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Abstract The glutathione S-transferases gene family plays an important regulatory role in growth and development, and responses
to environmental change. In this study, six complete GST genes (MpGST1, MpGST2, MpGST3, MpGST4, MpGSTS, and MpGST6)
were cloned from the gametophytes of brown alga Macrocystis pyrifera. Subsequent bioinformatics analysis showed that these six
genes encoded proteins with 202, 216, 288, 201, 205, and 201 aa, respectively. Moreover, MpGST3 differs from the other GST genes.
Phylogenetic analysis suggested that MpGST3 belongs to the Ure2p type GST. Domain analysis suggested that the other GSTs from
M. pyrifera belong to the soluble GST family and form an independent branch with the GSTs found in the other macroalgae, sug-
gesting that a new GST type was formed during macroalgal evolution. GST genes were upregulated in M. pyrifera when 2.5mgL"™"
Cu ions were added to the medium. Six GST genes were integrated into the genome of Synechococcus elongatus PCC 7942, and their
functions were verified by measuring light absorbance, photosynthetic pigment content, and photosynthetic parameters of the trans-
formed strains under 0.3 mgL " Cu ion stress. The results showed much higher levels of various parameters in the transformed strains
than in the wild strain. The transformed strains (with the MpGST genes) showed significantly enhanced resistance to Cu ion stress,
while the wild strain almost died. The results of this study lay a theoretical foundation for further research on the Cu ion stress resis-

tance function of GSTs in M. pyrifera.

Key words glutathione S-transferase genes; gene cloning; Cu ion stress; Macrocystis pyrifera; Synechococcus elongatus PCC 7942

1 Introduction

Brown algae are widely used in industry and agriculture
with an important economic value (Khan ez al., 2009; An-
drew et al., 2018). With their wide distribution, brown sea-
weeds are exposed to a variety of environmental conditions
and are capable of acclimating to a wide range of abiotic
and biotic factors (Wiencke and Bischof, 2012; Shukla and
Edwards, 2017). Most brown algae live in the intertidal and
subtidal regions with different environmental factors such
as salinity, temperature, and light (Hurd ef al., 2014). A lot
of researches have been conducted on the response of brown
algae to abiotic stress. Giant kelp Macrocystis pyrifera (La-
minariales) has a high biomass production because of its ra-
pid growth rate, large size and life-history strategy (Navar-
rete et al., 2021). It forms dense stands over shallow rocky
subtidal areas and underwater kelp beds (kelp forests), and
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determines the structure of the ecosystem (Bolton, 2010).
With the rapid development of industry and agriculture,
the heavy metal content in natural water exceeds the stan-
dard, resulting in increasingly severe pollution problems. A
certain concentration of heavy metals will not cause harm
to marine organisms, and some of them are essential nutri-
ents for algae growth and metabolism. But when their con-
centrations become too high, they can cause harm to algae,
and the degrees of the impact vary with different degrees of
pollution (Maxwell and Johnson, 2000; Jiang et al., 2003;
Plekhanov and Chemeris, 2003). The toxicity of heavy me-
tals to algae has become one of the key issues in pollution
ecology (Collén ef al., 2003). High concentrations of heavy
metals can harm diatoms by inhibiting growth, destroying
photosynthetic cells and mitochondria, causing oxidative da-
mage, and modifying gene expression (Stauber and Florence,
1989; Cid et al., 1995; Rijstenbil and Gerringa, 2002; Her-
zi et al., 2013). Copper has a dual role in plant metabolism.
It is an important component of oxidases (e.g., cytochrome
oxidase and amino oxidases), and participates in electron
transport chains, e.g., plastocyanin. But it is also highly to-
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xic to plants (Fernandes and Henriques, 1991). This duality
extends to reactive oxygen metabolism. Gill et al. (2011)
showed that excess Cu ion inhibited plant pigment synthe-
sis and photosynthesis.

Glutathione S-transferases (GSTs; EC 2.5.1.18) are ubi-
quitous in all organisms, and are multifunctional proteins en-
coded by a large gene family (Han ef al., 2018). Plant GSTs
are subdivided into 14 classes, based on their immunolo-
gical cross-reactivities, protein sequence similarities, gene
structures, substrate specificities, and conservation of spe-
cific residues. GSTs mainly detoxify xenobiotics by cata-
lyzing the conjugation of reduced glutathione (GSH) to an
extensive range of hydrophobic and electrophilic substrates
(Frova, 2003). In addition to their detoxification functions,
GSTs also play crucial roles in other physiological and de-
velopmental processes, including stress resistance, isomeri-
zation, secondary metabolism, signal transduction, as well
as protecting against UV radiation, oxidative damage, and
heavy metals (Sharma ef al., 2004; Dixon and Edwards,
2010; Edwards ef al., 2011). At present, there are many stu-
dies on the detoxification of heavy metals by GSTs, which
show that increased GST expression is basically consistent
with increases in metal tolerance, indicating that GSTs play
a role in improving the metal tolerance of plants (Darko
et al., 2004; Cangado et al., 2005; Dawood et al., 2012). For
example, activation of GSTs has been reported in response
to cadmium stress in Chlamydomonas sp. ICE-L (Ding et al.,
2005). The relative level of GST genes increased in response
to Cu ion stress and reached a maximum after three and five
days in the marine alga Ulva compressa that were cultivated
with 10 umol L™" Cu for 7d (Contreras-Porcia et al., 2011).

To study the functions of proteins in macroalgae, it is im-
portant to develop a stable genetic transformation operat-
ing system. The target proteins can be expressed in such sys-
tem for further analyses. The aim of this study was to clone
the GST genes from M. pyrifera and construct them into the
expression vector of Synechococcus elongatus PCC 7942
and integrate them into the genome of S. elongatus PCC
7942 to investigate the function of GSTs in M. pyrifera un-
der Cu ion stress. This study provides a theoretical basis for
understanding the effect of GST genes on Cu ion stress in
M. pyrifera.

2 Materials and Methods

2.1 M. pyrifera and S. elongatus PCC 7942 Strains
and Culture Conditions

The gametophyte of M. pyrifera was provided from Yel-
low Sea Fisheries Research Institute, Chinese Academy of
Fishery Sciences in Qingdao, China. All samples were rinsed
with filtered seawater to remove visible epiphytic foreign
matter. Then the samples were cultivated in sterile secawa-
ter at 10°C for 24 h.

S. elongatus PCC 7942 was obtained from the GeneArt™
Synechococcus Protein Expression Kit (Thermo Fisher Sci-
entific, Waltham, USA), and cultivated in Erlenmeyer flasks
containing 100mL of Blue-Green (BG11) Medium. The al-
gae were cultured in a constant temperature incubator at
25°C +2°C under 100 pmol photonsm s " for 7 days.
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2.2 RNA Isolation and cDNA Synthesis

A 100mg sample of cultured M. pyrifera gametophyte
was blotted dry and then frozen and ground with liquid ni-
trogen. The total RNA was extracted using an E.Z.N.A. Plant
RNA Kit (Omega, GA, USA). The RNA integrity and pu-
rity were tested using 2% agarose gel electrophoresis and a
Nanodrop 2000 (Thermo Fisher Scientific, Walthma, USA).

The total RNA was reverse transcribed with an Evo M-
MLV Plus 1st Strand cDNA Synthesis Kit (Accurate Bio-
technology, Hunan, China) from an anchored oligo-dT pri-
mer, using the standard methods.

2.3 Cloning of GST cDNA from M. pyrifera

According to transcriptome sequence of M. pyrifera (Ac-
cession number CNP0001061 in China National GenBank),
gene-specific primers (Table 1) were designed and made by
Ruibo, China, containing enzyme cutting sites at both ends
for construction of expression vector. GST genes were am-
plified using 2 x Pro Tag Master Mix (dye plus) (Accurate
Biotechnology, Hunan, China). The PCR reaction condi-
tions are as follows: 94°C for 30s; and then 30 cycles of
98°C for 10s, 62°C for 30s, and 72°C for 1 min; and final-
ly, 72°C for 2 min. The PCR products were sequenced.

2.4 Sequencing and Phylogenetic Analysis

Gene structure analysis was carried out using the Gene
Structure Display Server (GSDS) software (Hu et al., 2014).
Genetic physical and chemical properties were analyzed us-
ing the online program ProtParam (https://web.expasy.org/
protparam/). The functional sites and domains of the de-
duced amino acid sequences were predicted using the online
NCBI program CDD (http://www.ncbi.nlm.nih.gov/Struc-
ture/cdd/wrpsb.cgi). MEGA-X was used to construct a phy-
logenetic tree (Kumar ef al., 2018).

2.5 Quantification of Gene Expression Using qPCR

qPCR primers (Table 1) were designed based on the iden-
tified sequences. Tublin primers named Tub2 (Table 1) were
used to amplify a fragment of the tublin as an internal re-
ference gene. For the qPCR analysis, five shoots of M. py-
rifera were incubated in 500mL of 0.2 pm-filtered seawa-
ter without adding copper, or with 2.5mgL™" of CuSO, for
3, 6, 12 and 24 h. All experiments were conducted in tripli-
cate. Then samples were rinsed with 100 mmol L ™" Tris-
HCI-10mmol L' EDTA, blotted dry, weighed, and frozen
in liquid nitrogen. The total RNA and cDNA of the treat-
ed samples were obtained as described above.

Expression of GST genes were detected by qPCR using
the Step One Plus™ Real-Time PCR System (Applied Bio-
systems, USA). qPCR reactions were performed using a
SYBR Green Premix Pro 7aqg HS qPCR Kit II (Accurate
Biotechnology, Hunan, China), and the reaction (qPCR)
was conducted as follows: 95°C for 305s; then 40 cycles of
95°C for 5s and 60°C for 30s. Fragments amplified by
qPCR were detected by fluorescence using the SYBR Green
I included in the qPCR Kit. Samples were averaged, nor-
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Table 1 Primer sequences used in this study

Primers name Sequence (5°-37) PCR objective
G1-F CCCAAGCTTATGGCTCCCGTGTT Gene cloning (HindIII)
G1-R CGCGGATCCGGCCTCGAAGCGTA Gene cloning (BamHI)
G2-F CCGGAATTCATGGCTTCCACCA Gene cloning (EcoRI)
G2-R CGGGGTACCCTTGGTGCTGAT Gene cloning (Kpnl)
G3-F CCGGAATTCATGCCGATTCGGT Gene cloning (EcoRI)
G3-R CGGGGTACCGGAGCTGTAGTTC Gene cloning (Kpnl)
G4-F CCGGAATTCATGGCCCCCGTATT Gene cloning (EcoRI)
G4-R CGGGGTACCGGCCTTGGAAGCGTA Gene cloning (Kpnl)
G5-F CCCAAGCTTATGAGCCCCAAGCTT Gene cloning (HindIII)
G5-R CGCGGATCCTGCCCTCGACTCCA Gene cloning (BamHI)
G6-F CCGGAATTCATGGCTCCCGTATT Gene cloning (EcoRI)
G6-R CGGGGTACCCTAGGCCTTGGATG Gene cloning (Kpnl)
MpGST1-F GTTCATCAACATCTTCTCCA Real-time PCR
MpGST1-R CTTCCTAGCAACGTCCTC Real-time PCR
MpGST2-F CGGTGACAGCCACATGAA Real-time PCR
MpGST2-R CCAACCAAGTGGGAAGGA Real-time PCR
MpGST3-F CAGTTCGGTCACTTTACA Real-time PCR
MpGST3-R GGTAGCTTTTTCTCTCCA Real-time PCR
MpGST4-F TTCGCCACTGTCCAAACC Real-time PCR
MpGST4-R AAGCGTAGTACGCCTTCACC Real-time PCR
MpGST5-F CCCTACGAAAAAGATGGAAA Real-time PCR
MpGST5-R AGATGTCGCCAATGGAGA Real-time PCR
MpGST6-F ACGTACCCGGAAAGCCCTCT Real-time PCR
MpGST6-R GCCTCGTCCTTCTCTCCCAT Real-time PCR
Tub2-F ATCCAGGAGGTTTGGAAG Real-time PCR
Tub2-R ACTCGGAGACAAGGTCGT Real-time PCR

Note: The restriction endonuclease action sites are underlined.

malized using the AACT method, and the mean value of the
control was subtracted from mean treated values to deter-
mine the fold of change in the treated samples. The rela-
tive transcript levels were expressed as 2 **“T (Livak and
Schmittgen, 2001). Data were averaged over three indepen-
dent replications.

2.6 Heterologous Expression of the MpGST Genes
in S. elongatus PCC 7942

To investigate the function of the MpGSTs, recombinant
expression vector containing MpGST1-MpGST6 were con-
structed and transformed into S. elongatus PCC 7942 cells
according to the manufacturer’s instructions about Gene-
Art™ Synechococcus Protein Expression Kit (Thermo Fish-
er Scientific, Walthma, USA). pSyn_6 vector was used in
this study, and the process of heterologous expression of the
MpGST genes in S. elongatus PCC 7942 is shown in Fig.1.
The transformed strains containing MpGST1—-MpGST6 were
named MG1-MG®6, respectively.

The genomic DNA of the transformed strain was extract-
ed using an E.Z.N.A. HP Plant DNA Kit (Omega, GA,
USA). Specific primers (Table 1) were added with geno-
mic DNA as a template to amplify the target genes using
2 xPro Tag Master Mix (dye plus) (Accurate Biotechnol-
ogy, Hunan, China). The PCR products were then sequenced
for verification.

2.7 Determination of Enzyme Activity of the
Transformed Strains

Stable culture for six days, the GST activity of the tran-

sformed strains was analyzed using a GST test kit (Comin,
Suzhou, China). To monitor non-specific binding of the sub-
strates, a complete assay mixture without the enzyme ex-
tract was used as a control. The GST activity was express-
ed per 10000 cells of sample.

Enzyme I Enzyme Il
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4{,,/6

Construction
of pSyn_6_MpGST
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E. coli receptive cell £ Activati
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Fig.1 Process of heterologous expression of MpGSTs in S.
elongatus PCC 7942.
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2.8 Changes in the Physiological Indexes of the
Transformed Strains Under Cu Ion Stress

The wild and transformed strains were cultured with
BG11 medium to logarithmic stages, and all samples were
diluted, until the OD75, was 0.01. A CuSO,4-5H,0 solution
was added until the concentration of Cu ions in each sam-
ple was 0.3mgL™". An equal amount of the treated algal so-
lution was added to a multi-well plate (including a control
sample without added Cu ions) and all experimental treat-
ments were carried out in triplicate. The algae were cul-
tured in a constant temperature incubator at 25°C £2°C un-
der 100 umol photonsm s '. As soon as obvious growth dif-
ferences were observed, the growth, pigment, and fluore-
scence parameters of the algae under Cu ion stress were de-
termined to verify the function of the GST genes in M. py-
rifera.

The algae fluid were transferred to 150 mL Erlenmeyer
flasks which were sterilized for 20min at 121°C. The pre-
vious stress treatments were repeated, then the algae were
cultured in a constant temperature incubator at 25°C £2°C
under 75 pmol photonsm s ', The growth of algae was
determined using a UV spectrophotometer to calculate the
changes in algal cells at regular time intervals (2, 4, 6, 8,
10 and 12d) during cultivation. The pigment was extract-
ed from the algal liquid culture following the method men-
tioned by Xiao et al. (2008) and Wang et al. (2020) on the
6th day, and the contents of chlorophyll a and carotenoid
were calculated following Lichtenthaler and Buschmann
(2001). The maximum quantum yield of PS II (Fv/Fm) was
measured using a Maxi-Imaging-PAM (Walz, Effeltrich,
Germany). The treatment of algal solutions and parameter
evaluation before chlorophyll a fluorescence measurement
were performed following Zhang et al. (2021). The calcu-
lation of the maximum quantum yield (¥v/Fm) followed
the menthod of Genty ef al. (1989). All the experiments were
conducted in triplicate.

2.9 Statistical Analysis

The Spearman rank method was used to analyze the cor-

relation coefficients among the treatment replicates (Hauke
and Kossowski, 2011). One-way analysis of variance (ANO-
VA) and two-way AVOVA were used to detect significance
of difference in the responses between the experimental
treatments and the controls. R (3.5.3) and Adobe Illustra-
tor CS6 were used to draw and modify the graphics. Dif-
ferences between mean values were considered to be sig-
nificant at a probability of P<0.05 (Zar, 1999).

3 Results

3.1 Cloning of the GST Genes from M. pyrifera

Six GST cDNAs were synthesized from M. pyrifera us-
ing PCR. The detection results of agarose gel electropho-
resis are shown in Fig.2. The results showed that the sizes
of the other five gene segments were about 700bp. MpGST3
was about 800 bp long, roughly the same size as the target
gene.

MpGST1 MpGST2 MpGST3 MpGST4 MpGSTS MpGST6 M

bp
2000
1000
750
500
250
100

Fig.2 PCR amplification of the GST genes of Macrocystis
pyrifera. DL2000 DNA Marker (M).

3.2 Bioinformatics Analysis of MpGST

Based on the cDNA sequences and the genome sequence
of M. pyrifera, the structures of the six MpGSTs were ana-
lyzed and showed obvious difference (Table 2, Fig.3). The
basic physical and chemical properties of the proteins en-
coded by the GST genes of M. pyrifera were analyzed us-
ing the online software Prot Param. The specific results are
shown in Table 3. Analysis of the PI values showed that
all of the proteins were acidic, except for MpGST3. The un-
stable coefficients were lower than 40, except for MpGSTS5,

Table 2 Macrocystis pyrifera GST gene sequence information

Gene name  Gene length (bp) CDS (bp) Number of coded amino acids Number of exons  Number of introns
MpGST1 4790 609 202 5 4
MpGST2 5420 651 216 6 5
MpGST3 8373 867 288 7 6
MpGST4 5711 606 201 5 4
MpGSTS 7509 618 205 6 5
MpGST6 4449 606 201 5 4
MpGST1
MpGST2 —_
MpGST3
MpGST4
MpGSTS
MpGST6 —_—
5% : : ; i f . : . 37
0kb 1 kb 2kb 3kb 4kb 5kb 6kb Tkb 8kb
Exon — Intron

Fig.3 Structures of the Macrocystis pyrifera GST genes.
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Table 3 Physical and chemical properties of proteins encoded by Macrocystis pyrifera GST genes

MpGSTl  MpGST2 MpGST3 MpGST4  MpGST5  MpGST6

Atomic composition CogsHis61N247 CirosiHis63Nass Cia27H2208N372 CogoHisss Naas  Croz2HisasNas2  CorsHisarNoar
0301812 O308Ss 0413513 0293513 0294814 0291512
Total number of atoms 3107 3296 4453 3084 3238 3075
Molecular weight 22076.44 23155.68 31620.41 21872.36 22866.76 21806.24
PI 4.71 5.34 8.2 5.14 5.45 5.46
Instability index 32.98 3591 32.25 27.37 42.89 30.87
Grand average of hydropathicity 0.149 —-0.020 —0.166 0.127 -0.011 0.085
Total number of negatively charged residues 32 27 31 26 25 26
Total number of positively charged residues 20 23 33 21 21 22
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Fig.4 Functional domain analysis of Macrocystis pyrifera GST genes encoding proteins.
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indicating that MpGST1, MpGST2, MpGST3, MpGST4
and MpGST6 were stable proteins while MpGSTS was un-
stable. A grand average of hydropathicity greater than zero
indicates hydrophobic, and a value less than zero indicates
hydrophilic. The results showed that MpGST1, MpGST4
and MpGST6 were hydrophobic proteins and MpGST?2,
MpGST3 and MpGSTS5 were hydrophilic proteins.

CDD program in NCBI website was used to analyze the
conserved domain of the protein sequences encoded by the
genes (Fig.4). The results showed that proteins MpGST]1,
MpGST2, MpGST4, MpGST5 and MpGST6 all had N-ter-
minal domains and C-terminal domains (Fig.4). N-termi-
nal domain indicated the Thioredoxin-like superfamily, and
a C-terminal domain was unique to the GST family. The
C-terminal domain belongs to the S-transferase family, and
had a structure typical of soluble glutathione transferase.
Therefore, it can be inferred that MpGST1, MpGST2,
MpGST4, MpGST5 and MpGST6 are soluble glutathione
transferases. Different from other MpGSTs, GST3 only con-
tained conserved C-terminal domain of typical GST proteins

z

(Fig.4).

A maximum likelihood phylogenetic tree was construct-
ed using the complete amino acid sequences of 30 GSTs
from different plant, fungal and bacterial phyla (Fig.5). The
tree topology could be separated into three distinct bran-
ches or clades; angiosperms other than Arabidopsis and dia-
toms formed a separate branch, which we employed as out-
groups. MpGST3 was more distant from the other MpGSTs
and was located on a different branch. MpGST?3 had a clo-
ser relationship to the putative GST of Ectocarpus silicu-
losus. The two MpGSTs clustered in a large clade with the
GSTs of microalgae other than diatoms, Arabidopsis, fun-
gi, and bacteria, and were more distantly related to the
other GSTs of brown algae. The function of the putative
GST has been previously confirmed and it relates to the
Ure2p GST (Cock et al., 2012). Therefore, MpGST3 be-
longs to the Ure2p GST. The other GSTs of M. pyrifera were
clustered in a branch with the GST of brown and red algae,
of which MpGST2 was closely related to MpGSTS5, and
MpGST1, MpGST4 and MpGST6 formed a separate, close-

Phacophyta

B Rhodophyta

B Cyanobacteria

B Chlorophyta
Xanthophyta
Bacillariophyta

W Pyrrophyta

& Arabidopsis thaliana
Bacteria
Fungi

Angiospermae

Fig.5 Phylogenetic analysis of the GST proteins. The accession numbers of each sequence are: Leptospira noguchii GST
(WP_017215544.1), Conidiobolus coronatus NRRL 28638 GST (KXN73131.1), Hesseltinella vesiculosa GST (ORXS
9701.1), Ananas comosus GST3 (XP_020103828.1), Populus trichocarpa GST3 (XP_024444492.1), Zostera marina
GST3 (KMZ69059.1), Arabidopsis thaliana GST.Phi (AAG30138.1), Arabidopsis thaliana GST.Taul (AAG30142.1),
Arabidopsis thaliana GST.Tau2 (AAG30137.1), Arabidopsis thaliana GST10.Theta (CAA10457.1), Arabidopsis thaliana
GST.Zetal (CAC19475.1), Coccomyxa sp. PA GST (AAC50036.1), Coccomyxa subellipsoidea C-169 GST1 (XP_0056
51120.1), Coccomyxa subellipsoidea C-169 GST2 (XP_005643582.1), Chlamydomonas sp. ICE-L GST (ADR30774.1),
Micromonas pusilla CCMP1545 GST (XP_003060564.1), Auxenochlorella protothecoides GST3 (XP_011399061.1), Ther-
mosynechococcus elongatus GST (WP_011056062.1), Oscillatoria sp. PCC 6506 GST (ZP_07108721.1), Synechococcus
sp. CC9311 GST (WP_011619092.1), Synechococcus elongatus GST (WP_208677365.1), Chondrus crispus GST (XP_00
5715739.1), Pyrocystis lunula GST (AAN85429.1), Thalassiosira pseudonana CCMP1335 GST (XP_002288074.1), Tri-
bonema minus GST (KAG5191659.1), Laminaria digitata GST4 (ABR09274.1), Laminaria digitata GST2 (ABR092
72.1), Laminaria digitata GST1 (ABR09271.1), Ectocarpus siliculosus GST (CBJ33801.1), Ectocarpus siliculosus PGST
(CBJ48800.1). The maximum likelihood tree was constructed using Mega-X software. A bootstrap analysis of 1000 rep-
lications were performed on the tree. Different species have been labeled accordingly. MpGSTs have all been marked
with pentagons.
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ly related group. MpGST1, MpGST2, MpGST4, MpGST5
and MpGST6 had higher species conservation, were more
distant from the different types of GST found in Arabidop-
sis thaliana, and may form a GST type specific to large al-
gae. Considering the information in supplementary mate-
rials in Fig.4, MpGST1, MpGST2, MpGST4, MpGSTS5, and
MpGST6 were soluble glutathione transferases, and MpGST3
differed from them, indicating that different algal families
may have evolved in different directions.

3.3 Quantitative Expression of MpGSTs Under Cu
Ion Stress

gPCR was used to explore the expression patterns of the
GST genes in M. pyrifera under Cuion stress. Increased
GST genes expression was observed following Cu ion stress
treatment for 3h, 6h, 12h, 24h (Fig.6). As shown in Fig.6,
the relative expression of MpGST3 was the highest and
peaked after 12h, while the relative expressions of MpGST1
and MpGST4 were low. Between 6h and 12h, the relative
expression of GST genes showed an overall upward trend,
but after 12h, the expression levels began to decline and
MpGST1 and MpGST4 fell below the control level (Fig.5).

24

[ MpGSTI
22 I MpGST2
20 EER MpGST3
1l EEB MpGST4

W MpGSTS
161 =39 MpGST6
14F

Relative expression of gene

6 12 24
Time (h)
Fig.6 Relative expression of the GST genes under copper

stress. The error bars indicate standard deviations (SD), n
=3. The same was below.

3.4 Measurement of GST Enzyme Activity in
Transformed Strains

S. elongatus PCC 7942 was selected to verify gene func-
tion. The GST enzyme activities of wild and transformed
strains growing to the logarithmic phase were measured si-
multaneously as shown in Fig.7. Except for MG6 strain,
the enzyme activities of the other transformed strains were
significantly different from those of the wild strains (P<
0.05), while MG6 showed a slight uptick (P>0.05). The
increased enzyme activity of the transformed strain further
confirmed the success of the GST genes’ heterologous ex-
pression, thus, providing a theoretical basis for the subse-
quent detection of physiological indicators.

3.5 Analysis of Physiological Indexes of Transformed
Strains Under Cu Ion Stress

After several days of culture, all of the transformed strains

0.004

0.003

0.002

0.001

GST activity (U (104 cell) ")

0

CK MGl MG2Z MG3 MG4 MGS MG6

Fig.7 GST activity of genetically modified Synechococcus
elongatus PCC 7942. Bar of each column with different
small letters mean significant difference (P<0.05).

of S. elongatus PCC 7942 grew normally under Cu ion stress,
while the wild strains could not (Fig.8). This proved the
ability of the M. pyrifera GST genes to ameliorate the ad-
verse effects of Cu ions to S. elongatus PCC 7942. To fur-
ther verify the tolerance to Cu ion of the M. pyrifera with
transformed GST genes, growth, photosynthetic pigments,
photosynthetic parameters, and other physiological indica-
tors were selected for further analyses.

OCK
MG4

OMGI OMG2 [OMG3
MG5 [IMG6

No sample

Fig.8 Preliminary multi-well plate experiment on wild-type
and GSTs-transformed Synechococcus elongatus PCC 7942
under Cu ion stress. (a) algae cultured with general condi-
tion. (b) algae cultured with 0.3 mgL ™" CuSO4.

3.6 Analysis of Light Absorbance Values Under Cu
Ion Stress

In this study, the light absorbance values of all of the
transgenic algae except CK increased with time, and the
growth rate generally increased after 6d, while the light ab-
sorbance values of CK remained unchanged (Fig.9). MG3
strain grew best, while MG1 and MG4 grew slowly. This
was consistent with the expression of the GST genes in M.
pyrifera under Cu ion stress (Fig.9), and also with the high-
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er enzyme activity of MG3 (Fig.7). Although MG1 had the
highest enzyme activity, other physiological indicators of
MG1 were not the best, which may be related to the dif-
ferent mechanism of action of each GST enzyme. These re-
sults indicated that Cu ions were highly toxic to wild strains,
while the GST-transformed strains can resist with the to-
xicity and the toxicity to GST-transformed strains was not
affected by exposure time.

- CK

—o— MG1
—— MG2
—A— MG3
—v— MG4
—— MGS5
—— MG6

0.40F

0.35F
[1.3{};
[].25:
0.20F

0.15F

Absorbance (750 nm)

0.10F

0.05+

6 8 10 12
Time (h)

Fig.9 Growth curves of wild-type and GST-transformed
Synechococcus elongatus PCC 7942 under copper stress.

3.7 Analysis of Pigment Content Under Cu Ion Stress

Chlorophyll is the main photosynthetic pigment. Any de-
struction or degradation of chlorophyll leads directly to a
reduction in photosynthetic efficiency. Fig.9 shows the
changes in the chlorophyll a (Chla) content of wild and trans-
formed strains on the 6th day with normal culture and Cu
ion stress treatment. The Chla content of all strains de-
creased after Cu ion treatment, most obviously in CK (P
<0.05). No Chla content could be detected in CK group
and the wild algae were judged as dead. However, there
was little difference in the Chla content of MG1, MG2 and
MG4 strain before and after treatment (Fig.10, P>0.05),
which was consistent with their higher light absorbance va-
lues on the 6th day (Fig.9), and also with their higher en-
zyme activity (Fig.7). The Chla content of MG2 in the trans-
formed strains was the highest, but it was significantly low-
er than that of the wild strain. This may be because the GST-
transformed strains obtained exogenous genes and affect-
ed intracellular metabolism. The specific reasons need to
be verified by further experiments. All of the transformed
strains had at least some Chla after Cu ion treatment, which
further verified the Cu ion stress resistance properties of the
GST genes in M. pyrifera.

Carotenoids (Car) are lipid soluble and act as antioxidants
and membrane stabilizers in in addition to their role in light
capture (Havaux et al., 1998). Fig.10 shows the changes in
Car content of wild and GST-transformed strains on the 6th
day of normal culture and Cu ion stress treatment. As shown
in Fig.10, the Car content of most strains decreased after
Cu ion treatment, most obviously in CK (Fig.11, P<0.05),
with a Car content of 0 and algae judged as dead. This was
consistent with previous measurements of growth indica-

a) Springer

tors (Fig.9) and Chla content (Fig.10). However, the Car
content of MG4 strain was slightly up-regulated under Cu
ion treatment (Fig.11, P<0.05).

Il Control
1 Cu stress

1.OF 7

#*

0.5H

Chla content (ugmL™")

0

Ck MGI  MG2Z MG3 MG4  MGS MG6

Fig.10 Chlorophyll a content of wild-type and GST-trans-
formed Synechococcus elongatus PCC 7942 under copper
stress. There was a significant difference between the two
groups with asterisks (P<0.05).

I Control
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0.3
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0.1F

0

MG6

Ck MGl MG2 MG3 MG4  MGS

Fig.11 Carotenoid content of wild-type and GST-transform-
ed Synechococcus elongatus PCC 7942 under copper stress.
There was a significant difference between the two groups
with asterisks (P<0.05).

3.8 Analysis of Photosynthetic Parameters Under
Cu Ion Stress

The chlorophyll fluorescence parameter is an important
index that reflects the photosynthetic activity of microal-
gae, and Fv/Fm represents the maximum quantum yield
of PS II (Zhang et al., 2021). Fig.11 shows the changes in
Fv/Fm of wild and GST-transformed strains on the 6th day
of normal culture and Cu ion stress treatment. As shown
in Fig.11, the Fv/Fm of strains decreased after Cu ion treat-
ment, most obviously in CK group (Fig.12, P<0.05), with
an Fv/Fm of 0 and algae were judged as dead. This was
consistent with previous measurements of growth indica-
tors (Fig.9) and pigment content (Figs.10 and 11). In addi-
tion, the Fv/Fm of MG2 strain showed the same results as
the chlorophyll a content, with little difference before and
after Cu ion stress, and better growth (Fig.11, P>0.05). The
photosynthetic parameters were highly consistent with the
photosynthetic pigment results.
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Fig.12 The maximum quantum yield (Fv/Fm) of wild-type
and GST-transformed Synechococcus elongatus PCC 7942
under copper stress. There was a significant difference be-
tween the two groups with asterisks (P<0.05).

4 Discussion

Superimposed on the natural abiotic oscillations associ-
ated with the tidal cycles, seaweeds areexposed to various
stresses, particularly those resulting from human industrial,
urban, and agricultural activities, and their associated waste
discharges (Contreras et al., 2010). Metal pollutants induce
the production of ROS and cause an imbalance in the cel-
lular oxidative status of cells (Rijstenbil ef al., 1994; Oka-
moto et al., 1996). Copper is important in the reactive oxy-
gen scavenging system, as a part of CuZn-SOD, but can al-
so cause oxidative stress through increased production of
reactive oxygen through its toxic effects on photosynthesis.
Copper is a micronutrient for plants and animals, and exists
naturally in coastal seawater with a concentration of 1 pgL™
or less (Smith et al., 1985; Batley, 1995; Apte and Day,
1998). It becomes toxic at higher concentrations. A protec-
tive enzyme system is formed by Glutathione S-transfer-
ases, super oxide dismutase (SOD), catalase (CAT), peroxi-
dase (POD), etc., which can effectively remove reactive oxy-
gen species and other free radicals in plants and eliminate
harmful metabolites in cells, so as to protect plants from
the injury caused by Cu ions. GSTs belong to a large gene
family. They play an important regulatory role in growth
and development, and respond to environmental changes
(Wagner et al., 2002). Therefore, studying GSTs can help
clarify the molecular mechanisms of growth and resistance
to stress, and has practical significance for improving the
survival of plants under stress conditions.

The types of plant GST genes include tau (U), phi (F),
lambda (L), theta (T), and zeta (Z) GSTs, as well as the de-
hydroascorbate reductases (DHARS), tetrachlorohydroqui-
none dehalogenases (TCHQDs), g-subunits of the eukaryo-
tic translation elongation factor 1B (EF1Bg), Ure2p, and
microsomal prostaglandin E synthases type2 (mPGES-2).
The 14 classes of GST also include recently identified class-
es such as hemerythrin (H), iota (I) GSTs, and glutathionyl-
hydroquinone reductases (GHRs) (Lan et al., 2009; Liu
et al.,2013; Yang et al., 2014a, 2014b; Liu et al., 2015; Nia-
niou-Obeidat et al., 2017). In this study, six GST genes
were successfully cloned from M. pyrifera. In order to fur-
ther study the obtained gene sequences, the physicoche-

mical properties and domains of amino acids were ana-
lyzed and predicted using bioinformatics methods. The re-
sults showed that MpGST1, MpGST2, MpGST4, MpGST5
and MpGST6 were acidic proteins. They contain C-termi-
nal and N-terminal domains which are unique to soluble
GSTs (Perrot et al., 2014), which indicate that they belong
to the soluble GST family. MpGST3 is a special basic pro-
tein with a larger protein size than plant GST proteins in ge-
neral, and only contains a C-terminal domain. Phylogene-
tic analysis has shown that MpGST3 is distantly related to
other MpGSTs and has confirmed that the closest putative
GST from Ectocarpus siliculosus is the Ure2p GST. The
Ure2p-type GST gene is the main GST in bacteria and fun-
guses. Liu ef al. (2013) speculated that the Ure2p-type GST
gene may have moved from bacteria to plants. It can be in-
ferred that MpGST3 is the Ure2p GST gene, based on the
aggregation of fungal and bacterial GSTs on this branch.
However, MpGST1, MpGST2, MpGST4, MpGSTS5, and
MpGST®6 cluster together with other brown macroalgae, and
the relationship with different types of GST from Arabidop-
sis is far away, suggesting that the macroalgae themselves
evolved a new type of GST.

Studies have shown that the GST gene family is involved
in the response to heavy metal stress in most plants. After
a treatment with 50 umol L ™" Cd for 7d, the GST activity of
rice roots increased significantly (Zhang et al., 2013). In
this study, after 24 h of Cu ion treatment, the expression
level of the GST genes of M. pyrifera increased significant-
ly, especially MpGST3, after an initial downward trend at
12h. It is possible that GST genes showing a short-lasting
expression are part of the acclimation mechanism of M. py-
rifera to buffer acute copper excess. The relative level of
GST genes increased briefly in response to Cu ion stress in
the marine alga U. compressa cultivated with 10 pmol L™
Cu ion (Contreras-Porcia et al., 2011), which is in agreement
with this study.

So far, there is no precedent for successful gene transfor-
mation in M. pyrifera. Because S. elongatus PCC 7942 is
easy to culture, has a small genome size, and is easily gene-
tically manipulated by natural transformation or conjuga-
tion with E. coli, it is a good protein expression system for
studying prokaryotic circadian rhythms, nutrient regulation,
environmental responses, and lipid metabolism (Min and
Golden, 2000; Atsumi et al., 2009; Ducat et al., 2011; Sim-
kovsky et al., 2012; Taniguchi et al., 2012). In this study,
S. elongatus 7942 was selected to verify the GST genes of
M. pyrifera. Different concentrations of metal ions have dif-
ferent effects on the growth of algae. When the marine
microalgae Dunaliella tertiolecta and Tetraselmis suesica
were treated with different concentrations of ZnO, the al-
gae died when ZnO concentration was higher than 81 mgL™"
(Aravantinou et al., 2015). In this study, pre-experiments
found that 0.3mgL™" of Cu ion can kill wild S. elongatus
PCC 7942 but allow transformed strains to grow normally.
Increases in GST activity in algae are usually accompanied
by differences in the growth curve under heavy metal stress.
Chlamydomonas sp. ICE-L in the Antarctic ice was sub-
jected to different degrees of cadmium stress, resulting in
increased GST activity accompanied by a change in the
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growth curve (Ding ef al., 2005). In this study, GST en-
zyme activity and 12-day OD-5, were measured to test the
tolerance of the GST-transformed strains to Cu ions. The
results showed that the GST enzyme activities of the trans-
formed strain were higher than those of the wild strains,
which also explained why the growth of the wild strains
was almost unchanged after Cu ion treatment, while the
growth of the transformed strains showed an upward trend.
Among them, MG3 strain showed the best growth, which
corresponded to its expression level. We supposed that this
was related to the difference between MpGST3 and the
other MpGSTs. The growth rate of the light absorbance va-
lue generally increased after 6d, and also formed a part of
the acclimation mechanism of M. pyrifera to buffer acute
copper excess.

Heavy metals are believed to affect the photosynthetic
pigment content of algae in the following ways. Low heavy
metal concentrations can promote an increase in pigment
content, while high concentrations can inhibit the synthe-
sis of chlorophyll, leading to decreased chlorophyll content
and reduced photosynthetic efficiency (Brown and New-
man, 2003). Chlorophyll forms the basis for photosynthesis
in photo-organisms. When plants are under stress, various
physiological processes are affected, directly or indirectly
affecting the chlorophyll content (Li ef al., 2008). Appro-
priate amounts of Cu ions contribute to the formation and
stability of chlorophyll in plants, but high concentrations of
Cu ions disrupt cellular metabolism and cause serious to-
xic effects (Zhang et al., 2009). Phytoplankton in the tro-
pical freshwater Godavari River, India were subjected to
Cu ion treatment. The results showed that the phytoplank-
ton chlorophyll content increased with increasing Cu ion
concentration, and then began to decrease when the con-
centration reached 1x 10 °molL™" (Chakraborty et al., 2010).
In our study, the chlorophyll a content of transformed strains
and wild strains under normal culture condition and with
Cu ion stress treatment were measured on the 6th day. It
was found that the Chla content of the wild strain differed
significantly before and after the treatment, while nearly all
of the treated S. elongatus PCC 7942 died. The other strains
grew normally, which was consistent with the growth curve.
High Cu ion concentrations can inhibit cell defense func-
tion, which can destroy H,0,, leading to the production of
free radicals and oxidative destruction of membrane lipids
(Sandmann and Boger, 1980). Cu ions may react with sul-
phydryl groups to lower intracellular thiol concentrations,
or they may interfere with electron transport. Therefore, the
detrimental effects of Cuion may cause changes in enzyme
activity and kill cyanobacteria in algae (Chakraborty ef al.,
2010). Carotenoids are one of the most important light-cap-
ture pigments, and they can also be used as antioxidant and
membrane stabilizer. In this study, the Car content was al-
so determined, and the results were basically consistent with
those for Chla. In particular, the Car content of MG4 strain
increased slightly after Cu ion stress, indicating that Car
antioxidant activity increased under Cu ion stress. Collén
et al. (2003) also found this phenomenon in a study of the
changes in Car content of the red macroalga Gracilaria te-
nuistipitata under Cu ion stress.

a) Springer

Chlorophyll fluorescence analysis is a new technique for
in vivo examination and diagnosis of plants. Based on pho-
tosynthetic processes, chlorophyll is used as a natural pro-
be to study and detect the physiological status of photo-
synthesis in plants and the subtle effects of various exter-
nal factors (Liang et al., 2007). Chlorophyll fluorescence
parameters are closely related to photosynthesis and are true
indicators of the effects of stress on plant photosynthesis
(Feng, 2006). Under Cu ion stress, increasing ion concen-
tration can significantly lead to decreasing fluorescence am-
plitude and increasing stress time in Chaetocerosgracilis
spp. (Liang et al., 2008). When algae were subjected to Cu
ion stress, Fv/Fm decreased gradually with increasing Cu
ion concentration, indicating that heavy metal stress inhi-
bited photosynthesis in algae, and that some functional PSII
reaction centers became non-functional and ceased chemi-
cal activity. In this study, the Fv/Fm of transformed and
wild strains before and after Cu ion stress were measured
at the same time on the 6th day, and the results were com-
pletely consistent with the results of chlorophyll a determi-
nation. Under Cu ion stress, the wild strains showed no fluo-
rescence, while the transformed strains showed fluorescence
after treatment, further verifying the tolerance-promoting
functions of GST to Cu ions in M. pyrifera.

However, differences in the physiological indexes of dif-
ferent genes before and after stress may be related to their
specific mechanisms of action, and this requires further
study.

5 Conclusions

In this study, we obtained six GST gene sequences from M.
pyrifera. Bioinformatics analysis showed that the MpGST3
was more distant from other MpGSTs and might be the
Ure2p type GST. Other GST from M. pyrifera clustered into
a single branch with the GSTs from other brown macroal-
gae. We therefore hypothesize that brown macroalgae
evolved a new GST type. Quantitative analysis showed that
the expression levels of GST genes from M. pyrifera were
up-regulated and that MpGST3 was at its highest under Cu
ion stress. The functions of the MpGSTs were verified in
S. elongatus PCC 7942. The results showed that MpGSTs
increased the tolerance of S. elongatus PCC 7942 to Cu
ion stress. Our study furthers our knowledge of the func-
tions of the GSTs in M. pyrifera, and it laid a theoretical
foundation for the cultivation of algal tolerant strains un-
der copper pollution in the future.
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