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Abstract 1 

 2 

Microalgae have been widely recognized as promising hosts for production of various valuable 3 

compounds. However, low expression or silencing of transgenes in most microalgae species have 4 

hindered their broader implementation in biotechnological applications. In many eukaryotes, intron 5 

mediated enhancement (IME) of gene expression by inclusion of introns in heterologous sequences 6 

has resulted in a significant increase in transgene expression. This phenomenon has been found in a 7 

broad range of eukaryotic organisms including animals, plants, yeasts, and more recently green 8 

microalgae. However, no investigation has been conducted in diatoms. Here, we present findings of 9 

IME in the oleaginous diatom, Fistulifera solaris. Inclusion of a native intron found in glyceraldehyde 10 

3-phosphate dehydrogenase (GAPDH) gene into a bleomycin-resistance gene (shble) resulted in 11 

enhancement of the mRNA level of shble, leading to increase in resistance and selection. We tested 12 

this IME in a heterologous plant sesquiterpene synthase gene construct (AgBS), leading to expression 13 

approximately double that of non-intron containing cassettes. The heterologous AgBS lead to 14 

accumulation of the sesquiterpene (E)-α-bisabolene, indicating that native precursors were amenable 15 

to manipulation and available in the cytoplasm of this diatom. To the best of our knowledge, this is the 16 

first study to investigate the effect of IME in diatoms. 17 

 18 
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1. Introduction 1 

Microalgae are photosynthetic microorganisms that serve as production hosts of biofuels and 2 

several high value products including polyunsaturated fatty acids (PUFAs) [1, 2], pigments [3] and 3 

proteins [4]. Genetic engineering, including genome editing [5], is an enabling technology to improve 4 

productivity of native, and expand the repertoire of target, compounds produced by microalgal species. 5 

However, efficient and robust expression of transgenes in microalgae remains challenging as low 6 

expression and/or silencing of transgenes have been frequently reported [6]. Recent studies in the 7 

model green microalga Chlamydomonas reinhardtii have demonstrated that the artificial insertion of 8 

endogenous introns into coding sequences (CDS) of transgenes can overcome low transgene 9 

expression enabling high protein expression at Western blot-detectable levels [7-9]. In many 10 

eukaryotes, the presence of introns leads to improved gene expression by increasing mRNA 11 

accumulation and subsequent translation efficiencies in a phenomenon known as intron mediated 12 

enhancement (IME) [10, 11]. Although the detailed mechanisms of IME are not fully elucidated and 13 

indeed seem to be different between organisms tested [7, 12-14], several possible mechanisms have 14 

been proposed. For example, enhancer elements found within introns can recruit transcriptional 15 

machinery to a nascent promoter [15]. Introns could also improve the downstream events after 16 

transcription such as mRNA export from nucleus and translation by stabilization of mRNA [11]. 17 

IME has been a useful tool to enhance transgene expression in numerous eukaryotic organisms, 18 

including plants [16], animals [17], yeasts [18], and more recently, microalgae [7, 8, 19]. The effects 19 

of various characteristics - gene, copy numbers, insertion positions, orientations, neighbouring 20 

nucleotides, and combination with promoters - on IME efficiency in the green microalga C. reinharditii 21 

has recently been reported [8]. Besides this model green microalga, investigation of IME in an 22 

oleaginous green microalga Scenedesmus acutus showed minor improvement of transgene expression 23 

with intron insertion. This study used vectors optimized for C. reinhardtii which may have not been 24 

optimal for S. acutus and employed recently isolated wild algal isolates which lack some domestication 25 



4 

 

found in C. reinhardtii [20]. In the colonial green alga Volvox carteri, it was observed that the presence 1 

of an artificial intron does increase transgene expression, however, the number of introns inserted did 2 

not influence transformation rates when placed in a selection marker [21]. Investigations of IME have 3 

so far been limited to the green algal lineage, it is, therefore, important to test whether IME is a 4 

universal feature in all eukaryotic algae, or limited to specific species which have high native intron 5 

densities in their genomes such as C. reinhardtii and V. carteri. These organisms have average intron 6 

densities of 6.4 and 6.3 respectively [8, 22]. 7 

The marine diatom Fistulifera solaris accumulates lipids up to 65% of dry cell weight and has 8 

been studied as a production host for triacylglycerol based biofuels [23] as well as biochemicals [24]. 9 

Our previous genome analysis predicted that approximately 40% of genes in F. solaris potentially 10 

contain at least one intron [25]. Genetic engineering approaches in F. solaris [26] have been focussed 11 

on improving the efficiency of biofuel production properties of this alga [27-29] or to understand the 12 

physiological functions of native proteins related to oleaginous phenotypes  [30-33]. Nonetheless, low 13 

expression of transgenes [32] and frequently observed gene silencing [27] hinder the efficient 14 

metabolic engineering of this diatom.  15 

In this study, the effect of IME using endogenous introns on transgene expression was 16 

investigated in F. solaris. Using gene expression data, two introns from highly expressed genes were 17 

selected and incorporated in transgene reporters. IME was observed for one of these introns and was 18 

then used in the design of a heterologous expression cassette for the Abies grandis bisabolene 19 

sesquiterpene synthase (AgBS), which produces (E)-α-bisabolene from farnesyl pyrophosphate. 20 

Heterologous bisabolene was found in cell extracts and confirmed by gas chromatography mass 21 

spectrometry. To the best of our knowledge, this is the first study to demonstrate IME of transgene 22 

expression in diatoms. 23 

 24 

 25 



5 

 

2. Materials and Methods 1 

2.1 Microalgal strain and culture conditions 2 

The marine pennate diatom F. solaris JPCC DA0580 was maintained in the half strength of 3 

Guillard’s f solution (f/2 medium) dissolved in artificial seawater [34] containing 50 μg/ml ampicillin 4 

to prevent bacterial contaminations.  For subculture of F. solaris transformants harboring bleomycin-5 

resistance gene (shble) or neomycin resistance gene (nptII), f/2 media containing 2.5 µg/ml zeocin or 6 

500 µg/ml G-418 were used. F. solaris was grown with sterile air at the flow rate of 0.1 l-air/l-7 

medium/min (2% CO2) at 25°C under continuous illumination at 130 µmol photons/m2/s for 7 days. 8 

 9 

2.2 Exploring the sequences of endogenous introns  10 

F. solaris cDNA sequences (179 sequences) were obtained by primer walking in our previous 11 

study [25]. Intron sequences were identified by aligning cDNA sequences with the corresponding gene 12 

regions on the F. solaris genome (GenBank assembly accession: GCA_002217885.1) using ClustalW 13 

[35]. In order to investigate the conservation of splice sites, multiple alignments of the 5 bases of the 14 

end of introns and 1 base of the flanking exons were performed. The expression levels of the cDNA 15 

were retrieved from RNA-seq data also obtained in our previous study [25]. 16 

 17 

2.3 Plasmid construction and transformation 18 

In this study, we employed two different endogenous promoters, which were histone 4 (H4) gene 19 

promoter for shble-expression [26] and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene 20 

promoter for bisabolene synthase-expression [32].  21 

The endogenous intron found in the GAPDH (GenBank accession number: GAX29054.1) gene 22 

was amplified using primer pairs, iG_shble-CDS_F and iG_shble-CDS_R. The shble-expressing 23 

plasmid pSP-shble/H4, in which shble is expressed under the control of H4 gene promoter derived 24 

from F. solaris [26], was digested with SmaI. We leveraged this SmaI site, which is located at 88 bp 25 
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downstream of the start codon of shble, to insert the GAPDH intron into the coding sequence (CDS) 1 

of shble. The amplified GAPDH intron and the linearized plasmid pSP-shble/H4 were assembled by 2 

Gibson assembly using NEBuilder HiFi DNA Assembly Master Mix. 3 

The Abies grandis bisabolene synthase (AgBs) gene was chemically synthesized by Takara Bio 4 

Inc. (Shiga, Japan), and inserted between the GAPDH promoter and gfp gene of pSP-GFP/GAPDH 5 

containing a neomycin phosphotransferase gene (nptII) as a selection maker [26]. This AgBs-GFP-6 

expression vector was designated as pSP-AgBs/GAPDH. Subsequently, the plasmid with the GAPDH 7 

intron inserted in the CDS of AgBs gene was constructed as described below. The GAPDH intron was 8 

amplified by PCR with a specific primer pair, iG_F2 and iG_R2 (Supplementary Table S1). The 9 

linearized pSP-AgBs/GAPDH was amplified with a specific primer set, iG_AgBs_F and iG_AgBs_R 10 

(Supplementary Table S1), and assembled with the GAPDH intron by Gibson assembly. The resultant 11 

plasmid was designated as pSP-AgBs-iG_CDS/GAPDH, in which we inserted the GAPDH intron at 12 

approximately 0.5 kbp downstream points from the start codons by referring the previous study [8]. 13 

Each plasmid was introduced into F. solaris by microparticle bombardment using the Biolistic 14 

PDS-1000/He Particle Delivery System (BioRad Laboratories Inc., Hercules, CA, USA) as described 15 

previously [26]. The transformant clones harbouring pSP-shble/H4 or pSP-shble-iG_CDS/H4 were 16 

selected on f/2 agar plates containing 2.5 or 5 µg/ml zeocin. The transformant clones harbouring pSP-17 

AgBs/GAPDH or pSP-AgBs-iG_CDS/GAPDH were selected on f/2 agar plates containing 500 µg/ml 18 

G-418. G-418 resistant clones were subjected to PCR amplification of the partial AgBs region using a 19 

primer set, AgBs-insert_F and AgBs-insert_R (Supplementary Table S1). 20 

 21 

2.4 Quantitative real-time PCR 22 

Gene expression levels were determined using real-time PCR with the complementary DNA 23 

(cDNA) samples synthesized from transformants as templates. The transformants in the exponential 24 

phase (1×109 cells) were collected. Total RNA was extracted using an RNA purification kit (Thermo 25 
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Fisher Scientific Inc., Waltham, MA, USA). RNA (1 µg) was used for reverse transcription (RT) to 1 

generate cDNA using the PrimeScript II First Strand cDNA Synthesis Kit (Takara Bio Inc., Shiga, 2 

Japan). The cDNA was analyzed using Agilent DNA 1000 Kit and Agilent 2100 Bioanalyzer (Agilent 3 

Technologies, California, USA) to confirm the absence of genomic DNA. Real-time PCRs for shble 4 

as a target gene and rps as a housekeeping control were performed using the Power SYBR Green PCR 5 

Master Mix on an Applied Biosystems 7500 real-time PCR system (Thermo Fisher Scientific Inc., 6 

Waltham, MA, USA). 7 

 8 

2.5 Fluorescence intensity measurement  9 

The diatom cells harbouring pSP-AgBs/GAPDH or pSP-AgBs-iG_CDS/GAPDH were cultivated 10 

for 7 days until the stationary phase. Subsequently, the collected cells (approximately 107 cells) were 11 

introduced into a 96-well plate. Fluorescence intensities of GFP (peak wavelength for excitation (Ex): 12 

470 nm, wavelength range for detection of emission light (Em): 509 nm) and chlorophyll (Ex: 460 nm, 13 

Em: 680 nm) were measured using microplate reader SH-9000 (CORONA ELECTRIC, Ibaraki, Japan). 14 

For standardization, the GFP fluorescence intensity divided by the chlorophyll fluorescence intensity 15 

was calculated. 16 

 17 

2.6 Bisabolene extraction and gas chromatography-mass spectrometry (GC-MS) 18 

F. solaris wild type (WT) and the transformants harbouring pSP-AgBs/GAPDH or pSP-AgBs-19 

iG_CDS/GAPDH were cultured in a flat flask containing 500 ml of f/2 medium and 20 ml of overlaid 20 

dodecane (25°C, 130 µmol photons/m2/s, 0.1 l/min, 2% CO2, with 500 μg/ml G-418 in the transformant 21 

culture) for 7 days. The culture media with overlaid dodecane were centrifuged (8500xg, 15 min, 4°C), 22 

and resulting an emulsion phase consist of dodecane phase and cell pellets were collected separately. 23 

The collected dodecane phase was centrifuged again, subjected to filtration (polytetrafluoroethylene 24 

(PTFE) membrane filter, pore size: 0.22 μm) to remove cell components, and dried under argon gas 25 
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atmosphere with heating at 200°C. Subsequently the samples were dissolved in dodecane.  The cell 1 

pellets were suspended in the dodecane (1 ml), and then disrupted for 5 min using mortars and pestles 2 

on ice. After disruption, 2 ml of dodecane was further added to the suspension, and the suspension was 3 

stirred for 1 min using a vortex mixer. The supernatant obtained by centrifugation (1000xg, 25°C, and 4 

10 min) was collected, and anhydrous sodium sulphate was added to perform a dehydration treatment. 5 

After filtration through a PTFE membrane filter (pore size: 0.22 μm), the solvent was volatilized, and 6 

the resulting pellets were re-suspended in 300 µl of dodecane. 7 

 For the purpose of (E)-α-bisabolene identification, analysis was done by GC-MS using GC-8 

MS-QP2010 Plus (Shimadzu Co., Kyoto, Japan) and a VF-5ms column. The injector was set at 250°C, 9 

the interface at 250°C, and the ion source at 220°C, and 1 µl of the sample was injected in splitless 10 

mode. Helium at a constant flow rate (1 ml / min) was used as carrier gas. The oven temperature was 11 

kept at 80°C for 1 min, then raised to 120°C at 10°C/min, 160°C at 3°C/min, and 270°C at 10°C/min, 12 

and held for 2 min with electron impact for ionization. Mass spectra were obtained by scan mode 13 

analysis. The mass spectrum of the solvent, dodecane, was subtracted from the mass spectra of the 14 

samples. The similarity search was performed using the NIST05 library to identify the substances. The 15 

bisabolene peak in gas chromatograms was identified by comparing the retention time of (E)-α-16 

bisabolene in commercial standard (Life Technologies, California, USA) which was observed at 17.4 17 

minutes. We further confirmed that the identified peak showed 3 prominent masses (namely, m/z 91, 18 

93, and 119), and their intensity ratio was consistent with those of the (E)-α-bisabolene. Using the 19 

standard sample, a calibration curve of the bisabolene standard in the range of 4.3 - 436.5 mM was 20 

prepared based on the main peak intensity of m/z 93 (Supplementary Fig. S2) to compare the contents 21 

of (E)-α-bisabolene in the diatoms. Proportion of α-bisabolene in the mixture was estimated by 22 

referring to the previous study [36]. Since the aim of this study is to identify the presence of (E)-α-23 

bisabolene, GC-MS is used instead of GC-flame ionization detector (FID). All statistical analysis was 24 

performed using Student’s t-test where differences were considered significant with p-value < 0.05. 25 
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3. Results 1 

3.1 Characterization of F. solaris introns 2 

The experimentally obtained cDNA sequences (179 sequences) and corresponding CDSs in the 3 

genome were compared to identify the introns in the genome of F. solaris. As a result, 173 cDNA 4 

sequences were successfully aligned with predicted CDSs, and 77 introns in 61 genes were found. We 5 

could not obtain full length sequences of some cDNA in our previous study [25]. Therefore, our cDNA 6 

sequence data did not cover the entire regions of all transcripts and, consequently, some introns in the 7 

uncovered regions might be overlooked in this study. It should be noted that data of introns described 8 

below (i.e., the proportion of the intron-containing genes and average number of introns in single 9 

genes) are only related to those which were found from available information. With this limitation, the 10 

proportion of the genes containing at least one intron among all genes and the average number of 11 

introns in single genes (intron density) were estimated to be 35% and 1.3, respectively. This data was 12 

roughly consistent with our previous prediction throughout the genome based on the bioinformatics 13 

tool, Augustus [37], in which those were predicted to be 40% and 1.6, respectively [25]. The average 14 

length of introns experimentally detected in this study was 103 bp (our previous prediction was 92 bp), 15 

shorter than that found in C. reinhardtii (373 bp) and closer to those of other diatoms Phaeodactylum 16 

tricornutum (134 bp) and Thalassiosira pseudonana (125 bp) [38]. The sequences of some introns 17 

could not be unambiguously determined due to identical sequences presented in the upstream and 18 

downstream of the gene (Supplementary Fig. S1). In this study, we employed the intron sequences 19 

based on the initial outputs of ClustalW alignments [35]. 20 

We compared the splice site sequences of the putatively determined 77 introns and found that 21 

GT and AG were frequently observed at the 5′- and 3′-ends of the introns found in F. solaris genome, 22 

respectively (Fig. 1). Among the 77 introns found in this study, 32 (41.6%) possessed this GT/AG 23 

motif. This result is consistent with the previous studies reporting that GT/AG motif was the most 24 

common in eukaryotes including P. tricornutum, T. pseudonana and C. reinhardtii [39, 40]. 25 
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Among 61 intron-containing genes, 29 genes with known functions were selected in the initial 1 

trial because it was easy to estimate whether they are house-keeping genes, which are, in general, 2 

stably expressed in the host organisms (Supplementary Information Table S2). However, we did not 3 

exclude the potential use of introns in other 32 genes. Comparison of the expression levels of all 29 4 

genes after 48 to 144 hours of culture, which were analysed in our previous transcriptome analysis 5 

[25], were made. GAPDH gene showed the highest expression levels throughout the cultivation period. 6 

Introns in these house-keeping genes might contribute to the high expression, although promoter 7 

activities also govern the expression levels. Therefore, the intron of the GAPDH gene was chosen for 8 

further investigation.  9 

 10 

3.2 Effects of intron insertion on transgene expression 11 

The expression cassette of shble containing the GAPDH intron in the CDS of shble (pSP-shble-12 

iG_CDS/H4) was constructed and introduced into F. solaris (Fig. 2 (A)). The number of zeocin-13 

resistant colonies per 5 × 107 cells at different zeocin concentrations was analysed as shown in Figure 14 

2 (B). Compared to the control without intron (pSP-shble/H4), formation of zeocin-resistant colonies 15 

increased 3.5 times This result suggests that GAPDH intron could have positive effects on transgene 16 

expression in F. solaris. 17 

Increased accumulation of mRNA level of shble was also detected when GAPDH intron was 18 

inserted in the CDS of shble (shble-iG_CDS) (Fig. 2C). This result suggests that mode of action of 19 

IME, at least using this specific intron, may be related to enhancement of transcription. It should be 20 

noted that the intron is located in the CDS at the position 247 bp downstream from the start codon of 21 

the GAPDH gene. In the following experiments, we employed the GAPDH intron to be inserted in the 22 

CDS of the target genes to ensure both mRNA and translated protein enhancement.  23 

 24 

 25 
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3.3 Heterologous bisabolene is produced by IME assisted expression of a plant sesquiterpene 1 

synthase in diatom. 2 

We tested the hypothesis that increased transgene expression facilitated by IME could contribute 3 

to increased capacity for engineering heterologous compound production in the diatom. F. solaris was 4 

transformed using vectors containing a codon optimized, Abies grandis bisabolene synthase gene with 5 

or without the GAPDH intron inserted into its CDS, named AgBs-iG_CDS and AgBs, respectively 6 

(Fig. 3 (A)). Tagging GFP to the C-terminus of the AgBs protein allowed us to estimate levels of the 7 

protein accumulation and the subcellular localization (Fig. 3 (B)). Fluorescent microscopy revealed 8 

cytosolic localization of the GFP-tagged AgBs protein as anticipated as no targeting peptides were 9 

added to its sequence. The accumulation levels of the GFP-tagged AgBs protein expressed from the 10 

AgBs and AgBs-iG_CDS in F. solaris transformants were examined, respectively, based on the 11 

fluorescent intensity. Fluorescent intensity of GFP in transformant strains with the AgBs-iG_CDS was 12 

found to be significantly higher than AgBs (Fig. 3 (C)), indicating the enhanced expression of the GFP-13 

tagged AgBs protein by IME.  14 

Subsequently, production of bisabolene in these transformant strains was evaluated by GC-MS 15 

analysis. We employed dodecane-extraction applied to the collected cell pellets, and analyzed F. 16 

solaris WT, transformant strains with (N=3) and without (N=4) the intron by GC-MS. A specific peak 17 

on the chromatograms was detected at 17.4 min of retention time from all transformant cells, while it 18 

was not found from WT as shown in Fig. 4 (A) and (B)). Mass spectra of the peak at 17.4 min of the 19 

transformants was consistent with that of bisabolene standard with the highest peak at 93 of m/z value 20 

(Fig. 4 (C)), suggesting that bisabolene synthesis was successfully demonstrated in the F. solaris 21 

transformants. It should be noted that, in the present study, (E)-α-bisabolene was only detected from 22 

cell pellets, and we failed to detect bisabolene from overlaid dodecane phase as previously reported 23 

for cell-wall deficient C. reinhardtii [36]. We prepared a calibration curve of (E)-α-bisabolene with 24 

the intensity of the peak at 93 of m/z (Supplementary Fig. S2) and quantified the (E)-α-bisabolene 25 
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extracted from the cells of AgBs and AgBs-iG_CDS strains. (E)-α-bisabolene was found at 0.55±0.34 1 

mg/L and 0.81±0.22 mg/L in the transformant strains without and with the intron, respectively (Fig. 4 2 

(D)). Although the difference of bisabolene titres between these transformants were not statistically 3 

significant, bisabolene amounts tended to be increased in the transformants harbouring plasmids 4 

containing the GADPH intron.  5 

 6 

4. Discussion 7 

Microalgae have obtained broad attention as promising hosts for production of useful compounds 8 

[41-43]. Because high levels of transgene expression in undomesticated microalgae is still challenging, 9 

development of genetic tools to improve transgene expression is needed. In the present study, we have 10 

demonstrated that IME can improve transgene expression rates in the oleaginous diatom F. solaris. 11 

Even though F. solaris is newly established oleaginous diatom for molecular studies [25] compared to 12 

P. tricornutum, which is widely recognized as a model pennate diatom, F. solaris has shown its unique 13 

characteristics by accumulating high lipids and EPA as well as high biomass productivity in culture. 14 

These features open up the potential not only its use in biofuel production but other prospective high-15 

value added products as well [24, 29, 32, 44, 45]. Through this study, investigated its potential for 16 

further value expansion through heterologous isoprenoid engineering. To the best of our knowledge, 17 

IME for microalgae was only demonstrated in the green microalgae C. reinhardtii [46, 47], S. acutus 18 

[20], and V. carteri [21]. Ours is the first report IME in diatoms. The impact of IME should also be 19 

investigated in P. triconutum in the future. Being a model diatom, this species is known for its 20 

importance in biotechnological and ecological factors [48-50], thus, similar works using P. triconutum 21 

could help to understand the IME in diatoms. 22 

We employed the shble selection marker as a means of assessing the effect of endogenous intron 23 

addition into transgene cassettes as this selection marker offers a direct correlation of increases in gene 24 

expression or mRNA export from the nucleus to colony forming units [7, 8, 47]. The specific insertion 25 
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of GAPDH intron into the CDS of shble selection marker resulted in the increase of the antibiotic 1 

resistance level (Fig. 2 (B)), which were supported by the enhancement of shble expression (Fig. 2 2 

(C)). This mode of action was consistent with that previously found in the green microalga C. 3 

reinhardtii [8]. Furthermore, enhanced accumulation of the recombinant protein followed by the 4 

production of target compound (bisabolene) was also demonstrated (Fig. 3 and 4). These data suggest 5 

that IME was a useful approach to improve the transgene expression level in F. solaris. 6 

It has been previously shown that variations of the neighbouring nucleotides of the intron 7 

drastically changed the IME in C. reinhardtii [7, 8]. In this study, the GAPDH intron was inserted 8 

between C ^ G in shble and T ^ G in AgBs, respectively. These nucleotides surrounding the inserted 9 

intron were not the best combination in C. reinhardtii (G ^ G). As the IME mechanism in diatom is 10 

still vague, therefore, further systematic analysis of this phenomenon is required to ascertain the mode 11 

of action. 12 

Diatoms possess both the 2-C-methyl-D-erythritol 4-phosphate/1-deoxy-D-xylulose 5-phosphate 13 

(MEP/DOXP) pathway in the chloroplast and the mevalonate (MVA) pathway in the 14 

cytoplasm/endoplasmic reticulum. Both of these pathways generate the precursors of isoprenoids, 15 

isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP), which are built to higher 16 

isoprenoids [51]. Among many biological roles, in the chloroplast these precursors are used for the 17 

generation of carotenoid pigments, while the cytoplasmic precursors are used in sterol biosynthesis 18 

[52]. In green algae, only the MEP pathway is present and free FPP has been shown to be converted 19 

to sesquiterpenoids by their respective heterologous synthases in the algal cytoplasm [13, 36]. In the 20 

diatom P. tricornutum, squalene, which is derived from FPP has been shown to be amenable to 21 

conversion to heterologous triterpenoids also from cytoplasmic pools [53]. The FPP synthase and 22 

squalene synthase are also found as a unique gene fusion in the genome of P. tricornutum [54]. An 23 

FPP synthase gene was identified in F. solaris (GAX20074.1), however, its mechanism, subcellular 24 

localization, and effect on heterologous sesquiterpene biosynthesis is still unclear [28]. 25 
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Here, we have shown that heterologous expression of the AgBs with cytoplasmic localization 1 

resulted in the intracellular accumulation of (E)-α-bisabolene in F. solaris (Fig. 4), indicating freely 2 

available precursor as a metabolic pool that can be tapped for metabolic engineering. The yields of 3 

(E)-α-bisabolene presented in this work are quite low in comparison to heterotrophic systems and even 4 

other phototrophs, however, our goal was not to optimize (E)-α-bisabolene production, but rather 5 

determine the benefit of IME on large transgene construct expression. Numerous reports in other hosts 6 

have shown strategies which can modify metabolite pools by overexpression or knockdown of 7 

precursor pathway genes, as well as through strategic fusions of FPP-sesquiterpene synthases [13, 36]. 8 

Similar strategies will indeed be possible in F. solaris and will be the subject of future studies with 9 

this host, supported by increased transgene expression rates supported by IME. Similar to triterpene 10 

biosynthesis in P. tricornutum [53], (E)-α-bisabolene was only found in cell pellets, but not in solvent 11 

overlays with F. solaris. This means that the heterologous metabolite is accumulated intracellularly 12 

and that the frustules (siliceous cell walls) might prevent milking of the cells from the metabolite as 13 

observed in cell wall deficient C. reinhardtii. What this means for potential yields from the system 14 

will need to be determined in future studies. It is currently unclear whether the cytosolic MVA pathway 15 

or the plastidic MEP pathway contributes to this precursor availability in diatoms, a deficit in 16 

knowledge which can be systematically investigated in the future. 17 

 18 

5. Conclusions 19 

We have found that at least one endogenous intron from a highly expressed F. solaris gene can 20 

contribute to IME in transgene expression cassettes in this diatom. This is the first study to demonstrate 21 

IME in a diatom and consequently enabled the determination that F. solaris contains a pool of FPP 22 

which can be tapped for heterologous sesquiterpenoid production. Although further studies are 23 

required to systematically investigate the mechanisms of IME in this host, our findings open new 24 

avenues of investigation for both heterologous metabolic engineering and understanding fundamental 25 
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aspects of gene expression regulation in diatoms. 1 

 2 

Figure legends 3 

Fig. 1 Sequence logo of the splicing sites of 77 introns of F. solaris found in this study. 4 

 5 

Fig. 2 IME of the zeocin-resistance gene (shble) in F. solaris. (A) Schematic representations of the 6 

shble-expression vectors constructed in this study (shble: pSP-shble/H4 and shble-iG_CDS: pSP-7 

shble-iG_CDS/H4). (B) Number of zeocin-resistant colonies transformed with pSP-shble/H4 (shble) 8 

and pSP-shble-iG_CDS/H4 (shble-iG_CDS). PH4 and TfcpA stand for promoter of histone 4 gene of F. 9 

solaris and terminator of fucoxanthin-chlorophyll a-c binding protein A of P. tricornutum. “N” 10 

indicates the number of transformation experiments using each construct. (C) Relative expression 11 

levels of shble in the transformant clones harbouring pSP-shble/H4 (shble alone) and pSP-shble-12 

iG_CDS/H4 (shble-iG_CDS, intron placed in CDS). 13 

 14 

Fig. 3 IME of AgBs expression in F. solaris. (A) Schematic representations of the AgBs-expression 15 

vectors constructed in this study (AgBs: pSP-AgBs/GAPDH, AgBs-iG_CDS: pSP- AgBs-iG_CDS 16 

/GAPDH). (B) Fluorescence microscopy images of F. solaris wild type and transformant harboring 17 

AgBs (scale bar = 5 μm). (C) Relative fluorescence intensity of the transformant cells of GFP (the cells 18 

harboring GFP, AgBs, and AgBs-iG_CDS. GFP fluorescence intensity was standardized to chlorophyll 19 

fluorescence intensity. Statistical analysis was performed using Student’s t-test where differences were 20 

considered significant with p-value < 0.05. Asterisk (*) represents a statistically significant difference.  21 

 22 

Fig. 4 Bisabolene production in F. solaris AgBs-expressing transformant strains. (A) and (B) showed 23 

GC-MS chromatogram of wild type and the transformant AgBs strain. (C) Comparison of mass spectra 24 
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between the extracts obtained from the transformant AgBs strain and α-bisabolene standard. (D) Box 1 

plot of bisabolene production in AgBs and AgBs-iG_CDS strains. Each point in the box plot represents 2 

the production in a single clone.   3 
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