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ARTICLE INFO ABSTRACT

Keywords: In order to promote photosynthetic reactions and biomass yield of microalgae in 15% CO, from coal-fired flue
CO, gas, a self-adaptive microalgal growth system with gene mutation centered on the cellular light response was

Microalgal domestication established through CO, gradient domestication. The microalgae Nannochloropsis oceanica CCMP1779 was

Eiﬁtt?zyﬁlc":zzal is gradually acclimated to 0.04%, 3%, 6%, 10% and 12% CO; to obtain strains with a predominant adaptation to
ccus v CO,. The domesticated strain showed a 22.7-fold and 3.98-fold increase compared to wild-type under 6 mL/min

and 12 mL/min 15% COo, respectively. A comprehensive analysis of the genome, transcriptome, photosynthetic
fluorescence and RT-qPCR results were conducted to explore the effects of CO, gradient acclimation on
microalgal growth. The CO, gradient domestication produced multi-targeted genetic mutations and natural
selection, leading to successful transcriptional changes and apparent photosynthesis properties. Therefore, a self-
adaptive microalgal growth system for high CO5 was built based on photosynthesis enhancement (controlled by
magnesium chelatase (EC 6.6.1.1)) in the competition between photosynthesis and respiration. This system was
supported by improved cation transport, DNA and RNA synthesis, photosynthetic electron transfer, carbon fix-
ation and metabolism. CO, gradient acclimation demonstrates a cost-effective method for generating microalgae
mutants for efficient CO; fixation from coal-fired flue gas.

1. Introduction

Carbon dioxide (CO») has gradually but substantially influenced the
environment with increasing CO, emissions because of global industrial
prosperity. However, the development of carbon capture and utilization
technologies are changing the conception of CO5 from that of industrial
waste to a useful energy source. It is predicted that the annual con-
sumption of reutilized CO, will increase from 50.1 Mtpa to 326.7 Mtpa
from 2018 to 2028 [57]. Because of the increased CO5 proportion from
flue gas of thermal power plants, which reached approximately to 40%
in 2019, the goal to reduce 90% of the global CO5 emissions from coal-
fired power plants by the year 2040 was established within the sus-
tainable development scenario of the International Energy Agency
[26,71]. Photosynthetic CO5 sequestration by microalgae and the
related biomass utilization play an important role in carbon capture,
utilization and storage (CCUS) technologies due to the fast microalgal
growth rate, rapid environmental adaptability and high carbon con-
centration in biomass [32]. Accordingly, this method has shown po-
tential in industrial production as a completely closed cycle for energy
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storage and utilization [84], because CO; released by flue gas from lots
of industriesa is sequestrated by microalgae and then the microalgal
biomass is converted to bio-gas and returns to the industry as energy.
However, the tolerance to high CO, concentrations is a limitation for
microalgal cultivation with flue gas [83]. Growth inhibition usually
happens in the presence of>10% CO, [35,66], but the CO, concentra-
tion is commonly between 10% and 99% in industrial flue gas.

Many methods have attempted to improve the tolerance of micro-
algae to high CO5 concentrations [22]. In some cases, certain microalgal
strains with high adaptability to CO, were obtained by carefully
screening for microalgae with special characteristics. Isolation from
special native environmental and algal species with random mutagen-
esis are possible ways to obtain strains that could grow well under>10%
CO4 [20,21,34,53]. However, the randomness and nonrepeatability of
strain isolation severely restrict the extensive application of this method.
This process requires a lot of manpower and time, even though it is
uncertain whether the desired results will be obtained. Genetic engi-
neering is also an effective approach to improve the photosynthetic
apparatus and Calvin cycle [7,61]. A breakthrough in which the
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carbonic anhydrase in Nannochloropsis was knocked down resulted in an
increased biomass dry weight of 40% under 5% CO,, which provides
insight into solving the problem of microalgal survival under high CO,
concentration flue gas[47]. However, the sophisticated, lengthy and
expensive experimental process restricts the extensive development of
genetic engineering to modify various microalgal species suitable for
industrial production.

A simple and feasible method known as adaptive laboratory evolu-
tion (ALE) has been widely shown to be effective for improving the
adaptability and growth of many microalgal species under high CO,
concentrations [32]. With the help of stress domestication, a large
number of microorganisms in a culture could in parallel accumulate
beneficial mutations in a variety of genes directly through multi-cycle
cultivation [77]. In recent years, this method has been successfully
used in a large number of experiments to obtain growth advantages in
high carbon environment with different microalgal species, including
Chlorella sp., Spirulina sp., Haematococcus pluvialis and even mixed
microalgal communities [1,11,13,28,30]. Unfortunately, previous

Chemical Engineering Journal 429 (2022) 131968

studies have paid too much attention to macro experiments; thus, the
mechanism of CO, gradient domestication that improves the microalgal
characteristics is still not clear. The acceptance and widespread adop-
tion of this approach have been affected by outstanding questions,
including 1) is domestication simply a transient environmental adap-
tation; and 2) do beneficial genetic mutations occur and are they
retained in the population? Some studies have combined random
mutagenesis and domestication into one experiment [28,31], adding to
the confusion of mechanism analysis.

To clarify the action mechanism of CO, gradient domestication on
microalgal tolerance and growth ability in the presence of high CO», this
study performed gradual gradient acclimation of CO2 using wild-type
Nannochloropsis oceanica CCMP1779 and carried out a comprehensive
combined analysis of the genome, transcriptome, photosynthetic fluo-
rescence and RT-qPCR. It was revealed that functionally selective multi-
target gene mutations were caused by the CO, gradient domestication
process on microalgae, thereby improving photosynthesis, carbon fixa-
tion and cell synthesis. Finally, cultivation under a high and moderate
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Fig. 1. Research methods on adaptive laboratory evolution of microalgae cultivated with high concentrations of CO,.
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flow rate of 15% CO, showed the superiority of gradually domesticated
microalgal strains, which exhibited higher biomass yield, photosyn-
thetic pigment content and survival. Thus, this study demonstrates the
mechanism, significance and applicability of using CO gradient
domestication to obtain effective microalgal strains for cultivation with
high CO5 concentration flue gas.

2. Experimental methods
2.1. Gradual domestication with high CO_ concentration for microalgae

The research method to identify the promoting mechanism involved
in gradual domestication of microalgal tolerance to high CO, concen-
tration is shown in Fig. 1. Gradual acclimation was carried out with a
CO4 gradient from 0.04% (air) to 12% CO; to obtain domesticated
strains of N. oceanica CCMP1779. The gene mutations produced by
adaptive laboratory evolution were investigated by genomic rese-
quencing of the control (AD) and domesticated (12D) strains, while
transcriptomic sequencing was conducted to detect the differential gene
expression profiles between AD and 12D. After data filtering and anal-
ysis of the genomic results, reliable indel and SNP mutations (p-value <
0.05 & FDR < 0.05 & increased allele frequency in 12D) that occurred
during the process of domestication were assigned as the baseline for the
associated analysis of genomics and transcriptomics. The joint analysis
mainly included two aspects: 1) for the scaffolds with reliable indel
mutation aggregation, the extensive distribution of indels induced by
reliable indel mutations on the scaffolds, the significant changes of gene
expression on the scaffolds caused by extensive mutation, and the
functional classification statistics of these genes were analyzed; and 2)
the protein families of genes directly related to reliable SNP and indel
mutations were traced upward to analyze the occurrence of reliable gene
mutations and differences in transcription levels within the protein
families. Differences in transcriptome expression directly caused by
genome mutations were clarified by the above two factors. Next, func-
tional statistics of the significant expressional differences between the
AD (control) and 12D (domesticated) groups were performed to reflect
the overall transcription differences further linked to the transcriptome
differences caused by the above gene mutations.

To further clarify the effect of CO2 gradient acclimation on the
photosynthetic carbon sequestration mechanism of microalgae, photo-
synthetic fluorescence and RT-qPCR were used to measure the light
reaction and dark reaction of microalgal strains during each stage of
acclimation (AD, 6D, 12D) and those under high carbon conditions (6
mL/min 15% CO3). Photosynthetic fluorescence analysis included
determining the photosynthetic electron transfer rate, photosynthetic
system recovery against saturated light, non-photochemical quenching
and cyclic electron transport. RT-qPCR included analysis of key enzymes
involved in the inorganic carbon ion balance, carbon transport, C4
process and Calvin cycle. Finally, to test the macroscopic growth effect
of N. oceanica CCMP1779 after adaptive laboratory evolution for CO5
gradient domestication, the strains obtained from each domestication
stage (AD, 3D, 6D, 10D, 12D) were cultivated in two high CO; envi-
ronments (high pressure: 12 mL/min 15% COs; moderate pressure: 6
mL/min 15% COs). The high pressure condition was mainly set to reflect
the survival ability of the microalgal strains against CO,, while the
moderate pressure condition was set to reflect the photosynthetic
growth and biomass productivity of microalgal strains under high CO,
concentration flue gas.

2.2. Adaptive laboratory evolution of the wild-type microalgal strain

Wild-type N. oceanica CCMP1779, a unicellular microalga, was used
as the experimental strain in this study. For every stage of the whole
experiment, seawater culture medium, consisting of artificial seawater
(ESAW Medium) and optimized f/2 medium [29], was chosen as the
only cultivation medium for the microalgae. Photoreactors for
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N. oceanica cultivation were made up of a series of 300-mL column
bioreactors of 160 mm height, 56 mm inner diameter and 62 mm outer
diameter. The photoreactors were kept in an artificial greenhouse where
the temperature and light were maintained at 25 °C and 55 ymol-m?-s~1.
To speed up the growth process, a dark/light cycle was no implemented.

To promote a tolerance to high CO2 concentrations, wild-type
domesticated microalgal strain N. oceanica CCMP1779 was gradually
acclimated to a CO gradient. This acclimation included five stages with
a gradually increasing proportion of CO4 in the injection gas: 1) ambient
concentration; 2) 3% CO2/97% Nj; 3) 6% C02/94% Ny; 4) 10% COy/
90% Ny; and 5) 12% CO,/88% N». The gas flow rate to each photo-
reactor was controlled by an electric flow meter at 30 mL/min. During
each stage, 3 cultivation cycles of 8 days each were included. At the
beginning of each cycle, the initial inoculation concentration of
N. oceanica CCMP1779 in the photoreactors was OD75¢ = 0.3. To further
study changes in the microalgae caused by gradient acclimation to CO4
gas, a portion of the microalgae was stored in an incubator with constant
temperature of 25 °C and light of 55 ymol-m?-s~! (without dark/light
cycle) at the end of each stage. The resulting domesticated strains were
named based on the final CO, concentration to which they were
exposed, specifically AD (ambient air cultivation), 3D (two-stage
domestication with ambient air and 3% CO3), 6D (three-stage domes-
tication with ambient air, 3% COy and 6% CO,), 10D (four-stage
domestication with ambient air, 3% CO,, 6% CO5, and 10% CO-) and
12D (five-stage domestication with ambient air, 3% CO3, 6% CO2, 10%
CO2 and 12% COy). Several parallel photoreactors were prepared in this
step.

2.3. Genomic resequencing and data filtering

Several samples (2 AD samples and 4 12D samples) were collected
randomly from the constant temperature and light incubator. Each
sample represented about 0.2 L of microalgal suspension and 10°-
10'°N. oceanica CCMP1779 cells. DNA was extracted based on the CTAB
method. DNA samples were randomly broken into 350 bp fragments by
the Covaris crusher (S220, Covaris, USA), which were then used to build
the library with the TruSeq Library Construction Kit (Novo, Denmark).
After preparation via end repair and phosphorylation, adding A-tails,
ligating index adapters, denaturation and amplification, the DNA library
for each sample was constructed followed by quantification with Qubit
2.0 (Invitrogen, USA) and finally diluted to 1 ng/uL. After the expected
insert size was obtained, the effective concentration of the library was
accurately quantified by qPCR to ensure the library quality. The effec-
tive concentration of the library was determined as > 2 nM. The library
was sequenced by Illumina HiSeq (NovaSeq 6000, Illumina, USA) to
obtain the original image data files, which were converted into
sequenced reads (raw data) by base calling analysis. The raw data was
filtered to exclude paired-end reads with a ratio of N in the single-end
sequencing reads exceeding 10% of the read length, a ratio of low
quality bases (Q < 5) in single-end sequencing read exceeding 50% of
the read length, and with adapters. The effective sequencing data were
compared to the reference genome using BWA software (parameter:
mem-t 4-k 32-m), and the annotated results with the reference genome
were removed by SAMTOOLS (parameter: rmdup). For all SNPs and
indels, the filter standard (including DP >= 4 & MQ >= 20) was
enforced to obtain high-quality data from each sample for further
analysis. The basic quality information from the gene resequencing is
listed in Table S1 in Supplementary File 1. For the genomic resequencing
conducted in this study, the reference genome of N. oceanica CCMP1779
(https://mycocosm.jgi.doe.gov/Nanocel779_2/Nanocel779_2.info.
html) was obtained from the U.S. Department of Energy Joint Genome
Institute (DOE JGI), which was contributed by Yasuo Yoshikuni at the
DOE JGI and Krishna Niyogi at the University of California Berkeley.
Usage permission was obtained before use.
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2.4. RNA sequencing and data filtering

After domestication, activation cultivation was conducted for two
days under 6 mL/min 15% COj to collect AD and 12D (2 samples each)
for mRNA extraction and library construction. RNA was extracted from
the samples using the TRIzol method. A total of 1 ug RNA per sample was
used as input material for RNA sample preparation. Sequencing libraries
were generated using the NEBNext UltraTM RNA Library Prep Kit (NEB,
USA) for Illumina following manufacturer’s recommendations and
index codes were added to assign sequences to each sample. Briefly,
mRNA was purified from total RNA using poly-T oligo-attached mag-
netic beads and then the cDNA was synthesized for library construction.
Clustering of the index-coded samples was performed on a cBot Cluster
Generation System using the TruSeq PE Cluster Kit v3-cBot-HS (Illu-
mina, USA) according to the manufacturer’s instructions. After cluster
generation, the library preparations were sequenced on the Illumina
NovaSeq platform (NovaSeq 6000, Illumina, USA) and 150 bp paired-
end reads were generated as raw data.

Raw data in fastq format were first processed through in-house Perl
scripts. In this step, clean data (clean reads) were obtained from the raw
data by removing reads containing adapters and poly-N sequences, as
well as low quality reads. At the same time, Q20, Q30 and GC content of
the clean data were calculated. All downstream analyses were based on
the high-quality clean data.

Clean paired-end reads were aligned to the N. oceanica CCMP1779
reference genome of using Hisat2 (v2.0.5). The mapped reads for each
sample were assembled by StringTie (v1.3.3b) [51] using a reference-
based approach. FeatureCounts (v1.5.0-p3) was used to count the read
numbers mapped to each gene. Next, the fragments per kilobase of exon
per million reads mapped (FPKM) of each gene was calculated based on
the length of the gene and read counts mapped to the gene. The AD
samples were set as the control group and the 12D samples as the
domesticated group, then the differential gene expression profiles be-
tween the groups were obtained using the DESeq2 package (v1.16.1). In
this research, the standard for a significant change in gene expression
was always a p-value < 0.05. The basic quality information for the
transcriptomics is listed in Table S1 in Supplementary File 1.

2.5. Association analysis between the genome and transcriptome

Before analysis, all the genes were annotated with the clusterProfiler
package in R [23] against the PF (Protein Family), GO (Gene Ontology)
and KEGG (Kyoto Encyclopedia of Genes and Genomes) databases, the
results are shown in Supplementary File 3. Consolidation of genomic
data from control and domesticated samples was conducted to clarify
the significant mutations that occurred during the process of COy
gradient acclimation, so reliable indels and SNPs were filtered based on
the following standards: p-value < 0.05, FDR < 0.05 and average allele
frequency in domesticated samples > average allele frequency in control
samples. Additionally, SNP entries with < 200 bp distance to the nearest
reliable indel were neglected. The filtered results are listed in Table S2 in
supplementary File 1.

Because of the important role played by indels in natural evolution
[16], reliable indels and their corresponding indel mutations were
subjected to statistical analysis based on the p-value of the enriched
reliable indels on the scaffold. In total, 305 scaffolds in N. oceanica
CCMP1779 were ranked according to their chi-square test p-value with
the proportion of reliable indels on the scaffold to the total reliable
indels and genes on the scaffold. The smallest 5% of the total scaffolds
were selected. Additionally, the successful association effect of reliable
indels on transcriptional expression was set as another filter standard for
scaffolds selection. Thus, only scaffolds with an absolute value of an
average logs fold change of the FPKM of all genes higher than 0.3 were
retained as a scaffold with successful association in the following anal-
ysis. For those retained scaffolds, all indels satisfying the standard that
the average allele frequency of the domesticated groups — the average
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allele frequency of wild-type groups > 0.5 were listed as associated
indels occurring with the reliable indel. Accordingly, all genes with a
significant change in expression on these scaffolds were categorized for
their function using the GO database. To evaluate the influence of reli-
able indels on physiological function, the average log, fold change of the
FPKM and the “degree of functional aggregation” index were calculated
for each function on one of the scaffolds (Eqn. (1)).

F,S,
degree of functional aggregation(function : A, scaffold : B) = # / Fy
A T

€8]

Here, F5Sg represented the amount of significant changed expression
genes within function A on scaffold B, Sg represented the amount of
significant changed expression genes on scaffold B, F5 represented the
amount of significant changed expression genes within function A and T
represented the amount of significant changed expression genes.

To produce a more meaningful analysis, only entries with a degree of
functional aggregation > 4 were retained when discussing functional
aggregation of the various scaffolds.

The functional entries with significant changes in their transcrip-
tional level occurring in each one of those remaining scaffolds after
filtration were listed as the function with a co-occurrence change in
transcriptional expression and their average degree of functional ag-
gregation was calculated.

Another analysis was related to the detailed position of reliable SNPs
and indels and describes the function affected by the mutation in detail.
Because SNPs and indels occurring in a certain position may affect the
transcriptional expression of one or two closely related genes, all reliable
mutations and significant changes in the transcriptional expression of
genes of a protein family were collected and displayed in a heat map
named by their PF entry. The significantly promoted or inhibited protein
family obtained an average log; fold change > 0.5 or average log, fold
change < -0.5.

2.6. Functional analysis of the transcriptome

Transcriptomic analysis was based on the GO and PF annotations
related to genes with significant up-regulation or down-regulation. For
each functional entry three indexes were calculated: the proportion of
up-regulation in the total significantly changed genes with the same
function; the proportion of significantly changed genes in the total genes
with same function; and the average logs fold change. The functional
entries in the GO groups were filtered based on the standard that that
first index was > 75% or < 25%, which were considered as a significant
up-regulation of function and significant down-regulation of function,
respectively. The functional entries in the PF groups were filtered based
on the standard that the second index was > 50% and the average logs
fold change ranked as positive or the penultimate 10%, which were also
considered as a significant up-regulation of function and a significant
down-regulation of function, respectively. In this analysis, the entries
with exactly the same genes were merged and only one entry was kept
that could clearly depict the function to prevent too many similar entries
disturbing the results.

2.7. Photosynthetic fluorescence measurement

In this study, photosynthetic fluorescence was measured to evaluate
changes to the photosynthetic light reaction during the process of CO4
gradient acclimation using an FMS-2 (Hansatech, United Kingdom) with
a 594 nm light source. Strains AD, 6D and 12D were selected as the
experimental strains. One data set was collected under the original
cultivation environment of the strain to represent the photosynthetic
light system gained in different stages of domestication, for example AD
with 30 mL/min air, 6D with 30 mL/min 6% CO and 12D with 30 mL/
min 12% CO,. Another data set for AD, 6D and 12D was collected with 6
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mL/min 15% CO, to test the ability of the photosynthetic light reaction
of the domesticated microalgal strains under the high COj stress.

Rapid light curves [43] were constructed by measuring the effective
quantum yield of photochemical energy conversion in PS2 (®PSII) with
gradually decreasing light intensity, specifically 2000, 1482, 1190,
1015, 800, 603, 390, 204, 104, 70, 46, 20, 10 and Oymol-m?-s~1. The
adaptive time for each stage was 4.5 min, then a 2.5 s saturated pulse
was illuminated to measure the ®PSII value. The relative effective
photosynthetic electron transport rate (rETR) of every light intensity
stage was calculated using Eqn. (2) [45]:

[FETR|umol-m 2.s" = ([PFDJumol-m *-s™") x (®PSI) x 0.5 x 0.84  (2)

where rETR represents the relative effective photosynthetic electron
transport rate; PFD represents the actual luminous flux density; and
®PSII represents the effective quantum yield of the PSII photochemical
energy conversion. For each experimental object, the PFD and associ-
ated rETR were fitted by Eqn. (3) to obtain the rapid light curve:

PFD
"EIR = PFD* 4 b-PFD + ¢ 3

Three main indexes were obtained from the fitted rapid light curve,
namely the maximum relative photosynthetic electron transfer rate
(rETRpax), representing the maximum rETR value on the curve; the half-
saturation light intensity (Iy), representing the corresponding PFD value
when the rETR was half of the extreme value; and the initial slope (),
representing the slope at the beginning of the curve.

Another trial was then conducted to test the recovery ability and
momentary light protection ability against strong light by observing the
response to a continuous saturation pulse. In this test, after 10 min of
dark adaptation, far red light was used to activate the PSI system. At the
same time, a 0.8 s saturated pulse was illuminated to obtain the first
peak. After 0.8 s recovery in the dark, another 0.8 s saturated pulse was
illuminated to obtain the second peak. Based on the fluorescence value
gathered by the FMS-2 instrument, the curves were smoothed using the
Haar wavelet type and Lowess method to reduce the fluorescent noise
from aquatic organisms. The following three indexes were calculated to
better depict the momentary light protection that occurred in this pro-
cess: the fluorescence recovery amount at the secondary pulse occur-
rence point (Fps; Eqn. (4)); the fluorescence recovery ratio at the
secondary pulse occurrence point (®PS; Eqn. (5)); and the ratio of the
secondary peak to the primary peak (®S; Eqn. (6)). The fluorescence
value of the curves was F(t) at each time point t.

Fpg :F(lpl)fF(l‘v) (4)

Fps
OPS = ————— 5
F(tp) — F(1,) O

F(tr) — F(t;)
F(tp) — F(2,)

Where t, represents the time point when the primary saturated pulse
begins illumination; t,; represents the time at which the primary peak is
highest during illumination of the primary saturated pulse; ts represents
the time point at which the secondary saturated pulse begin illumina-
tion; and t;, represents the time at which the secondary peak is highest
during illumination of secondary saturated pulse.

The fast and slow phases of non-photochemical quenching (NPQ)
were measured on a larger timescale to represent the light protection
ability. The measurements started from 20 min dark adaptation and then
a saturated pulse was illuminated to obtain the Fm value. Next, a strong
actinic light was used for 10 min of light adaptation and then a saturated
pulse was illuminated to obtain the Fm’ value. Then the actinic light was
turned off to start a recovery process against strong light damage during
30 min. The final Fm’ value, referred to as F'm, was obtained after this
process. The fast and slow phases of NPQ were calculated using the
following formula (Eqn. 7) [43]:

DS = (6)
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NPQ (fast phase) = (Fm/ Fm’)-(Fm/ F'm) (7)

NPQ (slow phase) = (Fm-F'm)/F'm (8)

The measurement for NPQ was conducted under two actinic light
intensities: 1200umol-m?-s~! and 800umol-m?-s~1.

Finally, a test for PSI, named post-illumination, was conducted ac-
cording to previous literature [60,79]. After 5 min of light adaptation
with 800 ymol-m?-s~1 actinic light and far red light, a sudden decrease of
fluorescence occurred when the actinic light was turned off. It then
gradually recovered within 10 s. The slope of this increase from the
lowest point of the flop to the instantaneous peak was calculated to
represent the cyclic electron transport rate around PSI.

2.8. RT-qPCR for carbon transport and photosynthetic dark reaction

The transcription levels of 16 genes were selected to comprehen-
sively evaluate the influence of CO, gradient acclimation on the
photosynthetic dark reaction. These 16 genes were selected according to
the genome and gene models of Nannochloropsis oceanica CCMP1779,
which was sequenced by the laboratory of Christoph Benning at Mich-
igan State University (https://mycocosm.jgi.doe.gov/Nanocel779/Na
nocel779.info.html), because the function of these enzymes has been
reported in the corresponding literature [3].

Enzymes related to carbon fixation can be mainly divided into three
parts: transport and intracellular stabilization of CO,; photosynthesis
(including light and dark reactions); and the C4 mechanism so-called
“temporary storage for CO,”. The key enzymes selected in this study
were completely covered by these three parts. First, two carbonic
anhydrases (CAH-1 and CAH-2), as well as the inorganic carbon trans-
membrane transport enzymes carbonate counter pump (CCP) and
Limiting COy Inducible A (LCIA), were measured to reflect inorganic
carbon transport and carbon ion equilibrium, the prophase of the dark
reaction. Second, key enzymes in the C4 process were measured to
reflect the carbon storage capacity that assists the dark reaction,
including two pyruvate, phosphate dikinases (PPDK-1 and PPDK-2);
three malate dehydrogenases (MDH-1, MDH-2 and MDH-3); two malic
enzymes (ME-1 and ME-2); and a phosphenolpyruvate carboxylase
(PePcase). Finally, the core ribulose-1,5-bisphosphate oxygenase
(RuBisCO) isoenzymes rbcS, rbcL-1, rbcL-2 and rbcL-3 were measured to
determine the carbon fixation capacity of the Calvin cycle. In this
experiment, each enzyme covered all isoenzyme genes previously re-
ported in the literature [3]. Moreover, two 18S rRNA genes (18S-1 and
18S-2) were also measured as two internal references to ensure data
reliability. Detailed model names from the genomic database and their
primer sequences are listed in Table S3 in Supplementary File 4.

In this research, AD, 6D and 12D were selected as the experimental
strains. One data set was collected under the original cultivation envi-
ronment to represent the photosynthetic dark system gained during
different stages of domestication, for example AD with 30 mL/min air
condition, 6D with 30 mL/min 6% CO, and 12D with 30 mL/min 12%
COs. Another data set for AD, 6D and 12D was collected with 6 mL/min
15% CO; to test the ability of the photosynthetic dark reaction for
domesticated microalgal strains under high COg stress. All samples were
collected during the logarithmic growth period at an OD75( between 0.8
and 1.4.

Total RNA was extracted using a UNIQ-10 Column Trizol Total RNA
Extraction Kit from Sangon Biotech Co., Ltd (Shanghai, China). Reverse
transcription was performed using a fluorescent quantitative PCR in-
strument (StepOnePULS, USA) to obtain cDNA. Samples were diluted
ten-fold for use as template cDNA with corresponding primers. PCRs
were performed for 45 cycles using the fluorescent quantitative PCR
instrument. Data were analyzed as relative expression levels (—AACr);
the AD group (cultivated with air) was selected as the baseline. To
clearly assess the transcriptional expression of key enzymes that possess
multiple isozyme genes, a “pseudo relative expression level”, which was
calculated by combining the expression levels of each isoenzyme, was
used as analytical evidence for clearer evaluation. Specifically, for every
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key enzyme consisting of multiple isozyme genes, and for each sample,
the ACr of the isoenzyme genes were added up as the ACy of this
“pseudo relative expression level”. The —AACt was calculated with the
baseline of the AD group.

2.9. Cultivation tests for gradually domesticated N. Oceanica under 15%
CO,

Two independent cultivation tests for N. oceanica strains in different
stages of CO, gradient domestication for high CO; tolerance were con-
ducted under two 15% CO gas aeration rates: 6 mL/min and 12 mL/
min. According to experimental experience, the survival of N. oceanica
CCMP1779 in little>6 mL/min 15% CO; gas is low; therefore, the
likelihood of survival under 12 mL/min 15% CO5 would be lower.
Accordingly, these two aeration rates were selected to represent rela-
tively moderate and extreme pressure conditions to test the significance
of CO3 gradient acclimation on microalgal growth.

In each set of independent experiments, AD, 3D, 6D, 10D and 12D
were cultivated from an initial microalgal concentration ODys59 = 0.2
with artificial seawater (ESAW medium) and optimized f/2 medium
[29]. Photoreactors for cultivation (a series of 300-mL column bio-
reactors) were same as those used in cultivation. The artificial green-
house conditions were also the same as stated in section 2.2. Two
parallel experiments were conducted for each microalgal strain.

During cultivation, 10 mL of microalgal suspension were randomly
harvested and their ODy5( value was measured. Next, the samples were
dewatered via centrifugation and then washed three times with deion-
ized water. The pellet was collected and the subsequent biomass was
measured after drying at 80 °C for 72 h. Because of the linear relation-
ship between the biomass yield and ODys, the calculated microalgal
biomass dry weight was obtained by fitting and the biomass yield for
each day was calculated with this formula.

Additionally, during cultivation, the pH of microalgal suspension
was measured daily using a pH meter (Mettler Toledo, FEZ20,
Switzerland). No manual pH adjustments were conducted in this study.

Due to the common occurrence of cell death, the proportion of viable
cells was measured for the 12 mL/min 15% CO5 experiment on the 6th
day of cultivation using the neutral red method [17]. The survival
proportion was based on the results of both the colorimetric method and
by electron microscope observations.

For the experiment with 6 mL/min 15% CO, the chlorophyll and
carotenoid contents of N. oceanica CCMP1779 were measured daily by
spectrophotometry. Briefly, after collecting 1 mL of microalgal suspen-
sion via centrifugation, 3 mL of anhydrous methanol (>99.9%) was
added to the pellet and evenly mixed. After 15 min of dark treatment,
the absorbance values Agsz, Aggs and Asgg of the supernatant were
measured using a spectrophotometer (Thermo Scientific, USA). If the
absorbance was > 1.0, the supernatant was diluted until it was < 1.0.

Chlorophyll a (Chl-a) and carotenoids were measured in this exper-
iment because chlorophyll b is not contained in N. oceanica. The calcu-
lations were as follows [25,64]:

[Chl-a]l pgmL™' = — 8.0962 x Agsz + 16.5169 x Ages (9)

[Carotenoids] pg mL~! =4 x Aygo (10)

3. Results

3.1. Extensive transcription differential linkage induced by enrichment of
indel mutation in CO2 gradient domestication

There is a deeply held hypothesis that indels play an important role
in evolution as a source of genetic variation, because they contribute to
base changes in the surrounding coding regions [16]. This mechanism is
referred to as IDAM (indel-associated mutation) in previous studies
[39]. Therefore, reliable indels and their associated changes in tran-
scriptional levels were selected as the primary entry point for CO,
gradient acclimation-induced gene mutation and species evolution.
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After filtration with the standards outlined in section 2.5, four scaffolds
in N. oceanica CCMP1779 stood out from the total 305 scaffolds because
they exhibited the most aggregated reliable indel mutations and suc-
cessful association in transcriptional changes (Fig. 2). In these four
scaffolds, a series of indels with low reliability were identified around
the reliable indels, which almost never occurred in the control group but
occurred with large probability (p-value < 0.05 & FDR < 0.05) as a
homozygote in the domesticated group. One hypothesis for this is that
the indel with low reliability is secondary, unstable and random, but
there is no doubt that individuals with these indel mutations under the
CO4, gradient cultivation also gained some natural selection advantages
because the allele frequency of these indels was significantly increased
from the control group to the domesticated group. Mutations that could
be passed down from a population were widespread around reliable
indels in the domesticating group, which demonstrates that species
evolution was induced by CO; gradient acclimation.

In the theory of IDAM, indels with wide distribution in non-coding
regions contribute to a high rate of evolution for gene expression [16].
In this study, a large number of genes on the same scaffold showed
significant changes in expression (p < 0.05) due to indels. The function
of genes with expression changes are summarized in Fig. 2(i)-(m). The
significant common functions exhibiting up-regulated expression on the
four scaffolds were phosphate-containing compound metabolism and
oxidoreductase activity. The former is closely related to synthesis and
metabolism of phosphoribose and deoxyphosphoribose, which consti-
tute genetic material; thus, this up-regulation may promote the activity
of genetic transcription and cell construction. The latter is widely
involved in cellular photosynthesis and respiration. On the contrary, the
common function exhibiting down-regulated expression on the four
scaffolds was hydrolase activity, which may inhibit proteolysis in the
domesticated cells. Active cell construction, enhanced accumulation and
depletion of energy-storing substances, and more stable proteins are the
primary characteristics of extensive genetic mutations associated with
indel mutations during domestication of cells. The above tendency was
also reflected in the function statistics of genes possessing significant
changes on each scaffold, such as the significant up-regulation of the
purine ribonucleoside metabolic process (related to genetic material),
fatty acid biosynthesis (related to carbon accumulation), phospholipid
binding (related to biofilm construction), oxidoreductase activity acting
on NAD or NADP (associated with photosynthesis or respiration) and
generation of precursor metabolites and energy. Meanwhile, significant
down-regulation occurred for threonine-type endopeptidase activity
(involved in proteolysis), transcriptional repressor complex (inhibits
transcriptional processes) and flavin adenine dinucleotide binding
(related to the FAD pathway of respiration).

Additionally, the main three electron transport chains in microalgal
cells showed some differentiation, NADP (photosynthesis) and NAD
(one pathway of respiration) were promoted, while FAD (one pathway
of respiration) was inhibited. Similar differentiation also occurred for
ion binding in that genes related to binding of the iron ion were up-
regulated but genes related to binding of the magnesium ion were
down-regulated. The smooth binding of iron ions is helpful for the as-
sembly of chlorophyll synthesis catalytic enzymes, thereby promoting
chlorophyll synthesis and photosynthesis. The slight down-regulation of
the magnesium ion binding enzyme may maintain sufficient free mag-
nesium ions to promote stacking of the photosynthetic chloroplast
membrane [27] and ensure activity of key enzymes in the photosyn-
thetic dark reaction [24]. However, as a side effect of widespread mu-
tations, cell redox homeostasis, including some antioxidant activity,
may be weakened to a certain degree. This may dwarf the ability of
domesticated cells to defend against toxins in the environment [68].

3.2. Functionally directed SNP and indel mutations: Induced
transcriptional differences in CO, gradient acclimation

Mutations may directly change the expression or function of closely
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associated genes, which leads to differences in species traits [50,62].
Because of the possible associated changes that happened in genes
within the same protein families owing to connections and interactions
between similar functional enzymes, the influence of SNPs and indels on
one gene may spread to all genes in the same protein family. Moreover,
the enzymes within one protein family would play a similar physiolog-
ical role in the microalgal cells, so the influence of SNPs and indels on a
certain function should be evaluated with all the genes of a protein
family. To fully evaluate the effect caused by gene mutation, the protein
family of the gene directly associated with reliable SNPs and indels
(within one gene or between the two genes in which the mutation
occurred), and the reliable mutation and significant expression differ-
ence of similar genes within the same protein family were visualized in
the form of a heat map (Fig. 3). These genes showed a strong categori-
zation in function and were thus classified into six broad groups, namely
light response, transporter, sugar metabolism, cytogenesis, respiration
and proteolysis. Accordingly, they showed a prominent aggregation to
light reaction, metabolism and biosynthesis of energy storage materials,
as well as cell construction.

Not all mutations led to efficient association at the transcriptional
level. Therefore, those protein families that successfully interlink at the
transcriptional level from mutation are particularly noteworthy. The
most noticeable category was “light response” because all the protein

Proteolysis
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— o
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families contained a reliable mutation, thereby successfully inducing
widespread significant up-regulation at the transcriptional level. The
protein family PF02514/PF11965 included 2 genes detected throughout
this experiment, which were assigned to the KEGG pathway of porphyrin
and chlorophyll metabolism as key enzyme magnesium chelatase (EC
6.6.1.1), based on alignment of the domain. From the KEGG database,
the synthesis of chlorophylls and cytochrome c share the same metabolic
pathway. The starting compound is protoporphyrin IX, but the process
branches depending on the regulation by one of two key enzymes:
protoporphyrin ferrochelatase (EC 4.99.1.1) catalyzes protoporphyrin
IX into the cytochrome synthesis pathway [40,55], while magnesium
chelatase (EC 6.6.1.1) catalyzes it into the chlorophyll synthesis
pathway [18]. Cytochrome c plays an essential role in oxidative phos-
phorylation within the mitochondria during cellular respiration, but
chlorophyll is the basis for the whole photosynthetic light reaction.
Because of direct competition between the synthesis of chlorophyll and
cytochrome ¢, gene mutation and the resulting up-regulation of mag-
nesium chelatase (EC 6.6.1.1) means that protoporphyrin IX was selec-
tively converted to Mg-protoporphyrin IX, an intermediate in
chlorophyll synthesis [4], which guaranteed the dominance of photo-
synthesis in the physiological and metabolic activities of domesticated
cells. At the same time, other genes related to photoresponsive function
also exhibited similar mutations and an associated increase in
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transcription, such as PF01036, PF08572 and PF08448. Genes in the
protein family PF01036 are rhodopsins found in archaea, bacteria and
fungi, and they provide light-dependent ion transport and sensory
functions to halophilic microorganisms [2,15]. Genes in the protein
family known as pre-mRNA processing factor 3 (PRP3) are mainly found
in yeast and humans, and they induce photoreceptor degeneration in
retinitis pigmentosa due to a missense mutation [9]. Although their role
in photosynthetic microalgae has not been studied, PRP3 is considered
an important part of the light-sensing system, and it can be hypothesized
that they are closely related to a physiological process that cooperates
with photosynthesis under light conditions. Furthermore, PF08448,
known as the PAS domain, is widespread and associated with many
signaling proteins as a signal sensor domain to transduce redox signals
and regulate circadian rhythms by sensing oxygen, redox potential or
light [8]. Thus, the PAS domain may also have important significance for
the regulation of photosynthesis.

In addition to the substantially improved light response, some pro-
tein families closely related to sugar metabolism also showed concen-
trated mutations and a corresponding transcriptional up-regulation. As a
necessary pathway for the utilization of photosynthetically fixed carbon,
the spontaneous editing of genes for sugar metabolism may mean that
the cell needs a more vigorous carbon utilization process to compensate
for the vigorous photosynthesis. For example, most members in
PF00083 are sugar transporters for transport of various carbohydrates
[56], while PF14307 represents a series of glycosyltransferases [36].
Furthermore, a slight up-regulation in PF02670, represented by 1-
deoxy-D-xylulose-5-phosphate reductoisomerase (EC 1.1.1.267) [69],
may have some significance in photosynthetic pigment synthesis
because it is the key enzyme in the MEP/DOXP pathway for terpenoid
biosynthesis, which is the cohesion process between glycolysis and
carotenoid biosynthesis. Thus, it is a necessary step for converting
photosynthetically fixed carbohydrates to geranylgeranyl pyrophos-
phate and farnesyl pyrophosphate, which are the starting compounds for
carotenoids synthesis, according to the KEGG database.

Another large group for reliable mutations was cytogenesis, mainly
including DNA processes, transcription and protein construction. This
may indicate that cell building processes, such as translation and tran-
scription, are particularly active in the domesticated cells. Therefore, a
series of mutations occurred in the regulatory factors, such as tran-
scription factors and translation initiation factors. For example, genes in
PF00806 create protein gradients by regulating translation and mRNA
stability causing asymmetric cell division and regulating cell fate spec-
ification [6].

However, some functions showed significant down-regulation due to
reliable mutation, including some associated with respiration. PF07992
and PF02852 were both down-regulated. These are mainly domains
inside class I and class II oxidoreductases, as well as NADH oxidases and
peroxidases [72,74]. Additionally, PF07992 represents small NADH
binding domains within a larger FAD binding domain [65,73]. The ge-
netic mutations and transcriptional changes observed for these two
protein families further support the speculative conclusion, as presented
in section 3.1, that either NADP or NAD is promoted while FAD must be
inhibited. As for the competition between NADP and NAD, the NADP
process is more likely to be promoted than the NAD process. This result
may be an extension of the competition between the genes involved in
the light response mentioned before. Specifically, chlorophyll synthesis,
which provides the basis for photosynthesis, outcompetes cytochrome c
synthesis, which provides the basis for respiration. As a result, the res-
piratory electron transport chain was slightly degraded to accommodate
a cellular environment in which photosynthesis overtakes respiration.
Therefore, oxidative phosphorylation was inhibited in the domesticated
strains. It is conceivable that in the domesticated microalgae, the main
pathway providing a sufficient ATP supply changed from oxidative
phosphorylation to photophosphorylation and substrate-level phos-
phorylation [33]. The alternative is proteolysis. For instance, the down-
regulated protein family PF00240 known as ubiquitin acts via

Chemical Engineering Journal 429 (2022) 131968

ubiquitinylation of other proteins, which are then targeted for destruc-
tion by the 26S proteasome [5]. Because proteolysis destroys proteins,
up-regulation of proteolytic enzyme expression is beneficial to destroy
cells [52]. Although the significance of proteolysis in microalgal cells
has not been thoroughly studied, it is conceivable that the more stable
internal environment of the domesticated cells can lead to a significant
decrease in the demand for proteolytic enzymes and a corresponding
degradation of proteolytic function.

In summary, CO, gradient acclimation not only caused multiple
targeted mutations, but also showed strong functional preference. This
resulted in the natural mutation and selection, as induced by CO,
gradient domestication, exhibiting certain characteristics of directed
mutation, but with more extensive active sites in the genome. In the
domesticated strains, enzymes for light response, especially those
related to chlorophyll synthesis, became the center of the gene mutating
system with corresponding improvements in carbohydrate metabolism,
cytogenesis and some transporters, as well as inhibition of respiration
and proteolysis. These made up the basic features at the genetic level of
the domesticated strains subjected to CO2 gradient acclimation.

3.3. Functional enrichment of differentially expressed genes developed by
gene mutation and natural selection in CO, gradient acclimation

Multiple targeted mutations caused by CO, gradient domestication
resulted in universal changes at the transcriptomic level in the domes-
ticated strains. From the whole transcriptome perspective, the GO and
PF functions that exhibited significant changes in expression are listed in
Fig. 4(a) and (b), respectively. As shown in Fig. 4(a), when considering
the broad functional category for GO entries that exhibited significant
expression changes, the up-regulated categories with>3 entries con-
sisted of cytogenesis, metabolism of energy storage substances, transport
and catalysis (for respiration or photosynthesis, mainly related to co-
enzymes). In addition, the only down-regulated category with>3 entries
was proteolysis.

In the broad category of cytogenesis, GO entries with significant up-
regulation (note: a large number of duplicated entries involving iden-
tical genes were removed from the analysis) included those categorized
as small GTPase binding, nucleobase-containing small molecule, mole-
cule biosynthetic process, RNA methyltransferase activity, nucleotide
phosphorylation, mRNA metabolic process, tetrapyrrole metabolic
process, ribose phosphate metabolic process, ribonucleotide biosyn-
thetic process, tetrapyrrole biosynthetic process, DNA-directed 5'-3'
RNA polymerase activity, DNA polymerase activity, organophosphate
biosynthetic process, transferase complex, transferring, phosphorus-
containing groups and unfolded protein binding. It was observed that
the whole system related to genetic material synthesis, transcriptional
processes and even protein synthesis were fully promoted in the
domesticated strains. Moreover, in the broad category of metabolism of
energy storage substances, GO entries with significant up-regulation
included those categorized as glycerolipid biosynthetic process/lip-
osaccharide metabolic process; glycolytic process; aromatic compound
catabolic process; transferase activity; transferring alkyl or aryl (other
than methyl) groups; cellular carbohydrate metabolic process; carbo-
hydrate derivative biosynthetic process; phospholipid metabolic pro-
cess; and carbohydrate derivative metabolic process. The whole system
related to carbohydrate metabolism was boosted. In addition, the broad
category of catalysis included three GO entries: coenzyme biosynthetic
process, coenzyme metabolic process and cofactor biosynthetic process.
Combined with the analyses in sections 3.1 and 3.2, the benefits of the
promoted coenzyme processes could primarily aid in photosynthetic
electron transfer. Nevertheless, the enhanced coenzyme processes were
beneficial to the physiological and metabolic processes in the domesti-
cated cells. In contrast, the most dominant broad category exhibiting
universal down-regulation was proteolysis, and included GO entries
categorized as cellular protein catabolic process, peptidase complex,
protein modification by small protein conjugation and modification-
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Fig. 4. Significant up-regulation/down-regulation of transcriptome expression. (a) GO category, (b) PF family, expression changes of all genes in the family of (c)
cation transporter and (d) chlorophyll A-B binding proteins (using red represents the up-regulation and blue represents the down-regulation, shallow orange and
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dependent protein catabolic process. These phenomena, observed at the
whole transcriptional level, were consistent with the function of previ-
ous gene mutations and were also directly related to transcriptional
differences.

According to the rank based on the proportion of up-regulated genes
of those with a significant change in transcriptomic level, the three most
significantly up-regulated PF entries all included>10 genes with
expressional changes, namely cation transporter/ATPase (N-terminus),
chlorophyll A-B binding protein and cyclophilin type peptidyl-prolyl
cis-trans isomerase/CLD (Fig. 4(b)). The cation transporter/ATPase
(N-terminus) PFO0690 family includes transmembrane ATPases for ions,
such as exchange P-ATPases of HY, Na™, Ca?", Na*/K" and HY/K".
Because transmembrane ion transport plays an important role in the
intracellular pH balance under high CO; concentrations [41], the
improvement of P-ATPases may effectively enhance tolerance to CO,.
Furthermore, the universal up-regulation of chlorophyll A-B binding
protein (PF00504) is directly implicated in the increased light-
harvesting antenna, which catches light quantum during photosyn-
thesis, providing an effective material basis for the active light reaction
[46]. The expression of genes within these two protein families are
shown in Fig. 4(c) and (d), in which most genes represent a significant
up-regulation in expression with FDR < 0.05. These two results were
consistent with the functional analysis of gene mutations, especially
with respect to the increase of light-harvesting chlorophyll A-B binding
proteins, which may be the direct result of the enhanced chlorophyll
synthesis pathway due to mutation of magnesium chelatase (EC 6.6.1.1).
Additionally, the mutations of positive significance in other light
response proteins may also take part in the Chl binding to light-
harvesting proteins, similar to the role of some light-inducible proteins
(LILy, LILg) [58]. Expressional changes in these two protein families laid
an effective foundation for enhancing photosynthesis and CO; tolerance.
In addition, the proteins in the cyclophilin-type peptidyl-prolyl cis-trans
isomerase/CLD (PF00160) family represented an important series of
regulator cyclophilins with peptidyl-prolyl cis-trans isomerase (EC
5.2.1.8). Some members have been demonstrated as responsible for
protein folding processes and enabling transcriptional events [59]. Thus,
the up-regulation of this protein family may improve transcription and
protein synthesis for cell construction. From the prospective of tran-
scription, the processes of light response, transport and cytogenesis were
still primarily enhanced in the domesticated cells during CO, gradient
acclimation.

3.4. Improvement in photosynthetic light reaction through CO_ gradient
acclimation

The core of CO, tolerance is the photosynthetic carbon fixation
system of microalgae. As the electron support for the Calvin cycle of CO,
fixation, the light reaction partly decides the strength of photosynthesis.
According to the genetic and transcriptomic analyses, enzymes related
to the light reaction became the focus of natural mutation and selection
in microalgae during the CO; gradient acclimation. It can be assumed
that huge differences appeared in the light reaction, subsequently
initiating characteristic changes in the photosynthetic carbon fixation
system. A series of tests on the photosynthetic light reactions were
carried out to determine the effect of the CO, gradient during different
stages of N. oceanica CCMP1779 acclimation (Fig. 5).

Above all, the rapid light curves showed that electron transport for
photosynthesis was gradually enhanced from AD, 6D to 12D (Fig. 5(a)
and (b)). Compared to AD, the rETRmax of 12D increased by 211.2%
during gradient acclimation. After exposure to 15% CO,, the rETRmax
of 12D decreased but was still 85.5% higher than AD and 12.3% higher
than 6D under the same conditions, respectively. A similar phenomenon
was observed for Iy and a. These parameters demonstrate that COy
gradient acclimation gradually enhances the electron transfer process of
N. oceanica CCMP1779 for photochemistry, and that the amount of light
quantum that microalgal cells can capture and utilize gradually
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increases. High CO, exerted a common inhibitory effect for photo-
chemical systems of AD, 6D and 12D, but 12D still showed the strongest
resistance to COj stress. Thus, its photochemical electron transfer per-
formance was still the best under 15% CO; conditions. This may be a
direct result of the overall increase in light harvesting protein expres-
sion, enhancement of cation transport and promotion of free Mg?" for
stacking of photosynthetic chloroplast membranes.

With fast saturation pulses, 12D showed the most sensitive recovery
of the photosynthetic electron transport chain through the largest drop
of photosynthetic fluorescence (Fpg) after the extinguishment of the
saturation pulse (Fig. 5(c) and (d)). Additionally, the secondary peak
(®S) caused by the rapidly applied secondary saturation pulse first
increased and then decreased during the domestication process. In the
twol2D groups, this secondary peak decreased to almost 0. The rise
from AD to 6D may indicate that transient light protection mechanisms,
such as sensitively shutting down photosynthetic reaction centers, were
first enhanced during domestication. However, the sharp drop from 6D
to 12D may cause the microalgal strains to procure the transient ability
to adjust the light reaction system to enable stable operation of the
electron transport chain mechanism. Examples of this include the rapid
response of PSI or transformation of the light harvesting protein from
PSII to PSI, which enhanced PSI in the downstream electron transport
chain during the moment of the second pulse. Thus, the secondary peak
caused by the second pulse almost disappeared. In this measurement,
both ®PS and ®S of AD under 15% CO» were abnormally high. This was
mainly because the fluorescent peak of AD under 15% CO2 (Fm) was too
low when the first saturation pulse was received. In other words, the Fv/
Fm of AD under 15% CO3 was too low (only ~ 0.6), indicating that
under 15% CO3, the whole light reaction system is comprehensively
suppressed or even destroyed (Fig. 5(c)).

When considering the light protection ability of AD, 6D and 12D
(Fig. 5(e) and (f)), the total volume of non-photochemical quenching
showed a slight decrease of 22.7% from AD to 12D with actinic light
(1200 pmol/(m2~s)), mainly because of the significant decrease of the
slow NPQ phase by 67.7%. A similar decrease of the slow phase also
appeared with actinic light at 800 pmol/(m?-s), but the absolute values
of the slow phase were lower than those with 1200 umol/(m2~s). This
result demonstrates that CO; gradient acclimation enables microalgae to
gain a more flexible NPQ method because slow phase components that
inhibit the rapid recovery of normal electron transfer gradually
declined. Additionally, the NPQ of AD under 15% CO, with 1200 pmol/
(m?s) actinic light appeared to have an abnormal decline, which may
represent the destruction of the AD light protection system after trans-
ferring to the high CO; condition.

In addition, according to the slope of post-illumination curves, after
gradual domestication the PSI intensity effectively increased under 15%
CO3 (Fig. 5(g) and (h)). From AD to 6D, the PSI intensity increased by
1.67-fold, while it increased by 2.65-fold from AD to 12D. Enhancement
of the PSI indicates that the acclimated algal species possessed more
unobstructed cyclic electron transfer under the adverse high CO2 con-
dition, which promoted photosynthesis and ATP synthesis in the
chloroplast.

3.5. Improvement of the photosynthetic dark reaction through CO2
gradient acclimation

According to the expression of key enzymes related to inorganic
carbon transport and CO- fixation (Fig. 6 and Supplementary File 4), a
changing tendency due to CO, gradient acclimation could be summa-
rized into three parts: improved inorganic carbon transport, a more
powerful C4 mechanism for CO, storage and an enhanced Calvin Cycle.
The first group of genes, known as Ci-regulated genes [12], which
include CAH-1, CAH-2, CCP and LCIA were found in N. oceanica
CCMP1779 and are involved in transmembrane inorganic carbon
transport. Based on the results of the RT-qPCR, the transcription of CCP
and LCIA was enhanced from AD to 12D during the process of CO5
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gradient acclimation. After transferring to 15% COs, their transcription
in the domesticated strains was further enhanced with -AAC; up to>2.0
while wild-type AD maintained a low expressional level (Fig. 6(b) and
(c)). However, the carbonic anhydrases CAH-1 and CAH-2, responsible
for the conversion of CO, and HCOj3, represented a complex changing
tendency. CAH-1 always maintained a very low expressional level in the
domesticated strain (12D), but it was increased in undomesticated and
insufficiently domesticated strains (AD and 6D) after exposure to 15%
COs. On the contrary, the expression of CAH-2 was much higher in 6D
and 12D when compared with wild-type AD, both during the process of
CO, gradient acclimation and under 15% CO, (Fig. 6(a)). In other
words, the transcription of carbonic anhydrase isoenzymes in
N. oceanica CCMP1779 appeared to be very diverse, which may lead to
some differences in metabolism.

At least nine carbonic anhydrases have been identified Chlamydo-
monas reinhardtii and they are distributed in different intracellular
spaces [81]. Among them, only CAH3, located inside the pyrenoid, is
responsible for the final step of converting HCO3™ to CO» for directly
providing CO; to RuBisCO, while carbonic anhydrases located in other
subcellular structures are more important for regulating the intracellular
balance of ions and pH through the conversion of CO; and HCO3™ [42].
Two carbonic anhydrase encoding genes (CAH-1 and CAH-2) have been
previously identified in N. oceanica CCMP1779 [3]. CAH-1 has been
located in the lumen of the epiplastid ER and plays an important role in
concentrating inorganic carbon in low CO, environments [10]. There-
fore, its down-regulation in the fully domesticated strain may inhibit
excessive conversion of CO, to HCO3™ to release too much H™, thereby
destroying the intracellular pH balance. When undomesticated and
insufficiently domesticated strains moved to 15% COj, the sudden in-
crease of CAH-1 expression could lead to the excessive accumulation of
H' inside the cell, which would cause a negative effect on survive under
high CO, concentrations. This false stress response reflects the disorder
of internal regulation for insufficiently domesticated strains after
transplantation to high CO,. In the 6D stain with a relatively higher
active carbon fixation mechanism, even the increase of CAH-1 was
slightly more dramatic. However, gradual domestication could effec-
tively solve this problem.

The biggest problem was related to CAH-2, the location and function
of which have not been studied in previous literature. Only one previous
study conjectured that CAH-2 may likely be implicated in regulation of
the CO5 concentration mechanism (CCM) in response to variation of CO4
concentration [48], but further evidence and analysis is still lacking. It
could be that CAH-2 may act as an inhibitor of the whole CCM process to
prevent too much conversion from CO, to HCO3™ in response to a high
concentration of COz. Therefore, with a sufficient CO2 supply (which
would never cause inhibition to wild-type), CAH-2 knockdown strains
grow even faster than wild-type N. oceanica CCMP1779, but they
showed no difference in growth under the air condition [48]. Thus, in
this research, the overexpression of CAH-2 may have inhibited the active
transport of HCO3™, one of the major modes of intracellular CO trans-
mission in N. oceanica, by reducing the generation of HCO3, but it also
improved the survival rate of the microalgae under high CO, by stabi-
lizing the pH. However, there was no doubt that the transmembrane
transport HCO3~ module, composed of CCP and LCIA, was effectively
improved in the domesticated strains. This enabled the limited HCO3™ to
rapidly concentrate to RuBisCO in the chloroplast, thereby accelerating
the carbon fixation efficiency [44,54].

Key enzymes, except for phosphate dikinases (PPDK), in the C4
pathway, which is another pathway for HCO3™ to concentrate for
RuBisCO and the Calvin Cycle, were all substantially up-regulated in the
strains domesticated with a CO, gradient, which were increased further
after transferring to 15% CO3. Conversely, wild-type AD always showed
low expressional level for those enzymes (Fig. 6(e)-(g)). The expression
of PPDK, the rate-limiting enzyme in C4 mechanism [76], decreased in
the domesticated strains when high carbon stress with 15% CO,
replaced the original cultivation environment (Fig. 6(d)). Since the C4
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pathway temporarily locks exogenous CO, or HCO3™ into malate, there
are two possible divergent pathways. The first is the conversion of ma-
late into oxaloacetate through a reversible malate dehydrogenase-
guided catalytic reaction. The second pathway, catalyzed by the malic
enzyme and the rate-limiting enzyme PPDK, releases CO5 and returns to
the beginning of the C4 cycle. Thus, in combination with the increased
expression of a series of malate dehydrogenases in the domesticated
strains (Fig. 6(e)), the decreased PPDK expression indicates that the C4
pathway led to a stronger inner cycle of C element from CO; as the C4
intermediates (such as malate and oxaloacetate). After CO, gradient
acclimation, the C4 pathway was enhanced, so more inorganic carbon
was catalyzed into this pathway. However, the completion rate of the C4
cycle, which releases CO5 to the RuBisCO enzyme, became slower in the
domesticated strains. Therefore, in a high carbon environment, the
domesticated strains strongly activated the C4 pathway not to concen-
trate carbon for improving the photosynthetic CO5 fixation rate with
Calvin Cycle, but to allow inorganic carbon to exist in a wider range of
inorganic carbon forms, thereby storing more CO, with limited RuBisCO
to release during high CO; stress. The enhancement of C4 pathway by
high CO; concentration may provide multiple carbon fixation pathways
to C3 microalgae and finally improve their CO, fixation ability [14].
Although some articles believed that overexpressing C4 genes in C3
plants cannot significantly improve the photosynthetic capacity of the
plants [80], but at least it improved the stress resistance [49]. One
possible mechanism for this is the up-regulation of PePcase induced by
the enhancement of the regulatory pathway of intracellular pH ho-
meostasis; thus improving the ability to resist acidification brought by
CO5 due to accumulation of the buffer material oxaloacetate and L-
malate [76].

At last, as the core of the carbon fixation system in N. oceanica,
RuBisCO mainly determines the CO5 fixation ability. In this research, the
expression of genes related to RuBisCO (rbcS, rbcL-1, rbcL-2 and rbcL-3)
all showed the same tendency in strains with different acclimation
stages. Specifically, they were gradually up-regulated from strains AD to
12D during the process of CO, gradient acclimation. Moreover, after
transferring to 15% COs, the expression was up-regulated further in the
domesticated strains while it did not change significantly in AD (Fig. 6
(h)). This demonstrates that domesticated strains would have a more
effective dark reaction for CO; fixation when facing high CO5 stress,
whereas it was difficult for wild-type AD to mount an effective response
to high COg stress via self-regulation.

3.6. Enhanced biomass productivity and CO; tolerance by CO; gradient
acclimation against high CO2 concentration

In this research, two cultivation tests with 15% CO5 gas were carried
out to investigate the improvement stimulated by the CO, gradient
acclimation process on microalgae. Actual flue gas from the coal in-
dustry often has a 15% COs, but this concentration has been shown to
inhibit the growth of N. oceanica [67]. For the first experiment, with a
12 mL/min aeration rate of stimulated flue gas, the biomass yield after 8
days cultivation of microalgal strains obtained after different stages of
CO, gradient domestication was determined (Fig. 7(a)). The wild-type
AD strain could not survive and grow in 12 mL/min 15% COa. Its
biomass yield decreased by 16.3% from day O to day 8 because of cell
death and decomposition. Similarly, the biomass yield of strains 3D and
6D could not tolerate the 12 mL/min 15% COs, although their biomass
yields were slightly higher than AD. For strains AD, 3D and 6D, due to
their failure to absorb inorganic carbon and regulate ion balance, the pH
declined from day 1 after which the extracellular pH dropped below 6.0
and became increasingly close to 5.6 (pH of carbonic acid) (Fig. 7(b)). At
the same time, the proportion of surviving cells from these three strains
decreased to around 10% at day 6 (Fig. 7(c)), which demonstrates that
the negative effect of high CO4 stress not only causes growth cessation
but also induces mass cell death. Therefore, it was impossible for the
undomesticated and insufficiently domesticated microalgal strains to
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adapt to the high CO, concentration without any self-adjusting. How-
ever, 10D, with further gradient acclimation, showed a possibility to
survive in 12 mL/min 15% CO,. Compared to day 0, the biomass yield
increased by 117.7% on day 8. When the domestication stage proceeded
to 12% COj, the obtained 12D strain showed a predominant survive
ability at an extremely high CO» concentration for a wild-type strain.
The biomass yield on day 8 was 3.98-fold higher than that on day 0. As a
result of the strong inorganic carbon fixation and transmembrane ion
transport abilities, the extracellular pH returned to 6.4 (Fig. 7(b)), and
the proportion of surviving cells remained 52.5% on day 6 (Fig. 7(c)).
This shows the possibility that the fully domesticated 12D strain could
continue to grow at extremely high CO, concentrations.

When the CO, concentration was more moderate at an aeration flow
of 6 mL/min, the microalgal strains after CO gradient acclimation still
showed superior growth features when compared to the wild-type
(Fig. 8(a)). From day O to day 8, the biomass yield of AD only
increased by 25.3% with a very slow rate, while the biomass of 3D, 6D
and 10D increased 20-fold, with the most predominant increase in
biomass yield (22.7-fold) for 12D. The domesticated strains all
continued to grow, so the changing tendency of pH in those four groups
did not show large differences with a final extracellular pH of around
6.8, while the extracellular pH of the AD group could not return to 6.0
(Fig. 8(b)). However, the extracellular pH of 12D recovered faster than
the other groups (on day 2, the pH of 12D was 6.8 while other groups
were still below 6.5). This shows that under a high CO» concentration,
the logarithmic growth and photosynthetic carbon sequestration pro-
cesses of 12D were restored faster to better adapt to high CO2 than those
of the other insufficiently domesticated strains. As further evidence, the
chlorophyll and carotenoid contents of 12D were almost double that of
the other three groups of insufficiently domesticated strains before day
4, while AD could not normally synthesize photosynthetic pigments
during the whole cultivation period (Fig. 8(c) and (d)). Therefore, it can
be expected that in large-scale industrial microalgal cultivation with a
shorter culture period (around 2-4 days), CO, gradient acclimation will
provide microalgae with better growth characteristics and higher CO,
tolerance.

Compared with other studies in recent years (Table 1), the
N. oceanica strains obtained in this study achieved good tolerance to
high CO,, flow rate, showing the highest biomass yield and growth rate
with > 0.001 vvm CO., flow rate (CO5 gas proportion > 2%). Although
the CO2 tolerance and growth rate would also be affected by other
conditions, such as the specific microalgal strain, different photoreactors
and light intensity, it also could be seen that the gradual domestication
method used in this experiment obtained a relatively ideal CO5 tolerance
ability.

4. Discussion

There have been many attempts to gradually domesticate microalgae
to improve growth characteristics and achieved some satisfactory results
with different microalgal species [1,11,13,19,28,30]. If successful, this
method may confer the advantages of simple operation, high success
rate, large scale operation and more adaptability for industrial micro-
algal cultivation. Cultivation of N. oceanica through this method ach-
ieved the ideal characteristics of a fast growth rate and high tolerance to
high CO2 stress. Furthermore, the gradual changes in N. oceanica
CCMP1779 during the CO, gradient acclimation were clarified to show
the significance on obtaining strain tolerance to high CO; in flue gas.

Multi-targeted gene mutations appeared in the domesticated strains,
demonstrating that CO gradient acclimation requires the natural mu-
tation and screening of strains, instead of a temporary adaption to
environment. CO, gradient acclimation for high CO, adaptation was
particularly suitable to induce targeted group evolution because
microalgae can multiply rapidly over many generations in a very short
time under a carbon-rich environment. Thus, conditions were provided
for sufficient gene mutation, and traits suitable for this environment
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Table 1

Comparison of tolerance of N. oceanica to high CO in recent studies. (Notes: Mainly list the maximum CO, concentration conditions used in literatures, or the CO5

supply conditions close to that of this research).

CO,, proportion in Gas flow rate (vvm) CO,, flow rate Final biomass Original biomass yield before Average growth rate  Researchers

gas (%) (vvm) yield (g/L) cultivation (g/L) (g/L/d)

15% 0.04 0.006 0.52 0.1 0.053 This article

15% 0.02 0.003 1.6 0.1 0.188

20% 0.029 0.0058 0.6 0.2 0.0417 Lestari et al.[63]

15% 0.007 0.00105 Complete suppression (No increase in biomass) Zhang et al.[38]

5% unclear unclear 1.55 ~0.1 0.145 Li et al.[47]

2% unclear unclear 0.87 unclear ~0.087 Vikramathithan et al.

[37]

15% 0.015 0.00225 1.4 0.1 0.186 Zhu et al.[82]

5% changing to keep pH unclear unclear unclear 0.13 Pedersen et al.[75]
=8-8.3

15% 0.05 (24 h average) 0.0075 0.56 0.03 0.038 Wang et al.[70]

6% 0.5 0.03 0.27 0.03 0.0256 Chen et al.[78]

could be easily enriched in the population so that multiple sets of reli-
able mutations were present from “aa” (reference genome genotype) to
“AA” (mutant genotype), from recessive homozygous to dominant ho-
mozygous. In addition, multiple-stage CO5 gradient acclimation enabled
the microalgae to gradually approach the targeted stress environment.
During acclimation, natural selection was more likely to occur due to the
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overwhelming adaptation of microalgal cells with favorable traits. The
high survival rate of microalgae was always maintained, which im-
proves the reliability and success rate of this method.

Observation of photosynthesis and growth under high-carbon con-
ditions showed that sufficient domestication was far better than insuf-
ficient domestication. As the end point of the acclimation stage became
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closer to the target stress condition, the domesticated microalgal strains
better exhibited the desired light reaction performance, expression of
dark reactive enzymes and photosynthetic characteristics after altering
the target stress condition. Sometimes the little difference was a matter
of success or failure. For example, under 12 mL/min 15% CO,, the
insufficiently domesticated 6D could not survive, but 12D still showed
strong growth potential. This may be due to large differences in the
expression response of carbonic anhydrase and the photosynthetic
electron transport capacity. During further domestication, key intra-
cellular physiological processes would modulate to a level more adapt-
able to targeted stress conditions.

Different from the low CO; in different atmospheric conditions, the
high concentration of CO; in flue gas is able to enter the cell via two
mechanisms: 1) diffusion and mass transfer of the CO, molecule across
the membrane occurs due to the pressure gradient difference of extra-
cellular and intracellular CO,; and 2) extracellular CO, dissolves in the
liquid microalgal cultivation medium, releasing H" and HCO3", and thus
HCOj3™ is transported into the cell by ion active transport. The latter
mechanism has been more widely discussed because under natural at-
mospheric conditions, cells generally rely on the CCM mechanism to
condense and transport dissolved HCO3™ to provide carbon for photo-
synthesis. However, in the flue gas environment, a large and continuous
pressure gradient of CO, inevitably makes the direct diffusion of CO, the
main pathway for inorganic carbon accumulation, thereby allowing
large amounts of CO5 to accumulate inside the cell. Therefore, the entire

f. Calvin
Cycle

nced carbon
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photosynthetic system does not lack CO5, and even the CO, consumption
rate of the whole photosynthetic system cannot catch up with the CO,
accumulation rate in the cells, thus leading to a persistent surplus of
COs. In this case, excess and unconsumable intracellular CO5 leads to a
series of negative consequences. Perhaps most crucially, CO; must
follow chemical rules for dissolving and ionizing into H" and HCO3™ in
the intracellular solute. Accordingly, the presence of intracellular car-
bonic anhydrase will greatly accelerate this process. Thus, excess H™
reduces the intracellular pH, inhibits growth, and even destroys cells.
Surely, H can be transported out of the cell through multiple ion
channels, but without exception, this transport requires ATP consump-
tion, and when the rate of ATP synthesis fails to keep up with the ion
transport requirements, cell destruction becomes inevitable.

At present, genetic engineering of microalgal strains to adapt to high
CO4 environments is basically centered on knocking down carbonic
anhydrase. This destroys the intracellular transformation system be-
tween CO, and HCO3™ by reducing the speed of conversion between the
two, which protects the intracellular pH homeostasis and reduces
apoptosis. This scheme has achieved remarkable results[47]; however,
byobserving CO, gradient acclimation of N. oceanica CCMP1779,
another mechanism in which microalgae self-regulate to adapt to a high
carbon environment is clearly possible (Fig. 9). It is comprehensible that
improving photosynthesis is the key to truly addressing the negative
consequences of high CO2 and making full use of carbon sources to in-
crease biomass production under high CO, conditions. Therefore, this

Starch

(HCOs

* Enhanced light reaction

‘Photosynthesis enhancement in the competition
-between photosynthesis and respiration

R
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. Gene mutation
regulation

Fig. 9. A self-adaptive microalgae growth system of N. oceanica with gene mutation cored on cellular light response produced by CO, gradient domestication on 15%
CO;, adaption. Notes: Red arrow represents enhancement and blue arrow represents inhibition.

17



Z. Wang et al.

mechanism, which is centered on mutations of genes related to light
response, especially within the pigment synthesis process, promotes the
chlorophyll synthesis pathway and gave it an advantage over cyto-
chrome C synthesis. Accordingly, the system regulated other physio-
logical functions by promoting photosynthesis and inhibiting
respiration. This means that the distribution of substances, energy and
coenzymes in cell will be concentrated to the photosynthesis pathway.
In response to these changes, the primary pathway for energy supply
(ATP synthesis), which maintains normal intracellular physiological
activity, must move from oxidative phosphorylation to photophos-
phorylation and substrate-level phosphorylation. Correspondingly, the
transport of cation ion and sugar metabolism were also promoted
because of their close relationship with chloroplast formation and car-
bon metabolism (glycolysis and synthesis of secondary metabolites). The
former enhanced the photosynthetic linear electron transfer and cyclic
electron transfer, which subsequently enhanced the corresponding ATP
synthesis ability and improved the photoreaction efficiency, while the
latter significantly enhanced substrate-level phosphorylation. Thus, in
this new system of preferential photosynthesis, carbon fixation and en-
ergy supply are unified.

The enzymes involved in CCM mechanisms have shown their sig-
nificance in this system. In other words, CCM mechanisms are not
completely useless in high-carbon environments. High concentrations of
CO,, force CO, to dissolve and ionize both inside and outside the cell,
which means there will be plenty of HCO3™ in the cell (even if destruc-
tion of carbonic anhydrase by genetic engineering slows the reaction
rate) until it is fixed by the Calvin Cycle. Therefore, within this self-
adaptive system, in addition to the weakened conversion of CO, to
HCOs, active transporter of HCO3™ to the chloroplast is unprecedently
strengthened, and enabling HCO3  to be concentrated around the
RuBisCO enzyme at a faster rate. The C4 pathway is another HCO3~
concentration mechanism with a series complex steps to convert HCO3~
to multiple carbon-containing compounds, and finally to CO, for Calvin
Cycle. This pathway was universally strengthened but the rate at which
the whole cycle is completed slows down. This means that the capacity
of the C4 cycle is increased and more CO, will be stored as intermediates
(such as malate and oxaloacetate) to relieve the high carbon pressure.

In this situation, high light reactions and the resulting carbohydrate
synthesis may have accelerated intracellular metabolism and material
accumulation, leading to faster division of single-celled N. oceanica
CCMP1779. Therefore, another set of common genetic mutations
occurred in the functions closely related to cell formation, including
genetic material synthesis, transcription and translation. In contrast,
enhanced CO,, fixation enabled the cell to have a more stable internal
environment (more balanced intracellular pH) and the possibility of cell
destruction was reduced; thus, the proteolysis function degraded to a
certain extent. These changes were immobilized as stable traits via ge-
netic mutation and natural selection under environmental stress, and
their effects were successfully observed at the transcriptional level.

Hence, fully domesticated strains of N. oceanica CCMP1779 showed
more effective linear electron transport and cyclic electron transport for
photosynthesis. Moreover, the light protection mechanism became more
flexible and easier to recover, either during domestication, or under the
high carbon conditions. Accordingly, in the dark reaction for CO, fixa-
tion, inorganic carbon transport was improved, the C4 mechanism for
CO,, storage became more powerful and the Calvin Cycle was enhanced.
One hypothesis is that the core of these changes was the improved light-
response genes. To adapt to a highly efficient light-response, the cell
construction, ion transport, carbon metabolism, light reaction and dark
reaction of N. oceanica CCMP1779 were improved during the process of
domestication, so as to adapt to the high CO, environment. The principle
of this self-adaptive mechanism will be useful when improving the CO,
tolerance of microalgae.
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5. Conclusion

This study performed a gradual gradient acclimation of CO5 for
Nannochloropsis oceanica CCMP1779 and subsequently carried out a
comprehensive combined analysis of the genome, transcriptome,
photosynthetic fluorescence, RT-qPCR and growth test under a high CO,
environment to detect the effect and influencing mechanism of CO,
gradient acclimation on microalgae. This study shows a potential
mechanism for multi-targeted genetic mutations and natural selection to
improve microalgal adaptation to high levels of CO,, created sponta-
neously by the cells. This mechanism was based on improving the light
response and favoring photosynthesis in the competition between
photosynthesis and respiration, thereby comprehensively establishing a
microalgal strain with new characteristics, including strong cell syn-
thesis ability, photosynthetic electron transfer ability, carbon fixation
and metabolism. As a result, this research revealed that functional se-
lective multi-target gene mutation in microalgae is caused by the CO,
gradient domestication process, resulting in improved photosynthesis,
carbon fixation and cell synthesis.

This research demonstrated that CO5 gradient domestication would
lead to stable gene mutations of microalgae. As a simple and low-cost
method, CO, gradient domestication was ideal to be applied in in-
dustry to the cultivation of high-CO; tolerant strains of various micro-
algae species. Therefore, this conclusion may help it be widely promoted
to industrial applications, and help improve the industrial carbon fixa-
tion ability of microalgae.
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