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Abstract
Fluorescence-Activated Cell Sorting (FACS) is a powerful method with many applications in microalgal research, especially 
for screening and selection of cells with improved phenotypes. However, the technology requires review of gene expression 
changes responsible for enhanced phenotypes in sorted populations. Phaeodactylum tricornutum cells were sorted using 
FACS with excitation/emission parameters targeted to favouring the industrially-relevant carotenoid fucoxanthin. The result-
ing cultures showed significantly higher growth rate (1.10 ×), biomass (1.30 ×), chlorophyll a levels (1.22 ×) and fucoxanthin 
content (1.28 ×) relative to the wild-type strain. RNA-seq was used to elucidate the underlying molecular-level regulatory 
changes associated with these traits and represents the first study do so on FACS-sorted microalgal cultures. Transcriptome 
analysis corroborated evidence of increased chlorophyll a and fucoxanthin, showing enrichment for the genes/pathways for 
tetrapyrrole biosynthesis and for suites of genes directly related to photosynthesis. Only three genes were upregulated in the 
MEP (non-mevalonate) pathway to carotenoid biosynthesis pathway, suggesting either a strong influence of IDI, CRTISO5 
and ZEP1 on fucoxanthin biosynthesis or a post-transcriptional or post-translational mechanism for the observed increase 
in fucoxanthin content.
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Introduction

Microalgal biotechnology is a developing area of research 
with enormous potential as a contributing technology for 
a renewable agricultural industry (Fabris et al. 2020; Sahu 
et al. 2020). Microalgae are single-celled eukaryotic organ-
isms heavily responsible for Earth’s oxygen production, 
nutrient cycling, and primary production (Moroney 2001; 
Singh and Ahluwalia 2013; Prata et al. 2019). The potential 
of these organisms as contributors to sustainable industry 
lies in their high growth rates, ability to be grown under a 

wide range of conditions, high nutritional value, use of non-
arable land, and as a source of a suite of valuable compounds 
(Spolaore et al. 2006; Brennan and Owende 2010; Dragone 
et al. 2010; Khan et al. 2018). Microalgae have proven effec-
tive in many areas including the sequestration of carbon, as 
fertiliser in agriculture and as feed in aquaculture (Singh and 
Ahluwalia 2013; Renuka et al. 2018; Shah et al. 2018). Valu-
able compounds like pigments are also being increasingly 
targeted using microalgae from a biotechnological perspec-
tive (Sun et al. 2023).

Microalgal pigments assist in the capture and transfer of 
light energy within the photosynthetic apparatus, but are cur-
rently used by humans as health compounds in the nutraceu-
ticals and cosmetics industry, as well as for aquaculture feed 
(Nwoba et al. 2020; Pérez-Legaspi et al. 2020). The genera 
Chlorella, Spirulina, Haematoccocus and Dunaliella are the 
main biofactories for production of chlorophylls, phycocya-
nin, astaxanthin and β-carotene (Silva et al. 2020).

Fucoxanthin is the main carotenoid pigment in the diatom 
Phaeodactylum tricornutum, and a target for biotechnological 
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projects for its health benefits and use in terrestrial farm-
ing and aquaculture (Xia et al. 2013; Zhang et al. 2015; 
Karpiński and Adamczak 2019; Bae et al. 2020). Fucoxan-
thin is currently produced in Israel and France and the high-
est yields have been observed in P. tricornutum, Odontella 
aurita, and Tisochrysis lutea (Pajot et al. 2022).

Phaeodactlum tricornutum is a model microalgal species 
with a sequenced genome and an advanced genetic toolkit. 
Fucoxanthin content in WT P. tricornutum can be orders 
of magnitude higher than in fucoxanthin-producing mac-
roalgal species (up to 59.2 mg  g−1 under specific culture 
conditions (McClure et al. 2018; Khaw et al. 2022; Pocha 
et al. 2022)). In addition, a variety of genetic manipulation 
techniques have been employed to improve baseline pigment 
content in P. tricornutum. Utilisation of physical and chemi-
cal mutagens have generated mutants with fucoxanthin con-
tent 1.7 × greater than WT, and genetic engineering efforts 
have produced transformant lines with 1.45 × WT fucoxan-
thin content by overexpressing the phytoene synthase gene 
(Kadono et al. 2015; Yi et al. 2015, 2018).

Approaches that produce large libraries of mutants 
require high-throughput screening methods to select for 
elite strains. Fluorescence Activated Cell Sorting (FACS) 
is a high-throughput technique and has been used to screen 
for pigments in microalgae (Pereira et al. 2018; Gao et al. 
2020, 2021). This method has also been used previously 
to isolate a population with a 1.25 × increase in fucoxan-
thin using P. tricornutum (Fan et al. 2021). Screening of 
cell populations for pigment content by FACS eliminates 
the need for a time-consuming solvent extraction step and 

provides fluorescence, size, and cell volume data on a 
single-cell level (Gerashchenko 2020). In addition to high 
resolution measurements, FACS has the ability to sort cells 
based on combinations of these factors and with highly 
specific customised gating arrangements. The technology 
can therefore not only be used as a screening method for 
various compounds, but also can be used as a method of 
artificial selection to separate populations with desirable 
phenotypes without the need for mutagenesis or complex 
laboratory evolution methodology. While these approaches 
have been undertaken as outlined above, there is very lit-
tle exploration of the phenotypic and genetic differences 
of FACS-sorted (F) populations. Consequently, further 
study is needed to elucidate the true potential of FACS 
for microalgal research. This work included a theoretical 
industry-based growth regime for optimising fucoxanthin 
content in order to elucidate differences between WT and 
F populations. Furthermore, RNAseq analysis was incor-
porated to investigate changes occurring in the transcrip-
tomes of F cells versus WT P. tricornutum cells (Fig. 1). 
Cells sorted by the highest fluorescence using fucoxanthin 
gating were anticipated to exhibit elevated fucoxanthin 
content and differential gene expression in the carotenoid 
pathway, as well as related upstream pathways like the 
non-mevalonate (MEP) pathway. Additionally, other rel-
evant pathways known to influence fucoxanthin biosyn-
thesis, such as phytoene synthase (PSY), were expected 
to be involved. This would provide a comprehensive gene 
library potentially responsible for enhancing fucoxanthin 
production.

Fig. 1  Conceptual diagram of 
workflow used in this study: 
from Fluorescence-Activated 
Cell Sorting (FACS) to cultur-
ing, culture measurement, 
pigment detection using High-
Performance Liquid Chroma-
tography (HPLC), and RNA 
sequencing and analysis
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Materials and methods

Stock culturing

Axenic Phaeodactylum tricornutum (CCAP 1055/1) stock 
cultures were grown in Artificial Sea Water (ASW) medium 
according to Darley and Volcani (1969) under fluorescent 
light (150 µmol photons  m−2  s−1) with a 24:0 light:dark 
cycle in shaking tissue culture flasks (140 rpm) kept at 21 °C 
(Climo-Shaker ISF1-XC, Kuhner, Switzerland).

Sorting with FACS

FACS was performed using a BD FACSMelody (BD Bio-
sciences, USA) with the PerCP-Cy5.5 channel, as this laser 
arrangement had high correlation to fucoxanthin (Ex/Em 
561/710 using CytoFlex LX, Beckman Coulter, USA) in our 
previous work (Macdonald Miller et al. 2021). To isolate cell 
populations, forward scatter area (FSC-A) was first plotted 
against forward scatter height (FSC-H) to separate singlets 
after which FSC-A was plotted against SSC-A to exclude 
debris. The fusiform cell morphology was the sole cell type 
observed throughout experimentation and therefore consid-
eration of either oval or triradiate cells when performing 
FACS was not taken. Gated single cells were then plotted 
using PerCP-Cy5.5 fluorescence against FSC-A for fur-
ther gating for fucoxanthin content. The gating strategy for 
selecting single cells using FACS is outlined: while manu-
ally generating a curve to follow the shape of the distribu-
tion and thereby select for high-fluorescing cells irrespec-
tive of cell volume (Supplementary Fig. 1B, it was found 
that despite doubling average fluorescence, the mean FSC 
was approximately equal between the top 1% and the total 
population. However, a flat line / rectangle (Supplemen-
tary Fig. 1A) selected for higher cell volume in the top 1% 
(~ 3.6 × mean FSC) but this allowed for much higher fluo-
rescence selection (~ 3.2 × mean fluorescence) than the total 
population. It was later observed that FSC and SSC were 
similar or identical between WT and F (FACS) cultures, 
indicating that the rectangular gating strategy was appropri-
ate. Therefore, a straight line gate was used for sorting sin-
gle cells into 384-well microplates. A rectangular gate was 
created which included the entire population to be sorted, 
and then was set at a threshold of ~ 1% top fluorescing cells. 
Cells were sorted to a total of 100,000 into 5 mL of ASW at 
exponential phase and this was replicated 5 times.

Culture data

In order to simulate a theoretical product-favoured 
growth arrangement, sorted populations were grown to an 

inoculation density of 50,000 cells  mL−1 and subcultured 
into fresh ASW under fluorescent light at 150 µmol photons 
 m−2  s−1 with a 24:0 light cycle in shaking tissue culture 
flasks (140 rpm) kept at 21 °C. Daily 1:1 dilutions were 
performed for 3 days to provide optimal growth conditions 
for maximising biomass, after which the flasks were placed 
in 10 µmol photons  m−2  s−1 without dilution for a further 
5 days to maximise carotenoid content, as fucoxanthin has 
been observed to increase under conditions of low light 
as a light harvesting pigment (McClure et al. 2018; Seth 
et al. 2021). Cell counts and fluorescence were measured 
daily using flow cytometry and biomass was measured at 
the start and end of the experimental period. At the end of 
the experimental period, cultures were centrifuged at 4 °C, 
washed with chilled (4 °C) Milli-Q water, flash-frozen in 
liquid nitrogen, and stored at -80 °C for further analysis. 
All samples were centrifuged within 1 h of each other and 
always remained chilled throughout collection.

HPLC

Freeze-dried pellets were weighed and re-suspended at 
2–3 mg dry biomass per mL of chilled ethanol before being 
sonicated with 1-s pulses using an ultrasonic homogeniser 
(Qsonica Q125) at 100% amplitude and filtered once extrac-
tion was confirmed. Extracts were filtered using 0.2 µm 
PTFE syringe filters and stored at -80 °C until analysis. 
High Performance Liquid Chromatography (HPLC) was 
conducted using an Agilent Technologies 1290 Infinity, 
equipped with a binary pump with integrated vacuum degas-
ser, thermostated column compartment modules, Infinity 
1290 auto-sampler and PDA detector. Column separation 
was performed using a 4.6 mm × 150 mm Zorbax Eclipse 
XDB-C8 reverse-phase column (Agilent Technologies) 
and guard column using a gradient of TBAA (tetrabutyl 
ammonium acetate):methanol mix (30:70) (solvent A) and 
methanol (Solvent B) as follows: 0–22 min, from 5 to 95% 
B; 22–29 min, 95% B; 29–31 min, 5% B; 31–40 min, col-
umn equilibration with 5% B. Column temperature was 
maintained at 55 °C. A complete pigment profile from 270 
to 700 nm was recorded using PDA detector with 3.4 nm 
bandwidth. Sample concentrations were determined using 
a calibration curve of peak area to known concentrations of 
pure pigment standards.

RNA extraction

RNA extractions were performed in triplicate using RNAse-
free reagents. Flash-frozen pellets were resuspended in 
1.5 mL of Trizol reagent and pipetted until homogenous 
before incubating at room temperature for 5 min. Then, 300 
µL chloroform (Sigma-Aldrich, #C2432) was added and 
mixed by inverting tubes for 15 s before a second incubation 
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at room temperature for 15 min. Tubes were centrifuged 
at 4 °C and 12,000 RCF for 15 min. The aqueous phase 
was transferred to a clean 2 mL tube and an equal volume 
of molecular grade ethanol was added (Sigma-Aldrich, 
#E7023) before being inverted several times to mix. This 
was then transferred to a spin column in a 2 mL collection 
tube 650 µL at a time and centrifuged at 8,000 RCF for 30 s 
with discarding of flow-through, and this step was repeated 
until all of the liquid had passed through the column. Further 
purification was performed using a Qiagen RNeasy kit using 
the protocol recommended by manufacturer (Qiagen, USA). 
RNA concentration was measured using a NanoDrop spec-
trophotometer (Thermo Fisher Scientific, USA) and quality 
was evaluated via the presence of intact 18S and 28S riboso-
mal RNA bands using an Agilent 2100 BioAnalyzer (Agilent 
Technologies) prior to sequencing. Samples with RINS > 8.8 
were included in sequencing.

Sequencing and assembly

Sequencing was undertaken at the Ramaciotti Centre for 
Genomics (University of New South Wales, Sydney, Aus-
tralia). First, samples were converted to libraries using Illu-
mina Stranded mRNA prep, ligation. Ribonucleic acid at 
500 ng was used as input to the library prep with 10 PCR 
cycles. Libraries were pooled equimolar and the final pool 
was cleaned using 0.9 × AMPure XP beads. Sequencing 
was performed on an Illumina NextSeq 500 150 cycle High 
Output platform (Illumina, USA) in 2 × 75 bp strand-spe-
cific format. Fastq files were trimmed using TrimGalore! 
(Babraham Bioinformatics, v0.6.7) using default param-
eters. Quality control of fastq files was performed using 
FastQC v0.11.9 (Andrews 2010) pre- and post-trimming, 
and reports compiled by MultiQC v1.11 (Ewels et al. 2016). 
Fastq reads were then pseudo-aligned to the P. tricornutum 
ASM15095v2 transcriptome which was downloaded from 
ensemble genomes (http:// proti sts. ensem bl. org/ Phaeo dacty 
lum_ trico rnutum/ Info/ Index) using kallisto v0.44.0 (Bray 
et al. 2016) with the strand specific –rf-stranded option, 
to give read counts for each transcript. Counts were then 
combined for multiple transcripts of the same gene to give 
gene-level counts. Genes were filtered for those with at 
least 10 counts in at least 3 samples. Gene-level differen-
tial expression was performed using Limma (Smyth 2005) 
and Voom (Law et al. 2014). All gene counts presented are 
Voom-transformed counts.

Pathway enrichment analysis

Degust (Powell 2015) was used to automatically generate 
an MDS (multi-dimensional scaling) plot to visualise differ-
ences between gene expression between WT and F cultures. 
Genes with a logFC (log twofold change) threshold of 1 

and p-value < 0.05 were input to ShinyGO v0.77 (Ge et al. 
2020) for enrichment of three GO aspects: Molecular Func-
tion (MF), Cellular Component (CC) and Biological Process 
(BP) with a minimum pathway size of 10.

Statistics and visualisation

One-way ANOVA with confidence level of 0.05 was per-
formed followed by Tukey’s post-hoc using GraphPad Prism 
version 9.0.2 for Windows (GraphPad Software, USA) for 
culture characteristics and pigment content data. Degust v4.2 
(Powell 2015) was used to analyse Voom (variance modeling 
at the observational level) counts. Data visualisation was 
performed using Prism, Degust, Clustergrammer (Fernandez 
et al. 2017) and Kaluza Flow Cytometry Analysis Software 
version 2.1 (Beckman Coulter, USA).

Results

Growth and pigment phenotypes of FACS‑sorted 
cultures

Because cell volume did not significantly increase in the 
F cultures by the end of the experimental period (Supple-
mentary Fig. 3), artificial selection for cell volume can be 
excluded as the reason for increased fucoxanthin and chlo-
rophyll a content in FACS cultures. Despite selecting for 
both fluorescence and cell volume, FACS and WT cultures 
throughout the experiment were similar for both geometric 
mean FSC and SSC (Supplementary Fig. 3) and despite an 
initial F culture increase in FSC-A of 3.6 × WT, this number 
decreased to 1.04 × WT by day 8 of the experimental period.

FACS-sorted cultures had significantly higher cell counts 
than WT cultures at every time point, with the exception 
of day 0 (p < 0.0003 for days 1—3 and p < 0.01 for days 
4 – 8 using t-tests). The highest mean cell count for F cul-
tures was 4.7 ×  106  mL−1 at day 2, whereas the maximum for 
WT was 3.1 ×  106  mL−1 at day 3 (Fig. 2a). Cultures sorted 
with FACS also exhibited a significantly higher (p = 0.025) 
mean specific growth rate during the optimal growth phase 
during days 0–3, which was 1.16 ± 0.06 for F cultures and 
1.05 ± 0.05 for WT cultures (Fig. 2b).

After a period of low light from days 3 to 8, mean chlo-
rophyll a and fucoxanthin content were both significantly 
higher in F cultures (p = 0.024 and 0.008, respectively) 
compared to WT (Fig.  2c). Chlorophyll a content was 
30.7 ± 2.6 for F cultures and 25.2 ± 1.5 mg   g−1 for WT, 
while fucoxanthin was 22.5 ± 1.9 mg  g−1 for F cultures and 
17.6 ± 1.3 mg  g−1 for WT. These results show that not only 
did the F cultures grow faster under optimal conditions com-
pared to WT cultures; they also had a higher chlorophyll a 
and fucoxanthin content after a period of low light.

http://protists.ensembl.org/Phaeodactylum_tricornutum/Info/Index
http://protists.ensembl.org/Phaeodactylum_tricornutum/Info/Index
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Gene expression

We next performed RNA-seq on three samples for each F 
and control wild-type (WT), aligning to the reference P. 
tricornutum transcriptome to obtain gene expression lev-
els. The MDS plot of normalised gene expression shows 
seperation F and WT samples in dimension 1 (explaining 
70% of sample variance), suggesting a difference in RNA 
expression in these conditions (Fig. 3).

A total of 312 genes were upregulated and 63 down-
regulated over a threshold of 1 logFC (p-value < 0.05) in 
F cultures compared to WT cultures over the whole tran-
scriptome, however, all exhibited a false discovery rate 
(FDR) value between 0.11 and 0.18. The highlighted 385 
genes were used for gene enrichment analysis.

Gene enrichment analysis

Fifty-seven pathways were overrepresented in the gene set 
(FDR < 0.05) in F cultures compared to WT cultures as 
indicated by the ShinyGO platform; 18 related to biologi-
cal processes, 19 to cellular components, and 20 related to 
molecular function (Fig. 4, Supplementary Tables 1–3).

Of the 18 pathways related to biological processes, 12 
had at least 25% of genes present being overexpressed. One 
pathway, the protoporphyrinogen IX metabolic process 
pathway (GO: 0046501), exhibited 50% of genes present 
being overexpressed. Three out of 19 pathways related to 
cellular components had at least 25% of genes represented 
while 2 out of 20 related to molecular function had 25% of 
genes represented. All pathways with a minimum of 25% 

Fig. 2  Biomass, growth and pigment data for WT and F cultures of P. 
tricornutum, with (a) cell counts measured using flow cytometry, (b) 
specific growth rate (µ), (c) Dry weight chlorophyll a and fucoxanthin 

pigment content measured using HPLC, and (d) biomass (mg per L) 
All graphs depict mean with standard deviation, asterisks denote sta-
tistical significance, n = 5
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genes overexpressed corresponded to fold enrichment val-
ues between 10 – 15 (defined as the percentage of genes 
in a gene set belonging to a given pathway, divided by the 
corresponding percentage in the background). Meanwhile, 
the pathways that contained genes most overrepresented in 
the dataset were related to biological processes and were 
porphyrin-containing compound biosynthetic process (GO: 
0006779) and protoporphyrinogen IX metabolic process 
pathway (GO: 0046501) at 17.3 and 19.6 fold enrichment, 
respectively. Gene Ontology (GO) ID terms directly associ-
ated with the tetrapyrrole biosynthetic pathway (protopor-
phyrinogen IX, porphyrins, pigments, tetrapyrroles, and 
heme pathways) were significantly enriched, as well as were 
other GO ID terms associated directly with pigments and 
photosynthesis (Fig. 4, Supplementary Tables 1–3).

Expression in pathways related to growth 
and pigmentation

We identified several differentially regulated genes 
-1 < logFC > 1 (increased and decreased abundance of tran-
scripts) and p < 0.05) within pathways related to pigmenta-
tion and growth. Despite FDR values between 0.11 – 0.18, 
10 of the 13 genes in the tetrapyrrole pathway were above 1 
logFC in the F cultures compared to WT cultures (Fig. 5). 
One gene in the MEP pathway (Phatr3_J12533—isopen-
tenyl-diphosphate delta-isomerase or IDI), which provides 
precursors for carotenoid biosynthesis as a fundamental step 
in isoprenoid biosynthesis, was found to be more abundant 

(1.07 logFC) (Berthelot et al. 2012; Jaramillo-Madrid et al. 
2020). Two genes, Phatr3_J9210 and Phatr3_J45845, cor-
responding to the carotenoid biosynthesis genes CRTISO5 
(carotenoid isomerase) and ZEP1 (zeaxanthin epoxidase), 
were also higher by 1.04 and 1.80 logFC, respectively.

Five genes involved in carbon metabolism (Phatr3_
J55079, Phatr3_J45997, Phatr3_J29157, Phatr3_J49339 
and Phatr3_J49098) corresponding to PK2, PK4 and PK6 
(pyruvate kinase), PGK1 (phosphoglycerate kinase) and 
PYC2 (precursor of carboxylase pyruvate carboxylase) 
are all related to glycolysis and had increased abundance 
between 1.08 to 2.32 logFC. Another gene involved in car-
bon metabolism (Phatr3_J51970) had a -1.08 logFC. A gene 
related to branched-chain amino acid degradation (Phatr3_
J11811) showed decreased abundance (logFC -1.06), while 
a gene related to amino acid biosynthesis (Phatr3_J26256) 
showed increased abundance (logFC).

Given the significant increase in fucoxanthin content and 
growth observed in F cultures (Fig. 2b, c), it was expected 
that genes involved in carotenoid precursor supply and bio-
synthesis would be significantly more abundant. However, 
relatively few genes in these pathways showed increased 
abundance (Fig. 6a). Instead, the tetrapyrrole to chlorophyll 
a pathway (Fig. 6b) was upregulated and overrepresented 
in the enrichment analysis as indicated by the ShinyGO 
platform. Rate-limiting steps include GSAT (glutamate-
1-semialdehyde aminotransferase, Phatr3_J36347) and 
ALAD (ALA dehydratase, Phatr3_J41746), of which F 
cultures exhibited 1.49 and 0.55 logFC compared to WT, 
respectively.

Discussion

The combined results suggest that FACS-sorting can be a 
powerful tool for enhancing production of pigments as well 
as other target compounds in microalgal cultures. Recent 
work has opted for sorting with the relationship to cell vol-
ume incorporated into the sorting method (Fan et al. 2021; 
Gao et al. 2021). However, it is probable that differences 
in cell size during the initial sorting phase of the experi-
ment are due to regular fluctuations over the Phaeodactylum 
life cycle, reducing the favouring of larger cells in sorted 
cultures downstream. Work on gating strategies for FACS-
sorting in microalgal cultures is required to clarify best prac-
tices. Additionally, while such an analysis was beyond the 
reach of this work, further research should aim to incorpo-
rate assessment of phenotype stability post-sorting to under-
stand the longevity of improvements in growth and pigment 
content in sorted populations.

Results from the gene enrichment analysis showed that all 
pathways with a minimum of 25% of genes represented (also 
corresponding to > tenfold enrichment) primarily exist to 

Fig. 3  Multi-Dimensional Scaling (MDS) plot showing similarities 
between RNA samples (leading LogFC dimension 1 compared to 
leading LogFC dimension 2. WT = wild-type, F = FACS). Made using 
Degust
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serve functions of photosynthesis. The pathway with highest 
significant gene content (50% with 19.6 fold enrichment) was 
the protoporphyrinogen IX metabolic process pathway (GO: 
0046501), an upstream system responsible for chlorophyll 
biosynthesis. This is reinforced by the increased chlorophyll 
a content and logFC of > 1 for 10 out of 12 genes in the 
tetrapyrrole pathway to chlorophyll a for FACS cultures. 
Surprisingly, only 2 genes in the fucoxanthin pathway were 
significantly enriched with > 1 logFC (CRTISO5 and ZEP1). 
This gives mixed interpretations as CRTISO was previously 
seen to be downregulated under low light conditions, which 

was favorable for fucoxanthin biosynthesis, while ZEP had 
the opposite effect of being upregulated in correlation to 
increased fucoxanthin under low light (Kadono et al. 2015; 
Manfellotto et al. 2020; Kwon et al. 2021). More recent 
research has found that CRTISO5 is directly responsible for 
fucoxanthin biosynthesis, and that knockdown of this gene 
removed P. tricornutum ability to synthesize fucoxanthin 
altogether (Cao et al. 2023). Increased abundance of this 
gene in F cultures is therefore the likely cause of increased 
fucoxanthin content displayed in these cultures compared 
to WT.

Fig. 4  Gene Ontology (GO) enrichment analysis results with a mini-
mum pathway size of 10 and FDR cut-off = 0.05. Pink bars indicate 
pathways with 25 – 50% of genes in that pathway being represented 

by the gene set, blue indicates 50% of genes being represented. GO 
term IDs are in parentheses
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Fig. 5  Genes differentially expressed over a threshold of 1 logFC and p < 0.05 in pathways related to pigment biosynthesis and growth. Nineteen 
genes were differentially regulated between F and WT populations

Fig. 6  Pigment pathways with coinciding gene expression values 
comparing F cultures with WT cultures of Phaeodactylum 
tricornutum.. (a) Carotenoid / fucoxanthin pathway from upstream 
MEP pathway and (b) tetrapyrrole pathway to chlorophyll a. Red-
coloured terms indicate genes over threshold of 1 logFC, while 

grey terms indicate genes within threshold of 1 logFC. Asterisks 
denote genes with expression p-value < 0.05. Reactions involving 
more than one gene are shown as averages unless p-values are 
either side of 0.05; e.g. MgCh_H and MgCh_D are averaged to 
1.98 and listed simply as MgCh as both had p < 0.05



2785Journal of Applied Phycology (2023) 35:2777–2787 

1 3

It was reasoned that F cultures could display very large dif-
ferences at the single gene level of expression but also that dif-
ferences in gene expression could be smaller, yet distributed 
throughout multiple regions contributing to higher fucoxanthin. 
While there was a higher number of transcripts with increased 
abundance in the MEP to fucoxanthin pathway, the logFC 
increase was also generally higher. The 1.3 × WT increase of 
fucoxanthin in F cultures could therefore be a result of post-
transcriptional or post-translational effects as seen elsewhere 
in P. tricornutum and other microalgae, but upregulation of 
one or more of CRTISO5, IDI and ZEP1 along the MEP to 
fucoxanthin pathway are likely contributors (Veluchamy et al. 
2015; Huang et al. 2019; Bacova et al. 2020; Cao et al. 2023).

Tetrapyrroles are synthesized in plastids and regulate 
nuclear gene expression (Terry and Smith 2013; Larkin 
2016). It could be that tetrapyrrole signaling is responsi-
ble for altered gene expression across the nucleus. Enzymes 
along the tetrapyrrole pathway, MgPMT (Mg Protoporphyrin 
IX Methyltransferase), MgCh (Magnesium Chelatase) and 
ALA (5-Aminolevulinic acid), were upregulated in a tobacco 
line with enhanced expression of the gene MTF (Mg-Proto-
porphyrin IX methyltransferase) under low light (Alawady 
and Grimm 2005). The expression level of MTF in F cul-
tures was 2.18 logFC higher than in WT cultures. While the 
tetrapyrrole pathway was highly enriched in F cultures, this 
gene is a key step in regulating downstream products, along 
with ALA synthesis (GSAT) (Czarnecki and Grimm 2012; 
Zhang et al. 2021; Sinha et al. 2022; Wang et al. 2022). Both 
of these genes showed higher transcript abundance and may 
be the primary reason for increased chlorophyll a content in 
F cultures. It is likely that FACS cells will simply produce 
more pigments under all conditions, because cells exhibited 
higher chlorophyll a and fucoxanthin after experiencing low 
light conditions (days 4–8) despite being sorted under rela-
tively high light (no adaptation before sorting).

The increased growth in F cultures is likely due in part 
to amplified photosynthetic activity from increased content 
of light harvesting pigments, as well as contributions from 
pyruvate kinase and phosphoglycerate kinase as vital con-
tributors to carbon metabolism (Bosco et al. 2012; Ma et al. 
2014). Genes associated with BCAA degradation have also 
been previously observed to be upregulated under conditions 
of TAG accumulation (Ge et al. 2014; Conte et al. 2018). 
Increased AA synthesis and BCAA degradation are likely 
increasing carbon metabolism alongside PK and PGK for 
increased growth of F populations (Pan et al. 2020).

Conclusion

Sorting out the top 1% fluorescing P. tricornutum cells resulted 
in cultures with faster growth and higher pigment content. 
Analysis of RNA-seq data indicated that the underlying 

mechanisms for this improved functionality were upregulated 
pathways associated with photosynthesis, specifically 
upregulation of the tetrapyrrole pathway to chlorophyll a. 
The high utility of FACS as a method for artificial selection 
is clear, while the best gating strategies as well as accuracy 
for favouring specific pigments using FACS are yet to be 
determined and are likely species and condition specific. 
While this study provides a first comprehensive library 
of genes associated with a F population of cells showing 
increased production of fucoxanthin, future studies combining 
sequencing and FACS sorting of cells displaying different 
pigment fluorescence signatures under various conditions 
is clearly needed to elucidate the genetic mechanisms 
driving differences in microalgae pigment phenotypes. In 
conclusion, this study reveals the inherent presence of highly 
productive subpopulations within P. tricornutum culture 
without modification using mutagenic agents. By employing 
Fluorescence-Activated Cell Sorting (FACS), these high-
performing algae can be identified and selectively sub-
cultured. The F cultures exhibited significant improvements 
in growth rate, biomass, and fucoxanthin content compared 
to the wild-type strain, demonstrating FACS as a powerful 
method that can be used to select desirable phenotypes that 
are distinguishable from the original (both phenotypically 
and from a gene expression standpoint) with as little as one 
selection event.
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