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Abstract

Light regulates important metabolic processes in microalgal cells, which can
further impact the metabolism and the accumulation of biomolecules such
as lipids, carbohydrates, and proteins. Different characteristics of light have
been studied on various strains of the model diatom Phaeodactylum tricor-
nutum, but not on transconjugant cells and information on wild-type strains
is still limited. Therefore, we studied the impact of different light characte-
ristics such as spectral quality, light intensity and light shift on the growth,
and the composition in lipids and fatty acids of 2. tricornutum cells to pro-
vide a comprehensive context for future applications. Initially, we tested the
impact of spectral quality and light intensity on P. tricornutum transformed
with an episomal vector (Ptev), harboring the resistance gene SA ble. Results
indicated that Pfev cells accumulated more biomass and overall lipids in
spectral quality Red 1 (R1: 34% > 600 nm > 66%) more effectively as com-
pared to Red 2 (R2: 8% > 600 nm > 92%). It was also detected that cell gra-
nularity was higher in R1 as compared to R2. Furthermore, by testing two
light intensities 65 pmol-m s~ and 145 pmol-m™s™" light, it was observed
that 145 umol-m™s™' led to an increase in growth trend, total biomass and
lipid content. Combining spectral qualities and light intensities, we show
that the lipid accumulation raised by 2.8-fold. Studying the light intensity
and spectral quality allowed us to optimize the light conditions to R1 spec-
tral quality and light intensity 145 pmol-m*s™". These initial results showed
that red light R1 at 145 pmol-m™s™' was the best condition for biomass and
total lipids accumulation in Ptev cells. Next, we further combined these
two-light optimizations with a third light characteristics, ie. light shift,
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where the cultures were shifted during the early stationary phase to a differ-
ent light environment. We studied Red light shift (Rs) to investigate how
light condition variations impacted P. fricornutum transconjugants Ptev and
with an episomal vector containing the reporter gene YFP (PfYFP). We ob-
served that Rs induced growth and fatty acid eicosapentaenoic acid (EPA) in
Ptev as compared to PfYFP. Altogether, the study shows that red light shift
of R1 at 145 pmol-m*s™! promoted biomass and total lipids accumulation in
Ptev and PYFP cells. The study provides a comprehensive approach to using
different light characteristics with the aim to optimize growth and lipids, as
well as to fatty acid production.

Keywords

Phaeodactylum tricornutum, Light Condition, Episomal Vector, Diatoms, Fatty
Acids, Biomass

1. Introduction

Currently, there is a growing concern about the need of renewable feedstock for
human fulfilment and the consequences of overconsumption by the ever-grow-
ing human population. Our society would highly benefit from including the
principles of bioeconomy, such as using more renewable biomass and utiliz-
ing/recycling by-products, instead of non-renewable feedstock for non-essen-
tial uses [1]. Microalgae and diatoms hold a big potential to contribute to solv-
ing issues related to the lack of renewable feedstock because of their possible
usage in fossil fuel-based technologies [2] [3] [4] [5]. Moreover, the use of the
diatom Phaeodactylum tricornutum species to produce a variety of industrially
important bioproducts (e.g. fatty acids, pigments, vitamins), is gaining interest
[6]. For example, fatty acid derivatives, such as hydroxy fatty acids, fatty alco-
hols, fatty acid methyl/ethyl esters, and fatty alka(e)nes, have a wide range of
industrial applications including bioplastics, cosmetics, pharmaceutics, lubri-
cants, and fuels [7].

Adaptability, maintenance, and regulation of biochemical and physiochemical
processes under high stress conditions are key features of diatoms, which are ex-
ploited for bio-products production for sustainable economy [8]. These charac-
teristics give diatoms the plasticity to respond and survive in the changing eco-
system and to utilize the resource most efficiently [8] [9] [10]. Diatoms have the
potential to adapt to different conditions such as variations in light intensity,
spectral quality and light shift [11] [12] [13]. It is well established that precise
light condition has a significant and strong impact on the overall functioning of
microalgae photosystem and nutrient cycle. For example, blue light controls the
onset of cell division, while shifting the culture from red to blue light increases
the production of proteins [10]. Spectral quality also influences light signaling
pathways [10] [12] [14] [15] [16] [17] [18]. Several studies have reported on the
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impact of different spectral light qualities on P. tricornutum growth, biomass, li-
pids and pigment accumulation [19] [20] [21]. It was observed that, red and blue
lights have an impact on accumulation of sterols [20], lipids [22] and pigments
[23]. The total amount of sterols was lowest in blue light and sterol glycosylation
was affected with a 100-fold decrease in steryl glycosides under blue light and a
100-fold decrease in acylated steryl glycosides under red light [20]. In addition to
the spectral quality, and variations in light intensity affects the growth and metabo-
lites production by manipulating biological processes such as membranes remode-
ling, polyunsaturated fatty acids (PUFA) biosynthesis, rerouting, light-harvesting
or photo-protection activity in P. tricornutum [23] [24].

More recently, metabolic engineering has been used to investigate the poten-
tial of diatoms for industrial uses such as increasing the total biomass or meta-
bolites production. For example, the biolistic transformation of P. tricornutum
has been used to produce omega fatty acids, betulin and its precursors [25] [26].
Also, studies have shown that overexpression of reporter genes such as GFP and
YFP impacted the growth and biomass of P. tricornutum and Rhodobacter sphae-
roaides [27] [28]. Furthermore, overexpression of a putative plastidial pyruvate
transporter has been used to increase biomass, lipid content, and growth [29]. For
the production of proteins or metabolites of interest, metabolic engineering re-
searchers exploit the potential of bacteria and yeasts, however these platforms do
not always support the assembly of complex plant-derived metabolic pathways.
Microalgae cells possess several advantages over other microorganisms; 1) unlike
prokaryotic bacteria, microalgae are able to perform the post-translational mod-
ifications of recombinant proteins necessary to the native eukaryotic organism,
2) as is the case in plants, recombinant protein expression in microalgae can be
done through the nuclear, mitochondrial or chloroplastic genomes. The latter is
well established and allows one to successfully bypass nuclear regulation me-
chanisms, 3) microalgae biomass doubles in size every 48 hours allowing rapid
large-scale production, 4) autotrophic or heterotrophic growth conditions can be
used, 5) cultivation in photobioreactors insure control of growth conditions and
prevents the possible escape of transgenes into the wild. Thus, microalgae such
as diatoms represent an ideal platform to support the production of complex
plant metabolites [30]. Nuclear transformation offers the advantages of post-
translational modifications of recombinant proteins, the possibility of protein
targeting and flexibility in regulatory expression (native or heterologous promo-
ters and untranslated regions). However, the main disadvantage of nuclear trans-
formation is the low expression levels of the genes of interest due to silencing
and positions effects (random integration). The chloroplastic gene transforma-
tion offers higher levels of transgenic protein accumulation but is comprise in
the chloroplast, lacks post-translational modifications, and is limited in regula-
tory tools. Both, nuclear and chloroplastic transformation are also limited in the
size of the transgenes to be inserted. Recently, Slattery et al have used the robust
episomal conjugative system to edit urease gene with 60% efficiency and stably

transform eight genes involved in vanillin synthesis for 4 months with no rear-
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rangement [31]. To this date, no study has reported on the impact of the epi-
somal vector and the presence of reporter gene on P. tricornutum growth and
metabolism. Therefore, we have used the episomal based transformation to in-
sert the Yellow Fluorescent Protein (YFP) as reporter gene to analyze its impact
on growth, lipid, and fatty acid profile.

In the actual context, P. tricornutum holds great promise for the light-driven
bioproduction of biofuels and high-value, industrially relevant biochemicals [6].
They are the primary food and energy sources in many aquatic food systems and
play an important ecological role in global carbon and silicon cycling. In this
study, we aim to provide a comprehensive strategy to study light-based experi-
ments on bioengineered P. tricornutum to get a view of light intensity, light shift
and spectral quality impact on biomass, lipid accumulation and fatty acid com-
position. Furthermore, we provide a proof of concept to acknowledge the im-
portance of culture conditions on diatoms-based compounds production both in
P. tricornutum containing the resistant gene Sh ble in the episomal vector (Ptev)
and P. tricornutum YFP transconjugants harboring genes encoding YFP fluo-
rescent proteins (PfYFP). We also analyzed the effect of light on YFP accumula-
tion by studying YFP fluorescence levels and the lipid accumulation and fatty

acid composition of P. tricornutum.

2. Methodology

2.1. Growth and Culture Conditions

Axenic P. tricornutum Bohlin, (Culture Collection of Algae and Protozoa CCAP
1055/1), was kindly provided by Prof. Bogumil Karas from Western University,
Canada. Cultures were maintained in L1 media. Experiments for growth curve
were done in 250 mL flask with 50 mL L1 media with an equal inoculum size of
0.2 OD at absorbance 680 nm (ODg,,.). P. tricornutum cells were grown and
maintained in L1 media without silica at pH 8 (Artificial Sea Water) in a growth
chamber at 18°C * 1.5°C with cool white light, as standard condition, for 16:8h
light/dark photoperiod of cycles and shaking at 120 rpm.

2.2. Transconjugant Strains Generation and Selection

Recombinant plasmid named here PYFP consist in the pPtGE30 plasmid (Ptev)
[31] carrying genes of interest fused to yellow fluorescent protein (YFP) in N-
terminal. The reporter genes are under the regulatory region that contains a strong
constitutive promoter (40SRPS8) and a fucoxanthin-chloroplast protein complex
A (FcpA) as terminator.

Saccharomyces cerevisiae VL6—48 (ATCC MYA-3666: MAT a his3-A200 trpl-Al
ura3—52 lys2 ade2—1 metl4 cir0) was used for the yeast assembly as described
previously [30]. Positive yeast strains containing His selection grew on minimal
yeast media without histidine. A pool of the grown yeasts was harvested 5 days
after assembly and total DNA was extracted as described previously [32]. Assem-

bled plasmids was then amplified in chemio-competent Escherichia coli (Epi300,

DOI: 10.4236/ajps.2023.141004

44 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2023.141004

N. Sharma et al.

Epicenter) grown on Luria Broth (LB) media supplemented with appropriate
antibiotic chloramphenicol (25 mg-L™") overnight at 37°C. Plasmids were then
extracted from chloramphenicol-E. coli colonies that were tested by colony PCR
using a miniprep kit allowing the extraction of large vectors (Biobasic EZ10 mi-
niprep kit, NY, USA). Plasmids were verified by sequencing and then amplified
in E. coli Epi 300 strain containing pTA-MOB plasmid to allow conjugation with
wild type diatoms as described in the literature [30]. Transfer of plasmid DNA to
P. tricornutum via conjugation from E. coli was performed as described [33].
For this, 250 pL of wild type P. tricornutum culture were adjusted to a density of
10° cells-mL™", this density was obtained by plating 1 mL of wild type P. tricor-
nutum on 1/2 x L1 1% agar plates and grown at 18°C under cool fluorescent
lights (75 umol'm™s™" on a light/dark cycle of 16/8h) for 4 days. Prior to trans-
formation, 1 mL of L1 media was added to each agar plate, cells were scraped
then harvested by pipetting in a sterile tube. Cells were then diluted and mounted
in an improved Neubauer hemacytometer (BLAUBRAND" counting chamber,
Sigma, USA) to be counted and then cell concentration was adjusted to 5.0 x 10°
cellssmL™". A volume of 50 mL E. coli culture containing the assembled plasmid
and pTA-MOB was grown at 37°C under agitation to ODg,, of 0.9. Cells were
then centrifuged at 3000 g for 10 min and resuspended in 500 pL of SOC media.
Conjugation was initiated by adding 200 pL of P. tricornutum to 200 pL of E. co-
i cells. The cell mixture was then plated on 1/2 L1, 5% LB, 1% agar plates, incu-
bated at 30°C for 90 min in the dark and then transferred to 18°C in the light
and grown for 2 days. Two days later, 1 mL of L1 media was added to the plates
to collect cells by scrapping and a volume of 200 uL of cells were plated on 1/2
L1, 1% agar plates supplemented with zeocin 50 pg-mL™" for selection and incu-
bated at 18°C under light (75 pmol-m™s™"). Two weeks later, colonies were col-
lected and streaked again on 1/2 L1, 1% agar plates supplemented with zeocin 50
pg-mL~". Positive colonies were screened by fluorescence under a Fluorescent
Stereo Microscope Leica M165 FC with GFP filter. YFP fluorescence from P.
tricornutum transconjugants was assessed using the Synergy H1 Bio Tek micro-
plate reader. A volume of 200 pL cell culture transconjugants was measured for
fluorescence in black 96 well plate at Ex/Em wavelengths of 500/539nm (n = 3).
Strains containing plasmid YFP (17389 bp) and pPtGE30 (16,149 bp) are named
here PYFP and Ptev respectively.

2.3. Flow Cytometry and Fluorescence-Activated Cell Sorting
(FACS)

The BD FACS Melody (BD Biosciences, La Jolla, CA, USA) equipped with blue
(488 nm), red (640 nm) and violet (405 nm) lasers were used to sort PFYFP cells
according to YFP production. Prior to the first sort, selected cells were grown in
L1 liquid medium supplemented with Zeocin (50 pg-mL™") and grown for 14
days. P. tricornutum cultures were washed in L1 medium, filtered on a 100 pm
Nylon Net filter (Merck Millipore, Ireland) and diluted to an ODg,,, = 0.1 in L1

media prior to sorting.
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Events were acquired at a fixed flow rate and at least 10,000 events were ana-
lysed. Cells were gated according to FSC-A (forward scatter area) and SSC-A (side
scatter area) parameters and doublons were excluded according to further gating
on homogeneous FSC-H (height) vs. FSC-W (width) and SSC-H vs. SSC-W pop-
ulations. Chloroplast autofluorescence was measured on the PerCP channel
(700/54nm). Cells with high homogeneous levels of PerCP fluorescence were
further gated, whereas cells with high non-specific autofluorescence were ex-
cluded based on their emission in 448/45nm channel. YFP was further analysed
on the 527/32 nm band-pass filter channel. Sorted cells (1.0 x 10° cells-mL™)
were collected in 1.5 mL tube containing 500 pL of L1 media without antibiotics,
centrifuged 10 min at 3500 x g and 90% - 95% of the supernatant was removed
and replaced by 500 pL of L1 media supplemented with Zeocin 50 pg-mL~,
chloramphenicol 35 pg-mL™" and ampicillin 100 pg-mL™" to avoid contamination.
This was used as inoculum to L1 media 20 mL culture, supplemented with Zeo-
cin 50 pg-mL™". Ptev cells were used as negative control.

For the second round of sorting, 1* round-sorted cultures were incubated for
11 days and diluted in 1 mL to an ODygg,,, of 0.1. The cultures were then grown
for another 11 days, and sorted, following the same procedure. In this round,
non-fluorescent (YFP™) PYFP cells were sorted too. After the second sorting
round, PFYFP YFP* fluorescent and YFP™ non-fluorescent cells were monitored
for 11 and 23 days, respectively to monitor YFP production. Figures and statistics
were analyzed using BD Flow]o version 10 software (BD Biosciences, La Jolla,
CA, USA, 2020).

2.4. Light Settings

Spectral Quality

We studied the different spectral quality impacts such as (Red 1 (R1), Red 2
(R2) Blue (B), Yellow (Y) and White (C)) on P. tricornutum which were pro-
vided using the different light or filters. The wavelength absorbed by the filters
was obtained by measuring the spectra scanning between 400 - 700 nm using
Synergy H1 Microplate Reader, BioTek (Figure 1). The transmittance curve is
calculated from the absorption curve. A = 2 — log,,%T (T = Transmittance)
therefore, we can calculate the transmittance by undoing the log function (%T =
antilog (2 - absorbance)) [34]. We used here different filters (red, blue, yellow),
compared to white light as control, to study the impact of different light spectra
on growth and lipid. The following conditions were used to study the P. tricor-
nutum cell growth trend and lipid accumulation.

Light Intensity

The photon flux density of 65 pumol-m>s™ Low light (LL) and 145 pmol-m s
Medium light (ML) was used in the present study for the effect on growth trend
and lipid profile.

Light Shift

The light shift is a strategy where we shift the cultures from one light condition
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Figure 1. Analysis of P. tricornutum biomass (a) and spectral transmittance used (b) under
different colors of light. Abbreviations for the conditions are C: white, B: blue, Bs: blue shift, Y:
yellow, Ys: yellow shift, R: red R2, Rs: red R2 shift, r: red R1, and rs: red R1 shift. Each bar represents
the average of three replicates, and error bars represent standard deviation. *Correspond to signifi-
cant differences calculated using one-way analysis of variance (ANOVA) followed by a pairwise
mean comparison Tukey’s test where differences were detected (2= 3, p < 0.05).

to another condition after a certain period of time. As such, the cultures were
grown under red light until they reached an ODg,,, of 0.6 absorbance units (Ze.
5 - 6 days) and then cultures were shifted from red light to white light to growth
until collection. The data of red light shift was compared to data from cultures
grown in continuous red light. We performed a pre-screen for all the spectral
quality (R1, R2, B, Y and C) and the respective light shift (R1s, R2s, Bs, Ys) to de-

cide on the best light conditions to be used for further optimization (Figure 1).

2.5. Lipid Analysis

Total lipid were extracted using Bligh and Dyer method with slight modifica-
tions [35]. Briefly, to a 5 mL Eppendorf tube containing a known amount of dry
algal biomass, mixtures of methanol and chloroform were added in 2:1 ratio.
The mixture was vortexed for 2 min and incubated at room temperature for 24
h, after which 1 mL of chloroform and 0.9 mL of water were added. The mixture

was vortexed for 2 min again, and the different layers were separated by centri-
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fugation for 10 min at 300 x g The lower layer was evaporated, and the residue
was dried at 80°C for 30 min. The weight was calculated using a precision scale.

Neutral Lipid Detection by Flow Cytometry

Equal volumes of cultures sampled on days 6 and 8 were centrifuged at 10,000
rpm for 10 min. The supernatant was discarded and 10% of DMSO was added.
Tubes were vortexed for 30 seconds and centrifuged at 10,000 rpm for 10 min.
The supernatant was discarded, and the pellet was mixed with 1 mL of autoc-
laved milli-Q water. Cultures were further aliquoted to 250 pL in 96 well black
plate and 10 pL of Nile red (9-(diethylamino)-5h-benzo[a]phenoxazinone) (0.1
mg-mL™" dissolved in acetone) was added. Plates were incubated for 10 min in
the dark. The accumulation of intracellular lipid was measured on an FC500
MPL cytometer (Beckman Coulter, Brea, CA, USA) equipped with Air-cooled
Argon ion laser, 488 nm and a red solid-state laser, 631 nm. The fluorescence
signals of both the control and stained cells were acquired to gate for Nile-Red*
cells in the 620 nm/20 FL3 channel. Data was analysed using FlowJo software
(FlowJo LLC, Ashland, OR, USA). Other variables like cell size, granulosity and
chlorophyll were also measured from different channels.

GC-MS Analysis of Fatty Acids

Fatty acid methyl esters were prepared directly from the wet algal biomass.
NaOH in methanol (1 mL of 0.5 N) was added to test tubes containing the bio-
mass; then, the tubes were placed in a sonicating bath for 3 min, followed by
heating at 90°C for 10 min. The samples were allowed to cool, and 1 mL of 1.5%
H,SO, in methanol was added. Then, samples were heated again at 90°C for 10
min. After cooling, 1 mL of water and 1 mL of hexane were added. Test tubes were
vortexed for 2 min and then centrifuged at 1200 x g for 5 min. The hexane layer
containing Fatty acid methyl esters analysis (FAME) was recovered and dried over
anhydrous sodium sulphate. FAME was quantified using temperature-programmed
gas liquid chromatography on a Scion 436 gas chromatograph fitted with a 30 m x
0.25 mm column coated with 50% cyanopropyl-methylpolysiloxane (DB-23) and
linked to a computerized integration system [36]. The fatty acid data were expressed

as the mass percent of total fatty acid identified as described previously [22].

2.6. Statistics

All experiments were conducted in triplicate. Statistically significant differences
(SD) were identified paired t-test and two-way ANOV A performed on data with
a 5% level of probability using Graph Pad Prism software 9.2.0. We have used *
to annotate the statistical significance which are as following: *p < 0.05, **p <
0.01, **p < 0.001.

3. Results

3.1. Effect of Light Characteristics on Cell Growth and Lipid
Accumulation of P. tricornutum Transconjugant Cells

Diatoms P. tricornutum are popular microalgae for the production of biofuels
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and lipids. In a previous work, we studied the effect of light on P. tricornutum in
autotrophic and mixotrophic conditions to promote biomass and lipids accu-
mulation. It was observed that red light and red light shift (ie. substituting white
light by red light), impacted biomass yield and lipid content of wild type P. tri-
cornutum [22]. With the development of efficient conjugation-based transfor-
mation system allowing the introduction of stable episomes [31], P. tricornutum
has become an ideal platform for metabolic engineering applications such as the
production of biofuels and lipids. However, the impact of the presence of an ep-
isome and high levels of heterologous proteins on 2. tricornutum growth or lipid
accumulation has not been measured. Similarly, the impact of different light cha-
racteristics on P. tricornutum transconjugant cells containing an episomal vector
has not been investigated.

We first evaluated the effect of different light characteristics (Z.e. spectral qual-
ity, light intensity, and light shift) on P. tricornutum transconjugant cells con-
taining an episomal vector (Ptev). We confirmed our prior analysis by testing
the spectral quality of Red (R), Blue (B), Yellow (Y), White light (C) on biomass
(Figure 1(a)). Similar to results obtained with P. tricornutum wild type cells [22],
the only characteristic that significantly impacted the biomass accumulation of
Prev transconjugant cells was red light shift which causing > 1.5 fold increase
(Figure 1(a)).

To strengthen our knowledge on the effects of the different compositions of
red light spectra, we used two types of red (R) filter, 7e. R1 with 66 % of trans-
mittance of over 600 nm and in R2 with transmittance spectra of 90 % in over
600 nm (Figure 1(b)). When comparing the two R1 and R2 spectra qualities on
Ptev biomass and growth, we observed R1 light condition resulted in a more ef-
fective biomass accumulation and growth as compared to R2 (Figure 2(a), Fig-
ure 3(a)). Then, we evaluated the impact of R1 and R2 on the lipid content of
Ptev using gravimetric analysis [35]. The average lipid content in R1 was 1.6-fold
higher as compared to R2, but the difference was not statistically significant
(Figure 2(b)). Since R1 significantly increased Ptev biomass and impacted lipid
accumulation, R1 was selected for the subsequent experiments.

Next, we investigated the impact of two light intensities, (i.e. 65 pmol-m™s™"
and 145 pmol-m~>s™") of R1 filter on Prev cells by monitoring the growth curve.
The results showed that during the lag phase, cell growth did not differ with
respect to the initial light intensity, consistently with the fact that this is an
adaptation phase. However, the growth rate, as measured at ODg,,,,, increased
at 145 pmol'm*s™' as compared to 65 pmol-m *s™' until the end of the expo-
nential phase (Figure 3(b)). However, we calculated the dry weight biomass of
Ptev and noted that there was no difference between the light intensities
(Figure 2(a)). Furthermore, we observed that lipid content for spectra R1 at 65
pmol-m™s™" and 145 pmol-ms™', we observed that R1 spectral quality provides
a significant increase in lipid accumulation at 145 pmol-m™s™' as compared to
65 umol'm™*s™" (Figure 4). Thus, we proceeded with R1 at 145 umol'-m™s™" for

our next study.
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Figure 2. Effect of different light characteristics on P. tricornutum cells growth and lipid
accumulation. The effect on (a) biomass—dry weight (mg/L) and on (b) lipids accumula-
tion as measured by the Bligh and Dyer method was determined. The different light cha-
racteristics includes spectra: shows the effect of the exposure to spectra quality R1 (34% >
600 nm > 66%) and R2 (8% > 600 nm > 92%), intensity: shows the effect of the exposure
to light intensities of 65 and 145 pmol-m>s™' and shift: with the light conditions of con-
tinuous red light (RL) and red light shift (RLS). All data points are presented as a mean of
triplicates with standard deviation (n = 3). *Statistically different using two-way Anova, p
< 0.05.

We further investigated two shortlisted conditions red light spectra (R) and
red light shift (Rs) (from red to white light spectra) on Prev cells based on pre-
vious results obtained with P. tricornutum wild type cells [22]. Results showed
that Pfev biomass accumulates in both, R and Rs conditions, however the accu-

mulation of lipids was significantly higher in Rs (Figure 2(b)).

3.2. Effect of Red and Red Light Shift on Cell Growth and Lipid
Accumulation in Different P. tricornutum Transconjugants

P. tricornutum transconjugant cells represent an interesting biotechnological al-
ternative for the production of various biomolecules such as lipids however, the
impact of the episome and the expression of its inserted genes on P. tricornutum
transconjugant is not known. As such, we investigated the effect of the above se-
lected Rs condition on Prev and on P. tricornutum transconjugant cells contain-

ing the same episomal vector but to which the yellow fluorescent protein (YFP)
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Figure 3. Analysis of the growth of P. tricornutum transconjugant cells containing an empty
episomal vector (Ptev) following (a) the effect of two different spectra quality where R1
(34% > 600 nm > 66%) and R2 (8% > 600 nm > 92%) and (b) the exposure to two differ-
ent light intensities of 65 and 145 pmol-m™*s™". Each bar represents the average of three
replicates, and error bars represent standard deviation. Statistically significant differences
were identified using a paired t-test and two-way ANOVA performed on data with a 5%
level of probability. We have used * to annotate the statistical significance which are as
following: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.00001.
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Figure 4. Analysis of lipid content for Pfev under two red light intensity 65 umol-m™>s™
and 145 pmol-m™s™' on day 5 and day 8. We have used * to annotate the statistical sig-
nificance which are as following: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.00001.

reporter gene under the control of a strong constitutive promoter was added.
Thus, in addition to have to replicate an episome like Prev cells, PfYFP cells ex-
press and accumulate recombinant proteins. In order to select cells with high le-
vels of heterologous recombinant protein YFP, the PfYFP transconjugant cells
used in this study were obtained after repetitive sorting rounds of FACS that

ensured the enrichment of the YFP fluorescence as described in materials and
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method section. PfYFP cells used in this study were from the 2™ sorting round

of selection and displayed 76.88% of fluorescent cells (Figure 5, middle panels).

In the above-mentioned results, we further investigated the effect of the two
shortlisted conditions R and Rs on the growth of Pfev and PFYFP transconjugant
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Figure 5. FACS analysis of P. tricornutum transconjugant cells containing an empty episomal vector (Pfev) and an episomal vec-
tor expressing the reporter gene YFP (PfYFP) and cell sorting.
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cells. It was observed that the growth trend in transconjugant containing the re-
porter gene (PfYFP) was slow as compared to without reporter gene (Ptev). The
growth for PfYFPR was significantly slower as compared to PrevR and PrevRs
for days 3, 4, 5, 6, 7, 8, 9, 11 (Figure 6(a)). After day 5, culture were shifted to
white light (Rs,) and it was observed that after the light shift, PtevRs growth was
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Figure 6. Effect of two different light conditions Red light (R) and Red light shift (Rs) on P. tricor-
nutum transconjugant cells containing an empty episomal vector (Pfev) and an episomal vector
harboring the Yellow Fluorescent Protein reporter gene (PfYFP). (a) Growth curve over 15 days of
P. tricornutum transconjugant cells Prev and PYFP. (b) Lipid estimation by Nile Red staining and
measured by flow cytometer (Mean Fluorescence intensity; MFI). (c) Dry weight lipid estimation
using gravimetric method on day 8. (d) Ratio of the fluorescence YFP over the number of cells for
PIYFP growth in R and Rs conditions.
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significantly higher as compared to PFYFPR on day 6, 7, 8, and 11.

Lipid accumulation at day 6 and 8 was then measured by Nile red staining
analysis using a flow cytometer and dry weight estimation using Bligh and Dyer
method (Figure 6(b), Figure 6(c)). As previously noted, lipid accumulated in
higher amounts when Pfev was submitted to Rs (Figure 2(b); Figure 6(b), Fig-
ure 6(c)). Interestingly, there was more lipids per cell in PfYFP as compared to
Prev for all conditions at both day 6 and 8, although results were only significant
when comparing PfevR with PfYFP-R and PFYFP-Rs (Figure 6(b)). Even though,
the data was bit different when compared with dry weight lipid on day 8, the da-
ta showed that Rs was effective and significantly increased the total lipid in both
Ptev and PIYFP (Figure 6(c)).

We also observed the impact of R and Rs on total YFP fluorescence of PfYFP-
R and PfYFP-Rs. Results showed a max fluorescence intensity at day 3 for the
two recombinant strains (Figure 6(d)). The difference in fluorescence coming
out of the transconjugants cultures could be related to difference in protein ac-
cumulation or rearranged episomes which has been discussed in discussion.

Interestingly, we observed more granulosity in R1 as compared to R2 (Figure
7).

3.3. Fatty Acid Composition of Ptev and PtYFP in Red and Red
Light Shift

The fatty acid (FA) composition of Ptev and PfYFP cells grown under R and Rs
condition showed no significant differences (Table 1 and Table 2). The FA com-
position (% of total FA) for Pfev and PfYFP in R and Rs condition are similar
and showed a highest abundance (44.66% - 50.30%) of polyunsaturated fatty ac-
ids (PUFA) (Table 1), whereas monounsaturated fatty acids (MUFA) and satu-
rated fatty acids (SFA) are in same abundance level (around 25% each). These
results are comparable to those previously described for P. tricornutum wild
type [22].

The exact fatty acids identified from Ptev and PFYFP are summarized in Table 2.
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Figure 7. Mean intensity of cell granulosity calculated using FACS for Pfev in R1 and R2.
*.
p <0.05.
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Table 1. Fatty acid (FA) composition (mass % of total FA identified) analysed by gas chro-
matography (GC) with Flame-Ionization Detection (GC-FID) from Pfev and PfYFP bio-
mass under two light conditions (R and Rs) on Day 9 (n = 3).

Fatty acids PtevR PtevRs PfYFPR PtYFPRs
SFA 242 +3.23 24 +1.04 27.55+4.2 27.05 +4.25
MUFA 27.69 +1.33 257+1.13 27.79 £2.93 27.84 +3.03
PUFA 48.11 £7.63 50.30 £2.21 44.66 + 8.63 45.11 +£9.29
Total 100.00 100.00 100.00 100.00

Table 2. Major fatty acid composition of total lipid in Prev and PfYFP Red light (R) and Red light shift
(Rs). Data are the mean + standard deviation (SD) of three replicates (n = 3).

Fatty acid name Fatty acid formula  PrevR PtevRs PYFPR PHYFPRs
Myristic acid 14:0 716+0.03 738+0.17 7.53+0.20 7.45 +0.33
Palmitic acid 16:0 1573 £2.74 1524+0.69 18.03+3.32 17.73+3.24

Palmitoleic acid 16:1n-7 23.63+0.32 21.01£0.35 2297+0.47 21.57 +0.84

Stearic acid 18:0 0.58+03 0.55%+0.12 1.17+0.50 1.07 £ 0.55

Oleic acid 18:1n-9 042 +0.14 058+035 0.89+0.37 1.36 £ 0.86
Eicosapentaenoic acid 20:5n-3 20.99 £4.31 24.23+0.58 18.5*3.6 20.04 + 4.52
Docosahexaenoic acid 22:6n-3 1.98+£0.17 2.36+0.06 1.40+0.20 1.75+0.35

The main FA components for all samples analyzed in this study were mid-
and long-chain FAs, 14:0, 16:0, 16:1n-7, and 20:5n-3. Palmitoleic acid (16:1n-7)
was predominant, compared to the other FAs, in all samples under R and Rs
light conditions tested. The only FA that was significantly different was eicosa-
pentaenoic acid (EPA), with PfevRs displaying the maximum amount of EPA as
compared to other cultures (Two-way ANOVA, P < 0.05).

4. Discussion

Diatoms are affected by different conditions and light is one of the important
factors. Growth and biomass tend to increase with precise light and culture con-
ditions whereas lipid tends to increase under stress conditions. Moreover, the
photosynthetic apparatus in diatoms are distinctly different as compared to green
algae and plants, which provides us with an alternative route to produce biomass
for industrial use. Recent advances in both physiochemical and synthetic biolo-
gy, prompted many researchers to investigate P. tricornutum for their potential
to produce lipids and fatty acids. This study reports on the impact of light cha-
racteristics on transconjugants Pfev and PYFP on growth, lipid and fatty acid
composition. Our analysis on transconjugants showed that light characteristics
can have subtle impact on growth, lipid and fatty acid profiles.

We showed that there was a significant increase in both growth and harvested

biomass for Ptevin R1 as compared to R2 (Figure 1, Figure 2). Previously, Valle
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et al. and Yi et al and co-authors showed that optimal red: blue ratio can im-
prove light harvesting efficiency [19] [23].

We also observed cell granuolosity, which is affected by the cell morphology
and chemical composition such as starch and lipid [37] and we noticed a signif-
icant increase in granulosity in R1 as compared to R2 which characterizes the
optical complexity of the cell which is dependent on particulate matter inside the
cell (Figure 7) [38]. There are few plausible explanations to this including a
possible change in the thylakoid structure in different light conditions [39] or a
change in the curvature of endoplasmic reticulum during lipid droplet expan-
sion [40]. Although the exact mechanism is unclear, the importance of the quan-
tity of red light spectra on growth and fucoxanthin accumulation [41] and lipid
synthesis [42] [43] has been well reported and is in support with our results.

Considering the light intensity, it was observed that tested light conditions LL
and ML have shown no difference in the total biomass but a significant increase
in total lipid in ML (Figures 2-4). Even though high growth rate was observed
for ML during the exponential phase, it was expected to yield higher biomass,
which was not observed (Figure 2(a)). Although, there are few studies reported
on faster growth trend of P. tricornutum in medium light intensity, as compared
to low and high light intensity [23] [44] [45]. It has been shown the non-photo-
chemical energy intensity is higher in ML (300 umol-m2s™') as compared to LL
(30 pmol-m™s™") which might be one of the reasons for the decrease in total
biomass in our experiment [44]. Therefore, part of incoming light energy may be
getting dissipated as heat energy when cultures are grown in 145 umol-m2s™".
Alternatively, it can also be said that light use efficiency is more effective under
LL (65 pmol-m™>s™") which has been mentioned by Li et al [45]. This suggests
that light intensity between 120 and 220 pmol-m s is an optimal choice for P.
tricornutum however for various industrial applications, it is subject to further
optimization based on bioreactor-based observations.

We observed that the R1 spectral quality at 65 umol-m s and 145 umol-m s~
affected the total lipid accumulation (Figure 4). Other studies have reported on
the effect of light characteristics on diatoms. For example, it was reported that
fucoxanthin, chlorophyll a and beta-cryptoxanthin content decreased at 255
pmol-m s~ red light as compared to 128 pmol-m™s™" red light [23]. Also, light
shifts increased the biomass, lipid and fucoxanthin content in diatoms [10] [22]
[41]. Thus, light intensity of a specific light quality can change the compositions
of metabolites such as pigments and lipids.

Here, the light characteristics promoting lipid accumulation [spectral quali-
ty—R1 and light intensity-145 umol-ms™" with red light shift], were selected to
study the effect on P. tricornutum transconjugants (Ptev and PfYFP), the latter
accumulating reporter fluorescent proteins. Fluorescent proteins are known to
have a noticeable impact on various cellular events [27] [46] [47]. Studies re-
ported on the use of GFP and YFP to enhance the overall spectral coverage and
increase the light-harvesting efficiency in P. tricornutum and Rhodobacter sphae-

roides. It was reported that only 5% of the total photons are converted to bio-
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mass in diatoms, thus cells may manipulate the spectral composition to reduce
the wastage of excess light by using fluorescent proteins [27] [28]. Here, we as-
sessed if the episomal vector along with the reporter gene YFP could have an
impact on growth, biomass, lipid and fatty acid profiles.

The growth of the PfYFP transconjugants was significantly slower as com-
pared to Pfev in both R and Rs (Figure 6). This could be discussed in two dif-
ferent contexts ie., replication of episomal vector and fluoroscence of YFP. The
size of episomal vector and fluorescence of YFP could negatively affect P. tri-
cornutum by extra energy consumption or dissipation and therefore leading to a
slow cell division rate (Figure 6). It has been reported that rate of replication in
episomal vector is comparable to native nuclear P.tricornutum and have re-
ported the stability of episomes for 4 weeks but no enzymatic activity for the he-
terologous protein [30]. A study has reported the comparable growth between
transgenic controls, wild type and episome containing heterologous gene with a
reporter gene mVenus which is a fluorescent protein [48]. The same study ob-
served the impact of continuous light or light/dark on culture and found no
change in the mVenus fluorescence.

Also, it is known that YFP emits yellow fluorescence which is not the suitable
wavelength to be absorbed by accessory pigment fucoxanthin and reduces the
overall photosynthesis efficiency [49]. The fluorescent proteins are not just sen-
sitive to light conditions but conditions such as pH, chloride ion concentration,
pressure and temperature, which can affect the expression of fluorescent pro-
teins [50] [51] [52]. Therefore, there is a small possibility that the change in light
conditions might affect the overall accumulation of proteins or total fluorescence
inside the cells by modulating the intracellular spectral composition (Figure
6(d)).

Diatoms induce the biosynthesis of lipid droplets under various stress and
culture conditions such as light [53] [54] and nitrogen limitation [55]. Here, we
showed that PfYFP has slower growth in both Red light and Red light shift as
compared to Ptrev but have shown a significant increase in lipid accumulation on
day 6 and 8 in both light conditions (Figure 6).

For wild type P. tricornutum, it was observed that total biomass and lipid was
increased by 2 and 2.3 fold respectively in Red light shift which is indeed more as
compared to both transconjugants studied in this investigation [22]. Further-
more, there was a decrease in total polyunsaturated fatty acids in YFP transcon-
jugants along with a significant decrease in EPA, which is one of the major po-
lyunsaturated fatty acids in P. tricornutum (Table 1). Generally, the increase in
unsaturated fatty acids or specifically EPA is known to have an important func-
tion in the structure of the thylakoid membrane and regulating photosynthesis
such as high pool of EPA in glycerolipids like sulfoquinovosyl diacylglycerides
associated with crucial activities like photosynthesis, energy transduction and
plastid membranes [56] [57] [58]. Red light spectra was shown to increase spe-
cific fatty acids such as hexadecatrienoic acid (16:3) and eicosapentaenoic acid
(EPA) (20:5), which might be due to induction phospholipase activity [59].
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This study reported on the effect of light characteristics on transconjugants
growth, lipids and fatty acid composition. The data obtained from this study
shows small differences between P. fricornutum, transconjugants carrying, or

not, a reporter fluorescent protein.
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