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H I G H L I G H T S  

• T. chui efficiently accumulates up to 59% starch under nitrogen deprivation. 
• Recovery from stress begins within 12 h after nutrient replenishment. 
• Nitrogen deprivation has a strong impact on regulation of starch-related genes. 
• Gene expression results challenge the traditional starch metabolism model. 
• Post-transcriptional regulatory mechanisms seem to play a crucial role in T. chui.  
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A B S T R A C T   

Tetraselmis chui is known to accumulate starch when subjected to stress. This phenomenon is widely studied for 
the purpose of industrial production and process development. Yet, knowledge about the metabolic pathways 
involved is still immature. Hence, in this study, transcription of 27 starch-related genes was monitored under 
nitrogen deprivation and resupply in 25 L tubular photobioreactors. T. chui proved to be an efficient starch 
producer under nitrogen deprivation, accumulating starch up to 56% of relative biomass content. The prolonged 
absence of nitrogen led to an overall down-regulation of the tested genes, in most instances maintained even after 
nitrogen replenishment when starch was actively degraded. These gene expression patterns suggest post- 
transcriptional regulatory mechanisms play a key role in T. chui under nutrient stress. Finally, the high pro
ductivity combined with an efficient recovery after nitrogen restitution makes this species a suitable candidate 
for industrial production of high-starch biomass.   

1. Introduction 

Starch is the primary storage compound in plants and an essential 
carbohydrate source for human and animal nutrition. Production of 
starch as a reserve in microalgal cells has been widely studied for its 
potential use as a feedstock for bioethanol and other biorefinery pro
cesses (Chowdhury and Loganathan, 2019; Zhang et al., 2021), but also 
for applications in human nutrition, due to its putative functional and 
structural properties (Gifuni et al., 2017; Shahid et al., 2020). Regula
tion of starch synthesis and degradation in microalgae is linked to the 
shift between optimal and suboptimal growth conditions and has been 

the subject of several studies (Ran et al., 2019; Shahid et al., 2020). 
Species from the genus Tetraselmis are considered attractive for in

dustrial production, having already been established as live feed in 
aquaculture of molluscs and shrimps and as an enrichment of other 
meals. Particularly, they are reported to have high specific growth rates 
(Reitan et al., 2021) and have shown to be high-starch producers under 
nutrient stress (Yao et al., 2018). A critical parameter for industrial 
production in semi-continuous modes is the recovery from nutrient- 
induced stressful conditions. In this regard, Tetraselmis subcordiformis 
has shown a speedy recovery from nutrient stress, with starch being 
degraded within 24 h after nutrient restitution (Yao et al., 2012). It is 
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important to note that, within this genus, Tetraselmis chui is the only 
species that has been authorised for human consumption (since 2014) as 
a novel food in the European Union (EU) and, more recently (2017), also 
as a food supplement (Mantecón et al., 2019), widening the range of its 
possible industrial applications. 

The traditional model of starch metabolic pathways in microalgae 
has been developed in the model organism Chlamydomonas reinhardtii 
(Ball and Deschamps, 2009; Busi et al., 2014), while an additional 
pathway map looking in depth at the fluxes of starch metabolism during 
day-night cycles was developed in Ostreococcus tauri (Sorokina et al., 
2011). Both models identify the first regulatory step to be the phos
phorylation of glucose-1-phosphate (Glc-1-P) to ADP-glucose by the 
ADP-glucose-pyrophosphorylase (AGPase). Different isoforms of starch 
synthases (SS) form crystalline starch using this basic building block. 
The granule-bound SS (GBSS) catalyses the formation of α(1–4) bonds, 
elongating existing glucan chains, and is strictly connected to the starch 
granules during metabolism. Short glucan chains are produced in the 
chloroplast lumen by soluble starch synthase isoforms (SSS). Starch 
branching enzymes (SBE) form amylopectin or branched glucans by 
transferring linear glucan chains to the carbon 6 of an existing chain 
within the granule. This process is further assisted by the isoamylase 1 
(ISA1) and 2 (ISA2), which are suggested to cleave branches that are 
improperly positioned for the sake of crystallisation, releasing soluble 
oligosaccharides, and by the disproportionating enzyme (DPE), which 
alters the chain length of such oligosaccharides recycling them to sub
strates useful for SS and SBE. 

Starch degradation back to Glc-1-P requires the glucan chains to be 
phosphorylated by water dikinases (WD). After that, beta- and alpha- 
amylases (AMB and AMA) hydrolyse α(1–4) glycosidic bonds, while 
debranching enzymes, such as isoamylase 3 (ISA3), hydrolyse the α(1–6) 
bonds. Both processes release glucan chains that contribute to the pool 
of available maltose oligosaccharides (MOS) and water-soluble poly
saccharides (WSP), whose chain length may be modified again by the 
DPE. Starch phosphorylase (SPh) finally catalyses the formation of Glc- 
1-P, which is then readily available again as substrate for the Calvin 
cycle and other metabolic processes. 

The intricate mechanisms involved in starch synthesis and degra
dation in microalgae are, however, not yet understood completely. In 
this regard, a recent body of literature has consistently challenged the 
traditional C. reinhardtii model on the role of some enzymes (Ran et al., 
2019), with studies performed on several genes, enzymes and species. 
Hence there is a clear need for further in-depth studies to shed light on 
responses to stress and recovery, especially in species of high commer
cial interest. 

The aim of this work was to perform a comprehensive analysis of 
starch biosynthesis and degradation mechanisms in T. chui subjected to 
nitrogen starvation and subsequent recovery at a pilot-scale. Thus, 
growth and biomass composition of T. chui cultivated in 25 L tubular 
photobioreactors were monitored throughout the trial. In an attempt to 
understand the molecular basis underlying starch metabolism, tran
scriptional regulation of 27 genes involved both in starch synthesis and 
degradation was furthermore analysed by RT-qPCR. Results obtained in 
this study will widen the existing knowledge about starch metabolism in 
this economically relevant species. 

2. Materials and Methods 

2.1. Algae cultivation 

T. chui SAG 8–6 obtained from SAG Culture Collection of Algae 
(Göttingen, Germany) was grown on agar plates on L1 medium at 22 ◦C 
and irradiated with 20 µmol m− 2 s− 1 with LED lights. The algae were 
scaled up in 2xF 50–100 µmol m− 2 s− 1 on a shaking plate with 1% CO2: 
air mixture first to 500 mL and then to 1 L Erlenmeyer flasks. The cul
tures were used first to inoculate a 25 L GemTube RD1-25, tubular 
photobioreactor (LGem BV, Netherlands) in 2xF medium and then for 

further scale-up in 250 L GemTube RD1 − 250 tubular photobioreactor 
(LGem BV, Netherlands). In the tubular reactors, temperature was set to 
25 ± 3 ◦C maintained via a room-temperature control; surface irradi
ance was set to 100 µmol m− 2 s− 1 and pH was set to 7.8 ± 0.2, controlled 
by CO2 addition. After three days, the inoculum was sourced from the 
running 250 L reactor taking a 5 L culture sample which was gently 
centrifuged for 5 min at 2500 rpm. The pellet was rinsed with the new 
growth medium and used to begin the experiment, inoculating two 25 L 
photobioreactors (PBR 1 and PBR 2) at the same initial density of 0.5 ±
0.06 × 106 cells ml− 1. The medium used upon inoculation was a 
modified 2xF medium which contained only half of the nitrogen con
centration (1.78 mM) to induce stress and starch accumulation gradu
ally. Light was set to 150 µmol m− 2 s− 1, and after three days under 
nitrogen deprivation, all nutrient stocks were resupplied in non-limiting 
amounts (4xF medium) for the recovery phase of the experiment. 

2.2. Cultivation monitoring 

Algal growth was monitored daily by spectrophotometry, measuring 
absorbance at 750 nm with a SparkTM microplate reader (Tecan®, 
Switzerland). Data from the plate reader were converted to 1 cm cuvette 
light-path, with a calibration curve based on T. chui cultures. 

Dry weight was assessed filtrating a known volume of culture, 
diluted in 20 mL 0.5 M ammonium formate, in pre-washed and -weighed 
Whatman GF/F glass fibre filters 25 mm diameter with 0.7 µm pore size 
(Cytiva, UK). Subsequently, filters were dried in a drying oven at 105 ◦C 
for 24–48 h before weighing. 

Samples were stored in paraformaldehyde 2% for further analyses, 
and cell counts were performed using a Guava® easyCyte Flow Cy
tometer (Luminex Corporation, USA) with a minimum of 50,000 events 
screened per sample. 

Quantum yield (Fv/Fm) was measured on the spot with Aquapen 
PAM fluorometer (Photon Systems Instruments, Czech Republic). 

Nitrogen consumption was assessed on the spot using the colori
metric Nitrate Test strips, 10–500 mg L− 1 (NO3

− ), MQuant® (Supelco). 
Values were later confirmed with ion chromatography performed with 
the 940 Professional IC Vario (Metrohm AG, Switzerland). 

2.3. Biomass analysis 

Biomass harvested at each timepoint was freeze-dried and then 
stored for analysis. For starch determination, 7 ± 1 mg were weighed in 
triplicates and exposed to bead − beating in ethanol to break the cell 
walls and remove interfering compounds. Starch was quantified using 
the Total Starch (AA/AMG) Assay Kit (Megazyme, Ireland). Protein 
content was analysed using 10 ± 1 mg freeze-dried biomass with the 
Bio-Rad protein assay dye reagent (Bio-Rad, USA) against a bovine 
serum albumin standard curve. 

2.4. Total RNA isolation and cDNA synthesis 

Cell lysis was performed in the Bullet Blender® 24 (Next Advance, 
USA) using 0.2 mm stainless steel beads (Next Advance) for 3 min and 
speed set at 10. The NucleoSpin® Plant II kit (Macherey-Nagel, Ger
many) was employed to isolate total RNA following the manufacturer’s 
instructions. Removal of residual genomic DNA was ensured by treating 
twice all RNA samples with DNase I. RNA quantification was accom
plished using the NanoDrop 2000 spectrophotometer (Thermo Scienti
fic, USA), and appropriate quality was checked in agarose gels. The total 
RNA (1 µg) from each sample was reverse-transcribed using the iScript™ 
cDNA Synthesis kit (Bio-Rad, USA) in a reaction volume of 20 µL ac
cording to the manufacturer’s protocol. Finally, a volume of 80 µL of 
nuclease-free water was added to each reaction (5-fold dilution). Two 
randomly selected samples were amplified by PCR, in absence of cDNA 
synthesis, to confirm the lack of genomic DNA contamination. Primer 
design and RT-qPCR. 
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For gene expression normalisation, the stability of up to six potential 
reference genes was evaluated (Table 1). They were selected based on 
previously reported data (Torres et al., 2021). For the target genes 
employed in this study, predicted coding sequences of close to 22,600 
transcripts identified in the T. chui strain PLY429 were retrieved from 
the iMicrobe data set (https://www.imicrobe.us/) and then annotated 
using the AutoFACT tool (Koski et al., 2005). A total of 27 transcripts of 
interest were selected, and the predicted encoding polypeptides were 
obtained with EditSeq v8.1.3 (DNASTAR). After that, appropriate 
annotation was confirmed with BLASTp (Table 1). The presence of pu
tative chloroplast signal peptides in the N-terminal portion of predicted 
polypeptide sequences (when non-truncated) was analysed using the 
bioinformatic tool TargetP 2.0 (Armenteros et al., 2019). 

Primer pairs for the candidate reference genes and the target genes 
AGPLs and AGPSs were the same as previously reported (Torres et al., 
2021). Primers for the remaining 25 target genes (See supplementary 
material) were designed using Oligo v7.60 software (Molecular Biology 
Insights). Appropriate performance of each primer pair was double- 
checked, first by PCR amplification of the target amplicons (using the 
same conditions described below for RT-qPCR) and then by loading the 
products in standard agarose gel electrophoresis. A single DNA band of 
the expected sizes was obtained in each instance (data not shown). 

RT-qPCR was performed using a CFX96™ Real-Time PCR Detection 
System (Bio-Rad, USA). Reactions contained 5 µL of 2X iQ™ SYBR® 
Green Supermix (Bio-Rad, USA), 0.3 µL of forward and reverse primers 
(10 µM stock each; final concentration of 300 nM), 2 µL of cDNA (ret
rotranscribed from 20 ng of RNA), and 2.4 µL of nuclease-free water. 
Reactions were run in duplicate and for further calculations, the mean 
threshold cycle (CT) was used. 

Two different tools were used to select the most appropriate refer
ence genes. The first one was geNorm (version 3.5), or pairwise com
parison approach (Vandesompele et al., 2002), in which candidate genes 
are ranked according to their expression stability. The second software 
was NormFinder (version 0.953), in which the candidate reference genes 
are ranked using a model-based approach that ranks the candidate 
reference genes according to their minimal combined inter- and intra- 
group expression variation (Andersen et al., 2004). To generate valid 
input data files for both geNorm and NormFinder, raw CT values were 
first exported to a Microsoft Excel sheet and then transformed into 
relative quantities using the comparative CT method. To achieve this and 
for each candidate reference gene, the lowest CT value was subtracted 
from all other CT values, thus transforming CT values into ΔCT values. 
After that, the formula 2− ΔCt was applied to each data point to obtain 
relative quantities. As the formats for presenting input data were 
different in geNorm and NormFinder, relative quantities calculated as 
previously described were exported into new Excel datasheets and 
converted according to the specific software requirements. 

For each gene, relative transcript levels were determined using the 
2− ΔΔCt method (Livak and Schmittgen, 2001). The thermal cycling 
profile was as follows: incubation at 95 ◦C for 3 min, and then 40 × 15 s 
cycles at 95 ◦C and 68 ◦C for 30 s. For each primer pair, specificity was 
verified through a melting curve analysis from 70 ◦C to 95 ◦C, using a 
ramp speed of 0.5 ◦C every 10 s. In each instance, a single and sharp peak 
was obtained. 

2.5. Statistical analysis of RT-qPCR data 

Statistical analyses were conducted using Prism 6 (GraphPad Soft
ware) after normalisation with RPS10 and UBCE. In all instances, the 
Kruskal-Wallis test (non-parametric one-way ANOVA) was applied and 
when significant, Dunn’s multiple comparison test was performed. Sig
nificance was accepted for p ≤ 0.05. 

Table 1 
List of reference and target genes in Tetraselmis chui and the respective primers 
used for RT-qPCR. (*) sequence retrieved from GenBank. (See supplementary 
material for primer sequences, Tm and amplicon length).  

CANDIDATE REFERENCE GENES 

Gene Sequence ID (T. chui strain 
PLY429) 

Sequence ID (AutoFact + BLAST) 

ACT MMETSP0491_2- 
20121128|5070_1 

Actin 

EFL MMETSP0491_2- 
20121128|385_1 

Elongation factor-1 alpha like 

cdkA MMETSP0491_2- 
20121128|4820_1 

Cell division control protein 2 homolog A  

isoform X1 
rbcL HF931099* Chloroplast ribulose-1,5-bisphosphate 

carboxylase/oxygenase large subunit 
UBCE MMETSP0491_2- 

20121128|9783_1 
Ubiquitin-conjugating enzyme 

RPS10 MMETSP0491_2- 
20121128|7667_1 

40S ribosomal protein S10  

TARGET GENES 

Gene Sequence ID (T. chui strain 
PLY429) 

Sequence ID (AutoFact + BLAST) 

AGPLs MMETSP0491_2- 
20121128|23823_1 

Glucose-1-phosphate adenylyltransferase 
large subunit 

AGPSs MMETSP0491_2- 
20121128|4141_1 

Glucose-1-phosphate adenylyltransferase 
small subunit 

GBSS1 MMETSP0491_2- 
20121128|5277_1 

Granule-bound starch synthase 

GBSS2 MMETSP0491_2- 
20121128|1231_1 

Granule-bound starch synthase 

SSS1 MMETSP0491_2- 
20121128|9227_1 

Soluble starch synthase 

SSS2 MMETSP0491_2- 
20121128|10712_1 

Soluble starch synthase 

SSS3 MMETSP0491_2- 
20121128|5181_1 

Soluble starch synthase 

SSS4 MMETSP0491_2- 
20121128|8254_1 

Soluble starch synthase 

SSS5 MMETSP0491_2- 
20121128|5721_1 

Soluble starch synthase 

SBE1 MMETSP0491_2- 
20121128|5189_1 

Starch branching enzyme 

SBE2 MMETSP0491_2- 
20121128|6860_1 

Starch branching enzyme 

AMA1 MMETSP0491_2- 
20121128|7949_1 

Alpha amylase 

AMA2 MMETSP0491_2- 
20121128|21071_1 

Alpha amylase 

AMA3 MMETSP0491_2- 
20121128|15281_1 

Alpha amylase 

AMA4 MMETSP0491_2- 
20121128|10987_1 

Alpha amylase 

AMA5 MMETSP0491_2- 
20121128|11752_1 

Alpha amylase 

AMB1 MMETSP0491_2- 
20121128|2795_1 

Beta amylase 

AMB2 MMETSP0491_2- 
20121128|4712_1 

Beta amylase 

AMB3 MMETSP0491_2- 
20121128|22759_1 

Beta amylase 

DPE MMETSP0491_2- 
20121128|19976_1 

Disproportionating enzyme 

SPh MMETSP0491_2- 
20121128|6575_1 

Starch phosphorilase 

ISA1 MMETSP0491_2- 
20121128|9150_1 

Isoamylase 1 

ISA3 MMETSP0491_2- 
20121128|11209_1 

Isoamylase 3 

PWD MMETSP0491_2- 
20121128|4718_1 

Phosphoglucan water dikinase 

GWD MMETSP0491_2- 
20121128|3077_1 

Alpha-glucan water dikinase 

DBE1 MMETSP0491_2- 
20121128|24193_1 

Starch debranching enzyme (Limit 
dextrinase) 

(continued on next page) 
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3. Results and discussion 

3.1. Algal cultivation 

In this study, T. chui growth was monitored during two phases. First, 
cultures were inoculated in a modified 2xF medium containing a 
reduced nitrate content, equivalent to the proportion present in standard 
F medium (1.78 mM), to induce starch accumulation. Second, after the 
starch content reached values above 30% of the dry weight, nutrient 
stock solutions were resupplied in non-limiting concentrations (equiv
alent to 4xF medium) to examine how the cultures would recover. 

Table 1 (continued ) 

TARGET GENES 

Gene Sequence ID (T. chui strain 
PLY429) 

Sequence ID (AutoFact + BLAST) 

DBE2 MMETSP0491_2- 
20121128|26458_1 

Starch debranching enzyme (Alpha-1,6 
glucosidase, pullulanase-type)  

Fig. 1. Time course of cell growth and biomass 
changes in Tetraselmis chui in two parallel 25 L tubular 
photobioreactors, PBR 1 (dotted line) and PBR 2 (solid 
line). Timepoint 0 on the × axis corresponds to the 
moment of nitrogen replenishment. (a) flow cytom
etry cell counts; (b) nitrate concentration in culture 
medium; (c) biomass dry weight; (d) absorbance at 
750 nm; (e) starch concentration expressed as % of 
biomass dry weight; (f) quantum yield; (g) protein 
concentration expressed as % of biomass dry weight; 
(h) protein concentration expressed as grams per litre.   
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The use of a reduced nitrogen content at inoculation was preferred 
over immediate and complete starvation. It has been previously shown 
that this approach induces a higher starch accumulation and better 
productivity, possibly due to the milder and more gradual advent of 
stressful conditions (Yao et al., 2017). The nitrogen supplied was 
consumed within the first 24 h (Fig. 1a), resulting in halted culture 
growth with no further increase in cell numbers (Fig. 1b). However, a 
slight increase in dry weight (Fig. 1c) and absorbance at 750 nm 
(Fig. 1d) were observed, due to storage compound accumulation and 
changes in cell granularity. After nitrogen restitution at high concen
tration, all growth parameters showed signs of recovery within 48 h. 

In the pilot-scale set-up assessed in this work, nitrogen starvation led 
to a 3.5-fold increase in the relative starch content (Fig. 1e), reaching 
58.5% ± 2 of the biomass dry weight. Species from the genus Tetraselmis 
are known to produce such high storage contents at lab-scale, and up to 
62% of starch has been previously found (Yao et al., 2012). During the 
replenishment phase, starch degradation started after 12 h. The decrease 
proceeded slowly to reach 25% of starch content within 48 h and finally 
returned to basal level after 96 h. 

Nitrogen is a primary constituent of proteins, and its absence results 
in reduced cell functions and protein synthesis. In the first phase, as 
expected, relative protein content in the biomass decreased concomi
tantly to an increase in starch reserves, whereas the protein content in 
the cultures (expressed as g L− 1) was halted (Fig. 1 g-h). In the second 
phase, recovery started after 24 h from replenishment, in parallel with 
cell division. Overall, a very similar performance of the two parallel 25 L 
reactors could be observed (Fig. 1). 

Photosynthetic activity has also proved essential for starch meta
bolism during stress conditions (Carnovale et al., 2021; Janssen et al., 
2018; Li et al., 2015). Therefore, it becomes crucial to ensure that the 
cultures are not limited or inhibited by light and receive an adequate 
irradiance dose. Quantum yield (Fv/Fm) has been studied as a proxy for 
the activity of Photosystem II, in combination with stress-induced starch 
accumulation. Its threshold for efficient starch production has been 
identified to be above 0.60 for both Chlorella vulgaris (Brányiková et al., 
2011) and T. subcordiformis (Yao et al., 2012). In this study Fv/Fm 
decreased after nitrogen consumption from 0.79 ± 0.01 to 0.68 ± 0.03 
(Fig. 1f). Such values did nonetheless not hinder starch accumulation. 
Quantum yield further decreased after nitrogen resupply. However, it 
recovered faster than other parameters monitored, with values returning 
to levels above 0.70 within 48 h. 

Former studies on phosphorus deprivation in T. subcordiformis have 
shown a faster recovery from stress (Yao et al., 2012). Thus, it could be 
hypothesised that nitrogen deprivation has a more substantial impact on 
cell metabolism. It is noteworthy that in the pilot-scale experiment 
nutrient replenishment did not directly result in significant changes in 
culture density over 48 h. 

3.2. Selection of candidate reference genes for RT-qPCR 

Gene expression analysis by quantitative real-time reverse tran
scription PCR (RT-qPCR) is considered a valid and commonly used tool 
to provide information concerning molecular regulatory mechanisms 
associated to cellular processes owing to its speed, high sensitivity, cost, 
accuracy, reliability and reproducibility (Gao et al., 2020; Mou et al., 
2015). However, appropriate selection of reference genes is crucial in 
order to normalise RT-qPCR thus minimising the effect of potential 
interfering factors. Hence, stability of candidate reference genes has to 
be validated under specific experimental conditions as expression pro
files are not always constant (Chapman and Waldenström, 2015; 
Radonić et al., 2004). With this aim, different mathematical algorithms 
have been developed to evaluate the suitability of reference genes, with 
geNorm (Vandesompele et al., 2002) and NormFinder (Andersen et al., 
2004) among the most widely employed tools. As an appropriate se
lection of stable genes is a major factor to ensure gene expression data 
reliability, a high number of studies have been conducted in different 

organisms and cell types, including microalgae (Cao et al., 2012; Guo 
et al., 2013; Liu et al., 2020). Particularly, the expression stability of up 
to 18 different candidate reference genes has been recently evaluated in 
the green microalgae T. chui using samples collected from large scale 
industrial photobioreactors and indoor cultures (Torres et al., 2021). 
Taking advantage of the results obtained in that previous report, a set of 
six genes that were revealed to be highly stable (RPS10, EFL, ACT, rbcL, 
UBCE and cdkA; see Table 1) were selected to check suitability as 
reference genes using geNorm and NormFinder in samples collected in 
this study. 

First, the average expression stability (M) values of the six candidate 
reference genes were determined using the geNorm algorithm (Fig. 2a). 
All the genes exhibited an M value below the 1.5 geNorm threshold. The 
most stable genes across timepoints were UBCE/cdkA, followed by 
RPS10. Next, pairwise variation values (V) were calculated with a cut-off 
suitability set at 0.15 (Fig. 2b) to identify the ideal number of reference 
genes needed for accurate expression normalisation. The combination of 
two genes rendered this value of 0.15, but the addition of more genes 
revealed to increase V. Thus, only two genes were used for normal
isation. Stability was also evaluated using the NormFinder software 
(Fig. 2c). In line with geNorm, the most stable genes were RPS10, UBCE 
and cdkA. Given the known sensitivity of geNorm to co-expressed genes, 
RPS10 (the most stable gene in NormFinder) and UBCE (one of the two 
most stable genes with geNorm, and the second most stable gene with 
NormFinder) were finally selected for gene expression normalisation. 
Results obtained in this work are in agreement with those previously 
reported in a comprehensive ranking of 18 potential reference genes in 
T. chui, showing RPS10 and UBCE among the four most stable genes 
(Torres et al., 2021). 

3.3. Expression of target genes 

Quantitative analysis of gene expression is undoubtedly a powerful 
tool in order to unravel the molecular and biochemical events that un
derlie physiological characteristics and responses to environmental 
changes in any given organism. Fortunately, genetic resources have 
been exponentially increasing during the last decade thanks to Next 
Generation Sequencing technologies, and thus complete genomes as 
well as transcriptomes obtained by RNA sequencing (RNA-Seq) of many 
different organisms and cell types are nowadays available in databases. 
Regarding microalgae, this last high throughput technology has been 
applied with success to analyse the whole adaptive physiological re
sponses to changes in varying culture conditions (Corteggiani Carpinelli 
et al., 2014; Scarsini et al., 2022). However, to study particular meta
bolic pathways, the construction of RT-qPCR platforms for the expres
sion analysis of a variable number of selected and representative genes 
becomes a valuable approach. In this regard and owing to the reliability 
and accuracy of RT-qPCR, this strategy has been followed, for instance, 
to validate RNA-seq data in the green microalgae species Chlorella sor
okiniana (Li et al., 2016), Tetraselmis sp. M8 (Lim et al., 2017) and Tet
raselmis suecica (Lauritano et al., 2019). Moreover, the influence of light 
quality on metabolism has been studied using a RT-qPCR platform 
containing more than 100 selected genes in the Eustigmatophyceae 
Nannochloropsis gaditana (Patelou et al., 2020). These studies high
lighted how gene expression analysis of selected markers by RT-qPCR 
can be used in microalgae to study the modulation of metabolic path
ways in response to environmental changes. In the present study, 
availability of a full T. chui transcriptome (strain PLY429; see Materials 
and Methods) allowed identification of a set of 27 genes (Table 1) 
potentially involved in starch biosynthesis and degradation (Busi et al., 
2014). Thus, primer pairs could be designed to create a specific RT-qPCR 
platform to study starch metabolism during nitrogen deprivation and 
further recovery. 

Gene expression results had a low variation between the two parallel 
culture units. As a whole, expression patterns in T. chui during nitrogen 
deprivation showed an overall down-regulation of most target genes, 
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especially after prolonged stress exposure (timepoint − N 48 to 72 h). A 
closer look at the single expression profiles over time (Fig. 3; see also 
supplementary material) provided insights about the regulatory starch 
metabolic pathways under nitrogen deprivation, with different trends 
during starch synthesis and degradation phases. 

The reaction catalysed by AGPase is considered the primary control 
step for starch synthesis (Ball and Deschamps, 2009). It is also one of the 
main regulatory steps, with its expression peaking at the beginning of 
the starch synthesis phase in O. tauri (Sorokina et al., 2011). Previous 
studies on microalgae have reported that under stress conditions such as 
nutrient deprivation, a transient increase both in AGPase activity (Li 
et al., 2011; Zhu et al., 2015) and transcript amounts (Goodenough 
et al., 2014; Jaeger et al., 2017; Juergens et al., 2015; Li et al., 2015; Tan 
et al., 2016) was concurrent to the process of starch accumulation. In the 
present study, both AGPLs and AGPSs (the genes encoding the large and 
small subunit of the enzyme, respectively) were significantly down- 
regulated during nitrogen deprivation, while a slight increase was 
detected after nitrogen replenishment (Fig. 3). Transcription of these 
genes did not completely recover to the levels observed before stress, 
particularly in the case of AGPLs, suggesting that even if some starch was 
being synthesised through this pathway, anabolism was slower than 
catabolism. Down-regulation of AGPase activity (Yao et al., 2018) and 
transcription (Rismani-Yazdi et al., 2016) has been reported in micro
algae under nitrogen starvation, and in C. sorokiniana it was demon
strated to be associated with an excessive orthophosphate presence (Zhu 
et al., 2015). In T. subcordiformis, the decline in AGPase activity during 
starch accumulation led to identifying a second regulatory mechanism 
based on SPh (Jiang et al., 2017; Yao et al., 2018). SPh in plants is 
involved in the last degradation steps, where it catalyses glucose phos
phorylation to Glc-1-P. However, its up-regulation has been shown in 
connection to starch accumulation in multiple studies and species 
(Ikaran et al., 2015; Jaeger et al., 2017; Jiang et al., 2017; Juergens 
et al., 2015). The SPh expression profile found in this study supports a 
role for this gene in starch production under nitrogen deprived condi
tions since it exhibited an early significant increase in transcripts 24 h 
upon starvation and, despite being down-regulated during prolonged 
exposure to nutrient stress, transcript amounts remained above basal 
levels (Fig. 3). Interestingly, the transcriptional response to nitrogen re- 
supply also suggests a role for SPh in starch breakdown in T. chui, in 
agreement with proposed models for starch metabolism in microalgae 
(Busi et al., 2014; Ran et al., 2019) as a rapid up-regulation of SPh was 
observed just after 12 h. 

As theoretically might be expected, most studies looking into starch 
pathways under nutrient stress in microalgae have detected an up- 
regulation of different SSS and GBSS genes during starch synthesis, 
especially in the early phases of stress (Blaby et al., 2013; Goodenough 
et al., 2014; Juergens et al., 2015; Moseley et al., 2006; Toepel et al., 
2013). In the present study, several starch synthase genes (GBSS1, SSS1, 

SSS2, and SSS5) were up-regulated during the first 24 h of the trial 
(Fig. 3), coinciding with the depletion of nitrogen and with the begin
ning of starch storage. However, transcripts of SSS3, SSS4 and GBSS2 
decreased during prolonged nitrogen deprivation, whereas SSS2 was up- 
regulated throughout the starvation period. Such results suggest SSS2 as 
a key T. chui isoform involved in starch synthesis under nitrogen 
deprivation. Toward the end of the trial (96 h after nitrogen replenish
ment), a recovery in transcript abundance was detected in almost all 
synthase genes. This final increase, observed also in other genes such as 
SPh, might represent an adaptive but transient state in response to full 
(or close to) recovery after the previous stressful conditions. 

The cleavage of α(1–6) bonds by isoamylases is functional to struc
tural rearrangements during both synthesis and degradation of starch. In 
C. reinhardtii, ISA1 mutants are unable to produce starch and, instead, 
divert carbon metabolism to lipid synthesis (Kato et al., 2021). The 
expression of ISA1, ISA2 and ISA3 was reported to be up-regulated 
within 24 h from stress in C. reinhardtii (Juergens et al., 2015), 
whereas, in C. sorokiniana, the regulation of ISA1 was studied over a 
more extended starvation period (up to 6 days), showing an increase in 
transcripts in parallel to degradation of starch (Li et al., 2015). In the 
present study, similarly to what was observed for some starch synthases, 
both ISA1 and ISA3 genes were up-regulated at the onset of starvation 
and subsequently down-regulated during prolonged exposure to stress 
(Fig. 3). The expression of both genes slowly increased during starch 
degradation. Thus, it was not possible to deduce a clear and direct role of 
ISA1 and ISA3 in starch metabolism according to their gene expression 
profiles. However, the expression of both genes slowly increased during 
starch degradation, suggesting both isoforms are involved throughout 
all starch metabolic processes. 

Despite their key role in starch catabolism, amylases have been often 
reported to be positively regulated also in the phases of starch accu
mulation. For instance, an increase in transcripts encoding alpha- 
amylases has been reported under sulphur and phosphorus depriva
tion in C. reinhardtii, in parallel to an increase in starch content (Juer
gens et al., 2015; Moseley et al., 2006; Nguyen et al., 2008; Toepel et al., 
2013). A transient up-regulation of several genes encoding alpha- and 
beta-amylases was also detected during the transition to lipid accumu
lation in M. neglectum under nitrogen deprivation, though starch content 
did not consequently decrease. In this study, the five AMA genes ana
lysed exhibited an unexpected transient up-regulation after 24 h of ni
trogen deprivation (Fig. 3). Then, two of them (AMA2 and AMA3) 
showed transcript levels below starting basal levels, whereas the others 
returned to values close to the basal level. During the starch degradation 
phase, AMA1 was the only alpha-amylase consistently up-regulated. The 
other genes were all down-regulated, with the exception of AMA5, that 
showed an initial transient up-regulation after 12 h of nitrogen replen
ishment. It has been previously stated that the existence of post- 
transcriptional regulatory mechanisms modulating protein abundance 

Fig. 2. Selection and stability of candidate reference genes in Tetraselmis chui. (a) average expression stability (M) and (b) pairwise variation (V) extrapolated from 
geNorm, and (c) stability value extrapolated from NormFinder. Detailed information about target genes is listed in Table 1. 
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or enzymatic activity of amylases could explain unexpected expression 
profiles during starch accumulation (Jaeger et al., 2017; Nguyen et al., 
2008). Moreover, it cannot be ruled out a potential role of these enzymes 
in cleaving glycosidic bonds during starch accumulation, which might 
be linked to the rearrangement of the crystal structure. As such, 

differential expression patterns in both alpha- and beta-amylases 
encoding genes have been reported concerning the starch flux during 
the dark/light cycle in O. tauri (Sorokina et al., 2011). 

The role of SBE and DPE in starch metabolism has also been ques
tioned as different expression patterns have been detected for these 

Fig. 3. Proposed regulatory model of starch synthesis and degradation pathways in Tetraselmis chui based on gene expression data obtained in this study. The 
expression profile of each gene is represented in two boxes, one for the nitrogen deprivation phase (-N, 0–72 h) and one for the recovery phase (+N, 12–96 h). 
Transcriptional regulation relative to timepoint zero (-N 0; white) is represented as a colour coded heat-map (Red = down-regulated, Green = up-regulated). In the 
genes marked with the (C) symbol, a putative chloroplast signal peptide was found in the predicted polypeptides, suggesting a putative location of the enzymes in the 
chloroplast. The symbol (T) indicates truncated sequence in the amino portion, and hence the analysis could not be performed, and (n.d.) indicates no signal peptide 
detected. The image is based on a figure by Ran et al. (2019) and Jaeger et al. (2017). Detailed information about target genes is listed in Table 1. 
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enzymes during starch production in microalgae (Ran et al., 2019). Up- 
regulation of SBE genes has consistently been found in C reinhardtii 
during nitrogen-induced starch accumulation (Blaby et al., 2013; 
Goodenough et al., 2014; Juergens et al., 2015), and similar results were 
also observed in D. tertiolecta (Tan et al., 2016). However, down- 
regulation of SBE2 was also observed under sulphur deprivation con
ditions in C. reinhardtii (Toepel et al., 2013). Differential expression of 
DPE isoforms was instead observed under nitrogen stress in 
C. reinhardtii, with DPE1 being down-regulated after 24 h of stress, 
whereas DPE2 transcripts increased (Juergens et al., 2015). In the pre
sent study, SBE1, SBE2 and DPE were all significantly down-regulated 
during the starvation phase (Fig. 3). Once nitrogen was resupplied in 
the medium, DPE transcripts almost returned to basal levels, whereas 
SBE1 and SBE2 remained down-regulated. This somewhat unexpected 
result could be explained either by the presence of additional isoforms 
being active in this process or by post-transcriptional regulatory mech
anisms that could play a role in the regulation of these genes, as sug
gested for isoamylases or amylases encoding genes (Ikaran et al., 2015; 
Jaeger et al., 2017; Nguyen et al., 2008). 

Compared to most starch-related genes included in the present study, 
regulation under stress conditions of PWD and GWD has been tackled 
much less in scientific literature. In C. reinhardtii, two different GWD 
genes and PWD were down-regulated under nitrogen starvation 24 h 
after the onset of stress, when starch content was increasing (Juergens 
et al., 2015). In contrast, in the green microalga M. neglectum, three GWD 
genes exhibited a significant up-regulation in nitrogen-deprived cells 
after 24 h of stress when starch content peaked, whereas PWD remained 
stable. Moreover, during the recovery phase after nitrogen resupply, 
transcript levels of GWD were unaffected, whereas those of PWD genes 
were down-regulated and returned to basal levels (Jaeger et al., 2017). 
In the present study, the expression of GWD exhibited an up-regulation 
at the beginning of the starvation phase (Fig. 3). Still, it was then 
strongly repressed after 48 h and onto the starch degradation phase. 
However, PWD remained relatively stable throughout the trial, with 
transcript amounts slightly decreasing under nitrogen starvation but 
increasing after nitrogen replenishment. Altogether, these findings 
reveal significant differences in the transcriptional regulation of WD in 
microalgae and potentially suggest phosphorylation of glucan chains as 
a process occurring in all stages of starch metabolism. In support of this 
idea, in the O. tauri day-night cycle model, PWD was shown to have a 12 
h circadian rhythm. Expression peaks were thus observed both in the 
middle of daylight and night-time, potentially underpinning the 
importance of this enzyme in starch anabolism and catabolism (Sorokina 
et al., 2011). 

As a whole, findings obtained in this study suggest firstly that the 
green microalga T. chui displays species-specific transcriptional regula
tory pathways in starch metabolism. This is in agreement with a recent 
review showing that the expression of starch-related genes during stress 
differs greatly between species and conditions and that the activity of 
typical anabolic enzymes can be detected during catabolism and vice 
versa (Ran et al., 2019). Secondly, the up-regulation of degrading en
zymes during starch production in this study, as similarly reported in 
multiple species (Nguyen et al., 2008; Zhang et al., 2004; Ikaran et al., 
2015), supports the hypothesis that catabolic enzymes may play a role in 
maintaining an active flux of substrates in the starch biosynthetic 
pathway (Moseley et al., 2006). In this regard, the expression profile of 
SPh detected in T. chui suggests a potential role of this enzyme in starch 
synthesis, in agreement with the results of a former study performed on 
T. subcordiformis (Jiang et al., 2017). Finally, the results of this study 
allow to formulate the hypothesis that post-transcriptional regulatory 
mechanisms may play a critical role in starch metabolism in T. chuii, as 
was formerly suggested for other species (Nguyen et al., 2008; Ikaran 
et al., 2015; Jaeger et al. 2017). Further studies could explore this route, 
possibly using “-omics” technologies to better understand and charac
terise the accumulation of reserve starch in this industrially relevant 
species. 

4. Conclusions 

T. chui proved to be an efficient and fast starch producer under ni
trogen deprivation in the pilot-scale trial here conducted, with a 
maximum relative content of 59% storage starch. A full recovery was 
achieved between 48 and 96 h after nitrogen replenishment, with a 
speedy degradation of starch and an upturn of photosynthetic activity. 
However, no clear relationships between evolution of starch content and 
expression profiles of target genes involved in starch metabolism could 
be established during starch synthesis and degradation phases, which 
strongly suggest that specific post-transcriptional regulatory mecha
nisms may play a crucial role in starch metabolism in T. chui. 
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