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Abstract

Microalgae have been studied for more efficient and environment-friendly means of wastewater
treatment due to their ability to uptake dissolved organic and inorganic materials to produce
cellular carbohydrates, proteins, and lipids, whilst yielding oxygen and ultimately clean water
as byproducts. When cultivated in large-scale outdoor pond or bioreactor systems, the growth
and metabolism of microalgae will be altered by fluctuating temperature depending on
geographic location, seasonal weather patterns, and climate change. In addition, the thermal
responses can be varied depending on species or strains. Optimizing the growth of microalgae

will be one of the most critical aspects of utilizing algal biomass for wastewater treatment.

A well-known strain of Tetradesmus obliquus (UTEX393) and a commercially grown strain
(SNS0120) were pre-cultivated at 10 °C and then inoculated into lab-scale flat-panel
photobioreactors with a turbidostat mode with continuous light with warm white LED lamps.
The growth rate was measured from 10 °C to 40 °C with 3 °C increments and the data was fitted
to a total of 24 thermal performance models to determine accurate thermal optima for both
strains. The effects of temperature on fatty acids, photosynthesis, and gene expression were also

discussed.

The optimal growth temperatures for the UTEX393 and SNS0120 were determined as 27.3 °C
and 26.8 °C respectively. The main effect of temperature was the increased growth rate for both
strains. The UTEX393 showed higher growth performance at all temperatures compared to the
SNS0120 as well as the thermal tolerances. Interestingly, the accumulation of total fatty acids
was not significantly influenced by temperature, yet the omega-3/omega-6 ratio was reduced
as the temperature increased. The overall results suggest that the UTEX393 is practicable to
cultivate in the outdoor PBR or wastewater treatment throughout the year in the regions where
the temperature of the culture fluctuates between 10 to 37 °C while the SNS0120 requires the

temperature to be closely monitored and controlled below 31 °C.

Temperature also influenced the gene expression of the UTEX393. The changed gene
expressions represented the cells managing metabolic fluxes under the higher growth rate at 25
°C vs 10 °C. At 34 °C, thermal inactivation of growth was associated with the expression of

genes associated with thermal stress responses.



1 Introduction

1.1 Background

Unicellular photosynthetic organisms such as microalgae have been studied for more efficient
and environment-friendly means of wastewater treatment due to their ability to uptake nitrate,
nitrite, ammonium, phosphorous, and other trace elements from wastewater. Microalgae utilize
those dissolved organic and inorganic materials and COz to produce cellular carbohydrates,
proteins, and lipids, whilst yielding oxygen and ultimately clean water (water without harmful

pollutants) as byproducts (Mufioz & Guieysse, 2006; Ramanan et al., 2016).

When cultivated in large-scale outdoor pond or bioreactor systems, the growth and metabolism
of microalgae will be altered by fluctuating environmental factors such as temperature, light,
salinity, pH, and nutrients surrounding the algal ponds or photobioreactors (Aussant et al., 2018;
Robertson et al., 2013; Stengel et al., 2011). Cultivating specific microalgal species under non-
optimized growth conditions may lead to significant loss of biomass. Among those
environmental factors, the temperature cannot be controlled in an energy-efficient way, yet
represents one of the most significant variables influencing the growth of microalgae. The
temperature experienced by microalgae cell cultures varies based on geographic location,
seasonal and daily weather patterns, bioreactor/pond system design, and long-term climate
change. Examining the effects of temperature on the growth performance of the algal strains is
needed to achieve maximum bioremediation performance in terms of nutrient uptake and

biomass production (Lage et al., 2021; C. Zhang et al., 2014).

1.2 Advantages of algae in wastewater bioremediation

Bioremediation of polluted water (i.e. wastewater treatment) is considered one of the most
influential measures to improve the environment globally (Coelho et al., 2015). Along with the
exponentially growing population, agricultural intensification, and expanding industries,
aquifers, waterways, and other aquatic environments will be polluted with more organic wastes,
pathogens, toxic materials, and heavy metals that, without proper treatment, cause detrimental
effects on ecosystems (Jackson, 2021; Olvera et al., 2017; Tortajada & Biswas, 2018; United
Nations, 2019; Xiaoming et al., 2018; L. Zhang et al., 2018). In order to maintain a healthy



environment with increased demands for wastewater treatment together with the limitation on
available land for expanding treatment facilities and landfill sites, the treatment processes must

be done more efficiently than current methods (UN SDG, 2022).

Current conventional wastewater treatment processes consist of a combination of physical,
chemical, and biological processes, of which the biological process is carried out by groups of
aerobic microorganisms that consume organic matter as their nutrition and turn them into
metabolic end products (e.g. biomass, CO2, NH3, and CHa4) under reduction of dissolved
oxygen, leading anoxic environment in the wastewater and sludge (Anjum et al., 2016;
Grobbelaar, 2013; Karia & Christian, 2006; Khiewwijit et al., 2015; Soomaree, 2015). This
may cause an issue with nitrifying bacteria which transform ammonia into nitrate under an
oxygen-rich environment (Schulze et al., 2017). Thus, the traditional wastewater treatment

methods will be unsustainable if the demands are increased (Kamali et al., 2019).

In opposition to the oxygen depletion from the wastewater and sludges caused by the aerobic
respiration, photosynthesis by a microalgal consortium is possibly able to generate a sufficient
quantity of dissolved O2 to support other microorganisms in the wastewater (Figure 1) (Wang
et al., 2015). In addition, Microalgae have shown their effective removals of NH4*, PO4*" and
heavy metals (Cr, Cu, Zn, Pb, and Cd) (Grobbelaar, 2013; Marinova et al., 2018; Mohammed
& Markert, 2006; Monteiro et al., 2009; Salah El Din et al., 2009), as well as the biosorption of
persistent organic pollutants in the wastewater (Michalak et al., 2013; Pl6hn et al., 2021; O.
Spain et al., 2021). Another example is their responses to the other microorganisms. Some
microalgal species (e.g. Isochrysis galbana, Scenedesmus sp., and Chlorella sp.) have been
reported to be capable of excreting bactericides or fungicides preferentially against the gram-
positive bacterium present in the wastewater causing strong inhibitory activities ultimately
reducing the human and plant pathogens in the wastewater (Alsenani et al., 2020; DellaGreca
et al., 2010; Ghasemi et al., 2007; Lee et al., 2006; Najdenski et al., 2013; Niveshika et al.,
2016).

In addition to their extraordinary oxygen production and ability to uptake nutrients and CO2
from the wastewater, microalgae display high growth rates and are capable of producing large
quantities of biomass by utilizing the pollutants in the water. There are studies regarding their
biomasses to be incorporated into varieties of technologies due to their capabilities of producing

value-added biomaterials while treating the wastewater. For instance, microalgal biomasses can



be used as biofuels, animal feed, bio-stimulants (e.g. auxins, cytokinins, gibberellins, abscisic
acid, and ethylene), and other biochemicals (Algacycle, 2021; AlgacPARC, 2022; Chisti, 2007;
Colla & Rouphael, 2020; National Ocean Service, 2022; Navarro-Lopez et al., 2020; Wijftels
& Barbosa, 2010; Yap et al., 2021). Therefore, the efficient cultivation of microalgal biomass
is considered one of the most promising methods to enhance the efficiency of wastewater

treatment (Pl6hn et al., 2021; Yap et al., 2021).

Organic
matter _ Clean water

Wastewater

Inorganic
matter

Biomass

Bacteria

Figure 1. Diagram of the main biological phenomena using microalgae/bacteria consortia for nutrient
recovery from wastewaters (Acién Ferndandez et al., 2018). This microbial consortium will ultimately

produce clean water and algal biomass as by-products. COD: Chemical Oxygen Demands.

1.3 Large-scale cultivation of microalgae in ponds and bioreactors

Microalgae cultivation methods can be categorized into either enclosed photobioreactors
(PBRs) or open ponds systems (Campbell et al., 2011). Open pond systems include natural,
circular, raceway, or High-Rate Algal Pond (HRAP) systems. The major advantages of these
systems are relatively low cost and low energy demands compared to the PBRs. However, these
open culture systems face issues such as temperature fluctuation, water evaporation, dilution
(nutrition or biomass caused by rain, etc.), and contamination by predators and other fast-
growing heterotrophs (Tredici, 2010). The open pond systems are also used for the algal-based
wastewater treatment processes which are termed oxidization (or stabilization) ponds. The

HRAP system is a particularly cost-effective approach as the pond-based wastewater treatment



system uses very shallow pond depth with high algal density (R. J. Craggs et al., 2011). This
system can utilize already existing ponds which will be environmentally and economically
beneficial (R. Craggs et al., 2014). For instance, those ponds eliminate sludge disposal, produce
less odor, and are capable of consistently providing a higher degree of nutrient removal and
disinfection compared to the conventional biological wastewater treatment systems (Craggs
RJ., 2005; McGrath & Mason, 2004; Oruganti et al., 2022). Despite these advantages of the
algal wastewater treatment systems, the growth of microalgae will still face the same issues as

the open algal cultivation ponds (Brenner & Abeliovich, 2013).

The PBRs are closed systems that protect cultures from evaporation, dilution, and
contamination from the surrounding environment. Various PBR designs have been developed
including flat, tubular, manifold, helical, flexible films, hybrid, floating, and biofilms (Zittelli
et al., 2013). Tubular PBRs are the most common design and preferred by many commercial
algae productions, and they can be subdivided into three main shapes which are serpentine,
manifold, and helical. Serpentine PBRs consist of straight tubes connected by U-bends to form
a flat loop that may be arranged either vertically or horizontally for achieving sufficient mixing
by the air bubbling. Manifold PBRs are made of parallel tubes connected at the ends by two
manifolds which reduce the head losses and lower oxygen concentrations. (Rodolfi et al., 2010;
Tredici, 2010; Zittelli et al., 2013). Flat panels allow them to be closely packed together and
achieve high photosynthetic efficiency, and a high rate of air bubbling for giving the culture
adequate turbulence and scouring of the reactor walls (Bassi et al., 2011; Hu, 2013; Tredici,
2010; Wijffels & Barbosa, 2010). Flat plate photobioreactors with short optical path lengths
can achieve higher areal production rates and culture densities than conventional reactors, and
provide better temperature control over other conventional designs which makes it a useful tool
to simulate the temperature effects on growth by isolating the temperature from other
environmental factors (Polycarpou, 2019; Richmond, 2013). Due to the nature of the closed
system, most of PBRs are relatively easier to control temperature, lighting, and gas exchange

compared to the open systems (Skjénes et al., 2016).

It is important to investigate the effects of temperature on the growth performance of each
microalgae species or strain intended for treating wastewater. This information is applicable for
designing cultivation strategies for both outdoor PBRs and open ponds which experience wide
ranges of temperature fluctuations throughout a day (Béchet et al., 2010; Slegers et al., 2013).

In this study, conducting lab-scale simulations on the growth of two strains of Tetradesmus



obliquus by using the flat plate photobioreactors, will provide some critical knowledge for

scaling up to the larger open pond cultivation systems.

1.4 Temperature effects on growth of microalgae

The majority of microalgae species are capable of carrying out photosynthesis and cellular
division over a wide range of temperatures generally between 5 and 30°C, and the optimal
temperature for growth for cultivated species is often between 20 and 30 °C (Breuer et al., 2013;
Guedes et al., 2011; Hodaifa et al., 2010; Li, 1980). Lethal temperatures for mesophilic
microalgae have been stated in the literature from 30 to 35 °C onwards (Butterwick et al., 2005;

Kudo et al., 2000).

Growth and metabolic rate increase with temperature until a thermal optimum, above which
further increases in temperature cause inactivation of cell metabolism (Falkowski, 1980;
Fawley, 1984; D. P. Maxwell et al., 1994). The growth rate will start to decrease when the
temperature exceeds the optimal temperature and sharply decrease beyond the threshold. This
is generally explained by heat stress which can inactivate/denature enzymes or modify proteins
that are involved in photosynthetic and respiration processes and cause an imbalance between
energy demand and ATP production (Raven & Geider, 1988; Salvucci & Crafts-Brandner,
2004a). The temperature range between optimal and lethal varies depending on species, strains,
or even generations (Figure 2) (Kessler, 2006; Suzuki & Takahashi, 2008). A narrow range
between the thermal optimum and the threshold temperature may indicate that the
species/strains are sensitive to temperature fluctuation, while a wide range may indicate that
the species or strains are able to survive by acclimation or adaptation strategies against the

temperature shift (Ras et al., 2013).

Besides the differences in thermal tolerances among species/strains, the optimal growth
temperature may also vary with the environment thermal history (Cheregi et al., 2021; Kremp
et al., 2012). Microalgae strains are predisposed to adaptation depending on previous
constraints experienced in their initial environment (Huertas et al., 2011). The plasticity of
microalgae to genetically adapt to unfavorably warm conditions can offer a long-term solution
for future outdoor cultures liable to experience elevated temperatures in the long run. Seasonal
temperature variations could give enough time for generational adaptation and might ensure a

stable growth rate.
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Figure 2. The effects of temperature on growth rates in various microalgal species. Optimum and lethal
temperature varies depending on the species. Differences in growth rate and biomass production
amongst strains will directly influence the efficiency of nutrient uptake (Butterwick et al., 2005). Growth
data for above six species were obtained from Butterwick et al. (2005), then the best-fit models for each

species were determined among 24 different temperature curve models.

1.5 Tetradesmus obliquus

Tetradesmus obliquus, also known as Scenedesmus obliquus, is a mesophilic freshwater
microalgal species in the class Chlorophyceae and has been studied for various applications
including biofuels (biodiesel, hydrogen), fish feed ingredients, and wastewater treatment
(Anisha & John, 2014; Barbosa & Wijffels, 2013; Breuer et al., 2013; Hodaifa et al., 2009,
2010; Patnaik et al., 2019; Wijftels & Barbosa, 2010). For this genus, there is still not enough
data to understand its thermal performance including its high-temperature survivability, low-
temperature performance, and what its thermal optimum is. To estimate and explore the growth
behaviours of cells under different temperature conditions, accurate mathematical modeling of

the growth rate is essential. Different models can be used to estimate optimized growth



conditions including the optimal growth temperature, and this causes variation in the results
(Bozkurt & Erkmen, 2001; Ras et al., 2013; Vieira Costa et al., 2002). As a consequence, how
the thermal performance of a novel isolate (i.e. SNS0120) can be compared to the well-known

isolate remains unclear.

In the literature, the effect of temperature combined with pH and nutrient deprivation was
reported to increase the accumulation of the lipids in the 7. obliquus (Breuer et al., 2012). T.
obliquus can accumulate around 20 % in non-stressed culture and around 30 to 40 % under
nitrogen starved conditions (Calhoun et al., 2021; Shao et al., 2017). However, the sole effect
of the temperature on lipid accumulation and lipid profile has not been tested for this species.
In addition, the photosynthetic machinery of 7. obliquus may alter its pigment composition,
enzymatic activity, and membrane fluidity in response to temperature (Chalifour & Juneau,
2011; Huner et al., 2003; Necchi Jnr, 2004). In order to detect the changes in photosynthetic
performance and stress response caused by the temperature variation, chlorophyll fluorescence
can be measured by using pulse amplitude modulation (PAM) fluorometry (Masojidek et al.,
2001; K. Maxwell & Johnson, 2000). The maximum quantum yield of photosystem II (Fv/Fm)
of green algae at the optimal condition is about 0.7 to 0.8 (de Marchin et al., 2015; G. N. Johnson
et al., 1993). The Fv/Fm can be an indicator of the functional performance of the cells exposed
to the temperature fluctuation, yet some species of microalgae are able to maintain high Fv/Fm
under the thermal stress conditions (Akimov & Solomonova, 2019; Yong et al., 2019). The
photosynthetic performance at low, near thermal optimum, and high temperatures have not been

studied for the 7. obliquus.

The genome of 7. obliquus UTEX393 has been recently sequenced and is publicly available for
genomic approaches. Transcriptomics is a widely-adopted comprehensive analysis of whole
sets of transcripts and their expression levels in a particular cell, tissue, organ, or whole
organism corresponding to a particular time, developmental stages, or under some specific
physiological conditions (Hulatt et al., 2020; Milward et al., 2016; Yadav et al., 2018). Only a
few Scenedesmus/Tetradesmus species were previously investigated for their gene expressions
under conditions that trigger carbon partitioning to lipid and starch accumulation (Msanne et

al., 2020). However, thermal effects with transcriptomics haven’t been studied in Tetradesmus.



1.6 Aim of the study

The overall objective of this work was to test the effects of temperature on the
performance of Tetradesmus from the perspective of outdoor mass cultivation. In our work,
a well-known strain UTEX393 and a commercially grown strain (later referred to as the
SNS0120) of T. obliguus will be investigated for their growth performance and temperature
responses since the optimizing the growth of microalgae will be one of the most critical aspects
of maximizing the efficiency of bioremediation and utilizing algal biomasses. In order to
generate a better estimation of the growth performance and thermal responses, determining a
more appropriate mathematical model is essential (Padfield et al., 2021). In addition, the sole
effects of temperature on photosynthetic performance and the lipid accumulation of both strains
will be investigated and discussed. Furthermore, the effect of temperature on cell-wide gene
expression in Tetradesmus UTEX393 could represent a powerful method to describe the effects
of temperature on key metabolic pathways, including respiration, lipid biosynthesis, and

photosynthesis.

The specific aims were

1. Compare the growth rates of two strains of 7. obliquus over a wide range of
temperatures to establish the most suitable strains for wastewater treatment in outdoor
bioreactors

2. Determine the effects of temperature on the fatty acid composition and photosynthetic
performance of 7. obliquus

3. Compare the effects of low, optimal, and high temperature on the gene expression of 7.

obliquus

These results will allow us to foresee the growth of the 7. obliqguus UTEX393 and SNS0120 at
the geographic locations where the cultures will be established and will be beneficial for

establishing large-scale algal cultures for wastewater treatment.



2 Materials and Methods

2.1 Cultivation

2.1.1 Tetradesmus strains

A strain of Tetradesmus obliquus UTEX393 originally obtained from the UTEX Culture
Collection of Algae (USA, https://utex.org) by Wageningen University & Research
(Wageningen, The Netherlands) and kindly provided to us from cryopreserved stock. Another
strain (SNS0120) of the same genus was obtained from the NECTON Companhia Portuguesa
de Culturas Marinhas SA. The SNS0120 was isolated from freshwater in Pataias, Portugal
(39.6832°N, 9.0018°W).

2.1.2 Experimental growth medium selection

The growth of Tetradesmus in two cultivation media, Nutribloom™ (NB) and Bold’s basal
medium (BBM) were initially compared to decide which medium was most suitable for the
temperature experiments. The NB was obtained from NECTON S.A. (Olhao, Portugal) and 4.5
mL of the NB was added to 995.5 mL of Milli-Q water to prepare a total volume of 1 L medium
consisting of NaNO3 9mM, KoHPO4 0.5 mM, ClsFe 0.1mM, Na2EDTA 0.1 mM, ZnCl2 4.5 uM,
ZnS04-7H20 4.5 uM, MnCl2-4H20 4.5uM, MgS0O4-7H20 9uM, Na2MoO4-2H20 0.45uM,
CuS04-5H20 0.45 uM, CoCl2-6H20 0.45 uM, Thiamine (vitamin B1) 46.8 nM, Biotin (vitamin
H) 9 nM, and Cyanocobalamin (vitamin B12) 9 nM. The initial medium was pH 4.2, so it was
adjusted to pH 6.2 by adding 1.2 g/L of TrisBase to make an alkaline buffer, then adjusted with
HCI. All of the media used in this thesis were filtered by using the glass microfiber filters (47
mm diameter x 0.7 mm thickness, pore size 1 pm, VWR) and autoclaved (121 °C for 20 min)
prior to use. Preparation of the BBM medium followed the recipe described by the Culture
Collection of Cryophilic Algae (H. W. Bischoff and H. C. Bold, 1963). The BBM was modified
with triple nitrate concentration (3N-BBM) matched the concentration of nitrate in the NB
medium (Starr & Zeikus, 1993). The 3N-BBM was consisted of NaNO3 9mM, MgSO4-7H20
0.3mM, 0.4 mM NaCl, KoHPOs 0.4 mM, KH2POs 1.3 mM, CaCl:2H.0 0.17 mM,
ZnSO4-7H20 031 pM, MnCl2-4H20 7 uM, MoO3 5 uM, CuSOs4 - 5SH20 6 uM, Co(NO3)2:-6H20
2 uM, H3BOs 0.2 mM, Na2EDTA-2H:0 (Titriplex III) 0.1 mM, KOH 0.6 mM, FeSO4-7H20
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18 uM, soil extract 50 mL, Thiamine (vitamin B1) 3 uM, Biotine (vitamin H) 1.02 nM, and

Cyanocobalamin (vitamin Bi2) 0.1 nM. The medium was adjusted to pH 6.5.

Twenty mL of each algal strain was inoculated into 400 mL glass tubes filled with either NB
(natural pH 4.2), NB (adjusted pH 6.2), or 3N-BBM medium (n=3 each). The top of the tubes
was sealed with silicone caps with three ports for air supply, air vent, and sampling. The 400
mL tube photobioreactors were placed in the environmental chamber (Series 6000, Termaks
AS, Bergen Norway) at 20°C, 70 umol ms™! incident light intensity in a 24h:0h light/dark
cycle for 14 days. A spectrophotometer DR3900 (HACH) was used to measure optical density
at 540 nm (ODs40) and 680 nm (ODsso) for each tube daily.

2.1.3 Inoculum preparation for temperature experiments

Temperature experiments were conducted in very intensive flat plate photobioreactors, so both
the inoculum and experiments used a 3N-BBM medium at triple concentration (3 x 3N-BBM)
to ensure that nutrient deprivation could not occur. The pH was adjusted to 6.5. Cultures of
UTEX393 and the SNS0120 were maintained in 400 mL tube photobioreactors filled with the
medium at 10 °C under constant light at 70 umol m™s™! in a Series 6000 incubator (Termaks
AS, Bergen Norway) for approximately one week. Atmospheric air was used for maintaining

the culture without additional CO:z enrichment.

2.2 Temperature experiment

2.2.1 Photobioreactor setup and inoculation

Approximately 100 mL of the UTEX393 or SNS0120 was inoculated to the heat-sterilized flat-
panel photobioreactor (Algaemist-S, Wageningen UR, The Netherlands) (Figure 3) with
approximately 300 mL of medium. The flat panel was built with an airlift loop and temperature-
controlled cultivation vessel supplied with water from a recirculating heater/cooler (Julabo
F250). The total liquid volume in the reactor was 400 mL with a 14 mm light path. Aeration
and mixing were provided by a mixture of filtered air at 200 4 mL/min and CO: at 4+1 mL/min
(2% CO:z2 in air). The initial temperature was set to 10 °C. All cultures were initially illuminated
at 80 umol m?s™! continuous light with warm white LED lamps (Bridgelux, BXRA W1200).

The incident light intensity was determined as the average over the entire surface of the inside
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of the front glass panel of the reactor by using the LI-250A Light Meter (LI-COR Biosciences,
USA). The external medium tank was prepared and connected to the medium intake port
through the peristaltic pump. The turbidity of the culture was measured by the light sensors.

Turbidity was calculated according to equation 1:

Iy — I
Turbidity = ”‘I—"‘“ X 100% [1]

in

Once the light sensor reading (arbitrary units) reached around 70 to 60, around 3 to 4 days after
inoculation, the incident light intensity was increased to 140 pmol PAR m™ s and then
maintained throughout the experiments. Using turbidostat control, the medium was
automatically added whenever the light sensor reached 20 units or lower to keep the optical

density constant. The volume of the out-flow was measured every 24 hours. The temperature

experiment was initiated after the volume of the out-flow became constant. Temperatures tested

for the experiment was 10, 13, 16, 19, 22, 25, 28, 31, 34, 37, and 40 °C.

Figure 3. The assembled Algaemist-S flat-panel photobioreactor. 2L bottle in the middle holds the
medium. Erlenmeyer flask collects the out-flow from the reactor. Light-blocking covers were

temporarily removed in this picture.
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2.2.2 Out-flow measurement

Both UTEX393 and SNS0120 were exposed to each set temperature for 3 days, starting at 10 °C.
The volume of the out-flow was measured for the second and the third days at the set
temperature. The temperature was increased by 3 °C after each third day of measurement until
the cultures collapsed at high temperatures. The growth rate per day was determined according

to equation 2:

(Vi +Vy)

Growth rate (day™') = + (2]
t

Vi: out-flow volume (mL d') measured on day 2, Va: out-flow volume (mL d'') measured on

day 3, Vi volume of the photobioreactor (400 mL).

2.2.3 Sampling

At the end of each temperature treatment, approximately 55 mL of culture was sampled using
sterile needles and syringes for lipid analysis, transcriptomics analysis, photosynthesis

measurement, optical density measurement, and dry weight measurements.

For the lipid analysis, 10 mL of culture was added to a 15 mL centrifuge tube and then spun for
3 minutes at 2500 rpm. The supernatant was discarded, and the biomass was transferred into a
1.5 mL Eppendorf tube with 1 mL of Milli-Q water and then centrifuged for 1 minute. The
supernatant was removed by using a pipette. The 1.5 mL tube containing the biomass was

immediately dipped into liquid nitrogen and then stored at -80 °C.

For the transcriptomics analysis, 1.5 mL of sample was collected into 1.5 mL Eppendorf tubes.
The samples were pelleted by centrifugation (5,000 rpm for 2 mins), the supernatants were
discarded, then the cell pellets were immediately quenched in liquid nitrogen. The samples were

stored at —80 °C until RNA extraction.

The temperature experiment was duplicated for the SNS0120 and quadruplicated for the
UTEX393. Alternate photobioreactors were swapped for each strain whenever starting a new

replicate in order to avoid statistical biases arising from e.g. instrument-specific effects.
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2.2.4 Optical density measurement

150 pl of the sample was added to a 1 cm path length cuvette and diluted 6-fold by adding 750
ul of Milli-Q water. The optical density at 540 nm and 680 nm was measured by using a
Spectrophotometer DR3900 (HACH, Manchester, UK).

2.2.5 Dry weight measurement

Glass microfiber filters (47 mm diameter x 0.7 mm thickness, pore size 1.0 pm, VWR) were
dried in an oven DRY-Line (VWR) at 97 °C overnight and then weighed. Five mL of sample
was filtrated under a mild vacuum. The wet filters containing the samples were dried at 97 °C
overnight and then weighed. The dry weight was then calculated from the difference in weight

between the dry filters with and without biomass as shown in equation 3.

_ _ (final weight (mg) — initial weight (mg))
Dry weight (mg/mL) = volume (mL) [3]

2.2.6 Maximum photochemical efficiency of PSII and electron transport rate

10 ul of the sample was taken directly from the bioreactor by using a sterilized needle and
syringe. The sample was diluted with 1250 pl of Mill-Q water in a cuvette (1 cm path length),
which was placed in a Multi-Color PAM chlorophyll fluorometer (Heinz Walz GmbH,
Germany) and dark-adapted for 5 mins prior to the measurement. Following dark-adaptation, a
saturation pulse measurement using blue (440 nm) light was applied to measure the maximum

quantum yield of photosystem II (Fv/Fm) (Kitajima & Butler, 1975) described in equation 4:
Fy

= — 4
= [4]

Where Fo is the minimal fluorescence under modulated measuring light and Fm is the maximum
fluorescence under saturating light. The difference between these two extreme values was

calculated as the variable fluorescence (Fv).
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The saturation pulse measurement was extended to a full rapid light curve protocol where the
sample was sequentially exposed to increasing actinic illumination of 440 nm light with 20
seconds intervals between the steps, and the relative electron transport rate (ETR) was

calculated after each of the illumination steps.

The relative ETR (rETR) was calculated according to the equation 5 (Heinz Walz GmbH,
2013):

rETR = PAR X ETR_Factor x Y(II) [5]

Where ETR_Factor was the default setting for the relative absorbance of photosystem II (0.42)
and PAR was the photosynthetically active radiation irradiance (umol e m™2s™). The effective
photochemical yield of photosystem II (Y(II)) (Genty et al., 1989) was calculated according to

equation 6:

E, — F
Yyan = 22—
Fn

[6]
Where Fn' is the maximum fluorescence of the illuminated sample during the saturation pulse
and F is the fluorescence level immediately before the saturation pulse. The light curve was fit

with the Platt et al model to estimate the maximum ETR (ETRmax) (Platt et al., 1980).

2.2.7 Fatty acid extraction and gas chromatography

Fatty acid extraction and quantification were performed as described by Breuer et al. (2013).
Samples stored in the -80 °C were lyophilized in a FreeZone 18 liter -50°C freeze dryer
(Labconco Corporation, USA) for approximately 48 hours. Approximately 6 mg of lyophilized
samples were weighed with a precision balance (Mettler Toledo MX-5, USA) and transferred
into 2 mL bead-beating tubes containing 400 pl of 0.1 mm glass beads. 1 mL of chloroform:
methanol (4:5) mixture was added to each tube, and then cell disruption was performed by
Precellys evolution homogenizer (Bertin Instruments, France) at 6,000 rpm for 60 sec for 3
cycles with 30-second intervals between. The homogenate was transferred to a 10 mL glass
tube with the addition of another 3 mL chloroform: methanol. Phase separation was done by

adding 2.5 mL of the tris-base mixture (2-Amino-2-(hydroxymethyl)-1,3-propanediol including
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1M NaCl and HCI (for adjusting pH to 7.5) to the glass tubes followed by vortex mixing (5 sec)
and centrifugation (1,000 rpm, 5 min). The chloroform fraction (bottom phase) was transferred
to the fresh 10 mL glass tubes. In order to recover as much chloroform fraction as possible, the
phase separation process was repeated 2 more times by adding 1 mL of chloroform to the old
tubes instead of adding the Tris-base mixture. The chloroform fraction was completely
evaporated under a stream of N2 gas to recover total fatty acids by using the Reacti-Therm
Heating and Stirring Modules TS-18820 (Thermo Scientific). The fatty acids were derivatized
to fatty acid methyl esters (FAMEs) by adding 3 mL of methanol containing 5 % H2SO4
followed by 3 h of incubation at 70 °C in the oven DRY-Line (VWR). 3 mL of H20 followed
by 3 mL of hexane were added to the FAMEs, and then 15 min of vortex-mixing followed by
centrifugation (1000 rpm for 5 min) were done to separate the FAMEs. 2 mL of the hexane
phase (top phase) were collected in the fresh glass tubes, and 2 mL of H20 was added to wash
the hexane phase. Hexane phases were collected in 1.5 mL vials after centrifuging (1000 rpm
for 5 min). Quantification of the FAMEs was conducted by Gas Chromatograph and Flame
Ionization Detector (GC-FID, SCION 436-GC, SCION Instruments) fitted with a splitless
injector and a 30 m CP-WAX column (Agilent Technologies, USA). Supelco 37-component
standards (Sigma-Aldrich, Oslo, Norway) were used for the identification and quantitation of
the FAMEs with five-point calibrations. Blanks were included throughout extraction and

derivatization, to eliminate trace background peaks.

2.3 Transcriptomics analysis

2.3.1 RNA extraction

The samples were placed on ice and 500 pl of Trizol (Sigma-Aldrich, Oslo, Norway) was added
to each sample, then transferred to 2 mL tubes containing 0.3 mL of glass beads (0.1 mm). Cells
were homogenized with a Precellys evolution homogenizer (Bertin Instruments, France) at
6000 rpm for 60 sec for 2 cycles with 10-second intervals between. The homogenized samples
were incubated for 5 minutes at room temperature, then 200 pl of chloroform was added
followed by 5 seconds of vortex-mixing and 3 mins incubation at room temperature. Samples
were centrifuged (12000 G/rcf, 15 min, 4 °C). 100 pl of the supernatant containing RNA was
transferred to a 1.5 mL Eppendorf tube followed by 100 pl of 100% ethanol. The mixture was
transferred to the spin column included in the RNA clean-up kit (RNA clean & concentrator,

Zymo Research, USA) and followed the kit’s instruction with a modification to exclude usage
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of the RNA Binding Buffer. A total of 50 ul flow-through (extracted RNA samples) were
collected. 40 ul of each sample was transferred to a new 1.5 Eppendorf tube and immediately

stored in -80 °C. 10 pl of the extracted RNA samples were used for RNA quality check.

2.3.2 RNA quantity and quality check

NanoDrop One® (ThermoFisher Scientific, USA) and TapeStation 2200 with the RNA
ScreenTape (Agilent Technologies, Germany) were used to confirm that the sample RNA
quantity and quality were sufficient for sequencing. The samples with an RNA Integrity

Number (RIN) less than 6.3 were excluded from the Illumina sequencing.

2.3.3 RNA sequencing

The mRNAs were purified from total RNA by using poly-T oligo-attached magnetic beads. The
first strands of cDNA were synthesized by using random hexamer primers followed by the
second strands of cDNA synthesis. The library was constructed after end-repair, A-tailing,
adapter ligation, size selection, amplification, and purification (Figure 4). The library was
checked with Qubit and real-time PCR for quantification and a bioanalyzer for size distribution
detection. Sequencing was done using the Illumina platform, and the sequenced reads (raw
reads) which were low quality (undetermined base > 10% or Q score <= 5) or contain adapters,

were removed.
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Figure 4. The steps for library preparation. Each fragment size was 150 bp long.

2.3.4 Bioinformatics tools

The T. obliquus UTEX393 genome reference sequence
(GCA _900108755.1 _sobl genomic.fna) was obtained from the NCBI. We were unable to
obtain a gene annotation file, therefore the genome sequence was annotated de novo using the
transcript sequences generated in this study as described in (Hulatt et al., 2021). First, a de novo
library of repetitive elements was constructed using RepeatModeler, which was used to
annotate and mask repeat elements in the genome sequence. Genes were then annotated using
Braker2 and RNA-seq evidence from three sample libraries (one each from 10, 25, and 34 °C
treatments). In total 16432 protein-coding genes were annotated and a summary of the genomic
repetitive elements is shown in Table 1. Annotation of gene function was conducted using
BlastP against the SwissProt database, plus InterProScan and EggNog mapping tools to provide

support for protein function.
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% of the genome of each element.

Table 1. Summary of the annotation of repeats, different types of repeat elements in the genome, and the

Sequences: 1368
Total length: 107715903 bp
GC level: 56.89%

Bases masked:

26006773 bp (24.14 %)

Number Length  Percentage
of occupied of
elements (bp) sequence (%)

Retroelements 141019 16199881 15.04
SINEs: 0 0 0
Penelope: 0 0 0
LINEs: 22534 2568410 2.38
CRE/SLACS: 0 0 0
L2/CR1/Rex: 0 0 0
R1/LOA/Jockey: 25 3513 0
R2/R4/NeSL: 0 0 0
RTE/Bov-B: 274 62005 0.06
L1/CIN4: 65 27579 0.03
LTR elements: 118485 13631471 12.66
BEL/Pao: 93681 11053454 10.26
Ty1/Copia: 0 0 0
Gypsy/DIRS1: 3073 337034 0.31
Retroviral: 0 0 0
DNA transposons 2184 173206 0.16
hobo-Activator 2184 173206 0.16
Tc1-1IS630-Pogo 0 0 0
En-Spm 0 0 0
MuDR-IS905 0 0 0
PiggyBac 0 0 0
Tourist/Harbinger 0 0 0
Other (Mirage, P-element, Transib) 0 0 0
Rolling-circles: 0 0 0
Unclassified: 78182 9623259 8.93
Total interspersed repeats: 25996346 24.13
Small RNA: 105 10427 0.01
Satellites: 0 0 0
Simple repeats: 0 0 0
Low complexity: 0 0 0

Mapping of RNA-seq read to the reference genome was conducted with HISAT2 with the
paired reads option. The .sam alignment files were converted to the binary-alignment-map
(.bam) format and sorted with SAMTOOLS. Aligned reads were assigned to the genomic
features and counted those quantities by using the “featureCounts” function in the SUBREAD

program.
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The counted features for all 12 samples were added to a data frame using R version 4.1.2.
Differentially expressed genes were estimated by using “edgeR”, “limma”, and
“variancePartition” R packages (Hoffman & Roussos, 2021; Hoffman & Schadt, 2016; Law et
al., 2014). R function cpm() was used to filter genes with greater than 1 counts-per-million
(CPM) in all the samples. Subsequently, R-function calcNormFactors() with the Trimmed
Mean of M-values normalization (TMM) method was used to calculate normalization factors
to scale the raw library sizes (Robinson et al., 2010). Due to the repeated measurements at
increasing temperatures, we included a random effect to the design matrix. The
voomWithDreamWeights() R-function was applied to calculate log2-counts per million
(logCPM), to estimate the mean-variance relationship, and to use this to compute appropriate
observation-level weights. The dream() R-function was used to fit the linear mixed model
(restricted maximum likelihood, REML) for each gene for calculating the log2-Fold Change.
The p-value was estimated by applying the empirical Bayes statistics for differential expression
“eBayes()”. The Kenward-Roger approximation and the Satterthwaite approximation were used
in the REML to estimate the p-values and control the false positive rate (Gabriel Hoffman,
2020). Finally, the ftopTable() function was used for summarizing the genes from the fitted
mixed model. Volcano plots were generated to visualize significantly differentially expressed
genes as well as upregulated or downregulated genes by using the “ggplot2” R package. GO
enrichment analysis was performed separately for up- and downregulated genes using classic

Fisher’s exact test in R-package topGO v2.46 (Alexa & Rahnenfuhrer, 2021).

2.4 Statistical analysis

2.4.1 Medium selection

The unpaired t-test was used to compare the ODs40 and ODeso for both NB (pH4.2) and 3N-

BBM at the end of the experiment. The same statistical test was used for comparing NB (pH6.2)
and 3N-BBM.

2.4.2 Specific growth rate, Fy/Fn, ETR, and GC-FID

The pairwise t-test for paired samples was performed to determine whether there were any
significant differences in growth rate, photosynthesis, and lipid contents between low (10 °C),

optimal (25 °C), and high (34 °C) temperatures.
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2.4.3 Thermal performance curve model determination

The thermal performance curve was fitted by using R version 4.1.2 and the rTPC R package
(Padfield et al., 2021). The package contained 24 thermal performance models (Appendix 1):
Beta, Boatman, Briere2, Delong, Flinn, Gaussian, Hinshelwood, Joehnk, Johnson Lewin,
Kamykowski, Lactin2, Modified gaussian, O’neill, Pawar, Quadratic, Ratkowsky, Rezende,
Sharpe-Schoolfield high, Spain, Thomas1 &2, Weibull temperature performance models were
compared (Angilletta, 2006; Boatman et al., 2017, 2017; Briere et al., 1999; C. N. Hinshelwood,
1947; DeLong et al., 2017; Flinn, 1991; Johnk et al., 2008; F. H. Johnson & Lewin, 1946;
Kamykowski, 1985; Kontopoulos et al., 2018; Lactin et al., 1995; Lynch & Gabriel, 1987;
Montagnes et al., 2008; Niehaus et al., 2012; O’Neill, R.V. etal., 1972; Ratkowsky et al., 1983a;
Rezende & Bozinovic, 2019; Schoolfield et al., 1981; J. D. Spain, 1982; M. K. Thomas et al.,
2017; Weibull, 1995). R function nls_multstart() in the nls.multstart R package was used to fit
the curves with multiple sets of random start-parameter values picked from a uniform
distribution between “start lower” and “start_upper” for each parameter. The function returned
the model fit after 100 new start parameter combinations (Padfield et al., 2021). All the models
were fitted to the growth rate and calculated the corrected Akaike’s information criterion
(AICc) (Akaike, 1974; Hurvich et al., 1998). The best fit model was determined based on the

lowest AICc value among the 24 models.
After the best-fit model was determined, the areas under the curves were calculated by using

the function auc() in the Flux R-package in order to compare the differences between the two

strains. All the statistical analyses in this thesis were performed by using the R version 4.1.2.
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3 Results

3.1 Medium selection

Cultures with Bold’s Basal Medium (3N-BBM) showed typical rapid growth and vivid green
culture color soon after the beginning of the experiment. However, limited growth was observed
initially in the NB at low pH (pH 4.2) (Figure 5, Figure 6). Eventually, after a long period of
lag phase, growth in the NB was observed approximately 6 days after the start of the
experiment, but the algae grown with NB remained unusually pale yellow. Significant
differences were found (p < 0.01) for both ODs40 and ODsso between the two media (Figure 6),

and overall showed that the NB medium at naturally low pH was unsuitable for cultivation.

Using NB medium with corrected pH (pH 6.2), growth was much improved and comparable to
the control 3N-BBM medium (Figure 7). The green coloration in both media was also very
similar (Figure 5). Statistically, significant differences were not found (p > 0.05) for both ODs40

and ODeso between the two media, indicating that the NB medium could be a suitable

replacement for conventional media, but requires additional buffering of the pH (Figure 7).

Figure 5. The color of cultures in the medium with different pH. (A): comparison between NB (pH6.2)
and BBM (pH 6.5). Both NB and BBM indicated similarities in the color of cultures simultaneously. (B):
comparison between NB (pH 4.2) and BBM (pH 6.5). Cultures grown in the NB were transparent in

color on day 2 while cultures with the BBM already showed vivid green color.
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Figure 6. Comparison of ODs49 and ODssy of the culture grown in the NB (pH 4.2) and BBM (pH 6.5).
BBM indicated rapid growth, and the NB showed no growth until day 5. These curves were fitted by

using the locally weighted least squares regression (loess) method.
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Figure 7. Comparison between NB (pH 6.2) and BBM (pH 6.5). Both ODs49 and ODsso did not show any
statistically significant differences. The NB with adjusted pH supported rapid growth as BBM.
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3.2 Temperature experiment
3.2.1 Cultivation conditions
Parameters in the photobioreactor including the light intensity, turbidity of the culture, air

supply, CO2 concentration, dry weight, and optical density were adequately constant throughout

the experiment isolating the effect of temperature (Figure 8).
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Figure 8. Photobioreactor parameters during the temperature experiment. The light intensity, turbidity,

air, and CO; supply were measured daily. The ODs4, ODe¢so, and dry weight were measured during the
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sampling at each tested temperature. The SNS0120 culture collapsed at 31 °C. The shaded region
represents the confidence intervals (95 % CI).

3.2.2 Growth rate variation with temperature

The growth rate of both UTEX393 and the SNS0120 increased significantly up to 25 °C (Table
2). The UTEX393 strain reached to 0.99 + 0.05 d™!' at 25 °C (p < 0.01), whilst the SNS0120
reached only 0.75 + 0.01 d! (p < 0.05). When the temperature reached 28 °C, both strains
showed a similar growth rate of 25 °C. Interestingly, after this point, the culture of the SNS0120
started to become pale yellow and flocculated within 24 hours after the temperature was set to
31°C, and then the culture collapsed shortly after (Figure 9). Out-flow was not generated from
the SNS0120 culture at 31 °C. On the other hand, the UTEX393 showed strong growth until 37
°C indicating much higher growth performance and thermal tolerance than the SNS0120.

Table 2. The specific growth rate at each tested temperature for both UTEX393 and the SNS0120. GR:

specific growth rate, SD: standard deviation.

Strain  Temperature (°C) GR (d‘l) SD Strain Temperature (°C) GR (d'l) SD
10 0.52  0.02 10 0.46 0.01
13 0.69 0.03 13 0.52  0.09
16 0.75 0.03 16 0.53 0.01
19 0.83 0.04 19 0.57 0.00
22 0.96 0.02 SNS0120 22 0.65 0.06
UTEX393 25 0.99 0.05 25 0.75 0.00
28 0.99 0.02 28 0.71  0.00
31 093 0.03 31 0.05 0.01
34 0.87 0.04
37 0.64 0.03
40 0.04 0.01
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Figure 9. Color of the cultures at 31 °C. UTEX 393 on the left and SNSO0I20 on the right
photobioreactor. The SNS0120 showed reduced ODssy at this temperature and displayed pale yellow

culture color indicating that chlorophyll was reduced.

3.3 Comparing thermal response curves

A total of 22 thermal performance curve models were fitted to the growth rate data, and the
best-fitting models were determined for both UTEX393 and SNS0120. The lowest corrected
AIC (AICc) value of -158 was obtained by using the Boatman model for the UTEX 393 (Figure
10) among other tested models (Appendix 2). The optimum growth temperature for the UTEX
393 was determined as 27.2 °C from the model (Figure 11).

For the SNS0120, the lowest AICc value was obtained by the Rezende model (AICc = -48)
(Figure 10). The optimum growth temperature for the SNS0120 was determined as 26.8 °C by
the Rezende model (Figure 11).

The area under the curves was calculated as 23.9 for the UTEX393 and 12.3 for the SNS0120,
capturing striking differences in growth rate performance between the two strains. While there
was a similar optimum temperature, the SNS0120 had much weaker growth performance across
the full temperature range and was more susceptible to thermal inactivation above the optimum

temperature.
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Figure 10. The best models for each strain. Boatman model (yellow) was chosen as the best-fitted model
among other models (grey) for the UTEX 393 strain (left). Rezende model was the best-fitted model for

the SNS0120 (right). Growth rates measured at each temperature were shown as black dots.
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Figure 11. The thermal performance curves fitted by the best models for each strain and an estimated

optimal growth temperature. Vertical lines indicted the optimal growth temperature for each strain.
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3.4 Effect of temperature on photosynthesis

The maximum quantum yield of photosystem II (Fv/Fm) of the UTEX 393 strain showed an
average Fv/Fm of 0.72 at temperatures between 10 °C to 37 °C. The Fv/Fm was significantly
increased from 0.68 at 10 °C to 0.75 at 25 °C (p < 0.01). Statistically significant differences in
Fv/Fm were not found between 25 °C to 37 °C (Figure 12).

The ETRmax for UTEX 393 strain at 10, 25, and 34 °C was 49.4, 36.7, and 30.3 pmol " m™s’!
respectively (Table 3). There was not any statistical significance found between the tested
temperatures. The ETRmax was significantly reduced to 13.3 pmol e/m?s at 37 °C compared to

at 34 °C (p < 0.05) (Figure 12).

For the SNS0120, a similar trend as the UTEX393 was observed for the Fv/Fm with an average
of 0.74 at the temperature between 10 to 31 °C. No statistical significance in Fv/Fm was found
between tested temperatures. Unlike the UTEX 393, at 31 °C where the culture of the SNS0120
started to turn yellow in color and collapse, there was no statistical significance found on Fv/Fm

between 28 °C and 31 °C.

The SNS0120 indicated the ETRmax of 48.8, 21.5, and 20.7 pmol e m™s™ at 10, 25, and 31°C
respectively (Table 3). The highest ETRmax was measured at 10 °C, then reduced to 27.2 pmol

e m?s! at 13 °C and became approximately constant between 13 °C to 31 °C (Figure 12).

Table 3. F\/F,, and ETRmax for the UTEX393 and SNS0120 at each temperature. Units for the ETRnax

were umol € m?s”. SD: standard deviation.

Temperature (°C)| 10 13 16 19 22 25 28 31 34 37

UTEX393 0.68 0.69 0.65 0.73 0.75 0.75 0.76 0.75 0.75 0.71

Fy/F SD 0 0.01 0.12 0.03 0.01 0.01 0.02 0.01 0.01 0.02
" SNS0120 071 0.7 072 0.73 0.76 0.75 0.77 0.76
SD 0 0.03 003 002 001 0 0 0.01

UTEX393 49.38 38.68 37.33 40.88 41.10 36.65 34.70 31.68 30.25 13.30

ETR SD 7.84 14.33 15.60 21.13 15.27 9.51 13.05 8.15 9.98 5.64
e SNS0120 48.90 27.20 26.60 30.60 36.90 21.50 28.80 20.70
SD 15.60 12.90 4.90 5.20 10.30 9.20 12.50 12.50
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Figure 12. The ETRnax (left) and F\/F ., (right) at each tested temperature for each strain.

3.5 Effect of temperature on fatty acids

The UTEX393 showed that the total fatty acids (TFA) contents were largely consistent from 10
°C to 37 °C (Figure 13). The TFA contents were 15.3 %, 16.5 %, and 14.5 % of the cell dry
weight at 10 °C, 25 °C, and 34 °C respectively (Table 4). A paired t-test did not indicate any
statistically significant differences between 10 °C and 25 °C (p > 0.05), 25 °C and 34 °C (p >
0.05), or 10 °C and 34 °C (p > 0.05).

For the SNS0120, the TFA contents were 12.8, 11.6, and 11.0 % of the cell dry weight at 10,
25, and 31 °C respectively, and there were no significant differences found between the tested
temperatures. The TFA contents of the SNS0120 were lower than the UTEX393 throughout the

experiment.

Table 4. Total fatty acid contents of UTEX 393 and SNS0120 (n = 4 for UTEX393 and n = 2 for
SNS0120) at each tested temperature. SE: standard error.

Temperature (°C) 10 13 16 19 22 25 28 31 34 37 40
UTEX393 (%) 153 164 153 164 17.1 165 169 16.1 145 16 10.6

e OB 16 03 05 09 03 06 06 08 03 08 12
SNS0120 (%) 123 12.8 12.1 148 134 116 123 11
SE 04 01 09 03 003 17 04 13
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SNS0120. The error bar indicates standard error.

Fatty acids were comprised primarily of C18:3#n-3 (a-linolenic acid) and C16:0 (palmitic acid)
in UTEX 393. Omega-3 polyunsaturated fatty acids (PUFA) including C16:4n-3, C18:3n-3,
and C18:4n-3 (stearidonic acid), showed decreasing trends while the omega-6 PUFA including
C16:2n-6 (hexadecadienoic acid), C18:2n-6cis (linoleic acid), and C18:3n-6 (y-linolenic acid),
showed increasing trends as the temperature increased (Figure 14). Significant effects of
temperature were found on C16:2n-6, C16:4n-3, C18:0 (stearic acid), C18:2n-6cis, C18:3n-6,
C18:3n-3, C18:4n-3, and C20:1n-9 (Eicosenoic acid) fatty acids. The paired T-test between 10-
25, 10-34, and 25-34 °C indicated that a decrease in omega-3 PUFA and an increase in omega-
6 was statistically significant (p < 0.05) (Table 5).

For the SNS0120, significant differences were found only for the C16:4n-3 and the C18:3n-6
when compared to 10 and 31 °C. The omega-3 PUFA, C16:4n-3 showed a significant decrease
from 8.95 mg/g at 10 °C to 4.16 mg/g at 31 °C. The omega-6 PUFA, C18:3n-6 indicated a
significant increase from 0.11 mg/g at 10 °C to 3.37 mg/g at 31 °C (Figure 15, Table 6).
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Table 5. Quantities of each fatty acid detected in the UTEX 393 strain at 10, 25, and 34 °C. Non-

significances were indicated with

“ 9

Cl140 Cl16:0 C16:1n-9 C162n-6 C163n-3 C16:4n-3 C18:0 C18:1n-9 C182n-6¢is C18:3n-6 C18:3n-3 C18:4n-3 C20:1n-9
(mgg) (mgg) (mgg) (mgg) (mgg) (mgy (mgg (mgy (mg/g) (mgg) (mgg) (mgy) (mglg)
10°C| 1.95 25.61 0.43 0.56 3.63 14.33 7.74 13.57 6.71 0.23 73.36 4.34 0.75
25°C| 1.81 3196 243 3.26 3.38 16 1.15 15.16 31.18 0.69 53.9 4.22 0.24
34°C| 1.67 32.23 1.43 5.93 6.67 7.22 1.52 14.91 39.05 2.39 30.94 2.74 0.32
SD SD SD SD SD SD SD SD SD SD SD SD SD
10°C| 0.63 6.32 0.44 0.19 3.55 1.47 11.5 3.71 0.76 0.1 7.11 0.37 0.59
25°C| 0.74 3 1.58 0.26 5.03 1.97 0.99 0.79 2.26 0.1 3.08 0.26 0.12
34°C| 03 1.58 0.91 0.14 7 0.89 0.91 0.29 1.84 0.14 1.05 0.18 0.13
P-value P-value P-value P-value P-value P-value P-value P-value P-value P-value P-value P-value P-value
10 °C
Vs - - - <0.01 - - - - <0.01 <0.01 0.03 - -
25°C
25°C
Vs - - - <0.01 - <0.01 0.02 - <0.01 <0.01 <0.01 <0.01 0.01
|
10 °C
Vs - - - <0.01 - <0.01 - - <0.01 <0.01 <0.01 0.01 -
31 °C
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Figure 14. Contents of each fatty acid in UTEX 393 at temperatures between 10 °C to 40 °C.
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Table 6. Quantities of each fatty acid detected in the SNS0120 at 10, 25, and 34 °C. Non-significances

were indicated wit

Tzl

Cl140 Cl16:0 C16:1n-9 C162n-6 C163n-3 C16:4n-3 C18:0 C18:1n-9 C182n-6¢is C18:3n-6 C18:3n-3 C18:4n-3 C20:1n-9
(mgg) (mgg) (mgg) (mgg) (mgg) (mgy (mgg (mgy (mg/g) (mgg) (mgg) (mgy) (mglg)
10°C| 1.65 24.77 1.80 0.78 7.03 8.95 0.30 12.78 5.24 0.11 54.64 4.84 0.54
25°C| 1.49 2520 3.07 2.40 11.57 4.82 0.32 13.94 17.97 1.41 28.07 5.28 0.41
34°C| 149 25.28 3.97 2.81 10.79 4.16 0.82 16.02 14.39 3.37 22.62 4.86 0.66
SD SD SD SD SD SD SD SD SD SD SD SD SD
10°C| 032 1.59 0.10 0.05 0.23 0.17 0.42 2.04 0.08 0.00 0.52 0.50 0.06
25°C| 0.55 4.57 0.85 0.39 2.83 1.25 0.07 3.18 3.06 0.21 7.21 0.89 0.02
34°C| 030 7.39 0.02 0.17 0.70 0.25 0.25 2.99 3.06 0.02 3.21 0.74 0.43
P-value P-value P-value P-value P-value P-value P-value P-value P-value P-value P-value P-value P-value
10 °C
Vs - - - - - - - - - - - - -
25°C
25°C
Vs - - - - - - - - - - - - -
|
10 °C
Vs - - - - - 0.02 - - - <0.01 - - -
31 °C
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Figure 15. Contents of each fatty acid in the SNS0120 at temperatures between 10 °C to 31 °C.
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3.6 Transcriptomics

3.6.1 RNA quantity and RNA integrity numbers (RIN)

Samples collected at 10 °C and 25 °C indicated sufficient RNA quantities (Table 7) and RINs
sufficient for the Illumina sequencing (Figure 16). Samples collected at 34 °C and 37 °C also
indicated sufficient quantities of the RNA. The 37 °C samples showed lower RINs (degradation
of RNA) than the minimum required for the Illumina sequencing (minimum RIN > 6.3), thus

the samples taken at 34 °C were selected for sequencing (Figure 16).

0000
4000
2000 o D« B S S— —
200
ST 1T T rrrr
& — --------

EL 10°C 10°C 10°C 10°C 25°C 25°C 25°C 25°C 137°C 37°C 37°C 37°C 37°C-2 37°C-2 37°C:2°37°C-2/34°C 34°C 34°C 34°C
1 2 3 4 1 2

RIN® 'RIN® RIN® RIN® RIN® RIN® RIN® Rm@ mN° RIN‘ RIN®  RIN®
7.0 BHSN FSEN BSOS 7.5 8.0 B 68 75

Figure 16. RINs for RNA extracted from samples cultivated at 10 °C, 25 °C, and 37 °C. the RIN values
were lower at 34 °C and 37 °C compared to the 10 °C and 25 °C. EL: electric ladder.

Table 7. The quantities of RNA (ng/ul) in the samples harvested at 10 °C, 25 °C, 34 °C, and 37 °C
measured by the NanoDrop®.

Temperature|Replicate 1 Replicate 2 Replicate 3 Replicate 4
10 °C 193 297 400 305
25 °C 288 317 367 356
37°C 117 127 134 122
37°C-2 137 92.4 140 125
34 °C 93.9 131 117 144
3.6.2 Mapping rates

Hisat2 was able to perform genome mapping with around 71.7 % to 80.5 % of the mapping rate
across all the samples. The featureCounts results showed less than 50 % of transcripts were
successfully assigned to the protein-coding genes (CDS) in the genome annotation (Appendix

3).
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3.6.3 Differentially expressed genes (DEG)

Transcriptomics analysis showed that a total of 4,971 significantly differentially expressed
genes (p < 0.01) were identified after the temperature was increased from 10 °C to 25 °C (41.5
% of total genes). Log> Fold-Changes (Log2FC) indicated that 2,516 of 4,971 DEGs were
upregulated (Log2FC > 0) while 2,455 DEGs were downregulated (Log2FC < 0) (Figure 17).
After increasing the temperature from 25 °C to 34 °C, a total of 3,683 significant DEGs (p <
0.01) were identified (30.0 % of total genes). 1,915 of 3,683 DEGs were upregulated (Log2FC
> 0) while 1,768 DEGs were downregulated (Log2FC < 0) (Figure 17).

Significant TRUE FALSE

10°Cvs 25°C 25°Cvs 34 °C
200 200

o

S
o
S

Adjusted p-value (-log10)
Adjusted p-value (-log10)

50 50

0 0
log, Fold Change log, Fold Change

Figure 17. Significantly differentially expressed genes after the temperature was increased from 10 °C

to 25 °C (left) as well as from 25 °C to 34 °C (right). Blue vertical lines: indicating the log:F'C values
at-1and 1.

3.6.4 Functional annotation of the DEGs

Differential expression analysis showed that genes related to photosynthesis, lipid metabolism,
and growth were significantly differently expressed when the temperature increased from 10
°C to 25 °C. (Figure 18). The most upregulated genes among the DEGs were revealed to be
related to photosynthesis, chlorophyll a-b binding protein (CBP), and the CBP of LHC2 (Figure
18). In addition to the list of the top DEGs, upregulation of genes mentioned in the previous
studies including the digalactosyldiacylglycerol synthase 1 (DGD1), glyceraldehyde-3-P
dehydrogenase (GAPCP1), phosphatidylglycerol/phosphatidylinositol transfer protein (PG/PI-
TP), omega-6 fatty acid desaturase (FAD6), plasma membrane ATPase, phosphatidylcholine-
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sterol acyltransferase (LCAT), phosphoenolpyruvate carboxykinase (PCK), ribulose
bisphosphate carboxylase (RuBisCo), plastocyanin (PETE), heat shock 70 kDa protein
(HSP70), and subunits of both PSII and PSI reaction centers were also detected at 25 °C.

One of the most significantly downregulated genes at 25 °C was revealed to be the 5-
methyltetrahydropteroyltriglutamate--homocysteine methyltransferase (MS1), histone H2A-IV,
and purple acid phosphatase 15 (PAP15) (Figure 18). Furthermore, downregulations of
chaperone protein Dnal, 60S ribosome subunit biogenesis protein, and 54S ribosomal protein
L51 were also detected and revealed to be responsible for the significantly downregulated

biological processes at this temperature.

Some genes upregulated at 25 °C (i.e., DGD1, GAPCP1, HSP70, and CBPs) were found to be
downregulated at 34 °C (Figure 19). Downregulations of genes associated with the subunits of
cytochrome b6-f and b-c1 as well as further downregulation of FAD7 were detected at 34 °C.
Furthermore, various heat shock proteins including the Heat shock 22 kDa protein (HSP22) and
heat shock protein HSP 90-beta (HSP90ABI1), and the activator of 90 kDa heat shock protein
ATPase homolog 2 (Ahsa2), as well as other genes associated with stress response including
auxin transporter protein 1 (AUXI), indole-3-glycerol phosphate synthase (IGPS), and
ornithine decarboxylase (ODC1) were found to be upregulated at the higher temperature.
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Chlorophyll a-b binding protein (g920) Log2FC
Chlorophyll a-b binding protein of LHCII type | (g7543) 6
Cytochrome P450 4A10 (g6984)
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Figure 18. The top 30 annotated DEGs with the largest fold increase and decrease at 25 °C (n = 4)

relative to 10 °C (n = 4). Genes annotated as “‘uncharacterized” were omitted.
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Figure 19. The top 30 annotated DEGs with the largest fold increase and decrease at 34 °C (n = 4)

relative to 25 °C (n = 4). Genes annotated as “uncharacterized” were omitted.
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3.6.5. Gene ontology enrichment analysis

DEGs upregulated at 25 °C were associated with biological processes of lipid metabolic process
(GO:0006629), transmembrane transport (GO:0055085), negative regulation of transcription
by RNA polymerase III (GO:0016480), acetyl-CoA biosynthetic process from acetate
(GO:0019427), glycerophospholipid catabolic process (GO:0046475), phospholipid catabolic
process (GO:0009395), tetrahydrobiopterin biosynthetic process (GO:0006729), cobalamin
metabolic process (G0O:0009235), and proton export across plasma membrane (GO:0120029)
together with downregulation of de novo cotranslational protein folding (GO:0051083),
regulation of translational fidelity (GO:0006450), ribosome assembly (GO:0042255),
mitochondrial translation (GO:0032543), tetrahydrofolate biosynthetic process (GO:0046654),
and response to oxidative stress (GO:0006979) (Figure 20). Upregulation of the genes including
the probable feruloyl esterase A, phosphatidylcholine-sterol acyltransferase, and omega-6 fatty
acid desaturase were related to the lipid metabolic process which is the most significantly
affected metabolic pathway at 25 °C (Appendix 4). Interestingly, processes such as
cotranslational protein folding (GO:0051083), regulation of translational fidelity
(GO:0006450), and ribosome assembly (GO:0042255) were found to be downregulated (Figure
21). Genes related to these metabolic pathways were identified as chaperone protein DnalJ, 60S
ribosome subunit biogenesis protein NIP7 homolog, and 54S ribosomal protein L51 (Appendix

4).

When the temperature was increased to 34 °C, the reduced growth rate was concordant with the
upregulation of the polyamine biosynthetic process (GO:0006596), sucrose metabolic process
(GO:0005985), phospholipid catabolic process (GO:0009395), transmembrane transport
(GO:0055085) together with downregulation of photosynthesis light-harvesting (GO:0009765),
proteolysis (GO:0006508), and lipid metabolic process (GO:0006629) (Figure 20). Genes
related to these biological processes were identified as chlorophyll a-b binding protein of LHCII
type I, alkaline protease, acyl-lipid (7-3)-desaturase, and lysophospholipase NTE1 (Appendix
4).
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Figure 20. Summary of the biological processing GO terms at 25 °C and 34 °C which showed statistical

significance (p < 0.05). -Log10 p-value: -log10 of adjusted p-values calculated by using the Benjamini-

Hochberg method. More detailed summary of the significant biological processes, molecular functions,

and cell component GO terms and related genes are shown in the appendix (Appendix 4).
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4 Discussion

4.1 Effect of temperature on growth

Temperature is a key variable driving the growth rate and metabolism of microorganisms
(Huete-Stauffer et al., 2015). Here we showed that the temperature increment until the thermal
optima had significantly positive effects on the growth rate of both UTEX393 and SNS0120.
Although the thermal optima for those strains were very similar, they presented substantial

differences in growth rate and resistance to thermal inactivation of growth at high temperatures.

After the temperature increased beyond the thermal optima, differences in thermal tolerance
between the strains became more clearly visible. Immediate growth inhibition of the SNS0120
after the temperature was increased to 31 °C, suggests that the SNS0120 requires more careful

monitoring and controlling temperature fluctuation than UTEX393.

Overall, the results show that UTEX393 has a wider thermal tolerance range and better growth
performance than the SNS0120, making it more practicable to cultivate throughout the year in
outdoor cultivation systems that can experience major shifts in temperature during the day.
Moreover, the difference in thermal tolerance perhaps can be used for selecting strains that are
more suitable for the climate of the geographic locations where the culture will be established.
This initial temperature screening will increase the efficiency of wastewater treatment, reduce

the failure rate of cultivation, and managing costs at large scale.

In this study, the use of turbidostat cultivation coupled with fine-scale temperature resolution
allowed the accurate modeling of thermal response curves. For the UTEX3939, the optimal
growth temperature supports the results from Breuer et al. (2013). Although the SNS0120
showed a similar thermal optimum to UTEX393, the area under the curve was approximately
49 % smaller compared to the UTEX393. The difference in thermal response between strains
should be understood prior to the cultivation for maximizing the efficiency of the cultures,
especially for large-scale outdoor cultures (Béchet et al., 2010; Khan et al., 2018; Mata et al.,
2010). Less precise determination of the temperature response may result in high biomass losses

in such outdoor culture systems (Alabi et al., 2009).
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Effect of temperature on photosynthesis

The results showed that the effect of a temperature increase from 10 °C to 25 °C (low
temperature to optimal temperature) was associated with increased photosynthetic performance
in T. obliquus, and also induced the expression of genes associated with various subunits of the
PSII reaction center and ribulose-1,5-bisphosphate (Rubisco) which drive and regulate
photosynthetic rate (Shin et al., 2016). The key effect of temperature on photosynthesis is due
to an increase in the activity of the proteins in the thylakoid membrane and the affinity of
Rubisco for COz (Atkinson et al., 2003; Khan et al., 2018; Salvucci & Crafts-Brandner, 2004b).
The CO: fixation activity (carboxylase activity) of the Rubisco enzyme increases with rising
temperature up to a certain level and then declines which subsequently affects photosynthesis
(Carvalho et al., 2011; Jacob-Lopes et al., 2009). Therefore, the temperature outside of the
optimal range can cause photoinhibition which reduces photosynthesis, resulting in a decreased

growth rate and biomass productivity (K. Maxwell & Johnson, 2000).

UTEX393 showed a significant reduction in ETRmax at 37 °C (approximately 56 % reduction
compared to the 34 °C) despite that Fv/Fm at 37 °C was still similar to 34 °C. Further study will
be needed to understand the exact cause for the discrepancy between the growth rate, Fv/Fm,
and ETRmax. However, differential expression showed downregulation of genes related to the
various subunits of cytochrome b6-f and b-c1 which are one of the key machinery for electron
transport (Berger et al., 2014; Chalifour & Juneau, 2011; Malone et al., 2021). Perhaps, the
reduction of the cytochrome-related genes caused by temperature may be linked to the reduction

of the ETRmax while maintaining the constant Fv/Fm.

Effect of temperature on lipid contents

Results of total fatty acids (TFA) showed that the temperature increase from 10 to 37 °C did
not directly affect the TFA in the cells of 7. obliquus. This contradicts the study done by Breuer
et al. (2013b) which reported that the highest TFA content of the UTEX 393 was measured at
27.5°C among 20, 27.5, and 35 °C with different pH combinations (pH 5, 7, and 9) in nitrogen
starved condition. In their study, it was pointed out that the TFA contents at 20 and 35 °C were
also enhanced with increasing pH. This result regarding the effects of pH or nitrogen starvation
enhancing the TFA contents was in accordance with several other studies on various microalgal

species including Chlorella, Nannochloropsis, and Neochloris besides Scenedesmus (Gardner
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et al.,, 2011; Hulatt et al., 2020; Santos et al., 2012). Furthermore, in our work, turbidostat
cultivation mode was used to control optical density, light, and nutrient supply so that the
temperature effect may be deduced more reliably from the other variables affecting the amount
of TFA in the cells. The TFA contents may be more directly influenced by other factors such
as pH and nutrient starvation other than the thermal stress. In the existing literature, pH, N-
starvation, P-starvation, and CO: concentration were reported to significantly affect the
amounts of TFA in Scenedesmus and other green microalgal species (Abd El Baky et al., 2012;
J. Liuetal., 2012; Pal et al., 2011; Xin et al., 2010).

The temperature may also have secondary, indirect effects on microalgae growth by e.g.
influencing dissolved gas solubility that may indirectly affect the amounts of the TFA. The
solubility of CO2 in water varies depending on the temperature while the culture was supplied
with a constant amount of CO2 (Bahadori et al., 2009; Mao et al., 2013; Servio & Englezos,
2001). Therefore, the temperature may be considered to have a minor indirect influence on gas
exchange and solubility. In conclusion, the results imply that the optimal conditions for lipid

accumulation may not be the optimal for growth of T. obliquus (Stengel et al., 2011).

Despite the similarity in the amount of TFA in the cells throughout the experiment, both strains
showed changes in the amount of polyunsaturated fatty acids (PUFA). The proportions of
omega-3 and omega-6 PUFAs displayed an inverse trend. The amount of the omega-3 PUFA
significantly decreased with increasing temperature while the omega-6 PUFAs significantly
increased until the proximate optimal temperature. One of the omega-3 PUFA, a-linolenic acid
was especially affected by the temperature and drastically reduced while the linoleic acid,
omega-6 PUFA, was substantially increased. Similar behaviour of the C18 omega-3 and the
omega-6 PUFAs was observed in Scenedesmus obliquus CPCC5 and Ostreococcus tauri
(Degraeve-Guilbault et al., 2021; Fuschino et al., 2011). These results suggest that the level of
fatty acid unsaturation in membrane lipids decreases as growth temperature is increased (Badea
& Basu, 2009; Fuschino et al., 2011). In addition to the PUFA, the amount of saturated fatty
acid C16:0 for both strains also showed an increasing trend as the temperature increased.
Therefore, the temperature may not directly influence the total fatty acid contents in the cells
of T. obliquus, yet it influences the fatty acid composition allowing the cells to acclimate to the

surrounding temperature.
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4.5 Transcriptomics

Genes related to the growth, photosynthesis, and lipid contents near thermal optima

The results showed that the expression of genes associated with the proteins in the
photosynthetic membrane was associated with the high growth performance near the thermal
optima. Those genes include various types of chlorophyll a b binding protein (LHCB). The
LHCB are normally associated with chlorophyll and xanthophylls serving as the antenna
complex supporting the absorption of sunlight and transferring the excitation energy to the core
complexes of PSII in order to drive photosynthetic electron transport (R. Liu et al., 2013)
and thermal energy dissipation (Bonente et al., 2011; Elrad et al., 2002; Peers et al., 2009).
However, more research is needed to understand the mechanisms of these genes for LHCB

proteins and why they were significantly expressed near the thermal optima.

Genes associated with the lipid accumulation include digalactosyldiacylglycerol synthase 1
(DGD1), phosphatidylglycerol/phosphatidylinositol transfer protein (PG/PI-TP), and
glyceraldehyde-3-P dehydrogenase (GAPCP1) were also upregulated besides the LHCB
protein-coding genes at 25 °C. The DGDI1 is related to the synthesis and assembly of
galactolipids such as digalactosyldiacylglycerol (DGDG) in photosynthetic membranes which
provides the stability to the photosystem I (PSI) (Guo et al., 2005). Along with mono-
galactosyldiacylglycerol (MGDG) and sulfoquinovosyldiacylglycerol (SQDG), these
glycolipids are important factors for maintaining optimal photosynthetic efficiency (Kalisch et
al., 2016). Upregulation of the DGDG under the heat stress condition is in agreement with the
study conducted by Calhoun et al 2021. In the study, Scenedesmus sp. cultivated at 25 °C was
exposed to 35 °C and 15 °C, and the expression of MGDG and DGDG were increased in both
temperature conditions (Calhoun et al., 2021). These results may illustrate the cell’s response
to the temperature fluctuations which influence the composition of the photosynthetic
membranes ultimately linking to the cell’s growth. In addition, the upregulation of the GAPCP1
is essential for the breakdown of starch to form sucrose for exporting to non-photosynthetic
tissues, and to generate primary metabolites for anabolic pathways such as fatty acid and amino

acid synthesis, linking to the higher growth rate (Mufoz-Bertomeu et al., 2009).

Gene enrichment analysis showed the lipid metabolic process (GO:0006629) as one of the most
affected biological pathways at 25 °C. One of the genes associated with the metabolic pathway
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was identified as the probable feruloyl esterase A (facA). The faeA was also related to the cell
wall polysaccharide catabolic process (GO:0044347) (Souza, 2013). The plant cells change
their cell wall architecture during growth and development through the synthesis and
degradation of wall polysaccharides (de Vries et al., 1997; Oliveira et al., 2020). The expression
of this gene is associated with the synthesis of the enzyme ferulic Acid esterase which is
involved in the degradation of complex cell wall polysaccharides (Oliveira et al., 2020). The
feruloyl esterase A was previously reported to enhance the degradation of hemicellulose (de
Vries et al., 2000). Further study on the application of the feruloyl esterase A for cell wall

degradation may be interesting for enhancing the availability of biochemicals in the microalgae.

Another lipid metabolic process-related gene, omega-6 fatty acid desaturase (FADG6) also
increased its expression at 25 °C, and then the expression became non-significant at 34 °C. The
upregulation of the FADG6 increases the concentration of the omega-6 PUFA such as linoleic
acids (C18:2n-6) (Choi, 2012). The results showed that the concentration of the omega-6 and
omega-3 PUFAs correspond with the upregulation of the FADG6 together with the
downregulation of the omega-3 fatty acid desaturase (FAD?7) at the proximal thermal optimal
and beyond. In the literature, the FAD7 gene is expressed under both heat and cold stress
conditions whereas more strongly expressed in the cold (Lyukevich et al., 2003; Pereira et al.,
2004). This suggests that the biosynthesis of the omega-3 fatty acids is possibly associated with
the cell’s adaptability to temperatures lower than the thermal optima (Dominguez et al., 2010;
X.-Y. Liu et al., 2006; Roman et al., 2015; Xing et al., 2018; Xue et al., 2018). The overall
pattern of reduction in omega-3 and increment in omega-6 fatty acids as the temperature
increase is in concordance with the expression of the FAD6 and FAD7 genes in
Chlamydomonas reinhardtii (Nguyen et al., 2013). Further downregulation of the FAD7 was
observed at the temperature beyond thermal optima while the proportion of the omega-3 PUFAs
showed a significant reduction. The exact mechanism for the reduction of the omega-3/omega-
6 ratio needs further study, yet we have found that the increasing temperature is associated with
higher production of the omega-6 PUFAs in UTEX393. This indicates that the omega-6 PUFAs

are more suitable for cells to acclimate to the environment with increasing temperature.

The significantly expressed Acetyl-coenzyme A synthetase (acs) gene was associated with the
upregulation of the acetyl-CoA biosynthetic process from acetate (GO:0019427). One of the
various functions of Acetyl-CoA is related to triglycerides (TAG) accumulation, especially

under nitrogen starvation in the cells (Avidan et al., 2015). However, acs gene was found to be
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expressed in algae at temperature shifts without a significant increase in the amount of total
fatty acids in the UTEX 393. This may be related to the other significantly upregulated lipid
catabolic processes including the glycerophospholipid catabolic process (GO:0046475) and
phospholipid catabolic process (GO:0009395), yet more research is required.

Overall gene expression profile at 25 °C vs 10 °C represents the cells adapting to the higher
temperature by enhancing lipid metabolism, modifying the lipid compositions, and increasing
the proteins in the thylakoid membrane. It appears the temperature affected the metabolic
pathways associated with a higher growth rate at 25 °C. In conclusion, the main effect of

temperature near proximal thermal optima is the increased growth rate in 7. obliquus.

Gene expression beyond thermal optima

Results showed that the key metabolic pathways linked to the growth, photosynthesis and lipid
metabolism, were the most significantly downregulated by the effect of temperature beyond the
thermal optima. Furthermore, temperature also caused RNA degradation indicated by lower

RIN values obtained at 34 °C and 37 °C.

At 34 °C, interesting expressions of genes that indicate the cell’s stress response against the
temperature were detected. Examples of those genes include ornithine decarboxylase, auxin,

and heat shock proteins.

Polyamine biosynthesis

The ornithine decarboxylase (ODC1) was associated with the upregulation of the polyamine
biosynthetic process which was one of the most significantly affected biological pathways by
temperature. In bacteria and plants, polyamine anabolism is related to the ability of these
organisms to tolerate different types of environmental stress (Alcazar et al., 2010; Bouchereau
et al., 1999; Groppa & Benavides, 2008; Incharoensakdi et al., 2010; Jantaro & Kanwal, 2017).
Besides the stress response, intracellular polyamine levels are also associated with high growth
rates and active cell division in plant systems, and it may have auxin-like or cytokinin-like
bioactivity to promote growth (Du et al., 2017; B. Lin et al., 2018; H.-Y. Lin & Lin, 2018, p.
201; Mogor et al., 2018; T. Thomas & Thomas, 2001; Wallace & Fraser, 2003; Xie et al., 2014).
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The results showed that the 7. obliquus increased the biosynthesis of the polyamines as one of

the strategies to countermeasure thermal stress and proliferate under such stress conditions.

Auxin transporter protein 1

Another interesting gene up-regulated during exposure to the high temperature (34°C) treatment
was the auxin transporter protein 1 (AUX1). The AUXI facilitates the uptake of the indole-3-
acetic acid (IAA) which is the major form of auxin in higher plants (Goldsmith, 1977; Marchant
etal., 1999). Auxin is a phytohormone which regulates plant growth and development (S. Zhang
& Van Duijn, 2014). Also, auxin exhibits increased stress tolerance, in this case, against heat
(Bielach et al., 2017; Miihlenbock et al., 2008). Multiple pathways for the biosynthesis of IAA
have been described previously. The IAA can be synthesized from indole through tryptophan-
dependent and independent pathways (Kiseleva et al., 2012). The tryptophan-dependent
pathways have been well described, yet the tryptophan-independent pathway is still not well
known (Tan et al., 2021). However, the precursor for the biosynthesis of IAA by the tryptophan-
independent pathway is known to be the indole-3-glycerolphosphate (Di et al., 2016).
Interestingly, temperature also induced the upregulation of indole-3-glycerolphosphate
synthase (IGPS) in this thesis. Therefore, this upregulation of the AUX1 together with IGPS
may indicate the enhanced activities of auxin biosynthesis in the cells at temperatures beyond
the thermal optima. However, accumulation of the auxin under thermal stress was not measured
in the study and further analysis is still required further analysis is needed for utilization as

biostimulants.

Heat shock protein gene expression

The upregulation of heat shock protein 22kDa (Hsp22), heat shock protein HSP 90-beta
(HSP90ABI1), and activator of 90 kDa heat shock protein ATPase homolog 2 (Ahsa2) genes
were also detected at 34 °C, which may indicate the cell’s countermeasure to adapt to the high-
temperature environment. In contrast, the heat shock 70 kDa protein (Hsp70) gene which was

upregulated at 25 °C, became downregulated at 34 °C.

The heat shock proteins (Hsps) are considered one of the important subgroups of chaperones
whom expression will be induced by heat stress, starvation, inflammation, water deprivation,

or nitrogen deficiency which can cause proteins to become partially unfolded (Sharma &
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Masison, 2009). Hsps are classified according to their molecular mass and include Hsp100,

Hsp90, Hsp70, Hsp60, Hsp40, and the small Hsp families (Saibil, 2013).

Due to the very high structural homology and conserved functional properties across species,
the Hsp70 is considered the predominant group of Hsps which can act on a broad range of
substrates (J. Y. Kim et al., 2018; Schroda et al., 2000; Sharma & Masison, 2009). The
molecular mechanism for regulation of Hsp70 induction depends on the activity of a heat shock
factor 1 (HSF1) which binds to the 5’promoter regions of all Hsp genes and triggers
transcription (N. Kim et al., 2012).

Another highly conserved molecular chaperone, heat shock protein 90 kDa (Hsp90) can also
influence the induction of Hsp70 since the Hsp90 is bound to HSF1 (Deng et al., 2021; Zhao et
al., 2012). This is in agreement with the expression result at 34 °C where the Hsp70 was
downregulated while the Hsp90 together with the Ahsa2 gene which codes for the co-chaperone
that stimulates HSP90 ATPase activity, was upregulated.

Besides the Hsp70 and 90, the most upregulated Hsp group was the small heat shock protein
22kDa (Hsp22). The Hsp22 had been reported to protect oxygen evolution and electron
transport of Photosystem II during heat stress (Downs et al., 1999). This upregulation of the
Hsp22 may explain why the electron transport rate at 34 °C was similar to the lower
temperatures despite being exposed to the high heat stress condition where the SNS0120 was
unable to survive. Diversity of the Hsp correlates with acquired tolerance and increases the
ability of the exposed organisms to survive a subsequent more severe stress that would have
otherwise been lethal (Deng et al., 2020; Kobayashi et al., 2014). In this thesis, we were unable
to further study Hsp at 37 °C due to the higher degree of RNA degradation in the samples and
limited resources available for high throughput sequencing. Therefore, it is still unknown if
there will be expressions of different groups of Hsp or other means of adaptation mechanisms

to withstand the heat stress beyond 34 °C.

49



5 Conclusion

Thermal response curves were generated for a reference strain (UTEX393) and a novel isolate
from Portugal (SNS0120). The thermal optima for the UTEX393 and SNS0120 were
comparable at 27.2 °C and 26.8 °C respectively, although UTEX393 showed much higher
growth performance and thermal tolerance compared to the SNSO0120 throughout the
temperature range 10-37°C. The thermal performance curves show that UTEX393 is a much
more efficient strain for cultivation in large-scale outdoor PBRs or wastewater treatment

throughout the year in many parts of the world compared to the SNS0120.

Using turbidity-controlled cultures we showed that temperature did not significantly influence
the total lipid accumulation in the cells, but the compositions of omega-3 and omega-6 PUFAs.
The ratio of the omega-3 to omega-6 PUFAs was reduced as the temperature increased. Genes
related to the most significantly upregulated metabolic pathway near thermal optima were also
linked to the cell wall degradation process which may be an indication of the growth and
development of the cells. Significant downregulation of the genes and GO terms associated
with lipid metabolism and photosynthesis at high temperature ( 34°C ) was associated with
reduced growth rate, implying that the thermal stress started to inactivate the cell’s metabolic

fluxes.

Our work highlights the importance of temperature screening for the selection of robust strains
to maximize yields and nutrient uptake whilst reducing operating costs. Protocols for rapid
temperature screening should be established at the algae wastewater treatment facilities or

production companies.
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Appendix
Appendix 1. thermal performance curve models

Descriptions of 24 thermal performance curve models used in this thesis to determine the

optimum growth temperatures and thermal response for the UTEX 393 and SNS0120.

paa c(d—1\*" cd—D\*!
(Nichaus et al., a temp — b+ d+e—2 1 temp — b+ dte—2
2012) C -

rate =

e—-1

— a-1 —
(d(ieiz) '(d-el-eEZ)

temp: temperature in celsius; a, b, ¢, d & e: demention less parameters.

Boatamn temp — t,\® b

(Boatman et al., rate = Tygy - (sin (n (—m‘n) ))

2017) max ~ tmin
temp: temperature in degrees centigrade; rmax: the rate at optimum temperature; tmin: low
temperature (°C) at which rates become negative; tmax: high temperature (°C) at which rates
become negative; a: shape parameter to adjust the skewness of the curve; b: shape parameter
to adjust the kurtosis of the curve.

Briere2 1

(Briere et al., rate = a - temp - (temp — tyin) - (tyax — temp)b

1999)
temp: temperature in degrees centigrade; tmin: low temperature (°C) at which rates become
negative; tmax: high temperature (°C) at which rates become negative; a: scale parameter to
adjust maximum rate of the curve; b: shape parameter to adjust the asymmetry of the curve.

%:ﬁr(l)ig ctal., - (eb - <ef (1 - %) +epe - <(temp +273.15) — t,, — (temp + 273.15) - In (%))))

2017) rate = c- exp K- (temp + 273.15)
temp: temperature in degrees centigrade; c: potential reaction rate; eb: baseline energy needed
for the reaction to occur (eV); ef: temperature dependence of folding the enzymes used in the
metabolic reaction, relative to the melting temperature (eV); tm: melting temperature in
degrees centigrade; ehc: temperature dependence of the heat capacity between the folded and
unfolded state of the enzymes, relative to the melting temperature (eV).

Flinn

(Flinn, 1991) rate =

1+a+b-temp + c - temp?

temp: temperature in degrees centigrade; a: parameter that controls the height of the curve;
b: parameter that controls the slope of the initial increase of the curve; c: parameter that
controls the position and steepness of the decline of the curve.

N 2
i (i)
Gabricl, 1987) rate = I'max - €Xp

temp: temperature in degrees centigrade; rmax: maximum rate at optimum temperature; topt:
optimum temperature (°C); a: related to the full curve width.

Hinshelwood ¢ %

(C.N rate =a- expk~(temp+273.15) —b- expk-(temp+273.15)

Hinshelwood,

1947) temp: temperature in degrees centigrade; a: pre-exponential constant for the activation

energy; e: activation energy (eV); b: pre-exponential constant for the deactivation energy; eh:
de-activation energy (eV).
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Joehnk
(Johnk et al.,
2008)

)

rate =rm,c| 1+a ((btemp—topt -1 In(c)

(Ctemp—topt _ 1))

temp: temperature in degrees centigrade; rmax: the rate at optimum temperature; topt:
optimum temperatute (°C); a, b and c¢: parameter with no biological meaning.

Johnson-Lewin
(F. H. Johnson
& Lewin, 1946)

—e
o - expk‘(temp+273.15)

rate =

€h e
~| e n(G ) | (temp 27315
ch ((topt+273.15) Mep—e >( emp )

k-(temp+273.15)

1+ exp

temp: temperature in degrees centigrade; r0: scaling parameter; e: activation energy (eV); eh:
high temperature deactivation energy (eV); topt: optimum temperature (°C).

Kamykowski rate = a- (1 — exp—b(temp-tmin)) . (1 — exp-c'(tmax-temp))

(Kamykowski,

1985) temp: temperature in degrees centigrade; tmin: low temperature (°C) at which rates become
negative; tmax: high temperature (°C) at which rates become negative; a, b and c: parameter
with no biological meaning.

Lactin2 a.tmax_(w)

(Lactin et al., rate = exp®**™P — exp 8 +b

1995)
temp: temperature in degrees centigrade; a: constant that determines the steepness of the
rising portion of the curve; b: constant that determines the height of the overall curve; tmax:
the temperature at which the curve begins to decelerate beyond the optimum (°C); delta-t:
thermal safety margin (°C).

Modiﬁed . 5<|temp—topt|)b]

gaussian 0S5\ ———F——

(Angilletta, rate = I'yax - €Xp

2006)
temp: temperature in degrees centigrade; rmax: maximum rate at optimum temperature; topt:
optimum temperature; a: related to full curve width; b: allows for asymmetry in the curve fit.

O'neill Ctpax — temp\*  xLomP—topt

(O’Neill, R.V. rate = I'yjax - <Lp> -exp Ctmax~topt

etal, 1972) Clmax — Lopt ,

h LAY P L
where:x = —- —
400 w
and: w = (qlo -1)- (Ctmax - topt)
temp: temperature in degrees centigrade; rmax: maximum rate at optimum temperature;
ctmax: high temperature (°C) at which rates become negative; topt: optimum temperature
(°C); q10: defines the fold change in performance as a result of increasing the temperature by
10 °C.

Pawar ‘_e< 1 1 )

(Kontopoulos et rtref . exp k \temp+273.15 trert+273.15

al., 2018) e = e MeoperzrsTs empraras)

. pt+273. emp+273.
1—i_(eh—e) exp = e
temp: temperature in degrees centigrade; r_tref: rate at the standardised temperature, tref; e:
activation energy (eV); eh: high temperature deactivation energy (eV); topt: optimum
temperature (°C); tref: standardisation temperature in degrees centigrade. Temperature at
which rates are not inactivated by high temperatures.

Quadratic rate =a+b - temp + c - temp?

(Montagnes et

al., 2008) temp: temperature in degrees centigrade; a: parameter that defines the rate at 0 °C; b & ¢:
parameter with no biological meaning.

Ratkowsky 2 2

(Ratkowsky et rate = (a - (temp — tyn))” - (1 —exp(b - (temp — tmax)))

al., 1983b)
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temp: temperature in degrees centigrade; tmin: low temperature (°C) at which rates become
negative; tmax: high temperature (°C) at which rates become negative; a: parameter defined
as sqrt(rate)/(temp - tmin); b: empirical parameter needed to fit the data for temperatures
beyond the optimum temperature.

Rezende loglgg%o)

fgiezziﬁgi?f if temp < b:rate =a- 10 (@emp)

2019) log10(910)

10
. . _ (m) 2
if temp > b:rate =a- 10 -(1—c-(b—temp)?)
temp: temperature in degrees centigrade; q10: defines the fold change in performance as a
result of increasing the temperature by 10 °C; a: parameter describing shifts in rate; b:
parameter threshold temperature (°C) beyond which the downward curve starts; ¢: parameter
controlling the rate of decline beyond the threshold temperature, b.

Sharpe- _?e(tem 1 1 )

Schoolfield high _ Tref " €XP P+273.15 treft273.15

temperature rate = e_h(i_il )

(Schoolﬁeld et 1 + exp k \t, temp+273.15

al., 1981)
temp: temperature in degrees centigrade; r_tref: rate at the standardised temperature, tref; e:
activation energy (eV); eh: high temperature deactivation energy (eV); th: temperature (°C)
at which enzyme is 1/2 active and 1/2 suppressed due to high temperatures; tref:
standardisation temperature in degrees centigrade. Temperature at which rates are not
inactivated by high temperatures.

Spain rate = ry - exp?tMP . (1 — b - exp®temp)

(J. D. Spain,

1982) temp: temperature in degrees centigrade; a: constant that determines the steepness of the
rising portion of the curve; b: constant that determines the position of topt; ¢: constant that
determines the steepness of the decreasing part of the curve; r0: the apparent rate at 0 °C.

Thomas] — 2

(M. K. Thomas rate = a - exp”emP (1 - (temp—ctom) >

etal., 2012)
temp: temperature in degrees centigrade; a & b: arbitrary constant; c: the range of
temperatures over which growth rate is positive, or the thermal niche width (°C); topt:
determines the location of the maximum of the quadratic portion of this function. When b =
0, tref would equal topt.

Thomas2 rate = a - exp?t™P — (c + d - exp®te™P)

(M. K. Thomas

etal,, 2017) temp: temperature in degrees centigrade; a: birth rate at 0 °C; b: describes the exponential
increase in birth rate with increasing temperature; ¢: temperature-independent mortality term;
d: along with e controls the exponential increase in mortality rates with temperature; e: along
with d controls the exponential increase in mortality rates with temperature.

Wei}:)ull 1-c 1\ ¢t temp—topt _ c—1y¢ ‘

(Weibull, 1995) c—1\ ¢ [temp —top c—1\¢ _<%+(T) ) c—1

rate =a- ( ) + ( ) exp
c b c c

temp: temperature in degrees centigrade; a: scale the height of the curve; topt: optimum
temperature; b: defines the breadth of the curve; c: defines the curve shape.

Sharpe-
Schoolfield full
(Schoolfield et
al., 1981)

e )
Teref - €XP Kk \temp+273.15 trop+273.15
rate =

ﬂ(l,%) ﬁ(i,%)
1 +€ka t; temp+273.15 +exp k\tp temp+273.15

temp: temperature in degrees centigrade; r_tref: rate at the standardised temperature, tref; e:
activation energy (eV); eh: high temperature deactivation energy (eV); th: temperature (°C)
at which enzyme is 1/2 active and 1/2 suppressed due to high temperatures; tref:
standardisation temperature in degrees centigrade. Temperature at which rates are not
inactivated by high temperatures; el: low temperature de-activation energy (eV); tl:
temperature (°C) at which enzyme is 1/2 active and 1/2 suppressed due to low temperatures.
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Sharpe-
Schoolfield low
(Schoolfield et
al., 1981)

—e 1 1
T(temp+273.15 [ -+273.15>
7"tref T exp ref

rate = il 1
1+ expk t; temp+273.15

temp: temperature in degrees centigrade; r_tref: rate at the standardised temperature, tref; e:
activation energy (eV); el: low temperature de-activation energy (eV); tl: temperature (°C) at
which enzyme is 1/2 active and 1/2 suppressed due to low temperatures.; tref: standardisation
temperature in degrees centigrade. Temperature at which rates are not inactivated by high
temperatures.
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Appendix 2. AICc and thermal optima calculated by each model

List of AICc and the optimal temperatures calculated by each tested model for both UTEX393
and SNS0120.

UTEX393 SNS0120

Models Thermal optima (°C) AlCc Models Thermal optima (°C) AlCc
boatman 27.18 -157.80 rezende 26.77 -48.13
beta 27.28 -157.69| johnson lewin 26.88 -47.54
kamykowski 28.25 -152.07 pawar 26.88 -47.54
thomas?2 28.19 -150.36| sharpeschoolhigh 26.88 -47.54
oneill 28.56 -141.68 spain 26.72 -47.22
lactin2 28.47 -138.90 lactin2 26.83 -46.10
spain 28.62 -134.97 joehnk 26.34 -45.95
hinshelwood 28.2 -133.82 thomas2 26.34 -45.95
rezende 28.08 -132.96 oneill 27.34 -44.44
thomas1 27.87 -130.73 beta 26.14 -36.53
johnson_lewin 31.47 -81.52 boatman 26.23 -34.61
pawar 31.47 -81.52| kamykowski 28.94 -33.00
sharpeschoolhigh 31.47 -81.52|  hinshelwood 23.26 -17.84
modifiedgaussian 23.86 -78.43| modifiedgaussian 19.6 -15.55
weibull 26.32 -64.95 thomas1 23.38 -14.87
briere2 26.38 -64.91 briere2 23.87 -10.45
quadratic 23.98 -61.13 quadratic 19.8 -4.34
ratkowsky 25.3 -53.32 weibull 22.05 -2.91
gaussian 243 -43.47 gaussian 20.32 -2.19
delong 24.01 -35.02 flinn 20.88 -1.12
joehnk 26.19 -34.52 ratkowsky 20.44 0.38
flinn 24.59 -34.17 delong 20.13 7.96
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Appendix 3. RNA extraction parameters

Transcriptomics samples collected at 28 °C were used for determining the optimum parameters
for the RNA extraction. Cell disruption for 60 seconds twice was the optimum. after the cell
disruption, 500 pul of Trizol followed by 5 minutes retention time at room temperature and then
3 minutes of retention time after the addition of chloroform increased the RNA yields.
Additionally, excluding the addition of the RNA-binding buffer further increased the RNA
yields (Table Al). However, all the tested transcriptomics samples indicated very low RIN
(Figure A1). Thus, the RNA extraction was done by using the samples primarily prepared for

the lipid analysis, were used for the transcriptomics analysis.

Table A2 indicated the genome alignment rate with Hisat2 for each sample and with
featureCounts. Hisat2 was able to map around 80 %. The mapping rate of featureCounts was
around 30 % to 40 % (Table A2). This is because the only protein-coding genes in the .gf# file
were used for the annotation. Thus, rRNA transcripts which are abundant in the samples, will
not align to anything and shown as "No feature". The actual unmapped genes were less than 5

% across the samples (Table A3).

Table Al. showing the combinations of each parameter affecting the RNA yields.

NanoDrop NanoDrop NanoDrop bead-beater RT1 RT2 Trizol RNA-binding
(ng/ul)  (260nm/280nm) (260nm/230nm)  duration (min) (min) (ul)  buffer (ul)
28.8 2 0.88 60sec x1 0 0 500 200
4.6 2.05 0.45 60sec x1 0 0 1000 200
8 1.81 0.13 15sec x1 5 3 500 200
11.1 1.67 0.3 15sec x1 5 3 500 0
38.8 2.09 0.94 60sec x2 5 3 500 200
51.7 2.17 2.24 60sec x2 5 3 500 0
6000
4000
200 == I
1000 « I
500 R
200
—_—
25 :
EL A B
RIN®  RIN®
200 95
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Figure Al. showing the comparison between the samples prepared for the transcriptomics and lipid
analysis. A: transcriptomics sample collected at 28 °C, B: lipid sample collected at 28 °C, EL: electronic
ladder.

Table A2. The proportion of total reads mapped to the genome by Hisat2, and the proportion of total

reads ultimately assigned to annotated gene features by featureCounts.

Temperature|Replicate 1 Replicate 2 Replicate 3 Replicate 4
10 °C 79.1% 79.0% 80.5% 80.0%
Hisat2 25°C 74.3% 71.7% 76.2% 76.2%
34 °C 76.0% 75.6% 76.1% 74.8%
10 °C 42.4% 46.3% 45.4% 45.5%
featureCounts 25°C 41.1% 37.2% 41.2% 47.1%
34 °C 39.0% 33.7% 31.0% 34.1%

Table A3. The summary of the featureCounts.

10°C-1 10°C-2 10°C-3 10°C-4 25°C-1 25°C-2 25°C-3 25°C-4 34°C-1 34°C-2 34°C-3 34°C-4
Assigned genes 16170092 17361742 18570987 18950965 18324388 17190191 18823582 21243243 15226644 14339200 15758209 16925802
Unassigned genes
- Unmapped 1181988 1121481 1006982 1102145 1249905 1108632 1160035 1266216 1766161 1365942 1522788 1758720
- Read_Type 0 0 0 0 0 0 0 0 0 0 0 0
- Singleton 0 0 0 0 0 0 0 0 0 0 0 0
- MappingQuality 0 0 0 0 0 0 0 0 0 0 0 0
- Chimera 0 0 0 0 0 0 0 0 0 0 0 0
- FragmentLength 0 0 0 0 0 0 0 0 0 0 0 0
- Duplicate 0 0 0 0 0 0 0 0 0 0 0 0
- MultiMapping 0 0 0 0 0 0 0 0 0 0 0 0
- Secondary 0 0 0 0 0 0 0 0 0 0 0 0
- NonSplit 0 0 0 0 0 0 0 0 0 0 0 0
- NoFeatures 20818486 19023358 21310614 21568467 24996780 27956928 25653230 22564348 22068090 26886334 28881348 35996459
- Overlapping_Length 0 0 0 0 0 0 0 0 0 0 0 0
- Ambiguity 0 0 0 0 0 0 0 0 0 0 0 0
Total 38170566 37506581 40888583 41621577 44571073 46255751 45636847 45073807 39060895 42591476 46162345 54680981

Appendix 4. Detailed GO terms and related genes
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Upregulated at 25 °C

GO ID Biol 1 process P-value | Gene ID | logFC Genes
26212.t1 | 2.95
g6215.t1 | 3.98
Sé(l);;lt] ;;Z Probable feruloyl esterase A
gl6185.t1| 3.73
£10079.t1| 3.30
GO:0006629 lipid metabolic process 0.0000015 £l6230.1| 3.35 .
g12563.t1| 2.52 | Lipase
26224.t1 | 2.52
£16403.t1| 2.65 | Gl hosphodi hosphodi GDE1
24686.t1 | 3.41 | Phosphatidylcholine-sterol acyltr S
g1568.t1 | 2.46 | Omega-6 fatty acid desaturase, chloroplastic
g10782.t1| 2.84 | Snl-specific diacylglycerol lipase alpha
25004.t1 | 4.00 | Uncharacterized protein YjjU
g16205.t1] 2.99 | ATP-binding cassette sub-family D member 4
i} }222:} i;; Putative proline/betaine transporter
g11348.t1| 2.81 | Probable formate transporter 1
|26787.t1 | 2.34 | Probable septum site-determining protein MinC
g5131.t1 | 4.41 | Probable glycerol uptake facilitator protein
g12525.t1| 2.05 | Amino-acid permease BAT1
g10598.t1| 2.23 | Putative tartrate transporter
g8414.t1 | 2.35 | Small duc 1 ive channel
£7059.t1 | 2.31 | Sugar transport protein 9
GO0:0055085 transmembrane transport 0.000027 gl5792411 5.02 Aqu?porln-4
g7982.t1 | 2.31 | Vesicular gl transporter 3
gl1367.t1| 291
£4745.t1 | 3.73 | Cationic amino acid transporter 2
23392.t1 | 4.44
£4295.t1 | 2.21 | Solute carrier family 13 member 2
£7529.t1 | 2.03 | Solute carrier family 23 member 2
g1334.t1 | 2.72 | Solute carrier family 17 member 9
23880.t1 | 3.04 . .
724011 | 303 Solute carrier family 35 member F5
51;3;85“(1 ;Z; Guanine/hy permease GhxP
. ) ) - 210532.t1] 2.58 -
GO:0016480 negative regulation of transcription by RNA polymerase III 290971 | 2.54 Repressor of RNA polymerase III transcription MAF1 homolog
0.00042 - -
GO:0019427 acetyl-CoA biosynthetic process from acetate 20440411 2,04 Acetyl-coenzyme A synthetase
£9278.t1 | 2.29
GO:0046475 glycerophospholipid catabolic process 0.02057 |g16403.t1| 2.65 | Glycerophosphodiester phosphodiesterase GDE1
G0:0009395 phospholipid catabolic process 0.04031 [g12140.t1| 2.71 | Putative meiotic phospholipase SPO1
GO:0006729 tetrahydrobiopterin biosynthetic process £6635.t1 | 2.58 | Putative pterin-4-alpha-carbi: dehydratase
G0:0009235 cobalamin metabolic process 0.04071 |g16205.t1| 2.99 | ATP-binding cassette sub-family D member 4
GO:0120029 proton export across plasma membrane 2866.t1 2.05 | Plasma membrane ATPase
GO ID Molecular function P-value | Gene ID |logFC Genes
g7529.t1 | 2.03 | Solute carrier family 23 member 2
210805.t1| 3.47 | Guanine/hypoxanthine permease GhxP
g4745.t1 | 3.73 | Cationic amino acid transporter 2
g11348.t1] 2.81 | Probable formate transporter 1
£7059.t1 | 2.31 | Sugar transport protein 9
£7240.t1 | 3.03 | Solute carrier family 35 member F5
gl1655.t1| 3.83 | Putative proline/betaine transporter
GO:0022857 transmembrane transporter activity 0.00017 E:;g;:i ;3; i:;::z;?:;:;:szznf\?;‘cr 2
£3392.t1 | 4.44 | Cationic amino acid transporter 2
210598.t1| 2.23 | Putative tartrate transporter
g11656.t1| 2.21 | Putative proline/betaine transporter
g7982.t1 | 2.31 | Vesicular gl transporter 3
£8210.t1 | 3.91 | Guanine/hypoxanthine permease GhxP
g1334.t1 | 2.72 | Solute carrier family 17 member 9
23880.t1 | 3.04 | Solute carrier family 35 member F5
Downregulated at 25 °C
GO ID Biol 1 process P-value | Gene ID |logFC Genes
GO0:0051083 de novo cotranslational protein folding 0.000028 67241 | -2.28
gl6874l | 245 Chaperone protein Dnal
GO:0006450 regulation of translational fidelity 0.000084 glo87l | -2.45
g7672.t1 | -2.28
GO:0042255 ribosome assembly 0.00042 24634 | 229 60S ribosome subunit biogenesis protein NIP7 homolog
g13758.t1| -2.16
G0:0032543 mitochondrial transl, 0.01077 £24249.t1 | -2.07 | 548 ribosomal protein L51, mitochondrial
GO:0046654 tetrahydrofolate biosynthetic process £7288.t1 | -2.04 | GTP cyclohydrolase 1
- 15542.t1] -2.48 .
GO:0006979 response to oxidative stress 0.0126 ;5543.“ 239 Catalase-peroxidase
G0:0019264 lycine biosynthetic process from serine g14721.t1| -2.92 . N L
G0:0035999 tetrahydrofolate interconversion 001612 gl4721.t1| -2.92 Serine hydr ansierase, fal
GO:0006474 N-terminal protein amino acid acetylation 0.02144 |g11979.t1| -2.32 | N-alpha-acetyltransferase 20
GO:0006183 GTP biosynthetic process 0.03199 23069.t1 | -2.21
GO:0006228 UTP biosynthetic process £3069.t1 | -2.21 | Nucleoside diphosphate kinase 1
GO:0006241 CTP biosynthetic process 0.03722 |g3069.t1 | -2.21
GO ID Molecular function P-value | Gene ID | logFC Genes
GO0:0003871 opteroyltri homocysteine S ansferase activity 0.00599 £9530.t1 | -5.77 opteroyltri homocysteine methyltransferase
GO:0003934 GTP cyclohydrolase I activity £7288.t1 | -2.04 | GTP cyclohydrolase 1
GO:0004096 catalase activity 0.01788 g15543.t1| -2.39 | Catalase-peroxidase
GO:0004372 glycine hydr thyl activity gl14721.t1| -2.92 | Serine hydr ansferase, mitochondrial
G0:0004550 leoside diphosphate kinase activity 0.03544 {23069.t1 | -2.21 | Nucleoside diphosphate kinase 1
GO:0004596 peptide alpha-N-acetyltransferase activity 0.02377 |g11979.t1| -2.32 | N-alpha-acetyltransferase 20
. . . g11684.t1| -2.18 | 5'-nucleotidase SurE
GO:0008252 nucleotidase activity 0.00096 12935.41| -2.02 | 5-nucleotidase SurE
GO:0008861 formate C-acetyltransferase activity 0.01195 |g428.t1 -3.22 | Autonomous glycyl radical cofactor
G0:0030544 Hsp70 protein binding 0.00305 (767241 | -2.28 | Chaperone protein Dua)
21687.t1 | -2.45 | Chaperone protein DnaJ
| . L g7672.t1 | -2.28 | Chaperone protein DnaJ
GO0:0043022 ribosome binding 0.00187 1687.41 | -2.45 | Chaperone protein DnaJ
i . L . 22895.t1 | -3.16 | Histone H2A-IV.
GO:0046982 protein heterodimerization activity 0.0399 501 11 7358 | Histone TRATV
GO ID Cellular P-value | Gene ID |logFC Genes
G0:0000786 nucleosome 0.0186 [E2893:t1 | -3:16 | Histone H2A-IV
2591.t1 -3.58 | Histone H2A-IV
G0:0031415 NatA complex 0.0058 |g11979.t1| -2.32 | N-alpha-acetyltransferase 20
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Upregulated at 34 °C

GO ID Biol I process P-value | Gene ID |logFC Genes
G0:0006596 polyamine biosynthetic process 0.003 g;ig:: i?:; 8:?1;;2"3:j:fb§i;ise
G0:0005985 sucrose metabolic process 0.018 £2398.t1 | 3.89 | Sucrose synthase 2
G0:0009395 phospholipid catabolic process gl11061.t1 3.08 | Putative lysophospholipase C1450.09¢
23487.t1 | 2.33 | Solute carrier family 23 member 2
23392.t1 | 2.39 | Cationic amino acid transporter 2
2865.t1 2.14 | Itaconate transport protein
GO:0055085 transmembrane transport 0.027  |29366.t1 | 3.49 | Probable ammonia channel
g5213.t1 | 2.44
25214.t1 | 2.46 | Putative tartrate transporter
g4879.t1 | 248
G0:0000045 autophagosome assembl 0.036 g1574.41 | 2.21 | Katanin p80 WD40 repeat-containing subunit B1
G0:0042073 intraciliary transport g13163.t1  2.03 | Intraflagellar transport protein 46 homolo;
GO:0006116 NADH oxidation 0.041 |gl2155.t1 | 3.32 | External alternative NAD(P)H-ubiquinone oxidoreductase B1, mitochondrial
§ . . g3124.t1 | 2.02 . . .
GO:0009058 biosynthetic process 0.049 21264941 2.07 Aspartate aminotransferase, mitochondrial
G0:0009308 amine metabolic process 0.05  |g10600.t1 | 2.17 | Primary amine oxidase
GO ID Molecular function P-value | Gene ID |logFC Genes
GO:0004451 isocitrate lyase activity 0.0183 |gl15617.t1| 2.03 | Isocitrate lyase
G0:0005507 copper ion binding 0.0172 ig?%ﬂ i' :Z i:l‘l‘]‘t’:zp:“;“:x‘i’(’i‘;‘;?;m
22808.t1 | 2.51 | Cathepsin R
i . . .. 212300.t1 | 2.62 | Dipeptidyl peptidase 1
GO:0008234 cysteine-type peplidase activity 0.006 2307.t1 2.83 | Probable inactive leucine-rich repeat receptor kinase XIAO
£29366.t1 | 3.49 | Probable ammonia channel
G0:0008428 rit 1 inhibitor activity 0.0122 |g4862.t1 | 2.74 | Putative 4-hydroxy-4-methyl-2-oxoglutarate aldolase
GO:0008483 transaminase activity 0.0072 23124.t1 | 2.02 | Aspartate aminotransferase, mitochondrial
g12649.t1| 2.07 | Aspartate aminotransferase, mitochondrial
GO:0008901 ferredoxin hydrogenase activity 0.0061 {g3016.t1 | 2.40 | Cytosolic iron-sulfur assembly component 3
GO:0016157 sucrose synthase activity 0.0122 [g2398.t1 | 3.89 | Sucrose synthase 2
GO:0016661 oxidoreductase activity, acting on other nitrogenous compounds as donors 0.0303 12951.t1 | 3.39 | Hydroxylamine reductase
23487.t1 | 2.33 | Solute carrier family 23 member 2
2865.11 2.14 | Itaconate transport protein
G0:0022857 transmembrane transporter activity 0.0084 S392.1 239 Cathmc amino acid transporter 2
g5213.t1 | 2.44 | Putative tartrate transporter
£5214.t1 | 2.46 | Putative tartrate transporter
24879.t1 | 2.48 | Putative tartrate transporter
GO:0050126 N-carbamoylputrescine amidase activity 0.0061 [g8450.t1 | 2.03 | Omega-amidase NIT2
g16257.t1 | 2.50 | Ferredoxin-1
GO:0051536 iron-sulfur cluster binding 5322;?3 i';‘g f{’y";l‘;l;fa‘;;’:e‘;‘elg:c:;:"‘bl component 3
0.0053  |5400.t1 | 2.02 | 2-iminoacetate synthase
215005.t1 | 2.92 | Glucosylglycerate phosphorylase
GO:0071949 FAD binding 24736.t1 | 2.42 | Probable L-gulonolactone oxidase 6
gl11750.t1| 2.86 | Glucosylglycerate phosphorylase
GO ID Cellular P-value | Gene ID | logFC Genes
i . g715.t1 2.01 | Endogl F
GO:0005576 extracellular region 0.0047 70730 | 2.99 | Fruiting body protein SC14
GO:0005615 extracellular space 0.0231 g6899.t1 | 2.48 | Serpin A3-8
Downregulated at 34 °C
GO ID Biological process P-value | Gene ID | logFC Genes
7543.t1 | -2.07 - . .
G0:0009765 photosynthesis, light harvesting 0.00064 5123 8.l | 2,63 | CMorophyll a-b binding protein of LHCII type I, chloroplastic
£920.t1 -2.16 | Chlorophyll a-b binding protein, chloroplastic
213567.t1] -3.96
g7471.t1 | -3.94
GO:0006508 proteolysis 0.02617 4101.t1 | -3.91 | Alkaline protease
g7820.t1 | -2.57
g5679.t1 | -2.34
£6962.t1 | -2.29 | Dipeptidyl peptidase 1
GO:0000184 nuclear-transcribed mRNA catabolic process, nonsense-mediated deca 0.0332  |3565.t1 | -2.22 | Serine/threonine-protein kinase smg-1
GO:0006108 malate metabolic process 0.03863 |8168.t1 | -2.50 | Malate dehydrogenase, cytoplasmic
13617.t1| -2.31 .
G0:0006629 lipid metabolic process 0.03941 5899.11 .15 | AcyHlipid (7-3)-desaturase
£16393.t1 | -2.53 | Lysophospholipase NTE1
G0:0050482 arachidonic acid secretion 0.0494 15539.t1 | -2.30 | Vitelline membrane outer layer protein 1 homolo,
GO ID Molecular function P-value | Gene ID logFC Genes
GO:0003690 double-stranded DNA binding 0.01478 [81273L41 -2.24 | Periostin_ -
g14108.t1 | -2.22 | Uncharacterized protein s111483
g4101.t1 | -3.91 | Alkaline protease
£7820.t1 | -2.57 | Alkaline protease
G0:0004252 serine-type endopeptidase activity 0.00034 |g13567.t1| -3.96 | Alkaline protease
25679.t1 | -2.34 | Alkaline protease
g7471.t1 | -3.94 | Alkaline protease
GO:0004623 hospholipase A2 activity 0.03383 |g5539.t1 | -2.30 | Vitelline membrane outer layer protein 1 homolog
GO:0015112 nitrate tr ane transporter activity 0.01517 {e333.t1 -2.16 | Nitrate transporter 2.2
GO:0016851 hel activit 0.01893 21086.t1 | -2.08 | M: i hel subunit H
G0O:0030060 L-malate dehydrogenase activity 28168.t1 | -2.50 | Malate dehydrogenase, cytoplasmic
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