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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Bioengineered P. tricornutum express
ing yellow fluorescent protein 
extrachromosomally.

• A model was developed to predict cul
ture parameters on YFP production in P. 
tricornutum.

• Optimized conditions increased YFP 
fluorescence and yield by 4.2x and 1.8x, 
respectively.

• Inhibition of the ubiquitin–proteasome 
system increased YFP levels by 50–150 
% after 4–8 h.

• Cycloheximide treatment significantly 
reduced YFP stability at 20 h.

A R T I C L E  I N F O

Keywords:
Microalgae
Genetic engineering
Response surface methodology
Diatoms
Protein inhibitors

A B S T R A C T

Phaeodactylum tricornutum is a promising host for light-driven synthesis of heterologous proteins. However, the 
marine cold-water environment and alkaline-acidic pH shifts in the culture, necessitated by the diatom’s growth 
requirements. In this study, we analyzed the influence of growth condition on maturation and dynamics of the 
yellow fluorescent protein (YFP) in episomal-transformant P. tricornutum. A mathematical model was developed 
to detect the parameters that affect biomass and YFP production. Optimized conditions increased YFP mean 
fluorescence intensity (MFI) per cell by 4.2-fold (3.6 ± 0.6 to 15.4 ± 1.1) and total protein levels in the culture 
by 1.8-fold (123 ± 4 to 219 ± 9 µg L−1), without affecting biomass. YFP stability studies in P. tricornutum 
showed that the ubiquitin–proteasome system contributes the degradation of the recombinant protein, whereas 
newly synthesized YFP remains stable for up to 12 h. This optimization provides insights into the fluorescent 
protein-based heterologous production in diatoms.

1. Introduction

Diatoms are major primary producers of the ocean and are 

considered natural cell factories for high value metabolites, such as 
pigments, polyunsaturated fatty acids, and terpenoids (Chen et al., 
2022). Recent advances in genome sequencing, annotation (Filloramo 
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et al., 2021), and editing tools have increased our ability to harness their 
potential. P. tricornutum is a cold-water obligate photoautotroph with a 
maximum growth rate at 20 ± 2◦C (De Martino et al., 2011). This 
diatom has been investigated for diverse biotechnological applications, 
particularly for the light-driven production of biopharmaceutical 
specialized metabolites (Fantino et al., 2024). It exhibits a poorly silic
ified frustules, which reduces the transformation barrier (Karas et al., 
2015), and a rapid growth rate under diverse environmental conditions. 
However, the efficacy of this heterologous production platform is 
strongly influenced by environmental factors such as temperature, 
salinity, light intensity, CO2 supplementation, and silicate concentration 
(De Martino et al., 2011; Gómez-Loredo et al., 2016; Liang et al., 2014).

To overcome photoinhibition and achieve maximum biomass pro
duction, the light intensity must be optimized based on the cell density, 
culture volume, and surface area (Sivakaminathan et al., 2018). Nitro
gen, as a building block for biomolecules synthesis, is the most impor
tant macronutrient for algal growth. Higher levels increase algal growth 
and metabolism, while nitrate-deficiency leads to reduced biosynthesis 
and increases recycling of amino acids, proteins, and nucleic acids 
(Alipanah et al., 2015). Phosphate is also essential to the diatom growth, 
as a key component of membrane phospholipids. A deficiency causes the 
downregulation of processes like photosynthesis, ribosome and nucleic 
acid biosynthesis, and of nitrogen assimilation (Alipanah et al., 2018). 
The concentration of micronutrients such as vitamins and metal ions in 
the medium play a crucial role in determining the growth of algae as 
well (Ouyang et al., 2018).

In addition to environmental and culture factors, recombinant pro
tein turnover and maturation process also depend on the nature of the 
promoter and the cell division rate (Guerra et al., 2022). The recently 
reported endogenous highly abundant secreted protein 1 (HASP1) pro
moter strongly and constitutively expresses heterologous genes of in
terest in P. tricornutum at all growth phases, especially in the stationary 
phase when the culture reaches maximum biomass (Erdene-Ochir et al., 
2019), attracting the interest of researchers (Slattery et al., 2022).

Several fluorescent proteins (FPs) have been used in the diatom to 
gain insight of various cellular dynamics and processes, facilitate 
screening, monitor recombinant gene expression, and measure protein 
turnover (Diamond et al., 2023; Fantino et al., 2024). FPs must undergo 
an autocatalytic process of maturation, which includes various folding 
and post-translational modifications that result in the formation of a 
functional chromophore and fluorescence emission (Guerra et al., 
2022). The kinetics of this process are influenced by environmental 
factors such as molecular oxygen, temperature, pH, and chloride ion 
(Cl−), and impacts on the accuracy of dynamic measurements and in vivo 
fluorescence intensity.

Systematic characterization and screening of P. tricornutum culture 
parameters for optimal growth and FP accumulation would be highly 
valuable to help researchers select the optimum conditions for heterol
ogous protein production To monitor the impact of culture parameters 
on growth, fluorescence formation, and heterologous protein production 
in P. tricornutum, we used transconjugants lines carrying the yellow FP 
(YFP), and applied a strategic Plackett-Burman design (PBD) as well as a 
central composite design (CCD) (Rajendran et al., 2008). YFP has been 
frequently used in P. tricornutum studies, displays a high pKa, extinction 
coefficient, and relatively bright fluorescence compared to other FPs 
(Marter et al., 2020), and mathematical models such as the response 
surface methodology (RSM) allows for the evaluation of the interactions 
between multiple factors influencing protein expression.

This study mainly focused on: (1) generating a transgenic line of 
P. tricornutum with an episomal vector carrying the yfp gene under the 
HASP1 promoter and evaluating the expression, protein production, and 
chromophore formation under varying culture conditions; (2) screening 
for factors impacting YFP production; (3) optimizing the culture con
ditions for maximum growth, maturation, and total YFP production; and 
(4) assessing the stability of YFP in silico and in P. tricornutum cells using 
proteasome and protein synthesis inhibitors.

2. Materials and methods

2.1. Diatom growth and culture conditions

P. tricornutum Bohlin strain (Culture Collection of Algae and Pro
tozoa CCAP 1055/1) was maintained in an algal growth chamber at 18 
± 1◦C, 75 μmol m−2 s−1, pH 8.0 ± 0.5 with a 16:8h light/dark photo
period and continuous orbital shaking at 130 rpm (Innova S44i, 
Eppendorf) in modified L1 media with 150 mg L-1 of NaNO3 and 10 mg 
L-1 of NaH2PO4H2O (Slattery et al., 2022). All algal experiments were 
conducted in 250 mL conical flasks in batch culture mode. The optical 
density was measured at OD680 using a microplate reader (Synergy H1, 
BioTek), and the dry cell weight of P. tricornutum was calculated from 
the regression graph built against OD680 versus the dried algal biomass 
(40 mL culture) and expressed in terms of g L-1.

2.2. Generation of P. Tricornutum transconjugants

Plasmid DNA constructs were constructed using Gibson assembly as 
described by Diamond et al. (2023). Empty vector (EV) carrying the 
antibiotic selection marker gene N-acetyltransferase (nat) against nour
seothricin (NTC) under the FcpC promoter and terminator in pPtGE30 
was used as a negative control. The other episome carried YFP under the 
HASP1 promoter and FcpA terminator by replacing the UR3 region of 
the EV backbone (Fig. 1 and (see supplementary material)) tagged with 
3HA at the C-terminal.

Transgenic lines of P. tricornutum were obtained by conjugation as 
described by Karas et al. (2015). The positive transformants carrying the 
recombinant plasmid started to form colonies on the NTC plate after a 
two-week period. Positive transformants were screened, as described in 
(Diamond et al., 2023). YFP fluorescence from P. tricornutum-positive 
transformants was assessed using the microplate reader. The cell culture 
(200 µL) was measured for fluorescence in black 96 well plates at Ex/Em 
wavelengths of 500/531 nm (n = 3). Strains containing plasmids YFP 
(16,168 bp) and EV (14,530 bp) are referred to here as Pt-HY and Pt-EV, 
respectively.

2.3. Fluorescence-activated cell sorting of bioengineered P. Tricornutum

P. tricornutum transconjugants were sorted by YFP production using a 
FACSMelodyTM (BD bioscience, USA). The screened P. tricornutum 
transconjugants were grown in L1 liquid media with appropriate anti
biotics in log phase (14 days) and used for the first sorting. Culture 
preparation, gating strategy and singlet selection were performed as in 
Diamond et al. (2023). YFP was analyzed on a 527/32 nm bandpass 
filter channel. Sorted cells were collected in an Eppendorf tube con
taining 0.5 mL L1 media without antibiotics, centrifuged at a low speed 
of 3500 g for 10 min. The resulting cell pellet was resuspended in fresh 
L1 medium supplemented with NTC 100 μg mL−1 and chloramphenicol 
25 μg mL−1. For the initial screening, 30 positive transconjugants per 
construct were screened based on antibiotic selection (Pt-EV) and YFP 
fluorescence (Pt-HY). P. tricornutum transconjugants with higher mean 
YFP fluorescence intensity (MFI) were used for full-scale experiments. 
Pt-EV transformants were used as negative controls to deduce spillover 
YFP autofluorescence signals during the screening process. (Diamond 
et al., 2023).

2.3.1. Whole-cell YFP fluorescence measurements by flow cytometry
Cytometry was performed on a Cytomics FC 500 flow cytometer 

(Beckman Coulter) equipped with Argon (488 nm) and HeNe (633 nm) 
lasers. Only the P. tricornutum population with homogenous cell size and 
chlorophyll autofluorescence level was considered in the analysis to 
exclude cell debris and other background noise. A least 20,000 gated 
cells were analyzed for each sample. The inherent properties of the cells 
and other characteristics of heterologous fluorescence properties (MFI, 
% of YFP+ cells, and cell size variations in the culture) were analyzed 
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using FlowJo version 10.8 software (BD Biosciences, USA) (Diamond 
et al., 2023).

2.4. Subcellular localization of YFP

Transconjugant P. tricornutum cells were visualized using a confocal 
microscope under a 40x objective lenses (Leica M165 FC Fluorescent 
Stereo Microscope). The in vivo localization of YFP in the transformed 
cells was performed in an 8-day-old culture. YFP, chlorophyll, and 
propidium iodide (PI, Sigma Aldrich) were excited at 488 nm and 
detected using YFP (520–535 nm), PI (610–620 nm), and RFP (625–720 
nm) filters, respectively, as in Diamond et al. (2023).

2.5. Total RNA extraction and qPCR-based quantification of YFP

Total RNA was isolated from the transformed P. tricornutum biomass 
(15 mL of 8-day-old culture). The algal pellets were collected by 
centrifugation at 4000 rpm for 5 min at 4 ◦C and flash frozen in liquid 
nitrogen, was stored at −80 ◦C for later extraction using the RNeasy 
Plant Mini Kit, according to the manufacturer’s protocol (QIAGEN). 
RNA quality and quantity were confirmed using an Implen Nano
Photometer®. Real-time qPCR analysis was performed using the Luna® 
Universal One-Step RT-qPCR Kit according to the manufacturer’s in
structions (New England Biolabs). Amplification and relative quantifi
cation were performed in triplicate using antibiotic (nat) and YFP 

specific primers (see supplementary material), on a CFX-connected Real- 
Time PCR System (Bio-Rad). Primer specificity was verified by analyzing 
the melting curves. Data processing and statistical analysis were per
formed using the CFX Maestro software (Bio-Rad, USA). The relative 
expression of all genes was calculated by the 2-ΔΔCT method (Pfaffl, 
2001) using P. tricornutum Tuba (Tubulin alpha) and EF1α (Elongation 
factor alpha) as the endogenous reference genes (Siaut et al., 2007).

2.6. Protein extraction

P. tricornutum culture was centrifuged (20 mL) at 4000 g for 10 min 
at 4 ◦C. The pellet was re-suspended in solubilization buffer at a ratio of 
100 mg mL−1 (0.75 mM SDS, 10 % glycerol, 51.4 mM Tris HCl pH 8, and 
0.02 mM EDTA) of the wet weight and stored samples in −80 ◦C for 
further analysis. The pellet was thawed in ice water, and extraction was 
performed as described in Fantino et al. (2024), and proteins stored at 
−80 ◦C for further analysis. Total protein amount was quantified using 
the RC DC Protein Assay Kit (Bio-Rad) and a linear calibration curve was 
constructed using Bovine Serum Albumin (BSA) as a protein standard.

2.7. Elisa-based YFP quantification

Quantification of recombinant YFP in P. tricornutum total protein 
extract was performed using a GFP sandwich ELISA (# Cat. No. AKR 
121, Cell Biolabs, USA), according to the manufacturer’s instructions 

Fig. 1. P. tricornutum episomal transconjugants accumulate yellow fluorescent protein. (A) Schematic overview of constitutive vector circuit design. (A1) 
Synthetic module showing the nat gene under the constitutive FcpC promoter and terminator (Pt-EV). (A2) The construct with the antibiotic-resistant gene and yfp 
gene under HASP1 constitutive promoter and FcpA terminator (Pt-HY). (B and C) In vivo subcellular localization of YFP in Pt-EV and Pt-HY, respectively, by confocal 
microscopy. (B1 and C1) Chlorophyll fluorescence is shown as red signal. (B2 and C2) YFP fluorescence is shown as yellow signal. (B3 and C3) The overlay of the two 
signals. The scale bars represent 10 μm. (D) Western blot analysis showing YFP detection (YFP:3HA; 32 kDa) in the transformed Pt-HY cells using an anti-HA 
antibody. Pt-EV was used as control.
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starting from, 100 μL of total protein per well (1 μg) extracted from the 
transformed P. tricornutum cell lysate. The color intensity of the solution 
in each well was read in the microplate reader (OD450). The quantifi
cation of YFP in the total protein samples was determined using a 
standard curve prepared with GFP standard 0–2 ng mL−1 included in the 
kit.

2.8. Western blot detection of YFP in P. Tricornutum transconjugants

The soluble protein fraction (40 μg) of the cell lysate from transgenic 
P. tricornutum cells was loaded onto 12 % SDS-PAGE for western blot 
detection of heterologous proteins. The transfer into a polyvinylidene 
fluoride membrane and immunoblotting were performed as described in 
Fantino et al. (2024). The BLUelf prestained protein ladder was used as 
the molecular weight marker for comparison (GeneDireX, Cat. No. 
PM008-0500), and 10 ng of positive-tag control (protein of GenScript 
Multiple tag M0101) loaded onto the SDS-PAGE gel as a positive control. 
In all blotting analyses, two gels with identical samples were run in 
parallel, one used for western blotting and the other for the loading 
control after staining with Coomassie brilliant blue.

2.9. Plackett-Burman design screening for significant culture conditions 
for biomass and YFP production

The experiments were performed using L1 medium as the basal 
medium supplemented with NTC at a concentration of 100 μg•mL−1. 
Exponentially growing P. tricornutum cells were used as the inoculum 
with initial OD680 adjusted to 0.05. The significant variables affecting 
biomass (OD680) and YFP production (flow cytometry) in P. tricornutum 
were screened using a PB design with Design-Expert® software V 7.0 
(Stat-Ease Inc.). Seven culture variables, including temperature, light, 
NaNO3, NaH2PO4, NaCl, metal solution, and vitamin solution, were 
tested in their upper (+) and lower limits (−) for their influence on 
biomass or YFP production. A set of 12 different experiments was carried 
out in triplicate (see supplementary material), and the mean values of 
biomass, MFI of YFP, and % of YFP+ cells were considered as a response 
for screening the significant culture variables (Plackett & Burman, 
1946). Responses were analyzed by ANOVA, and variables with a con
fidence level above 95 % (p < 0.05) were considered to have significant 
effects on biomass, YFP intensity, and % of YFP+ cells (Rajendran et al., 
2008).

2.10. Optimization of culture conditions for biomass and YFP production 
by response surface Methodology

A 24 factorial CCD-based RSM with 30 sets of experiments was used 
to optimize the level of the significant variables identified from the PB 
experiments, such as temperature (x1), light (x2) nitrate (x3), and NaCl 
(x4) at five different levels. Other parameters, which were less signifi
cant, such as phosphate, metal, and vitamin concentrations, were 
maintained at constant levels as per the standard conditions. The ex
periments were conducted using exponentially grown diatoms at initial 
OD680 of 0.05 in 250 mL Erlenmeyer flasks containing 50 mL of medium 
prepared according to the design shown in (see supplementary 
material).

The relationship between independent variables and responses was 
calculated using the second-order polynomial equation response (1). 

y = β0 +
∑k

i=1

βixi +
∑k

i<j

βijxixj +
∑k

i=1

βiix2
i (1) 

where y represents the predicted response (biomass, YFP MFI, % of YFP+

cells, and total YFP level), β0 is the model constant, βi is the linear co
efficient, βii is the quadratic coefficient, βij is the interaction coefficient, 
and k is the number of factors. The ANOVA for the experimental data 
and model coefficients were calculated using Design-Expert® software. 

To visualize the variable interactions and their impact on the response, 
2D contour plots were generated.

2.11. Experimental validation of the model and statistical analysis

The statistical model was validated for biomass, YFP MFI, % of YFP+

cells, and YFP level using the methods described earlier. Experimental 
values were subsequently compared with model-predicted values and 
standard culture conditions. All experiments were performed in tripli
cate (n = 3), and the results are described as mean ± standard deviation 
(SD), tested with a two-way ANOVA, in which different culture condi
tions were considered fixed factors and responses as dependent vari
ables. Statistical analyses, such as ANOVA and Student’s t-test, were 
performed using GraphPad Prism V8 software. The statistically differ
ence between the control and experiment groups tested using Bonfer
roni’s multiple comparison. A p-value < 0.05 was considered 
statistically significant, and shown as p < 0.05(a), p < 0.005(b), and p <
0.0005(c).

2.12. Protein stability analysis

2.12.1. In silico thermal stability analysis
The thermal stability curve of the YFP was predicted using the pro

tein structure-based melting temperature (Tm) prediction tools SCooP v- 
1.0 (Pucci et al., 2017). The folded structure of YFP was generated using 
a ColabFold from the amino acid sequence (Mirdita et al., 2022).

2.12.2. In vivo stability analysis of YFP in transformed P. Tricornutum by 
protein inhibitors

Eight-day-old P. tricornutum cultures (100 mL) grown in optimized 
conditions with OD680 = 0.6 in 250 mL conical flasks were used for 
protein inhibitor treatment, as described by Im et al. (2024). Cultures 
with equal OD680 were treated with 50 µM of the proteasome inhibitor 
MG132 (MedChemExpress) dissolved in DMSO and/or 100 µM of the 
protein synthesis inhibitor cycloheximide (CHX) (Sigma-Aldrich) dis
solved in water. DMSO was used as solvent control. The samples were 
harvested at the beginning of the light period (8 am), corresponding to 
the time of treatment initiation, and then every 4 h for the next 24 h. 
After the first harvest, the respective inhibitor solutions were added to 
the cultures (8 am). At each time point, 10 mL of each sample was 
collected and centrifuged at 4,000 g for 10 min at 4 ◦C and pellets 
resuspended in 250 μL of solubilization buffer. The pellet storage, pro
tein extraction and western blotting were performed as described in 
section 2.6 and 2.8 except that the membrane was incubated at room 
temperature for 1 h with primary mouse YFP antibody (Cedarlane) 
1:1000 dilution in TBS-T with 3 % BSA. For immunoblotting of house
keeping proteins, β-actin antibody conjugated with HRP (BioLegend) at 
a 1:20,000 dilution in TBS-T was used. The densiometric analysis of 
immunoblot was done using ImageJ software v1.54 k. The effect of 
protein inhibitor treatment on cell viability were visualized by confocal 
microscopy by PI staining, added to the treated culture at a final con
centration of 3 μg mL−1 and incubated at room temperature for 30 min 
(Fantino et al., 2024).

3. Results and discussion

3.1. Growth and YFP production of P. Tricornutum transconjugants

In this study, we used two P. tricornutum transconjugant strains, Pt- 
EV (negative control) and Pt-HY strains harboring an episomal vector to 
produce YFP:3HA (Fig. 1A). To maintain high YFP expression, and to 
mitigate episomal instability and transgene silencing (Diamond et al., 
2023), cultures underwent periodic fluorescence-based sorting. Guerra 
et al. (2022) showed that in vivo brightness and fluorescent protein 
maturation are tightly coupled with cell cycle gene expression, histone- 
like proteins, and DNA replication in yeast, suggesting that modeling the 
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culture dynamics and quantification of fluorescence of individual cells 
requires synchronized sampling. As a result, biomass and fluorescence 
production were assessed at the end of the light period when 
P. tricornutum cells have completed division and exhibit peak fluores
cence (Vartanian et al., 2009). We focused on optimizing growth and 
heterologous protein production by monitoring P. tricornutum cultures 
until they reached the stationary phase.

YFP fluorescence in Pt-HY was confirmed by confocal analysis 
(Fig. 1B and C), and western blotting (Fig. 1D). A preliminary one- 
factor-at-a-time analysis (OFAT) analysis assessed the impact of tem
perature (18, 21, and 24 ◦C with 75 μmol m−2 s−1 of light), and light 
intensity (50, 75, and 100 µmol m−2 s−1 at 18 ◦C) on growth and fluo
rescence production (see supplementary material). Cultures reached 
stationary phase after 15 days, regardless of the temperature or light 
conditions Temperature significantly affected early biomass accumula
tion. At 24 ◦C compared to 18 ◦C, growth was reduced at day 5 (p =
0.001; 33 % decrease) and day 8 (p = 0.003; 12 % decrease), but dif
ference was no longer significant from day 10 (p = 0.18), suggesting 
adaptation mechanisms. The MFI, and % of YFP+ cells in the culture 
reached a maximum at day 8 under different temperatures and light 
intensities (see supplementary material). Then, YFP fluorescence 
decreased despite higher biomass. This might be due to flow cytometry 
single cell resolution analysis compared the microplate reader 
measuring accumulated fluorescence in the well, including proteins 
secreted in the extracellular media (Erdene-Ochir et al., 2019). None
theless, YFP fluorescence was enhanced at 24 ◦C, with a 13.0 ± 0.7 % 
increase in the % of YFP+ cells (p = 0.01) and a 3.2 ± 0.1-fold increase 
YFP MFI (p = 0.0001), a variable that is proportional to the amount of 
YFP fluorescence intensity per cell. At that temperature with 75 μmol 
m−2 s−1 of light, more than 60 % of the cell population produced a high 
level of YFP fluorescence until the 15th day, consistently with reports of 
enhances YFP folding at higher maturation (Iizuka et al., 2011).

Light intensity also influenced growth and fluorescence. Cultures 
grown with 50 compared to 75μmol m−2 s−1 of light showed a signifi
cant reduction in biomass at day 5 (p = 0.007; 28 % decrease) and the 
8th day (p = 0.02; 8.3 % decrease). At day 8, these cultures exhibited 
showed a 1.4 ± 0.1-fold increase in both MFI (p = 0.01) and a 7.8 ± 3.0 
% increase in % of YFP+ cells (p = 0.001) (see supplementary material). 
Overall, among the two physical parameters tested, only higher tem
peratures had a transient impact on biomass in the initial growth phases. 
Despite variations in growth, MFI and % of YFP+ cells peaked at day 8 
under all conditions, suggesting a stable fluorescence expression 
pattern. This time point was selected for further optimization 
experiments.

3.2. Screening for significant factors affecting biomass and YFP 
production

To optimize YFP production, we used a PB design to evaluate the 
impact of seven culture factors on biomass, MFI and % of YFP+ cells. 
Each factor was investigated experimentally at two levels, as per the 
PBD model (see supplementary material). The R2 (coefficient of deter
mination) value determines how well the model fits the experimental 
data. The regression model showed a high fit for biomass production (R2 

= 0.97), meaning that up to 97 % of the variation could be explained by 
the model (Table 1). The adjusted R2 (0.91) was in reasonable agree
ment with the predicted R2 of 0.72 (difference < 0.2), and the F-value 
(17.46, p = 0.008) confirmed the model’ significance. Similarly, MFI 
and % of YFP+ had R2 values of 0.97 and 0.93, respectively. The adjusted 
R2 (0.93) for MFI agreed reasonably well with the predicted R2 of 0.75 
(Table 1). However, the adjusted R2 (0.79) for the % of YFP+ cells 
differed significantly from the predicted R2 (0.36) (>0.2) (Table 1), 
suggesting that the model was too simplistic for this outcome. The 
adequate precision value (7.99 > 4) confirmed that the model provided 
a good signal-to-noise ratio for exploring the design space. The PB 
factorial screening revealed that biomass increased with higher nitrate, 

light intensity, and NaCl concentration, and decreasing temperature (see 
supplementary material). YFP fluorescence (MFI and % of YFP+ cells) 
increased with higher temperature and nitrate concentration (see sup
plementary material). In contrast with the preliminary OFAT analysis, 
light was a significant factor for biomass but not for MFI or % of YFP+

cells, which may be due to interactive effects with other medium 
components.

In summary, temperature, and nitrate significantly affected YFP, 
while temperature, light, nitrate, and NaCl influenced biomass. Tem
perature, nitrate, and phosphate significantly modulated the % of YFP+

cells. Thus, temperature, light, nitrate, and NaCl with significant effects 
on biomass and YFP production were selected for further optimization 
using CCD.

3.3. Mathematical modeling and process optimization for biomass and 
YFP production

RSM was used to evaluate interactions between multiple culture 
factors, with temperature (A), light (B), nitrate (C), and NaCl (D) chosen 
based on the PBD responses. In the CCD model, each variable was 
analyzed at five coded levels (−α, −1, 0, +1, +α) (see supplementary 
material). Second-order polynomial equations were obtained to describe 
biomass production, YFP intensity, % of YFP+ cells, and total YFP level 
by applying multiple regression analysis to the experimental response 
data (see supplementary material). The CCD model was highly signifi
cant (p < 0.0001) for all responses, with a non-significant lack of fit 
(Table 2). The F-values for biomass, MFI, % of YFP+ cells, and total YFP 
were 29.82, 71.18, 88.75, and 16.57, respectively. Among the tested 
factors, nitrate had the highest regression coefficients (β) for all re
sponses (R1 = 0.08, R2 = 3.10, R3 = 11.75, and R4 = 35.73), which 
represents the mean change of dependent variable given a one-unit shift 
in an independent variable (Dayana Priyadharshini & Bakthavatsalam, 
2016). Temperature had the second highest regression coefficient, while 
NaCl and light intensity had the lowest β-values for all responses 
(Table 2). This confirms that nitrate and temperature are the most 
influential factors for biomass, and YFP production, while NaCl and light 
had minimal impact, except for NaCl on total YFP yield. The quadratic 
terms A, B, C, and D and the interactive terms AB, AC, and BD impacted 
significantly biomass production (Table 2). The model terms A, AC, and 
BC affected MFI levels, while the % of YFP+ cells were significantly 
modulated by B, C, D, AB, and AC. Interestingly, total YFP level 
measured by ELISA was influenced by C, D, and interactive terms (CD) 
(Table 2). Overall, these findings suggest that biomass and YFP pro
duction were significantly influenced by each independent variable, 
with noticeable interactions between factors further improving the 
responses.

Table 1 
Regression coefficient and statistical significance of PBD for biomass, MFI, and 
YFP+ cells in P. tricornutum.

Regression 
Coefficients

Biomass (g 
L−1)

YFP intensity 
(MFI)

YFPþ cells 
(%)

Model a a a

Intercept 0.58 5.09 54.06
A-Temperature −0.05b 2.56b 10.11a

B-Light 0.08b 0.14 0.42
C-Nitrate 0.08b 2.59b 17.16a

D-Phosphate 0.01 −0.83 −12.76a

E-NaCl 0.07a −0.33 −3.81
F-Metal Solution −0.04 0.73 −5.92
G-Vitamin 0.02 −0.30 6.48
R2 0.96 0.97 0.92
Adjusted R2 0.91 0.92 0.79
Predicted R2 0.71 0.75 0.36
Adeq Precision 11.94 14.55 7.99

P value = < 0.0005c, < 0.005b, < 0.05a.
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3.3.1. Mutual interactions between the significant factors

3.3.1.1. Interactive factors affecting biomass production in 
P. Tricornutum. The RSM approach facilitated the identification of the 
optimal conditions for fluorescence intensity and heterologous protein 
yield in P. tricornutum. The contour plots in Fig. 2 were generated from 
the experimental responses of biomass as per the CCD model using a 
second-order polynomial Eq. (1). They were constructed using the var
iables in the experimental range, while the other factors were main
tained at their optimum levels as per the standard culture conditions. 
Significant interactions for biomass production were observed between 
temperature (A) vs. light (B) (p = 0.001), A vs. nitrate (C) (p = 0.0001), 
and B vs. NaCl (D) (p = 0.001), (Fig. 2 A1, A2, A3). As observed 
following the PB-based screening, an increase in biomass (from 0.5-0.65 
g L-1) was observed with increasing nitrate and increasing NaCl con
centration (3–18 g L-1), with other medium components temperature 
(20.5 ◦C), light (70 µmol⋅m−2⋅s−1) and nitrate (188 mg L-1) at central 
point (see supplementary material). However, the weight of NaCl on 
biomass production was not significant at higher temperature (24 ◦C), 
light intensity (78.2 µmol⋅m−2⋅s−1) and nitrate concentration (300 mg L- 

1) (Fig. 2 A3).
In agreement with the present observation, a salinity study by Liang 

et al. (2014) in P. tricornutum showed maximum photochemical effi
ciency of PSII (Fv/Fm) and maximal relative electron transport rate 
(rETRmax) at a salinity of 20–40 practical salinity units (PSU). As 
temperature and light intensity decreased, biomass increased. The pre
sent observation agrees with the previous factorial optimization studies 
of Nur et al. (2018) and Gómez-Loredo et al. (2016) in P. tricornutum, 
which showed that there was a significant interactive effect between 
temperature and light intensity on the level of major light-harvesting 
pigments such as chlorophyll a and fucoxanthin. The level of these 
pigments reduced with increasing light intensity above 120 
µmol⋅m−2⋅s−1. In contrast, Wu et al. (2010) observed an increase in 
biomass at higher temperatures and light intensity under high CO2 levels 
in the media. This could be due to the downregulation of the carbon 
concentration mechanism, which serves as an energy sink. As a result, 
elevated CO2 levels in the medium reduce non-photochemical quench
ing and the energy utilized by this process, which ultimately increases 
the photosynthetic carbon fixation rate. Overall, biomass production 
was driven by interactions between temperature, light, nitrate, and 
NaCl, with optimal growth under moderate temperature and light and 

increased NaCl and nitrate.

3.3.1.2. Interactive factors affecting YFP production in P. Tricornutum. In 
addition to biomass optimization, the main objective of this study was to 
maximize the MFI per cell, % of YFP+ cells, and total YFP level. Tem
perature and nitrate played a significant role in YFP intensity, and sig
nificant interactions were observed between temperature and nitrate (p 
= 0.03), as well as light and nitrate (p = 0.02). As per the model pre
diction, YFP MFI could be increased from 2 to 11.4 by optimizing these 
significant factors, while keeping other factors at optimum levels (light 
78.2 µmol⋅m−2⋅s−1 and NaCl 8.5 g L-1), (Fig. 2B1 and B2). The in
teractions between temperature and nitrate (p = 0.0001) and between 
temperature and NaCl (p = 0.035) were also significant when moni
toring for % of YFP+ cells in the culture. The % of YFP+ cells increased 
from 40 to 74.5 % by optimizing the most significant factors in the 
model, such as temperature and nitrate, while keeping other factors at 
optimum (Fig. 2C1 and C2). Total YFP level was significantly modulated 
by nitrate (p = 0.0001) and NaCl (p = 0.003) concentrations, and a 
significant interaction was observed between nitrate and NaCl (p =

0.034). Total YFP reached a maximum level at high nitrate with NaCl 
concentration ranging from 8-11 g L-1, while maintaining other factors 
at optimum level (temperature 24 ◦C and light 78.2 µmol⋅m−2⋅s−1) 
(Fig. 2D).

In the present study, of the four parameters tested, NaCl had the least 
significant impact, with the lowest regression coefficients for MFI (β =
-0.01) and % of YFP+ cells (β = -1.69), which may be due to the specific 
amino acid substitutions F64L, M153T, and V163A of YFP. These sub
stitutions are known to improve maturation without affecting the exci
tation and emission spectra and display almost equivalent extinction 
coefficients and fluorescent quantum yields (Nagai et al., 2002). The 
protonation and Cl− binding of YFP chromophore are the two main 
mechanisms that can decrease its absorbance. The above-mentioned 
mutations decrease the pH sensitivity and remove the Cl− sensitivity 
compared to the original YFP (Nagai et al., 2002). Similar observations 
on photostability and maturation with regards to temperature and Cl−

were reported in previous study of Guerra et al. (2022). Overall, nitrate, 
temperature, and light were the most interacting elements for MFI and 
% YFP+ cells in the culture. Nonetheless, NaCl content also demon
strated a beneficial interaction with nitrate and was a major factor in the 
total YFP yield.

3.4. Experimental validation of the model

3.4.1. Biomass production in P. Tricornutum
The CCD model-predicted factors and responses for biomass, YFP 

MFI, % of YFP+, and YFP production were experimentally validated 
using the predicted values listed in Table 3. Under optimized conditions 
(see supplementary material), there were no significant differences in 
the biomass of Pt-EVs compared to the standard condition. However, Pt- 
HY biomass production increased slightly but significantly (p = 0.04; 
Bonferroni’s multiple comparisons test) from 0.77 ± 0.03 to 0.82 ±

0.06 g L-1, compared to standard culture conditions (Fig. 2A, Table 3). 
This significant difference in biomass may be due to changes in the 
culture conditions that affect differently Pt-HY growth. A biomass pro
duction of 0.82 ± 0.06 g L-1 in the optimized media aligns with the CCD 
model predicted biomass of value of 0.71 g L-1, validating the model for 
biomass production. Furthermore, the biomass yield on day 8 was 
agreed with the previously reported biomass in P. tricornutum by Villa
nova et al. (2021) 0.87 ± 0.08 g L-1 (E10 medium) using different media 
composition. The work also showed that biomass increased by 2.1-fold 
(up to 1.86 ± 0.10 g L-1) when changing from phototrophic to mixo
trophic culture by the addition of glycerol and bicarbonate (NaHCO3) to 
the E10 media. Enriched E10 medium increased biomass by a factor of 9 
(11.55 ± 0.24) in an upscale photobioreactor (Villanova et al., 2021). 
The present experiment was performed in batch mode in a conical flask 

Table 2 
Regression coefficient and statistical significance of CCD for biomass and YFP 
production in P. tricornutum.

Regression 
Coefficients

Biomass 
(g L−1)

YFP 
intensity 
(MFI)

YFPþ

cells 
(%)

Total YFP 
level 
(µg L−1)

Intercept 0.83 5.03 67.53 164.94
A-Temperature −0.06c 1.87c 6.99c 5.31
B-Light −0.01 0.02 2.18c −5.51
C-Nitrate 0.08c 3.10c 11.75c 35.73c

D-NaCl −0.01 −0.01 −1.69b −10.37b

AB 0.04b 0.24 −1.27 −1.75
AC −0.05c 0.35a −5.86c −3.61
AD 0.01 0.02 −1.36a 5.18
BC −0.01 0.37a −0.10 −2.01
BD −0.03b 0.16 −1.01 7.26
CD 0.01 0.25 −0.90 8.55a

A2 −0.05c 0.82c −0.94 0.62
B2 −0.04c −0.03 2.80c 1.16
C2 −0.05c 0.15 −5.68c −19.12c

D2 −0.02b −0.04 2.49c −9.69b

R2 0.97 0.99 0.99 0.94
Adjusted R2 0.93 0.97 0.98 0.88
Predicted R2 0.83 0.92 0.93 0.70
Adeq Precision 18.29 31.12 38.4 16.89

P value = < 0.0005c, < 0.005b, < 0.05a.

A. Augustine et al.                                                                                                                                                                                                                              Bioresource Technology 425 (2025) 132336 

6 



using carbon-free L1 media. A further option to boost the biomass and 
heterologous protein yield in a bioreactor will be to supplement the algal 
medium with both organic and inorganic carbon sources.

3.4.2. YFP intensity and percentage of YFP positive cells
In the present study, under a optimized conditions, MFI increased 

significantly from 3.6 ± 0.6 to 15.4 ± 1.1 (p > 0.001; 4.2-fold increase), 
and the percentage of YFP+ cells in P. tricornutum culture increased from 
49.2 ± 3.5 to 65.5 ± 1.4 % (p > 0.001; 16.3 % increase) compared to the 
standard culture conditions without affecting biomass accumulation 
(Fig. 3 A, B, C & F and Table 3). This is consistent with previous ob
servations showing that increasing temperature accelerates the matu
ration of GFP variants (Guerra et al., 2022). Under ideal circumstances, 
the CCD model projected an MFI of 11.3 and a percentage of YFP+ cells 
of 75. The experimental result for MFI (15.4) was greater than the 
predicted value, indicating that the model was verified. However, % of 
YFP+ cells experimental value (65.5) was lower; as a result, the model 

cannot be verified for this parameter, possibly due to limitations of 
excitation and detection of this FP by the flow cytometer.

3.4.3. Heterologous protein production in P. Tricornutum
In the optimized condition, heterologous protein (YFP) yield 

increased significantly from 123 ± 4 to 219 ± 9 µg L−1 (p = 0.004; 1.8 
factor increase) compared to standard conditions (Fig. 3 D and Table 3), 
which corresponded to about 0.2 % of the total soluble protein. As per 
the CCD model, the independent variables such as increasing nitrate and 
decreasing NaCl play significant role in improving the total YFP yield. 
Transcriptome and metabolites studies conducted on P. tricornutum by 
Alipanah et al. (2015) revealed a significant change in gene expression 
during nitrogen deficiency, reorienting the carbon metabolism toward 
energy storage mode and increasing the recycling of nitrogen com
pounds. Erdene-Ochir have reported much higher yield of GFP when its 
expression was driven by HASP1 promoter (6 mg/L) (Erdene-Ochir 
et al., 2019). This difference could be due to the relative quantification 

Fig. 2. Contour surface plot of biomass and heterologous yellow fluorescent protein production. (A) The interaction of various culture factors on biomass 
production. (A1) Temperature (◦C) vs light intensity (μmol m−2 s−1), (A2) temperature vs nitrate (mg L-1), (A3) light intensity and NaCl (g L-1). (B, C and D) The 
interaction of various culture conditions on the YFP mean fluorescent intensity (MFI) per cell, the % of YFP+ cells in the culture population using flow cytometry, and 
total heterologous protein by ELISA, respectively. (B1 and C1) The interaction of temperature vs nitrate, (B2) light vs nitrate, (C2) temperature vs NaCl, and (D) 
interaction of nitrate and NaCl on heterologous protein (YFP) level in P. tricornutum quantified using ELISA.
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method based on fluorescence intensity rather than on direct protein 
quantification compared to ELISA. In agreement with our present 
observation, Kiefer et al. (2022) reported 11.2 µg L−1 SARS-CoV-2 spike 
protein, Chávez et al. (2016) reported 28.0 ± 4.3 µg L−1 of human 
vascular endothelial growth factor and Eichler-Stahlberg et al. (2009)
reported 100 µg L−1 for human erythropoietin in Chlamydomonas. Other 
studies Ramos-Martinez et al. (2017), reported significantly higher 
secretory protein yields in mixotrophic green algae, including 15 mg L−1 

of mVenus. Compared to heterotrophic hosts such as bacteria and yeast, 
phototrophic systems typically yield lower amount of heterologous 
protein due to lower biomass production, strong transgene silencing, 
and protease activity (Ramos-Martinez et al., 2017). These limitations 
could be overcome through advances in photobioreactor technology and 
stabilization of heterologous protein using carrier protein or fusion with 
protease inhibitor or synthetic glycol modules (Ramos-Martinez et al., 
2017; Villanova et al., 2021).

The total experimental accumulation of YFP reached 219 ± 9 µg L−1, 
which was higher than the predicted value of 180.2 µg L−1. Overall, the 
experimental values were close or above to the predicted response, thus 
validating the model for all responses except for the percentage of YFP+

cells. The results also confirm that microalgae are suitable platforms for 
producing functional proteins in higher yield than plants (Sojikul et al., 
2003).

3.4.4. Relative quantification of YFP expression
To determine whether the growth conditions modulated YFP tran

script levels, as shown by Slattery et al. (2022), we measured the 
expression of the yfp gene in Pt-HY and nat genes in both strains Pt-HY 
and Pt-EV. Although the nat gene was driven by the FcpC promoter, the 
yfp gene was expressed under the control of the HASP1 promoter. These 
mRNA levels were evaluated in an 8-day-old culture in agreement with 
the highest fluorescence intensity and normalized to Tuba and EF1α 
expression. Our results showed that nat expression increased under 
standard conditions compared to optimized conditions in both strains 
(Fig. 3E). In agreement with MFI and YFP+ cells % in the population, the 
relative gene expression of YFP was significantly higher (p < 0.001, 
1.83-fold increase) under optimized conditions, as shown in Fig. 3E. 
These results highlight the importance of selecting appropriate pro
moters for multiple genes in the same expression cassette.

3.5. In silico and in vivo stability analysis of YFP in transformed 
P. Tricornutum.

3.5.1. Structure based thermodynamic stability prediction
We evaluated the intrinsic thermodynamic stability of YFP to un

derstand its folding properties and resistance to denaturation at tem
peratures used to grow the diatom. Using predictive tools, we assessed 
key thermodynamic parameters, including Tm, which are essential in
dicators of YFP stability under various environmental conditions 
(Leuenberger et al., 2017). Protein stability depends on structure, pro
tease activity, host cells, and cellular environment. Dehouck et al. 
(2008) showed a strong correlation between the Tm value of a protein 
and the growth temperature of its host. SCooP was recently reported 
(Pucci et al., 2017) as a protein structure-based protein stability pre
diction tool, which thermodynamically predicts the protein folding 
transition by standard free energy ΔG(T) as a function of temperature 
(T) when all other parameters (ionic strength, pressure, and pH) are 
constant. The 3D structure of YFP (Fig. 4A1) was then used to generate 
the thermodynamic characteristics using the SCooP portal. The YFP Tm 
was 63 ◦C, indicating the temperature at which half of the protein 
population was unfolded. At 21–25 ◦C, temperature range optimal for 
P. tricornutum growth, the YFP exhibited the most stable folding struc
ture (Fig. 4A2). In agreement with our predicted Tm, Anderson et al. 
(2023) demonstrated the remarkable thermal stability of mutated YFP 
variants (Q66E and Q66E + H193Y), showing only a 60 % loss in initial 
fluorescence after 1 h of exposure at 60 ◦C. The thermodynamic char
acteristics of YFP suggests that the observation of the present study relies 
on host-induced effects rather than inherent fluorescence stability.

3.5.2. In vivo stability of YFP in transformed P. Tricornutum by protein 
inhibitor treatment

To further elucidate the stability of heterologous proteins in 
P. tricornutum, we studied the turnover and stability of YFP in vivo. We 
investigated the levels and degradation rate of YFP using an immunoblot 
assay under different treatment conditions. Heterologous protein turn
over in cells depends on protein degradation and synthesis. 
P. tricornutum cells were treated with CHX, an antibiotic that inhibits the 
protein synthesis (Obrig et al., 1971), and MG132, a peptidyl aldehyde 
that interacts with the 26S proteasome inhibiting ubiquitin-dependent 
proteasome activity (Lee & Goldberg, 1998)(Fig. 4B1). We evaluated 
the change in the level of YFP in the presence of MG132, CHX, MG132 +
CHX, and control conditions every 4 h for 24 h. (Fig. 4B2).

YFP level was significantly higher after 4 h of treatment with MG132 
compared to the control-treated group (p = 0.01; 41 % increase), and the 
same trend was observed following 8 h (p = 0.05; 150 % increase) of 
treatment (Fig. 4B3). The higher accumulation of YFP compared to the 
control suggests that the recombinant protein was sensitive to 26S 
proteasomal degradation. MG132 lost its effect on YFP accumulation 
starting at 12 h and YFP levels were lower than that in the control group 
after 16 h of treatment. As MG132 is not specifically targeting the re
combinant protein, blocking the whole 26S proteasome pathway may 
lead to interruption of various cellular functions, including cell cycle 
progression and protein quality (Lee & Goldberg, 1998). Conversely, we 
observed a steady YFP levels following treatment with CHX for the first 
8 h. This suggested that despite the inhibition of protein synthesis, YFP 
was stable for 8 h in the microalgae. The reduction in the YFP signal 
compared with the control after 12 h, 16 h, and 20 h of treatment with 
CHX (significant at 20 h, p = 0.017; 88 % decrease) (Fig. 4B3) indicated 
that intracellular accumulated YFP was being degraded at these time
points, and is consistent with the reduction of YFP signal following 
MG132 treatment at these timepoints. After 24 h of treatment, the levels 
of YFP were comparable to those in control group, implying that the 
inhibitory effects of both MG132 and CHX were reversible. Inhibitor 
treatment did not cause any visible change in the culture during the light 
periods (first 16 h); however, the treated cells started to clump together 
after the dark cycle (24 h). The level of chlorophyll (Fig. 4D1-4a), YFP+

Table 3 
Experimental validation of CCD model predicted conditions and responses.

Conditions Standard 
conditions

Optimized conditions

Standard level Coded levels Actual levels

Temperature (◦C) 18 0.96 23.9
Light 

(µmol⋅m−2⋅s−1)
75 0.27 78.2

Nitrate (mg L-1) 150 1.00 300
NaCl (g L-1) 12 −0.16 8.5
Responses Experimental 

value (Std)
Predicted 
Value

Experimental 
Values (Opt)

Biomass (g L−1) 0.77 ± 0.03 0.71 0.82 ± 0.06
YFP intensity 

(MFI)
3.6 ± 0.6 11.3 15.4 ± 1.1

YFP Positive cells 
(%)

49.2 ± 3.5 75 65.5 ± 1.4

Total YFP level (µg 
L−1)

123 ± 4 180.2 219 ± 9

Z = Z0 – ZC/ ΔZ Where Z and Z0 indicate coded and real levels of independent 
variables respectively ΔZ represents the step change while Zc indicates the 
actual value at central points. Std- standard conditions, Opt- Optimized 
conditions.
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Fig. 3. Experimental validation of the CCD model and compare with standard conditions (A) Biomass accumulation in Pt-EV and Pt-HY (B and C) YFP MFI and 
% YFP+ cells quantified using flow cytometry (D) YFP level quantified by ELISA. (E) Relative expression of yfp and nat gene in Pt-EV and Pt-HY. The Pt-EV-NAT and 
Pt-HY-NAT refers to the analysis of nat expression levels in Pt-EV and Pt-HY, while Pt-HY-YFP- refers to yfp gene expression levels in Pt-HY. (F) Pseudo-color dot plots 
of Pt- EV, and Pt-HY (1 and 2) under standard conditions; (3 and 4) under optimized culture conditions. (1b-4b) Pseudo-color dot plots of Pt-EV and Pt-HY cultures 
with YFP in the x-axis, autofluorescence of chlorophyll on the y-axis. The gates of the total YFP+ population were designed according to Pt-EV autofluorescence.
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Fig. 4. In silico and in vivo stability analysis of yellow fluorescent protein. (A1) 3D structure of YFP generated from Alphafold2. (A2) Thermal characteristics of 
the protein predicted using SCooP software. (B1) Graphical representation of protein stability analysis using proteasome (MG132) and protein synthesis inhibitors 
(CHX). (B2) Time courses immunoblot analysis of YFP signal intensity treating with different inhibitors for 24 h period. From left to right in the blots treating with 
solvent control (control), proteasome inhibitor (MG132), protein biosynthesis inhibitor (CHX), proteasome and protein biosynthesis inhibitor (MG132 + CHX). One 
representative result of three independent replicates is shown. (B3) Normalized YFP intensity ratio in the inhibitor- vs control treated samples (n = 3) with β actin as 
housekeeping protein. Mean value is plotted in the graph with standard error. (B4) Viability of P. tricornutum cells after 24 h of treatment following PI staining. (B4.1- 
4a) chlorophyll fluorescence, (B4.1-4b) YFP fluorescence, (B4.1-4c) fluorescence of PI+ cells, and (B4.1-4d) the merged image of all fluorescence filters.
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cells (Fig. 4D1-4b) and nonviable cells (PI+ cells) (Fig. 4D1-4c) in in
hibitor treated (after 24 h) culture was visualized using confocal mi
croscopy. The fluorescence image showed P. tricornutum cells clumps 
formation with few PI+ cells in all the treated conditions as compared to 
homogeneous culture for control (Fig. 4D1-4d). This observation was 
consistent with the previous observations by Im et al. (2024).

The ubiquitin–proteasome system (UPS) based protein degradation 
exists in most eukaryotic cells but has not yet been verified in diatoms. A 
genome-wide study by Ma et al. (2023) on P. tricornutum showed that 18 
ubiquitin-conjugating enzymes play pivotal roles in maintaining cellular 
homeostasis under changing environmental conditions. A recent study 
by Im et al. (2024) on P. tricornutum using MG132, demonstrated the 
extent of the UPS systems used in the degradation of Aureochromes 
(PtAUREO1a) blue-light photoreceptors and transcription factors. These 
studies are consistent with the present results and suggest that the UPS 
system is active and participates in protein turnover in P. tricornutum. 
The current results implied that the newly synthesized YFP was stable 
for at least 8 h under normal conditions and remained resistant to 
degradation for up to 12 h when protein synthesis was blocked, after 
which degradation prevailed.

Overall, this analysis suggests that culture-related parameters 
affected the generation of fluorescent proteins at the transcript, trans
lational, maturation, and stability levels. To understand the mechanism 
underlying the noticeably greater level of protein yield, MFI, and YFP+

cells in culture under optimum culture conditions, thorough tran
scriptomic, proteomic, and metabolic flux analyses will be necessary. 
The optimization YFP may not fully capture the range of challenges 
associated with more complex genetic engineering scenario involving 
multiple proteins. However, the current approach could be adapted or 
expanded for more diverse protein expression studies in P. tricornutum or 
other microalgal systems. Finaly, scaling up of algal systems faces 
several challenges, including poor light distribution, uneven nutrient 
and gas exchange, pH fluctuation, and inefficient harvesting of low- 
density cultures. Addressing these inherent challenges is essential for 
establishing microalgae as viable and economical hosts for heterologous 
production.

4. Conclusion

This study uniquely applies RSM to optimize YFP expression in 
P. tricornutum, a model diatom with growing biotechnological relevance. 
By integrating mathematical modeling and experimental validation, we 
achieved a 4.2-fold increase in YFP MFI and a 1.8-fold rise in total YFP 
levels (219 ± 9 µg L−1) without affecting biomass. We also provided the 
first detailed assessment of YFP degradation kinetics, confirming ubiq
uitin–proteasome system involvement. These findings propose novel 
media composition, offer a predictive model for optimizing culture 
conditions to enhance recombinant protein stability in phototrophic 
hosts, advance diatoms as biomanufacturing platforms, and lays the 
foundation for heterologous production.
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