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In microalgae cultivation systems, fluctuating temperatures impact growth rates and biomass quality, whilst
extremes of temperature can lead to the loss of large-scale cultures. Evaluation and selection of strains based on
their performance under different temperatures could offer substantial improvements by reducing costs and
increasing yields. Here the thermal performance of Tetradesmus obliquus UTEX393 was compared with a novel

UTEX393
Turbidostat isolate of the same species, SNS0120, using turbidity-controlled flat-panel photobioreactors. UTEX393 showed
Photobioreactor higher growth performance at all temperatures and a higher thermal limit compared to SNS0120. Total fatty-

acids were not influenced by temperature, but the fatty-acid profiles varied, and omega-3/6 ratios were lower
under high temperatures. Transcriptomic analysis of UTEX393 showed that temperature caused substantial shifts
in gene expression, with 4971 significantly differentially expressed genes during a temperature upshift from
10 °C (low temperature) to 25 °C (optimal temperature), and 3683 genes significantly differentially expressed
from 25 °C (optimal temperature) to 34 °C (high temperature).

1. Introduction

Microalgae are increasingly cultivated in large-scale outdoor pho-
tobioreactors (PBRs) and raceway ponds for the production of food, feed
products, and wastewater bioremediation (Erbland et al., 2020; Patnaik
et al., 2019; Plohn et al., 2021). However, scaling up cultures outdoors
brings challenges in the management of culture conditions, especially
variations in light and temperature. Throughout the day, ponds and
PBRs in particular experience substantial fluctuations in temperature
that impact their productivity (Barten et al., 2021; Slegers et al., 2013).
For example, without expensive cooling systems, photobioreactors in
hot climates may reach nearly 50 °C, substantially higher than the
optimal growth temperature (20 to 35 °C) of most commercially valu-
able microalgae species (Bleeke et al., 2014; Ras et al., 2013). Because
temperature directly controls the yield of photobioreactors, it is a major
variable affecting both the cost and energetic efficiency of producing
algal commodities at scale (Gifuni et al., 2019; Handler et al., 2014;
Ubando et al., 2022). Evaluation of the thermal tolerance of production
strains could therefore offer significant improvements in the yields of
large-scale outdoor cultivations (Lage et al., 2021).

Microorganisms in general show an approximately exponential in-
crease in metabolic rate with temperature (Huete-Stauffer et al., 2015;

Padfield et al., 2015; Schulte, 2015). Although the effect of temperature
is typically weaker on photosynthetic organisms, it remains a major
variable driving productivity, perhaps by two or three-fold, over the
physiological tolerance range of an alga(Padfield et al., 2017). Whilst
low temperatures can limit productivity, high temperatures above a
thermal optimum can lead to cell death and the collapse of cultures,
which has serious consequences for the industrial production of algae
(Barten et al., 2021; Casagli and Bernard, 2022). A narrow range be-
tween the thermal optimum and the upper threshold temperature in-
dicates strains are sensitive to temperature fluctuation, while a wider
thermal range indicates more robust strains (Ras et al., 2013). Micro-
algae are also predisposed to adapt to new thermal environments
(Cheregi et al., 2021; Huertas et al., 2011), ranging from short-term
responses driven by gene expression (Millington et al., 2019) to long-
term evolutionary adaptations (Yvon-Durocher et al., 2017).

A variety of bioreactor and pond designs have been developed that
vary in thermal performance, including their heat exchange properties,
thermal inertia (heat capacity), and use of active temperature control
(Huang et al., 2017). However, phototrophic organisms ultimately
require cultivation systems with a high surface area to volume ratio for
accessing sunlight, which generally makes PBRs and ponds sensitive to
changes in ambient temperature and light absorbance. As a result,

* Corresponding author at: Faculty of Biosciences and Aquaculture, Nord University, Bodo, Norway.

E-mail address: hidehiko.kato@nord.no (H. Kato).

https://doi.org/10.1016/j.biteb.2024.101909

Received 25 April 2024; Received in revised form 30 June 2024; Accepted 15 July 2024

Available online 18 July 2024

2589-014X/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:hidehiko.kato@nord.no
www.sciencedirect.com/science/journal/2589014X
https://www.sciencedirect.com/journal/bioresource-technology-reports
https://doi.org/10.1016/j.biteb.2024.101909
https://doi.org/10.1016/j.biteb.2024.101909
https://doi.org/10.1016/j.biteb.2024.101909
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biteb.2024.101909&domain=pdf
http://creativecommons.org/licenses/by/4.0/

H. Kato et al.

temperatures inside bioreactors naturally vary based on geographic
location, seasonal and daily weather patterns, bioreactor/pond system
design, and potentially long-term climate change (Barten et al., 2021;
Béchet et al., 2013).

In addition to the growth rate, temperature also affects biomass
quality including the lipid composition of the cells. For instance, Tet-
radesmus obliquus UTEX393 is known to alter its cellular lipid content in
response to changes in temperature, pH, and nutrient supply (Breuer
etal., 2012). T. obliquus UTEX393 cells, which measure approximately 5
to 8 pm in length, can tolerate temperatures from approximately 10 °C to
39 °C depending on salinity and nutrient supply (Huesemann et al.,
2023), and can accumulate lipids of around 30 to 40 % dry mass under
nitrogen-starved conditions (Calhoun et al., 2021; Shao et al., 2017).
However, identifying the sole effect of temperature on total lipid
composition and the fatty-acid profile requires highly controlled
experimental bioreactor conditions, to isolate the effect of temperature
from other cultivation variables such as nutrient supply and light
intensity.

At the molecular level, temperature alters the expression of meta-
bolic pathways and may even inactivate enzymes performing key
metabolic functions (Flynn et al., 2010; Shekh et al., 2022). Although
temperature can alter the expression of thousands of different genes (Lin
et al., 2022; van der Knaap and Verrijzer, 2016), processes including
photosynthesis, respiration, protein synthesis, and lipid metabolism are
perhaps the most significant for their impact on microalgal industrial
bioprocesses in bioreactors, because they relate to growth, gas ex-
change, elemental stoichiometry and the biochemical profile of the
microalgal cell. Transcriptomics provides a comprehensive analysis of
genome-wide metabolic regulation (Hulatt et al., 2020; Milward et al.,
2016; Yadav et al., 2018), although analysis of thermal effects on the
transcriptome has not been studied in Tetradesmus and more widely
there is limited relevant data for microalgae cultivated in industrial
bioreactor systems.

The objective of this work was to test the effects of temperature on
the performance of two Tetradesmus strains intended for outdoor mass
cultivation by studying the growth rate, fatty acid composition, and
photosynthetic performance. The molecular and metabolic dynamics
that underpin responses to temperature, the effects of low, optimal, and
high temperature on strain UTEX393 were also compared using genome-
wide gene expression.

2. Materials and methods
2.1. Tetradesmus strains, identification and cultivation

Tetradesmus obliquus UTEX393 was originally supplied by UTEX
Culture Collection of Algae (USA, https://utex.org). Strain SNS0120 was
obtained from NECTON Companhia Portuguesa de Culturas Marinhas
SA. SNS0120 was isolated from freshwater in Pataias, Portugal
(39.6832°N, 9.0018°W) and selected as one of the strain candidates for
the AlgaCycle project (EEA and Norway grants) for large-scale produc-
tion of aquafeed ingredients. Species identification of SNS0120 was
conducted with internal transcribed spacer 2 (ITS2) ribosomal DNA
(rDNA) sequences for high taxonomic resolution. DNA extraction was
performed using an E.Z.N.A.® HP Plant DNA Kit (Omega Bio-tek,
Georgia, USA). Bead milling (6000 rpm for 5 min, Precellys evolution
homogenizer, Bertin Technologies, Montigny-le-Bretonneux, France)
with 0.1 mm glass beads were used for cell lysis. DNA quantity and
quality were checked with a NanoDrop® (ThermoFisher Scientific, MI,
USA). PCR amplification and sequencing were performed by Macrogen
using forward (ITS3: 5’-GCATCGATGAAGAACGCAGC-3") and reverse
(ITS4: 5°-TCCTCCGCTTATTGATATGC-3") primers. ITS2 rDNA se-
quences of species in the genus Tetradesmus were acquired from NCBI for
phylogenetic analysis (Wynne and Hallan, 2015). The ITS2 rDNA se-
quences were aligned with MUSCLE (Multiple sequence comparison by
log-expectation) and trimmed to the same length (253 bp) in MEGAX
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v10.1.8 (Kumar et al., 2018). The phylogenetic tree was constructed by
using the maximum likelihood method with the K2 + G model and 1000
bootstrap replications.

Growth media was Bold's basal medium (BBM) (Bischoff and Bold,
1963) modified with triple nitrate formulation (3 N-BBM) and supplied
at triple concentration (effectively 3 x 3N-BBM) to ensure that nutrient
deprivation could not occur in high cell density bioreactors. The 3 x 3N-
BBM consisted of NaNO3 27 mM, MgSO4-7H20 0.9 mM, NaCl 0.4 mM,
KyHPO4 2.6 mM, KHyPO4 7.7 mM, CaCly-2H20 0.5 mM, ZnSO4-7H20
0.09 mM, MnCly-4H20 0.02 mM, MoOs 0.01 mM, CuSO4-5H20 0.02
mM, Co(NOs3)2-6H20 0.01 mM, H3BO3 0.6 mM, NasEDTA-2H50 (Titri-
plex III) 0.4 mM, KOH 1.7 mM, FeSO4-7H50 0.05 mM, soil extract 50
mL/L, Thiamine (vitamin B;) 3 pM, Biotin (vitamin H) 1.02 nM, and
Cyanocobalamin (vitamin By2) 0.1 nM. The medium was adjusted to pH
6.5, filtered with glass microfiber filters (47 mm diameter x 0.7 mm
thickness, pore size approximately 1 pm, VWR), and autoclaved (121 °C
for 20 min) prior to use. Cultures of UTEX393 and SNS0120 were pre-
pared in 400 mL tube photobioreactors at 10 °C, the experimental
starting temperature, under constant light at 70 pmol m~2.s~! photo-
synthetically active radiation (PAR) in a Series 6000 incubator (Termaks
AS, Bergen Norway). Atmospheric air was used for maintaining the
culture without additional CO5 enrichment.

2.2. Experimental photobioreactor systems

The experimental photobioreactors were Algaemist-S flat-plate sys-
tems (Wageningen University, The Netherlands) of 400 mL volume with
an airlift loop configuration (Fig. 1). This PBR is a small-scale model
system of the much larger flat-panel PBRs that are commonly used for
industrial production. The temperature of the cultivation vessel was
controlled at £0.1 °C by a water jacket supplied by a recirculating
heater/cooler (A25, Thermo Fisher Scientific). The cultivation vessel
had a 14 mm light path with aeration provided by a mixture of filtered
air at 200 &+ 4 mL/min and CO, at 4 &+ 1 mL/min (2 % CO in air). The
initial temperature was set to 10 °C and the incident light intensity was
140 pmol m~2:s~! PAR supplied by warm-white LEDs (Bridgelux, BXRA
W1200) throughout the experiments. The incident light intensity was
determined by the average irradiance over the surface of the inside of
the front glass panel of the reactor by an LI-250A light meter (LI-COR
Biosciences, USA). Using turbidostat control, the medium was auto-
matically added to keep the turbidity of the culture constant. The
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Fig. 1. The assembled 400 mL Algaemist-S flat-panel photobioreactor. The
flask indicated as “over-flow” in the diagram collects the outflow from the
reactor, which was recorded daily. The secondary optical sensor continuously
measures the transmitted light, which controls the turbidity by adding fresh
cultivation medium by activating a peristaltic pump. Light-blocking covers
were temporarily removed in this picture.
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volume of the out-flow was measured every 24 h. The temperature
experiment was initiated after the volume of the out-flow became
approximately constant. Temperatures tested for the experiment were
10, 13, 16, 19, 22, 25, 28, 31, 34, 37, and 40 °C. The experiment was
duplicated for strain SNS0120 and quadruplicated for the UTEX393. The
additional replicates for UTEX393 were included to ensure robust sta-
tistical power in the subsequent RNA-seq gene expression analysis
experiment of this strain. Photobioreactor units were alternated for each
strain in order to avoid any small statistical biases arising from e.g.
instrument-specific effects.

2.3. Growth rate measurement

Both UTEX393 and SNS0120 were exposed to each temperature,
starting at 10 °C and incremented by 3 °C every three days until the
cultures collapsed at high temperatures. Growth was determined by the
average out-flow volume measured on the second and the third day at
the set temperature. At constant cell density under turbidity control, the
growth rate was determined according to Eq. (1):

Vout
Vi

Growth rate (d ') = D)

Where V,, is the bioreactor out-flow volumes per day (mL-d™)
measured at constant optical density at each set temperature, and V; is
the total volume of the photobioreactor (400 mL).

2.4. Sampling

At the end of each temperature treatment, samples were collected
using sterile syringes for lipid analysis, transcriptomic analysis, photo-
synthesis measurements, optical density measurement, and dry weight
measurements. For the lipid analysis, 10 mL of culture was added to a
15 mL centrifuge tube and spun for 3 min at 1110 rcf. The supernatant
was discarded, and the biomass was transferred into a 1.5 mL microfuge
tube with 1 mL of Milli-Q water and then centrifuged for 1 min. The
supernatant was removed and the microfuge tube containing the pellet
was immediately dipped into liquid nitrogen and then stored at —80 °C.
For transcriptomic analysis, 1.5 mL of sample was collected into 1.5 mL
microfuge tubes. The samples were pelleted by centrifugation (4470 rcf
for 2 mins), the supernatant was discarded, then the cell pellets were
immediately frozen in liquid nitrogen and stored at —80 °C until RNA
extraction.

2.5. Dry weight and optical density measurement

For optical density measurement, 150 pL of the sample was added to
a1 cm path length cuvette and diluted 6-fold by adding 750 pL of Milli-Q
water. The optical density at 540 nm and 680 nm was measured with a
spectrophotometer DR3900 (HACH, Manchester, UK). Dry weight was
measured by vacuum filtering a defined volume of culture through pre-
weighted glass microfiber filters (47 mm diameter, pore size 1.0 pm,
VWR). The filter and the algal biomass were washed with Milli-Q filtered
water and dried overnight at 97 °C, then re-weighed with a precision
balance XA204DR (Mettler Toledo, Greifensee, Switzerland) to deter-
mine the algal mass on the filter.

2.6. Maximum photochemical efficiency of PSII and electron transport
rate

Immediately after sampling, 10 pL of cell culture was diluted with
1250 pL of Mill-Q water in a quartz 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. Following dark-
adaptation, a saturation pulse measurement using blue (440 nm) light
was applied to measure the maximum quantum yield of photosystem II
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(F,/Fy) (Kitajima and Butler, 1975) described in Eq. (2):

meFO_Fv
o F, (2)

Where F is the minimal fluorescence under modulated measuring light,
Fp, is the maximum fluorescence under saturating light, and the differ-
ence between these two values was the variable fluorescence (F,). The
saturation pulse measurement was extended to a full rapid light curve
protocol where the sample was sequentially exposed to increasing
actinic illumination with 20 s intervals between the steps, and the
relative electron transport rate (rETR) was calculated at each step ac-
cording to Eq. (3):

rETR = PAR X ETRpgeror X Y(II) 3)

Where ETRpqcor Was the default setting for the relative absorbance of
photosystem II (0.42). The effective photochemical yield of photosystem
II (Y(ID) (Genty et al., 1989) was calculated according to Eq. (4):
F, —
Yy =-"— 4
(m =" )

m

Where F,;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 fitted with the Platt model to
estimate the maximum rETR, or rETR . (Platt et al., 1980).

2.7. Fatty acid analysis

Fatty acid extraction and quantification was performed as described
by Breuer et al. (2012) and Suzuki et al. (2019). Samples were lyophi-
lized in a FreeZone —50 °C freeze dryer (Labconco Corporation, USA) for
48 h. 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 with a Precellys evolution homogenizer
(Bertin Instruments, France) at 6000 rpm, 60 s for 3 cycles with 30-sec-
ond intervals. The homogenate was transferred to a 10 mL glass tube
with the addition of another 3 mL chloroform: methanol (4:5) mixture.
Phase separation was performed by adding 2.5 mL of 50 mM Tris-base
solution (2-Amino-2-(hydroxymethyl)-1,3-propanediol including 1 M
NaCl and pH adjusted to 7.5 with HCI) to the glass tubes followed by
centrifugation (180 rcf, 5 min, Hettich Universal 320R). The chloroform
fraction (bottom phase) was transferred to the fresh 10 mL glass tubes
and solvent evaporated under a stream of Ny gas to recover total lipids
using Reacti-Therm Heating and Stirring Modules TS-18820 (Thermo
Scientific). Lipids were derivatized to fatty acid methyl esters (FAMEs)
by adding 3 mL of methanol containing 5 % HSO4 followed by 3 h of
incubation at 70 °C in an oven (DRY-Line, VWR). Aliquots of 3 mL of
H,0 followed by 3 mL of hexane were added to the FAMEs, and then 15
min of vortex-mixing followed by centrifugation (180 rcf, 5 min).
Quantification of the FAMEs in the hexane fraction was conducted with
a 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 identifica-
tion and quantitation of the FAMEs with five-point calibrations. Blanks
were included throughout extraction and derivatization to eliminate
trace background peaks.

2.8. Transcriptomic analysis

Samples of strain UTEX393 were placed on ice and 500 pL of Trizol
(Sigma-Aldrich, Oslo, Norway) was added to each, then gently mixed by
pipette and transferred to 2 mL tubes containing 0.3 mL of glass beads
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(0.1 mm). Cells were homogenized with a Precellys evolution homoge-
nizer (Bertin Technologies, Montigny-le-Bretonneux, France) at 6000
rpm for 2 cycles of 60 s with 10-second intervals. The homogenized
samples were incubated for 5 min at room temperature, then 200 pL of
chloroform was added followed by 5 s of vortex-mixing and 3 mins in-
cubation at room temperature. Samples were centrifuged (12,000 rcf,
15 min, 4 °C) and 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 a Zymo RNA clean and
concentrator spin column (Zymo Research, USA), and the kit in-
structions were followed. Clean RNA was eluted in molecular grade
water and quality-checked with a NanoDrop One® (ThermoFisher Sci-
entific, MI, USA) and TapeStation 2200 with RNA ScreenTape (Agilent
Technologies, Waldbronn,Germany) to determine RNA quantity and
quality with RNA integrity RIN >6.3.

Library preparation and sequencing were performed by NovoGene
Corporation (UK) using 150 bp PE sequencing on an Illumina HiSeq X
instrument. Four replicate samples each from temperatures 10 °C, 25 °C,
and 34 °C generated 64,522,342 to 89,497,194 reads each. Adaptor
sequences were trimmed from raw reads, and the raw reads which
contain N (undetermined base) >10 % or low-quality bases (Qscore < 5)
>50 % bases, were filtered. Raw reads were submitted to NCBI Sequence
Read Archive (SRA) under the accession number PRJNA870074.

The T. obliquus UTEX393 reference genome sequence
(GCA_900108755.1_sobl_genomic.fna) was obtained from NCBI. We
were unable to obtain a gene annotation file, therefore the genome
sequence was annotated de novo using the transcript sequences gener-
ated in this study as described in Hulatt et al. (2021). Briefly, 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 Brakerl and RNA-seq evi-
dence from three sample libraries (one each from 10 °C, 25 °C, and 34 °C
treatments) (Hoff et al., 2016). In total 16,432 protein-coding genes
were annotated with the BUSCO completeness score of 96.4 % against
the Chlorophyta_odb10 reference. Full BUSCO results and a summary of
repeat elements are shown in Supplemental data 1 and Supplemental
data 2. Annotation of gene function was conducted using BlastP against
the SwissProt database, plus InterProScan and EggNog mapping tools to
provide ontology support and pathway mapping.

Mapping of RNA-seq reads to the genome was conducted with
HISAT2 with the paired reads option (Zhang et al., 2021). Aligned reads
were assigned to genomic CDS features and counted using the “featur-
eCounts” function in the SUBREAD program (Liao et al., 2014). Feature
read counts for all 12 samples were analyzed using R version 4.1.2.
Differentially expressed genes were determined using “edgeR”, “limma”,
and “variancePartition” R packages (Hoffman and Roussos, 2021;
Hoffman and Schadt, 2016; Law et al., 2014). Due to the repeated
measurements at increasing temperatures, we included a random
experimental-unit effect in the design matrix. The voomWithDream-
Weights() R-function was applied to calculate log2-counts per million
(logCPM), estimate the mean-variance relationship, and 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, calculating the log2-Fold Change. The Kenward-Roger
approximation and the Satterthwaite approximation were used to esti-
mate the p-values and control the false positive rate (Gabriel, 2020). GO
enrichment analysis was performed separately for up- and down-
regulated genes using classic Fisher's exact test in R-package topGO
v2.46 (Alexa and Rahnenfuhrer, 2021) (Supplemental data 7). Supple-
mental data 8 presents the differentially expressed genes, including only
those for which annotations were possible.

2.9. Statistical analysis

Pairwise t-tests were conducted on the UTEX393 dataset to deter-
mine whether there were any significant differences in growth rate,
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photosynthesis, and lipid contents between low (10 °C) and optimal
(25 °C) temperature; or between optimal (25 °C) and high (34 °C)
temperatures. The pairwise.t.test() in R was applied, and the Shapiro-
Wilk shapiro.test() was used to confirm that the data were approxi-
mately normally distributed. No statistical test was performed for strain
SNS0120.

Thermal performance curves were fitted using the rTPC and the nls.
multstart R-packages (Padfield et al., 2021). A total of 24 thermal per-
formance models (Supplemental data 3) were fitted to the growth rate
data and model performance was compared using Akaike's information
criterion (AICc) (Angilletta, 2006; Boatman et al., 2017; Briere et al.,
1999; Hinshelwood, 1946; DeLong et al., 2017; Flinn, 1991; Johnk et al.,
2008; Johnson and Lewin, 1946; Kamykowski, 1985; Kontopoulos et al.,
2018; Lactin et al., 1995; Lynch and Gabriel, 1987; Montagnes et al.,
2008; Niehaus et al., 2012; O'Neill et al., 1972; Ratkowsky et al., 1983;
Rezende and Bozinovic, 2019; Schoolfield et al., 1981; Spain, 1982;
Thomas et al., 2017; Weibull, 1995). After the best-fit model (model
with the lowest AICc) was determined, the area under the curves was
calculated using the function auc() in the Flux R-package in order to
summarize the differences between the two strains.

3. Results
3.1. Phylogenetic analysis

Strains UTEX393 and SNS0120 differed by 2 bp between their ITS2
rDNA sequences, which is typically amongst the most variable of the
popular genetic markers and thus most sensitive to species differentia-
tion. Phylogenetic comparison amongst other strains of the genus Sce-
nedesmus/ Tetradesmus confirmed that UTEX393 and SNS0120 were
closely related strains of the same species (Fig. 2).

3.2. Growth rate and thermal performance of UTEX393 and SNS0120

The growth rate of both UTEX393 and SNS0120 increased with
increasing temperature from 10 to 25 °C (Fig. 3, Supplemental data 4).
Strain UTEX393 reached a growth rate of 0.99 + 0.05 d~! at 25 °C,
whilst the growth rate of SNS0120 reached only 0.75 + 0.01 d~1. At
higher temperatures, both strains showed reduced growth and at 31 °C
SNS0120 cultures became pale yellow and flocculated within 24 h. The
SNS0120 culture collapsed shortly after, and higher temperatures were
not tested for this strain. In contrast, UTEX393 showed strong growth
until 37 °C, indicating a wider thermal tolerance range than SNS0120.
At 40 °C, UTEX393 cultures finally collapsed.

A total of 22 different thermal performance curve models were fitted
to the growth rate data, and the best-fitting models were determined for
both UTEX393 and SNS0120 (Supplemental data 5). Both tested strains
had similar optimum growth temperatures (UTEX393: 27.2 °C,
SNS0120: 26.8 °C) (Fig. 3 A, B). To compare the overall performance of
the two strains, the area under the thermal response curves was calcu-
lated, showing that UTEX393 performed almost twice as well (23.9 d~!
-°C) as SNS0120 (12.3 al °C) over the 10 to 40 °C range. Overall,
although their thermal optima were very similar, UTEX393 had much
stronger growth performance across the full temperature range and was
less susceptible to thermal inactivation compared to SNS0120.

3.3. Effect of temperature on photosynthesis

The maximum quantum yield of photosystem II (Fy/Fy,) of UTEX393
increased slightly from 0.68 at 10 °C to 0.76 at 28 °C, and a comparable
increase was observed for SNS0120 (Fig. 4). At 13 °C and above, the
ETRmax of UTEX393 was consistently higher than that of SNS0120, and
overall both strains showed a decrease in ETRpax from 10 °C up to the
thermal limit.
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3.4. Effect of temperature on fatty-acid profiles

The total fatty acid (FA) contents of UTEX393 did not differ signifi-
cantly from 10 °C to 37 °C (14.5-16.5 % of DW, Table 1). For SNS0120,
the total FA contents were lower than UTEX393 measuring 11.0-12.8 %
of DW in cultures cultivated at 10 to 31 °C. Fatty acids in both strains

were comprised by a large proportion of C18:3n-3 and C16:0. Omega-3
polyunsaturated fatty acids (PUFAs) including C16:4n-3, C18:3n-3, and
C18:4n-3, showed decreasing trends with increasing temperature, whilst
the omega-6 PUFAs including C16:2n-6, C18:2n-6, and C18:3n-6,
showed increasing trends as the temperature increased (Fig. 5). The
omega-3 to omega-6 ratio decreased from 12.8 + 0.2 (at 10 °C) to 1.3 +
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0.1 (at 40 °C) for UTEX393 and 12.3 + 0.1 (at 10 °C) to 2.1 &+ 0.1 (at
31 °C) for SNS0120 (Fig. 5). Paired t-tests between 10 and 25 °C (low-
optimum temperature) indicated that the decrease in C18:3n-3 and the
increase in omega-6 PUFAs (C16:2n-6, C18:2n-6, and C18:3n-6) at
optimal temperature were statistically significant (p < 0.029). Com-
parison between 10 and 34 °C (low-high temperature) and between 25
and 34 °C (optimum-high temperature) indicated that the decrease in
omega-3 PUFAs (C16:4n-3, C18:3n-3, and C18:4n-3) and the increase in
omega-6 PUFAs (C16:2n-6, C18:2n-6, and C18:3n-6) were statistically
significant (p < 0.01) (Supplemental data 6). For SNS0120, the omega-3
PUFA, C16:4n-3 showed a 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 an increase from
0.11 mg/g at 10 °C to 3.37 mg/g at 31 °C (Fig. 5).

3.5. Gene ontology enrichment analysis

Enrichment analysis showed that differentially expressed genes
(DEGs) upregulated at 25 °C vs 10 °C were associated with lipid meta-
bolic processes (G0:0006629), transmembrane transport
(G0:0055085), negative regulation of transcription by RNA polymerase
I (G0:0016480), glycerophospholipid catabolic process
(GO:0046475), and phospholipid catabolic process (G0:0009395)
(Fig. 6). Downregulated genes at 25 °C vs 10 °C were associated with 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)
(Fig. 6).

When the temperature was increased from 25 °C to 34 °C, upregu-
lation of the polyamine biosynthetic process (GO:0006596), sucrose
metabolic process (GO:0005985), and transmembrane transport
(G0:0055085) were detected. Genes associated with photosynthesis and
light-harvesting (GO:0009765), proteolysis (GO:0006508), and lipid
metabolic process (GO:0006629) were downregulated (Fig. 6).

3.6. Differentially expressed genes (DEG)

Transcriptomic analysis of UTEX393 showed that a total of 4971
genes, 41.5 % of the annotated genes, were significantly differentially
expressed (p < 0.01) after the temperature was increased from 10 °C
(low temperature) to 25 °C (optimal temperature). Logs Fold-Changes
(LogoFC) indicated that 2516 of 4971 DEGs were upregulated
(LogoFC > 0) while 2455 DEGs were downregulated (LogaFC < 0)
(Fig. 7). After increasing the temperature from 25 °C (optimal temper-
ature) to 34 °C (high temperature), a total of 3683 significant DEGs (p <
0.01) were identified (30.0 % of total genes). 1915 of 3683 DEGs were
upregulated (LogoFC > 0) while 1768 DEGs were downregulated
(Log2FC < 0) (Fig. 7).
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Table 1

Total fatty acid contents (% dry mass) of Tetradesmus obliquus UTEX393 (n = 4) and SNS0120 (n = 2) at each tested temperature. Mean + SD (standard deviation).
Temperature (°C) 10 13 16 19 22 25 28 31 34 37 40
Total fatty acid (%) Mean + SD
UTEX393 153 +£3.1 16.4 + 0.7 153 +1 16.4 + 1.8 17.1 £ 0.6 16.5+1.3 16.9 £+ 1.3 16.1 + 1.5 145+ 0.6 16 + 1.6 10.6 + 2.3
SNS0120 12.3 £ 0.5 12.8 + 0.2 121 +1.2 14.8 £+ 0.4 13.4+0.1 11.6 £ 2.5 12.3 £ 0.6 11 +1.8

The most upregulated DEGs during a temperature upshift from 10 °C
to 25 °C included those related to photosynthesis, including chlorophyll
a-b binding protein (ID:g920.t1, LogoFC: +6.98, p = 1.66E-99), and
chlorophyll a-b binding protein of LHCII type I (ID:g7543.t1, LogoFC:
+6.17, p = 6.24E-130, supplemental data 8). In addition to the top
DEGs, upregulation of genes related to lipid metabolism were also
detected including digalactosyldiacylglycerol synthase 1 (DGD1, ID:
g9689.t1, LogoFC: +1.15, p = 8.86E-4), omega-6 fatty acid desaturase
(ID: g1568.t1, LogoFC: +2.46, p = 6.67E-78), omega-3 fatty acid desa-
turase (ID: g9553.t1, LogoFC: +0.76, p = 2.38E-9), acyl-lipid (7-3)-
desaturase (ID: g1477.t1, LogoFC: +0.47, p = 3.89E-3). Genes associated
with synthesis or degradation of triacylglycerol (TAG) were moderately
upregulated or downregulated from 10 °C to 25 °C, including upregu-
lation of one isoform diacylglycerol O-acyltransferase 2 (DGAT2, ID:
815492, LogoFC: +0.97, p = 4.3E-3), and downregulation of two other
isoforms of DGAT2, ID: g11201.t1, LogeFC: —0.67, p = 8.5E-4; ID:
g5330.t1, LogoFC: —1.34, p = 6.65E-7). The significantly downregulated
genes from 10 °C to 25 °C also included 178 ribosomal protein genes,
whilst far fewer (35) ribosomal protein genes were significantly upre-
gulated (Supplemental data 8).

From 25 °C to 34 °C, various heat shock proteins including the small
heat shock 22 kDa protein (ID: g2965.t1, LogoFC: +4.04, p = 1.01E-19,
ID: g9776.t1, LogoFC: +1.70, p = 2.68E-4) and heat shock protein HSP
90-beta (ID: g14235.t1, LogsFC: +0.97, p = 6.38E-07), and the activator
of 90 kDa heat shock protein ATPase homolog 2 (ID: g13263.t1, Log,FC:
+0.65, p = 1.42E-3), as well as other genes associated with stress
response including auxin transporter protein 1 (ID: g8745.t1, LogsFC:
+0.84, p = 6.41E-3), indole-3-glycerol phosphate synthase (ID: g8367.
tl, LogoFC: +0.59, p = 1.12E-3), and ornithine decarboxylase (ODC1,
ID: g6244.t1, LogoFC: +3.15, p = 5.09E-29) were significantly

upregulated. Expression of a number of fatty acid desaturase genes was
downregulated from 25 °C to 34 °C, including stearoyl-[acyl-carrier-
protein] 9-desaturase (ID: g13937.t1, LogoFC: —0.94, p = 1.03 E-4),
omega-3 fatty acid desaturases (ID: g11877.t1, LogoFC: —0.62, p =
1.08E-4; ID: g7406.t1, LogoFC: —1.97, p = 1.39E-36), omega-6 fatty acid
desaturase (ID:g2919.t1, LogoFC: —0.98, p = 7.17E-6), acyl-lipid (7-3)-
desaturase (ID: g13617.t1, LogoFC: —1.16, p = 8.53E-5; ID: g899.t1,
Log,FC:-1.14, p = 6.3E-7), delta (12) fatty acid desaturase (ID: g6149.t1,
LogyFC:-1.03, p = 2.74E-8), acyl-CoA desaturase (ID:g1292.t1, LogoFC:-
1.01, p = 2.19E-3; ID:g2041.t1, LogoFC: —0.69, p = 3.23E-4) and no
fatty acid desaturases were upregulated. Many genes associated with de
novo fatty acid synthesis were also downregulated from 25 °C to 34 °C,
including 3-oxoacyl-acyl-carrier-protein (ACP) synthase 2 (ID: g9377.t1,
LogoFC:-1.09, p = 4.33E-17; ID: g11737.t1, Log,FC: —1.00, p = 1.9E-4),
3-oxoacyl-[acyl-carrier-protein] reductase (ID:g12323.t1, LogyFC:-1.15,
p = 3.49E-3), 3-ketoacyl-CoA synthase 9 (ID:g16260.t1, Log,FC:-0.87, p
= 6.49E-5), malonyl CoA-acyl carrier protein transacylase (ID:g15800.
tl, LogoFC:-1.58, p = 2.66E-30), acyl carrier protein (ID: g12952.t1,
LogoFC: —0.66, p = 4.24E-4), acetyl-coenzyme A carboxylase carboxyl
transferase subunit alpha (ID: g5710.t1, LogoFC: —0.46, p = 2.66E-3),
biotin carboxyl carrier protein of acetyl-CoA carboxylase (ID:g8208.t1,
LogoFC:-0.81, p = 9.55E-6), and enoyl-[acyl-carrier-protein] reductase
(ID: g14618.t1, LogyFC: —0.67, p = 6.17E-7). DGD1, the gene strongly
upregulated from 10 °C to 25 °C, was slightly downregulated (ID: g9655.
tl, LogoFC: —0.61, p = 1.08E-4) from 25 °C to 34 °C.

4. Discussion

The results show that the two strains of Tetradesmus obliquus had
profoundly different thermal tolerance profiles. This was surprising
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considering the phylogenetic proximity of both strains, which differed
by only 2 bp in the alignment of the hypervariable ITS2 rDNA sequences.
Strain UTEX393 exhibited a wider thermal tolerance range and exhibi-
ted substantially better growth performance than SNS0120, making it
more practical to cultivate throughout the year in outdoor cultivation
systems that can experience major shifts in temperature both daily and
seasonally. In comparison, strain SNS0120 may require more careful
monitoring and control of the cultivation temperature. Understanding
the overall differences in thermal response between strains will help
maximize the efficiency of biomass production, avoid failure of culti-
vations, and thereby reduce operating costs in large-scale cultivation.

Using turbidity control and supply of excess nutrients, we showed
that temperature did not affect the amount of total fatty acids in
T. obliquus. However, temperature remodelled the fatty acid profiles of
both strains, where the ratio of omega-3 to omega-6 fatty acids
decreased toward higher temperatures. Similar behaviour of the C18
omega-3 and omega-6 PUFAs has been observed in several other
microalgae species (Aussant et al., 2018; Degraeve-Guilbault et al.,
2021; Fuschino et al., 2011). The data indicate that in large-scale cul-
tivations, shifts in cultivation temperature in the order of 5 to 20 °C,
perhaps occurring seasonally, may drive moderate but detectable
changes in the fatty acid profile that ultimately impact the biomass
product quality. Under the nutrient-sufficient conditions applied in our
experiments, the majority of fatty acids are incorporated in polar
membrane lipids (e.g. DGDG and MGDG, gene expressions will be dis-
cussed later) that have structural and functional roles in different sub-
cellular components in response to the ambient temperature (Calhoun
etal., 2021; Li-Beisson et al., 2015; Suzuki et al., 2023). The remodeling
of the fatty-acid profile with temperature thus implies the adjustment of
membrane lipid properties, and/or changes in the size or proportion of
cell internal organelles and compartments (Barten et al., 2021).

The turbidostat cultivations also generated temperature-induced
variation in the growth rate, which approximately doubled from 0.52
d~! at 10 °C to 0.99 d! at 25 °C in UTEX393. The growth rate hy-
pothesis describes an expected correlation between the cell growth rate,
ribosome abundance, and cellular elemental stoichiometry (Rees and
Raven, 2021). We therefore anticipated that patterns in gene expression
from low (10 °C) to optimal (25 °C) temperature might reflect altered
metabolic pathways associated with the change in growth rate, partic-
ularly genes associated with translation, ribosome biosynthesis, and
protein turnover. Though, some genes associated with the GO terms
ribosomal biogenesis (G0:0042254) and translation (GO:0006412)
were significantly upregulated at 25 °C vs 10 °C, our results indicated
that a substantially larger number of ribosomal genes were significantly
downregulated (Supplemental data 8). This result was unexpected, but it
suggests that cellular translation machinery is not a bottleneck for
supporting accelerated growth rate due to the effect of higher temper-
ature alone. On the contrary, alternative strategies used by microbes for
allocating resources may support higher growth rates in response to
changes in the environment (Basan et al., 2020; Hidalgo et al., 2022;
Leon-Vaz et al., 2023). Our data invites further studies for both industry
and climate-driven effects of temperature on microalgae growth in na-
ture. Especially, the effects of dynamic temperature change experienced
in outdoor cultivation systems, and the effects of adaptation to different
thermal regimes, should be investigated.

Transcriptomic analysis of differentially expressed genes in strain
UTEX393 provides comprehensive insight into the extensive molecular
regulation and metabolic pathway remodeling that underpins short-
term acclimation from low to optimal temperature (10 to 25 °C), and
from optimal to elevated thermal stress (25 to 34 °C). A large number of
genes, representing 30 and 41.5 % of the annotated strain UTEX393
protein coding sequences, were significantly differentially expressed in
each of the respective temperature comparisons. Enrichment analysis of
the gene ontology (GO) terms showed that lipid metabolic processes
(GO:0006629) were the most affected biological pathways by a tem-
perature increase from low temperature (10 °C) to optimal temperature
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(25 °Q), highlighting the importance of lipid metabolism as a major
thermal acclimation strategy. We observed significant upregulation of
gene digalactosyldiacylglycerol synthase (LogoFC: +1.15), which ca-
talyses the formation of DGDG from MGDG as part of membrane
response from low to optimum temperature. The ratio of bilayer forming
lipids (i.e., DGDG) to non-bilayer forming lipids (i.e., MGDG) have been
shown to increase as temperature rises to maintain membrane fluidity in
higher plants and algae (Légeret et al., 2016; Zheng et al., 2011). On the
contrary, DGD1 was slightly downregulated (LogyFC: —0.61) under
thermal stress at 34 °C, and may be associated with downregulation of
photosynthesis and light harvesting processes (GO:0009765), because
DGDG synthesis is tightly regulated with the formation of the photo-
synthetic chlorophyll-protein complexes in the thylakoid membrane
(Kobayashi et al., 2014).

A notable change was observed in the expression of fatty-acid
desaturase genes, which regulate the FA profiles. The omega-6 fatty
acid desaturase A12 FAD converts C16:1n-9 or C18:1n-9 to C16:2n-6 or
C18:2n-6 by inserting a double bond at the omega-6 position, while
omega-3 fatty acid desaturases introduce a double bond at the omega-3
position, leading to conversion of omega-6 fatty acids including C16:2n-
6, C16:3n-6, C18:2n-6, C18:3n-6 into omega-3 fatty acids (Guschina and
Harwood, 2006; Zhou et al., 2023). Upregulation of omega-3 fatty acid
desaturase expression has been observed in Chlorella vulgaris and Chla-
mydomonas reinhardtii under cold-stress (Nguyen et al., 2013; Suga et al.,
2002), while heat stress caused downregulation of omega-6 fatty acid
desaturase expression in C. reinhardtii (Légeret et al., 2016). In our study,
from low (10 °C) to optimal (25 °C) temperature, a chloroplastic omega-
6 fatty acid desaturase was significantly upregulated (Log2FC: +2.46), a
second isoform was downregulated to a lesser extent (LogaFC: —0.98),
while two chloroplastic omega-3 fatty acid desaturases were down-
regulated (LogoFC: —0.62 and -1.97). Overall, the altered expression of
these four desaturases were broadly consistent with phenotypic changes
in the increase of C16:2n-6 and C18:2n-6, as well as an overall decrease
in the omega-3/omega-6 FA ratio (Fig. 5). The same omega-3 fatty acid
desaturases were further downregulated (Log>FC: —1.00 and -0.57,
respectively) from optimal temperature to thermal stress (25 to 34 °C),
which was associated with the lower omega-3/omega-6 FA ratios
observed at 34 °C. Lastly, we show that from optimal to higher tem-
peratures (25 to 34 °C), the expression of two acyl-lipid (7-3) desa-
turases (Delta-4 desaturase) were significantly downregulated (LogsFC:
—2.31 and -2.18). The desaturase is known to convert 16:3n-3 into
C16:4n-3, and the amount of C16:4n-3 was also inversely related with
temperature from 25 °C to 34 °C. The decrease of C16:4n-3 with
increased temperature has been previously reported in T. obliquus
(Fuschino et al., 2011), and other green algae including Chlamydomonas
malina (Morales-Sanchez et al., 2020). As C16:4n-3 is mainly located in
MGDG in Fuschino et al. (2011), and known to be exclusively synthe-
sized in the chloroplast of C. reinhardtii (Giroud et al., 1988), the
observed downregulation of these genes and reduced amount of C16:4n-
3 at high temperature may be connected to the downregulation of
photosynthesis and light harvesting processes (GO:0009765).

5. Conclusion

Examining the thermal performance of algal strains is important for
the selection of robust algae for year-round cultivation at a given loca-
tion, thereby maximizing yields and biomass quality while reducing
operating costs. Our study highlighted the contrasting growth profiles of
two Tetradesmus strains cultivated across a large thermal range, and also
showed that temperature alters the composition of industrially valuable
components including omega-3 and omega-6 fatty acids. Transcriptomic
analysis of strain UTEX393 captured the cell-wide metabolic adjust-
ments from low to optimal, and optimal to high temperature, providing
evidence for the roles of lipid metabolism and ribosome activity that
take place under temperature change. Thermal screening has the po-
tential to substantially improve yields and choose amongst microalgal
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strains for maximizing production in different climates.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.biteb.2024.101909.
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