations per cell (ng/cell)
were calculated using the following equation:

X = C/N*1000, ©)
where X = pigment concentration per cell in ng/cell, C = pigment concentration in ug/mL of extract, and
N = number of cells per mL.
2.1.4.4  Analyses of fatty acids

Analyses of fatty acids (FAS) synthesized by S. quadricauda were performed at the end of each trial.
Algal biomass was washed with 0.9 NaCl and freeze-dried in a Labconco FreeZone-6 freeze-drier. Dried
algal cells were first mechanically homogenized using a cell grinder, and then digested in chloroform
spiked with internal standard and 15 % H>SO4 in methanol (1:1) solution (modified method from Folch
et al., 1957) followed by the trans-esterification reaction. The total lipid fatty acid profiles where
determined by analyzing Fatty Acid Methyl Esters (FAMES) by Gas-Chromatography (Agilent-6890N-
GC). The FAME peaks were identified against a Standard (Supelco 37-compounds FAMEsS,
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SigmaAldrich).

Calculation of FA concentrations in mg/g lipid was accomplished following the method described
by Wrolstad et al. 2005:

C = (M'S*PAFA*RE/PAIS*MPS)*1000, (4)
where C = concentration of FA in mg/g lipid extracted; M'S = mass of Internal Standard; PA™ = peak
area of a fatty acid; RF = response factor of a fatty acid; PA'S = peak area of the appropriate Internal
Standard; and MP® = mass of digested algae sample.

Concentrations of FAs were classified as major FAs (> 3 % of total FAs), minor FAs (1-3 % total
FAs), and Minimal (Min) FAs (< 1 % total FAs). Min FAs were calculated empirically from the percent
and actual concentrations of major FAs, as:

Min (mg/g lipid) = Major (mg/g lipid) * Min (%)/Major (%) (5)

2.1.45 Duckweed assessment

Growth parameters of L. minor were assessed according to the methods EPS 1/RM/37 (2014) and
ISO/FDI1S/20079 described by Environmental Canada. Minor adjustment was accomplished for roots
growth evaluation taking in account the method described by Greenberg et al. (1992). Soluble proteins of
dry Duckweed biomass were assessed with Bradford assay.

2.2 Statistical analyses

To determine the statistical relevance of the data, all trials were conducted using four to five
independent biological replicates (n =4 or 5) and 5 to 15 technical replicates depending on the analytical
method to be used. The collected data was analyzed for significant differences (P < 0.05) against the
control-blank (zero hormone concentration) using the Analysis of Variance test (ANOVA). The
significance of measured differences in cell size and biomass was assessed with Mann-Whitney Rank
Sum Test using SigmasStat software (version 3.5, Systat Software, Inc.). Isobolographic analysis (Chou,
2006; Tallarida, 2011) was used for the assessment of the mixed hormones interactions. This method takes
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in account median dose-effect to determine the Combination Index (CI), which determines whether the
relationship between two mixed hormones are synergistic (Cl < 1), antagonistic (Cl > 1) or additive (ClI
=1) (Chou and Talalay, 1984). Unlike the original method proposed by Chou (2006), we took into account
the statistical difference of the effect of mixed hormones from the effects of the single hormones mixed.
The degree of increase for synergistic relationships was calculated as following:
N = M/Average (H1:H2), (6)

where N = the degree of increase, M = mixed trial influence, H1 = influence of the first hormone mixed,
and H2 = influence of the second hormone mixed. An explanation of how the calculations of the dose-
effect relationships for single versus mixed compounds were used to determine the CI are provided in

Tables S1, S2 and S3, and Figures S2 and S3, in the Supplementary Materials.
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Chapter 3
Effect of Phytohormones on Growth and Accumulation of Pigments and Fatty Acids

in the Microalgae Scenedesmus quadricauda (CPCC-158)

3.0  Abstract

The phytohormones abscisic acid (ABA), 24-epibrassinolide (EBL), brassinolide (BL), and 3-
indoleacetic acid (IAA), at concentrations relevant to that in hydroponic wastewater, were investigated
for their physiological effects on the microalga Scenedesmus quadricauda. All phytohormones tested had
positive stimulatory effects on S. quadricauda cell growth, biomass production, as well as on intracellular
concentrations of chlorophyll-a, carotenoid, and lipid biosynthesis. The most powerful inducers of
chlorophyll-a and carotenoid biosynthesis were EBL and IAA, while the phytohormone effect on fatty
acids biosynthesis followed the order: IAA > ABA > EBL > BL. Both the quantities of fatty acids and
their profiles depended on the phytohormone type and the specific concentrations tested. All tested
phytohormones altered S. quadricauda cell size and positive or negative effects were dose-dependent. To
our knowledge, this is the first report that systematically compares the influence of four phytohormones,
including two types of brassinosteroids, on a broad-range of S. quadricauda physiological parameters.
3.1 Introduction

One of the most promising ways to improve the economic viability of the microalgae industry is to
reduce the costs of production by maximizing energy and nutrient recycling. This can be accomplished
via application of industrial flue-gas carbon dioxide and nutrient-rich wastewaters to support microalgal
growth, and simultaneously offering a significant reduction of environmental emissions.

Growing interest in the use of wastewaters of different origins for industrial production of
microalgal biomass, for biofuels and bioproducts, has stimulated studies on the influence of wastewater
compounds on microalgal growth and physiology. Several studies have demonstrated that some

wastewaters are capable of significantly increasing microalgal biomass production (Kim et al., 2007;
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Kong et al., 2010; Dalrymple et al., 2013), as well as biosynthesis of intracellular lipids (Kim et al., 2007;
McGinn et al., 2012; Han et al., 2016) and carotenoids (Kim et al., 2007; Kang et al., 2006; Safafar et al.,
2015). Some inorganic compounds of wastewaters, such as iron and other microelements (Fabregas et al.,
2003; Naito et al., 2005; Cai et al., 2009) and the carbon:nitrogen (C:N) ratio specific to the growth
conditions (Kang et al., 2006; Geider and La Roche, 2002; Silaban et al., 2014) derived from both
inorganic and organic molecules in water, have been found to enhance microalgal biomass production and
synthesis of valuable bio-products. Numerous investigations have also highlighted the important role of
organic compounds dissolved in wastewater or added to growth media for microalgal biomass production
(Yang et al., 2000; Bumbak et al., 2011; Sun et al., 2016). Particularly, phyto- and animal hormones,
which may be found in both surface water and wastewaters, have gained attention of investigators (Bajguz
and Czerpak, 1998; Bajguz, 2003; Jobling and Owen, 2003; Park et al., 2013; Nobel et al., 2014).

Microalgae and aquatic plants produce phytohormones (Tsavkelova et al., 2006; Tarakhovskaya et
al., 2007; Kiseleva et al., 2012; Stirk et al., 2013) that efflux in trace concentrations into aqueous
environments (Nobel et al., 2014; Hirsch et al., 1989). Agricultural wastewaters, such as those derived
from hydroponic cultivation in greenhouses and agricultural run-off from crops treated with plant growth
substances or hormone-herbicides (Khripach et al., 2000; Cobb, 1992; Grossmann, 2007) can bear
significantly high concentrations of phytohormones, reaching hundreds of uM (Dalrymple et al., 2013;
Lopez et al., 2005; Tate et al., 2013).

Phytohormones regulate aspects of plant growth and development, as well as environmental stress
responses (Davies, 2004; Vidhyasekaran, 2015). Importantly, all phytohormones are effective in the low
nanomolar concentrations (Davies, 2004). It is well-established that the most important hormones in
vascular plants are auxins [Indole-3-acetic acid (IAA) is the most abundant auxin], abscisic acid (ABA),
brassinosteroids (BRs), gibberellin (GA), cytokinins, and ethylene. ABA, in particular, is an important
two-way growth regulator, adjusting plant growth to environmental conditions such as cold or hot
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weather, water deficit, the impact of pathogens, etc. (Davies, 2004; Schroeder et al., 2001; Pastori and
Foyer, 2002; Tuteja, 2007). In microalgae, ABA has been found to increase biomass production,
carotenogenesis, and lipid biosynthesis (Park et al., 2013; Nobel et al., 2014; Cowan and Rose, 1991) in
Chlamydomonas reinhardtii, Euglena gracilis, and Dunaliella salina.

In vascular plants, auxins regulate cell growth and elongation, as well as tissue and organ
differentiation (Davies, 2004; Ludwig-Muller, 2011). IAA was tested on different algae species including
Euglena gracilis Klebs (Nobel et al., 2014), Chlamydomonas reinhardtii growth (Park et al., 2013),
Chlorella pyrenoidosa (Czerpak et al., 1994, 1999; Liu et al., 2016), and S. quadricauda (Liu et al., 2016).
The results of these studies agree on the positive effects of IAA on microalgae cell division, biomass
production, and pigment biosynthesis. Remarkably, IAA was shown to increase algae cell size (Park et
al., 2013; Nobel et al., 2014) and protein content (Park et al., 2013).

In contrast, there are few reports in the literature on the influence of brassinosteroids on microalgae
productivity. Brassinolide and 24-epi-brassinolide, the two key brassinosteroids, were shown to work
synergistically with IAA to elongate cells and promote tissue differentiation in vascular plants. Moreover,
like ABA, brassinosteroids work to protect plant tissues from environmental stresses (Clouse and Sasse,
1998; Cano-Delgado et al.,, 2004) and pathogens (Vidhyasekaran, 2015). In Chlorella vulgaris,
brassinosteroids have been shown to increase biomass production (Bajguz, 2003), cell growth, chlorophyll
and monosaccharide production (Bajguz and Czerpak, 1998), and protein content (Bajguz, 2003).

The ability of phytohormones to promote microalgae growth and biosynthesis is dose dependent.
The most effective concentrations of phytohormones vary somewhat in the literature. For example, IAA
was reported to be most effective at concentrations between 10° and 10 M by several authors (Park et
al., 2013; Czerpak et al., 1994, 1999; Piotrowska et al., 2008), including one of pioneering papers of Pratt
(1938). However, Nobel et al. (2014) observed an inhibitory effect of IAA at concentrations of 107" M and
higher. Possible explanation of such differences lies in morphological and physiological differences
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between microalgae species and in dissimilarities in algae growth conditions.

Thus, despite the recent findings on the positive influence of phytohormones on microalgae biomass
production and synthesis of valuable biomolecules, there are several gaps in our understanding of the
impact of phytohormones on various features of microalgae physiology. Importantly for microalgae
industry, there is little data available to date on the effect of phytohormones on the composition of fatty
acids in microalgal cells. Moreover, the investigation of phytohormonal influence on microalgal
physiology is relevant to the use of hydroponic wastewaters for microalgal biomass production.

S. quadricauda, a species of interest for biofuel (McGinn et al., 2012; Dev Goswami, 2011; Peng et
al., 2012) and industrial carotenoid (lutein, B-carotene) production (Kim et al., 2007; Cordero et al., 2011),
was chosen for this investigation. Influence of four phytohormones: 24-epi-brassinolide (EBL);
brassinolide (BL); Indole-3-acetic acid (IAA) and abscisic acid (ABA) at concentrations relevant to those
in hydroponic wastewater on growth parameters and physiology of microalgae was investigated. Influence
of phytohormones on microalgae was evaluated comparing cell growth and biomass production, cell size,
chlorophyll-a, total carotenoid, fatty acids of total lipid production, and the fatty acid profiles.

3.2  Results
3.2.1 Effect of phytohormones on S. quadricauda growth, biomass production and cell size
3.2.1.1 Algae growth and the solvent influence

Two sets of experiments to evaluate the influence of ABA on microalgal physiology were conducted
simultaneously. The first set included a series of ABA concentrations where the hormone was first
dissolved in DMSO and then diluted with BBM. The second set included a series of appropriate DMSO
concentrations calculated from the first experiment. The results of the first series demonstrated some
significant differences in S. quadricauda growth in 5 to 50 uM ABA dissolved in DMSO in comparison
to the control (Figure S1A in the Supplimentary Materials). However, the assessment of DMSO influence
on microalgal physiology also demonstrated some stimulation of S. quadricauda growth (Figure S1B).
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After subtracting the solvent co-influence, a positive effect of ABA concentrations on S. quadricauda
growth was confirmed at concentrations of 5 uM and 50 uM (Figure S1C). At the end of the experiment,
S. quadricauda cell density was 1.6-fold greater in the 5 uM ABA trial compared with the control. No
influence of the solvent was found in the EBL, BL, and IAA experiments, except at the highest solvent
concentration of 0.1 % DMSO in the 1 pM IAA trial, where the influence of the solvent was also
substracted (data before substraction is not shown).

Both EBL and BL demonstrated promotion of S. quadricauda growth (Figures 7A and 7B).
However, brassinolides showed some dissimilarities in the influence. In the EBL experiment
concentrations of 50 nM and lower demonstrated clear stimulation of the algal growth, while 100 nM
showed a minor initial stimulation of growth, followed by significant effect after 15 days.

In the BL experiment, the lowest concentration tested (0.5 nM) had no effect on cell growth, and
concentrations of 100 and 300 nM had either no effect or an inhibitory effect after 15 days. The order of
efficacy in the EBL trial was 50 > 10 > 5 > 0.5 nM while the order of eficacy in the BL trial was and 50
> 5 nM. In the range of concentrations tested, auxin (IAA) was found to be the most effective stimulator
of S. quadricauda growth (Figure 7C). Most of the tested auxin concentrations, excluding the lowest (1
nM) and the highest (1 uM), stimulated cell division. The greatest effect on cell growth was at 100 nM
IAA, which increased cell density by 2.3-fold after 10 days. The order of efficacy for the effective IAA
concentrations was 100 > 50 > 10 > 5 nM. ABA demonstrated the weaker ability to increase S.

quadricauda growth (Figure 7D).
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Figure 7. Growth of S. quadricauda in phytohormones: A) EBL; B) BL; C) IAA, and D) ABA trials. Data shown as the mean + SD, n = 12.
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3.2.1.2 Relationship between cell size, biomass and cell density

All the phytohormones tested demonstrated a significant effect on S. quadricauda cell size and
biomass production (Table 7). However some differences in the extent of the influence were observed.
The two brassinosteroids, EBL and BL, stimulated an increase in S. quadricauda cell size. The effect was
observed only at 5 nM for BL, but was seen at most of the tested concentrations for EBL. At 50 nM and
higher for BL and at 100 nM for EBL reduced cell size was observed.

Both brassinosteroids increased biomass production. BL stimulated an increase in S. quadricauda
biomass production at 5, 50, and 100 nM, while EBL stimulated increased biomass production at all
concentrations tested. IAA stimulated an increase in cell size at 5 and 10 nM only, while biomass
production was increased at all six concentrations tested (Table 7). Unlike the other phytohormones tested,
ABA negatively affected cell size at concentrations of 50, 100, and 500 uM with no-effect at 5 and 10
uM. Biomass production was stimulated by ABA at concentrations of 5, 10, and 50 uM resulting in 1.67-
, 1.26-, and 1.27-fold greater production, respectively, compared with the control. An adverse effect on
biomass production was observed at high (100 and 500 uM) ABA concentrations (Table 7). DMSO did

not have any influence on S. quadricauda cell size.
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Table 7. S. quadricauda cell size (um), biomass (g dew/L), and cell density (n x 10*mL) at the

termination of each experiment.

Hormone Cell size Biomass Cell density
concentration (um) (g dewi/L) (x 104/mL)
EBL trial

control 42.16 £ 0.81 0.47 +0.03 127.97 £ 8.03
0.5nM 50.82 £2.31* 0.60 £ 0.06* 168.93+£5.11*
5nM 58.14 £ 0.35* 097+0.11% 198.74 + 3.28*
10 nM 45.05 £ 1.05* 1.17 £ 0.09* 231.86 + 4.93%*
50 nM 44.23 +0.85* 0.81+0.13* 217.26 + 8.93*
100 nM 38.82 +£0.49* 0.6 9 +£0.05* 148.67 + 3.47*
BL trial

control 41.96 +1.75 0.44 +0.03 167.23 +4.15
0.5nM 4572 £1.07 0.48 +0.05 156.66 + 15.22
5nM 53.75+ 1.02* 0.61 £ 0.06* 200.02 + 7.22*
50 nM 38.44 + 0.66* 0.75 £ 0.08* 275.41 + 1.25%*
100 nM 38.82 +0.49* 0.59 £ 0.05* 139.12£5.11F
300 nM 36.02 £0.75* 0.50 £ 0.07 125.11 +£11.05*
IAA trial

control 43.02+£2.25 0.47 +0.05 162.09 + 4.90
1nM 4424 +£1.33 0.59+0.06 149.53 +£5.92
5nM 49.02 + 1.43* 0.70 £0.07* 178.92 £ 6.78*
10 nM 4985+2.11*% 0.80 £ 0.05* 202.91 + 3.75%*
50 nM 48.05+2.31* 0.76 £ 0.05* 238.40 + 4.16*
100 nM 4544 £2.16 0.70 £ 0.04* 293.40+10.93*
1M 44,12 +1.48 0.68 £ 0.05* 141.67 + 8.02*
ABA trial

control 4536+ 6.14 0.46 £ 0.04 102.68 + 3.24
5 uM 46.77 +£5.26 0.77 £ 0.04* 165.03 + 13.5*
10 tM 43.65+4.73 0.58 £ 0.03* 108.45 + 7.68
50 ptM 35.12+2.317 0.59+0.05* 116.30 + 8.05%*
100 uM 3245 +£3.07* 0.37 £0.02* 104.77 £ 6.75
500 pM 28.34 +2.44* 0.33 £0.04* 96.39 = 7.70
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Note: * - significantly greater than control (P < 0.05); * - significantly lower than control (P < 0.05). Data

shown as the mean + SD (for cell size n = 15; for biomass n = 4; for cell density n = 12).

3.2.2 Effect of phytohormone type and concentrations on S. quadricauda pigments production
3.2.2.1  Chlorophyll-a accumulation

Chlorophyll-a concentrations per cell were significantly increased in S. quadicauda by all
phytohormones tested. Chlorophyll-a concentrations increased within two to four days (Figure 8). EBL
and IAA had the greatest effect on chlorophyll-a biosynthesis, with 2.5- and 2.3-fold increases,
respectively, in chlorophyll-a concentrations compared with the control were observed (Figures 8A and
8C). However, by day six of the experiments, the stimulatory effect of all tested hormones was fully, or
almost fully, mitigated in all the trials, except the BL trial, where most of the tested concentrations were
effective until the end of the experiment (Figure 8B). The order of efficacy for stimulation of chlorophylI-
a by each phytohormone was: 0.5>5> 100> 50 > 10 nM for EBL; 5> 100 > 0.5 > 50 > 300 nM for BL;
10>50>100nM =~ 1 uM > 1 nM for IAA; and 10 > 5 > 50 uM for ABA (Figure 8). Adverse effects on
chlorophyll-a production were observed at different concentration for different phytohormones: 300 nM
for BL; 1 nM and 1 uM for IAA; and 100 and 500 uM for ABA (Figures 8B, 8C, and 8D). In the controls,
chlorophyll-a production was slightly elevated between day four and day six in all the experiments

(Figures 8A and 8C).
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Figure 8. Chlorophyll-a concentrations (ng/cell) in S. quadricuada during growth in the presence of
phytohormones: A) EBL; B) BL; C) IAA; and D) ABA. Statistically significant differences from the

controls (P < 0.05) are indicated, where * - significantly greater than the control and * - significantly lower

than the control. Data shown as the mean + SD, n = 15.

3.2.2.2  Total carotenoids biosynthesis

Total carotenoid production per cell was stimulated by all phytohormones tested. As was observed
for chlorophyll-a, the greatest effect occurred between day four and day six of the experiments in all the
trials, except for IAA, where the greatest increase was observed from day two to day four of the
experiment (Figure 9). EBL and IAA displayed the strongest enhancement, stimulating carotenoid
production up to 4.0- and 2.8-fold, respectively (Figures 9A and 9C). The order of the efficacy for
carotenoid stimulation was: 0.5>100>5 >50 > 10 nM for EBL; 5> 0.5 > 50 nM for BL; 10 > 50 > 100
nM = 1 uM > 1 nM for IAA; and 10 > 5 > 50 uM for ABA (Figure 9). Adverse effects of the
phytohormones on carotenoid production were observed for IAA at 1 uM (Figure 9C) and for ABA at
100 and 500 uM (Figure 9D). In the controls, similar to chlorophyll-a, total carotenoid production was
slightly elevated between day four and day six (EBL and BL), day four and day ten (IAA), and day 6 and
day 8 (ABA) compared with the first measurement in each trial, which was taken on the second day of

each experiment (Figure 9).
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Figure 9. Total carotenoid concentrations (ng/cell) in S. quadricuada during growth in the presence of
phytohormones: A) EBL; B) BL; C) IAA; and D) ABA. Statistically significant differences from the

controls (P < 0.05) are indicated, where * - significantly greater than the control and * - significantly lower

than the control. Data shown as the mean = SD, n = 15.

3.2.3 Effect of different phytohormones on lipid accumulation and their fatty acids profiles

All the phytohormones tested stimulated fatty acid accumulation in S. quadricauda. The fatty acid
profiles were dependent on the type and concentration of phytohormone, and on time of harvesting (Figure
10; Table 8). The most pronounced increase in the accumulation of major fatty acids (each > 3 % of total
FAs) was observed at 100 uM ABA, where palmitic (C16:0), palmitoleic (C16:1), and oleic acids
(C18:1n9c) reached their maximum concentrations, which corresponded to 34.2, 12.1, and 42.4 mg/qg lipid,
respectively (Figure 10D). EBL also greatly stimulated accumulation of palmitic and oleic acids at 100
nM, and increased lauric acid (C12:0) accumulation to a maximum of 24.8 mg/g lipid at 10 nM (Figure
10A). Auxin stimulated the accumulation of three long chain FAs: arachidic (C20:0), y-linolenic
(C18:3n6), and heneicosanoic (C21:0), to their maximum values of 22.4, 19.1, and 7.8 mg/g lipids
respectively while increasing lauric, palmitic, and oleic acids to concentrations just slightly lower than
ABA or EBL (Figures 10A, 10C and 10D).

The order of phytohormone stimulation efficiency on major fatty acid synthesis was: EBL > ABA
> |AA > BL. However, total fatty acids were pronouncedly higher in the 1AA trial, which reached the
highest concentration (130.2 mg/g lipid at 10 nM) of all the tested hormones (Table 8). The most effective
hormone concentrations in the trials were 100 nM for EBL, 5 nM for BL, 10 nM and 100 nM for IAA,
and 100 uM for ABA.

However, adverse effects of phytohormones on selected FAs accumulation were also observed: with
IAA at 50 nM, 100 nM, and 1uM; ABA at concentrations from 10 to 500 uM; and BL at 100 nM and 300

nM (Figures 10B, 10C and 10D).
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The core fatty acid composition in the control cells (S. quadricauda cultured without phytohormone
treatment) consisted of palmitic acid, palmitoleic acid, oleic acid, and y-linolenic acid. The major fatty
acid composition of lipids extracted from S. quadricauda cultured with BL and ABA (harvested on day
18 and day 14, respectively) were similar to the fatty acid profiles of the control cells (Figures 10B and
10D). In contrast, the major fatty acid composition of lipids from cells cultured with EBL and 1AA
(harvested on day 21 day), were very different from the core fatty acid profile of control cells (Figures
10A and 10C). Treatment with some phytohormones at different concentrations both enhanced production
of some of these core FAs and stimulated the production of additional FAs, which were not found in the
controls. The order of increased production of core FAs was: C18:1n9c > C16:0 > C18:3n6 > C16:1.

Increasing concentrations of EBL significantly induced production of core palmitic, oleic, and vy -
linolenic acids, and 100 nM EBL resulted in a 2.8-, 2.6-, and 2.0-fold increase, respectively (Figure 10A).
However, oleic acid was not detected in the fatty acid profile synthesized by S. quadricauda in the
presence of 10 nM EBL. EBL also stimulated the synthesis of lauric acid and heneicosanois acid, which
were not found in the core fatty acid profile of control cells.

Minor FAs (each 1-3 % of total FASs) in the EBL trial displayed the highest accumulation (10.37
mg/g lipid) at 5 nM EBL, while all other tested concentrations did not increased the concentrations of
minor FAs compared to the control (Table 8). The order of significance (% of total FAs) for minor FAs in
this trial was: C11:0 (undecanoic acid) > C18:1n9t (9-trans-oleic acid) > C18:0 (octadecanoic acid) >
C17:1 (cis-10-heptadecenoic acid). The percent of insufficient FAs (each < 1 % of total FAs) at each EBL
concentration was greatly lower than in control (Table 8).

In the BL experiments, only one concentration (5 nM) was capable of increasing oleic, palmitic, and
palmitoleic acids accumulation. In this trial, linoleic acid (C18:2n6c) was detected in the control. The
fatty acid profiles were consistent across all the BL concentrations tested (Figure 10B). Although minor

FAs accumulation was greater at 5 nM and 50 nM BL, the percent of minor FAs in this trial was
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significantly higher than in the controls, similar to the accumulation observed in all tested hormone
concentrations, and 2- to 3-times lower than the percent accumulation of Min FAs. The order of
significance for the minor FAs was: C18:1n9t > C17:1 > C18:0 > C12:0 > C20:1 (cis-11-eicosenoic) >
C24:1 (nervonic acid).

Increasing IAA concentrations stimulated the accumulation of all the FAs found in control S.
quadricauda cells. Concentrations of palmitoleic, palmitic, y-linolenic, and oleic acids were enhanced 3.4-
, 2.4-, 2.5-, and 1.9-fold, respectively (Figure 10C). The concentrations of 10 nM and 100 nM IAA were
most efficient in enhancing synthesis of all the core FAs. IAA also stimulated the synthesis of three
additional major FAs compared to controls. Arachidic acid accumulated to a maximum concentration of
22.4 mg/qg lipid in the presence of 50 nM IAA, while lauric acid and heneicosanoic acid accumulated to
maximum concentrations of 20.2 mg/g lipid and 7.8 mg/g lipid, respectively, in the presence of 10 nM
IAA. At 50 nM IAA, lauric, palmitic, and palmitoleic acids were not synthesized. Minor FAs accumulated
to similar concentrations in this trial across all IAA concentrations tested, but achieved significantly higher
concentrations in the IAA trails than in the controls (Table 8). The order of significance for the minor FAs
was: C18:1n9t > C18:0 > C17:1 > C18:2n6c.

The accumulation of Min FAs in this trial depended on the hormone concentration, and appeared to
be inversely dependent to the accumulation of major FAs. In other words, Min FAs accumulated to their

lowest concentrations in those 1AA trials where the accumulation of major FAs was highest (Table 8).
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Figure 10. The distribution of major fatty acids in S. quadricuada cells in the presence of phytohormones on the day of test termination: A) on
day 21 with EBL; B), on day 18 with BL; C) on day 21 with IAA; and D) on day 14 with ABA. Statistically significant differences from the

controls (P < 0.05) are indicated, where * - significantly greater than the control and * -significantly lower than the control. Data shown as the

mean + SD, n =4,

Table 8. Fatty acid accumulation in S. quadricauda cells at the day of a test termination in the four phytohormone trials (Major FAs, each > 3

% of total FAs; Minor FAs, each 1-3 % of total FAs; Minimal (Min) FAs, each < 1 % of total FAS).

Hormone Major FAs, Major FAs, Minor FAs, Minor FAs, *Min FAs, ~MinFAs, % *Total FAs,
concentration mg/g lipids % of total FAs mg/g lipids % of total FAs  mg/g lipids of total FAs mg/g lipids
EBL trial

control 3500+ 0932  65.02+0.78%  7.75+0.87%°  11.75+0.652 9.51 2327 +1.35% 52.24
0.5nM 5842+ 128>  8521+1.14° 848+1.612 991 +0.84% 3.36 5.02 +0.53"" 70.24
5nM 69.48 +0.78°  89.56+1.06 1037 +1.28" 7.19+1.12° 2.52 3.15+1.16° 82.33

10 nM 60.53 +2.26°  85.92+0.82°  889+1.05® 11.54+0.732 2.52 2.62 + 1.06"° 71.93
50 nM 80.41+1.73%9  90.14+2.11°  7.63+2.21% 727+ 1.628" 2.32 2.50 +0.82° 90.25
100 nM 9734+ 0.63%  92.82+0.74 735+037% 5.98+0.99° 2.72 1.93 + 0.65¢ 107.43
BL trial

control 4371 +£1.128 6581 +0.28  571+0.77* 8.55+0.85 17.02 2543 +1.15% 69.30
5nM 63.68+0.87°  69.00+1.53°  11.14+0.61° 11.97+1.64"" 19.96 21.06 +0.73° 94.99
50 nM 48.63 £1.44°  61.00+0.76° 11.29+0.98° 13.04 +1.52° 20.55 24.85 + 1.06% 80.52
100 nM 3471 +234%  57.02+146%° 6.74+1.25% 11.04+0.63"" 19.42 31.9 £ 0.54° 60.85
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300 nM
IAA trial

control
5nM
10 nM
50 nM
100 nM
1uM
ABA trial
control
SuM
10 pM
50 pM
100 pM
500 pM

23.78 +£3.09°

35.02 +0.552
59.88 + 1.01°
108.99 + 3.66°
42.80 +2.35¢
86.38 + 0.76°
52.49 + 1.33f

41.38 +0.332
72.27 +2.73°
81.05 + 0.96°
42.88 +0.512
111.50 + 2.85¢
59.03 + 0.76°

54.04 + 2.80¢

67.05 + 1.212
61.55+0.58°
86.79 + 0.33¢
53.04 + 1.16°
80.05 + 0.77°
56.84 +2.81¢

76.00 + 0.592
86.91 + 1.68°
89.71 + 0.83"
79.69 + 0.49°
93.47 +0.71¢
84.75 + 1.04°

5.69+2.012

6.97 +0.47°

16.33 + 0.39°
17.18 £ 0.91°
17.66 + 0.44°
16.99 + 1.25°
16.73 £ 0.29°

3.15+£0.732
2.61+0412
3.31+0.88%2
2.5 +0.45?

422 +0.27%
3.45+0.502

12.97 +0.82°

12.88 + 1.252
18.42 + 0.48°
10.24 + 2.04?
21.74 +0.62°
15.05+1.132
18.11 +0.82°

4.49 +1.342
2.72 +£0.852
3.71 £2.062
442 +£1.4°

3.14 £1.09?
548 £1.072

14.46

11.42
19.51
4.06
20.21
5.42
23.04

10.8
8.65
5.9
8.55
4.5
6.34
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32.87 £0.72°

21.77 +0.382
19.88 + 1.822
3.11 £0.53P
25.12 + 1.16°
4.9 + 0.54°
25.07 + 0.65°

19.51 +2.032
12.64 + 0.68°
6.58 +0.79°
15.89 + 1.642
3.39 +0.95¢
9.08 +0.93°

43.95

53.39
95.71
130.18
80.63
108.78
92.22

55.33
83.53
90.26
53.93
120.22
68.82

Note: Values in Bold font are empirically calculated numbers. Within a trial, and for each column, values labeled with the same letter are not

significantly different from each other (P > 0.05), and values labeled with a letter plus an asterisk indicate significant difference from different

letters, but no statistical difference from other equal letters. Data shown as the mean = SD, n = 4.
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In the ABA trial, while only small amounts of lauric acid and arachidic acid were detected in the
controls, concentrations of lauric acid were significant elevated at all ABA concentrations tested, and the
concentration of arachidic acid was significantly greater at 100 nM ABA (Figure 10D). The degree of
increase for lauric, palmitoleic, oleic, palmitic, and arachidic acids in the ABA trial were 7.8-, 4.6-, 3.2-,
3.0-, and 2.3-fold, respectively (Figure 10D). Minor FAs accumulated to low concentrations at all ABA
concentrations tested, and in the control (Table 8). The order of significance for the minor FAs was: C24:1
> C18:1n9t > C17:1. As observed with the IAA trials, Min FAs accumulation depended on the ABA
concentration tested. However, at most ABA concentrations tested, Min FAs were detected at
concentrations that were lower than those detected in the controls.

3.3 Discussion

Wastewaters from aquaponics and/or hydroponics have been suggested as sources of nutrients and
hormones to support industrial algae biomass production (Kim et al., 2007; Kong et al., 2010; McGinn et
al., 2012; Dalrymple et al., 2013; Han et al., 2016). The actual loading of phytohormones in wastewaters,
such as brassinolides and natural auxins, has been demonstrated to be in the range of 200-300 nM and
lower (Khripach et al., 2000; Savidov, 2004), although ABA was found in hydroponic wastewater at
concentrations as high as 500 uM (Lopez et al., 2005; Liu et al (2016) assessed the influence of four types
of auxin on the physiology of Chlorella pyrenoidosa and S. quadricauda at concentrations between 28
and 340 uM. Such high concentrations can only be achieved in industrial production units by the addition
of commercial hormones into growth medium, which is very costly and most likely not economically
viable. Thus, application of naturally occurring hormones from fishery and hydroponic wastewaters could
be one of the solutions to reduce the cost of industrial scale microalgal production.

Selection of a species is another important question for success in the industry. S. quadricauda is a
species broadly used for commercial biomass production due to its high growth rate (Cordero et al., 2011),

high lipids (McGinn et al., 2012; Dev Goswami, 2011), and carotenoid (lutein and [-carotene) content
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(Kim et al., 2007; Cordero et al., 2011).

Our data support some recent reports that suggest that phytohormones can simultaneously promote
both microalgal cell growth and end-product biosynthesis (Babu et al., 2017), though there are some
dissimilarities between the assessed hormones influence on algal physiology, as well as between the
results of previous investigations and our findings. Although the range of concentrations of all the
phytohormones tested demonstrated a stimulatory effect on S. quadricauda growth, biomass production,
and targeted molecules biosynthesis, the degree of influence and most effective concentrations were
varied with the hormone type. In addition, we emphasize the importance of preparation of phytohormone
solutions, where the solvent used may co-influence the results. This co-influence has been taken in account
in our study and we did not observe any solvent (DMSQO) influence when the solvent concentration was
below 0.001 %, as was the case for the hormones tested in nM concentrations.

The two brassinolides hormones tested, EBL and BL, displayed similar stimulatory effects on S.
quadricauda growth and biomass production enhanced both parameters by about 2-fold. However, the
impacts of EBL and BL on chlorophyll-a, carotenoid, and lipid biosynthesis were dissimilar. EBL
enhanced chlorophyll-a and carotenoid synthesis to a much greater extent than BL in the first six days of
growth at concentrations from 0.5 nM to 100 nM. EBL also had a greater stimulatory effect on the fatty
acids synthesis and on fatty acid profile alteration than BL.

Little data is available in the literature on brassinosteroids influence on microalgae. Our results are
consistent with those of Bajguz and Czerpak (1998), who reported a clear stimulatory effect of two
brassinosteroids, BL and castasterone, on cell growth, chlorophyll-a, and monosaccharide production in
Chlorella vulgaris cells at low concentrations. However, in contrast to our study, Bajguz (2003) stated
that BL demonstrated a greater impact on Ch. vulgaris cell growth, and biosynthetic activity than EBL.
In induction of chlorophyll-a, carotenoids, and lipid synthesis in microalgae EBL is consistent with the

role of the hormone in vascular plants (Davies, 2004; Sasse, 2003; Bishop and Yokota, 2001). Although
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both EBL and BL play a role in cell elongation in plants, only EBL increased S. quadricauda cell size at
all of the tested concentrations, except 100 nM, while BL stimulated an increase in cell size at 5 nM, but
inhibited cell size at concentrations of 50 nM and higher.

Auxin IAA was found to be one of the most effective phytohormones for stimulation of S.
quadricauda growth and biosynthesis. Our data are consistent with previous studies, which reported that
IAA is capable of significant induction of microalgal growth and biomass yield (Park et al., 2013; Nobel
etal., 2014; Liu et al., 2016; Babu et al., 2017; 61), chlorophyll (Park et al., 2013; Liu et al., 2016; Ozioko
etal., 2015), and lipid (Park et al., 2013; 40, Babu et al., 2017) biosynthesis. However, some discrepancies
in the results must be highlighted. For example, in contrast to the most effective concentrations for IAA
in our study (between 5 and 100 nM), Nobel et al. (2014) observed stimulation of Euglena gracilis growth,
biomass yield, and cell size at 1 nM and 10 nM IAA, and physiological inhibition at higher IAA
concentrations. Liu et al. (2016) demonstrated induction of S. quadricauda growth and biomass
production at very high IAA concentrations (228 and 342 uM), while in our study on S. quadricauda, 1
uM was not effective (on cell size), or had toxic effects (on growth, chlorophyll, and total carotenoid
production).

Such significant differences are likely the result of different growth conditions and, most
importantly, different growth medium composition. It is well known that the bioavailability of
compounds, including hormones, dissolved in water depends on water chemistry, which affects
competition among ions for uptake sites on algal cell membranes or binding capacity of dissolved
molecules (Pollard and Rojas, 1988). Moreover, presence of waterborne auxin might alter algae
membrane permeability, since auxin was shown to be capable of activating proton pump ATPase in the
plasma membrane (Rober-Kleber at al., 2003; Perrot-Rechenmann, 2010) in vascular plants. As auxins
regulate cell growth and elongation in vascular plants (Davies, 2004) it was no surprise that IAA at the

concentrations 5 to 50 nM significantly increased S. quadricauda cell size in our experiments. The ability
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of 1AA to enlarge S. quadricauda cells has been previously reported for different algal species (Park et
al., 2013; Nobel et al., 2014; Ozioko et al., 2015). However, contrary to our results, both growth
stimulatory (1 nM) and growth inhibitory (0.01 mM) IAA concentrations in those experiments equally
increased algae cell size.

Our results clearly demonstrate positive effect of IAA on S. quadricauda pigment biosynthesis,
inducing chlorophyll-a and total carotenoid production. As was observed for all the phytohormones tested,
the effect of IAA on pigment production was initially rapid, but decreased after day six, which likely
occurs due to the degradation of the hormones in the aqueous environment.

A positive effect of IAA on lipid accumulation was also found to be pronounced in our research.
Furthermore, IAA was the phytohormone that stimulated significant increases in the bioaccumulation of
both major and minor FAs at all concentrations tested. The few reports in the literature on the effect of
IAA on lipid synthesized by microalgae are highly variable. Recent studies of Liu et al. (2016), conducted
on S. quadricauda and Babu et al. (2017), conducted on Ch. sorokiniana, demonstrated a clear induction
of lipid production by IAA. However, Park et al. (2013) did not observe any effects when fatty acids were
expressed as percent of C. reinhardtii cell biomass, neither Liu et al. (2016) could confirm the effect on
Ch. pyrenoidosa. These discrepancies may be due to the fact that hormones often act in a species-specific
manner, which has been demonstrated primarily with vascular plants (Davies, 2004; Bishop and Y okota,
2001; Xu et al., 2013), and may also be true for microalgae.

The effects of ABA on S. quadricauda cell physiology were more complex. Although ABA
displayed the weakest effect on S. quadricauda growth and had an adverse effect on cell size, 5 to 50 uM
ABA was capable of increasing biomass production and pigment biosynthesis. Moreover, in our study
ABA and IAA had the greatest effects on the fatty acid biosynthesis by S. quadricauda, which was
consistent with the results of Park et al. (2013). The weak ability of ABA to stimulate S. quadricauda

growth could be explained by taking into account that the prime function of ABA in higher plants is as a
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protective mediator against environmental stresses and pathogens (Davies, 2004; Schroeder et al., 2001,
Pastori and Foyer, 2002; Tuteja, 2007), which cannot be demonstrated under laboratory conditions.
Remarkably, this function of ABA was confirmed in microalgae (Hirsch et al., 1989; Cowan and Rose,
1991).

Induction of chlorophyll-a and total carotenoid production by ABA in our study was consistent with
previous observations. Park et al. (2013) reported an approximate 2-fold increase in chlorophyll content
in the presence of 40 uM ABA. Cowan and Rose (1991) demonstrated positive correlation between
intracellular production of B-carotene and ABA in Dunaliella salina, suggesting that ABA is likely a
regulator of carotenogenesis, particularly in response to an environmental stress. Moreover, ABA has
been shown to be connected with carotenogenesis in vascular plants, where ABA is considered as a
catabolite of neoxanthin and xanthoxin (Zeevaart and Creelman, 1989; Parry et al., 1990).

It is worth noting that alterations in the fatty acid profiles of lipids synthesized by S. quadricauda
were observed for all phytohormones tested. However, differences in the manner in which the fatty acid
profiles of major, minor and minimal FAs were altered were observed with different phytohormones. Our
data are consistent with Park et al. (2013), who reported a significant increase in fatty acid yields (% of
biomass) in the presence of ABA, despite the fact that cell growth was not affected by the hormone.
Recent research by Babu et al. (2017) also supports our results. Their comprehensive study of microalgal
FAs composition of Ch. sorokiniana cells, in the presence of IAA and reduced nitrogen, demonstrated
high ability of the hormone to mitigate the adverse effects of nutrient depletion on lipid production.
Salama et al. (2014) also demonstrated the ability of IAA to induce synthesis of certain FAs in S. obliquus
cells. However the most affected FAs, the degree of induction, and the core FAs profile have some
dissimilarity compared to our study, which is likely the result of the differences in growth conditions and
time of harvesting (Salama et al., 2014). This comparison highlights the importance of investigating the

influence of temperature and light intensity on phytohormone activity for algae production.
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A possible explanation of the mechanism of fatty acid profile alteration by phytohormones may be
that they can affect activity of acyl-ACP thioesterase (FAT), the enzyme that determines the final chain
length of the fatty acids in algae (Borowitzka, 1988). Our results highlight the possibility that
phytohormones could be used as a tool for fatty acids profile manipulation in the biofuel and
pharmaceutical industries.

3.4 Conclusions

We have compared the influence of four phtyohormones - EBL, BL, IAA, and ABA - on several
physiological parameters in S. quadricauda, with emphasis on the effect of these hormones on cell growth,
cell biomass production, cell size, pigment biosynthesis (chlorophyll-a and total carotenoids), fatty acids
biosynthesis and their profiles. All phytohormones tested had positive stimulatory effects on S.
quadricauda cell growth, biomass production, chlorophyll-a, carotenoid, and lipids biosynthesis. To the
extent of our knowledge, this is the first report on influence of EBL, BL, and ABA on the fatty acid
composition of lipids in microalgae. Our research clearly demonstrated that EBL, IAA, and ABA, but not
BL, are capable for both inducing production of fatty acids and altering the fatty acid profiles of lipids
synthesized by S. quadricauda. Our data also suggest that even very small concentrations of the hormones
tested were capable to enhance the growth, biomass production, and biosynthesis of valuable
biomolecules, which raises the possibility of producing high-value fatty acids via industrial-scale
microalgal production using hydroponic wastewaters containing phytohormones.

After obtaining the results on the single hormones influence on microalgae S. quadricauda, we
conducted a set of the experimental work on mixed hormones influence, because in nature phytohormones

normally crosstalk with eachother. In particular, the mixtures of EBL and IAA were investigated.
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Chapter 4:
The Combined Influence of 24-epibrassinolide and 3-indoleacetic Acid on Growth
and Accumulation of Pigments and Fatty Acids in Microalgae Scenedesmus

guadricauda (CPCC-158)

40  Abstract

Interest in the use of wastewaters of different origins for the industrial production of microalgal
biomass for biofuels and bioproducts has stimulated studies on the influence of a variety of compounds
in wastewaters on algal physiology. Following the work on the impact of four single phytohormones on
the physiology of the microalga Scenedesmus quadricauda (CPCC-158), described in Chapter 3, we
investigated the combined effect of the 24-epibrassinolide (EBL) and 3-indoleacetic acid (IAA) on S.
quadricauda biosynthesis and biomass production. Synergistic increases in S. quadricauda biomass
production, chlorophyll-a accumulation, total carotenoid accumulation, as well as total and major neutral
lipid (triacylglyceride) accumulation were observed for most of the mixed hormone trials. Mixed
hormones had stimulatory effects on growth and biosynthesis of S. quadricauda, but the influence of
mixed hormones on algae growth (maximum 1.6-times greater) was less than their influence on algal
biosynthesized molecules content (maximum 1.7-, 2.7-, and 3.3-fold for chlorophyll-a, total carotenoids,
and fatty acids, respectively) compared with single hormone treatments. The mechanism of EBL and IAA
crosstalk is likely specific to targeted biosynthetic pathways. The type of relationship between two mixed
phytohormones was assessed with Ting-Chao Chou Test. Our results highlight the need for further

research on the combined influence of phytohormones on algae physiology.
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4.1 Introduction

One of the groups of organic compounds dissolved in agricultural wastewaters are phytohormones,
which have been demonstrated to induce simultaneously both microalgal growth and accumulation of
valuable secondary metabolite molecules (Yang et al., 2000; Geider and La Roche, 2002; Bumbak et al.,
2011; Silaban et al., 2014; Kozlova et al., 2017).

In vascular plants, some phytohormones support each other by working singularly, and/or
synergistically, on the same physiological functions. For instance, abscisic acid (ABA) and auxin both
regulate cell growth and elongation. However, ABA is also an important two-way growth regulator, that
functions to adjust plant growth to environmental conditions and the impact of pathogens (Schroeder et
al., 2001; Pastori and Foyer, 2002; Davies, 2004; Tuteja, 2007), while auxins also regulate tissue and
organ differentiation (Davies, 2004; Ludvig-Muller, 2011). Brassinosteroids (BRs) can work
synergistically with auxins to elongate cells and promote tissue differentiation, and with ABA as an
environmental stress remediator (Clouse and Sasse, 1998; Cano-Delgado et al., 2004; Vidhyasekaran,
2015).

First discovered in different cells of vascular plants, all known phytohormones have also been found
in microalgal cells (Tsavkelova et al., 2006; Tarakhovskaya et al., 2007; Kiseleva et al., 2012; Stirk et al.,
2013). Importantly, in nature, phytohormones rarely, if ever, work as single agents. Inside living cells,
phytohormones (synthesized by cells or absorbed from the environment) work by activating specific
signaling pathways that normally crosstalk with each other (Vidhyasekaran, 2015; Sasaki et al., 2001,
Verhage et al., 2010; Yang, 2013). This network is not constant in time, but depends on environmental
conditions, such as temperature, soil and/or water chemistry, and the presence of pathogens
(Vidhyasekaran, 2015; Robert-Seilaniantz et al., 2011; Thaler et al., 2012; Alazem and Lin, 2015).
Moreover, crosstalk among phytohormones can have different characteristics, resulting in synergistic,

additive, or antagonistic relationships.
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A synergistic effect is defined as the outcome observed when the combined effect of two chemicals
is greater than the sum of the effects (expressed as the proportional effect units) of each compound alone.
In contrast, an antagonistic effect is defined as the outcome observed when the effect of mixed compounds
is less than the effect of each compound alone. Over ten methods have been used in quantitative
determination of these relationships. The most popular method used in recent decades is based on “median
dose-effect relationship” where the combination effect (CI) is used to determine whether the combined
compound works synergistically or antagonistically (Chou and Talalay, 1984; Chou, 2006). These
outcomes are often dependent on the concentrations of the specific hormones in question, as well as on
ambient conditions or on the specific plant or algae species under investigation (Thaler et al., 2012; Peleg
and Blumwald, 2011; Van der Does et al., 2013; Hunt et al., 2010).

Synergistic interaction between BRs and auxins, such as Indole-3-acetic acid (IAA), was noted in
several studies (Yopp et al., 1981; Katsumi, 1985; Sala and Sala, 1985) and has been widely applied to
agricultural crop production (Mandava, 1988). Some authors (Nakamura et al., 2003; Vert et al., 2008)
clearly demonstrated the molecular mechanism of BRs and IAA crosstalk, suggesting that the signaling
pathways of both hormones are capable of triggering the transcriptional system of IAA, and BRs work to
induce the early auxin-inducible genes. In contrast, De Vleesschauwer et al. (2012) demonstrated negative
crosstalk of BRs with salicylic acid (SA) and gibberellin (GA) pathways, which in their study resulted in
a dramatic change in BRs function from protection of plants from biotic stress to immune suppression in
rice (Oryza sativa). Moreover, the most effective phytohormone combination is plant/algae species-
specific. For rice production, the optimal combination of plant growth regulators treated to paddy water
is GA and ABA (Moya et al., 1995). For commercially used algae species, the optimal combination of
phytohormones is yet to be determined.

There is some evidence of a link between BRs and IAA metabolism in vascular plants. BRs

synergistically affect ethylene production in inflorescences, leaves and stalks of Arabidopsis thaliana (L.)
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when applied with 1AA, but had no influence on ethylene production when the plant was exposed to BRs
only (Arteca and Arteca, 2008). Synergistic interaction of BRs and auxin to elongate the stem tissue,
hypocotyl of embryos and roots was reported for different species of vascular plants (Mandava, 1988;
Clouse and Sasse, 1998; Kim et al., 2000; Khripach et al., 2000; Karnachuk et al., 2002). Davies (2004)
proposed a one-way interaction between BRs and IAA where only BR can affect IAA biosynthesis and
activity in plants, but not vice versa. This assumption was supported by Nakamura et al. (2003) who
elucidated the molecular mechanism of the one-way communication of BL, the most active BRs, with
IAA suggesting that exogenous BL gradually and, likely, independently from the IAA signaling pathway,
induces IAA5 and 1AA19 genes in seedlings of wild type (WT) Arabidopsis via activation of the IAA
response element. Synergistic interaction between BRs and auxin in intensification of expression of
transcription of auxin-induced genes (Vert et al., 2008) in vascular plants enhances sensitivity of plant
tissues to auxin (Sasse, 1999). Remarkably, exogenous application of BL clearly triggers IAA genes
expression (Nakamura et al., 2003) and, as a result, BL synergistically affects activity of IAA in plant
tissue (Yopp et al., 1981; Nakamura et al., 2003; Bao et al., 2004; Davies, 2004).

Thus, although some data on synergistic, antagonistic, or additive effects of phytohormone
combinations has been demonstrated in vascular plants in recent decades, our understanding of the role
and effects of phytohormones on algal cell physiology, and the influence of exogenous combinations of
phytohormones on microalgal physiology is limited. S. quadricauda is a species of interest for biofuel
(Dev Goswami. 2011; Peng et al., 2012; Mata et al., 2013) and industrial carotenoid (lutein, B-carotene)
production (Kim et al., 2007; Cordero et al., 2011). We report here, the physiological effects of
combinations of the BR, 24-epibrassinolide (EBL), and 1AA, on cell growth, cell size, and biomass
production, as well as the intracellular concentrations (accumulation) of chlorophyll-a, total carotenoids,

total fatty acids, and the fatty acid composition in S. quadricauda.
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4.2  Results
4.2.1 Effect of mixed phytohormones on S. quadricauda growth, biomass production and cell size
4.2.1.1 Algal cell growth

Two sets of experiments were conducted to evaluate the co-influence of EBL and IAA on S.
quadricauda physiology. The first set of experiments, where 0.5 nM EBL was mixed with 5, 100 and
1000 nM IAA, demonstrated a clear synergistic effect of the mixed hormones on algae growth at 5 and
1000 nM 1AA from Day 4 to Day 15 of the experiment compared to cultures exposed to either one of
those phytohormones at the same concentrations. The mixture of both EBL matrix concentrations with 5
nM IAA showed significant decrease in the lag-phase of algae growth (Figures 11A and 11B). The mixture
of 0.5 nM EBL with 100 nM IAA had an additive effect in this trial, except on Day 4 when this mixture
had an adverse effect on algae growth (Figure 11A). The synergistic increase in cell density was a
maximum of 1.2- and 1.5-fold compared to the average of the effects of two mixed single hormones when
0.5 nM EBL was mixed with 5 nM or 1000 nM IAA respectively.

In the second set of experiments, where 2 nM EBL was mixed with 5 or 100 nM IAA, a significant
synergistic effect of the mixture was observed with 5 nM IAA from Day 4 to Day 15 of the experiment.
An average increased in cell density of 1.74-fold was observed, with the highest cell density reaching
248.1 cells x 10*/mL (Figure 11B). The mixture of 2 nM EBL + 100 nM IAA demonstrated an additive
effect only (Figure 11B). The order of efficacy of the tested mixtures on algal growth was: 2 nM EBL +
5nMIAA > 0.5nM EBL + 1000 nM IAA >2 nM EBL + 100 nM IAA >0.5nM EBL + 5nM IAA > 0.5

nM EBL + 100 nM IAA.
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Figure 11. Growth of Scenedesmus quadricauda in the two mixed phytohormones experiments, where

the effect of the mixtures (columns with patterns) were compared to the single hormones (columns with

no patterns) used for the mixtures preparation. A) 0.5 nM 24-epibrassinolide (EBL) mixed with 5, 100,
and 1000 nM 3-indoleacetic acid (IAA); B) 2 nM 24-epibrassinolide (EBL) mixed with 5 and 100 nM 3-

indoleacetic acid (IAA). Statistically significant differences are indicated: *, for single hormones,

significantly greater values compared with the control-blank (P < 0.05); for mixed hormones, S =

synergistic effect; A = additive effect; a = antagonistic effect. Data shown as the mean + SD, n = 12.
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4.2.1.2 Relationship between cell size, biomass and cell density

All single hormone concentrations used in this study demonstrated clear induction of the growth
parameters (cell size, biomass, and cell density) on the day of the test termination (Day 15) compared to
the control-blank (Table 9). The mixtures of the EBL and IAA had different effects on S. quadricauda
growth parameters demonstrating the dependence of the response on the concentrations of each
phytohormone in the mixtures.

In the first set of experiments, where 0.5 nM EBL was used as a matrix concentration, the addition
of 5 IAA significantly reduced cell size, but it did not prevent a great increase in cell density and biomass
production (Table 9). In this trial, addition of 100 IAA had an additive effect on cell density, but cell size
and biomass were greatly enhanced by this hormone combination, demonstrating a synergistic effect. The
combination of 0.5 nM EBL with1000 nM IAA did not affect cell size having only an additive effect on
this growth parameter, although cell density and biomass production were significantly increased (Table
9).

In the second set, the greater concentration (2 nM) of EBL demonstrated an antagonistic reduction
in cell size when mixed with 5 nM IAA. However, in this trial, the highest cell density and the greatest
value of biomass production were achieved (Table 9). When 2 nM EBL was mixed with 100 nM IAA,
cell size and biomass production were synergistically affected, although cell density on Day 15 (when the

experiment was terminated and the cells were harvested) showed an additive effect only.
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Table 9. Scenedesmus quadricauda cell size (um), biomass (g dew/L) and cell density (n x 10%/mL) at
the day of a test termination (Day 15) in the single and mixed hormone trials, with indication of the type

of interaction between the mixed hormones calculated using Isobolographic analysis.

Biomass,
g dew/L

Hormone Cell size,
concentration pm

Cell density,
X 10%/mL

Single hormones used for the combinations, nM

control-blank 34.71 £ 0.62* 0.41 +0.08" 95.96 + 2.42*
0.5 EBL 48.50 + 0.33° 0.55 £ 0.06" 141.65 + 8 .28°
2 EBL 48.94 + 0.45P 0.73+0.077  146.86+ 7.71F
51AA 45.25 + 0.327 0.64+0.07°  117.73+6.30
100 1AA 43.11+0.37° 0.69 +0.12Y 152.23 + 10.64°
1000 IAA 36.38 + 0.41° 0.62+£0.07°  114.07 £ 4.19"
Mixed trials, nM
0.5+5I1AA 36.81+ 0.81° 1.08+0.11°5 18214 +4.70°
0.5+ 100 IAA  48.97+0.41° 1.21+0.10° 127.97 + 4.53A
0.5+ 1000 IAA 36.75+0.35* 1.11+0.07°  194.79+5.61°
2+5I1AA 35.44 + 0.68° 1.46+0.15°  248.06 + 14.08°
2 +100 IAA 51.01 + 0.39° 1.26+0.11°5  137.86+12.72A

Note: Within the single hormone trials, and for each column, values labeled with the same letter are not
significantly different from each other (P > 0.05). Within the mixed hormone trials, and for each column:
S = synergistic effect; A = additive effect; a = antagonistic effect. EBL - 24-epibrassinolide; IAA - 3-
indoleacetic acid. Data shown as the mean + SD (for cell size n = 15; for biomass n = 4; for cell density n
=12).
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4.2.2 Effect of mixed phytohormones on S. quadricauda pigment production
4.2.2.1 Chlorophyll-a accumulation

Chlorophyll-a accumulation per cell was significantly increased in S. quadicauda, compared to the
control-blank, by all single hormone concentrations used in this study (Figures 12A and12B). The mixture
of 0.5 nM EBL with 100 nM or 1000 nM IAA demonstrated synergistic relationships on Day 2 of the
experiment, but synergistic effect was kept at 0.5 nM EBL + 100 nM IAA only and was antagonistic at
0.5 nM EBL + 1000 nM IAA by Day 4. Both 100 nM and 1000 nM IAA demonstrated antagonistic
relationship with 0.5 nM EBL by Day 6. By the end of the experiment (Day 15), the mixture of 0.5 nM
EBL + 100 nM 1AA recovered to an additive effect (Figure 12A). The addition of 5 nM IAA to 0.5 nM
EBL had an additive effect on chlorophyll-a accumulation, which was reduced to an antagonistic effect
by the last day of the experiment (Day 15). The mixture of 0.5 nM EBL + 1000 nM IAA exhibited an
additive effect only on Day 2 of the experiment, but displayed a slightly antagonistic effect on chlorophyll-
a accumulation by Day 6 until the end of the experiment (Figure 12A).

In the second set of experiments, with 2 nM EBL as a matrix concentration, both tested combinations
of phytohormones demonstrated synergistic effect on pigment accumulation by Day 2 (Figure 12B). On
Day 4 only the mixture of 2 nM EBL + 5 nM IAA kept synergistic effect while the mixture with 100 nM
IAA demonstrated only an additive effect on the pigment accumulation. From Day 6 to the end of
experiment (Day 15), both combinations showed antagonistic effects on chlorophyll-a accumulation
(Figure 12B). The greatest increase in chlorophyll-a concentration was observed at 0.5 nM EBL + 100
nM IAA on Day 2 of the experiment when chlorophyll-a accumulation reached its highest value in this
study at 210.6 ng/cell (Figure 12A). Generally, the stimulatory effect of all tested single and mixed
hormones was most pronounced from Day 2 to Day 6 of the experiment (Figure 12A and 12B). The order
of efficacy for stimulation of chlorophyll-a accumulation by the tested mixtures of phytohormones was:

0.5 nM EBL + 100 nM IAA > 2 nM EBL + 100 nM IAA > 0.5 nM EBL + 1000 nM IAA > 2 nM EBL +
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5 nM TAA > 0.5 nM EBL + 5 nM TAA (Figures 12A and 12B). In the blank-control, chlorophyll-a

accumulation was slightly elevated on day 4 of the experiment (Figures 12A and 12B).
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Figure 12. Chlorophyll-a concentrations (ng/cell) in Scenedesmus quadricuada during growth in the

presence of mixed (columns with patterns) and singular (columns with no patterns) phytohormones used
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for the mixtures preparation. A) 0.5 nM 24-epibrassinolide (EBL) + 5, 100 or 1000 nM 3-indoleacetic
acid (1AA); B) 2 nM 24-epibrassinolide (EBL) + 5 or 100 nM 3-indoleacetic acid (IAA). Statistically
significant difference is indicated: *, for single hormones treatments with significantly greater values from
the blank-control (P < 0.05); for mixed hormones: S = synergistic effect; A = additive effect; a =

antagonistic effect. Data shown as the mean = SD, n = 15.

4.2.2.2 Total carotenoid accumulation

Similar to chlorophyll-a, accumulation of total carotenoids per cell was stimulated by all the single
hormones used for mixed hormone combinations in this study compared to the control-blank. However,
unlike chlorophyll-a, total carotenoid biosynthesis was synergistically stimulated by all the hormones
combinations tested and the effect was stable to Day 4 of the experiment (Figures 13A and 13B). After
Day 4, the effect became additive (combination 0.5 EBL + 100 nM IAA) or antagonistic (all other
combinations). From Day 6 to the end of the experiment (Day 15) all the hormone combinations in this
trial demonstrated an antagonistic effect on total carotenoids accumulation (Figure 13A).

In the second set of experiments, where 2 nM EBL mixed with 5 nM or 100 nM IAA, the effect
on total carotenoids accumulation was similar to that of observed for chlorophyll-a production, although
the antagonistic effect of mixed hormones in this trial was more pronounced (Figures 13A and13B).

The order of the efficacy of the tested hormones combinations for carotenoid stimulation was: 0.5
nM EBL + 100 nM IAA > 2 nM EBL + 100 nM IAA > 0.5nM EBL + 5 nM TAA > 2 nM EBL + 5 nM
IAA > 0.5 nM EBL + 1000 nM I1AA (Figures 13A and 13B). In the control-blank, total carotenoid

production did not show a significant difference during the experiment (Figures 13A and 13B).
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Figure 13. Total carotenoids concentrations (ng/cell) in Scenedesmus quadricuada during growth in the

presence of mixed (columns with patterns) and singular (columns with no patterns) phytohormones used

for the mixtures preparation. A) 0.5 nM 24-epibrassinolide (EBL) + 5, 100 or 1000 nM Indole-3-acetic
acid (IAA); B) 2 nM 24-epi-brassinolide (EBL) + 5 or 100 nM 3-indoleacetic acid (IAA). Statistically

significant difference is indicated: *, for single hormones treatments with significantly greater values from

the blank-control (P < 0.05); for mixed hormones: S = synergistic effect; A = additive effect; a =

antagonistic effect. Data shown as the mean = SD, n = 15.
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4.2.3 Effect of mixed phytohormones on lipid accumulation and their fatty acids profiles

All the single phytohormones used for mixed hormone combinations in this study demonstrated
stimulatory effect on lipid biosynthesis in S. quadricauda (Figure 14A and 14B; Table 10). Both EBL
concentrations of 0.5 and 2 nM, used as the matrix solutions in the mixed hormone trials were effective
in increasing accumulation of major fatty acids (each > 3 % of total FAs) and minor fatty acids (each 1-3
% of total FASs) expressed as mg/g lipid, resulting in significant increase of total FAs accumulation (1.7-
and 1.8-fold respectively) compared to the control-blank (Table 10). Single auxin concentrations of 5, 100
and 1000 nM used for the mixed hormone trials also elevated major and minor fatty acids biosynthesis
resulting in greater total FAs accumulation (1.82-, 2.26- and 2.0-fold respectively). Total FAs
concentration reached the highest number of 106.24 mg/g lipid at 100 nM IAA (Table 10). Single
hormones greatly affected fatty acids profiles at all tested concentrations (Figures 14A and 14B). In these
trials, the core fatty acids found in the control-blank reached their maximum values of: 31.57 mg/g lipid
of oleic acid (C18:1n9c); 28.21 mg/g lipid of palmitic acid (C16:0); 11.53 mg/g lipid of y-linolenic acid
(C18:3n6) at 100 nM 1AA; and 7.95 mg/g lipid of palmitoleic acid (C16:1) at 5 nM IAA (Figures 14A
and 14B). Moreover, all the single hormone concentrations tested promoted synthesis of additional fatty
acids and the FAs reached their maximum values of: 16.9 mg/g lipid of lauric acid (C12:0) at 2 nM EBL;
10.76 mg/g lipid of arachidic acid (C20:0) at 1000 nM IAA and 3.54 mg/g lipid of heneicosanoic acid
(C21:0) at 2 nM EBL.

When the influence of the hormone combinations on FAs accumulation and their profile was
assessed, all three types of relationships between the hormones were detected: synergism, antagonism and
additivity. Importantly, some fatty acids biosynthesis was synergistically affected in any of the tested
mixtures (Figures 14A and 14B). Moreover, major FAs (expressed either as mg/g lipid or % of total FAS)
and total FAs accumulation were synergistically affected in any of the tested mixtures despite the fact that

minor and Min FAs accumulation was mostly antagonistically affected when expressed as % of total FAs
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(Table 10). The order of the mixture efficiency on both the total FAs and major FAs synthesis (mg/g lipid)
was: 0.5 nM EBL + 100 nM IAA > 2 nM EBL + 100 nM IAA > 0.5 nM EBL + 1000 nM IAA > 2 nM
EBL + 5 nM IAA > 0.5 nM EBL + 5 nM IAA. Total FAs accumulation in these trials was 3.3-, 2.6-, 2.2-
, 1.9- and 1.9-fold respectively when compared to the control-blank (Table 10).

Throughout all the mixed hormone trials total FAs concentration reached the highest number of
154.07 mg/g lipid when 0.5 nM EBL was mixed with 100 nM IAA. The order of the mixture efficiency
on the minor FAs (mg/g lipid) was similar to that on the major FAs: 0.5 nM EBL + 100 nM IAA > 2 nM
EBL + 100 nM IAA > 2 nM EBL + 5 nM IAA > 0.5 nM EBL + 1000 nM IAA > 0.5 nM EBL + 5 nM
IAA. The order of significance (mg/g lipid) for the minor FAs was: C18:3n3 > C20:2 > C14:0 > C17:0 >
C18:2n6c¢ (data is not shown).

In the mixed hormone trials, the core fatty acids found in the control-blank reached their maximum
values of 51.74 mg/g lipid of oleic acid and 48.51 mg/g lipid of palmitic acid in the trial containing 0.5
nM EBL + 100 nM IAA, while the trial containing 2 nM EBL + 100 nM IAA produced 15.11 mg/g lipid
of y-linoleic acid and 3.77 mg/g lipid of palmitoleic acid (Figures 14A and 14B).

FAs profiles in the mixed trials were similar to those in single hormone trials with two exceptions:
arachidic acid was not detected in the trials containing 2 nM EBL + IAA (Figure 14B). Also, in both EBL
single trials, comparable amounts of heneicosanoic acid were detected, but not arachidic acid (Figures
14A and 14B). Additional fatty acids reached their maximum values of: 19.54 mg/g lipid of lauric acid
and 9.67 mg/g lipid of arachidic acid at 0.5 nM EBL+ 5 nM IAA,; 5.23 mg/g lipid of heneicosanoic acid
at2nM EBL + 100 nM IAA (Figures 14A and 14B). In trials with either 0.5 nM or 2 nM EBL, the addition
of 100 nM IAA resulted in the greatest values of total, major, and minor FAs and all produced similar FA

profiles (Figures 14A and 14B, Table 10).
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Table 10. Fatty acid accumulation in Scenedesmus quadricauda cells at the day of a test termination (on Day 15™) in the single and mixed

hormone trials with indication of the type of interaction between the mixed hormones calculated using Isobolographic analysis (Major FAs,
each > 3 % of total FAs; Minor FAs, each 1-3 % of total FAs; Minimal (Min) FAs, each < 1 % of total FAS).

Hormone Major FAs, Major FAs, Minor FAs, I\é}inor FAS, EAAI\? o Min FAs, Total FAs,

concentration mg/qg lipid % of total FAs  mg/g lipid 6 of total mg/g 6 of total mg/g lipid
FAs lipid FAs

Single hormones used for the combinations, nM

control-blank 3148 £0.43* 6723 +0.85"  4.46+0.74*  9.15+1.35° 11.06  23.62+£2.15% 47.00

0.5 EBL 61.37+1.08 7725+1.16F 846+1.52F 10.57+0.61° 9.68 12.18+0.74° 7951

2 EBL 72.08 £1.127 85.45 +£0.28" 7.54+0.778 8.90 + 0.85° 4.76 5.65+1.157 84.38

51AA 59.29 + 1.14F  69.60 £0.76*  13.59+0.58" 1544 +1.32F 1274 1496+1.06°  85.62

100 IAA 88.56 + 1.59° 83.96 £ 1.87"  14.02+2.31" 12.57+0.74" 3.66 3.46 £0.62" 106.24

1000 IAA 67.45+0.98°  71.04+1.74“ 11.65+0.68 1221+£0.96"  16.01 16.75 £2.25° 95.11

Mixed trials, nM

0.5 EBL +5 IAA 80.98 £1.32°5  90.22+1.16°5 438+134%  4.69+122° 4572  5.09+0.58° 89.93%

0.5 EBL + 100 IAA 137.48 £2.44°5  89.62+0.62°5 12.19£0.55% 7.51+0.75° 4.41A 2.87 £0.86% 154.07°

0.5 EBL + 1000 IAA 93.85+1.395  92.82+0.82° 7.41 £ 0.45% 5.98 +0.76% 2.752 1.93 +£0.332 104.025

2EBL +51AA 81.13+0.87° 89.73+1.53%  7.74+0.61"  851+1.64° 1258  136+0.73%  90.12°

2 EBL + 100 IAA 109.18 £2.34°  90.02+1.46°5  9.74+1.154 6.34 +0.63% 4.48A 3.74 + 0.54 121.458
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Note: Values in Bold font are empirically calculated numbers. Within single hormone trials, and for each
column, values labeled with the same letter are not significantly different from each other (P > 0.05), and
values labeled with a letter plus an asterisk indicate significant difference from different letters, but no
statistical difference from other equal letters. Within a mixed hormone trial, and for each column: S =

synergistic effect; A = additive effect; a = antagonistic effect. Data shown as the mean + SD, n = 4.
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Figure 14. Major fatty acid distribution in Scenedesmus quadricuada cells on the day of test termination
(Day 15) in the presence of mixed and single phytohormones used for the mixtures preparation: A) 0.5
nM 24-epibrassinolide (EBL) + 5, 100, or 1000 nM 3-indoleacetic acid (IAA); B) 2 nM 24-epibrassinolide
(EBL) + 5 or 100 nM 3-indoleacetic acid (IAA). Statistically significant differences are indicated: *, for
single hormones with significantly greater values from the control-blank (P < 0.05); *, for single hormones
with significantly lower values from the control-blank (P > 0.05); for mixed hormones: S = synergistic

effect; A = additive effect; a = antagonistic effect. Data shown as the mean = SD, n = 4.,

4.3  Discussion

The primary purpose of this study was to investigate synergistic, additive, and antagonistic
influences of a combination of two phytohormones, EBL and IAA, on microlagal physiology. The green
microalga, S. quadricauda, is known to grow well in wastewaters of different origins (McGinn et al.,
2012; Safafar et al., 2015). This species is used for industrial biomass production (Kim et al., 2007; Dev
Goswami, 2011; Cordero et al., 2011; McGinn et al., 2012), and we have previously investigated the
influence of a number of individual hormones on S. quadricauda physiology (Kozlova et al., 2017). In
this study, the influence of mixtures of EBL and IAA, at different concentrations on S. quadricauda
growth, cell size, and biomass production, as well as the accumulation of pigments (chlorophyll-a and
total carotenoids) and fatty acids, was assessed against the performance of each individual hormone and
against the control-blank. Nano-concentrations of EBL and IAA were chosen, since low concentrations
are expected in hydroponic effluences (Moya et al., 1995; Hartung, 2010; Dalrymple et al., 2013; Nobel
et al., 2014), which have been proposed for use as a growth medium for microalgae industrial production.
Successful performance of phytohormones in nano-concentrations for microalgae biomass and valuable
molecules production was confirmed in several studies (Nobel et al., 2014; Salama et al., 2014; Kozlova
etal., 2017; Talarek-Karwel et al., 2018).

When applied to microalgae production units, the influence of mixed dissolved phytohormones on

98



Kozlova Tatiana A Thesis — BioSystems Engineering

microalgae physiology is expected. However, the combined influence of two or more phytohormones on
microalgae is less studied. Interrelationships between phytohormones occur via transduction cascades of
their metabolic pathways forming a signaling network (Harrison, 2012; Vidhyasekaran, 2015). The
excessive activity of auxins in the signaling network is likely due to the fact that auxin homeostasis has
multiple pathways in vascular plants. The activation of the auxin pathway depends on particular
environmental factors, which trigger certain combinations of genes and enzymes (Ligung et al., 2002;
Davis, 2004). Moreover, auxin has high binding capacity and a tendency to form conjugated
conformations, which facilitate its involvement in phytohormones crosstalk network (Rock and Sun,
2005; Robert-Seilaniantz et al., 2011; Tatsuki et al., 2013; Vidhyasekaran, 2015), although formation of
conjugates is reported to be different in microalgae (Stirk et al., 2013).

Signaling networks of phytohormones and their metabolic pathways are not well understood in
microalgae. A few phytohormones crosstalk experiments conducted on different algae species gained
some insights on the influence of different plant hormone combinations on microalgae physiology. Hunt
et al. (2010) reported significant increase in biomass and chlorophyll accumulation, but not in lipid or
protein production, when Chlorella sorokiniana was exposed to combined phytohormones from different
taxa (auxin, gibberellin and cytokinin), while no effect was confirmed with a mix of different auxins
(Vance, 1987; Hunt et al., 2010). Ozioko et al. (2015) also observed clear synergistic effects of mixed
auxin with gibberellin on biomass and chlorophyll-a production in Ch. sorokiniana cells. Our results
confirmed the ability of auxin IAA to synergistically increase cell division, biomass production,
chlorophyll, total carotenoids and lipid accumulation, although our study, unlike the research of Hunt et
al. (2010) and Ozioko et al. (2015), was conducted on S. quadricauda, using nearly 100 times lower
hormone concentrations, and, more importantly, on the combinations of 1AA + EBL.

Two assumptions previously proposed by some researchers led us to use two EBL concentrations,

0.5 and 2 nM, as the matrix solutions for the mixed hormones trials. First, the theory of one-way
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relationship between BRs and auxins metabolism proposed by Davies (2004) and supported by other
authors (Nakamura et al., 2003; Vert et al., 2008). Second, previous results highlighted the ability of
exogenous BRs to enhance endogenous IAA accumulation and/or to elevate plant sensitivity to auxin
(Sasse, 1999; Nakamura et al., 2003). This finding was supported by the only study, to our knowledge,
conducted on co-influence of BRs and IAA on microalgae Chlorella vulgaris (Bajguz and Piotrowska-
Niczyporuk, 2013).

When either 0.5 or 2 nM EBL was combined with 5 nM IAA, a similar impact on S. quadricauda
growth, biomass production, cell size and all the tested metabolites accumulation was noted. However,
when 2 nM EBL was a matrix solution, the lag phase of algae growth was clearly shorter resulting in the
highest cell density of 248.06 cells x10%/ml achieved in this study. The ability of phytohormones to reduce
the lag phase of algae growth was previously reported for auxin (Hunt et al., 2010) and EBL (Talarek-
Karwel et al., 2018). Thus, certain phytohormone combinations synergistically promote both greater
biomass yield and its rate of production. When 100 nM IAA was combined with two EBL concentrations
the results were similar only for the growth parameters and lipid accumulation, but not for the pigment
accumulation where the pigments reached their maximum values of 219.3 ng/cell (chlorophyll-a) and
176.5 ng/cell (total carotenoids) at 0.5 nM EBL + 100 nM IAA mixture.

Our results on pigments accumulation suggest that in the mixed trials low IAA concentration of 5
nM is responsible for the gained effect, not the brassinosteroid. This supports the theory that BRs
contribute to the synergistic effect with auxin independently from its concentration and likely
independently from IAA signaling pathway, but via induction of the early auxin-inducible genes
(Nakamura et al., 2003; Davies, 2004), which results in enhancement of IAA activity. However, the
complex outcome of auxin (100 nM IAA) mixed with either of the two matrix concentrations of EBL
suggests that the mechanism of EBL and IAA crosstalk was specific to targeted biosynthetic pathways.

This assumption is supported by the work of Bajguz and Piotrowska-Niczyporuk (2013), who
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demonstrated that auxin can also increase the activity and effectiveness of BRs in a synergistic manner.
Nevertheless, the mechanism of formation of a signaling network in aqueous environment between
exogenously applied phytohormones and their endogenous accumulation and the influence of this network
on different algae species physiology is not yet well understood.

Our work was conducted as a batch-type experiment. Thus, the degradation of applied hormones by
the end of the experiment was expected. Indeed, mitigation of the phytohormone effect on chlorophyll-a
and total carotenoinds accumulation was noted. In most of the mixed trials, we observed a reduction in
the influence of the hormone on pigment accumulation toward the end of the experiment (Day 15) that
was more pronounced than in single hormone trials, suggesting that the phytohormones were unstable and
were less effective over time.

An alternative explanation may be that a combination of the products of hormone degradation
negatively affected pigment biosynthesis or resulted in an increase in intracellular pigment degradation.
In previous studies, the attenuation of the positive effect of phytohormones on chlorophyll and carotenoid
accumulation toward the end of the experiments was also observed (Tatkowska and. Buczek, 1980;
Kozlova et al., 2017; Talarek-Karwel et al., 2018). However, some authors reported a stable increase in
chlorophyll and carotenoid accumulation after 6-7 days of exposure (Tatkowska and. Buczek, 1980; Hunt
et al., 2010; Nobel et al., 2014; Liu et al., 2016). A possible explanation of this discrepancy lies, as it was
mentioned earlier, in differences in growth conditions. Different factors can singly, or in combination,
alter hormone degradation, algae cell membrane permeability (Rober-Kleber et al., 2003; Perrot-
Rechenmann, 2010), or directly affect pigment biosynthesis in algae species-specific manner (Pei et al.,
2017).

Cell growth, biomass production, and total FA concentrations on the day of the test termination
(Day 15) were significantly higher in all the single and combined hormone trials compared to the control-

blank. This gives the impression that despite the possibility of hormone degradation, the initial exposure
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of the cells to the hormones stimulated the enhancement of growth parameters and lipid accumulation
(and possibly pigment production under certain conditions) in microalgae cells. This assumption is
supported by recent work conducted on S. quadricauda and Chlorella ellipsoidea (Pei et al., 2017). A
wider-range of algae species and physiological responses has to be further investigated for better
prediction of the influence of particular hormone combination.
4.4  Conclusions

We have compared the co-influence of two phtyohormones, EBL and IAA, on several physiological
parameters in S. quadricauda, with emphasis on the effect of these hormones on cell growth, cell biomass
production, cell size, pigment biosynthesis (chlorophyll-a and total carotenoids), fatty acids biosynthesis
and their profiles. We confirmed the synergistic relationship between a brassinosteroid (EBL) and an
auxin (IAA) when S. quadricauda cells were exposed to the range of two hormones mixtures. Our results
are generally consistent with previously reported observations on synergistic effects of combined BRs and
auxins on the physiology of vascular plants and algae, and support the suggestion that phytohormones can
simultaneously promote both microalgal cell growth and end-product biosynthesis. Even very small
concentrations of the hormones tested were capable of enhancing the growth, biomass production, and
biosynthesis of valuable biomolecules, which raises the possibility of producing high-value fatty acids via
industrial-scale microalgal production using hydroponic wastewaters containing phytohormones.

In this project, wastewaters from hydroponics and fishery farms are considered as growth mediums
for microalgae production. Thus, our next step of investigation was focussed on possible influence of fish

steroids on S. quadricauda growth and valuable molecules accumulation.
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Chapter 5
Effect of Fish Steroids 17g-estradiol and 17,20B-dihydroxy-4-pregnen-3-one on
Growth, Accumulation of Pigments, and Fatty Acid Profiles in the

Microalgae Scenedesmus quadricauda (CPCC-158)

50  Abstract

The influence of fish steroid hormones on algal (Scenedesmus quadricauda) physiology was
investigated, as it is relevant to the use of aquaponics wastewaters for microalgae biomass production. S.
quadricauda was exposed to two steroids, 17p-estradiol (E2) and 17,208-dihydroxy-4-pregnen-3-one
(17,20B-P), commonly found in fish farm effluents. The tested ranges of E2 and 17,20B-P were 15, 50,
100 and 300 ng/L and 1, 5, 15, 50, 100, 500, 1000 ng/L, respectively, reflecting the expected
concentrations of the steroids in the effluents of fish spawning tanks. Both steroids were tested using
modified Bold Basal Medium (BBM). The tested steroids demonstrated stimulatory effects on S.
quadricauda cell growth, biomass production, as well as on intracellular accumulation of chlorophyll-a,
total carotenoid, and lipids. However, the influence on the kinetics of the population growth and most
effective concentrations were different for the two hormones. Both sex steroids promote total carotenoid
accumulation to higher degree than they promote chlorophyll accumulation. E2 was a more powerful
inducer of the tested pigments and lipid accumulation compared with 17,208—P in this study. The work
was conducted to demonstrate the possibility of integration of cold-water aquaculture with algae
production companies to maximize dissolved in wastewater nutrients recycling and induction of algae

biomass and valuable molecules yield using nano-concentrations of naturally occurred fish steroids.
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5.1 Introduction

The composition and concentrations of dissolved nutrients, the possibility of chemical interference
and/or physical interactions among the compounds, and the possibility of their accumulation and/or bio-
magnification in algal cells are important characteristics for accurate prediction of their influence on the
physiology of a particular microalgal species. Clarification of these characteristics is highly important
when a wastewater is designed to be used as a growth medium for microalgae biomass production.
Generally, the closer physico-chemical characteristics of the chosen wastewater are to the optimal
conditions for microalgae maximum production and its targeted molecule(s) biosynthesis, the more
efficient and less costly the use of the wastewater will be.

One of the major groups of organic compounds of agricultural and domestic wastewaters is animal
hormones. Numerous reports provide the range of residual E2 in surface waters as 1 to 200 ng/L E2 in
North America and Europe (Pojana et al., 2007; Zhou et al., 2011; Zhang et al., 2011; Esteban et al., 2014;
Liu et al., 2018). Concentrations of 17,20B-P in surface waters are approximately 5-10-fold higher (Hala
etal., 2012; Mota et al., 2014).

Several studies were conducted to evaluate fish steroids concentration in effluents from fish farms.
Different fish species can release up to 40-50 ng/g/h of 17,20B-P, as was shown in studies conducted on
Carassius auratus (Sorensen et al., 2005) and rainbow trout (Barry et al., 1997), where hundreds of ug/L
of this hormone were detected at maximum fish density in a spawning tank. Ratios of 17,208-P and E2
in a reproduction tank varied from about 4:1 to 20:1, depending on fish species and their age (Hala et al.,
2012).

Fishery wastewaters have gained a reputation as a great inducer of agricultural plant growth and
biomass production (McMurtry et al., 1997; Takeda et al., 1997; Adler et al., 2000; Rakocy et al ., 2004,
2007; Bansal et al., 2005; Bailey and Ferrarezi, 2017), because they contain all macro- and micronutrients

required for successful growth of higher plants (Xu and Shen, 2011). Fishery wastewaters have been
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utilized successfully as a source of nutrients in integrated aquaponic-systems and have had positive effects
on hydroponic crop quality and production (Zweig, 1986; Rakocy et al., 2004).

Beside the micro- and macronutrients dissolved in fishery wastewater, fish hormones and other
organics may play important role in promotion of plants growth and biosynthesis of valuable molecules.
Upadhyay and Maier (2016) reported that E2 induced shoot and root growth and enhanced the
photosynthetic rate, carbohydrate and protein accumulation in Arabidopsis sp. treated with low hormone
concentrations of 10 and 100 nM (2.72 and 27.2 pg/L). In the studies conducted on many high plants,
including Lemnaceae, E2 demonstrated great ability in promoting flowering and ovary formation
(Czygan, 1962; Yistra et al., 1995; Bhardwaj and Thukral, 2000; Janeczko et al., 2003). However, for
most vasular plants, fish effluents that are rich in ammonium ions have to be biologically treated to convert
the ammonium to nitrate and nitrite. Thus, additional investment for bio-filtration has to be taken in
account. There is no need in such a treatment for microalgal biomass production since they can consume
ammonium ions as a source of nitrogen.

Growing evidence of the positive effects of fishery farms effluents on microalgal physiology
suggests that: a) the macro- and micronutrients dissolved in these wastewaters are in sufficient amount
for elevated algal biomass production; b) unlike hydroponic plants, microalgae can consume ammonium
released by fish without preliminary bioconversion by nitrification bacteria; c) fish metabolites released
into the water may play an important role in overall induction of microalgal growth and biosynthesis by
fishery wastewater.

Mammal hormones have been reported to induce microalgae growth (Czerpak and Szamrej, 2000;
Bajguz and Czerpak, 1996a, b) and production of valuable molecules, such as carotenoids (Bajguz and
Czerpak, 1996a; Czerpak et al., 2001b), proteins (Bajguz and Czerpak, 1996b; Czerpak and Szamrej,
2000) and soluble sugars (Bajguz and Czerpak, 1996b; Czerpak and Szamrej, 2000). The mechanism of

the influence is complex. When applied to the growth medium, E2 and 17,203-P are taken-up rapidly by
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algal cells (absorption > adsorption), with about 90 % uptake in 48 hours (Liu et al., 2018). Further
biodegradation occurs during 4-6-days, resulting in intracellular accumulation of steroid metabolites, of
both known (e.g., E2 transfer to E1) and unknown nature (Larsson et al. 1999; Shi et al., 2010; Liu et al.,
2018). The influence of these metabolites on microalgae growth and biosynthesis needs to be studied
further.

High concentrations of steroids are toxic to algae and bring a risk of intracellular hormone
accumulation. Toxicity of E2 to microalgae is relatively low, normally more than 3.2 mg/L EC50 (Liu et
al., 2018), depending on the species and water chemistry. Thus, a reduced range of steroid concentrations,
compared to previous studies, was chosen for investigation, considering the following key points: a)
expected loading of the hormones in fishery wastewater effluents; b) toxicity of the hormones to plants
and algae; and c) an attempt to avoid of the possibility of hormone accumulation in the algal cells.

Scenedesmus quadricauda was chosen for this study because of its tolerance to environmental
changes which would be expected in an aquaponics system: little change in growth was observed between
14 and 30 °C (Xu et al., 2012) and between pH 6 and 9.5 (Martinez et al, 1999). Being an industrial scale
production species, S. quadricauda can demonstrate high growth rate (0.8 - 1.2 d*!), high accumulation of
pigments (22 mg/L of lutein, 3 mg/L of B-carotene), and high lipid production (55-80 % drw) including
37 % of total lipid as omega-3-FA (Makareviciené et al., 2011; Li et al., 2011; Cordero et al., 2011).

Taking into account that in Canada the aquaculture industry has grown more than 5-fold in the past
20 years (CAIA, 2015-2016; DFO, 2016) and that the primary species of fish cultured in the Prairies are
cold-water fish (Rainbow trout (Oncorhynchus mykiss) and Arctic charr (Salvelinus alpinus) (DFO, 2012),
integration of cold-water aquaculture and algae production companies is highly beneficial for the

development of industry in Manitoba.
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5.2  Results
5.2.1 Effect of steroids on S. quadricauda growth, biomass production, and cell size
5.2.1.1 Algal cell growth

Both investigated fish steroids, E2 and 17,20B3-P, were capable of significantly stimulating S.
quadricauda growth. However, at the most effetive concentrations, the degree of increase and the kinetics
of cell growth were dissimilar over the 20 days of the experiment (Figures 15A and 15B). The most
effective concentration was 15 ng/L for both hormones. However, 17,20B3-P was effective at a
concentration of 500 ng/L, while no significant increase was observed at two of the lowest concentrations
tested: 1 and 5 ng/L (Figure 15B). E2 was effective from 5 to 50 ng/L (Figure 15A). The maximum
increase in E2 trial was 2-fold compared with the control cultures, reaching 275.74 cells x 10%/mL at 15
ng/L (Figure 15A, Table 11). The greatest increase in cell density was observed in the 17,203-P trial at 15
ng/L, reaching 303.5 cells x 10%/mL, which was 2.6-fold greater than in the control cultures (Figure 15B,
Table 11). However, in the E2 trial, a significant difference from the control was observed earlier (from
day 4 at 15 ng/L and from day 10 at 5 ng/L) compared to the 17,20B-P trial, where 5, 15 and 100 ng/L
were effective from day 10 and 500 ng/L from day 15 of the experiment.

The order of efficacy of the steroids tested was (ng/L): 15> 5> 50 > 300 > 100 ~ control for E2;
and 15> 50 > 100 > 500 > 5> 1 = control < 1000, for 17,20p-P. Despite the fact that S. quadricauda cells
exposed to a concentration of 1000 ng/L, cells in the 17,20B-P trial grew to a slightly lower density than
cells in the untreated (control cultures), no statistically significant difference was detected. Thus, the
highest concentration of 17,203-P tested was not considered to be toxic to S. quadricauda cells.
5.2.1.2 Relationship between cell size, biomass and cell density

Most of the E2 concentrations tested (except the highest concentration of 300 ng/L) resulted in
increased S. quadricauda cell size and biomass production (Table 11). Cell density at the day of test

termination (day 20) was significantly increased at all the E2 concentrations tested, except 100 ng/L.
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Exposure of S. quadricauda cells to 17,20B-P increased cell size at 100 and 500 ng/L only (Table 11).
Biomass production was elevated at 17,20B-P concentrations of 15, 50, and 100 ng/L. An influence of
17,20B-P at the highest concentrations tested could not be confirmed, due to the loss of the samples. Cell
density at the day of test termination (day 20) was significantly increased at 15, 50, and 100 ng/L of
17,20B-P. Maximum biomass production was at 15 ng/L, resulting in 2.6-fold increase compared with the

control in both trials.
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Figure 15. Growth of S. quadricauda in BBM containing different concentrations of steroid hormones:
A) E2; and B) 17,208-P. Data shown as the mean + SD, n = 12.
Table 11. S. quadricauda cell size (um), biomass (g dew/L), and cell density (n x 10%mL) at the

termination of each experiment (day 20).

Cor'l%:,?ggﬁm Cell size Biomass Cell density
ng/L ; (um) (g dew/L) (x 10/mL)
E2 trial
control 45.06 +1.22 0.49+0.12 136.87 +4.75
5 54.96 + 2.00* 0.77+0.07* 241.68 + 7.24*
15 57.64 £1.19* 1.29 + 0.06* 275.74 + 10.69*
50 48.05+1.07* 0.85+0.10* 178.93 + 8.73*
100 48.85+1.15* 0.81+0.14* 146.12+5.75
300 44.82 £ 0.64 0.73+ 0.08 152.34 + 4.75%*

17,20-P trial
control 4342 +1.61 0.46 £ 0.07 112.34 + 8.75
1 41.44+2.03 0.48 +0.07 98.67 £ 11.74
5 41.52 £3.23 0.50+0.10 118.72 + 12.27
15 42.85+2.41 1.19 £ 0.04* 303.17 £ 13.32*
50 46.85+1.91 0.96 + 0.08* 175.39 + 8.46%*
100 48.54 +£1.76* 0.88 + 0.04* 139.87 + 7.33*
500 48.52 + 3.02* kel 128.22 +3.16
1000 43.02 £2.16 fleka 97.17 £ 8.59

Note: * - significantly greater than control (P < 0.05); *** - samples were lost;

Data shown as the mean + SD (for cell size n = 15; for biomass n = 4; for cell density n = 12).
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5.2.2 Effect of fish steroids on the accumulation of pigments in S. quadricauda cells
5.2.2.1 Chlorophyll-a accumulation

Chlorophyll-a concentrations per cell were significantly increased in S. quadicauda by both steroids
tested, with similar maximum values (Figure 16A and 16B). However, the most effective concentrations
and the kinetics of chlorophyll-a accumulation in cells were dissimilar between two steroids over the 20
days of the experiment. E2 stimulated increases in chlorophyll-a accumulation were in the range of 1.6-
to 2.2-fold compared with chlorophyll-a accumulation in untreated control cells at concentrations of 5 to
100 ng/L, while the highest tested concertation of 300 ng/L was slightly less effective, with maximum
increase in 1.6-fold on day 15 (Figure 16A). Importantly, all the E2 concentrations tested exhibited
significant stimulation of chlorophyll-a accumulation between day 2 and day 20 of the experiment. The
effect was maximum and relatively stable between day 6 and day 20, with the maximum value of 162.8
ng/cell of chlorophyll-a in cells exposed to 5 ng/L on day 10 of the experiment (Figure 16A).

In the 17,208-P trial, the most effective stimulation of chlorophyll-a accumulation was observed in
cells exposed to 15 to 500 ng/L of the hormone, with a maximum of 1.5- to 2.8-fold increase compared
with untreated (control) cells on day 2 of the experiment (Figure 16B). Unlike in the E2 trial, the
stimulatory effect of 17,20B-P was most pronounced between day 2 and day 6, after which the effect
diminished to the end of the experiment (day 20). The maximum values of chlorophyll-a accumulation in
this trial was 165.6 ng/cell, observed in cells exposed to 100 ng/L 17,20B-P on day 4 of the experiment
(Figure 16B). The order of efficacy for stimulation of chlorophyll-a by the two steroids was: 5> 15> 50
> 100 > 300 ng/L for E2; and 100 > 50 > 500 > 15> 5 >1 > 1000 ng/L for 17,20B8-P. No toxic effects on
chlorophyll-a accumulation were observed for either hormone at any concentration tested.
5.2.2.2 Total carotenoid accumulation

The steroids tested also stimulated total carotenoid production and intracellular accumulation in S.

quadricauda cells (Figure 16C and 16D). A more pronounced effect was observed in the E2 trials, where
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all concentrations tested stimulated accumulation of carotenoids 2.1- to 2.9-fold, compared with the
untreated control cells from day 4. The greatest total carotenoid accumulation, 143.75 ng/cell, was
stimulated by E2, at 15 ng/L on day 15 of the experiment (Figure 16C). The effect remained relatively
stable until the end of the experiment.

In the 17,20B-P trial, the maximum increase in total carotenoids was observed on day 4 at 100 ng/L,
resulting in 103 ng/cell (Figure 16D). Unlike the effect on chlorophyll-a accumulation, all concentrations
of 17,20B-P tested significantly stimulated total carotenoids production in S. quadricauda cells. However,
similar to chlorophyll-a, the effect of 17,20B-P was most pronounced between day 2 and day 6, with
further mitigation of its impact by the end of the experiment (day 20). The order of the efficacy for
carotenoid stimulation was: 15> 50 > 100 > 5 > 300 ng/L for E2 and 100 > 50 > 500 > 15> 5> 1000 =
Ing/L for 17,208-P (Figure 16D). No toxic effects on total carotenoid accumulation were observed for

either hormone at any concentration tested.
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Figure 16. Chlorophyll-a accumulation in S. quadricuada cells exposed to different concentrations (ng/L)
of A) E2 and B) 17,20B—P; and total carotenoid accumulation in S. quadricuada cells exposed to different

concentrations of C) E2; and D) 17,20B-P. *, Statistically significant differences of treated versus controls

(P <0.05) are indicated, Data shown as the mean + SD, n = 15.

5.2.3 Effect of fish steroids on lipid accumulation and their fatty acids profiles

Two steroids tested significantly increased fatty acids (FA) accumulation in S. quadricauda cells
(Table 12, Figures 17A and 17B). All the E2 concentrations tested stimulated major FAs (each > 3 % of
total FAs), minor FAs (each 1-3 % of total FAs), and total FA accumulation (Table 12). In this trial, the
most pronounced increase in the accumulation of major and total fatty acids was observed at 50 and 100
ng/L, with maximum values of 165.11 mg/g lipids for major FAs at 50 ng/L E2 (3.1-fold increase) and
190.59 mg/g lipids for total FAs at 100 ng/L E2 (2.5-fold increase). Other tested concentrations were
slightly less effective in the induction of major and total FAs synthesis (2.6- to 2.7-fold compared with
untreated control cells).

Accumulation of minor FAs was also greatly stimulated by all E2 concentrations tested, resulting
in 2.4- to 3.9-fold increase compared to untreated control cells (Table 12). In the 17,20B-P trial, all
concentrations tested stimulated major FAs biosynthesis. However, the lowest concentrations of 1 and 5
ng/L did not affect total FAs accumulation, and minor FAs accumulation was negatively affected by
17,20B-P concentrations from 1 to 100 ng/L. Interestingly, no effect on FA biosynthesis was observed in
cells exposed to 17,20B-P concentrations of 500 and 1000 ng/L (Table 12).

The most pronounced increase in the accumulation of major and total fatty acids was observed at
50, 100, and 500 ng/L with maximum values of 159.94 mg/g lipids for major FAs (3.4-fold increase) and
174.5 mg/g lipids for total FAs at 100ng/L 17,20B-P (2.4-fold increase). The core FAs in both trials were
palmitic (C16:0), palmitoleic (C16:1), oleic (C18:1n9c), linoleic (C18:2n6¢), and y-linolenic (C18:3n6)

acids (Figure 17A and 17B).
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Table 12. Fatty acid accumulation in S. quadricauda cells at the day of a test termination (day 20) (Major FAs, each > 3 % of total FAs; Minor
FAs, each 1-3 % of total FAs; Minimal (Min) FAs, each < 1 % of total FAS)

Hormone Major FAs, Major FAs, Minor FAs, Minor FAs, *Min FAs, ~Min FAs, % of  *Total FAs,
concentration mg/g lipids % of total FAs  mg/g lipids % of total FASs mg/g lipids total FAs mg/g lipids
E2 trial

Control 52.82 +0.97° 61.12 +1.18? 6.99 + 1.092 9.95 + 1.05% 17.98 24.75+0.77 77.02

5 13943 +1.37° 81.35+0.64°  24.18+2.11° 13.73 £1.27° 8.82 4.97 + 1.33” 172.43
15 144.83 £3.25°  88.16 = 0.98° 16.57 + 1.54° 9.91 +2.15% 3.02 1.78 £2.42° 164.42
50 165.11 £ 1.66%  88.72 + 1.84° 18.80 + 0.85° 10.11 + 1.82% 2.12 1.17 + 1.55" 186.03
100 161.84 £2.43%  84.74 +1.72¢ 26.65 + 2.00° 14.07 £ 0.978" 2.10 1.06 + 0.49° 190.59
300 14481 £1.41°  80.82 +2.04° 27.15+0.58"" 1528 £1.05° 6.14 3.73+0.88° 178.10
17,20B-P trial

Control 46.63 + 1.622 62.37 + 0.49? 8.71 +0.532 11.86 + 0.45° 18.83 25.72 +2.05° 74.17

1 50.18 + 0.78° 82.55+0.56°  4.17+1.03 6.43 +0.53" 7.35 11.12 + 1.66° 61.70

5 63.09 + 1.07° 85.30 + 1.57° 5.54 +0.84° 7.17 + 1.44° 5.76 7.49 + 0.82° 74.39

15 100.86 +2.22¢  87.95+0.53¢ 6.89 + 0.75” 5.71 +0.53" 7.55 6.33 = 1.00° 115.30
50 157.24 £1.52¢  94.06 + 1.61° 5.71 +0.88" 3.04 +0.57° 2.35 2.79 +0.76° 165.30
100 159.94+0.98°  91.58 +0.98° 6.76 + 1.67% 3.86 + 0.78° 7.79 4.52 +1.24% 174.49
500 14251 +3.26"  88.42+1.14% 944+ 1.14° 5.62 +0.69" 10.07 5.93 +0.65° 162.02
1000 93.68 + 1.059 86.02+ 1.57%  872+231° 7.88 + 0.82° 6.78 5.99 + 1,22 109.18

Note: Values in Bold font are empirically calculated numbers. Within a trial, and for each column, values labeled with the same letter are not

significantly different from each other (P > 0.05), and values labeled with a letter and an asterisk indicate significant difference from each other,

but no statistical difference from other equal letters. Data shown as the mean + SD, n = 4.
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In the E2 trial, the core FAs reached maximum concentrations of 23.33 mg/g lipid for palmitic
acid (1.5-fold increase), 10.53 mg/g lipid for palmitoleic acid (1.7-fold increase), 36.79 mg/g lipid for
oleic acids (2.1-fold increase), 39.82 mg/g lipid for linoleic acids (7.9-fold increase), and 11.19 mg/g
lipid for y-linolenic (1.4-fold increase), at 50, 300, 50, 15 and 100 ng/L EZ2, respectively (Figure 17A).
Four additional FAs were detected when E2 was added to the growth medium. Lauric (C12:0), myristic
(C14:0) and 9-trans-oleic acid (C18:1n9t) acids were found at all E2 concentrations tested, while
heneicosanoic acid (C21:0) was detected at 50 and 100 ng/L E2 (Figure 17A). Lauric and myristic acids
accumulated to a maximum of 12.2 and 8.9 mg/g lipid respectively at 15 ng/L E2. Elaidic and
heneicosanoic acids had their maximum values of 24.3 and 9.2 mg/qg lipid at 100 ng/L E2 (Figure 17A).

In the 17,20B-P trial, the core FAs reached maximum concentrations of 31.67 mg/g lipid for
palmitic acid (2.2-fold increase at 50 ng/L), 8.83 mg/g lipid for palmitoleic acid (1.9-fold increase at 500
ng/L), 45.68 mg/g lipid for oleic acid (3.0-fold increase at 100 ng/L), 29.44 mg/g lipid for linoleic acid
(7.8-fold increase at 50 ng/L), and 10.83 mg/g lipid for y-linolenic acid (1.2-fold increase at 50 ng/L)
(Figure 17B). Three additional FAs were detected when 17,20p3-P was added to the growth medium:
lauric, margaric, and 9-trans-oleic acid acids were found at 15 to 1000 ng/L 17,20B-P (Figure 17B). Low
amounts of margaric acid also was detected at 1 ng/L of 17,20B—P. Lauric acid accumulated to a
maximum of 21.6 mg/g lipid at 50 ng/L 17,20B3-P. Margeric and elaidic acids had their maximum values
of 16.8 and 12.0 mg/g lipid at 500 ng/L 17,20p-P (Figure 17B).

The order of significant increase in concentrations of core FAs in the E2 trial was: C18:2n6 >
C18:1n9¢ > C16:0 > C16:1 > C18:3n6, while for the minor FAs this was: C18:3n3 (a-linolenic acid) >
C18:0 (octadecanoic acid) > C17:0 > C20:1 (cis-11-eicosenoic acid) > C17:1 (cis-10-heptadecenoic
acid) > C24:1 (nervonic acid). The order of significance of core FAs in the 17,203-P trial was: C18:1n9c
> C16:0 > C18:2n6 > C18:3n6 > C16:1, and for the minor FAs, this was: C18:3n3 > C17:1 > C14:0 >

C24:1.
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Figure 17. The distribution of major fatty acids in S. quadricuada cells on the day of test termination

(on day 20). A) Fatty acid profiles in cells exposed to different concentrations of E2; B) Fatty acid

profiles in cells exposed to different concentrations of 17,20B-P. *, Statistically significant differences

of treated versus controls (P < 0.05). Data shown as the mean + SD, n = 4.
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5.3  Discussion

Integration of microalgae and fish biomass production in one recirculating system such as
aquaponics brings up the question of the influence of algal and fish metabolites dissolved in the water
on the physiology of co-grown biomass, and consequentially on the quality of commercial products
extracted from both biomasses (e.g., quality of algal oils for biofuels, carotenoids for pharmaceuticals,
and quality of fish flesh). In this project, wastewater from a Rainbow Trout and Arctic Char hatchery
farm were specified to be applied as a growth medium for algal biomass production. Thus, it is highly
important to understand if and how fish metabolites, in this case two fish steroids commonly found in
water, E2 and 17,208-P, can affect algae physiology. Therefore, the primary goal of this research was to
investigate whether low concentrations of two selected steroids are able to affect growth performance
and valuable molecules (FAs and pigment) biosynthesis and their intracellular accumulation in S.
quadricauda cells.

Low concentrations of the two steroids were selected for the following reasons. First, the
concentrations must be within the range of the expected E2 and 17,20B-P loadings in hatchery farms
effluents. Second, the range has to be lower than the Lowest Effective Concentration (LOEC) for
different plants and algae species to avoid not only toxic effects on algal physiology, but also the
possibility of hormones accumulation in algal cells. The toxicity of E2 is well studied and the EC50 48
hour value lies between 1 and 5 mg/L for aquatic (Lemnaceae) and terrestrial plants (Heftmann, 1975;
Mohsen et al., 1987; Bhardwaj and Thukral, 2000; Oost et al., 2016), which gives an LOEC value lower
than 1 mg/L. However, in the study conducted on fungus Pythium periplocum, a significant decrease in
sexual reproduction was observed at much lower E2 concentrations of 272 pug/L, while 900 pug/L E2 was
lethal for this species (Hendrix & Guttman, 1968).

Quite a wide-range of toxicities may be found in the literature for microalgae. E2 was reported to

have the lowest observed adverse effect on growth of Chlorella vulgaris cells, as well as on carotenoid
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and chlorophyll accumulation, at a concentration of 272 ng/L, between 10 and 20 days of exposure
(Bagjuz and Cserpak, 1996a, b). However, Beecher (2013) reported a toxic effect of E2 on P. subcapitata
growth at concentrations of 500 ng/L or greater. To our best knowledge, it is the highest LOEC for E2
toxicity reported for an algal species.

Data on 17,20p-P toxicity is very limited, although Sorensen et al. (1995) suggested that olfactory
system of male goldfish can react to waterborne 17,20B-P at concentrations as low as 3 ng/L, but no
diverse effect of such small concentrations of the steroid was reported..

Nevertheless, the application of fishery wastewaters with the steroids loading for microalgae
biomass production raises the concern of possible bioaccumulation of hormones in the biomass
generated by algal cultures exposed to these hormones, and, hence, the suitability of the biomass for
agriculture (animal feed) and pharmaceutical industry. There are some reports that microalgae can
bioconcentrate in their cells and subsequently biomagnify steroids into higher trophic levels at high (>
1 mg/L) waterborne exposures (Pflugmacher etal., 1999; Sijm et al., 1998). This assumption is supported
by the fact that estrogens can easily cross membranes via a simple diffusion pathway (Williams and
Stancel, 1996), although the mechanism for membrane crossing by 17,20B-P in algal cells is not well
studied.

Despite the probability of bioaccumulation of sex steroids in algae cells, there is some evidence
that suggests this risk is low in fish hatchery farm effluents. First, it was reported that the concentration
factors of natural estrogens in algae are significantly lower than those reported for synthetic estrogens
(e.q., ethinyloestradiol EE2) and other endocrine-disrupting substances (Larsson et al., 2000). Moreover,
Lai et al. (2002) suggested that biotransformation and biodegradation of intracellular estrogens would
work well up to the saturation point, which depends on the waterborne exposure concentration, which

corresponds to 400 g/L/g wwt or greater.
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Numerous studies conducted on algae species elucidated the mechanism of steroid removal
(including passive adsorption and active absorption) and their biodegradation. The corresponded percent
of biodegradation (BDP) and the speed of action vary among the studies. For natural estradiols it takes
from 3 hours to 4-5 days to be removed and biotransformed, which depends on algal species, water
chemistry, lighting, the hormone concentration to algae density ratio, and the presence of bacteria (Shi
et al., 2010; Li et al., 2010; Norvill et al., 2017; Liu et al., 2018). Importantly, it was reported that E2
likely cannot be transferred via the food chain (Beecher, 2013).

Thus, the results of these studies coupled with the fact that estrogenic activity of natural steroids,
such as E2, is about 100 to 7,000 times lower (Nendza and Wenzel, 2006) than their synthetic analogues,
suggests that no intracellular accumulation of the tested steroids is expected. However, more research is
needed for different algal species and growth conditions.

Previously we investigated the influence of four phytohormones (EBL, BL, IAA, and ABA),
individually and in some combinations, on physiology of S. quadricauda (Kozlova et al., 2017, 2018).
In this study, we were interested to investigate whether or not two selected fish steroids are also capable
of stimulation of both S. quadricauda biomass production and valuable molecules biosynthesis. Our
results demonstrate that both E2 and 17,20B-P promoted algal cell growth and biomass production,
although the kinetics of the population growth and most effective concentrations were different for the
two hormones.

Moreover, the lag phase of algal growth was clearly shorter in the E2 trial at the most effective
concentrations of 15 and 5 ng/L. This may be due to the specific influence of E2 on the early growth
stages of aquatic organisms such as fish juveniles (Liu et al., 2012), plant shoots, buds and young roots
(Janeczko and Skoczowski, 2005; Lino et al., 2007) and may also be true for microalgae.

Unlike the 17,20B-P concentrations tested in this study, and the phytohormones investigated

previously (Kozlova et al., 2017, 2018), the influence of E2 on pigment production and accumulation
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was relatively stable until the end of the experiment (day 20). A possible explanation of this fact may be
related to the mechanism of E2 degradationBiological degradation is rapid where E2 is taken-up by algal
cells within 3-4 hours for 80-90 % and then converted to estrone (E1), which can be further metabolized
to estriol and hydroxyestrone (Hom-Diaz et al., 2015; Liu et al., 2018), with assistance of 17[3-
hydroxysteroid dehydrogenase (Itagaki and Iwaya, 1988) and, importantly, with a little portion of inverse
reaction (Larsson et al. 1999; Shi et al., 2010; Ghasemi et al., 2011). Thus, it is possible that the products
of E2 degradation are mainly responsible for the observed effects on algal physiology.

Our results support earlier research conducted by Bajguz and Czerpak (1996a), suggesting that sex
steroids promote total carotenoid accumulation more than they promote chlorophyll accumulation

In vascular plants, E2 was shown to induce pigments accumulation, simultaneously increasing
intracellular content of GA and auxin (Kopcewicz and Rogozinska, 1974). According to the Janeczko,
2012 flower buds contain 2-3 times higher estrogen and progesterone concentration compared to
developed flowers. The same pattern was found to be true in ripening tomatoes: immature green
tomatoes contain 40 times higher progesterone loading compared to red tomatoes (Lino et al., 2007). It
gives a clue about involving phytosteroids in carotenogenesis in plant. From here, it is possible that E2
and 17,20B—P may also directly and indirectly, via activation of phytohormones synthesis, affect
photosynthesis and carotenogenesis in algae cells. The fact that both tested hormones were detected in
seeds (wheat, rice, corn), vegetable oils and plant tubers (potatoes) in concentrations as high as 5.1 ng/g
wwt (Hartmann et al., 1998; Lino et al., 2007) suggests that the steroids involved in regulation of
lipogenesis and/or in lipid deposition in high plant. Indeed, a pronounced positive effect of both steroids
on lipid accumulation was found in our research with a stronger effect of E2 compared to 17,20p-P. 1

Similarly to the influence of some phytohormones (Salama et al., 2014; Kozlova et al., 2017; Babu
et al., 2017), the two animal hormones tested in this study altered the fatty acid profiles of lipids

synthesized by S. quadricauda. Yet, while all the tested concentrations of E2 were effective. the lowest

120



Kozlova Tatiana A Thesis — BioSystems Engineering

concentration of 17,20B-P tested did not alter the core FA profiles. Both E2 and 17,208-P additionally
stimulated synthesis of other FAs.

Thus, we can report that, similar to the effect of four phytohormones on fatty acid profiles in S.
quadricauda (Kozlova et al., 2017), the two animal steroids tested could be used as a tool for fatty acids
profile manipulation in the biofuel and pharmaceutical industries. A possible explanation of the
mechanism of fatty acid profile alteration by animal steroids may be that steroids undergo chemical
transformation during an experiment resulting in their hydroxylation, oxidation hydroxidation, etc. It
leads to form conjugates (e.g., glycosides) (Salama 1980; Pollio et al., 1994). This transformation is
different in time and depends on hormone concentrations and surrounded chemistry (water or cell
plasma) and likely intefear with FAs formation, since both steroids and FAs have ketone and hydroxyl
groups in their structure (Zhang et al., 1991; Zhong-han et al., 1994, Finsterbusch et al., 1999, Janeczko
and Skoczowski, 2005). Moreover, appropriate to metabolic pathways of steroid enzymes and estrogen
receptors were detected in many species of higher plants (Janik and Adler, 1984 These receptors and
enzymes may have similar roles in algal cells: possibly they involved in a process of cell division and
maturation

Dissimilarities between the reactions of different algal species to steroid hormone exposure are
expected, as it was evidently demonstrated by Perron and Juneau (2011) when two green algae
(Chlamydomonas reinhardtii, CC125 and Pseudokirchneriella subcapitata, CPCC37) and two strains of
cyanobacteria Microcystis aeruginosa (CPCC299 and CPCC632) were subjected to high E2
concentration (4 mg/L). They found that photosynthetic activity of green algae, have much weaker
reaction to E2 exposure, compared to cyanobacteria, even at high hormone concentrations. Their finding
was supported by Nendza and Wenzel (2006) and at least partially explains why no adverse effect of E2

in nano-concentrations was observed.
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The results of the toxicological research on natural estrogen E2 and intensive studies of steroid
biodegradation by algal cells, coupled with the fact that estrogenic activity of natural steroids such as E2
is low, suggest that intracellular accumulation of the tested steroids applied in low concentrations and
their transfer via food chain is unlikely. Although, further research on this subject is needed.

5.4 Conclusions

We have investigated the influence of two animal steroids, E2 and 17,20B8-P, on several
physiological parameters in S. quadricauda, with emphasis on the effect of these hormones on cell
growth, cell biomass production, cell size, pigment biosynthesis (chlorophyll-a and total carotenoids),
fatty acids biosynthesis and their profiles. We have found that both steroids demonstrated positive
stimulatory effects on S. quadricauda cell growth, biomass production, chlorophyll-a, carotenoid, and
lipid biosynthesis E2 was a more effective promoter of all the tested parameters compared to 17,20B-P
with one exception: chlorophyll-a biosynthesis was greater affected by 17,20B-P steroid. To the extent
of our knowledge, this is the first report on influence of 17,20B3-P on growth, biomass production,
chlorophyll-a and carotenoid accumulation, and the fatty acid composition of lipids in microalgae. The
results of this study support to the statement that no intracellular accumulation of the tested steroids
applied in nanoconcentrations and/or their transfer via food chain is expected. This conclusion is
important in term of application of fishery wastewaters with animal steroids loading for industrial
microalgal biomass production. Yet, more research is needed on animal hormones for different algae
species and growth conditions.

Since not microalgae only, but also Duckweed was planned to be used for biomass production by
the industrial collaborator, Myera Nu-Agrinomics Group Canada Inc., the next experiment we
conducted to compare an influence of 17f3-estradiol on growth and biosynthesized molecules
accumulation of both microalgae S. quadricauda and Duckweed Lemna minor. Also the effect of water

chemistry on the hormone influence was one of the focus of this study.
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Chapter 6

Effect of 17p-estradiol on Growth and Biosynthesized Molecules accumulation of
Microalgae Scenedesmus quadricauda (CPCC-158) and Duckweed Lemna minor

(CPCC-490) Grown in Three Different Media.

6.0  Abstract

Fish farm wastewaters have detectable levels of fish hormones such as 17p-estradiol (E2). An
understanding of the influence of fish steroids on algal (Scenedesmus quadricauda) and Duckweed
(Lemna minor) physiology is relevant to the planned use of fishery wastewaters for microalgae and plant
biomass production. The study was conducted using three types of media: Bold Basal Medium (BBM),
natural fishery wastewater from a hatchery fish farm (FWW), and reconstituted fishery wastewater
(RFWW) with the nutrient composition adjusted to mimic FWW. We investigated the influence of the
steroid hormone (E2), which was previously shown to have a drastic effect on S. quadricauda growth
and biosynthesis in a 20 days experiment (Chapter 5). During the experiment, the media were aerated
and scrupulous attention was paid to changes in the pH and conductivity of the water. The results of this
study are generally in accordance to the previous experiment on E2 (Chapter 5), showing great
promotion of growth by S. quadricauda and L. minor with significant accumulation of high valuable
molecules at very low steroid concentrations. However, clear differences were observed in both S.
quadricauda and L. minor performance grown in different media, and the most effective hormone

concentrations were also evidently different for the algae and the plant.
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6.1 Introduction

There is great difference in the ability of different organic compounds to bind to, and cross cell
membranes under the growth conditions. Most of organic molecules strongly bind to ions dissolved in
water, which normally reduces membrane permeability, and this, bioavailability of both molecules
(Smith et al., 2002; Richards et al., 2001). Consequently, the concentrations of dissolved ions (hardness,
conductivity), the pH, light quality and quantity, and temperature are among the major factors that
influence of organic compounds on the growth and biosynthesis of microalgae and aquatic plants (Shi
etal., 2010; Li et al., 2010; Liu et al., 2018).

With respect to the fate of estradiol in aqueous environments, three major processes must be
considered. The first process is the “reverse uptake” of the steroid into fish, although the percentage of
E2 reabsorbed by fish is small (Scott and Ellice, 2007), and in case of water flowing out of fish tanks to
the microalgae or plant production units, this possibility can be ignored. The second consideration is
abiotic degradation (e.g., photodegradation) of E2. It has been established that between 2 % and 10 %
of spiked E2 concentration may be photodegraded in 48 hours (Norvill et al., 2017). The third process
is biotic degradation of the steroid by the bacterial community and/or algae. Most exogenous estrogens
undergo biotic degradation, which can be simply described as an oxidative process beginning with
hydroxylation that increases the solubility of estrogen, followed by glycosylation and methylation.
During this process, E2 is converted to estrone (E1), then to estriol (E3) plus low concentrations of an
unknown metabolite (Lai et al., 2002; Shi et al., 2010; Liu et al., 2018). A recent paper by Liu et al.
(2018) reported the ratio of extracellular (adsorbed) to intracellular (absorbed) E2, as well as residual
E2, in water over four days of exposure. The ratio appeared to be dependent on the initial concentration
of E2, time, and water chemistry.

Different algae species have been shown to remove and degrade estradiols from aquatic

environments via biodegradation or biotransformation processes, rather than simple sorption and
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accumulation in the cells (Wang et al., 2017; Liu et al., 2018). The ratio of adsorbed to biodegraded
estradiols varied among the studies, but is often reported more or less as half and half (Hom-Diaz et al.,
2015). However, some studies suggest that most of the adsorbed estradiol becomes absorbed and
biodegraded (Beecher, 2013; Liu et al., 2018) and, importantly, does not accumulate intracellularly, at
least not when the concentrations of estradiol were below 100 ng/L (Beecher, 2013).

It has been reported that mammalian sex steroids can be synthesized by plants. About 70-80 % of
plant species tested were found to synthesize progesterones (including 17,203-P) and androgens.
Estrogens were found to be synthesized by about 50 % of the plant species tested (Zhang et al., 1991;
Janeczko and Skoczowski, 2005). The metabolic pathways of sex steroids in plants are suggested to be
very similar to those in animals and humans (ltagaki and Iwaya, 1988; Rosati et al., 2003; Milanesi et
al., 2001), and the same enzymes that carry-out these reactions in animal cells (for example, 17p3-
hydroxysteroid dehydrogenase). Likely, it is also true for microalgae species, but research on mammal
steroid synthesis by algae cells is not as well advanced.

The hormone, E2, has been shown to promote plant and microalgae growth and biosynthesis.
Increases in growth, crop yield, and flowering stimulation has been observed in maize plants at 3-300
ug/L estrogen (Bhardwaj and Thukral, 2000). Other studies confirmed the positive effect of E2 on
flowering in Cichorium intybus L. and Arabidopsis thaliana L. (Janeczko and Filek, 2002; Kopcewicz,
1970), as well as an improvement in the development of reproductive organs in Salvia splendens
(Kopcewicz and Porazinski, 1974). Thus, the processes targeted by estrogens in plants are primarily
early stages of plant development (shoots and young roots) and formation of the sexual reproduction
organs (Geuns, 1977; Zhang et al., 1991; Zhong-han et al., 1994). In aquatic plants, and particularly in
the members of the family Lemnaceae, E2 was reported to increase chlorophyll and total carotenoid
content (Czerpak and Szamrej, 2003), nucleic acids (DNA and RNA), soluble protein content, and

reducing sugars content (Szamrej and Czerpak, 2004). Stimulation of L. minor flowering was also
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observed (Czygan, 1962).

Growing interest in microalgae biomass production for biofuels, pharmaceuticals, and the
agriculture industry has motivated investigations of the influence of steroids on algal growth and
biosynthesis, although the initial studies on this subject were conducted more than 45 years ago (Sayegh
and Greppin, 1973). It was demonstrated that E2 increases growth and biomass production, as well as
biosynthesis of chlorophyll, carotenoids, proteins, and sugars in Ch. vulgaris cells (Bajguz and Czerpak,
19964, b; Czerpak and Szamrej, 2000; Czerpak et al., 2001a), when concentrations between 0.3 to 3000
ng/L exogenous E2 were applied.

In our previous study on the influence of the estrogen E2, and the progesterone 17,208-P, on S.
quadricauda growth and biosynthesis, we observed positive effect of both steroids on cell division and
biomass production, and biosynthesis of chlorophyll-a, total carotenoids, and lipids (Chapter 5; Kozlova
etal., 2018). In the present study, the general goal was to compare the performance of low concentrations
of E2 in three different media - Bolt Basal Medium (BBM), fishery wastewater from a hatchery farm
(FWW) and reconstituted fishery wastewater (RFWW) in 11-day experiment conducted with S.
quadricauda and L. minor. In this experiment the microalgae and the Duckweed growth paramenters, S.
quadricauda pigments accumulation, L. minor soluble protein accumulation and changes in water
chemistry (pH and conductivity) were assessed. Major macro- and micronutrients of FWW were also
analysed.

6.2  Results
6.2.1 Water chemistry

The FWW from a hatchery fish farm was screened for major inorganic and organic compounds,

and it was found that concentrations of key macro- and micronutrients in the wastewater were sufficient

for algae and duckweed biomass production (Tables 13 and 14). Concentrations of copper (Cu) were
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found to be above LOEC, which are about 1 to 3 ug/L for Cu (Franklin et al., 2000; Wilde et al., 2006).

The RFWW was designed taking in account both BBM and natural fish wastewater physico-
chemical paramenters. RFWW was used to examination of influence of macro- and micro-nutrients in
FWW, eliminating possible co-influence of unknown dissolved inorganic and/or organic compounds in
the water derived form an actual fish hatchery farm.

To eliminate possible influence of pH on S. quadricauda and L. minor physiology and on the
steroid performance, pH of all the media tested was adjusted to 7 with 1N HCI or 1N NaOH solutions.
All pH-adjusted media were equilibrated for 1 day prior to being used in the tests. During the 11 days of
experiments with S. quadricauda, pH of the growth media was shifted to alkaline conditions, but
differently for each medium tested (Figures S4A, S4B, and S4C in the Supplimentary Materials). In both
artificial media, pH increases occurred to lesser degree compared with FWW. It appears that E2 presence
did not influence pH changes in the media over the 11 days of the experiment at the concentrations of
steroid tested. However, a change in pH was observed in the FWW medium at E2 concentrations of 5 to
50 ng/L. The pH increase was significantly less than that observed in the control cultures (with no steroid
present) or in cultures with 100 and 300 ng/L E2 (Figure S4A). Interestedly, the pH of the FWW medium
was more alkaline at all concentrations of E2 tested, compared with the equivalent E2 concentrations in
the two artificial mediums (Figure S4A, S4B, and S4C).

The conductivity of the media did not change significantly over the 11 days of the experiment
(data is not shown). However, the conductivity of RFWW was about 2.2-fold and 1.3-fold higher than

the conductivity of FWW and BBM respectively.

127



Kozlova Tatiana A

Thesis — BioSystems Engineering

Table 13. Macronutrients and buffering capacity of standard synthetic Bold’s Basal Medium (BBM), 30 % Hoagland’s medium (30 %

HG), natural fishery wastewater (FWW), and reconstituted fishery wastewater (RFWW) used in the experiment, ppm.

DOC TC TDS TN NO: NO2 EH“' Eo“‘ TDP g'skg':(':ig's) (zr?]ns(jé’r:]t)i"ity
BBM <05 <l 635 41 182 0 15 50 50 68 354 720
30%HG 20 60 590 205 200 O 15 15 40 7 350 1000
FWW 194 604 5855 205 175 02 07 09 30 775 3637 555
RFWW <05 50 600 40 180 0 1 5 50 7 350 750

Note: DOC, Dissolve Organic Carbon; TC, Total Carbon (KHCO3; NaHCO3); TDS, Total Dissolved Solids; TN, Total Nitrogen; TDP,

Total Dissolved Phosphorus.

Table 14. Micronutrients in standard synthetic Bold’s Basal Medium (BBM), 30 % Hoagland’s medium (30 % HG), natural fishery

wastewater (FWW), and reconstituted fishery wastewater (RFWW) used in the experiment, ppm.

lons Ca Mg K Na B Fe Cu Zn Al Ni Pb Cd
BBM 68 25 62 68 0.5 1.5 0.005  0.005 0 0 0 0
30%HG 70 60 25 74 0.25 15 <0.005 <0.005 0 0 0 0
FWW 73.5 60 16 75.6 0.3 1.06 0.04* 0.007 0.04 0 0.001 0.005
RFWW 70 40 52 68 0.5 1.5 0.005 0.005 0 0 0 0

Note: * - above LOEC for algae species (Fujiwara et al., 2008; Morris et al., 2013).
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6.2.2. Effect of E2 on S. quadricauda and Duckweed (Lemna minor) growth and biomass
production

6.2.2.1 S. quadricauda growth and biomass production under different E2 concentrations in three
mediums

The growth of S. quadricauda in the presence of E2 varied with the different types of media (Figures
18A, 18B, and 18C). All E2 concentrations tested showed significant stimulation of S. quadricauda
growth in natural FWW and BBM. The greatest (3.5 fold) effect was observed in FFW medium at 15 ng/L
E2 (Figure 18A). Ranking the growth stimulating concentrations revealed that 15 ng/L > 5 ng/L > 50 ng/L
~ 100 ng/L in both FWW and BBM mediums.

In RFWW, E2 inhibited growth of S. quadricauda at all concentrations tested, but inhibition was
particuary strong between 5 and 50 ng/L. In addition, a high percent of unhealthy cells were observed in
both all cultures containing E2 (Figure 18B). E2 concentrations of 100 and 300 ng/L increased total cell
density, although the percent of healthy cells was lower at these concentrations compared to the control.
S. quadricauda grown in control (no E2 added) increased cell density to a similar degree in FWW and
BBM (Figure 18A and 18C). However, in RFWW trial the amount of healthy cells and total cell density
were significantly greater in control (2-2.4 times) compared to that in other mediums (Figure 18A, 18B,

and 18C).
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Figure 18. Cell density of S. quadricauda cultured in the three media containing E2 concentrations of 5
ng/L to 300 ng/L on day 11 of the experiment: A) FFW; B) RFWW,; C) BBM. Statistically significant

differences from the controls (P < 0.05) are shown for the total cells density, where * - significantly greater

than the control; + - significantly lower than the control. Data shown as the mean + SD, n = 15. Control

cultures did not contain E2, indicated by “0”.
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Table 15. Changes in S. quadricauda cell size, total biomass, production, and cell density when cultured

in the three growth medias on day 11 of the experiment (the day on which the experiment was terminated).

E2 concentration, Cell size Biomass Cell density
ng/L (um) (g drw/L) (x 10%/mL)
FWW trial

control 44.77 £ 3.26 0.40 £ 0.07 100.07 £ 5.23
5 46.65+4.73 1.15+0.11* 241.43 £3 87*
15 46.87 £ 2.31 1.79+0.05* 338.34 + 3.18*
50 42.05+ 1.45 0.88+0.10* 199.61 + 4.93*
100 37.23+1.85 0.86 + 0.14* 208.12 + 8.89*
300 31.65+3.22* 0.78 £ 0.08* 152.63 +£ 5.47*
RFWW trial

control 43.77 +4.25 0.69 +0.09 242.67 + 4.45
5 47.14 £343 0.44 +0.05* 188.81 +3.22*
15 48.25 +2.62 0.46 + 0.04* 191.52 +£3.42*
50 39.84 + 5.66 0.41+0.07* 200.21 £ 5.25*
100 35.92 £4.32 0.72+0.11 270.42 £ 8.61*
300 26.52 + 3.65* 0.76 £ 0.06 312.71 + 6.05*
BBM trial

control 44,76 £0.92 0.44+0.11 128.51 £ 10.66
5 52.67 £ 1.01* 0.85+ 0.09* 202.12 + 12.54*
15 56.72 + 1.25% 1.24 +£0.04* 254.24 + 8.42*
50 46.74 + 0.63%* 0.79+ 0.08* 179.13 £ 5.57*
100 46.84 £1.05 0.81 £0.08* 186.02 + 14.05*
300 4295+ 1.48 0.75 £ 0.06* 164.64 + 7.33%*

Note: * - significantly greater than control (P < 0.05); * - significantly lower than control (P < 0.05). Data

shown as the mean + SD (for cell size n = 15; for biomass n = 4; for cell density n = 12).

Biomass yields were significantly higher in FFW and BMM at all E2 concentrations tested
compared with the control cultures (Table 15). The greatest increase in biomass production (4.5-fold) was
observed in FWW medium at 15 ng/L E2. In RFWW no increase of biomass production was found.

Moreover, concentrations from 5 to 50 ng/L E2 demonstrated adverse effects on biomass yield on day 11
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of the experiment. When comparing biomass production in the controls, the highest value was obtained
in RFWW.

S. quadricauda cell size was differently affected by E2 in all three media. In FWW and RFWW,
cell size was not affected, except by the highest tested E2 concentration of 300 ng/L, at which an adverse
effect was observed (Table 15). In BBM medium, concentrations of 5 to 50 ng/L E2 resulted significantly
increased cell size, with no effect being observed at 100 and 300 ng/L. Higher diversity in cell size was
noted in RFWW medium at all E2 concentrations tested (Table 15). No change in cell size was observed
in the control cultures of all three media.
6.2.2.2 L. minor growth under different E2 concentrations in three mediums

The influence of E2 on L. minor growth was assessed by measuring the development of the roots
and fronds. All E2 concentrations tested significantly stimulated the growth of L. minor fronds, in all three
media, except in BBM at 5 and 300 ng/L E2 (Figure 19A), with the greatest effect observed in RFWW at
5and 15 ng/L E2. The influence of E2 on frond development was comparable in FWW and BBM media,
while stimulation of L. minor fronds was greatest in RFWW medium (Figure 19A). Stimulation of L.
minor root development was observed in FWW at 5 and 300 ng/L E2 and in RFWW at 15 and 100 ng/L
E2. However, no significant influence on root development was observed at any E2 concentration in BBM
trial (Figure 19B). The variation in root length was significant in all three media, although the SD was

lower in FFW compared to the other media.
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Figure 19. Growth of L. minor cultured in the three media containing E2 concentrations of 5 ng/L to 300
ng/L on day 11 of the experiment: A) foliage development in FFW, RFWW, and BBM.media; B) roots
length in FFW, RFWW, and BBM media. Statistically significant differences from the controls (P < 0.05)

are indicated, where * - significantly greater than the control; + - significantly lower than the control.

Data shown as the mean + SD, n = 15. Control cultures did not contain E2, indicated by “0”.

6.2.3 Effect of E2 on chlorophyll-a and total carotenoid production by S. quadricauda cells
Significant increases in chlorophyll-a and total carotenoids were observed at all E2 concentrations
tested in FWW and BBM (Figure 20A and 20C). In contrast, no increase in either pigment was observed
in RFWW (Figure 20B). Concentrations of both chlorophyll-a and total carotenoids increased in S.
quadricauda cells to higher levels than in untreated control cells in FWW medium. A maximum

chlorophyll-a concentration of 174.1 ng/cell was obtained in FWW at 15 ng/L E2, although at E2
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concentrations of 5 to 100 ng/L, chlorophyll-a concentrations increased by 1.8- and 2.1-fold compared to
the untreated control cultures.

In this trial, the maximum concentration of total carotenoids was nearly equal at 15 and 50 ng/L E2
(154.2 and 151.7 respectively), with an increase of 2.7-fold over the concentrations of total carotenoids
observed in the untreated control cultures (Figure 20A). Ranking the efficacy of stimulation of
chlorophyll-a by E2 in FWW, we determined that: 15 ng/L > 5ng/L > 100ng/L > 50 ng/L > 300 ng/L
ng/L. Ranking the efficacy of stimulation of total carotenoids by E2 in FWW, we determined that: 15
ng/L = 50 ng/L > 5 ng/L > 100 ng/L > 300 ng/L.

In BBM medium, maximum values of 153.4 and 151.2 ng/cell of chlorophyll-a were observed at
50 and 15 ng/L EZ2, respectively (Figure 20C). The accumulation of chlorophyll-a was stimulated to a
lesser extent at 5, 100, and 300 ng/L E2. Total carotenoid accumulation in S. quadricauda cells was
stimulated 2.4- to 2.5-fold at all E2 concentrations tested in BBM medium (Figure 20C). Ranking the
efficacy of stimulation of chlorophyll-a in BBM medium, we found that 50 ng/L = 15 ng/L > 100 ng/L >
50 ng/L > 300 ng/L. Ranking the efficacy of stimulation of total carotenoids in BBM medium, we found

that 15 ng/L > 50 g/L = 100 ng/L = 300 ng/L > 5 ng/L.
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Figure 20. Chlorophyll-a and total carotenoid content in S. quadricauda cells cultured in the three media
containing E2 concentrations of 5 ng/L to 300 ng/L on day 11 of the experiment: A) FWW; B) RFWW;

and C) BBM. Statistically significant differences from the controls (P < 0.05) are shown for total cells
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density, where * - significantly greater than the control. Data shown as the mean + SD, n = 12. Control
cultures did not contain E2, indicated by “0”.

6.2.4 Soluble protein production by L. minor

Accumulation of water-soluble protein in L. minor biomass was different when the plant was
grown in three media containing different concentrations of E2, compared to untreated control cultures
(Table 16). In the untreated control cultures, L. minor cultured in FWW medium produced the
concentration of soluble proteins (36.12 mg/g frw), compared with the untreated controls cultured in

RFWW and BBM. In the presence of E2, elevated protein concentrations (compared with the untreated
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control cultures) were observed in L. minor cultured in FWW at concentrations of E2 from 5 to 300 ng/L,
although the greatest stimulation of protein accumulation in the cells was at 50 ng/L. In RFWW, elevated
protein concentrations were observed in cultures containing 5, 15, and 50 ng/L E2 (compared with the
untreated control cultures), while in BBM medium, elevated concentrations of protein compared with the

untreated control cultures were only detected in cultures containing 300 ng/L.

Table 16. Protein accumulation in L. minor grown in three different mediums on the day of the

test termination (11 day).

E2,ng/L  control 5 15 50 100 300

FWW 36.12+1.06 34.77+0.76 38.95+0.48* 40.41 £0.57* 38.92+0.91* 39.68 +0.66*
RFWW  31.73+£0.72 40.74 + 1.21* 41.12+0.43* 36.02+0.79* 3282+ 1.04 32.51+0.72
BBM 2475 +£0.66 2534+0.26 2528+1.01 2625+0.76  25.78 £0.86 27.78 + 0.58*

Note: * - significantly greater than control (P < 0.05). Data shown as the mean = SD, n = 12.

6.3 Discussion

The range of E2 concentrations examined in this experiment was consistent with the concentrations
typically found in Canadian surface and ground waters, and agricultural and fish-farming wastewaters
(Nichols et al., 1998; Peterson et al., 2001; Ying et al., 2002). E2 is one of the frequently detected
hormones in fishery wastewaters, which is why it may be used as a beneficial component of growth media
in combined fish-algae-duckweed integrated production systems. In our previous study (Chapter 5), E2
demonstrated a powerful ability to simultaneously induce growth and biosynthesis of valuable bio-
molecules in S. quadricauda cells. The current study was conducted to clarify whether the influence of E2
on the algae could be affected by physicochemical differences in three different growth media, including

RFWW, which mimics the concentrations of micro- and macro-nutrients in real fish wastewaters (FWW).
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Moreover, this study compares the effect of E2 on S. quadricauda physiology with the steroid influence
on L. minor, when these two aquatic organisms were grown under the same conditions.

Despite the fact that ambient conditions in our previous study had some dissimilarities with this
experimental work (the light intensity was 20 % higher and constant aeration of the growth mediums was
not provided during the first experiment), the results of E2 influence on S. quadricauda growth parameters
and biosynthesis of pigments were similar, comparing the values on days 10 and 11 of the experiments
conducted in BBM medium.

However, clear dissimilarities in the algae population growth and biosynthetic activity were
observed in three media tested. Remarkably, the dissimilarities in algae performance were found between
the controls of three trials as well as between the test-cultures containing equal concentrations of E2.
Furthermore, the pattern of dissimilarity between the controls varied with the type of medium used. For
instance, cell density was about two times higher in untreated control cultures in RFWW media compared
to the control cultures with BBM and FWW media. However, when E2 was present in the cultures, the
effect was opposite: in RFWW, cell density and biomass yield of S. quadricauda were negatively affected
by the three lowest E2 concentrations (5, 15, and 50 ng/L), while in FWW and BBM, these concentrations
stimulated increase in cell density and biomass yield.

Why E2 negatively affected cell growth in the RFWW and why RFWW compromised cell health
needs further investigation. Possible reason may be related to the buffering capacity of the medium, where
sodium and potassium carbonites were used to stabilize pH of RFWW. This buffering strategy decreased
the shifting of the pH to alkaline conditions, and increased the dissolved carbon value, which could directly
affect the binding capacity of E2, and/or membrane permeability (Shi et al., 2010). It is also possible that
the period of time for cells acclimatization to the RFWW media was insufficient for the algae to stabilize
its physiology prior the test. When considering the effect of water chemistry on chlorophyll-a and

carotenoids, it may be that stimulatory effect of E2 observed in the FWW and BBM media was abolished
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in the RFWW medium.

In contrast to RFWW, the positive effect of E2 on S. quadricauda growth and biosynthesis in natural
FWW was the most pronounced. The effect of water chemistry on the promoting efficiency of an induction
factor (such as E2) has been highlighted previously by research conducted on aquatic plants (Agami and
Reddy, 1989; Davis, 2004; Borker et al., 2013) and microalgal species (Wang et al., 2004; Li et al,. 2008;
Domiani et al., 2010). It was demonstrated that a change in water chemistry could activate more than one
defense pathways at the same time in algae cells. The combination of these pathways and dominance of
one of them depend on the factor altered, whether it is a media chemistry parameter or an additional
stressor such as a hormone or both (Wang et al., 2004; Lemoine and Schefs, 2010).

Remarkably, the influence of RFWW on L. minor growth was opposite to its influence on S.
quadricauda growth. The growth of foliage, roots development, and protein accumulation in the duckweed
was stimulated by E2 in RFWW medium, compared with the effect of E2 in the other two media, although
FWW was a significantly better medium for L. minor growth when E2 was not present. Our results on the
influence of E2 on the soluble protein accumulation by L. minor are consistent with research conducted
on another duckweed species, Wolffia arrhizal (Szamrej and Czerpak, 2004). However, we observed the
maximum effect at much lower E2 concentrations in both RFWW (15 and 5 ng/L E2) and FWW (between
15 and 300 ng/L E2) media, compared to the W. arrhizal study, where the concentrations of 272, 2720,
and 27.2 ug/L E2 (in than order) were most stimulatory. In another study (Szamrej and Czerpak, 2004),
soluble proteins were induced to a greater degree (1.8-fold increase) compared to maximum induction in
our experiment (1.3-fold increase). The species-specific differences (e.g., W. arrhizal does not have roots)
and growth media chemistry are likely responsible for the difference in results.

Lemnaceae species are broadly used for wastewater treatment, including domestic and
pharmaceutical effluences, which are the prime resources of animal steroids in surface water. Some

previous research indicates that duckweed species are one of the best agents for removing hormones from
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water (Joss et al., 2004; Shi et al., 2010; Muradov et al., 2014). The low E2 waterborne concentrations
were likely inactivated and biotransformed by L. minor shortly after the exposure. E2 and other animal
steroids have also been shown to induce biosynthesis of valuable molecules in Lemnaceae plants, when
applied in relatively low concentrations in the range of 10 to 107 M. For example, corticosteroids
significantly stimulated the accumulation of pigments (chlorophylls and carotenoids), nucleic acids,
soluble proteins, and sugar biosynthesis in W. arrhizal tissues, although the extent of stimulation was less
than the effect of E2 (Czerpak and Szamrej, 2003; Szamrej and Czerpak, 2004). To our best knowledge,
no study has measured duckweed growth performance under the impact of waterborne steroids. The effect
of L. minor on buffering and stabilizing the pH of the growth media has also not previously been reported.
However, efforts were made for development of a mathematical model for better understanding the
influence of growth medium alteration on Lemnaceae performance in vitro and in situ (Landesman et al.,
2005; Frederic et al., 2006; Khvatkov et al., 2018).

Our results on the influence of E2 on S. quadricauda growth and biomass production (cell size and
density), and the accumulation of pigments (chlorophyll-a and total carotenoids) in BBM medium over 11
days was similar to that obtained in the previous 20 day experiment (Chapter 5). However, the stimulatory
effects in this study were more pronounced than the effects observed at days 10 to 15 in the previous
experiment. Likely, the better results are due to constant aeration condition applied in this (11 day)
experiment.

6.4 Conclusions

In this Chapter, we have compared the influence of an animal steroid, E2 on the growth and
physiology of two primary producers: the microalga S. quadricauda, and the aquatic plant L. minor. The
results of this study may be organized in two groups. First, it was confirmed that E2 in nano-concentrations
has strong positive effect on cell growth (cell size and final cell density) and biosynthesis of valuable

molecules of S. quadricauda, as was previously demonstrated in a 20 days experiment (Chapter 5).
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Moreover, we have demonstrated that E2 is capable of increasing foliage growth, root growth, and protein
biosynthesis in L. minor, although root development was stimulated by the presence of E2 to a lesser
extent. Second, we have compared the influence of three growth media (FWW, RFWW and BBM) on
the two test organisms, both in the absence and the presence of E2. The results of this comparison show
clearly the importance of water chemistry on the physicochemical parameters of the growth medium on
the physiology and metabolism of aquatic organisms, as well as on the extent to which E2 affected the
physiology of S. quadricauda and L. minor. Our results highlight the need for further investigations of the
relationships between physicochemical parameters of growth media, the particular organism to be
cultured, and any additional stressor, or chemical inducer that may be applied to stimulate biomass

production and biosynthesis of the molecules of interest.
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Chapter 7

General Conclusions and Further Work

7.1  Objectives and Hypotheses

This work was designed and implemented with consideration of industrial integration of microalgae
and Duckweed biomass production for biofuels and bioproducts with fish farming and hydroponics, with
the goal of maximizing nutrient, energy, water, and flue-gas CO> recycling. The main subject of this
research was examination of the influence of organic compounds (plant and animal hormones) of
hydroponic and fishery effluents on Scenedesmus quadricauda and Lemna minor, with emphasis on the
effect of these hormones on cell growth, cell biomass production, cell size, pigment biosynthesis
(chlorophyll-a and total carotenoids), and fatty acid biosynthesis and profiles.

Addressing the results of this study to the objectives, which were selected for investigation, we can

confirm that:
1) All the tested hormones (four phyto-hormones and two animal steroids) in nano-concentrations
were able to simultaneously induce S. quadricauda growth parameters, biomass production, pigment and
lipid biosynthesis. The order of stimulation efficiency of the hormones tested on: a) growth parameters
was: E2 > EBL = 17,20B3-P > IAA > BL > ABA; b) chlorophyll-a synthesis was: 17,20p-P > EBL > IAA
> E2 > BL > ABA,; c) total carotenoids synthesis was: EBL > E2 > IAA >17,20B-P > BL > ABA; and d)
major and total fatty acid synthesis was: E2 > 17,20B3-P > ABA = |IAA > EBL > BL. Therefore, both
tested animal steroids and phytohormones EBL and IAA were the most powerful inducers of growth and
pigment production/accumulation in S. quadricauda cells, while FAs biosynthesis was greater affected by
presence of E2,17,20B-P, ABA and 1AA.

Importantly, all the hormones were most effective in low concentrations within the tested ranges of

nano-concentrations. This finding gives an impression that the expected concentrations of phytohormones
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in the effluences of hydroponics facilities likely are sufficient for induction of both, microalgae biomass
production and valuable molecules biosynthesis/accumulation.

2) When comparing the influence of four phytohormones on S. quadricauda physiology, it was found
that within the concentrations tested, under the optimized growth conditions in BBM media, EBL and
IAA demonstrated the greatest induction of growth parameters and the pigments biosynthesis. The most
pronounced effect on FA production and alteration of the FA profile was confirmed in IAA and ABA
trials. BL was less effective for induction of any of the parameters tested, compared with the other
phytohormomes. It also was noted that the manner in which the fatty acid profiles were altered was
different for each phytohormone tested. Moreover, all the phytohormones could stimulate additional FAs
synthesis compared with the controls. Thus, our results highlight the possibility that phytohormones could
be used as a tool for fatty acids profile manipulation in the biofuel and pharmaceutical industries.

In the mixed EBL and IAA trials, the investigated physiological parameters (growth, chlorophyll-a
and total carotenoids biosynthesis, fatty acids biosynthesis and their profiles) demonstrated the synergistic
relationship between a brassinosteroid (EBL) and an auxin (IAA) when S. quadricauda cells were exposed
to the range of two hormones mixtures. Our results also demonstrated that certain phytohormone
combinations synergistically promote both greater biomass yield and its rate of production where the lag
phase of algae growth in mixed hormone trials was clearly shortened. The results on pigment accumulation
supports the previously stated theory that BRs contribute to the synergistic effect with auxin, independent
of its concentration, and likely independently from the 1AA signaling pathway. However, the complex
outcome of some combinations also suggests that the mechanism of EBL and 1AA crosstalk was specific
to targeted biosynthetic pathways and, thus, auxin can increase the activity and effectiveness of BRs in a
synergistic manner at certain circumstances. An adverse effect at highest tested concentrations was
observed for most of the tested parameters in all the trials, when negative effect of BL and ABA was more

pronounced.
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3) Both tested animal steroids, E2 and 17,20B-P, exhibited strong stimulatory effects on the
physiology of S. quadricauda. E2 was a more effective promoter of all the tested parameters compared to
17, 20B-P with one exception: chlorophyll-a biosynthesis was affected to a greater extend by the 17,2083-
P steroid. Similarly to the influence of the phytohormones tested, the two animal hormones altered the
fatty acid profiles of lipids synthesized by S. quadricauda. Both E2 and 17,20B-P stimulated synthesis of
additional FAs. Thus, we can report that, as with the four phytohormones tested, the two animal steroids
could be used as a tool for fatty acids profile manipulation in the biofuel and pharmaceutical industries.
The results of this study support to the statement that no intracellular accumulation of the tested
steroids applied in nano-concentrations is expected. This conclusion is important in term of application of
fishery wastewaters with animal steroids loading for industrial microalgal biomass production.
4) Two aquatic organisms, the microalga S. quadricauda, and the aquatic plant L. minor, exhibited
positive reaction on presence of exogenous E2 in nano-concentrations. Regardless of the significant
changes in ambient conditions (light intensity and the media aeration) the results were similar to the
previous test, where growth parameters and the pigments biosynthesis increased in S. quadricauda, grown
on BBM media. E2 was capable of increasing foliage growth, root growth, and protein biosynthesis in L.
minor, although root development was stimulated by the presence of E2 to a lesser extent.
5) Physico-chemical parameters of a growth media demonstrated drastic effect on E2 influence on
both, S. quadricauda and L. minor physiology. The designed RFWW negatively affected E2 ability to
induce growth, chlorophyll-a, total carotenoid in S. quadricauda. Remarkably, RFWW did not prevent E2
ability to persuade growth and protein production in L. minor. For both tested aquatic organisms, the
positive effect of E2 on growth and biosynthesis in natural FWW was the most pronounced with the only
one exception of foliage development in L. minor where E2 in RFWW was more effective. The most
effective E2 concentrations were different between three tested mediums for both aquatic organisms and

all the tested parameters.

143



Kozlova Tatiana A Thesis — BioSystems Engineering

As anticipated, physico-chemical parameters of the growth media had strong influence on S.
quadricauda and L. minor physiology at equal ambient conditions in the absence of steroid in the culture
media. In controls, the best algae growth, biomass production, and pigment accumulation was observed
in RFWW, while L. minor growth (roots, fronds) and protein accumulation were significantly greater in
FWW media.

Therefore, we can conclude that all of the hypotheses tested in this thesis have been supported by
the experimental data. The first hypothesis tested was supported by the data: all the examined
phytohormones (ABA, IAA, BL, and EBL) stimulated S. quadricauda growth. The second hypothesis was
supported by the data: two fish steroids (E2 and 17,20B3-P) stimulated microalgae growth and lipid
biosynthesis. The third hypothesis was supported by the data: in both the microalgae S. quadricauda and
the Duckweed species, L. minor, growth was positively affected by nano-concentrations of E2. The fourth
hypothesis was supported by the data: S. quadricauda and L. minor demonstrated significantly greater
growth and activity of biosynthesis in natural FWW compared to RFWW or BMM when E2 was present,
with the only one exception of foliage development in L. minor where E2 in RFWW was more effective.
In the absence of steroid in FWW, hypothesis four was true for L. minor, but not for S. quadricauda, since
the best algae growth, biomass production, and the pigment accumulation was observed in RFWW, not in
FWW. Remarkably, for S. quadricauda the results in BBM were significantly greater, while all the tested

parameters of L. minor were inhibited in BBM compared to RFWW.
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7.2 Future work

The results of our investigation clearly demonstrated significant positive effects of the tested
phytohormones and animal steroids on the physiology of Scenedesmus quadricauda and Lemna minor,
emphasizing the possibility of simultaneously enhanced biomass produciotn and synthesis of valuable
biomolecules.

Despite of our in-depth investigation of the microalgae physiology in the presence of phytohormones
and steroids in concentrations relevant to hydroponics and fishery wastewater (in the nano—concentration
range), there are number of questions on the relationship of hormones to microalgal- and Duckweed
physiology that remain to be elucidated. These questions may be organized into two major groups: 1)
subjects derived from our study that need clarification or further investigation to confirm our findings;
and 2) subjects related to our study that currently have rather scattered knowledge, and require further
investigation to improve industrial-scale microalgal and Duckweed biomass production and/or reduce the

costs of the production processes.
7.2.1 Future work derived from our study

The following subjects should be considered as a high-priority list for further investigations:

1) Investigation and monitoring of the physico-chemical parameters and hormone-loading of fishery
and/or hydroponic effluents, and the kinetics of hormones degradation;

2)  Clarification of the influence of the products of hormone degradation on microalgae and Duckweed
physiology:

3) Influence of aeration of the medium on hormones ability to induce microalgae and Duckweed

growth and biosynthesis;
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4)

5)

6)

7)

8)

9

10)

11)

Ability of some hormone mixtures to decrease the lag-phase of algal growth needs extensive
investigation, as hormones are a powerful tool for enhancement of both biomass yield and the rate
of biomass production;

Animal hormone accumulation in algae/duckweed cells, as well as bio-transfer via food chain when
hormones applied in nano-concentrations;

Carotenoid profiles in the presence of hormones: []-carotene, lutein, zeaxanthin, astaxanthin, and
canthaxanthin accumulation in selected microalgae and Duckweed species;

Protein profiles: Key proteins, such as RuBisCO and radial spoke proteins, are important high-value
commodities for pharmaceutical and agricultural (animal feed) industries;

For Duckweed: dextrose, starch, calcium oxalate monitoring/adjusting;

Comparison of all the above subjects in continuous mode of biomass growth vs a batch experiment
(in particular comparison of pigments accumulation);

Validation of the obtained results on the designed pilot and then industrial units;

Multivariate Statistics on the obtained results: clarification whether or not population growth,

biomass production and cell size statistically correlate to each other.

7.2.2 Future work on additional subjects closely related to our study

When considering important subjects, which are closely related to our research, the following gaps

in knowledge need to be filled:

1)

2)

Influence of temperature, CO> applications and light intensity/spectrum on hormones ability to alter
microalgae and Duckweed growth and biosynthesis;

In-depth consideration of the role of Photosystem Il (PSII) in a view of hormone applications: the
link between photosynthetic rate and pigment of interest biosynthesis; the link between TAGs

accumulation and photosynthetic apparatus activity.
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3)

4)

5)

6)

7)

8)

Investigation of phyto— and animal hormones, commonly found in hydroponics and fishery
effluents, influence on other commercial species of microalgae and Duckweed;

Investigation of interactions between hormones in aqueous solutions: relationship between different
mixtures of hormones. For commercially used algae species, the optimal combination of the types
of phytohormones is yet to be determined;

A wider-range of algae species and physiological responses has to be further investigated for better
prediction of the influence of a particular hormone combination;

Investigation of the mechanism of formation of a signaling network in aqueous environment
between exogenously applied phytohormones, the intracellularly synthesized hormones and
endogenous accumulation of the hormones;

Investigation of other than hormones organics of the effluents, first of all dissolved organic matter
(DOM) as the potential ligands for inorganic ions and organic molecules;

Investigation of the genetic basis of the influence of hormones on microalgae/Duckweed

biosynthesis.
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Chapter 8

Industrial Relevance and Innovation of the Work

8.1 Industrial relevance

Two of the major challenges for industrial-scale biomass production of microalgae and Duckweed
are the cost of production and yields of the high-value biomolecules synthesized by these organisms. The
entirely novel technology that integrates hydroponics, fish farming, and microalgae biomass productions,
where algae, plants, and fish share space, nutrients, and light in a combined industrial unit offers
substantial cost reduction and extends the variety of bioproducts that may be produced, but raises the issue
of the influence of metabolites of various co-culture species on each other, especially with the recycling
of water between the production units. These influences could be negative or positive for a biomass growth
and/or biosynthesis of valuable molecules. Therefore, investigation of the influence of plant and fish
metabolites dissolved in recycling water on the biomass grown is crucial for success of the industry.

It is also vital for the industrial sector to achieve enhanced yields of high-value biomolecules from
the same biomass such as TAGs for biofuels, as well as carotenoids and protein for broader applications
in the production of food, animal feeds, dietary supplements, and pharmaceuticals. There is a great need
to reduce the costs of biofuel production from microalgal biomass. It has been estimated that a 4-5 fold
increase in productivity [with microalgae biomass containing 60% (w/w) of oil] could make biofuel
production from microalgae economically viable (without the cost of co-products). When considering the
co-products from microalgae biomass, only lutein demand in United States is estimated to be nearly
$150,000,000 per year. The scientific community should find alternative ways for enhanced biomass
production with improved yield of other high-value biomolecules like leutin.

The results of our study on the influence of selected phytohormones and fish steroids in nano-

concentrations, commonly found in hydroponics and fishery effluents, revealed the great potential of these
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organic compounds simultaneously increase both S. quadricauda and L. minor growth and biosynthesis.
This finding supports the use of effluents as growth medium for industrial microalgae biomass production
and offers the way for significant decrease in the cost of biomass production. Importantly and in support
to the previous studies, some phytohormones and their combinations, as well as fish steroid E2 were
capable of reducing the lag phase of algae growth, resulting in promotion of both greater biomass yield
and its rate of production.

Consequently, our study supports the goals of industrial integration in at least three different ways:
confirming that sufficient for industrial-scale production of biofuels and valuable co-products from one
type of biomass is possible; demonstrating that cost reduction of microalgae and/or Duckweed biomass
production applying naturally occurring hormones in nano-concentrations commonly found in
hydroponics and fishery effluents is achievable; and offering significant reduction in environmental
emissions due to the improved energy- and nutrient-recycling system, and due to the use of industrial
wastewater as the sources of nutrients for grown biomass.

Thus, industrial integration creates more opportunities for flexible combination of biofuels, valuable
co-products, and food and/or animal feed production according to the market demand, addressing unique
niche markets (off-grid communities), and maximizing revenues.

8.2 Innovation of the research

This study was part of a collaborative effort between industry and academia to establish a
completely novel technology that integrates different types of biomass production (fish farming,
microalgae, Duckweed, and potentially, commercial vegetable production) in one industrial unit that
maximizes recycling of nutrients and energy. The most important findings of our work were:
1) We demonstrated that integration of aquaculture and hydroponics with microalgae and/or

Duckweed biomass production is possible in term of sufficiency of nano-concentrations of naturally
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occurring fish steroids and phytohormones for significant induction of algal and/or Duckweed biomass
production and valuable molecules yield in not mutually exclusive way;

2) We found that even very small concentrations of the tested hormones were capable of enhancing
FAs vyield and, importantly, alter the FAs profile of accumulated TAGs. Our results highlight the
possibility that hormones could be used as a tool for fatty acids profile manipulation in the biofuel and
pharmaceutical industries. Thus, common method of FAs cracking which used for adjusting the suitability
of molecules to green gasoline could be exchanged with a new technology of algae biosynthesis
manipulation applying a single or a blend of hormones;

3) Importantly, we found that time of harvesting has a great influence on phytohormones ability to
alter FAs profile, although this results have to be confirmed in future investigation;

4) We found that majority of the mixtures of EBL with IAA demonstrated synergistic effect on S.
quadricauda population growth, biomass production, the tested pigments and FAs accumulation, although
our study was examined several times lesser phytohormones concentrations than any previously reported;
5) To the extent of our knowledge, this is the first report on influence of EBL, BL, and ABA on the
fatty acid composition of lipids in microalgae and on influence of 17, 203 -P on growth, biomass
production, chlorophyll-a, carotenoid accumulation, and the fatty acid composition of lipids in microalgae.
Moreover, as far as we know, no study previously has measured Duckweed growth performance (fronds
and roots development) under the impact of waterborne animal steroids E2;

6) The results of this investigation could be considered as a solid framework for future modeling

work on the hormones to S. quadricauda and L. minor influence.
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For Chapter 3: Effect of Phytohormones on Growth and Accumulation of Pigments and Fatty Acids in the

Microalgae Scenedesmus quadricauda (CPCC-158)
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Figure S1. Growth of S. quadricauda in the presence of the phytohormone ABA with and without
DMSO: A) ABA+DMSO; B) DMSO-only trial, as persent of the solvent in working solutions; C) the

calculated influence of ABA on algae cell growth.

For Chapter 4: Combined Hormones Effect Calculation Based on Chou and Talalay Method
Here we present an explanation of how the calculations of the dose-effect relationship for individual and

mixed hormone treatments were used to calculate the Combination Index (CI).
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Figure S2. Determination of the parameters for Table 1. A) Dose-Effect Curve; B) Median-effect Plots

for single hormone treatments (CompuSyn software).

The Median-effect equation (Chou and Talalay, 1984):

fa/fu = (D/EC50)™; from here fa=1/[1+(Dm/D)™] or Dx = Dm[fa/(1-fa)]¥™, (1S)
where fa is the fraction of dose affected (as a proportion of a medium-effect dose); fu is the fraction of
dose unaffected (fu=1-fa); EC50=Dm; m, slope of the kinetic order; D, the dose of the hormone applied.
In this study, the dose-effect relationship for cell growth had a hyperbolic shape until further increases in
a hormone concentration resulted in an adverse effect (Table S1). At this point, m =1 (Chou and

Talalay, 1984).
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Example 1

Table S1. Dose-effect relationship for mixed hormones with the input values used to calculate the CI.

EBL, 11d IAA, 11d Mix[ 1: n]
b Growth, D Growth, 5 Growth, Input parameters
’ Ils x fa Input ’ cells x fa Input ’ cellsx  fa-mix
ce
arameters arameters
nM 104mL p nM 104mL Y nM 104mL 0.5nM 2nM

EBL EBL

0.5 118.06 0.095 Dm=4.856 1.0 93.09 0.027 Dm=34.695 0.5+5 145.75 0.019 Dm=277.3 Dm=54.5

2.0 12552  0.296 X=0.686 5.0 109.95 0.123 X=1.54 0.5+100 114.58 0.266 X=1.82 X=1.44

5.0 136.14  0.513 Y= -0066268 * 10.0 128.09  0.219 Y:O-éig? * 0.5+1000 163.39 0.783 Y=-0.625 Y=-0.27
m=0.974 + m=1.0 £+ _ _
10.0 146.99 0.678 0016 50.0 151.72  0.583 0.006 2+5 219.55 0.114 m=1.0 m=-1.0

50.0 162.38 0913 R2=0.999 | 1000 165.73 0.737 R2=0.999 2+100 121.99 0.652 R2=1.0 R2=1.0

1000.

100.0 102.45  0.955 0

105.42  0.966

Note: D, dose of a hormone applied; Dm, median effect dose; m, slope of the kinetic order derived from a plot log(D) vs log[(fa)/(1-fa)]: m < 1,

m =1, m > 1, indicating negative sigmoidal, hyperbolic, and sigmoidal, respectively; fa, fraction of dose affected (as a proportion of a medium-
effect dose); X and Y, the coordinates of Dm on the plot.
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Median effect, mix 0.5 EBL

Log fa/fu
o
(0]

LogD

Figure S3. Example of a Median-effect plot for a mixed hormones treatment: 0.5 nM EBL + “n”, nM
I1AA.

The Combination Index (CI) equations, also known as the Isobologram equation (Chou, 2006):

n
(Chx= j§1(1)X)1 —n{[D]j /=" [D]} (Dx)j {(fax) j/1-(fax) j}™ (25)

where ([D]j/Z" [D]} is the proportionality of the concentration of each of n compounds causing x%
effect; (Dx) j{(fax) j/1-(fax) j}*™ is the concentration of each compound alone that exerts x% effect.

The Combination Index (coefficient) may also be expressed as:
C1=(Deom)2/(Dsing!)1+(Deom)2/(Dsingl)2={ (Deom)1/(Dim)1 [fa/(1-fa) ™} + {(Deom)2/(Dm)2[fa/(1-fa)]"};

if (D)1/(D)2=P/Q then = ((D)1,2[P/(P+Q)])/((Dm)1[fa/(1-fa)]*™+ ((D)1,2[Q/(P+Q)1)/((Dm)2[fa/(1-fa)] V'™

(35)

Non-constant hormone ratios for each pair were applied.
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Table S2. Calculations from Table S1.

ClI values for actual experimental points

fa mix Cl Total dose, nM

0.5 nM EBL trial
5.5 (0.5 EBL+5 IAA)

0.019 0.69
0.266 0.89 100.5 (0.5 EBL+100 IAA)
1000.5 (0.5 EBL+1000
0.783 0.62 IAA)
2 nM EBL trial
0.114 0.29 7 (2 EBL+5 1AA)
0.652 0.86 102 (2 EBL+100 IAA)

Note: fa, fraction of dose affected (as a proportion of a medium-effect dose); Cl, Combination Index
(isobologram equation) outcomes: Cl < 1 = Synergistic effect; Cl = 1 = Additive effect; Cl1 > 1 =
Antagonistic effect (Chou and Talalay, 1984).

As may be seen from Table S2, all the calculated CI values were < 1. Thus, it may be concluded that all
hormone relationships corresponding to these values in the combined hormone treatments had Synergistic
effects. However, taking in the account statistical differences (SD) between single and mixed hormone
treatments, we postulated Synergistic effects only for hormone combinations that resulted in statistically
higher responses than each single hormone treatment. The same criteria was done to evaluate
Antagonistic effects. Economically, it is not viable to apply two hormones for biomass production if
treatment with mixed hormones does not demonstrate statistically greater productivity than each single
hormone treatment.

There are more gradations for relationship between the mixed compounds often in use in pharmaceutical

or toxicological research as it could be seen from Table S3.

155



Kozlova Tatiana A Thesis — BioSystems Engineering

Table S3. Cl-value descriptions and symbols used in pharmaceutical or toxicological research (Chou,
2006).

Range of Description Graded Graphic
combination index symbols symbols
<0.1 very strong synergism +++++ C—
0.1-0.3 strong synergism ++++ —
0.3-0.7 synergism +++ e——
0.7-0.85 moderate synergism ++ e
0.85-0.90 slight synergism + =
0.90-1.10 necatly additive *

1.10-1.20 slighht anragonism - mm————
1.20-1.45 moderate antagonism - ——
1.45-3.3 antagonism _——— e e———
3.3-10 strong antagonism _—— RppRpp——
>10 very strong antagonism @@= 00— ———— —

For Chapter 6: Effect of 17p-estradiol on Growth and Biosynthesis of Microalgae Scenedesmus
quadricauda (CPCC-158) and Duckweed Lemna minor (CPCC-490) Grown in Three Different Media.

11 - A M algae
M Lemna
10 4
+ t +
r 9 -
Q.
8 -
7 -
6 = T T T T T
0 5 15 50 100 300
E2, ng/L
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11 - B M algae
10 B Lemna
9 1 *
S 8 -
7 -
6 - T T T T T
0 5 15 50 100 300
E2, ng/L
C M algae
11 - 8
® Lemna
10 -
9 1 *
T
o 8 -
6 = T T T T T
0 5 15 50 100 300
E2, ng/l

Figure S4. pH of the three culture media on day 11 of the experiment. A) FFW; B) RFWW; C) BBM.
Statistically significant difference from the controls (P < 0.05) are indicated, where * - significantly greater
than the control and + - significantly lower than the control. Data shown as the mean = SD, n = 4. Control

cultures did not contain E2, indicated by “0”.
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