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Abstract: Rubisco large-subunit methyltransferase (LSMT), a SET-domain protein lysine methyltrans-
ferase, catalyzes the formation of trimethyl-lysine in the large subunit of Rubisco or in fructose-1,6-
bisphosphate aldolases (FBAs). Rubisco and FBAs are both vital proteins involved in CO, fixation
in chloroplasts; however, the physiological effect of their trimethylation remains unknown. In Nan-
nochloropsis oceanica, a homolog of LSMT (NoLSMT) is found. Phylogenetic analysis indicates that
NoLSMT and other algae LSMTs are clustered in a basal position, suggesting that algal species are
the origin of LSMT. As NoLSMT lacks the His-Ala/ProTrp triad, it is predicted to have FBAs as
its substrate instead of Rubisco. The 18-20% reduced abundance of FBA methylation in NoLSMT-
defective mutants further confirms this observation. Moreover, this gene (nolsmt) can be induced
by low-CO, conditions. Intriguingly, NoLSMT-knockout N. oceanica mutants exhibit a 9.7-13.8%
increase in dry weight and enhanced growth, which is attributed to the alleviation of photoinhibition
under high-light stress. This suggests that the elimination of FBA trimethylation facilitates carbon
fixation under high-light stress conditions. These findings have implications in engineering carbon
fixation to improve microalgae biomass production.

Keywords: lysine methyltransferase; CRISPR/Cas9; carbon fixation; Calvin cycle; Nannochloropsis spp.

1. Introduction

Microalgae, renowned for their ability to efficiently convert solar energy and CO; into
biomass, are recognized as a promising and sustainable source of energy and a diverse array
of high-value products. They have demonstrated utility across multiple sectors, including
energy, pharmaceuticals, industrial chemicals, and nutraceuticals [1,2]. In particular, due
to the continuous increase in atmospheric CO; levels caused by human activities, it is
imperative to explore and develop strategies for enhancing the carbon fixation potential of
microalgae [3]. However, the limited availability of effective genetic modification targets
leads to relatively slow improvement in the carbon fixation efficiency of microalgae.

The Calvin cycle is the principal pathway for carbon fixation, converting CO, into
organic compounds [4]. Modifying key enzymes in this cycle through genetic engineer-
ing effectively improves carbon fixation efficiency [5-7]. The presence of co- and post-
translational modifications is a significant concern in the engineering of more efficient
enzymes in the Calvin cycle [8-10]. Seven chloroplastic proteins functioning in CO, as-
similation are found to be methylated in Arabidopsis [11]. One of the enzymes responsible
for epigenetic modification is Rubisco large-subunit methyltransferase (LSMT), which
is located in chloroplasts and trimethylates Lys14 of Ribulose 1,5-bisphosphate carboxy-
lase/oxygenase (Rubisco) or chloroplastic fructose-1,6-bisphosphate aldolase (FBA), two
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key proteins involved in the Calvin cycle that control carbon flux [10,12,13]. Therefore,
LSMT presumably regulates carbon fixation efficiency by altering the methylation form of
Rubisco or FBA.

The LSMT protein is a member of SET domain containing methyltransferases [9,14,15].
The ancestral function of LSMT is FBA trimethylation. In a recent event in the course of
higher plant evolution, this function emerged in the ancestors of Fabaceae, Cucurbitaceae,
and Rosaceae to include Rubisco large subunit (RBCL) as an additional substrate to the
archetypal enzyme. The central motif in LSMT enzymes, known as the His-Ala/ProTrp
triad, confers the ability to trimethylate Rubisco [16]. Although LSMT has the potential to
regulate carbon fixation, its function still requires further verification. Arabidopsis thaliana
Ismt-knockout mutants are viable and do not present obvious macroscopic phenotypes
when grown under standard conditions. Moreover, trimethylation does not modify the
catalytic properties and oligomeric states of chloroplastic FBAs in vitro [17]. Knock-down
mutants of tobacco plants with decreased expression of the bifunctional LSMT gene exhibit
no alteration in the growth phenotype, and show no difference in CO, assimilation rates
when compared to wild-type plants [18]. Therefore, it is crucial to obtain gene-deficient
mutants and identify culture conditions that can induce phenotypic differences between
wild-type and mutant strains in order to investigate the function of LSMT.

Nannochloropsis spp. are unicellular, photosynthetic microalgae belonging to the het-
erokont group [19]. The ability of Nannochloropsis spp. to produce significant quantities of
triacylglycerides and high-value products, including eicosapentaenoic acid, under various
environmental conditions and at large scales, has attracted industrial interest [20]. Excep-
tional genetic tools, such as random insertional mutagenesis [21], gene overexpression [22],
homologous recombination [23], RNAi-based gene knockdown [24], and Cas9-based gene
knockout [25], have greatly facilitated mechanistic investigations for transcriptional regula-
tion [26], the carbon concentrating mechanism [27], photosynthesis [28], phytohormone
function [29], carbon partitioning [30], oil metabolism [31], etc. Therefore, Nannochlorop-
sis spp. are an excellent group of model algae for functional gene research and genetic
engineering for feedstock development.

Here, a homologous protein of LSMT in Nannochloropsis oceanica (NoLSMT) was in-
duced in transcription by low-CO, conditions, implying a possible role in carbon fixation.
Phylogenetic analysis indicates that LSMT originated from algae species. Sequences align-
ment and Western blot detection suggest that FBAs rather than Rubisco are the substrate of
NoLSMT in Nannochloropsis oceanica. We used a CRISPR/Cas9-mediated method to knock
out NoLSMT to characterize its function. Intriguingly, we observed significantly improved
biomass accumulation and the alleviation of photoinhibition in knockout mutants under
the high-light condition, suggesting that the removal of FBA trimethylation presumably
facilitates carbon fixation in high-light stress to avoid photodamage. These findings provide
insight into the functional role of protein methylation modifications in the Calvin cycle, as
well as their potential contribution to engineering carbon fixation for enhanced microalgae
biomass production.

2. Results
2.1. NoLSMT Contains the Key Enzymatic Domains to Trimethylate Rubisco or FBAs in Chloroplasts

From the N. oceanica strain IMET1 genome, a predicted nuclear-encoded LSMT (NoLSMT)
was identified, which shares 31.7% identity in its amino acid sequence with AtLSMT, a
protein characterized as LSMT in Arabidopsis thaliana (Figure 1A,B). The sequencing of
cDNA derived from total RNA reveals a 514-aa, ~56-kDa protein that is predicted to target
chloroplasts (with a probability value of 0.2703 from HECTAR) and whose signal peptide
cleavage site is predicted to be between the 24th and 25th aa (with a probability value of
0.9218 from SignalP) (Figure 1C). The predicted topology of NoLSMT reveals the presence
of two functionally important domains: the SET domain superfamily (84-309 aa) and
Rubisco LSMT substrate-binding domain (337-458 aa) (Figure 1D).
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Figure 1. Sequence analysis of NoLSMT. (A) Gene structure of nolsmt. The green, red, and blue arrows
represent 5’ untranslated region (5'UTR), exon region, and 3’ untranslated region (3'UTR). (B) The
protein structure of NoLSMT. The yellow and green regions represent the SET domain superfamily
and the Rubis-subs-bind superfamily. (C) SignalP was used to predict the signal peptide cleavage sites
of NoLSMT. The green dashed line represents the signal peptide cleavage site in NoLSMT: between
the 24th and 25th amino acids. (D) The model of NoLSMT was built using the structure of Rubisco
large-subunit methyltransferase, substrate-binding domain protein from Nannochloropsis gaditana as a
template (Swiss model). The value of global model quality estimation (GMQE) is 0.83. The Rubisco
LSMT substrate-binding domain is marked in green and SET domain is marked in yellow.

2.2. Sequence Alignment and Phylogenetic Analysis Predict FBAs Rather Than Rubisco to Be
Trimethylated Substrates of NoLSMT

The triad motif His-Ala/Pro-Trp is regarded to be a characteristic feature of LSMT’s
RBCL-methylating activity, and is located at the base of the 39 strand and 39-10 loop [16].
To predict the trimethylated substrate of NoLSMT, we performed sequence alignment
and phylogenetic analysis. NoLSMT and other algae LSMTs are clustered together in
a very basal position, indicating that LSMT originates from microalgae species. Loss
of the triad motif His-Ala/Pro-Trp suggests that the FBAs rather than Rubisco are the
trimethylated substrate of LSMTs from microalgae, including NoLSMT (Figure 2). In
addition to NoLSMT, the N. oceanica genome also encodes three other proteins that contain
the SET domain and Rubisco LSMT substrate-binding domain. Phylogenetic analysis
suggests that these proteins diverged from the ancestral sequence early in evolutionary
history, implying that their sequence and function are more conserved across different
species (Figure 2). These paralogous proteins may also play a role in methylating FBAs or
Rubisco, potentially regulating carbon fixation.

Predicted Tri-methylation status

LSMT phylogenetic tree B9 strand/B9-10 loop substrate specificity RBCL FBAs
,,,,,,,,,,,,, Phaseolus_vulgaris1 7 HAYE IKGAAGLF - SWDYLFSLRS RBCL/FBAS nd nd
—- Phaseolus_vulgaris2 HAYE IKGAAGLF - SWDYLFSLRS RBCL/FBAs nd nd
—~ Glycine_max1 HAYE IKGAAGLF - /DYLFSLRS RBCL/FBAS + +
__ Glycine_max2 Fabaceae HAYE IKGAAGLF - - - SWDYLFSLRS RBCL/FBAs + +
,,,,,,,,,,,, Cicer_arietinum HAYE IKGAAGLF - - - SWDYLFSLRS RBCL/FBAS + +
,,,,,,,,,,, Pisum_sativum i HAYEVKGAAGLF - - - SWDYLFSLKS RBCL/FBAS + +
,,,,,,,,,,, Nicotiana_tabacum o HAHEVRGPAGLF - - - SWD LLFSLRS RBCL/FBAS + +

olanaceae \ o

,,,,,,,,,,, Solanum_lycopersicum HAHEVRGPAGLF - - - SWD LLFSLRS RBCL/FBAs + +
777777777777 Cucumis_sativus ] Cucurbitaceae HAWEVKGPAGLF - - - SWDVLFSLRS RBCL/FBAs + +
——————————— Malus_domestica q HAYEVKGAAGLF - - - SWDYLFSLRS RBCL/FBAs nd nd
77777777777 Prunus_persica Rosaceae HAWE |KGAAGLF - - - SWDYLFS IRS RBCL/FBAs nd nd
,,,,,,,,,,, Arabidopsis_lyrata 3 YAYEIKG-AGLF-- - - SRDLLFSLKS FBAs nd nd
,,,,,,,,,,, Arabidopsis_thaliana s YAYEIKG-AGLF--------SROLLFSLKS FBAs _ +
,,,,,,,,,,, Capsela_rubella rassicaceae YAYEIKG-AGLF--------SRDLLFSLKS FBAs nd nd
,,,,,,,,,,, Brassica_rapa i YAYEIKG-AGLF - - SRDLLFSLKS FBAs nd nd
77777777777 Brachypodium_distachyon 7] SCWEIQG-KGFL - GRDVVFSLRT FBAs _ +
,,,,,,,,,,, Hordeum_vulgare SCWE IKG- KGFL - GRDTVFSLRT FBAs _ +
—~ Oryza_sativa Poaceae SSWEIKG- KGLF - GRDVVFSLRT FBAs _ +
— Sorghum_bicolor SSWE IKG- KGLF - GREPMFSLRT FBAs nd nd
—- Zea_mays SSWEIKG-KGLF--------GRELMFSLRT EBAs _ +
— Physcomitrella_patens ] Funariaceae PSWVRKG-TSQFWNIG- - - KGSSDLLTVRA FBAs nd nd
————— — Selaginella_moellendorfiii ] Selaginellaceae  PYWHVKS- ARQETLTLQA FBAs nd nd
77777 Chlamydomonas_reinhardtii | -- LSVRS- - -GRGAVAVVEA FBAs _ +
—————— Volvox_carteri -- LSVRS- GRGQVLVLEA FBAs nd nd
NoLSMT 4mm <+~ EVGG- LGIFGGKG- -~ -« - LK IAA FBAs nd nd
,,,,,,, Microsomonas_pusilla Wa LNNGG IAAVFGGRGGADGGGSY LLRVEK FBAs nd nd
,,,,,,,, Microsomonas._sp Microalgae WTLNNGGVAAVF - - - GGGKSGGSM LLRTEK EBAs nd nd
———[NO10G04020.1 FBAs nd nd
————| NO16G02450.1 - FBAs nd nd
——————— NO16G00490 .1 i A FBAs nd nd

Figure 2. Phylogenetic analysis predicts FBAs to be substrates for trimethylation by NoLSMT. The
sequence of the 39 strand and 9-310 loop, inferred by sequence alignment and LSMT structure
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modeling using Protein Homology/ AnalogY Recognition Engine V2.0 through the Phyre? server,
is presented alongside the organism name (www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index,
accessed on 11 March 2024) [32]. Sequences with the triad motif His-Ala/Pro-Trp are boxed in red.
The red letters H, A, P, and W in the red box respectively stand for the abbreviations His, Ala, Pro, and
Try. The predicted substrate specificity of LSMT enzymes correlates well with the available data on
the trimethylation status of RBCL and FBAs in the corresponding organisms [12,17]. +, trimethylated;
-, unmethylated; nd, not determined. NoLSMT is marked with blue arrows. The three other proteins
containing the SET domain and Rubisco LSMT substrate-binding domain are boxed in blue. See Table
S2 for the list of proteins obtained from the Uniport and Phytozome databases.

2.3. Two NoLSMT Knockout Lines Are Obtained by a CRISPR/Cas9-Mediated Method

To investigate the potential role of NOLSMT in carbon fixation, N. oceanica cells were
first cultured under 5% CO,, and then, two equal aliquots were separately inoculated into
0.01% and 5% CO; culture, respectively (Section 4). The transcript abundance of NoLSMT
was analyzed (based on mRNA-Seq) 3, 6, 12, and 24 h after inoculation into 0.01% CO,
culture, and then, compared with those at the corresponding time points in the paralleled
5% CO; culture. Under 0.01% CO;, the nolsmt transcript exhibited upregulation at 3 h, 6 h,
and 24 h, peaked at 24 h (2.64-fold), and showed slight downregulation at 12 h (12.6%)
(Figure 3A). Theis result shows that the transcript abundance of nolsmt is induced by low
carbon, indicating that NoLSMT may play a role in carbon fixation.
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Figure 3. NoLSMT is knocked out by genome editing using Cas9/gRNA. (A) Abundance of NoLSMT
transcripts under 0.01% and 5% CO,. Fold change is calculated as (0.01%-CO,)/(5%-CO,). FPKM:
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fragments per kilobase of exon model per million mapped reads. The triangle and circle represent the
FPKM values of three technical replicates under 5% and 0.01% CO; conditions respectively. (B) The S.
cerevisine CEN/ARS6 region (ARS, red) is included in the pNOC-ARS-CRISPR construct for episomal
maintenance. Guide sequences (orange) for NoLSMT targets, with a 5’ hammerhead ribozyme (HH),
are fused to the gRNA scaffold to form the NoLSMT sgRNAs (sgNoLSMT). Ribozymes are highlighted
in yellow. sgNoLSMTs are added to pNOC-ARS-CRISPR to form pNOC-ARSCRISPR-sgNoLSMT.
N. oceanica is transformed with circular episomal CRISPR constructs. (C) Genotypic validation of
mutants. Single-base-deletion mutagenesis: NoLSMT-KO-1; fourteen-base-insertion mutagenesis:
NoLSMT-KO-2. The red letters represent the target guide RNA (gRNA) sequence, the blue letters
represent the Protospacer Adjacent Motif (PAM) sequence, the red vertical line represents the deleted
base, and the green letters represent the inserted bases. Red arrows indicate sites of base insertion
and deletion, while red curly braces indicate the inserted bases. See Table S1 for primer sequences
used for plasmid construction and mutant screening. (D) Normalized intensity of “housekeeper
protein” (HKP) and target protein (NoLSMT). The expression intensity of proteins is normalized by
peak area/maximum value of each protein. See Table S3 for target polypeptide sequences of NoLSMT
and “housekeeper proteins”. Significant differences between WT and NoLSMT-1 are denoted by
asterisks, and significant differences between WT and NoLSMT-2 are denoted by hashtags. Double
asterisks (**) and double hashtags (##) indicate p values < 0.01.

To investigate the in vivo function of NoLSMT, we used a CRISPR/Cas9-mediated
method to knock it out (Figure 3B). Two knockout mutants were obtained, which were
validated at both the DNA and protein levels. DNA sequencing suggests that one mutant is
due to single-base-deletion mutagenesis (NoLSMT-KO-1) and the other due to the insertion
mutagenesis of fourteen bases (NoLSMT-KO-2) (Figure 3C). Moreover, to confirm successful
NoLSMT knockout in vivo, total proteins from the two mutants and WT were extracted and
digested in gel. We identified five proteins that are stably and abundantly expressed under
various conditions and refer to them as “housekeeper proteins”. The expression levels
and retention time of these “housekeeper proteins” and the target protein (NoLSMT) were
measured using UPLC + TSQ (Triple Quadrupole Mass Spectrometry) and analyzed with
Skyline 6.6.0 (https:/ /skyline.ms/project/home/software/Skyline/begin.view). Only in
the WT are unique peptides of NoOLSMT detected (Figure 3D). In the mutant samples,
peptides are not found. On the other hand, the expression of “housekeeper proteins”,
which served as the negative control, are similar between the WT and mutants. Therefore,
the NoLSMT protein was successfully knocked out in the mutants.

2.4. The Loss of FBA Trimethylation Due to NoLSMT Knockout Elevates Carbon Fixation Rate in
High-Light Stress

To investigate the methylation status of Rubisco and FBAs in NoLSMT-defective mu-
tants, Western blot analyses were performed. A commercial antibody specific to N-terminal
methylated lysine was used to probe soluble extracts from cells. This antibody proves to be
efficient to rapidly evaluate the methylation status of abundant proteins such as Rubisco
and chloroplastic FBAs in A. thaliana, spinach, and pea chloroplast extracts (molecular mass
of RBCL and chloroplastic FBA isoforms were identified in these species) [16]. Methylation
is still detected at the position of FBAs in NoLSMT-defective mutants (Figure 4A). How-
ever, the methylation abundance of mutants decreases by 18-21% compared to the WT,
indicating that FBAs are the substrates involved in methylation by NoLSMT. The three
other proteins may also contribute to the methylation of FBAs in N. oceanica. Therefore,
methylation modification remains in the NoLSMT-defective mutants, with a slightly lower
level of methylation compared to the WT. Furthermore, RBCL is methylated in both the
WT and mutants with no difference in abundance, suggesting that RBCL is not a substrate
involved in methylation by NoLSMT. It is possible that RBCL is methylated by the three
other proteins that contain the SET domain and Rubisco LSMT substrate-binding domain
(Figure 4A).
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Figure 4. NoLSMT knockout lines exhibit enhanced high-light tolerance. (A) Immunodetection of
proteins cross-reacting with polyclonal antibodies specific to N-terminal methylated lysine. Band
intensities for individual proteins were normalized with that of ATPf (Image]J 1,53e; https:/ /imagej.
net/ij/). Values shown are the mean =+ standard deviation (SD) from three technical replicates.
(B) Growth curves under low-light condition. (C) Growth curves under high-light condition. (D) Dry
weight after cultivation for six days under low-light and high light-condition. (E) The ratio of variable
fluorescence to maximal fluorescence, which reflects the optimal /maximal photochemical efficiency
of Photosystem II (Fv/Fm). Values shown are the mean =+ standard deviation (SD) from three
biological replicates. Significant difference between mutants and WT is marked with asterisks or
hashes (with “*” or “# indicating p values < 0.05, and “**’ or ‘## indicating p values < 0.01).

To characterize the impact of losing NoLSMT on biomass accumulation, we measured
the growth rate and dry weight of the knockout mutants under low light (LL; 20 pmol pho-
tons m~2 s~ 1). However, no apparent differences are detected, implying that the loss of FBA
trimethylation has no effect on carbon fixation under LL (Figure 4B). To determine whether
photosynthetic activity is inhibited by NoLSMT knockout, the maximum efficiency of Pho-
tosystem II (Fv/Fm) under low light (LL) and high light (HL; 1100 pmol photons m2s1)
was evaluated using Imaging-PAM. Intriguingly, a significant increase (p < 0.01) in Fv/Fm
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is observed in the mutants after 48 h of high-light stress (Figure 4E), exhibiting enhanced
HL tolerance due to the loss of FBA trimethylation. In addition, compared with the WT,
the growth rates (represented by values of ODy5() of the mutants increase significantly and
the dry weight of the mutants increases by 9.7-13.8% (Figure 4C,D), indicating an increase
in biomass accumulation under HL conditions. Therefore, the loss of FBA trimethylation
due to NoLSMT knockout improves the carbon fixation rate in HL stress, and thus, alle-
viates photoinhibition and photodamage caused by excess excitation energy. Altogether,
these results suggest NoLSMT induces the trimethylation of FBAs and exerts a negative
regulatory effect on growth under HL stress.

3. Discussion

In this study, we characterized the function of NoLSMT in N. oceanica. Our phylo-
genetic analysis reveals that LSMT originates from algae species. Sequences alignment
and Western blot detection suggest that FBAs rather than Rubisco are the trimethylated
substrate of NoLSMT in Nannochloropsis. Furthermore, we discovered that low-CO, condi-
tions induced the expression of NoLSMT, suggesting a potential role in carbon fixation. By
using CRISPR/Cas9-mediated gene knockout, we obtained NoLSMT knockout mutants
and observed improved biomass accumulation and the alleviation of photoinhibition un-
der high-light conditions, indicating that the loss of FBA trimethylation facilitates carbon
fixation in high-light stress.

NoLSMT methylates the enzymes RuBisCo or FBAs with trimethylation modifications,
which are key enzymes in the Calvin cycle. This interaction potentially regulates CO,
fixation by modifying the enzymes, enabling adaptation to diverse environments. However,
disrupting or reducing the expression of LSMT does not impact plant growth in A. thaliana
and tobacco plants when grown under standard conditions [17,18]. In N. oceanica, we
observed upregulated expression of NoLSMT under low-CO, conditions. It is possible
that the NoLSMT-mediated trimethylation of FBA regulates its activity or interactions
with other enzymes in the Calvin cycle, thereby influencing carbon fixation efficiency in
N. oceanica.

Notably, the knockout mutants of NoLSMT exhibit improved biomass accumulation
and enhanced tolerance to high-light stress. This suggests that the loss of FBA trimethyla-
tion increases the efficiency of carbon fixation and reduces photoinhibition and photodam-
age caused by excess excitation energy. The exact mechanism underlying this phenomenon
is still unclear and requires further investigation. It is possible that FBA trimethylation
negatively regulates the activity or stability of FBAs, and its removal leads to increased
carbon fixation capacity. Alternatively, FBA trimethylation may affect the interaction of
FBAs with other proteins involved in the Calvin cycle, thereby influencing carbon flux
and photosynthetic efficiency. Further studies are required to elucidate the molecular
mechanisms underlying the observed phenotypes in the knockout mutants.

Methods for enhancing microalgal biomass production include optimizing growth
conditions such as light intensity, temperature, and nutrient availability [33]. Additionally,
strategies to improve carbon fixation efficiency have focused on the genetic engineering of
key enzymes involved in the Calvin cycle, such as Rubisco [34,35]. However, our study
highlights a novel approach of targeting the trimethylation of FBAs through NoLSMT
manipulation, which has shown promising results in enhancing biomass accumulation and
stress tolerance in Nannochloropsis oceanica (Table 1). In recent years, advances in synthetic
biology have provided new tools and opportunities for engineering microalgal metabolism
to improve carbon capture and utilization efficiency [36]. For instance, metabolic engi-
neering strategies involving the manipulation of carbon fixation pathways, such as the
introduction of high-efficiency carbon concentrating mechanisms, have shown potential
for enhancing biomass production in microalgae [37,38]. Integrating the findings from
our study on the regulatory role of NoLSMT in carbon fixation with these cutting-edge
metabolic engineering approaches could further boost the development of sustainable and
efficient microalgal biofuel production systems.
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Table 1. Examples of the methods for increasing microalgal biomass.
Met.hod for In.creasmg Characteristics Importance References
Microalgal Biomass
Novel approach to regulate Provides new insights into
. . . carbon fixation through microalgal metabolism and offers
Targeting trimethylation e b . .
enzyme modification potential for significant .
of FBAs through .. . ; . This study
. . Shows promising results in improvements in biomass
NoLSMT manipulation ; . . .
enhancing biomass accumulation production and
and stress tolerance environmental adaptation
Adjusting environmental factors
Optimizing growth to promote growth . oL .
T . . . - Essential for maximizing biomass
conditions (light intensity, and productivity - .
. . . production and overall efficiency [39,40]
temperature, Relatively simple and widely in microaleae-based svstems
nutrient availability) used method in & Y
microalgae cultivation
Manioulati . .
. . . anipufating enzyme activity to Offers precise control over
Genetic engineering of key enhance carbon fixation efficiency . .
. . . metabolic processes, potentially [3,41,42]
enzymes (e.g., Rubisco) Targeted approach to improving . . . ;
L . increasing biomass yield
specific metabolic pathways
Optimizing the growth
e Lo Leveraging interactions between environment of microalgae
Exp101t1ng interactions in . . . . .-
multiple microorganisms in through mutual nutrition and [43]
co-culture systems .
co-culture systems resource exchange, promoting
biomass accumulation
Utilizing wastewater for Using wastewater as a nutrient Sust'amable app'roach that reduces
. . . environmental impact and [44]
microalgae cultivation source for microalgae growth .
production costs
. . . I i i ilabili
Application of Using nanoscale materials to mproves nutr%e.nt bioavai a bility
. and uptake efficiency, leading to
nanotechnology for enhance nutrient uptake [45]
. . A enhanced growth and
nutrient delivery in microalgae . .
biomass production
Implementation of Utilizing biostimulants to Enhances nutrient absorption,
biostimulants for promote microalgal growth stress resistance, and overall [46]
growth enhancement and productivity performance of microalgae
Integration of advanced sensors Enables precise adjustment of
and automation for real-time environmental factors to optimize
monitoring and control of microalgae growth
Development of growth parameters and productivity [47]

Advantages of NOLSMT Genetic Manipulation

- Improved biomass accumulation and stress tolerance
- Enhanced carbon fixation efficiency

- Reduced photoinhibition under high-light conditions
- Potential for developing targeted biotechnological approaches to enhance carbon capture in microalgae-based systems

One promising application of the insights obtained from investigating NoLSMT in

Nannochloropsis oceanica is the development of targeted biotechnological approaches to
enhance carbon capture in microalgae-based carbon sequestration systems. By harnessing
the knowledge of how NoLSMT impacts carbon fixation efficiency and biomass accumu-
lation, researchers can potentially engineer microalgae strains with improved abilities to
capture and store atmospheric CO,. For instance, through genetic modifications such as the
overexpression or knockout of NoLSMT, researchers can manipulate FBA trimethylation to
boost carbon fixation rates and enhance biomass productivity across various environmental
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conditions. These engineered microalgae could be deployed in bioremediation initiatives to
reduce greenhouse gas emissions by sequestering CO, from industrial sources or the atmo-
sphere. This application illustrates how foundational research on the regulatory function
of NoLSMT in carbon fixation pathways may offer tangible benefits in combating climate
change and advancing sustainable biofuel production through refined carbon capture and
utilization strategies.

4. Materials and Methods
4.1. Cell Strains and Growth Conditions

Nannochloropsis oceanica IMET1 was introduced into a customized f/2 liquid medium
composition comprising 30 g/L sea salt and 10 mM Tris-HCI adjusted to a pH of 7.6.
Additionally, the medium included 427.5 mg/L NaNOj3, 30 mg/L NaH;PO4-H,O, a trace
metal mixture (composed of 4.36 g/L Na,EDTA-2H,0, 3.15 g/L FeCl;-6H,0, 10 mg/L
CoCly-6H,0, 22 mg/L ZnSO4-7H,0, 180 mg/L MnCl,-4H,0, 9.8 mg/L CuSO4-5H,0, and
6.3 mg/L NapMoO,-2H,0), and a vitamin stock solution (comprising 1 mg/L vitamin
B12, 1 mg/L biotin, and 200 mg/L thiamine). The above reagents were all purchased
from Sigma-Aldrich (St. Louis, MO, USA). For growth phenotype detection including
the growth curve, dry weight, and chlorophyll fluorescence parameters, cell inoculation
(initial concentration: 2.6 x 107 cells/mL) was carried out in a 250 mL conical flask for
agitation culture at 200 rpm and 25 °C under either high-light (HL, around 1000 pmol
photons m~2 s~1) or low-light (LL, approximately 15 pmol photons m~2 s~!) conditions
(ZQZY-CS8V, Shanghai Zhichu Shaker, Shanghai, China). Dry cell weight was determined
using the standard filter paper method [34]. Briefly, 20 mL of algal solution was filtered
through pre-dried filter paper (1440-055 Grade 40, Whatman, Maidstone, UK), dried at
105 °C for at least 10 h, and weighed after drying, and we subtracted the weight of the filter
paper to obtain the dry weight of the 20 mL algal solution.

4.2. Phylogenetic Analysis of LSMT Collected from the Uniport and Phytozome Databases

Phylogenetic analysis of NoLSMT was conducted utilizing amino acid sequences re-
trieved from the Uniport and Phytozome databases, employing standalone BLAST (with an
E-value cutoff of 1 x 107¢) [48]. The selected sequences are detailed in Table 52. Alignment
of the sequences was achieved using MAFFT with default parameters [49]. Subsequently,
trimAl (-automated1) was applied to eliminate gaps and ambiguously aligned sites [50].
PhyML3 [51] (-d aa -b 1000 -m LG + G+F -f m -v e -a e) and ProtTest3 [52] (-all-distributions
-F -AIC -BIC -tc 0.5) were used for phylogenetic analyses. Bootstrap support values were
estimated using 1000 pseudo-replicates.

4.3. Experiment Comparing nolsmt Expression between 0.01% and 5% CO; Culture Conditions

Nannochloropsis oceanica IMET1 cells were cultivated in liquid cultures exposed to
continuous light (approximately 80 4 5 umol photons m~2 s~1) at 25 °C and aerated
with 5% CO,. Upon reaching the mid-logarithmic growth phase (ODys5 of 2.6), cells were
harvested, washed thrice with sterile seawater, and then, re-inoculated into fresh liquid
medium at the same ODy5y under light intensity of 80 = 5 umol photons m~2 s L. Six
replicate column reactors were employed for pre-adaptation under 5% CO, conditions.
Following a one-hour incubation period, three replicates were maintained under 5% CO,
while the other three replicates were transitioned from 5% to 0.01% CO;. Cell samples were
collected at 3 h, 6 h, 12 h, and 24 h time points post-transition to the specified conditions for
total RNA isolation, followed by mRNA-Seq analysis using Illumina HiSeq2000. Raw reads
were processed using TopHat (https://github.com/DaehwanKimLab /tophat, accessed on
10 Febrary 2024) and Cufflinks (https://github.com/cole-trapnell-lab/cufflinks, accessed
on 8 Febrary 2024) based on FPKM values (fragments per kilobase of exon model per
million mapped fragments).


https://github.com/DaehwanKimLab/tophat
https://github.com/cole-trapnell-lab/cufflinks

Int. J. Mol. Sci. 2024, 25, 3756

10 of 14

4.4. Plasmid Construction for Gene Knockout via CRISPR

We utilized a previously established procedure for constructing the plasmids used in
this study [25]. Briefly, target sequences were selected using the online tool CHOPCHOP
([53]; http://chopchop.cbu.uib.no, accessed on 24 January 2024). Two DNA segments
containing the gRNA target sequence and the coding sequence of hammerhead ribozyme
(Table S1) were strategically engineered to create a primer dimer through an annealing
process. The primer dimer was linked to the pNOC-ARS-CRISPR-v2 vector (hygromycin B)
after digestion with a BspQI enzyme. Cas9 and gRNA were driven by a bidirectional Ribi
promoter. Gene ID of NoLSMT is NO02G01160, which is based on the genome annotation
as deposited in NanDeSyn ([54]; http:/ /www.NanDeSyn.org, accessed on 18 January 2024).

4.5. Transformation of N. oceanica Cells

Nuclear transformation of N. oceanica was performed for the expression cassette that
harbored the endogenous promoters and the Cas9, sgRNA, and HygR genes. Briefly,
100 mL of mid-exponential phase-cultured wild-type N. oceanica cells (~4 x 107 cells/mL)
were centrifuged at 5000 x g for 5 min at 4 °C, followed by washing with sorbitol solution
and re-suspension in 375 mM cold sorbitol solution to achieve a final concentration of
approximately 108 cells/mL. For each transformation reaction, 200 pL of cells that were
re-suspended in 375 mM cold sorbitol solution were combined with 2 ug of pNOC-ARS-
CRISPR-sgNoLSMT plasmids and 1 uL salmon sperm DNA in an electroporation cuvette
before electroporation. Before combination, 1 uL salmon sperm DNA was heated at
95 °C for 1 min for annealing. The cells were then electroporated using an ECM630
BTX electroporator (BTX, Holliston, MA, USA) under specific settings (500 (2, 50 uF and
2200 V). Post-electroporation, the cells were incubated in customized f/2 liquid medium
for 48 h before plating on hygR-containing /2 plates. Resistant colonies were selected after
2-3 weeks and transferred to 24-well culture plates for further liquid culture. Algal cells in
the mid-logarithmic growth phase were harvested for DNA extraction in order to confirm
successful transformation through PCR amplification. For NoOLSMT-CRISPR/Cas9, six
lines were validated as positive KO-lines. Among these lines, two knockout types were
identified, including ‘"GGGGATGGGCTTAGT-GCCACGG’” (NoLSMT-KO-1, single-base-
deletion mutagenesis) and ‘'GGGGATGGGCTTAGTGGTTAGGGTTAGGGTTCCACGG’
(NoLSMT-KO-2, fourteen-base-insertion mutagenesis).

4.6. Immunoblot Analysis

Cellular proteins were extracted from 10 to 20 mg of either wild-type or mutant cells
utilizing the Pierce™ P-PER plant protein extraction kit (Thermo Scientific, Waltham, MA,
USA). Subsequent to protein extraction, Western blot analyses were conducted on the total
protein samples obtained from cell lysates after resolving them through sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) employing a 12% (w/v) acrylamide
resolving gel by Bio-Rad (Bio-Rad, Hercules, CA, USA). To ensure uniformity, an equal
amount of total protein content was loaded in each lane. The separated proteins were subse-
quently transferred onto a polyvinylidene difluoride (PVDF) membrane (Roche, Nutley, NJ,
USA). To prevent the non-specific binding of antibodies, the membrane was blocked with
5% (w/v) nonfat dried milk in Tween 20 phosphate-buffered saline (TBS; pH 7.4) (Thermo
Fisher Scientific, Waltham, MA, USA) for 1 h at room temperature. Following this blocking
step, the membranes were incubated overnight at 4 °C with rabbit polyclonal antibodies
specific to methylated lysine-N-terminal (ab76118, Abcam, Cambridge, UK) diluted at a
ratio of 1:10,000 in phosphate-buffered saline (PBS) (Thermo Fisher Scientific, Waltham,
MA, USA) containing 1% (w/v) nonfat milk. After thorough washing steps, the membranes
were then exposed to a secondary antibody, goat anti-rabbit IgG-horseradish peroxidase
(HRP) (Thermo Fisher Scientific, Waltham, MA, USA), for the detection process.
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4.7. Mass Spectrometry-Based Protein Detection

The proteins were initially extracted utilizing an SDS lysis buffer and subsequently
subjected to separation on one-dimensional 12.5% (v/v) polyacrylamide gel through elec-
trophoresis to facilitate the purification and solubilization of the proteins. Following the
electrophoresis process, the gel was stained, destained, and digested, enabling the ex-
traction of peptides from the gel pieces in the form of a supernatant, which were then
transferred into autosampler vials, specifically 12 x 32 mm? glass screw-neck vials (Waters,
Milford, MA, USA). The extracted peptides were then dried using a Speed Vac and stored
at room temperature for subsequent analysis. In preparation for the mass spectrometry
(MS) analysis of the trypsin-digested proteins, the dried peptides were re-suspended in
buffer A (consisting of 0.1% formic acid (FA) in HPLC-grade water (Thermo Scientific,
Waltham, MA, USA)) and subjected to sonication for 10 min in an ultrasonic bath (RK-100
H, Heidolph). The LC-ESI-MS/MS analysis, along with protein identification and label-free
quantification, were executed according to established procedures and protocols to ensure
accurate and reliable results [55].

5. Conclusions

In conclusion, our study provides new insights into the function of LSMT in microal-
gae and its role in carbon fixation. We demonstrated that NoLSMT in Nannochloropsis
preferentially methylates FBAs rather than Rubisco, and its trimethylation of FBAs may
play a regulatory role in the Calvin cycle. The knockout mutants of NoLSMT showed
improved biomass accumulation and tolerance to high-light stress, indicating the potential
of engineering carbon fixation in microalgae for enhanced biomass production. Further
studies are required to fully understand the molecular mechanisms behind, and further
optimize this engineering strategy to improve, microalgal carbon fixation.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms25073756/s1.

Author Contributions: J.X., LW. and W.L. designed the research. Q.W. performed the vector
construction; X.D. and N.L. performed the electroporation and mutant screening; W.Y. and A.P.
performed protein sequencing; W.L. performed the phenotype measurement; W.L. performed the
phylogenetic analysis and data processing. ] X. and W.L. wrote the paper. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program (grant
number 2018YFA0902500), the Natural Science Foundation of China (grant numbers 31600059, 31425002,
31900074, 31900047, and 31800071), the Postdoctoral Science Foundation of China (grant number
2018M642716), the Natural Science Foundation of Shandong, China (grant number ZR2019BC016, and
ZR201709180185), and the Strategic Priority Research Program of the Chinese Academy of Sciences
(grant number XDPB18).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article and supplementary materials.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Kumar, G.; Shekh, A.; Jakhu, S.; Sharma, Y.; Kapoor, R.; Sharma, T.R. Bioengineering of Microalgae: Recent Advances, Perspectives,
and Regulatory Challenges for Industrial Application. Front. Bioeng. Biotechnol. 2020, 8, 914. [CrossRef] [PubMed]

2. Arora, K,; Kaur, P; Kumar, P,; Singh, A.; Patel, S.K.S.; Li, X,; Yang, Y.-H.; Bhatia, S.K.; Kulshrestha, S. Valorization of Wastewater
Resources Into Biofuel and Value-Added Products Using Microalgal System. Front. Energy Res. 2021, 9, 646571. [CrossRef]

3. Kselikova, V,; Singh, A,; Bialevich, V.; Cizkova, M.; Bisova, K. Improving microalgae for biotechnology-From genetics to synthetic
biology-Moving forward but not there yet. Biotechnol. Adv. 2021, 58, 107885. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms25073756/s1
https://www.mdpi.com/article/10.3390/ijms25073756/s1
https://doi.org/10.3389/fbioe.2020.00914
https://www.ncbi.nlm.nih.gov/pubmed/33014997
https://doi.org/10.3389/fenrg.2021.646571
https://doi.org/10.1016/j.biotechadv.2021.107885

Int. J. Mol. Sci. 2024, 25, 3756 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Schada von Borzyskowski, L.; Carrillo, M.; Leupold, S.; Glatter, T.; Kiefer, P.; Weishaupt, R.; Heinemann, M.; Erb, T.J. An
engineered Calvin-Benson-Bassham cycle for carbon dioxide fixation in Methylobacterium extorquens AM1. Metab. Eng. 2018, 47,
423-433. [CrossRef]

Vecchi, V.; Barera, S.; Bassi, R.; Dall’Osto, L. Potential and Challenges of Improving Photosynthesis in Algae. Plants 2020, 9, 67.
[CrossRef] [PubMed]

Kumar, A,; Ergas, S.; Yuan, X.; Sahu, A.; Zhang, Q.; Dewulf, ].; Malcata, F.X.; van Langenhove, H. Enhanced CO, fixation and
biofuel production via microalgae: Recent developments and future directions. Trends Biotechnol. 2010, 28, 371-380. [CrossRef]
Parry, M.A.; Andralojc, PJ.; Scales, J.C.; Salvucci, M.E.; Carmo-Silva, A.E.; Alonso, H.; Whitney, S.M. Rubisco activity and
regulation as targets for crop improvement. . Exp. Bot. 2013, 64, 717-730. [CrossRef] [PubMed]

Whitney, S.M.; Houtz, R.L.; Alonso, H. Advancing our understanding and capacity to engineer nature’s CO,-sequestering
enzyme, Rubisco. Plant Physiol. 2011, 155, 27-35. [CrossRef]

Magnani, R.; Nayak, N.R.; Mazarei, M.; Dirk, L.M.; Houtz, R.L. Polypeptide substrate specificity of PSLSMT. A set domain protein
methyltransferase. J. Biol. Chem. 2007, 282, 27857-27864. [CrossRef] [PubMed]

Yang, B.; Liu, J.; Ma, X,; Guo, B,; Liu, B.; Wu, T,; Jiang, Y.; Chen, E. Genetic engineering of the Calvin cycle toward enhanced
photosynthetic CO, fixation in microalgae. Biotechnol. Biofuels 2017, 10, 229. [CrossRef]

Alban, C.; Tardif, M.; Mininno, M.; Brugiere, S.; Gilgen, A.; Ma, S.; Mazzoleni, M.; Gigarel, O.; Martin-Laffon, J.; Ferro, M;
et al. Uncovering the protein lysine and arginine methylation network in Arabidopsis chloroplasts. PLoS ONE 2014, 9, €95512.
[CrossRef] [PubMed]

Houtz, R.L.; Poneleit, L.; Jones, S.B.; Royer, M.; Stults, J.T. Posttranslational modifications in the amino- terminal region of the
large subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase from several plant species. Plant Physiol. 1992, 98, 1170-1174.
[CrossRef] [PubMed]

Houtz, RL.; Royer, M.; Salvucci, M.E. Partial Purification and Characterization of Ribulose-1,5-bisphosphate Carboxy-
lase/Oxygenase Large Subunit epsilonN-Methyltransferase. Plant Physiol. 1991, 97, 913-920. [CrossRef] [PubMed]

Xiao, B.; Wilson, J.R.; Gamblin, S.J. SET domains and histone methylation. Curr. Opin. Struct. Biol. 2003, 13, 699-705. [CrossRef]
[PubMed]

Ying, Z.; Mulligan, R.M.; Janney, N.; Houtz, R.L. Rubisco small and large subunit N-methyltransferases: Bi- and mono-functional
methyltransferases that methylate the small and large subunits of Rubisco. J. Biol. Chem. 1999, 274, 36750-36756. [CrossRef]
[PubMed]

Ma, S.; Martin-Laffon, J.; Mininno, M.; Gigarel, O.; Brugiere, S.; Bastien, O.; Tardif, M.; Ravanel, S.; Alban, C. Molecular Evolution
of the Substrate Specificity of Chloroplastic Aldolases/Rubisco Lysine Methyltransferases in Plants. Mol. Plant 2016, 9, 569-581.
[CrossRef] [PubMed]

Mininno, M.; Brugiere, S.; Pautre, V.; Gilgen, A.; Ma, S.; Ferro, M.; Tardif, M.; Alban, C.; Ravanel, S. Characterization of
chloroplastic fructose 1,6-bisphosphate aldolases as lysine-methylated proteins in plants. J. Biol. Chem. 2012, 287, 21034-21044.
[CrossRef] [PubMed]

Lynnette, M.A.; Dirk, R.C.T.; Robert, L. Houtz 7 Non-histone protein lysine methyltransferases: Structure and catalytic roles.
Enzymes 2006, 24, 179-228. [CrossRef]

Fawley, K.P; Fawley, M.W. Observations on the diversity and ecology of freshwater Nannochloropsis (Eustigmatophyceae), with
descriptions of new taxa. Protist 2007, 158, 325-336. [CrossRef]

Carpinelli, E.C.; Telatin, A.; Vitulo, N.; Forcato, C.; D’Angelo, M.; Schiavon, R.; Vezzi, A.; Giacometti, G.M.; Morosinotto, T.; Valle,
G. Chromosome Scale Genome Assembly and Transcriptome Profiling of Nannochloropsis gaditana in Nitrogen Depletion. Mol.
Plant 2014, 7, 323-335. [CrossRef]

Perin, G.; Bellan, A.; Segalla, A.; Meneghesso, A.; Alboresi, A.; Morosinotto, T. Generation of random mutants to improve
light-use efficiency of Nannochloropsis gaditana cultures for biofuel production. Biotechnol. Biofuels 2015, 8, 161. [CrossRef]

Kang, N.K;; Jeon, S.; Kwon, S.; Koh, H.G.; Shin, S.E.; Lee, B.; Choi, G.G.; Yang, ].W,; Jeong, B.R.; Chang, Y.K. Effects of
overexpression of a bHLH transcription factor on biomass and lipid production in Nannochloropsis salina. Biotechnol. Biofuels 2015,
8, 200. [CrossRef] [PubMed]

Kilian, O.; Benemann, C.S.; Niyogi, K.K.; Vick, B. High-efficiency homologous recombination in the oil-producing alga Nan-
nochloropsis sp. Proc. Natl. Acad. Sci. USA 2011, 108, 21265-21269. [CrossRef]

Wei, L.; Xin, Y.; Wang, Q.; Yang, J.; Hu, H.; Xu, J. RNAi-based targeted gene knockdown in the model oleaginous microalgae
Nannochloropsis oceanica. Plant J. 2017, 89, 1236-1250. [CrossRef] [PubMed]

Poliner, E.; Takeuchi, T.; Du, Z.Y.; Benning, C.; Farre, E.M. Nontransgenic Marker-Free Gene Disruption by an Episomal CRISPR
System in the Oleaginous Microalga, Nannochloropsis oceanica CCMP1779. ACS Synth. Biol. 2018, 7, 962-968. [CrossRef] [PubMed]
Arend, M; Yuan, Y.; Ruiz-Sola, M.A.; Omranian, N.; Nikoloski, Z.; Petroutsos, D. Widening the landscape of transcriptional
regulation of green algal photoprotection. Nat. Commun. 2023, 14, 2687. [CrossRef]

Wei, L.; Shen, C.; El Hajjami, M.; You, W.; Wang, Q.; Zhang, P; Ji, Y.; Hu, H.; Hu, Q.; Poetsch, A_; et al. Knockdown of carbonate
anhydrase elevates Nannochloropsis productivity at high CO, level. Metab. Eng. 2019, 54, 96-108. [CrossRef] [PubMed]


https://doi.org/10.1016/j.ymben.2018.04.003
https://doi.org/10.3390/plants9010067
https://www.ncbi.nlm.nih.gov/pubmed/31947868
https://doi.org/10.1016/j.tibtech.2010.04.004
https://doi.org/10.1093/jxb/ers336
https://www.ncbi.nlm.nih.gov/pubmed/23162118
https://doi.org/10.1104/pp.110.164814
https://doi.org/10.1074/jbc.M702069200
https://www.ncbi.nlm.nih.gov/pubmed/17635932
https://doi.org/10.1186/s13068-017-0916-8
https://doi.org/10.1371/journal.pone.0095512
https://www.ncbi.nlm.nih.gov/pubmed/24748391
https://doi.org/10.1104/pp.98.3.1170
https://www.ncbi.nlm.nih.gov/pubmed/16668742
https://doi.org/10.1104/pp.97.3.913
https://www.ncbi.nlm.nih.gov/pubmed/16668531
https://doi.org/10.1016/j.sbi.2003.10.003
https://www.ncbi.nlm.nih.gov/pubmed/14675547
https://doi.org/10.1074/jbc.274.51.36750
https://www.ncbi.nlm.nih.gov/pubmed/10593982
https://doi.org/10.1016/j.molp.2016.01.003
https://www.ncbi.nlm.nih.gov/pubmed/26785049
https://doi.org/10.1074/jbc.M112.359976
https://www.ncbi.nlm.nih.gov/pubmed/22547063
https://doi.org/10.1016/S1874-6047(06)80009-0
https://doi.org/10.1016/j.protis.2007.03.003
https://doi.org/10.1093/mp/sst120
https://doi.org/10.1186/s13068-015-0337-5
https://doi.org/10.1186/s13068-015-0386-9
https://www.ncbi.nlm.nih.gov/pubmed/26628914
https://doi.org/10.1073/pnas.1105861108
https://doi.org/10.1111/tpj.13411
https://www.ncbi.nlm.nih.gov/pubmed/28188644
https://doi.org/10.1021/acssynbio.7b00362
https://www.ncbi.nlm.nih.gov/pubmed/29518315
https://doi.org/10.1038/s41467-023-38183-4
https://doi.org/10.1016/j.ymben.2019.03.004
https://www.ncbi.nlm.nih.gov/pubmed/30904735

Int. J. Mol. Sci. 2024, 25, 3756 13 of 14

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

Lu, Y,; Gan, Q.; Iwai, M.; Alboresi, A.; Burlacot, A.; Dautermann, O.; Takahashi, H.; Crisanto, T.; Peltier, G.; Morosinotto, T.; et al.
Role of an ancient light-harvesting protein of PSI in light absorption and photoprotection. Nat. Commun. 2021, 12, 679. [CrossRef]
[PubMed]

Lu, Y;; Xu, J. Phytohormones in microalgae: A new opportunity for microalgal biotechnology? Trends Plant Sci. 2015, 20, 273-282.
[CrossRef]

Jia, J.; Han, D.; Gerken, H.G.; Li, Y,; Sommerfeld, M.; Hu, Q.; Xu, J. Molecular mechanisms for photosynthetic carbon partitioning
into storage neutral lipids in Nannochloropsis oceanica under nitrogen-depletion conditions. Algal Res. 2015, 7, 66-77. [CrossRef]
Bai, F.; Yu, L.; Shi, J.; Li-Beisson, Y.; Liu, J. Long-chain acyl-CoA synthetases activate fatty acids for lipid synthesis, remodeling
and energy production in Chlamydomonas. New Phytol. 2022, 233, 823-837. [CrossRef]

Kelley, L.A.; Sternberg, M.]. Protein structure prediction on the Web: A case study using the Phyre server. Nat. Protoc. 2009, 4,
363-371. [CrossRef] [PubMed]

Barry, A.N.; Starkenburg, S.R.; Sayre, R.T. Strategies for Optimizing Algal Biology for Enhanced Biomass Production. Front.
Energy Res. 2015, 3, 1-5. [CrossRef]

Wei, L.; Wang, Q.; Xin, Y.; Lu, Y.; Xu, J. Enhancing photosynthetic biomass productivity of industrial oleaginous microalgae by
overexpression of RuBisCO activase. Algal Res. 2017, 27, 366-375. [CrossRef]

Chen, T;; Riaz, S.; Davey, P; Zhao, Z.; Sun, Y.; Dykes, G.F.; Zhou, E; Hartwell, J.; Lawson, T.; Nixon, PJ.; et al. Producing fast and
active Rubisco in tobacco to enhance photosynthesis. Plant Cell 2022, 35, 795-807. [CrossRef]

Priyadharsini, P.; Nirmala, N.; Dawn, S.S.; Baskaran, A.; SundarRajan, P.; Gopinath, K.P.; Arun, J. Genetic improvement of
microalgae for enhanced carbon dioxide sequestration and enriched biomass productivity: Review on CO, bio-fixation pathways
modifications. Algal Res. 2020, 66, 105927. [CrossRef]

Li, S; Li, X.; Ho, S.H. How to enhance carbon capture by evolution of microalgal photosynthesis? Sep. Purif. Technol. 2022,
291, 120951. [CrossRef]

Singh, S.P,; Singh, P. Effect of CO, concentration on algal growth: A review. Renew. Sust. Energ. Rev. 2014, 38, 172-179. [CrossRef]
Ye, Y.; Huang, Y; Xia, A.; Fu, Q.; Liao, Q.; Zeng, W.; Zheng, Y.; Zhu, X. Optimizing culture conditions for heterotrophic-assisted
photoautotrophic biofilm growth of Chlorella vulgaris to simultaneously improve microalgae biomass and lipid productivity.
Bioresour. Technol. 2018, 270, 80-87. [CrossRef]

Zheng, H.; Liu, M,; Lu, Q.; Wu, X;; Ma, Y.; Cheng, Y.; Addy, M,; Liu, Y,; Ruan, R. Balancing carbon/nitrogen ratio to improve
nutrients removal and algal biomass production in piggery and brewery wastewaters. Bioresour. Technol. 2018, 249, 479-486.
[CrossRef]

Leone, G.; De la Cruz Valbuena, G.; Cicco, S.R.; Vona, D.; Altamura, E.; Ragni, R.; Molotokaite, E.; Cecchin, M.; Cazzaniga, S.;
Ballottari, M.; et al. Incorporating a molecular antenna in diatom microalgae cells enhances photosynthesis. Sci. Rep. 2021,
11, 5209. [CrossRef] [PubMed]

Trovao, M.; Schuler, L.M.; Machado, A.; Bombo, G.; Navalho, S.; Barros, A.; Pereira, H.; Silva, ]J.; Freitas, F.; Varela, J. Random
Mutagenesis as a Promising Tool for Microalgal Strain Improvement towards Industrial Production. Mar. Drugs 2022, 20, 440.
[CrossRef] [PubMed]

Silaban, A.; Bai, R.; Gutierrez-Wing, M.T.; Negulescu, LI; Rusch, K.A. Effect of organic carbon, C:N ratio and light on the growth
and lipid productivity of microalgae/cyanobacteria coculture. Eng. Life Sci. 2014, 14, 47-56. [CrossRef]

Osman, M.E.H.; Abo-Shady, A.M.; Gheda, S.F. Unlocking the potential of microalgae cultivated on wastewater combined with
salinity stress to improve biodiesel production. Environ. Sci. Pollut. Res. 2023, 30, 114610-114624. [CrossRef]

Huang, Y.T.; Lee, H.T; Lai, C.W. Engineering of the growth environment of microalgae with high biomass and lipid productivity.
J. Nanosci. Nanotechnol. 2013, 13, 2117-2121. [CrossRef] [PubMed]

Hunt, RW.; Chinnasamy, S.; Bhatnagar, A.; Das, K.C. Effect of Biochemical Stimulants on Biomass Productivity and Metabolite
Content of the Microalga, Chlorella sorokiniana. Appl. Biochem. Biotech. 2010, 162, 2400-2414. [CrossRef]

Posten, C. Design principles of photo-bioreactors for cultivation of microalgae. Eng. Life Sci. 2010, 9, 165-177. [CrossRef]
Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.; Bealer, K.; Madden, T.L. BLAST+: Architecture and
applications. BMC Bioinform. 2009, 10, 421. [CrossRef] [PubMed]

Katoh, K,; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in performance and usability.
Mol. Biol. Evol. 2013, 30, 772-780. [CrossRef]

Capella-Gutierrez, S.; Silla-Martinez, ].M.; Gabaldon, T. trimAl: A tool for automated alignment trimming in large-scale
phylogenetic analyses. Bioinformatics 2009, 25, 1972-1973. [CrossRef]

Guindon, S.; Dufayard, J.E; Lefort, V.; Anisimova, M.; Hordijk, W.; Gascuel, O. New algorithms and methods to estimate
maximum-likelihood phylogenies: Assessing the performance of PhyML 3.0. Syst. Biol. 2010, 59, 307-321. [CrossRef] [PubMed]
Darriba, D.; Taboada, G.L.; Doallo, R.; Posada, D. ProtTest 3: Fast selection of best-fit models of protein evolution. Bioinformatics
2011, 27, 1164-1165. [CrossRef] [PubMed]

Montague, T.G.; Cruz, ].M.; Gagnon, J.A.; Church, G.M.; Valen, E. CHOPCHOP: A CRISPR/Cas9 and TALEN web tool for
genome editing. Nucleic Acids Res. 2014, 42, W401-W407. [CrossRef] [PubMed]


https://doi.org/10.1038/s41467-021-20967-1
https://www.ncbi.nlm.nih.gov/pubmed/33514722
https://doi.org/10.1016/j.tplants.2015.01.006
https://doi.org/10.1016/j.algal.2014.11.005
https://doi.org/10.1111/nph.17813
https://doi.org/10.1038/nprot.2009.2
https://www.ncbi.nlm.nih.gov/pubmed/19247286
https://doi.org/10.3389/fenrg.2015.00001
https://doi.org/10.1016/j.algal.2017.07.023
https://doi.org/10.1093/plcell/koac348
https://doi.org/10.1016/j.algal.2022.102810
https://doi.org/10.1016/j.seppur.2022.120951
https://doi.org/10.1016/j.rser.2014.05.043
https://doi.org/10.1016/j.biortech.2018.08.116
https://doi.org/10.1016/j.biortech.2017.10.057
https://doi.org/10.1038/s41598-021-84690-z
https://www.ncbi.nlm.nih.gov/pubmed/33664413
https://doi.org/10.3390/md20070440
https://www.ncbi.nlm.nih.gov/pubmed/35877733
https://doi.org/10.1002/elsc.201200219
https://doi.org/10.1007/s11356-023-30370-6
https://doi.org/10.1166/jnn.2013.6877
https://www.ncbi.nlm.nih.gov/pubmed/23755654
https://doi.org/10.1007/s12010-010-9012-2
https://doi.org/10.1002/elsc.200900003
https://doi.org/10.1186/1471-2105-10-421
https://www.ncbi.nlm.nih.gov/pubmed/20003500
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.1093/sysbio/syq010
https://www.ncbi.nlm.nih.gov/pubmed/20525638
https://doi.org/10.1093/bioinformatics/btr088
https://www.ncbi.nlm.nih.gov/pubmed/21335321
https://doi.org/10.1093/nar/gku410
https://www.ncbi.nlm.nih.gov/pubmed/24861617

Int. J. Mol. Sci. 2024, 25, 3756 14 of 14

54. Gong, Y.; Kang, N.K;; Kim, Y.U.; Wang, Z.; Wei, L.; Xin, Y.; Shen, C.; Wang, Q.; You, W.; Lim, ].M.; et al. The NanDeSyn database
for Nannochloropsis systems and synthetic biology. Plant ]. 2020, 104, 1736-1745. [CrossRef]

55.  You, W.; Wei, L.; Gong, Y.; Hajjami, M.E.; Xu, J.; Poetsch, A. Integration of proteome and transcriptome refines key molecular
processes underlying oil production in Nannochloropsis oceanica. Biotechnol. Biofuels 2020, 13, 109. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/tpj.15025
https://doi.org/10.1186/s13068-020-01748-2

	Introduction 
	Results 
	NoLSMT Contains the Key Enzymatic Domains to Trimethylate Rubisco or FBAs in Chloroplasts 
	Sequence Alignment and Phylogenetic Analysis Predict FBAs Rather Than Rubisco to Be Trimethylated Substrates of NoLSMT 
	Two NoLSMT Knockout Lines Are Obtained by a CRISPR/Cas9-Mediated Method 
	The Loss of FBA Trimethylation Due to NoLSMT Knockout Elevates Carbon Fixation Rate in High-Light Stress 

	Discussion 
	Materials and Methods 
	Cell Strains and Growth Conditions 
	Phylogenetic Analysis of LSMT Collected from the Uniport and Phytozome Databases 
	Experiment Comparing nolsmt Expression between 0.01% and 5% CO2 Culture Conditions 
	Plasmid Construction for Gene Knockout via CRISPR 
	Transformation of N. oceanica Cells 
	Immunoblot Analysis 
	Mass Spectrometry-Based Protein Detection 

	Conclusions 
	References

