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Microalgae are of substantial biotechnological interest due their polyphyletic nature which grants them access to
a wide array of high-value metabolites. The inherent genetic diversity of microalgae combined with their
metabolic plasticity when grown using different trophic and illumination strategies necessitate the establishment
of a reference knowledge base. In the present study we present a detailed characterisation of the combined effects
of wavelength selection and trophic strategy on the growth kinetics and gene expression profile of the model
microalgae Chlamydomonas reinhardtii grown under moderate to high light intensity (400 pmol,y m~2s71). The
aim is twofold: (a) to establish a list of reliable housekeeping genes valid for quantitative comparisons across
several combinations of different wavelengths and trophic strategies and (b) to enable the investigation of the
response of central carbon metabolic pathways under these process conditions. White, blue and red light emitting
diodes (LEDs) were used to grow pH controlled photo- and mixo-trophic cultures over a period of 136 h in batch
mode. A panel of 10 candidate genes, along with biomass growth rate and pigment content were dynamically
monitored across all conditions. Statistical analysis identified genes (acetyl-CoA carboxylase subunit a and
photosystem I reaction centre subunit II) with less variability observed in their expression levels across the
entirety of conditions evaluated compared to housekeeping genes often referred to in literature (receptor of
activated protein kinase C and ribosomal protein (large subunit) 19). Further analysis of gene expression profiles
revealed substantial differences in response to changes in both wavelength selection (upregulation of ribulose
bisphosphate carboxylase small subunit under red phototrophic growth) and trophic strategy (upregulation of
malate synthase from phototrophic to mixotrophic conditions). The systematic approach used to establish reli-
able reference genes presented herein enables robust comparisons of cellular responses across different condi-
tions to better understand algal metabolism and improve process performance.

1. Introduction

Freshwater microalgae, like Chlamydomonas reinhardtii, have
evolved an extensively versatile metabolism that increases their chances
of survival in diverse environmental conditions in the presence (mixo-
trophy) or absence (autotrophy) of a readily available source of nutri-
ents [1]. Due to this metabolic plasticity, and despite significant
research efforts, our knowledge of algal metabolism remains nascent,
relative to other crops, and our control over biomass composition re-
mains rudimentary [2]. One of the main reasons that fully understand-
ing algal metabolism and how it responds to varying environmental and
bioprocessing conditions is far from trivial is the uniqueness of incident
light as a critical process parameter. The effects of light on microalgal
physiology are mediated by a variety of specialised, light harvesting and
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light sensing molecules. Chlorophylls, carotenoids, rhodopsins, photo-
tropins and cryptochromes each have a unique absorption spectrum and
are involved in different cellular processes like photosynthesis, photo-
taxis [3] or cell cycle control [4,5].

In addition, light in and of itself is complex in nature as it can vary in
terms of intensity, photoperiod and spectral composition. Light intensity
has a well documented and characterised positive effect on biomass
growth both under phototrophic and mixotrophic conditions [6].
However, excessively high light intensities have been shown to trigger
stress responses, like carotenoid production, in a number of algal species
[7,8] or even completely inhibit growth (photoinhibition) [9]. Photo-
trophic studies on biomass growth of C. reinhardtii have shown that
below saturating light levels (25-100 pmol,y m~2 s, illumination
with red and red-blue light can achieve a higher biomass yield on
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photons compared to white light [10]. However, at or above saturating
light intensities (>1500 pmolp, m 2571 the yield of biomass on photons
was found to be inversely proportional to the specific photon absorption
rate. Consequently, illumination at wavelengths considered to be sub-
optimal due to their relatively low specific absorption rate (e.g. illumi-
nation with yellow and warm white light) has been found to yield higher
biomass yields than red or blue light at high light intensities [11].

The advent of light emitting diodes (LEDs) has enhanced our ability
to accurately control several properties of incident light, beyond in-
tensity, and investigate their effects on biomass growth and biochemical
composition [12]. This has enabled in depth investigations of the effects
of the frequency and duration of light/dark cycles, spanning timescales
from milliseconds to hours (diel-cycle) [13-15]. Studies on the impact of
light quality on biomass composition, primarily focused on pigment
and/or lipid content in specialised producer species like Haematoccocus.
pluvialis and Phaeodactylum tricornutum [16], have shown a variety of
possible responses across species. Therefore, there is a need to under-
stand the diverse and complex effects of the spectral composition of
incident light on microalgal physiology and metabolism.

Associating gene expression profiles with changes in microalgal
physiology under narrow band illumination can help unravel the spe-
cific effects of discrete regions of the photosynthetically active radiation
(PAR) region of the visible light spectrum (400-750 nm). However,
relative quantification of reverse transcription-quantitative real time
polymerase chain reaction (RT-qPCR) measurements requires the exis-
tence of a set of reference genes with stable expression profiles across a
variety of culture conditions. A number of studies have previously
proposed candidate reference genes for C. reinhardtii with no clear
consensus available in the literature due to the limited number of
experimental conditions examined in each study [17-19]. A compre-
hensive study of the stability of four candidate reference genes under
nitrogen deprivation both in photoautotrophic and mixotrophic condi-
tions was recently published [20], however is limited to only white light
illumination. An extensive transcriptomic analysis of C. reinhardtii gene
expression under a variety of nutrient depletion conditions has been
recently published [21].

Given the biotechnological potential of triggering desired responses
in a microalgal culture by utilising a tailored spectral composition, this
study investigates the effects of wavelength selection and trophic
strategy on gene expression in C. reinhardtii. The genetic responses eli-
cited by monochromatic LEDs with narrow peak intensities at the two
extremes of the PAR range (Blue, 440-480 nm and Red, 640-670 nm)
under phototrophic and mixotrophic conditions were compared against
white light control cultures. A set of 10 candidate reference genes was
compiled from literature and their stability was assessed across all 6
experimental conditions. The novel reference genes identified herein,
coupled with dynamic biomass and pigment content measurements,
were used to evaluate the effect of wavelength and trophic strategy
induced changes at key metabolic nodes. Finally, the expression levels of
promoter genes and/or 5 —/3'-untranslated regions (5'—/3'-UTR) pre-
viously targeted for the expression of recombinant proteins in
C. reinhardtii were characterised to discern favourable illumination
conditions and trophic strategies.

2. Materials and methods
2.1. Organism and growth conditions

Chlamydomonas reinhardtii wild-type strain 11/32C was obtained
from the Culture Collection of Algae and Protozoa (CCAP, Scotland).
C. reinhardtii 11/32C was grown in M8a media [22] supplemented with
7.49 rnM(g-L’l) of ammonia as the Nitrogen source [23]. Mixotrophic
cultures were grown in modified M8a medium (referred to as M8a.Ac)
supplemented with 17 mM of acetic acid (Sigma-Aldrich®, UK) and 20
mM Tris base (Sigma-Aldrich®, UK). Seed cultures were inoculated from
streaked agarose plates in 500 mL of M8a medium and grown in an
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ALGEM Environmental Modelling Labscale Photobioreactor (Algenuity,
UK) at 25 °C with pH controlled at 7 + 0.1. Incident light intensity for all
seed cultures was linearly increased during the first 48 h until 400
pmolpy m~2s7! and was subsequently kept constant for up to 84 h.
Cultures for the experimental work presented herein were inoculated
from seed cultures at a starting concentration of 1-10° cells mL~! in 500
mL of either M8a or M8a.Ac media and maintained under constant
illumination at 400 pmolpy m 257! throughout the experiment. The
experiments were performed at 25 °C, under continuous aeration (75
em® min™!) provided through an HD-601 aquarium pump (Hidom,
China). 5% COq-enriched air was automatically supplied on demand (75
cm® min~?) to maintain pH at 7 + 0.1. In the remainder of the text, the
following abbreviations are used to describe wavelength selection (W:
white light, B: blue light 440-480 nm, R: red light 640-670 nm) and
trophic conditions (A: phototrophic growth in M8a, X: mixotrophic
growth in M8a.Ac).

2.2. Chlorophyll quantification

1 mL samples were collected post inoculation and after 48 h of cul-
ture. The samples were spun down at for 2 min at 5000 g (Eppendorf
5415, Eppendorf, UK) under constant temperature (4 °C). The super-
natant was aspirated, and pigments were extracted by re-suspending the
cell pellet in 1 mL of dimethylformamide (DMF, Sigma-Aldrich®, UK)
while avoiding direct exposure to light. The resuspended pellets were
centrifuged for 2 min at 10,000g under constant temperature (4 °C) and
the supernatant was transferred to a solvent resistant BRAND® UV
cuvette (Merck, Germany). Chlorophylls A and B were quantified
through absorbance readings at 647 and 664 nm respectively according
to their maximum absorption coefficients [24].

2.3. Cell size distribution

Cell size distribution was measured with a CASY® TTC Cell Counter
and Analyser System (Omni Life Science, Germany) as previously
described [25]. Briefly, 50 pL of culture were diluted in 10 mL of
Casyton® buffer (Omni Life Science, Germany), mixed by inversion and
immediately processed.

2.4. Ribonucleic acid (RNA) extraction

Samples containing 5-10° cells were centrifuged for 5 min at 12,000
(Eppendorf 5415, Eppendorf, UK) under constant temperature (4 °C).
The supernatant was aspirated and discarded, and the cell pellet was
stored at —80 °C for up to 4 months until further processing. RNA
extraction was performed in 2 mL MaXtract High Density Tubes (Qia-
gen, Netherlands) using TRIzol® (Invitrogen, USA) and following the
manufacturer’s instructions. GlycoBlue™ Coprecipitant (Invitrogen,
USA), dissolved in 50 pL of RNase-free TE buffer (Sigma-Aldrich®, UK),
was used to stain the nucleic acid pellet. Contaminating gDNA was
removed with RNase-free DNase (Qiagen, Netherlands) according to the
manufacturer’s protocol. RNA integrity was assessed with a 1%
ethidium bromide stained agarose gel in TBE buffer. RNA purity and
concentration were assessed using a NanoDrop spectrophotometer
(Thermo Fisher, USA). Ratios of absorbance readings at 260/280 nm and
230/260 nm ratios displayed little variability (2 + 0.1) and indicated a
lack of phenol contamination from the TRIzol based extraction.

2.5. Primer design

Gene primers for RT-qPCR were designed following the Minimum
Information for Publication of Quantitative Real-Time PCR Experiments
(MIQE) guidelines. Gene sequences were obtained from the Chlamydo-
monas reinhardtii genome v5.5 in the Phytozome database [26].A custom
set of parameters prioritising primer pairs that span intron-exon junc-
tions was used to select primer sequences in primer3 [27]. Primer
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quality was assessed with PCR Primer Stats [28]. Melt curve analysis
with no template controls (NTC), no reverse transcription controls
(NRT) and positive controls was used to ensure each primer pair gave
rise to a single, well-defined peak from extracted RNA. Serial and linear
dilutions were used to establish the log-linear dynamic range for each
primer pair and primer efficiency. Starting RNA and primer mix con-
centrations were optimised over three orders of magnitude (1.5-150 ng
pL~! and 0.9-90 pM respectively).

2.6. Quantitative reverse transcription polymerase chain reaction (RT-
gPCR)

RT-qPCR was carried out with a Luna®Universal One-Step RT-qPCR
Kit (New England Biolabs, USA) on a CFX 96 connect Real-Time PCR
System (Bio-Rad, USA). Individual RT-qPCR reactions had a total vol-
ume of 20 pL made up of 10 pL Luna Universal One-Step Reaction Mix
(2x), 1 pL Luna WarmStart® RT Enzyme Mix (20x), 2 pL forward and
reverse primer mix (9 pM), 5 pL RNA (75 ng) and 2 pL Nuclease-Free
Water. Thermal cycling was programmed according to the kit manu-
facturer’s instructions. In short, 1 cycle of reverse transcription at 55 °C
for 10 min followed by 1 cycle of initial denaturation at 95 °C for 1 min
and 40 cycles of denaturation and extension at 95 °C (for 10 s) and 60 °C
(for 30 s) respectively. A 60-95 °C melt curve was generated to evaluate
primer specificity and gDNA contamination.

2.7. Reference gene selection and statistical analysis
A panel of 10 candidate reference genes was compiled from literature

(Table 1). A set of six diverse experiments including combinations of
three different wavelengths and two different trophic strategies was

Table 1
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designed to evaluate stability in expression levels. Expression levels of
the candidate genes (Table 1) were measured by RT-qPCR with samples
taken 16, 48 and 136 h hours post inoculation and analysed with the
gBase+ software package (Biogazelle). The geNorm algorithm [29,30]
was used to calculate the coefficient of variation of the normalised
reference gene expression levels (CV) and the geNorm stability M-value
(M) was used to rank candidate reference genes from least to most sta-
ble. Gene expression data were further analysed by performing 3 (W, R,
B) by 2 (A, X) factorial ANOVASs to evaluate main and interaction effects
of wavelength and trophic strategy on the average relative expression of
each gene of interest. Multiple comparisons with Benjamini-Hochberg
correction were performed in the statistical software R (version 3.6.1).

3. Results

The scientific literature is rich with studies on the phenotypic and
metabolic response of C. reinhardtii to different intensities and qualities
of light. Specifically in terms of light intensity, studies have been con-
ducted under low (10-100 pmol,y m2s) [20], moderate (100-700
pmolpy m~2s71) [31,32] or high (>700 pmoly, m™2s™1) [11,33,34]
light intensities. In recent years, studies with a focus on industrial ap-
plications such as the production of speciality chemicals or the expres-
sion of recombinant proteins have focused on moderate and high light
intensities [11,33,34]. In the present study, a moderate light intensity of
400 pmol,y m~2 s! was used for all culture conditions. Consequently,
caution should be used when extrapolating the conclusions discussed
below to significantly higher or lower light intensities.

List of candidate reference genes monitored in this study with RT-qPCR (ATPD, ATP synthase delta chain, chloroplastic; RPL-19, ribosomal protein (large subunit) 19;
RACK1, receptor of activated protein kinase C; RPS-10, ribosomal protein (small subunit) 10; ch3-II, histone H3; psaD, photosystem I reaction centre subunit II; ACX1,
acetyl-CoA carboxylase subunit o; PSRP-1, plastid specific ribosomal protein(small subunit) 1; STA1, ADP-glucose pyrophosphorylase large subunit 1; DLA3, dihy-
drolipoamide acetyltransferase component of pyruvate dehydrogenase; RBCS, ribulose bisphosphate carboxylase small subunit; FUM1, fumarate hydratase; MAS1,
malate synthase; KAS2, 3-oxoacyl-[acyl-carrier-protein] synthase; atpA, ATP synthase subunit alpha; HSP70A, heat shock protein 70A).

Gene Gene name Forward Primer (5'-3') Reverse Primer (5'-3") Used as reference Phytozome ID
gene in

ATPD ATP synthase delta chain, chloroplastic GTTCCTGATCGCCAAGAAGC GAGTCAATCACGGGCTTCAG This study Crel1.g467569.
tl.1

RPL-19 Ribosomal protein (large subunit) 19 CCTGAAGAAGTACCGCGACTC AACACGTTACCCTTGACCTTCA Liul2 Cre02.g075700.
t1.2

RACK1 Receptor of activated protein kinase C AAGACCATCAAGCTGTGGAACA TTCCAGACCTTGACCATCTTGT Siaut07,Beel12 Cre06.g278222.
t1.1

RPS-10 Ribosomal protein (small subunit) 10 CTGGTGACTGAGCGCTTCT GGGCGGTTGGACTTCTTCA Siaut07,Liul2 Cre09.g411100.
t1.2

ch3-1I Histone H3 GAGATTGCCCAGGACTTCAAGA GATGTCCTTGGGCATGATGGTC This study Crel7.g708700.
t1.2

psaD Photosystem I reaction centre subunit II GACACTCCCAGCCCGATTTTC CCAGGTGATGACGTAGAACTCC This study Cre05.g238332.
tl.1

ACX1 Acetyl-CoA carboxylase subunit o AGCAAGACTCTGGTTAGCGATG CCCAAAGCGAGACAGGATAGTG  This study Cre12.g519100.
t1.2

PSRP-1 Plastid specific ribosomal protein(small subunit) 1 =~ GCAAGAAGGAGCAGAAGGTAGA  TCCTTGATCTTCTGGAGCTTGG This study Cre05.g237450.
t1.2

STA1 ADP-glucose pyrophosphorylase large subunit 1 CTCGGTGCTGTCCATCATTCT GTTCAGGGAGGTCGAGTTGAA This study Cre13.g567950.
t1.2

DLA3 Dihydrolipoamide acetyltransferase component of =~ TTCTGTCTCGGTGCTTCTCAGG TCGTCCTGGTTTTCAAATGCCA This study Cre06.g252550.

pyruvate dehydrogenase t1.1

RBCS Ribulose bisphosphate carboxylase small subunit ACCCCGGTCAACAACAAGATG GTCGTAGTACAGGCAAGACACG  NA Cre02.g120150.
t1.2

FUM1 Fumarate hydratase AGAACTGCATCAAGAAGGTGGA ~ AGAAGTCGTTACCCTTGTCGTC NA Cre06.g254400.
tl.1

MAS1 Malate synthase CCCAACGGCAAGGTCTACAG CAGCGTTGTGGAAGAAGAACAG NA Cre03.g144807.
t1.1

KAS2 3-oxoacyl-[acyl-carrier-protein] synthase CTCACAAAGTTTCCTCGGCAAG CGCCTTCTCAGTCTTGGAAATG NA Cre07.g335300.
t1.2

atpA ATP synthase subunit alpha GCAATGCGTACTCCAGAAGAAC CGAGCAATACCGTCACCTACTT NA 27170414

HSP70A  Heat shock protein 70A CCAAGAACCAGGTCGCTATGAA ACCTTCTCCTCGTTCTTGTAGG NA Cre08.g372100.
t1.2
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3.1. Expression stability

Relative quantification of gene expression via RT-qPCR requires the
determination of one (or more) reference genes which are expected to
maintain a stable expression level across all experimental conditions
examined [35]. The panel of candidates genes (Table 1) investigated in
the present study reflects three distinct selection criteria: (a) genes
extensively used as reference genes in relevant scientific literature
(RACK1, RPL19, CH3-I and RPS10 [19,36-39]), (b) genes with func-
tional similarities to widely used reference genes (PSRP-1, psaD and
ATPD [40]) and, novel in this study, (c) genes involved in central carbon
metabolism due to its vital role in cellular function under most relevant
experimental conditions (DLA3, ACX1 and STA1). Gene expression was
measured at three time points (16, 48 and 136 h post inoculation) for
each of the six possible combinations of wavelength (W, R, B) and tro-
phic strategy (A, X).

Raw RT-qPCR data is evaluated in terms of quantification cycle (Cg),
which is the number of amplification cycles required for a RT-qPCR
reaction’s fluorescence to surpass a defined threshold. This is inversely
correlated to the specific cDNA template present in the reaction. The 10
genes evaluated displayed a wide range of average C, values (C,) with
ATPD at the low end (CTI = 14) and DLA3 with at the high end of the
range (C_q = 22). An overview of all Cq ranges measured for candidate
reference genes under all experimental conditions examined in this
paper is presented in Fig. 1. Interestingly the Cq value for ATPD was also
found to have lowest variability across all conditions while the Cq values
for PSRP-1, chosen for its similarity to canonical ribosomal protein genes
utilised as reference genes throughout literature, varied significantly
between conditions. Given its exclusively plastidic localisation, it is
possible that ribosomal activity in the chloroplast is, at least partially,
regulated at the transcriptional level in response to changes in the
quality of incident light.

Prior to the development of sophisticated data analysis algorithms
and the widespread availability of real-time PCR systems, relative
quantification was primarily based on a single reference gene derived
either from literature or through simple, yet effective, log-linear models
(AACy) [41,42]. However, current state of the art for comparison of gene
expression across widely varying conditions or cell lines involves the use
of sophisticated algorithms that employ two or more genes to normalise
gene expression measurements [43]. The geNorm algorithm, used in the

25
20 +
(]
=)
©
>
OU'
15 1 i
I Min~MaxC,
B MeanC,

10|||x||||x

Reference gene candidate

Fig. 1. Mean Cq of candidate reference genes studied. (n = 6, error bars
represent minimum and maximum Co-
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present study, has been successfully applied to a wide variety of or-
ganisms [18,44,45]. The algorithm uses pairwise variation (Vn/n+1) to
evaluate the number of reference genes required to achieve an accurate
normalisation factor (M) which will remain stable across all experi-
mental conditions and cell lines studied [29,30]. Analysis of the results
indicated that ACX1 and psaD form the most stable pair of genes with a
Vy,3 value lower than the recommended threshold (<0.15) [29] indi-
cating that additional reference genes are not required.

ACX1 encodes the a-carboxyltransferase subunit of the multimeric
acetyl coenzyme A (acetyl-CoA) carboxylase (ACCase) and has been
shown to be expressed in co-ordination with the other subunits in Ara-
bidopsis thaliana [46] and C. reinhardtii [47]. While significant variations
in the expression levels of both the a- [20,47] and the p- [48] carbox-
yltransferase subunits have been reported in nitrogen starved cells,
expression levels of ACX1 have been shown to remain stable under ni-
trogen replete conditions, in agreement with the findings in the present
study.

The psaD gene encodes subunit II of photosystem I (PSI), an essential
component for PSI accumulation in Arabidopsis thaliana [49] and key to
the efficient functioning of PSI in Synechocystis sp [50]. A highly
expressed constitutive gene, its promoter element has always remained
relevant in recombinant protein expression studies in C. reinhardtii
[51,52]. Light intensity and light quality have been shown to affect the
pigment content and composition of microalgal cells but, to the extent of
our knowledge, none of the available studies tested the expression levels
of psaD under monochromatic illumination. It is not particularly sur-
prising that a gene expressing an essential PSI subunit presents robust
expression across the conditions studied in the present study as essential
photosynthetic components are commonly controlled by post-
translational regulatory processes such as epistasy of synthesis (CES)
[53].

3.2. Growth and gene expression under different wavelengths and trophic
strategies

Batch cultures of C. reinhardtii 11/32C were grown for 136 h under
constant illumination at three different wavelengths (W, R, B) using
media with (X) and without (A) a readily available organic carbon
source. Daily biomass measurements (OD 750 nm) were used to estimate
growth rate during the exponential growth phase (iexp, Table 2, Fig. S1).
In agreement with findings from other studies [11], white light illumi-
nation was found to have the highest growth rate in both trophic stra-
tegies. Interestingly, under the constant environmental conditions
considered in the present study (pH, temperature and light intensity),
the presence of an organic carbon source had a significant impact on
biomass growth only under blue light illumination. In contrast, the
addition of a carbon source under white light illumination (WX) resulted
in 5% reduction in fy compared to (WA). The rate of acetate con-
sumption in mixotrophic cultures (qa., Table 2) was nearly identical
under all studied wavelengths irrespective of the observed biomass
growth rate. Acetate was fully extinguished from the media within the
first 48 h post inoculation in all mixotrophic conditions.

Table 2

Summary of macroscopic growth parameters of C. reinhartdtii cultured under
different illumination and trophic strategies. Values calculated based on biomass
and acetate concentrations between t; = 0 h and t, = 48 h. W: white LED light; R:
red LED light 640-670 nm; B: blue LED light 440-480 nm; A: phototrophic
growth in M8a; X: mixotrophic growth in M8a.Ac; peyp: observed biomass
growth rate (hour™); Qac: Observed acetate uptake rate (hour ™).

WA RA BA WX RX BX
Hexp (™ Flask 1 0.076 0.054 0.042 0.064 0.055 0.056
Flask 2 0.069 0.056 0.040 0.074 0.058 0.050
qac MM h™1) Flask 1 - - - 0.363 0.369 0.370
Flask 2 - - - 0.361 0.370 0.370
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The expression levels of a panel of genes selected based on their
metabolic function (Table 1) were measured and analysed for each of the
six experimental conditions described above. All reported gene expres-
sion levels were calculated relative to the expression of the two most
stable reference genes identified in Section 3.1 (ACX1 and psaD). Gene
expression levels for central carbon metabolism genes were estimated by
averaging values obtained from two samples taken during the expo-
nential growth phase (16 h and 48 h). The expression level of promoter
genes was evaluated at three different time points (16 h, 48 h and 136 h)
throughout the culture. In the sections that follow, gene expression re-
sults are presented and discussed grouped by metabolic pathway.

3.3. Photosynthesis

The ribulose-1, 5-bisphosphate carboxylase oxygenase (RUBISCO)
found in C. reinhardtii is a hexadecamer composed of eight small sub-
units (SS) and 8 large sub-units (LS). Two variants of the small sub-
unit of RUBISCO have been identified in the Chlamydomonas nuclear
genome (RBCS1 and RBCS2) [54]. While their peptide products differ by
only four amino acids and are functionally redundant [54], their
expression is dependent both on trophic strategy and the presence or
absence of light [55,56]. The primer pair designed and used in this study
(Table 1) amplifies both sub-unit variants (RBCS1 and RBCS2) to enable
the evaluation of overall RBCS expression irrespective of individual sub-
unit related dependences (Fig. 2A). Wavelength selection had a statis-
tically significant effect (p < 0.01) on the average expression level of
RBCS with average expression levels under red light (R) being signifi-
cantly higher compared to both white (W) and blue (B) light in both
trophic conditions (A, X). In addition, the average RBCS expression in
cultures grown under blue light (B) was significantly higher (p < 0.05)
than those grown under white light (W) in both trophic conditions. It is
worth noting that the macroscopically observed biomass growth rate
(Table 2) does not appear to be strongly correlated with RBCS expression
levels. Under both trophic strategies, (R) illuminated cultures displayed
statistically significant higher RBCS expression levels than (W) illumi-
nated cultures, however resulted in lower growth rate values. Similarly,
low levels of RBCS expression measured in B and W cultures resulted in
substantially different growth rates (Table 2). These differences were
observed in both trophic conditions and the presence of an external
carbon source did not seem to have a significant impact on RBCS

5.0

4.0 4
3.0—-
2.0-.
1.0-

RBCS2 mRNA expression

WA RA BA WX RX BX
Conditions

Fig. 2. Carbon fixation related gene expression in the exponential growth
phase. Average Ribulose bisphosphate carboxylase small subunit (RBCS) gene
expression from 16 h — 48 h (n = 4, error bars represent SEM, different error bar
labels indicate statistically significant differences between conditions, p <
0.05). W: white light, R: red light 640-670 nm, B: blue light 440-480 nm, A:
phototrophic growth in M8a, X: mixotrophic growth in M8a.Ac. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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expression levels.

In order to further understand the implications of these results, cell
size distribution during the mid-exponential growth phase (48 h) was
measured for all conditions (Fig. 4). In both trophic conditions exam-
ined, cells grown under constant red light illumination had a smaller
average diameter, while cells grown under constant blue light illumi-
nation had a larger average diameter when compared to control cultures
grown under white light. The growth rate data (Table 2), calculated
using optical density measurements (750 nm), coupled with the cell size
distribution data (Fig. 4) indicate that wavelength selection has an
impact on the cell cycle [57,58]. The balanced combination of long- and
short-wavelengths making up white light results in the fastest biomass
production under both phototrophic (WA) and mixotrophic (WX) con-
ditions. Additionally, an average cell cycle length is maintained and
consequently cell size remains in-between the smaller cells produced by
(R) and the larger cells produced by (B) in both trophic strategies. The
upregulation of RBCS under red light indicates an increased need for
energy generation, likely required to operate a shorter cell cycle and
maintain a rapid duplication rate. On the other hand, cells grown under
blue light had lower RBCS expression levels (Fig. 2A), a lower apparent
growth rate (Table 2) and the largest observed average cell diameter
(Fig. 4). These results suggest that blue light illumination leads to larger
cells on average with an longer or arrested cell cycle while red light
illumination leads to smaller, rapidly dividing cells. However, in terms
of overall biomass yield (in gDCW/L) both extremes of the PAR spec-
trum underperform when compared to white light illumination.

Chlorophyll (Chl) a/b measurements (Fig. 3) revealed a statistically
significant higher Chl a/b ratio in cultures grown under red light (RA,
RX). The Chl a/b ratio has been previously inversely linked to PSII an-
tenna size due to Chl b’s preference for binding to peripheral antenna
complexes [59]. Moreover, in agreement with previous studies [10], the
specific amount of Chl b per pg of biomass was significantly lower under
red light illumination. Given that incident light intensity was kept
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Fig. 3. Chlorophyll content and composition during an entire batch culture. (A,
B) Chlorophyll content as a percentage of total biomass. (C,D) Chlorophyll a to
chlorophyll b ratio. The two biological replicates (n = 2) are indicated by
squares (Flask 1) and circles (Flask 2) respectively. Solid lines indicate the
average across the biological replicates for each condition. Black symbols and
lines used for white light; Red symbols and lines used for red light 640-670 nm;
Blue symbols and lines used for blue light 440-480 nm. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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constant across all experimental conditions, this further supports the
hypothesis stated above, that red light illumination leads to a shortened
cell cycle. High values of the Chl a/b ratio, coupled with a smaller an-
tenna [59] and average cell size (Fig. 4) result in reduced surface area for
absorption of photons and increased photosynthetic efficiency as well as
reduced mutual shading across the light path. These effects combine to
increase the proportion of cells in the culture receiving enough light to
maintain a high growth rate. Consequently, the implied increase in light
utilisation efficiency under red light illumination would result in an
increased demand for Calvin-Benson cycle (CBC) enzymes like
RUBISCO, and potentially increased gene expression as has been
observed in the present study (Fig. 2A), to fulfil the increased demand.
When considering the monochromatic conditions of this study in isola-
tion, there is a strong positive correlation between biomass growth rate
and RBCS expression in the autotrophic conditions that is lost in the
mixotrophic regime. This suggests that the availability of an organic
carbon source and the resulting switch to mixotrophic metabolism
reduce the relevance of photosynthetically generated metabolic re-
sources in biomass growth rate maximisation. This is not apparent in
growth under white light, possibly due to its more varied spectral dis-
tribution resulting in optimal phototrophic growth at a lower light uti-
lisation efficiency compared to monochromatic illumination.

3.4. Acetyl coenzyme A catabolism

Acetate uptake rates (Table 2) were found to be independent of
wavelength selection and biomass growth rate. However, when
comparing biomass growth across trophic strategies for the same
wavelength selection, differences in metabolic behaviour can be
observed. In cultures grown under constant white light (WA, WX) and
red light (RA, RX) illumination, the addition of acetate as a carbon
source resulted in a relatively small change in biomass growth rate
(Table 2). This suggests that under appropriately controlled conditions
phototrophic growth under each of these two lights is nearly optimal. It
seems that introducing an organic carbon source under these conditions
does not result in an increased rate of biomass production. In contrast,
for cultures grown under blue (BA, BX) light, the addition of acetate
resulted in a substantial increase of the growth rate. Interestingly, RBCS
expression levels remained similar across the different trophic strategies
(WA, WX, RA, RX and BA, BX; Fig. 2A), indicating no drastic change in
the rate of carbon fixation from photosynthesis. Therefore, under white
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(A) Representative cell size distribution of cells grown in phototrophic mode
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mixotrophic mode with M8a.Ac media. W: white light, R: red light 640-670 nm,
B: blue light 440-480 nm, A: phototrophic growth in M8a, X: mixotrophic
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and red illumination the additional carbon uptaken in the form of ace-
tate must be assimilated through a different metabolic pathway, one not
directly linked to biomass growth. The presence of acetate is known to
trigger a reconfiguration of C. reinhardtii metabolism as the inorganic
carbon fixation of photosynthesis is complimented by the organic car-
bon assimilation of acetate via its conversion to acetyl-CoA [60].

In nutrient replete mixotrophic conditions acetyl-CoA is preferen-
tially produced in a single enzymatic step catalysed by acetyl-CoA syn-
thase (ACS) [61]. ACS homologs have been identified in several cellular
compartments (ACS1 - cytosol ACS2 - plastid, ACS3 - glyoxysomes and
mitochondria) [62,63]. Consequently, this metabolic plasticity enables
the cells to repurpose assimilated acetate to drive different metabolic
pathways by channelling it to the appropriate cellular compartments. As
can be seen in Fig. 5A, Acetyl-CoA is primarily utilised in fatty acid chain
formation (cytoplasm), in the glyoxylate cycle (glyoxysome) and in the
TCA cycle (mitochondria). Differences in transcriptional activity be-
tween photoautotrophic and mixotrophic metabolism may elucidate the
fate of acetate derived carbon assimilated during mixotrophic growth.
Therefore, the expression level of enzymes exclusive to each of the three
main metabolic pathways that consume acetyl-CoA was evaluated for all
experimental conditions.

3.4.1. Tricarboxylic acid cycle

The TCA cycle produces reducing equivalents for oxidative phos-
phorylation and is a vital metabolic process in non-photosynthetic or-
ganisms which produce the bulk of their cellular ATP in mitochondria.
In contrast mitochondrial respiration rates in nutrient replete photo-
trophic and mixotrophic conditions average approximately 10-15% of
gross photosynthetic rates across many phyla of microalgae including
chlorophytes like C. reinhardtii [64]. In fact, several genes exclusive to
the TCA cycle have been reported as non-essential for the growth of
photosynthetic organisms [65]. Consequently, the availability of an
organic carbon source is not expected to have a significant impact on the
activity of TCA genes. To verify the validity of the above hypothesis, the
expression level of the TCA exclusive FUMI gene, which encodes the
enzyme fumarate hydratase that catalyses the reversible hydration of
fumarate to malate (Fig. 5A) was measured across all experimental
conditions.

The addition of acetate had no impact on FUM1 expression in cul-
tures grown under white and red light (WA, WX and RA, RX; Fig. 5B). In
fact, FUM1 expression levels were statistically similar across all four
conditions (WA, WX, RA, RX; Fig. 5B). This indicates, as expected, that
there is no correlation between biomass growth (Table 2) and TCA cycle
activity (assessed through the expression levels of FUM1 in the present
study) in the nutrient replete conditions considered herein. Wavelength
selection on the other hand, had a statistically significant effect on the
expression level of FUM1 (Fig. 5B). Specifically, FUM1 expression was
significantly lower in phototrophic cultures grown under blue light
(BA). Interestingly, in cultures grown under blue light (BA, BX; Fig. 5B)
the addition of acetate in the media led to an increased average
expression level for FUMI. The increased expression level under blue
light corresponded to an increased biomass growth rate (BX, Table 2)
indicating that the additional carbon might be channelled towards
mitochondrial respiration and ATP synthesis [66]. The positive corre-
lation between FUM1 expression and biomass growth rate for cultures
grown under blue light suggests that in the presence of a readily avail-
able carbon source cellular growth could rely on TCA cycle activity and
heterotrophy.

3.4.2. Glyoxylate cycle

Algae can preferentially utilize acetate as a carbon source due to the
availability of an abbreviated version of the TCA cycle, sharing five of
the eight TCA cycle enzymes, known as the glyoxylate cycle. This en-
ables them to bypass the two decarboxylation steps found in the TCA
cycle and enables the biosynthesis of macromolecules from simple C;
carbon compounds [62,67]. The preferential use of the glyoxylate cycle
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in the presence of a Cy organic acid has been recently investigated using
a genome scale metabolic model of C. reinhardtii metabolism under
nutrient replete mixotrophic and phototrophic conditions [68].
Although qualitative in nature, the results suggested a substantially
increased flux through the glyoxylate cycle in the presence of a Cy
organic acid. This theoretical model based approach was able to accu-
rately predict the experimentally observed change in oxygen evolution
rate between the two conditions [68]. In the present study, the expres-
sion of a glyoxylate cycle exclusive gene, MAS1, was measured across all
experimental conditions. The MAS1 gene encodes malate synthase, an
enzyme that catalyses the formation of malate (C4) from glyoxylate (Cg)
and acetyl-CoA (Cos — Fig. 5A).

Surprisingly, the presence or absence of acetate had a statistically
significant effect on MAS1 expression levels only in cultures grown
under blue light (BA, BX; Fig. 5C). The 1.5-fold upregulation (p < 0.01)
of MAS1 in mixotrophic cultures grown under blue light (BX) did not
result in an increased biomass growth rate (Table 2). In conjunction with
the observed upregulation of the TCA exclusive FUM1 in mixotrophic
growth conditions (BA, BX; Fig. 5C), these results seem to indicate that
carbon derived from acetate can help supplement biomass growth rate
in non-optimal light conditions. No significant change in MASI
expression levels was detected between phototrophic and mixotrophic
conditions for cultures grown under white and red light (WA, WX and
RA, RX; Fig. 5C). This is in contrast to previous studies [20,69] where an
upregulation of glyoxylate cycle genes was observed following the
addition of acetate. One possible explanation is that MAS1 expression
levels are not linked to flux through the glyoxylate cycle in non-growth
inhibited, constantly illuminated cultures (WA, WX, RA, RX) due to

regulation occurring primarily by enzyme phosphorylation [70]. In fact,
no correlation between growth (Table 2) and MAS1 expression (Fig. 5C)
was found for cultures grown under white and red (WA, WX and RA, RX)
light in the present study. Finally, wavelength selection was found to
have a significant effect on MAS1 expression levels (Fig. 5C), with cul-
tures grown under red light having a higher average expression level (p
< 0.05).

3.4.3. Fatty acid synthesis

Acetyl-CoA derived from assimilated acetate in mixotrophic cultures
can be channelled towards fatty acid biosynthesis which is driven by the
heterogeneous fatty acid synthase (FAS) enzyme complex in the chlo-
roplast [71]. The fatty acids generated can increase the cell’s intracel-
lular free fatty acid (FFA) pool or they can be incorporated into one of
the many lipid classes produced by C. reinhardtii [72]. A multi-omics
study found that protein levels of enoyl-ACP reductase were reduced
during nitrogen deprivation, alongside a transient decrease in all FAS
complex related transcripts during the first 12-48 h [21]. However, in
the nutrient replete conditions of this study, where highly differing
growth rates were observed between conditions it would be interesting
to follow the gene expression of FAS complex related transcripts as a
preliminary indicator of changes in macromolecular composition at a
cellular level and in the assimilation of acetate derived carbon. The gene
KAS2 encodes 3-ketoacyl-ACP synthase (KAS), the third enzyme in the
FAS complex, which adds two carbons per FAS-cycle to the growing
acyl-ACP chain using malonyl-ACP as its substrate (Fig. 5A).

Trophic strategy selection had an impact on KAS2 expression level in
cultures illuminated under white and red light (WA, WX and RA, RX;
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Fig. 5D). In both cases, KAS2 expression was upregulated in the presence
of acetate in the media, though the change in expression level was sta-
tistically significant only for cultures grown under red light (p < 0.05).
The highest KAS2 expression level was observed in mixotrophic cultures
grown under red light (RX; Fig. 5D), while KAS2 expression levels
remained constant across cultures grown in white (WX) and blue (BX)
light. In contrast, KAS2 expression levels remained constant, irre-
spective of trophic strategy, in cultures grown under blue light (BA, BX;
Fig. 5D).

This suggests that under blue light, an increase in fatty acid pro-
duction is not required to achieve the observed increase in biomass
growth rate (Table 2). On the other hand, there was no change in
biomass growth rate observed between trophic strategies in cultures
grown under red light (R, Table 2). Meanwhile a statistically significant
increase in KAS2 expression was observed in red light mixotrophic
cultures (RX; Fig. 5D). One possible explanation could be that in cultures
grown under red light with a smaller average cell size (Fig. 4) but
otherwise comparable biomass growth rate (Table 2), the assimilated
acetate in the form of acetyl-CoA is preferentially funnelled towards
fatty acid production. This would lead to an increased production rate
for membrane-lipids, necessary to support the shorter cell-cycle with
more cell divisions per unit time for cells grown under red light (Fig. 4).
Previous studies have shown that the autophagous degradation of
membrane lipids for TAG production under nitrogen starvation is less
pronounced in mixotrophic C. reinhardtii cultures grown in white light
[73] further hinting at an increased flux of acetyl-CoA towards fatty acid
synthesis during mixotrophy.

The gene expression data discussed in the preceding sections is
summarised in Fig. 6. Mixotrophic cultures grown under constant red
light illumination had the highest average fold expression for all genes
considered thus far. However, this did not translate directly into an
increased biomass growth rate as could have been expected given the
nature of the genes investigated. This indicates that despite similarities
in the observed biomass growth rates across conditions considered
herein (Table 2), the macromolecular composition of cells will change
depending on the utilised trophic and illumination strategy.

Average fold change in gene expression

0.9

RBCS| 0.62 1.71 0.82 0.45 1.04

0.8

0.7

FUM1 0.50 0 0.86 0.6

0.5

Gene

MAS1| 0.80 O 081 | 067 0 j 0-4

10.3

10.2

KAS2| 0.73 0.81 1.01 1.08 6 1.00 104

WA RA BA WX RX BX
Condition

Fig. 6. Summary of average gene expression level compared across multiple
light and media conditions. The colour scale is normalised in each row as the
data reflects average fold change in gene expression and is not directly com-
parable between genes (n = 4). W: white light, R: red light 640-670 nm, B: blue
light 440-480 nm, A: phototrophic growth in M8a, X: mixotrophic growth in
Ms8a.Ac. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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3.5. Recombinant protein promoter genes

In recent years, a number of sophisticated genome editing technol-
ogies have been adapted to microalgae [74]. C. reinhardtii, often referred
to as the model microalgae, has the most complete algal genome editing
toolbox however genetic engineering techniques are being developed
for other type of algae as well [75,76]. Recombinant protein expression
in C. reinhardtii has been attempted by integration of the recombinant
genes into either the chloroplast [77] or the nuclear genome [78]. Each
approach has its own benefits and limitations, with no clear consensus
on an optimal strategy due to a lack of bioreactor (or larger) scale
studies. As algal genome editing technologies mature, process devel-
opment for recombinant protein expression will have to explore candi-
date promoters and culture conditions that lead to optimal
transcriptional activity. In order to understand the magnitude of the
impact process conditions can exert on transcriptional activity, the
expression of a series of genes with promoters and/or 5'/3” UTR(s) that
have been previously used to facilitate recombinant gene expression in
C. reinhardtii (Table 1) was evaluated across all experimental conditions.
Bearing in mind that transcription and translation do not necessarily
correlate well, some high level conclusions can be drawn from the data
presented below.

3.5.1. Ribulose bisphosphate carboxylase small chain (RBCS)

RBCS2 is routinely used as a constitutive promoter for nuclear
transgene expression in tandem with HSP70A [79-81]. RBCS expression
was upregulated in both phototrophic and mixotrophic cultures grown
under red light illumination (RA, RX; Fig. 2A). Fig. 7 presents RBCS
expression data for an additional time point in the late stationary phase
of the culture. In agreement with the results of Fig. 2A, RBCS expression
is upregulated significantly for cultures grown under red light (RA, RX;
Fig. 7A). Interestingly, there is a large increase in RBCS expression
during the stationary phase (136 h) for both mixotrophic and photo-
trophic cultures grown in red light. These results suggest that red light
illumination would be preferable for recombinant protein synthesis
when RBSC2 is used as a constitutive promoter.

3.5.2. Heat shock protein 70A (HSP70A)

HSP70A encodes a heat-shock protein, transcriptionally controlled
through elevated temperatures and light [79]. It has been used as a
transcriptional activator of other promoters, most commonly RBCS2 and
recently RBCS2 with RBCS2 introns interspersed in the recombinant
gene coding sequence [52]. In photoautotrophic cultures, a notable in-
crease in expression was only observed during the stationary phase (136
h) of cultures grown in red light (Fig. 7B). HSP70A expression levels
were higher in the stationary phase of mixotrophic cultures across all
wavelengths with a notable 6-fold increase (p < 0.05) observed in cul-
tures grown under blue light illumination (Fig. 7B).

3.5.3. Adenosine triphosphate synthase subunit alpha (atpA)

Assembly of chloroplastic ATP-synthase requires subunits encoded in
both the nuclear and the chloroplast genomes [82]. The gene atpA is
native to the plastome and encodes sub-unit alpha of the CF; complex
[83]. Its 5’UTR and promoter coding regions have been used to drive
both nuclear [84-86] and plastid [87,88] gene expression. Cultures
grown under white light illumination had the lowest levels of atpA
expression across all conditions examined (Fig. 7). Interestingly, trophic
strategy had a significant impact on atpA expression only in cultures
grown under red light where a 5.5 fold upregulation was observed in
mixotrophic cultures during the mid-exponential phase (16 h and 48 h).
These results confirm that culture time, trophic strategy and wavelength
selection can all have a significant impact on the transcriptional activity
of promoters and should be considered as critical process parameters
during process development and optimisation.
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the reader is referred to the web version of this article.)

4. Conclusions

The expression profiles of a total of 16 genes (Table 1) were moni-
tored across C. reinhardtii cultures grown under two different trophic
strategies and three different wavelengths. This enabled the identifica-
tion of novel reference genes (psaD and ACX1) with significantly
improved expression stability compared to commonly used reference
genes, for the conditions explored herein. The analysis of the expression
profiles of representative genes from key metabolic pathways revealed
that trophic strategy and wavelength selection have an impact on some

Algal Research 54 (2021) 102186

(RBCS - photosynthesis, MASI - glyoxylate cycle, KAS2 - fatty acid
synthesis) but not all (MAS1 — TCA cycle) aspects of central carbon
metabolism in algae. Specifically, wavelength selection was found to
have an impact on photosynthetic efficiency and (as indicated by cell
size distribution data) the cell cycle. Moreover, based on the set of gene
expression profiles examined in the present study, assimilated acetate
was found to be primarily channelled towards fatty acid synthesis,
particularly in cultures grown under red light illumination. Finally, the
expression profiles of three commonly used promoters for the expression
of recombinant proteins were evaluated across all experimental condi-
tions and revealed that culture time, trophic strategy and wavelength
selection should be considered as critical process parameters during
process development and optimisation. The evaluation of a panel of
candidate reference genes under the diverse conditions examined herein
highlighted the importance of establishing a priori a systematic work-
flow that facilitates reliable comparisons across culture conditions and
will hopefully inform the experimental design of future studies.
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