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ABSTRACT

Background: Ferredoxin 1 (Fd1) is the main electron donor to hydrogenase (HydA) for generating molec-
ular hydrogen (H,) in green microalgae. In order to obtain an increased H, production, the Fd1 of
Chlamydomonas reinhardtii (CrFd1, encoded by crfd1) was therefore overexpressed in Chlorella sp. DT
(DT) in this study.

Results: The coding region of crfd1 was constructed into the p121-crfd1 plasmid, which was also con-
structed with a resistance gene to the antibiotic geneticin (G418) as a selection marker. The p121-
crfd1 plasmid was transformed into DT cells by electroporation. Observation of the crfd1 gene fragment
in the genomic DNA of DT-crfd1 mutants by PCR indicated that the transgene was successfully trans-
formed. Using western blotting, the overexpressed CrFd1 protein, with a molecular weight of about
14 kDa, was found in DT-crfd1 mutants of DT-crfd1-4, DT-crfd1-22, and DT-crfd1-23. Using an in vitro
assay, the H, production of DT-crfd1-4, DT-crfd1-22, and DT-crfd1-23 mutants was about 4.4-, 5.0-,
and 3.8-fold higher, respectively, than the DT wild type (DT-WT). Using an in vivo assay, the H, produc-
tion of DT-crfd1-4, DT-crfd1-22, and DT-crfd1-23 mutants was about 1.3-, 1.4-, and 1.2-fold higher,
respectively, than the DT-WT.

Conclusions: The results suggested that heterologous overexpression of CrFd1 could enhance H, produc-
tion in DT-crfd1 mutants even though in vitro H, production of DT-crfd1-22 mutant was up to 5-fold
higher than the DT-WT.
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1. Introduction

The discovery of H, production in green algae in the mid-20th
century [1] has led to much consideration of H, as a new genera-
tion fuel for the future [2,3,4,5,6,7,8,9,10,11,12]. When photosys-
tem II (PSII) of the photosynthetic electron transport chain
absorbs light energy, H,0 is split into O,, electrons, and H*. The
electrons transfer from PSII to plastoquinone, cytochrome bgf, plas-
tocyanin, and photosystem I (PSI). Subsequently, the electrons
transfer from PSI to ferredoxin (Fd) and then to ferredoxin-
NADP" reductase (FNR), which reduces NADP* into NADPH. Under
certain conditions, electrons can transfer from Fd to hydrogenase
(Hyd), which converts 2H" into H, [13,14]. Green algal hydroge-
nase (HydA) is located in the chloroplast stroma, contains [FeFe]
as a cofactor, and has a molecular weight of about 45 ~ 54 kDa
[15,16]. However, the transcription, translation, and even enzyme
activity of green algal HydA are suppressed by O,, which is a
byproduct during photosynthesis [17,18,19].

Green algal Fds have a molecular weight of about 10-14 kDa,
contain iron-sulfur [2Fe-2S] clusters, and act as electron donors
in various metabolic pathways [20]. Many studies have shown that
plants and algae have several Fd isoforms [21,22]. The green alga
Chlamydomonas reinhardtii was reported to have at least six CrFds,
namely CrFd1 to CrFd6. In plants and algae, Fd1 accepts electrons
from PSI and is the main electron donor for HydA to produce H,
[21].

In order to enhance H, production efficiency in green algae, sev-
eral genetic strategies have been employed as the metabolic engi-
neering microalgae for biofuel production forms the 4th generation
biofuel [23,24,25,26,27,28]. To avoid damage to HydA by O, and
enable H, production to be sustained, researchers have taken
approaches such as reducing the cellular O, concentration by intro-
ducing an O, consumption protein or modifying a core subunit of
PSII to reduce O, evolution in green algae [29,30,31]. On the con-
trary, not reducing the cellular O, concentration, for instance, the
combinations of different Hyds and Fd1s from various species
could promote algal H, production [32]. Interestingly, it was also
found that when linked with different plant Fd1s, the HydA from
the green alga Chlorella sorokiniana was able to produce more H,
than the model organism C. reinhardtii [32]. Furthermore, a genet-
ically engineered Fd1-HydA fusion protein in C. reinhardtii was
reported to greatly enhance algal H, production [33,34,35]. How-
ever, it was demonstrated that the three Fds, C. reinhardtii Fd1
(CrFd1), C. reinhardtii Fd2 (CrFd2), and Chlorella variabilis NC64A
Fd1 (CvFd1), were not able to interact with C. variabilis NC64A
HydA (CvHydA) to produce H; [36].

Nevertheless, Chlorella has been recognized as a potent organ-
ism to produce H, [37,38,39]. Early, Chlorella vulgaris YSLO1 and
YSL16 were shown to capably produce H, under aerobic conditions
[37]. Later, a newly isolated Chlorella sp. KLSc59 was also proven to
produce H; [38]. Recently, a C. vulgaris G-120 strain was demon-
strated to be able to produce H, without nutrient starvation [39].
These evidence supported this work to examine whether the
heterologously overexpressed C. reinhardtii Fd1 (CrFd1, encoded
by the crfd1 gene) could interact with Chlorella sp. DT (DT) HydA
(CsHydApr) to increase H, production since some transgenes were
successfully transformed into the DT mutants [40].
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2. Materials and methods
2.1. Microbial cultures

Chlorella sp. DT (DT) cells, a robust and desiccation-tolerant
strain, were routinely cultivated as described previously [41,42].
DT cells were routinely cultivated in 100 mL of Chlorella-
medium (Table S1) with addition of 0.25% (w/v) glucose and grown
on a rotary shaker at 120 rpm in 250-mL flasks with sponge plugs
at 28°C under continuous illumination of 25 pE m2s~". Cell con-
centrations were determined with a spectrophotometer or hemo-
cytometer. Also, DT colonies were maintained on 1.5% (w/v) agar
plates of Chlorella-medium at 28°C under dim light. The Escherichia
coli Top10F strain (Invitrogen, now a part of Thermo Fisher Scien-
tific, USA) was used in all recombinant DNA experiments.

2.2. Testing the resistance of DT cells to G418 antibiotic

DT wild type (DT-WT) cells were added to 25 mL of Chlorella-
medium with addition of 0.25% glucose and geneticin (G418)
(Sigma-Aldrich, now a part of Merck, USA) concentrations of O,
25, 50, 75, or 100 pg mL™! in 50-mL flasks on a rotary shaker at
120 rpm for 6 d under continuous white illumination of approxi-
mately 25 tE m~2 s ! at 28°C.

2.3. Polymerase chain reaction (PCR) and reverse transcription PCR
(RT-PCR)

The PCR procedure as well as the RT-PCR followed the standard
methods of Sambrook and Russell [43] with some modifications as
described previously [40]. The synthesized cDNA was obtained and
stored at —80°C.

2.4. Construction of a plasmid containing crfd1

The p121-crfd1 plasmid was modified from pBI121 (Fig. 1).
p121 was obtained when the B-glucuronidase (GUS) fragment on
pBI121 was removed by enzyme restriction using Xmal and Sacl.
The crfd1 gene insert (Accession no. XM_001692756) from the
pUC57-crfd1 plasmid, which contains the crfd1 coding region (pro-
duced by MDBio, Taiwan), was amplified by a pair of primers, EZ-
p121-crfd1-Xmal-F and EZ-p121-crfd1-Sacl-R (Table 1), using PCR.
The amplified crfd1 insert was purified using a Gel Elution Kit
(Genemark, Taiwan) and then cloned into p121 to yield p121-
crfd1 using a CloneEZ® PCR Cloning Kit (GeneScript, USA) (Fig. 1)
[44). Ligation was carried out with 2 pL of CloneEZ® buffer, 2 pL
of CloneEZ® enzyme, 10 pL of crfd1 PCR product, and 8 pL of lin-
earized p121 plasmid incubated at 22°C for 30 min and then trans-
ferred onto ice for 5 min. The plasmid mixture was stored at —20°C
until further use.

2.5. Isolation of plasmids

E. coli TOP10F (Invitrogen) transformation was carried out with
the heat-shock method of Sambrook and Russell [43]. An aliquot of
10 pL E. coli transformed cells was diluted into 100 pL of LB med-
ium and plated onto LB plates containing 50 ug mL~! Kanamycin
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Fig. 1. Schematic diagram of construction of the p121-crfd1 plasmid. The cloning process of p121-crfd1. The coding region of crfd1 was amplified from the pUC57-crfd1
plasmid by a pair of primers, EZ-p121-crfd1-Xmal-F and EZ-p121-crfd1-Sacl-R, and cloned into pBI121. The GUS fragment was removed by restriction digestion using the
Xmal and Sacl enzymes. nosP: nopaline synthase promoter. Kan®/G418®: aminoglycoside phosphotransferase, which confers resistance to kanamycin and G418. 35S:
promoter from cauliflower mosaic virus. crfd1: the coding region of ferredoxin 1 from Chlamydomonas reinhardtii. NOST: nopaline synthase terminator. Amp: ampicillin

resistance gene. GUS: gene fragment of p-glucuronidase.

Table 1
The primers used in this study.

Primers

EZ-p121-crfd1-Xmal-F*
EZ-p121-crfd1-Sacl-R*

Sequences (5’ to 3')

GGACTCTAGAGGATCCCCGGGATGGCCATGGCTAT
CGATCGGGGAAATTCGAGCTCTTAGTACAGGGCCT

crfdl-F ATGGCCATGGCTATGCGCTC
crfd1-R TTAGTACAGGGCCTCCTCCT

35S-F AAGTTCATTTCATTTGGAGAGAACA
M13F(p121)R GTAAAACGACGGCCAGT

" For PCR of crfd1 insert and ClonEZ ligation of the p121-crfd1 plasmid.

(Kan) at 37°C overnight. The Kan-resistant E. coli transformed colo-
nies were selected, cultured in 5 mL of LB medium containing
50 pug mL~! Kan, and incubated at 37°C with shaking at 250 rpm
overnight. Plasmids were isolated from the overnight cultures with
a Plasmid Extraction Minikit (Favorgen, Taiwan). Isolated plasmids
were checked by PCR with specific primers (Table 1).

2.6. Electroporation transformation of DT cells with plasmids

Electroporation followed the method of Yang et al. [40]. After
electroporation, the DT-transformed cells were spread on
75 ug mL~' G418 selective plates and incubated in the dark over-
night. Green colonies were observed after incubation at 28°C with
illumination of about 25 pE m~2 s~! for 7-10 d. The G418-resistant
colonies of DT transformants were selected and spread onto
75 pug mL~! G418 selective plates. Green colonies could be visual-
ized after 5-10 d. Some of the colonies were selected and culti-
vated in 100 mL of Chlorella-medium containing 50 pg mL™!
G418 and 50 pug mL~! ampicillin (Amp) at the initial concentration
of 1 x 10° cells mL~! in flasks.

2.7. Isolation of algal genomic DNA and total RNA

Isolation of algal genomic DNA from DT cells was performed
using a Plant Genomic DNA Purification Kit (Genemark) while iso-
lation of algal total RNA was performed by phenol-chloroform
extraction method as described previously [43].

2.8. Isolation of algal total proteins

DT cells at late logarithmic phase were collected and treated as
described previously [40]. A small amount of extracted sample was
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taken to measure protein concentration using Protein Assay Dye
(Bio-Rad, USA).

2.9. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis of extracted algal total proteins

SDS-PAGE analysis was performed essentially as described by
Sambrook and Russell [43] with some modification [40]. Aliquots
of sufficient protein samples and little amount of 10-170 kDa pre-
stained protein ladder (ThermoFisher, USA) were loaded into each
well on a 15% SDS-PAGE gel and electrophoresed for 1.5 h in a Hoe-
fer SE 260 system (Amersham Pharmacia, now a part of GE Health-
care Life Science, USA) at room temperature. After electrophoresis,
the gel was stained with Coomassie blue solution containing 0.02%
(w/v) PhastGel Blue R (Amersham Pharmacia). The stained gel was
then scanned with a ScanMarker 9800XL scanner (Microtek,
Taiwan).

2.10. Western blotting analysis of CrFd1, CsHydA, and CsPsbO

Western blotting analysis followed the method of Yang et al.
[40] with minor modification. The total proteins on the SDS-
PAGE gels were electrotransferred to polyvinylidene difluoride
(PVDF) membrane (GE Healthcare Life Sciences). After transferring,
the membranes were probed with primary antibodies (rabbit poly-
clonal serum) [anti-CrPsbO antibody (AS06 142-33, Agrisera, Swe-
den; 1:1000 dilution), anti-CsHydA-synthesized-peptide-NEW
antibody (RB4312, Yaohong, Taiwan; 1: 1000 dilution) or anti-
CrFd1 antibody (AS06 121, Agrisera; 1: 1000 dilution)] at 4°C over-
night. The membranes were then probed with an anti-rabbit horse-
radish peroxidase conjugate (MDBio, Taiwan; 1:2000 dilution)
secondary antibody. Lastly, the membranes were detected using
diaminobenzidine (DAB) (Merck, USA).

2.11. Measurement of in vitro and in vivo H, production

The in vitro and in vivo H, production analyses of the DT
mutants and DT-WT cells were followed the method of Yang
et al. [40]. The algal cells of DT mutants and DT-WT at mid-log-
phase were collected by centrifugation at 1,000 x g for 3 min
and washed twice with ddH,O0. For in vitro analysis, the algae in
500 pL sterile ddH,0 at a concentration of 4.5 x 107 cells mL™!
were cultivated in the sealed 10-mL glass vial and flashed with
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Fig. 2. Testing the resistance to G418 in DT cells. (a) The initial concentration of DT-WT was 5 x 10 cells mL~"! on Chlorella medium agar plates containing different G418
concentrations (0, 25, 50, 75, or 100 pg mL~!). After 5 d of observation, it was found that the DT-WT was not resistant to concentrations higher than 50 ug mL~! G418.
Consequently, concentrations of 50 pig mL~! or 75 pgm L' of G418 were used for selecting the DT transformants. (b) In liquid culture, the DT-WT grown at an initial
concentration of 5 x 10° cells mL™" in Chlorella-medium containing 0, 25, 50, 75, or 100 ug mL~' of G418. After 5 d of observation, it was found that DT-WT was not resistant
to 25 pg mL~".
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N». An aliquot of 1.5 mL mixture containing 10 mM methyl violo-
gen (MV), 100 mM sodium dithionite (DTT), 50 mM KH,PO4-KOH
(pH 6.8), and 1% (v/v) Triton X-100 was added by injection to each
glass vial. These cultures at a final concentration of 2.25 x 107 cells
mL~! (mimicking the late-log-phase) were incubated at 37°C with
shaking at 250 rpm with continuous illumination at about 25 pE
m~2 s7! for 12-16 h. An aliquot of 500 L of total gas extracted
from the top of the vial was analyzed by Gas Chromatography
(GC) (Master GC, DANI, Italy). The GC was equipped with a thermal
conductivity detector (TCD), N, was used as the carrier gas under 4
bars of pressure, and a Molecular Sieve 5A column (3 m, 60/80
mesh, 1/8”) was used. The temperatures of the TCD and the injector
were set at 40°C. Pure H; of 0-50 pL in a total volume of 500 pL
was used as standards (Fig. S1). For in vivo analysis, the algae in
100 mL of sulfur-deprived Chlorella medium (Table S2) at an initial
concentration of 1.0 x 107 cells mL~! were cultivated in sealed
250-mL glass bottle. The cultures were incubated at 28°C in the
dark for 24 h. Then, the cultures were moved to continuous white
illumination at about 25 ©E m~2 s~ at 28°C for 5 d. An aliquot of
500 L of total gas extracted from the top of the bottle was ana-
lyzed by GC at the time indicated.

3. Results
3.1. The G418 antibiotic resistance of DT

The G418 antibiotic resistance of the DT-WT was tested. On
solid plates, 1 mL of DT-WT at a concentration of 5 x 10° cells
mL~! was plated on Chlorella medium agar plates containing dif-
ferent G418 concentrations: 0, 25, 50, 75, and 100 pug mL~!. After
7-10 d, green colonies were only observed under the O and
25 pug mL~! concentrations (Fig. 2a). In liquid media, DT-WT was
cultured in 25 mL (5 x 10° cells mL™") of Chlorella medium con-
taining the same range of G418 concentrations: 0, 25, 50, 75, and
100 pg mL~'. After 5 d, DT-WT did not grow at concentrations
higher than 25 pg mL™! of G418 (Fig. 2b). This determined that
75 ug mL~! of G418 was an appropriate concentration for selecting
mutants.

a £
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3.2. Construction of the p121-crfd1 plasmid

The p121-crfd1 plasmid was generated from pBI121 and crfd1
(Fig. 1). In p BI121, a Kan®/G418R resistance gene encoding amino-
glycoside phosphotransferase, which blocks polypeptide synthesis
[45] and is driven by the nopaline synthase promoter (nosP), was
used as the selection marker. The crfdl gene (Accession no.
XM_001692756) substituted the original GUS gene, could be dri-
ven by the cauliflower mosaic virus (CaMV) 35S promoter, and ter-
minated by the nopaline synthase terminator (nosT). To achieve
this, the pBI121 GUS fragment was removed by enzyme digestion
with Xmal and Sacl, with a 1.9 kb GUS fragment observed subse-
quently, and at the same time, a linearized p121 plasmid was
obtained and eluted from the gel using a Gel Elution Kit (Gene-
mark) (Fig. S2a). The crfd1coding region of pUC57-crfd1 was ampli-
fied by PCR using a pair of primers, EZ-p121-crfd1-Xmal-F and EZ-
p121-crfdi1-Sacl-R (Table 1), which were designed according to the
instructions in the CloneEZ® PCR Cloning Kit, and the expected
0.4 kb crfdl fragment was obtained and eluted from the gel
(Fig. S2b). The linearized p121 plasmid and the crfd1 fragment
were ligated with the CloneEZ® PCR Cloning Kit to yield p121-
crfd1 (Fig. 1).

The PCR product of the 0.4 kb crfd1 fragment from p121-crfdl
was amplified by a pair of primers, EZ-p121-crfd1-Xmal-F and
EZ-p121-crfd1-Sacl-R, purified with a Gel Elution Kit (Genemark,
Taiwan), and sent to the NCHU Biotechnology Center for sequenc-
ing. The sequences of the PCR product from the p121-crfd1 plasmid
were aligned with crfd1 nucleotide sequences using the Clustal W
program (BioEdit). The sequence of the crfd1 insert from p121-
crfd1 was compared with the crfd1 coding region in the database
with the Clustal W program (BioEdit) (Fig. S3). The results showed
that the crfd1 insert sequence from p121-crfd1 was identical to the
database sequence.

3.3. Electrotransformation of Chlorella sp. DT

Electroporation was used for the transformation of DT with the
circularized p121-crfd1 plasmid in this study [40]. After electropo-

b
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#22 #23

| SE— )
e
-
Sl — - e — — ey
(0.4 kb)
+439bp <
Crfd1 NOSDMHF]

nosP  KanR/G418R NOSTwssm 35S
[- pl2l-crfdl

Fig. 3. (a) Detection of the 35S-crfd1-NOST fragment in genomic DNA of DT mutants. The existence of transgenes in DT mutants was verified by PCR analysis. The genomic
DNA from DT mutants and DT-WT were subjected to PCR using a pair of primers, 35S-F and M13F (p121) R. The 724 bp DNA fragment was the expected product of the 35S-
crfd1-NOST fragment. C+: PCR product of the p121-crfd1 plasmid as the positive control. C-: PCR product of DT-WT genomic DNA as the negative control. M: 0.1 pg 1 Kb DNA
ladder marker. (b) Detection of the existence of the crfd1 gene in cDNA reversely transcribed from mRNA of DT mutants. PCR products of the crfd1 gene fragment were
amplified by a pair of primers, crfd1-F and crfd1-R, and the 0.4 kb DNA fragment was expected as the product. p121-crfd1: the crfd1 fragment amplified from the p121-crfd1

plasmid as the positive control. M: 0.1 pg 1 Kb DNA ladder marker.
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ration, the transformed DT cells were plated on 75 pg mL™!' G418
plates. The G418 resistant colonies were observed after cultivation
for 7-10 d (data not shown). The G418-resistant colonies were
then subcultured on 75 pug mL~! G418 plates for additional screen-
ing (Fig. S4). Stable DT transformants were selected for further
investigation.

3.4. Detection of the crfd1 transgene cloned into DT mutant genomes

The existence of crfd1 in the genomes of DT transformants was
verified by PCR analysis. The genomic DNAs isolated from the DT-
WT, DT-cdfd-4, DT-cdfd-22, and DT-cdfd-23 were subjected to PCR
using 35S-F and M13F(p121)R primers, which were designed for
detecting the 35S-crfd1-nosT fragment (Fig. 3a). There were
0.7 kb PCR products of 35S-crfd1-nosT amplified from the DT trans-
formants DT-cdfd-4, DT-cdfd-22, and DT-cdfd-23 genomic DNA
while there was no PCR product amplified from DT-WT genomic
DNA. These results indicated that the three transformants had
35S-crfd1-nosT transgenes in their genomic DNA.

To check the transcription of crfd1, the total RNA of DT mutants
was isolated and reversely transcribed into cDNA. A PCR was car-
ried out on 0.5 pg of the cDNA using the primer pairs, crfd1-F
and crfd1-R, and a 0.4 kb DNA fragment was expected as the prod-
uct. The results showed that crfd1 fragments could be detected in
the DT mutants as well as DT-WT (Fig. 3b).

3.5. Overexpression of CrFd1 protein in DT mutants

DT mutants were harvested after assaying the in vivo H, pro-
duction. SDS-PAGE analysis was carried out with 50 pig of extracted
total proteins each from the DT-WT, the three DT-crfd1 mutants,
and one C. reinhardtii strain used as a CrFd1 control. The SDS-
PAGE protein profiles did not display significantly different expres-
sion patterns between DT-WT and DT mutants (data not shown).

Using an anti-CrFd1 polyclonal antibody, the detectable signals
of CrFd1 were located at about 14 kDa and appeared in the three
DT-crfd1 mutants and C. reinhardtii (Fig. 4a). The results demon-
strated that CrFd1 was successfully overexpressed in DT-crfd1
mutants. The bands of the signals were quantified with the Image
J program (https://imagej.nih.gov/ij/). The CrFd1 expression level
of DT-crfd1-4 and DT-crfd1-22 were 1.5- and 1.8-fold higher,
respectively, than DT-crfd1-23, which was assumed to be 1-fold
(Fig. 4b).

Using anti-CsHydA (synthesized peptide antibody), the detect-
able signals of CsHydA were located at about 48 kDa. The CsHydA
in the DT-crfd1 mutants were induced under both aerobic and
sulfur-deprived conditions as compared to that of DT-WT
(Fig. 4a). After quantification, the CsHydA expression levels of
DT-crfd1-4, DT-crfd1-22, and DT-crfd1-23 were 1.5-, 1.5-, and
1.8-fold higher, respectively, than the DT-WT (Fig. 4b).

Using an anti-CrPsbO polyclonal antibody, the detectable
CsPsbO signals were located at about 28 kDa (Fig. 4a). After quan-
tification, the CsPsbO and CrPsbO expression levels of the three DT-
crfd1 mutants and Chlamy (Chlamydomonas reinhardtti) were not
significantly different from the DT-WT. The CsPsbO band was also
used as a loading control.

3.6. Cell growth of DT-crfd1 mutants cultured in G418-containing
liquid media

To understand the cell growth of DT-WT and DT-crfd1 mutants,
cells at an initial concentration of OD,g9 = 0.3 were cultivated in
100 mL of Chlorella-medium (Fig. 5a). DT-WT reached the station-
ary phase earlier (on day 3) than the DT mutants (on day 4). All of
the DT mutants grew faster than the DT-WT under +G418 condi-
tions (Fig. 5b). This indicated that the DT-crfd1 mutants possessed
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G418 resistance. The mutation did not affect the growth of the
mutants that was very similar to that of DT-WT.

3.7. In vitro and in vivo assays of H, production by DT-crfd1 mutants

To understand how the overexpression of the crfd1 gene in DT
mutants affects H, production, the DT-crfd1-4, DT-crfd1-22, and
DT-crfd1-23 mutants were exanimated with an in vitro assay
(Fig. 6a). The H, production of the DT-crfd1-4, DT-crfd1-22, and
DT-crfd1-23 were 4.4-, 5.0-, and 3.8-fold higher, respectively, than
the DT-WT (Fig. 6b). These results showed that the H, production
of all the DT mutants was higher than DT-WT.

Furthermore, the in vivo assay (Fig. 7a) paralleled these findings.
On days 2 and 4, the H, production of DT-crfd1 mutants was obvi-
ously higher than the DT-WT. On day 6, the respective H, produc-
tion of DT-crfd1-4, DT-crfd1-22, and DT-crfd1-23 was 1.3-, 1.4,
and 1.2-fold higher than the DT-WT (Fig. 7b). Again, this indicated
that the H, production in all DT-crfd1 mutants was higher than the
DT-WT.
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Fig. 4. (a) Western blotting analysis of CsHydA, CsPsbO, and Crfd1 from DT
mutants. Western blots of DT mutants probed with anti-CsHydA. anti-CrPsbO, and
anti-Crfd1. Extracted total proteins from DT mutants of 50 pug were separated by
SDS-PAGE and transferred to a PVDF membrane. The PVDF membranes were probed
with the primary antibodies anti-CsHydA (1:1000 dilution; Yaohong, Taiwan), anti-
CrPsbO (1:1000 dilution; Agrisera, Sewden), and anti-Crfd1 (1:1000 dilution;
Agrisera, Sewden). Detectable signals were observed around 47 kDa for CsHydA,
13.7 kDa for Crfd1 and 28 kDa for CsPsbO. C. reinhardtii: representing the extracted
protein of a Chlamydomonas strain used as a positive control. M: a prestained
protein marker (10-170 kDa, Invitrogen, a part of ThermoFisher, USA). (b) The
expression levels of CsPsbO, CsHydA, and CrFd1 in DT mutants. Using the Image ]
program, the intensities of bands, which were obtained from western blots of
Fig. 4a, were quantified. For comparison of the intensities of CsPsbO and CsHydA,
the protein bands of the DT-WT were used as the 1-fold baseline. For comparison of
the intensity of CrFd1, the protein band of the DT-crfd1-23 was used as the 1-fold
baseline; the protein band of the C. reinhardtii was not comparable.
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Fig. 5. (a) Liquid cultured DT mutants in medium containing G418. The initial concentration of DT mutants was OD700 = 0.3 in 100 mL Chlorella-medium containing
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cultivated under —G418 and +G418 conditions as reference. (b) DT mutants and DT-WT were cultivated in 100 mL Chlorella medium (+G418 of 50 pug mL™

! of G418 and Amp. The DT mutants of DT-crfd1-4, DT-crfd1-22 and DT-crfd1-23 grew better than DT-WT under +G418 conditions after day 5. DT-WT was
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at the initial concentration of OD5q = 0.3. Cell concentrations were measured by spectrophotometry for 5 d. Data represented as mean + SD.

4. Discussion
4.1. Detectable signals of csfd1 and CsFd1 of DT-WT

In this study, we transformed an exogenous crfd1 gene into DT-
WT. Applying reverse-transcription PCR, the crfdl PCR was
detected in all of the DT mutants (Fig. 3b). The crfd1 PCR product
was also found in DT-WT, which might have been due to the
designed primers binding to a similar sequence region in the
endogenous csfd1 gene. The western blot CrFd1 protein signal,
located at 14 kDa, was detected by anti-CrFd1 and was found in
the three DT-crfd1 mutants and a Chlamydomonas strain, while
the CsFd1 protein signal, located at 18 kDa, was also detected by
anti-CrFd1 in the DT-WT and DT-crfd1 mutants (Fig. 4a). This sug-
gested that the commercial anti-CrFdlagainst C. reinhardtii Fd1
might recognize a similar amino acid sequence in the endogenous

17

CsFd1 as well. Nevertheless, the protein size of Chlorella fusca Fd1
(CfFd1) has been reported at around 10 kDa [20], but in this study,
the protein size of Chlorella CsFd1 was about 18 kDa (Fig. 4a). This
indicated that CrFd1, CsFd1, and CfFd1 are different in their molec-
ular weight, suggesting that the sequences of crfd1, csfd1, and cffd1
genes should also be different.

4.2. Overexpressing CrFd1 can enhance H, production in DT-crfd1
mutants

There are six Fds in the green alga C. reinhardtii, whereas there
are only two Fds involved in photosynthesis the Fd1 is the main
electron donor for HydA to produce H, [22]. Boehm et al. [46]
demonstrated that among all the CrFds (CrFDXs) isoforms, CrFd1
(CrFDX1) acted as a major electron carrier for HydA to produce
H, and had a 4.5-fold higher H, production rate than CrFd2
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Fig. 6. In vitro analysis of H, contents of DT mutants. (a) The algal cells were
cultivated in sealed 10-mL glass vials containing 500 uL cell culture of 4.5 x 107
cells mL~" and 1.5 mL MV mixture [10 mM methyl viologen (MV), 100 mM sodium
dithionite (DTT), 50 mM potassium phosphate buffer (pH 6.8), and 1% triton X-100].
The algae were incubated at 37°C with shaking at 250 rpm for 12-16 h. (b) An
aliquot of 500 L of total gas extracted from the top of the vial was analyzed by GC.
Data represented as mean * SD.

(CrFDX2). Further, Sawyer and Winkler [21] confirmed these ear-
lier findings with their observation that C. reinhardtii CrFd1 (PETF)
is constitutively expressed and can interact with HydA1 and
HydA2 isoforms. Hence, the heterologous overexpression of CrFd1
in the Chlorella sp. strain in the current study was used to test
whether CrFd1 interacts with CsHydA to increase H, production.
The results showed that during the in vitro H, production assay,
the DT-crfd1 mutants had up to 5-fold higher H, production than
the DT-WT (Fig. 6). Furthermore, during in vivo H, production

Table 2
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Fig. 7. In vivo analysis of the H, content of DT mutants. (a) The algal cells were
cultivated in sealed 250-mL glass bottles containing 100 mL cell culture of 1 x 107

cells mL~". The cultures were incubated at 28°C in the dark for 24 hr. Then the

cultures were moved to continuous white illumination at about 25 pE m™2 s~ at

28°C for few days. (b) An aliquot of 500 pL of total gas extracted from the top of the
vial was analyzed by GC at the time indicated. Data represented as mean * SD.

assay (Fig. 7), the H, production of DT-crfd1 mutants on day 6
was up to 1.4-fold higher than the DT-WT. Our data were similar
to Ma et al. [47] who reported that overexpression of the cyanobac-
terium Rhodobacter sphaeroides Fd1 in mutants could enhance H,
production by up to 50% as compared to the WT (Table 2).

Although Agapakis et al. [32] reported that the bacterial-type or
plant-type Fds from Clotridium acetobutylicum, Spinacia olearcea, or
Zea mays could interact with CrHydA to produce H,, Engelbrecht
et al. [36] showed that three plant-type Fds (CrFd1, CrFd2, and
CvFd) did not interact with CvHydA to produce H,. Our results
demonstrated that the heterologous overexpression of CrFd1 could
interact with CsHydA to increase H, production.

Genetic engineering strategies reported on ferredoxin in various species for improving H, production.

Host organism Type of process on Fd

Optimal H, production Reference

C. reinhardtti Expression of CrFd1-10 ~ 20.aa-CrHydA1 fusion protein

C. reinhardtti Expression of D19A and D58A of CrFd1

C. reinhardtti Expression of CrFd1-CrHydA fusion protein

C. reinhardtti Expression of CrFd1

C. vulgaris Expression of CrFd1, CrFd2, and CvFd1

C. reinhardtti Expression of CrFd1-CrHydA fusion protein in a CrHydA-knockout mutant
C. reinhardtti Expression of SynFd1 (from Synechocystis sp. PCC 6803)

R. sphaeroides
C. reinhardtti
C. reinhardtti
Chlorella sp. DT

Expression of RsFd1

Expression of CrFd1
Expression of CrFd1

Expression of D19A and D58A of CrFd1-CrHydA fusion protein

8 pumol H, (mg Chl)'h™! Yacoby et al. [48]
5-fold H, production Rumpel et al. [49]

6 pumol H, (mg Chl)'h~! Eilenberg et al. [33]
225 pmol H, (mg hydrogenase)™ min~' Engelbrecht et al. [36]
0 umol H, (mg Chl)'h™! Engelbrecht et al. [36]
4.5-fold H, production Weiner et al. [34]
1.8% more H, production (in vitro) Wiegand et al. [51]
51% more H, production Ma et al. [47]

4.6-fold H, production Xiong et al. [35]

20 pmol H, (mg hydrogenase)™ min~! Giinzel et al. [50]
5-fold H, production (in vitro) This study

1.5-fold H; production (in vivo)
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Some genetic engineering strategies reported on ferredoxin in
various species for improving H, production were listed in Table 2.
Yacoby et al. [48] and Eilenberg et al. [33] showed that expression
of CrFd1-10~25aa-CrHydA1 fusion proteins in C. reinhardtii could
yield H, production rates of 6 ~ 8 umol H, (mg Chl)'h~'. Rumpel
et al. [49] and Xiong et al. [35] showed that expression of D19A and
D58A of CrFd in C. reinhardtii could obtain 4.5 ~ 5-fold H, produc-
tion. The results of this study demonstrated heterologous expres-
sion of CrFd1 in Chlorella sp. DT could obtain an in vitro optimal
H, production of 5-fold and an in vivo optimal H, production of
1.5-fold. It showed that our system is a useful platform for meta-
bolic engineering [36,52].
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