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Microalgae are a large group of organisms that can produce various useful substances
through photosynthesis. Microalgae need to be genetically modified at the molecular
level to become “Chassis Cells” for food, medicine, energy, and environmental
protection and, consequently, obtain benefits from microalgae resources.
Insertional mutagenesis of microalgae using transposons is a practical possibility for
understanding the function of microalgae genes. Theoretical and technical support
is provided in this manuscript for applying transposons to microalgae gene function
by summarizing the sequencing method of transposon insertion sites.
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1. Introduction

Microalgae are one of the oldest groups of organisms on Earth, contributing more than 50% of
the primary productivity of the entire planet (Sun et al., 2022). Compared with other biomass
resources, microalgae occupy cultivated lands, have high biomass, grow at a fast rate, have high
adaptability, are easy to domesticate, and have high light energy utilization. Additionally, through
genetic transformation, engineered microalgal chassis cells can fix CO, (Singh and Ahluwalia, 2012)
through photosynthesis to produce substances, including oils, proteins, amino acids, polysaccharides,
and vitamins. Currently, microalgae have been widely used in food (Scieszka and Klewicka, 2019;
Fu et al., 2021), medicine (Beaumont et al., 2021), energy (Zhang et al., 2012; Frigon et al., 2013;
Bigelow et al., 2014), environmental protection (Cabanelas et al., 2013; Gomez et al., 2013;
Chen W. etal,, 2016), feed (Vidyashankar et al., 2014; Packer et al., 2016), and other fields. Therefore,
these organisms gradually became critical raw materials for the active extraction of substances (Liu
etal., 2022). Engineering microalgal chassis cells will become an effective force in achieving the goal
of carbon neutralization worldwide and, consequently, replacing traditional industries.

It is essential to further understand the gene functions of microalgae in depth to utilize
microalgae resources. However, the gene functions of a considerable proportion of microalgae
remain unknown. More methods are being used to analyze and identify gene functions with the
continuous development and innovation of new molecular biology technologies and methods (Ng
et al., 2020). The functional genomics sub-discipline gradually formed after such approaches were
developed. The construction of effective mutants is an essential method in functional genomics
research. There are many methods for obtaining mutants of genes, and transposons to construct
mutants have a random nature. This method may better understand gene functions and the
connections between related genes (van Opijnen and Camilli, 2013).
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Transposons are mobile DNA genetic sequences that can “jump” to
distinct locations in the genome and are found in prokaryotic and
eukaryotic genomes (Choi and Kim, 2009). Barbara McClintock
discovered the first transposon in maize (Gierl and Saedler, 1992).
Transposon tags have long been considered a powerful research tool for
randomly distributing primer binding sites, generating mutations, and
introducing physical or genetic tags into large target DNA (Damasceno
et al, 2010; Shapiro, 2010). Therefore, the random insertion of
transposon mutations is a desirable choice, especially if one wants to
create many mutants.

After the insertion of a mutation is completed in the transposon, the
gene identification and location of the insertion mutation must be solved
(Lietal, 2020). This means understanding the gene sequences on either
side of the insertion site of the mutant by sequencing. We can only
understand the function that a gene may have through the correlation
between the mutation position and the phenotype. Therefore, standard
sequencing methods involving microalgae are introduced and
summarized in this study.

2. Enzymatic digestion

Restriction endonucleases are used in the enzymatic digestion
method to digest the microalgae genome before amplification and
sequencing. This method is straightforward, has low costs, and is easy
to operate, but the success rate is low. It is suitable for mutants with a
negligible overall genome and appropriate restriction endonucleases.
Standard methods are described as follows.

2.1. Reverse PCR

Reverse PCR is used to find a restriction endonuclease with more
enzymatic sites and broader distribution in the mutant genome, but no
enzymatic sites or only one enzymatic site in the transposon sequence
or fragment the genome by enzymatic digestion. The DNA fragment is
self-associated after enzymatic digestion by ligase to cyclize it. Specific
primers can be designed from the transposons if the cyclized genome
contains transposons. Specific primers can be designed from the
transposon for amplification and sequencing to obtain the transposon
insertion site if the transposon is included in the genome. The sequence
obtained is on both sides of the insertion site if there is no enzyme cut
site in the transposon (Figure 1A). Finally, the sequence obtained is on
one side of the insertion site if there is a single enzyme-cut site
(Figure 1B).

The reverse PCR method is simple in principle and operation, and
its experimental cost is low. However, it is unsuitable for high-
throughput sequencing. Additionally, it is not stable as a sequencing
method because of its specific requirements for selecting restricted
endonucleases and restrictions on the transposon insertion position. In
addition, its sequencing length is not fixed. Feng et al. (2008) used
reverse PCR to amplify the 5" and 3’ flanking sequences of the TaCKX1
gene. These researchers obtained the full-length DNA sequence of
TaCKX1 by cloning the TaCKX1 fragment from a conserved sequence
of wheat cytokinin oxidase/dehydrogenase (CKX). Wang et al. (2021)
used reverse PCR to amplify and detect the FSTA gene in transgenic
zebrafish genomic DNA. This method may be used for gene doping
detection in blood samples or to assess the safety of gene therapy and
GMOs. Su et al. (2021) used this assay for transposase-accessible
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chromatin using the sequencing (ATAC-seq) method combined with
the  “Circle_finder”
extrachromosomal circular DNA (eccDNA) in human cancer cells.

bioinformatic  algorithm to  predict
These researchers validated the detection of eccDNA using reverse
PCR. Gutiérrez et al. (2021) used reverse PCR to identify chronic
myeloid leukemia (CML) at the genomic level with the breakpoint
sequence of the signature fusion gene BCR-ABLI. They applied this

method to seven real cases.

2.2. Plasmid rescue

The principle of plasmid rescue is similar to reverse PCR. The
standard operation is (1) to insert the transposon into the genome, (2)
digest it with a restriction endonuclease, (3) ligate it into a cloning
vector, (4) transform it into an Escherichia coli culture, (5) select positive
bacteria according to the label carried by the plasmid, (6) culture it, (7)
extract its plasmid, and (8) sequence it according to the specific primers
of the transposon and plasmid (Tsurumaru et al., 2008; Figure 2).

The advantage of the plasmid rescue method is the high specificity
of the fragments obtained. The disadvantages of this method are the
requirement for the selection of endonucleases, the lack of experimental
stability, and the unsuitability for large-scale high-throughput
sequencing. Huang et al. (2009) used a combination of plasmid rescue
and reverse PCR to simultaneously determine the sequences on both
sides of the Drosophila P-transposon insertion site. Kemppainen et al.
(2008) randomly determined the genomic DNA sequences of the
T-DNA right border (Rb) of 51 strains from a considerable number
(~500) of T-DNA insertion mutants of Laccaria bicolor using plasmid
rescue. Sixty-nine percent of the flanking sequences of this species were
successfully determined. At the same time, 87% of these sequences were
successfully localized in the genome.

2.3. Specific enzymatic cleavage

Some specific restriction endonucleases are used in this method.
These endonucleases have a common point: the enzymatic cut site is
located after several bases of the recognition site. Therefore, a segment
of the base sequence of the recognition site can be left after the enzymatic
cut. For example, Mmel (Figure 3A) and EcoP15I (Figure 3B) can retain
about 18 ~27bp after the recognition site after enzymatic cleavage.
Therefore, these enzymatic cleavage sites can be inserted at both ends of
the transposon. The insertion site was sequenced by amplifying the
specific sequences on the specific motifs by enzymatic ligation or by
directly ligating special connectors. Finally, the insertion site was found
against the target genome (Figure 3C).

The advantage of this method is that it is simple. Only particular
enzyme cleavage sites must be added on both sides of the transposon.
It can support high-throughput large-scale sequencing by connecting
Mlumina adapter sequences. The disadvantage of this method is
related to the short localization of the sequence, which is only about
38~52bp. Therefore, sometimes even the genome length that can
be measured is less than 38bp to consider joint connection and
sequencing problems. The specificity of the method is weak, and the
position of the transposon insertion mutation cannot be accurately
determined in some genomes with more repetitive sequences or
palindromic sequences. Additionally, the particular enzyme cleavage
method cannot be used for transposons, in which transposase
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Schematic diagram of the principle of plasmid rescue. (A) There is no restriction endonuclease site on the transposon. The vector plasmid was ligated after
enzymatic digestion and transformed into E. coli. The positive new bacteria were obtained by selective labeling. The plasmid is extracted, and the sequence
of both sides of the transposon insertion site can be measured by amplifying and sequencing two pairs of specific primers on the transposon and plasmid.
(B) There is a single restriction endonuclease site on the transposon. The plasmid was extracted from a positive bacterium obtained using selective labeling.
The unilateral sequence of the transposon insertion site could be sequenced by amplifying and sequencing the transposon with a pair of specific primers

on the transposon and plasmid.

recognition sites are at both ends because the enzyme cleavage sites
cannot be added.

Regarding the application of the method, Ng et al. (2005)
investigated a more accurate and efficient way of determining cDNA
using the Mmel endonuclease in conjunction with other common
endonucleases. These researchers mapped the cDNA to genomic
sequences to delineate the transcriptional boundaries of each gene.
Matsumura et al. (2003) used the EcoP15I endonuclease to analyze

Frontiers in Microbiology 03

the sequence of cDNA applied to monitor the genome sequences of
rice and P. aeruginosa. These researchers found that hydrophobic
protein genes were the most actively transcribed in P. aeruginosa
leaves. They also studied gene expression changes in Benthamiana, a
model organism, before the hypersensitive response induced by
INF1, allowing the rapid identification of genes that were up- or
down-regulated by the induction. Zhang et al. (2014) investigated a
method to determine the transcriptional boundaries of a
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FIGURE 3

Schematic diagram of the principle of the special enzyme method. (A) Schematic diagram of the Mmel enzyme cleavage site (R is any purine, Y is any
pyrimidine, N is any base). (B) Schematic diagram of the EcoP15| enzyme cleavage site. (C) The special enzyme cleavage method is to modify both ends of
the transposon in advance and load the recognition site of a particular enzyme before transposition. After inserting the transposon into the target genome,
the sequence of 18~27bp is left on both sides of the fragment containing the transposon using a special enzyme cleavage. The ligase is cyclized or
connected to the sequencing junction to amplify and sequence with the specific primer or junction sequence on the transposon.

high-throughput sequencing method for determining transposon
insertion sites in Chlamydomonas reinhardtii. The species was
investigated and applied to a mutant library, and 11,478 insertion
sites were identified.

3. Multiple primer amplification method

The multiple primer amplification methods are developed based
on chromosome stepping and nested PCR principles. Nested PCR
is a multiple primer PCR method designed to enhance the specificity
of the pairing between primers and templates based on standard
PCR. The principle is straightforward. The most basic nested PCR
is to set two sets of PCR primers for two rounds of PCR amplification
using the first pair of primers (also known as external primers) for
multiple cycles of standard amplification of the target DNA. Part of
the amplified product is diluted after the first amplification round
and used as a template for the second round of amplification, using
the second pair of primers (known as internal primers or nested
primers, combined with the first round of PCR products). The
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second primer pair, called internal primers or nested primers,
which are combined inside the PCR product of the first round, is
used for multiple amplification cycles. Sometimes, a third or fourth
primer pair can be used for amplification, depending on
the experiment.

However, when designing primers, specific primers in nested PCR
are not designed based on randomly inserted transposons. Two PCR
rounds can only be completed after some universal primers are created,
which often cannot be used directly in the practical application of
transposon insertion mutant sequencing. Therefore, some improved
methods have been derived and are described below.

3.1. Thermal asymmetric interleaving PCR
(TAIL PCR)

The basic principle of TAIL PCR is the same as nested PCR. TAIL
PCR is based on designing multiple sets of nested specific primers
with a higher annealing temperature (Tm) on the transposon and a
shorter and lower Tm value of random simpler primers. The target
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TABLE 1 TAIL PCR amplification procedures.

Reaction Procedures Products

Reaction conditions

Number of cycles

First PCR cycle 1 92°C (1805), 95°C (60s) The target sequences amplify linearly by annealing and extending specific

5 94°C (30), 65°C (60s), 72°C (120) primer one with transposon sequences at high annealing temperatures. At the
same time, the concentration of non-specific products resulting from the
binding of the simplex primers is low.

1 94°C (305), 25°C (120s), not less than The low annealing temperature allows better binding of the simplex primers to
120s to 72°C, 72°C (1205) alarger number of target sequences.

10 94°C (305), 44°C (60s), 72°C (1205) The lower annealing temperature allows both primers to anneal to the template.
Thereby, it enables the original single-stranded target DNA produced by the
high specificity cycle to be replicated into double-stranded DNA in preparation
for the next round of amplification.

12 94°C (305s), 65°C (60s), 72°C (1205), Alternating cycles of higher and lower annealing temperatures allow

94°C (305s), 65°C (60s), 72°C (1205s), exponential amplification of the target fragment. This exceeds the amount of
94°C (305s), 44°C (60s), 72°C (1205) non-target fragments.
1 72°C (300s)

Second PCR cycle 12 94°C (305), 65°C (605s), 72°C (1205), The first round of product dilution is used as a template. Then, the specific
94°C (305s), 65°C (60s), 72°C (1205s), primer two and the combination of the simplex primers allow the specific
94°C (30s), 45°C (60s), 72°C (1205) product to be selectively amplified.

1 72°C (300s)
Third PCR cycle 20 94°C (405), 45°C (605), 72°C (1205) After the second round of product dilution as the template, the specific primer
1 72°C (3005) three was combined with the simplex primer. The target fragment was further
specifically amplified to obtain the target sequence flanking the transposon.

sequence was amplified by amplifying different specific primers and
simpler primers using the difference in Tm values (Liu et al., 1995;
Liu and Wittier, 1995).

The commonly used TAIL PCR amplification method consists of
three cycles of PCR reactions (Table I; Liu and Huang, 1998). In the
first cycle, products amplified by a specific primer one and simplex
primer are yielded by the PCR reaction (type I). The products were
amplified by a particular primer (type II). The products are amplified
by a simplex primer (type III). During the second PCR reaction
cycle, the product of the first cycle was diluted as a template. The
product of the type I primer is selectively amplified using specific
primer two. This primer was made using a simplex primer in a
thermally asymmetric supercycle. The product of the second PCR
reaction cycle was diluted in the third PCR reaction cycle. A
template and a specific primer from the third cycle with a simplex
primer are used in a normal PCR reaction cycle or a thermally
asymmetric supercycle. The target fragment was further amplified
to obtain the sequence on one side of the transposon insertion site
(Figure 4).

The main advantage of the TAIL PCR method is that it does not
require DNA manipulation before PCR. Cyclization and ligation are
avoided and have a faster reaction speed, higher specificity, and higher
efficiency. However, nonspecific binding due to low temperature can still
exist and may sometimes lead to amplification and sequencing failures
or situations where the amplified sequence length is insufficient. Various
improved versions of amplification protocols are constantly updated as
TAIL PCR continues to develop. For instance, the success rate and
amplification sequence length are improved by the method by setting
multiple sets of more extended simplex primers, increasing the success
rate to 90% and the amplification sequence length to 1-3kb (Liu and
Chen, 2007).
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FIGURE 4

Schematic diagram of the TAIL-PCR principle. Three specific primers
were designed on the transposon. One randomly abridged primer is
designed to produce three products by the first amplification cycle
(high specificity reaction, low specificity reaction, low specificity
reaction, and thermally asymmetric super response). These are the
target fragment (type | product), the fragment amplified by the specific
primer itself (type Il product), and the fragment amplified by the
abridged primer itself (type Ill product). The target fragment was
selectively amplified by the second amplification cycle (thermally
asymmetric super reaction). The target fragment was further amplified
in the third amplification cycle (thermally asymmetric super reaction or
normal PCR reaction).

Yuan et al. (2009) used a combination of TAIL PCR and plasmid
rescue to efficiently identify eight insertional mutation sites in a library
of rice streak transposon Tn5 insertional mutants with attenuated
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virulence on rice. These researchers used this method to determine the
corresponding functional genes efficiently. Oranab et al. (2021) used the
TAIL PCR technique to examine the T-DNA insertion sites of the
activation marker mutants of the CNGC19 and CNGC20 genes in
Arabidopsis cyclic nucleotide-gated ion channels (CNGCs) under salt
stress conditions. Thus, it lays the groundwork for studying the role of
CNGC19 and CNGC20 in Arabidopsis under salt stress regulation.
Wang et al. (2013) used a modified TAIL PCR technique to examine the
genome of Wolbachia. The WO genome of the mild phage on Wolbachia
was determined using a modified TAIL PCR technique. The evolution
of the WO genome was also assessed by comparing the WO genomes of
infested fig wasps with those of infected insects. The following species
were considered: the pink spotted borer moth, Culex mosquito,
Drosophila melanogaster, Drosophila anthropomorphis, and the lyre fly
nymphal set of golden wasps.

3.2. Rapid amplification of cDNA ends
(RACE)

RACE is a technique based on reverse transcription PCR to rapidly
amplify the 5" and 3" ends of cDNA from samples (Chutia et al., 2020).
Since ¢cDNA differs in prokaryotic and eukaryotic algae, and the
situation is different at the 5" and 3’ ends, various amplification methods
are described below.

Reverse transcription primers were designed for eukaryotic
microalgae to reverse the transcription of the first cDNA strand based
on the naturally occurring poly(A) tail at the 3’ end of mRNA
(Passmore and Coller, 2021). Specific primers were designed to
synthesize the second cDNA strand based on transposon sequences.
Subsequently, PCR amplification of the obtained ¢cDNA strand was
performed with the specific primer and the 3" end primer of the
righteous strand as a pair of primers to obtain the 3" end sequence of
cDNA (Figure 5A). In contrast, it is necessary to design specific primers
based on transposon sequences, since there is no naturally recognizable
sequence at the 5" end of eukaryotic microalgae mRNA. Therefore, it
will be possible to reverse transcribe it to obtain the first cDNA strand.
At the same time, primer sequences at the 3" end of cDNA by enzymatic
linkage will be added, often with a poly(C) tail, and specific primers will
be designed to synthesize the second cDNA strand based on the added
sequence. The second cDNA strand was used as a template to synthesize
double-stranded cDNA using transposon-specific primers. Finally, the
c¢DNA 5" end sequence was obtained by PCR amplification using
transposon-specific primers and antisense strand 3" end primers
(Figure 5B).

The 3" end of mRNA does not have a special structure similar to
the poly(A) tail for prokaryotic microalgae. Therefore, a splice
sequence must be directly attached to the 3" end of the mRNA to
replace the poly(A) tail. The other operations are consistent with the
eukaryotic microalgae 3" end in RACE (Figure 6A). The 5" end of
prokaryotic microalgae in RACE is the same as that of eukaryotic
microalgae. This requires the addition of a splice sequence at the 5’
end of the cDNA after reverse transcription and amplification
(Figure 6B).

Meslet-Cladiere and Vallon (2012) determined the flanking
sequences of 38 randomly selected insertion mutants in a transposon
insertion mutation library of the model organism C. reinhardtii. These
authors used the 3" end of the RACE technique. Twenty-seven (71%)
were valid flanking sequences, and 23 could be accurately localized in
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the genome. Hu et al. (2017) identified small regulatory RNAs (SRNAs)
in Synechocystis sp. PCC 6803 uses 5" and 3" ends in the RACE method,
naming it RbIR. RbIR positively regulates the gene rbcL. rbcL encodes
a large chain of Rubisco, an enzyme that catalyzes carbon fixation
under different stress conditions. Thus, it affects photosynthesis
regulation in PCC 6803. Li et al. (2022) determined the sequence of
small antisense RNA (ThfR) on the reverse complementary strand of
the sil1414 (thfl) gene in PCC 6803 was used in the 5" and 3" ends in
the RACE technique. These researchers investigated the relationship
between ThfR and gene thfl by examining its high- and
low-expression mutants.

3.3. Linear amplification-mediated PCR
(LAM-PCR)

Target products are obtained in the linear amplification
mediated-PCR (LAM-PCR) method by designing multiple primer
sets amplified step by step. The first step is to amplify single-stranded
DNA using transposon-specific primers with biotin. The amplified
single-stranded DNA is captured by the adsorption of biotin by
streptavidin magnetic beads. The insertion site flanking sequence
was obtained by amplification and sequencing (Figure 7). This
method is precise, has a high success rate, and may be designed to
link Illumina junctions in the second round of amplification primers
if needed (Carette et al., 2011). However, this method is more
expensive for sequencing individual mutants, if not high-
throughput sequencing.

Schmidt et al. (2007) used LAM-PCR to detect integration sites
representing unique molecular markers for each transduced cell and its
clonal progeny in the cells of an integration vector system for clinical
gene therapy. Gabriel et al. (2014) used LAM-PCR to demonstrate that
leukemia originated from the provirus-induced overexpression of
adjacent proto-oncogenes in gene therapy patients. It was possible to
bypass restriction digestion with LAM-PCR, eliminating retrieval bias
at the integration site. This enabled a comprehensive analysis of the
provirus location in the host genome, detailing a stepwise amplification
method that integrates adjacent 3" and 5 sequences of the
lentiviral vector.

4. Transposon mutagenesis coupled
with next-generation sequencing
(Th-Seq)

Transposon mutation combined with next-generation sequencing
(Tn-Seq) is a high-throughput analysis method for transposon insertion.
The basic idea of this method is to (1) physically or enzymatically interrupt
the genome of the inserted transposon, (2) ligate the splice sequence
required for next-generation sequencing to each fragment, and (3) amplify
the specific sequence on one side of the transposon and the splice
sequence on the corresponding side as primers. These steps were made to
obtain DNA fragments of an appropriate size and perform next-
generation sequencing (Figure 8). There are many other conceptually
similar methods, including Tradis, HITS, INSeq, and TnLE-Seq (Wetmore
et al, 2015). These methods have a common feature in that many
transposon mutants are mixed. The abundance of transposon insertion
into each gene may only be determined by high-throughput sequencing
under certain growth conditions, such as the fitness of each gene under
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FIGURE 5
Schematic diagram of the principle of RACE in eukaryotes. (A) 3" end RACE utilizes the post-transcriptional poly(A) tail structure of mRNA first to reverse
transcribe the first cODNA strand containing the transposon sequence and then synthesize the second cDNA strand by using specific primers on the
transposon sequence. (B) 5" end RACE is performed by ligating a poly(C) tail structure after transcription. Then, the same operation as 3’ end RACE is
performed.
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FIGURE 6

Schematic diagram of the principle of RACE in prokaryotes. (A) 3’ end RACE. (B) 5" end RACE.

that growth condition, but by trying to separate the individual. However,  sequenced random molecular barcode transposon insertion mutation
it is difficult to isolate each mutant and match the insertion sites  sites (RB-TnSeq) to create a library containing more than 250,000
one by one. transposon mutants and sequenced them to identify insertion sites.

Rubin et al. (2015) used transposons with molecular barcode “tags” A total of 718 genes out of 2,723 were identified as necessary for the
into the genome of the prokaryotic microalga PCC 7942. They  survival of the organism under laboratory conditions through an
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Amplification and sequencing

FIGURE 7

Schematic diagram of the LAM-PCR principle. Multiple single-stranded
DNAs of varying lengths were amplified by the biotinylated primers.
Then, multiple single-stranded DNAs are captured by streptavidin-
coated magnetic beads to ligate the splice sequences and complete
amplification and sequencing.

analysis of the distribution and survival of these mutants. Li et al. (2019)
generated a mutant library of eukaryotic microalgae C. reinhardtii by
adding a DNA barcode to transposons 3" and 5’ respectively through RB
TnSeq. The library has 62,389 mutants and covering 83% of the nuclear
protein-coding genes. A genome-wide survey of genes required for
photosynthesis identified 303 candidate genes. Of these, 21 of the 43
high-confidence genes identified and relevant

were newly

for photosynthesis.

5. Application of the transposon
insertion site sequencing method in
microalgae

Microalgae are considered significant renewable biological resources
as the mainstay of photosynthesis on Earth. Certain algae have high
biomass, short growth cycles, are easy to culture, and have a high content
of valuable substances. Using transposons to insert mutations into
microalgae genes and sequencing insertion sites to understand insertion
locations and genes to determine microalgae gene functions and
between-gene interrelationships are standard methods in this
biological group.

High-throughput sequencing will be the primary method for
studying gene function in the future, based on the current research trend
of microalgae. A large amount of transposon insertion site data will
be obtained by high-throughput sequencing concerning gene function
annotation or gene fitness to obtain gene expression in different growth
environments. This becomes more of a need for methods that allow
high-throughput determination of transposon insertion sites. However,
using high-throughput sequencing methods becomes less necessary to
determine transposon insertion sites for individual mutants with
obvious phenotypes, especially from the point of view of costs. It is
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simple and easy to control costs using enzyme digestion and multiple
primer amplification methods (Figure 9).

Fauser et al. (2022) determined the insertion site of each
transposon by high-throughput sequencing using random
transposon insertion into the genome of the model organism
C. reinhardtii. These authors determined the phenotype of over
58,000 mutants by screening them under more than 121 different
environmental growth conditions and chemical treatments. Fifty-
nine percent of the genes in C. reinhardtii were represented by
transposon insertion mutants that exhibited at least one phenotype.
This is the most complete and comprehensive library of eukaryotic
microalgal mutants known, providing a basis for the function of
thousands of genes in C. reinhardtii. Previously, functionally
unknown genes could be identified based on their functions,
including DNA repair, photosynthesis, CO, concentration
mechanisms, and ciliogenesis.

Broddrick et al. (2016) used random transposon insertion to
create a mutant library of prokaryotic microalgae in PCC 7942. These
researchers identified genes essential for PCC 7942 under specific
growth conditions through changes in the fitness of individual genes
under different growth conditions. The genome-scale metabolic
model of PCC 7942 was revised to produce a highly accurate
metabolic model. Some previously unknown metabolic features of
PCC 7942 were identified, including the nonessential nature of the

TCA cycle.

6. Conclusion and future perspective

Transposon insertion marker DNA has become an essential tool for
studying the functional genomics of organisms. A large number of DNA
insertion lines and important mutations have been created in
microalgae using this approach, which is necessary to determine the
genomic sequence on either side of the insertion marker to identify
genes tagged by transposon insertion. However, the sequences of the
tagged genes cannot be obtained simply by conventional PCR reactions,
which require a specific experimental design and technical
methodological modifications. Current sequencing methods have
distinctive characteristics and different problems. The reverse PCR and
plasmid rescue methods are simple and operationally uncomplicated,
with easily controllable costs but lower success rates. The special enzyme
digestion method is more specific but due to the restrictive enzyme
digestion sites, resulting in insufficient applicability. TAIL PCR and
RACE technological steps have higher success rates than previous
methods (Chen N. et al., 2016; Tan et al., 2019). Still, pre-processing
LAM-PCR and Tn-Seq have high success rates and are especially
suitable for high-throughput sequencing and establishing mutant
libraries. However, the cost of sequencing a single mutant is high, and
the amount of invalid data during sequencing is vast, which may be due
to the lack of sufficient specificity of the sequencing primer used or the
insufficient screening capacity of the available equipment for large
amounts of data. These invalid data can be filtered in subsequent data
processing, and generally will not cause errors in subsequent analysis
and target selection. Therefore, we need to consider several factors
when arranging sequencing experiments (e.g., experimental conditions,
experimental schedule, cost, and the combination of multiple methods
for sequencing and validation) to make reasonable and flexible
experimental arrangements (Table 2).
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FIGURE 9
Transposon insertion site sequencing in microalgae. (A) Individual mutants with obvious phenotypes and research values are often sequenced using simple

methods for equipment and operation. (B) High-throughput microalgae sequencing to establish a transposon insertion mutant library.

The main future development direction will be improving the
success rate and cost control to solve the problem of flanking sequencing
after transposon insertion. It is currently difficult for all sequencing
methods to reach a 90% success rate. A large amount of invalid data
needs to be processed, even for high-throughput sequencing, which
invariably raises the technical threshold and labor costs of the
equipment. It is necessary to improve the transposon and sequencing

Frontiers in Microbiology

methods to solve these problems. First, the transposon can be modified
while retaining random insertion ability. The transposon itself should
be able to carry a more easily identifiable tag, reducing the misoperation
of devices in the amplifying process of target sequences and sequencing
reads. Second, with technological and equipment updates, the accurate
sequencing method is constantly updated, and sequencing

costs decrease.
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TABLE 2 Comparison of sequencing methods.

Method Advantages

Enzymatic digestion Reverse PCR Simple operation, low cost.

10.3389/fmicb.2023.1111794

Disadvantages

The sequencing results of mutation sites are unstable

and not suitable for high-throughput sequencing.

Plasmid rescue

The results are not prone to false positives.

Not suitable for high-throughput sequencing.

Specific enzymatic

The method is simple and supports high-throughput

The short sequence used for sequencing leads to

throughput sequencing.

cleavage sequencing. unstable results.
Multiple primer TAIL PCR Strong specificity, high efficiency. Not suitable for high-throughput sequencing.
amplification method RACE Strong specificity, high eficiency. Not suitable for high-throughput sequencing.
LAM-PCR Strong specificity, high success rate, suitable for high- High cost.

Tn-Seq

throughput sequencing.

Strong specificity, high success rate, suitable for high-

Long test cycle, heavy data processing workload.

In conclusion, determining bipartite sequences after transposon
insertion will be increasingly accessible, fast, and inexpensive with the
development of various sequencing methods and transposon
technologies. Applying the latest gene function research methods to
microalgae can facilitate effective transformation and make them
more excellent engineering microalgal chassis cells. Consequently,
and

they can contribute better to human food, energy,

environmental protection.

Author contributions

XH and QW conceptualized the idea for manuscript. XH, YE, CM,
and HC drafted the manuscript. QW evaluated the manuscript and
improved the content. All authors contributed to the article and
approved the submitted version.

Funding

This work was supported jointly by the National Key R&D Program
of China (2021YFA0909600), the National Natural Science Foundation
of China (32170138 and 31870041), the Natural Science Foundation of
Henan Province (212300410024), the Program for Innovative Research

References

Beaumont, M., Tran, R., Vera, G., Niedrist, D., Rousset, A., Pierre, R., et al. (2021).
Hydrogel-forming algae polysaccharides: from seaweed to biomedical applications.
Biomacromolecules 22, 1027-1052. doi: 10.1021/acs.biomac.0c01406

Bigelow, T. A., Xu, J., Stessman, D. J., Yao, L., Spalding, M. H., and Wang, T. (2014).
Lysis of Chlamydomonas reinhardtii by high-intensity focused ultrasound as a function
of exposure time. Ultrason. Sonochem. 21, 1258-1264. doi: 10.1016/j.
ultsonch.2013.11.014

Broddrick, J. T., Rubin, B. E., Welkie, D. G., Du, N., Mih, N., Diamond, S., et al. (2016).
Unique attributes of cyanobacterial metabolism revealed by improved genome-scale
metabolic modeling and essential gene analysis. Proc. Natl. Acad. Sci. 113, E8344-E8353.
doi: 10.1073/pnas. 1613446113

Cabanelas, I. T., Ruiz, J., Arbib, Z., Chinalia, E. A., Garrido-Perez, C., Rogalla, E, et al.
(2013). Comparing the use of different domestic wastewaters for coupling microalgal
production and nutrient removal. Bioresour. Technol. 131, 429-436. doi: 10.1016/j.
biortech.2012.12.152

Carette, J. E., Guimaraes, C. P,, Wuethrich, L, Blomen, V. A., Varadarajan, M., Sun, C.,
etal. (2011). Global gene disruption in human cells to assign genes to phenotypes by deep
sequencing. Nat. Biotechnol. 29, 542-546. doi: 10.1038/nbt.1857

Frontiers in Microbiology

Team (in Science and Technology) in University of Henan Province
(22IRTSTHNO024), and the 111 Project (#D16014).

Acknowledgments

The authors would like to express gratitude to EditSprings (https://
www.editsprings.cn) for the expert linguistic services provided.

Conflict of interest

The authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as
a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Chen, N., Wang, W. M., and Wang, H. L. (2016). An efficient full-length cDNA
amplification strategy based on bioinformatics technology and multiplexed PCR methods.
Sci. Rep. 6:19420. doi: 10.1038/srep19420

Chen, W,, Zhang, S., Rong, J., Li, X., Chen, H., He, C,, et al. (2016). Effective
biological DeNOx of industrial flue gas by the mixotrophic cultivation of an oil-
producing green alga chlorella sp. C2. Environ. Sci. Technol. 50, 1620-1627. doi:
10.1021/acs.est.5b04696

Choi, K. H., and Kim, K. J. (2009). Applications of transposon-based gene delivery system
in bacteria. Korean Soc. Microbiol. Biotechnol. 19, 217-228. doi: 10.4014/jmb.0811.669

Chutia, S. J., Bora, G., Kumar, M., Nath, R. ], BS, Y., Dihingia, P,, et al. (2020). Recent
developments in RACE-PCR for the full-length ¢cDNA identification. J. Entomol. Zool.
Stud. 8, 444-449.

Damasceno, J. D., Beverley, S. M., and Tosi, L. R. O. (2010). A transposon toolkit for gene
transfer and mutagenesis in protozoan parasites. Genetica 138, 301-311. doi: 10.1007/
$10709-009-9406-7

Fauser, E, Vilarrasa-Blasi, J., Onishi, M., Ramundo, S., Patena, W., Millican, M., et al.
(2022). Systematic characterization of gene function in the photosynthetic alga

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1111794
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.editsprings.cn
https://www.editsprings.cn
https://doi.org/10.1021/acs.biomac.0c01406
https://doi.org/10.1016/j.ultsonch.2013.11.014
https://doi.org/10.1016/j.ultsonch.2013.11.014
https://doi.org/10.1073/pnas.1613446113
https://doi.org/10.1016/j.biortech.2012.12.152
https://doi.org/10.1016/j.biortech.2012.12.152
https://doi.org/10.1038/nbt.1857
https://doi.org/10.1038/srep19420
https://doi.org/10.1021/acs.est.5b04696
https://doi.org/10.4014/jmb.0811.669
https://doi.org/10.1007/s10709-009-9406-7
https://doi.org/10.1007/s10709-009-9406-7

Hu etal.

Chlamydomonas reinhardtii. Nat. Genet. 54, 705-714. doi: 10.1038/s41588-022-
01052-9

Feng, D.-S., Wang, H.-G., Zhang, X.-S., Kong, L.-R., Tian, J.-C., and Li, X.-E (2008).
Using an inverse PCR method to clone the wheat cytokinin oxidase/dehydrogenase gene
TaCKX1. Plant Mol. Biol. Report. 26, 143-155. doi: 10.1007/s11105-008-0033-8

Frigon, J.-C., Matteau-Lebrun, E, Hamani Abdou, R., McGinn, P. J., O'Leary, S. J. B., and
Guiot, S. R. (2013). Screening microalgae strains for their productivity in methane following
anaerobic digestion. Appl. Energy 108, 100-107. doi: 10.1016/j.apenergy.2013.02.051

Fu, Y, Chen, T, Chen, S. H. Y, Liu, B., Sun, P, Sun, H,, et al. (2021). The potentials and
challenges of using microalgae as an ingredient to produce meat analogues. Trends Food
Sci. Technol. 112, 188-200. doi: 10.1016/j.tifs.2021.03.050

Gabriel, R., Kutschera, I., Bartholomae, C. C., von Kalle, C., and Schmidt, M. (2014).
Linear amplification mediated PCR &#8211; localization of genetic elements and
characterization of unknown flanking DNA. JoVE 88:e51543. doi: 10.3791/51543

Gierl, A., and Saedler, H. (1992). Plant-transposable elements and gene tagging. Plant
Mol. Biol. 19, 39-49. doi: 10.1007/bf00015605

Gomez, C., Escudero, R., Morales, M. M., Figueroa, E. L., Fernandez-Sevilla, J. M., and
Acien, F. G. (2013). Use of secondary-treated wastewater for the production of Muriellopsis
sp. Appl. Microbiol. Biotechnol. 97, 2239-2249. doi: 10.1007/s00253-012-4634-7

Gutiérrez, L. G., Abelleyro, M. M., Ruiz, M. S., Anchordoqui, M. S., Freitas, J.,
Bianchini, M., et al. (2021). Development of an inverse-PCR approach for characterization
of the major BCR-ABLI breakpoint sequences on genomic DNA: proof of concept. Clin.
Chem. Lab. Med. 59, e449-453. doi: 10.1515/cclm-2020-1482

Hu, ], Li, T., Xu, W,, Zhan, J., Chen, H., He, C,, et al. (2017). Small antisense RNA RbIR
positively regulates RuBisCo in Synechocystis sp. PCC 6803. Front. Microbiol. 8:231. doi:
10.3389/fmicb.2017.00231

Huang, A. M., Rehm, E. J., and Rubin, G. M. (2009). Recovery of DNA sequences
flanking P-element insertions in Drosophila: inverse PCR and plasmid rescue. Cold Spring
Harb. Protoc. 2009:pdb.prot5199. doi: 10.1101/pdb.prot5199

Kemppainen, M., Duplessis, S., Martin, E, and Pardo, A. G. (2008). T-DNA insertion,
plasmid rescue and integration analysis in the model mycorrhizal fungus Laccaria bicolor.
Microb. Biotechnol. 1, 258-269. doi: 10.1111/j.1751-7915.2008.00029.x

Li, N, Jin, K,, Bai, Y., Fu, H,, Liu, L., and Liu, B. (2020). Tn5 transposase applied in
genomics research. Int. . Mol. Sci. 21:8329. doi: 10.3390/ijms21218329

Li, X., Patena, W,, Fauser, E, Jinkerson, R. E., Saroussi, S., Meyer, M. T,, et al. (2019). A
genome-wide algal mutant library and functional screen identifies genes required for
eukaryotic photosynthesis. Nat. Genet. 51, 627-635. doi: 10.1038/s41588-019-
0370-6

Li, X., Xue, C., Chen, H., Zhang, H., and Wang, Q. (2022). Small antisense RNA ThfR
positively regulates Thfl in Synechocystis sp. PCC 6803. J. Plant Physiol. 271:153642. doi:
10.1016/j.jplph.2022.153642

Liu, Y. G., and Chen, Y. (2007). High-efficiency thermal asymmetric interlaced PCR for
amplification of unknown flanking sequences. Biotechniques 43, 649-650. doi:
10.2144/000112601

Liu, Y.-G., and Huang, N. (1998). Efficient amplification of insert end sequences from
bacterial artificial chromosome clones by thermal asymmetric interlaced PCR. Plant Mol.
Biol. Report. 16, 175-181. doi: 10.1023/A:1007420918645

Liu, R,, Li, S., Tu, Y., Hao, X, and Qiu, F. (2022). Recovery of value-added products by
mining microalgae. J. Environ. Manag. 307:114512. doi: 10.1016/j.jenvman.2022.
114512

Liu, Y.-G., Mitsukawa, N., OQosumi, T., and Whittier, R. F. (1995). Efficient isolation and
mapping of Arabidopsis thaliana T-DNA insert junctions by thermal asymmetric interlaced
PCR. Plant ]. 8, 457-463. doi: 10.1046/j.1365-313X.1995.08030457.x

Liu, Y.-G., and Wittier, R. E (1995). Thermal asymmetric interlaced PCR: automatable
amplification and sequencing of insert end fragments from PI and YAC clones for
chromosome walking. Genomics 25, 674-681. doi: 10.1016/0888-7543(95)80010-]

Matsumura, H., Reich, S., Ito, A., Saitoh, H., Kamoun, S., Winter, P, et al. (2003). Gene
expression analysis of plant host-pathogen interactions by SuperSAGE. Proc. Natl. Acad.
Sci. 100, 15718-15723. doi: 10.1073/pnas.2536670100

Meslet-Cladiére, L., and Vallon, O. (2012). A new method to identify flanking sequence
tags in chlamydomonas using 3'-RACE. Plant Methods 8:21. doi: 10.1186/1746-4811-
8-21

Ng, L. S., Keskin, B. B., and Tan, S. I. (2020). A critical review of genome editing and
synthetic biology applications in metabolic engineering of microalgae and cyanobacteria.
Biotechnol. J. 15:e1900228. doi: 10.1002/biot.201900228

Frontiers in Microbiology

11

10.3389/fmicb.2023.1111794

Ng, P,, Wei, C. L., Sung, W. K., Chiu, K. P, Lipovich, L., Ang, C. C,, et al. (2005). Gene
identification signature (GIS) analysis for transcriptome characterization and genome
annotation. Nat. Methods 2, 105-111. doi: 10.1038/nmeth733

Oranab, S., Ghaffar, A., Kiran, S., Yameen, M., Munir, B., Zulfigar, S., et al. (2021).
Molecular characterization and expression of cyclic nucleotide gated ion channels 19 and
20 in Arabidopsis thaliana for their potential role in salt stress. Saudi J. Biol. Sci. 28,
5800-5807. doi: 10.1016/j.5jbs.2021.06.027

Packer, M. A., Harris, G. C., and Adams, S. L. (2016). “Food and feed applications of
algae” in Algae Biotechnology eds. F. Bux and Y. Chisti (Cham: Springer), 217-247.

Passmore, L. A., and Coller, J. (2021). Roles of mRNA poly(A) tails in regulation of
eukaryotic gene expression. Nat. Rev. Mol. Cell Biol. 23, 93-106. doi: 10.1038/
541580-021-00417-y

Rubin, B. E., Wetmore, K. M., Price, M. N,, Diamond, S., Shultzaberger, R. K., Lowe, L. C.,
etal. (2015). The essential gene set of a photosynthetic organism. Proc. Natl. Acad. Sci. 112,
E6634-E6643. doi: 10.1073/pnas.1519220112

Schmidt, M., Schwarzwaelder, K., Bartholomae, C., Zaoui, K., Ball, C., Pilz, L, et al.
(2007). High-resolution insertion-site analysis by linear amplification-mediated PCR
(LAM-PCR). Nat. Methods 4, 1051-1057. doi: 10.1038/nmeth1103

Scieszka, S., and Klewicka, E. (2019). Algae in food: a general review. Crit. Rev. Food Sci.
Nutr. 59, 3538-3547. doi: 10.1080/10408398.2018.1496319

Shapiro, J. A. (2010). Mobile DNA and evolution in the 21st century. Mob. DNA 1:4. doi:
10.1186/1759-8753-1-4

Singh, U. B, and Ahluwalia, A. S. (2012). Microalgae: a promising tool for carbon
sequestration. Mitig. Adapt. Strateg. Glob. Chang. 18, 73-95. doi: 10.1007/s11027-012-9393-3

Su, Z., Saha, S., Paulsen, T., Kumar, P, and Dutta, A. (2021). ATAC-Seq-based
identification of extrachromosomal circular DNA in mammalian cells and its validation
using inverse PCR and FISH. Bio Protoc. 11:e4003. doi: 10.21769/BioProtoc.4003

Sun, Z., Chen, H., and Wang, Q. (2022). From CO, to value-added products—carbon
neutral microalgal green biomanufacturing. Synth. Biol. J. 3, 953-965. doi:
10.12211/2096-8280.2022-023

Tan, J., Gong, Q., Yu, S., Hou, Y., Zeng, D., Zhu, Q,, et al. (2019). A modified high-
efficiency thermal asymmetric interlaced PCR method for amplifying long unknown
flanking sequences. J. Genet. Genomics 46, 363-366. doi: 10.1016/j.jgg.2019.05.002

Tsurumaru, H., Yamakawa, T., Tanaka, M., and Sakai, M. (2008). The efficient strategy
of plasmid rescue from Tn5 mutants derived from Bradyrhizobium japonicum Is-1, based
on whole genome sequence information of strain USDA110. J. Fac. Agric. Kyushu Univ. 53,
27-31. doi: 10.5109/10065

van Opijnen, T., and Camilli, A. (2013). Transposon insertion sequencing: a new tool for
systems-level analysis of microorganisms. Nat. Rev. Microbiol. 11, 435-442. doi: 10.1038/
nrmicro3033

Vidyashankar, S., VenuGopal, K. S., Chauhan, V. S., Muthukumar, S. P, and Sarada, R.
(2014). Characterisation of defatted Scenedesmus dimorphus algal biomass as animal feed.
J. Appl. Phycol. 27, 1871-1879. doi: 10.1007/s10811-014-0498-9

Wang, J., Bi, X., Chen, W, Zhao, Q., Yang, J., Tong, X., et al. (2021). Identification of
the insertion site of transgenic DNA based on cyclization of the target gene with the
flanking sequence and nested inverse PCR. Talanta Open 3:100033. doi: 10.1016/j.
tal0.2021.100033

Wang, G. H,, Xiao, J. H,, Xiong, T. L., Li, Z,, Murphy, R. W,, and Huang, D. W. (2013).
High-efficiency thermal asymmetric interlaced PCR (hiTAIL-PCR) for determination of
a highly degenerated prophage WO genome in a Wolbachia strain infecting a fig wasp
species. Appl. Environ. Microbiol. 79, 7476-7481. doi: 10.1128/ AEM.02261-13

‘Wetmore, K. M., Price, M. N., Waters, R. ]., Lamson, J. S., He, ., Hoover, C. A., et al.
(2015). Rapid quantification of mutant fitness in diverse bacteria by sequencing randomly
bar-coded transposons. mBio 6, €00306-€00315. doi: 10.1128/mBi0.00306-15

Yuan, L, Li, Y., Zhang, X., Guo, W,, Che, Y., and Chen, G. (2009). Quick identification
of pathogenicity-related genes in Xanthomonas oryzae pv. oryzicola by thermal asymmetric
interlaced PCR(TAIL-PCR) and Tn5 transposon rescue. J. Agricult. Biotechnol. 17,
1089-1095. doi: 10.3969/j.issn.1674-7968.2009.06.023

Zhang, Y., Fan, X,, Yang, Z., Wang, H., Yang, D., and Guo, R. (2012). Characterization of
H2 photoproduction by a new marine green alga, Platymonas helgolandica var.
tsingtaoensis. Appl. Energy 92, 38-43. doi: 10.1016/j.apenergy.2011.09.044

Zhang, R., Patena, W., Armbruster, U, Gang, S. S., Blum, S. R., and Jonikas, M. C. (2014).
High-throughput genotyping of green algal mutants reveals random distribution of
mutagenic insertion sites and endonucleolytic cleavage of transforming DNA. Plant Cell
26, 1398-1409. doi: 10.1105/tpc.114.124099

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1111794
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/s41588-022-01052-9
https://doi.org/10.1038/s41588-022-01052-9
https://doi.org/10.1007/s11105-008-0033-8
https://doi.org/10.1016/j.apenergy.2013.02.051
https://doi.org/10.1016/j.tifs.2021.03.050
https://doi.org/10.3791/51543
https://doi.org/10.1007/bf00015605
https://doi.org/10.1007/s00253-012-4634-7
https://doi.org/10.1515/cclm-2020-1482
https://doi.org/10.3389/fmicb.2017.00231
https://doi.org/10.1101/pdb.prot5199
https://doi.org/10.1111/j.1751-7915.2008.00029.x
https://doi.org/10.3390/ijms21218329
https://doi.org/10.1038/s41588-019-0370-6
https://doi.org/10.1038/s41588-019-0370-6
https://doi.org/10.1016/j.jplph.2022.153642
https://doi.org/10.2144/000112601
https://doi.org/10.1023/A:1007420918645
https://doi.org/10.1016/j.jenvman.2022.114512
https://doi.org/10.1016/j.jenvman.2022.114512
https://doi.org/10.1046/j.1365-313X.1995.08030457.x
https://doi.org/10.1016/0888-7543(95)80010-J
https://doi.org/10.1073/pnas.2536670100
https://doi.org/10.1186/1746-4811-8-21
https://doi.org/10.1186/1746-4811-8-21
https://doi.org/10.1002/biot.201900228
https://doi.org/10.1038/nmeth733
https://doi.org/10.1016/j.sjbs.2021.06.027
https://doi.org/10.1038/s41580-021-00417-y
https://doi.org/10.1038/s41580-021-00417-y
https://doi.org/10.1073/pnas.1519220112
https://doi.org/10.1038/nmeth1103
https://doi.org/10.1080/10408398.2018.1496319
https://doi.org/10.1186/1759-8753-1-4
https://doi.org/10.1007/s11027-012-9393-3
https://doi.org/10.21769/BioProtoc.4003
https://doi.org/10.12211/2096-8280.2022-023
https://doi.org/10.1016/j.jgg.2019.05.002
https://doi.org/10.5109/10065
https://doi.org/10.1038/nrmicro3033
https://doi.org/10.1038/nrmicro3033
https://doi.org/10.1007/s10811-014-0498-9
https://doi.org/10.1016/j.talo.2021.100033
https://doi.org/10.1016/j.talo.2021.100033
https://doi.org/10.1128/AEM.02261-13
https://doi.org/10.1128/mBio.00306-15
https://doi.org/10.3969/j.issn.1674-7968.2009.06.023
https://doi.org/10.1016/j.apenergy.2011.09.044
https://doi.org/10.1105/tpc.114.124099

	Application of transposon insertion site sequencing method in the exploration of gene function in microalgae
	1. Introduction
	2. Enzymatic digestion
	2.1. Reverse PCR
	2.2. Plasmid rescue
	2.3. Specific enzymatic cleavage

	3. Multiple primer amplification method
	3.1. Thermal asymmetric interleaving PCR (TAIL PCR)
	3.2. Rapid amplification of cDNA ends (RACE)
	3.3. Linear amplification-mediated PCR (LAM-PCR)

	4. Transposon mutagenesis coupled with next-generation sequencing (Tn-Seq)
	5. Application of the transposon insertion site sequencing method in microalgae
	6. Conclusion and future perspective
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	﻿References

